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1. Introduction 
 

Coral soil, which is also called as calcareous soil due to 

the main chemical component as calcium carbonate, is 

widely distributed in South East Asia sea area, especially in 

Truong Sa island of Vietnam (Fig. 1). Recently, 

construction activities in coral ground have been carried out 

more and more popular. However, calcareous soil are still 

considered as a problematic soil due to high crushability 

and high void ratio, leading to high compressibility (Coop 

et al. 2004, Wei et al. 2018). Physical properties of coral 

sands have been reported in Murff (1987), Chengjie et al. 

(2013) and Wang et al. (2017). 

Recently, studies on the mechnical behaviours of 

calcareous sands have been conducted more common. 

Hassanlourad et al. (2008) investigated shear behaviour of 

two calcareous sands from two different zones located in 

Persian Gulf using drained and undrained triaxial tests. It is 

derived from the research that the calcareous sands had 

substantial interlocking that resulted in dilative behaviour of 

them in both loose and dense states and the increase of 

confining pressure reduced the dilation component. 

Dehnavi et al. (2010) carried out an experimental study on 

compressibility and undrained behaviour of Hormuz 

calcareous sand from Persian Gulf. Brandes (2011) 

investigated shear behaviour of calcareous and quartz sands 

through monotonic and cyclic simple shear tests. It is 

derived from the study that differences in the behaviour 

between the calcareous and quartz sands are due to 

contrasts in grain geometry, hardness, gradation and the  

                                           

Corresponding author, Ph.D. 

E-mail: vuanhtuan@mta.edu.vn 

 

 

amount of intraparticle voids. Wang et al. (2016) studied on 

shear characteristics of calcareous gravelly soil through 

large-scale direct shear tests. The results revealed that the 

calcareous gravelly soil has greater apparent cohesion, 

larger friction angle, and lower softening value than quartz 

sand. Rezvani (2019) carried out a study on shearing 

response of geotextile-reinforced calcareous soil through 

triaxial tests. The results indicate that geotextile 

reinforcements increased the shear strength of the 

calcareous soil and higher confining pressures reduce the 

dilative behavior and efficiency of geotextile reinforcement. 

Shahnazari and Rezvani (2013) studied on effective 

parameters for the partical breakage of calcareous sands. 

The results from the research showed that the input energy 

played an important role in the particle breakage behaviour 

of the soils. Vu and Matsumoto (2019) carried out an 

investigation on behaviour of monopile subjected to cyclic 

loading in a calareous ground, in which the results of the 

triaxial tests and numerical simulation on mechanical 

behaviour of a calcareous sand of Vietnam were reported. 

The studied results indicated that the coral sand had post-

peak softening behaviour and it is better to use the 

Hypoplastic model to simulate the mechnical behaviour of 

the sand compared to the Mohr-Coulomb and Harderning 

soil models. Several other studies on mechanical behaviours 

focussing on shear strength of soils subjected to static and 

dynamic loading have been conducted as Hyodo et al. 

(1996), Ismail (2002), Goual et al. (2011), Salem et al. 

(2013), Morsy et al. (2019), Park et al. (2018), Shanazari et 

al. (2019) and Shi et al. (2020). 

Generally, there are studies on mechanical properties of 

coral or calareous sands with particle size smaller than 2 

mm, but few study on coral gravel sand with particle size 

larger than 2 mm. Hence, in this study, the shear strength 

behaviours of a coral gravelly soil sampled from Truong Sa  
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island of Vietnam are investigated through direct shear tests. 

Influecing factors as relative density, cyclic load, amplitude 

of cyclic load and loading rate are considered in the study. 
 
