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COUPLED PROCESSES IN NRC HLW RESEARCH 
Frank A. Costanzi 

Office of Nuclear Regulatory Research 
U.S. Nuclear Regulatory Commission 

Ladies and Gentlemen: 

I would like to add my welcome to that of 

Dr. Rosenblatt and to thank you for your interest 

in the area of coup 1 ed processes. My Branch in 

the NRC's Office of Nuclear Regulatory Research 

has the res pons i bi 1 i ty of managing the NRC re

search effort in support of eva 1 uat i ng 1 i cense 

applications for disposal of nuclear waste, and 

promulgating regulations and issuing guidance doc

uments on nuclear waste management. In order to 

do this we fund research activities at a number of 

1 aboratori es, academic i nst i tut ions, and commer

cial organizations. One of our research efforts 

is the coup 1 ed processes study here at Lawrence 

Berkeley Lahoratory under Dr. Chin-Fu Tsang. We 

also participate in meetings such as the one we 

are attend;ng today, as an_ effective method of 

assuring tl.::~t a free interchange of information 

occurs among various scientific disciplines so 

that a sound techni ca 1 basis is estab 1 i shed for 

regulatory decisionmaking. 

Before telling you why we are interested in cou

pled processes I would like to describe the areas 

toward which my group is directing our research 

efforts in the next few years. Our program is 

grouped under three general headings: Materials 

and Engineering, Hydro 1 ogy and Geochemistry, and 

Compliance Assessment and Modeling. The specific 

research activities in each area relate to the 

performance objectives of NRC's HLW regulation and 

the EPA HLW standard. The general objective of 

our research program is to assure that the NRC has 

a sufficient independent techni ca 1 base to make 

sound regulatory decisions. In other words, that 

we at NRC not on 1 y understand how a geo 1 ogi c re

pository is supposed to work, but that we under

stand the nature of the demonstration that it does 

work. I would appreciate any comments as to the 

utility of these research activities, and any sug-

gestions for additional research and/or changes in 

emphasis . 

MATERIALS AND ENGINEERING: 

Our material and engineering program is focused on 

the waste package and its environment. The re

search is keyed to the containment and controlled 

release requirements of Part 60 

Objective: 

0 Identify waste package failure mecha

nisms. Learn how to make confident ex

trapolations of short-term waste package 

tests to the 300-1000 year containment 

period required by Part 60. Develop 

techniques to assess the stability of 

waste emplacement areas in the evalua

tion of the engineered barrier system. 

Activities: 

0 

0 

0 

0 

Identify corrosion properties of DOE 

candidate waste package materials, in

cluding: susceptibility to sensitiza

tion and stress corrosion, general 

corrosion, the initiation and growth of 

pits, and the statistics of pitting 

corrosion. 

Assess suitability of electrochemical 

predictive techniques for early detec

tion of pitting corrosion. 

Assess the potential for hydrogen 

embrittlement of waste package 

materials. 

Identify and quantitatively assess the 

',, 



0 

0 

0 

effects of waste package manufacturing 

techniques on waste package performance. 

Characterize properties of spent fuel as 

a HLW waste form. 

Identify the key interactions of host 

rock and backfill materials with waste 

package and its expected environment. 

Evaluate the effectiveness of rock mass 

sealing techniques in basalt, salt, 

tuff, and granite. 

HYDROLOGY AND GEOCHEMISTRY 

The Hydrology and Geochemistry research is focused 

on the movement of radionuclides beyond waste 

package to the environment. The research is keyed 

to the controlled release requirement in Part 60 

and the overall EPA HLW standard. 

Objective: 

0 Identify and quantitatively describe (1) 

ground-water interacti-ns with waste 

packages, (2) radionuclide transport and 

(3) uncertainties inherent in the quan

titative description of. the above. 

Activities: 

0 

0 

0 

Conduct field experiment~ to assess re

sults of previous theoretical and labo

ratory research into groundwater flow in 

fractured media. 

Model multi-phase fluid flow and contam

inant transport in unsaturated fractured 

media. Conduct field evaluations of 

measurement methods and data analysis 

techniques suitable for modeling flow 

and transport in unsaturated media. 

Assess the role of geochemistry in the 

thermally disturbed area near a reposi

tory, focusing on coup 1 ed interactions 

2 

0 

0 

including those between the waste pack

age and its environment. 

Assess the importance of valence state 

on radionuclide solubility, speciation, 

and sorption in basalt and tuff. 

Evalute the use of groundwater dating 

techniques for identifying hydrostrato
graphic units. 

COMPLIANCE ASSESSMENT AND MODELING 

The Compliance Assessment and Modeling portion of 

our program is focused on the "mechanics" of tech

nical licensing review. That is, these activities 

deal with the structure and formalism of the dem

onstration that the repository works. Hence, the 

research is keyed to the requirement of reasonable 

assurance of repository performance contained in 

Part 60. 

Objective: 

0 Develop regulatory confidence in DOE's 

abi 1 i ty to demonstrate 1 ong term ext-rap

olation of radionuclide transport and 

natural system stabi 1 ities. Develop 

regulatory confidence in the use of per

formance assessment techniques. 

Activities: 

0 

0 

0 

Conduct 1 aboratory studies assessing 

heat transfer from emplaced HLW. 

Develop computational methods for evalu

ating DOE comp 1 i ance with EPA re 1 ease 

standards. 

Conduct natural analog studies to im

prove understanding of "norma 1" repos i

tory performance, and develop systematic 

approach to identify and study the most 

promising natural analog systems as 

means of validating performance assess

ment models. 



0 Develop a method to identify systems and 

components important to safety during 

the pre-closure phase of repository 

deve 1 opment. 

ADDITIONAL AREAS: 

Other areas are under active cons ide ration for 

inclusion in our program at a later time. 

behavior of a repository under "off

normal" conditions 

formal validation of models 

study of natural analogs to validate 

predictions 

formal peer review of science used in 

developing the technical basis for re

pository licensing 

As you can see, our research activities are broad 

and varied. However, there is a common element. 
Each research question demands some assumption 

about the conditions of the repository at some 

point in time. Our interest in coupled processes 

arises from the recognition that, in fact, none of 

this research truly can be undertaken in a vacuum. 

It is precisely the study of coupled processes and 

phenomena that not only enables us to assess 

whether we have made reasonable assumptions about 

repository conditions, but also provides the con

text for both performing the research and inter

preting the results. 

3 

Our coupled processes work here at LBL is directed 

at identifying and characterizing the significance 

of coupled processes for HLW isolation, assessing 

the current state of knowledge of coupled process

es, and considering how to address coup 1 ed pro

cesses in the license review. We regard this 

bringing together of U.S. workers and workers from 

other countries on coupled processes to discuss 

recent results of field, laboratory, and theoreti

cal studies as an opportunity to complement that 

work. What we would like to gain from this sympo-

sium is further insight into how coupled processes 

and phenomena evolve over time, as evidenced from 

the field and laboratory tests, natural analogue 

studies, and the mathematical modeling studies 
which have been done by participants in this sym

posium. Also, we would like to get some idea of 

the state of verification or va 1 i dati on of the 
work presented. 

Over the next three days, we of the NRC would like 

you to help us reach a goal of putting the various 

coupled processes into some sort of time/sensiti

vity context. Specifically, we seek to answer 
fo 11 owing questions. When in the evo 1 uti on of 

the repository system is the phenomenon or pro

cess under consideration important? Which of the 

processes or phenomena is relatively unimportant 

to repository performance and can thus be studied 

less intensively? Which of the important pro

cesses brings with it the greatest uncertainties? 

Again, I welcome the participation of each of you 
at this symposium. 



IMPLEMENl'ATICN CF 'lHE NOCLFAR W1\STE POLICY N:r CF 1982 

Cyrus Kl.in;Jsberg 

Office of Civilian Radioactive Waste Hanaganent 
U.s. Department of Energy 
washingtal, o.c. 20585 

A major milestale in the naticn's managanent 
of nuclear waste was met when the President 
signed the Nuclear waste R>lic.y Act (~A) into 
law a1 January 7, 1983. Tte l'WPA established a 
national {X)lic.y for safely storin;J, transporting, 
aoo disposing of spent nuclear fuel and h.igh
leve 1 waste. Under the Act, the U.S. Department 
of Energy (IXE) has the pr.i.mary responsibility 
to: 

o Perfoz:m research and developnent, and 
datonstrate the disposal of spent fuel 
and high-level waste: 

o Design, schedule, site, CXI'lSt.ruct., and 
operate deep-mined geologic waste 
repositories. 

The f!lo1PA authorizes a nllllber of activities 
lolhich, taken together, can meet the cbjecti ves 
af providing safe and permanent disposal of 
spent fuel and high-level waste: 

l. Protection of p.lblic health and safety, 
alDn3 with environnental acceptability: 

2. Acceptance of waste for disposal starting 
not later than January 31, 1998: 

3. Safe transportation of ...aste to the 
repository: 

4. Provisions for limited interim storage of 
spent fuel for utilities, as approved by the 
Nuclear Regulatory Ccmnission (tme): 

5. Exami.natia1 of existin;J storage by nuclear 
utili ties to assure that facilities are used 
effectively at reactor sites until the wsste 
is accepted for disposal: 

6. Involvement of the States an:1 Indian tribes, 
and full and open pU:> lie participatial: 

7. FUll o:>st recovery, with CXl8tS borne equit
ably by the waste generators. 

In Decerber 1984, DOE isaued its General 
Q.Udelines for the Reccmnendation of Sites for 
Nuclear Waste Repositories. These guidelines 
are a::npatible with regulations issued by the 
NIC (and have tme a::ncurrenoe) am with 
standards established by the U.S. Envi.rtnnental 
Prot..ectia'l Agency (EPA). 

4 

In June 1985, a second important {X)lic.y 
document required by the ~A. the Missia1 Plan 
for the Civilian Radioactive waste Managanent 
Program, was sutmitted to C-algress. The two 
parts of this plan discuss the goals, objec
tives, and strategy for disposin;J of spent fuel 
and high-level waste and SIJII'I'llU'ize other 
aspects of the waste managanent program: 
mcnitored retrievable storage, Federal interim 
storage, transportation, and systens integra
tion activities and institutional plans and 
activities. In its second section the plan 
discusses key issues and information needs and 
plans for building a nuclear waste repository. 
The cX:x:lnent also suma.rizes information on 
site investigation an:1 characterizatia'l, the 
nuclear ~oaste padtage, a {X)Ssible test and 
evaluation facility, schedules, and o:>sts. 

Studies for isolating high-level radioactive 
wastes have been going on since 1957 when the 
National .Academy of Sciences first recx:mnended 
deep geologic disposal. \tlhen the ~'t'A was 
passed, DOE had undel:way field and 1'\b:>ratory 
testing at nine sites: Cl'le in I.ouisl.ana, two 
in Mississippi, one in Nevada, boo in Texas, 
two in Utah, aoo one in Wa.shi.n;t.on. 

Based on its General Siting Guidelines and 
a1 Draft Envi.rormental Assessnents required by 
the ~. DOE prClp)Sed three of the nine 
potentially acceptable sites for recatmenda
tion to the President for {X)SSible site char
acterizatiCD. In additia'l to envirormental 
and socioecxllanic studies, the detail.::..od site 
characterization process will involve CXJn

structin;J exploratory shafts bet-..een 1,000 and 
3, 500 feet deep to detennine potential host 
rock oondi tions at the pr-cp:>sed repository 
level. It is expected that the site for the 
first re{X)si tory wi 11 be recx:mnended by OOE 
and approved by the President in 1991, based 
a1 the results of site characterization. DOE 
will aalt the NRC for authorizatia'l to con
struct a repository at that site, and for 
authorization to operate the repository 
beginning in 1998. 

The nethod for selecting the second rep::>s
itory site will follc:w the screening process 
that ~oas developed for the first rep:>sitory. 
The second rep::lSitory is scheduled to begin 
operation in 2.006. 
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A nuclear waste repository will resenble a 
relatively large mine with surface facilities 
that will cover ab:lut 400 acres. Vertical 
shafts will descerxl thousands of feet fran the 
surface. Here, in a stable roc::k formation, a 
neo.ork of horizaltal tunnels will t:e ~ 
st..rueted for E!Ilplacing the loBSte. The ...aste 
will t:e in solid fonn in thidt......alled 
cylindrical oont.a.ine.rs which will t:e placed 
in prepared holes. -

Before the OOE can apply to the NRC for a 
license to operate its first radicacti ve ...aste 
repository, it will be necessary to charac
terize the recx:mnended site in considerable 
detail and with sufficient accuracy and 
precision to justify the issuance of a license 
to operate the repository. 
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Because of this need to characterize a 
repository site adequately, the OOE continues 
its efforts to .improve its understanding of the 
kinds of tests that will best serve that 
purpose. 

'lhis brin;s us to the subject at hand today. 
The DOE has not, at the present tine, es~ 

_ lished a position with respect to ooupled 
testin;J. H:Jwever, in further in; the deve
lopnent of its site characterization program, 
the DOE and its field projects, three of whid'l 
are represented in this synp::>sium, 1oe 1 cxme 
you, and loolt fon,ard to t:enefitin; fran the 
delit:erations of this Syqosium. 



OPEMIN6 PRESEITATIOI BY THE OECD NUCLEAR ENERGY A6ENCY 
TO THE IITERNATIONAL S~POSI~ 01 COUPLED PROCESSES AFFECTI16 
1 THE PERFOR~ICE Of A IUCLEAR ~TE REPOSITORY 

S.&. tarlyle, DECDIIEA 

The DECO Nuclear Energy Agency 1s 
part1cularly pleased to be able to cooperate w1th 
the sponsors of th1s Sympos1um on Coupled 
Processes, as the subject 1s complementary to 
several recent act1v1t1es of the NEA; 1n 
part1cular those of the Co-ord1nat1ng &roup on 
6eolog1cal Disposal and the Internat1ona1 
Informat1on Retrieval System (ISIRS) group. The 
Co-ord1nat1ng group was estab11shed 1n 1975 by 
the Rad1oact1ve waste Management Conmittee to, as 
the name suggests, help coordinate research and 
adv1se the RWMC. The coord1nation covers three 
.. 1n activit1es: (1) the cons1deration of 
progress of NEA projects that fall under the 
heading of geological disposal; (11) organ1s.1ng 
workshops to address topical 1ssues; and 
(111) prov1s1on of a forum for the exchange of 
sc1ent1f1c 1nfoMmat1on ar1s1ng from nat1ona1 
research programmes 1n DECO Member countr1es. 

The scope of these act1v1t1es cover two 
general head1ngs: (a) the development of 
performance assessment methodologies and (b) the 
aequis1t1on of f1eld and laboratory data. The 
recently estab11shed User's &roup for Systems 
Variability Analys1s Codes provides an 
1nternational forum for those actively deve1op1ng 
probab11istic codes to: 

(a) exchange codes, 1nformat1on and 
experience; 

(b) prov1de for mutual peer rev1ew; 

(c) discuss topical technical i~sues; 
and 

(d) 1dent1fy aspects of code development 
and plan intercomparisons of mutual 
benef1t. 

The NEA 1s also taking an increasingly 
active role in the Swedish HVOROCOIN exercise, 
wh1ch addresses the mode111ng of groundwater flow 
JU1nly by compar1ng the capab111ties of dHferent 
models to descr1be field measurements and the 
impact on ground~ter flow calculations of 
various physical phenomena. 

In add1tion, the NEA Data Bank is 
building-up a library of various ~ste management 
codes, used in carrying out performance 
assessments to prov1de a service to OECD Member 
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countries. Here tested and documented cOdes are 
available on request. 

The lEA Data Bank 1s also 1nvolved 1n the 
International Sorption Infon.ation Retrieval 
Syste. (ISIRS). This data base system, 
or1g1nally developed by PNL. stores and handles 
data related to the sorption of radioelements 
fro. solution onto geolog1c med1a. The objective 
of the project is to advance the understand1ng 
and prediction of the •igration of radionuc11des 
through geological media in support of 
performance assessments for radioactive ~ste 
d1sposal. In addition, a si•ilar data base of 
chemical thermodynamic data is currently be1ng 
developed by the NEA to provide comprehens1ve, 
1nterna11y consistent, CODATA compatible data for 
use in predictive mathematical models. 

The NEA is also involved in the 
acqu1s1t1on of f1eld and laboratory data aimed at 
acquiring a detailed understanding of geolog1cal 
d1sposa1 systems. Currently, th1s focuses on the 
International Stripa Project wh1ch w111 be 
discussed later 1n the S~os1um. 

Perhaps the most important activities of 
the NEA in relation to this Symposiull are the 
findings of several recent workshops held by NEA 
on geological disposal; w1th particular emphasis 
be1ng placed on near field and geosphere 
studies. I can ment1on several of direct 
relevance to th1s Symposium: 

In 1981: 

Near Field Phenomena in Geological 
Repositories for Radioactive Wastes, 
Seattle 

In 1982: 

6eochem1cal Processes and the Geolog,cal 
Disposal of Radioact,ve waste, Paris 

In 1983: 

Sorption - Modelling and Measur~nt for 
Nuclear Waste Disposal Studies, Par1s 

Source Tent for Rad1onuclide "igrat1on 
fra. High-Level Waste or Spent Nuclear 
Fuel Under Real1stic Repository 
Conditions, Albuquerque 



.. 

.. 

In 1985: 

Effects of Natural Organic Compounds and 
M1croorganisms on Nadionucl1de Transport, 
Par1s 

Symposium on In Situ Experiments in 
&ranite, Stockholm. 

The proceed1ngs frOM each of these 
workshops reveal certain insights 1nto the 
treatment of coupled processes but perhaps the 
aost d1rectly relevant to this Sympos1um are the 
conclus1ons of the Workshop on Coupling 
&eochem1cal and Hydrologic Models held 1n Par1s 
1n June 1984. These 1nter-a11a declared that: 

( 1) 

( 2) 

There 1s a def1n1te need for sane coupling 
between geochemical and hydrologic models 
1n rad1oactive waste performance 
assessment. Th1s need arises from the 
1nherently coupled nature. of rad1onuc11de 
•1gration. There 1s no, and there need 
not be, a unique method to perform th1s 
coupling; 

Coupling 1n this context 1s not 11aited to 
mean exclusively the co-execut1on of 
geochemical and hydrologic computer codes, 
but 1t 1ntended to encompass all methods 
of passing data and merging geochemical 
and hydrolog1c understanding 1n 
performance assessment modelling; 

(3) The development of •megacodes• (i.e., 
large d1rectly coupled 
hydrochemical-geolog1c computer codes) 1s 
pract1cally unrea11stic. Ind1rect 
coupl1ng methods and the coup11ng of 
11mited submodels should prov1de useful 
tools for help1ng to answer a number of 
spec1f1c questions. S1nce comprehensive 
megacodes are 1mpract1cal, an 
understand1ng of where s1mpl1f1cat1ons can 
be made 1s des1rable; 
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(4) 

( ~) 

Coupled models are only one among a w1de 
variety wh1ch may be used to pred1ct 
potential rad1onucl1de m1grat1on. These 
simp11f1ed coupled models NUst be used 1n 
conjunct1on w1th larger 
thermodynamically-based codes with 
laboratory work and with observat1on of 
nature; 

Basic to the use of any of these 
predictive techn1ques is the detailed 
understand1ng of the phys1cal and chem1cal 
processes involved. Th1s understanding 
aust be developed in order to max1•ize 
confidence 1n the predict1ons. 

The use of coupled models developed 1n 
th1s perspect1ve was found to be an important 
contribution to assure that the .ajor 
interactions in water and nuclide transport are 
considered in disposal system perfo~nce 
analyses. 

It 1s clear that at the present time, 
coupled processes are one of the principal issues 
1n the development of realistic performance 
assessment methodologies and in devetop1ng 
confidence 1n proposed disposal solutions. I a• 
sure that th1s Symposium will make a major 
contr1bution to resotv1ng this issue. Finally, I 
would 11ke to thank you on behalf of NEA for th1s 
opportunity to address the Symposium. 



OUTLINE OF SOME EUROPEAN COMMUNITY ACTIVITIES 
ON COUPLED PROCESSES 

P. F. Venet 
COMMISSION OF THE EUROPEAN COMMUNITIES 

Rue de la Loi 200, B-1049 Bruxelles 

In these few words of introduction, I would 
like to give you an outline of some of the European 
Community activities in the field of coupled 
processes linked with radioactive waste geological 
disposal. This is an example, a succesful one I 
think, of what can be realised at international 
level. 

We have greatly appreciated the work realised 
during the first panel which was organised in 
Berkeley in January 1984 on coupled processes. 
Taking into account the importance we attach to 
this question and added to the fact that these 
problems are so ·comprehensive that they cannot be 
efficiently dealt with in a strictly national 
framework, we took pleasure in accepting the 
co-sponsorship of the symposium which opens today. 

Some people may need a very short presentation 
about the European Community. At the moment, ten 
countries of the old Europe belong to it : from 
Denmark to Italy and from Ireland to Greece, 
including the Federal Republic of Germany, Belgium, 
the Netherlands, France and the United Kingdom. Two 
more countries, Spain and Portugal, will join us on 
the 1st of January next year. By signing the 
European Treaties, the European Community countries 
recognised that certain fields, such as agri
cultural policies, commercial relations or the 
Energy sector could be treated more efficiently by 
pooling their resources. 

About ten years ago, the Commission started up 
important research programmes in the field of 
management and storage of radioactive waste. It can 
be said that at present, most of the work realised 
by the Community countries on high-level waste and 
its disposal is done within the Community program
mes. This work is either led by organisations and 
firms of these countries in the framework of 
contracts co-financed by the Commission, or reali
sed in the Commission laboratories, the most 
well-known being the Joint Research Centre at Ispra 
in North Italy. 

The propagation of heat in the waste environ
ment initiates a certain number of interactive 
disturbances. All these phenomena overlap. The 
problem of coupled processes is inevitably dealt 
with in-depth in the Co111111unity programme, taking 
into account its actual nature. 

The following three slides show some work 
aiming at recognising and modelling the coupled 
processes. The processes have been regrouped in the 
main geological media at present considered in 
Europe, namely, salt, granite and clay. In fact, 
the properties of these media are very different 
from each other and the borderline between the 

processes is often imprecise. For this presenta
tion, I have retained four types of coupled proces
ses : thermo-mechanic, thermo-hydraulic, hydraulic
mass transfer and finally, thermo-geochemical and 
mineralogical. The studies have been classed 
accordingly as realised at laboratory scale or in 
situ or as they concern simulation by calculation. 

The first slide concerns salt rocks. I will 
only specify what is realised by Utrecht University 
in the Netherlands. It concerns a little known 
aspect for the scientists but nevertheless a 
crucial one. In this study, the influence of brine 
on the creep behaviour of salt is being investiga
ted. Samples of salt were creep-tested under 
uniaxial compression at various stress levels. 
During testing, saturated brine was poured around 
the samples. It could be seen that the adjunction 
of brine resulted in a clear increase of creep 
rate : the higher the stresses, the stronger the 
influence. A comparative test was made by adding 
volatile oil, which did not cause any increase in 
creep rate. It could be concluded that there is a 
marked interaction between the presence of brine in 
salt and its creep rate under compression. 

The second slide is devoted to clay. We were 
surprised that clay, as a geological format ion to 
be considered for ~isposa1, did not appear in the 
report established by the LaWTence Berkeley Labora
tory following the first panel. A certain number of 
European countries are however interested in this, 
for example, Belgium, Italy and more recently the 
United Kingdom and France.The example selected is a 
little anecdotal. It concerns the study of a 
thermo-chemical process, studied on a large scale 
and in-situ. This study was undertaken by ENEA in 
Italy. A magmatic body intruded a pliocenic clay 
layer at ORCIATICO, Italy, about 2 million years 
ago. The size of the intrusion was several hundred 
meters in diameter and its maximum temperature was 
estimated at aoo•c. 

At the interface, the clay was turned into 
hard stone. The investigations showed that the 
effect of dehydration in clay appeared at a distan
ce of 10 to 20 metres from the interface. However, 
mineralogical changes could be found only up to 2 
to 4 metres away from the interface. 

The last slide concerns granite. The example 
considered corresponds to a new approach as regards 
the safety aspects. It concerns a computer code 
simulating a hydromechanical process. In the 
framework of the "gee-prospective" methodology, the 
BRGH in France has developed a computer code, 
CASTOR, which allows the interaction of geological 
factors to be predicted on a specified site. An 
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·initial application of this code was carried out in 
a generic way on a granite site, assuming that an 
ice cap, 1000 m thick, would develop in 2000 years 
and last about 100.000 years. The coupled influence 
of sea-level change and ice weight on the ground 
water flow patterns vas calculated. It could be 
seen that these factors resulted in a 50 times 
reduction of the groundwater flow velocity at the 
location of a hypothetical repository. Such effects 
therefore need to be considered for predictive 
evolution scenarios. 
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At the end of these introductory remarks, I 
would like to wish you, Hr. Chairman, Ladies and 
Gentlemen, in the name of the Commission of the 
European Communities, most fruitful discussions 
and exchange of views during these next three 
days. Such a symposium can only strengthen inter
national co-operation which is so necessary in 
these fields. 
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BASALT WASTE ISQ.ATJ(Jj PRnJECT OVERVIEW 

David H. Dahl em 
Basalt Waste Isolation Division 

u. S. Department of Energy 
P. o. Box 550 

Richland, ~ 99352 

INTRODUCTION 

The proposed candidate basalt sfte for a 
high level nuclear waste repository is located 
beneath the Hanford Nuclear Reservation in 
southeastern Washington State (Figure 1 )~ At 
this point, the Hanford Reservation has been 
selected as one of three preferred candidates in 
the draft Environmental Assessment. Project 
activities have concentrated on (1) understand
ing the site location with respect to the 
10CFR60, 40CFR191, and 10CFR960. (2) identifying 
critical parameters for design of waste package 
and repository sea 1 s. and ( 3) i denti fyi ng para
meters for repository design. This paper de
scribes the program to evaluate the site and 
identify the natural processes that would effect 
isolation. 

The viability of the reference repository 
location (RRI..) depends on findings in several 
important areas; ( 1)- the groundwater circulation 
system, (2) the nature and complexity of the 
basalt horf zons and inhomogeneities, and (3) the 
structural stability of the repository environ
ment relating to vulcanism and seismicity. 
Other issues are subordinate. 

The Repository Site program has two major 
testing and data collecting phases: (1) an 
early reconnaissance activity to locate a site 
and to assess site suitability, and (2) site 
c haracte ri zati on to eva 1 uate performance unce r
tainties~ The emphasis in all studies fs on 
identifying system baseline conditions and pro
cesses of change. Data collection originally 
started with surface-based exploration and will 
continue in in situ measurements in subsurface 
facilities such~the exploratory shaft facili
ty and in special boreholes to confirm surface 
work and to collect unique data~ 

Geologic Program Status 

The following sections present the current 
understanding of the geologic and geop~sical 
properties of the basalt site~ Areas that sig
nificantly influence the testing program (de
scl"'fbed in a later section) are highlighted~ 

Geomorphology 

The Hanford site is located within the 
Columbia Plateau geologic province between the 
Yakima Fold Belt to the west, the Blue Mountains 
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to the south. and the Palouse~ It is at the 
point where ridges of the Yakima Fold Belt dip 
east beneath the west dipping Palouse Slope~ 

The principal geomorphic processes affecting 
the area dun ng Quaternary time were degradation 
of bedrock ridges and scouring associated with 
late Pleistocene cataclysmic floods. and sedi
mentation associated with wind and water redis
tribution of glacial outwash of the above 
111te rials~ The most recent flood was about 
13,000 yrs B.P •• associated with the last fee 
advance. 

On the basis of paleoclimatic information, 
only two fee advances are expected in the next 
100,000 years; beginning at 15,000 and 35,000 
years. 

Stratigrap~ and Lithology 

The Refe renee Reposi tory a rea f s uncle rl a in 
by three rock sequences (Figure 2): the basalt 
group is pre-Tertiary epiclastic sedimentary 
rocks from 6.000 to 18,000 feet thick. This, in 
turn, is overlain by the Columbh .. Basalt Group. 
from 10,000 to 16,000 feet. and by about 500 
feet of post basalt sediments. 

In the RRL area, the Yakima Subgroup of the 
Columbia Basalt group is df vided into the Grande 
Ronde, overlain by the Wanap1111, and fn tum by 
the Saddle Mountain flow sequences. Within the 
Grande Ronde sequence, the Cohassett flow is the 
current reference horizon. 

The Cohassett flow is mid-way in the Sen
tinel Bluffs sequence~ From systematic studies 
of the Cohassett flow, internal or intraflow 
structural features have been defined allowing a 
110dicum of prediction of mechanical characteris
tics. Intrafl ow structural domains differ in 
strength and mechanical properties, and there
fore are of interest in assessment. Fracture 
Cor joint) density has been evaluated for the 
candidate flows wfth the Cohassett the most 
intact. least fractured flow of those studied~ 

The Grande Ronde, Wanapum, and Saddle 
Mountains sequences are each separated by sedi
~~entary 1ntei'Wds of the Ellensburg Fonnation. 
The 1 owest of the 1 nte rbeds is the Vantage, 
separating the Grande Ronde and Wanapum ba
salts. From this point upward in the basalt 



section, volcaniclastic sedimentary interbeds 
become an important part of the geohydrologic 
control. The Mabton interbed is the thickest 
unit separating the Wanapum from o¥erlying 
Saddle Mountains basalts, but each flow-in the 
latter two sequences is o-verlain by an interbed. 

The principal uncertainties in the strati
graphy and megascopic lithology are focused on 
the need to identify and charaeteri ze individual 
flows and to predict variati.ons~ Elements in 
this area consist of flow thickness, intrafloW 
structures, fractures, and textural discontinu
ities such as zones of vesiculation and breccia
tion. 

Structural Geology and Tectonics 

The structural geology of the RRL area is 
characterized by compressional features com
prised of sharp east-west trending anticlines 
and shallow intervening synclinal valleys. In 
general the anticlines are asymmetrical and 
overturned on the north 1 imbs. Second and 
third-order folds are common on first-order 
anti clines. 

Thrust and high-angle reverse faults are 
common along tLe steeper limb of anticlines. 
Estimated displacements range from several 
meters to 2.5 km such as along the Saddle 
Mountains fault at Sentinel Gap. Fault dips 
vary from 45° to vertical! Northeast- to 
Northwest-trending cross faults with up to 
several tens of meters dip-slip and postulated 
strike-slip disPlacement transect the anticlined 
folds. In addition, fold trends commonly dis
play abrupt bends along strike. 

Several large-scale features provide the 
regional structilral framework. The Olympic
Wallowa lineament (OWL) and Hog Ranch-Naneum 
Ridge anticline trend into the Columbia Plateau 
and transect the Yakima Fold belt. The OWL is 
400 km long topographic lineament extending from 
the Olympic Mountains in northwestern Washington 
to the Wallowa !4ountains of northeastern 
Oregon. The Cl~ Elum-Wallula lineament (CLEW) 
is the central thf rd of the OWL feature, in 
which area occur northwest-trending faults. In 
the Pasco Basin, the CLEW is the series of 
features including Rattlesnake Mountain, and 
several doubley-plunging anticlines to the 
southeast. This local feature is referred to as 
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the Rattlesnake-Wallula lineament (RAW). East 
of Wallula Gap the CLEW is defined by west 
northwest trending faults of the Wallula fault 
system. 

Evidence for possible Quaternary faulting 
within the Yakima Fold Belt occurs 75 km west of 
the site at Toppenish Ridge~ Five hundred year 
old sag ponds at that location are similar to 
features on Gable Mountain. 

The Pasco Basin, in which the site is 
located, is one of four structural and topo
graphic basins in the Yakima Fold Belt.: It is 
defined on the north by the Saddle Mountains and 
on the south by the RAW structure~ The Hog 
Ranch· structure and Palouse Slope are the west
ern and eastern boundaries~ The main trends 
within the basin are easterly to southeasterly 
from northwest to southeast. Structural and 
topographic relief lessens to the southeast, 
with se~~eral of the Yakima folds receding into 
the subsurface; 

Four anticlinal structures define the im
mediate structural environment of the site: the 
Saddle Mountains, Umtanum-Gable Mountain, Yakima 
Ridge and Rattlesnake Mountain, and anticlines 
along the RAW to the southeast~ The intervening 
synclines are the Pasco Basin on the east, 
Wahl uke syncline. Cold Creek syncline. and 
Benson Ranch syncline from north to south. 

The Cold Creek syncline is a broad south
easterly plunging fold with a relatively steep 
southern limb toward Yakima Ridge! The struc
ture is interpreted to have been a thick basalt 
section controlled north and south by anticlinal 
ridges. 

Structural analysis indicates that tectonic 
forces have been accomodated by folding and 
closely parallel faulting above the northern 
limbs of anticlines~ These features consist of 
steep re 11e rse faults and pronounced brecciation 
parallel to fold axes. Rate of deformation has 
been assessed from the thinning of flows over 
ridges and current leveling and trilateration 
surveys. 

The eruption of tholeiitic flood basalts 
from 7 to 8.5 m yrs B.P. is the most significant 
volcanic event to effect the Pasco Basin. 
Feeder dikes for these eruptions have been iden-
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t'lfied on the eastern basin margin. The only 
volcanic events subsequent to these are fran the 
Cascade Range, west of the site! 

The principal uncertainties in the area of 
structural geology center around the nature, 
mechanism, and timing of tectonic defonnation 
effecting long term stability of the site and 
effect on groundwater ci rcul ati on in the Pasco 
Basin. 

Seismology 

The Columbia Plateau is an area of moderate 
seismicity based on the historical recorcC The 
seismicity of the RRL is low as compared with 
that of the Columbia Plateau. The seismicity 
can be grouped into two types of events: deep 
events and shallow swarms. 

The earthquake swarm is the predominant 
activity of the site area. Swarms typically 
occur over periods of a few days to several 
months, are constrained to a rock vol•1me typi
cally 2 km X 5 km X 3-5 km deep, and may contain 
several hundred earthquakes fran magnitude 1.0 
to 3.5. 

Centers of swarm activity have bLen recorded 
near the site at Wooded Island, Coyote Rapids, 
and northeast of the site between the Saddle 
Mountain and Frenchman Hills anticlines~ The 
evolution of these events indicates no specific 
probable structural relation. 

The principal uncertainties on the site 
seismicity include the nature of the IIEChanism 
and potential ground motion related to swarm 
events and the nature of surface waYf' trans
mission within the area to the repository rock 
volume. 

Engineering Geology 

The engineering properties of concem are 
those that bear directly on the excavation 
characteristics of the basalt~ The data now 
available have come from the analysis of out
crops, borehole cores, and in situ measurements 
from the Near Surface Test ric"ilTty (NS1F) con
structed in Gable Mountain, northeast of the 
RRL~ A central concern in the data collection 
effort has been understanding and predicting the 
.!!!. situ response of the rock mass to changes 
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f~osed by excavation and from thermal simula
tions of waste loading. 

Intact basalt from the flow interiors is 
hard, brittle rock that is insensitive to tem
perature change at 150-2000C and has little 
definable mechanical change up to soooc. The 
intact basalt shows a significant increase in 
strength with confining stress. Uniaxial com
prehensi ve strength differs between Grande Ronde 
flows, with typical values for the Cohassett 
interior and flow top breccias of 290 MPa 
(42,000 psi) and 1,000 MPa (15,000 psi), 
respect'! vely~ 

Jointing is common in the flows and is typi
cally characterized as tight with pervasive 
filling by secondary minerals. Testing of 
jointed samples under triaxial loading and 
direct shear indicates the secondary minerals do 
not dominate the joint properties. Joint fri c
tion angles measured in the NSTF .ere 350 for 
the Pomona flow. A value of 420 was obtained 
for Grande Ronde bas a 1 t. Norma 1 and shear 
stiffness tests on core from the NSTF indicate 
relatively high stiffness reflecting the compe
tent nature of the joint surfaces and thin joint 
fillings. 

Under low stress conditions, the joint fre
quency is sufficiently high to significantly 
influence the rock mass modulus and rock mass 
strength~ Under high stress conditions at the 
repository depth, joints are expected to be 
tighter and have 1 ess effect on rock mass 
MOdulus. 

No reliable data on deformation moduli are 
available at this time. 

Thennal properties at the repository horizon 
probably can be estimated with sufficient accu
racy from laboratory tests. This is based on 
the agreement between 1 ab and N STF measure
aents. Thermal properties are expected to be 
influenced by rock porosity and moisture condi
tions. Jointing does not appear to have a pro
nounced effect on thermal or thennomechanical 
properties and no thermal anisotropy was ob
served in current testing. 

Stress •asurements by hydraulic fracturing 
in three holes within the reference repository 
location in all four potential repository hori-



zons have produced a consistent pattern of in 
situ stresses that are oriented with the maXimum 
stress essentially north-south and the minimum 
stress vertical. The maximum horizontal stress 
does not show a~ significant increase with 
depth within the flows or b.etween the four flows 
tested. The maximum horizontal stress is esti
mated to be 61.5 MPa (8,900 psi) in the 
Cohassett flow. In the Cohassett flow, the 
intennediate horizontal stress is 32.4 MPa 
(4,700 lb/in2) with a minimum (vertical) 
stress of 24~1 MPa (3,500 lb/in2)~ These 
stress levels are high and are compatible with 
the observed borehole spall i ng, core di ski ng. 
and seismic activity in the area~ 

Rock spalling and small rock bursts can be 
anticipated given the stress field and brittle 
nature of basalt, however, the jointed nature of 
basalt may mitigate the spalling potential by 
relieving the high stress concentrations around 
openings. 

Geohydrology 

Since 1977, reconnaissance hydrologic 
studies have been conducted in and around the 
Cold Creek syncline to identify stratigraphic 
intervals of high and low hydraulic conductiv
ity, areal and stratigraphic hydraulic head dis
tributions, geochemical trends and the influence 
of geologic structures on circulation patterns. 
In this program, testing has become progressive
ly sophisticated as new facilities have been 
constructe~ To date, the emphasis has centered 
on understanding the circulation systems, which 
in turn requires hydraulic stress testing of 
discrete horf zons. A reference piezometric 
baseline for this testing is an integral part of 
the program~ 

Preliminary studies indicate that basalt 
f1 ow-brecciated tops and interflow sedimentary 
units have higher hydraulic con~uctivfty than 
f1 ow interiors. For flow toos and interbeds. 
conducti vfty ranges from 10-12 to 10-1 m/s 
with a geometric mean of 7 X 10-6 m/st. For 
the flow interiors, the range fs 10-l:l to 
10-8 with a geometric mean of 1 X 10-12 
m/s. The hydraulic conductivity of interflow 
zones differs between basalt sequences and 
generally decreases with depth. Hydraulic 
gradient for the Grande Ronde has been estimated 
to be 2Xl0-4 m/m with direction of flow wfthfn 
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the RRL toward the south-southwest~ The 
direction of regional flow appears to be 
southeast; The local influence of synclinal 
structural dip is presumed to be the reason for 
the discrepancy! Vertical hydraulic gradient in 
the Giande Ronde appears to be upward at 
lXlO- m/m. 

Hydrochemical data have been used to inter
pret the cf rcul ati on systems. These data sug
gest that two flow systems exist beneath the 
Hanford site; one in the Grande Ronde and one in 
the Saddle Mountain and near-surface sediments. 
Within the Wanapum basalts, limited mixing 
occurs. Chemical signature data suggests waters 
of the Grande Ronde are probably part of region
al circulation systems in contrast to the more 
1 ocally ci rcul ati ng waters of the Saddle 
Mountain basalts. 

Possible boundary conditions which may 
influence geohydrologic conditions at the site 
are listed below. 

o The postulated "Cold Creek Barri er• 
located just wes~ of the RRU -Hydro-
1 ogic evf dence s;,ggests that this geo
physical anomaly may act as an imperme
able boundary to groundwater flow. 

o The anticlinal ridges to the north and 
south of the RRL. However, it is not 
known at this time whether these struc
tures may act as impermeable boundaries, 
constant head boundaries, or what the 
extent of such boundaries may be. 

o The Columbia River may act as either a 
source or sink tc• groundwater in the 
deep basalts; Hydrologic data collected 
to date do not confi nn either sugges
tion~ The Columbia River is a sink 
(discharge area) for the unconfined 
aquifer. 

Geochani stry 

An understanding of the rock-fluid system 
envf ronment of the repository is essential to 
predict repository isolation-containment charac
teristicsJ To date, information includes phase 
definition and distribution of components from 
petrologic and geologic studies. Reconnaissance 
geochemical sampling in these studies provides 
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gross system characterf zation. Limited experf • 
mental work identifies the behavior of radio
nuclides in this system and provides detail on 
phase stability and reactions. 

The major mineral composition of the dense 
interiors of Grande Ronde basalts ranges from 0 
to 35~ pyroxene, 25 to 481 plagioclase, 0 to 6~ 
Fe-Ti oxides, 0 to 31 olivine, and 20 to 65~ 
mesostasis. Less abundant phases include apa
tite, orthopyroxene. pigeonite. and sulfides. 
The mesostasis is primarily glass. 

The concentrations of most major element 
oxides and trace elements are relatively 
consistent throughout the Grande Ronde section. 
The ratio of Fe0/(Fe0+Fe20J) varies from 
about 0.76 to 0.79 in the dense interiors of 
candidate basalt flows. Therefore, the rock 
mass is highly reduced in the flow interiors. 
Hematite blebs are disseminated in the 
groundmass. Secondary phases in fractures, 
vesicles, and vugs include smectitic clays, 
zeolites, and silica. Other secondary minerals 
have been identified but are present fn much 
lower amounts~ The presence of secondary pyrite 
in these basalts provides strong evidence for 
reducing condf ti ons in the sf te system. 

The sedimentary interbeds consist of 
tuffaceous siltstone with lesser amounts of 
quartz sandstone, conglomerate. and well-sorted 
vi t ric tuff. Most of these sediments are fri ~ 
able but some are cemented with calcite, clay, 
opal. and zeolite~ 

The primary phases of the basalts are not in 
equilibrium with the present p~siochemical 
environment. They are metastably persistent, 
howeYer, because the kinetics of alteration are 
slow at the ambient 1 ow temperatures of the 
basalts. The lack of rel fable thennodynamic 
data on secondary minerals prevents a rigorous 
evaluation of their stability. 

Major inorganic components of deep basalt 
groundwaters are sodium ( 50 to 450 mg/L), 
potassium ( 4 to 36 mg/L), calcium ( 2 to 18 
mg/L), magnesium ( 2 to 12 mg/L), silicon ( 25 
to 175 mg/L), chloride, ( 50 to 550 mg/L ), 
fluoride ( 5 to 55 mg/L), and sulfate ( 25 to 
250 mg/L ). Measured pH values range from 7.2 to 
10.8 (most are fn the range of 9.2 to 9.8). 
Alkalinity (as CaC03) ranges from 75 to 225 
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11g/L. Both vertical and lateral major element 
c~ositional variations are observed. 

Methane is the major dissolved gas found in 
groundwaters. Minor amounts of nitrogen, argon, 
and carbon dioxide are also present. Estimates 
of methane concentrations range from 350 to 700 
mg/L for groundwaters in Grande Ronde basalts. 

RADION!Xl.IOES 

Sorption of key radionuclfdes occurs by 
chemisorption and ion exchange reactions with 
11inerals in the groundwater flow path. 
Actinides are strongly sorbed by each of the 
geologic solids studied (basalt. secondary min
erals. and interbed materials), as are radio
nuclides that exist in solution as hydrated 
metal ions. Non-metallic radionuclides such as 
iodine-129, carbon-14, and selenium-79 exist 
only as anions in solution and are weakly sorbed. 

Most radfonuclfde sorption reactions are ~t 
least partially frreYersible under conditions 
expected fn basalt groundwaters. Sorption and 
desorption i sot he nns for a g1 ven radi oel emen' 
are non-single-valued and show a significant 
degree of sorption ~steresis. This ~steretic 
effect is important to radionuclide transport 
calculations since it can lower peak radio
nuclide concentrations fn groundwater and delay 
transport~ Migration of radionuclfdes as 
particulates suspended in groundwater IIIJSt also 
be considered as a possible transport mechanism. 

The chemical species of radfonuclides in the 
site system will influence their retardation 
behavior. Speciation. in tum, depends on the 
oxidation state of the radfonucli de and on th~ 
presence of complexfng ligands. The prepon
derance of evidence indicates that conditions in 
the site system are reducing. It is expected, 
therefore, that radfonuclides will be present in 
lower oxidation states. 

A large quantity of radionuclide sorption 
and desorption data have been obtained~ A wide 
range of experimental conditions have been 
exam;ned fn these measurements fn an attempt to 
d~Hcate the variety of possible conditions 
expected 1n the site system.: Because of uncer
tainties fn groundwater composition, oxidation 
states of some rad1onuc1ides. and composition of 
geologic solids fn groundwater flow paths, 



attempts have been made to detennine the sensi
tivity of radi onucli de sorption to these para
meters. As a result of these efforts, most 
existing sorption information was obtained at 
the extremes of expected conditions (oxidation 
states, groundwater compositions, etc.)~ 
Although this may be adequate for certain radio
nuclides, additional data is needed for radio
nuclides that are highly sensitive to these 
sorption parameters. 

ENG! NEEIED BARRIERS 

The development of engineered barriers, 
(fa., the waste package and repository seals) 
has been proceeding in parallel with site 
exploration. The BWIP waste package concept 
incorporates the waste into a low-carbon steel, 
thick-walled cylindrical container which is 
designed for at least 1,000 years containment in 
accordance with the NRC containment require
ment. A six-inch layer of crushed basalt
bentonite clay packing material is placed 
between the container and host rock to retard 
groundwater flow and to buffer groundwater 
oxygen concentrations to extremely low levels, 
thereby promoting conditions favorable to con
tainer life, and lower solubilities at::1 higher 
sorptivities for many radionuclfdes~ Thus the 
packing material is expected to play an essen
tial role in meeting the NRC requirement for 
controlled release and the EPA cumulative mass 
flux requf rement during the isolation period 
The current waste package program addresses 
characterization of the waste package environ
ment, testing of waste package components under 
repository-relevant conditions, waste package 
design, and perfonnance analyses. In the envi
ronmental area, studies include alpha/gamma 
radiolysfs, natural analogs, redox semitivity, 
and geochenical modeling~ In the testing area, 
studies include degradation of iron-base and 
copper-base container materials, static and 
flow-through release testing of spent fuel and 
glass waste fonns, and a variety of packing 
uteri al physical and chemical tests. In the 
design and perfonnance analysis areas, the ad
vanced conceptual design of the waste package 
and a reliability analysis are nearly c~lete. 

Repository seal development activities in
volve testing to understand site conditions and 
material behavior, testing to demonstrate em
placement techniques and component performance, 
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modeling and analysis to assess seal system per~ 
fonnance and predict repository conditions which 
affect perfonnance, and design. All these 
activities support the selection of materials 
and evolution of sealing concepts to assure that 
excavated openings do not become pathways to 
compromise the ability of the site to isolate 
wastes. 

The principal activities through the initial 
part of site cha racte ri zati on involve 1 abo rato ry 
testing of candidate backfill mterials, model
ing and perfonnance analysis of alternatiVe 
shaft and borehole sealing concepts to provide a 
basis for design optimization relative to per
fonnance criteria, and perfonning conceptual and 
advanced conceptual design of shaft and borehole 
seals. 

TESTING PROGRAM 

The objecti 'II!S of the testing prograin 
include (1) providing a data base for license 
application, (2) providing assurance on perfor
mance issues, and (3) providing data for 
engineering and design of the repositoi",Y and 
dependent operations~ At Hanford, the testing 
effort is oriented toward answering questions on 
the groundwater $¥Stem, rock compleAities, and 
stability with respect to demonstrating contain
ment and isolation. (Table 1) 

In the e"~ent Hanford is selected for site 
characterization, the testing program will be 
outlined in the Site Characterization Plan. 
Centra 1 to activities during cha racte ri zati on is 
providing an understanding of site geologic 
heterogeneities. As a result, this data collec
tion and testing effort· is strongly flavored by 
classical exploration and engineering geologic 
studies. Major elements of this program are 
described bel ow. 

Geology 

Uncertainties in the current knowledge of 
the site stratigrap~ and lithology are 
based on the paucity of subsurface data, and 
show up in lower confidence level estimates 
of basalt flow thickness, variation in 
intraflow structure, fracture characteris
tics, and petrology, both of the flows and 
fnteriM!ds.: The work to be conducted on sur
face outcrop and from boreholes will include 



field mapping. surface and subsurface geo
physics. laboratory analysis of chenfstry 
and petrology. 

In the area of stroctural geology. curTent 
info nnati on concentrates on the geometric 
characteri sties of folds and faults. The 
data are inco"'f)lete and uncertainties exist 
on the nature. 11echanisms. and timing of 
tectonic defonnation~ Significant liiiDrlt 
remains in characterizing the large-scale 
regional structures like the RAW, and evalu
ating the possible influence of regional 
tectonic forces on repository stability. 

Groundwater Hydrology 

The pri ncipa 1 activities in groundwater 
hydrology include characterizing the region
al groundwater flow system. providing a 
baseline for flow system interpretation. and 
determining the value of hydraulic proper
ties for the repository rock volume~ System 
uncertainties will be identified through 
numerical modeling which will require evalu
ating boundary conditions for the Cold Creek 
syncline! 

