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THE MECHANISM OF LIQUEFACTION IN LAYERED SOILS
Gregg L. Fiegel ' and Bruce L. Kutter ?

12 . Graduate Research Assistant and Associate Professor, respectively;
University of California, Davis

ABSTRACT: Results from six centrifuge model tests are presented. Four of the model tests
involve layered soil deposits subject to base shaking; two model tests involve uniform soil
deposits of sand subject to base shaking. The layered soil models consisted of a saturated
liquefiable fine sand overlain by a layer of relatively impermeable silica flour (silt). Pore
water pressures, accelerations, and settiements were measured during all six tests. Results
from the model tests involving layered soils suggest that during liquefaction a water
interlayer or very loose zone of soil develops between the sand and the silt due to the
difference in permeabilities. Soil volcanos or boils were observed on the surface for all four
of these layered model tests. The locations of these boils, in each test, were found to be
concentrated in the weakest zones of the overlying silt layer; cracking of the weak silt zones
provided a release or a vent for the excess pore water pressure generated as a result of
particle rearrangement in the liquefiable fine sand.

INTRODUCTION

Recent earthquakes in Northern California and the Philippines have helped to
emphasize the importance of geotechnical earthquake engineering. Ground failures and,
in particular, liquefaction were responsible for the loss of many lives and millions of dollars
worth of damage in both of the above mentioned earthquakes (EERI 1990; Wieczorek et.
al. 1991). Studying the phenomenon of liquefaction is, however, difficult due to the fact that
earthquakes occur relatively infrequently and are difficult to predict with any accuracy.

As an alternative, dynamic centrifuge modeling can be used to study the effects of
earthquakes on soil. The centrifuge permits small scale models to be tested in a controlled
environment. Realistic scaled earthquake time histories can be applied to centrifuge

models, and small scale instrumentation can be used to study the dynamic response.
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In particular, the centrifuge can be used to study failure mechanisms. The abiliry 1o
study failure mechanisms makes the centrifuge a valuable tool for the geotechnical engineer;
a fundamental understanding of the underlying mechanism of any geotechnical engineering
problem is essential before more thorough investigations can proceed and analytical models
can be developed. This paper examines the mechanism of soil liquefaction in layered soil
deposits along with the mechanism of sand boil generation. Work for the paper was done

as part of the VELACS project (Arulanandan et. al. 1991).
LIQUEFACTION MECHANISMS

During an earthquake event, cyclic shear strains in the deposit cause a progressive
build-up of pore water pressure. In the case where this pore water pressure reaches a value
equal to the initial confining pressure, liquefaction is said to have occurred. Detailed
summaries with regard to this phenomenon are presented by Seed (1979), Ishihara (1985),
and the National Research Council (1985).

In the condition of zero effective stress, or liquefaction, the soil particles or grains
do not support one another and therefore act as a suspension. Eventually, the soil particles
of this suspension tend to settle due to the fact that they are heavier than water; the rate
of this settlement or sedimentation is restricted by the fact that water must flow upward
around the soil particles. In a condition of zero effective stress, the principle of effective
stress indicates that the upward hydraulic gradient due to the generated excess pore water
pressure will be equal to the critical hydraulic gradient, i, , where i, equals v,/7,.-
Assuming that Darcy’s law of flow is valid, one can conclude that the upward flow of water
will move with an apparent velocity of v = k i, where k is the permeablility of the soil.
If there is no downward drainage through the deposit, then this relative velocity of water
flow at the surface, by continuity, must be equal to the velocity of settlement of the soil
surface (Florin and Ivanov 1961; Heidari and James 1982; Whitman et. al. 1982; and Scott
1986). Schofield (1981) examined this flow concept in more detail; he has suggested that
while in a condition of very small effective stresses, microcracks or fissures may form within

the soil which may cause a dramatic increase in the apparent permeability of the soil.
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It is rarely the case, however, to find naturally occurring uniform deposits of
liquefiable soil that extend from the surface to some significant depth; stratification normally
exists within field soil deposits. Often, liquefiable soil deposits are overlain by dense sands,
topsoils, and other less permeable soils. This stratification can have a dramatic effect on
the liquefaction mechanism outlined previously. Overlying deposits of less permeable soils
can restrict the escape of excess pore water pressure generated in the liquefiable soil during
the earthquake.

During liquefaction of a layered soil deposit, the velocity of water flow through the
overlying less permeable soil is much slower relative to the velocity of flow through the
liquefied sand. Numerous authors have pointed out that this difference in velocity could
result in an accumulation of water in the form of a water gap or very loose zone of soil at
the interface (Whitman 1985; National Research Council 1985; and Seed 1987). In shaking
table tests involving stratified sand layers, Liu and Qiao (1984) have observed a water
interlayer below a relatively impervious zone of soil.

