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The use of coral sand prepared from cement-stabilized materials can signiﬁcantly reduce the cost, construction period, and
damage to the environment caused by stone mining. The choice of water in mixing and curing the cement-stabilized materials on
islands should be considered. Cement-stabilized coral sand was tested in three diﬀerent preparation and maintenance systems in
the marine environment. The compressive strength, weight change, and chloride ion concentration change in cement-stabilized
coral sand with diﬀerent cement content were measured after 7 d, 28 d, 60 d, and 90 d, respectively. The microstructure of
specimens was observed by XRD and SEM. Results show that the compressive strength of specimens in the seawater mixing and
seawater curing system developed 0.9 MPa faster than that in the fresh water mixing and curing system at an early stage. But the
compressive strength of specimens in seawater mixing and seawater curing shrank later, being 0.5 MPa lower than that in fresh
water mixing and curing. The cement content was positively correlated with the free chloride ion reaction and mass growth rate.
For road construction on islands, the mixing and curing of cement-stabilized coral sand with seawater should be given priority in
the early stage.

1. Introduction
Due to the importance of marine exploitation in recent
years, infrastructure construction on islands and coastal
areas has considerable signiﬁcance for resource extraction
and economic development. The safety and durability of
marine engineering have attracted widespread attention.
While cement-stabilized material is widely used in road
construction on islands and coastal areas [1], the transportation of conventional materials (e.g., gravel and river
sand) from inland increases costs, construction periods, and
carbon emissions. At the same time, construction using
conventional materials requires fresh water which is limited
on many islands. Moreover, it is a hotspot that waste materials replace traditional materials at this stage [2, 3], and

coral sand is among them. Therefore, when the coral sand
accumulated on the beach is available for road subbase
construction, the above problems can be reduced to achieve
signiﬁcant economic and environmental beneﬁts [4].
Coral sand is a special type of rock. Its mineral composition is mainly high-magnesium calcite, and the chemical
composition is mainly calcium carbonate, an uneven material. Due to its origin and structural characteristics, the
road performance of coral sand diﬀers considerably from
ordinary sand in compressive strength and durability [5].
Wang et al. observed that coral sand concrete hydration
products formed in the pores of coral sand through the
transitional zone between coral sand concrete and ordinary
river sand concrete. An interlocking structure with the
cement matrix is formed, which is conducive to the
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development of concrete strength [6]. From the triaxial
compression test of coral sand, Coop [7] learned that its
critical state is consistent with the main soil characteristics.
Geng et al. [8] studied the shear characteristics of coral sand
and its interface with the structure. Coral sand had a special
shear stress-displacement curve, and with the increase in
particle size, the internal friction angle also increased. Since
coral sand is a foundation for cement concrete, its use for the
base layer is feasible.
In coastal and island areas where fresh water is limited,
the use of mixed water will be expensive and work eﬃciency
will be low. Therefore, combining seawater into mixed water
can promote the construction of marine structures more
eﬃciently and at a lower cost while reducing excessive use of
fresh water resources. Some scholars report that the use of
seawater as mixed water in concrete changes the strength of
the matrix, due to gains in early strength and shortening
solidiﬁcation times [9, 10]. In addition, due to the chloride
ion input, the chemical reaction of C3S and C3A was induced
to accelerate the hydration process, and the microstructure
of the concrete was improved [11]. Adding seawater to the
concrete containing the auxiliary cementitious material
(SCM) can further improve the pore structure and form a
precipitate there [12]. Shi et al. [13] found that a mixed
system of metakaolin (MK) and seawater improved the
chlorination resistance of concrete by forming a Friedel salt
to increase the amount of chemically bound chloride. Li et al.
[14] report that concrete mixed with seawater had the
highest compressive strength compared with that of the
ordinary concrete samples. Pan found that coral sand
concrete prepared with seawater and sulfate-resistant cement had good durability and high strength for road construction [15]. Further research on coral concrete showed its
applicability to various projects, which promotes the development of materials. Through the dry-wet cycle and
sulfate attack test of coral sand concrete, Tang et al. found
that loss of the elastic modulus in coral sand concrete was
less than that of ordinary concrete [16]. However, seawater
contains corrosive compounds [17]. Howdyshell [18]
studied the feasibility of using coral as an aggregate in
Portland cement concrete, with special attention given to the
chloride content that might cause corrosion in structural
steel. Zhang et al. [19] studied the eﬀect of salt concentration
on the cement-stabilized clay cementing process and found
that high-concentration salt had an adverse eﬀect on the
unconﬁned compressive strength of cement-stabilized clay
and led to low resistivity. The hydration product is cured in
seawater for some time, resulting in excessive Friedel’s salt,
Mg(OH)2, magnesium silicate hydrate (MSH), CaCO3, etc.
This can damage the structure of concrete [20–22]. Due to
the limitation of seawater, considering the optimal construction scheme, diﬀerent maintenance conditions are
simulated.
For the cement concrete surface layer of pavement, the
paving construction needs no compaction by a road roller.
Only mixing well and vibratory compaction is required. The
cement stone formed by condensation hardening will bind
loose material tightly and give strength to it. However, the
amount of cement in cement-stabilized materials is less than
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that in concrete [23, 24]. Mixing and curing conditions aﬀect
the performance of cement-stabilized materials in the marine environment. It can be seen that the researchers used
diﬀerent mixing and curing conditions and the required test
methods for diﬀerent materials construction [25]. This study
uses three mixing and curing schemes for cement-stabilized
coral sand, mixing and curing with seawater, mixing with
fresh water and curing with seawater, mixing and curing
with fresh water. The compressive strength, weight change,
and chloride ion concentration change were evaluated at
diﬀerent ages. XRD and SEM were used to illustrate the
internal structure and composition changes of cementstabilized coral sand.

