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Effects of cyclic loading directions on liquefaction characteristics of
saturated coral sand

LIU Kang', CHEN Guo-xing"2, WU Qi"*2?, MA Wei-jia', QIN You!
1. Institute of Geotechnical Engineering, Nanjing Tech. University, Nanjing, Jiangsu 210009, China

2. Civil Engineering and Earthquake Disaster Prevention Center of Jiangsu Province, Nanjing, Jiangsu 210009, China

Abstract: The large scale construction of both military and civil infrastructures located in Nansha reefs and offshore marine areas,
South China Sea, has raised the seismic safety a challenging issue for the projects in the region. The influences of fines content (FC)
on the liquefaction characteristics of saturated terrestrial quartz sands have been extensively studied, but the corresponding research
on saturated coral sands in reclaimed coral islands is less involved. Using the GDS hollow cylinder torsion shear apparatus, a series of
isotropically consolidated undrained cyclic tests have been performed on saturated coral sand sampled from the Nansha Islands,
South China Sea. The samples are prescribed with the stress path formed under the 90° jump rotation of principal stress with various
cyclic loading directions. The influences of the inclination angle (ad) of the major principal stress and fines content FC on the
liquefaction characteristics of saturated coral sand are investigated. It has been discovered that, regarding the zero effective stress
state as initial liquefaction criterion, the liquefaction resistance of saturated coral sand decreases with the increase of au for
0°< aa=<<45° and FC for 0%<FC<30%. The correlation among the generalized shear strain amplitude (), the fines content FC,
and the revolution of residual excess pore water pressure of saturated coral soil has been clearified. By introducing a unit cyclic stress
ratio USR as a new index for liquefaction resistance and based on binary medium theory, the expression between the unit cyclic stress
ratio USRys, inducing initial liquefaction in 15 cycles, and the equivalent skeleton void ratio e, for the saturated sands is
established for the test. The theory is validated by the experimental data in the literature.

Keyword: saturated coral sand; cyclic loading direction; fines content; excess pore water pressure; liquefaction resistance

1 Introduction is a long-term concern but unsolved problem. Guo et al.l’!

. . found that the pattern of principal stress direction has
Calcareous sand is defined as the carbonate sediments little effect }‘zh lati p hi }; w
. . . ) ittle effect on the relationship between pore pressure
with high calcium carbonate (CaCOs3) content mainly . ) P . p P
. . ; . ratio and generalized shear strain of Fujian standard
composed of calcite and aragonite. Tropical and subtropical . .

] ) sand. However, when the principal stress axis rotates
coral reefs are the main source of calcareous sand with . . .
continuously, the lowest liquefaction strength CRR of

saturated sand is obtained. The test results of Lil®l and
Yul”! show that the lowest strength CRR of calcareous
sand occurs under the circular stress path. Xu et al.l®

CaCOs content greater than 90%, and this material is
usually called coral sand. The undrained behavior of
coral sand under cyclic loading caused by earthquake

and ocean wave is an important topic in geotechnical found that the phase difference and amplitude ratio of

engineering field. The earthquake causes severe geo-
technical disasters of coral sand sediments, shown in
the 1993 Guam earthquake!, the 2006 Hawaii earthquake”!
and the 2010 Haiti earthquake™. As recorded in the
literature!*!, a lot of strong earthquakes and destructive
earthquakes have occurred in the Nansha Islands area
in the last one hundred years, and therefore, this geotechnic
hazard would be challenging for coral reef projects.
The undrained dynamic characteristics of saturated
sand under complex stress conditions caused by seismic
P-S wave coupling, especially the liquefaction phenomenon,

Received: 20 November 2020 Revised: 20 April 2021

axial and torsional shear dynamic loads have a significant
impact on the development of excess pore water pressure
and CRR of saturated sand. Huang et al.”! studied the
influence of cyclic loading stress path on the deformation
development mode of loose Fujian standard sand and
dense Qiantang River silt, and used the equivalent
cyclic stress ratio ESR to characterize the standardized
CRR curve under cyclic loading of different oblique
elliptical stress paths. Sivathayalan et al." conducted
a series of uniformly consolidated undrained cyclic
shear tests on loose sand. The results show that the
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continuous rotation of the principal stress axis has a
greater impact on the CRR than the jump of the stress
axis. Chen et al.l''! carried out a series of undrained
dynamic characteristics tests of Nantong silt under
complex stress paths, put forward the tangent function
relationship between deviatoric strain amplitude and
residual excess pore water pressure development for
the first time, originally proposed the definition of unit
cyclic stress ratio USR, and normalized the liquefaction
strength curves under different complex stress paths
with USR as an index.

