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Coral reefs are widely distributed along the “Maritime Silk Road”, and their unique
mechanical properties pose numerous challenges for marine engineering
construction. The side friction resistance (SFR) capacity of traditional driven
piles in coral reef strata remains unclear, and there is a lack of effective
calculation methods. Furthermore, the complex marine environment imposes
higher requirements on pile foundation construction and durability. In this study,
a series of interfacial shear tests were carried out for coral sand and coral
reef limestone (CRL) in the sea area near the Maldives islands and reefs, and
the distribution law of the SFR of prefabricated pipe piles in coral sand was
investigated by using a large-scale pile foundation model test apparatus. The
interfacial shear behavior of the coral sand is similar to that of the crushed
coral reef limestone, both of which experience ideal elastic-plastic changes,
with an interfacial friction angle of approximately 35°. The ultimate SFR of the
prefabricated pipe piles in coral sand increases gradually and then plateaus,
and the distribution of the SFR along the depth direction can be simplified as a
combination of triangular and rectangular patterns. Based on the distribution law
of the pile SFR, this study establishes a modified formula for calculating SFR of
the pile in coral sand, which is verified by comparing the calculated SFR capacity
of driven piles of the China-Maldives Friendship Bridge with the results of the
field test piles. This study provides an important theoretical basis and practical
guidance for the design and construction of pile foundation engineering in coral
reef sea areas such as Maldives.

KEYWORDS

coral reef geology, interfacial shear, model tests, side friction resistance capacity, side
friction resistance formula

1 Introduction

A large number of coral reefs are distributed in the offshore areas along
the “Maritime Silk Road”, and there is a great potential for the development
of bridge engineering connecting the islands. Coral reefs, as a unique
geological structure in tropical and subtropical regions, have special engineering
mechanical properties due to their unique formation mechanism and geological
characteristics (Kong and Fonseca, 2018; Zhou et al., 2022; Gao and Ye, 2023;

Frontiers in Earth Science 01 frontiersin.org

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2024.1481614
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2024.1481614&domain=pdf&date_stamp=2025-01-11
mailto:810630109@qq.com
mailto:810630109@qq.com
https://doi.org/10.3389/feart.2024.1481614
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/feart.2024.1481614/full
https://www.frontiersin.org/articles/10.3389/feart.2024.1481614/full
https://www.frontiersin.org/articles/10.3389/feart.2024.1481614/full
https://www.frontiersin.org/articles/10.3389/feart.2024.1481614/full
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org


Zhang et al. 10.3389/feart.2024.1481614

FIGURE 1
The GSD curves of coral sand particles used in this study.

Yao et al., 2024), which bring many challenges and obstacles for
engineering construction.With the unprecedented surge in tourism
and intensified resource exploitation activities, marine engineering
has flourished significantly, facilitating the construction of offshore
facilities and the exploration of underwater resources (Chortis et al.,
2020; Lin et al., 2019). Pile, as a conventional foundation form,
is widely used in engineering construction due to its ability to
traverse soft or liquefied soil layers. It can effectively transfer loads
from the structure’s base to deeper, more stable solid soil layers
or bedrock. This load transfer is achieved either by end-bearing
on the stable layer or by side friction against the soil along the
pile shaft. And it has good compressive and pulling resistance,
and can reduce the settlement of the structure. (Guo et al., 2018;
Li and Deng, 2018; Höppner and Boley, 2022; Ho et al., 2022;
Malik et al., 2016; Xu et al., 2023; Schmüdderich et al., 2020). Most
of the existing studies focuses primarily on pile-soil interactions
in conventional foundations (Achmus et al., 2009; Guo, 2006;
Karthigeyan et al., 2006; Zhao et al., 2021; Bi et al., 2015), the
effect of seawater corrosion and wave current on pile foundation
is rarely considered (Song et al., 2018; Fan et al., 2023). whereas
experimental data on coral sands remains limited (Ding et al., 2023;
Dyson and Randolph, 2001; Peng et al., 2023; Wang et al., 2022;
Wang et al., 2021b). This limitation necessitates the conduct of
further corresponding research. In coral reef strata, pile foundation
construction necessitates a thorough consideration of geological
characteristics that differ significantly from those on land, including
high porosity, low density, and high compressibility. The study of
the bearing characteristics of pile foundations in coral reef strata is

of paramount importance in ensuring project safety and enhancing
construction efficiency (Fahey and Jewell, 1988; Ghazali et al., 1988).