Kutter and Fiegel (1991), taking into account this concept of a water interlayer
between different permeability soils, have described a mechanism applicable to liquefaction
in layered or stratified soil deposits. Two separate mechanisms, as observed in centrifuge
tests, are shown in Figure 1. After the generation of a water gap or interfacial loose zone
of soil in the stratified deposit, the overlying less permeable soil could, as shown in the
figure, temporarily float. In this condition, pore water pressure in the water gap or loose
soil zone is, by equilibrium, equal to the total overburden pressure. Thus, the overlying soil,
regardless of its type, is subject to the critical hydraulic gradient. The critical hydraulic
gradient leads to a condition of zero effective stress; therefore, the overlying soil deposit is
severely weakened and likely to break apart.

The failure of the upper layer of less permeable soil is likely to occur at thin zones
in the deposit (Ishihara 1985). This mechanism is depicted in both (a) and (b) of Figure °F
1. In (2), a small mound of silt overlies a level sand deposit; as a result, a thin, less heavy
layer of silt exists at the left and right sides of the model. In (b), the silt is very nearly level,o
but the sand is sloped towards the center. This geometry creates a thin or light layer of silt

at the center of the model. As shown in both figures, heavier, thicker zones of the upper-
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soil layer will eventually fall through the water gap or loose zone and force water towards
the lighter or thinner portions of the deposit. In these thin areas the upper soil layer will
bulge due to the local influx of interfacial water, and flow velocities will increase due to the
weaker resistance along the flow path. The bulging, in combination with increased flow
velocities, greatly reduces the strength of the overlying deposit. As a result, the overlying
deposit cracks or fails.

The cracks in the overlying deposit provide a vent for the pore water accumulating
at the interfacial zone. Eventually, if flow velocities through these cracks are high enough,
particles of soil will be eroded by the flow. An enlargening orifice will result along with a
concomitant increase in flow velocities, and a soil volcano or sand boil will occur at the
surface of the deposit (Kutter and Fiegel 1991).

The problem can be further complicated if the stratified deposit is not perfectly level.
The presence of water at the interface between the two soil layers results in a dramatic
reduction in the sliding resistance of the liquefied layer. As a result, lateral spreading or
debris flows may result. Youd (1984) and the National Research Council (1985) have
described such a mechanism where the overlying less permeable soil cracks, breaks up, and
flows laterally even for cases where the slope is very gentle. Arulanandan et. al. (1988) have

observed a flow type failure in a centrifuge experiment involving a layered embankment.

CENTRIFUGE TESTS

Listed in Table 1 are the six centrifuge tests that were performed for this study; the
six tests are referred to as GF3, GF4, GF5, GF6, SL1, and SL2. All six tests were
performed on the Schaevitz centrifuge at U.C. Davis at a centrifugal acceleration of 50g.

The Schaevitz centrifuge is equipped with a servo-hydraulic actuator (shaker) that is
capable of reproducing realistic scaled earthquake time histories and spectra (Chang 1990).
Two different time histories or base motions were used to shake the models tested in this
study. The first time history was an approximate sine wave with 10 uniform cycles of
predominantly 1 Hz base acceleration; the second time history was a simulated El Centro

earthquake with the motion scaled to produce a peak base acceleration of about 0.6g. Table




1 reveals the type of base motion used for each centrifuge test.

Three different soiis were used in the model tests examined in this paper: a coarse
sand with a mean grain size of 0.4 mm (base sand), a fine sand with a2 mean grain size of
0.13 mm (Nevada sand), and a silica flour (silt). A test by test breakdown of the soil data
is included in Table 1 while a description of each soil is included in Table 2.

Pore water pressure transducers, accelerometers, and linear variable differential
transformers (LVDT’s) were used to measure soil response in each of the model tests. Each
test was performed using the same container or model box. This box was 22" long, 11" wide,
and 7" high and had an aluminum base, aluminum end walls, and clear plexiglass side walls.

The clear plexiglass walls permitted a side view of the model during each centrifuge test.

MODEL CONSTRUCTION

Each of the six tests, in prototype terms, simulate level soil deposits. To simulate a
level deposit in a small centrifuge, a curved model must be constructed; this curved model
is needed so as to compensate for the radial acceleration field generated by the centrifuge.
For each of the tests presented, the base sand, Nevada sand, and silica flour (silt) layers
have all been curved to radii corresponding to the radius of the centrifuge.

