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A B S T R A C T

Calcareous sand undergoes substantial cumulative deformation under cyclic loading conditions, which may 
affect the safety and performance of marine structures exposed to wind and waves. To investigate this phe
nomenon, a series of drained cyclic triaxial tests were conducted on calcareous sand under varying confining 
pressures (σc), initial deviatoric stress ratios (ηs) and cyclic dynamic stress ratios (ηd). The results reveal that 
cumulative axial strain in calcareous sand increases with the number of loading cycles, while the rate of increase 
gradually diminishes, indicating a transition to a plastic stability stage. Most of the cumulative axial strain occurs 
within the first 100 cycles, with minimal incremental strain in subsequent cycles. Furthermore, the stress-strain 
curves become progressively denser as the number of cycles loading increases. Among the influencing factors, 
cyclic stress ratio and initial deviatoric stress ratio have a more significant effect on cumulative axial strain 
compared to confining pressure. Based on the experimental data, a model for predicting the cyclic cumulative 
deformation of saturated calcareous sand was developed. The model’s predictions closely align with the 
experimental results, confirming its reliability. These findings enhance the understanding of cumulative defor
mation behavior in calcareous sand under cyclic loading and provide valuable insights for the design and 
maintenance of marine infrastructure.

1. Introduction

Calcareous sand, widespread presence in the South China Sea, is 
seeing increased attention due to the rapid development of coastal en
gineering projects in the area. Consequently, research on calcareous 
sand materials has drawn the attention of numerous scholars [1–4].

Calcareous sand and silica sand exhibit significant differences in 
their physical and mechanical properties due to variations in mineral 
composition and particle structure. Notably, calcareous sand is charac
terized by an irregular particle shape, a rough surface, and considerably 
lower particle strength compared to silica sand [5–8]. As a vital 
geotechnical material, calcareous sand plays a critical role in island 
constructions, particularly in the design of submarine roadbeds and piles 
for coastal regions and offshore oilfields [9–11].

In marine engineering, calcareous sand is continually exposed to 
cyclic loads generated by waves and wind over tens of thousands of 
cycles. These loads are typically characterized by low cyclic stress and 
low-frequency horizontal forces [12]. The effects of cyclic loading can 
lead to cumulative deformation within calcareous sand; such de
formations may persist even after millions of cycles have occurred [13]. 
These cumulative deformations pose severe implications for the normal 
operation of marine infrastructure [14,15], potentially resulting not 
only in engineering failures but also incurring substantial economic 
losses [16,17]. Therefore, investigating the mechanisms underlying 
cumulative deformation in calcareous sand and establishing a long-term 
model for such deformations are critically important for advancing 
offshore engineering practices.

It is important to comprehend the mechanical properties of 
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calcareous sand for the purposes of foundation design and evaluating 
disaster risk. In recent years, extensive research has been conducted on 
the mechanical properties of calcareous sand, often utilizing static and 
dynamic triaxial tests as well as cyclic ring shear tests [12,18–20]. 
Among these, the triaxial test is one of the most effective and commonly 
used methods for studying calcareous sand. This test not only provides 
key mechanical parameters of the material but also enables the obser
vation of failure modes in calcareous sand. Analysis of the resulting data 
can reveal critical properties such as strength and deformation behavior 
[21–24].

With the deepening of research on calcareous sand, it has been 
discovered that various factors such as grain size [25], drainage condi
tions [26], relative density [27], cyclic stress ratio [14], and cyclic fre
quency [28] have substantial influences on the deformation behavior of 
calcareous sand. He et al. [29] carried out long-term cyclic dynamic 
triaxial tests on compact calcareous sand under drained conditions to 
investigate the characteristics of accumulated permanent deformation at 
various loading frequencies and dynamic stress levels. The study 
revealed that the accumulated axial strain of calcareous sand diminishes 
as increasing confining pressure, and an increase in loading frequency 
would lead to an increase in the limiting strain. Moreover, the study 
demonstrated that the axial deviatoric stress had a more prominent in
fluence on the accumulated deformation of calcareous sand than 
confining pressure and stress level.

Wang et al. [30] discovered that as the cyclic stress ratio increased, 
the axial plastic strain also ascended. However, both the axial plastic 
strain and the initiation of grain crushing initially increased and then 
stabilized. Although calcareous sand possesses certain crushing poten
tial [31], there is also a stress threshold for the crushing of calcareous 
sand. Salem et al. [18] noted that in the monotonic and cyclic uncon
fined triaxial tests carried out at low stress levels, the amount of grain 
crushing was extremely small and negligible. Wang et al. [32] further 
affirmed in their research concerning the characteristics of particle 
damage under triaxial shear that at lower confining pressures (50–200 
kPa), the size of the original particles remains essentially unaltered. 
Additionally, they declared that the particle breakage induced by cyclic 
shearing is significantly less than that caused by monotonic shearing 
until failure.

Furthermore, with respect to the study on the deformation patterns 
of calcareous sand, He et al. [14] indicated that a significant correlation 
exists between the loading stress path (LSP) and the development of 
cumulative axial strain. They also maintained that the mechanical 
behavior of calcareous sand at low stress levels is predominantly influ
enced by the stress path and the stress level.

Although extensive research has been conducted on the mechanical 
and accumulated permanent deformation properties of calcareous sand, 
its mechanical and deformation behavior is significantly influenced by 
variations in particle arrangement and stress history. These differences 
are largely attributed to the disparities in the original and depositional 
environments [33]. However, research on the impact of stress path on 
the cumulative deformation of calcareous sand remains relatively 
limited. Therefore, further studies are essential to explore how stress 
path influences the cumulative deformation of calcareous sand under 
long-term cyclic loading. Such investigations are crucial for enhancing 
the safety and reliability of infrastructure in complex marine 
environments.

Due to its distinctive characteristics, such as sharp edges and rough 
surfaces, calcareous sand exhibits more complex shear behavior 
compared to silica sand [34,35]. Additionally, calcareous sand is more 
sensitive to confining pressure and demonstrates smaller elastic defor
mation than silica sand [36]. While numerous studies have examined the 
deformation of silica sand under cyclic loading, research on calcareous 
sand in this context remains relatively limited, particularly regarding 
the development of cumulative deformation prediction models. Given 
the critical importance of cumulative deformation in the engineering 
design of calcareous sand structures [37], it is essential to establish a 

robust mathematical model for accurately predicting cumulative 
deformation under cyclic loading.

To address the need for predicting long-term cumulative strain in 
calcareous sand, scholars have proposed various constitutive models. 
For instance, Monismith et al. [38] first established the relationship 
model between cycle numbers and soil cumulative deformation. Li and 
Selig [39] proposed improved formulations considering the magnitude 
effects of cyclic loading. Building upon these foundations, Chai et al. 
[40] incorporated additional consideration of deviatoric stress effects. 
He et al. [41] integrated the influence of relative stress states to refor
mulate the cumulative strain model. Yesuf et al. [42] investigated the 
influence of initial plastic deformation using the Drucker-Prager yield 
criterion, and developed a cumulative strain prediction model, with 
parameters optimized through iterative validation.

Jafarian et al. [43] highlighted the impact of initial stress anisotropy 
on the dynamic behavior of calcareous sand and introduced a modified 
factor based on stress anisotropy to develop a constitutive model. Lu 
et al. [44] later proposed the concept of characteristic stress and 
developed a 3D fractional elasto-plastic constitutive model that effec
tively accurately predicts strength and deformation behavior of soil. 
Building on this, Liu et al. [45] defined yield surface shape parameters 
using a new hardening rule with unified parameters. By conducting 
triaxial compression tests on calcareous sand with varying densities, 
they developed a plastic constitutive model incorporating relative 
density.

