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Abstract

According to historical records, the soil in the Xinhua District of Tainan City, Taiwan, has been liquefied several times in
1946, 2010, and 2016. To assess the soil liquefaction resistance and understand the recurring liquefaction mechanism of this
site, this study conducts a series of experimental tests, including the undrained dynamic triaxial tests on undisturbed and
remolded soil samples retrieved from the site. Different fines contents, dry densities, and effective confining pressures are
considered for the remolded samples during the test program to investigate their influence on the soil liquefaction resistance.
A complete experimental soil liquefaction resistance curve of the site is constructed based on the test results. The liquefac-
tion resistances of the undisturbed and remolded samples were found to be similar at the recurring liquefaction site in the
present study. Besides, the experimental soil liquefaction resistance curve of the recurring liquefaction site was lower than
the in situ empirical soil liquefaction resistance curve that is based on all site conditions, including the aging effect. This
observation agrees with the other laboratory test and field investigation that the triggered liquefaction leads to the “reset” of
the aging effect that lowers the liquefaction resistance. The finding of this study may explain why a recurring liquefaction
site is more vulnerable to liquefaction in a seismic event.

Keywords Cyclic triaxial test - Undisturbed sample - Remolded sample - Soil liquefaction resistance curve - Aging effect

Introduction

Based on observations from past earthquakes, soil liquefac-
tion typically occurs in artificial lands or young alluvium
deposits, whereas it is not observed in old alluvium deposits
at the same ground shaking intensity. During the 1999 Chi-
Chi earthquake in Taiwan (Mw =7.6), severe liquefaction
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damages were reported at Taichung harbor that was made
using artificial fills (Huang and Yang 2001). During the
2011 Tohoku earthquake in Japan (Mw =9.0), liquefaction
occurred extensively along the Tokyo bay area, particularly
in Urayasu city, which was newly reclaimed after 1968 by
the hydraulically filling of sea-bed soils (Kokusho 2016;
Towhata et al. 2017). In contrast, another area of the same
city that existed before 1948 did not liquefy, despite very
similar soil profiles and soil properties (Kokusho 2016).
During the 2016 Meinong earthquake ( Mw =6.4) in Tai-
wan, only localized liquefaction was reported in reclaimed
areas that were used to be fish ponds in the early 1960s,
whereas the other places near the epicenter were free from
liquefaction damage (Tsai et al. 2017).

Youd and Hoose (1977) and Youd and Perkins (1978)
noted that liquefaction resistance increases markedly with
geologic age. Sediments deposited within the last few
thousand years are generally much more susceptible to
liquefaction than older Holocene sediments. Pleistocene
sediments are even more resistant, and pre-Pleistocene
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sediments are generally immune to liquefaction. In con-
trast, after conducting laboratory tests, several investiga-
tors have noted that the liquefaction resistance of soils
increases with age (Arango and Migues 1996; Bwambale
et al. 2017; Chen and You 2004; Hayati and Andrus 2009;
Ishihara 1985; Kiyota et al. 2009; Kokusho et al. 2012;
Ladd 1982; Moss et al. 2008; Seed 1979; Tatsuoka et al.
1988; Taylor 2015; Troncoso et al. 1988). Seed (1979)
observed significant increases in liquefaction resistance
with aging of remolded sand specimens tested in the labo-
ratory. Increases of as high as 25% in the cyclic resistance
ratio between the freshly remolded and 100-day-old speci-
mens were noted.

Past studies on causative mechanisms of aging can
be classified into two groups. The first group advocates
cementation (Kokusho et al. 2012). For instance, Mitchell
and Solymer (1984) considered the sedimentation of sili-
cate material at granular contacts as a bonding mechanism.
The second group concerns the change in granular pack-
ing induced by weak ground vibrations (Dobry et al. 2015;
Kiyota et al. 2009; Kondo 2013; Wichtmann et al. 2005).
Studies on this concept have noted that the induced disloca-
tion of sand grains causes large voids to be filled; improves
the mechanical stability of soil structures, intergranular
locking, or the number of grain contacts; and increases the
liquefaction resistance. Field observations and centrifuge
modeling suggest that pre-shaken natural sands located in
the Imperial Valley of California, USA, have high liquefac-
tion resistance as a result of pre-shaking (El-Sekelly et al.
20164, b).

