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Abstract: To investigate the post-liqguefaction shearing beha of saturated gravelly soil, laboratory testsre conducted using a static-dynamic
multi-purpose triaxial apparatus. In addition, nuiced simulations using the discrete element met(EM) were performed to preliminarily
understand the micro-mechanism of gravelly soitnonotonic loading after liquefaction. The influeaaaf dry density, initial confining stress and
degree of liquefaction on the post-liqguefactionasimgy behaviour of gravelly soil were discussed] #re evolution of the micro-parameters of the
granular system was also analysed. The results #mvwhe stress-strain responses of gravellyadtsl liquefaction can be divided into three stages
(1) low strength stage, (2) super-linear strengtiovery stage, and (3) sublinear strength recatage, which are distinctly different from thosetod
general saturated gravelly soil without previouslicyloading. The initial state and prior dynamicess history have significant influences on the
post-liquefaction shearing behaviour of gravellil.sthe DEM simulation revealed that the averagerdmation number sharply increases, the contact
normal shows an obvious orientation distributiomg ghe destroyed force chain backbones are recmtestr in the monotonic reloading process after
liquefaction. The evolution of the micro-parametefshe granular system clearly reflects the imteimteraction process and micro-mechanisms in the

particles during the three different stages ofrttaero-mechanical behaviour of gravelly soil.
Keywords: post-liquefaction; micro-mechanism; gravelly sdiégformation; discrete element method (DEM)

1. Introduction

Gravelly soils are frequently encountered in natgi@l strata,
such as residual, fluvial, alluvial, and glacialpdsits, as well as
artificial fills (embankments and reclaimed graydills) (Chang et al.,
2014). Due to their coarse particles and good pabitiy, they are
frequently mistakenly regarded as non-liquefialifédgn et al., 2009;
Cao et al., 2011). However, liquefaction scenaniogravelly soil have
been observed in several earthquakes, e.g. theditlikklansei-Oki
earthquake in 1993 (Kokusho et al., 1995) andMhe8.0 Wenchuan
earthquake in 2008 (Cao et al., 2010). Some labgratests also
showed the liquefaction possibility of gravelly IsWong et al. (1975)
and Baneriee et al. (1979) performed a series afraimed cyclic
triaxial tests and found that gravel soil has amtial liqguefaction”
phenomenon. Evans and Zhou (1995) studied theein€le of gravel
content on the liquefaction of gravelly soil andnclnded that the
liquefaction resistance increases with increasiraye content under
the same relative density. Kokusho et al. (2004eated that the
undrained cyclic strength of gravelly soil mainiepgnds on the
relative density rather than particle gradationssél on the field
reconnaissance in Wenchuan earthquake, Hou e2@l1) found that
the gravel content and the relative density hawendceffects on the
liquefaction resistance of sand-gravel soils. Cheetypical multi-scale
structure of gravelly soil, Wang and Wang (2017aib¢d computed
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tomography (CT) scanning tests and numerical sitiomg by the
discrete element method (DEM) to investigate tifeiémce of gravel
content and liquefaction micro-mechanism of gravelkoll,
respectively. In addition, over the last decadejessd methods for
liquefaction discrimination of gravelly soil havésa been proposed
(Lin et al., 2004; Cao et al., 2013). In short, emevidences confirm the
liquefiable feature of gravelly soil, and the urstanding of their
liquefaction should be deepened from the generatrosaopic
phenomenon and resistance strength to microscopthamisms and
liquefaction discrimination.

In fact, the widespread liquefaction-induced dareaigesoils and
foundations are composed of residual deformatioreigéed under cyclic
loads during earthquakes and resultant deformag@oerated by gravity
(i.e. post-liquefaction deformation) (Wang et al2013). The
displacements induced by post-liquefaction defaonabf soil after
earthquake can be large enough to produce sevenagdato earth
structures, including dams and embankments (Tohd&hamoto, 1985;
Hamada and Rourke, 1992; Yoshida et al., 1992;malgu et al., 1994;
Cubrinovski et al., 2012; Yasuda et al., 2012;Katia et al., 2015). In
recent years, several researchers have investitfatepost-liquefaction
behaviour of gravelly soil. For example, Xu et @007) proposed a
trilinear model based on laboratory tests to desdtie post-liquefaction
deformation of sand-gravel composites. Pan et 2012) performed
hollow cylinder tests on the saturated sand-grax@hposites after
liquefaction to investigate the characteristics thie stress—strain
relationship and the dissipation of pore water qures However, these
studies mainly focused on the macroscopic posefaption deformation



behaviour of gravelly soil, but few were concervdth a microscopic
perspective.