Wang et al. [30], based on the principle of stability, proposed a 
critical stress formula to predict the stress-strain behavior of calcareous 
sand under cyclic loading. Additionally, Zhang et al. [46] performed 
monotonic shear tests for calcareous sand and devised a physically 
meaningful mathematical model for describing the monotonic 
stress-strain relationship. Their model, based on confining pressure and 
relative density, employed hyperbolic functions and an inverted S-sha
ped function enhanced accuracy. To investigate the deformation effects 
of cyclic loading on calcareous sand, Wang and Zhang [47] extended 
Zhang’s earlier work by incorporating the cyclic power ratio and loading 
frequency. They proposed a prediction formula based on hyperbolic 
functions, to estimate the permanent deformation of calcareous sand 
under cyclic loading. Through a series of undrained cyclic triaxial tests, 
Ma et al. [48] decomposed the axial strain of saturated calcareous sand 
into residual and cyclic components, demonstrated that the consolida
tion ratio and cyclic stress ratio govern the deformation pattern, and 
proposed an empirical model. Similarly, Peng et al. [49] established a 
dilatancy equation that accounts for the effects of consolidation stress 
and stress path on dilatant behavior, stress-strain response, and particle 
breakage, providing a framework to characterize and simulate the 
volumetric deformation behavior of materials under varying stress 
paths. The high-cycle accumulation (HCA) model proposed by Niemunis 
et al. [50]. Drawing on laboratory tests with glass beads, natural sand, 
and quartz sand, Wichtmann [51] subsequently extended the model by 
introducing an improved pressure function and deriving quantitative 
relationships between grain shape and the parameters Campl, Cp, and CY.

Despite these advancements, as shown in Table 1, a dedicated model 
for predicting the long-term cumulative deformation of calcareous sand 
under varying stress history conditions remains lacking. Consequently, 
the theoretical development and establishment of a predictive model for 
the cumulative deformation characteristics of calcareous sand under 
cyclic loading with multiple consolidation states is a pressing issue. 
Building on this premise, the present study conducted cyclic triaxial 
shear tests on saturated calcareous sand under drainage conditions, 
focusing on coral reef engineering in the South China Sea. The research 
investigated the effects of factors, such as confining pressure, consoli
dation conditions, and dynamic-to-static deviatoric stress ratios, on the 
cumulative deformation behavior of calcareous sand, exploring the 
mechanisms underlying these influencing factors. Based on the experi
mental findings, a mathematical model was developed to predict the 
cumulative deformation of saturated calcareous sand, with 
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corresponding model parameters provided. A comparison of the model’s 
predictions with experimental results. Confirmed its validity. The model 
established in this study offers robust support for engineering design and 
construction practices, particularly for projects involving calcareous 
sand.

2. Test materials and methods

2.1. Test materials

The calcareous sand samples used in this study were obtained from 
the Xisha Islands of the South China Sea, primarily constituted by ma
rine bioclastic sediments with calcium carbonate (CaCO3) as the domi
nant mineral component. Table 2 presents the basic properties of the 
calcareous sand, which differs from standard sand due to its notably 
higher internal friction angle and distinct cohesion.

Existing research has shown that the friction angle of calcareous sand 

typically ranges from 1.1 to 1.3 times that of silica sand, and its cohesion 
is approximately 1.5–2 greats than of silica sand [35]. Scanning electron 
microscopy (SEM) images of the calcareous sand, shown in Fig. 1, reveal 
that the particles are angular and irregular in shape, with an excep
tionally rough surface and numerous internal pores, resulting from the 
corrosion of the original biological skeleton. Fig. 2 presents the particle 
size distribution and gradation curve of the calcareous sand, indicating 
that the majority of the particles (over 80 %) fall within the size range of 
0.3–1.18 mm. In contrast, the number of particles larger than 2 mm and 
smaller than 0.075 mm are relatively scarce. Analytical calculations 
show that the uniformity coefficient (Cu) of the calcareous sand in this 
study is 1.034, and the curvature coefficient (Cc) is 2.604, indicating 
poor gradation.

2.2. Sample preparation and test procedures

The triaxial cyclic loading tests in this study were conducted using 
the SPAX-2000 (GCTS Testing Systems Ltd., USA), with its key compo
nents illustrated in Fig. 3(a). The system configuration comprises: (1) 
Cell Pressure Intensifier: Controls and amplifies the confining pressure 
applied to the soil sample in the triaxial cell. (2) Triaxial Cell: The 
central testing chamber that houses the soil specimen, where the sample 
is placed and subjected to controlled stress conditions. (3) Digital 
Controller: The electronic control unit that manages test parameters 
including stress paths and loading rates. (4) Computer: Handles data 
acquisition, storage, and analysis. (5) Hydraulic Pump: Generates the 
hydraulic pressure needed to power the loading systems.

The testing procedure was divided into four main steps: (1) Sample 
preparation by sand pluviation method: A sand pourer device was used 
to prepare the samples with a relative density of 50 %. The sand flow 

Table 1 
Summary of Cumulative deformation formula and Correlation formula in the literature.

No. Relationship Soil type Model Formula Reference

1 εN - N Silty clay εN = ANb Monismith et al. (1975) [38]
2 εN - N, 

σd

σs

Fine-grained soil
εN = a

(
σd

σs

)m
Nb Li and Selig (1996) [39]

3 εN - N, qd, qs Soft soil
εN = a

(
qd

qf

)m(

1 +
qs

qf

)n

Nb
Chai et al. (2002) [40]

4 Dacc - N, e, ps Medium coarse uniform 
sand

Dacc = mfampl ḟNfpfYfefπ Niemunis et al. (2005) [50]

5 εN - N, 
σd

qs

Fine-grained soil

εN =
∑N

N=1

⎛

⎝Nm

(

1− σd
qs

)
⎞

⎠εp1,0; 

εp1 = α1Nα2

(
σoct

Pref

)α3
(

τoct

Pref

)α4

Yesuf et al. (2015) [42]

6 εN - N, ps Calcareous sand
εN = a(D*)m

(
ps

pa

)c
Nb He et al. (2019) [41]

7 εN -e0, κ, λ Fujinomori clay εN =
λ − κ

β(1 + e0)
ln

cnx

cn0

Lu et al. (2019) [44]

8 ε̇N - N, e, ps Quartz sand ε̇N = fampl ḟNfefpfYfπ Wichtmann et al. (2019) 
[51]

9 εp - φ, σ3 Calcareous sand εp =
2a(c⋅cos φ + σ3⋅sin φ)

1 − sin φ − 2b(c⋅cos φ + σ3⋅sin φ)
Zhang et al. (2020) [46]

10 χ0 - Br , pa Calcareous sand
χ0 = 1 −

((
λc − κ
λr − κ

+
bBr

λr − κ

(
pa

p0

)ξ)1
ξ
− 1
)−

1
2 Liu et al. (2021) [45]

11 εN
ult - qd, σ3 Calcareous sand

εN
ult = a*

(
qd
σ3

)b Wang et al. (2022) [52]

12 d – e, Br Calcareous sand
d = Ad

(

Mcsekd

[

e − e0 + α
(

pʹ

Pa

)0.44
+ χ ln(Br)

])

− η
(

η
Mcs

ekd

[

e − e0 + α
(

pʹ

Pa

)0.44
+

χ ln(Br)

])

Peng et al. (2023) [49]

13 εN - N, e, ps Calcareous sand
εp = a1

(
ea2N/Ni − 1

)
+ a3b1

(
N
Nf

)b2 Ma et al. (2024) [48]

Notes: εN is cumulative strain, εult
N is ultimate cumulative strain, εp is critical strain, ε̇N is strain rate, σd is dynamic stress, σs is static stress, qs is initial deviatoric stress, qd 

is the amplitude of cyclic stress, ps is mean effective stress, Dacc is accumulation rate, e0 is initial porosity, κ is swelling index, λ is compression index, χ0 is the ultimate 
degree of particle breakage, Br is relative breakage index, d is dilatancy ratio.

