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1. Introduction

Earthquake case histories and the subsequent damages provide 
invaluable lessons to the engineering community on how to 
prepare for future seismic events. The Mexico City earthquake in 
1985 (Mw 8.0) enlightened the importance of site amplification 
in soils (Mendoza and Auvinet, 1988). The 1995 Hyogo-Ken 
Nanbu earthquake (Mw 6.9) served as a pivotal event in seismic 
design, which shifted the focus from forced-based design to 
performance-based design (Inagaki et al., 1996; Soga, 1998). 
Accordingly, an assessment and reconnaissance of the case 
histories are necessary to connect the past catastrophe with future 
advancements in seismic design.

The excess pore water pressure buildup during rapid cyclic 
loading the effective stress of soil which leads to soil liquefaction, 

predominantly observed in saturated loose sandy soil. This 
phenomenon gained significant attention following the Niigata 
earthquake in 1964. Notably, the collapse of the Kawagishicho 
apartment building, despite minimal structural damage, spurred 
investigations into the relationship between liquefaction and 
structural integrity (Seed and Idriss, 1967). Furthermore, the 
1964 earthquake in Alaska provided insights into lateral spreading 
as a prominent indicator of liquefaction, given the observed 
damage resulting from this phenomenon (Youd and Bartlett, 
1991).

When liquefaction is triggered, the soil exhibits pronounced 
nonlinearity in both stiffness and damping with increased shear 
strain levels. Given this complexity along with heterogeneity, 
while computational challenges such as extended processing 
times and accounting for soil nonlinearity are addressed, numerical 
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constitutive models still necessitate experimental validation to 
ensure accuracy. Despite the experimental limitations (e.g., 
multiple layers with different soil types, varying layer thickness, 
irregular boundaries between layers, etc.), centrifuge tests are an 
effective viable alternative for obtaining measurements on behalf 
of the field measurement. This is accomplished by replicating in-
situ stress conditions and simulating soil responses from 
small strains to failure, thereby serving as a substitute for field 
measurements. Many studies have utilized centrifuge tests to 
scrutinize damages from the field case histories (Dobry et al., 
2013; EI-Sekelly et al., 2016) and seismic responses of buried 
pipelines, embankments, and structure-foundation systems (Ha 
et al., 2010; Bertalot et al., 2012; Tiznado et al., 2020).

To verify the initiation of liquefaction during the earthquake, 
the most direct and simple approach is to measure and evaluate 
pore water pressure records at sites. However, since pore water 
pressure sensors are rarely installed at the site, obtaining such 
records in many liquefaction-prone regions proves challenging. 
Typically, the assessment of liquefaction relies on surface 
manifestations, such as sand boil or lateral spreading, which are 
consequence of liquefaction. It is crucial to distinguish between 
the triggering and consequence of liquefaction. Even if liquefaction 
is triggered, the potential exists for no discernible surface 
manifestation, making damage unpredictable (Maurer et al., 2014; 
van Ballegooy et al., 2015a, 2015b; Hutabarat and Bray, 2021). 
To enhance the precision and cost-effectiveness of liquefaction 
mitigation, a comprehensive understanding of the triggering 
mechanisms is imperative.

On November 15, 2017, at 05:29 UTC, a seismic event with a 
magnitude Mw of 5.5 occurred approximately 7.5 km north of 
Pohang-si, Gyeongsangbuk-do (36.11°N, 129.37°E). This 2017 

Pohang earthquake is reported to have originated from a reverse 
fault strike movement at a depth ranging between 7 to 9 km 
within the Miocene Pohang Basin (KMA, 2018; MOIS, 2018). 
The economic impact of this event on society was approximately 
13-fold greater than that of the 2016 Gyeongju earthquake in 
South Korea (KMA, 2017; MOIS, 2017). Notably, the triggering 
of soil liquefaction on November 15, 2017, marked the first 
instance since the inception of earthquake observations by the 
Korea Meteorological Administration (KMA) in 1978 (NDMI, 
2019).

A previous case history study on liquefaction indicated an 
average earthquake magnitude (Mw) of 7.0 in instances where 
liquefaction has been triggered (Ilgaç, 2022). In contrast, despite 
its modest magnitude, the 2017 Pohang earthquake-triggered 
liquefaction, which is out of 1 sigma (Mw 6.1 − 7.9) from the 
average magnitude, presents a unique case globally with surface 
evidence. This anomaly underscores the necessity for an in-depth 
investigation into the triggering mechanisms of liquefaction.

The objective of this study is to replicate the triggering of the 
Pohang liquefaction phenomenon through a dynamic centrifuge 
experiment, scrutinizing the dynamic characteristics of liquefied 
soil and resultant ground deformation. The observation of 
liquefaction triggering incorporates analyses of the excess pore 

water pressure ratio (ru) records, acceleration time histories, shear 
stress-strain responses, and time-frequency responses. Concurrently, 
the evaluation of ground deformation involves monitoring 
horizontal and vertical displacements of the ground surface, 
alongside assessing the suitability of previously proposed 
liquefaction evaluation methods for this distinctive case. 
Furthermore, the factor of safety for liquefaction (FSliq) is assessed 
by comparing results from the field standard penetration test (SPT) 
and centrifuge cone penetration test (CPT) conducted.

