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Liquefaction of silty sands remains an outstanding issue since it continues to lead to catastrophic consequences in
recent earthquake events. The cyclic characteristics, such as cyclic failure pattern and cyclic resistance, are the
fundamental aspects of liquefaction analysis. The difficulty and uncertainty of characterization and evaluation of
cyclic behavior and liquefaction resistance of silty sand mainly come from the complicated interactions of
various influencing factors, such as packing density, confining pressure, initial shear stress, cyclic loading
amplitude, soil properties, and soil fabric. This study presents a series of laboratory testing results to identify the
cyclic failure patterns of silty sands considering different soil states, fines contents, initial static shear stress, etc.
It is found that the failure patterns are related to the states of soils and the cyclic loading characteristics, i.e., the
combination of initial shear stress and cyclic loading amplitude for silty sands with similar soil fabric, and that
the cyclic resistance of silty sands is also a function of soil states and initial static shear stress for similar soil
fabric. Critical state soil mechanics is implemented to characterize the cyclic failure patterns and cyclic resis-

tance. Implications of the present study to the existing liquefaction assessment methods are also discussed.

1. Introduction

Soil liquefaction tremendously threatens earth structures during
earthquake events and has drawn significant engineering concern since
the 1964 Niigata earthquake, but it remains an unsolved problem in
both engineering practice and scientific research even after decades of
investigations. Identifying cyclic failure patterns and evaluating the
cyclic resistance of sand are two fundamental aspects of liquefaction
assessment [1]. Previous investigations have revealed that both cyclic
failure patterns and liquefaction resistance are influenced by the initial
states (i.e., the packing densities and the effective confining pressures)
of given sand [2-8]. In addition, the presence of initial static shear stress
(zs), which is induced by sloping ground or existing structures (Fig. 1(a)
and (b)), can also alter the cyclic resistance and the failure pattern [2,3,
9-14], by changing the characteristics of the seismic stress cycles (Fig. 1
(c)-(e)). However, there is no reliable method to evaluate the cyclic
resistance and predict the failure patterns of sands with the presence of
initial static shear stress.

Experimental studies based on test data of clean sands have
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identified several typical cyclic failure patterns, and found that the
packing density of sand and the stress reversal condition of the cyclic
loading are two major factors controlling the cyclic failure patterns (e.g.,
Refs. [11,15-18]). Some researchers also suggested that there could be
correlations between the monotonic and the cyclic soil responses, sug-
gesting possible ways to predict the failure pattern of sands subjected to
cyclic loadings [10,19]. However, these prediction methods were not
comprehensive because most of these studies were based on limited
testing conditions and were not able to reveal the complicated in-
teractions among multiple influencing factors (e.g., packing density,
effective stress, initial static shear stress, and the stress reversal condi-
tion of the cyclic loading).

In practice, the initial static shear stress is usually represented by a
dimensionless quantity, known as the initial static shear stress ratio, a,
which is calculated by a = 75/6'yp (¢'vo is the initial vertical effective
stress). The initial static shear stress may have either beneficial (e.g.,
Ref. [4]) or detrimental (e.g., Ref. [20]) impacts on the cyclic resistance
ratio of sands. Harder and his co-workers [21,22] compiled a database
from published literature and suggested positive effects of a for sands
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with relative densities of 55-70%, negative for sands with relative
densities of 35%, and intermediate for medium dense sands (relative
density of 45-50%). This proposal has been discussed by the National
Center for Earthquake Engineering Research (NCEER) [23], however,
NCEER recommended it not be used by non-specialists or in routine
engineering practice [23] because of the poor convergence and consis-
tency in the database and analysis. In recent years, continuous in-
vestigations further confirmed that the effect of initial static shear stress
depends on the packing density and effective stress [2,9,12,24,25].
Boulanger [9] characterized the effects of initial static shear stress on
cyclic resistance using the relative state index. Yang and Sze [2,24]
proposed a critical state-based framework to characterize the effects of
initial static shear stress on the liquefaction resistance of clean sands,
with unified and combined consideration of the effects of packing den-
sity and effective stress through the state parameter [26]. These in-
vestigations also indicated that the effect of initial static shear stress can
be influenced by the state of sand. However, Harder’s proposal [21,22]
did not properly consider the impact of confining pressure on the effects
of initial static shear stress on cyclic resistance of sands, and this may
partly explain the poor convergence of their proposal.

