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Calcareous sand is special sand widely distributed in the South China Sea, which is characterized by the irregular particle shape,
high porosity, easy-breaking, etc. Through a series of dynamic triaxial tests, this paper will study the influence of particle breakage
on the dynamic deformation characteristics of calcareous sand and explore a modified dynamic constitutive model considering
particle breakage suitable for calcareous sand. The research shows that the dynamic deformation characteristics of calcareous
sand can be described by the Hardin-Drnevich model. The maximum dynamic shear modulus and average effective stress of
calcareous sand obey Janbu empirical formula, with approximate a linear relationship. Through screening experiment, it is
found that there is a linear relationship between particle crushing rate and effective confining pressure. On the basis of Hardin-
Drnevich, the dynamic constitutive model of calcareous sand considering the influence of particle breakage is established by
introducing relative crushing rate Br and constitutive model parameters. By comparing with the experimental data, it is found
that the relative error between the calculated value and the experimental value of the model is no more than 12%, and the
average error is no more than 8%, indicating that the modified dynamic constitutive model can better predict the dynamic
characteristics of calcareous sand.

1. Introduction

The development and construction of islands and reefs in
the South China Sea have important and far-reaching strate-
gic significance for China’s marine economic development
and the maintenance of marine sovereignty. In recent years,
reef filling and land reclamation projects in the South China
Sea have increased rapidly, and related projects such as air-
port and wharf have been built [1–3]. Due to the special geo-
graphical location and geological structure, the selection of
foundation structure on calcareous sand is subject to many
restrictions.

Calcareous sand has the main characteristics of large
specific gravity, high internal friction angle, irregular shape,
and high porosity and is easy to crush and cement [4–6],
resulting in significant differences in geotechnical character-
istics and basic physical properties of the calcareous sand

and general continental sand [7–9]. Compared with quartz
sand, calcareous sand has rich pores, sharp edges and cor-
ners, and large porosity. Under certain stress, the particles
are easy to break, and the plastic deformation is large during
compression. Due to the irregular shape of calcareous sand
particles, the particle movement under external force is
slower than that of quartz sand, which leads to longer com-
pression and consolidation time than that of quartz sand.
Also, calcareous sand shows higher compressibility.

The dynamic constitutive model of sand is generally
divided into three parts: the viscoelastic model, elastic-
plastic model, and nonlinear model. The elastic-plastic
model includes a multifacet model, edge interface model,
secondary loading surface model, multi mechanism theory,
generalized plasticity theory, and intrinsic time theory. Non-
linear models include Martin et al. [10], Li and Wang [11],
Zhao et al. [12], and other “true nonlinear” models.
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Viscoelastic model is the simplest dynamic constitutive
model, and the most commonly used is the Hardin-
Drnevich equivalent viscoelastic linear model [13]. This
model regards soil as a viscoelastic medium so it can not
reflect the permanent deformation of soil. If the influence
of soil deformation needs to be considered, other methods
can be applied. The Hardin-Drnevich model usually uses
dynamic shear modulus G and damping ratio λ to reflect
the characteristics of dynamic stress-strain relationship of
soil (hysteresis and nonlinearity of soil) and creates the rela-
tionship between dynamic shear modulus and dynamic
strain function and the relationship between damping ratio
and dynamic strain function, respectively. At the same time,
the influence of average principal stress is considered in the
above relationships. A lot of work has been devoted to devel-
opment of the dynamic constitutive model. Ishihara et al.
[14] applied the revised massing hysteretic rule to the
Hardin-Drnevich model to better describe the dynamic
stress-strain relationship of soil under dynamic load. Chen
et al. [15] improved the damping ratio formula in the
Hardin-Drnevich model by adding three parameters related
to soil properties. The improved Hardin-Drnevich formula
applies to cohesive soil and cohesionless soil. However, there
are few studies on the dynamic constitutive model of calcar-
eous sand considering particle breakage under cyclic
dynamic load. Through triaxial compression tests on coral
sand with different compactness, Liu et al. [16] proposed
the critical state line considering particle breakage and the
rule of unified hardening parameters and then established
an elastic-plastic constitutive model of coral sand consider-
ing particle breakage. Chen and Ueng [17] explored the
effect of particle breakage on the strength of sand in the pro-
cess of drained shear through triaxial compression tests of
Fulung sand, Tamsui River sand, decomposed granite, and
based on Rowe’s principle of minimum energy ratio. Hardin
proposed a crushing model that could describe the variation
of particle crushing under an equal shear stress ratio [18,
19]. For studies on calcareous sand, Wang and Sun [20] con-
sidered the coupling effect of particle breakage and slip of
calcareous sand samples and established the constitutive
relationship of calcareous sand by using the elastic damage
model and boundary interface model. Cai et al. [21] dis-
cussed the influence of particle breakage on soil deformation
and e-p curve through the triaxial test of calcareous sand and
established a constitutive model of calcareous sand consider-
ing particle breakage. Based on a systematic experimental
study on the mechanical properties and particle breakage
of calcareous sand under triaxial conditions, Hu [22] estab-
lished a constitutive model that could consider the particle
breakage effect. Comparing with the prediction from finite
element analysis, the prediction of stress-strain and volume
deformation characteristics of calcareous sand samples
under high confining pressure achieved satisfactory results.
Wang et al. [23] carried out electron microscope scanning,
image analysis, and triaxial drainage test on calcareous sand
to explore the influence of particle breakage on the deforma-
tion and energy dissipation of calcareous sand. Peng et al.
[24] filmed the calcareous sand with different particle sizes
before and after the side limit compression test, adopted

