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Abstract
The landforms and vertical strata distribution characteristics of Yongxing Island show that the reclaimed
reef island is characterized by soft upper strata (calcareous sand) and hard lower strata (reef limestone).
In this study, a series of plate loading tests was conducted to examine the in�uences of particle
gradation, compactness, and moisture condition on the bearing mechanism and deformation properties
of the calcareous sand foundation. When the foundation is shallowly buried, the relative density range
corresponding to a calcareous sand foundation exhibiting local shear failure is narrower than that of a
terrigenous sand foundation. For the same compactness, dry calcareous medium sand has a much larger
bearing capacity and deformation modulus than dry calcareous �ne sand. The effect of water on the
bearing capacity of the calcareous medium sand is greater than the effect on calcareous �ne sand. Its
weak cementation and low permeability make the initial deformation of saturated calcareous �ne sand
slightly smaller than that under dry conditions. The stress dispersion angle of the calcareous medium
sand foundation is 52°, which is larger than that of terrigenous sand. A larger stress dispersion angle
leads to a higher bearing capacity and deformation modulus than those of terrigenous sand.

Highlights
The geological characteristics of sample location site was summarized.

Laboratory plate loading test results on calcareous sand foundation were presented.

Particle gradation, compactness, and moisture condition greatly affected the bearing mechanism
and deformation properties of calcareous sand foundation.

The failure mode of calcareous sand foundation was identi�ed and analyzed.

The lateral stress distribution and stress dispersion angle of calcareous sand foundation were
measured.

1. Introduction
Calcareous sand, also known as coral sand or carbonate sand, is mainly composed of calcium carbonate
and magnesium carbonate. Its geological formation involves physical, biochemical, and chemical
processes following the death of marine organisms such as reef coral, shells, and algae. Calcareous sand
is commonly found on continental shelves and coastlines between 30ºN and 30ºS (Fig. 1), such as in the
South China Sea (Wang et al. 2017a), the Persian Gulf (McClelland 1988), the Northwest Continental
Shelf of Australia (King and Lodge 1988), the Campus and Sergipe basins in southern Brazil (Mello et al.
1989), the Red Sea in the Middle East (Hagenaar 1982; Hakami and Abu Seif 2019), the Gulf of Mexico in
Central America, and the Caribbean Sea (Dutt and Ingram 1988). Calcareous sand is also distributed in
the Bass Strait (Wiltise et al. 1988).

Due to the characteristics of its distribution, calcareous sand is widely used in marine engineering as
back�ll materials for hydraulic reclamation of reef islands, road embankments, and airport runways.



Page 3/35

Because of its special marine biogenesis, calcareous sand has obvious regional characteristics, and its
engineering characteristics are also quite different from those of terrigenous quartz sand (Ohno et al.
1999). Insu�cient understanding of the engineering characteristics of calcareous sand has caused
serious geo-hazards.

In the early 1960s, calcareous sand and reef limestone were discovered in the �rst borehole core samples
collected during offshore geological exploration in the Persian Gulf. The engineers reported that the
borehole core sample contained a large quantity of shell fragments, and that the calcium carbonate
content was high, but little attention was paid to its engineering characteristics (Liu et al. 1995; Alba and
Audibert 1999). The lack of knowledge and understanding of the mechanical behavior of calcareous
sand is the main reason why it has not been given adequate attention by engineers (McClelland 1988).

In 1968, as driven piles were being installed for an Iranian Lavan offshore oil platform, a pile about 1.0 m
in diameter fell freely under its own weight after passing through an 8.0-m-thick, well-cemented,
calcareous sand layer in the seabed. The pile stopped sinking when it penetrated a reef limestone layer at
a depth of about 23.0 m, which provided su�cient bearing capacity. Because the underground water level
at the construction site was shallow, and the pile uplift resistance requirement for the structure was low,
the problem of calcareous sand causing the pile to fall freely had not been given su�cient attention (Alba
and Audibert 1999; Wang et al. 2011).

In the early 1970s, a project in the Bass Strait, Australia attracted scholars’ attention to the foundation
design and construction on a calcareous sand layer for the �rst time. In 1970, when ESSO Petroleum Co.
Ltd. constructed the �rst offshore oil platform in the Bass Strait, they found that the piles easily
penetrated into the calcareous sand layer. Considering the bearing capacity of the pile after installation,
the engineers carried out uplift loading testing on a 0.67 m pile section, and they found that its actual
bearing capacity was only 20% of its designed value. In order to remedy this de�ciency, the engineers
revised the pile foundation construction design. The driven piles were eventually replaced by bored piles
at a high cost (Alba and Audibert 1999) Subsequently, engineers became very conservative when dealing
with calcareous sand layers, and bored piles were frequently used for the construction of offshore
structures (Wess and Chamberlin 1971). In addition, as ocean exploration entered further and deeper sea
areas where the terrigenous sediments nearly disappeared, the traditional design method was not
applicable for construction of offshore oil and gas platforms in the deep sea (Angemeer et al. 1973). The
engineers were motivated to thoroughly investigate the engineering characteristics of calcareous sand.

In addition, the North Rankin “A” platform is located on the northwestern continental shelf of Australia; it
is currently the largest structure built on a marine calcareous sand layer. The design plan required that a
pile with a diameter of 1.83 m be completely embedded within the calcareous sand layer in order for it to
provide su�cient bearing capacity. In the early stage of construction, the engineers repeatedly
demonstrated the feasibility of the design based on on-site geological survey data and laboratory model
tests. However, the pile detection results showed that the pile did not meet the design requirements, and
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the subsequent reinforcement measures were very expensive (King and Lodge 1988). Since this project,
scholars have treated calcareous sand as a special soil.