Because of difficulties in retrieving undisturbed sand samples for
laboratory testing, different sample preparation methods were devel-
oped to simulate the deposition process of the tested soils aiming to
replicate the in-situ soil fabric. Experimental results have indicated the
mechanical behaviors of sands are affected by sample preparation
methods under otherwise similar conditions [27-29]. Regarding the
cyclic behaviors and resistance against liquefaction, the influence of
fabric is complicated. In addition to the initial states of sands, experi-
mental investigations have found that specimens reconstituted by
different sample preparation methods can have different cyclic failure
patterns and cyclic resistance even for the same initial state [11,28,30,
31]. For example, Tatsuoka et al. [32] reported that the cyclic resistance
of sand prepared by moist tamping is significantly higher than that of
sand prepared by air pluviation when the relative density is larger than
70%, but the cyclic resistance of sand prepared by the two methods
remain nearly the same for lower relative densities. Sze and Yang [11]
reported that a moist-tamped specimen with a relative density of 50%
exhibited cyclic mobility under cyclic loading, but a dry-deposited
specimen exhibited a failure pattern known as limited flow followed
by cyclic mobility under otherwise similar conditions. Several recent
investigations [11,33] indicated that cyclic characteristics of clean sands
can be even more complicated when the effects of initial fabric and
initial static shear stress were combined. However, it is worth noting
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that the existing studies mainly used clean sand specimens consolidated
to a zero-initial static shear stress, further investigation is needed for
silty sands to take into account the initial fabric and initial static shear
stress.

Reconstituted clean sand specimens have been extensively used in
laboratory investigations, however, silty sands widely exist in nature
and engineering projects. Case histories in recent earthquake events
indicate that liquefaction characteristics of silty sands are not yet fully
understood [34-37]. Most of these existing studies about silty sands
investigated the effects of fines content on the cyclic resistance (e.g.,
Refs. [38-45]). There appears an agreement that the liquefaction
resistance decreases with increasing fines content for silty sands with the
same void ratio and confining pressure when the fines content is smaller
than a transition fines content [41-43,46,47], given that the transition
fines content represents that the micro-structure turns from
sand-dominant to fines-dominant [48]. Wei and Yang [49] reported that
such a decrease in cyclic resistance due to the addition of fines is pri-
marily related to the size disparity ratio between the coarse and the fine
particles. Recently, a series of experiments conducted by Wei and Yang
[3] indicated that fines content can alter the effects of initial static shear
stress on the cyclic resistance for a given initial state in terms of void
ratio and effective stress, while Pan et al. [50] compared the cyclic
resistance of clean Fujian sand and its mixture with crushed silt (FC =
10%) for relative density around 40%, and found that the cyclic re-
sistances of the clean and the silty sand are almost the same for a variety
of initial static shear stress levels. Nevertheless, most of the previous
investigations on liquefaction characteristics of silty sands merely
considered complex interactions between the initial static shear stress
and the state of sand.

According to the aforementioned literature review, it is of interest to
characterize the combined effects of initial static shear stress and soil
fabric on the liquefaction characteristics of silty sands with different
initial states. This study presents a structured experimental program
together with a detailed analysis of the failure patterns and cyclic
resistance of silty sands under a variety of initial states of soil and
loading conditions. Effects of initial static shear stress and fabric are
characterized in the framework of critical state soil mechanics, and
implications for practical engineers are also discussed.
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Fig. 1. Presence of initial static shear stress and stress reversal conditions.
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2. Experimental program
2.1. Materials

Toyoura sand (TS) is uniform silica sand that consists of mainly sub-
angular particles, and it has been widely used in studies about soil
liquefaction. In this study, non-plastic crushed silica fines, with angular
particle shape, were added into Toyoura sand at different fines contents
(FC) to form silty sands, which are denoted by TSS with a number
indicating the fines content (e.g., TSS10 is the silty sand with FC = 10%).
Noting that the sand and the silt are different in particle shape, a recent
study [51] has shown that the particle shape of the base sand and the
particle size disparity are two major factors controlling the cyclic
behavior and resistance of silty sands, while the particle shape of fines
appears to play a negligible role. The particle size distribution curves of
the tested materials are presented in Fig. 2, and the basic properties of
these materials are summarized in Table 1.

2.2. Testing procedures

Cyclic triaxial tests were conducted on specimens prepared by
different sample preparation methods. The moist tamping and dry
deposition methods were adopted to prepare specimens (diameter =
71.1 mm, height = 142.2 mm) with different soil fabrics. For the moist
tamping method, the sand was uniformly mixed with water at a water
content of 5% by mass. Then, a pre-determined amount of wet sand was
poured into the split mold and compacted with a metal tamper to a
prescribed layer height. The mold was filled with six layers of compacted
sand. For the dry deposition method, oven-dried sand with a pre-
determined mass was deposited into the split mold using a funnel. The
funnel tip was maintained at a minimal height of drop above the sand
surface, aiming to minimize the deposition potential energy to achieve a
minimum possible density. Denser states of the specimen can be ach-
ieved by taping the periphery of the mold uniformly.

