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Abstract: This study investigates the impact of varying shell sand replacement rates (0%, 5%, 10%,
15%, 20%, 25%) on the properties of clay ceramsite lightweight aggregate concrete (CLC) through
six experimental groups. Results indicate that a 5% replacement rate of shell sand yields optimal
mechanical properties and working performance in CLC. Examination of specimen failure diagrams,
electron microscopy and theoretical analysis reveals that shell sand predominantly influences CLC’s
overall performance by influencing internal pore development and the formation of a “bonding
defect zone” between shell sand and cementitious material. This also elucidates why specimen failure
predominantly arises from internal ceramic particle fracture.

Keywords: shell replacement rate; lightweight aggregate concrete; mechanical properties; microscopic
analysis

1. Introduction

Portland cement concrete is widely used and consumes 50% of the world’s raw materi-
als and 40% of the energy [1] and also produces 5% to 8% of global CO2 emissions [2], which
has created serious environmental problems. Compared with traditional concrete, ceramsite
lightweight aggregate concrete (CLC) exhibits remarkable attributes, including low density,
elevated relative strength, and commendable thermal insulation performance [3]. Con-
sidering the defects of Portland cement, researchers found that alkali-activated materials
(AAMs) are a potential alternative [4]. Alkali-activated cement has significant advantages
over Portland cement, including superior early strength, enhanced durability, lower hy-
dration heat and heightened resistance to chemical erosion [5]. Additionally, to reduce the
consumption of river sand in concrete, the researchers found that as an inorganic material
with inherent strength, shells can theoretically be used as a partial substitute for river
sand after treatment [6]. The influence and change pattern of the replacement rate of shell
sand on the mechanical properties and working performance of alkali-induced lightweight
aggregate ceramsite concrete is worthy of further research and discussion. This has great
social value for its promotion and application in the industry and economic benefits.

Compared with ordinary Portland concrete (OPC), the excellent mechanical properties
of alkali-activated concrete (AC) mainly depend on the interface transition zone (ITZ).
The ITZ of AC has relatively fewer pores and higher density [7–9] and ITZ products are
not coarse calcium hydroxide and quartz crystal, but denser aluminosilicate gel [10,11].
Different mineral admixtures will generate different types of gels during the reaction
process. The reaction product of fly ash is mainly N-A-S-H gel [12], and the reaction
product of slag is mainly C-A-S-H gel [13]. Both of these have stable properties and a
three-dimensional structure for long-lasting performance [14].
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On the macro level, researchers found that different mineral admixtures have different
effects on concrete properties. Zhang [15] and Cao’s [16] results show that compared
to kaolin and fly ash, slag demonstrates superior activity, reaction rate, and intensity
development characteristics. Dai [17] and Wang [18] found that different alkali dosages
have different effects on the properties of AC. Other research [19–21] further indicated
that when the water glass modulus is in the range of 1.0–1.4 and the water–cement ratio
(W/C) is maintained in the range of 0.30–0.40, the mechanical properties of AC reach the
best state. Predecessors have performed a lot of mature research on the performance and
dosage of alkali excitation in ordinary concrete, and whether alkali-activated cement can
show the same good performance in CLC as in traditional concrete has become the focus
of this paper. Çelik et al. [22–27] found that the strength, workability, setting time and
environmental properties of geopolymer concrete (GPC) can be effectively improved by
using micro-silicon powder as a binder and introducing lathe waste, replacing fly ash
with an appropriate amount of waste basalt powder and adding glass fiber. At the same
time, the possibility of reducing the consumption of Portland cement by producing various
building materials such as gypsum, grout and concrete from the ground raw pearl soil and
the influence of the concentration of NaoH and the proportion of waste glass aggregate
(WGA) on the performance of geopolymer concrete (GPC) are also explored, which plays a
positive role in the research and development of alkali-excited concrete.

Olivia [28] and Bamigboye [29] found that CaO contributes to the bonding interface
between the aggregate and cement paste. Ismail [30] found that during alkali excitation,
part of the Ca2+ released by the dissolution of slag can be integrated into the N-A-S-H gel
to form an N-C-A-S-H gel with higher bonding strength. Shells contain a large amount of
Ca2+, which can promote the generation of more N-C-A-S-H gel. This provides another
theoretical support for shell sand to partially replace river sand as fine aggregate. Due to
the structural differences and different connection properties with cementitious materials
between shell sand and river sand, the optimal replacement rate of shell sand in concrete has
become the focus of current research. Hasnoy [31] observed that a shell sand replacement
rate below 30% leads to higher strength in geopolymer concrete. Researchers have pointed
out [32–35] that a shell sand replacement rate of approximately 5% can achieve the best
performance of ordinary Portland concrete. Therefore, the influence of the content of shell
sand on the properties of CLC has become another focus of this paper.

