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Abstract
The particle breakage of calcareous sands plays a key role in determining the particle shape and shear strength. This process 
has been analysed in the current study by employing the ring shear tests on calcareous sands sampled from the South China 
Sea. In this study, a set of parameters, e.g. roundness and aspect ratio, have been employed to quantify the geometrical 
properties of calcareous sands pre- and after the breakage. These two parameters have been found to correlate well with the 
vertical loading stress level, shear strain and shear strength. The particle breakage leads to the change of micro-structure 
during the shear test, as illustrated by the Scanning Electron Microscopy (SEM) images. It is found that during the shearing 
deformation, particle breakages can effectively reduce, while particle rearrangements can increase the shear strength of the 
calcareous sands.
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Introduction

Calcareous sands can be widely observed in tropical marine 
environment. The intrinsic properties distinguish calcar-
eous sands from other terrigenous sediments both physi-
cally and mechanically, in terms of particle angularity, high 
crushability, and weakly cemented soil structure (Wang 
et al. 2017). As stated by Coop and Atkinson (1993), cal-
careous sands tend to have very loose fabric, due to particle 
interlocking effect and extremely high intra-granular void 
ratios. However, the mechanical performance of calcareous 
sands, in particular the effect of particle breakage and their 
shear strength, are poorly understood. On the other hand, an 
increasing number of offshore engineering practices where 
calcareous sands proliferate have promoted the necessity of 
comprehensive studies on this aspect (Xu et al. 2020c).

The material composition (e.g. mainly calcium carbonate 
of low hardness) together with particle morphology such 
as angularity, surface roughness, as an inherent feature of 
soil have significant influence on its mechanical and geo-
logical properties (e.g. shear strength, dilatancy and crush-
ability). Owing to these unique properties, calcareous sands 
can be fragmented readily under even relatively low loading 
stress (Wei et al. 2018). This phenomenon has been recog-
nized as one of the most important features of calcareous 
sands, which is closely related to the strength, deformation 
and permeability of calcareous sands (David et al. 2011; 
Shahnazari and Rezvani 2013). In fact, the dynamic break-
age of calcareous sands has been widely observed in some 
engineering practices (Coop et al. 2004, Fukuoka et al. 2007, 
Hardin 1985, Hyodo et al. 2002, Lade et al. 1996, Miao and 
Airey 2013, Pfleiderer et al. 2006, Wu et al. 2014, Yu 2017, 
Xu et al. 2020a). It usually occurs when the shear stress 
exceeds the shear strength of sands, especially for the poorly 
graded samples (Bolton et al. 2008). By conducting a series 
of 1D compression tests, Altuhafi and Coop (2011) found 
that very limited breakages occurred in very well-graded 
samples, while a significant amount of particle breakages 
occurred in uniformly graded samples. Einav (2007) also 
observed similar results, and they explained that the coarse 
particles are more resistive to crushing because the sur-
rounding fine grains could provide cushions. However, this 
conclusion contradicts the generally accepted idea that the 
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shear strength increases with decreasing particle size (Har-
din 1985). This is because the forces transferring at contacts 
are dominant for dense granular packing, and the potential 
defects within the solids could be neglected. In addition, 
Altuhafi and Coop (2011) observed that the angular particle 
shape tends to evolve towards spherical and median surface 
roughness, with much lower aspect ratios than the original 
particles after breakage. As discussed in Zhang et al. (2015), 
the breakage pattern of initially non-uniformly graded par-
ticles can be considered as a collection of uniformly graded 
particles with the crushing state of each particle size group 
following the Weibull distribution. Kong and Fonseca (2018) 
claimed that the particle breakage is a required ‘unlocking’ 
mechanism for calcareous sands, so that grain slippage and 
rotation can be achieved. As a result, the soil fabric can 
evolve into a more compacted packing state.

Although lots of research have been performed to inves-
tigate the particle shape characteristics and the potential 
influence on soil shear strength under various testing con-
ditions, quantitative analyses of particle breakage and the 
corresponding micro-structure changes are still very limited. 
These limitations prompt this experiment research on cal-
careous sands, with the purpose to demonstrate the effect of 
particle breakage on shear strength evolution in ring shear 
tests, as presented herein. This paper is organized as follows: 
firstly, the experimental testing methods are given. Then, the 
analyses of experimental data are presented, with respect to 
particle shape and shear strength variations during shearing. 
The final section summarizes major conclusions reached in 
this study.

