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SUMMARY

Presented in this paper are a method for cyclic undrained simple shear
testing on saturated sand and the results obtained by using irregular cyclic
shear stresses. The results show that the relationships between the shear stress
and the shear strain are extremely complicated and cannot be modelled by a
simple constitutive relation. However, the relationships between the ratio of
shear stress to the current effective pressure and the shear strain are of smooth
elasto-plastic, strain-hardening hyperbolic-type one.

INTRODUCTION

For an earthquake response analysis of a liquefying saturated sand deposit,
an appropriate constitutive relation of sand is required. While a great number
of cyclic undrained tests on saturated sands have been performed by means of,
for example, the triaxial apparatus, they were mostly stress—-controlled and
from the results it is rather difficult to examine in detail the stress-strain
relationships of liquefying sand, especially at low effective pressure levels.
Accurate stress-strain relationships obtained so far by means of
strain-controlled tests are rather limited (for example, Refs 1 and 2).

Reported herein are the results of two strain-controlled cyclic undrained
simple shear tests of loose and dense sand specimens. Based on them together
with the result of one cyclic drained simple shear test, the stress—-strain
relationship of liquefying sand will be discussed.

TEST METHODS

The simple shear test is the most appropriate measure for simulating the
behavior of a sand element in a level ground under earthquake loading. For this
purpose, the torsional simple shear testing method using a hollow cylindrical
specimen as shown in Fig.l was employed (Ref.3). One of the advantages of this
testing method is that all the three principal stresses can be defined. The
simple shear deformation is that the shape and size of all the horizontal
cross—sections of specimen are kept unchanged during shearing (i.e., £,=6;=0, see
Fig.l). For undrained tests, this condition can be realized by the following three
mechanical measures; (1) the constant specimen volume condition by making the
saturated specimen undrained, (2) the constant height condition and (3) the con-
stant volume condition of the water-saturated inner hollow.

The specimens were prepared by pluviating air-dried Toyoura sand (Gs=2.64,
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Us=1.46, Ds=0.16mm, no fines content, sub-angular to angular grain shape,
€nax=0.9TT, eain=0.605). After being saturated, they were anisotropically consoli-
dated at the stress ratio 0,/0.=0.40 to an effective mean principal stress
00.=(0a.+20;.) /3 of 1.0kgf/cm®. This stress ratio is very close to that under the
one-dimensional compression.

Under the undrained condition, irregular cyclic shear stresses were applied
at a constant shear strain rate yx=0.1%/min (see Figs 2b and 4b). The time history
of cyclic shear stresses used in the present study simulates only the sequences
of reversing points and the relative largeness of pulses at reversing points in
a recorded accelerogram. This is the horizontal N-S component of the earthquake
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motion recorded on the ground surface at Hachinohe during the major shock of
the  Tokachi-oki  earthquake of 1968 (Magnitude=T7.9, the  epicentral
distance=189 km, the maximum acceleration=235 gals). Consequently, the shape of
the time history of cyclic shear stresses shown in Figs 2(a) and l(a) is distorted
in the direction of the horizontal coordinate of time from that of the original
accelerogram ; i.e., against a constant shear strain rate in the present tests, in
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the field it is not constant, usually increasing in the process of liquefaction.
This method can be Justified for the purpose of simulating the stress—strain
behavior of an soil element at a shallower deposit during an earthquake motion
by the following reasons: (1) the time history of shear stresses on horizontal
planes at shallower depths in the field is similar in shape to that of horizontal
acceleration on the ground surface, and (2) the effect of shear strain rate on
the stress—-strain relations of clean sands as used in the present study is known
t0 be very small.

For the purpose of very accurate measurements of stress values, especially
at extremely low effective pressure levels, the following methods were found
essential (Refs 2, 3, I); (1) the measurements of both axial load and torque inside
the triaxial cell, (2) the direct measurement of effective lateral pressures p,
and p; by means of two differential  bressure transducers (p, is the cell pressure
minus the pore water pressure and pi 1s the inner hollow pressure minus the pore
water pressure), (3) corrections of all stress components for membrane forces,
and (4) tests at a constant and very slow shear strain rate. As to the term (L), it
is to be noted that in usual stress—controlled tests, the strain rate becomes
extremely large when approaching the liguefied condition and, therefore,
accurate measurements of stresses become extremely difficult.

TEST RESULTS

Fig.2 shows the time histories of (a) the shear stress Tu divided by Gmc, (b)
the shear strain Ya, (c) the excess pore water pressure Ju, divided by On, and
() the effective axial stress o, divided by o,,,, for a loose specimen. Fig.3 shows
the stress—strain relations constructed from the data shown in Fig.2. Figs U
and 5 are similar ones for a dense specimen. In these figures, stresses are defined
at the mid-height of specimen. In Fig5(c), for simplicity, the relations up to
and after the point A are shown separately. In Figs 3(d) and 5(d), « means the
angle of o;-direction relative to the ou,~direction (the vertical direction).
Further, in Figs 3(c), 3(d), 5(c) and 5(d), the data points have been plotted only
before the values of 74/0q and « become very unstable because of extremely
low effective pressures. The following points may be seen from these figures.

