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Synopsis

This paper describes results of dynamic response analyses of horizontal saturated

soil layers subjected to vertically propagating SH waves. Formulations are made

under two-dimensional conditions for wider use, and quasi-one dimensional analysis

procedure is then worked out by using layer elements in order to describe seismic

simple shear in a simple yet theoretically consistent manner. The analysis procedure

incorporates modelling of cyclic plasticity of soils for reproducing contractant soil

behaviour under cyclic shearing. The way in which contractancy contributes to seismic

settlement of a saturated sand layer subject to earthquake shaking is explored, with

proper consideration of the effects of partial drainage.

Keywords: cyclic plasticity; liquefaction; partial drainage; seismic settlement; simple

shear

1. Introduction

Extensive damage occurred to the composite
breakwaters in the port of Kobe due to the 1995
Hyogoken-Nambu earthquake (Port Bureau Min-
istry of Transport et al., 1997; Sekiguchi et al.,
1996). The maximum settlement observed was
" 2.6m at breakwater No. 7 in Kobe Port. This
fact emphasizes the need to consider earthquake—
induced deformation of such marine gravity struc-

tures in the revision of current design practices.

Many studies have been performed along this
line using numerical analysis and physical mod-
elling. Jafarzadeh and Yanagisawa (1995) per-
formed unidirectional shaking table tests on level
ground models in a 1g gravitational field. Their
test resuits indicate that permeability of saturated
sands should be an important factor in seismic set-
tlement predictions. Higuchi et al. (1995) per-
formed a series of centrifuge shaking table tests
on level ground models of loose, saturated Toy-
oura sand (Dr=45%). A saturated sand deposit,
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in the case where viscous scaling was introduced,
underwent liquefaction at all depths. However, an
identical saturated sand deposit without viscous
scaling (the pore fluid was water) liquefied at shal-
low soil depths only. The ground surface settle-
ments in the experiments using water as the pore
fluid were lager than those in the experiments con-
ducted with viscous scaling introduced. These test
results emphasize the importance of determining
permeability to precisely predict the magnitude
and rate of soil settlement induced by earthquake
shaking. A particular program in the VELACS
Project (Arulannandan, K. and Scott, R. F., 1993)
dealt with level ground responses under vertically
propagating SH waves, and centrifuge shaking ta-
ble tests were performed and compared to “before—
event” numgrical predictions. However, the pre-
diction of seismic settlement proved to be difficult
to predict consistently with other dynamic soil re-
sponses.

The present study was motivated by seismic
settlement studies including those mentioned above.
The organization of this paper is as follows. In
Section 2, a plane-strain seismic analysis program
for two-phase medium is developed. Layer ele-
ment modelling with zero lateral strain condition
satisfied, will then be made.
an elasto-plastic constitutive model by Pastor et

Section 3 reviews

al.(1990) and introduces a plane-strain version of
it. Section 4 describes results of a series of finite
element analyses performed. Conclusions obtained

in the present paper are summarized in section 5.

2. Numerical formulation for two-phase me-

dium

This section describes a set of governing equa-
tions and the corresponding finite-element discret-
ization procedure. Compressive stresses and com-

pressive strains are taken as positive.

2.1 Governing equations

We subsequently describe a set of equations
that govern the behaviour of two—phase media(Zien-
kiewicz, O.C. et al., 1980; Simon, B. R. et al,,
1984). ‘

Equations of motion

Let oy; be total stress and let a',fj be effective
stress. It then follows that

oij = 035 + pdi; (1)

where p is pore fluid pressure and 4;; is Kronecker’s
delta.
The equations of motion can be expressed as

pii + ppii; = —aji ; + pb; (2)

where b; is the body force and p = (1—n)p,+np;.
Here p, is the density of the solid pai'ticle, ps isthe
density of the pore fluid, w; is the averaged relative
acceleration of pore fluid to the solid skeleton and
is equal to n(¥; — #;). Note here that n is the
porosity, ¥; is the acceleration of the pore fluid
and #; is the acceleration of the solid.
Substituting Eq. (1) into Eq. (2) for oy; yields

piis + pyil; = —07; ; — pi + pbi (3)

