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Abstract Liquefaction is a critical geotechnical hazard
that occurs when excess pore water pressure builds up in
saturated sandy soils during earthquakes, leading to a
significant reduction in effective stress and shear strength.
This study investigates the behavior of pore water pressure
during liquefaction using shaking table tests on a
laboratory-scale saturated sand model with an initial
relative density of 40%. Sinusoidal horizontal excitations
were applied with peak ground accelerations (PGA) of 0.3
g, 0.4 g,and 0.5 g for a duration of 60 seconds. Excess pore
water pressure was continuously monitored using
piezometer sensors installed at depths of 200 mm, 300 mm,
and 500 mm to capture depth-dependent responses. The
results reveal a nonlinear relationship between PGA and
pore water pressure response. The highest excess pore
water pressure (Au) and pore water pressure ratio (ru) were
recorded at PGA = 0.3 g, particularly at greater depths,
indicating that moderate seismic loading promotes pore
pressure accumulation under limited drainage conditions.
At higher PGA levels (0.4 g and 0.5 g), pore water pressure
did not increase proportionally, suggesting the influence of
cyclic soil densification and accelerated dissipation
mechanisms. Temporally, the pore water pressure response
can be divided into three phases: rapid buildup, peak
response approaching liquefaction, and subsequent
dissipation. These findings demonstrate that liquefaction
potential cannot be evaluated solely based on earthquake
acceleration intensity, but must also consider soil depth,
density, and drainage characteristics, providing useful
insights for liquefaction risk assessment and mitigation.

Keywords Pore Water Pressure Ratio, Liquefaction,
Shaking Table, Peak Ground Acceleration, Sandy Soil

1. Introduction

Indonesia, located within the Pacific Ring of Fire, is
highly wvulnerable to seismic activity. Several past
earthquake events, such as the 2004 Aceh [1], 2009 Padang
[2], 2018 Palu [3], and 2021 Majene [4] earthquakes, have
demonstrated the severe consequences of soil liquefaction.
Liquefaction occurs when water-saturated soil experiences
an increase in pore water pressure. This reduces the soil's
effective stress, resulting in a loss of shear strength and
behavior resembling that of a fluid. This can have serious
consequences for the stability of building foundations,
embankments, port facilities, and flood barriers.

In this mechanism, the repeated vibrations caused by
earthquakes compact the soil particles. Under limited
drainage conditions, pore water cannot escape. This leads
to an accumulation of pore water pressure (Au), which
reduces effective stress (c’). When effective stress
approaches zero, the soil loses its shear strength and
liquefies [5], [6]. Therefore, it is very important to
understand the effect of pore water pressure on liquefaction
potential, especially in subsoil that supports strategic
infrastructure [7].

In order to design appropriate mitigation strategies, it is
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crucial to understand how saturated soil responds
dynamically to seismic loads. However, direct observation
in the field is significantly limited by the uncertainty of soil
conditions, variations in earthquake intensity, and the
difficulty of monitoring pore water pressure and
deformation in real time [5], [6]. Therefore, shaking
table-based laboratory testing is an effective alternative for
simulating controlled earthquake loads and analyzing the
dynamic behavior of soil and structures [8], [9].

Shaking table testing allows researchers to analyze the
formation of excess pore water pressure [10], deformation
[11], energy dissipation [12], and seismic wave
propagation in laboratory-scale soil models. This
simulation allows liquefaction characteristics and the
dynamic response of soil to be identified in a more
measurable and in-depth manner. Additionally, this
method is crucial for evaluating the effectiveness of
various soil reinforcement systems, including timber piles,
hybrid piles, stone columns, and densification techniques,
in mitigating liquefaction and deformation risks associated
with seismic loads.

Although many previous studies have examined
liquefaction through shaking table testing, most are limited
to variations in input acceleration [13] or specific types of
sand [14]. Few have comprehensively examined the effects
of dynamic pore water pressure, damping, and deformation
on reinforced and unreinforced models. Furthermore, few
studies have combined simultaneous measurements of pore
water pressure, soil acceleration, and surface subsidence in
order to gain a more complete mechanistic understanding
of how saturated soil responds to earthquake vibration
cycles.

