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Abstract: This study examines the cyclic behavior of calcareous sand obtained from the South China
Sea. A series of undrained cyclic triaxial tests were performed on the calcareous sand with various
relative densities, cyclic stress ratios, and effective confining pressures. The test results show that
whereas the effective confining pressure exhibited a small influence on the cyclic behavior of the
calcareous sand, the effect of changes in CSR and relative density was notable. Due to its angular
nature, the liquefaction resistance of calcareous sand was much higher than that of silica sand.
In addition, differences between calcareous and silica sands in terms of pore pressure generation
characteristics and deformation responses were also observed.
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1. Introduction

Calcareous sand is a typical marine sediment that is widely distributed in tropical and
subtropical areas. In these areas, the replacement of silica sand with calcareous sand as
filling material for the offshore engineering foundations is convenient and cost-effective.
Such foundations are often subjected to cyclic loadings, such as waves, winds, and even
earthquakes. Therefore, it is necessary to evaluate the dynamic and cyclic behavior of
calcareous sand.

Calcareous sands exhibit unconventional characteristics compared to those of silica
sands owing to its angular nature, crushable structure, and high void ratio [1–6]. Extensive
studies have investigated the dynamic properties of calcareous sands retrieved from
different regions, including the North West Shelf of Australia [7–9], the west coast of
Eire [10–12], Southwestern Puerto Rico [13], the north coast of Egypt [14], the Hawaiian
Islands [15], the Persian Gulf [16], and the South China Sea [17–21]. Drawn from a wide
range of physical, chemical, and biological geologic environments, these calcareous sands
exhibit significant variability in shape, structure, gradation, and chemical composition.
The biogenically induced variability of calcareous sands is therefore substantial, and
can greatly influence their cyclic behavior, which is not the case for silica sands. Thus,
evaluating the dynamic responses of calcareous sand requires considering different origins
and physical characteristics.

This paper performed a series of undrained cyclic triaxial experiments on the cal-
careous sand retrieved from the South China Sea and compared the results with similar
experiments on Fujian silica sand. The research results provide valuable measurements
and parameters for the specific calcareous sand foundation in reef engineering.

2. Materials and Methods
2.1. Materials

The calcareous sand evaluated in this study was obtained from the South China
Sea. As shown in Figure 1, it is white, uncemented, and loose sediment debris. The
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CaCO3 content in this calcareous sand is 92.67%. The scanning electron micrograph of the
calcareous sand with subangular to angular grains is shown in Figure 2a. The Figure 2b
indicates that numerous small pores are distributed on the particle surface. The particle
size distributions of the tested calcareous sand and other calcareous and siliceous sands
are presented in Figure 3. The coefficient of uniformity, Cu; coefficient of curvature, Cc;
and median grain diameter, D50, are 4.91, 0.76, and 0.53 mm, respectively, which indicate
that the particle gradation of the calcareous sand is poor. The specific gravity is 2.82,
and the maximum and minimum void ratios are 1.45 and 0.81, respectively. Compared
with other calcareous sand (Table 1), the calcareous sand tested for this paper has a larger
particle size and lower porosity. Table 1 also compares the grain characteristics of common
siliceous sands, including Ottawa 20–30 and Fujian sand (Figure 3). Fujian sand is a kind
of pure silica sand with subrounded shapes and is commonly available in China [22,23].
The program also included specimens of Fujian silica sand tested in similar conditions for
comparison purposes.
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Table 1. Properties of the calcareous sand and other calcareous and siliceous sands.

Category of Sand Gs D50(mm) Cu Cc emax emin

Calcareous sand
(present study) 2.82 0.53 4.91 0.76 1.45 0.81

Cabo Rojo calcareous sand
(Sandoval and Pando, 2012) 2.84 0.37 1.75 0.94 2.07 1.51

Fujian silica sand
(present study) 2.65 0.22 2.01 0.98 0.86 0.55

Ottawa 20–30 silica sand
(Sandoval and Pando, 2012) 2.65 0.75 2.1 1.1 0.78 0.5

2.2. Specimen Preparation

Reconstituted calcareous sand specimens were prepared in this experimental inves-
tigation. The water sedimentation method was conducted to prepare specimens with
the relative densities of 30%, 45%, and 60%. All of the triaxial specimens were 50 mm in
diameter and 100 mm in height. The back pressure saturation was conducted under an
effective stress of approximately 10 kPa. A back pressure of 400 kPa was applied to reach a
B value greater than 0.95.

