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Abstract: In the 2016 Kaikoura earthquake, liquefaction of gravelly soils from reclaimed fills occurred in CentrePort, Wellington,
New Zealand. This study presents constant volume monotonic and cyclic simple shear tests on well-graded gravel with sand collected from
CentrePort. A large-scale cyclic simple shear device is utilized to evaluate the monotonic, cyclic, and postcyclic responses of the sandy gravel
soils. Specimens prepared at various relative densities were subjected to a vertical effective stress of 100 kPa and then monotonically and
cyclically sheared. After the cyclic loading, the postcyclic response was evaluated, including volumetric compression or monotonic shear with
or without dissipation of excess pore water pressure. Shear wave velocity was measured before and after the cyclic loading. The results show
that the well-graded sandy gravel has a high potential for liquefaction, with higher relative density specimens having higher liquefaction
resistance. Postcyclic volumetric strain is primarily correlated with density and maximum shear strain during cyclic loading. Postcyclic
reconsolidation causes densification of the liquefied specimens, resulting in higher monotonic shear resistance, while postcyclic monotonic
shear without dissipation of excess pore water pressure reveals that substantial shear strain is required to develop the shear resistance. Shear
wave velocity was significantly reduced after liquefaction, but recovered to slightly higher than its precyclic shear values after reconsoli-
dation. Compared to other gravelly and sandy soils, the well-graded sandy gravel showed a similar or slightly higher liquefaction resistance
than gap-graded and uniform gravels. Moreover, the well-graded sandy gravel had a relatively lower ultimate postcyclic volumetric strain due
to a small variation between its maximum and minimum void ratios. The results advance our understanding of the liquefaction resistance and
subsequent postcyclic responses of the well-graded sandy gravel soils. DOI: 10.1061/JGGEFK.GTENG-10619. © 2023 American Society
of Civil Engineers.
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Introduction

Soil liquefaction is a phenomenon in which soils behave like
liquid due to a reduction in the effective stress and shear resistance
(Marcuson 1978; Seed and Lee 1966), resulting in lateral ground
displacements, catastrophic damage to structures, and endanger-
ment of human life. This is caused by the generation of excess pore
water pressure during dynamic loadings, such as that caused by an
earthquake. Many researchers have investigated the liquefaction of
sands and mixtures of sands and fine soils (Bray and Sancio 2006;
Cappellaro et al. 2021; Monkul et al. 2015; Peacock and Seed 1968,
Porcino et al. 2008; Sivathayalan 2000; Vaid and Sivathayalan
1996; Vaid and Finn 1979). In the study of liquefaction, gravelly
soils have received less attention than sandy deposits; gravelly soils
have been considered less liquefiable because of their higher

stiffness and peak shear strength, lower potential for generation
of excess pore water pressure, and ability to dissipate the excess
pore water pressure faster than sandy soils due to their higher
hydraulic conductivity. However, several case histories have re-
ported that earthquakes can cause liquefaction of reclaimed grav-
elly soils (Athanasopoulos et al. 2020; Cubrinovski et al. 2017a;
Hatanaka et al. 1997; Nikolaou et al. 2014, 2015). In the 2016
Kaikoura earthquake, severe liquefaction was observed in grav-
elly fills at CentrePort, Wellington, New Zealand (Cubrinovski
et al. 2017b; Dhakal et al. 2020) that resulted in lateral spreading
and displacements of up to 1.0 m. CentrePort is one of the im-
portant commercial ports in New Zealand, and the earthquake
impacted passenger and cargo transportation for several months,
resulting in NZD 28 million in costs for the temporary recovery
and stabilization process (Cubrinovski et al. 2020). The port was
constructed by two major reclamation projects in 1901–1932 and
1965–1976, and recent cone penetration test (CPT) investigations
revealed that the subsurface deposits consist of gravels, sands,
and silts with low density, due to the uncompacted manner by
which the fills were placed during construction (Dhakal et al.
2020). Following the Mw 7.8 Kaikoura earthquake in 2016, sig-
nificant liquefaction and gravelly ejecta were observed. The grain
size distribution of the gravelly ejecta is identical to that of gravel
reclamation fill, indicating that the earthquake caused liquefac-
tion of the gravelly deposits (Cubrinovski et al. 2018). Evaluating
the liquefaction potential of gravelly soils and the consequences
is important because these materials are encountered in critical
infrastructures, such as ports, dams, and levees.

1Postdoctoral Researcher, Dept. of Civil and Environmental Engi-
neering, Univ. of California at Berkeley, Berkeley, CA 94720. Email:
jkim3139@berkeley.edu

2Associate Professor, Dept. of Civil and Environmental Engineering,
Univ. of California at Berkeley, Berkeley, CA 94720 (corresponding
author). ORCID: https://orcid.org/0000-0002-3785-9009. Email: adda.zekkos@
berkeley.edu

3Professor, Dept. of Civil and Natural Resources Engineering, Univ. of
Canterbury, Christchurch 8041, New Zealand. Email: misko.cubrinovski@
canterbury.ac.nz

Note. This manuscript was submitted on December 9, 2021; approved
on February 8, 2023; published online on April 26, 2023. Discussion period
open until September 26, 2023; separate discussions must be submitted for
individual papers. This paper is part of the Journal of Geotechnical and
Geoenvironmental Engineering, © ASCE, ISSN 1090-0241.

© ASCE 04023046-1 J. Geotech. Geoenviron. Eng.

 J. Geotech. Geoenviron. Eng., 2023, 149(7): 04023046 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

U
ni

ve
rs

ity
 o

f C
al

ifo
rn

ia
, B

er
ke

le
y 

on
 0

8/
28

/2
3.

 C
op

yr
ig

ht
 A

SC
E.

 F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
rig

ht
s r

es
er

ve
d.

https://doi.org/10.1061/JGGEFK.GTENG-10619
mailto:jkim3139@berkeley.edu
https://orcid.org/0000-0002-3785-9009
mailto:adda.zekkos@berkeley.edu
mailto:adda.zekkos@berkeley.edu
mailto:misko.cubrinovski@canterbury.ac.nz
mailto:misko.cubrinovski@canterbury.ac.nz
http://crossmark.crossref.org/dialog/?doi=10.1061%2FJGGEFK.GTENG-10619&domain=pdf&date_stamp=2023-04-26


Considerable effort has focused on field investigations of
liquefied gravelly deposits (Andrus and Stokoe 2000; Bolton Seed
et al. 1985; Cao et al. 2011, 2013; Cubrinovski et al. 2018; Harder
1997; Kokusho et al. 1995; Lin et al. 2004; Robertson and Wride
1998; Rollins et al. 2022), which is particularly insightful because
they provide an opportunity to characterize the material in situ.
However, laboratory testing is needed to quantify the influence
of several factors affecting liquefaction behavior, including rela-
tive density, cyclic loading amplitude, grain size distribution, and
confining stress. Many researchers have studied the cyclic shear
response of gravelly soils under drained or undrained conditions
(Chang et al. 2014; Flora et al. 2012; Hara et al. 2004; Hubler
et al. 2017, 2018; Kokusho et al. 2004; Lin et al. 2004; Lin and
Chang 2002; Wang and Wang 2017; Wang et al. 2020; Xenaki and
Athanasopoulos 2008). Gravelly soils in nature are commonly
well-graded with a larger coefficient of uniformity than sands
because gravelly soils are mostly mixtures of gravel, sand, and
finer particles (Kokusho et al. 2004). Most importantly, the cyclic
simple shear test is a particularly well-suited laboratory method to
assess liquefaction susceptibility because the simple shear loading
causes a rotation of the principal stresses during shear, which sim-
ulates the in situ ground response during an earthquake (Seed and
Lee 1966; Sivathayalan and Ha 2011), and constant volume sim-
ple shear testing allows achieving undrained conditions with no
membrane compliance. Therefore, a more detailed understanding
of the monotonic and cyclic simple shear response of well-graded
gravelly soils and subsequent postcyclic response is particularly
valuable.

