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ABSTRACI' 

The capability of characterizing near-vertical faults and 
other potentially highly conductive geologic features in 
~e vicinity of a high-level-waste repository is of great 
tmponance in site characterization of underground waste
isolation projects. The possibility of using transient air 
pressure data at depth (resulting from surface barometric 
pressure fluctuations) for characterizing these features in 
the unsaturated zone are investigated. Analytical solu
tions for calculating the pressure response of such sys
tems are presented. Solutions are given for two types of 
barometric pressure fluctuations, step function and 
sinusoidal. 

INTRODUCI'ION 

The capability of characterizing near-vertical faults 
and other potentially highly conductive geologic features 
in the vicinity of a high-level-waste repository is of great 
imponance in underground waste-isolation site characteri
zation projects. The existence of such features near a 
repository may provide a short travel time flow path from 
the disturbed zone to the accessible environmenL 

Measurement of air pressure changes at depth due to 
atmospheric pressure fluctuations have been used before 
to estimate the permeability of geologic strata .1 In those 
studies the assumption was made that no open borehole, 
fractures, or other geologic structures exist that would 
provide preferred flow paths for air movemenL When a 
conductive fault cuts through layers of geologic materials 
with lower permeability, points located in the fault zone 
will experience pressure variations faster and more pro
nounced than points in the rock mass located at the same 
elevation. It is desirable to obtain a solution that allows 
the calculation of pressure response due to the atmos
pheric pressure variations in a multilayer geologic system 

1 

with a cross-cutting highly-conductive fault. As a first 
step, we have developed a series of analytical solutions to 
calculate the propagation of atmospheric pressure changes 
in a single-layer system that is intersected by a vertical 
fault or other planar conductive features. Comparison of 
pneumatic pressure variations between the fault zone and 
the surrounding rock mass could provide a means for 
estimating the permeability of the fault zone. 

In this paper we shall present two of these new 
analytical solutions. These solutions, though limited in 
application for multilayered geologic systems, could be 
used for verification of numerical codes that could then 
be extended to multilayered media. 

MA TIIEMA TICAL MODELS 

Let us consider a single horizontal geologic layer 
that is cut by a vertical fault zone with a thickness of 2b', 
as shown in Figure 1. We would like to derive solutions 
to calculate air pressure changes due to atmospheric pres
sure fluctuations, as a function of time and position 
within the system. 

The medium is extensive both horizontally and verti
cally such that mathematically it could be assumed to be 
infinite in both directions. Since the mid-plane of the 
fault zone is a symmetry plane, only half of the system 
will be considered in the analysis. A Cartesian coordi
nate system is selected such that its origin is at the inter
section of the ground surface with the contact plane 
between the fault and the rock mass. The x-axis is hor
izontal and perpendicular to the rock-fault zone interface, 
and the z-axis is oriented vertically downwards. 

The partial differential equations governing the 
isothermal flow of air in the unsaturated porous media 
may be written as1 : 

Olcjl-2 + Olcjl-2 = J.lana . a;-2 
ax-2 az'2 k'P at' 

(1) 



where 

,, = ..L ·-z' = pneumaric head, L; 
p.g 

p = mean pressure of the system, MIL T2; 

~.=viscosity of air, MILT; 

n. = interconnected air-filled porosity at the prevail
ing moisture content; 

k' = air permeability of the medium at the prevailing 
moisture content, L 2; 

t' =time, T. 

2b' 

Fault Zone Rock Mass 

z' 

Figure 1. Schematic cross section of the fault zone and 
surounding rocks. 

Assumptions inherent in the development of Equation (1) 
are as follows: 

• the medium is homogeneous and isotropic with a con
stant moisture content; 

• air permeability of the medium is large enough that 
the Klinkenbergl effect is negligible; 

• absolute pressure is small enough that the ideal gas 
laws apply; 

• the change in pressure with depth has a negijgible 
effect on air density. 

In this study, similar to that of Weeks1, we have 
assumed that pneumatic head varies only slightly from its 
mean value. Under this condition, Equation (1) may be 
approximated to the following form that is linear with 

respect to ''· 

()lf + ()lf = _I -~ 
ax12 az12 a' at' 

(2) 

where a'= k'p is pneumatic diffusivity. 
~.n. 