Experimental description

This study follows the research by Wei et al. (2018), employ-
ing the ring shear tests to investigate the mechanical and 
deformation behaviour of calcareous sands sampled from 
Yongshu Coral Reef, South China Sea. Different from previ-
ous study, this investigation was based on the quantification 
of dynamic particle breakage during the ring shear tests for 
calcareous sands. Two series of tests were performed using 
the ring shear device DTA-138 (shown in Fig. 1) to inves-
tigate the evolution of particle breakage and its effect on 
the shear strength of calcareous sands. In these tests, the 
consolidated and drained (CD) conditions were employed 
to reproduce the stress state of soil during pile driving pro-
cess at relatively high shear speeds. The sample with the 
minimum dry density of 1.03 g∕cm3, and the initial void 
ratio of 1.71 was placed in a shear box. The outer diameter, 
inner diameter and height of the shear box were 150 mm, 
100 mm and 20 mm, respectively. After the calcareous sand 
specimens was sieved, the uniformly graded sand sample 
with initial size range 0.5–1 mm was chosen and placed in 

the shear box. The strain rate of all shear tests was kept as a 
constant of 2.18 min−1 . In the first series of tests, the verti-
cal loading stress varied from 50 to 600 kPa, while the final 
shear strain kept constant as 2500%. In the second series of 
tests, the vertical loading stress was kept as 400 kPa, but the 
final shear strain varied from 125 to 5000% to investigate 
the variation of particle shape factor with the shear strain. 
The details of the ring shear test can be found in Wei et al. 
(2018). In order to quantify the shape characteristics of sand 
particles, a set of image processing procedures were used 
after each test, described as below:

(a)	 After each ring shear test, calcareous sand in the shear 
band were retrieved carefully from the testing platform. 
These sands were washed by distilled water and dried 
in an oven with the temperature of 95 ◦C for 24 h.

(b)	 Calcareous sands were sieved. For each size range 
including [0.075, 0.1] mm, [0.1, 0.15] mm, [0.15, 0.25] 
mm, [0.25, 0.5] mm and [0.5, 1] mm, 100 soil particles 
were randomly selected for shape analysis.

(c)	 The light microscope was used to obtain the two dimen-
sional (2D) projected particle images, as shown in 
Fig. 2. These images were converted to the grayscale 
image, so that it could be digitized for the further analy-
sis by IPP (Image Pro plus).

(d)	 The image pixels were then converted to real particle 
dimensions which were then used to compute the fun-
damental geometric parameters, such as the contour’s 
perimeter, area, maximum and minimum Feret diam-
eters (Hentschel and Page 2003).

The Scanning Electron Microscopy (SEM) was employed 
to quantitatively analyse the information of soil particles in 
the shear tests (Cox and Budhu 2008). The magnification 

Fig. 1   Ring shear test apparatus
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of SEM used in this study is about × 5000–× 10000, which 
was capable of identifying the particle profile and surface 
roughness with very high precision. The electrical conduc-
tivity was increased by gilding calcareous sands before the 
SEM scanning. After that, the grain images could be pro-
duced using SEM scanning. In order to quantify the grain 
shape characteristics based on the grain image, three key 
shape parameters have been defined, as shown in the Fig. 3, 
including:

where Feret (min) and Feret (max) denote the minimum and 
maximum Feret lengths measured at all possible particle 

(1)Particle aspect ratio, e = Feret(max)∕Feret(min)

(2)Roundness, R = P
2
/

(4�A)

(3)Sphericity, s = R
i

/

R
c

Fig. 2   An example of image 
analysis, a grayscale 2D pro-
jected grain image obtained via 
microscope; b the black-white 
image after the image binary 
progress

Fig. 3   Diagram of the defini-
tion of some key particle shape 
descriptors. The projected par-
ticle shape is shown as the grey 
region (modified after Merkus, 
2009)
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orientations; P is the perimeter and A is the projected area 
of the particle; R

i
 and R

i
 are radii of the corresponding 

inscribed circle and circumcircle, respectively.
At different shear strain during the test, sixty particles in 

each size range were randomly selected for image analysis 
by IPP (Image Pro plus) to calculate shape parameters. The 
roundness and aspect ratio for each particle were calculated, 
and then averaged by particle numbers. It should be noted 
that when the width and length of shape approach the same 
value, the particle aspect ratio approaches to 1. It does not 
necessarily mean that the shape is circular though a circle 
does have an aspect ratio of 1.0 (Olson 2011). In terms of 
the roundness the value approaches 1 indicating more round 
and smooth shape.