Mechanical properties of concrete, such as elastic modulus, strength, ductility, shrink-
age and fracture properties, depend largely on the material structure at the microscopic
scale. The pore structure is an important part of the concrete microstructure, which greatly
affects the strength, deformation performance, durability and other properties [36,37]. The
current methods for studying pore structure mainly include the mercury intrusion method,
the optical method, the X-ray small angle scattering method and the isothermal adsorption
method [38]. Since different pore sizes have different effects on the properties of concrete,
Zhang [39] divided the pores in concrete into four categories as follows: harmless pores
(<20 nm), less harmful pores (20–50 nm), harmful pores (50–200 nm) and hazardous pores
(>200 nm). Mehta [40] believed that increasing the proportion of harmless pores and less
harmful pores and reducing the proportion of hazardous pores would make the concrete
denser and greatly improve the performance of the concrete.

From the perspective of energy conservation and environmental protection, this paper
set shell sand (0, 5%, 10%, 15%, 20%, 25%) to replace part of the river sand to prepare the
S-CLC control experiment, studied its performance variation rule and further modified
the relevant fitting formula to provide reference and suggestions for site construction.
At the same time, from the failure phenomenon of the specimen, microscopic electron
microscope observation and microscopic theoretical analysis, the influence mechanism
is deeply studied and the failure mechanism of the specimen is revealed to promote the
further development of light aggregate concrete in the construction field.
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2. Experimental Program
2.1. Materials
2.1.1. Aggregate

In this experiment, clay ceramsite was chosen as the coarse aggregate, adhering to
the standards outlined in “Lightweight Aggregate and Test Methods Part 1: Lightweight
Aggregate” (GB/T17431.1-2010). The fine aggregates are river sand and shell sand, which
meet the specifications specified in the “Standards for Test Methods” (JGJ52-2006), and
their specific parameters are shown in Table 1.

Table 1. Performance parameters of aggregate.

Type Particle Size
(mm)

Packing
Density
(kg/m3)

Apparent
Density
(kg/m3)

1 h WAR
(%)

CCS
(MPa)

Clay
ceramsite 5–12 622 730 6.8 3.9

River sand 0.15–4.75 1560 2650 \ \
Shell sand 0.15–4.75 1220 2340 \ \

Note: WAR means water absorption rate and CCS means cylinder compressive strength.

2.1.2. Concrete Admixtures

S95 slag with a density of 4200 kg/m3 was selected as the cementitious material and
the performance indexes are shown in Table 2. The alkali activator was prepared by mixing
the configured NaOH (concentration is 8 mol/L) solution with the Na2SiO3 solution with
a modulus of 3.34 at the ratio of 1:2.5. Additionally, water-reducing agent (Water RES)
was added to ensure the workability of the concrete, and the water was sourced from the
laboratory of Shandong University of Science and Technology. The other materials in this
experiment are shown in Figure 1.

Table 2. S95 mineral powder performance Index.

Specific Surface
Area (m2/kg)

Density
(g/cm3)

CaO
(%)

SiO2
(%)

Al2O3
(%)

MgO
(%)

Fe2O3
(%)

SO3
(%) Others

2.9 4.2 40.03 33.75 13.21 9.46 0.58 1.04 1.93
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Figure 1. Experiment materials: (a) ceramsite; (b) river sand; (c) shell sand; (d) slag; (e) Water RES; 

(f) sodium hydroxide solid; (g) water glass solution; (h) foam.   
Figure 1. Experiment materials: (a) ceramsite; (b) river sand; (c) shell sand; (d) slag; (e) Water RES;
(f) sodium hydroxide solid; (g) water glass solution; (h) foam.
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2.2. Specimens Preparation and Mix Design

The relevant information of the mixing ratio of specimens in this paper is shown
in Table 3. All specimens meet the criteria specified in the Technical Standard for the
Application of Lightweight Aggregate Concrete (JGJ/T12-2019).