The biggest engineering problem of coral reef sand due to its
uniquemechanical properties is the lowSFR at the pile-soil interface.
Angemeer et al. (1975) conducted pile loading tests in the North
West Gulf of Australia, and the results indicated that the residual
SFR of driven piles ranged from 13 to 18 kPa. They thus recognized
the unusual properties of the coral sand and the apparent differences
in pile loading tests and driven pile tests, and concluded that the
traditional pile bearing capacity analysis method was not suitable
for coral sand materials. Poulos and Randolph (1988) derived that
the SFR of the coral sand in the test region was as low as 10–40 kPa
through a series of conduit loading tests at theNorthRankin offshore
gas platform in western Australia. Agarwal et al. (1977), Dutt and
Cheng (1984) also concluded that the SFR of steel pipe piles in coral
reef geology was remarkably low through in-situ tests. The analysis
of the pull-out test revealed that during the dynamic pile driving
process, the cement within the coral sand particles surrounding the
pile was partially destroyed, and the residual cement formed an
arch-like structure, which led to a reduction in the horizontal stress
on the pile side. Jiang et al. (2018) also observed that the decrease
in horizontal effective stress on the pile side caused by particle
crushing was significantly greater than the increase in horizontal
effective stress resulting from compacting action. Meanwhile, the
presence of numerous small cave-like holes induced by the soluble
nature of carbonates and the unique natural deposition pattern
of coral reef sands also contribute to the low SFR of the pile
foundation (Zhou, 2014).

Wang et al. (2019) conducted various modified direct shear tests
on the interface between calcareous sand and steel with different
roughness, and noted that under the same interface test condition,
the interfacial friction angle of calcareous sand and steel was
generally 5°–6° larger than that observed for quartz sand. Zhu et al.
(2015) investigated the characteristics of the static lateral pressure
coefficient K0 of coral sand and siliceous sand considering the water
content through consolidation tests. They found that the K0 of coral
sand was less than that of siliceous sand at a low water content
and was similar to siliceous sand at a high water content, and that
changes in water content had a limited effect on theK0 of calcareous
sand. Xu et al. (2022) studied the shear mechanical properties of
the pile-coral sand interface at different temperatures, confining
pressures, and salinities for coral sands taken from the South China
Sea. It is revealed that temperature had no significant impact on the
surface characteristics of the pile and coral sand, and that the saline
environment would weaken the shear strength of the interface to
some extent. Qin et al. (2019) reported that the bearing state of the

TABLE 1 Basic physical parameters of coral sand for the test.

Parameters Coral gravel sand Coral coarse sand Coral medium sand Coral fine sand Coral silty

d50 1.00 0.58 0.26 0.22 0.15

Uniformity coefficient Cu 16.67 8.70 4.88 4.00 2.67

Curvature coefficient Cc 1.50 1.07 0.91 0.87 0.54

Grading Well-graded Well-graded Poorly graded Poorly graded Poorly graded
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TABLE 2 Basic physical parameters of crushed CRL.

Parameters Crushing
load

250 kN

Crushing
load

500 kN

Crushing
load

1,000 kN

Crushing
load

1,500 kN

Crushing
load

2000 kN

d50 8.77 6.25 1.92 2.66 2.03

Uniformity coefficient Cu 47.06 48.49 37.64 36.60 33.93

Curvature coefficient Cc 4.52 2.11 0.49 0.69 0.69

Grading Poorly graded Poorly graded Poorly graded Poorly graded Poorly graded

FIGURE 2
The GSD curves of crushed CRL used in this study.

FIGURE 3
Self-developed large-scale specialized direct shear apparatus.

pile was significantly correlated with the depth of pile penetration,
and the peak value of pile tip resistance occurred when the depth
of pile penetration was more than 15 times the diameter of the pile.
The depth of penetration and the magnitude of penetration energy
affect the fragmentation degree of coral particles, which significantly
affects the bearing capacity of pile in coral reef strata. Liu HF. et al.

(2021) carried out the constant normal stiffness direct shear test on
the interface between the pile and the coral reef calcarenite sample. It
is shown that the shear strength of the pile-rock interface increases as
the applied normal stress increases. The dilation of the shear failure
surface after the peak strength decreases as the applied normal stress
increases.

