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Proceedings: First International Conference on Recent Advances in Geotechnical Earthquake Engineering and Soil
Dynamics, April 26 - May 3, 1981, St. Louis, Missouri

Pore Pressure in Silty Sand under Cyclic Shear

R. L. Wei

Vice Head of Geotech. Eng. Div., Nanjing Hydraulic Research Institute, Nanjing, China.

T.L.Guo & Y. M. Zuo

Engineers, Nanjing Hydraulic Research Institute, Nanjing, China.

SYNOPSIS

In order to study the liquefaction phenomena of silty sand,

saturated specimens prepared

in the laboratory according to the dry unit weight of undisturbed samples are used to examine the
cyclic shear resistance, pore pressure and residual shear strain developed in these specimens under

cyclic loading.
Nan jing Hydraulic Research Institute.
resistance,
cycles, consolidation pressure,

INTRODUCTION

Most of the previous liquefaction tests of satu-~
rated sands performed in the laboratory dealt
with the cyclic shear resistance and various
factors controlling the liquefaction character-
isties of sands with little consideration of the
buildup process of pore pressure under cyclic
loading. Since 1975, however, it has been wide-~
ly recognized that a dynamic response analysis
in terms of effective stress is more desirable,
and correspondingly a few papers concerning the
progressive increase of pore pressure in the
sand under cyclic loading have been published
(Martin et al.,1975; Seed et al.,1976; Oh-oka,
19763and others)

During the Tangshan Earthquake on July 28,1976
there were much physical evidence of soil ligque-
faction in the medium fine sand backfilled be-
hind the Pier No.3 of Tianjin New Harbour and

in the silty sand deposits on banks of Hai-he R.
In order to study the liquefaction behaviour of
these deposits, the in-situ standard penetra-
tion tests were performed in the above-mentioned
sites, and undisturbed sand samples were taken
in the same time. After the natural water con-
tent and unit weight of these samples had been
determined in the field, the disturbed sand
materials were transported to the laboratory to
be reconstituted and used in the liquefaction
tests, during which the buildup process of pore
pressure and residual shear straln were also
monitored.

CYCLIC SIMPLE SHEAR TEST APPARATUS

A cyclic simple shear test apparatus has been
developed based on the original static simple
shear test apparatus in Nanjing Hydraulic Re-
search Institute since 1978 (Zuo, Guo & Wei,
1980). It is composed of four parts---simple
shear box, static loading system, electro-
magnetic actuator and electronic recording
system. The main parts of this apparatus are
shown in the left of Fig.l, and the construc-
tion of the simple shear box is schematically
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These tests are accomplished with a cyclic simple shear test apparatus developed in
Based on results of these tests expressions of cyclic shear

pore pressure, dynamic shear modulus and residual shear strain as functions of number of
initial and cyclic shear stress etc.

have been developed.

illustrated in Fi A specimen with diameter
of 7 cm and heigh% of 2 cm is enclosed inside

a rubber membrane which is in turn confined by
stack of steel rings and attached rigidly to the
surfaces of the end plates by tapered sleeves
with fastening bolts. It is shown by szatic test
that under an inner pressure of 6 kg/cm” the
shear box is completely water tight and no mem-
brane inflation appears as there is not any
unsupported section of membrane. A pressure
transducer is installed at the pedestal of the
shear box to measure the pore pressure developed
in the specimen during the test. An ancillary
device is also provided to apply back pressure
through the drainage line. The vertical and
horizontal loads are applied pneumatically and
controlled seperately by two regulator valves.
Vertical load is transmitted to the specimen
through the load carriage fitted on the top cap
of specimen and connected to a horizontally
fixed small proving ring. When the horizontal
cyclic load is applied, the load carriage is
always kept horizontal with minimum rocking by
guide ball bearings. The base of the shear box
is connected with the loading rams of the hori-
zontal pneumatic loader and electro-magnetic
actuator which apply the initial and cyclic
shear stress seperately. Each of the loading
rams is connected with a load cell which monitors
the intensity of the load transmitted to the
specimen. The pedestal of shear box is mounted
on a sliding base with a coefficient of fric-
tion of 2% determined by calibration. The mag-
nitude and frequency of excitation is controlled
by the extra-low frequency signal generator,

the signal generated by the latter is amplified
and input to the actuator. The maximum exciting
force and stroke of thz actuator is 120 kg and
20 mm respectively.