Furthermore, flow in the fault zone is assumed to be 
one-dimensional in the vertical direction. while the flux 
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crossing the fault-rock interface is treated as a sink term 
in the governing equation for the fault zone. The impact 
of some of the above assumptions will be discussed later 
in the paper. Based on the above assumptions, the 
mathematical model for the system under consideration 
may be written as follows. 

In a dimensionless form, the partial differential equa
tions for the intact rock and the fault zone are: 

()lq,r ()lq,r 1 Ocpr 
-+-=-·- (3) ax2 az2 a ot 
()lq,r aq,r ocjlr 
oz2 + k( ax >x=O = at (4) 

where the subscripts 'r' and T refer to the intact rock 
and the fault zone, respectively. Dimensionless terms 
applied in the formulations are defined as, 

x' 
x= b' 

z' 
z=

b' 

a' rt' 
t=-

bt2 

k' 
k=-r 

k'r 

a' r 
a=

a'r 

(5) 

where cjl' 0 and cjl' b refer to the initial and upper boundary 
values of the pneumatic head. 

As noted above, two types of boundary conditions 
have been considered for the variation of atmospheric 
pressure at the ground surface. Type one refers to a step 
function, and type two to sinusoidal pressure variations. 

Except for the boundary conditions at the ground 
surface, the rest of boundary and initial conditions for 
both cases are the same, and may be written as, 

4lr(X, Z. 0) = cjlr(z, 0) = 0 

4lr( -. z, t) = finite 

4lr(X, -, t) = cjlr( -, t) = 0 

4lr(O, z. t) = cjlr(z, t) 

(6) 

(7) 

(8) 

(9) 

Type one boundary condition at the ground surface 
in non-dimensional form translates to: 

~(x, 0, t) = cjlr(O, t) = 1 (10) 

For the second type boundary condition, to simplify 
derivations, one may introduce a new definition for 
dimensionless pneumatic head as, 

,, -''o 
cjl = cjl'. 

(11) 

where cjl' • is the amplitude of pressure head variation, 
p.tp.g. Now, the second type boundary condition may be 
written as, 

~(x, 0, t) = cjlr(O, t) = sin((l)t) (12) 
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SOLUTIONS 

Case 1: Step function annospheric pressure variation. 

Using Laplace transformation with respect to t and 
Fourier sine transformation with respect to z consecu
tively, Equations (3) and (4) may be reduced to: 

dlw, s 2 n 
--(-+p )w =-L- (13) 
dx2 a r s 

1 n dw, 
wr = --[ L- + k (-):11=0 ] (14) 

s+p2 s dx 

where s and p are Laplace and Fourier sine transform 
parameters, respectively. 

The initial condition (6) and boundary conditions (8) 
and (10) have already been used in deriving Equations 
(13) and (14). 

Equation (13) is a nonhomogeneous second order
ordinary differential equation whose solution satisfying 
boundary condition (7) may be written as: 

-~x 
w, = C1e a + P (15) 

5(~2) 
a 

where, 

In evaluating constant C1 boundary condition (9) has 
been used. Inversion of Equation (15) to the (x, z, t) 
domain is lengthy and beyond the scope of this paper. 
The final solution, however, is given by: 

.,(x,z,t) = erfc( 
2
:W )+erfc( 

2
.:W) 

Z X 
- erfc( 2'lW) erfc( 

2
.filt) 

+ 207) ![f1(x, p, t)+f2(x, p, t)]sin(pz)dp (17) 

where. 

ft(X, p, t) = 
p ;..Bt+Bt~-ap~ X 

B (B B
_,e a erfc(B1v'i'+ _=:-) (18) 

1 c v 2'4at 

f2(x,p,t) = 

_ p ..!..~Bz~-ap~ X 
_ _.._

8
-e .Jii erfc(B2 v'i'+ _ r= ) (19) 

B2(B1- v 2'4at 

in which B1 and B2 are defined as: 

1 k _r. 
Bt, B2 = 2[ ..Ja. ± '4~ ] (~>0) (20) 
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B1, B2 = ~ [ ~ ± i..J-X ] 

with the determinant ~ defined by: 

~ = t2 + 4(a-1)p2 
a 

(~<0) (21) 

(22) 

The expression for the pneumatic head in the fault 
zone may be readily obtained from Equation (17) by sim
ply setting x = 0. 

