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Macroscopic and microscopic experimental study on fractal fragmentation 
characteristics of calcareous sand during one-dimensional compression creep 
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Abstract: Calcareous sand is a natural foundation material for ports, airports and some civil buildings in ocean areas. Through the 

one-dimensional compression creep test of calcareous sand and the analysis of its micro-structure, it was found that the surface pore 

area decreased after creep and showed a dispersed distribution. In addition, the characteristics of instantaneous deformation, rapid 

deformation and attenuation deformation of the sample during the test were highly correlated with the particle size. The relative 

particle breakage rate and mass fractal dimension improved based on fractal theory were used to describe the degree of particle 

breakage after creep. The relationship between the decay of fractal dimension and creep with time, as well as the linear relationship 

between the fractal dimension of macroscopic mass and the fractal dimension of microscopic surface was obtained. On this basis, the 

fractal fracture behavior of calcareous sand with a single particle size group during long-term creep was analyzed at multiple scales, 

and the corresponding macro and micro cross-scale correlation was studied. The development of particle breakage and the variation 

of microscopic pores during creep were obtained. This study proved the rearrangement, crushing and grinding behavior of calcareous 

sand particles in the creep process, and revealed the creep mechanism of calcareous sand.  

Keywords: calcareous sand; creep; particle breakage; macro-micro analysis; creep mechanism 

 

1  Introduction 

“Long term stability” is one of the key issues in 

China's Island and reef engineering construction [1−2]. 
Calcareous sand is a natural foundation material for 

island and reef construction projects, but its particle 
shape is irregular, rich in pores, low strength and easy 

to be broken [3−6]. Moreover, the physical and mechanical 
properties of calcareous sand are very different from 

those of terrigenous sand [7−8]. On the basis of the existing 
studies on the creep of sand [9−10], many researchers 

have carried out research on the creep characteristics 
of calcareous sand. Ye et al. [1], Sanzeni et al.[11], Lü  

et al.[12], and Wang et al. [13] found that under a certain 
load, calcareous sand would produce creep phenomenon 

with longer duration and larger deformation than 
terrigenous sand through one-dimensional compression 

creep test, triaxial drained compression creep test and 
stress relaxation test with a test period of 1−16 days. 

As for the creep mechanism of calcareous sand, Lade 
et al.[14−15], Zhang et al.[16], Wang et al.[17] and Xiao   

et al.[18] found that creep of calcareous sand was related 
to particle rearrangement and particle breakage based 

on the analysis of triaxial drained compression creep 

test, one-dimensional compression creep test and particle  
size distribution test. They demonstrated that the creep 
of calcareous sand was mainly caused by the sliding of 
fine particles generating from particle breakage to fill 
the pores. At the initial loading stage, the degree of 
particle breakage and sample volume changed significantly 
with time, and the response trends of particle breakage 
with time and stress were similar. Through one-dimensional 
compression test and ring shear test, Coop et al.[19], 
Shen et al.[20], and Miao et al. [21] found that the particle 
breakage of granular materials tended to a self-similar 
fractal distribution, and it was closely related to the 
rate of particle breakage. Due to the particularity of 
the creep characteristics and creep mechanism of 
calcareous sand, Zhang et al.[22] and Zhang et al.[23] 
described the particle breakage behaviors by using 
fractal dimension and carried out research on the 
characteristics of particle breakage and morphology 
change during creep. 

Based on the relative particle breakage rate (BrE) 
redefined by Einav[24] and the modified fractal model, 
this paper describes the evolution of particle size 
distribution (PSD) of calcareous sand at different 
times during one-dimensional compression creep test 
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and the evolution of some microscopic parameters, 
such as such as particle porosity, before and after 
creep. Moreover, based on the fractal theory, the creep 
mechanism of calcareous sand was analyzed from the 
macro and micro perspectives in this study, which 
further revealed and clarified the creep mechanism. 

2  Materials and testing methods 

2.1 Basic properties of samples 
The calcareous sand samples in this study were 

collected from a reef island in the South China Sea. 
They were grayish white uncemented loose marine 
clastic sediments with a calcium carbonate content of 
96.51%. The basic physical parameters of the calcareous 
sand sample are shown in Table 1. 