2. Centrifuge Modeling

The experiment was conducted at the KOCED Geo-centrifuge 
center in KAIST, Daejeon, Korea. The equipment used in the 
experiment is an asymmetric beam-type centrifuge with a radius 
of 5 m and a maximum capacity of 240 g-ton. It can reproduce a 
centrifugal acceleration of 130 g-level for a maximum load of 
1,300 kg (Kim et al., 2013a). In this study, the applied centrifugal 
acceleration was 30 g-level at the ground surface level. A self-
balanced electro-hydraulic shaking table was used to apply the 

Table 1. 2017 Pohang Earthquake Sites for Recorded Stations, Borehole
Locations, and Locations of Soil Ejecta (NDMI, 2019)

Sites Latitude Longitude

Epicenter 36° 07' 12.00" N 129° 21' 36.00" E

Old port 36° 02' 44.70" N 129° 22' 36.40" E

CH-1 36° 07' 06.60" N 129° 21' 41.63" E

CH-2 36° 06' 58.48" N 129° 22' 01.08" E

CH-3 36° 06' 37.39" N 129° 18' 25.68" E

CH-4 36° 02' 32.79" N 129° 22' 26.74" E

CH-5 36° 01' 56.03" N 129° 22' 46.33" E

Locations of liquefaction

occurrence observed 

by soil ejecta

36° 01' 36.20" N 129° 22' 38.24" E

36° 01' 37.26" N 129° 22' 40.51" E

36° 01' 34.66" N 129° 22' 41.61" E

36° 01' 41.30" N 129° 22' 45.76" E

36° 01' 51.45" N 129° 22' 53.20" E

36° 01' 57.92" N 129° 22' 24.46" E

36° 02' 06.52" N 129° 22' 30.01" E

36° 02' 11.99" N 129° 22' 15.15" E

36° 02' 11.38" N 129° 22' 16.28" E

36° 02' 11.40" N 129° 22' 18.05" E

36° 02' 10.96" N 129° 22' 18.28" E

36° 02' 12.05" N 129° 22' 21.28" E

36° 02' 14.21" N 129° 22' 21.51" E

36° 02' 16.74" N 129° 22' 20.72" E

36° 02' 18.68" N 129° 22' 21.59" E

36° 02' 19.84" N 129° 22' 22.69" E

36° 02' 31.48" N 129° 22' 25.99" E

36° 01' 26.45" N 129° 22' 39.28" E

36° 01' 40.40" N 129° 22' 25.76" E

36° 06' 58.31" N 129° 22' 00.05" E
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input motion to the soil model. The maximum base acceleration 
was 20 g under the centrifugal acceleration of 30 g with a 
maximum payload of 700 kg. This corresponds to 0.67 g of 
seismic acceleration at the prototype scale. The earthquake simulator 
(shaking table) can excite a range of loading frequencies of 30 – 
300 Hz for random vibration and 40 – 200 Hz for sinusoidal 
excitations, respectively (Kim et al., 2013b). In this study, the 
obtained test results and descriptions are expressed at a prototype 
scale by applying the scaling factor 30 (Madabhushi, 2017).

2.1 Target Field Site
A total of 20 sites observed sand boils during the 2017 Pohang 
earthquake (Table 1 and Fig. 1(a)). Notably, sand boil at Site CH-
2 and ground settlements and tilting of the buildings at Site CH-4 
were reported from field investigations (Fig. 2; Kang et al., 
2019). National Institute of Disaster and Safety (NDMI) of 
Korea performed five borehole tests (i.e., Sites CH-1, 2, 3, 4, and 
5) to identify the liquefied ground conditions (NDMI, 2019). 
According to the field investigations, both Sites CH-2 and CH-4 
have sand layers close to the ground surface and under the water 
table, which are susceptible to liquefaction during earthquakes 
(Fig. 1(b)). Site CH-4 shows a relatively high fines content in the 
top layer, and this posed a challenge to create a homogeneous 
layer during soil model preparation. At Site CH-1, liquefaction 
was observed; however, the presence of silty clay mixed with 
gravel and rock fragments from the surface to a depth of 4.5 m 
posed such challenge. Similarly, Site CH-5 shows a fine-grained 
sand layer that extends from the surface to a depth of 3.0 m. Such 
compositions were deemed impractical to achieve homogeneous 
ground models, and therefore, these sites were excluded. 
Meanwhile, Site CH-3 was also excluded because it was hardly 
liquefied during the 2017 Pohang earthquake. Therefore, among Fig. 1. Study Sites in City of Pohang: (a) Locations of Liquefaction Triggering 

with Borehole Test, (b) Borehole Test Results of Sites CH-2 and CH-4

Fig. 2. Digital Photos of the Consequences of Pohang Liquefaction: (a) Sand Boil at Site CH-2, (b) Differential Settlement Near Site CH-4, (c) A 
Zoomed View of (b)
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various sites, Site CH-2 was chosen as the model ground to be 
reproduced in this study.

2.2 Soil Model
In this study, we used silica sand to construct a soil model, 
synthesized to match the grain size distribution of the actual field 
soil. In particular, the particle size distribution of Site CH-2 was
recreated using two field test datasets, as shown in Fig. 3 (Park et 
al., 2018; NDMI, 2019). Herein, the particle size distribution of 
Site CH-2 and the relative density at a depth of 2.5 m were 
obtained from the borehole tests along with soil properties in the 
vicinity of the sand boil. The soil sample from Site CH-2 had no 
fine content. As a result, the grain size distributions (GSDs) of 
the soil sample from the field Site CH-2 and the reproduced soil 
are categorized to have a high liquefaction probability according 
to the criterion suggested by Tsuchida (1970) (Fig. 3). 

A soil model was prepared through a dry pluviation-tamping 
process in a rigid model container with dimensions of 11.4 × 4.6 
m × 9.8 m (length × width × height). First, a sandpaper with a 
grain size of 0.4 mm, similar to d50 of the soil, was attached to the 
floor of the rigid model box to generate friction between the 

bottom of the model container and the soil (Table 2). The dry 
pluviation process employed a funnel to establish a uniform soil 
model and avoid the segregation of gravel and sand. Herein, we 
controlled the drop height from the funnel to achieve the desired 
relative density. Upon dry-pluviating to a setting lift thickness, 
the soil surface was hand-tamped and leveled (pluviation-
tamping method) to facilitate installation of sensors. As a result, 
a soil model with an average depth of 5.5 m, width of 4.6 m, 
length of 17.1 m, and a slope angle of 5° was prepared at a 
prototype scale and a medium-dense condition with a relative 
density of 45% was achieved by the dry pluviation-tamping 
method. Table 2 summarizes the properties of the soil model 
used in this study. Note that the hand-tamping process could have 
resulted in layering and density gradation within a lift. However, 
we presumed that such effects would be minimal as the lift 
thickness was much less than the height of the whole soil model 
(0.45 m versus 5 m). This study modeled the top soil layer of 
CH2 site, which is characterized as silty sand with gravel and 

Table 2. Properties of Soils Used in This Study and from the Field

Properties
Silica sand 

(used in this study)

Site CH-2 (field)

NDMI (2019)1 Park et al.

