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Calcareous sand is a widely used foundation material in marine engineering. Particle breakage can lead 
to an increase in its compressibility, affecting the safety and stability of structures. The compression 
characteristics and particle breakage effects of calcareous sand were analyzed through 33 sets of 
confined compression tests using calcareous sand specimens. The initial void ratios of the specimens 
were set between 1.0 and 1.3, and three gradations were selected: 1–2 mm, 0.5–1 mm and 0.25–
0.5 mm. Moreover, the loading–unloading–reloading tests were conducted. The initial test was loaded 
to a maximum of 2 MPa and began to unload to 0.4 MPa and then to load to 6 MPa. The test results 
indicated that the deformation of calcareous sand during compression was mainly plastic deformation, 
which was irreversible or irrecoverable. With the increase in the vertical pressure, the compression 
curves of the specimens under different initial void ratios gradually converged to a common straight 
line. With the increase in the loading, the existence of particle size less than 0.074 mm in the specimen 
showed a decreasing trend, and all types of particle breakage indices showed an increasing trend. 
The particle size of the specimen was larger, the value of the breakage index was larger. Comparison 
of multiple breakage indices proposed by researchers revealed that the breakage indices increased 
with the increase in the vertical pressure. Some breakage indices cannot adequately represent the 
wholeness of the gradation curves and are not easy to be used as breakage index. Generally, the 
relative breakage index of Hardin Br was smaller than the relative breakage index of Einav Be, and 
there was a close relationship between the two. The test results can provide theoretical guidance for 
the construction of calcareous sand islands and reefs.
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With the development of marine economy, the gradual improvement of human marine resources development 
capacity and the gradual enhancement of marine ecological environmental protection awareness, as well as the 
need for comprehensive marine management, which makes the number and scale of modern marine engineering 
increasing. The coral island and reef filling is generally on a vast area of shoal around the reef plate. A large amount 
of marine sand inside the lagoon is dredged out by a dredger, the sand-water mixture is discharged through the 
pipeline to the shoal for filling, the water in the sand is drained to a certain elevation, and then the building 
foundation is formed through the pre-pressure and other foundation treatment methods. Therefore, most of 
the islands and reefs sediments in these marine engineering are dominated by calcareous sand. Calcareous 
sand is a specialized medium composed primarily of calcium carbonate and other insoluble carbonates, and 
an important characteristic of such materials is the particle breakage effect. The particle breakage effect leads to 
the variation in the gradation structure, void ratio and particle shape of calcareous sand, significantly affecting 
the compression characteristics of calcareous sand1–4. The complex properties of the marine environment and 
the unique properties of calcareous sand present significant challenges in ensuring the stability of engineering 
structures. Therefore, the study of the effects of particle breakage characteristics on compression characteristics 
of calcareous sand has important theoretical significance and application value.

In response to the description of particle breakage, researchers have long proposed various quantitative 
indicators of particle breakage. For example, Miura and O-Hara5 performed the triaxial shear test of coarse 
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granular material, and proposed to quantify particle breakage in terms of the incremental particle surface area 
B of the specimen. Marsal6 proposed to characterize the amount of particle breakage by taking the maximum 
value BM of the particle size content difference between the two particle gradation curves on the sieving curves 
obtained before and after the tests in the study of granular material for the Mica dam. Lee and Seed7 conducted 
experimental research on the earth and rock dam backfilter material, and proposed to use the ratio of the particle 
size with a mass percentage of 15% on the sievingcurve obtained before and after the tests to express the degree 
of particle breakage B15. Lade et al.8 used the difference in the ratio of effective particle size d10 before and 
after particle breakage as the particle breakage metric B10 in the study of the relationship between the particle 
breakage and permeability. Some researchers selected a particle size d60 with a mass accumulation percentage 
of 60% as the characteristic particle size, and the difference between this characteristic size before and after 
compression was used to define the particle breakage index B60@@9.

