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Abstract:

In fact, the soils are often distributed in a stratified structure. When an earthquake occurs, there are always risk

of liquefaction for stratified soils which can cause serious consequences. The research aims to investigate the

liquefaction and post-liquefaction deformation of saturated sand with stratified structure. The influences of

liquefaction and post-liquefaction deformation were analyzed by varying the thickness, position and layers of

powdery sands. The findings showed that the correlations between the times taken to reach liquefaction for

cyclic loading and the thicknesses of the powdery sandy interlayer are non-linear. With the optimal thickness,

the powdery sand interlayer can effectively prevent the transfer of power water pressure. And two-layer powdery

interlayer in the sample was more favorable to resist pore water pressure than that with single layer. The strength
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of post-liquefaction deformation and failure patterns are closely related to the distribution of powdery layer. The

work provides new research evidence on the liquefaction and failure mechanism of saturated sands with

stratified structure under cyclic loading which often happen during earthquakes.

Key words: Stratified structure; Saturated soils; Cyclic triaxial test; Pore water pressure; Liquefaction; Post-

liquefaction deformation

Introduction

Previous studies have shown that liquefaction occurs when the pore water pressure inside saturated soils reaches the

effective confining pressure which is one of the key factors influencing the nonlinear soils behavior (Sato et al. 1996;

Aguirre and Irikura 1997; Kokusho et al. 2004; Peyman and Ali 2017). In short, the process of liquefaction with

saturated soils happens when the effective stress between soil particles is gradually reduced to zero. The liquefaction

of soils represents the complete loss of bearing capacity and the soils are in a flowing state. Most of the previous

well-known liquefaction studies focused on homogeneous or well-mixed sand, but few on saturated sand with

stratified structure (e.g., Zeghal and Shamy 2008; Constantine and Stamatopoulos 2010; Jia and Wang 2013;

Karamitros et al. 2013; Arel et al. 2018; Huang et al. 2019). In natural geological environment, liquefiable soils with

stratified structures are common (Li et al. 2019). Previous observations show that soils with stratified structures also

experienced liquefaction during many earthquakes (Finn 1982; Amini and Qi 2000). It is therefore important to

understand the liquefaction mechanism of stratified liquefiable soils and their failure forms after liquefaction has

happened.

In more recent studies of soil liquefaction, many scholars have used uniform or uniformly mixed soils as their

experimental objects or samples (e.g., Ecemis et al. 2015; Mandokhail et al. 2017; Javdanian 2019; Dammala et al.

2019). In order to determine the liquefaction properties of soils, a number of shaking table liquefaction tests (e.g.,

Carey et al. 2017; Jin et al. 2018; Chen et al.2019), cyclic triaxial tests (e.g., Pan and Yang 2018; Wang et al. 2018)
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and numerical simulations (e.g.,Ye and Wang 2016; Lei and Matthew 2018) were carried out with various forms of

soil samples. Similar experimental studies, including Zhou et al. (2018), Bayat & Ghalandarzadeh (2019) and Huang

& Zhao (2018), considered soil samples with different components, particle distribution and loading state, etc. It is

worth noting that the above studies primarily focused on homogeneous or well-mixed sands, corresponding

conclusions and laws may not necessarily be applicable to stratified structures. However, the liquefiable layered soils

are also widely present (i.e., tailings dams, foundations of building and saturated sedimentary or alluvial strata), and

the risk of liquefaction in such stratified structures also exists and can potentially cause catastrophic consequences.

For experimental research studies on stratified soils, a few liquefaction tests have been performed on composite

samples with layered structure (e.g., Elgamal et al. 1989; Kokusho and Kojima 2002; Chang et al. 2012; Jia and

Wang 2013). The effect of drainage layer on the settlement of the composite samples have been investigated by

