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Abstract

This study focuses on the core issue of sustainably utilizing shells to enhance the per-
formance of cement mortar. The influence of shell powder on the slump flow, setting
time, mechanical strengths, drying shrinkage rate and carbonation depth of cement mortar
is investigated. The flexural and compressive strengths of cement mortar incorporating
calcium formate after 12 h, 3-day and 28-day curing periods are examined. The effect of
basalt fibers on the attenuation of cement mortar’s mechanical properties (flexural and
compressive strengths) after NaCl freeze—thaw cycles is also studied. Scanning electron
microscopy-energy dispersive spectroscopy (SEM-EDS) is employed to elucidate the un-
derlying mechanisms. Results show that the slump flow, setting time and mechanical
strengths have cubic function relationships with the shell powder’s mass ratio, while the
drying shrinkage rate and carbonation depth follow quadratic function changes. Cement
mortar with 15% shell powder by mass of the total binder materials demonstrates the
highest slump flow and mechanical strengths. At this shell powder mass ratio, cement
mortar shows the lowest drying shrinkage rate and carbonation depth. Calcium formate
positively influences the 12-h mechanical strengths. After 3 days of curing, the mechanical
strengths of cement mortar with 0.3% calcium formate are the highest. The calcium carbon-
ate powder reduces the drying shrinkage rate of mortar and increases the content of Ca
and C elements. The mass ratio of calcium formate exhibits a negative correlation with the
cement mortar’s mechanical strengths after being cured for 28 days. The addition of basalt
fibers enhances resistance to chloride salt freeze-thaw and dry-wet alternations erosion
performance. These findings will provide a sustainable and effective strategy for utilizing
agricultural by-products in concrete structures.

Keywords: shell powder; slump flow; setting time; mechanical strengths; calcium formate;
basalt fibers; chloride salt

1. Introduction

Shells are calcified structures formed through secretions from specialized glandular
cells in mollusks, serving as a protective covering for their soft bodies. As natural and
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renewable resources, shells primarily consist of angular columnar calcium carbonate crys-
tals and organic substances [1,2]. In recent years, the disposal of large quantities of shell
waste from aquaculture and seafood industries has become a significant environmental
burden [3]. Current disposal methods include processing shells into animal feed, food addi-
tives, medicinal herbs and adsorbents, representing viable approaches for waste treatment
and pollution mitigation [4]. These applications remain limited in their capacity to handle
the vast quantities of shell waste generated annually [5]. Consequently, developing more
effective and scalable disposal methods represents an urgent necessity.

The production of cement-based materials heavily relies on non-renewable natural
resources. To reduce this dependence and promote a circular economy, shell powder, as a
typical agricultural waste product, has the potential to be used as an auxiliary cementitious
material or filler [6]. Therefore, the research of systematically evaluating the impact of
shell powder on the performance of cement mortar can provide a scientific basis for
its resource utilization, thereby reducing the consumption of primary minerals in the
construction industry.

Chen et al. [7] have reported that shell powder can effectively enhance the freeze
resistance of cement concrete. Jeong et al. [8] have found that 10% shell powder by mass
of binder materials can increase the cement concrete’s slump by up to 2.6%. Moreover,
the shell powder has been proven to reduce cement concrete’s total pore volume by 25%.
Nagqi et al. [9] have found 6% calcined oyster shell powder increases the 3-day compressive
strength by 60%, maintains comparable 28-day strength and slightly improves long-term
performance (7% at 91 days), attributing its role in promoting hydration and refining
pore structure. However, prior research indicates that excessive shell powder application
may cause calcium ion enrichment and inhibit hydration reactions, leading to reduced
mid-term strength [10]. Jing et al. [11] report that the shell powder can increase the
mechanical strengths of potassium magnesium phosphate cement-based material when its
mass ratio is lower than 30%. However, the shell powder with a mass ratio of higher than
30% exhibits detrimental effects on the potassium magnesium phosphate cement-based
material’s mechanical strengths [12]. Although several studies have investigated shell
powder concrete, limited research has addressed the corrosion behavior of shell powder
cement-based materials in chloride environments [13-15]. Furthermore, no precedent exists
for using early-strength agents in shell powder cement-based materials to develop rapid-
repair materials. Calcium formate, a common early-strength agent for silicate cement-based
materials, has been shown to significantly enhance compressive strengths [16-18]. As
pointed out in a previous study, the calcium formate can increase the compressive strengths
of silicate cement concrete by rates of up to 16.6% [19]. Nevertheless, the influence of
calcium formate on the properties of shell powder cementitious materials has received
limited research attention.