In contrast to the benefit of the aging effect that
increases liquefaction resistance, a site that has already
been liquefied has a high potential for liquefaction in the
future (Quigley et al. 2013; Tsai et al. 2017; Wakamatsu
2012; Youd 1984). For example, following the 2010 Mw
7.1 Darfield earthquake, ten distinct liquefaction episodes
were recorded in eastern Christchurch, New Zealand,
within a year. Sand blow activity was caused by a sequence
of earthquakes (Mw 5.2-7.1) with a peak ground accelera-
tion (PGA) as low as 0.057 g, which typically cannot trig-
ger liquefaction (Quigley et al. 2013). The reason for high
liquefaction vulnerability at a site that has been subjected
to recurring liquefaction could be also associated with the
aging effect. Many laboratory studies have indicated that
the aging effect is “reset” once liquefaction occurs (Dobry
and Abdoun 2015; El-Sekelly et al. 2016a, b; Goto and
Towhata 2014; Okamura et al. 2019). In other words, the
aging effect is eliminated due to the large strain induced
during liquefaction and, thus, the re-liquefaction resistance
is low as observed in the recent multiple liquefaction tests
(Amini et al. 2021; Darby et al. 2019; Price et al. 2017;
Teparaksa and Koseki 2018; Wahyudi et al. 2016; Ye et al.
2018).
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To assess the soil liquefaction resistance of a site sub-
jected to recurring liquefaction and the associated aging
effect, this study uses boring samples from a farmland site
in the Xinhua District of Tainan City (Fig. 1), where lique-
faction occurred repeatedly during the 1946 Xinhua earth-
quake, the 2010 Taoyuan earthquake, and the 2016 Meinong
earthquake (Tsai et al. 2017). A field reconnaissance was
conducted by Tsai et al. (2017) immediately after the 2016
Meinong earthquake, where the observed geotechnical
damage features, including soil liquefaction, were summa-
rized. Tsai et al. (2020) further assessed soil liquefaction,
building settlement, and residual strength in two residential
areas during the Meinong earthquake via field investigation
and thorough numerical analysis. Yet no detailed investi-
gation has been performed on the recurring liquefaction
site. Therefore, in the present study, a series of saturated
undrained cyclic triaxial tests were conducted on the undis-
turbed and remolded soil samples to construct a complete
soil liquefaction resistance curve for the site based on the
test results. Furthermore, test results of the undisturbed and
remolded samples were compared to understand the effect
of aging on soil liquefaction resistance. Remolded samples
were prepared under the same conditions as the in situ con-
ditions. Different fine contents (FCs), dry densities, and
effective confining pressures were considered to investigate
their effects on soil liquefaction resistance. Subsequently,
an experimental soil resistance curve was constructed and
compared to the in situ empirical soil liquefaction resistance
curve to discuss the aging and recurring liquefaction effect.

Background of liquefaction reoccurrence
site

Historically, Xinhua has been subjected to several soil lig-
uefaction phenomena induced by earthquakes such as the
1946 Xinhua earthquake, the 2010 Taoyuan earthquake,
and the 2016 Meinong earthquake. The magnitude of these
earthquakes, focal depth, PGA at the Xinhua liquefaction
site, and the liquefaction area are listed in Table 1. In 2016,
the Meinong earthquake caused wide-area sand boils in
farmland and irrigation channels of the Beishi and Taiping
villages (Fig. 1). Although soil liquefaction did not lead to
severe damage, the liquefaction area (as observed by the
sand boils) was widely distributed from the Taiwan high-
speed railway (THSR), Puxian temple, to the Xinhua bypass
(Fig. 1). Compared to the 2010 Taoyuan earthquake, the area
of the sand boil created during the 2016 Meinong earthquake
was found to be greater. As indicated in Fig. 1, the liquefac-
tion sites observed after these three earthquakes consider-
ably overlapped with each other. Figure 2 shows the sand
boils observed at the same location during the 2010 Taoyuan
and the 2016 Meinong earthquakes.
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Fig. 1 Sand boil locations during the 1946 Xinhua earthquake, the 2010 Taoyuan earthquake, and the 2016 Meinong earthquake

The liquefaction area observed during the 2010 Taoy-
uan earthquake was the largest in the Beishi village
(located to the west of the research site) of the Xinhua
District, Tainan, whereas the liquefaction area observed
during the 2016 Meinong earthquake was closer to the
THSR, and its impact on the THSR is worthy of inves-
tigation. The sand boils caused by the 2016 Meinong
earthquake were also widely spread in the Taiping vil-
lage (located across the Xinhua Fault). Although the area
of sand boils caused by the 1946 Xinhua earthquake was
not large, many liquefaction sites were distributed over a
wide area.