There have been related studies revealing the mechanism of low
SFR at the pile-soil interface of driven piles in coral sand. However,
there are no theoretical large-scale model tests for verification, nor
are there established SFR distribution forms or suggested values
for standard ultimate SFR. In view of this, the objective of this
study is to thoroughly explore the SFR capacity of prefabricated
pipe piles in coral reef strata. Herein, interfacial shear tests and
model tests involving prefabricated pipe piles in calcareous sand
are conducted based on the pile foundations of the China-Maldives
Friendship Bridge project. The ultra-weak fiber Bragg grating
(UWFBG) technique is adopted to monitor the deformation and
internal force of the model piles, and the vertical effective stress
grading loading technique is utilized to simulate the actual working
conditions of driven piles at varying depths. The distribution law
of pile SFR in coral sand with the increase of vertical effective
stress around the pile at varying depths is investigated, while the
functionmechanism of pile SFR is analyzed, and amodifiedmethod
for calculating the SFR of pile foundation in coral reef sand is
proposed. This study contributes to strengthen the understanding
of the bearing characteristics of pile foundations in coral reef strata
and provides a robust guarantee for the safety and economy of
related projects.

2 Experimental program

2.1 Material

The coral sand and coral reef limestone samples used in
this study were taken from the sea area near the Maldives
islands and reefs for the China-Maldives Friendship Bridge project.
The coral sand samples are grayish-white loose sand without
cementation, whose main components are calcium carbonate and
a small amount of magnesium carbonate and other compounds.
The surface of the particles is very rough, with a large number
of microscopic internal cavities structures, and the shape of the
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TABLE 3 Interfacial shear test conditions.

Test No. Normal stress (kPa) Dry density (g/cm³) Shear rate (mm/min)

S-1 25, 50, 100, 200, 400, 800

1.45 1.0

S-2 25, 50, 100, 200, 400, 800

S-3 25, 50, 100, 200, 400, 800

S-4 25, 50, 100, 200, 400, 800

S-5 25, 50, 100, 200, 400, 800

C-1 50, 100, 200, 400

1.45 1.0

C-2 50, 100, 200, 400

C-3 50, 100, 200, 400

C-4 50, 100, 200, 400

C-5 50, 100, 200, 400

Note: S1-S5 represent the coral gravel sand, coral coarse sand, coral medium sand, coral fine sand, and coral silty, respectively. C1-C5 represent crushed coral reef limestone under loads of
250 kN, 500 kN, 1,000 kN, 1,500 kN, and 2,000 kN, respectively.

particles is irregular. After the particle sieving test, the sampled
coral sand can be divided into five categories according to the
specification, i.e., coral gravel sand, coral coarse sand, coral
medium sand, coral fine sand, and coral silty. The corresponding
grain size distribution (GSD) curves are displayed in Figure 1.
The basic physical parameters of coral sand at each grading are
listed in Table 1.

In the process of pile foundation penetrating the coral reef
limestone strata, the huge stress concentration at the pile tip can result
in thecrushingof the surroundingcoral reef limestone.Tosimulate the
shearing behavior of the pile foundation within the crushed coral reef
limestone strata, the universal testing machine is utilized to crush the
coral reef limestone samples and subsequently conduct shearing tests.
Five different crushing load conditions, 250 kN, 500 kN, 1,000 kN,
1,500 kN, and 2000kN, are set respectively to obtain the rock crushing
and particle grading of coral reef limestone under different crushing
load conditions, and the GSD curves are presented in Figure 2, The
basic physical parameters are listed in Table 2.

2.2 Test plan and test instruments

This study aims to investigate the SFR capacity of prefabricated
pipe piles in coral reef strata, and to carry out the shear tests at
the interfaces between coral sand, crushed coral reef limestone
and concrete. Due to the large size and inhomogeneity of sample
particles, this study has developed a large-scale specialized direct
shear apparatus (as shown in Figure 3), with a 15 cm cubic shear
box, a sensor capacity ranging from 0 to 50 kN, and a testing
accuracy of 0.01 kN. The direct shear apparatus integrates the
common features of direct shear and consolidation, realizing

“one machine, multi-function”. It is capable of conducting tests
on the mechanical properties of the interface between structure
and geotechnical soil, the soil strength, and the analysis of
residual strength, etc. Furthermore, its pre-pressure and auxiliary
cylinders are meticulously designed to precisely control the
sample compactness and to solve the problem of large dispersion
of test samples.

