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A B S T R A C T   

This paper describes a centrifuge study undertaken to investigate how sand gradation affects the system-level 
performance of embankments subjected to strong shaking. Current analysis and design practices are primarily 
based on knowledge from case history records of liquefaction, with the majority of those from sites consisting of 
clean, poorly graded sands. The narrow range of gradation characteristics represented in the case history 
database poses a challenge during the analysis of embankment structures traditionally constructed with, or 
founded on, more broadly graded soils. The tests herein were designed to elucidate how embankments uniformly 
constructed with a well graded and poorly graded sand perform differently during earthquake shaking. A 
centrifuge experiment test program was developed and conducted using the 9-m-radius centrifuge at the UC 
Davis Center for Geotechnical Modeling. The experiment design consisted of two submerged 10-degree em-
bankments positioned side-by-side in the same rigid model container, with one embankment constructed with 
poorly graded sand and the other with well graded sand. The embankments were dry pluviated to the same 
relative density, but the absolute densities of the sands were different. The embankments were identically 
instrumented with dense arrays of in-situ sensors beneath the level ground above the slope and in the mid-slope 
to measure the dynamic response during liquefaction. Results showed that embankments constructed at equal 
relative densities would both liquefy (i.e., ru reach 1.0), but deformations were less severe for the embankments 
constructed with the well graded sand. Greater resistance to the generation and faster dissipation of excess 
porewater pressures, coupled with stronger dilatancy of the well graded sand increased embankment stability, 
curtailing liquefaction-induced deformations.   

1. Introduction 

Liquefaction of clean, poorly graded sands has been cited as the 
cause of several notable failures during earthquake shaking [1–3]. As a 
result, much of the research, and basis for the understanding of lique-
faction triggering and consequences have been established using poorly 
graded sands as a representative test soil. These prior research efforts 
span laboratory element testing [4–6], system-level geotechnical 
centrifuge experiments [7–9], and field testing [10]. However, poorly 
graded sands only represent a portion of the potentially liquefiable sands 
found in the built environment. Observations of liquefaction in gravelly 

or well graded soils have been documented [11–14], but the case history 
database is limited. The lack of a diverse catalog of sand gradations 
presents a challenge during the seismic assessment of embankment 
systems since the dynamic behavior of well graded soils is poorly 
understood. 

A prior study by Pires-Sturm and DeJong [15] examined the dynamic 
behavior of different gradation sands in a series of level ground 1-m 
radius centrifuge experiments. The gradations were manufactured 
from four poorly graded sands with median grain size diameters ranging 
from 0.13 to 2.58 mm using soils sourced from the same geologic for-
mation. The coefficient of uniformity (Cu) for the manufactured 
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gradations ranged from 1.68 to 7.86. Pires-Sturm and DeJong [15] 
observed as the sand gradation became increasingly well graded, they 
exhibit more pronounced dilative tendencies and reduced volumetric 
strains during post-liquefaction reconsolidation. 

A centrifuge test program was developed to understand how grada-
tion affects system-level performance during liquefaction. The focus of 
the testing program was comparing the dynamic response of embank-
ment systems constructed with poorly graded and well graded sands. 
This paper describes two centrifuge experiments performed at the UC 
Davis Center for Geotechnical Modeling (CGM) on the 9-m-radius 
centrifuge. Novel centrifuge experimental hardware and measurement 
techniques were developed as part of this work to characterize the dy-
namic performance and deformation response mechanisms. 

Two embankments were positioned side-by-side in the same rigid 
model container in each centrifuge experiment. One embankment was 
constructed with a poorly graded sand and the other with a well graded 
sand. Both embankments were dry pluviated to the same relative den-
sity. The two centrifuge experiments differed in embankment relative 

densities (Dr), with test #1 performed at Dr = 63% and test #2, Dr =

40%. Earthquake shaking was simulated using a suite of 1 Hz motions 
with increasing intensity during successive events. Dense arrays of ac-
celerometers and porewater pressure transducers were used to record in- 
situ behaviors. Located exterior of the model container along the length 
of each embankment were highspeed cameras, recording liquefaction- 
induced deformations through the transparent sidewalls of the model 
container. Displacement time histories were calculated using the digital 
image correlation software GEOPIV-RG. 

