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Abstract

A series of monotonic and multidirectional cyclic simple shear tests were performed on reconstituted fiber-reinforced
calcareous sand specimens prepared by the dry deposition method, at a relative density of approximately 50%, considering
the effects of fiber contents and cyclic stress levels. The peak shear strength, the linkage between monotonic and cyclic
behaviors, liquefaction resistance, and pore pressure responses of calcareous sand with and without fiber reinforcement
were analyzed. The results indicate that both unreinforced and fiber-reinforced calcareous sand exhibit limited flow
instability behavior and the peak shear strength increases with the increase in fiber content under monotonic loading. The
inclusion of fibers and increasing fiber contents can improve the liquefaction resistance of calcareous sand under cyclic
loading. A linear relationship was found between the normalized liquefaction resistance of reinforced sand and the number
of cycles for triggering liquefaction, and the prediction of liquefaction resistance of fiber-reinforced calcareous sand with
various fiber contents can be conveniently achieved according to the linear relationship. The pore pressure prediction
model considering the effect of fiber contents was proposed, which was capable of effectively simulating the pore pressure
generation of fiber-reinforced calcareous sand.

Keywords Calcareous sand - Fiber - Liquefaction resistance - Multidirectional simple shear tests - Peak shear strength -
Pore pressure

1 Introduction

Soil liquefaction threatens the safety of civil engineering
structures constructed on sandy ground during an earth-
quake; thus, geosynthetic reinforcement technology has
been widely developed and utilized to reduce the risk of
soil liquefaction and improve the performance of backfill
materials under seismic loading [10, 65]. Furthermore, with
the rapid development of coastal and ocean engineering,
calcareous sand has been used as backfill materials in the
construction of embankments, retaining structures, slopes,
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and subgrade soils, among other soil-related structures
[55-57]. Compared to quartz sand, calcareous sand with
intra-voids and large inter-particle spaces has a relatively
looser structure [64]. Research revealed that saturated
calcareous sand has liquefaction potential under undrained
conditions [46].

Various planar geosynthetics have been applied in the
research of seismic responses of reinforced soils, including
studies of geogrid [14, 34, 35, 54], geotextile [13, 18, 51],
and steel or polymeric strip [24, 59, 61]. Geogrid can
effectively improve the liquefaction resistance of soil by
decreasing the development of excess pore pressure [39],
indicating that planar geosynthetics have great promise for
liquefiable soil treatment. Nevertheless, the defect that
cannot restrain potential weak planes that commonly
develop parallel to reinforcement materials is obvious for
planar geosynthetics [60]. To address this weakness, ran-
domly distributed fibers were used in soil reinforcement.
Maheshwari et al. [39] investigated the liquefaction resis-
tance of Solani sand reinforced with various methods (i.e.,
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geogrid, geosynthetic fibers, and natural coir fibers)
through shaking table tests and concluded that fiber rein-
forcement offered a better efficiency in reducing the gen-
eration of excess pore water pressure and vibration
subsidence than geogrid reinforcement.

As it improves the soil performance more than planar
geosynthetics, fiber reinforcement attracts the attention of
researchers, and considerable efforts have been devoted to
evaluating the behaviors of fiber-reinforced soil under
static [15, 17, 20, 38, 42] and cyclic loads [3, 5, 16, 62, 63].
For static load, Liu et al. [37] explored liquefaction
behaviors of fiber-reinforced sand using undrained ring-
shear tests. They reported that the peak shear strength of
quartz sand increased with the fiber contents, and the
presence of fibers might restrict the occurrence of lateral
spreading for loose specimens. A similar conclusion was
also obtained by Correia et al. [9] through triaxial com-
pression tests and revealed that the increased soil shear
strength can be attributed to the increase in apparent
cohesion. However, compared to static load the liquefac-
tion potential of sand will increase dramatically under
cyclic load; therefore, investigating the cyclic behaviors of
fiber-reinforced sand is more meaningful. Noorzad and
Amini Fardad [40] conducted thirty stress-controlled cyclic
triaxial tests to discuss the liquefaction resistance and shear
modulus of randomly distributed fiber-reinforced quartz
beach sand. The results indicated that the liquefaction
resistance and shear modulus of sand were improved with
increasing fiber content. Behzad Fatahi [3] investigated the
behaviors of recycled geofiber-reinforced sand through a
series of undrained cyclic triaxial tests and concluded that
as recycled geofiber content increased, the liquefaction
resistance of sand increased remarkably. Zhang et al. [63]
also reported that increasing fiber content and fiber length
resulted in a higher liquefaction resistance of quartz sand.
Nevertheless, the aforementioned research completely
focused on the static and cyclic behaviors of fiber-rein-
forced quartz sand, and the achieved results of the effect of
fiber reinforcement on the behaviors of quartz sand were
sufficient. The properties of calcareous sand differ greatly
from those of quartz sand; thus, some conclusions on the
effect of fiber reinforcement obtained from quartz sand
cannot be simply extended to calcareous sand, whereas
none of the existing research investigates the cyclic char-
acteristics of fiber-reinforced calcareous sand.