To overcome the shortcomings of previous particle breakage metrics that only considers a single particle size, 
Hardin10 proposed the concept of relative breakage index to evaluate the degree of particle breakage. That is, 
the area A enclosed by the gradation curve of sandy soil and the 0.075 mm particle size cutoff line is defined as 
the breakage potential, and the difference between the breakage potential before and after the tests is defined as 
the total breakage, then the relative breakage index Br is the ratio of the total breakage to the breakage potential 
before the test. Einav11 eliminated the limitation of the maximum particle size line of 0.074 mm on the basis 
of relative breakage index of Hardin10, and introduced the concept of ultimate particle gradation curve, and 
modified the breakage potential and total breakage, and proposed the particle breakage metric Be. Meanwhile, 
different scholars have proposed different methods to quantify particle breakage12,13. Generally, area and volume 
calculations are easier for particles with regular shapes, but the shape of particles in practical engineering is 
complicated, so it is impossible to calculate the area and volume of particles. The mass measurement is relatively 
convenient, but some breakage indices have some restrictions on the use, which need to be further investigated. 
At present, the three breakage indices proposed by Marsal6, Hardin10 and Einav11 are widely used.

The most commonly used test in soil mechanics to determine the compression deformation characteristics 
of soil is confined compression test14–17. Lateral confinement is where the lateral displacement is imposed by 
the test apparatus during the compression process resulting in no lateral deformation during the test, and the 
specimen can only be vertically deformed when subjected to vertical loading18–20. Confined compression tests 
have also been widely used for mechanical characterization of calcareous sand21–26. For example, Pestana and 
Whittle27 discovered that the compression characteristics of calcareous sand are related to the initial relative 
density through the confined compression test, and established a simple four-parameter elastic–plastic model to 
describe the one-dimensional compression curve of calcareous sand. Liu et al.28 performed the unidirectional 
compression test, and demonstrated that calcareous sand has almost no recoverable elastic deformation 
and the compression process has a significant particle breakage phenomenon. Liao29 investigated the fractal 
characteristics of calcareous sand particles before and after breakage using a homemade one-dimensional high-
pressure consolidation test equipment, and discovered that the relative breakage index is linear with vertical 
stress and fractal dimension.

Zhang et al.30 conducted confined compression tests on two materials, calcareous sand and quartz sand, and 
discovered that with the increase in the vertical stress, the particle breakage makes the particles gradually tend 
to fractal distribution and the ratio of the volumetric strain to the relative breakage index remains unchanged, 
proposed a mathematical model expression for predicting the variation in the relative breakage index. Xiao et 
al.31 conducted confined compression tests on calcareous sand with vertical pressure ranging from 0.1 to 3.2 MPa, 
and discovered that the degree of breakage as well as volumetric deformation of calcareous sand is directly 
proportional to the input work, and the relationship between the former and the input work is independent 
of the initial density. Coop32 systematically investigated the compression properties of calcareous sands and 
found that the compression properties of calcareous sands are similar to those of normally consolidated clay, 
and the compression deformation is dominated by plasticity, which is related to the particle breakage. Cai et al.33 
combined with confined compression tests and found that particle breakage is correlated with stress level and 
relative density, and established a functional expression between the two. Tong et al.34 discovered that the yield 
stress decreases with the increase in the saturation in the one-dimensional compression test, the compression 
index remains almost constant, which is independent of the saturation state. According to the results of triaxial 
tests, some scholars have proposed dilatancy equations considering the effects of particle breakage35–37.

The effects of particle shape on the mechanical properties of calcareous sand is an important topic discussed 
by researchers. Payan et al.38 analyzed the effects of particle shape on the shear modulus, small-strain damping 
ratio, and poisson´s ratio of granular soils. According to artificial neural network (ANN) models and genetic 
programming (GP) algorithm, Khodkarii et al.39 simulated the calculation method of the maximum shear 
modulus of granular soils taking into account the effects of particle shape. Clayton et al.40,41 demonstrated that 
particle shape had a significant effect on the compression and shear properties of granular soils, and proposed 
a method to define the three-dimensional morphology of particles as well as a new method for determination 
of gradation. Karabash and Cabalar42 investigated the effects of particle shape of sandy soil on improving the 
mechanical properties of cohesive soil according to triaxial tests.