2. Soils and test design 

Images of the two sand mixtures used for this study are shown in 
Fig. 1 with a 6 mm diameter CPT for scale. The poorly graded sand in 
this study had a Cu of 1.68, and the well graded sand had a Cu of 7.45. 
Following established naming convention from the literature, the poorly 
graded sand will be referred to as 100A and the well graded sand as 
25ABCD henceforth [16]. The grain size distributions are provided in 
Fig. 2, while Table 1 lists the void ratios and dry densities for the Dr =

63% and Dr = 40% tests. Additional physical and mechanical properties 
of the two sand gradations are summarized by Sturm [16]. The sands 
used to create the two mixtures were sourced from the Cape May For-
mation near Mauricetown, New Jersey, and these sands were selected 
since the particle size, shape, and mineralogy were consistent with 
naturally deposited sands found in the built environment [16]. The 
25ABCD sand contains 25% by mass of four different poorly graded 
sands. The two test sand gradations have similar D10 grain sizes, but the 
void ratios were lower for the 25ABCD sand, reducing the hydraulic 
conductivity [17]. The hydraulic conductivity (k) was measured in the 
laboratory using a falling head permeability test for the specimen den-
sity of Dr = 63%. The measured permeabilities were k = 0.011 cm/s for 
the 25ABCD sand and k = 0.021 cm/s for the 100A sand. 

The experiments were designed for and tested on the 9-m-radius 
centrifuge at the UC Davis CGM for a centrifugal acceleration of 40 g 
and followed conventional centrifuge scaling laws [18]. Model satura-
tion was done under vacuum using Hydroxypropyl methylcellulose fluid 
with a viscosity (μ *) of 40 cSt to minimize scaling conflicts with 
diffusion time of excess porewater pressures. Fig. 3 illustrates the test 
design configuration in plan and elevation views for model scale units. 
Each experiment consisted of two 10◦-sloped and submerged embank-
ments positioned side-by-side in the same rigid model container. One 
embankment consisted of a uniform profile of 100A sand and the other a 
uniform profile of 25ABCD sand. The prototype lengths of the level 
ground segments were 19.8 m, and the slope was 30.9 m. The depths of 
the upslope and downslope level ground segments were 14 and 8 m, 
respectively. Both embankments had identical geometries and instru-
mentation and were separated by a 19 mm thick aluminum wall. By 
positioning the embankments parallel to each other, the input motion 
was applied with the same polarity to each embankment. This allowed 
for a more robust time base comparison of dynamic responses. 

Underlain each embankment was a dense layer (Dr>90%) of 100A 
sand compacted into place. Each embankment was prepared using dry 
pluviation in a series of 2.5 cm thick lifts. The 10-degree slope of the 
embankment geometry was achieved by vacuuming excess soil using a 
wooden template. A 0.5 cm cap of coarse sand (D50 = 1.31 mm) was 
added to provide confinement for the surface accelerometers (i.e., AH6 
and AH11 in Fig. 3) while not impeding upward seepage following 
liquefaction. The cap layer was verified to abide by Terzaghi’s piping 
and permeability criteria for the 100A and 25ABCD sand mixtures. 

In this work, the Dr = 63% and Dr = 40% centrifuge experiments are 
referenced as test #1 and test #2, respectively. The embankments 
constructed with the different soil types are referenced as, A for 100A, 
and B for 25ABCD. Therefore, test #1A, test #1B, test #2A and test #2B 
references the Dr = 63%-100A, Dr = 63%-25ABCD, Dr = 40%-100A and 
Dr = 40%-25ABCD embankments, respectively. 

Fig. 1. Photos of the test soils shown with a 6 mm CPT for scale. a.) the poorly 
graded 100A sand and b.) the well graded 25ABCD sand. 

Fig. 2. Grain size distributions of the two sand mixtures.  

Table 1 
Minimum, maximum, and test void ratios for the 100A and 25ABCD sand.  

Sand Cu D10 

(mm) 
D50 

(mm) 
emin emax e @ 

Dr =

40% 

e @ 
Dr =

63% 

Gs 

100A 1.68 0.12 0.18 0.579 0.881 0.76 0.69 2.62 
25ABCD 7.44 0.16 0.8 0.303 0.544 0.45 0.39 2.61  
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2.1. Ground motion sequence 

The ground motion sequence for both tests consisted of four suc-
cessive shaking events with increasing energy. The synthetic one- 
dimensional horizontal input motions consisted of multiple cycles of 
1 Hz prototype loading. The 1 Hz frequency was selected since it was 
lower than the fundamental frequencies of the two embankments (dis-
cussed later), minimizing resonance. 

The cyclic amplitude of the 1 Hz waveform consisted of three 
sequential continuous phases. The phases were: (1) linearly increasing 

Fig. 3. Schematic of the centrifuge model used for both experiments. a) elevation view and b) plan view. All dimensions are listed in model scale.  

Fig. 4. Achieved model container motion for shake 3 with the beginning of three phases of the motion labeled.  

