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Abstract: Recycling crushed waste oyster shells (WOS) as a fine aggregate is an attractive method
of disposal. However, its use in geopolymer mortar has not been reported. The influence of PVA
fibres on the engineering properties of the new geopolymer mortar is still unclear. To bridge the gap,
this study investigated the influence of various PVA fibre contents (0–1.05 vol%) on the flowability,
compressive, flexural strengths, drying shrinkage, sorptivity, chloride resistance, porosity, fibre
dispersion, embodied CO2 emissions (ECO2e), and embodied energy (EE) of the geopolymer mortar.
The results indicated that the inclusion of 0.15–1.05 vol% of PVA fibres improved the flexural strength
by 10.10–42.31% and reduced the drying shrinkage by 13.37–65.79%. The flowability and compressive
strength decreased by 10.78–34.28% and 7.50–27.65%, respectively, but they were sufficient for
construction. The sorptivity increased by 1.45–15.16%, and the chloride resistance decreased by
15.09–56.35%, but the geopolymer mortar was still classified as low chloride penetrability. In summary,
the optimal content of PVA fibres is 0.45 vol%, and the geopolymer mortar has good engineering
properties and eco-efficiency. The cost analysis and high-temperature resistance of the geopolymer
mortar are neglected in this study, which should be evaluated in future work.

Keywords: geopolymer mortar; waste oyster shells; PVA fibre; engineering properties

1. Introduction

Oysters are a common aquatic product. In 2010, China’s oyster shell production
reached 5 million tons [1]. The global quantity of waste oyster shells (WOS) is about
200,000 million tons per year [2]. However, a tiny fraction of the enormous WOS is recycled
(e.g., fertilisers and handicrafts), and most of the waste is buried in landfills or discarded in
fields, which causes odours and sewage, contaminates soils, and breeds mosquitoes and
flies [2,3]. It is necessary to recycle WOS in a sustainable way.

Recycling industrial and natural wastes to produce sustainable construction materials
has attracted a lot of attention for a decade [4,5]. For instance, palm kernel shells [6], palm
oil fuel ash [7], recycled concrete [8], rubber tires [9], and recycled asphalt [10] are used as
alternatives for aggregates. Crushed WOS also have a lot of potential as an aggregate in
cement mortar and concrete. [1,3,11,12]. WOS aggregates have the following benefits of
sustainability relative to river sand. First, the excessive mining of river sand causes the
instability of the riverbed and increases drought risk [13]. The partial replacement of river
sand with WOS aggregates reduces the consumption of river sand and mitigates the risk.
Second, the use of WOS aggregates reduces the energy consumption and CO2 emissions
caused by the mining of river sand. Third, recycling WOS as a fine aggregate prevents
odours, sewage, and soil contamination caused by its discarding.
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On the other hand, wheat straw ash [14], oil shale ash [15], silica fume [16], and kaolin
deposits [17] are used to partially replace ordinary Portland cement (OPC). However, the
production of OPC causes high CO2 emissions and energy consumption, which is caused by
the de-carbonation reaction of limestone at 1400–1500 ◦C [18]. Geopolymer is a sustainable
and feasible alternative for OPC. Industrial wastes, granulated blast-furnace slag (GBFS)
and fly ash (FA) are often used to produce geopolymer via the alkali-activated reaction
(AAR). Geopolymer has been proved to perform better than OPC in terms of mechanical
properties [19,20] and durability [21,22].

Geopolymer mortar is known to have higher drying shrinkage than cement mortar.
Brittleness is another disadvantage of geopolymer mortar. Since PVA fibers are significantly
stable in alkaline environments and have a higher elastic modulus than other fibers [23],
previous studies have proposed the inclusion of polyvinyl alcohol (PVA) fibres to minimise
these two drawbacks. For instance, Xu et al. [24] stated that the inclusion of 0.5–2.0 vol% of
PVA fibres significantly improved the toughness of geopolymer composites, but the optimal
content of PVA fibres was not revealed. Zhang et al. [25] stated that 0.8 and 1.2 vol% of
PVA fibres exhibited the highest compressive and flexural strengths of geopolymer mortar
containing 100% river sand, respectively. However, the influences of these two contents
on chloride resistance, sorptivity, porosity, and fibre dispersion were not investigated. In
similar studies [26–28], the optimal content of PVA fibres was also neglected in terms of
these properties.

In addition, Xu et al. [29] stated that the optimal content (0.4 vol%) of PVA fibres
significantly controlled the drying and autogenous shrinkage of geopolymer mortar con-
taining 100% river sand. However, the influence of this content on other durability was not
reported. Wang et al. [30] and Al-mashhadani et al. [31] also stated that the inclusion of 0.4,
0.8, 1.0, 1.2, 1.5, and 2.0 vol% of PVA fibres decreased the drying shrinkage of geopolymer
mortar containing 100% river sand. However, chloride resistance, sorptivity, porosity, and
fibre dispersion were not investigated in these studies.