(1) The relationships between Tu and vu (Figs 3¢ and 5c¢) are extremely
complicated, whereas the relationships between Tat/0y and ya are of smooth
strain-hardening hyperbolic type one, which can be simulated by an appropriate
elasto-plastic model.

(2) The decrease in 0, or increase in 4u is associated with the following
two types of plas‘tic shear deformation. The first type takes place during
loading (1.e., Tat/0, increasing) when exceeding the previous maximum stress ratio
Tat/0n 1n the current direction of shearing; i.e, for example, in Fig.3, from a:
to ¢, from b, to di and from d; to f, and in Fig.5, from «» to d. This type of
plastic shear strain is the major cause for the build-up of 4u at smaller strains
before the stress path exceeds the phase transformation line as shown by broken
lines in Figs 3a and 5a; when the stress point is above the line, the specimen
exhibits the cyclic mobility (the increase in the effective stress due to shear
strain increment). ,

The second type of plastic shear strain occurs during unloading (l.e., Tat/0a
decreasing) and during subsequent reloading in the other direction after having
passed the neutral point (i.e., 7To=0). This type of plastic shear strain during
unloading and reloading can be seen in Fig.3 from f to f and from f to bl
respectively, and in Fig5, from ¢ to g and from g to h, respectively. This type
is the cause for the build-up of 4u at large strains af'ter the cyclic mobility
starts. This point can be confirmed in the results of cyclic drained simple shear
test shown in Fig.6, since the change in 4u in an undrained test corresponds to
the plastic volumetric strain increment du4 induced by shear strain increment
in a drained test.

The drained test was performed using also Toyoura sand by means of the same
apparatus as used for the undrained tests[5]. The values of dud were obtained
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as the measured total volumetric strain increment dv minus the volumetric strain
increment dvu. due to the change in on dY% is the plastic shear strain increment
obtained as the measured total shear strain increment dys minus the elastic
component dy&. TFig.b(c) shows the so-called stress-dilatancy relation. It may
be seen from Fig.6(c) that when the loading direction is reversed, the dilatancy
rate changes discontinuously. For example, from i to j, with dy%>0 the volume
is increasing (dug<0), thus -dvd/dy5>0 and dud/|dyh|<0. After reversing, from j
to k', with dv%<0 the volume is decreasing(dug>0), thus -dug/d7y%>0 and
dug/|dv5|>0. Further, it may be noted that the rate of volume decrease (i.e.,
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dud/|d%|) during unloading is larger during unloading from a larger Ta/0q(see
Fig.6c). On the other hand, it may be noted that during unloading from a larger
~at/0ws Tor example from j to k, a larger absolute value of dys takes
place (Fig.6a). It may also be noted that also for the initial portion of
reloading from k, the shear strain increment has become larger than that during
the first reloading from c. Consequently, from the above two reasons, the rate
of volume decrease becomes larger after the loading direction is reversed from
a larger Ta/0s as shown in Fig.6(b). This drained behavior is well in accordance
with that in the undrained tests; i.e., the build-up of 4u du:'ring unloading and
reloading becomes larger when unloaded from a larger Tat/0a above the phase
transformation line.

(3) It may be seen from Figs 3(d) and 5(d) that at relatively large strains
the direction of oj;—direction tends to be close to =45 degrees from the'a
Ou—direction. This is because at relatively large strains the directions of o3
and the plastic major principal strain increment def tend to coincide, and def
is nearly equal to the total major principal strain increment de;, the directions
of which are always at 45° from the O,~direction. This means that the effects
of continuous rotation(not the discontinuous rotation between =U45°) on the
vertical planes of def and 0y may not be significant in such cyclic undrained
simple shear testing. However, the effects of continuous rotation on the hori-
zontal planes of def and 0; due to multi-directional earthquake motions may be
very important in the field during earthquake.

SUMMARY AND CONCLUSIONS

The results of the cyclic undrained simple shear tests presented in this
paper provide a rationale for several elasto-plastic models based on
strain-hardening hyperbolic relations between the stress ratio (tw/0.) and the
shear strain(ys), which have been proposed for simulating cyclic undrained
behavior of liquefying sand. Furthermore, the change in o, or 4u is to be related
to the volume change as observed in cyclic drained tests, which 1s, in turn,
related to the plastic shear strain increment through the stress—-dilatancy
relation. Based on these results, such & model as shown in Fig.T can be suggested.
In this model, the effects of continuous rotation of o) are ignored.
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