The research upon cyclic undrained characteristics
of saturated Calcareous sand is developed recently and
the current studies are mainly focusing on the cyclic
triaxial testing or simple shear testing. Rasouli et al.['?!
found that the strength of liquefaction decreases with
initial shear stress ratio for loose Hormuz Calcareous
sand whilst increases for dense samples. Liu Hanlong
et al."3 conducted a series of dynamic triaxial tests on
MICP cemented calcarecous sand. It was found that
compared with the samples without cementation treatment,
the pore pressure evolution of cemented calcareous sand
decelerated, and the CRR and resistance to deformation
increased with the improvement of its cementation
degree. The test results of Gao ran et al.'*! show that
under undrained conditions, the dual normalized pore
pressure development characteristics of calcareous sand
in the South China Sea conform to the conventional
anti sinusoidal function pore pressure model, and the
hyperbolic relationship between dynamic deformation
modulus and normalized strain is not affected by dry
density and particle gradation; A linear relationship
between damping ratio and normalized strain under
drained condition was introduced. Hyodo et al.l'*! and
Mal'®! found that the CRR of saturated coral sand is
greater than that of terrestrial quartz sand.

Previous studies have shown that the fine particle
content FC (mass percentage of soil particles with particle
size less than 0.075 mm) has a significant effect on the
undrained dynamic characteristics of saturated sand.
For example, Polito et al.'”) found that under the fixed
relative compactness Dy, the CRR of saturated sand
remains unchanged in the early stage and subsequently
decreases with the increase of FC. This value performs
decrease-increase mode with FC under the constant
void ratio. The tests of Karim!'®! and Wu et al.'” show
that when D; =30%, the CRR of saturated coarse and
fine mixture decreases initially and basically remains
unchanged afterwards with the increase of FC, whereas
this value decreases and then increases slightly for D, =
50% or 70%.

https://rocksoilmech.researchcommons.org/journal/vol42/iss7/7
DOI: 10.16285/j.rsm.2020.6728

In this paper, a series of undrained cyclic loading
tests on saturated coral sand of an island and reef in
the South China Sea are carried out to simulate the stress
path of 90° mutation of principal stress direction angle
caused by seismic P-S wave coupling. The influence
of cyclic loading direction angle on the deformation and
pore pressure development mode of saturated coral
sand with different FC and the unified characterization
method of liquefaction strength are proposed.

2 Methodology

2.1 Testing apparatus

GDS hollow cylinder torsional shear apparatus of
Nanjing University of technology was used for the test.
The static or dynamic loading of axial force W, torque
Mpq, internal and external pressures p, and pi can be
independently controlled simultaneously?’’. The hollow
cylindrical sample with the dimensions of H =200 mm,
outer diameter 7, =100 mm and inner diameter r; = 60 mm
was prepared. The stress states of hollow cylinder
sample and unit body are demonstrated in Fig. 1(a)
and Fig. 1(b) respectively. Hight et al.?! have given
the relationship between the loading parameters of
hollow cylinder sample (W, Mt, po, pi) and the stress
parameters of unit body (axial stress o

z

, radial stress
o, , circumferential stress o, shear stress 7_,, large
principal stress o, , medium principal stress o, , small
principal stress o, and cyclic loading direction angle
a, ), as shown in Fig. 1(c).

Considering that complicated loading may cause
changes in the four components of soil axial strain &, ,
radial strain &, , circumferential strain &, and shear strain
7.0 » the generalized shear strain y, is introduced to
comprehensively characterize the deformation deve-

lopment of soil under complicated loading condition!** 3]

2[(51 —32)2 +(g —53)2 +(&, —53)1
9

and &,

(D

7/g:

where ¢ , &,
corresponding to major, medium and minor principal
stresses respectively.
2.2 Test material and sample preparation

The experimental material is coral sand on a reef
in Spratly Islands. This material is a special marine

are the principal strains

soil, of which the calcium carbonate content >90%
and relative density 2.801'%], formed by the physical,
biological and chemical effects of the skeleton of marine
organisms. Due to the special formation history, it shows
the characteristics of high edge angle, cementation and
fragmentation of particles, irregular shape, pores and
rough surfacel** 2,