In this study, five types of coral sand-concrete interfacial shear
tests and crushed coral reef limestone-concrete interfacial shear tests
are conducted to analyze the interfacial shear curves and the variation
of strength with normal stress, and to reveal the SFR capacity of
prefabricated pipe piles in coral reef strata. The density of the sample
is set at 1.45 g/cm³, with dimensions of 150 mm×150 mm×150 mm.
During the test, the interface is maintained in a saturated state.
The test is configured with six normal stress conditions: 25 kPa,
50 kPa, 100 kPa, 200 kPa, 400 kPa, and 800 kPa, with a shear rate of
1.0 mm/min, and the specific test conditions are presented in Table 3.

3 Interfacial shear test

3.1 Results from coral sand - concrete
interfacial shear test

The results of 5 types of coral sand-concrete interfacial shear
tests are presented in Figure 4, and the variations in the interfacial
shear strength among the 5 types of coral sand-concrete materials
are basically consistent. As the shear strain increases, the interfacial
shear stress experiences a gradual increase to a stable level, after a
long stable stage, the strength may increase or decrease slightly. The
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FIGURE 4
Shear deformation at coral sand-concrete interface.
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FIGURE 5
Settlement law of coral sand under different stress conditions.

peak strength of the specimen is recommended to be the steady-
state strength. This strength regularity of 5 types of coral sand-
concrete interfacial shear tests is basically in accordance with the
ideal elastic-plastic model. As can be seen from Figure 4, the peak
interfacial shear strength of coral sand increases continuously with
the growth of strata vertical stress around the pile, and furthermore,
the shear strain at the peak strength also increases gradually, and
the strain at the turning point of strength curve of all coral sand
samples is basically less than 4%.Among the 5 types of coral
sands, which include coral gravel sand, coral coarse sand, coral
medium sand, coral fine sand, and coral silty, the coral medium
sand has the greatest interfacial shear strength under the same
test conditions.

As indicated in Figure 4, all 5 types of coral sands undergo
distinct settlement behaviors during the shear process, ultimately
reaching a stable state. The coral sand particles exhibit a
notable fragility, whereby they readily undergo crushing during
the shearing process. Subsequently, the crushed particles are
redistributed, with the finer particles effectively filling the pores
between the original coral sands, leading to both settlement
and compaction of the sample. This process underscores the
distinct shear-induced contraction characteristic inherent to coral
sand. This phenomenon is also common in the research of other
scholars (Coop et al., 2004; Gao and Ye, 2023; Li et al., 2023;
Wang et al., 2021a).

Figure 5 shows the settlement law of 5 graded coral sands under
different stress conditions, and the final settlement is less than 6 mm.
Among them, the settlement of coral medium sand is the most
obvious, and the settlement of coral coarse sand is the least. It can
be seen that the settlement of coral sand is affected by the gradation,
but the law is not obvious. Due to the diversity of morphology, high
Surface roughness and abundant pores in coral sand particles, the
complexity of this material has brought many challenges to practical
engineering construction.

Figure 6 demonstrates the relation curves between the interfacial
shear strength of 5 types of coral sands and the normal stress.

Observations show that the interfacial shear strength of coral
sand exhibits a good linear relationship with the normal stress,
and the interfacial friction angle ranges from 28° to 35°. As
the proportion of fine particles in the coral sand increased,
the slope of the peak shear strength of the sample showed
an increasing trend, but the increment was small. Due to the
presence of more large particles with well-developed internal pores
in the coral gravel sand, its strength was lower than that of
the other 4 types of coral sand. From the results of Figure 6,
the grading of the coral sand has little effect on the interfacial
shear behavior between coral sand and concrete, with the applied
normal stress being the primary influencing factor of interfacial
shear strength.

3.2 Results from crushed coral reef
limestone interfacial shear test

Figure 7 demonstrates that the interfacial shear curve of crushed
coral reef limestone is similar to that of coral sand. The shear
stress-shear strain relationship observed in the crushed coral reef
limestone-concrete interfacial shear test also exhibits a nearly ideal
elastic-plastic behavior, with the shear strain at the peak stress
increasing as the normal stress increases. The settlement variation
of crushed coral reef limestone differs significantly from that of coral
sand. At the start of the test, crushed limestone produces substantial
settlement and maintains a relatively stable state. This may be
attributed to the damage and pronounced angularity of the crushed
particles. These characteristics lead to a substantial settlement
immediately after the initial application of normal stress. Following
this initial settlement, the particles interlockwith each other, thereby
maintaining a relatively stable state. From the settlement law of
crushed CRL under different stress conditions shown in Figure 8,
it can be seen that as the crushing stress increases, the settlement
tends to decrease, and the increase of fine particle content has a
moderating effect on the settlement.