Key to the evaluation of the hydrologic 
system are data obtained from a monitoring 
system of over 35 monitoring wells at and 
surrounding the RRL~ From these facilities. 
water le~~el and pressure data are being 
monitored; first. to establish a baseline 
and second. in response to fonuational 
responses clAring nearby drilling and pumping 
acti vi tf es. A specific phase of testf ng 
(large hydraulic stress testing or LHS) will 
consist of pumping selectively from wells in 
this system and observing responses in 
ne i g hbo ri ng nested piezometers up to k 11 o
~~~eters from the test point. 

Pump tests are planned for both local and 
remote testing. involving scales of hours 
and days up to a 110nth or more of pumping. 

Three types of tests will be conducted from 
the Exploratory Shaft facility (Table 2): 
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borehole, chamber, and tracer breakthrough 
be-Men boreholes. Borehole testing proce
dures will include constant head injection. 
pulse. and·cross hole techniques~ 

Both surface and subsurface boreholes will 
be used as monitoring points during all sub
sequent testing and constrocti on activities. 

Rock Mechanics Testing 

A key area in demonstrating a viable rock 
environment is demonstrating stability of 
underground openings at depth and facfl i ty 
of construction and operations methods~ The 
available data on rock properties provide a 
basis for evaluating these items but in situ 
observation. mining. and underground test1 ng 
are needed. Specific underground tests will 
be based on the first in situ observations 
during shaft sinking ancr racility breakout. 
Table 2 shows elements in the testing pro
gra~ Figure 3 shows the exploratory shaft 
test facility layout with the location of 
fndi vi ~al tests in the geomechanical 
testing progra~ Integrated thermo
mechanical and hydrological testing may be 
required to establish that mechanical per
formance will not i~act waste isolation. 
The nature of such tests can only be 
proposed at this point~ In situ test data 
will pro vi de guidelines for such tests. 
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Figure 1. Extent of the Columbia River Basalt Group, 
the Pasco Basin, and the proposed site for a repository 
in basalt. 
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l.A&.IIIIAfiON 
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•AAAIIIIIfAIC IVAlUATION 

• IOINfl" •OUNDAAIII Wlf"'N 
(.AANDI AONDI tlllrlllfiD ........ 

• uarac.u. COtrlloucnwtn 
e liTHOlOGIC CONfiHUIU 
• PIIUINCIIAIIINCI 01 

tUOHU UIAHIMIUIWI JONII 

• &_,.01-IC:ALIIfalll Of 
.,ANAI'UM AOUIIIIJiil TO 
AOOAIII IOUNDAAY 
CONOUIONI. Nl Ul fO 1M 
rlllO 

• HWDtiAUUC PAII"-fl•· 
I"ALUATKNI 

• PRI·l.Mif I'AlU&fiOII to 1&18 
tllfl 

,.tiiMJ fAC'I..IT.I 
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tlllfiOPIUOIIIIITIAI._ 
OTHIM Willi 

e -piQQtiACil- f'IIACIA fllfl 
• ANALHICAL &NO ... VIRU 
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COUPLED PROCESSES ADDRESSED BY UNDERGROUND 
TESTING 

FOR THE SALT REPOSITORY PROJECT 

H. Kalia1*, W.J. Robe~ds2 , and R.J. Byrne2 

ABSTRACT 

As part of the licensing process, 
various aspects of performance of a 
repository system must be assessed in order 
to demonstrate compliance with the pertinent 
federal regulations (e.g., 10CFR60, 40CFR191, 
etc.). Such performance will be a function 
of the site characteristics (which require 
definition) and the design variables (which 
can be specified), i.e., the system 
parameters. The relevant system parameters 
derive from a consideration of the processes 
taking place within ·the system. These 
processes can be categorized as thermal, 
mechanical, hyd.rological, and chellical, or as 
combinations of these. Uncertainties in the 
understanding of the processes, in their 
representation by models, and in the system 
parameters lead to uncertainties in 
performance prediction. The basic objective 
of underground testing, as well as other 
testing, is to sufficiently reduce these 
uncertainties. 

A tentative set of information needs, 
which derives from current uncertainties in 
both the rele.ant system parameters and the 
modeling of processes (coupled and 
uncoupled), has been developed for the Salt 
Repository Project (SRP). A program of 
underground testing to be conducted in an 
Exploratory Shaft Facility (ESF) has then 
been developed to satisfy, in conjunction 
with other test programs, these (SRP) 
information needs. This activity is 
discussed in this paper, with emphasis on 
coupled procer;es. 

Office of Nuclear Waste Isolation, 
Battelle Project Management Division; 
Columbus, Ohio 

* Presenter of Paper 

2 Golder Associates, Inc.; Redmond, 
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INTRODUCTION 

As established by the Nuclear Waste 
Policy Act of 1982 (NWPA), the u.s. 
Department of Energy (DOE) will select and 
investigate potential site(s), and design, 
construct, operate and decommission the 
repository, as approved by the u.s. Nuclear 
Regulatory Commission (NRC) through the 
licensing process. Currently, sites in 
vario•JB media, including salt, are being 
considered for repository development. The 
Office of Nuclear Waste Isolation (ONWI), 
administered by the Battelle Project 
Management Division (BPMD) of Columbus, Ohio, 
has the responsibility for repository 
development for the Salt Repository Project 
Office (SRPO) of the DOE. If, based on 
available information, a salt site is 
recommended and approved as one of three 
sites for further consideration, then that 
site will be characterized in detail to 
provide the additional information necessary 
for recommending a ·single site for repository 
development and license application, and for 
repository design and performance assessment 
(as required by the licensing process). Such 
detailed site characterization will include 
additional surface-based site investigations 
and testing, laboratory studies, and 
underground tests and investigations 
conducted in an exploratory shaft facility 
(ESF). In preparation for this work, Golder 
Associates, Inc. of Redmond, Washington has 
been retained by BPMD to develop and 
subsequently perform (if necessary) an 
underground. test program (UTP) in the ESF _for 
the SRPO. Other contractors are currently 
developing other aspects of the program, 
e.g., laboratory test program, performance 
assessment, etc. 

The general approach taken in the 
development of the test programs· is as shown 
in Figure 1. First, a set of information 
needs, i.e., the additional information 
needed to determine compliance with the 
regulations, must be identified. These 
information needs should be derived 
explicitly from the pertinent regulations, 
although until sensitivity studies, 
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Figure 1 APPROACH TO DEVELOPMENT OF TEST PROGRAMS 

uncertainty analyses, and compliance 
threshold decisions are completed, they may 
have to be qualitative in nature. As will be 
discussed in more detail in the following 
section, these information needs include, but 
are not limited to, the consideration of 
coupled processes. 

Once the set of information needs has 
been identified, then all of the test methods 
available for addressing each can be 
identified and evaluated with respect to how 
well it addresses that information need, as 
well as the cost and duration of such 
testing. Based on these evaluations, 
programs of testing would then be recommended 
as the suite of tests which satisfies the 
information needs, at reasonable cost within 
schedule. As noted in Figure 1, test methods 
have been categorized in terms of whether 
they are conducted from the ground surface 
(non-borehole), within surface-based 
boreholes, in the laboratory on design 
elements or on samples obtained from on- or 
off-site, or from underground in an ESF. The 
development of the testing programs, 
especially the underground testing program, 
in response to these information needs will 
be subsequently discussed in more detail in a 
following section. 

INFORMATION NEEDS 

At License Application (l.A), it will be 
necessary to demonstrate compliance with all 
of the pertinent regulations (e.g. , 10CFR60, 
40CFR191, etc.). Many of these regulations 
are performance-based, i.e., performance of 
the system or component must meet or exceed 
some specified value. Hence, in order to 
demonstrate compliance with such performance
based regulations, it will be necessary to 
defensibly assert, with reasonable assurance, 
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that performance will satisfy the regulatory 
requirements. There is often significant 
uncertainty in such performance predictions, 
especially over the long term and for systems 
as complex and unique as a repository. Such 
uncertainty in the performance prediction is 
a function of the inherent unt.ertain.ties in: 

• The understanding of the processes at work 
when the system is perturbed·, i.e., .the 
conceptual model which descri,es the 
processes; 

• The numerical representation of the 
processes as functions of parameters and the 
solution procedures, i.e., the numerical 
model; 

• The parameters which describe the 
geometry, nature and behavior of naturally 
occuring materials at the site and the nature 
of naturally occurring perturhatlons to the 
system (e.g., tectonics, climatic changes, 
etc.), i.e., site characteristics; and 

• The parameters which describe the 
geometry, nature and behavior of designed 
elements, procedures and events, i.e., design 
variables. 

In order to achieve a given level of 
confidence in a performance prediction, and 
therefore to determine-compliance with 
performance-based regulations, specific 
combinations of uncertainty in the models and 
parameters must not be exceeded. Such a 
combination of types of information and 
associated levels of confidence in each, 
which is intended to be necessary and 
sufficient to determine compliance, is termed 
the "information requirements", These 
information requirements are determined in 
part by sensitivity studies, e.g., the 
sensitivity of the uncertainty in the 

_..; 

.-

·t (~ 



performance prediction to the uncertainty in 
each of the various models and parameters. 
These information requirements must be 
satisfied in order to determine compliance 
with the performance-based regulations, 
otherwise the uncertainty in the performance 
prediction will be too large to determine 
compliance, i.e., reasonable assurance will 
not be achieved. 

Much data relevant to the information 
requirements currently exist, both site 

.specific and generic. In most cases, 
however, the uncertainties in the currently 
available information are still too large 
(i.e., the information requirements are not 
satisfied) due to insufficiencies in the data 
base. These data base insufficiencies might 
include at the present time: 

• Data uncertainties due to possible 
measurement errors (random or systematic); 

• Nonrepresentative sampling of data, i.e., 
the statistics of the data do not represent 
the statistics of the population; 

• Absence of enough data to be statistically 
significant; and 

• Uncertainty in the correlation between the 
data and the information required, e.g., the 
relationship between hard measured data and 
an inferred parameter. 

In order to correct these data base 
insufficiencies, a program of site 
characterization must be implemented. 

The "information needs" consist of the 
additional information needed to satisfy the 
information requirements and thus determine 
compliance. Once the information needs have 
been identified, as discussed above, a 
testing program can be developed to produce 
the data which are necessary and sufficient 
to satisfy these information needs (Figure 
1). 

Consistent with the above discussions 
and with previous generic treatments (e.g., 
as contained in the DOE Mission Plan), a 
tentative set of information needs has been 
identified for the SRP, particularly to guide 
the development of the underground test 
program in the ESP at a salt site. This 
tentative set of information needs, and the 
coupling of physical (i.e., thermal, 
mechanical, and hydrological) and chemical 
(including radiological) processes which must 
be considered in satisfying each information 
need, is summarized in Table 1. 
Specifically, this identification of the 
information needs was done as follows: 

(1) A comprehensive hierarchy of performance 
issues was developed, starting with broad 
issues and progressing in increasing levels 
of detail until the issue was stated at or 
below the level of those specified in the 
regulations. 
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(2) The pertinent sections of the 
regulations (i.e., Nuclear Waste Policy Act 
of 1982, 10CFR60 - Disposal of High-Level 
Radioactive Wastes in Geologic Repositories 
(NRC), 40CFR191- Environmental Standards for 
the Management and Disposal of Spent Nuclear 
Fuel, High-Level and Transuranic Radioactive 
Wastes (EPA), 10CFR960- General Guidelines 
for the Recommendation of Sites for Nuclear 
Waste Repositories (DOE), 10CFR20 -Standards 
for Protection Against Radiation (NRC), and 
30CFR Ch.I - Mine Safety and Health 
Administration (Dept. of Labor) -
Subch.D,E,N) were cited and categorized as 
specifying performance, information, testing, 
or other regulatory requirements. The 
regulatory performance requirements were then 
stated in terms of the appropriate 
performance issues. 

(3) The methods which are available to 
resolve each of the most detailed performance 
issues were identified, and the type of 
information required by each method listed. 
These methods include: 

(a) Demonstration, where an element of 
the repository is physically constructed, the 
performance measured or observed, and the 
results used directly to predict repository 
performance (without determining parameter 
values or developing models); 

(b) Empirical analysis, where past 
experience under similar conditions is 
quantified and transferred to repository 
performance (without a formal theoretical 
basis); and 

(c) Numerical analysis, where conceptual 
and then numerical models which represent the 
perceived physical processes are developed, 
input parameters assessed, and performance 
predictions calculated. 

(4) The information required for resolving 
the performance issues by the various 
methods, in conjunction with the regulatory 
information requirements, was then compiled 
into a single list of information 
requirements (Table 1). These information 
requirements were then related back to the 
pertinent regulations through the performance 
issues. Because the level of confidence 
defining compliance at LA has not yet been 
specified and because sensitivity studies on 
the uncertainty in performance predictions to 
uncertainties in models/parameters have not 
yet been conducted, these information 
requirements are necessarily qualitative in 
nature (i.e., the maximum acceptable level of 
uncertainty in each type of information has 
not been determined). 

(5) The current status of satisfying the 
information requirements was summarized, 
based on the available data base (both site 
specific and generic). 

(6) The additional information needed to 
satisfy each of the information requirements, 



and thus determine compliance at LA, was then 
determined (Table 1). These information 
needs were then related back to the pertinent 
regulations in the same way as the 
information requirements. Again, because the 
information requirements are currently 
qualitative in nature, these information 
needs are also qualitative. 

PROGRAM OF UNDERGROUND TESTING 

Test programs are being developed to 
provide the data which are necessary and 
sufficient to satisfy the set of information 
needs and thus determine compliance with the 
regulations. 

Data relevant to satisfying the 
information needs can be obtained in a 
variety of ways. Such data may be site 
specific or generic in nature, although the 
interpretation of generic data will generally 
result in greater uncertainty in the 
assessment of information for site specific 
performance predictions than will the 
interpretation of otherwise identical site 
specific data. The methods available for 
obtaining these data can be categorized as 
testing conducted from the ground surface 
(non-borehole), within surface-based 
boreholes, in the laboratory on design 
elements or on samples obtained on- or off
site, or from a subsurface test facility. 
Each of the test methods provides different 
quality data due to the scale of the test 
sample, the degree of sample disturbance, the 
accuracy and reliability of the test, .:lnd the 
parameters incorporated by the test. The 
uncertainty in the assessment of the 
information decreases as both the relevance 
and the number of tests increases. However, 
the cost of testing increases with the number 
of tests and generally also with the 
complexity of tests. Hence, the optimum test 
program consists of that number of each type 
of test which is sufficient to satisfy the 
information needs at the lowest cost a••d 
within schedule. 

The various test methods available for 
addressing each tentative SRP information 
need have been identified, and each test 
method subjectively and qualitatively 
evaluated with respect to its relevance to 
the information need and to its cost and 
duration. Generally speaking, surface 
testing, surface borehole testing, and 
laboratory testing, with some exceptions, do 
not address either model validation or design 
evaluation; rather underground testing is 
required. In addressing site 
characteristics, the tests in each of the 
categories have the following general 
attributes: 

Surface Testing, i.e., tests conducted at the 
site from the surface, excluding surface 
boreholes, 
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Allows for relatively continuous areal 
coverage. 
Can provide large-scale (regional) 
characterization. 
Utilizes a test volume which is 
sometimes too large (e.g., in seismic, 
magnetic, g·ravity surveys), averaging 
the effects of different rock types or 
discontinuities. 
Results in minimal sampling 
disturbance. 
Typically offers poor resolution and 
limited penetration depths. 
Cannot assess response characteristics 
for a range of, or changes in, 
environmental conditions. 

Surface Borehole Testing, i.e., tests 
(including drilling) conducted at the site in 
and between boreholes drilled'from the 
surface, 

Is a function.of the number, location, 
and depth of boreholes. 
Can provide large-scale (regional) 
characterization by multiple boreholes. 
Typically in a single borehole test, 
utilizes a test volume which is 
unrepresentatively small. 
Utilizes samples for which disturbance 
due to drilling may be significant. 
Results in additional uncertainty.:from 
poor control or accuracy due to · 
remoteness from the test zone. 
Cannot typically assess response 
characteristics for an appropriate 
range of environmental conditions; 

Laboratory Testing, i.e., tests conducted in 
the laboratory on samples obtained at the 
site (from the surface, from surface-based 
boreholes, or from the ESF), 

Is limited to samples obtained from 
boreholes or from underground. 
Utilizes a test volume which may be too 
small to represent the rock mass. 
Allows for tight control of test 
conditions. 
Utilizes samples for which disturbance 
(mechanical, geochemical) due to 
drilling activities and stress relief 
may be significant. 
Can assess response characteristics for 
a wide range of environmental 
conditions, although the actual in situ 
conditions may not be known. 
Can perform scaled-down simulation 
testing. 

tests (including 
the ESF, 

Does not allow for broad spatial 
coverage, except by extensive drifting 
and subsurface drilling. 
Can often test representative volumes. 
Does not allow for as tight control of 
test conditions as for laboratory 
testing. 



Utilizes samples for which there will 
be some disturbance (e.g., stress 
relief) associated with excavation; 
however, this disturbance will be 
analogous to that which will occur in 
the actual repository if similar 
excavation methods are utilized. 
Can theoretically assess response 
characteristics for a wide range of 
environmental conditions, although this 
may be impractical (in terms of 
complexity, cost, and duration) in many 
cases. 
Can perform direct simulation testing. 

In addition to the above considerations 
which affect the correlation of the test data 
to the information needed, there are also 
significant differences between the tests in 
terms of duration and cost. In assessing 
response characteristics and validating 
models, the time required to achieve 
meaningful test results for time-dependent 
processes (e.g., creep, heat flow, fluid 
flow, geochemical alteration) increases 
dramatically with scale. Hence, large-scale 
underground testing which incorporates such 
processes may have significant schedule 
impacts. Similarly, the costs of tests 
typically increase with scale, duration, and 
complexity. Hence, large-scale underground 
tests of long duration also tend to have 
significant cost impacts. 

By considering the information needs to 
be satisfied by testing, and the efficacy, 
cost and duration of the available test 
methods for addressing the information needs, 
the integrated test program (surface, surface 
borehole, laboratory and underground) can be 
selected. The underground tests which are 
considered to be needed to supplement the 
other anticipated tests to satisfy the 
information needs are summarized in Table 2. 
This suite of tests forms the basis of the 
proposed program of underground testing for a 
salt site. As the information needs and the 
test method evaluations are currenti~ 
qualitative in nature, the selected suite of 
tests is based on subjective assessments. 
Hence, as the information needs are 
quantitatively defined and the other test 
programs finalized, the program of 
underground testing may be revised somewhat, 
although major revisions are not anticipated. 

In the evaluation and selection of the 
test methods, coupled processes were 
considered, specifically in the incorporation 

of the various test parameters by each test 
and in the related relevance of each test to 
the information needs. The coupling of 
physical (i.e., thermal, mechanical, and 
hydrological) and chemical processes which 
are incorporated in each selected underground 
test is presented in Table 2. It should be 
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noted that the coupled processes which must 
be considered in each information need (Table 
1) are not completely covered by the proposed 
program of underground testing (Table 2). 
This is because coupled processes can often 
be more efficiently investigated i.n the 
laboratory. The laboratory generally offers 
more control and precision than does 
underground testing, but at smaller scale, 
under assumed (rather than actual) 
environmental conditions, and on disturbed 
samples. The disadvantages of laboratory 
testing relative to underground testing can 
be overcome to a large extent by performing 
similar but less complicated underground 
tests (incorporating fewer coupled processes) 
to validate or calibrate specific aspects of 
the laboratory test. These aspects of the 
other testing programs have been considered 
in the development of the proposed program of 
underground testing for a repository in salt. 
The underground test program does not 
satisfy all the information needs but is one 
element of the overall site characterization 
and testing effort. 

SUMMARY AND CONCLUSIONS 

A tentative set of information needs has 
been identified for the Salt Repository 
Project, specifically for guiding the 
development of the underground testing 
pro~ram in an ESF in salt. These information 
needs must be satisfied in order to determine 
compliance with the regulations. These 
i~tormation needs have been explicitly 
de~ived from the regulations and take credit 
fot currently available information, but 
are currently qualitative in nature. 
Specific coupled processes must be considered 
in satisfying each information need (Table 
1). 

To satisfy the identified set of 
information needs, a program of underground 
testing has been proposed for the Salt 
Repllsitory Project, in conjunction with the 
other anticipated test programs (i.e., 
sul'face (non-borehole), surface-based 
boreholes, and laboratory). The program has 
been developed by first identifying the test 
methods available for addressing the 
information needs, and then evaluating each 
with respect to the relevance of the test 
results to the information need (i.e., the 
post-test uncertainty in the model or 
parameter), as well as to the cost and 
duration of the test. The coupled processes 
incorporated in each test method (Table 2) 
are a major factor in this evaluation. The 
proposed program of underground testing 
consists of those underground tests which are 
necessary and sufficient, in conjunction with 
the other anticipated test programs, to 
satisfy the tentative set of information 
needs. 



TABLE 1 TENTATIVE SET OF INFORMATION NEEDS: CONSIDERATION OF COUPLED 
PROCESSES 

INFORMATION NEEDS PROCESSES 
Thermal Mechanical H;rdrological Chemical* 

SITE CHARACTERISTIC 
ASSESSMENT 
Geology 

Stratigraphy/Lithology 
Structure 
Tectonic Activity 
Man-Made Disturbance 

Geomechanics 
In Situ Stress 
Strength 0 • 0 

Deformation Moduli 0 •· 0 

Creep/Fusing 0 • 0 

Thermomechanics 
In Situ Temperature 
Thermal Conductivity • 
Specific Heat • 
Thermal Expansion • • 0 

Geoh~drolog~ 
In Situ Hydraulic Pressure 
Hydraulic Conductivity 0 0 • 0 

Effective Porosity 0 • 0 ·-
Specific Storage 0 • 
Dispersivity/Diffusion ~ 0 • • 
Brine Migration • 0 • 0 

Geochemistr~ 
Mineralogy/Petrology 
Hydrochemistry 
Gas Content 
Adsorption/Retardation 0 0 • 
Alteration/Solubility 0 0 0 • 

DESIGN/MODEL VALIDATION 
Shaft 
--coilstruction Procedures 

Construction Affected Zone 
Strength 0 • 0 

Deformation Moduli 0 • 0 

Creep/Fusing 0 • 0 

Thermal Conductivity • 
Specific Heat • 
Thermal Expansion • • 0 

Hydraulic Conductivity 0 0 • 0 

Effective Porosity 0 • 0 
Specific Storage 0 • Dispersivity/Diffusion 0 • • 
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TABLE 1 TENTATIVE SET OF INFORMATION NEEDS: CONSIDERATION OF COUPLED 
PROCESSES-Continued 

INFORMATION NEEDS PROCESSES 
Thermal Mechanical Hydrological Chemical* 

Mechanical Response 
Thermal/Thermomechanical • 

Response 
Hydrologic Response 
Radionuclide Transport 
Hydrochemical/Geochemical 

Response 

Room 
--cGnstruction Procedures 

Construction Affected Zone 
Strength o 
Deformation Moduli o 
Creep/Fusing o 
Thermal Conductivity • 
Specific Heat • 
Thermal Expansion • 
Hydraulic Conductivity o 
Effective Porosity 
Specific Storage 
Dispersivity/Diffusion o 

Mechanical Response 
Thermal/Thermomechanical • 

Response 
Hydrologic Response 
Radionuclide Transport 
Hydrochemical/Geochemical 

Response 

Emplacement Hole 
Construction Procedures 
Construction Affected Zone 

Strength o 
Deformation Moduli o 
Creep/Fusing o 
Thermal Conductivity • 
Specific Heat e 
Thermal Expansion e 
Hydraulic Conductivity o 
Effective Porosity 
Dispersivity/Diffusion o 

Mechanical Response 
Thermal/Thermomechanical e 

Response 
Hydrologic Response 
Radionuclide Transport 
Hydrochemical/Geochemical 

Response 
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TABLE 1 TENTATIVE SET OF INFORMATION NEEDS: CONSIDERATION OF COUPLED 
PROCESSES- Continued 

INFORMATION NEEDS PROCESSES 
Thermal Mechanical Hydrological Chemical* 

Waste Package 
Mechanical Response • 
Thermal/Thermomechanical • • 

Response 
Corrosion • 
Dissolution 

Backfill/Seal** 
Construction Procedures 
Backfill/Seal Material: 

Strength 0 • 0 

Deformation Moduli 0 • 0 

Creep/Fusing 0 • 0 

Thermal Conductivity • 
Specific Heat • 
Thermal Expansion • • 0 

Hydraulic Conductivity 0 0 • 0 

Effective Porosity 0 ~ 0 

Dispersivity/Diffusion 0 • • 
Chemistry 
Adsorption/Retardation 0 0 • 
Alteration/Solubility 0 0 0 • 

Consolidation/Mechanical • 
Response 

Thermal/Thermomechanical • • 
Response 

Hydrologic Response • 
Radionuclide Transport • • 
Hydrochemical/Geochemical • 

Response 

Repositor~ Operatin~ Slstems 
Ventilation/Cooling 
Dewatering 
Hoisting 
Underground Transport 
Safety and Health Procedures 
Emergency Procedures 

Re2ositorl 02erations 
Waste Handling/Emplacement Procedures 
Waste Retrieval Procedures 

• The fundamental process(es) which define the information need and 
thus must be considered in satisfying that information need. 
o The secondary process(es) which, although not fundamental, affect the 
satisfaction of the information need in a less significant manner and 
thus should also be considered in satisfying that information need. 
* Chemical processes include radiological effects. 
** Backfill seal includes consideration of operational and permanent 
shaft and borehole seals, room seals and backfill, and emplacement hold 
backfill. 
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TABLE 2 PROPOSED UNDERGROUND PROGRAM: CONSIDERATION OF COUPLED 
PROCESSES 

TEST PROCESSES 
Thermal Mechanical Hydrological Chemical** 

Geology 
Geologic Mapping 
Drilling* e 
Geophysical Borehole Logging 
Electrical Surveys 
Gravity Surveys 
Radar Probing 
Seismic Surveys 
Seismic Monitoring 
Block Sampling* • 

Geomechanics 
Stress Measurement 
Borehole Pressuremeter/ 

Jacking Test 
Borehole Condition/ 

Convergence Monitoring 
Torsional Shear Test 
Mine-by Test 
Rock Bolt Pullout Test 
Facility Mechanical 

Response Monitoring 

Thermomechanics 
Thermal Conductivity Probe 

Testing 
Waste· Package Heater Test 
Room Heater Test 
Room Backfill Test 
Facility Thermal Response 

Monitoring 

Geohydrology 
Single Borehole Hydraulic 

Conductivity Test 
Cross-hole Hydraulic 

Conductivity Test 
Cross-hole Tracer Test 
Tracer Diffusion Test 
Underground Borehole Seal 

Test 
Room Seal Test 
Brine Migration Test 
Grout Injection Test 
Facility Hydrological 

Response Monitoring 

Geochemistry 

0 

0 

0 

• 
• 
• 
• 
• 

0 

Formation Fluid Sampling* • 

• 

• 
e 

• 
• 
• 
• 
• 
• 
• 

• 
• 
• 

0 

0 

0 

0 

0 

0 

0 

0 

0 

• 

• 

• • 
0 

e 

• 
• 
• 
• 

• 

• The fundamental process(es) incorporated by the test method. 

• 

0 

0 

0 

• 

• 

0 

0 

• 

o The secondary process(es) which. although not the primary focus of 
the test method. affect the test results and are incorporated by the 
test method. 
* Samples are tested in the laboratory (i.e., thermal, mechanical, 
hydrological, and chemical tests are performed in the laboratory on core 
obtained from drilling and on block samples, while especially chemical 
analyses are performed on formation fluid samples). 
** Chemical processes include radiological effects. 
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ABSTRACT 

The "D~partement de Protection Technique" 
(DPT), of the "Institut de Protection et de Sllret~ 
NucUaire" (IPSR) of the "Commissariat 1 l'Energie 
Atomique" bas developed in the FANAY-AUGERES uranium 
mine, near Limoges, in a granitic formation of the 
Massif Central, an underground research laboratory in 
order to improve the knowledge of the properties and 
behaviour of the fractured medium. Two main program
mes are at present underway in this laboratory with 
the participation of the "Bureau de Recherches ~olo
giques et Mini~res" (BRGM) and the "Centre d'Infor
matique ~ologique" of the "Ecole Rationale Sup~
rieure des Mines de Paris", in the framework of cost 
shared contracts with the CEC : the study of the 
influence of the scale effect on the measured value 
of the permeability and dispersion coefficients, and 
an hydro-thermo-mechanical experiment. This paper is 
devoted to the review of the preliminary results of 
the first experiment and to the description of the 
second one which is now being initiated. 

The first study, the scale effect experiment, 
is carried out in a test section 100 m in length of a 
drift of the mine, situated 170m below ground. Six 
10 to 20 m long boreholes were first drilled from 
the drift to test the suitability of the site for 
the experiment ; then ten 50 m long radial boreholes 
were fully cored, and equiped with 68 inflatable 
packers isolating 68 measurement chambers, where the 
hydraulic pressure is recorded. In the same time, 
the flow of water ·arriving in the test section of 
the drift is measured. As the order of magnitude of 
th~8 hydraulic conductivity of the Fanay granite is 
10 m/s, the flow rate for the 100 m section of the 
drift is large enough (6 1/mn) to be measurable in 
liquid form, the moisture carried away by venti
lation being negligible. In addition to the pressure 
measurements, 250 injection tests were carried out 
in the boreholes, and the fracture network geometry 
and properties were recorded both on the drift walls 
and on the cores. Stress measurements will also be 
made, and, in a later phase, injection of tracers in 
the radial chambers of the boreholes, with a monito
ring of the concentration of the tracer in the water 
arriving in the drift. The preliminary results 

obtained and the methodology used to interpret them 
are described. 

The second study, the hydro-thermo-mechanical 
experiment, is carried out in another drift of the 
same mine. Only the preliminary investigations are 
now in progress. The purpose is to perform a simu
lation on a reduced scale in time and space of the 
different physical phenomena linked to the thermal 
loading of radioactive waste. A chamber with a 10 m 
x 10 m floor is now being excavated in the granite. 
The rock mass will be heated by means of electrical 
resistors placed in boreholes two meters below the 
floor. Temperatures, fluid pressure and mechanical 
deformations will be observed in the rock mass and in 
the surface-of the chamber floor. Particular atten
tion will be paid to the behaviour of fractures and 
to the modifications in rock mass permeability 
induced by the thermal effect. The different thermal, 
mechanical and hydraulical data obtained during a six 
months experiment including a heating phase of about 
one month will be interpretated using different 
models that will be compared to each other. 

1. THE SCALE EFFECT EXPERIMENT 
1.1 Ob]aCtlves 

Two separate objectives are assigned to this 
experiment. The first one is to develop a methodology 
for evaluating the hydraulic properties of a frac
tured crystalline rock from an underground opening. 
The second is to understand how these hydraulic pro
perties at large scale, representative of a real 
repository, can be inferred from relatively small 
scale measurements. 

On the first goal, it may be of interest to 
recall that the French Radioactive waste disposal 
program recommends the selection of several poten
tially favorable HLW disposal sites, in various for
mations (crystalline rocks, clays, shales, and 
perhaps bedded salt). On these sites, detailed sur
face investigations will be performed (mapping, 
structural analysis, geophysics, several boreholes 
and tests ••• ) until one (or perhaps several) site(s) 
will be selected for the sinking of a shaft and the 
excavation of an underground research laboratory, 
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where the properties and behaviour of the formation 
will be studied in detail to provide data for s pre
liminary safety analysis. At this time, the screening 
process of the potential favourable sites has been 
initiated, but the opening of an underground research 
laboratory is still far along the road. 

It is also clear that, for a crystalline rock, 
the hydraulic properties of the fracture network is 
one of the key issues that will be determinant in 
the assessment of the suitability of the site for 
HLW disposal. In a recent review of the French 
Radioactive Waste Disposal Program (Castaing et al., 
1984), published by the Ministry of Industry, the 
issues considered of importance for a crystalline 
disposal site were (i) the hydrology of the fracture 
network and it spatial predictibility (ii) the evo
lution of these properties with time due to the 
excavation, to coupled thermo-mechanical processes 
and to natural geodynamic processes (iii) matrix 
diffusion as a potential retardation mechanism, the 
behaviour of colloidal matter being taken into 
account (iv) the backfilling and sealing of holes, 
drifts and shafts (v) and finally the importance to 
be given to a "well scenario", when drinking water 
is withdrawn directly from a shallow well above a 
deep repository. Recent experience in France with 
the hydraulic testing of deep boreholes in granite 
of low hydraulic conductivity has indeed shown that, 
when the connectivity of the network is low, surface 
measurements are inefficient to understand the flow 
properties of the medium, and underground testing is 
necessary. It is therefore necessary to develop a 
methodology for hydraulic testing in an underground 
laboratory. 

To this end, the Fanay-Aug~res Uranium mine was 
selected. Alike the Stripa site, Fanay-Aug~res is 
not a potential repository site, but appeared sui
table for carrying the experiment. On the one hand 
the hydraulic cond~§tivity of the fractured medium 
is rather high (10 m/s), which makes it possible 
to measure significant inflows of water easily, and 
to perform tracer teats with long travel distances 
in relatively .short time periods. On the other hand, 
extensive studies of the fracture pattern in a large 
number of drifts in the mine, and of outcrops at the 
surface, were available, making it a rather unique 
facility for studying the geometry of the fracture 
network and its evolution with depth or at the 
vicinity of a major tectonic structure. 

At this stage, we are already adreuing the 
problem of the second goal of the experiment : 
relating the large scale hydraulic properties of the 
medium with small scale measurements. The basic idea 
behind the setting up of the experiment is (i) to 
relate the large scale flow rate in a fractured 
medium to small scale observations of the geometry 
and properties of the fracture network, and to the 
results of local injection tests, and (ii) to study 
the hydrodynamic dispersion in a fracture network 
for increasing travel distances of the tracer, to 
observe if an asymptotic diffusive behaviour can be 
reached and characterized by geometric properties of 
the fracture network, or if a different type of 
large scale behaviour must be used for predicting 
radionuc 1 ide transport. In a "real" underground 
research laboratory, it is believed that only small 
scale measurements will be feasible, from which 
large scale properties wi 11 have to be infered. 
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Providing tools to make this inference is the goal 
of the scale effect experiment. 

1.2. Data collection 

The following data have been collected : 

1.2.1. Fracture network description. A syste
matic survey of the eastern wall of the drift of the 
test section was made, where each fracture was num
bered and the following properties determined : (i) 
type of element (diaclase, fracture, fault, dyke, 
fracture zone) (ii) aperture (iii) fracture filling 
(iv) presence of water (v) decompression (vi) rugo
sity (vii) length, position, and orientation in 
space of the element. A statistic over more than 
1,000 fractures shows that, on the average, they are 
fairly- short (only 6 % exceed 3.5 m). Two thirds of 
them do not have any noticeable aperture, and 44 % 
seem moist on observation. 

The structural characteristics of all the dis
continuities encountered by the exploration holes 
were studied on core samples and their spatial orien
tation determined parLly by a core orienta tor, partly 
by taking prints of the boreholes. The various data 
gathered in these different ways (orientation, dis
tance between fractures, ••• ) were treated statisti
cally. The average fracture density if high : around 
6 fractures per linear meter in large-grain granite 
and 10 in a fine-grain one contiguous to the first 
(see example, figure 3). 

1.2.2. Small scale hydraulic tests. These tests 
were performed on the 16 radial boreholes available 
in the drift. Theil location is shown in figures 1 
and 2. 

Figure 1. Perspective view of the experimental 
gallery at Fanay-Aug~res and of the three sections 
of the radial exploration boreholes. 
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Figure 2. Plan view of the test zone 
Fanay-Aug~res mine,Level 320 
(175 m below ground) 

I -! 

The study of the inflow of water into the 6 
short exploration wells was done with the help of a 
single packer moved in successive, 2 m steps and 
showed that the inflow points were generally loca
lized in certain we 11-defined areas. The permeability 
in the ten 50 m boreholes was determined by injection 
of water at several prescribed pressures either 
behind a single packer of between double packers. 
Three lengths were chosen for the chambers : around 
50 m, 10 m and 2 m (or 2. 5 m). The permeabj~ i ty valu!!8 
obtained by these tests range frE~ 1.10 to 3.10 
m/s for th_-;_JO m tests, from 8.10 and a value lower 
than 2.10 m/s (which corresponds to the lower 
limit of the capaci~ of the equipment) for the 1Q 1 ~ 
tests and from 5.10 to a value lower than 6.10 
m/s for the 2 m and 2.5 m tests. Figure 4 shows the 
results obtained from the F 10 borehole in the form 
of a permeability log. The formation presents a 
strong permeability heterogeneity, which suggests 
localized outflows. 

31 

----··-· . . ..... 

rtg. 3 

i 
••f 

f 

[=---~--

li 
ji 

il 
ii 
' r--
L-

Ftg.4 

Figure 3. Fracture density along the F9 borehole 

Figure 4. 
curve 1 
curve 2 
curve 3 

Permeability log of borehole F4 '-s'. 
global measurements 
measurements on around 10 m chambers 
measurements on 2 or 2.5 m chambers 

From a structural point of view, there is no 
direct relation between the fracture density in the 
formation and the measured permeability. In parti
cular, it should be noted that the most highly frac
tured zones do not have the highest permeability. The 
main factors governing the hydraulic conductivity are 
the degree of aperture of the fractures and their 
interconnection. 

1.2.3. Flow rate in the drift. Three small dams 
have been build above, in the middle, and below the 
experimental section ; the water coming from above is 
by-passed in a pipe connected donwstream ; the water 
collected in the test section is collected and mea
sured with a flow meter. The total flow rate is close 
to 6 1/mn. 

1.2.4. Pressure measurements. The six short 
boreholes have a single measurement chamber at their 
extremity ; the ten 50 m long boreho lea have been 
equiped with 68 2 m long inflatable packers isola
ting 68 measurement chambers of 5 m in length in the 
average. Each chamber is connected to the drift by 
two rilsan tubing, to record the. pressure, and also 
to permit flushing of the chamber or injection of a 
tracer. All this equipment has been in place since 
January 1985. A preliminary example of the pressure 
readings in the four boreholes of the 2nd profile is 
given in figure 5, for Hay 1985, in a transient 
situation and will be discussed in section 1.3. 
These pressures are expressed as m of water above 
the drift floor, and tend to fluctuate with rainfall 
or with external disturbances in the mine. 
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Figure 5. Measurements in the pressure chambers on 
the 2nd profile (4 boreholes) of the test section, 
and tentative map of hydraulic head (the head is 
measured from the floor of the drift). 

1.3. Interpretation of the measurements 

1. 3 .1. Global interyretation. From the frac
ture density measurements and the estimated fracture 
length, one can show that the fracture network has a 
connectivity well above the percolation th~eshold. 
This threshold is approxiL ~tely defined by Nr ~ 0.15 
to 0.30, where N is the fracture density, and r the 
average radius of the fractures, taken to be disks in 
three dimensions with random orientation. (For a dis
cussion on the percolation threshold, see Long et 
al., 1982, Long, 1983, Schwartz et al., 1983, 
Engelman et al., 1983, Robinson, 1984, Guyon et al., 
1984, Charlaix et al., 1984, Wilke et al., 1985, 
Harsily, 1985). The pressure pattern as shown on 
figure 5 is also an evidence that the fracture net
work is well connected : t~e pressure increases gra
dually with distance from the drift, especially in 
the upper holes. For such well connected systems, an 
equivalent continuous medium can be defined, and an 
average hydraulic conductivity estimated. The flow 
being essentially radial towards the drift (at least 
for the upper part of figure 5), one can see by plot
ting the head versus the log of the distance (figure 
6) that a similar average behaviour for all radial 
holes oriented upwards is obtained after approxi
mately 20 m in this case. This seems thus to be the 
scale at which a "Representative Elementary Volume" 
could be approximately defined, for flow problems, in 
this drift. This figure ia interesting as earlier 
hydraulic testa performed elsewhere in the same mine 
with a length scale of 10 m had shown that it was not 
possible to define any average behaviour at such 
scale. Given the measured flowrate collected in the 
drift, the average equivalent hydrau]Jc conductivity 
at this scale is in the order of 10 m/a. 
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Figure 6. Hydraulic head in the pressure chambers as 
a function of the radial distance to the center of 
the drift, in the ten SO m boreholes of the test 
section (log scale for the distance). 

It is necessary to explain, however, the pres
sure pattern observed in the holes oriented down
wards. Although some perturbation by transient 
effects or by drilling done elsewhere in the mine is 
possible, we believe that the observations show the 
effect of the rather long length of the measurement 
chambers (5 m) relative to that of the packers (2m). 
These chambers are by definition volumes of equal 
pressure, and can thus provide a preferential path 
for water flowing towards the drift. It is interes
ting to see that this effect is very different 
towards the east or the west of the drift (the same 
phenomenon is observed in the 2 other profiles), thus 
showing an effect of the anisotropy of the fracture 
pattern. Such an effect is not observed in the bore
holes oriented upwards ,---;;-the chambers in these 
boreholes are not volumes of equal pressure : as the 
hydraulic gradient towards the surface in the medium 
is close to one, most of the measurement chambers are 
not filled up with water. They impose a seepage face 
condition which preserves the hydraulic gradient, and 
therefore they do no provide a preferential pathway 
for the flow to the drift. Incorporating this feature 
in the interpretation of the results is essential and 
will be done at the small scale. 

1.3.2. Small scale interpretation leading to 
large scale behaviour. This work is presently under
way, and no results are yet available. We will only 
briefiy describe the three-step approach that will be 
used. The first step is to • describe in detail the 
connectivity of the fracture network, using the frac
ture geometry data. The second step is to assign to 
each family of fractures an average directionnal 
hydraulic conductivity, expressed as a semi-



empirical formula involving all the observations made 
on the walla of the drift or on the cores. This for
mula will depend on a limited number of adjustable 
parameters, eg. 4 or 5 per family of fractures. The 
third step is to calibrate these adjustable para
meters by fitting aimultanously all the hydraulic 
measurements made in the drift using a network model 
of the fracture system. This fitting will be done 
automatically using an inverse minimization algo
rythm. The key assumption in this procedure is that 
the properties of the fractures can be described, in 
the average, family per family. In Fanay-Aug~res, 
approximately 5 families of fractures can be defined, 
baaed on the tectonic history of the formation. It is 
believed that these families have different hydraulic 
properties, which cannot be lumped into a single 
"average" fracture representing the global behaviour 
of the medium. Now for each family, the "average pro
perties" are defined as an ensemble average, over all 
possible realisations of the fracture network, consi
dered to be a random process. But using the assump
tion of ergodicity, this ensemble average is deter
mined by spatial averaging the discrepancies between 
the local hydraulic measurements and the calculated 
ones using the global model, and not by spatially 
averaging the hydraulic properties themaelf. This 
ergodic hypothesis is seen as the basic tool to use 
small scale measurements for the determination of 
large scale behaviour. We will now briefly expand on 
these three steps. 

Step 1. Fracture Network connectivity. This step 
is considered essential, as fractures can definitly 
not be considered as always infinite and connected. A 
2-D or 3-D fracture network is generated randomly as 
in Long (1983), Robinson 0984), Rouleau 0984) or 
taking into account the spatial variability of the 
fracture density, as in Long and Billaux (1985). Con
ditionnal simulations of the fracture network (condi
tionned by the observations, aa in Anderson (1985) 
will also be considered. The fracture shapes consi
dered will be disks or parallelograms. From the 
geometrical description of the fracture system, a 
"connectivity" matrix will be determined : if two 
fractures intersect, their "centers" are connected : 
a non-zero entry will represent the direct link bet
ween the two nodes of the system. A zero value will be 
used otherwise. 

Step 2. Hydraulic resistance to flow between two 
nodes of the network. We intend to use here a diffe
rent approac·h than what has been done so far ; we 
believe that trying to solve the exact flow equations 
within each fracture plane is both too complex and 
unrealistic, since many totally arbitrary assump
tions have to be made to correctly represent the flow 
: parallel plane, specified aperture, geometric shape 
of fracture (e.g, disks ••• ), absence of fracture 
fi 11 ing... We wi 11 therefore use here a Bayesian 
approach to determine the hydraulic resistance to 
flow between nodea in the connectivity matrix. An "a 
priori" estimate of this resistivity will be baaed on 
the descriptive properties which have been collected 
on the fractures by observation on the wall of the 
gallery or on the corea of the boreholes. These are 
defined aa averages for each family of fractures and 
are : (i) type of element (diaclase, fracture, fault, 
dyke, fractured zone) ; (ii) aperture ; (iii) frac
ture filling ; (vi) presence of water ; (v) decom
pression ; (vi) rugosity. An empirical relationship 
between the hydraulic resistivity and these parame-
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tera for each fracture plane will be established, 
baaed also on the length of the connection between 
two nodes in each fracture plane ; the two resisti
vities forming the connection between two nodes (one 
for each fracture plane) are of course put in aeries 
to determine the unique resistivity between two nodes 
in the connectivity matrix. The empirical relation
ship between fracture properties for each family of 
fractures and hydraulic resistivity will be baaed on 
a limited number of linear coefficients weighing the 
importance of each factor. 

Step 3. Calibration of the coefficients. Both 
the large scale permeability testa (with the pres
cribed geometry of the chambers and the small scale 
injection teats can be used for the calibration. Each 
steady state test will be defined by its boundary 
conditions, and the flow problem will be solved by 
inverting the "connectivity" matrix ; this assumes 
that the flow problem is simply defined by applying 
Kirchoff's law at each node, i.e. the principle of 
mass balance in each fracture plane ; note in this 
respect that the precise determination of what is 
really the "center" or "node" of each fracture is 
unimportant : since the flow equations are assumed 
linear, and since the resistivities between nodes are 
only parameters, any location within the fracture 
plane can be selected as node. 

A calibration criterion will be defined, e.g. 
baaed on the differences between calculated and 
observed pressures (for the large scale tea~.a) or cal
culated and observed flow-rates (for tht· · injection 
testa). The calibration-will consist in minimizing 
the criterion with respect to the unknowns of the 
empirical relationship between hydraulic resistivity 
and fracture properties. Given that a '!'!ry limited 
number of unknowns will be determined in this way (4 
or 5 per family or fractures) the computationnal 
time is expected to remain reaaonnable. 

The calibration criterion being based on a large 
number of meaaurementa, the objective of this 
approach ia to determine an "average" behaviour of 
each family of fracture, and thus the average large 
acale flow properties of the medium ; but the use of 
the connectivity matrix, which is totally baaed on 
the geometric description of the fractu.e network, 
and can be conditionned on small scale observations 
(wall of gallery, fractures of corea ... ), make it 
possible to also use local hydraulic measurements, 
like the injection testa between packers, for cali
bration in the same model : it represents both the 
large scale and the small scale features of fractured 
media, and nowhere makes any assumptions on the exis
tence of a continuous equivalent medium, or a repre
sentative elementary volume. Once it has been cali
brated, it can be used on a predictive mode to define 
average properties (to be used on another continuous 
equivalent model) and the local variability of the 
flow in local fracture systems. 

The expected proof of the validity of this 
approach will be that the model calibrated indepen
dently on the large scale pressure measurements and 
then on the small scale injection tests will yield 
the same results : although preliminary tests have 
been started, this is yet entirely to be done. It is 
worthwhile noting that this type of approach can 
easily be extended to include any new type of measu
rements which can be made on fractured systems, e.g. 



geophysical measurements, stress field, new inter
ference tests (e.g. sinusoidal) new parameters recor
ded, etc ••• 

1.4. Hydrodynamic dispersion experiment 

As indicated earlier, tracer tests will be 
carried out by injecting various tracers in several 
of the 68 injection chambers isolated in the ten 
boreholes of the test zone. The sampling of the water 
will be made in the flowing water arriving in the 
gallery, and not inside the formation. In a first 
phase, only conservative tracers will be used, but 
later on sorbing tracers or even colloids may be 
used. 

The essence of the interpretation of this expe
riment will be very similar to what is planned for 
flow. Given the calibrated flow model, only a longi
tudinal dispersion mechanism will be determined, for 
each family of fracture. 'From the flow model, the 
flow path from any injection point will be deter
mined, i.e. the proportion of the flow between each 
of the nodes of the connectivity matrix, from the 
injection point to the walls of the gallery. Between 
each connected node of the system, the flowpath will 
be decomposed into its two components, one in each 
fracture plane of the link. Inside one given plane, 
the transfer of solute will be represented by an 
empirical analytical transfer function, depending 
(through a limited number of linear coefficients) on 
the principal characteristics of each family of fra-:
tures. Between two nodes, the transfer of solute, for 
a pulse injection of tracer, will be given by the 
convolution of the two transfer functions for esc~ of 
the two fractures which are interconnected. Between a 
series of interconnected nodes, the transfer is agc.in 
given by the convolution of the transfer functions 
between two nodes. Finally, the arrival at the boun
dary (the walls of the gallery) is given by the 
weighted sum of all the transfer functions between 
the injection point and nodes at the gallery, all 
flowpath being considered, the weights being the 
relative flowrates (from the flow model) along each 
flowpath. The calibration of the unknowns (the linear 
coefficients of the transfer functions, for each 
family of fractureY will be made by minimizing a 
criterion based on observed and calculated conc~n
trations, for a number of tracer tests. Similarly, 
the validation of this approach will be obtained if 
it is possible to calibrate the model with a first 
set of tracer tests, and obtain the same degree of 
calibration for another set, independently of the 
distance from the gallery at which the injection was 
made. If this validation proves successfull, the pro
blem of the scale effect in fractured media will 
perhaps be better understood. 

2. THE HYDRO-THERMO-MECHANICAL EXPERIMENT 

2 .1. Objectives 

In the french HLW disposal program, the decision 
has been made that the maximum temperature which can 
be reached in any point of the rock formation must 
remain below lOO"C. Two reasons contributed to this 
decision : (i) if the temperature is increased above 
lOO"C, the level of complexity and uncertainty in the 
behaviour of the host rock is increased, as our know
ledge and data base on mechanical and geochemical 
behaviour at high temperatures (both for the rock 
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itself and for the backfill) becomes vanishingly 
small ; (ii) the economics of disposing early of 
heat-emitting waste is not favourable ; for reproces
sed HLW, even if a temperature of e.g. 200"C was 
acceptable, the cost of buildiug a repository accep
ting 20 years old waste is much higher than that for 
an older waste, with a maximum temperature of lOO"C : 
interim surface storage is economically a better 
alternative. A period of interim storage on the order 
of SO years is therefore considered, which makes it 
easier to keep the temperature in the repository 
below lOO"C. 

Nevertheless, the influence on the confinement 
of the large amount of heat which will be released by 
the wastes is considered determinant, and thus requi
ring experiments. The integrated amount of heat 
released by one canister of waste is estimated to 
6 I ~Wh between year SO and infinity, most of which is 
released in the first 1,000 year. It is unfortunately 
not possible at this stage to study this influence at 
the real scale, because the time frame (hundred of 
years) and the length scale (kilometers) is too large 
; one must therefore restrict the study to a scaled 
experiment. At Fanay-Aug~res, the following choices 
have been made : (i) both the heating and the cooling 
phase of the heat load of waste must be studied ; ( ii) 
the duration of the experiment is to be kept relati
vely short (less than one year, for this first phase) 
in order to avoid problems with the degradation of 
the measurement probles ; (iii) the coupled phenomena 
which will be studied are : 

- the opening and closing of individual existing 
fractures 

- the global hydraulic conductivity variation 
- the deformation of the rock mass 
- the generated stress field and residual stress 

field after cooling 
(iv) modelling of the small scale behaviour to inter
pret the measurements should be used to extrapolate 
the results at the full scale of a HLW disposal 
vault ; therefore the geometry of the scaled expe
riment should be, if possible, representative of a 
real repository. With these goals in mind, the follo
wing plans have been made. 

2.2. Design of the experiment 

If a deep repository in a rock formation can be 
approximated by a point source in a spherical coor
dinate geometry, then the dimensionless paramete2s 
for heat conduction on such a system vary as t/R • 
This ratio was taken as She scaling factor. Using a 
time scaling factor of 10 , a 1,000 m deep repository 
is represented by a source 3.3 m below a planar sur
face. It was therefore decided to excavate a room 10 
x 10 m in the Fanay mine, at a depth of 100 m below 
ground to represent the ground surface, ~d to use a 
planary heat source of approximately 1 m , 2 to 3 m 
below the floor of the room, to represent the reposi
tory. Several numerical calculations were then made 
to determine the heat source power as a function of 
time, with this geometry, with the following cons
traints : (i) the maximum temperature should be in 
the order of IOO"C, reached in approximately 3 months 
; ( ii) in one year, the temperature should essen
tially return to the original value ; (iii) the ther
mal expansion of the rock mass should be larger than 
what is needed to close the fractures of the system ; 
(iv) the stress and strain field should be large 
enough to be measurable, particularly at the ·floor of 



the room representing the ground surface. 

A large number of preliminary calculations were 
made using a finite element code calculating the 
thermal field as a function of the heat output, then 
the thermal expansion and the stress and strain 
fields ; calculations were made in two-dimensions 
assuming an axy-symetric geometry along a vertical 
line orthogonal to the floor of the excavated room 
and a continuous equivalent medium. The following 
parameters were as~pm_!!~ for the granite thermaA 
CO!!~u:fivity 2.5 Wm K ; he~ capacity 2.19 x 10 
Jm K ; Young's Modulus 10 ~~ 11 Poisson ratio 
0.25 ; thermal expansion 8 x 10 K • Initially, a 
decaying heat source was considered, to represent a 
scaled equivalent to the real heat output of HLW. But 
it was found that a better stress field was generated 
using a constant heat output during 50 days, then 
shutting off the heater and monitoring the return to 
ambient temperature. The selected heat source is made 
up of fine parallel horizontal boreholes 0.146 m in 
diameter, 1.50 m in length and at 0.30 m from each 
other, with a total heat output of 1 KW. They are 
situated 3m below the floor of the room (figure 7). 
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Figure 7. General lay-out of the 
mechanical experiment (excavated 
heated zone). 
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The maximum temperature obtained in 50 days is 
lOJ•c, and the temperature of the floor of the exca
vated room increases by 9°C only (figure 8). The 
deformation of this floor and the stress were found 
measurable. 
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Figure B. Vertical cross-section of the heated zone 
after 50 days, with the temperature isotherms •c. 

2.3. Experimental program 

During and after the heating phase (50 days at 
.1 kW) the following measurements will be made. 

- Temperature distribution in the rock 50 
probes will be installed inside 10 small diameter 
boreholes, and 12 probes near the floor of the exca
vated room. 

- Strain distribution : this will include 3 
borehole extensiometers, and also a detailed survey 
of individual fractures, either on the floor (normal 
and tangential displacement), or within boreholes, for 
fractures orthogonal to the hole with a measurement 
of the normal displacement. The floor of the exca
vated room will also be levelled periodically. 

- Stress distribution : 4 flat jacks will be 
installed at the floor, as no satisfactory equipment 
is available for boreholes. 38 pressure transducers 
will be used to monitor stress and strain in the 
locations of the flat jacks. 

- Hydraulic pressure : 9 boreholes with 2 or 3 
pressure measurements each, in very small chambers, 
will be installed at the boundary of the system, and 
inside the heated zone. 

Hydraulic conductivity : 10 boreholes will be 
used to access individual fractures, where hydraulic 
testa will be performed periodically. 

-Flow rate : in the excavated chamber, the flow 
coming from the floor will be separated from that 
coming from the ceiling and the walls. Both will be 
monitored. 

- Miscellanous parameters : the moisture content 
of the air, the temperature of the air and of the 
water arriving in the room will be monitored. 



A total of approximately 150 parameters will 
thus be measured ; the data acquisition system will 
consist of a local measuring and recording device, 
connected to a minicomputer with large storage and 
ploting capacities, installed at the ground surface in 
a clean environment. At present, the equipment of the 
site is progressing, and the measurements should 
start in 1986. 

2.4. Interpretation of the results 

The major issue which will be studied with the 
proposed measurements is the variation of the hydrau
lic conductivity of the fracture network with the 
temperature and stress variations. Various coupled 
hydro-thermo-mechanical models will be used, incor
porating the relationships which will be observed at 
a small scale (e.g. individual fracture properties) 
to reproduce the global behaviour. These models will 
in turn also be used to extrapolate the results to a 
real repository, using the flow model which has been 
described in the first section, for the scale effect 
experiment, but then modifying the fracture proper
ties as a function of the temperature and stress dis
tribution. 

3. CONCLUSION 

Both the scale effect and the hydro-thermo
mechanical experiments underway in the Fanay-Aug~rea 
granitic mine are aiming at establishing a metho
dology which can further be applied to a potential 
HLW repository site, in a crystalline environment. 

The large scale hydraulic conductivity measu
rements have already given significant results in 
term of the average behaviour ; the point of interest 
is now the feasability of relating this large scale 
behaviour to the small scale measurements. To this 
end, a mode 1 has been proposed, based on ergodic 
assumptions and on the distinction of the properties 
of each family of fractures. The hydrodynamic disper
sion experiment is planned for late 1985. 

The hydro-thermo-mechanical experiment has been 
planned to take place at a scale of ten meters, with a 
one year duration. The equipment of the facility is 
now underway, and testa will be conducted in 1986. It 
may be necessary, however, to consider in a later 
phase an experiment at a larger scale and for a lon
ger time, if a scale effect is found which would 
preclude the 'extrapolation from the small scale to 
the real scale of a repository. But such a large 
scale teat should then take place in a potential 
disposal site, not in a methodological laboratory. 
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RECENT PROGRESS OF THE NEA STRIPA PROJECT ON IN SITU EXPERIMENTS 
IN GRANITE ASSOCIATED WITH THE DISPOSAL OF RADIOACTIVE WASTES 
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ABSTRACT 

The NEA Stripa Project has devoted 
considerable effort to the measurement and 
assessment of the hydrogeology, hydrogeochem1stry 
and migration phenomena of the stripa granite and 
to the simulation of conditions 11kely to be 
found w1th1n an engineered repository in granitic 
rock. These include (i) the refinement of 
existing and the development of new, geophysical 
and hydraul1c techniques for the mapp1ng and 
character1sat1on of fractures 1n crystall1ne 
rocks; (i1) conduct1ng field experiments to 
assess the migration ~f tracers in single and 
multiple fracture systems; and (ii1) studying 
the behaviour of bentonite clay as·a backfilling 
and sealing material in a gran1tic environment. 
The results and conclusions from Phase 1 of the 
project, and early results from Phase 2, were 
presented at a Symposium held in Stockholm, 
Sweden, in June 1985. This paper summarises the 
most important find1ngs and outlines the main 
a1ms of possible future research under any 
Phase 3 of the project. The latter may well 
include making mathematical predictions of the 
hydrogeological beha~1our of the stripa granite 
and their subsequent validation by field 
measurements. 

INTRODUCTION 

Granite rock is considered by many experts 
to possess properties which make it a suitable 
candidate for the isolation of radioactive 
wastes; in particular the highly active heat 
generating wastes thdc arise from nuclear power 
generati~n. Granites are typically very hard, 
massive, crystalline, igneous rocks. Their 
crystallinity means that the rock itself has a 
low permeabil1ty w1th any sign1f1cant groundwater 
flow be1ng restr1cted to jo1nts and fissures 
w1th1n the rock mass. The latter character1st1c 
1s 1mportant when cons1der1ng gran1te as a 
potent1al host for a rad1oact1ve waste 
repos1tory, as the most probable mechan1sm by 
wh1ch rad1oact1v1ty could return to man 1s via 
groundwater flow. In add1t1on, the inherent 
stab111ty of gran1te masses means that they are 
res1stant to earth movements and the forces of 
erosion and weather1ng, and therefore a 
repos1tory placed deep (300-700 metres) w1th1n a 
gran1te rock mass 1s very unlikely to be 
disturbed by cl1matic or geological events. 
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It is primar1ly these propert1es that have 
led to cons1derable research effort to be 
orientated towards the evaluat1on of 
hydrogeolog1cal and geochem1cal behaviour of 
granite with respect to 1ts ab1lity to conta1n 
rad1oactive wastes. Groundwater flow through 
gran1te 1s closely 11nked to the complex 
d1stribut1on and nature of f1ssures. Th1s fact, 
coupled with the need to assess the potent1al 
1mpact of heat generat1ng wastes on surrounding 
rocks, means that it 1s necessary to carry out 1n 
situ experiments under cond1t1ons wh1ch closely 
resemble those of an actual repos1tory. It was 
th1s need that led to a major research programme 
be1ng establ1shed based on exper1ments carr1ed 
out at the Stripa Mine 1n Sweden. Th1s was an 
abandoned 1ron ore m1ne 1n central Sweden where 
400 metres of new dr1fts were dr1ven, at a depth 
of 360 metres below ground, us1ng •smooth wall" 
blast1ng techn1ques to prov1de a realist1c 
repository-like env1ronment. 

Between 1977-80, a series of initial , 
exper1ments were carr1ed out at Str1pa under the ·: 
Swed1sh Amer1can Cooperat1ve (SAC) 
Programme [1,2]. Th1s was an exerc1se carr1ed 
out jo1ntly between Lawrence Berkeley laboratory 
of the Un1vers1ty of Californ1a under the 
sponsorsh1p of the Department of Energy and the 
D1v1s1on KBS of the Swed1sh Nuclear Fuel Supply 
Company (now known as the Swed1sh Nuclear fuel 
and waste Management Company, SKB). The ma1n 
thrust of work under the SAC programme was to 
develop techn1ques to measure certa1n properties 
and phenomena including thermomechanical, 
hydrogeological, geophysical and geochem1cal 
aspects. 

The NEA Internat1onal Str1pa Project began 
1n May 1980 on the strength of the results of the 
SAC programme and the w1de 1nterest shown 1n 
other OECD Member countr1es. At the present t1me 
n1ne countries part1c1pate 1n the project: 
Canada, Finland, france, Japan, Spa1n, Sweden, 
Sw1tzerland, Un1ted K1ngdom and the Un1ted 
States. Co-ord1nat1on 1s prov1ded by the 
OECD/NEA and project management is carr1ed out by 
SKB. Two phases of research have been agreed: 
Phase 1 was carr1ed out from 1980-85 and Phase 2 
started 1n 1983 and 1s planned to be completed 1n 
1986; under each phase research was carr1ed out 
under f1ve head1ngs: 

' ... 



Hydrogeolog1cal 1nvest1gat1ons of the 
Str1pa gran1te; 

M1grat1on w1th1n s1ngle and mult1ple 
fracture systems; 

The detect1on and character1zat1on of 
fracture zones 1n gran1te by cross-hole 
1nvest1gat1on techn1ques; 

The hydrogeochem1stry of groundwaters 
at the Str1pa M1ne; 

The behav1our of benton1te clay as a 
backf1111ng and seal1ng mater1al under 
f1eld cond1t1ons; and 

Th1s paper summar1ses the results and 
conclus1ons from Phase 1 of the Str1pa Project 
and the early results from Phase 2 as presented 
at a Sympos1um on the project held 1n Stockholm 
on 4th-6th June 1985. 

HYDROGEOLOGICAL INVESTIGATIONS 

Hydrogeolog1cal stud1es are carr1ed out 1n 
order to test and develop techn1ques for 
hydrogeolog1cal 1nvest1gat1ons of an underground 
gran1t1c env1ronment and have 1ncluded adapt1ng 
and further develop1ng ava1lable methods for 
determ1n1ng hydraul1c conduct1v1ty .1!1 s1tu us1ng 
s1ngle, vert1cal and hor1zontal boreholes and 
between success1ve boreholes [3]. Three 
d1fferent types of hydraul1c test1ng have been 
performed: pressure bu1ld-up tests; constant 
pressure 1nject1on tests; and 1nterference 
tests. The pressure bu1ld-up tests have been 
performed 1n sect1ons two metres long 1solated by 
borehole packers. The sect1ons be1ng tested are 
selected on the strength of results from s1ngle 
hole geophys1cs and core logg1ng. The evaluat1on 
was based on var1ous types of cross-plott1ng 
techn1ques and subsequent compar1son of results 
w1th theoret1cal models. It has been found that 
very careful evaluat1on 1s requ1red 1n order to 
avo1d m1s1nterpretat1on. In order to obta1n 
rel1able results, espec1ally 1n sect1ons w1th low 
hydraul1c conduct1v1ty, 1t 1s essent1al to take 
1nto account wellbore storage and sk1n effects. 
Prov1ded th1s 1s done, 1t 1s poss1ble to descr1be 
the hydrogeolog1cal cond1t1ons 1n terms of 
d1screte flow reg1mes. One d1sadvantage of the 
pressure bu1ld-up tests 1s that they are t1me 
consum1ng. For example, 1n order to measure 
conduct1v1t1es 1n the order of lo-12 m/s a 
total test1ng t1me of about two weeks 1s requ1red. 

Constant pressure 1nject1on tests have been 
performed 1n 10 metre sect1ons along the ent1re 
length of four boreholes. The 1nject1on t1me for 
each test 1s two hours wh1ch has been found 
suff1c1ent to measure hydraul1c conduct1v1t1es 
greater than 3 x lo-12 m/s. However, problems 
have been encountered where tests are affected by 
the bu1ld-up of format1on pressure. Th1s 1s most 
ev1dent 1n hor1zontal boreholes where the 
format1on pressure can become h1gher than the 
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max1mum 1nject1on pressure. Nevertheless, 
constant pressure 1nject1on 1s a comparat1vely 
fast test1ng techn1que; 1t g1ves fa1rly rel1able 
data wh1ch 1s ev1dent from the cons1stent results 
ach1eved by us1ng d1fferent evaluat1on procedures. 

Interference tests focus on the 
1nterconnect1ons between h1gh1y conduct1ve zones 
1n one borehole and parts of other boreholes. 
The measurement starts as a pressure bu1ld-up 
test but a much longer bu1ld-up per1od up to 
three months 1s used. After the bu1ld-up per1od, 
the pressure 1n the selected source sect1on 1s 
released and the resultant pressure changes are 
recorded 1n the rece1ver sect1ons. 

Invest1gat1on of the hydrogeolog1cal 
character1st1cs of the vent1lat1on dr1ft area of 
the m1ne has 1nvolved the collect1on of deta1led 
1nformat1on on the geometry and flow 
character1st1cs of the fracture system 1n the 
gran1te at Str1pa. Fracture data collected 1n 
the v1c1n1ty of the vent1lat1on dr1ft has been 
analysed 1n deta11 to y1eld d1st1nct fracture 
sets and fracture networks [4). Flow rates 
pred1cted for these networks agree closely w1th 
the measured flow rates when the mean aperture 
used 1n the fracture network flow model 1s 
approx1mately equal to the mean aperture 
determ1ned from borehole packer 1nject1on tests. 

Hydrogeolog1cal research carr1ed out 1n 
Phase 1 has demonstrated the need for 
co-ord1nated surface and underground 
hydrogeolog1cal 1nvest1gat1on of repos1tory s1tes 
1n gran1te 1n order to fully character1se the 
flow reg1me. No s1ngle method can be used 1n 
1solat1on 1f a thorough understand1ng 1s to be 
obta1ned. 

MIGRATION STUDIES 

Stud1es of m1grat1on w1th1n fractures began 
w1th an 1nvest1gat1on of the flow w1th1n a s1ngle 
fracture and then progressed to a large-scale 
three-d1mens1onal expertment. The a1m of the 
study of flow w1th1n a s1ngle fracture was to 
observe the movement of non-sorb1ng (eg. Iod1de 
and Uram1ne) and sorb1ng tracers (eg. Ceas1um and 
Stront1um) 1n s1tu and to 1nterpret these 
movements 1n terms of the 11kely m1grat1on of 
rad1onucl1des. F1gure 1 g1ves a schemat1c v1ew 
of the test s1te for th1s study. The results 
show that flow 1n the two fractures exam1ned was 
unevenly d1str1buted and 1t 1s est1mated that 
flow takes place 1n channels mak1ng up between 
5-20 per cent of the fracture surface [5]. 
F1gure 2 g1ves a d1agramat1c representat1on of 
th1s concept for flow w1th1n a fracture. The 
sorb1ng tracers d1d not reach the sampl1ng holes 
wh1ch was found to be due to sorpt1on on the 
fracture surface. Exam1nat1on of the rock matr1x 
revealed that 1n some 1nstances tracers had 
m1grated several m11l1metres 1nto the rock matr1x 
wh1ch conf1rmed s1m1lar measurements made 1n the 
laboratory. 



®Sampling holes 

F1gure 1. Schemat1c representat1on of the test 
s1te for the m1grat1on 1n a s1ngle 
fracture study (5] 

Areas with stagnant 
water. Access by 
diffusion only 

Channels with 
mobile water 

Fracture surfaces 
in contact with 
each other 

F1gure 2. D1agramat1c representat1on of flow 
1n a s1ngle fracture (5] 

The results and exper1ence ga1ned from the 
s1ngle fracture study were ut111sed 1n plann1ng a 
three-d1mens1onal m1grat1on test be1ng performed 
1n Phase 2 of the project. The object1ve of th1s 
study 1s to obta1n an understand1ng of the 
spac1al d1str1but1on of water flow pathways 1n 
crystall1ne rock over d1stances up to f1fty 
metres. F1gure 3 shows the layout of the 3-D 
test fac111ty. A ser1es of tracers have been 
1njected from three vert1cal boreholes and 
F1gure 4 shows the pre-test h1gh water flow 
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po1nts and early results of tracer emergence. 
These prel1m1nary results 1nd1cate that water 
does not flow un1formly w1th1n fractures but 
seems to be local1sed to wet areas w1th large 
reg1ons of very low water flow 1n between [6]. 
In add1t1on, 1t 1s now thought that flow on th1s 
small scale cannot be descr1bed by a homogeneous 
porous med1a flow model. 
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F1gure 3. Layout of the 3-0 test s1te w1th the 
three vert1cal 1nject1on holes [6] 
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F1gure 4. Sampl1ng areas that have "h1gh" water 
flow rates and 1n wh1ch tracers 
have been found [6] 

CROSS-HOLE INVESTIGATIONS 

From the po1nt of v1ew of d1sposal there 1s 
need to have an adequate understand1ng of the 
hydrolog1cal character1st1cs of the rock 
surround1ng a repos1tory 1n order to pred1ct 1ts 
performance as a med1um for conta1n1ng 
rad1oact1ve wastes. The pr1mary purpose of the 
cross-hole 1nvest1gat1ons 1s to develop methods 
and procedures for determ1n1ng the locat1on, 
extent, th1ckness and dom1nant phys1cal 
propert1es of fracture zones. These developments 
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are necessary due to the h1ghly complex 
d1str1but1on and character1st1cs of fractures 
w1th1n gran1te rock masses. 

To date much of the work carr1ed out has been 
concentrated on the development of rel1able tools 
to carry out measurements. Aga1n no s1ngle tool 
1s regarded as hav1ng the capab111ty to furn1sh 
suff1c1ently rel1able hydrolog1cal 1nformat1on, 
and so se1sm1c, radar and hydraul1c test1ng 
methodolog1es are be1ng exam1ned. Convent1onal 

. .. 



se1sm1c 1nvest1gat1on tools are be1ng used 1n 
conjunct1on w1th a newly developed tomograph1c 
analyt1cal method wh1ch can prov1de a 20 or 30 
p1cture of the area be1ng 1nvest1gated [7,8]. 
Invest1gat1ons have been carr1ed out at a 
reg1onal scale s1te at G1dea and on a smaller 
scale 1n the Str1pa M1ne. S1ngle hole reflect1on 
measurements have now been performed 1n several 
boreholes 1n the Str1pa M1ne w1th a radar system 
developed w1th1n the Str1pa Project [9,10]. 
F1gure 5 shows the pr1nc1ple of borehole radar 
reflect1on measurements and the patterns 
generated by plane and po1nt reflectors. The 
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Cross-hole 1nvest1gat1ons us1ng hydraul1c 
techn1ques are also under development at 
Str1pa [11]. In1t1ally s1ngle hole hydraul1c 
measurements were carr1ed out 1nvolv1ng the 
determ1nat1on of hydraul1c conduct1v1ty and head 
along 10 metres sect1ons. At f1rst, there was 
generally a poor correlat1on between s1ngle hole 
geophys1cs and geology and the results from 
hydraul1c conduct1v1ty. It was thought that 
1mprovements could be made by conduct1ng 
cross-hole measurements between boreholes spaced 
up to 45 metres apart. Th1s was carr1ed out 
us1ng hydraul1cally conduct1ve sect1ons of the 

DISTANCE ALONG BOREHOLE 

F1gure 5. Pr1nc1ple of the borehole reflect1on 
radar and the patterns generated 
by plane and po1nt reflectors [10] 

ref1ect1on measurements show good reso1ut1on 
1nd1cat1ng major fracture zones. It has been 
found poss1b1e to 1dent1fy ref1ect1ons from the 
larger fracture zones up to a d1stance of 
115 metr~s from the boreholes. Tests made w1th a 
h1gh frequency vers1on of the system (50 MHZ) 
have g1ven ref1ect1ons from water f1lled 
boreholes wh1ch have a d1ameter of only 
76 m1111metres. Cross-hole radar measurements 
have recently begun and work 1s cont1nu1ng on the 
use of tomograph1c analyt1cal techn1ques to a1d 
the analys1s of the data. 
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holes as source zones. S1nuso1dal tests are used 
where low frequenc1es (long per1ods) are measured 
f1rst and then the frequency 1s 1ncreased unt11 
no further data 1s rece1ved. The results 
1nd1cate that f1ssure - rock matr1x 1nteract1ons 
occur and groups of f1ssures have been 
del1neated [12]. Work 1s now 1n hand to 
correlate the hydraul1c measurements to those 
from se1sm1c and radar stud1es. 



HYDROGEOCHEMICAL INVESTIGATIONS 

Hydrogeochemical investigations are carried 
out at Stripa in order to gain an understanding 
of the origin and evolution of the groundwater 
and to develop procedures and methodologies for 
hydrogeochemical investigations at potential 
rad1oact1ve waste d1sposal s1tes [7,8]. The 
geochem1cal data obta1ned at Str1pa are 
cons1stent w1th the hydraulic conductivit1es 
1nferred from hydraul1c tests. The groundwater 
at Stripa 1s thought to have orig1nated as fresh 
meteoric water that infiltrated during a cooler 
cl1mate and reacted to a considerable extent with 
the crystalline bedrock. The water-rock 
1nteract1ons are st111 1n progress and the water 
chem1stry 1s heav1ly 1nfluenced by present-day 
react1ons (e.g. precep1tat1on-d1ssolut1on 
react1ons, redox processes and subsurface 
rad1onucl1de product1on). The h1gh salinity of 
the deep Str1pa groundwater 1s thought ma1nly due 
to flu1d 1nclus1ons. The Total D1ssolved Sol1ds 
(espec1ally chlor1de) 1nd1cates that there 1s 
11ttle or no m1x1ng of water between fracture 
zones. 

It 1s concluded that 1t 1s not mean1ngful to 
speak of the "age• of groundwater. It 1s 
cons1dered relevant to speak 1nstead of the mean 
res1dence t1me of a spec1f1c const1tuent in the 
groundwater. The 14c data suggest mean 
res1dence times greater than 20 000 years for 
water 1n the deeper zones. Younger water (less 
than 50 years) has 1nf1ltrated in parts of the 
m1ne. 

Phase 1 of the hydrogeochem1stry programme 
has g1ven a much 1mproved understand1ng of the 
general processes that control the chem1cal and 
1sotop1c compos1t1on of deep groundwaters 1n 
crystalline bedrock. The usefulness of 
techniques for groundwater sampling and analysis, 
some of them applied for the f1rst t1me, have 
been evaluated. The work also included the 
development of a general geochem1cal concept and 
model for groundwater processes 1n crysta111ne 
rock. The hydrogeochem1stry of the groundwaters 
of Str1pa cannot be cons1dered un1que, for 
example, they show similar1t1es w1th the sa11ne 
groundwaters 1n the crysta111ne rocks of the 
Canad1an Shield. 

INVESTIGATIONS OF BENTONITE AS BUFFER. BACKFILL 
AND SEALING MATERIAL 

The large scale Buffer Mass Test at Str1pa 
was des1gned to test pred1ct1ons of the behav1our 

. of certa1n benton1te-based buffer mater,als when 
heated under f1eld cond1t1ons. Blocks of sodium 
benton1te were placed 1n a ser1es of s1x large 
d1ameter boreholes conta1n1ng heaters to s1mulate 
the heat output from a spent fuel can1ster. In 
add1t1on, the tunnel above two of the heater 
boreholes was backf1lled w1th a sand/bentonite 
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m1xture. F1gure 6 outl1nes the ma1n features of 
the Buffer Mass Test. Dur1ng the test, 
temperatures, mo1ster1ng of the buffer mater1als 
and the assoc1ated bu11d-up of swel11ng pressures 
and p1ezometr1c head were measured. The results 
compared very well to the pred1cted behaviour of 
the buffer mater1als [9]. It was therefore 
concluded from the Buffer Mass Test that the ma1n 
phys1cal processes are understood and can be 
pred1cted for var1ous repository geometr1es. The 
dom1nant process is the uptake of water from the 
surround1ng rock mass s1nce 1t governs the 
bu11d-up of temperature and swe111ng pressures. 
Th1s uptake 1s pr1mar1ly related to the 
water-bear1ng capac1ty of the surround1ng rock, 
1.e. through the presence of one or a few 
hydrau11cally act1ve jo1nts or fractures. The 
1nference from the val1dation of the pred1cted 
behav1our of benton1te-based buffer mater1als by 
real1st1c f1eld measurements, 1s that the 
mater1al performs the task of 1solat1ng a heated 
canister very well and that the techn1ques used 
for its preparation and app11cat1on are more than 
adequate. 

The Borehole, Shaft and Tunnel Sealing 
Project, which began 1n 1983 and w111 be 
completed 1n 1986, cons1sts of four 1nd1vidual 
plugging tests using sod1um bentonite [10]. Two 
of the tests deal w1th borehole seal1ng, with the 
a1m of assess1ng techn1ques used for 1nserting 
bentonite plugs in boreholes of varying length 
and to stwdy the maturat1on rate of benton1te. 
In the shaft plugg1ng test, bentonite/rock 
1nteractions are 1nvest1gated to assess the 
sea11ng ~apab111t1es of benton1te. The 
d1fferen\~ 1n behav1our w1th blasted and 
slot-drilled rock are being assessed w1th 
part1cular emphasis on the 1nfluence of 
water-bear1ng structures. F1nally, the tunnel 

·plugg1ng test 1s designed to demonstrate the 
construction phase and general 1solat1ng power of 
a full-scale backf1111ng and sea11ng exerc1se. 
It can be seen that each of these tests are 
des1gned to test the sea11ng ab111ty of sod1um 
bentonite by expos1ng tQe plugs to hydrau11c 
grad1ents of varying magn1tude. Th1s ab111ty 1s 
due to the very low hydrau11c conduct1v1ty of 
sod1um smect1te, the major const1tuent of the 
benton1te, and the h1gh swelling pressure exerted 
on the surrounding rock mass. The swe111ng 
creates a t1ght contact w1th the rock and tends 
to close certa1n joints and fractures 1n the rock 
adjacent to the benton1te plugs. 

FUTURE EXPERIMENTAL INVESTIGATIONS AT STRIPA 

The majority of work carried out under 
Phase 1 and 2 of the project 1nvolved the 
development of tools and methods for 
comprehens1ve s1te 1nvest1gat1ons. It 1s 
cons1dered that any Phase 3 of the project should 
concentrate on the deta1led assessment of an 
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F1gure 6. l Ma1n features of the Buffer Mass Test [15] 

und1sturbed area of gran1te us1ng ava11able tools 
and 1n part1cular those methods and procedures 
developed dur1ng Phases 1 and 2. An 
1nterd1sc1pl1nary approach would be used where 
the needs of those carry1ng out safety analyses 
would largely gu1de the search for 1nformat1on. 
For example, the hydrolog1cal character1st1cs of 
the research area would be modelled based on 
1nformat1on ga1ned dur1ng an 1n1t1al general 
hydrolog1cal 1nvest1gat1on and the model would 
then be val1dated by further 1nvest1gat1ons or 
experiments. If the model 1s not val1dated then 
further 1mprovements would be made. Concurrent 
w1th th1s pr1mary study would be the necessary 
cont1nuation of existing studies 1n order to 
exam1ne spec1f1c aspects of the behaviour of a 
repository in granite. 

Also suggested for study in any Phase 3 under 
the heading of engineering des1gn stud1es, are 
the behaviour of alternat1ve seal1ng mater1als 
that could be used in a repos1tory. With a view 
to poss1ble 11censing requ1rements, the longev1ty 
of seal1ng materials 1s thought part1cularly 
1mportant. Part1cular emphasis would be g1ven to 
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test1ng methods and procedures. In add1tion, 
research into methods of treat1ng the rock 
surface to 1mprove seal1ng or 1solat1on 
propert1es was also suggested as a poss1ble top1c 
for study. 

CONCLUDING REMARKS 

Although much of the work to date under the 
Str1pa Project has 1nvolved the development of 
techniques for the deta1led 1nvest1gat1on of a 
repos1tory site, a number of conclus1ons can be 
drawn regarding the measurement and mathemat1cal 
modelling of coupled processes in gran1t1c 
rocks. The ma1n conclusion must be that there 1s 
great d1fficulty 1n measur1ng deta1led 
hydrogeochem1cal processes, due to the natural 
heterogeneity of flow patterns 1n gran1te. Flow 
has been found to be extremely var1able and hence 
any pred1ct1ons of 11kely flow reg1mes would at 
the present t1me have a h1gh degree of 
uncerta1nty. It must be emphas1sed, however, 
that the large scale behav1our of gran1te as a 
barr1er to m1grat1on can be pred1cted to be very 
effect1ve. 



A further conclus1on can be reached on the 
necess1ty to use an 1ntegrated approach to 
deta1led 1nvest1gat1ons. A comb1nat1on of 
standard hydrolog1cal tests and cross-hole 
measurements, 1nclud1ng se1sm1c, radar and 
hydraul1c techn1ques, together w1th 
hydrogeochem1cal analyses and m1grat1on stud1es, 
needs to be used 1n order to develop a 
comprehens1ve p1cture of the processes operat1ng 
at a spec1f1c s1te. No s1ngle techn1que can be 
used to y1eld suff1c1ent 1nformat1on. F1nally, 
1t 1s only by develop1ng a deta1led understand1ng 
of the hydrogeochem1cal processes operat1ng at a 
part1cular s1te that ex1st1ng pred1ct1ve flow 
models can be adapted to that s1te. It 1s on 
these broad 11nes that any Phase 3 of the Str1pa 
Project w111 be or1entated. 
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ABSTRACT 

Vi thin the ·canadian Nuclear Fuel Vaste Man
agement Program, extensive geotechnical experimen
tation is being carried out on processes of signi
ficance to the safe disposal of nuclear fuel waste 
in fractured plutonic rock. Examples of exper
iments conducted in the program illustrate the 
relationship between mathematical models and field 
information. 

INTRODUCTION 

An extensive program of geoscience research 
is being conducted as part of Canada's Nuclear 
Fuel Vaste Management Program. The purpose of 
this research is to establish the technology for 
safely disposing of nuclear fuel waste deep within 
plutonic rock of the Canadian Shield. The focus 
on plutonic rock arises from consideration of 
probable suitability of the rock type in the 
Canadian context (Dormuth and Scott, 1984}. 

The experimental program is designed to dev
elop the necessary understanding of processes that 
may significantly affect the performance of a 
disposal vault, and to develop a methodology for 
characterizing a plutonic rock mass to evaluate 
its suitability for isolating nuclear fuel waste. 

An important aspect of the program is that 
results must be "transportable" to sites other 
than those at which the research is carried out, 
because the current program calls for an asses
sment of the concept of disposal in plutonic rock 
in generic (as opposed to site-specific} terms. 
This leads to an emphasis on the use of site-spe
cific research to develop a methodology that has a 
broad application. In particular, the development 
and validation of mathematical models, soundly 
based on field observations, are major objectives 
of the experimental program. 

The following sections briefly discuss the 
experimental program in the disciplines of geo
physics, geology, geomechanics and hydrogeology. 
Examples are given of experiments in each of the 
areas. No attempt is made to be comprehensive. 
Instead, emphasis is placed on a few examples that 
indicate the use of experimental procedures in the 
development of models having broad application. 

GEOPHYSICS 

Research in geophysics is directed at devel
oping an exploration technology to detect and 
evaluate the structural characteristics of rock 
masses of relatively high integrity and uniform
ity. The program consists of (i} testing pre
viously existing and newly developed exploration 
techniques for the evaluation of rock masses and 
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(ii} through application of these airborne, sur
face and subsurface techniques, providing the 
field data necessary for the development of con
cepts and models that form the basis for site
selection criteria and safety analyses. 

An-experiment conducted at the site of a 
gabbro-anorthosite pluton at East Bull Lake near 
Hassey, Ontario, was used to test the ability of 
gravity surveys to determine the size of a 
plutonic rock body (Niblett et. al, 1985i· A 
detailed residual gravity map of a 12-km area 
including the body was prepared from gravity 
surveys of Reford (1982, 1983) and Vatson (1982). 
Densities of rocks in the area were determined 
from measurements of over 1900 rock samples col
lected from the pluton and surrounding rocks. The 
mean dens~ty of gabbro samples from the pluton is 
2.93 g/cm

3 
and that of the anorthosite samples is 

2.85 g/cm • The mean density of samples of the 
surrounding granitic basement rocks is 2.65 g/cm3 
This information was used by Reeves (1983} to 
produce two- and three-dimensional models of the 
pluton. Both models indicated the maximum verti
cal thickness of the pluton to be about 400 m. 

A cored borehole was drilled near the 
location of maximum residual gravity to determine 
the thickness of the pluton and test the gravity 
models. It penetrated granitic basement rocks at 
773 m, indicating that the gravity models under
predicted the maximum depth of the pluton by SO%. 

It has been conjectured that the discrepancy 
may have been caused by failure to account for 
significa~t amounts of diabase (density 
3.03 g/cm } encountered during drilling, or by 
surface samples having densities that are not 
representative of the basement rock at depth. 

Regardless of the explanation for the dis
crepancy, the experiment gives an indication of 
the accuracy that can be expected from this method 
in determining the depth of a gabbroic body with
out drilling. The accuracy is quite adequate for 
use in initial surveys in site screening. It is 
interesting that earlier simpler models by Vatson 
(1982) indicated a maximum thickness of 500 m to 
770 m. This would imply that simpler survey 
models are adequate for initial field surveys. 

GEOLOGY 

In the geological research program, great 
emphasis is placed on the determination of struc
tural features that could affect the structural 
stability of the rock and its ability to conduct 
groundwater. The extent to which surface observa
tions may be used to make inferences about struc
tural features at depth is considered to be an 
important subject for investigation. Effective 



methods of making such inferences would minimize 
the number of boreholes needed in site investiga
tions, thereby decreasing the cost and maintaining 
maximum possible integrity of the rock. 

An experiment was conducted on a pluton, 
during the summer of 1984, near Atikokan, Ontario, 
to test a methodology for integrating surface 
geological and geophysical data from one area (the 
prediction area) of the pluton with surface and 
subsurface data from elsewhere on the pluton (the 
control area), to predict subsurface fracture 
conditions, to a depth of 1 km, at the prediction 
area (Brown and Rey, 1985). The prediction area 
selected was expected to have relatively few 
fractures (an intrablock) on the basis of regional 
geological and geophysical data, confirmed by 
subsequent detailed ground work. This intrablock 
is bounded by major faults. 

A borehole was sited in the intrablock area 
so that it would avoid major structural disconti
nuities on the basis of information available 
before drilling. However, it was recognized that, 
at depth, the borehole might intersect one of the 
major faults bounding the intrablock. 

The predictions made of fracture conditions 
to be encountered in the borehole took the form of 
probability distributions of smaller scale 
fractures. Fracture data from an existing set of 
five cored boreholes at the control area were used 
to establish a relationship between surface 
fracture data and subsurface data at that 
location. For the control area, the distributions 
of fracture orientations derived from the subsur
face data were similar to those derived from 
surface data, except for those orie.ntations that 
could not be sampled properly in the subsurface 
because of the trend of the boreholes. Examin
ation of the depth dependency indicated that the 
fracture population below about 180 m is statisti
cally different from that of the upper 180 m. 
This difference was accounted for in the 
predictive analysis. 

It was expected that the subsurface environ
ment at the prediction area would differ from that 
at the control area, since the latter contains 

·major structural discontinuities, whereas none 
were indicated by surface data within the intra
block. On examining data from sections of the 
boreholes at the control area that were inter
sected by faults and comparing them with sections 
not near faults, it was concluded that there is a 
strong decrease in fracturing with depth in intra
block areas, whereas in fault environments there 
need not be a strong decrease and, in fact, in a 
faulted environment fracturing can increase with 
depth. That a strong decrease in fracturing 
should occur in an intrablock area is borne out by 
analysis of data taken from boreholes in an intra
block of the Lac du Bonnet Batholith, some 300 km 
away. The less systematic behaviour of the fault 
environment precluded a prediction of these 
environments at depth. 

Also, moderate dipping to subhorizontal 
fracture zones may occur in the subsurface, which 
cannot be. predicted on the basis of surface map
ping. In fact, a detailed seismic survey of the 
prediction area revealed a minor reflector at a 
depth of - 210 m, which might indicate such a 
zone. The prediction included a suggested modifi-
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cation to be applied to the distribution if such a 
zone were encountered, based on analysis of 
fracture data from similar environments in other 
boreholes. The seismic survey also indicated that 
the borehole would intersect one of the major 
boundary faults at a depth of 800-1000 m. No 
attempt was made to predict the fracture 
environment related to this fault. 

On the basis of these observed relationships, 
fracture data from surface mapping at the predic
tion area were used to predict fracturing patterns 
in a borehole drilled at that area. The borehole 
was drilled and data from it were compared with 
the predictions. 

The observed frequency distribution in the 
upper 150 m agreed well with the predicted distri
bution. The borehole fracture frequency distribu
tion appears to be bimodal, which was not predict
ed. However, observed and predicted median values 
and standard deviations are in good agreement. 

A subvertical fracture zone was encountered 
at 270 m to 300 m downhole that was not predicted. 
If this fracture zone is excluded from the data, 
the predicted distribution approximates the 
observed distribution well from 150 m to 400 m 
downhole. As in the case of the near-surface _,;,··· r. 
data, the major difference between the predicted··.·; .1 

and observed distributions is that the subsurface··;.;- -· 
data show a bimodal distribution. The median 
values and standard deviation of .. the two 
distributions are similar. 

Four small fracture zones with moderate to 
subhorizontal dip were intersected between 400 m -~~ 
and 650 m. The possibility of occurrence of this o;.: :~ 
type of zone was stated in the prediction, and ther .~. 
effect on the predicted fracture distributions 
defined. The predicted distributions, when modi- .,, · 1' 

fied to account for the zones agree, fairly well ~< ... 
with the observed distributions, although the 
agreement is not as good as in the previous two 
cases. 

From 650 m to 800 m the borehole intersected 
a contact zone between the central core of the 
granite and a marginal monzodiorite phase. The 
contact was recognized at surface, but not pre
dicted to intersect the borehole at depth. 

From 900 m to the bottom of the borehole at 
1206 m, a fault environment was encountered. This 
intersection of the boundary fault with the bore
hole was predicted on the basis of informat~on 
from the seismic survey. No attempt was made to 
predict the fracture distributions associated with 
the fault. 

Overall, there appears to be a good basis for 
inferring subsurface fracture orientation and 
frequency distributions from surface data and 
limited borehole information, at least to depths 
of about 400 m. However, major anomalies did 
occur, i.e. the subvertical zone at 270 m and the 
lithological contact from 650 m to 800 m, which 
were not predicted. Allowance must be made for 
such occurrences in evaluating potential sites for 
disposal. 



HYDROGEOLOGY 

The objective of hydrogeological research is 
to define the physical and chemical characteris
tics of groundwater flow systems at scales rele
vant to the analysis of potential radionuclide 
migration from a disposal vault. The research 
program began by developing methods to measure 
physical and chemical properties of groundwater 
within individual boreholes and individual 
fractures. It has progressed toward developing 
methods to determine these parameters for the 
larger site and regional scales. 

The construction of the Underground Research 
Laboratory (URL) near the town of Lac du Bonnet in 
Manitoba, Canada, has been used to perform an 
experiment to test our ability to use information 
obtained from the surface and from boreholes to 
model the hydrogeological behaviour of a plutonic 
rock mass on the kilometre scale. The laboratory 
is being excavated in a large granitic batholith. 
The experiment serves as a validation of theoreti
cal methods employed as well as of methods of 
generating model parameters from field 
observations. 

The experiment (Davison and Guvanasen, 1985) 
consists of four phases: (i) geological and hydro
geological characterization of the URL site before 
excavation of the shaft, (ii) development and 
calibration of hydrogeological models of the site 
based on pre-excavation observations, (iii) pre
diction of the changes in the groundwater regime 
that will occur dUe to excavation of the URL, and 
(iv) comparison of predictions with observations 
of the changes in the groundwater conditions 
during and subsequent to excavation. The first 
three phases are complete, and preliminary results 
are available from the fourth phase. 

Subsurface information is provided by an 
extensive program of borehole drilling, logging, 
testing, instrumentation and monitoring. The 
borehole array consists of 58 water-table wells in 
unconsolidated overburden, 41 shallow bedrock 
holes (10 to 60 m long), and 25 deep boreholes 
(about 100m to 1100 m long). Fracture inform
ation, from the entire network of boreholes, and 
hydraulic testing were used to develop a concept
ual model of the structural controls and boundary 
conditions affecting groundwater flow at the site. 
The conceptual model was used as a basis for the 
development of numerical models for predicting the 
changes that would occur to the hydrogeological 
conditions during and after excavation. 

Several groups of mathematical modellers were 
given the information from the characterization 
program and asked to independently make the pre
diction. Two modelling teams, AECL and INTERA, 
have completed the exercise to the point of making 
predictions of the rate of inflow of groundwater 
to the excavation and the drawdown of piezometric 
levels surrounding the excavation. INTERA used 
the three-dimensional finite-difference program 
SVIFT and AECL used the three-dimensional finite
element program MOTIF. Both models were cali
brated using long-term head measurements and 
inter-borehole pumping tests, and the calibrated 
models were used to predict the transient. 
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Preliminary comparisons of model predictions 
with observed changes in the hydrogeologic con
ditions have thus far been completed only for the 
AECL model. The change in piezometric conditions 
in the rock mass with time is in general, predict
ed well by the model. Discrepancies do occur very 
near the excavation where the model under predict
ed the drawdown. However, at most observation 
points, the predicted spatial and temporal distri
bution of the drawdown is in good agreement with 
observation. The overall trend in predicted rate 
of inflow into the excavation also agrees well 
with observation. The magnitude of the inflow is, 
in general, over-predicted by a factor of three. 
Discrepancies are thought to be contributed to by 
several factors, including deviations of actual 
excavation rates from assumed rates, the existence 
of vertical fractures connecting the shaft with a 
highly conductive subhorizontal fracture zone, and 
the effect of stresses caused by excavation on the 
local hydraulic conductivity of the rock. It 
should be emphasized that the discrepancies are 
very small in comparison with the variability in 
values of hydraulic parameters in the rock mass. 
The overall agreement between observation and 
prediction is considered to be extremely good. 

GEOMECHANICS 

Geomechanics research is being carried out to 
elucidate the response of a jointed plutonic rock 
mass to stresses imposed by mechanical and thermal 
phenomena that would be associated with a disposal 
vault. Experiments are carried out both in the 
l~boratory and in the field. The Underground 
·Research Laboratory is a major focus of field 
activity. 

The shaft of the URL has been excavated to a 
~epth of 255 m, and its construction has been used 
to study the mechanical response of jointed 
granite (Chan, Lang and Thompson, 1985). During 
the excavation, rock displacements were measured 
by instruments placed in boreholes drilled in four 
arrays at depths of 15 m, 62 m, 185 m and 218 m. 
Instruments in each array included sonic probe 
extensometers installed in horizontal boreholes, 
CSIRO, hollow inclusion triaxial strain cells, and 
convergence pins to monitor shaft convergence as 
c::cavation progressed. The layout of the instru
mentation was determined by the use of borehole 
geological information, numerical scoping calcula
tions and practical constraints on implementation. 

Before beginning shaft sinking, the displace
ments and stress changes expected at all instru
mentation points in the rock were predicted by 
three-dimensional, linear elastic continuum 
analysis. The rock was assumed to have a 
Poisson's ratio of 0.26 on the basis of laboratory 
tests on cores. The rock-mass deformation modulus 
was taken to be 40 GPa, which was determined 
through use of the NGI (Barton et al., 1974) and 
CSIR (Bieniawski, 1976) rock-mass classification 
schemes. In situ stress values were determined 
from hydraulic fracture tests and preliminary data 
from overcoring measurements in the shaft collar 
excavation. The maximum horizontal principal 
stress was taken to be 10.6 MPa and the minimum 
horizontal principal stress was taken to be 6.0 
MPa. Below 86.5 m both horizontal principal 
stresses increased linearly with depth. The 
vertical stress was taken to be the lithostatic 
pressure of the overlying rock. 



So far, only results from measurements at the 
15-m depth have been analysed. In general, the 
predicted displacements fell well below the 
measured displacements. The rock-mass deformation 
modulus input to the model was then adjusted to 
achieve a best fit, giving a value of 31.5 GPa. 
The calibrated model agrees well with measurements 
until the shaft bottom advances to a depth of 
about 22.5 m. Subsequently, calculated displace
ments are below measured displacements by about 
30%. It is conjectured that at least part of the 
discrepancy is caused by thermal expansion of the 
rock by the warm air in the shaft. This possibi
lity is being investigated. · 

Comparison of model results with experiments 
strongly suggests that the rock mass at a depth of 
15 m behaves, to a good approximation, as a linear 
elastic continuum. 

CONCLUSION 

Experimental programs to date give a strong 
indication that fractured plutonic rock is 
amenable to the characterization and analysis 
necessary to qualify it as a suitable disposal 
medium, and to evaluate and inter-compare 
potential disposal sites. The experiments summar
ized illustrate that a strong link is being deve
loped between mathematical models and actual situ
ations encountered in the field. This link is 
vital to placing safety assessments on a firm 
scientific basis. 
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INTRODUCTION 

The way of tackling the high level and « 
bearing waste burial problem can vary from one 
country to another. In Belgium, if the electro
nuclear power represents about 60~ of the total 
electricity production, the installed capacity 
is however limited to 5500 MWe. Furthermore, 
Belgium is a small country, densily populated, 
and its geology does not allow a large choice of 
underground formations acceptable for safe waste 
disposal. 

In 1974 site specific investigations were 
started on a 100 hectares area in the NE part of 
the country where Belgium's main nuclear re
search centre and some nuclear fuel cycle faci
lities are located. The formation considered is 
a tertiary age clay layer underlaying the 
Mol-Dessel area. 

Study and research works were organized in 
the frame of successive five year programs. Du
ring the first five years the main objectives 
were 
- to collect informations on the clay's various 

characteristics and possible interactions with 
the waste package; 

- to perform some field works in order to 
explore and define the litho-stratigraphy of 
the underground; 

- to assess the technical feasibility and the 
long term safety of a burial system in clay. 

For the second five year period it was a-i
med 
- to set up an extended hydrological measurement 

network at regional scale 

- to carry on thoroughly the studies on the 
physico-chemical aspects of the clay-waste in
teractions and on the long term safety of the 
system. 

After 10 years of intensive field, labora
tory and desk works the obtained results allowed 
to start the drafting of a "Preliminary Safety 
and Feasibility report" in view of the construc
tion of a demonstration facility. 

The project is performed by the CEN/SCK in 
the frame of shared financing contracts with the 
CEC and ONDRAF/NIRAS. 
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The first nuclear power stations in Belgium 
(2 PWR units of 390 MWe and 1 of 870 MWe) were 
put into operation in 1975. At that time, an 
option was already taken to build a nuclear re
actor park of 5500 MWe. However a maximum of 
10.000 MWe capacity was not expected to be ex
ceeded before the end of the present century. 

On the basis of such a nuclear power equip
ment and spent fuel supposed to be reprocessed, 
the Belgian Nuclear Research Centre ( CEN-SCK) 
decided in the early seventies to start inves
tigations on the geological disposal of high 
level and « bearing waste. 

Presently 5500 MWe are installed and the 7 
PWR units in operation produce about 60~ of the 
total electric! ty consumption in our country. 
No other plants are under construction, and even 
if the installation of a supplementary 1200 MWe 
unit is envisaged in the near future, the 10.000 
MWe will not be reached in the year 2000. 
Anyway the scale for an underground burial faci
lity, foreseen in the very beginning still pre
vails, especially since the Belgian Authorities 
have also committed themselves in the mean time 
to dispose off the high level and a: bearing 
waste arisen from the previous EUROCHEMIC repro
cessing plant. 

A Sllillll electro-nuclear power plants park 
(equivalent to 10 GWe during 30 years) constitu
tes the ~irst particularity which characterises 
the Belgian program on geological disposal. 

The initial task the CEN/SCK undertook to
gether with the Belgian Geological Service was 
to draw up a catalogue of geological formations 
having potentially favourable characteristics 
for waste disJ:lfsal. Belgium being very small, 
only 30.500 km , and its hydrogeology at medium 
depth being well known, this survey brought us 
rapidly to the conclusion that neither rock-salt 
formations nor interesting hard rock massifs 
were existing at accessible depth and that only 
pelitic (clays and shales) formations could be 
considered as possible host media. 

A choice o~ a host medium limited to one variety 
o~ rock in a small country (with a high popula
tion density) is a second particularity of the 
Belgian situation. 

For various technical and socio-political 
r_easons, the investigations started directly on 
a potential disposal site located in the N.E. 
part of the country and situated within the Boom 
clay formation. This site covers about 700 hec
tares of the Mol and Dessel villages; the 



Nuclear Research Centre and some fuel cycle fa
cilities are implanted there. 
This Oligocene plastic clay was known from pre
vious drillings or quarry exploitations in near
by areas. It was supposed to be present at the 
selected site under a compact and homogeneous 
facies, with a thickness of about 100 m at an 
average depth of about 230 m and sandwiched 
between two water bearing sandy formations. 
Tunneling experience in such a type of argilla
ceous material at depths greater than 100 m was 
never gained anywhere. 

The general hydrogeological context of the site 
and the uncertainties concerning minability of 
the Boom clay are other particularities which at 
the outset made the Belgian program looking dif
ferent f~ many others. 

At the time we had to start our activities the 
particular! ties were such that the R&D program 
planned had, at least in Europe, a certain char
acter of originality, even of audacity. 

ORGANISATION AND FINANCING OF THE PROJECT 

Such a project is also characterized by its 
multidisciplinary aspect (geology, chemistry, 
mining, physics ••• ), its various investigation 
scopes (field, laboratory, desk ••• ), its cost 
and forecast duration. All these were taken 
into consideration in organizing the project ma
nagement. 

It was decided to work within successive 
five year programs including an annual revision 
of th~ objectives and the corresponding finan
cial ~~ans. Highly specialized research or con~ 
trol laboratories, experimented companies or 
engineering offices, public or private, were in
volved and are charged of specific activities 
each time their capabilities were recognized, 
the CEN/SCK being the project coordinator. 
Once the program approved by the board of direc
tors of the CEN/SCK it had to be financed by its 
endowment and eventually by an additional 
non-recurring budget allowed by the Ministry of 
Econom1c Affairs. 

In 1976 the Commission of the European Com
munities launched its R&D program on waste mana
gement and since that time the Belgian project 
is financially supported by the Commission in 
the frame of a shared cost contract. Moreover 
in august 1980 a law was voted in Belgium esta
blishing the National Agency for Radioactive 
Waste and Fissile Materials Management (ONDRAF/ 
NIRAS) and the waste producers are presently fi
nancing the R&D through this national body. The 
programs are discussed and defined by a techni
cal committee composed of representatives of 
CEN/SCK, the waste producers and ONDRAF/NIRAS. 

As a member state of the European Communi
ties and as a member of other multinational or
ganisations as the NEA/OECD or the IAEA/UNO, 
Belgium participates since the early beginning 
to the various working parties organized in the 
field of final waste disposal. These most in
teresting worldwide contacts with experts of 
other organisations involved in the same type of 
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research contributed and still are contributing 
to the rational and equilibrated development of 
our program. 

THE FIRST FIVE YEAR PROGRAM 

In summary, the objectives of the 1975-1979 
program were to give a preliminary answer to the 
two following questions 

- is clay an acceptable host medium for the dis
posal of conditioned high level and "" bearing 
waste and which are its main limitations ? 

- can the Mol-Dessel site be integrated in a 
global long term safe and economical accepta
ble waste disposal system and which are in that 
case the main constraints ? 

The laboratory analyses and investigations 
were performed mostly on core-samples taken at 
different depths on the site. Some comparative 
work was also done on samples directly taken from 
a quarry excavated in the same formation and 
situated in the Boom clay outcrop zone, about 
30 km S.W. of Mol. 

It was demonstrated that the petrographical, 
mineralogical and chemical compositions of the 
Boom clay as well as its chemical, physical and 
geomechanical properties vary not much in func
tion of depth. 

At the Mol site location, the' formation 
could be considered as being quite homogeneous 
throughout its whole thickness. 

The main strong point investigated in the 
laboratory concerns the retention capacity for 
radionuclides. During a first series of tests, 
distribution coefficients (Kd) were determined in 
a classical way and the sensitivity of this 
coefficient to different parameters has been 
/tested. It soon appeared however that the ex
perimental conditions used for measuring the Kd 
were not representative at all of the real con
ditions prevailing in the clay at depth, more
over that the ion exchange phenomenon alone, or 
the Kd notion, could not explain the retention 
capacity of the clay. 

At the end of 1979, even if a full scienti
fic explanation of the results could not be gi
ven, the data although allowed to conclude that 
the Boom clay had an excellent retention capaci
ty for most toxic radionuclides and plans were 
made to extend the basic scientific work on this 
clay trump. 

Laboratory results obtained during clay 
compatibility tests indicated that some materi
als such as Hastelloy C, titanium, UHB 904L and 
others have a good corrosion resistance even at 
higher temperatures. The tests on corrosion re
sistance of waste matrices such as glass, con
crete, etc., were at the end of the first five 
year program not sufficiently advanced to provi
de conclusions, but there was no indication that 
particular difficulties could be expected. 



Orientation experiments on the effects of 
intense 'Y irradiation were at that time essen
tially qualitative and have shown formation of 
hydrogen, methane and C02. However it was con
sidered that, an adequate geometrical configura
tion of the buried waste might reduce to within 
acceptable safety limits, a possible impact of 
radiation on the geological environment. 

The geomechanical properties of clay sam
ples taken in various conditions and at dif
ferent depths and locations were extensively 
studied in order to gain enough information to 
assess the minability of the clay and to start a 
technical feasibility study of a disposal faci
lity at about 250 m depth. 
Laboratory tests completed by a heat transfer 
experiment performed in a Boom clay quarry using 
an electrical heater simulating a HLW source 
gave some realistic information about the ther
mal conductivity and thermal diffusivity in 
clay. 

CHEMICAL COMPOSITION OF DRY MATERIAL (~~ 

MINERALOGICAL COMPOSITION (~%) 

GRANULOMETRIC COMPOSITION (~ %) 

PETROGRAPHICAL COMPOSITION 

NATURAL WATER CONTENT (~ %) 

NATURAL VOLUME WEIGHT (kN/m3) 

POROSITY (%) 

SATURATION DEGREE (%) 

PERMEABILITY (m/s) 

THERMAL CONDUCTIVITY "IN SITU" (W/m°C) 

THERMAL DIFFUSIVITY (m2 /y) 

SPECIFIC HEAT (J/kg°K) AT 25°C 

ATTERBERG LIMITS (%) Wp 

Wl 

Ip 

TRIAXIAL C.U Ccu (MN/m2 ) 

Pcu ( 0 ) 

TRIAXIAL U.U Cu {MN/m2 ) 

From the various field works, including linea
ment location on space and aerial imagery, geo
logical drillings, borehole logging and seismic 
prospection it was possible 

- to define precisely the stratigraphic column 
under the site up to -600 m; 

- to confirm that the clay formation spreads out 
subhorizontally under the prospected area with 
a thickness of about 100 m; 

- to conclude that the clay layer is free of 
flexures or faults, and that its slope is 
about 1% in the N.NE direction. 

Figure shows a NNW-SSE cut through the 
Mol-Dessel site. 

Table 1 gives some information on the Boom clay 
composition and properties. 

63.72 Si02 , 14.50 Al2o
3

, 5.88 Fe2o
3 

2.24 K20, 1. 37 Na2o , 0.64 CaO 

0.50 Ti02 , 0.70 MgO 

weight loss at 1000° C 9,8 

organic content : 2.3 to 6.5 

25 illite, 20 smectite, 30 vermiculite-like, 

15 illite-montmorilonite interstratified, 

10 chlorite-vermiculitelike interstratified. 

49 : d < 2u , 47 : 2u < d < 60 u , 

3.5 60u < d< 200u 

0.5 : d >200 

pyrite, calcite, quartz, gypsum 

22.3 

19.6 

38.5 

95-100 

10-10 - 5.1o- 12 

1. 69 

18.8 

7.22 

26.5 

77.5 

51 .o 
o. 127 

17.5 

0.588 

TABLE 1 BOOM CLAY COMPOSITION AND SOME OF ITS PROPERTIES. 
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FIGURE 1 - NNW - SSE CUT THROUGH THE MOL-DESSEL SITE. 

During the feasibility study a first con
ceptual design for a repository, adapted to the 
site conditions and taking into account the geo
technical and thermal properties already deter
mined for Boom clay was developed. Such a faci
lity would be constituted of full lined circular 
galleries having a useful diameter of 3 to 4 m. 
While the low heat emitting waste drums could be 
stacked in the main galleries, the HLW canisters 
could be emplaced in some 20 m long inclined 
pits grafted at regular intervals on the main 
gallery walls. This configuration is presented 
schematically in figure 2. 

The evaluation of the long-term risks asso
ciated with the disposal of waste at the 
Mol-Dessel site has been undertaken in co-opera
tion with the Joint Research Centre of the Com
mission of the European Communities at Ispra. 
In a first approach the realized studies dealt 
with the possible occurence of disruptive events 
of geological and other origins and made more 
particularly use of the Fault Tree Analysis 
technique; in a second approach, the normal evo
lution of the site has been studied. 

The results obtained during these various 
exercises were judged to be satisfactory. The 
occurrence probability of catastrophic events 
involving rupture of the geological barriers is 
limited. ·First calculations on radionuclide mi
gration in clay indicated extremely slow move
ments in most cases. 

The main conclusions of the research and 
study work performed during the first five year 
program are summarized in table 2. 
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FIGURE 2 

CONFIGURATION OF A DISPOSAL FACILITY IN CLAY. 



r-----------------------------------------------------------------------·---- --
LABORATORY INVESTIGATIONS 

FIELD INVESTIGATIONS 

STUDY WORK 

- clay characteristics quite constant along 
the total thickness of the layer 

- excellent radionuclide retention capacity 

- corrosion resistant materials available 

- poor geotechnical properties 

- local geological sequences confirmed 

- "homogeneity" of the layer proved 
(no faults, no flexures > 5 m) 

-slope of the layer ±1%NNE 

- feasibility ~ yes but - cooling time 50 years 

- minability to be de-
monstrated 

- safety analysis first approach : favourable 
results 

TABLE 2 DIGEST OF THE MAIN RESULTS FROM THE FIRST FIVE YEAR PROGRAM 

THE SECOND FIVE YEAR PROGRAM 

On these bases the decision was taken to carry 
on with the project for another five years, em
phasis being given to minability aspects and a 
better understanding of the local and regional 
hydrology. 
In practice, and besides further laboratory in
vestigations and long-term safety analysis stu
dies, the two main objectives were : 

- the construction into the Boom clay of an un
derground experimental facility at 225 metres 
below ground level for "in situ" experimenta
tion and reconnaissance. The construction of 
a shaft and a gallery was intended to prove 
the technical possibility of building under
ground structures in a plastic argillaceous 
medium and to scale up the feasibility of dig
ging at this depth to real dimensions 

- the deployment of a large network of hydrogeo
logical observation wells in the main aquifers 
over- and underlying the Boom clay. By this 
regional hydrological survey it was intended 
to get a picture of the ground water flow sys
tem around the Mol-Dessel site and to evaluate 
by modelling the impact of some possible fu
ture evolution scenario on the flow system. 

The construction of the facility started, 
in artificially frozen soil, in summer 1980 and 
was completed in summer 1984 by the digging, in 
unfrozen clay, of a 20 m deep vertical shaft and 
a 6 m long horizontal gallery, both with a 1.4 m 
useful diameter. These last works were the 
most relevant and successful experiments in this 
part of the program. Figure 3 gives a scheme of 
the as built underground laboratory. 

From the last quarter of 1984 on, various 
other "in situ" experiments were launched pro
gressively starting with corrosion tests on 
metals, alloys and waste matrices, and followed 
by heat transfer, hydraulic and migration tests, 
etc. 

QE/0511/M 
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FIGURE 3 

UNDERGROUND LABORATORY IN CLAY - AS BUILT -
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In 1984 the regional hydrological observa
tion network was completed. One hundred and 
thirty-two piezometers are now included in this 
network and installed at thirt~two locations. 
A total area of. about 2,500 km is thus surve-
yed. 
During the drilling of the wells and before 
bringing in the pie;z:ometers, borehole leggings 
were systematically performed. This allowed to 
make, together with the visual examination of 
the cuttings, fairly good and detailed correla
tions between wells. In these wells, piezome
tric water levels are regularly measured. Sam
pling of ground water is made all along and 
numerous water quality data are determined 
e.g. chemical composition, trlfperature, physi
co-chemical properties, C-content (for 
reckoning transit and residence times), etc. At 
some locations also precipitation is measured. 
Slug or pumping tests are performed in order to 
determine hydraulic characteristics of the 
surveyed aquifers. All these data fee~ a data 
bank, which can be consul ted for modeiling the 
ground water flow regime. 

The field measurements combined with nu
merous results from various laboratory investi
gations give now a clear pattern of the water 
movement and residence time within the different 
aquifers and aquicludes on and around the site. 
It could be shown that the general groundwater 
flow regime is relatively insensitive to slow 
changes in the overall hydrogeology resulting 
from possible future climatic modifications and 
their consequences, e.g. erosion, sea level 
fluctations, etc. 

As planned, the physico-chemical properties 
of the Boom clay were sift to the very bottom. 
Two teams, one of the CEN/SCK and one of the 
University of Leuven are working on the subject. 
The solid phase composition of the material, the 
interstitial water properties and the redox po
tential of the medium were analysed. It is now 
demonstrated that the interstitial solution con
tains essentially HCO- '::!' "in situ", in equili
brium with the solid Phase compounds at pH 8.5 
and Eh = -260 mV (she) determined by the presen
ce of Fes2• 

The organic carbon content of the Boom clay 
is due to the present humines and humic acids. 
In alkaline conditions the latter are also very 
reducing and contribute to the total ion exchan
ge capacity of the soil. These elements being 
known it became easier to describe the excellent 
radionuclide retention capacity of the Boom clay 
and to introduce the obtained data into model
ling. Some important findings to be confirmed 
by complementary laboratory and "in situ" expe
riments are summarized here : 

- the solubility of Sr is controlled by the car
bonate excess present in the clay. The resi
dual dissolved Sr is partitioned between the 
interstitial water and the absorbing mineral 
phases, according to ion exchange laws. For 
this case a Kd value approaching 300 ml g- 1 is 
obtained over the whole thickness of the Boom 
clay layer; 
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- the fate of Cs in the clay on the contrary is 
determined by the illite fraction present in 
it, a mineral which has a very selective affi-
nity for Cs. 

1 In situ Kd values of about 3, 000 ml g- have 
been obtained for samples of all levels of the 
Boom clay. 

Worth to be mentioned are the last results ob
tained for diffusion coefficients (Df) in very 
representative "in situ" conditions and which are 
worse than those obtained previously. This 
phenomenon could be interpreted in terms of hin
dered accessibility of the sorption sites when 
the clay particles are close together. 

- Eu, Tc, Pu and their analogues are all dis
placed from their carbonate complexes, and are 
quantitatively complexed by the organic mat
ter. The mobility of each nuclide is control
led by the mobility of the organic molecules. 
The high molecular weight of the humic acids 
strongly impedes any substantial radionuclide 
migration. 

Other reactions presently studied concern 
for instance the reduction capacity of the 
organic material for Tc and Pu, the influence of 
oxygen on clay properties and the consequences 
for retention; pH, Eh variations, formation of Fe 
and Al sesquioxydes and their scavenging ef
fects on some nuclides e.g. Eu. 

Corrosion experiments in clay, impact of« 
andy irradiation on clay, influence of tempera
ture cycles on geomechanical properties of clay 
are some other subjects which were further in
vestigated on a rout::...1e basis during the 2d five 
year program. 

A new study subject concerns sealing and 
backfilling materials and their emplacement 
techniques. Up to now good results were obtained 
from bentonite, cement, Boom clay and epoxy resin 
mixtures the latter one improving the impervi
ousness. 

As far as safety analysis is concerned a 
couple of scenarios'" have been selected for the 
assessment of the consequences and the risks to 
man associated with the failure of the geologi
cal barrier : a tectonic displacement through the 
clay and the repository and a glacial erosion 
scenario were thoroughly studied. 

The methodology followed for assessing the 
consequences and risks for these disruptive 
scenarios is the probabilistic approach deve
loped by the JRC-Ispra team. In this approach 
and with existing computational tools (LISA-co
de) the uncertainty and sensitivity analysis were 
strongly developed. 

Along with this probabilistic assessment for 
the long-term safety, the performances of a 
geological disposal system in Boom clay at the 
Mol site were also evaluated on the basis of a 
normal evolution scenario, based on the natural 
degradation of its engineered components. 
In the latter the results of the various labora
tory tests and experiments are ·or cour.se of prime 



importance. 

In the natural evolution scenario the only 
release path for the radionuclides is by migra
tion through the Boom clay and hence this puts 
in evidence the importance given in the program 
to the study of the geochemical buffering capa
city of the Boom clay and the modelling radio
nuclides migration. 

A computer program based on the analytical 
solution of the diffusion equation permits to 
calculate now the expected migration distances 
of the most important radionuclides. Coupling 
of this model with others such as thermal and 
water flow ones is now currently studied and 
some preliminary results will be presented by M. 
Baetsle during the present symposium. 

It should be mentioned here too, that 
Belgium is participating in the PAGIS-action of 
the Commission of the European Communities 
(PAGIS stands for Performance Assessment of Geo
logical Isolation Systems). Within that action 
the CEN/SCK is in charge of the co-ordination of 
the studies related to clay option. The 
Mol-Dessel site and the repository design deve
loped by the CEN/SCK are taken in these studies 
as reference case. 

At the end of 1984 a new balance of the 
acquired knowledge was drawn up, it is briefly 
summarized in table 3. 

LABORATORY INVESTIGATIONS 

FIELD INVESTIGATIONS 

STUDY WORK 

ment of some investigation techniques and accom
panying modelling tools is also required. 

Besides these R&D goals a very important 
objective for the future is the construction of 
a demonstration facility. The demonstration 
program on the reliability of the conceived 
disposal system in clay itself will outlast the 
third five-year program. 

This project involves the design and con
struction and gradual operation with representa
tive waste forms of the underground demonstra
tion facility. It is however already clear that 
two aspects of the system's reliability demon
stration will be dealt with : 

1) the direct demonstration of the technical 
feasibility, by proving with selected candi
date construction materials and techniques 
that an underground disposal facility in clay 
can be built, and that waste can be conveyed 
and emplaced in it according to the regula
tions and rules and without incidents. The 
waste materials used in the demonstration fa
cility will be emplaced in a retrievable 
manner; 

2) the indirect demonstration of the safety by 
extensive monitoring and of the system per
formances by optimization of its components. 
The demonstration of the validity of the ma
thematical models and confidence in the long 

-physico-chemical properties of the clay's 
solid and liquid phase well known 

- excellent retention capacity for various 
radionuclides confirmed 

- geomechanical properties more extensively 
and thoroughly known 

- limited corrosion for selected metallic 
materials and waste matrices confirmed 

- minability in unfrozen clay proved during 
construction of underground laboratory 

- "homogeneity" of clay layer confirmed by 
visual inspection and sampling during same 
construction works 

- hydrogeological investigation scope at re-
gional scale made available 

- safety analysis - further studies tend to 
confirm the long term safety 

- cost evaluation started 

TABLE 3 DIGEST OF THE MAIN RESULTS FROM THE SECOND FIVE YEAR PROGRAM 

THIRD FIVE YEAR PROGRAM AND FUTURE ACTIVITIES 

The fact that the objectives, fixed in 1980 were 
matched at the end of the second five year 
program does not mean that the research did get 
its final goals. In the future program a large 
number of results obtained from laboratory and 
desk studies need to be confirmed by "in situ" 
experiments, complementary field studies and 
even other laboratory investigations. Improve-
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term predictions about the safety and perfor
mances of the system will be incremented. 

At the onset of the third five year program 
( 1985-1989) an interim safety and feasibility 
report, based on the present knowledge and al
ready acquired experience has to be prepared. 
This report will constitute one of the most im
portant cornerstones of the procedure for ob
taining the necessary authorizations in view of 



the construction of an underground demonstration 
facility. 

X 

X 

X 
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ABSTRACT 

The Swiss National Cooperative for the 
Storage of Radioactive Waste, Nagra, plans two 
types of repositories, one for high level waste 
and possibly certain alpha-containing intermedi
ate level wastes (Type C repository) and one 
for low and intermediate level wastes (Type B 
repository). For the Type C repository. a re
gional field investigation program was started 
in 1980 with geophysical, eydrogeologfcal and 
neotectonic investigations and a deep drilling 
program, 1 n which to date 6 deep boreholes of a 
total length of more than 10 km have been drilled 
and investigated. For the Type B repository, 
prelfmi nary field i nvesti gat ions have been 
carried out at 20 potential sites and a cle
tafled site investigation program at 3 sites is 
ready to start as so on as the needed penni ts 
from the authorities are granted. At Grimsel. 
an underground test facility (FLG) has been 
excavated and several test programs are in 
progress. 

1. INTRODUCTION 

Nagra (Swiss National Cooperative for the 
Storage of Radioactive Waste) is responsible 
for planning the final tifsposal of all active 
wastes arising from power product ion as well as 
fran medicine, 1 ndus try and research appli
cations. The current display concept involves 
two types of. reros ito ri es • 

-Type C repository for hiqh-level waste 
and certain alpha~ontaini ng intermedi
a te-l eve 1 wastes 

-Type 8 repository for all remaining inter
mediate and low-level wastes 

The Type C repository is planned in mined 
galleries with vertical access shafts at a 
tiep th of about 1200 m. The host rock of ff rs t 
priority is the crystalline basement in northern 
Switzerland, which is covered by a few hundred 
meters of sediments. The first staqe of a site 
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selection program was initiated in 1980 with 
regional investigations of an area of about 
1000 kml. Six deep boreholes of a total length 
of more than 10 km have been drilled and i nves
tigated. A regional geophysical proqram, a 
regional hydrogeological program and a neotec
tonic program are under way. The Type C fi el c1 
program is tiescribed in more detail in part 3 
of this paper. 

The Type B repository is planned as a hori
zonta11y accessed mined cavern system with an 
overburden of a few hundred meters. Three po
tent1 al sites have been selected in the Swiss 
Alps in different host rocks: marl, gneiss and 
anhydrite. The Type B site selection program, 
described in part 2 of this paper, was started 
in 1978. In 1983 Nagra has applied to the federal 
governnent for the pennission to carry out site 
investigations at the three sites. 

In 1984, Nagra built in the Swiss Alps 
near the Grimsel Pass an underqround rock 1 ab
oratory in crystalline rock. Several tests are 
in progress or in the planning stage for the 
improvement of measurement techniques, and for 
investigation of specific questions relevant to 
the Swiss repository concepts for both types of 
repositories. 

The Federal Government Ruling of 6th October 
1978 on the Atomic Act designates the guaran
teeing of "pennanent safe management anc! final 
disposal" of radioactive waste as a prerequi
site to future development of use of nuclear 
energy in Swi tzerlanti. Nagra therefore present eli 
to the Federal Governnent at the beginning of 
1985 a report on technical feasibility and 
achievable safety of final repositories for 
radioactive wastes in Switzerland (the so
called Project Gewahr 1985). A complete safety 
analysis had to be carried out, based on the data 
and on the results already ava 11 able fran the 
ongoing regional investigation program. This 
safety analysis allowed identification of the 
critical geological factors and emphasis can 
therefore be given to these factors during fur
ther data analysis and i nves ti gat ions. 
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2. FIELD PROGRAM AT THE GRIMSEL UNDERGROUND 
TEST FACILITY (FLG) 

Developaent of FLG Project 

Although Nagra participates at the Stripa 
Project in Sweden, already in 1979 1 t was de
cided that Switzerland should have its own 
underground test facil i ty: 

to gain practical experience fn the devel
opment, testinq and use of instruments and 
measurements techniques in underground 
1 abora tori es, · 

- to carry out specific experiments relevant 
to Swiss repository concepts, and 

- to assess the extent to which foreign re
search results can he applied to the qeo
logical conditions in Switzerland. 

The 1980/81 investigations fn the Grimsel 
area proved the site to be suitable for an 
underground test facility and gave the necess
ary infonnation to plan the experimental pro
gram outlined below. 

The FLG is located fn the Swiss Alps and 
sf tuated about 1200 m from the entrance to an 
underground power station. The crystalline rock 
overburden is between 400 and 500 m. The lab 
was built between M.1y 1983 and April 1984 using 
a fullface tunnelling machine to excavate the 
tunnel system shown in Figure 2. 

The experimen•s are carried out in close 
cooperation between Swiss experts and Gennan 
experts fran the Bunrlesa nstal t fur Geowi s sen
schaften und Rohstoffe (BGR) and the Gesellschaft 
fur Strahlen- und Unweltforschung mbH (GSF). 
The cooperation with BGR and GSF is basec1 on a 
bilateral letter exchange between Swiss and 
German authorl ties and individual contracts 
between Nagra and BGR/GSF. The basic design and 
construction was perfonned by Nagra. which is 
further res pons ib le for the project management 
and the provision oi the necessary logistics. 

FLG Expen.ental Progra• 

Some investigations within the Gr1msel pro
gram began during construction of the lab. For 
the main 1nvestiqations a 5 years program has 
been fonnulated, starting in 1984 and ending in 
1988. 

The basic QOals for the ind1v1rlual scien
tific investigations are outlined below: 
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Excavation effects: Testing the rock mass 
surrounding man-made openings in crystalline 
rock, in order to assess the influence of these 
cavities on the hydrogeological conditions. 

Geophysics: Testing and further development 
of nondestructive methods for locating hydrogeo
logically important rock discontinuities and 
weaknesses from exploratory boreholes and under
ground openings, at short ranges of up to approx. 
50 m as well as in the far field. 

Heat-induced reactions: Investigations which 
lead to an understanding of heat-induced reac
tions in fractured crystalline rocks. 

"'drogeology: The acquisition of additional 
hydrogeological data which can help in developing 
a general ~drogeological model, adaptable to 
specific field situations, in fractured crystal-
1 i ne rock of 1 ow pe nneabil ity. 

LaboratorY experiments: Complementing the 
in-situ tests by laboratory experiments which are 
also needed for the development of mathematical 
models. 

Migration: The acquisition of additional 
chemical and physical data necessary for under
standing the transport of nuclides in the frac
tures of crystalline rock. 

Neotectonics: Testing and further develop
ment of methods for locating neotectonically 
active disturbed zones. 

Rock stress Easure~~ents: Testing and fur
ther development of existing methods used in 
shallow boreholes in order to detenni ne the 
rock stresses in deep boreholes. 

3. FIELD PROGRAM FOR HLW DEEP DISPOSAL PROJECT 
(TYPE C) 

The investigation area (Fig. 2) was selec
ted along the northern borc1er of Switzerlanrl in 
a region where the top of the crystalline base
ment was expected at maximum rlepth of 1'500 m. 
The investigation area lies in an area of rela
tively 1 ow seismic activity between the two 
more active areas around Basel and Schaffhausen. 

Figure 3 shows a geological section through 
the investigation area, from the Kaisten borehole 
to the Schafisheim borehole. The section is based 
on an interpretation of a seismic reflection 
survey. A larqe Permocarboniferous trough which 
trends west-east throuqh the investigation area 
has been discovered below the mesozoic sediments. 
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The aim of the Type C program is to ensure 
that a Swiss repository, if needed, can be oper
ational by the year 2020. The program is div
iden into 4 phases: 

1980-1989 Phase 1 Regional investigation 
and site selection 

1989-1995 Phase 2 Detailed site investi
gations at 1-3 1 ocations 
and selection of one 
site 

1995-2005 Phase 3 Detailed site investi
gation at 1 location with 
test shafts and under
ground laboratory 

2005-2020 Phase 4 Repository preparation 

Phase 1 includes four technical programs, 
which are described below: 

-Deep drilling program 

- Geophysical investigation program 

-Regional hydrogeological program 

- Neotectonic program 

The program is nanaged by Nagra. More than 
50 university institutes, consulting canpa ni es, 
consultants and contractors with mre than 200 
scientists from 8 countries work in the pro
gram. The costs involved to date are approxf
mately 50 Mio US$. 

The results of the geological inve: tigations 
are published in the Nagra Technical Report 
serf es. About 50 geologic reports are presently 
ava 11 able and a further 20 are in preparation. 

Deep Dr1111 ng Progru 

A se rl es of 12 l'leep boreho 1 es spread over 
the investigation area was planned to explore 
the geological structure of the subsurface with 
emphasis on detailed investigation of the prac
tically unknown crystallf ne basement Lelow the 
sedimentary cover. Investigation of water flow 
systems in' the basement as well as their hy
draulic and hydrochemical characterization 
provide the input ctata needed for a hydrogeo-
1 ogfcal model of the area. 

To date, six boreholes have been drilled 
with depths between 1300 and 2500 m. Figure 4 
shows an overview of the geology of these bore
holes. The main parts of the scientific investi
gation program were: 

62 

- Coring over about 90 % of the boreholes 
and detailed laboratory analysis of the 
cores. 

-Core orientation (very successful with a 
sonic televiewer) and detailed fracture 

·orientation statistics. 

- Geophysical 1 ogging with practically all 
tools available today. For the granite 
of the Bottstein borehole, a synthetic 
faciolog was developed, which corre
sponds remarkably well with the observed 
petrography. 

- Fluid logging to detect water inflow 
zones. Very small inflow zones were de
tected by the logging of the electrical 
conductivit¥ of the borehole fluid 
during pumping. In order to obtain a 
maximum conductivity contrast between 
borehole fluid and inflowing ground water, 
the borehole fluid was rep 1 aced by de i o
nfzed water. 

- Hydraulic testing. Systematic double 
packer tests with intervals of 12 - 25 m 
have been carried out to obtain a con
tf nuous profile of the hydraulic conduc
tivity of the crystalline basement. Fig
ure 5 shows the conductivicy profile 
fran the Bottstein hole. 

- Water sampling of ground water of the 
sedimentary aquifers and of flow zones 
1 n the crystalline basement was carried 
out, mostly during the drilling operations 
which were interrupted when a promising 
flow zone was observed. The crystalline 
sections of the boreholes were drilled 
either with deionized water or inflowing 
deep ground water, without any additives 
except tlllo tracers to allow in-situ analy
sis of residual contamination of the water 
samples. Water samples were taken at the 
surface when the f1 ow was sufficient and 
also downhole with pressure vessels. The 
analysis program is described in the 
hydrogeology section below. 

At the beginninq of 1984, a· multipacker 
system was installed in the Bottstein borehole 
with 8 packers, allowing long-term observation 
of the hydraulic head of 8 different zones· of the 
crystalline section. The system has worked per
fectly until now. During this year, a similar 
multipacker system was installed in four other 
boreholes. Some packer failures have occurred 
so that data fran the long-term observation pro
qram is still limited. 
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Geology: m l d m d m i d m d m l d m 
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Permian - - 461 989 985 816 - - 172 125 -
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Figure 4. Geological overview of the Nagra deep boreholes 
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measured with double packer tests 
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Geophysical Investigation Program 

A geophys fcal program has been carried out 
over the whole investigation area wf th the aim 
of mapping the regional structural geology, using 
also the observations fran the drilling pro
gram. The field work. of the geophysical program 
was ff ni shed early this year. Interpretation work. 
is still continuing. 

In 1981/1982 a gravity survey with about 
5'000 stations was carried out. A significant 
mass deficf t was observed in the area of the 
Permocarboni ferous trough. In 1981 an aeromag
netic survey with more than 6'000 km of lines was 
carried out. No significant magnetic anomalies 
have been detected. In 1981. a magnetotelluric 
survey was carried out along the line Kaisten
Schafisheim (Fig. 2). The measurements were 
disturbed by surface effects and are therefore 
not conclusive. 

In 1981/1982 a first seismic refraction 
survey with about 200 km of lines was carrf ed 
out, giving the first indication of the existence 
of the Permocarboni ferous trough. In 1984 an ad
ditional seismic refraction survey was carried 
out along the axis of the Permocarbonfferous 
trough. Interpretation work. is still ~ing on. 

In 1982/1983 a first seismic reflection 
survey with about 180 km of 1f nes was carried 
out. These lines all owed a detailed interpret
ation of the regional structural geology of the 
mesozoic sediments. In some parts of the area 
of the Pennocarboniferous trough, series of hori
zontal or inclined reflection bands f ndfcate 
the presence of paleozoic sediments. However, 
the top of the basement below these paleozoic 
sediments does not reflect sf gnifi cantly and 
mapping of the top of the basement f s therefore 
rather dffficul t. Within the crysta111 ne hase
ment, some serf es of reflections have been ob
served down to a depth of about 7 km. Detailed 
f nterpretat ion of the structural geology bel ow 
the mesozoic is still contfnuinq. In 1983/1984 
and 1984/1985, two additional seismic reflec
tion surveys were carried out to provide a more 
detailed network of profiles. Interpretation is 
still. QOing.on. 

Regional Hydrogeological Progra• 

A proper un<l!rstandi ng of the <l!ep ground
water flow regime 1 s needed to predict f1 ow 
paths, travel times and dilution effects of 
ground water moving between a repository lo
cation and the biosphere. In addition, the 
assessment of the chemical composition of 
qround water 1 n the nea r-fi el d of a repository 
fs very important. 
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The flow regime in the Nagra investigation 
area is rather complicated: the mesozoic sedi
mentary cover contains some important limestone 
aquifers separated by impermeable formations of 
clay, anhydrite and rock salt. As shown on 
Figure 3, the mesozoic sediments are folded and 
overthrusted in some areas, allowing potential 
water flow through fault zones and thrust zones 
connecting different sedimentary aquifers. The 
sedimentary filling of the Permocarhoniferous 
trough is, in general, of fairly low penneability; 
however, some open fractures with large mud 
1 os ses during drilling have been observed. The 
crystalline basement conducts ground water in 
crushed zones and fracture systems. Based on 
the 1 nformat ion from the first 6 deep boreho 1 es, 
the upper 500 m of the basement have an average 
hydraulic conductivity of about 1o-7 m/s. rrlow, 
the hydraulic conductivitY is about 10- m/s, 
except in fault zones which can have high con
ductivities, as observed, down to a depth of at 
least 1'700 m. 

The Nagra investigation concept is as 
follOWS; 

- to prepare a hydrodynamic model for the 
assessment of the flow field 

- to investigate the hydrochemistry and 
1 so topic composition of the 91"ound waters 
of the different aquifers 

- to val 1 date the hydrodynamic model with 
tl.e results of the hydrochemf stry of the 
di 'ferent water types and with the hy
draulic hearl observations at different 
depths in the deep boreholes. 

In 1981, the preparation of a regional 
hydrodynamic model was started. It covers a sur
face area of about 25'000 km2 including the 
infiltration areas in the Swiss Alps and in the 
Black Forest massif in Gennany. The model con
tains about 5'600 finite elements. Up to now more 
than 25 rcms have been carried out, mainly with 
different sets of parameters for hydraulic con
ductfvftit!S of the various aquifers and aqui
tards. 

In 1984 a local hydrodynamic model was 
prepared for the most relevant part of the 
investigation area, covering about 1'000 km2. 
With about 6'000 elements, it allowed a more 
detailed representation of the geometry of the 
different aquifers. The lateral water inflow 
into the model was derived from the results of 
the regional model. More than 10 runs have been 
carried out with different sets of input para
meters, resulting in a set of possible flow paths 
fran potential repository 1 ocations to the bio
sphere. 



A first validation of the two hydrodynamic 
models has been carried out with the preliminary 
results of the hydrochemistry of the aquifers and 
hydraulic head observations of the deep bore
holes. During the next year, improvements on 
the representation of the geometry of the aqui
fers of the models, as well as a detailed vali
dation of the hydrodynamic models are planned. 

The hydrochemical program started in 1981 
with the collection of waters fran about 100 
springs and wells of different aquifers in the 
investi~tion area and its surroundings. Detailed 
hydrochemical and isotope analyses have been 
carried out. In the deep boreholes, about 60 
water samples have been collected and analysed. 
It was possible to define several different water 
types in the sedimentary aquifers as well as in 
the crystalline basement. A detailed study is 
presently being ca rrl ed out for a better under
standing of the rock-water interaction and the 
evolution of the ground waters of the different 
aquifers. 

Neotectonic Progra• 

The main aim of the neotectonic program is 
to detect fault zones capable of tectonic reac
tivation in order to avoid these zones within 
repository sites. The program was started in 
1981 with various approaches: 

lineaments detected on satellite imageries 
have been checked on aerl al photos and in the 
field without finding clear indications of active 
faults. 

Along the main rivers of the investigation 
area, a detailed analysis of morphology of bed
rock be 1 ow the qua ternary alluvial s was carried 
out, based on information fran numerous shallow 
ground-water wells. Along the Rhine several fault 
zones seem to he active. These zones are at rlis
tances of 3 - 8 km, the movement rate is about 
0.1 - 0.2 mm per year. 

The dip of the present surface of quaternary 
alluvials of the main river plains has been 
analysed to find dip ananalfes which could be 
caused by recent fault movements. Some small 
ananal i es were found. 

A detaflerl re-analysis of the high accu
racy levelling of the Swiss Topographical Sur
vey was carried out and 2 areas of relative 
uplift and sink were detected, with movenent 
rates of 0.1 - 0.3 mm per year. 

The investigation area is well known as a 
seismically relatively quiet area, based on 
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records fran the 14th century. However in 1983 
Nagra installed a network of 9 seismographs for 
a long-term microseismic survey. With this net
work, events of Maqni tude 1 can be detected 
with an accuracy of less than 1 km horizontally 
anti vertically. During the last two years of 
records, three events of magnitude 1 have been 
registered in the investigation area. 

The neotectonic program continues with de
tailed analysis of the potentially active fault 
zones rletected. 

4. FIELD PROGRAM FOR L/ILW REPOSITORY (TYPE B) 

Progra• and T1.e Table 

The site selection program for type B 
repository, which is planned as a horizontally 
accessed mined cavern system with an overburrlen 
of a few hundred neters of rock, was started in 
1978 with the selection of host rock forma
tions. The following geologic formations were 
selected: 

- anhydrite 

- marl (mesozoic marl formations in the 
sediments of the alpine region) 

clay (Opalfnuston, Dogger, in the region 
of the Jura mountains) 

- crystal 11 ne rock (gneiss and granite in 
northern Switzerland and in the Alps) 

- limestone formations (above the ground
water table) where they are covered by 
impermeahle clay layers. 

Based on a careful literature survey, 100 
sites were identified in 1981, 20 sites were 
preselected, based mainly on the following 
criteria: 

- geometry and size of volume of host rock 

- hydrogeol oqic conditions 

- predi ctabfl fty of detailed structural 
qeol ogy and hydrogeology 

- current state of knowledge on geology 
and hydrogeology. 

In 1983, a further selection was carried out 
after detailed desk studies and field inspec
tions. In addition to the above mentioned cri
teria, the environmental and public impact and 
the general access possibilities were considered. 
Three sites have been selected for site investi
gations, six further sites are in reserve. Site 
investigation programs have been prepared and 
applications for permission for investigations 
have been submitted to the federal government. 



The pennission of the federal government 
is expected late in 1985, further permits from 
cantonal and canmunal authorities are then 
needen, which might cause further delays for 
t-he start of the 3 site investigation programs. 

The time table for further work is as 
follows: 

1985 Phase 1A Preparation of de-
tailled investigation 
programs, field in
spections 

1986-1987 Phase 1B Investigation of three 
sites hy boreholes and 
geophysical surveys 

1987-1989 Phase 2 At least at one site, 
excavation of a gallery 
into the repository 
area, qeologic and 
hydrogeologic i nvesti
~ations and in-sitll 
tests 

1989/90 Appl fcation for a li
cense for the repos i
tory site 

fran 1995 Start of operation of 
the repository 

This time table does not allow for delays 
of investigation penni ts due to political oppo
sition. 

Strategy for S1te Characterisation 

The strategy for site cha.racteri zat ion is 
to carry out parallel site investigations (in 
different phases) am1 safety analysis with a 
gradually improved ~ological and hydroqeological 
data-set, in order to assure optimiziation of 
field wort and to avoid delays. 

For the Oberbauenstock Site, a complete 
safety analysis was carried out in 1984 for 
Project Gewiihr. For the two other sites, safety 
analysis is underway. 

The procedure can he summarized as follows: 

- Safety analysis, based on geolo~ical and 
hydrogeological data-sets with parameter 
variations 

- Identification of critical geological 
and hydrogeological parameters 

- Phase 1 f nvestiqations (boreholes and geo
physical surveys) with emphasis on deter
mination of critical parameters with 
sufficient accuracy 
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- Revised safety analysis based on measured 
parameters 

- Phase 2 i nvesti ga ti ons: gallery and in
sf tu tests 

- Safety analysis report and application 
for site license. 

Oberbauenstock S1te 

The Oherbauenstock Site is located in cen
tral Switzerland, 24 km southeast of Lucerne. The 
host rock is cretaceous marl (Valanginian) of the 
sedimentary sequence of the hel vetic nappes. 
Figure 6 shows a geological profile through the 
site. A recently constructed highway tunnel 
9 km long crosses the host rock formation and 
investigations for this tunnel allowed charac
terization of the host rock and definition of a 
geological and hydrogeological data set for the 
safety analysis which was carried out in 1984 
for Project Gewiihr. 

The main areas to be investigated are: 

- geanetry of the hast rock and structural 
geology of the site 

- penneabflfty of the host rock 

- permeability of the df sturbed zone around 
galleries and caverns. 

The main investi~ations in phase 1 are: 

- reflection seismic surveys along the 
exi stf ng highway tunnel 

- one or more boreholes of len~th about 
300m from an existing auxflia·ry tunnel 
of the highway tunnel 

- hynraulfc tests and water sampling in 
short boreholes in the auxiliary tunnel. 

Bo1s de la Gla1vaz Site 

The Bois c1e la Glaivaz Site is located in 
the western part of the Swiss Alps, 40 km south
east of Lausanne. The host rock is a tectonically 
accumulated anhydrite body to extend to expected 
a few km3. At the surface, the anhydrite is 
transformed into gypsum. 

The main areas to be investigated are: 

- geometry of the anhydrite rock mass 

-depth of gypsification of the anhydrite 

- detection of potential water-bearing 
strata and lenses of sandstones and lime
stones. 



Oberbauenstock 
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Figure 6. Oberbauenstock Site, geological profile through the planned repository zone 

The main investigations in phase 1 are: 

- one or more deep boreholes (about 1000 m 
long) with detailed hydraulic testing 
and water sampling 

- seismic reflect ion surveys from the sur
face and seismic tomol}raphy between bore
hole(s) and surface. 

P1z Pian Grand 

The Pfz Pian Grand Site is located in the 
eastern part of the Swiss Alps, 55 km south
southwest of Chur. The host rock is Gneiss of 
the penninic Adula-nappe. In the vicinity of 
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the planned repository area, there is a water 
conduit for a hydropower station where, durinq 
construction, there was no water inflow over a 
distance of about 800 m. 

The main area to be investigated is: 

- determination of water flow systems and 
water flow field in a highly anisotropic 
fractured medium. 

The main investigations in phase 1 are: 

- geophysical surveys from the exfstfng 
tunnel 

in the tunnel: short boreholes with 
hydrotests and water sampling. 
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1 • ABSTRACT AND INTRODUCTION 

In the underground, fluids are always present ; 
most of the time, water is saturating the medium, but 
in some cases unsaturated media can be found even at 
great depth. These fluids are in general moving 
because of pressure gradients imposed by a complex 
function of the topography and of infiltraton (thus 
of the climate). The outlets of these movements are 
generally very localized (e.g. streams, springs) 
because again of topographical effects and/ or of 
natural discontinuities which act as drains of the 
system. The fluid velocity and pathways in the under
ground are governed by the distribution of the 
hydraulic conductivity throughout the system, from 
the recharge zones to the outlets. This general cir
culation is in most eases slow enough for the water 
to reach equilibrium (or pseudo-equilibrium) with 
each of the successive types of rocks along its flow
path at their respective pressure and temperature. 
These successive equilibriums mean changes in chemi
cal composition of the water, thus reactions with the 
medium (precipitation, dissolution, etc ••• ) which in 
turn modify the hydraulic conductivity and flow path. 
Natural geodynamic processes (e.g. stress distri
bution variations, tectonic activity) on the other 
hand also modify the hydraulic conductivity and the 
flow path. These two mechanisms of natural modifi
cation of the flow system are generally negligible at 
the human time scale, but very significant at the 
historic time scale and the geologic time scale. Th~ 
natural circulation field is thus a fully coupled 
thermal-hydrological-mechanical-geochemical system, 
and numerous evidence are available to study this 
coupling, 

When wastes will be disposed of in the under
ground, will these coupling effect (i.e. the modifi
cation of the flowsystem) be increased 7 It is 
necessary to distinguish between the non heat
emitting wastes and the heat emitting ones. For the 
former, the flow system will be essentially modified 
b~ the excavation and later backfilling of the rock, 
w1th the corresponding stress variations, and by the 
chemical anomaly introduced by the waste package and 
backfill, with which the water will have to equili
brate. In addition, for heat emitting wastes the 
heat load constitutes a major energy source for 
activating a series of complex coupled processes, 
which wi 11 have a time constant much shorter than 
most of the ones observed naturally, because of this 
intense e~ergy source. The integrated heat released 
by 2000 m of reproces~ed glass cooled 50 years at 
the surface is 8 x 10 kWh after their disposal, 
moat of which is produced in the first 1,000 years. 

In this paper, we wi 11 try to review these 
processes, and mention, when possible, the similar 

68 

coupled processes which can be observed in nature. 

2. MODIFICATION OF THE FLOW FIELD 

2.1. Mechanical coupling occurs with the stress 
modifications induced by the excavation, which 
extend several diameters of the galleries into the 
rock mass. Together with the backfill, which has 
different properties than the host rock, these zones 
can constitute a preferential new flowpath in the 
system (e.g. a short circuit between two water con
ducting fractured zones with different hydraulic 
heads). Preferential flow path are often observed in 
nature, when doing tracer tests for instance. 

In addition, the later natural tectonic move
ments of the zone will be modified by the "weakness" 
introduced by the excavation, as major faults are 
observed to take place in zones where the minor frac
tures had a higher density. The differential compo
sition of the backfill (e.g. in seismic events) can 
also create such flow paths. Field experiments and 
modelling studies are required here. 

2.2. Thermo-mechanical coup~ing results from the 
thermal stresses imposed to the rock by the heat load ; 
this effect is important both for the heating and 
for the cooling phase of the wastes. In fractured 
rocks, the closing and opening of a network of joints 
with the stress field variation is not well predic
table, nor the hydraulic conductivity variation 
oecuring with these changes in opening (both at the 
single fracture or fracture network level). In 
nature, thermo-mechanical coupling is observable 
around magmatic phenomena 'plutons, dykes, lava 
flows ••• ). Intense fracturing and hydro-thermal cir
culations at the contact between the heat source and 
the existing rock is always observed. But the tempe
rature level being different, large scale test are 
needed here, especially in fractured systems. 

For clays, modelling work is presently done at 
ISHES in Italy to represent the flow field which is 
generated when heating the clay. The thermal expan
sion of the clay squeezes out significant amounts of 
water which is carried away in the general circu
lation of the system, influenced by the thermal 
currents ; the hydraulic conductivity of the clay is 
also affected by this expansion. Tests in the labo
ratory to measure the relevant properties of the 
clay, and choose the appropriate constitutive model, 
are done in Italy, Belgium and the UK. 

2.3·. Thermal coupling in the saturated zone is one of 
the first coupled mechanism which was mentionned and 
studied in waste disposal. This concerns thermal 
currents generated by density differences of hot 
water. This mechanism is well understood, and proba
bly reasonnably well quantified, both in porous media 
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and in a single fracture. Additional work is however 
needed for predicting thermal currents in a complex 
fracture network, and for the coupling of thermal 
currents with natural field pressure gradients or 
natural salinity and density variations in the media, 
especially around salt structures. Thermal currents 
are observed (but difficult to measure) in most 
natural geothermal systems. 

2.4. Thermal coupling in the unsaturated zone is an 
order of magnitude more complex. In tuffs, a thermal 
loop is created, with a liquid phase flow towards the 
canisters, and a vapour phase flow outwards, with 
successive condensation of the vapor. In fractured 
tuffs, complex capillary and relative permeability 
phenomena can take place between the fractures and 
the pores, involving extreme non linearities in phase 
transition, component disappearances and capillary 
discontinuities in fracture faces. Modelling studies 
are underway on this problem at Lawrence Berkeley, at 
Sandia, etc ••• and experimental studies are also 
required. Exact natural analogs are difficult to find, 
if any. Phreatic explosions which occur in volcanic sys
tems are however natural examples of thermally indu
ced two-phase flow systems which leed to explosive 
behaviour because of the mentionned non linearities. 

Another two-phase flow system occurs in the 
resaturation of a repository after closure, in the 
thermal field of the wastes. Relative permeability 
and capillary effects are to be considered, as well 
as the dissolution or adsorption of air, or the 
leakage of rir through particular pathways. 

2. 5. Chemical and thermo-mechanical coupling with the 
flow field \s linked to precipitation, dissolution of 
material, v~i:'ch will c logg the system or enhance its 
hydraulic conductivity. As they occur naturally and 
can be observed in many systems (e.g. geothermal 
vents which seal, or on the contrary karstic systems 
which develop) they are bound to occur in wastes dis
posal, and be enhanced by the thermal gradients in 
the near field. Both the backfill and the host rock 
are concerned by such processes. One can mention : 

- increase in hydraulic conductivity of the 
backfill by Na to Ca Bentonite transformation, or 
Bentonite lu Illite .transformation. Such transfor
mations do occur in nature. 

- total clogging of a portion of the system by 
precipitation, which can be the cause of a subsequent 
hydraulic fracturing because of pressure build-up, 
thus creating a short circuit in the flow system. 
Such phenomena are observed in geothermal systems. 

- partial clogging of a system, where only 
narrow channels are left.open for fluid flow (piping 
effect). In such channels, the fluid velocity becomes 
high, and the contact area with the rock for sorption 
of radionuclides becomes small, which both result in 
a enhanced migration towards the biosphere. Such 
channels are observed in nature, for instance the 
"veins" (open channels one inch in diameter) observed 
by Nagra in Switzerland in some cores of the crushed 
zones in the granite ("kakirites"). 

- Fractures in natural systems are also found to 
be most of the time sealed by precipitation of 
silica, of calcite, or of weathering products of 
unstable minerals (e.g. Feldspath generating clays). 
The rate of sealing of natural system is very poorly 
known, but could be rather fast (e.g. tens of 
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thousands of years or less). This sealing can be 
greatly enhanced by the localized heat sour.ce provi
ded by the wastes. 

- Dissolution can also be the cause of such 
piping effects. 

- For tuffs, the two-phase counter current flow 
(heat-pipe effect) will generate precipitation 
towards the canister, and dissolution by the conden
sing vapor phase and/or the capillary attracted 
liquid phase, with possible chemical reactions (e.g. 
acid formation in the presence of chloride). 

All these effects need to be investigated in 
carefully designed in situ field experiments and also 
analog studies. 

3. MODIFICATION OF THE TRANSPORT MECHANISMS 

So far we have only reviewed some coupled 
processes which may affect the flow field in the sys
tem. We will now turn to coupled processes affecting 
the transport of the radionuclides towards the 
environment. This is somehow an artificial distinc
tion, since the modification of the flow is of course 
the first major process affecting transport. 

3.1. Chemical and thermo-chemical coupling is 
perhaps the problem of major concern. It will essen
tially be delt with in the review of chemical 
processes, since it concerns the change in the 
chemical nature of the species, with the correspon
ding retardation effects, which may take place along 
the flow path. We will only focus here on two 
issues. 

- The possible sealing of the pores of the 
matrix in a dual fractured-porous system, by precipi
tation occuring in the fractures. If the surface of 
the fractures becomes coated with precipitated 
material, this may reduce or even anihilate the 
favorable role of matrix diffusion for radionuclide 
retardation. This clogging of the pores can be 
produced by non-radioactive elements either natu
rally occuring, or coming from the backfill (eros ion 
of bentonite, or dissolution and reprecipitation in 
the thermal field). The existence of such sealing of 
pores may be the reason for the differences observed 
between Swiss and Swedish samples of granite, in 
analog studies of uranium series disequilibrium. 

- The formation of real colloids or pseudo
colloids (i.e. sorption of radionuclides on existing 
colloids) after the leaching of the wastes. Glass is 
known to liberate colloids during dissolution, and 
colloids are formed if a redox-front exist at some 
distance from the waste. The stability and transport 
of these colloids, especially in fractured systems, 
is of major concern. They may be neutral, and there
fore not be retarded by sorption mechanisms ; they 
may be negatively charged, and then be transported at 
a velocity larger than the average water velocity 
(this phenomenon, known as hydrodynamic chroma
tography, is explained by the fact that the particles 
being expelled from the walls always travel in the 
microscopic water veins having the largest velocity : 
the particle velocity can be 1.2 to 1.4 times the 
average water velocity). In porous media, colloids 
are found to be in general filtrated by the medium 
(at least if their diameter is larger than 1/100 that 



of the grains). But in fractures, there is very 
little evidence of any filtration of colloidal mate
rial. The role of colloids is known to be of large 
importance in the natural mobility of elements in 
soil profiles ; in fractured systems, very little is 
known on the mobility of the weathering products of 
the minerals (e.g. clays), which are found ubi
quously : are they formed where they are found, or 
have they travelled in colloidal form ? 

3.2. Thermal coupling may have an indirect impact on 
the transport processes in at least the two following 
ways 

- the thermal currents (5 2.3.) which modify 
the flow field can in turn modify the geochemical 
composition of the water, thus the chemical specia
tion of the leached and transported radionuclides. 
For instance, the thermal loops may bring oxydated 
water from the surface towards the repository, or 
bring up deep waters from below with a different salt 
content. 

- In salt, the fluid inclusions which are mobile 
in the thermal field may bring towards the waste 
fluids capable of corrding or interacting with the 
canisters or the wastes itself. Such phenomena are 
receiving much attention in the Federal Republic of 
Germany. 

3.3. Thermodynamical coupling effects on transport 
processes 

In the classical theory of irreversible thermo
dynamic processes, the existence of coupling effects 
are well known. If we consider for instance the four 
major gradients which can be applied to a porous 
system (gradient of head, of concentration, of 
temperature, of electric potentia 1), their major 
influence on the system are given the names of 
Darcy's law, Fick's law, Fourier's law and Ohm's law 
and create fluxes of water, elements, heat or elec
tricity respectively. But if we look at these gra
dients and fluxes as a 4 x 4 matrix, these major 
influences are only the diagonal terms and the off
diagonal terms, which are all known to occur, are 
refered to as "effects". The following table des
cribe the names which have been given to these pro
cesses. 

~ .. "' - -- _ ..... _, ... 
"' --- DAACY - ..... -- - --.. """ -,. __ 

mu. ..... nca - -- - ---- POI/IUD -- - -- ... _ ......... -· _.,_ 01111! 

-- .. -. 

The importance of these effects in the near 
field are probably not negligible. Based on data 
collected from the litterature, C.L. Carnahan at LBL 
was able to show that for early times and reasonable 
assumptions of repository conditions, thermal
osmotic and chemical-osmotic flows of water and 
solutes in semi-permeable packing may exceed flows 
predicted by advection and diffusion alone by two to 
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three orders of magnitude. In permeable materials, 
thermal diffusion may contribute to solute flows to 
a smaller but still significant extent. 

The role of electric potential also needs to be 
investigated. Natural potentials are known to occur 
in the ground, e.g. the spontaneous potential, which 
is systematically measured when logging an oil well, 
or the teluric currents, which are highly variable, 
but have been used as natural sources for electric 
geophysical surveys. Artificial electric potentials 
can also result from the presence of different 
metals in a repository, e.g. various steels, cast 
iron, coper ••• or directly from radiolysis. All 
these electric potential sources may have an effect 
on elctro-osmosis flow of water, or electro-phoretic 
transport of solutes or colloids. All these effects 
need to be investigated, first in the laboratory, in 
order to evaluate the value of the so-called "pheno
menological coefficients", i.e. the proportionality 
constants between the gradients and the fluxes for 
the off-diagonal effects. Then numerical simula
tions and sensitivity studies will help evaluate the 
significance of these effects in relation to the 
direct (diagonal) terms. 

In nature, the Soret effect has been suggested 
as the possible cause of occurence of some ore 
deposits, and osmotic membrane effects are observed 
in sedimentary basins with clays layers and brines. 
Electro-osmosis has been used industrially to drain 
low permeability clay layers and accelerate compac
tion. 

3.4. Effects of gas emission on transport mechanisms 

In saturated media, severe'. mechanisms can 
produce gases corrosion of tr'! canister, bio
chemical decomposition of the waste in the enviro
nement (e.g. intermediate level wastes with organic 
matter, bitumen ••• ), y -radiolysis and a -radiolysis. 
In a salt formation, gas profuction by Y-radiolysis 
is estimated in the Federal Republic of Germany at 
the following rate , in liter per year, per meter of 
hole containing thin-walled steel canisters : 0 , 2 
1 ; H2 , 7 1 ; co

2
, 1 1 ; HCl, 0.1 1. These vol3mes 

are expressed at ambient temperature 
5 

and pressure 
conditions, for a dose rate of 10 rad/h •. Gas 
production by a-radiolysis is esLimated at a few 
cubic meters per year per canister. This volume is 
expressed at a pressure of 9 MPa, not at ambient 
conditions. It assumes that, in an accident 
scenario, water has invaded the repository, and that 
all the wastes is put into soluble form, in order to 
maximize the a-radiolysis, as any layer of 
protective material will present the a particles to 
interact with the water. In any case this gas pro
duction can perhaps pressurize and hydraulically 
fracture an impervious buffer surrounding the wastes ; 
the movement of the gas bubbles, in a two-phase 
flow system, has also been shown in the FRG to 
enhance the transport of solutes. This is presently 
simulated with an apparent diffusion coefficient, 
larger than the effective one. This effect clearly 
needs additionnal testing in the laboratory and 
later in situ. In nature, complex two-phase flow 
systems occurs in geothermal geysers, or in natural 
mineral springs with high carbonic acid content. 

In unsaturated conditions, gas production can 
take the form of vigourous boiling in the vicinity 



of a high-level waste package. This could eject 
small liquid droplets into the gas phase. An aerosol 
may then form which can be transported along with 
the gas phase, and could carry liquid soluble conta
minants towards the biosphere. This mechanism should 
be studied in the laboratory and theoretically. 

4. A SPECIAL NOTICE FOR FLOW AND TRANSPORT IN 
FRACTURED MEDIA 

Most natural formations are fractured, even 
when they are said to be plastic (e.g. clays, salt). 
The role of these fractures may be minor, or on the 
contrary very important. We have seen that many cou
pled processes discussed above are related to the 
existence of fractures (e.g. matrix diffusion,· 
colloid transport, hydraulic fracturing, thermal 
expansion ••• ). One must however realize that the 
basic phenomena of flow and transport in fractured 
systems are still very poorly understood and repre
sented. Most of the applied work has been done so 
far using the continuous equivalent porous medium 
assumption, and only in the last five years has a 
new approach, based on percolation theory and 
connectivity concepts, been suggested. But field 
applications and verifications of these concepts are 
extremely scarce. It is therefore clear that any in 
situ work on coupled processes in a fractured medium 
first needs to adreaa and answer the question of 
predicting flow and transport in a network of frac
tures. And for this, large-seale in situ experiments 
are urgently required. 

5. CONCLUSION 

There is a natural tendency among scientists to 
put forward our uncertainties, and to list all the 
problems which need to be studied before a final 
answer to a complex question can be given. As time 
goes by, the list of new problems may even grow 
faster them the list of resolved issues. In the late 
fifties, France was studying the possibility of 
testing nuclear weapons in the underground. At one 
point, the decision had to be taken wether the test 
should go on or not. A bunch of scientist then drew 
the attention of the decision makers on the possible 
detrimental role of radiations on one of the consti
tuents of the host rocks, namely the pyroxenes. The 
decision went as·high as President Charles de Gaule, 
who had this final word : "France will not wait for 
the Pyroxene~ 1". And the test went on. 

Is nuclear waste disposal going to wait for the 
coupled processes ? I personnaly believe that it 
should, because (i) some coupled processes are not 
minor effects, they .can be of major consequences. 
One could talk about synergetic effects, which 
emphasizes this aspect ; (ii) time is not running 
short ; we know how to do interim storage, and we 
know we do not loose money by doing so, on the con
trary interim storage is economically beneficial, at 
least for high level wastes. There is therefore no 
scientific argument to deliberately neglect poten
tially important mechanisms which may effect safety. 

It is however the role of scientists to give 
priorities to the various problems they suggest to 
consider. The following list of priorities has been 
agreed upon at the LBL coupled processes meetings, 
for hydrological phenomena : 
a. Large sclae thermo-hydro-mechanical effects 
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b. Colloid transport 
c. Thermochemical (precipitation/dissolution) 
d. Thermo-hydrological currents (for tuff) 
e. Dispersion effect (channeling) in fractured media 
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ABSTRACT 

The safe operation of an underground repository for the dispo
sal of nuclear wastes and the isolation of these wastes from the 
accessible environment, may be affected adversely by the formation 
of new fractures in the rock close to these excavations or by move
ments across pre-existing fractures. Both phenomena may so 
enhance the permeability of the rock as to allow possibly contam
inated groundwater to reach the accessible environment. For hard 
rocks, the formation of new fractures in the regions of high stress 
concentration adjacent to excavations is analyzed in terms of 
"breakouts" or "spalling". In rocksalt, creep may allow the stress 
adjacent to excavations to decrease below the hydrostatic preSiiure 
so that hydraulic fractures may form, or the extension of layers 
other than salt may produce new hydraulic conduits. The deforma.
tion of fractures in response to changes in stress pore pressure, and 
temperature are analyzed for pre-existing fractures, as is also the 
shear stability of the fractures. Experience and in situ testing are 
seen to be of the greatest importance in identifying and understand
ing coupled phenomenon in geomechanics. 

INTRODUCTION 
The overall geomechanical requirements for a waste repnitory 

are to ensure safety during repository excavation, waste emr:lace
ment and backfilling, and to obviate disturbances to the rock mass 
that could result in the release of radioactive material to the accessi
ble environment after closure. To meet these requirements it is 
necessary to demonstrate that 

• the deformation of canister holes will be acceptable and 
stable; 

• the deformation of rooms will be acceptable and stable; 

• any new rock fractures which may be produced wil' not 
lead to unacceptable seismicity or unacceptable increases 
in hydraulic, or decreases in thermal, conductivities; 

• the opening and, perhaps, closing of pre-existing and, 
new joints and fractures will not lead to unacceptable 
increases in hydraulic conductivity; 

• the shearing of pre-existing joints and fractures will not 
produce unacceptable seismicity or unacceptable 
increases in hydraulic conductivity; 

• backfilling and sealing of holes, rooms and shafts will 
provide adequate containment of, possibly contaminated, 
groundwater. 

HOLES AND ROOMS 

Hard Rock 

It is obvious that the excavation of boreholes, for canister 
emplacement, and drifts, for the repository access ways and rooms, 
will result in a redistribution of the rock stresses adjacent to these 
excavations. At the depths of most proposed repositories, say 500 m 
to 1000 m below surface, the vertical stress will result essentially 
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from the weight of the overburden and will, therefore, have values 
between 12 MPa and 25 MPa. Horizontal stresses in the shallow 
crust have values that range from as little as a third of the value of 
the vertical stress to more than three times its value (Hoek and 
Brown, 1980). The uniaxial compressive strengths of rocks at pro
posed repository sites range from essentially zero for salt, up 'to 250 
MPa or more for basalt or granite. These strengths are typical 
mean values from laboratory measurements on small specimens of 
rock. The statistical spread of values from individual specimens may 
be as great as 50 percent. Furthermore, the strengths of small sam
ples are considered to be significantly greater than those of rock 
masses in aitu (Goodman, 1980; Hoek and Brown, 1980). Accord
ingly, it is not improbable that the concentration of tangential stress 
in the wall of an excavation may be sufficient for the tangential 
stress to exceed the strength of the rock. Indeed, there is already 
clear evidence from potential repository sites that this will occur. 
For example, the walls of exploratory boreholes in the basalts at 
Hanford have been found to be "broken out" (Kim, et al., 1984), as 
have large diameter boreholes at the Nevada Test Site, (Springer, et 
al., 1984). 

Ordinarily, well bore breakouts and the analogous spalling of 
the walls of larger excavations would not'' be viewed as a 
phenomenon involving coupling. However, the maximum elastic 
stress concentration around openings depends upon the shape of the 
excavation. Specifically, the stress concentrations at the ends of the 
major and minor diameters parallel to the axes of the principle 
stresses for holes with ellipitical cross sections are given by: 

ub=[1+2(f)]u~-<rz (1) 

u9, [1+2(~)]uz -u~ (2) 

where 

<r s and u ~ are the maximum and minimum principal 
stresses in the plane of the hole; 

a = semi axis of the elliptical hole in the x-direction, 

b = semi axis of the elliptical hole in they-direction. (Jaeger 
and Cook, 1979). 

In general, the maximum horizontal stress concentration 
around an opening in an elastic material increases approximately as 
the square root of the ratio between the distance of the hole surface 
from its center and the local radius of the curvature of that surface 
(Jaeger, 1979). The sketch in Figure 1 illustraste how the shapes of 
a circular borehole change as a result of "break out". A drift with a 
circular cross section "spalls" in much the same way. It can be seen 
that the change in cross section of the hole brought about by 
breakout or spalling accentuates the tangential stress concentration 
in the region adjacent to the breakout, causing further degradation. 
There is, thus, a powerful coupling between the geometry of a hole 
and its stability. 

In practice, it would be very difficult to drill and keep open 
large numbers of boreholes for canister emplacement under condi
tions where breakout occurs. Likewise, it would be onerous and, 



perhaps, dangerous to excavate drifts and rooms where spalling 
occurs. Breakouts and spalling also make it very difficult to plug or 
seal boreholes and drifts or shafts effectively, because the cracking 
and dilatation associated with breakout and spalling creates con
duits through the rock by which groundwater can bypass the seals. 

The conditions under which breakout and spalling occur can 
be analyzed using the theory of elasticity. Assume that the rock 
adjacent to an excavation begins to fail when the tangential stress 
becomes equal to the uniaxial compressive strengths, C0 , that is; 

(3} 

Let 

For a circular cross section of excavation, a = b, and this criterion 
becomes 

or 

30" .. 

that is, 

S ?: (R - 1) 
(3R - 1) 

(4} 

From equations (9} and (2} it can be seen also that the tangential 
stress around an excavation of elliptical shape is constant iC 
a / b = R . In this case, the criterion becomes 

or 

that is 

[ 1 + 2 ( ~) ] (1. - (111 ~ c. 

S > (R - 1) 
- (R + 1) 

(5} 

These criteria are plotted also in Figure 1. Above the upper 
curve excavations with circular cross sections are stable. Between 
the upper and lower curves, excavations with ellipital cross sections 
and semi axes in the same ratio as the stresses are stable. Below the 
lower curve excavations will fail by breakout and spalling. Note 
that between the upper and lower curves initially circular excava
tions will fail to stable breakout shapes with their long diameter 
oriented perpendicular to the long semi axes of a stable elliptical 
cross section, that is, the stability criterion bifurcates. Below the 
lower curve, excavations with initially elliptical cross sections would 
enlarge to stable breakout shapes with a long axis perpendicular to 
the long semi axis of the ellipse, that is, a large volume of rock 
would fail. 

The concept or effective stress hu proved to have such wide 
applicability that it probably can be UBed also in the analysis or 
breakouts and spalling. In the presence of pore pressure, p, the 
effective stresses becomes Uz 1 = u .. - p and u 11 

1 = u 11 - p. 
Pore pressure changes the ratio R toR 1 = (u .. - b /u11 - p) but 
not the ratio S. Therefore, pore pressure can be expected to inhibit 
breakout and spalling. 

As a result of the excavation of a repository, pore pressures 
can be expected to decrease, thereby enhancing breakout and spal
ling. Increase in pore pressure, such 811 may occur after closure, 
would enhance stability. 

Thermoelastic stresses can be expected to exacerbate spalling. 
The tangential stress around an excavation with a surface temperBP 
ture T, is increased by 

where 

a E T, 
D.ue = (1-v) 

a == linear coflicient of thermal expansion 

E =Young's modulus 

11 =Poisson's ratio (Timoshenko and Goodier, 1951). 

(6} 

If the interior surface of an excavation is at a constant temperature, 
breakouts and spalling can be analyzed as described above by sub
stituting C0 

1 = C. - D.u9 for the uniaxial compressive strength, 
that is, 

s (7) 

Should thermally exacerbated spalling occur in a canister hole, 
an annulus of broken rock with diminished thermal conductivity will 
be created around the canister. This will lead to greater canister 
temperatures in order to maintain the flow of heat through the rock 
equal to that generated by radioactive decay in the canister. While 
this increase in temperature could prove damaging to a canister, the 
temperature of the rock at the new boundary of the solid rock will 
diminish as the reciprocal of the logarithm of the diameter of solid 
boundary. This decrease in temperature will reduce the thermally 
induced stress until spalling ceases. Alternatively, if the annular 
space between the canister and the hole is limited, this space will fill 
with spalled rock and the dilatation associated with further spalling 
will compress it, eventually generating a normal stress sufficient to 
prevent any new spalling from occurring. 

This sequence of events was predicted and observed in one of 
the experiments at Stripa in which a full scale electrical heater with 
a power output of 5 kW simulated a caniste. of spent fuel 3 years 
out of the reactor, (Cook and Meyer, 1980}, Fit •ue 3. In this particu
lar experiment, the rock mass in which the canister hole was drilled 
was heated also by a ring of peripheral heaters to simulate the ther
mal field in an actual repository that would result from adjacent 
canisters of waste. 

The phenomenon of wellbore breakouts has attracted consider
able attention recently as a method for determining stresses in rock 
at depth. Gough and Bell (1981, 1982} have ~,nalyzed breakouts in 
terms of elastic stress distributions and a Mohr Coulomb failure cri
terion. ZobaclC ·et a/. (1985} making similar as"1mptions, show that 
breakouts result from shear failure of the rock where the compres
sive stress concentration is greatest around the hole. However, 
Fairhurst and Cook (1966) observed that spalling of the walls of the 
drifts occurs by rock splitting parallel to the direction of maximum 
tangential compression, and used a fracture mechanics model for the 
growth of Griffith cracks in compression to explain their observ&
tions. Freudenthal (1977) on the basis of a shear dilatancy model 
suggests that extensile fracturing may occur adjacent to excavations 
in rock subject to compression. In hard rock, spalling is character
ized by extensive planar fractures, sometimes with dimensions of 
meters, that break the rock adjacent to the walls of excavations into 
sheets with thicknesses of the order to centimeters. The fractures 
follow the direction of the maximum horizontal stress with remark
able fidelity. Horii and Nemat Nasser (1985} have developed a 
numerical fracture mechanics model for the propagation of Griffith 
cracks in compression which results in spalling adjacent to a free 
surface. 

Breakouts and spalling could make repository construction 
difficult and hazardous and may make retrieval very difficult, but 
the effect of this phenomenon may be most significant in terms of 
repository performance. The rooms and access ways of a repository 
constitute a network of interconnected hydraulic conduits, which did 
not exist in the natural state prior to repository excavation. Even 
filling these excavations with an uncemented backfill will reduce 
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their hydraulic conductivity to a negligible extent. To insure isola
tion of the w1111tes, these conduits will have to be interrupted at 
many points in the repository by the installation or cemented plugs 
and seals. U breakouts and spalling are dilatant phenomena, the 
cracks and fracture3 associated with them will produce permeable 
zones in the rock adjacent to breakouts and spalling. These 
permeable zones constitute paths by which po88ibly contaminated 
groundwater can be pass seals and plugs. 

The strengths of even hard roeka are time dependent and 
decre1111e also with temperature and in the presence oC water. There
fore, even where breakouts and spalling are not a problem in the 
short term of repository construction, they may become so in the 
longer term. Tapponier and Brace (1976) observed that virtually all 
str~ ipduced cracks in Westerly granite at 23°0, a strain rate of 
10- s- and confining stress of 50 MPa were extensile. Kranz (1979) 
showed that confining pressure strongly inhibits crack growth and 
time to failure in constant stress creep tests on dry Barre granite. 
For example, at a stress dfl'erence of 87 percent of the short term 
strength, the time to failure at a confining stress of 53 MPa was 
about 15 X 103s whereas at a confining pressure or 0.1 MPa the time 
to failure was only about 400 s. Friedman et tJl. (1979) showed that 
the strength of charcoal granodiorite decrelllled from about 350 MPa 
at room temperature to only 140 MPa at a temperature oC 400°0 at 
zero confining pressure but that at a confining pressure of 50 MPa 
the strength decre~~~~ed from about 630 MPa to 540 MPa, over the 
same temperatures. All the evidence seems to show that over 
extended period or time, say decades, breakout and spalling are 
likely to occur adjacent to repository excavations, where the 
confining stress is virtually zero. This may produce zones of 
enhanced hydraulic conductivity in the rock. The only effective way 
to inhibit breakout and spalling is through the early application or a 
confining stress, that is, this stress must be applied within houn, 
preferably minutes, of excavation to take advantage of the higher, 
short term strength of the rock. 

Rock Salt 

Rockaalt has negligible shear strength. Breakout and spalling 
are not expected to<be major problems. Indeed, the creep deforma
tion of rocksalt is expected ultimately to encapsulate the wastes 
completely. However, the closure of excavations may occur much 
more slowly than laboratory tests would lead one to expect. Steady 
state creep of rocksalt under isothermal, triaxial compression in 
laboratory tes't.s is a power function of the stress difference. 

where 

i =A [ (e11 ~ p) r (8) 

f. = strain rate; 
A = constant that depends upon the 

temperature; 
C11 = maximum principal stress; 
C12 = C13 = p = confining pressure; 
K =normalising factor, say, the bulk modulus; 
n = a hardening exponent with a value of 

typically of 4 or 5. 

For multiaxial stress states, equation (8) can be written as 

ii; = t A ( i )11-1 ( S;: ), (9) 

where sij are the deviator stresses, that is, 

(2«7, - C7'- C72) 
Su = 3 

(2«7,- C72- C7,) 
S22= 3 

(2e72 - C7, - C7,) 
S33= 3 
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and 

e7e = [3(S 11 +S2~ +S~) r2 

Equation (9) can now be written conveniently 1111: 

fjj = 21, C7 .~~ -1 si;, 

where 

Kll 
'1 = (3A )" 

(10) 

(11) 

Consider now the creep deformation or a long, cylindrical hole 
in plane strain subjected to lithostatic stresses at infinity. Let the 
radius of the bole be r 0 and the radial displacement of this boun
dary be U0 • When the creep strain is larger than the elastic strain, 
the deformation o( the rocltsalt will be almost incompressible, that is 

. . 
u, r0 = u r, (12) 

where u = the radial displacement at any radius r and the dot 
signifies the time derivative. 

The streall equation of equilbrium in cylindrical coordinates is: 

8«7, C7,-C7, 
-- (13) ar - r 

ud the radial, tiiDgential and axial strain rates are, respectively, 

· ti Uo ro 
f =--=----, r r2 

· ti Uo r o e,= -= ---r r2 

f2 = 0 

eo that, from equations (11) ud (14) and (15) 

(e1, - a1) = 2'1 e1 ,1-11 (i, - i1) 

Uo ro . 1 I = - 4'1 (--
2 

-}(3'1 e,) _,. " 
r 

where 

= (2 fjj fjj )1/2= 
fe 3 

ud, from equation (13), 

CT,=J[ (a,~e7,) ]dr 

( 
U0 r 0 ) =4'1 -

r2 

( y'f ti,r ;• ) 

= (3'1 ti, r, )1/11 ( ~ )(1+11 )/211 J r {-2-n )/n dr 

= _ (3'1}1/11 (tio ro )1/n (f)(1+n)/211 

.!!. r -2/11 + C 
2 

At. r = oo, e1, = e7g the lithostatic stress, so that 

e1, = C1g _ (3'1}1/n (ti. r. )1/n 

(.!)(1+11 )/2n ..!!.+r -2in 
3 2 ° ' 

(14) 

(15) 

(16) 

(17) 

(18) 



and at r = r 0 , rr r = 0 , so that, 

that is, 

rrH = (3q)1fn (ti. r. )1/n 

(_!)(l+n )/2n ~ r -2/n 
3 2 ° ' 

[3'7 ( _! }(1+n )/2n J 
3 

(19) 

but U0 fr, = i, and, comparing equation (19) with equation (8), it 
can be seen that the effect of the axisymmetric geometry is to 
diminish the effective magnitude of the stress difference reducing 
creep by a factor of (2/ n )" . 

The tangential stress can be found from equations (13) and 
(18), and is given by, 

Ug = (3q)1fn (..!)l+n/2n (uo ro )1/n 
3 

(1- ~) r·2/n + rrH 
2 

(20) 

Finally, the axial stress can be found from equations (9) (19) 
and (20). The axial strain rate t2 = 0, rr e cannot be zero so that, 
from equation (9) the deviator stress S 33 must be zero, that is, 

or 

(2u2 - rr r - rr9) ..:__...::.____.:_ _ _.;..;... = 0 
3 

rr2 = (3'7 )1/n ( ti. r 
0 

)1/n (.! )l+n /2n 
3 

(t-; ]r·2
/n +rrH 

It follows that at r = r 0 

rr, = 0 

28y 

(21) 

(22) 

Equations (22) show that the tangential and axial stresses around a 
circular excavation in rocksalt become less than the hydrostatic 
stress if n ~ (pj p01 ) where p = the mean density of the overbur
den and Pw is the density of water or brine. 

In reality, repositories will not be isothermal so that '7 , which 
is a function of temperature, will become a function of r . This will 
affect the preceding result quantitatively, but not qualitatively, 
except to diminish the stresses adjacent to the excavation to an even 
greater extent when the highest temperatures correspond to the 
smallest radii. 

The creep deformation of rocksalt produces large extensile 
strains in a radial direction. Many rocksalt deposits are interbedded 
with layers of shale, clay and anhydrite. Most of these layers are 
much more brittle than rocksalt so that they may be broken inten
sively by extension. 

Consider a layer of brittle rock, embedded in rocksalt, at a 
height h above an excavation with a circular cross section. If U 0 is 
the radial displacement at the surface of this hole with radius r 0 , 

then the radial displacement for incompressible flow at any other 
radius is given by: 

u 0 r. 
u =--- (23) 

r 

and the displacement parallel to any layer at y = h is 
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6=~cos8 
r 

(24) 

u 0 r 0 z 

(z 2 +h~ 

The strain parallel to the layer is, thereforP.. 

a6 U0 r 0 (,i 2 
- X 2) 

!z =-= az (z2 + h 2)2 
(25) 

so that extension of the layer occurs for all z > h . Brittle layers 
easily break in extension. The resulting void space may, therefore, 
increase their hydraulic conductivity significantly. 

FRACTURES 

Fracture Aperture and Hydraulic Conductivity 

In rocks of intrinsically low permeability, joints, faults and 
fractures constitute the principal conduits for the transport of 
groundwater. Essentially, the conductivity of these features, collec
tively referred to as fractures, arises from the fact their opposing 
surfaces are not completely flat, so that contact occurs between the 
surfaces across the asperities and voids exist between the surfaces 
elsewhere. The geometry of these contacts and voids varies with the 
stress normal to the fracture plane and the pore fluid pressure within 
it. The hydraulic conductivity of fractures depends upon the aper
tures of the voids and the manner in which they are interconnected. 
Under some conditions, shear displacements between the two sur
faces may be expected to result in major changes in the geometry of 
contacts and voids. 

It has been shown that, when the contact areas comprise a 
small fraction of the fracture surface area, fluid How in a fracture is 
similar to that between parallel plates and the 'lydraulic conduc
tivity of the fracture increases as the cube of thP mean void aper
ture, (lwai, 1976; Gangi, 1978). Experiments (Goodman, 1976; 
Bandis et CJI., 1983) and theory (Walsh, 1981; Brown and Scholtz, 
1985) based on the topography of the fracture surfaces show that 
this mean void aperture is a non linear function of the effective nor
mal stress across the joint, that is, the difference between the total 
normal stress and the pore fluid pressure. As the normal stress 
increases so do the areas of individual contacts as well as the 
numbers of contacts. In principle, the hydraulic conductivity of a 
fracture can be derived from the mean joint aperture using the cubic 
relationship betwe.en these quantities. 

However, experiments by lwai (1976), Engelder and Scholtz 
(1981) and Raven and Gale (1985) have shown that the cubic rela
tionship between fracture aperture and hydraulic conductivity 
breaks down at high stresses and small apertures, Figure 3. For 
apertures of less than about lOp m increases in the effective stress, 
to more than 10 MPa or 20 MPa, reduce the fracture aperture with 
little or no effect on the fluid flow. This means that under these 
conditions major void spaces in the fracture must close with virtu
ally no change in the hydraulic resistance of the fracture. This can 
occur only if major void spaces are either isolated from the flow 
path or if the principal resistances to fluid flow occur in restricted 
connections between these voids. It follows that the hydraulic resis
tance of such restrictions must be comparatively insensitive to the 
normal stress, which would be the case if these restricted pathways 
·resembled little pipes or tubes. 

Actual curves showing the deformation of a fracture in basalt 
(Tsang and Witherspoon, 1981) and one in granite (Sun et a/., 1985) 
are shown in Figure 4. Note that these curves are fitted quite well 
by the hyperbolic relationship proposed by Bandis el a/., (1983). 

DKi 
u = (26) 

(1-D/D,.) 



where 

D = volumetric closure of the fracture; 
D,. = maximum volumetric closure of the 

fracture; 

K; = ;; at u=O that is, the intial specific 

stiffness of the fracture. 

The specific stiffness at any stress, K, can in principal be measured 
seismically (Chen, et al., 1985}, is given by 

K· K= I 

(1- D /D,. )2 
(27) 

Consider first how a change in the pore pressure, Lip , at con
stant applied stress, 0' , changes the aperture of a fracture and hence 
its hydraulic conductivity. The aperture of a fracture depends vir
tually on the effective stress so that the aperture merely changes to 
that corresponding to a new effective stress (u - Lip) . Of course, 
the reduction in effective stress reduces the frictional resistance to 
sliding between the fracture surfaces without changing the shear 
stress, so that the fracture may become unstable or less stable. 

Second, consider a change in the pore pressure, Lip , when the 
total displacement of the fracture and the adjacent solid rock is held 
constant, as in plane strain. Let the change in pore pressure occur 
first. This would result in dilatation of the fracture and an equal dis
placement between any two planes parallel to the fracture in the 
solid rock adjacent to the fracture. Next change the applied stress 
by an amount Liu. This will partially close the fracture and 
compress the solid rock one each side of the fracture by an amount 
Liu L / E 1 where L is the spacing between fractures, or the amount 
of solid rock on each side of the fracture, and E 1 is the plane strain 
modulus, that is, 

El = E (1-v) 
[(1 + v)(/ - 2v)J 

The correct value of LiO' is that which produces compression of the 
solid rock one each side of the fracture that equals exactly the 
change in fracture aperture brought about by (Liu - Lip ) , as is 
illustrated in Figure 5. 

The effective normal stress across fractures is expected to 
change as a result of the redistribution of stresses around excava
tions, thermally induced stresses and pore pressures. 

Effect of streaa 

In general, the excavation of openings always results in a 
decrease in the stress radial to the walls of the excavation. The 
stress in a tangential direction may incre~e or decrease depending 
upon the shape of the excavation and the ratios of the far field 
stresses. A criterion that the tangential stress should always exceed 
the original stress in any direction is most difficult to satisfy for a 
tangential stress parallel to the original maximum stress, that is, 

u, :::: u. 

It a is the major semi axis of an excavation with an elliptical cross 
section then 

or 

.!.>.!i 
a - 2 

For maximum stability, b fa = 1/2, so that the maximum ratio of 
the stresses that satisfies both the stability and tangential stress cri
teria is R = v'2 . 

One of the experiments at Stripa (Wilson et al., 1983) involved 
the meuurement of the flow of groundwater into a drift with a croes 
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section of 5 m square and a length of 30 m, and of the pressure gra
dients in the rock out to radial distances of up to 40 m. Plots of the 
hydraulic head in the rock around this drift at different radial dis
tances against the logarithm of distance, Figure 6, were linear, as 
would be expected. However, the lines fitting these data do not 
intersect the wall of the drift at zero head, indicating that the head 
loss through an annulus of rock about 2 m thick around the drift 
was relatively much greater than that in the rock further away from 
the drift. Whereas the hydraulic gradient between radial distances of 
4 m to 40 m showed the permeability of the rock mass around the 
drift to be about 11r10 m/s, the hydraulic gradient through the 
annulus showed the permeability of the rock immediately around 
the drift to be about 3 X 10-11 m/s. This reduction in permeability 
could easily be the result of the closure of fracture apertures by the 
tangential stress concentration in the rock adjacent to the drift. 

Measurements of the stresses in the rock at Stripa indicated 
that. the vertical stress was only about. 5 MPa whereas the two hor
izontal stresses were about 20 MPa (Doe, et al., 1981). This would 
result in the tangent.ial stress in the roof and the floor of the drift 
being considerably greater than the original rock stress while that in 
the walls would act.ually be in tension. Very careful mapping 
showed that three of the four principal sets of joints dipped at more 
than 50° while the fort.h set was sub horizontal (Gale et al., 1982). 
The near vertical joints would have been closed under the high 
tangential stress which may account for the observed decrease in 
flow. 

Effecta of temperature 

Increases in the temperature of the rock around a repository 
will produce thermal expansions that result in changes in stress. In 
general, within the volume of rock through which temperatures 
increase there will be an increase in compressive stress. In order to 
maintain overall equilibrium, it follows that outside the heated 
volume there must be exact.ly compensatory decreases in compres
sive stress. While increases in stress will tend to close fractures and 
therefore decrease the permeability of the volume of heated rock, 
the corresponding decreases in stress will enhance permeability out
side the heated volume. In total, the net effect of changes in tem
perature must be to increase the overall permeability of the rock 
mass, because of t.he highly non linear relationship between the 
hydraulic conductivity of a fracture and the normal stress across it. 

Porous materials have the same coefficient of linear expansion 
as the material of their solid matrix. However anomalously low 
values for thermally induced displacements and stresses were meas
ured in the Stripa heater experiments (Chan et al., 1980). These 
values have been shown (Cook, 1983} to result from the deformation 
across fractures. Imagine a column of rock of length L that is sub
ject to stress, u, contains a fracture normal to its axis, and is con
strained at its ends from expansion, so that an increase in tempera
t.ure produces also an increase in the stress across the fracture. Let 
Li f be the mean increase in temperature of a heated length I of 
this column. In the absence of the fracture, the thermally induced 
increment of atresa would be 

where 

Liu = I a tiT E 
L 

a = coefficient of linear thermal expansion 
of the intact rock; 

E =Young's modulus. 

(26) 

In the presence of the fracture with a specific stiffness K at a stress 
u, the thermal expansion would partly be taken up by closure of the 
fracture aperture so that the increment in stress would be 

Liu'=~ 
l£ T K J 



The thermally induced displacements of any points on each side of 
the fracture are shown in Figure 7 as are the corresponding displace
ments that would exist in the absence of a fracture. From this 
figure it can be seen that the thermally induced displacements are 
altered so much by the fracture that no predictions about stress or 
displacements can be made without at least knowing the specific 
stiffness of the fracture and its location relative to the temperature 
field and the measuring points. 

Effect of pore pressure 

Probably the largest change in stress across a fracture will 
result from changes in pore pressure that can be expected as a 
consequence of the thermal expansion of water. For some period 
after excavation and before closure, the repository excavations will 
act as an hydraulic sink so that pore pressures in the rock around a 
repository will decrease from their original values, and this decrease 
will result in further closure of most fractures. Most repositories are 
expected to experience a thermal pulse as a result of the radioactive 
decay of the wastes. In many cases the peak temperature of this 
pulse will be reached within a few decades of waste emplacement 
(Wang et al., 1980). After the repository excavations have been 
closed, any repository below the water table will begin to resaturate. 
Some idea of the order of magnitude of this resaturation time can be 
gained from the large scale permeability experiment at Stripa. In 
this experiment the total inflow of groundwater into a drift measur
ing 30 m in length by 5 m square cross section, was 50 ml/min. 
Most repositories are expected to be placed in host formations with 
permeabilities no greater than the Stripa quartz monzonite. The 
time it would have taken to resaturate the drift at Stripa is almost 
lOg seconds or about 30 years. If the resaturation period is greater 
than the time taken to reach peak temperature of the thermal pulse, 
thermal expansion of the water is not likely to pose any problem. 
However, if the resaturation period is less than the time taken to 
reach peak temperature, considerable increases in pore pr~ !Sure may 
occur as a result of the relatively great coefficient of volumetric 
thermal expansion of water, about 0.0006/C0

. To estimate the 
change in pore pressure it is necessary to balance I '1e thermal 
increase in the volume of water against the outflow. C'·Jtflow will 
always occur at leBBt as readily as would steady one dimensional 
flow from the repository to the surface. If the permeability of the 
strata overlying the repository is k, the depth below surface is H, 
and the mean thickness of all the water in the excavations averaged 
over the plan area of the repository is h, and the rate of heating is 
T , then the pore pressure increment corresponding to steady flow 
could be found from 

haT =k(~), (28) 

that is, 

A HhaT 
'-"P-

k 
(29) 

For, s_ay H = 1000 m , h = 1 m, k = 10-11 m/s, a = 0.0006f°C 
and T = 3 x 10.$JC/S ( 1°/year), Ap = 1800 m or 17.6 MPa. 
This is not insignific.ant in relation to the expected values of rock 
stress. 

Stability 

Finally, Jt JS necessary to consider the shear stability of frac
tures subjected to changes in stress, pore pressure, fluid flow and 
temperature, partly as potential sources orf seismicity but mainly 
because it has been shown (Barton, et al., 1985) that relative shear 
displacements between fracture surfaces can enhance the hydraulic 
conductivity of fractures by a few orders of magnitude. 

Jaeger and Cook (1979), and Cook (1981), Rice (1983) and Li 
and Rice (1983) have used two concepts of a complete stress strain 
curve, or load displacement curve, and an unloading modulus to 
analyze the stability of rock fractures. 

Essentially, for any rock fracture some relationship must exist 
between the relative displacement between the two surfaces of the 
fracture and the shear stresses that arise from the resistance to slid
ing of these surfaces. This relationship specifies the complete 
strength of the fracture over all possible values of the relative dis
placement between its surfaces. (Conventionally, the "strength" is 
the maximum ordinate of this complete relationship.) We shall refer 
to this complete displacement-strength relationship as a reduced 
Griffith locu8. In general, reduced Griffith loci are non linear and 
reflect the properties of the material and the changing geometry of 
the fracture. 

Correspondingly, another relationship must exist between the 
shear stress applied to a fracture by the surrounding rock and the 
displacements through which the shear stress moves. This relation
ship specifies the stiffness of the loading system that applies the 
shear stress. (In conventional engineering "dead weight" loads, the 
magnitudes of which do not change with displacement, that is, their 
stiffness is zero, are often used: in this case only the "strength" is 
needed to determine stability.) The system may be the surrounding 
rock mass or a testing machine. We shall refer to this relationship as 
the unloading modulu8. For loading systems in which the fracture is 
the only non linearity, unloading moduli are linear. Unloading 
moduli may be evaluated by applying hypothetical shear displace
ments to an idealized and frictionless fracture surface and calculat
ing the shear stresses corresponding to each displacement. 

An hypothetical reduced Griffith locus for a shear fracture, 
showing the shear resistance to sliding of the fracture as a function 
of the shear displacement between the two surfaces is illustrated in 
Figure 8. This locus represents the complete behavior of the frac
ture; displacements and stress move along the locus as the fracture 
grows. Every point on the locus corresponds to some limiting state 
of equilibrium on the fracture. 

A fracture is embedded in rock which essentially behaves elast
ically. If, as described above, the fracture were replaced by a fric
tionless system through which the displacements were controlled, 
the unloading modulus of the rock mass could be determined by cal
culating the change in shear stress as a function of shear displace
ment. The slope of this unloading modulus is independent of the 
magnitudes of the stresses and displacements and of the fracture 
surfaces; it depends only upon the geometry of the system and the 
elastic constants of the rock mass. 

Consider the stability of a fracture embedded in a rock mass 
with a given unloading modulus as the fracture evolves along a 
reduced Griffith locus. Let the shear stress in the rock mass be 
increased un~il a limiting state of stress exists at A. The unloading 
modulus at this point has a flatter slope than the reduced Griffith 
modulus, so that the fracture growth would be unstable and the 
applied load would move along the unloading modulus until the 
shear resistance of the fracture equals the applied shear stress at 
point B. In fact the energy supplied by the system as it unloads is 
greater than that absorbed by the fracture as it evolves from A to B 
in the amount shown by the area ABC, so that the fracture would 
shoot past the equilibrium position B to some other position such as 
D. At D the system is again stable and the fracture cannot evolve 
unless the shear stress increases to point E. Here again, an equili
brium state of stress exists and the fracture remains stable because 
the unloading modulus lies within the elastic part of the locus. 
Therefore, the fracture will evolve only if further shear displacement 
is provided to the system from outside, so as to bring the shear 
stress and displacements back on to the locus. Although the dis
placements will increase the stresses will decrease, because the frac
ture is evolving to a weaker condition. Such stable deformation can 
continue until the unloading modulus becomes tangent to the 
reduced Griffith locus at F where the system becomes intrinsically 
unstable, because the unloading modulus lies completely outside the 
Griffith locus. 
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Conceptually, the reduced Griffith locus can be found as fol
lows. A fracture comprising any given geometry of asperities can be 
deformed elastically until the stress intensity factors at the asperities 
reach critical values. At this point further deformation would be ine
lastic. However, this end point of the elastic deformation defines a 
point on the locus corresponding to asperities of a particular size. 
As a result of inelastic deformation, or fracture growth, the size of 
the asperities will diminish. Other points on the locus can be found 
by determining the end points of elastic loadings for asperities of 
successively diminished sizes. 

The effects of changing temperature on the stability of a frac
ture can be found, in principle, by using critical stress intensity fac
tors that are functions of temperature. A higher tempeature may 
lead to lower stress intensity factors and hence a smaller Griffith 
locus as illustrated by the dashed curve in Figure 8. Similar correc
tions can be made for the effects of fluid chemistry on the fracture 
energy or stress intensity factors. 

Pressure solution at points of high stress concentration may be 
a relatively important phenomenon in determining fracture stability. 
The formation of stylolites has been analyzed in terms of pressure 
solution at points of high stress concentrations (Fletcher and Pol
lard, 1981; Merino et a/., 1983). The asperities o( contact in a frac
ture constitute points of high stress concentrations at which pressure 
solution may be expected. This will have the effect of diminishing 
the size of the a!lperities in a manner similar to that in which their 
size is diminished by additional deformation. Therefore, pressure 
solution would be equivalent to increasing deformation; it may move 
a fracture from a point such as B to one such as E. At any point on 
the locus the instantaneous stability would still be determined by 
the slope of the unloading modulus compared with that of the locus 
at that point. 

CONCLUSION 

In this paper I attempted to identify coupled processes in 
geomechanics, that may be detrimental to repositories, by examining 
specific changes to the rock around canister holes and storage rooms 
that could adversely affect the use or the performance of a reposi
tory. It appears that the formation of new fractures in zones of the 
greatest stress concentrations adjacent to excavations, or the mobili
zation of old fractures, perhaps at quite large distances from the 
excavations, may generate new conduits or increase the conductivity 
of old conduits, so that, possibly contaminated, groundwater may 
reach the accessible environment sooner than is acceptable. 

The appr<:~:u:h used in this paper led to the analysis of specific 
potential probl~ms in a repository namely, breakout and spalling in 
hard rocks and creep in rocksalt around holes and drifts, and frac
ture closing and opening and stability in the rock mass, rather than 
the identification of a variety of related phenomena, as was done in 
the panel report (Tsang and Mangold, 1984). Interestingly, both the 
approach in this paper and that in the report led to the 
identification of processes on the basis of relevant past experience 
rather than on the basis of fundamental scientific prediction .. Cer
tainly, well bore breakouts and the spalling of drifts as well as the 
still incompletley understood, complex mechanical, hydraulic and 
thermal behavior of fracture are more in the nature of discoveries 
rather than predictions. The seminal role of the Stripa experiments 
is obvious. I recognize that the emphasis in this paper ha.s been on 
processes involving essentially mechanical hydraulic and thermal 
coupling, and that chemical effects may be more important than is 
recognized here. To some extent this is because relatively little 
work ha.s been done on problems involvng mechnanical and chemical 
effects. 

am forced to conclude that there is no altenative to 
comprehensive in situ testing, both generic and site specific, to iden
tify and resolve problems relating to waste repository performance 
in general and coupled processes in particular. 
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Fig. 1. Regions of stability for excavations with circular, elliptical, and 
breakout cross sections in terms of the ratio of the principal stresses, 
R, and the ratio of the difference of the principal stresses to the uniax
ial compressive strength, S. 
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fracture aperture in basalt and granite, after Tsang and 
Witherspoon (1981) and Sun el a/., (1985). 
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Sketches illustrating thermally induced displacements in 
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COUPLING OF FLUID FLOW WITH STEP-WISE 
ALTERATION OF GLASS WASTE FORMS. 

M.J. 'Apted <II, D.L. Lane <21, C.C. Allen <21, 
R.R. Adee <11 and S.A. Rawson <21 

1- Pacific Northwest Laboratories 
Richland, Washington 99352 

2- Basalt Waste Isolation Project 
Rockwell Hanford Operations 
Richland, Washington 99352 

The effect of flow of a basalt groundwater 
on the alteration of a borosilicate glass at 150 
oC was investigated. The first observable effect 
is that glass dissolution rates increased 
appreciably with increasing flow rate. Such 
effects promote a more rapid alteration of glass 
to solids that will initially control the release 
rate of many radionuclides. The 54!cond effect is 
that solution supersaturations are progressively 
suppressed with increasing flow rate. Under 
favorable circumstances, this could prevent the 
formation of some metastable alteration solids 
and promote the formation of more stable solids. 
In this way, the progressive step-wise alteration 
~f glass could be studied, and an •valuation made 
of the long-term controls for radionuclide 
r~:ease from glass waste forms. Failure to 
demonstrate such step-wise alteration in these 
preliminary flow tests may be attributable to 
h1gh initial solution supersaturations develop-.d 
from non-flow-related factors or to diffusional 
constraints to continued chemical reaction 
processes at the glass surface. 

The release of radionuclides from glass 
waste forms emplaced in geologic repositories 
will be controlled by the forward dissolution 
1"!each"l rate of the waste form <Wicks et al, 
19821 or solubility-limits <Wood, 1980; Grambow, 
198Z> Solubility limits will be imposed by 
dissolution/precipitation of radionuclide-bearing 
glass alttration products, and are txptcted to 
control the long-term release of most radionu
clides under known repository conditions <Apted. 
1982; WISP, 1983; lerrisk, 198~; Zavoshy et al, 
19851. Therefort, the performance of glass waste 
forms depends strongly on what alteration solids 
form subsequtnt to initial glass dissolution. 

Because of the intrinsically high solubility 
of glass rtlative to compositionally related 
crystalline solids, the dissolution of glass 
waste forms may lead to supersaturation in 
groundwater with respect to many possible altera-
tion phases. It is probable, therefore, that 
alteration solids of intermediate stability 
<metastable> may form rather than the most 
stablt. This behavior is commonly recogni1ed in 
the alteration of natural glasses and minerals 
under both closed and open systtm conditions as 
described by the Ostwald step-rule <Fyfe and 
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Verhoogen, 1958; Dibble and Tiller, 1981a; 
Giggenbach, 19811 or the "rule of stages" based 
on kinetics of nucleation and crystal growth 
<van Straten et al, 19841. The empirical Ostwald 
step-rule states that the transition of a 
chemical system from an unstable to a stab!~ 

state typically occurs via a series of irrevers
ible metastable st~tes, with the thermodynamic 
instability of successively formed metastable 
states decreasing sequentially with reaction 
progress (i.e. time>. 

The initial alteration phases observed in 
borosilicate glass tests are gels, amorphous 
oxides, and clays <Grambow and Strachan, 1984; 
Allen et al, 19851. Although these solids will 
control the release of many radionucli~es, they 
are metastable <Giggenbach, 1981: Dibble and 
Tiller, 1'81al. A newer assemblage of more 
stable alteration phases will eventually form, 
controlling the release of ra~ionuclides at 
different values. This raises th~ issue of how 
to confirm that the metastable alteration phases 
formed in short-term laboratory tests are repre
sentative of the actual alteration phases that 
will control radionuclide release rates over the 
10,000 years or more of regulatory concern. 
Classical reaction acceleration techniques such 
as elevating temperature, increasing react1ve 
surficial area, closed-system agitation or 
periodic solution replenishment simply lead more 
quickly to the same metastable reaction phases 

The theory of coupling between chemica' 
reaction rates at solid-liquid interfaces and 
hydrodynamic processes has been developed exten
sively in electrochemistry and related fields 
<e.g. Levich, 19621. Dibble and Potter !19821 
have demonstrated that fluid flow rate eff~cts 
can control both reaction rates and alteration 
pathways for rhyolite glass. These processes are 
distinct from previous flow tests <e.g Moore et 
al, 19831 that have demonstrated chemical effects 
on fluid flow (i.e. permeability reduction of 
host rock due to alteration>. It is also 
distinct from, although related to, previous flow 
tests on glass waste forms that have studied the 
effect of flow solely on forward dissolution rate 
(e.g. Apted and Adiga, 19851. This present 
study conducted by the waste form testing program 
at the Basalt Waste Isolation Project <BWIPI 
reviews data from several flow tests conducted on 
natural alumino-silicate glasses and reports on 
new data obtained on a borosilicate nuclear waste 
glass. The effects of fluid flow rate on altera
tion pathways for glass and the formation of 



metastable alteration solids are also discussed. 

Several studies on alteration in geothermal 
systems have emphasised the evident control of 
host rock permeability on alteration mineralogy 
<Browne, 1978; Ieith et al, 1978>. Permeability 
and fluid composition are cited to be at least as 
important as temperature, and more important than 
rock type or pressure, in determining the altera
tion assemblage for a broad range of rock types. 
Flow effects on alteration are particularly pro
nounced for volcanic glasses; obsidian has been 
reported as completely altered at temperatures of 
85 oC while persisting to 170 oC in an adjacent 
area of lower permeability <Browne, 1978). 

Experiments to evaluate the effect of fluid 
flow on alteration of natural glasses have also 
been conducted <Dibble and Potter, 1982; Pohl and 
Liou, 1983>. Dibble and Potter (1982) studied 
alteration of a rhyolite glass at 300 oC using a 
"' NaCl solution using a flow system of standard
ized dimensions. They found that more stable 
and well-crystallized alteration minerals were 
formed with increasing flow rate. Specifically, 
they showed a progressive change in alteration 
from poorly crystallized tabular mordenite + 
cr1stobalite formed at low flow rate <no flow and 
I ml/day> to well-crystallised albite+ analcime 
formed at high flow rate <100 ml/day>. Pohl and 
Liou <1983> also report that more rapid reaction 
and the formation of a more stable alteration 

assemblage were obtained In flow tests compared 
to a static test conducted on basalt glass/sea 
water at 300 oC. Lane et al (1985> investigated 
the alteration of basalt containing a glassy 
mesostasis phase at 300 oC under closed and open 
<flow) conditions, and also demonstrated the 
formation of more stable alteration phases under 
flow conditions compared to closed <no flow> 
system tests. 

A series of experiments were conducted by 
the BWIP waste form testing program to determine 
the effect of fluid flow rate on the reaction of 
borosilicate glass and basalt in a hydrothermal 
environment. Tests were conducted in gold-cell, 
sampling <no fl~w or "static"> pressure vessels 
<Seyfried et al, 1979> and a flow-through 
pressure vessel <Dibble and Potter, 1982> at ISO 
oC and 10 MPa, utilising crushed <-120 to +230 
mesh> Umtanum basalt <Palmer et al, 1984), a 
similarly crushed borosilicate nuclear waste 
glass <SRL-131/TOS-3A, Wicks et al, 1982), and a 
synthetic basalt groundwater <Jones, 1982>. The 
static, no flow tests havt been described pre
viously <Allen et al, 198~). A 0.6 em diameter 
by 18 em length titanium tube was packed with 
approximately equal amounts of basalt and waste 
glass. with basalt located at the inlet. The 
1nlet was connected to a reservoir with a 
pressurising pump and th• tube placed in a 
furnace. VolumetriC flow r~te was kept constant 
<~ 10'> throughout the flow tests by means of an 
outlet flow controll•r <Dibble and Potter. 
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Figure 1. X-ray diffraction <X&.DI pattern for 
glass alteration products, dominately smectit~. 
from various locations within reaction columns 
for high and low flow rates. 

1982). Flow tests at 0.015 ml/min <FT-1221 and 
O.IS ml/min <FTV2-ll were conducted for 1221 and 
10~5 hours, respectively. The duration of the 
static test <D8-ll was 6100 hours. The tempera
ture was 150 ~ 5 oC and the pressure was 10.0 ~ 

1.0 MPa for all tests. 

The composition of the reacting fluid was 
analysed periodically during each test by 
inductively-coupled plasma-atomic emission 
spectroscopy and ion chromatography. The pH was 
measured at room temperature with a combination 
electrode. The mineralogy and compositions of 
reaction products were analyzed by X-ray diffrac
tion <XRD>. optical microscopy, and scanning/ 
transmission electron microscopy <SEM/TEMI. 
utilising energy-dispersive spectrometry <EDSI 

The prim~ry glass alteration product for all 
test conditions was a tri-octahedral smectite 
<saponite; basal reflection of 12.5 to 13.0 
Angstroms expanding to 17 Angstroms with ethylene 
glycol saturation, d-spacing associated w1th 060 
peak of 1.53 Angstroms> that was Fe-Mn-Ni-rich 
and Al-poor. Minor amounts of analcime were also 
found in tests D8-1 and FT-122. The X&.D and EDS 
analyses <Figures I and 2> indicate a consistency 
in composition of the clay, both between differ
ent flow tests and from different axial locations 
within th• same test. 
composition of the 
with its subsequent 

Figure 2 also compares th~ 

initial borosilicate glass 
clay alteration product, 

qu~litatively showing the loss of Na land 
assumedly B and Li > and enrichment in Fe. Mn, Ni. 
and Ti, all relative to Si. SEN photographs of 

Figures :j 

from the 
reacted glass grains are presented in 
to ~- Note the severe loss of B 
clay layer <Figure 4) surrounding the unreacted 

Solution 
are plotted 

glass cores for the flow tests. 
concentration as a function of time 



Si 

Fe 

Mn 

Energy (KeVI 

Figure Z. Energy-dispersive spectra <EDS> for 
primary SRL-131 glass and smectite alteration 
product from ttst 08-1. Amt"lnts of elements are 
scaled versus equal inten~ity peaks for Si, 
with "Abundance" representing total counts. 

I 

1n Figure 6 for Li, 8, Na, and Si .for all three 
I~ s t s. 

The first effect of flow on glass alteration 
1s to increase the dissolution rate. This is 
@vldent from the alteration o! grains that show a 
greater degree of reaction (i.e. thicker clay 
layers> with increasing flow rate <Figures 4 and 
S>. This result is expected from the progress
ively higher time-integrated fluid flux with 
increasing flow rate. Confirmation of this can 
be obta1ned by calculating the normalised mass 
removed of a dissolution-index component of 
glass, such as 8 or Li, as a function of flow. 
For example, afttr 1000 hours of react"ion, the 
total milligrams of 8 removed per gram of glass, 
assuming congruent dissolution <Figure 6), was 
approximately 8 in the static test, II in the low 
flow test, and 26 in the high flow test <a value 
of about 31 would represent total B removal from 
the glass>. The theoretical basis for this de
pendence of heterogeneous reaction ra~es with 
flow, or stirring, rate has been presented pre
viously <Levich, 1962; Dibble and Tiller, 198lb; 
Aagaard and Helgeson, 1982>. The mass transport 
rate from a solid/fluid interlace to the bulk 
fluid is inversely proportional to the diffusion 
boundary layer thiokness. As flow rates in-
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Figure 3. Scanning electron microscopy <SEM> 
photo of SRL-131 glass with surfical alteration 
product (smectite> reacted under 
flow> conditions. 

static (no 

Figure 4. SEM photo of SRL-131 glass with 
surficial alteration product (smectite> reacted 
under low flow (0.015 ml/minl conditions Nate 
the superimposed scan line for boron abundance 

Figure 5. SEM photo of SRL-131 glass w1tlo 
surficial alteration product <smectite.! reacted 
under ·high flow (0.15 ml/min) conditions 



crease, the boundary layer thicknesses decrease, 
and the rate of mass transport increases. It has 
also been proposed that stirring (flow) rates may 
appreciably increase the rate of precipitation 
and growth of alteration products 1n silicate 
systems <Aagaard and Helgeson, 1982>. 

A second important effect of flow is the 
suppression of high degrees of supersaturation 
with increasing flow rates <Figure 6>. The pro
duction of metastable alteration products is 
favored whtn glass dissolution rates are high 
relative to growth rates of the most stable pro
ducts <Dibble and Tiller, 1981al. That is, if 
high degrees of supersaturation with respect to 
the most stable phase<s> are maintained, many 
metastable phases may form. The effect of higher 
flow rate is to lower the degree of supersatura
tion that can be maintained by glass dissolution, 
preventing the formation of metastable solids, 
thus enhancing the formation of more stable al
teration phases. This conclusion is supported by 
both field evidence <Browne, 1978; Keith et al, 
1978> and laboratory tests <Dibble and Potter, 
1982; Pohl and l.iou, 1983; l.ane et al. 1985> 
cited e&rlier. 

Although flow rate did have an appreciable 
inverse effect on steady-state concentrations, or 
degree of solution supersaturation (Figure 6), 
there was no apparent effect of flow rate on 
the actual alteration phases of the glass that 
formed. All three tests showed the pseudo
morphic replacement of glass by the same Al-poor 
smectite as the dominant alteration phase. This 
may be attributable to the high solution concen
trations that developed in the initial period of 
reaction of the flow tests <Figure 6>. These re
latively high concentrations, in turn. are proba
bly attributable to the rapid dissolution of fine 
particles on the unwashed grains of glass and/or 
to enhanced surficial reactivity of the glass due 
to preparation by crushing <Holdren &nd Berner, 
1979; Harker et al, 1984>. A systematic study of 
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F1gure 6. Solution concentrations for l.i, B, Na, 
and Si from static and flow tests plotted as a 
function of test duration. 
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glass alteration as a function of surface defect 
concentration and structure may, therefore, be 
desirable. A second, contributing cause for the 
observed persistence of the clay may be its 
pseudo-morphic replacement of glass, limiting 
truid access to the glass surface by liquid 
diffusion rather than convective flow. 

A third potential effect of flow rate on 
glass alteration, 
is the effect of 

not investigated in our te~ts. 

solution composition. At high 
flow rates, the composition of the solution will 
more strongly affect the composition of the al
teration phases <Dibble and Potter, 1982l. Under 
low or diffusion controlled flow conditions, as 
expected for nuclear waste repositories in basalt 
and other host rocks <WISP, 1983>, alteration 
will be "solids dominated" <Seyfried and Mottl, 
1982; Giggenbach, 1984>. With increasing flow 
rate, the reactions in the system will gradually 
become "solutiondominated", which can result 1n • 
completely different alteration pathway and for
mation of a different set of alteration minerals 
<Seyfried and Mottl, 1982). The cross-over from 
"solids-" to "solution-dominated" conditions will 
depend on solution and solids compositions. as 
well as flow and reaction rates. 

Studies by the Basalt Waste Isolation 
Project have shown two observable effects of 
increasing fluid flow rate on the alteration ol 

borosilicate glass at 150 oC The first 1s that 
glass dissolution rates increased appreciab!v 
with increasing flow rate. After 1000 hours of 
reaction, over three times as much boron was 
released from the glass at a flow rate of 0 15 
ml/min compared to a static test It t,as ;,lso 
been proposed by others IAagaard and Helgeson, 
1982l that precipitation rates also increase w1th 
increasing flow rates. Such effects promote a 
more rapid alteration of glass to solids that 
will initially control the release rate of ma~y 

radionuclides. 

The second effect is that solution concen
trations <i.e. degree of supersaturation) are 
progressively suppressed with increas1ng flow 
rate. Under high. yet readily achievable labora
tory flow rates, this effect could be utilized to 
prevent the formation of some metastable alter~

tlon solids and promote the formation of more 
stable solids. Although such flow rates would be 
many orders of magnitude greater than expected 
repository flow rates, the progressive step-w1se 
alteration of glass could be studied, and an 
evaluation made of the long-term controls for 
radionuclide release from glass waste forms 
Failure to demonstrate such step-wise alteration 
in these preliminary flow tests may be attribut
able to high initial solution supersaturations 
developed from nonflow-related factors or to 
diffusional constraints to continued chem1cal 
reaction processes at the surface of the glass 
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ASSESSMENT OF TH~ COMBINED EFFECTS OF TEMPER~TURE 

~NC~~ASE. WAT~R CONV~CTION, MIGRATION OF RADIONUCLIDES 

~NO RAOIOLVSIS ON THE SAFETY OF A NUCLEAR WASTE 

REPOSITORY IN THE BOOM CLAY 

L.H. BAETSLE, A. BONNE, P. HENR!ON. M. PUT AND J.PATYN 
SCK/CEN. B-~400 MOL, BELGIUM 

FOR A POTENTIAL REPOSITORY IN THE BOOM C~V FORMATION 220 M 

eE~EATH THE NUCLEAR RESEARC~ C~NTER AT MQL BELGIUM. EXTENSIVE 

TE~PERATURE CALCUL~TIONS HAVE BEEN DONE FOR SEVERAL REPOSITORY 

CO~FIGWRAT!QNS. TAKING INTO ACCOUNT. NEAR FIELD AND FAR FIELD 

:e~~E~A1URE LI~ITATIONS, AN ACCEPTABLE HEAT LOAD OF 2.5 W/M2, AND 

A CuO~!~G i!ME OF 50 YEARS HAVE BEEN DERIVED. A QUALITATIVE 

O!SCL'SSION IS GIVEN OF THE IMPACT OF A TEMPERATURE INCREASE ON THE 

~IGRQ''!':i:C:o.i PATTERN AND ON THE GLOBAL EFFECT AS A FUNCTION OF DISPOSAL. 

,:as,.. :r aca. 

HYO~O~aG:CAL PHENOMENA IN THE WATER TABLES SURROUNDING THE BOOM 

C~~V LAYER HAVE BEEN STUDIED BY INSTALLING A PIEZOMETRIC OBSERVATION 

~~:woRK OVE~ A SURFACE OF 2~00 KM2. A MATHEMATICAL MODEL HAS BEEN 

DEVELOPED TO INTERPRET THE PIEZOMETRIC OBSERVATIONS ~NO TO 
D~~IV~ i~E REGIONA~ F~OW PQTTEAN ANC T~E WATER TRANSFER THROUGH THE 

LOW IMPERMEABILITY CLAY LFWER. IT HAS BEEN ATTEMPTED "(0 VERIFY 

:HESE ~ESULTS BY ORTING OF THE GROUNDWRTERS AND THE INTERSTITIAL 

CL.AY W~TER. 
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Q LN!DERICTIONAL ANA~VTICAL MPDEL HAS SEEN DEVELOPED. TAKING INTO 
ACCO~Ni RADIOACTIVE OEC~V AND WATER CONVECTION BV R gRESSURE 

GP.elDI!'.'T~ AND WHLCH SUP~OSES CONCENTRATION EQUILIBRIUM BETWEEN THE 

r,OE.n:_£ ANO THE STAGNANT FRACTION OF THE, LIQUID ,PHASE. ANALYTICAL.. 

SO.JTICNS·HAVE SEEN OBTAINED FOR THE ENTIRE RANGE OF PARAMETERS. 
THE ~ESULTS OF THE CALCULATIONS, DONE WITH THE·EXPERI~ENTRLLV 

OET~~~~NED PARAMETER VALUES. SHOW THAT FOR THE MOST CRITICAL 
RRO:ONUCLIDES AS FOR EXAM~LE NP 237. THE MIGRATION DISTANcE IS LESS 

THAN 1 M AFTER 1000 YEARS. 

THEOqET:CAL AND EXPERIMENTAL WORK IS UNDER WAY TO MODEL THE 

CCJ'.JSEQU:ENCES OF ~ DIFFERENCE' IN THE APPARENT DIFFUSION CONSTANT 

r=o:~ THE rt.OBII. .. E ~NO THE STAGNANT FRACTIOrQ .QF THE L.lQUID PHASE. 