Previous studies indicated that the research on the compression properties of calcareous sand has achieved 
relatively rich results. These studies revealed that the study of the mechanical properties of calcareous sand is 
invariably associated with the particle breakage effects of calcareous sand. However, the tests of calcareous sand 
in these literatures are basically for the experimental study under a particular breakage index, the variability of 
different particle breakage indices is not discussed much.

In view of this, in this study, calcareous sand specimens with different initial void ratios and initial particle 
sizes were designed for confined compression tests. According to the specimen particle analysis test before and 
after confined compression, the particle size distribution before and after the test were described and compared. 
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Various breakage indices were accurately calculated according to different breakage measurement methods, 
and their differences, advantages and disadvantages were compared and analyzed, and universal indices were 
sought to characterize the particle breakage. The relationship between particle breakage index and macroscopic 
mechanical properties of specimen was summarized. The test results are expected to provide theoretical guidance 
for the construction of calcareous sand islands and reefs. The innovations of this paper are as follows: (1) The 
percentage evolution of fine particles (particle size less than 0.074 mm) of calcareous sand particle gradation 
under loading was investigated. (2) The advantages and disadvantages of six commonly used quantitative 
parameters of particle breakage were compared and analyzed, and the relationship between Einav breakage 
index and Hardin breakage index was emphatically studied.

Specimens and test scheme
Specimen preparation
The test material was calcareous sand from a sea area in southern China. The main chemical composition of 
the calcareous sand was calcium carbonate (equivalent calcium carbonate content accounted for 96.39%), as 
determined by X-ray fluorescence spectrometry. The specific gravity of calcareous sand particles was determined 
to be 2.75 according to the specific gravity bottle method in China’s standard for soil test method (YS/T 5225-
2016)43. Considering that single-particle-size particles were more fragile and most of the particle sizes were below 
2 mm, three gradations were selected for the test, 1–2 mm, 0.5–1 mm and 0.25–0.5 mm. Due to the extremely 
irregular shape and brittle nature of calcareous sand particles, particle breakage continuously occurred in the 
sieving process, the amount of sieving retention in the sieving process gradually decreased with the increase in 
time, and manual sieving was prone to produce non-uniformity and the difference of amplitude and frequency. 
Therefore, the test strictly controlled the vibrating sieving time to 30 min through determining the relationship 
between the amount of sieving retention and time, and the calcareous sand was sieved for preparation. The 
maximum and minimum void ratios of the three gradations and the original gradation are listed in Table 1. 
Considering the variability between the void ratios of each gradation, the initial void ratios e0 of the 1–2 mm and 
0.5–1 mm gradations were set to 1.10, 1.20 and 1.30, and the initial void ratios e0 of the 0.25–0.5 mm gradation 
were set to 1.00, 1.05 and 1.10.

Test scheme
The test apparatus was a WG high-pressure consolidation apparatus produced in Nanjing. The specimen was a 
cylindrical specimen with a height of 2 cm and a diameter of 6.18 cm, and the maximum loading was 6000 kPa. 
The high-pressure consolidation apparatus was of steel construction, which was loaded by weights in the form 
of levers and equipped with a leveling device. The load arm of apparatus was 24:1. The displacement of specimen 
was measured using a dial gauge. The horizontal bar of the consolidation apparatus was levelled first, and the 
inner side of the ring cutter with an inner diameter of 6.18 cm and a height of 2 cm was coated with a thin layer 
of petroleum jelly before being loaded into the consolidation apparatus, and then the prepared sand specimens 
were uniformly loaded into the ring cutter in three layers with a funnel. The specimen preparation and loading 
process of the test were implemented in accordance with the industrial standard of the People’s Republic of China, 
Specification for soil test (YS/T 5225-2016)43. Pre-compression at a tiny pressure was carried out before the test, 
and the tiny pre-compression loading was empirically determined to be 1 kPa. The loading was two graded 
loading and one graded unloading. Test loading ratio and unloading ratio were 1. The initial test was loaded to 
a maximum of 2 MPa and began to unload to 0.4 MPa and then to load to 6 MPa. Dial indicator readings were 
taken every 10 min after each stage of loading. If the dial indicator reading changed within the range of 0.005 mm 
within 10 min, it was considered that the loading was stable, and the next loading can be conducted. Particle 
analysis tests were performed after carefully removing the specimens after each stage of loading, and various 
particle breakage indices were calculated. Particles with particle size larger than 0.1 mm were determined by 
sieving analysis method, and particles with particle size smaller than 0.1 mm were determined by laser scattering 
method. 3 groups of specimens were loaded with 11 levels, so the total number of specimens was 33.

