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A B S T R A C T

Two centrifuge experiments conducted at Rensselaer Polytechnic Institute (RPI) aimed to evaluate the effec-
tiveness of the used centrifuge scaling laws and validate results obtained within the project, related to the
liquefaction behavior of silty sand soils under simulated field drainage conditions. These experiments, replicating
a 5-m thick silty sand layer under 1 atm overburden pressure and featuring a double drainage condition, were
performed at two different centrifugal accelerations. Due to the difficulties encountered in saturating silty sand,
this paper presents a bottom-up saturation method, verified through assessments of remaining air volume after
saturation. Despite differing g-levels, the tests consistently demonstrated similar behaviors in terms of acceler-
ation, pore pressure buildup and dissipation, and stress-strain responses, validating the saturation and modeling
technique for silty sand.

1. Introduction

Geotechnical centrifuge model testing has long been recognized as
an indispensable tool for investigating and analyzing challenges in
geotechnical engineering. Since the 1980s, the practice of conducting
scaled-down tests of geotechnical systems under dynamic conditions has
become a standard approach, providing valuable insights into intricate
design problems [1]. The geotechnical centrifuge, recognized for its
enduring effectiveness and precision, employs established scaling laws
of similitude specifically tailored for centrifuge model testing [2]. These
laws, particularly those addressing the simulation of phenomena such as
coupled consolidation and dynamics, were further refined by Kutter [3].

Ensuring the accuracy of scaling laws is an essential component of
geotechnical centrifuge experimentation. The technique known as
“modeling of models”, which conducts comparative analyses on iden-
tical prototypes across different scaling factors, has been established as a
robust method for thorough validation, as evidenced by several re-
searchers [1,4–6]. This approach has facilitated a wide array of in-
vestigations, from the study of laterally loaded pile behavior [7–9], to
the examination of temperature migration within soils [10–13]. Addi-
tionally, it has been applied to diverse subjects such as the scaling of
debris flows [14], and understanding the onset and development of

static liquefaction in submerged slopes [15]. The versatility of this
method has also been demonstrated in studies of internal erosion [16]
and the intricate dynamics of seismic soil-structure interaction, as
explored by Alisawi et al. [17]. The widespread application of the
“modeling of models” technique emphasizes the geotechnical centri-
fuge’s role as a key instrument, showcasing its versatility. It also illu-
minates the critical validation processes necessary to guarantee the
findings’ dependability and relevance in geotechnical engineering
studies and design evaluations.

In addition to conventional centrifuge scaling laws, innovative ap-
proaches such as the “two-stage” scaling method proposed by Iai et al.
[18], also known as generalized scaling laws, have been introduced to
address challenges in testing large prototypes that exceed conventional
dimensions. Substantiating the application of generalized centrifuge
scaling laws, Tobita et al. [19] demonstrated the efficacy of the
modeling of models technique in dynamic centrifuge tests for pile
foundations. Moreover, Korre et al. [20] and Tobita et al. [21] utilized
this technique to validate the generalized scaling laws in the context of
liquefiable sloping deposits within the Liquefaction Experiments and
Analysis Projects (LEAP). Ma et al. [22] introduced a scaling law
ensuring equivalent shear strain between the model and the prototype,
addressing concerns related to scaling shear strain in the generalized
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centrifuge scaling laws proposed by Iai et al. [18].
This paper focuses on the application of the “modeling of models”

technique in two distinct geotechnical centrifuge tests labeled inhere as
Model A-20 g and Model B-45 g, conducted at 20 g and 45 g centrifuge
levels, respectively. By employing the “modeling of models” approach,
the primary aim of this paper is to investigate the effectiveness of
centrifuge scaling laws, specifically the coupled dynamic and consoli-
dation scaling laws, as well as the scaling laws for using viscous fluids in
centrifuge testing of silty sand soils. This method evaluates the reli-
ability of these scaling laws and tests the consistency of silty sand
centrifuge experiments.