Additionally, the available studies on the cyclic behav-
iors of fiber-reinforced quartz sand were basically carried
out through conventional dynamic triaxial apparatus, which
can only apply shear stress in a plane at an angle of 45° to
the horizontal plane. However, this loading condition is
significantly different from an earthquake loading where
the shear stress mainly occurs in the horizontal plane [60].
Fortunately, the deficiency can be overcome by another
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type of shear apparatus, that is, the simple shear apparatus.
Recently, some seminal studies on the simple shear
behaviors of sand have been conducted [23, 27]. For
example, Lashkari et al. [28, 29] performed a series of
constant volume direct simple shear tests to investigate the
effects of particle shape and over-consolidation history on
the instability of sand, respectively. Moreover, as the
ground moved in more than one horizontal direction during
earthquakes, therefore, shear stress applied to soil elements
varied not only in shear stress magnitude but also in shear
stress direction [52]. Jin and Guo [23] also revealed that the
multidirectional loading pattern with a circular stress path
was more suitable to reflect in situ stress fields caused by
earthquakes. Consequently, to exactly acquire the seismic
behaviors of sand reinforced with fibers only based on tests
conducted on dynamic triaxial apparatus which can only
provide unidirectional loading was insufficient [22]. Nev-
ertheless, the influence of multidirectional loading on
cyclic behaviors of fiber-reinforced calcareous sand was
completely unknowable and yet to be tested.

This study evaluated the performance of fiber-reinforced
calcareous sand through a series of monotonic and multi-
directional cyclic simple shear tests. By considering the
effects of different cyclic stress ratios and fiber contents,
the behaviors of reinforced calcareous sand were investi-
gated, along with the peak shear strength, the linkage
between monotonic and cyclic behaviors, liquefaction
resistance, and pore pressure. Furthermore, by analyzing
available test data obtained from calcareous sand with
varying fiber contents, normalized liquefaction resistance,
and pore pressure prediction empirical models applicable
to fiber-reinforced calcareous sand were proposed.

2 Test procedures
2.1 Test equipment and materials

The variable direction dynamic simple shear apparatus
manufactured by Global Digital was used in this test.
Figure 1 gives an overall view of the dynamic simple shear
apparatus and sectional details of the specimen. As illus-
trated in Fig. 1, the apparatus can provide one vertical
stress (Z direction) and two orthogonal shear stresses
(X and Y directions) on a specimen independently. Instead
of additional pressure controllers, hydraulic power packs,
and control boxes, three encoder-controlled high-precision
actuators (including an axial and two horizontal actuators)
are used in the dynamic simple shear apparatus, which
enables the machine to operate more stably. All actuators
can be controlled using position or load control in accor-
dance with the requirements of users. The maximum loads
of axial and horizontal actuators are 5 kN and 2 kN,
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Fig. 1 Overall view of the dynamic simple shear apparatus and sectional details of the specimen

respectively, with an accuracy of less than 0.1% of the full
range of axial and horizontal forces. A cylindrical speci-
men 50 mm in diameter and 25 mm in height was used in
this test. To ensure the K, condition, 25 low-friction
Teflon-coated rings (each ring is 1 mm high) with suffi-
cient stiffness were placed outside the membrane of the
specimen, as shown in Fig. 1. More detailed information
regarding this apparatus was provided by Li et al. [33].