This paper presents constant volume monotonic and cyclic tests
using a large-scale cyclic simple shear device to accommodate the
gravel-sized particle [retained by a No. 4 sieve in the Unified Soil
Classification System (USCS)]. The device, described in Zekkos
et al. (2018), enables the use of reconstituted gravelly specimens
with a diameter of 307 mm and a height of about 115 mm. This
study aims to experimentally investigate the monotonic and cyclic
simple shear response under constant volume conditions of well-
graded gravel with sand (per USCS) collected from Wellington,

New Zealand. The postcyclic response (i.e., postcyclic volumetric
strain by reconsolidation and postcyclic monotonic shear response
with and without reconsolidation) were evaluated. Moreover, shear
wave velocity was measured before and after the cyclic loading
using accelerometers mounted on top and bottom of the specimen
(Zekkos et al. 2018). The results were compared to other uniform
gravelly and sandy soils from previous studies.

Experimental Study

Test Materials

Gravelly soils were obtained from CentrePort, Wellington,
New Zealand, where severe liquefaction and liquefaction-induced
settlements were experienced following the Mw 7.8 Kaikoura
earthquake in 2016. The samples were collected from borehole
TP2 [Fig. 1(a)], at a reclaimed deposit depth of 3.92–10.2 m, and
shipped to the University of California at Berkeley for laboratory
testing. Details of the site and boreholes were documented in
Cbrinovski et al. (2017a, 2018) and Dhakal et al. (2020).

The grain size distribution of the tested material (from borehole
TP2, 6.96–7.96 m in depth) is shown in Fig. 1(b), along with other
soils from previous studies. The collected soils were oven-dried and
sieved with dry- and wet-sieving methods to explore the effects of
fine-grain lumps or aggregates on the grain size distribution curves.
The results demonstrate that the wet-sieve method results in finer
particles than the dry-sieve, verifying that fine-grain clumps or ag-
gregates may be generated during the drying process. Some clumps
or aggregates may be crushed into smaller particles during sieving,
but some remain. As shown in Fig. 1(b), soil aggregates and clumps
affect the grain size distribution curve even though fines content
(d ≤ 0.075 mm) is less than 5% in both cases. In this experimental
study, gravelly soils that were wet-sieved to separate the fine and
coarse grains were used in testing to ensure a consistent grain size
distribution. The soils classify as well-graded gravelly soils with a
coefficient of uniformity Cu of approximately 42, have a specific
gravity Gs ¼ 2.62, a mean grain size d50 ¼ 4.5 mm, a maximum
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Imagery @2023 Airbus, CNES / Airbus, Maxar Technologies,

Wellington City Council, Map data @2023 Google

 Wet sieve (this study)
 Dry sieve (this study)

1      Toyura sand (Tsukamoto et al., 2004)
2      Silty sand (Tsukamoto et al., 2004)
3      Nakdong River sand (Park et al., 2020)
4      Ottawa C109 sand (Hubler et al., 2018)
5      Fuji River sand (Nagase and Ishihara, 1988)
6      Crushed Limestone 8, CLS8 (Hubler et al., 2018)
7      Pea Gravel, PG (Hubler et al., 2018)
8      60% C109 + 40% CLS8 (Hubler et al., 2018)
9      60% C109 + 40% PG (Hubler et al., 2018)
10    40% C109 + 60% PG (Hubler et al., 2018)

Fig. 1. Description of the tested well-graded sandy gravel soils obtained from CentrePort, Wellington, New Zealand: (a) satellite photo of CentrePort
viewing the location of borings (Borehole TP2) (imagery ©2023 Airbus, CNES/Airbus, Maxar Technologies, Wellington City Council, map data
©2023 Google); and (b) grain size distribution of the well-graded sandy gravel analyzed using dry-sieve and wet-sieve methods (lines with markers)
with comparison other soils from previous studies (solid lines).
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void ratio emax ¼ 0.568, a minimum void ratio emin ¼ 0.258, and
corresponding maximum and minimum dry densities γd;max ¼
2,082 and γd;min ¼ 1,671 kg=cm3, respectively. emax and emin were
determined by placing the sand-gravel mixtures into a compaction
mold as recommended in ASTM D4254-00 (ASTM 2006) and
ASTM D698-12e2 (ASTM 2012) with a diameter of 152.4 mm.
For emin determination, the mixtures were placed into three layers,
and each layer received an average of 25 tamps with a rubber mallet
and a following 100 tamps with a 3-in-diameter steel cylinder. No
particle segregation was observed during compaction. This method
was validated in previous research by Hubler et al. (2017), who
compared this method to the prediction method proposed by
Fragaszy et al. (1990) for gap-graded gravel-sand mixtures. emax
was determined by placing the mixtures as loose as possible using
a funnel at zero drop height to minimize particle segregation. Addi-
tional details of emax and emin determination for sand-gravel mix-
tures are described in Hubler et al. (2017). Note that similar values
for emax and emin were obtained at the University of Canterbury,
Christchurch, New Zealand, by using the Japanese method for
the minimum and maximum density of gravels, JGS 1521-2003
(JGS 2003). These values are consistent with emax and emin values
of gravels, and somewhat lower than reported values for gravel-
sand-silt mixtures (Cubrinovski and Ishihara 2002).

Experimental Device

Fig. 2 depicts a large-scale cyclic simple shear (CSS) device
used to perform monotonic and cyclic tests on the gravelly soils.
The device allows the monotonic and cyclic simple shear testing
of sandy gravel mixtures with a nominal diameter of 307 mm and
a maximum height of 137 mm (Zekkos et al. 2018). The specimen
is prepared inside a stack of 18 shear rings coated with tetrafluoro-
ethylene (TFE)-fluoridation to minimize friction between them.
These rings provide a constraint for lateral displacement during
consolidation (i.e., K0 condition) and facilitate shearing. The
CSS device is equipped with vertical and horizontal load cells
[maximum load capacity of 44,000 N (10,000 lbf) and 22,000 N
(5,000 lbf), respectively] and linear variable differential transform-
ers (LVDT) to monitor the vertical and horizontal displacements.
The vertical and horizontal servomotors allow performance of
the stress- and strain-controlled monotonic or cyclic simple shear
tests. In addition, the monotonic and cyclic shear tests can be

conducted under a constant volume or constant load conditions.
Further details of the CSS device are described in Zekkos et al.
(2018).

A pair of Micro-Electro-Mechanical Systems (MEMS) acceler-
ometers mounted at the top and bottom caps are used to estimate the
shear wave velocity of each specimen. A soft impulse is applied to
the bottom cap, and first arrival time differences are calculated from
the two accelerometers, as shown in Fig. 3. Each measurement pro-
vides the travel time of the shear wave propagating through the
specimens. The captured shear wave signatures have a 195 kHz
sampling frequency that corresponds to 5 μs time resolutions.
Repeatability tests indicate that the calculated shear wave velocity
may have up to an approximately 5% error associated with uncer-
tainty in selecting the first arrival of the wave. This shear wave
velocity measurement system has been validated on uniform gravel
specimens by comparing the measurements of the MEMS acceler-
ometer system to measurements using bender elements in the same
CSS device (Hubler et al. 2017).

Inner diameter = 307mm

(a) (b)

Fig. 2. (a) Experimental device, large scale monotonic and cyclic simple shear described in the previous study (reprinted from Hubler et al. 2017,
© ASCE); and (b) prepared specimen inside the stack rings with an inner diameter of 307 mm.

0.338 0.339 0.340 0.341
0

2

4

6

8

Si
gn

al
 O

ut
pu

t

Time, t (sec)

 Top accelerometer
 Bottom accelerometer

tD  = 0.33 ms

C20 (Dr = 84% and VS = 239m/s at v0' = 100 kPas

Fig. 3. Typical shear wave signatures measured from the bottom and
top accelerometers. The signatures are captured from C20 specimens at
σ 0
v0 ¼ 100 kPa. Two arrows indicate the first arrival of the signatures,

and Δt is used to calculate the shear wave velocity.
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Experimental Study

Specimen Preparation
To prepare a specimen, the soil samples were screened using a
No. 4 sieve (opening size ¼ 4.75 mm) and then divided into
two groups (i.e., sand and gravel) according to USCS. In this
study, the sand/fines and gravel were mixed with a mass percent-
age of 49% and 51%, respectively, consistent with the field con-
ditions [as shown in Fig. 1(b)]. Note that the prepared specimens
have an approximately 5% fines content (d < 0.075 mm). ASTM
D6528-07 (ASTM 2007) recommends that the maximum particle
size does not exceed one-tenth of the specimen height in simple
shear testing. The maximum gravel grain size in this study was lim-
ited to less than 25.4 mm to eliminate any potential oversize particle
effects. In fact, more than 80% of the tested materials had a particle
size less than 11 mm, as shown in Fig. 1(b). Therefore, a limited
number of oversize particles (11 mm < d < 25.4 mm) were included
in the tested materials.