(2018)2

emin 0.38 - 0.68

emax 0.63 - 0.97

Gs 2.65 2.75 2.5

e 0.52 - -

Dr (%) 45 medium dense -

d10 (mm) 0.065 0.045 0.065

d30 (mm) 0.143 0.245 0.174

d50 (mm) 0.318 0.459 0.276

d60 (mm) 0.435 0.613 0.341

d70 (mm) 0.746 0.875 0.456

Cu 6.7 13.6 5.2

Cc 0.7 2.2 1.4

USCS SP SM SP

12.5 m depth; 2 0 m depth (surface sand boil).

Fig. 3. Grain Size Distributions of the Soil from Site CH-2. Liquefiable 
Zones Based on Grain Size are Superimposed (Tsuchida, 1970; 
Park et al., 2018; NDMI, 2019)

Fig. 4. Digital Photos of the Soil Model: (a) Side View, (b) Plan View

https://doi.org/10.7843/kgs.2020.36.9.21
https://doi.org/10.7843/kgs.2020.36.9.21
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stretched to a depth of 5.5 m, while the whole soil profile at Site 
CH-2 extends to a depth of 24 m (Fig. 1(b)). The actual CH-2 
site was flat; however, the soil model was reconstituted as a 
sloping ground with 5° to observe lateral spreading, a 
representative indicator to large strain deformation induced by 
liquefaction, as shown in Fig. 4. The soil model physically 
modeled the ground to a depth of 5.5 m based on the center of 
the slope. The soil profile of the lower layers was used to 
generate seismic input motions through the one-dimensional 
(1D) site response analysis (SRA).

The saturation and viscosity of the pore fluids heavily affect 
the liquefaction phenomenon. Since a little difference in saturation 
can significantly impact the soil’s resistance to liquefaction, the 
soil model was carefully saturated with a viscous fluid by using 
the vacuum saturation method (Yoshimi et al., 1989). We prepared a 
mixture of hydroxypropyl methylcellulose (HPMC) as the pore-
saturating viscous fluid by using the hot/cold method (Dow 
Chemical Company, 2002; Adamidis and Madabhushi, 2015). To 
eliminate air from the soil model, circulation was carried out in a 
sequence as follows. The soil model was placed in the vacuum 
chamber, and a vacuum of -95 kPa was first achieved. CO2 gas 
was then injected until the gas pressure reached +15 kPa, and the 
vacuum chamber was shut for 30 minutes. Thereafter, a vacuum 
of -95 kPa was again applied. After three cycles of this operation, 
the saturation process was conducted by dropping the viscous 
fluid at a rate of 3 – 5 mL/min under a vacuum condition. To 
avoid the disturbance on the soil surface by the fluid's drop 
energy, a nonwoven fabric sheet was put on the ground surface. 
The saturation procedure stopped when the fluid level reached 
1 cm above the ground surface. The soil model was fully 
saturated with the viscous fluid, and the degree of saturation was 
estimated as 99.56% according to the Okamura method 
(Okamura and Inoue, 2012).

2.3 Input Motion
To simulate liquefaction by the 2017 Pohang earthquake in the 
centrifuge test, it is crucial to match not only the soil property but 
also the ground motion of in-situ conditions. Unfortunately, since 
there was no seismometer at Site CH-2, we could not obtain the 
ground motion of the field. Thus, we decided to simulate the 
ground motion at Site CH-2 through the 1D SRA for the input 
motion of the centrifuge test using an equivalent linear method 
via DEEPSOIL software (Hashash et al., 2017). The ground 
motion used for the base motion (= DEEPSOIL Input in Fig. 5) 
of 1D SRA was selected as the earthquake record measured in 
the North-South direction at the rock outcrop of the Pohang Old 
Port seismometer of the Korea Institute of Ocean Science and 
Technology (KIOST), which was the closest station from the 
epicenter (MOF, 2018; Lee et al, 2021). Based on the borehole 
test results for the entire soil profile of Site CH-2, a 1D SRA was 
conducted. Since the top layer (0 − 5.5 m depth) of Site CH-2 
was designated as the soil model, we extracted the acceleration 
time history at 5.5 m depth as an input motion for the centrifuge 
experiment (= DEEPSOIL Output in Fig. 5). The results of SRA 

(= DEEPSOIL Output in Fig. 5) and the input motion observed 
during the centrifuge test (= Centrifuge Input in Fig. 5) were 
almost identical.

In this study, we deliberately used the input motion with a 
lower energy than the estimated energy of the seismic response 
at Site CH-2. The Pohang Old Port seismometer is 7 km distant 
from the epicenter; however, Site CH-2 is approximately 1 km 
distant (Fig. 1(a)). Because the energy of ground motion attenuates 
with distance, the energy at the base of Site CH-2 is expected to 
be greater than the observed energy at the rock outcrop of the 
Pohang Old Port. It can be hypothesized that liquefaction would 
also trigger at Site CH-2 if liquefaction occurs with this input 
motion with the lower energy, generated based on the Pohang 
Old Port record.

2.4 Centrifuge Model Configuration
In the soil model, arrays of sensors were installed: 8 accelerometers 
(ACCs) for recording ground acceleration, 7 pore pressure 
transducers (PPTs) to monitor pore water pressure change, and 3 
linear variable displacement transducers (LVDTs) for measuring 
vertical ground surface displacement. In addition, 18 markers 
were employed to observe the horizontal displacement on the 
ground surface. The CPT was carried out with a miniature cone 
with a diameter of 6 mm (Carey et al., 2018). The exact locations 
of sensors and CPT are depicted in Fig. 6.