The first part of building the model involved the base sand layer. This layer, made
of coarse sand, was used to provide a dense, curved base for the model. A plexiglass
curving tool was used to accurately form the coarse sand layer to the proper radius of
curvature. The base sand was placed in a dense state at nearly 100% relative density; this
fact was confirmed for each test: no recognizable settlement of the base sand layer was
observed after shaking.

After the base sand was placed, the Nevada sand layer was added to the model. The
Nevada sand was dry pluviated through a screen with a plastic funnel to create a layer with
a void ratio of 0.67; this void ratio led to dry density of 100.1 pcf and a relative density of
60%. Like the base sand layer, the Nevada sand was smoothed to the proper curve after the
desired height had been reached. It should be noted that the pluviation process was

periodically stopped so that instrumentation could be placed in the model. This
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instrumentation included pore water pressure transducers, accelerometers, and footings for
the LVDT cores. The footings used to support the LVDT cores were fabricated out of
plexiglass and balsa wood. An effort was made to make these LVDT supports neutrally
buoyant with respect to the surrounding model soil. This was done to insure that the
supports would not sink into the model soil during shaking. Previous settlements recorded
in centrifuge liquefaction experiments have not been emphasized since it was not clear that
the LVDT supports did not sink into liquefied soil (Whitman et. al. 1982).

Following the creation of the base sand and Nevada sand layers, the model was
saturated with water. First, the top of the model box was covered with an aluminum plate.
A vacuum of 28" to 30" of Mercury was then applied to the sealed model box. Once a full
vacuum was reached, the model box was flooded with CO, gas and allowed to sit for five
minutes. After five minutes, the CO, was removed by a vacuum and the entire CO,
saturation process was repeated. Next, a vacuum was applied once more and de-aired water
was allowed to drip in through the top of one end of the model box.

After saturation was completed, silica flour (silt) was added to the model; most of
this silica flour was added at 1g. The silica flour was mixed with de-aired water to form a
slurry with a water content of 50%. The slurry was then poured slowly into the model.
Pouring the slurry into the model in this fashion caused a visible layering effect to occur in
the silt deposit which was helpful when examining post-earthquake deformations. Of course,
pouring the silt slurry into the model in a 1g environment created a flat surface that did not
simulate level ground on the centrifuge. To produce the curved shape needed for the silt
layer, a final mixture of silt slurry was poured into the model, and the centrifuge was quickly
brought up to speed. The acceleration field generated by the centrifuge caused the silt

particles to settle out in the curved shape desired.
CENTRIFUGE SCALING LAWS

The scaling laws for dynamic centrifuge modeling are described in some detail by
Schofield (1981). Scaling laws important in this study are summarized in Table 3. A well

known conflict exists between the time scale factors used for dynamic shaking and pore
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pressure dissipation. Since water was used as the pore fluid in all model tests, the models
do not correspond to prototypes made of the same soil; the model soils actually simulate
soils with a permeability N times greater (Tan and Scott 1985). Scaling permeability, k, in
this manner allows for 1/N scaling of time, t. Also, this scaling implies that, from the
standpoint of permeability, the fine sand and silt in the model more closely represent a
coarse sand and silty sand in prototype.  After multiplying by 50, the prototype
permeabilities of the Nevada sand and silica flour (silt) are 1.5 x 10! cm/sec and 1.5 x 10

cm/sec, respectively.
MODEL CONFIGURATIONS

Model configurations for the six different centrifuge tests are shown in Figures 2 and
3. Test GF3 simulated a level, layered soil deposit with silt overlying liquefiable sand. The
silt layer was 2" thick, and the sand layer was 1.75" thick. LVDT's were placed on the silt
surface in two locations and at the silt-sand interface in two locations.

Test GF4 simulated a level soil deposit with silt overlying liquefiable sand; however,
the model configuration was considerably different from GF3. For test GF4, an island or
mound of Nevada sand was constructed. The sand layer was again level in the central
region of the model; however, thicknesses were greatly reduced along the four sides of the
box (see test GF4, Figure 2). In the center of the GF4 model, the silt layer was 1" thick and
the sand layer was 1.75" thick. A total of five LVDT's were placed on the surface of the silt
along the width near the centerline (into the page of the figure).

The models used in tests GFS and GF6 were constructed in much the same manner
as for test GF4. Again, the silt layer was level and a mound of sand was used. However,
as shown in Figures 2 and 3, the sand surface was not level. The sand layer sloped up
toward the center of the model at an angle of approximately 6 degrees and created a 4"
wide level section of sand. The resulting model had a layer of silt that was thinnest at the
center: 1.0" in GFS and 1.25" in GF6. Six LVDT footings were placed on the silt surface
in the length-wise direction aiong the centerline; Figures 2 and 3 show this configuration.