Table 2 
Physical and mechanical parameters of the calcareous sand.

Property Calcareous sand

Density (ρ) 1.451 g/cm3

Particle Density (Gs) 2.82
Maximum dry density (ρmax) 1.610 g/cm3

Minimum dry density (ρmin) 1.320 g/cm3

Internal frictional angle (φ) 40.850◦

Cohesion (c) 13.060 kPa
60 % passing grain size (d60) 0.326
30 % passing grain size (d30) 0.205
10 % passing grain size (d10) 0.125
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rate was controlled at 105 g/s, and the falling height was maintained at 
150 cm. The sample dimensions were rectangular measuring 120 mm ×
50 mm × 50 mm. (2) Saturation: Back pressure was applied to the 
specimen, increasing at a rate of 1 kPa/s until reaching and maintaining 
140 kPa. The back pressure forces distilled water to permeate the 
specimen, expelling gas. Saturation was considered complete when the 
measured pore pressure reached the target value of B = Δu

Δσc
≥ 95%. (3) 

Consolidation: Following the application of confining pressure to the 
saturated specimen, the relationship curve between drainage volume 
and the square root of time was recorded. Consolidation was deemed 
complete when the measured pore pressure equalled the initial pore 
pressure and the drainage volume stabilized. Two distinct methods were 
used to assess the effects of consolidation state: deviatoric stress 
consolidation and deviatoric stress consolidation following isobaric 

Fig. 1. Scanning electron microscopy images of the calcareous sand sample (a) Multiple particle image (b) Single particle image.

Fig. 2. Particle size distribution and grading curve of the tested calcareous sand samples.

Fig. 3. Experimental systems and loading diagram (a) Soil poly-axial test systems (b) Loading stress path.
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consolidation. The former required approximately 6 h, while the latter 
took approximately 4 h (4) Loading: To simulate the combined effects of 
wave loads and wind, cyclic triaxial consolidated-drained tests were 
performed after specimen consolidation. Stress-controlled loading was 
applied with a 0.5 Hz sinusoidal wave (Fig. 3(b)). The loading pattern 
followed the expression shown in Eq. (1) [6], and the test was termi
nated after 5000 cycles. 

qcyc = qd

1 + sin
(

ωt − π
2

)

2
(1) 

where qcyc is the cyclic load, qd is the amplitude of cyclic stress, ω is the 
angular frequency (with a value of π when the frequency is 0.5 Hz), and t 
is the cyclic loading time.

2.3. Definitions of stress, strain

The mean effective stress ps and the initial deviatoric stress qs are 
calculated using Eqs. (2) and (3), respectively. 

ps =
σ1s + 2σ3s

3
(2) 

qs = σ1s − σ3s (3) 

where σ1s and σ3s are the major and minor principal stress, respectively.
The initial deviatoric stress ratio (ηs) and the cyclic stress ratio (ηd) 

are defined by Eqs. (4) and (5), as follows: 

ηs =
qs

ps
(4) 

ηd =
qd

ps
(5) 

Fig. 4 illustrates axial strain versus cycle number under cyclic 
loading, where the total axial strain ε comprises accumulated axial 
plastic strain εp and elastic strain εe, as shown in Eq. (6): 

εa = εp + εe (6) 

2.4. Testing program

The study examined the effects of confining pressure (σc), initial 

deviatoric stress ratio (ηs), and cyclic stress ratio (ηd) on cumulative 
deformation of calcareous sand. As stated in Indraratna [53], cyclic 
triaxial tests are widely used to analyze the drainage behavior of 
geotechnical materials under long-term cyclic loading. To investigate 
the mechanical response of calcareous sand under cyclic loading, 27 
comparative consolidated-drained cyclic triaxial tests were conducted.

The specific test scheme is provided in Table 3. The experimental 
samples are labeled using the format “CD-c-s-d", where the components 
of the label represent the following: “CD” denotes the drainage condi
tion, “c" represents the specific confining pressure (σc), “s" denotes the 
initial deviatoric stress ratio (ηs), and “d" denotes the cyclic stress ratio 
(ηd). For example, “CD-100-0-0.2″ indicates an experimental setup with 
the drainage condition applied, a confining pressure (σc) of 100 kPa, an 
initial deviatoric stress ratio (ηs) of 0, and a cyclic stress ratio (ηd) of 0.2.

Fig. 4. The axial strain versus number of cycles under cyclic loading.

Table 3 
The cyclic triaxial experimental program.

No. σc 
(kPa)

ηs σ1c 
(kPa)

ps 
(kPa)

qs 
(kPa)

ηd qd 
(kPa)

CD-100-0- 
0.2

100 0 100 100.00 0 0.2 20

CD-100-0- 
0.4

100 0 100 100.00 0 0.4 40

CD-100-0- 
0.6

100 0 100 100.00 0 0.6 60

CD-100- 
0.2-0.2

100 0.2 121.4 107.13 21.4 0.2 21.4

CD-100- 
0.2-0.4

100 0.2 121.4 107.13 21.4 0.4 42.8

CD-100- 
0.2-0.6

100 0.2 121.4 107.13 21.4 0.6 64.3

CD-100- 
0.4-0.2

100 0.4 146.1 115.37 46.2 0.2 23.1

CD-100- 
0.4-0.4

100 0.4 146.1 115.37 46.2 0.4 46.2

CD-100- 
0.4-0.6

100 0.4 146.1 115.37 46.2 0.6 69.2

CD-200-0- 
0.2

200 0 200 200.00 0 0.2 40

CD-200-0- 
0.4

200 0 200 200.00 0 0.4 80

CD-200-0- 
0.6

200 0 200 200.00 0 0.6 120

CD-200- 
0.2-0.2

200 0.2 242.8 214.27 42.8 0.2 42.8

CD-200- 
0.2-0.4

200 0.2 242.8 214.27 42.8 0.4 85.7

CD-200- 
0.2-0.6

200 0.2 242.8 214.27 42.8 0.6 128.5

CD-200- 
0.4-0.2

200 0.4 292.2 230.73 92.3 0.2 46.2

CD-200- 
0.4-0.4

200 0.4 292.2 230.73 92.3 0.4 92.3

CD-200- 
0.4-0.6

200 0.4 292.2 230.73 92.3 0.6 138.5

CD-300-0- 
0.2

300 0 300 300.00 0 0.2 60

CD-300-0- 
0.4

300 0 300 300.00 0 0.4 120

CD-300-0- 
0.6

300 0 300 300.00 0 0.6 180

CD-300- 
0.2-0.2

300 0.2 364.2 321.40 64.3 0.2 64.3

CD-300- 
0.2-0.4

300 0.2 364.2 321.40 64.3 0.4 128.5

CD-300- 
0.2-0.6

300 0.2 364.2 321.40 64.3 0.6 192.8

CD-300- 
0.4-0.2

300 0.4 438.3 346.10 138.5 0.2 69.2

CD-300- 
0.4-0.4

300 0.4 438.3 346.10 138.5 0.4 138.5

CD-300- 
0.4-0.6

300 0.4 438.3 346.10 138.5 0.6 207.7
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3. Experimental observations and interpretations

3.1. Cumulative axial strain

Fig. 5 illustrates the development of cumulative axial strain of the 
specimen with increasing cycle numbers. The subsequent discussion 
would focus on the experimental results under the loading conditions of 
σc = 300 kPa and ηs = 0.4. From Fig. 5(a), it can be observed that under 
different cyclic stress ratios (ηd), the development trend of cumulative 
axial strain (εp) with respect to the number of cycles loading is essen
tially consistent. Specifically, the cumulative axial strain (εp) increases 
continuously with the increasing number of cycles, and the rate of in
crease decreases over time. In the first 10 cycles, the strain accumulated 
rapidly, accounting for approximately 70 % of the final cumulative 
strain. In contrast, during the last 10 cycles, the cumulative strain 
remained nearly unchanged, and the strain rate approached zero.