2.3. Testing Program

A series of undrained cyclic triaxial tests was conducted by the GDS dynamic triaxial
equipment (DYNTTS). The loading function was sinusoidal wave, and the frequency of the
cyclic loading was 1.0 Hz. All of the cyclic triaxial tests were performed under isotropic
conditions. The three main variables investigated were the relative density of specimens,
Dr; effective confining pressure, σ′c; and the cyclic stress ratio, CSR = σd/2σ′c, where σd = the
cyclic deviatoric stress. Table 2 presents the Dr, σ′c, and CSR investigated for each specimen
of calcareous and siliceous sand, denoted using CS and SS, respectively.

Table 2. Test conditions and results.

Test No. Dr (%) σc’(kPa) CSR NL

CS1 30 100 0.15 368
CS2 30 100 0.2 47
CS3 30 100 0.25 13
CS4 30 200 0.15 405
CS5 30 200 0.2 48
CS6 30 200 0.25 12
CS7 30 300 0.15 397
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Table 2. Cont.

Test No. Dr (%) σc’(kPa) CSR NL

CS8 30 300 0.2 51
CS9 30 300 0.25 12

CS10 45 100 0.2 67
CS11 45 200 0.15 670
CS12 45 200 0.2 68
CS13 45 200 0.25 18
CS16 60 200 0.15 4415
CS17 60 200 0.2 160
CS18 60 200 0.25 47
CS19 60 300 0.2 150
SS1 45 200 0.12 158
SS2 45 200 0.15 32
SS3 45 200 0.18 11

Note: CS: calcareous sand; SS: Fujian silica sand.

3. Results
3.1. Undrained Cyclic Response

Figure 4 shows the undrained behavior of the calcareous sand and Fujian silica sand
at a relative density of 45% under the same CSR = 0.15 with effective confining pressure of
σ′c = 200 kPa. As shown in Figure 4a,b, it can be observed that the stress–strain response of
the calcareous sand was not symmetrical; the strain in the extension side was larger than
in the compression side. The cyclic axial strain increases at a steady rate to large values
when the stress path cycles through zero–p′ conditions. For Fujian silica sand, the strain
amplitude was very small initially, and then accelerated rapidly to amplitudes in excess of
5% as the effective mean principal stress cycled through zero, as shown in Figure 4c,d.
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3.2. Development of Excess Pore Pressure

During cyclic loading, the liquefaction of sand occurs when excess pore pressure
increases to the initial effective confining pressure. The development of excess pore pressure
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of the calcareous sand and Fujian silica sand during cyclic loading is presented in Figure 5.
All of the specimens were consolidated at an effective confining pressure of 200 kPa with a
relative density of 45%. As shown in Figure 5a, the calcareous sand specimen was loaded
with a CSR of 0.15. The development of excess pore pressure showed a significant increase
at the beginning and then a slower rate of accumulation until it approached the effective
confining pressure, and the excess pore pressure increased significantly, thus reaching
liquefaction at cycle number 670. The behavior of the calcareous sand specimen with a
CSR of 0.25 showed a gradual increase in the excess pore pressure until it reached the
effective confining pressure, reaching liquefaction at cycle number 18 (Figure 5b). For
Fujian silica sand with a CSR of 0.15 (Figure 5c), the specimen was liquefied at 32 cycles
(i.e., NL = 32). In comparison, the calcareous sand did not liquefy until NL = 670 (Figure 5a).
This indicates that the calcareous sand has stronger liquefaction resistance than Fujian silica
sand under the same cyclic loading conditions. Due to the angular nature of calcareous
sand, particles show a more stable interlocking, which is considered to be liquefaction
resistant. Figure 5d shows the development of excess pore pressure in Fujian silica sand
with a CSR of 0.18, for which the cycle number that caused liquefaction is close to that of
the calcareous sand with a CSR of 0.25 (Figure 5b). The excess pore pressure of Fujian silica
sand increased slowly at the early stage. After cycle number 9, the excess pore pressure
increased rapidly until it reached liquefaction at cycle number 11. Figure 5b,d illustrates
differences regarding excess pore pressure development between the calcareous sand and
Fujian silica sand. The calcareous sand had greater fluctuations of excess pore pressures
than Fujian silica sand during cyclic loading. The large fluctuations of the calcareous sand
may be due to particle rearrangement arising from the behaviors concerning contact areas
between particles, including irregular shape, rough surface, and intraparticle voids. The
excess pore pressure development of the calcareous sand was similar to that reported by
Salem et al. [14] for calcareous sand from the north coast of Egypt.
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Figure 5. Development of excess pore pressure with number of cycles for the specimens under
σ′c = 200 kPa and Dr = 45%: (a) calcareous sand with CSR = 0.15, (b) calcareous sand with CSR = 0.25,
(c) Fujian silica sand with CSR = 0.15, (d) Fujian silica sand with CSR = 0.18.

