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Abstract: The physical and engineering mechanical behaviors between coral sand and terrigenous sandy soils are considerably
different. To study these behaviours, a series of undrained multistage strain-controlled cyclic triaxial tests were conducted on
saturated coral sand from Nansha Islands, South China Sea. The influence of effective confining pressure p; and relative density Dr
on the dynamic shear modulus and damping ratio of coral sand was studied. Compared with the test results of coral sand and
terrigenous sandy soil and gravel, significant differences were found in the maximum shear modulus Gmax, the shapes and the upper
and lower boundaries of shear modulus ratio G/Gmax curves, reference shear strains y,, the shapes and the upper and lower
boundaries of damping ratio A curves. The maximum shear modulus Gmax of coral sand is higher than that of terrigenous sandy soil
and gravel, and the Gmax of coral sand predicted by empirical equations of terrigenous sandy soil is underestimated by 30%. The
nonlinearity of coral sand is slightly weaker than that of terrigenous sandy soil and gravel. The empirical formulas for predicting

G/Gmax and A of terrigenous sandy soil and gravel are not applicable for Nansha coral sand. The empirical formulas for predicting

G/Gmax and A of coral sand are proposed.

Keywords: Nansha coral sand; the maximum shear modulus; shear modulus ratio; damping ratio; cyclic triaxial test

1 Introduction

Under the Belt and Road Initiative, the construction of coral
reefs in South China Sea is proceeding. Coral sand is the main
geotechnical material in coral reefs, with the major component
of calcium minerals, which is the product of coral body due to
geologic processes, such as transportation and deposition. The
particles of coral sand have many characteristics, including
many pores (with inner pore), irregular shape, high angularity,
Therefore, the
engineering properties of coral sand are significantly different

high fragility and easily cemented, etc.

from common terrigenous and marine sediments. The seismic
ground failure of coral sand site occurred several times, such as
the 1993 Guam Mw 7.7 Earthquake!!! and the 2006 Hawaii Mw
6.7 Earthquakel®), both of which induced ground liquefication
and lateral spreading in large areas of coral sand sites, causing
severe damages to port infrastructure and other shoreline
structures. Therefore, the dynamic properties of saturated coral
sand attracted more attentions from researchers.

The liquefaction properties of saturated coral sand have
been investigated by many researchers®-l. Currently, many
researchers have reached consensus that the liquefaction
resistance of saturated coral sand is higher than common quartz
sand. Some studies have been conducted on the dynamic shear
modulus and damping ratio of coral sand, Pando et al.l%
conducted undrained cyclic triaxial tests and resonant column
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tests on Spanish Cabo Rojo coral sand and quartz sand, and
found that the dynamic shear modulus and damping ratio of
coral sand were lower than those of the quartz sand. Pham
et al.l’) studied the influence of the particle size distribution on
the maximum shear modulus through bender element tests. The
results show that the effective confining pressure p) , and
relative density D;, have important effects on Gmax of coral sand,
and the Gmax of coral sand is higher than that of quartz sand
under the same conditions, and the particle gradation, shape and
angularity all have important influences on Gmax of coral sand.
Carraro et al. ¥ investigated the dynamic shear modulus and
damping ratio of coral sand from the west-north sea of Australia
using resonant column tests, and found that dynamic shear
modulus and damping ratio of coral sand were larger than those
of quartz, and the decay rate of G of coral sand with increasing
strain was faster compared to quartz sand. These studies show
that there are considerable differences for the dynamic shear
modulus and damping ratio of coral sands in different areas.
Few research has been conducted on the dynamic
characteristics of coral sands in China. Li Jianguol®! analyzed
the effect of initial principal stress direction on liquefaction
characteristics and dynamic strength of saturated coral sand
using vertical-torsional shear tests. Yu Haizhen!!% investigated
the liquefaction mechanism and dynamic  strength
characteristics under complex initial stress state and dynamic
stress conditions. However, these studies were relatively simple
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in terms of dynamic shear modulus and damping ratio. Ma
Weijia et al.l'!l further studied the liquefaction characteristics of
saturated coral sands. Due to the increasing number and scale of
coral reef construction in Nansha Islands, it is necessary to
perform experiments to further study the G and A of saturated
coral sand in Nansha Islands.