A secondary objective is to demonstrate that silty sand soil can be
fully saturated using highly viscous fluids—a critical challenge for
liquefaction studies. To address this, the paper introduces a bottom-up
saturation technique utilizing geosynthetics attached to the sides of
the model. The degree of saturation was assessed with a procedure
developed by Okamura and Inoue [23], confirming the adapted pro-
cedure for saturating silty sand soils with viscous fluids.

These two tests are part of an extensive investigation into the effect
of drainage on liquefaction behavior of sandy soils under field drainage
conditions. Building on the foundational work by Ni et al. [24], Abdoun
et al. [25], Ni et al. [26] on Ottawa F65 sand soil, this study extends the
exploration to silty sand soils under possible field drainage conditions.

2. Experimental program

Two centrifuge tests, Model A-20 g and Model B-45 g, were con-
ducted to simulate the same prototype thickness of 5m at different
gravitational levels, specifically at 20 g and 45 g respectively. This is a
part of a project aimed at examining the impact of drainage on the
liquefaction of silty sand soils under double drainage conditions. Both
tests were under 1 atm overburden pressure, at the mid-depth of the soil
layer. To achieve the desired overburden pressure, a layer of lead shot
was placed over the silty sand layer being tested, as shown in Fig. 1.
These experiments were designed to allow free drainage from both the
top and bottom of the silty sand layer. The bottom drainage boundary
was established by employing a Geocomposite layer (consisted of
DuraFlow geonet coupled with a nonwoven needle-punched geotextile
from Solmax (Houston, Texas)) and the Geonet strips, similar to the
methodology described in Ni et al. [26].

Fig. 2 illustrates the setup including the geocomposite and the

vertical geogrid strips arrangement prior to the pluviation of the silty
sand, within the framework of a one-dimensional (1D) stacked ring
laminar container at the geotechnical centrifuge facility of Rensselaer
Polytechnic Institute (RPI).

Model A-20 g and Model B-45 g replicated this 5-m thickness under
varying centrifuge g-levels of 20 and 45 g, respectively. All reported
units for the centrifuge test are in prototype scale, aligning with the
centrifuge scaling laws outlined by Tan and Scott [27], unless otherwise
specified. The shaking input was applied at the base of the laminar
container. Fig. 1 illustrates the experimental setup and configuration for
both tests in model scale.

Fig. 1. Centrifuge Model Configuration in model scale; a) Model A-20 g; b) Test at Model B-45 g.

Fig. 2. Bottom drainage setup using Geocomposite and Geonet strips (Model A-
20 g).
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2.1. Model layout

The two centrifuge experiments comprised three distinctive layers,
as illustrated in Fig. 1: a lower layer of saturated and liquefiable silty
sand, an intermediate thin layer of saturated transition coarse-sand, and
an upper layer of dry lead shot. The preparation of the silty sand layer
involved mixing of Ottawa F65 sand and Sil-Co-Sil 125 silt, as explained
later herein. For both tests, the targeted relative density (Dr) was 45 %,
achieved at dry densities of 1640 kg/m3. Table 1 presents the precise
relative density measurements obtained from both experiments. Density
measurements were taken after reaching the targeted centrifuge accel-
eration g-level and before shaking the models. These measurements
were conducted under the designated g-level and 1 atm effective stress
(σv́o) at the mid-depth of the silty sand layer.

Achieving the desired density involved a precisely calibrated dry
pluviation process, adjusting the drop height and pluviation speed
accordingly. After pluviation, the saturation of the silty sand layer was
achieved using a viscous fluid, with appropriate viscosity based on the g-
level, ensuring a 2–3 cm (measured in model scale) fluid accumulation
above the silty sand to accommodate the subsequent transition layer.
The transition coarse-sand layer was introduced directly into the viscous
fluid, acting as a filter to prevent the infiltration of lead shot into the
underlying silty sand. Any excess viscous fluid above the transition layer
was carefully removed.