Noting that the degree of saturation significantly influences the
liquefaction behaviors soils [52,53], two-stage saturation procedures
were performed. The first stage is the percolation of CO followed by the
circulation of de-aired water. In the second stage, the specimens were
further saturated by increasing the back pressure to at least 300 kPa or
achieving a B value of at least 0.98. After the specimens were fully
saturated, they were consolidated to the desired stress state. In triaxial
tests, the stress state on the maximum shear stress plane (the inclined
plane with an angle of 45° to the horizontal plane) is used to simulate the
stress state on the horizontal plane of a soil element that is subjected to
seismic loading. The specimen was consolidated isotropically and
anisotropically for a stress state with zero and non-zero initial static
shear stress, respectively. In particular, anisotropic consolidation was
achieved by increasing the axial and radial stresses in small increments,
maintaining a constant stress ratio until the desired stress condition was
reached. The initial static shear stress ratio, «, is defined by the following
equation for the triaxial condition,

100 A 00—
—O— Toyoura sand
------ A+ Silica silt

80 I — @ -TssI0
-=-@--- TSS20

Percentage finer: %

0.001 0.01 0.1 1

Particle size: mm

Fig. 2. Particle size distribution and SEM images of the tested materials.
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Table 1
Material properties.
Material Mean Coefficient of Coefficient of Specific
particle size,  uniformity, C, curvature, C. gravity, G
Dso
(mm) ) ) )
Toyoura 0.199 1.367 0.962 2.64
sand
Crushed 0.053 2.176 1.765 2.65
silica silt
_ qs 0y — 03 [6))

26, 0, + 0,
where g is the initial static deviatoric shear stress; 6'nc = (6'1c + 6'3c)/2,
is the post-consolidation effective normal stress on the maximum shear
stress plane of the specimen, after consolidation; ¢’1. and ¢’3. are the
post-consolidation axial and radial effective stresses, respectively. The
mean effective stress after consolidation (p’.) can be calculated based on
the prescribed value of « and ¢, using the following equation

r=(1-3). @

After consolidation, sinusoidal deviatoric stress cycles with an
amplitude of gy were applied to the specimen under undrained con-
dition. The amplitude of the cyclic loading is characterized by the cyclic
shear stress ratio, CSR, defined as follows.

CSR = Jox 3)
20

ne

The testing program (Table 2) covered a range of fines contents (FC
= 10% and 20%), packing density (post-consolidation void ratio, e, ~
0.920-0.680), effective confining pressure (¢'p. = 40-300 kPa), and
initial static shear stress ratio (a = 0-0.4).

3. Cyclic failure characteristics
3.1. Typical failure patterns

The typical failure patterns can be categorized into three general
types, namely flow-type failure, cyclic mobility, and strain accumula-
tion. The flow-type failure can be further divided into two sub-types,
namely unlimited flow failure and limited flow failure. The packing
density of the specimen is one of the major factors affecting the failure
patterns.

For specimens at a very loose state, unlimited flow failure may take
place. Fig. 3(a) presents the test result of a typical unlimited flow failure
for a specimen with e. = 0.906 and a = 0. The three plots in Fig. 3(a) are
the stress-strain relationship (q-e,), stress path in the g-p’ plane, and
excess pore water pressure (Au) generation with the number of stress
cycles (N). The unlimited flow failure, once triggered, is characterized
by a rapid increase of the axial strain to a very large level (e; > 20%),
while no significant accumulation of the pre-failure axial strain is
observed (e, < 5%). It is also observed that the excess pore water
pressure developed with cyclic loading until a certain level that triggers
the flow failure. For the case shown in Fig. 3(a), Au increases to the
effective confining pressure causing zero effective stress after the rapid
flow deformation of the specimen. Fig. 3(b) presents one more example
of unlimited flow failure for a loose specimen (e. = 0.907), but with a =
0.4. Similarly, the specimen only developed a limited level of excess
pore pressure and a small level of axial strain before the flow was trig-
gered, but the axial strain developed to a level exceeding the limit of the
apparatus (¢, > 20%) suddenly resulting in a zero effective stress in the
end. The small pre-failure strain accumulation and limited pore pressure
generation make the unlimited flow failure difficult to be monitored and
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Table 2
Testing program.

Material FC  SPM e 0 e a Test purpose
% kPa
TSS10 10  Moist 0.910 100 0 CRR + failure
tamping pattern
0.903 100, 0,0.1, CRR + failure
300 0.25, 0.4 pattern
0.873 100 0, 0.4 Failure
pattern only
0.861 100 0.25, 0.4 Failure
pattern only
0.858 100 0 Failure
pattern only
0.847 100 0,0.1, CRR + failure
0.25, 0.4 pattern
0.837 100 0.4 Failure