2. Materials and Methods
2.1. Materials. The cement used in this study was ordinary
Portland cement (P·O 42.5 according to Chinese standard
[26]). Its chemical composition and physical properties
are shown in Tables 1 and 2, respectively. Natural coral
sand required for the trial was taken from Malaysia,
whose screening results and basic performance are shown in
Tables 3 and 4.
2.2. Curing Plan Design. The Proctor heavy-duty compaction test was performed according to the T0804 method in
JTG E51 [27]. The concentration cement used in the tests
was 5%, 6%, 7%, and 8% (mass), and ﬁve diﬀerent water
contents were selected to perform a compaction test. After
mixing, the mixture was placed in a compaction cylinder
(V100 mm × 127 mm), and then an electric compactor was
used to perform compaction in ﬁve layers. Each layer was
hammered 27 times according to the standard. Dry density
and moisture content were recorded, and a curve was
drawn to ﬁnd the optimum moisture content and maximum dry density for diﬀerent cement contents, as shown in
Table 5. The degree of compaction is not less than 97%. The
coral sand was then mixed with Portland cement powder
before adding water to bring the mixture to the desired
water content. The materials were moved into the molds
(V50 mm × 50 mm) to prepare the stabilized samples for
testing.
During the conventional curing process, the scheme was
mixed and cured with fresh water. However, fresh water on
the island is limited and is expensive to transport from
inland. Seawater can be used for curing as an alternative to
fresh water. The scheme can be mixed with fresh water and
cured with seawater. When seawater is selected to replace the
fresh water, seawater mixing and seawater curing scheme
were used in the marine environment. The specimens were
shaped and cured according to the three schemes in Table 6.
To achieve a similar condition to the seawater in the South
China Sea, sea salt was prepared [28]. For the main chemical
components, Cl− was 11.76 g, Mg2+ 1.84 g, and SO42− 1.53 g
per 1 L seawater. The concentration of artiﬁcial seawater is
about 20 g/L, and in order to compare the eﬀects of diﬀerent
seawater concentrations on compressive strength, the seawater concentration was 10 g/L, 20 g/L, and 30 g/L,
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Table 1: Chemical analysis of the cement (wt%).
Components

Al2O3
5.94

SiO2
22.61

CaO
63.72

Fe2O3
3.22

MgO
1.98

K2O
0.39

Na2O
0.12

SO3
1.99

Table 2: Physical properties of the cement.
Setting time (min)
Initial
92

Flexural strength (MPa)
7d
28 d
4.7
8.9

Final
220

Compressive strength (MPa)
7d
28 d
33.7
43.2

Table 3: Screening results of coral sand.
Sieve size (mm)
Through rate (%)

9.5
100

4.75
93.9

2.36
87.3

1.18
71.3

0.6
53.8

0.3
27.3

0.15
10.5

0.075
0.03

Table 4: Basic performance of coral sand.
3

Apparent density (g/cm )
2.626

Bulk density (g/cm3)
1.287

Water absorption (%)
15.8

Sand equivalent (%)
71.8

Rugged (%)
2.37

Methylene blue value
1.25

Table 5: The optimum water content and the maximum dry density.
Cement content (%)
5.0
6.0
7.0
8.0

The maximum dry density (g/cm3)
1.689
1.698
1.712
1.729

The optimum water content (%)
10.1
10.4
10.7
11.2
Table 6: Shaping and curing scheme.

