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Repeated small shaking events due to earthquakes significantly enhance liquefaction resistance of soils. Analyses
of liquefaction case histories show that aged soils in seismically active zones tend to be less vulnerable to
Sal_‘d liquefaction despite having similar index parameters—such as standard penetration test N-values and shear
Aging effect wave velocities—as young soils. Significant efforts have been devoted to better understand the effects of the
E::ﬁ?j;i et cyclic pre-shearing on liquefaction resistance and it was found that this effect depends on the number of cycles
Triaxial test and cyclic stress ratio. However, none of these parameters quantify the improvement of liquefaction resistance

due to pre-shaking. This study investigates the pre-shearing effects on liquefaction resistance through laboratory
tests and centrifuge tests. An attempt was made to explain the effects quantitatively with a single index para-
meter of the volumetric strain caused by pre-shearing. It was confirmed from triaxial tests that the liquefaction
resistance of pre-sheared sand uniquely increased with increasing volumetric strain regardless of the cyclic shear
stress ratio and the number of cycles during the pre-shearing. To examine the pre-shaking effects on the li-
quefaction strength of sand under a level ground condition, centrifuge tests were conducted in this study. Sand
models were subjected to small shaking events repeatedly, which were weak enough not to cause liquefaction. It
was observed that changes in the index parameters of the models, including soil density (volumetric strain),
shear wave velocity, and horizontal earth pressure during the pre-shaking events were very small. At the end of
the test, the sand was subjected to a strong shaking event because models that had gone through pre-shaking
need larger shaking acceleration to liquefy. Liquefaction resistance was derived from acceleration records with
the aid of the cumulative damage theory. The relationship between liquefaction resistance ratio and volumetric
strain that occurred in the pre-shaking events coincides with the relationship obtained from the triaxial tests.
After the extensive liquefaction event, all index parameters except soil density—K,, Vs, liquefaction re-
sistance—tended to return to their original values (before the pre-shaking).

1. Introduction tend to be less vulnerable to liquefaction although their index para-

meters—such as standard penetration test N-values and shear wave

The resistance to liquefaction of sandy soils that have been resting
for many years is greater than that of recently deposited soils. This
aging effect on liquefaction resistance may be explained by two me-
chanisms. One is the improved interlocking of sand grains developed
after deposition, which is associated with their extended time under
static pressure and being subjected to repeated earthquake shakings.
The other mechanism is the long period of sustained static load [17]
that is probably associated with such chemical reactions as dissolution
of minerals and precipitation at soil grain surface, which develop
bonding between soil particles. The focus of this paper is on the first
mechanism.

It was pointed out that repeated small shakings due to earthquakes
significantly enhance soil liquefaction resistance. Analyses of liquefac-
tion case histories showed that older soils in seismically active zones
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velocities—were very similar [4,11]. Moreover, these facts are sup-
ported by many laboratory tests [7,9,12,19,20]. In view of these, sig-
nificant efforts in laboratory testing were devoted to better understand
the effects of cyclic pre-shearing on liquefaction resistance. The test
results consistently indicated that the liquefaction resistance increased
with the number of cycles and cyclic stress ratio provided that the shear
strain during pre-shearing was small. However, none of these para-
meters quantify the improvement of the liquefaction resistance due to
pre-shaking.

The effects of seismic-shaking history of soils on liquefaction trig-
gering were investigated through a carefully designed centrifuge test
[5,6]. In the test, a uniform, silty sand deposit was subjected to multiple
shaking events with horizontal base accelerations, most of which were
short to liquefy the sand. They concluded that there was a significant
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Fig. 1. Contraction by cyclic shearing and generation of pore pressure (after
[19D).

increase in the resistance of the sand deposit to excess pore pressure
generation because it was exposed to an increasing number of shaking
events although the change in relative density was small.

It was also recognized that once sand experiences large strains, in-
cluding extensive liquefaction, its liquefaction resistance decreases,
rather than increases, indicating that the beneficial effects of pre-
shakings by previous earthquakes are lost. This phenomenon was con-
firmed by several field evidences [2], laboratory tests [7,9,23] as well
as the centrifuge test [5,6].

This study aims at further investigating the pre-shaking effects on
liquefaction resistance through laboratory and centrifuge tests. An at-
tempt is made to explain the effect quantitatively by a single index of
the volumetric strain caused by the pre-shaking.

2. Significance of volumetric strain

The basic mechanics of volumetric contraction and pore pressure
generation in the undrained cyclic shearing was conceptually demon-
strated by [19]. Soil grain structure tends to contract when subjected to
cyclic shearing—indicated as from points A to B in Fig. 1. If the un-
drained condition is imposed, volume contraction is shifted to pore
pressure generation and reduction in effective stress. As a result, the soil
grain structure rebounds to the extent required to keep the volume
constant—indicated as from points B to C in the rebound line. Cyclic
shearing induced contraction, whereas soil structure rebound de-
termined the magnitude of excess pore pressure generation in the soil.

