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2

A concentrated load with step-function time behaviour is placed normal to the planar, pervious boundary
of a porous elastic half space (PEHS) with compressible constituents. A planar fault exists in the PEHS
in such a way that the poroelastic behaviour of the medium is unhindered. We derive an approximate
but integral-free expression for CFSCPP, i.e., changes in fault stability due to changes in pore pressure,
at a point not too far oﬀ the line along which the load acts. But, in the interest of simplicity, the main
discussion is focussed on a consideration of CFSCPP at a point P located on the fault at depth z directly
beneath the load. It is convenient to introduce dimensionless time tD directly proportional to real time
t. The constant of proportionality is 4c/z 2 , where c is hydraulic diﬀusivity. The derived approximate
expression gives results with an accuracy of greater than 99% for limited values of tD after the load is
imposed. We learn from the derived expression that, for a given z, fault stability undergoes an initial
sudden decrease commensurate with the undrained pore pressure induced in the PEHS. This is followed
by a more gradual decrease in fault stability with increasing tD until a minimum is reached. The real
time t to minimum fault stability increases with z. The magnitude of CFSCPP decreases with z as z −2
for a given tD in the permissible range. The derived expression and the inferences based on it should
be useful during earth science investigations of the possible hazards due to reactivation of a pre-existing
shallow fault when a civil engineering project involving imposition of a heavy load on the earth’s surface
is to be executed nearby. They should be useful also for investigations if a shallow earthquake occurs
near such a project soon after its execution.

1. Introduction
Investigations of fault stability are important from
the stand point of geological hazards, speciﬁcally
the seismic hazard. A tectonic earthquake occurs
every time a pre-existing fault gets reactivated in
the earth. Of course, such an earthquake will occur
also when a fresh fault is formed in rocks. We focus

here on reactivation because so many faults have
formed already at shallow depths in the earth over
geologic time. Also, the conditions commonly considered for fault reactivation are slightly less severe
than those for formation a fresh fault because the
cohesive strength of the fault is usually small and
is ignored (Sibson 1985). At the current stage of
our knowledge, the criterion for initiation of fault
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slip through reactivation (e.g., Sibson 1985) is the
same regardless of the magnitude of the accompanying earthquake. The criterion (Jaeger and Cook
1969; Sibson 1985) states that a pre-existing fault
will be reactivated and will slip at a point when
the shear stress acting there exceeds the frictional
stress. The frictional stress is the product of the
fault friction coeﬃcient and the diﬀerence between
the compressive normal stress and pore pressure
acting at the point in the fault. It is recognized
that the pore pressure and the shear and normal
stresses may arise from many diﬀerent causes of
varying strengths.
We consider in this article not fault stability
but only CFSCPP, i.e., changes in fault stability due to changes in pore pressure acting on the
fault. The changes in fault stability due to changes
in stresses acting on the fault are not taken up
because that would have required an even more elaborate and extensive analysis than has been carried
out here. Hubbert and Rubey (1959) highlighted
the role of pore pressure in the initiation of fault
slip. They were addressing an iconic problem of
geology, namely, how to explain the horizontal
movement of a large rock mass in the hanging wall
of a low angle thrust fault over tens of kilometers, and sometimes even a few hundred kilometers
(see also Price 1988). Investigations of the Denver
earthquakes of the early 1960’s, induced by injection of water in deep boreholes provided a rare, but
full scale, in situ experiment to document the role
of pore pressure in the occurrence of tectonic earthquakes (Healy et al. 1968). Interest in the inﬂuence
of pore pressure on fault stability was intensiﬁed
by Snow’s (1972) rock mechanics-based analysis of
earthquakes near new reservoirs.
Our interest here is in those instances of
CFSCPP which arise due to loads applied more or
less suddenly on the earth’s surface due to activities
of man. Examples of such loads are heavy civil engineering structures and reservoirs impounded behind dams. Any construction on a hill slope where
a surface of slip exists from earlier landslides is
also a close enough example. Our attention has
been drawn in this regard to shifting of substantial
loads at the earth’s surface during mining operations. CFSCPP also would occur for loads placed
on or removed from the earth’s surface suddenly
through geological processes such as mass movements in landslides. A load removal has the eﬀect
on CFSCPP opposite to that due to load imposition. Finally, on the basis of the principle of
uniformitarianism, it is expected that CFSCPP
would have occurred also in the geologic past under
similar circumstances.
The CFSCPP due to causes just mentioned will
be relatively small and it will not be suﬃcient to
initiate slip on the fault by itself. But an increase in