TEST MATERIAL AND SPECIMIN PRUPARATION

Three kinds of test materials-~~-medium fine sand,
8ilty sand and silt had been taken from the
above~-mentioned sites and tested in the labora-
tory. Only the test results of silty sand are

presentedytn this, paper. dug; fo-TESETdSHen of
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Fig. 7 Pore Pressure versus Cycles Ratio.
PORE PRESSURE
Some typical test results of 7%,=0 are shown in
Fig. 7(a). It is seen from this figure that
even if the pore pressure u and number of cycles
N is

normalized with respect to 9y, and Ny res-
pestively, single curve as that shown in %ig. 6
is not obtained. The cycles ratio N/Nj required
to cause equal value of pore pressure ratio

u/ U, varies with the cyclic shear stress ratio
T4/9ye, and the higher the cyclic shear stress
ratio, the smaller the cycles ratio reguired to
induce a given value of pore pressure ratio.
However, if the values of pore pressure ratio
are plotted against the corresponding values of
factor of dynamic effect rq which is defined as

rq = (N/Np) /%/‘Tvc

expressing the combined influence of the ampli-
tude and number of cycles of the dynamic stress,
then the test points fall closely in the vici-
nity of a mean curve as shown in Fig. 9(a).

Some typical test results of T,>0 are shown in
Fig. 7(b). It is seen that the development of
pore pressure in cyclic loading tests with ini-
tial shear stress is remarkably different from
that of ¥,=0, hence the test data of these two
cases would rather be interpreted seperately.

When the test results of Ty>0 are plotted by
the same procedure as that used in Fig. 9(a),

it is seen that (Fig. 8) the higher the initial
shear stress level To/Tmay (where T,., is the
static drained shear strength of silty sand un-
der the corresponding 9yc, i.e. Tpax =

Uye tang'+c'), the smaller the pore pressure
ratio induced under the same dynamiz effect
(rg=const.); and under the same initial shear
stress level, the higher the cyclic shear stress
ratio, the higher the induced pore pressure
ratio, although the influence of cyclic stress
is smaller than that of the initial stress. If
the values of pore pressure ratio are divided by
a factor
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Fig. 8 Pore Pressure Ratio versus Factor

of Dynamic Effect

= h d
M=1- W(ro/tmax)

and plotted versus values of factor of dynamic
effect, then for each of the cases of To/Ty,,~<
0.16 and T,/Tp,y=>0.16 a mean curve may be 3rawn
as shown in Fig. 9(b). The factor M reflects
mainly the influence of initial shear stress,and
h and d in the above expression are emperical
coefficients, for the silty sand tested, h=0.1
and d=2.

The curves in Fig. 9 represent the development of
pore pressure with increasing number of stress
cycles in cases of Ty=0 and 5™ 0 respectively,
and may be expressed unifiedly by the following
emperical relationship:

u/ Gye = CM(ry)? (2)
where C and a are emperical coefficients, for the
silty sand tested, their values are listed in
Table I3+ and the definitions of the other nota-
tions are same as above.

Table I Values of Coeff. in Formula (2)
To/ Tmax
=0 <0.16 > 0,16
Td  |¢0.225 >0.225/<0.2 >0.2|<0.08 >0.08
c 1.15 5.0 1.5 3.2 3.6 1.3
a 0.56 1.55| 0.60 1.09| 0.65 o0.24

Values of the coefficients shown in Table I re-
flect different trends of development of pore
pressure under various initial stress conditions.
In cases of Ty=0, the value of a is small at first
and then becomes larger, indicating the fact that
the pore pressure increases gradually in the early
stage of test, and once it reaches a value equal



to 50% of the consolidation pressure, it increa-
ses abruptly up to initial liquefaction. In
cases of >0 when %/Tpax20.16, the value of a
is at first somewhat larger and then becomes
much smaller than that in cases of ¥,=0, indi~
cating that in the early stage of these tests
the rate of buildup of pore pressure is some-
what auicker than that in cases of T%,=0, and
once the pore pressure becomes to equal to 70%
of its maximum value, it increases slowly and
eventually remains unchanged on certain value.
When 0<%/Tpay<0.16 the variation of pore pre-
ssure may be regarded as the intermediate tran-
sition between those of the cases of ¥%;=0 and
Tb/tm 20,16 as shown by the broken line in
Fig. 8 b).