At present, many researchers have carried out several studies on the engineering properties of calcareous
sand and have obtained fruitful results (Shaqour 2007; Lee et al. 2012; Gai et al. 2013; Lv et al. 2017; Liu
et al. 2018; Shen et al. 2018;Ye et al. 2019; Rui et al. 2020; Liu et al. 2020). However, most of these
research results are limited to the study the engineering characteristics of calcareous sand supporting a
pile foundation (Lin et al. 2016; Hazzar et al. 2017; Ma et al. 2018; Page et al. 2018; Lee et al. 2019; Sui et
al. 2019), while research on shallow foundations on calcareous sand are limited (Wang et al. 2011; Barari
and Ibsen 2017). Calcareous sand is the only material used for island reclamation in the South China
Sea. Moreover, the height of the buildings on reef islands is generally low, so shallow foundations are
widely used in reef island infrastructure construction. Due to the lack of relevant design parameters for
the bearing capacity and deformation characteristics of calcareous sand foundations, engineers typically
construct a shallow foundation on calcareous sand by referencing the design scheme and parameters of
a shallow foundation on terrigenous quartz sand. However, the engineering characteristics of calcareous
sand are signi�cantly different from those of terrigenous quartz sand. The blind application of seemingly
relevant design parameters of a shallow foundation on terrigenous quartz sand could lead to design
defects and engineering disasters.

This study presents the results of a series of plate loading tests conducted on calcareous sand layers
retrieved from Yongxing Island in the Xisha Islands under various test conditions. The geologic
characteristics of the sample location site where a hydraulic reclamation project is ongoing in the South
China Sea are summarized. The in�uences of particle gradation, compactness, and moisture condition on
the bearing mechanism and deformation properties of calcareous sand layers are examined through
plate loading tests. The differences between the engineering characteristics of a calcareous sand
foundation and an ordinary terrigenous quartz sand foundation are identi�ed from the perspective of the
stress dispersion angle. The failure mode of a calcareous sand layer is analyzed and compared to that of
terrigenous quartz sand. The results of this study further our understanding of the engineering
characteristics of calcareous deposits in hydraulic reclamation construction sites.

2. Site Geology
The Xisha Islands, also known as the Paracel Islands, are the central part of the area bounded by the
Chinese mainland, the Dongsha Islands, the Hainan Islands, the Zhongsha Islands, and the Nansha
Islands. They are composed of the Yongle and Xuande atolls, which are the largest islands in the South
China Sea. Yongxing Island (16°49'53"N, 112°20'22"E), a typical lime-sand island, is the largest of the
Xisha Islands in terms of land area (Fig. 2a). Yongxing Island is about 800 m from nearby Rocky Island.
They were originally two separate islands, but due to the construction of the airport runway on Yongxing
Island and the increase in the number of hydraulic reclamation projects, the two islands have been
connected to form a new island (Fig. 2b). The expanded Yongxing Island has an irregular shape. Its long
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axis (3191 m) trends nearly east-west, whereas its short axis (1576 m) trends northwest-southeast. The
total area of the island is about 3.01 km2, and the terrain is �at (Wang et al. 2018).

2.1. Landforms
Yongxing Island is located on the southwest side of Xuande Atoll. Yongxing Island is a butter�y shaped
depression with a low middle and high sides, with heights of up to 5–8 m. The different sedimentary
dynamic conditions of the middle and sides of the island have resulted in the overall annular distribution
of Yongxing Island’s geomorphology. From offshore to the center of the island, the landforms are as
follows: reef front slope, reef �at, beach, sand dike, sand mat, and marsh land (Fig. 3).

The reef front slope lies below the low tide surface where many live corals grow, with scattered shell
fragments and coral branches on the gentle slope. There is a breaker zone between the reef front slope
and the reef �at. The broken waves carry 0.2–0.3 m coral reef blocks and biological sand grains to this
area from the reef front slope, forming a bank-like reef ridge. The reef ridge is 0.2–0.5 m higher than the
low tide surface, and it is about 100 m wide.

The height of the reef �at is usually the same as that of the low tide surface. It is a basic component of
the reef and determines the size and shape of the reef. The width of the reef �at around Yongxing Island
varies signi�cantly, but is generally 400–800 m. The widest part (i.e., the northeastern part of the reef)
reaches 1500 m. The sediments within the reef �at are mainly composed of the remains of shallow-water
stony corals, shells, algae, and forams. The particle size of the sediments, especially that of the gravel,
decreases from the leading edge of the reef �at to the beach, and some sand debris can be found near
the beach. Most of these sediments originate from the reef front slope and are brought to the reef �at by
broken waves. Some debris from reef �at organisms can also be found. During low tide, 0.05–0.50 m of
sea water remains in most areas on the reef �at, and scattered gullies, ponds, and clusters of living corals
are exposed on the reef �at.