Fig. 5(b) shows that the cumulative axial strain rate εp (% per second) 
is comparatively high in the initial stage. With the increase of loading 
cycles number, the cumulative axial strain rate gradually diminishes, 
eventually approaching zero. Notably, the most significant reduction in 
the cumulative axial strain rate occurs within the 10th cycle. Further
more, the rate of decay accelerates as the cyclic stress ratio decreases. 
For instance, when the ηd = 0.6, 0.4, and 0.2, the cumulative axial strain 
rates for the first load cycle are 1.18, 0.87, and 0.4, respectively. By the 
10th cycle, these rates have decreased to 0.21, 0.12, and 0.01, repre
senting decay rates of 82.2 %, 86.2 %, and 97.5 %, respectively. In the 
later stages of loading (after 100th cycle), the cumulative axial strain 
rate gradually stabilizes and approaches zero, indicating that the 
deformation has reached a stable state.

The shakedown theory is primarily used to analyze and assess the 
behavior of structures under cyclic loading. It is widely applied to 
explain the strain development of soil under cyclic loading [54,55]. 
Based on the distinct cumulative deformation response patterns of soil, 
the shakedown theory categorizes the cumulative deformation behavior 
into three categories: plastic shakedown, plastic creep, and incremental 
plastic failure (Fig. 6).

As shown in curve (a) in Fig. 6, plastic shakedown occurs when soil 
experiences limited plastic deformation during initial loading cycles. 
With continued cyclic loading, however, the plastic deformation grad
ually stabilizes. This behavior typically occurs in specimens subjected to 
relatively low loading magnitudes and favorable drainage conditions 
[30]. In contrast, under poor drainage conditions and appropriate cyclic 
loading intensities, soil may experience deformation accumulation over 
time due to internal plastic flow, a phenomenon termed plastic creep, as 
shown in curve (b) in Fig. 6. Shiau pointed out that under cyclic loading, 
there exists a “stability limit load” beyond which irreversible incre
mental plastic failure will occur [56]. When drainage conditions are 

insufficient and applied loads exceed this stability limit, soil undergoes 
irrecoverable plastic deformation during each loading cycle. These de
formations progressively accumulate with repeated loading, ultimately 
leading to structural instability or failure, as depicted in curve (c) in 
Fig. 6.

From the experimental results presented in Fig. 5, it is evident that 
during the initial loading phase, calcareous sand accumulates a certain 
amount of plastic deformation. However, as the number of loading cy
cles increases, the rate of plastic strain rapidly decreases to a lower level. 
Ultimately, the deformation response tends toward elasticity, similar to 
the behavior observed in curve (a) of Fig. 6, which is used to describe the 
plastic shakedown of soil. This behavior can be attributed to the rela
tively high permeability coefficient of calcareous sand [57], and since all 
experiments in this study were conducted under drained boundary 
conditions, the soil specimens exhibit plastic shakedown rather than 
plastic creep failure. Curve (a) in Fig. 6 further illustrates that once 
calcareous sand reaches the plastic shakedown state, the accumulated 
axial strain becomes stable and controllable, with no sudden large de
formations occurring. This behavior is advantageous for practical en
gineering applications.

3.2. Deviatoric stress-strain

Fig. 7 illustrates the deviatoric stress-strain relationship for calcar
eous sand with confining pressure σc = 300 kPa, initial deviatoric stress 

Fig. 5. Cumulative axial strain development trends (a) Relationship between cumulative axial strain and number of cycles (b) Relationship between cumulative axial 
strain rate and number of cycles.

Fig. 6. Stability theory behavior classification.
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ratio ηs = 0.4, and cyclic stress ratios ηd = 0.2, 0.4, 0.6. As shown, the 
hysteresis loops consistently shift towards higher axial strain with an 
increasing number of cycles, indicating the accumulation of axial strain. 
Initially, the hysteresis loops are widely spaced; however, with the in
crease in cycle loading numbers, the rate of axial strain growth in 
calcareous sand decreases, leading to more compact hysteresis loops and 
a reduction in the loop area. This phenomenon is attributed to the rough 
surface and intricate particle morphology of calcareous sand [58]. 
Under deviatoric stress, the sample initially undergoes reorganization 
and potential particle fragmentation [36]. With further cycling, the rate 
of plastic strain growth in calcareous sand stabilizes, and the sample 
reaches a steady state where particle arrangements become more stable, 
resulting in tighter deviatoric stress-strain relationships and even curve 
overlap. This occurs for the various cyclic stress ratios (ηd = 0.2, 0.4, 0.6) 
considered in this study.

Noting that the hysteresis loop represents the area enclosed by the 
hysteresis curve of calcareous sand, its size decreases as the number of 
cyclic loading increases. The reduction in the hysteresis loop area in
dicates a decline in the elastic properties of the soil [59]. By integrating 
the individual hysteresis loops in Fig. 7 to calculate their respective 
areas S, it becomes clear that the area of the hysteresis loop for the 100th 
cycle is significantly larger than that of the 5000th cycle. For instance, 
when σc = 300 kPa, ηs = 0.4, and ηd = 0.2, 0.4, 0.6, the areas corre
sponding to the 5000th cycle of the samples are 48.19 %, 65.90 %, and 
77.51 % of the area measured at the 100th cycle, respectively. This in
dicates that S100 is greater than S5000. The changes in the area of the 
hysteretic loop from the 100th to the 5000th cycle are 51.81 %, 34.10 %, 
and 22.49 %, respectively.

It is to be noted that the change for the area of the hysteresis loop S 
decreases as the cyclic stress ratio (ηd) increases (see Fig. 7). Specifically, 
the change in the hysteretic loop area is more pronounced during the 
initial 100th cycle under higher cyclic stress conditions, suggesting that 
the degradation of the soil’s elastic properties is concentrated in the 

early stages. Consequently, cyclic stress significantly influences the 
stability of calcium sand under long-term cyclic loading. Furthermore, 
when 5000th cycle, the change in both elastic and plastic deformation of 
the soil approach zero, and the sample achieves a high level of stability, 
indicating that calcium sand exhibits strong resistance to deformation 
under long-term cyclic loading. This finding is of considerable impor
tance for engineering structures, such as offshore piles, that are subject 
to long-term cyclic loading.