Currently, there are comprehensive knowledge on the
dynamic shear modulus and damping ratio of terrigenous sandy
soil and gravel. G and A are mainly influenced by confining
pressure and relative densityl!?-13], as well as other factors, such
as the particle gradation, particle size, consolidation and load
conditions, etcl'*17], In this paper, strain-controlled undrained
multistage cyclic triaxial tests were carried out on coral sand
from Nansha Islands to investigate the influences of effective
confining stress p; and relative density Dr on G and A at
different shear strain amplitudes , .

2 Physical properties of coral sand

The physical and mechanical properties of coral sand are
considerably different from terrigenous sediments. The coral
sand used in the tests was white, and was acquired from an
island in Nansha. The main minerals of this coral sand are
aragonites, calcites and magnesium-rich calcites, with mass
percentages of 55.5%, 41.5%, and 3.0%, respectively. Fig.1 is
the scanning electron microscope image and shows that the
coral sand particles are highly angular, irregular in shape,
slender and flaky particles with many inner pores.

SEI 4B WDiEm = SEImkv

Fig.1 Scanning electron microscope images of
coral sand particles

The original sample has a wide range particle size
distribution, with a few particles having size greater than 100
mm. The gradation curve of coral sand after removing the
particles with size greater than 50 mm is shown in Fig.2.The

Table 1 Physical properties of coral sand

particles with size greater than 2 mm take up a small percentage
of 15.4%. According to the geologic investigation data reported
by Shan Huagang et al.['®], the coral sand within a depth of 10
m is mainly medium sand and fine sand, with some gravels in
certain areas. Based on the theory of particle contact, the coarse
particles when suspending among finer particles have almost no
effect on the mechanical properties of soil'). In order to satisfy
the requirement for triaxial tests that the maximum particle size
should be smaller than 1/6 of the specimen diameter®®, the
similar gradation method, equivalent mass replacement method,
removing method, and mixing method are typically used to
eliminate the scale effect of coarse particles. According to
previous study!?'l, the coral gravels with size greater than 2 mm
were removed in this study, and the grain size distribution is
shown in Fig.2. Due to the fragile behavior of coral sand, the
minimum void ratio emin Was measured by shaking under static
compression in a container. The physical properties of coral
sand are summarized in Table 1. According to the “Engineering
Classification  Standard  of  Soil” of China (GB/T
50145-2007)2, this coral sand is classified as poorly graded
sand (SP).

3 Strain-controlled undrained multistage cyclic
triaxial tests

3.1 Test equipment

A series tests were conducted using a hydraulic-servo cyclic
triaxial test equipment from GCTS. This equipment can apply
dynamic loading in five modes independently, including axial
loading, torsional loading, external confining pressure, internal
confining pressure, and back pressure. It can be used to conduct
dynamic testing on solid specimen or hollow specimen with
confining pressure smaller than 3 MPa. In the tests, the range of
axial displacement sensor is 7.5 mm, and the range of internal
axial load sensor is 4 kN, both of which have accuracy higher
than 0.1%FS (FS is the full scale). Fig.3 shows the testing
system, including five components.
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Fig.2 Grain size distribution curves of coral sand
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Servo [P] Pore pressure sensor

DA Valve of servo

1 —Cyclic triaxial equipment and axial, torsional loading apparatus; 2—Oil pump system;
3 —Hydraulic controller providing inner, external confining pressure and back pressure;
4—SCON-2000 data collection and digital control system; 5—Computer and GCTS software

operating system

Fig.3 Schematic diagram of GCTS triaxial apparatus

3.2 Specimen preparation and saturation

The primary goal of these tests is to study the dynamic
shear modulus and damping ratio of saturated coral sand under
isotropic consolidation. The specimen was 50 mm in diameter
and 100 mm in height, and were prepared using static
compression method to avoid particle crashing of coral sand.
The coral sand was equally divided into five pieces according
to mass calculated based on relative density and volume, and
then was placed into the mold and compressed under static
loading to the target height of each layer . For dense specimen,
in addition to static loading, the mold was knocked using rubber
hammer for ease of compression, which would not cause
particle crashing. The specimen was then placed into the triaxial
cell, and a negative pressure of 15 kPa was applied inside the
specimen. The relative density of specimen was calculated

using the measured average diameter (excluding the thickness

of rubber membrane) and height of the specimen after installing.