 

Table 1  Basic physical parameters of the calcareous sand 
sample 

d10  

/mm 
d30  

/mm 
d60  

/mm Cu Cc 
Specific 
gravity 

Maximum dry 
density 

/(g·cm−3) 

Minimum 
dry density
/(g·cm−3)

0.14 0.24 0.36 2.57 1.14 2.77 1.56 1.29 

Notes: d10, d30 and d60 are the effective particle size, continuous particle size 

and limited particle size respectively; Cu and Cc are the coefficient of 

uniform and curvature coefficient, respectively. 

 
The sample was mainly composed of particles 

with a particle size of 0.25−0.5 mm (56.24% by mass) 
and poor grading. The curvature coefficient Cc is 1.14, 
satisfying Cc =1−3, and the coefficient of uniformity 
Cu is 2.57, smaller than 5. 

According to the “Standard for soil test method ” 

(GB/ T50123－2019) [25]: “The maximum particle size 

should be smaller than 1/10 of the sample diameter.” 

In this study, after removing irregular particles with 

particle sizes larger than 5 mm, there were still some 

particles with large size differences in the three-dimensional 

directions, such as dendritic and spindly-cone particles. 

In order to reduce the effect of particle shape on the 

test results, the samples were divided into three single 

uniform particle size groups (as shown in Fig.2) of 

0.25−0.50 mm (fine sand), 0.5−1.0 mm (medium sand) 

and 1.0−2.0 mm (coarse sand) for comparative test 

combined with the particle gradation state of complex 

particle size group deduced and calculated by Tong   

et al.[26] and Lin et al.[27] according to the single 

particle size group. By controlling the falling height 

and falling rate, according to the pre-test results, the 

sand falling method was used to prepare the samples 

from three different particle size groups in layers with 

three dry densities of 1.244, 1.158 and 1.145 g/cm3, 

respectively.  

 
Fig. 1  The calcareous sand sample and its grading curves 

 

 
Fig. 2  Particle size distribution curves of test materials 

 
2.2 Testing program of macroscopic creep test 

Wargaming (WG) type single lever triple high- 
pressure oedometer produced by Nanjing Soil Instrument 
Factory was used for dimensional compression creep 
tests. The diameter and the height of the sample tested 
was 61.8 mm and 20 mm, respectively. The test adopted 
weight to load step by step, and the vertical stress was 
50, 100, 200, 400 and 800 kPa, respectively. When the 
axial deformation was smaller than 0.005 mm for 5 
consecutive days, the creep test was considered to be 
complete. The specific testing scheme is shown in 
Table 2. 

 
Table 2  Creep test scheme for calcareous sand 

Particle size 
/mm 

Relative 
density /%

Maximum 
void ratio

Minimum 
void ratio 

Stress level 
/kPa 

Creep time
/d 

0.25−0.50 30 1.40 0.88 
50,100,200,400,

800 

2,7,14, 

25,56 

0.5−1.0 30 1.52 1.05 
50,100,200,400,

800 

2,7,14, 

25,56 

1.0−2.0 30 1.58 1.07 
50,100,200,400,

800 

2,7,14, 

25,56 

 
2.3 Microstructure analysis 

Through digital image technology[28−29], the surface 
images of soil samples at different times of creep were 
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compared to study the evolution of particle breakage 
and the variation of microstructure of the calcareous 
sand before and after creep. The optical camera system 
used a digital camera with a 12-megapixel CMOS 
image sensor. The fixed camera height was 20 cm 
from the sample surface, and the method of center 
imaging was employed to photograph the compression 
surface of the sample at different times. The images 
were processed by the software Image-Pro Plus 6.0 
(IPP6.0) to obtain the porosity and the basic parameters 
of particle dimension of the sample compression surface. 
In combination with the macro and micro research 
methods of sand particle breakage in the previous 
literatures[30−33] and the built-in measurement tools of 
IPP software, surface porosity, particle equivalent area 
and particle equivalent perimeter were selected as 
basic particle dimension parameters. The definitions of 
these parameters are shown in Table 3.  