Table 2 
Number of cycles for each shake delineated by the three phases of the input 
motion.   

Number of Cycles 

Shake Build Hold Decay Total 

1 3 3 1 7 
2 3 4 1 8 
3 3 5 12 20 
4 3 5 12 20  
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amplitude, (2) constant amplitude at a target peak acceleration, and (3) 
an exponential decay of amplitude. The design of the waveform topol-
ogy was to mimic the distribution of energy in a recorded earthquake 
motion and match the typical s-shape of a Husid plot [19]. Matching the 
shape of a Huisd plot is a similar approach used to create artificial 
accelerograms containing complex frequencies [20]. The synthetic input 
motion does not include complex frequencies or near-fault effects 
unique to an individual ground motion record. A single frequency input 
motion reduces the uncertainty of experimental findings and is common 
in centrifuge testing [9,15]. In Fig. 4, the waveform phases are identified 
with different shadings using the recorded input motion from shake 3. 
Provided in Table 2 is the number of cycles during each shaking phase 
for the ground motion sequence. 

The shaking magnitude and number of cycles of each shake were 
chosen to elucidate specific system-level mechanisms and behaviors. 
Specifically, shake 1 was used to estimate elastic properties, shake 2 to 
trigger liquefaction, shake 3 to induce cyclic mobility following lique-
faction triggering, and shake 4 to produce large embankment de-
formations. The achieved Peak Ground Accelerations (PGAs) and Arias 
Intensities (Ia) for both tests are given in Fig. 5. Adequate time was 
provided between shaking events for excess porewater pressures to fully 
dissipate before the next shake in the sequence. 

2.2. In-situ measurements and monitoring 

The embankment in-situ instrumentation consisted of vertical arrays 
of porewater pressure transducers and accelerometers located beneath 
the level ground above the slope and in the mid-slope. A 5 cm vertical 

spacing between accelerometers was selected to sufficiently measure 
high frequencies, required for inverse analysis procedures to interpret 
shear wave transmission. Using the expression of fmax = Vs/(8 ⋅ ΔZmax) 
by Kamai and Boulanger [21], the highest frequency (fmax) was esti-
mated for a given shear wave velocity (Vs), and vertical spacing between 
adjacent accelerometers (ΔZmax). With the 5 cm sensor spacing and 
assuming the shear wave velocity of the liquefied soil was 20 m/s, the 
maximum measurable frequency was 50 Hz, which was higher than the 
40 Hz input motion (model scale). Located at the midpoint between 
adjacent accelerometers were porewater pressure transducers. The 
porewater pressure transducers were vertically spaced 5 cm; however, 
they were placed 6 cm out-of-plane from the accelerometers towards the 
center dividing wall for additional spacing between sensors. The level 
and sloping ground sensor arrays had similar sensor types at equivalent 
depths from the ground surface (e.g., the depth to P5 and P9 is the same) 
and, therefore, had comparable initial vertical effective stresses. Thus, 
measured differences in dynamic behaviors between the level ground 
and mid-slope arrays are attributed to the initial static stress produced 
by the 10-degree slope. 

Bender elements were used to measure shear wave velocities to es-
timate small-strain stiffnesses (maximum shear modulus Gmax) in each 
embankment before and following shaking. Shear wave velocities were 
measured at two depths beneath the level ground above the slope. 
Table 3 lists the Vs measurements and the calculated Gmax for test #1. 
Gmax was calculated using the expression, Gmax = ρVs

2, wherein the mass 
density ρ was taken as the specified saturated mass density at Dr = 63% 
(ρ100A = 1958 kg/m3 and ρ25ABCD = 2154 kg/m3). The average calcu-
lated Gmax in the 25ABCD soil was about 40% larger than in the 100A 
soil and is a product of the higher shear wave velocities and saturated 
density. Shear wave velocity data was unavailable for test #2 due to a 
malfunctioned amplifier. 

The one-dimensional fundamental period of a uniform soil column is 
expressed by F0 = 4D/Vs, where D is the depth of the soil layer. The 
embankments cannot be described by a single fundamental frequency 
due to the varying depths (D) and increases of Vs with depth. A range of 
fundamental frequencies can be estimated assuming a uniform Vs and 
considering depths of the level ground above and below the slope. For 
test #1, assuming an average pre-shake Vs of 161 and 182 m/s produces 
an F0 range of ~2.9–5 Hz and 3.3–5.7 Hz for the embankments #1A and 

Fig. 5. Peak Ground Acceleration (PGA) and Arias Intensity for each shake of the ground motion sequence.  

Table 3 
Measured shear wave velocities and calculated Gmax for test #1.    