Pradhan (1997). It was found that the presence of clay layer has little influence on the liquefaction strength of sand

layer. A comprehensive experimental program was undertaken to compare the behavior of stratified and

homogeneous silty sands during seismic liquefaction conditions (Amini and Qi 2000). The results indicated that the

liquefaction resistances of layered and uniform soils were not significantly different. Yoshimine and Koike (2005)

focused on the effects of stratified structure due to segregation of particle size and graded bedding in clean sand

deposits on their liquefaction characteristics. The results demonstrated an underestimation of liquefaction resistance

of deposits with laminar structure in situ when it was evaluated in the laboratory using homogeneously reconstituted

samples. Ozener et al. (2008) presented the results of shaking table model tests and numerical modelling studies

which were carried out to gain insight to liquefaction mechanisms in layered sand deposits. The results revealed that

the presence of a less permeable silt interlayer within the sand deposit and existence of a loose sand layer underlying

dense sand deposits can have significant effect on the liquefaction behavior. These existing studies discussed earlier

indicated that the liquefaction and post-liquefaction deformation characteristics of the soils with layered structure are
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still in the exploration stage. And due to its unique structure and the high complex nature of liquefaction and post-
liquefaction deformation under various uncertain conditions, currently there is lacking research evidence to form a
general consensus within this research field.

When the liquefiable soils exist in the forms of layered structure, it is generally difficult to determine the liquefaction
properties of multi-layered soils through the properties of one-layer soil. In general, the liquefaction properties of
layered soils will be overestimated or underestimated by depending on the liquefaction evaluation criteria of a single
layer of soil. Also, The post-liquefaction deformation directly affected by the failure forms and the extent of damage
for the soils. The post-liquefaction deformation of the soils is also one of the important indicators for evaluating the
liquefaction properties. Therefore, in this paper, the liquefaction mechanism, post-liquefaction strength and failure
forms of saturated sandy samples with layered structure were studied. The research provides new evidence on the
mechanism of seismic liquefaction and post-liquefaction deformation damage for layered soils.

Experimental methodology

Materials

The testing materials used in this research were two different sandy samples: fine and powdery sandy particles. The
fine particles consists of pure sand with the particle size of 0.25~0.075mm. The powdery particle is composed of
quartz flour with the particle size less than 0.075 mm. The particle size distributions of the tested materials were
measured, and the measurements are presented in Fig. 1. Table 1 shows the key physical properties of the two types
materials. According to the Unified Soil Classification System (USCS), the two types materials can be both considered
as fine-grained soils. The shape of the two kinds of particles showed clear angular surface. For the fine particle, the
angular surface is macroscopic. However, the angular surface of powdery material is observed by scanning electron

microscope (SEM). The physical forms of the two materials are illustrated in Fig. 2.
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89 Fig.1. The curves of grain distribution
90 Table 1 Physical properties of the used materials.
Parameters Unit Fine-grained material ~Powdery material
Gy (specific gravity) - 2.665 2.705
Dy (particle size at 10% passing) mm 0.085 0.0052
D3 (particle size at 30% passing) mm 0.128 0.0179
Ds (particle size at 50% passing) mm 0.165 0.0330
Deo (particle size at 60% passing) mm 0.183 0.0385
Dy (particle size at 90% passing) mm 0.231 0.0637
C.=D¢o/D1 (coefficient of uniformity) - 2.153 6.885
C=(D30)*/(D10*Deo) (coefficient of curvature) - 1.053 1.600
A=(D9o-D10)/Dso (relative span factor) - 0.885 1.773
Classification - Fine-grained soil Fine-grained soil
ps, (density of the particles) g/em? 2.621 2.699
emax (the maximum void ratios) - 1.058 1.705
emin (the minimum void ratios) - 0.656 0.867
Shape of soil particle - Angular surface Angular surface

: EHT = 16.00 kv Signal A= SE2 Dato 22 Jul 2019
91 a = ’ WO = 89mm Mag= 100X Time 116:50:20

92 Fig. 2. The experimental materials. (a) Fine-grained material; (b) Powdery material; (¢) The SEM image of
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powdery material (magnified 100 times).

Equipment

The experimental equipment used in this research is the GCTS (Geotechnical Consulting & Testing System) STX-

050 pneumatic triaxial testing system. Its highest hydraulic pressure is 1MPa, and 250kPa is its highest gas pressure.