Case 2: Sinusoidal atmospheric pressure variation. 

The procedure for solving the mathematical model 
with sinusoidal atmospheric pressure variation is very 
similar to the one described above and the expression for 
pneumatic head in the rock mass becomes: 

~(x,z,t) = 

-~ . ( _ /w) + 2aw -J ue-au\in(uz) d 
e sm wt-z-v -

2 
-- 2 2_ 4 u 

a 1t 0 w +a-u 
I 

+ wJerfc( -~ )[ 1-erfc( ~) ]cos[w(t-t)]dt 
0 2'4at 2'4at 

2(1-a)w -J . + sm(pz)dp 
1t 0 

I 

J£f1 (x,p,t) + f2(x,p,t)]cos[O>(t-t)]dt 
0 

RESULTS AND DISCUSSION 

(23) 

In this section, we shall first present some of the 
results obtained from the evaluation of the solutions 
presented above. A discussion on the impact of various 
assumptions used in the setup of the mathematical model 
will then follow. 

Figures 2 through 5 present some of the results 
obtained for case 1, i.e., step function atmospheric pres
sure variation. Figure 2 shows variation of dimensionless 
pneumatic head versus dimensionless depth within the 
fault zone for three values of dimensionless time and for 
a fixed ratio of rock to fault-zone permeability k=0.02. 
Figure 3 presents the variation of dimensionless pneu
matic head with dimensionless distance from the fault
rock interface at a dimensionless depth of 20 and three 
values of dimensionless time. Corresponding values of 
pneumatic head in the absence of the fault are also 
shown. Figure 4 shows a snap shot of pneumatic head 
changes with distance away from the fault zone-rock con
tact for different levels of permeability ratio at the dimen
sionless depth of z = 20. To examine the effect of per
meability contrast between the fault zone and the sur
rounding rocks, we have intentionally kept p/J.Lana the 
same in the two regions. 



1.0 

k = 0.02 
.;;:- 0.8 

~ 
a= 0.01 

~ 0.6 

.§ 
1::: 

.,Sl 0.4 
~ 
'IJ 

.§ 
1::1 0.2 

0.0 
0 20 40 60 80 100 

Dimensionless depth , z 

Figure 2. Variation of dimensionless pneumatic head 
versus dimensionless depth within the fault zone 
for three values of dimensionless time. 
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Figure 3. Variation of dimensionless pneumatic head 
versus dimensionless distance from the fault 
zone at z=20, for three values of dimensionless 
time. 
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Figure 4. Effect of permeability contrast on dimensionless 
pneumatic head. 
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Figure S. Dimensionless pneumatic head versus dimen
sionless time within the fault zone and three 
points within the rock mass, at the same depth, 
for z=20, and k=a=O.Ol. 
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As is apparent in Figure 4, at a given time, the gra
dient of pressure variation in the direction perpendicular 
to the fault increases with the permeability contrast (i.e., 
decreasing k ). The gradient, however, decreases with 
time as shown in Figure 3. A close look at Figure 4 indi
cates that the curve for k=0.001 intersects the ones for 
k=O.Ol and 0.1 at small values of x. This means that at 
that particular time some points in the vicinity of the fault 
zone may show higher pressure changes for k=O.OOl than 
for larger k values. This can be explained by noting that 
under two conditions pressure changes at the fault-rock 
contact (i.e., x=O) are identical: (l) When permeability of 
the fauit zone and the surrounding rock are equal and (2) 
when the permeability of the surrounding rock is zero. In 
both cases there is no flow across the contact Case 1 
corresponds to k=1 and case 2 to k=O. When permeabil
ity of the surrounding rock is less than that of the fault
zone, since there is flux from the fault toward the rock, at 
a given depth and time pressure change in the fault zone 
becomes smaller. That is why 'r at x=O and for k=O.l 
and 0.01 become smaller than for k=l. However, when 
the rock permeability becomes very small, flux into the 
rock mass tends to diminish and as a result pressure 
change in the fault increases again. 

Figure 5 presents time variation of pneumatic head 
within the fault zone and at points away from the fault at 
the depth corresponding to z=20 and permeability ratio k= 
0.01. 