The top layer, consisting of approximately 1 m of dry lead shot, was
then placed on top of the transition layer. The heavy lead shot (unit
weight of 62.6 kN/m3) played a crucial role in attaining the necessary 1
atm at the mid-depth of the silty sand stratum before, during, and after
shaking, all while preserving a free-drainage boundary throughout the
entirety of the experiment.

2.2. Silty sand

In this investigation, the silty sand utilized was prepared by mixing
Ottawa F65 sand with Sil-Co-Sil 125 silt, both supplied by U.S. Silica,
with the mix ratio set at 85 % sand and 15 % silt by weight. The specific
gravity of this soil mix was measured in the laboratory facilities at
Rensselaer Polytechnic Institute (RPI) and was found to be 2.64.
Detailed grain-size analysis of the silty sand mixture was performed,
revealing key parameters such as a D10 value of 0.035 mm and a D50
value of 0.192 mm. The maximum and minimum densities of the soil
were found to be ρmax = 1985 kg/m3 and ρmin = 1437 kg/m3, respec-
tively. Permeability tests, conducted under 1 g conditions, yielded a
permeability rate of 6.4 × 10−4 cm/s at a relative density of 45 %.

2.3. Viscous fluid

The scaling principles for geotechnical centrifuge experiments stip-
ulate the requirement of employing a viscous fluid to achieve saturation
in both the silty sand and transition layers [5,27,28]. The viscosity of
this fluid was tailored to the specific models, being 20 cp for Model A-20
g and 45 cp for Model B-45 g, to accurately simulate the prototype’s
permeability under field conditions at 1 g, following the guidelines set
by Anderson [29].

The preparation of the viscous fluid involved mixing methylcellulose
powder with water, creating a solution that mimicked the physical

properties of water, apart from its viscosity. The preparation of this
mixture followed the procedure outlined by Adamidis and Madabhushi
[30]. Subsequently, the viscosity of the prepared fluid was assessed
using an automatic viscometer, which had been calibrated against two
reference fluids of known viscosities.

2.4. Saturation technique

Achieving full saturation in the models proved to be particularly
challenging, attributed to the silty sand’s low permeability and the high
viscosity of the saturation fluid. Ensuring models are fully saturated is
essential, as the presence of air significantly influences liquefaction
resistance [31]. To address these challenges, this study implemented a
bottom-up saturation method. The saturation approach involved intro-
ducing the viscous fluid from the soil’s base at a controlled rate, enabling
the fluid to displace air while achieving saturation. The initial step
involved sealing the laminar container, followed by the application of a
robust vacuum pump to the model. Carbon dioxide was introduced into
the evacuated model space to replace residual air. This sequence was
repeated thrice, finished by the gradual injection of viscous fluid though
one of the geonet strips affixed to the model’s side, as shown in Fig. 3,
ensuring thorough saturation under vacuum.

Given the complexities involved in determining the saturation level
of the models, a method proposed by Okamura and Inoue [23] was
adopted to assess the saturation level, particularly for the challenging
scenario of using a 45 cp viscous fluid. This post-saturation evaluation
technique employs a laser displacement sensor, specifically the Keyence
LB-11 model with a resolution of 10 μm. These measurements allow for
an estimation of the remaining air volume within the model and,
consequently, the degree of saturation. The air volume (V1) is calculated
using Eq. (1):

V1 =
Δh

(p1/p2) − 1
A Eq. 1

Where, V1 is the volume of air.
Δh is the change of the viscous fluid surface.
p1, p2 are the container absolute pressures before and following the

cessation of the vacuum process, respectively.
A is the area of the container.
The setup included a laser displacement sensor fixed to the sealing

top of the container targeting a reflective surface for enhanced accuracy,
which floats on the fluid surface. Measurements commenced prior to
stopping the vacuum pump and continued as air was allowed back into
the sealed container at a constant rate. The correlation between Δh and
(p1 /p2) − 1 is initially charted by Okamura and Inoue [23], and shown
in Fig. 4. Three curves are originally presented: one for a test involving
only water and the other two for Keisha no.8 soil (fine sand with fines
contents 13.5 %) models saturated under different vacuum pressures.
The soil was compacted to a relative density of 60 % for these two

Table 1
Dr, PGA, Vs and max. ru, for both centrifuge tests.

