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Energy-Based Liquefaction Evaluation: The Port of
Kushiro in Hokkaido, Japan, 2003 Tokachi-Oki Earthquake

Kil-Wan Ko'; Robert E. Kayen, M.ASCE?; Takaji Kokusho®; Makbule ligac, M.ASCE*;
Atsushi Nozu®; and Chukwuebuka C. Nweke, M.ASCE®

Case Study

Abstract: The magnitude (M,,) 8.3 Tokachi-oki earthquake occurred in September 2003, causing extensive damage in Hokkaido, Japan, and
triggering extensive soil liquefaction in the region. The Port of Kushiro was one of the locations where surficial evidence of liquefaction was
observed but was also a well-instrumented location with four pore-water pressure transducers installed in the backfill of the quay wall.
However, all of the sensors malfunctioned during the earthquake. As a result, the pore-water pressure response recorded by those sensors
were inaccurate and unusable with regard to evaluating liquefaction triggering and extent. This study introduced the energy-based soil lique-
faction evaluation to estimate the excess pore water pressure responses at the Port of Kushiro based on the cumulative strain energy of the soil
during the 2003 Tokachi-oki earthquake. In order to apply the energy-based method to this case history, this study explored the empirical
equation describing a relationship between normalized cumulative energy and excess pore water pressure ratio while incorporating the bidi-
rectional shaking effect on strain energy development. Although the energy-based method allowed for the estimation of the time needed to
trigger liquefaction at a target site, it was derived using the empirical coefficients that were developed for a different soil from those at the site
of interest. This indicated that an adjustment to the estimated timing of liquefaction was needed, which was accomplished by additional
evaluation through a Stockwell transform and Arias intensity-based liquefaction assessment. Both procedures indicated a similar timing of
liquefaction at the site. Based on the updated time of liquefaction triggering, the empirical coefficient was recalibrated to estimate the excess
pore water pressure ratio, and the result provided reasonable excess pore water pressure responses at the backfill of the Port of Kushiro during
the 2003 Tokachi-oki earthquake. DOI: 10.1061/JGGEFK.GTENG-11989. © 2024 American Society of Civil Engineers.

Author keywords: Soil liquefaction; 2003 Tokachi-oki earthquake; Case history; Excess pore water pressure ratio; Energy-based

liquefaction evaluation.

Introduction

The Tokachi-oki earthquake in 2003 was a moment magnitude (M,,)
8.3 event that occurred on September 26, 2003, off the coast of
Hokkaido, Japan (Sasajima et al. 2005). The earthquake impacted
the entire area of Hokkaido and caused extensive damage. In parti-
cular, earthquake-induced soil liquefaction rendered subsequent
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damage to the structures nearby and at distances reaching about
200 km from the epicenter (Koyamada et al. 2006). For example,
soil liquefaction resulted in large-scale failure of embankments filled
with soils containing volcanic ash in the Kyowa area of Tanno Town,
situated about 230 km away from the epicenter (Yamashita et al.
2005). During the earthquake, liquefaction was widespread at the
Port of Kushiro, located in Eastern Hokkaido, Japan. Surface evi-
dence of liquefaction triggering, such as sand boils and ground fis-
sures, was observed in the backfill of the Port site, where numerous
accelerometers and pore pressure transducers were installed.

The 2003 Tokachi-oki earthquake, similar to other earthquake
case histories, further highlighted the severity of liquefaction-
induced damage to infrastructure (Bartlett and Youd 1995; Ishihara
and Koga 1981; Kim et al. 2021; Yamaguchi et al. 2012). In en-
gineering practice, liquefaction assessment consists of three steps:
characterizing the susceptibility of the subsurface materials, esti-
mating the “triggering” given the seismic demands, and evaluating
the consequences. With regard to triggering at a site, the stress-
based method assesses the liquefaction potential of the soil based
on a relation between the applied cyclic stress ratio (CSR) and
cyclic stress capacity of the soil, which is cyclic resistance ratio
(CRR) (Boulanger and Idriss 2014; Cetin et al. 2018a; Youd and
Idriss 2001). In most seismic design codes, the factor of safety,
which is a ratio of CRR to CSR, is commonly used to evaluate
the liquefaction potential of the site (CEN 2004; FEMA 2009;
Zhang et al. 2021). Recently, many researchers have developed
probabilistic assessment tools for evaluating soil liquefaction by
taking into account the uncertainties of CSR and site information
(Moss et al. 2006; Kayen et al. 2013; Boulanger and Idriss 2014;
Cetin et al. 2018a). Because CRR is a function of the number of
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loading cycles and effective overburden stress, the simplified
stress-based method requires a overburden stress correction factor
and a magnitude scaling factor accounting for the number of equiv-
alent stress cycles (Cetin and Bilge 2012).

The energy-based method for evaluating liquefaction potential
has been studied since Nemat-Nasser and Shokooh (1979) and
Davis and Berrill (1982), resulting in the development of a corre-
lation between pore-water pressure increase and strain energy dis-
sipated by the soil. An underlying principle of the method is that
liquefaction is triggered when the work dissipated by the soil ex-
ceeds the energy capacity of the soil needed to resist liquefaction
(Nemat-Nasser and Shokooh 1979). The performance of the
energy-based method in determining liquefaction potential has
been evaluated by multiple investigators through laboratory experi-
ments such as cyclic torsional shear tests (Jafarian et al. 2012;
Towhata and Ishihara 1985) and cyclic triaxial tests (Kokusho
2013; Kokusho and Tanimoto 2021). The cumulative dissipated
energy normalized by the effective stress of the soil has a unique
correlation with liquefaction-relevant parameters, such as the ex-
cess pore water pressure ratio r, (i.e., a ratio of excess pore water
pressure Au to the initial effective stress of the soil o) (Polito et al.
2013, 2008; Towhata and Ishihara 1985), and the liquefaction-
induced strain and surface settlement (Kokusho 2021). It implies
that the energy-based method adequately captures the fundamental
behavior of liquefiable soils by combining the effect of the number
of cycles and applied stress. Given that the energy-based method is
applicable to both harmonic and irregular loadings (Kokusho and
Kaneko 2018), it is conveniently compatible with case history
evaluation due to the irregularity of seismic waves with regard
to amplitude and frequency.

Regarding field application, liquefaction evaluation should con-
sider the effect of bidirectional earthquake motions because the
liquefaction potential significantly changes when two horizontal
motions are considered simultaneously (Ghaboussi and Dikmen
1981). Seed et al. (1978) suggested using 80%—-90% of the cyclic
shear stresses needed to initiate liquefaction as an appropriate sin-
gle component that expresses the effect of bidirectional shaking.
Using a biaxial shaking table for centrifuge tests, Su and Li (2008)
claimed that the peak excess pore water pressures under bidirec-
tional shaking were 0%—-20% greater than those under unidirec-
tional shaking, which supports the result by Seed et al. (1978).
Jin and Guo (2021) discussed the effect of the phase difference be-
tween two horizontal motions on the liquefaction and stated that the
liquefaction resistance under bidirectional shaking decreased to
70% of that under unidirectional shaking. However, El Shafee et al.
(2017) proved that increasing the uniaxial shaking by 10% under-
estimated the real response of the soil under bidirectional shaking
impacts, which imposed more energy demand on the soil. Instead
of using a reduction factor for a single equivalent component, the
use of an energy-related parameter as a scalar quantity facilitates
the combination of two horizontal motions (Kayen and Mitchell
1997), whereas using cyclic shear stresses for the stress-based
method should intrinsically consider the directivity of the shaking
as a vector quantity when synthesizing the effect of two horizontal
motions. Hence, the energy-based method is particularly suitable for
assessing soil liquefaction in case histories where recorded ground
motions have two horizontal components because the method accu-
rately reflects the soil’s real response to bidirectional shaking.