If the relative acceleration of the pore fluid w;
is negligible compared with i;, then Eq. (3) can
be simplified to

piy = —0j; i — pi + pbi (4)

Continuity equation

The storage equation relevant to soil with a
compressible pore fluid may be expressed as

Wi =~ — P (5)

where Ky is the bulk modulus of the pore fluid.
Generalized Darcy equation for pore fluid flow

can be expressed as

priie = —ps — B 4 oyt (6)

where g and k are the acceleration of gravity and
the coefficient of permeability respectively.
Use of the relation: #; = t;/n+ i; in Eq. (6)
yields
prii + i_{wz =-pi— ‘&;:Zlbi +prbi (7)
If «; is neglected, Eq. (7) becomes

. 19 .
pitls = ~pi — —i—w; + pybi (8)
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Taking divergence on both sides of Eq. (8)
yields

—Pyii — %qwi,i ©)

Py =
By substituting Eq. (5) into Eq.(9) for w;;, it

follows that

.- . n .
privg = —pa+ 0+ —p)  (10)
k K;

2.2 Finite—element discretization
Strain rates £;; are defined in terms of dis-

placement velocities of soil as follows.

(11)

. 1,. .
&ij = —5 (i +455)

Let { Au} be the displacement increments at a
generic point in a given finite element. Let {Auy}
be the displacement increments at nodes of that
element. It then follows that

{Au} = [N{Aun} (12)

where [N] is shape functions.
Based on Eq. (12), the strain increments {Ae}
and the volumetric strain increment Ae,, at a generic

point in a finite element may be given by

{Ac} = [B{Aun}
AEV = {Bv}T{AuN}

(13)
(14)

where [B] and {By} respectively are the strain—
displacement matrix and the volumetric strain—
displacement vector. A superscript T' denotes trans-
pose of a vector or a matrix.

Elastoplastic constitutive relations of the soil

skeleton may be expressed as

d’,{j = Dijki€n (15)
where D;jx represents the coefficients of tangent
stiffness matrix that generally depend on the cur-
rent effective stress state as well as the plastic
strain and stress histories.

Using the principle of virtual work, Eq. (3)
may be expressed in incremental form:

(Myvl{Ain}+[Kvvl{Aun} +[KuplAp = {AQ)
(16)

in which
M) = [y an)
o] = [ BFoBay ay)
Kor) = [ (Bav (19)
(aQ) = [IN"{aT)eA
+ /V [NT p{Ab}aV (20)

where AT is the surface traction increment, Ab is
the body force increment.

The process of deriving Eq. (16) is described
in Appendix Al of this paper.

Eq. (10) may be discretized using finite dif-
ference scheme(Akai and Tamura,1976) as follows.

[Mpyl{Atn} + [Cpul{Aun} + [Cpp]Ap
+> (esdpi)+ [KpplAp=0 (21)

in which
o) = S(f[Brlav) ()
Crvl = ~([1B1v)
Corl = ~(f F-a) )
Kppl = -3 o (25)
where kS
ai:m(ﬁ)' (26)

For the definition of S; and L;, reference can be
made to Fig. Al in the appendix.

The process of deriving Eq. (21) is described
also in Appendix A2.

If the bulk modulus of the pore fluid K; — co,
Eq. (21) can be rewritten as follows.

[Mpyl{Ain} + [Cpul{Adn}

+Y (cipi) + [KpplAp=0 (27)

In order to solve Egs. (16) and (27), it was found
convenient to apply Newmark’s 8 method to dis-
placement increments and to excess pore pressure

increments. Namely,
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where v and 4 are Newmark’s parameters.
Substituting Eqs. (28) and (29) into Egs. (16)
and (27) yields the following:

[,BAt2 [Muul + [KUU]] {Auy} + [KuplAp
= (8} + i Moulic)
+§%[MUU]{i‘t} (30)

and

[,BAt? Mpu]+ == ﬂAt [CPU]] {Aun}
+{KpplAp+ E (e Ap;)