Results and discussion
Figure 1 displays the compression curves of three single-particle-size group specimens under the same loading 
path with three different initial void ratios. For specimens with different initial void ratios, the compression 
curves of the same specimens gradually converged to a common straight line with the increase in the pressure 
P, which was most obvious in the single-particle-size group specimens of 0.25–0.5 mm. This indicated that with 
the increase in the pressure, the proportion of compression characteristics controlled by the initial void ratio 
gradually decreased. The convergence to a straight line was less pronounced for the 1–2 mm and 0.5–1 mm 
single-particle-size groups specimens than for the 0.25–0.5 mm single-particle-size group specimens. This is 
mainly because the two groups of particles in the normal stress level produced more obvious particle breakage, 
the compression characteristics of the specimen are controlled by a combination of particle breakage and 
particle rearrangement, and the proportion of compression properties controlled by particle breakage gradually 

Particle size (mm) 2–1 mm 1–0.5 mm 0.5–0.25 mm

Maximum viod ratio emax 1.453 1.336 1.200

Minimum viod ratio emin 0.763 0.760 0.725

Table 1.  Maximum and minimum void ratios of calcareous sand under different particle sizes.
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increased with the increase in the pressure. For the relatively loose specimens with large initial void ratios, the 
variation in the void ratio was larger in the early stage of loading, the compression coefficient was also larger, and 
the compression curve in the initial stage was steeper. For the relatively dense specimens with little initial void 
ratios, the variation in the void ratio was smaller in the early stage of loading, the compression coefficient was 
also smaller, and the compression curve in the initial stage was more gentle.

Figure  2 displays the typical loading–unloading–reloading curves of each single-particle-size group 
specimen. The unloading rebounds of all types of specimens were small, which indicated that the deformation 
occurring during compression of calcareous sand particles aggregates was mainly plastic deformation with 
irreversibility or irrecoverability. This is mainly because in the unloading process, the contact mode between 
particles remained basically unchanged. After unloading, the contact stress between particles decreased so as 
to produce a considerably weak particle rearrangement. Under the test stress level, the particle breakage was an 
irreversible process, the particles were unlikely to recover the original state before breakage, the mutual position 
of the particles did not change greatly after breakage, so the rebound was very small. Moreover, the reloading 
process of each specimen basically followed the original path. This is mainly because the contact stress between 
the particles gradually increased with the increase in the pressure. The contact stress between particles did not 
produce new particle breakage until the stress level at unloading was reached. When the pressure was further 
increased to the level before unloading, the contact stress between the particles furtherly increased, and some 
particles subjected to contact stresses by neighboring particles reached the particle strength, leading to more 
particle breakage and rearrangement, and thus producing a more pronounced yield point, i.e., the stress level at 
the time of the original unloading.

Figure 2 displays the comparison of compression curves when the initial void ratio of each single-particle-
size group specimens is 1.1. If no particle breakage in each specimen, when the initial void ratios were the same, 
the specimens with larger particle size were considered to be the most compact and less compressible, while the 
specimens with smaller particle sizes were considered to be more loose and more compressible. However, the 
actual situation was that each specimen were loaded to 6000 kPa, the compression of the specimen with larger 
particle size was larger, and the compression of the specimen with smaller particle size was smaller. Obviously, 

Fig. 1.  Compression curves of calcareous sand.
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during the compression of calcareous sand, the compression characteristics were not only controlled by gas 
extrusion and particle rearrangement mechanisms, but also by particle breakage.