The shear strength of the interface between crushed coral reef
limestone and concrete is observed to increase linearly with an
increase in normal stress. As shown in Figure 9, the shear strength
of crushed coral reef limestone exhibits minimal variation under
varying crushing stresses, suggesting that the crushing stress exerts
limited influence on the interfacial shear behavior between the
limestone and concrete. A comparison of the interfacial shear
strength results between coral sand and crushed coral reef limestone
reveals that the two materials exhibit similar shear characteristics.
However, the peak shear strength of coral sand occurs slightly later
than that of crushed coral reef limestone, and the difference in the
interfacial friction angle between the two is insignificant.

4 SFR of driven pile in coral sand

Crushed coral reef limestone exhibits similar interfacial shear
characteristics to coral sand, therefore, the SFR for driven pile
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in coral reef limestone can adopt the calculation method that
is applicable applicable to coral sand. Due to the complex
mechanical characteristics of coral reef strata, a model test has
been undertaken to obtain the SFR capacity of prefabricated pipe
pile in coral sand strata, Based on this test, the distribution law
of pile SFR in coral reef strata is captured, and concurrently,
the fitness between coral reef strata and prefabricated pipe pile
is analyzed.

4.1 Design of prefabricated pile model test

The samples used in the model test were extracted from
uncemented coral medium sand located in the sea area adjacent
to the Maldives islands and reefs. These samples exhibit an
inhomogeneity coefficient of Cu = 4.88 and a curvature coefficient

of Cc = 0.91, which is a poorly graded sand. Three group model
pile tests have been devised to investigate the relationship between
the SFR of driven piles and the vertical effective stress surrounding
the pile. The primary focus of this model test should be on two
key aspects: the boundary effects inherent in model testing and
the application of vertical effective stress loading around the pile.
For the boundary conditions of the model test, with reference
to the model size of the similar tests conducted globally (as
presented in Table 4), it is recommended that the ratio of the
distance B, which separates the model from the box wall, to
the model size b should be greater than 3.0. The model box
used in this study is a cylinder with a diameter of 2 m and
a height of 3 m. Furthermore, the model pile is designed as a
prefabricated pipe pile, boasting a maximum outer diameter of
0.25 m and a length of 2.0 m, with B/b=5.5>3, which satisfies the
relevant requirements.

FIGURE 6
Relation curve between the interface shear strength of coral sand and the normal stress.
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FIGURE 7
Shear deformation at CRL-concrete interface.
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FIGURE 8
Settlement law of crushed CRL under different stress conditions.

To investigate the varying trend of the SFR of pile in coral
sand, three groups of model piles with a uniform wall thickness
of 40 mm and outer diameters of 250 mm, 192 mm, and 160 mm
respectively, are selected and numbered ① to ③ in sequence.
Based on the density of coral sand raw material, the dry density
of the coral sand layer is set to 1.45 g/cm3, which is laid with
a layer thickness of 250 mm and subsequently compacted. After
laying two layers of sand, each with a thickness of 250 mm,
totaling 500 mm, the prefabricated model piles are placed vertically
into the center of the model box. Following this, the layered
filling is continued, and the verticality of the piles is constantly
checked until the filling reaches the design elevation, as shown
in Figure 10.

The strata stress loading system comprises of the loading
plate, the force transfer column, and the strata stress loading
jack, as illustrated in Figure 11. The loading plate is a concrete
slab featuring a hole at its center, with an outer diameter of
1,900 mm and a thickness of 200 mm, respectively. The force
transfer column employs two 2.2-meter-long spliced I-beams,
which are connected to the pre-embedded lifting ring of the
loading plate via anchoring bolts. Threaded jacks and pressure
rings are utilized for loading control, featuring a capacity of
50 t, a stroke of 450 mm and a control accuracy of 0.1 t. The
actuator serves the purpose of pile loading, boasting a capacity
of 25 t and a control accuracy of 0.1 t. Reinforcement beams
and fine-rolled rebars are employed to limit the piles to control
the perpendicularity.

The test establishes 8 loading levels of 24 kPa, 36.5 kPa,
49 kPa, 74 kPa, 99 kPa, 124 kPa, 174 kPa, and 224 kPa, to
investigate the ultimate SFR and its distribution pattern under
varying vertical effective stresses surrounding the pile. The
loading rate adopted is 10 kN/min, and the load is maintained
for 20 min after each level of loading is completed. The
settlement is recorded once the displacement meter reading
stabilizes, subsequently proceeding to the application of the next
loading level.