 
Table 3  Basic particle size parameters 

IPP Name Symbol Definition 

Equivalent area A 
Average area of the convex polygons
connected by points on the outermost 
contour of particles 

Equivalent 
perimeter P 

Average perimeter of the convex  
polygons connected by points on the 
outermost contour of particles

 

3  Analysis of creep test results 

3.1 Creep characteristics of calcareous sands  
From creep curves of particles of different particle 

size groups under different stress conditions (see Fig.3),  
 

three deformation stages of the calcareous sand, i.e., 
instantaneous deformation stage, rapid deformation stage 
and stable creep attenuation deformation stage can be 
identified under one-dimensional compression. Ins- 
tantaneous deformation occurred at the moment of 
loading, and the instantaneous deformation accounted 
for 26%−70% of the total deformation, and it was 
mainly compression deformation. Then with the increase 
of time, the sample entered the rapid deformation stage 
(the axial strain rate was higher than 0.005 mm/d), and 
the deformation at this stage accounted for 23%−59% 
of the total deformation. After that, the sample entered 
the creep attenuation deformation stage, in which the 
deformation only accounted for less than 18% of the 
total deformation, and the deformation finally tended 
to be stable. Under the same stress condition, with the 
increase of stress, the axial strain of the samples of 
different particle size groups increased and showed a 
significant difference: although the difference in dry 
density between the calcareous sands with particle sizes 
of 0.25−0.50 mm and 0.5−1.0 mm was 0.086 g/cm3, 
with the increase of stress, the difference in axial strain 
between them increased from 0.03% to 1.17%, gradually 
widening the gap. The same phenomenon can be 
observed between the calcareous sands with particle 
sizes of 0.5−1.0 mm and 1.0−2.0 mm: the difference 
in dry density between the two groups of samples was 
only 0.013 g/cm3, but the difference in axial strain 
increased from 0.15% to 3.03%. It can be concluded 
that the particle size had a considerable influence on 
the compression deformation of calcareous sand. 

   
(a) Vertical stress of 50 kPa                     (b) Vertical stress of 100 kPa                     (c) Vertical stress of 200 kPa 

   
(d) Vertical stress of 400 kPa                     (e) Vertical stress of 800 kPa 

Fig. 3  Curves of axial strain−time during creep of calcareous sand under different vertical stresses 
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At a lower stress level, the axial deformation of 

calcareous sand in the 0.25−0.5 mm and 0.5−1.0 mm 
particle size groups was small and similar, while the 
axial deformation of calcareous sand in the 1.0−2.0 mm 
particle size group was large. This is because the larger 
the particle size of calcareous sand, the more distinct 
the edges and angles, the more complex the particle 
shape[34], and the smaller the strength for particle 
breakage[35]. The calcareous sand sample with particle 
sizes of 1.0−2.0 mm had larger initial porosity and 
smaller strength for particle breakage, resulting in larger 
deformation of particle rearrangement and a small part 
of particle breakage deformation at a lower stress level. 
The calcareous sand samples with particle sizes of 
0.25−0.50 mm and 0.5−1.0 mm had smaller particle 
size, smaller shape difference, larger strength for particle 
breakage, and similar relative density. At a lower stress 

level, the axial deformation of them mainly came from 
the rearrangement of particles. With the increase of 
stress level, the particle rearrangement and the degree 
of particle breakage of the sample further increased. 
At this moment, the difference of particle size, particle 
shape and the strength for particle breakage indirectly 
resulted in the difference of the axial strain deformation 
of the samples with different particle sizes. 

From the response curve of axial strain rate to time 
(by week) (see Fig.4), it can be seen that the rapid 
deformation stage occurred after instantaneous de- 
formation stage, and the axial strain rate decreased 
rapidly with the increase of time. On the 14th day, the 
rapid deformation stage was basically completed, and 
the minimum deformation rate was 4.29×10−4 mm/d. 
At the stable creep attenuation deformation stage, the 
axial strain rate converged and gradually approached 0. 