To further compare and analyze the variation in vertical strain of each specimen during the compression 
process, the (−de/dP)–P curve is plotted in conventional coordinates by taking the negative value of the void 
ratio e after derivation of the pressure P, as depicted in Fig. 3. The decreasing rate of void ratio of each specimen 
decreased with the increase in the pressure, which indicated that the decreasing trend of void ratio slowed down 
with the increase in the pressure. At the beginning of loading, the decreasing rate of the void ratio of the smaller 
particle size group was larger, and the decreasing trend of the void ratio was more drastic. The enlarge image 
within the coordinates of the dashed rectangle box in Fig. 3 revealed that after loading to a certain extent, the 
decreasing rate of the void ratio of the smaller particle size group was smaller, indicating that the decreasing 
trend of the void ratio was more gentle, and the decreasing rate of void ratio of the larger particle size group was 
greater, indicating that the decreasing trend of void ratio was more drastic.

The above phenomena more fully illustrated that the particle breakage mechanism and the gas extrusion and 
particle rearrangement mechanism jointly controlled the compression characteristics of calcareous sand in the 
compression process. At the beginning of loading, the proportion of gas extrusion and particle rearrangement 
controlling the compression characteristics was larger as the major factor, and the proportion of particle 
breakage was smaller as the minor factor. With the increase in the pressure, the void ratio gradually decreased, 
the proportion of gas extrusion and particle rearrangement controlling the compression characteristics gradually 
decreased, and the proportion of particle breakage and particle rearrangement increased. Particle breakage and 
particle rearrangement mechanisms became the main factors controlling the compression characteristics of 
calcareous sand.

Particle breakage analysis
Figure 4 displays the gradation curves of each specimen under various levels of loading in double logarithmic 
coordinates. The gradation curves of various types of single-particle-size group specimens produced different 

Fig. 3.  (−de/dP)–P curve.

 

Fig. 2.  Loading–unloading–reloading curves of calcareous sand.
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degrees of changes before and after the test loading was applied. For all types of specimens, with the increase in 
the loading, the particle breakage of the specimens increased, the particle content of large particle size decreased, 
the particle content of small particle size increased, and some particles with a particle size less than 0.074 mm 
were produced, some even as small as 0.479 μm, which was obviously due to the abrasion or breakage of the 
particles. The particle size of the specimens was larger, the particle breakage was larger, which indicated that 
under the same loading, the particle size was larger, the possibility of particle breakage was higher and the 
particle breakage was larger.

As depicted in Fig. 4, the specimens of each single-particle-size group produced fine particles with particle 
size less than 0.074 mm under different loadings, and the smallest particles present in the specimens tended 
to decrease with the increase in the loading. Notably, for 0.25–0.5 mm single-particle-size group specimens, 
minimum particle sizes produced under some small loadings was smaller than that under large loadings. The 
reason is that the amount of fine particles produced by this specimen under the test loading was extremely small, 
easily leading to errors in the laser scattering test, but the overall trend of the phenomenon illustrated above was 
consistent. Meanwhile, for the specimen with larger particle size, the particle size of the smallest particles was 
smaller under the same loading. On the contrary, for the specimen with smaller particle size, the particle size of 
the smallest particles was larger.

According to the fitted interpolated data to calculate the various particle breakage indices, the characteristic 
particle sizes of each specimen after compression were used to calculate the relevant particle breakage indices 
B10, B15, B60, BM, and Br. The calculated various breakage indices are summarized in Fig. 5. For the characteristic 
particle size breakage indices such as B10, B15 and B60, the integrity of the gradation curve was not adequately 
represented. For a single-particle-size group of 0.25–0.5 mm, the value of B10 was zero under the loading of 
200 kPa, and the value of B60 was zero under the loading of below 2400 kPa, which did not reflect the particle 
breakage, the corresponding gradation curves were changed, indicating that these indices were not convincing. 
For BM, the breakage data of three different single-particle-size groups revealed that although the BM indices 
of all specimens were not zero with the increase in the loading. However, the definition of BM indicated that 
its value had no upper limit, which was not conducive to the comparison of particle breakage of different 
specimens. As depicted in Fig. 5, with the increase in the loading, all types of particle breakage index presented 

Fig. 4.  Gradation curves of different particle size groups under different loadings (double logarithmic 
coordinates).
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an increasing trend, and the particle size of the specimen was larger, the value of the breakage index was greater. 
However, according to the above analysis, in this study, Hardin relative breakage index Br was used for the metric 
of particle breakage.