Prior to shaking the models used in tests GF4, 5, and 6, the water table was lowered
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to the surface of the deposit and a thin layer of black silt was placed on the white siit 10
mark the initial ground surface. The photograph in Figure 3 shows this thin black silt layer
after it has been dusted onto the surface. The dashed line on the plexiglass window
represents the approximate location of the sand mound inside the silt.

The SL models simulated uniform, non-layered sand deposits; they are not shown in
Figures 2 or 3. In both model tests, the sand layer was 4" thick. In test SL1, the model was
dry and included LVDT's along the surface. In test SL2, the model was saturated and
included a full set of instrumentation. Instruments used in the SL model tests were placed

in locations comparable with tests GF5 and GF6.
TEST RESULTS

Centrifuge tests were run following the construction of the each of the models. Prior
to shaking each model, they were allowed to consolidate at S0g for approximately 20
minutes. Acceleration, pore water pressure, and settlement data for the six tests are
presented in the following sections; a detailed summary of the data is found in Fiegel
(1992).

Considerable edge effects developed in test GF3. In test GF3 both the Nevada sand
and silt layers were constructed against the side walls of the model box. The walls,
unfortunately, provided a flow path for water in the model; as a result, a considerable
amount of boiling occurred along the plexiglass walls during the shaking event. A video
camera mounted on the swing bucket of the centrifuge recorded this boiling.

In test GF4 a mound of sand was constructed so that boiling could be directed away
from the side walls of the model box. However, as shown in Figure 2, the surface of the
deposit for test G."4 was not completely level in prototype terms. This non-level surface led
to the silt layer being thinnest near the right and left ends of the model, and as a result,
boiling occurred in these areas. As reported in Kutter and Fiegel (1991), a relatively large
boil occurred at point A in Figure 2. Unfortunately, however, boiling did not occur in the
center of the model where most of the instrumentation was focussed. This problem of a

non-level prototype surface arose in test GF4 because of the difficulty involved in attempting
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to generate the curved model surface. Several attempts at generating this properly curved
surface are usually required when constructing the model.

In tests GFS and GF6 the layered soil model was further modified: the Nevada sand
layer was sloped to produce a thin silt layer in the middle of the box. This sloping mound
of sand was created in an attempt to force boils to occur in a relatively small area at the
center of the model. As shown later, the attempt was successful. The actual, scaled silt
surface profiles prior to shaking for tests GF5 and GF6 are shown in the model
configuration sketches (Figures 2 and 3). The silt surfaces in these two cases, unlike in test
GF4, very nearly simulate a level prototype.

It has been pointed out that edge or boundary effects caused some problems during
the course of this study and that an effort was made to correct them. Whitman and Lambe
(1986) have examined the boundary effects that rigid side walls create when modeling the
liquefaction phenomenon. They state that end walls have a significant effect on soil stresses
a distance of 1.5 to 2 times the soil depth from the side wall. The average depth for models
used in this study is about 3.5"; therefore, edge effects should be significant about 7" from
each side wall. For each of the six centrifuge tests, accelerometers and pore pressure

transducers were placed clear of these 7" areas.
MODEL ACCELERATIONS

Accelerations were measured at several locations for each of the models examined
in this study. The acceleration time histories for tests GF4, GF6, and SI2 are shown in
Figure 4. The plots are presented in prototype terms.

The bottom acceleration record for each of the tests shows the base horizontal
motion recorded. The base motion for test GF4 simulated a sine wave while the base
motion for tests GF6 and SL2 simulated an El Centro earthquake. In test GF4 the duration
of the base motion was approximately 10 seconds and the peak horizontal acceleration at
the base was 0.42g. In tests GF6 and SL2 the duration of the base motion was
approximately 31 seconds and the base peak horizontal accelerations were 0.62g and 0.64g,

respectively. The accelerometer in the base sand for test SL2 malfunctioned; therefore,
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there is no record. Also, the ground accelerations measured in the uniform sand layer (SL2)
were measured at locations comparable with tests GF4 and GF6.

In tests GF4 and GF5, accelerations in the silt follow the input motion fairly well for
the first few cycles; however, as shaking proceeds, the silt accelerations damp out severely
and are negligible for the remainder of the event. Comparison with SL2 data shows that
an accelerometer in a comparable position génerates a significant acceleration record for
the entire event. In tests GF4 and GF6, the silt layer is effectively isolated from the base,
hence the low accelerations. This fact provides evidence in favor of the existence of a water
interlayer berween the sand and silt during liquefaction. In tests GF4 and GF®6, the silt
layer, after a few cycles of shaking, is resting or "floating” on a layer of water. Water cannot
withstand a shear stress; thus, shear waves generated from the base motion are effectively
damped out in the silt layer.