The beach is a special landform formed by waves moving sand debris from the reef �at to the intertidal
zone. The slope angles of the leading and trailing edges of Yongxing Island’s beach are 3–9°, and the
width of the beach is about 20–40 m. Due to the surge effect, the height difference of the beach berm
can reach 1 m, with a width of 2–6 m and a reverse slope angle of about 1.2° (Yu et al. 1995). The beach
sediments are mainly calcareous medium sand. Some of the cemented rocks in the northwestern part of
the reef are exposed and inclined towards the sea, with an inclination of about 6°. Due to the
southwestern monsoon climate, in the summer, the beach on the southwestern part of the island is
heavily eroded by broken waves, and the beach surface becomes narrower. After the construction on
Yongxing Island, the concrete road between Yongxing Island and Rocky Island and the beach between the
airport runways on the eastern and southern reef �ats form the shape of an unsealed sack (Fig. 2). This
area contains a large amount of coral fragments, which can be used as �ll material for construction
projects.
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The sand debris blown up onto the beach by the sea wind have migrated and piled up above the high tide
level, forming sand dikes. The height of the sand dikes determines the elevation of the reef island, i.e.,
they are the highest points on the island. Yongxing Island has several sand dikes connected to each other
in the approximate form of a closed circle. The sand dike extending from the northwestern side of the reef
island to the northeastern side is 100–150 m wide, 6–8 m high, and the slope angle of the sand dike on
the northwestern side of the island is about 32°. The dike extending from the eastern side to the southern
side has a gentle slope, a width of 80–100 m, and a height of 4–6 m. The sediments that make up the
sand dike are mainly calcareous medium-coarse sand. Calcareous sand debris, the remains of forams
and mollusks are the major component of these sediments.

The sand mat is located in the transition zone between the back edge of the sand dike and the marsh
land. The sand mat is a special landform generated by the sea wind driving coral fragments over the top
of the sand dike, resulting in the deposition of coral fragments from the leeward slope of the sand dike to
the edge of the marsh land. The slope of the sand mat is very shallow. The sand mats on Yongxing Island
are the main landform units, and the main area in which the reef island vegetation grows. The height of
the sand mats is generally greater than 2.0 m, and the width of the sand mats can be up to 500.0 m. The
sand mat is mainly composed of calcareous medium-coarse sand, and the biological composition of the
sediment is similar to that of the sand dike. However, the sand mat contains a small amount of quartz
sand, which is actually spilled terrigenous sand debris, which was used in the construction of reef islands
in recent years (Yu et al. 1995).

A shallow reef pond was formed by the water surrounding the sand dike. As the sand mat expanded, the
reef pond gradually dried up and shrunk, resulting in the formation of marsh land containing stagnant
water. The water content of the sediments in the marsh land is high, and some plants live in this area.
Because the marsh land is far from the reef �at and the wind has a limited carrying ability, the sediment
in the marsh land is mainly composed of calcareous medium-�ne sand. The alternating monsoon climate
of the sea leads to the alternate deposition of poorly sorted calcareous sand debris in the marsh land.
Mollusk shells, calcium algae, and coral fragments are the main components of the sediment in marsh
land, and the foram content is also high.

In summary, the sediments in the different geomorphological areas of Yongxing Island have signi�cantly
different particle sizes and biological compositions. The calcareous biodebris in the reef �at and the reef
front slope is the source of the sediments on Yongxing Island. Due to the short migration distance of the
calcareous sediments and the retention of some of the characteristics of the protozoa, the sediments
have a highly irregular particle shape, are generally coarse, and the particle size gradually decreases from
offshore to the inland area. The horizontal distribution characteristics of the sedimentary strata of
Yongxing Island also indicate that except for the reef front slope, all of the geomorphologic areas can be
used as building sites. This conclusion is con�rmed by the distribution of the existing buildings on
Yongxing Island.
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2.2. Stratum structure
In order to investigate the distribution characteristics of the longitudinal stratigraphic structure of
Yongxing Island, a series of geological drilling tests was carried out on Yongxing Island and neighboring
Rocky Island in the 1970s and 1980s. The results revealed that Yongxing Island is a lime-sand island that
accumulated on the annular reef �at of the present coral atolls, and the accumulated materials are reef
debris, biogenetic sand, and gravel. The development of Yongxing Island is closely related to the
neotectonic movements, monsoon waves, sea level changes, the development of the reef �at, and the
changes in the atoll lagoon (Lv et al. 1987). Based on analysis of borehole core samples obtained from
wells Xiyong 1, Xiyong 2, and Xishi 1, a schematic diagram of the Yongxing Island-Rocky Island
stratigraphic section was constructed (Fig. 4) (Zhang 1990). Fig. 4 shows that a coral reef packstone
framework underlies the weakly cemented, coral fragment deposits at approximately 30.00 m (Well XY 1),
17.72 m (Well XY 2), and 24.68 m (Well XS 1). That is, Yongxing Island and Rocky Island are both binary
geologic structures with soft upper strata and hard lower strata developed on a reef �at (Zhang 1990;
Wang et al. 2018).

3. Material And Methods

3.1. Test material
The test material was calcareous sand collected from Yongxing Island in the South China Sea,
speci�cally from the shallow marsh land at the center of Yongxing Island (Fig. 2). In order to investigate
the effect of the particle size distribution on the calcareous sand layer’s response under plate loading
conditions, two types of calcareous sand with different particle gradations were collected from different
positions within the same geomorphic area of the island. Before the test, the particle size distribution
curve was determined according to the relevant speci�cations of the Chinese National Standard of Soil
Test Methods (GB/T50123–2019). According to Fig. 5, the two types of calcareous sand used in the tests
are classi�ed as �ne and medium sand. The gradation curve of the calcareous �ne sand is steep, and the
particle size distribution range is relatively concentrated. The mass of the 0.10–0.25 mm particles
accounts for 57.3% of the total sample mass, making it calcareous �ne sand with poor gradation. The
particle size distribution range of the calcareous medium sand is large, but the smoothness of its
gradation curve is poor; thus, it is also categorized as a calcareous sand with poor gradation.