- (_I_[M,,U] + (1- - 1)At[CPU]> {ie}
(ﬂAt [Mpy + - [CPU]) {ue} (31)

Equations (30) and (31) that hold for each of
the finite elements, may be assembled to give the

governing equations for an entire system. Namely,
M)+ (O] + K]
BAE? ﬁAt Ap

) 1

+ g5+ 1)At[01]{ p} (32

where
on = el o]
@ = _[c(::u] g]
(k7] = -[Kg”] {i:}] (33)

(a) Physical

situation

(b)Layer-element

modelling
P=0
O

T
Saturated 2
3
sand 2
=
¥
SH Waves Impermeable
Fig. 1 Layer element modelling

Note in Eq. (33) that [K} p] represents the per-

meability matrix.

2.3 Quasi-one dimensional modelling

Consider that a layer of saturated sand of in-
finite lateral extent is subjected to vertically prop-
agating SH waves, under partially drained condi-
tions(Fig. 1). Under these assumptions, the seis-
mic behaviour of the level ground turns out to
be cyclic simple shear(Ac,, = 0), under partially
drained condition.

The governing equations described earlier sho-
uld be applicable to solving this type of problem
as well. However, with conventional quadrilateral
finite elements, it was found difficult to satisfy sim-
ple shear conditions. Thus we have introduced
layer element modelling in such a way that zero
lateral strain conditions are always satisfied under
shearing. In essence, the strain increments may be

related to the displacement increments as follows.

s [
Aey, ¢ =[B] Au; (34)
Avzy Av; |
where
oo 0]
[B] = 7 0 -1 01 (35)
-1 0 1 ¢ |
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Fig. 2 Yield and potential surfaces

where L is height of layer element (Fig. 1). Note
that the first row of the {B] matrix permits Aegy

to be always zero.
3. Constitutive equations

An elastoplastic constitutive model proposed
by Pastor et al.(1990) was incorporated into the
analysis procedure described in the preceding sec-
tions. More specifically, a plane-strain version of
the Pastor et al. mode!l was used herein. The the-
oretical features of the model will be outlined be-
low, together with illustrating simulations of soil-

element behaviour.

" 3.1 Elastoplastic constitutive modelling
The ratio between the plastic volumetic incre-
ment def and the plastic deviatoric increment de?
may conveniently be related to the effective stress
ratio n as follows.
de?
deb

where 5 = q/p/, o is a material constant, M, is

= (1+a) (M, —n) (36)

a material constant representing the slope of the
phase transformation line(PTL), p’' = (o} + 03)/2
and ¢ = oy — 03.

The direction of the plastic strain increment
may be expressed in terms of a unit normal, mp,
that is defined by

= 1 de?
BT )+ (deh)? \ der

_ 1 d,
,/1+d3( 1 ) G0

where dg = deb /P,
Also, one can introduce a unit normal n to
the yield surface(f = 0) such that

ne i (%
\/TICT( )

dy = (14 a)(M; — 1) (39)

where

Here My is a material parameter.
The yield and plastic potential surfaces ob-
tainable from the n and m vectors are of the fol-

lowing form:

r= e (1) {1- ()
=0 (40)

o = ommr (1+5) {1 (7))
=0 (41)

These two surfaces passing through the current
stress point are illustrated in Fig. 2. The pa-
rameters marked p. and py represent the points
where the yield and potential surfaces meet the p’
co-ordinate axis.

The criteria of loading and unloading read

n-do’ > 0 {loading)
n-do’ = 0 (neutral loading)
n-do’ < 0 (unloading)

Plastic modulus H;, for loading takes the fol-

lowing form:

4

i n

H = Ho-p’-(l———) -{1———
Ul M,

+ Bobs exp(—Bo€) ) - (%.—)ﬂ (42)

where H,, 95, Bo, /1 and yp are material constants.
Parameter {(= [ |de?|) is the accumulated devia-
toric plastic strain. Symbol ¢ denotes a mobilized

stress function and is defined by

c=ri- (LE2) Zyue )
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Fig. 3 Predicted performance for undrained cyclic simple shear