pore pressure will always lead to an increase in the
tendency of the fault to slip and vice versa. It may
happen sometimes that stresses and pore pressure
acting on a fault due to ambient causes may have
reached near critical levels for initiation of slip.
The CFSCPP due to a load imposed on the surface may then be suﬃcient to permit slip to occur
on the fault and thus to induce an earthquake. The
possibility, however remote, that this hazard may
materialise, justiﬁes eﬀorts to facilitate geological
and geophysical investigations of pre-existing faults
near sites of important civil engineering structures.
The eﬀorts may include theoretical studies, such as
the present one, even if computer-based numerical
procedures are in place or may be implemented.
Theoretical studies frequently help us to rationalize
and gain useful insights about the involved phenomena and their eﬀects.
The theoretical analyses of Bell and Nur (1978)
and Roeloﬀs (1988) also pertain to simulation of
changes in fault stability, even though their ﬁnal
results are not expressed through integral-free formulas. The earth is modelled in both of those
studies as a fully coupled porous elastic half space
(PEHS) in plane strain deformation. The ‘fully
coupled’ here means that changes in mean normal
stress at a point in a PEHS induce changes in pore
pressure and vice versa. The bounding surface of
the PEHS in these analyses is acted upon by a load
and a source of pore pressure that have an unrealistic inﬁnite extent in one horizontal direction and
a limited extent in the perpendicular horizontal
direction. We consider instead the case of an axially symmetric point load on the surface of a fully
coupled PEHS because an ensemble of point loads
can represent a load of ﬁnite horizontal extent and
arbitrary shape in map view with much greater
ﬁdelity. The case of a point source of pore pressure
may be taken up in due course.
Boussinesq formulae (Jaeger and Cook 1969) for
a point load imposed on an ideal elastic half space
are adequate for initial analyses of fault stability
in the dry state. Use of a PEHS model for simulation
is a logical next step for systematic, simultaneous
estimation of pore pressure and elastic stresses. It
appears that such an analysis has been possible
for nearly two decades (see Singh et al. 2009 and
Wang 2000, p. 229 who cited article by Rajapakse
and Senjuntichai 1993). In that article, the inverse
Laplace transform for pore pressure was evaluated approximately and the inverse Hankel transform integral was evaluated numerically. We have
been able to solve an equivalent inverse Fourier
exponential transform for pore pressure exactly.
We have sought to replace numerical evaluation of
the inverse Hankel transform integral by an analytical result also. But to achieve this aim, we
had to expand the integrand into multiple inﬁnite
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series. The inverse Hankel transform of each term
in each of those series can be evaluated analytically
exact. Our result is approximate because we consider only one or two leading terms of each of those
series. Still, in the space of independent variables
involved, there is a domain in which the formula
gives results to an accuracy of better than 99%.
Therefore, it is as good as an exact formula would
have been in that domain.
The mathematical analysis at the core of this
article has been placed in Appendix A to enhance
readability of the main text. Two results, given
in equations (A10) and (A11), are recalled and
interpreted in the text below.
2. Integral free expressions for CFSCPP
Let us assume that a vertical concentrated load is
imposed suddenly and then maintained forever on
the otherwise free pervious surface of a fully coupled, homogeneous, isotropic PEHS. Let us also
assume that a fault is embedded in this PEHS in
such a way that the poroelastic processes are not
aﬀected. The orientation of the fault and the nature
of relative slip between its two sides need not be
speciﬁed because CFSCPP is the same in all cases.
These data would have been critical if we had estimated simultaneously the changes in normal and
shear stresses induced due to the surface point
load.
For brevity and speciﬁcity in the following paragraphs, we identify points P and Q in the PEHS.
Both points lie on the buried fault plane. But P is
located directly beneath the point load applied at
the surface of PEHS. Q is not too far from P .
We also recall that, when the cohesive strength
is ignored, fault stability S, regardless of whether
at P or Q, is given (see, for example, Harris 1998,
equation 1) by:
S = (σ − p) tan φ − τ.
Here σ is compressive normal stress and τ is the
magnitude of the shear stress acting on the fault at
P or Q; p is pore pressure and tan φ is the coeﬃcient of friction for the fault in the PEHS. Then the
contribution S to change in fault stability due to
change p in pore pressure is given by
S = − tan φp.