 

   
(a) Vertical stress of 50 kPa                   (b) Vertical stress of 100 kPa                     (c) Vertical stress of 200 kPa 

   
(d) Vertical stress of 400 kPa                        (e) Vertical stress of 800 kPa 

Fig. 4  Curves of axial strain rate−time during creep of calcareous sand under different vertical stresses 

 

As shown in Fig.4, under the same vertical stress 
level, the axial strain rate of the calcareous sand 
samples with larger particle sizes was slightly higher 
than that of the calcareous sand samples with smaller 
particle sizes at the rapid deformation stage. However, 
at the creep attenuation deformation stage, the strain 
rate of the three groups of calcareous sands with different 
particle sizes tended to be stable, indicating that the 
particle size affected the axial strain rate at the creep 
stage. By comparing the curves under different vertical 
stress levels, it can be seen that the extreme value of 

the axial strain rate gradually increased with the increase 
of stress level, from 0.011 mm/d to 0.053 mm/d, 
indicating that the stress level was closely related to 
the axial strain rate of calcareous sand during compression 
deformation. 
3.2 Fractal behaviour of particle breakage 

To avoid the damage and secondary breakage of 
the particles caused by the vibrating screen machine, 
affecting the test results, this paper adopted the method 
of manually vibrating the sieves slowly and continuously 
for 15 minutes to obtain the remaining mass of the sieve 
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tray at all levels, and the PSD curve of each particle 
size group after particle breakage under different 
vertical stress levels was plotted in the double 
logarithmic coordinate axis (see Fig. 5). 
 

 
(a) Calcareous sand with a particle size of 0.25−0.50 mm 

 
(b) Calcareous sand with particle size of 0.5−1.0 mm 

 
(c) Calcareous sand with a diameter of 1−2 mm 

Fig. 5  PSD evolution of calcareous sand during creep 
(double logarithmic axes) 

 
Figure 5 shows that the PSD curves of calcareous 

sands of all particle size groups are similar in shape 
and are all concave curves. Through comparative analysis 
of PSD curves of calcareous sands of different particle 
size groups, it can be found that with the increase of 
particle size, the range of particle size distribution 
increased from 0.075−0.500 mm to 0.075−2.000 mm, 

and the curve was transitioned from a locally simple 
steep curve to gradual curves with multiple particle 
size groups. This indicated that the particle breakage 
of calcareous sand was developing towards the state of 
ultimate particle distribution and had ductility. By 
comparing the PSD curves of calcareous sands from 
the same particle size group, with the increase of stress 
level, the PSD curve took it was observed that the 
initial particle size distribution curve as the baseline, 
rotated clockwise and gradually became concave and 
then tended to be flat, showing that the particle 
breakage rate of calcareous sand increased, and the 
self-similarity was highly consistent. 

The PSD fractal model proposed by Tyler et al. [36], 
which is expressed by the relationship between cumulative 
particle mass and particle size, was used to process the 
PSD curve to obtain the mass fractal dimension D. 

 
T M

i i
M r d d

M d


  

  
 

                        （1） 

where r is the size of the selected particle; di is the 
sieve aperture of the i-th layer of screening, and the 
minimum and maximum particle sizes of soil particles 
are assumed to be dm and dM, respectively; M (r<di) is 
the cumulative mass of particles with a particle size 
smaller than di (it is consistent with the commonly 
used PSD curve); MT is the total mass of particles; 
 =3−D, D is the fractal dimension, ranging from 0 to 3. 

The relative particle breakage rate BrE (as shown in 
Fig. 6) proposed by Einav et al. [24] based on fractal 
theory was used to describe the degree of particle breakage 
during creep. The area nclosed by the initial PSD curve 
and the ultimate particle size cutoff line is defined as 
the crushing potential Bp. The area enclosed by the initial 
PSD curve, the PSD curve after particle breakage and 
the cutoff line of the ultimate particle size is defined as 
the total breakage amount Bt. The ratio of the two is 
defined as the relative particle breakage rate BrE, used 
for measuring the degree of particle breakage. The 
value of BrE can be calculated according to the following 
equation:  

t
rE

p

B
B

B
                                  （2） 

The one-dimensional compression creep test where 
the sample creeped 2, 7, 14, 28 and 56 days under the 
stress of 800 kPa is selected as an example, and the 
response of mass fractal dimension D of calcareous 
sand with different particle size groups to time in the 
whole creep process is plotted in Fig. 7. The correlation 
between the relative particle breakage rate BrE and 
mass fractal dimension D during the creep is shown in 
Fig. 8. 
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Fig. 6  Relative particle breakage rate BrE 

 