The re-liquefaction area is located in the transition
zone between the coastal plain and foothills. The coastal
plain region is primarily Holocene sedimentary deposits
consisting of silt, clay, and sand. Relatively fine sedi-
ments are transported from the Central Range of Taiwan
following the weathering of shale, slate, and mudstone.
These soil sediments are typical sedimentary materials
of the southwestern plain of Taiwan. The Xinhua fault,
the main source of seismicity in the 1946 Xinhua earth-
quake, is an oblique fault with right lateral and reverse
movement. The fault is classified as a Type I active fault
according to the Central Geological Survey. The fault

Table 1 Information of thrge No Earthquake Date Magnitude  Focal depth PGA (g) Liquefaction
earthquakes that caused soil ™) (km) area (km?)
liquefaction at the Xinhua site L
Hsinhua December 5, 1946 6.1 5.0 Level V* 0.42
Taoyuan March 4, 2010 6.4 22.6 0.13-0.15 0.23
3 Meinong February 6, 2016 6.6 14.6 0.25-0.30 0.36

*PGA =80~250 gal

@ Springer



117 Page 4 of 14

Bulletin of Engineering Geology and the Environment (2022) 81: 117

(a) 2010 Taoyuan earthquake

(b) 2016 Meinong earthquake

Fig.2 Sand boil near Puxian temple during the 2010 Taoyuan earthquake and the 2016 Meinong earthquake. a 2010 Taoyuan earthquake. b

2016 Meinong earthquake

line, with strike direction of N70°E, extends from the
Naba village to the west of the Beishi Village with a total
length of 6 km. In addition to high seismicity, this re-
liquefaction area also has many rivers passing nearby, as
indicated in Fig. 1. In addition, the groundwater level is
shallow. Therefore, the liquefaction potential of this area
is high.

A boring of 30 m (BH-1") was drilled to investigate the
subsurface condition of the study site (Fig. 1). As shown
in Fig. 3, the site is composed of an interlayer of silty
sand (SM), silt (ML), and clay (CL). The ground water
table is 0.13 m below the ground surface. The shallow
SM/ML layers within a depth of 8 m exhibit a high liq-
uefaction potential, given that the N-values of the stand-
ard penetration test (SPT) are mostly below 10 and shear
wave velocities (Vs) are less than 200 m/s.

Six undisturbed soil samples were retrieved using the
well-documented Gel-push sampling method (Lee et al.
2012; Taylor et al. 2012; Umehara et al. 2015). The Gel-
push sampling method uses non-circulated polymer solu-
tion of high concentration as its drilling fluid for lubri-
cant. The polymer solution is coated on a surface of a soil
sample, and reduces friction between the sample tube and
the sample during the sampling process. These Gel-push
samples (1-m long), being intended to cover ML, SM,
and CL, were obtained at the adjacent borings (BT-1 and
BT-1°, 3.78 m and 3.04 m away from BH-1’, respectively).
The depths of these samples and associated sample num-
bers are indicated in Fig. 3.
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Laboratory test program
Undisturbed sample

Cyclic triaxial tests were performed on undisturbed samples
to determine the soil liquefaction resistance. For each 1-m
undisturbed samples, four cyclic triaxial tests (7 cm in diam-
eter and 15 cm in height) were performed. The cyclic stress
ratio (CSR) was defined as follows:

q
where ¢ is the cyclic deviatoric stress and o; is the effective con-
fining pressure. Therefore, a total of 12 tests were conducted for
different types of soil. Before applying the cyclic shearing load,
the soil samples were isotopically consolidated to the in situ mean
stress, as indicated in Table 2. Next, cyclic deviatoric stress was
applied at a frequency of 1 Hz under undrained conditions. Ishi-
hara (1993) suggested that excess pore water pressure ratio (r,,)
reaches 0.9-0.95 as the state of liquefaction failure for overcom-
ing the problem where researchers often report the difficulty of
achieving unity r, in laboratory tests, especially for the soil with
high FCs. Once r, of 0.9~0.95 is built up, a sizeable amount
of cyclic strain is observed to develop, indicating considerable
softening or failure taking place in these soils. Therefore, the
test was stopped when the 7, reached 0.95, which was defined as
the state of failure, and the corresponding number of cycles was
defined as N Subsequently, soil property tests (e.g., gradation
and plasticity) were conducted on the tested soil samples.
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Fig.3 Boring log and Vs of
BH-1" Soil
Depth| Soil Soll FC Pl Vs
sample = 2 |SPT-N| .o o Note
(m) |layer number classification (%) | (%) (m/s)
100 150 200 250 300
N
S-1-4 3 87 -
i E BT-1'-T1(ML)
S-2-4 CL-ML 3 89 6 (1.5m~2.5m)
S-3-3 6 74 i BT-1'-T2(SM)
S-4-4 11 79 (3m~4m)
S-5-3 11 36
S-6-4 18 20
S-7-4 8 34 -
S-8-4 5 42
S-9-3 19 20
S-10-4 13 74 -
S-11-4 11 89 8 BT-1-T2(CL)
S-12-3 9 99 13 (11.5m~12.5m)
S-13-4 18 79 -
S-14-4 CL-ML 10 100 6
S-15-4 9 99
S-16-3 17 91
S-17-4 L. 14 | o5 | -
S-18-4 36 54
S-19-4 43 17
$-20-3 . 31 25 )