The soil used in this study to reconstitute the specimens
was calcareous sand sampled from the south sea of China
(Fig. 2a, b). It is also known as skeletal sand [44], for
which the mineral composition is primarily aragonite and
high-Mg calcite and the chemical composition is mainly
calcium carbonate [6]. The scanning electron microscope
(SEM) performed on clean calcareous sand depicts that
calcareous sand contains irregular particle shapes and intra-
particle voids. Calcareous sand has a coefficient of

Fig. 2 Test materials: a calcareous sand; b SEM image of calcareous sand; ¢ fiber
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uniformity (C,) and a coefficient of curvature (C.) of 3.29
and 1.08, respectively. The maximum and minimum void
ratios of calcareous sand measured are e, = 1.26 and
emin = 0.71, respectively, with a specific gravity of G
= 2.85. As illustrated in Fig. 3, the grain size distribution
of calcareous sand tested in this study is classified as sus-
ceptible to liquefaction according to PHRI [43].

The average length of the polypropylene fiber used in
the current test is 6 mm, and its standard deviation is 0.835,
as shown in Fig. 2c. The polypropylene fiber is 0.025 mm
in diameter, and has a tensile strength of 550 MPa, elas-
ticity modulus of 4150 MPa, and specific gravity of 0.91.
This type of fiber is commonly applied in practical engi-
neering and has also been adopted by other researchers as
reinforcement materials for soil due to its satisfactory
durability and tensile strength [63].

2.2 Specimen preparation

The required amounts of polypropylene fibers were mixed
with calcareous sand using an electric mixer until a uni-
form soil-fiber mixture was acquired. Subsequently, the
soil-fiber mixture was divided into three equal parts, and
then, each part was carefully filled into the mold by the dry
deposition method [23, 58]. The designed relative density
(D, = 50%) of specimens can be obtained by tapping the
side of the mold in a uniform and consistent way [33]. To
improve bonding between different layers, slightly
scratching the top of each layer before placing the next
layer was necessary [4]. During specimen preparation,
fiber-reinforced calcareous sand with identical fiber content
(w) was generally prepared in the same batch based on the
estimated number of applied cyclic stress ratios (CSR).
This approach ensured consistency of specimens at the
various CSR and the same w.
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Fig. 3 Grain size distribution of calcareous sand
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2.3 Test program

The prepared specimen was placed on the bottom plate of
the testing apparatus (Fig. 1). Afterwards, a fixed initial
vertical stress (6’9 = 150 kPa) was applied to the speci-
men, and then, a series of undrained monotonic and mul-
tidirectional cyclic simple shear tests were performed on
unreinforced and fiber-reinforced calcareous sand under
constant volume conditions. It was worth noting that all
tests were conducted on specimens composed of dry cal-
careous sand. The variation of ¢y, in a specimen
under constant volume conditions is assumed equivalent to
the development of excess pore water pressure when a
saturated specimen is tested under true undrained condi-
tions [12, 23].

The monotonic tests were performed using a shear strain
rate of 0.1 mm/min. The cyclic tests were conducted under
a stress-controlled condition with a sinusoidal wave and a
frequency of 0.1 Hz. The same frequency can be found in
some studies concerning the cyclic behaviors of sand under
seismic load [4, 19, 63]. Four different CSR (i.e., CSR =

0.075, 0.094, 0.113, and 0.132) and five w (i.e., ® = wy/
ws =0, 0.3, 0.5, 0.8 and 1%, where w; and w, are the
weight of fiber and dry calcareous sand, respectively) were
used in multidirectional cyclic simple shear tests. Tables 1
and 2 present the test conditions for the undrained mono-
tonic and cyclic simple shear tests performed in this study,
respectively. The D, before the shear tests has been cal-
culated based on the data of soil mass and reduced height
of specimens due to the applied ¢’ [28].

Figure 4a depicts applied cyclic shear stress waves of
multidirectional loading at different CSR. In this research,
CSR is defined as:

CSR — (Txcy0>;+ (TycyC)z (1)
v0

Table 1 Summary list of tests in monotonic loading

No. of tests w (%) D, (%) a' o (kPa) 7, (kPa)
Mono-w0-1 0 54 50 4.99
Mono-w0-2 0 54 150 20.00
Mono-wl-1 0.3 53 50 5.48
Mono-w1-2 0.3 54 150 21.40
Mono-w2-1 0.5 53 50 6.79
Mono-w?2-2 0.5 52 150 22.60
Mono-w3-1 0.8 52 50 7.30
Mono-w3-2 0.8 53 150 24.00
Mono-w4-1 1 52 50 9.20
Mono-w4-2 1 53 150 24.39