Another important point regarding the accelerations are the large spikes observed
in the sand layer for all three tests. These spikes are especially apparent for the sand
acceleration record of test GF4. The maximum input acceleration at the base was 0.42g,
vet accelerations of about 1.75g were recorded in the Nevada sand layer. The sand
acceleration record for test GF4 lags approximately 0.1 seconds behind the input base
motion; also, this same record shows an underlying acceleration record with an amplitude
of about 0.15g indicating that the deposit has most likely liquefied. The large spikes in the
record fall between the smaller peaks of the liquefied record. These spikes may be
explained by examining the g-p stress path observed for cyclic triaxial tests on sand. As the
pore water pressures increase due to the shaking, the sand moves towards liquefaction.
Eventually the stress path for the sand crosses the phase transformation line (PTL), and as
a result, the sand dilates. This dilation could cause a locking of the soil grains. This locking
of the grains due to dilation combined with the acceleration in the opposite direction of

motion due to the time lag could cause a large spike in the record.
MODEL PORE WATER PRESSURES

Pore water pressure records for tests GF4, GF5, and SL2 are shown in Figures 5, 6,
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and 7. The vertical axis for these plots represents pressure in psi; the horizontal axis is time
in seconds. Model time values have been multiplied by N to represent a prototype in
dvnamic terms. The previously outlined difficulties in accurately scaling the dissipation of
pore water pressure should be considered. As stated earlier, from the standpoint of pore
pressure dissipation, the sand and silt represent prototype soils with larger permeabilities
than the model soils. '

A description of the location of each transducer is shown on each pore pressure
trace. Measured locations were made before and after each test. The initial measurements
have been used to calculate an initial overburden pressure value, o,,’; this value is shown
for each pore pressure trace. The excess pore water pressure developed during shaking can
be compared with 0.,/ to check if the deposit has liquefied.

It appears that the sand layer reaches a condition of zero effective stress (u/o,,* =
100%) and liquefies for each test. In most cases the excess pore water pressure appears to
exceed the initial overburden value; this discrepancy arises because of settlement of the
transducer. Evidence of transducer settlement is visible on the GF4, GFS5, and SL2 plots.
The nearly flat record found at the end of each pore pressure trace (Figures 5, 6, and 7)
indicates that excess pore pressures generated during the shaking event have very nearly
dissipated, yet the excess pore water pressure has not returned to the initial value. This
apparent inconsistency is explained by settlement of the transducer relative to the ground
water table. The settlement of the transducer relative to the ground water table can be
calculated by dividing the residual excess pore water pressure after dissipation, au, , by the
unit weight of water. In test SL2, the residual pore pressure for the top pore pressure trace
is 0.48 psi; therefore, the calculated settlement, in prototype terms, is 13.3 inches.
Displacement transducers used during the same test recorded a little over 14" of surface
settlement at the center of the model. The agreement between the two values supports the
idea that the residual pore pressure, au, , is a result of transducer settlement. In addition,
this settlement helps to explain why some of the measured pore pressures exceed o,,’; if
the final pore pressure was taken as zero instead of the initial pore pressure, the calculated
excess pore pressures would be less.

In tests GF4 and GFS the pore pressure results and transducer settlement
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measurements are further complicated by the fact that the water table rises during shaking.
As stated, the water table was lowered to the silt surface in tests GF4, GFS, and GF6. In
test GF5 the water table was lowered below the silt surface, but the silt remained saturated
by capillarity. Shaking the model destroyed this capillary tension and caused a rise in the
water table. Evidence for this rise in the water table is shown in the base sand pore water
pressure trace for test GFS. The base sand transducer did not settle during the shaking
event, yet a residual excess pore water pressure has been measured.

Qverall, results from tests GF4 and GFS show that pore pressure generation in
layered soil deposits is quite different from pore pressure generation in uniform soil deposits
(SL2). In test SL2 pore pressures rise rapidly during shaking and dissipate rapidly following
the event. In tests GF4 and GFS pore pressures build up rapidly in the sand; however, pore
pressure build up in the silt is slower. This build up in the silt is slower because water is
collecting at the interface between the silt and sand.

Pressures in the bottom of the sand layer begin to dissipate immediately after the
event in test GF4 and during the event in test GFS. The time at which pore water pressure
dissipation begins corresponds to the solidification of the soil. A solidification front
proceeds upward through the sand deposit and is clearly visible in test GF4; the front
reaches the transducer at the top of the sand at t= 18 seconds, approximately S seconds after
starting at the bottom. Scott (1986) has studied this concept of a solidification front.