The objective of this study is to present a unique case history at
the Port of Kushiro assessing pore pressure characteristics during
the 2003 Tokachi-oki earthquake and propose an energy-based
liquefaction evaluation at this site. This study explored the use of
the energy-based method to estimate the pore water pressure in the
backfill of the quay wall at the Port of Kushiro in Hokkaido during
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the 2003 Tokachi-oki earthquake. First, the stress-based method
was used to identify liquefiable layers in the backfill during the
earthquake. Next, to estimate r, from the calculated strain energy,
an empirical equation describing a relationship between cumulative
strain energy dissipated by soil and r, was developed from the pre-
vious literature using torsional shear tests. The cumulative energies
differed depending on which methodology was used to assess bidi-
rectional shaking: root sum squared (RSS), maximum rotated
acceleration (RotD100), and geometric mean. Then, the calculated
strain energy was converted into r, over time through the empirical
curves. At the same time, Stockwell transforms (i.e., the time-
frequency response) of the horizontal motions were employed to es-
timate the timing of liquefaction. Moreover, the Arias intensity-based
liquefaction evaluation curves (Kayen and Mitchell 1997) served as a
reference that helped to certify the accurate timing of soil liquefaction.
Finally, the timing of liquefaction was used to tune the estimation of
r, by recalibrating the coefficient of the empirical curves.

Port of Kushiro and Tokachi-Oki Earthquake in 2003
(My, 8.3)

Port of Kushiro

The Port of Kushiro is located in Eastern Hokkaido, Japan
[Fig. 1(a)]. In the decade prior to the 2003 Tokachi-oki earthquake,
the Port of Kushiro was struck by three major earthquakes, (1993
Kushiro-oki, M,, = 7.6; 1993 Hokkaido Nansei-oki, M,, = 7.7; and
1994 Hokkaido Toho-oki, M,, = 8.3). The 1993 Kushiro-oki and
1994 Hokkaido Toho-oki earthquakes caused damage to the quay
walls because the backfill soil liquefied. Considering the high sus-
ceptibility of the backfilled soil to liquefaction and the increased like-
lihood of more potential damage to the quay walls, a project test site
was constructed by Hokkaido Regional Development Bureau, Min-
istry of Land, Infrastructure, Transport and Tourism, Japan, along the
quay walls at Pier No. 4 at the Port of Kushiro. The project deployed
many sensors (i.e., accelerometers, velocimeters, porewater pressure
transducers, etc.) in the backfill [Fig. 1(b)] to investigate the effect of
soil liquefaction on the dynamic behavior of the quay wall.

The project consisted of two quay walls, with one correspond-
ing to untreated backfill and the other to treated backfill against
liquefaction. They were separated by a horizontal distance of
11.5 m in the east-west direction [Fig. 1(b)]. The untreated and
treated sections of the test quay walls included deeper sand layers
(Asl and As2) overlain by the quay wall with adjacent rubble
backing and backfill sand [Fig. 1(c)]. An accelerometer was placed
in each of the deeper sand layers, and multiple accelerometers and
pore-water pressure transducers were installed within the backfill.
The backfill of the treated quay wall underwent ground improve-
ment via sand compaction piles to enhance its liquefaction resis-
tance between the depths of 2.44 and 11.14 m. This study used
sensors located in three vertical arrays: two arrays in the untreated
backfill and one array in the treated backfill. Four accelerometers
were employed, including TA8 (located in the As2 sand layer at a
depth of 16.9 m), TA7 (located in the Asl sand layer at a depth of
11.9 m), UA6 (located in the backfill sand collocated with the pore-
water pressure transducer UP2 at a depth of 5.44 m), and UAS at
the backfill ground surface. TA7, TA8, and UAS were positioned in
the same location in the north—south direction [Fig. 1(b)]. The sand
layers, Asl and As2, where TA7 and TAS8 were installed, respec-
tively, were not treated against liquefaction. Sasajima et al. (2005)
described the details of the project related to the Port of Kushiro
and the test quay walls.
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Fig. 1. Target site at the Port of Kushiro: (a) epicenter of the 2003 Tokachi-oki earthquake and observation site at the Port of Kushiro (map from
Garmin, Foursquare, FAO, METI/NASA, USGS, ESRI, CGIAR, USGS); (b) top view of the Kushiro port site; and (c) cross-section of the quay wall

and instrumentation at the site.

The Performance of the Port of Kushiro during 2003
Tokachi-Oki Earthquake

The 2003 Tokachi-oki earthquake occurred 140 km to the
south-southwest from the Port of Kushiro [Fig. 1(a)]. In the Port
of Kushiro, Hokkaido, ground fissures and sand boils were ob-
served on the ground surface of the quay wall backfill (Sasajima
et al. 2004). The quay wall and backfill experienced a permanent
horizontal displacement of 15 c¢cm toward the seaside during the
earthquake. The strong shaking duration Djs_gs (the time difference
between the 5% and 95% Arias intensity /,) was 52.5 s based on
the acceleration records from TAS (i.e., 5% of [, started at 44 s, and
95% of 1, is at 96.5 s). The average peak ground accelerations
(PGAs) of two horizontal motions in the sand were 0.174 and
0.176 g, corresponding to UA5 and UAG6 records, respectively
[Figs. 2(a—d)]. The measured acceleration responses depicted
period elongation (i.e., the frequency reduction due to soil soften-
ing by liquefaction) to initiate around 50 s (Kramer et al. 2016).
Time—frequency responses using Stockwell transforms, which re-
veal the timing of liquefaction of the backfill soil, will be discussed
in detail in the section “Time-Frequency Response of Liquefied
Soil Layer.” The measured pore water pressure in the backfill, how-
ever, was substantially lower than the level of the initial effective
stress, such that the r, responses for UP1-UP4 were lower than 1
[Figs. 2(e—h)]. The maximum value of r, was lower than 0.5, and
the pore water pressure development kept increasing even after
96.5 s, corresponding to 95% of 1,, which implied almost the end
of the shaking. As Sasajima et al. (2005) reported, the measured
pore water pressure transducers failed to record the pore-water
pressure rise during the earthquake shaking due to a malfunction
in the filtering of all the fluid pressure sensors. Accordingly, this
study aimed to estimate the pore water pressure responses based on
the strain energy dissipated by the soil.

Stress-Based Soil Liquefaction Evaluation

Prior to applying the energy-based method to the site, the stress-
based method was used to evaluate the liquefaction potential
and pore water pressure buildup of the backfill as a pre-evaluation
first estimate. The standard penetration test (SPT)-based soil lique-
faction evaluation (Cetin et al. 2018b) was used. To convert the SPT
N-profile to the SPT (N;)¢, value, this study adopted an energy
ratio of 78%, as proposed by Seed et al. (1985). The SPT (N ),
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value in the backfill below the water table was less than 8, implying
a high potential for soil liquefaction during major earthquake
events (Sasajima et al. 2005). The SPT (N{)¢, value sharply de-
creased from approximately (N;)q, = 13 immediately above the
water table at 2.44 mto (N;)q, = 6 on average [Fig. 3(a)]. In order
to estimate the relative density (D,) of the backfill, the empirical
relationship between (N )4, and D, was used (Idriss and Boulanger
2010)
(N1)eo
D, =1 (1)
The estimated D, of the backfill is illustrated in Fig. 3(b).
The triggering evaluation curve, based on the SPT N-value from
Cetin et al. (2018b), was used to provide an approximation of CRR
for the backfill [Fig. 3(c)]. In order to obtain the CSR profile during
the 2003 Tokachi-oki earthquake, we followed two alternative ap-
proaches, as described by Cetin et al. (2018a, b): equivalent linear
site response analyses and the simplified approach [using stress re-
duction factors by Cetin and Seed (2004)]. Nonlinear effective site
response analyses of a one-dimensional soil column were also con-
ducted only to evaluate pore water pressure responses and accel-
eration time histories at the site using DEEPSOIL (Hashash et al.
2020). The unit weights of the soil for each layer were estimated
from the SPT-N value (Cetin et al. 2018a). Shear wave velocities
(V) for each layer were determined through the SPT-N and V|
correlation for sand, as described by Cetin et al. (2018b)