Test Dr
(%)

PGA at
base (g)

Shear Wave
Velocity (m/sec)

(ru)max

Bottom Middle Top

Model A-
20 g

44.8 0.069 115 0.17 0.42 0.76

Model B-
45 g

42.3 0.064 116 0.19 0.41 0.67

Fig. 3. Saturation tube through the geonet strips.
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experiments. The water-only test achieved a near-complete saturation of
99.93 %, whereas the Keisha no.8 soil model, saturated at atmospheric
pressure, reached 87.2 % saturation, and the model subjected to a vac-
uum pressure of 7 kPa achieved 98.72 % saturation. In the cited graph,
the slope of the lines correlates directly with the volume of air. The
result from this study is overlaid in a red dotted line. Fig. 4 indicates that
the saturation level of silty sand from this study not only surpassed that
of the Keisha no.8 soil models but also closely matched the trend and
saturation percentages of the water-only test. The estimated saturation
degree (Sr) for the silty sand, achieved through the use of viscous fluid,
was nearly 99.5 %. The close correlation between this study’s saturation
and the water-only model indicates the exceptional efficacy of the
bottom-up saturation technique employed in this research. The
enhanced saturation results obtained in this investigation may be
attributed to the introduction of carbon dioxide before the start of the
saturation, applied three times before commencing the saturation pro-
cess. This preparatory step, which was not utilized in the Keisha no.8 soil
experiments, may have significantly contributed to the higher degree of
saturation achieved.

Moreover, this degree of saturation, examined at 1 g, showcases the
potential for even greater saturation levels once the lead shot layer is
added and the model is subjected to the centrifugal forces within the
geotechnical centrifuge. This finding underlines the success of satura-
tion technique utilized herein, highlighting its effectiveness in satu-
rating low permeable soil using viscous fluid.

2.5. Instrumentation

The centrifuge experiments conducted in this research were designed
with detailed instrumentation to enable extensive data collection and
analysis. Each model was prepared with a comprehensive set of trans-
ducers, including accelerometers, Pore Pressure Transducers (PPTs),
Linear Variable Differential Transformers (LVDTs) for measuring verti-
cal displacement, and bender elements for measuring the shear wave
velocity. The arrangement of these instruments is illustrated in Fig. 1.

Acceleration responses were captured using sixteen accelerometers
distributed across the model. Four of these were located at the con-
tainer’s base to record the shaker’s input motion in three dimensions,
with specific alignment to the direction of shaking. The soil itself housed
eight accelerometers, arranged in two vertical arrays of four sensors
each, to track acceleration at various depths within the silty sand layer,
covering the base, bottom, middle, and top sections. Additionally, four
accelerometers were installed within the lead shot layer to monitor its
response and assist in subsequent calculations of shear stresses and
strains.

Pore pressure changes within the saturated silty sand were moni-
tored by twelve PPTs, arranged in three vertical arrays. One of these
arrays was fixed to the laminar container’s inner wall, and the other two
were positioned symmetrically around the silty sand layer. This setup,
with three PPTs near both the top and bottom of the silty sand layer, was
designed to comprehensively map pressure variations throughout the
depth of the layer.

Settlements due to changes in effective stress during the centrifuge’s
spinning-up, and shaking phases were measured using two LVDTs
located on the transition layer. An additional LVDT was placed at the
base of the silty sand layer to observe any settlement in the Geo-
composite layer.

2.6. Shaking events

In both experiments, a one-dimensional (1D) shaking was initiated
from the base using the centrifuge’s in-flight shaker system. The input
motion for these shaking events was uniform sinusoidal waves, con-
sisting of 10 cycles with a dominant prototype frequency of 2 Hz. The
Peak Ground Acceleration (PGA) for both tests are reported in Table 1.

