PORE~PRUSSURE PREDICTION AWD CRITERION OF LIQUIFACTION
IN SATURATED SANDY SCIL UNDER CYCLIC ILOADING

Iiy, Ying (I)

SUMMARY

Analytical expressions describing the increments of Residual pore pre~
ssure induced by uniform or irregular cyclic loading in saturated sandy soil
under undrained condition are presented. TIn the expressions, the initial
stress conditions are considered, and six parameters correlated only with the
characteristics of soil are involved. Moreover, the process of liquefaction
in the saturated sandy soil is discussed based on the typical records of
triaxial test on the soil. The process of liquefaction in saturated sandy
so0il can be divided into three phases, namely, dynamic instability, static
instability, and liquefaction. The equations of shear stress and pore pre-
ssure at the beginning of each phase are given.

INTRODUCTION

Increase of pore pressure in saturated sandy soil under undrained sarthe
quake loading condition must be taken into consideration in investigating the
aseismic stability and liquefaction potential of saturated sand deposit from
the effective stress viewpoint.

In order to conduct this problem, we have done a great deal of cyclic
triaxial test. Sand sample used was taken from the Douhe Dam site whers sand
boils occurred during 1976 Tangshan Barthquake, the physical properties of the
soil are shown as followsgy

Mean size diameter = 0.2 mm; Uniformity coefficient = 4; Maxiwmum dry unit
weight = 1.68 g./cm;Minimum dry unit weight = 1.38 gr/cm; Dry unit weight for
testing = 1.58 gp/cm.

Specimens were congolidated under given consolidation ratios, then cyclic

loading were applied in axial direction up to a level, at which failure
appeared under undrained condition.

RESIDITAT. POR™ PREZSURT IN SATURATED
SANDY" SOIL UNDTER CYCLIC LOADING

In the Case of Uniform Cyclic Ioading

The increment in residual pore pressure per cycle was defined as the
difference between the pore pressure at the end of one cycle and the one at
the end of the successive cycle. So the increment in residual pore pressure
during the Wth cycle can be expressed by equation (1)

(1
AUy = Ty = Uy g
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Consequently, the residual pore pressure at the Nth cycle can be express-
ed by equation (2)

Uy = Uy g + A0y (2)
where, AUW = the increment in pore pressure during the Nth cycle; UV =

the residual pore pressure at the Nth cycle; and U\T—1 = the residual pore
pressure at the (N~1)th cycle. :

After normalizing each term in equation (2) by the mean stress a°=-—;’—

*
(0,.+205.) s the normalized increment in residual pore pressure AU]“ during the
NMth cycle can be expressed by equation (3) :
* *

*
AUy = Ty = Uy (3)

Basgd on thg test data, a relationship between the residual pore pressure
ratio AU}T/ (1 - UN—1) and the applied stress ratio 9%./(1 - UN-1) was obtained

as shown in Tige 1«

It can be seen from Wig. 1 that the test data can be fitted by a group of
straight lines in the log-log scale paper parallel to each otherj; besides, the
interceptions of these lines on the ordinate are different for different cy-
cles, so the following equation can be obtained.

*
ATy =F(N)(_|‘T?i| )al
e LR )
1- U,
Consequently x
AUﬁ lo¥,l
PN = ot ai -
R = - o N55) (5)

Based on the test data shown in Pig. 2, a concrete form of P(¥) can be
obtained as follows

v
F(w) = _._‘:. (6)

Combining equation (4) and equation (6) the equation for predicting the
increment of pore pressure during any cycle can be obtained as follows

)% | (1)

I N Yy lo%l
-1/ " N8, *
1 - UN—’

therefore, the normalized residual pore pressure at Nth cycle can be predicted
by the following equation '

U* T »* %
v = Vgt + 40 (8)
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tlearly, equation (7) is quite similar to that given by Ishibasi et al.
{refs. 1 and 2) previously. But either equation (7) or that given by
Ishibasi et al., can be zpplied to a particular stress condition (Kc =1 ork%
condition) only, both are not suitable for the general casea

It can be seen from Tg. 3 that_ there are some relationships between a ,
B and ¥ parameters and the consolidation ratios X, as shown below (Ref. 3).

a = a, -‘:c—C‘] (9)
B =58 Kc_c2 ' : (',10)
v o= 7K, 3 (1)

Instead of parameters e, B, and?:, substituding e, fand ¥ into equation
(7) the general equation for predicting increment in residual pore pressure
can be obtained as follows

* * Y lo %l a
= (1 - ) — ) —
AUy = (= Tyy) AR 7 (12)
: -

Under non-uniform cyclic loaing the increment in pore pressure at posi-
tive half-cycle is not the smae as that at the negative half-cycle. Therefore
in such case, the increment in residual pore pressure was defined as the
difference between the pore pressure at the end of the first half-cycle and
that at the end of the successive half-cycle, so the increment in residual
pore pressure during any half-cycle can be predicted by equation (13)

* ¥* *
ATy =Ty = Tp (13)

where, R = number of half-cycle. In this case, the number of half-cycle
must be twice as many as the number of whole cycle N. Therefore, the function
¥(R) vhich represents the effect of the number of half-cycle was developed.
Tor example, remove the ordinate in 7ig. 2 to left-hand a half logarthmic
period and take its abscissa as the starting point of the logr, then extend

the straight line to cross the ordinate at point ¥Yi as shown in Fig. 4.