In Fig. 6, AU is an accelerometer at the upper slope, PL is a 
pore water pressure transducer at the lower slope, and LM is an 
LVDT at the center of the slope (among the two letters, the first 

Fig. 5. The Input Motion for the Dynamic Centrifuge Experiment:
(a) Acceleration Time Histories, (b) Response Spectra



KSCE Journal of Civil Engineering 3181
letter indicates the sensor type and the second one indicates the 
location). The installation depths of ACCs and PPTs were 
determined with reference to the slope's midpoint, and the sensor 
numbering followed a sequence aligned with the distance from 
the bottom. The installation depth of ACCs was denoted as 
follows: AM-5 and AU were situated at a depth of 0.9 m, and 
AM-4 and AL were placed at a depth of 1.8 m. As for PPTs, PM-
5 and PU were installed at a depth of 1.35 m, and PM-4 and PL 
were positioned at a depth of 2.25 m. The markers are tracked at 
each position using a high-speed camera during the shaking. 
Subsequently, the CPT was carried out by following the test 
procedure in the liquefaction experiments and analysis projects 
(LEAP) and its recommendations (Carey et al., 2018). The cone 
penetrated to a depth of 3.0 m from the ground surface, considering 
the particle size effect, boundary effect, and penetration rate effect 
after the shaking (Gui and Bolton, 1998; Bolton et al., 1999).

3. Results and Analyses (I): Liquefaction Triggering

By analyzing the undrained behavior of saturated ground and the 
associated changes in the effective stress, liquefaction triggering 
during the shaking can be assessed. In this study, the response of 
excess pore water pressure, time history of accelerations, and 
changes in the shear stress-strain relationship and the spectral 
density were used to determine liquefaction triggering and 
occurrence.

3.1 Excess Pore Water Pressure
The excess pore water pressure ratio, ru is the most representative 
engineering parameter to evaluate the liquefaction, and it is 

defined, as follows:

, (1)

where '
v0 is the initial vertical effective stress and Δuex is the 

excess pore water pressure. Generally, the ru value close to 1.0 
can be considered that liquefaction has occurred, which we also 
regarded in this study. According to this, it is clear that liquefaction 
has been triggered at all locations in Fig. 7. However, it is 
necessary to precisely assess the degree to which soil has been 
liquefied to estimate the damage level and prevent potential 
destruction. Therefore, in cases where ru reaches 1.0 only for a 
very short moment, such as PM-1 and PM-2, it is necessary to 
observe more closely.

When liquefaction is triggered, the excess pore water pressure 
persists for a long time, even after the shaking has ended, which 
indicates that significant shear strength instability or liquefaction 
damage is possible. At this time, the ru tends to continue above 
0.8 for a certain time due to upward flow from below the PPTs. 
Based on this feature, the interval from the end of the shaking to 
the point when ru is greater than 0.8 was determined as the strong 
dissipation time (Dsd). The Dsd was 4.9, 6.2, 12.4, 20.5, and 22.7 s 
(at PM-1 to PM-5 in that order). Additionally, the Dsd was 12.3 
and 22.1 s at PL and PU, respectively. The Dsd is maintained 
longer as the depth is shallower, implying that the pore fluid is 
dissipated to the surface. Particularly in the case of PL, it can be 
seen that the Dsd length is shorter than that of PU and PM-5 
because less pore fluid is trapped below the soil than in the cases 
of PU and PM-5. PL demonstrates reduced trapped fluid below 
the soil compared to PM5 and PU, with the following assumptions: 
1) a uniform void structure within the soil, 2) vertical fluid flows 
towards the surface during liquefaction. Considering this premise,
when liquefaction is triggered, the thicker the liquefiable ground, 
the greater the amount of pore fluid that can flow to the ground 
surface. In other words, it can be inferred that the thicker the 
liquefiable ground, the more likely ru 1.0 will be sustained for a 
longer duration.

As depicted in Fig. 6, PL is situated at a greater depth relative 

ru

uexΔ

vo
′

----------=

Fig. 6. Schematic Representation of the Soil Model and the Layout of 
Instrumentation

Fig. 7. Responses of the Ratio of Excess Pore Water Pressure during 
the Shaking
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to PM-5 and PU. Consequently, when liquefaction is triggered, 
the thickness of the ground, which can contain pore water fluid 
passing through the PPT, will be 3.25 m for PL, while for PM-5 
and PU, it reaches 4.15 m. Therefore, assuming that all voids are 
homogeneously filled with fluid, PL inevitably has a smaller 
amount of upward fluid than PM-5 and PU, so there is a difference 
in Dsd.

The parameter called the ratio of dissipation time (Rdsp) was 
proposed to consider both Deq, the duration of the ground motion, 
which is the time to apply energy to the ground, and the Dsd. In 
other words, the response of the soil system can be quantified 
based on the pore water pressure.

(2)

We evaluated whether liquefaction has triggered depending 
on whether Rdsp is 4.0 or higher. As a result, the Rdsp of PM-3, 
PM-4, PM-5, PU, and PL were determined to be 4.27, 7.09, 7.86, 
4.26, and 7.64, respectively. This means that the probability that 
liquefaction has been triggered at the corresponding location is 
very high. In this study, the Rdsp standard was set at 4.0. However, 
this may vary depending on site conditions and earthquake duration. 
Therefore, when you use the Rdsp as a standard of triggering of 
liquefaction, we recommend thinking carefully and considering 
other engineering parameters together. Additionally, there is 
uncertainty that the ru is inaccurate owing to a variety of 
experimental errors. For example, even when liquefaction has 
actually triggered, it is occasionally seen that ru does not approach or 
exceed 1.0. This is because the PPT was not installed at the 
correct depth, or its position changed when an input motion was 
applied to generate liquefaction, resulting in an inaccuracy in the 
initial vertical effective stress value (Figel and Kutter, 1994; 
Hayden et al., 2015). Furthermore, the vertical equilibrium of the 
soil body may be disturbed by the acceleration transmitted in the 
vertical direction, enabling ru to exceed 1.0 (Hughes and 
Madabhushi, 2018). As a result, it can be shown that determining 
the triggering of liquefaction should be conducted using a variety 
of approaches as well as excess pore water pressure.