Tp = peak shear strength
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Table 2 Summary list of tests in multidirectional cyclic loading

No. of tests CSR  w (%) D, (%) d'yo (kPa) Np  Ni/Niwn
Multi-w0-1  0.075 0 54 150 67 -
Multi-w1-1  0.075 0.3 53 150 110 1.64
Multi-w2-1  0.075 0.5 53 150 152 2.27
Multi-w3-1  0.075 0.8 52 150 190 2.84
Multi-w4-1  0.075 1 52 150 300 4.48
Multi-w0-2  0.094 0 54 150 22 -
Multi-w1-2  0.094 0.3 52 150 28 1.27
Multi-w2-2  0.094 0.5 53 150 36 1.64
Multi-w3-2  0.094 0.8 52 150 45 2.04
Multi-w4-2  0.094 1 52 150 68 3.09
Multi-w0-3  0.113 0 54 150 10 -
Multi-w1-3  0.113 0.3 54 150 12 1.20
Multi-w2-3  0.113 0.5 52 150 18 1.80
Multi-w3-3  0.113 0.8 52 150 20 2.00
Multi-w4-3  0.113 1 52 150 40 4.00
Multi-w0-4  0.132 0 53 150 4 -
Multi-w1-4  0.132 0.3 52 150 5 125
Multi-w2-4  0.132 0.5 53 150 7 1.75
Multi-w3-4  0.132 0.8 52 150 11 275
Multi-w4-4  0.132 1 52 150 13 3.25

Nprun = N of unreinforced specimens; Np. = Np of reinforced
specimens

where T, and Ty, denote the maximum values of
applied shear stress of X and Y directions, respectively. It
can be found that shear stresses with the same amplitude
are simultaneously applied to different directions which are
perpendicular to each other (i.e., phase difference 6 = 90°),
inducing a circular stress path (i.e., 7, versus 7, in a cir-
cular shape, where 7, and 7, denote the shear stress of
X and Y directions), as shown in Fig. 4b. The recorded
acceleration-time histories of the Hyogo-ken Nanbu
earthquake in 1995 indicate that the shear strain path
applied to soils shows a circular shape during this earth-
quake; thus, the multidirectional loading with circular
stress path is more suitable to reflect in situ seismic stress
fields [23]. Furthermore, as noted by Pyke et al. [45],
multidirectional shaking could increase settlements to as
much as three times the settlements caused by shaking in
one direction and reduce the liquefaction resistance of the
sand. Analyses that ignore the multidirectional shear effect
may lead to unsafe design [52].
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Fig. 4 Schematic of applied cyclic loads: a shear stress waves;
b shear stress paths

3 Results and discussion

3.1 Simple shear behaviors under monotonic
loading

Figure 5 depicts the stress—strain curves of the unrein-
forced and fiber-reinforced calcareous sand under mono-
tonic loading with initial vertical stresses (¢’o) of 50 and
150 kPa. It can be observed that with the increase of shear
strain (y) the calcareous sand demonstrates a transient post-
peak strain softening (shear stress T reaches a transient
peak value at a minor strain and then, drops to its minimum
value), whereas the typical strain-hardening behavior is
identified in the stress—strain curves during the subsequent
monotonic loading. As noted by Lashkari et al. [28], the
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Fig. 5 Comparison of the stress—strain curves of unreinforced and
fiber-reinforced calcareous sand under monotonic loading: a ¢’
=50 kPa; b ¢’,o = 150 kPa

aforementioned undrained behavior of calcareous sand can
be categorized as limited flow instability frequently found
in specimens with a medium loose state [53]. Furthermore,
the inclusion of fiber cannot change the undrained behavior
(limited flow instability) of calcareous sand, nevertheless,
can significantly increase the transient peak shear strength
(tp) and phase transformation shear strength (tpr), as
illustrated in Fig. 5. Indeed, the similar result that the soil
shear strength increases with the increase in fiber content at
o < 1% is in agreement with the behavior of quartz sand
reinforced by recycled carpet fiber as reported by Behzad
Fatahi [3]. This is because the interfacial shear stress
between fiber and soil particles restrains the slip of soil
particles, and the flexible fiber encasing the soil particles
can also provide tensile stress to restrict the soil particles
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when the soil particles tend to move under monotonic
loading [36].