pattern only

0.791 40,100, 0,0.1, CRR + failure

300 0.25, 0.4 pattern
0.717 100 0 CRR + failure
pattern
10 Dry 0.847 100 0, 0.1, CRR + failure
deposition 0.25 pattern
0.791 100 0, 0.25, CRR + failure
0.4 pattern
0.746 100 0 Failure
pattern only
0.717 100 0 Failure
pattern only
0.680 100 0 CRR + failure
pattern
TSS20 20  Moist 0.920 100 0 CRR + failure
tamping pattern
0.903 100 0, 0.1, CRR + failure
0.25, 0.4 pattern
0.847 100 0 CRR + failure
pattern
0.810 100 0 Failure
pattern only
0.791 40, 100, 0,0.1, CRR + failure
300 0.25, 0.4 pattern
0.727 100 0 Failure
pattern only
0.717 100 0 CRR + failure
pattern
20 Dry 0.791 100 0,0.1, CRR + failure
deposition 0.25 pattern
0.680 100 0 CRR + failure
pattern

forecasted, while the rapid flow deformation usually causes catastrophic
consequences. A major difference between the failure characteristics of
the two specimens in Fig. 3 is the direction of flow. For the specimen
with @ = 0, the specimen failed on the triaxial extension side, but the
specimen with a = 0.4 failed on the triaxial compression side. This is due
to biased cyclic stress caused by the presence of initial shear stress.
For relatively dense specimens, there are two types of failure patterns
known as cyclic mobility and plastic strain accumulation, depending on
the reversal conditions of the cyclic stress. Fig. 4(a) presents a specimen
loaded by reversed stress cycles, exhibiting typical cyclic mobility. The
excess pore pressure increases while the effective stress decreases
cyclically until a state called “initial liquefaction” is reached, at which
the effective stress transiently equals zero for the first time. The spec-
imen undergoes two transient liquefaction states during each subse-
quent stress cycle when the deviatoric stress reverses its direction (i.e., q
reaches zero), and large deformation takes place when the state of the
specimen is reaching the transient liquefied state showing extremely low
stiffness. Then, the stiffness and the strength of the specimen recovered
due to dilation in the following loading process. Cyclic mobility can take
place for either @ = 0 or a # 0, as long as the cyclic stress reverses its
direction (i.e., Fig. 1(c) and (d)). Fig. 4(b) presents an example of plastic
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strain accumulation, which occurs if the cyclic stress does not reverse its
direction (i.e., Fig. 1(e)). The major characteristic of this type of failure
is the continuous accumulation of irrecoverable strain (i.e., plastic
strain) in each stress cycle. The generation of excess pore pressure can be
limited and the effective stress may not decrease to zero along with the
loading cycles. For the specimen shown in Fig. 4(b), negative excess pore
pressure was generated in the first a few stress cycles owing to dilation of
the specimen.

The limited flow failure can take place in specimens with a packing
density between the specimens shown in Figs. 3 and 4. The limited flow
failure is also characterized by a small strain accumulation and cycli-
cally increased pore pressure before triggering the flow deformation,
similar to unlimited flow failure. Once the flow is triggered, the spec-
imen deforms in a sudden and rapid way, but the deformation ceases
after a certain level. Then, the specimen may exhibit cyclic mobility for
specimens loaded with stress reversal (Fig. 5(a)) or plastic strain accu-
mulation for specimens loaded without stress reversal (Fig. 5(b)).

3.2. Factors affecting failure patterns

In addition to the packing density, other factors, such as effective
confining pressure and initial fabric, could also alter the failure pattern
of the specimens. Fig. 6 presents an example that confining pressure can
change the failure patterns. When the effective stress is 100 kPa, the
TSS20 specimen with an initial void ratio of 0.796 exhibited plastic
strain accumulation under the condition of CSR = a = 0.4 (Fig. 6(a)).
However, when the effective stress is 300 kPa, the TSS20 specimen with
the same initial void ratio (e, = 0.796) exhibit flow-type failure for a =
0.4, while CSR = 0.25 (Fig. 6(b)). This is because that increasing the
confining pressure makes the specimen more contractive, and flow-type
failure takes place when the specimen is at a more contractive state than
those exhibit cyclic mobility or plastic strain accumulation.

Fig. 7 presents an example that the failure pattern is affected by the
loading condition (i.e., cyclic stress amplitude in this case). The two
specimens with nearly the same void ratio (e. = 0.847 and 0.849) were
loaded by fully reversed stress cycles (i.e., @ = 0) with different CSR. For
CSR = 0.15, cyclic mobility is observed as shown in Fig. 7(a), while for
CSR = 0.2, limited flow failure takes place as shown in Fig. 7(b). The
results from the two specimens indicate that the cyclic failure pattern
can turn from a non-flow type (cyclic mobility in Fig. 7(a)) to a flow-type
(limited flow in Fig. 7(b)) if the amplitude of cyclic loading increases. A
similar observation has been reported by Chiaro et al. [19] based on
strain-controlled cyclic torsional shear tests of TS with a relative density
of around 50%.