After test setup, vacuum was applied to the specimen for
saturation according to ASTM D3999-11129, and the back
pressure was increased to 400 kPa. The specimen was
considered as saturated, when the B value was greater than
0.95[201,
3.3 Test scheme

Isotropic consolidation was applied at least 6h after
saturation, and the volume change of specimen was measured
after consolidation and the corresponding D: was calculated.
Strain-controlled undrained multistage cyclic triaxial tests were
then conducted, with axial strain &, increasing from 1x10~to
1x102. At the end of each of loading stage, recovering was
allowed at least 15 min for the specimen to return to the initial
consolidation condition, and then the next loading stage was

applied. Each loading stage contains five cycles at the

Published by Rock and Soil Mechanics, 2020

frequency of 0.5 Hz. D: ranged between 31% and 76%, and
p, has four different values of 50, 100, 200 and 300 kPa. The
details of these tests are shown in Table 2.

4 Results and analyses

Deviator 0 and axial strain& can be measured directly
from cyclic triaxial tests. For the saturated specimen, no volume
change was allowed under undrained condition, and thus the
Poisson’s ratio of the specimen can be assumed to be 0.5.
According to the theory of elasticity, the shear stress 7=0/2
during loading and the shear strain y = 1.5¢[!323],

Under cyclic loading, dynamic shear modulus is defined as
the slope of the line connecting the two ends of the stress-strain
hysteresis loop, thus G=t/ja, and the damping ratio is
associated with the area of the hysteresis loop!!3. In this paper,
the dynamic shear modulus and damping ratio were calculated
using the method proposed by Liang et al.l*l based on
autocorrelation functions. The average stress amplitude z, and
the average strain amplitude y, during five cycles were
calcuated based on the stress and strain time histories using the
autocorrelation functions. Then, the average dynamic shear
modulus G corresponding to y, in the five cycles were
calculated. Finally, the cross-correlation functions of the stress
and strain time histories were used to calculate the phase
difference between these two time histories, and then the
average damping ratio A of five cycles was calculated. This
method can eliminate the effect of testing noise and improve the
accuracy of G and A calculation from cyclic traixial test results,
and improve an order of magnitude smaller for the range of G
and A measurement using cyclic triaxial tests for the same
condition. In this paper, the tests conducted using the GCTS
cyclic triaxial test equipment could accurately measure G and A4
in the strain range of 10°-102.
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Table 2 Specimen data and test results

Specimen Initial condition Test result
Number
number p. /kPa D /% Gmax/MPa Vo 1% A 1% A 1%