This study investigates pore water pressure behavior in
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saturated sandy soil during liquefaction under varying
PGA (0.3 g, 0.4 g, and 0.5 g) using shaking table tests on a
laboratory-scale model with an initial relative density of
40%. The results provide insight into liquefaction
mechanisms and the influence of earthquake acceleration
on liquefaction potential, with implications for liquefaction
risk mitigation.

2. Materials and Methods

2.1. Material Properties

The sand used in this study was collected from the
coastal area of Galesong, Takalar Regency, South
Sulawesi Province, Indonesia. The geographical location
of the sampling site is shown in Figure 1, while
representative sand samples are presented in Figure 2. The
sand is classified as iron sand, characterized by a high
heavy mineral content dominated by magnetite, with a
specific gravity greater than 2.70.

Laboratory testing of the sand properties was conducted
in accordance with ASTM 4254-16 [15] and ASTM
4253-16 [16] to determine the minimum and maximum
dry unit weights and relative density parameters. The
index properties of the Galesong sand are summarized in
Table 1, while the corresponding grain size distribution
curve is shown in Figure 3. Grain size distribution
analysis indicates that the sand is uniformly graded, with a
coefficient of uniformity (Cu = 2.21) and coefficient of
curvature (Cc = 1.02). Based on its gradation
characteristics, the sand falls within the range of soils
susceptible to liquefaction.
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Location of Galesong in Takalar Regency, South Sulawesi Province, Indonesia
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Figure 2. Galesong sand
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Table 1. Index Properties of Galesong Sand

No Description Unit Value
1. Water content (w) % 18.26
2. Specific gravity (Gs) - 3.17
3. Grain size distribution

a. Do mm 0.120

b. Do mm 0.180

C. Dso mm 0.265

d. Coefficient of uniformity (C,) - 221

e. Coefficient of curvature (C,) - 1.02
4. Unit weight (yq)

a  (Yamin) kN/m? 18.25

b, (Yomax) kN/m? 20.21
5. Void ratio (e)

a. (Emin) - 0.65

b.  (ema) - 0.86

e Sand material Galesong beach
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Figure 3. Distribution of Galesong sand grain sizes
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2.2. Experimental Setup

Shaking table tests were conducted at the Geotechnical
and  Geoenvironmental Laboratory, Faculty of
Engineering, Hasanuddin University. The shaking table
has dimensions of 1.2 m %< 1.2 m and a load capacity of 3
tonnes. Horizontal excitation is generated using a
servo-hydraulic actuator, with a maximum displacement
of 40 mm, an operating frequency range of 0.01-50 Hz,
and an acceleration capacity up to 1 g. The loading
parameters were controlled digitally to ensure repeatable
input motions.

Hydraulic Pump

Pore Water Pressure Behavior during Liquefaction Based on Shaking Table Testing

A transparent test tank with internal dimensions of
1200 mm > 1000 mm <800 mm (length <width x<height)
was used to allow visual observation of soil behavior
during testing. The tank was constructed from
10mm-thick acrylic panels reinforced with a steel frame.
To reduce wave reflection from rigid boundaries,
polyurethane foam boards were installed along the inner
walls of the tank, following recommendations from
previous shaking table studies [17], [18], [19]. The
experimental setup, including the shaking table and test
tank configuration, is shown in Figures 4 and 5.

Loading Platform

Piston Rod

Hydraulic Actuator

Figure 5. Test tank
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2.3. Physical Model Preparation and Instrumentation

The physical model was prepared using the sand bed
saturation method. Dry sand was placed in six layers to
achieve a total thickness of 600 mm with an initial relative
density of 40%. Each layer was placed with a controlled
drop height of 20 cm to maintain uniform density. The
total dry weight of sand used in the model was 1,167.12

kg.