Table 3. The mix ratio design.

Group W/C Ceramsite
(kg/m3)

River Sand
(kg/m3)

Shell Sand
(kg/m3)

Slag
(kg/m3)

NaOH
(kg/m3)

Water Glass
(kg/m3)

Water
(kg/m3)

Water RES
(kg/m3)

S0

0.4 457.3

846.6 0

520 17.3 170.6 128 0.52

S5 804.3 42.3
S10 761.9 84.7
S15 719.6 127.0
S20 677.3 169.3
S25 634.9 211.7

Note: S0 is the control group, which means that the shell sand fine aggregate replacement rate is 0%, and the other
groups are the experimental groups, such as S25, which means the replacement rate is 25%.

The specimen size for the compression, splitting tensile, softening coefficient and
porosity experiments is 100 mm × 100 mm × 100 mm, and the specimen size for the
flexural experiment is 100 mm × 100 mm × 400 mm.

2.3. Experimental Methods

According to the “Standards for Test Methods of Physical and Mechanical Properties
of Concrete” (GB/T50081-2019), the mechanical experiments were carried out using a
TYE-3000B compression testing machine. Figure 2a–c respectively illustrate the loading
process of compression, splitting tensile and flexural experiment.
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Figure 2. Experimental diagram of mechanical properties: (a) compressive strength experiment;
(b) splitting tensile strength experiment; (c) flexural strength experiment.

The softening coefficient and porosity were experimented according to the “Standard Test
Method for Density, Absorption, and Porosity of Hardened Concrete” (ASTM C642-13) [41]
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and the “Technical Specification for the Application of Aggregate Permeable Concrete” (CJJ/T
253-2016). The relevant calculation formulas are shown in Equations (1)–(3)

K =
f1

f0
(1)

p =

(
1 − m0 − m1

ρV

)
× 100% (2)

ρ0 =
m0

V
(3)

where K is the softening coefficient, f1 is the compressive strength of the concrete experi-
ment block under the state of water absorption saturation, f0 is the compressive strength
of the concrete experiment block in the air-dried state, p is the concrete porosity, V is the
volume of the specimen in the dry state, m0 is the mass of the specimen in the dry state,
m1 is the reading on the tray balance of the specimen in water, ρ is the density of water, and
ρ0 is the density of water.

The images of the CLC performance test process are shown in the following figures.
The slump test process is shown in Figure 3. In the softening coefficient test, the specimen
was fully soaked, as shown in Figure 4, and the dry density and porosity test is shown in
Figures 5 and 6.
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In the softening coefficient test, 10 cube test blocks were selected for each group of test
blocks. Among them, 5 were immersed in tap water at a temperature of 20 ± 5 ◦C for 96 h.
Then, the specimens were taken out and placed on a wire mesh to drain for 1 min. The
excess moisture was then wiped off the surface of the specimen with a wrung wet towel.
The other 5 test blocks were placed in a curing room with a temperature of 20 ± 5 ◦C and
a relative humidity of 50 ± 15% for 96 h to allow the test pieces to reach an air-dry state.
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During the dry density coefficient measurement process, the time settings were as follows.
The specimen was placed in an oven at 105 ± 5 ◦C and baked to a constant weight for 24 h.
After taking it out, it was placed at room temperature for cooling. The specimen was then
completely immersed in water for 24 h and the slump was measured directly when the
specimen was made.
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3. Experimental Results
3.1. Effect of Shell Sand on Mechanical Properties
3.1.1. Compressive Strength Growth Trend

Figure 7 shows the averaged compressive strength for each group of specimens at 3, 7,
14 and 28 days. The figure also shows that the compressive strength growth law of each
experimental group is the same as the control group. When the content of shell sand is
less than 10%, the compressive strength of S-CLC is better than that of CLC, and when the
replacement rate of shell sand exceeds 10%, the strength shows a downward trend and is
lower than that of the control group. In addition, when the shell sand replacement rate is
less than 10%, S-CLC also exhibits early strength properties, which are conducive to the
development of on-site construction.