So far, several kinds of fibers (steel fibers, polypropylene fibers and carbon fibers)
are employed for the reinforcement of cement concrete [20]. The steel fibers significantly
enhance the mechanical strengths and durability of cement-based materials. However, steel
fibers are susceptible to corrosion when the reinforced materials are exposed to chloride-
rich environments [21,22]. Other fibers, such as polypropylene fibers and carbon fibers,
demonstrate limited effectiveness in enhancing the mechanical and durable properties of
cement-based materials [23]. The basalt fibers were used as reinforced fibers in cement-
based materials, due to their natural, pollution-free, strong compatibility with concrete,
and easy dispersion in cement-based materials [24].

This study systematically investigates the fluidity, setting time and mechanical
strengths of shell powder cement mortar at 3-day and 28-day curing ages. It further
examines the influence of calcium formate on the mechanical strengths at 12 h, 3-day and
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28-day curing periods and evaluates the effect of varying volume ratios of basalt fibers
on mechanical performance. The drying shrinkage rate and carbonation depth of cement
mortar with 5~40% shell powder are measured. The mechanisms underlying these prop-
erty variations are elucidated through scanning electron microscopy—energy dispersive
spectroscopy (SEM-EDS) analysis.

2. Materials and Methods
2.1. Raw Materials

The shell powder and ultra-fine silica powder used in this study were supplied by
Shanghai Shengtongwei Trading Co., Ltd., Shanghai, China. The shell powder showed a
specific surface area and density of 10,500 m?/kg and 2.6 g/cm3. Meanwhile, the specific
surface area and density of this ultra-fine silica powder were 14,800 m? /kg and 2.2 g/cm?.
The ordinary Portland cement (P-O) used in this study was supplied by Zhejiang Huier
Cement Co., Ltd., Quzhou, China, showing a compressive strength grade of 42.5 MPa. This
cement exhibited an initial setting time of 113 min, a final setting time of 215 min, a density
of 3.04 g/cm? and a specific surface area of 321 m?/kg. Quartz sand with particle sizes of
(0.68-1.21) mm, (0.33-0.61) mm and (0.14-0.31) mm, sourced from the mineral processing
facility of Henan Lianxin Activated Carbon Co., Ltd., Gongyi, China, was utilized as
aggregate in this research. To regulate the flowability of fresh cement mortar, a pale yellow
polycarboxylic water-reducing agent with a 41.2% water-reducing capacity was employed.
Solid content and density of concrete water-reducing agent were 23.1% and 1.07 g/cm?,
respectively. The standards for ultra-fine silica powder, ordinary Portland cement and
concrete water-reducing agent were in accordance with GB/T 27690-2023, GB 175-2023,
GB/T 14684-2022 and GB 8076-2008 [25-28].

The physical properties, chemical composition and particle size distribution of the
powder materials were presented in Tables 1-3, respectively. The particle size distribution
of the raw materials is presented in Figure 1.
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Figure 1. Particle size distribution of the raw materials.
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Table 1. Physical and basic properties of the raw materials.

Specific Surface  Density Compressive Strength  Initial Setting  Final Setting

Material Area (m?/kg) (g/cm3) Grade (MPa) Time (min) Time (min)
Shell powder 10,500 2.6 - - -
P-O cement 321 3.04 42.5 113 215
Silica fume 14,800 2.2 - - -
Quartz sand - - 2.65 - -
Water-reducing agent - - 1.07 - -

Table 2. The particle size distribution of the cementitious materials (%).