According to Fig. 5, after tracing the data of the relative breakage index Br and the corresponding loading P 
in the specimens of each single-particle-size group, the relationship between the relative breakage index Br and 
the pressure P can be obtained by function fitting, as displayed in Fig. 6. The fitted functional relationship of Br–P 
can be approximated using Eq. (1), where parameters a, b and c are all greater than zero.

Fig. 5.  Particle breakage indices of different particle size groups under different loadings.
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Br = a

1 + e−b(P −c) � (1)

where P is the independent variable, Br is the dependent variable, and the parameters a, b and c are all greater 
than zero. To know the physical significance of the specific parameters, the analysis is as follows:

Equation (2) is the first-order derivative of Eq. (1) for the pressure.

	

dBr

dP
= abe−b(P −c)

[1 + e−b(P −c)]2
> 0� (2)

The relative breakage index Br was a monotonically increasing function of the pressure P. With the increase in 
the loading, the particle breakage of the specimen increased. The second-order derivative of Eq. (1) for pressure 
P or the first-order derivative of Eq. (2) for pressure P yields Eq. (3) as follows:

	

d2Br

dP 2 =
ab2e−b(P −c) [

e−b(P −c) − 1
]

[1 + e−b(P −c)]3
� (3)

From the analysis of of Eq. (3), only when P = c, d2Br/dP2 = 0, was the inflection point, when 0 < P < c, Br increased 
with the increase in P, and the increasing trend was stronger, when P > c, Br increased with the increase in P, but 
the increasing trend slowed down. When P = c, Br increased most sharply with the increase in P. Some scholars 
vaguely defined the crushing stress of the specimen as the stress corresponding to a sudden variation in the 
compression coefficient in the compression curve. However, in the compression curves of some specimens, the 
sudden variation in the compression coefficient was not very obvious. For example, when the initial void ratio 
was relatively large, the effect of the void ratio was not eliminated when the specimen reached the crushing 
stress. The value range for the sudden variation in compression coefficient was not clearly defined, and the values 
of the sudden variation in compression coefficient were different for various specimens. Therefore, the physical 
significance of particle breaking stress cannot be reflected.

Fig. 6.  Relationship curve of Br versus P.
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The Slogistic model is now used in physical–chemical tests, bioengineering and other scientific fields, and its 
functional equation can be expressed as Eq. (1) The function definition domain is (0, + ∞), and the value domain 
is (0, a]. The Slogistic function is also a significant functional relationship for the above Br–P. According to the 
analysis in the previous section, the Slogistic function can be divided into three segments: (0, c/2], [c/2, c] and 
[c, + ∞).

(1) Breakage asymptotic section: in the (0, c/2] section, Br increased with the increase in P. When x reached 
c/2, Br surged, at this time the value of y was the crushing stress. (2) Breakage surge section: in the [c/2, c] section, 
Br increased more dramatically with the increase in P, and when P reached c, Br increased most dramatically. 
(3) Breakage yield section: in the [c, + ∞) section, Br increased slowly with the increase in P, and tended to the 
limiting value of a.

The crushing stress level of a specimen is defined as the stress level that corresponds to the surge in particle 
breakage with the increase in loading. According to the Slogistic model, the value of c/2 is determined to be the 
crushing stress of the particle breakage of the particle size group specimen calcareous sand.

When P → ∞, Eq. (4) is obtained from Eq. (3).

	
lim

P →∞
Br = a = Bmax

r � (4)

As depicted in Eq.  (4), the parameter a is the limiting value of the Hardin relative breakage index Br
max of 

specimen.
The intermediate particle size d50 of each particle group was taken, that is, 1.5 mm, 0.75 mm and 0.375 mm. 

According to the above analysis, the intermediate particle size, crushing stress and ultimate relative breakage 
index of each specimen are summarized in Table 2.

The relationship between the intermediate particle size d50 and the crushing stress P0 and the ultimate relative 
breakage index Br

max were plotted and fitted, as displayed in Figs. 7 and 8. The intermediate particle size d50 was 
larger, the crushing stress P0 was smaller, and the two showed an extremely significant linear relationship. When 
the pressure was the same, the particle size was larger, the ultimate relative breakage index was larger, and the 
intermediate particle size d50 and the ultimate relative breakage index Br

max existed a significant semi-log linear 
relationship.