Specimens were prepared in dry condition with a diameter of
307 mm and a target as-prepared height of 115 mm. The sandy
gravel mixtures with the predetermined mass ratio of sand and
gravel were placed into the shear rings in three layers. The mix-
tures were uniformly placed to minimize particle segregation for
the loose specimens, while compaction on each layer with a cir-
cular plate was adapted for the medium and dense specimens to
achieve uniform density. Eventually, each layer had an identical
amount of sand and gravel. Then, the specimens were subjected
to an initial vertical effective stress σ 0

v0 ¼ 100 or 400 kPa. The
target relative densities Dr under σ 0

v ¼ 100 kPa were approxi-
mately 45%� 5% (loosely packed), 65%� 5% (medium packed),
and 85%� 4% (densely packed) for all tests. The target Dr at
σ 0
v0 ¼ 100 kPa was achieved by adjusting the mass and the initial

height of the specimen before applying σ 0
v0. No significant par-

ticle segregation was visually observed for any specimens before
or after the test. A summary of the test conditions is provided in
Table 1.

Table 1. Summary of test conditions

Test
ID

At σ 0
v0 ¼ 100 kPa or 400 kPa Cyclic simple shear Postcyclic tests ID

σ 0
v0

Ms
(kg)

γd
kg=m3

Dr
(%)

VS
(m=s) CSR NC ru Liquefied Reconsolidation

Postcyclic
monotonic

Postcyclic
reconsolidated
monotonic

C01 100 14.9 1,817 41 195 0.15 4 0.97 O PR01 — —
C02 100 14.9 1,832 44 207 0.07 — 0.59a X PR02 — —
C03 100 14.9 1,834 45 199 0.2 1 0.65 O PR03 — —
C04 100 14.9 1,828 44 199 0.085 60 0.96 O PR04 — —
C05 100 14.9 1,827 43 203 0.1 14 0.94 O PR05 — PRM05
C06 100 14.9 1,837 46 n/a 0.1 12 0.94 O PR06 — —
C07 100 14.9 1,839 46 194 0.1 — 0.91a X PR07 — —
C08 100 14.9 1,834 47 196 0.1 — 0.82a X PR08 — —
C09 100 14.9 1,843 47 195 0.1 17 0.96 O PR09 — —
C10 100 14.9 1,857 50 209 0.12 7 0.92 O — PM10 —
M01 100 14.9 1,850 49 207 — — — X — — —
C11 100 15.7 1,921 66 213 0.2 3 0.95 O PR11 — —
C12 100 15.7 1,921 66 219 0.1 64 0.98 O PR12 — —
C13 100 15.7 1,914 64 213 0.15 6 0.96 O PR13 — PRM13
C14 100 15.7 1,931 68 228 0.12 29 0.99 O — PM14 —
C15 100 15.7 1,912 64 219 0.085 197 0.99 O — PM15 —
C16 100 15.7 1,921 66 211 0.1 — 0.96a X PR16 — —
C17 100 15.7 1,898 60 213 0.12 33 0.97 O PR17 — PRM17
C18 100 15.7 1,906 62 215 0.1 46 1.00 O PR18 — —
C19 100 15.7 1,926 67 206 0.1 45 1.00 O PR19 — —
M02 100 15.7 1,925 67 213 — — — X — — —
C20 100 16.8 2,001 84 239 0.1 67 0.99 O — PM20 —
C21 100 16.8 1,994 85 229 0.2 4 0.97 O PR21 — —
C22 100 16.8 2,004 84 235 0.12 43 0.98 O PR22 — PRM22
C23 100 16.8 2,028 89 246 0.1 89 0.99 O PR23 — —
C24 100 16.8 2,009 85 n/a 0.12 — 0.93a X PR24 — —
C25 100 16.8 2,003 84 225 0.12 — 0.97a X PR25 — —
C26 100 16.8 1,987 81 231 0.15 14 0.97 O PR26 — PRM26
C27 100 16.8 1,989 81 221 0.12 64 0.97 O PR27 — —
C28 100 16.8 2,007 85 224 0.2 6 0.97 O PR28 — —
C29 100 16.8 2,007 85 229 0.12 39 0.98 O PR29 — —
C30 100 16.8 2,010 85 224 0.12 37 0.98 O PR30 — —
M03 100 15.7 1,906 82 228 — — — X — — —
C31 400 15.0 1,914 64 276 0.15 2 0.86 O PR31 — —
C32 400 15.7 1,951 73 283 0.15 3 0.89 O PR32 — —
C33 400 16.8 2,035 91 293 0.15 7 0.92 O PR33 — —

Note: MS = mass of specimen; γd = dry density; Dr = relative density; VS = shear wave velocity; CSR = cyclic stress ratio; NC = number of cycles
at liquefaction; ru = maximum excess pore water pressure ratio until shear strain reaches 3.75% single amplitude; PR = postcyclic reconsolidation;
PM = postcyclic monotonic; and PRM = postcyclic reconsolidated monotonic.
aIndicates the maximum values during cyclic loading.
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Experimental Procedures
A total of 33 specimens were prepared and subjected to a multi-
stage testing sequence. First, specimens were subjected to K0 con-
solidation up to 100 kPa vertical stress, then shear wave velocity
measurements were conducted, followed by monotonic or cyclic
simple shear. Cyclically tested specimens were subsequently sub-
jected to either postcyclic reconsolidation or monotonic shear.
Fig. 4(a) presents the relationship between Dr and VS of the tested
specimens measured at σ 0

v0 ¼ 100 kPa, which is the stress state
before applying monotonic or cyclic shear loading. The received
wave signatures have an average frequency of 3 kHz, correspond-
ing to the wavelength of 70–120 mm depending on the measured
VS, indicating that the wavelength is more than 10 times larger
than d50 ¼ 4.5 mm. Note that Zekkos et al. (2018) compared the
velocities from bender elements and accelerometers and found
them to be practically identical. The loosely packed specimens
(Dr ≈ 45%� 5%) have a VS ranging from 194 to 209 m=s,
whereas densely packed specimens (Dr ≈ 85%� 4%) had a
higher VS, from 221 to 246 m=s. These VS results are consistent
with previous studies that predicted VS ≈ 200 m=s of well-graded
sand-gravel mixtures (Dr ≈ 50%, Cu ¼ 13.1) under isotropic con-
fining stress σ 0

c ¼ 98 kPa (Hara et al. 2004). In Fig. 4(b), a rela-
tionship between the measured VS and void ratio e is compared
with the previous study (Kokusho and Yoshida 1997). Note that
the overlapped VS1 of the previous study is the stress-corrected
VS calculated by the equation of VS1 ¼ VS=½ðσ 0

v=P0Þðσ 0
h=P0Þ�m,

where σ 0
v and σ 0

h is the vertical and horizontal effective stress,
respectively; P0 ¼ 98 kPa is unit pressure; and m is assumed
constant as 0.125. The study suggested that the VS can generally
be linearly related to e, with higher maximum VS values at emin

as gravel content and Cu increase. As shown in Fig. 4(b), VS of
well-graded gravel with sand in this study is comparable to the
previous results, but has somewhat of a flatter slope. It is notewor-
thy that the well-graded gravelly soils have a wider range in void
ratio e and higher Cu than the poorly graded gravelly soils shown
in Fig. 4(b).

In addition to the 33 specimens previously mentioned, three
more specimens were prepared and subjected to σ 0

v0 ¼ 400 kPa,
and then cyclically sheared with an identical cyclic stress ra-
tion ðCSRÞ ¼ 0.15, followed by the postcyclic reconsolidation.

Vs values were measured multiple times during the consolidation
and reconsolidation phase after cyclic shear loading to evaluate the
effects of liquefaction on Vs (and associated with effective stress
reduction caused by the dynamic loading).