2.7. Shear-wave velocity

Shear wave velocity (Vs) measurements within the silty sand layer
were performed by bender elements placed at the mid-depth, where the
effective overburden pressure reaches 1 atm. This system utilized a pair
of transducers: one to emit shear waves and another to receive them,
allowing for accurate determination of the soil’s shear wave velocity
prior to shaking. The calculated velocities are presented in Table 1. In
both models, the shear wave velocity was evaluated using the “first
arrival” method [32,33]. The estimation of horizontally propagating
vertically polarized Vs was derived from the time taken for wave prop-
agation and the distance between the transmitting and receiving ele-
ments. In Model A-20 g and Model B-45 g, Vs was estimated to be 115
m/s and 116m/s, respectively, underscoring the homogeneity of the soil
properties across the different centrifuge experiments.

3. Results

This section examines the key findings and initial analyses from both
centrifuge experiments, exploring various aspects including accelera-
tion, excess pore pressure, volumetric strain in the vertical direction,
shear stress ratio, and shear strains. It provides an in-depth analysis of
the data collected, and observations made, highlighting the equivalence
in outcomes from both tests.

3.1. Acceleration

Fig. 5 displays the acceleration time histories for both Model A-20 g
and Model B-45 g experiments, illustrating the acceleration histories at
various depths of the silty sand layer, including the base, bottom, mid-
dle, and top, scaled to the prototype. Acceleration data was collected
using accelerometers embedded at these different levels within the
layer.

The plot shows that the input is a sinusoidal waveform consisting of
10 cycles over a 5-s duration, indicative of a 2 Hz frequency. Fig. 5 shows
consistency in the waveform across both models underscores the uni-
formity and reproducibility of the input motion at the base. Wave
propagation from the base upwards through the layer shows excellent
similarities in both models. According to Table 1, the Peak Ground Ac-
celeration (PGA) at the base for both the Model A-20 g and Model B-45 g
closely matches, with values of 0.069 g and 0.064 g, respectively.

Analysis of the acceleration time histories within the silty sand, as
shown in Fig. 5, reveals a slight amplification in peak acceleration
moving from the base to the top especially at the beginning of the shake.
After 1–2 s into the shaking, the acceleration starts to attenuate, as the

Fig. 4. Relationship between change in viscous fluid surface and pressure in
the container (modified after [23]).

M.E. Ghazy et al.
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excess pore pressure starts to increase.

3.2. Excess pore water pressure time histories

Fig. 6 showcases the development of the excess pore pressure ratio
(ru) over the course of the shaking events and during the dissipation
period for both Model A-20 g and Model B-45 g experiments. The dis-
played ru values correspond to the locations of the pore pressure trans-
ducers, which are targeted to be the same elevations as the
accelerometers detailed in Fig. 5. The excess pore pressure ratio is
determined by dividing the observed excess pore pressure (u) by the
initial pre-shaking effective overburden pressure

(
σv́
)
at each sensor’s

depth.
Fig. 6-a captures the first 6 s, showing the buildup in excess pore

pressure during the shaking. The data indicates similar patterns across

both models, with ru values being notably higher at the soil’s top,
decreasing towards the middle, and lowest at the bottom. Table 1 dis-
plays the maximum excess pore pressure ratio (ru)max at various
depths—bottom, middle, and top—illustrating a uniform liquefaction
behavior in both tests at the bottom andmiddle depths. Minor variations
observed at the top are attributed to the placement of sensors, a detail
that will be further explored in the following section.

Fig. 6-b presents the ru values immediately following the end of
shaking, illustrating the dissipation of the excess pore pressure ratio.
This portion underscores the significant parallel trend of excess pore
pressure dissipation across both models, reinforcing the robustness and
consistency of the dissipation fluid flow.