 

2. Physical properties 

 

Coral soil from Truong Sa island of Vietnam was used  

 

 

 
 

in this study. Fig. 2 shows the stratum profile of the site 
where the samples were collected. The coral ground here 
contains stones, branches, gravels and sands. In this 
research, however, only coral gravelly sand having particle 
diamater smaller than 10 mm is focussed to investigate the 
shear strength behaviour. Soil particles having a diameter 
larger than 10 mm were removed through sieving. Fig. 3 
shows the picture of the coral gravel sand used in the  

 

Fig. 1 Distribution of coral ground (Yap 2012) 

 
Fig. 2 Stratum profile of coral ground 

Table 1 Physical properties of the coral gravelly sand 

Properties Value 

Soil particle density, ρs (t/m
3) 2.820 

Maximum dry density, ρdmax (t/m
3) 1.801 

Minimum dry density, ρdmin (t/m
3) 1.450 

Dry density at relative density Dr= 0.3; ρd0.3 (t/m
3) 1.555 

Dry density at relative density Dr= 0.6; ρd0.6 (t/m
3) 1.661 

Dry density at relative density Dr= 0.9; ρd0.9 (t/m
3) 1.766 

Minimum void ratio, emin 0.566 

Maximum void ratio, emax 0.945 

Void ratio at relative density Dr= 0.3 0.813 

Void ratio at relative density Dr= 0.6 0.698 

Void ratio at relative density Dr= 0.9 0.597 

Coral ground
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experiments. The physical properties of the sand are 
presented in Table 1. 

Sieve tests were conducted using the sieves set having 

the sizes of 10 mm, 5 mm, 2 mm, 1 mm, 0.5 mm, 0.25 mm, 

0.14 mm, and less than 0.14 mm to obtain the grain size 

distribution and evaluate crushability of the sand. Dry 

sieving tests were carried out consistently before and after 

the direct shear tests. Wet sieve tests were not conducted. 

Fig. 4 shows the grain size distribution curves of the sand 

before (at the initial stage) and after the direct shear tests. 

The curve of after cyclic test is clearly higher than the 

curves of the initial stage and after the monotonic test, 

indicating higher percentage of small-size particles. The soil 

is composed mainly of sand and gravel, classified as poorly 

graded sand (SP) based on particle size characteristics  

 

 

 

according to Unified Soil Classification System (ASTM D 

2487-00 2016). The grain size characteristics are presented 

in Table 2, indicating that the soil particles were crushed 

considerably by cyclic loading. 

 

 

3. Shear strength behaviour 
 

Direct shear tests were used to investigate the shear 

strength behaviour of the coral gravelly sand subjected to 

monotonic and cyclic loads. The testing machine is an 

automatic device controlled by a microprocessor system 

which reads and processes horizontal force and 

displacement readings (Fig. 5). Technical specifications of 

the machine are summarised in Table 3. 

 

Fig. 3 Coral gravelly sand 

Table 2 Grain size characteristics of the coral gravelly sand 

Sieve size Initial After monotonic test After cyclic test 

(1) (2) (3) (4)=(3)-(2) 
(5)=(4)/(2) 

(%) 
(6) (7)=(6)-(2) 

(8)=(7)/(2) 
(%) 

D30 (mm) 0.237 0.232 -0.005 -2.221 0.209 -0.028 -11.809 

D50 (mm) 1.051 1.019 -0.032 -3.032 0.821 -0.230 -21.846 

D60 (mm) 2.409 2.404 -0.004 -0.177 1.639 -0.770 -31.973 

 

Fig. 4 Grain size distribution curves before and after the tests 

0.1 1 10
0

20

40

60

80

100

 Initial

 After cyclic

 After mono

 

 

P
a

s
s
 m

a
s
s
 p

e
rc

e
n

ta
g

e
 (

%
)

Particle size, d (mm)

91



 

Anh-Tuan Vu 

 

Fig. 5 Direct shear test machine 

 

Table 3 Technical specifications of the direct shear testing 

machine 

Items Value 

Speed range (mm/min) 
0.0001 – 

15.000 

Maximum shear force (N) 5000 

Maximum vertical load using 10:1 lever-arm (N) 5000 

Maximum horizontal displacement (mm) 20 

Maximum vertical displacement (mm) 10 

Maximum shear cycles (cycles) 100 

Precision in force (N) 0.001 

Precision in displacement (mm) 0.001 

Specimen diameter (mm) 63.5 

 

 

Fig. 6 Shear stress vs. shear displacement, Dr= 0.3 

 

 

3.1 Influence of relative density 
 

To investigate the influence of relative density on the 

shear strength behaviour of the coral gravelly sand, direct 

shear tests on the sand having the relative densities Dr= 0.3, 

0.6 and 0.9 were carried out. Note that the relative densities 

are identified at the initial stage (prior to application of 

normal stress). As for each relative density, three levels of  

 

Fig. 7 Shear stress vs. shear displacement, Dr= 0.6 

 

 

Fig. 8 Shear stress vs. shear displacement, Dr= 0.9 

 

 

normal stress were applied in the tests as 50, 100 and 150 

kPa. After application of normal stress, the void ratio of the 

samples has minor change comparing to that at the initial 

stage. The void ratios before shearing are 0.810, 0.696 and 

0.595 corresponding to the relative densities Dr= 0.3, 0.6 

and 0.9.   