The axial displacement range is -25~25mm (this range is changeable). Conventional static and dynamic triaxial tests

can be performed by the GCTS STX-050 system. And this testing system can achieve cyclic loading of sine, triangle

and square waves under the stress or strain control with the maximum frequency 20 Hz. the system connection is

shown in Fig. 3. It should be noted that the pore water pressure transducer is located at the bottom of the tested

sample. The water connections in the lower part of the tested samples (shown in Fig. 3b) is connected to the pore

water pressure transducer (shown in Fig. 3a). This means that the excess pore water pressure generated at the loading

location needs to be transmitted throughout the whole sample and then reachs to the pore water pressure transducer.

hluc

.
BYPASS
valves

=
I A ive | Water connections

Fig. 3. The pneumatic triaxial connection system. (a) The diagram of control panel for the GCTS-STX-050

pneumatic triaxial testing system; (b) Actual diagram of the loading cell.

Testing program
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The experimental sample is placed in a container and added the deaired water to the vacuum cylinder for pumping
saturation (Skempton 1954). The sample preparation method is “soil sedimentation”, which greatly ensures the
relative density of different sand layers are similar (Chen and Liu 2004; Jia and Wang 2013). Using this method, the
mold with a stretched membrane was first filled with deaired water. Soil layers were then constructed by pluviating
equal amounts of soil prepared before from the given height and waiting for at least 1 hour ( about 2 hours for
powdery sand) for them to settle. Stratified soil samples with given void ratios could be closely constructed using
this method. At last, 5 kPa back pressure would be applied to the samples to make them stand straightly. The samples
to be filled are divided into three categories. The first category, the thickness of the powdery sandy interlayer was
controlled to be Omm, 20mm, 40mm and 60mm separately, and this interlayer was positioned in the middle of the
samples. The second category, powdery layer with a thickness of 40mm is located at the top, middle and bottom of
the samples. The third category, 2x20mm two-layered distribution of powdery sand. Fig. 4 shows the typical triaxial
testing samples. After constituting a sample, deaired water was circulated through the samples from the bottom to
the top and suitable back pressure (50 kPa in this study) was applied in order to saturate the materials. That means
that the remolding samples were saturated by hydraulic and back pressure combined method to ensure the Skempton’s
B-value is equal to or greater than 0.95. It should be noted that the ratio of the increase in pore water pressure to the
increase in confining pressure is Skempton’s B-value. The formula of Skempton’s B-value is shown in Eq.1. The

tested samples shall be considered to be saturated if the Skempton’s B-value is equal to or greater than 0.95.

B _value = 2% (1)
A0'3

Where, AU is the increase in pore water pressure (kPa), and Ao, is the increase in confining pressure (kPa).
And the samples were isotropic consolidation (the first stage shown in Fig.5). The completed consolidation is
determined when the drain valve was closed, and the pore water pressure no longer grows within 5 minutes period.

The table 2 below shows the experimental models with the thickness, location and layers of the powdery sand in each

(a) (b)
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Fig. 4. The triaxial specimens preparation. (a) 60mm powdery interlayer; (b) 2x20mm powdery layers.

Table 2. Experimental models showing the thickness, location and layers of the powdery material in each model

Powdery sandy layer

Model no. presence locations Thickness Layers
No  Yes Upper Middle Lower 20mm 40mm 60mm 100mm One  Two

Model 1 N N

Model 2 v N Y \

Model 3 v N S S

Model 4 v N S S

Model 5 v Y \ \/

Model 6 v \ \ S

Model 7 v v ~ N

Model 8 \ Y \ \ \

The diameter of testing samples is 50 mm, height is 100 mm (shown in Fig.4). The stratified sand samples are

consisted of two different types of sands (fine sand and powdery sand). A summary of the stain-controlled undrained

cyclic triaxial testing program and properties of tested samples are included in Table 3. The relative density of tested

samples can be calculated by (Jia and Wang 2013):

(§] —€
Dr,m —__ mxm - 2
enrax, m en’in,m
e"ﬁxv m = Z I:Rm,i (ermx,i +1)] -1 > emin,m = Z [Rm,i (emin,i +1)] -1 (3)
i=1 i=1

Where R.i; €mini» €max,i Stands for the percentage of dry weight, maximum void ratio and minimum void ratio of i

layer in the stratified soils, respectively.