The initial fabric induced by sample preparation methods can also
change the failure patterns of the specimens. Examples are shown in
Fig. 8. For the moist-tamped specimen with a post-consolidation void
ratio of 0.795, the failure pattern is cyclic mobility when it was loaded
under CSR = 0.3 (Fig. 8(a)). But, the specimen prepared by dry depo-
sition exhibited limited flow (Fig. 8(b)) when loaded by stress cycles
with CSR = 0.15. The dry-deposited specimen has a smaller cyclic
resistance even if its void ratio is smaller than the moist-tamped
specimen.

4. Cyclic resistance
4.1. Failure criteria and determination of cyclic resistance

Different failure patterns have been demonstrated in the previous
section. Conventionally, excess pore water pressure is used to define
failure since a high excess pore pressure is considered to be a typical
feature of soil liquefaction due to cyclic loading. However, the present
study and several recent studies observed that large deformation of
specimens can take place even if the excess pore pressure remains at a
relatively low level with the reference to the initial effective stress,
particularly when the initial static shear stress is higher than the cyclic
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Fig. 3. Unlimited flow failure of specimens with and without initial static shear stress.
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Fig. 4. Cyclic mobility and plastic strain accumulation of specimens loaded with and without stress reversal.

stress amplitude. In these cases, pore pressure-based criteria are no
longer applicable. Instead, strain-based failure criteria can be applied to
different cases. In the present study, the strain-based failure criteria are
the onset of flow for specimens exhibiting flow-type failure, 5% double
amplitude of axial strain for specimens exhibiting cyclic mobility, and
5% residual axial strain for specimens exhibiting cyclic plastic strain
accumulation. It should be noted that the onset of flow is usually fol-
lowed by a large strain development (e.g., unlimited flow failure), thus,
the onset of flow is considered to be a simple and reasonable

representation of the strain-based failure.

By applying stress cycles with different amplitudes, the specimens
reached the failure state in different numbers of stress cycles. Fig. 9
presents typical CSR-N) relationships, and the data are fitted by a power-

law function showing as follows,
CSR=a(N,))" 4

where a and b are fitting parameters. The cyclic resistance ratio (CRR) of
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Fig. 5. Limited flow failure of specimens with and without initial static shear stress.
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Fig. 6. Effect of confining stress on failure patterns (TSS20, e. = 0.796, a = 0.4).

the sand against soil liquefaction can be defined as the CSR causing
liquefaction in a given number of cycles (e.g., N = 10 or 15), corre-
sponding to the moment magnitude (M,,) of an earthquake. For example,
Idriss [54] suggested the mean number of equivalent uniform cycles is
10 and 15 for an earthquake with M, = 7 and 7.5, respectively. In this
study, N; = 10 is used to define CRR, in agreement with several previous
investigations (e.g., Refs. [2,51]).

4.2. Effects of initial states

It has been widely observed that the cyclic resistance ratio of sand
depends on initial states, namely the void ratio and effective stress

before cyclic loading. The cyclic resistance of sands decreases with
increasing void ratio, as shown in Fig. 10. It is also noted that these
relationships are also affected by the initial static shear stress ratio and
sample preparation method. The dry-deposited specimens are more
susceptible to liquefaction than their moist-tamped counterparts when
compared under otherwise similar conditions. For specimens prepared
by moist tamping, the CRRj¢-e relationships move upwards when «a
increased from O to 0.25. However, for specimens prepared by dry
tamping, the specimens with @ = 0.25 experienced a more significant
decrease in cyclic resistance with increasing void ratio than those with o
=0.

The cyclic resistance ratio decreases with increasing effective stress,
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Fig. 7. Effect of CSR on failure patterns (TSS10, e. = 0.847-0.849, a = 0, ¢’ = 100 kPa).
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Fig. 8. Effect of fabric on failure patterns (TSS10, a = 0, ¢’y = 100 kPa).

and a stress correction factor, K, is usually used for characterization.
Hynes and Olsen [6] recommended using a power function to charac-
terize the decrease of K; with increasing effective stress and suggested
that denser specimens would experience a more severe decrease of CRR
due to increased effective stress. Their proposal has been recommended
by NCEER, however, it does not take into account non-zero a conditions.
It has been consistently observed that initial static shear stress interplays
with effective stress to influence the cyclic resistance of sands [3,25]
(Fig. 11). In addition, soil fabric induced by sample preparation methods
introduces additional complexity to the K; as revealed by Sze et al. [33].
For example, as shown in Fig. 11(b), the K, of the dry-deposited spec-
imen with D, = 35% is significantly lower than that of the moist-tamped
specimen for 500 kPa, but soil fabric has little impact on the K; of
specimens with D, = 50%.