In this work, we aimed to investigate the postdifaction shearing
behaviour and microscopic evolution mechanism oévelty soil.
Monotonic loading tests were conducted on saturgtadelly soil after
liguefaction using a dynamic-static triaxial systeBeotechnical Digital
Systems (GDS). The strength, stress-strain behawiod pore water
pressure of saturated gravelly soil in monotonidoading were
investigated. Next, the effects of dry density,foong stress and degree
of liquefaction on its undrained shearing charésties were analysed.
Finally, DEM simulations of the post-liquefactiohesring behaviour of
saturated gravelly soil were performed using théigie flow code (PFC)

to reveal the intrinsic micro-mechanisms and ei@iueatures. (b)
Fig. 1. The tested specimens and apparatus. (a) The sdréest soil specimens; and
2. Experimental procedureand results (b) The GDS dynamic-static triaxial system.

2.1. Sanplepreparation 100 I
|

Gravelly soil specimens with grain sizes no lartiean 20 mm
were collected from a dam site of the Xiang Riveatav conservancy
hub, Tibet, China. The dried soil specimens wereeassively sieved
with 20 mm, 10 mm, 5 mm, 2 mm, and 0.075 mm screanishown in
Fig. 1a. The particles with sizes of 2-20 mm werlected as gravel and
those less than 2 mm were considered as sand. DBed@namic-static
triaxial tests were conducted on isotropically adisted specimens 100 10 1 01 001
with dimensions of 101 mm (diameter) x 200 mm (hBigunder Particle size(mm)
undrained conditions (Fig. 1b). The grain sizeritistion of the soil
specimens is shown in Fig. 2. To obtain the indiegs and ey, of
gravelly soil €max andeni, are the maximum and minimum void ratios,
respectively), tests on the specific gravidy and relative density,
were firstly conducted. Then, the minimum dry d&ngigmn was
determined using a fixed volume method (test tgp@0 mm x 360
mm), and the maximum dry densitdmax Was determined using the
surface vibration method at frequency of 50 Hz (@amd Wang,
2017a). Thus, the associated indices are obtain@ a 2.753,enax =
0.72, andemin = 0.336.

Percent passing by weight(%)
3

Fig. 2. Grain size distribution of the tested specimens.

The remoulded specimens were composed of four dayehnich
were prepared using the multi-level wet poundinghme. Based on the
dry density and moisture content of the soil specisp each layer with
the same weight was compacted to a height of 50 ima.interface
was scarified to ensure close contact betweeragfezd.

2.2. Test procedure

The prepared specimens were fully saturated withickel water
using a combination of hydraulic saturation metiaod back-pressure
saturation method. The specimens were flushed déttaired water
from bottom to top for 12 h, while they were sulgecto an effective
confining stress of approximately 20-30 kPa. Eapecsnen was
saturated with back-pressure incrementally up t6 RPa until the
B-value was larger than 0.95, whdBe= Au/Acs, in which Ags is the
increase of confining stress applied to the spetjnamd Au is the
resulting change in pore water pressure. The smEEmwere
isotropically consolidated under a given initidieetive confining stress
g, . The isotropic consolidation stability was consaie to be
achieved when the volumetric change of the spedmemained

unchanged in 5 min. Undrained stress-controlledussiial cyclic
loading (cyclic stress ratiog,/(20.) = 0.25, whereg, is the
single axial stress amplitude angf, is the effective confining stress)
with a frequency of 0.2 Hz was then applied uritiitfal liquefaction”
occurred, which is defined as the pore water predseing equal to the
confining stress (Seed and Lee, 1966). After ihiliquefaction, a
strain-controlled monotonic load was applied undendrained
conditions to analyse the post-liquefaction sheptehaviour of the
gravelly soil. The monotonic load was applied aat@ of 0.5 mm/min.
The loading process is shown in Fig. 3. The axad| cell pressure,
pore water pressure, and axial displacement wexrded in real time



during the cyclic and monotonic loading. Before thenotonic loading
test, the typical curves of the specimeng (= 300 kPa) during the
cyclic loading are shown in Fig. 4.

Soil liquefaction can basically be divided into ddiquefaction
and complete liquefaction in field. Local liquefact occurs first, and
then the liquefied area gradually expands. Thissteacould experience
different  degrees liquefaction during earthquakerhe
post-liquefaction responses of gravelly soils cobld affected by

of

different degrees of liquefaction. Fukutake et (4990) proposed a
concept of a liquefaction safety rati€ ) to reflect the severity of
liguefaction based on the Seed-Idriss method. B defined as the
ratio between the actual dynamic stress of theasudl the peak stress
under seismic loading. However, Yasuda et al. (19%®ind that
different cyclic numbers with same dynamic stredso ahave a
significant effect on the static stress-straintiefeship of the saturated
soil after liquefaction. For easy control, they posed another method
to defineF, as the severity of liquefaction based on the vibnacycles:

M

wheren is the number of vibration cycles achieving thiéahliquefaction
of the specimens under a given cyclic shear stras, andm is the
actual number of vibration cycles under the san@icghear stress ratio
during the test. In this work, the conception Fofwas used to reflect
different degrees of liquefaction with the sameirdgbn proposed by
Yasuda et al. (1995).
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Fig. 3. The loading process of the post-liquefaction test.
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Fig. 4. Typical curves of the specimens during cyclic logd(e; = 300 kPa).
Variation in (a) dynamic axial stregg with the number of loading cyclds; (b)
dynamic axial strairg with the number of loading cycléy; (c) dynamic excess
pore water pressung with the number of loading cyclé$; and (d) dynamic axial
stresssg with the dynamic axial straisy.