In test GF4, the dissipation due to solidification eventually begins to level off at
about 23 seconds. A similar stabilization occurs in test GFS. During this flat period of the
record, the silt layer is floating on an interface of water or loose zone of soil; the silt, acting
as a heavy fluid, is transferring its weight through the interfacial water and into the sand.
The pressure due to the floating silt layer can be calculated by knowing both the buoyant
unit weight and thickness of the silt. The actual (corrected) pore water pressure at the top
of the sand can be found by subtracting au, from the stable u value. Both of these values
have been calculated and are shown for the "Top of Sand’ plots in both Figures S and 6.
The values calculated for both tests show excellent agreement.

Eventually, as shown for both tests GF4 and GFS5, the pore pressures begin to

dissipate again. At this point the silt layer has ruptured. The silt layer fails or cracks and
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pore pressure is vented to the surface of the deposit via soil volcanos or boils allowing
dissipation to be accelerated. Boils of this sort were observed on a video tape for tests GF4,
GFS, and GF6; the time of occurrence for these boils corresponded with the dissipation

observed in the pore pressure records.
MODEL SETTLEMENTS

Settlement and swell time histories measured by LVDT's for all six tests are shown
in Figure 8. Both displacement and time values have been scaled (multiplied by 50) so as
1o represent prototype values.

Plot (a) includes LVDT data recorded for test GF3. The model configuration for test
GF3 included four LVDT's: two at the silt-sand interface and two on the surface. The two
interface records along with the surface-center record are shown. All the LVDT's recorded
only settlement. A considerable amount of settlement occurred in the Nevada sand layer;
approximately 24 seconds into the record, the interface-sand LVDT has recorded a total of
6" of settlement.

Strictly settlement was also recorded for test GF4 (Figure 8b). In this test, five
LVDT's were located along centerline of the surface of the silt in the width-wise direction;
the plot shows data recorded by the front, front-inner, and center LVDT's. Similar plots
exist for the back and back-inner LVDT's. Recall that for this test boiling occurred at the
left and right sides of the model and not near the LvDT's placed along the width at the
centerline.

As shown in plots (c) and (d), settlement and swell were recorded for both tests GF5
and GF6. In these tests, LVDT’s were placed on the silt surface along the length of the
box; also, the sand layer was sloped upwards toward the center of the model so that the silt
layer was thinnest at this point (see Figures 2 and 3). Both test GF5 and GF6 show that
the left center LVDT recorded significant swell. In test GF5 this swell was about 5" while
in test GF6 this swell was about 11". At t=55 seconds this swell has peaked for test GF5;
however, for test GF6, the swell continues for about 40 more seconds. Note that for both

tests, high amplitude, oscillatory motion was recorded for the left LVDT. It is clear that the
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left end wall of the model box has some effect on measured settiements; however, the end
wall does not seem to have this same effect on settlements measured near the center of the
model.

The final plots of Figure 8 show the LVDT records for tests SL1 and SL2. As shown
in plot (e), no significant settlement, swell, or oscillation was recorded for the dry uniform
sand layer tested in SL1. However, data recorded for test SL2 reveals that significant
settlement of the sand layer occurs when it is saturated. The left-center LVDT for test SI.2
recorded a settlement of over 14" while the left LVDT recorded a settlement of about 7".

For the settlement plots presented, the rate of settlement as expected by Darcy’s law
does not occur. The settlement rates for tests GF3, GF4, and SL2 are all approximately 1.5
cm/sec. However, the expected settlement rate, k, is 1.5 x 10"! cm/sec for the Nevada sand
and 1.5 x 10® cm/sec for the silt (after scaling). The differences are large; therefore, water
must be draining out of pipes or fissures in the soil mass. The data further suggests that the
permeability of the soil may increase dramatically as the hydraulic gradient approaches its

critical value.
MODEL SURFACE PROFILES

Settlement and swell data has been used to create surface profile plots for tests GFS,
GF®6, and SL2; these plots are shown in Figure 9. The three plots show surface settlement
or swell in prototype inches along the vertical axis; the model box lcngth is shown in
prototype scale along the horizontal axis. The individual profiles shown in each plot
represent silt surface profiles measured by the LVDT's at a particular time during or after
the shaking event. The time, t, for each particular profile is shown and represents prototype
time after shaking begins. For example, in test GF5 the line with a 15 under it represents
the silt surface profile 15 seconds after the shaking event begins.