4.3. Effects of initial static shear stress

The effects of initial static shear stress on the cyclic resistance ratio of
clean and silty sands can be either beneficial or detrimental, depending
on the void ratio and the effective stress [2,3]. Fig. 12(a) exhibits the
CRR;p-a relationship for both moist-tamped and dry-deposited TSS10
specimens considering different void ratios. With increasing void ratio,
the effect of initial static shear stress on cyclic resistance ratio turns from
a purely positive effect to a negative effect with an initial positive effect
at low a values. However, it should be noted that the dry-deposited
specimens have lower cyclic resistance than the moist-tamped ones
when compared under otherwise similar conditions. In addition, by
comparing the moist-tamped specimens of void ratio around 0.847 and
the dry-deposited specimens of void ratio around 0.819, it is found that
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Fig. 10. Effect of void ratio on the cyclic resistance of silty sands.

effects of initial static shear stress are different for specimens with
different initial fabrics. For the moist-tamped specimens (MT, e =
0.847), CRR increases monotonically with increasing a (0-0.4), but for
the dry-deposited specimens (DD, e ~ 0.819), CRR first increases and
then decreases with increasing @ and the maximum CRR is obtained
when a ~ 0.1. Data considering the effects of effective stress on the
CRR-a relationships can be found in previous investigations [2,3],
indicating that increasing effective stress can turn a positive effect of a
into a negative effect.

To characterize the effect of initial static shear, a correction factor,
K,, was introduced by Seed [4]. It is defined as follows.

_ CRRuz0

= 5
“= CRR,, ()

where CRRy.0 and CRR — ¢ are cyclic resistance ratios under different o
values but the same initial void ratio and effective stress. The K,-a re-
lationships are presented in Fig. 12(b) for both MT and DD TSS10
specimens considering different void ratios. For MT specimens, the K,-a
relationships for e = 0.791 and 0.847 almost coincide with each other,
but the Ky-a relationship for e = 0.903 is different from the other two,
showing a drop of Ky when a = 0.2. The result indicates the effects of
void ratio on the correction factor K,. In addition, the effect of sample
preparation on K, can also be found in Fig. 12(b) that the K,-a rela-
tionship of DD specimens with e = 0.783 is higher than that of the K,-a
relationship of MT specimens with e = 0.791, while the K-a relationship
of DD specimens with e = 0.819 is lower than that of K-« relationship of
MT specimens with e = 0.847.
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Fig. 11. Effects of sample preparation method and initial static shear stress on
K, (Data adapted from Sze et al. (2022) for clean Toyoura sand).

5. Critical state-based characterizations
5.1. Characterization of failure patterns

Difficulties remain in the prediction of the failure pattern of a spec-
imen due to complicated interactions among a variety of influencing
factors. According to the aforementioned test results, the failure pattern
turns from flow-type to non-flow type with decreasing void ratio or
initial effective confining pressure. It could be helpful to characterize the
state-dependent feature of the failure patterns through Been and Jef-
feries’s state parameter concept [26], which measures the vertical dis-
tance between the initial state and the critical state line in the e-p’ plane.
The critical state lines of the TSS series have been reported in Ref. [47],
which were obtained by monotonic triaxial tests. Fig. 13(a) presents an
example using data of TSS20 that increase of void ratio and increase of
effective stress turns failure patterns from cyclic mobility to flow-type
failure for a = 0. Fig. 13(b) converts the horizontal axis from void
ratio to Been and Jefferies’s state parameter [26]. It is found that the
specimens with void ratios of around 0.794 and effective stress of 300
kPa have a larger state parameter than those specimens exhibiting cyclic
mobility, suggesting that the change failure pattern is associated with
the change of state parameter. In other words, the change of failure
pattern is related to the change of dilative tendency, since the state
parameter is representative of the dilatancy. Similarly, the failure pat-
terns of TSS10 appear to be related to the state parameter, as shown in
Fig. 13(c).

Fig. 14(a) compares the results of MT and DD specimens. Similarly,
the failure patterns of DD specimens turn from cyclic mobility to flow-
type failure with increasing state parameters. But, it is noted that the
range of states of limited flow for the DD specimen is much wider than
that for MT specimens, and the DD specimens can exhibit flow failure at
states where MT specimens exhibited cyclic mobility. For initial



X. Wei et al

0.6
O- = MT, ¢~ 0.903 (a)
- -0 - MT, e~0.847
05 F —-@ - MT,e~0.791
—&— DD, e~ 0.819 =)
—&— DD, ¢=0.783 _--"
04 Lo
o -~ -
n o
=03 f _-70 o=
QO
0.2

TSS10
o, = 100kPa

0 1 L
0 0.1 0.2 0.3 0.4 0.5
a
3
O MT, e = 0.903 (b)
O MT, e = 0.847
25 F (0] MT, e=0.791

—2&— DD, ¢~ 0.819
—&— DD, e~ 0.783

TSS10
o, = 100kPa
0 1 1 1 L

0 0.1 0.2 0.3 0.4 0.5

a

Fig. 12. Effects of initial static shear stress ratio on cyclic resistance and K,
correction factor.

conditions with the initial static shear stress, the cyclic failure pattern
also turns from flow type (white data points) to non-flow type (black
data points) with decreasing state parameter, as shown in Fig. 14(b) for
TSS10. The non-flow type failure patterns are cyclic mobility and plastic
strain accumulation depending on the reversal condition of the cyclic
loading. In Fig. 14(b), several data points are filled with the grey color
denoting transition states, at which these specimens can either exhibit
flow or non-flow type failure depending on the amplitude of cyclic
stress.