Fig. 5 shows the schematic of dynamic loading cutvean be
seen that whenF, =1, the soil specimens reach the initial liquefaction
point; whenF>1, the soil specimens have not reached the initial
liquefaction; and whei<1, the soil specimens have reached the
initial liguefaction point, but the cyclic loadingpntinues to act for a
certain period of time. A lower value Bf indicates a greater degree of
liquefaction.
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Fig. 5. Schematic of different degrees of liquefaction.

This study investigated the influences of initiay dlensity pq),
initial effective confining stresso{) and F, on the post-liquefaction
shearing behaviour of saturated gravelly soil. Tdilewing parameters
are obtainedpy = 1.7 g/cm, 1.8 g/cm, and 1.9 g/crh o3 = 100 kPa,
200 kPa, and 300 kPa; afg = 0.8, 0.9, 1.0, 1.2, and 1.5. The test
scheme of gravelly soil is listed in Table 1. Irettests, the effect of
membrane penetration is approximately taken intosicteration by
employing the modification method originally propddsy Tokimatsu
and Nakamura (1987) and modified by Tanaka et Q1)L



Table 1.

Test scheme of gravelly soil after liquefaction.

Dry density, The relative density, Water content, Initial effective confining stress, Degree of liquefaction,
pa (glcn) Dy w (%) o3c(kPa) F
1.7 0.3 22.5 100 1
0.8
0.9
100 1
1.8 0.5 19.2 1.2
15
200 1
300 1
1.9 0.7 16.3 100 1
2.3. Testresultsand analysis
1000 -
B g-liquefied specimen N
-mec] i espol 900 - | ® u-liquefied specimen .
231 The macro hanical r nses _ _ . _ A g-specimen without cyclic loading ..-l:'//
Fig. 6 shows a comparison of shearing behaviotliérmonotonic 800 - u=specimen without cyclic loading ._.-' -
. . . 5 . -
shearing test between the typical specimen afguefaction and = 700F ..-' -
. . . _— . A -
corresponding saturated specimen without prioricyohding ps= 1.8 o 600 o e
| ]
glcn®, a5 = 100 kPa). The stress-strain relationship of ltheefied s 500 ..l'///
specimen is significantly different from that ofettordinary saturated 400 - a7 suberlineat strength recovery stage
. . " . . - L) YVVVVVVN
specimen. The results show that the liquefied diaw®il specimen 300 [y M !!{AAAA“AA““““‘“
- . - ) . (1 aa
initially shows a low stiffness within a small ran@f axial strain. 2001 AAA* )
Subsequently, the stiffness of the soil specimegiriseto recover 100 f“A"'/':/llnL,‘.“suPer'hnear strength recovery stage
. S o ) _ e
rapidly. The deviatoric stress shows an S-shape variation with the = OF 4, | "'0..“..
. . . . - - 0o
axial strain &, (the line with black square marks), but the exqese % 100 1'wa streugth:stage * ““o-..“”.
. . 3 L
water pressurel presents a reverse S-shape curve (the line with re 200 . ' é g 1'0 1'2 1'4 16

dots). Furthermore, the ultimate strength of thypidfied specimen is
much larger than that without prior cyclic loadirapd the change in
pore water pressure is more dramatic under the sameitions. The
stress-strain behaviour of the liquefied specimears be divided into
three stages, i.e. low strength stage, super-lirst@ngth recovery
stage, and sublinear strength recovery stage, wihiée specimen
without cyclic loading experiences only one sta@y@.shown in Fig. 6,
L(&,. G) on the stress-strain curve of the liquefied speci is
defined as the demarcation point between thedmmdtthe second stage,
which corresponds to the axial straif), . After pointL, the tangent
modulus of the liquefied gravelly soils begins merease quickly, and
the accumulated excess pore water presgudering the cyclic loading
begins to decrease instead of remaining constanthaseffective
confining pressure. Poirtl corresponds to the peak strength of the
stress-strain curve at an allowable ultimate sti@m. 15%). Point
M( &, q,) is defined as the demarcation point between ¢icersd and
the third stage, at which the corresponding axiedirs is ¢,,. The
shape of the stress-strain curve, appearing asagengpward before
point M, turns into convex upward after poibt In other words, the
dependency of the soil stiffness on shear stresedan obeying from
super-linear to sublinear rule. PoMtcan be roughly determined by the
intersection between the straight libN and the stress-strain curve of
gravelly soil after liquefaction.

0 4
ng Edl
(%)
Fig. 6. Thetypical three stages of post-liquefaction sheabebaviour of gravelly

soil specimens.