The surface profiles generated for test GFS show that a bulge forms in the center
are. " the model near the end of the shaking event. Settlement at the surface is first
recc- Zzd at 15 seconds, shortly after the event begins. The center of the model, however,

begins to bulge after this time and eventually reaches a peak at 44 seconds; shaking stops
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at about t=32 seconds. As evident by the recording shown for the right-center LVDT,
bulging of this magnitude was not entirely anticipated. In fact, at t=44 seconds, the right
center LVDT went completely off scale and no data was recorded; consequently, the data
point at t=44 seconds for this LVDT has been estimated and is denoted by two question
marks.

The bulging in test GFS is consistent with the liquefaction mechanism described in
Figure 1(b). During the shaking event, the Nevada sand layer liquefies and subsequently
settles. As the sand settles, water flows towards the surface; however, the water is trapped
by the less permeable silt layer. Heavier, thicker zones of the silt at the left and right sides
of the model may settle rapidly and force water at the interfacial boundary to flow toward
the center where the silt is thin; consequently, a bulging occurs. In the case of test GFS5,
flow toward the thinnest part of the silt caused bulging and eventual ground failure or
boiling. This failure, in turn, led to a rapid release of pore pressure and large local
settlements. Large local settlements are evident on the GF5 surface profile plot.
Settlement of the deposit eventually stops at t=335 seconds; at this time, the maximum
settlement of the deposit is about 14"

The scenario described above for test GFS is also evident in the surface profile
record of test GF6; note that nearly the same amount of settlement was recorded at the
center of the model. Some slight differences exist, however, when comparing other data
from tests GFS and GF6. In particular, for test GF6, the time from the beginning of the
shaking event until the time at which boiling occurred was approximately 51 seconds longer
than that of test GF5. As shown, boiling, or failure of the silt layer, does not occur until
t=95 seconds or approximately 63 seconds after the shaking event is over. The 25% thicker
silt layer in GF6 is most likely responsible for the extra time required for boiling.

The final profile shown in Figure 9 is the profile associated with test SL2, the
uniform sand layer; this profile enables comparison with the layered soil deposit profiles
shown for tests GF5 and GF6. In test SL2 there was no dramatic swelling or bulging
associated with the sand layer; only settlements were recorded. The maximum settlement
recorded was about 15". An edge effect is also clear in test SL2; the settlement at the ends

is much less than that in the center of the model.
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In each of the surface profiles presented, some swelling occurs at the right side of the
model. If each of the models represent level prototypes, then this swelling should not occur.
It has been found, however, that the silt surface is not actually level before shaking. Before
spin-up, the model surfaces for tests GFS, GF6, and SL2, as measured, simulated level
prototypes (within 0.05 inches); however, starting the centrifuge in motion caused a small
amount of movement of the soil in the left-hand direction. With this movement, the left
side of the model became slightly higher than the right side. As a result, the model soil
tended to flow to the right during shaking and caused a small amount of swell. Observed
right to left movement of the soil during spin-up is greater in tests GFS and GF6 than in

test SL2; therefore, the amount of swell recorded by the right LVDT is larger.

SOIL VOLCANOS OR BOILS

After shaking, each model was dissected and cross-sections were photographed.
Photographs showing the cross-sections of soil volcanos or boils that occurred in tests GFS
and GF6 are shown in Figure 10. In both tests the boiling occurred in the center of the
mode! where the silt layer was thinnest.

The photos for tests GF5 and GF6 show that soil particles were carried to the model
surface and deposited over top of the black silt layer. In test GFS, the boil, as shown,
carried both silt and sand to the surface of the model; however, for test GF6, only silt was
carried to the surface. The difference in thickness of the silt layer for tests GFS and GF6
could explain . variation.

Subsurface erosion of the silt and sand layers is evident for both tests GFS and GFb6.
The photographed cross-sections (Figure 10) show that the once horizontal layering in the
silt is now curved downward in the vicinity of the boil. Both sand and silt particles in test
GF5 and only silt particles in test GF6 were carried or eroded from the interface area
surrounding the boil. Large local settlement was consequently found at the surface of the
deposit. Through the dissection process, it was found that this local settlement was bowl
shaped. It should be noted that the boils in tests GFS and GF6 were observed and recorded

by video cameras mounted inside the centrifuge. In some cases, soil was observed to spurt
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above the silt ground surface in the form of a mini-geyser.
SUMMARY AND CONCLUSIONS

The results of the six centrifuge tests presented are consistent with the liquefaction
mechanisms outlined at the beginning of this paper. Liquefaction of a uniform soil deposit
is a complex phenomenon; however, the phenomenon is further complicated for layered soil

deposits. It has been found that:

1. An overlying, relatively impermeable soil tends to restrict the escape of pore water
produced by the settlement of an underlying liquefiable sand layer. This can result in the
formation of a water gap or a very loose zone of soil at the interfacial boundary. Pore water
pressure, LVDT, and acceleration records from the centrifuge tests presented in this paper

provide evidence in favor of the existence of this water gap or loose zone of soil.