DYNAMIC SHEAR MODULUS AND RESIDUAL SHEAR STRAIN

The dynamic shear modulus at any cycle GN=?3 / Tan
caleculated from the test results is at first
normalized with respect to the initial shear
modulus Go, and plotted against the cycles ratio
N/N; as shown in Fig. 10. It is evident that,

in rases of %=0, at smaller values of cyclic
shear stress ratio (%3/oygs€0.15), the test points
are concentrated to a mean curve composed of two
straight lines, and at larger values of cyclic
stress ratio (T3/9yc>0.15), a mean curve is still
obtainable as shown by broken line in Fig. 10(a),
even though the test points are relatively scat-
tering. Similarly, for cases of I5>0, two mean
curves are obtained for different conditions as
shown in Fig. 10(b). These curves in Fig. 10
may also be unifiedly expressed by the following
equation:

1/Gy =[m + n(N/Ny - t)] /Go (3)
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Fig. 9 Modified Pore Pressure Level versus
Factor of Dynamic Effect.

where G, =k/T,., for the silty sand tested k=40;
m, n and t are emperical coefficients whose
values for the silty sand tested are listed in
Table II(a) and II(b).

Table II(a) Values of Coeff. in Formula (3)
for T4=0
4/ Tye <0.15 >0.15
N/ Ny 0~0.875 0.875-1 0-0.4 0.4-1
m 1 1.5 1 3.2
n 0.6 85 5.6 1k, 5
t 0 0.875 0 0.4

Table II{(b) Values of Coeff. in Formula (3)

for TS0
T
o/Tmaz|<0.16 |0.16-0.4 |>0.4 | <0.16 |0.16-0.4
/oy ‘
¢ |<0.125| =0.15 - >0.125} =>0.15

N/N

/N1 0-0.9 0.9-1 0-C.2 0.2-1

m 1 2 1 1.22

n 1.1 5 1.1 In

t 0 0.9 0 0.2

In cases of Ty>0 the cyclic shear stress induces
in the specimen cyclic shear strain as well as
residual shear strain, both of them increase

with increasing number of cycles. Based on the
results of the above-mentioned cyclic shear tests
of T,»0, the development of residual shear strain
of silty sand under cyclic loading is described
as follows.
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Table III(a) Values of Coeff. in Formula(i)
for To/Tpax=0.16.

T,/ @,

&/ ye =0.15 >0.15

N/Ny 0-0.25 0.25-1 0-0.2 0.2-1
p 1 12 1 18
q Ly 26.7 35 22.5
s n 0.25 0 0.2

Table ITII(b) galu%s/of Coeffi in Formula(4)

7o 07 ¥/ Ty =<

a7¥vd 5 .075-0.100] 0.100-0.125 >0.125
N/N1 1 0.0.8 0.8-1| 0-0.7 0.7-1| 0-0.6 0.6-1
o 1 b3l 1 b.85| 1 Sk
q 5.5 70 5.5 50 5 5 30
s o 0.8 0o 0,7 0.6

In order to normalize the residual shear strain

a reference shcar strain defined as initial cyc-
lic shear strain Y45=03/Go is introduced at
first. Then the normalized resdiual shear strain
75/75 maltiplied by the above-mentioned inf-
luana factor of initial shear stress M are plot-
ted against the nycles ratio N/N1 as shown in
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Fig. 1l. It is evident that, when T/ Thag=0.16
for each of the cases of d/a‘ = 0. 15 and
/o> 0.15 a mean curve may Be drawn. As an

1ntermed1atﬂ trans1t10n between the cases of
030 and Ty/T

o/t

Thax= 0.16 again, the test points of
x< O« %16 %all on three different curves for
variods values of Ty/dyc as shown in the lower
part of Fig. 11(a). Nevertheless, the residual
shear strain at any number of cycles before the
initial liquefaction or "ultimate” state is
reached may be unifiedly expressed by the follow-
ing equation:

Y, = Ygolp + a(N/Ny-s)] /m ()
where p, q and s are the emperical coefficients
whose values for silty sand tested under various
stress conditions are listed in Tables III(a)
and III(b).

CONCLUDING REMARKS

The test data presented here are those among the
first sets of results obtained with the cyclic
simple shear test apparatus developed in Nanjing
Hydraulic Research Institute which has just been
operated since the end of 1979. Although
the amount of data is not quite sufficient and
somewhat scattering, the emperical relationships
obtained seem resonable, and may be used in the
dynamic response analysis of earth bank and re-
taining wall in terms of effective stress (e.g.
Wei, 1981). These are doubtless tantative re-
sults and might te not generally valid. However,
the forms of these relationships are similar to
those of medium fine sand obtained from the cyc-
lic triaxial tests (Wei, 1978). Hence they might
be used to determine at least gualitatively the
influences of some important factors, and this
would be significant for further studying the
mechanism of development of pore pressure and
residual shear strain of silty sand under the
cyclic loading.
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