Particle Size/um

Types
0.3 0.6 1 4 8 64 360
Shell powder 0.15 7.2 23.8 721 83.2 97.3 100
P-O cement 0.09 0.31 2.59 14.96 28.44 92.66 100
Silica fume 31.01 57.97 81.66 100 100 100 100
Quartz sand 0 0 0 0 0.04 20.81 100

Table 3. The chemical composition of cementitious materials (%).

. L
Types SiO, AlLO; Fe,Oy MgO CaO SO; KO NaO Ca,CO; P,0s Ig‘fisﬁ‘(’;‘l
Shell powder 049  0.53 - 0.32 - 021 052 0.54 95.03 0.32 2.02
P-Ocement 2061 551 377 178 6245 276 - - - - 3.12
Silica fume 9076 022  0.62 021 043 021 754 - - - -
Quartzsand  99.73 - 0.27 - - - - - - - -

2.2. Samples Manufacturing

The mixing proportions of the cement mortar specimens are detailed in Table 4. Fresh
cement mortar was prepared using a UJZ mixer supplied by Beijing Luda Instrument
Manufacturing Factory (Beijing, China). The water-to-binder (w/b) ratio was maintained
at 0.40 for the mixtures. All powder materials (the specified dosages of shell powder
and calcium formate, according to Table 3) were first introduced into a UJZ-15 mixer and
agitated at 60 r/min for 1 min. For mixtures containing basalt fibers, the fibers were added at
the beginning of the first minute to ensure uniform dispersion. Subsequently, the uniformly
blended solution containing the water-reducing agent and water was introduced and mixed
at a mixing speed of 80 r/min for an additional 210 s. This mixing procedure was conducted
in accordance with the Chinese standard JGJ /T 70-2009 [29]. Following the mixing process,
the fresh cement mortar was immediately used for slump flow measurement according
to the Chinese standard GB/T 2419-2005 [30]. After evaluating the fluidity, specimens
measuring 40 x 40 x 160 mm? were cast according to GB/T 17671-2021 [31] for determining
flexural strengths, compressive strengths and drying shrinkage rate.
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Table 4. Shell powder cement mortar mixing proportions (kg/ m?).
Water- Shell
Water P-O Cement Shell Powder Silica Fume Quartz Sand Powder/Total
Reducer . .
Binder Materials
370.4 740.7 0 185.2 977.9 3.7 0%
3704 703.66 37.04 185.2 977.9 3.7 5%
3704 666.63 74.07 185.2 977.9 3.7 10%
3704 629.69 111.11 185.2 977.9 3.7 15%
370.4 592.56 148.14 185.2 977.9 3.7 20%
370.4 555.52 185.18 185.2 977.9 3.7 25%
370.4 518.49 222.21 185.2 977.9 3.7 30%
3704 481.45 259.25 185.2 977.9 3.7 35%
370.4 444.42 296.28 185.2 977.9 3.7 40%

2.3. Measuring Methods
2.3.1. The Slump Flow and the Setting Time

The NLD-3 jumping-table apparatus produced by Beijing Zhongke Lujian Instrument
Equipment Co., Ltd., Beijing, China, was employed to measure the slump flow of fresh
cement mortar. The fresh cement mortar was added to the round platform with a height of
60 mm, upper inner diameter of 70 mm and lower inner diameter of 100 mm in two layers.
After the addition, the mold was lifted vertically. Then, the mortar needed to be vibrated 25
times at a frequency of 1 Hz with the NLD-3 jumping table. Finally, the maximum diameter
and its perpendicular diameter of the spread mortar were measured. The average value of
the two diameters was taken as the slump flow. Slump flow determination followed the
Chinese standard GB/T2419-2005 [30]. The setting time of cement mortar was determined
using the ZKS-100 mortar setting time tester manufactured by Wuxi Jianyi Instrument
Machinery Co., Ltd., Wuxi, China, equipped with a test needle having a cross-sectional
area of 30 mm?. The instrument applied pressures of 0.3 MPa and 0.7 MPa to determine
the initial and final setting times, respectively. The detailed measurement procedures of
slump flow and setting time were conducted in accordance with the Chinese standard
JGJ/T 70-2009 [29].