The monotonic and cyclic simple shear tests were performed on
dry specimens under constant volume conditions considered equiv-
alent to undrained conditions in a simple shear test, assuming that
macroscopically, the changes in vertical effective stress correspond
to excess pore water pressure (Dyvik et al. 1987). The constant
volume condition was achieved during cyclic loading using an ac-
tive feedback loop and restraint control of vertical cap movement.
The results satisfy a recently proposed vertical strain criterion of
0.025% to ensure a fully undrained condition during cyclic load-
ing (Basham et al. 2019), which is more stringent than the 0.05%
recommended by ASTM for constant volume monotonic testing.
The specimens were monotonically sheared up to a shear strain of
10% at a rate of 0.3% per min, which was similar to values used in
simple shear testing of sands (Sivathayalan 2000). The cyclic sim-
ple shear test was conducted under stress-controlled conditions.
Various CSRs, ranging from 0.07 to 0.2, were applied to estimate
the liquefaction resistance. Cyclic loading was applied at frequency
fr ¼ 0.1 Hz. The definition of liquefaction was the attainment of
a single amplitude shear strain of 3.75%, a threshold that has been
used in several previous studies (Hubler et al. 2017; Pillai and
Stewart 1994; Porcino et al. 2008; Sivathayalan 2000; Vaid and
Sivathayalan 1996).

Three types of postcyclic tests were conducted after the cyclic
shear loading (summarized in Table 1): (1) postcyclic monotonic
(PM) testing to assess the shear resistance of the material without
excess pore water pressure dissipation (i.e., following reduction of
vertical stress during a constant volume cyclic test); (2) postcyclic
reconsolidation (PR) simulates the dissipation process of excess
pore water pressure generated during the cyclic loading and pro-
vides an estimate of postcyclic volumetric strain; and (3) postcyclic
reconsolidation monotonic (PRM) is the monotonic shear resis-
tance following the full recovery of vertical effective stress (full
dissipation of excess pore water pressure). Assessment of postcy-
clic undrained shear stress–strain response through PM and PRM
tests provides the shear resistance of liquefied soils to support the
following postcyclic monotonic loading.

20 40 60 80 100
100

150

200

250

300

 Loose (Dr  45%)

 Medium (Dr  65%)

 Dense (Dr  85%)

V
S 

(m
/s

)

Relative Density,(a) (b) Dr (%)
0.0 0.2 0.4 0.6 0.8 1.0

100

200

300

400

500

Sandy gravel (this study)
Cu = 42

e = 0.258-0.568

G25 gravel
Cu = 5.65

e = 0.334-0.567

G50 gravel
Cu = 11.3

e = 0.240-0.429

G75 gravel
Cu = 31.1

e = 0.161-0.308

 Loose (Dr  45%)

 Medium (Dr  65%)

 Dense (Dr  85%)

V
S 

or
 V

S
1 
(m

/s
)

Void Ratio, e

TS sand
Cu = 1.88

e = 0.584-0.966
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Experimental Results

Monotonic Shear Response

Monotonic shear tests were performed on the sandy gravel mixtures
at various relative densities Dr. Following the end of vertical stress
(σ 0

v0 ¼ 100 kPa), the specimens were monotonically sheared, and
the relationships between normalized shear stress τ=σ 0

v0, normal-
ized vertical effective stress σ 0

v=σ 0
v0, and shear strain γ, as well as

the corresponding stress paths, are presented in Fig. 5. It is noted
that the fluctuation in shear stress and vertical effective stress
observed near the shear strain of 4%–8% were possibly caused by
the relatively large particle rearrangement during the cyclic simple
shear under constant volume. This response is more pronounced for
denser specimens, and is attributed to the active feedback loop and
control of vertical strain. As shown in Fig. 5, higher shear strength
is observed at higher relative density. The loose specimen M01 had
a slight contractive tendency after the peak shear stress. For com-
parison, uniform and gap-graded gravelly specimens tested with
Dr ¼ 47%� 3% and σ 0

v0 ¼ 100 kPa (Hubler et al. 2018) are also
shown in Fig. 5; and specifically the monotonic shear results of
100% C109 sand (dash line), 100% pea gravel (PG) (dot line),
and 40% C109/60% PG mixtures (dash-dot line) that was consid-
ered the optimum mix of sand and gravel and had the maximum

shear strength by Hubler et al. (2018). The grain size distribution
of the tested materials is presented in Fig. 1(b). These results sug-
gest that the uniformly graded specimens (i.e., 100% sand or 100%
gravel) show a more contractive response than the well-graded
gravelly soils tested in this study and exhibit a subsequent strain
hardening at large shear strain (> approximately 3%) that was not
observed in the well-graded soil. The gap-graded specimen, 40%
C109/60% PG mixtures, also has a less contractive response and
greater shear resistance compared to the well-graded specimen.

In contrast, medium dense (M02) and dense (M03) specimens,
which showed no clear peak in shear stress, first exhibited con-
tractive and then dilative response with continued increase in shear
strain. Increasing packing density promoted more pronounced
dilative behavior.

Cyclic Shear Response

Cyclic simple shear tests were performed on the gravelly soil pre-
pared for the same relative densities to evaluate their liquefaction
resistance. Details of the specimen conditions, including relative
density Dr, initial vertical effective stress σ 0

v0, and CSR, are sum-
marized in Table 1. The typical undrained cyclic shear responses of
the loose, medium, and dense specimens tested under identical con-
ditions of σ 0

v0 ¼ 100 kPa and CSR ¼ 0.15 are depicted in Fig. 6.
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During cyclic testing, normalized vertical effective stress
σ 0
v=σ 0

v0 decreased from 1 and approached zero, due to a reduction
in σ 0

v. For the loosely packed specimen, the σ 0
v=σ 0

v0 reduction was
nearly continuous until the development of large strains. The me-
dium and densely packed specimens showed a more pronounced
reduction of σ 0

v=σ 0
v0 within the first two or three cycles, and then

a gradual reduction in σ 0
v and shear strain γ accumulation was

observed. The strain accumulation was slower in dense specimens,
leading to a higher number of cycles Nc until liquefaction. These
test results demonstrate a typical decrease in σ 0

v due to cyclic shear
loading causing a reduction of shear resistance and eventual lique-
faction. The excess pore water pressure (represented by a change in
vertical stress during a constant volume test) gradually increased as
the cyclic loading progressed and finally approached close to σ 0

v0,
indicating the reduction of σ 0

v to nearly zero under constant volume
conditions.

Fig. 7(a) compares the relationship of CSR and Nc required to
achieve 3.75% single amplitude shear strain. The results indicate
that a greater Nc was required for the specimen with higher Dr,
because the dense specimen exhibited less contractive behavior
than the loose specimen, mainly associated with increased particle
interlocking and a denser packing. In general, loosely packed spec-
imens tend to contract during cyclic loading, while dense speci-
mens tend to contract less or dilate during shearing, resulting in
higher liquefaction resistance (Youd and Idriss 2001), similar to
sandy soils (Cappellaro et al. 2021; Hubler et al. 2017; Monkul
et al. 2015; Peacock and Seed 1968; Sivathayalan 1994; Vaid
and Sivathayalan 1996; Vaid and Finn 1979). Similar behaviors
were observed for this well-graded gravelly soils: denser specimens
with less contractive behavior during the monotonic have higher
liquefaction resistance than loosely packed specimens, and de-
pending on the CSR, a large number of cycles is needed to reach
liquefaction.