As indicated by the comparison of Fig. 5a, b, when
0’yo = 150 kPa, the difference in 7p of calcareous sand
with various fiber contents is small, whereas, with the
decrease in the ¢’ to 50 kPa, the increase in fiber content
will result in a larger distinction in tp for calcareous sand.
The result demonstrates that the reinforcement efficiency
of increasing fiber content in improving shear strength is
more pronounced at a smaller ¢’yy. A similar conclusion
that reinforcement efficiency is more significant at a lower
effective confining pressure has also been reported by
Boominathan and Hari [4].

3.2 Typical cyclic behaviors

The cyclic pore pressure generation was presented in a
normalized form represented by the ratio of pore pressure
(u) at a certain number of cycles (N) to o'y (i.e., ry = u/
d’y0). The onset of sand liquefaction is defined as the pore
pressure ratio equal to 1 in this test [48]. Ny is defined as
the number of cycles required to achieve soil liquefaction.
Typical results of multidirectional cyclic simple shear tests
with circular stress path for unreinforced and fiber-rein-
forced specimens with w = 1% at a CSR value of 0.075
under initial vertical stress of 150 kPa are illustrated in
Figs. 6 and 7, respectively. It can be observed that the
development curves of shear strain (y) and pore pressure
ratio (r,) for unreinforced and fiber-reinforced sand are
similar, and the main difference is that reinforced sand
requires more cycles to reach a liquefaction state. Never-
theless, the shear stress—strain curve (i.e., T, Versus y,,
and 7, versus yy, where )y and 7, denote the shear strain
of X and Y directions) and orbit of the shear
strain (i.e., yx versus 7,) for sand with and without fiber
reinforcement exhibit remarkable differences. For unrein-
forced sand, the deformation sharply increases before
reaching the liquefaction state, as shown in Fig. 6¢c, d.
Whereas, fiber-reinforced sand presents a gradual increase
in deformation until reaching the liquefaction state, as
illustrated in Fig. 7c, d. This is mainly because fibers
intersecting with shear failure planes can provide tensile
stress to restrict the deformation of the specimen under
cyclic loading, and the active load applied on shear failure
planes is distributed to a larger area through the tensile
stress in fibers, avoiding a sudden increase in deformation.

3.3 Linkage between monotonic and cyclic
behaviors

Figure 8a, b show the typical effective stress paths for
unreinforced and fiber-reinforced sand with @ = 1% under
monotonic loading. The effective stress paths develop
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Fig. 6 Typical cyclic behaviors of unreinforced calcareous sand at CSR = 0.075: a variation of shear strain; b variation of pore pressure ratio;

¢ shear stress—strain curve; d orbit of shear strain

along the left side of the ¢’ before reaching the transient
peak points, and an instability line (IL) is plotted by con-
necting the transient peak points [25]. Meanwhile, the state
of phase transformation is determined as the transient state
from contractive to dilative behavior, and a phase trans-
formation line (PTL) is also drawn by connecting the phase
transformation points [21].

As reported in the existing research [7, 8, 26, 30, 50], the
onset of liquefaction instability is commonly known as
where the effective stress path intersects the IL. Further-
more, Alipour and Lashkari [1] revealed that loose granular
soils were susceptible to pre-failure instability even when
full drainage was granted, and two independent classes of
instabilities may happen in granular soils. These results
suggest that the onset of instability for sand can be pre-
dicted. Generally, liquefaction instability is expected to be
triggered under cyclic loading when the cyclic stress path
crosses the IL defined in the monotonic test and intercepts

the collapse surface considered as the locus defined by the
corresponding monotonic effective stress path [2, 58].
Consequently, to investigate the linkage between mono-
tonic and cyclic behaviors and determine the onset of lig-
uefaction instability in cyclic tests, the IL established in the
monotonic simple shear tests was superimposed on the
typical cyclic effective stress paths (CSR = 0.075), as
illustrated in Fig. 8c, d.