Finn [8] found a relationship between volumetric contraction and
generated excess pore pressure based on cyclic shear tests. For medium-
dense clean sand, excess pore pressure ratio uniquely correlated with
the volumetric strain and a volumetric strain (in the order of 1%) was
needed to reach a condition close to liquefaction (excess pore pressure
ratio higher than 90%).

Fig. 2 demonstrates conceptually the evolution of volumetric strain
of sand with the number of cycles in the drained condition. From the
figure, it can be observed that the increase of the volumetric strain
slows down with increasing number of cycles. However, when the same
cyclic shearing is conducted under the undrained condition, sand li-
quefies in the Ny;th cycle which corresponds to the volumetric strain
needed to reach the liquefaction condition, &,,. Therefore, for pre-
shearing to cause a volumetric strain of ¢, the sand must have used up
its ability of contraction to the extent and it will need (N, — Nj;) cycles
to yield further volumetric strain, ¢,;, to liquefy under undrained cyclic
shearing. Because of the convex shape of the curve shown in the figure,
the number of cycles (N — Np) is larger than Ny ; and their difference
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Fig. 2. Schematic illustration of evolution of volumetric strain due to drained
cyclic shearing.

may be recognized as the beneficial effect—i.e., the pre-shearing ef-
fect—on the liquefaction resistance.

It is of interest to note that increases in the liquefaction resistance
due to imperfect saturation of soils, membrane penetration, and partial
drainage during shearing are also explained in terms of the volumetric
strain. It is known that unsaturated soils exhibit higher liquefaction
resistance than fully saturated soils. The underlying mechanism that
enhance the liquefaction resistance of unsaturated sand is that air in a
partially saturated sand mass absorbs generated excess pore pressures
by reducing its volume [16]. The soil mass, or the soil grain structure,
needs to yield a volumetric strain, (¢,” + &,;)—where ¢, denotes the
soil volumetric strain due to compression of air contained in the soil
mass—to reach the liquefaction condition. Accordingly, the number of
cycles are larger than Ny;. In relation to this, Okamura and Soga [16]
found a unique relationship between &, and liquefaction resistance
ratio (LRR), which is the ratio of the cyclic shear stress ratio to that of
the soil at a fully saturated condition, as shown in Fig. 3. In this regard,
volumetric strain caused by partial drainage during shearing is con-
sidered to play the same role as ¢, for unsaturated soils.

In the next section, the pre-shearing effects on liquefaction re-
sistance are investigated through a series of cyclic triaxial tests on clean
sand with and without pre-shearing histories from the viewpoint of
volumetric strain caused during pre-shearing.

3. Triaxial test
3.1. Test procedures and conditions
The material used in the test was Toyoura sand with a specific

gravity of 2.64, and minimum and maximum void ratios of eq;,
= 0.609 and ey, = 0.973, respectively [15]. A total of 27 tests was
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Fig. 3. Relationship between potential volumetric strain and liquefaction re-
sistance of partially saturated sand (after Okamura and Soga [16]).
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Table 1
Triaxial test conditions.

Pre-shearing Liquefaction test

Relative Target vol.  Cyclic stress Approx. no. of Cyclic stress ratio,
density, Dr strain, &, ratio, cycles N, CSR;*
(%)° (%) CSR,
40-45 0 - - 0.12, 0.14, 0.18, 0.19
39-45 0.1 0.05 650 0.16, 0.17, 0.18, 0.19
0.10 320
0.14 21
0.15 11
39-44 0.33 0.10 490 0.18, 0.21, 0.22
0.15 380
0.20 30
0.25 10
0.28 2
41-46 0.77 0.25 200 0.21, 0.22, 0.23,
0.27 80 0.27, 0.28, 0.29

@ Relative density of specimens before pre-sharing.
b Cyclic stress ratio and number of cycles in pre-shearing.
¢ Cyclic stress ratio in liquefaction test.

carried out, where all of the specimens were prepared by pouring dry
sand from a funnel through air to attain a target relative density of Dr
= 45%. All specimens were 50 mm in diameter and 100 mm in height.
After saturating the specimens and confirming that the B value is higher
than 0.95, the specimens were consolidated at an isotropic effective
confining pressure of 0. = 50 kPa, followed by pre-shearing in the
drained condition with a constant cyclic stress ratio, CSR,,, and a fre-
quency of 0.01 Hz. The frequency was selected to be low enough so as
not to build up any excess pore pressure. The pre-shearing was con-
tinued until the target volume change was achieved. The four target
volumetric strains in the pre-shearing set in this study are ¢, = 0%
(without pre-shearing), 0.1%, 0.33%, and 0.77%. It should be noted
that several different combinations of CSRps and number of cycles of
the pre-shearing, N, were tested for each target volumetric strain.
Following pre-shearing, undrained cyclic shear tests were conducted
with constant cyclic stress ratio, CSR;. The test conditions are sum-
marized in Table 1.