Remolded sample

The soil liquefaction resistance can be determined by test-
ing a remolded sample under a wide range of conditions.
Table 3 lists all reconstitutive conditions considered in the

test program. A remolded sample (Set 1) is prepared to
reproduce the field conditions of the BT-1’-T2 sample that
represents the liquefied layer. To prepare the remolded sam-
ples, the tested undisturbed samples were oven-dried, sieved,
re-mixed, and compacted into molds to achieve the same

Table 2 Tests performed

; Boring no Depth (m) Sample no Soil type Confining pressure CSR Ny
on undlst.urbed §amples for (kPa)
liquefaction resistance
BT-1' 1.5-2.5 T1-1 ML 14 0.309 13
T1-2 SM 14 0.205 219
T1-3 ML 14 0.245 31
T1-4 SM 14 0.352 4
BT-1' 3.0-4.0 T2-1 ML 24 0.158 1411
T2-2 SM 24 0.34 7
T2-3 ML 24 0.305 40
T2-4 ML 24 0.242 746
BT-1 11.5-12.5 T2-1 CL 76 0.307 25
T2-2 SC 76 0.341 78
T2-3 SC 76 0.357 48
T2-4 SC 76 0.504 4
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Table 3 Tests performed on remolded samples

Test set FC (%) Confining pres- y,(t/m>) CSR Ny
sure (kPa)
1 50 24 1.66 0.14 5287
1.67 0.3 28
1.66 0.34 32
1.7 0.36 14
1.67 0.25 74
1.7 0.2 511
1.67 0.37 10
2 50 100 1.68 0.3
50 1.67 0.3 6
30 1.67 0.3 6
3 35 24 1.68 0.2 130
1.69 0.25 26
1.67 0.3 13
4 12 24 1.67 0.2 65
1.69 0.25 19
1.67 0.3 6
5 5 24 1.67 0.2 34
1.67 0.25 11
1.69 0.3
6 5 24 1.55 0.15
1.41 0.12 7
1.52 0.12 18
1.61 0.18 18
1.73 0.23 832

dry unit weight (y,) and FC as that in the field. Different
remolded samples were prepared for various values of y, (Set
6) and FC (Set 3-5). Moreover, different consolidation pres-
sures (Set 2) were considered during the consolidation stage
of the test. Similar to the test procedure of the undisturbed
sample, the soil samples were isotopically consolidated to
the target pressure (Table 3). It should be noted that the
remolded y, after the compaction and that after the con-
solidation is similar, especially for Set 1; thus, the remolded
specimen can represent the field condition. After the con-
solidation stage, cyclic deviatoric stress was applied at a
frequency of 1 Hz. The test was stopped when r, reached
0.95, and the value of N, was determined accordingly.

Test results

Physical properties

Figure 4 shows the grain size distribution curve of the
undisturbed samples, including BT-1’-T1, BT-1’-T2, and

BT-1-T2. For the BT-1°-T2 sample, all grain size distribu-
tions are similar except for T2-4, which is located at the
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Fig.4 Grain size distribution curve of the undisturbed sample. Red,
blue, and black curves indicate the BT-1°-T2, BT-1’-T1, and BT-1-T2
samples, respectively

bottom of the 1-m long tube. The grain size distribution
is non-uniform with a uniformity coefficient (Cu) of 1.2.
The FC is approximately 50% and the fines are non-plastic
(NP). The BT-1°-T1 and BT-1-T2 samples exhibit a similar
grain size distribution that is better graded compared to the
BT-1"-T2 sample. However, the FCs of the BT-1"-T1 and
BT-1-T2 samples are mostly less than 50% (ranging from
25 to 60%), indicating that these samples are more like SM
or SC rather than CL-ML or CL as characterized in Boring
BH-1" according to the Unified Soil Classification System.
The plasticity indices (PIs) of the BT-1°-T1 and BT-1-T2
samples are 0—10% and 10-19%, respectively; however, the
BT-1°-T1 sample had a higher FC (38 ~60%) than the BT-
1-T2 sample (35 ~52%). Overall, these samples are suscep-
tible to soil liquefaction in terms of FC and plasticity, which
will be discussed later in more detail.

Liquefaction resistance from undisturbed sample

Figure 5 shows an example of the stress-controlled cyclic
triaxial test result (BT-1-T2-3) to obtain liquefaction resist-
ance. During this test, the applied cyclic stress remains the
same with cycles (Fig. 5a), whereas the resulting cyclic
strain increases with cycles (Fig. 5b). As the number of
cycles increases, the pore water pressure accumulates
(Fig. 5¢). Meanwhile, the stress—strain loop tilts (i.e., shear
modulus degrades, Fig. 5d), and thus, the strain increases.
Finally, the sample reaches its initial liquefaction point (i.e.,
r,=0.95) at the 40th cycle (i.e., N;=40). Similar observa-
tions were made in the other tested specimens.