(1) The first stage (the low strength stage)

The first stage is the initial phase of the pogtiifaction shearing
behaviour of gravelly soils. At this stage, the idéwric stress remains
nearly zero @ < 10 kPa), but the axial strai@, increases quickly £,
< 1%). The tangent modulus of the soil increases féoto a minimal
value, and the pore water pressureemains nearly constant as the
confining pressure (the effective stress0). Therefore, the soil
behaviour at this stage appears to be similarabdha fluid bearing no
or very low shear resistance, which is called thw ktrength stage
defined by Shamoto et al. (1997). Under the unédicondition, the
specimen has a trend of vibro-contraction under grevious cyclic
loading, and the accumulated of the soil cannot dissipate, during
which time the pore water is in a volume-contratti&tatus. Under
subsequent static reloading, a trend of shearidfilatccurs in the soil,
resulting in transformation of the pore water frohe contraction to
free status, and the external load transferringstiness borne by the
pore water to the soil skeleton. With an increagsiffgctive stress, the
resistance of the liquefied gravelly soil beginsrézover. Usually,
gravelly soil has a stronger dilatancy due to tlag¢ure of relatively
coarser grains and heavier particle systems. Théans that the
strength of gravelly soil can be recovered afteudfaction in a
relatively short period of time.

(2) The second stage (the super-linear strength regstage)

After point L, the shearing behaviour of gravelly soil come® int
the second stage. At this stage, the pore watethef specimen
transforms to a free state wholly as the axiairstl@velops. The excess
pore water pressure accumulated under cyclic lgpdiecreases



sharply, and the effective stress of the soil iases rapidly. This leads
to rapid increases in the tangent modulus and stempvery of the
strength of the gravelly soil. This stage is callg@ super-linear
strength recovery stage. It is worth noting tha tleveloped strain at
this stage £¢a = ca1—eq0) IS greater than that in the low strength stage,
but it is still not large for gravelly soild;,, < 4%). Furthermore, the
accelerated reduction in pore water pressure atstaige means that a
stronger dilatancy trend is generated due to tkerior gravel particle
rearrangement of the specimen within the limited crosstrain
development.

(3) The third stage (the sublinear strength recovergest

After point M, the shearing behaviour of the gravelly soil is
different from those at former two stages, and #teess-strain
relationship curve appears as convex upward. As tftage, the
specimen is still under the state of shear dilatiamd the deviatoric
stress increases continuously while the tangentufnsddecreases.
However, the trend of deviatoric stress grows sjowith increasing
axial strain. Meanwhile, the reduction rate of gfoge water pressure is
also smaller than that at the second stage. Thikdtes that the
dilatancy trend of the gravelly soil begins to weaksuggesting the
gradual stabilization of the particle skeleton atfjuent. This stage is
called the sublinear strength recovery stage. Bezafithe limit of the
allowable ultimate strain (e.g. 15%), the monotdegts of the gravelly
soil were terminate forcedly, resulting in no horital line of the
stress-strain curve for the liquefied specimenhat ¢nd of the tests
compared to that without cyclic loading (Fig. 6)owkever, with the
help of test data, it can be found that there éhsutrend. Additionally,
the negative excess pore water pressure has beemalated gradually
at this stage, which results in a higher ultimatergyth than that of the
specimen without cyclic loading.

2.3.2. Investigations of influential factors

(1) The initial dry density

Fig. 7 shows the post-liquefaction responses ofalasoils with
different initial dry densities at the same initieffective confining
stress €3 = 100 kPa) in terms of variations in the deviatairess and
excess pore water pressure with the axial strainshown in Fig. 7a,
the initial dry density significantly affects theogi-liquefaction
stress-strain behaviour of the gravelly soil. Thighbr the initial dry
density is, the stronger the dilatation trend beesmesulting in shorter
low strength stage and faster recovery of sheaadagp In Fig. 7b,
there is a correspondence between the excess pEssupe curves and
stress-strain curves. The inflection points of gigess-strain curves
clearly correspond to those of the excess porespresdissipation
curves. Moreover, the initial dry density has angigant influence on
the development of the pore water pressure of theefly soil at the
post-liquefaction stages. The decrease rates af poessure of the
dense specimens are different from those of theisgas with lower
initial dry densities; the pore pressures of thevglly soils with higher
initial dry densities decrease more rapidly, and $trengths recover
more quickly. This shows that a larger initial dignsity leads to a
stronger tendency of dilatancy for the post-ligegtm shearing
behaviour of gravelly soil.