3.2 Acceleration
The ground behaves like liquid when liquefaction takes place, 
and the seismic response is likewise significantly influenced. 
This phenomenon is because the ground in a loose state goes 
beyond the phase transformation line while experiencing cyclic 
loading, and the effective stress becomes zero as it crosses the 
contractive zone and dilative zone, as shown in Fig. 8. Because 
of this transition, two characteristics appear in the seismic response: 
1) a flat response indicating a condition in which the acceleration 
response is zero during the shaking, and 2) a dilation spike 
indicating an abrupt acceleration response with the flat response 
state, which is a condition that rises suddenly and momentarily, 
as shown in Fig. 9. These characteristics are not present in AM-1 
and AM-2 where liquefaction was not observed in the previous 
section. On the other hand, it can be observed that both characteristics

are present clearly in AM-3, AM-4, AM-5, AL, and AU, just like 
in the evaluation result of the previous section. These two 
characteristics can be explained as follows. First, when the 
earthquake occurs, the excess pore water pressure increases 
under such rapid cyclic loading, causing a decrease in the 
effective stress and a loss of shear strength of the ground. As a 
result, the shear modulus approaches zero, and the shear wave is 
not transmitted at the corresponding depth (i.e., a flat response 
appears). By contrast, the shear modulus increases dramatically as 
the effective stress increases when the soil passes its phase 
transform line and tends to dilate. As shear waves overlap, a 
response such as an impact load occurs, and this comment 
demonstrates a dilation spike (Ishihara et al., 1975; Alarcon 
Guzman et al., 1988).

3.3 Shear Stress-Strain
In the previous sections, the triggering of liquefaction was 
observed based on responses of the excess pore water pressure 
and acceleration. In this section, the occurrence of liquefaction 
was assessed by examining the shear stress and shear strain 

Rdsp

Dsd

Deq

--------=
Fig. 8. A Conceptual Diagram of Undrained Soil Behavior

Fig. 9. Acceleration Time Histories at Various Depths during the Shaking
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during the shaking. For this purpose, the method proposed in the 
LEAP was used as follows (Zeghal et al., 2018). Using the 
vertical arrays, accelerations have been recorded to derive 
nonparametric estimates of shear stress and strain histories for 
both level ground and infinite slope models (Zeghal et al., 1995; 
Elgamel et al., 1996). The evaluation of shear stresses and strains 
involved examining different depths on horizontal planes for level 
ground and along the slope for infinite slopes. This methodology 
employs a shear beam conceptualization to describe lateral 
responses in a level deposit or infinite slope. Although the shear 
beam assumption is not strictly applicable to this study, which 
utilized a rigid container, the soil response can reasonably 
conform to a plane strain condition, representing both lateral and 
vertical directions or the plane in Fig. 6.

(3)

Consequently, the equation of motion in the lateral direction is 
formulated as shown in Fig. 10 (Eq. (3)), where x and z represent 
coordinates in the lateral and vertical directions, u denotes total 
displacement in the x direction with respect to time, u = u(x, z, t), 

 signifies the corresponding total acceleration, ∂²u/∂t², and σ = 
σxx(x, z, t) and τ = σxz(x, z, t) represent normal and shear stresses 
acting on a soil element in the x direction, respectively.

, with boundary condition (4)

Stress variations along the x direction are expected to decrease 
with distance from the rigid boundaries, reaching a minimum 
around the mid-length vertical axis. Along this axis (corresponding 
to vertical array AM-1 to AM-5), presumed to be considerably 
smaller than the variation of shear stresses along the vertical axis 

, the lateral response is approximated using a 
one-dimensional shear beam model (Eq. (4)).

(5)

Integrating this equation and applying the stress-free surface 
boundary condition (Eq. (4)), the shear stress at any level z can 
be determined (Eq. (5)).

, (6)

Linear interpolation between accelerations of a vertical array 
(e.g., AM-1 to AM-5 in Fig. 6) reduces the discrete equivalent of 
shear stress at level zi of the ith accelerometer (Eq. (6)).

, (7)

At the midpoint between levels zi−1 and zi, shear stress can be 
expressed accordingly (Eq. (7)).

(8)

Corresponding shear strains γ are given by (Eq. (8)), and 
shear strain γi at levels zi and (zi−1 + zi)/2 can be expressed as 
shown (Zeghal et al., 1995) (Eqs. (9) and (10)).

, (9)

(10)

To calculate stresses (Eqs. (6) and (7)), first-order linear 
interpolation was applied between accelerations, while second-
order interpolation between displacements was used to assess 
strains (Eqs. (9) and (10)). These interpolations offer consistent 
stress and strain approximations of second-order accuracy (Zeghal 
and Elgamal, 1993; Zeghal et al., 2018).

The normalized acceleration response and the ru response 
were plotted overlaid by depth, then divided into four-time steps: 
T1 (0 – 2.3 s) in the state before the input motion is applied, T2 
(2.3 – 3.5 s) is the state of shaking, but the ru did not reach to 1.0; 
T3 (3.5 – 5.2 s) is the state after the ru reached to 1.0 during the 
shaking; Finally, in T4 (> 5.2 s), the input motion was terminated 
but still liquefied condition, which is the post liquefaction (Fig. 
11(a)). The black line represents the acceleration response, and 
the gray line represents the ru response. In T2, the input motion is 
applied, causing the acceleration response to emerge and an 
increase in the excess pore water pressure. When the ru reached 
1.0 at 3.5 s, liquefaction is triggered, as indicated in T3, and the 
consequence can be seen in the acceleration response. The 
effective vertical stress converges to zero, and the flat response, 
in which the acceleration response does not manifest, can be 
identified in A/PM-3, A/PM-4, and A/PM-5. Also, a dilation 
spike appears in the acceleration response when the ru is 
momentarily decreased. Finally, in T4, the acceleration response 
disappears due to the end of the shaking, and only the excess 
pore water pressure persists.