An important feature of actual sand behaviour
is the occurrence of contractive volume changes
under unloading. Also, unloading from a high
stress ratio results in large plastic straining. Plas-
tic modulus Hy for unloading is thus introduced
and is described in terms of the stress ratio 7, at
the starting point of unloading. That is to say,

Yyu
Huo (_A&) for |Ma| 51
Tu N
Hy = (44)
Hyo for My <1
N

where

T = (7:7)“ (45)

The direction of plastic straining during un-
loading, my, has been selected in such a way as
to permit contractive soil behaviour to occur under

unloading. Namely,

1 -|d
mu=———( lgl) (46)
1+ dZ 1
The constitutive relations can. finally be ex-
pressed in the following form:
oi; = (Ldijerr + 2GE;;

&t
“[(L + G)dydi; + 2—“i—‘—sﬂzc:] (47)

_ ’
[+ Gy + 2= ko
.H||n|| el + (L + G)dydy + 4G )

Ex (48)

3.2 INlustrating element simulations
Simulations for undrained and drained cyclic
simple shear of imaginary samples of saturated

sand were performed. The constitutive parame-

- ters used are listed in Table 1. The values of the

initial effective mean stress (o} + 03)/2 and initial
deviator stress (¢ —o%) were arbitrarily chosen at

31.92 kPa and 20.17 kPa.

— 464 —



0.001 —
N 0y, =42.0 kPa
w Unloadi
m

a nloading
&
Q
E Unloading
g Loading .
G
>

0 4

-10 0 10

Shear Stress O, (kPa)
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Fig. 5 Relationship between volumetric strain and

shear stress amplitude in drained cyclic simple shear

Undrained cyclic simple shear

A specimen of saturated sand was subjected
to undrained cyclic simple shear as shown in Fig.
3. It is seen that the mean effective stress p’ de-
creased significantly with increasing number of shear-

ing cycles.

Drained cyclic simple shear

An identical specimen of saturated sand was
subjected to drained cyclic simple shear. The pre-
dicted volumetric strain versus shear stress curve
is shown in Fig. 4 for the first one complete cy-
cle. Volumetric strain developed throughout the
process of shearing, causing the soil to gradually
contract even during unloading. Note that this
predicted pattern can capture the essential aspects
of actual sand behaviour(Tatsuoka and Ishihara,
1974).

Table 1 Constitutive parameters

Mg Mf «a )80 '31 Hﬂ HuO Yd  Yu

(kPa)

126 06 0454.0 0.2 12508000 2 4

Table 2 Material parameters

od Yw €0 Ko
(kN/m3) (kN/ma)
9.34 9.8 0.736 0.52

Table 3 Analyses performed

Case No. Permeability k(m/s)
0 (Undrained)
6.6 x 1077
6.6 x 107°
3.3x107*
3.3x 103
8.8 x 1072
1.0 x 1072
33x10°!

16.5

—

O o0 =~ Oy O s W N

The predicted relationships between volumet-
ric strain and shear stress amplitude are shown in
Fig. 5 for four different numbers of loading cycles.
Note that for a given shear stress amplitude, volu-
metric strain ¢, increased linearly with increasing

number of cycles.

4. Predicted behaviour of level ground un-
der earthquake shaking

This section describes results from quasi-one
dimensional finite element analyses of elastoplastic

soil responses under earthquake shaking.

4.1 Problem definition

Suppose that a horizontal saturated sand layer
of a thickness H=10m with a uniform density (Dr=
40%) is subject to SH waves (see Fig. 1).

The hydraulic boundary conditions imposed
are such that the soil layer rests on the imperme-
able base and the pore fluid drains freely from the

ground surface.
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Fig. 7 Time histories of excess pore pressures in

case 2

The constitutive parameters and material pa-
rameters used in the present case studies are shown
in Tables 1 and 2. We selected these parameters
in view of the material properties of Nevada sand
that was used in the VELACS Project. In order
to investigate the effects of partial drainage, the
permeability was varied over a wide range (Table
3).