the ImageJ software for image processing and statistical anal-
ysis, and proposed the cumulative crushing rate index of sam-
ples considering crushing overlap and masking. To sum up,
there are few reports on the dynamic load test of calcareous
sand with mixed particle size under complex stress state and
attempts to build a viscoelastic dynamic constitutive model
of calcareous sand considering particle breakage.

For the dynamic shear modulus and damping ratio of
various sands, a large number of experimental research
and theoretical derivation have been conducted. Seed et al.
[25] provided the test curves of dynamic shear modulus ratio
and damping ratio of different sandy soils with strain
through compactness and effective stress. Hardin and Black
[26] obtained the maximum dynamic shear modulus rela-
tionship between void ratio and effective average principal
stress of cohesive soil through the experimental study of
dynamic modulus and damping ratio of cohesive soil. Zhu
and Wu [27] studied the influence of different mechanical
factors on the dynamic characteristics of sand and modified
the relationship formula of the maximum dynamic shear
modulus of sand. Shen [28] and Dong et al. [29] obtained
the empirical formula of dynamic modulus and damping
ratio of coarse-grained soil. Also, research through dynamic
triaxial tests [30–32] further helps enrich the understanding
of mechanical properties of calcareous sand.

At present, most of the dynamic constitutive model of cal-
careous sand ignores the particle breakage effect under
dynamic load. It is advisable to adopt the control variable
method in which the effective confining pressure is served as
an independent variable, which can facilitate the parameter
calculation of the dynamic constitutive model. Based on the
results from the consolidated undrained dynamic triaxial test,
parameters of the particle breakage constitutive model are
introduced and expressed quantitatively by a unified formula.
The dynamic constitutive model of calcareous sand with dif-
ferent particle sizes considering particle breakage under a cer-
tain stress state is established in this paper. This will
theoretically support the development of related engineering
activities on calcareous sand in the South China Sea island.

2. Dynamic Triaxial Test Scheme

2.1. Test Materials. The calcareous sand used in this test
comes from an island and reef in the South China Sea. The
particles are relatively dispersed, white, angular, and irregu-
lar in shape and have many internal pores. The maximum
particle size is 3mm, and the minimum particle size is
0.25mm. Particles with size of 2-2.5mm have the largest
share, accounting for 69.72% of the whole, and the particles
with size of 0.25-0.5mm account for the least 0.26%. The
maximum dry density of calcareous sand is 1390 kg/m3,
the minimum dry density is 1160 kg/m3, and the compact-
ness is 75%. The initial gradation of calcareous sand is
shown in Figure 1.

2.2. Test Instruments. This test adopts domestic DSZ-2
dynamic triaxial apparatus (triaxial test system of electro-
magnetic unidirectional vibration) to determine the
dynamic characteristic indexes such as failure strength,
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dynamic elastic modulus, and damping ratio of the sample.
The DSZ-2 dynamic triaxial apparatus adopts electromag-
netic vibration plus dynamic stress and pneumatic plus static
force, and the maximum axial dynamic stress is 200 kPa, as
shown in Figure 2.