1600 - 3
L pd:1.70g/cm
1400 |- 3
* p,=1.80g/cm
1200 & pd=1.90g/cm3
1000 |
= 000e®®
§ 800 [ oo
S 600
L
400 ....--.lll u
un
200 AAA e The second stage
0 .AA.‘II/ Tllle first stage . . . . .
0 2 4 6 8 10 12 14 16
5 (%)
@
150 The first stage
= p =1.70g/cm
100 .I'l The second stage d
A '=='-. e p =1.80g/cm
50l AAA n
0 A
A
A
~ 50| A
=
Ay
= -100
=
-150
-200
-250 -
2300 1 1 1 1 1 1 1 )
2 4 6 8 10 12 14 16
2 (%)
(b)

Fig. 7. Post-liquefaction response of the gravelly soithwdifferent initial dry
densities. Variation in (a) deviatoric stragsand (b) excess pore water pressurre

with axial straire,.
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The initial effective confining stress

Fig. 8 shows the post-liquefaction responses ofeiasoils with
different initial effective confining stresses dtet same initial dry
density ps = 1.8 g/cni) in terms of the variations in the deviatoric
stress and excess pore water pressure with asdi.sThe results show
that the initial effective confining stress inflleas the post-liquefaction
shearing behaviour of the gravelly soil. This ired&s that the
behaviour of granular soil essentially dependstsrinitial state (Been
and Jefferies, 1985). As shown in Fig. 8, the latbe initial effective
confining stress, the longer the low strength stage the higher the
late strength. Moreover, it is interesting that tfissipation rates of
excess pore water pressure for the specimens viftbresht initial
effective stresses are almost parallel at the dinst second stages. Only
at the third stage, they begin to show differen8eause the number
of cycles leading to initial liquefaction for th@eximen with higher
initial effective stress is larger than that wittwer initial effective
stress under the same cyclic dynamic stress, tbeirmpn with higher
effective stress accumulates a stronger tendenajplafme reduction.
Therefore, the transformation process in which fiege water is
released from the initial compression state torbe fs slower than that
of the specimens with relatively lower effectivenfining stress. This is
the reason that specimens with larger effectivefinimy stress have a
longer low strength stage. However, at the subtirsg@ngth recovery
stage, the faster accumulation of negative excess pressure caused
by stronger dilatancy impedes the weakening of gshear stiffness,



leading to a higher ultimate strength under thempssion of
sufficiently large macro-strain.
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Fig. 8. Post-liquefaction responses of gravelly soils wdifferent initial effective
confining stresses. Variations in (a) the deviatstressy; (b) the excess pore water

pressureu with axial straine,; and (c) the normalized pore water pressure under

different effective confining pressures.
(3) The degree of liqguefaction

Monotonic loading tests with different degrees wfuéfaction
were conducted by changing the number of vibratipcles under the
same dynamic loading. Fig. 9 shows the responsegradfelly soils
with different degrees of liquefaction at the samigal dry density fq
= 1.8 g/lcn) and initial effective confining stresss(=100 kPa). The
numbers of cycles of soil specimens to obfaivalues of 1.5, 1.2, 1,
0.9, and 0.8 are 33, 42, 50, 55, and 60, respégtiVbe results show
that the variation in deviatoric stress and theettgsment of excess
pore water pressure for the unliquefied specimersdiferent from

those of the liquefied ones. For example, the nespmf the gravelly
soil specimen withF = 1.5 is different from those with lower values of
Fi Initially, because the specimen is not liquefigsl excess pore water
pressure does not accumulate to the level of tfextefe confining
stress. Its shearing behaviour in the monotoniditgatest is similar to
that of the specimen without previous cyclic loadifFig. 6). There is
only one stage for the stress-strain curve of tiligjuefied specimen in
which the shear modulus decreases with increasiiad strain and the
pore water pressure continuously decreases dueetdifatancy effect.
However, the post-liquefaction responses of theeliggd specimens
with different degrees of liquefaction are quiteniar, including the
abovementioned three stages. Meanwhile, the snthlidF, value, the
longer the low strength stage, and the relativehger maintenance of
the pore water pressure level accumulated in thevigus cyclic
loading. Moreover, at the third stage, the phenamehat the shearing
stiffness begins to weaken lags behind in the spetiwith a higheF,
value, and the specimen tends to show a highenatiéi strength if the
axial strain is sufficiently large. This shows tleatarger initial degree
of liquefaction can prolong the process in whicte thore water
transforms from the contraction state to free andreases the
post-liquefaction strength of gravelly soil undeate reloading. The
action of initial cyclic loading is more likely tlorm a stronger soil
skeleton in the monotonic reloading process, atthoiguefaction can
destroy the initial structure of gravelly soil.
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Fig. 9. Post-liquefaction response of gravelly soil witliffedent degrees of

(2). Moreover, the generation of sufficiently largg. requires a large

liquefaction. Variation in (a) deviatoric stregsand (b) excess pore water presaure fluid-like shear straineqo. Therefore, at the beginning of the static

with axial straire,.