Despite variations in model thickness (in model scale) and the vis-
cosity of the fluids used in each experiment, the resemblance observed in
both tests—particularly during the phases of excess pore pressure
buildup and dissipation—indicates that the models achieved a compa-
rable level of saturation, which can be inferred as full saturation. This
observation underscores the success of the adopted saturation tech-
niques introduced in this study, demonstrating their capability to ach-
ieve consistent results across models of different thicknesses.

3.3. Excess pore water pressure profiles

Fig. 7-a and Fig. 7-b present isochrone charts that map the excess
pore pressure (u) against depth (z) at selected time intervals during the
seismic events, with both u and z values uniformly scaled and depth
adjusted relative to the soil layer thickness for straightforward com-
parison across tests. These charts include the Effective stress line
(marking the onset of initial liquefaction) at an ru value of 1.0, as well as
the total stress line. The normalized depth scale starts at 0 for the silty
sand layer’s surface and extends to 1 at the soil layer’s base. Excess pore
pressure at the layer’s top was plotted through linear interpolation be-
tween the uppermost PPT readings and the PPT sensor located in the
transition layer. The selected time steps (1.5, 2.5, and 5 s) illustrate that
the top of the silty sand layer is consistently closer to reaching lique-
faction conditions, followed by the middle section, with the bottom
displaying the lowest susceptibility. Fig. 7 notably demonstrates the
very good consistency in excess pore pressure values and trends between
the two experiments.

Fig. 8-a and Fig. 8-b display the dissipation isochrones of excess pore
water pressure post-shaking, spanning from 0 to 480 s, with time (tdiss)
zero marking the cessation of the shake. These isochrones, similar to the
buildup plots in Fig. 7, utilize depth normalization and include lines for

Fig. 5. Comparison between acceleration time histories at various depths for
both tests.

Fig. 6. Excess pore pressure ratio time histories a) buildup phase, b) dissipa-
tion phase.

M.E. Ghazy et al.



Soil Dynamics and Earthquake Engineering 185 (2024) 108906

6

effective and total stress. The very good similarities in dissipation pat-
terns across both tests are apparent. Excess pore pressure readings at the
silty sand layer’s boundaries, as shown in Figs. 7 and 8, consistently
indicate minimal pressure, confirming the effectiveness of the free-
drainage conditions established for the experiments.

Fig. 9-a and Fig. 9-b illustrate the profiles of maximum excess pore
pressure and the associated ru values at varying depths, with each depth
normalized by the thickness of the soil layer in the respective models.
Although Table 1 indicates minor discrepancies in the maximum pore
pressure ratio (ru)max at the top layer of the silty sand, Fig. 9-a and 9-b,

Fig. 7. Excess pore pressure profiles (isochrones) during buildup, a) Model A-20 g; b) Model B-45 g.

Fig. 8. Excess pore pressure profiles (isochrones) during dissipation, a) Model A-20 g; b) Model B-45 g.

M.E. Ghazy et al.
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which are normalized by the depth of each test, exhibit significant
alignment in both excess pore pressure and maximum excess pore
pressure ratio. This observation clarifies that the variations documented
in Table 1 arise from differences in sensor depth placement. When these
measurements are graphically represented as profiles, it becomes
evident that the data points align, adhering to the same trend and

matching in value, thus underscoring the uniformity of the soil’s
response in both models.

3.4. Volumetric strain

Settlement measurements within the silty sand layer were captured

Fig. 9. (a) Max. Excess Pore Water Pressure profile; (b) max. Ru profile.

Fig. 10. Vertical Normal Strain, a) during shake; b) after shake.

M.E. Ghazy et al.
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using LVDTs placed atop the transition layer. The decision against
placing LVDTs directly on the silty sand layer’s surface was due to the
risk of the devices sinking into the loose silty sand during seismic events,
which could compromise the accuracy of the data. To precisely deter-
mine the alteration in soil thickness, readings from the base
LVDT—nearly negligible and close to zero—were subtracted from the
top LVDT measurements. This process was undertaken to factor in any
settlement occurring in the Geocomposite layer located underneath the
silty sand layer.