(1)

An increase in pore pressure leads to decrease in
fault stability.
2.1 CFSCPP at P
Equation (A10) of Appendix A is the most general result of this article as far as CFSCPP is concerned. It is applicable to both P and Q. But we
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discuss here ﬁrst, for convenience, the restricted
result given in equation (A11) that is applicable
only to P . Thus, CFSCPP at P is

S(z, tD ) ≈ − tan φ


L
2π

× {d1 + d2



√

1
z2


1

e− tD
tD − d3 tD } − d4 √
tD


.
(2)

In this equation, z is the depth of P beneath the
surface of the PEHS and L is the magnitude of the
point load. Constants di (i = 1, 2, 3, 4), depend on
the properties of the PEHS. These constants are
deﬁned in Appendix A immediately after equation
(A11). tD is dimensionless time. It is deﬁned in
terms of regular time t through the relation tD =
4ct/z 2 , c being the hydraulic diﬀusivity of the
PEHS. Regular time is to be measured from the
instant when the load is imposed. If we wish to
represent S in terms of regular time then we
merely have to replace tD in all four terms in
the square brackets by using its deﬁning relation.
The advantage in using dimensionless time is that
z appears explicitly in equation (2) in only one
factor, namely, 1/z 2 .
The ﬁrst three terms in the square brackets in
equation (2) pertain to the eﬀect on fault stability
of instantaneous elastic stresses as they evolve with
time in the PEHS under the applied load, and the
fourth term reﬂects the eﬀect on fault stability due
to diﬀusion of water in the PEHS.
It is possible to use algebraic and calculus based
procedures to deduce the physical implications of
equation (2). But it is more convenient to achieve
that aim by making this equation speciﬁc to a particular poroelastic material. Ruhr sandstone is one
of the nine rocks for which Wang (2000) has provided numerical data about poroelastic properties.
If these nine rocks are ranked according to the magnitudes of their hydraulic diﬀusivities, then Ruhr
sandstone occupies one of the middle positions.
According to Wang (2000), shear modulus of Ruhr
sandstone is 13 GPa. Its Skempton coeﬃcient is
0.88, drained and undrained Poisson’s ratios have
values of 0.12 and 0.31 respectively, and hydraulic
diﬀusivity is 0.0053 m2 s−1 . We assume in addition that a friction coeﬃcient of 0.6 is applicable
to a fault in this rock. Ruhr sandstone has been
considered in earlier studies of poroelasticity also
(e.g., Singh et al. 2009). Thus tD = 0.0212 t/z 2 and
equation (2) becomes:
√
L
tD −0.0270tD)
(0.0734
+
0.0358
z2

√
(2a)
−0.0828e−1/tD / tD .

S(z, tD ) ≈ −
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2.2 The domain of applicability of equation (2a)

2.3 Time variation of CFSCPP at P
Variation of CFSCPP over the permissible range of
tD at z = 50 m is shown in ﬁgure 1. Exact results
obtained from equation (A7) are included for comparison. The corresponding per cent errors in values obtained from equation (2a) are displayed in
ﬁgure 2. Both the ﬁgures represent the eﬀect of a
point load of 106 N, which is the weight of water
standing to a depth of 100 m over a horizontal area
of 1 m2 .
3. General inferences about CFSCPP at P

0.8
0.6
% error

Since equation (2a) is approximate, we determine
the domain of its applicability by comparing numerical values obtained from it with the exact values
obtained by substituting the computer based evaluations of equation (A7), on right hand side of
equation (1) above. Let va and ve be the approximate and exact values of pore pressure for one
speciﬁc set of numerical values for z and tD . Let
(va − ve ) 100/ve deﬁne the per cent error in va .
Then, we would include this pair of z and tD values in the domain of applicability of equation (2)
if the accuracy of va is better than 99%. On the
basis of a large number of calculations, we ﬁnd this
domain for Ruhr sandstone conservatively to be
0 < z < ∞, and 0 ≤ tD < 0.2.
We have veriﬁed that comparable results hold for
other poroelastic materials in Wang’s (2000) list.
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Figure 2. Percent error in results obtained from equation
(1). This ﬁgure is based on the data used for ﬁgure 1.