Figs. 6-8 show the relationship between shear force and 

shear displacement of the samples having a relative density 

of 0.3, 0.6 and 0.9, respectively. It is indicated from the 

figures that the nonlinear post-peak softening behaviour of 

the coral sand are obtained, in which the peak appears more 

obviously in the cases of densed samples (Dr= 0.6 and 0.9) 

than that of the loosed sample (Dr= 0.3). The results 

indicate that the position of the peaks varies in the range 

from 3 mm to 5 mm of the shear displacement 

corresponding to the shear strain from 4.7% to 7.9% (the 

diameter of the sample is 63.5 mm). The range of the peak 

appearance in this study is similar to that of a calcareous 

gravelly soil investigated by Wang et al. (2016) and larger 

than that of Toyoura sand presented in Wu et al. (2008). 

Table 4 shows the shear strength parameters of the coral 

gravelly sand with different relative densities. The results 

indicate that the shear strength parameters of the sand 

include not only internal friction angle, φ, as other granular  
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Fig. 9 Shear force vs. shear displacement in cyclic load 

test under normal stress of 50 kPa 

 

 

Fig. 10 Shear force vs. shear displacement in cyclic load 

test under normal stress of 100 kPa 
 

 

soils but also unit cohesion, c, called as apparent unit 

cohesion. It is in agreement with the research of Wang et al. 

(2017). As shown in Wang et al. (2016), the corals have an 

intestinal lumen structure, the shapes of coral soil particles 

originated from the breakage of dead corals are extremely  

 

 

 

irregular. The results from the  scanning electron 

microscopy (SEM) and computed tomography (CT) scan 

photographs showed that the coral soil particles are angular 

and contain plentiful inner voids. Hence, it is possible that 

the cohesion in the coral sand was generated by the grain 

interlocking between coarse soil particles. The internal 

friction angle, φ, of the coral gravelly sand used in this 

study is in the range of 42.5 to 51.65 degrees. The apparent 

unit cohesion, c, is in the range of 45.23 to 88.36 kPa. 

These shear strength parameters increase with the increase 

of the relative density, Dr, of the soil. When Dr increases 

from 0.3 to 0.6, the internal friction angle increases by 19%, 

unit cohesion increases by 69%. When Dr increases from 

0.3 to 0.9, the internal friction angle increases by 21%, unit 

cohesion increases by 95%. 

For the comparison purpose, similar direct shear tests 

were conducted on a silica sand having properties presented 

in Vu et al. (2017). Table 5 shows a comparison of shear 

strength parameters of a silica sand and the coral gravelly 

sand. The results obviously show that shear strength 

parameters of the coral gravelly sand are larger than those 

of the silica sand. Particularly, the apparent cohesion values 

of the coral sand are significantly larger than those of the 

silica sand. Cerato et al. (2011) carried out a series of direct 

shear tests on five sands at three relative densities (loose, 

medium and dense). It is indicated from the study that the 

internal friction angle of the sands was in the range of 30.7 

to 43.5 degrees for the loose state, in the range of 35 to 44.5 

degrees for the medium state, and in the range of 36 to 45.5 

degrees for the dense state. Qureshi et al. (2014) presented 

that the internal friction angles Muscat and silica sands at 

loose state were 38.7 and 39.9 degrees, respectively. The 

cohesion was neglected due to small value in both studies of 

Cerato et al. (2011) and Qureshi et al. (2014). 