Fig. 7(b) compares the liquefaction resistance of various soils
tested in the cyclic simple shear device in a loose packing condition
(Dr ¼ 40%–47%) at σ 0

v0 ¼ 100 kPa: the well-graded gravel with
sand from Port of Wellington, New Zealand [Curve number 1 in
Fig. 7(b)]; uniform sands, including angular Nakdong River sand
(Curve number 2) (Park et al. 2020), and subrounded Ottawa
C109 sand (Curve number 3) (Hubler et al. 2018); uniform gravel,

including crushed limestone 8 CLS8 (Curve number 4) and sub-
rounded PG (Curve number 5) (Hubler et al. 2018); and gap-graded
sand-gravel mixtures of PG and CLS8 gravels and Ottawa C109
sand (Curve numbers 6–8) (Hubler et al. 2018). It is noted that
Nakdong River sand (Park et al. 2020) was tested using a CSS de-
vice with a specimen diameter of 63.5 mm and a height of 25 mm,
and all the other aforementioned materials were tested using the
same large-scale CSS device described in this study. The grain size
distribution of the materials is presented in Fig. 1(b). The angular
Nakdong River sands show a higher liquefaction resistance than
the other subrounded gravel, sands, and their mixtures, and this
is mainly attributed to particle morphology (Hubler et al. 2018).
Similar trends are also observed for the uniform gravel soils.
Uniform angular CLS8 gravel shows a higher liquefaction resis-
tance than the uniform subrounded PG gravel. The mixture of
CLS8 and C109 (at optimum mass percentile 40% and 60%, re-
spectively) shows a higher liquefaction resistance than the mixture
of PG and C109. These results suggest that the liquefaction resis-
tance of the gap-graded sand-gravel mixture is dominated by the
applied CSR and proportions of sand and gravel. The well-graded
gravelly soils tested in this study shows a similar or slightly higher
liquefaction resistance than the gap-graded sand-gravel mixtures
and uniform gravels. The well-graded gravelly specimens have
a higher coefficient of uniformity Cu ¼ 42 than other soils in
Fig. 7(a). This comparison reinforces again that the liquefaction
resistance is primarily affected by the particle morphology and size,
soil fabric, packing density, coefficient of uniformity Cu, and CSR.

Postcyclic Response

Postcyclic Monotonic Tests
After completing the cyclic simple shear tests, the liquefied spec-
imens were monotonically sheared, simulating the postcyclic mon-
otonic PM test, without dissipating the excess pore water pressure
generated during liquefaction. In all cases, the PM shear strain
direction was opposite to the direction of the last cyclic loading
and caused postcyclic shear stress reversal. Figs. 8(a and c) present
normalized shear stress τ=σ 0

v0 and normalized vertical effective
stress σ 0

v=σ 0
v0 versus the shear strain of specimens with different
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Dr values. The liquefied specimens had an excess pore water pres-
sure close to σ 0

v0, indicating that the σ 0
v immediately after lique-

faction was negligible, resulting in negligible shear resistance
or stiffness. The residual vertical effective stress σ 0

v0 PM values of
liquefied specimens measured before postcyclic monotonic are
inset in Fig. 8(c). The shear and vertical effective stress were nor-
malized by σ 0

v0 ¼ 100 kPa, which is the initial vertical effective
stress before the cyclic loading. For loose specimen PM10, the
τ=σ 0

v0 started to increase with developing shear strain after ex-
ceeding a shear strain of 3%–4%. Nevertheless, the increased rate
(stiffness) was relatively small at the early shear strain development
(<3%–4%) stage compared to the monotonic test without preced-
ing cyclic loading (see Fig. 5). As shown in Fig. 8(c), the σ 0

v=σ 0
v0 of

the postcyclic monotonic, representing the changes in excess pore
water pressure, slowly increased. Such a slow increase in σ 0

v can be
further evidence of lower shear stress development in the PM tests
than in the virgin monotonic (M) tests. It was also found that a
larger shear strain was required to initiate the recovery of the τ=σ 0

v0
for the loosely packed specimens.

Similar behavior has been observed for clean sands (Kokusho
et al. 2004; Sitharam et al. 2009; Vaid and Thomas 1995) and sand-
silt mixtures (Enomoto 2019). Postcyclic monotonic behavior ob-
served in previous studies can be categorized into three phases. The
liquefied specimen behaves like fluid in the first phase because of
the fully developed excess pore water pressure (i.e., no effective
stress). As the shear strain increases, in the second phase, the excess
pore water pressure accumulated during the cyclic loading is re-
duced due to dilation of the soil (at a relatively high rate for dense
soil and low rate for loose soil), and consequently the effective
stress increases. In the last phase, the specimen dilates at a constant
rate with the increase of shear strain.

The specimens with higher Dr showed higher PM shear
stress after cyclic loading, similar to previous studies on sand
(Sivathayalan 1994). At a shear strain of 10%, the gained τ=σ 0

v0
of the liquefied specimens during the PM test was lower than that
found in the virgin monotonic shear test. The values of τ=σ 0

v0 dur-
ing PM at 10% shear strain were 0.025, 0.04, and 0.125 for loose,
medium, and dense specimens, respectively, showing 81%, 89%,
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Fig. 8. PM and PRM responses of the liquefied specimens, including specimens with three different relative densitiesDr (i.e., PM10 and PRM05 for
loosely packing, PM15 and PRM17 for medium packing, and PM20 and PRM 26 for densely packing specimens): (a) normalized shear stress τ=σ 0

v0
versus shear strain γ for PM specimens; (b) normalized shear stress τ=σ 0

v0 versus shear strain γ for PRM specimens; (c) normalized vertical effective
stress σ 0

v=σ 0
v0 versus shear strain γ for PM specimens; and (d) normalized vertical effective stress versus σ 0

v=σ 0
v0 shear strain γ for PRM specimens.

σ 0
v0 PM = vertical effective stress before postcyclic monotonic, and σ 0

v0 PRM = vertical effective stress before postcyclic reconsolidated monotonic
(¼ σ 0

v0 in this study). Details of the specimens’ properties are summarized in Table 1.
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and 76% reductions from the virgin monotonic results. These rel-
atively lower τ=σ 0

v0 values can be attributed to the slow increase of
shear stress immediately after liquefaction due to the lack of ver-
tical effective stress. The results suggest that substantial shear strain
is required to initiate or regain the postcyclic monotonic shear
resistance. Note that σ 0

v prior to the monotonic test of PM speci-
mens are lower than those of M and PRM specimens due to excess
pore water pressure generation and lack of reconsolidation.

Postcyclic Reconsolidated Monotonic Tests
Figs. 8(b and d) display the postcyclic reconsolidated monotonic
PRM responses of the specimens with three different Dr values.
The specimens that liquefied during the cyclic loading were recen-
tered to have practically zero residual shear strain, followed by
small shear strain adjustment (<0.001% shear strain) to zero the
shear stress. Then, the specimens were reconsolidated to σ 0

v0 ¼
σ 0
v0 PRM ¼ 100 kPa. This process corresponded to the full dissipa-

tion of excess pore water pressure generated during liquefaction.
Compared to the results from the PM in Figs. 8(a and c), the
τ=σ 0

v0 of the PRM specimens increased immediately with the in-
crease in shear strain. It can be seen that τ=σ 0

v0 gradually increases
with an increase in shear strain, but the rate of increase of shear
stress (i.e., stiffness) decreases, as in the results of the virgin mon-
otonic tests. It is also interesting to note that the shear stress of PRM
specimens was higher for all the shear strain ranges than the shear
stress of the virgin monotonic specimens presented in Fig. 5(a).
This can be attributed to the densification caused by the postcyclic
reconsolidation, resulting in a stiffer soil fabric and skeleton before
the postcyclic monotonic tests.

The results of σ 0
v=σ 0

v0 in Fig. 8(d) show the sudden contractive
response during shear. Then, the vertical effective stress σ 0

v slightly
recovered for the loose and medium density specimens as the shear
strain increased. In contrast, the dense specimen showed a more
pronounced recovery of σ 0

v and eventually higher σ 0
v than σ 0

v0,
resulting in higher undrained shear strength. Compared to the
virgin monotonic response in Fig. 5(c), PRM specimens have a
higher σ 0

v=σ 0
v0 than M specimens. Reconsolidation of the liquefied

specimens resulted in specimen compression to higher density.
The details of the specimen densification effects caused by the post-
cyclic reconsolidation, including stress path, are discussed in the
following analysis section.

Analyses and Discussion

Stress Path of Liquefied Specimens

Fig. 9 compares the monotonic shear response of a virgin M, PM,
and PRM tests. Dr values of the specimens immediately before
each monotonic shear test are also shown. The M and PM speci-
mens had the sameDr throughout the various test stages because of
the constant volume conditions of the monotonic and cyclic shear
tests. In contrast, PRM specimens were denser due to reconsolida-
tion after the cyclic loading.

As shown in Fig. 9(a) and Table 2, the M and particularly
the PRM specimens with higher Dr had higher τ=σ 0

v0. These
results highlight that the updated Dr after the postcyclic recon-
solidation significantly influences the undrained stress–strain re-
sponse of PRM. In contrast, the relatively lower τ=σ 0

v0 of the PM
specimens that have similar Dr values to the M specimens are
primarily caused by the lower σ 0

v following the cyclic induced
liquefaction.