the pores has not had a chance to adjust to changes
in the stress state. This state occurs in the present
analysis at the exact instant of imposition of the
load, i.e., at t = tD = 0. We learn from equation
(2a) that
S(z, tD = 0) = −0.0734

L
.
z2

In other words, the undrained value of CFSCPP
at P in the PEHS with properties of Ruhr sandstone, as also for other poroelastic rocks, represents
a sudden decrease in fault stability. The magnitude of CFSCPP at P for the undrained condition
decreases with z as z −2 .

3.1 CFSCPP at P in the undrained state

3.2 Variation of CFSCPP at P with increasing tD

The undrained state in a poroelastic material refers
to the situation in which the amount of water in

The sudden decrease in fault stability at P at the
instant of imposition of the load is followed by a
further gradual decrease with increasing tD until
a minimum is reached (see ﬁgure 1). This holds
for all values of z. The instant of the minimum in
terms of regular time is diﬀerent for diﬀerent z.
But in terms of tD the minimum occurs at 0.165
for all z. This value has been determined from the
numerical results on which ﬁgure 1 is based. Similar
behaviour is seen with other poroelastic materials
mentioned by Wang (2000).
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3.2.1 The Mandel–Cryer eﬀect
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Wang (2000, p. 150, 153–157) reviewed observational
and theoretical work of Mandel and Cryer related
to ‘how poroelastic coupling can produce nonmonotonic pore-pressure behaviour following undrained loading (sic)’. The time dependent changes
in fault stability deduced above are consistent with
variation of pore pressure in the PEHS as identiﬁed
in the Mandel–Cryer eﬀect.

-35

Figure 1. Comparison of CFSCPP results obtained from
equation (1) with exact results from equation (A7) at a point
at a depth of 50 m directly below the point load. The material composing the PEHS has properties of Ruhr sandstone.
Point load has a magnitude of 106 N.

Integral-free expression for changes in fault stability due to induced pore pressure
3.3 Rate of decrease of CFSCPP with z
Equations (2) and (2a) imply that, for a given value
of tD in the permissible range, the magnitude of
CFSCPP also decreases with z as z −2 . The constant of proportionality varies with the value of
tD .
4. CFSCPP at Q
The case of CFSCPP at Q is covered by equation
(A10). Because of axial symmetry, greater generality is achieved by considering Q on a conical surface
whose apex is located at the point application of
load and whose half apical angle is ϑ. Equation
(A11) and equations (2) and (2a) above correspond to the case ϑ = 0. Again there is a domain of
applicability for which a limiting value of ϑ is speciﬁed also. Distance dependence is in terms of slant
distance R from the origin along the appropriate
conical surface. Not surprisingly R−2 variation is
inferred, z −2 being its special case for ϑ = 0. We
also conclude that CFSCPP at Q decreases suddenly to a value appropriate to the undrained pore
pressure at t = 0. It then decreases gradually until
a minimum is reached.
5. Discussion
5.1 Applicability of equation (2)
Strictly speaking, equation (2) gives CFSCPP estimates at P with an accuracy of 99% or better for
dimensionless time up to a small value. Results of
lesser accuracy would hold for larger values of this
variable. This holds for all values of z.
5.2 Applicability of the PEHS model
A PEHS is an oversimpliﬁed model of the earth.
The discrepancy between the model and the actual,
heterogeneous, anisotropic situation in the earth, in
general, increases as depth of the point on the fault
under consideration increases. The eﬀect of gravity and the internal heat of the earth are ignored
in this model. Moreover, the PEHS model does
not permit simulation of time-dependent rheological changes in the earth that may aﬀect fault stability to some extent in rare cases. Lastly, use of
the PEHS model for simulation of fault reactivation entails the assumption that, at the very least, a
porous elastic material exists between the imposed
load on the earth’s surface and the point P or Q
on the buried fault. Chances that this assumption
holds will be more for a shallow fault rather than a
deep fault in the earth. Geological and geophysical
studies may be required to shed evidence in this
regard in important cases.
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There is another related constraint that is relevant
to reactivation of deep faults near new reservoirs.
Roeloﬀs (1988) found that a homogeneous PEHS
model was adequate in rationalising the occurrence
of post-impoundment earthquakes at 5 km depth
under the manmade Lake Mead in USA. But our
atention has been drawn to the possibility that, at
such a depth, the pores in rocks may close under
the prevailing overburden pressure. Other rock properties of interest too may change with increase in
overburden pressure as well as increase in in situ
temperature. The situation awaits further observations and analyses.
Meanwhile, the investigator will have to decide,
on available evidence, the degree of conﬁdence to
be attached to the PEHS model and the related
results based ultimately on equation (A10).