Table 3 Properties of tested samples
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Model no. ps/[g~cm'3] e Dr,ﬁnc/[%] Dr,powdcry/[%] Dr,m/[%]

Model 1 2.621 0.980 19.4 19.4
Model 2 2.637 1.042 18.9 82.1 30.3
Model 3 2.652 1.076 19.1 84.6 42.4
Model 4 2.668 0.985 18.2 85.2 69.9
Model 5 2.652 1.076 19.4 83.5 42.4
Model 6 2.652 1.076 18.2 85.1 42.4
Model 7 2.652 1.076 18.7 83.6 42.4
Model 8 2.652 1.076 19.2 82.4 42.4

The samples loading history curve is shown in Fig. 5. It can be clearly seen from Fig. 5, the loading history curve
was divided into 3 stages. In general, liquefaction occurs mostly in shallow soil layers (within about 10 m). Therefore,
the effective consolidation confining pressure selected at the first stage (isotropic consolidation) is 50 kpa. In this
stage, we also assumed that the relative density of each sand layer is still at the same level after consolidation under
an effective consolidation confining pressure of 50 kPa. After the isotropic consolidation, the second stage is the
cyclic loading with the equal amplitude strain at 0.5% of whole sample height, and the frequency is 1 Hz. It should
be noted that when the excess pore water pressure inside the test samples reaches the effective confining pressure
( oi =U ), then the sample was liquefied. The samples were liquefied after certain number of cyclic loading, then the
third stage was carried out. The liquefied samples were subjected to an undrained static loading at a strain rate of 5%

per minute to analysis the post-liquefaction deformation. The maximum loading displacement was set at 25%.

o'ctFa
i
i S E
= | WA e
= ' —G'c B
2] - n
E = = =
s ncly,t(j e
< <
o 0 .
Time
First stage Third
stage

—> < > Second stage —

Isotropic Constant amplitude Static
consolidation cyclic loading loading

Fig. 5. Loading history curve

Results and Discussion



157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

In this section, the test results and the subsequence analysis of liquefaction, post-liquefaction strength and failure
forms will be presented against various experimental settings, such as varying thicknesses and locations of the
powdery interlayer, as well as multiple interlayers. The post-liquefaction strength of the studied materials can be
directly reflected by their deviator stress. And the development of post-liquefaction deviator stress is closely related
to the pore water pressure. Therefore, the development of deviator stress and pore water pressure will be firstly
examined to analyse the process of strength recovery. Then, the descriptions of the tested results and discussions of
liquefaction, post-liquefaction strength and failure form with different samples will be followed.

Material post-liquefaction strength and pore water pressure under static loading

In this part, a pure fine particle sample (model 1) is taken as an example to investigate the development of its strength
(deviator stress, Sd) and pore water pressure (PWP) under an undrained static loading at a strain rate of 5% per minute
after liquefaction. In a triaxial test, the deviator stress is the difference between the major and minor principal stresses
which is related to the axial load applied to the sample. Fig. 6 shows the deviator stress and pore water pressure
changes of the sample during static loading after liquefaction (the final stage in Fig. 5). It should be noted that the
change of the pore water pressure in Fig. 6 starting at 100 kPa. This is because that the sample has a back pressure

of 50 kPa (As mentioned above) for reaching saturation before the cyclic loading.

E J ¢
I M 600
/

150

Deviator Stress
1450

Pore Water Pressure (kPa)
Sd - Deviator Stress (kPa)

I 4300
Stage Pore Water Pressure
S0F ) N
L f’ 4150
. e Tt
100 by Stage Stage: Stage
a r,‘l @ @ - _:l )]
-150 L 1 L 1 1 0
0 5 10 15 20 25

Ea - Axial Strain (%)
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Fig.6. The deviator stress and pore water pressure curves of the sample during static loading after liquefaction

It is evident from Fig. 6 that the decrease of pore water pressure is associated with the increase of the deviatoric stress

during the static loading test after liquefaction. And it can be clearly seen from Fig.6 that the two curves have a one-

to-one relationship. From the changing tendency of the two curves, the development process of Sd and PWP can be

roughly divided into four stages.