The stress path (i.e., the relationship between σ 0
v=σ 0

v0 and
τ=σ 0

v0) is plotted in Fig. 9(b). It is observed that the M01 specimen

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0.0

0.2

0.4

0.6

0.8

PRM05

PRM26

M03

PRM17

M02

PMs M01

0 2 4 6 8 10
(a) (b)

0.0

0.2

0.4

0.6

0.8

PM10 (Dr = 51%)
PM15 (Dr = 64%)
PM20 (Dr = 84%)

PRM26 (Dr_PRM = 85%) 

M03 (Dr = 82%)

PRM17 (Dr_PRM = 68%)

M02 (Dr = 67%)

PRM05 (Dr_PRM = 58%)

M01 (Dr = 49%)N
or

m
al

iz
ed

 S
he

ar
 S

tre
ss

,
v0
'

t/
s

N
or

m
al

iz
ed

 S
he

ar
 S

tre
ss

,
v0
'

t/
s

Normalized Vertical Effective Stress, v' / v0's sShear Strain, g (%)

Fig. 9. Comparison of monotonic simple shear response for virgin M, PM, and PRM: (a) stress–strain response (normalized shear stress τ=σ 0
v0 versus

shear strain γ); and (b) stress path response (normalized shear stress τ=σ 0
v0 versus normalized vertical effective stress σ 0

v=σ 0
v0). Black lines indicate

the response of PM specimens, and rescaled data is available in Fig. 8(a). Dr PRM 0 = relative density after postcyclic reconsolidation. Details of the
specimens’ properties are summarized in Table 1.

Table 2. Summary of virgin M, PM, and PRM

Test ID Dr (%) σ 0
v (kPa) τ (kPa) τ=σ 0

v VS (m=s)

M01 49 27.02 13.54 0.50 207
PRM05 43 (58þ) 49.11 25.66 0.52 203 (218þ)
PM10 51 9.69 4.65 0.48 209
M02 67 60.40 35.17 0.58 213
PRM13 64 (72þ) 129.11 78.47 0.61 213 (224þ)
PM14 68 42.96 24.13 0.56 228
PM15 64 8.87 4.15 0.47 219
PRM17 60 (68þ) 75.82 43.20 0.57 213 (228þ)
M03 82 86.55 51.69 0.60 228
PM20 84 22.86 12.72 0.56 239
PRM22 84 (90þ) 93.87 57.49 0.61 235 (244þ)
PRM26 81 (85þ) 127.2 77.16 0.61 231 (241þ)

Note: Dr = relative density; σ 0
v = vertical effective stress at 10% shear

strain γ; τ = shear stress at 10% shear strain γ; VS = shear wave velocity;
and + indicates the values of Dr or VS for PRM specimens after postcyclic
reconsolidation (= before postcyclic reconsolidated monotonic).
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(the only one at loose packing and monotonically sheared before
cyclic testing) showed a continued contractive response, while
the other M specimens exhibited a contractive followed by a
dilative response as the shear strain increased due to higher Dr.
Comparing the stress path of M, PM, and PRM specimens in
Fig. 9(b), it is also interesting to note that they have practically
the same ultimate strength line, which is independent of the stress
histories, such as cyclic loading or postcyclic reconsolidation.
Note that because the PRM specimens experienced further com-
pression during reconsolidation, the contractive behavior during
subsequent postcyclic monotonic tests is reduced compared to
the M specimens.

Postcyclic Volumetric Strain

Postcyclic reconsolidation PR tests were conducted to assess post-
liquefaction volumetric compression due to the increase in vertical
effective stress following the built-up of excess pore water pres-
sure during cyclic loading. For this investigation, the cyclic loading
process was intentionally terminated when the shear strain reached
up to 20% to verify the effects of the maximum shear strain on
the postcyclic volumetric strain. The specimens after cyclic load-
ing were recentered to zero shear stress and shear strain. Then,
the initial vertical stress of σ 0

v0 ¼ 100 kPa was reapplied to the
specimens. This section describes a comprehensive analysis and
discussion on the postcyclic volumetric strain and the factors
affecting it.

Effect of Relative Density
The relationship between postcyclic volumetric strain and Dr is
illustrated in Fig. 10, including liquefied and nonliquefied speci-
mens. Dr here is defined as the relative density immediately prior
to cyclic shear testing. Fig. 10 demonstrates that the postcyclic
volumetric strain of the liquefied gravel specimens (i.e., those with
maximum shear strain over 3.75% single amplitude) decreased
with an increase in relative density. This is due to the more pro-
nounced contractive behavior of loosely packed specimens after
cyclic loading. Also, liquefied specimens showed a greater postcy-
clic volumetric strain than nonliquefied specimens regardless of
the Dr. The nonliquefied condition here is attained by applying
smaller CSR values so as not to induce liquefaction or by intention-
ally terminating the cyclic loading at a shear strain before the lique-
faction criteria of 3.75% single amplitude is met. The influence of
the maximum shear strain during cyclic loading on the postcyclic
volumetric strain is shown in Fig. 10 with indicative linear trends.
Further analyses associated with the effects of the maximum shear
strain are described in the following section.

Effect of the Maximum Shear Strain during Cyclic Shear
Loading
The relationship between the maximum shear strain caused by the
cyclic loading and the subsequent volumetric strain following re-
consolidation is summarized in Fig. 11(a). It is interesting to note
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(markers with a cross inside) specimens are presented. The maximum
shear strain γmax represents the single amplitude of the shear strain.
The inset lines arbitrarily grouped the results according to the maxi-
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0.0 0.2 0.4 0.6 0.8 1.0
0

1

2

3

max = 2.3%
max = 2.3%

max = 3.6%max = 2.7%

max = 3.2%

max = 0.9%

max = 0.1%

 Loose (liquified)
 Loose (non-liquefied)
 Medium (liquified)
 Medium (non-liquified)
 Dense (liquified)
 Dense (non-liquified)

Po
st

cy
cl

ic
 V

ol
um

et
ric

 S
tra

in
, 

v
(%

)

Maximum ru during Cyclic Loading, ru, max

Nc = 1

max = 15.4%

e

g

g

g

g

gg

g

g

(a) (b)

Fig. 11. Effects of the maximum shear strain γmax and maximum pore pressure ratio during cyclic loading ru;max on the volumetric strain εv during
the PR: (a) effects of the γmax; and (b) effects of ru;max. The vertical reference bar indicates γ ¼ 3.75% (single amplitude) as the liquefaction criteria
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that higher maximum shear strain during cyclic testing results
in higher volumetric strain, with the maximum volumetric strain
reaching a plateau when the maximum cyclic shear strain was
larger than ∼7%–15%, with loosely packed specimens reaching
higher volumetric strains than densely packed specimens. Higher
maximum shear strain is also needed for the loose specimens to
reach their ultimate postcyclic volumetric strain. The results were
fitted with the proposed hyperbolic model as follows:

εv ¼
γmax

aþ b · γmax
ð1Þ

where εv = volumetric strain during postcyclic reconsolidation;
γmax = maximum cyclic shear strain experienced during cyclic
loading; and a and b values are fitting parameters. The 1=a param-
eter describes the initial slope of the model, and 1=b affects the
ultimate postcyclic volumetric strain of each specimen. The deter-
mined ultimate postcyclic volumetric strains εv ult were 2.5%
(loosely packed), 1.7% (medium packed), and 1.1% (densely
packed); the corresponding b values were 0.4, 0.59, and 0.91,
respectively. Although similar data for gravelly soils under simple
shear do not exist; Nagase and Ishihara (1988) and Ishihara and
Yoshimine (1992) performed an experimental study on Fuji River
sand using a multidirectional cyclic simple shear device. They con-
cluded that the volumetric strain during postcyclic reconsolidation
is uniquely correlated with the developed excess pore water pres-
sure only when the values are smaller than the initial applied
vertical stress. They also proposed a bilinear relationship between
maximum cyclic shear strain and the postcyclic volumetric strain
on the river sand. Jana and Stuedlein (2021) and Wijewickreme
et al. (2019) have shown correlations between postcyclic volumet-
ric strain and excess pore pressure for fine-grained soils.