~~~~RIMENTAL AND THEORETICA~ WORK IS UNDER WAY TO DETERMINE THE 

!MPOqTANCE OF THE MIGRATION QF THE ALPHA EMITTERS AND THE PRODUCTION 

OF AAD!OLYSIS GASES. AND THE MIGRATION OF THESE GASIS. THE 

~X~~RIMENTAL WORK CONSISTS OF THE OETERMlNATlON OF GAS PRODUCTION 

~ND ~HE MEASUREMENT OF THE DISPERSION CONSTANT. THE THEORETICA~ 

WO~:~ CO~CERNS THE MODELING OF THE COMBINED PRODUCTION AND MIGRATION 

OF THE RADIOLYSIS GASES. 

90 
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ABSTRACT 

The Oklo Natural Reactor, Gabon, is an ex
cellent site in which to study, assess and eval
uate coupled processes of interest to radionuclide 
migration in natural media. The uranium accumula
tions in which the fission reactions occurred are 
dated at about two Gy (billions of years), and the 
nuclear reactions lasted for some 500,000 y (~). 

Temperatures in thg reactor zones were on the 
order of 300 - 450 C, although local, higher temp
eratures may have been reached. This thermal 
regime aided in the diffusion of some fission 
products, and possibly actinides, from host pitch
blende. Post-reactor diagenesis events have 
masked some of the radionuclide migration paths, 
but most can still be studied. 

Elements incompatible in the pitchblende 
structure, such as Cs, Ba, Rb, and Sr were lost 
by diffusion into the surrounding assemblage of 
quartz-chlorite-illite-carbonates-oxyhydroxides
sulfides. Mass spectrometric studies show that 
fissiogenic Rb and Sr were fixed on clay minerals 
in and near the reactor zones, and indirect evi
dence suggests the same fate for Cs. Fissiogenic 
Ba was in part fixed in clay minerals but also 
fixed on/in sulfate and carbonate minerals in and 
very near the reactor zones. 

Conditions during the reactor's operative 
lifetime were probably very locally oxidizing in 
an overall reducing environment. This resulted in 
loss from reactor zones of fission products which 
form soluble oxyions under such oxidizing condi
tions, including Tc, Ru, and Mo. In addition, 
some loss of Ag, Sn, and Cd is predicted and ob
served based on theoretical considerations and 
detailed isotopic measurements. The Tc, Ru, and 
Mo migration paths, and sites of fixation fairly 
near the reactor zones hare been demonstrated by 
Curtis and others (LANL). The 4g, Sn, and Cd 
migration has been documented by DeLaeter and co
workers. While the high temperature, oxidizing 
conditions promoted the loss of these elements, 
the nearby low temperature, reducing conditions 
resulted in their precipitation in sulfides. 
Interestingly, elements which have large stab5lity 
fields

0
of solid species in Eh-pH space for 25 C 

to 200 C such as Rh, Te, Pd, Sb, Nb, and In, ap
parently did not migrate from the reactor ore. 

The actinides, Th, U, Np, Pu, and Am are 
similar in crystal chemical properties, and uo2 
is structurally compatible with Np0

2
, Puo2 and 

Am02 . Hence a strong case is made for Np, Pu, and 
Am retention even when some U was mobilized. This 
results from the fact that U forms soluble oxyions 
in the Eh-pH range of interest while the other 
species do not. Further evidence for the trans-
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uranic elements being retained is shown by pres
ence of Bi formed from Np-decay and excess Th-232 
from U-236. 

The rare earth elements are compatible in 
the pitchblende with U, and little migration of 
these elements has occurred. Curtis and his co
workers suggest some Nd loss, possibly due to 
radiolytic effects, but, based on solubility and 
other geochemical arguments, fixation must have 
occurred almost llnmediately. Once removed from 
host pitchblende, the REE (rare earth elements) 
are likely to be fixed in oxyhydroxide or carbon
ate phases. 

The fate of fissiogenic I is uncertain, in 
part due to lack of measurements. Not only is I 
incompatible with U in pitchblende, but it also 
will not be fixed with the alkali and alkaline 
·earth elements in the clay mineral gangue. It is 
possible, however, that the I may be removed in 
sulfides nearby as M(S,I) surface species. 

The cr·,mbined thermal and geochemical aspects 
of Oklo allow estimates of degree of radionuclide 
migration to be estimated, and aspects of both 
near-fiel ~ and far-field behavior can be· evalu
ated from combined theoretical and experimental 
studies. After some twelve years research, it 
appears that most of the Oklo fission products 
and actinides did not migrate any appreciable 
distance from the host pitchblende, and that the 
rocks at the Oklo site are adequate to fix migrat
ing radionuclides in them. 

INTRODUCTION 

Natur:,,.l fission reactions occurred in the 
uranium ores at the site of the Oklo Mine, 
Republic of Gabon, some 2 Gy, as documented by 
Naudet (1978), IAEA (1976), and IAEA (1978). The 
occurrence of such natural fission reactions had 
been proposed by P. K. Kuroda and others (See 
Kuroda, 1976) some twenty or so years before dis
covery of Oklo. The conditions for criticality 
to be attained in nature include: (a) high grade 
uranium, (b) 235u content of greater than 2 - 3%, 
(c) absence of neutron poisons, (d) water content 
of roughly 12 to 16 percent. The high grade ore 
at Oklo formed by remobilization of'low grade ore 
(Brookins, 1980). In the low grade ore, uranium 
is mixed with fairly large amounts of selenium, 
molybdenum, vanadium, manganese, some boron, and 
other elements which can act as neutron poisons. 
When the ore was remobilized, however, uranium 
only was remobilized and deposited in fractured 
and faulted zones in sandstone as a mixture of 
uranium ore-shale infilling material. The ore 
grade reaches 70 percent UJ08 in places, and, at 
2 Gy, the 235u content was 3.25 percent, roughly 



what uranium today is enriched to for man-made 
power reactors.· The water content can be esti
mated only indirectly. Naudet (1978) has argued 
for 14 - 15 percent water based on abundance of 
hydroxyl-bearing clay minerals present in the zone 
of the fission reactions; and he reasons that for 
water content much less than 12 percent too little 
would be present to serve as an efficient modera
tor. Similarly, at water content much above 16 
percent, the neutron flux would be too diffuse, 
and criticality might not be achieved. All of the 
above criteria, thus, were met at Oklo. The 
nuclear reactions occurred in some dozen or so 
zones of high uranium concentrations at Oklo and 
were operative for about 500,000 years, during 
which some 14,000 MWe-years of energy were pro
duced. Most of the nuclear reactions at Oklo 
involved 235u, but, locally the neutron flux was 
sufficient to induce fission of 238u and to pro
duce 239pu from 238u. The 239Pu then partially 
fissioned as well. Naudet (1978) has proposed 
that the average Oklo reactor ore involved 93 
percent 235u, 3 percent 238u, and 4 percent 239Pu. 
Roughly 6,000 kg of 235u fissioned and, with 
fission of some 238u and 23~, fission products 
of some 30 elements were produced. The early 
documentation of the fission process, temperature 
and pressure constraints on the reactor host rocks, 
and studies of some of the fission yield elements 
are given in IAEA (1976;1978). 

The approach to be used here is to comment on 
the various trace elements produced by fission at 
Oklo. Cuupled thermal-geochemical and geochemical
hydrologic processes played an important role in 
distribution of the fission products and actinides 
at the Oklo site. Further, if all the elements 
producec by fission processes still reside as 
stable elements (i.e., either formed directly by 
fission or as stable daughter products of radio
active fissiogenic parents) in the rocks, then 
this is a definite "plus" for the ability of rocks 
to retain radioactive wastes. Alternately, if the 
rocks at Oklo were not adequate for retention of 
the fissiogenic elements, then one can argue that 
these particular rocks are not well suited for 
radioactive waste disposal. 

The identification of fissiogenic elements 
from their natural counterparts is, in most instan
ces, easy. This results from the fact that the 
isotopic composition of the naturally occurring 
element is usually quite different from that re
sulting from fission, hence 100 percent naturally 
occurring element, 100 percent fissiogenic element, 
and any mixture of the two can be determined with 
today's sophisticated mass spectrometric and other 
techniques. The documentation of different ele
ments is given in IAEA (1976;1978). 

DISCUSSION OF CERTAIN TRACE ElEMENTS AT OKLO 

In this section the various elements produced 
by fission at Oklo are discussed. Data have been 
gathered for many of the 30 or so elements pro
duced by fission, and estimates of behavior of all 
elements can be discussed even in the absence of 
measured data. In the following discussion, the 
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amount of normal element will be designated Mn, 
the amount of fissiogenic element Mf, and a mix
ture of the two as ~· 

The alkali and alkaline earth elements, Rb, 
Sr, Cs, and Ba have been studied by Brookins 
(1981), Brookins and others (1976), and others 
(See IAEA, 1976). Early studies (in IAEA, 197 6) 
suggested widespread migration of Rbf, Srf, and 
Csf with possible retention of Baf. These studies, 
however, focussed on only high grade uranium ore 
samples, in which the alkali and alkaline earth 
elements are metastable, and loss of these elemen~ 
from th~ U02 structure is to be expected. Brookim 
(1981) showed that the clay mineral-rich gangue 
surrounding the reactor ore contained small per
centages of Rbf and Srf, as well as significantly 
high I35Ba I 137 Ba ratios. The barium data are 
of interest because this ratio will only vary if 
fissiogenic cesium is produced (i.e., 13Scs and 
137cs decay to 135Ba and 137Ba respectively). 

.When the 1351137 ratio increases markedly from the 
natural ratio of 0.5835, then some Csf has affect
ed this ratio. Further, even though natural 
cesium contains only one isotope (133cs), its 
behavior can indirectly be determined by study of 
the 135Ba I 137Ba ratio. At Oklo, the clay mine
rals in the reactor zone gangue contain Baf(135, 
137,138), and Rbf and Srf. The combined data for 
the gangue samples show correlation of the amount 
of Rbf with Ba (1351137)£ and Srf with both Rbf 
and Baf, indicating that the alkali and alkaline 
earth elements behaved similarly in transport and 
fixation after loss from host pitchblende. Of 
significance is the fact that when the entire mass 
of near-ore clay mineral gangue is considered, 
then possibly 100 percent of the alkali and alka
line earths may be present adjacent to the uranium 
ore sites where first formed. This indicates only 
local redistribution of these elements as opposed 
to widespread migration. Since 90sr and 137cs are 
the two most potentially hazardous radionuclides 
in high level radioactive waste, then the Oklo 
data are very important as they argue for retent
ivity of these elements under some natural rock 
conditions. The Baf produced is retained in part 
in host pitchblende and in part in gangue barite 
and clay minerals. Rb+, sr2+, cs+, and Ba2+ are 
large ions not readily compatible with the pitch
blende structure, hence it is not surprising that 
Rbf, Srf, Baf, and Csf are, for the most part, 
lost from pitchblende. However, these elements 
are easily identified in the illitic clay minerals 
(Brookins, 1981). 

The halides at Oklo are not well understood. 
A deficiency of If has been noted (IAEA, 1976), 
however, and it is not known if the loss was wide
spread or local. This element is difficult to 
asses~ because naturally occurring iodine contains 
only 127r. This amount of iodine measured at Oklo 
may be all If, all In, or some mixture of the two. 
In the case of Br, no measurements have been made. 
This is unfortunate, as Brf is,in theory, easy to 
distinguish from Brn as masses ~9 and 81 are pro
duced in very different proportions (i.e., roughly 
1:3) during fission whereas Brn contains roughly 
1:1 of masses 79:81. If Brf were to be identified 



in some Oklo samples, then, since halides exhibit 
similar behavior in natural systems, any iodine 
present would include If. These Br measurements 
are badly needed to help to assess the fate of 
halides at Oklo. 

Yttrium retention has been proposed from the
oretical grounds (Brookins, 1978a) and by measure
ment (IAEA, 1976). This is consistent with its 
crystal chemical behavior in nature. y3+ is the 
only species of major importance in the pH range 

'5-10, and this ion substitutes easily for u4+ in 
pitchblende. It does not complex with sulfur 
species. Were any y3+ released from pitchblende, 
it would be readily incorporated into Y(OH) 3-
bearing phases or in carbonates (i.e., Y2(C03)3 
may be stable phase at pH near 6). 

Zirconium should also be retained in host 
pitchblende,as zr4+ is compatible in the pitch
blende structure where it substitutes for u4+ 
The theoretical considerations argue for retention 
(Brookins, 1978a) and are consistent with measure
ment (Frejacques, et al., 1976). Any zr4+ loss 
would be extremely local as Zr(OH) 4 or some other 
insoluble phase would severely restrict transport. 

Niobium occurs primarily in nature as Nb 5+ 

and is present in a number of extremely stable 
niobates and tantalates. In fact, the entire Eh
pH stability field of water is very nearly covered 
by the field of Nb2o5 (Brookins, 1978a). The few 
measurements made for Nb in Oklo ores (See IAEA, 
1976) argue for retention. 

Molybdenum presents an opportunity to invest
igate migration of Mof. In nature, MoS2 is an 
extremely stable mineral under chemically reducing 
environments, but it will oxide to HMo04- or Mo04L 
ions under conditions when s2- is oxidized to so42.... 
(See Brookins, 1978a). It has been demonstrated 
(IAEA, 1976) that Mof is somewhat depleted in the 
Oklo ores. Recently Curtis and co-workers at the 
Los Alamos National Laboratory have identified 
Mof in zones some 5-10 meters from reactor ore in 
which Ruf (including 99Ruf formed from Tcf) are 
found, suggesting that migration of Mof has been 
local. 

No data are available for Krf from Oklo (See 
discussion below on Xef). 

Some migration of Tcfand Ruf has been indi
cated at Oklo, but the site of the remobilized Tcf 
and Ruf is only some 10 meters from reactor ore 
(Gancarz and others, 1980). In particular, 99Ruf, 
which forms in part from 99Tcf, is present in 
amounts to indicate migration of Tcf with Ruf. 
Theoretical considerations (Brookins, 1978a) argue 
that under slightly oxidizing conditions, both 
elements may be soluble as oxyions; e.g., Ruo42-
and Tco4-, and this no doubt accounts for their 
initial loss from reactor ore. When more reducing 
environments are found, however, then these ele
ments are quickly removed as M02 or MS2 phases or 
in solid solution in gangue oxides or sulfides. 
At Oklo, the host for Ruf and Tcf (and probably 
Mof) is probably pyrite. Brookins (1978a) has 
also argued that Tcf should be retained in the 
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composite Oklo environment based on the Eh-pH 
diagram for Re species. Re and Tc behave in nat
ural systems in identical fashion, and a wide 
stability field for ReS2 is noted which, in theor~ 
should also hold for TcS2 except that thermodynamk 
data for this species is lacking. 

No evidencl+for migration of Rh is noted at 
Oklo. Since Rh is compatible with u4+ in Oklo 
pitchblende, this is not surprising; and it has 
been shown (Brookins, 1978a) that Rh should be 
immobile in the greater part of the Eh-pH water 
stability field. · Palladium also has not migrated 
at Oklo. Recently, DeLaeter and others (1980) 
have shown that Pdf has been retained even in 
zones where other elements may have migrated local
ly. Since Pd is a common chalcophile element, its 
retention argues that oxyions of Ru, Tc, Mo instero 
of polysulfides are probably the important trans
porting ligands; else Pd, too, would have been 
subject to remobilization, which is not the case. 

Migration of Ag on a local scale has been 
noted by DeLaeter ana others (1980). This is 
problematic, as the Eh-pH diagram for Ag species 
(Brookins, 1978a) shows a wide stability field for 
native Ag and Ag2S. The large ionic radius of Ag~ 
however, makes it especially susceptible for migra
tion as it is incompatible in the u4+ site. Based 
on very different equilibrium times of formation 
as a function of temperature (Barton and Skinner, 
1979) for Mo and Ag, these two elements· should 
behave differently in simple S-0-H systems; hence, 
different migration transport is to be expected, 
while oxyion transport for Mof is probable, the 
transport mechanism for Agf is unknown. It should 
be amphasized, however, that most Agf is still in 
host pitchblende, and the amou~t of migrated Agf 
may be local. 

Migration of Cdf is well known (IAEA, 1976) 
and consistent with theoretical considerations 
(Brookins, 1978a). CdS is stable under reducing 
conditions, but there exists only a very narrow 
field of Cd(OH) 2 in the sulfate-stable part of 
Eh-pH space (Brookins, 1983). Thus, Cdf should 
migrate, probably as cd2+ or possibly as Cdo2 2-
(or some hydrolysis product of either) depending 
on pH. However, under conditions where sulfides 
are stable, the Cd should be removed as CdS 
(either as greenockite or in pyrite). The Ruf-Tcr 
Mof-bearing pyrite (Gancarz and others, 1980) may 
also contain Cdf, but these measurements have not 
been made. 

Retention of Inf has been documented at the 
Oklo site. Brookins (1978a) has argued for re
tention at both 25°C and 200°C (See also Brookins, 
1979) due to the large Eh-pH stability field for 
In s3 and In2o3 , and spark source mass specto
me~ric measurements support the theoretical inter
pretation (IAEA, 1976). In3+ is compatible with 
u4+ in host pitchblende. 

Theoretical considerations argue for reten
tion of Snf (See Brookins, 1978a; 1979), yet 
DeLaeter and others (1980) have shown local mi
gration of some Snf. The transport mechanism and 
newly formed site of Snf are unknown, but it is 



possible if not probable that Snf that has migrat
ed may be found in the zone of remobilized Ruf and 
Tcf (and Mof). sn4+ is a much smaller ion than 
u4+, hence loss from the pitchblende structure is 
probable. Whether the Snf lost is located as 
Sn(OH) 4 immediately adjacent to the pitchblende or 
further away is unknown. 

Brookins (1978a) has suggested possible migra
tion of Sbf' as only a very small field of Sbz03 
occurs above the field for SbzS3 in Eh-pH space at 
200°C. Transport as HSbOz or Sbo2- may be likely, 
and any Sbf so remobilized may be found where other 
chalcophile elements (Ruf,TCf) migrated; yet there 
are no experimental data to back up the theoretical 
arguments. This is unfortunate, as 123sbf is an 
important product of man-made power reactors, and 
behavior of Sbf is important for radioactive waste 
storage problems. 

Retention of Tef in host pitchblende has been 
proposed by Brookins (1978a) and supported by the 
experimental studies of DeLaeter and others (1980). 

Large loss of Xe has been shown by Drozd and 
others (1974). This ls to be expected, as Xef has 
no way to be structurally bonded in host pitch
blende. It is possible, but yet to be demonstrat
ed , that some Xef may be trapped in secondary 
sulfide minerals (See Christensen and others, 
1981); and this may also hold for Krf for which no 
measurements on Oklo material have been made. 

The REE have been nearly 100 percent retained 
at Oklo (IAEA,l976;1978). The REE exist as simple 
M3+ ions (:n part M4+ for Ce and M2+ for Eu) which 
are compat:ble with u4+ sites in host pitchblende. 
Brookins (1983) has prepared Eh-pH diagrams which 
show fields of M(OH) 3 and M2 (C03)3 to cover the 
Eh-pH range expected at Oklo; hence their retention 
is to be expected. Transport as a carbonate com
plex (cf. McLennan and Taylor, 1979) is not con
sidered likely based on new data (Brookin, 1983). 

Study of heavy metal behavior at Oklo is also 
of importan~e for radioactive waste disposal con
siderations. Local migration of radiogenic lead 
(Pb*) up to three meters from reactor ore at Oklo 
has been noted (Gancarz and others, 1980). A 
different path for migration of Pb* than Ruf is 
noted, but this is not surprising as Pb* accumu
lates only in a very slow manner due to decay from 
parent U whereas Ruf was produced relatively rapid
ly during the period of fission reactions. Volume 
diffusion for Pb* loss is probable, as Pb2+ is not 
compatible with u4+ in host ~itchblende. Only 
very limited migration of Pb is noted, however. 

Retention of Bi* is well documented at Oklo 
(IAEA 1976). Formation of 207Bi is due to decar 
from ~ 37Np (and small amounts from 24lpu and 24 Am) 
formed by neutron capture on U in the hi~h flux 
parts of reactor zones. Retention of Bi has been 
predicted by Brookins (1978b;l979) based on crystal 
chemical reasoning and Eh-pH considerations and 
documented by measurement (i.e., in the interiors 
of highest grade U ore the neutron flux was suffi
cient for 237Np and other transuranics to form, 
and it is in these interiors of ore zones where 
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excesses of Bi* are found). 

Both Th and Th* are compatible with u4+ sites 
in pitchblende. Th* forms from 236u, formed by 
neutron capture on 23 5u, which then undergoes 
alpha decay (to 232Th). Slight 232Th excesses are 
found where Bi* is found, and both are present in 
the expected proportions (See IAEA, 1976). 

Migration of U on a somewhat local scale is 
to be expected. Of the actinides and transuranic~ 
only U is readily mobile under sulfate-stable Eh
pH conditions , usually as some u6+ oxyion or 
carbonate complex (See Brookins, 1978b). The lo
cally high temperature (250 - 450°C) would be suf
ficient to mobilize U, and it would be transported 
to a site where reducing conditions would favor 
precipitation of U(IV) phases. Some U movement 
is post 1 Gy (IAEA,1978) as concentrations of U 
are found on the up-dip side of a 1 Gy dolerite 
dike which cuts the Oklo pit. How much reactor 
ore was involved in this remobilizatiori is unkno~ 

The transuranics Np, Pu, and Am were produced 
in various proportions at Oklo. Documentation of 
the amounts of Np and Pu produced and retained at 
Oklo has been established (IAEA, 1976;1978) both 
by theoretical considerations and amounts of 207Bi 
(from 237Np) and excess 23Su (from 239pu) in high
est grade reactor ore. The amounts of 241Am can 
be calculated, but the amount of 207Bi formed by 
subsequent alpha-decay is too small to resolve 
from that produced from. 237Np. Theoretical con
siderations argue for retention of Np, Pu, and Am 
at Oklo (Brookins, 1978b;1979), as all show large 
fields of MOz which cover not only Eh-pH reducing 
conditions but much of the sulfate-stable part of 
the field as well. Their behavior is somewhat 
different from that of U in that. whereas U may be 
somewhat mobile, the Np, Pu, and Am are not. For 
these three elements, large fields of NpOz, Puo2 , 
and AmOz cover most of the Eh-pH water ttability 
field (Brookins, 1978b,c). Further, N~ +, Pu4+, 
and Am4+ (and, t9 a lesser degree, Am3 ) are all 
diadochic with ~+ and easily contained in the 
structure of host pitchblende. Even if pitchblenre 
were to be completely destroyed by hydrothermal 
activity, if the Eh-pH conditions are roughly 
along the sulfide stable:sulfate stable boundary 
(note: probably slightly above), then released 
Np, Pu, and Am would be fixed as oxides or hydrox
ides while U was being remobilized. Although the 
amount of Cm produced at Oklo may have been very 
slight, theoretical and crystal chemical arguments 
(Brookins, 1983) suggest that its behavior is very 
much like that of Pu and Am, and had it been pro
duced at Oklo, it 'would have been retained in host 
pitchblende or in the overall reactor zones. This 
is important to note, for in man-made power reactoc 
waste both Am and Cm are produced in some abun
dance, and how these elements will behave in rock 
repositories is of concern. 

DISCUSSION AND CONCLUSIONS 

Thirty or so elements were produced by fis
sion at Oklo, plus radiogenic Pb, Bi, and the 
transuranics Np, Pu, and Am. 

•' 



Fission reactions at Oklo produced some 30 
fission products, and heavy metals were produced 
by radioactive decay and by nuclear reactions. 
The suite of the fission products, the radiogenic 
elements, and the transuranics provides a unique 
opportunity to investigate radioactive waste pro
duct behavior in rocks. Nature kindly conducted 
the experiment in the di.stant past, and man has 
only to synthesize the data and attempt an inter
pretation. The Oklo reactor was operative for a 
very lengthy time (about 500,000 years), and temp
eratures dur5ng the fJssion reactions were on the 
order of 200 C to 450 C at a pressure of about 
one Kb. Since man-made radioactive wastes are 
often discussed in terms of rock repositories at 
depths less than one Kb and at temperatures lower 
than those at Oklo (i.e., current estimates are 
close to 120°C maximum), the Oklo reactor sites 
actually represent analogues for repositories 
under higher temperature conditions. The empi
rical argument is offered that, if radioactive 
wastes are retained under Oklo conditions, they 
may be even better retained under lower T,P con
ditions. Further, the Oklo rocks represent a very 
common natural assemblage of alternating layers of 
sandstone, shale and conglomerate rocks. Their 
porosity and original permeability were both fairly 
high, certainly well outside the low porosity, low 
permeability demands placed on rocks being con
sidered for repositories. As such, retention of 
wastes in the Oklo rocks is less likely than in 
candidates for repositories built by man. 

Yet, without benefit of canisters, overpack, 
and engineered backfill, most of the elements pro
duced at Oklo have been retained in the rocks in 
which they were formed or, at worst, migrated from 
host pitchblende to some ten meters or so (max
imum?) from their original site. Only Xe, and 
probably Kr, are very nearly absent from reactor 
ore, and it is not known if even these noble gases 
were totally removed from the Oklo system or else 
fixed in rocks adjacent or close to the reactor 
sites. The alkali and alkaline earth elements, of 
critical interest for man-made radioactive wastes 
because of 90sr and 137cs, were locally redistrib
uted. The studies of 135Baf137Ba ratios (Brookins 
and others, 1976; Brookins, 1981) indicate, 
further, that Csf and Baf did not migrate from 
reactor ores for at least 25 million years; this 
time based on other isotopic systematics. 

Halides at Oklo are not well studied. A defi-. 
ciency of 127I may eventually be explained by 
fixation in gangue minerals. While this has not 
yet been demonstrated, study of Brf isotopic sys
tematics would allow this question to be answered. 

Many of the fission products remain in or 
with host pitchblende, including Y, Zr, Nb, Rh, 
Pd, In, Te, and the REE; and radiogenic Bi and 
transuranic Np, Pu, and Am were also not mobil
ized from their original sites. Local migration 
of Mo, Ag, Cd, Sb, Sn, Tc, and Ru during or just 
after shutdown of the reactors has been shown, or, 
based on theoretical grounds, proposed. Yet wide
spread migration of any of these elements is un
likely. This results from the facts that the 
overall Oklo environment was chemically reducing, 
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and the conditions in the reactor zone proper were 
just slightly oxidizing. This is very important, 
as the data from Oklo suggest that even if locally 
oxidizing, near-field reactions were to occur near 
a buried radioactive waste canister, these reac
tions would be extremely local, and any waste 
which escaped from the waste package would be 
quickly removed by the surrounding rocks after re
ducing conditions. Further, the clay minerals 
around the Oklo ores very efficiently scavenged 
fissiogenic alkali and alkaline earth elements 
(and perhaps others), thus demonstrating that such 
minerals in engineered overpack indeed work very 
well. 

The exact coupled processes operative at the 
Oklo natural reactor are difficult to identify, 
but involve geochemical, thermal, hydrologic and 
probably mechanical processes. Diffusion of ele
ments incompatible in the host pitchblende (Rb, 
Sr, Cs, Ba, Mo, Ag, Cd, Sb, I, and Br) was promot
ed by the moderately high temperatures and a local
ly oxidizing environment. Hydrologic conditions 
during the reactor's operative lifetime are not 
known, but rather restricted flow is likely based 
on the fact that readily soluble species such as 
Rb, Sr, and Cs appear to have been adsorbed onto 
clay minerals in areas immediately adjacent to the 
host pitchblende as opposed to being carried far 
distances. However, when the paleohydrologic con
ditions at Oklo are determined, it should be pos
sible to attempt a quantitative material balance 
for migration of certain of the fission products 
and actinides in the rocks, providing a precise 
determination of the thermal regime of the reactor 
ores has been well established. 

The Oklo experiments convincingly show that 
rocks are able to retain radioactive wastes under 
conditions of elevated temperatures with accompan
ying hydrothermal solutions, presence of water, 
high porosity and permeability, and without bene
fit of barriers such as canister, overpack, or 
engineered backfill. The Oklo data also strongly 
show that a chemically reducing environment is 
adequate for storage of radioactive wastes and 
that clay minerals do indeed act as effective 
getters for fissiogenic and other elements and, 
as such, are ideal for engineered backfill. Fi
nally, data for Oklo are incomplete. Analyses of 
gangue, especially post-uranium ore formation of 
pyrite near reactor ore, should be carried out to 
check for Sbf, Cdf, Brf, If, and even Krf and Xef. 
Oklo offers the scientific community the opportu
nity to address directly problems of long term 
storage of radioactive wastes, and its full impor
tance and relevance to this issue has not yet been 
determined. 
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ABSTRACT 

An equilibrium geochemical transport model 
for multicomponent systems, TRANQL, was used to 
investigate the effects of geochemical processes 
on the transport of contaminants. TRANQL was 
used to investigate the sensitivity of cadmium 
transport to a range of initial conditions, pH, 
complexing ligand concentrations, and concentra
tions of a simultaneously sorbing solute. 
Aqueous-phase complexation, dissociation of 
water, and sorption were the processes 
considered. First, the transport of an initial 
pulse of cadmium with a constant concentration of 
EDTA was examined. Second, the transport of an 
ini tinl pulse of cadmium and EDTA was simulated • 
The effects of variations in EDTA concentrations 
and pH were investigated. Finally, the transport 
of an initial pulse of cadmium and cobalt was 
examined. Results show a significant coupling 
between the geochemical processes of complexation 
and sorption and mass-transport. In cases where 
sorption is considered to be an important 
conttolling reaction the transport of a solute in 
mul ticomponen t sys.tems .is a strong function of 
the initial concentration and distribution of 
com~lexing ligands, pH, equilibrium formation 
con •. tants, and the concentration of a simul
taneously sorbing solute. 

INTRODUCTION 

Geochemical transport modeling plays a sig
nificant role in characterizing the macroscopic 
far-field environment and performance assessment 
of potential nuclear waste storage sites. The 
specific geochemical processes and the parameter 
valt~s considered in the modeling affect the 
resl'l ts of these transport simulations and thus 
the predicted performance of a repository. In 
particular most transport models currently used 
in nuclear waste storage programs rely solely on 
the use of a distribution coefficient to describe 
the equilibrium interaction and retardation of a 
radionuclide. However, distribution coefficient 
models do not take into account complex geochemi
cal or mul tisolute reactions and have of ten been 
inadequate in simulating observed transport. 
Implicit in these models is also the assumption 
that the solutes being modeled act independently 
of the bulk solution composition, i.e., the 
transport of one particular contaminant does not 
depend upon the presence of any other constituent 
in the system. Therefore, more sophia tica ted 
multicomponent equilibrium geochemical transport 
models have recently been developed (Valocchi 
etal., 1981; Charbeneau, 1981; Cederbergetal., 
1985). Multicomponent models have the potential 
to incorporate the equilibrium chemical reactions 
which may be significant in describing and 
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predicting transport such as aqueous-phase com
plexation, ion-exchange, simultaneous adsorption, 
dissociation of water, and precipitation/ 
dissolution. Because contamination sources and 
environments at potential nuclear waste 
repository sites are in reality multicomponent 
solutions, the application of multicomponent 
models to such sites should be· investigated. As 
an initial step, one such model, TRANQL 
(Cederberg et al., 1985), was used to investigate 
the effects of geochemical processes on the 
transport of a sorbing solute, cadmium, in a mul
ticomponent system. 

The principal objective of this paper is to 
attempt to answer the question, "does including 
complex chemistry in transport models make a 
difference?", i.e., what is the impact of various 
geochemical processes and parameter values on the 
transport of a solute in a multicomponent system. 
In the sections that follow, first, the 
geochemistry considered in the simulations is 
described. Second, a general outline of the 
model, TRANQL, is given. Finally, the effects of 
changes in initial conditions, complexing ligand 
concentration, pH, and simultaneously sorbing 
solute concentrations are detailed. 
Aqueous-phase complexation, dissociation of 
water, and sorption were the geochemical 
processes considered. From these examples it can 
be concluded that a significant coupling be tween 
the geochemical processes of complexation and 
sorption and mass-transport exists. Further in
vestigations should continue in applying this 
model to radionuclide transport at potential 
nuclear waste repository sites in order to 
validate or invalidate the use of distribution 
coefficient transport models. 

MODEL DESCRIPTION 

TRANQL is the model used for the simulations 
in this paper (Cederberg et al., 1985). In 
TRANQL the equilibrium interaction chemistry is 
posed independently of the mass transport equa
tions, which leads to a set of algebraic 
equations for the chemistry coupled to a set of 
differential equations for the mass transport. A 
solution is found by iterating between the two 
equation sets. The mass transport equations are 
solved using the Galerkin-Finite Element Method 
with an implicit time-stepping scheme and the al
gebraic chemical equation set is solved using the 
Newton-Raphson Method. 

The equilibrium interaction chemistry con
sidered here as a model system and shown in 
Table 1 includes sorption, complexation, and dis
sociation of water. The partitioning of species 
based on these chemical reactions depends 



upon a variety of physical and chemical condi
tions such as temperature, pH, the bulk solution 
composition, the type and number of sorption 
sites, and the respective concentration of each 
species in the system. The set of components 
whi~ comb!~e to ~orm al!_species+is defined as 
( Cd , Ca , HC0

3
, EDTA , SOH, H ) where SOH is 

the to ta 1 n u moe .r of so r p t ion s i t e s in 
moles /1 iter. 

The value of the binding coefficient, K
18

, 
for the sorption reaction of cadmium is a func
tion of pH. Thus, two values of log

10
K

18 
are 

r!::: ~:o!a:~etal.ta~:: ~:lou:s l:~o)~ t:e:; ':a1~~~ 
experiments (Leckie et al., 1983). The aquifer 
material used in the experiments came from a cal
ca'reous, sandy, unconfined aquifer near 
Borden, Ontario, Canada. 

To solve the set of chemical equilibrium 
equations for the eighteen species a computer 
code, MICROQL (Westall, 1979), is used. The in
formation required from MICROQL for input into 
the transport equations after the concentrations 
of all species are calculated is the total 
aqueous concentrations of all components. For 
example, Cd AO (the to~l amount ol cadmium in the 
aqueo'4.s phde~· (Cd )+[CdEDTA -J+[CdHEDTA-]+ 
[CdHC0

3
]+[CdOH ]. 

For one-dimensional flow in a homogeneous, 
isotropic porous medium the fundamental transport 
equations in TRANQL are the following: 

i•l ••• N 
c 

( 1) 

where N • number of components (•6), (C ) • total 
c T i 

(aqueous+ sorbed phase) concentration of com-
ponent i, (CAQ)i • aqueous phase concentration of 
component i, DL • coefficient of hydrodynamic 
dispersion, and v • average groundwater veL.ocity. 
Instead of formulating the transport equations 
around the mass balance for each species in the 
aqueous phase, the transport equations have been 
written around the mass balance for the total 
concentration of each component. This formula
tion allows the interaction chemistry to be posed 
independently of the mass transport equations and 
coupling of the two sets in a precise manner. 
The time derivative of the total component con
centration is a function only of the transport by 
advection and dispersion of the total aqueous 
component concentration. The (CA ) 's are deter
mined from the solution of ~lCROQL, the 
equilibrium chemistry equation set. 

The final set of mass- transport equa tiona is 
a system of differential equations (in this ex
ample two equations). The final set of 
equilibrium chemistry equations is a system of 
algebraic equations (here eighteen equations). 
After initializing the system to equilibrium, 
Eq. 1 can be solved directly for (EDTA ) because 
(EDTAT)•(EDTAA0 ). Solution to Eq. 1 fJr the non
conservative ~omponent,. (CdT), is found by 
iterating between the two equation sets until 
some prescribed convergence tolerance is met for 

the nonconservative component. It is assumed 
t~~ that_concentratio~ of the other components, 
Ca , HC0

3
, SOH, and H , remain constant. 

Ileac tiona Species log10K 

1 Cd2+ . Cd2+ 0 

2 ca2+ . ca2+ 0 

3 HCO) .. HCO) 0 
4 EDTA4- ., EDTA4- 0 

5 SOH . SOB 0 

6 ~ - g+- 0 

Com2lexation 

1 3~ + EDTA4- .. B3EDTA- 6.16 

8 4g+- + EDTA4- - B4EDTA 10.26 

9 Cd2+ + EDTA4- - CdEDTA2- 15.78 

10 Cd2+ + y+ + EDTA4- - CdHEDTA- 18.50 

11 Cd2+ + aco-3 - CdHCO~ 1.92 

12 Ca2+ + EDTA4- • CaEDTA2- 10.52 

13 ea2+ + y+ + .EDTA4- - CaHEDTA- 13.00 

14 ca2+ + HCO) - CaHco1 0.92 

15 ecs2+ - g+- + a2o - CdOH+ -10.28 

16 ca2+ - s+ + a2o . eaogt" -12.78 

Diuociation of Water 

17 -s+ + 820 ., 08- -13.91 

Sor2t1on 

18 Cd2+ + SOH - CdSOH 5.01 pH • 7.46 
5.35 pH • 7.97 

Table 1. 
system. 

Chemical Reactions for the cadmium/EDTA 

EFFECTS OF GEOCHEMICAL PROCESSES 

TRANQL was used to investigate the sen
sitivity of cadmium transport to a range of 
initial conditions, complexing ligand concentra
tions, pH, and concentrations of a simultaneously 
sorbing solute. For all the simulations in this 
paper the multicomponent geochemical parameter 
va 1 ue s and the physical parameter values are the 
same and held constant. The geochemical system 
considered is described in Table l. Flow was in 
one di~ension with v "' 0.10 m/day and o 
0.006 m /day. L 

Effect of a Constant Initial EDTA Concentration 

The effect of three different constant EDTA 
concentrations on the transport of·an initial 
pulse of cadmium was2_;nves~igated. The total 
concentrations of Ca ,HCO , SOH, and pH are 
held constant throughout the timulations in order 
to isolate the effect of the constant EDTA con
centration on the transport of cadmium. At time 
t • 0, a pulse of CdT is placed in the system 
which is then assumed to be at chemical 
equilibrium. Thre~4diff~Gent constant ~gncentra
tions of EDTA (10 , 10 , and 2.5lxl0 M) were 
used in the simulations. The three respective 
initial CdAQ distributions are given in Figure 1. 
The boundary values are taken to be those at the 
extremes of the initial distributions. For 
numerical purposes the background level of Cd was 
assumed to be two orders of magnitude smaller 
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than the peak concentration va 1 ue of the input 
pulse. Constant aqueous background concentra
tions for all components were used as the 
boundary conditions at x = -1.375 m. The center 
of the pulse was assigned x ~ 0 at t = 0. 

10-.5 

0 

-8 • 2 • .51 X 10 M 

4 

DISTANCE (M) 

8 

Figure 1. Initial Cd/constant EDTA system. 

For each initial concentration of EDTA a 
different CdAO concentration exists. In Figure 1 
it shows the more EDTA in the system the more 
cadmium complexes with the EDTA and remains in 
the aqueous phase. A two-order-of-magnitude 
decrease in EDTA concentration results in a 
two-order-of-magnitude decrease in Cd AO. So 
while the initial concentration distribu·tion of 
total cadmium, CdT, is the same in all three 
cases, the Cd AO distribution is quite different. 
The difference ts due to the amount of aqueous 
·cadmium complexation which in turn is based on 
the chemical reac tiona and formation constants 
lis ted in Table l. 

TRANQL was run to simulate a real time of 40 
days. A time step of 2 hr and nodal spacing of 
0.25 m were used in the simulations. Figure 2 
shows the results of the thre~ TRANQL simula· 
tiona, each with a different initial 
concentration of EDTA. The total concentration 
of aqueous cadmium, Cd AO' is plotted as a func
tion of distance for eilch EDTA concentration. 
The differences in the initial distributions of 
CdAO resulted in marked differences in the 
resul.ts of the transport simulations. When EDTA 
is at its maximum value more cadmium complexes 
with the EDTA, remains in the aqueous phase, and 
therefore is transported further in the 
·x-direction. When EDTA is at its minimum value, 
only 2% of the cadmium remains in the aqueous 
phase, 98% of the cadmium is immediately sorbed 
and virtually no cadmium is transported in the 
x-direction. 
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CoAQ 
M 

DISTANCE (M) 

Figure 2. The effect of constant EDTA on CdAQ• 

Effect of an Initial Pulse of EDTA 

Instead of a constant concentration of EDTA 
a pulse of Cd and EDT A.,. is placed in the sys tern 
at time t = 0. Four ditferent concentrations of 
EDTA in the input pulse were used. To reference 
the s imula tiona back to the varying initial con
centrations of EDTA a notation which specifies 
each case is listed in Table 2. Cases 
EDTA( la)-EDTA(4a) were used in this section to 
simulate the transport of a pulse containing EDTA 
and Cd. Cases EDTA(lb)-EDTA(4b) were used in the 
next section to investigate the effect of pH on 
the tran>~port of Cd. The initial d"istribution of 
CdA for Cases EDTA(la)·(4a) is shown in 
Figu~e 3. Initially, with more EDTA in the sys
tem 'llore Cd also exits. A 
two-ordP.r-of-magnitu~~ difference in peak con
centration of EDTA results in a 50% decrease in 
the initial peak Cd AQ concentration. 

Case Peak(M) I Background (M) pH 

EDTA( La) -6 
I -8 

7.97 2.5lxlo_
6 2.5lxl0_

8 EDTA(2a) 5.0lxlQ
5 I 5.0lxlQ7 7.97 

EDTA(3A) l.Oxl0_4 I l.OxlO _
6 7.97 

EDTA(4a) l.OxlO I l.OxlO 7.97 

EDTA(lb) -6 
I -8 

7.46 2.5lxl0_
6 2:5lxl0_

8 EDTA(2b) 5.0lxlQ
5 I 5.0lxlQ7 

7.46 
EDTA(3b) l.Oxlo_

4 I l.Oxl0_
6 

7.46 
EDTA(4b) l.OxlO I l.OxlO 7.46 

Table 2. EDTA Concen tra tiona used in cadmium/ 
EDTA simula tiona 

Figure 4 shows the results of four TRANQL 
simulations, each with a different initial pulse 
concentration of EDTA. When the peak concen tra
tion of EDTA is a maximum [Case EDTA(4a)), most 
of the cadmium is complexed with the EDTA and 
therefore remains in the aqueous phase. In this 
case cadmium behaves in a manner similar to that 
of EDTA, the conservative component. As the 
initial peak EDTA concentration decreases, more 
and more cadmium adsorbs to the porous medium due 
to the decrease in cadmium complexation. A 
two-order-of-magnitude decrease in peak EDTA 



concentration [Case EDTA( 4a) to EDTA( la) I results 
in more than an order-of-magnitude decrease in 
the maximum observed concentration of cadmium. 
As the peak EDTA concentration decreases, cadmium 
becomes more and more immobile and the concentra
tion distribution becomes asymmetric. 

~ 

0 4 

DISTANCE (M) 

T • 0 Days 

EDTA(4a) 

EDTA(Ja) 

EDTA,la 
J:.lJ11\',18 

8 

Figure 3. Initial Cd/pulse EDTA system. 

CDAQ 
M 

0 4 

DISTANCE (M) 

EDTA(4a) 

EDTA(3a) 

Figure 4. The effect of pulse EDTA on Cd AQ• 

.., 

-

The asymmetry in the cadmium distribution 
can be attributed to the changing speciation 
everywhere in the sys tern over time and the 
initial pulse distribution of EDTA. The relative 
broadening and asymmetry of the Cd AO curves was 
not seen in the simulations wtiEtre EDTA was 
constant. The asymmetry has been shown to result 
from the initial pulse distribution of EDTA and 
Cd and the ever-changing degree of geochemical 

complexation, speciation, and sorption occurring 
everywhere in the system (Cederberg, 1985). 

The Effect of pH 

For the cadmium/EDTA system (see Table 1) 
the formation or binding coefficient, K , for 
the sorption reaction is an implicit functlfon of 
pH. As the pH increases, so does the value of 
the binding coefficient. Therefore, cases 
EDTA(lb)-EDTA(4b) were simulated to investigate 
the effect of pH on cadmium transport. For 
direct comparison the concentration of CdAO for 
Cases EDTA(lb) and (la) and EDTA(4b) and (48! are 
shown in Figure 5 for t = 40 days. When the pH 
is lower the cadmium is more mobile and 
transported further. The effect is most notice
able when the peak EDTA concentration is lowest 
[Cases EDTA(lb) and (la)). In this case the 
decrease in pH results in a 75% increase in the 
observed maximum cadmium concentration. The com
plexation of the cadmium with the EDTA overwhelms 
any change in cadmium concentration due to a 
change in pH. There is little noticeable change 
be tween the cadmium concentrations when the EDTA 
peak concentration is a maximum [Cases EDTA( 4a)
(4b)). Because the binding coefficient has a 
lower value at a lower pH, the cadmium will bind 
less strongly with the porous medium and the EDTA 
will compete for the cadmium more strongly. 

::n'": I : 2\:. '""' 

0 4 

DISTANCE (M) 
Figure 5. The effect of pH on CdAQ. 

The Effect of Cobalt 

More than one reactive component is often 
found in contaminant systems. A second component 
may or may not compete with the first component 
for specific complexing ligands or sorption 
sites, To investigate the effects of the 
presence of a second sorbing component TRANQL was 
used to simulate the transport of cadmium and 
cobalt. The additional chemical reactions to the 
cadmium/cobalt/EDTA system are listed in Table 3. 
The complete system of reactions includes all 
those reactions from Table 1 plus those reactions 
specific to cobalt. In this set of reactions 
cobalt forms complexes similar to those of 
cadmium, The values of the binding coefficients 
for cadmium and cobalt in a system together were 
found by batch experiments. 