The relationship between the relative breakage index Br of Hardin10 and the relative breakage index Be 
of Einav11 is plotted in Fig. 9, where the corresponding areas of the filled regions are S1, S2, S3, S4, and S5, 
respectively.

According to Fig. 9, the forms of various parameters between Hardin relative breakage index Br and Einav 
relative breakage index Be are obtained, as displayed in Eqs. (5) to (10).

	 BP = S1 + S2 + S3� (5)

Fig. 7.  Relationship curve of d50 versus P0.

 

Particle size group (mm) intermediate particle size d50 (mm) Crushing stress P0 (kPa) Ultimate relative breakage index Br
max

1–2 1.5 1983.867 0.22508

0.5–1 0.75 3085.572 0.16709

0.25–0.5 0.375 3631.559 0.06017

Table 2.  Summary of intermediate particle size, crushing stress and ultimate relative breakage index for each 
particle size group.
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	 Bt = S3� (6)

	
Br = Bt

BP
= S3

S1 + S2 + S3 � (7)

	 B′
P = S2 + S3 + S4 + S5� (8)

	 B′
t = S3 + S5� (9)

	
Be = B′

t

B′
P

= S3 + S5
S2 + S3 + S4 + S5 � (10)

where Bt, BP, B
′
t and B′

P are Hardin breakage potential, Hardin total breakage potential, Einav breakage potential 
and Einav total breakage potential, respectively. According to the analysis of Eq. (5) to Eq. (10):

For Bt and B′
t, since S3 < S3 + S5, it is obvious that Bt < B′

t; while for Bp and B′
p, generally, assuming that S1 > S4 + S5, 

so S1 + S2 + S3 > S2 + S3 + S4 + S5, that is, Bp > B′
p. Therefore, for Br and Be, the molecule Bt of Br was smaller than 

the molecule B′
t of Be, while the denominator Bp of Br was larger than the denominator B′

p of Be. Thus, in general, 
the following equation is deduced.

	 Br < Be� (11)

and

Fig. 9.  Comparison of Br versus Be.

 

Fig. 8.  Relationship curve of d50 versus Br
max.
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Be = S3 + S5

S2 + S3 + S4 + S5 >
S3 + S5

S1 + S2 + S3 >
S3

S1 + S2 + S3 = Br � (12)

S1 + S2, S3 and S5 were obtained from the data analyzed by the test particles. Since the particle termination 
gradation curve was still an unknown gradation, S4 cannot be calculated and S1 and S2 cannot be calculated 
separately according to the test data in this study. Therefore, S1 + S2, S3 and S5 were calculated separately for 
various specimens in this study and summarized in Tables 3, 4 and 5.

After tracing the data of B′
t and the logarithmic value lgP of the corresponding loading under each loading 

for single-particle-size group specimens, the relationship between B′
t and lgP was obtained through function 

fitting, as displayed in Fig. 10.

Loading Bt = S3 S1 + S2 S5 B′
t = S3 + S5

6000 0.65044626 29.49955374 0.328034 0.97848

5600 0.57106367 29.57893633 0.292757 0.863821

4800 0.47720634 29.67279366 0.282368 0.759574

4000 0.32978855 29.82021145 0.225671 0.55546

3200 0.22754673 29.92245327 0.146831 0.374378

2400 0.15383087 29.99616913 0.090649 0.24448

1600 0.10673662 30.04326338 0.056656 0.163393

1200 0.11978999 30.03021001 0.067634 0.187424

800 0.16424093 29.98575907 0.067302 0.231543

400 0.10685841 30.04314159 0.044862 0.15172

200 0.07363603 30.07636397 0.033638 0.107274

Table 5.  0.25–0.5 mm particle size group.