Mixing
Seawater
Fresh water
Fresh water

Immersion curing
Seawater
Seawater
Fresh water

respectively. After casting, the specimens were cured with
fresh water and artiﬁcial seawater, respectively, in a moist
room (temperature 20 ± 1°C and RH 100%). For all specimens, the compressive strength, free chloride content, and
weight were measured.
2.3. Compressive Strength Test. The unconﬁned compressive
strength (UCS) of specimens was tested using a microcomputer control electronic universal testing machine
(CMT5105) and referred to a standard for inorganic binder
stabilized material test method (JTG/T 0805) [27]. Six
samples were investigated for each age and then averaged
with the coeﬃcient of variation ≤6%. The loading rate is
1 mm/min. After the specimen was damaged, the failure
strength (F) was recorded. The n-day unconﬁned compressive strength (Cn) was calculated using equation (1),
where n is 7°d, 28°d, 60°d, 90°d, and 180°d.
F
(1)
Cn � .
S
To compare the unconﬁned compressive strength in
diﬀerent mixing and curing schemes, the change of the n-day

Abbreviation
SS
FS
FF

UCS compared with that of the 7-day UCS (R7) and 60-day
UCS (R60) was calculated using the following equations:
R7 �

Cn − C7
,
C7

(2)

R60 �

Cn − C60
.
C60

(3)

2.4. Weight Change Test. The weight of specimens after
immersion in seawater and fresh water was measured, and
the surface of the specimen was dried by a wet towel before
measurement. The initial mass (m0) was the mass of specimens after absorbing saturated water on the ﬁrst day of
curing. Then, the mass (mt) of the specimens after curing for
diﬀerent days was measured. And, the weight was measured
with an accuracy of 0.01 g. The weight change (W) was
calculated using equation (4), where t is 7 d, 28 d, and 90 d:
W�

mt − m0
× 100%.
m0

(4)
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2.5. Chloride Content Test. After the specimens had been
kept in seawater and fresh water for 28 days, 90 days, and 180
days, the free chloride content of the solution was measured.
Specimens with approximately 100 g solution were prepared.
The amount of free chloride ion was measured by watersoluble according to ASTM C1218 [29].
2.6. SEM Analysis. The microstructure of main hydration
products of cement-stabilized coral sand in the system was
performed using SEM (Hitachi S-4800). The specimens were
prepared according to the following procedure: we collected
some broken pieces from each curing age and soaked them
in anhydrous ethanol for a week to stop their hydration.
Then, the collected pieces were dried in vacuum at 45°C for
24 h and gold ﬁlms were deposited on them. The samples
were then scanned under 1,000x∼10,000x magniﬁcation,
and the fracture surface morphology information of cementstabilized coral sand samples at diﬀerent curing time was
obtained.
2.7. XRD Analysis. XRD (AXS D8 ADVANCE) was used to
determine the composition of the reaction products by
identifying speciﬁc diﬀraction peaks for diﬀerent substances.
The specimens were prepared with similar procedures of
SEM analysis. Samples were ground into powder with a
particle size smaller than 0.08 mm. After curing and drying,
they were ground into a powder and then placed in a sample
cell (V10 mm × 1 mm). The diﬀraction angle was set from
10° to 70° for testing.