In stress-controlled cyclic triaxial tests, the residual excess pore pressures are those
present when the deviator stress is zero during each cycle [24,25]. Figure 6 presents the
residual pore pressure ratio (which is defined as the ratio of the residual excess pore pres-
sure to the effective confining pressure, ru) versus the cycle ratio (which is the ratio of the
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number of loading cycles (N) to the number of cycles required to cause liquefaction (NL)).
As may be observed from Figure 6, all of the residual pore pressure development curves of
the calcareous sand fell within the band of silica sand proposed by Lee and Albaisa [26].
Effective confining pressure had little influence on the pore pressure development, while
the effect of CSR was profound. Due to a higher excess pore pressure development rate, the
curves for the larger relative density calcareous sand were shifted upwards. The calcareous
sand when cyclic loaded in the same conditions had a residual pore pressure generation
curve that was similar to those for Fujian silica sand. However, the calcareous sand did not
liquefy as easily as silica sand under cyclic loading.
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3.3. Deformation Response

Figure 7 shows the axial strain curve of the calcareous sand and Fujian silica sand. As
shown in Figure 7a,b, the initial axial strains of the calcareous sand were small and then
experienced a gradual accumulation until liquefaction. In contrast, the axial strain response
of Fujian silica sand shown in Figure 7c,d is significantly different to that of the calcareous
sand. The axial strain of Fujian silica sand was smaller than that of the calcareous sand and
experienced a stabilization strain until a sudden enlargement in liquefaction. For example,
the axial strain of the calcareous sand was −1.03% at N = 15, and increased to −2.42%
by NL = 18 (Figure 7b). However, for Fujian silica sand, the amplitude axial strain was
only −0.28% at N = 9, and achieved liquefaction at −3.75% by NL = 11 (Figure 7d). When
approaching the liquefaction state, an increase in accumulated axial strain can be attributed
to large soil stiffness losses as the effective stress decreases. Particle characteristic is an
important reason for the difference between the calcareous sand and Fujian silica sand in
the development and accumulation of axial strain.
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Figure 8 shows the double amplitude axial strain at each cycle of loading versus the
cycle ratio. Figure 8a shows the results of the calcareous sand with the same relative density
(Dr = 30%) and the same effective confining pressure (σ′c = 100 kPa), and under different
levels of CSR. As shown in Figure 8a, the strain developed on the calcareous sand was slow
initially, and then the strain development rate increased. The calcareous sand specimens
with CSR of 0.15, 0.20, and 0.25 started to increase strain when the cycle ratio was more than
0.9, 0.8, and 0.6, respectively. Figure 8b,c shows that the strain development patterns of the
calcareous sand were similar, regardless of effective confining pressure or relative density.
Figure 8d compares the deformation behavior of the calcareous sand and Fujian silica sand
with the same Dr = 45% and σ′c = 200 kPa and a CSR of 0.15. The double amplitude axial
strains of the calcareous sand and Fujian silica sand at the beginning of cyclic loading were
negligible. The difference is that the strain of calcareous sand increased gradually as soon
as the cycle ratio reached 0.98, while the strain of Fujian silica sand increased rapidly until
the cycle ratio reached 0.94.