5.2. Evaluation of cyclic resistance

Several previous investigations indicated that the state parameter
can be used to establish a critical state-based framework that charac-
terizes the effects of void ratio and the effective stress on the liquefaction
resistance of sands [2,3,43] in a unified way. One of the advantages of
the state parameter-based framework is the capability to unify different
material properties such as fines content and particle characteristics [47,
51]. In addition, the effects of the initial static shear stress can also be
taken into account in this framework as demonstrated by Refs. [2,3].
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Fig. 13. Effects of initial state on the failure patterns.

Fig. 15 presents test data considering different initial states (i.e., void
ratio and effective stress) and initial static shear stress ratios for the
clean and silty sands. The grey lines were provided by Yang and Sze [2,
24] for MT TS specimens which are also capable of characterizing the
cyclic resistance ratio of MT silty sands [3]. The data points in Fig. 15 are
the test data for the DD clean and silty sands, and the black trend lines
are the best-fitting lines for these data points. For each initial static shear
stress ratio, the cyclic resistance ratio decreases with increasing state
parameters in a unified way, and there appears to be no impact of fines
on the CRRj¢-y relationships. Similar to the findings for MT specimens
[3,24], the linear CRR;(-y relationships are subjected to a clockwise
rotation with increasing a. However, it should be noted that the CRRp-y
relationships are different for the DD and MT specimens under otherwise
similar conditions. The following linear equation is used to characterize
the CRR;o-y relationship for each a,

CRRI(]: 7Cl//+d (6)
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Fig. 15. CRR;o-y relationships for MT and DD specimens.

where ¢ and d are fitting parameters. Parameters ¢ and d are functions of
initial static shear stress ratio (Fig. 16) that parameter c increases with
increasing a while parameter d first increases and then decreases with
increasing a. The trends of different sample preparation methods are
different as a result of different soil fabrics.

6. Discussion
6.1. Critical state-based failure pattern prediction
The present study proposed a conceptual framework to predict the

cyclic failure patterns for sands, by establishing the correlation between
the initial state parameter with the failure patterns. There appears to be

10
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a clear trend that the cyclic failure pattern gradually turns from non-
flow type to flow-type with increasing state parameters, for each
initial static shear stress and soil fabric. Although state boundaries
separating the failure patterns were given in the study, more test data
are still needed to confirm the conceptual framework and to precisely
locate the boundaries. In addition, the conceptual framework did not
take into account the effects of loading amplitude on the failure patterns,
and thus, problems can be encountered when the state of the specimen is
at the transition from the non-flow to flow-type. For example, the
specimen can exhibit cyclic mobility when it is loaded with stress cycles
of smaller amplitudes but flow-type failure when it is loaded with stress
cycles of higher amplitudes. Moreover, the proposed method also needs
to be validated by using other types of sands. In addition, it is also of
interests to extend the critical state framework for a wider range of
cyclic behaviors of sands (e.g., rheological characteristics [55,56]).

6.2. Implications of the CRR-y framework to the conventional evaluation
procedures

The cyclic resistance can be conventionally calculated through the
following equation for a given initial state (i.e., void ratio and effective
stress) and initial shear stress.

CRR;4100kPa,a£0 = KoK CRR 65— 100kPa,a=0 )
where CRR;+100kpa, a0 is the cyclic resistance ratio at any effective
stress and initial static shear stress; CRR, — 100kpa, « = 0 iS the cyclic
resistance ratio at effective stress of 100 kPa without any initial static
shear stress, which can be obtained from the liquefaction resistance
assessment charts. However, it remains ambiguous regarding how to
obtain the two correction factors, Ky and K,. Fig. 17 presents an example
to illustrate how to apply the CRR-y correlation to estimate the K, and
K. To estimate the CRR,4100kpa, a0 fOr given effective stress (e.g., 300
kPa), initial static shear stress ratio (e.g., @ = 0.4), and a soil with a
known void ratio (e.g., ep), the first step is to estimate the CRR,; — 100kpa,
« = o under an initial state with effective stress of 100 kPa and that void
ratio, eg. The void ratio of ey and the stress state of 100 kPa result in a
state parameter of y, while the void ratio of ey and the stress state of
300 kPa result in a state parameter of w». To emphasize the importance
of proper selection of the correction factors, a special case is assumed
that the CRR-y correlations for @ = 0 and 0.4 have an intersect at a state
parameter between y; and y». Two possible approaches to calculate the
desired CRR for a specimen with the initial condition (ey, 300 kPa, a =
0.4).
Approach I (Fig. 17(a)).