1 50-1 50 31.0 36.82 0.059 1.84 19.90

2 50-2 50 528 4291 0.063 2.49 18.47

3 50-3 50 64.1 43.62 0.067 1.98 17.08

4 50-4 50 73.7 49.33 0.066 1.68 16.27

5 100-1 100 354 58.33 0.072 2.03 20.06

6 100-2 100 43.3 60.33 0.074 2.22 18.27

7 100-3 100 473 61.43 0.079 2.25 19.41

8 100-4 100 52.0 63.64 0.082 1.08 17.19

9 100-5 100 55.2 69.37 0.076 2.41 18.20

10 100-6 100 56.7 70.61 0.083 1.88 17.48

11 100-7 100 63.0 69.72 0.075 1.60 16.87

12 100-8 100 67.0 72.20 0.080 222 17.20

13 100-9 100 71.5 75.55 0.080 2.24 17.65

14 100-10 100 72.0 78.92 0.073 2.67 16.98

15 100-11 100 752 79.57 0.074 2.28 16.80

16 200-1 200 38.7 92.46 0.102 1.06 19.00

17 200-2 200 555 101.32 0.099 1.07 17.34

18 200-3 200 60.0 109.08 0.093 1.65 17.74

19 200-4 200 70.0 109.79 0.103 1.07 16.56

20 200-5 200 75.5 118.54 0.096 1.05 16.63

21 300-1 300 47.1 125.64 0.108 1.02 18.83

22 300-2 300 59.5 133.92 0.112 1.66 17.27

23 300-3 300 67.8 149.75 0.110 1.02 16.97

24 300-4 300 68.7 147.30 0.114 2.00 17.30

25 300-5 300 76.0 155.84 0.106 2.07 16.62
Note: 4, and A4, arethe maximum and minimum damping ratio, respectively.
4.1 Maximum dynamic shear modulus . 180

The maximum dynamic shear modulus of soil Gmax is 2 160 B <

typically chosen as the dynamic shear modulus at y,=1x107°. é N -
However, it is too difficult to measure the dynamic properties at g 140 ; I~ -~
such small strain levels using cyclic triaxial tests, and thus E s 1200 == Te~<a T~ -
Gmax!"¥) has to be determined through extrapolation. The cyclic § % 100 | T~ - T =P =300 kPa
shear stress-strain backbone curve can be described using the 'g@ 80 —-04g ~-o—a T~ =~ p, =200 kPa
HD hyperbolic model(®3. In this model, 1/G = a +b y, , and then é 0r _ _ Tove—a _ _ — 100 kP
1/G —y, can be fit using test data. The intercept is a, and thus é 40 b T —— —_ _12, =50 kPa
Gmax=1/a. The results for Gmax of coral sand are shown in Table 2. é 20 L L L L L o

Previous studies indicated that the maximum dynamic shear
modulus is mainly influenced by soil type, void ratio, and mean
effective confining pressure. The results for Gmax of coral sand
under different conditions are shown in Fig.4. Using Hardin
model, Gmax of coral sand can be expressed as:

2 ;0625
(2.659—e) Xpax(&j M
I+e P.

where pa is the atmospheric pressure (100 kPa).

G, =402.95x

Fig.5 shows the comparison of Gmax for coral sand from
experiments and calculated values using different empirical
formulas. Saxena et al.l?! proposed a relationship for Gmax with
eand p, for Monterey 0# standard silica sand (SP):

428 2 ' 0.574
v =5 Pa = )
0.3+0.7e P,

https://rocksoilmech.researchcommons.org/journal/vol41/iss1/2
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Fig.4 Gmax of coral sand

Meng!'® proposed a more sophisticate relationship on Gmax,
which accounts for the influences of coefficient of uniformity

Cy and mean grain size dso:

0.48C,%
Gmax = (671C\170.2 )e[ili(dsn/zo) ]pa {%j (3)

As shown in Fig.5, the values of Gmax predicted using the
two methods for terrigenous sandy soil are similar, but the
predicted values are approximately 30% smaller than the
measured value of coral sand, which indicates that the Gmax of

coral sands is larger than terrigenous sandy soil.
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180 16 2 a
o Menq!'*'Eq. (3) s G Y3
150 | & Saxena et.al20 Eq. (2) P 10 —=1- (J/HLO)M 4)
~ e Coral sand Eq. (1) P 10 ’ Gmax 1+(7/a/70)
g I ! -~ - . . . .
2 120 +30% /// S g - where « and g are fitting parameters. This model is widely
@E 90 \4/ P E,E'E’ used. For simplicity, the value of reference shear strain y, is
4 . .
E 60 | L7 5 ,‘i chosen as the value of y, [131% corresponding to G/Gmax =0.5,
E 30 /// [ -30% and the results of y, for each specimen are shown in Table 2.
= A Fig.7 shows the normalized dynamic shear modulus
0 0 3'0 6‘0 9'0 1&0 1 ;O 1%‘30 reduction curves with y,/y, as the variable for coral sand. It

Measured Gy of coral sand/MPa

Fig.5 Comparison between the predicted Gmax and
measured Gmax of coral sand

4.2 Dynamic shear modulus reduction curve

The ratio of dynamic shear modulus G/Gmax is typically
used to describe the relationship of dynamic shear modulus
with increasing strain. Fig.6(a) shows that the G/Gmax 7,
curves are different for different p(') , and the curve moves up
with increasing p;, , which indicates that the nonlinearity of
coral sand becomes weaker. But D: has almost no influence on
the curves under the same p; , as shown in Fig.6(b).