2. The presence of a water gap or loose soil zone leads to abnormal shifting or movement
of the overlying soil layer. Thicker zones of the overlying soil fall through the water gap and
force water to thinner, weaker zones. This action may result in a temporary bulging of the

ground surface at some locations; rapid settlements may occur at other locations.

3. The bulging action of the overlying soil and high pressure gradients tend to weaken the
overlying soil layer. Inevitably, cracks or fissures will form in the overlying layer thereby
allowing the rapid escape of interfacial water. The relatively high velocity of water through

these cracks causes erosion and piping which leads to boils on the surface of the deposit.

4, The development of cracks in the overlying soil results in a higher apparent permeability
of the soil. This increase in permeability significantly effects the amount of time that a soil
deposit can be in a liquefied state. Also, settlement velocities based on soil permeability

are higher than expected, indicating that k may change during the shaking event.
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Overall, the geotechnical centrifuge can be a valuable tool when swudying the
mechanisms involved in soil liquefaction of both uniform and layered soil deposits; field
aspects of the liquefaction phenomenon, in particular sand boils, were observed in a model
environment. Nearly identical centrifuge model configurations were found to produce very

similar results indicating that centrifuge modelling can be both repeatable and reliable.
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APPENDIX II. NOTATION

The following symbols are used in this paper:

....
"

critical hydraulic gradient

cnt

v, = effective unit weight

v, = unit weight of water

v = velocity of water flow (Darcy)
k = permeability

e = void ratio

Dy, = mean grain size

D, = relative density

N = scaling factor

(), = model variable

(), = prototype variable

a = acceleration

0,,’ = initial overburden pressure
u = pore water pressure

su, = residual pore water pressure
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Table 1: Summary of Model Test Data for Centrifuge Tests GF3-
GFé6 and SL1-SL2

Test  Description Base Nevada Sand Silica Flour
Motion & w(pc) e, v (pef)

GF3 Silt on sand Sine 0.67 62.9 0.85 55.7
(edge effects)

GF4 Silt on a mound Sine 0.67 62.9 0.84 56.0
of level sand

GFS5 Silt on a mound E.C. 0.67 62.9 0.80 57.2
of sloped sand

GF6 Silt on a mound E.C. 0.67 62.9 0.74 59.2
o: sloped sand :

SL1 Uniform sand E.C. 0.67 62.9 R ——--
level, dry

SL2  Uniform sand, E.C. 0.67 62.9 -—e- -

level, wet




APPENDIX III. TABLES (CONT.)

Table 2: Description of Soils

Soil Type D, (mm) € max € min k (cm/s)
Base Sand 0.40 0.851 0.557 ---
Nevada Sand 0.13 0.894 0.516 3x10°
Silt (Silica Flour) - - - 3x10%
Table 3: Centrifuge Scaling Laws
Quantity Full Scale Centrifuge
(prototype) Model @ Ng
Length (1) 1 1/N
Acceleration (a) 1 N
Frequency (f) 1 N
Time (t) 1 1/N
Permeability (k) 1 1/N
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®  PORE PRESSURE TRANSDUCER
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COARSER. DENSE SAND
R—— -

GF4

Boils observed here Boils observed here

COARSER DENSE SAND ¢

Figure 2: Centrifuge model test configurations: (a) model test GF3, (b) model test GF4,
and (c) model test GF5.
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Figure 3: The model test configuration used for centrifuge test GF6: (a) a sketch of the
model, and (b) a photograph of the model prior to shaking,
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Figure 7: Pore water pressure time histories recorded for test SL2. Transducer locations
are noted; data is presented in prototype terms with pressure expressed in psi. Note that
two different time scales are used.
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Figure 8: Settlement time histories recorded during tests GF3, GF4, GFS5, GF6, SL1, and
SL2. Settlement (or swell) is expressed in prototype inches. Displacement transducer
locations are noted in each plot.
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Figure 9: Surface profiles observed for tests GF5, GF6, and SL2. Settlement (or swell) is
expressed in prototype inches along the vertical axis while the model box length is expressed
in prototype feet along the horizontal axis. Time, t = N(t),, on each plot denotes the time
after shaking at which the profile was measured.




Figure 10: Photographed cross-sections for tests GF5 and GF6 showing the boiling that
occurred at the center of the model. Inch measurements in the photographs denote the
distance from the front of the model box.
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