3.1.2. Mechanical Properties Change Trend

The effects of changes in shell sand substitution rate on the 28-day compressive
strength, splitting tensile strength and flexural strength of S-CLC are shown in Figure 8.
Compared with the control group, with the increase in the shell sand replacement rate (5%,
10%, 15%, 20% and 25%), the compressive strength of S-CLC increased by 6.53%, 3.41%,
−2.56%, −7.39% and −19.03%. The splitting tensile strength increased by 1.70%, 0.42%,
−1.91%, −5.52% and −8.92%, and the flexural strength increased by 3.40%, 1.54%, −1.85%,
−8.02 % and −14.81%. The three mechanical properties show the same change trend, and
reach the maximum value when the shell sand replacement rate is 5%. By comparing the
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conclusions of this paper with those of Kuo [33], Yang [34], Varhen [35] and Ruslan [42]
et al., when the replacement rate of shell sand is about 5%, the performance of ordinary
concrete and other concrete will reach the optimal value at this time, which indicates that
the influence law of shell sand on most concrete is similar. It also proves the accuracy of
the experiment.
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3.1.3. Correlation between Mechanical Properties

From the changing rules of compressive strength, splitting tensile strength and flexural
strength as shown in Figure 8, it can be seen that S-CLC have a certain similar relationship
with ordinary concrete in terms of mechanical properties. Therefore, this paper relies on
ACI363R-92 [43], which is used to describe the properties of ordinary concrete and adjust
its related parameters to describe the relationship between S-CLC compressive strength
and splitting tensile strength. The fit result is shown in Figure 9a. Similarly, the correlation
between compressive strength and fracture strength is described using the model proposed
by Jena [44] and Albitar [45]. The results are shown in Figure 9b. The correlation coefficients
obtained from the fit results are 0.9793 and 0.9496, which show that the fit effect is excellent.
The fit formulas fts = 0.23 f 0.74

cu and ft = 1.05 f 0.42
cu can fully provide reference and support

for scheme design and on-site construction.

3.1.4. Relationship between Age and Performance

In order to better describe the relationship between the compressive strength and
age of S-CLC and facilitate on-site construction, this paper uses the European specifica-
tion CEB-FIP Model Code 1990 [46] to describe the relationship between OPC concrete
strength growth and age, and uses the S5 group as the research object to find the formula

fc(t) =
(

fc(7)
fc(28)

)√28/t−1
× fc(28), which is also suitable to describe the relationship between

S-CLC compressive strength and age. Since there is a strong correlation between splitting
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tensile strength, tensile strength and compressive strength, this paper does not give the
change laws between them and their age. If necessary, it can be converted according to its
relationship with compressive strength.
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3.2. Effect of Shell Sand on Working Capability
3.2.1. Softening Coefficient Changes Trend

It was found in the experiment that the replacement rate of shell sand had no significant
influence on the coagulation time of CLC. After field records, we found that the initial
coagulation time was 28 min and the final coagulation time was 57 min.

It can be seen from the data that the softening coefficient of each group is greater than
0.85, which meets the requirements of ceramisite concrete in a long-term wet or soaked
environment. As can be seen from the change trend in Figure 10, the softening coefficient
increases first and then decreases with the increase in the replacement rate of shell fine
aggregate, the softening coefficient of S-CLC increased by 4.44%, 2.22%, −1.11%, −3.33%
and −4.44% when the shell sand replacement rate increased compared with the control
group and the softening coefficient of group S5 reaches the highest, which is similar to
the effect of the replacement rate of shell fine aggregate on the working performance
of ceramics.
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With the increase in the replacement rate of shell fine aggregate, the slump of cer-
amsite concrete presents the best state in group S5, and the hydration reaction is more
adequate, which makes the internal void less, and thus makes the ceramsite concrete lose
less compressive strength when it is saturated with water absorption. However, with the
increase in the replacement rate of shell fine aggregate, the workability of ceramide concrete
is improved. A decrease affects the hydration reaction effect, resulting in more and more
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internal voidage of ceramisite concrete, resulting in a greater loss of compressive strength
after saturated water absorption.