2.3.2. The Mechanical Strengths and Dry Shrinkage Rate

Specimens for mechanical strength testing were cured under standard conditions (a
temperature of 20 & 2 °C and a relative humidity of 98.4%). The detailed process was
described as follows. A three-point bending test was conducted using a carbon material
bending apparatus (Shanghai Hualong Testing Instrument Co., Ltd., Shanghai, China). The
specimen was placed on two supporting rollers with a span of 100 mm. A concentrated
load was applied at the mid-span through a loading roller at a constant loading rate of
0.05 kN /s until failure. Immediately after the flexural test, the two broken halves of each
specimen were used for the compressive strength test. Each half was placed centrally in
a compression testing fixture (Shanghai Hualong Testing Instrument Co., Ltd.) with a
40 x 40 mm? loading area. A uniaxial compressive load was applied at a constant rate
of 2.4 kN /s until failure. The mechanical performance evaluation of cement mortar was
selected based on both the early performance and the long-term design standards: the 3-day
compressive strength was used to reflect the early performance related to the construction
progress, and the 28-day compressive strength was taken as the benchmark indicator for
long-term structural design. This selection method complied with the requirements of the
standard test specification (GB/T 17671-2021 [31]).

The drying shrinkage rate was measured according to the following procedure. Firstly,
the specimens with a size of 40 x 40 x 160 mm? were installed on the drying shrinkage
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test rack, and the drying shrinkage value was collected by the Mitutoyo original Japanese
Sanfeng digital altimeter gauge measuring instrument digital micrometer, provided by New
Sanfeng Precision Measuring Tool Enterprise Store, Shanghai, China. The dry shrinkage
rate was conducted in accordance with the Chinese standard JC/T 603-2004 [32].

2.3.3. Chloride Salt Erosion

In the NaCl erosion experiments, all specimens were immersed in the 3% NaCl solution
for 4 days after being cured in a standard environment for 24 days. Following immersion,
the specimens were placed in airtight freeze-thaw containers (stainless-steel) filled with 3%
NaCl solution, which were then loaded into a TRDF-2 fully automatic rapid freeze—thaw
test chamber (Tianjin Huida Test Instrument Co., Ltd., Tianjin, China). The freeze-thaw
cycling process was subsequently initiated. Each rapid freeze-thaw cycle was completed
within 2 h to 4 h, with temperatures ranging from —20 °C to 20 °C. All processes were
carried out in accordance with the standard GB/T 50082-2024 [33].

In the NaCl dry-wet alternation experiment, the specimens were immersed in NaCl
solution following the same procedure as used for the NaCl freeze—thaw cycles. Following
the soaking process, the specimens were relocated to an LSB concrete corrosion resistance
dry-wet cycle tester (manufactured by Suzhou Donghua Experimental Instrument Co., Ltd.,
Suzhou, China). Each dry-wet cycle consisted of immersing the specimens in NaCl solution
for 8 h, followed by wiping their surfaces dry with a cloth. Thereafter, the specimens were
subjected to drying at 80 °C for 36 h, followed by a 2 h cooling period. The mechanical
strengths were measured per 100 NaCl dry—-wet alternations. Detailed procedures followed
the aforementioned methodology.

2.3.4. Microscopic Experimental Process

To achieve the microscopic structure analysis at the nanoscale and the precise corre-
spondence of micro-area chemical composition, further screening and processing were
carried out from the previously prepared particles to obtain ellipsoidal samples with a
maximum diameter of less than 0.5 mm. These samples were cleaned and thoroughly dried,
and then underwent gold spraying treatment under vacuum conditions to form a uniform
conductive film, ensuring stable imaging under high-energy electron beams.