Figure 6 shows the comparison of the liquefaction
resistances obtained from the cyclic test results of BT-
1’-T1, BT-1°-T2, and BT-1-T2. BT-1-T2 (PI=10~19%)
exhibits a higher liquefaction resistance than the others, as
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Fig.5 Results of cyclic triaxial test of undisturbed samples BT-1°-T2-3, CSR=0.305, and ', = 24 kPa

typically observed. However, the liquefaction resistance
of BT-1’-T1 (PI=0~10%) is lower than that of BT-1"-T2
(non-plastic), which is opposite to the typical observation.
This is because BT-1’-T2 has FC ~ 50% that is observed at
the boundary of SM and ML (i.e., FC=50%). In contrast,
the FC of BT-1"-T1 is less than 50% at some locations. The
test results indicate that low plastic clay (BT-1-T2) is also
susceptible to soil liquefaction, which is consistent with the
liquefaction susceptible criteria suggested by Seed et al.
(2003) and Bray and Sancio (2006). This criterion states
that fine-grain soils with PI< 12 are liquefiable and those
with moderate plasticity (12 <PI < 18) can still undergo
liquefaction when shaken intensely for a significant number
of loading cycles. For soil liquefaction, a linear relation-
ship between cyclic resistant ratio (CRR) and number of
cycles Nyin log-log space is obtained from laboratory tests
(Cetin and Bilge 2012; Idriss and Boulanger 2008b; Liu
et al. 2001).

CRR=a-N,” 2)

where a and b are two fitting parameters. The regression
results of the above equation are shown in Fig. 6. The
obtained values of b (slopes) of the three soils are close to
that of clay (0.14) but lower than that of clean sand (0.34),

0.6
W BT-1-T2
| A\ A BT-1T2
04 Y=0.5053xrof1\32r\ @ BT-1-T1
.\-\ \A\
x a -
o . @ -
18] \\-\\
- . =n
02 — v=0.4246x014 @ oo
|
| Y=0.4557X-0.122
0 T \\\HH‘ T \\\HH‘ T \\\HH‘ T T TTTIT
1 10 100 1000 10000
N

f

Fig.6 Liquefaction resistance curve of undisturbed soil sample
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as summarized in Idriss and Boulanger (2007). Therefore,
the result of this study indicates that the high FC of the three
soils can influence the value of b and exhibits similar trends
as that of fine grain soil. Overall, a CSR corresponding to
N;=15 (CSRy;-;5) for SM and ML is relatively high (0.327
and 0.291, respectively), given the low blowcount (3 ~6) of
the same layer (Fig. 3). This is because of the very high FC
and low confining pressure applied on these samples, as dis-
cussed considering the test results of the remolded samples.

Liquefaction resistance from remolded sample
Influence of fines content

Figure 7 shows the comparison of the liquefaction resist-
ances of different FCs under the conditions of y,~1.68 t/
m? and a; =24 kPa. As FC increases, liquefaction resist-
ance increases. All curves of different FCs seem to be par-
allel to each other (i.e., the slopes are similar). However,
the low FC leads to a slightly higher value of b, which is
consistent with the trend reported in Boulanger and Idriss
(2007) and Idriss and Boulanger (2006), as discussed ear-
lier. Similar values of b indicate that the relative influ-
ence of large and small CSR amplitudes is similar for the
soils with different FCs. Figure 8 shows that CRRy;_5
and FCs can be approximately associated through a lin-
ear relationship. As FCs increase, CRRy;_;5 increases as
well. During the empirical liquefaction potential analysis,
blowcount requires further correction to estimate the lig-
uefaction resistance of soil containing certain amounts of
fines. The corrected (or equivalent) blowcount is typically
higher than that measured for soil with certain FC (Idriss
and Boulanger 2008a; Seed et al. 2003); (Tsai et al. 2019;
Youd et al. 2001), resulting in a higher liquefaction resist-
ance, which is consistent with the findings of this study.

0.4
L W 5%
Y=0.400%017 ¥y g 533700 A 12%
0.3 B e ¢ ® 35%
SN NN & 50%
EA®. o
o RN NEEN
a 0.2 HA® o
Y=0.4815X-0211 Y=0.4516X019 -
R 2
0.1
74~1.68 tim?
c_'=24 kPa
0
1 10 100 1000 10000

Fig.7 Liquefaction resistance curve of remolded soil sample with
different FCs
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Fig. 8 Relationship between CRRy;_;5 and FC

Influence of dry density

Figure 9 shows the liquefaction resistance at different dry
densities with 0';=24 kPa and FC =5%. For some given
values of y,, only one or two tests under different CSRs
were performed and, thus, a liquefaction resistance curve
could not be constructed. However, based on the previous
observation and test results of various values of y,, the
liquefaction resistance curves appear parallel for different
values of y,. Therefore, given the assumption of the same
slope for different values of y,, the liquefaction resistance
curves for y; = 1.41, 1.61, 1.73 t/m> (presented by the
dashed line Fig. 10) were constructed based on those for
Y, =1.69 and 1.52 t/m>. Figure 10 shows the relationship
between CRRy;_,5 and y,, which is expressed as a hyper-
bolic function as follows:

0.4
. Y=0.88258x02 M 1,~1:41
. =1.52
Y=0.4185X-021 N A Y"_
03 e @ 1.-161
NN & 1,=1.69
. ;\\ \\* + 7,173
x AN S (UmP)
0.2 N ~
3 Y=0.2158X020g ¢ DN
Al e .
o “E A “~<. Y=0.32087X02
' Y=0.17709%08 "=~ S~
G,=24 kPa, FC=5% T
0
1 10 100 1000 10000
N

Fig.9 Liquefaction resistance curve of remolded soil sample with
different dry densities (t/m%)
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where A, B, and C are fitting parameters. This function
form was adopted in Huang and Yang (2001) to construct
an empirical liquefaction resistance curve as a function of
N-values of the SPT. Parameter A represents the threshold
(minimum) CSR to trigger liquefaction, and C represents the
upper bound y, at which liquefaction does not occur. Similar
to previous studies based on case histories and laboratory
data, a higher value of y, leads to a higher liquefaction resist-
ance. However, because CRRy;_,5 of the highest dry density
(1.73 t/m®) is based on only one data point and interpreted
given an assumption of same slope of resistance curve for
different y,, the CRRy;_;5 and v, curve at high dry density
should be used with caution.

CRR=A+ 3)

Influence of confining pressure

Figure 11 shows the liquefaction resistance at different
confining pressures with FC =50%, y,~1.68 t/m>, and
CSR =0.3. A constant slope of 5=0.158 is assumed given
that consolidation stress levels have a minor influence on
b (Wichtmann 2016). As the confining pressure increases,
the number of cycles required for liquefaction (i.e., lique-
faction resistance) decreases even when the same CSR is
applied. Although the applied CSR is the same, the actual
cyclic deviatoric stress is higher due to higher confining
pressure, as expressed in Eq. (1). Thus, Nyis less given
the high confining pressure. This observation is consistent
with the previous study (Harder and Boulanger 1997) and
also confirms the requirement of the overburden correction
in the empirical procedure to estimate liquefaction resist-
ance (Seed 1983). According to Seed (1983), overburden
correction is defined as follows:

0.6
® 2ikPa
A 50kPa
Tl W 100kPa
04 L. s

CSR
!
!
Iy
[ |
1
11
»
/
!

0.2

14~1.68 tim?
FC=50%

1 10 100

Fig. 11 Relationship between N; and CSR at different confining pres-
sures. The data points are of the test results, and the curve is con-
structed assuming b=0.158

CRRUI_
Ke=Crr, @

c=1

where CRR,; is the CRR of a soil under a specific value of

c

effective consolidation pressure 0'; and CRR; is the CRR
=1

of the same soil when a; =1 atm (~100 kPa)(. To calculate
K,, CRRy4;5 is calculated for different confining pressures
assuming the same value of b (0.158). Then, the value of K
is obtained using Eq. (4) and compared with that determined
in a previous study, as shown in Fig. 12. The obtained value
of K, agrees well with that of the previous study (Harder and
Boulanger 1997).

Discussion
Aging effect

The aging effect increases the liquefaction resistance in an
old deposit, and, thus, soil liquefaction typically occurs in
artificial lands or young alluvium deposits. The effect of
diagenesis on liquefaction resistance based on laboratory
cyclic triaxial or cyclic simple shear tests is quantified
using the correction factor K, which is expressed as fol-
lows (Seed 1979):

CRR,

_ undisturbed

T )

remolded

where CRR, gisuurbed 15 the CRR of a high-quality undisturbed
laboratory specimen, and CRR,,o14eq 1S the CRR of a freshly
remolded laboratory specimen prepared at the same density

and macrostructure using the same material. CRR, g iurbed
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Fig. 12 Comparison of K obtained in this study and previous study

is typically greater than CRR, ., 404> S Observed in the pre-
vious studies (Arango and Migues 1996; Bwambale et al.
2017; Chen and You 2004; Hayati and Andrus 2009; Ishi-
hara 1985; Kiyota et al. 2009; Kokusho et al. 2012; Ladd
1982; Moss et al. 2008; Seed 1979; Tatsuoka et al. 1988;
Taylor 2015; Troncoso et al. 1988). Therefore, the test results
of the undisturbed and remodeled samples under the same
condition (i.e., FC~50%, y,~1.68 t/m’, and ¢, =24 kPa) are
compared and discussed, as shown in Fig. 13, to investigate
the aging effect. Interestingly, the liquefaction resistances
of the undisturbed and remodeled samples are similar. This
result is different from expected trends observed in previous
studies. The reason for the minor difference between the
undisturbed and remodeled samples could be:

1. Undisturbed soil was disturbed during the sampling pro-
cess, and, thus, the aging effect is demolished.

2. Undisturbed soil is retrieved from the site subjected to
recurring liquefaction. The recent liquefaction phenom-
enon could lead to large strains in soil, which may elimi-
nate the aging effect.