Table 1

Physical parameters of two types of calcareous sands with different particle gradations.
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Sample d10

(mm)

d30

(mm)

d50

(mm)

d60

(mm)

Cu Cc Speci�c
gravity
Gs

Minimum
dry
density

ρdmin

(g/cm3)

Maximum
dry
density

ρdmax

(g/cm3)

Calcareous
�ne sand

0.11 0.16 0.21 0.24 2.18 0.97 2.78 1.21 1.56

Calcareous
medium
sand

0.07 0.19 0.39 0.58 8.29 0.89 2.78 1.30 1.84

Before the test, the physical parameters of both types of sand were tested according to the relevant
provisions of the Chinese National Standard of Soil Test Methods (GB/T50123–2019). Table 1 shows
that the speci�c gravities of the two calcareous sands are identical. The maximum and minimum dry
densities of the calcareous �ne sand are less than those of the calcareous medium sand, which is
attributed to the difference in the gradation parameters of the two types of sand.

3.2. Experiment scheme
The purpose of this paper is to symmetrically examine the in�uences of particle gradation, compactness,
and moisture condition on the bearing capacity and deformation characteristics of calcareous sand
foundations. Based on our �eld investigation of the hydraulic reclamation calcareous sand foundation on
Yongxing Island in the South China Sea, the relative density of the calcareous sand in the foundation
treated by vibro�otation is more than 69%. It is believed that the calcareous sand foundation is
constructed in a dense state. Under the action of hydraulic seepage, the untreated foundation soil also
reaches a medium-dense state. Therefore, the relative densities of the calcareous sands are set as 69%
(dense), 55% (medium- -dense), and 42% (medium-dense) to evaluate the in�uence of the compactness
on the load-deformation results acquired from the plate loading tests. The water content range of the
calcareous sand foundations on the reef island is large, and it becomes particularly large over the tidal
cycle. In this study, the tests were conducted on a calcareous sand layer under dry and saturated
conditions. In addition, in order to eliminate the in�uence of the size of the loading plate on the test
results, the distance between the boundary of the loading plate and the edge of the model box was about
three times the width of the loading plate. Because the dimension of the model box used in the test was
900 mm × 900 mm (length × width), a square loading plate with a side length of 130 mm was used to
carry out the laboratory plate loading tests. The speci�c testing conditions are shown in Table 2.

Table 2

 Laboratory plate loading test scheme.
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Test
No.

Sample Dimensions of loading plate

(length × width × thickness)
(mm)

Moisture
condition

Relative
density Dr

1 Calcareous �ne sand 130×130×20 Dry 69%

2 Calcareous �ne sand 130×130×20 Dry 55%

3 Calcareous �ne sand 130×130×20 Dry 42%

4 Calcareous �ne sand 130×130×20 Saturated 69%

5 Calcareous medium
sand

130×130×20 Dry 69%

6 Calcareous medium
sand

130×130×20 Dry 55%

7 Calcareous medium
sand

130×130×20 Dry 42%

8 Calcareous medium
sand

130×130×20 Saturated 69%

3.3.Test equipment
As shown in Fig. 6, the model test device used for the plate loading tests was composed of a model box,
a reaction frame, a loading plate, a static loading system, and a lateral stress measurement system.

The model box was made by welding together 10 mm thick steel plates. The overall shape of the box is
square, with an inner dimension of 900 mm × 900 mm × 1000 mm (length × width × height). The reaction
frame consisted of three parts: a bottom beam, a side column, and a top beam. The model box was
placed on two concrete piers, which were the same height as the bottom beam of the reaction frame, and
the spacing was slightly larger than the width of the bottom beam. The bottom beam of the reaction
frame passed through the bottom of the model box and was placed symmetrically corresponding to the
model box. In order to enhance the integrity of the test device, the bottom beam of the reaction frame was
welded to the area in contact with the bottom of the model box. The side column of the reaction frame
was connected to the bottom beam and the top beam using nuts, and multiple thread sets were
continuously arranged at the top of the side column, so that the top beam could be moved vertically by
adjusting the position of the nuts according to the �lling height of the sample in the model box, forming a
movable reaction frame with a variable top beam height. The bottom beam and the top beam were made
of I-shaped steel with a high rigidity.

3.3.1. Static loading system
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The static loading system mainly included three parts: a jack, an oil pump and oil tube, and a static
loading tester. The static loading tester was composed of an oil pressure sensor, a displacement sensor, a
data control box, and a data acquisition system, as shown in Fig. 7.

3.3.2. Lateral stress measurement system
The lateral stress measurement system consisted of three parts, as shown in Fig. 8: a soil pressure
gauge, a data collector, and a microcomputer processing system.

To obtain the lateral stress distribution of the calcareous sand foundation during loading and to calculate
the stress dispersion angle, the soil pressure gauge measured the lateral stress at different depths. The
soil pressure gauge used in this test was a KDC–200kPa vibrating wire soil pressure gauge produced by
the Tokyo Institute of Instruments, Japan (Fig. 8a). The high accuracy soil pressure gauge was less
affected by temperature and water. It had a shell diameter of 100 mm, a sensing area diameter of 92 mm,
and a thickness of 20.5 mm. Its measuring range is 0–200 kPa with an accuracy of 0.1 kPa, which is well
within the accuracy requirements of this test. The data device was a CR1000 data collector manufactured
by Campbell Company, United States (Fig. 8b). This data collector is equipped with many data
transmission interfaces, and the signal is stable and reliable.  

3.4. Test method
The entire testing process was divided into three stages: preparation, sample �lling, and loading. The
detailed steps are as follows.