Vs (m/s) Gmax (MPa) 

Depth  100A 25ABCD 100A 25ABCD 

Shallow(σʹv ~45 kPa) Pre-shake 158 164 48 57 
Post-shake 146 154 41 50 

Deep(σʹv ~90 kPa) Pre-shake 164 199 51 84 
Post-shake 167 195 54 80  

T.J. Carey et al.                                                                                                                                                                                                                                 
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#1B, respectively. The similar ranges of fundamental frequencies imply 
that the amplification of the input motion and the associated imposed 
seismic demand will be similar for the first shake (i.e., elastic strain 
level) for each embankment. 

Cone penetration tests (CPTs) were used to characterize the initial, 
final, and change of soil conditions from strong shaking. The locations of 
the CPT soundings are labeled in Fig. 3b. The post-shake CPTs were 
pushed following the completion of the ground motion sequence. The 
CPT device was designed at the UC Davis CGM [16,22,23] and consisted 
of a 10 mm diameter penetrometer to minimize particle-to-probe effects 
in the 25ABCD soil. The DCPT/D85 of the 10 mm CPT for the 100A and 
25ABCD sands is 37 and 4.1, respectively. Pires-Sturm and DeJong [24] 
noted that a DCPT/D85 less than ~5 will produce elevated tip resistance 
(qc), and using their relationship, the increase in qc for the 25ABCD soil 
is a factor of ~1.2. The CPTs were pushed into the soil for 457 mm (18”) 
at a penetration rate of 1 cm/s using a hydraulic actuator. 

Fig. 6 presents the CPT profiles for both tests. The dots on the pre- 
shake soundings represent the depth where the vertical effective stress 
is equal to 1 atm (qc1) for the specific sand and relative density. The pre- 
shake qc1 for embankment #1B was about 2.2 times larger than the qc1 
measured in embankment #1A (Fig. 6a). The larger qc1 in the 25ABCD 
sand is linked to the lower void ratio range compared to the 100A sand. 
Pires-Sturm and DeJong [24] noted that as emin and emax decrease, qc1 is 
expected to increase due to larger Gmax and higher peak shear strengths. 
The post-shaking CPT profiles for both embankments were similar to the 
pre-shaking profiles. This suggests that only minimal densification 

occurred during reconsolidation following liquefaction. In test #2 
(Fig. 6b), the difference of qc1 decreases to a factor of ~1.6, indicating 
relative differences of qc1 were density dependent for these soils. The 
post-shaking CPT profiles show an increase in cone tip resistance in both 
embankments, suggesting densification during post-liquefaction recon-
solidation was more significant for test #2. 

2.3. Ex-situ boundary tracking 

Contact sensors are the traditional method for measuring displacing 
soil in centrifuge experiments [25–27]. It has been observed that the soil 
where contact sensors were touching can become reinforced and have 
elevated liquefaction resistance compared with the surrounding soil 
[28]. Instrument racks used to mount contact sensors above soil surfaces 
may also limit access for other measurements or instruments [26]. Other 
researchers have overcome the drawbacks of contact sensors by posi-
tioning highspeed cameras above model containers and using image 
analysis software to track the movement of soil or markers during 
liquefaction [29–31]. Mounting cameras above the specimen container 
was not feasible for the experiment described herein due to the physical 
length of the model container and the use of a model container lid 
required for safe operation during testing. This led to developing an 
ex-situ camera hardware configuration novel to the CGM. The longitu-
dinal sidewalls of the model container were clear polycarbonate and 
acted as windows allowing for a plane-strain cross-sectional view of the 
embankment geometries. Highspeed cameras were positioned adjacent 

Fig. 6. Pre- and post-shake CPT profiles for (a) test #1 and (b) test #2.  

T.J. Carey et al.                                                                                                                                                                                                                                 
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Fig. 7. Image of ex-situ highspeed camera configuration used to record cross-sectional slope displacements. (Shown for embankment #2A).  

Fig. 8. Excess porewater pressure response of the level ground condition (P3, P4, and P5) for test #1.  

T.J. Carey et al.                                                                                                                                                                                                                                 
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to the longitudinal windows and recorded the deforming embankments 
during liquefaction. The videos were converted to displacement time 
histories using GEOPIV-RG [32,33], which has a strong track record of 
use for geotechnical engineering applications [34–37]. In previous 
studies using cameras to record cross-sectional deformations of soil 
through transparent windows, interface friction along the windows was 
identified to cause local deformations that differed from free-field lo-
cations [38,39]. Hand measurement surveys following testing did not 
indicate the deformations were different near the windows. 