It is evident that during the early cycles, the ¢’ gradu-
ally decreases and approaches IL due to the accumulation
of excess pore pressure. In the cycle following, when the
cyclic stress paths cross the IL, the o', presents a sudden
decrease accompanied by pore water pressure and shear
strain development rates sharply increase in both the
unreinforced and fiber-reinforced specimens, signifying the
initiation of the liquefaction instability. Moreover, com-
pared to unreinforced calcareous sand fiber-reinforced sand
requires more cycles to elicit unstable behaviors under
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Fig. 7 Typical cyclic behaviors of fiber-reinforced calcareous sand with @ = 1% at CSR = 0.075: a variation of shear strain; b variation of pore

pressure ratio; ¢ shear stress—strain curve; d orbit of shear strain

cyclic loading at the same initial vertical stress (¢’y.
= 150 kPa). This experimental phenomenon could be
explained by the fact that the tp of fiber-reinforced sand is
higher than the case of unreinforced sand under monotonic
loading (IL or 7p is significantly correlated with the cyclic
behaviors), and the smaller 7p will result in cyclic stress
paths are more prone to touch the IL, thereby triggering
liquefaction instability. Additionally, the envelope effect
proposed by Li et al. [32] that the closer distance between
the cyclic stress path and the monotonic stress path will
lead to a higher decrease rate of the effective vertical stress
is another factor responsible for more susceptibility to
induce instability state in unreinforced sand (fiber-rein-
forced calcareous sand has a larger distance between
monotonic and cyclic stress paths under the same loading
conditions).

@ Springer

3.4 Liquefaction resistance

To investigate the effect of w on the liquefaction resistance
of calcareous sand, Fig. 9 shows the variation of N, with
for unreinforced and fiber-reinforced calcareous sand under
multidirectional loading with a circular shear stress path at
a0 = 150 kPa. It can be found that Ny increases with the
increase in o, indicating that the liquefaction resistance of
calcareous sand gradually improves. This is because the
progressive increase in fibers in the specimen further
reduces the build-up rate of pore pressure in calcareous
sand, thereby enhancing the liquefaction resistance of fiber-
reinforced calcareous sand.

Figure 10 depicts the curves of CSR with respect to N,
for calcareous sand in accordance with and without the
existence of fiber. The figure clearly shows that the lig-
uefaction resistance of calcareous sand decreases with an
increase in CSR. Saxena et al. [47] revealed that there was
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Fig. 8 Typical effective stress paths: a unreinforced sand under monotonic loading; b fiber-reinforced sand with w = 1% under monotonic
loading; ¢ unreinforced sand under cyclic loading at CSR = 0.075; d fiber-reinforced sand with @ = 1% under cyclic loading at CSR = 0.075

a meaningful relationship between CSR and N, for sand
based on a series of experimental results as follows:

CSR =a-N;* (2)

where a and b are test parameters related to the soil
properties, generally determined by experiments. In this
study, tests were conducted under different o conditions,
therefore, the variation of parameters a and b primarily
relied on w. Based on the fitting analysis of the experi-
mental data, it can be found that the increase in w has little
effect on the value of parameter b which is always a con-
stant (b = 0.18). However, as shown in Fig. 11, parameter
a is significantly influenced by ®, and the relationship
between parameter a and o can be expressed as follows:

a=4.0124-w+0.1654 (3)

subsequently, Eq. (4) can be acquired by introducing
the relationship a = 4.0124w + 0.1654, b =0.18 into
Eq. (2) as follows:

CSR = (4.0124 - » + 0.1654) - N *18 (4)

As illustrated in Fig. 10, the liquefaction resistance of
fiber-reinforced calcareous sand with various w can be well
predicted by Eq. (4). To further reflect the effect of @ on
Ny, the liquefaction resistance of fiber-reinforced calcare-
ous sand is normalized, and the Eq. (4) is transformed as
follows:

CSR/(4.0124 -  + 0.1654) = N *1* (5)
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Fig. 10 Comparison between test data and the predicted values for
liquefaction resistance of calcareous sand under various @

afterwards, making F(w) = 4.0124w + 0.1654, the devel-
opment curve of normalized liquefaction resistance for
fiber-reinforced calcareous sand is drawn by taking CSR/
F(w) as the vertical coordinate, and Ny as the horizontal
coordinate, as shown in Fig. 12. It can be observed from
Fig. 12 that all experimental data under various w overlap
on the same line (linear relationship) and can be expressed
as follows:

lg (CSR/F(w)) = —0.18 - Ig (NL) (6)

Based on the linear relationship, the prediction of lig-
uefaction resistance of calcareous sand with various @ can
be achieved in a simple way, which will offer great con-
venience to engineering design on fiber-reinforced cal-
careous sand.