 

3.2 Influence of cyclic load 
 

To investigate the influence of cyclic load on variation 

of the shear strength characteristics of the coral gravelly 

sand, cyclic direct shear tests were carried out on the  

0.0 0.5 1.0 1.5 2.0 2.5
-300

-200

-100

0

100

200

300

400

500

 

 = 50 kPa

D
r
= 0.6

Calcareous sand from Vietnam

 

 

S
h

e
a

r 
fo

rc
e

, 
F

 (
N

)

Shear displacement,  (mm)

0.0 0.5 1.0 1.5 2.0 2.5
-300

-200

-100

0

100

200

300

400

500

 

 = 100 kPa

D
r
= 0.6

Calcareous sand from Vietnam

 

 

S
h

e
a

r 
fo

rc
e

, 
F

 (
N

)

Shear displacement,  (mm)

Table 4 Shear strength parameters of coral gravelly sand with different relative densities 

Relative density, Dr Internal friction angle, φ (⸰) 
Unit cohesion, c 

(kPa) 

Relative internal 

friction angle (%) 
Relative unit cohesion (%) 

0.3 42.55 45.23 100 100 

0.6 50.47 76.49 119 169 

0.9 51.65 88.36 121 195 

Table 5 Comparison of shear strength parameters of silica sand and coral gravelly sand 

Relative density, Dr 

Silica sand Coral gravelly sand Increment 

Internal friction 

angle, φ (⸰) 

Unit cohesion, c 

(kPa) 

Internal 
friction angle, 

φ (⸰) 

Unit cohesion, c (kPa) 
Internal friction 

angle, φ (⸰) 

Unit cohesion, c 

(kPa) 

(1) (2) (3) (4) (5) (6)=(4)-(2) (7)=(5)-(3) 

0.3 39.00 0.57 42.55 45.23 3.55 44.66 

0.6 42.95 3.75 50.47 76.49 7.52 72.74 

0.9 44.66 10.25 51.65 88.36 6.99 78.11 
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Fig. 11 Shear stress vs. shear displacement in monotonic 

load test under normal stress of 50 kPa 

 

 

Fig. 12 Shear stress vs. shear displacement in monotonic 

load test under normal stress of 100 kPa 

 

Table 6 Comparison of shear strength parameters of the 

sand at initial and after cyclic loading 

Relative 

density, Dr 

Initial After cyclic Increment 

Internal 
friction 

angle, φ 

(⸰) 

Unit 

cohesion, c 
(kPa) 

Internal 
friction 

angle, φ 

(⸰) 

Unit 

cohesion, c 
(kPa) 

Internal 

friction 
angle, φ 

Unit 

cohesion, 
c 

(1) (2) (3) (4) (5) 
((4)-

(2))/(2) 
((5)-

(3))/(3) 

0.6 50.47 76.49 58.66 95.34 16.23% 24.64% 

 

 

samples having a relative density Dr= 0.6. As for each level 

of normal stress of 50 kPa and 100 kPa, 50 loading cycles 

following displacement control manner with the 

displacement amplitude of about 2 mm were applied. After 

that, monotonic load tests on the samples were carried out. 

Note that the amplitude of cyclic displacement here is 2 mm 

corresponding to a half of the shear displacement to obtain 

the peak strength as mentioned above. Influence of the 

amplitude of cyclic load is also investigated in this study 

and presented in the later section of this paper.  

Figs. 9 and 10 show the relationship between shear force 

and shear displacement in the cyclic load tests under the 

normal stresses of 50 kPa and 100 kPa, respectively. Figs.  

 

Fig. 13 Shear force vs. shear displacement in cyclic 

loading with δ = 0.5 mm, σ = 50 kPa 

 

 

Fig. 14 Shear force vs. shear displacement in cyclic 

loading with δ = 0.5 mm, σ = 100 kPa 

 

 

11 and 12 show the relationship between shear force and 

shear displacement in the monotonic load tests (after the 

cyclic tests) under the normal stresses of 50 kPa and 100 

kPa, respectively. 

It is indicated from Figs. 11 and 12 that the shear 

strength of the coral gravelly sand considerably increases 

after cyclic load tests. At the beginning of the curve (after 

cyclic), it is seen that there is a horizontal line representing 

an increase of the horizontal displacement without an 

increase of the shear force. The range of the horizontal line 

coincides with the range of cyclic load amplitude applied in 

the former step. After the horizontal part, the shear force 

increases with the increase of the displacement and obtains 

a considerably higher peak value than that of the initial 

samples.  