3. Results and Discussion
3.1. Unconﬁned Compressive Strength. The unconﬁned
compressive strength of cement-stabilized material is the
basic property in all indices. Figure 1(a) shows the unconﬁned compressive strength of samples mixed with seawater and cured in seawater immersion (SS scheme) for
diﬀerent curing times. From the results, the early strength of
seawater-mixed coral sands was developed rapidly. The UCS
of the sample at 7 d could reach 85.6% of the sample at 28 d,
but late strength developed slowly, even with a slight decrease of 5∼8% after 60 days. The strength remained similar
after 180 days. Usually, more hydration products will be
obtained with higher cement content, and the ability to
combine with chloride ions will be stronger, resulting in a
lower eﬀect of seawater corrosion by the formation of
chloroaluminate (Friedel’s salt) [30, 31]. Although the UCS
values were decreased in the later period, the UCS values of
cement-stabilized coral sand with cement contents of 6%,
7%, and 8% after 7 days curing meet the requirements of the
Technical Guidelines for Construction of Highway Roadbases (JTG/T F20-2015) for the subbase layer strength
(2.5∼4.5 MPa) of the heavy traﬃc expressway.
The unconﬁned compressive strength of samples which
were mixed with fresh water and cured in seawater immersion (FS scheme) in diﬀerent curing times is shown in
Figure 1(b). Compared with Figure 1(a), it can be seen that
the initial strength of SS was slightly higher than that of FS
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under the same cement dosage, but the long-term strength
was lower than that of SS. Because the concentration of Cl−
was lower in the FS scheme, initial catalysis of Cl− was not
obvious and the early strength was no more suﬃcient than in
the SS scheme. However, late strength gradually decreased
by 3.5∼5.5% after 60 days although it was much smaller than
in the SS scheme. Therefore, it can be explained that the
negative impact of seawater immersion in the FS scheme was
smaller than in the SS scheme.
Figure 1(c) shows the unconﬁned compressive strength
of samples mixed with fresh water and cured in fresh water
immersion (FF scheme) at diﬀerent curing times. Compared
with the compressive strength in Figures 1(a) and 1(b), it can
be analyzed that the UCS of FF was the smallest at curing on
7 d and 28 d (about 2.0∼2.5 MPa), but it continued to increase and surpassed that of SS and FS after 60 days. When
the curing time reached 180 d, the rate of strength slowed
down. Since there was no Cl- in catalytic eﬀect in the early
stage and negative impact in the long-term stage, the
compressive strength continued to increase. After 90 days,
the degree of cement hydration was already high, so the
compressive strength scarcely increased.
The change rate of UCS with diﬀerent cement contents at
diﬀerent curing times was compared with those at 7 d and
60 d as shown in Table 7. The growth rate of the compressive
strength of FS gradually decreased with the increase in
curing time. The maximum value is 46.0%. The same growth
pattern occurred in the compressive strength growth rate of
SS (the maximum reached 31.4%), but the decay rate was
faster than that of FS. In the SS scheme, the concentration of
chloride ions was high since the samples were mixed with
seawater and cured in seawater immersion, so the degree of
erosion in the long-term stage was severe. Compared with
the UCS at 60 d, the UCS reduction rate of cement-stabilized
coral sand with 5% cement content was 9.5% at 180 d. The
growth rate of FF’s UCS continued to increase and then
remained similar. However, there was no tendency to decay
because there was no seawater erosion. When it reached
180 d, the growth rate of compressive strength reached over
70%.
Simultaneously, considering the eﬀect of seawater
concentration on hydration products and erosion, the UCS
of specimens was evaluated with 7% cement content cured
at diﬀerent seawater concentrations (10 g/L, 20 g/L, and
30 g/L) for 28 days, 60 days, 90 days, and 180 days, as
shown in Figure 2. It can be concluded that as the seawater
concentration increased, the early strength increased,
reaching 3.5 MPa at 7 days, because the chloride ion
concentration promoted early strength. However, after 60
days, with the concentration of seawater increasing, the
UCS decreased more rapidly because seawater erosion
aﬀected the overall structure. The UCS of specimens cured
in seawater at 30 g/L concentration decreased by 7.5%
more than with 10 g/L. The more salt in the seawater, the
more Friedel’s salt was in the hydration product. Although
microexpansion ﬁlled the pores, excessive Friedel’s salt
caused microcracks.
Figure 3 displays two symmetrical cross-sectional views
of the sample after strength testing. From Figure 3(a), it can
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7%
8%
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Figure 1: The unconﬁned compressive strength in diﬀerent schemes. (a) The mixing and curing with seawater scheme (SS). (b) The mixing
with fresh water and curing with seawater scheme (FS). (c) The mixing and curing with fresh water scheme (FF).
Table 7: Change of the compressive strength (%).
SS

Curing time (d)
Compared with 7 d (R7)
Compared with 60 d (R60)

28
60
90
180

5%
2.0
11.0
− 4.4
− 9.5

6%
7.7
24.9
− 6.9
− 9.7

FS
7%
8.7
27.7
− 4.9
− 8.3

8%
6.0
31.4
− 3.7
− 7.4

be seen that, after the ultimate pressure of the coral sand,
cracks were generated from the inside of the sand and the
sand fractured to cause a signiﬁcant macroscopic intensity.
Figure 3(b) shows that, after pressure was applied, cracks