Results and discussions

Variation of particle shape under different vertical 
loading stresses

Xu et al. (2020b) found the soil particles would influence 
the soil creep behaviour when the clay fraction over 30%. 
Therefore, after each ring shear test, the particle size distri-
bution of the sample has been investigated. For example, 
Fig. 4 presents the particle distribution of the sample with 
the initial particle sizes between 0.5 and 1 mm under differ-
ent vertical loading stresses. It can be found that larger verti-
cal stresses result in a more evenly spread of particle size as 
a smooth, concave particle-size distribution (PSD). Under 
the vertical stresses of 50 kPa, 100 kPa, it’s shown that about 
80% of large particles with particle size larger than 0.2 mm 

remains after shearing. When the vertical stresses increase, 
more larger particles have been further sheared and broken 
into smaller particles. Hence, a more evenly spread of par-
ticle size was observed.

Figure 5 shows the shear stress under different normal 
loading stresses. It is shown that the shear stress increases 
sharply at the beginning of the shear test. It reaches the peak 
value at the shear strain of approximate 3%, equivalent to 
the shear displacement of 12 mm. Then, the shear stress 
reduces significantly with the shear strain. After that, further 
increase of shear strain only leads to a slow increase in the 
shear strength. All the final peak shear strength and strains 
corresponding to peak shear strength are listed in Table 1.

The maximum shear strength of calcareous sands at dif-
ferent vertical loads is defined as the peak shear strength. 
After shear stresses reach peak values they drop significantly 
until approach residual shear strengths at the shear strain � ≥ 
25%. Then a fluctuation in the shear stress can be observed 
which may indicate the intensive particle breakages and 
rearrangements developing in the shear band. This behav-
iour has also been observed by Wei et al. (2018). The shear 
strain � can be calculated as,

where �h is the shear displacement; C is the mean circum-
ference of the specimen (Wei et al. 2018). In this study, 
the minimum shear strength at the shear strain � ≥ 25% is 
assumed as ultimate residual strength.

These shear strengths have been plotted in Fig. 6. It is 
shown that all these three shear strengths exhibit a linear 
relationship with the normal stress. The peak strength is 

(4)� = �h∕C

Fig. 4   Particle size distribution 
under various vertical loading 
stresses
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Fig. 5   Shear stress–strain 
curves Table 1. Details of the 
testing conditions
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Table 1   Details of the testing 
conditions

Test no. Initial 
grading 
(mm)

Vertical 
stress, �

v
 , 

(kPa)

Shear strain 
rate (min−1)

Final shear 
strain (%)

Peak shear 
strength 
(kPa)

Strains corresponding to 
peak shear strength (%)

RS 1 0.5–1 50 2.18 2500 665.95 3.27
RS 2 0.5–1 100 2.18 2500 494.61 3.63
RS 3 0.5–1 200 2.18 2500 349.14 2.91
RS 4 0.5–1 300 2.18 2500 268.32 2.18
RS 5 0.5–1 400 2.18 2500 181.03 3.27
RS 6 0.5–1 600 2.18 2500 113.15 4.36

Fig. 6   A summary of shear 
strengths for different loading 
stresses
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noticeably higher than the other two curves. On the other 
hand, the initial residual strength proceeds at a slightly 
slower rate than that for the final residual strength. This dif-
ference between initial and final residual strength is due to 
the effect of particle breakage during the ring shear test, 
which will be discussed in detail below. The shear strength � 
can be calculated using the Mohr Coulomb failure criterion,

where φ is the peak friction angle, c is the interlocking 
induced shear strength considering calcareous sand as a 
cohesionless material. According to this equation, c equals 
to 68.799 kPa for peak strength. Then c decreased to about 
0.05 kPa at the residual stage. As the shearing deforma-
tion increases, this shear strength due to particle interlock-
ing increases slightly up to 8.82 kPa for the final residual 
strength.