6. Conclusion
We have derived an integral-free formula to estimate CFSCPP that arise when a manmade load
is imposed on the earth’s surface. Due to the relative simplicity of the formula, we can draw several general conclusions from it about CFSCPP.
Again, conﬁning attention to point P on the fault
directly beneath the surface load, we learn that
fault stability decreases suddenly by an amount
commensurate with the undrained pore pressure
induced on the imposition of the surface load.
Fault stability at P continues to decrease gradually
with dimensionless time until a minimum is
reached. We also learn that, at a given value of
dimensionless time, the magnitude of CFSCPP
varies as the inverse square of the depth of
P . The derived formula and these inferences
should be helpful during assessment of the possible hazard due to pore-pressure induced reactivation of a pre-existing shallow fault when a
dam, a nuclear reactor, or a similarly important
heavy civil engineering structure is to be constructed near it. Similarly, the present results
should be helpful when the role of CFSCPP in
the occurrence of a shallow earthquake near such
a structure shortly after its completion is to be
investigated.
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Appendix A

Mathematical derivation of an integral-free
expression for CFSCPP
A1. Brief statement of the problem
Continuing from the ﬁrst two paragraphs of
section 2 of the main text, let us assume a (r, θ, z)
Cartesian cylindrical coordinate system whose origin lies in the boundary surface of the PEHS. The
z-axis points into the PEHS. G, ν, νu , B and c (see
Appendix B for deﬁnitions of symbols) are the requisite poroelastic constants. We wish to obtain an
integral-free expression for CFSCPP in response to
the imposed load.
The pore pressure considered in the following
subsections A1.1–A3.3 of this appendix is actually
the change p in pore pressure induced by the
imposed point load. However, the  is suppressed
for convenience in these subsections.
We recall here brieﬂy that McNamee and Gibson
(1960) analysed the inﬂuence of surface loads on
a PEHS conforming to Biot’s model of poroelstic
behaviour. But the PEHS material in their model
had incompressible constituents. Roeloﬀs (1988)
considered a PEHS with compressible constituents
and full coupling between the developed stresses
and pore pressure. Subsequently, progress has
been made by considering a PEHS composed in
part of ﬁnitely thick layers of porous elastic materials (e.g., Singh and Rani 2006). Singh et al.
(2009) have presented expressions for stresses, displacements, and pore pressure in a PEHS with
anisotropic permeability and compressible constituents subjected to an axially symmetric surface
load.
A1.1 Governing partial diﬀerential equations
For the problem stated above, the following governing partial diﬀerential equations, expressed in
terms of particle displacements and pore pressure,
hold (Singh et al. 2009).
α ∂p
1 ∂ε
∂ 2 ur 1 ∂ur ur ∂ 2 ur
− 2+
−
= 0,
+
+
2
2
∂r
r ∂r r
∂z
1 − 2ν ∂r G ∂r
∂ 2 uz
α ∂p
1 ∂uz
1 ∂ε
∂ 2 uz
+
−
= 0,
+
+
∂r 2
r ∂r
∂z 2
1 − 2ν ∂z G ∂z

Here,
ε=
∇2 =

∂ur
ur
∂uz
+
+
,
∂r
r
∂z

∂2
∂2
1 ∂
+
+
.
∂r 2 r ∂r ∂z 2

The following are the constitutive equations
applicable to the PEHS (Singh et al. 2009)