 
Fig. 7  Response of mass fractal dimension of calcareous 

sand samples with different particle sizes to time 
 

 
Fig. 8  Response of particle breakage to mass fractal 

dimension during creep of calcareous sand 
 

As can be seen from Fig. 7, influenced by the loading 
stress level, the variation tendency of mass fractal 
dimension D with creep time was a slow increase as a 
whole with a small increment. Since the change of 
mass fractal dimension of samples of each particle size 
group during creep was small, it was difficult to 
observe the development trend. So, the incremental 
change of mass fractal dimension D after 2, 7, 14, 28 
and 56 days of creep, namely the average growth rate, 
was selected for analysis. For these different particle 
size groups, the average growth rate of D of particle 

size group with 0.25−0.50 mm was similar to that in 
the 0.5−1.0 mm particle size group, lying in the range 
of 0.001 0−0.001 5/d. However, the average growth 
rate of D of the particles in the 1.0−2.0 mm particle 
size group decreased from 0.006 6/d within the 2−7 
days of creep to 0.000 25/d at the later stage of creep, 
showing an obvious decreasing trend. By combining 
the knowledge that the larger the particle size of the 
calcareous sand sample, the larger the mass fractal 
dimension, it can be concluded that the larger the particle 
size, the higher the degree of particle breakage. 

Due to the small stress level, although particle 
breakage cannot be ignored in the creep process of 
calcareous sands in different particle size groups, it 
was far from reaching the ultimate state of fractal 
breakage and it has been in the development process 
of fractal breakage, so the mass fractal dimension D 
continued to increase slightly.  

The deformation of each sample in the creep test 
includes two stages: rapid loading deformation stage 
and creep deformation stage [1], in which the sample 
enters the creep deformation stage after 2 days of one- 
dimensional compression. Therefore, the increment between 
each time point in the creep deformation stage was 
selected to characterize the creep characteristics, and 
the changing trend of the increment between points 
can be expressed by the change of the increment rate. 
It can be seen from Fig.8 that with the increase of time, 
the relative particle breakage rate BrE and the mass 
fractal dimension D of calcareous sand increased 
correspondingly. The increase rate of BrE of the particles 
in the 0.25−0.50 mm particle size group gradually 
slowed down from 0.122 %/d to 0. 0.006 %/d; the 
increase rate of BrE of the particles in the 0.5−1.0 mm 
particle size group gradually decreased from 0.296 %/d 
to 0.014 %/d. However, for the particles in the 1.0−  
2.0 mm particle size group, the BrE was 4.03% in the 
early stage, so the increase rate in the later stage only 
changed from 0.096 %/d to 0.007 %/d. The response 
of BrE to D for the samples in each particle size group 
was relatively similar, that is, it increased with the 
increase of D. Both D and BrE of calcareous sand 
samples with coarse particles are larger than those with 
fine particles, indicating that the particle breakage modes 
of coarse particles and fine particles are different in 
the whole breakage process. 

By combining the change of the PSD curves before 
and after the test (see Fig. 5), the samples with 56 days 
of creep at 800 kPa were taken as an example for 
analysis. For the particles in the 0.25−0.50 mm particle 
size group, after the test, the mass of the particles with 
a size of 0.075−0.250 mm accounted for 2.98%, and 
the mass of the particles with a size smaller than   
0.075 mm accounted for 1.32%. For the particles in 
the 0.5−1.0 mm particle size group, after the test, the 
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mass of the particles with a size of 0.25−0.50 mm 
accounted for 6.06%, and the mass of the particles with 
a size smaller than 0.075 mm accounted for 0.41%. 
For the particles in the 1.0−2.0 mm particle size group, 
after the test, the mass of the particles with a size of 
0.5−1.0 mm accounted for 7.64%, and the mass of the 
particles with a size smaller than 0.075 mm accounted 
for 0.40%. It can be concluded that the larger the 
particle size, the larger the proportion of the mass of 
the particles with a size in the next size level produced 
by breakage, and the smaller the proportion of the 
mass of the particles with a size smaller than 0.075 mm 
produced by grinding. 

To sum up, both breakage and grinding of calcareous 
sand particles existed in the creep process. By comparing 
coarse particles with fine particles, it was inferred that 
the breakage degree of coarse particles was higher than 
that of fine particles, and the grinding degree of coarse 
particles was lower than that of fine particles. Both 
particle breakage and grinding would continuously 
increase the relative particle breakage rate and the 
mass fractal dimension. The changing trends of BrE 

and D of samples with time for the particles in the 
different particle size groups were different, indicating 
that the time response of BrE and D in the process of 
particle fractal breakage was associated to the particle 
size of samples. 