rFoam Board

200
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During sand placement, three piezometer sensors (P1,
P2, and P3) were installed at depths of 50 cm, 30 cm, and
10 cm, respectively, to monitor excess pore water pressure
development. In addition, three accelerometers (Al, A2,
and A3) were installed to record soil acceleration at
different elevations. The layout of the sensors and the
overall physical model configuration are illustrated in
Figure 6.
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Figure 6. Layout of the experimental model, (a) Cross-sectional view of the model, (b) Top view of the model
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After placement, the sand layer was saturated by slowly
introducing water from the bottom of the tank until the
water level exceeded the sand surface by approximately 1
cm. The saturated sand was then left undisturbed for 24
hours to ensure uniform pore water pressure distribution.
An embankment model made of compacted clay with a
slope angle of 60°was subsequently placed on top of the
saturated sand layer to represent surface loading
conditions.

2.4. Loading Protocol and Test Procedure

The experimental program was designed to investigate
the effect of peak ground acceleration (PGA) on pore water
pressure behavior and liquefaction potential. Sinusoidal
horizontal excitations with PGA values of 0.3 g, 0.4 g, and
0.5 g were applied to the model at a constant frequency for
a duration of 60 seconds. These acceleration levels
represent light to strong earthquake loading conditions.

Each test was conducted under identical initial
conditions to allow direct comparison of results. The
testing matrix is presented in Table 2, and the physical
condition of the model before and after testing is shown in
Figure 7. Excess pore water pressure and acceleration
responses were recorded continuously throughout the
loading duration.

Table 2. Physical model testing matrix

Dr PGA Time
Code
(%) (@ (second)
PGA0.3g 40 0.3 60
PGA0.4¢g 40 0.4 60
PGAO05¢g 40 0.5 60

(a)
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(b
Figure 7. Physical model condition, (a) Before testing, (b) After testing

2.5. Pore Water Pressure Ratio

The pore water pressure ratio (ru) is used as an indicator
to evaluate the liquefaction potential of saturated sand
during shaking table testing. The parameter represents the
ratio between the excess pore water pressure (Au) and the
initial effective vertical overburden stress (o'v), and is
defined as:

Au
g @)

A value of ru = 1 indicates that the excess pore water
pressure (Au) is equal to the initial effective stress,
resulting in a zero effective stress in the soil. This condition
describes soil that has lost all its shear strength and is
susceptible to liquefaction.

The initial effective vertical overburden stress (c'vo)
corresponding to each piezometer depth (Table 3) was
adopted in the calculation of the excess pore water pressure
ratio (ru) using Equation (1), thereby providing a consistent
reference stress for evaluating liquefaction potential.

ru =

Table 3. Initial effective overburden stress (c'y0) at different piezometer
depths used in the calculation of the pore water pressure ratio (ru)

Depth Y Yw Cw u (%)

(mm) (kN/m3)  (KN/m®) (kPa) (kPa) (kPa)
1. 0 2251 9.81 0.00 0.00 0.00
2. 100 2251 9.81 225 098 127
3. 200 2251 9.81 450 196 254
4. 300 2251 9.81 6.75 2.94 3.81
5. 400 2251 9.81 9.00 392 5.08
6. 500 2251 9.81 1125 491 635
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3. Results

3.1. Time History of Excess Pore Water Pressure

To evaluate the effect of depth on the response of
saturated soil during dynamic loading, the evolution of
excess pore water pressure (Au) was analyzed at several
depths with different initial effective overburden stresses
(o'v,). Figure 8 shows the evolution of Au against time at
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three measurement depths (500 mm, 300 mm, and 100
mm) during dynamic loading.

Figure 8 shows the time histories of Au measured at
depths of 100 mm, 300 mm, and 500 mm under PGA of
0.3 g,0.4 g, and 0.5 g. In all cases, Au increases rapidly at
the onset of shaking, reaches a peak, and subsequently
dissipates, reflecting the typical undrained response of
saturated sandy soil under cyclic loading.
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Figure 8. Time History of excess pore water pressure (Au),a) PGA 0.3 g, b) PGA 0.4 g,c) PGA0.5¢

At PGA = 0.3 g, significant pore pressure accumulation
is observed at all depths, with the deepest layer exhibiting
the largest absolute Au values and the longest dissipation
time. This indicates that moderate seismic loading is
particularly effective in promoting pore pressure buildup

under higher confinement and limited drainage conditions.