3.2. Test results

Fig. 4 shows typical time histories obtained during pre-shearing. It
can be observed that volumetric contraction increased with the number
of cycles, and that contraction rate was initially high and then slowed
down as the number of cycles increased until it attained the target
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Fig. 4. Evolution of axial and volumetric strain during pre-shearing.
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Fig. 5. Responses to undrained cyclic shearing of specimens with and without
pre-shaking (e, = 0, 0.1% and 0.33%).

volumetric strain of &, = 0.33%. After pre-shearing, specimens were
subjected to cyclic shearing in the undrained condition. The typical
responses of the specimens are shown in Fig. 5, along with those of
specimens with &, = 0.33% and without any pre-shearing history (i.e.,
&, = 0%). For the same cyclic stress ratio (CSRy), the specimen with
pre-shearing history developed excess pore pressure at a much lower
rate than that without pre-shearing. On the other hand, the deforma-
tions of the specimens after liquefaction, which is associated with
ground deformation and earthquake damage to structures, are quite
similar. Axial strain amplitudes developed with the number of cycles in
a similar manner. It can be said that the pre-shearing history has a
significant effect on liquefaction triggering but this is not the case for
the deformation characteristics after liquefaction condition is reached.

Fig. 6 depicts the relationship between cyclic stress ratio in the li-
quefaction tests, CRS;, and the number of the cycles to attain double
amplitude axial strain DA = 5% for all tests. It shows that CSR; in-
creased with an increase in ¢,. Moreover, a slight volumetric strain of
0.77%, which corresponds to an increase in the relative density of only
3.7%, almost doubled the CSR; of the medium dense sand. One may
consider that the increase in relative density due to the pre-shearing is
responsible for the significant increase in CSR;; however, change of a
few percentage points in relative density of medium dense sand alone
does not practically affect the liquefaction resistance. Although there is
a good correlation between relative density and liquefaction resistance

£=0 6=01% £=033% &=0.77%
° CSR,, CSR,, CSR,
o 008 <©o1” o 028
<O 01 A0.15 v 028

e
L

o
)

Cyclic Stress ratio, CSR;,

0.1
10°

Number of cycles

Fig. 6. Liquefaction resistance curves.
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of re-constituted sand, relative density is not a good index of liquefac-
tion resistance for sand with pre-shearing history.

It should also be mentioned that the plots in the figure for the same
target volumetric strain lie almost along the same line even though they
were subjected to pre-shearing with different combinations of CSRps
and number of cycles, N.

Finn et al. [7] stated that the beneficial effect of pre-shearing on
liquefaction resistance became less as shear strain amplitude during
pre-shaking increased. It is presumed that a small shear strain ampli-
tude of pre-shearing improves soil grain contacts and enhances the
stability of soil skeleton, consequently resulting in higher liquefaction
resistance. On the contrary, a larger shear strain amplitude, degrades
the stability of soil skeleton. According to Finn et al., the threshold
shear strain amplitude above which the beneficial effect ceases was
approximately 0.5%. In the present study, shear strain amplitude in the
pre-shearing is lower than 0.24% and degradation in the liquefaction
resistance is not observed from any of the tests. More details on the
above are provided elsewhere.

3.3. Effects of volumetric strain due to pre-shearing

The test results described above suggest that volumetric strain is the
main parameter that governs the improvement of liquefaction re-
sistance due to pre-shearing. The liquefaction resistance increased with
increasing volumetric strain regardless of CSR,; and Ny, as shown in
Fig. 6.

An increase in liquefaction resistance due to volumetric strain has
also been observed in studies on unsaturated sand, membrane pene-
tration, and system compliance. The sand subjected to pre-shearing
experienced volumetric strain before undrained cyclic shearing,
whereas it is generated during undrained cyclic shearing for un-
saturated sand and coarse sand with the membrane penetration effect.
Irrespective of whether volumetric strain occurs before or during cyclic
shearing, the volumetric strain is considered to have the same effect on
liquefaction resistance. This may be explained by the discussion in the
preceding section on Fig. 2 that volumetric strain, both due to pre-
shearing and imperfect saturation, increases the number of cycles
needed to cause liquefaction. It is interesting to compare the effects of
all these phenomena on liquefaction resistance. In this study, the li-
quefaction resistance ratio, LRRp, is defined as the liquefaction re-
sistance of sand with pre-shearing history (DA = 5%, N = 20) nor-
malized with respect to the liquefaction resistance of sand without pre-
shearing, as shown in Fig. 7, together with test results reported by Goto
and Towhata [9], Okamura and Soga [16], and Tokimatsu and Naka-
mura [22]. With regard to the pre-shearing effect, results from this

Sand with cyclic pre-shearing
@ This study
O  Goto and Towhata
Membrane penetration
X Tokimatsu and Nakamura
| Unsaturated sand
Okamura and Soga

w

N

—

0* 10°
Volumetric strain,

0
107

Liquefaction resistance ratio, LRR, LRR,,

Fig. 7. Relationship between liquefaction resistance ratio and volumetric strain
of sand with pre-shearing of unsaturated sand and sand in partial drainage
condition.
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study, and that of [9], agree quite well even though the soils used and
relative density of specimens are different. The test results also agree
well with those obtained by Okamura and Soga [16], and Tokimatsu
and Nakamura [22].