4  Analysis of microstructure test results 

The surface of the sample in the creep test at each 
time was digitally photographed, and the microscopic 
image of the sand sample surface was binarized and 
analyzed by Image Pro Plus to obtain the particle 
breakage on the surface of the sand sample. Using the 
measurement tools in IPP software, the surface porosity 
and the surface fractal dimension were selected to conduct 
microscopic quantitative analysis of the evolution of 
particle breakage. At a stress of 800 kPa, the comparison 
of surface particle breakage and pore development of 
calcareous sand samples with particle sizes in the three 
different particle size groups before and after 56 days 
of creep is shown in Fig. 9. 

It can be observed from Figs. 9 (a), 9 (c) and 9 (e) 
that the surface pore distributions of calcareous sand 
samples with particle sizes in the different particle size 
groups before creep were significantly different (white 
dots represent the surface pores). With the increase of 
particle size, the surface pores showed different cha- 
racteristics, and gradually changed from a large number 
of scattered small pores to a large area of connected pores. 
The surface pores of the particles in the 0.25−0.50 mm 
particle size group were small and evenly dispersed. 
The dry densities of the samples with the particles in 
the other two groups were not much different, but the 
surface pore characteristics were still different due to 
the influence of particle size. The surface pores of the 

samples with the particles in the 1.0−2.0 mm particle 
size group were significantly larger than those in the 
0.5−1.0 mm particle size group, and the pores were 
narrow and connected by small channels. By comparing 
the surface images of the samples with particles in the 
different particle size groups before creep and after 56 
days of creep, it was found that the surface pore area 
and the surface pore distribution changed remarkably 
after 56 days of creep. Specifically, the number and 
area of white dots representing pores were dramatically 
reduced, and the distribution state changed from dense 
to relatively loose. This is because large pores would 
evolve into small pores as the creep progressed, and 
some of the small pores would gradually disappear. 
The development of surface pores of the samples with 
different particle size groups basically conformed to 
the evolution of particle breakage before and after 
creep. Due to the long-term action of loading, the sample 
particles underwent a series of micro-behaviors, such 
as rearrangement, interlocking, grinding and breakage, 
leading to creeping deformation. The pores between 
particles were changed by the remodelling of the 
interparticle structure, and the particle debris formed 
by breakage and grinding. 
 

    
(a) 0.25−0.50 mm specimen before creep  (b) 0.25−0.50 mm specimen  

                              after 56 days of creep 

    
(c) 0.5−1.0 mm specimen before creep   (d) 0.5−1.0 mm specimen  

                               after 56 days of creep 

    

(e) 1.0−2.0 mm specimen before creep   (f) 1.0−2.0 mm specimen  
after 56 days of creep 

Fig. 9  Binarization diagram of calcareous sand surface 
before and after creep 
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During the creep of calcareous sand, there existed 
the fractal breakage behavior of particles. In order to 
study the variation of microstructure, interparticle 
pores and surface fractal dimension, the changes of 
surface porosity of calcareous sand samples with 
particles in the different particle size groups before 
and after 56 days of creep at 800 kPa were plotted in 
Fig.10, and the response of the microscopic surface 
fractal dimension with time is shown in Fig. 11. 
 

 
Fig. 10  Porosity of calcareous sand surface before  

and after creep 

 

 
Fig. 11  Response of fractal dimension of calcareous sand 

surface to time 
 

Figure 10 shows that the surface porosity of calcareous 
sand samples with different particle sizes decreased 
after creep. This phenomenon can be explained by the 
fact that the pores between the irregular particles were 
filled by the fine particle debris produced by particle 
sliding and rearrangement, continuous grinding and 
particle breakage during the creep of the calcareous 
sand samples with different particle sizes. Therefore, 
the surface porosity decreased Notably after 56 days 
of creep. For calcareous sand samples with different 
particle sizes, the porosity of fine sand samples with 
the particle size of 0.25−0.50 mm decreased by 41.7%, 
while the porosities of medium sand samples and 
coarse sand samples decreased by 23.9% and 24.9%, 
respectively, almost the same. It suggested that the 

change of surface porosity before and after creep was 
closely related to particle size. 