Three high-speed cameras were positioned along the length of each 
embankment about 310 mm from the window. This was the maximum 
distance possible due to space constraints between the model container 
and centrifuge bucket. Fig. 7 shows a labeled photo of the configuration 
of the camera setup that was typical for both tests. The key components 
of the camera configuration include.  

• Sidewall windows: Each window was polished on both sides to 
improve optical clarity to remove fine scratches that cause blurry 
images and diffuse light.  

• Lighting: A LED light bar that provided 8000 lumens of indirect light 
was attached to the lid of the model container and is labeled as ‘upper 
lighting’ in Fig. 7. The base lighting was added before test #2 for an 
additional 5500 lumens.  

• Cameras: Photron FASTCAM MH6s were used. The FASTCAM system 
consists of 6 cameras equipped with Kowa 6 mm lenses and are 
controlled by a central computer. A central computer enabled time 
synchronized recording of the cameras, and recording was auto-
matically initiated using the data acquisition system that sampled in- 
situ sensors. This established a known time correlation between the 

cameras and in-situ sensor measurements. Each camera was recorded 
at 1000 frames per second at a 1280x1080 px resolution and was 
rigidly attached to the centrifuge shake table. Therefore, embank-
ment movements during liquefaction were relative to the container 
and cameras. Lens distortion effects were corrected using a built-in 
function within the Photron capture software.  

• Black sand columns: Black sand columns were added to visualize 
embankment deformations. The columns were designed to move 
with the embankments and be minimally invasive during model 
construction. The columns were created by mixing dyed sand with 
water-soluble glue, pressing the glue sand mixture into a mold, and 
letting the mixture dry. The dried columns were attached to the 
windows using more sand and water-soluble glue, enabling dissolu-
tion during saturation. Several columns were extended beyond the 
top of the soil surface to confirm the glue did not provide rein-
forcement. The columns fell apart once the glue softened during 
saturation. 

The sand was too uniform in color for GEOPIV-RG to accurately track 
movements at the camera resolution and position from the model 
container windows. However, the high contrast of the black sand col-
umns was easily tracked by GEOPIV-RG, and the displacements pre-
sented herein are of those columns. Additional columns were added in 
test #2 to provide better resolution of displacement patterns. 

GEOPIV-RG tracks soil position by dividing an image into a mesh of 
patches and tracking the translation of each patch from a user-defined 
reference point. A custom mesh of 60 px diameter patches was defined 
for each black sand column. The patches were spaced 20 px apart to 
ensure full coverage. To verify GEOPIV-RG accurately measured the 

Fig. 9. Acceleration response of the level ground condition (Base, AH4, AH5, and AH6 for test #1). The base motion is identical in both columns.  

T.J. Carey et al.                                                                                                                                                                                                                                 
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black sand column positions, patch locations were superimposed on the 
original camera images to check for fit. The GEOPIV analysis was per-
formed using the Eulerian analysis mode. 

The raw output from GEOPIV is displacement time histories in units 
of pixels. To convert pixels to engineering units (mm), the camera 
configuration used in the experiment (i.e., camera spacing, focal length, 
and image size) was replicated in the laboratory, and images were taken 
of a calibration checkerboard taped on the inside of the empty model 
container window where the soil would be. The number of pixels that 
spanned the known size of the checkers was counted at each black sand 
column location to find the pixel to mm scale factor. The typical scale 
factors ranged from 3.1 to 3.2 px/mm (12.4–12.8 px/cm prototype). 

3. Test results 

The in-situ dynamic behavior of the tests is compared using accel-
eration traces and excess porewater pressure responses for the sensor 
arrays located beneath the level and sloping ground. Liquefaction- 
induced deformations of the embankments are compared using results 
from the highspeed cameras and the GEOPIV-RG image analysis pro-
cedure. Results are given for shake 3 (Fig. 4), which was selected since 
significant excess porewater pressures were measured in each test, 
resulting in cyclic mobility following liquefaction triggering. The other 
shakes in the ground motion sequence exhibit similar trends as shake 3 
but are not shown for the sake of brevity. Results from the other shakes 
are summarized in CGM data reports [40,41]. All measurements and 
units are provided in prototype scale unless noted otherwise. 

3.1. Level ground conditions (LGC) 

LGC: Test #1 Fig. 8 presents the excess porewater pressure response 
for the P3, P4, and P5 transducers for embankments 1A and 1B. Fig. 8 
has a split time scale to show the generation and dissipation of excess 
porewater pressures (Δu). The dashed lines in the 0–30 s frames indicate 
the Δu that is equal to the initial vertical effective stress and therefore 
identifies when liquefaction is triggered following the excess porewater 
pressure ratio (ru = 1.0) criterion [42]. The green tick marks in the 
figures (labeled in the top left cell) denote the beginning of the input 
motion, the constant amplitude cycles, exponential decay cycles, and the 
end of the motion. This labeling is consistent throughout the figures 
herein. 