The nonparametric estimation of shear stress and strain histories
has been derived from the accelerometers at AM vertical arrays. 
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In T2, the wave energy started to be transmitted to the ground as 
the input motion started to excite. But, since the average ru did 
not reach 1.0, it can be seen that the shear stress was transmitted 
to the ground at all depths. On the other hand, in T3, as the 
average ru approaches almost 1.0, liquefaction is triggered, 
representing a zero effective stress state. In addition, compared to 
the shear modulus at T2, which is the slope of the backbone 
curve, the shear modulus is almost zero at T3. Therefore, a flat 
response is shown in this state, and a dilation spike, denoted by a 
red circle, develops when the shear strength is temporarily restored. 
Nevertheless, it is evident that liquefaction did not manifest 
entirely at a depth of 4.05 m in T3. This observation is attributed 
to the fact that the backbone curve not only exhibited an 

incomplete zero effective stress state in comparison to the curve 
at a depth of 3.15 m but also demonstrated a lower average ru value. 
Lastly, in T4, liquefied condition, but no motion is transmitted to 
the ground so that no characteristics can be seen.

3.4 Time-Frequency Analysis
As previously mentioned, liquefaction causes the ground to soften, 
and as a result, the ground's frequency response to an earthquake
transforms as follows: a low-frequency band predominantly 
develops in a section where the effective stress of the soil is 
diminished; a high-frequency peak emerges at the moment when 
the effective stress is recovered. Using these characteristics, 
previous studies used time-frequency analysis to identify the 
exact time of liquefaction initiation (Kramer et al., 2016; Karimi 
et al., 2018; Macedo and Bray, 2018). To observe this point, the 
acceleration response in the ground was analyzed in the time-
frequency domain using the S-Transform (Fig. 12). The Stockwell 
transformation, or S-Transform, is a time-frequency analysis method 
for simultaneously representing signals in both the time and 
frequency domains. It differs from the Short-Time Fourier Transform
(STFT) and Continuous Wavelet Transformation (CWT) by using 
adaptive windows that vary with frequency, making it well-
suited for analyzing signals with changing spectral characteristics. 
The result is a spectrogram that shows the signal's time-varying 
frequency components, making it useful to observe the triggering 
of liquefaction (Stockwell et al., 1996; Özener et al., 2020). As a 
result, a high-frequency peak (dilation spike), which was above 
10 Hz, that emerged at around 4.0 s at the locations of AM-3, 
AM-4, AM-5, AL, and AU was identified compared to the bedrock
response. However, the development of the low-frequency band 
as a result of the flat response was not noticeable. This is because 
the earthquake duration used as the input motion was short, and 
therefore the time for the seismic motion to be transmitted to 

Fig. 11. Triggering of Liquefaction with Time: (a) Comparison of 
Normalized Acceleration and Excess Pore Water Pressure, 
(b) Shear Stress-Strain Curves at Various Times and Depths

Fig. 12. Time-Frequency Analysis Results by Using Stockwell 
Transformation
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the ground after liquefaction was short. Consequently, based 
only on time-frequency analysis, the timing of liquefaction could be 
estimated as about 4.0 s. Although there was a slight delay 
between the result of ru and the liquefaction initiation time, 
which was 3.5 s, it was still feasible to predict nearly the same 
time. Therefore, the timing of the liquefaction could be roughly 
identified by the seismograph even when the piezometer is not 
installed in the actual field.

4. Results and Analyses (II): Deformations from 

Liquefaction

Applying diverse investigative methods, it was observed that 
liquefaction had been triggered; however, the key manifestation, 
the sand boil, was not apparent at the surface. The sand boil 
phenomenon is typically noticeable in regions with a significant 
concentration of excess pore water pressure near the surface, 
especially in soil profiles that consist of alternating permeable 
and impermeable layers. Alternatively, it can occur in situations 
where the upper layer is impermeable. However, the soil employed 
in this study is a homogenous sand layer, which is chanllenge to 
observing a sand boil. This is because excess pore water pressure 
is uniformly dissipated across the entire layer, making it difficult 
to pinpoint a concentrated point of observation (Wang, 2021). 

Hence, in this section, we predominantly delved into the 
consequences of liquefaction, particularly highlighting settlement 
and lateral spreading.

4.1 Vertical Displacement
In general, ground settlement happens when liquefaction is 
triggered. This is because the particle arrangement in the ground 
is replaced with the denser ground when pore water escapes and 
rearranges owing to the earthquake. The experimental results 
also showed a similar pattern. It can be seen that, in the middle 
and upper parts of the slope, LM and LU, immediately after the 
input motion is loaded, the excess pore water pressure is developed, 
and settlement occurs (negative direction) (Fig. 13(a)). On the 
other hand, the lower part of the slope in LL rose (positive 
direction) and then settled (negative direction) owing to liquefaction 
after the input motion has loaded. This is because it was located 
at the bottom of the slope, the soil at the top and middle of the 
slope was swept down to the bottom by lateral spreading that 
occurred during liquefaction.

4.2 Horizontal Displacement
The horizontal displacement was measured by scanning the 
markers on the ground surface with a high-speed camera during 
the shaking. The amount of displacement measured in this way is 

Fig. 13. Permanent Deformation on the Soil Surface: (a) Settlement, (b) Lateral Spreading, (c) Normalized Cumulative Shear Strain-Vertical 
Displacement-Horizontal Displacement
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shown as a contour line in Fig. 13(b). Here, a negative value 
means that horizontal displacement has occurred to the left side 
(lower part) of the slope. The upper part of the slope occurred the 
most, followed by the middle part, and the lower part occurred 
the least, according to the analysis. This pattern matches the 
above-mentioned vertical displacement results.