The time history of input horizontal acceler-
ation is shown in Fig. 6. The main motion was
20 loading cycles at a dominant frequency of 2Hz,
with a peak acceleration of 0.23¢. Time increments
At in analyses were selected as follows: 0.002s dur-
ing main motion and 10s during consolidation after

the cessation of earthquake shaking.

4.2 Predicted results

pw (kPa)

Fig. 8 Variations of excess pore pressures with

depth in case 2
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Fig. 9 Time history of surface acceleration

(1) Soil responses during main shaking

The time histories of predicted excess pore
pressures in Case 2 are shown in Fig. 7. The
excess pore pressures increased markedly with in-
creasing loading cycle. The variations of excess
pore pressures with depth in Case 2 are shown in

Fig. 8 at various times. The excess pore pressures

‘at shallow soil depths became very close to the ini-

tial vertical effective stress versus depth line at the
end of shaking.

The acceleration amplitude at the ground sur-
face showed a peak in the early stage of the main
motion and thereafter decreased gradually with
time.

The variations of excess pore pressures in Case
8 (k = 3.3x 10" 1m/s) with depth are shown in Fig.
10. The excess pore pressures were very small in

magnitude because of the large permeability adop-
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Fig. 11 Time history of surface acceleration

in case 8

ted. The ground surface acceleration response in
Case 8 is shown in Fig. 11. The ground surface
accelerations were amplified to give a peak accel-
eration of 1.5 times as large as that of the input
acceleration.

Surface settlement—time histories in four rep-
resentative cases are depicted in Fig. 12. In the
case with permeability k = 3.3 x 10~!m/s, the set-
tlement developed only during the main shaking,
with no consolidation settlement followed after the
cessation of the earthquake shaking. In the case
with permeability & = 3.3 x 10~*m/s, the surface
settlement was very small during the main shak-
ing. Overall, it can be concluded from Fig. 12 that
the settlement of the ground surface during the

main shaking became increasingly marked with

Time (s)
00 10 ' 2.0 . 30
N
k=33 X 10™*mvs

3.3 X 107 nys

1.0 X 10 m/s

Settlement of ground surface (m)

[ 3.3% 107 vs T
End of shaking

Fig. 12 Time histories of ground surface settle-

ment
i Permeability k (m/s)
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5 [ ]
g 0.1F .
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Fig . 13 Variations of seismic settlement and final

settlement with permeabilities of soil
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Fig. 14 Time histories of volumetric strains at four

representative elements

increasing permeability.
The variations of the seismic settlements with
the permeabilities of soil are summarized in Fig.

13. It is seen that with increasing permeability &,

— 457 —



0 : , :
B CaseNo.5 ]

(S e

| Dilatation N, Compression o
B4l / N
g F -
Sy N

g - — -

]
| |I|

10
-0.02 -0.01 0 0.01
Volumetric strain v

0.02

Fig. 15 Volumetric strain distribution with depth

6 1 l ) I L] I ]
< [ CaseNo.5 PTL
34 — 20 -
= §
° I N
..b i ,. |
\"/2 End of shaking _- '| * t
o 1 o H '! Initial stres—s

= é P 1 '\‘I‘
0 1 l :': [ ] [ ] ' 1
0 1 2 3 4

P’=(O t07y)/2 (kPaY

Fig. 16 Effective stress path at the shallow level
(element No. 10) during main shaking

the ground surface underwent larger seismic set-
tlement during the main shaking.

The time histories of volumetric strains at four
representative elements in Case b are shown in Fig,.
14. The distribution of volumetric strains with
depth in Case 5 is shown in Fig. 15. It is seen
that compression strains developed at soil depths
below 3m. At the shallower levels, however, the
soil elements exhibited dilative behaviour during
earthquake shaking. »

In order to better understand this dilative be-
haviour in Case 5 at the shallow soil depths, we
plotted the effective stress changes in element No.
10 in a form as shown in Fig. 16. In the first two
loading cycles, the mean effective stress decreased
gradually. Then the stress point crossed the phase
transformation line, indicating dilatant behaviour.