5%
6.9
24.1
− 4.7
− 11.5

6%
7.1
22.8
− 3.5
− 8.0

FF
7%
11.4
41.9
− 3.2
− 9.3

8%
4.8
46.0
− 2.8
− 8.5

5%
4.8
26.4
6.8
12.9

6%
9.0
45.1
17.4
20.5

7%
10.8
41.1
19.1
24.4

8%
7.5
51.4
12.5
16.7

occurred from the interfacial transition zone between the
cement and the coral sand, so the entire coral sand particle
could be seen from the proﬁle. Overall, cracks appeared
more frequently from the interior of the coral sand than
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change. In the calculation of the theoretical value, the
growth rate of cement hydration heat was related to age, in
which on 7 d, there was 70% hydration heat, on 28 d, 89%
hydration heat, and on 90 d, 96% hydration heat [15]. This
study theoretically calculated them according to the
maximum value of hydration products. According to the
DSC curve [10], under the drying condition of
100°C–200°C, only AFt had no bound water, and Ca(OH)2
and C-S-H were not dehydrated. The initial mass (m0) is the
average of the samples’ initial mass. The main chemical
formulas are

Compressive strength (MPa)

4.5

4.0

3.5

3.0
7

28

60

90
Curing age (days)

180

10g/L
20g/L
30g/L

Figure 2: Compressive strength of 7% scheme in diﬀerent seawater
contents.

Figure 3: Schematic diagram of the sample: (a) broken particles;
(b) complete particles.

from the interface transition zone. The reason for producing
the compressive strength was mainly that the cement hydrates to form a whole and was supported by the coral sand
skeleton structure.
3.2. Weight Change. For all cement-based materials, as the
hydration reaction occurs, the mass of the specimens will
increase or decrease, which is a comprehensive process
[10]. The increase is mainly due to the formation of hydration products, the absorption of water in coral sand, and
the crystallization of salts in pores. On the other hand, since
samples were cured in water, the man-made operation
caused corner defects and errors in mass reduction. This
paper studied the comparison of theoretical values (referred to as T) and actual values (referred to as F) of mass

C3 S + H2 O ⟶ C − S − H + Ca(OH)2

(5)

C2 S + H2 O ⟶ C − S − H + Ca(OH)2

(6)

C3 A + Ca(OH)2 + Cl − +H2 O ⟶ C3 A · CaCl2 ·10H2 O

(7)

Figure 4 compares the theoretical and actual values at
diﬀerent schemes at 5% and 8% cement content, respectively. From Figure 4(a), it can be observed that, as the age
increased, the quality of the samples with 5% cement content
grew faster at ﬁrst and then slower, and the theoretical value
was always larger than the actual value. Although the eﬀect
of hydration caused the mass to increase, the microdissolution of the hydration product and the loss of the
corners of the samples caused the value of the mass change to
be smaller than the theoretical value although there was little
diﬀerence between theoretical and actual values. From
Figure 4(b), it can be observed that the actual value of the
sample weight change at 8% cement content was less than
the theoretical value at 28 d but exceeded the theoretical
value after 90 d. The SS scheme had the fastest increase rate
in quality in seawater conservation and increased by 0.69%
in the 90 days. The reasons for this rapid increase were
presumed to be the formation of high hydration products of
cement content, water absorption during hydration, and
formation of Friedel’s salt [32]. Furthermore, combining the
two ﬁgures shows that the weight change of the specimens at
8% cement content was generally 0.1∼0.2% larger than that
of 5% cement content: more hydration products are produced during curing with more cement content, causing an
increase in quality.
In the comparison of the weight changes in the three
systems, it can be found that the mass in the SS scheme had
the fastest growth rate, followed by that in the FS and FF
schemes. The early mass growth in the SS scheme was rapid,
with a general growth rate of 0.05∼0.1%. The concentration
of chloride ions aﬀected the amount of C3A·CaCl2·10H2O
produced during the hydration reaction and was a principal
reason for the increase in quality. The hydration products
in the SS scheme included C-S-H, Aft, and
C3A·CaCl2·10H2O. The hydrated products in FS scheme
included C-S-H, Aft. and a small amount of
C3A·CaCl2·10H2O, while there was no C3A·CaCl2·10H2O
found in FF scheme. These products included or absorbed
considerable water. In addition, salt was found to be attached to the surface of the pore wall and added weight
within the pore.