Subsequently, the sample was placed in the sample chamber of the SEM4000Pro
field emission scanning electron microscope (produced by Beijing Zhongke Keqi Co., Ltd.,
Beijing, China). This equipment was operated under typical working parameters (such
as an acceleration voltage set at 15 kV, a beam current of approximately 1 nA, and a
working distance maintained at around 10 mm) to balance high-resolution imaging and
effective X-ray excitation. Under these conditions, a combined analysis of scanning electron
microscopy—energy dispersive spectroscopy (SEM-EDS) was conducted. The specimens
preparation and experimental process are presented in Figure 2.
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Figure 2. Specimen preparation and experimental process.

3. Results and Discussion
3.1. Fluidity and Setting Time

Figure 3 presents the slump flow of fresh cement mortar with varying shell powder

contents. As shown, the slump flow of cement mortar varies in the form of cubic functions

with the mass ratio of shell powder. The cement mortar with 15% shell powder achieves

the maximum slump flow. The added shell powder can increase the slump flow by up

to 7.7%. The error bars, representing the standard deviation derived from sextuplicate

measurements, do not exceed 8% of the corresponding mean values, indicating good

repeatability of the experimental data. This behavior can be attributed to the spherical

morphology of shell powder particles, which enhances slump flow at incorporation rates

of 0-15% [16]. However, when the mass ratio of shell powder increases from 15% to 40%,
the slump flow decreases by 2.8~17.6%. This is ascribed to the fact that the shell powder
possesses a higher specific surface area than the cement [34]. Hence, the shell powder

reduces the fresh cement mortar’s fluidity.
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N
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Figure 3. The slump flow of fresh cement mortar with shell powder.
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The initial and final setting times of cement mortar with varying mass ratios of shell
powder are displayed in Figure 4. As depicted in Figure 4, the initial and final setting time
of cement mortar grow as cubic functions. The initial setting time ranges from 48.8% to
58.2% of the final setting time. The error bars remain within 3.9~7.3% of the actual values of
the initial and final setting time. The addition of shell powder by a mass ratio of 5~40% can
increase the initial and final setting time by 12.5~103.8% and 15.0~78.0%. This retardation
effect is attributed to the lower hydration activity of shell powder compared to cement [35].

400
350 L = Initial setting time
®  Final setting time
£ 300
)
‘é’ 250 |
fo T=5.42x10"*m>-0.11m?+7.35m+199.41
£200 R?=0.99
B
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150 F
T=-1.22x10°m3+0.02m%+3.7m+96.98
100 R?=0.99
1 " 1 1 " 1 " 1 " 1 " 1 " 1 " 1

-5 0 5 10 15 20 25 30 35 40 45
Mass ratio (%)

Figure 4. The setting time of cement mortar with shell powder.

3.2. The Mechanical Strengths

Figure 5 displays the flexural and compressive strengths of cement mortar with
different shell powder mass ratios. As shown, the mechanical strengths of cement mortar
vary in the form of cubic functions with the mass ratio of shell powder. Cement mortar with
15% shell powder demonstrates the maximum mechanical strength. The 3-day flexural
strengths and 3-day compressive strengths of cement mortar are 50~59.8% and 40.1~44.4%
of the 28-day flexural strengths and 28-day compressive strengths. The error bars of the
mechanical strengths are 2.8~7.4% of the real mechanical strengths, which ensures the
precision of the experiment. The added shell powder at a mass ratio of 15% enhances
the 3-day flexural strength, 3-day compressive strength, 28-day flexural strength and 28-
day compressive strength by up to 32.7%, 24.5%, 19.5% and 19.8%. This improvement
arises because the shell powder optimizes the particle size distribution of cementitious
materials, thereby increasing the mechanical strengths of shell powder cement mortar [36].
Moreover, the shell powder interacts with calcium sulfate hemihydrate, forming more
compact hydration products [37]. Therefore, the mechanical strengths are decreased when
the mass ratio of shell powder is higher than 15%. Excessive addition of shell powder
causes an increase in calcium ion concentration, which inhibits the hydration of cement [38].
When calcium ions are excessively enriched in a local or overall solution, it significantly
increases the ionic strength of the solution, through the like-ion effect, inhibiting the
further dissolution of calcium ions in cement minerals (such as C3S and C3A), thereby
fundamentally slowing down the supply of hydration reactants [39].
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Figure 5. The mechanical strengths of cement mortar with shell powder.