The main parameters collected include horizontal and vertical
stresses, pile side soil pressure and pile SFR, which are measured by

soil pressure cells and a ultra-weak fiber Bragg grating (UWFBG)
analyzer, respectively. The arrangement of soil pressure cells is
illustrated in Figure 12, and the three layers are positioned at
distances of 0.5 m, 1 m, and 1.5 m from the bottom of the box,
respectively. The numbers start from the lowest layer and are
numbered clockwise from the middle vertical soil pressure cell. The
horizontal and vertical soil pressure cells within the same group are
positioned at the same elevation to enhance the testing accuracy.The
horizontal soil pressure cell is equipped with a protective sleeve to
mitigate interference from the vertical pressure. The soil pressure
cell is embedded in fine sand to guarantee that the soil pressure is
transmitted uniformly to the surface of the cell.Themeasuring wires
are safeguarded by plastic tubes and routed along the inner wall of
the model box.

Ultra-weak Fiber Bragg Grating (UWFBG) is an application-
specific distributed fiber optic sensor that has been refined based
on the sensing principle of Fiber Bragg Grating (FBG). It is capable
of accurately measuring variations in strain, temperature, vibration,
and other parameters at specific points along the optical fiber,
enabling wide-range distributed monitoring (Rao, 1999). This type
of sensor is widely employed for monitoring and testing various
engineering fields, including civil engineering, composite materials,
oil, power, and numerous other sectors (Li et al., 2004; Metje et al.,
2006). Additionally, some exploratory applications have been
conducted in concrete piles (Kister et al., 2007). The arrangement
of UWFBG measurement points is illustrated in Figure 12, where a
slot is cut into the exterior of the pile and subsequently filled with
AB adhesive. This ensures the coordinated deformation between
the grating and the pile. An aluminium alloy shell is installed
at the slotting location to prevent extrusion of AB adhesive
by the surrounding ground, which could potentially disrupt the
coordinated deformation between the grating and the pile. Prior
to the test, the test pile is axially loaded using a jack and
pressure ring. Additionally, the grating optical fiber is calibrated
by comparing the theoretical stress value with the test value
obtained from a resistance strain gauge, ensuring the accuracy
of the test data.

4.2 Results and analysis

Taking the additional load increment of 99 kPa as an illustrative
example, the variation in the test frequency of the soil pressure
cell located at model boundary during the entire loading process
is presented in Figure13. Upon observation, it is evident that there
is no discernible change in the lateral pressure recorded at the
model boundary. This finding suggests a minimal boundary effect,
thereby validating the rationality of the chosen model dimensions
and ensuring the reliability of the test results belonging to the
model pile.

The relationship curve between SFR and relative displacements
of test piles is presented in Figure 14. The variations in SFR
for test piles of three sizes exhibit a similar pattern, where SFR
gradually increase and eventually remains stable as the relative
pile-soil displacements increase. The increase of strata vertical
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FIGURE 9
Relation curve between the interface shear strength of crushed CRL and the normal stress.

stress around the pile causes the ultimate SFR to increase, and
at the same time, the displacement required for the ultimate SFR
to be fully realized also begins to decrease. Moreover, with the
pile diameter increases, the ultimate SFR and the displacement
required to fully realize the ultimate SFR of the pile all increase.
In general, increasing the stress of the strata around the pile
is beneficial to increase the SFR and reduce the displacement
required for the ultimate SFR. Increasing the pile diameter
can improve SFR, but the displacement will also increase. The
relationship curve between vertical effective stress and ultimate SFR

is presented in Figure 15. As vertical stress increases, the ultimate
SFR first increases and then tends to stabilize, with a ultimate SFR
of about 17.9 kPa.

The variation of pile SFR with vertical effective stress around
the pile in quartz medium sand formation is determined according
to the recommended method of American Petroleum Institute
specification (API, 2000). This is then compared with the results
obtained in a coral medium sand formation, as illustrated in
Figure 15. In both strata, the pile SFR exhibits a parabolic
distribution, and once the ultimate SFR is reached, the pile SFR
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TABLE 4 Summary of similar test parameters worldwide.