The mass fractal dimension obtained from the macro 
sieving sample reflects the three-dimensional space 
fractal of the calcareous sand sample in the creep breakage 
process. In the microstructure test, using the built-in 
measurement tool of IPP software, the surface fractal 
dimension reflecting the two-dimensional plane fractal 
situation of the sample during creep was calculated by 
means of the box-counting method and the equivalent 
area and perimeter method. Ye et al. [37] used the surface 
fractal dimension to describe the morphological changes 
of soil particles, and the calculation equation is as follows: 

lg lg
2

D
P A C


                           （3） 

where P is the equivalent perimeter; A is the equivalent 
area; D  is the fractal dimension; and C is a fitting 
constant. 

As displayed in Fig.11, the fractal characteristics 
of the microstructure of calcareous sand on the two- 
dimensional plane during the creep showed an increasing 
trend of attenuation with time, which was consistent 
with the variation of the relative particle breakage rate 
BrE and the mass fractal dimension D with time. As the 
stress level did not reach the ultimate condition of 
particle fractal, there would be some differences in 
surface fractal characteristics, but they were all developing 
towards the ultimate fractal distribution. 

5  Macro and micro correlation analysis 

The evolution of particle breakage during the creep 
of calcareous sand was analyzed by using macroscopic 
one-dimensional compression creep test and microscopic 
digital image processing technology. In this study, the 
relative particle breakage rate (BrE) and the changing 
magnitude of surface porosity were used as two indicators. 
The variations of these two indicators before and after 
56 days of creep of calcareous sand at 800 kPa are 
listed in Table 4. 
 
Table 4  Changes of relative particle breakage rate BrE and  
amplitude of surface porosity after creep 

No. Particle size
/mm 

Relative particle 
breakage rate 

BrE /% 

Reduction of calcareous 
sand surface porosity 

/%

A 0.25−0.50 3.44 41.7 

B 0.50−1.00 4.51 23.9 

C 1.00−2.00 5.73 24.9 

 
As can be observed from Table 4, it is obvious that 

the relative particle breakage rate BrE uniformly increased. 
with the increase of particle size. By comparing the 
samples A and B, and C after 56 days of creep, it was 
found that the changing magnitude of BrE was 1.07 and 
1.22, respectively, and the difference in dry density was 
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0.086 g/cm3 and 0.013 g/cm3, respectively. It can be 
seen that in this range of dry density in this study, the 
change of dry density had a weak influence on the BrE, 
and the particle size played a dominant role in the 
particle breakage in the creep process. At the same 
time, analyzing the changing magnitude of surface 
porosity of the samples with different particle size 
groups demonstrated that the sample group A with 
large dry density and small particle size had the largest 
changing magnitude of surface porosity of 41.7%, but 
BrE was the smallest, indicating that the largest factor 
affecting the change of surface porosity at this time 
was the rearrangement of particles. With the decrease 
of dry density and the increase of particle size, the 
value of BrE continued to increase, but the changing 
magnitude of surface porosity was not significant, 
which was 23.9% and 24.9% respectively. This is 
because the larger particles can form the skeleton of 
resistance to external force in a short time, and the 
degree of particle rearrangement is small. For this reason, 
particle breakage and grinding play an increasingly 
important role in the creep process. 

Both the surface fractal dimension and the mass 
fractal dimension are used to describe the fractal 
characteristics of sand samples in the test. The surface 
fractal dimension is to analyze and study the change of 
the particle shape on the surface of the sample from 
the two-dimensional perspective, and the mass fractal 
dimension is to analyze and study the evolution of 
particle size from the three-dimensional perspective. 
Zhao et al.[38] found in the study on particle breakage 
characteristics of quartz sand and granite that the small 
particles generated by particle breakage all met the 
fractal distribution, indicating that particle breakage 
had scale invariance. Therefore, whether it is a single 
particle, a two-dimensional space on the surface of the 
sample or a three-dimensional space of the sample as a 
whole, there are specific manifestations of fractal 
characteristics and particle breakage has scale invariance. 
Based on this, the relevance of scale invariance of 
calcareous sand particles in two-dimensional space and 
three-dimensional space can be further explored. 