(1) The sample was spread out and dried in an exposed place. Its water content was measured before
�lling, and the mass of each sand layer was pre-calculated for each layer according to the designated
compactness level.

(2) Several lines were drawn at intervals of 100 mm along the depth direction around the inner wall of the
model box with white paint (Fig. 9), in order to keep the position constant and for ease of identi�cation
during the �lling process.

(3) Nine soil pressure gauges connected with a data collector were �xed to the inner wall of the model
box from bottom to top, ensuring one gauge per each 100 mm within the sand layer (Fig. 9). Prior to
loading, a microcomputer processing system was used to set the initial gauge reading to zero.

(4) The samples were added in a total of 9 layers, each with a thickness of 100 mm. A platform scale
with a precision of 10 g was used to weigh the sand used in each �lling to ensure that the mass of each
100 mm layer was consistent with the test design and that the sample density was uniform.
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(5) A tape measure was used to locate the center position of the sample’s surface in the model box, and
the loading plate was placed at the center position on the sample’s surface, which was leveled with a
leveling rod.

(6) After the components of the static loading system were assembled in sequence, the jack connected to
the oil tube was placed at the center position on the loading plate, and the oil pump was used to lift the
jack rod until it reached the bottom of the reaction frame’s top beam.

(7) The beam supported on the side wall of the model box was positioned so that it was perpendicular to
the reaction frame on both sides of the loading plate (Fig. 6). The displacement sensors were a�xed to
both beams using magnetic bases, and their initial values were set to zero.

(8) After all the preparation work was completed, the soil sample was allowed to stand for 24 hours. The
loading began after the loading plate was settled and stabilized under the weight of the jack. Note that
when a saturated sample was tested, after all of the preparation work was completed, water was
continuously injected into the model box until the sample surface was just barely submerged, and the
loading was carried out after the soil sample was allowed to stand for 24 h.

The results of previous studies show that the settlement of a calcareous sand foundation under loading
can be stabilized within two hours (Wang et al. 2017b). Therefore, the rapid loading method can be used
to implement the plate loading tests. The stabilization time of each loading stage was set as two hours
following methods of previous investigations. The magnitude of the load in each stage was selected
according to the compactness of the sample and the estimated amount of settlement under the loading.
The test continued until shear failure occurred or until the sample’s deformation reached the limit
speci�ed in the Chinese National Code for the Design of Building Foundations (GB50007–2019), i.e., 25
mm. In addition, to make the loading results comparable under different testing conditions, the
characteristic value of the bearing capacity of all of the plate loading tests were determined using the
following criteria. (1) When the P-S curve had a signi�cant proportional load limit, the proportional load
limit was taken as the characteristic value of the bearing capacity. (2) When the proportional load limit of
the P-S curve was more than half the ultimate bearing capacity, half of the ultimate bearing capacity was
de�ned as the characteristic value. It is worth noting that according to the relevant provisions of the
Chinese National Code for the Design of Building Foundations (GB50007–2019), the maximum
settlement of shallow foundations should not exceed 25 mm. Therefore, when the settlement of the
loading plate reached 25 mm, but there was no visible sign of failure, the load stress at approximately 25
mm was taken as the ultimate bearing capacity of the calcareous sand foundation. (3) When the
signi�cant proportional load limit could not be determined from the P-S curve, the load corresponding to
S/B = 0.010–0.015 was selected as the characteristic value of the bearing capacity. In addition, the
deformation modulus E0 re�ects the stiffness of the foundation under loading. Thus, in this study, we
used the deformation modulus E0 to analyze the deformation characteristics of the calcareous sand
foundation under the above described test conditions. The deformation modulus E0 can be calculated as
follows:
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where Iu is the settlement in�uence coe�cient associated with the shape of the loading plate, and 0.88 is
used for a square loading plate. μ is the Poisson's ratio of the foundation soil. In this study, μ = 0.25 is
assumed. d is the characteristic dimension of the square loading plate, i.e., its side length. P is the
proportional limit load of the foundation soil corresponding to the base stress at the end of the linear
section of the P-S curve of the plate loading test. If there is no visible linear section in the P-S curve, the
corresponding load at S/B = 0.010–0.015 is used. S is the settlement of the foundation soil
corresponding to load P.

4. Test Results, Discussion, And Analysis

4.1. In�uence of compactness
In this study, dry calcareous �ne sands with relative densities of 69%, 55%, and 42% were used to
investigate the in�uence of compactness on the bearing capacity and deformation characteristics of
calcareous sand foundations. The test results are shown in Fig. 10.