3.2.2. Slump Changes Trend

As can be seen from Figure 10, compared with the control group, as the shell sand
content (5%, 10%, 15%, 20%, 25%) increases in S-CLC, the slump increases by 7 mm, 3 mm,
−4 mm, −20 mm and −28 mm. The appropriate slump indicates that S-CLC has excellent
plasticizing performance and pump ability, and can meet the needs of on-site construction.
The slump of ceramsite concrete reached 175 mm when the replacement rate of shell fine
aggregate was 5%, which increased by 4.2% compared with that of ceramsite concrete
with a zero shell fine aggregate replacement rate. When the replacement rate of shell fine
aggregate is 10% or more, the slump of ceramisite concrete shows a decreasing trend, but
the slump of ceramisite concrete at a 10% shell replacement rate is still greater than that of
a zero shell fine aggregate replacement rate. The main reasons for this phenomenon are
that the surface of the shell is smooth, and when a small amount of shell fine aggregate
replaces the river sand, the fluidity of the concrete will be promoted, and the slump of the
concrete will be increased. However, when the shell is flat, and with the increase in the
shell replacement rate, the specific surface area of fine aggregate increases greatly, which
increases the friction between the concrete particles and gradually reduces the slump.

3.2.3. Porosity Changes Trend

It is worth noting that compared with group S0, when the replacement rate of shell
fine aggregate is 5%, the porosity of light aggregate concrete shows a decreasing trend,
and the reduction rate reaches 4.63%. However, after that, the porosity of light aggregate
concrete gradually increased with the increase in the shell fine aggregate replacement rate,
and the porosity of group S25 increased by 17.45% compared with group S5.

Based on this phenomenon, the explanation given in this paper is as follows: consider-
ing the influence of the replacement rate of shell fine aggregate on the working performance
of light aggregate concrete, compared with the ceramsite concrete with a zero shell replace-
ment rate, the slump of the ceramsite concrete with a 5% shell fine aggregate replacement
rate is increased, which also makes the ceramsite concrete more dense and fewer pores
occur inside the ceramsite concrete. Compared with river sand, although the porosity of
shell is relatively large, its effect on the increase of porosity of light aggregate concrete is
not great because of the low replacement rate of shell fine aggregate.

Therefore, this paper uses the Balshin model [47], Ryshkewitch model [48] and Hassel-
man model [49] to analyze if the relationship curve between the pores and compressive
strength was fitted respectively, and the fit results are shown in Figure 11.
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As shown in Figure 11, the correlations of the four models all exceed 0.985, which
shows that porosity has a high degree of impact on mechanical properties, and will be
further studied in a subsequent paper.

In summary, as the shell sand content increases, the performance of S-CLC shows a
trend of first, an increase and then, a decrease. When the shell sand replacement rate is 5%,
all properties reach the optimal value.

3.3. Effect of Shell Sand on the Failure Pattern
3.3.1. Compression Failure Interface

During the compression test of alkali-induced lightweight aggregate concrete, the
failure process of the specimen was observed. As the load continued to increase, tiny cracks
began to appear on the upper and lower surfaces of the specimen, and expanded as the load
increased. It can be observed that the cracks on the four sides of the specimen continued
to extend toward the middle and the crack width continued to increase, and as the load
continued to increase, the cracks continued to increase and the concrete on the surface of
the specimen began to peel off and the specimen entered the failure stage.

After the loading was completed, it was observed that the failure shape of the cube
specimen was mainly in the shape of an overhead cone. This is because the upper and
lower plates of the pressure testing machine constrain the lateral cracking of the upper and
lower parts of the specimen, while the middle concrete far away from the upper and lower
parts subject to the constraint is small, so it is in the shape of a cone. The fracture form
inside the specimen is mainly the fracture of coarse aggregate ceramsite, and there is no
damage to the bonding surface of ceramsite and slag. As shown in Figure 12, the failure
interface of the specimen becomes more and more obvious in the shape of a cone as the
shell sand content increases.
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3.3.2. Tension Bending Failure Interface

As shown in Figure 13, when the shell replacement rate increases, more and more
exposed shells (circled in the figure) are exposed at the interface. During the loading
process of the specimen, a tiny sound of ceramsite breaking can be heard, and as the load
continues to increase, tiny cracks begin to appear on the cross section until the specimen
splits and fails.
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4. Analysis of the Impact of Shell Sand on Performance
4.1. Pore Analysis

In order to explore the impact of internal pores on the performance of S-CLC, this
paper used the American Quanta Pore Master 60 GT mercury porosimeter to measure the
pore size distribution, most geometric pores and porosity of CLC under different shell sand
contents, as shown in Figure 14.
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4.1.1. Pore Change Trend

The pore structure characteristic parameters and pore size distribution curve are
shown in Table 4. The total porosity, most available pore size, harmful pore and multiple
harmful pore of CLC tend to the minimum value when the shell sand replacement rate is 5%.
With the increase in the shell sand substitution rate, the harmful holes and multiple harmful
holes also increase, and the corresponding harmless holes and less harmful holes decrease.