G/Grax A
- = p; =50 kPa, D,=52.8%
- —o-p, =100 kPa, D,=47.3%

1.0 ’ —55 som 24
9 - -a-p, =200 kPa, D;=55.5%4
?ﬂﬂfk gr <P =300 kPa, D,=47.1%
08 | GG RegS 1 .
© N QA S Ber <
S Q:\\\ Pl <
2o} N
E \‘%%% 112 2
=2 =
2 TN {s &
g 24 N g
502 b 4 2 =
2 g% RN 14
7L R & ~=Ngy
0.0 RV TP R i )
107 10 10°! 10°
Shear strain amplitude 7, /%
(a) D, =47.1%55.5%
1.0 - - 24
T ey
3 ¥ 420
T T ol
O |GG 2 ‘; dp x 1163
£ 061 = = D=354% & Y 5
= - = D,=433% 112 2
:; 04 b = —= D,=63.0% E
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= —~ — D,=752% 4P
§ 02f -: 8, 14
= v
% e Laq
00 b i L 0
1073 102 107! 10°

Shear strain amplitude 3 /%
(b) p; =100 kPa

Fig.6 Curves of shear modulus ratio and damping ratio
for coral sand

4.2.1 Normalized dynamic shear modulus

Davidenkov model®” is used to predicted the relationship
of G/Gmax and  y, , as expressed:

Published by Rock and Soil Mechanics, 2020

can be seen that the discreteness of data about G/Gmax is small,
which indicates that the method can effectively eliminate the
influence of p; on the shape of G/Gmax curve. The best fitting
parameters are = 1.03 and 5 = 0.52.

1.0 Coral sand (In this paper)
- R Toyoura sand!
g 0.8 | -+== Gravel®!
.2 Coral sand Gravel®
§ 06 '
z Di =50 kPa
% 04 | Do =100 kPa
g Py =200 kPa
§o2r | =300 kP
E py = a
2l S,
0.0 1 1 1 n L1l
1073 1072 107! 10° 10!

Normalized shear strain amplitude y/y

Fig.7 Relationships between shear modulus ratios and
normalized shear strain of sandy soils and gravels

Based on the results from previous studies!?3282%  the
dynamic shear modulus reduction curves of different types of
terrigenous sandy soils are processed using the method above
and are plotted as G/Gmax - ¥,/ 7, curves as shown in Fig.7. It
can be seen that: (a) the curves for different types of terrigenous
sandy soils and gravels are almost the same; (b) when y,/y,<
1.0, the decay rate of the curve for coral sand is obviously
smaller than for terrigenous sandy soil and gravel; (c) when
v.!7,> 1.0, the differences of curves for coral sand and
terrigenous sandy soil and gravel are relatively small.

4.2.2 Reference shear strain

The relationship of reference shear strain y, and p;
for coral sand is plotted in Fig.8(a). Results indicates that D: has
relatively small influence on 7, , while p; has larger influence,
and y, increases with increasing p; . The relationship can be
expressed as follows:

Yo =78x10"x(p/p.)"" )

Fig.8(b) compares the ,- p; curves for coral sand and
terrigenous sandy soil and gravel. Under the same confining
pressure, y, for coral sand and terrigenous sandy soil are
larger than for terrigenous gravel. The slope of the lg 7, -1g p;
curve for coral sand is similar with terrigenous gravel but
smaller than terrigenous sandy soil. The main reason is that the
coral sand has rough surface and high angularity, and its shape
is similar to gravel®] which produces stronger restriction
among the particles and thus leads to weaker influence of
confining pressure on y,. Hence, the slopes of the Ig 7, -1g p;
curves for coral sand and terrigenous gravel are smaller than
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terrigenous sandy soil.
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Fig.8 Relationships between reference shear strain and
confining stress of sandy soils and gravels