Excess porewater pressures accumulated at a slower rate and dissi-
pated faster at P4 and P3 in embankment 1B for the two embankments in 
test #1. The slower generation of excess porewater pressures for P4 and 
P3 in embankment 1B delayed the initial triggering of liquefaction (ru =

1), which did not occur until the cyclic amplitude of the input motion 
began to decay at 9 s. In contrast, excess porewater pressures at P4 and 
P3 in embankment 1A reached a ru of 1.0 at the beginning of the con-
stant amplitude cycles. To characterize differences in dissipation times 
during upward seepage following shaking, the time for 50% of excess 
porewater pressures to dissipate (t50) was calculated for each sensor. For 
embankment 1B, the t50 times were 18.3 and 18.7 s for P4 and P3 
compared with 43.1 and 37.9 s for the same sensors in embankment 1A. 
The slower generation and faster dissipation times occurred despite the 
25ABCD soil having a lower initial permeability (k25ABCD = 0.011 cm/s 
and k100A = 0.021 cm/s). 

Fig. 10. Excess porewater pressure response of the level ground condition (P3, P4, and P5) for test #2.  

T.J. Carey et al.                                                                                                                                                                                                                                 



Soil Dynamics and Earthquake Engineering 157 (2022) 107221

9

More frequent and larger magnitude drops in excess porewater 
pressures occurred in embankment 1B during shaking. The drops in 
excess porewater pressure occurred as the soil dilated following phase 
transformation from a contractive to a dilative state. The dilation spikes 
in the excess porewater pressure response reduced ru less than 1.0, 
momentarily causing the soil to deliquefy [43]. The drops occur at a 
frequency of 0.5 Hz in embankment 1B. This suggests that dilation oc-
curs during up- and down-slope accelerations of the input motion (i.e., 
2x per cycle). Dilation spikes were less frequent in embankment 1A and 
only occur during the downslope acceleration cycles (i.e., positive ac-
celeration) at the input motion frequency of 1 Hz. The spikes indicate 
that embankment 1B exhibits stronger dilatancy, critical for resisting 
embankment instability following liquefaction triggering. 

The acceleration response for AH4, AH5, AH6, and the recorded 
model container motion is provided in Fig. 9. The sharp pulses of ac-
celeration are related to the same dilation behavior in the excess pore-
water pressure response and are an additional indicator that liquefaction 
was triggered. The dilative response during loading transforms the up-
ward propagating shear waves into a sharp wavefront, causing an ac-
celeration pulse [43]. For embankment 1B in Fig. 9, more frequent 
spikes occurred, which is consistent with the excess porewater pressure 
response in Fig. 8. The occurrence of dilation spikes does vary with 
depth across embankments 1A and 1B, reflecting the different degrees of 
liquefaction and excess porewater pressure evolution. Specifically, at 

the AH4 accelerometer depth, liquefaction was triggered in embank-
ment 1A (see P3 Fig. 8), but liquefaction was not triggered in embank-
ment 1B until later in the motion. 

LGC: Test #2 The excess porewater pressure response for P3, P4, and 
P5 for test #2 is provided in Fig. 10. Liquefaction was triggered at about 
5 s at all transducers in both embankments. The porewater pressure 
response during shaking (0–30 s) is similar in both embankments. The 
dissipation of excess porewater pressures in embankment 2B is faster 
than embankment 2A, which is consistent with the findings from test #1 
(Fig. 8). The t50 times measured from the end of shaking for P5, P4, and 
P3 for the embankments 2A and 2B are 146, 129, 117 and 59, 55, 50 s, 
respectively. 

The acceleration response for AH4, AH5, and AH6 for test #2 is 
provided in Fig. 11. The recorded motion at each accelerometer was 
significantly transformed from the original input motion in both em-
bankments. The soil at AH5 and AH6 in embankment 2A had a complete 
loss of stiffness, and upward propagating shear waves were intrans-
missible except for several dilation spikes early in the shake. The 
25ABCD soil in embankment 2B maintained enough structure and 
stiffness to transmit shear stresses throughout the array. Six distinct 
dilation peaks for AH6 are visible from 5.5 to 10.5 s in embankment 2B, 
consistent with the input motion frequency. 