Figure 7 shows the roundness changes at the shear strain 
of 2500%. The average roundness was about 1.39 under the 
vertical loading stress of 50 kPa and 1.29 under the vertical 
loading stress of 400 kPa, which indicates that the average 
roundness decreased with the increasing vertical loading 
stress. Therefore, the shape of calcareous sand particles 
got more and more rounded during the shearing process. 
But when the vertical loading stress exceeded 400 kPa, the 
change of roundness became very limited. Under the vertical 
loading stress of 50 kPa, the average roundness of all calcar-
eous sand samples was smaller than that of the sand samples 
[0.25 mm 1 mm] and [0.075 mm 0.1 mm], but larger than 
the samples [0.1 mm 0.25 mm]. This difference indicates 
the median size particles become more round during this 
shearing process, acting as the major rolling particles. When 
the loading stress increases to 100 kPa, the roundness of the 
sand samples [0.1, 0.15] mm and [0.15, 0.25] mm became 
larger than the average value. Meanwhile, the value of the 

(5)� = c + � ⋅ tan�

sample [0.075 mm 0.1 mm] decreased significantly due to 
particle breakage, which indicates the fine particles acted as 
the major rolling particles to carry the shear stress. Under 
the 400 kPa loading stress, the roundness of all samples 
was close to the average curve, except the coarse sample 
[0.5 1.0] mm. This result proves that the breakage process 
of coarse particles had not finished at the shear strain of 
2500%. These particles were cushioned by the fine particles, 
and hence avoided further breakage. Hence, it still showed a 
large roundness after long distance of shearing. On the other 
hand, when the vertical loading stress increased to 600 kPa, 
the roundness of all samples was close to the average value. 
This is due to the particle breakage process of all samples 
had finished, so all the calcareous sand samples showed 
similarly low values of roundness.

Figure 8 shows the aspect ratio changes at the shear 
strength of 2500%. Under the vertical loading stress of 
50 kPa, the aspect ratios of all samples except [0.1 0.15]
mm and [0.15 0.25]mm were close to the average. This was 
probably caused by the breakage of coarse particles, gen-
erating more particles with size ranging between 0.1 and 
0.25 mm. These new particles were formed due to shear-
ing and breakage, so their shape showed more regular. With 
the loading stress increasing to 100 kPa, the aspect ratio of 
coarse particles [0.5 1.0]mm increased significantly, which 
showed marked difference from other samples. At the same 
time, the fine particles [0.075 mm 0.1 mm] showed a very 
low aspect ratio. Hence, these phenomena were due to the 
fine particles acting as a lubricating material after initial 
particle breakage. These fine particles cushioned the coarse 
particles from further breakage, which caused the large dif-
ference in aspect ratio between coarse and fine particles. 
On the other hand, when the loading stress kept increas-
ing to 600 kPa, the aspect ratio of all the samples was near 
the average. This indicates that all calcareous sand particles 

Fig. 7   Roundness changes 
under different vertical loading 
stresses for sand samples of dif-
ferent particle sizes
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were fully broken and polished, and hence all the aspect 
ratios became very low.

Variation of particle shape with different final shear 
strain

In the second series of tests, Calcareous sand particles 
were retrieved from the shear band after each ring shear 
test at different shear strain. As an example, the variation 
of roundness and aspect ratio under vertical loading stress 
of 400 kPa is shown in Figs. 9 and 10. The original overall 
values of the roundness and the aspect ratio of calcareous 
sands were approximate 1.6 and 1.5, respectively. It can be 
seen that both the particle roundness and the aspect ratio 
decrease as the shear strain increases, indicating that the 

calcareous particles are gradually fragmented to become 
rounded in the shearing process. These two values became 
stable after the shear strain has exceeded 2500%. The val-
ues of roundness and aspect ratio were constant about 1.3 
and 1.4 respectively. This is probably due to very limited 
brakeage happened at this stage compared to previous 
stage. In addition, the average value decreases as well with 
increasing shear distance, which indicates that the whole 
granular system is evolving towards a homogeneous state, 
resulting in smooth and rounded particles.

Figure  11 shows an example of the residual shear 
strength at the certain shear strain (125% ≤ γ ≤ 5000%) 
against the corresponding overall roundness ratio and the 
overall aspect ratio under the vertical load of 400 kPa. The 
relationships between the roundness, the aspect ratio and 

Fig. 8   Aspect ratio changes 
under different vertical loading 
stresses
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Fig. 9   Roundness against shear 
strain under vertical loading 
stress of 400 kPa
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the residual shear strength fit well by an inverse correla-
tion. The residual shear strength decreased with increasing 
roundness and aspect ratio, which illustrated the strong 
effect of particle breakage on the residual shear strength.