4.2.3 Boundaries of normalized dynamic shear modulus

The coefficient of determination, derived from the
regression analysis between the predicted values from the
model in this paper and experimental values, R*= 0.996. This
indicates that the predication model has good accuracy. Fig.9
shows the curves for mean value of G/Gmax under different
confining pressures, and the upper boundary and the lower
boundary!'2232%1 of the modulus reduction curves for different
types of sand and gravel under similar confining pressures. In
this figure, the reduction curves for coral sand and terrigenous
sandy soil and gravel are different: (a) under similar confining
pressures, the difference between the upper and the lower
boundaries of the coral sand curve is smaller than for
terrigenous sand and gravel; (b) the decay rate of G/Gmax With
v, for coral sand is smaller than for terrigenous sand and
gravel, and the upper boundary of coral sand is higher than
terrigenous sand and gravel, especially for 0.004%< y, <
0.060%. Results indicate that current empirical formulas for
predicting G/Gmax for terrigenous sand and gravel are not
applicable for coral sand.
4.3 Damping ratio curve

Typical results of damping ratio for coral sand are shown in
Fig.6 and indicates that the influences of p, and D: on 4 of
coral sand are different at different strain amplitudes. (a) when

https://rocksoilmech.researchcommons.org/journal/vol41/iss1/2
DOI: 10.16285/j.rsm.2018.7359

7,< 1x10™ or y,> 5x107 , the influence of p; on A is
small; when 1x10* < y, <5x1073, A decreases with
increasing p; , but the influence of p; on A becomes weaker
with increasing ,. (b) when y, <1x1073, the influence of Dx
on Ais small 4; when y,>1x 1073, 1 decreases with increasing
Dr, and the influence becomes stronger with increasing ,;
when y, gets close to or exceeds 1%, the curves of A
gradually become flat. The main reason is that when y, is
relative large, the effective confining pressure decreases
significantly due to rapid increase of pore pressure, and thus the
initial effective confining pressure does not have a major
influence on A. Particle contacts depend on the relative density.
The larger Dx is, the stronger particle contacts are. As a result, A

of coral sand decreases with increasing Dr.

—— Coral sand (In this paper)

B e DPi =50-300 kPa
£ 0.8 AR R\ Toyoura sand(?’!
9 \ /
) . P =50-300 kPa
2 0.6 AN — — Gravels®!
g \ Do =50-500 kPa
2 04F Mean ) .— - Cohesionless soil'Z!
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S < 50 kPat iy S Py =50—-600 kPa
S 02t & 100 kPaj N\l
8 “+0 200 kPa}
2 40 o 300kPat,, i
1073 102 107! 10° 10!
Shear strain amplitude 3, /%
Fig.9 Shear modulus reduction curves of different

sandy soils and gravels

Harding et.al®! found that the dynamic shear modulus
G/Gmax are correlated with damping ratio A:

In this paper, A are normalized as follows:
ﬂnor = (l - ﬂ'min )/( j'max - ]’min ) (7)

where A is the normalized damping ratio.

Theoretically, for perfect viscous plastic material, A, =0,
but Chen et.all’>!'7] found that there is energy dissipation even at
very small strain amplitude based on triaxial test results of Nanjing
fine sand and gravel, which are consistent with findings from
Rollins et al.?*) and Kokusho®. Chen et al.l'> 7] assumed that
A could be chosen as the damping ratio at y, = 107%, because
when shear strain is at the order of magnitude 10~, A of coral sand
is relatively small and increases very slowly, and A becomes
stable when p, reaches to 5x1073. For specimen under

different conditions, A

‘min

and A  could be chosen as the
damping ratio at y,= 5x107 and 7x1073, respectively. The
results are shown in Table 2.