The transport equation set for the 
cadmium/cobalt/EDTA system contains one conserva
tive transport equation for EDTA and two 
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nonconservative transport equations, one each for 
the components, cadmium and cobalt. The physical 
parameter values used in the simulations are the 
same as those of the previous section. The 
initial and boundary conditions are also similar 
in value; however, here pH= 7.46 and SOHT = 
0.204 M. For this investigation a pulse of cad
mium, cobalt, and EDTA is input while the 
concentra tiona of the other components are held 
constant and remain at the values described in 
the previous sections. 

Reactions Species log
10

K 

19 Co2+ • Co 2+ 0 

20 Co2+ + EDTA4- ,. CoEDTA 
2-

15.58 

21 Co2+ + H+ + EDTA4- = CoHEDTA - 18.40 

22 Co 2+ + Hco; 
+ CoHC0
3 

2. 72 

23 Co 2+ - H+ + H
2

0 • CoOH+ -9.88 
Soretion 

Co 2++ SOH 24 .. CoSOH 
pH,.7.46 3.0 

( 18) Cd 2+ + SOH ,. CdSOH 3.6 

Table 3. Additional chemical reactions for the 
cadmium/cobal t/EDTA system. 

Simulations were run with two diffe~~t peak 
conce_Dfrations of total cobalt rcoT • 10 M and 
.. 10 M) present. Figure 6 .'lhows the initial 
distributions of EDTA.r, CdT' and CoT. Case Col 
(represented by the dotted l!~e) represents the 
simulation where CoT • 10 M. Case Co2 
(represented by the soli2

5
line) represents the 

simulations where CoT • 10 M. Figure 7 shows 
the initial distributions of CdAO and CoA after 
chemical equilibrium have been attained. ~ecause 
the Cd and Co compete for EDTA and sorption 
sites, the presence of a lower initial concentra
tion of CoT (Case Col) results in a higher 
concentration of CdAO after the system comes to 
equilibrium. As ~he cobalt concentration 
decreases, less cobalt complexes with EDTA and 
more cadmium complexes with the EDTA. Thus, less 
cadmium is available to sorb and the CdAO 
increases. From these initial conditions one 
would expect Cd to be transported further and at 
a Efg her concentration for the case where CoT • 
10 M. 

Figure 8 shows the results of two TRANQL 
simulations_~here the initia~ 6peak values of 
EDTAT is 10 M and CdT is 10 M. As the con
ceo tra tion of cobalt increases, the concentration 
of Cd A decreases. The difference in Co con
centra~ion has a significant effect on the 
transport of cadmium. Although CdAO initially 
is higher when Co is lower, the difference in 
the two CdAO dis\ributions increases with time. 
Initially tftere was approximately a 407. dif
ference in the CdA peak value. At the end of 40 
days an order-of-~gnitude difference in the peak 
concentration of Cd AQ exists. 
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Figure 6. Initial CdT/CoT EDTA.r system. 
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Figure 7. Initial CdAQ/CoAQ/EDTA system. 
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Figure 8. The effect of CoAQ on CdAQ' 

SUMMARY 

Results show a significant coupling between 
the geochemical processes of complexation and 
sorption and mass-transport. In cases where 
sorption is considered to be an important 
controlling reaction the transport of a solute in 
multicomponent systems is a strong function of 
the initial concentration and distribution of 
complexing ligands (here EDTA), equilibrium for
mation constants, pH, and the concentration of a 
s imul taneousl y sorbing solute. In the presence 
of a conservative complexing component such as 
EDTA the mobility or transport of cadmium in
creased significantly as the concentration of 
EDTA increased. A two-order-of-magnitude in
crease in EDTA resulted in an order-of-magnitude 
increase in the predicted maximum concentration 
of aqueous cadmium. When EDTA was constant, the 
CdAO curves retained their symmetry. However, in 
cas~s where a pulse of EDTA was input the Cd 
distributions became asymmetric and significantt~ 
broadened. Thus, the initial distributions and 
concentrations of all components in the system 
may effect the transport of a sorbing solute. As 
the pH decreased and the corresponding binding 
coefficient decreased, the transport of cadmium 
increased. When the EDTA peak concentration was 
a minimum, the decrease in pH resulted in a 75% 
increase in the predicted maximum CdAQ 
concentration. However, when the peak concentra
tion of EDTA was a maximum, the change 
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in pH had little effect on cadmium transport. 
Finally, as the concentration of a second sorbing 
component ,cobalt, was increased, the transport 
of cadmium respectively decreased. A 
two-order-of-magnitude increase in cobalt 
resulted in a 50% decrease in the CdAQ 
concentration. 

The specific results from these simulations 
are a function of the set of reactions con
sidered, the components present, and the 
equilibrium formation coefficients. However, the 
results do represent trends one might observe in 
ground-water contamination systems which concern 
the transport of inorganics in a multicomponent 
system. From the viewpoint of nuclear waste dis
posal programs the results of these calculations 
raise several important questions. First, what 
is the effect of mul ticomponen t complexation and 
sorption on mass-transport and thus performance 
assessment at potential nuclear waste repository 
sites? Second, if models such as TRANQL are 
needed are the necessary data being gathered in 
order to use these models? Finally, how valid is 
the application of distribution coefficient 
models to predict transport at repository sites? 
Further investigations are continuing in order to 
answer these questions • 

REFERENCES 

Cederberg, G. A. (1985). "TRANQL: A Ground-Water 
Mass-Transport and Equilibrium Chemistry Model 
for Mul ticomponen t Systems", Ph. D. Dissertation, 
Stanford University, Stanford, CA. 

Cederberg, G. A., R. L. Street, and J. 0. Leckie 
( 198 5). "A groundwater mass transport and equi
librium chemistry model for multicomponent 
systems," Water Resources Research, in press. 

Charbeneau, R. J. (1981). "Groundwater con
taminant transport with adsorption and ion 
exchange chemistry, method of characteristics for 
the case without dispersion," Water Res. Res., 
17(3), 705-713. 

Leckie, J. o., N. B. Ball, G. A. Cederberg, 
J. A. Davis, and C. Fuller ( 1983). "Adsorptive 
control of cadmium mobility in a groundwater 
aquifer: experimental and mathematical modeling," 
6th International Symposium on Environmental 
Biogeochemistry," Santa Fe, NM, October 10-14. 

Valocchi, A. J., R. L. Street, and P. V. Roberts 
(1981). "Transport of ion-exchanging solutes in 
groundwater: chromatographic theory and field 
simulation," Water Res. Res., 17(5), 1517-1527. 

ACKNOWLEDGEMENTS 

Prepared by Nevada Nuclear Waste Storage 
Investigations (NNWSI) Project participants as 
part of the Civilian Radioactive Waste Management 
Program (CRWM). The NNWSI Project is managed by 
the Waste Management Project Office (WMPO) of the 
U.S. Department of Energy, Nevada Operations 
Office (DOE/NV). NNWSI Project work is sponsored 
by the Office of Geologic Repositories (OGR) of 
the DOE Office of Civilian Radioactive Waste 
Management (OCRWM). 



ON NUCLIDE TRANSPORT, PRECIPITATION, DISSOLUTION AND SHARED SOLUBILITY LIMITS 

Robert J. Hopkirk and David J. Gilby 

Polydynamics Limited 
Zeltweg 29 

8032 Zurich, Switzerland 

ABSTRACT 

Most of the actinides and many of the fission 
and activation products in high level nuclear 
waste are soluble in some groundwaters only to a 
very limited extent. In addition, the solubility 
capacity for certain elements is shared amongst 
several isotopes. This becomes critical when 
dealing with the members of the actinide decay 
chains. Solubility limitations and transport rates 
are strongly coupled for all the important iso
topes. 

An iterative dynamic relaxation method has 
been developed in order to allow the simultaneous 
treatment of this coupled problem for the members 
of the actinide decay chains within the framework 
of an implicit finite difference code (TROUGH). 

The code has been used to study the diffusive 
release of radionuclides from the near field of a 
repository for reprocessed high level waste where 
a reducing groundwater is expected. A simple 
relationship for establishing the instantaneous, 
local level of solubility for each isotope has 
been employed. 

Solubility limitation in conjunction with the 
sorption capacity of the clay backfill in the 
repository storage tunnels results in many nu
clides decaying to insignificant activity levels 
before release to the geosphere. 

BACKGROUND 

Most of the nuclides which require treatment 
in the safety analysis of a radionuclide waste re
pository are subject to solubility limitation in 
groundwater. The nature of the resulting concen
tration field and of the precipitation or dissolu
tion rate places a special requirement on nuclide 
migration calculations. 

A further complication arises when the solute 
and precipitate contain several isotopes of the 
same element, which have to then share the total 
elemental solubility capacity. The demands on the 
migration code are extended yet· again when the 
actinide decay chains are treated, since now the 
total amount of an element present at any point of 
a migration path can depend to some extent on 
ingrowth of its individual isotopes from their 
precursors in the different decay chains. Table 
lists the four principal actinide chains in simp
lified form. 

Inspection of Table 1 reveals the extent to 
which all of the actinides are interrelated and 
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Table 1. Simplified actinide decay chains 

Chain 1 - 245Cm ... 241 237Np -+- 233u ... 229Th Am-+-

Chain 2 - 246Cm ... 242 Pu-+- 23Bu ... 234u ... 230Th 226 ... Ra 

Chain 3 - 243Am ... 239 235u 231Pa Pu -+- ... 
Chain 4 -

240 236 Pu -+- u ... 232Th 

indicates that their migration processes, while 
solubility limits are varying due to the sharing 
amongst isotopes, must be strongly coupled. 

It is the purpose of this paper to present 
briefly the manner in which the shared saturation 
limits and the precipitation/dissolu~f6n processes 
have been integrated into the on~-dimensional ver
sion of the TROUGH finite difference code and an 
example of its application (see also H~pkirk, 
Gilby and Wagner (1985)). 

SATURATION AND DISSOLUTION 

If a chemical species is injected into a body 
of water it will continue to pass into solution 
until the concentration exceeds the saturation 
limit. Precipitate will then start to form local
ly. Solute will diffuse away from the injection 
point and may also be advected away with a moving 
stream. The solute concentration will, in a homo
geneous system, slowly decrease ~s the distance 
from the injection point increa:es so that preci
pitation can only occur again if there is a fur
ther local production of the species. If the 
system is not homogeneous and the solubility, due 
for example to a change in concentrations of other 
species or to a change of temperature, is locally 
lower at some point on the transport path, further 
precipitation may also occur. Conversely, if there 
is a sufficient decrease in injection or produc
tion rate where precipitation has occurred, or if 
the solubility limit increases at that point, an 
unstable precipitate may redissolve. 

These processes are easier to visualise in a 
one-dimensional situation, so the equation for ad
vective/diffusive transport with allowance for 
radioactive decay, ingrowth, sorption and preci
pitation may be written: 

(1) 



where: 

solute concentration 
coefficient of diffusion in pore 
water 
hydrodynamic dispersion coeffi
cient 
spatial concentration of pre
cipitate 
precipitation(+ve) or dissolution 
(-ve) rate 
injection rate 
retention factor for equilibrium 

1-e: 
sorption = (1 + -e:- PsKd) 

equilibrium distribution coeffi
cient 
time 
hydraulic water flow velocity 
distance 
connected porosity 
decay coefficient 
water density 
density of the pore-free solid 
component 

* refers to the parent nuclide 

-1 
[mol kg l 

[m2 s-1] 

[m2 s-1] 

[mol 

[mol 
[mol 

[-] 

-3 
m· l 

-3 
m_3 
m 

[m3 kg-1 

[s] -1 
[m s ] 
[m] 
[-] 

-1 
[s 1_3 [kg m ] 

-3 [kg m ] 

This equation is solved in the TROUGH-10 code 
by an implicit finite difference scheme (see Gilby 
and Hopkirk (1985)). Figure 1 below contains a 
conceptual diagram of a segment from a one-dimen
sional migration path using finite difference 
terminology. It shows a cell P, the i'th cell of 
the discretised path, together with its neighbours 
w (West) and E (Eatt). Precipitation is taking 
place so Ci = Csat· The conservation equation (1) 
for the finite difference cell i will be reduced 
to the canonical form: 

L A.C. 
J ~ 

(2) 

where: 

i-1, i+1 an~ o (= "old" value in cell i 
from the previous timestep) 
coefficients in the finite difference for
mulation of (1) 
balance of the radioactive decay (sink) and 
ingrowth (source) in both solute and precipi-
tate 

s
1 

injection source term, where applicable 
SP precipitation source/sink, where applicable 

so that for instance 

sp = 0 for ci < csat 

but when saturation is reached Ci 
definition and: 

( 3) 

providing that the precipitation/dissolution pro
cesses are rapid with respect to the advection and 
diffusion. 
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Figure 1. Segment of a discretised one-dimensional 
migration path with precipitation taking place. 
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xe 

It should be noted that the ingrowth due to 
decay of a parent nuclide in precipitate is inclu
ded in the SR term. For the precipitate, the 
concentration present in the cell i is (see Figure 
1) NPi' so that: 

NPi = f Spdt - f ANPidt 

Thus the integral change in precipitate con
tent per unit volume in cell i during a discrete 
timestep ~t may be written in simple difference 
form: 

(4) 

where o = "old" as before. 

Careful bookkeeping of the precipitate inven
tory is necessary in particular to determine when 
the end of the saturation condition in cell i 
occurs. During the saturation period Ci may be set 
at Csat• in (3), but when re-dissolution is com
plete, there will be a timestep giving a solution: 

N < 0 
Pi 

In this case C. must be permitted to fall 
below Csat during tfie timestep and the value of Sp 
calculated from (4) with Npi set to zero at the 
end of the step. 

Since it is not known a priori when or where 
precipitation will start or stop, an iterative 
solution method has been selected. A preliminary 
solution sweep over the migration path reveals 
where precipitation is either starting or stopping 
according as: 

or 

Subsequent iterations of the solution will 
only change the concentrations now at points 
downstream of a newly revealed precipitation/ 
redissolution process discontinuity. 



ISOTOPE SOLUBILITY LIMITS 

In those cases where several isotopes of an 
element exist simultaneously there can be expected 
to be competition for solubility amongst them. If 
species adaptation of newly formed isotopes to the 
chemical environment is rapid, an expression 
giving the solubility limit of isotope k of a 
total of m of an element e as proportional to the 
total amount of that isotope present locally may 
be written for cell i: 

c 
satk,i 

or 

c sat. . 
-k,l. 

r C 

(e:pllVl i ck, i + 

sat e 

(5) 

+ N ) 
Pn,i 

Other schemes may be equally well employed, 
for instance as suggested by Hartley (1985). How
ever, equation (5) has been used in the present 
work. No problems have been experienced with con
vergence of the numerical solution, even for the 
simultaneous treatment of the 18 actinides shown 
in Table 1 provided that an appropriate sequence 
of solution of the nuclides is followed. This is 
detailed in Table 2 below and shows how the iso
topes have to be grouped under their element 
headings and solved in such an order that all 
precursor information is available before the 
members of each group can be handled. 

Table 2. Solution sequence for isotopes of the 
actinides interrelated by membership of decay 
chains and by solubility limits. 

Isotopes Solution 
Element Chain 1 Chain 2 Chain 3 Chain 4 Group 

curium Cm-245 Cm-246 1 
Americium Am-241 Am-243 2 
Neptunium Np-237 3 
Plutonium Pu-242 Pu-239 Pu-240 4 
Uranium u -233 U-238/234 u- 235 u -236 5 
Thorium Th-229 Th-230 Th-232 6 
Radium Ra-226 7 
Protactinium Pa-231 8 

APPLICATION TO NEAR FIELD RELEASE 

The approach outlined above has been applied 
on behalf of NAGRA (Swiss cooperative for radioac
tive waste storage) to examining the effects of a 
bentonite backfill in the relatively large diame
ter storage tunnels (3.7 m) of a deep repository 
for reprocessed high level waste upon the radio
nuclide releases to the geosphere. 

Dissolution of the vitrified gla~s matrix is 
assumed to commence for this study 103 years after 
disposal due to breakdown of an iron overpack of 
0.47 m outside diameter. The bentonite is assumed 
water-saturated and the near-field chemistry, 
buffered by the clay and by strong presence of 
iron, results in a uniform reducing environment 
(Me Kinley (1985)). Undisturbed host rock tempera
ture at the repository depth is 55°C and from 1000 
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years after storage the temperature gradients are 
assumed insignificant across the near field re
gion. Temperature distributions have been presen
ted by Hopkirk, Gilby and Schwanner (1983). 

Figure 2 gives an overview of this situation. 
The remaining diagrams show some aspects of the 
migration process of the actinides during the 
first million years after storage. For these 
calculations the waste matrix dissolution has been 
assumed to proceed at a uniform rate decoupled 
from all changes to the local water chemistry over 
155'000 years. The migration was computed using 
TROUGH-1D in cylindrical radial mode (i.e. assu
ming perfect axial symmetry, described in more 
detail by Hopkirk, Gilby and Wagner (1985)) and 
considering an effective diffusion as the only 
transport mechanism. The advective term in equa
tion (1) thus becomes zero. 

Figure 2. Schematic overview of the near field 
storage tunnel for which results are presented. 
Geosphere starts at the tunnel wall. 

The outer boundary was a "mixing tank", 
whereby the nuclide flux crossin~ the boundary 
represented by the tunnel wall into the relatively 
permeable host rock was assum~d ~o mix immediately 
with the passing groundwater.· 

Figures 3, 4 5 and 6 respectively show the 
release flux time histories across the tunnel wall 
for the chains 1, 2, 3 and 4 shown in Tables 1 and 
2. Figure 7 shows a time history for Chain 1 alone 
to the same scale, but for the situation with no 
backfill. The effect of the backfill is quite 
clear: 



Figure 3. Radionuclide fluxes into geosphere from 
backfill buffer- actinide chain 1 • 
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Figure 4. Radionuclide fluxes into geosphere from 
backfill buffer - actinide chain 2. 
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Figure 5. Radionuclide fluxes into geosphere from 
backfill buffer - actinide chain 3. 
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Figure 6. Radionuclide fluxes into geosphere from 
backfill buffer - actinide chain 4. 
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Figure 7. Radionuclide fluxes from waste matrix 
directly into geosphere (no backfill) - actinide 
chain 1. 
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Retardation by sorption and diffusion delay 
release to such an extent that the short lived 
245em and 241Am only emerge in rather insignifi
cant quantities. The other nuclides are severely 
retarded, a~tho~gh by 106.years the 23?~~ re~ease 
is approach~ng ~ts peak w~th 233u and · Th ~n 
transient equilibrium with it. 

Figures 8 and 9 show the releases of the five 
uranium isotopes respectively with and without 
backfill between waste and rock. Again the delay 
time rather than the absolute reduction of the 
maximum release rate is significant. It should be 
noted that slight differences in the water chemi
stry assumptions for the situations with and 
without backfill result in variations in solubili
ty limits (see Schweingruber (1983, 1984a,·1984b) 
and Me Kinley (1985)). For instance 237Np is _9 
limited to 10-8 mol/1 with backfill and 2 x 10 
mol/1 without backfill. Thus, fine comparisons of 
the peak release rates are not possible. However, 
Table 3 shows for the nuclides of Chain 1 and the 
remaining uranium isotopes the maximum release 
rates from the waste package to be expected due to 
matrix dissolution at 103 years the time of waste 
package failure. 
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Figure 8. Fluxes of the uranium isotopes to. the 
geosphere from the backfill buffer • 
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Figure 
leased 

9. Fluxes of the uranium isotopes when re
directly to the geosphere. 
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Table 3. Maximum release rates from the waste 
matrix due to waste dissolution 

Nuclide Max. release by congruent 
dissolution (mol/yr] 

On-245 3.9 X 10-4 

Am-.241 3.1 X 10- 2 

Np-237 4.1 X 10- 1 

u -233 1.2 X 10-4 

Th-229 2.4 X 10-7 

u -238 9.4 X 10- 1 

u -234 1.5x 10-3 

u -235 1.7 X 10- 2 

u -236 9.4 X 10-3 

In particular, Figure 8 reflects a combina
tion of the effects of the precursors of the 
uranium isotopes and the progress of the precipi
tation front radially outwards towards the near 
field/geosphere interface defined at the tunnel 
wall. It is indeed the five uranium isotopes which 
exhibit the most complex precipitation behaviour. 
An uranium precipitation front moves slowly radi
ally outwards so that by the end of the one mil
lion years period examined here it has (see Figure 
10) only reached a radius of 1.55 m. 
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Figure 10. Progress of the uranium precipitation 
front radially outwards through the backfill. 
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Figures 11 and 12 show the relative propor
tions of each of the five uranium isotopes in the 
remains of the waste package (at a fixed point) 
and at the moving precipitation front respective
ly. It is seen that in the waste region 238u 
dominates, whereas with increasing radial pro
gression of the saturation front 235u rapidly 
takes over the dominant role. The reason is 
that in the model waste inventory the availability 
of 238u is almost two orders of magnitude greater 
than 235u which is the next most abundant uranium 
isotope. During the transport process, however, 
the 235u is produced by a shorter lived plutonium 
parent. A similar contrast can_be seen in the 
release rates to the geosphere with and without 
the backfill buffer. 

Figure 11. Isotopic mix of uranium precipitate 
within the waste package volume. 
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Figure 12. Isotopic mix of uranium precipitate at 
the moving precipitate front. 
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SUMMARY 

The results presented above demonstrate the 
importance of considering solubility limitations 
in migration modelling. Equally important however 
is the further coupling of these effects with 
other aspects of the near field chemistry in order 
to arrive at an undistorted image of the release 
and migration processes. 
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ABSTRACT 

Uranium series radionuclides provide one of 
the most sensitive natural isotopic signatures in 
groundwater studies and as such have been used 
successfully to identify water masses and to 
evaluate quantitatively the mixing of waters on a 
regional scale. An example of such an application 
is a recently completed study of a multi
litholo~ical system in the Harwell region. The 
principal aim of the programme was to establish 
the groundwater flow patterns using hydro
geological and geochemical methods in association 
with isotope contents and uranium series 
disequilibrium and thus provide an independent 
approach to the study of effective permeabilities 
of clay lithologies in a sedimentary sequence. 
The uranium isotopic signatures in groundwater 
samples collected from the region have been 
interpreted in terms of the regional groundwater 
circulation and mixing, and the most significant 
zones of groundwater movement through clay 
lithologies have been identified. 

A complementary approach is to measure 
isotopic signatures in various phases of the solid 
matrix. The presence of radioactive equilibrium 
amongst various daughter/parent radionuclide pairs 
of the naturally occurring decay series in various 
solid phases will indicate lack of geochemical 
disturbance for hundreds of thousands of years. 
Alternatively, the existence of radioactive 
disequilibrium will indicate not only the 
disturbance to the system but, in some instances, 
the magnitude of the departure from the 
radioactive equilibrium for a given daughter/ 
parent pair may give an estimate of the time since 
the disturbance occurred and its nature. This 
latter approach is illustrated by a recent study 
of the distribution of the longer-lived radio
nuclides 23SU, 234u, 230rh, 232fh and 238rh 
between the pore water, iron oxyhydroxides and 
clay mineral phases in a thick surface deposit at 
Elstow, England. Such data are useful in studying 
the nature of retention mechanisms of uranium 
series radionuclides in a given geological 
formation and by inference their geochemical 
analogues suc,h as plutonium and neptunium. 

INTRODUCTION 

The disposal of radioactive wastes in 
geological formations relies on what is known as 
the multi-barrier concept. The main processes 
involved are (1) migration of waste radionuclides 
by diffusion from the near-field barriers to the 
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repository host rock and hence its groundwater, 
(2) leaching of waste forms by groundwater once 
exposed by canister corrosi.on, (3) migration by 
groundwater transport, and (4) retardation by 
interaction with the host rock. The principal 
mechanism by which radioactive waste components 
can be returned to man's environment is by 
circulating groundwaters. Thus, it is useful to 
develop techniques capable of delineating water 
bodies on a regional scale by their geochemical 
and isotopic signatures in order to establish 
their flow rates and mixing patterns. An example 
of this approach is a study of uranium series 
radionuclides in the Harwell regional groundwater 
system given in this paper. 

Furthermore, the suitability of a given site 
for radioactive waste disposal cannot be 
established reliably in the absence of realistic 
data relevant to the predictive models designed 
for a safety assessment. Many parameters 
characteristic of a given geological formation 
such as permeability, porosity etc. can be 
measured directly in the field or from field 
specimens. However, many others such as sorption 
parameters for a given geological formation and 
for different nuclides have not been measured 
hitherto directly, and there is a need to design 
methods for direct measurement of sorption 
parameters such as retardation factors etc. The 
second case study described here concerns a study 
of the distribution of the longer-lived radio
nuclides from the uranium and thorium radioactive 
decay series, 23SU, 234U, 230Th, 232Th and 228Th 
between the pore water and different mineralogical 
phases in a thick near surface clay deposit at 
Elstow, England. It is shown that the uranium 
series disequilibrium data presented here could be 
useful in evaluating the nature of uranium and 
thorium radionuclide retention mechanisms in clay 
and by inference their geochemical analogues such 
as plutonium, neptunium etc. 

CASE STUDY 1: STUDY OF THE GROUNDWATER REGIME IN 
THE HARWELL REGION 

The existence of one or more groundwater flow 
cells and the interaction between both local and 
regional groundwater flow systems will determine 
the overall groundwater circulation pattern in a 
given region. A combination of hydraulic, 
geochemical and isotopic data may provide 
sufficient information about the geochemical 
history and flow rates of regional groundwaters. 
Therefore, the knowledge of these parameters is 
crucial to any safety assessment of potential 



sites for radioactive waste disposal. 

The regional groundwater system incorporating 
argillaceous formations beneath the Harwell site 
has been. studied as part of a national research 
programme of investigation into the feasibility of 
disposal of low and intermediate radioactive 
wastes into argillaceous rocks. The principal aim 
of the programme is to establish the groundwater 
flow and mixing patterns using hydrogeological and 
geochemical methods (Alexander, 1984) in 
association with isotopic contents and uranium 
series disequilibrium and thus provide an 
independent approach to the study of effective 
permeabilities of clay lithologies in a 
sedimentary sequence. The principle behind this 
approach is based on the interpretation of the 
expected differences in hydrochemistry, isotopic 
content and uranium series disequilibrium at 
different depths and locations between the deep 
groundwaters which entered the system many 
thousands of years before at considerable 
distances from the Harwell site, and the shallow 
more recent waters. Any significant differences 
can then be asses.sed in terms of subsequent 
circulation and mixing patterns. 

The local hydrogeology of the Harwell site, 
the regional groundwater flow system and the 
interpretation of uranium series disequilibrium 
signatures in terms of the regional groundwater 
circulation and mixing patterns have been 
considered in separate reports (Alexa.tder and 
Holmes (1983), Alexander (1983), and Ivanovich and 
Alexander (1985), respectively). The studied area 
is shown in Figure 1. It consists L~ the north
western parts of the river Thames ba. in and 
comprises predominantly Cretaceous and Jurassic 
strata. 

Figure 1. Geology of the Harwell Region and 
hydrochemical, isotope and uranium series sampling 
sites. 

A synthesis of currently available hydraulic 
information for the Harwell region (Alexander, 
1983), demonstrates that the groundwater movement 
in the Chalk, Greensands, Corallian and Great 
Oolite group formations takes place predominantly 
in the horizontal direction. A smaller proportion 
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of vertical flow takes place between adjacent 
formations in the region. However, vertical 
groundwater movement through the intervening clay 
lithologies is the predominant direction of 
movement in the low permeability formations. 

Hydrochemical results show that salinity 
increases in the down-dip direction in both the 
Corallian and Great Oolite formations. This trend 
suggests groundwater components of progressively 
greater 'age' at down-dip locations (Schwartz 
et al, 1981) and is also reflected in both 
environmental isotopes and inert gas data from 
both the Corallian and.Great Oolite formations in 
the area (Alexander and Andrews, 1985). 

Thirty four groundwater samples derived from 
the high permeability formations in the Harwell 
region have been analysed for uranium and thorium 
content and 234u;238u, 230Th/ 23~ activity 
ratios. The locations of all sampling points are 
shown in Figure 1. Radiometric data are 
summarized in Table 1; ranges of measured values 
are given for confined and unconfined groundwater 
in each formation. 

Type of 
water 

G. Oolite 
~) 

G.Oallte 
(Conttneci) 

LOallte 

Cor ellen 
(\)lconllned) 

Cor ellen 
(Confined) 

Content (pg kg"1) 
u Th 

Activity Ratios 
234UI238u 23~t•••u ••~t23'Th 

0.41~.47 0.002~.02 1.04-1.22 0.19-0.23 4.4-1000 

0.002~.38 0.00~.02 1.19-18.0 0.01-1.54 3.7-22.5 

0.04 0.1 8.51 0.33 18.3 

0.12~.34 0.~.02 1.35-2.75 0.05-0.18 1.3-1000 

0.01~.10 0.003-0.02 1.50-10.48 0.02-1.73 1.0-tO.O 

Chall 0.18~.41 0.~.001 1.75-2.70 0.01-0.05 5.7·1000 

(Unconfined) 

U.Greenaand 
(Unconfined) 

0.81 0.02 1.40 0.07 5.2 

U.Greenaand 0.01-0.48 0.002-0.08 1.89-3.26 0.02-0.54 2.3-9.5 

(Confined) 

LGreenaand 0.29 0.02 1.84 0.21 5.3 

Characteristic uranium isotopic signatures 
delineate these groundwaters not only according to 
formation but also within each lithology; 
unconfined groundwaters are clearly differentiated 
from the confined groundwaters particularly in the 
Corallian and Great Oolite formations by having 
higher uranium content. However, the pattern is 
not so clear for the Chalk and Greensand 
lithologies. These formations are in hydraulic 
continuity with each other and in the Harwell 
region the Chalk is unconfined. Uranium contents 
in the unconfined waters are generally an order of 
magnitude higher than in the confined groundwaters 
in each of three high permeability formations. 
Similarly, the 234ijf23SU activity ratios in the 
unconfined groundwaters are in the range 1 to 3 
whereas the confined groundwaters' activity ratios 



Table 2: Definition and identification of old and young end-members in each 

of the high permeability formations. 

High [U] content (234u excess] 234UJ238U 1•c 3H Cl- End-member 
permeability Sample (dpm kg-1) (dpm kg-1) Activity ratio (pmc) (T.R.)••• (mg r1> type 
formation 

[ SU19/11 0.05 0.42 9.31 0.8 2.4 380 old 
Great Oolite SP20183 0.38 0.07 1.19 91.0 59.2 15 young 

HW5/20] 0.02 0.19 10.46 3.2 1.5 7,500 old 
or 

SU49/24 0.04 0.14 4.80 1.3 4.2 770 old• 

Corallian 
0049/0 l 0.34 0.12 1.35 85.0 7.2 22 young 

or 
SU39/14 0.12 0.21 2.75 34.4 38 young•• 

or 
SU49/50 0.16 0.06 1.37 38.7 26 young 

[ SU68/4 0.01 0.02 3.28 4.0 16 old 
U.Greensand SU

6910 0.81 0.32 1.40 42.0 26 young 

• SU49/24 sample is itself most likely a mixture of an old end-member represented by HW5/20 and a younger 
member such as SU49/0 or SU49/50. 

•• SU39/14 sample has an uncharacteristically high234UJ238u activity ratio for a young end-member and is most 
likely a mixture of an older water possibly from the Great Oolite below and the true young end-member for the 
sequence such as SU49/0 and SU49/50 . 

... T.R .• Tritium Ratio: one 3H atom to 1018 1H atoms (previously denoted T.U. -Tritium Unit). 

are higher and increase in the down-dip direction 
in the Great Oolite and Corallian. The observed 
delineation of the groundwaters in terms of their 
uranium isotopic signatures within individual 
strata suggest different geochemical histories in 
different lithologies of the Harwell regional 
system. This, in turn, suggests a combination of 
longer residence times necessary to develop such 
rock controlled characteristics and different 
mixing patterns of end-member groundwaters in each 
formation. 

Considerations of mixing groundwaters in each 
formation have led to identification of young and 
old end-members in each formation. These are 
listed in Table 2 and were identified by 
considering uranium content, 234uf238u activity 
ratios, and hydraulic, hydrochemical and isotope 
data available. Mixing equations of the following 
form were used (Osmond and Cowart, 1976) 

[U)M • [U)
0 

f 1 + [U)y f 2 
(1) 

[X)M • [X)
0 

f 1 + [X)y f 2 
(2) 

where [U)M, [U) 0 and [Uiy are uranium 
concentrations in the mixed, old and young end
member waters, respectively; [X)M, [X) 0 and [XIy 
are 234u excess relative to its parent 238U 
defined as (234Uf238U - 1) [U) in the three 
waters, respectively; and f1 and f2 are volume 
fractions (fl + f2 • 1), old end-member to mixed 
water and young end-member to mixed water, 
respectively. 

Mixing considerations in the case of 
groundwaters from the Great Oolite and the Upper 
Greensand have led to the conclusion that most of 
the intermediate groundwaters' isotopic signatures 
can be explained in terms of mixing between the 
young and old end-member waters within and across 
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each formation. In the case of the Corallian 
groundwaters the uranium isotopic data indicate 
mixing with groundwaters deriving from sources 
outside ··the formation through clay lithologies 
above and below. Due to the nature of the multi
component mixing system relative mixing. 
proportions derived from the uranium model (in 
conjunction with values calculated using chloride 
concentrations) are at best indicative of the 
scale of cross-formational flow in the region. 

The uranium data have been useful in 
highlighting groundwater samples which yielded 
anomalous signature explicable in terms of 
contamination and local geological variations. 
Some anomalies in the regional system have been 
more difficult to explain mainly due to the lack 
of understanding of the geochemical controls and 
their influence on the uranium series 
disequilibrium. 

In summary, the most significant zones of 
groundwater mixing determined from uranium 
isotopic data, and in agreement with hydrochemical 
considerations, are situated just beneath the edge 
of the confining strata (see Fig. 2). This is 
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Figure 2. Groundwater movement in the Harwell 
Region and mixing patterns. 



particularly true for the Great Oolite and the 
Corallian formations and coincides with the 
locations of hydraulic lows in both of these 
formations towards which the regional groundwaters 
move. Thus, mixing patterns established by 
uranium isotopic measurements are in general 
consistent with the conclusions derived 
independently from hydraulic, hydrochemical and 
other isotopic studies. From the work reported 
here it is concluded that the uranium isotopic 
signatures can be used to identify water masses 
and evaluate the mixing of waters in a sedimentary 
sequence of lithologies on a regional scale thus 
effectively supplementing hydrogeological, 
hydrochemical and isotope methods. 

CASE STUDY 2: STUDY OF URANIUM SERIES 
RADIONUCLIDES IN ELSTOW CLAY 

The aim of this pilot project was to study 
the distribution of the longer-lived radionuclides 
from the uranium and thorium decay series between 
different phases in Elstow Clay. Thus, partition 
of uranium and thorium isotopes between the pore 
water, amorphous and crystalline iron oxy
hydroxides and clay minerals was studied by direct 
isotopic measurements carried out on each of the 
four separated phases. Such data should be useful 
in evaluating the nature of retention mechanisms 
in Clay. 

The clay samples have been analysed for 238u, 
234u, 230T:.,, 232Th and 228Th. The results are 
distinguished by their uniformity. Thus, the 
avera~e uranium content is 1.8 ppm, the average 
234ut 38u activity ratio is within 2a of unity, 
and the 2~0rh radionuclide is deficient relative 
to its parent 234u by approximately 15% indicating 
slight uranium accumulation is taking place. 
Similarly, one of the striking features of the 
results obtained from the separated phases is 
their general uniformity both with depth in each 
core and from core to core. Thus, the clay 
content of each sample is about 70%, the pore 
water content between 20 and 30% and the iron 
oxyhydroxide component 1 to 10%. Radionuclide 
distribution in different phases of each sample 
analysed show similar trends. Generally, pore 
water contains only fractions of one percent of 
most radionuclides measured. The amorphous and 
crystalline iron oxyhydroxide phases contain 
collectively between 25 and 35% of total 23SU in 
each sample; about 35% of total 234U; between 25 
and 35% of 230Th; about 35% of total 232Th; and 
between 15 and 30% of total 228Tb. Uniformity in 
the 234uf23Su, 230rhf234u and 22&rhf23~ activity 
ratios is also found in different phases and their 
weighted means and associated errors together with 
those for uranium and thorium content are given in 
Table 3. 

The amorphous iron oxyhydroxide phase 
contains an excess of 234u daughter relative to 
238U parent (see Table 3); the observed 
deficiency of 230rh in the amorphous phase has 
been interpreted to reflect its much lower 
solubility than that of 234U particularly because 
the isotopic inventory of that phase is thought to 
be derived on a shorter time-scale predominantly 
from the fluid phase with which it is in chemical 
equilibrium. The magnitude of 230fhf234U activity 
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Table 3: Weighted means ot U and Th content and their isotopic activity 

ratios in total samples and the four seperated phases of EJstow Clay 

U content Th content Activity ratios 
Phase 

-- (dpmg"') -- 2••w2••u 23"rhJ2••u 22aThf'•2Th 

Total 1.32 1.68 1.03 0.85 1.72 
sample !0.02. !0.02 !0.02 !0.02 !0.04 

Amorphous Fe 3.73 8.88 1.48 0.66 1.12 
oxyhydroxide !0.45 !0.11 :!:0.11 !0.05 !0.06 

Crystalline Fe 2.43 9.33 1.01 0.88 0.65 
oxyhydroxide !0.44 !0.13 !0.12 !0.05 

Clay minerals 1.24 1.12 0.91 0.87 1.87 

!0.02 :!:0.11 !0.03 !0.06 :!:0.24 

Pore water 1.~ " o.o1o) 0.3 2.6 1.7 t.oo•• 
K10 x1 

:!:0.8 :!:0.001 !1.1 !0.3 !0.14 

• AU errors based on 1o uncertainties due to rudear coutting statistics only 

•• Based on only one measurement. 

ratio in the amorphous phase is interpreted as the 
result of recoil flux from the other two solid 
phases. Similarly, the slight excess of 228Th 
relative to its grandparent 232Th in the amorphous 
phase is ascribed to the same cause. 

In the crystalline iron oxyhydroxide phase 
the longer-lived daughter nuclides 234u and 230Th 
are both in radioactive equilibrium with their 
respective parents (see Table 3). This feature is 
consistent with the suggestion that the 
crystalline iron hydroxide phase is effectively 
buffered from direct contact with pore water by 
the amorphous phase, and as it enjoys stable 
geochemical conditions, the radionuclides resident 
in this phase grow into radioactive equilibrium in 
the presence of balanced fluxes of recoil losses 
and gains to and from the neighbouring solid 
phases. 

In contrast, the deficiency of 234u relative 
to 238u and that of 230Th relative to 234u in the 
clay mineral phase are interpreted to be a result 
of the clay phase being a net supplier of 234U and 
230Th recoils to the other phases present in the 
system. 

The apparent radionuclide distribution in the 
four phases of the Elstow Clay geochemical system 
provides evidence that amorphous iron oxyhydroxide 
is the phase primarily involved in the sorption of 
metal ions from groundwater solution. The data 
also provide evidence that a substantial 
proportion of uranium and thorium is associated 
with secondary crystalline iron phase. Since it 
appears that the amorphous and crystalline iron 
oxyhydroxides do exchange, and that the former 
acts as a buffer for the latter from direct 
interaction with groundwater, at least over time
scales commensurate with the 230rh half-life, a 
mechanism exists for the long-term retardation of 
radio-nuclide transport in clay systems. These 
findings are in excellent agreement with the 
observations made in the weathered shists 
containing uranium deposits of the Alligator 
Rivers region of Australia (Airey et al, 1983). A 
model proposed to describe the above findings 



should be validated with an extended data set 
including the existing sets. 

SUMMARY AND CONCLUSIONS 

The purpose of this paper was to illustrate 
the application of the uranium series 
disequilibrium con~ept to two aspects of radio
nuclide migration studies. This has been achieved 
by describing two case studies. The first of 
these concerns the regional groundwater system 
incorporating argillaceous formations beneath the 
Harwell site investigated as part of a national 
research programme of investigation into the 
feasibility ·of disposal of low and intermediate 
radioactive wastes into argillaceous rocks. The 
principal aim of the programme is to establish the 
groundwater flow patterns using hydrogeological 
and geochemical methods in association with 
isotope contents and uranium series disequilibrium 
and thus provide an independent approach to the 
study of effective permeabilities of clay 
lithologies in a sedimentary sequence. Thirty 
four groundwater samples derived from the high 
permeability formations in the Harwell region have 
been analysed for uranium and thorium content and 
234uf23Su, 230fhf234u and 230fhf232Tb activity 
ratios. The uranium isotopic signatures have been 
interpreted in terms of the regional groundwater 
circulation and mixing patterns. The most 
significant zones of groundwater mixing determined 
from uranium isotopic data are situated just 
beneath the edge of the confined strata. These 
zones coincide with the locations of hydraulic 
lows in the Great Oolite and the Corallian 
formations towards which the regional groundwaters 
move. The work reported here concludes that the 
uranium isotopic signatures can be used to 
identify water masses and to evaluate mixing of 
groundwaters in a sedimentary sequence on a 
regional scale thus effectively supplementing 
hydrogeological, hydrochemical and isotopic 
methods. 

The second case study concerns a study of the 
distribution of 238U, 234U, 230Th, 232Th and 228Th 
between the pore water and the three solid phases 
of Elstow Clay, amorphous and crystalline iron 
oxyhydroxides and clay minerals. It has been 
demonstrated that direct measurement of uranium 
and thorium isotopic concentrations in small 
(10 cm3) volume samples of squeezed pore water is 
feasible yielding uranium concentrations of the 
order of 2 ppb. The observed isotopic signatures 
lead to the conclusion that the amorphous iron 
oxyhydroxide phase is in chemical equilibrium with 
pore water from which it derives most of its 
uranium and thorium. Quite different signatures 
observed in the crystalline iron phase (both 
234uf238u and 230fhf234U activity ratios are 
statistically indistinguishable from unity) 
suggest that this iron phase is effectively 
huffered by the amorphous phase from direct inter
action with the fluid. Isotopic deficiencies and 
excesses relative to their respective parent 
radionuclides observed in the three solid phases 
in Elstow Clay indicate that the alpha recoil 
mechanism is one of the significant processes 
controlling the distribution of the daughter 
radionuclides in this geochemical system. By 
inference, the observed disequilibrium pattern 
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confirms that the mineralogical assemblage in 
Elstow Clay must have remained stable for a period 
of time commensurate with the 230Th half-life 
(t! = 75,200 years) at least. Thus, it is 
inferred that a mechanism exists for the long-term 
retardation of radionuclide transport in clay 
systems. 
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Abstract 

The bentonite-based engineered bar
rier or packing is a proposed component of 
several designs conceived to dispose of 
high-level nuclear waste in geologic reposi
tories. Once radionulcides escape the waste 
package, they must first diffuse through the 
highly impermeable clay-rich barrier before 
they reach the host repository. To deter
mine the effectiveness of the packing as a 
sorption barrier in the transient release 
period and as a mass-transfer barrier in the 
steady release period over the geologic time 
scales involved in nuclear waste disposal, a 
fundamental understanding of the diffusion 
of electrolytes in compacted clays is 
required. We present, and compare with 
laboratory data, a model quantifying the 
diffusion rates of cationic cesium and 
uncharged tritium in compacted mont
morillonite clay. Neutral tritium character
izes the geometry (i.e., tortuosity) of the 
particulate gel. After accounting for cation 
exchange, we find that surface diffusion is 
the dominant mechanism of cation tran
sport, with an approximate surface 

· diffusion coefficient of 2x 10-6 cm2/s for 
cesium. This value increases slightly with 
increasing background ionic strength. 

The implications of this work for the 
packing as a migration barrier are twofold. 
During the transient release period, Kd 
values are of little importance in retarding 
ion migration. This is because sorption also 
gives rise to a surface diffusion path, and it 
is surface diffusion which controls the 
diffusion rate of highly sorbing cations in 
compacted montmorillonite. During the 
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steady release period, the presence of sur
face diffusion leads to a flux through the 
packing which is greatly enhanced. In either 
case, if surface diffusion is neglected, the 
appropriate diffusion coefficient of ions in 
compacted packing will be in considerable 
error relative to current design recommen
dations. 

Introduction 

High-level nuclear wastes will be 
stored in underground repositories. To aid 
the host formation in protecting the bio
sphere from the harmful, long-liveo 
radioisotopes contained in the waste pack
age, use of an engineered barrier or packing 
is being considered [6]. This barrier, based 
upon the clay mineral montmorillonite, is 
envisaged as an impermeable barrier sur
rounding the waste canisters which retards 
the migration of ions in the transient 
release period due to its high cation 
exchange capacity [3] and low hydraulic 
permeability [7]. As time passes and 
steady-state diffusion through the packing is 
established, it further serves as a mass
transfer resistance retarding the escape of 
ions from the canister to the fluid percolat
ing around the waste package. To deter
mine the steady-state plume of radionu
clides eminating from the waste repository 
in the steady-state period and the protec
tion an engineered barrier affords the waste 
disposal scheme in the transient release 
period, the diffusion rate of ions in com
pacted montmorillonite clay must be deter
mined. 



In this paper we summarize our 
findings on the diffusion of cesium chloride 
and tritium in compacted sodium
montmorillonite clays. Cesium is a 
representative radioisotope present in the 
waste form which is particularly toxic for 
the first few thousand years after the waste 
is stored. Tritium is used to characterize 
the geometric structure or tortousity of the 
swollen clay gel. Our approach is to deter
mine independently the physico-chemical 
properties which parameterize the diffusion 
process within compacted packing, and 
then to compare experimental data with 
physically-based diffusion models. Only 
then is it possible to extrapolate with 
confidence laboratory data to the geologic 
time scales of nuclear waste disposal. 

Theoretical 
We visualize the diffusion process as 

follows. The local ion flux, Nx, is 
comprised of two parts, one due to pore 
diffusion and the other due to surface 
diffusion. These fluxes are additive, so 

(1) 

If the concentration of the diffusing ion is 
small relative to the background electrolyte 
concentration, the pore fluid and clay sur
face are in local equilibrium, and all ions 
are sorbed in the Stem layer, then each flux 
is described by Fick's first law. Thus, 

(2) 

and 

1-E Ds an N; = ---- (3) 
E T} ax · 

Here, E is the porosity of the clay gel, D oo 

and Ds are the molecular and surface 
diffusion coefficients, respectively, and n is 
the adsorption on the clay surface. T

2 and 
T} are the tortuosity of the pore and the 
surface paths. Ds has units identical to a 
bulk diffusion coefficient (cm2/s), and n has 
units of a concentration (moles/solution 
volume). Invoking local equilibrium, we 
have 

an dn ae 
ax = de ax ' 

dn where is the slope of the equilibrium 
de 

- 2 -
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ion-exchange isotherm. If we further 
assume that the pore and surface paths are 
identical, T

2 = T 1. Hence; by inserting the 
flux expressions (2) and (3) into Equation 
(1), we find 

where 

ae 
Nx = -D ax, 

Doo [ 1-E dn Ds ] D=- 1+---. 
T 2 E de Doo 

(4) 

(5) 

For surface diffusion to be significant, we 
must have the far right term in the brackets 
of Equation (5) be of order unity, or 

1-E dn Ds = 0( 1). 
E de D00 

In the Henry's law region of the isotherm, 

the slope ~; is typically large for cations 

contained in the waste package [10]. The 
validity of the assumptions listed above for 
ions and conditions expected in a nuclear 
waste repository is good. For details refer 
to Jahnke [4]. 

To relate the local flux to macroscopi
cally measurable quantities, we write the::! 
mass balance as 

ae l-Ean -+---- = 
at E at 

[
I+ 1-E dn l ae = _ aN_{ . 

E de at ax (6) 

Here we have made the additional assump
tion that the gel is homogeneous and hence 
that diffusion is one-dimensional. That is, 
all structural information relevent to axial 
ion diffusion is contained in the tortuosity, 
which does not vary spacially in a macro
scopic sense. Thus, inserting Equation ( 4) 
into Equation (6), we obtain Fick's second 
law of diffusion, 

ae = D a2e 
at e ax2 . 

(7) 

This defines the effective diffusion 
coefficient De of ions in the swollen clay gel 
as 

1-E 
1+--KdPs 

E 

D =- (8) 
a 



h 
dn 

w ere we have replaced de by the Henry's 

law slope, Kd Ps. Kd is the distribution 
coefficient used commonly in the nuclear 
waste disposal field [6], and Ps is the den
sity of the clay. We further separate De 
into its components: D, from Equation (5) 

1-E 
and a ( = 1 + --Kd Ps ), the retardation 

E 

coefficient [6] from the Equation (6). We 
see that ion adsorption on the clay surface, 
in the absence of surface diffusion, reduces 
the effective diffusion coefficient from its 
molecular value. Indeed, this is a primary 
motivation for the bentonite-based, 
engineered-barrier concept. If the surface 
diffusion coefficient is nonzero, the effective 
diffusion coefficient increases. We will 
return to this point below. 

To determine if Equation (3) 
describes correctly the diffusion of ions in 
compacted clays, we must determine: 

1. the ion-exchange isotherm, 
2. the molecular diffusion coefficient, 
3. the tortuosity of the medium, and 
4. the surface diffusion coefficient. 

The experimental determination of these 
parameters is described in the following 
section. 

Experimental 

Soudek [ 11] has measured the adsorp
tion isotherm of uni- and divalent cations 
on disaggregated sodium montmorillonite 
clay in batch experiments. Kd values for 
cesium and strontium as a function of ionic 
strength are shown in Table 1 below. 
Observe that Kd varies by about one order 
of magnitude for each order of magnitude 
change in the background ionic strength. 

Table 1: Measured Kd values for cesium 
and strontium on sodium montmorillonite 
at 22° C [11]. Kd in cm3/g. 

Ion 
Background NaCI (M) 

10-3 10-2 10-1 

Cs 6700 850 150 
Sr 1.8x 105 l.9x 104 380 

The ion-exchange equilibria were inter
preted using an extension of the site-

- 3 -
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binding model of Davies, James and Leckie 
[ 1 ]. This model predicted correctly the 
effect of ionic strength on ion sorption, as • 
well as multi-ion sorption. It shows further 
that the majority of the adsorbed cations 
are found in the Stem layer, as we assumed 
above. 

The molecular diffusion coefficient 
was obtained by converting the limiting 
ionic mobility of cesium to a diffusion 
coefficient, using values from Robinson and 
Stokes [9]. We find D 00 =2x 10·5 cm2/s. 
The tortuosity and dynamic concentration 
determinations were measured using a radi
ally perfused diffusion cell developed in this 
laboratory. It is described here briefly; the 
interested reader is referred to Jahnke and 
Radke [5] for details. 

The configuration of the diffusion cell 
is shown in Figure 1 (all figures are at the 
end of the paper). The clay gel G, initially 
devoid of solute, is confined below by a pis
ton P and above by N, a Nuclepore mem
brane with pore size sufficiently small to 
confine the individual clay particles. The 
fragile Nuclepo•e membrane is supported 
by a sintered metal disk SO, which is in 
tum confined hy the top of the apparatus. 
The ion whose diffusion behavior is being 
studied is initially contained in a well
stirred solute chamber, which is not shown 
in the figure. At t =0 the fluid is pumped 
from the solute chamber through the sin
tered metal disk and returned. As liquid 
flows through the sintered disk, ions diffuse 
from the convecting liquid through the 
Nuclepore membrane and into the clay gel. 
Special care is taken to assure that the mass 
transfer coefficient of the cell is sufficiently 
high that the diffusion data measured are 
not obfuscated by artifacts of the experi
mental design [5]. 

As the experiment proceeds, ions 
deplete from the solute chamber and a con
centration profile develops in the gel. The 
solute chamber is sampled intermittantly to 
determine its concentration history. At the 
conclusion of an experiment, the diffusion 
cell is disassembled, and the gel is incre
mentally extruded, sectioned, and analyzed 
to determine the final concentration profile 
in the gel. It can be shown [4] that the 
effects of diffusion and sorption within the 
clay gel are decoupled by this experimental 



procedure. This allows us to determine D 
and a uniquely, since we have equations 
describing the tank depletion and the gel 
profile, and two unknowns, D and a. 

Since the tortuosity is governed by the 
geometry of the clay particles at a given 
compaction, we choose to measure r 2 in the 
diffusion cell. To eliminate the effects of 
sorption (and hence surface diffusion), we 
measure the diffusion of neutral tritium [8]. 
Any deviation from its molecular diffusion 
coefficient is then due to the tortuosity of 
the clay gel. For a 16 w/o gel, we find the 
tortuosity to be about 4. 

The surface diffusion coefficient can 
not be predicted a priori. It must be deter
mined as a parameter fit to "anomalous" or 
enhanced diffusion or electrical conduc
tivity data [2]. 

Results and Discussion 

Typical experimental results are 
shown in Figures 2 and 3. Here, cesium is 
diffusing into a 16 w/o sodium
montmorillonite clay g~l with a 1 o·2 M 
sodium chloride background electrolyte. 
Figure 2 plots the concentration in the 
solute chamber as a function of time. Data 
are indicated by the solid circles. Figure 3 
shows the total concentration in the clay gel 
at the completion of the experiment against 
nondimensional distance. Data are denoted 
by the solid steps. Dashed lines in Figures 
2 and 3 indicate the a priori prediction 
using the parameters determined above, 
neglecting surface diffusion. Notice that 
the uptake and the penetration of ions into 
the gel is severely underpredicted if surface 
diffusion is neglected. Solid lines are the 
best fit to the data. The value of a is 
predetermined from the measured isotherm 
and porosity. The best fit of the data gives 
D = 2.8x 10-4 cm2/s. Using Equation (5), 
we recover Ds = 2x w-6 cm2/sec, or 
Ds I D oo = 0.1. Also observe that a scales 
the ordinate of Figure 3. That the data fit 
well with a predetermined is strong evi
dence that our physical picture of the 
diffusion process is correct. 

As mentioned above, Kd depends 
strongly on the background ionic strength. 
Thus, varying the background ionic 
strength is a severe test of the surface 
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diffusion model, since both the retardation 
coefficient a and the diffusion coefficient D 
change drastically. Figure 4 below shows 
the ionic strength dependence of the surface 
diffusion coefficient. Observe that D5 is 
nearly constant with ionic strength; the 
slight increase of D5 with ionic strength has 
been observed by others [2]. This evidence 
is conclusive: the existence of surface 
diffusion is real, and for cesium, is the 
major mode of ion migration in montmoril
lonite. 

We note that in our experiments, the 
porosity of the clay gels studied is low 
(::::::0.92), and that waste repositories are 
expected to have much more highly com
pacted clays [7]. The impact of surface 
diffusion on the expected performance of a 
clay-based engineered barrier is discussed 
in the following section. 

Ramifications 

In the unsteady release period, the 
effective diffusion coefficient is given by 
Equation (7). If we note from Table 1 thaf 
at repository conditions, Kd Ps values are 
large ( >2000 ), that the porosity expected 
in the engineered barrier is about 0.50 [7], 

D 
and that D: is typically 0.1 for cations 

[2], the effective diffusion coefficient takes 
the form 

No retardation ,coefficient appears in this 
expression. By providing a parallel path for 
cation migration, sorption does not reduce 
the effective diffusion coefficient within 
compacted packing much at all. This 
implies that Kd values are irrelevant during 
the transient release period. That is, we do 
not anticipate large reductions in transient 
ion migration rates due to sorption retarda
tion on montmorillonite. Rather, as an 
approximation for the diffusion coefficient 
of ions in compacted packing, we use 
r 2 = 10 [8] and we calculate that 

De 2 v::::: w-; 
00 

a fixed two order of magnitude reduction 
from the molecular diffusion coefficient. 



In the steady release period, the 
effective cation diffusion De in Equation (8) 
coefficient no longer applies. The effect of 
packing as a mass-transfer barrier is now 
governed by the flux depicted in Equation 
(4). Hence, the packing resistance to 
migrating cations is proportional to D and 
not to De. Given a gel porosity of 0.5 and 
a tortuosity of 10, as above, and for highly 
sorbing cations, we find that 

D ::::: 0.1KdPsDs . (9) 

Thus, Kd values are of extreme importance 
during the steady release period. Counter to 
what may have been anticipated, larger Kd 
values lead to higher release rates. 

In both the unsteady and steady 
release periods, the deviation in currently 
predicted repository performance due to 
cation surface diffusion is identical and 
towards a diffusion coefficient that is 
dramatically in excess of accepted esti
mates. Surface diffusion of cations in a 
bentonite-based packing reduces its 
effectiveness. This does not imply that 
packing is ineffective in the waste disposal 
scheme. Montmorillonite clay is known to 
in'luence the oxidation potential, or Eh, 
ne 1r the canister and aid in radionuclide 
precipitation. Transport rates of precipi
tated colloidal material through bentonite 
should be nil. Smectite clay also can 
impede ground water imbibition up to the 
canister. Finally, and most importantly, 
the hydraulic impermeability of montmoril
lonite to bulk water flow can extend the 
int-;grity of the waste package. 

If the surface mobility of cesium and 
other radionuclides found in the waste 
package is comparable, we caution that 
neglect of cation surface diffusion will 
result in a predicted packing performance 
which overestimates the actual protection 
such a barrier affords. As a corollary, we 
recommend that careful measurements of 
cation diffusion rates be made under realis
tic repository environments to assess the 
quantitative role of surface diffusion. 
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ABSTRACT 

A bentonite-based packing or engineered 
barrier is one ingredient of the multibarrier 
concept for underground storage of high-level 
nuclear waste. This paper investigates the 
possible effectiveness that such a smectite
laden barrier might have in controlling steady, 
solubility-limited release rates from a 
cylindrical waste canister. 

Darcy's law and the convective-diffusion 
equation in two dimensions are solved 
numerically with and without an annulus of 
packing material. Reduced fractional release 
rates quantifying the role of the packing are 
studied over wide ranges of ground water 
velocities, packing amounts, and packing 
permeability and effective diffusivity. Release 
rates are shown to be strongly dependent on the 
physical properties of the packing, particularly 
the effective diffusivity. 

Although the low ~~rmeability of a 
bentonite-rich packing negates convection next 
to the canister, calculated release rates of the 
packing-protected waste canister do not differ 
dramatically from the those for the unprotected 
canister, except at high ground water 
velocities. To afford more protection, 
consideration must be given to reducing the 
porosity of the packing material. 

INTRODUCTION 

Design of high-level nuclear waste 
repositories in geologic media relies on 
minimizing the rate at which hazardous 
radionuclides might be released into the 
accessible environment. To aid in reducing 
release rates, it is proposed that a bentonite
based packing or engineered barrier surround 
each waster canister. 

At early times, during the transient 
regime, the smectite-rich packing inhibits water 
imbibition thereby delaying the onset of 
canister corrosion [1). Also, once the canister 
is breached, the favorable ion-exchange 
properties of montmorillonite retard the 
migration of cations into the host rock [6). 
Further discussion of transient cation diffusion 
in compacted montmorillonite is found in our 
companion paper [4). 

In a mature repository approaching steady 
conditions, the low hydraulic permeability of 
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montmorillonite prevents convective transport 
near the canister surface and provides an 
additional mass-transfer resistance influencing 
radionuclide release rates. This paper 
addresses the quantitative calculation of 
steady, solubility-limited radionuclide release 
from a bentonite-protected waste package into an 
isotropic host porous medium. Such a 
calculation applies only after transient release 
has subsided. The time necessary to reach 
steady repository behavior under purely 
diffusive conditions can be estimated as 

2 
e: D t/ a R "' 0(1), 
m m o 

where e: is the geologic-medium porosity, om is 
the sol~te diffusion coefficient in the medium, 
t denotes time, a is the sorption retardation 
factor [12] (see Equation (8) of reference [4)), 
and R is the canister radius. 
With ~- 0.01, D • 10-S cm2/s, a = 100, and R0 • 1s em, this reWults in a steady state after 
about 104 years. With additional convective 
transport this time will be considerably 
shortened [2]. Since repository life times must 
be orders of magnitude longer, a steady analysis 
of radionuclide release is useful [3,12). 

Relyea and Wood [8] have performed an 
analysis of packing effectiveness with similar 
intent to ours. However, because they impose a 
one-dimensional flow field, steady state is not 
attained. More importantly, their_ one
dimensional hydrodynamics requires convective 
flow in the bentonite packing to be independent 
of absolute permeability. To relieve these 
restrictions, we analyze a two-dimensional 
geometry. 

THEORY 

Consider a unit length of an infinitely 
long, cylindrical fuel canister of radius R0 
surrounded by packing out to radius RP. The 
porosity and permeability of the packlng 
are e: and K , respectively, while those of the 
geoloifc medfum are e: and K • Ground water 
flows transverse to tWe isol~ted canister with a 
uniform approach superficial velocity designated 
by U. Fluid continuity, 7•v • 0, and Darcy's 
law combine to specify the pressure and velocity 
fields in the two concentric porous media 
encompassing the waste rod. 

Let r be the radial coordinate measured 
from the center of the waste cylinder, and 
let e be the angular coordinate gauged from the 



forward stagnation point. The velocity 
components in the host rock are then 

- u (1-B) r-2 
J cose, v l1 -(l+B) ('R) r,m p 

and 

-Hi& r-2 sine, ve,m .. u l1 + <'R> J 
p 

where the parameter B is defined by 

-2 
B - (~) 11 - (RpiRo) j 

Km l1 + (R IR )-ZJ 
p 0 

Likewise, for the packing we find that 

K 

(1) 

(2) 

(3) 

v '" -U(KP )ll + g~:~ r,p m 

-2 
l1 - l riRo ) J 
•-----•-----~-~~- cose, 
l1 + (R' R6-

2 J (4) 

and 
K 

v -e,p Ul/H1 
m (5) 

Note the explicit dependence on the permeability 
of the packing material. To recover the case of 
no engineered barrier, one simply replaces ~ in 
Equations (1) - (3) with R

0
• 

The absolute permea~gli~y the packing is 
reported £~ v~ry from 10 ~m for pure bentonite 
[9) to 10 ~m for a mixture of bentonite a2d 
quartz (10]. A granite permeability of 1 1J111 
[11) then yields a range for the permeability 
ratio, K IKm, from 10-8 to Io-4. Hence, 
EquationE (4) and (S) demand velocities in the 
packing which are at most four orders of 
magnitude smaller than the ground water flow. A 
bentonite-impregnated packing material is very 
effective in preventing convection immediately 
adjacent to the canister. This contradicts the 
one-dimensional treatment where the superficial 
velocity in the packing is determined errone
ously from mass balance to be U [8). 

A dilute radionuclide in a supporting 
background electrolyte solution obeys, at steady 
state, the convective-diffusion equation: 

v •VC • e: D V2 C , -n n n n n n .. p for 

n • m for 

where Y. • v i + v i 
·- n r,n - r e,n- e 

R < 
0 

Also, D • D It 2 where D is the species n GD n <» 
molecu~ar diffusion coefficient in water· 
and t is the tortuosity of medium n. With 
this aefinition of Dn, we have neglected 
parallel and transverse dispersion. Equations 
(6) are combined with Equations (1) - (5) and 
solved subject to the following boundary 
conditions: 

C (R , e) • C 
p 0 s 

(7 a) 

2 
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Cm(RP,e) = Cp(Rp,6) , 

e: D acm (Rp,e) = e: D ~ (Rp, e) 
m m ar p p ar 

acm (r,O & 11) acp (r,O & 11) 
ar = aa 

C (ao,e) = 0 • 
m 

(7b) 

(7 c) 

0 J (7d) 

(7e) 

Restriction to solubility-limited canister 
dissolution is invoked with Equation (7a). 
Numerical solution of the linear Equations (6) 
is by Galerkin finite elements with bilinear 
basis functions. A critical test applied to 
assess the accuracy of the numerical procedure 
was matching of the integrated net radial flux 
at two arbitrary radial positions. 

Following others [3,12) we ascertain the 
fractional release rate of a radionuclide, f. f 
is the angular-integrated species flux from the 
waste-canister surface divided by the amount of 
that nuclide originally in the canister [3,12). 
To evaluate the role bf packing, it proves 
convenient to report the reduced fractional 
release rate, f lf

0
, or the ratio of the 

fractional relegse rates with and without 
packing: 

e: D 
f If .. l~) 

p o e: D m m 

l ~ (Ro,e> J de· 

ac (R , e) 
l arm o J d~,. 

where the integral in the denominator is 
evaluated with no packing present. In this 
manner we probe the. effects of packing 
independent of any particular dissolving 
chemical species. -

(8) 

The reduced fractional release rate depends 
on the Peclet number 

Pe : UR I e: D , 
o m m 

and on the effective diffusivity ratio 
e: D le: D , the permeability ratio K IK , and 

thB Rmo~n~ of packing or R IR • Sugerficial 
ground water velocit6es foP c~ndidate geologic 
media range from 10- to 0.1 mlyr [5,7). For R

0 
• 15 em, e:m•20.01_~i·z•• granite [9)), and 

D • D I t .. 10 em Is, the Peclet numbers 
ex~end""fromm5(12-4 ) to SO. In this work Pe is 
varied from 10- to 103• 

The effect diffusivity in the packing, 
e: D , is an important parameter. With compacted 
bgn~onite2 e:- 0.5 to 0.75. Knowledge of 
D • D It ~s s~arse. Estimates might be from 
18-7 to Po- em Is. The latter high value of 
10-S cm21s appears likely for cations and arises 
from surface migration (4]. We study the ratio 
e: D le: D from 0.1 to 10. Expected amounts of 
pRciin~ might be from one canister radius, 
R IR = 1, out to 5 or 6 canister radii. 

p 0 



As indicated earlier, permeabilities in 
bentonite and ben~~nite-sand m!~tures are ex
tremely small: 10 ) K /K ) 10 • For K /K 
less than a_bout 10-3 ~ ffnd no influencg m 
whatsoever on f , independent of the Peclet 
number. This mKans that transport through 
bentonite packing is purely by diffusion [4]. 
For the calculations presented below, K /K is 
set at 10-s. P m 

RESULTS AND DISCUSSION 

Figure 1 (all figures are at the end of the 
paper) gives reduced fractional release rates as 
a function of Pe for two different amounts of 
packing. If the packing were to have no 
influence, f /f would be unity for all Peclet 

p 0 numbers. 

At low Pe (< 5(10-2)), release from the 
canister-packing system is by diffusion. 
Here, f /f is greater than unity because the 
diffusi~e ~esistance in the packing with 

£ a 0.75 is less than that in the host medium 
wigh £ • 0.01. At high Pe () 50) , nuclide 
transp~rt is by diffusion in the packing and 
convection in the medium. In this large Pe 
regime, f approaches a constant asymptote 
character~stic of diffusion in the packing while 
f increases as~ [2]. Accordingly, in Figure 
1~ f /f decreases as 1//Pe in the high Pe 
rangg. 0 

At intermediate Peclet numbers, a slight 
maximum appears. This is because the more 
porous packing, which in Figure 1 has a lower 
~iffusive resistance than in the geologic 
medium, feels the onset of convection before the 
medium does. Hence, f rises more quickly with 
Pe than does f

0
• P 

Figure 1 shows that unless high ground 
water flows exist in the respository, a packing 
withe D /e D • 7.5 has little benefit in the 
steadyps~at~.m Additional packing does not 
mitigate this conclusion. 

Figure 2 investigates the role of the 
effective diffusivity in the packing on the 
reduced fractional release rates for 
R /R • 6. As the effective diffusivity ratio 

ispre3uced, fractional release rates from the 
canister-packing assemblage are diminished 
significantly. Especially noteworthy is the 
lowering of the transition Peclet number between 
convective and diffusive transport. Figure 2 
indicates that effort should be directed towards 
designing packing with £ D small. Also, 
quantitative informationPo8 DP is needed [4). 

RAMIFICATIONS 

Figures 1 and 2 ascertain that reduction in 
steady release rates with a bentonite-based 
packing is not dramatic except at very high 
Peclet numbers. The reasons are two-fold. 

3 
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First, the porosity of host medium used in 
this work is very small: e = 0.01 • To design a 
packing that exhibits a hifher diffusive resis
tance than the host medium requires that e be 
reduced. This can be accomplished by usinN 
large weight fractions of clay in conjunction 
with a finely divided matrix solid, such as 
crushed host rock. As long as all voids between 
the matrix solids are filled with the smectite 
clay, low permeability can be maintained while 
also reducing overall porosity [13]. Large 
grained or porous matrix particles would not be 
desirable. 

Second, comparison of fractional release 
rates of the canister-packing-medium system to 
those of the canister-ideal medium system is 
unrealistic. After drilling, there will be a 
damaged zone of higher fracture density and 
porosity around the canister sites and a gap 
between the fuel canister and the damaged host 
rock. This gap requires backfilling with some 
material. Thus, comparison of bentonite-based 
packing should be made against other types of 
backfill and not against a uniform host medium 
that extends directly up to the canister 
surface. 

We note that in our model calculations no 
account has been made for solute dispersion, for 
a fractured host medium, or for nonisothermal 
excursions. Our results hold only for 
isothermal, homogeneous porous media. 
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ABSTRACT 

We present a computationnal method to describe 
the migration of the ions in porous rocks. For the 
description of the migration, due to convection and 
Fick diffusion we take account of creation and an
nihilation of precipitate. The separation between 
regions with and without precipitate is evolving in 
time, but the meshes are fixed. 

INTRODUCTION 

In geochemistry, one usually study ions migrations 
when the ions concentration, by example ca++, is im
portant. The mass action law leads to a non linear 
equation governing the evolution of different ions 
concentrations. This case is studied in the referen-
ces UJ (2] [3] [4] [5j . 

The problem of migrations of ions might be re
duced to 2 more simple problems : 

1) a computationnal problem of the linear Fick 
equation 

2) a pure problem of chemistry. 

We have to study the transfer of ions implanted 
by man in a waste storage. Dissolution and repreci
pitation then take place according to the regions, 
the mass action law is written under different 
forms. 

In this work, we give an algm:i thm of computa
tion taking in account this change of form of the 
mass action law, in the simple case where we have 
only 2 ions. 

POSITION OF THE PROBLEM 

We consider a rock, of porosity £, crossed by 
a stream of water with a DARCY speed tt. In this 
rock, N ions Ii, diffuse with the same coefficient 
D, their concentration in water are called i. We 
assume, in a first time, no intera_tion between ions 
and rock, and, consequently, their delay factor is 
equal to 1. The case: T # 1, will be studied la
ter on. In these conditions, if we neglect the inter
action between ions, ci is governed by : 

ac. l _. _. 

(1) e: --- = D~Ci - U.grad ci 
at 

In fact, we cannot neglect the interacti?n, we have 
to write 

(2) I.+r._.Pk 
l J 

The compound Pk has a very low solubility. We design 
by pk the ratio of the quantite of compound Pk pre
sent in the volume dU by the volume of water cortes
ding EdU. If we call p0 k the limit of solubility 
of the compound Pk, we 6ave, by virtue of the mass 
action law : 

(3) c c 
i j 
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where K is a constant, determined experimentally, 
wh~n the concentration is low (pk < p0 k). Whenthis 
concentration is important, we have : ' 

(4) c c = Kp = PSk i j o,k 

By followine, we call 

pk p * k (pk < p k) o, 

pk = p * k 
+ (p - p ) 

k 0 (pk > Po,k) 

where, pk* is the solubilized fraction of the com
pount P and (pk - p

0
) the nonsoluble fraction, in 

precipi~ate. 
If, Pk > p

0
, everywhere for all values of k, the 

problem is reduced to the problem of linear convec
tion diffusion and to a pure problem of chemistry. 

Case of decay of the problem 

The equation (1) becomes, due to the existence 
of the Pk' the equation (5) : 

a ci 
(5) E- + 

at 
- u ... 

grad c
l 

The sign E showing the manifold of the k when the 
compound Pk includes the ion Ii. 

If the number m of compounds Pk is lower than N, 
we can reduce, by linear combinations, the manifold 
of the equations (5) to (N-m) equation (6), formal
ly similar to the equations (1) 

aui 
(6) e:

at 
where the u- are the (N-m) linear combinations of 
the c., and 1where the pk and pk* were eliminated. 
Now, 1 if we have everywl'iere compounds Pk in an inso
luble form, we have, between the ci, m equations (4) 
independants of Pk• So, the problem is reduced to 
two problems 

a) a problem of pure convection-diffusion, with the 
equations (6) 

b) this problem resolved, the individual values of 
Ci were determined by a problem of pure chemi
stry, involving m non linear equations (4) and 
(N-m) linear equations defining the ui· This 
probleme is usually solved by the method of 
NEWTON-RAPHSON we remark that we don't have to 
compute the values of pi. 

GENERAL CASE 

In fact, we have regions where we have preci
pitate, and other regions where we have not preci-



pitate. To simplify, in the following of the paper, 
we shall only consider N~2, m~1 (2 ions, 1 precipi
tate). This case shows clearly the problems byeli
rr.ination of many problems of software (multiple 
indexations) that we will solve later on. 
To simplify, we will call : cz ~ a and we will 
omit the index in c, p and u, as they become use
less. 

We combine the equations (3) and (4) in a for
·"lal equation 

(7) ac "' f(p) 

which comes from the mass action law where f(p) is 
defined by the figure 1 (continuous line) 

ac ~ f(p) 

PS 

t!J ~~----~~--------------------------+~ p 
po 

The manifold of the equation takes the form 

ap a a 
(5) £--- +--- Dt.a - 0. g~ad a 

at at I 
Clp ac 

~ .... 
(6) c -- +-- Dllc - u. grad c 

a a 

ac f(p) c-a 
with the definition u = , the system (I) is 

2 
equivalent to the system (II) 

au .... .... 
£ Dllu - u. grad u 

at 

(lp 
_a [u £- + +Vu2+ 

at at 
f(p)J 

Dll [ u+ l/u2 +f(p) J - U .gr~d [ u+Vu2 +f(p)J 

In this form, the problem decays in : 

a) a problem of pure diffusion, like previously 
b) a non linear problem concerning the p. 

This problem is solved by discretization, this 
gives 2 questions : 

a) under what conditions the scheme of discretiza
tion is it stable ? 

b) can we use the method of NEWTON RAPHSON ? 
If yes, in which conditions ? 

STABILITY (6] 
To study it, we write the variables under the 

form : 

c = co + cc 

P Po + cp 

a
0

, c
0

, p
0 

being the accurate solution, ca, ·k, op 

the discardes, assumed little. We get so a linear 
system (III)~ the 2 first equations are these of 
(I) and the third 

with 

a oc + c oa 
0 0 

f' (p)op 

df 
f' (p) = d'P 

We decompose oa, oc, op in serie of FOURIER~] 

oa = Eoakeikxent 

The solution is stable if, always, n<O. We 
verify that, if the stability conditions are satis
fied for the equation (6) and if f' > 0, they are 
satisfied for the system III, and, consecutively, 
for the equivalent systems (I) and (II). 

METHOD OF NEWTON RAPHSON [ 7 J ( 8]. ( 9 j 
Let us take, the explicit discretization of the 

second equation of (II), in the case U = 0. Like in 
[6] , the upper index corresponds to the time, the 

lower index corresponds to the space : 

[ n+1 n n+1 n n+1 n+1 n+1 
8) c P· - p. + u. - u. + u. u. + f (p. ) 

~ ~ 1 1 1 1 ~ 

-Ju:. 
n 

f(p:)]-
Dllt r n n n 

u. + - u + ui-1 - 2u. 
~ llx2 _ i+1 l. 

n n n h 

+V u:+1 +~u:-1. ui+1 + f (p. 1) u. 1+f(p. 1) 
~+ 1- }.-

-~2 
n n h 

J = 0 u. u. + f(p.) 
~ l. 1 

1st order terms cancelled themselves, from (6), we 
h~ve a non linear equation on the system of unknown 
variables p~+ 1 .The Jacobian J is a diagonale matrix, 
these elements are : 

f' (py+1) 
(9) Jii = £ 1 + .=--.:.!u...._ 

u~+1 .u nl.+1 + f(p~+l) 2 
1 ~ 

For the method of NEWTON-RAPHSON may converge, we 
must the following conditions : 

a) we must begin "enough near" of the solution 
b) the matrix J must be regular 
c) the matrix J must be continuous 
The condition a) introduces a limitation of the 
time path, difficult to estimate, that we must take 
in acr.ount in the case of the implicit discretiza
tion. 
The condition b) is satisfied if f'(p) > 0, follo
wing (9). But the condition c) be satisfied if f(p) 
has the form given figure 1. \Je must choose between 
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1) change the natural law f(p) 
2) use an other method than NEWTON RAPHSON. 

We have choosed 1), that obliged us to ve
rify, at least on an example, that we don't modi
fy the results. 

We will, however, give a solution of type 
2), the method of WEGSTEIN, to justify our choice. 
In fact we will see, that this method is very low 
performant and needs a lot of computation time. 

Method of WEGSTEIN 

( 10) 

We use the property of the sequence 

v + 1 " F (v ) 
n n 

to converge, under some conditions, to 

v 
"' 

" F(v,.) 

we write the equation (8) on the form 
n+1 n+1 

pi Fi (pi , ••• ) 

The sequence 

vk = F (vk-1) 

converges to 

M.. !_Li 
lJ a p j 

n+1 
pi if the matrix 

has all its eigenvalue less than 1. 

The discard between the accurate solution 
and the successive values decreases in geometric 
progression, its reason is the greater eigenva
lue : we need very much iterations. 

In the case of the implicit discretisation, 
we may have a strong limitation on the path time. 
For these reasons : 

- slow convergence 
- limitation of the path time 

we don't use the method of WEGSTEIN, in spite of it 
allow to use the natural law and be easy to pro
gram. Indead, for a given time of computation, the 
method of WEGSTEIN required a coarser grid, hence 
a loss of precision, greater than this resultingof 
the discard to the natural law. 

Modification of the natural law 

We replace hence the natural law by a law 
with continuous derivative (figure 1, dot line). 

We tried the method of NEWTON RAPHSON for 
2 cases for which we know accurate solution. The 
agreement is very good. 

1st test case 

It's the simulation of the agression of a 
container of ion by sulphurous water 
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X = 0 X h 

Figure 2 

We consider a plane plate of thickness h (o< x <h) 
(figure 2) we have : 

Boundary conditions 

I"" 0 f: 
a 

0 

X = 0 c = c X = h = 0 
0 

p " 0 = 0 

Initial conditions 

c = a = p " o, except on the bounds 

Stead:z: state 

( 11) u = .L [c -2 0 
(c 

0 
+ a ) 

0 ~] 
(12) c " u + Ju

2 + PS 

(13) a = -u Ju
2 

+ PS 

(14) PS 

The production of precipitate is almost entirely 
concentrated in a band of half width : 

2h {;'s 
c +a 

0 0 

centered on u = o 

obviously, such a situation cannot exist a long 
time, the precipitate would fill the pores and mo
dify D and e:. 

The agreement of numerical computation and of stea
dy state is very good, even for values of PS like 
10-so. 
The path time begins with the value of the explicit: 
iteration 6t , and it will be doubled when 
t = 4n 6t , g integer. 

0 

2nd Test case (figure 3) 

It's the simulation of the release of the 
lime in a cement attacked by pure water (in parti
cular without ions Cl-, So4-, COj-, co3 H-) 



pH given 
--+a 

0 

presence 
lime 

For x ~ x
0

, we have 
given) for x

0 
< x < 

Boundary conditions 

X • Or :: 
Initial conditions 

absence 
of lime 

Figure 3 

h 

pH given 
-+a 

an insoluble hydroxyd (p = p
1 h, no precipitate 

= PS 'la = X = h C = 0 

p = 0 given 

a = 1 everywhere 

c 

c 

a remains always near 1, the region where pis 
near of p

1 
decreases, the transition from p = p 1to 

p < PS (PS is the limit of solubility) is on 2 
meshes. 

We can solve the problem by the following 
way : p 1is an hydroxyd, in equilibrium with a solu
tion at the concentration PS. For x > x , c follows 
strictly the FICK law. 0 

ac In x = x
0

, we have a flow of ions, -D -ax , 
compensated by the recession of the bound x

0 

dx 
0 

dt 

and c = c 
0 

D ac 

ax 

We solve the equation of FICK in the com
pact x < x < h, with boundary conditions of 
DIRICHEET. 

The agreement between the two methods is 
very good ; this justifies our discard to the na
tural law. 
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Future program 

1) extension of the method of computation to the 
case of more than 2 ions. 

2) we will take in account the adsorption, by in
troducing a delay factor. 

3) case of the complexes, where we cannot neglect 
the diffusion of the compound P dissolved. 

4) case where the number of compounds is greater 

or equal to the number of ions, tnac askes the in
sertion of a complex program of chemical equili
brium. We must then seek a compromise between t·l1e 
sevetery of the treatment of chemical equations 
and the computation time. 
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EXPERIMENTAL STUDY OF LOW TEMPERATURE (50-100°C) 

WATER FLOW IN GRANITE FISSURES : 

NEOFORMA TIONS, MOBILITY OF ELEMENTS 

OUSTRIERE Pascal, FABRIOL Robert, BOURG Alain, SUREAU Jean-Franc;ois 

BRGM - Departement Grtes Mineraux 
Division Processus Geochimiques 

BP 6009 - 45060 ORLEANS, FRANCE 

The introduction of a nuclear waste repository in a granitic massif can induce 

a thermal desequilibrium and give rise to a convective water flow through the 

granite fissures. This circulation can have different consequences with respect to 

the rock permeability and the possible migration of radionuclides, through chemical 

reactions (precipitation-dissolution, adsorption-desorption). The aim of the present 

study is to evaluate experimentally qualitative and quantitative aspects of these 

chemical exchanges. 

The experiments were performed two ways : 

- batch experiments : crushed granite is maintained in contact with water at 

different temperatures (50 and 1 00°C) from one to thirty five days ; 

- percolating experiments : water flows through an artificial crack in a 

granite core, at a temperature of .5ooc, after equilibration at 80°C in a 

precolumn filled with alumina or dolomite (fig. 1), or without any precolumn. 

The percolating solution is synthetised according to the chemical composition 

obtained from the long duration batch experiments, in which water is considered to 

be in equilibrium with granite. Then three elements (Co, I, Cs) are added to 

solution, which is percolated through the core. 

These expenments show that the various elements have a very different 

behaviour. Iodine passes through the precolumn (alumina or dolomite) and the core 

without any significant change in its concentration. Cobalt is always very strongly 

depleted in the solution, either in the precolumn or in the core. Cesium has an 

intermediate behaviour. Its concentration is only slightly lowered in the core, in all 

the experiments. (fig. 2). 

SEM observations of the granite fissures after percolation show neoformation 

of pure silica and unknown Si-Al-Fe-Ca-Mg and Co-Si-Al-Fe-Ca-Mg minerals. 
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Fig. 1 - Experimental assembly 
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Abstract 
At present, the United Kingdan Department of 

the Ehvirorunent is applying a series of computer 
rrodels based on the AECL S'NN:. code to assess the 
radiological impact of low to intermediate - level 
waste disposal under conditions appropriate to the 
UK. As detailed representation of chemistry is not 
an integral part of these rrodels, output needs to 
be cross-verified by comparison to coupled geo
chemical-hydrologic codes. 'Ibis paper describes a 
coupled approach involving the chemical transport 
simulator, CHEMTRN, in conjunction with the mass 
transfer program, PHREEQE. In the sense that 
CHEMI'm is itself a stand-alone direct approach to 
coupling, the procedure is a combination of direct 
and iteratively coupled geochemical-hydrologic 
rrodelling but one in which the chemistry of the 
system is moni tared throughout. '!be results of 
independent verification studies are summarised and 
recorrmendations are made regardirg the potential 
role of CHEMTRN in radiological assessment. case 
studies on a prospective UK site are described. 
They emphasise the importance of including the 
effects of aqueous complexation on sorption proces
ses when modelling the migration of radioelements 
from a disposal vault to the surface. 

Introduction 
In the UK, regulatory lxxhes are rot:, them

selves, directly involved in the manageu~ent of 
radioactive waste disposal but rather establish the 
principles by which the acceptibility of any waste 
management proposal is judged. In the first 
instance, the provision of disposal facilities 
rests with the nuclear industry, represented by 
NIREX, an executive comprisirg members of British 
Nuclear Fuels plc (BNF), the Electricity Boards and 
the UK Atomic Energy Authority. '!be Goverrunent 
departments with prime responsibility for cuthori
sing disposal are the Department of the Env1ronment 
(DoE) , the Ministry of A3ricul ture, Fishet ies and 
Focrl (MAFF), and the regional government offices of 
Scotland and Wales. 

In order to evaluate the potential of sites 
proposed by NIREX, the DoE are involved in prepar
ing an independent safety assessment. This 
research programme includes development of 
computer-based methods and, as a first stage, a 
procedure based on the Atomic Energy of Canada 
Ltd. (AECL) SYVAC variability analysis approach has 
been adopted. '!be SYVAC simulation is probabilis
tic, usirg fobnte Carlo samplirg methods to repre
sent mathematically the sequence of barriers to 
radionuclide migration from waste to man. Although 
new software has been developed by the DoE· and its 
contractors for comparative radiological assess
ment, detailed modelling of chemistry is rot, at 
present, included in SYVAC. For this reason, the 
role of lliiST is to supplement the above ....ork by 
recourse to more sophisticated, deterministic 
models describing the chemical speciation of radio-
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elements within a disposal vault and along migra
tion pathways from the vault to the biosphere. 

'Ibis paper outlines recent modelling studies 
of chemical speciation and coupled chemical-hydro
logic processes in low and intermediate-level waste 
disposal systems. '!be rationale behind the choice 
of programs used is discussed in terms of their 
applicability, compatibility, computing require
ments and ease of use. The results of verification 
studies are described and the application of the 
adopted coupling approach is illustrated by refer
ence to pilot studies on a potential disposal site 
for radioactive waste in the UK. 

Coupling chemistry to transport 
Approaches to coupling may be conveniently 

categorised as direct or iterative rrethods. An 
iterative model [ 1 ,9,20] used a hydrologic flow 
oode to simulate the transport of non-reacting 
solutes through a geological system. After a pre
specified time interval, a geochemical package is 
called, reactions are modelled to equilibriun and 
the flow oode recalled to transport the solution to 
the next tirre step. Such models have the advantage 
of including detailed, powerful oodes to represent 
both transport in complex flow systems and chemical 
processes in the vault and far-field. A major 
disadvantage is the lack of interaction between the 
two--corrponent parts of the model, for example, no 
account is taken of the effect of precipitating 
solids on porosity and permeability. The feasibil
ity of couplirg a three-dimensional finite-element 
hydrologic model to advanced mass transfer and 
reaction-path chemical programs, such as PHREEQE 
( 17] and EQ3/6 [ 25] , has been investigated [ 16] but 
the lengthy operatirg procedure, together with the 
substantial computing resources needed suggest the 
approach to be unrealistic at present. It could 
be justified in the future as a final step in an 
overall assessment following detailed modellirg of 
the COJil?Onent parts of the system; principally, 
speciation in the aqueous phase, sorption/co-preci
pitation processes at the solid-liquid interface, 
mass transport and flow-field calculations. 

In a directly coupled approach, transport 
equations are written for each chemical species, 
resulting in a single set of compound, partial dif
ferential equations which are solved simultaneous
ly. A fully ooupled model of this type ....ould 
represent the ideal situation but, unfortunately, 
the oompound equations tend to be highly non-linear 
and require sophisticated solution techniques. In 
view of this, several more limited models have been 
proposed, e.g. [ 11,21 ,23], of which the most devel
oped and well-documented is CHEMI'RN [ 5, 13, 1 4] . 
'Ibis progran simulates the transport of chemical 
species acoording to a simple one-dimensional 
linear or radial flow model and assumes constant 
fluid velocity, diffusion and dispersion. 'lhe 
chemical model includes aqueous complexation, sorp
tion of charged species and reversible precipi ta-



tation - dissolution of solids. As no external 
database is used by the program and preliminary 
work suggested it to be an expensive package to run 
[ 12] , it was realised that judicial selectioo of 
only the most significant species by prior use of a 
chemical speciation code was essential. Conse
quently, studies to date have roncentrated oo the 
use of CHEMI'm in conjunctioo with PHREFJJE [ 17] . 

'lhe mass transfer program, PHREFJJE, is used to 
"prime" CHE:MI'm by predicting the chemical specia
tion and maximum solubility of radioelements as 
determined by the waste form and ambient environ
ment. PHREFJJE was dlosen for its flexibility and 
ability to simulate both the mixing or titration of 
solutions and the addition of reactants to a system 
in equilibrium. 'lhe dominant aqueous species and 
solubility-limiting phases are input to the chemic
al transport model, together with coefficients 
expressing the selectivity of the sorbing rredium 
for the species of interest. CHE:MI'm then simu
lates movement of the groundwater, according to the 
1-D flow model, giving the concentratioo distribu
tion of sorbed and aqueous species as a function of 
distance and time. Further sophistication is 
possible l:7j operating the model in tandem with a 
detailed hydrologic code, such as NAMMU [ 18]. 'lhe 
latter is used to characterise the flow field, 
after which CHFMI'RN may be employed to predict 
concentration distributions along the principal 
streamlines. 

'lhe net result of the above is a ccmbination 
of direct and iterative geochemical-hydrologic 
coupling but one in which the chemistry of the 
system is represented throughout. Before discus
sing the results of preliminary modelling stwies 
on an actual UK site, the means by which the above 
programs have been independently verified is des
cribed. 

Verification 
Verification of the programs used in simula

tion studies is essential for ensuring that all 
calculations are performed correctly and to identi
fy any coding discrepancies or "bugs". 'lhe most 
convenient method involves inter-code ccrnparison 
exercises whereby the solutions to a common problem 
are compared. 'lhree such exercises have now been 
undertaken for geochemical codes [ 4, 10, 15] and as 
the results obtained were generally in good accord, 
the treatment of chemical speciation used by 
CHEMTRN was verified l:7j reproducing the base case 
of the most recent intercede comparisoo progranme 
[ 4] . 'lhe problem entailed computing the distribu
tion of species in a hypothetical groundwater solu
tion at near neutral pH under mildly oxidising 
conditions. 'lhermodynamic data for all aqueous and 
solid species were taken from an "in house" data
base compilation [ 7] • 'lhe results obtained showed 
excellent agreement with those derived from eight 
geochemical codes used at a number of institutions 
in the UK and overseas. '!hose for carbonate speci
ation are summarised in Figure 1. 

'lhe transport solver in CHE'Ml'RN was verified 
l:7j comparisoo with the S'f.VFC. GED1 code and several 
other migration programs investigated during the 
course of a CFX: MIRAGE exercise [ 12] • Gro1 is an 
analytical solution for transport of radionuclides 
through up to five layers of saturated porous 
media, including provision for six-member decay 
chains. Following minor code modifications within 
CHEm'RN to allow for a fixed duration of source 
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Figure 1. Comparison of CHEMI'RN with chemical 
speciation codes: carbonate system 
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release and choosing time steps to m1mmise numeri
cal dispersic-n, both codes were used to simulate 
the movement of an unretarded species. Agreement 
between CHEMI'RN and GE01 was found to be excellent 
(Figure 2) • Similar good agreement was obtained 
for the six ,;:,ther transport simulators stwied. 

Figure 2 Comparison of CHEMTRN and Gro1 
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Case Studies 
In order to construct a detailed chemical

hydrologic model of any system, accurate site
specific data are essential. 'lhese were largely 
unavailable for the site examined, as is typical 
during the early stages of ·an assessment, and so 
the present stwies remain unval ida ted. Neverthe
less, they serve to illustrate the type and extent 
of information which even elementary numerical 
modelling can provide. 



'lhe example involves rrodelling the dlemical 
speciation of americium in, and its migration from, 
a proposed shallow repository sited within clay 
deposits in Bedfordshire, England. 'lhe geology of 
the area is simple, oonsisting of very gently dip
ping Jurassic sedimentary rocks overlain by glacial 
and periglacial drift (Figure 3). For rrodelling 
purposes, the repository is assumed to be located 
at a depth of 10 rretres below the surface, within 
the Oxford Clay, a compacted shale-mudstone. 'lhe 
principal formations with significant perrreability, 
excluding surface deposits, are the Kellaways Sand 
and, where fractured, the Cornbrash and Bl isworth 
Limestones [ 24] • 

Piezometric data are available for ooth the 
Oxford Clay and the aquifers. Information oo the 
regional hydrogeology derived from borehole data 
arrl consideration of discharge and recharge areas 
suggests that groundwater movement in the Oxford 
Clay is vertically downwards and, as a first 
approximation, the Kellawars Sand may be regarded 
as a confined aquifer [ 24,. A decrease in head 
northwards within the Kellaways Sand suggests dis
charge northwards along the aquifer to the River 
Ouse. 'lhe flow rrodel used thus oonsiders leaching 
of waste fran the repository into the Oxford Clay 
where equilibrium with the interstitial groundwater 
is established. 'lhe contaminated water then perco
lates downwards into the Kellaways Sand and 
migrates laterally to the River Ouse. 'lhe possible 
effects of aquifer inhomogeneity, faulting and 
recharge from the river are ignored. 

Figure 3 Simplified geological cross-section of 

300 

250 

200 

ISO 

100 ··-

0 -·· 

the study site 

STRATIGRAPHIC KEY 

~~:~'- =~,_ 
K.CI. Ken._. Cloy 
C.B. Cotnbr .. tt 

•a.ct Bltaworth ca., 
::.:&.Let. Bliaworttt Limeetone 

.. ' t I 

·-

I ,.. 

.... ._.. .......... ...._. .... 

150 

100 

50 

0 -·· 

Current vault designs for low and intermediate 
level radioactive wastes in the UK envisage exten
sive use of concrete in their construction. Hence, 
the source term aqueous ~ase is assumed to be a 
solution in equilibrium with a concrete/cement 
matrix. 'lhe a::mposition of the "concrete water" 
used (Table 1) is a representative canpilation 
derived from a number of sources [ 6,8] • Ground
water analyses were obtained fran borehole data 
[ 2,24] and surface water analyses fran a tributary 
of the River Ouse which drains the study catchment 
[ 19,24]. 

Three different calculations were performed 
for each water analysis using PHREE)JE. 'lhe first 
show the speciation and solubility of americium in 
equilibrium with a solubility limiting ~ase. 'lhe 
secorrl set simulate addition of calcium sulphate 
until equilibrium with gypsum is attained, in order 
to investigate the relative importance of sulphate 
arrl carbonate <Xlmplexing on americium solubility. 
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Equilibria with calcite and another solid oontrol
ling americium solubility is maintained throughout 
this "reaction" • Finally, PHREEQE is used to simu
late the mixing of concrete and groundwaters allow
ing americium behaviour to be traced along possible 
flow paths fran the vault to the surface. 

TABIE 1 Surface and groundwater compositions used 
the case study. Concentration in mol dm..3 in 

Surface Kellaways Blisworth Oxford Concrete 
Water Sand Lst Clay 

ea2 + 4.0x10..3 2.4x10-3 2. 7x10-3 a. 7x1o-4 1.1x102 

~+ 8.2x10...s 1.1x10..3 1. 7x1o-3 1.3x1o-4 2.0x1o-6 

1 .8x10-'+ 3.6x1o-4 3.0x1 o-'+ 8.9x10...s 1.0x1o-4 

Na+ 1.1x10..3 0.01 9.0x1o-3 7.8x10-'+ s.Ox1o-5 

I Si 
1.0x10..3 

3.0x10...s 
~- 5. 2x 10-3 1.1x1o-3 5.1x1o-3 2.0x1o-5 

st- 3. 1x10..3 3.8x 10-3 6. 1x 10..3 6.4x10-'+ 2.0x1o-3 

cl- 1.6x10..3 1.4x10-3 1.3x1o-3 a.sx1o-4 2.0x1o-3 

pH 8.0 7.6 7.7 8.7 12.7 

Americium does not display the canplex redox 
chemistry of the neighbouring actinides under 
environmental conditions, making it a relatively 
simple element to model. At the high pH of 
concrete water, the hydroxy species, Am(OHf.l and 
Am(OH).;-, dominate in solution (Table 2). 'lhe 
predicted maximum solubility is low (5 x 10-10 mol 
dm..3) and controlled by the hydroxide Am(OHh. In 
the more neutral environment of grourrl and surface 
water, carbonate, hydroxy-carbonate and sulphate 
complexes form at the expense of hydroxy species 
and are responsible for an increase in the solubil
ity of americium by about tw::> <rders of magnitude 
(Table 2). 'lhe stable solubiJ ;_ty limiting J:X!ase 
changes to AmOH~ between pH 9 arrl 10. Recent 
experimental solubility rreasurements [ 6] corrobor
ate these findings, providing useful validatioo of 
both the code and the thermodynamic data available 
for americium. 

TABLE 2 Americium solubility and speciation 

Solubility Limiting l))minant 
Water (mol dm..3) Phase Species 

&Jrface 1.8x10-8 AmOH~ F.mOH ( <:0:3 ) ~ - ,Amso;t 

Water AmOHCO:J ' Amcot 
BliSw::>rth 3.1x10-8 Am0HC0:3 Ainso;t ,AmOH( <:0:3 )~-, 
Lst. AniC'Oj ,AmOHCO:J 
Kellaways 3. 7x 10-8 AmOHCO:J AmOH(~ l~-,AmCoj 
Sand AmSO: ,Am(CO:l >2 

Oxford 2. 9x 1 o-8 ~ 
AmOHCO:J 
AmOH(~ )~- ,AmOHC03 

Clay 

Concrete 5.1x10-l.O Am(OH)3 Am(OH) 3 ,Am(OH)4 

Water 

Predicted solubilities are not significantly 
different for the three groundwaters arrl are up to 
a factor of two higher than in surface water 



IXJSsibly due to increased competition fran calc~um 
for the anionic ligands. Figure 4 shows the vana
tion in amer1c1um solubility expected along a 
hYIXJthetical pathway fran the concrete vault via 
the Oxford Clay and Kellaways Sand to the surface, 
based solely on the PHREEQE simulations. The Blis
~rth Limestone data is included for a:xrpleteness. 
A sudden change in solubility accanpanies a change 
in the solid limiting phase fran .Am(CH)3 to 
AmOHCC>.3 • The concrete water acts as a buffer and 
even at a concrete:clay water ratio of 1:9 cmeri
cium solubility is still close to that in the 
concrete solution. 

Figure 4 Solubility of amer1c1um along a hypothet
ical flow path fran vault to surface. 
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In assessing the migration behaviour of ameri
cium, a knowledge of its chemical speciation is 
essential as this controls the sorption character
istics of the transported species. The aqueous 
species calculated to be dominant for any system 
will change in response to environmental controls, 
such as pH, Ell and the concentration of major 
ions. In the case of americium, Eh has been found 
to have relatively little effect in comparison to 
pH variation and complexation, principally by 
sulphate and carbonate. 

The effect of sulphate complexing is quanti
fied in Table 3. 

TABLE 3 Effect of sulphate complexation 
(Solutions at equilibrium with calcite and an .Am 
solid phase. All concentrations in rrol dm-3 ) 

.Am Am carbonate + hydroxy-
Water solubility carbonate : sulphate 

at gypsi.Jll 
boundary Raw data At equilibrium 

with gypsl.lll 

Surface Water 2.4x1o-7 9.7 7x10_z 
Bli~rth Lst 2.4x1o-7 0.81 8x104 

Kellaways 
a.5x1o-7 6x10_z Sarrl 13.9 

Oxford Clay 1.2x10-7 1030 9x10-2 
Concrete Water 4. 9x 10-10 3.2x107 7.4x105 

The two right-hand columns show the relative impor
tance of sulphate and carbonate/hydroxycarbonate 
species for the raw data and in solutions saturated 
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with respect to gypsum. It is evident that a 
sudden influx of set- ions ~uld markedly alter the 

'+ 
speciation of americium in the groundwater and 
surface water systems. Furtherrrore, as the 
daninant americium sulphate species, Am~ is 
cationic, whereas the hydroxy-carbonate species 
tend to be neutral or anionic, the potential for 
retention of americium in the geosphere ~uld be 
expected to change substantially. 

CHEMI'RN was used to study groundwater flow 
through the Kellaways Sand fran its junction with 
the Oxford Clay to an outer boundary at the River 
Qlse. Breakthrough curves were then calculated for 
a well situated 1 km north of the repository as 
shown (Figure 3) • It is assumed that c:rn:r~cium
ccntaminated inflow water has reached equ1llbnum 
in the Oxford Clay, ~iven the low flow rates likely 
in this formation l24] • Transport through the 
Kellaways Sand was simulated for the aqueous 
amer1c1um species identified from the earl1er 
chemical rrodelling (Table 2). Complexation of the 
major groundwater components and water dissociation 
were included. Sorption of the cationic species, 
~ and AmCOt was assumed to take place by ion
exchange for ea1.+, M:l+ and Na+, with neutral and 
anionic species unretarded. All therrrodynamic data 
were taken from the uwrsr database [ 7] except for 
ion-exchange oonstants [ 31 . As the equilibrium 
constants for exchange of AmS!f and Amcp+ are not 
known a selectivity coefficient was assigned to the 
cations by comparison with rronovalent ions, such as 
Na+. Estimates of exchange constants may also be 
obtained from whole-element sorption coefficients 
by allowing for the proportion of americium not in 
cationic form. Reported rreasurements of K<] 
values show extreme variation however,· ·and in the 
absence of better experimental data a more rigorous 
approach than the rrethod adopted was not thought 
justified. It must be noted that not only are 
therrrodynamic constants lacking but the actual 
processes by which americium abstraction occurs are 
poorly urrlerstood. In crldition to ion-exchange 
surface canplexation, non-specific adsorption, co
precipitation and oolloid ooagulation ar:e _all p::>s
sible mechanisms for removal of amer1c1um from 
solution. 

The average p::>rewater velocity, (V) within the 
sandstone may be calculated from its hydraulic 
conductivity (K), porosity (P), and the hydraulic 
gradient (i) from Darcy's Law: V = Ki/P. Measured 
conductivities vary between 1.3 x 10-6 and 1.5 x 
10-9 m s-1 , fran which a value of 10-7 m s-1 was 
taken, and porosity is reported as 6% [ 241 • If 
pumping the sample well produces a head difference 
of 10 metres, the average water velocity through 
the aquifer would be 0. 53 m yr-1 

• A value of 0. 5 m 
yr-1 was, therefore, used in the simulations. Clay 
minerals in the sequence are predominantly illite 
and mixed layer illite-smectite for which t~ical 
cation exchange capacities would be 0.2 meg g- and 
0 • 5 meq g-1 

, respectively. 'lb all ow for the pro
portion of quartz·grains in the aquifer, an average 
COC of 0.02 meq g-1 was used. The solid matrix 

-3 . . 
density was taken as 2.5 kg dm and a d1sperswn 
coefficient assumed as 0.1 n1 yr-1 

• A constant 
flux corrli tion at the inner lx>undary was enployed 
for the two simulations shown. Both outer boundary 

-options (zero flux and constant concentration equal 
to the initial concentration) were investigated but 
found to have little effect on levels at inner 
nodes. 



Figure 5 shows breakthrough curves at the 
sample well 1 km fran the repository. As anionic 
and neutral anericiun species are unretarded and 
have identical travel times, their concentrations 
have been summed and are represented by AmAn· 
Similarly, as there are no grounds in this simple 
model for differentiating between the sorption 
characteristics of Arnst and ~, their concen
trations have also been sllllllled to produce Prncat. 
Equilibrium constants for ion-exchange were taken 
to equal those of Na+. Initial concentrations of 
Amcat and AmAn for the inflow water, obtained 
fran PHREEQE calculations, were 4. 7 x 10-10 1101 
dm.....3 ard 2.9 x 10-B mol dm-3 , respectively. The 
cut-off concentratiop for the simulation was taken 
as 1 x 10-1 0 1101 dm- • 

It can be seen from Figurj 5 that Flmcat 
levels do not exceed 10-10 1101 dm- and thus at an 
inflow concentration of 4.7 x 1o-10 1101 dm-3 , 
cationic americium is quantitatively retained 
within 1 km of the source. In contrast, the 
anionic and neutral species, principally hjdroxy
carbonates and carbonates, which travel at the same 
rate as the flowing groundwater display a sharply 
increasing concentration profile reaching a level 
of 2. 9 x 10..8 1101 dm-3 after 3000 years. '!his is 
the saturation limit computed for the Kellaways 
Sand (Table 2) and, therefore, all anericium 
species encountered at the well will be in labile 
form. 