The coral sand is firstly dried in a constant temperature
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oven at 103 ‘C for 24 hours, and then screened with a
standard sieve of 0.075 mm. The particles less than
0.075 mm are defined as fine particles, and the other
with size greater than 0.075 mm are used as sand. The
fine particles of different mass are mixed with sand to
obtain coral sand with different FC, and the grading

W, My

S

(a) Demonstration of loading on
specimen in the hollow cylinder

(b) Stress state of thin element

curves of pure sand, pure fine particles and coral sand
with different FC are shown in Fig. 2. The corresponding
basic physical indexes are given in Table 1. The
maximum and minimum void ratio are measured by
ASTM specification®* 27! and the minimum void ratio
is measured with a vibration method.

(c) Calculation of stress state

Fig.1 Stress state and stress calculation formulas of hollow cylinder specimen

100 -
80 |
Pure fines
Pure sand
o .
= grains
= 60
.80
o
= —()9,
> 40| ™ FC=0%
Nal
5 o FC=6.41%
.E A FC=10%
20 } v FC=20%
* FC=30%
* FC=100%
0 ! v
10! 10° 107! 1072 1073

Size d /mm

Fig.2 Particle size distributions of pure sand, pure fine
particles and coral sand with various FCs

Table 1 Mechanical properties of pure sand, pure fine
particles and coral sand with varying FCs

FC /% Cmax €min dso/mm Cy Ce
0 1.79 1.12 0.44 4.53 0.91
6.41 1.72 0.99 0.38 5.41 0.71

10.00 1.70 0.91 0.35 6.58 0.84
20.00 1.65 0.77 0.28 17.82 1.59
30.00 1.62 0.69 0.21 23.69 1.19

100.00 1.52 0.89 0.03 — —

Note: enaxand en, are the maximum and the minimum void ratio; dsg is the
mean particle size; C, is the uniformity coefficient; and C. is the coefficient
of curvature.

Remolded samples were prepared using dry loading
method®®), and the initial target relative compactness
is determined D, =45%. The coral sand is evenly divided
into 5 layers and poured into the membrane bearing
cylinder of the hollow cylindrical mold. The soil between
each layer is scraped®” to ensure the uniformity of the

Published by Rock and Soil Mechanics, 2021

sample. The sample is saturated with combined measures
including CO; replacement, airless water injection and
graded back pressure saturation after the completion
of sample loading. When the pore pressure coefficient
B=0.97, the sample is considered to be fully saturated!'!);
The saturated specimen shall be uniformly consolidated
under the condition of controlling the initial effective
mean principal stress o’ =100 kPa. The coefficient of
medium principal stress coefficient is controlled as b =
0.5, and the stress path with the sudden change of the
principal stress direction angle by 90° is employed for
loading, as shown in Fig. 3.

b o I
1/
aq=45°

0,-0; ~

2

(b) Principal stress direction angle and
maximum dynamic shear stress

0—+4~0-+B—~0

(a) Stress paths

Fig.3 Stress paths of cyclic loadings and the corresponding
principal cyclic shear effect plane

It should be pointed out that for the two different
stress paths of cyclic loading direction angle «, and
90°—q,, the only difference is that the initial loading
direction of the maximum dynamic shear stress acting
on the sedimentary surface of the soil element is opposite,
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whilst the same effects of other dynamic stresses on
the soil element are caused. That shows that the stress
effects of the two stress paths of ¢, and 90°—¢, on
the soil element are consistent in essence. The cyclic
loading stress paths of ¢, and 90°—¢, are substantially
opposite to each other. The laboratory unit test shows
that the difference in the undrained response charac-
teristics of saturated liquefiable soil under the cyclic
loading stress paths oft''#*%! ¢ and 90°-¢, could
be diminished. Therefore, the undrained cyclic loading
test of saturated coral sand is carried out at 0°, 22.5°
and 45.0° in this study, and the loading frequency is 1
Hz. See Table 2 for the test scheme.