The relationship between A, and G/Gmax is shown in
Fig.10. It can be seen that all data points are located in a narrow
belt, and the correlation between A and G/Gmax are good. The
equation for the best fit curve is:

—4.46
Ao =0.77 x arctan (i + 0.54} -0.12 (8)

max
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Fig.10 Relationships between normalized damping ratios
and shear modulus ratios

The damping ratio of coral sand is expressed as:
/1 = /Imin + (/’lmax - ﬂ’min )ﬂ'nor (9)
A, is chosen as the mean value of minimum damping ratio,
1.8%, because the effects of p; and Dr on A

small. Fig.11 indicates that A

‘max

is relative
is mainly affected by D: and
decreases with increasing D;. These two parameters have an
approximately linear relationship expressed as:

A =21.98%—-7.27%-D, 10)

‘max

22

o p, =50 kPa
© p; =100 kPa
A pi =200kPa
v p, =300 kPa

Maximum damping ratio Amax /%

14 1 1 1 1 1 1 1 1 1 ]
0 10 20 30 40 50 60 70 80 90 100

D: /%

Fig.11 Relationships between maximum damping ratios
and relative densities

According to the empirical formulas for A of coral sand, Eq. (8)
to (10), and G/Gmax, Eq. (4) and (5), Fig.12 shows the damping
ratio for different conditions, including Dr =45% under p) =
50 kPa, 100 kPa and 200 kPa, and p; =100 kPa with D:= 30%,
45%, 60% and 75%. Results indicate that the damping ratio
prediction model can capture the effects of p; and D: on A for
different strain amplitudes. The coefficient of determination,
derived from the linear regression analysis between the
predicted and measured values, is 0.992, indicating good
prediction accuracy.

Fig.13 shows comparison of the damping ratio curves for
coral sand and terrigenous sandy soil and gravel?*2°], It can be
seen that A of coral sand is smaller than Toyoura sand, and the
difference of coral sand between the upper and the lower
boundaries is smaller than the terrigenous sandy soils. There are
some distinct differences between the A curves for these two
types of soils: (a) when y,<0.02% and y,>0.30%, A of coral
sand increases with increasing y,, and the increasing rate is
significantly smaller than that of the terrigenous sandy soil.
Especially a the order of magnitude of y, is 1075, the A of

Published by Rock and Soil Mechanics, 2020

coral sand is nearly constant. (b) when the order of magnitude
of y, is 107, the lower boundary of the A curve of coral sand
is lower than that of the terrigenous sandy soils. Therefore, the
empirical formulas for terrigenous sandy soil are not applicable
for coral sand.
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Fig.12 Predicted damping ratios of coral sand
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Fig.13 Damping ratios curves of different soils

4.4 Effects of increasing pore pressure, reconsolidation and
particle crashing

During multistage loading, reconsolidation was allowed after
each loading stage for recovering of the initial consolidation state.
Drainage occurred during the reconsolidation process, when the
strain amplitude exceeded a certain value, resulting in decrease in
volume and increase in Dr. On the other hand, the specimen was
loaded for five cycles under undrained condition, during which
residual pore pressure u accumulated, when the strain amplitude
exceeded a certain value. G of soil mass increased with increasing
D: and decreased with increasing u. The influences of the above
two factors would be nearly counteracted when calculating the
dynamic shear modulus using the hysteretic loop of certain cycles
for each loading stage. According to Eq.(8), the normalized
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damping ratio, A

nor ?

can be correlated with G/Gmax. Hence, only
the influences of Dr and « on G are verified below.

The verification process (undrained cyclic loading test in one
stage) is described as follow: (a) After specimen saturation and
consolidation, pre-cyclic loading of 3—4 cycles with small strain
amplitude is conducted with y, smaller than 5x107 to calculate
the Gmax of the specimen, and the details are the same as
multistage cyclic loading. Because the strain amplitude of
pre-loading is in the nonlinearly elastic range, pre-loading would
not have much effects on the state of specimen and following
testl!%, (b) Cyclic loading at the frequency of 0.5 Hz with
relative large strain amplitue is applied to the specimen under
undrained condition in one stage to determine the dynamic
shear modulus of undisturbed specimen in the first cycle under
relative large strain. Fourteen verification tests are conducted,
and the results are shown in Fig.14. G/Gmax of undisturbed
specimen in the first loading cycle is almost the same with
those from multistage cyclic triaxial tests. This indicates that
the mean value of G, calculated from 5 cycles in each stage
from multistage triaxial tests is almost the same as the dynamic
shear modulus of undisturbed specimen in the first loading
cycle. In other words, the effects of Dr and u variations during
multistage cyclic loading tests on G are nearly counteracted.