(1) Convert CRR;-100kPa, a—0 t0 CRR;—300kPa, a—0 by multiplying the
K, at 300 kPa for @ = 0 (K, = 100kPa, « = 0); i.€., following CRR-y
for a = 0.

(€))

CRR ;=300kPa.a=0 = Ko=300kPa,a=0 CRR—100kPa.a=0

(2) The overburden corrected cyclic resistance ratio, CRR;—-300kpa, «
_ 0, needs to be corrected for initial static shear stress. Since the
cyclic resistance has been corrected for overburden pressure, the
state parameter of the specimen has already changed to y5 (=y
+ Ay). The correction factor K, should take the value at the state
parameter of y» (i.e., Ky, y2) instead of w1 (Ky, y1).

©)

Notes: If K for w1 (Ky, 1) is used in the second step, the cyclic
resistance will be overestimated because K, for y is higher than that for

Y.
Approach II (Fig. 17(b)).

CRR ;—300kpa,a=04 = Kayry CRR 5—300tPa,a=0
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(1) Convert CRR;-100kpa, « = 0 t0 CRR; — 100kPa, o = 0.4 by multiplying
the K at y; for a = 0.4.

CRR ;- 100kpa,a=0.4 = Kayr, CRR5—100kPa.a=0 (10)

(2) The cyclic resistance ratio is further corrected by considering the
effects of effective stress with a = 0.4.

CRR;—300kPa.a=0.4 = Ks—300kPa,a=0.4 CRR 5= 100kPa,a=0.4 1)

11

Notes: If K; for 100 kPa is used in the second step, the cyclic resis-
tance ratio will be overestimated.

The proposal of using the two correction factors (i.e., K, and Kj) is to
simplify the estimation of cyclic resistance from a perspective of
empiricism. However, uncertainties remain when determining the two
factors and may mislead engineering practice. The illustrations in Fig. 17
indicates that the state dependence of K, and K, should not be ignored,
and proper selection of the K, and K, value is also crucial to a safe
design.

6.3. Limitations of the CRR-y framework

The CRR-y framework suggested a promising way to evaluate the
liquefaction resistance of sand with a variety of influencing factors in a
unified way, including packing density, effective stress, and soil prop-
erties (e.g., fines content, particle shape). It also complies with the
conventional liquefaction evaluation procedures, by suggesting state-
dependent correction factors for initial static shear stress and effective
overburden pressure. This study has shown that the cyclic resistance of
sand can be affected by soil fabric for a given packing density, effective
stress, and initial static shear stress. So, it is important but difficult to
replicate the in-situ fabric in the laboratory to carefully calibrate the
CRR-y framework. In addition, the fabric can be influenced by the
deposition process of soil, stress history, liquefaction history, etc. In-
vestigations through particle-scale perspectives [57,58] may help to
incorporate fabric effects into the critical state framework. For instance,
Gu et al. [57] proposed a micro state parameter considering the me-
chanical contacts between sand particles and suggested it to be partic-
ularly useful to unify the cyclic resistance of specimens with the same
state parameter but formed by different methods.

7. Conclusions

This study investigated the effects of initial states, initial static shear
stress, and soil fabric on the cyclic behavior and liquefaction resistance
of silty sands. The major findings are given as follows.

1. Four major cyclic failure patterns are identified, including two non-
flow type (i.e., cyclic mobility and plastic strain accumulation) and
two flow-type (i.e., unlimited flow and limited flow) failure patterns.
The cyclic failure patterns are dependent on the void ratio, effective
stress, initial static shear stress, loading amplitude, and soil fabric.

2. For a given soil fabric and initial static shear stress ratio, the failure
patterns of sand gradually turn from non-flow type to flow-type,
suggesting that the state of soil plays an important role in govern-
ing the cyclic failure patterns. The state boundaries separating the
failure patterns are dependent on the soil fabric and the initial static
shear stress ratio.
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3. The soil fabric can affect the cyclic resistance ratio of silty sands. It
also affects the stress correction factor, K;, and the initial shear
correction factor K, suggesting further investigations are still
needed for the effects of overburden pressure and initial shear with
consideration of soil fabric.

4. The CRR-y relationships are also proposed for silty sands with
different soil fabrics. Clockwise rotation of the linear CRR-y re-
lationships with increasing a is confirmed for silty sand with
different soil fabrics.

5. By using the CRR-y framework, recommendations for the conven-
tional liquefaction assessment are provided regarding the applica-
tions of K and K, corrections.
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