V,=280xN'/3 (2)

This correlation is specific to sand, and the resulting V units are
in m/s. For the nonlinear effective stress analysis, this study em-
ployed the GQ/H model (Groholski et al. 2016), Vucetic and Dobry
(1986) pore pressure generation model. The input information and
parameters were computed based on empirical relationships out-
lined in the DEEPSOIL user manual (Hashash et al. 2020). The
model parameters for the site response analyses are summarized
in Table 1. In this analysis, the mean and lower limit curves from
Seed and Idriss (1970) were adopted as normalized modulus reduc-
tion and damping curves for soil layers [Fig. 4(a)]. The lower
curves were applied to layers with vertical effective stress less than
1 atm, whereas the mean curves were used for layers with vertical
effective stress greater than 1 but smaller than 3 atm. The simplified
method used peak ground accelerations of surface motion records

J. Geotech. Geoenviron. Eng.

J. Geotech. Geoenviron. Eng., 2024, 150(10): 05024010



Downloaded from ascelibrary.org by Robert Kayen on 07/24/24. Copyright ASCE. For personal use only; all rights reserved.

— 1D Site Response Analysis (NS Direction) — 1D Site Response Analysis (EW Direction) Measured Response
0.3 - 1.5 q
0 | UAS5 (EW Direction) uP1
0.1 T U,
04
-0.1 4 0.5
0.2 A f:’/,/ I
[
-0.3 T T T T - . 9 0 T T T T
20 30 40 50 60 70 80 90 100 0 50 100 150 200 250 300 350
S
03 - . . a ~ e
02 | UAS (NS Direction) (@) S 51 up2 ©)
0.1 1 ‘S ] fmmmemmmmmeem e e e e e mmmmmmmmmmmmmm——m—m———————
° v
™ 01 3 0.5 P -
~ a
< 02 ©
S o3 . : . . . . . ¥ /
‘5 20 30 40 50 60 70 80 90 100 Q 0 50 100 150 200 250 300 350
S 03 - (b) $ s )
E 02 UA6 (EW Direction) g uP3
Q
< 0.1 v T S S
0 - N
—‘”“”‘““"‘““"""“JW‘”NWWW W WA WA AP AT §
01 QL 5
-0.2 4 §
-03 . : . . : : : . R o0 .
20 30 40 50 60 70 80 90 100 w 0 50 100 150 200 250 300 350
03 - N
°% 1 UA6 (NS Direction) ) 151 Up4 @
0.1 4 T
[
-0.1 4 0.5 4
0.2 _
-0.3 0 T T —

Time (s)

(d)

20 30 40 50 60 70 80 920 100

0 50 100 150 200 250 300 350
Time (s)

(h)

Fig. 2. Seismic responses of backfill sand of the quay wall during the 2003 Tokachi-oki earthquake: (a—d) measured acceleration records and es-
timated acceleration responses from one-dimensional nonlinear site response analyses in two horizontal motions at the soil surface and the depth of
5.44 m; and (e-h) measured excess pore water pressure ratio (r,) of UP1 to UP4 and estimated responses from one-dimensional nonlinear site
response analyses in two horizontal motions: (a) UAS (EW Direction); (b) UAS (NS Direction); (¢) UA6 (EW Direction); (d) UA6 (NS Direction);

(e) UPI; (f) UP2; (g) UP3; and (h) UP4.

obtained from UAS. The site response analyses used acceleration
records from TA8 in the As2 layer as an input within motion
[Figs. 4(b and c)]. TAS8 recorded the deepest acceleration response
at this site, and the stress-based liquefaction evaluation indicated
that the As2 layer did not liquefy during the earthquake.

The nonlinear effective site response analysis results were sim-
ilar to the measured response [Figs. 2(a—d)]. The differences in
PGA between measured and estimated responses for UAS were less
than 7%, whereas for UA6, they were less than 13% (Table 2).
However, the differences in 7, were significantly larger than those
in PGA. The CSR was estimated as the geometric mean of CSRs
obtained from the equivalent linear site response analyses and the
simplified method in the E-W and N-S directions [Fig. 3(c)]. The
stress-based method resulted in a factor of safety profile (i.e., CRR/
CSR) estimating the possibility of liquefaction triggering from the
depth of the water table at 3.24 m to a depth of approximately
12.67 m [Fig. 3(d)]. The probability of liquefaction by Cetin et al.
(2018b) indicated 100% liquefaction occurrence between the
depths of 3.74 and 11.7 m for both equivalent linear site response
analyses and the simplified method. Accordingly, estimated r, re-
sponses from the nonlinear effective stress analysis exhibited trig-
gering of liquefaction in the backfill of the Kushiro port spanning
UP2 to UP4 responses [Figs. 2(e—h)]. The surficial manifestation at
the site, including ground fissures and sand boils, already indicated
problematic pore water pressure responses. This pre-evaluation
analysis, conducted using the stress-based procedure, supple-
ments the field observations and demonstrates that the simplified
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approach appropriately indicates the susceptibility of the loose
sand to excessive pore pressure buildup due to the imposed cyclic
loading.

Energy-Based Method for Liquefaction Evaluation

Earthquakes cause undrained cyclic behavior of liquefiable soil,
and the area of the hysteresis attributed to cyclic behaviors implies
the strain energy dissipated by the soil. Using the relationship be-
tween r, and the normalized cumulative strain energy from shear
stress—strain loops, the accumulation of the strain energy over time
in the soil layer was used to determine the r,, of the soil layer during
the earthquake (Ko and Kayen 2024). Using acceleration time
histories, measured by vertically aligned accelerometers, the shear
stress (1) and strain () responses of the soil can be estimated.
Hence, the recorded acceleration responses during earthquakes
provide the cumulative strain energy over time, derived from the
estimated stress—strain hysteresis loop. This, in turn, further leads
to r, time-histories of the soil layer through the empirical relation-
ship between the cumulative strain energy and r,. Unlike most
laboratory tests, there are two components of horizontal loading
(bidirectional irregular horizontal loading sources) being applied
to the soil at the site during an earthquake. This section will discuss
a step-by-step procedure to estimate r, time history from the accel-
eration records and a method to treat bidirectional shaking from
case histories for the energy-based liquefaction method.

J. Geotech. Geoenviron. Eng.
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Table 1. Parameters for site response analyses

Parameters for Vucetic and Dobry (1986) model

Thickness  Unit weight Vertical effective Shear wave
Depth (m) (m) (kN/m?) SPT — (N1)go stress (kPa) velocity (m/s) Max. r, C, (m*/s) f F s p v (%)
0.00-1.25 1.25 18.9 16 11.81 160.00 0.99 0.00929 1 146 1.01 1 0.02
1.25-2.44 1.19 18.9 13 34.87 160.00 0.99 0.00929 1 146 101 1 0.02
2.44-3.74 1.30 18.9 6 52.02 126.99 0.99 0.00929 1 209 101 1 0.02
3.74-4.73 0.99 17.3 5 61.64 115.38 0.99 0.00929 1 242 101 1 0.02
4.73-5.72 0.99 17.3 3 69.06 100.79 0.99 0.00929 1 299 101 1 0.02
5.72-6.72 1.00 17.3 3 76.51 100.79 0.99 0.00929 1 299 101 1 0.02
6.72-7.73 1.01 17.3 3 84.04 100.79 0.99 0.00929 1 29 101 1 0.02
7.73-8.72 0.99 17.3 3 91.53 100.79 0.99 0.00929 1 299 101 1 0.02
8.72-9.69 0.97 18.9 5 99.64 126.99 0.99 0.00929 1 209 101 1 0.02
9.69-10.70 1.01 18.9 5 108.64 126.99 0.99 0.00929 1 209 101 1 0.02
10.70-11.70 1.00 17.3 2 116.98 100.79 0.99 0.00929 1 299 101 1 0.02
11.70-12.67 0.97 20.5 13 125.91 177.92 0.99 0.00929 1 124 101 1 0.02
12.67-13.62 0.95 21.5 35 136.64 251.31 0.99 0.00929 1 073 101 1 0.02
13.62-14.55 0.93 21.5 26 147.63 230.76 0.99 0.00929 1 083 1.01 1 0.02
14.55-15.54 0.99 21.5 28 158.85 240.00 0.99 0.00929 1 078 1.01 1 0.02
15.54-16.52 0.98 21.5 60 170.37 313.19 0.99 0.00929 1 052 1.01 1 0.02
16.52-16.94 0.42 21.5 59 178.55 313.19 0.99 0.00929 1 052 101 1 0.02
Note: C, = coefficient of consolidation; f = dimensionality parameter; F = 3,810 x V;!5, curve fitting parameter; s = (Fines content + 1)*!252, curve fitting

parameter; p = curve fitting parameter; and v = threshold shear strain.