Fig. 11(b) presents the relation between the maximum pore
water pressure ratio during the cyclic loading ru;max and postcyclic
volumetric strain εv. The generated ru in this study ranged from
0.94–1 when the specimen exceeded the shear strain criteria. The
nonliquefied specimens also developed ru over 0.9 except for the
specimens that generated the low shear strain (i.e., γmax < 1% for
loose specimens). Even though ru;max values were over 0.9, the
nonliquefied specimens that experienced the lower maximum
shear strain showed the lower postcyclic volumetric strain. This
study indicates that the degree of excess pore water pressure
may not be an appropriate indicator to estimate the subsequent
volumetric strain of the liquefied specimens (Ishihara et al. 2016;
Ishihara and Yoshimine 1992; Karakan et al. 2019; Nagase and
Ishihara 1988). For example, the specimen that liquefied at the
first cycle had ru of 0.65 with γmax of 15.4% and had a similar
postcyclic volumetric strain response to the specimens with full
development of ru (>0.94). Instead, as indicated by the hyperbolic
model in Fig. 11(a), the maximum shear strain during cyclic load-
ing appears to be an appropriate parameter to estimate postcyclic
volumetric strain during the subsequent reconsolidation of the grav-
elly soils. Further comparison of postcyclic volumetric strain with
other soils is discussed in the following section of “Comparison
with Other Soils.”

Effect of the Cyclic Stress Ratio
Fig. 12 illustrates the variation in ultimate postcyclic volumetric
strain εv ult with CSR of the liquefied specimens that experienced
high enough maximum cyclic shear strain γmax (i.e., >15% for
loose, >10% for medium, and >7% for dense specimens) to con-
straint the γmax effects. As also shown earlier, the loosely packed
specimens showed a higher ultimate postcyclic volumetric strain,
approximately 2.5%, than the densely packed specimens, which
showed a volumetric strain of approximately 1.1%. However, CSR

had no influence on the postcyclic volumetric strain when the spec-
imens were cyclically sheared with a higher accumulated shear
strain as aforementioned, indicating that the ultimate postcyclic
volumetric strain of the liquefied specimens may be independent
of cyclic stress ratio CSR. In contrast, Dr and the maximum shear
strain during cyclic shear loading are the main factors influencing
the postcyclic volumetric strain of the liquefied sandy gravel
mixtures, as discussed in Figs. 10 and 11.

Comparison with Other Soils
Fig. 13 presents the effects of relative density Dr on the ultimate
postcyclic volumetric strain εv ult for the tested well-graded grav-
elly and other soils investigated by previous studies. It is noted that
Fuji River sand was tested in a cyclic simple shear system at σ 0

v0 ¼
196 kPa (Nagase and Ishihara 1988), whereas Toyoura sand and
silty sand were tested in a triaxial system at an isotopic confining
stress σ 0

0 ¼ 98 kPa (Tsukamoto et al. 2004). In Fig. 13, εv ult rep-
resents values after reaching a strain plateau for each specimen
(i.e., γmax ≥ 10%, 6%, and 8% for Fuji River sand, Toyoura sand,
and silty sand, respectively). Corresponding grain size distribu-
tions are presented in Fig. 1(b). All specimens in Fig. 13 show
lower εv ult with an increase in Dr, as discussed in Figs. 10 and 11.
Comparing two types of clean sand, although Fuji River sand has a
larger d50 than Toyoura sand in Fig. 1(b), the higher overburden
stress may result in the higher εv ult values in Fuji River sand (Lee
and Albaisa 1974). εv ult of silty sand is greater than clean sands
and well-graded gravelly soils, and it is primarily attributed to the
fine contents (Fc ¼ 19.6%, nonplastic) within the silty sand. Note
that the Fc of the well-graded gravelly soils is approximately 5%.
Similar responses were observed in both undisturbed and reconsti-
tuted specimens for clean sands and silty sands (Ishihara et al.
2016; Tsukamoto et al. 2004). It is also found that the well-graded
gravelly soils show similar or slightly lower εv ult values than
Fuji River and Toyoura sands. Particularly in loose packing con-
ditions (Dr ¼ 40%–45%), a much lower value in εv ult is observed
for the well-graded gravelly soils compared to the two clean sands.
Many factors may affect the postcyclic volumetric strain response
(i.e., particle size d, coefficient of uniformity Cu, overburden stress
σ 0
v0 or σ 0

v, fine contents Fc or gravel contents in gravelly soils,
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Fig. 12. Relation between CSR and volumetric strain εv during the PR.
The postcyclic volumetric strain was only selected from the speci-
mens that experienced high enough maximum cyclic shear strain γmax

(i.e., >15% for loose, >10% for medium, and >7% for dense speci-
mens) to constraint the γmax effects.
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relative density Dr, and maximum cyclic shear strain γmax).
Especially, gravelly soils with a higher coefficient of uniformity
(Cu ¼ 13.1) tend to have a higher liquefaction resistance than
poorly graded sand (Cu ¼ 1.44) in the triaxial system, and follow-
ing postcyclic reconsolidation induces less postcyclic volumetric
strain with the increase in Cu (Hara et al. 2004). Similarly, the
well-graded gravelly soils (Cu ¼ 42) tested in the simple shear sys-
tem show a slightly lower postcyclic volumetric strain than poorly
graded sand that typically has a larger void ratio. In addition, the void
ratio range [i.e., (emax − emin)] can be considered a measure of the
soil deformation potential. The tested gravelly soils have a relatively
lower void ratio range of 0.31 compared to the other soils presented
in Figs. 4 and 13, such as TS sand ¼ 0.382, Toyoura sand ¼ 0.366,
Fuji River sand ¼ 0.535, and silty sand ¼ 0.596, indicating thewell-
graded gravelly soils’ limited capacity of volume change.

Normalized Shear Strength versus Shear Wave
Velocity

Fig. 14 illustrates the relationship of ðτ=σ 0
vÞ10 from a monotonic

shear test with shear wave velocity VS of the M (full symbols),
PM (half-full symbols), and PRM specimens (empty symbols).
The shear stress τ at a shear strain of 10% is plotted herein and
normalized with the corresponding vertical effective stress σ 0

v. Note
that the monotonic shear stress ratio has been preceded in some
cases by cyclic shear loading (shown as half-filled and empty sym-
bols), but not in other cases (shown as full symbols). VS of the
specimens was measured at σ 0

v0 ¼ 100 kPa after specimens prepa-
ration for M and PM specimens, and at σ 0

v0 PM ¼ 100 kPa before
postcyclic reconsolidated monotonic. Particularly, the VS values of
PRM specimens were measured after postcyclic reconsolidation
that caused densification and approximately 5% increase in VS.
Table 2 summarizes the monotonic test results (i.e., M, PM, and
PRM specimens) with these values.

As shown in Fig. 14, higher VS values were observed for dense
specimens. The ðτ=σ 0

vÞ10 had a slightly increasing trend as VS

increased regardless of the test conditions, also observed in a
previous study on pea gravel and crushed limestone (Hubler et al.
2017). It is noteworthy that the ðτ=σ 0

vÞ10 in the present study ranged
from 0.48 to 0.61, and the variation mostly depends on the Dr.
There was also a small but discernible difference in the ðτ=σ 0

vÞ10
depending on the test types (i.e., M, PM, and PRM). In the same
Dr group, PRM specimens had the highest ðτ=σ 0

vÞ10, and PM
specimens had the lowest values. This is mainly attributed to the
densification during postcyclic reconsolidation of PRM specimens
before being subjected to postcyclic reconsolidated monotonic.
For PM specimens, a higher ðτ=σ 0

vÞ10 could be expected due to
the lack of σ 0

v. However, each PM and PRM specimen experienced
a different amplitude of CSR and different levels of the maximum
cyclic shear strain, as provided in Table 1. These variations may
affect ðτ=σ 0

vÞ10 due to various degrees of specimen disturbance,
resulting from particle arrangement, stiffness, and skeleton varia-
tions. Further investigation is recommended to estimate the effects
of cyclic loading histories (i.e., CSR and the maximum cyclic shear
strain) on the postcyclic monotonic response. However, at given
ranges of CSR and maximum cyclic shear strain during the cyclic
shearing, the results indicate that the variation of the ðτ=σ 0

vÞ10 is
less than 10% in the same Dr group, except PM15 that experienced
an extremely high number of cycles. It is also interesting to note
that PM15 (with Nc ¼ 197) had the lowest ðτ=σ 0

vÞ10, possibly in-
dicating that high Nc can damage the specimen and weaken the
shear stiffness and strength by altering the soil fabric and skeleton.
These observations again support that the cyclic loading histories,
which are highly related to the specimens’ disturbance, play an
important role in ðτ=σ 0

vÞ10. The results propose that Dr and σ 0
v

(closely related to excess pore water pressure generation and
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v at a shear strain of 10%.