Fig. 10 illustrates the normalized settlement, depicted as volumetric
strain in the vertical direction over time, commencing with the start of
the seismic activity. The volumetric strain in the vertical direction was
derived by dividing the LVDT-recorded settlement by the silty sand
layer’s thickness in each model. Fig. 10 illustrates the settlement pat-
terns, highlighting that the initiation of settlement in Model A-20 g
preceded that of Model B-45 g. This discrepancy can be linked to the
earlier onset of acceleration waves in Model A-20 g, as depicted by the
base acceleration data in Fig. 5. Additionally, Model A-20 g exhibited
marginally higher settlement levels compared to Model B-45 g, poten-
tially attributed to a slightly higher PGA value for Model A-20 g, as
indicated in Table 1. Nonetheless, the settlement pattern remains
consistent across both models, with settlement ceasing around 300 s
after shaking onset.

3.5. Stress ratio & shear strain

In this study, the shear stresses and strains for both centrifuge tests
were determined using the acceleration time histories recorded by
sensors embedded within the silty sand and the lead shot layer. This data
was processed through the system identification (SI) technique, a
method pioneered by Elgamal et al. [34], Zeghal et al. [35], Elgamal
et al. [36], which conceptualizes the level deposit under dynamic
loading as a shear beam. Subsequently, the shear stress ratio was
computed by dividing the obtained shear stress by the initial effective
vertical stress. The time histories of the shear stress ratios at varying
depths of the silty sand layer are illustrated in Fig. 11, while the corre-
sponding shear strain time histories are presented in Fig. 12.

The median undegraded Cyclic Stress Ratio (CSR) for both tests, at
different depths, is tabulated in Table 2. Notably, an observable degra-
dation in stress was identified in the initial shaking cycles for Model A-
20 g, as depicted in Fig. 11. While the degradation in stress was less
pronounced in Model B-45 g, CSR calculations for this model also
focused on the initial cycles for comparison with Model A-20 g. Conse-
quently, the undegraded CSR values were used for calculating the me-
dian values presented in Table 2. This approach aligns with the
methodology outlined by Ni et al. [24], Ni [37], emphasizing the
importance of a total stress analysis that abandons the stress-strain
degradation due to pore pressure buildup.

The stress analysis, which neglects the shear stress degradation due
to excess pore pressure is the most used analysis technique in practice
due to its simplicity. By focusing on the initial loading cycles in the
centrifuge experiments herein, the analysis avoids the complications
introduced by shear stress degradation after the first few cycles when the
excess pore pressure increases significantly [24]. This allows for a more
representative and consistent estimation of the cyclic shear stress ratio
of the soil in centrifuge experimental simulation.

The shear strain graphs presented in Fig. 12 display a notable
alignment between the two tests, with the exception of the first two
cycles where Model A-20 g consistently exhibits higher lower values
compared to Model B-45 g. This is consistent with the slightly higher
acceleration, excess pore pressure and settlement observed for Model A-
20 g.

4. Discussion

This paper presents two centrifuge experiments, specifically

designed to explore the behavior of silty sand under seismic loading
conditions. Each of the experiments were subjected to different cen-
trifugal accelerations (20 g and 45 g) and were involved in investigating
the dynamic response and fluid flow within the silty sand soil under
double drainage conditions. The core of the analysis focuses on the
measurement of excess pore pressure and its dissipation over time, a
critical indicator of soil’s susceptibility to liquefaction and subsequent
consolidation behavior.

By applying scaling laws that account for the dynamic behavior and
fluid flow in the models, the study ensured that the observed phenomena
could be accurately scaled to the same prototype conditions. The use of
instrumentation arrays, including Pore Pressure Transducers (PPTs)
placed within the soil, provided precise data on the buildup and dissi-
pation of excess pore pressure due to seismic shaking. This data, when
analyzed, revealed a remarkable consistency in the behavior of excess
pore pressure dissipation between the two models, despite the differ-
ences in centrifugal forces applied.