Step-by-Step Procedure of Energy-Based Method to
Estimate r, at a Site

The energy-based method requires knowledge of the soil density

(p), vertically aligned acceleration records in order to obtain the

T — 1 cyclic responses, and an empirical relationship between

r, and the normalized cumulative strain energy. The step-by-step
procedure of the energy-based method is as follows:
1. Obtain the two horizontal acceleration time histories ii;(7)

and ii;_, ()] from the vertically aligned accelerometers in the

© ASCE

liquefiable soil layer. The installed depth of the ith and
(i-1)th accelerometers are h; and h;_;. The distance between
the vertically aligned accelerometers measuring ii;(z) and
ity (2) is Ahi_y = hi — hi_y.
2. Compute the time-varying 7,_;,5(¢) and 7;_ () of the soil
layer at level (h; + h;.)/2 (Zeghal et al. 2018). The value of

'y,-_]/z(t) is calculated as follows:

ui(t) — uiy (1) ’

05024010-5

Yicrya(t) =
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Fig. 4. Shear modulus reduction curves, damping curves, and input motions for nonlinear effective site responses analysis: (a) modulus reduction
and damping curves obtained from Seed and Idriss’s (1970) mean and lower limit curves; (b) acceleration time history of TA8 EW direction; and
(c) acceleration time history of TA8 NS direction.

Table 2. Comparison between measured and estimated acceleration responses from the nonlinear site response analysis

Peak ground acceleration, PGA (g)

Arias intensity, 1, (m/s)

Difference (%)

Difference (%)

Measured Site response (site response analysis/ Measured Site response (site response analysis/

Accelerometer Depth (m) response analysis measured response) response analysis measured response)
UAS (N-S) 0, surface 0.167 0.163 2.4 1.053 1.215 15.4
UAS (E-W) 0, surface 0.180 0.168 6.9 1.500 0.973 35.1
UA6 (N-S) 5.44 0.173 0.152 12.3 1.883 1.118 59.4
UAG6 (E-W) 5.44 0.179 0.159 11.6 1.369 0.898 34.4

where u;(t) and u;_,(¢) = double-integrated displacement time n-l

histories from the acceleration records. The shear stress (7;) at TAW = Tavg,i(Vi+1 = 7)) (7)

level h; of the ith accelerometer is calculated as follows:

ity + il
7i(t) = 7oy (1) + p— 12 :

——— Ah;_y,

i=23 ... (4

where 7 at the soil surface = 0. Shear stress (7,_;/,) at the
midpoint between ith and (i—1)th accelerometers, indicating
the representative shear stress of the layer, is estimated through

linear interpolation as

3l + iy

Tic12(t) = Timi () + p 3

IA//ll'_l,

J=1

where 7; and 7;,, = shear stress at each time step of jth and
J + lth, respectively; ; and ~y;,; = shear strain at each time
step of jth and j + 1th, respectively; and XAW = cumulative
strain energy dissipated by soil per unit volume, and its unit
is N/m?. Applied and recovered strain energy during the soil’s
cyclic behavior are automatically inclusive to Eq. (6) due to the
sign changes of 7 and v during earthquakes (Fig. 5) (Millen
et al. 2021).

4. Estimate r, using an empirical equation for the X AW /o, — r,.

i=23,... (5

For the energy-based method, 7;_;,2(¢) and v;_;/,(¢) are

used to obtain the hysteresis loops.

3. Calculate the change in dissipated energy AW over time and the
cumulative dissipated energy (X AW) change normalized by ef-
fective stress (o},.) of the soil layer (CAW/o),.). The trapezoidal
rule calculates AW as follows (Millen et al. 2021):

701+ 7
5

Tavg,j = 2 2
Tiq1 T 75

2- |Tj+1 —Tj

© ASCE

s

The following section will discuss the empirical equation and its
coefficients.

5. Calibrate the empirical coefficients based on the timing of lique-

faction from the Stockwell transform and the Arias intensity-
based liquefaction assessment curve. If the soil being used to
develop the empirical relationship of the XAW /o, — r, in Step
4 has different undrained cyclic behavior from the soil at the
target site, the empirical coefficients should be calibrated to
align with the timing of liquefaction from the Stockwell trans-
form and the Arias intensity-based liquefaction curve.

Empirical Curve: ZAW /o, —r,

Tj+| ’TJZO

(6)
Tj+l . Tj <0
(S

05024010-6

The empirical relationship AW /o] — r, is critical to estimate r,,
over time because the relationship directly converts the cumulative
strain energy into r,. This study developed empirical curves by

xtracting data from Kokusho and Kaneko (2018), who performed
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Fig. 5. Strain energy calculation for irregular loadings from stress—
strain hysteresis loops.

cyclic torsional shear tests for Futtsu beach sand [Figs. 6(a and b)];
circle symbols indicate the extracted data from Kokusho and
Kaneko (2018), and solid lines represent the trend lines of the fitted
curves developed using the extracted data in Figs. 6(a and b). The
test parameters were the initial confining stress (o;,.) and D, of the
soil; o/, was 49, 98, and 196 kPa, and D, was 30% and 50%.
Although previous literature applied different forms of the equation
for the empirical equations (Jafarian et al. 2012; Ko and Kayen
2024), this study developed an empirical equation using two coef-
ficients, o and (3, to capture the slope of r, development and the
minimum required XAW /o), to liquefy the soil

=
[N)

[y

@ 0',.=49 kPa
® o', =98 kPa
O o',.=196 kPa

o
o0

o
o

Excess Pore Water Pressure Ratio

0.4 — Fitted Curve (o', = 49 kPa)
02 — Fitted Curve (o’,.= 98 kPa)
’ — Fitted Curve (o’,.= 196 kPa)
o L L
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(a) saw/o’,
0.04
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«Q
o
3
'S 002 |
iy
g
Q
0.01 |
B =0.000808 D, - 0.00908
0 L L
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(c) Relative Density, D, (%)

Coefficient, a

N 5 ,
ry = (EAW/O—{L‘ + 04) / (ﬂ + Ot) . ZAW/ow <3 (8)

1, SAW /ol > 3

where = minimum normalized strain energy required for lique-
faction triggering (capacity energy); and o = empirical coefficient,
which defines a trend in the simulation of rate of pore pressure
generation corresponding to the slope of the Y AW — r, curve. The
YAW/o,,. required to trigger liquefaction (r, = 1 increases with
D, because the soil becomes less contractive). The XAW /o, for
the same r, tends to be slightly lower as o}, decreases, indicating
that r, develops faster for lower o). under the same AW /o).
Hence, the coefficient 3 is a function of D, [Fig. 6(c)], whereas
the coefficient « is a function of D, and o}, [Fig. 6(d)]. The values
of 3 and « depend on the soil type. To estimate r, responses at the
depths of 3.44 and 7.44 m where the pore water pressure sensors
UPI1 and UP3 were installed, this study used 3 and « associated
with average D, values of 40% and 25%, respectively, as deter-
mined from the relative density profile [Fig. 3(b)]. The  and «
for D, of 40% and 25% were calculated through the empirical
equations in Figs. 6(c and d). In this study, the use of limited
laboratory test data established the relationship between [, «,
D,, and o}.. However, in order to develop more elaborate empirical
equations, supplementary laboratory test data are necessary.