Table 6 shows a comparison of shear strength 

parameters of the coral gravelly sand at the initial status and 

after the cyclic load test. The results obviously indicate that 

the shear strength parameters of the sand increase after the 

cyclic load test. 

 

3.3 Influence of amplitude of cyclic load 
 

The influence of cyclic load on variation of the shear 

strength characteristics of the coral gravelly sand has been  

0 1 2 3 4 5 6 7 8 9 10 11 12
0

50

100

150

200

250

300

S
h

e
a

r 
s
tr

e
s
s
, 
 

(k
P

a
)

 after cyclic

 initial

D
r
= 0.6; 

1
= 50 kPa

Calcareous sand from Vietnam

 

 

Shear displacement,  (mm)

0 1 2 3 4 5 6 7 8 9 10 11 12
0

50

100

150

200

250

300

S
h

e
a

r 
s
tr

e
s
s
, 
 

(k
P

a
)

 after cyclic

 initial

D
r
= 0.6; 

2
= 100 kPa

Calcareous sand from Vietnam
 

 

Shear displacement,  (mm)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
-100

-80

-60

-40

-20

0

20

40

60

80

100

= 0.5 mm

D
r
= 0.6

 = 50 kPa

 

 

S
h

e
a

r 
fo

rc
e

, 
F

 (
N

)

Shear displacement,  (mm)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

-80

-40

0

40

80

120

160

200

 = 0.5 mm

D
r
= 0.6

 = 100 kPa

 

 

S
h

e
a

r 
fo

rc
e

, 
F

 (
N

)

Shear displacement,  (mm)

94



 

Shear strength behaviour of coral gravelly sand subjected to monotonic and cyclic loading 

 

Fig. 15 Shear force vs. shear displacement in cyclic 

loading with δ = 1.0 mm, σ = 50 kPa 

 

 

Fig. 16 Shear force vs. shear displacement in cyclic 

loading with δ = 1.0 mm, σ = 100 kPa 

 

 

Fig. 17 Shear force vs. shear displacement in cyclic 

loading with δ = 2.0 mm, σ = 50 kPa 

 

 

presented in the previous section. The investigation on the 

influence of amplitude of the cyclic load is shown here.  

At first, cyclic direct shear tests on the samples having a 

relative density Dr= 0.6 were carried out. As for each level 

of normal stress of 50 kPa and 100 kPa, 50 loading cycles 

following displacement control manner with the  

 

Fig. 18 Shear force vs. shear displacement in cyclic 

loading with δ = 2.0 mm, σ = 100 kPa 

 

 

Fig. 19 Shear force vs. shear displacement in cyclic 

loading with δ = 3.0 mm, σ = 50 kPa 

 

 

Fig. 20 Shear force vs. shear displacement in cyclic 

loading with δ = 3.0 mm, σ = 100 kPa 

 

 

displacement amplitude, δ, of 0.5 mm, 1 mm, 2 mm and 3 

mm were applied, separately. Then, monotonic load tests on 

the samples were conducted. The results from the 

monotonic load tests in section 3.1 indicate that the samples 

attained the peak strength at an average value of shear 

displacement, δp, of about 4 mm. Hence, the displacements  
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Fig. 21 Shear stress vs. shear strain at typical cycles with 

δ = 2.0 mm, σ = 50 kPa 

 

 

Fig. 22 Shear stress vs. shear strain at typical cycles with 

δ = 2.0 mm, σ = 100 kPa 

 

 

Fig. 23 Secant shear modulus vs. number of cycles with δ 

= 2.0 mm 

 

 

0.5 mm, 1 mm, 2 mm and 3 mm correspond to 1δp/8, 2δp/8, 

4δp/8 and 6δp/8, respectively. Figs. 13-20 show cyclic loads 

with different amplitudes under the normal stress of 50 and 

100 kPa. Typical hysteresis loops for different loading 

cycles (i.e., N= 5; 10; 20; 30; 40 and 50) in the case of δ =  

 