3.3. Cumulative volumetric strain

The volume deformation of sandy soil is influenced by the drainage 
of pore water and the rearrangement and redistribution of grain parti
cles [60,61]. Fig. 8(a) illustrates the relationship between cumulative 
volumetric strain and the number of cycles loading, showing that as the 
number of cycles loading increases, the rate of change in the cumulative 
volumetric strain of calcareous sand gradually decreases. Under the 
loading conditions of σc = 300 kPa and ηs = 0.4, when the cyclic stress 
ratio ηd = 0.6, 0.4, and 0.2, the cumulative volumetric strain at the 10th 
cycle accounts for 58.82 %, 55.95 %, and 48.59 % of the final cumula
tive volumetric strain, respectively. According to the measured pore 
pressure results during the experiment, the pore water pressure in 
calcareous sand is largely dissipated after the 10th cycle, and subsequent 
cyclic accumulated pore water pressure changes are negligible, consis
tent with the findings of Zhang et al. [27]. At this stage, the change in 
volumetric strain is primarily due to the combined effects of pore water 
drainage and grain rearrangement, with the volumetric strain caused by 
pore water drainage being predominant. However, the volumetric strain 
from the 10th cycle to the 100th cycle is 9.76 %, 11.20 %, and 10.07 %, 
which is relatively insignificant compared to the volumetric strain from 
the 10th cycle to the 5000th cycle. This is mainly because, under 
long-term cyclic loading conditions after the 10th cycle, the volume 
deformation of calcareous sand is primarily due to the rearrangement 

Fig. 7. Deviatoric stress-strain relationship curve: σc = 300 kPa, ηs = 0.4, (a) ηd = 0.2 (b) ηd = 0.4 (c) ηd = 0.6.
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and redistribution of grain particles.
Fig. 8(b) illustrates the relationship between volumetric strain and 

axial strain, showing that as the number of loading cycles increases, both 
volumetric strain and axial strain gradually increase, exhibiting a 
“sparse to dense” pattern. However, as shown in Fig. 8(b), the magni
tude of change in axial strain is generally greater than that in volumetric 
strain. Under the influence of confining pressure and initial deviatoric 
stress, the calcareous sand becomes compacted.

As discussed by Indraratna et al. [62,63], repeated loading and 
unloading of cyclic loads cause the calcareous sand particles to roll, 
rotate, and slide, leading to a rearrangement of their relative positions. 
Under cyclic loading, the long edges of calcareous sand particles tend to 
align perpendicular to the direction of the load, which is horizontal in 
this experiment. This alignment results in closer particle contact, leading 
to lateral expansion and axial compression. However, when the number 
of cycles loading increases to a certain extent, the distance between 
particles is reduced, and the interparticle pressure and frictional forces 
increase, causing the calcareous sand to become “harder” and less sus
ceptible to particle sliding, thereby slowing the growth rate of both 
volumetric strain and axial strain.

3.4. Effects of confining pressure, initial deviatoric stress, and cyclic stress

The accumulated axial strain of calcareous sand is influenced by the 
combined effects of confining pressure, initial deviatoric stress, and 
cyclic stress. Fig. 9 illustrates the impact of these factors on the final 
accumulated axial strain of calcareous sand. The results show that an 
increase in confining pressure leads to a reduction in the final 

accumulated axial strain, demonstrating the restraining effect of 
confining pressure on the deformation of calcareous sand under cyclic 
loading.

For instance, under the conditions of ηs = 0.4 and ηd = 0.6, when the 
confining pressure σc = 100 kPa, 200 kPa, and 300 kPa, the cumulative 
axial strain of the sample at the 5000th cycle is 2.75 %, 2.5 %, and 1.92 
%, respectively, with decay rates of 9.1 % and 23.2 %. Similar trends are 
observed under other values of initial deviatoric stress ratio (ηs). This 
phenomenon occurs primarily because, under the same deviatoric stress, 
lower confining pressure provides less constraint on the calcareous sand, 
allowing particles to move more freely and resulting in greater axial 
strain. This observation aligns with previous studies [29,64], which 
show that as confining pressure increases, the mean effective stress of 
the soil rises. This increase enhances particle interactions and the 
clamping force between them, thereby mitigating axial strain. The un
derlying mechanism is illustrated in Fig. 10(a).

In resisting the axial deformation of calcareous sand, initial devia
toric stress plays a significant role. The increase in interaction forces 
between soil particles is influenced by the rise in the soil’s effective 
mean stress [58]. Notably, an increase in the initial deviatoric stress also 
leads to a rise in the soil’s effective mean stress. As the initial deviatoric 
stress grows, the effective mean stress between calcareous sand particles 
increases, tightening their connections, particularly along the direction 
of the initial deviatoric stress, thereby enhancing their resistance to 
deformation, as illustrated in Fig. 10(b).

Fig. 9 also shows that as the cyclic stress ratio (ηd) increases, the 
cumulative axial strain exhibits an upward trend. Compared to the ef
fects of confining pressure and initial deviatoric stress, has a more 

Fig. 8. Development of volumetric strain: (a) Relationship between volumetric strain and number of cycles N, (b) Relationship between volumetric strain and 
axial strain.

Fig. 9. Variation trend of axial strain in calcareous sand under different factors.
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pronounced impact. For instance, when σc = 300 kPa and ηs = 0.4, the 
final cumulative axial strain of the sample is 0.69, 1.3, and 1.92 for ηd of 
0.2, 0.4, and 0.6, respectively, corresponding to increase rates of 88.4 % 
and 89.56 %. This is primarily attributed to the increased movement of 
sand particles under cyclic loading, which leads to a more compact 
arrangement of calcareous sand structure [65].

However, the cumulative axial strain of calcareous sand is not solely 
attributed to particle rearrangement. Particle wear also plays a critical 
role by influencing the interlocking force within the particle chain [66,
67]. More specifically, under cyclic loading, the sharp edges and rough 
surfaces of the particles become smoother, while the fine particles 
generated by wear fill the voids within the sample. This process reduces 
the interlocking force between particles, as illustrated in Fig. 10(c). 
Consequently, the sample becomes more compact, and the effect be
comes intensifies with increasing cyclic stress [28,68].

It is important to highlight that the initial deviatoric stress exhibits a 
“dual nature”: while it can increase the effective stress, enhancing the 
calcareous sand’s resistance to deformation, it can also interact with 
cyclic stress to cause particle wear and disrupt the force chain, leading to 
further compression of the soil. For instance, when σc = 300 kPa and ηd 
= 0.6, the cumulative axial strain of the sample at the 5000th cycle is 
1.48 %, 1.95 %, and 1.92 % for initial deviatoric stress ratios (ηs) of 0.2, 
0.4, and 0.6, respectively. This behavior is primarily due to the sliding 
force generated by the combined effects of cyclic stress and initial 
deviatoric stress, which exceeds the resistance provided by the inter
locking force chain [69].

3.5. The stress paths

To further investigate the effects of confining pressure (σc), initial 
deviatoric stress ratio (ηs), and cyclic stress ratio (ηd) on the accumulated 
deformation of calcareous sand, this study employs the loading stress 
path (LSP), loading-residual stress path (LRSP), the linear distance from 
the end of the LSP to the critical state line, and their ratio LSP/LRSP for 
as analytical parameters.

The study evaluates the impacts of two consolidation modes: 
isotropic consolidation and deviatoric consolidation. The corresponding 
stress path diagrams are shown in Fig. 11, respectively. In these figures, 

the LSP and LRSP are defined by Eqs. (7) and (8), respectively. 

LSP= σc +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
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√
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√
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where pcsl and qcsl are the mean effective stress and deviatoric stress at 
critical state, respectively.

The relationship between ε100 and LSP is illustrated in Fig. 12. A 
linear positive correlation with LSP is observed, indicating that the cu
mulative axial strain generated by calcareous sand under cyclic loading 
conditions depends on initial consolidation and cyclic load parameters. 
The magnitude of LSP is directly influenced by factors such as confining 
pressure (σc), initial deviatoric stress ratio (ηs), and cyclic stress ratio 
(ηd), which subsequently affect the cumulative deformation character
istics of calcareous sand. It is also noteworthy that as the confining 
pressure increases from 100 kPa to 300 kPa, the ranges of both the 95 % 
confidence band and the 95 % prediction band narrow. This suggests 
that higher confining pressure results in a stronger positive correlation 
with LSP.