4. Centrifuge test

Centrifuge tests were conducted to examine in detail the effects of
pre-shaking effects on the liquefaction strength characteristics of 3 m
deep uniform sand deposits. Fully saturated medium-dense sand models
were prepared and subjected to multiple shaking events sufficiently
weak so as not to liquefy the model. The change in index parameters,
including soil density (volumetric strain), shear wave velocity, and
horizontal earth pressure were observed. The subsequent motions im-
parted to the models were sufficiently strong to liquefy the sand.

The three models tested here had the same relative density and were
prepared employing the same deposition method of dry pluviation as
that used for the triaxial specimen. In addition, two more tests were
conducted on models with the same relative density but different initial
soil fabric.

4.1. Centrifuge model preparation

Toyoura sand deposited at a relative density of Dr = 45% was used
in all the centrifuge tests presented in this paper. At that density, the
permeability of the sand is k = 2.5 x 10~ * m/s tested at 1g using
water as pore fluid.

A rectangular laminar container was used in all the tests. The box
was designed to shake a plane strain geotechnical model in the long
direction of the box, and is optimized to accommodate and measure
accurately a wide range of cyclic and permanent lateral displacements
occurring in the soil model. A side view of the instrumented model in
the laminar box is presented in Fig. 8. The box, mostly made of a high
strength duralumin alloy and having internal dimensions (width,
length, and depth) of 12 cm, 40 cm, and 22 cm, respectively, is com-
prised of a stack of up to 22 rectangular rings separated by linear roller
bearings. A latex rubber membrane, 0.5 mm thick, was used to line the
inside of the laminar box to prevent leakage of the contents.

A total of five uniform sand models, each 12 cm deep with a relative
density of Dr = 45% were tested in this study as listed in Table 2. Two
types of sand deposition methods were employed to construct the
models. Three models, models 1-3, were prepared by pouring dry sand
into the laminar box from a funnel in the same manner as the triaxial
testing mentioned previously. A wet tamping method was used for the
other two models, models 4 and 5, where the sand with a water content
of 10% was compacted at every 1cm thick 12 times. During model
preparation, accelerometers, pore pressure and earth pressure cells, and

40 cm
A Pore pressure cell == Accelerometer —1 Bender element

@ Earth pressure cell ! Potentiometer

Fig. 8. Centrifuge model setup (in model scale, to-scale drawing).
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Table 2
Centrifuge test conditions.
Model # Degree of Relative density Target and  No. of pre-
saturation, Sr actual vol. shaking events

(%) Before After pre-
shaking, shaking, Dr
Dro (%) (%)

strain (%)

< sand deposition method: dry pluviation >

1 99.8 48 - 0 0

2 99.7 49 51 0.33/036 9

3 99.9 48 52 0.77 / 0.80 17
< sand deposition method: wet tamping >

4 99.7 49 - 0 0

5 99.7 47 52 0.77 / 1.08 12

potentiometers were installed according to proper orientations and lo-
cations.

De-aired fluid was introduced through the top of the model in a
vacuum chamber at a pressure of — 95 kPa to saturate until the fluid
level in the laminar box rose above the surface of the soil. Employing
the measurement method proposed by Okamura and Inoue [15], the
degree of saturation of the models was in the range of 99.40-99.65%,
which became higher in the centrifuge environment with the hydro-
static pore pressure increased 25 times higher.

The model sand deposits utilized in this centrifuge test were satu-
rated with a viscous fluid, which was a mixture of water and hydro-
xypropyl methylcellulose. This Metolose pore fluid solution was pre-
pared by dissolving 2% Metolose by weight in water to achieve a
viscosity of about 50 times the viscosity of water (kinematic viscosity,
v = 50 cSt). All the centrifuge tests in this study were conducted with a
25 g centrifugal acceleration. The consequence in using the pore fluid
with a viscosity v times higher than that of water in the centrifuge tests
at 25 g to model the liquefaction of the water-saturated prototype soil in
the field is that the actual prototype permeability being simulated
was Kprototype = K/125 (Tan and Scott, [21]).

The purpose of centrifuge testing with a viscous pore fluid is to si-
mulate more closely the undrained condition during shaking. Okamura
and Hayashi [14] conducted a series of centrifuge tests on thin sand
layers (the prototype depth of liquefiable sand layer was 1.0 m) to in-
vestigate the effects of sand permeability on liquefaction triggering
acceleration. The input acceleration is necessary to make the sand de-
posit liquefy, and thus, an apparent liquefaction resistance increased
with increasing sand permeability. Partial drainage during shaking is
responsible for the observed increase in the apparent liquefaction re-
sistance. Based on their test results, it is estimated that the
Kprototype = 1.25 X 10~* m/s (v = 50 cSt) is low enough to impose the
undrained condition to a 3 m deep Toyoura sand deposit. Therefore, the
centrifuge models in this study, as listed in Table 2, simulated induced
pre-shakings and liquefaction in the field of the same prototype layer
(homogeneous deposit of uniform clean sand of Dr = 45%) in the
undrained condition.

4.2. Test procedures

The model in the laminar box was set on the centrifuge platform and
the centrifuge was gradually brought to 25g. A series of one dimen-
sional lateral shakings, with the basic shape of acceleration time his-
tories shown in Fig. 9, were imparted along the model long axis using a
mechanical shaker. Hereinafter, in this paper, all results and compar-
isons are presented in prototype units unless specified otherwise.