Previous studies have focused on the mechanical properties and drying shrinkage
of the conventional PVA fibre-reinforced geopolymer mortar containing 100% river sand.
The use of WOS to replace river sand has also been reported in cement mortar. However,
recycling WOS aggregates in PVA fibre-reinforced geopolymer mortar has not yet been
revealed. Due to the lack of experimental evidence, the influence of PVA fibres on the
mechanical properties and drying shrinkage of the new geopolymer mortar is still unclear.
Moreover, the chloride resistance, sorptivity, eco-efficiency, porosity, and fibre dispersion of
the new geopolymer mortar are also unknown.

To resolve these uncertainties, this study investigated the influence of different PVA
fibre contents (0, 0.15, 0.30, 0.45, 0.60, 0.75, 0.90, and 1.05 vol%) on the flowability, com-
pressive, flexural strengths, drying shrinkage, sorptivity, chloride resistance, porosity, fibre
dispersion, embodied CO2 emissions (ECO2e), and embodied energy (EE) of the geopoly-
mer mortar containing WOS aggregates. This study first time reports the engineering
properties and eco-efficiency of the new geopolymer mortar. It promotes the recycling of
WOS and results in sustainable construction materials.

2. Materials and Methods
2.1. Materials

As precursors (aluminosilicate materials), commercial GBFS and FA (Class F) were
employed. They were sourced from Huiding Environmental Technology Co., Ltd., China.
Table 1 shows their chemical compositions. The basicity coefficient of GBFS was 0.96, and
its hydration modulus was 0.90. In addition, Table 2 lists the mechanical and physical
characteristics of PVA fibres. The PVA fibres were sourced from Tianyi Engineered Fibres
Co., Ltd., Jintan City, China.
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Table 1. Chemical Constituents of FA and GGBFS (wt%).

Constituents FA GBFS

Fe2O3 0.42 6.49
CaO 5.2 38.23
MgO 2.35 5.66
Al2O3 26.98 14.01
SiO2 61.54 35.1

Na2O 0.2 0.1
K2O 0.15 0.07
TiO2 0.05 -
MnO - 0.17
LOI 2.88 0.49

Table 2. Characteristics of PVA Fibres.

Characteristics Values

Tensile strength (MPa) 1466.55
Modulus of elasticity (GPa) 36.98

Elongation at dry breaking (%) 7
Length (mm) 12 ± 0.5

Diameter (µm) 200
Resistance to hot water (◦C) ≥104

Specific weight 1.3
Water contact angle (◦) 81.5

As fine aggregates, crushed WOS and river sand were used in the geopolymer mortar.
The WOS was sourced from a local landfill. Discarded oyster shells were crushed to produce
WOS aggregates, and undesirable wastes and organics were removed. The gradation
curves of river sand and WOS aggregates are shown in Figure 1. According to GB/T
14684-2011 [32], they met the gradation requirements for construction sand.
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Alkaline activators were the mixed NaOH and Na2O·2.25SiO2 solutions. They were
sourced from Huiding Environmental Technology Co., Ltd., China. The NaOH solution
was fabricated using NaOH pellets with a class of analytical reagents, and its concentration
was 8 mol/L. The commercial sodium silicate solution had 56.26% of H2O, 29.99% of SiO2,
and 13.75% of Na2O.

2.2. Mixing, Casting, and Curing

Table 3 shows the mix proportions, and they were based on the references [33,34].
The PVA fibre content was 0, 0.15, 0.30, 0.45, 0.60, 0.75, 0.90, and 1.05 vol%. The ratio of
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NaOH to Na2O·2.25SiO2 was 0.5, and the two solutions were mixed and cooled. The ratio
of activators to precursors was 0.6, and that of fine aggregates to precursors was 1.6. The
replacement ratio of river sand with WOS aggregates was 20%, which was recommended
by Liao et al. [1] and Liu et al. [3].

Table 3. Mix Proportions of F15–F105.

Mix ID FA
(kg/m3)

GBFS
(kg/m3)

SH
(kg/m3)

SS
(kg/m3)

Sand
(kg/m3)

WOS
(kg/m3)

PVA Fibre
(vol%)

F0 481 207 138 276 880 220 0
F15 481 207 138 276 880 220 0.15
F30 481 207 138 276 880 220 0.30
F45 481 207 138 276 880 220 0.45
F60 481 207 138 276 880 220 0.60
F75 481 207 138 276 880 220 0.75
F90 481 207 138 276 880 220 0.90
F105 481 207 138 276 880 220 1.05

The prepared GBFS, FA, and fine aggregates were pre-mixed for 3 min, and the
activator solution was then added. The PVA fibres were dispersed into the mixture, which
was followed by another 4 min of mixing. Surface-oiled moulds were filled with the
resulting fresh mixture and vibrated for compaction. The specimens were cured until test
ages at 20 ± 1 ◦C and 60 ± 5% relative humidity.

2.3. Test Methods
2.3.1. Flowability

The flowability of the mixture was investigated using the flow table test based on
GB/T 2419-2005 [35]. The mixture was manually compacted based on the procedures in the
code. Immediately after the flow table jumped and dropped 25 times in 25 ± 1 s, the flow
mould was removed via vertically lifting. The average of the two perpendicular diameters
of the spread (collapsed) mixture was determined as the flowability.