In the first stage (a-b section for Sd, a™-b’ section for PWP), the initial pore water pressure (point a’ shown in Fig. 6)

is equal to confining pressure (o¢), and the tangent modulus is also close to zero (point @). As the pore water pressure

gradually dissipates, the deviator stress slowly increases. And the curve of deviator stress is the concave type. The a-

b is the material strength recovery stage. The second stage (b-¢ and b'-¢’ section for Sd and PWP), the pore water

pressure almost linearly dissipates and in the meanwhile, the deviator stress increases. The slope of the deviatoric

stress curve is the elastic modulus (£;shown in Fig.6) of the sample after liquefaction. And the b-c¢ segment is regarded

as the elastic phase. The third stage (c-e and c¢'-e' section for Sd and PWP), with the increase of axial displacement,

the decrease of pore water pressure and the growth rate of deviatoric stress were slowing down. Then the

unrecoverable plastic deformation was formed. The c-e segment is therefore regarded as the plastic phase. During

the fourth stage (e-f'and e'-f" section for Sd and PWP), after reaching the peak strength (point e), the sample enters

the failure stage. Then, with the increase of axial displacement, the pore water pressure and deviatoric stress are no

longer changing significantly.

Effect of powdery interlayer with different thickness

The influences of powdery interlayer with the different thickness on liquefaction and post-liquefaction deformation

were examined using Models 1 to 4 in Table 1 (see Table 1, with interlayer thickness at 0 mm, 20 mm, 40 mm & 60

mm). Fig. 7 depicts the changes of the pore water pressure u (kPa) with the number of loading cycles N under the

constant amplitude strain cyclic loading.
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Fig.7. Relationship between pore water pressure and number of loading cycles with different thicknesses of

powdery interlayer.

The black line (¢'.=u) is a the liquefied marker in Fig. 7. It can be seen from Fig. 7 that the pore water pressure

shows different growth trends under the constant amplitude strain cyclic loading when the thicknesses of interlayer

are different. Broadly speaking, the powdery interlayer reduces the growth rate of pore water pressure, more loading

cycles are needed to reach the effective confining pressure (6':), and in the meantime liquefaction is resulted. When

varying the thickness of the interlayer from 0 mm, 20 mm, 40 mm, and 60 mm (ref. Models 1~4), the numbers of

loading cycles required for liquefaction are 40, 53, 93, and 55 times, respectively.

With Models 2 and 4 (20 mm and 60 mm interlayers), the loading cycles required to reach liquefaction are similar,

while model 3 with 40 mm interlayer needed more loading cycles to reach liquefaction. It is clear that the number of

loading cycles needed to reach liquefaction are not linearly correlated with the thicknesses of the interlayer. This

phenomenon was also confirmed in Jia and Wang's study (Jia and Wang 2013). It is also evident that an optimal

thickness of the interlayer exists which can maximize the loading cycles/times required to reach liquefaction. When

the thickness of the powder interlayer is less than the optimal thickness, more loading cycles are needed with the

increase of the interlayer thickness. On the contrary, when the interlayer thickness is larger than the optimal thickness,



211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229

numbers of loading cycles needed to reach liquefaction are decreased with the increase of the interlayer thickness.

From the microscopic perspective, due to the presence of the powdery interlayer, the permeability of the whole

sample will be changed. The permeability of the powdery layer is lower than that of the fine layer, which requires

more loading cycles to break the powdery structure (Huang and Zhao 2018). In addition, when the pore water pressure

encounters the powdery layer with smaller permeability, the powdery layer slows down the transport of pore water

pressure. With the increases of the powdery layer, the powdery interlayer plays a more significant role in the samples.

The smaller size materials are more liable to liquefy than the bigger ones under the same loading conditions (Lee et

al. 2015). When the thickness of the powdery interlayer is larger than the optimal thickness, it can accelerate the rate

of liquefaction, and cause a decrease in the required loading cycles for liquefaction. In order to explain that the

liquefaction can be accelerated when the thickness of the powdery interlayer is larger than the optimal thickness, the

liquefaction test of the 100 mm powdery sand is added in this study. The test result was shown in the Fig. 7. The test

result shows that the sample can be liquefied only by 18 loading cycles. This means that under the same conditions,

powdery sand is easier to liquefy than fine sand. And the powdery interlayer can both hinder and accelerate

liquefaction. This depends on the thickness of the powdery interlayer.