7
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0.7
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Weight change (%)

Weight change (%)
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Figure 4: Weight changes of diﬀerent cement content systems. (a) 5% cement content systems. (b) 8% cement content systems.
12.0
11.5
11.0
Free chloride content (g/L)

3.3. Chloride Content. Chloride binding is the reaction
between free chloride, C3A, and Ca(OH)2 in the systems to
produce chloroaluminate compounds—Friedel’s salt
(equation (7)). Therefore, the reaction of free chloride ions
caused an increase in chloride binding. Figure 5 shows the
free chloride contents reduction rate of diﬀerent cement
contents immersed in seawater at diﬀerent ages. The free
chloride content of pure coral sand (aggregate without any
processing) and samples at diﬀerent cement contents and
diﬀerent ages in the FF system are shown in Table 7. The
chloride ion concentration in seawater alone was 11.76 g/L.
As shown in Figure 5, after immersion in seawater, the
higher the cement content, the stronger the ability of the
hydration product to bind chloride ions (that of 8% cement
content is 0.6% which is more than that of 5% cement
content). Second, regardless of the cement content, the
chloride ion content of the immersion solution decreased
rapidly with age (7 d to 90 d) before reaching a stable stage.
From 28 d to 90 d, the free chloride ion decreased by only
0.2%, indicating that the hydration reaction was relatively
suﬃcient. The ﬁlling of Friedel’s salt and the eﬀect of accelerating pozzolanic activity enhanced the overall compactness and hindered the entry of free chloride ions in
seawater. Simultaneously, the coral sand solidiﬁed some free
chloride ions, reduced the free chlorine content of the solution, and increased the quality of the sample. The free
chloride ion in the FS scheme was much faster than that in
the SS scheme because FS had no free chloride ions when
forming the samples, and there was a rapid free chloride ion
reaction in seawater immersion.
For the FF scheme, diﬀerent results were obtained
compared with that for the FS and SS schemes. As shown in
Table 8, pure coral sand could precipitate a small number of
free chloride ions (0.156 g/L) in the case of fresh water

10.5
10.0
9.5
9.0
8.5
8.0
7.5
7.0
7

28

90
Curing time (days)

FS5%
FS8%

SS5%
SS8%

Figure 5: Free chloride content reduction rate in FS and SS
systems.
Table 8: Free chloride content in fresh water (g/L).
Pure coral sand
FF 5%
FF 8%

7d
0.156
0.144
0.134

28 d
0.156
0.138
0.127

90 d
0.156
0.132
0.123

soaking. As expected, there was a trace of chloride ions in the
coral sand. The samples in the FF scheme were similar to the
pure coral sand solution test concentrations—only about
0.005 g/L free chloride ions were reduced. This indicated
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 6: SEM images of cement-stabilized sand in diﬀerent curing schemes. (a) 7 d-SS8%; (b) 28 d-SS8%; (c) 60 d-SS8%; (d) 28 d-SS7%;
(e) 28 d-FS7%; (f ) 28 d-FF7%; (g) 60 d-FS8%; (h) 7 d-FF8%.

that, in the FF scheme, there was no Friedel’s salt. It was even
possible that the hydration product was more easily dissolved due to ion exchange, and the pores were increased
[33]. The quality of the FF system had also shown the slowest
growth based on previous quality changes.
3.4. SEM Analysis. As known, SEM has the characteristics of
simple sample preparation, high resolution, and strong
stereoscopic eﬀect. In the three systems, the samples were
scanned to obtain the surface morphology and interface
transition zone of cement-stabilized coral sand at diﬀerent
ages to observe the main hydration products of cementstabilized coral sand.
From Figure 6(a), long rod-shaped AFt was interlaced
with the ﬂocculent C-S-H gel in the interfacial transition
zone at 7 d after hydration of all the cement-stabilized coral
sand materials in the SS system. These were in close contact
with the coral sand interface. Filling the internal pores and