=
[N)

D, = 50%

Jany

o
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o
o

I
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(d) Confining Stress, o’ . (kPa)

Fig. 6. Cyclic torsional shear test results performed by Kokusho and Kaneko (2018) and developed empirical equations: (a and b) excess pore water
pressure ratio with normalized cumulative energy (SAW /o) for the relative density of 30% and 50%, respectively; (c) empirical coefficient 3 with
the relative density (D,); and (d) empirical coefficient « with the effective stress (o,.) and D,.
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Bidirectional Shaking

Bidirectional shaking imposes more strain energy on soils and
induces faster pore water pressure buildup than when one-
dimensional shaking is applied to liquefiable soil (El Shafee
et al. 2017). This study implemented four methods to calculate
the cumulative strain energy from bidirectional shaking. The
combined energy method estimates the strain energy of the soil
by adding up the individually calculated energies for the two
orthogonal horizontal components. Hence, 7 — « hysteresis loops
should be estimated for each direction (Fig. 7), and the strain
energies calculated using Eq. (7) for both are combined. Because
the two orthogonal vectors, which correspond to the computed
shear stress and strain, do not interfere with each other, the cu-
mulative strain energies for each horizontal component represent
the dissipated energy of the soil for that specific component.
Hence, the combined energy calculated from the cumulative strain
energies of the two orthogonal horizontal components represents
the most reasonable measure of the strain energy that the liquefi-
able soil dissipates during bidirectional shaking (EI Shafee et al.
2017).

The fundamental concept of the other three methods is to create
an estimated equivalent acceleration record from the time histories
of two orthogonal components. Three representative methods,
RSS, RotD100, and geometric mean, combine acceleration time
histories of two orthogonal components using Egs. (9)—-(11)

agor(t,0) = agy(t) - cos(0) + ays(t) - sin(0) (10)

aGeoMean(t) =V |aNS(t) . aEW(t)| (11)

where apgs(f) = root sum squared acceleration time history;
apw(t) and ayg(t) = recorded acceleration time histories in the
E-W and N-S directions, respectively; aror(f,0) = combined
single-time history corresponding to an azimuth given by an in-
crement of rotation angle, 0; ageomean () = geometric mean accel-
eration time history of two orthogonal component time histories;
and agss = length of a vector of the two-horizontal acceleration.
From the agor(t, ), RotD100 (t) is estimated by obtaining the
maximum acceleration over all rotation angles for each time step
(Boore 2010).

The acceleration records from TA7, which was located in the
Asl sand layer at a depth of 11.9 m, exemplify the combined time
histories (Fig. 8). As shown in Fig. 8, the combined accelerations
indicate positive acceleration responses over time. The PGAs of
two horizontal motions were 0.13 and 0.15 g for the E-W and
N-S directions, respectively. Meanwhile, the RSS method exhib-
ited a higher PGA than the original records [PGA of aggs(?) =
0.16 g], whereas the PGA of the RotD100 was 0.15 g, similar
to the PGA of the original record in N-S direction. The PGA of
AGeoMean (1) Was 0.10 g, which is lower than that of the original re-
cords. The single time history corresponding to each method, RSS,
RotD100, and GeoMean, was used to calculate the 7 — v and hys-

) 2
arss (1) = \/ @iy (1) + ays (1) ©) teretic responses turned into cumulative energy.
20 20
E-W at depth|of 3.44 m E-W a‘t depth/of 7.44/m
10 10 !
0 /\ 7 7/4 0
-10 -10
—~
g
: -20 -20
$ 006 -003 0 003 006 -006 -0.03 0 0.03  0.06
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9 2 20
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<
Y 0 10
0 0
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(c) Shear Strain (d)

Fig. 7. Shear stress and shear strain hysteresis loops during the period corresponding to D5-75, which is the time difference between the 5% and 75%
Arias intensity : (a) E-W direction at the depth of 3.44 m; (b) E-W direction at the depth of 7.44 m; (c) N-S direction at the depth of 3.44 m; and

(d) N-S direction at the depth of 7.44 m.
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Fig. 8. Two horizontal motions and an equivalent motion of two horizontal motions of TA7: root sum squared, RotD100, and geometric mean.

Energy-Based Method for Soil Liquefaction
Evaluation at the Port of Kushiro

Cumulative Strain Energy over Time (ZAW /s).) and
Excess Pore Water Pressure Ratio

The four methods demonstrate a different pattern of cumulative
energy over time at depths of 3.44 and 7.44 m, where the pore
water pressure sensors UP1 and UP3 were installed (Fig. 9). The
dotted lines represent the normalized cumulative energy corre-
sponding to the r, values of 0.1, 0.5, and 1.0. The dotted lines
differ depending on the depth because the effective stress at that
depth leads to different coefficients of . For the depth of 3.44 m,
the combined energy reaches first a YAW/o/. of 0.00017 cor-
responding to the r, = 0.1 at 42 s when the I, of TA8 is about
3% of 1, (i.e., I, will indicate the I, from the TAS record in this
section). However, the other methods reveal slower timing of
when the cumulative energy reaches the energy corresponding
to r, =0.1 (e.g., the geometric mean reaches the cumulative
energy corresponding to r, = 0.1 at 52 s, which is 24% of 1,).
The combined energy develops cumulative energy faster than
using the other methods.

The cumulative energy buildup for the depth of 7.44 m exhibited
the fastest energy buildup of the combined energy from when r, =
0.1 to the end of the shaking. The timing of r, = 0.1 and 0.5 was
slower than the case of a depth of 3.44 m. As shown in Fig. 6, the
shear stress of the soil at a depth of 3.44 m was lower than that of
7.44 m, but the shear strain was five times larger than that of 7.44 m
for the case of the E-W direction [Figs. 7(a and b)]. The measured
horizontal displacement at the backfill was more significant for the
soil closer to the surface during the 2003 Tokachi-oki earthquake
(Sasajima et al. 2004). This consequence may have affected the dis-
parity in shear strain between the 3.44-m and 7.44-m cases. From 44
to 50 s, corresponding to 5% to 13% of 1, the soil layer at a depth of
3.44 m developed more shear strain than that at 7.44 m. From 50 to
65.7 s, corresponding to 13% to 75% of 1, however, the soil layer at
a depth of 7.44 m exhibited more shear stress than that at 3.44 m.
Accordingly, the cumulative energy buildup attributed to the area of
the hysteresis loops was slower at a depth of 7.44 m compared to
3.44 m until approximately 50 s. However, at a depth of 7.44 m,
most of the energy accumulated between 50 and 65.7 s.