After the consolidation and liquefaction processes were completed, the samples were subjected to the static loading

with the strain rate of 5% per minute under undrained condition. With the static loading, the pore water pressure of

the samples is gradually decreased, the deviatoric stress or strength are gradually recovered (shown in Fig.6). Fig. 8

shows the deviator stress and normalized pore water pressure curves of the samples with different thickness of

powdery interlayer during static loading after liquefaction.
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Fig. 8. The deviator stress and normalized pore water pressure curves of the samples with different thickness
of powdery interlayer during static loading after liquefaction. (a) Relationship of axial strain and deviator stress; (b)
Relationship of axial strain and normalized pore water pressure..
As shown in Fig. 8(a), when the thickness of the powdery interlayer is increased, the peak value of the deviatoric
stress will be decreased. This indicates that the presence of the powdery interlayer can significantly affect the large
deformation strength of the sample after liquefaction. The difference in compression and dilatancy properties of the
two materials in the tested samples have a large effects on the overall failure mode of the samples. For example,
when the thickness of powdery interlayer is 60mm (model 4), the peak value of deviator stress is significantly reduced,
which is related to the failure form of the samples (ref: Fig. 9). And it also can be seen from Fig. 8(b), With the
continuous thickening of the powdery interlayer (from 0 mm to 60 mm), the slope of the normalized pore water
pressure curve gradually decreases. This indicates that the decrease rate of the pore water pressure is weakened due
to the presence of the powdery interlayer. This phenomenon is caused by the presence of a lower permeability
powdery interlayer which changes the permeability of the whole samples. For the 4 cases examined (Model 1 to 4)
there are differences in the failure forms under axial static loading after liquefaction. Fig. 9 shows the failure forms

of samples with the different thickness of powdery interlayer under axial static loading after liquefaction.
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Fig. 9. The failure forms with different thickness of powdery interlayer under axial static loading

(a) Omm (b) 20mm (c) 40mm (d) 60mm

The fracture form of saturated uniform fine-grained sample (model 1) showed double main cracks with an "X" shape

as shown in Fig. 9(a) under axial static loading after liquefaction. When the powdery interlayer is at 20mm (model

2), the dilatancy zone of the sample is not affected by the interface between the two different materials, and the entire

interlayer was completely dilated. The failure form is similar to the uniform fine-grained sample (model 1) with an

“X” shape. At the intersection of the cracks, the deformation of the powdery layer is obvious, as shown in Fig. 9(b).

When the powdery interlayer is at 40mm (model 3), the fracture form becomes single diagonal crack, and the crack

starts from the fine-grain layer as shown in Fig. 9(c). It indicates that the powdery and fine particles are filled with

each other during the liquefaction process between their interfaces. And the interfaces between the two different

materials are relatively stable. When the interlayer is at 60mm (model 4), the dilatation zone is the powdery layer,

and the initial crack located at the powdery layer rather than at the interface between the two different materials. Two

diagonal cracks with an "V" shape are generated in the powdery area, as shown in Fig. 9(d). Fig. 9 clearly shows that
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the presence of the powdery interlayer has an important influence on the failure forms under the axial static loading

after liquefaction.

Effect on the powdery sand with different locations

According to the above research, when the thickness of the powdery interlayer is 40mm, the sample has the best

resistance to liquefaction. Therefore, the influences of the powdery interlayer locations on liquefaction and post-

liquefaction deformation were examined using the 40 mm thickness powdery interlayer Models 3 (middle), 5 (top)

& 6 (bottom) in Table 1. The relationships of the pore water pressure « and the number of cyclic loading cycles N for

these samples under constant amplitude strain cyclic loading is shown in Fig. 10.
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Fig. 10. Relationship of loading cycles and pore water pressure with different locations of powder layer
The different locations of powdery interlayer have obvious influences on the growth of pore water pressure. When
the powdery layer is located on the top (model 5), the sample is liquefied by reaching to effective confining pressure
(o) after only 17 loading cycles. The particle size of powdery material is much smaller than fine particle, which
leads to a rapid increase of the pore water pressure under the same cyclic loading in the powdery layer. For model 5,
the pore water pressure is rapidly generated in the powdery layer on the top of the sample. The fine-grain layer

beneath the powdery layer has a relatively large permeability, the transmission of pore water pressure is relatively
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easy. When the powdery layer located at the middle (model 3), the sample was liquefied after 93 loading cycles.

Compared with Model 5, the pore water pressure is effectively blocked by the low-permeability powdery interlayer.