Figure 5 Breakthrough curves for sorbing 
(Amcatl and non-sorbing (AmAnl americium 
species at sample well. 
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As sulphate has been shown to be an Unportant 
complexant for americium ard the mineral selenite 
(CaSO. .2Hz 0) is C'OITI!On within the Oxford Clay, 
further calculations were performed to assess the 
impact of si - on anericiun rrobil i ty. In Figure 6 
breakthrough curves are plotted for the well assum
ing that inflow water fran the Oxford Clay is first 
saturated with respect to gypsum. 

'lbe profile of anionic and neutral species is 
similar to that in the previous example as they 
move at the velocity of the water. The profile for 
Amcat• however, is quite different and may be 
divided into two distinct regions. The cations, 
predominantly AmSQt, are retarded for 4000 years 
but aqueous concentrations then increase steadily 
with time until at 20,000 years levels of cationic 
ard anionic plus neutral species are approximately 
equal. It ...ould seem that whereas the solid matrix 
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is able to retain Flmcat concentrations of "5 x 
1 0-l. 0 mol dm.....3 , at higher levels, the sorbing 
medium becomes saturated resulting in AmSQ!" and 
Am~ ions beil'l3 displaced "downstream" by the 
more strongly bourd ca2 + and Mj+. 

Figure 6 Breakthrough curves for americium species 
at gypsum saturation 
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An interestil'l:J point to note fran Figure 6 is 
that although americium cations are eventually 
110bilised, retardation is sufficient to maintain 
total americium concentrations below the saturation 
limit for 20,000 years (compare Figure 5). Despite 
inflow values an or·der of magnitude greater than in 
the previous example aqueous americium levels are 
significantly lower in the presence of sulphate. 
'Ibis clearly den . .)nstrates the need to consider 
speciation in al~ groundwater migration studies 
where there is a capacity for differential sorption 
of a given radioelement. 

Discussion 
Recent modelling studies carried out in the UK 

indicate that the transport simulator, CHEt1I'RN, 
when used in conjunction with a flexible mass 
transfer program such as PHREEXJE, is an extremely 
useful tool for describing coupled chemical
h~iologic proce!S>es in groundwater. systems. 
CHEMI'RN, developed at Lawrence Berkeley Laboratory, 
is probably the best documented coupled dlemical 
transport model currently available. Its modular 
structure suggests Grlvances in the calculation of 
chemistry, or migration, may be incorporated 
without urdue difficulty and it is certainly desir
able for radiological assessment purposes that 
CHEMI'RN be extended to account for nuclide decay 
and chain decay. In terms of the flow mode 1, the 
rather restricted boundary conditions could be 
generalised so that time-dependent values of 
concentration or flux may be read from a pre
specified data file. Further, the chemical model 
1o0uld be greatly improved by the incorporation of 
redox capabilities as for elements such as uranium 
and plutonium the oxidation state will be a criti
cal control on migration behaviour. It is real
ised, i"xJwever, that whilst the computing resources 
needed for uncoupled flow ard chemistry mode 11 ing 
are manageable, the requirements of coupling may be 
very large. As a result of this, studies to date 
suggest that CHFMI'RN may never be used within the 



context of a probabilistic code such as SNAC. A 
more suitable role 'I«)Uld be to verify that results 

. obtained from SNAC conform to those expected on 
chemical and hydrological grounds. 

'nle calculations described in this paper have 
served to highlight only a few of the possibilities 
offered bf coupling PlffiEFJJE with CliEMI'RN and rore 
exhaustive validation studies are underway. 
Tbgether with related studies, they have shown that 
models which incorporate aqueous speciation and 
competitive sorption within the flow model provide 
far more insight into the behaviour of geochemical 
systems than can be obtained from iterating pure 
hydrologic and chemical codes. CHEMTRN already has 
the capability to simulate ?"~enomena such as the 
remobilisation of sorbed species alon;~ a flow path 
and, with developnent, oould possess the potential 
to reproduce the propagation of redox fronts. 
'nlus, although there is undoubtedly roan for 
further code developnent, the programs available 
have, to a large extent, reached a stage where the 
acquisition of high quality thermodynamic data is a 
rore critical source of concern. Greater emphasis 
on measurin;~ the fundamental constants is essential 
if recent progress in geochemical modelling is to 
be maintained. 
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EFFECT OF IONIZING RADIATION ON WASTE PACKAGE PERFORMANCE 
IN A BASALT HIGH LEVEL WASTE REPOSITORY 

ABSTRACT 

D.T. Reed 

This paper presents and discusses current data on the effect of ionizing 
radiation on the performance of the waste package in the proposed hfgh level 
waste repository in the Columbia River basalts. 

The potential of ionizing radiation to alter chemical and geochemical processes 
has been well establ fshed. The primary mechanism fs the formation of 
radfolytic species which wil 1 affect the transport of radionuclides. their 
speciation, the stability of the packing and container corrosion. These 
effects are not additive and must be integrated into the performance models 
developed for the waste package. 