El-Sekelly et al. [5,6] conducted centrifuge tests on a 6 m prototype
medium-dense silty sand deposits to study the effects of pre-shaking on
liquefaction resistance. Their testing program was elaborately designed;
the base of the model was subjected to a number of shaking events of
different accelerations. The researchers observed a significant increase
in the resistance of the deposits in generating excess pore water
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Fig. 9. Typical input acceleration time histories.

pressure as these were exposed to an increasing number of small
shaking events.

In the present study, volumetric strain was closely monitored
throughout the shaking events. The test conditions are listed in Table 2.
For model 1, without pre-shaking, the input acceleration of the first
shaking event, which was a destructive one, was as strong as that es-
timated from the results of the triaxial tests on the sand without pre-
shearing. The cyclic stress ratio needed to liquefy the sand in 10 cycles
is 0.15 (Fig. 5), which corresponds to an input acceleration amplitude
of Ag = 0.45m/s Note that the liquefaction resistance in the isotropic
triaxial test was converted into the field condition by multiplying it by
0.67 (= (1 + 2Kyp)/3). For models 2 and 3, pre-shaking using the input
acceleration, which did not cause excess pore pressure ratios greater
than 0.5, was repeatedly applied with an ample time interval to fully
dissipate any excess pore pressure generated from the preceding events.
The pre-shaking was repeated, with the input acceleration amplitude
gradually increased, until the target volumetric strain of 0.33% or
0.77% was attained. Destructive shaking was imparted to the model
using the estimated input acceleration based on the liquefaction re-
sistance of sand along with the corresponding pre-shearing volumetric
strain shown in Fig. 6. Finally, one more shaking event with an input
acceleration slightly lower than A, was conducted to observe the be-
havior of sand in re-liquefaction. The choice of the input acceleration
for the last event was decided based on the observed results of the
triaxial tests [7,23] that once sand experiences liquefaction, its re-
sistance to liquefaction becomes lower than that before the liquefac-
tion.

For models 4 and 5, where wet tamping method was employed as
the sand deposition technique to make the sand fabric different, shaking
sequences were similar to those of models 1 and 3 but input accelera-
tions were considerably high. This is because the liquefaction resistance
of sand deposited by the wet tamping is higher than that deposited by
the pluviation method [13]. For model 4, without pre-shaking, the
input acceleration amplitude of the first destructive shaking event was
0.75 m/s> which was 1.6 times larger than that of model 1. Model 5 was
subjected to 12 pre-shakings, which did not cause excess pore pressure
ratios greater than 0.35, resulting to a volumetric strain of 1.08%,
followed by a destructive shaking with an acceleration amplitude of
1.60m/s>.

4.3. Results and discussions

4.3.1. Models prepared with dry pluviation

Figs. 10 and 11 present histories of maximum input acceleration
amplitude, maximum excess pore pressure ratio at the mid-depth of the
deposit (r,), and volumetric strain and shear wave velocity throughout
the centrifuge experiment for models 1 and 3, respectively.

For model 1, the input acceleration of the first event was 0.5 m/s?
and was intended to liquefy the sand in the first event so as to observe
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the liquefaction behavior of the sand without any pre-shaking effects.
The model liquefied in several cycles and after shaking, it took about
170-230 s (7-9 s in model scale) to fully dissipate excess pore pressures.
A large volumetric strain of 4% and an increase in relative density of
12% were observed. In the second event, the input acceleration am-
plitude of 0.42 m/s?, which was somewhat smaller than A, liquefied
the model again. The liquefaction resistance of the sand became smaller
after extensive liquefaction, which is consistent with observations in
previous studies.
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Fig. 12. Evolution of settlement profile with pre-shaking events in model 3.

For model 3, a total of 17 pre-shakings were imparted to the model
before destructive shaking tests in the 18th and the 19th events. Fig. 12
indicates the evolution of the settlement profile of the model. Settle-
ment was measured in five depths with potentiometers as shown in
Fig. 8. Settlement increased as shaking events continued and at any
shaking event is almost linearly distributed, indicating that the volu-
metric strain of the sand deposit was uniform.

The input accelerations of the first six shaking events were less than
Aj and the generated excess pore pressure ratios were lower than 0.2. In
the 7th event, acceleration exceeded A, but r, was lower than 0.1,
clearly suggesting that the pre-shaking history until the 6th event en-
hanced the sand resistance to pore pressure generation. The input ac-
celeration was increased further with the number of events. When the
target volumetric strain of 0.77% was reached after the 17th event, a
destructive shaking event was anticipated in the 18th event. The model
was shaken at an input acceleration of 1.05 m/s?, which was 2.3 times
higher than A, and as expected, liquefied the sand. In the 19th shaking
event, an input acceleration of 0.53 m/s? was applied. Interestingly, the
sand liquefied again although the input acceleration was approximately
half that used in the previous event. The occurrence of extensive li-
quefaction in the 18th event eliminated the beneficial effects that were
acquired through the series of pre-shaking events and the liquefaction
resistance of the sand returned to the value equal to or even less than
that of the sand before the 1st event. This was quite similar to what was
observed by El-Sekelly et al. [5,6] and Goto and Towhata [9], con-
firming the conclusion reached by Dobry and Abdoun [3].