2.3.3. Comparisons and analysis

Fig. 10 compares the post-liquefaction shearingbielr between
gravelly soil and sand under the same initial ctoé 3. = 100 kPa,
D, = 50%). It is obvious that the gravelly soil has higher
post-liquefaction shear strength, compared with éfi@and. Moreover,
the more significant dissipation of excess poreewatressure shows
that gravelly soil is more dilatant than sand daetite presence of
coarser grains and more irregular particle shapes.the granular
materials, the post-liqguefaction shearing behagioofr both gravelly
soil and sand have the typical characteristichiafe stages, i.e. the low
strength stage, the super-linear strength recowsage, and the
sublinear strength recovery stage. The three staflest the transition
in which the tendency of volume reduction for gramumaterials
accumulated in the liquefaction cycles disappeatstae tendency of
dilatancy gradually develops during undrained stegioading. In Fig.
6, the fluid-like shear straigy of the low strength stage is relative to
the large post-liquefaction deformation. Zhang awhng (2012)
provided an explanation and associated mechanism ldoge
post-liquefaction deformation of sand. They sugegghat there is an
intrinsic relationship between a volumetric stratomponent g,
induced by the change in the mean effective stesstwo dilatancy
components due to shearing, i.e. a reversibleatitat component,q e
and an irreversible dilatancy componeat;. Thee.,qr always remains
positive, corresponding to volume contraction, amhversely,evdre
always remains negative or equals zero, correspgntth volume
expansion. Under undrained conditions, the largst-figuefaction
deformationeqo is triggered in the zero effective confining stretate,
and we have

2)

€vc = _(gvd,ir + gvd,re)
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Fig. 10. Comparison of the post-liquefaction shearing behas between gravelly

soil and sand; = 0.5%).

Since eyr is larger thansyr in the entire liquefaction cyclic
shearing, as a consequence, the absolute valug @icreases in a
swelling manner cycle by cycle. When the effectoanfining stress
decreases from its initial value to zeeq, reaches its minimum value.
Sinceesw,;r increases monotonically during the entire loadimgcess,
the amplitude of,q,e Needs to increase to balangg, and satisfy Eq.

reloading after liquefaction, the deformation calibg external forces
is limited by the deformation compatibility conditi of Eqg. (1),

resulting in generation of fluid-like shear straig at the low strength
stage. Then, due to the reduction in pore watesspre, the zero
effective stress state is damaged, which causesnation of the low

strength stage. Because of the continuous inclieasgr and decrease
in &vare during the reloading process, the absolute valug.decomes

increasingly large, which means the gradual dewvetop of the

tendency of dilatancy. After the pore water whdilgnsforms to the
free state as the axial strain develaps, reaches the minimum value,
and the super-linear strength recovery stage esddsequently,

because the generation of negative excess porer wateses the
increasing effective stress, the tendency of dilaain the soil is

restrained, and the post-liquefaction shearing Weha turns into the

sublinear strength recovery stage. Compared witisethof sand, the
low strength stage and the super-linear strengtiovery stage of

gravelly soil are much shorter, while the sublinetrength recovery
stage appears longer. This is because the grasellyis prone to

generating more significant irreversible shear istrand weaker

reversible dilatancy during undrained static relngd

3. DEM numerical smulations

The DEM provides a way to obtain micro-mechanicébimation
at the grain scale and to understand the macrasqasit-liquefaction
shearing behaviour of gravelly soil. In this studymerical simulations
were performed using the DEM code PFC2D (Iltasca4p0
3.1.  Numerical specimen
The size of numerical specimen is 200 mm00 mm (widthx
height), and is composed of 3940 disc particleshasvn in Fig. 11. In
the simulation, an assembly consisting of differgrdups of particle
sizes was generated using a compiled C++ subroatinerding to the
actual particle grades of the gravelly soil specisjesuch as 10-20 mm,
5-10 mm, 2-5 mm, and 1-2 mm (particles less thamrh were
substituted according to the equal quality prirgiplwhose particles
met the requirement of random distribution (Biewhkis 2009).
Non-circular particle may be adopted to representennealistic particle
shape and corresponding soil behaviour (Yan, 204d),it was not
used herein to avoid excessive complexity. The aline
force-displacement contact model was adopted in rlenerical
simulations (Gong et al., 2012). The normal consifinessk, of the
particle varied according to the radius of the ipltR, and the
tangential contact stiffnesswas assumed to be equal to halkeo{Gu
et al., 2013). The microscopic parameters wererghited from the
results of the biaxial test. The simulation of Hiaxial test followed the
procedure of the post-liquefaction test, and it wiasded into three
stages: consolidation, undrained cyclic shearingl anonotonic
shearing. After particle generation, the assembjs visotropically
consolidated to the desired confining stress (10Ra)k by a
servo-controlled facility, which was used to in@eahe wall stress to
the target strength by controlling the movementedgeof the walls.
The undrained cyclic and monotonic biaxial testsemeonducted by
keeping the volume constant throughout the sheangcess
(Chantawarangul, 1993). The «cyclic shearing stageas w
stress-controlled by moving the top and bottom svalt a constant



velocity of 0.1 m/s in opposite directions, and tef and right walls
were moved at a constant velocity of 0.05 m/s ipagite directions to
maintain the constant volume. The numerical sinoat of undrained
cyclic triaxial tests were performed using diffaremplitudes of axial
stress until initial liquefaction was reached. Besmthe PFC program
did not include the pore water fluid phase, theepeater pressure of
the numerical specimens was obtained by monitotfiregvariation in
the effective stress on the walls (Zhou et al., 7200The initial
liquefaction was considered to occur when the exogsre water
pressure reached the effective confining pressitethis stage, the
deviatoric stress in the assembly was displayeal ednstant value of
zero. Soon after initial liqguefaction occurred, thedrained monotonic
shearing test was simulated in a strain-controllednner. The
undrained monotonic shearing stage was stopped theeaxial strain
reached 16%. The axial strain, axial stress, amd pgessure responses
were monitored during the biaxial test. A comparisd stress-strain
curves from the numerical and experimental resslghown in Fig. 12.
Accordingly, the calibrated input parameters of BEEM simulations
are shown in Table 2.