The estimated r, over time had the same trend as the cumulative
energy buildup because Eq. (8) converted the cumulative energy

© ASCE
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into r,. The energy-based method estimated the expected r,
buildup of UP1 and UP3 during the 2003 Tokachi-oki earthquake
[Figs. 10(a and b)]. At UP1, the estimated response generated ex-
cess pore water pressure starting at 40 s, corresponding to 1% of 1.
The r, was fully developed around 68 s, corresponding to 83.2%
of I1,. The combined energy method only showed r, exceeding
0.9, indicating the potential triggering of soil liquefaction at the
3.44-m soil layer. The methods using equivalent acceleration esti-
mated r, as less than 0.9 at the end of the shaking, which is an
irrational result considering that the stress-based evaluation indi-
cated the triggering of soil liquefaction at the Port of Kushiro.
The estimated r, at a depth of 7.44 m for UP3 demonstrated the
same results irrespective of the methods, and the r, buildup started

[— Combined Energy = RSS = RotD100 = GeoMean ]
107" =10 T T T T T T T
102k
r,=0.5
o 10'3 N e |
Y r,=0.1
E 1004F T T T TTTTTTTTTTTTTTTTTTmTT T
X 10°F 1
106k
Depth of 3.44 m
L L 1

80 90 100

’
we

3AW/o

Depth of 7.44 m

10-7 1 1 1 1 1
20 30 40 50 60 70 80 90 100
Time (s)
(b)

Fig. 9. Cumulative energy over time for four energy calculation
methods: (a) depth of 3.44 m; and (b) depth of 7.44 m.
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Fig. 10. Estimated excess pore water pressure ratio using energy-based
method: (a) depth of 3.44 m, where the UP1 sensor was installed; and
(b) depth of 7.44 m, where the UP3 sensor was installed.

at approximately 48 s, corresponding to 9.2% of I,,. The estimated
r, for UP1 did not reach 1.0 (i.e., it reached 0.93 at 68 s), and that
for UP3 showed the triggering of liquefaction at 67.6 s for the com-
bined energy. However, the timing of liquefaction is sensitive to
the coefficient «. The following section discusses the sensitivity
analysis of « for the energy-based method.

Sensitivity Analysis of Coefficient a

The coefficient « in Eq. (8) affects how much XAW/o,. is re-
quired to reach a certain level of r, before liquefaction; that is, the
coefficient o has an influence on the excess pore pressure buildup.
Because « is a function of the effective stress of the soil, a suite of «
for sensitivity analysis was made by varying the effective stress.
The values of « for the sensitivity analysis corresponded to the ef-
fective stress of 10, 50, 100, and 200 kPa. The value of XAW,
which was calculated by the combined energy method, at depths
of 3.44 and 7.44 m was used to evaluate the effect of v on the es-
timation of r, buildup during the 2003 Tokachi-oki earthquake
(Fig. 11). The larger the effective stress, the more energy is required
to liquefy the soil, so the r, buildup becomes faster as « decreases.
For the depth of 3.44 m, the soil liquefaction was triggered only
for the cases of using « corresponding to 10 kPa. The case of
using « corresponding to 10 kPa demonstrated the timing of lique-
faction around 50 s, whereas the other cases delayed the timing
of liquefaction or did not manifest liquefaction [Fig. 11(a)]. The
case for the depth of 7.44 m showed a consistent result with the
previous case [Fig. 11(b)]. This case showed, however, two estima-
tions that reached r, = 1 because AW was already close enough
to [ after being normalized by the effective stress. Consequently,
« can adjust the timing of liquefaction for the energy-based
method, and « should be calibrated if the timing of liquefaction
from the energy-based method does not match with the Stockwell
transform.

Evaluation of the Timing of Liquefaction

The energy-based soil liquefaction method estimates different tim-
ing of liquefaction triggering if the soil used to develop the
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Fig. 11. Sensitivity analysis of coefficient o corresponding to the
effective stress of 10, 50, 100, and 200 kPa: (a) the depth of 3.44 m;
and (b) the depth of 7.44 m.

correlation curve between AW /o], and r, differs from the soil
at the site of interest. In this case, the timing of liquefaction should
be cross-checked by comparing it with that from the time-
frequency responses and the Arias intensity-based soil liquefaction
evaluation curve.

Time-Frequency Response of Liquefied Soil Layer
Liquefaction is accompanied by cumulative cyclic strain and the re-
duction of the effective stress, and it leads to the reduction of V,
which is a function of effective stress. The fundamental site fre-
quency (f,) decreases according to the reduced V during the soil
liquefaction (Millen et al. 2021; Ozener et al. 2020), and the Stock-
well transform, which evaluates the time-frequency responses of the
acceleration records, demonstrates the change of f,, during the earth-
quake (i.e., f,, = V/4H; H is the depth of the soil site). Many case
histories demonstrated the reduction of f, at the liquefied site
through the Stockwell transform (Kostadinov and Yamazaki 2001;
Unjoh et al. 2012). However, some components of the change of
f, are also affected by the changes in the frequency content of
the earthquake motion (Kramer et al. 2016). In order to isolate
the genuine changes of f, over time, this study computed the ratio
of the horizontal Stockwell transforms using two acceleration re-
cords. Such ratio plots illustrate the transfer function of the soil layers
sandwiched between the two accelerometers. To investigate the tim-
ing of liquefaction at 3.44 and 7.44 m, two sets were used: one using
UAS and UAG6 and another employing UA6 and TA7 to calculate the
ratio of the Stockwell transforms.

In order to consider both horizontal motions in a single Stock-
well transform plot, this study computed the horizontal power
spectrogram [Py (7, f)] by combining the norms of the E-W and
N-S directions’ power spectrograms, as follows:

Py(t, f) = [Re (Sgw(r. f))]* + Im(Sgw (7, f))]?
+ [Re (Sws(t. /) + [Im(Sys(r. ) (12)
where Sgy (7, f) and Sys(z, f) = Stockwell transforms of the E-W
and N-S directions, respectively; and Re() and Im() = real and

imaginary components of Stockwell transforms. For instance,
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the ratio of the horizontal Stockwell transforms using UAS and
UA6 was calculated as Py, (1. f)/Pu,, (1. f)-

The acceleration data from UAS, UA6, and TA7 were used
to compute the Stockwell transform of horizontal motions and
the ratio of the horizontal Stockwell transforms (Fig. 12). The ratio
plots illustrate the degree of amplification at each frequency over
time [Figs. 12(c and f)]. The horizontal Stockwell transforms of
UAS, UA6, and TA7 revealed lower frequencies, particularly
around 0.4 Hz after 55 s [Figs. 12(a, b, d, and e)]. The average
V, and the height of the layer between UAS and UA6 were calcu-
lated as 136.26 m/s and 5.44 m, respectively. The calculated f,
(= V,/4H) was 6.26 Hz, which aligns with the f, observed in
the ratio spectrum at 40 s before liquefaction [Fig. 12(c)]. For
the layer between UA6 and TA7, the average V and the height
of the layer were 111.62 m/s and 6.5 m, respectively, and the
calculated f, was 4.29 Hz, which corresponds to the f, observed
in the ratio spectrum at 40 s before the liquefaction [Fig. 12(f)].
Consequently, the ratio spectra clearly depict the transfer functions
of the soil layers and the changes in f, over time. The ratio spectra
between UA5-UA6 and UA6-TA7 indicated changes in f, begin-
ning at approximately 50 s and around 54 s, respectively [Figs. 12(c
and f)]. Therefore, the Stockwell transform spectra suggest that the
liquefaction was triggered first in the soil layer between UAS and
UAG, followed by liquefaction in the layer between UAG6 and TA7.
In other words, based on the Stockwell transforms, the timing at
3.44 m (above UAOG) is estimated to be under 50 s, whereas the
timing of liquefaction at 7.44 m (above TA7 and below UA6) is
estimated to be after 50 s.

Arias Intensity Curve

The Arias intensity /, features scalar energy measures of ground
motions and incorporates the amplitude, frequency components,
and duration of the ground motion, such that the effect of bidirec-
tional shaking on liquefaction can be reflected by the added Arias
intensity (/) of the two horizontal components of /,. Kayen and
Mitchell (1997) proposed the Arias intensity-based liquefaction

Frequency (Hz)

20 30 40 50 60 70 80 90

assessment of soil deposits during earthquakes. The 7, versus
(N1)go defined a clear boundary between liquefied and nonlique-
fied sites. This study used a boundary for a fines content of 15%
proposed by Kayen and Mitchell (1997) [Figs. 13(a and c)].
The use of I, versus (N|)q, curve facilitates the identification
of the timing of liquefaction because the Arias intensity is a time-
dependent value.