σz = 2G ezz


ν
 − αp,
+
1 − 2ν

τrz = 2Gerz .
A1.2 Boundary conditions
The following conditions hold on the pervious
boundary (at z = 0) of the PEHS.
p(r, 0, t) = 0,
σz (r, 0, t) = −Lδ(r)H(t),
τrz (r, 0, t) = 0.
All ﬁeld variables in the PEHS tend to 0 as z tends
to ∞.
A1.3 Solution in the transform domain
Singh et al. (2009) through equation (48) of their
paper provide a formal expression for pore pressure in terms of inverse Laplace transform and
zero order inverse Hankel transform integrals when
a uniform load acts over a circular area of the
PEHS. As suggested in that paper, that equation (48) may be modiﬁed using their equations
(45) and (55) to deal with the case of a concentrated force on the surface of an isotropic PEHS.
The modiﬁed equation (48) is our starting point
for deriving an integral-free expression for pore
pressure using analytical procedures exclusively.
The symbol s of Singh et al. (2009) is ιω for us.
The angular frequency ω is the variable of integration of the inverse Fourier exponential transform (IFET) integral used by us in lieu of the
inverse Laplace transform of that paper. Thus, we
have:
∞

η∇2 p = G∇2 ε,
p
∂ 
κ 2
∇ p=
αε +
μ
∂t
M

p(r, z, t) =

p̄(k, z, t) =

0

1
2π

p̄(k, z, t)kJ0 (kr)dk;
∞
−∞

p̄¯(k, z, s)est dω;

(A1a)

(A1b)
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where


  
L
νu − ν
1
¯
p̄(k, z, s) =
s
2π
η

×

(e−

mz
√
c

[(νu − ν)(k −

− e−kz )( √mc + k)
m
√
)
c

− (1 − νu )( √mc + k)]

.

(A2)
Further simpliﬁcation of equation (A2) using
equation (6) of Singh et al. (2009) yields

p̄¯(k, z, s) =

Lγ2
2π



mz
√

(e−kz − e− c )
√
.
s + 2ck2 − 2 ckm

(A3)

The cn and Fn (s), (n = 1, 2, . . . , 8), are deﬁned
in table 1. The data from Campbell and Foster’s
(1948) tables that have been used to evaluate the
following eight inverse Fourier exponential transform integrals (IFET) are also given in table 1.
Inserting expression (A4) into equation (A1b), we
have
  ∞
8
1
cn
Fn (s)est dω.
p̄(k, z, t) = A1 B1
2π
−∞
n=1
(A5)
The ﬁnal result after substantial algebraic simpliﬁcation is given by:
4

p̄j (k, z, t),

p̄(k, z, t) =
We wish to evaluate the integrals in equations (A1a)
and (A1b) analytically using (A3).

A2. Exact evaluation of the inverse Fourier
exponential transform integral

where
p̄1 (k, z, t) = −A1 B1 e−kz erfc

−kz

p̄2 (k, z, t) = A1 B1 e

erfc

√

√

ctk ,


z
ctk − √ ,
2 ct

(A6a)
(A6b)

p̄3 (k, z, t)= A1 B1 ξe−kz exp (−Ectk2 )
√
×erfc ξ ctk ,

(A6c)

p̄4 (k, z, t) = −A1 B1 ξeξkz exp (−Ectk2 )

z
.
×erfc ξ ctk + √
2 ct


8

cn Fn (s).

(A6)

j=1

The radical associated with m in the denominator of equation (A3) may be removed by rationalization, and the result may be expanded by the
method of partial fractions to yield an eight term
expression as:
  8

2
Lγ2
cn Fn (s)
p̄¯(k, z, s) =
2π
E n=1
= A1 B1
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(A4)

n=1

√

(A6d)

Table 1. A short table of inverse Fourier exponential transform pairs extracted from Campbell and Foster (1948).
st
1 ∞
n
cn
Fn (s)
fn (t) = 2π
−∞ Fn (s)e dω, t > 0
1
2

e−kz
ξe

−kz

1
s

1

1
s+Eck2

−kz
e√
ck

4

− e√ck

5

−1

e−mz/
s

6

−ξ

e−mz/ c
s+Eck2

m
s

e−ctk
√
πt

m
s+Eck2

e−ctk
√
πt

7

− √1ck

√
c

√

8

√1
ck

2

2

3

−kz

e−Ectk

me−mz/
s

√
c

√
−mz/ c

me
s+Eck2

+

2

√

√
ck erf( ctk),

√
2
√
+ ξ cke−Ectk erf(ξ ctk)