 

Loading Bt = S3 S1 + S2 S5 B′
t = S3 + S5

6000 5.50839344 62.14160656 0.612721 6.12111444

5600 4.80993781 62.84006219 0.590174 5.40011181

4800 3.56778822 64.08221178 0.406358 3.97414622

4000 2.85125837 64.79874163 0.328075 3.17933337

3200 1.97024329 65.67975671 0.296007 2.26625029

2400 1.64083531 66.00916469 0.102541 1.74337631

1600 1.47925123 66.17074877 0.079053 1.55830423

1200 1.37692641 66.27307359 0.056523 1.43344941

800 0.41154319 67.23845681 0.056057 0.46760019

400 0.35052852 67.29947148 0.044862 0.39539052

200 0.28946916 67.36053084 0.044851 0.33432016

Table 4.  0.5–1 mm particle size group.

 

Loading Bt = S3 S1 + S2 S5 B′
t = S3 + S5

6000 29.04162 113.5584 1.36847 30.41009

5600 27.08399 115.516 1.201544 28.28553

4800 26.81485 115.7852 1.082782 27.89763

4000 14.0683 128.5317 0.627996 14.6963

3200 8.813142 133.7869 0.381236 9.194378

2400 4.177039 138.423 0.156922 4.333961

1600 3.331579 139.2684 0.134703 3.466282

1200 1.96885 140.6312 0.089769 2.058619

800 1.269202 141.3308 0.078509 1.347711

400 0.847471 141.7525 0.04489 0.892361

200 1.097635 141.5024 0.044895 1.14253

Table 3.  1–2 mm particle size group.
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As depicted in Fig.  10, B′
t and lgP existed a significant exponential function relationship, which implied 

that an intrinsic connection between the two. After tracing the data of S3 and the logarithmic value lgP of the 
corresponding loading under each loading for single-particle-size group specimens, the relationship between 
S3 and lgP was obtained through function fitting, as displayed in Fig. 11. S5 and lgP existed a more significant 
exponential function relationship, and the correlation coefficient was higher than that between B′

t and lgP, and 
the connection was more obvious. Therefore, S5 can also be used as a measure of particle breakage and has some 
application prospects.

Conclusions

	1.	� For specimens with different initial void ratios, the compression curves of the similar specimens gradually 
converged to a common straight line with the increase in the pressure P. The deformation of calcareous sand 
particle aggregates during the compression process was mainly plastic deformation, which was irreversible 
or irrecoverable. In the compression process of calcareous sand, the compression characteristics were not 
only controlled by the gas extrusion and particle rearrangement mechanism, but also by the occurrence of 
various degrees of particle breakage.

	2.	� Under the same loading, the particle size of the specimen was larger, the probability of particle breakage 
was higher, and the amount of particle breakage was larger. With the increase in the loading, the presence of 
particle size less than 0.074 mm in the specimen presented a decreasing trend, all types of particle breakage 
indices presented an increasing trend. The particle size of the specimen was larger, the value of the breakage 
index was larger. Comparative analysis revealed that the use of Hardin relative breakage index Br for the 
metric of particle breakage had better applicability.

	3.	� Based on the analysis of the test results, the Hardin relative breakage index Br and the pressure P existed an 
extremely significant correlation. The parameter a represents the Hardin ultimate relative breakage index, 
and the value of parameter c/2 represents crushing stress of the specimen. The intermediate particle size d50 
of the specimen was larger, the crushing stress P0 was smaller, and the two showed an extremely significant 

Fig. 10.  Relationship between B′t and lgP.
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linear relationship. When the pressure was the same, the particle size was larger, the ultimate relative break-
age index was larger, and the intermediate particle size d50 and the ultimate relative breakage index Br

max 
existed a significant semi-log linear relationship. Einav crushing potential B′t had a significant exponential 
function relationship with lgP. A more significant exponential function relationship existed between param-
eter S5 and lgP than between B′t and lgP. Therefore, S5 can also be used as a measure of particle breakage and 
has some application prospects.

Notably, so far researchers have proposed numerous particle breakage indices, which cannot be compared 
comprehensively. Only six representative indices were selected for testing in this paper. Moreover, although a 
single gradation is selected to minimize the effects of particle shape on particle breakage, the existence of particle 
shape differences among different particle sizes should not be ignored, which will also cause some errors in the 
test results. Furthermore, in this paper, the repeated specimen preparation method for the test cannot guarantee 
the consistency of each specimen, which is still a problem that needs to be further investigated.

Data availability
The data of this study are available from the corresponding author upon request.
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