3.4. Shear Modulus

During cyclic loading, the variation of stiffness is characterized by the loop stiffness
(G), which was determined by connecting the end points of a loop as described by Hardin
and Drnevich [27]. The G for each cycle is given in Figure 9. G clearly decreased during
cycle loading when the cycle number increased, due to the increase in pore pressures,
and the samples began to liquefy. The degradation rate and initial shear modulus of the
calcareous sand are related to the cyclic loading conditions. The initial shear modulus
depends on the relative density and effective confining pressure. In general, the initial shear
modulus of the calcareous sand decreases with decreasing effective confining pressure and
relative density (Figure 9b,c). However, CSR has little influence on the initial shear modulus
(Figure 9a). The degradation rate of the shear modulus increases with the increasing CSR
and the decreasing relative density (Figure 9a,b). The effect of effective confining pressure
is not good (Figure 9c). As shown in Figure 9d, the initial shear modulus of silica sand is
lower than that of the calcareous sand, and the shear modulus of silica sand drastically
decreased during cyclic loading.
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Figure 9. Comparison of shear modulus versus number of cycles: (a) calcareous sand with different
cyclic stress ratios, (b) calcareous sand with different relative densities, (c) calcareous sand with
different effective confining pressures, (d) calcareous sand and Fujian silica sand with the same
loading conditions.

3.5. Cyclic Strength

The cyclic strength is defined as the relationship between the cyclic stress ratio (CSR)
and the number of cycles required to liquefaction (NL). The cyclic strength curves of



J. Mar. Sci. Eng. 2021, 9, 1014 9 of 11

calcareous sand under different relative densities and effective confining pressures are
presented in Figure 10. The results show that the number of cycles to liquefaction decreased
as CSR increased for calcareous sand. The higher the relative density, the larger the
number of cycles to liquefaction. Similar trends have been found in other calcareous
sands [11,13,14]. The results also showed that the effective confining pressure has little
effect on the calcareous sand for relative densities ranging from 30% to 60%, which differs
from the results of previous studies.
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Figure 10. Cyclic strength curves for the calcareous sand.

Figure 11 shows data for the calcareous sand at relative densities of 30%, 45%, and
60% over a range of effective confining pressures (100 to 300 kPa), and for comparison
purposes, includes the data for Cabo Rojo calcareous sand at relative densities of 45%,
65%, and 80% for effective confining pressures of 100 and 200 kPa [13]. It was shown that
all of the cyclic strength of calcareous sand increased with increasing relative densities.
The range of the cyclic strength of Cabo Rojo calcareous sand was larger than that of the
calcareous sand. The cyclic strength of calcareous sand was greater than that of Cabo
Rojo calcareous sand at relative densities of 45%, while the cyclic strength of calcareous
sand was slightly less than that of Cabo Rojo calcareous sand at relative densities of 60%.
There appeared to be a dependence on confining pressure for Cabo Rojo calcareous sand,
with an increase in cyclic strength as the confining pressure decreased, which is similar to
the behavior of Dogs Bay calcareous sand [11] and Dabaa calcareous sand [14]. However,
there was no confining-pressure effect on the calcareous sand in this range of relative
densities. The variations in the locations, compositions, soil structure, intraparticle voids,
and particle shape may explain the variation in cyclic strength of calcareous sands from
different regions.
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Figure 12 shows data for the calcareous sand at relative densities of 30%, 45%, and
60% over a range of confining pressures (100 to 300 kPa), and for comparison purposes,
includes Fujian silica sand at relative densities of 45% and Ottawa 20–30 silica sand at
relative densities of 25% and 68% [13]. The calcareous sand showed higher cyclic strength
than both Fujian silica sand and Ottawa 20–30 silica sand in this range of relative densities.
The higher cyclic strength is due to the angular shape of calcareous sand particles, which
has more stable interlocking soil fabric that is resistant to liquefaction.
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4. Conclusions

This paper presents the cyclic behavior of the calcareous sand in the South China Sea
and highlights the differences between the calcareous sand and Fujian silica sand. The
following conclusions can be drawn from the results analyzed in this paper:

(1) During the cyclic triaxial test, both the excess pore pressure and axial strain of the
calcareous sand gradually increased as it reached liquefaction, whereas for Fujian
silica sand, a sudden increase in excess pore pressure and axial strain was observed
when approaching liquefaction state.

(2) The calcareous sand had greater liquefaction resistance than Fujian silica sand tested
under same cyclic loading conditions. This may be attributed to the angular nature of
calcareous sand particles providing more stable interlocking soil fabric that is resistant
to liquefaction.

(3) The CSR had a significant effect on the cyclic behavior of calcareous sand, including
excess pore pressure development, deformation response, the degradation rate of the
shear modulus, and cyclic strength. However, there was little confining-pressure effect
on the cyclic behavior of calcareous sand, which is different from other calcareous
sands. This may be attributed to the variations in regions and grain composition,
which warrants further study.
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