In order to more intuitively describe the impact of shell sand with different replacement
rates on various pores, this paper plots the data obtained in Figure 15. Combined with
Table 3, it can be found that with the increase in the shell sand replacement rate, the porosity
of S-CLC still showed a trend of gradual increase, and the number of large pores gradually
increased while the small pores gradually decreased. This indicates that the presence of
excess shell sands will make the structure of S-CLC more loose and the overall mechanical
properties will decline.
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Table 4. Characteristic parameters and pore size distribution of concrete pore structure under different
shell sand contents.

Group Total Porosity Maximum Pore
Size (nm)

Harmless Pores
(d ≤ 20 nm)

Less Harmful Holes
(20 mm < d ≤ 50 nm)

Harmful Pores
(50 nm < d ≤ 200 nm)

Hazardous Pores
(d > 200 nm)

S0 13.40 51.05 4.63 32.66 31.86 30.85
S5 12.78 44.91 14.00 36.33 28.19 21.48

S10 13.04 56.16 8.93 31.04 33.82 26.21
S15 13.63 58.77 5.31 23.56 36.45 34.68
S20 14.15 66.39 3.13 17.37 38.98 40.52
S25 15.01 70.24 2.38 10.78 40.68 46.16
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Figure 15. Proportion of different pores in each group of specimens.

4.1.2. Analysis of the Impact of Pore Changes on Performance

When an appropriate amount of shells replace fine aggregate, it can well fill the gaps
inside the specimen, making the S-CLC denser and conducive to improving the mechanical
properties. The reduction of internal pores results in less compressive strength loss when
S-CLC is saturated with water, thereby improving the softening resistance. Since shells
are relatively smooth, when a small amount of shell fine aggregate replaces sand, it will
promote the fluidity of concrete and increase the slump.

Since the shell sand is mostly flat, the specific surface area of the fine aggregate
increases significantly as the shell replacement rate increases, thereby increasing the internal
pores of the concrete. The decrease in compactness leads to a decrease in mechanical
properties and, at the same time, the internal pores. The increase leads to an increase in the
loss of compressive strength after water absorption, which in turn leads to a decrease in its
anti-softening coefficient. In addition, flat shell sand increases the friction between concrete
particles, resulting in reduced fluidity and lower slump.

4.2. Microelectron Microscopy Analysis

As aforementioned, microstructural analysis is an important means to research the
changes and influences mechanisms of concrete properties. For this purpose, this paper
uses a field emission scanning electron microscope (SEM) to conduct microscopic analysis
of S-CLC by observing the cracks and hydration products in the interface transition zone,
which can clarify the microscopic mechanism that causes the performance changes of
S-CLC. SEM photos and sample photos are shown in Figures 16 and 17 respectively.
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Figure 16. Field emission scanning electron microscope (FESEM).
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Figure 17. Sample stand.

4.2.1. Ceramic Micropore Analysis

When the ceramic particles are enlarged as shown in Figure 18, it can be found that
they are covered with honeycomb-shaped irregular micropores. This special structure
allows the ceramsite itself to have a certain water storage capacity, which can increase
free water to further promote the hydration during the subsequent concrete solidification
process. In addition, shell sand contains calcium compounds, which continuously release
Ca2+ during the hydration process [30]. These Ca2+ react with the hydration products in
the slurry, further promoting the hydration reaction, which also explains why S-CLC has a
certain early strength.
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Figure 18. Ceramsite surface micrograph (magnified to 800 times). 

   

Figure 18. Ceramsite surface micrograph (magnified to 800 times).

4.2.2. Analysis of the Interface between Ceramsite and Hydration Products

By observing the enlarged interface between the ceramsite and the hydration product,
it can be seen that the bonding surface between the ceramsite and the slag matrix is not a
“surface”, but an “area” or “band” with a certain thickness, as shown in Figure 19.
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Figure 19. Adhesive surface of ceramsite and alkali-activated matrix (magnified to 200–15,000 times).