Fig. 10 shows the following: (1) as the relative density increases, the bearing capacity and the
deformation modulus of the calcareous �ne sand foundation signi�cantly increase. In engineering
applications, the bearing capacity increment and the settlement could be reduced by increasing the
density of the foundation. (2) The calcareous sand foundations with various relative densities exhibited
different failure modes. The failure mode of a compacted calcareous sand foundation with a relative
density of 69% is general shear failure, whereas a medium-dense calcareous sand foundation with a
relative density of 55% is characterized by local shear failure, and its P-S curve has no visible in�ection
point. The calcareous sand foundation with a relative density of 42% is near the boundary between the
medium-dense state and the low-dense state, and although it falls within the medium-dense category
characterized by a relative density Dr, its P-S curve exhibits a punching shear failure mode, which differs
from the failure mode on a terrigenous quartz sand foundation with the same relative density. Vesic used
a quartz sand foundation to systematically investigate the in�uence of the compactness and burial depth
of a foundation on the failure mode of the foundation soil (Vesic 1973). It was found that when the burial
depth of the foundation is zero, the relative density boundary corresponding to the different failure modes
of the foundations is approximately consistent with the sand compactness demarcation characterized by
the relative density Dr. That is, a dense quartz sand foundation (Dr=66.7–100%) corresponds to general
shear failure, a medium-dense quartz sand foundation (Dr=33.3–66.6%) corresponds to local shear
failure, and a low-dense quartz sand foundation (Dr=0.0–33.2%) corresponds to punching shear failure.
According to the test results in this study, when the burial depth of the foundation is zero, the failure
modes of calcareous sand foundations are mainly general shear failure and punching shear failure, and
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the compactness range characterized by the relative density corresponding to local shear failure is
narrow. The special failure mode of a calcareous sand foundation under shallow foundation loading can
be attributed to its extremely irregular particle shape and fragile nature under low stresses. The medium-
dense calcareous sand foundation and the medium-dense quartz sand foundation have the same relative
densities, but the shape of the calcareous sand particles is highly irregular, so the calcareous sand
foundation has a larger void ratio than the quartz sand foundation (Wang et al. 2019). Particle breakage
also results in the deformation of the calcareous sand foundation being greater than that of the quartz
sand foundation under the same conditions (Wang et al. 2019), making it more likely that punching shear
failure will occur in a calcareous sand foundation, increasing the compactness range characterized by
the relative density corresponding to punching shear failure, and decreasing the compactness range
characterized by the relative density corresponding to local shear failure.

4.2. Effects of gradation
Gradation is an important parameter for characterizing the physical properties of sand, and relevant
studies have shown that gradation has signi�cant effects on the mechanical properties of calcareous
sand (Wang et al. 2017c; Lu et al. 2018; Lv et al. 2019). In order to evaluate the effects of gradation on the
engineering characteristics of calcareous sand foundations, plate loading tests were conducted on
calcareous �ne sand and calcareous medium sand at relative densities of 69%, 55%, and 42% under dry
condition. The results are shown in Fig. 11.

Fig. 11 shows that the bearing capacity and deformation characteristics of calcareous sand foundations
are in�uenced by gradation. For the same compactness and moisture condition, the bearing capacity and
deformation modulus of a calcareous medium sand foundation are higher than that of a calcareous �ne
sand foundation. There are two reasons for this. (1) As shown in Table 1, although both sands are
calcareous sands with poor gradation, the gradation of the calcareous medium sand is better than that of
the calcareous �ne sand. There is no marked difference in the curvature coe�cients Cc of the two sands,
but there is a signi�cant difference in their uniformity coe�cients Cu. The uniformity coe�cient Cu of the
calcareous �ne sand is 2.18 (Cu<5), and the particle size is uniform, mostly within 0.10–0.25 mm. Under
the same conditions, the uniformity coe�cient Cu of the calcareous medium sand is 8.29 (Cu>5), its
particle size distribution is wide, its gradation is better, and its shear strength resistance and stiffness are
higher. (2) The two types of sand were collected from adjacent areas on the same reef island and have
the same speci�c gravity Gs, so the in�uence of mineral composition on the test results can be neglected.
The maximum and minimum dry densities of the calcareous medium sand are both greater (and its void
ratio is less) than those of the calcareous �ne sand, and the distribution range of the dry density (and
void ratio) of the calcareous medium sand is also wider. Thus, the two calcareous sands with different
particle gradations have the same relative density Dr, but their dry densities (and void ratios) are quite
different. Taking calcareous medium sand and calcareous �ne sand with a relative density of Dr=69% as
examples, for two sands with the same relative density, the dry density ρd of the calcareous medium sand
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can reach 1.63 g/cm3 (void ratio e=0.71), while the dry density ρd of the calcareous �ne sand is only

1.43g/cm3 (void ratio e=0.94). The dry density ρd of the calcareous medium sand is larger (and its void
ratio e is smaller) than that of the calcareous �ne sand, so the bearing capacity and deformation
modulus of a calcareous medium sand foundation are larger.

4.3. Effects of moisture condition
To examine the in�uence of the moisture condition on the bearing capacity and deformation modulus of
a calcareous sand layer, a 130 mm × 130 mm (length × width) rectangular loading plate was used to
simulate a shallow foundation in this study. The differences in the bearing capacities and deformation
characteristics of the calcareous �ne sand foundation and the calcareous medium sand foundation with
a relative density of 69% were studied under both dry and saturated conditions. The results are shown in
Fig. 12.