30, a relationship between the parameter ¥} determined under non-uniform
cyclic loading and that determined under uniform cyclic loading (Kc =1) can
be obtained as follows

P: =201, (14)

for general case
P =28y (15)

Therefore, the equation for predicting the residual pore pressure under non-
uniform cyclic loading can be obtained as follows

* ¥ P* losd N
AUy = (1-Up 1) =5 ( — ) (16)
R-1
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LIQUEFACTION FATLURE OF SATURATED
SANDY SOIL UNDER CYCLIC LOADING

Critical Equilibrium Condition

In order to study the critical equilibrium condition and the liguefac-—
tion failure process of saturated sandy soil under cyclic loading, cyclic
triaxial test and data analysis were carried out (Ref. 4). Assuming that
under undrained cyclic loading condition, the shear strength of saturated
sand consists of two parts, namely, viscous resistance and frictional resis-
tance, the former being directly proportional to the dynamic deformation rate,
while the latter being directly proportional to the normal stress. Therefore,
the critical equilibrium condition can be written as follows

Tan=cyn+ 0/ antg?’a (18)

where 7,y= shear stress on the failure plane in the Nth cycle (including
static stress, too)jeyy = viscous resistance in the Nth cyclej o’yy = effective
noemal stress on the failure plane in the Nth cycle (1nc1ud1ng static normal
stress, t00);¢’s= dynamic friction angle.

Referring to Fig. 5, the following eguations can be deduced based on our
assumption

e Ak 1 - : .
cyn=£§& It = Tcos 97, L(oy - 0y’ — (o, + 03" )sin®’ 4] (19)

O/ an=0an—uy= ‘;“[(all +0s’) - (o, - 03,)5in¢,d] (20)

where £ = apparent coefficient of viscosity,j‘—f:. average dynamic deformation
rate at the Wth cyclejosn= total normal stress on the failure plane at the
Nth cycle; Uy = pore pressure at the Nth cycle (see equation (23)).

9’4 in equations (19) and {20) is still unknown at present. On the
assumption that, after reaching the critical equilibrium state, the apparent
coefficient of viscosity and the dynamic friction angle both remain constant
an expression for @’/ ;can be established by solving the equations in the two
successzive cycles. Therefore, from Fig. 5 the following equations can be
obtained. 1
5 (01 =0 )cos® g~ epy

tg®q’ = - ;
%(01’ +03") —%(cn' -0y’ )sin®’ 4 @1)

in which the subeript 1 or 2 indicates the given variable belonging to the
previous cycle or the later cycle. Substituting the value of .9’; obtained
from eguation (21) into equations (19), (20) and (23),crnvandgjfycan be deter-
mined and hence, the critical equilibrium condition of the saturated sandy
soil in this particular case can be obtained.

Process of Liguefaction Wailure
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4 liquefaction test record for the given saturated sand specimen is
shwon in Pig. €. After consolideting underOs;= 1.0 Kg/cm and O1c =2.C Kg/cm,
cyclic load of 0.53% /cm was zpplied to the specimen axially with freguency
oI one circle psr zwcond. Under this anisotropic consolidation condition,
liquefaction failure can take place only in the hal® compression cycle. In
this case Uy =Ty 9 91 = Orc 40ag ~ Une 5 and 09" = 0sc ~ Uy o Substituting
these values into sguation (21} the following expression will result

Cr %}% (01— 03+ 0aa) 1 — %(mc— Osc+0qa)2
¢,d= sin lldhz Ah
T(U,C + Osc+ Ogqg = 2Upne); — A—t‘(ow + Ogc + Oga — 2Unc)2

-~
n
N

~

The liguefaction test record shown in Tig. 6 is analyzed using eguation (223},
results of which zre shown in Tg. 7.

According to the above mentioned results of test, the ligquefaction
failure process can be separated into three stages:
(1) mynamic instability stage

It can be seen from Fig. 5 that, if the pore pressure in he Wth cycle
has increased so that the saturated sand specimen begins to reach the critical
equilibrium condition, then the expression for pore pressure at £t time can o
be established as follows

- 1 .
Une = 2sin®’ 4 E(O'xc + Ugq + Oac) sin®’ 5 — (O1c+ Oag— 03c) + Zcmcos‘}?’d] (23)

for practical purposes, the static friction angle may be used instead of
dymamic friction angle in equation (23), and therefore it can be further
simplified as follows
u* —‘L—[(K;& K o) (sin’s— 1) + (sin®’s+ 1]

Ne = 25in¢’5 (24)
in which
Unc Oic Oad
* = — K = 3 =4
U e Osc €T o3’ 47 oy

(2) static instability stage

It can be seen also that if the pore pressure in the Wth cycle has
inereased so that the saturated sand specimen begins to reach the static
eritical equilibrium condition, then the expression for pore pressure at that
time can be established as follows

e = —z——s—i%(p—,:[Kc(sinWs— 1)+ (sin®’ 5+ 1)7
(25)

(3) Initial ligquefaction

. It can be seen from Mig. 8 and equation (25) that the pore pressure retio
Uye = 1 i.2., the pore pressure is equal to the confining pressure, it is true
only when the static instability is attained under the case ¥. = 1, noting
that when ¥, > 1.0, pore pressure Uy, hasn't attained the level of conining
pressure. Therefore, the process of sand liguefaction can not be simulated
completely if the consolidation ratio is maintained a constant larger than 1.C.

-
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