Fig. 13 illustrates the relationship between ε100 and the ratio of LSP/ 
LRSP. The LSP/LRSP ratio represents the proximity of the current stress 
level of calcareous sand to the critical state line. A higher LSP/LRSP ratio 
indicates that the stress level is closer to the critical state line, suggesting 
that the soil is in a more unstable condition and has a higher potential for 
failure [14]. Specifically, under identical confining pressure conditions, 
an increase in both the cyclic stress ratio and the initial deviatoric stress 
results in a higher LSP/LRSP ratio. Conversely, a reduction in these 
parameters lowers the specimen’s resistance to deformation. This 
finding underscores that the cumulative volumetric deformation char
acteristics of calcareous sand are closely dependent on its.

Fig. 13 indicates that an increase in confining pressure raises in the 
upper limit value of LRSP, further confirming that specimens exhibit 
greater resistance to failure at a confining pressure of 300 kPa compared 
to lower pressures. This analysis also highlights three key factors influ
encing cumulative axial strain. Since the stress path is closely associated 
with the deformation behavior of calcareous sand, it is feasible to 

Fig. 10. Trend of calcareous sand failure: (a) Enhanced contact between particles (b) Increased interaction between particles (c) Particle breaking under load.

Fig. 11. Schematic diagram of stress paths for (a) Isotropic consolidation stress path (b) Anisotropic consolidation following isotropic consolidation.
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develop a model for cumulative axial strain based on the stress path.

4. Development of a prediction model

Creating a model to predict how calcareous sand deforms in marine 
construction is very useful, especially for building strong pile founda
tions and roadbeds. This model helps engineers better understand and 
reduce the risk of deformation, making marine structures safer and more 
stable. For example, single-pile wind power generation structures are 
exposed to both wind and wave loads, causing cumulative deformation. 
Additionally, the subgrade is impacted by traffic loads during operation, 
leading to settlement.

4.1. Model development

As previously mentioned, confining pressures (σc), initial deviatoric 
stress ratios (ηs), and cyclic stress ratios (ηd) collectively influence the 
cumulative axial strain of calcareous sand. Therefore, to ensure the safe 
design of marine infrastructure, this paper presents a predictive model 
for cumulative axial deformation that takes into account confining 
pressure (σc), initial deviatoric stress ratios (ηs), and cyclic stress ratios 
(ηd).

In the investigation of cumulative deformation under cyclic loading, 
Monismith et al. [38] proposed a representative model for cumulative 
plastic deformation: 

A0εp =Nb (9) 

where εp is cumulative plastic deformation, N is the number of cyclic 
loads, and A0 and b are fitting parameters.

He et al. [41] conducted a triaxial test on calcareous sand samples 
collected from the South China Sea. They further refined the cumulative 
plastic deformation model in Eq. (9) by incorporating parameter A0, and 
established a cumulative strain model specifically for calcareous sand. 

The proposed model demonstrates a strong fitting performance, and the 
corresponding formula is as follows: 

lg
(

εN

ε1

)

=B lg N (10) 

where εN is the cumulative axial strain of the N-th cycle, ε1 is the cu
mulative axial strain of the initial cycle, N is the total number of cycles, 
and B is defined as the fitting coefficient. According to the experimental 
results, it can be observed that the axial strain of calcareous sand is most 
unstable during the first cycle of loading. This instability primarily arises 
from the instantaneous deformation induced by applied loads under 
drained conditions. Furthermore, due to variations in pore water pres
sure, subsequent cycles exhibit instability and do not adequately reflect 
the initial state. Therefore, this study utilizes the cumulative axial strain 
from the first 100 cycles to characterize the effects of initial consolida
tion state and cyclic stress. Specifically, the cumulative axial strain ε1 
from the first cycle in Eq. (10) is adjusted to reflect the cumulative axial 
strain ε100 from the 100th cycle. The modified expression is presented as 
Eq. (11). 

lg
(

εN

ε100

)

=B lg N (11) 

in this state, the behavior of the specimen is primarily influenced by 
three factors: initial deviatoric stress qs, cyclic stress qd, and initial mean 
principal stress ps. Therefore, the accumulated axial strain after the 
100th cycle can be expressed as Eq. (12). 

ε100 = F(qs, qd, ps) (12) 

To investigate the effect of ps on cumulative axial strain, the initial 
average principal stress was normalized, and ps

pa 
was used for the study. 

The constraint behavior of ps
pa 

in the experiments was characterized by the 
function G (ps), as described in Eq. (13). 

Fig. 12. Relationship between cumulative axial strain and LSP in 100th cycle: (a) σc = 100 kPa; (b) σc = 200 kPa; (c) σc = 300 kPa.

Fig. 13. Relationship between cumulative axial strain and LSP/LRSP in the 100th cycle: (a) σc = 100 kPa; (b) σc = 200 kPa; (c) σc = 300 kPa.
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G(ps)=

lg
(

A ps
pa
+ 1
)

A ps
pa
+ 1

(13) 

By combining Eqs. (12) and (13), the functional expression of the 
function can be represented as Eq. (14). 

ε100 = F(qs, qd)

lg
(

A ps
pa
+ 1
)

A ps
pa
+ 1

(14) 

where F (qs, qd) is a hidden function linked to initial deviatoric stress qs 
and cyclic stress qd. A denotes the influence factor of the initial average 
principal stress. To explore the relationship between the F (qs, qd) and 
the qs and qd, Huang and Yao [70] employed the relative residual stress 
level to examine the effect of residual stress on cumulative strain. Their 
analysis results aligned with actual observations. The specific expression 
of the relative residual stress is presented in Eq. (15). 

D* =
Dp − Ds

Dmax − Ds
(15) 

Where Dmax is the maximum achievable level of residual stress, which is 
set to 1. Ds =

qs
qcri 

is the initial deviatoric stress level, D1
s =

qd
qcri 

is the cyclic 
stress level during the loading cycle, and qcri signifies the peak residual 
stress. This study redefines the calculation process for the cyclic stress 
level based on the peak residual stress calculation method for the stress 
path plane along the critical state line. The formula for the cyclic stress 
level is provided in Eq. (16): 

Dp =
qs + qd

qcri
(16) 

where qcri is represented in the q-p plane as the vertical coordinate of the 
intersection point between the stress path during loading and the LRSP, 
as illustrated in Fig. 14.

According to Fig. 14, the deviatoric stress and peak deviatoric stress 
are expressed by Eqs. (17) and (18), respectively: 

q=3(p − ps) + qs (17) 

qcri =(3ps − qs)
M

3 − M
(18) 

From Eqs. 15–18, the initial deviatoric stress level DS, cyclic stress 
level Dp, and relative residual stress level D* can be derived in relation to 
the initial average principal stress qs, initial static residual stress ps, and 
cyclic stress pd, as presented in Eqs. 19–21: 

Ds =
(3 − M)ps

M(3qs − ps)
(19) 

Dp =
(3 − M)(qs + qd)

M(3ps − qs)
(20) 

D* =
(3 − M)qd

3(Mps − qs)
(21) 

The relative deviatoric stress level parameter represents the current 
dynamic deviatoric stress level of the soil. The cyclic stress level Dp and 
the relative deviatoric stress level D* were utilized to categorize the 
experimental data. Fig. 15 presents the progression of the cumulative 
axial strain ε100 concerning the cyclic stress level Dp and the relative 
deviatoric stress level D* for the 100th loading cycle.