Fig. 24 Shear stress vs. shear displacement after cyclic 

loading with amplitude 0.5 mm, 1 mm, 2 mm and 3 mm, 

under normal stress of 50 kPa, Dr= 0.6 

 

 

Fig. 25 Shear stress vs. shear displacement after cyclic 

loading with amplitude 0.5 mm, 1 mm, 2 mm and 3 mm, 

under normal stress of 100 kPa, Dr= 0.6 
 
 

2.0 mm are plotted in Figs. 21 and 22. It is indicated that 
shear modulus decreases as the number of loading cycles 
increases and the decrease is more obvious in the beginning 
cycles. It is seen that the hysteresis loop consistently 
overlapped after 40 cycles. The changes in secant shear 
modulus with the number of loading cycles are plotted in 
Fig. 23. The result clearly shows the decrease of the shear 
modulus with the increase of loading cycles. 

Figs. 24 and 25 show the results of the monotonic load 
tests after the cyclic load tests with the normal stresses of 
50 and 100 kPa, respectively. It is indicated that the peak 
strength and the stiffness are increased with the increase of 
the amplitude of the cyclic load. It could be explained that 
the rearrangement of the soil particles as well as the 
development of smaller particles due to the crushability of 
the particles by cyclic loading lead to denser state of the 
soil. Therefore, higher strength and stiffness of the soil are 
resulted in. 
 

3.4 Influence of loading rate 
 

To investigate the influence of loading rate on the shear  
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Shear strength behaviour of coral gravelly sand subjected to monotonic and cyclic loading 

 

Fig. 26 Shear force vs. shear displacement with different 

loading rates 

 

 

strength behaviour of the coral gravelly sand, direct shear 

monotonic load tests on the specimens having a relative 

density Dr= 0.6, under the normal stress of 100 kPa and 

with different loading rates of 1, 4, 8 and 15 mm/min were 

conducted. It is seen from the result in Fig. 26 that the peak 

strength values are almost unchanged with the changes of 

the loading rate. Also, the residual strength values 

corresponding to the loading rates of 1, 4 and 8 mm/min are 

nearly the same although the variations are observed after 

the peaks. Focussing on the load increasing part before the 

peak, the stiffness of the curve with the loading rate of 1 

mm/min are marginally changed comparing with that of the 

loading rate of 4 mm/min. Meanwhile, the stiffness of the 

curve corresponding to the loading rate of 8 mm/min is 

almost the same with that of the loading rate of 15 mm/min, 

and that stiffness are higher than the stiffness of the loading 

rates of 1 and 4 mm/min. 

 
 

4. Conclusions 
 

The paper presents an experimental study on the shear 

strength behaviour of a coral gravelly sand from Vietnam 

subjected to monotonic and cyclic loading in which the 

influence factors as the relative density, the amplitude of 

cyclic load and the loading rate are considered. It is derived 

from the results of this study as follows: 

• The shear strength parameters of the coral gravelly 

sand comprise not only internal friction angle, φ, as other 

normal granular soils but also a considerable value of 

cohesion, c, called as apparent cohesion. The parameters are 

larger than those of the silica sand especially the cohesion 

and it should be considered in the design of structures in the 

coral sand. As for the particular study, the internal friction 

angle of the coral gravelly sand varies from 42.55 to 51.65 

degrees and the cohesion varies from 45.23 to 88.36 kPa. 

• The shear strength of the coral gravelly sand increases 

with the increase of the relative density. When the relative 

density is increased from 0.3 to 0.6, the internal friction 

increases by 19% and the cohesion increases by 69%. When 

the relative density is increased from 0.3 to 0.9, the internal 

friction increases by 21% and the cohesion increases by 

95%. 

• The shear strength and the stiffness of the coral 

gravelly sand increases considerablly due to cyclic loading. 

The rearrangement of the soil particles as well as the 

development of smaller particles due to the crushability of 

the particles by cyclic loading could be the reason leading 

to the increases of the shear strength and the stiffness. 

• The shear strength and the stiffness of the coral 

gravelly sand are influenced by the amplitude of the cyclic 

load. They are increased with the increase of the amplitude 

of the cyclic load. 

• The loading rate has minor influence on the shear 

strength of the coral gravelly sand. 
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