Table 2 Test scheme
FC aq o

ID " b  CSR USR NL/R
% /(°)  /kPa

1 0 0.0 0.25 0.188  Unliquefied
2 0 22.5 0.25 0.223 162
3 0 45.0 0.25 0.250 78
4 0 45.0 0.32 0.320 19
5 0 0.0 0.35 0.263 56
6 6.41 0.0 0.25 0.188 340
7 6.41 22.5 0.25 0.223 103
8 6.41 45.0 0.25 0.250 61
9 6.41 0.0 0.30 0.225 71
10 6.41 0.0 0.35 0.263 29
11 10 0.0 10003 0.25 0.188 72
12 10 2.5 0.25 0.223 40
13 10 45.0 0.25 0.250 25
14 10 45.0 0.28 0.280 17
15 20 0.0 0.25 0.188 32
16 20 225 0.25 0.223 19
17 20 45.0 0.25 0.250 14
18 30 0.0 0.25 0.188 29
19 30 2.5 0.25 0.223 17
20 30 45.0 0.25 0.250 8

Note: b is the principal stress coefficient; and Ny is the liquefaction vibration
number.

The cyclic stress ratio CSR is defined with[*!
CSquam/O'r'n (2)

where 4,, is the amplitude of deviatoric stress,

Gom =(0,-03)/2= \/(O'z _%)2/4"'(29)2 ; ando,

is the initial mean effective stress.

3 Results and discussion

Figure 4 shows the undrained response curve of
saturated coral sand with FC =20% at «,=22.5°. An
oblique straight line with a stress path of 45.0° is
measured onthe (7, , (o, —0,)/2)stress plane, as shown
in Fig. 4(a). This is consistent with the theoretical stress
path, and the measured medium principal stress coefficient
b is maintained at 0.50 £+ 0.015, showing that this test
enables accurate simulation of the complex cyclic loading
stress path with fixed b value. It can be seen from

https://rocksoilmech.researchcommons.org/journal/vol42/iss7/7
DOI: 10.16285/j.rsm.2020.6728

Fig.4(b) that the excess pore water pressure u. gradually
increases with the cyclic vibration number N, whereas
different evolution characteristics of loose and saturated
quartz sand in land area are found. The u. of saturated
coral sand has no obvious fluctuation at the initial stage
of cyclic loading, and the fluctuation increases with N
until it reaches o, . This has good agreement with the
test results of Ma et al.l'!. In addition, when u. is less
than 80 kPa, the generalized shear strain y, increases
gradually at low speed. However, the value grows sharply
when u. is greater than 80 kPa, and it exceeds 2.5%
when u. reaches o . The test in this study takes u.
reaching o) as the initial liquefaction criterion of
saturated coral sand.

3.1 Pore pressure characteristics of coral sand

The excess pore pressure ratio R, is defined as the
ratio of the peak value of u. to o, in each loading
cycle, and the N required for the sample to reach the
initial liquefaction state (R,=1.0) is defined as the
liquefaction vibration number Np. Fig. 5 shows the
relationship between R, and FC, N of saturated coral
sand under different o, when CSR=0.25. It can be
seen that FC and «, have a significant impact on the
development rate of R,. Meanwhile, with the increase
of FC, the development rate of R, increases and Ny
decreases, and the manners are followed for with the
increase of ¢ .

Figure 6 presents the relationship between R, and
N/Ny, of saturated coral sand. It indicates that FC and
o, have obvious effects on the variation characteristics
of R, with N/Nr. Obviously, under the same CSR and
FC conditions, Ry at o, =45° performs fastest evolution
with N/Nr, and it seems that the classical sinusoidal
pore water pressure model proposed by seed et al.?% is
not fully applicable to saturated coral sand. The solid
line in Fig. 6 represents the upper and lower boundaries
of pore pressure development of calcareous sand in the
South China Sea obtained by Gao et al.l'*! via a series
of dynamic triaxial tests. Apparently, the pore pressure
of calcareous sand, when it evolves into the initial
liquefaction state, does not reach the effective confining
pressure, and that is different from the results of this
test. The reason for the deviation may be related to soil
properties and test conditions, the latter includes the
test instrument and the cyclic loading stress path. The
pore pressure evolution of coral sand is within the
corresponding envelope given by Gao et al.'¥l when
R<0.3. However, when R,> 0.3, the pore pressure the
given upper boundary. The shaded part in Fig. 6 is the
pore pressure envelope of Monterey quartz sand given
by Lee et al.l’!l and it is found that the evolved pore
pressure of saturated coral sand obviously exceeds the
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upper boundary of pore pressure of continental quartz sand.
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Fig.5 Relationship between the excess pore pressure ratio Ru and the number of cycles V
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3.2 Deformation characterization of calcareous sand
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Figure 7 shows the amplitude of normalized generalized

225 4025 40.25 24025 4025 4025 shear strainy,, against cycle numbers N for saturated