R —
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Fig.14 Comparation between G/Gmax of coral sand
obtained from multi- and single-stage cyclic triaxial tests

Particle crashing is one of the most distinct characteristics of
coral sand as compared with terrigenous sandy soil, and it has
strong effects on the mechanical properties. SunP! observed
visible particle crashing for coral sand after triaxial compression
tests with p; >100 kPa, and crashing becomes easier with
increasing confining pressure, shear stress, angularity, particle size,
inner pore size, and fraction of flaky fragment. The amplitude of
axial strain typically reaches over 15% in triaxial compression
tests, but the strain amplitude is much smaller than 15% in the
multistage cyclic triaxial loading tests. In this paper, the maximum
axial strain amplitude is only 1.0%. Even in the liquefaction tests,
the amplitude of axial strain for initial liquefaction indication is
only 2.5%!!,

For comparison, Fig.2 also shows the grain size distribution
curve for the specimen after multistage cyclic triaxial tests under
Po= 300 kPa and D:r =76.0%, which is the easiest crashing
condition in this study. It can be seen that from the comparison
that no visible crashing was observed for coral sand after
multistage cyclic loading. Hardinl®?! proposed that the relative
breaking ratio B: could be used to describe the extent of particle

https://rocksoilmech.researchcommons.org/journal/vol41/iss1/2
DOI: 10.16285/j.rsm.2018.7359

crashing after loading. B; is defined as the ratio of the amount
of crashing B: to the potential of crashing Bp. B: is the area
between the grain size distribution curves before and after
crashing for particle size greater than 0.075 mm. By, is the area
of on the top of the initial gradation curve for particle size
greater than 0.075 mm. The greater the value of B, the more
serious the particle crashing would occur after loading. Under
the easist crashing condition the crashing ratio B: is only 0.0096,
which indicates that there was almost no particle crashing under
the effective confining pressure of 300kPa with y, increasing
to 1.5% in stages. Therefore, there is no need to consider the
influence of particle crashing in this study.

5 Conclusions

(1) Under the same condition, the maximum dynamic shear
modulus of coral sand from Nansha Islands is larger than that of
terrigenous sand. The Gmax of coral sand predicted by empirical
formula for terrigenous sandy soil is underestimated by
approximately 30%.

(2) Under the same confining pressure, the G/Gmax- ¥, curve
for coral sand is higher than terrigenous gravels and sands, and
the decay rate of G for coral sand is smaller than terrigenous
sand. When the effective confining pressures are close, the
difference between the upper and lower boundaries of the
G/Gmax- y, curve of coral sand is narrower than that of
terrigenous gravels and sands. When 0.004% <y, < 0.06%, the
upper boundaries of coral sand is higher than that of terrigenous
sand and gravel.

(3) p; has an apparent influence on A of coral sand when
shear strain is at the magnitude of 10, while D: has a stronger
influence on A when shear strain is at the magnitude of 1073
When y,< 0.02% and y,> 0.3%, A of coral sand increases
with increasing y,, but the increasing rate is much smaller
than that of terrigenous sand and gravel. When p; are similar,
the difference of upper and lower boundaries of the damping
ratio curve is narrower as compared with that of terrigenous
sand and gravel. When y, is at the magnitude of 10, the
lower boundary of the damping ratio curve for coral sand is
lower than for terrigenous sand and gravel.

(4) The nonlinearity of coral sand is weaker than
terrigenous sand and gravel, so the empirical formulas of
dynamic shear modulus and damping ratio for terrigenous sand
and gravel are not applicable for coral sand. Based on saturated
poorly graded coral sand from Nansha Islands, this paper
provides empirical formulas of Gmax, G/Gmax and A, which
provides reference for evaluation of seismic coral sand site
response .

(5) During undrained multistage cyclic triaxial tests, with
five cycles in each stage, the mean value of G in each stage can
counteract the influence of of Dr and u variations on test results.
Particle crashing of coral sand was not observed during
undrained multistage cyclic triaxial tests.
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