The instrument is mainly composed of six parts: (1) air
pump, (2) pressure and drainage system, (3) triaxial cham-
ber, (4) vibration exciter, (5) electrical cabinet, and (6) com-
puter data acquisition and processing.

2.3. Sample Preparation and Saturation. Wash the sample
with water and then dry it, screen out five groups of calcar-
eous sand with different particle sizes, weigh its mass, pour it
into three ceramic cylinders, stir it evenly with a fine glass
rod, pour the above three cylinders of calcareous sand sam-
ple into about 2/3 cylinders of distilled water, boil it on the
electric furnace for about 30 minutes, and then cool it to
normal temperature (remove part of the internal pores of
calcareous sand).

The size of the above sample is 50mm ∗ 100mm.
According to the operation specification of the geotechnical
test, first put the latex film on the lower indenter, clamp the
bottom end with a rubber band, then clamp the split mold
on both sides of the latex film, buckle the upper end of the
latex film on the top of the split mold, and suck the exhaust
pipe outside the split mold with a vacuum pump to tighten
the inner latex film and to make the inner membrane closely
fit with the split mold, At this time, the cooled calcareous
sand is vibrated into the rubber mold in three equal times.
After all the calcareous sand is installed, open the upper
drain valve and carefully remove the split mold to avoid dis-
turbance to the sample (as shown in Figure 3). After sample
installation, the sample is saturated by the method of water
head saturation and then back pressure saturation. When
saturation Sr > 95%, the sample is considered to be
saturated.

2.4. Sample Scheme. To study the effect of effective consoli-
dation stress on dynamic shear modulus and damping ratio
of calcareous sand under cyclic dynamic load, the control

variable method is adopted. Among them, the density of cal-
careous sand is 1320 kg/m3, and four effective confining
pressures (100 kPa, 200 kPa, 300 kPa, and 400 kPa) are
adopted in the test. After the sample is saturated and consol-
idated under constant pressure for more than 1h, the vol-
ume transformer reading and sample drainage are
recorded in real-time. If the consolidated drainage within
1 h is less than 0.1 cm3, the sample consolidation is
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Figure 1: Initial gradation of calcareous sand.

Figure 2: DSZ-2 schematic configuration of the experiment.

Figure 3: Calcareous sand sample map.
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considered to be completed. Then, under undrained condi-
tions, the sample is loaded step by step according to the tar-
get dynamic stress amplitude. The dynamic load is applied
step by step until the sample fails. The failure criterion is that
the axial strain of the sample reaches ε = 5% under increas-
ing cyclic load. The vibration wave adopts a sine wave, with
5 cycles of dynamic stress vibration at each level, and the
loading frequency is 1Hz.

The dry calcareous sand shall be screened before and
after the test. The grading evolution curve shall be drawn,
the relative crushing rate Br under each group of effective
confining pressure shall be calculated and recorded, and
the crushing rate shall be taken into account in the dynamic
parameters of calcareous sand.

3. Test Results and Analysis

3.1. Effect of Effective Confining Pressure on Relationship
between Dynamic Shear Modulus and Dynamic Shear
Strain. By converting the dynamic elastic modulus obtained
from the test, the dynamic shear modulus corresponding to
different shear strains under effective confining pressure is
obtained. It can be seen from Figure 4 that under the same
confining pressure, the shear modulus G decreases with the
increase of shear strain γ, and under the same shear strain,
the dynamic shear modulus G increases with confining pres-
sure. It is believed that as the effective confining pressure
increases, the mutual extrusion between calcareous sand
particles would be more serious. As a result, the skeleton is
denser, and more contacts are generated, which, in turn,
leads to larger stress of the sample and dynamic shear mod-
ulus. It can also be found from Figure 4 that if dynamic shear
strain γ < 0:4%, the decreasing rate of dynamic shear modu-
lus with dynamic shear strain is faster and becomes slower
with increasing dynamic shear strain.