The relative density of the deposit increased by only 4% by the end
of the 17th event; this slight increase does not explain why the deposit
survived the 17th event with acceleration approximately two times
higher than Ay. The 18th event caused extensive liquefaction followed
by a 20% increase in relative density or 4.2% volumetric strain. This
large density change also does not explain the occurrence of re-lique-
faction in the 19th event under a smaller input acceleration.

4.3.2. Models prepared with wet tamping

For models 4 and 5 prepared with the wet tamping method, model
behavior was quite similar to that of the models prepared with plu-
viation, except that the input accelerations were higher. Figs. 13 and 14
show histories of input acceleration amplitude, r,, volumetric strain,
relative density, and shear wave velocity throughout the centrifuge
experiment for models 4 and 5, respectively. For model 4, the input
acceleration of the first event was 0.75m/s? and was intended to li-
quefy the sand and observe liquefaction behavior of the sand without
pre-shaking effects. In fact, the model did liquefy in several cycles. In
the second event, the input acceleration amplitude of 0.45 m/s>—which
was approximately the same as that of the second shaking of model
1—did not liquefy the sand with an observed maximum excess pore
pressure ratio of r, = 0.2.

For model 5, input acceleration was gradually increased with the
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number of events and when the target volumetric strain of 0.77% was
exceeded after the 12th event, a destructive shaking event was intended
in the 13th event. This was achieved by applying an input motion with
acceleration amplitude of 1.64 m/s?, which liquefied the sand in several
cycles. Afterwards, the 14th event was conducted with an input accel-
eration of 0.50 m/s?, which generated an excess pore pressure ratio of r,
= 0.7 but did not cause liquefaction. This observation indicates that the
liquefaction resistance of sands with different initial soil fabric, which

Horizontal pressure (kPa)

50

Vertical stress, n Y4z, n7,, z (kPa)

Fig. 15. Calibration results of horizontal earth pressure measurement.
experienced extensive liquefaction, seems to differ.

4.4. Horizontal earth pressure coefficient, K,

Because the liquefaction strength of sand, that is, the cyclic shear
stress that can cause liquefaction in a certain number of cycles, is
known to be proportional to the mean effective stress [10], the change
in the horizontal earth pressures due to pre-shaking is significant in
discussing the effects of pre-shaking on the liquefaction resistance. In
this study, an attempt was made to measure horizontal earth pressures
in two ways.

The rings of the laminar box were designed to behave elastically
under the soil and water pressures in the centrifuge environment and
the typical strain range of 0-2 X 10~ 2%. Horizontal pressures on the
ring were measured using strain gauges attached to it. Fig. 15 depicts
results from calibration tests in which the laminar box was filled with
water and hydrostatic pressure increased by increasing centrifugal ac-
celeration. As expected, the strain was practically proportional to the
hydrostatic pressure at the depth of the ring and the factor correlating
the observed strain with horizontal pressure on the ring was de-
termined. The results of a similar test on dry medium-dense sand (pq =
1.51 g/cm®) is also shown in the figure. In the case of dry sand, ob-
served horizontal pressure was also proportional to the vertical pressure
at the depth of the ring. Moreover, the coefficient of horizontal pressure
at rest, Ky, within the narrow range of 0.43-0.49, was found to be
reasonable.

The other method of measuring earth pressure employed in this
study was the use of relatively large earth pressure cells, each 50 mm in
diameter and 11 mm thick. The cells were glued to the side wall of the
box not to allow different movement from the box. Since dynamic
pressures during shaking at different depth are generally not in phase
and larger diameter pressure cells are not adequate to measure dynamic
pressures. The dynamic component in the measured pressures with the
pressure cells are not discussed in this study, but static component after
the shaking ceased. As shown in Fig. 15, the pressure cells showed
stable performance in the calibration tests. The coefficient K, obtained
with the cells placed on the sidewall were in the range of 0.40-0.46,
which is consistent with those obtained from strains on the ring.

The time histories of horizontal stresses measured by using the earth
pressure cell for selected pre-shaking events in model 3 are shown in
Fig. 16(a) to (d). The horizontal pressure before the first pre-shaking
event was 32 kPa. The horizontal stress in each event increased during
shaking—mostly due to the generated excess pore pressure—and then
returned to a value slightly higher than that before the shaking
(Fig. 16(a), (b), and (c)). By the end of the 17th event, the pressure was
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Fig. 16. Time histories of horizontal earth pressure in selected shaking events (model 3).

36 kPa. During the 18th event, when soil liquefied, the measured
horizontal pressure reached a value equal to the total overburden
pressure of 46 kPa and lasted for 850 s until the excess pore pressure
started to dissipate. The pressure after this destructive event settled and
stabilized at 33 kPa, which is almost the same pressure before the 1st
event.