Table2.

Parameters in the DEM simulations.
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Fig. 11. The numerical model of the specimen.
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Fig. 12. Comparison of stress-strain curves between theerigat simulation and
test.

Sample size Particle density Porosity Friction coefficient Normal contact stiéss Shear contact stiffness Confining stress
(mmx mm) (kg/m?) (N/m) (N/m) (kPa)
200 x 400 2760 0.3 0.9 1x 10 9x 10 100
3.2.  Smulation results 1000
900 - —q

3.2.1. General macro-mechanical features _ 800r u

Fig. 13 shows the results of DEM numerical simolasi of the i ;gg :
post-liquefaction undrained response of a typiefigted gravelly soil = ool \
at an initial effective confining stress of 100 kiRéh an initial dry 400 |
density of 1.8 g/cth The assembly initially deforms with nearly zero 300

stiffness, and its shear capacity is low. With gwnus shearing, the
stiffness is recovering. The variation in the desi stress is clearly
observed in the numerical simulation, which is &amto that in the
physical test. Moreover, the three stages (low ngtie stage,
super-linear strength recovery stage and sublise@ngth recovery
stage) of the post-liquefaction stress-strain cuw¥gravelly soil can
also be distinguished, which is also consistenhwlite experimental
observations (see Fig. 6).

suberlinear strength recovery stage

0 T
= -100 -\ ——_
g 200 | low strength stage ———
= 300 . . s . . , , .
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Fig. 13. The numerical biaxial test results of post-liqutifan responses of gravelly
soil.

3.2.2. Evolution of the average coordination number

The coordination number is an important microscqmcameter
affecting the mechanical behaviour of granular mal® (Thornton,
2000; Gu et al., 2014), which refers to as the rnemdd particles in
contact with a given particle. One particle cantaohone or several
neighbouring particles. Fig. 14 shows the variationthe average
coordination number with the axial strain at a @unfj stress of 100



kPa and initial dry density of 1.8 g/émThe average coordination
number is small (nearly zero) at the beginnigg<(1%). There is very
weak or no contact between particles. When thel sstiear strain

increases from approximately 2% to 4%, the averagerdination

number rises sharply to above 3, which is a thieshalue describing
the stable and unstable soil behaviours based mpleianalysis

(Rothenburg and Kruyt, 2004). It shows that thesean intense
rearrangement of particles taking place during phecess, and the
assembly quickly reaches a stable state (Edwag®8)1Because of the
larger gravel particles, the dilatancy trend of thal skeleton is

stronger. The initial contraction state of the paeger at liquefaction is
rapidly released and then the reduction in poreewatressure is
induced. Accordingly, the external load quicklyriséers the pressure
from the pore water to the soil skeleton, givingerito the intense
rearrangement of the particle system. When thel akiear strain is
above 4%, the average coordination number incresteeslily during

the monotonic loading, which means that the draatjustment of

particles has already been completed and a stabtkinyg has

developed. However, subtle local adjustments ofgtenular system
continue with increasing effective stress.

—o, =100 kPa

Average coordination number

Fig. 14. Evolution of the average coordination number with axial strairz, in the
DEM simulation.

3.2.3. Evolution of the fabric and force chain

Fabric, which is usually defined as the spatiabmgement of
particles (Ibrahim and Kagawa, 1991), plays a lag in controlling
the microscopic behaviour of granular materialse @istribution of the
contact normals is an important characteristic @fric and is an
indicator that reflects material anisotropy. Fi§.shows the orientation
distributions of contact normals for the numerispécimen at different
axial strains during monotonic reloading. The amigwy evolution of
the specimen under monotonic shearing can be diberlearly. As
shown in Fig. 15, the contact normal is nearly ticaaiter liquefaction
at axial straine; = 0%, and the state does not change significantly
within a small range of axial strain (less than 1%pwever, we can
still observe the gradual increase in the variétyomtact normal angles
(see Fig. 12a,b). This means that the interactidheoparticles is weak,
and few contacts exist after liquefaction of thavgily soil. At the low
strength stage, there are a growing number of ctait&ubsequently,
when the axial strain increases to approximately #8m 2%, the
contact normal rapidly shows an orientation disttiin, which is
mainly concentrated at the orientation of 90° ai@@°2 This indicates
that a drastic rearrangement (e.g. rolling, rotatiand slipping of
particles) of the assembly occurs during the prc®éith increasing
axial strain, although the distribution of contawrmals has some
subtle changes, the angles of orientation are yeadhanged (90° and
270°). The orientation is opposite to the shearitigection of the
external load. A clear anisotropic characterisfithe contact normal is
formed, which means that the drastic rearrangernémtarticles has
already been completed, but only the continuousallosubtle
adjustments of the granular system with the axrairs. There is a good
relationship between the evolution of contact ndrdistributions and
the average coordination number.