45.0 #0.2500.32 #0.25 #0.25v0.28 #0.25 #0.25

calcareous sand when CSR=0.25. This curve basically

1.0T * H w
wo EZ?QE follow the same manner for various FC and ;. 7,,
o . . . .
08 k k3 ;““E = increases slowly in the early stage of cyclic loading

0.6

0.4

0.2

Excess pore pressure ratio Ru

0.0

whereas the damage of the saturated calcareous sand is
accelerated after y,, reaching 0.5%, and this value
dramatically increases with number of cycles subsequently.
Figure 8 shows the evolution of y,, against Ry. It
can be seen from the figure that under the condition of

Calcareous sand (14 identical CSR and ¢, whilst different FC, the curves
[T Monterey quartz sand®” of y,, against Ry show similar characteristics. It seems

0.0 0.2 0.4 0.6
Cyclic vibration ratio N/Ni

Fig.6 Evolution patterns of excess pore water pressure for

ols 1'0 that the CSR and ¢, causes little effect on the shape
' ’ of curves under a fixed FC. The development of y,,
performs in a constrained mode for R,<0.4, linearly

saturated coral sand with various FCs increasing for 0.4<R,<0.8 and sharply growing for
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R,>0.8.
Chen et al.l''! found that there is a unique relationship
between y,, and Ry via the cyclic loading test of silt

where a is the fitting parameter.
Due to the obvious difference in pore pressure
development characteristics between coral sand and

T terrigenous cohesionless soil, Ma et al.*?! modified Eq.
Ve =a-tan| —R, (3)
2 (3) as follows:
T = FC=0% 81 = Fe0% or - FC=0%
= FC=641% = FC=6.41% = FC=6.41%
— 0,
Ar - FC=10% 6 L o 2 FCEI0% 8t -o- FC=10%
~— FC=20% o bemame - FC=20%
3 ~— FC=30% FC=30% ~ FC=30%
4 L

Unliquified
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Fig.7 Relationships between the generalized shear strain amplitude . and the number of cycles N
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Fig.8 Relationships between generalized shear strain and excess pore pressure ratio

Ve =c-tan(§dRuJ (4

where ¢ and d are fitting parameters.

Figure 8 gives good indication that Eq. (4) reaches
good agreement with the test data pairs of different FC
coral sands and Ry, and the correlation coefficient R >
0.94. Fig. 9 shows the relationship between fitting
parameters ¢, d and FC, where ¢ decreases linearly with
the increase of FC. This shows that the parameter ¢
reflects the grading characteristics of coral sand, whilst
parameter d is not sensitive to the change of FC (d =

https://rocksoilmech.researchcommons.org/journal/vol42/iss7/7
DOI: 10.16285/j.rsm.2020.6728

0.97). Considering Eq. (3) and Eq. (4), d could be
deemed as the parameter reflecting soil properties.
3.3 Unified evaluation method for liquefaction
strength of saturated coral sand

Cyclic loading mode and stress path significantly
affects liquefaction strength curve (CSR and Ny, curve)
of liquefiable soil with CSR as index*"'!J. Chen et al.['!]
defined the unit cyclic stress ratio USR as a new index
of liquefaction strength, and they pointed out that there
is a negative power function relationship between USR
and N, of which
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where Awm is the reference value Am =1.27¢amT; T is the

cycle period; «,is a parameter reflecting the fuzzy
influence of soil properties, taken a,= 0.11""; 4,0 and
Aqoare the sum and difference between the magnitude
of principal stress caused by external cyclic load and
the area enclosed by the time axis in a 7 when the
medium principal stress caused by external cyclic load
is 0. Therefore, the essence of USR is to correct CSR
by eliminating the difference between the external
cyclic load and the area enclosed by the time axis
under different loading modes. Compared with CSR,
USR can normalize the liquefaction strength curves of
sand under different complex cyclic loading stress paths.
It should be noted that for conventional cyclic triaxial
test or cyclic torsional shear test, USR degenerates
into CSR when o, = x, =1.