VS values were measured at σ 0
v0 ¼ 100 kPa after specimens’ prepara-

tion for M and PM specimens, and at σ 0
v0 PRM ¼ 100 kPa before

postcyclic reconsolidated monotonic. Virgin M (full symbols), PM
(half-full symbols), and PRM (empty symbols) are presented. Inset
numbers represent Dr values for the monotonic tests and VS measure-
ments. Note that slightly higherDr and VS values of PRM specimens is
attributed to the postcyclic reconsolidation. Corresponding values are
summarized in Table 2.
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dissipation) and high Nc (triggering significant soil fabric and
skeleton changes) primarily affect the postcyclic normalized shear
strength ratio. Furthermore, this relation provides the ðτ=σ 0

vÞ10
estimation of well-graded gravelly soils under various conditions
(M, PM, and PRM) using VS measured before the monotonic or
postcyclic monotonic (i.e., M, PM, or PRM) conditions.

Change in Shear Wave Velocity before and after
Liquefaction

A set of tests were performed to estimate the VS before and after
cyclic loading. The specimens were prepared to have a similar tar-
getDr (≈45% for loose, 65% for medium, and 85% for dense spec-
imens) at σ 0

v ¼ 100 kPa. However, the specimens were additionally
subjected to σ 0

v0 ¼ 400 kPa to obtain the specific relation of VS
and σ 0

v. This higher σ 0
v0 induces higher Dr values than at σ 0

v ¼
100 kPa (i.e., 64% for loose, 73% for medium, and 91% for dense
specimens at σ 0

v0 ¼ 400 kPa). Then, cyclic shear loading with an
identical CSR ¼ 0.15was applied to the specimens to trigger lique-
faction, followed by postcyclic reconsolidation to σ 0

v0 ¼ 400 kPa.
The accelerometer time histories were captured at each loading
step and were used to interpret VS and evaluate the effects of
liquefaction and subsequent postcyclic reconsolidation. Fig. 15
displays the calculated VS during the loading process before cyclic
loading (dash lines in Fig. 15) and during step-by-step dissipa-
tion of excess pore water pressure after liquefaction (solid lines
in Fig. 15).

The VS variation with vertical stress can be expressed by a
Hertzian-type power model as follows:

Vs ¼ α

�
σ 0
v

1 kPa

�
β

ð2Þ

where α (m=s) = reference VS at nominal vertical stress of 1 kPa;
and β = exponent parameter expressing the sensitivity of VS to σ 0

v.
Eq. (2) describes the variation of VS with σ 0

v, which is displayed

in Fig. 15. Before liquefaction (dash lines in Fig. 15), dense spec-
imens had a higher VS than loose specimens at all σ 0

v due to
higher interparticle contacts, which resulted in higher α values.
The dense specimens had slightly lower values of β, indicating
a less pronounced influence of the σ 0

v on the VS as Dr increased
(Santamarina et al. 2001). After liquefaction, the specimens were
recentered for the postcyclic reconsolidation with no residual shear
stress and shear strain. The measured VS after recentering was
lower than the values expected from the virgin consolidation (dash
lines in Fig. 15), indicating that the liquefied specimens do not
follow the VS trend expected due to unloading [with over-
consolidation ratio ðOCRÞ > 1], and instead have an even lower
small-strain stiffness than before liquefaction. During the postcy-
clic reconsolidation process, the VS increased and reached slightly
higher values than before liquefaction at the same vertical effective
stress of 400 kPa. The VS relationship with vertical stress at post-
liquefaction (solid lines in Fig. 15) displayed lower α and higher β
values than before. The higher Vs values of the reconsolidated
specimen may be attributed to the densification and fabric changes
of the specimens during postcyclic reconsolidation, as discussed in
Fig. 9. In fact, Dr after the postcyclic reconsolidation to σ 0

v0 ¼
400 kPa increased from 64% to 71% for C31, from 73% to 81%
for C32, and from 91% to 97% for C33. This suggests that a denser
soil fabric and skeleton during reconsolidation plays a critical role in
recovering soil stiffness weakened by previous cyclic loading.

Conclusions

This study experimentally investigated the monotonic and cyclic
responses of well-graded gravel with sand collected from Centre-
Port, Wellington, New Zealand, that liquefied during the 2016
Kaikoura earthquake. The specimens prepared at various Dr were
tested under constant volume monotonic and cyclic simple shear
conditions, including postcyclic responses: postcyclic volumetric
strain, postcyclic monotonic, and postcyclic reconsolidated monotonic
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specimens are recentered and reconsolidated to σ 0
v0 PRM ¼ σ 0

v0 ¼ 400 kPa (solid line with filled markers). Solid star markers indicate the status
immediately after the liquefaction.
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tests. Shear wave velocities were measured before and after lique-
faction. The main conclusions from this study are:
• The sandy gravel soils have the potential for liquefaction even

when the shear wave velocity VS is higher than 200 m=s at
the initial vertical effective stress σ 0

v0 ¼ 100 kPa (up to approx-
imately 246 m=s for Dr ¼ 89%), but numerous cycles may be
needed depending on the CSR. Specimens with a higher rela-
tive density Dr had higher liquefaction resistance. The excess
pore water pressure generated during the cyclic loading nearly
reached the σ 0

v0 ¼ 100 kPa when the shear strain of the speci-
men exceeded 3.75% single amplitude.

• PM response of the liquefied specimens can be categorized into
three distinct stages. Initially, no significant increase in shear
stress was observed until vertical effective stress started increas-
ing. With a further increase in shear strain, an increase in the
shear stress was observed, which was more pronounced for
the higher densities. Loosely packed specimens required larger
postcyclic shear strains before the onset of an increase in shear
stress. Overall, substantial postcyclic shear strain is required to
mobilize postcyclic monotonic shear resistance following lique-
faction of the soil.

• All PRM tests presented more pronounced shear stress develop-
ment than monotonic tests. This can be mainly attributed to
the densification effects and associated stiffer soil skeleton
formed during postcyclic reconsolidation. The results show that
higher relative density Dr specimens reached higher shear
stress, indicating that the degree of vertical effective stress re-
covery (i.e., dissipation of excess pore water pressure) is critical
in determining postcyclic monotonic shear resistance.

• Postcyclic volumetric strain was primarily affected by the
maximum shear strain experienced during cyclic loading: a
higher maximum shear strain resulted in higher postcyclic
volumetric strain. The postcyclic volumetric strain reached its
ultimate values at a shear strain of 7%–15%, depending on the
relative density Dr. The postcyclic volumetric strain relation-
ship with the cyclic shear strain of this well-graded sandy
gravel can be fitted with a hyperbolic model. The well-graded
gravelly soils have lower ultimate postcyclic volumetric strain
than clean sands. This lower postcyclic volumetric strain po-
tential could be related to the packing characteristics of the
soil and the relatively small range between its maximum and
minimum void ratios.

• Comparison of virgin M, PM, and PRM tests reveals that shear
stress ratio ðτ=σ 0

vÞ10 is primarily affected by the relative density
Dr and vertical effective stress σ 0

v, which is related to the gen-
eration and dissipation of pore water pressure. Also, high num-
ber of cycles Nc can result in a reduction of shear stiffness and
strength as a secondary factor.

• Shear wave velocity VS of well-graded gravelly soils ranged
from 194 to 246 m=s at vertical effective stress σ 0

v ¼ 100 kPa,
depending on relative density Dr. After liquefaction and before
reconsolidation, the specimens showed an even lower VS than
the values expected only considering the reduction of σ 0

v.
Subsequent reconsolidation of the specimens increased VS and
reached a slightly higher VS than before liquefaction at initial
vertical effective stress σ 0

v0, which is primarily attributed to
densification effects and fabric change.
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