Ionizing radiation wil 1 have the most impact on the performance of .the waste 
package since radiation levels are highest there. The coupling of radiolytic 
processes with geochemical/chemical processes in basalt groundwater/packing/ 
waste form systems is being investigated as part of an ongoing effort in the 
Basalt Waste Isolation Project (BWIP>. Of primary concern are the effect of 
radiation on the composition of the groundwater, redox environment. packing 
alteration, pH and formation of organic polymers. 

~~~rim~otal B~5ults 

The results of investigations in three area~ w11 1 be presented. These are: 
Recent calculations on the radiation enviror~ent of the waste package, the 
effect of gamma radiation on processes in the containment period, and the effect 
of high LET (alpha) radiation on radionuclide speciation in the isolation 
period. 

The radiation environment of the waste package during the containment period fs 
currently being characterized in terms of the gamma dose outside the container 
as a function of time, fuel burnup and thickness of the container. In the 
isolation period (anticipated to be ~1000 years after waste emplacement) the 
alpha dose will be calculated as a function of the surface area of the spent 
fuel. This will be extrapolated to conditions expected in the repository to 
predict the range of dose rates expected. 

The gamma radiation testing has been performed by subjecting samples consisting 
of various waste package constituents to radiation dose levels expected in the 
repository. Two major effects identified are the formation of polymers from 
methane found in the groundwater and the possible enhancement of corrosion 
rates. Preliminary data obtained on the mechanism of these processes wfll be 
presented. Additionally data on the formation of radiolytfc products, such as 
hydrogen and hydrogen peroxide, under repository conditions has been obtained. 
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The ability of alpha radiation <self radiolysis) to reduce and oxidize 
radfonuclides has been well established in simple aqueous systems under 
standard temperature and pressure conditions. Current testing qualitatively 
establishes the effect of hydrothermal conditions on this mechanism and 
quantitatively determines the effect of dose rate and concentration on 
rad1onuclfde speciation (oxidation state). 

The effect of ionizing radiation on the geochemistry and chemistry of 
the waste package depends significantly on the radiation dose rate and 
temperature. The time profiles of these two parameters, combined with the 
experimental data on radiolytic effects obtained, are used to qualitatively 
predict long term effects. This will identify key radfolytic processes and 
help determine the importance of radiolyt1c effects. Key parameters 
estimated: · 

l. Yield of oxidants; impact on redox environment 

2. Yield of reductants; impact on redox environment 

3. Impact of early container failure from a rad1olytic standpoint 
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ABSTRACT 

This paper presents an analysis of relevant time 
scales for modelling the geochemical evolution of 
uranium mill tailings (seconds to millions of years). It 
is suggested that the chemical retention time of pore 
water is an appropriate parameter for assessing the 
interaction of transport and kinetics in formulating an 
algorithm for the evolution of uranium mill tailings. 

Two special sub-studies are presented. In one, a 
reaction-transport model is used to examine the 
sensitivity of pyrite oxidation to kinetics and transport 
in the unsaturated zone. The results suggest that the 
oxygen flux (acid production flux) from a column of 
tailings is most sensitive to the diffusion coefficient 
and relatively insensitive to the pyrite oxidation rate 
constant. This suggests priorities for research 
(measurement of diffusion coefficient) and 
management strategies (low diffusion cover). 

In a second study, reaction code pathway 
calculations of an equilibrium mineral assemblage for 
Fe-Ca-AJ-S-C02-H 0 are made. Th~ evolution ~f 
minerals along an ·~xygen-added" react1on pathway IS 

quite sensitive to the initial ratio of goethite and 
pyrite present. A comparison with available field data 
suggests that the model simulates the expected trend 
of pH, but that the simulated trend of pe is in error. 
This uncertainty may result from the presence of 
pseudo-stable phases or the lack of equilibrium with 
pyrite. An approach for coupling these processes is to 
titrate an equilibrium mineral assemblage with pyrite 
oxidation products and use results from the reaction
diffusion model to ascribe a time dimension to the 
reaction pathway. 

1.0 INTRODUCTION 

Tailings may be defined as the waste 
mineralogical assemblages that result from U-milling 
processes. They are deposited within a suitable 
containment system either natural or man made. 
Uranium mill tailings are of environmental concern 
both from the perspective of long-term exposure to 
low level radiation and the ongoing discharge of non
radioactive contaminants from these tailings. 

The objective of this paper is to evaluate the 
coupled nature of a few of the physical, chemical, and 
biological processes influencing the long-term 
biogeochemical evolution of uranium mill tailings in 
wet Canadian-Shield environments. The following 
aspects are presented: 

140 

(a) the typical mineral assemblages present; 
(b) time scales of concern; 
(c) the calculated evolution of an equilibrium 

mineral assemblage; 
(d) an evaluation of geochemical controls upon 

fluxes of acidity. 

2.0 MINERAL ASSEMBLAGES 

There are two major uranium producing areas in 
Canada. The Elliot Lake region is located on the 
Canadian Shield on the North Shore of Lake Huron and 
has historically been the main source of uranium in 
Canada, The ore bodies are a pebble conglomerate 
formed in Precambrian times and typically contain 
0.196 uranium as uo2• The main minerals in the 
tailings are quartz, calcite, pyrite, barite, gypsum, 
jarostie, chlorapatite, iron oxides, manazite, sericite 
and other trace minerals. The Northern Saskatchewan 
ore bodies, found in sandstone deposits on the edge of 
the Canadian Shield, e-re currently being developed. 
They typically contain low percentages of uranium. 
The main minerals in Sask. tailings are quartz, 
feldspars, micas, cLys, arsenides, metal oxides, 
gypsum, arsenates and -elenates. 

The tailings reflect the original properties of the 
ore but contain substantial amounts of gypsum and 
other secondary mineral precipitates formed during 
the milling process. These secondary precipitates 
form from both addition of mill chemicals (e.g., 
gypsum from sulphuric acid leaching and 
lime/limestone neutralization) and leaching of the ore 
(e.g., calcium arsenate from leaching of arsenides and 
lime addition). This re~'llts in a heterogeneous tailirtgs 
mass composed of large sand-sized solids (mean 
diameter 70-150 um) on which the secondary 
precipitates form and slimes containing clay-sized 
solids formed from and/or cemented together by the 
secondary precipitates. 

Weathering of tailings results in the potential 
export of several contaminants. The basic 
radionuclides common to all tailings are U-238 decay 
series. In Elliot Lake tailings, pyrite oxidation in the 
unsaturated zone and the resultant production of 
acidity are major processes which may affect the 
geochemical evolution of tailings over the short 
term. In the Northern Saskatchewan tailings, the 
major geochemical processes are less well known, but 
the potential export of such contaminants as arsenic, 
nickel and selenium are of major regulatory concern. 

The chemical elements for which predictive tools 
are required to describe their solid-solution 
distribution over time are: Si, AI, Ca, Mg, K, Na, Fe, 



S, C, H+, Cu, Ni, As, Ba, Co, Mn, Pb, Ti, Se, Sr, and 
Mo. Radionuclides requiring predictive tools are: U-
238, U-234, Th-230, Ra-226, Pb-210, Po-210, Th-232, 
Ra-228, and Th-228. The major elements are 
controllers on the geochemical evolution of the 
tailings whereas the "trace elements" and 
"radionuclides" influence the "health" of the ecosystem 
or humans. 

3.0 TIME SCALES 

Three time scales are of concern for developing 
a source term model: 

{i) the computational time step; 
{ii) the time scale for monitoring and regulation; 

and 
{iii) the contaminant release period of the tailings. 

The computation time step influences whether 
mineral dissolution will be modelled as an equilibrium 
or kinetically controlled process. The contaminant 
release period of the tailings is influenced by the 
dissolution rates of minerals and the flux of 
radionuclides from the tailings. Given present data, it 
is estimated that a time scale in excess of a century 
will be required before the flux of radionuclides and 
trace elements of potential environmental concern will 
cease. 

From a regulatory point of view, two time scales 
exist in current thinking: the short-term and the long
term. Models to describe the geochemical evolution of 
tailings are required for QOth time scales. A time 
frame of 100 }ears is often used to define short-term 
because it is felt by regulatory authorities that 
institutional controls cannot be guaranteed by our 
present society for a longer period of time. The long
term can be defined as 100-10,000 years because 
(i) previous studies have suggested that most of 

the export of radionuclides and trace elements 
of environmental concern occurs within 10,000 
years, and 

(ii) after 10,000 yr, major climatological changes 
will likely be more significant factor than the 
tailings management techniques originally 
employed. 

These time scales are summarized in Figure 1. The 
figure is composed from kinetic data for dissolution of 
far-from-equilibrium minerals, mill leaching data, 
radionuclide decay constants, seasonal considerations, 
and the hydraulic detention time of groundwater. 
Analysis of these time scales lead us to suggest the use 
of a parameter, the chemical retention time in pore 
water, for relating these time scales to the 
computational t~me step. Consider a volume of pore 
water (V; m ) influenced by 

1 
dissolution {r di 

mol/m 3 /yr), re5rystallization {k; yr- ) and hyd_rolog_ical 
outflow {Q; m /yr). The mass balance equat1on g1ves 
the pore water concentration {C) as: 

V dC Vrd-kCV-QC {l) 

dt 

These kinetics are analogous to those of Rimsted 
and Barnes {1980) for silica. Defining the chemical 
residence time (tc) as the time to displace the mass of 
C present in V results in 
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CV 1 (2) 

where tw is the hydraulic detention time of the box 
(cell) under consideration {tw = V/Q). 

Equation (2) shows that the chemical residence 
time is a function of the hydraulic detention time of 
the groundwater and the recrystallization rate. Some 
care must be taken in using this expression because it 
is specific to the terms considered in the mass balance 
equation (1) and the kinetic expressions used. But it 
illustrates the point of concern. It shows that at short 
hydraulic detention times {e.g., 2 yrs), the chemical 
retention time {2.1 yrs) is essentially determined by 
the hydrological character of t~ tailings when the 
recrystallization rate is 0.012 yr- . At long detention 
times (t = 10,000 yr; t = co ), the chemical retention 
time {85 yr) is essentially determined by the chemical 
processes and is independent of groundwater 
hydrology. 

These calculations also point out that the 
kinetics of recrystallization of minerals are a key 
component for estimating pore-water time scales and 
coupling physical, biological and geochemical 
processes in models. The paucity of kinetic data in the 
literature is currently one of the limits for analyz-ing 
such processes within a mathematical framework. 

4.0 SIMULATION OF AN EQUILIBRIUM 
MINERAL ASSEMBLAGE 

A mineral assemblage containing iron, calcium, 
aluminum, sulphur, carbon, oxygen and water was 
selected for reaction-path-code simulation. The 
following solids occurred in the simulation: Pyri t,.e 
{FeS2; .417 mol/kg); Goethite {alpha - FeOOH) ; 
Amorphorus iron hydroxide {Fe{OH) {am); 0.305 
mol/kg); Gibbsite {Al{OH)3{s); 0.204_ mor/kg); Gypsum 
(CaSo4.2H 20; 0.555 . mol!l<g); Calc1te (~aco3 ; 0.02 
mol/kgJ;* Mallamente {FeS011 .7H 2o) ; .Siderite 
(FeC03) ; and Jarosite (KFe 3<so4lzWH)6) . The 
minera1s initially present are indicated with their 
composition per kilogram. The initial quantities 
reflect fresh tailings in the Elliot Lake area. Those 
marked by an {•) precipitated during one or more of 
the simulations. Pyrite and calcite are primary 
minerals while amorphorus iron hydroxide, gibbsite and 
gypsum are secondary minerals formed in the mill on 
the surface of host solids. 

The objectives of the simulation are to examine 
the acidification of the tailings resulting from pyrite 
oxidation, to obtain insights concerning possible 
simplifications for coupled systems modelling, and to 
evaluate the equilibrium hypothesis. The simulation is 
incomplete because far-from-equilibrium micas, 
feldspars and other aluminosilicates are not evaluated; 
however the minerals chosen represent pertinent 
geochemical features in the tailings. 

The calculations were made using CHEMP, a 
chemical reaction pathway computer program {Garisto 
and Garisto, 1984). Free energy data were selected 
from the literature with preliminary critical analysis 
attempting to ensure that all data are internally 
consistent. This data base is documented elsewhere 
(Garisto et al, 1984, 1985; Snodgrass et al, 1985). 



Simulation of a Complete Suite of Solids Using 
Different Oxidants 

Two simulations were performed using all solid 
phases but different oxidants. In the first example 
(Figure 2a), oxygen was used to titrate the system. In 
the second example ~ot sho~n) the acid-sulphate 
sol~tion containing Fe + + Fe + was use~ (Fer

2 
+ 2 

SO - + H+ where FeT is total iron with (Fe +)/(Fe +) = 
10~. This simulates the addition of pyrite oxidation 
products to. the upper levels of the saturated 
groundwater zone. The overall effects with regard to 
solid-phase and pH behaviour are similar. 

Calcite (Caco 3) dissolves early in the titration 
resulting in formation of siderite (FeC0 3). Siderite 
dissolves later in the titration in both cases (see Figure 
2a). Gibbsite (Al(OH)3) and pyrite, both initially 
present, are also depleted in both cases. In the first 
case, however, FeS04.7H2o is formed and then 
dissolved in response to oxidation by oxygen; its 
dissolution results in formation of goethite. In 
contrast, Feso4.7H2o is formed and remains in the 
second case, whereas the secondary goethite forms and 
redissolves; this stabilityff FeS04.7H2o is maintained 
by the addition of Fe + while the dissolution of 
goethite results from the low pH. 

. The pH responses to the titration are almost 
identical (Figures 2b). First, calcite dissolves and 
buffers the pH at a value of about 6.3. The pH buffer 
in this case results from an overall reaction between 
two solid phases: 

2 FeS 2(s) + 14FeOOH(s) + 26H+ = l5Fe + + 2S04 
2- + 

20H 2o 
(3) 

Because concentrations of Fe 2•, S04 
2- and their 

complexes are controlled by these solid phases at 
relatively stable levels, the pH (or H+ concentration) is 
also relatively stable. The pH can be calculated from 
equation (3) as follows: 

2 2 pH = l/26 (log Kso- 15 log Fe +- 2 log so4 -) 
(4) 

in which the equilibrium constant (K ) has a value of 
. SO L+ 

98.46. In th1s case, when the log Fe = -2 and 
log so4

2-=L t~e resulti~ pH is about 5. The former 
'Ia lues for Fe + and S04- are close to those predicted 
and also are reasonable in terms of observations in 
pyrite oxidation systems. After calcite is depleted, 
the pH decreases in response to H+ addition until the 
FeS 2 - FeOOH buffer is initiated at a pH value of 
about 5. The pH again decreases after FeOOH is 
depleted and a slight buffering effect is observed at a 
pH of about 3.4. This buffering is due to the 
dissolution of gibbsite. 

Further reduction in pH occurs in the oxygen 
titration until pyrite is depleted, at which point the pH 
remains stable. In the case of titration by the acid
sulphate solution, further buffering occurs at a pH of 
about I by dissolution of goethite. After the goethite 
is depleted, the pH again decreases in response to 
further addition of H+ in the titrating solution. 

The redox responses for the two different 
oxidants exhibit the most significant differences, but 
only after the pyrite is depleted in the oxygen titration 
(Figure 2c). In the oxygen titration the redox potential 
increases abruptly in response to addjtion of excess 
oxygen and subsequent oxidation of Fe •. In contrast, 
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the addition of Fe 3+ as the sole oxidant for the acid
sulphate titratio~ doej not result in as significant a 
change in the Fe +/Fe + ratios. 

Simulation of Pyrite-Free System With a Acid
Sulphate Titration 

One simulation was . performed to examine 
chemical evolution in an acid-generating system in 
which pyrite does not attain equilibrium with the other 
components in the system. The non~quilibrium 
condition was simulated by titrating oxidation products 
into a set of solids devoid of pyrite. A number of 
notable differences exist. 

Although calcite, gibbsite and goethite all 
dissolve, and jarosite forms and redissolves along the 
reaction pathway as in the previous two simulations, 
the absence of siderite formation and the 
reappearance of goethite is evident. The pH response 
is also different in that no buffer exists at pH:5; 
instead the pH is buffered at pH:3.4 by gibbsite. In 
this case, the FeS2 - FeOOH buffer has not masked the 
effect of the aluminum buffer, allowing the latter to 
become significant. Also, because no significant redox 
reactions occur in the system, the redox potential 
remains relatively 

2 
cons~ant, as exhibited by the 

relatively stable Fe +/Fe +ratios. The changes in the 
ra~o that do occur are due to solubility constraints on 
Fe + as well as the stability of Fe(HI) and Fe(II) 
complexes. 

Comparison of Simulation Results with Field 
Observations 

Many of the general trends noted in the 
simulations agree with field studies. Field 
observations suggest that pH buffering occt·-s at 
values of about 6 and also at about 3.5 (Dubrov~ 1<y et 
a!, 1985). These pH values agree fairly well with those 
of calcite and gibbsite shown previously. In addition, 
the formation of siderite in zones containing residual 
calcite and the formation of jarosite in active 
oxidation zones have been postulated from field 
evidence. This agrees with the model predictions. 

Some uncertainty exists in other predictions 
(field pH and field redox conditions). There does not 
appear to be a buffering mechanism at pH=5 ir the 
field as is calculated in the simulations. This apparent 
disagreement may be due to two reasons. Fi."stly, 
equilibrium may not actually exist between the pyrite 
and the goethite phases. Secondly, equilibrium may 
exist but the thermodynamic characteristics of the 
ferric hydroxide phase may be different than those 
specified by the solubility product used in the 
simulations. If the active ferric solid is less stable 
than goethite, the buffered pH would be higher than 
predicted by the simulation model. Reaction of pyrite 
with an amorphous ferric hyroxide rather than goethite 
could result in such a condition. 

With respect to redox c~nditions, petd data 
describing concentrations of Fe •

3
.and Fe + an.d the 

trend of pE suggest that the Fe concentra t10n 1s 
controlled by its solubility relationship with amorpho~s 
Fe(OH) 3, and that there is no apparent control on Fe + 
concentrations. In contrast, the model calculatiOns 
indicate that an equilibrium exists between pyrite and 
goethite. Existence of equilibrium between an 



"oxidized" phase (FeOOH) and a "reduced" phase (FeS2) 
may not intuitively make sense. But it is explained oy 
an equilibrium between 

(i) solution (Fe 2+> and pyrite, 
(ii) solution (Fe 3+) and goethite, an3 
(iii) solution (Fe 2+) and solution (Fe +)via the redox 

reaction. 

At neutral an<) near-neutral pH, ~e soluti~n 
concentration of Fe + is so low that Fe + and Fe + 
equilibria are maintained, hence allowing goethite and 
pyrite to coexist at equilibrium. Goethite and pyrite 
can coexist at equlibrium as long as the amount of 
oxidant is limited. All of the oxidized phases would be 
reduced at the start of the simulation only if lower 
redox conditions were initially imposed upon the 
system (i.e., more electrons donated to the system). 

The disagreement between the field evidence and 
the simulations suggests that an overall equilibrium 
does not oc~r between pyrite and goethite because 
observed Fe + concentrations and measured values of 
pE are not at equilibrium with pyri2e (Dubrovsky et al., 
1985). The actual control on Fe + concentrations is 
not clear, precluding a definitive statement concerning 
whether equilibrium wi~ pseudo-stable phases or 
kinetics controls the Fe + concentrations. It does, 
however, represent one limitation of using reaction 
path calculations when pyrite is present. 

Geochemical Control on Pyrite Oxidation 

For conditions where pyrite oxidation, catalyzed 
by bacteria, causes pyrite to be out of equilibrium with 
its environment, one can attempt to include the 
effects of kinetics in the simulation of an equilibrium 
mineral assemblage by introducing the reaction 
products as an oxidant. This has been illustrated 
above. To determine the rate of production of 
reaction products, either reaction kinetics or gaseous 
transport of oxygen or both will be rate controlling. 

The interaction of transport and reaction can be 
examined by solving the diffusion-reaction equation 

= D KC (5) 

in which C is the partial pressure of oxygen in the void 
·spaces of the unsaturated zone, D is the effective 

diffusion coefficient of gaseous oxygen, and K is the 
composite first-order rate constant. This equation was 
solved by assuming steady-state conditions because 
steady-state is rapidly approached for the time scales 
considered. The loss of pyrite mass was calculated for 
finite sized boxes whose thickness is sulficiently small 
to maintain definition of concentration gradients. This 
allows us to incorporate the steady-state solution into 
a box model framework that simulates the time step 
progression of pyrite oxidation. 

The first-order rate constant is a function of 
several parameters including pH and surface area of 
pyrite particles. The shrinkage of pyrite was 
calculated by assuming that spherical particles of a 
uniform radius are present throughout the media. The 
effects of pH and microbial activity are simul~6ed by 
using two extreme values for Kp: 5 x 10 m/h 
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reflecting · near-neutral !'2i• abiotic .conditions 
(Nicholson, 1984) and 5 x 10 m/hr, reflectmg low pH 
conditions where bacteria are quite active. "Kp", a 
mass transfer coefficient, is derived from the decay 
rate "K" by multiplying by the volume of void spaces 
and dividing by the surface area of the pyrite 
particles. These data are derived from the tailings 
characteristics of bulk density = 1.6 g/cc; moisture 
content = 20%, pyrite content = 0,05 g/g, and pyrite 
particle diameter = 70 um. 

Simulation results are presented in Figure 3 in 
the form of a sensitivity analysis for two different 
values of the g~seo~ diffusion coefficient. The upper 
value, 5 x 10- m /h, is characteristic of diffusion 
through air-filled void spaces while the lower value 5 x 
10-o m 2/h describes molecular diffusion of oxygen in 
water (completely filled void spaces). The results 
indicate: 

(i) that the oxygen flux into the tailings, and 
hence, the pyrite oxidation rate and the rate of 
production of acidity decrease over time; and 

(ii) that the oxygen flux (acid production rate) is 
substantially more sensitive to transport 
processes than to reaction control. 

These results suggest priorities for further 
research into modelling and management of tailings. 
These include the following. 

(i) 

(ii) 

More research is required into methods for 
measuring diffusivi ty of oxygen in the 
unsaturated zone of tailings rather than into 
methods for quantifying reaction rate kinetics. 
At present, most efforts centre upon 
characterizing reaction kinetics and 
temperature relationships. 

More research is required into characterizing 
the rate at which acid production decreases 
with time. This would allow estimates of when 
institutional controls and monitoring could be 
reduced in scope and/or phased out. 

(iii) An effective method to decrease immediately' 
the rate of acid production is to engineer a 
cover composed of depyritized tailings and 
devoid of organic carbon. The lower the 
effective diffusivity of this cover, the lower 
will be the acid production rate. 

SUMMARY 

In this paper, an overview of the m inera Is of 
concern in uranium mill tailings and an analysis of 
relevant time scales for modelling their geochemical 
evolution are presented. For one major uranium
producing area, pyrite oxidation is a major 
geochemical driving force over the short-term. A 
simulation of an equilibrium mineral assemblage 
predicts pH trends which are similar to field 
observations but predicts absolute pH values and redox 
conditions which seemingly differ from field 
observations. The model predictions are dominanted 
by equilibrium between goethite (FeOOH) and pyrite 
(Fes 2>. Field observations of pH would be predicted by 
the model if a different oxyhydroxide of Fe(III) 
occurred. Observations for pe would be simulated if 



other phases are present or if the system is not in 
equilibrium with pyrite. These results suggest that 
modelling coupled processes in this system requires 
consideration of pyrite dissolution as kinetically 
controlled. 

Analysis of the geochemical control on pyrite 
oxidation and resultant acid production suggests that 
transport processes (diffusion of oxygen) are 
substantially more important than the pyrite oxidation 
rate. This suggests that more research efforts are 
needed to obtain better estimates of the diffusion 
coefficient of oxygen rather than to estimate the 
pyrite oxidation rate. A steady-state solution of the 
diffusion-reaction equation, appropriate time steps and 
the mass of pyrite remaining in a cell after oxidation 
can be used for coupling transport and reaction. 
Simplification of these results to a box format (e.g., 
the unsaturated zone) allows one to estimate the time 
dimension of a reaction pathway in the simulation of 
an equilibrium mineral assemblage in which pyrite 
oxidation products are the oxidant. 
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CHEMICAL AND DIFFUSIONAL EFFECTS IN A THERMAL GRADIENT: RESULTS OF RECENT EXPERIMENTAL STUDIES AND 

IMPLICATIONS FOR SUBSEABED DISPOSAL OF NUCLEAR WASTE 
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ABSTRACT 

Solute transport in response to a thermal 
gradient (thermal diffusion or the Soret effect) 
is likely to be an important consideration in the 
disposal of nuclear waste in low-permeability, 
fluid-saturated media. Thus, thermal gradient 
experiments and a large-scale heat transfer 
experiment were conducted with marine clay and 
inert matrices to assess Soret diffusion and rock 
alteration effects. These data are particularly 
applicable to the subseabed disposal concept, but 
provide a basis as well for assessing mass 
transport phenomena for clay backfill materials. 

INTRODUCTION 

Subseabed disposal of high-level nuclear 
waste is currently being considered as an alter
native to onland disposal options (Hollister, 
1977). Desirable features of marine, clay-rich 
sediments include high plasticity, low per
meability, and high adsorptive capacity. Feasi
bility assessment of subseabed disposal requires, 
however, detailed knowledge of the effect of tem
perature on solution-mineral equilibria and 
adsorption processes; information has been 
obtained for this purpose through sediment
seawater experiments conducted at constant tem
perature (Seyfried ~ ~·, 1980; Thornton, 1983). 
The chemical environment in the immediate vici
nity (near-field region) of a buried waste 
canister will in addition be characterized by 
thermal gradients wich will promote chemical and 
thermal diffusional transport. This aspect has 
been recently studied by conducting a number of 
thermal gradient experiments and, on a larger 
scale, through a heat transfer experiment con
ducted with marine clay. Results of these 
experiments are summarized here to illustrate the 
nature of coupling of chemical and thermal 
effects in the near-field subseabed environment 
and possible changes in the geomechanical proper
ties of marine clay resulting from these effects. 

THERMAL GRADIENT EXPERIMENTS 

Marine pelagic clay from the North Pacific 
and North Atlantic was used for thermal gradient 
experiments at the University of Minnesota. A 
titanium-lined pressure vessel specifically 
designed for this purpose provided a stable tem
perature gradient of zoooc between a "hot" zone 
(Joooc) and a "cool" zone (lOOOC) over a distance 
of approximately 30 em at seafloor pressures of 
500 bars (Thornton, 1983; Thornton and Seyfried, 
1983). Thermodi ffusional transport was observed 
to produce significant separation of aqueous com
ponents between the "hot" and "cool" zones in 
less than 1000 hours, with the solute migrating 
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towards the "cool" zone (Fig. 1). Soret coef
ficients were obtained by monitoring the steady 

.O.CI, 
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.O.Na, 
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.O.K, 
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6Ca, 
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.O.Mg, 
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pH 

o "cool .. Zone,100°C 
a "Hot" Zone, 300°C 

Figure 1. Relative change in fluid composition 
of "hot" and "cool" zones with time in a typic,.l 
thermal gradient experiment conducted with a miY
ture of marine pelagic clay and seawater. 

state distribution of Na+ and Cl- in "hot" and 
"cool" zone pore fluids. The distribution of 
these species wa& totally a function of the ther
mal gradient in that they were unaffected by 
water-rock interaction. K+ was initially 
enriched in the "hot" zone owing to rock-water 
interaction but was subsequently mobilized 
towards the "cool" zone in response to Soret dif
fusion. Other components, notably Mg2+ and ca2+, 
were retained in varying degrees in the "hot" 
zone due to formation of stable alteration phases 
such as smectite and anhydrite. Mg mobility, in 
particular, is important in this regard as it has 
an important role in regulating pH of the "hot" 
zone fluids. Silica depletion in the "hot" zone 
was also observed owing to significant mass 
transport by diffusion down the thermal 
gradient. 

·To complement the sediment experiments, ther
mal gradient experiments were performed with 
seawater and alumina as an inert matrix in order 
to obtain diffusional data in the absence of 
rock-water interaction effects. These experi
ments permitted accurate measurement of. Soret 
coefficients of various solute components for the 
temperature gradient of 300°C to 100°C and for 
lower temperatures, down to 50°C, where data has 
been obtained in previous investigations. Thus, 
we are now able to assess diffusional transport 



in a thermal gradient over the entire range of 
temperatures that would exist during the lifetime 
of a nuclear waste repository (Seyfried and 
Thornton, in press). 

IN SITU HEAT TRANSFER SIMULATION EXPERIMENT -----
To model the entire three dimensional zone 

around a buried waste canister, a heat transfer 
experiment was conducted by Sandia National 
Laboratories at the Naval Ship Research and Deve
lopment Center, Annapolis, Md (Crisenzo and 
Silva, 1981; Percival, 1982). This experiment 
utilized an autoclave sufficiently large to con
tain one cubic meter of pelagic clay overlain by 
two cubic meters of artificial seawater; the 
design employed effectively permitted modelling 
of both the far-field and the near-field/ 
far-field transition zone. The autoclave was 
maintained at approximately SOO bars and S°C and 
contained an electrical heat source emplanted in 
the sediment (Fig. 2). The thermal gradient 

s•c 
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-1m3 

1--1 

IOcm 

ASSEMBLY 

Figure 2. Schematic illustration of heater, pore 
fluid sampler, and thermocouple and pore fluid 
sample locations (*) utilized during in situ heat 
transfer experiment. 

ranged from approximately 270°C adjacent to the 
heater to 1S0°C within a distance of about 3 em; 
a pore fluid sampler collected pore fluids from 
the sediment over the temperature range from 
about 1sooc to S°C after 20 days of operation. 

Analysis of the pure fluids and chemical/ 
mineralogical characterization of the sediments 
indicate that two decoupled systems existed, one 
near the heater at temperatures > 170°C and the 
other at< 170°C (Seyfried et al., 198S). Anoma
lous concentrations of sodiu~ and significant 
amounts of analcime, a sodium silicate, were 
found adjacent to the heater. Mass balance con
siderations indicate that the sodium was intro
duced by the convective circulation of salt water 
from the tank above the sediment through a 
disrupted zone adjacent to the heater. McTigue 
et a1. (198S) have also suggested that pore 
pres-;;:;re measurements obtained near the heater 
during the experiment indicate fluid penetration. 
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The hotter zone, furthermore, exhibited substan
tial sediment alteration owing to mass transfer 

· of silica away from the heat probe via a com
bination of chemical and thermal diffusion; this 
process may have further promoted convective cir
culation near the heater owing to enhanced per
meability of the sediment. Permeability 
decreased markedly at the edge of the hotter zone 
due to silica (quartz) precipitation, however, 
effectively eliminating mass transport between 
the hot and cool zones. The cooler zone was thus 
characterized by a normal diffusional regime 
unaffected by physical and chemical effects in 
the hot zone (Fig. 3). Soret coefficients calcu
lated from the chemistry of the pore fluids in 
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Figure 3. Semilogarithmic plot of aqueous con
centrations of Cl, Na, and Mg versus temperature 
for the in situ heat transfer experiment. Values 
are presented for Soret coefficients with corre
lation coefficients based upon a linear 
regression analysis of the data. 

this zone were found to be consistent with those 
obtained in thermal gradient experiments con
ducted at the University of Minnesota (Thornton, 
1983; Seyfried !.!, al., 198S). 

SUMMARY 

Results of thermal gradient experiments have 
provided much useful data for evaluation of the 
Soret effect in the immediate vicinity of a 
radioactive heat source and have provided insight 
on geomechanical effects resulting from mass 
transfer of silica and. rock alteration effects. 
This information is directly applicable to sub
seabed disposal but the implications of these 
data should also be considered for nuclear waste 
disposal in crystalline rock employing clay back
fill materials. 
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FLOW AND TRACER EXPERIMENTS IN CRYSTALLINE ROCKS. RESULTS FROM SEVERAL 
SWEDISH IN SITU EXPERIMENTS 

H. ABELIN. L. BIRGERSSON. J. GIDLUND. L. MORENO. I. NERETNIEKS. 
S. TUNBRANT 
Department of Chemical Engineering. Royal Institute of Technology. 
S-100 44 Stockholm. Sweden 

BACKGROUND 

In a final repository for radioactive waste in crystalline rock. 
water flowing in the fractures may transport the radionuclides eventually 
leached from the waste. To be able to predict the migration of the radio
nuclides the processes involved must be understood. To quantify the pro
cesses. data from flow and transport in real fractures under realistic 
conditions are needed. Models used for prediction must include descrip
tions of the important processes and mechanisms. 

Most previous studies concerning water flow in rocks are based on 
the assumption that the water flow can be described as porous media flow. 
This might be true for very 1 arge distances where the flow would encoun
ter a multitude of fractures. and some averaging may be conceivable at 
the scale considered. 

Transport over short distances. i.e. in the vicinity of the canis
ter. most probably occurs in individual fractures. On an intermediate 
scale where more than a few fractures conduct the flow. well-type tracer 
tests alone cannot give the detailed information needed to understand dis
persion and sorption phenomena in fissured rock. Actual tracer tests are 
needed to obtain data on pathways and flow porosities. Tests with sorbing 
tracers are needed to compare predictions based on models and laboratory 
data. i.e. to validate the transport models. 

The migration modelling in the safety analysis for a repository in 
granitic rock is based on the assumption that if and when any radionucli
des are leached from the waste. practically all of the importa~t radionuc
lides will interact chemically or physically with the bedrock and will 
thereby be considerably retarded. The magnitude of this retardation de
pends upon the flow rate of the water. the uptake rates and equilibria of 
the reactions as well as the surface area in contact with the flowing 
water. 

PURPOSE 

The main purpose of the two investigations performed in the Stripa 
mine is to understand and describe water movement in sparesly fractured 
crystalline rock. The first experiment. now finished. concerned water 
flow within a single fracture and also dealt with sorbing tracers interac
tion with the rock matrix. such as sorption and diffusion into the mat
rix. The second experiment. now underway. concerns water flow paths with
in a'larger block of rock. 

Flow and migration within a single fracture (2-D) 

The main purposes of this experiment were to investigate if it is 
possible to extend results on sorption and retardation of radionuclides 
in granitic rock. obtai ned from 1 aboratory experiments. to a rea 1 en vi
ronment with migration distances up to 5 m and to try to determine the ex
tent of channelling within single fractures. 
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Flow and migration within a large rock volume (3-0) 

The main purpose of this experiment is to investigate the spatial 
distribution of water flow paths in a larger block of rock. Migration dis
tances of up to 50 m are ut i1 i zed. Flow parameters 1 ike mean residence 
time, dispersion, longitudinal as well as transverse, will also be stu
died. 

EXPERIMENTAL DESIGN 

The experiments are performed at the 360 m 1 evel. Water flows con
stantly into drifts at this level since it is located well below the 
water tab 1 e. 

The 2-D experiment 

The design of the experiment was based on the idea that reasonably 
well defined individual fractures can be located and that tracers, non
sorbing and sorbing, can be introduced into the natural water flow within 
a single fracture without a large disturbance of the flow field. 

Almost all water coming out from the fracture at the face of the 
drift was collected. Figure 1 shows the layout of the test site with two 
fractures and five injection holes intersecting the fracture planes. Each 
of the fractures had about 15 sampling holes at the face of the drift. 
Tracers, sorbing and non-sorbing, were only injected into fracture num
ber 2. 

®Sampling holes 

Figure 1. Schematic view of the 2-D test site. 

Migration distances of 5 and 10 m have been used, which is more than 
one order of magnitude 1 arger than distances that have been used in the 
1 aboratory experiments, Moreno et a 1 • 1984 [ 1]. Conservative ( non-sor
bing) tracers were used to characterize the flow within the fracture. 
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The following sorbing tracers, analogs for radionuclides, were used: 
Cs (I), Sr (II), Eu (III), Nd (!II), Th (IV), U (IV and VI). The sorbing 
tracers were continuously injet;ted at one injection point during seven 
months (Sr 5 1/2 months, U 3 months). 

The results from the runs with the non-sorbing tracers and laborato
ry data on sorption and porosity have been used to predict the breakthro
ugh curve for a sorbing tracer. The predicted curve would later be compa
red with the experimentally obtained breakthrough curve. 

Of the sorbing tracers only Sr was predicted to reach the sampling 
holes within the time of the experiment, the rest of the tracers would be 
sorbed in the rock surrounding the injection point. To make it possible 
to analyse surface con cent ration and penetration depth of th.e sorbing tra
cers, part of the fracture around the injection point was excavated. 

The 3-0 experiment 

From the test site, which has a total length of 100 m, three verti
cal holes (length 70 m) have been drilled. 

Figure 2 •. Layout of the 3-D test site with 3 vertical injection 
holes. 

Injection of conservative (non-sorbing) tracers are carried out from 
a total number of 9 separate high permeability zones within the three ver
tical holes, each zone about 2.5 m in length. The injection zones are lo
cated between 10 and 55 m above the test site. The tracers will be injec
ted continuously for 1 year._The injections are carried out with a "cons
tant" over pressure, approximately 10-15% above the natural pressure. The 
concentrations of the injected tracers are between 1000 and 2000 ppm, and 
the different flow rates vary from 1 to 20 ml/h. The following tracers 
are injected: Uranine, Eosin blueish, Eosin yellowish, Phloxine B, Rose 
Bengal, Elbenyl Brilliant Flavine, Duasyn Acid Green, Bromide and Iodide. 
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Figure 3. Sampling arrangement at the 3-D test site. 

The upper part of the test site has feen covered with plastic she
ets, each sheet with an area of about 2 m • A total number of about 350 
sheets serves as sampling areas (points) for water emerging into the 
upper part of the tes~ site. The sampling arrangement completely covers a 
surface area of 700 m • When sampling over an area the spatial distribu
tion of water flow path ways can be obtained. The presence of the cross 
increases the resolution of the 3-dimensional distribution of tracers in 
that part of the test site. 

MODELLING OF TRACER TESTS 

Tracer tests are analysed using different models. Hydraulic data such 
as permeabilities, fissure widths and flow porosities are evaluated by 
means of tracer test with the non-sorbing species. Tracer interaction me
chanisms with the matrix for sorbing species are evaluated and compared 
with laboratory data when available. 

The fol~owing models have been considered: 

- Advection-dis ersion-surface sor tion model A-D • This model includes 
y rodynam1c 1spers1on 1n t e f1ssures and sorption onto the surface 

of the fissures, but no diffusion into the matrix. Flow through several 
individual fissures may be considered. 

Advection-dispersion-matrix diffusion model (A-D-D). The model descri
bes flow through an individual fissure including, moreover, diffusion 
into the rock matrix and sorption onto the surface of the microfissu
res within the rock matrix. 

- Advection-channeling-matrix diffusion model. In this case the disper
sion is taken in account by channeling. Channeling occurs when water 
flows through non-interconnected or seldom connected channels with dif
ferent water:- velocities. Dissolved species will be transported diffe
rent distances over a given time. 
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The concentration at the outlet, for the advection-dispersion model 
(A-D), can be written in a condensed form as: 

C(t) = C0 Pf f(Pe,tw,Ra,t) 

C0 is the injection concentration, Pf accounts for dilution effects, 
Pe is the Peclet number, tw the water residence time, R.a is the surface 
retardation factor. When fitting the data from the runs w1th the conserva
tive tracers (Ra=l), values for the parameters Pf, tw and Pe will be ob
tained. 

The corresponding outlet concentration for the advection-dispersion
matrix diffusion model (A-D-D) is: 

C(t) = C0 Pf f(Pe,tw,A,t) 

The A parameter accounts for the interaction with the solid matrix 
and includes data on diffusion into the matrix and sorption within the 
matrix. The fitting of experimental data to this model was done in two 
ways. It was either a three parameter fit giving values of Pe, tw and Pf 
where A is calculated from laboratory data or a four parameter flt where 
also the value of A was determined by the fitting procedure. 

The corresponding out 1 et concentration for the advection-channeling
matrix diffusion model is: 

C(t) = C0 Pf f(a1 ,tw,Do,t) 

The 00 parameter accounts for the interaction with the solid matrix 
and includes data on diffusion into the matrix and sorption within the 
matrix. a1 is the standard deviation in the log-normal distribution of 
channel w1dths. The fitting of experimental data to this model was done 
in two ways. It was either a three parameter fit giving values of a1, tw 
and Pf where o0 is calculated from laboratory data or a four parameter 
fit where also the value of 00 was determined by the fitting procedure. 

In general, the models were solved for a constant concentration i,, 
the injection hole. This boundary condition gives large errors when the 
concentration in the matrix near the injection point is calculated using 
A-D-D model. In this case a constant flux is used as boundary condition 
at the injection point. 

RESULTS 

Water flow monitoring (2-D) 

Figure 4 shows the results from the water flow monitoring in the samp
ling holes of the two fractures. Also the tracer flux from the different 
sampling holes is presented. 

As can be seen in Figure 4, the water flow is unevenly distributed 
within single fractures. This type of flow pattern was also seen in the 
fracture used in a preparatory investigation, Abelin et al. (1982) (2]. 

Water flow monitoring (3-D) 

The results from the water flow monitoring in the 3-0 site shows 
that w~ter does not flow uniformly in the rock over the seale considered 
(700 m ), but seems to be localized to wet areas with large dry areas in 
between. 
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Figure 4. Water flow rates in fractures 1 and 2 (2-D). 

/. 

Figure 5. 3-D site. Water inflow rates into the sampling areas (befo
re drilling the injection holes). 

Measurable amounts of water emerge into just 1/3 of the 350 sampling 
areas. 10% of these "wet" sampling areas give more than 50% of the total 
water inflow. 

Non-sorbing tracer injection and modelling (2-D) 

Figure 6 shows the breakthrough curve for Uranine at one of the samp
ling holes in fracture 2. It also shows the fit between different models 
and experimental data. 

As can be seen in Figure 6 it is possible to obtain a good fit with 
any of the choosen model concepts. It is not possible to select between 
the models with the results from this experiment only. Some of the mecha
nisms and their parameters have to be determined independently. 

Table I and II shows the flow parameters obtained when fitting the 
models to experimental data, obtained from two different sampling holes. 

The A-parameter in the three and four parameter fits of the A-D-OJ 
model for sampling hole 2-6, Table I, only differs with a factor 1.4. On 
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Figure 6. Breakthrough curve for fracture 2 and the fit of different 
models (2-D). 

the other hand the A-parameter for sampling hole 2-8, Table II, in the 
four parameter fit, was found to be 133 compared with a value of 30 000 
when independent laboratory data were used to determine A. This indicates 
a high interaction with the rock matrix. This seemingly large interaction 
may be due to presence of sta.9nant water zones 'nto which the tracer can 
diffuse, Moreno et al. (1983) l3]. . 

Calculation of fracture "widths" (2-D) 

Any calculations of the fracture openings will include some assump
tions on the properties within the fracture. 

The average volume of the fracture could be determined from measu
ring the flow rate (0) over a breadth (B) of the fracture and the residen
ce time (tw) of the water. We call this the mass b;iilance fracture width. 

df = f(O,tw,L,B) 

L is the path length. When calculating df one assumes that all 
water collected over the breadth B passes the injection point and that 
the injected tracer directly enters this flow. 

Another property of interest is that equivalent fracture width which 
would permit a certain flowrate at a given pressure drop (llh). This we 
call the cubic law fracture width. 

de = f(Q,llh,L,B) 

A third equivalent fracture width is that which would give a certain 
water velocity for a given pressure drop. This we call the frictional 
loss fracture width. 
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Table I. Flow parameters from model fitting, sampling hole 2-6 ( 2-D). 

A-D A-D-D Channe 11 i ng 

Flow 
par. 3 par. 4 par. 3 par. 4 par. 

pf 3.0 2.8 2.7 2.8 2.5 
tw• h 366 293 279 348 291 
Pe 1.96 2.33 2.46 
A 4926 3548 
01 .40 .36 

7 2.65 7.88 DD·10 

Table II. Flow parameters from model fitting, sampling hole 2-8 ( 2-D). 

A-D A-D-D Channelling 

Flow 
par. 3 par. 4 par. 3 par. 4 par. 

pf 10.5 10.5 8.5 11.5 8.4 
tw• h 710 548 44.5 530 90 
Pe 0.86 1.16 36.9 
A 30000 133 
01 .47 .17 

7 2.65 48.49 Do ·10 

Table III. Calculated equivalent fracture widths "(2-D). 

1 i near radial 

Sampling Kpf·106 df d1 de df d1 de 
hole [m/s] [llm] 

2-6 1.1 240 1.1 6.7 130 1.2 5.5 
2-8 3.4 280 2.0 10 150 2.0 8.5 
4* 1.5 2200 1.3 16 1200 1.4 13 
5* 0.75 1500 0.9 11 820 0.96 9.1 

* Fracture in preliminary investigation. Abelin et a l. ( 1982 ) [ 2]". 
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There is a large difference between the different calculated equiva
lent fracture widths, Table III. It should be noted that de underestima
tes the mean residence time for the water and d1 corresponds to a fractu
re that can not carry all the water actually measured, there would have 
to be several of these fracture within the fracture "plane". 

Comparison with other field data 

The results from the 2-D experiment, Table I, II and III, are compa
red with results from another tracer test in crystalline rock over a lar
ger distance (30 m}, carried at Finnsjon area. Iodide and strontium were 
here simultaneously injected, during 350 h, at a depth of about 100 m. 
The detection hole was located at 30 m distance where water was continuous
ly pumped up to get a drawdown zone. The results (Moreno et al., 1983} 
[3] are shown in Table IV. 

Table IV. Flow parameters from model fitting for experiments at the 
Fi nnsjon area. 

Flow 
par. 

pf 
tw, h 
Pe 
A 
a1 
o0 -107 

Fracture 
width 

df, 'IJm 

d1• 'IJm 
de, 'llm 

3 par. 

370 
38.5 
5.24 
30000 

981 
61 

155 

A-0-D 

4 par. 

334 
18.3 
86.9 
320 

466 
89 

155 

Channelling 

3 par. 

383 
41.4 

0.285 
0.155 

. 1060 
59 

155 

4 par. 

336 
18.8 

0.072 
7.24 

479 
88 

155 

In the Finnsjon tracer test the water residence time was shorter 
(about 20-40 hrs} than in the Stripa 2-D runs. 

A dispersion length of about 1.9 m was obtained for sampling hole 2-
6. For sampling hole 2-8 these lengths were 0.12 and 3.9 m when 3 or 4 pa
rameters are included in the fitting process. In tracer test at Finnsjon 
these values were 0.34 and 5.7 m respectively. The low dispersion obtai
ned when 4 parameters are fitted may be explained by the low value of A. 
Part of the spreading is accounted by the model as diffusion into the mat
rix and thus not included in the dispersion. 

These comparisons show that the Stripa test 2-8 has a shorter disper
sion length than the test in Finnsjon. On the other hand a1 is higher in 
the St ri pa run. The pri nci pa 1 difference between the two tests is the 
different travel lengths used (4.5 m in Stripa and 30m at Finnsjon). A 
compilation of di srers ion 1 engths from experiments in crysta 11 i ne rocks. 
Neretnieks 1985 [4 , seems to indicate that the dispersion length increa
ses with distance. 
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Non-sorbing tracer injection (3-D) 

After 6 months of injection (April-85). tracers from at least 5 in
jection zones are seen in about 35 sampling areas (see Figure 7 and 8). 

I n m 

• mlnjection points from which 
tracers have emerged into 
the 3-D test site. 

Figure 7. Tracers emerged into the test site (3-D). 

I n m 

J¥.1• : • [iJ • • • r:. [iJ • 
• ~! • • • [II ... • 

[e • • •t·•• • • • 
•• 
• 

• sampling area with "high" water flow rate •• 
~······ sampling areas where tracers have emerged into the •••• 

test site. 

Figure 8. Tracer distribution (3-D). 
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Looking at Figures 7 and 8 it is remarkable that the tracer injected 
closest to the drift in hole III (Br-), has not been found in any of the 
sampling areas close to hole III. but in many of the sampling areas 
around hole II. 

Figure 8 shows those samplinq areas that have "hiqh" water flow 
rates and in which of these tracers have been found. 

Results from the injection of sorbing tracers 

The flow parameters obtained in the runs with the conservative tra
cers and independent 1 aboratory data on sorption and porosity have been 
used to predict the breakthrough curve for Sr. Sr was predicted to reach 
the sampling holes well within the time of the experiment. However, Sr 
did not arrive in detectable concentrations at the sampling holes. As men
tioned earlier, part of the fracture has been excavated. Figure 9 shows 
the concentration of Cs on some points of the fracture surface. It also 
shows the concentrations in the matrix. 

Surface concentration of Cs \210 

Scale 

~lppm 
10 I 

Background 

Figure 9. 

d ..! N I'll 

4 

Excavated fracture with surface and matrix concentrations 
ofCs (2-D). 

It can be seen in Fiqure 9a that there are elevated concentrations 
of Cs around the injection point, but there seems to be an area to the 
right of the injection hole which has the highest concentrations. This 
could indicate that the injected water was not evenly distributed around 
the injection point but had a prefered direction of flow. 

Figure 9b shows concentration profiles into the rock obtained in one 
of the samples taken close to the injection hole. 
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It can be seen in Figure 9b that elevated concentrations of Cs, Eu 
and Nd, at this sampling point, can be found to a depth of 1.4 mm into the 
matrix. 

In the Finnsjon test, a very high concentration solution of Sr was 
injected. This high concentration of Sr gives a low volume sorption coef
ficient, Sr behaved almost as a non-sorbing tracer. Probably precipita
tion of Sr also occurred within the fracture due to the high concentra
tion. 

DISCUSSION AND CONCLUSIONS 

There are some inherent difficulties to interpret tests with sorbing 
tracers. Among these one could mention the variation in the natural con
tent of the tracer over the fracture surface, variation in mineral compo
sition giving different Kd values at different sites in the fracture and 
variations of the thickness of the fracture filling and coating materi
als. 

As can be seen in Figure 6 it is possible to obtain a good fit with 
all of the models. The fitting thus cannot differentiate between the me
chanisms. The correct mechanism(s) must be selected by some other indepen
dent process. 

The ~alculated surface concentrations and the concentration profiles 
within the rock matrix could partly be confirmed by experimental data. 
They show sorbing tracers concentration profiles into the rock matrix, 
which can be explained by matrix diffusion. 

Supporting in-situ experiments with the aim to ascertain a connected 
pore system in "undisturbed" granitic rock have been performed in the 
Stripa mine at the 360 m level (Birgersson et al., 1984) (5]. A mixture 
of conservative tracers (Uranine, Cr-EDTA and r-) were injected for a 
time period of months. The subsequent analysis of tracer content close to 
the injection hole showed that all three tracers had migrated cm·s to 
tens of cm·s into the rock matrix. The penetration depths were in all 
cases beyond the zone disturbed by the presence of tl.e injection hole. 
Therefore, these experiments indicate the existence of a connected pore 
system in "undisturbed" granitic rock at levels relevant for a nuclear 
waste repository. 

Available observations show that it is not realistic to treat a frac
ture as two planar parallel surfaces with a constant width. Blocks of 
rock can not hover over each other but have to have points where they are 
in contact. If this is the only effect that causes channelling the direc
tion and magnitude of the channels would be randomly distributed and 
there would not be any preferred direction for the water flow. The flo
wing water in the channels might, however, in some way affect the chan
nels, so that preferred flow directions might develop w~th time. If there 
is a preferred direction of the channels, the results of a tracer test 
must be different depending on if the induced pressure drop is perpendicu
lar to or parallel with the direction of the channels~ The present experi
ment has given no information which could be used to determine preferen
tial flow directions. 

Our present concept of flow in a fracture is that there are diffe
rent channels which may mix their waters at irregular distances. The chan
nels may have zones of stagnant or near stagnant water which may be 
reached mainly by diffusion. This is illustrated in Figure 10. 

With this concept of the fracture it is easy to see the difficulties 
to model the response of tracer tests in natural fractures in detail. 

In the 2-D experiment, diffusion into the matrix was observed by di
rect observation of penetration depths, channeling was observed by using 
a large amount of collecting points. The presence of stagnant "lakes" was 
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Areas with stagnant 
water. Access by 
diffusion only 

Channels with 
mobile water 

Fracture surfaces 
in contact with 
each other 

Figure 10. Concept of water flow within a fracture. 

not observed directly but inferred from general observations on the neces
sity of points of contact between rock blocks. The water monitoring in 
the 3-D test site shows that water does not flow uniformly in the rock 
but seems to be localized to wet areas with large dry areas in between. 

The observed fracture openings determined from the water volume that 
resides in the fractures is considerably larger than what is needed to in
duce the observed pressure drop. This means that hydraulic testing may 
not be used to obtain the actual flow porosity of a fissured natural rock 
using the presently available interpretation methods. 
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ABSTRUCT 

Various kinds of in-situ tests have been 
conducted on the Hosokura Tuff in Japan. Several 
results on hydrological and chemical tests are 
presented in this paper. The permeability tests 
were carried out by the rock mass, 3 m diameter and 
4 m long, and the value of 1.2x10-12 m/s was 
determined. In the in-situ migration test, the water 
contained four stable elements (Co, Sr, Cs, and I) 
was pumped down into a injection hole, and the test 
results implied the retardation factors of Co, Sr, 
and Cs being about 70, 70, and 110, respectively. 

INTRODUCTION 

It was in 1976 that the research and 
development of high level waste management started 
under the jurisdiction of Power Reactor and Nuclear 
Fuel Development Corporation in Japan regularly. 
It is planned to operate the high level waste 
disposal facility after the four phases of 
investigations as follows. 

(1) Survey on potentially suitable geologic 
formations for disposal. 

(2) Selection of the candidate site. 
(3) Demonstration of disposal technilogy. 
(4) Disposal of actual waste. 

The first phase was finished in FY 1984. The in-situ 
test of Hosokura Tuff described here was started in 
FY 1981 and brought to FY 1984. It was one of the 
first phase researches for the purpose of the 
studies on the isolation capacity of geologic 
formation. Another in-situ test had been performed 
in the Diabase media of Shimokawa mine from FY 1980 
to FY 1982 in order to review the in-situ test 
methods conducted in Stripa mine, Swd, to fractured 
diabase media. The permeability of Hosokura Tuff 
is very low and there are a few fractures in it. 
Therefore the in-situ tests here were carried out 
with somewhat different purposes as follows. 

Development of in-situ test methods for low 
permeability media. 

- Study on evaluation models for in-situ test 
results. 

- Development of complementary laboratory test 
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SITE CHARACTERISATION 

The Hosokura mine is located in the 
northeast part of Japan, about 300 km north of 
Tokyo as shown in Fig.1, Which is now being 
operated and mainly produces the minerals of 
lead and zinc. 

An in-situ test room, about 5 m wide, 7 m 
long, and 3 m high, was excavated at the depth of 
340 m below the surface. Figure 2 shows the layout 
of the test room and the holes for permeability 
tests and migration tests. The design of the 
borehole layout in Stripa mine was fundamentary 
applied here. N-1 to N-12 holes were additionully 
drilled after finishing some of permeability tests 
with B-2 to B-9 holes. 

140" 145" 

Figure 1. Location of Hosokura mine. 



The lithology of the Hosokura mine area 
consists of mainly altered pyroclastics, propylite, 
and rhyolite of Tertiary age. The Pre-Tertiary 
rock presumed as the basement here is granodiorite. 
The test room was excavated in the layer of pale 
green dacitic tuff breccia. Table 1 shows the 
physical properties of Hosokura Tuff. 

Mineral composition was identified by means 
of X-ray diffraction method. Calcite, quartz, 
feldspar, and some clay minerals such as chlorite, 
illite, montmorillonite, and kaoline were mainly 
detected. The chemical analysis results of 
Hosokura Tuff and in-situ test water were listed 
in Table 2 and Table 3, respectively. 
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Figure 2. Layout of test holes. 
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322 mm 

76 mm 
76 mm 
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163 

Table 1. Physical properties of Hosokura Tuff. 

Parameters Measured Value 

Primary stress 
Specific gravity 
Apparent density 
Water content 
Effective porosity 

Compression strength 
Elastic modulus 
Poisson ratio 
Specific heat 
Thermal conductivity 

max 7.5 MPa, min 4.3 MPa 
2.65±0.01 
2.47±0.01 g/cm3 

3.56±0.08 % 
8.28±0.45 % 

59.3±15.4 MPa 
21.0± 6.9 X103Pa 
0.168 ±0.036 
8.55±0.42 J/kg·K 
2.98±0.37 kW/m·K 

Thermal expansion coefficient 9.03±0.80 x10- 6 

Shear strength 16.3± 8.4 MPa 

Table 2. Chemical analysis of Hosokura Tuff. 

Elements Value Elements Value 

SiOz 64.78 ± 3.58 % PzOs 0.19 ± 0.09% 
TiOz 0.68 ± 0.17% COz 1.80 ± 1.02% 
Alz03 15.18 ± 3.03% s 0.11 ± 0.07% 
Fez03 1.11 ± 0.16% so3 0.00 ± % 
FeO 3.53 ± 0.17% Cu 6 ± 2 ppm 

MnO 0.16 ± 0.04% Pb 17 ± 1 ppm 
MgO 1.05 ± 0.10% Zn 79 ± 7 ppm 
CaO 2.57 ± 1.22% Co 24 ± 2 ppm 
NazO 3.33 ± 0.98% Sr 133 ±14 ppm 
KzO 2.31 ± 0.26% Cs 3.1 ± 1 ppm 

HzO • 1.84 ± 0.18% Ce 41 ± 8 ppm 
HzO - 0.65 ± 0.05% Eu 1.69 ± 0.19ppm 

Table 3. Chemical analysis of in-situ test water . 

Elements Value Elements Value 

Ca (mg/l) 5.4 SiOz (mg/l) 12.9 
l'lg (mg/l) 1.2 Br (mg/l) <0.1 
Na (mg/l) 5.9 I (mg/l) <0.1 
K (lllg/l) 1.1 Co (mg/l) <0.1 
Fe2 • (mg/l) <0.1 Sr (mg/l) <0.1 

Fe 3
' (mg/l) 0.2 Cs (mg/l) <0.1 

Cu (mg/l) <0.1 T -C03 (mg/l) 7.5 
AI (mg/l) 0.2 pH 6.9 
Cl (mg/l) 7.1 E.C. ( .u S/cm) 74.8 
so. (mg/l) 8.5 1000 1520 

E.C.:Electric Conductivity 

f;"" 



MEASUREMENT OF PEF~ABILITY 

The permeability tests have been conducted 
on the same rock mass assumed the cylindrical 
shape of 3 m diameter and 4 m deep, centered B-1 
hole. The layout of apparatus for permeability 
tests are shown in Fig.3. Water was injected with 
the constant pressure of 0.5 to 1.2 MPa and 
effluent was measured. 

For the measurement of the permeability 
under the condition of high temperature, hot water 
of 70 •c was injected into B-1 hole. Concerning 
the measurement of effective porosity, bromine was 
used as tracer of water and effective porosity was 
calculated with its breakthrough curve. In these 
cases the hydraulic conductivity was calculated, 
assuming that the rock mass was homogeneous and 
Darcy's law was applicable to it. 

The effluent volume of water was larger than 
that obtained at normal rock mass temperature of 32 
•c and the hydraulic conductivity was on the order 
of 10-11 m/s as shown in Table 4. The increase of 
the measured value cannot explaned by the decrease 
of water viscosity. As the other reasons, the 
increase of effective area for water flow caused by 
the expansion of aperture and/or dissolution of 
fracture filling material was considered. 

<D Water Tank 
® Pump 
QD Pressure Gauge 
@ Valve 
~ Micro flow meter 
~ Header for packer 

~ Header for injection 
® Casing 
® Packer 
~ Injection hole 
QD Effluent hole 

Figure 3. Layout of permeability test apparatus. 
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The breakthrough curve of bromine for the 
measurement of effective porosity is shown in Fig.4. 
This curve was clearly divided two parts of first 
rising and second one. It could be explaned 
assuming the high permeability channels and low 
ones being in the rock mass together. Assuming 
that the first saturation of the breakthrough is 
0.68, the effective porosity of the high 
permeability part was calculated at 0.10% and 
residual part at 0.71 %, then the total effective 
porosity of test rock was determined at 0.81 %. 
This value was not in good agreement with the 
value obtained by the room tests as shown in 
Table 1. 

Table 4. Hydraulic conductivities determined under 
condition of high temperature. 

Condition 

Room temp. (32"C) 
Inject hot water(70"C) 

Value 

1.2X lQ-1 z 
6.9xlo-•• m/s 

1.0 r------..,.-------....., 

Time ( hr) 

Figure 4. Breakthrough curve of bromine. 



IN-SITU MIGRATION TEST 

The in-situ migration test was carried out 
with B-12 hole and S-1 to S-4 holes which were 
shown in Fig.2. Tracer elements used were Co, Sr, 
and Cs of 60 mg/1, and iodine, 72 mg/1 as tracer of 
water. Tracer solution have been pumped down into 
B-12 hole with constant pressure of 1.0 MPa for 
about four months. After tracers injection, the 
concentration of tracers absorbed in the rock mass 
was analized. 

A migration test was conducted in a laboratory 
on a similar setting of in-situ migration test. 
Water added with same tracers was injected at the 
constant pressure of 0.4 MPa for four months. 

Table 5. Retardation factors determined by in-situ 
tests. 
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70 
70 

110 

Laboratory 
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40 
20 
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Caluculated 

700-10000 
500-30000 
700- 9000 

Figure 5. Breakthrough curve of iodine obtained by 
in-situ migration test. 

In both of the migration tests, Co and Cs were 
not detected in effluent. Detected Sr was 
considered as dissolved material from rock. The 
breakthrough curve of iodine obtained by in-situ 
test are shown in Fig.5.J The concentration of 
iodine, represented C/Co, could not reach to 1.0. 
Assuming that the iodine concentrations in effluent 
of S-1, S-1, and S-3 holes saturated at 0.74, 0.70, 
and 0.42, respectively, these breakthrough curves 
are in good agreement with the calculations using 
the analytic dispersion model. In the laboratory 
migration test, the concentration of iodine also 
did not reach to 1.0. These phenomena could be 
considered as the same phenomena of the bromine 
breakthrough that was observed at the measurement 
of effective porosity mentioned above 

The distribution of tracers, Co, Sr, and Cs, 
in rock mass obtained by the in-situ test are shown 
in Fig.6. In the in-situ migration test, the 
retardation factors of Co, Sr, and Cs are determined 
at 70, 70, and 110, respectively, a~suming that 
these tracers migrated to the distance of 30 mm, 
30 mm, and 20 mm, respectively, where their 
concentrations were negligible compared with the 
backgroung concentrations. Also retardation 
fsctors for the laboratory migration test are 
determined as shown in Table 5. 

Retardation factors calculated with .. 
distribution coefficient, effective porosity, and 
specific gravity are listed together. The 
retardation factors determined by both two of 
migration tests are very similar but the value 
calculated are one order larger at least. 
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Figure 6. Distribution of Co, Sr, and Cs absorbed 
obtained by in-situ migration test. 



MIGRATION IN ARTIFICIAL SINGLE FRACTURE 

Migration tests, using rock columns with an 
artificial single fracture were carried out in order 
to estimate the migration behavior of tracer elements 
in an open fracture. Figure 7 shows the shape of a 
rock column. The artificial fracture is the 
rectangular prism, 0.2 mm aperture, 40 mm wide, and 
100 mm long. The four tracer elements of Co, Sr, 
Cs, and Eu were supplied. Tracer solutions were 
prepared in order to estimate the influence on 
migration caused the difference of concentration 
and kinds of tracer contained. The initial 
concentrations of tracers for each column are 50 
mg/1 for high concentration condition and 10-S to 
10-2 mg/1 for low concentration condition. To 
prepare the low concentration solution, radioactive 
isotopes of 60co,85sr, 137cs, and 152Eu were used. 
Tracer solutions were supplied at the same flow 
rate of 45 ml/d (= 5.6 m/d ) for twenty days. 

The breakthrough curves of each tracer 
element were shown in Fig.8. As the result, 
following interesting facts were found out. 

Concerning the condition of high concentration 
Gnd coexistence, the breakthrough curves of Co, Sr, 
and Cs showed the similar shapes and the 
concentrations of these elements in effuluent could 
reach to 1.0 of C/Co. For high concentration and 
single element condition, the breakthrough curves 
of Co, Sr, and Cs indicated the plateau at about 
0.65 of C/Co. In these cases, tne breakthrough 
was clearly observed and the retardation factors 
could be determined as shown in Table 6 • The 
retardation factors obtained by those migration 
tests using coexistence and high tracers were 
very similar to those obtained by the in-situ 
migration tests. 

In the case of low concentration condition, 
t•vident breakthrough of each element was not 
observed. And the detected concentrations under the 
single element condition were higher than that under 
the coexistence cindition. The observed migration 
behaviors are different from our expectation. This 
shows that migration tests would have to be carried 
out in very low concentration condition. 

Compared with the breakthrough behaviors of 
Co, Sr, a~d Cs, that of Eu was completely different. 
Therefore furture tests with different elements 
would be necessary. 

5 
~· ·:-

I 
100 

l 
t-50--j 

uni t:mm 

Figure 7. Shape of rock column with artificial 
single fracture. 
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Table 6. Retardation factors determined by 
fracture migration test. 

Element Coexistence Single 

Co 90 210 
Sr 90 260 
Cs no 310 
Eu >600 >600 

CONCLUSIONS 

As the results of permeability tests and 
migration tests, the following facts are drawn. 

- Hosokura Tuff has the very low permeability of 
the order of 10-12 m/s. 

- In-situ retardation factors of Co, Sr, and Cs 
were determined as 70, 70, and 110, 
respectively, when those elements were supplied 
in the high and coexistence condition. 

- Higration tests using the rock column with an 
artificial single fracture are the effective 
test method for the study on the migration 
phenomena in the open fracture. 

In-situ test methods that had previously been 
reported were not always effective ~o the low 
permeability rock media such as Hosokura Tuff. 
Therefore in-situ tests using larger scale and 
longer term and laboratory tests using lo~r 
concentration nuclides will be expected as studies 
in future program at HosvKura mine. And it is 
planned to constract the ~nderground research 
laboratory and the hot facility called environmental 
research laboratory for studies on the geological 
disposal. Adding the domestic studies which will 
be conducted in those facilities, the cooperation 
and the interchange of informations with the other 
foreign research institute will be desirable. 
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HYDRAULIC AND IONIC DIFFUSION PROPERTIES OF BENTONITE/SAND 
BUFFER MATERIALS 

s.c.H. CHEUNG AND M.N. GRAY 
Atomic Energy of Canada Limited, Whiteshell Nuclear Research 
Establishment, Pinawa, Manitoba ROE 1LO, Canada. 

ABSTRACT 

The Canadian Nuclear Fuel Waste Management Program is assessing 
the concept of safe disposal of nuclear fuel waste in a vault mined deep in 
plutonic rock [1]. Groundwater, which will penetrate to the waste, has the 
potential to leach out radionuclides and transport them to the surface. A 
number of protective barriers will minimize the rate at which this will 
occur: these include a corrosion-resistant container, buffer and backfill 
materials and the surrounding rock. The buffer material is likely to be a 
compacted mixture of bentonite and sand [2]. A knowledge of the rate of 
radionuclide transport through the buffer is required as input for the 
safety assessment of the disposal ~oncept. 

Mass transport in the buffer can occur by diffusion and/or 
convection; each of these processes will depend on the combined effects of 
thermo-hydro-chemical-mechanical phenomena associated with the vault. In 
this paper, an attempt is made to determine which of these phenomena has 
the greatest significance on the hydraulic conductivity and the diffusion 
coefficient of a saturated bentonite/sand buffer mixture. The hydraulic 
conductivity and diffusion coefficient are studied as functions of buffer 
temperature and dry density; the influence of hydraulic gradient and ionic 
concentration in the water in contact with the buffer on the transport 
coefficients is also examined. 

Based on diffuse-double-layer theory, a model is developed to 
study the combined effects of temperature, ionic concentration, hydraulic 
gradient and dry density on the effective porosity and, hence, the 
hydraulic conductivity of the buffer, as described by the Kozeny-Carman 
equation. The analyses show that the hydraulic conductivity of the buffer 
primarily depends on the effective clay dry density (i.e., the ratio of the 
dry mass of clay to the combined volume of the clay plus voids in the 
system). At low effective clay dry density, the hydraulic conductivity 
increases with increasing temperature, ionic concentration in the pore 
water and hydraulic gradient across the buffer. 3At the high effective clay 
dry density expected in a vault (1.3 to 1.4 Mg/m) [3], the hydraulic 
conductivity is very low in the vault environment. This indicates that the 
major radionuclide transport will occur via diffusion. 

A model based on the relative volumes of surface and interstitial 
water in bentonite/sand mixtures is developed to describe the diffusion 
coefficient. The model assumes that the rate of ionic diffusion .in surface 
water is low compared with that in interstitial water and can be neglected. 

168 



Data are presented to show that the diffusion coefficient for ionic species 
that do not interact with the clay is mainly dependent on the effective 
clay dry density. An increase in the effective clay dry density will 
decrease the diffusion coefficient, due to a relative increase in the 
proportion of surface water present in the system. Measurements indicate 
th!f 1 th~ diffusion coefficient for a bentonite/sand buffer is approximately 
10 m /s. 
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COUPLED HYDROTHERMAL FLOWS OF LIQUID AND VAPOR 

IN WELDED TUFF: 

NUMERICAL MODELING OF PROPOSED EXPERIMENT 

Roger R. Eaton, Nathan E. Bixler, and Daniel C. Reda 

Fluid & Thermal Sciences Department 
Sandia National Laboratories 

Albuquerque, NM 87185 

ABSTRACT 

Pretest calculations of a proposed small-scale, heat
pipe experiment have been made using a finite element, 
multiphase flow, computer code. The purpose of the ex
periment is to characterize the response of partially satu
rated, welded, volcanic tuff to the two-phase countercur
rent flow induced by an applied temperature gradient. The 
<'Xperimental measurements will be used to refine the pre
sumed permeability and capillary pressure functions, which 
arc used in the finite element. analysis. The calculations pre
sented in this paper. using the presumed material functions, 
show that saturation profiles and experimental time scales 
arc sensitive to applied temperature gradients and initial 
liquid saturations. The results have been used to predict 
appropriate experimental parameter ranges. 

ll"TRODUCTION 

Recent interest by the Nevada Nuclear Waste Storage 
Investigations (NNWSI) Project 1 in the hydrological per
formance of a potential nuclear waste repository located in 
partially saturated, welded, volcanic tuff at Yucca Moun
tain in :'\cvada has prompted the development of computa
tional tools to be used for predicting the transport of mass 
(water vapor, liquid water, air, and solute) and energy in 
partially saturated porous media. Proper application of 
these codes in performance analyses and engineering design 
studies strongly depends on the availability of accurate ma
t I' rial properties, particularly for unsaturated regions where 
relative permeability and capillary pressure are strong func-

1 Tht :'\evada :'\udear Waste Storage luve~tigations (1'\.'IIWSI) Project, 

ll);ll"'~··d by the Nevada Operations Office of the U. S. Department. 
.,f Eu..r~y. i> t'Xamiuin~ th~ feasibility of a r~pMilory for high-lev .. l 
11 ttc lt·:1r wa:-::1 t4~ at Yucca ~ount a ill 011, .• ud adjcH eul I n 1 t lit: ~evada 

Tt·:'l ~il t·. Tl..- work di:'rll""d iu tl&i:' p:qwr, which i> iukndt•d 1 o 
l•t· ;, :>lt•p i11 tlw v;didatiou of computer cod~:-: that art• f,t'ill!!, u~t~d to 

t'XI «'lid ~nar u udt·r:-:1 ~111diu~ oft lit• loug-1 t'rlll hydrnliJ)l;ic and gt•c•da~mical 
•v•lt·lll:' ;,1 Yurr;, \1nuul.lill, wa:< fund .. d l.y t.i&e l'\1"\\!'1 pruj~cl. 
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tions of liquid saturation. At present, limited material in
formation is available (Peters et a/., 1984). If codes are 
required for repository analysis, these properties should be 
verified by laboratory and/or field experiments to improve 
the confidence in computed results. 

The results of a series of computions made using a 
multiphase flow code are presented. These results are being 
used: 1) to aid in experiment design by defining appropri
ate experimental ranges for applied temperature gradients 
and initial liquid saturations and 2) to aid in the material 
property verification process. 

Details of the counterflow laboratory experiment are 
presented in the Experimental Procedure Section. A brief 
description of the finite element code N ORIA (Bixler, 1 985), 
which was used to make the pretest predictions. and mod
eling parameters are discussed in the \'ulllerical Simulation 
Section. A summary of the computed results and predic
tions of the time-scale requirements for the laboratory ex
periments are given in the Results Section. 

EXPERIMENTAL PROCEDURE 

The proposed experimental approach is illustrated in 
Figure 1. The experiment is referred to as a closed-system 
heat pipe. All of the relevant fluid physics operative in the 
near field of a buried waste canister, such as multi phase 
countercurrent water flow, are encountered in this labora
tory simulation. The volcanic tuff sample to be used in the 
experiment was obtained from the Busted Butte outcrop of 
the Topopah Spring member of the Paintbrush Tuff on the 
Nevada Test Site. The material properties of this outcrop 
are expected to be similar to those of the Topopah Spring 
mPmber of Yucca Mountain as defined by Pf't.ers (1985). To 
run the experiment. a cylinder of the \\'f'lded tuff is placed 
in a core holder and wetting/drying procedures are used 



'CORE HOLDER 

(a) Schematic of volcanic tuff in core holder. 

----------------------------, 
VAPOR -'""-

(P, DRIVEN) f . ~~~~~--~.-~----~~~~ 
X L 

(b) Schematic of closed-system heat pipe. 

Figure 1. Proposed approach for countercurrent liq
uid/vapor laboratory experiment. 

to create an initial uniform liquid-saturation distribution 
s(x,t = 0) where s < 1. The experiment is started by in
creasing the temperature at one end of the rock from T2, 
tht· uniform initial value, to T1 • The temperature differ
ences (T1 - T2 = LlT) used in the calculations were 110, 
130. and 150 K. Evaporation occurs at the hot end causing 
\·apor to be driven toward the cold end due to the result
ing vapor pressure gradient (LlPv)· Condensation occurs 
at the cold end. Liquid water is transported back toward 
the hot t>nd due to the resulting capillary-!Jressure gradient 

(~P,). A heat-pipe effect thus occurs, with the final liquid 
saturation distribution being measurably different from the 
initial condition. 

Gamma-beam densitometry (Reda eta/., 1981), a non
intrusive diagnostic technique, will be used to measure tran
sient saturation distributions. A schematic of this instru
mentation system is shown in Figure 2, where Io i:;; the 
initial beam intensity, I is the attenuated beam intensity, 
and R is the count rate. 

NUMERICAL SIMULATION 

The heat-pipe experiments were simulated using the 
multiphase flow code NORIA (Bixler, 1985). Calculations 
W(•re made by varying the imposed temperature difference 
along the rock, the initial saturation state, and the rock 
permeability. The following two subsections briefly describe 
the numerical and physical aspects of the analysis. 
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Figure 2. Schematic of gamma-beam densitometry in
strumentation . 

Numerical Formulation 

NORIA is a finite element computer program which 
simultaneously solves four nonlinear, parabolic, partial dif
ferential equations. The four equations describe the trans
port of water, water vapor, air, and energy through par
tially saturated porous media. The numerical procedure 
uses the standard Galerkin finite element method to handle 
spatial discretization of two-dimensional domains. Time in
tegration is performed by a third-order predictor/ corrector 
scheme that uses error estimates to automatically adjust 
time-step size. Nearly all material properties can be de
fined as functions of the dependent and independent vari
ables by user-supplied subroutines. The gas phase is taken 
to be ideal. Additional information regarding this code is 
given in the user's manual (Bixler, 1985). 

The finite elemen~ mesh used in this study consists of 
25 eight-node quadrilateral elements, as shown in Figure 3. 
The elements are compressed near the l•ot end in order to 
obtain better resolution in the region of low saturation. All 
calculations were done on a Cray IS computer. Typical CP 
requirements were 400 to 1000 seconds per run. CP time 
usage increased as the initial saturation decreased. This 
results from a diminished physical time scale for transport 
of liquid water when saturation approaches zero. 

Physical Model 

Figure 3 shows the boundary conditions that were im
posed in this analysis. Zero mass flux of liquid water and 
water vapor were enforced at each boundary. Temperatures 
were fixed at the two ends of the heat pipe: the temper
ature at the cold end (T2 ) was held at 300 K for each of 
the cases; the temperature at th!' hot end (T1 ) was held at 
either 410, 430, or 450 K. In the experiment, air will be 
evacuated from the system prior to testing; therefore, air 
pressure was uniformly set to a small value (1.0 Pa) over 
the entire domain. 

The values for matrix porosity, 0.11, and saturated 
rock permeability, 5 · 10- 19 m 2 , used in this study are ob
tained from laboratory experiments performed by Reda and 
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Figure 3. Finite element mesh (25 elements). 

Hadley (1985). The rock sample tested to obtain these 
values was from the Topopah Spring member outcrop at 
Busted Butte. The dependence of saturation on capillary 
pressure for similar welded tuff has been experimentally 
measured by Peters et al., (1984). The data were fit by a 
van Genuchten (1984) relationship, as shown in Figure 4. 
Using the theory of Mualem (1976), these data were used 
to calculate the dependence of liquid permeability on capil
lary pressure, see Figure 5. The above rock properties have 
not been designated by the NNWSI project as representa
tive property data but are used here because the above rock 
properties are expected to be similar to the sample to be 
investigated. These relationships were recently used by Pe
ters et a/. (1985) for calculations involving the same type 
of welded tuff as considered here. 

A series of ten cases was analyzed to determine the 
effects of initial saturation, applied temperature difference, 
and rock permeability on saturation distributions s(x,t). 
All nine combinations of the three initial saturations (s, = 
0.25. O.:i, and O.i5) and the three temperature differences 
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Figure 5. Material characteristic curve relating perme
ability to pressure head for a welded volcanic 
tuff. 

(L1T = 110, 130, and 150 K) were invest!5at.ed. In the 

tenth case, liquid permeability was decreased by an order 
of magnitude to 5 · 10-20 m2 , with s; = 0. 7-'l and t:.T = 150 
K. 

RESULTS 

The case in which initial saturation is 0.75 and im
posed temperature difference is 150 K was computed using 
meshes consisting of 25 and 50 elements. The 50-element 
mesh was constructed by subdividing each element in the 
25-element mesh into two elements. It was found that the 
predicted saturations differed by less than 2% for the two 
meshes. Therefore the 25-element mesh was used for all of 
the reported results. 

Figures 6 and 7 show the computed change in satura
tion at the hot end of the test rock (x = 0) when s; = 0.75 
and 0.5, respectively, for all three temperature differences. 
Note that the time scale for Figure 6 is months, while days 
has been used for Figure 7. These figures show that the 
saturation at the hot end is a strong function of applied 
temperature difference t:.T. Steady state is attained after 
about 2 months for t:.T = 110 and 130 K when s; = 0.75, 
as shown in Figure 6. The hot end is nearly dry after two 
months when t:.T = 150 K. When dry out is approached, 
the computational time-step becomes small (less than 1 sec
ond). Figure 7 shows that when Sj = 0.5, dry out occurs 
near the hot end for t:.T = 150 and 130 K. When s; = 0.25, 
dry out occurs for all three temperature differences. 
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Figure 6. Liquid saturation histories at x = 0 for ap
plied temperature differences of 110, 130, and 
150 K, S; = 0.75. 
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Figure 7. Liquid saturation histories at x = 0 for ap
plied temperature differences of 110, 130, and 
150 K, S; = 0.5. 

Figure 8 shows the predicted axial saturation distri
bution at 45 days when s; = 0.75 for all three applied 
temperature differences. When !1T = 130 and 150 K, the 
computed saturation distributions are sufficiently different 
from the initial uniform saturation to be accurately mea
sured using gamma-ray densitometry (see error analysis in 
Heda et al., 1981). The distribution predicted for !1T = 
110 K is not measurably different from the initial uniform 
~at uratiora; thus this case is of little experimental interest. 
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Figure 8. Liquid saturation profiles at 45 days for ap
plied temperature differences of 110, 130, and 
150 K, S; = 0.75. 

Saturation profiles for the case of -'i = 0. 75 anti b.T == 

150 K are given in Figure 9 for times of i, 15, 30, and .~;> 

days. At 45 days 80~:{ of the rock is at a saturation that is 
measurably different from the initial Yalue (i.e., a change 
in saturation of ± 5%). Figure 10 shows the saturation 
profiles when s; = 0.5 and !1T = 130 K for times up to 
30 days. Even though !1T is smaller for this case than the 
one shown in Figure 9, dry out occurs between 30 and 45 
days because of the lower initial saturation. However, even 
though dry out occurs when s; = 0.5 and t1T = 130 K, 
the saturation over 40% of the core does not change from 
its initial value so that saturation measurements would be 
effectively confined to less than 60% of the sample. 

To date, experiments have been performed to deter
mine the saturated permeability of welded volcanic tuff 
from the Topopah Spring member of t.he Paintbrush Tuff; 
however no experiments have been performed to establish 
how permeability depends on saturation, or equiYal<'ntly, 
how permeability depends on capillary pressure. The sen
sitivity of predicted saturation to permeability was inves
tigated by analyzing the heat-pipe experiment when rela
tive permeability for both phases is decreased by an order 
of magnitude over the whole range of capillary pressures. 
Figure 11 shows that the saturation at x = 0 (at any value 
of time) decreases appreciably when permeability increases. 
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Figure 9. Liquid saturation profiles for applied temper
ature difference of 150 K at times 7, 15, 30 
and 45 days, s; = 0. 75. 

From another point of view, the amount of time needed to 
reduce saturation to a specified level at x = 0 increases ap
preciably as permeability decreases. Thus, the time needed 
to run experiments in the partially saturated regime will 
strongly depend on the relative liquid permeability. 

CONCLUSIONS 

Pretest calculations of a proposed heat-pip£ labora
tory (•xperiment have been made using the multiphase flow 
code NORIA. The sensitivity of predicted saturations to 
imposed temperature differences, initial saturation::., and 
liquid permeabilities was analyzed. Variation of calculated 
saturation from the initial prescribed value (s;) is shown 
to be a strong function of applied temperature difference. 
\1easurable changes in the saturation profiles are shown to 
lw obtained when temperatures imposed at the ends of the 
sample differ by 130 K or mMe. 

:\ portion of the rock dries out for several combinations 

o. initial saturation and applied temperature difference. 
This situation is undesirable in experiments because it leads 
to difficulties in maintaining a zero mass-flux condition at 
the dry end of the rock sample due to the liquid-vapor in
terface that exists between the rock and the pressure in
strumentation port. The calculations show that an applied 

174 

0.1~----~-----L----~~----~----~ 
0.0 

Figure 10. 

0.1 0.2 
DISTANCE ALONG CORE (m) 

Liquid saturation profiles for applied temper
ature difference of 130 K at times 7, 15, and 
30 days, si = 0.5. 

0.8~----~----~-----r----~------~----, 

z g 
~ cz: 0.6 

~ 
II) 

s1= o.75 

T 1-T 2 = 150 K 

0.4L-----~----~-----L----~----~~--~ 
0 

Figure 11. 

1 2 3 4 5 
TIME (months) 

Saturation histories at x = 0 for two perme
abilities, 5. w- 19 and 5. w-zo m 2

• 

temperature difference t:.T of 150 K res.ults in dry out for 
all initial saturations investigated here (si = 0.25, 0.50, and 
0.75). However, dry out does not occur until approximately 

6 



2 months when .s; = 0.75. When tiT = 130 K, dry out will 
not occur, within the 6 month time period, for .S; = 0.75 but 
will occur, at about 1 month, fo!" .s; = 0.5. When tiT= 110 
K, dry out occurs only for the smallest value of initial satu
ration, s; = 0.25. Based on the material properties used to 
perform these numerical calculations, the optimum labora
tory testing conditions investigated here are .S; = 0.75 and 
tiT = 130 K. Initial laboratory tests will be made using 
these conditions. 

Estimated experiment time scales and predicted sat
uration profiles are sensitive to the assumed rock pe~me
ability. Additional laboratory testing on the rock core is 
scheduled. This testing should help confirm whether or not 
the material properties used in these calculations are in
deed representative of the sample taken from the Topopah 
Spring outcrop at Busted Butte. 
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ABSTRACT 

The importance of forced diffusion 
relative to ordinary diffusion is 
investigated as to its potential as a 
transport mechanism of radionuc~ides near 
a HLW repository. Two cases are 
considered: 1) the canister is located in 
a rock mass and 2) the canister is located 
in air. Forced diffusion appears 
insignificant in the first case but 
potentially important in the second. 

INTRODUCTION 

Vapor transport of radionuclides in 
unsaturated fractured rock at a HLW 
repository is a potentially important 
transport mechanism. One aspect of vapor 
transport is mass flux resulting from 
forced diffusion. Mass flux of a gas by 
forced diffusion is, under most 
conditions, considered insignificant when 
compared to ordinary diffusion. However, 
gamma radiation emitted during decay of 
high-level waste can induce an electric 
field caused by Compton scattered 
electrons which in turn can create 
conditions conducive to forced diffusion. 
The magnitude of the resulting electric 
field and the related forced diffusion of 
an ionized gas through the air space of a 
partially saturated fracture will depend 
upon the physical characteristics of the 
high-level waste and the repository site. 

THEORY 

The mass flux (ions/cm2-sec) of gas 
resulting from forced diffusion caused by 
an electric field can be expressed as 
(t1acDaniel and Mason, 1973) 

where 
n 
E 
K 

J = n K E ( 1 ) 

number density of ions (ions/cm3) 
electric fieid (V/cm) 
mobility (em /V-sec) 

The mobility term is a constant of 
proportionality and is a measure of the 
ease at which an ion can move through a 
gas. K is related to the diffusion 
coefficient by the expression 

K = e D/(k T) (cm2/V-sec) 
where 

e 
D 
k 

(2) 

ionic charge (coulombs) 
diffusion coefficient (cm2/sec) 
Boltzmann constant (joules/°K) 
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The flux resulting from forced 
diffusion is considered potentially 
significant when it exceeds the flux by 

·ordinary diffusion. A field energy 
parameter, E/P, is useful as an indicator 
of the relative importance of forced 
diffusion as a mechanism of transport. If 
a singly charged ion is transported 
through a gas of similarly s~zed.molecules 
and the collision ~ross-sect1on 1s assumed 
to be 5 x 10-17 cm 2 then forced diffusion 
is approximately equal to ordinary 
diffusion when 

E/P << 2 V/cm-atm ( 3) 

Thus at atmospheric pressure, forced 
diff~sion is considered insignificant when 
the external electric field is less than 2 
V/cm. 

The first term examined from equation 
(1) is the electric field. The electric 
field is related to current density, j 
(amps/cm2), and the resistiyity of t~e 
medium, p (ohms-em), by Ohms law wh1ch 
can be expressed 

E = p j ( 4) 

Current density is by definition related 
to the current, I (amps), by the 
expression 

j = I/A (5) 

where A is area (cm 2). The electric field 
surrounding a HLW repository can therefore 
be determined if current and resistivity 
are known. 

Gamma radiation (or photons of 
elecromagnetic radiation) loses a 
relatively large amount of energy when it 
interacts with matter. Interaction of 
gamma radiation with matter can occur 
during several different processes. Three 
of the more important processes are 1) the 
photoelectric effect, 2) the Compton 
effect, and 3) pair production. The 
Compton effect is the phenomenon of 
interest is this study. 

The Compton effect results from an 
interaction of a photon with either a 
bound or free electron in the absorbing 
material. The resulting preferential 
movement of electrons emitted during the 
interaction creates the Compton current. 
An algorithm has been written to record 
the movement of a photon, which is 



initially emitted by high-level waste, to 
a collision, then tracking each collision
produced photon from collision to 
collision until the energy of the 
collision-produced photon is considered 
insignificant at which time a single 
history is completed. A Monte Carlo 
simulation program, COMPMC, computes a 
sufficient number of histories of photon 
emissions from a HLW canister to account 
for the random nature of actual photons. 

The waste package is characterized as 
an infinite line source thus end or edge 
effects are ignored. A further assumption 
made in this simulation is that the HLW 
cannister is located in an homogeneous 
isotropic medium. This assumption 
simplifies the procedure employed in 
tracking individual photons. However, 
once the Compton current is calculated 
along with the accompanying electric 
field, partially drained fractures which 
intersect the cannister can be 
superimposed onto the system. Forced 
diffusion of vapor in the partially 
drained fracture can then be evaluated. 

The effective range of travel of the 
collision electron is determined by a 
separate computer routine, SR (Filippone, 
Dept of Nuclear Engineering, U of 
Arizona), which calculates the effective 
range of an electron based upon the 
properties of the medium through which the 
electron is travelling and the energy of 
the electron. 

The effective range of electrons 
through a hypothesised material (with 
properties resembling the properties of an 
unsaturated tuff, i.e.: atomic weight of 
33 and atomic mass of 68) is calculated at 
a total of 22 different electron energies. 
A graph of the effective range of a 
electron is plotted versus electron energy 
in Figure {1). Three second order 
polynomials were used to approximate a 
smooth curve through the data in a spline
like fashion. Therefore, after each 
collision, the radial distance travelled 
by each electron can be calculated. 

There is no known analytic solution 
available to validate the full extent of 
COMPMC {which is based upon transport 
theory), that is, to calculate the radial 
density of collisions between 
anisotropically scattered photons and 
particles in the medium. However, an 
analytic solution {based upon diffusion 
theory) is available to calculate 
diffusion of isotropically scattered 
photons emitted from an infinite line 
source. In general, photons emitted from a 
line source will not collide in a manner 
resembling diffusion because of the 
preferential outward movement of the 
subsequent collision produced photons. 
Therefore, by voiding this aspect of 

177 

EFFECTIVE RANGE Cg/cm**2) 
C5) 

CS) 
C5) 
CS)~~~~~~~~._~~~~~~--~ 

C5) 

,., U1 
I ,., 
n 
~ 
::0 
0 z ,., 
z 
,., C5) 

::0 
G) 
< 

" :X \\ 
\ 

\ 
ID 
< 
v 

U1 

\" I 

~~--~ 
Figure 1. Effective range of electron 
versus electron energy in rock. 

COMPMC (i.e., by making the collisions 
isotropic and maintaining the photon 
energy at 1 MeV), the radial collision 
density of the photons emitted by a line 
source should asymptotically approach the 
radial collision pattern predicted by the 
diffusion equation as the radial distance 
increases. The analytical solution 
therefore appears {lamarsh, 1966) 

{ 7) 

where Nc is the collisions per unit 
length, JJ is the absorption coefficient, r 
is the radial distance, K is the zeroth 
order Bessel function of ~he second kind, 
and lis a parameter referred to as the 
length of diffusion. 

The normalized radial collision 
density determined from the results of 
COMPMC are compared with the analytical 
solution to the diffusion equation. As is 
illustrated in Figure {2), there is a 
discrepancy between the results near the 
line source where diffusion theory does 
not adequately represent the initial 
preferential outward movement is apparent 
in the results from COMPMC. However, 
after the region where the initial 
collisions occur and beyond where outward 
preferential movement is observed, the 



results from COMPMC and the diffusion 
equation approach each other 
asymptotically. 

NUMBER OF COLLISIONS 

(S) 

> :z 
> r 
-< -; 

N H 
:::0 (S) n 
l> 
0 
H 
l> 
I 

0 w 
H (S) 

(/) 
-; 
l> 
:z 
n 
fTI A 

(S) 

Figure 2. Comparison of COMPMC with 
analytic solution. 

Th~ Compton current density, j 
(amp/em ), is calculated by the following 
expression (Gross, 1965) 

(8) 

where Reff is the effective range of the 
collision electron and 4»e is the flux of 
radiant. energy per unit area at the point 
of interest. The gamma ray source 
employed in COMPMC is normalized so that 
any HLW inventory can be represented and 
examined in terms of the resulting forced 
diffusion caused by emitted photons. The 
particular gamma ray source used in this 
analysis is based on the radionuclide 
inventory of a single fuel assembly of 
defense high-level waste (OHLW) from a 
light water reactor (LWR) predicted using 
the SANDIA-ORIGIN code (Sutherland and 
Bennett, 1979). Spent fuel from a 
pressurized water reactor (PWR) is assumed 
to be canistered without being 
reprocessed. It is assumed that the fuel 
assembly has been immobilized in a matrix 
and placed in a canister. 

COMPMC determines the Compton 
electric current density per photon per 
second at a designated initial photon 
energy. The number of and energy level of 
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photons are determined from results from a 
summary of the gamma spectrum 
(photons/sec) per fuel assembly (as 
described above) at 100, 300, 1000, 10000, 
and 100,000 years after emplacement. All 
photons originating in the structural 
material, actinide~. and fission products 
of the fuel assembly are included in the 
summary. Values of the gamma-spectrum at 
discrete energy levels are listed in Table 
(1). The electric current density caused 
by Compton scattered electrons in a dry 
tuff are calculated using the gamma ray 
source defined in this table. 

Table 1 

Summary of gamma spectrum (photons/sec) 
per fuel assembly (structural materials + 
actinides + fission products) 

MeV lOOy 300y lOOOy lOOOOy lOOOOOy 

0.30 2.4E13 1. BE 13 7.8E12 1.1El2 5.6E10 
0.63 1.6El4 1.8E12 2.5Ell l.lEll l.4El0 
1.10 1. 4E 11 7.6E10 7.2El0 3.7El0 9.8E09 
1. 55 5.6E06 3.2E06 1.8E07 7. 6E 08 6.1E09 
2.75 1. 3E 09 1. 3E09 1.3E09 1. 2E 09 6.9E08 

An additional routine was 
incorporated into COMPMC to indicate the 
degree of accuracy of the values for the 
current density for different numbers of 
histories. The standard deviation ~f the 
values of the current density for each 
compartment was determined in order to 
indicate the accuracy of the resulting 
norma 1 i zed va 1 ues. 

The Central Limit Theorem determines 
the probability that the difference 
between the Monte Carlo approximation for 
current density, j, and the true value of 
the current density, <j>, is less than a 
given c. This theorem is stated as 

f
c n)/ ad 

P( lj- <j>l < c)-(2/n) 112 e<-d2) dt (9) 
n- oo 

0 

where n is the number of histories and a 
is the standard deviation. The right hanS 
side of equation (9) is referred to as the 
confidence level and was assigned a value 
of 90%. Thus, 90% of the values for the 
current density determined by COMPMC are 
the~efore assumed to be accurate to + c of 
the true value of the current density. 

The val~e of d is calculated for 
current dens1ty at each radial centimeter 
to give an indication of the scatter of 
the results at various history levels. 
The values of current density and 
determined for a 90% confidence interval 
are plotted versus radial distance in 
Figure (3) for energy 1.55 MeV. The 
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anomalous behavior in current density near 
the canister is believed to be a result of 
edge effects and not important. Figures 
for the other energy levels are similar to 
this one. 

CURRENT DENSITY I AMP /CM••2 I 
I~ I~ I~ I~ I~ I~ I~ I~ I~ I~ .. . .. . 

Figure 3. Current density versus radial 
distance from canister. Lower curve at 
left is c. 

The Compton current creates a 
displacement of electrons away from the 
canister. A return flow of conduction 
electrons which is equal and opposite to 
the Compton current results in an electric 
field as defined by Ohm's law (equation 
4). The electric current density is 
determined at each radial centimeter at 
discrete gamma ray energies for each of 
the five time periods. The total electric 
field encompassing the HLW canister is the 
summation of the five contributing 
electric field values which were 
determined at the five discrete energy 
levels. The resulting quantities are 
plotted versus radial distance at 100, 
300, 1000, 10000, and 100,000 yrs in 
Figure (4). A value of 1,000,000 ohm-em 
was assigned to the resistivity of dry 
tuff in thiS calculation (Telford et al., 
19 7 6 ) • As is i 1 1 us t rated in F i g u r e ( 4) , 
the electric field never exceeds the 
minimum threshold necessary for forced 
diffusion to be significant in the rock 
mass case. 
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Figure 4. Electric field versus radial 
distance. Upper curve is at 100 yrs and 
lower curve is at 100,000 yrs. 

A second scenario is investigated for 
the potential of forced diffusion near a 
HLW canister. The significance of forced 
diffusion in a significantly large air 
space immediately proximal to a canister 
will differ from the case where the 
canister is completely enveloped in rock 
mass. Large air spaces around a canister 
can result from large fractures possibly 
induced by the thermal load caused by the 
canister, by the mechanical loading and 
unloading of stress in the disturbed zone 
around the borehole or if the borehole 
intersects a region of highly fractured 
rock. Leaving the borehole absent of 
backfill has been suggested (Fernandez and 
Freshley, 1983) as a means of reducing 
liquid flow under conditions of negative 
pressures. 

COMPMC and RS are used to predict the 
current density in air by the same 
methodology that was used for the previous 
rock mass model. The effective electron 
range versus electron energy relationship 
is dependent upon the medium through which 
the electron in travelling. RS is again 
used to calculate this relationship for 
electrons travelling through air. The 
atomic mass of air has an assigned value 
of 28.9 and the atomic number has the 



value of 14.2 in these calculations. 

As in the case for the rock mass 
model, the coefficients for three second 
order polynomials are calculated from 23 
data points to approximate the effective 
electron range/electron energy 
relationship. Figure (5) illustrates the 
computed values of effective electron 
range versus the electron energy and the 
associated approximating polynomials. 

EFFECTIVE RANGE (g/cm**2) 
C!:) CD CD m 
cg N ~ G) 
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cg 

1!::1 

N._----------------------------~~ U1 

Figure 5. Electron energy versus 
effective range in air. 

COMPMC determines th~ current density 
in air for the same five energy levels of 
the gamma ray source summarized in Table 
(1). The variable & was calculated at a 
90% confidence interval for each energy 
level. The values of current density and 
are plotted versus radial distance and & 
illustrated in Figure (6) for energy 1.55 
MeV as an example. 

The edge effects of current density 
nearest the cannister are more pronounced 
than was observed for current density in 
the rock ma~s. Additionally, the falloff 
of the magn1tude of current density versus 
radial distance is substantially less in 
a~r than in the rock mass. Although 
F1gure (6) is only for the distance out 
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to 100 em. the current density was 
calculated out to 400 em through air with 
a continuing gradual decrease in current 
density observed. 

Figure 6. 
distance. 

Current density versus radial 
Lower curve at left is 

The electrical conductivity of a gas, 
Ocond• (amp/V-cm) can be calculated for a 
b1nary gas mixture using the expression 
(Chapm~n and Cowling, 1970) 

0 cond = (n1 n2 n/(k 2 T) 
•(elm2 - e2ml) 012 (11) 

where gases 1 and 2 are ionized e· m. . , . , 
and n i denote t h ~he h a r g e, mass and number 
density of the i gas molecule. If it is 
assumed that one of the of gases is 
neutral and the mass of the ionized gas is 
negligible when compared to the overall 
mass of the gas mixture. then n equals n1. 
Equation (11) is further simplified by 
assuming that ions are singly charged 
leaving only the ion density as an • 
unknown. The coefficient of diffusion is 
assigned a value of 0.25 cm2/sec at a 
temperature of 373°K for these 
calculations. 

The value of ion density is the most 
difficult variable in equation (11) to 
determine. The value of n will depend on 



several parameters indirectly (such as 
temperature, matric potential, degree of 
fracturing, and geochemical composition of 
the water and the rock mass) and depend 
directly upon the vapor pressure of the 
species of interest and its thermodynamic 
and kinetic properties. An approximation 
of n is based upon the gaseou~ iodine 
content of marine air, 5 ng/m (Moyers and 
Duce, 1972), which corresponds to an 
electrical conductivity of about 1.0E-15 
mhos/em. A critical assumption in this 
calculation is that all iodine molecules 
are ionized and that the iodine molecules 
account for the entire electrical 
conductivity of the gas. A gaf

5
with an 

electrical conductivity of 10- Tgos/cm 
therefore has a resistivity of 10 ohms-
em. The electric field in air caused by 
Compton scattered electrons is determined 
using this value of electrical resistivity 
for the gas. 

The electric field resulting from the 
current densities is illustrated in Figure 
(7) calculated at periods of 100, 300, 
1000, 10000 and 100,000 years. If the 
threshold of importance of forced 
diffusion as a transport mechanism 
relative to ordinary diffusion is 2 V/cm, 
then forced diffusion is potentially 
significant in an air environment 
surrounding a HLW canister for the initial 
10,000 or so years after emplacement. 

I!! 

Figure 7. Electric field versus radial 
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distance. Upper curve is at 100 yrs and 
lower curve is at 100,000 yrs, 

Electric fields with an order of 
magnitude of intensity as indicated in 
Figure (7) can only be expected in a 
region totally devoid of material. Any 
material present in the electric field 
will tend to short circuit the return flow 
of electrons resulting in electric fields 
of lower intensity. 

DISCUSSION 

Two limiting cases have been 
presented which illustrate the magnitude 
of flux which can be theoretically . 
expected by forced diffusion under 
different conditions. A more probable 
scenario to be expected at a HLW 
repository will be a transitional case 
which incorporates properties from both 
extremes. Further analysis is necessary 
to evaluate a transitional case. 
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ABSTRACT 

Salt sites are being investigated as 
potential candidates for a deep geologic 
repository for high-level nuclear waste. 
To assess the performance of a repository in salt 
it is necessary to estimate the potential for 
naturally occurring and/or intrusive fluids to 
contact the radioactive waste and transport it to 
the accessible environment. The long-term 
performance assessment of a salt repository 
consists of multidisciplinary studies of tile 
coupled physical and chemical interactions in 
geologic syst~ms involving heat transfer, 
ground-water hydrology, geomechanics, geo
chemistry, and radionuclide transport. The 
coupled process analyses performed or planned to 
be conducted include coupled thennal, stress. 
and pressure-induced brine migrationcflow. 
thennal, mechanical, and geomechanical (corrosion 
and leach rate) analyses for waste package and 
waste form performance; flow, thermal, and 
mechanical anal )ses for shaft seals and near
field performance; flow, thermal, rtissolution, 
and salt creep analyses for borehole scenarios; 
fl0w, energy, and solute transport analyses of 
the groundwater system in the vicinity of site; 
and coupled analyses of hydrologic, mechanical, 
geochemical, and radionucl ide transport. 

INTRODUCTION 

The long-term performance assessment of a 
salt repository consists of multidisciplinary 
studies of the coupled physical and chemical 
interactions in geologic systems involving heat 
transfer, ground-water hydrology, geomechanics, 
yeochemistry, and radionuclide transport. 
Figure 1 illustrates the interaction among 
different processes in the repository (near-
fie 1 d) s ubsys tern. Sim i1 ar interactions for other 
subsyste~s. such as site, have been developed 
(ONWI, 1984). Ideally. simultaneous solution of 
all the coupled processes is desirable; however, 
due to the complexity of simultaneous solutions. 
the only processes solved in this manner are 
those that are strongly coupled to each other and 
have highly nonlinear responses. Coupled · 
processes are nonnally solved sequentially for a 
yiven time step, and iterated within each time 
step until convergence is achieved. Weakly 
coupled processes (whose results are not signifi
cantly affected by other processes) are solved 
sequentially using the output of one process code 
as input to the next process code. 
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Figure 1. 

l.,..::· 
Interaction among different processes 
in the repository (near-field) sub
system (ONWI, 1984). 

Salt has favorable characteristics and 
properties as a host for 1 ong-tenn storage anc1 
isolation of nuclear waste from the accessible 
environment. These characteristics include 
structural strength, good radiation-shielding 
capability, high plasticity, extremely low 
permeability, and low moisture content. The low 
moisture content is important because of the 
corrosive nature of brine and its potential to 
degrade the waste package. The fluids that 
normally occur within salt deposit~ are in the 
form of intracrystalline inclusions, inter
granular moisture, moisture associated with 
interbed impurities, and chemically bound water. 
The movement of these fluids under thennal, 
mechanical, pressure, and other significant 
driving gradients must be considered to assess 
the potential degradation of the waste package 
and the performance of engineered systems. In 
addition to naturally occurring mois~ure, there 
is a possibility for larger amounts o( moisture 
to enter the repository due to natural- or 
human-induced events or processes. The potential 
for salt dissolution under such disruptive 
changes requires coupled analyses of several 
processes such as flow, temperature, dissolution, 
precipitation, and salt creep. 



The following is a preliminary list of 
strongly coupled process analyses conducted or 
planned for performance assessment of a salt 
repository: 

(l} Coupled thermal-, stress-, and 
pressure-induced brine migration studies in the 
neighborhood of the waste package. 

(2) Coupled flow, thermal, mechanical, 
and geochemical (corrosion and leach rate) 
analyses for the waste package and waste form 
performance. 

(3) Coupled flow, thermal, and mechanical 
analyses for shaft seal and near-field 
performance. 

(4) Coupled flow. temperature, 
dissolution/precipitation, and salt creep 
analyses for borehole scenarios. 

(5) Coupled flow, thermal, and solute 
transport to account for density effects in 
estimating travel paths and travel times fran the 
disturbed zone to the accessible environment. 

{6) Coupled hydrologic, mechanical, 
geochemical, and radionucl ide transport analyses. 

The above list of coupled processes 
defines the quantity of fluid migration to the 
waste package, shaft seal and near-field evalua
tions, size of cavity caused by salt dissolution 
in the uncased borehole, variable density effects 
on ground-water travel time and path, and 
radion11cl ide transport. Sane of the_ analyses 
being currently considered as sequential will be 
simulated as coupled processes with enhanced 
computer codes. 

Much site-specific information remains to 
be collected and analyzed. Site-speci fie 
engineering designs (such as waste package, 
repository, and shaft seal designs) are yet to bP. 
completed. In situ tests are being planned 
(Roberds et al, 1985) to provide input data and 
experimental results for detailed coupled process 
analysP.s and validation of computer codes 
and conceptual models. 

This paper briefly describes the status of 
the six above-mentioned coupled process analyses 
completed under the Salt Repository Program 
using available information. This paper also 
discusses planned coupled process analyses. 
Simulation examples are included fran the draft 
Environmental Assessment (EA) reports (DOE, 1984) 
and other works under progress. 

COUPLED THERMAL-, STRESS-, AND PRESSURE
INDUCED BRINE MIGRATION 

IN THE NE IGHBORRooO OF THE WASTE PACKAGE 

Migration of the different fonns of 
naturally occurring moisture may be driven by 
various mechanisms. It has been postulated that 
intracrystalline inclusions will tend to migrate 
under the influence of tP.mperature gradients and 
that intergranul ar and interbed moisture will 
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move in response to pressure and stress gradients 
(Jenks and Claiborne, 1981; Gnirk et al, 1981; 
Olander, 1982). Another assumption is that 
moisture can also move under the influence of 
concentration gradients by a diffusion-like 
mechanism (DOE, 1984). However, this latter 
assumption is based only on successful curve
fitting and, as yet, has no theoretical justifi
cation. The temperatures in a salt repository 
are not expected to reach 1 evel s high enough to 
mobilize chemically bound water (Shefelbine, 
1982). 

Most simulations of fluid migration in 
salt, in the absence of any intrusion, have thus 
far been based on coupled flow and temperature 
using an empirical expression for the velocity of 
intracrystalline inclusions, the so-called Jenks' 
equation (Jenks, 1979). Pressure coupling is 
inclt.lded in some models (01 ander, 1982; Ratigan, 
1984) in which inclusions are allowed to move to 
grain boundaries by this mechanism. The moisture 
then collects in the intergranular spaces and 
moves further in response to pressure gradients 
either as vapor or liquid. However, Jenks and 
Claiborne (1981) assume the Jenks' equation 
could apply continuously throughout the salt. 
Calculations for the draft EA reports (OOE, 1984) 
are based on coupled temperature and fluid 
migration analyses using Jenks' equation. There 
is a strong dependence of velocity on temperature 
through the Jenks' equation but only-a weak 
dependence of temperature on changes-due to fluid 
migration. O:lnsequently, the model equations 
were solved sequentially rather than 
simul taneousl v. 

Figure 2 compares two solutions (finite 
difference and semianalytical)" of the model with 
data from the Salt Block II experiment 
(Hohl felder, 1980). This experiment measured 
brine accumulation in a heated borehole at the 
center of a salt cylinder 1m in diameter and 1 
m high. Both solutions show reasonable agreement 
with the experiment. The BRINEMIG code uses the 
finite-difference method whil~ the semianalytical 
solution is based on methods presented by Bloom 
and Raines (l'io5). BRINEMIG was also applied 
to estimate the brine accumulation around a waste 
package {Figure 3) at the Deaf Smith site (DOE, 
1984). The rate of heat generation from a 
waste package declines with time and results in 
decreased temperatures in the neighborhood of the 
package. The decreased temperatures, in turn, 
result in decreased velocities and decreased 
brine flow rates. Consequently, the accumulated 
brine initially increases rapidly with time 
but levels off ta a constant value as the flow 
rate goes to zero. This behavior is shown in 
Figure 3 for both conwnercial, high-level wastes 
( CHLW) and spent fuel from press uri zed water 
reactors (SFPWR). 

Some uncertainty still exists in the 
details of coupling stress and pressurP. gradients 
to brine migration. Although some models include 
stress and pressure mechanisms, they generally 
require parameters that cannot presently be 
measured and must be adjusted to make the model · 
results comparable with experiments. While the 
calculations summarized here did not include 



pressure or stress considerat.ions, future studies 
will try to resolve these difficulties in order 
to achieve a fully coupled model. 
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Fioure 3. Brine accumulation vs. time et the 
waste package (DOE, 1984). 

COUPLED FLOW, THERMAL, MECHANICAL, AND' 
GEOCHEMICAL ANALYSES FOR THE 

PACKAGE AND WASTE FORM PERFORMANCE 

Analysis of the waste package must include 
the degradation of the package wall, and if 
that happens, the release of radionuclides. The 
present degradation model (Jansen, 1985; INTERA, 
1983) includes five distinct degradation sub
models (radiation, thermal, mechanical, 
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corrosion, and leaching) that are driven both 
internally by waste decay and externally by 
repository stress and fluids. The model, 
therefore, must include coupling among sub
models for radiation, temperature, mechanical 
effects, fluid migration, and chemical reactions. 

If the package fails, radionuclide release 
rates are determined by radionuclide solubilities 
and the following mechanisms: (1) the rate of 
dissolution of the waste form, (2) the rate of 
mass transfer across any waste form resistance, 
and (3) rate of fluid flow away from the 
neighborhood of the waste package. These rates 
are also functions of radiation, temperature, 
mechanical effects, fluid migration, and chemical 
reactions. The present model (Jansen, 1985) 
estimates radionucl ide releases with the assump
tion that only one of the above rate mechanisms 
is significant and there are no interactions 
between these rates. 

The waste package degradation process can be 
expressed in the form of waste package wall 
thickness as a function of time. The magnesium 
concentration in brine significantly affects the 
degradation of the waste package. Figures 4 and 
5 show the results for fluids with both high 
(35,000 ppm) and low (about 150 ppm) magnesium 
content and for expected (without disruptive 
events) and unlimited fluid rates. These 
calculations predict that the package will 
contain waste for at least 1,000 years under the 
ex pee ted conditions. 

20 
QotlW-Deaf Smith County 

F'aik.tre Thic:kMa= 10.0 em 
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Figure 4. Corrosion and failure of waste package 
in high-magnesium brine (Jansen, 1985). 

Future degradation analyses will include 
effects of consumption of fluids in geochemical 
processes on: (1) possible pressure buildup due 
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develo1J11ent of fluid flow currents in mined and 
backfilled rooms above the waste canisters 
(Figure 7). More detailed simulations will be 
perfonned using site-speci fie data and design to 
provide an understanding of the interaction of 
the thennal , mechanical , and fluid flow 
processes, and to quantify the effects which may 
be missed in a partially coupled or uncoupled 
analysis. 
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Corrosion and failure of waste package 
in low-magnesium brine (Jansen, 1985). 

to hydrogen released fran the corrosion reaction 
on fluid migration, stresses, and corrosion 
rates, (2) the effect of corrosion products on 
solubilities, and (3) the effects of corrosion 
reactions on the mechanical properties of the 
waste package wall. Future analyses of radio
nuclide releases will include canbined hydro-
1 og ic ,· thennal, mechanical, and geochemical 
(corrosion and its products) effects on the 
radionucl ide release mechanisms. 

COUPLED FLOW, THERMAL, AND MECHANICAL ANALYSES 
FOR SHAFT SEAL AND NEA~-FlELD PERFORMANCE 

Shafts and tunnels used to access the 
repository wi 11 be sealed after waste ernpl acement 
in order to minimize the penetration of water and 
~he transport of any radionuclides that may 
~scape from the waste package. The properth!S of 
the seal syste:n that affect water flow (including 
interfaces with the undisturbed salt and other 
host rock) are strongly coupled with flow, 
temperature, and mechanical conditions. The 
STEALTH (Hofmann, 1981) and SNEAKY (Hart, 1981) 

·computer codes are used to solve the highly 
nonlinear coupled flow, thennal, and mechanical 
equations for dynamic or quasi-static, porous 
geologic systems. The l"flathematical models are 
hased on the continullll theory to describe the 
rnul tiphase nature of the syste~n. and on the 
incremental linear constitutive theory to 
<lescribe the path dependency of nonlinear 
rnaterial hehavior. Following are some of the 
preliminary analyses used either for benchmarking 
or devel0ping techniques for perfonnance 
dSSI~SS•nent: 

(1) Near-Field Flow Analyses. A near-field 
waste repos1tory sett1ng (F1gure 6) is used by 
Hart ( 1981) to account for both the thennal 
buoyancy and stress effects· on initiation and 

~-~"' 10 kW 
HEATER (0.3 111 .-iuo• 
~-0"' long) 

Figure 6. 

Figure 7. 
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Schematic of near-field waste-repository 
setting (Hart, 1981). 
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(2) Shaft-Seal hlalyses. The CAYS (Crack 
And Void Strain) material mOdel in submodules of 
the STEALTH code was used in preliminary studies 
to analyze (a) the behavior of existing joints. 
and {b) the initiation of new fractures during 
the construction and operational lifetime of the 
shaft and their effect on hydraulic conductivity. 
Figure 8 is a schematic showing the shaft/ 
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Figure 8. (a) Schematic of shaft/repository region; 
(b) Hydraulic conductivity changes 
(Maxwell et al, 1984) 
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repository region and the hydraulic conductivity 
changes in the geologic media due to shaft 
construct ion. 

{3) Room Closure Estimates. Figure 9 
illustrates a sample of (a) temperature 
distribution and (b) roof-to-floor closure 
simulated by coupled temperature and defonnation 
analyses. · 

ISr---~-----~---, 

10 60--

5 10 

(a) 

J7 .o·; 

:::::::::: l, Rooc~ ~;ou-:el oo r 

............. ............. 
ggm~~~~~~ 67.01 ::::::::::::: 
m~~~?~~~~g Room g~~mm??? 

!'iii iiiiili!:m:li Cit~~~~~ 11ml.l ;; ~IIIII I 
................................................... ................................................... 

(b) 

Figure 9. (a) Temperature (C0
) contours; 

(b) Roof-to-floor closure at 5 years 
( Di a 1 e t a 1 , 1985) 



COUPLED FLOW, TEMPERATURE, 
DISSOLUTION/PRECIPITATION AND 

SALT CREEP ANALYSES FOR BOREHOLE SCENARIO 

Coupled analyses of fiow, temperature, salt 
dissolution/precipitation, and salt creep are 
planned to evaluate the effects of foreseeable 
human activities, such as exploratory boreholes, 
on salt repository performance. A computer code, 
BORHOL (INTERA, 1984), has been develllped 
to evaluate the progressive saturation of fluid 
flowing in a borehole through salt units. The 
code evaluates the process of salt dissolution 
fran borehole walls and takes into account its 
dependence on temperature and salt solubility. 
Creep deformation of the borehole in the salt 
units is also evaluated.· 

The BORHOL code was used to quantify the 
~aximum increase in the diameter of the existing 
boreholes at the repository horizon at the 
proposed Cypress Creek Dane site in Mi ssi ssi ppi 
(Monti and Gupta, 1984). The analysis examined 
the effects of salt di ssol uti on and the opposing 
effects of salt creep on borehole closure under 
the conservative assumption that the borehole is 
uncased. Figure 10 is a schematic of the 
borehole and Figure 11 illustrates the diameter 
of the borehole vs. depth for 5, 10, 20 and 30 
years. Ground water in the 1 ower aquifer 
was conservatively assumed to have zero salt 
concentration. With an upward flow gradient, the 
max imllll si z~ of cavity formed is at the 1 ower 
salt interface. Creep closure of the borehole is 
reached at 30 years • 
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Figure 10. Schematic of a borehole 
(Monti and Gupta, 1984). 
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Figure 11. Borehole diameter vs. depth over time 
(Monti and Gupta, 1984). 

A system code is under devel OIJllent for 
assessing salt repository scenarios using a flow 
network considering temperature, creep closure, 
and salt di ssol uti on. The code capabilities will 
include preprocessor for statistical sampling and 
a postprocessor for developing Complementary, 
Cumulative Di stribut·:on Functions ( CCDF) ·• 

COUPLED FLOW, H:~RGY, AND SOLUTE TRANS PORT 
ANALYSES oF· GROUND-WATER SYSTEM 

IN THE SITE VICINITY 

Evaluations of ground-water travel times 
from the repository to the accessible environment 
must include density variation effects due to 
pressure, temperature, and solute concentration. 
The need for coupled analyses obviously increases 
as temperature increases due to waste 
emplaceme'lt. The ge';"lydrologic codes used in 
performance assessment include capabilities for 
coupled flow, energy, and solute transport. The 
mechanical effects on hydraulic properties will 
be simulated explicitly by using conservative 
(towards increasing flow velocity) effects of 
thennanechanical stresses on hydraulic 
parameters. 

Site-specific data for coupled flow, 
thermal; and solute transport analyses of local 
ground-water system are yet to be collected. A 
series of preliminary simulations have been made 
using CFEST (Gupta et al, 1982) code to under
stand system perfonnance. Due to the extremely 
low permeability of salt, the buoyancy and 
convection effects are not very significant. 
Figure 12 illustrates the temperature distribu
tion, estimated with coupled flow and thennal 
analysis after 3,000 years of waste emplacement~ 
The effects of hydrodynamic dispersion of the 
thermal plume are not very prominent. 



. 
Figure 12. An illustrative temperature (°C) 

distribution after 3,000 years with 
coupled flow and energy transport in 
the site vicinity. 

Coupled flow, energy, and solute transport 
analyses for regional and local ground-water 
syst~ns in the vicinity of the site are under 
progress. Region a 1- seale mod ali ng wi 11 define 
appropriate spatial limits and boundary con
ditions for local ground-water system analyses. 
The detailed local ground-water system analyses 
are planned to be conducted to address uncertain
ties in the geologic parameters. The Latin 
Hypercube sampling approach will be used to 
estimate bounds on alternate travel paths 
and travel time. 

COUPLED HYDROLOGIC, MECHANICAL, GEOCHEMICAL, AND 
RAotoNOclto£ TRANSPORT ANALYSES 

Radionucl ides that escape fran the waste · 
package may be transported to the accessible 
environment by fluids that contact the waste 
package. The mechanisms involved ara {1) tne 
release of radionucl ides to the fluid fran 
the waste package and waste form, and (2) 
transport with the fluid. The transport 
mechanisms depend on temperature, pressure, 
mechanical effects, and chemical reactions. The 
radionuclide transport calculations in the EA 
reports (DOE, 1984) used the diffusion-like 
mechanism, described earlier, to simulate fluid 
transport without disruptive events. Figure 13 
(f.t:Nulty et al, 1985) shows that releases · 
equal to the EPA standards at 5 km (40 ·cFR 191) 
travel less than two meters from the package 
in 10,000 years. 

Future analyses will include detailed 
coupled hydrologic and mechanical interactions. 
Human intrusion or other disruptive events 
could result in transporting radionuclides to the 
aquifer system. The ground-water flow field 
(direction and magnitude) defined by flow. 
tnermal, and solute concentration gradients will 
be coupled with the geochemical model for 
estimating radionuclide transport. The effects 
of chemical reactions or interactions would be 
very significant and a detailed geochemical 
model, such as EQ3/EQ6 (Wolery, 1983, 1985) may 
be required. 

CONCLUSIONS 

Analyses of many coupled processes are 
required to assess the performance of a salt 
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repository. Sane analyses have been conducted 
using existing data and models. More detailed 
analyses require site-specific information and 
detailed repository designs, but neither a 
specific site nor a specific design has been 
selected for a salt repository. 

Coupled-process models have been developed 
to aid in performance assessment and repository 
design. These models are for simultaneous and 
sequential solutio11s. The former type includes 
models for coupled flow, thermal, and mechanical 
processes and coupled flow, energy, and solute 
transport. The 1 atter type includes a number of 
single-process models in which the output from 
one is used as the input to the other. As more 
information becomes available, the need for more 
coupled process models will be assessed and 
additional models will be developed. Some 
analyses which are pe1rformed as sequential will 
be replaced by simultaneous solution. 
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COLLOID MIGRATION IN POROUS MEDIA 
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ABSTRACT 
Retention of radionuclides for long periods near waste repo

sitories depends upon multiple barriers, one of which is adsorp
tion to immobile solid surfaces. Since small particles and col
loidal matter have high adsorption capacities per unit mass and 
can be mobile in subsurface flows, colloidal transport of waste 
components requires analysis. Theories for predicting colloid 
migration through porous media have been developed in the filtra
tion literature. In this paper we review the applicablity of filtra
tion theories for predicting particle and colloid transport. 
Emphasis is on suspended matter much smaller than pore sizes, 
where physical and chemical forces control migration rather than 
size dependent physical straining. In general, experimentally 
verifiable theories exist for particle filtration by clean media, and a 
sensitivity analysis is possible on particle and media properties 
and fluid flow rate. When particle aggregates accumulate within 
pores, media permeability decreases, resulting in flow field altera
tion and possible radionuclide isolation. An analysis of the lim
ited experimental data available indicates that present theories 
cannot predict long-term colloid transport when permeability 
reduction occurs. The coupling of colloid attachment processes 
and the hydrologic flow processes requires more extensive labora
tory and field research than has currently been carried out. An 
emphasis on fundamental mechanisms is necessary to enhance 
long-term predictability. 

INTRODUCTION 
Evaluation of disposal alternatives for nuclear waste requires 

an understanding of radionuclide transport in altered hydrogeolo
gic systems over time scales far exceeding what can be assessed 
from laboratory or field experiments. For that reason considerable 
effort is needed to gain a more fundamental understanding of all 
the dominant transport processes than is currently available. Only 
in this way will long-term prediction of radionuclide migration 
and resulting environmental risk be more feasible. 

It has long been recognized that radionuclides present in 
groundwaters would have limited mobility because of their ten
dency to adsorb to mineral surfaces. It is often predicted that par
titioning between dissolved and adsorbed species will limit 
radionuclide migration such that effective migration velocities will 
be orders of magnitude less than groundwater flow velocities. 
Contaminant retardation predicted by measured distribution 
coefficients has been criticized because of the simplifications 
involved in representing adsorption as a linear, equilibrium pro
cess (Reardon, 1981; Valocchi, 1984). One aspect ofradionuclide 
migration in subsurface flows that casts further doubt on the dis
tribution coefficient approach is the possibility that colloidal 
matter and small particles to which radionuclides adsorb are 
mobile. Particles of sizes less than a few micrometers are much 
smaller than inter-granular pores or fracture sizes and could 
migrate considerable distances with flowing fluid. Colloid migra
tion becomes significant in predicting contaminant migration 
because small particles have high surface areas per unit mass and 
represent available sites for adsorption. Contaminant transport is 
thus controlled not solely by adsorption, but also by colloid tran
sport. Colloid transport is controlled by factors that affect accu
mulation on porous media and subsequent permeability alteration 
and possible erosion. This paper examines available theories and 
limited experimental data that quantify colloid migration in 
porous media. 
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RADIONUCLIDES AND COLLOID MIGRATION 
The literature on colloid transport in subsurface flows is scat

tered throughout the hydrogeolocial literature with most of the ini
tial work arising from concerns about radionuclide migration fol
lowing disposal. Champlin and Eichholz ( 1968) have suggested 
that fine particle transport may be a significant mode of radionu
clide migration in porous media. They reference a number of 
reports that implicate radionuclide migration in the colloidal state. 
In laboratory· experiments they measured clay particle migration 
through a fine sand at a flow velocity of 1.2 mid. Radio-labeled 
clay and bacteria were found to penetrate only 20 em after seven 
days of flow, but a detergent solution was able to remobilize the 
adsorbed tracers so that tracer migration nearly equaled the fluid 
flow rate (Champlin and Eichholz, 1976). Sheppard et al. ( 1980) 
demonstrated that submicrometer colloidal matter in soil was 
important in binding radionuclides with the result that many 
radionuclide adsorption studies now rely on 1.5 nm pore size 
filters for distinguishing dissolved from colloidal species (e. g., 
Shade et al., 1984). Nelson et al. ( 1985) found that colloidal 
organic carbon competed with lake sediments for binding plu
tonium, such that measured distribution coefficients decreased 
with increasing colloidal organic carbon. 

The presence of mobile submicrometer colloidal matter may 
offer an explanation for the observations that batch adsorption 
studies do not accurately predict radionuclide migration in 
observed both in continuous flow column studies and in field 
exP"'riments. Coles and Ramspott ( 1982) found that ruthenium 
migrated in the field at a velocity comparable to tritium while 
Iabo1atory batch sorption measurements predicted migration at 
less than 1164 that of the water. However, Reynolds et al. ( 1982) 
observed that batch sorption studies for cesium and strontium 
overestimated migration observed in laboratory columns. Some 
cases of observed contaminant transport have been attributed to 
complexation by strong organic ligands like EDT A that tend to 
prevent adsorption to immobile solids (Cleveland and Reeves, 
1981}. 

Radionuclide sequestering at disposal sites depends upon the 
limit·:'':! mobility of the nuclides. Surrounding waste canisters with 
a bentonite clay backfill is thought to provide a zone of low water 
permeability and a region of high adsorption capacity. Some con
cern has arisen over particle release from these barriers and canis
ters. Le Bell and Stenus ( 1980) have shown that a bentonite gel 
would release particles into distilled water because of colloidal 
dispersion. For natural groundwaters they found the divalent 
cation concentration was sufficient to coagulate the clay particles 
and prevent their release into the water, thus limiting radionuclide 
migration into rock fissures surrounding the clay seal. Shade et al. 
( 1984) showed that colloidal matter was leached from waste canis
ter materials when exposed to hot alkaline water, and this col
loidal material adsorbed radionuclides. The released colloidal 
matter was not observed to coagulate or precipitate and concern 
was raised on colloidal transport of adsorbed waste components. 
Avogadro and de Marsily (1984) and Saltelli et al. (1984) have 
measured the release of submicrometer sized colloids from pro
posed waste canisters and they have recognized that waste migra
tion has a component associated with colloidal transport through 
porous media. A combined filtration and adsorption model was 
fit to their experimental data on americium migration in a sand 
column. 

Similar issues of colloid transport have been addressed by 



MASS TRANSFER ZONE 

Figure I. Conceptual representation of colloid depo
sition within porous media under constant flow con
ditions. · 

th~se .interested in soil formation, bacteria and virus ~i~tion. 
artlfictal groundwater recharge, and petroleum extraction. These 
fields have adopted various empirical or semi-empirical 
approaches to characterize colloid migration and porous media 
permeability alteration as reviewed elsewhere (McDowell-Boyer et 
at., 1985). The most quantitative work to date bas been under
taken in the field of water filtration where deep bed granular 
media filters are designed for product recovery or waste concentra
tion from liquids. The water filtration literature employs concepts 
and theories that have direct application to understanding the 
mechanisms of colloid migration in natural and altered hydrogeo
logic environments. Within the filtration literature only limited 
theoretical predictability is recognized and most designs are 
heavily dependent upon site specific experimental data. 

APPLICATIONS OF FILTRATION THEORY 
Before emba~king on a discussion of pertinent fundamental 

aspects of filtration theory, a more general picture of the filtration 
process is in order. In the analysis of colloid retention by porous 
media, two distbct cases are considered as represented in Figure 
I. A fluid with '' suspended solids concentration C0 flows into a · 
porous media with a steady approach velocity of U. The porous 
media then accumulates immobilized colloids up to some steady 
state level, at which time an "equilibrium zone· exists where no 
further deposition takes place. Particles exiting the equilibrium 
zone enter a "mass transfer zone" or clean media zone, where par
ticles are collected by the surface of the porous media. This 
simplistic one-dimensional picture is used as an outline of what 
follows: first, colloid collection by clean media is examined to esti
mate the length of the mass transfer zone, and second, some 
consideration is t=ven to the particle deposit within the equili
brium zone and the resulting reduction in permeability. ·· 

Particle Migration In Clean Media 

Particle mobility in clean porous media has been analyzed 
theoretically at:td experimentally for some time and quantitative 
predictions agree with observations under specific limiting condi
tions. Because of the wide variation in particle and media proper
ties, no single mechanism or empirical relationship should be 
expected to hold universally true. 

One of the simpler mechanism hindering particle migration 
into porous media is geometric straining. Experimental data col
lected by Sakthivadivel ( 1969) and Sherard et al. (I 984) have esta· 
blished the criterion that straining will occur if 

dp I 
- >- (I) 
d, 9 

where dp is the suspended particle diameter and d, is the media 
diameter. Herzig et al. ( 1970) have presented an analysis based 
on particle and media geometry that predicts very little removal 
by straining will occur if dp < dm/50. 

Panicles much smaller than the porous media size are 
retained within the pores only if particle-media attachment is 
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favorable or if particles can be retained within quiescent pore 
spaces (Krone et al., 1958; Hunter and Alexander, 1963). Removal 
of of these smaller particles from suspension was empirically 
observed to be firSt order in suspended particle mass concentra
tion, C, by Iwasaki (I 937) 

ac 
- = -AC ax (2) 

where x is migration distance and A is called the filter coefficient. 
The integrated form of equation (2) that predicts the suspension 
concentration at a distance L into the clean porous media is 

C(L) = C
0 
e·~L (3) 

This exponential decay relationship only holds true when the 
porous media is clean over the distance L. Early research on 
filtration kinetics was devoted to determining empirical relation
ships for A as a function of particle and media sizes and fluid flow 
rate (see Herzig et al., 1970; Ives, 1970). More recently a 
mechanistic approach to filtration kinetics has provided some suc
cess in predicting the filter coefficient through research by Y ao et 
al. ( 1971 ), and Spielman and FitzPatrick ( 1973) with an overall 
summary given by Tien and Payatakes ( 1979). 

Three dominant mechanisms have been recognized to con
trol particle collisions with porous media. For particles smaller 
than a few micrometers, Brownian motion of the suspended parti
cles dominates the collision process. For larger particles, particles 
moving with fluid streamlines can collide with media surfaces 
through interception, and particles having a density different than 
the fluid can move across fluid streamlines and collide through a 
gravitational sedimentation mechanism. Predictions of filter 
coefficients have been based on an analysis of fluid and particle 
flow past individual collectors and then corrected for the presence 
of multiple collectors within a porous media. · 

Particle collisions with a media surface do not necessarily 
result in attachment. The particle-media interactions must be 
favorable for attachment to occur, and these interactions are the 
result of hydrodynamic, London- van der Waals, and electrostatic 
forces: The hydrodynamic force results from squeezing out fluid 
as particles approach the media surface. The London - van der 
Waals force is an attractive force that operates among atoms and 
molecules, although only at very short range, less than l or I 0 nm 
separations. Finally, particle surfaces in natural waters are electri
cally charged (Hunter and Liss, 1982), and if the media and the 
particles have the same charge, electrostatic repulsion is possible. 
The magnitude of electrostatic repulsion between particles and 
media is strongly dependent on the ionic composition of the water 
since high ionic strengths can compress the diffuse layer of counter 
ions and reduce the distance over which electrostatic repulsion 
forces act such that the attractive London - van der Waals force 
dominates at all separations and attachment is favored (see Spiel
man, 1977). Even when repulsive barriers exist due to electros
tatic forces, particle capture is still possible in what is termed the 
"secondary minimum·. Figure 2 plots the net interaction potential 
between a I I'm particle and a much larger collector. Traditionally, 
repulsive energies are plotted as positive values, and the figure 
indicates a maximum energy barrier of 4 x 10· 12 erg at a separa
tion of I nm. For particle-collector separations greater than 
approximately 2 nm, an attractive interaction energy dominates 
with the secondary minimum at a separation of 4 nm. The pri
mary mi'nimum occurs at separations less than I nm. Theoretical 
predictions for capture in the secondary minimum by Spielman 
and Cukor ( 1973) have been applied to conditions likely in 
groundwater flows by McDowell-Boyer et at. (I 985). The theory 
predicts particle retention over a wide range of ionic strengths 
when flows are at typical groundwater flow velocities. Due to the 
shallowness of the secondary minimum, higher flow velocities 
prevent particle capture. Such predictions have not been tested 
experimentally. 

For the case of no electrostatic repulsion between particles 
and media surfaces the filter coefficient has been obtained from 
analysis of numerical simulation of particle trajectories. The 
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Figure 2. Net interaction potential for a I "m particle 
approaching a flat plate. 

resulting empirical equation presented in Tien and Payatakes 
(1979) is 

~ a 1. (I -Po) 
2 d, 

[ 
A ]t (lip ] ~ + 0.56A, P,<!JU dm 

[ ] 

1.2 [ dp ] -0.4 ] 
+ 0.0024 A, ~ d, (4) 

where Po is the clean bed porosity. The first term on the right 
hand side represents particle collection by Brownian motion and 
includes a panicle size dependence of d; 213• Within the first term 
is the parameter A, that depends only on porosity and corrects 
single collector capture for conditions in a packed bed (Tien and 
Payatakes, 1979). For example, when Po "' 0.4, then A, • 38. 
Also appearing is"'' fluid viscosity, k, Boltzmann constant, ~.nd T, 
absolute temperature. The second term on the right hand side of 
equation (4) represents interception collision and includes a parti
cle size dependence of dJ 318 and a very weak dependence on the 
Hamaker constant, A, that appears as a parameter in the London • 
van der Waals attractive force calculations. The final term 
accounts for gravitational sedimentation and includes the ratio of 
particle settling velocity, v,, to fluid velocity, U, and when Stokes 
law applies 

(5) 

with g the gravitational acceleration constant, and Pp and Pr. the 
particle and fluid density, respectively. Their analysis of gravita
tional sedimentation was for fluid flow in the direction of gravity, 
typical of filter designs but not necessarily subsurface flows. 

The predicted filter coefficient expression in equation (4) 
represents conditions where there is no electrostatic repulsion 
force. Experimentally measured filter coefficients are generally 
within a factor of two of the values predicted from equation (4) 
when either surface charges have been neutralized or the electro
lyte concentration is high. Since many hydrogeological environ
ments have sufficiently high ionic strengths to mask electrostatic 

192 

'b 
:a
u 

SENSITIVITY ANALYSIS M- .01 MID 

""11:1~00.1f1J'D .. .. ... K .... 'I!' .& .......... .. 

~ ----------------------------------··--""·················-------•...••.•..••...•.•.. 

r:. ___ .......... --------------------·- -----------··-.... -.. ··- -.. 

Figure 3. Sensitivity of particle migration dis
tance, 1/~. to variations in approach fluid flow velo-

gl
city, p. ford, = 0.1 em, A = to· 13 erg, and Pp = 1.5 

em. 