In this study, the undisturbed sample was retrieved using
the gel-push sampling method (Lee et al. 2012; Taylor et al.
2012; Umehara et al. 2015) that has been proved to obtain
high-quality undisturbed samples (Taylor et al. 2012). There-
fore, the influence of sample disturbance is considered to be
minor. As for the second argument, the hypothesis has been
supported by the laboratory tests. Okamura et al. (2019)
found that repeated small shaking events due to earthquakes
significantly improve the liquefaction resistance of soils.
However, the occurrence of extensive liquefaction allevi-
ated the positive effects that were acquired through the series
of pre-shaking events, and the liquefaction resistance of the
sand was restored to a value equal to or even less than the
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Fig. 13 Comparison of liquefaction resistance curve of remolded and
undisturbed samples

initial value. This was quite similar to the observations in
El-Sekelly et al. (2016a); El-Sekelly et al. (2016b); and Goto
and Towhata (2014), confirming the conclusion reached in
Dobry and Abdoun (2015) that the aging effect is reset due
to liquefaction that induces large strains and eliminates the
aging effect. This mechanism also explains why once a site
is liquefied, it is highly vulnerable to soil liquefaction in the
next event.

Comparison of in situ and laboratory soil
liquefaction resistance curves

The liquefaction resistance from the laboratory test results
is constructed by the procedure illustrated in Fig. 14, con-
sidering the state of stress and the multi-directional shear-
ing effects. The detail to construct experimental liquefaction
resistance curve and its comparison with the empirical one is
described in the following. Figure 15a shows the comparison
of the liquefaction resistance curve obtained in this study
and the empirical curve based on the in situ data (Huang
and Yang 2001). The curve obtained in this study (the red
curve of Fig. 14c) is modified from the curve in Fig. 10 by
correcting to a; =1 atm and using K, = 1.2, as per Eq. (4)
and Fig. 12. In addition, the factor that converts 1D shearing
in the laboratory to 2D shearing in the field is 0.8 according
to Ueng and Lee (2015). Afterwards, dry unit weights of 1.5
and 1.9 t/m’ are aligned with blowcount of 5 and 40, respec-
tively, according to Anbazhagan et al. (2016), where (N 4),
represents the blowcount corrected to 6; =1 atm and energy
ratio=60% for clean sand. On the other hand, the empirical
curve is derived from the analysis of the liquefaction/non-
liquefaction case during the 1999 Chi-Chi earthquake, Tai-
wan, as shown in Fig. 15a. It can be observed from Fig. 15a
that the threshold CRR obtained from both studies is similar,
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Fig. 14 Illustration of procedure to construct the laboratory soil
resistance curve

which is approximate 0.1. However, the curve obtained in
this study is lower than the in situ empirical curve when
N 60 <25 and higher when N, ;> 25. Nevertheless, both
curves distinguish the liquefaction and non-liquefaction
cases well in the high-blowcount range because rare data is
available to define the boundary in this range. Although the
discrepancy is observed, the curve of this study well defines
the lower bound of the field liquefaction case at the study
site (red points in Fig. 15a). The field data of the study site,

T (Ym®) T (m°)
15 16 17 18 19 15 16 17 18 19

(a) ¢ Chi-ChiEQ. (b) FC=50, 35, 15, and 5 %

This study from left to right
— HBF
0.8 —— Lab test
0.6
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0
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Fig. 15 a Comparison of in situ (Huwang and Yang 2001), lab (this
study) soil resistance curve, and liquefaction (solid symbol)/non-
liquefaction (solid symbol) data during the 1999 Chi-Chi earthquake
and this study. b Comparison of in situ (blue thin curve) and lab (red
bold curve) soil resistance at different FCs.

constructed on basis of the boring information (Fig. 3) and
the ground shaking information (Table 1), is also lower than
that collected during the 1999 Chi-Chi earthquake. A possi-
ble reason for the inconsistency in the low-blowcount range
is the aging effect, which has been discussed earlier. In this
study, the liquefaction resistance curve is based on remolded
or an undisturbed samples obtained from a site subjected to
recurring liquefaction, which may eliminate the aging effect,
whereas the empirical curve is based on the field data that
include the aging effect. Therefore, the difference in CRR for
the given same density may be attributed to the aging effect,
as reported in Okamura et al. (2019), where the liquefaction
resistance curve of an artificial land (Dobry et al. 2015) is
lower than that of an old deposit (Andrus and Stokoe 2000).
In other words, the liquefaction resistance curve of the site
subjected to recurring liquefaction could be lower than the
typical empirical curve that aggregates all sites, including
the aging effect.