Size of model box
(m)

Pile size (Outside
diameter m ×
Length m)

B/b Slenderness ratio Fill around pile

Square:1.2 × 1.8 (Zhao, 2020) 0.032 × 1.05 27.63 32.81 Clay

Circular:φ × h=0.7 × 0.9 (Jiang
et al., 2018)

0.03 × 0.6 11.17 20 Calcareous sand

Length × Width × Height
2.5 × 2.5 × 3 (Peng, 2018)

0.05 × 0.6

24.50

12

coral sand0.05 × 0.9 18

0.05 × 1.2 24

Length × Width × Height
0.8 × 0.8 × 1 (Liu, 2018)

0.04 × 0.7 9.50 17.5 Calcareous sand

Length × Width × Height
0.7 × 0.7 × 1.2 (Li, 2020)

0.03 × 0.3

11.17

10

Calcareous sand
0.03 × 0.6 20

0.03 × 0.9 30

0.02 × 0.4 17.00 20

Length × Width × Height
0.9 × 0.9 × 1 (Qin et al., 2015)

0.032 × 0.5
13.56

15.6
Calcareous sand

0.032 × 0.7 21.8

Length × Width × Height
2 × 2 × 3 (Chen et al., 2018)

0.06 × 1.004 16.17 16.7 Calcareous sand

Length × Width × Height
0.8 × 0.8 × 1 (Liu JY et al.,

2021)

0.05 × 0.40

7.5

8

Calcareous sand0.05 × 0.55 11

0.05 × 0.70 14

FIGURE 10
Model pile installation and layered vibration.

ceases to increase further with increasing depth. Compared with
quartz medium sand, the SFR of prefabricated pile in coral sand
is lower, accounting for approximately 21.4% of that in quartz

medium sand. This value is close to the 27% result obtained in a
test conducted by Jiang et al. (2018). Through stress conversion,
the depths at which the ultimate SFR is reached in coral medium
sand and quartz medium sand are approximately 9.3 m and 25 m,
respectively.

The critical depth for achieving the pile ultimate SFR in coral
medium sand is lower than that in quartz medium sand, and
the incremental rate of the SFR for piles in coral reef medium
sand is about 16% of that in the quartz medium sand. This
phenomenon is primarily attributed to the fact that the large
internal friction angle and occlusion force of coral sand cause
the particles to be susceptible to the formation of a circular arch
effect during deformation, resulting in little or no increase in the
lateral pressure increment.

4.3 Calculation method of SFR of
prefabricated pile in coral reef strata

At present, there is no effective calculation method for
the SFR of pile foundations in coral reef strata in China,
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FIGURE 11
Test device and device diagram.

FIGURE 12
Arrangement of soil pressure cell and fiber grating measuring point (unit: mm).

while the recommended method in API specification that
primarily adjusts the parameters of the lateral pressure coefficient
k, the friction angle δ between the soil and the pile wall,

the ultimate unit SFR fmax, and the ultimate unit end
resistance qmax is commonly adopted in the international
community.
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FIGURE 13
Frequency variation of soil pressure cell.

Based on the test results, the distribution of SFR is simplified
to a combination of triangle and rectangle mode, and a calculation
method is proposed, with reference to the API specification, as
illustrated in Equations 1–3.

qs =
{
{
{

σ′n tanδ = K0σ
′
v tanδ (h <H0)

η Y
1+ α

tan δ (h ≥H0)
(1)

α =
1+ sinφ
1− sinφ

(2)

Y =
2Ccosφ
1− sinφ

(3)

Where σ′n is the vertical effective self-gravitational stress of
the soil on the pile side; δ is the interfacial friction angle; K0
is the static lateral pressure coefficient of the soil; σ′v is the
horizontal stress of the soil on the pile side; η is the comprehensive
modification coefficient for pile-soil contact and pile foundation
squeezing strata; C and φ are cohesion and internal friction
angle, respectively.

As the depth increases, the circular arch effect of coral sand
is more pronounced, resulting in a corresponding increase in
the ultimate SFR of the pile. Considering the complexity of
the calculation process of the circumferential compressive stress
coefficient, the depth at which the theoretical value of shallow
SFR is equal to the theoretical value of deep SFR is taken
as the critical depth to simplify the calculation, which can be
calculated by Equation 4.

H0 =
ηY
(1+ α)γK0

(4)

The data obtained from this model test have been utilized to
validate the applicability of the proposedmethod for calculating pile
SFR. The calculation results are presented in Table 5 and Figure 16.
Specifically, when the contact comprehensive correction coefficient
is η = 2, the ultimate pile SFR is 16.54 kPa, whereas the average
measured ultimate pile SFR is 17.4 kPa, with an error of 5.2%.