Although the shallow layer shows higher pore water
pressure ratio (ru) values due to lower initial effective
overburden stress (o'vo), the deeper layer experiences
more persistent excess pore water pressure accumulation.

Increasing the PGA to 0.4 g and 0.5 g accelerates the
rate of pore pressure buildup but does not produce
proportional increases in peak Au. In several cases, lower
peak values and shorter dissipation times are observed
compared to those at PGA = 0.3 g, indicating a nonlinear
relationship between PGA and pore water pressure
response. This behavior is attributed to partial soil
densification and enhanced drainage induced by stronger
cyclic loading.

Overall, the results demonstrate that pore water
pressure response in saturated sandy soil is strongly
depth-dependent and nonlinear with respect to seismic
loading intensity, with moderate PGA levels being more
critical for pore pressure accumulation than higher
acceleration levels.

3.2. Pore Water Pressure Ratio vs. PGA

To evaluate the effect of dynamic loading intensity on
liquefaction potential, the relationship between the
maximum pore water pressure ratio (rum.) and PGA was
analyzed at various depths under different initial effective

overburden stress conditions, as shown in Figure 9.

Figure 9 shows the relationship between the maximum
pore water pressure ratio (rumax) and PGA at three different
measurement depths: 100 mm, 300 mm, and 500 mm.
Generally, rum.x increases with higher PGA values at all
depths, confirming that the intensity of dynamic loading
primarily influences the formation of pore water pressure.

When the PGA reaches 0.3 g, the rum. values at all
depths approach or even reach one, particularly at
shallower depths. This indicates a nearly complete loss of
effective stress and the onset of liquefaction conditions,
suggesting that a PGA of 0.3 g is a critical threshold for the
tested soil.

As the PGA increases to 0.4 g and 0.5 g, the rum.x values
decrease, dropping below one at all depths. This behavior
indicates that with larger amplitude loads, dissipation and
partial reconsolidation mechanisms become more
prominent, thereby limiting the accumulation of maximum
pore water pressure.

3.3. Excess Pore Water Pressure Ratio vs. Time

The relationship between Au and time illustrates the
dynamics of the response of saturated soil during seismic
loading. Figure 10 shows the excess pore water pressure
(Au) values over time. Based on these values, the time
parameter is divided into three phases: the excess pore
water pressure rise phase (t1), the excess pore water
pressure peak time (t2), and the excess pore water pressure
dissipation phase (t3). The values of each component are
analyzed and presented in Table 4 and Figure 10.

Figure 10 shows that the phase of the increase in excess
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pore water pressure (t1) occurs earlier in the inner layer (P1,
at a depth of 500 mm) than in the upper layer (P3, at a depth

of 10 mm), with t: values ranging from 10 to 13.30 seconds.

The increase in the t: value at a higher PGA (0.5 g)
indicates that pore water pressure formation responds more
quickly as vibration energy increases.

The peak phase (t2) indicates the time at which the
maximum value of excess pore water pressure is reached.
In general, t2 occurs between 2.68 and 3.30 seconds, with
an increasing trend towards higher PGA values. For
instance, at piezometer P1, the peak time decreased from
3.3 seconds (0.3 g) to 2.75 seconds (0.5 g). This suggests

1.2
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that the soil becomes oversaturated more quickly under
stronger earthquake loads, indicating an acceleration in the
formation of liquefaction conditions.

The dissipation phase (t3) is the period during which
pore water pressure begins to decrease due to drainage or
redistribution of pore water. The value of t; ranges from 40
to 47 seconds and generally decreases as PGA increases.
This indicates that, although pore water pressure builds up
more quickly under large earthquake loads, the
stabilization process also occurs more quickly. This
variation is possibly due to an increase in fractures or water
flow paths within the soil mass.