Figures 6 and 7 present results obtained from 
evaluation of the solution for case 2 ( sinusoidal annos
pheric pressure variation). Figure 6 shows time variation 
of pneumatic head in the fault zone at three different 
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Figure 6. Dimensionless head versus dimensionless time 
in the fault zone at three different dimensionless · 
depths. 
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Figure 7. Time variation of pneumatic head within the 
fault zone and two other points away from the 
fault at the same depth, for z=20,and (A) k= 
a=0.01,(B) k=a=0.05. 

depths for a permeability ratio k= 0.02. Figure 7 A illus
trates time variation of pneumatic head within the fault 
zone and at other points away from the fault at the same 
depth, for z=20 and k=O.Ol. Figure 7B shows results for 
the same set of parameters except for permeability ratio 
of 0.005. Note that when the permeability of the rock 
adjacent to the fault zone is significantly less than that of 
the fault zone, points located away from the fault will 
experience a smaller amplitude of pressure changes. The 
farther the points the smaller are the amplitudes. Further
more, there is also a phase lag in the observed pressure 
changes. The farther the point from the fault the larger is 
the lag in the observed pressure changes. Such 
phenomenon seems to magnify when the permeability 
contrast increases (i.e., k decreases). 



Examination of Figures 4, 5 and 7 reveals that when 
the contrast between permeability of the fault zone and 
surrounding rock is significant. the spatial pressure varia
tions in the vicinity of the fault zone could be large 
enough to lend itself to be measured by conventional 
instruments. Therefore, air pressure data from isolated 
intervals in horizontal or inclined boreholes drilled 
through a fault zone may be analyzed to obtain the per
meability ratio between the fault zone and surrounding 
rocks. 

In the setup of the mathematical model certain 
assumptions were used. The validity and impact of these 
assumptions on the solutions will be discussed next. 

To substitute Equation (2) for (1) we assumed that 
pneumatic head varies only slightly from its mean value. 
According to Weeks1, pneumatic head changes are gen
erally less than one percent of its mean value and thus the 
magnitude of error due to this assumption is within half a 
percent. Another assumption used in our development 
was that the effect of moisture content variation with time 
on the air permeability of the medium was insignificant. 
Although moisture content may change with time, such 
variations over the short time period needed for complet
ing the test are not expected to be significant. In fact, 
measurement of pressure at various times, leading to 
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different effective air permeabilities may be used to deter
mine time variation of moisture content. 

Furthermore, we assumed that flow in the fault zone 
is one dimensional, meaning that the equipotentials are 
essentially horizontal. The impact of this assumption on 
the accuracy of the solution may be evaluated with the 
help of numerical simulation. To do that, we first com
pared the results of our new analytical solutions with 
those obtained from the simulation of a well established 
code called TRUMP .3 Figure 8 shows the comparison of 
resultS obtained by using these two approaches for a set 
of dimensionless parameters indicated in the figure and 
for both types of boundary conditions. As is clear from 
this figure, the agreement of two approaches is quite 
satisfactory. Then, TRUMP was used to simulate a 
model that allowed 2-D flow in both fault zone and the 
surrounding rocks. The results of this study revealed that 
except for very small values of time and small permeabil
ity contrasts, the assumption of one dimensional flow in 
the fault zone is quite reasonable. Figure 9 shows the 
distribution of pneumatic head in the system at a given 
depth and two values of time for a very small permeabil
ity contrast ( k=0.5). It is clear that except for very small 
values of time and even for small permeability contrasts, 
equipotentials in the fault zone are essentially horizontal. 
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Figure 8. Comparison of present analyticat solutions with numerical code TRUMP3, 
(A} step function solution, and (B) sinusoidal solution. 
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Figure 9. Distribution of pneumatic head in the system at 
z=2 and three values of time. 

CONCLUSION 
A series of new analytical solutions has been 

developed that predict transient pressure changes in the 
vicinity of major potentially highly conductive geologic 
features at depth due to barometric pressure variations at 
the land surface. Two of these solutions, one using step 
function and lhe other sinusoidal barometric pressure 
changes were presented. The results obtained from the 
evaluation of lhese solutions suggest that when the per
meability of such featmes is at least an order of magni
tude larger than that of the swrounding rocks, measure
ment of air p~ changes within isolated intervals in a 
horizontal or inclined borehole drilled through the fault 
zone may be used to estimate the ratio of permeability 
between the two media. 
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