3.2. Effect of Effective Confining Pressure on Relationship
between Damping Ratio and Dynamic Shear Strain. Accord-
ing to the dynamic triaxial hysteretic cycle test results, the
damping ratio curve of calcareous sand is obtained by the
direct sorting method. As shown in Figure 5, it can be found
that the damping ratio under the four groups of effective con-
fining pressure increases with the increase of dynamic shear
strain and gradually stabilizes, and the corresponding damp-
ing under high confining pressure is smaller than that under
low confining pressure. Figure 6 shows the test sample under
different cyclic loads with an effective confining pressure of
300kPa. It can be found that with the increase of cyclic load,
calcareous sand particles have an obvious sliding arrangement,
and the contact friction between particles becomes closer. This
violent physical effect causes greater deformation of the sam-
ple, resulting in greater energy consumption. Partial load-
deformation curves of calcareous sand under each group of
effective confining pressure are shown in Figure 7.

3.3. Effect of Effective Confining Pressure on Maximum
Dynamic Shear Modulus of Calcareous Sand. The maximum
dynamic shear modulus Gmax of calcareous sand is a basic
dynamic parameter of site effect analysis, which is the tan-

gent slope of the backbone curve at the origin. It is related
to the type of sand, average effective principal stress,
dynamic shear strain amplitude, consolidation time effect,
void ratio, and other factors. In this paper, the initial shear
modulus G0 corresponding to the minimum dynamic shear
strain is taken as the maximum dynamic shear modulus.

According to the test results, the relationship curve
between Gmax and σm/pa of calcareous sand is plotted in
Figure 8.

It can be seen from Figure 8 that Gmax of calcareous sand
increases with increasing confining pressure, and can be
described by Janbu [33] empirical formula (1).

Gmax = Kpa
σm

pa
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Figure 6: Sample diagram under different cyclic loads and 300 kPa effective confining pressure.
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where σm is the average effective consolidation stress. For the
dynamic triaxial test, σm = ðσ1 + 2σ3Þ/3, the stress state of the
sample during consolidation is σ1 = σ2 = σ3; that is, σm = σ3,
so we have:

Gmax = Kpa
σ3
pa

� �n

, ð2Þ

where K and n are two test parameters of soil, which can be
determined by K the intercept and slope of the straight line
on the longitudinal axis, respectively. The calcareous sand in
this paper satisfies K = 0:09017 and n = 0:48459.

3.4. Particle Crushing of Calcareous Sand

3.4.1. Influencing Factors and Measurement of Particle
Breakage. The crushing of calcareous sand particles is related
to internal factors such as its location in the sea area, biogen-
esis, and its irregular shape. Meantime, it is also related to
external factors such as particle gradation, relative compact-
ness, porosity, and the type, time, stress state, and path of
cyclic load applied during the test.

In this paper, the relative crushing rate Br proposed by
Hardin [34] is used to measure the crushing of calcareous
sand particles. Hardin defines the initial crushing potential
Bp0, final crushing potential Bpf , and crushing amount Bt .
Hardin believes that fine particles with particle size less than
0.074mm have little effect on particle crushing. The crush-
ing amount is the area difference between the front and
back.

Bt = Bp0 − Bpf : ð3Þ

The relative crushing rate Br is

Br =
Bt

Bp0
: ð4Þ

3.4.2. Effect of Effective Confining Pressure on Particle
Breakage of Calcareous Sand. Figure 9 shows the grading
curve of samples before and after the test under different
effective confining pressures. It can be found that with the
increase of effective confining pressure, the particles of each
particle group are broken to various degrees. The atmo-
spheric pressure is 100 kPa.

It can be found in Figure 10 that the crushing rate Br and
the effective confining pressure σ3 show a good linear
increasing relationship. The mathematical expression
embracing the crushing rate Br and the effective confining
pressure σ3 can be obtained from the fitting curve Figure 11.
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where a and b are the test parameters. For the calcareous
sand studied in this paper,a = 0:65, and b = 0:242.

4. Dynamic Constitutive Correction of
Equivalent Linear Model

4.1. Equivalent Linear Mode. Among many dynamic consti-
tutive models, the Hardin-Drnevich equivalent viscoelastic
linear model is widely used because of less dynamic parame-
ters and clear physical meaning. The Hardin-Drnevich model
adopts equivalent elastic modulus E or G and equivalent
damping ratio λ to reflect the hysteresis and nonlinearity of
the stress-strain relationship of sand and is expressed by the
functional relationship between dynamic shear modulus and
dynamic shear stress amplitude G =GðγdÞ and the functional
relationship between damping ratio and dynamic shear stress
amplitude λ = λðγdÞ, and the average effective consolidation
stress is considered in the above functional relationship.