Fig. 11. Acceleration response of the level ground condition (Base, AH4, AH5, and AH6) for test #2.  
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3.2. Sloping ground conditions (SGC) 

The 10-degree slope induces a minor initial static shear stress on the 
soil that will modify cyclic behavior. The impact of the static shear stress 
varies with sand gradation, stress conditions, and relative density [42]. 
To measure the influence from static shear stress, the sensor array within 
the slope was identical to the array located beneath the level ground in 
terms of sensor spacing, overburden stresses, and position from the 
longitudinal walls. Therefore, measured differences in dynamic 
behavior between the two arrays are attributed to the static shear stress. 

SGC: Test #1 The excess porewater pressure response for P7, P8, and 
P9 for test #2 is provided in Fig. 12. Embankment 1B had increased 
liquefaction resistance compared with embankment 1A, exhibited by the 
additional number of cycles required to reach a ru = 1.0. Compared with 
the level ground conditions in Fig. 8, embankment 1A had a more pro-
nounced dilative response. 

Elevated excess porewater pressures are not maintained at any of the 
sensor locations in either embankment for the duration of the input 
motion, and pressures dissipated to about half of the peak values when 
shaking ended. Embankment 1B dissipated excess porewater pressures 
more rapidly than embankment 1A. 

The acceleration response for AH9, AH10, and AH11 for test #1 is 
given in Fig. 13. Larger magnitude dilation spikes were measured in the 
sloping ground than the level ground. The dilation spikes are consistent 
with the excess porewater pressure response in Fig. 12. The dilation 
spikes are larger in embankment 1A, possibly because dilatancy may not 
have been fully mobilized in embankment 1B since liquefaction 
occurred later in the motion. 

SGC: Test #2 The pore pressure response for P7, P8, and P9 for test 

#2 is provided in Fig. 14. Liquefaction was triggered in both embank-
ments in 1–2 cycles. In embankment 2A, a steady upper limit of excess 
porewater pressures (corresponding to a ru = 1.0) was maintained at P7 
and P8 until roughly 15 s. The amplitude of the input motion decreased 
after 15 s, and excess porewater pressures began to dissipate. The con-
stant excess porewater pressures at P7 and P8 in embankment 2A 
following shaking are caused by upward seepage from the underlying 
soil during reconsolidation. In contrast, in embankment 2B excess 
porewater pressures at P7 and P8 decreased immediately, suggesting 
upward seepage was not constant. 

The acceleration response for AH9, AH10, and AH11 for test #2 is 
provided in Fig. 15. Both embankments have about the same number of 
dilation spikes; however, the spikes in embankment 2B are larger in 
magnitude and occur with the frequency of the 1 Hz input motion. 

3.3. Embankment displacement 

The acceleration and excess porewater pressure responses in 
Figs. 8–15 indicate that liquefaction was triggered in all four embank-
ments. Understanding the effect soil gradation has on liquefaction- 
induced embankment deformations is required to better account for 
gradation properties in liquefaction analysis procedures. Improving the 
knowledge of how deformation response is related to soil gradation is 
represented in this work by the 100A and 25ABCD sands. 

In Figs. 16 and 17, the horizontal and vertical displacements of the 
black sand columns for both tests are shown with the embankment ge-
ometry. The displacement fields in the figures are magnified 10 times 
and only provide the displacements incurred during shake 3. The black 
sand columns deform over the height of the embankments but could not 

Fig. 12. Excess porewater pressure response of the sloping ground condition (P7, P8, and P9) for test #1.  
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be recorded with the highspeed cameras below a height of 5 m. 
Test #1. Displacements of larger magnitudes and to greater depths 

were measured in embankment 1A. The deformations are consistent 
with the excess porewater pressure and acceleration measurements that 
indicated rapid triggering of liquefaction and prolonged embankment 
instability from elevated excess porewater pressures. The slope surface 
horizontal and vertical displacements at mid-slope (horizontal distance 
of 34 m) of embankment 1A was roughly 0.3 m and 0.01 m, respectively. 

Embankment 1B only incurred minor deformations during shaking, 
which is consistent with the dilative behaviors in the acceleration and 
excess porewater pressure measurements. At larger depths below the 
ground surface, only minimal displacement occurred. The mid-slope 
surface, horizontal and vertical displacements were 0.08 m and 0.01 
m, respectively. 

Test #2. Large magnitudes of displacements were recorded over the 
entire height of embankment 2A. Except for the black sand columns in 
the upslope level ground conditions, displacements extended past the 5 
m cutoff. The magnitude and extent of displacements are consistent with 
the recorded responses from in-situ sensors. The mid-slope surface 
horizontal and vertical displacements were 0.85 m and 0.1 m. 