Further magnifying the joint between ceramsite and hydration products, it can be seen
that a large amount of hydration products and unreacted slag are collectively embedded
in the micropores of the ceramsite, forming a mortise and tenon structure with a strong
mechanical connection ability. The photo of the hydration product embedded in the
ceramide is shown in Figure 20.
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Figure 20. Hydration products in ceramsite pores (magnified to 15,000–30,000 times).

4.2.3. Analysis of Specimen Failure Morphology

By observing the shell sand with exposed leakage at the damaged interface, it can be
seen that compared with river sand, the inner surface of shell sand is relatively smooth,
resulting in poor adhesion between shell sand and hydration products. As can be seen
from Figure 21, there is almost no slag base retained on the surface of the shell sand,
indicating that the bonding effect between the two is poor, thus forming an interface
bonding defect area.

Figure 21. Microscopic view of shell sand (magnified to 200 times).

As the shell sand replacement rate increases, the defect area between the shell sand
and the slag foundation increases, and the load inside the concrete is mainly borne by the
ceramsite. Then, the connection strength of the mortise and tenon structure between the
ceramsite, hydration products and unreacted slag is greater than the ceramsite itself. This
also explains that the damage to the specimens mentioned above is mostly caused by the



Buildings 2024, 14, 986 15 of 18

damage of the ceramsite. It also shows that one of the keys to improving the strength of
S-CLC is to increase the strength of the ceramsite.

4.2.4. Porosity Analysis at the Microscopic Level

Further analysis of the mechanical properties of ceramsite shell sand lightweight
aggregate concrete from a microscopic perspective (as shown in Figure 22) shows that
when the shell sand replacement rate is zero, there are gaps at the aggregate interface, the
concrete is not dense and there are pores. There are also scattered flakes and flocculated
calcium silicate hydrate (C-S-H) gel is discontinuous and not tightly bonded, resulting in
poor mechanical properties of concrete. When the shell sand replacement rate is 5%, the
concrete has good density, a small amount of dispersed and free flaky C-S-H gel and fine
cracks. Excellent density not only improves the mechanical properties of S-CLC but also
promotes its resistance to softening.
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When the shell sand replacement rate exceeds 10%, cracks gradually begin to appear
in S-CLC and develop rapidly as the shell sand content increases. Not only does it lead to
an increase in the loss of compressive strength after the concrete is saturated with water
and loses some of its anti-softening properties, it is also not conducive to the development
of mechanical properties.

In addition, microelectron microscopy further verified the shell–sand interface wall
effect; that is, the excess shell sand will increase porosity due to its flat shape. It was also
found that its planar shape interferes with particle accumulation, reducing the fluidity and
slump of concrete.

5. Conclusions

This paper draws the following conclusions from studying the impact of shell sand
with different replacement rates on the performance of S-CLC:

1. The influence of shell sand on the performance of S-CLC is bidirectional, directly
manifested by affecting the porosity. When the replacement rate of shell sand is less
than 5%, it can reduce the generation of various harmful pores inside the concrete.
However, when it exceeds this value, the effect will be the opposite.

2. When the substitution rate of shell sand is 5%, S-CLC has the highest compressive
strength, splitting tensile strength and flexural strength, reaching 37.5 MPa, 3.24 MPa
and 4.79 MPa, respectively. In terms of working performance, slump is 175 mm,
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porosity reaches the minimum value of 12.78% and the anti-softening coefficient
is 0.94.

3. The various micropores of the ceramsite itself can store a small amount of free water
and promote the subsequent hydration process, giving S-CLC a certain early strength.
Various hydration products and unreacted slag matrix will also be embedded in these
micropores, forming a mortise and tenon structure with high connection strength.

4. The inner surface of the shell sand is too smooth, which makes the bonding strength
between the shell sand and the hydration product weak, forming a bonding defect
area. In addition, the strength of the ceramsite itself is lower than the bonding strength
with the hydration products and slag matrix, so the stress damage of the specimen is
mostly caused by the damage of the ceramsite.

5. According to the above analysis of the “defect area” of the shell sand connection, the
special “mortice and tenon structure” between the ceramic particle and the gelled
product and the fracture morphology of the interface of the specimen, it can be seen
that appropriately increasing the strength of the ceramic particle itself may improve
the overall mechanical properties of S-CLC. Therefore, it can be used in non-key load-
bearing parts of building structures. In addition, S-CLC also has good thermal insula-
tion performance and corrosion resistance, making it a good application environment.
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