The variations of excess pore pressures with
depth in Case No. 5 is shown in Fig. 17. Close

T T 1 771
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Fig. 17 Variations of excess pore pressures with
depths
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Fig. 18 Time history of the net discharge in ele-
ment No. 10

examination of the hydraulic gradients in the soil
layer permitted the fluid budget to be worked out
for each element. For instance, the time history of
the net discharge, @iy, — Qout, in element No. 10
is shown in Fig. 18. Here @, represents the rate
of inflow from Element 9 below, and @,y; repre-
sents the rate of outflow from element No. 10 to
the ground surface. Remember here that when
Q@ = Qin — Qouz > 0, the storage equation requires
the element to expand. Indeed, the dilative soil be-
haviour observed in Element 10 is consistent with

the pore pressure distributions obtained.

(2) Soil responses after cessation of shaking

The time histories of excess pore pressures in
Case 2 during and post shaking are shown in Fig.
19. It is seen that the excess pore pressure dissi-
pated gradually after the cessation of earthquake

shaking. The variations of excess pore pressures
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Fig. 20 The variations of excess pore pressures
with depth after the cessation of earthquake shak-

ing

with depth after the cessation of earthquake shak-
ing in Case 2 are shown in Fig. 20 as various
times. The excess pore pressures at deeper soil
depths rapidly dissipated, but at the shallow level
dissipation occurred at rather slow rates.

The final settlements obtained in all the cases
are plotted in Fig.13 against the permeabilities of
soil. It is seen that post-shaking consolidation set-
tlement tends to increase in magnitude with de-

creasing permeability.
5. Conclusions

The elastoplastic behaviour of level ground
subjected to SH waves under partially drained con-
ditions, has been investigated using layer element
modelling. The results obtained may be summa-

rized as follows.

With increasing permeability, the ground sur-
face settled increasingly faster, resulting in larger
selsmic settlements. Howevér, thé soil elements at
shallow soil depths exhibited dilative behaviour.
This may be ascribed to combined effects of dila-

tancy and upward pore fluid migration.
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response of saturated porous elastic solids, In- 4 r r v

ternational Journal for Numerical and Analyt- = —{un} _/A[N] {Tp}dA

ical Methods in Geomechanics, Vol. 8, pp.381-

- PP +Houn ([ (BT avyp (51)
. v

Tatsuoka, F. and Ishihara, K. (1974): Drained de- The third term on the right-hand side of Eq. (3) :

formation of sand under cyclic stresses reversing / SuipbidV = {Sun)T / [NJF p{b}dV (52)

direction, Soils and foundations, Vol. 14, No. 3, v v

pp- 51-65. Substituting Eqs. (49)-(52) into Eq. (3) yields
Yasuda,S., Nagase, H., Kiku, H. and Uchida, Y f[N]TP[N]dV{ﬁN}+ (/ [B]T{o-l}dv

(1992): The Mechanism and a simplified proce- v v

dure for the analysis of permanent ground dis- + /‘; [BV]TdV)P = / [~V ]T{T}dA

placement due to liquefaction, Soils and Foun- r 4

dations, Vol. 32, No.1, pp. 149-160. + /V[N I"p{b}av (3)
Zienkiewicz, O. C., Chang, C. T. and Bettess, P. Since Eq. (53) holds for any time ¢ + dt, one

(1980): Drained, undrained, consolidating and can rewrite Eq. (53) in the form:
dynamic behaviour assumptions in soils, Géotech- ..
() VY7oV i Y

nigue, Vol. 30, No. 4, pp.385-395.
([ T YerandV) + ([ 1BeT @V v

- / [IN]T{1'}d4 + f INp(B}av (54
A v

Appendix 1: Discretization of the equations

of motion Similarly, Eq. (53) for time % takes the form:
The equations of motion (3) can be derived
using the principle of virtual work. ( /V [NT7 p[N]aV) {iin e + ( /V [B)" {¢"}:dV)

The left-hand side on Eq. (3) stems from:

+ /V [Bv [T av)ple = fA [NI{T}dA

Su;piizdV = {bu T/ NT"p[N1dV {ii
[ supiiav = (sun)” [ N oV (in} [T )
(49) v
The first term on the right-hand side of Eq. (3) : Subtracting Eq. (55) from Eq. (54) yields
/V Sud v = [ ((Guc)s - dussol) v ([ W vaviaiy + ([ B o)
= /A SusolymsdA + {Sun)T /V (B {o}dV +( fv (BvTdV)Ap = /A [N]T{AT}dA
= —{bun)T f [NTP{T'}dA + / INT p{Ab}dV (56)
A v
+{oun}T / [BIT{o'}dV (50) The finite element equations that deal with
v a two phase medium may be expressed in ma-
where surface force T is expressed as T = T" + T;,. trix form, with constitutive relations (15) incor-
Here T' and T, are the surface traction vectors for porated. Namely,
solid and pore fluid respectively. . .
’ Myy i }+ [Kvul{Aun}+ [Kurlap = {AQ)
(57)
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Fig. A1 Arrangement of a center element and four
neighbouring elements to consider discretization of

storage equation

where
ool = [T (o)
Kov) = [(BIDIBWY  (9)
Kor) = [ (BvIav (60)
(8q) = [WriaTiaa

+

[wroanay o

Appendix 2: Discretization of the storage
equation

Discretization of the continuity equatien of
pore fluid may be accomplished in a manner that
is described below.
The left-hand side on Eq. (10) :

/ ppiidV =
v

The first term on the right-hand side of Eq. (10) :
/ p’,','dV = f p,,-n,-dS (63)
v ]
The right-hand side on Eq. (63) :
/s pin;dS Z %55

> (edp) =D (e)p (64)

([ pal7N1aV) i)
( fv pr BV iin} (62)

where af = S;/L; and p is the pore bﬂuid pressure
at the center element(refer to Fig. 1).
The second term on the right-hand side of Eq.
(10) :
Py . _ Pig .
v Tu,-,;dV = (L T{VN}dV){UN}
= ([ “Bu1av)ind 65)
v
The third term on the right-hand side of Eq. (10):
pig n . pPig n .
dy =
28 2y = ([ BEEavy (66)
(62)-(66) into Eq. (10),

one can obtain the following:
([ potoviavting = (| BBV ) (o)

pig n
—(/‘; 82 P+ Z tps
—> alp= 0 (67)
For time £ + di, Eq. (67) takes the form:

ﬂi{ﬁ / [By]dV) {iin } st

~([ 1Br1aviners = (| AV )ihsa
+ Z aip;)|s4ae — Z o;pliyar} =0 (68)
Similarly for any time ¢, Eq. (67) becomes

prg k ..

222 [ tBviavytaml

([ Bl itin}le = ([, Z-av)l

+ (ap)le— ) cipls} =0 (69)
Subtracting Eq. (69) from Eq. (68) yields

ps9 (k -

2202 [ B in)

— dV){Aun} — —

([ Brlavitain) - (| Z-av1ap
+ Z(Q;Ap;) - Z a,-Ap} = (70)

Multiplying Eq. (70) by k/(psg) permits the finite
element equation for pore fluid to be expressed as

Substituting Eqgs.

S tBviav i)
/ [By]dV){Ain} — ( f —dV)Ap
+3 (aidps) = D eiAp=10 (71)
where a; = pfg al.

— 461 —



E B

AHF T, SHIEOHEAR I 5 ACFRINEE OBIBIENE 2 A REZMITICE SO TH~NTHY
5, Thbb, HOTAEr LW EMTANEGFZEPAALEERERSH L ICEAL, —EOE—K
T2 BN EBED D & TITo TD, LOBE LBHERRER L LTI, Pastor 75 VO EROT 4
Uy —arERVTng, LOBKERERIREL EX L EOBITEZITV. SRR OMRIIL T 0%
EREEZBAOHIILTWS, HREOHRIRE X OVRE CIiXE D THIL FER & 25 10 b b b7, Mo
B CTHREOF A LA F v —L FAEREROEAEAIC L o T, BREBOTHREELID I LE
BHELTW5,

F—7—F: SR U8B, iR, BoPAZR, HERILT., BEHEART

— 462 —