4.3 Cumulative Shear Strain
The cumulative shear strain was calculated from the shear strain 
results acquired in the shear stress-strain part of the liquefaction 
evaluation. Since the shear strain results vary based on depth, 
all the shear strains for each depth were summed and normalized to
the maximum value. Additionally, the cumulative shear strain 
was plotted in the time domain alongside the vertical and 
horizontal displacements normalized to their maximum value 
(Fig. 13). At this point, the horizontal displacement case, as 
shown in Fig. 13(b), was compared with LL and Set-L, LU and 
Set-M, and LU and Set-U. Additionally, for trend comparison, 
the cases of LM and LU were reversed after normalization (i.e., 
the settlement is in the negative direction in LL but in the 
positive direction in LM and LU).

Cumulative Shear Strain , (11)

where γ(t) is shear strain and t is time.
Comparing the normalized amplitude by the sensor location 

and time indicated that cumulative shear strain started to increase 
at T2 and T3, approximately reached a steady state at T4, and 
both vertical and horizontal displacements showed similar 
deformation results. This indicated that lateral spreading, one of 
the most apparent ground surface evidence of liquefaction, 
occurred concurrently with the settlement. This phenomenon 
occurs when the shear strength for the liquefied state is greater 
than the shear stress for static equilibrium, and deformation is 
developed incrementally.

5. Discussion

5.1 Comparison with Previous Approaches
When assessing the potential for liquefaction, a critical factor is 
accurately identifying critical depths, most susceptible to 
liquefaction. This determination is paramount, as it allows for 
applying the most efficient and cost-effective ground improvement 
methods to mitigate the risk of liquefaction.

This section analyzes the experiment's results using various 
liquefaction evaluation criteria suggested in previous studies 
(Takada and Ozaki, 1997; Suzuki et al., 1998; Yamamoto et al., 

 t( ) td∫
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Table 3. Comparison of Previous Methods for Liquefaction Prediction

Analysis methods Evaluation parameters Criteria BED
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PM-1
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PM-2
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Ratio of excess pore water pressure  1.0 - O O O O O O O
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1999; Kostadinov and Yamazaki, 2001). Each analysis method 
was named after the researcher: 1) Takada and Ozaki's method: 
peak horizontal ground acceleration (PGA), maximum spectrum 
intensity (SImax), Maximum horizontal ground displacement (Dc); 
2) Suzuki's method: ratio of low-frequency portion to the whole 
area of the Fourier amplitude spectrum (RL), averaged predominant 
frequency (Fp, a); 3) Yamamoto's method: ratio of Arias intensity 
of filtered to non-filtered acceleration time history (RI); and 4) 
Kostadinov and Yamazaki's method: peak horizontal ground 
velocity (PGV), mean instantaneous frequency (MIF).

The formula of main evaluation parameters and their values at 
each location are briefly described in Table 3. In Table 3, ‘O’ 
means that liquefaction is triggered by meeting the relevant 
evaluation criteria, and ‘X’ means that liquefaction is not triggered. 
In the case of the Takada and Ozaki method, the ground can be 
evaluated as liquefied condition, regardless of sensor location. In 
the case of Suzuki's method, the ratio of the low-frequency portion 
to the whole area of the Fourier amplitude spectrum satisfies the 
criteria regardless of location. But, the averaged predominant 
frequency exceeds the criteria at the entire location. Yamamoto's 
method shows that the ground was fully liquefied when the 
steepness, related to the length of the transition zone when 
applying the lowpass filter, was 0.85. However, in the case of the 
steepness value being 0.95, the ground was evaluated as a 
partially liquefied condition at a close surface. Similar to Suzuki's 
method, the mean instantaneous frequency does not meet the 
requirements. In contrast, the peak horizontal ground velocity 
measurements satisfy Kostadinov and Yamazaki's method (Fig. 14). 
As observed, it fails the frequency-related requirement compared to 
the previous approaches. This is related to the reason that the 
input motion's duration was considerably shorter in this study 
than it was in the approach that preceded previously.

By applying the liquefaction triggering criteria presented in 
previous studies to this research, it is concluded that liquefaction 
is triggered regardless of depth. This is due to the proposed 

techniques dominantly capturing ground motion characteristics. 
However, based on the criteria stated in this study, it is estimated 
that the soil was liquefied until the depths of AM-3 and PM-3 
from the surface. In other words, if only the ground motion 
characteristics are considered to determine the triggering of 
liquefaction, the results can be overestimated. This shows that 
completely different results can be obtained, like the duration of 
the earthquake is very short, as in the case of the 2017 Pohang 
liquefaction. Therefore, it is clear that to identify the depth to 
which it liquefied precisely, consideration should be given to the 
excess pore water pressure and the characteristics of the earthquake.

5.2 Comparison of Factor of Safety: Field versus 
Centrifuge

The primary purpose of this research is focused on reproducing 
the 2017 Pohang liquefaction at the CH-2 site. The in-situ SPT 
and the centrifuge CPT results are juxtaposed through the application 
of the liquefaction factor of safety, FSliq. This facilitates a 
comparative analysis of the centrifuge results' trends with those 
obtained from the field test. Therefore, the FSliq values acquired 
during the field SPT test were given in the NDMI report (2019), 
and centrifuge CPT was conducted before and after the input 
motions at the locations depicted in Fig. 6.

For calculating the FSliq, the simplified method is considered, 
which method was originally developed by Seed and Idriss (1971)
and continuously modified by several researchers (Robertson 
and Wride, 1998; Youd et al., 2001; Cetin et al., 2004; Boulanger 
and Idriss, 2014; Cetin et al., 2018). The FSliq is the ratio of 
cyclic resistance ratio (CRR) to cyclic stress ratio (CSR), and if 
FSliq is larger than 1.0, then it is evaluated that liquefaction can be 
triggered:

, (12)

where the CRR is resistance to liquefaction at the moment 
magnitude is 7.5 and 1 atm, and the CSR is shear stress induced 
by the earthquake at the moment magnitude is 7.5 and 1 atm. The 
MSF is the magnitude scaling factor, and the K


 is the overburden 

correction factor.
The CSR follows as (Seed and Idriss, 1971):

, (13)

where the max is maximum shear stress at depth induced by the 
earthquake, the  is effective vertical stress at depth, the amax is 
the maximum acceleration at the surface (here, we use the 
response from AM-5 which is 0.41 g), the g is gravitational 
acceleration, the v is total vertical stress at depth, and the rd is a 
shear stress reduction factor which suggested by Idriss and 
Boulanger (2006).