When the powdery layer is located at the bottom (model 6), the pore water pressure is generated in the fine-grain

layer. The particle size of the fine-grain material is bigger than powdery material, it is not easy to liquefy under the

same conditions. And due to the effective blockage of the bottom powdery layer, more loading cycles (N=155) are

needed to reach liquefaction under the same loading conditions. The testing results show that the obstruction of fine-

grained layer on the pore water pressure generated by the powdery layer can be neglected, while the obstruction of

the powdery layer on the pore water pressure generated by the fine-grained layer is obvious.

An undrained axial static loading tests were performed on the liquefied samples with different locations of powdery

layer. The different failure forms under static loading after liquefaction are shown in fig. 11. When the 40 mm

powdery layer is located at the top (model 5 in table 1), the dilatation zone is the fine-grain layer, and the interface

of two different materials is located at the top edge of the dilatancy zone, as shown in Fig. 11(a). With the development

of dilatancy deformation, the interface is firstly destroyed, and the crack develops downward from the interface.

When the powdery layer is located at the middle (model 3), a main diagonal crack is present as shown in Fig. 11(b).

When the powdery layer is located at the bottom (model 6), the dilatation zone is fine layer, and the interface is

located at the bottom edge of the dilatation zone. And the interface is firstly destroyed, showing a "shedding" type of

failure form, as shown in Fig. 12(c). According to the testing results, when the powder layer is located at the top and

bottom of the samples, the interface has strong influences on the failure forms.
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Fig. 11. The static loading failure forms under different locations of powdery layer

Based on the consideration of different positions of powdery layer in testing samples, the deviator stress and

normalized pore water pressure curves of the samples with different locations of powdery sand during static

loading after liquefaction were shown in Fig. 12.
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Fig. 12. The deviator stress and normalized pore water pressure curves of the samples with different locations

of powdery sand during static loading after liquefaction. (a) Relationship of axial strain and deviator stress; (b)

Relationship of axial strain and normalized pore water pressure.
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From, the Fig. 12(a), it can be clearly seen that the post-liquefaction deformation strength (Sd) of the samples with

different positions of powdery layer is quite different. When the 40mm powdery layer is located at the middle (model

3 in table 1), the strength is significantly higher than that at the top and bottom. This is reflected by the failure forms

of the samples. When the powdery layer is located at the top (model 5) and the bottom (model 6), the failure occurs

at the interface between the two different materials (shown in fig.11a, 11¢). When the powdery layer is at the middle,

the failure occurs across the powdery layer diagonally. This implicates that the failure forms of the samples directly

influence the deformation strength after liquefaction. It also can be seen from Fig. 12(b), although the thickness of

the powdery sand is same in the samples, there is still a significant difference in the decrease rate of the pore water

pressure due to the different positions of powdery sand. This result shows that the position of the powdery sand in

the samples can significantly affect the decrease of the pore water pressure. When the powdery layer is located at the

bottom of the sample, it can effectively hinder the decrease of pore water pressure, and its decrease rate is the slowest.

This is because the pore water pressure is effectively hindered by the lower permeability powdery sand during the

decrease process. However, when the powdery sand is at the top of the sample, the larger permeability of the fine

sand at the bottom has no obvious effect on the pore water pressure, and the pore water pressure decrease at the

fastest rate.

Effect on the powdery sand with two layers

The effect of two-layer distribution of powdery particles on the liquefaction and the post-liquefaction deformation

was also examined. Two testing samples (model 7 in table 1: five layers from bottom to top, two layers of 20mm

powdery sands separated by 20mm fine sands in the middle (refer Fig.15a); Model 8: from bottom to top are powdery

layer 20mm, fine-grain layer 60mm and powdery layer 20mm, respectively, see Fig. 15b). The relationship between