Fig. 15 demonstrates that the relative residual stress level D* exhibits 
a stronger linear correlation with the cumulative axial strain ε100 at the 
100th cycle than with the cyclic stress level Dp. Since D* accounts for the 
combined effects of the initial static residual stress Ds and the cyclic 
stress Dp, it provides a more precise characterization of their influence. 
Therefore, in the following formula derivation, D* is employed to 
represent the effect of residual stress in the subsequent formula 
derivation.

To explore the mathematical relationship between the relative 
deviatoric stress level D* and the cumulative axial strain ε100 after the 
100th cycle, G (ps) and ε100 were normalized to remove the influence of 
the initial average principal stress ps on ε100, thereby deriving the 
discrete values of F (qs, qd). Fig. 16 presents a relationship diagram be
tween D* and F (qs, qd), constructed using the experimental data. The 
strong linear relationship between them is evident, and it is mathe
matically represented by Eq. (22): 

F(qs, qd)=CD (22) 

where D is the relative deviatoric stress level, and C is the influence 
factor of D.

Using Eqs. (14), (21) and (22), the cumulative deformation of 
calcareous sand is derived and expressed as Eq. (23): 

εN =C
(3 − M)qd

3(Mps − qs)

lg
(

A ps
pa
+ 1
)

A ps
pa
+ 1

NB (23) 

where, εN is the cumulative axial strain at the N-th cycle; ps is the initial 
average principal stress; pa is 1 atm, defined as 101 kPa; N is the number 
of cycles loading; B is the influence factor associated with N; A is the 
influence factor of ps; D is the relative deviatoric stress level; C is the 
influence factor of D; and M is the slope of the CSL (critical state line) for 
calcareous sand. The parameters A, B, C, and M are determined using the 
following method: 

(1) The parameter A (the influence factor of ps)

To investigate the effect of initial average principal stress on the 
cumulative axial strain of calcareous sand, the influence of initial 
deviatoric stress is excluded. Specifically, experimental data under the 
condition ηs = 0 are used. Eq. (14) is employed to generate Fig. 17, and 
the average value of A is calculated as 2.2507. 

(2) The parameter B (the influence factor associated with N)Fig. 14. Schematic diagram of deviatoric stress level parameters.

B. Yuan et al.                                                                                                                                                                                                                                    Soil Dynamics and Earthquake Engineering 199 (2025) 109730 

11 



The relationship curve between εN/ε100 and N is presented in Fig. 18. 
The double logarithmic plot exhibits strong linearity, with the slope B of 
the relationship ranging from 0.01814 to 0.04791. This indicates min
imal variation across multiple sets of experimental datasets, with the 
average slope calculated as B = 0.038004. 

(3) The parameters C (the influence factor of D) and M (the slope of 
the critical state line)

The parameter C can be derived from Fig. 16, with an average value 
of 23.4. For the value of M, it was determined through prior triaxial 
shear tests on calcareous sand with a relative density of 50 % and the M 
of its CSL is 1.50.

In summary, the four parameters of the model are outlined as 
Table 4:

4.2. Model effectiveness and accuracy

To evaluate the effectiveness and accuracy of the developed model 
for evaluating the cumulative deformation of saturated calcareous sand 

Fig. 15. Relationship between ε and relative deviatoric stress level D* and dynamic stress level Dp, (a) Relative deviatoric stress level D*, (b) Dynamic stress level Dp.

Fig. 16. Relationship between F (qs, qd) and deviatoric stress level D.

Fig. 17. The relationship between ε100 and ps/pa.

Fig. 18. The relationship between εN/ε100 and N.

Table 4 
Model parameters.

Parameters Value

A 2.2507
B 0.038004
C 23.4
M 1.50
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under cyclic loading, the model was validated using Eq. (23). Two 
distinct validation tests were conducted to assess the predictive capacity 
and applicability of the proposed constitutive model.

4.2.1. Model verification with original data
In this comparison study, both the theoretical and predicted results 

for the cyclic cumulative deformation of saturated calcareous sand are 
shown in Fig. 19. As shown, the theoretical values closely match the 
experimental data, demonstrating excellent agreement. This outcome 
confirms the reliability of the cyclic cumulative deformation calculation 
model for saturated calcareous sand, emphasizing its ability to accu
rately represent the deformation characteristics of the soil under cyclic 
loading conditions.

4.2.2. Cross-validation with literature data
To further verify the applicability of the model, the model (Eq. (23)) 

proposed in this study was compared with the Model 6 of Table 1 pre
sented by He et al. [41] and Model 8 of Table 1, the High-Cycle Accu
mulation (HCA) improved by Wichtmann et al. [51]. The study 
concentrates on the coupled effects of confining pressure (σc), initial 
deviatoric stress (ηs), and cyclic stress (ηd). He’s model, which addresses 
similar governing factors, and the HCA model developed by Niemunis 
and Wichtmann [48], known for its representativeness in describing 
strain accumulation in soils under cyclic loading, were selected for 
comparison with the experimental results obtained in this study. This 
comparison aims to assess the accuracy of the proposed model.

The verification data were obtained from triaxial experiments on 
calcareous sand conducted by Wang et al. [52]. The calcareous sand 
used in Wang’s experiments was sourced from a reef in the South China 
Sea, with a relative density of 95 %. The tested samples exhibited a 
specific gravity of 2.75, a maximum void ratio of 1.27, and a minimum 
void ratio of 0.66. Table 5 summarizes the experimental scheme re
ported by Wang, where the loading frequency was kept at 1 Hz during 

the tests.
Fig. 20 compares the prediction results of the proposed model of 

Model 5 and 8. As illustrated in Fig. 20, the prediction results from the 
model proposed in this paper better fit the experimental results of Wang 
et al. [52]. The comparison also shows that the proposed model Eq. (23)
achieves higher accuracy under lower cyclic stress ratios than under 
higher ones. In contrast, He’s model consistently underestimates cu
mulative axial strain. Although Wichtmann’s model delivers reasonable 
overall predictions, its performance during early-stage loading is 
markedly inferior to that of the proposed model.

In summary, the model developed in this study calculates cumulative 
strain in calcareous sand based on simple laboratory triaxial tests, 
considering the effects of confining pressure, deviatoric stress, and cyclic 
stress. The model incorporates the concept of the Critical State Line 
(CSL) from classical plasticity theory and is based on test results, leading 
to relatively concise formulations with fewer parameters, all of which 
can be obtained through conventional triaxial experiments.

5. Discussion and limitations

The model in this study is concise and straightforward. Nevertheless, 
this streamlined approach omits consideration of certain critical factors, 
notably particle breakage and the influence of particle shape. Calcareous 
sand exhibits notably different cumulative strain behaviors under 
varying stress conditions. Under high-stress conditions, particle 
breakage constitutes one of the primary mechanisms driving deforma
tion. However, experimental observations within this study’s medium- 
to-low confining pressure range (100–300 kPa) reveal measurable par
ticle crushing in calcareous sand, with the degree of fragmentation 
varying according to stress conditions.

Fig. 21 presents the grain size distribution curves of soil samples 
following triaxial compression under varying confining pressures. These 
curves clearly demonstrate the influence of stress conditions on particle 

Fig. 19. Model calculation verification (a) Confining pressure (b) Initial deviatoric stress (c) Cyclic stress.
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breakage within the specimens. The observed variations in gradation 
characteristics provide insights into the mechanical behavior of the 
calcareous sand under different stress states.