Figure 10 shows the relationship between USR and
Ny, of saturated coral sand. It can be found that when FC
is a fixed value, Vv increases with the decrease of USR,
represented with a negative power function relationship
between each other. This is consistent with the test results
of Ma et al.?!1, which further proves the applicability
of USR as the liquefaction strength index of soil element

Published by Rock and Soil Mechanics, 2021

under different cyclic loading modes and stress paths.
In addition, with the increase of FC, the USR—NL curve
offsets downward, which shows that the increase of fine
particle content will significantly reduce the liquefaction
strength of saturated coral sand. This is reasonable as
under fixed relative density D; condition, the number
of sand particles constituting the soil skeleton decreases
with the increase of FC, and is replaced by some fine
particles participating in the composition, which will
consequently reduce the contact area between the particles
constituting the force chain transmission. In addition,
the other part of the fine particles is only filled in the
pores of the soil skeleton and do not play the role of the
force chain. The combined action causes the liquefaction
strength of saturated coral sand to decrease with the
increase of FC.

For sand with different FCs, there must be a threshold
fine grain content FCy, to classify sandy soil and quasi
fine grain soil. Rahman et al.’* proposed a semi empirical
formula for predicting FCq,

FC, =0.40 ! L
1+exp(0.5-0.13y) x

10

where y =d), / dl, is the particle size ratio; d,is the
average particle size of pure sand; d, is the average
particle size of pure fine particles. The coral sand FCy,
used in this test is 0.30, and the coral sands with different
FCs are subject to sandy soil.
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Fig.10 Relationship between USR and cycle number Nv
required to trigger liquefaction

Thevanayagam et al.l**

proposed the concept of
equivalent skeleton void ratio e, to describe the
influence of the degree of fine particles participating
in the composition of soil skeleton on the contact state
of sand particles with different FCs. It is defined as the
ratio of sand skeleton particle volume to pore volume

between each other:
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e:k=w (11)
1-(1-b)FC

where b is fine particle influence coefficient, 0<<h<<1.
Compared with the void ratio e, e, can comprehensively
reflect the effects of fine particle content, physical
state and contact state between particles on the physical
properties of sand.

Mohammadi et al.?3 gave a simplified formula for
predicting b value as follows:

WRES Y

-1

(12

where k=1-1"%,r=y

In engineering practice, the CSR required for the
sample to meet the specified liquefaction standard
when N =15 is usually used as the liquefaction strength
of soil, and hence the unit liquefaction strength USR5
of soil can be defined as the USR required for the sample
for meeting the requirement. Fig.11 shows the relationship
between saturated coral sand USR;s and e, under
different FC conditions. It is found that USR5 decreases
with the increase of e , indicating a good negative
power function relationship between each other

USR,;=A4-¢e, " (13)

where A and m are fitting parameters, and the correlation
coefficient derived for Eq. 13 is R* =0.91.
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Fig. 11 Relationship between USRis and the equivalent
skeleton pore ratio ¢,

Figure 12 illustrates the relationship curves between
USR5 and the test data upon five types of sand in the
literatures. The unique relation between USR;s and
e, has been found for these five types of sands.
Meanwhile, the liquefaction strength of coral sand is
obviously greater than that of these five types of
continental quartz sand. The reason for this is that the

https://rocksoilmech.researchcommons.org/journal/vol42/iss7/7
DOI: 10.16285/j.rsm.2020.6728

coral sand has the characteristics of high edge angle,
brittleness, irregular shape, internal pores, cementation,
and the particles are sub angular—flakes, which leads
to the large occluding effect among particles, slow growth
of pore pressure and difficult reorganization of particle
arrangement during cyclic loading, and consequently
it is not easy to be liquefied.
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Fig.12 Relationship between USRis and equivalent
skeleton pore ratio e, for five types of sand

In conclusion, e, can comprehensively reflect
the impact of the physical characteristics of saturated
coral sand on USR;s, and therefore is considered a
suitable physical characteristic index to describe USRs.
Further verification is required for the university of
e, in reflection of USR5 via various liquefaction test
data of saturated sand under different cyclic loading

modes and stress paths.
4 Conclusion

(1) The development of excess pore pressure of
saturated coral sand obviously exceeds the upper
boundary of that of continental quartz sand, and the
former performs higher rate of evolution.

(2) The deformation pattern of the saturated calcareous
sand behaves the manner of ‘gentle—sharp’. A constitutive
model based on the generalized shear strain y,, and
FC has been developed for the excessive pore water
pressure of the calcareous sand.

(3) The unit cyclic stress ratio USR is introduced
to quantitatively characterize the complex cyclic stress
level. Based on the binary medium theory, the unified
expression of liquefaction strength of saturated coral
sand is established, and the applicability of this method
is verified by the test data of five kinds of sandy soils

in the literature.
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