the cyclic loading times and pore water pressure of the samples with two-layer powdery layers, as shown in fig.13.
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321  Model 7 requires 189 loading cycles to reach the effective confining pressure (¢'¢), then the sample was liquefied.
322  However, only 26 loading cycles were needed for model 8 to reach the liquefied state. The required loading cycles
323  for the two samples are significantly different. The pore water pressure of model 8 was generated in the top fine-
324  grained layer, while for model 7 this was produced in the powdery layer. The two-layer distribution of the powdery
325  layer (20mm each, model 7, 189 loading cycles before liquefaction) is more effective in blocking pore water pressure
326  than single layer (40mm, model 3, 93 loading cycles) distribution. By comparing model 4 (60mm powdery layer as
327  an interlayer, 55 loading cycles) and model 8 (60mm fine-grained layer as an interlayer, 26 loading cycles), the
328  powdery interlayer tends to have relatively larger resistance to liquefaction than that of the fine-grained interlayer.
329  The liquefied samples were then subjected to axial static loading. The deviator stress and normalized pore water
330  pressure curves of the samples with two-layer powdery sand during static loading after liquefaction were shown in
331  Fig. 14.
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Fig. 14. The deviator stress and normalized pore water pressure curves of the samples with two-layer powdery
sand during static loading after liquefaction. (a) Relationship of axial strain and deviator stress; (b) Relationship of

axial strain and normalized pore water pressure.

The strength (reflected by the deviator stress of materials) to resist post-liquefaction deformation for model 7 is
significantly higher than that of model 8, as shown in Fig. 14(a). This is also thought to be due to the differences in

failure forms. Fig. 15 shows the failure forms of two specimens under static axial loading.
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Fig. 15. The static loading failure forms of model 7 and 8 after liquefaction
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The failure crack of model 7 appears at the interface of the bottom edge of dilatancy zone. The second powdery

interlayer was firstly destroyed, and the two main cracks present an inverted "V" shape. The powdery and fine layers

had obvious fault in the failure zone. Due to the destruction of the interface, the dilatancy zone has not been fully

developed, resulting the lower strength of model 7. The dilatancy zone of model 8 was within the fine-grain layer,

and two interfaces between the two materials are the top and bottom boundaries of dilatancy zone. As the axial strain

increase, the failure produced at the top boundary. The whole sample exhibits a "plug-in" failure form. The sample

is fully compressed, and its compressive strength is fully utilized. Similarly, as can be seen from Fig. 14(b), the pore

water pressure decrease rate of Model 8 is significantly faster than that of Model 7. This shows that the two-layer

powdery sand at the middle of the sample has a significant hindrance to the decrease of pore water pressure. However,

when the middle layer is fine sand, the hindrance to the pore water pressure is not obvious.

Conclusions

In this study, the triaxial experiments were carried out by using GCTS-STX-050 dynamic triaxial testing system to

study the liquefaction and post-liquefaction deformation of saturated sand with stratified structure. Different

thicknesses, locations and layers of powdery and fine sands were considered in the testing samples. The key findings

are as follows:

(1) When considering the different thickness of the powdery interlayer in the testing samples, the results show that

the presence of the powdery interlayer can effectively hinder the transmission of excess pore water pressure. The

cyclic loading required for liquefaction is nonlinear with the thickness of powdery interlayer. There is an optimal

thickness that can potentially maximize the number of cyclic loading required for liquefaction. The failure forms of

post-liquefaction deformation are closely related to the thickness of the powdery interlayer. Thicker powdery

interlayer leads to a higher strength under static loading after liquefaction.

(2) When the powdery layer is located at different positions of the stratified samples, the results show that the
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powdery layer can effectively block the transmission of pore water pressure generated by the fine-grained layer.
However, the fine-grained layer does not effectively hinder the transmission of pore water pressure generated by the
powdery layer. The failure forms of post-liquefaction deformation were greatly restricted by the interface between
the two different materials.

(3) The distribution of two-layer powdery interlayer sand in the sample was more favorable to resist pore water
pressure than that with single layer. And the powdery layer as an interlayer has larger resistance to liquefaction than
that fine-grained layer as an interlayer.

The research findings clearly demonstrated that the existence of smaller particle layer may speed up or slow down
the process of liquefaction, the relative thickness and distribution of the smaller particle layers also have significant
influences on the deformations of materials. From the testing results in this study, it is expected to reduce the
possibility of soil liquefaction by changing the structure for the liquefiable soil (e.g. add a low permeability interlayer,
etc.) in the engineering practice . Also, these findings show firsthand research evidence on material strength of various
types of layered soils, they provide practical implications on judging the geological stability of regions with similar
layered soils structures.
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