The greatest energy buildup of I, for the N-S and
E-W (dotted blue lines) directions for UA6 and TA7 occurred
between 40 and 60 s, and the ;s of UA6 and TA7 were 3.25
and 1.41 m/s at the end of the shaking, respectively. When it comes
to the liquefaction boundary curve, the 1, at the end of the shaking
was located above the curve corresponding to (N;)g, at the depth
where the UA6 and TA7 are installed. This implies that the site was
significantly liquefiable under the 2003 Tokachi-oki earthquake.
Meanwhile, liquefaction at the site should be triggered when 1,
overlies the boundary curve; the curve elucidates the triggering
of liquefaction at the site when I, reaches 0.27 and 0.48 m/s
for the depth where UA6 and TA7 are installed. The retraced timing
of triggering according to the liquefaction boundary curve was
48.7 s for UA6 and 55.0 for TA7 [Figs. 13(b and d)], which is com-
parable with the result from the Stockwell transform. Because seis-
mic waves propagate upward from the bottom soil layer, the timing
of liquefaction at 7.44 m (above TA7 and below UA6) was esti-
mated to be after 55.0 s, whereas the timing at 3.44 m (above
UAG6) was estimated to be under 48.7 s.

Calibrated Excess Pore Water Pressure Ratio

The estimation of excess pore water pressure for UP1 and UP3 was
calibrated by adjusting « so as to have a consistency of timing of
liquefaction from the Stockwell transform and the Arias intensity-
based soil liquefaction. The calibrated o was equal to 0.000052 and
0.00022 based on the fact that the timing of liquefaction occurred at
48.7 and 55.0 s at depths of 5.44 and 11.94 m where UA6 and TA7
were situated; the previous « values for UP1 and UP3 were 0.0016

UA6 / TA7

20 30 40 50 60 70 80 90 100

Time (s) ()

Fig. 12. Stockwell transforms for the acceleration record and the ratio of the Stockwell transforms: (a) horizontal motion (UA5); (b) horizontal
motion (UA6); (c) ratio between UAS and UAG6; (d) horizontal motion (UAG6); (e) horizontal motion (TA7); and (f) ratio between UA6 and TA7.
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Fig. 13. Arias intensity—based soil liquefaction evaluation: (a) Arias intensity versus (N)q, curve for a fines content of 15% for UAG; (b) Arias
intensity time histories of UAG for two horizontal motions; (c) Arias intensity versus (N )q, curve for a fines content of 15% for TA7; and (d) Arias
intensity time histories of TA7 for two horizontal motions. [Data for (a and c) from Kayen and Mitchell 1997.]

and 0.0024, respectively. Using the cumulative combined energy
(XAW) for each depth where UP1 and UP3 were installed, the ex-
cess pore water pressure ratio for UP1 and UP3 was re-evaluated
according to the calibrated « (Fig. 14). For the UP1 case, r, ex-
ceeded 0.95, around 48.7 s. The r, of UP3 abruptly developed from

T T T T T T T
O = Combined Energy
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S e .
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~ a
g (a)
T T T T T T T
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Fig. 14. Estimated excess pore water pressure ratio over time based on
the cumulative energy using combined energy: (a) UP1; and (b) UP3.
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47 to 53 s and reached r, > 0.95 around 55 s. Overall, those cali-
brated estimations demonstrated more rational results of r,, buildup
rather than the recorded responses, as shown in Figs. 2(e and g).

Discussion and Limitations

Comparison of Empirical Relationships between
SAW/6)c—ry

The estimation of r, depends on empirical relationships between
YAW/o].— r,. The Green, Mitchell, and Polito (GMP) model
(Green 2001) and the model developed by Jafarian et al. (2012)
were used to evaluate the r, buildup at the backfill of the Kushiro
port depending on the empirical relationships. The fitted curves
developed in this study are compared with the GMP model in
Figs. 15(a and b). The GMP model for a confining stress of 98 kPa
has a similar value of [, the normalized cumulative energy
(XAW /o)) corresponding to r, = 1 for both 30% and 50% rel-
ative density. In terms of the trend of r, buildup, the GMP model
for a confining stress of 196 kPa aligns more closely with the fitted
curves. Because the GMP model was developed using Monterey
No. 0/30 sand, Yatesville sand, and Yatesville silty sand (Polito
et al. 2008), the model generally exhibits a different relationship
with the fitted curves.

Jafarian et al. (2012) developed a simple pore water pressure
model based on cyclic torsional test results using Toyoura sand.
Jafarian et al. (2012) described the empirical relationship between
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Fig. 15. Comparison of XAW/c', —r, relationships obtained from fitted curves using Kokusho and Kaneko (2018) in Fig. 6, GMP model (Green
2001), and Jafarian et al. (2012): (a) relative density of 30% for the fitted curves and GMP model; (b) relative density of 50% for the fitted curves and
GMP model; (c) relative density of 30% for the fitted curves and Jafarian et al. (2012); and (d) relative density of 50% for the fitted curves and Jafarian

et al. (2012).

YAW/o!. — r, as a function of D, [Figs. 15(c and d)]. The model
developed by Jafarian et al. (2012) demonstrates a similar trend of
r,, buildup, whereas the energy capacity corresponding to r, = 1 is
less than the (8 obtained from the fitted curves. Both Jafarian et al.
(2012) and the GMP model show that the energy capacity required
to liquefy the soil increases with D,.

Both methods demonstrate different estimated r, for UP1 and
UP3 (Fig. 16). Because the model developed by Jafarian et al.
(2012) has similar r, trend with AW /o, but with a smaller en-
ergy capacity of soil corresponding to r, = 1 compared to the fitted
curves, the model shows a similar r, buildup when considering the
combined energy from Fig. 10. However, it indicates liquefaction
triggering for UP1 and an earlier timing of liquefaction for UP3.
Meanwhile, as shown in Fig. 15, the GMP model exhibits a larger
energy capacity as the confining stress decreases, resulting in a delayed
r, buildup and lower r, values by the end of the earthquake.
Accordingly, the estimated r, is strongly affected by the choice
of the model curve associated with YAW/o,. — r, relationships.

Arias Intensity: Comparison between Total Stress and
Effective Stress Analysis

Kayen and Mitchell (1997) collected strong-motion records mea-
sured at the surface to develop Arias intensity-based liquefaction
triggering curves. Given that the critical layers where liquefaction
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occurred in case histories were located at depth, they used total
stress site response analyses to derive a depth reduction factor for
Arias intensity. This factor is defined as the ratio of buried to sur-
face cumulative Arias intensity. This study employed the curve to
estimate the timing of liquefaction based on the measured acceler-
ation responses, which were likely affected by pore water pressure
buildup. Therefore, it is necessary to investigate the Arias intensity
difference between nonlinear effective stress analysis and total
stress analysis because the total stress analysis does not account
for pore water pressure buildup.

The total stress analysis was conducted using the soil layer
information for the nonlinear analysis in Table 1 (Fig. 17). The
acceleration responses of the total stress analysis were comparable
to those of the nonlinear analysis [Fig. 17(a)] until r, is fully de-
veloped at approximately 56 s [Fig. 17(b)]. Beyond 56 s, these two
acceleration responses diverged, leading to a disparity in cumula-
tive Arias intensity. If the soil liquefies, it would lose its shear
stiffness (G & 0), resulting in reduced acceleration responses due
to site softening. In other words, the acceleration response from the
total analysis is similar to that from the nonlinear analysis before
liquefaction is triggered in the soil layer. The Arias intensity clearly
illustrates the impact of soil liquefaction [Fig. 17(c)]; Arias inten-
sities obtained from the total and nonlinear analyses are similar
to each other before liquefaction triggering, but discrepancies
emerge afterward. Consequently, employing Arias intensity curves
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Fig. 16. Estimated excess pore water pressure ratio using combined
energy, GMP model (Green 2001), and Jafarian et al. (2012): (a) depth
of 3.44 m, where the UP1 sensor was installed; and (b) depth of 7.44 m,
where the UP3 sensor was installed.
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Fig. 17. Comparison between nonlinear effective stress and total stress
analysis of the fifth layer (4.73-5.72 m depth) in E-W directions:
(a) acceleration responses; (b) excess pore water pressure ratio from
nonlinear effective stress analysis; and (c) and Arias intensity over
time.

to determine the timing of liquefaction through the measured ac-
celeration responses is a valid approach.