@ Springer

Fig. 12 Comparison between test data and the predicted values for
normalized liquefaction resistance of calcareous sand under various ®

3.5 Pore pressure

Figure 13a displays the time histories of the pore pressure
ratio under multidirectional loading with a circular shear
stress path at ',y = 150 kPa. It can be seen that increasing
CSR from 0.075 to 0.132 significantly accelerates the
accumulation rate of pore pressure. However, with in-
creasing w the build-up rate of pore pressure decreases, as
shown in Fig. 13b. This is because the fibers reduce
the deformation and permeability of specimens, thereby
restricting the development of pore pressure. As an
example, the accumulation rate of pore pressure for cohe-
sive soil is extremely slow due to its poor permeability
compared to sandy soil, which results in non-liquefiable
properties of cohesive soil.

The residual pore pressure is defined as the pore pres-
sure at the end of each cycle of loading where the applied
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Fig. 13 Variation of pore pressure ratio under multidirectional
loading with a circular shear stress path at ¢’,q = 150 kPa: a effect
of CSR; b effect of

cyclic stress is restored to zero [11] and has a considerable
influence on the effective stress acting on the soil. As
shown in Fig. 14, the residual pore pressure is normalized
to the initial vertical stress (i.e., U = u,/o’y¢) and then,
plots against the current cycle normalized by the number of
cycles to liquefaction (i.e., N/Ny). To investigate the dif-
ference in pore pressure behaviors between calcareous sand
and quartz sand under cyclic shear loading, Fig. 14 shows
the development features in terms of normalized residual
pore pressure generation between different kinds of sand. It
can be observed that the normalized residual pore pressure
of fiber-reinforced calcareous sand is out of the range of
quartz sand given by Lee et al. [31]. Similar findings can
also be found in some research on calcareous sand [44]. To
quantitatively describe the normalized residual pore pres-
sure generation trend of the quartz sand, previous

1.2

Quartz sand

1.0+ O Calcareous sand o

0.8

2 0.6

0.2 0.4 0.6 0.8 1.0 1.2
N/N

Fig. 14 Comparison of evolution pattern of normalized residual pore
pressure ratio for different sands

researchers have established a range of pore pressure pre-
diction models [41, 49]. Thus, whether the residual pore
pressure prediction model concluded from tests conducted
on quartz sand is valid in fiber-reinforced calcareous sand
and proposing a prediction model applicable to fiber-rein-
forced calcareous sand requires further investigation.

Seed et al. [49] proposed an empirical model that has
been widely accepted to simulate the pore pressure devel-
opment trend of sand through extensive stress-controlled
undrained cyclic tests as follows:

1
Au, 2 N\
- arcsin(N) (7)
T

Po L

where Au,/Py is the normalized residual pore pressure after
N number of loading cycles, and o is the empirical con-
stant. Figure 15 shows the comparison of test results for

1.2
o w=0% o o=1%
10 — — ~ Predicted trend of Eq. (7) — = Predicted trend of Eq. (7)
2
038
2 0.6
0.4
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0.2
0.0 1 1 1
0.0 0.5 1.0 0.0 0.5 1.0
NN, N/N,

Fig. 15 Comparison between test data and predicted trend of Eq. (7)
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unreinforced calcareous sand with the predicted trend using
Eq. (7). It can be found that the prediction model can be
used to simulate the general tendency of pore pressure
evolution for unreinforced calcareous sand although the
model was obtained from quartz sand. The result demon-
strates the widespread applicability of the model proposed
by Seed et al. [49]. However, the discrepancy between this
model and the experimental data of the present study
increases with the increase in w, especially for v = 1% as
illustrated in Fig. 15, which indicates that the inclusion of
fibers has a greater influence on the development of
residual pore pressure, and the pore pressure prediction
model proposed by Seed et al. [49] cannot reflect the effect
of fibers. Equation (7) overestimates the normalized
residual pore pressure development of fiber-reinforced
calcareous sand with w = 1% at larger N/Np. In fact,
compared to clean quartz sand the soil properties of fiber-
reinforced calcareous sand are more complex; thus,
appropriately increasing empirical parameters in the pre-
diction model is necessary. Considering that the inverse
trigonometric function can relatively well fit the reverse S
curve and the power function can change the shape of the
curve, a modified normalized residual pore pressure pre-
diction model with two empirical parameters was pro-
posed, which can reflect the effect of fibers as follows:

(3)

2 N a(N /NP +b+(N/N)Y
U = —arcsin| —

arcsin (NL>
where a and b denote two empirical parameters that can be
calibrated by undrained cyclic tests.