Fig. 11. Comparison of shear stress ratio time histories at different depths.

M.E. Ghazy et al.
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The scaling laws for viscous fluids were crucial in this context. These
laws ensure that the fluid flow within the models accurately represents
the flow that would occur in field conditions, taking into account the
viscosity of the pore fluid and the scale of the model. The close corre-
lation in excess pore pressure buildup and dissipation observed between
the two centrifuge tests provides a robust validation of the coupled
dynamic and consolidation scaling laws, as well as the scaling laws for

viscous fluids. This outcome highlights the precision and reliability of
the centrifuge modeling techniques employed as well as the repeat-
ability of tests within this project.

The saturation of both models was achieved using a bottom-up
technique, demonstrating its efficacy in saturating silty sand soil with
a viscous fluid through a method proposed by Okamura and Inoue [23].
This method provides a reliable estimate of the saturation degree.
Moreover, the consistency in the buildup observed across the two tests
indicates that both models, despite their differing thicknesses at the
model scale (but not at the prototype scale), attained equivalent degrees
of saturation. This observation underscores the effectiveness of the
employed saturation technique.

The analysis of shear stress and strain in both experiments was car-
ried out using the system identification method, employing an array of
accelerometers embedded within the silty sand and lead shot layers. By
computing the stress ratio and shear strain across various depths of the
silty sand layer, data was plotted to illustrate the behavior under seismic
loading. Furthermore, the median values of the undegraded cyclic stress
ratios (CSR) for both tests were determined, showcasing the effective-
ness of the system identification technique in capturing the soil’s
response at differing centrifuge acceleration levels.

5. Summary and conclusions

Two models, Model A-20 g and Model B-45 g, of saturated silty sand,
were tested in the centrifuge facility of Rensselaer Polytechnic Institute
(RPI) to study the liquefaction behavior of silty sand under a double
drainage condition. Both experiments, designed to replicate the same
prototype at different g-levels, employing the “modeling of models”
technique. Both models aimed to assess the silty sand soil’s behavior
under 1 atm overburden pressure at the soil’s mid-height, under double
drainage conditions. The methodology for both experiments was uni-
formly applied, ensuring comparability. The main outcomes of this
investigation reveal.

• The measured shear wave velocity data and the measured mass
density from both tests closely align, highlighting the reproducibility
of the relative density achieved in each model and emphasizing the
experiments’ consistency.

• Bottom-up saturation technique was employed to ensure complete
saturation of the silty sand models with viscous fluid, a crucial step
for the analysis of liquefaction. For the most challenging scenar-
io—achieving saturation using a 45 cp viscous fluid—the saturation
level was determined by means of a methodology developed by Ni
et al. [26].

• The saturation achieved in this study was benchmarked against three
different tests from the previously cited research, it was observed
that the degree of saturation closely mirrored that of the model using
only water and exceeded the saturation levels of the other two sand
models reported by Okamura and Inoue [23]. This analysis
confirmed the effectiveness of the bottom-up method in attaining
higher saturation levels.

• Remarkable consistency was observed across both centrifugemodels,
in the silty sand layer’s response, including acceleration profiles, the
buildup and dissipation of excess pore pressure, and the analysis of
shear stress ratios and strains.

• The consistency observed in both tests, particularly throughout the
excess pore pressure buildup and dissipation stages, suggests a uni-
form saturation level across both models. This highlights the effi-
ciency of the saturation methods presented in this study, further
validating their effectiveness.

• The coupled dynamic and consolidation scaling laws, alongside the
scaling laws for viscous fluids, were confirmed by the close correla-
tion in excess pore pressure dissipation post-shaking between the two
tests.

Fig. 12. Comparison of shear strain time histories at different depths.

Table 2
CSR Data for both tests.

Test Median CSR

Mid-Bottom Middle Mid-Top Top

Model A-20 g 0.092 0.098 0.102 0.102
Model B-45 g 0.113 0.107 0.106 0.100
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