·· .... 
···· ... 

·· .. 

forces, equation (4) can bC examined for its sensitivity to system 
conditions, particularly particle size and density, media size, and 
fluid flow velocity. While~ could be plotted directly, !/.).is more 
useful as it provides a characteristic distance over which the parti
cle concentration is reduced to C0 e- 1 or 0.37C0 • Thus, 1/~ can be 
viewed as a migration distance for 63 percent removal by clean 
media. This migration distance roughly corresponds to the width 
of the mass transfer zone depicted in Figure I . 

In Figure 3 the inverse of the filter coefficient is plotted as a 
function of particle size for three approach velocities. The three 
curves have the same general shape of increasing migration dis
tance with an increase in particle size up to I ~tm where Brownian 
collisions dominate. Then a steep decrease in migration distance is 
observed with increasing particle size when interception and gravi
tational sedimentation dominate particle-media collisions. Parti
cles in the size range of I to 10 ~tm have the greatest mobility 
which increases with increasing flow velocity. For the condition 
of no electrostatic repulsion, particle capture within porous media 
at groundwater flow velocities up to I 00 mid is predicted to limit 
the effective mass transfer zone to less than I 0 em. 

Sensitivity of particle migration distance to media size is 
shown in Figure 4. As in Figure 3 there exists a window of parti
cle sizes near I J.IM with the greatest mobility when Brownian and 
gravitational sedimentation collisions tradeoff. At a particle den
sity of 1.5 glcm3

, interception dominated collisions are 
insignificant compared to gravitational sedimentation and this also 
explains why migration distance is relatively insensitive to media 
size at larger particle sizes. For the stated conditions, the third 
term of equation (4) dominates and predicts that 

A-I ex ~6 (6) 

The curve for dm = 0.01 em terminates at dp 10 "'m because 
straining is predicted through equation (I) to pr~vent all particles 
larger than that size from entering the porous media. Brownian 
particle capture is strongly dependent on media size. With a 
media of size 10 em, an expected migration distance approaches a 
relatively short I 00 em, assuming laminar flow conditions con
tinue to hold. 

Figure 5 illustrates the sensitivity of migration distance to 
particle density under typical aquifer conditions of a I m/d flow 
velocity and a 0.1 em media. Since gravitational sedimentation 
dominates over interception, except when Pp = Pr = 1.0 g/cm3, 

large particle migration is strongly dependent on the density 
difference. Brownian particle capture is insensitive to particle 
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Figure 4. Sensitivity of particle migration distance, 
I/}!., to variations in media size, d,, for U = 1 mid, 
A= 10- 13 erg, and Pp = 1.5 g!cm3• 

density. In general, destabilized particles, those that stick when 
they collide with particle or media surfaces, are predicted through 
equation (4) to have relatively limited migration. Greatest mobil
ity is expected for low density particles within the size range of 0.1 
to I 0 I'm at high flow rates in porous media composed of large 
grains. 

When the suspended particles are not completely destabil
ized, that is, dispersed such that electrostatic forces exist during 
particle-media collisions, theoretical predictions and experimental 
data differ by orders of magnitude. The theory predicts that the 
filter coefficient is extremely sensitive to electrostatic forces such 
that small changes in surface charges are nredicted to essentially 
stop particle attachment during Brownian collisions (Ruckenstein 
and Prieve, 1973; Spielman and FriedlanJer, 1974) and during 
interception collisions (Spielman and Cukor, 1973). Experimental 
data show a relatively weak dependence of the filter coefficient on 
particle and media surface charges with variations in filter 
coefficients from I to 3 orders of magnitude (lves and Gregory, 
1966; FitzPatrick and Spielman, 1973; Jordan et a!., 1974). Hogg 
and Yang ( 1976) have show theoretically that particle attachment 
in the secondary minimum is much less sensitive to particle sur
face charge and aqueous chemistry compared to capture in the pri
mary minimum. However, Bowen and Epstein's (1979) experi
mental data on particle capture by a Oat pla'e cannot be described · 
by collection in a secondary minimum. 

Equilibrium Deposition And Permeability Reduction 

If particle-media attachment and/or particle-particle attach
ment are energetically favorable, then particles will accumulate as 
a deposit occupying part of the available pore space. This deposit 
causes a decrease in media permeability resulting in either lower 
fluid flow rates if the driving pressure is constant, or higher pres
sure losses for a constant flow rate. This coupling between parti
cle deposition and permeability reduction controls particle 
accumulation and possible nuclide isolation within the porous 
media. 

For particle surfaces that have an electrical charge opposite 
that of the media, at most a monolayer of deposit is expected. 
Rajagopalan and Chu ( 1982) modeled particle accumulation by 
assuming a deposition rate and a release rate from the media sur
face such that an equilibrium in particle deposit resulted. While 
the authors acknowledged that particle release does not actually 
occur from the deposit, the assumed kinetic expressions provided 
a convenient method of modeling the experimental observations. 
For small particles dominated by Brownian deposition, Heert.ies 
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Figure 5. Sensitivity of particle migration distance, 
1/A, to variations in suspended particle density, Pp. 

for U = I mid, dm = 0.1 em, and A = w- 13 erg. 

and Lerk (1967) did not detect a reduction in permeability follow
ing attainment of an equilibrium deposit. The filtration model of 
Wnek et a!. (1975) incorporated a charge balance for the filter 
media so that the electrostatic force between particles and coated 
media was continuously updated during particle deposition. Their 
model was successfully fit to Heertjes and Lerk's ( 1967) data. 
Adamczyk et a!. ( 1983) have provided an extensive review of the 
literature on particle collection on single spheres, cylinders and flat 
plates. They showed that predictive theories for particle collection 
on oppositely charged surfaces are within 20 percent of theoretical 
predictions. 

If particle-media and particle-particle attachme~ts are ener
getically favorable, then particle deposits accumulate within media 
pores and substantially alter media permeability to fluid flow. The 
rate of deposit accumulation is equal to the rate of removal of par
ticles from solution, which under steady flow conditions is 
represented by 

au = -U ac 
at ax (7) 

where u is the deposit in units of mass of particles retained per 
fluid volume of bed. Since deposited particles act as collectors for 
other particles, the kinetic expression in equation (2) must ack
nowledge that the filter coefficient depends on<Ule deposit 

:; = -}l.(u) C (8) 

There are many proposed expressions for the functional depen
dence of the filter coefficient on the deposit, and all contain one or 
more parameters that must be determined by fitting the expression 
to experimental data. Tien and Gimbel ( 1982) summarize a 
number of the proposed expressions. In general, the presence of 
some deposit on the media surface increases the filter coefficient 
over the clean bed value because of the greater surface area avail
able on the dendritic deposits that are formed (O'Melia and Ali, 
1978). Further increases in the particle deposit results in pore 
space restriction and greater pore space restriction with increasing 
pore fluid velocity that hinder particle collisions. At some level of 
particle deposit accumulation, no further deposition takes place 
and an equilibrium is established. 

A number of researchers have approached particle accumula
tion within filters as a chromatographic front as Figure I might 
suggest. lves ( 1963) and Herzig et al. ( 1970) have derived the 
following relationship between suspended particle concentration 
and particle deposit 



C(x,t) u(x,t) (
9

) 
"""""C;;- = u(x=O,t) 

When the particle deposit reaches a maximum deposit of CTmu, the 
equilibrium zone is predicted to migrate at a reduced velocity U0, 

according to 

Co u. = u --
CTmu 

(10) 

While equations (9) and (I 0) are frequently assumed to hold for 
operating filters, experiments generally do not observe attainment 
of a uniform equilibrium deposit with depth (Ives, !961; Cleasby, 
1969; Adin and Rebhun, 1977; Letterman et al., 1979; Sandza, 
1981; Rebhun et al., 1984). There are a few studies that have 
found experimental data that are in agreement with equation (9) 
(Srinivasan, 1981; Soo et al., 1985a, 1985b). The major difficulty 
in extrapolating linear chromatography theory to particle collec
tion is that the retained particles can drastically alter the media 
permeability. 

For clean porous media, the hydraulic gradient can be 
represented by the Carmen-Kozeny equation for a packed bed of 
irregular particles 

. db 150vU (I - Po)2 

lo =- dx = gd;. p~ (ll) 

where h is the hydraulic head, or Ouid energy per unit mass, and 
i09 the hydraulic gradient for the clean bed. The media permeabil
ity, k, as used in equation ( 11) is given by 

dl pl 
k = ._.!!!_ 0 

150 (I - p0 )
2 (12) 

and the frequently used hydraulic conductivity, K, of Darcy's Law 
is included asK = gk/v. 

As particles accumulate within media pores, equation (II) 
does not apply because the deposited particles roughen the surface 
and decrease the porosity. Many researchers have attempted to 
model the increase in hydraulic gradient as particles deposit; for 
summaries of proposed models, see Herzig et al. ( 1970), Sakthiva
divel et al. ( 1972) and Tien and Gimbel ( 1982). The analysis of 
Sakthivadivel et al. ( l972) concluded that the available models 
could each be fitted to experimental data, but the semi-empirical 
correlations could not be applied to new situations. 

SUMMARY 

The simultaneous analysis of particle capture and permeabil
ity reduction has been extensively researched but predictive 
models are not available that can be generalized. An examination 
of some of the available data on particle accumulation and per
meability reduction arrived at the following qualitative concepts 
for constant Oow conditions (McDowell-Boyer et al., 1985). 

I. Actual measurements of equilibrium deposit and permea
bility reduction are difficult to acquire due to substantial varia
tions occurring over relatively short distances (centimeters). 
Simultaneous measurements of deposit and permeability or 
hydraulic gradient are rarely taken simultaneously over centimeter 
sized intervals. Deposit profiles can be recorded by using X-ray 
absorbing materials that provide spatial resolution down to a cen
timeter (Stanley, 1955; Ives, 1961; Sandza, 1981; Srinivasan, 
1981 ). The alternative is to determine deposit accumulation 
through integration over time of equation (7) from discrete meas
urements of suspended particle concentration at various depths 
and times (Camp, 1964; Wright, 1983). 

2. The mass of deposit in the equilibrium zone can be fairly 
small in comparison to the pore volume available. For example, 
Cleasby's ( 1969) data indicate that approximately 2.5 grams of 
clay was retained per liter of bed. For a clay particle density of 2.5 
glcm3 and an initial porosity of 0.4, this amount of clay represents 
only 0.25 percent of the pore volume. Such maximum loadings 
are typical and explained by the highly porous nature of aggre-
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gates. A similar retention of clay particles was reported by Hunter 
and Alexander (1963) along with only a 10 to 20 percent decrease 
in permeability. Somewhat greater deposits are reported when 
coagulants are added resulting in deposits that occupy I to I 0 per
cent of the pore volume and reduce the permeability by one to 
two orders of magnitude (Cieasby, 1969). 

3. Simple two dimensional filters composed of cylinders 
have allowed observations of particle capture and of deposit mor
phology (Camp, 1964; Payatakes et al., 1982). As particles accu
mulate, some pores become plugged by a porous and permeable 
deposit that continues to collect particles. As flow through the 
deposit is restricted through plugged pores, the interstitial velocity 
increases in the remaining pores that remain open since the shear 
stress exceeds some critical value as discussed below. The fluid 
flow path through open pores can become very tortuous as fluid 
streamlines avoid clogged pores. 

4. A critical flow velocity exists for a particle suspension 
such that no particles will accumulate above that velocity. At 
Ouid velocities below the critical velocity, particle deposits accu
mulate up to the level that qualitatively corresponds to the inter
stitial velocity that gave no deposition (Hunter and Alex
ander, 1963; Maroudas and Eisenldam, 1965a, 1965b; Kreissel et 
al., 1968). The amount of material deposited in the equilibrium 
zone is a function of the pore size and the poorly defined concept 
of aggregate strength (Hudson, 1948; Adin and Rebhun, 1977). 

5. The actual mechanisms that maintain an equilibrium 
deposit are not agreed upon. Some explanations are based on ero
sion as a linear function of amount deposited, although this 
assumption conOicts with experimental measurements that show 
there is no erosion when clean water flows through a filter at the 
identical velocity used for particle deposition (lves, 1970). Con
versely, particle size distributions exiting the equilibrium zone are 
about an order of magnitude greater in size than the infiuent parti
cles (Sandza, 1981 ). A photographic study of deposit 
accumulation by Payatakes et al. ( 1981) showed that the equili
brium is a dynamic process with accumulation of individual parti
cles or smaU aggregates followed by aggregate erosion and later 
capture downstream. 

6. For an existing deposit of fine particles, a critical velocity 
exists that will initiate erosion of the deposit into the flowing fluid. 
This critical velocity, acting as a surface shear stress, is a function 
of particle aggregate characteristics. Most of the research in this 
area has been done on erosion of clay particles where the strength 
of the clay mineral deposit strongly depends on clay mineralogy 
and aqueous chemistry (Khilar et al., 1985). Clay minerals within 
media pores can undergo swelling and erosion in response to 
changes in electrolyte composition. When saline water within an 
aquifer is replaced by freshwater, the permeability can decrease by 
orders of magnitude as either the clay swells or the clay disperses 
and blocks pores (Hardcastle and Mitchell, 1974; Goldenberg et 
al., 1983, 1984; Khilar and Fogler,l983, 1984). This phenomenon 
is termed "water sensitivity" by the petroleum engineers and is 
observed during water flooding operations used in secondary oil 
recovery. 

7. The summary thus far has been limited to considering 
particle deposition under constant flow conditions where particle 
accumulation causes a reduction in permeability and an increase 
in pressure drop across the media. Natural and altered subsurface 
Oows are driven by constant pressure gradients that result in dec
lining Oow velocities as permeability is reduced by particle accu
mulation. Experiments that measure particle accumulation within 
a column under constant pressure conditions, while typical of 
natural conditions, are very difficult to generalize. For example, 
Groesbeck and Collins ( 1982) showed that a slight increase in 
media size in a 20 em column resulted in the column going from 
completely plugged to only a slight decrease in permeability. 
Another problem of interpretation is that an average permeability 
is calculated for the column when the deposited particles are 
observed to accumulate near the entrance (Groesbeck and Collins, 



1982). Thus, the experiments become a function of the column 
length and generalization is hindered. 

8. Besides the coupling between the flow, the aqueous chem
istry, and the particle deposition, thermal gradients produced by 
waste canisters can alter particle deposition. The geothermal 
literature has recognized that cooling fluids can result in precipita
tion of particles either in solution or attached to media surfaces. 
These particles can plug formations if they are reinjected (Weres 
and Apps, 1982). Palmer and Cherry (1984) discuss similar, anti
cipated problems of precipitate accumulation when aquifers are 
used for heat storage. 

CONCLUSIONS 

Colloidal matter and particles are transported by fluid flows 
through porous and fractured media. The factors that control 
mobility are varied and include size, surface chemistry, aqueous 
chemistry, and fluid flow rate. While the filtration literature con
tains extensive theoretical developments, the conditions in natural 
and altered subsurface environments preclude predictive modeling 
of particle capture, subsequent permeability reduction, and depo
sit resuspension. Experimental investigations guided by develop
ments in colloidal science and the filtration literature are needed 
to understand the processes occuring within porous and fractured 
media. With an understanding of the fundamental processes, 
prediction of particle and radionuclide migration can be 
attempted over time scales of thousands of years as is needed in 
evaluating nuclear waste disposal options. 
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MULTIPARAMETER TESTING OF PERMEABILITY 
BY THE TRANSIENT VACUUM TECHNIQUE 
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ABSTRACT 

This method measures media permeability 
under unsaturated conditions by radial air 
withdrawal rather than by axial injection of 
air. Therefore, large-size specimens or 
entire models of rock or concrete can be 
tested without leakage and confinement 
complications. The identical equipment and 
technique can also be used to measure rock or 
concrete under in-situ conditions. Using 
high-sensitivity vacuum transducers and fast 
data acquisition it was possible to estimate 
permeability not only from steady-state 
measurements but also from the late time 
portion of the pressure recovery curve even 
at high values of dimensionless storage 
constants. The transient vacuum evaluation 
is especia 11 y useful under field conditions 
because it does not require knowledge of 
drainage area. The technique proved to be a 
highly responsive fracture indicator. An 
increase of permeability with decreasing 
humidity was observed during tests performed 
under various humidity conditions. 

INTRODUCTION 

The vacuum permeability technique 
is a further development of the permeability 
measuring technique used at Ontario Hydro 
Civil Research by Loughborough (1966). A 
similar technique based on evacuation of 
concrete was later used by Figg (1973). 
To interpret measurements under field 
conditions a better understanding of the 
combined effect of humidity and temperature 
on the measurements was needed. Therefore, 
vacuum permeability tests on models made of 
concrete of various composition and size were 
carried out in the laboratory under 
controlled humidity and temperature 
conditions. The vacuum permeability 
technique lends itself to testing of dry or 
partially-saturated porous or fractured 
media. 
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TESTING PROCEDURE 

In order to induce airflow in the tested 
medium, a hole of 1.3 and 1.5 inches in 
diameter was drilled through the medium; it 
was then sealed off and evacuated. Pumping 
of the tested hole was continued until 
steady-state conditions of flow were reached. 
(Sar Vac Vacuum Pump 8804 was used for the 
experiments). When steady-state conditions 
were established, the evacuation was stopped, 
and the response of the medium was observed. 
The pressure, air flow, humidity and 
temperature of the medium and of the ambient 
air were recorded. The required draw-down 
and recovery times depended on the 
permeability of the medium: in high permea
bility concrete the recovery was completed 
within a few minutes; in very low 
permeability concrete the recovery took 
several weeks (up to 30,360 minutes~ The 
lowest level of permeability detection was 
controlled by the leakage of the vacuum 
system;. This leakage rate was 0.01 torr/min 
at the 4 to 50 torr level, 0.005 torr/min at 
the 100 tor~ level, 0.003 torr/min at the 150 
torr level and negligible above 150 torr. 

The pressure was measured by high
precision sensors in a range from 0 to 1000 
torr with a full-scale accuracy of 0.05% (1 
torr a 0.0193 psi). The air flow from the 
tested medium was measured using hot-wire 
mass ~low transducers in three ranges: 0 to 

~~3~:/n~:nT~?1! t;ui01°-:::i:i:c~~~a0c: 0w!~ ~~~ 
Flow rates below detection limit can be cal
culated using Boyle's law as demonstrated by 
Bordman et al (1966). Although the analog 
recording of slow recovery processes can be 
done directly from the signal conditioning 
unit (Dicon DI 1000), we found it necessary 
to use a data acquisition system (Daytronic 
Model 10K7 Data Pac). For convenience an on
line computer was used for immediate evalua
tion. 

The following example illustrates the 
evaluation of the test results using 
experiment 211A (concrete cylinder material 
B, r /rw = 13.85). In the test chart (Fig 
1), ~e pressure decreased during evacuation 
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until the ultimate pressure of ~75 torr was 
achieved after 49.62 minutes. The stabilized 
flow was q = 10.9 cm3 /min with a standard 
deviation oft 0.066 cm3/min (Fig 2). A cor
responding steady-state relative humidity of 
43.7% was achieved at 25.1°C (Fig 3 and 4). 
After 60 minutes evacuation the test hole was 
shut off and the pressure and humidity build
up recorded. 
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Using the recorded data, either the 
steady-state or the transient pressure 
section of the curve can be evaluated. While 
under field conditions, the extent of the 
drainage area is usually not precisely known 
and therefore steady-state evaluations are 
problematic, both approaches are possible 
under laboratory conditions where the outer 

. ' 



boundary of the tested medium is known. The 
steady-state permeability was calculated 
from: 

11 ln(r /r )Tf 
k a 5,885 e w Qsc 

h(P2 - p2 ) 
e w 

k permeability in mD; 11 = viscosity in cp; 
re radius of the drainage area; 
r radius of the test hole; r; = temperature in °R; h = thickness of the 

the tested zone in em; 
P = pressure at the outer boundary; in torr; 
pe = pressure in the test hole; in torr; 
Qw = flow in cm3/min at standard conditions. sc 

The domains of storage effect (slope = 1) 
and linear flow (slope 0.5) were 
numerically identified as lasting for 112.58 
minutes of the recovery time (log recovery 
time = 2.0515 on the type curve in Fig 5). 
It was then num~rically established that 
radial flow existed between Horner times from 
0.1303 to 0.1071 (corresponding recovery 
time from 171.58 to 214.58 minutes). 
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The permeability was calculated according to 
the simplified equation for pressure build
up: 

k .. 2 537 l1 TZ Q 
' h m sc 

k, 11• T, Qsc' has previously defined and Z 
gas factor. 

m • 
p2 - p2 

e w 
t +lit 

log~ 
lit 

pressure at the outer boundary in psi 
pressure in the test hole in psi 
.. pumping time; At = time increments 

of the recovery phase. 

The Horner plots for the concrete cylinders 
resembled those of gas wells in tight 
formations with a constant pressure outer 
boundary. The dimensionless storage 
constants of the cylinders were high: 

Cd 

~ = porosity; ct = effective isothermal 
compressibility of the system. 

In such cases the storage and boundary 
effects are not sufficiently distanced on the 
Horner plot for reliable interpretation and 
the identification of the slope m is 
unreliable (Chen et al, 1978). This problem 
was circumvented by the use of transducers 
sensitive to minute changes of pressure and 
by fast data acquisition to obtain a large 
number of readings. By these means, 
sufficient data were collected and the 
straight plot was identified before distor-



.. 
I 

l 

tion due to the boundary effect. Numerical 
differentiation of the Horner plot provided 
the slope m. In the specific case of test 
No. 211A, 570 pressure readings collected 
within 4353 minutes proved to be sufficient. 
An amplified view of the Horner plot shows 
the late time part of the curve from which 
the average slope iii= 201.5 (standard 
deviation ±39) was calculated (Fig 7). 
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The steady-state permeability values 
compared well with permeabilities obtained 
from the pressure transient analyses within 
15% to 20% of the standard deviation of m, 
the latter being consistently lower than the 
former. 

RESULTS 

Three sizes of concrete cylinders 
(diameter = 45.72 em, 30.48 em, 15.24 em; 
with 3.3 em and 3.81 em centre holes; height 
= 53.0 em) were tested. They were of four 
compositions each: 

A - ~~::~~ ~;~:h~0Con~~~t:g/m3 
Fly Ash 13 kg/m3 
Coarse Aggregate Maximum Size 
W/C + FA ratio 0.50 
(Material No. 3874) 

40 mm 

\ 
\ 
0.18 
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B- ~~::~! ~;~:h~0Con~~~t~g/m3 

c -

Coarse Aggregate Maximum Size 20 mm 
W/C Ratio 0.41 
(Material No. 3870) 

High-Density Concrete 
Cement Type 40 405 kg/m3 

Coarse Aggregate: Magnetite Maximum 
Size 20 mm 

W/C Ratio 0.37 
(Material No. 13454) 

D - High-Density Concrete 
Cement Type 50 328 kg/m3 

Silica Fume 82 kg/m3 

Coarse Aggregate: Magnetite Maximum 
Size 20 mm 

W/C + SF Ratio 0.35 
(Material No. 13453) 

Details of the composition of the high
density concrete are given by Hooton (1985). 
The permeability results are shown in Table 
I. 

TABLE I 

Material 

A B c D 

r /r Permeability (IJD] 
e w 

4.61 8 15 1580 9920 

9.23 296 41 10 175 

13.85 355 22.7 235 31 



Duplicate tests were carried out for each of 
the values. There was no obvious relation
ship between change in materia 1 s and 
variation in permeabilities. This implied 
that it was the micro-fractures rather than 
matrix properties that controlled the permea
bility of concrete. 

In order to determine the sensitivity of 
the technique, two very fine radial fractures 
were induced in one of the cylinders 
(material B) by means of an automated 
borehole dilatometer (Koopmans and Hughes, 
1984). As an impression packer test showed, 
two fractures in the micron size range were 
created at an angle of 45° (Fig 8). 

Fig 8 Dilatometer induced fractures 
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The re/rw ratio of the cylinder was 
13.85; the fractures remained internal only, 
not reaching the surface. Re-testing the 
cylinder after fracturation, we observed a 
decrease of the pressure recovery time from 
18,240 minutes to 280 minutes and a doubling 
of permeability from 22.7 1-1D to 461-1 D. The 
marked response to discontinuous fractures of 
such a small size confirmed the high fracture 
detection sensitivity of the testing 
technique. 

Because of the fre2uent presence of water 
in concrete below 50 C, the effect of the 
water vapour on the pressure recovery process 
was investigated. Under the effect of 
evacuation (to about 1 torr), the water 
present in the fractures and pores e_vaporated 
as the previously balanced water vapour 
saturation was disturbed. As t-he water 
vapour was pumped out along with·the air, 
the water in the tested media continued to 
evaporate into the evacuated hole until its 
partial pressure constituted a large portion 
of the total pressure at the steady-state 
vacuum. This effect was previously observed 
during in-situ vacuum testing of rock 
(Jakubick, 1984). 

The following humidity conditions were 
tested in the lab for effect on permeability 
(Table II): 

1) 

2) 

J) 

outside boundary humidity, RH , higher 
t h a n i n t h e t e s t h o 1 e , R'1i , ( a t . w • 
laboratory temperature in a humidity-
controlled environment); 

outside boundary humidity comparable to 
test hole humidity (at laboratory 
temperature); 

outside boundary humidity lower than test 
hole humidity (at elevated temperatures). 

Before the test, the temperature of the 
concrete cylinders was equilibrated with that 
of the ambient ai~ 



TABLE II 

T RH !::.e k 
e 

(oC] [%] [torr] [l.iD] 

24.2 95.0 16.40 27.4 

24.2 95.0 15.51 27.4 

25.6 55.0 6.78 38.7 

24.2 41.7 2.85 35.0 

30.2 20.6 -2.12 38.0 

35.8 11.0 -5.60 37.6 

40.8 4.3 -9.98 38.1 

44.8 0.0 -16.40 44.9 

50.0 0.0 -18.69 40.5 

!::.e water vapour pressure gradient 

At ambient temperatures there vas a 
discernable permeability increase vith 
decreasing media humidity. At elevated 
temperatures and at decreased humidity the 
permeability further increased. 

CONCLUSIONS 

Although it vas previously shovn that the 
transient vacuum analysis provided 
satisfactory results when used for 
measurements of in-situ permeabilities 
(Jakubick, 1983), testing under all 
conceivable field conditions is needed in 
order to interpret complex fracture systems. 
In conjunction with nuclear vaste disposal, 
the evaluation of the technique at 
temperatures above 50°C is required. 
Finally, the combined effect of thermal, 
pressure and hygrometric conditions on 
permeability warrants additional research. 
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ABSTRACT 

Performance assessment of the 
· conceptual design of a nuclear waste 

repository involves the evaluation of 
various coupling modes within the basic 
flow and transport processes. The 
coupling modes of interest induce the 
onset of thermohaline currents in the 
saturated domain on top of the repository. 
Once this convective pattern is formed, 
continuous circulation of the bulk fluid 
may give rise to the multiple steady 
states of the chemically reactive species 
in motion. _In this technical 
communication we present a synthesis of 
the state-of-the-art knowledge of this 
problem, propose an approach to 
subsequently study the data uncertainty 
effects on numerical simulation schemes, 
and illustrate the derived results with a 
Basalt Waste Isolation example. 

I. INTRODUCTION 

Singularity theory, linear 
perturbation analysis, and the method of 
energy can be combined to study the 
various coupling modes of hydrogeological 
processes extant near a nuclear waste 
repository. Directly above the 
repository, possible postclosure scenarios 
under investigation resemble that of a 
thermally induced continuous stirred tank 
reactor. In this situation, it is shown 
that effective permeability and bulk 
decay-reaction rate can play a dominant 
role in the stability of the multiple 
steady state~ of a coupled velocity (V)
concentration (C)-temperature (T)-field. 
Consequently, the nonlinear behavior of 
the (V,C,T)-field governed by the scaled 
transport operators and the equation of 
state is highly sensitive to certain 
disturbances to the in-situ conditions and 
the chemical parameters. 

As a result, knowledge -of the Rayleigh 
(Ra) and the Damkohler (Da) numbers for a 
fractured porous medium may be used to 
select suitable methods of solution for 
the (V,C,T)-field simulation. 

On the other hand, uncertainty in the 
data base and errors incurred by parameter 
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identification procedures may be regarded 
as stochastic disturbances of the above 
dimensionless numbers. This allows 
assignment of physically reasonable 
probability distributions to a class of 
characteristic parameters involved in the 
dimensional analysis. In this sense, the 
resulting mean values of these two numbers 
and their associated variances are found 
to form a set of criteria for the 
statistical classification of the coupling 
modes. Such criteria can be used to 
examine the validity of the application of 
predictive models by a comparison to the 
critical values derived independently from 
the stability analysis. Near the 
bifurcation threshold, numerical 
approximation assumptions, geometry of the 
grid mesh, and convergence to the steady 
state solutions must be carefully examined 
to ensure the accuracy of the simulation. 

II. PEVIEV AND SURMARY OF EXISTING RESULTS 

A. GOVERNING EQUATIONS :COUPLED RYSTEM I 
[1,2,4,6] 

The conservation mathematical 
statements are well known and summarized 
as follows: 

1. Conservation of fluid mass: 
v .u = 0 

2. Conservation of momentum with 
Boussinesq's approximation (Darcy's 
law): 

u =- K/1'f (Vp- fg) 

3. Conservation of energy: 2 ~ CPV( 'OT/'0 t + u. VT- K.V' '1') 
= -~H V ko exp!-E/RT} c 

- h A IT - Tal 

4. Conservation of spec~es mass: 
~cnt + u. \/c - D ~ c 

. = -k0 exp!-E/RTl c 

5. Equation of state-for the bulk fluid 
density: 

~ = ~ O [ 1 - 0( ( T -TO ) - 0<'0 ( c - c 0 ) ] 



B. STABILITY CONDITIONS 

Using linear perturbation analysis and 
the method of energy, it can be shown that 
the onset of instability of convection is 
the violation of the following 
inequalities: 

1. Monotonic stability: 

Ra + S < 41\'2 

2. Dual Stability: 

(sRa + rS)/(r+s) < 41'(2 

The onset of free convection is 
independent of the magnitude of the 
horizontal fluid current. This is due to 
the fact that a translational moving 
reference frame may be attached to the 
lateral flow to preseTve the validity of 
the stahili ty analysis. 

C. GOVERNING EQUATIONS : COUPLED 
SYSTEM II 

Under the thermohaline convection 
mode, by integration over the saturated 
volume of influence and by first-order 
npproximation, the involved conservation 
laws may be written as: 

1. Conservation of energy: 

~ CpV!dT/dt - U(T0 - T)} 
=- ~H Vko exp(-E/RT)c - hA(T-Ta) 

2. Conservation of species mass: 

dc/dt - U (c0 - c) = - ko exp(-E/RT), 

where U = F/V. 

These equations are similar to those 
pertinent to a continuous stirred tank 
reactor system. 

D. NONDIMENSIONALIZATION OF SYSTEM II 

By appropriate redefinition of the 
independent variables, system II of 
coupled transport equations may be written 

as: 

1. 

2. 

dX 1 I d t = - X 1 + D . ( 1 - X 1 ) 
exp(X 2 ,(1 + (x 2;t, ))) 

dX2/dt = - x2 + B Da (1 - X ) 
. exp(X 2 /(1 + (x 2;-g ))) - (3(x 2 -x2 a) 

where 

3. x1 (c0 - c)/c0 , 

4. x2 = ~(T- To)/T 0 , 

5. 't: = tR/U, 

6. ~ = E/RT 0 , 

7. B =(-~H) c 0 'lS/f CPT 0 , 

8. Da = (k0 e- '1S tR)'t: , and 

9. ~ = (h A tR/Vf CP)rz;' . 

E. SINGULARITY ANALYSIS OF SYSTEM II AND 
CLASSIFICATION OF MULTIPLE STEADY 
STATES [6] 

Let X1s and X2 s he the steady state 
solutions of D.1 -and D.2. Then 
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and 

where 

3. Da0 = ko 
and 

~0 = h A 

are reference values of D and A · a 1- , 1.e., 
Da = Da0 't: 

and 
. ~ = ~o rc 
4. Let m1, m2 be the solutions of 

(a G ;ax 1 s ) = o , 



then multiple steady states occur for [3]. 

5. 

and for Damkohler numbers in the range 

6. Da(m 2 ) < Da < Da(m 1 ), 

which correspond to E.3, E.4 and E.5. 
Details of singularity analysis of system 
II are given in [6]. 

III. STATISTICAL CONSIDERATIONS POR 

NUMERICAL SIMULATION OF COUPLED 

HYDROGEOLOGICAL PROCESSES (1,3] 

A. ENGINEERING APPROACH TO UNCERTAINTY 
ANALYSIS 

In the postclosure performance 
assessment of the engineered barrier 
systems for a high level waste (HLW) 
repository, we are interested in the 
numerical solution of the coupled 
transport equations. The accuracy of the 
simulated processes and their sensitivity 
to the variation of the physica~ 
parameters depend strongly on the coupling 
modes, based on the knowledge of the 
dimensionless numbers R, S, r, s, m1, m2 , 
Da(m1) and Da(m2). The ~ominant factors 
for monotonic instability are: 

1. Ra = (c<pT g/V) (Kd 2 / K. ), and 

2. S = ( O(c Pc g/'V) ( K il2/D). 

Estimates of the first factor can be 
reasonably accurate. Consequently, the 
engineering design procedure would involve 
the statistical assessment of K d ~ ann 
D • ' ' rv 

Once the uncertainty effect of the 
data base is known to the second factors 
mean and variance of R and fl can be ' 
estimated. The multipl\city of the steady 
states of the concentration field will be 
evaluated by means of variance analysis of 
the Damkohler numbers or the associated 
dominant factors arising from II.E.1. A 
sketch of the procedure for such 
statistical analysis has been given in 
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B. ILLUSTRATION PROBLEM 

An illustration of the proposed 
ap~roach for the transport of uranium 
(U +) in the uranite oxidized state is 
given for the Basalt Waste Isolation 
Project (BWIP). The hypothetical 
repository is located within the Cohasset 
Flow, and the affected saturated zones are 
assumed to be defined from above by the 
Vantage Interbed, or the Mabton Interbed. 

TABlE 1 : rata fbr tre Uranium Trarlsp:)rt 
Prd:l1an in B::lse1 t arrl Otiler 
ftauDpticm 

Bmmrt;em 

Cirol1ar Rep:si toiy' r 
H:!:iglts af Affecterl futura:b:rl Zcre, d 

Antmim 1 st;..Onler Ra:ciicn 
~~mr,l<"-o 
-ktivatial fu:!rgy, E 
...l!l:euo:xt11BIIic ctmtant, R 
~eld 'l'aDp3mtllre 

Hee:t af ~cn,AH 

Sp:ci:tic Ha:tt for futurata:l. B::lselt, <), 
'lremB1 C'.crrllrli vtcy, ~ 
'lh3rm:ll Di:f.t\.si vtt;r, K.. 
'lremB1 Elq:ersicn Coeff'icia'It,o< 
Up.ard Tanp3ra1ure Gmlia'It, PT 
fulk Vertical ~c C'.crrllclivities, K 
Effective fura:rl:t;v, cf> 
Fluid Ims:i. t;v' f 

Valtm 

10-1 s:;c.-1 
5.Ef5 X 1 o4 J /rrole 
8.134 J ,ICK-m:lle 
YJfk 
2.5 x 1cP J/IIDle 

1 ,a:n. J~CV. 
1 .62 W/m-Ol _ 
0.16 X ~js:;c, 
3.7 x 1u ~ <1<: 
4.:o x 1cr2 <1<:/m 

1~, 1o-6 m/s::c. 
10'""-' 
1,1m. Kg/~ 



TAB[E 2: &:me Rmi.ble Cc:up1_jm Mcrles Aff!cl:i.r\g tie Trarep:>rt af 
Uranium (U'f-+) for Bill' Site 

Mem Variarre Critical Vahm 
or~ 

Ra 27.5 Var(lcgRa) 41t2 
:!:4 

Da 2.23ld~ Var(J..c@a) 
:!:4 

[Dal :!:1cr-2, 1 
D~1(J"'] 

Comprehensive numerical results of the 
uncertainty analysis tabulated above will 
be documented in a forthcoming technical 
report. 
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NOTATION 

A virtual heat transfer area 
B adiabatic temperature rise 
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Numerical 
Problens 

Ce1Js or Rolls Numerical 
af B1mrd. DisiEI'sicn & ~ 
CcrMclim afGridGe::netry 

c species concentration 
cp specific heat 
d depth of affected saturated porous 

medium 

E activation energy 
F effective influx rate of fluid 

bounded by V 
g gravitational acceleration 
h heat transfer coefficient 
AH heat of reaction 
ko reaction constant 
K permeability of porous medium 
R thermodynamic constant 
t time 
tR reference time 
T temperature 
Ta ambient temperature 
To temperature of repository top 
u velocity of fluid phase 
U F/V 
V saturated volume of influence above 

the repository 
x2a normalized ambient temperature 

Dimensionless Numbers 

s 

r 
s 

- g t Damkohler number, ko e R 
thermal Rayleigh

2
number, 

~~gK d/~\J 
solute Rayleig~ number, 

o<c Be g K d /D>J 
Prandi!i' number, 'V/~ 
Sch111idt number, v/D 

Greek Symbol 

thermal expansion coefficient 
solute expansion coefficient 
upward temperature gradient 
upward concentration gradient 
dimensionless activation 
energy, E/RT. 
bulk fluid density 
thermal diffusivity 
dispersion coefficient 
fluid viscosity 
kinematic viscosity, .f/f 
porosity 
resident time in V, tR/V 
del operator 
Laplacian operator 



HYDRODYNAMIC DISPERSIO~ 

M.H.L.Pryce 

Physics Depa.r.tment, 
University of British Columbia 

Vancouver, B.~ •• Canada., V6T 2A6 

ABSTRACT 

A dox.inant mechanism contributing to 
hYdrodynamic dispersion in nuid .notoJ 
throu~h rocks is variation of travel 
speeds within the channels carrying the 
fluid, 1>1hether these be interstices bet
~reen gra i"ns 1 in granular rocks, or 
cracks in fractured crystalline rocks. 
The complex interconne ctions of the 
ch-u1nel s ensure .':l mixing of those parts 
of the n uid tfhich travel more slowl v and 
those which travel faster •. On a macro
sconic scale this can be treated statis
ticallY in te~s of the distribution of 
times taken by a particle of fluid to move 
from one surface of constant hydraulic 
notential to another, lotoJer, potential. 
Over distances large comnared with a 
~rain size in the one case, or the micro
crack length 1n the other, correlations 
become lost, ~nd one can then trace the 
snatial develonment of the time-distribu
tions as tbough thev were convolutions of 
!~dependent probabilities. 

The distributions i~ the individual 
ch'3.nnel s are such that very lorw; travel 
times make a very import:=tnt con~rlhution. 
Indeed, while the mean travel time is 
related to distance by a well-defined 
transoort snead, the mean square is effec
tivelY infinite. This results in an asvm
rnetri·:al nl u'!le •t~hich -differs m9.rkedlv 
from a ~9.Ussian shape • 

The distribution of 'llicroscopic 
tr:=wel times is related to the distribu
tion of aPertures in the interstices, or 
in the microcracks, which in turn are 
affected in a co•llPlex waY by the stresses 
-~ctin~ on the rock matrix. 

or sP-.:Rsro.IJ 

Consider a situation in which a 
fluiti (,;r;roundtoJater) flows throu;->;h a ner
rneable medi~'ll such as sand, sandstone or 
i~neous.rock permeated bv fractures of 
various si7.es. For si:nplici tv I shall 
assume that the physical conditions gover
ninll; the flow are independent of time. 
Transient .conditions can be dealt with 
1 ater. Again, for sirnplici tv of exposi
tion, I shall suppose that the floN is in 
a certain sense one-dimensionu. Again, 
three-dimensional flow can be dealt with 
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later, though it it requires making more 
careful distinctions than I can do here 
without diverting from the salient feqt
ures of what I want to discuss. 

The topic is hydrodynamic dlsnersion, 
namely the phenomenon that different 
elements of fluid crossing the s~me hvpo
thetical surface dr<:~.wn inside the medium 
may travel at di fferer.t speeds •. Consequ
ently, the time taken by elements of the 
fluid which cross one surface ~t the same 
time to travel downstream to ~nether sur
face is not the same for all the·elements. 
When I speak of "elements of the fluid" 
1n the conte~t of ~ nuclear ~aste repos
itory, I am mainlY referrin~ to dissolved 
molecu.les or ions of r.<:~.dioactive snecies, 
because it is their transport through the 
rock which is of concern. Since these <01.re 
carried by the fluid, it is b'l.sic'lllv the 
now of water molecales which governs the 
process. so, for the puroose of exposi
tion, let me refer to the elements 'l.S 

"molecules". 

In the context of nucle~r ~~ste 
disposal, the time taken b\' radio~ctive 
substances to tr~vel from. the reoo!';i tor\· 
to the biosphere is of central imnortance. 
Insofar as this mav he affected bv hvdro
dynamic disPersion, we•need to u:1derstand 
the process of di sP•~rsion •. Person<<ll v, I 
think that the effects of disnersion are 
unimportant - but one has to be sure. 

Since, on a microsconic sc~e, the 
flo•tl follows tortuous paths, encounterinP: 
manY stagnant regions, different molecules 
will have a wide diversity of transit 
t1~es in going from one plane tr~nsverse 
to the flow, to another plane further 
downstream. Although there Nill exist ~ 
shortest time (greater than zero), cor
responding to the fastest p~th, for 
practic'll purposes there will be no upoer 
limit to the transit time. This is bec·:~.use 
molecules may get trapped for indefinitely 
long times ia stagnant regions. J\.1 thouR;h 
infinitelv long times will not reallv 
occur, since diffusion will eventu~llv 
allow anv molecule to get b'3.ck into t'he 
stre"llll, for the purnoses l>~e hqve ·in mind, 
the upper limit to the travel ti~e is 
effectively infinite. 



The crucial point is that the mean 
S·1Uare of the ti:ne required to travel from 
one nlane to another is for all practical 
purooses infinite. so, ~though there is 
a well-defined mean travel time, 1qhich is 
pronortional to the distance bet\'l'een the 
ol'3.nes, '3.nd l'l'hose coefficient of propor
tionality defines ~n effective mean trans
nort sneed, the vari'3.nce is infinite. 

This irnnlies that the statistical 
distribution of the travel times does not 
aporoach a normal distribution as the 
distanc~ of travel increases indefinitely. 
Much of simple statistical theory relies 
on the central limit theorem, but the 
conditions for its validity are not ful
filled here. 

Nevertheless it is possible to work 
out a useful stochastic description of 
dispersion. Let us start bv analyzing a 
simple situation in ~hich the micro
scooic'3.ll v r~ndr:nl v distributed flow 
channels throu~h the medium are, on a 
macrosconic scale, statistic~lY uniform
lv distributed. Assu~e that the flow is in 
the x-direction, and that the average 
transnort sneed is V • The precise def
inition of V will become clear as we 
r:levelon the ~mal vsis. 

We wish the analvsi.<> to be ':l.PPlic'lble 
to the resnonse to different hvdrqulic 
~radients. This imPlie~ ~hqt the local 
velocl ties :'1111 be different in different 
hvjrauli~ ~radiants • In the present 
aonlicqtlons the Reynolds numbers are 
very small, so that the loc:u velocities 
'3.re all prooortional to the hydraulic 
gradient, and scale linearlv with V. 

Let us consider two Planes, x : a 
and x : a + b, ~nd let us study the 
1istribution of times taken for molecules 
to travel from one plane to the other. The 
mean ti~e is b/V • To exploit the way in 
which the local ,velocities ·-sc,ue with V , 
we introduce a vari&ole, s , with the 
dimensions of a length, such that the 
time taken by a selected molecule to 
tr'3.vel from one plane to the other is 
s/V • 

If 'lie no·11 stud·r the statistical 
dic;tribution of the transit times, this 
cqn be convenientlY rePlaced b.Y the 
distribution of the variable s, in terms 
of a nrobab1litv distribution p(b;s) ds 
for s to lie in an interval ds • The 
distribution is normali?.ed bv 

J..op (.b; s) ds ~ 1 
0 

The tr:otnsnort speed V is imnlicitlv 
defined bv the relation 

(DI)s 
j n(b;s) ds = b 

0 

(1) 

(2) 

The distribution n(b;s) depends on 
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b • We can comment on two extremes. When 
b is small in comparison with the scale 
of the microstructure of the medi~n (e.g, 
the grain size), the distribution in s/b 
becomes the distribution in the product of 
V and the reciprocal of the x-comnonent 
of the local velocity field. For the 
present investigation this is of no 
interest. 'N'hen b is large in comparison 
with the scale of the ~icrostructure, the 
distribution in velocities (more strictlv 
in their reciproc3.l s) on the planes x :. a 
and x = a + b become more and more 
statistic9lly uncorrelated as b ino
reases. We shall henceforth concentrate 
on distances sufficiently large that we 
c~n assQ~e total loss of correlation. 

We now consider three successive 
planes, with coordinates a , a f b and 
a ~ b + c , and enquire '3.bout distribu
tion in times taken to travel 1) from 
the first to the second, 2) from the 
second to the third, and 3) from the first 
to the third. Call these times respect
ively t 1 = s1/V , t 2 = s 2 /v and t .. 

t1 + t2 = s/V. Then the probab111tv 

distribution for s1 is 

p (b; s1 ) ds1 , 

for s 2 it is 

n(c;s2 ) ds2 , 

and for s it is 

p(b-+ c;s) ds. 

Since s = s 1 + s2 , and the pro'ba
bilities are uncorrelatect, we h~ve 

p(b-tc;s) -::(Sn(b;st) p(c;s-st) dsl 
Jo - (J) 

This convolution relation is mo!'e 
easilv handled in te~s of LaPlace tran~
forms with respect to the variable s • 
To this end we introduce a variable w , 
conjugate to s , and whose dimensions 
are those of a rec1nroc·ll length, and 
define the Lapl<.~.ce transform q (b;w) bv 

q(b;w)-:: s:-ws n(b;s) ds (4) 

The relationshio (3) then implies 

q(b-+ c;w): q(b;w) q(c;w). (5) 

The convolution rel<.~.tionship 1." 
valid provided that b <.~.no c are 
larger than the correlation le ngth sc•=tle 
of the now ch<.~.nnel s. For granular rocks 
this means some thin~~; larger th•=tn a few 
times the grain si~e. For fractured 
igneouc; or metamoruhic rock it is mo!'e 
difficult to give a clean interpretation. 



In most situations it can be regarded as 
"gre!:lter than the scale of the most impor
tant water-bearing fractures", leaving 
open the vexed question of which those 
are. For the present discussion I will 
suggest, very tentatively, that 10 meters 
is sufficiently large; and that we are 
gain~ to be interested in the effects of 
dispersion over distances in excess of 
100 meters, so that the present analysis 
does have a range of applicability. 

The solution to (5) is 

q(x;w) = exp(-xf(w)) , (6) 

~here f(w) is a function of the complex 
variable w • which is well-defined qnd 
an·'<lVtic for 'lll values of w whose 
re~ part is gre3ter than zero. It has a 
brqnch-ooint tvoe of singularitY at w o. 

The normalizing relations (1) and (2) 
imply that f and its first derivative 
tend to 0 and 1 respectively as w 
appro~ches 0 from the allowed domain. The 
fact that the second moment of the travel 
time is infinite indicates that the second 
derivative of f tends to infinity as w 
':lPnro:sches 0 • 

I have studied a few simplified 
models of microscopic flow paths, to 
guide me in understanding the nature of 
the function f(w), and these suggest thg,t 
for small value~ of the complex variable 
w , the funotiort has the form 

~ f(w): w - B w + smaller, (7) 

where the power. index-~ lies between 1 
!:lnd 2. The variable w and the function 
f both h!:lve the dimensions of g,n inverse 
length. The coefficient B has the dimen
sion-=: of ,g, length r'lised to the oowera(-1. 

As the distance travelled gets 
longer !:lnd longer, it is the behavior of 
f(w) in a smaller !:lnd smaller region near 
w 0 which determines the travel-time 
orob'lbility distribution. For very long 
distance~ it is adequate to reolaoe (7) 
bv the approximation 

at f(w) = w - Bw (7a) 

If one substitutes the corresponding 
L!:lpl!:lce tr!:lnsform into the stand!:lrd 
inversion formul!:l, one finds that the 
distribution function for the travel time, 
P(x; t) dt , 0::1n be exoressed in terms of 
an index p , er, ual to the reo i oroc<tl of 
~ , and a function of a non-dimension!:ll 

vari:sble u , defined bV 

u : (Vt-x)/ (Bx)' , (8) 

in the form 

P(x;t) dt : (Vl(Bx)P) FCp,u> dt (9) 
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where F((3, u) is a nondimension 11 real 
t'unction of the index ~ and the non
dimensional real variable u • The latter 
can be looked upon as a scaled mer; .t!'e of 
the arrival time, measured from the 
arrival time of a hvoothetical element 
of fluid travelling-~t the mean transoort 
speed V • 

The index (!:. is a characteristic of 
the structure of the medium. It lies 
between 0.5 and 1.0. A plausible model for 
flow through fractured crystalline rock 
suggestsol: 7/4, i.e. {!>= 4/7. 

For a given value of (3 , the func
tion F, looked on as a function of u , 
the scaled time deviation, is asvmmetric-
9lly peaked. The maximum is reached at a 
slightly negative value of u. In other 
words, the peak breakthrough occurs a 
little before the arrival of fluid travel
ling at the mean speed. From the early · 
side the peak rises very steeply. On the 
late side it falls off more gently. 

P oan be expressed as a power series 
1n u , namely 

F( J, u):.~ I u n-r (nA) sin(nfti3)/\(n). (10) 
1 1f""=' r 1 

About twelve terms of thi~ series 
are adeQuate to ~ive convergence over the 
range covering the Peak and down to 5~ on 
both sides. Beyond this, asvmototic exor-: 
es~ions are available to calculate the 
t~us. 

r-
( 

- ----'---L 

-l 0 u 

Figure 1. Breakthrough curve for 
4/7 



Fi;z;ure 1 shot'l.r; a plot of F(4/?,u). 
This could ba annronrb.te fo::- the bei",._vior 
of fr~cture~ crrstalline rock. It can be 
interpreted in terms of a situation where 
some chemical snecies is injected uni
forml v over a nl'llle x.,.. 0 over a short 
time interval,· and one is monitoring the 
concentration as a function of time on a 
plane some large C.i.::-";a.nce X downstre'3.111. 

One could -llso ask the closely rel
ated !lUestion about the spatial distri
bution of the dissolved species at sorne 
fixed, large, time after injection. I 
shall not enter into the detail~ here. 
It is fairlv obvious how to connect the 
tNo questions. 

What this analysis suggests is that 
hvdrodYnstmic dinersion should be charac
terized bv t~o !lUantities :- an index~ 
(or its reciprocal o( ), and a coeffi
cient B , with the dimensions of a length 
raised to the power II( -1. 

It is common en~ineerlng pra. ctice 
to fudge dispersion ~s though it mimicked 
the effects of diffusion, by adding the 
nroduct of the ~rRnsport s~eed and the 
"diffusivity" to the true diffusion 
cceeficient (which is ~ene rallv small 
1n comna.risoa), ~nd treating the sum as 
an effe~ctive diffusion coelfficient. It 
corresponds to the limiting-case «:~( = 2, 

c~.. :: 0.5 of the present analycois, where· 
the coefficien~ B is closelv related to 
the diffusivitv. It is not a verv satis
factorv rP-nresenta.tion of dispersion, 
tho~~h it does give some useful insights. 

One of its attractions is that it ~an t. 
represented by a partial differential 
equation, for which computer rou:ines 
exist. This attraction is somewr.at illus
or:v, for the particular differenti.-ll 
eouation is troublesome in regard to 
numerical stabili tv. 

In the applications to nuclear ~aste 
disposal, what is mainlY reauired is a 
response function to the in.1ection of 
solutes at the boundarv of the re~ositcrv. 
The present analysis is capable of furni
shing this. 

This account is necessarilv greatlv 
simplified. It has not touched on trans
verse dispersion; nor on flo~ which is 
not "one-dimension'll "; nor on the cffec";s 
of ti:!n-dependent rock properties; nor on 
the effects of spatial variations in rock 
properties; nor on the effects of dis
persion at less extreme di~tances, where 
the approximation (?a) is inadequate, but 
where there are verv interesting effects. 
I believe that all of the above topics 
can be Qealt with r~tionallv by refine
ments of the present analysis. 

In closing, I would like to p."l.V 11-r
service to the central theme of +-!'>~ r. rvm
posium by remarking that the diffe~ent 
stresses in the rock at different der.ths 
will modify the geometry of'the channels 
through which the groundt'fater flows. There 
should be some interesting rese"'.rch to '.:Je 
done on hot'l f3 and B are 11f~ected bv 
in situ stresses. Though I hgve been em
phasiz~ng the hydraulic a~nects.of the 
phenomenon, it· should be eviden' tr.g,t 
it is strongly affected by mechanical 
factors. 
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SLIP-FLOW EXPERIMENTS IN WELDED TUFF: 
THE KNUDSEN DIFFUSION PROBLEM 

Daniel C. Reda 
Fluid and Thermal Sciences Department 

Sandia National Laboratories 
Albuquerque, NM 87185 

ABSTRACT 

Gas-phase permeability experiments, using nitro
gen, were conducted on a sample of densely welded 
tuffaceous material from the Nevada Test Site. The 
primary independent variable was the average pore 
pressure, which was systematically varied ·from 13.1 
to 0.1 MPa; net circumferential stress was maintained 
constant at 4.3 MPa. Gas permeability was found 
to be a strong function of pore pressure, undergoing 
an order-of-magnitude increase as pore pressure was 
reduced over the stated range. Based on these mea
surements, the Knudsen diffusic.n coefficient for water 
vapor, at 296 K, was calculated to be ~ 3.2 x 10·7 

m2 /s and the material's averl'l.ge pore diameter was 
estimated to be ::::: 8 x 10-9 m. Comparison of this 
length scale with mercury intrusion porosimetry re
sults showed agreement to within one order of magni
tude. 

A core cross-sectional area 
b Klinkenberg constant 
DK = Knudsen diffusion coefficient 
dp average pore diameter 
dmol diameter of molecule 
kc; absolute gas-phase permeability 
kL absolute liquid-phase permeability 
L = core length 
Me gas molecular weight 
mmol = mass of molecule 
p = pressure 
Pc = confining pressure 

Pr average pore pressure, 
(PI+ P2)/2 

t:.P pressure drop along core, 
(PI- P2) 

Q volumetric flow rate 
R universal gas constant 
Rc gas constant 
T temperature 
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Subscripts 
atm 

H20 vapor 
max 

mzn 

N2 
p 

1,2 

gas mean free path length 
gas viscosity 
tortuosity factor 

= porosity 

at atmospheric pressure 
water vapor 
maximum 
minimum 
nitrogen 
at average pore pressure 
upstream, downstream of core 

INTRODUCTION 

Experimental and theoretical efforts are under way 
to investigate the technical feasibility of nuclear waste 
isolation within proposed geologic repositories. The 
Nevada Nuclear Waste Storage Investigations (NNWSI) 
Project is addressing the feasibility of isolating heat
producing waste canisters within welded tuffaceous 
rocks located above the water table. In order to ac
complish this task, the physics of two-phase flows (of 
water and water vapor) through partially saturated 
tuff, driven by coupled thermal/ hydrological effects, 
must be understood (see Tsang, 1984). In addition, 
the impact of these coupled thermal/hydrological pro
cesses on repository design must then be evaluated. 

One such coupled thermohydrological process en
countered in low permeability tuff is the Knudsen dif
fusion of water vapor, driven by temperature-induced 
vapor pressure gradients. Whenever the mean free 
path length of any gas approaches the same order of 
magnitude as the pore dimensions of the permeable 
medium through which it flows, noncontinuum gas dy
namic effects become important. Gas molecules ad
jacent to pore boundaries no longer adhere to these 
boundaries and "slip-flow" phenomena are encoun
tered. Klinkenberg (1941) has shown that this re-
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FIG. 1: Schematic of Apparatus 

duced resistance to gas flow, which occurs on a mi
croscopic level, can be quantified by the measurement 
of a macroscopic parameter, the gas-phase permeabil
ity (kc;). His laboratory results showed that kc scales 
with the average pore pressure of the gas (Pp) in the 
following manner: 

(1) 

where kL is the single-phase liquid permeability and 
b is a constant of proportionality dependent on the 
gas/medium combination under study. In the limit of 
infinite gas pressure, kc approaches kL. 

The objective of the present research was to inves
tigate the Knudsen diffusion regime for gas flows in 
welded tuff. Results of these experiments were then 
used to determine values for the Knudsen diffusion 
coefficient as well as the average pore diameter of the 
material. 
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_EXPERIMEN'tAL APPROACH 

Experiments were conducted ~m a cylindrical core 
sample of unfractured welded tuff taken from the Busted 
Butte outcrop of the Topopah Spring Member of the 
Paintbrush Tuff on the Nevada Test Site. This core 
had a diameter of 5.54 em and a length of 6.36 em. 
Material effective porosity, determined in previous liquid
permeability experiments (Reda, 1985) was0.106. The 
core was dried in an oven at 70°C for 4 days prior to 
mounting in the core holder. This procedure, plus the 
subsequent passage of dry gas through the core, en
sured that the core was in a fully dried state prior to 
the gas-phase permeability measurements. 

Figure I shows a schematic of the test apparatus. 
Net circumferential stress on the core (Pc- Pp) was 
maintained constant at 4.3 ± 0.2 MPa. All experi
ments were run at a temperature of 296 K. 

Dry nitrogen gas was used as the working fluid. 
Average pore pressure (P P) was systematically varied 
from a maximum value of 13.1 MPa to a minimum 

.· 
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FIG. 2: Gas Permeability versus Inverse Pore Pressure 

value of 0.1.'> MPa through utilization of a pressure 
regulator upstream of the core and a dual-micrometer 
flow control valve downstream of the core. Upon the 
attainment of a steady-state pressure drop (~P) across 
the core, the gas volumetric flow rate through the core 
at atmospheric pressure (Qatm) was measured. (The 
instrument used for this purpose was a gas-collection 
device incorporating a sliding-seal piston in a grad
uated glass cylinder.) For the isothermal flow of an 
ideal gas, it can be shown that 

PQ = constant (2) 

Hence, 

[ P~tm] Qp = Pp Q~tm (3) 

Darcy's law was then used to calculate the gas-phase 

permeability 

k = [Qp~-taL] 
G A~P 

(4) 
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RESULTS 

Measurements of gas permeability as a function of 
inverse pore pressure are shown in Figure 2. Gas per
meability was found to increase by an order of magni
tude, from :::::: 5 X 10-l!J m 2 to :::::: 50 Y, 10-I!J m 2 , over the 

pore pressure range 13.1 ? P, ? 0.1 MPa. A linear, 
least squares fit of the data, extrapolated to infinite 
pore pressure, yielded an intercept (inferred perme
ability tO liquid) of 6.3 X 10-I!J m 2 , within 13 percent 
of the previously measured kL value of 5.6 x w-lv m2 

(Reda, 1985). The value for the Klinkenberg constant 
(b) was 0.76 MPa. 

Hadley (1982) has shown that the Knudsen dif
fusion coefficient ( DK) can be calculated from the 
Klinkenberg constant in the limit of zero liquid sat
uration 

(5) 



The Knudsen diffusion coefficient for nitrogen, at 
296 K, was thus calculated to be 

{6) 

Dullien (1979) has shown that DK scales with the 
inverse square root of gas molecular weight 

DK = dp J8RT 
3r 1rMc 

{7) 

Converting the nitrogen result of Eq. {6) to the molec~ 
ular weight of water vapor, at 296 K, yields 

• -7 
DK, H:O vapor = 3.2 X 10 m 2 /s {8) 

Equations (6) and (7), or Eqs. (7) and (8), can then 
be combined to solve for the average pore diameter 
of welded tuff (dp)· Assuming a value of 5 for the 
tortuosity factor r yields 

{9) 

A self-consistency check on these empirical results 
was then made. The estimated pore diameter of Eq. 
(9) was compared to the range of gas mean free path 
lengths (.\) experienced under present test conditions 
(see Vincenti, 1965): 

{10) 

where >.,..," ::::: 5 x 10- 10 m and Amaz ::::: 4 X 10-8 m. 
Results showed >.,..;" < dP < Amaz• consistent with the 
experimental observations of Knudsen diffusion effects 
shown in Figure 2. (Note: This observation would still 
hold for an assumed tortuosity factor of 10.) 

Another experimental method which can be used 
to estimate pore size distributions is mercury intru
sion porosimetry. In this technique, measurements 
are made of the pressure increases required to force 
additional volumes of a nonwetting liquid (mercury) 
into the pore space. In order to convert such pres~ 
sure/volume measurements into pore size information, 
one must invoke the "bundle of capillary tubes" model 
(see Dullien, 1979). In this model, the pore volume is 
assumed to be a bundle of parallel capillary tubes of 

different diameters and equal lengths; every capillary 
tube is assumed to have a uniform diameter along its 
entire length. 
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Given these assumptions, it is apparent that mer
cury intrusion does not reveal the presence of the 
larger internal pores that are separated from the sam
ple exterior by smaller diameter necks or restrictions. 
As pressure is increased, mercury is ultimately forced 
through these restrictions and into adjacent {larger) 
pores which lie beyond; the incremental volume asso
ciated with this penetration is then assigned to cap
illary tubes of diameter equivalent to that of the re
strictions. Dullien (1979) has discussed the caveats of 
this method in some detail. In summary, he notes, 

"The danger inherent in such models is 
that, owing to their simplicity, they be
come popular and some people may be
lieve that they closely approximate real
ity, in this case, the actual pore structure. 
In fact, nothing could be farther from the 
truth." 

Nevertheless, since the mercury intrusion technique 
is one of the methods commonly used to assist in the 
overall characterization of geologic materials, it was 
felt that a comparison of pore sizes determined from 
mercury-intrusion and Knudsen-diffusion experiments 
would be informative. Such a comparison is shown in 
Figure 3. 

No mercury intrusion data were available for welded 
tuff from the Busted Butte outcrop. However, such re
sults were available for a sample of densely welded tuff 
taken from the same geologic unit: Topopah Spring 
Member of the Paintbrush Tuff, Yucca Mountain, Nevada 
Test Site, borehole USW G-4 1158 feet (353 meters). 
The liquid permeability of this sample ( 1.9 X w- 18 rn2 ) 

was comparable to that of the material tested herein 
(see Peters, et al., 1984). 

As can be seen in Figure 3, the fifty-percentile 
value determined by the mercury intrusion technique 

was ::::: 6x the "average" value (dr) determined from 
the Knudsen diffusion results. The "average" pore 
diameter determined from the mercury intrusion re
sults (i.e., the mean hydraulic diameter, defined as 
four times the ratio of pore volume to pore surface 
area) was found to be ::::: 4 x the Knudsen diffusion 
value. Given the uncertainties in the tortuosity factor 
for welded tuff, this comparison showed that the two 
techniques yielded comparable estimates (within one 
order of magnitude) for the average pore diameter. 

Present results have been input to the multiphase 
flow code NORIA of Bixler (1985) and numerical cal
culations are under way to determine the importance 
of Knudsen diffusion effects on repository design. 

.· 
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sr.MMAJJ.Y 3. The average pore diameter for densely welded 

Gas-phase permeability experiments were conduct
ed on a sample of densely welded tuff, with average 
pore pressure being the primary independent variable. 
Based on these measurements, and on analyses of re
sults, the following observations were made: 

1. Gas-phase (nitrogen) permeability was found to 
be a strong function of pore pressure, undergo
ing an order-of-magnitude increase as pore pres
sure was systematically reduced from 13.1 to 0.1 
MPa. The value for the Klinkenberg constant 
was found to be 0. 76 MPa. 

2. The Knudsen diffusion coefficient for water va
por, at 296 K, was calculated to be 3.2 X w- 7 

rn 2 /s. 
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tuff was estimated to be 8 x w- 9 m based on an 
assumed tortuosity factor of 5. 

4. Calculated gas mean free path lengths for this 
experiment were found to bracket the estimated 
average pore diameter, consistent with the ob
servations of conclusion ( 1). 

5. Mercury intrusion data to ::::: 400 MPa on a sim
ilar sample of densely welded tuff yielded an es
timate for the material's average pore diameter 
::::: 4 x larger than the Knudsen diffusion result. 

ACKNOWLEDGEMENTS 

This work was performed at Sandia National Labo
ratories supported by the U. S. Department of Energy 
under contract number DE-AC04-76DP00789. 



REFERENCES 

Bixler, N. E., (1985), "NO RIA-A Finite Element Com• 
puter Program for Analyzing Water, Vapor, Air, En
ergy Transport in Porous Media," Sandia National 
Laboratories, Technical Report SAND84-2057. 

Dullien, F. A. L., (1979), Porous Media: Fluid Trans
port and Pore Structure, Academic Press, New York, 
NY. 

Hadley, G. R., (1982}, "Theoretical Treatment of Evap
oration Front Drying," Int. J. Heat and Mass Trans
fer, Vol. 25, pp. 1511-1522. 

Klinkenberg, L. J., (1941}, "The Permeability of Porous 
Media to Liquids and Gases," American Petroleum 
lnst., Drilling and Production Practice, pp. 20D-213. 

Peters, R. R., Klavetter, E. A., Hall, I. J., Blair, S. 
C. , Heller, P. R., and Gee, G. W., (1984}, "Frac
ture and Matrix Hydrologic Characteristics of Tuffa
ceous Materials from Yucca Mountain, Nye County, 
Nevada," Sandia National Laboratories, Technical Re
port SAND84-1471. 

Reda, D. C. and Hadley, G. R., (1985), "Saturated 
Permeability Measurements on Pumice and Welded
Tuffaceous Materials," Proceedings 17th International 
Congress, International Assoc. of Hydrogeologists, 
Hydrogeology of Rocks of Low Permeability, Tucson, 
AZ. 

Tsang, C. F. and Mangold, D. C., editors, (1984), 
"Panel Report on Coupled Thermo-Mechanical-Hydro
Chemical Processes Associated with a Nuclear Waste 
Repository," Lawrence Berkeley Laboratory, Report 
LBL-18250, Univ. of California. 

Vincenti, W. G. and Kruger, C. H., Jr., (1965), lntro
(r~~tion to Physical Gas Dynamics, John Wiley and 
Sons, Inc., :'Jew York, NY. 

216 



'IHEORY AND APPLICATICN OF THE PORFJ:.ai MJDEL FOR ANALYSIS OF 
COOPIED E"U:M, HFAT AND RADIONOCLIDE TRANSPOR!' IN POOOUS MEDIA 

Akshai K. Runc:hal 

Analytic & Cclnputational Research, Inc. 
3106 Inglewood Boulevard 

Los Angeles, CA 90066 

This paper describes the theory and applica
tion of the .I?ORE'Lai IOOdel for analysis of coupled 
flow, heat and species transport processes in 
saturated, porous or equivalent porous media. The 
model is based upon the nodal point integration 
method. It inherently conserves mass and energy at 
both local and global scales. It provides for 
inhomogeneous, anisotropic and time-dependent 
properties and accounts for buoyancy effects due to 
density changes. It has been in developnent for 
over 9 years and its awlications have included 
nuclear waste disposal, geothermal storage, ground 
water resource management, chemical pollution of 
aquifers, and others. Two applications of the 
IOOdel to problems related to disposal of high level 
waste are described in this paper. 

The coupled fluid flow, heat and mass trans
port processes in geologic materials have becane a 
subject of considerable interest in recent years. 
Though such processes play an i.mportar.t role in 
nuclear, petroleum and reservoir engineering, the 
rrost recent expansion in the interest lies in the 
disposal of high and low level nuclear waste. Of 
all the suggested methods for dispos~l of this 
waste, that of deep underground burial in geologic 
formations has so far been recognized as the rost 
economical and technically feasible. 

The IOOSt important problem associated with the 
disposal of nuclear waste in geologic formations is 
the isolation of radioactive elements and their 
daughter products fran the accessible environment 
over a time span of tens to hundreds of thousands 
of years. Physical processes, human intervention, 
and natural events and episodes may all contribute 
to the roovement of radioactive material. However, 
transport by ground water is the IOOSt probable of 
all mechanisms for potential roovement of signifi
cant radioactivity to the accessible environment. 
This transport may be considerably influenced by 
the heat released from the decay of nuclear waste. 
Thus, the coupled processes of flow, heat, and 
species transport must be considered in any 
credible analysis of nuclear waste disposal. The 
PORFJ:.ai provides a tool for such analyses. 

The general methodology of the PORFJ:.ai IOOdels, 
and the specifics of sane of the versions, have 
been extensively verified against a number of 
analytic solutions, experimental and field data, 
and other numerical models (Runchal and Sagar, 
1985; Eyler and Budden, 1984; Fujioka and Runchal, 
1983; Kline et al., 1983; Runchal and Hocking, 
1981; Runchal et al., 1979, 1980, 1981). This 
paper describes the essentials of the mathematical 
and numerical basis of the IOOdel and t'NO of its 
awlications. 
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THE MATHElofATICAL BASIS 

The Manentum Balance ~ations. The m:rnentum 
balance for a porous med~um is expressed by a 
generalized Darcy's Law which, for non-isothermal 
conditions, is written as (Bear, 1972): 

u =- Kx ox P , (1) 
v = - Ky ( a y P + Rl , (2) 

where: 

p = p/( P* g) + y- y , (3) 
Kx = kx g P */f.J , (4) 

~ = ky g P*!f.J, and (5) 
= Pl P* - 1 • (6) 

In the above equations: 

U, V are the specific discharge or Darcy 
velocity components in the x- and y
directions, respectively, 

Kx, Ky are, respectively, the principal x- and y
directional cx:mponents of the hydraulic 
conductivity tensor, 

ax, oy denote partial differentiation with respect 
to X ana y, respectively, . 

p 
x, y 
R 
p 
p 
g 
y 

kx, 

f.J 
* 

ky 

is the pressure head at reference density, 
are mutually orthogonal coordinates, 
is a density-deficit parameter, 
is the thermodynamic pressure, 
is the mass density of fluid, 
is the gravitational acceleration constant, 
is a datum for the vertical (y) coordinate, 
are, respectively, the x- and y- oomponents 
of the intrinsic permeability tensor, 
is the rolecular viscosity of fluid, and 
denotes a reference value. 

The Pressure ~ation. The governing equation 
for pressure is otained by substituting the 
Equations 1 and 2 in the mass conservation equation 
for a compressible porous media. This equation may 
be written as (Runchal & Sagar, 1985): 

Ss 8tP = r-1 8x(rKx oxP) + oy(Ky oyP) + 
+ oy(KyR) + Sp , (7) 

with: 

Ss = a. + n a. f , 
Sp = rnv + n fJf. i3t T , 
O.f = p-1 ( o PI o P)T , and 
fit =-p-1 (oP/oTlp. 

In the Equations 7 through 11 above: 

S8 is the specific storativity, 
t is the time coordinate, 

(8) 
(9) 

(10) 
(ll) 

r is the radius of curvature which is assumed to 
be coincident with the x-direction for axially 
syrrmetr ic problems, 

Sp is the source term for pressure. 



is the effective porosity, n 
a is the soil compressibility divided by 

-specific weight of water, 
is the compressibility of fluid divided by its 
specific weight. 
is the volumetric injection (+) or withdrawal 
(-) rate per unit volume of the porous matrix, 
is the expansion coefficient of fluid, and 
is the temperature, and 

The Temperature Equation. The temperature equation 
for PORF'l:a'J is written as (Bear, 1972): 

8t (CeT) + r-1 Cf ax (rUl') + Cf ay (VT) = 
r-lax (rke axr) + ay (ke8yT) + 5T. (12) 

The Ce, Cf, ke and, Srr, terms are given by: 

Ce n P Cf + (1 - n) Ps cs (13) 
Cf = P Cf I (14) 
ke = n kf + (1 - n) ks , (15) 
Sor = ST + Cf T at (n P ) . (16) 

In the Equations 12 through 16: 

Ce is the effective specific heat of the porous 
matrix per unit vohune, 

T is the temperature, 
Cf is the fluid specific heat per unit volume, 
ke is the effective thermal conductivity, 
Sor is the rate of heat source (+) or sink (-) per 

unit volume, 
~ is the rate of heat generation (+) or absorp-

tion (-) per unit volume, 
Cf is the specific heat of water, 
c 5 is the specific heat of the solid, and 
Ps is the density of the solid. 

The Species Conc.~ntration Equation. The 
concentration equation for a chemical species 
can be written as (Freeze and Cherry, 1979): 

i.lt (n Rd C) -to r-1 ax (rOC) + ay (VC) = 
. r-1 ax(rnDx axe>+ ay(nDy aye)+Sc-nRdK'C 

Wlth: 
% 
Dx 
Dy 
u 
v 

v 

1 + (1-n) Ps kd I n 
J:M + aL u +aT v 

= 0>.1 + Ct__T u + aL v 
= u2'/(nV) , 
:• ~V) 1 and 
= ;uz + v2 • 

In the Equations 17 through 23 al:x:llle: 

% is the retardation factor, 

, (17) 

(18) 
(19) 
(20) 
(21) 
(22) 
(23) 

C is the concentration of the species in the 
fluid phase, 

Dx, Dy are ,respectively, the x- and y- direction
al cx:mponents of the total rolecular and 
hydrodynamic dispersion, 

Sc is the source of the species, 
Rc is the radioactive decay or chemical 

reaction constant, 
~ is the distribution coefficient. 
OM is the rolecular diffusivity of water, 
aL is the longitudinal dispersivity, 
aT is the transverse dispersivity coefficient, 
u, v are respectively, the particle velocity 

cx:mponents in the x- and y-directions, and 
V is the magnitude of the local particle 

velocity vector. 
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THE AUXILIARY RELATIOOS 

A number of auxiliary relations are required 
to solve the set of governing transport equations 
described above. These pertain to the specifica
tion of the fluid and host matrix properties and 
the source terms.- The mathematical framework of 
PORFI..Cl'l is general enough to accorrmodate virtually 
any of the available relations for these quantities 
and, many options are continually being added to 
various versions of the PORF'LCM model. Sane of the 
built-in options are described below. 

The Fluid Density. The density of most 
liquids is generally a much stronger function of 
temperature and concentration of dissolved species 
than that of pressure. In PORFLCM, the density 
changes due to pressure are ignored except in the 
compressibility term associated with specific 
stor a ti vi ty. The model provides three options 
for calculation of fluid density; these are: 

P = P* [ (Tc - T)/(Tc - T*)]a ,and (24) 
P = a + b T - c T2 + d T3 , (25) 
P = P* [1 +a (T*- T) + b(C*- C)] , (26) 

where a, b, c and d are empirical constants, Tc is 
the critical temperature, a~ * denotes a reference 
value of the corresponding quantity. 

The Fluid Viscosity. In general, the liquid 
·viscosity is a much stronger function of tempera
ture than that of pressure. The PORFLOW, provides 
three different options for calculation of the 
fluid viscosity; these are: 

11 aexp [b/(T+TAJ] (27) 
11 = a + b T + c T2 +d T3 , (28) 
11 11* exp[a (T*- T)- b (T*- T)2], (29) 

where a, b, c, d, are empirical constants, TA is 
the base temperature for conversicn to absolute 
units, and * denotes a reference value. 

The Source and Sink Terms. The source terms, 
ffiv (Equation 9), ST (Equation 16} and, Sc (Equation 
17) may be either constant or functions of time. 
In the latter case. these may be either tabulated 
or analytic functions of time. The tabulated 
values of the source terms may vary arbitrarily 
with time. The analytic options provide for two 
formulations: an exponential decay with time and a 
solubility-limited option. 

The built-in exponential decay formulation, 
for a source comprised of I components, is: 

s (30) 

where S is any of ffiv, ST or Sc, Si is the strength 
of the i-th component of source, fi is the charact
eristic time constant, t is the time 

The solubility-limited option is only avail
able for the Sc term where it is assumed that a 
finite inventory of the source material is initial
ly present. This material is then dissolved by the 
fluid such that the maximum concentratioo in the 
fluid phase does not exceed the solubility of the 



species. Specifically, the rate of dissolution of 
the species per unit width, ITt• is given by: 

me = J'vin (Cin - Cs) dN, 

where: 

(31) 

JTt is the mass of species dissolved by the 
fluid per unit width of the source zone 
normal to the plane of simulation, 

Vin is the specific flux (darcy velocity) of 
the incoming fluid, 

Cin is the concentration of the species in the 
incoming fluid, 

Cs is the saturation limit of the species, and 
N is the coordinate normal to the direction 

of flCM. 

The only decay term explicitly accarmodated in 
PORFJ:.OW is the term Rc in the Equation 17. This 
term represents the exponential decay of a radioac
tive species or chemical reaction rate through a 
simple Arrhenius reaction. With t* as the half 
life of the species, the decay rate is given by: 

Rc = ln(l/2)/t* • (32) 

BOONDARY AND INITIAL <DIDITIONS 

Well-posed boundary and initial conditions 
must be specified for successful solution of the 
governing equations. The built-in options in 
PORFJ:.OW consist of the Dirichlet, Neuman and mixed 
kind of boundary conditions. The initial condi
tions may be specified explicitly or they are taken 
bo be zero by default. 

THE Nt.MERICAL BASIS 

The General Transport Equation. The transport 
Equations 7, 12 and 17, all have similar mathemati
cal form and therefore can all be represented by a 
general equation of the form: 

a i1tF + r-1 ax (brUF - cxr <1xF) + 
<1y (tNF - cy 8yF) = SF - Sm F , (33) 

where F is the transported property, a, b, and c 
are the fluid or host media property coefficients, 
SF is the source term of F and Sm is the rate 
constant for reaction or removal of property F. 

An Outline of the Numerical Method. The 
PORFJ:.OW employs a canbination of the Nodal Point 
Integration (NPI) and the Alternating Direction 
Implicit (ADI) methods for transforming the 
governing differential equations into lineariz
ed algebraic equations. Sane models of the PORFIDi 
series also provide for a canbination of the NPI 
with one of the Successive-Over-Relaxation, the 
Strongly-Implicit-Procedure, the iterative-AD! and, 
the Cholesky deccmposition methods. A discussicn 
of these, including that of the· ADI is given, for 
example, in Varga (1962) and Yanenko (1971). 

The Nodal Point Integration Method. Though 
the NPI method bears some resemblance to the 
finite-element methods, it is simpler and more 
econanical. A major advantage of this method, 
over the finite-difference and finite-element 
methods, is that it intrinsically preserves the 
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material and energy fluxes both at local and 
global scales. It thus leads to more accurate 
formulations. The details of the NPI method are 
given by Runchal (1969) and Gosman et al. (1969). 
For integration by NPI, the field of interest 
is divided into a number of contiguous elements 
each of which acts like an individual control 
volume (Figure 1) • A nodal point is associated 
with each of these volumes or elements. The 
governing differential equation is then integrated 
individually for each control volume. 

TYPICAL ELEMENT 
OR CONTROL VOLUME 

!>••··----~- ···•··· ..•• --~--·- --- •.... ~-- ........ ;"-e-·· .. 

::::::::::::::::::::::::::::::::::::::+.:1.::~::1 
. ' 
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' ' ::.': . . ' . ' : 

.... -................... --... ~-·--·· .•. ;--·-----~-----~-·-~ 
:! 

~- .. J. ... ~.:.-~ •. ; ..• -~-+-~-·-· ·•· : .. ~-~--~--~--~-; ... 
...................... ~--~-- ... ----1--- .. -··-·· ·---~-- -· J .. l 

1 • I 2 ) o1 S & 1 8 9 10 11 

• GRID NODE 
----GRID LINE 
--- ELEMENT BOUNDARY 

" --· ' 

FIGURE 1. GRID AND <XNI'IDL VOLtM: ARRANGE:MENI'. 

The PORFLOW series of programs employ a 
sophisticated numerical approach for spatial 
integration to ensure unconditional (linear) 
stability. The spatial variation of state vari
ables, P, T and C, is approximated by appropriate 
profiles to ensure accuracy and s.:ability. The 
governing transport equation (Equation 33) consists 
of four types of terms: the accumulation terms, the 
convective terms, the diffusive terms and the 
source terms. The NPI treats the convective 
and diffusive terms in a unified manner; the other 
terms are treated individually. The manner of 
integration of these terms is explained below. 

Consider the x-directional convective and 
diffusive flux terms appearing in Equation 33. The 
integral of these terms over the volt:une of a single 
element sh<:Mn in Figure 2, r OX oy, is given by: 

Q GRID NODES 
GRID LINES 
ELEMENT BOUNDARY 

CONTROL VOLUME 
BOUNDARIES AT 
MID-POINTS OF NODES 

FIGURE 2. A TYPICAL INmGRATION <XNI'IDL VOLU>1E. 



I = f f r-1 8x(rWF -rex 8xF) r dxdy, (34) 
y X 

Integrating once: 

I = Ie - Iw , 
Ie = f [ (rWF - rex axF> el dy 

y 
f [ (rWF - rex axF>w1 dy 

y 

(35) 
(36) 

(37) 

where the subscripts 'e' and 'w' denote, respecti
vely, the average values for the 'e' and 'w' faces 
of the element shown in Figure 2. The integrand of 
Ie may be written as: 

r b u F - r Cx axF = r f(x,y,t) I (38) 

where f is a so-far undetermined function of x, y 
and t. An exact solution to this equation is: 

F = (1/A) ( /A B dx + c ) I 
A = exp /(-D) dx , 
a= f/ex, and 
D = bU/Cx. 

(39) 
(40) 
(41) 
(42) 

If it is assumed that, in the interval between 
x=xp and x=XE, the U, c;c, f and D can all be 
replaced by some representative values, u*, c*, f* 
and D*, then Equations 39 through 42 yield: 

F = - f*/bU* + C exp(D* X). (43) 

The two 'constants' , • f* and C, are obtained by 
recourse to the values of the variable F at the two 
nodes P and E. With reference to Equation 43: 

Fp = - f*/bU* + C exp(D* xp), and 
FE = - f*/bU* + C exp(D* XE). 

Rearrangement then yields: 

C 8F exp(-D* Xp) I (exp P*-1), 
8F = FE - Fp , and 
P* = D* (Xf: - Xp) 

(44) 
(45) 

(46) 
(47) 
(48) 

where P* is a Peclet number based an grid interval. 
Substitution of Equation 46 in 45 then leads to: 

f* = bU* [oF I (exp P* - 1) - Fp] • (49) 

The variation of the dependent variable F, 
between the nodes P and E is oow obtained fran 
Equations 43, 46 and 48 as: 

F = Fp + 8F[exp(D*(x-xp)) -1]/(exp P*-1). (50) 

The integral Ie can oow be evaluated fran the 
known distr ibutioo of F and the further assumpt.ioo 
that within the danain of integration the average 
values of all quantities at the element face 'e' 
are represented by their respective values at r-Ye· 
It is seen that if Ye is located at the middle of 
the range of integratioo in the y-directian, then 
this leads to a second-order a~roximatian. The 
integral in Equation 36 is oow given by: 

Ie = rebtJ* [ 8F/(exp P* - 1)-Fp] 8y • (51) 

The integrals for the other convective and 
diffusive terms are obtained in a sUnilar manner. 
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The Accumulation Term. The accumulation term 
is integrated by assuming that the values of the 
variables for whole of the element are represented 
by the nodal values. The integral of the accumula
tion term of Equation 33 is thus written as: 

I ace = f f a ( tF) eN dt , 
t v 

= ap(Fpn- FpO ) oVp (52) 

where the superscripts n and o denote, respective
ly, the "new" and "old" values. 

The Source Terms. The integral of the source 
terms is g1.ven by: 

Isor = 

= 

f f <Sr - Sm F) eN dt I 

t v 
(5r - Sm F)p oV 5t • (53) 

The Algebraic Analogue of the Differential 
Equation. An algebraic analogue of the general 
transport equation (Equation 33) can now be 
written in terms of the nodal values. With 
reference to Figure 2, this analogue is: 

Cp(Fpn_FpO)+ LAf<(Fp-Ft<)+ 5V Sm,pFp0 = 5VSF,P• {54) 
K = E,W,N,S 

where the subscripts P and K denote, respectively, 
the representative values for the grid cell P (in 
Figure 2) and any of the values for the four 
neighboring grid cells (E,W,N, and S). Sane further 
details concerning the coefficients of this 
analogue are given by Runchal and Sagar (1985). 

Polynomial Approximation. The exponential 
profile (Equation 43) forms the cornerstone of the 
PORFIDW discretization. However, the canputo.tion 
of exponentials can be expensive. The PORFLOW 
therefore provides alternative methods to evaluate 
the integrals. The exponential term of Equation 49 
can be expanded in power series to obtain: 

f* = bU* [OF/ (P*+P*2/2 + ••• )-Fp] I (55) 

If only the first term in the denaninator is 
retained, then fran Equations 48 and 55: 

f*1 = c* 5F/(XE - xp) - b U* Fp , (56) 

where f*1 is a first-order a~roximatian to f*. It 
can be shCMn that, in the above expression, the 
diffusion terms are still being a~roximated in a 
second-order manner. A second order a~roximatian 
is obtained as: 

f*2 = c* 5F/(XE - Xp) - b U* (EE;+Fp)/2 • (57) 

Equation 56 and 57 are also obtained from 
first and second degree polynanial assumptions for 
variatioo of F. These, respectively, correspon:! to 
the more familiar 'upwioo' and 'central-difference' 
discretization approaches (Roache, 1972). 

The PORFLOW provides for all three, the 
exponential, the first order, and the second order, 
approximations. The second order approximation, 
however, may lead to numerical instabilities if the 
value of P*, the local Peclet number, exceeds 2 
(Roach, 1972). In PORFLCM, therefore, the P* is 



'~ 

constantly IOOI'litored and if its value exceeds 2, 
then an autanatic shift to the 1 upwind 1 formula
tion is made. This method of enhancing stability 
is known as the hybrid scheme (Runchal, 1972). For 
computational economy, the PORFLOW provides an 
option to approximate the exponential term in the 
range between 0.1 and 10 by the formulae: 

EXP(-P*)=l-P*/(l+O.l661P*)3~ O.l<P*<l, (58) 
EXP(-P*)=l-l/[1+3.60344/(1+0.44P*)5]~ l<P*<lO. (59) 

APPLICATIOOS 

The PORFLOW IOOdel, or its versions, have been 
extensively used for a large number of problems~ a 
list of some of these problems, along with the 
references which provide the details of the 
applications, are given in Runchal (1985). Two of 
the applications related to high level nuclear 
waste disposal are described below. 

Heat Transfer fran A Waste Canister. This test 
case concerns heat transfer in the vicinity of a 
buried spent-fuel canister. A number of canisters 
are buried at a uniform pitch in holes drilled fran 
the floor of a series of uniformly spaced excava
tions (drifts) in a geologic formation. The 
geometry of a typical canister emplacement is 
illustrated in Figure 3. Due to synmetry, only 
one-half of a canister was considered. The heat 
capacity of the host rock was taken as 2.17 M1/m3K 
and the thermal conductivity as 1.80 W/mK. The 
.initial rock temperature was 26 ct and the ~'teat 
release rate fran the waste canister was defined by 
a three cx:mponent exponential decay of the form 
given by Equation 30~ the si and fi of this 
equation are given in Table 1. Further details of 
tl}is application are given by St. Jam (1985). 

TABLE 1. cx:.NSTAN1'S EUR EXl?aoiENl'IAL HE'AT I:EX:AY. 

~.i 
1 
2 
3 

DRIFl' 

CANISTER 
STANDOFF 
DISTANCE 

3.05m 

si (kW/cubic m) 
1.28210 
0.33796 
0.04067 

fi (lhear) 
2.626E-2 
2.068E-3 
5.222E-5 

f 
SOm 

SOm 

i 
FIGURE 3. THE ~IC · CF BURIED WASTE CANISTER. 
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The PORFLOW was used to obtain temperature 
distribution in the x-z plane (Figure 3. Due to 
the narrow canister spacing, the temperature 
variation in the y-direction was assumed to be 
negligible. This introduces sane errors in the 
imnediate vicinity of the canister~ however a few 
canister diameters away, this approximation is 
expected to be adequate. The temperature distribu
tion was obtained for two scenarios. In the first, 
the drifts were assumed to be ventilated at a 
constant temperature of 30 q:. In the second, the 
drifts were unventilated~ in this case the effects 
of natural convection were ignored but those of 
radiation were accounted for by enhanced diffusi
vity for the r<XIII air. These results were canpared 
with those obtained from an analytical model, 
TEMP3D, and a three-dimensional numerical IOOdel, 
'1'HElM3D (St. John, 1985). The 'IEMP3D is based on 
the analytic solutions for constant or exponent
ially decaying point sources in an infinite 
region. The 'l."HElM3D is a finite difference heat 
transfer IOOdel. The numerical results for the 
ventilated and the unventilated drift are canpared 
with the analytic results in Figure 4. 

CSl 
CSl 
N ~~~~--~~-r~--T--r~~~~~~--. 

....
. ' ................ ~-----·-·--·-----'·~-~-~-~---~-~-~-~-~·~-~-:·:·~-::· A CSl 

I(.Q , ...... ..... _ .. 
- -------- -

r
,,'~----''''-----------------------------:_ 

~N~LYTIC - VENTIL~TED 
NUMERIC~L - VENTIL~TED 
NUMERICAL - UNVENTILATED 
~N~LYTIC - UNVENTIL~TED 

TEMPER~TURE ~T !1.355,0.01 
I I I I 

3 6 9 12 
TIME CYE~RSJ ---> 

-

-

15 

FIGURE 4. aJo!PARISCN OF THE Ntlo1ERICAL AND ANALYTIC 
RESULTS EUR THE BURIED WI\S'lE CANISTER ProBLEM. 

The numerical results lie within the bounds 
predicted by the analytical IOOdel. In the analytic 
IOOdel, the ventilated drift was approximated by a 
fixed temperature boundary at the floor of the 
drift within a semi-infinite region. Since most of 
the heat transfer occurs at this boundary, these 
results are a good approximation to the ventilated 
drift. The unventilated drift was treated as an 
infinite region where the thermal properties of the 
drift were the same as those of the host rock. 
Given the approximations inherent in the analytical 
solution and in the numerical method, the two sets 
of results are in good agreement with each other. 

The PORFLOW results were also canpared with 
those obtained fran the three-dimensional model 
THEIMJD. The canister centerline temperature and 
the heat loss to the ventilation air for the two 
IOOdels are canpared in Tables 2 and 3. For the 
results shown in Table 2, the ':l'HEIM3D was employed 
in a two-dimensional IOOde with the heat source 
uniformly distributed in the y-direction. 



TABLE 2. PORE'UJW AND 'IHEIM3D RESULTS FOR 
CANISTER CENIERLINE 'lEMPERATURE. 

Time (years) Temperature 
'lHEIM3D 

0.10 
0.20 
0.30 
0.40 
0.50 

94.0 
114.2 
126.5 
135.1 

141.7 

93.7 
113.9 
126.0 
134.4 

140.7 

TABLE 3. PC>RFiai AND 'IHEIM3D RESULTS EUR 
HEAT UES 'ID VEm'IIATICN AIR. 

Time (years) Heat Loss 
'lHEIM3D 

(W/m of drift) 
PORFJ:.CM 

0.10 
0.20 
0.30 
0.50 
1.00 
2.00 
5.00 

-3.1 
11.2 
51.5 

107.5 
184.0 
253.1 
330.4 

-45.9 
13.3 
55.4 

115.8 
196.7 
266.0 
328.7 

The two sets of results in Tables 2 and 3 are 
in good agreement with each other. It is of 
special interest to note that the heat loss to the 
ventilation air in the drift calculated by the two
dimensional POBFI.ai JOOdel is very close to that 
calculated by the three-dimensional 'IHEIM3D IOOdel. 
This shows that the temperature distributicn has 
acquired a daninantly two-dimensional nature at the 
floor level of the drift. 

Hypothetical Nuclear Waste Repository 

The stratigraphy and the geunetrical arrangem
ent for this problem is illustrated in Figure 5. 
The hypothetical repository is assumed to be 
located in a crystalline rock which is overlain by 
sedimentary deposits. A relatively less permeable 
rock formaticn is located to the east and down
stream of the proposed repository horizon. The 
hydrothermal properties of the three formati
ons and the thermal loading history for the 
repository are sununarized in Tables 4 and 5, 
respectively. The radioouclide ~:elease is assumed 
to be constant at a rate of 0 .Olkg/year-jm3 for 
the first 500 years and zero thereafter. The mass 
diffusivity is taken to be l.E-5 m2jyear. 

0 

32 
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SEDIMENTARY DEPOSITS 

REPOSITORY .. : ~ 

300m 

REPOSITORY FORMATION 

0 900 

382 

DENSE 
ROCK 

4100m 

NOT TO SCALE 

FIGURE 5. SOIEMATIC CF 'IRE STRATIGRAPHY AND 
RE:Pa5I'IDRY LOCATICN. 

'mBIE 4. Pla'ERl'IES CF GE:OICGIC EU.Rt!ATICNS. 

Member Sedimentary Dense rock Repository 
Pr~rty Formation .Formation Formation 

Hydraulic conduc-
ti vi ty (m/yr) 7.8868E+2 1.5774E-2 3.1547E-l 
Thermal conducti-
vity (J/m yr d:) 1.1290E+8 6.79llE+7 8.523lE+7 
Specific Heat 
(J/kg/m3) 665.28 749.40 957.55 
Distributicn 
Coefficient l.llllE-3 1.2758E-3 0.00 
Porosity 0.40 0.03 0.001 
oensi~ ~kgLmJ> 2400 2400 2400 

TABLE 5. BE'AT RELEASE RA'lE FOR THE REPQ3I'IDRY. 

Time (years) 
o.o 

10.0 
50.0 

100.0 
490.0 

1,000.0 
50,000.0 

Source strength (JLyearLm3> 
5.0E+7 
4.5E+7 
2.0E+7 
l.OE+7 
l.OE+6 
l.OE+5 
l.OE+4 

The density and viscosity changes for water 
were calculated acx:ording to the Equations 24 and 
27, respectively. The hydrologic conditions 
consisted of an impermeable top and bottan, and a 
regional flow fran left to right with a pressure 
gradient of 0.673 meters per kilometer. The 
thermal boundary conditicns ccnsisted of a constant 
temperature of 0 OC at top, and a vertical tempera
ture gradient of 14.6 OC per kilometer. The 
initial conditicns for pressure (flow) and tempera
ture were calculated fran these specified gradi
ents. The temperature at all four boundaries was 
assumed to be constant over the time period of 
simulaticns. The initial values of the radio
nuclide concentration were assumed to be zero 
everywhere. The boundary conditions were also 
assumed to be zero except at the downstream 
boundary where a conditicn of zero normal gradient 
was imposed. 

Typical velocity patterns and flow paths, as 
shown by the stream lines, in the vicinity of the 
repository are shown in Figures 6 and 7. These 
indicate a net upwards flow in the immediate 
vicinity of the repository and a near horizontal 
flow in the upper sedimentary formation. The 
relatively impermeable formation downstream of the 
repository, in canbinaticn with the net upwards 
buoyancy due to the heat release, causes the flow 
in the repository horizcn to be deflected upwards. 
However, the net upward flux, as seen fran the 
streamline centaurs, is small in canparison to the 
stronger horizcntal flow in the upper sedimentary 
formaticn. A small downward deflecticn of the flow 
upstream of the repository and an upward deflection 
downstream of the repository is also evident from 
these figures. All these results are in accord 
with intuitive and physical understanding of the 
flow under these circumstances. 
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The predicted temperature distribution after 
250 years, and the radionuclide concentration 250 
and 1,000 years after emplaanent of nuclear waste 
are shown in Figures 8 through 10. The temperature 
distribution is dani.nated by conduction. This is 
expected since the fluid flux in the relatively low 
permeability host rock is small. The radionucli
de transport, in contrast, is governed by fluid 
particle velocity rather than the fluid flux which 
is high due to the low porosity of the host rock. 
In 1,000 year, the nuclide cloud has travelled to 
the highly permeable sedimentary formation and its 
center is located a few hundred meters downstream 
of the repository. The maximum concentration at 
1, 000 years in this cloud is over three orders of 
magnitude lower than that at 250 years. 
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1. The coupled processes which govern the flow, 
heat am nuclide transport in geologic media. 
of practical interest can be adequately 
modelled by the use of munerical techniques. 

2. The PORFI.C:JoJ results for heat transfer fran a 
buried waste canister canpare well with those 
fran an analytic method am another numerical 
rnodel. 

3. The PO:RFLCM model is shown to be awlicable to 
the predictioo of coupled processes which 
govern the transport of radioouclides fran a 
geologic repository. 

A part of this work, dealing with buried waste 
canister was funded by Samia Natiooal Laboratories 
(SNL) , Contract No. 52-3876. Dr. A.J. Mansure of 

SNL was project Technical Monitor. The analytic 
solutions for this problem were obtained at 
Agbabian Associates, El Segurdo, CA, under the same 
contract with Dr. Christopher St. John as the 
Principal Investigator. 
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ABSTRACT 

The population balance methodology is 
described and applied to the transport and cap
ture of polydispersed colloids in packed columns. 
The transient model includes particle growth, 
capture, convective transport, and dispersion. 
We also follow the dynamic accumulation of cap
tured colloids on the solids. The 
multidimensional parabolic partial differential 
equation was solved by a recently enhanced method 
of characteristics technique. This computational 
technique minimized numerical dispersion and is 
computationally very fast. The FORTRAN 77 code 
ran on a VAX-780 in less than a minute and also 
runs on an IBM-AT using the Professional FORTRAN 
compiler. The code was extensively tested 
against various simplified cases and against 
analytical models. 

The packed column experiments by 
Sal telli et al. were re-analyzed incorporating 
the experimentally reported size distribution of 
the colloid feed material. Colloid capture was 
modeled using a linear size dependent iil tra tion 
function. The effects of a coll.oid size 
dependent filtration factor and various initial 
colloid size distributions on colloid migration 
and capture were investigated. Also, we followed 
the changing colloid size distribution as a func
tion of position in the column. 

Some simple arguments are made to assess the 
likelihood of colloid migration at a potential 
NTS Yucca Mountain waste disposal site. 

INTRODUCTION 

To date both laboratory (Saltelli et al. 
1984; Freid et al. 1976) and site studies (Champ 
et al. 1982; Travis and Nuttall 1985) have 
demonstrated the existence and in some cases the 
accelerated transport of colloids. Nuttall, 
Hart, and Travis ( 1985) developed a theory for 
colloid transport using the population balance 
concept. Travis and Nuttall (1985) applied the 
population balance theory and. the TRACR3D com
puter code to study the hydrology and transport 
of radiocolloids at a Los Alamos waste disposal 
site. Saltelli et al. (1984) derived and tested 
a one-dimensional filtration model and applied it 
to transient column profile data obtained by in
jecting 2'+1Am contaminated waste-glass colloids 
into a 26 mm by 180 mm sand packed column. They 
measured the size distribution of feed colloids 
and attempted to model the effects of the 
polydispersed colloids on the capture profile by 
assuming a distribution for the filtration 
factor. This approach did not yield a fundamen
tal understanding of the effect 
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of colloid size, but they did show that one must 
consider the size dis tri bu tion in treating the 
experimental data. 

In the following analysis of colloid 
transport, we used the multidimensional form of 
the population balance equation to analyze 
directly the effects of polydispersed colloids. 
The theory is developed for the transport of 
polydispersed colloids through a one-dimensional 
porous region. Conversion from a weight dis
tribution to the corresponding number density 
function and back to a weight distribution after 
solution of the population balance equation is 
treated. We used the model to investigate the 
effect of two size distributions and to compare 
the effect of a constant versus size dependent 
filtration type colloid capture model. 

THEORY 

Randolph ( 1962) derived the general form of 
the population balance model in 1962. The 
population balance theory was derived at about 
the same time by Hulburt and Katz (1964). The 
population balance is a number continuity equa
tion which has been applied successfully to 
crystallization, aerosols, and biological 
processes. Recently Travis and Nuttall (1985) 
applied this methodology to the problem of col
loid transport. In this study, we apply the 
dynamic microscopic form of the population 
balance model with convective transport in one 
spatial dimension and particle growth along a 
colloid size axis to the problem of radiocolloid 
transport in nuclear waste disposal. 

The colloid population density function, 
P(t,z,L), is dependent on time, space and the 
colloid characteristic size which we assume to be 
the colloid diameter. P(t,z,L) is the number of 
colloids of a particular size Lata point z in 
space and time t per unit volume of solution. 
When P is integra ted over the colloid size range 
we have the total number of colloids per unit 
volume. In general, colloid charge or any other 
useful colloidal properties could be modeled by 
simply adding the appropriate property axes. The 
population balance also includes a birth/death 
term f(P,t,z,L) which again accounts for the 
birth of new colloids as well as the adsorption 
and release of colloids by the rock matrix. The 
ad sorption and release function treats colloids 
of arbitrary size. In this study we do not treat 
the adsorption of radionuclides on the colloids 
nor are we investigating the growth of colloids. 
To model colloids of the same size but with dif
fering amounts of radionuclides would require an 
additional property axis for concentration. 



Under these assumptions the population balance 
is: 

~ + ~p ~p 2 ~p 
~t v az - D ~z2 + u "5'1' = -f (1) 

The filtration term is 

f ~ ~(L} v P(t,z,L) (2) 

It is some times desirable to work with a d imen
sionless form of the population balance. 
Carrying out the transformation of Eq. (1) using 
the dimensionless variables defined in the nota
tion section leads to: 

u ~ ~ 
~p 

(3) 

Adsorption of colloids onto the surrounding 
matrix is assumed to follow the filtration model 
where the rate of mass accumulation is propor
tional to the concentration of colloids in the 
solution. In our model the colloids concentra
tion in solution must be expressed in terms of 
the population distribution function. The mass 
concentration e( t,z) of colloids in the fluid is 

e 
where 

e(L) 

re(L)dL 

p K P(t,z,L) L3 
v 

(4) 

(5) 

and K • volumetric shape factor, Tt/6 for a 
spherev. 

The rate of mass build up on the matrix at a 
point in space for each colloid size is 

dai 
~ • E ~(L) v e(L) (6) 

The to tal rate of mass aeeumula tion for all col
loid sizes is equal to the integral of Eq. (6) 
over the colloid size range. 

L 
m 

E p v kv f ~(L) P(t,z,L) L
3 

dL 
da 
dt (7) 

0 

In the general ease ~(L) will be some. function of 
colloid size. However, if ~(L) is size 
independent then the filtration follows the con
ventional form showing a straight line profile 
for the concentration of colloids captured on the 
sand packing when plotted on semilog paper. 

To treat experimental data, it is often 
necessary to convert between weight distributions 
and number distributions. In terms of the number 
density function the distributed weight function 
is (Randolph and Larson 1971): 

w(L) • pK L3P(L)/M 
v T 

(8) 

The population balance, Eq. 3, was solved 
numerically by an improved method of characteris
tics teehniqu~ presented by Douglas 

226 

and Russell ( 1982). The buildup of colloids on 
the porous matrix is described by Eq. 7 which was 
coupled to the population b~hanee and solved as a 
series of ODEs using the 4 order Runge-Kutta 
method. Note that a is a fune tion of column 
position, z, and time. 

In our studies we tested both a gamma and a 
log-normal distribution to model the initial 
weight distribution of radiocolloid s. The log
normal distribution gave a better fit to the 
measured feed distribution. The cumulative and 
distributed forms for the log-normal distribution 
are respectively: (Randolph and Larson 1971, 
P• 32) 

W(L)• 0.5 + 0.5 erf(z) (9) 

z • [ln(L/L'))/2112 Ln a' 

where L' • geome trie mean size, 11m; a' = width 
parameter, (geome trie STD), 11m and the dis
tributed form of the log-normal function is 

w(L) • 1 

(2ft) 112tn 

CASE StUDIES 

a' 
[
-tn2(L/L')] 

exp 2ln2 a' 

Packed Column Simulations 

( 10) 

·Saltelli, et at. (1984) investigated the 
migration of polydispersed 2~1Am colloids through 
a packed column of glaueoni tie sand. Colloidal 
21tlAm, leached from a simulated waste glass, was 
injected into a column. Three experiments of 28, 
80, and 170 day duration were run. At the end of 
each test the column was dismantled, sectioned, 
and the 2~1Am profile analyzed. Those authors 
analyzed their data using the filtration capture 
model and found that the column profiles could 
not be matched using the conventional constant 
parameter filtration model. To fit the profile 
curves they assumed that the colloid feed ex
hibited a distribution of filtration 
coefficients. In this way they hoped to ap
proximate size dependent filtration and by 
adjusting the filtration distribution parameters 
they did fit the shape profile curves. Their 
model also included a Langmuir isotherm model to 
treat the observed early adsorption of 2~1Am 
which occurred throughout the length of the 
column. This rapid adsorption of 2~1Am on the 
porous matrix was at a very low concentration 
level and the mechanism for this phenomenon has 
not been directly investigated; therefore, we did 
not choose to inc 1 ude this mechanism in our 
model. To match the experimental data we simply 
assum_eft> an initial adsorbed 2~1Am eoneentra tion 
of 10 moles/liter. 

The size distribution of the colloid feed 
was measured by filtration and represented in our 
analysis by a log-normal distribution. The 
measured 21t1Am colloid distribution along with 
our curve-fitted distributed and cumulative log
normal distributions are illustrated in Fig. l. 
The measured range of the feed colloids was from 
approximately .05 11m to a maximum of 10 11M• Our 



curve-fit earameters for the log-normal distribu~ 
tion were L' ,. 0.45 lliD and a • 7.39 lliD• 

The upper colloid size was experimentally 
controlled by passing the feed solution through a 
10 lllll filter prior to entering the column. The 
experimental conditions are give in Table I. 

WEIGHT FRACTION EXP. CURVE ACC. C\MVE 

0.8 

0.6 

0.4 

0.2 --.. ------·-------------
0+----------r--------~------------~---------r--------~ 

0 2 4 6 8 
COLLOID SIZE. um 

Figure 1. Colloid feed size distribution. 

TABLE I - Experimental Parameters 

Column Dimensions: 

Porosity: 

Dispersion Coefficient: 

Darcy Velocity: 

Inlet Cone en tra tion: 

Exit Concentration: 

Feed Concentration 
Correction at 170 d: 

Column Packing: 

18 em X 2.6 em 

0.38 

2 
62.6 em /d 

20.9 cm/d 

3.8 X 10-lO H 

3.5-6.5 X 10-l3 H 

0.242 

Sand with 207. clay 

We solved the population balance model for 
the above cond i tiona and used the log-normal dis
tribution to represent the colloid feed. We also 
found that a size dependent ~ was required. In 
our analysis, however, ~represents the actual 
capture mechanism whereas in Saltelli et al. 
( 1984), k represented capture mechanism and size 
distribution effects together. The resulting 
concentration profile for 24 1Am on the porous 
matrix is compared with the experimentally 
measured profile after 170 days of continuous 
column operation and shown in Fig. 2. The 
strong curvature in the calculated profile is 
created by the linear size dependent filtration 
function, k • 2_y0 The asymptotic level of con
centration at 10 shown on the far right of the 
curve was modeled by arbitrarily setting this 
level of concentration as an initial condition in 
the column. The mechanism for this early low 

10 
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level of concentration is still speculative and 
can be modelled in several ways; however, the 
true physical mechanism has not been identified. 
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Figure 2. Measured and calculated solid con
centration profile for 241Am. (concentration, 
moles/liter of column.) 

The numerical solution of the population 
balance also provides some interesting informa
tion on the change in the fluid phase colLoid 
size distribution as a function of position down 
the vertical column. Fig. 3 illustrates in three 
dimensions the position varying colloid weight 
distribution in the liquid. The surface shows 
both the rapid decrease in the mass of colloids 
in solution and the shift in the mode of the dis
tribution to small sizes. Because of the size 
dependent filtration coefficient the larger col
loids are preferentially removed early at the top 
of the column leaving the smaller particles to 
transport downward through the porous medium. In 
the case of a constant filtration factor , A, the 
nature of the colloid size distribution has no 
effect on the solid concentration profile since 
then each particle has the same capture 
probability independent of size. 

The calculated 24 1Am concentration profile 
in Fig. 2 follows the trend of the experimental 
data but does not agree equally well at every 
point. A major cause of this is the unce.rtainty 
in the true form of the filtration function k(L). 
An alternative approach to analyzing this experi
ment is to consider it an inverse problem for 
k(L). That is, instead of estimating k(L) and 
then calculating colloid transport, we could 
solve Eqs. (1) and (7) directly for k(L). That 
is, we could solve the minimization problem 



Figure 3. Liquid phase colloid weight distribu
tion versus position along column. 

mint l (a
0
(ti,zj) -am (ti,zj)2 

subject to 

da L 

( 11) 

dtm • E pvKv j m ~(L) P(t,z,L) t3 dL (12) 

and 

oP oP o2P - + v- - 0 - • - v A(L) P, 
ot oz oz2 

(13) 

P(t,o,L) • g(L), P(o,z,L) • 0 (14) 

where a
0
(ti,z\) is the observed mass accumulation 

at time t
1 

and location z and a is the calcu
lated value. The solutio~ can Ce obtained by 
nonlinear optimization techniques, such as the 
adjoint method. The solution will be the most 
likely form for ~(L). We plan in fact to solve 
the equation set (11) to (14) in the near future. 
This analysis points out a problem frequently 
encountered--incomplete data; In this case, a 
set of experiments, each using a different but 
uniform colloid size, would allow independent 
determination of ~(L). 

NTS YUCCA MOUNTAIN SITE 

Colloids may originate in a waste repository 
from several sources: by the corrosion of waste 
glass and canisters, by degradation of the en
gineered backfills, and by erosion from naturally 
occurring clays. Hence, there is a reasonable 
likelihood that colloids will exist; however, the 
important considers tion is whether the geological 
medium is conducive to colloid transport or 
whether colloid migration and capture will retard 
their transport. Colloid transport depends on at 
least four factors: filtration, pH of the solu
tion, water velocity, and diffusion. 
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At Yucca Mountain filtration will be an ef
fective barrier in the tuff matrix. Pore size is 
an important element in filtration. 
Pseudocolloids will obviously not flow through 
pores that are smaller than the pseudocolloids 
themselves. Pore size distributions have been 
measured for several Yucca Mountain tuff samples. 
Mercury porosimetry data, measured by 
Quan tachrome Co., on a sample of Topopah Spring 
tuff showed that most of the pores are less than 
1 lAm and approximately 50% are smaller than 
0.1 11m. Even though a small percentage of pores 
are larger than 1.0 lAM these large pores will not 
transport colloids because they will be dry. In 
the Topopah Spring formation at NTS, the sa tura
tion is less than 90% and large pores are the 
last to become saturated. In another NTS site 
formation, Calico Hills, approximately 50% of the 
pores are smaller than 0.06 IJ.III• Hence colloids 
must be on the order of 0.1 lAm in diameter or 
less to pass through the NTS tuff. 

Pore water velocities, assuming matrix flow, 
are estimated at less than 2.0 em/yr. These low 
velocities are on the order of molecular d if fu
sion rates thus greatly limiting the migration of 
colloids within the tuff matrix. Transport of 
colloids through fractures is possible; however, 
for the measured fracture apertures of 50 to 
250 lAM in Topopah Spring tuff the water flow rate 
would only be about 2 m/yr or still not much 
greater than molecular diffusion transfer rates. 
If fracture flow were episodic, corresponding to 
a few intense rainfalls per year, flow rates in 
fractures might be much larger but for only very 
short times. 

Colloids greater than 0.1 11m in diameter 
will likely be removed by gravitational settling 
(Apps, et al. 1983). The transporting ability of 
very small colloids may be diminished by diffu
sion of radionuclides out of the particles and 
subsequent adsorption of the nuclides onto the 
tuff matrix. Diffusivities for some nucli_?fj in 
so!\\ clays have been measured at 10 to 
10 cm2/s. Characteristic diffusion times for 
0.1 11m particles are consequently only a few 
days. Migration of small colloids may be pos
sible in a fracture flow regime. Work is 
continuing to understand the migration mechanisms 
of the very small colloids. 

SUMMARY 

The population balance methodology which 
operates on a number continuity approach is well 
suited for describing the complex phenomena of 
colloid transport. In the present study the 
problem of polydispersed colloid transport in a 
porous medium was successfully modeled and agree
ment was found between model results and data. 
The advantages of this methodology are that it 
provides a comprehensive and fundamental tool for 
analyzing the complex mechanisms of colloid 
migration. The approach requires conversion back 
and forth between the weight and number 
distributions; however, this conversion is a 
straight forward process. In this study, the 
colloid size distribution had a significant ef
fect on the migration and capture process when a 
size dependent filtration capture model was 



used. In the case of size dependent filtration, 
the larger colloids were rapidly captured while 
the smaller ones migrate much further through the 
porous medium. Both a constant and a linear size 
dependent filtration type capture model were 
tested. The size dependent model was required to 
match the measured column profile data. The ex
perimental data was modeled successfully with 
only one adjustable parameter, s, the slope of 
the filtration coefficient function. If},, the 
filtration factor, is constant then the colloid 
size distribution has no effect on transport or 
capture. 

A limited study of parameter sensitivity 
showed that the width of the colloid feed dis
tri bu tion influenced the curvature on a semilog 
plot of the solid phase concentration profile 
with narrowing of the distribution converging to 
the monodispersed model and producing a linear 
concentration profile on a semilog plot. 

In light of our findings, we made a prelimi
nary review of some colloid transport 
characteristics for a potential NTS nuclear waste 
disposal site. We found geological factors 
favorable for retarding colloid migration. 
However, the potential for very small colloids to 
migrate in fractures with episodic flow charac
teristics may be significant and therefore 
requires further study and analysis. 

NOTATION 

c Colloid Concentration in fluid 
n Hydrodynamic Dispersion Coefficient 
f Birth/Death Rate Function 

gm/cm3 
cm2/d 
/t/cml!JIId 
!liD L Colloid Size Dimension 

MT Initial Mass Concentration of 
Colloids 

P Population Density Function 
s Slope of Filtration Function 
t Time 
u Growth Rate Along the Size Axis 
v Darcy Water Velocity 
w Weight Distribution Function 
W Cumulative Weight Distribution 
z Space Dimension 

Greek Symbols 
q, Population Density Function 

(P/P ) 
$ Velocity (v/v) 
v Growth oa te (uz/vL) 
~ Space (z/z) 
p Colloid Size (L/L) 
~ Filtration Coefficient 
a Mass Concentration of Colloids 

on the Matrix 
ai Mass Concentration of Colloids 

at Size L on the Matrix 
,; Time (tv/z) 

Average Properties or Limiting 
Properties 

e: Porosity 

gm/cm3 

~ 1=1f 3 !J.I!Il 
em !liD 
d 
!liD/d 
cm/d 
gm/cm31l1D 
gm/cm3 
em 

dimensionless 
dimensionless 
dimensionless 
dimensionless 
dime~tionless 

em 

gm/cm3 

gm/cm31l1D 
dimensionless 
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ABSTRACT 
The permeability of intact granite is known to 

be controlled by low aspect ratio cracks. A sub
stantial reduction of permeability occurred in 
experiments in which a heated, aqueous fluid was 
passed through Westerly Granite down a temperature, 
gradient. Scanning electron microscopy of the 
sample from this experiment indicated that deposi
tion of material in small cracks (1 ~m wide) was 
the probable cause of the permeability reduction. 
Much of the deposited material was Si-rich and the 
fluid discharged from the sample was supersaturated 
with respect to quartz suggesting that the deposit 
was ~uartz. Rate equations for dissolution and 
precipitation of quartz have been integrated to 
calculate the concentration of silica in pore fluid 
moving through the sample. These calculations also 
predict the concentration of silica in the dis
charged fluid for comparison with measured values. 
The comparison indicates that an effective A/M 
ratio of about 10000 is a reasonable value for 
Weste~ly Granite under the conditions of the 
experiment. The integration of the rate equations 
also permitted a determination of the volume of 
quartz dissolved and precipitated in the sample as 
a funcl •.on of radius and elapsed time from the 
start of the experiment. The maximum, calculated 
decrease in porosity was 8% which would account for 
about 22% reduction in permeability assuming homo
geneous precipitation. However, the observed per
meability reduction was 96%. Two possible causes 
of this discrepancy are; (1) nonhomogeneous preci
pitation causing a greater rate of permeability 
reJuction, or (2} the precipitation of minerals 
other than quartz is a contributing factor to the 
permeabi~:ty reduction. 'SEM observations would 
tend to support either of these possibilities. 

INTRODUCTION 

The permeability of intact granite is control
led by low aspect ratio cracks (Brace, 1977). 
Several types of cracks occurring in granite 
include; (1) intragranular cracks in all three 
major minerals, (2) coincident grain boundary 
cracks, and (3) transgranular cracks (for defini
tions see Simmons and Richter, 1976). Cracks in 
Westerly Granite include all three types (Sprunt 
and Brace, 1974; Hadley, 1976; Vaughan et al., 
1985) and are always present in intact granite 
although their length rarely exceeds the grain 
size. In addition to these small cracks, larger 
fractures are also present in most granites. These 
latter could be very important to the permeability 
of large volumes of rock. However, the present 
work considers only the permeability of ~mall, 
intact samples and the cracks present in them. 

The various types of cracks join together to 
form networks that provide pathways for fluids 
flowing through the rock. Thus, the specific geo-
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metrical characteristics of individual cracks and 
the geometry of the networks are both significant 
in controlling permeability. Cracks in quartz are 
especially important to the permeability of Wester
ly Granite because quartz grains are generally 
surrounded by grain-boundary cracks (Vaughan et 
al., 1985). Fluid moving along intragranular 
cracks within a quartz grain can be expected t0 
flow along grain boundary cracks at the edge of the 
grain. In the case of feldspars, this is a less 
likely possibility because grain boundaries between 
the two feldspars are not normally cracked. Thus, 
intragranular cracks in feldspars frequently meet 
closed grain boundaries which are dead ends. 

If heated aqueous fluids are pumped through 
granite, the chemical interaction of the heated 
fluid with its surroundings in the rock can cause 
changes in the physical characteristics of the 
cracks. As an example, if fluids are undersatu
rated with respect to quartz, then cracks in quartz 
wi 11 be enlarged as material is dissolved away from 
crack faces. The enlarged cracks will cause in
creased permeability. By contrast, supersaturated 
fluids may precipitate quartz on crack' faces 
causing substantial reductions in permeability. 
The rapid rates of dissolution and precipitation 
reactions for quartz (Rimstidt and Barnes, 1980) 
tend to enhance these effects. 

PERMEABILITY EXPERIMENTS 

Permeability experiments in which a heated, 
aqueous fluid was passed through rock samples have 
demonstrated substantial decreases in permeability 
with time (Morrowetal., 1981; Moore et al., 
1983). These experiments were conducted on cylin
ders of rock with axial boreholes. The fluid 
flowed radially outwards frorn the borehole to the 
outer edge of the sample down a radial temperature 
gradi~nt. These exper~nents were run for periods 
of 2-3 weeks with the following physical conditions 
maintained constant; (l) confining pressure, (2) 
temperature in the borehole, (3) pore pressure at 
the outer edge of the sample, and (4) pore pressure 
difference between the borehole and the outer edge 
of the sample. The volume of fluid pumped into the 
sample was recorded continuously during the experi
ment and the flow rate, Q, within the sample was 
calculated from these measurements. PPrmeability 
was obtained from the equation, 

k = Q[(v(r)/r)dr 
21flt.P ( 1 ) 

where 1 is the length of the sample, t.P is the pore 
pressure difference and v is the dynamic viscosity 
of water which is a function of radius in these 
experiments because of the radial temperature 
gradient. 
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Figure 1. Permeability (nda) as a function of time 
from initial heating for experiment W300 (Moore et 
al., 1983), The vertical dashed lines represent a 
time when the pore pressure fluid pump was being 
recharged. 

ln experiment W300 (Moore et al., 1983) per
meability dropped by a factor of 25 during a two
week period (Figure 1). Conditions of this 
experiment were; (1) temperature in the borehole -
300 •C, (2) temperature at the outer edge - 92 •c, 
(4) confining pressure - 60 MPa, and (5) pore pres
sure - 20 MPa. Cracks in the sample from this run 
were examined using a scanning electron microscope 
(Vaughan et al., 1985). They determined that about 
ha 1 f the cracks near the borehole became fi lied 
with either a Si-rich orCa-rich massive deposit. 
Other cracks, ·also near the borehole, were open and 
had rough surfaces suggesting dissolution. A platy 
texture was developed for Si-rich fillings near the 
outer edge of the sample. The presence of dissolu
tion features and fillings in cracks in the experi
mentally altered sample is evidence that chemical 
interaction between the fluid and the rock has 
occurred. Furthermore, since narrow cracks are 
known to control the permeability of granite, the 
fillings are very likely to be significant to the 
permeability reduction. The ubiquitous presence of 
Si-rich fillings and the high concentration of 
dissolved silica in fluid discharged from the sam
ple during the experiment (Moore et al. 1983), 
suggest that dissolution and precipitation of 
quartz are causing the permeability reduction 
(Morrow et al., 1981; Moore et al., 1983). 

SILICA CONTENT OF THE DISCHARGED FLUID 

In the present work, the rate equations for 
dissolution and precipitation of quartz (Rimstidt 
and Barnes, 1980) are integrated to predict silica 
concentrations of discharged fluids obtained during 
permeability experiments on granite (Morrow et al., 
!981; Moore et al., 1983). Reactions of the fluid 
with minerals other than quartz also occurred and 
the discharged fluids contained the cations Na, Ca 
and K as we 11 as the anions Cl, S04 and HCO:J in the 
concentration range of 10-350 mg/L (Moore et al., 
!983). However, the results reported here are only 
for quartz. 
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In order to calculate .the silica content of 
the di~charged fluid one must calculate the evolu
tion of silica concentration in the fluid as it is 
pumped outwards through the sample. The rate of 
change of silica concentration in a solution in 
contact with solid quartz is 

dm/dt = (A/M)(k+ - k_m) ( 2) 

where m is the molality of H4Si0~; k+ and k_ are the 
·constants for dissolution and precipitation of 
quartz and A/M (area of reacting surface/mass of 
water) is a measure of the specific amount of 
reacting surface area for a given geometrical form. 
For a narrow flat crack, A/M is large; whereas for 
a tube or sphere, A/M will be less. The rate 
constants are given by Rimstidt and Barnes (1980), 

log10k+ = 1.174 - 2.028e-03T - 4155/T (3) 

and 
log k = -.707- 2598/T (4) 

10 -

where T is the temperature in degrees Kelvin. Tem
peratures for fluid moving through the sample can 
be expressed as a function of time using 

T(t) (5) 

where T is the temperature at the borehole, T is 
the temperature at the outer edge, a is the 
borehole radius, b is the outer edge radius and t 
is the residence time in the sample. Equations (2) 
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Figure 2. Concentration of dissolved silica in the 
pore fluid during the early portion of experiment 
W300 (Moore et al., 1983) as computed from rate 
equations for dissolution and precipitation of 
quartz. Computations are for three values of the 
A/M ratio printed on the graph. The dashed line is 
the equilibrium silica concentration. 

through (5) were integrated numerically using the 
Runge-Kutta technique to calculate silica concen-



tration as a function of radius in the sample. 
Figure 2 gives the resulting concentrations for the 
conditions of W300 (Moore et al., 1983). The total 
residence time for fluid in the sample was one hour 
which corresponds approximately to residence times 
expected for the early portion of W300. As the 
fluid enters the sample from the borehole, the 
silica content increases until it crosses the 
dashed equilibrium curve. Beyond this crossing 
point, the fluid is supersaturated with respect to 
quartz and the silica content decreases as quartz 
precipitates. Three curves are shown for different 
A/M ratios representing the range of reasonable 
values from 1000 to 10000. The degree of deviation 
from the equilibrium curve is greater for lower 
values of the A/M ratio corresponding to wider 
cracks. For the lowest A/M ratio (1000), the fluid 
becomes supersaturated at a relatively low value of 
230 mg/L but it is moving rapidly enough that 
significant precipitation does not occur. The 
silica content of the solution in the outer portion 
of the sample is thereby stabilized under these 
conditions. For greater A/M ratios, the silica 
content decreases more rapidly resulting in a lower 
concentration in the discharged fluid. 

The three curves for different A/M ratios 
(Figure 2) demonstrate that the silica content of 
the discharged fluid is quite sensitive to the A/M 
ratio. Thus, one can estimate the effective A/M 
ratio for Westerly Granite under the conditions of 
the experiment by measuring the silica content of 
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Figure 3. Silica concentration of the discharged 
fluid from experiment W300 (Moore et al., 1983). 
The three curves are calculated for three A/M ra
tios, the squares are measured concentrations. 

the discharged fluids. Figure 3 is a comparison of 
calculated and observed silica concentrations for 
discharged fluids from ·run W300. In the early 
stages of the experiment, fluid initially present 
in the porous sample jacket diluted the discharged 
fluid. This effect has been accounted for in the 
calculation and, initially, the silica content of 
discharged fluid is always zero (Figure 3). How
ever, after one day this dilution effect becomes 
insignificant. Each curve represents the silica 
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content of the discharged fluid plotted against 
time from the start of the experiment. 

The numbers at the end of each curve in Figure 3 
are the presumed A/M ratios. For A/M=lOOO, the 
curve lies significantly above the data points 
indicating that this value of A/M is too low. 
Among the three values chosen, the best fit is for 
A/M=10000 corresponding to an average crack width 
of 0.2 ~m. Brace (1977) calculated a value of 0.2~m 
as the geometric mean width of cracks in Westerly 
Granite. However, the A/M ratio will be influenced 
by crack surface roughness as well as crack width. 
Since crack surface roughness was greater in the 
altered sample than in the starting material 
(Vaughan et al., 1985), the crack width estimated 
from the A/M ratio is likely to be a lower bound. 
The last data point in Figure 3 lies considerably 
below the trend of the other data points and the 
calculated curve. This could be caused by an 
increasing A/M ratio related to the increasing 
roughness of crack surfaces as the experiment 
progressed. 

MODEL OF PERMEABILITY REDUCTION 

Precipitation of minerals in cracks during the 
permeability experiments of Morrow et al. (1981) 
probably caused local reductions of crack porosity 
in the sample. These crack porosity changes al
tered the permeability of the rock as open cracks 
became sealed. 

If homogeneous precipitation occurs, the min
eral being formed coats cracks uniformly. This is 
th~ simplest case for analysis because of its geo
metrical similarity to closing open cracks by 
forcing their faces closer together through in
creased confining pressure. Brace (1977) showed 

that the reduction in permeability that occurs with 
increasing confining pressure in Westerly Granite 
can be attributed to reduction in the crack porosi
ty only. In other words, using 

k (6) 

(where A is a shape factor, m is hydraulic radius 
and ~ is crack porosity) Brace found that changes 
in confining pressure caused changes in permeabili
ty by influencing only the crack porosity. The 
hydraulic radius was unaffected. This behavior is 
peculiar to Westerly Granite because of specific 
characteristics of the distribution of crack dimen
sions (Brace, 1977). The implication, however, is 
that equation 6 can be used to express the varia
tion in permeability due to overall narrowing of 
the cracks by either application of confining pres
sure or homogeneous precipitation on the crack 
faces. 

Using the A/M ratio of 10000, I calculated the 
variation in crack porosity in the sample due to 
dissolution and precipitation of quartz. In this 
calculation, small volume increments of fluid were 
passed along temperature-time paths specified by 
equation 5. In order to determine loca I porosity 
changes, the sample was divided into a series of 
hypothetical concentric cylinders. A running sum 
of the volume of quartz dissolved or precipitated 
in each cylinder was calculated for successive 
increments of fluid that passed through the sampie. 
Local changes in porosity were then determined from 
the pore volume changes in each cylinder. 

The total residence time varied for each 



increment of fluid moving through the sample be
cause the permeability decreased as the experiment 
progressed. The variations in residence·time were 
computed from a sixth degree polynomial that ex
pressed flow rate as a function of time. This 
polynomial was obtained by a least squares fit to 
the data. 
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Figure 4. The calculated change in crack porosity 
due to precipitation of quartz in experiment W300. 
The maximum change in porosity is less than 10%. 

The calculated variation in crack porosity for 
run W300 (Moore et al, 1983) is given in Figure 4. 
The maximum change in crack porosity is about 8% at 
a distance of 3 mm from the borehole. Using 
equation (6), the calculated reduction in permeabi
lity is 22% whereas the measured overall reduction 
in permeability for experiment W300 was 967.. Two 
possible causes of this discrepancy are; (1) equa
tion 6 implies that porosity is being changed by 
homogeneous precipitation, whereas observations of 
discontinuous crack fillings (Vaughan et al., 1985) 
suggest that homogeneous pre~ipitation is a poor 
assumption, and (2) precipitates other than quartz, 
particularly a Ca-rich filling, were found in the 
W300 sample. 

CONCLUSION 

A permeability experiment in which a heated 
aqueous fluid was passed down a temperature gra
dient through Westerly Granite showed a reduction 
in permeability of 96% over a two-week period 
(Horrow et al., 1981; Moore et al., 1983). At 
various times during the experiment the discharged 
pore fluid was chemically analyzed (Moore et al., 
1983). They determined that silica concentrations 
of the order of 100 mg/L were present in these 
fluids. In the present work, I have calculated the 
silica content of fluids within the sample from the 
W300 experiment (Moore et al., 1983) utilizing rate 

233 

equations for dissolution and precipitation uf 
quartz (Rimstidt and Barnes, 1980). A comparison 
of the measured silica content of the discharged 
fluid with the calculated values for different A/M 
ratios indicates that silica content is a sensitive 
function of the A/M ratio. A/M is the ratio of 
reacting surface area to.mass of water. The effec
tive A/M ratio for the W300 sample under the condi
tions of this experiment is 10000. However, the 
silica concentration data indicate that A/M may 
have been increasing with time during the experi
ment. 

The A/M ratio of 10000 has been used to obtain 
the variation in crack porosity in the sample due 
to dissolution and precipitation of quartz. The 
maximum deposition occurs around 3 mm from the 
borehole but only represents about 8% of the origi
nal crack porosity. Assuming homogeneous 
precipitation on cracks, this porosity reduction 
can account for a 22% reduction of permeability as 
compared to the observed 96% reduction. The dis
crepancy could be caused by; (1) non-homogeneous 
precipitation of quartz, or (2) precipitation of 
other minerals, particularly a Ca-rich crack fil
ling which was observed near the borehole. 
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THE EFFECTS OF SILICA REDISTRIUBTION ON THE PERFORMANCE 
OF HIGH-LEVEL NUCLEAR WASTE REPOSITORIES 

by 

A. Verma and K. Pruess 

Evaluation of the thermohydrological conditions near high-level nuclear 

waste packages is needed for the design of the waste canister and for overall 

repository design, as well as for performance assessment. Most available 

studies in this area have assumed that the hydrologic properties of the host 

rock are not changed in response to the thermal, mechanical, or chemical 

effects caused by waste emplacement. 

We have studied dissolution and precipitation of silica in thermally 

driven flow systems, including changes in formation porosity and permeability. 

Using numerical simulation, we compare prediction of thermohydrological 

conditions with and without inclusion of silica redistribution effects. Two 

cases were studied, namely, a canister-scale problem, and a repository-wide 

thermal convection problem. We find that silica redistribution can have 

sizable effects on pore pressures, and on flow velocities. We also present 

results showing the sensitivity of those effects to the (hypothetical) pore 

model of the permeable medium (fractures versus capillary tubes). 
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COUPLING OF THERMO-PLASTIC AND HYDRAULIC 

EFFECTS IN CLAY REPOSITORY 

NEAR-FIELD ANALYSIS 

G. Baldi, M. Borsetto, T. Hueckel, A. Peano 

ISMES 
V.le G. Cesare, 29 

24100 Bergamo, Italy 

ABSTRACT 

Clay thermomechanical properties 
are studied experimentally in the range 
of temperatures till 120° C and of iso
tropic pressures till 8 MPa. 
Particularities of water-solid skeleton 
interaction in heating conditions are 
pointed out and a novel mathematical 
model of coupled hydraulic 
thermo-elastoplastic response is pre
sented. Thermal compaction of clay 
skeleton both in elastic (overconsolida
tion) range and in plastic (normal con
solidation) range together with signifi
cant pore water pressure build up are 
the principal peculiarities of clay be
haviour with respect to other geomateri
als. 

1. INTRODUCTION 

The prominent feature of clay as a 
nuclear waste storage medium is its low 
permeability ranging from 10-B m/sec to 
10-a m/sec. It offers an effective bar
rier to far field water migration and 
possible radionuclides proliferation to
ward the human environment. 

In the vicinity of the repository 
however the decay heat of the waste may 
affect significantly water-soil equili
brium and give rise to undesired pore 
water pressure build up and/or water 
flow off and toward the repository. 

Thermal changes in the water-solid 
interaction affect clay behaviour on the 
level of the boundary value problem, on 
the l~vel of the phenomenological mater
ial properties and finally on micros
tructural level, or briefly on mega -, 
macro - and micro-levels. 

In the paper some macroscopic ex
perimental observations are presented 
concerning mostly the thermomechanical 
effects in clays. Some comments on the 
microstructural interpretation especial
ly of thermal shrinkage of clay are 
given afterwords. Then a macroscopic 
model is developed. On this basis pros
pective scenarios of the clay repository 
performance are discussed, resulting 
from hydraulic-thermo-mechanical cou
pling on mega-level. An example of a 
near field numerical analysis is given. 
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2. MACROSCOPIC EFFECTS OF WAT~K-SOLID 
THERMOMECHANICAL COUPLING IN CLAYS 

At depths suitable for nuclear 
waste repositories clays are fully satu
rated with water under a high hydrostat
ic pressure • For the latter reason no 
water vaporisation at temperatures below 
150° C may be expected as seen from a 
one year test at 160° C under 0.6 MPa of 
confinement stress [1]. 

For this reason clay is considered 
in what follows as a two-phase medium 
comprised of a solid mineral ph·ase and 
water. 

The mechanical behaviour of· a po
rous medium fully filled with a fluid is 
governed by the equations of the fluid 
flow continuity and of the solid skele
ton deformation. 

The attention here is focused on 
the skeleton deformation. 

The experiments have been performed 
in the high temperature, high pressure 
triaxial apparatus implemented at ISMES 
in a controlled temperature room. Loads 
are applied via a high pressure system. 
Heat is generated by a system of resis
tences attached to the cell and embeded 
in the apparatus cell [2]. Two materi
als were tested: a remoulded Pontida 
Silty Clay and indisturbed Boom Clay 
from Mol site. 

A closed cycle of isotropic pres
sure and temperature has been first per
formed in drained conditions on Boom 
Clay, Fig. la. It consisted of loading 
(0-1) at room temperature, heating under 
constant isotropic pressure (1-2) at 
overconsolidation ratio, OCR 1.8, 
further loading (2-3) and unloading 
(3-4) at constant elevated temperature 
and finally cooling at constant, low 
pressure (4-5) followed by an isothermal 
reloading (5-10) involving normal conso
lidation. 

Consider first constant isotropic 
pressure heating tests. Typical experi
mental curves of volume of water ex
pelled from the specimen in function of 
time show similarity to the mechanical 
consolidation curves. Therefore the 
classical technique has been adopted for 
defining the termination of Lh~ 

non-viscous part of the process (therma] 
primary consolidation). Further elabo
ration of the curves consisted in cor-



recting the obtained volumes for the ex
pansion of water contained in the test
ing system outside the specimen (porous 
stones, tubes etc.). The expansion of 
pore water contained in the specimen it
self was estimated then on the basis of 
the standard formula for nonlinear ther
mal expansion of pure water and sub
tracted from the corrected volume of ex
pelled water. The resulting clay solid 
phase volumetric strain in function of 
temperature is presented in Fig. lb, 

It should be noted first of all, 
that the thermally induced volume 
changes are compactive. Therefore the 
ratio of the volume change to the tem
perature difference, referred to as ef
fective coefficient of thermal expansion 
of clay solid results negative, see also 
[3-6]. On the other hand there is are
markable influence of the effective iso
tropic stress on thermal strain. A com
parison of unloading (3-4) of heated ma
terial and cool loading (5-6), Fig. la, 
shows that the bulk compliance modulus 
of clay is reduced by heating. 
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cycle. Overconsolidated Boom Clay. 
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Under loading at constant tempera
ture, additional strains of the order of 
heating strains, are seen when comparing 
the residual strains between points 4 
and 5 with those between points 6 and 3 
in Fig. la. 

In normal consolidation states the 
thermal compaction strains are almost 
entirely irreversible. They are much 
higher than in the overconsolidation 
range. Results for the remoulded mater
ial (Pontida Silty Clay) under heating 
in the range %0°- 87° C, Fig. 2a show 
that about 60% percent of the final 
strain is irreversible upon cooling. A 
further mechanical loading has been un
dertaken after completion of cooling in 
order to investigate the normal consoli
dation range sensitivity to cooling, 
Fig. 2b. In fact, a localized modulus 
increase is seen at the first reloading 
step followed by a decrease to the value 
of hardening modulus measured in the 
plastic loading before heating. 

The above experiments are suffi
cient for conceptual development and 
calibration of a simple thermomechanical 
model. The main conclusions to be drawn 
from the above tests are the following: 
thermally induced strains in clay are 
compactive; there is a strong effective 
stress dependence of the thermal expan
sion coefficient (negative), a tempera
ture dependence is also observed; 
thermal volume strains in the normal 
consolidation range are much larger than 
those in the overconsolidation rangP.; 
the normal consolidation range limit is 
sensitive to the heating-cooling cycle. 

3. MICROSTRUCTURAL ASPECTS OF 
WATER-SOLID THERMAL COUPLING IN 
CLAY 

The macroscopic experiments pr~
sented indicate that heating causes a 
shrinkage rather than an expansion of 
the clay skeleton. This is a well known 
effect at much higher temper~tures in 
brick technology. However, the mechan
ism of dehydration due to evaporisation 
typical for ceramics in contact with air 
at free surface [3] is not likely to 
occur in immersion conditions at depth 
of interest here. Any way, the princi
pal microstructural mechanism of heating 
shrinkage in immersion seems to be the 
water phase exchange. Of the four 
phases of water in clay i.e. 
structural, firmly adsorbed, loosely ad
sorbed and pore water [8] only the two 
last can leave the soil when heated. It 
is most probable that shrinkage is 
caused by changes of configuration of 
the loosely adsorbed ·water [4-6] due to 
a reduction of its density and its par
tial transformation into pore water. 

A generation of irreversible stra-

.. 



ins by heating confirms this hypothesis. 
In fact, the straining of clays under 
isotropic consolidation is attributable 
on microstructural level to the forma
tion of contacts between mutually at
tracting grains of clay solid mineral 
[ 10]. The contacts ·are of two types, 
i.e. mineral-to-water-to-mineral (M-W-ffi 
and mineral-to-mineral (M-M). In the 
latter contacts, grain may glide in di
rect touch with respect to others due to 
irreversible shear of thin films of the 
firmly adsorbed highly viscous water. 
These contacts an considered as not re
movable with a decrease of pressure [8]. 
In the (M-W-M) contacts the grains are 
separated by large cushions of loosely 
adsorbed water which deform reversibly 
under loading, giving rise to global 
elastic strains. Plastic deformation of 
clays are considered as the increase of 
number of (M-M) contacts instead of (M-W-~ 
contacts. Heating reduces specific den
sity and thus viscosity and stiffness of 
loosely adsorbed water cushions. This 
facilitates formation of (M-M) contacts, 
and thus globally produces irreversible 
strains. 

The above considerations are purely 
qualitative at the moment and call for 
systematic experimental and theoretical 
studies. They are not only of theoreti
cal interest but would be utmost useful 
for adequate evaluation of the volume of 
expanded clay water and thus of the 
skeleton deformability. 

4. MACROSCOPIC 
THERMO-ELASTO-PLASTICITY 
CLAY SKELETON BEHAVIOUR 

COUPLED 
MODEL FOR 

The model is limited to small stra
ins and refers to the deformability of 
clay skeleton alone. Thus effective 
stresses are introduced as acting on the 
skeleton defined via Terzaghi principle 
SI,. Q1 + u • !!!• where the vector !!! is com
posed of units for normal strain compo
nents and of zeros for shear components. 
Extension is taken as positive. 

Strains are supposed to depend on 
effective stress and pore water pressure 
as well as on temperature and on a 
number of hidden variables like plastic 
volumetric strain E/ ; geostatic stra
in, e, , referred to the in situ situa
tion prior to the application of 
loading; and ~-being a void ratio con
nected with the geostatic stress state. 
The latter two are dead variables for a 
given geostatic situation. 

e = { ( .Q~ u.. I T, ev', eq, e.,) ( 1) 

Strain is decomposed into reversible and 
irreversible part 
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( 2) 

Reversible deviatoric strain is 
thermally insensitive, while the volume
tric reversible strain reads: 

fro' ~ 
E; = K ln tr~, + or .d T - C u. - E:q 

K=LK· /(1+eo)]{ 1 +~A. T ... , .171
); , 

r ' tro 
()(. .. tx..'* +- (1. 0 + (()(.,...,O(,.!JT)I.n ;., t- o<1..f. T 

tr~ 

( 3) 

(4) 

where: ~Tis the actual temperature 
difference with reference to a laborato
ry temperature To; Ki is the isothermal 
bulk compliance modulus,~*. C* are the 
thermal expansion coefficient and bulk 
compliance modulus of the mineral solid, 

/'J 1 '("1 ~o 1 o(. 1 , a, 1 CX1 are constants. 
The irreversible strain due to path 

dependence is defined incrementally via 
a plastic flow rule. 

df t.=- di. ( dff; dLL,dTJ ?J~; di )}0, df{oi dfdj"f5 > 

The plastic multiplier d?. defines 
the entity of the irreversible strain 
increment. Its direction is assumed as 
normal to a yield surface defined as a 
limit of purely elastic response of 
overconsolidated material. The normali
ty LUle implies therefore the presence 
of a deviatoric thermal irreversible 
strain. 

The elliptic yield sufacefoois that 
of modified Cam Clay generalized to the 
temperature dependence. Due to tempera
ture rise the overconsolidation domain 
shrinks in the hardening range, OCR<2, 
while in the softening range its neces
sary shrinking for mechanical reasons is 
mitigated by the temperature. As a re
sult one obtain a thermally induced in
crease of ductiliy. In the softening 
range it requires a coupling between 
str~in and thermal hardening. 

After some algebra the total res
ponse is obtained in the following form: 

in which » is the thermo-elasto-plastic 
incremental m·atrix defined as follows 

1 

~H 

T 'J{ 
M M · /1::: C -, 
- - I - =: ~§ (7) 

where IJH is the brittleness index which 
defines an incremental compliance (stra
in-stress invariant curve slope). The 
behaviour is perfectly brittle if t:.H- 0. 
C ,. C (AT ,tltlf') is the inverse incremen
t a 1 e 1 a s t i c i t y ma t r i x ; cx;.i s a comb i n a t i o n 
of thermal expansion coefficients of 
skeleton, water and mineral solid, while 



thermal 
through, 

plastic 
[ 11] 

strains 

qfl:_1 H_ c '!.£ 
- LlH 'lJT = '3f1 

are defined 

(8) 

Account taken of the water and min
eral solid compressibility and their 
thermal expansion together with the pore 
volume changes due to skeleton deforma
tion described in (6), the water outflow 
per unit volume may be determined. 
Combining it with the Darcy equation a 
governing system is reached describing 
coupled hydraulic mechanical response of 

[~r~X-i·i:Ft:::~~~~ ;c~i~~'roi{~f 
+ f-J~T ~ ~ + 2f

1 }TJ ~1; c*:(1-n)C~~~w 
l1 c*~r ~J>L+ O!v-!ocrC.,.~'tQ'!! lo t:(,v"'~-n)/ .. naw 

n - is the current porosity. 
In short term analysis, in which in 

the ·presence of the extremely low perme
abilities of clay K ~ 0 no flow virtu
ally occurs, it is useful to develop a 
decoupled hydrostatic thermo 
elasto-plastic system which reads 

do= fD + c'uQQ 1)rf.£ f Qtt_..i ~~ M)d.T; 
- ~ - - - - Alt "b T - (10) 

(11) 

where : 9= Gc .. -R-I)!I' i g~~c~oe~~ -IJ~ 

o<q= - ~; 1" c'""[(nt:{'.; +~-'1 )c<~-' C~rl!{~ "!! -Ji-~Yl!''j 

C/"= r ( 1-II)C"t+ 11 C'w -J c"'2. "1!! T ~ ~] -j (!2) 

In the above, temperature is consi
dered as known. It means that heat dif
fusion is assumed to be decoupled from 
the hydraulic and deformational fields. 

Both undrained and transient models 
have been implemented into a finite ele
ment computer code, see [11]. 

5. SCENARIOS OF REPOSITORY PERFORMANCE 
DUE TO COUPLED PROCESSES I~ CLAYS 

Three possible scenarios may be en
visaged on the mega-scale level. In the 
first scenario pore pressure gradients 
due to the temperature space distribu
tion produce a slow but long term water 