@)

@

Fig. 15. The orientation distributions of contact normalsthe gravelly soil specimens at different axtedis under monotonic reloading: (a) = 0%; (b)ea = 2%; (C)ea
=4%,; (d)ea = 6%; (€)ca =8%; (ea =10%; (9)ca = 12%; (h)ea = 14%; and (ipa = 16%.

3.2.4. Evolution of the force chain

The force chain can also be used to reveal theligostfaction
deformation behaviour of saturated gravelly soilonir the
micro-mechanism point of view. Fig. 16 shows thielinal force-chain
distribution evolution for the initially liquefiedspecimen under
monotonic reloading (CForce is the contact forcawben the
particles). In the beginning, the force chain netkwof the specimen is
destroyed by liquefaction (Fig. 16a). With increasixial strain (less
than 2%), the force chains quickly develop. Theashesistance of the
specimen starts to recover. In particular, the doohain networks
(consisting of strong and weak force chains) arglyi formed at the
top and bottom of the specimen (Fig. 16b). When ak&l strain
reaches 4%, the force chain networks at the top kaoitbm almost
develop symmetrically and run through the specimzsgmdly, which is
centralised along the central axis. A dumbbell-gldapetwork structure
composed of strong force chains is initially forméske Fig. 16c),
suggesting the formation of a backbone of forceirshand stable
packing. The corresponding phase is just at the embrvhen the
contact normal rapidly forms the orientation disttion (mainly
concentrated on 90° and 270°). Subsequently, asexternal load
increases, more backbone force chains begin to {eem Fig. 16d).
The backbone force chains are approximately alignethe vertical
direction to counterbalance the external load. Wide range of drastic
rearrangements (particle movement of rolling oatiog) of assembly
has nearly been completed, with the formation akbane force chains
in a relatively fixed orientation. Then, the numlmérbackbone force
chains increases gradually, and the whole forcenchatwork forms
eventually (see Fig. 16e to f). The completion le# bovementioned
micro-processes suggests that the macro phenomeronthe
super-linear strength recovery stage finishdd. the
macroscopically sublinear strength recovery stagéth further
shearing, the configuration of the whole force ohaetwork and the
number of backbone force chains have almost nafignt change,
but the whole number of force chains increases &gel6 h,i). This
shows that the drastic rearrangement of the gramsyktem stops, but
the local subtle adjustments continue until the ashg test is
terminated.
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Fig. 16. The force chain evolution of liquefied gravellyilsspecimens at different

axial strains under monotonic loading: gy 0%; (b)ea = 2%; (C)ea = 4%; (d)ea =

6%;

(€)¢a = 8%; (f) ea = 10%; (Q)ca = 12%; (h)ea = 14%; and (i = 16% (the

thickness of the line represents the magnitudaetbntact force).

From the above results, there is a good correspmedbetween

the evolution of micro-parameters and macro-medanproperties.
Variations in the average coordination number, @ioh of the contact
normal distribution and reconstruction of the bawkd of force chains
all reveal the micro-mechanism of post-liquefactitrearing behaviour
of saturated gravelly soil from different perspees.

4. Conclusions

In this study, undrained static-dynamic triaxialstge and

preliminary numerical simulations were conductedirteestigate the
post-liquefaction shearing behaviour of saturateavejly soil. The
effects of the initial dry density, initial confimg stress, and degree of
liquefaction on the stress-strain behaviours, tredugion of excess pore
water pressure and the micro-parameters of the-ligo&faction
deformation were analysed. The major conclusions @rawn as
follows:

M

The shearing behaviour of gravelly soil after lifagtion is

significantly different from that of the generaltsated gravelly
soil in monotonic reloading. Its stress-strain @upan be divided
into three stages: low strength stage, super-liarangth recovery
stage and sublinear strength recovery stage. Dutaetocoarser
grains and more irregular particle shapes, grava@lyis prone to
generating more significant irreversible strain angeaker

orientation distribution and the destroyed backbohforce chains
reconstructs, which significantly reflect the inter interaction
process and effect in the granular particle systeming the three
stages of the macro-mechanical behaviour of grasgeil.
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Highlights

1. This work investigated the post-liquefaction shearing behavior of gravelly soil
based on the static-dynamic multi-functional triaxial apparatus. The macroscopic
stress-strain response of gravelly soil after liquefaction was divided into three
typical stages.

2. The influencing factors of the dry density, initial confining stress and degree of
liquefaction on the post-liquefaction shearing behavior of gravelly soil were
studied and analyzed.

3. Based on DEM simulations on the monotonic reloading test after liquefaction of
saturated gravelly soil, the interior micro-mechanisms and interaction evolution

process in the granular particle system were revealed and discussed in the three
different stages of macro-deformation behavior.
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