1.0

0.8

ru max.
.
o

0.2

0.0
0.3

BP1 (Depth 500 mm)

@P2 (Depth 300 mm)

BP3 (Depth 100 mm)

0.4 0.5

PGA (g)

Figure 9. Summary of the maximum pore water pressure ratio (ru)

Table 4. Summary of Au response times (t:: rise, t2: peak, ts: dissipation) at different depths for varying PGA

- ) PGA (9)
Description Piezometer
0,3 0,4 05
P1 (Depth 500 mm) 10.00 13.20 16.36
Phase of increase Au (t1) (second) P2 (Depth 300 mm) 12.00 18.60 16.91
P3 (Depth 100 mm) 13.30 16.20 15.27
P1 (Depth 500 mm) 3.30 3.00 2.75
Peak phase of Au (t2) (second) P2 (Depth 300 mm) 2.68 2.40 2.20
P3 (Depth 100 mm) 2.68 3.00 3.30
P1 (Depth 500 mm) 46.90 43.80 41.25
Phase of dissipation Au (ts) (second) P2 (Depth 300 mm) 45.56 39.00 41.25
P3 (Depth 100 mm) 44.22 40.80 41.80
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4. Discussion

The results of this study confirm that excess pore water
pressure plays a dominant role in controlling liquefaction
behavior under seismic loading. The observed increase in
Au and ru with peak PGA, particularly at greater depths,
is consistent with classical liquefaction mechanisms
described by Seed and Idriss [5] and Ishihara [6], in which
cyclic loading under undrained conditions leads to
progressive loss of effective stress.

At moderate acceleration levels (PGA = 0.3 g), ru
values approaching unity were recorded in the lower layer,
indicating conditions close to initial liquefaction. This
depth-dependent  response  agrees with  previous
experimental and field studies that emphasize the
influence of confinement stress and restricted drainage on
pore pressure accumulation [5-7]. However, at higher
acceleration levels (PGA > 0.4 g), the maximum Au and
ru values exhibit a nonlinear response with respect to
PGA. Similar nonlinear trends have been reported in
shaking table studies by Ha et al. [8] and Wang et al. [10],
[12], where strong cyclic loading promoted partial soil
densification and enhanced permeability, resulting in
accelerated pore pressure dissipation.

The temporal evolution of pore water pressure,
characterized by distinct rise, peak, and dissipation phases,
is consistent with observations reported in previous
laboratory studies [10], [11]. From an engineering

perspective, these findings indicate that liquefaction
potential cannot be assessed solely based on earthquake
acceleration intensity, but must also consider soil density,
depth, and drainage conditions. Despite limitations
associated with small-scale testing and simplified loading
conditions [8], [9], the comparative framework adopted in
this study provides useful insights into the nonlinear and
depth-dependent nature of pore water pressure response
under seismic loading.

5. Conclusions

Shaking table tests conducted in this study demonstrate
that pore water pressure development in saturated sandy
soil exhibits a nonlinear response to peak ground
acceleration. The experimental results show that Au and
ru increase with seismic loading up to a critical level, with
the highest values consistently occurring at PGA = 0.3 g,
rather than at higher acceleration levels.

At this moderate PGA, ru values approached unity,
particularly in the deeper soil layer, indicating conditions
close to the onset of liquefaction due to higher
confinement and limited drainage. Further increases in
PGA to 0.4 g and 0.5 g did not result in proportional
increases in Au or ru, suggesting that stronger cyclic
loading induced partial soil densification and enhanced
pore water pressure dissipation, thereby limiting further
pressure accumulation.
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The pore water pressure response was characterized by
three distinct temporal phases—buildup, peak, and
dissipation—with higher PGA levels accelerating both
pore pressure generation and recovery processes. These
results indicate that liquefaction potential cannot be
assessed solely based on earthquake acceleration intensity.
Instead, soil depth, density, and drainage conditions play a
critical role in governing pore water pressure evolution
and effective stress degradation.

Despite the inherent limitations of laboratory-scale
shaking table testing, this study provides experimental
evidence that clarifies the depth-dependent and nonlinear
mechanisms of pore water pressure response in saturated
sandy soils. The findings contribute to a more robust
understanding of liquefaction behavior and offer valuable
implications for seismic hazard evaluation and ground
improvement design in liquefaction-prone regions.
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