Discussion

The dynamic fragmentation induced micro-structure change 
of calcareous sands could be illustrated by the Scanning 
Electron Microscopy (SEM) images, as shown in Fig. 12. 
In this figure, calcareous sands were under vertical loading 
stress of 400 kPa. It is shown that the particles had angular 
shape with porous structures at the shear strain of 125%. 
When the shear strain reached 2500%, the previous void 

space disappeared, because the porous structures were 
crushed induced by long distance of shearing and the void 
space was filled with fine particles highlighted by the red cir-
cle. Because these fine particles effectively filled up the void 
space, calcareous sand structures showed relatively smooth 
surfaces. This process of particle breakage is illustrated in 
Fig. 13. During the shear test, some of the particle skeletons 
were broken and some new skeletons were formed. At the 
same time, fine calcareous sand particles fell into the void 
spaces, cushioning and protecting new calcareous sand skel-
etons from further brakeage. With the increase of the shear 
strain, this process was repeated. Coarse calcareous particles 
were continuously cut and crushed, and hence the aspect 
ratio is continuously reduced.

Fig. 10   Aspect ratio against 
shear strain under vertical load-
ing stress of 400 kPa
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The relationship between particle breakage and the 
change in shear strength of calcareous sands is illustrated 
in Fig. 14. At the beginning of shearing, a large amount of 
calcareous sand particles were intact with irregular shapes. 
Therefore the contacts between the calcareous sand particles 
became tighter and tighter. Accordingly, the dilatancy and 
particles interlocking of calcareous sand appeared, generat-
ing the peak shear strength, as shown in Fig. 14a. In the 
post-peak stage, large quantity of calcareous sand particles 
began to rupture, which eliminated the previous close inter-
particle contacts. Hence, the shear strength reduced signifi-
cantly at this stage (Fig. 14b). Then after the large displace-
ment of shearing, the particles began to be re-arranged and 
the new contacts and particles interlocking developed. At 
the same time, the calcareous sand particles formed new 
micro-structures. During this rearrangement process, the 
peak shear strength induced by irregular coarse sand par-
ticles was gradually replaced by the residual shear strength 
induced by weak and fine sand particles (Fig. 14c and d). 

With shear displacement increases, more and more fine par-
ticles filled in void spaces and the interparticle contacts and 
interlocking were continually strengthened. This process 
made the residual shear strength increase continuously and 
slowly. On the other hand, some of the new interlocking 
could not withstand the external loading and failed again. 
The repeated process generated the fluctuation in the shear 
stress-displacement curve. It can be seen that the mechanism 
of shear strength varied, which resulted in the peak shear 
strength of the calcareous sand much larger than the other 
two, and the initial residual strength the smallest.

Conclusion

In this study, the Scanning Electron Microscopy was used 
to quantify the particle breakage of calcareous sands during 
the ring shear test. Accordingly, some conceptual models 
were proposed to explain the effect of particle breakage on 
the change in shear strength by investigating the mechani-
cal properties, fracture characteristics and particle shape 
characteristics of calcareous sands, and the following main 
conclusions have been obtained:

(1)	 At the beginning of shearing, both the roundness and 
aspect ratio of the calcareous sand particles reduced 
significantly, so surfaces of the particles tended to be 
smooth and rounded. On the other hand, after the shear 
strain reached 4000%, the changes in the roundness and 
aspect ratio became very limited, which indicated there 
was no further particle breakage occurring during this 
stage.

(2)	 The residual shear strength decreased with increasing 
roundness and aspect ratio due to the effect of particle 
breakage on the residual shear strength.

Fig. 12   Images of calcareous 
sand at the shear strain of a 
125% and b 2500%

Fig. 13   Concept of particle breakage during shear test: a before 
shearing; b after shearing
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(3)	 At the same shear strain, the roundness and aspect ratio 
of the particles decreased as the vertical loading stress 
increased. This is because large vertical loading stress 
made the particle breakage easier.

(4)	 After analysing the mechanism of the particle breakage, 
a simple concept model of the shear strength has been 
established. The strength depended on the smoothness 
of the particles surface and the number of particle con-
tacts. Particles with a high value of roundness resulted 
in stronger interparticle contacts and more interlocking. 
The maximum value of interlocking appeared when 
shear strength reached the peak value. Once particles 
started to break the effect of interlocking would be 
reduced. As the shear displacement increased, particles 
tend to rearrange and form new interparticle contacts 
and interlocking, generating an increase in the final 
residual shear strength.
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Fig. 14   Effect of particle breakage at different stages of ring shear test
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