The equivalent modulus is obtained from the average
slope of the hysteretic curve drawn under the vibration
waveform of the weekly dynamic load.

E = σd
ξd

, ð6Þ

G = τd
γd

: ð7Þ

σd and ξd represent the amplitude of dynamic stress and
dynamic strain, respectively, and τd and γd represent the ampli-
tude of dynamic shear stress and dynamic shear strain, respec-
tively. The relationship between dynamic elastic modulus,
dynamic shear modulus, and stress strain is converted by for-
mulas (8)~ (10). In this paper, the dynamic triaxial test, for
the saturated sample, there is no volumetric strain during
undrained loading, and the Poisson’s ratio ν = 0:5 can be
assumed.

τd = 0:5σd , ð8Þ

γd = ξ 1 + νð Þ, ð9Þ

G = τd
γd

= E
2 1 + νð Þ : ð10Þ

In the Hardin-Drnevich equivalent viscoelastic linear
model, the equivalent elastic modulus and stress-strain of sand
under dynamic load can be expressed by hyperbola.

τd =
γd

1/G0ð Þ + γd/τd maxð Þ , ð11Þ

G
G0

= 1
1 + γd/γrð Þ : ð12Þ

G0 is the initial shear modulus (also the maximum
shear modulus), τd max is the maximum dynamic shear
stress, and γr is the reference shear strain, which can be
expressed as follows:

γr =
τd max
G0

: ð13Þ

In the equivalent viscoelastic linear model, it can be con-
sidered that the damping ratio is the phenomenon of the
energy consumption of geotechnical materials under dynamic
load. It appears in the form of thermal energy, and the result is
the attenuation of vibration. This energy consumption can be
reflected by an equivalent damping ratio, as shown in formula
(14), where ΔW is the energy consumed in one cycle andW is
the total energy acting in one cycle.

λ = c
ccr

= c
2mω

= ψ

4π = 1
4π

ΔW
W

: ð14Þ

c is the damping coefficient, ccr is the critical damping
coefficient, and ψ is the number of energy losses.

ΔW = πcωε2d0 = SHysteresis loop, W = 0:5σd0εd0 = A0: ð15Þ

Here, A0 is the triangle area under the connecting line
from the origin to the maximum amplitude point ðσd0,
εd0Þ, so there is:

λ = 1
4π

ΔW
W

= 1
4π

SHysteresis loop
A0

: ð16Þ

4.2. Modification of Equivalent Linear Model. The Hardin-
Drnevich equivalent viscoelastic linear model considers the
average effective consolidation stress in the functional relation-
ship of dynamic shear modulus. Through a large number of
dynamic triaxial tests and screening experiments, the functional
formula between particle breakage rate Br and average effective
consolidation stress is established, and the particle breakage rate
Br is taken as an intermediate quantity of dynamic constitutive
correction. The maximum dynamic shear modulus Gmax (also
known as the initial shear modulus G0) in the equivalent visco-
elastic linear model is modified by the particle crushing for-
mula; that is, the particle crushing formula (5) and the
maximum dynamic shear modulus formula (2) are combined
and substituted into the equivalent viscoelastic linear model to
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Figure 11: Calcareous sand ðσ3/paÞ/Br ~ σ3/pa diagram.
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obtain an equivalent linear dynamic constitutive model consid-
ering particle crushing (17).

G
G0

= G
Kpa σm/ρað Þn = G

Kpa σ3/ρað Þn = G
Kpa aBr/ 1 − bBrð Þð Þn = 1

1 + γ/γrð Þ :

ð17Þ

The above dynamic constitutive model contains four

parameters, which are divided into the following two groups:
① Parameters K and n are related to dynamic shear modulus.
② Parameters a and b are related to effective principal stress
and particle crushing rate Br. The specific determination
methods of these parameters are as follows:

(1) Parameters K and n are related to dynamic shear
modulus. The Gmax ∼ σm/pa test point of the
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dynamic triaxial test of calcareous sand is drawn in
the plane coordinate system, and the intercept and
slope of the fitting line on the longitudinal axis are
K and n

(2) Particle crushing rate Br. The calcareous sand sam-
ples before and after the dynamic test are dried
and cooled to normal temperature, the screening
test is conducted to obtain the particle size curve
before and after the test, and the integral area of
particle size curve under each group of effective

confining pressure is calculated. The particle crush-
ing rate Br is obtained by substituting the crushing
potential and crushing amount formula defined by
Hardin