Uncertainties and Limitations

The method introduced in this study incorporates laboratory test
results into the development of the empirical SAW /o). —r,
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relationship for field applications, which gives rise to inherent
uncertainties and limitations associated with the method. Several
factors can affect laboratory test results. Regarding sample prepa-
ration, Jafarian et al. (2012) analyzed numerous results from cyclic
triaxial, simple shear, and hollow cylinder torsional tests conducted
using different sample preparation methods. They concluded that
the method of sample preparation did not significantly alter the gen-
eral trend of the AW /o). — r, relationship. Regarding test types,
such as torsional shear, cyclic simple shear, and triaxial tests, Polito
et al. (2013) found that the AW /o], corresponding to the initia-
tion of liquefaction were similar for cyclic triaxial and simple shear
tests. Conversely, Polito (2017) revealed a significant difference in
pseudo energy capacity (PEC) values, with cyclic simple shear tests
showing a factor of 8.9 difference compared to cyclic triaxial tests.
This difference might have been influenced by the relative volumes
of the two specimen types but warrants further discussion in future
studies.

To estimate r, using the energy-based liquefaction method, ver-
tically aligned accelerometers should be employed to capture the
shear stress—strain responses of the soil layer between these accel-
erometers. These shear stress—strain responses using acceleration
records assumes a shear beam behavior of liquefied soil, but the
assumed shear beam response cannot properly capture the response
of a complex soil profile, which is a limitation of the method. This
limitation restricts the application to sites where vertical accelera-
tion data have been recorded. Additionally, within the context of
energy-based soil liquefaction evaluation, when applied energy ex-
ceeds the energy capacity of a particular soil layer, any excess en-
ergy must be redistributed to other soil layers that have not liquefied
yet (Kokusho 2013). This process accounts for the redistribution of
energy within the soil layers. In this study, the soil layers in the
backfill were divided into two distinct layers, and the stress—strain
responses of each layer were computed using UAS, UA6, and TA7.
As illustrated by the cumulative energy over time (Fig. 9), the cu-
mulative strain energies at depths of 3.44 and 7.44 m did not exceed
the capacity corresponding to r, = 1. This implies that the applied
energy was effectively dissipated by the segmented soil layers.

Due to the lack of laboratory test parameters related to relative
density, confining stress, and soil types, this study calibrated «
based on the Stockwell transforms and Arias intensity-based trig-
gering curves. However, the o and 3 parameters depend on accu-
rate and sophisticated laboratory test results specific to the soil
conditions at the field site of interest, which should be discussed
in detail in a future study.

Conclusions

The 2003 Tokachi-oki earthquake caused soil liquefaction at the
Port of Kushiro in Hokkaido. The installed excess pore water pres-
sure transducers at the site malfunctioned, and the pore water pres-
sure transducers recorded irrational responses such as a constant
increase of r, even after the end of the shaking and nonfluctuating
responses during the shaking, amongst other issues. This study ap-
plied energy-based liquefaction evaluation to estimate the excess
pore water pressure ratio from the acceleration records at the site
in the Port of Kushiro. Three acceleration records were used to ob-
tain the shear stress—strain hysteresis loops of the soil layers. The
strain energy calculated by the hysteresis loops was converted into
the excess pore water pressure using the empirical correlation
between normalized cumulative energy and r,,. Moreover, the esti-
mated excess pore water pressure was adjusted based on the timing
of liquefaction derived from the Stockwell transform and Arias
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intensity-based soil liquefaction curve. The main findings of this

study are summarized as follows:

1. One-dimensional equivalent linear site response analyses and
the simplified method were conducted to calculate the applied
cyclic stress ratio at the backfill of the Port of Kushiro during the
2003 Tokachi-oki earthquake. The cyclic resistance ratio ob-
tained from (N)g, estimated the factor of safety at the site, and
the stress-based method indicated that the site would experience
severe liquefaction during the earthquake.

2. The empirical relationship between the normalized cumulative
energy and r, is necessary to perform energy-based soil lique-
faction evaluation. This study developed an empirical equation
using two coefficients, o and /3, which are a function of the ini-
tial confining stress and the relative density of the soil, respec-
tively. The developed empirical equation showed that more
energy was required to liquefy the soil as the relative density
and confining stress increased.

3. Four different methods were used to consider the effect of the
bidirectional shaking of the earthquake. Three methods com-
bined two horizontal motions into an equivalent motion and
calculated strain energy. Meanwhile, the combined method ob-
tained the strain energy by summing the individually calculated
energy from two horizontal motions. The three methods com-
bining two horizontal motions were insufficient for evaluating
energy-based liquefaction problems in terms of r, development.

4. The rate of excess pore water pressure buildup is sensitive to the
coefficient «, so a sensitivity analysis of o was conducted. The
result showed that the lower « corresponding to the lower con-
fining stress caused the faster r, buildup.

5. Because the soil for developing the empirical relationship dif-
fered from the soil at the Port of Kushiro, the timing of lique-
faction was adjusted based on the Stockwell transform and Arias
intensity-based liquefaction assessment curve. The Stockwell
transform and Arias intensity-based liquefaction assessment es-
timated comparable timing of liquefaction at the site. As a result,
the excess pore water pressure was calibrated by calibrating the
« parameter leading to a reasonable estimate of the r, buildup at
the Port of Kushiro during the 2003 Tokachi-oki earthquake
based on the energy-based method.

Appendix. Confining Stress Dependency of
Cumulative Strain Energy

Cyclic resistance ratio (7/0),.) for the stress-based liquefaction
evaluation tends to decrease as the confining stress (o) increases.
However, the normalized cumulative strain energy (XAW/c}.)
tends to increase with o). Here, the o, dependency of AW /o).
is verified through the 7 — ~ hysteresis loop.

For the idealized 7 —  hysteresis loop, 7 — -y relationship can
be expressed as the hyperbolic model, as follows (Kokusho 2017):

(7/7r) = Gmaxfyrf(w/’}/r) (13)

=G T
T e T (/)

where G, = initial shear modulus; and , = reference shear strain
for G/G . = 0.5 in the hyperbolic model.
Meanwhile, the dissipated energy can be expressed as follows:

AW = 7{ rdy (14)

Using Egs. (13) and (14), the normalized cumulative strain
energy is calculated as follows:

© ASCE

05024010-15

AW/, = ( f Td7> / ot

= Gy j{ FOv/ve)dy

/
Oye

2
= Mff(v/%)d(v/%) (15)

Tre
Gmax 18 a function of o)., as follows:
Gnax = Gy X (Ui/)c/Pa)O'S (16)

where G, = shear modulus at 1 atm, P,,. In the hyperbolic model,
v, is defined as (Kokusho 2017)

o). tan ¢ (000/P,)"

/G = _ ¢ 17
W=yl Gy x (0]c/Pg)> Go/P, ¢ (17)

where 7 = ultimate shear strength; and ¢ = internal friction angle.
Using Egs. (16) and (17), Eq. (15) can be rearranged as follows:

Go % (0,:/P.)* [(0,c/P,)>
AW/o!, =
/ULC Go/Pa

2
tan qﬁ]

X ?{f('v/%)d(v/%)

tan’¢

— e kP § fOpdO ) (18)

Eq. (18) implies that AW/, tends to increase in proportion to
the square root of the o), for the same soil. In other words,
AW /o, is normalized in terms of physical dimensions but not nu-
merically because AW /o). is still influenced by o/,.. Therefore, for
the given r,, a larger AW /o], is required as the o), increases.
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