The values of the coefficient of horizontal pressure at rest, Ky, in
model 3 are chronologically indicated in Fig. 17. At the beginning of the
1st event, K, was 0.45, but thereafter, it gradually increased with
shaking events and plateaued at 0.57 at the 13th event. Youd and
Craven [25] conducted cyclic simple shear test on a dry sand sample,
and found that horizontal stress increased with the number of cycles
and strain amplitude. At rest, the coefficient of lateral pressure of the
sand after 100 cycles of shear, along with about 0.1% strain amplitude,
was approximately 0.6. The centrifuge test observations are consistent
with that reported by Youd and Craven.

After the dissipation of pore pressure generated during extensive
liquefaction in the 18th event, K, decreased and returned to a value
nearly the same as that before the 1st event. As the pre-shaking pro-
ceeded, it was also observed that the earth pressure measured with the
cell attached on a box wall perpendicular to the shaking direction be-
comes larger than that with the cell on a wall parallel to the shaking
direction. The same observations are also the case for model 2.

4.5. Shear wave velocity

A pair of bender elements was placed in the model at a depth 2.25m
from the sand surface, as shown in Fig. 8, and used to measure the shear
wave velocity (V) of the sand. Before and after each shaking event, the

-2l O liquefied
-| ® not liquefied
A before shaking

(=)
nl--

Number of shaking event

Fig. 17. Evolution of horizontal earth pressure coefficient at the end of each
shaking event (model 3).

sender bender element was excited with one cycle of a sine wave having
a frequency of 10 000 Hz and an input voltage of 10 V. The wave that
propagated in the soil was recorded by the receiver bender element.
The sent wave and the typical output of the received waves are in-
dicated in Fig. 18. The first arrival time of the received wave is iden-
tified and the wave velocity was calculated as Vg = d/At, where, d and
At denote the distance between two bender elements (5cm tip-to-tip
distance in model scale) and the first arrival time, respectively. It
should be mentioned that because of the presence of electronic dis-
turbances in the centrifuge, measurements were conducted several
times and received signals were stacked to reduce the electronic noise
superimposed on the signals.

The shear wave velocities before and after the shaking events are
presented in Figs. 10, 11, 13 and 14. Before the first shaking event, V
was within a small range of 126-129 m/s for models 1, 2 and 3, and
within a range of 133-135m/s for models 4 and 5. Unless the soil li-
quefied, V; slightly increased with shaking events. For models 2 and 3,
V; increased by 4m/s and 9m/s after the 9th and 17th pre-shaking
events, respectively. Once the soil liquefied, V; decreased to a value
smaller than that before the first shaking event. These observations are
quite similar to those reported by Okamura and Hayashi [14].

Fig. 19 depicts the change in shear wave velocity ratio, Vs/Vy;, with
volumetric strain due to pre-shaking, where V; stands for the shear
wave velocity before the 1st pre-shaking event. Irrespective of the in-
itial grain fabric, Vy/Vy; increased with volumetric strain but its incre-
ment was smaller than 8% even after the volumetric strain reached 1%.
Also shown in the figure are results of the triaxial test on medium-dense
Toyoura sand [23]. They prepared specimens with a variety of pre-
shearing histories and observed shear wave velocity using
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Fig. 18. The sent wave and the typical output of the received waves with
bender element placed at depth 2.25 m from the surface of the sand.
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accelerometers attached to the side of the specimens. The source of the
shear wave was torsional movement imposed on the cap. The increment
in Vs/V,; observed by Wu et al. [23] was significantly higher than the
results of the centrifuge tests. Wu et al. [24] also observed shear wave
velocity of medium-dense Toyoura sand with and without pre-shearing
histories. They put two sets of bender element on the specimens to
measure the velocities of shear waves traveling both vertically and
horizontally in the specimens. They found that the effects of pre-
shearing histories on shear wave velocity depends on the direction the
wave traveled. This phenomenon apparently needs further investiga-
tion.

4.6. Evaluation of liquefaction resistance

Liquefaction resistance of sand in each model is estimated in this
section. Because of the irregular nature of the input acceleration am-
plitudes and response motions, the method is employed which was
proposed by Seed et al. [18] based on cumulative damage hypothesis
for metal fatigue evaluations. Shear stress time histories at the middle
depth of the models are derived from the acceleration records of the
accelerometers a3, a4, and a5, as shown in Fig. 8.

The undrained cyclic triaxial test results on Toyoura sand, with and
without pre-shearing, as indicated in Fig. 6, are approximated using
linear relationships between the cyclic stress ratio and the number of
cycles in log-log plot as,

log(04/20’;) = Ry — 0.132 log(N) (€D)]

where R; is the shear stress ratio at N = 1, 04/20.” and N denote cyclic
stress ratio and number of cycles, respectively. Damage by the n' half-
cycle with a peak cyclic shear stress (t/0,"), is calculated as,

1

1 1(1’)1+2K0 0132

Dy=—|—|=| ——| .
2|R\a), 3 (2)

where, 0, is effective vertical stress at the mid-depth of the centrifuge
model. The cumulative damage by the time the sand liquefied at the N;
th half-cycles is,

Nj
D= ) D,
n=1 3)

When the sand reached the liquefaction condition in the N; ™ half-
cycles, the cumulative damage, D, is equal to unity and R; is de-
termined accordingly. Liquefaction resistance, R; 2o, which is the cyclic
shear stress ratio at N = 20, is derived from Eq. (1). In view of the fact
that the coefficient K, observed in the tests was in the small range ir-
respective of the pre-shaking histories, a value of K, = 0.5 is assumed.