Fig. 12 shows that (1) the bearing capacity of the calcareous �ne sand foundation with a relative density
of 69% under saturated conditions is about 61.5% of that under dry conditions. When the load on the
saturated calcareous �ne sand is increased from 0 to 400 kPa, the foundation remains stable. When
loaded to 450 kPa, the settlement of the loading plate suddenly increases. The settlement amount at 450
kPa is about 3.8 times that at 400 kPa. It is impossible to attain 500 kPa of loading. Before the point of
instability was reached, the loading plate was immersed in the soil, and the surrounding soil was uplifted
and cracked. The failure mode exhibited the characteristics of local shear failure, and the total settlement
was 15.09 mm. The dry calcareous �ne sand foundation shows signs of instability when loaded to 550
kPa, and it reached its maximum bearing capacity at 650 kPa, with a total settlement of 26.98 mm. (2)
The initial deformation of the dry calcareous medium sand foundation was small, and the settlement
developed steadily under loading throughout the entire process. At the maximum output stress of the jack
(1200 kPa), the foundation failure was still not visibly noticeable, and the �nal settlement was only 18.25
mm. The initial deformation of the saturated calcareous medium sand foundation was large, and the
bearing capacity of the saturated foundation was low. The cumulative settlement of the foundation was
15.2 mm when it was loaded to 500 kPa. At 500 kPa, the settlement of the foundation during the current
loading process was 2.3 times that of the previous loading, and the total settlement was 19.1 mm.
Therefore, for the same relative density, the bearing capacity of the dry calcareous medium sand
foundation was more than twice that under saturated conditions. (3) The deformation modulus of the dry
calcareous medium sand foundation (17.52 MPa) was higher than that (2.84 MPa) in the saturated state.
However, the deformation modulus of the dry calcareous �ne sand foundation (6.15 MPa) was lower
than that (10.57 MPa) in the saturated state. The deformation modulus refers to the stress level required
to attain a unit settlement considering the combined effects of the loading plate’s shape and size and the
actual soil stress state. The difference between the deformation modulus of the calcareous �ne sand
foundation and the calcareous medium sand foundation is due to the difference in the interaction
mechanism of the water surrounding the calcareous sand particles.
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The calcareous �ne sand grains are �ner, and when completely saturated, the water tightly bonds the
loose calcareous �ne sand grains together to form a weakly-cemented medium with a certain strength
and rigidity (Fig. 13b). In the early stage of the loading test, the shear force that destroys the foundation
soil not only resists the shear resistance caused by the sliding of the particles, it also destroys the force
caused by the cementation of the particles. Therefore, when the dry and saturated foundation soils reach
the same settlement level, the load on the saturated soil is higher than that on the dry soil. As the
foundation settlement increases with increasing applied stress, the particle cementation is weakened. At
this time, the relative movement of the particles is lubricated by the water, which greatly weakens the
bearing capacity of the foundation soil. The P-S curve of the saturated soil is characterized by a sharp
increase in the settlement of the loading plate as the loading increases (Fig. 12a). In contrast, since the
calcareous medium sand is coarser and there is no �rm cementation between the particles when
saturated (Fig. 13), the increase in the water content only serves to reduce the shear resistance as the
particles move relative to each other. In the beginning of the test, when unit settlement occurs, the load
applied to the saturated calcareous medium sand foundation is smaller than that applied under dry
conditions. Secondly, because the particle size of the calcareous �ne sand is smaller than that of the
calcareous medium sand, the dissipation rate of the pore water stress of the saturated calcareous �ne
sand is slower than that of the saturated calcareous medium sand. This is another reason why the
bearing capacity of the saturated calcareous �ne sand foundation is larger than that of the saturated
calcareous medium sand foundation in the early stage of the test.

5. Stress Dispersion Angle
When a normal load is applied to the loading plate, the lower part of the foundation soil will undergo
shear failure within a certain range. Thus, the stress dispersion angle (θ) is usually used to measure the
range of the failure of the foundation soil subjected to an external force. The stress dispersion angle is
the angle between the stress dispersion boundary line and the vertical direction in the foundation soil
(Fig. 14). Previous studies have been conducted to examine the range of the stress dispersion of
foundation soils under loading (Liu et al. 2007; Zhang et al. 2010; Chung et al. 2011; Wang et al. 2016).
However, these studies mostly focused on composite foundations, and the foundation material used was
terrigenous soil. Few studies have been conducted on the stress dispersion pattern of calcareous sand
foundations under loading, so whether the stress dispersion angle range of a calcareous sand foundation
is consistent with the results of previous studies remains to be determined. The data from the soil
pressure gauges show that the variation pattern of the lateral stress with loading and depth is identical
under different test conditions (compactness, gradation, and moisture condition), but the magnitudes of
the recorded values are different. The variation in the lateral stress on a calcareous sand foundation with
load and depth is discussed by taking the dry calcareous medium sand with a relative density of 69% as
an example. The stress dispersion angle of a calcareous sand foundation under a static load was
calculated using the measured data. In order to avoid reinforcement effects after the soil pressure gauges
are embedded in the foundation soil and to facilitate their embedding, the soil pressure gauges were
numbered and pasted on the side wall of the model box, as shown in Fig. 14.
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Fig. 15 shows the variation in the lateral stress at different depths (#1–#9) in the foundation soil,
illustrating the following points. (1) Except for individual discrete points, the lateral stress at different
depths in the foundation soil increases as the base stress increases. This is because the increase in the
base stress causes the vertical stress in the foundation soil to increase, and the lateral stress also
increases with increasing base stress when the change in the soil’s coe�cient of lateral pressure at rest is
not large. (2) The lateral stress at different depths in the foundation soil increases as the base stress
increases. During the entire loading process, the lateral stress at gauge #4 increases from 2.49 kPa to
11.36 kPa, i.e., by about 356%. The increase in the lateral stress was the smallest at gauge #1, only
33.8%. This result is due to the range of the stress dispersion in the foundation soil during the loading.
Gauge #1 and the loading plate are at the same horizontal level, and the stress dispersed at gauge #1
during the loading process is very small. The increase in the lateral stress at gauge 1# is mainly caused
by compression of the lateral foundation soil during the forced sinking of the loading plate. Due to the
small lateral compression force, the total increase in the lateral stress at gauge #1 is only 2.46 kPa.
Gauge #4 is near the boundary line of the internal stress dispersion of the foundation soil, and although
the foundation soil at depths greater than that of gauge #4 is in the foundation soil stress dispersion
range, the base stress gradually decreases with increasing depth, so the lateral stress is the largest at
gauge #4. (3) The lateral stress is relatively small at all depths within the foundation soil, which is related
to the data acquisition con�guration and the stress mode of the foundation soil. The soil pressure
gauges were set to 0 before the loading began, so the readings only re�ect the increase in the lateral
stress due to net base pressure. Secondly, due to the large size of the soil pressure gauge, the soil
pressure gauge was pasted on the internal surface of the model box. The horizontal distance of the
gauges from the loading plate was about three times the width of the loading plate. This results in the
readings measured by the soil pressure gauge being smaller, but it does not affect the regularity of the
test results.