Embankment 2B had a similar pattern of displacements as embank-
ment 2A, but the deformations were lower. The stronger dilatancy in the 
25ABCD sand is one of the factors that may have aided in curtailing 
downslope displacements during cyclic mobility. The mid-slope surface 
horizontal and vertical displacements were 0.33 m and 0.01 m. 

4. Conclusions 

A centrifuge testing program was performed that evaluated the ef-
fects of sand gradation, as represented in this work by the 100A and 
25ABCD sands, on the dynamic performance of embankments during 
liquefaction. The centrifuge experiment consisted of two submerged 
embankments with uniform soil profiles positioned side-by-side in the 
same model container. The soils used to construct the embankments 
were a poorly graded and well graded sand, and were dry pluviated to 
the same relative density. The shaking sequence used to trigger lique-
faction consisted of four, 1 Hz motions with increasing seismic energy 
with successive events. The testing program consisted of two centrifuge 
experiments, with the only difference between the experiments being 
the relative density of the embankments. The test densities for tests 1 
and 2 were Dr = 63% and Dr = 40%. 

Novel hardware and measurement techniques were developed to 
characterize the embankment dynamic performance and deformation 
response during shaking. These contributions are as follows:  

• Testing two embankments in the same model container reduced the 
variability from four different input container motions. The achieved 
input motions for the two experiments were almost identical, which 
allowed for the comparison of test results. Positioning the embank-
ments parallel to each other produced a more direct comparison of 
the dynamic behaviors. 

Fig. 13. Acceleration response of the sloping ground condition (Base, AH9, AH10, and AH11) for test #1.  

T.J. Carey et al.                                                                                                                                                                                                                                 



Soil Dynamics and Earthquake Engineering 157 (2022) 107221

12

• The high-speed camera and lighting configuration developed for the 
CGM produced clear, high contrast photos of the deforming 
embankment cross-sections by recording through the transparent 
model container sidewalls. The use of three cameras to record each 
embankment during strong shaking allowed for recording over the 
entire embankment length. This advanced beyond the standard 
approach of recording a centrifuge model cross-section using a single 
camera. Camera recordings of the movement were converted to 
images, and cross-sectional liquefaction-induced displacement time 
histories were created using GEOPIV-RG image analysis software.  

• The dyed columns of sand provided sufficient contrast for accurate 
GEOPIV-RG position tracking during strong shaking. The columns 
were fabricated and attached to the model container windows using 
water-soluble glue. Attaching the columns to the model container 
prior to embankment construction avoided creating loose or 
disturbed pockets of sand if the columns were installed following 
construction. 

The following are the main observations of sand gradation effects on 
embankment performance:  

• The 25ABCD sand had a larger initial shear modulus due to larger 
absolute density and measured shear wave velocities.  

• The CPT cone tip resistance at qc1 for the well graded sand can be 
significantly higher than the cone-tip resistance for the poorly graded 
sand at the same relative density. The relative difference of qc1 for 
the two test sand gradations was larger for test #1 (Dr = 63%), 
suggesting that changes in relative differences in cone tip measure-
ments are variable with density.  

• The well graded 25ABCD sand better transmitted transient shear 
stresses to the ground surface than the 100A sand following lique-
faction triggering. The shape of the input motion was not attenuated 
as much in embankments 1B and 2B. This suggests the 25ABCD sand 

better maintained shear stiffness following the initial onset of 
liquefaction. 

• The well graded 25ABCD sand had greater resistance to the gener-
ation and faster dissipation of excess porewater pressures despite 
having lower permeability. This reduced the time of sustained excess 
porewater pressures in the 25ABCD embankment.  

• In the individual tests, the liquefaction-induced deformations were 
lower in the embankments constructed with a well graded sand. 
While the poorly graded sand embankments had larger de-
formations, they did exhibit similar deformation patterns as the well 
graded sand embankments. 

• The performance of the side-by-side 100A and 25ABCD embank-
ments was notably different in both tests, even though the em-
bankments were prepared to the same relative densities. This 
demonstrates that the current body of knowledge and engineering 
procedures pertaining to liquefaction evaluations is incomplete and 
suggests that additional factors such as initial void ratio, shear 
stiffness, and soil gradation should be considered more explicitly. 
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Fig. 14. Excess porewater pressure response of the sloping ground condition (P7, P8, and P9) for test #2.  
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Fig. 15. Acceleration response of the sloping ground condition (Base, AH9, AH10, and AH11) for test #2.  

Fig. 16. 10x magnified slope displacements incurred during shake 3 for test #1. The vector given above the figure corrsponds to 1 m of displacment.  
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