Figure 6 presents the mechanical strengths of cement mortar with different calcium
formate mass ratios after 12 h, 3-day and 28-day curing periods. As found in Figure 6, the
mechanical strengths vary in the form of cubic functions with the mass ratio of the calcium
formate. When the specimens are cured for 12 h, the mechanical strengths increase with
the addition of calcium formate. The calcium formate with the mass ratio of 0~0.8% can
increase the 12 h-flexural strength and 12 h-compressive strengths by 62.5~287.5% and
18.6~130.2%. This improvement is attributed to the accelerating effect of calcium formate on
Portland cement setting, which enhances early-age strength development [40]. Specimens
with 0.3% calcium formate show the highest mechanical strengths when the specimens
are cured for 3 days. At this curing age, the calcium formate can increase the flexural and
compressive strengths by up to 18.4% and 13.9%. Meanwhile, the calcium formate at a mass
ratio of 0.8% can decrease the flexural and compressive strengths by rates of up to 6.1% and
11.1%. The added calcium formate decreases the flexural and compressive strengths by
rates of up to 46.4% and 35.5%. This can be explained by the fact that the calcium formate
can promote the setting of cement, leading to an increase in early hydration heat and cracks,
which in turn results in a decrease in its later strength [41]. The error bars are all less than
9.4% of the actual mechanical strengths, confirming experimental accuracy.

3.3. The Drying Shrinkage

Figure 7 presents the drying shrinkage rate of shell powder cement mortar with
different shell powder mass ratios. As shown, the dry shrinkage rate of cement mortar
decreases in the form of a quadratic function. In total, 5~40% of shell powder by mass ratio
of the total binder materials can decrease the dry shrinkage rate by rates of 1.65~10.99%
and 4.49~12.46%. This can be attributed to the fact that the shell powder can reduce the
hydration degree of cement, thus reducing the dry shrinkage rate of the cement mortar [42].
The dry shrinkage rate increases by 54.2~58.8% when the curing age increases from 3 days
to 28 days. This increase occurs because specimens cured for 28 days attain a higher
hydration degree compared to those cured for 3 days, resulting in greater drying shrinkage.
The addition of shell powder can reduce the drying shrinkage rate of cement mortar by up
to 12.5%.
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Figure 6. The mechanical strengths of shell powder cement mortar with calcium formate.
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Figure 7. The dry shrinkage rate of shell powder cement mortar with different mass ratios of shell
powder.

3.4. The Carbonation Depth

The carbonation depth of cement mortar with different mass ratios of shell powder is
shown in Figure 8. As found in this part, the carbonation depth decreases in the form of
quadratic functions when the mass ratio increases from 0% to 15%. Due to the improved
grading and hydration degree, the mortar becomes more compact [43]. Therefore, the per-
meability of CO, into cement mortar is decreased, leading to a decrease in the carbonation
depth. Meanwhile, when the mass ratio increases from 15% to 40%, the carbonation depth
increases. This is because the excessive mass ratio of shell powder exhibits a negative effect
on the hydration degree, resulting in a reduction in hydration products’ compactness and
increasing the carbonation depth [44]. The addition of shell powder can reduce the drying
shrinkage rate of cement mortar by up of rates 24.6%.
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Figure 8. The carbonation depth of cement mortar with different mass ratios of shell powder.