Figure 15b shows the comparison of the liquefaction
resistance curve obtained in this study and the empirical
curve for different FCs. As illustrated in Fig. 14, the lique-
faction resistance curves for FCs other than 5% are estab-
lished using the equivalent density of the associated FC,
which is similar to the concept of the equivalent blowcount
that accounts for the FC effect. As shown in Fig. 14a, b, the
equivalent density is estimated by determining the density
(per Fig. 10) for the given CRR of the associated FC (per
Fig. 8). Next, the correlation between equivalent density and
FC is established in Fig. 14d. In the last step, the equivalent
density obtained from Fig. 14d given FC is used to estimate
equivalent soil resistance as shown in Fig. 14c. Similarly, the
empirical resistance curve for different FCs is constructed
using the equivalent blowcount suggested by Huang and
Yang (2001). It is observed that the FC effect in this study
is not as significant as that in the in situ empirical curve, as
indicated by the narrow distribution of curves at different
FCs in this study. The difference could be attributed to differ-
ent characteristic of fines (Bray and Sancio 2006; Seed et al.
2003). The fines used in this study are non-plastic, which
may not have a significant impact on liquefaction resistance
compared to the plastic fines.

Conclusion

This study conducts a series of experimental tests on the
undisturbed and remolded samples obtained from a site
in Taiwan subjected to recurring liquefaction. Undrained
dynamic cyclic tests were performed on the undisturbed
sample to assess the soil liquefaction resistance of the site.
Different FCs, dry densities, and effective confining pres-
sures were considered to remold the specimen during the test
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program to investigate their influence on the soil liquefaction
resistance. The liquefaction resistance associated with the
aging effect due to the recurring liquefaction was discussed
and compared with the other field and laboratory observa-
tion. Based on the experimental results and the insightful
discussion, the following conclusions were accomplished:

1. The undisturbed BT-1’-T2 sample is non-uniform graded
(Cu=1.2) with non-plastic fines up to~50% while the
undisturbed BT-1°-T1 and BT-1-T2 sample has 25 ~60%
low plastic fines (PI=0-10% and 10-19%, respectively).
All these samples are susceptible to soil liquefaction in
terms of FC and plasticity (Bray and Sancio 2006; Seed
et al. 2003), confirmed by the cyclic trixial test in this
study.

2. Under the same soil condition of the remolded samples
and the undisturbed samples, different FCs do not sig-
nificantly affect the decay trend of the soil liquefaction
resistance curve (i.e., the slope b is similar); however,
the amount of FCs causes a shift in the soil liquefaction
resistance curve. The relationship between CRRy;_;5
and FC is positively correlated when the FC is below
50%. However, the FC effect (or correction) observed in
this study is not as significant as that suggested by the
in situ empirical curve by Huang and Yang (2001) that
is also based on the Taiwan local data. The difference
is because only non-plastic fines are considered in the
remolded specimen in the test program.

3. Under the same FC and CSR conditions, the number of
loading cycles, when the liquefaction occurs, decreases
with higher effective confining stress. The obtained pres-
sure correction factor K agrees with the previous study
(Harder and Boulanger 1997).

4. The soil liquefaction resistance curves of the remolded
and undisturbed samples are similar, and their CRR
Nt = 15 18 not very different either. This may be because
the recent liquefaction of the site resets the aging effect
due to large induced strains and causes the undisturbed
samples to behave like the remolded one in terms of the
liquefaction resistance. The hypothesis has been sup-
ported by the field observation (Heidari and Andrus
2012) and the centrifuge tests on the specimen subjected
to a series of shaking (El-Sekelly et al. 2016a, b; Oka-
mura et al. 2019). However, it requires further verifica-
tion by the direct comparison between soil testing before
and after soil liquefaction.

5. CRR increases as the dry density of soil increases.
Therefore, an experimental soil liquefaction curve (CRR
vs v,) is constructed based on the hyperbolic model and
converted to CRR vs (N ¢).s- Compared to the in situ
empirical curve by Huang and Yang (2001) for Taiwan,
the threshold CRRs to cause liquefaction are similar
(~0.1); however, the rest of curve obtained in this study

@ Springer

is lower. As reported in Okamura et al. (2019), this
may be because the liquefaction resistance curve in this
study is based on a remolded or an undisturbed sample
obtained from a site subjected to recurring liquefaction,
thereby eliminating the aging effect, whereas the empiri-
cal curve is based on field data that shall include the
aging effect.

6. Based on 4 and 5, the liquefaction resistance curve of
the site subjected to recurring liquefaction is lower than
the typical empirical curve that aggregates all sites and
includes the aging effect. In other words, a liquefaction
site that has been subjected to recurring liquefaction is
more vulnerable to liquefaction in a future event.
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