out flow. In adverse circumstances it 
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may enhance nuclear pollutant migration 
toward human environment (see e.g. 
[12]). Novel points in this problem 
arise from the particular properties of 
clays expounded in sec. 3 and 4. 

The second scenario consists in 
such thermally induced build up of the 
pore pressure that the clay skeleton re
aches a failure state. In fact, due to 
water pressure build up, the effective 
isotropic stress in the skeleton re
duces. Thus even at constant shear 
stress a failure may occur due to lack 
of skeleton confinement stress. 

The plausibility of such occurrence 
has been confirmed experimentally in la
boratory tests on homogeneous specimens 
for two kinds of clay. For a remoulded 
Pontida Silty Clay Fig. 3a shows the 
stress path composed of an undrained 
shear loading up to conditions simulat
ing a normally anisotropically consoli
dated clay state. After having allowed 
material to creep till stabilization, 
heating has been performed under con
stant total stress. Correction for the 
water expansion in the apparatus, porous 
stones and tubes has been applied. As 
the result a net pore water pressure de-
velopment in the specimen has been obta
ined as a function of the specimen vert
ical deformation, Fig. 3b. Failure has 
been reached at 92° C, and has been ac
companied by a pore pressure slight re
gression and then stabilization. No lo
calized shear band has been observed in 
this test, while it was present for the 
Boom Clay. 

The stress path may be interpreted 
as purely elastic, what has been con
firmed in a.similar test with local un
loadings. In the final phase however, 
the thermally reduced yield surface is 
reached in its softening range. Then 
the yield surface shrinks and "forces" 
the effective isotropic stress to incre
ase again a little and thus the pore 
pressure to decrease until the critical 
state is reached and plastic skeleton 
residual flow is activated. 

The third scenario is a combination 
of the former effect developed partially 
with a subsequent or simultaneous devia
toric loading induced by construction or 
emplacement. It is in fact sufficient 
to diminish only in part the effective 
stress to promote a significant reduc
tion of the "undrained shear strength", 
Cuof clay. Therefore clay is more sus
ceptible to failure after heating even 
under moderate shear loadi~g. 

It is important to point out that 
in actual in situ conditions there are 
usually several stabilizing effects. 
Initial pore pressure excess is normally 
zero or small. Secondly, a locally in
duced instability needs not mean an 
overall instability, because of the sta
bilizing contribution of adjacent zones 



[14]. However numerical and experimen
tal studies are required to prove that 
the above scenarios cannot occur in real 
repository situations. 

Preliminary computations have been 
undertaken by means of the mathematical 
models developed in sec. 4. An axisym
metrical Pontida silty clay column 90 m 
high and 37 m in radius has been simu
lated in plane strain. The column has 
been heated by a centrally placed heater 
of 15 em radius emitting to 224 W/m con
stant in time. The heater simulates a 
series of alternating HLW and CH con
tainers 1.5 m high, emplaced 30 years 
alter disposal from the reactor. 

Fig. 4a presents the distribution 
in the radial direction of temperature 
and excess pore pressure developed after 
one year and after ten years from the 
beginning of heating, for three cases of 
clay permeability, K1 1.10-8 m/sec, 
K2 = 1.10-~0 m/sec, K3 '" 0. The first 
two cases have been studied with the 
"Transient flow" option, while the 
latter with the option "Undrained". 

Note first that the distribution of 
the pore pressure for K2. • 1.10"40 m/ sec. 
is almost identical to the "undrained" 
solution both in the 1 year and in the 
10 year analysis. Secondly, in the cen
tral, most heated zone the pressure is 
almost double for K2 with respect to 
K1 • At greater distances the differ
ence diminishes. The vertical effective 
and total stress distribution, as well 
as flow velocities, fig. 4b show quite 
significant effects in the range of 
about 18 m. The results obtained for 50 
years, not reported in figures, indicate 
a fairly extended zone of alteration of 
natural conditions. In fig. 4c the ef
fective stress path is shown for the 
element closest to the heater, in analo
gy with the test result from the fig. 
3a. Although the stress does not reach 
the failure envelope, it markedly appro
aches it. 

6. CONCLUSIONS 

Above results indicate a relevance 
of heat induced variations of the hydro
logical and mechanical original condi
tions of clay in the near field. This 
refers both to the extension of the zone 
affected and to the intensity of the 
phenomena. Thermally induced nonlinear 
mechanical behaviour of clay has to be 
taken into account during repository de
sign both in order to avoid negative ef
fects by appropriate spacing of the can
isters and in order to exploit benefi
cial effects, such as improved self 
sealing due to enhanced plastic behavi
our. Clearly, both tests and computa
tions are a very simplified approxima
tion of the real effects in situ. 
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Further laboratory and numerical work is 
under way at ISMES in order to perform a 
more realistic simulation. 
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ABSTRACT. 

Some aspects are presented of ma
thematical simulation of a generation in 
clay formation of discontinuities propa
gating from a moving bed-rock. 
Modelling of pre-critical and post
critical behaviour of clay together with 
discontinuity generation conditions are 
discussed. 

INTRODUCTION 

The concept of radioactive waste 
disposal in deep continental clay forma
tions is based on their high efficiency 
as· a radionuclide migration barrier. It 
offers the possibility of a very limited 
effort required for backfilling of repo
sitories and of emplacement of canisters 
directly into cl3y. 

The quality of clay as a barrier 
against mlgration relies on its extreme
ly' low permeability ranging between 
10· m/sec and 10"1Zm/sec as well on its 
high ductility which mitigates effects 
of possible fractures of thermal or me
chanical origin. A relatively high re
taining capacity of radionuclides 
through geochemical processes is also 
associated with the low permeability. 

However, due to the required ex
tremely long durability of the reposito
ry it is necessary to study all possible 
adverse phenomena which could alter the 
original integrity of the geological 
formation of interest. 

In this paper, attention is focused 
on a possible dislocation of the 
bed-rock underlying the repository. 
Consequences of such event to the clay 
formation continuity (such as formation 
of R fracture) should be evaluated. 

ln particular two principal areas 
slluuld be investigated. The first one 
r~gards conditions of generation of the 
phenomenon in clay, its extent and pro
pagation. The second one is related to 
the characterization of potential water 
flow through a discontinuity in clay. 
In particular, the fracture enhanced 
permeability ol clay should be quanti
fied in o~der to understand whether the 
natural water circulation towards human 
environment could become critical. 
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Bed~rock movements can different{~ 
ate significantly among them. In conse
quence, also the mechanical reactions of 
the clay formation to them would be dif
ferent. Normal or reversed faults may 
propagate into the clay strata causing 
its intense shearing. The normal faults 
heading towards one another produce 
"trough faulting" or sunken block, or 
"graben", all causing partial relief of 
stresses in clay and zonal tensions. 

The bed-rock intense shear or par
tial removal of compression stress can 
give rise or not to respectively shear 
fractures or tension fractures in clay 
depending on the type of clay and on the 
depth of the deposit. 

To begin with, only shear fractures 
will be dealt with in what follows. It 
is well known in surface geotechnics 
that for example at landslide tips, 
zones of intense shear composed of num
erous, evolving fractures occur exhibit
ing substantial dilatancy. Often, even 
partial fractures degenerate and pro
gress due to water percolation and pro
duce finally collapse mechanisms. On 
the other hand, it is known that the 
confining isotropic pressure is a highly 
stabilizing effect and may moderate or 
even suppress formation of fractures. 

Therefore due to the presence of 
confining effective stres~ of several 
Megapascals, the generation of shear 
fractures at depth in the clay of dif
ferent plasticity is not a straightfor
ward problem and requires ad hoc experi
mental and theoretical studies. 

For hard clays there exists an evi
dence from an open lignite •ine (Santa 
Barbara, Italy) of the presence of num
erous well exposed discontinuites. Some 
of the discontinuities are accompanied 
by a yellowing of the adjacent zones up 
to 50 meters deep, what indicates a pos
sible past water circulation. 

Plastic clays on the other hand, 
and especially at high confining pres
sures, may exhibit large ductile strains 
due to bed-rock fault propagation. This 
may lead to the formation of either ex
tensive zones of diffused plastic stra
ins or shear bands of a certain width, 
running even through the whole clay for
mation. The crucial question arises no~ 

concerning volumetric strains (dililtnn-



cy) and thus permeability changes at 
such phenomena. 

Answers to the above queries should 
be looked for on three parallel ways: 
by searching for natural analogs, like 
recent earthquake formed on-surface 
cracks of assurred depth or undergroung 
mine fractures; via laboratory studies 
both on small homogeneous and large sam
ples as well as on samples with variable 
centrifugal gravity fields; and finally 
by numerical simulations employing ade
quate constitutive models. 

In order to approach these problems 
a comprehensive research programme has 
been undertaken at !SHES encompassing 
both in situ and laboratory studies as 
well as mathematical simulations. 

In this paper several aspects of 
mathematical modelling are discussed. 
In the matter of fact, to the best of 
our knowledge the problem of fault pro
pagation in clays at such depth has not 
been tackled till now in sufficiently 
complete manner as to give meaningful 
results. The discussion presented con
cerns methods of describing the forma
tion of a fracture in clay medium and 
its propagation, i. e. pre-critical 
and post-critic·al constitutive law, as 
well as an inception criterion. 

Questions connected with the finite 
element treatment of the above phenomena 
are also discussed. 

GENERAL ASPECTS OF MATHEMATICAL 
MODELLING OF FRACTURES IN CLAY 

Penetration of a pratically rigid 
rock into clay stratum produces in clay 
a stress field, which almost immediately 
ceases to be elastic at least in singu
larity points. Stress in fact soon re
aches critical values giving rise to 
inelastic deformations which may be ei
ther highly localized or 'diffused de
pending both on material properties and 
on boundary conditions. 

The localized shear deformation in 
clays may take on three different forms, 
Fig. 1. First of all, an actual dis
continuity within the medium can take 
place involving relative displacements 
of two parts of originaly unique materi
al elements, Fig. la. Such phenomena 
is treated by methods of• fracture me-
chanica. 

Secondly, there is a possibility of 
formation of a narrow zone of advanced 
ductile shear deformations, Fig. lb. 
Such effects are modelled via plasticity 
models. 

Finally, one may have a narrow zone 
of material suffering an oriented or 
isotropic damage in the form of growing 
defects like microcracks or voids, Fig. 
lc. These effects are modellable by 
means of inelastic damage theories. 

f I l a) 

I 

J 11 { b) 

i ~& r c) 

Figure 1. Typical forms of localized 
shear deformation in clay. 

Physically, the above effects often 
follow each other either in time or in 
space (Morgenstern, Tchalenko, 1967). 

From the simulation point of view 
the above three forms of the deformation 
localization can sometimes be used to 
represent a different scale vision of 
the same physical fact for a numerical 
convenience. It is possible on the 
other hand, that in the finite element 
calculations the differences between the 
approaches become immaterial computa
tionally. The choice of the approach is 
however not indifferent from the concep
tual point of view for interpretations 
of the numerical results. 

Mathematical description of the lo
calized deformation simulating a fault 
propagation into a clay stratum requires 
first of all a description of the beha
viour of clay continuous element by it
self, i. e. prior to any critical 
state. 

Mathematical modelling of clay be
haviour for surface geotechnical appli
cation is a topic of intensive studies, 
both from the points of view of consti
tutive laws and numerical methods. The 
most advanced studies have been made in 
the framework of the theory of plastici
ty. 

Plastic behaviour of materials is 
insensitive to the time scale, in con
trast to viscous or viscoplastic behavi
our. In the present application the 
real time elapses are insignificant, 
therefore the sole dependence of the be
haviour on the sequence of events, well 
described by the rate insensitive plas
ticity theory is here a sufficiently 
good approximation of the actual materi
al memory. 

An archetype of studies on the 
fracture propagation is the rigid per
fectly-plastic solution of boundary 
value probem, admitting discontinuity in 
the velocity field. Such solution, be
sides the highly idalized behaviour of 
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the material is connected with the con
cept of full plasticization of the con
tinuum and requires the development of a 
complete failure machanism. 

Therefore effects of the primary 
interest for the present application 
like kinematics of propagation, includ
ing variable dilatancy and, first of all 
partial localizations which do not de-
velop any failure mechanism cannot be 
described by perfect plasticity. 

The interest is therefore concen
~rated on more sophisticated models of 
hardening and softening incremental 
plasticity or damage theories. These 
models describe gradual loss of incre
mental stiffness together with accumula
tion of inelastic deformation till the 
peak state is reached at zero incremen
tal stiffness. The peak is followed by 
a smooth stress reduction at continuous 
homogeneous straining. It corresponds 
to ·a uniform degradation of the material 
with a negative incremental stiffness 
till an ultimate resistance state of un
limited plastic flow is reached. Such 
models are now fairly developed for geo
materials. 

The actual behaviour of clay may 
exhibit several departures from these 
models. One of principal departures of 
relevance here consists in a possibility 
of the formation in a homogeneously 
strained specimen of a localized discon
tinuity of shear or extension kind at, 
or before the peak state is reached. 
Further deformation is then concentrated 
at such discontinuity to which often 
also all degradation or softening ef
fects are circumscribed. Moreover, such 
effects, if referred to the whole ele
mental volume give the elemental soften
ing much underestimated or inexistent. 
The main consequence of the localization 
is that an actual post-crit{cal deforma
tion mechanism drastically changes and 
variables controlling it become discrete 
i.e. referred to the interface. 

In the framework of the theory of 
plasticity two approaches are developed 
dealing with strain localization, treat
ing it on a giobal or local scale. In 
the first option the localization is 
conceived as an effect of the solution 
of a boundary value problem in which a 
zone of high strain gradients is formed 
in the strain field. 

In the other approach, the locali
zation of deformation is postulated at 
an infinitesimal element as a generation 
of an admissible discontinuity within 
the elemental strain field. The genera
tion is triggered by a loss of stability 
of the material locally. A growing se
quence of material elements in which it 
occurs simulates the propagation of the 
localization in the medium. 
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MODELLING OF PRE-CRITICAL BEHAVIOUR 

In the both approaches to localiza
tion, the modelling of the pre- critical 
behaviour plays an important role. A 
model of the type of Cam Clay developed 
for surface geotecnics may be used for 
the present purpose after some modifica
tions, Schofield and Wroth (1968). 
There are in fact several requirements 
which such model should meet. 

First, a possibility of modelling 
of plastic dilatancy prior to critical 
states both for overconsolidated and 
normally consolidated stress paths 
should be assurred, Nova (1982). Indeed 
a correct modelling of the dilatancy is 
a necessary element of adequate evalua
tion of permeability changes. 

Secondly, the ultimate state locus 
being a non-linear shear stress invari
ant function of effective isotropic 
stress, characteristic for clay behavi
our at depths should be simulable. 
Thirdly, a possibility of low cyclic 
pore water pressure build up in the 
overc6nsolidation range due to seismic 
wave induced motion prior to - the local 
generation of discontinuity is an impor
tant effect to be taken into account 
Hueckel and Nova (1981). In fact, such 
effect is known to lead to a reduction 
of undrained shear stren&th. 

Finally, it must be stressed that 
there exists a coupling between the pre
critical behaviour and Lhe mode and the 
stress level of the critieal state it
self. In other words, the critical 
state understood as bifurcation is high
ly sensitive to the pre-critical model. 
It refers in particular way to the flow 
rule defining plastic strain rate direc
tion, which deviation from the yield 
surface normal is considered as a major 
factor promoting bifurcation. 

One of the causes of the non- nor
mality of clay flow rules is the 
elasto-plastic coupling which models the 
well known strong elastic anisotropy due 
to plastic non-isotropic pre- consolida
tion. 

This and/or other sources of pheno
menological non-normality should be 
carefully analyzed in the model for deep 
clays. 

MODELLING OF FAULTS VIA LOCALIZATION OF 
SHEAR STRAIN 

As already mentioned there are two 
options in modelling the strain locali
zation of plasticity. 

In the first one, referred to the 
boundary value problem treated with the 
finite element method no local bifurca
tion occurs. The localization occurs 
due to formation in the strain field of 
a band of high shear strain gradients in 
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concommitance with a transition from the 
elliptic range to hyperbolic range of 
partial derivative differential equation 
system describing the medium behaviour, 
Hill and Hutchinson (1975), Vardoulakis 
(1981). In the models for geomaterials 
it coincides with or precedes the shear 
stress strain characteristics peak 
point. It is equivalent to local loss 
of stability, Maier and Hueckel (1979), 
in the· sense of Hill (1958), but no 
further consequence to the deformation 
mode is considered. It means that in 
this approach the pre-critical homogene
ous elemental deformation mode is main
tained. 

Note moreover, that despite local 
instabilities not necessarily global 
instability occurs due to the stabiliz
ing contribution of the adjacent vo
lumes, Hueckel and Maier (1977). If the 
global. instability is reached, coinci
dent with loss of positive definiteness 
of the boundary value problem incremen
tal matrix, a global bifurcation occurs 
and thus an alternative kinematic confi
guration can be generated. This stage 
hovever is rarely considered in the· geo
technical applications since such ad
vanced failure is usually out of the 
range of small strains and of the vali
dity of constitutive models for clays. 

Clearly, any numerical result in 
this approach depends on the refinement 
of the finite element mesh. It may 
therefore happens that due too coarse 
mesh the localization is excessi·ely 
smoothened and the dilatancy associated 
with it is underestimated. 

One of the ways to avoid such oc
currence is to choose the other menti
oned option in which the local bifurca
tion is taken into account. In this ap
proach limited to plane cases only a bi
furcation point in elemental behaviour 
is looked for by considering an elemen
tal admissibly discontinuous strdin 
field, following Rudnicki and Rice 
(1975) and Vardoulakis (1981). As a re
sult one obtains not only the stress 
level at which the bifurcation occurs, 
but also an inclination of the discon
tinuity plane. 

Crucial role in the assessing of 
the stress level and discontinuity di
rection is played by the form of 
non-normality of the flow rule. The de
viation from the normality in fact im
plies a strong decrease of the bifurca
tion level as discussed in the preceding 
sections. The bifurcation criterion co
incides with the condition of a loss of 
positive definiteness of the incremental 
constitutive plane strain matrix with 
reduced degrees of freedom imposed by 
discontinuity admissibility require
ments. 

Further irreversible process local
izes at the discontinuity plane at which 

a particular form of the constitutive 
law must be determined. 

POST-CRITICAL BEHAVIOUR MODELS 

In the first approach, with the 
Cam- Clay laws, models the post-critical 
behaviour is an intrinsic part of the 
model. 

It is defined via softening behavi
our for strongly overconsolidated 
states, while it coincides with perfect
ly plastic flow for normal consolidation 
range. Therefore the main three element 
of post-critical behaviour of the local
ization, i.e. 
(a) criterion for propagation of dis

continuity 
(b) direction of the propagation 

(c) relationship for plastic 
flow and dilatancy at the discon
tinuity. 

are the result of the boundary value 
problem. 

The three point indicated above are 
however an almost completely open prob
lem for the second approach. 

First, the only known propagation 
criterion based on the J-integral appro
ach as proposed by Palmer and Rice 
(1973) is valid for a very simple non
incremental deformational plasticity 
laws. 

Then, the direction of the propaga
tion is determined by the discontinuity 
inclination of neighbouring elements and 
there is no a priori indication that the 
bifurcation is reached in the neighbour
hood. 

Finally, the relationship between 
surface traction at the discontinuity 
boundary and relative displacement is an 
unsettled question. There is some prel
iminary works concerning general condi
tions of friction between two mineral 
surfaces, Mroz (1980), but behaviour at 
a surface internal to the element is in 
some aspects considered as not measur
able. Several as hoc techniques for 
determining constitutive law may be 
adopted by a back analysis of numerical 
solutions employing hypothetic laws. 

FINITE ELEMENT DISCONTINUITY SIMULATIONS 

An implementation of the above ap
proaches into a computer finite element 
code may be performed in two different 
ways in which particular forms of finite 
element mesh should be elaborated. 

In the first option the emphasis is 
put on a zonal refinement of the mesh of 
usual elements and its stepwise remak
ing, while in the second one a special 
kind of joint elements are introduced in 
order to simulate explicitly the discon
tinuities. The central conceptual prob-
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lem any way consists in a conditioning 
of the solution by a priori choice of 
the f.e. mesh. It refers both to the 
degree of the refinement and to the lo
cation of the zone of the refinement. 

Both elemental and boundary value 
problem lo~alization approaches are 
tractable by the first option. The ele
mental localization is approached by 
smearing the effects of the discontinui
ty over the element by modifying the 
stress- strain relationship in such a 
way that the dissipated energy of the 
cracked and fictitiously continuous ele
ment remains the same, Cedolin and Dei 
Pol! (1979), Bazant and Oh (1981). 

In the second option the joint ele
ments require a special kind of 
stress-strain law describing the materi
al behaviour at the discontinuity inter
face as well as a finite element criter
ion for formation of a descontinuity 
derived from a criterion for continuum 
bifurcation mentioned in preceding sec
tions. 

Further discretization problems 
arise in the vicinity of the fracture 
tip, see Peano et al. (1979). For a 
limited number of loa.ding steps the same 
mesh may employed in a deformed configu
ration until the aspect ratio of ele
ments remains acceptable. Than a com
plete reset of the mush must be under
taken. 

As seen from the above considera
tion several numerical technique prob
lems have to be takled with in order to 
simulate succesfully the discontinuity 
propagation. Efforts in this direction 
are under way at ISMES with special ap
plication to the discontinuity propaga
tion within the clay formations. 

CONCLUSIONS 

In this paper we discussed several 
aspects of mathematical modelling of the 
propagation of a bed-rock dislocation 
into clay formation. A general scheme 
for tackling its adequate mathematical 
simulation was presented, including var
ious options in dealing with particular 
problems in the framework of the plasti
city theory. Some queries are also 
risen concerning both theoretical and 
numerical problems of the simulation of 
discontinuity generation and propagation 
by means of the bifurcation approach. 
They are either common to crack propaga
tion problems in other materials or are 
particularly referred to the behaviour 
of clays at significant depths. 

Several other important factors 
concerning pervious fault in clays are 
not treated herewith, while easily im
plementable in the general scheme pre
sented. It refers for example to a pos
sibility of drastic increase of dilatan-
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cy and permeability in an already frac
tured zone in clay in the post- critical 
deformational range due to low cyclic 
loading, Zoback and Byerlee (1975). 

Work is in progress in the above 
described areas both on theoretical, 
numerical an experimental aspects. 
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ABSTRACT 

The significance of coupled processes in 
repository sealing is evaluated. In most reposi
tory designs, shaft seals will be located in areas 
of relatively low temperature perturbation, in 
which case the coupling of temperature with stress 
and permeability may be less significant than the 
coupling between stress and permeability that 
occurs during excavation. Constitutive relation
ships between stress and permeability are reviewed 
for crystalline rock and rocksalt. These provide a 
basis for predicting the development of disturbed 
zones near excavations. Field case histories of 
the degree of disturbance are presented for two 
contrasting rock types - Strips granite and 
Southeastern New Mexico rocksalt. The results of 
field investigations in both rock types confirm 
that hydraulic conductivity or permeability is 
stress dependent, and that shaft seal performance 
may be related to the degree that stresses are 
perturbed and restored near the seal. 

INTRODUCTION 

The development of shafts and ramps accessing 
an underground nuclear waste repository poses the 
potential problem of creating preferred pathways 
for radionuclide migration. While plug materials 
used in sealing may have low permeability, dis
turbed zones may develop in the adjacent rock as a 
result of fracturing or stress relief across exist
ing fractures. Over the long term, further dis
turbance may result from alteration of the thermal, 
hydrologic and stress regimes. The interface zone 
between the plug and the rock may also be altered 
in the long term. 

An understandi~g of coupled processes is 
necessary to identify technical issues, to perform 
geologic characterization and laboratory or field 
testing of constitutive properties, to evaluate 
performance, and to design seals. This paper 
presents a discussion of the coupled processes that 
result in rock disturbance, and describes two field 
case histories of the degree of disturbance in two 
contrasting rock types - Strips granite and South
eastern New Mexico rocksalt. These case histories 
provide a basis for identifying and resolving 
technical issues for future work on coupled 
processes in repository sealing. 

During excavation, the state of stress around 
a shaft or drift will be altered with stress redis
tribution to the surrounding rock mass. Tempera
tures in the surrounding rock mass may also be 
altered as underground forced air ventilation is 
established. Pore pressures may be reduced if. 
water flow is induced towards the excavation. Fol
lowing seal construction, the temperature and pore 
pressure fields may be fully reestablished, and 
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stress fields may be partially reestablished. 
During repository operation, the temperature, pore 
pressure, and stress fields are again perturbed 
with the response of the seal system dependent on 
proximity to the waste. 

HYDRAULIC THERMAL 
CONDUCTIVITY CONDUCTIVITY 

I STRESS-STRAIN I 
PORE TEWPERATURE 

PREBBU.RE 

I 
BUOYANCY 

I WATER FLOW HEAT FLOW 

GROUNDWATER 
FLOW 

VELOCtTY I WASTE MIGRATION L TEM~~ .. L~TURE FIELD 
L (Rate and Extanu I 

Figure 1. Interrelationship of coupled processes. 

The change in field variables (temperature, 
pore pressure and stress) during the several phases 
ot repository development and operation will result 
in a general intercoupling of phenomena (Figure 
1). The degree of intercoupling will depend prin
~ipally on the perturbation of field variables and 
s~condarily on coupled constitutive relations. In 
the very near field (canister scale) or near field 
(room scale), the degree of coupling between water 
flow and heat flow during repository operation may 
be significant. In contrast, the degree of 
coupling at key seal locations may be less signif
icant during repository operation if the seal 
components are located further from the waste where 
there is lower temperature perturbation. Heat 
transfer analyses have been conducted to predict 
the rise in temperature at potential seal locations 
for preliminary repository layouts in crystalline 
rock and salt (Kelsall et al., 1982a). As illus
trated in Figure 2, the rise in temperature at 
several potential seal locations ranges from 10 to 
50°C. At key shaft seal locations the rise in 
temperature is as small as l0°C when the shafts are 
located within a shaft pillar away from the waste. 

Small temperature rises would be expected to 
cause small stress and pore pressure perturba
tions. In contrast, the stress relief occurring 
during shaft excavation is significant, and affects 
fundamental constitutive properties for fluid flow 
(Kelsall et al., 1982b; 1984). Relatively strong 
crystalline rocks at shallow depths behave essen
tially elastically, whereby deformations are 
reversible and there is no failure. At greater 
depths, the same rock might respond with propor
tionally greater deformation due to slippage along 
fractures. In salt, time-dependent inelastic 
deformations occur and a zone of stress relaxation 
extends some distance from the excavation. In both 
cases, constitutive properties that relate stress 
to permeability may be used to predict the increase 



in permeability and the extent of the disturbed 
zone. 
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Figure 2. Approximate temperature histories. 

In summary, for repository sealing applica
tions, the intercoupling between the various 
phenomena presented in Figure 1 is dominated by the 
coupling between stress-strain and water flow that 
occurs principally during excavation. Stress 
analysis and coupled stress-permeability relation
ships may be used to predict the zone of increased 
permeability. 

CONSTITUTIVE RELATIONSHIPS BETWEEN STRESS AND 
1 ERMEABILITY 

The change in stress state around an opening 
might affect the permeability of a rock mass in one 
of three ways: (l) fracturing of originally intact 
rock due to excessive compressive or tensile 
stresses; (2) opening or closing of pre-existing 
fractures due to changes in the normal stresses 
acting across the fractures or to shearing along 
the fractures; and (3) loosening of the crystal 
structure in response to reduced confining 
s•:esses. The relative influence of these three 
p~ocesses on the disturbed zone permeability will 
vary according to parameters such as the size of 
the opening relative to the fracture spacing, the 
strength of the intact rock, the in situ stress 
field, and the shape of the opening. Loosening of 
the crystal structure may be significant only in 
relatively weak rocks such as salt. 

In strong crystalline rocks such as basalt or 
granite, consideration is given to the effects on 
preexisting fractures since it has been found that 
stress perturbation due to excavation is not suf
ficient to fracture intact rock at proposed reposi
tory depths (Kelsall et al., 1984). The degree to 
which flow through a fracture will be influenced by 
stresses acting on the fracture is determined by 
how the fracture aperture is influenced by stress 
or, in other words, by the deformability of the 
fracture. Iwai (1976) proposed the following model 
for the influence of effective normal stress on 
flow rate, based on a model for non-linear deform
ability of a fracture originally proposed by 
Goodman (1976): 
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(l) 

where [A(if + 1]3 
Q/L\h "' flow rate divided by head difference at 

an effective stress ~e; 
(Q/L\h)o = flow rate divided by head difference at 

zero effective stress; and 
A,e,,t .. empirical constants. 

Kelsall et al. (1984) evaluated this relation
ship through the use of the cubic law (Witherspoon 
et al., 1980) and other relations to obtain a rock 
mass conductivity relation: 

where 

Ke 1 
if""' t 

o [A (~t)+ 1]3 

(2) 

Ke "' hydraulic conductivity of the rock mass 
at effective stress ~e• and 

K
0 

= hydraulic conductivity at zero effec
tive stress. 

The similarity·between equations (1) and (2) 
suggests that the relation Ke/K0 for the hydraulic 
conductivity of a system of parallel fractures may 
be obtained from laboratory tests on a single frac
ture (assuming that all the fractures have the same 
deformability), Kelsall et al. (1982b, 1984) used 
Equation (2) to predict changes in hydraulic con
ductivity near a shaft excavated in basalt. Two 
models were used for calculation of the stress 
redistribution. The first model assumed that the 
rock responds elastically as might occur at shallow 
depth. In this zone, permeability is expected to 
increase in the axial direction but reduce in the 
radial direction. The second model assumed that 
the rock responds elastoplastically where there is 
permanent deformation by slippage along fractures 
in a failed zone adjacent to the penetration. In 
this zone, permeability is expected to increase in 
both the axial and radial directions. For a cir
cular shaft at a depth of 1000 m, the permeability 
parallel to the shaft axis is predicted to increase 
by one to two orders of magnitude within 1 to 1.5 
radii of the wall. 

For salt, a number of investigators have exam
ined the relationship between effective stress and 
permeability (Isherwood, 1981). Lai (1971) pre
sented laboratory data that relate salt 
permeability to mean confining stress and octahe
dral shear stress. These tests were conducted in a 
high pressure triaxial cell, which allowed axial 
loads and lateral confining pressures to be applied 
independently. These measurements indicate perme
abilities from 10-4 to 10+2 milldarcy (md) over a 
range of confining stress between 0 and 40 MPa. 

Sutherland and Cave (1980) measured the perme
ability of Southeastern New Mexico rocksalt using a 
transient method. They investigated the effects of 
confining pressure and time and reported permeabil
ities of between to-2 and to-4 md. They found that 
permeability decreased with time, even after 500 
hours of load application, but they were not 
certain if the measured reduction represented frac
ture healing or a reduction of porosity. They 
suggested that the most representative value for in 
situ permeability would be obtained from specimens 
subjected to long-term pressure application. 



FIELD INVESTIGATIONS OF ROCK MASS DISTURBANCE 

Granite - Evidence regarding changes in 
permeability around a tunnel in granitic rock was 
obtained from the macropermeability test conducted 
at Stripa, Sweden (Wilson et al., 1983). This test 
was designed to measure the permeability of a large 
volume of low-permeability, fractured rock by 
monitoring water inflow into a 33 m long section of 
a tunnel. Hydraulic gradients around the tunnel 
were determined by monitoring groundwater pressures 
in piezometers installed in a total of 90 isolated 
intervals in 15 radial boreholes drilled from the 
tunnel. The tunnel was excavated using smooth
blasting techniques at a depth of about 340 m. 
Fracture frequency measured in holes drilled from 
the tunnel ranged from 2.9 joints/m to 4.5 
joints/m. 

Figure 3 shows the hydraulic heads measured in 
the boreholes plotted vs radial distance from the 
wall of the tunnel. Nelson and Wilson (1980) 
calculated an average rock mass hydraulic conduc
tivity from the observed gradient (the slope of the 
head vs. log-distance plot) and the water inflow 
monitored in the tunnel. If the weighted average 
line shown in Figure 3 is projected to the drift 
wall, it indicates a higher water head than can 
exist in practice. This indicates that there is a 
zone approximately 2.5 m thick adjacent to the 
walls of the tunnel, in which the hydraulic conduc
tivity is reduced by a factor of approximately 
thren. relative to the far-field value. 
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Figure 3. Macropermeability test, Stripa (Nelson 
and Wilson, 1980). (a) test arrangement; (b) dis
tance drawn on plot at end of 20"C temperature 
experiment. 
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Wilson et al. (1983) attributed the apparent 
zone of lower conductivity at the excavation to 
compressive rock stresses around the drift, chemi
cal precipitates left in the rock by evaporating 
water, or two-phase flow from gases coming out of 
solution. The first hypothesis is tested by com
paring the observed changes with those predicted 
using an analytical approach described by Kelsall 
et al. (1984). The predicted hydraulic conduc
tivity is derived from the stress-hydraulic con
ductivity relationship presented earl~r and an 
elastic stress distribution derived from the Kirsch 
solution. The far-field hydraulic conductivity 
away from the influence of the room is set as 10-8 

em/sec at 20°C. Assumptions made are that the flow 
to the tunnel is determined largely by radial frac
tures, and the rock behaves essentially elasti
cally. These assumptions are considered reasonable 
given that the dominant fractures strike obliquely 
to the tunnel and that the tunnel is located in 
good quality rock at relatively shallow depth. 
Figure 4 shows that the predicted reduction in 
radial hydraulic conductivity close to the tunnel 
wall is consistent with the reduction inferred from 
the macropermeability test. The results apparently 
validate the hypothesis that increased tangential 
stresses may reduce hydraulic conductivities in the 
radial direction although it is noted that the 
analysis involved several assumptions. The analy
sis may be extended to predict the increase in 
permeability that should occur in the disturbed 
zone in the axial direction. 
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Figure 4 •. Comparison of hydraulic conductivities 
predicted by analysis and inferred from field 
measurements, Stripa macropermeability test. 

Further confirmation of the influence of the 
tangential stress around the opening is obtained by 
considering the effects of temperature on flow rate 
into the tunnel. Theoretically, the effect of 



heating the tunnel should be to increase the tan
gential stress and, thereby, to reduce the rate of 
inflow. A simple analysis of thermal stresses 
around a tunnel was performed to demonstrate this 
effect. Temperature distributions around the 
tunnel were calculated using a closed-formed 
solution given by Carslaw and Jaeger (1959) for 
transient heat conduction through a region bounded 
internally by a cylinder. Thermoelastic stresses 
were calculated using the relation for tangential 
stress given by Carlsson (1978) for a temperature 
rise from 20°C to 30°C. The analysis predicted 
that increased tangential stress should reduce flow 
through the disturbed zone by approximately 30%. 
The observed flow rates (Nelson and Wilson, 1980) 
were 50 ml/min at 20°C and 42 ml/min at 30°C, a 
difference of 16%. 

Recently, Barton et al. (1985) proposed a 
joint constitutive model which describes the 
coupling of conductivity with both shear and normal 
stress. Their model is based upon simple estimates 
of the joint roughness coefficient (JRC), the wall 
strength (JCS), the residual friction angle, and 
the conducting smooth wall aperture. Empirical 
relationships were also developed to account for 
sample size and joint spacing since it has been 
found that fundamental joint properties are subject 
to scalar effects. Their analysis indicates that 
strong rocks, such as basalt or granite, with rough 
joints typically have high joint normal stiffness 
and high shear strength leading to strong coupling 
between shearing and conductivity. These constitu
tive models (whic;: can be developed without exten
sive laboratory or field testing) could be used to 
refine predictions of the increase in permeability 
in the disturbed zone in crystalline rock. 

Salt - Evidence regarding changes in perme
ability around an entry in salt is obtained from in 
situ permeability measurements made with a guarded 
straddle packer system at a depth of approximately 
610 mat the WIPP (Peterson et al., 1985). The test 
horizon is located in a horizontal bed of halite 
that contains clay and anhydrite layers. The tests 
were performed to determine the permeability of 
salt and its variation with distance from the mined 
surface, and the influence of the interspersed 
anhydrite and clay seams. 

The tests were conducted in vertical boreholes 
drilled into the roof and floor, and horizontal 
boreholes drilled into the sidewall, all in a 10 m 
wide by 4 m high rectangular entry. The guarded 
straddle packer test system and data reduction 
technique were designed to measure the low perme
ability of salt. The downhole measurement system 
consisted of a dual packer assembly which isolated 
a test interval at the end of a borehole (1 to 2 m 
in length) and an adjacent guard interval. Any 
leakage that occurs near the packer-salt interface 
is accounted for in the permeability measure
ments. The combined permeability measurements near 
the entry are shown in Figure 5, and apparently 
indicate that there is a relationship of perme
ability with test interval depth. The data indi
cate that permeability is reduced by two orders of 
magnitude (10-4 md to 10-6 md) over depths of 1 to 
14 m. This trend is similar to that predicted by 
Kelsall et al. (1982b). Since measurements are 
made for flow in a direction parallel to the drift 
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Figure 5. Relationship of salt permeability with 
depth near an excavation. 

excavation surface (Figure 5) and normal to the 
direction of stress relief, this result is not 
unexpected. 

Predictions of the zone of increased perme
ability at WIPP are made using the stress perme
ability relations presented by Lai (1971). Esti
mates of the amount of stress relief as a function 
of depth from the rectangular entry may be made 
using relationships developed by Chabannes 
(1982). Assumptions or simplifications include 
that the stress distribution is steady state and 
based on a secondary creep law, that the excavation 
is circular in a homogenous salt medium, and that 
the farfield stress is hydrostatic. The predicted 
results (Figure 5) show a similar trend to the in 
situ data, but the· absolute values are 4 to 5 
orders of magnitude higher. The in situ test 
results indicate steeper changes in permeability 
with depth than the predictive analysis. This 
might indicate that the actual stress distribution 
is not steady state. 

The range of salt permeabilities from lab
oratory and field tests from several sources is 
presented in Figure 6. A test conducted on a 
single crystal by Shelby, as reported by Sutherland 
and Cave (1980), is also shown. Measured perme
abilities reflect a wide variability attributable 
to a combination of constitutive and experimental/ 
environmental factors. Constitutive factors 
include differences in salt properties (especially 
porosities; see Kelsall and Nelson, 1983), the 
dependence of permeability on stress and time, and 
stress history (loading and unloading during sample 
recovery or borehole drilling}. Experimental 
factors include limitations in the resolution of 
test method and test technique. For in situ tests, 
Peterson et al. (1985) have cited the importance of 
testing with a guard zone. 

It is interesting to note that sample or test 
interval disturbance results in a loosening of 
crystal structure which would increase the measured 
permeability in both field and laboratory tests. 
In laboratory tes~ing, stresses are relieved in 
sample recovery and reapplied during testing. In 
field testing, stresses are partially relieved in 
the vicinity of the test zone and partially reap
plied during pressure testing. Since laboratory 
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specimens are subject to more disturbance, labora
tory measured values might be expected to be higher 
than field measured values, except where the latter 
are influenced by discontinuities. The results of 
permeability testing illustrated in Figure 6 are 
consistent with this observation. 
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Figure 6. Comparison of field and laboratory 
measurements of permeability of rock salt. 

This discussion has been presented to show 
that the use of values for salt permeability meas
ured by laboratory or in situ testing in perform
ance assessment might overestimate true in situ 
permeability, and thus underestimate geologic 
containment in salt, provided that discrete frac
ture systems are not a dominant flow regime. A 
further caution regarding interpretation of labora
tory and field tests, and application of conven
tional flow analysis in salt is made by Remson 
(1984). He cites evidence of non-Newtonian flow 
where all flow occurs sufficiently close to 
surfaces to be affected by surface forces. 
rates are lower than those predicted on the 
of Darcy's Law. 

CONCLUSIONS 

mineral 
Flow 
basis 

Stress analysis and constitutive relations 
derived from laboratory testing can be used to 
develop disturbed zone models. In crystalline 
rock, there is reasonable agreement for relatively 
shallow excavations where the rock behaves elas
tically. Further validation is required for deeper 
rocks which might deform inelastically. The 
effects of shear stress in increasing conductivity 
in the disturbed zone needs further evaluation. 

N 
e 
>-
1-
...J 
iii 
<I 

"" :E 
a: 

"" 0.. 

u 
iii 
z a: 
1-
~ 
C> 
0 
...J 

251 

In salt, current disturbed zone models 
(Kelsall et al., 1982b) appear to predict the 
correct relative change in permeability occurring 
near an excavation. Prediction of absolute perme
ability is complicated, however, because both in 
situ and laboratory measurements may be subject to 
disturbance due to stress relief and the loosening 
of crystal structure. Measurement of the perme
ability of salt in the laboratory is not likely to 
provide results representative of in situ values 
unless tests are conducted under high confining 
stress over periods of at least several months. In 
situ testing methods are preferred because 
disturbance is less severe and because of the 
ability to detect fracture anomalies. 

In the long-term isolation of nuclear waste in 
fractured rock, the disturbed zone may represent a 
significant flow path, and site-specific evalua
tions of groundwater flow near seal systems such as 
those carried out by Lundstrom et al. (1985) are 
required. In salt, fracture healing processes may 
be important and result in a reduction in perme
ability. Analyses conducted by Kelsall et al. 
(1982a) indicate that stresses at the interface of 
an excavation in salt sealed with a plug will be 
restored to the far-field stress after 100 years. 
This stress buildup will reduce the permeability 
near the excavation by reducing shear stress and 
increasing mean stress. 

The results of field investigations in both 
crystalline rock and rocksalt ~pnfirm that 
hydraulic conductivity or permeability is stress 
dependent. Shaft seal system performance is 
related to the degree to whicn stresses are 
perturbed near the seal syster:;. In the adjacent 
disturbed zone, small changes in stress.may be 
significant in increasing or reducing hydraulic 
conductivity or permeability. The effects of 
temperature in seal zones are less significant 
provided that the seals are isolated from the waste 
by pillars. 
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NUMERICAL MODELUl'G OF COUPLED 'mERMD-HYDR!rMECHANICAL 
PROCESSES IN NUCLEAR FUEL WASTE DISPOSAL 

T. Chan, v. Guvanasen* and J.A. Keith Reid 

Atomic Energy of Canada Limited 
Whiteshell Nuclear Research Establishment 

Pinawa, Manitoba ROE lLO 
Canada 

A three-dimensional (3D) finite-element code, MOTIF (Model of 
Transport In Fractured/Poroos Media) , has been developed to model the 
coupled processes of groundwater flow, heat transport, brine transport, and 
one-species radionuclide transport in geological media. Three types of 
elements are available: (1) a 3D continuum element, (2) a planar 
"fracture" element that can be oriented in any arbitrary direction in 30 
space, and (3) a line element for simulating fracture flow in 2D space or 
pipe flow in 30 space. 

As a quality-assurance measure, the MOTIF code was verified by 
comparison with analytical solutions·or other published ncmerical 
solutions. These verification problems included: (1) transient flow from 
a borehole in a fractu~ed porous medium, (2) steady-stat~ flow in a rock. 
nass intersected by f~acture zones, ( 3) free thermal com7ection in a 
saturated porous medium, (4) free thermal convection in a Hele-Shaw cell, 
( 5) concentration-driven brine transport in a 20 poroos medium, and ( 6) 
one-species radionuclide transport along a discrete fracture in a porous 
rock na trix. ' 

Tb evaluate the validity of the MOTIF code, it was applied to 
predict the drawdown and water inflow caused by excavation of the shaft at 
the Underground Research Laboratory in a granitic pluton 0n the Canadian 
Shield. The predictions compared favorably with subsequent field 
neasurements. 

F\Jrther developnent is being carried out by enhancing MOTIF into a 
coupled thermo-hyd~mechanical model. Field evidence and preliminary 
calculations illustrate the need for developing the 3D coupled hydro
mechanical modelling capability. 

*Current Mdress: GrorRANS, Inc., Herndon, Va. 22070 
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COUPLED TRIAXIAL TESTING OF ROCK SALT SPECIMENS 

Fred A. Donath, The Earth Technology Corporation, Long Beach, CA 90807 
Jon T. Holder, CGS, Inc., Austin, TX 78704 
Lester s. Fruth, CGS, Inc., Urbana, IL 61801 

ABSTRACT 

This paper describes an apparatus that 
permits simultaneous measurement of several 
coupled geo-mechanical and geophysical parameters 
on intact specimens of rock salt saturated with 
brine and subjected to triaxial test conditions. 
Representative experimental results are presented 
for hydraulic permeability, electrical resis
tivity, and p-wave velocity which were determined 
while the test specimen equilibrated at a confin
ing pressure of 6.2 MPa (900 psi) and a pore pres
sure of 2.75 MPa (400 psi), during axial loading 
and deformation to a total axial strain of 5 per
cent, and subsequent to the deformation. The 
results are cross-correlated with the applied 
(differential} axial stress. The extremely low 
permeability of rock salt and corrosive nature of 
saturated brine required development of special 
sample preparation and jacketing techniques, as 
well as wetted apparatus parts made from 
Hastalloy, and the use of the transient pulse 
technique for permeability determinations. 

Measurement of permeability as low as 10 
nanodarcy (l0-20 m2) were successfully made. 
Measured pore pressure variations caused by either 
a pressure step increase or decrease showed excel
lent reproducibility and agreement with calculated 
curves. During the last 12 hours of equilibration 
under confining pressure, the permeability of the 
salt specimen decreased from slightly more than l 
microdarcy to about 500 nanodarcy; permeability 
increased to approximately 70 microdarcy after 
deformation to 5 percent strain. The increase in 
permeability caused by deformation was accompanied 
by a decrease in electrical resistivity. Porosity 
also increased with deformation, as indicated by 
dilatancy measurements. These observations indi
cate microfracturing to be occurring for strains 
above 1.5 percent. The electrical resistivity 
measurements involved phase-sensitive detection 
with a 4-terminal electrode configuration, thus 
permitting determination of absolute values as 
well as relative changes in electrical resistivity 
of the salt. Little variation in compressional 
wave velocity was observed in the brine-saturated 
salt, in contrast to observations in dry and 
partially saturated salt specimens. 
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INTRODUCTION 

The laboratory characterization of geologic 
materials is considerably enhanced by simultaneous 
measurements of several coupled geomechanical and 
geophysical parameters in realistic simulations of 
in-situ conditions. The consideration of salt as 
a medium for the storage of high-level radioactive 
wastes has placed particularly high demands on the 
quality of laboratory data, while many of the 
geomechanical 'properties of salt--including those 
which make it attractive as a storage medium-
complicate the laboratory study of its behavior. 
In particular, salt is very impermeable and the 
natut'al pore fluid, brine, is very corrosive. 
Laboratory deformation studies (e.g., Pfeifle et 
al. 1984) have been conducted on dry samples, and 
laboratory permeability measurements (Sutherland 
and Cave, 1980) have used various gases as the 
pore fluid. The absence of an electrically con
ductive pore fluid precludes resistivity studies, 
but pore water is known to influence the mechani
cal properties of salt (Horseman, 1983). Few 
lahoratory studies of salt in its natural satu
rated state have been carried out. 

The apparatus described in this paper has 
bPen designed to simultaneously measure the axial 
load, axial strain, volumetric strain, permea
bility, axial p-wave transit time, and electrical 
resistance of jacketed 10 em by 20 em cylindrical 
test specimens of salt saturated with brine, dur
ing triaxial deformation in simulated geologic 
environments. The collar-coupled loading column 
facilitates sample installation and minimizes sys
tem complexity, and the compact system has been 
used to carry out measurements in remote field as 
we1.1 as laboratory locations. 

AI'PARATUS DESCRIPTION 

The test apparatus used for this study con
sists of a triaxial pressure vessel coupled to a 
15D-ton hydraulic ram by means of a steel collar. 
The basic design-was first introduced some years 
ago and a description can be found in Donath 
(1966). The collar-coupling type of loading press 
is more compact than the tie-bar type and, because 
it is mobile, can be easily moved to remote loca
tions if desired. The test specimen is jacketed 
in a flexible rubber membrane and sealed to an 
upper end cap and piston and to a lower end cap 
and anvil by o-rings. The specimen assembly is 
inserted into the top of the triaxial vessel and 
retained by a top plug screwed into place. The 
Hastalloy end caps contain the wave velocity 
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transducers and diffuser plates for pore fluid 
spreading at the specimen ends. Pressure trans
ducers monitor the pore-fluid pressures, both up
and downstream from the specimen, and the confin
ing pressure. A load cell is placed in series 
between the ram and the loading piston which 
enters the bottom of the pressure vessel. Linear 
displacement transducers monitor the vertical 
displacement of the loading piston and the piston 
of the confining pressure syringe-type pump used 
as a dilatometer by determining fluid displaced 
from the pressure vessel. The test apparatus can 
be manually operated or placed under automated con
trol. Electrical outputs of the pressure trans
ducers are amplified by a signal conditioning 
unit, which also supplies their de excitation 
voltage. The amplified outputs, along with the 
confining fluid and axial displacement signals, · 
are monitored and stored by a microcomputer
controlled data acquisition system. In addition, 
up- and downstream pore pressure transducer ou·t
puts are recorded on a strip chart recorder; axial 
load and displacement are recorded on an x-y recor
der; and analog readouts are rrovided for ram pres
sure, confining pressure, and pore fluid pressure. 

EXPERIMENTAL PROCEDURES 

The preparation of test specimen end surfaces 
must be carried out with extreme care because 
large salt grains can be easily dislocated along 
the edges of the end surfaces. For our test speci
mens, the specimen surface next to the end is 
coated with silicone adhesive and a one-half to 
one-inch length of heat-shrink teflon jacket (pre
shrunk to the specimen diameter) is placed over 
the specimen end and secured with a jacket clamp 
prior to all end cuts. This nrocedure eliminates 
almost all grain-scale chipping along the end sur
face edges. 

Because of the low permeability of the salt 
it is essential that all pore fluid flow between 
the specimen and the jacket be eliminated. If the 
outer surface of the test specimen is smooth, soft 
jacketing material such as viton or rubber mem
brane conform to the surface well enough to pre
vent by-pass flow. Host of the cored salt speci
mens used for our studies have surface variations 
on the order of a few tenths of a millimeter, and 
a rubber membrane jacket is not adequate by itself 
if specimen permeabilities are less than a micro
darcy. For our specimens a thin, even coat of 
silicone adhesive is applied to the specimen 

surface and allowed to set for one hour before 
jacketing. A rubber membrane jacket is then 
mounted, and the assembly is allowed to set for 8 
to 12 hours before installation in the test ves
sel. Pore fluid equilibration times that exceed 
those corresponding to permeabilities of 10 nano
darcy have been observed with this configuration. 

Test specimen deformation properties are 
determined in this system from the measured axial 
load, loading-piston displacement, and the volume 
of confining fluid displaced from the vessel cham
ber. Procedures and apparatus distortion cor
rections for the calculation of axial stress and 
strain are described by Donath and Guven (1971). 
Volumetric strain is calculated from the confining 
fluid displacement volume, after correction for 
the vessel chamber volume change caused by the 
applied axial load. 

Axial p-wave velocities are determined from 
measured transit times of pulses traveling between 
transducers located in the end caps, after a 
correction for th~ transit time within the end 
caps (ASTH, 1984). 

A uniform axial current density is generated 
by using the two end caps as current electrodes. 
The in-phase voltage difference between two 
(Hastalloy) potential electrodes located along the 
length of the specimen, one-third the distance 
from the top and bottom, respectively, is measured 
with a phase sensitive lock-in amplifier operating 
at 20 Hertz. Voltage readings are translated 
directly to corresponding electrical resistances 
of the specimen region between the potential elec
trodes by using the voltage across a calibrated 
decade resistance box in series with the test 
specimen as the reference signal. This configu
ration effectively eliminates effects caused by 
non-ohmic processes within the specimen and by 
contact potentials at sample-electrode interfaces, 
and provides a reliable measure of the absolute 
values of electrical resistivity as well as 
relative changes in specimen resistivity. 

Transient pulse techniques (Brace et al, 
1968) must be used to determine the permeability 
of the salt specimens, which have permeabilities 
in the range of 10 nanodarcy to 100 microdarcy. 
Because of the relatively large specimen--and 
corresponding pore volume--size, the storage capa
city of the pore-fluid volume (change in pore 
fluid volume with pore pressure) must be included 
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in the analysis of the pore pressure decay. The 
set of coupled differential equations for the pres
sure decay has no closed-form analytical solution, 
but finite difference and series solutions have 
been developed (Lin, 1977; Trimmer et al, 1980; 
Hsieh et al, 1981; Trimmer, 1982). Specimen 
permeability can be determined by fitting measured 
pore pressure decay curves to the calculated 
curves. 

This procedure is complicated somewhat by the 
fact that neither the permeability nor the pore
volume storage capacity is generally known prior 
to a test. However, because the specimen permea
bility appears in the differ.ential equations only 
as a linear product with time. a single family of 
curves of pore pressure vs. logarithm of time can 
be calculated for different pore-volume storage 
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capacities that can be used for all permeabili
ties. The calculated curves for a single value of 
specimen permeability can be translated from their 
original position along the time axis until they 
match the measured pore pressure decay curves. 
The magnitude of the displacement vector is equal 
to the logarithm of the permeability being meas
ured minus the logarithm of the permeability used 
for the calculated curves. 

The finite difference solution of Trimmer et 
al (1980}, modified to operate with Microsoft 
Mbasic on a microcomputer, is used to calculate 
the family of type curves for our permeability 
determinations. The parameter 'effective 
porosity' is here defined as ~ • slav and is used 
to represent the specimen pore-fluid storage 
capacity, where S is the storage capacity. V is 

1000 

TIME (SEC. I 

10,000 100,000 

Figure 1. Calculated curves of normalized pressure differences versus 
log time for the system parameters noted in the text, a specimen 
permeability of 100 nanodarcy, and the indicated values of effective 
porosity. 

256 



specimen volume, and S is the compressibility of 
water. The reader is referred to the articles by 
Trimmer for more detailed discussion of the parame
ters and relevant expressions. 

Although pressure variations in both the 
up- and downstream pore fluid reservoirs are 
measured in the testing system, and both should 
conform to calculated variations, several factors 
can affect the behavior in each reservoir. For 
example, fracture porosity and permeability in the 
test specimens, particularly in freshly cored salt 
specimens, can be nonuniform over sample dimen
s!ons, and temperature variations on the order of 
1 C in the measurement system can generate pore 
pressure variations on the same order (a few 
tenths MPa) as those measured in the permeability 
determinations. However. these factors do not 
significantly affect the measured differences 
between up- and downstream pressures, and pressure 
differences are used for the permeability deter
minations in our studies. 

Figure 1 shows calculated variations in normalized 
pressure differences for brine flow in 10 by 20 em 
cylindrical specimens with a range of effective 
porosities and a permeability of 100 nanodarcy, 
for our test vessel which has equal up- and down
stream storage capacities of O.l9xl0-41/MPa. 
Trimmer et al (1980) note that the region between 
normalized pressure differences of 0.1 and 0.6 is 
much less affected by differences in the effective 
porosity, and should therefore be most heavily 
weighted in the fit to experimental data. 

TEST MEASUREMENTS 

The following set of measurements on a test 
specimen from the initial stage of a study of 
domal salt are presented to illustrate the opera
tion of the test system. The test specimen was 
cored with brine and maintained in a near
saturated state by waxing the core for shipment. 
Brine was also used as a lubricant for specimen 
preparation, and specimen preparation was com
pleted within 24 hours of extraction from the 
site. 

After jacketing the specimen and installing 
it in the pressure vessel, the pore fluid system 
was evacuated for a period of one hour. A pore 
pressure of 2.75 MPa was applied while maintaining 
an effective pressure of approximately 0.35 MPa; 
the confining pressure was then raised to 6.2 
MPa. The system was allowed to equilibrate for 
approximately 24 hours. 

The electrical resistance and the specimen 
pore pressure were periodically monitored during 
the equilibration period. A constant resistance 
reading indicates specimen saturation and pore 
fluid equilibration (Trimmer et al, 1980), as well 
as specimen mechanical stability. The pore pres
sure variations stabilized to within the range of 
temperature-induced changes (less than 0.02 MPa 
per hour) within a few hours, but the specimen 
resistivity continued to increase in a steady fash
ion. The resistance across the specimen region 
between the potential electrodes increased from 
approximately 2 Kohm to over 10 Kohm in the 24 
hour period. 

Figure 2 shows pore pressure variations for 
three sets of measurements on the undeformed speci
men. The pressure differences are normalized to 
the initial pressure step (decreases for curves a 
and c, increase for curve b) of approximately 0.28 
MPa in the upstream pore fluid reservoir, and 
plotted as a function of the logarithm of time 
after the step in pore pressure. Data for curve 
(a) were measured after the specimen had equili
brated for only 12 hours at the test conditions. 
Measurements corresponding to curves (b) and (c) 
were carried out within a shor.t period (10 min
utes) of one another after the specimen had 
equilibrated an additional 12 hours. The calcu
lated curves that best fit the data are also 
shown; both were computed for a permeability of 
100 nanodarcy and translated backward (-) along 
the abscissa to their indicated positions. 

The measured variations for the two closely 
spaced tests are nearly identical, particularly in 
the 'critical region'. The widely spaced tests 
indicate that permeability decreased from 1.18 + 
.05 microdarcy to 500 + 20 nanodarcy during the
last 12 hours of specimen equilibration, while the 
effective porosity increased from 2 to 3 per
cent. During this same time period the confining 
fluid displacement volume indicated a total speci
men volume increase of approximately 0.1 percent 
and the electrical resistivity slightly more than 
doubled. 

The relatively high permeability in the un
stressed specimen reflects coring-induced micro
fracture, which was also apparent from visual 
observation of the cores. The contrasting poros
ity and permeability behavior during equilibration 
indicates that low-asperity microfractures (which 
limit pore-space interconnectivity) are healing 
while the larger pore spaces (which contribute 
most of the specimen porosity) are increasing in 
size because of pore fluid infiltration during 
equilibration and/or ambient temperature varia-

. tion. 
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Figure 2. Measured pressure differences, normalized to the initial 
pore pressure change, versus log time. The solid curves are the best
fit calculated variations; refer to the text for an explanation of 

·measurement curve designations. 

The variations in axial (differential) 
stress, volumetric strain, electrical resistivity, 
and compressional wave velocity are shown in 
Figure 3 as a function of axial strain during the 
triaxial deformation of the specimen at a constant 
strain rate of 10 per second. 

Data for the axial stress and volumetric 
strain curves were collected automatically at 
axial strain intervals of 0.02 percent and contri
buted to the high resolution of the calculated 
curves (less than 0.01 percent for the volumetric 
strain). The Young's modulus of 28 GPa and 
Poisson's ratio of 0.31, calculated from the 
slopes of the unloading regions of the axial 
stress and volumetric strain curves, are in the 
same range as values reported for dry domal salt 
specimens (Pfeifle et al, 1984). 

The electrical resistivity and compressional 
wave velocity measurements must be made manually; 
12 measurements of each were carried out during 
the deformation to 5 percent total strain. In 
contrast with the equilibration data, the changes 
in electrical resistivity and volumetric strain 

258 

during deformation are opposite in sign, indi
cating that changes in porosity and permeability 
are of the same sign. This indicates substantial 
microfracturing for axial strains above 1.5 per
cent. Little variation in compressional wave 
velocity is observed in these saturated salt speci
mens, in contrast with observed increases on the 
order of 10 percent for dry and partially satu
rated specimens during initial deformation 
(strains below 1 percent). The sensitivity of 
variations of compressional wave velocity during 
loading to the degree of saturation is consistent 
with observations in other rock systems (Johnston 
and Toksoz, 1980), but the variation in the satu
rated salt is lower because of its lower 
porosity. 

Transient pulse measurement carried out 24 
hours after the deformation indicate a permea
bility of 70 + 10 microdarcy. The permeability 
increase of almost two orders in magnitude is 
consistent with the observed resistivity decrease 
and volumetric strain increase associated with 
deformation-induced dilatancy. The large uncer
tainty in the measured permeability reflects the 
difficulty in fitting the pressure decay curves, 
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Figure 3. Measured variation in axial stress, volumetric strain, 
electrical resistivity, and compressional wave velocity as a function 
of axial strain during triaxial deformation to 5 percent total strain. 
Confining pressure is 6.2 MPa and pore pressure is 2.75 MPa. 

and indicates that this permeability is near the 
upper limit of the permeability range for which 
transient pulse techniques can be used in this 
system. 
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ABSTRACT 

Coupled boundary element-finite element 
procedures are presented for the hydraulic 
analysis of discretely fractured rock masses. 
The respective analyses evaluate flow in three 
dimensional, rigid fractured media in the time 
domain and two dimensional porous-fractured 
deformable media. For flow analysis, a direct 
boundary element procedure is invoked to yield 
the elemental geometric conductance of an 
individual fissure disc with reduced degrees of 
freedom. The global matrices are cast in finite 
element format and extended to the transient 
domain. Coupled analysis for deformation 
utilizes an indirect displacement discontinuity 
formulation to represent the behavior of the 
fractured elastic continuum. Flow within both 
fissures and blocks is achieved using a revised 
boundary element-finite element procedure. The 
numerical formulations are illustrated, in all 
cases, to provide a tractable and computationally 
efficient means of handling spatially large 
systems of fractures in either two or three 
dimensional space. Illustrative examples are 
included to emphasise the capabilities of the 
methods presented. 

INTRODUCTION 

The safe immobilisation of radioactive waste 
in geologic formations requires that predictive 
techniques and analyses must be capable of 
extending to time spans of the order of tens of 
hundreds of years. The most favored host rocks 
for a repository comprise low permeability 
formations about which little field and design 
data are presently available. The very nature of 
these low permeability and sparsely fractured 
rock formations negates the application of well 
tested homogenisation techniques in attempting 
correlations with "equivalent" continua. This 
observation is equally valid with regard to both 
uncoupled flow characterisation and with respect 
to coupled rock mass deformations. The discrete 
nature of fracturing within the masses require 
that revised numerical formulations are available 
that are capable of efficiently evaluating both 
uncoupled and coupled flow-deformation behavior. 

Consideration within the following will be 
limited to evaluation of the response of sparsely 
fractured masses. Representative elemental 
volume considerations require that, at a certain 
scale, individual fissures must be modelled 
discretely (Long, 1983). The large number of 
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fissures comprising a typical section of the rock 
mass requires that numerical models appropriate 
to the problem geometry reflect the utmost in 
computational efficiency. This is necessary if 
the capacity of currently available hardware is 
not to be exceeded for even relatively modest 
realizations of fissure density. Fractured rock 
masses are genuinely three dimensional with a 
compatible two dimensional idealisation being 
difficult to either determine or justify. This 
situation is further compounded on realizing that 
any two dimensional analogy of a three 
dimensional system will always underestimate 
potential hydraulic conductivity. Two 
dimensional analyses will, therefore, be expected 
to err on the unsafe side for the specific task 
of waste immobilisation predictions. 

While discrete modelling of individual rock 
fissures may be desirable in the near field, the 
domain external boundaries must also be 
appropriately represented. For the effective 
infinite or semi-infinite extent of the mass 
surrounding a repository, arbitrary truncation of 
the discretised domain may result in incorrect 
evaluation of fluid flow or mass displacement 
fields. It is important that these external 
boundaries are correctly represented as the 
radius of influence increases with elapsed time. 

For modelling of flow in sparsely fractured 
rock masses it is convenient if domain 
discretisation is restricted purely to individual 
fractures. Boundary element techniques may be 
invoked, based on a restricted discretisation, to 
evaluate linear flow and linear elastic 
deformation of the surrounding body. 
Nonlinearities with regard to flow turbulence 
within and inelastic stress-displacement across 
the individual fissures may be adequately 
accommodated. For likely repository scenarios, ' 
flow turbulence is not considered a major concern 
although nonlinear rock joint response may be 
shown to be an important factor. 

STEADY ANALYSIS 

For an array of randomly distributed fissure 
discs in three dimensional space, a single 
fissure disc may be isolated as the basic 
geometric conduit. An array of three discs is 
illustrated in Figure 1. The central disc is 
isolated with appropriate hydraulic connections 
in two dimensional space in Figure 2. The direct 
boundary constraint equation for steady linear 
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Figure 1. Perspective view of three intersecting 
fissure discs. 
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Figure 2. Boundary e~ement representation of 
the centra1. disc of Figure 1. 

potential flow may be stated as (Jawson, 1977; 
Bannerjee, 1980) 

••• (1) 

where V(p,q), ~(p,q) are kernels describing, 
respectively, induced velocity and total 
hydraulic potential at point q due to a unit 
source at point p. The parameters of boundary 
potential (~) and normal to the boundary velocity 
(v•n) are either supplied as boundary conditions 
or solved for as unknowns. All integrations are 
evaluated over the surface of the body (r) which, 
for the case of a two dimensional disc, comprises 
a line segment of closed contour. Intersections 
within the disc interior may be accommodated 
where integrations are evaluated taking due 
account of the free term c(p). Where the source 
point is present on the smooth boundary, the free 
term is equal to ~ opq where o is the Kroncker 
delta. For internal elements, the free term is 
equal to unity. 
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The integrals of equation (1) may be 
evaluated either in closed form or numerically. 
For the isoparametric representation of fissure 
edge contour and singularity distribution used in 
this work, numerical integration is necessary. A 
typical three noded curved element is illustrated 
in Figure 3. Consistent with the representation 
of geometry, quadratic basis functions are used 
in the evaluation of integrals to yield the 
boundary constraint equation in matrix form as 

~ v 
nxn nil 

v ~ 
nxn nil 

(2) 

where ~ and V are fully populated tensors of 
integrated kernel functions for potential and 
velocity, respectively, and v and $ are the nodal 
values of normal velocity and total hydraulic 
potential. A total of n nodes comprise the 
external domain boundary. In a well posed 
problem either boundary nodal velocity or 
boundary head will be prescribed and equation (2) 
may be rearranged to solve for the unknowns at 
respective nodes. For the case of the fissure 
disc the external normal boundary velocity is 
zero although no prescribed conditions are set at 
the internal nodes. Symbolic rearrangement of 
equation (2) yields (Zienkiewicz, 1977b) 

(3) 

which, for the case of m internal nodes, is ~··" '! 

equivalent to solving n + m simultaneous equations r· 
for m load cases. The resulting matrix is m x m 
in dimension and bears a basic facsimile to 
finite element format being symmetric and 
positive definite. Thus 

(4) 

where g is a vector of nodal discharges and f is 
a vector of integrated basis functions relating 
nodal velocities to discharge. In the 
condensation procedure the external edge degrees 
of freedom are redundant and the internal degrees 
of freedom may be reduced to a minimum of one per 
intersection. Global assembly may be completed 
in standard finite element fashion to yield a 
reduced degree of freedom system. 

S • BODY OUTER NOAWAL 

NOD! I 

Figure 3. Isoparametric form of a single three
noded line element. 



APPLICATION 

To emphasize the potential of the proposed 
formulation, consider the network illustrated in 
Figure 4(a). The system comprises a total of six 
circular fissure discs and a single vertical 
square fissure. All circular disc sets are 
arranged with equal separation in their 
respective orientations. The single rectangular 
disc intersects all circular fissure discs and 
provides hydraulic connection between them in 
addition to the horizontal trace intersections 
between the circular discs. The discretised 
forms of two typical discs are illustrated in 
Figure 4(b), the full network comprising 57 nodal 
degrees of freedom. Although it is possible to 
further condense the system degrees of freedom, 
accurate mapping of potential gradient within the 
system requires that sensible nodal density be 
retained. 

For the 57 node system it is possible to 
rapidly analyse a number of different hydraulic. 
scenarios for contrasting relative conductivities 
of the discs. The parallel plate analogy in any 
convenient linear form may be used to obtain 
suitable values for disc hydraulic conductivity 
from fissure aperture and roughness. Nodal 
meshing input data preparation is not excessive. 
Matrix reduction to obtain the reduced degree of 
freedom system took 50 CPU seconds on a DEC Vax 
11/780. This step has only to be completed once, 
the tensors for increased fissure conductivity 
being scalar multiples of the original disc 
tensors. Global matrix assembly and LU 
factorization took 13 CPU seconds with an 
additional 3 CPU seconds required per additional 
execution case. 

The results for sample runs on the fissure 
geometry illustrated in Figure 4(a) are 
illustrated in Figure 5. A unit drop in 
hydraulic potential is applied between the 
intersection traces identified in Figure 4(a). 
Transmissivities (~. Kv) for the circular discs 
are arranged for two comparative cases as both 
isotropic (~, K • 1.0) and horizontally 
dominant (~/Kv ~ 100.0). The transmissivity of 
the backing square fissure is varied throughout. 

Under the unit head differential, the 
importance of accommodating the truly three 
dimensional nature of the fissure geometry is 
illustrated. The baseline characteristics for 
the hydraulic behavior of both a two-dimensional 
lattice and the vertical square fissure are 
illustrated. Where the square fissure provides 
poor hydraulic connectivity (K7/K < 0.1) the 
assemblage behaves in an essentiaYly 
two-dimensional manner. As the hydraulic 
conductivity of the backing disc is increased, 
the performance of the system is dominated by 
this major structural feature. Lack of account 
for the influence of this feature in evaluating 
the hydraulic response of the medium would 
clearly be inappropriate. The errors that this 
neglect may entrain into the analysis could 
clearly overshadow the applicability of a more 
complex two dimensional analysis accounting for 
the hydromechanical behavior of rock fissures. 
An important consideration in selection of an 
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Figure 4(a). Perspective view of seven disc 
assemblage. 
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Figure 4(b). Representative constituent discs. 

appropriate level of modelling "sophistication" 
might therefore include spatial dimentionality of 
the analysis. 

TRANSIENT ANALYSIS 

In finite element form, the transient 
response of a system at any moment in time (t) 
may be represented by the matrix identity. 

( 5) 

. 
where ~ and ~ are respectively vectors of total 
head and time-derivative of head. Prescribed 
nodal discharges (q ) are known boundary 
conditions and K and S are tensors of geometric 
conductance and-storativity. Stability 
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Figure 5. Variation in steady discharge through the fissure assemblage with varied 
component conductivities. 

considerations dictate that a lumped vector of 
storativity terms (Newman, 1977) is used whereby 
equation (5) may be rearranged to yield 

(6) 

where (7) 

(8) 

Linear variation in nodal head within a 
single time step is assumed, the integration 
scheme being unconditionally stable for any time 
increment ~t (Polivka, 1976). 

The sum of entries within the elemental 
storativity vector must equal the total domain 
storativity. For closed contour problems, such 
as the fissure disc application, the total 
storativity for the domain is the product of area 
integral, mean fissure aperture and specific 
storage. This total must then be distributed 
between nodes in any acceptable fashion. Nodal 
weighting of the storativity terms may be 
achieved using finite element basis functions if 
elements are meshed throughout the disc 
(Zienkiewicz, 1977a). This would, however, be 
counterproductive in that development of the 
solution procedure is motivated by the ease with 
which element meshing may be achieved. Any 
tributary area distribution technique may be 
adopted. It has been found satisfactory to 
distribute the total storativity between nodes 
based on the magnitude of the diagonal terms of 
the elemental geometric conductivity matrix, K 
(Elsworth, 1985). Since the nodal weightings
used in finite element analysis are somewhat 
arbitrary, the consequences of the chosen 
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distribution procedure are minimised providing 
large numbers of discs comprise a complete 
network. 

The matrix identity in equation (6) requires 
that the K* matrix is factored only once. The 
variable form of the prescribed discharge vector 
(g*) represents success~ve loading cases for 
which backsubstitition yields the time-updated 
magnitudes of nodal potentials (ft+~t). 

APPLICATION 

For the model network illustrated in Figure 
4(a), the transient performance is gauged using 
this compacted scheme. The execution times 
quoted in the previous section for steady flow 
are representative for the transient condition 
with solution for a singJ.e additional load case 
being equivalent to integrating forward a single 
time step. The time mar~hing scheme has been 
shown capable of representing the transient 
performance of a single disc with only one degree 
of freedom retained per intersection (Elsworth, 
1985). For the model geometry of Figure 4(a), a 
distinct advantage is obtained in accurately 
mapping changes in domain potential if multiple 
nodes are retained. The reduced system is 
retained at 57 nodes with a unit pulse applied at 
the basal intersection (Figure 4(a)) and all 
other outlets sealed. 

Transient response curves for the sealed 
domain are shown in Figures 6 and 7 for the 
variety of mixed conductivity conditions of the 
steady analyses. The transient hydraulic 
response of the system for homogeneous 
conductivity in the six circular discs· is shown 
in Figure 6. Curves A through C are respectively 
for the behavior of the lattice. only, the square 
disc only and the combined lattice and square 
disc. The highest initial time history of 
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discharge is for the combined system with the 
next highest being for the two dimensional 
lattice alone. This behavior might be expected 
if it is noted that discharge from the crossed 
lattice is along a specific length. The lowest 
of the discharge histories is for the single 
square disc alone. The sluggish response of the 
system at early dimensionless times (td < 1.0) is 
a facet of the numerical analysis. The initial 
perturbation gradient within the disc system is 
controlled, to great extent, by the nodal spacing 
within discs. Hence, the early time performance 
is strongly controlled by this factor. 
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Figure 6, System transient 
response for two and three 
dimensional analyses. 

Figure 7. System transient 
response for anisotropic 
domain analyses, 

The response scenarios are investigated for 
non uniform conductivity within discs in Figure 
7. Curves D through F represent the behavior of 
the system with; (D) high conductivity of the 
horizontal discs (~/Kv • 100, K7/Kv a 0.0) with 
no backing square f~ssure, (E) uniform 
conductivity ~f the lattice with the backing disc 
of much higher conductivity (~/Kv • 1.0, K7/Kv = 
100.0), and (F) high conductiv~ty of the 
horizontal discs with the backing fissure of unit 
conductivity (~/K • 100, K /K • 1.0). The 
presence of a h~ghYy conductfvevbacking fissure 
is shown to accelerate drainage and ultimate 
depletion of the system. A similar effect is 
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evident where high horizontal conductivity is 
apparent. With no backing fissure, the system 
response exhibits a definite discontinuity at 
dimensionless time of td a 10. This represents 
full drainage of the horizontal fissures with the 
low conductivity vertical system beginning to 
contribute to the supply. This discontinuity in 
behavior is masked where the backing fissure is 
present to aid discharge. 

For curves D through F of Figure i the 
spurious numerical response in the initial 
drainage period (small td) is not evident. This 
factor is as a result of the high conductivity of 
single network components giving a lateral shift 
to these data. The restriction of accurate 
modelling at small dimensionless times is not 
considered a serious detraction from the 
practical applicability of an otherwise promising 
technique. If the response of a large volume of 
rock mass is required then, by definition, the 
finite transit velocity of the perturbation pulse 
infers that the late behavior is of most 
significance. The generality of formulation 
further allows increased meshing density in 
regions where transient gradients are likely to 
be excessive. Refinements of this nature are 
only relevant if viewed relative to the quality 
of geologic data available. 

COUPLED FLOW-DETERMINATION ANALYSIS 

Emphasis within the previous has been to 
illustrate the applicability of boundary element 
formulations in reducing system degrees of 
freedom to a minimum. Where the analysis is 
extended into the realm of rock mass deformation 
this basic premise may be adhered to if the 
nonlinear rock fissure deformation response is 
restricted only to the discontinuity traces in 
two dimensions. 

Of the available point force and point 
displacement formulations available the 
displacement discontinuity method is most 
applicable. The basic kernel function is a point 
discontinuity in displacement from which the 
induced stresses and displacements in the 
surrounding medium may be determined (Wiles, 
1982). The method is particularly suited to 
analysis of fissured media in that the point 
shear and normal singularities represent the 
physical properties of shear displacement and 
aperture change across individual joints. The 
basic matrix identity for two dimensional 
analysis is (Crouch, 1976) 

(9) 

where on, T are total normal and shear stresses 
induced in the medium by unit nodal normal and 
shear displacement discontinuities D , D • The 
linking ~ matrix contains the appropPiat~ 
integrals of kernel functions. Appropriate 
magnitude of the stress vector terms may be 
obtained from the known field stresses and 
required boundary conditions. Where linear joint 
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stiffness in closing is accommodated a further 
solution constraint is added such that 

[ :j "[:n :.] [::] (10) 

where K , K are the linear fissure 
f n s sti fnesses under normal and shear loading. 

Solution of (9) subject to (10) yields a 
distribution of fissure apertures for which the 
flow field may be evaluated. Linearly varying 
displacement discontinuities and linearly 
tapering fissure finite elements are used in the 
analyses presented. Previous analysis using 
constant displacement discontinuities and 
constant fissure flow elements within.impermeable 
wall rock has been reported (Cruikshank, 1979). 

For two dimensional analysis an example 
porous flow domain containing a single, centrally 
discharging fracture is illustrated in Figure 8. 
The formation hydraulic conductivity (K ) is set 
to unity. A unit head differential is Wet 
between the producing wellbore at the fissure 
centre and the outer boundary at radius 50 
meters. The porous domain is represented 
exclusively by boundary elements. Dipole flow 
elements are meshed on the internal fracture 
extent to which linearly tapering line flow 
elements are connected. Linear displacement 
discontinuity elem~nts are meshed along the 
fracture length. 
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Figure 8. Discretisation for deforming fracture 
flow. Central fissure discretisation 
above. 



For uncoupled solution, the variation in 
potential head with length along the fissure is 
illustrated for different apertures and hence 
conductivity in Figure 9. For an impermeable 
fissure (Kf = 0), the head variation corresponds 
to radial, porous media flow. For increased 
conductivity of the fissure, the flow patterns 
are increasingly dominated by the presence of the 
conduit. Where the equivalent fissure 
conductivity4exceeds formation conductivity by a 
factor of 10 , the fracture acts as a conduit of 
infinite conductivity, 
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Figure 9. Variation in potential along the 
fracture of Figure 8, for different 
fracture conductivities. 
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The effect of including rock mass 
deformability within the analysis is illustrated 
for the single fissure geometry in Figure 10. 
For fluid injection, hydraulic opening of the 
fissure is illustrated to have a profound effect 
on the head distribution along the feature. The 
aperture distribution in opening is controlled by 
the elastic parameters of the intact rock. The 
resistance to opening under a prescribed increase 
in fluid pressure is increased with increased 
stiffness of the surrounding mass. All solutions 
were completed retaining 37 flow and 22 
displacement degrees of freedom. Coupled 
solutions were completed in under 60 seconds CPU 
time on a DEC Vax 11/780. 

DISCUSSION AND CONCLUSIONS 

A variety of coupled models are presented 
that are capable of efficiently analysing two and 
three dimensional flow problems in porous and 
fractured media. Coupling of boundary element 
and finite element procedures are shown to 
provide optimisation in solution efficiency where 
the innate advantages of each formulation are 
emphasised. Consistent use of appropriate 
element basis functions provides compatibility 
between all formulations presented and the 
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Figure 10. Variation in normalised potential 
along the fracture of Figure 8 for 
coupled hydromechanical analysis. 

coupled flow deformation analyses. Ease of data 
input and minimised global equation size i3 
maintained using the boundary element procedures. 
The displacement discontinuity matrices are in 
all cases fully populated. Where coupled 
procedures are used to condense the eleme: tal 
conductivity matrices for individual fissure 
discs, the resulting matrices are, in all cases, 
positive definite, symmetric and sparsely 
populated. The reduction procedure retains 
computations at an elemental or disc level prior 
to global matrix assembly. As such, the 
procedure is ideally suited to mini or 
micro-computer implementation. 

Considerable insight into the project~d 
hydromechanical behavior of rock masses m.1'.y be 
afforded by coupled numerical models. Coupled 
numerical schemes offer strong computational 
advantages over more generally used methods. The 
complexity of rock masses and truly three 
dimensional extent of the structural features 
dictate that truly three dimensional models 
should be employed. Extension into the third 
dimension requires that maximum coding and 
formulation efficiency is maintained. Coupled 
finite element-boundary element procedur~s have 
the potential to achieve this goal. 

The example results for three dimensional 
analysis in a rigid fractured rock mass 
illustrate the importance of considering out of 
plane features. Both steady discharge and the 
transient response are influenced by a major 
throughgoing feature. Behavior is truly three 
dimensional and does not readily conform to a two 
dimensional analogue. The errors that may be 
entrained by not considering the true extent of 
the structural features may possibly outweigh the 
advantages of completing coupled analyses in two 

1.0 



dimensions. Judicious use of all available 
techniques is clearly desirable to aid successful 
location and commissioning of a terminal waste 
facility. 
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ABSTRACT 

The Unconventional Gas Program at Lawrence 
Livermore National Laboratory [1] is pursuing 
research in the stimulation of tight gas 
reservoirs. The enhancement of gas recovery is 
based on creating large induced fractures in an 
otherwise naturally jointed medium. The 
mechanics of stimulation involve the coupling of 
fluid flow, rock deformation, non-linear joint 
behavior and mixed-mode fractures mechanics. We 
have developed a finite element model, FEFFLAP 
[ 2-4] which accounts for the coupling of these 
various mechanics and we have verified it on 
physical experiments. 

INTRODUCTION 

Considerable quantities of natural gas are 
locked tightly into gas formations in the 
Western Gas Sands and the Eastern Devonian 
Shales of the U.S. In the Western Gas Sands, 
the gas is localized in sandstone lenses that 
are embedded in shale. Figure 1 is an aerial 
view of an area near Glenwood Springs, Colorado, 
where deep formations outcrop: the demarcation 
between sandstone lenses and shale is clearly 
visible. This formation is typical of geology 
at depth in the tight gas sands of western 
Colorado. 

To recover this gas, it is necessary to 
"stimulate" the rock reservoirs, that is, to 
produce large, man-made fractures that penetrate 
the reservoit·s and drain the gas toward wells. 
Fractures can be created either by inje~ting 

fluids under pressure (hydrofracturing) ot· by 
burning solid propellants in the wells. To use 
either technique effectively, one must be able 
to predict how the rock will fracture. 

...: ' 
~ . 

~ 
,. 
• 
i •.. 

·~ 

• • 
Figure 1. Aerial view of a gas-bearing 
sandstone lens embedded in nonproductive shales 
near Glenwood Springs in western Colorado. 
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Rock reservoirs contain extensive natural 
fractures and joints, making it difficult to 
predict the effects of induced fracturing. An 
analysis of fracturing in such a medium must 
include a realistic characterization of the 
joint systems and preexisting cracks that are 
packed with infill material. The joints are 
subject to compressive and shear forces; when 
compression increases, the joints become 
stiffer, and if shearing becomes too large, 
slippage occurs. Consequently, in a realistic 
model, joint properties must change with applied 
stress. In the Western Gas Sands, interfaces 
are the regions where shales and sandstones 
meet, and these interfaces can be treated like 
joints. 

FINITE ELEMENT MODEL 

We have developed a computer code, FEFFLAP 
(Finite-Element Fracture and Flow Analysis 
Program), that has enabled us to make great 
progress in describing the complex physics of 
fluid-driven fracture propagation in jointed 
media. The coupled FEFFLAP model includes solid 
mechanics, fracture mechanics, and fluid 
mechanics. FF.FFLAP has been developed from 
three main sources: FEFAP, an elastic finite 
element model chat has sophisticated fracture 
mechanics and computer interactivity with the 
user, [5], JPLAXD for the nonlinear joint 
elements [ 6] , and JTFLOW, an LLNL enhanced 
version of an earlier model for fluid flow in 
rocks [7]. FEFFLAP treats one dimensional, 
viscous, aperture-dependent flow through cracks 
and joint systems. The fluid mechanics and the 
solid/fracture mechanics are coupled in the 
code. Fluid flow provides pressures that are 
used as boundary conditions in the 
solid/fracture model and the solid/fracture 
model provides apertures that are needed to 
determine fluid flow. 

Whereas in many hydrofracture models, the 
cracks are assumed to go straight, in FEFFLAP 
the cracks are allowed to curve according to any 
one of three mixed-mode fracture--mechanics 
theories. In standard numerical models, 
sequential cracks are difficult to handle 
because the zoning must be manually changed to 
accommodate each new crack increment. In our 
model, this rezoning is done automatically and 
so is nodal renumbering, to conserve computation 
time. 

VERIFICATION AND RESULTS 

The fracture mechanir.s in FEFFLAP have been 
tested with analytic solutions [3]. We also 
performed laboratory experiments to verify our 
model [4,8]. We used steel platens to compress 



cubes constructed of two hydrostone materials 
separated by a slanted interface. The blocks 
were then fractured by pressurizing oil in a 
borehole (Fig. 2). The induced fractures 
sometimes crossed the interface and sometimes 
stopped at it. We have reproduced both results 
with FEFFLAP. 

Figure 2. Typical LLNL experiment designed to 
test our FEFFLAP model. The two hydrostone 
blocks were compressed with steel platens and 
fractured by pressurizing oil in a borehole. 
Some induced fractures crossed the interface of 
the blocks. 

Figure 3 shows the kind of realistic field 
problem FEFFLAP was designed to solve. In this 
case, there is a joint system (heavy lines) 
around a borehole, and the ends of the two 
discontinuous joints are treated as points of 
possible crack extension. The sequence 
illustrates successive steps in the analysis. 
In this example, the fluid flows into a 
preexisting joint system; in other cases, the 
induced crack may cross the first interface. 
This numerical calculation also showed, for the 
first time, a phenomenon that had been predicted 
only analytically: the advancing crack front 
tends to open the natural fracture by inducing 
tensile stresses ahead of itself. 

Sandia National Laboratories, Albuquerque, 
is currently conducting the Multi-Well 
Experiment in the Western Gas Sand formations 
near Rifle, Colorado, at a depth of several 
thousand feet. Three proximate wells have been 
drilled, and one has been hydraulically 
ft"actured. The progress of a hydrofracture in 
one well was monitored from a second well by 
passive seismic means. Sandia found that the 
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seismic noises originated from a zone between 6 
and 24 m wide, considerably greater than the 
original fracture width (about 2.5 em). FEFFLAP 
can demonstrate (see Fig. 3) how a large volume 
of rock may react to a single hydrofracture 
injection, and we are using it to help explain 
the above observations at the Multi-Well 
Experiment. 

(a) 

'\. -'-
~ '\\- V.J 

T1f ~ 

(c) 

Figure 3. Successive stages in a typical 
FEFFLAP analysis of a realistic field 
condition. (a) The heavy lines around the 
borehole represent joints; the two discontinuous 
joints are points of possible crack extension. 
(b) Fluid pressure initiates a crack that 
propagates toward the nearest joint. (c) The 
fracturing fluid ovens up the joint system, 
promoting gas recovery. 
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S1JHMR't 

We have developed a state-of-the-art model 
to describe fluid-driven fracture propagation in 
naturally jointed gas-bearing rock formations. 
It is a finite element code, named FEFFLAP 
{Finite Element Fracture and Flow Analysis 
Program). The program is highly interactive, 
with extensive graphical displays of the 
fracture behavior. Many automatic features for 
input generation, zoning, and rezoning make the 
code particularly efficient. The fracture 
mechanics, solid mechanics, and fluid mechanics 
are fully coupled. Model verification has been 
performed against analytical solutions and 
physical experiments. 
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ABSTRACT 

SHEAR-FLOW COUPLING IN NON-PLANAR ROCK JOINTS 

Axel Makurat and Nick Barton, 

Dam, Rock and Avalanche Division 

Norwegian Geotechnical Institute, Oslo, Norway. 
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Crystalline rock masses are regarded as a possible host rock 
for permanent nuclear wast~ disposal. Already during the exca
vation of the required shafts and tunnels the initial state of 
stress will be changed and cause a deformation of the rock mass 

and discontinuities. Under the lifetime of the nuclear reposi
tory joint apertures may change due to thermally induced stress 

variations during the heat1ng and the cooling phase. 

As the conductivity of a j~int is very sensitive to its aper
ture, fluid flow from and towards a repository, as well as the 
potential transport times of radionuclides are highly depen
dent on the deformability of the joints. 

Theoretical calculations of coupled flow in rock joints (Barton 
et al. 1984) predict an increase of conductivity of several 
orders of magnitude for the first few millimeters of shear 
displacement. Figure 1 shows the shear-dilation-conductivity 
coupling for two block sizes at two effective stress levels.· 

A coupled shear displacement-flow test (Makurat, 1985) showed 
good agreement with these model calculations. The test was 
run on a natural joint in granite, using a 150 mm diameter core 
sample. A specially designed biaxial cell allows maximum shear 
displacements of 5 mm, and effective confining pressures of up 

to 20 MPa (see Figure 2). 
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The first test showed an increase in flow rate of two orders of 

magnitude under a normal stress of 5 MPa after a shear displa
cement of only 1-2 mm (see Figure 3)e Another test, which was 
conducted on a smoother foliation plane in schist showed a 

reduced conductivity during dilation. Repeated forward and 
reverse shearing had produced gouge which must have closed 

essential parts of the major flow paths. 

Further tests on different types of joint samples are foregoing 
and the results will be presented. 
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Figure 1. Shear, dilation and flow coupling for two block 
sizes at two different effective normal stress 
levels. After Barton et al. (1985). 
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Figure 2. Cross section through the NGI biaxial press with 
joint sample mounted in test position. 
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Figure 3. Coupled shear-flow tests performed on a joint 
in gneiss. Shear cycles I and II were in a 
forward direction, cycle III was in the reverse 
direction. The samll numbers appended to the 
curves indicate effective normal stress in MPa. 
After Makurat (1985). 
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STUDY OF THE INFLUENCE OF THERMOMECHANICAL 

AND HYDRAULIC COUPLING ON RADIONUCLIDE 

MIGRATION THROUGH MAJOR FRACTURES. 

A. MILLARV - Ph. JAMET 

M. VURIN - S. GOLVSTEIN. 

CEA. VEMT. CEN-SACLAY 91191 GIF-SUR-YVETTE CEVEX. 

In crystalline rock, performance of nuclear waste repository 
is strongly dependent upon fractures. 

Indeed a major fracture will lead to a different behaviour of 
rock mass under therma1 loading and thus to different values of stresses 
and displacements. Major fractures being preferential ways for ground 
water flow and thus radionuclide migration, the study of their hydraulic 
properties versus time with respect to thermal loading is the coupled 
process studied in this paper. 

Calculations performed using CEA SE~IT Finite Elements System 
are divided in three steps : 

- thermal calculation in axisymetrical geometry. 

- mechanical calculation in a vertical plane crossing the waste. 

- hydraulics and migration calculations in the plane of the 
fracture. 
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For the thermomechanical calculations, the fracture is 
represented by special "joint-elements 11

, \>lhich have only compression 
and shear resistances. Their axial strain is assumed to be negligible. 
The material behaviour is depicted by a COULOf4B yield criterion and 
a non associated flow rule, in the plastic regime, giving way to 
dilatancy. In the elastic regime, the compression and shear behaviour 
are uncoupled. 

The variation of the crack thickness versus time is used 
as imput into the thermohydraulical and migration computer code TRASH. 

It is assumed that there is no back coupling of thermohydraulics 
on thermal and mechanical behaviour. 

For the hydraulic calculation. we are looking at a simple 
case where the conection beb1een fractu1 ~and rock is arbitrarily fixed. 
The flow rate crossing the fracture is prescribed by a regional head 
distribution independant of time. For the machanical calculation, average 
material properties derived from the litterature are used. 

The comparaison between calculJtion with and without fracture 
show the influence of the fracture on the stess distribution and ground 
displacements. The hydraulical and migration calculations were made with 
and without taking into account thermal and thickness variation effects. 
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COUPLED HYDROLOGICAL-MECHANICAL EFFECTS DUE TG EXCAVATION OF 
UNDERGROUND OPENINGS IN UNSATURATED FRACTURED ROCKS 

By 
Parviz Montazer 

U.S. Geological Survey 
Denver, Colorado 

One of the effects of excavating an underground opening in fractured 
rocks is a modification of the state of the stress in the rock mass in the 
vicinity of the opening. This effect cat.:ses changes in the geometry of the 
cross sections of the fracture planes, which in turn results in modification 
of the hydrologic properties of the fractures of the rock mass. The purpose 
of this paper is to demonstrate the significance of the orientation of the 
frlctures and their stiffness on the extent of the modification of the 
hydrologic properties as a result of excavation of underground openings. A 
conceptual model is presented to illustrate the complexity of the ccupled 
hydrological-mechanical phenomena in the unsaturated zone. This conceptual 
model is used to develop an investigative program to assess the extent of the 
effect at a proposed repository site for storing high-level nuclear wastes. 

The effect of excavation of underground openings on permeability of a 
fractured rock mass that is saturated with a single component fluid may be 
considered as a sequentially or fully coupled phenomenon, depending on the 
initial state of the fluid potential field within the rock mass. The problem 
of analyzing such phenomena arises from the combination of the effects of the 
stress modification and the creation of new boundary conditions for the fluid 
potential field. If the effects of the new boundary conditions and the 
influence of the fluid potenti--.1 field on the stress field can be ignored, 
the problem would become one of sequentially coupled phenomena and analysis 
would be greatly simplified. The concept of the sequentially coupled 
phenomena was used in a theoretical analysis of the effect of excavation on a 
single fracture intersecting an opening at various angles. The results were 
compared with actual field observations. 

In fractured media containing multiphase fluids, interrelationships 
among perrnPabilities, fluid potentials, ar.d saturations and their sensitivity 
to stress changes complicate. th~ analysis. In this case, a fully coupled 
analytical technique would be needed to assess the significance of the 
effects of excavation on these hydrologic parameters. HC\4/ever, the validity 
of the numerical techniques in such an analysis would be questionable without 
a comprehensive field and laboratory experimental investigation. This 
phenomenon is planned to be investigated in conjunction with the site 
characterization effort that is underway at Yucca Mountain, Nevada. The 
research activity will involve evaluation of the coupled hydrologic
mechanical effects at various scales ranging in size from a single 
fracture sample to room scale. This investigation will provide an insight 
into the problern of coupled hydrological-mechanical effects in unsaturated 
fractured rocks. 
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DEVELOPMENT OF FINITE ELEMENT CODE FOR THE 
ANALYSIS OF COUPLED THERMO-HYDRO-MECHANICAL 

BEHAVIORS OF SATURATED-UNSATURATED MEDIUM 

Yuzo Ohnishi, Hideaki Shibata and Akira Kobayashi 

School of Civil Engineering 
Kyoto University, Kyoto 606 

Japan 

ABSTRACT: A model is presented which describes fully coupled thermo-hydro-mechanical 
behavior of porous geologic medium. The mathematical formulation for the model utilizes 
the Biot theory for the consolidation and the energy balance equation. The medium is in 
the condition of saturated-unsaturated flow, then the free surfaces are taken into 
consideration in the model. The model, incorporated in a finite element numerical proce
dure, was implemented in a two-dimensional computer code. The code was developed under 
the assumptions that the medium is pore-elastic and in plane strain condition; water in 
the ground does not change its phase; heat is transfered by conductive and convective 
flow. Analytical solutions pertaining to conslidation theory for soils and rocks thermo 
elasticity for solids and hydrothermal convection theory provided verification of stress 
and fluid flow couplings, respectively in the coupled model. Several types of problems 
are analysed. The one is a study of some of the effects of completely coupled thermo
hydro-mechanical behavior on the response of a saturated-unsaturated porous rock 
containing a buried heat source. Excavation of a underground opening which has 
radioactive wastes at elevated temperature is modeled and analysed. The results shows 
that the coupling phenomena can be estimated at some degree by the numerical procedure. 
The computer code has a powerful ability to know more about the complex nature. 

1 • INTRODUCTION 

The problems of heat transfer in a geologic 
medium have recently becare a subject of world 
attention . in relation to geothermal energy 
production, usage of heat reservoir in an deep 
aquifer, underground disposal of radioactive waste, 
etc.. The geologic medium which is canposed of a 
soil or rock mass is porous and is filled by water 
and/or air. It can be subjected to various types of 
loading conditions which are primarily due to a 
canbination of three physical processes; mechani
cal, heat flow and fluid flow. The interdependence 
of each of these three phenanena leads to to a 
coupled behavior, whose mechanism is very complex 
and is not fully understood. Hc:r.~ever, recent 
progress in coupled analyses provides a basis for 
treating canplex interdependence phenomena in a 
fully coupled manner. 

The coupled analyses have been performed among 
pairs of the hydro-thermal-mechanical phenanena. 
For a long time, solution techniques for these 
coupled problems lagged behind analytical solutions 
and were restricted to simple geanetries. Recent 
development of high speed digital canputers 
advanced numerical techniques drastically in the 
field of coupled analyses. For coupled hydro
mechanical problems, Sandhu and Wilson applied a 
finite element method to the Biot's consolidation 
theory. Solution technique was extended to solve a 
consolidation problem which included an unsaturated 
region by using I:FI:l-1 by Narasimhan and by using FEM. 
by Ohnishi et al. For hydro-thermal problems, 
Lippnann et al introduced a model for mass and 
energy equation combined with the numerical 
solution of Terzaghi's consolidation equation. 
Witherspoon et al developed a model of two-phase 
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steam-water saturated region. This model was 
extended \...::> unsaturated region by Pruess et al. For 
thermo-me<.:1a11ical problems, there are many solution 
techniques are known in the area of solid and 
structural mechanics. 

In more recent studies, problems of coupled 
hydro-thermal-mechanical phenomena as shown in 
Fig.l have been analysed. Bear and Carapcioglu 
derived the basic equations which described thermo
elastic behavior of a ground due to hot water 
injection into confined and leaky aquifers. Hart 
p~~sented a model which described fully coupled 
thermal-me_:oanical-fluid flow behavior of highly 
nonlinear porous geologic systems and analysed the 
model by an explicit finite difference method. 
Noorishad et al applied a finite element method 
with joint elements to fully coupled phenomena for 
a saturated fractured porous rock mass. 

This paper describes the developement of 
finite element code for the analysis of coupled 
thermal-hydraulic-mechanical behavior of saturated
unsaturated geologic medium. The mathematical 
formulation for the model utilizes the Biot's 
theory for the consolidation and the energy balance 
equation for the heat transfer. The geologic medium 
is in the condition of saturated-unsaturated flow, 
then the free surfaces are taken into consideration 
in the numerical model. 

Several types of problems are analysed. the 
one is a study of some of the effects of completely 
coupled thermo-hydro-mechanical behavior on the 
response of a saturated-unsaturated porous medium 
which has an underground opening containing a heat 
source at an elevated temperature. Detailed 
discussion of validity and applicability of the 
developed code is given later. 



.. 

Volumetric 
Strain 
Fluid .__ _____ ,---Pressure 

Figure 1. Interaction mechanisms in 
a fully coupled thermal-mechanical
fluid flow system (Hart,l98l) 

2. OOVERNING ~.r..TIONS 

The governing equations are derived under the 
following assumptions: 
1) The medium is isotropic and pore-elastic. 
2) Darcy's law is valid for flow of water in the 

saturated-unsaturated medium. 
3) Energy flow occurs only in the solid arrl liquid 

phase. Energy transfer by gas, phase change 
between liquid and gas phases are not 
considered. 

4) Heat transfers arrong three phases (solid, liquid 
and gas) are neglected. 

5) Fourier's law holds for heat flux. 
6) Water density varies depending upon the 

temperature and pressure of water. 
7) The code is developed for the condition of plane 

strain. 
Finite element formulation is performed by using 
the governing equations for coupled thermal
hydraulic-mechanical problems. 

( 1 ) Equilibrium Equation 
Equation of motion for the medium in a static 

case is known as an equilibrium equation. It is 
written in total stress expression as follows: 

aij'j+pb 1 =o 
( 1 ) 

where a lJ is the total stress, Pis a density of 
the medium and bi is the body force. 

Terzaghi defined the effective stress 
principle. Bishop and Blight extended his 
definition and proposed the following equation for 
a saturated-unsaturated medium. 

0 ij = aij + XoijPf~ (2) 
where a 'ij is the effective stress, 6 ij is 
kronecker's delta, P f is unit weight of water, 1jl is 
the pressure head. 
The parameter X is defined as follows: 

x _ { 1 : saturated zone 
- X (Sr): unsaturated zone ( 3) 

x is a nonlinear function of Sr (degree of 
saturation). It is usually determined by laboratory 
experiments. 

Validity of Eq(2) is not definite and still now 
is under dE>bate. H0111ever, we assume that X 

approximately equal Sr. 
Putting Eq( 1) into Eq(2), we obtain the equilibrium 
equation for the effective stress in the saturated
unsaturated geologic medium. 

~aij + X6ij~fljl),j + pbi = 0 
(4) 

where (Xo ijP fiji) ,j is the term which means that the 
change of pressure head influences on the 
equilibrium equations. 

Temperature effect can be implemented in the 
constitutive law for a solid medium. For an 
isotropic linear elastic material, Duhamel-Neuman 
relationship can be used and the following 
constitutive law is obtained. 

af.j = CijklEkl·- (3>. + 2\l) tx0ij(T-T0 ) ( 5 ) 

where Cijkl is a elastic matrix, £ kl is the strain 
tensor, T is temperature, >.and \J are Lame's 
constants and tx is the expansivity coefficient. 
Subscript 0 means that the parameters are in 
reference state. 

Infinitesimal strain-deformation relationship 

£kl = ~(Uk,l + Ul,k) is: 
(6) 

where ui is deformation vector. 
Substituting Eq(S) and (6) into Eq(4), we get the 
stress equilibrium equation which takes into 
account the effects of heat transfer and pore 
pressure change. 

{} cijkl< uk,l + u1,kl - 8°ij(T-Tol + X6ijPfljl},j 

(7) 
where 8 =(3>-+2\J) a 
(-86ij(T-TO)),j is the term which means that heat 
transfer influences on the equilibrium equation. 

(2) Continuity Equation for Groundwater 
Equation of continuL:y for groundwater in the 

saturated-unsaturated zone is derived fran Richards 
theory as follows: 

(8) 

where e is volumetric water content, t is time and 
vi is velocity vector. 

Equation of motion for groundwater is similar 
to Darcy's law. That is: 

vi = -k(8)h,i 
(9) 

k(8) is permeability which is a function of e and h 
is total head. 

The total head can be expressed as the sum of 
pressure head(ljl) and elevation head (z). 

h = 1jl + z (10) 
Volumetric water conte11"i: is a function of degree of 
saturation Sr and e::J .. ·._.:;::;ai ~s follows: 

( 11 ) 
Substituting Eqs(9)(10)(11) for Eq(8) we obtain the 
following equation. 

( 12) 

Considering the compressibility and expansivity 
of water, water density can be expressed as 
follows: 

p [1-8 (T-T )+8 (P-P )) 
fo t o p o ( 13) 

where P is pore pressure, P fO is a reference 
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density at P=PO and T=TO. ST, SP are expansivity 
and compressibility of water respectively. They are 
defined as: 

s = - __!_ apt I 
t p ar f p=constant 

= J.... ()pfl 
Sp pf aP !=constant 

( 14) 

( 15) 

Eaton assumed that buoyancy could be neglected 
in an unsaturated zone. Adopting this assumption we 
set ST=O in the unsaturated zone. Then, the right 
hand side of Eq(12) is changed to: 

a apf an 35r 
at(pfnSr) = nS~ + pfSrat + Pf~ (16) 

The first term represents the density change of 
pore water. The second term means the change of 
skeleton of the porous medium. The third one means 
the change of water storage capacity. 

Canbination of the first term of Eq( 16) and 
Eq(13) gives rise to: 

apf ar ap 
nSr ~ = pf

0
nSr(-ST at+ Spat) (17) 

The pressure 
follows: 

head lJi is related 
p 

lji=-

to pore pressure as 

pfg ( 18) 

Taking into account Eq( 1 0) and ( 18), Eq( 17) can be 
modified to: 

,j,r ar ah 
nS - = p nS (-6 -a + pfgSP -at) (19) r .at fo r T t 

where the first and second terms of the right hand 
side of Eq(19) means the density change of pore 
water due to temperatur~ change and due to total 
head respectively. 

Assuming the strain is infinitesimal, the 
second and third terms of the right hand side of 
Eq(16) are expressed as follows: 

5 
<lui,i 

- Pf rat 
Cl(nS ) 

r - Pf _a_t_ 

Eq( 12) is modified by usir1 Eqs( 19 )and ( 20). 

{pfk(O)(tji + z),.l,. = -pf nS ST ~T 
~ 1 o r at 

au 
+ Pfo05 rpfgSP ~~ + pfSr. a

1
t,i + Pf C(lji) * (21 ) 

where C( tjJ) is a specific water content and is 
defined as: 

ae 
C(ljJ) = ~ (22) 

Eq( 21 ) is the equation of continuity fOL 
groundwater, which takes into account tha 
compressibility of the ground and density change by 
heat transfer. 

( 3) Energy Conservation Law 
In general the ground consists of the materials 

with three phases; solid, liquid and gas. It is not 
so easy to analyse the behavior of heat transfer 
since the thermal process is different in each 
phase. We assl.Ulle in this paper that the pore in the 
porous medium is filled by the material in liquid 
phase. It means that the groundwater does not 
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change its phase from liquid to gas or vise versa. 
Heat transfer in the gas phase is not considered. 

With the above assumptions, we derive the 
energy conservation law without the effects of 
viscous dissipation for groundwater, based upon the 
one proposed by Bear et al. It takes into account 
the existence of unsaturated zone and is written by 
the following equation. 

arf 
nSrpfCvf ( ~ + Vf·VTf) 

-V·nS J - ( ~ ) nS T ·V·V (23) 
r f arf pf r f f 

where Cv is specific heat, J is heat flux by 
conduction. Subscript f means "fluid". In Eq( 23) , 
the first tenn in the left hand side shows the time 
dependency of energy, the second tenn shows the 
energy change due to heat convection. The first 
term in the right hand side expresses the energy 
change by heat conduction and the second tenn shows 
the reversible energy change caused by the 
compression. 

Similarly the energy conservation 
solid is written as: 

ars (1-n)p C (-~ -.+ v ,17Ts) = 
SVSot S 

~17.(1-n)J - (1-n)ST <l£s 
s sat 

law for a 

(24) 

where the subscript s means "solid". In Eq(24), the 
second term in the right hand side expresses the 
reversible energy change caused by deformation. 

Faust and Mercer's proposal is that the rrove
ment of water through porous media is sufficiently 
slow and the surface areas of all phases are suffi
ciently large that it is reasonable to assume that 
local thermal equilibrium arrong phases is achieved 
instantaneously. If this assumption is pennited, 
the following equations are formed. 

T = T = T 
s f (25) 

With Eq(25), Eqs(23) and (24) can be united as the 
energy conservation law at a temperature. 

fns pfC f + (1-n)p c } ~T r v s vs ot 

+ {ns pfC fvf + (1-n)p c v }·llT 
r v svss 

ap 
-ll•{nS Jf + (1-n)J ) -nS T(-) ·ll·V 

r s r ar p f f 

When 
for heat 

d£ 
(1-n)ST _s 

at 

it is assumed that Fourier's law is valid 
flux, the following equations are formed. 

J f = -KTfVT 

J = -K VT 
& Ts 

(27) 

where KT is a coefficient of heat conduction. 
The tenn (<lP/ClT) in Eq(26) can be rrodified by 

using Eqs(14) and (15) as follows. 

()P = BT I ( at )P B 
f P p f=constant (28) 

Neglecting the velocity of the solid, Eq(26) is 
rewritten with the help of Eqs ( 6), ( 9), ( 27) and 
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( 28 l in the following form. 
aT 

(oC)m at+ nSlfcvfVf·VT = 

BT 
IJ•KT IJT -nS T -8 k(9)h, 1 . 

m r p ~ 

- 1/2(1-n)BT :t (ui,j + uj,i)oij (29) 

where (PCv )m, Ktm are expressed as follows: 

(pC ) = nS p C + (1-n)p C (30) v m r f vf s vs 

K = nS K + (1-n)KT (31) Tm r Tf s 

Eq( 29) is the energy conservation law in which the 
stress-defonnation and groundwater flow are 
considered. The first term in the left hand side 
shows time dependency of energy and the second term 
shows the energy change due to heat convection. The 
first , second and third terms in the right hand 
side express the energy change due to heat conduc
tion, pore pressure change and reversible energy 
change caused by solid defonnation, respectively. 

( 4) Governing Equation 
Eqs (7) , ( 21 ) and ( 29) represent the governing 

equation for the coupled thenno-hydro-mechanical 
problems. It should l:e noticed that pore pressure 
distribution is not known when the hydraulic 
toundaries rocwe. In that case it is rational to u5e 
the total head expression in which the reference 
point for the elevation head is the lowest in the 
domain. That is: 

l/2Cijkl(uk, 1 + ul,k)- Boij(T-T0 ) + AOijpfh l,j 

+ p b = 0 
s i 

0 fk{S)h,i} ,i- 0 fo05 r 0 fgBP :~- 0 sC(ljl) :~ 
(lui i at 

- 0 f5r~ + 0 fo05 r 8T at= 0 

dT 
(oC)m at+ 05 r 0 fCvfVfiT'i- KTmT'ii 

+ nS T BBT k(9)h,
1

. 
r P 1 

+ 1/2(1-n)BT ~ (u
1 

. 
, at ,J 

0 (32) 

where P 
5 

=p- xo ij p fOi 3 • 

It is necessary to set the following initial and 
boundary conditions to solve Eq(32). 
Initial Conditions 

u1 (~,t) = u1 (~,0) 
h(x,t) h(x,O) 

T( X, t) 

Boundary Conditions 
displacement; 

traction 

hycrraulic 

flow rate 

T(x,O) (33) 

u 1 (~,t) ~i(~,O) 

cr 1j(~,t)nj(~) = f1 (~,t) 
h(x, t) "' h(x, t) 

k(9)h,
1 

n1 "' -Q(x,t) 

temperature 

heat flow 

T(x,t) = T(x,t) 

KTmT, 1n1 = -QT(~,t) (34) 

where :l.S is position vector, nj is unit nonnal 
vector, a is known displacement, 11 is known head, 
Ti is known surface traction, Q is prescribed flow 
rate and Qr is prescribed heat flow. 

(5) Finite Element Formulation 
Several methods are well known to fonnulate the 

finite element descritization, such as variational 
method and weighted residual method. We used here 
the Galerkin type formulation. Linear quadrilateral 
isoparametric elements for h, T and a quadratic 
quadrilateral element for ui are employed in the 
code. In order to integrate time derivatives, an 
accelerater was introduced and then any type of 
finite difference schenE can l:e applied. 

3. NUMERICAL ANALYSES 
In order to demonstrate the function of this 

code and the possible effects of coupled l:ehavior 
on the response of a geologic system, sane example 
problems are solved by this code. They are a one
dimensional consolidation problem of saturated 
soil, a seepage problem in a saturated-unsaturated 
porous media, a thermo-hydro coupled problem in a 
saturated media, and a therrro-hydro-rnechanical 
coupled problem. The result of the consolidation 
analy::;is is canpared with the Terzaghi's theoreti-
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Experimental Results 

Numerical Results 
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Figure 4. Comparison of numerical and experimental results (for wetting) 

cal solution, and the results of the seepage 
analysis arrl the therroc>-hydro-analysis are ..xmpared 
with the laboratory experimental results. The 
fourth problem, a thenno-hydro-mechanical coupled 
problem, is the rrost ccmplicated one which this 
code can handle arrl is solved to sh""" the versa
tility of the code. 

3.1 Consolidation Analysis 
For examination of the validity of this code to a 

coupled hydro-mechanical problem, a one-dimensional 
consolidation problem was solved by this code, and 
the numerical result was canpared with the 
Terzaghi 's solution. The canparison in the degree 
of consolidation is shown in Figure 2. It shows a 
veJ.-y good agreement between the theory and the 
numerical calculation. 

3.2 Seepage Analysis in Saturated-Unsaturated 
Porous Media 

This code can also handl ~ Seepage problems in 
saturated-unsaturated media whether it has a free 
surface or not. Demonstranting the validity of this 
cooe to such a problem, a ccrnaprison between the 
numerical solution by this code and the experimen
tal result obtained by Akai et al on seepage in a 
sand oox roodel is shCMl in Figure 4. In the experi
ment, the initial water level was kept at 10 an 
fran the inperrneable oottan, and the water level at 
the-left side of the sand model was raised up to 30 
an fran the oottan, instantly. The progress of the 
free surface observed in the experiment is well 
presented by the numerical solution by this code as 
shown in Figure 4. The unsaturated properties used 
in the analysis were empirically estimated as shown 
in Figure 3. 

3.3 Coupled Thermal-Hydraulic Problem 

Sate conducted a thermal-hydraulic test in a sand 
specimen which is shown in Figure 5. In the 
experiment, water at a temperature of 20 °C was 
supplied fran the top of a saturated sand sample at 
6.6 °C. The hydraulic gradient was kept constant 
between the top arrl oottan of the sample. The test 
was simulated by this code setting the same initial 
and boundary conditions. Figure 6 shows the 
canparison between the experimental and the nl'meri
cal results in temperature distribution at diffe
rent time stage. The numerical analysis using this 
cooe can represent the tendency of heat transfer 
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with water fl""" observed in the Sate's experiment, 
though the transference of heat in the analysis is 
slower than that in the experiment. 

3. 4 Therroc>-Hydro-Mechanical problem 
The canpletely coupled thenno-hydro-mechanical 

problem in a saturated-unsaturated medium which has 
an underground opening containing a heat source at 
a temperature of 1 00°C was solved by the code. 
Since there is no underground research laboratory 
in Japan at this moment, this is only a conceptual 

II 
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numerical model in relation to an underground 
nuclear waste disposal project. The properties used 
in this analysis is given in Table 1. Figure 7 
shows the m.unerical results which are locations of 
free surfaces and distribution of temperature toth 
at 2000000 sec. Interaction between water flCM and 
temperature is apparently noticed. Figure 8 shows 
the displacement at the surface of the underground 
opening at different time stages. The opening 
settles down due to consolidation of the geologic 
medium. The effect of heat transfer is not shown 
clearly on deformation. 

4. <nNCLUSIONS 
The work described in this paper provides a new 

technique for investigation of coupled thermo
hydro-mechanical behavior of the saturated-unsatu
rate:i porous medium. It is known that the coupling 
phenanena are very a::mplex and it is not so easy to 
understand these phenanena theoretically or 
experimentally. The m.unerical tool such as 
presented in this paper is powerful and can be uSed 
for more detaile:i research on the behavior of 
geologic materials. 

Unsaturated zone was considered for the first 
time in the fully coupled calculation. It was 
found that the unsaturated media has strong effects 
on the behavior of fluid flCM and heat transfer. 
Research is required to knCM more the unsaturated 
properties of geologic media. 

Nonlinear coupling effects should be investi
gate:i to increase the accuracy of calculation since 
we have been handling only sane nonlinearities of 
parameters. There is a vast of nonlinearities left 
to be explored. 

Table 1. Data Used for Analysis of Thermo
Hydro-Mechanical Problem 

Property 

Prosity 
Young's modulus 
Poisson's ratio 

Value 

Thermal expansion coef. 
Speci fie heat .. 

2.5xlo-l 
lxl0 4 tf/m2 
4.0xlO-l 
3.0xl0-,. 
8. 37xl02 J/kg°C 
2.0 J/!!6°C 
l.Oxl0-3m/s 

Thermal conductivity 
Permeability, 

Overburden 100 

Initial water table 
-------- -1--------- :::.----=------<).,:-·/.Water table 

.. ~ 

Initial temperature 
is 20°C 

Figure 7. Water table and temperature distri
bution at 2Xl0 6 sec. 
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----32000 
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deformation 

(m) 

---260000 I 
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Figure 8. Deformation of the under
groud opening 
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ABSTRACT 

The Colorado School of Mines, ·With Battelle 
Memorial Institute, is conducting a series of 
experiments with a large in-situ cube of fractured 
metamorphic rock. The purpose is to better 
understand the response of jointed rock to 
loading. 

One of the fundamental parameters which can 
be measured in any mechanical testing scheme is 
displacement. An instrumentation system was 
developed to measure absolute displacements in the 
interior of the block during loading, avoiding a 
suspected decoupled zone near the surface. The 
system is based on an array of inductive proximity 
transducers mounted on a rigid reference frame 
anchored to the mine roof above the block. 

The stress field within the block during 
loading was monitored at sev. ral points with 
u.s.B.M. borehole deformation gages, using elastic 
moduli determined separately at each point with a 
borehole dilatometer. With these data the effect 
of fractures on the redistribution of stresses can 
be more readily understood. 

Fracture conductivity affects the rate of 
contaminant migration from repositories to the 
biosphere. A multiple-zone borehole probe is 
oeing developed that simulta: .. ~ously monitors 
fracture aperture and conductivitv in each zone. 

A two-dimensional computer model of the test 
block is being calibrated with the results of the 
deformation and stress studies. Successful 
application of such models would create confidence 
in using them to predict excavation performance. 

INTRODUCTION 

A series of mechanical and hydrological 
experiments is being conducted with an in-situ 
block of fractured crystalline rock at the 
Colorado School of Mines Experimental Mine. 
Sponsored by the Office of Crystalline Repository 
Development at Battelle Memorial Institute, this 
project includes studies of: 

- applied stress vs. deformation of fractured 
rock 

- applied stress vs. measured stress within 
fractured rock 
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- applied stress vs. fracture conductivity 
- fracture deformation vs. fracture 

conductivity 

The test block is a two-meter cube of 
Precambrian gneiss excavated by Terra Tek, Inc. in 
1979 in the floor of a mine drift. After their 
program was completed (Hardin et al., 1981), 
c.s.M. began a second series of experiments with 
it. The block is defined by line-drilled slots 
which contain hydraulic flatjacks set up so that 
loading can be controlled separately in two 
directions. The top of the block is a free 
surface while the bottom is continuous with the 
surrounding rock mass. 

Three major near-vertical fractures create 
four sub-blocks within the test block, and a 
strong foliation trend is evident that is also 
near-vertical. Figure 1 is a map of the surface 
geology with the instrument locations (boreholes) 
for the load-displacement and load-stress studies. 

Figure 1. Surface geology, with major instrument 
locations. Test block is 2.0 m x 2.1 m x 2.0 m. 

.• 



There are 24 open boreholes in the block, a 
legacy from the first experimental program. Ten 
of the EX size (3.2 em diam.) were selected for 
the instrumentation. One of the NX size (7 .6 em 
diam.) holes is being used in the permeability 
program. These boreholes are all vertical. 

Tests investigating the am.bient temperature 
mechanical behavior of the block have been 
completed, and the hydrologic studies have 
progressed from prototype development to 
preliminary testing. A heated mechanical
hydrologic test series is in the planning stage. 

MECHANICAL BEHAVIOR OF THE BLOCK 

It was desired to measure the absolute 
displacements of points at various depths within 
the block during loading. With data of this type 
any form of relative displacements can be 
calculated, in addition to the advantage of 
knowing the movement vectors of discrete 
locations. An instrumentation system was designed 
for this purpose, and is described in detail by 
Richardson (1984) and Richardson et al. (1985a). 

The test block was modeled with the boundary 
integral code BITEMJ developed by Janice Crotty of 
C.S.I.R.O. (Crotty, 1983). Although the program 
has the ability to model linear and nonlinear 
joint normal and shear behavior, the version used 
for the present effort was not designed to handle 
the interior joint intersection. Therefore, an 
elastic model was prepared using an equivalent 
modulus of 12 GPa and Poisson's ratio of 0.25 
(Figure 2). A revised version of the code is 
currently available with increased capabilities 
for modeling fracture intersections within solids. 

The elastic model ·was constrained by rollers 
on the left and bottom sides, with the lower left 
corner pinned. To compare the resulting 
displacements with the measured absolute vectors, 
the calculated values were re-referenced with 
respect to an arbitrarily fixed point at the 
center of the block. It is difficult to compare 
modeled and measured data in this fashion since, 
in this type of block test, there is no true fixed 
point. The block is constrained to some degree by 
the attached bottom, but a two-dimensional section 
can translate horizontally depending on the 
relative stiffnesses of the four flatjack reaction 
surf aces (the grout on the inner side, and the 
rock on the outside). It is therefore dangerous 
to draw conclusions from Figure 2, although it is 
likely that some of the deviation from elastic 
behavior exhibited in holes 6 and 7 results from 
normal closure of the two diagonal joints. 

Figure 3 shows the displacement history of 
the monitored points within the block during equal 
biaxial compression to 5.17 HPa (750 psi) in 14 
load steps. It is not a simple history; all 
stations move gradually but not immediately toward 
the block interior. The deformation mechanisms 
are quite complex, and include sub-block 
translations, rotations, and strains, which 
activate joint normal and shear deformations. 
When studying Figure · 3 it should be remembered 
that the block geometry has been much simplified 
for this analysis (see Figure 1). A mathematical 
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Figure 2.Measured (solid) 
peak-load displacements 
compression (5.17 HPa). 

\ 

J 

and modeled 
from equal 

(dashed) 
biaxial 

Figure 3. Displacement history during loading to 
5.17 MPa (After Richardson, 1985b). 

interpretation of this incremental behavior has 
been prepared by Richardson et al. (1985b) using 
the method developed by Shi and Goodman (1984). 
That analysis also concluded that the deformation 
mechanisms in a jointed block test are very 
difficult to interpret from even very careful 
displacement measurements, and that simple 
interpretations (such as rigid-body block motions 
and linear normal and shear strain) will explain 
some but not all of the total and incremental 
deformations. The total picture probably also 
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Figure 4.Heasured (solid) and applied (dashed) 
peak-load stresses from equal biaxial compression. 

Figure S.Stress history during loading. 

includes nonlinear normal and shear strain, 
bending, and anisotropic strain, 

The principal horizontal stresses in the two 
upper right-hand sub-blocks are rotated counter
clockwise from the applied stress field (Figures 4 
and 5). Progressive sinistral shear along the 
upper diagonal fracture would tend to produce this 
effect, and can also be seen in the incremental 
displacements (Figure 3), although here it is 
partially obscured by translation and rotation of 
the two upper sub-blocks as a unit (downward and 
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Figure 6.Hajor principal strains at peak load 
(5.17 HPa) during equal biaxial compression, and 
elastic moduli (GPa). 

clockwise, respectively). 
diagonal fracture occurs 
motion "sticks". 

Closure of the upper 
only after the shear 

Measured stresses in the center of the block 
are lower than would be expected. This probably 
is due to a combination of structural and histor
ical factors. The mid-strip has the highest 
density of surface-mapped major fracture planes, 
which would tend to isolate points there from 
applied loads. This appears particularly true for 
point S, whose minor horizontal stress was tensile 
for the entire loading cycle. It is also somewhat 
the case for point 1, which is in very close 
proximity to three large boreholes drilled in the 
middle diagonal fracture. The joint has a 
relatively low normal stiffness, tending to 
decrease the elastic modulus as seen by the CSM 
Cell (Figure 6). In addition, the boreholes may 
create a stress "shadow" so that low strain is 
measured (Figure 6). Together these effects cause 
lower-than-expected stress magnitudes. 

The boreholes in the mid-strip of the block 
(points 4 through 7) were sites for the heaters 
used by Terra Tek, Inc. during the previous 
testing program. These points also have the 
lowest elastic moduli, possibly a result of near
hole heat damage to the rock. The fact that the 
strains are not correspondingly large (point 7 is 
the exception to this; it is situated on the 
fracture) may be due to the fact that the modulus 
measurements probably are more sensitive to near
hole conditions than are deformations from 
externally-applied load, which involve a much 
larger volume of rock. 

Note that the stresses in Figure 4 were 
calculated using the strains and elastic moduli 
from Figure 6. Data is from Brown (1985), 
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Figure 7.Example of aperture variation of both 
sides of test fracture (aperture exaggerated 30 
times with respect to fracture length). 

FRACTURE CONDUCTIVITY 

The upper diagonal fracture was selected for 
the permeability study because it intersects a 
borehole longitudinally for almost 1.5 m, 
providing accessibility. Its aperture has been 
measured in detail for the entire length of its 
exposure in the borehole (Figure 7); it has a log
normal distribution with an average value of 0.5 
mm (0.02 in.). 

Figure 8 is a schematic drawing of part of 
the MZBP (multiple-zone borehole probe), which was 
built to monitor changes in borehole shape 
simultaneously with determination of 
permeabiU ty. Here, where the fracture plane is 
parallel to the borehole axis, change in borehole 
shape is largely equivalent to change in fracture 
aperture. Six inflatable packers in the probe 
create five separate test zones. FOG's (fracture 
deformation gages) designed from the U.S.B.M. 
borehole deformation gage except with four 
cantilever arms instead of six, are mounted on the 
ends of the packers in each zone. Each packer is 
coated with uncured rubber to obtain an impression 
of the fracture trace, allowing precise 
determination of the orientation of the fracture 
plane with respect to the FDG measurement axes 
(Figure 9). Thus displacement is monitored in 
areas of different initial aperture. 

Concurrently with ope rat ion of the borehole 
probe, rock deformation and displacement will be 
monitored at six points surrounding the test 

test zone 
__ _.,A...._ ____ 

r- - \ 

cantilever arms 

Figure 8.'>chematic of part of 
borehole probe, showing packers 
deformation gage. 

packer 

multiple-zone 
and fracture 

Figure 9. Cross-section of FDG in borehole, 
plane and showing relationships between 

FDG measurement axes. 
fracture 

fracture (Figure 10). In each of these boreholes 
a U.S.B.M. borehole deformation gage will be 
placed slightly below 1.ne mid-depth of the 
permeability probe. Immecaately above it will be 
set the anchor of a displacement-monitoring 
assembly. Information about the reaction of the 
rock msss in the immediate vicinity of the test 
borehole will supplement the in-hole data; for 
instance, test borehole deformation measured by 
the FOG's can be separated into components of 
fracture aperture change and rock deformation 
using the rock de format ion measurements provided 
by the U.S.B.M. gages. 

Preliminary tests 
fracture is highly 
steady-state injection 
Nitrogen gas was chosen 

have indicated that the 
conductive; consequently, 
tests will be performed. 

as the primary fluid. 

The flowfield boundary conditions are not 
simple. The fracture plane can be thought of as 
a parallogram, with its upper side being the 
surface trace (venting to the mine drift), the 
lower side arbitrarily defined at the bottom of 
the block, and the vertical sides at the 

287 



intersections of the fracture with the flatjacks 
(venting to the atmosphere, more slowly, through 
the parting between the f latjacks and the 
enclosing grout). In addition, two additional 
boreholes intersect the fracture or branches of 
it; one of them is open to the atmosphere. 

The multiple zones of the probe introduce 
further complications. Although cut off from each 
other in the borehole, they are not independent 
since the fracture connects them hydraulically. 
At equal injection pressures the zone of influence 
of each test zone is assumed to extend halfway to 
the next zone, and away from the borehole in a 
horizontal line. This simplification is 
complicated in reality by variations in fracture 
aperture, the sink effect of the mine drift, and 
the influence of the two boreholes mentioned 
above. 

Figure 11 is a plot of the conductivity trend 
under low normal load determined from a 
preliminary series of experiments. In this 
instance, the middle zone was pressurized and the 
hydraulic gradient was calculated from pressures 
observed passively in the other zones. Lines 
connect points from individual loading cycles. 
The data are insufficient to do more than hint at 
trends, although permeability reduction with 
increased normal load on the fracture would be 
expected. 

FUTURE WORK 

The anisotropy of the rock in the test block 
is being studied in relation. to stress field 
determination using the method synthesized by B. 
Amadei (1983). 

The bulk of the permeability field 
experiments will be conducted this fall. The 
reacti~n of the fracture to both tension (provided 
by increasing the pressure in the packers) and 
compression (using the flatjack system) will be 
characterized. Equal biaxial loading of the test 
block, which closely approaches true normal 
loading of the fracture, will be conducted first 
in order that the effects of purely normal closure 
will be understood before undertaking the 
relatively more complex analysis of shear, which 
will be examined during a series of uniaxial 
loading cycles. 

The data gained from monitoring the 
displacement and de format ion of points elsewhere 
in the test block but bracketing the fracture will 
be compared to data collected from similar 
instrument configurations used during the previous 
load-displacement and load-stress phases of the 
research program. In this way a more 
comprehensive understanding of the interactions 
among stress, displacement, and conductivity in 
fractured crystalline rock can be obtained. 
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Figure 10. 
experiments. 
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Figure 11. Preliminary permeability test results. 

REFERENCES 

Amadei, B., 1983. Rock Anisotropy and the Theory 
of Stress Measurements, Springer-Verlag, New 
York, 478 p. 

Brown, S., Hust rulid, w., and Richardson, 1985. 
~A Study of the Validity of Stress Measure
ments in Jointed Crystalline Rock", 
Proceedings of the 26th u.s. Symposium on Rock 
Mechanics, Vol. 2, June 1985, Rapid City, 
South Dakota, p. 1247-1254. 

Crotty, J., 1983. Program BITEHJ User's Manual, 
CSIRO Division of Applied Geomechanics, P.O. 

.... 



.. 

Box 54, Mount Waverly, Victoria, Australia, 
3149. 

Hardin, E., Barton, N., Lingle, D., Board, M., and 
M. Voegele, 1981. "A Heated, Flatjack Test 
Series to Measure the Thermomechanical and 
Transport Properties of In Situ Rock Masses", 
prepared by Terra Tek Inc. for O.N.W.I., 
Battelle Memorial Institute, Columbus, Ohio. 

Richardson, A., 1984. "In-Situ Load-Deformation 
Characterization of a Jointed Block of 
Crystalline Rock under Ambient Temperature 
Conditions", engineering test plan prepared by 
the Colorado School of Mines for O.C.R.D., 
Battelle Memorial Institute, Columbus, Ohio. 

Richardson, A., 1985. "Ambient-Temperature Load
Deformation Response of the CSM/OCRD Test 
Block", technical report BMI/OCRD-4( 18), 
prepared by the Colorado School of Mines for 

O.C.R.D., Battelle Memorial Institute, 
Columbus, Ohio. 

Richardson, A., Hustrulid, w., Brown, s., and w. 
Ubbes, 1985a. "In-Situ Load-Deformation 
Characterization of the CSM/OCRD Jointed Block 
Test", Proceedings of the 26th u.s. Symposium 
on Rock Mechanics, Vol. 2, June 1985, Rapid 
City, South Dakota, P• 777-784. 

Richardson, A., Hustrulid, w., Shi, G., and E. 
Lindner, 1985b. "A Mechanical Study of the 
Influence of Joints on Block Test Results", 
International Symposium on Fundamentals of 
Rock Joints, Sept. 1985, Bjorkliden, Lapland, 
Sweden. 

Shi, G., and R. Goodman, 1984. ''Discontinuous 

289 

Deformation Analysis", Proceedings of the 25th 
U.S. Symposium on Rock Mechanics, June 1984, 
Evanston, Illinois, p. 269-277 • 



r;, 

This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 



l!!l' r 

LAWRENCE BERKELEY LABORATORY 
TECHNICAL INFORMATION DEPARTMENT 

UNIVERSITY OF CALIFORNIA 
BERKELEY, CALIFORNIA 94720 

"'f "'! !' 



This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 



.,.~~-
-

•.• l.. ... ·.~ 
,,:_···>~.~ j 

• ";_\~,-"1;:;.., .(c~ 

LAWRENCE BERKELEY LA BORA TORY 
TECHNICAL INFORMATION DEPARTMENT 

UNIVERSITY OF CALIFORNIA 
BERKELEY, CALifORNIA 94720 

/""// 

.. / 
•. rr· 

~...~ ,'JE 

., ;. 

.:i 
~::2~ 