The relative breakage index (Br), originally proposed by Hardin [71], 
has become a fundamental metric for quantifying particle breakage in 
calcareous sands. Recent advancements by Einav [72] have redefined 
this relative breakage index using continuum mechanics principles, 
concurrently establishing a computational framework for breakage po
tential (Bp) by integrating fractal theory. This study employs the modi
fied particle breakage index Br proposed by Einav to quantify the extent 
of particle crushing. The schematic diagram of Br calculation is pre
sented in Fig. 22, where the hatched area represents the total breakage 
quantity (Bt), and the blue-shaded region corresponds to the breakage 

potential (Bp). The particle breakage index is defined as Br=Bt/Bp.
Fig. 23 demonstrates the evolution of Br with ηd under varying σc and 

ηs conditions. As illustrated, increasing ηd significantly enhances particle 
breakage development. For instance, under ηs = 0 and σc = 300 kPa, the 
test group with ηd = 0.2 exhibits a relative breakage ratio (Br) of 1.25 %. 
When ηd increases to 0.4 and 0.6, Br escalates to 2.25 % and 3.82 %, 
respectively. Zhang et al. [69]. demonstrated that intensified cyclic 
stress promotes particle breakage development using discrete element 
method studies. Notably, calcareous sand exhibits more pronounced 
breakage behavior compared to siliceous sand due to its metastable 
skeletal structure characterized by high intra-particle porosity and 
fragile biocementation.

Particle breakage under σc and ηs is fundamentally governed by 
effective stress mechanisms [73]. Notably, the ηs exhibits a pronounced 

Table 5 
The cyclic triaxial test conditions of Wang.

No. Original Data Required Data for Validation

σ3 qd Kc σc (kPa) ηs σ1c (kPa) ps (kPa) qs (kPa) ηd qd (kPa)

W-1 100 100 1.5 100 0.375 150 133.33 50 0.750 100
W-2 100 50 1.5 100 0.375 150 133.33 50 0.375 50
W-3 100 150 1.5 100 0.375 150 133.33 50 1.125 150
W-4 100 100 2.0 100 0.600 200 166.67 100 0.600 100

Fig. 20. Comparative validation of predictive model and existing models using experimental data of Wang et al.

Fig. 21. Grain size distribution curves of dense samples after triaxial 
compression.

Fig. 22. Definition of relative breakage index.
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catalytic effect on breakage evolution. With the increase of ηs, the par
ticle breakage caused by d is more significant. For instance, under σc =

100 kPa with ηs = 0, increasing ηd from 0.2 to 0.6 elevates Br by 50 % and 
45.5 %, respectively. Contrastingly, under σc = 100 kPa with ηs = 0.4, 
the same ηd -increment drives Br increases of 53 % and 62.3 %, respec
tively. This ηs and ηd synergy accentuates particle breakage progression, 
aligning with the previously proposed “dual nature” of ηs in simulta
neously promoting cumulative strain.

Fig. 21 and the preceding analysis demonstrate measurable particle 
breakage in calcareous sand under medium-to-low confining pressures, 
but this mechanism remains unaccounted for in the proposed model in 
this study. Furthermore, particle morphology significantly influences 
cumulative deformation in practical engineering applications. The 
heightened inter-particle friction and interlocking provided by angular 
grains markedly intensify strain accumulation.

In addition, both fines content and relative density influence the 
accumulative strain of particulate materials under cyclic loading. Vari
ations in the fines content alter interparticle stress distribution, leading 
to differential accumulation of strain. Higher relative density generally 
indicates a more compact soil structure, thereby reducing deformation.

Based on the discussion above, the main limitations and their 
possible improvements of this article are as follows. 

(a) Lack of consideration of particle breakage. Although some pa
rameters in the model consider the subtle effects of particle 
breakage during the fitting process, there is no in-depth fitting of 
the influence of particle breakage. Future models should inte
grate a detailed analysis of particle breakage mechanisms to 
enhance the accuracy of soil behavior predictions. Particular 
attention should be paid to the dynamic variations in particle 
breakage of calcareous sands under cyclic loading.

(b) Absence of the role of grain shape. The model does not quantify 
the influence of different grain shapes on deformation under load. 
Future research can analyze the specific impacts of particle shape 

on the mechanical response of calcareous sands and quantify 
their effects.

(c) Lack of assessment of fines content and relative density consid
erations. The relationship between fines content, relative density, 
and accumulated strain should be emphasized, especially focus 
on the influence of fine particle content and relative density on 
stress distribution under cyclic loading.

It is important to note that this study primarily focused on stress 
effects, with simplified assumptions regarding other factors, constituting 
a limitation of the current experimental setup.

Subsequent studies should focus on the coupled effects of particle 
breakage, grain shape, fines content, and relative density, with partic
ular attention to the changes of particle breakage during the loading 
process. Emphasizing on their synergistic influences under marine 
environmental conditions.

6. Conclusions

This study investigated the cumulative deformation behavior of 
calcareous sand under cyclic loading conditions, offering valuable in
sights and practical applications for marine infrastructure and road 
foundation design. The following conclusions can be drawn based on the 
current study. 

(1) The experimental results showed that cumulative axial strain in 
calcareous sand increases with the number of loading cycles; but, 
the rate of strain accumulation progressively diminishes. After 
approximately 100 cycles, the material transitions to a plastic 
stabilization phase, with minimal additional deformation 
observed in subsequent cycles.

(2) The cumulative deformation of calcareous sand is significantly 
influenced by confining pressure, initial deviatoric stress, and 
cyclic stress. Confining pressure effectively suppresses 

Fig. 23. Evolution of the relative breakage Br with the ηd value considering σc and ηs, (a) ηs = 0, (b) ηs = 0.2, (c) ηs = 0.4.
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cumulative axial strain, while cyclic stress promotes densification 
and particle fragmentation, exhibiting a strong correlation with 
cumulative strain. Initial static deviatoric stress enhances resis
tance to particle deformation through increased effective stress, 
but once the cyclic stress surpasses the interlocking force limit, it 
further promotes densification of the calcareous sand.

(3) Among the influencing factors, cyclic stress, and confining pres
sure play more dominant roles in driving cumulative deformation 
compared to initial static deviatoric stress. The cyclic stress ratio 
is the primary factor driving the stress path toward the CSL, with 
the initial deviatoric stress ratio (ηs) acting as a facilitator of this 
progression.

(4) An increase in ηd significantly enhances particle breakage (Br) in 
calcareous sand, particularly under conditions of higher ηs and σc. 
Moreover, the synergy between ηs and ηd, governed by effective 
stress, accelerates particle breakage (Br) in calcareous sand.

(5) A model was developed based on experimental data to predict the 
cyclic cumulative deformation of saturated calcareous sand. The 
model effectively incorporates the effects of confining pressure, 
cyclic stress, and initial static deviatoric stress, yielding pre
dictions that closely match experimental observations. This 
confirms the model’s reliability and practical applicability.

The finding of this study deepens the understanding of cumulative 
deformation calcareous sand subjected to wave-induced cyclic loads. 
The proposed model provides a robust tool for predicting soil defor
mation, aiding engineers in designing and optimizing marine and road 
foundations. Furthermore, the study highlights the potential for utilizing 
calcareous sand in sustainable infrastructure projects, ensuring safety, 
reliability, and long-term performance in challenging marine environ
ments. Given that calcareous sand exhibits pronounced stress-dependent 
behavior and relatively weak particle structures, incorporating particle 
breakage, grain shape, fines content, and high confining pressure would 
significantly enhance the understanding of cumulative strain evolution. 
Future investigations should focus on these critical aspects to advance 
the mechanistic interpretation of the cyclic deformation behavior of 
calcareous sand.
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