The CRR is suggested by Robertson and Wride (1998) (Eq. 
(14)) and Boulanger and Idriss (2014) (Eq. (16)), as follows:
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, (15)

(16)

, (17)

, (18)

where qc1Ncs is the corrected cone penetration resistance value for 
overburden stress and clean sand, qc is cone penetration resistance, 
CN is overburden correction factor, and Pa is atmosphere pressure 
(Liao and Whitman, 1986; Youd et al., 2001; Boulanger, 2003; 
Cetin et al., 2004, 2018; Moss, 2006; Idriss and Boulanger, 2006; 
Boulanger and Idriss, 2014; Boulanger and Idriss, 2015).

In the centrifuge experiment, CPTs were performed once before 
and once after shaking. The observed increase in qc post-
liquefaction, in comparison to the pre-liquefaction values, suggests 
that soil densification occurred due to particle redistribution 
following liquefaction. As a consequence, by using the CRR

calculation approach, FSliq was evaluated in two different methods 
(Fig. 15). According to Boulanger and Idriss's methodology (2014), 
the result is shown in Fig. 15(b), and Robertson and Wride's 
methodology (1998) provided a result as shown in Fig. 15(c). 
The FSliq before the liquefaction is shown by the solid line, while 
the FSliq after the liquefaction is represented by the dotted line 
(Fig. 15(d)). The observed increase in the FSliq value after 
liquefaction is likely a consequence of particle rearrangement, 
where the dissipation of fluid previously trapped in the pores 
during the liquefaction process contributes to this phenomenon. 
Notably, the FSliq value derived from the in situ SPT data, 
depicted by the black dotted line, closely parallels the centrifuge 
CPT result. This alignment implies the successful execution of 

physical modeling in this study. However, since there are 
discrepancies between field and centrifuge test conditions (e.g., 
void ratio, boundary condition, etc.), it is cautious approach to 
evaluate liquefaction using only the test results presented in this 
study.

6. Limitation

In this section, despite our endeavors to enhance the precision of 
physical modeling for the 2017 Pohang liquefaction, we have 
explicitly outlined the existing limitations:

1. Disparities in soil properties between Site CH-2 and the 
soil used in the centrifuge experiment: Ideally, it would 
have been beneficial to employ undisturbed soil samples 
directly from Site CH-2, where liquefaction was observed 
in the field, for the centrifuge experiment. Nonetheless, 
since Site CH-2 is a private area, acquiring enough soil 
for the experiment was difficult. Consequently, we 
synthesized silica sand with a GSD similar to that of the 
field soil based on data from NDMI (2019) and Park et al. 
(2018).

2. Boundary effect of the rigid container: The model container 
used in the centrifuge experiment, being a rigid container, 
may induce reflections of seismic waves and affect pore 
water pressure dissipation due to differences in dynamic 
characteristics between the container and the soil model 
with input motion. These boundary effects could influence 
the assessment of liquefaction occurrence. In this study, to 
take these into account, we applied not only the ratio of 
excess pore water pressure but also considered acceleration 
time histories, shear stress-strain responses, and time-
frequency histories in the evaluation of liquefaction. This 
comprehensive approach was implemented to minimize
potential misinterpretations arising from the effects of 
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boundary condition.

7. Conclusions

This research successfully replicated liquefaction induced by the 
2017 Pohang earthquake, contributing to the development of 
frameworks for predicting and mitigating future liquefaction-
induced damage. Several significant findings emerged as well:

1. Centrifuge Modeling and Site Response Analysis: The 
study utilized centrifuge modeling based on the 2017 Pohang
liquefaction, employing input motions generated from site 
response analysis. The soil model faithfully replicated field 
conditions, facilitating a comprehensive investigation.

2. Assessment of Liquefaction Triggering: Evaluation of 
liquefaction occurrence was achieved by measuring the 
ratio of excess pore water pressure. However, acknowledging 
the potential for overestimation, a criterion based on the 
dissipation time of excess pore water pressure and the ratio 
of excess pore water pressure was proposed to assess 
liquefaction more accurately.

3. Validation of Liquefaction Triggering: 
1) Analysis of acceleration time history identified distinct 
features indicating liquefaction: a flat response due to shear 
strength converging to zero and a dilation spike from rapid, 
effective stress recovery. 
2) Shear Stress-Strain Relationship: The shear stress-strain 
relationship validated the liquefaction mechanism, 
demonstrating almost zero shear stress as the effective 
stress state approached zero at the fully liquefied moment. 
3) Dynamic Time-frequency Response: The analysis observed 
differences in dynamic response of soil between cases where 
liquefaction is triggered and where it did not, particularly in 
the high-frequency band.

4. Consequences of Liquefaction: The consequences, including
horizontal and vertical displacement, were evident. Different 
behaviors were observed in different conditions, with 
settlements, uplift, and surface deformation correlating with 
shear strain development.

5. Comparison with Previous Research: Comparison of 
liquefaction criteria with previous methodologies highlighted 
potential overestimations in other approaches compared to 
those utilized in this study, emphasizing the importance of 
considering excess pore water pressure.

6. Evaluation of Factor of Safety for liquefaction (FSliq): FSliq

was evaluated using simplified method for data from SPT 
and centrifuge CPT at the location of actual liquefaction. 
While slight underestimation was noted in the centrifuge, 
the overall pattern matched well with actual conditions.

In conclusion, this research contributes significantly to 
understanding liquefaction phenomena. It establishes basic 
methodologies for accurate prediction, assessment, and mitigation 
of liquefaction-induced ground damage, emphasizing the necessity 
of considering excess pore water pressure and dynamic ground 
response characteristics. The study's findings provide valuable 

insights for future research and engineering practices aimed at 
reducing the risks associated with liquefaction-induced ground 
damage.
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