increasing compactness were conducive to early strength
development. AFt and C-S-H were formed more when the
hydration age reached 28 days and with the formation of
Friedel’s salt, as shown in Figure 6(b). Figure 6(c) shows that
AFt had grown thicker at 60 days of hydration and a large
number of ﬂocculent C-S-H intercalated with AFt and
Ca(OH)2 formed an overall dense structure.
Figures 6(d)∼6(f ) are comparisons of samples of the
same cement content at the same age for the three systems.
As shown, at 28 d, there were some Friedel’s salt particles
formed on the specimen in the SS system, a small amount in
the FS system, and nothing in the FF system. Friedel’s salt
precipitates in the pore solution plug the pores and improve
the pore size distribution, rendering it denser and thereby
increasing the early strength. Therefore, the order of compressive strength at this time from large to small was SS, FS,
and FF. When the age was less than 60 days (Figure 6(g)),
microcracks began to appear in the SS and FS systems due to
crystallization pressure of excessive Friedel’s salt, which
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C3A·CaCl2·10H2O had peaked, among which the SS peak
was the highest and the FF had nothing. Although
C3A·CaCl2·10H2O can improve the compressive strength
and improve the compactness between cement and coral
sand, it needs to be combined with chloride ions to do so.
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4. Conclusions
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Coral sand is particularly important in the construction and
development of island infrastructure. According to diﬀerent
curing conditions, a shortage of aggregates and fresh water
resources can be alleviated in marine environments. Based
on the test results, the following conclusions can be drawn:
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Figure 7: XRD pattern of 60-day cement-stabilized coral sand.

reduced late strength and showed a retraction phenomenon
[34, 35]. There were no microcracks in the FF system, and
the strength increased and ﬁnally exceeded that in the SS and
FS systems.
As shown in Figure 6(h), curing at 7 days in the FF
system, Ca(OH)2 adhered to the coral sand interface and
ﬁlled pores. However, only a small amount of C-S-H gel and
AFt was observed, and early strength developed slowly. With
the increase of hydration time, a large number of irregularly
shaped Ca(OH)2 interacted with C-S-H gel and AFt, the
overall structure became more compact, and the strength
continued to increase in the later period.
3.5. XRD Analysis. Together with the compressive strength
tests, the weight change tests, and the chloride content tests,
XRD is used to identify the crystal product of cement-stabilized coral sand during solidiﬁcation and illustrate the
eﬀect of mineral production on the properties of cementstabilized coral sand mixed with seawater [36]. XRD patterns
of the sample with 8% cement content (SS, FS, and FF
schemes) cured at 60 d at 10–70° were recorded. As shown in
Figure 7, the hydration product types were essentially the
same in three curing schemes. The main hydration products
are Ca(OH)2, C-S-H, and AFt. Among them, the diﬀraction
intensity of calcite was obvious, and it was the main component of coral sand. It did not react with clinker minerals in
Portland cement. In the range of 35–40°, there was a weak
diﬀraction peak of Ca(OH)2, because, by 60 d, Ca(OH)2 had
almost completely reacted to generate C3A·CaCl2·10H2O,
and some of it got dissolved in water. In the 25–30° range,
C-S-H was a colloidal size crystal and tended to have a low
degree of crystallinity. Therefore, in the XRD pattern, the
diﬀraction peak was extremely weak and easily masked by
other peaks. There were obvious AFt diﬀraction peaks at
multiple angles, which was one of the main sources of
compressive strength of the system. In the range of 10–15°,

(1) In the three systems, the early strength of cementstabilized coral sand with seawater mixing and
curing was 0.9 MPa which is more than that with
fresh water mixing and curing, but late strength was
0.5 MPa lower than that with fresh water mixing and
curing. In the case of seawater curing, compressive
strength decreased after 60 days, mainly due to the
generation of microcracks and ion exchange.
(2) The UCS at 7 d of cement-stabilized coral sand with
6% cement content in the SS scheme can meet the
base requirements in the guidelines JTG/T F20-2015
and road design. When cement-stabilized coral sand
is used for the subbase, the cement content of 6% is
suﬃcient in the SS and FS schemes. This provides for
the possibility of its application in road infrastructure construction in islands and coastal areas.
(3) Observing the cement-stabilized coral sand microstructure, it was found that the cement hydration
products formed in the coral sand holes and rough
interfaces and the mechanical bite of the coral sand
are conducive to the stability of the cement to stabilize the formation of coral sand.
(4) As age increased, the sample’s mass gradually increased but was generally lower than the theoretical
value of the mass change. There was a formation of
hydration products and Friedel’s salt. The more the
cement content, the easier it is to combine with free
chloride ions in the solution.
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