3.5. Mechanical Strengths After NaCl Erosion

Figure 9 presents the flexural and compressive strengths of cement mortar after expo-
sure to different numbers of NaCl freeze—thaw cycles. As shown in Figure 9, the mechanical
strengths increase in the form of cubic functions with the volume ratios of basalt fibers.
With 0, 100, 200 and 300 freeze—thaw cycles, the flexural strengths increase by 1.28~32.05%,
10.93~53.12%, 20.75~79.24% and 26.19~111.90%, respectively, at basalt fiber volume ratios
of 0.5~3%. Under the same conditions, the compressive strengths improve by 4.06~21.22%,
9.81~38.42%, 16.03~54.17% and 17.23~74.91%. This enhancement is attributed to the bridg-
ing effect of basalt fibers in the cement mortar, which delays the degradation of mechanical
properties under freeze-thaw cycles [45]. Conversely, the flexural strengths decrease by
4.85-17.95%, 7.77-32.05% and 13.59-46.15% after 100, 200 and 300 freeze-thaw cycles,
while the compressive strengths decline by 5.40-17.16%, 10.42-29.57% and 13.04-39.73%,
respectively. These reductions result from the expansion of internal cracks caused by crys-
tallization pressure and frost heave stress during freeze—thaw cycles [34]. The error bars
remain within 3.33-8.46% of the actual mechanical strengths, confirming the reliability of
the experimental data. The exceptional resistance of the mortar to 300 NaCl freeze-thaw
cycles is attributed to the synergistic interaction between shell powder and basalt fibers.
The incorporation of shell powder refines the pore structure through micro-filling and nu-
cleation effects, significantly reducing the content of freezable water and the permeability of
the matrix, thereby mitigating the driving forces of frost damage and salt crystallization [46].
Simultaneously, the well-dispersed basalt fibers form a three-dimensional network that
effectively bridges micro-cracks induced by cyclic stresses, preventing their propagation
into critical macro-cracks [47].

Figure 10 displays the mechanical strengths of cement mortar with different basalt
fiber volume ratios after exposure to varying numbers of NaCl dry-wet alternations. As
shown, the mechanical strengths of cement mortar vary in the form of cubic functions
with the basalt fibers” volume ratio. The incorporation of 0.5-3% basalt fibers enhances the
flexural strengths by 1.28-32.05%, 15.79-63.16%, 19.57-86.96% and 18.42-118.42% after 0, 10,
20 and 30 dry-wet alternations, respectively. Correspondingly, the compressive strengths
increase by 4.06-21.21%, 13.83-48.55%, 17.98-70.79% and 22.33-91.63% under the same
conditions. This improvement stems from the crack-bridging capability of basalt fibers,
which restricts crack propagation in the cement matrix under dry-wet cycling. However,
the flexural strengths decreased by rates of 9.71~26.92%, 16.50~41.03% and 19.42~51.28%
after 10, 20 and 30 NaCl dry-wet alternations. Meanwhile, the corresponding compressive
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strengths are decreased by rates of 13.97~29.80%, 15.08~39.73% and 23.28~51.47%, when
the number of NaCl dry—wet alternations is 10, 20 and 30. These reductions are attributed
to the cyclic crystallization stress developed during the dry—wet alternation process [48].
The error bars are 3.33~9.17% of the real values of mechanical strengths, indicating the
experimental accuracy.
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Figure 10. The mechanical strengths of shell powder cement mortar with basalt fibers after suffering
different numbers of NaCl dry-wet alternations.

3.6. Microscopic Results

Figure 11 presents the scanning electron microscopy—energy dispersive spectroscopy
(SEM-EDS) results of cement mortar containing varying dosages of shell powder, cured
under standard conditions for 28 days.
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Figure 11. SEM-EDS of cement mortar with different dosages of shell powder.

The EDS spectra consistently detect the presence of calcium (Ca), oxygen (O), car-
bon (C), iron (Fe), silicon (Si) and chlorine (Cl) across all samples. This trend is a direct
consequence of the primary chemical composition of shell powder (calcium carbonate
(CaCO0s3)) [49]. The incorporation of shell powder, therefore, acts as an external source
of both calcium and carbon ions, enriching the cement matrix with these elements. Fur-
thermore, the detection of trace chlorine (Cl) can be attributed to the natural history of
the shell feedstock. Shells harvested from marine environments undergo prolonged im-
mersion in seawater, leading to the adsorption and retention of chloride ions within their
porous structure [50]. This explains the persistent, albeit weak, Cl signal observed in the
EDS analysis.