Figure 16 gives the comparison of test results for nor-
malized residual pore pressure with the predicted trend
using Eq. (8). It can be found that the development trend of
residual pore pressure can be well predicted with this

1.2
o w=0% o o=1%
1.0 == Predicted trend of Eq. (8) = * = Predicted trend of Eq. gS)
0.8
2 0.6
0.4
0.2
0.0 L L
0.0 0.5 1.0 0.0 0.5 1.0
N/N, N/N,

Fig. 16 Comparison between test data and predicted trend of Eq. (8)
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proposed model under unreinforced and fiber-reinforced
conditions. To highlight the applicability of the proposed
model, Fig. 17 depicts the curves of coefficient of deter-
mination (R?) versus o for various residual pore pressure
prediction models. The coefficient of determination for
Eq. (7) decreases with an increase in o (i.e., decreases
from 0.99 to 0.9 as w increases), whereas the coefficient of
determination for Eq. (8) is basically greater than 0.97 and
is independent of the variation of @. The results indicate
that the proposed prediction model in this study can better
simulate the development trend of normalized residual pore
pressure of fiber-reinforced calcareous sand with various @
under undrained conditions compared with Eq. (7).
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Fig. 17 Coefficient of determination for various normalized residual
pore pressure prediction models versus w: a Eq. (7); b Eq. (8)



Acta Geotechnica (2023) 18:2929-2943

2941

4 Conclusions

A series of undrained monotonic and multidirectional
cyclic simple shear tests were conducted to investigate the
effects of cyclic stress ratios and fiber contents on the
responses of calcareous sand. The peak shear strength, the
linkage between monotonic and cyclic behaviors, lique-
faction resistance and pore pressure of unreinforced and
fiber-reinforced calcareous sand were analyzed. The fol-
lowing conclusions are drawn from this study.

(1) In the monotonic shear tests, both the unreinforced
and fiber-reinforced calcareous sand exhibit limited
flow instability behavior, and the peak shear strength
and phase transformation shear strength increase
with the increase in fiber content. A more pro-
nounced reinforcement efficiency of increasing fiber
content in improving peak shear strength can be
found in a smaller initial vertical stress.

(2) When the cyclic effective stress paths cross the
instability line determined in the monotonic tests, the
effective vertical stress presents a sudden decrease
accompanied by pore water pressure and shear strain
development rates sharply increase in both the
unreinforced and fiber-reinforced specimens. Com-
pared to unreinforced calcareous sand, fiber-rein-
forced sand requires more cycles to elicit
unstable behaviors under cyclic loading due to the
larger peak shear strength.

(3) The liquefaction resistance of calcareous sand
increases with the increase in fiber contents; how-
ever, increasing the cyclic stress ratio reduces the
liquefaction resistance of calcareous sand. A linear
relationship is found between the normalized lique-
faction resistance of fiber-reinforced sand and the
number of cycles for triggering liquefaction, which
provides a convenient way to predict the liquefaction
resistance of calcareous sand with various fiber
contents.

(4) The build-up rate of pore pressure decreases as fiber
contents increases, whereas increasing the cyclic
stress ratio significantly accelerates the accumulation
rate of pore pressure. A modified normalized residual
pore pressure prediction model which can reflect the
effects of fibers is proposed in this study. Compared
to the widely used Seed model, the proposed
prediction model can better simulate the pore
pressure development trend of fiber-reinforced cal-
careous sand with various fiber contents.

It has to be noted that these findings were concluded
from experiments with fixed initial vertical stress and cir-
cular shear stress path, whereas the real conditions of soils

and shear stress path during earthquakes were more com-
plex than the simple shear conditions considered in this
study. Nevertheless, the results of the experiments con-
ducted under these limited conditions have indicated that
fiber reinforcement can greatly improve the performance of
calcareous sand even under multidirectional cyclic shear
loading.
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