e−kz +
e−Ectk
2

√

2

1
2



ekz erfc(a+ ) − e−kz erfc(a− )



eξkz erfc(b+ ) + e−ξkz erfc(b− )

cke−kz +

2
z2
e−ctk − 4ct

√

πt



2 − z2
4ct

e−ctk
√

−

√

πt

−

ξ cke−Ectk
2

2

√
ck
2



ekz erfc(a+ ) + e−kz erfc(a− )





eξkz erfc(b+ ) − e−ξkz erfc(b− ) ,

√
√
√
√
where a± = ±(z/2 ct) + ctk and b± = (z/2 ct) ± ξ ctk.
Data in columns 3 and 4 of row 3–8 of this table pertain to transform pair nos. 548.1, 549, 818.1, 819, 821.1, 822 in Campbell
and Foster (1948).
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All the IFET results listed by Campbell and Foster
(1948) are analytically exact. We have made no
approximations in proceeding analytically from
equation (A3) to equations (A6a–d). Therefore, we
suggest that the algebraic sum of analytical expressions in equations (A6a–d) constitute the exact
IFET of the expression on the right hand side of
equation (A3), when t > 0.
A3. Evaluation of the inverse Hankel
transform integral
A3.1 The analytical and numerical procedures
The single inverse Hankel transform (IHT) integral
of equation (A1a) is replaced by four integrals using
equations (A6–6d).
4

pj (r, z, t)

p(r, z, t) =



∞

p̄3 (k, z, t) = A1 B1 ξe−kz
n=0



2
× 1− √
π

∞
n=0

(−Ectk2 )n
n!


√
(−1)n (ξ ctk)2n+1
,
n!(2n + 1)
(A8e)


−kz

p̄3r (k, z, τ ) = A1 B1 ξe

√ 
2ξ ctk
1− √
,
π

∞

p̄j (k, z, t)kJ0 (kr)dk. (A7)

=
0

j=1

These integrals may be evaluated numerically. But
we show how they can be evaluated analytically
using a series approach.
A3.2 The inﬁnite series and the retained terms
The four complementary error functions in equations
(A6a–d) and one exponential in equation (A6c) are
replaced by their series as given in equations (A8a),
(A8c), (A8e) and (A8g). The interlaced equations
(A8b), (A8d), (A8f) and (A8h) indicate the terms
retained from these series for further analysis.
p̄1 (k, z, t) =


−kz

−A1 B1 e

2
1− √
π

∞
n=0


p̄1r (k, z, τ ) = −A1 B1 e−kz

−kz

p̄2 (k, z, t) = A1 B1 e

×


√
(−1)n ( ctk)2n+1
,
n!(2n + 1)

√ 
2 ctk
,
1− √
π


∞
1
1.3...(2n − 1)
+
,
×
b n=1 2n b(2n + 1)


∞


−kz

p̄2r (k, z, τ )= A1 B1 e

ξkz −(Ectk2)

p̄4r (k, z, τ) =−A1B1 ξe

e

(A8g)

√
1 −b2 2 ct
√ e
.
π
z
(A8h)

The series in each of equations (A8a) and (A8e)
is based on a deﬁnition of the error function
(Abramowitz and Stegun 1972, 7.1.5). The series
in each of equations (A8c) and (A8g) represents the
asymptotic approximation for the complementary
error function (Abramowitz and Stegun 1972,
7.1.24) because the quantities a and b in their arguments have large magnitudes for small t. The two
series in equation (A8e) are multiplied
before pro√
ceeding further. Finally, the 2 ct/z in equations
(A8d) and (A8h) represent the ﬁrst term in the
binomial series for 1/a and 1/b in equations (A8c)
and (A8g) respectively. The results in equations
(A8b), (A8d), (A8f) and (A8h) are approximate
only because they represent a few terms retained
from respective inﬁnite series.