The growth rates of calculated and measured SFR values with
respect to depth are 0.13 and 0.16, respectively, yielding an
error of 18.8%. The calculated critical depth is 16.7 m, which
is greater than the measured value of 9.3 m, indicating that
the calculation method is reasonable and the calculation result
is on the safe side.

Thirty-two protecting tubes of the China-Maldives Friendship
Bridge are selected as the research subjects, and the SFR calculation
method for driven piles in coral reef strata, proposed in this
study, is employed to calculate the SFR capacity of driven
piles of China-Maldives Friendship Bridge. Comparison of the
calculation results with the monitored results from the field test
pile is shown in Figure 17. The deviation between the theoretical
value and the measured value is within 20%, and the average
deviation is 10.3%, the theoretical values are consistently smaller
than the measured ones. This indicates that the calculation method
proposed in this study is conservative and reasonable. Considering
that the complexity of the coral reef sand strata on site is much
higher than that of the test strata, and the actual construction of
the pile length is large, this calculation method is acceptable for
safety considerations.

5 Discussion

In this investigation, a series of experiments were conducted
to examine the SFR capacity of prefabricated pipe piles in coral
reef strata. The findings indicate that the variability in SFR for
pile foundations within coral reef geological conditions exhibits a
pattern similar to that observed in terrestrial strata. Consistent with
prior research, the diameter of the pile and the stress distribution
around the pile emerge as predominant factors influencing the
SFR (Ding et al., 2021; Liu et al., 2023). However, compared to
terrestrial sand, the SFR of prefabricated pipe piles in coral reef
geological conditions is significantly lower than that predicted by
existing specifications. This discrepancy can be primarily attributed
to the highly irregular morphology and rough surface texture
of coral sand particles, which result in substantial intergranular
interlocking and occlusion. Consequently, coral sand exhibits
pronounced structuration characteristics.These properties facilitate
the formation of a circular arch effect, thereby leading to negligible
increments in lateral pressure (Altuhafi et al., 2018; Wang et al.,
2022). The limitations of this research are delineated as follows: The
geological complexity of coral reef formations at actual engineering
sites presents substantial challenges. Coral reef limestone exhibits
considerable heterogeneity in strength, characterized by a wide
distribution of internal pores. At present, the SFR of prefabricated
pipe piles embedded within coral reef limestone cannot be
accurately quantified. Future investigations should focus on rock-
socketed piles in coral reef limestone to optimize the calculation
methods for the SFR of prefabricated pipe pile. Such studies
should take into account the integrity and pore distribution
characteristics of reef limestone to better understand and model the
behavior of these structures.
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FIGURE 14
Test curves of SFR and relative pile-soil displacement.

FIGURE 15
Relationship between vertical effective stress and ultimate SFR.

6 Conclusion

In this study, a series of interfacial shear tests were conducted
on coral sand and coral reef limestone extracted from the

sea area near the Maldives islands and reefs. Additionally,
the distribution of SFR of prefabricated pipe piles embedded
in coral sand was investigated utilizing a large-scale pile
foundation model test apparatus. The following conclusions
are obtained:

(1) The interfacial shear patterns of coral sand and crushed coral
reef limestone are similar, both exhibiting ideal elastic-plastic
characteristics, characterized by an interfacial friction angle of
approximately 35°.

(2) The SFR of prefabricated piles in coral sand initially
increases and eventually stabilizes as the relative pile-
soil displacement increases. The distribution of SFR along
the depth direction can be simplified as a combination
of triangular and rectangular mode. The ultimate SFR
gradually increases and then tends to stabilize with increasing
depth. The final ultimate SFR is approximately 17.9 kPa,
which is only 20%–30% of that observed in similar
land-sourced sands.

(3) A modified formula for calculating the SFR of the piles in
coral sand has been established based on the test results of pile
foundation. The SFR capacity of the driven piles of the China-
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TABLE 5 Calculated SFR values of the pile in coral sand.

Soil Internal
friction

angle φ (°)

Cohesion
C (kPa)

Interfacial
friction

angle δ (°)

Static
lateral

pressure
coefficient

K0

Critical
vertical
effective

stress (kPa)

Shallow
ultimate

SFR

Deep SFR
(kPa)

Coral medium
sand

45.3 22.4 27.7 0.25 98 0.131σv 8.27η

FIGURE 16
Comparison between the calculated and experimental values of
ultimate pile SFR.

FIGURE 17
Comparison of calculated and measured pile SFR.

Malaysia Friendship Bridge is calculated and compared with
the results of field test piles, which verified the reasonableness
of the proposed calculation method.
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