(3) Parameters a and b are related to effective principal
stress and particle breakage Br. The ðσ3/paÞ/Br ∼ σ3
/pa test point of dynamic triaxial test of calcareous
sand is drawn in the plane coordinate system, and
the intercept and slope of the fitting line on the lon-
gitudinal axis are a and b
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4.3. Verification of Equivalent Linear Model. The modified
equivalent viscoelastic linear model considering particle
breakage is used for calculation and compared with the test
results. Figure 12 shows the comparison diagram of G/
Gmax ~ γ/γr fitting under effective confining pressures of
100 kPa, 200 kPa, 300 kPa, and 400 kPa.

It can be found from Figure 12 that under each effective
confining pressure, the modified equivalent linear model is
consistent with the test point, with a good correlation. With
the gradual increase of dynamic shear strain γ, the dynamic
shear modulus ratio G/Gmax gradually decreases, and the
attenuation rate gradually increases.

4.4. Damping Ratio Fitting in Equivalent Linear Model. The
experimental research shows that the variation law of damp-
ing ratio of calcareous sand with shear strain is relatively
complex, and the direct description error of damping ratio
formula (18) of Hardin-Drnevich equivalent viscoelastic lin-
ear model is large. Here, the damping ratio formula (19)
modified by Chen and Zhuang [35] is used for fitting.

λ

λmax
= 1 − 1

1 + γ/γrð Þ , ð18Þ

λ = λmin + λ0 1 − G
Gmax

� �n

: ð19Þ

Combined with the dynamic shear modulus ratio for-
mula (12) of the H-D equivalent viscoelastic linear model,
the damping ratio model formula (20) is modified by the
H-D equivalent viscoelastic linear model.

λ = λmin + λ0
γ

γ + γr

� �n

: ð20Þ

In formula (20), λmin is the minimum damping ratio,
and λ0 and n are fitting parameters related to sand proper-
ties. The modified damping ratio formula of the H-D equiv-
alent viscoelastic linear model is used for calculation and
compared with the test results. The following shows the
comparison diagram of λ ~ γ fitting under four groups of
effective confining pressures of 100 kPa, 200 kPa, 300 kPa,
and 400 kPa, as shown in Figure 13.

It can be found from the figure that the H-D equivalent
viscoelastic linear model is used to modify the damping ratio
model to fit the test data, and the data points under different
effective confining pressures basically fall near the fitting
curve. Therefore, formula (20) is effective to describe the
relationship between damping ratio and shear strain.

5. Conclusion

Taking the calcareous sand at the South China Sea Islands
and reefs as the research material, this paper carries out con-
solidated undrained dynamic triaxial test to study the
dynamic parameters such as dynamic shear modulus and
damping ratio of calcareous sand and particle breakage in
the test. A modified dynamic constitutive model of calcare-

ous sand is studied considering particle breakage, and the
following conclusions are obtained:

(1) The initial shear modulus increases with increasing
effective confining pressure; the effective confining
pressure is constant, the dynamic shear modulus
decreases with the increase of dynamic shear strain,
and the attenuation rate gradually stabilizes. With
the increase of dynamic shear strain, the damping
ratio increases as a whole

(2) The test shows that the particle content of the
coarse-grained group is decreasing and that of the
fine-grained group is increasing during the continu-
ous application of cyclic dynamic load. As the effec-
tive confining pressure increases step by step, the
particle breakage becomes more significant, and
when the effective confining pressure increases to a
certain extent, the increase of the crushing amount
of calcareous sand decreases and gradually stabilizes

(3) By establishing the particle crushing function for-
mula of particle crushing and average effective con-
solidation stress of calcareous sand and taking it as
the intermediate quantity, the maximum dynamic
shear modulus in the Hardin-Drnevich equivalent
viscoelastic linear model is modified, and then, a
modified dynamic constitutive model considering
particle crushing is obtained. By comparing with
the experimental data, it is found that the calculated
value of the modified dynamic constitutive model is
in good agreement with the experimental value,
and the relative error is no more than 12%, and the
average error is no more than 8%, which can better
predict the dynamic characteristics of calcareous
sand. The modified dynamic constitutive model is
suitable for the dynamic response of calcareous sand
considering particle breakage under graded loading
in the dynamic load test
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