The corresponding SEM micrographs in Figure 11 reveal distinct morphological fea-
tures of the hydration products. A mixture of needle-like (likely ettringite) and flocculent
(typical of calcium silicate hydrate, C-S-H) phases is identified, which aligns with the
common microstructure of hydrated Portland cement systems [51]. More critically, the
microstructural density shows a clear dependency on the shell powder dosage. At lower
incorporation levels (5% to 15%), the shell powder particles act as effective micro-fillers and
nucleation sites, promoting the formation of a more abundant and densely packed C-S-H
gel, as seen in the increasingly consolidated matrix from Figure 11a—c. This refinement
effect is well-documented for fine CaCO; fillers, which accelerate cement hydration and
refine pore structure [52]. However, beyond an optimal threshold (15% in this study),
excessive shell powder appears to dilute the cementitious components and may disrupt the
cohesive formation of hydration products. As observed in Figure 11d, the microstructure at
20% shell powder content appears slightly more porous and less uniform compared to the
15% specimen. The summary of microscopic results is presented in Table 5.
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Table 5. Summary of microscopic results.

Analysis Dimension

Observation Results and Conclusions

Major element
Key element changes

Changing reason

Source of chlorine element

Microstructure

Ca, O, C, Fe, Siand Cl
The addition of shell powder increases the content of calcium and carbon.
The main component of shell powder is calcium carbonate. It introduces
additional calcium and carbon into the cement matrix.
The shells were soaked in seawater for a long time before use, resulting in
residual chloride ions in the powder.
Observed needle-like and flocculent hydrolysis products.
When the content of shell powder is between 5% and 15%, the density of the

Structural compactness change  hydration product increases; when it is between 15% and 20%, the density

decreases.
The specimens with a 15% admixture content had the highest density of

Optimal performance point hydration products, and the mechanical properties reached the optimal level at

this admixture content.

4. Conclusions

This study investigates the properties and chloride salt erosion resistance of shell
powder cement mortar. The main findings are summarized as follows.

(1) The slump flow and the setting time of fresh shell powder cement mortar vary in
the form of cubic functions with the mass ratio of shell powder. When the shell powder is
within the range of 5% to 40%, the fluidity increases, with the maximum increase being
7.7%, but the setting time has been significantly prolonged.

(2) The correlation between the shell powder cement mortar’s mechanical strengths
and the mass ratio of shell powder coincides with cubic functions. Cement mortar con-
taining 15% shell powder shows the highest mechanical strengths. At this dosage, the
3-day flexural strengths, 3-day compressive strengths, 28-day flexural strengths, and 28-
day compressive strengths increase by up to 28.9%, 24.9%, 15.5% and 14.2%, respectively.
However, excessive addition will reduce the strength of the cement due to the inhibition
of its hydration process. The relationships between the drying shrinkage and carbonation
depth conform to quadratic functions. Shell powder helps to reduce the drying shrinkage
rate and carbonation depth of the mortar. Cement mortar with 15% shell powder exhibits
the lowest drying shrinkage and carbonation depth.

(3) As an early-strength agent, calcium formate can significantly enhance the ultra-early
(12 h) strength of mortar (with the compressive strength increasing by up to approximately
130%), but it has a negative impact on the long-term strength at 28 days. But the added
basalt fibers enhance both the mechanical strengths and chloride salt erosion resistance of
the calcium formate cement mortar.

(4) Microscopic analysis indicates that the incorporation of calcium formate increases
the calcium and carbon content in cement mortar. At a 15% concentration, the hydration
product has the densest structure, which is consistent with the optimal performance of
macroscopic mechanical properties and durability. In conclusion, by blending 15% of shell
powder with an appropriate amount of basalt fiber, the mechanical properties of cement
mortar can be enhanced and the durability against chloride salt erosion can be improved.
When using cement mortar containing 15% shell powder, calcium formate can meet the
early strength requirements for rapid repair. This research provides a reliable theoretical
basis and practical ratio guidance for the large-scale and high-value resource utilization
of shell waste. The research results can be directly applied to the production of building
materials in coastal areas, the repair of engineering structures in corrosive environments,
and the development of high-performance ecological mortars required for green buildings,
demonstrating significant environmental benefits and engineering application prospects.
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