Fig. 16 shows the variation in the lateral stress inside the foundation soil with increasing depth under
different additional base stress levels. Fig. 16 illustrates the following. (1) The lateral stress in the
foundation soil initially increases and then decreases with increasing depth under different base stress
levels. The maximum lateral stress occurs at about 300 mm below the bottom of the foundation,
corresponding to soil pressure gauge #4, which is reinforced by the conclusion drawn from Fig. 15.
Accordingly, the stress dispersion angle in the calcareous medium sand foundation is about 52º, which is
larger than the 30º stress dispersion angle for an ordinary terrigenous sand foundation reported in the
Chinese National Code for the Design of Building Foundations (GB50007–2019). Thus, the range of
stress dispersion in a calcareous sand foundation is wider than that in an ordinary terrigenous sand
foundation. This �nding also con�rms the conclusion that from the perspective of the stress dispersion
angle, the bearing capacity of a calcareous sand foundation is greater than that of a quartz sand
foundation under the same conditions (Wang et al. 2011). (2) At depths of greater than 600 mm, the
lateral stress in the foundation soil increases again, and this increase becomes more pronounced with
increasing depth. The boundary effect of the bottom plate of the model box is the main cause of this
phenomenon. Under loading, the vertical deformation of the foundation soil at the bottom of the model
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box is limited, and it can only be displaced to both sides to reduce the increasing vertical stress, which
increases the lateral stress on the soil. The closer the position is to the bottom plate of the model box, the
greater the lateral stress becomes.

6. Conclusions
The following conclusions are drawn based on the results of this study.

1) The bearing capacity and deformation modulus of a calcareous sand foundation increases with
increasing compactness. When a calcareous sand foundation is not embedded deeply, its main failure
modes are general shear failure and punching shear failure. The density range of sand characterized by
relative density corresponding to the local shear failure of a calcareous foundation in narrow compared
with that of terrigenous quartz sand.

2) The bearing capacity and deformation characteristics of calcareous sand foundations are signi�cantly
in�uenced by gradation. For the same compactness, the bearing capacity and deformation modulus of a
dry calcareous medium sand foundation are generally larger than those of a dry calcareous �ne sand
foundation.

3) The in�uence of moisture condition on the bearing capacity of a calcareous medium sand foundation
is larger than that on a calcareous �ne sand foundation. For the same compactness, the bearing capacity
of saturated calcareous medium sand is less than 50% of that under dry conditions, and the bearing
capacity of saturated calcareous �ne sand is about 61.5% of that under dry conditions.

4) Weak cementation and low permeability make the initial rigidity of saturated calcareous �ne sand
slightly larger than that under dry conditions, but the initial rigidity of calcareous medium sand under
saturated condition is much smaller than that under dry condition.

5) The stress dispersion angle of a calcareous medium sand foundation is about 52º, which is larger
than that of an ordinary terrigenous sand foundation. This is also the main reason why the bearing
capacity and deformation modulus of a calcareous sand foundation are both larger than those of an
ordinary terrigenous quartz sand foundation.
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Figure 1

Main distribution area of calcareous sand. Note: The designations employed and the presentation of the
material on this map do not imply the expression of any opinion whatsoever on the part of Research
Square concerning the legal status of any country, territory, city or area or of its authorities, or concerning
the delimitation of its frontiers or boundaries. This map has been provided by the authors.
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Figure 2

Study area (a: location of Yongxing Island; b: Yongxing Island after expansion). Note: The designations
employed and the presentation of the material on this map do not imply the expression of any opinion
whatsoever on the part of Research Square concerning the legal status of any country, territory, city or
area or of its authorities, or concerning the delimitation of its frontiers or boundaries. This map has been
provided by the authors.
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Figure 3

Landform distribution pro�le of Yongxing Island (Yu et al. 1995).

Figure 4

Drilling sections for Yongxing Island and Rocky Island (Zhang 1990).
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Figure 5

Grain size distribution curve of the soil samples.
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Figure 6

Laboratory plate loading test device.
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Figure 7

Static loading system.
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Figure 8

Lateral stress measurement system (a: soil pressure gauge; b: data collector and microcomputer
processing system).
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Figure 9

Location of the soil pressure gauges.
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Figure 10

Results of the plate loading tests on calcareous �ne sand foundations with different relative densities (a:
P-S curves; b: histogram of deformation modulus versus relative density).
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Figure 11

Results of the plate loading tests on calcareous sand foundations of different particle gradations (a: P-S
curves; b: histogram of deformation modulus versus relative density).
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Figure 12

Results of the plate loading tests on calcareous sand foundations under different mositure conditions (a:
P-S curves; b: histogram of deformation modulus versus relative density).
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Figure 13

Schematic structural diagram of calcareous sands with different physical states (a: dry calcareous �ne
sand; b: saturated calcareous �ne sand; c: dry calcareous medium sand; d: saturated calcareous medium
sand).
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Figure 14

Schematic diagram showing the positions of the soil pressure gauges and the stress dispersion angle.
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Figure 15

Plot of lateral soil stress versus base stress for different depths.
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Figure 16

Plot of lateral soil stress versus depth under different base stresses.