(A8a)

A3.3 The derived expression for pore pressure

(A8b)

The retained terms in equations (A8b), (A8d),
(A8f) and (A8h) are substituted in equation (A7).
Thus,
√



∞
4 ctk
−kz
2
− 2ξctk
A1 e
1+ √
pr (k, z, t) =
π
0
⎤
√
z2
2
−
ctk
−
2 ct
⎦ kJ0 (kr)dk.
− √ e 4ct
πz

2
1
2 − √ e−a
π

1
1.3...(2n − 1)
+
a n=1
2n a2n+1

(A8f)

2
2
1
p̄4 (k, z, t) = −A1 B1 ξeξkz e−(Ectk ) √ e−b
π

j=1
4




, (A8c)

√ 
1 −a2 2 ct
, (A8d)
2− √ e
π
z

The integral may be evaluated term by term using
the results listed at No. 20 on page 9 and No. 10

Integral-free expression for changes in fault stability due to induced pore pressure
on page 20 of Erdelyi et al. (1954, Vol. 2). We ﬁnd
that with tD = 4ct/R2


 

z
Lγ2
2tD 2z 2 − r 2
p(r, z, tD )= −
1+ √
2π
R3
π
zR

 2

1
6z − 9r 2
2e− tD
√
−√
.
−0.5ξtD
R2
πzR tD
This equation may be written equivalently in terms
of R and ϑ using the relations r = R sin ϑ, z =
R cos ϑ. Thus,
p(R, ϑ, tD ) ≈
√
 


1
2 tD (3 cos2 ϑ − 1)
Lγ2
cos ϑ 1 + √
2π
R2
2 cos ϑ
π

− t1

D
2e
. (A9)
−0.5ξtD (15 cos2 ϑ − 9) − √ √
π tD cos ϑ
A4. Change in fault stability
The p from equation (A9) is to be substituted in
equation (1) of main text in place of p to estimate
CFSCPP at Q. Thus,
S(R, ϑ, tD ) = − tan φ p(R, ϑ, tD )


√
2 tD (3 cos2 ϑ − 1)
Lγ2 1
√
cos ϑ 1 +
≈ − tan φ
2π R2
π
2 cos ϑ

− t1

D
2e
. (A10)
−0.5ξtD (15 cos2 ϑ − 9) − √ √
π tD cos ϑ
Equation (A10) simpliﬁes for the case of P (ϑ = 0)
to yield

√
L 1 
d1 + d2 tD
S(z, τ ) ≈ − tan φ
2
2π z

1
e− tD
−d3 tD } − d4 √
.
(A11)
tD
√
Here,√d1 = γ2 , d2 = 4γ2 / π, d3 = 3γ2 ξ, d4 =
2γ2 / π.
Finally, we substitute values of poroelastic constants and coeﬃcient of friction appropriate for
Ruhr sandstone. We thus obtain an expression,
speciﬁc to this rock, for CFSCPP at P .

√
L
S(z, tD )≈ − 2 (0.0734 + 0.0358 tD
z

1
e− tD
−0.0270 tD ) − 0.0828 √
. (A12)
tD
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Appendix B
List of symbols


√
z
√ − ctk .
a=
2 ct


√
z
√ + ξ ctk .
b=
2 ct
eij = strain components
erfc = complementary error function
k = wavenumber
√
m = s + ck 2
p = pore pressure
r = radial space coordinate. It is also used as a
subscript to indicate contribution due to retained
terms
s = ιω
t = time
= dimensionless time when considering
tD = 4ct
z2
variations with depth directly beneath the load
ur , uz = r and z components of particle displacement
z = depth coordinate
A1 =

Lγ2
2π

B1 =

2
E

B = Skempton’s coeﬃcient (Wang 2000, p. 20)
E = 4(1 − ε).
G = Shear modulus
H(t) = Heaviside unit step function
√
R = r2 + z2
α = Biot–Willis coeﬃcient (Wang 2000, p. 21)
M = Biot modulus, reciprocal of constant strain
storage coeﬃcient (Wang 2000, p. 20)
2
B(1 + νu )= 2D plane strain loading coeﬃ3
cient (Wang 2000, p. 160)
γ2 =

=

(νu − ν)
(1 − ν)

ε = volumetric strain
θ = one of the cylindrical polar coordinates
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ϑ = angle between R and the z-axis
κ = intrinsic permeability of poroelastic medium
(Wang 2000, p. 81)
μ = ﬂuid viscosity (Wang 2000, p. 81)
ξ = 1−2 =

(1 + ν − 2νu )
. Note that 1+ξ = E/2
(1 − ν)

σij = stress components
νu = undrained Poisson’s ratio
ν = Poisson’s ratio
ω = angular frequency
φ = angle of friction
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