The cross-scale correlation and multi-scale analysis 
based on fractal theory (see Fig.12) were carried out 
based on the response of three-dimensional spatial mass 
fractal dimension and two-dimensional planar surface 
fractal dimension with time in the creep test of calcareous 
sand at 800 kPa stress for 56 days. 

It can be seen from Fig.12 that through the cross-scale 
correlation and multi-scale analysis of the macroscopic 
mass fractal dimension and the microscopic surface 
fractal dimension, it was found that the fractal situation 
of calcareous sand samples with different particle size 
groups at two scales was highly similar, and the fractal 

dimensions at different scales were linearly and positively 
correlated, with high correlation coefficients (R2 >0.92). 
Comparing the surface fractal dimension of the samples 
with particles in the different particle sizes groups at 
the same time point, it can be found that the surface 
fractal dimension of the samples with the particle size 
of 0.5−1.0 mm was the largest, followed by that of 
0.25−0.50 mm, and that of the samples with the particle 
size of 1.0−2.0 mm was the smallest, which may be 
affected by the small stress level and single two-dimensional 
plane observation. There is no obvious regularity between 
the surface fractal dimension and the particle size. The 
mass fractal dimension of the calcareous sand samples 
with the particle size of 1.0−2.0 mm was larger than 
that of 0.5−1.0 mm, and the mass fractal dimension of 
the samples with the particle size of 0.5−1.0 mm was 
larger than that of 0.25−0.5 mm. That is, the mass 
fractal dimension of coarse particles was larger than 
that of fine particles, which was consistent with the 
finding that the breakage strength of coarse particles 
was lower than that of fine particles, indicating that 
under the same stress level, the breakage degree of 
coarse particles was larger than that of fine particles. 

 

 
Fig. 12  Fitting of relationship between mass fractal 
dimension and surface dimension of calcareous sand 

 
Although the fractal dimension of the calcareous 

sand samples with different particle size groups in the 
three-dimensional space was larger in the creep process, 
the tendency of fractal breakage was consistent in both 
the three-dimensional space on the macro scale and 
the two-dimensional plane on the micro scale. The 
fractal dimension gradually increased with the creep 
time, which indicates that during the creep, particle 
rearrangement and reorganization, particle slippage and 
rotation, and particle breakage and grinding occurred, 
and the special self-similarity was reflected in both 
macro space and micro plane. Based on fractal theory, 
the relative particle breakage rate and two kinds of 
fractal dimensions can be used to describe the creep 
process of calcareous sand. 
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6  Conclusions 

The fractal breakage characteristics of calcareous 
sand were studied by one-dimensional compression 
creep tests under different creep times and stress levels. 
The image processing software was used to binarize 
and analyze the surface microstructure of the calcareous 
sand sample after creep. Based on the macro fractal 
breakage behaviors and the evolution of microstructure, 
the cross-scale correlation and multi-scale analysis were 
carried out to reveal the creep mechanism of calcareous 
sand. The main conclusions are drawn as follows: 

(1) The deformation of calcareous sand samples 
with particles in different particle size groups included 
the instantaneous deformation stage, the rapid deformation 
stage and creep attenuation deformation stage that 
tends to be stable. In the creep attenuation deformation 
stage, an obvious stepwise growth can be observed at 
higher coordinate axis accuracy. During the creep, the 
fractal breakage behaviors existed, and the evolution 
of mass fractal dimension D and relative particle 
breakage rate BrE was closely related to the particle size. 

(2) After creep, the porosity of the samples containing 
each particle size group decreased significantly, and 
the surface pore area showed a dispersed distribution. 
Combined with the relative particle breakage rate, it 
can be found that the fine sand particles with large dry 
density were dominated by particle rearrangement during 
creep, while the medium and coarse sand particles with 
small dry density were dominated by particle breakage 
and grinding. 

(3) The creep process of calcareous sand showed 
highly similar fractal breakage behaviors at both macro 
and micro scales. There was a positive linear correlation 
between the mass fractal dimension and the surface 
fractal dimension, both of which can be used to describe 
the creep process of calcareous sand. It can be concluded 
that the creep mechanism of calcareous sand was closely 
related to particle rearrangement, particle breakage and 
grinding, and the development of porosity in combination 
with the macro and micro test results, 
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