The liquefaction resistance ratio, LRR, obtained from the centrifuge
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tests is shown in Fig. 20. The liquefaction resistance of dry pluviated
sands in models 2 and 3 were, respectively, 1.4 times and 1.9 times
higher than that in model 1. In addition, the wet tamped sand in model
5 showed 2 times higher resistance to liquefaction than that in model 4.
The plots for the centrifuge tests agree quite well with those derived
from the triaxial tests.

Note that the coefficient K, observed before the pre-shaking was
typically 0.46 and that after the pre-shaking events, just before ex-
tensive liquefaction, was 0.56 for the heavily shaken model 3. The
difference in the mean effective stress ((1 + 2Ky)o,’/3) due to this
change in Kj is only 8%. Nevertheless, the effect of the change in K, on
the significant increase in the LRR shown in the figure is only marginal.

It is of interest to compare the relationship between the liquefaction
resistance of sand and its shear wave velocity with the proposed trig-
gering liquefaction charts, which are extensively used in practice to
assess liquefaction potential. The liquefaction assessment charts pro-
posed over the years are calibrated by a number of field case histories of
liquefaction and no liquefaction. The data points in the chart include a
number of what have been called “false positives,” that is, sites that
should have liquefied because they are above the curve, but in fact did
not liquefy. In this regard, Fig. 21 indicates results of the centrifuge
tests together with a curve for a triggering liquefaction chart proposed
by Andrus and Stokoe [1]. Also shown in the figure is a curve proposed
by Dobry et al. [4] suitable for recent fills and models which have not
experienced any aging effects. The data points corresponding to the
pluviated sand without pre-shaking history (model 1) is practically on
the curve proposed by Dobry et al. [4]. The data points moved upward
almost vertically, rather than moving up along with the proposed
curves, and tending to make the data points of sand with pre-shaking
history the false positive. This also further confirms the previous finding
of Dobry and Abdoun [3] that false positives in the chart are explained
by pre-shaking in previous earthquakes. Moreover, it can also be
pointed out that initial soil fabric did not affect Vs. Having considerably
different liquefaction resistances, models 1 and 4 showed practically
the same Vs.

5. Conclusion

This paper describes the pre-shearing effects on liquefaction re-
sistance both in isotropically confined triaxial testing condition and in
one-dimensional free field condition using centrifuge modeling. An
attempt was made to explain the effect quantitatively with a single
index of the volumetric strain caused by the pre-shearing. The main
conclusions obtained from this study are summarized as follows.
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Through the triaxial tests, it was found that the liquefaction re-
sistance of pre-sheared sand increased with increasing volumetric
strain in the pre-shearing process, regardless of the cyclic shear
stress ratio and number of cycles in pre-shearing. Based on the test
results obtained in this study as well as those found in literature, it is
confirmed that there is a unique relationship between the lique-
faction resistance ratio—that is, the liquefaction resistance of sand
normalized with respect to that of sand without pre-shearing his-
tory—and volumetric strain caused by pre-shearing.

It was reported that liquefaction resistance increases with de-
creasing degree of saturation and partial drainage during undrained
shearing [16]. The volumetric strain that occurs under those con-
ditions has the same effect as that in the pre-shearing. The re-
lationship between LRR and volumetric strain obtained from un-
drained cyclic triaxial tests on unsaturated sand and from tests on
sand at the partially drained condition agrees well with that in the
pre-sheared sand. The positive effects of pre-shearing, imperfect
saturation, and partial drainage are all uniquely explained in terms
of the volumetric strain.

In the centrifuge tests conducted in this study, the models were
subjected to many small shaking events, which were weak enough
not to liquefy the model. It was found that the change in index
parameters, such as relative density and shear wave velocity, were
small and within a few percentage. Hence, relative density and V;
are poor indicators of the liquefaction resistance of pre-shaken sand.
The horizontal earth pressures slightly increased as the pre-shaking
proceeded but the coefficient K, stayed in a relatively small range
between 0.48 and 0.57. The difference in the mean effective stress
((1 + 2Kp)o,’/3) due to this change in K, was only 8%. The effect of
the change in K, on the LRR is only marginal.

After the pre-shaking events, destructive strong shaking events were
imparted to liquefy the models. It was observed that liquefaction
resistance was significantly increased by pre-shaking. The relation-
ship between LRR and &, obtained from the centrifuge tests on
models prepared by different methods are well in agreement, sug-
gesting that this relationship is not changed by the initial fabric of
the sand. The relationship also compared quite well with that ob-
served in the triaxial tests.

After extensive liquefaction, all index parameters, excluding soil
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density—Ky, Vs, and liquefaction resistance — tended to return to
their original values before the pre-shakings.
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