2.3.2. Strength

The tests for compressive and flexural strengths were conducted based on JGJ/T70-
2009 [36] and JTG E30-2005 [37], respectively, using a loading rate of 1.2 kN/s and 50 N/s,
respectively. Schematics of the tests are shown in Figure 2. The specimens used for the
compressive and flexural strength tests had dimensions of 70.7 mm × 70.7 mm × 70.7 mm
and 40 mm × 40 mm × 160 mm, respectively. The specimens were aged for 1, 7, 14, and
28 d before testing. For each mix proportion, triplicate specimens were used in these tests.
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2.3.3. Drying Shrinkage

Drying shrinkage was determined according to JGJ/T 70-2009 [36]. The dimension
of specimens for this test was 40 mm × 40 mm × 160 mm, and the number of specimens
for each mix proportion was three. Their initial lengths and length changes were recorded
using a length comparator. The test periods were 1, 3, 5, 7, 10, 14, 21, and 28 d. The drying
shrinkage was calculated using the following equation:

εt =
L0 − Lt

L − Ld (1)

where εt is the values of drying shrinkage at 1, 3, 5, 7, 10, 14, 21, and 28 d (%); L0 is the
initial length of each specimen immediately after de-moulding (mm); Lt is the measured
length of each specimen at 1, 3, 5, 7, 10, 14, 21, and 28 d (mm); L is the nominal length
(160 mm); Ld is the summation of the inserted depths of two copper probes (mm).

2.3.4. Sorptivity

To investigate sorptivity according to ASTM C1585-20 [38], disc-shaped specimens of
100 mm in diameter and 50 mm in height were employed. Figure 3 shows the schematic of
the test. The specimens were dried at 50 ± 1 ◦C until they reached a constant mass. The
specimens’ curved surfaces were then sealed with paraffin, and a plastic film was applied
to their top surfaces. Immediately after exposure to water, the cumulative masses of the
treated specimens were recorded at 60 s, 5 min, 10 min, 20 min, 30 min, 1 h, 2 h, 3 h, 4 h,
5 h, and 6 h. The test ages of sorptivity were 7 and 28 d. For each mix proportion, triplicate
specimens were used in the test.
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2.3.5. Rapid Chloride Penetration (RCP)

To investigate RCP based on GB/T 50082-2009 [39], disc-shaped specimens of 100 mm
in diameter and 50 mm in height were employed. RCP’s test ages were 7 and 28 days.
Figure 4 shows the schematic of the RCP test. A vacuum water retention of the specimens
was conducted, and the curved surfaces of specimens were sealed by epoxy. A DC voltage
of 60 V was used, and the anode and cathode cells were filled with 0.3 mol/L NaOH and
3.0 wt% NaCl solutions, respectively. The charges passed through the specimens were
recorded for 6 h at an interval of 30 min. The total charges passed were calculated and
used to evaluate chloride resistance. Three triplicate specimens were used for each mix
proportion in the test.
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2.3.6. Porosity

To evaluate the porosity of samples, mercury intrusion porosimetry (MIP) was per-
formed The samples were cut from the mortar specimens using a diamond wire cutting
machine. Mercury had a surface tension of 485 dynes/cm, a contact angle of 130◦, and an
applied pressure range of 0.1 to 60,000 psia.

2.3.7. Fibre Dispersion

The fluorescence technique-based method [40] was used to evaluate the dispersion
coefficients of PVA fibres. Cross-sectional samples with a dimension of 70.7 mm × 70.7 mm
were cut from the mortar specimens. Images of the samples’ fluorescence were captured
using a CCD camera. In order to count the PVA fibres, these images were divided into unit
sections via image analysis tools. The PVA fibres’ dispersion coefficient was calculated
based on the count per unit area.

2.3.8. Microstructure

To analyse the geopolymer matrix’s microstructure, scanning electron microscopy
(SEM) was carried out. Samples were cut from the mortar specimens using a diamond
wire-cutting machine. To avoid an excessive charge reflection, they were gold-coated.

3. Results and Discussion
3.1. Flowability

Figure 5 shows the flowability of F0–F105. The flowability of F15–F105 decreased by
10.78%, 22.17%, 23.98%, 27.11%, 30.01%, and 34.28%, respectively, compared with that of F0.
The flowability decreased as the volume fractions of PVA fibres increased. The phenomenon
has also been reported for cement mortar containing 100% river sand [41]. Several factors
were blamed for the decreased flowability. The PVA fibres made it difficult for the fresh
geopolymer paste to move. The difficulty was made worse by the hydrophilicity and
high aspect ratio of PVA fibres as well as the high viscosity of the geopolymer paste. The
values of flowability of F15–F105 (161.85–219.72 mm) nevertheless meet the standards for
construction even if the flowability was decreased by the addition of PVA fibres.
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3.2. Compressive Strength

Figure 6 shows the compressive strengths of F0–F105. Their 1 and 7 d compressive
strengths were 56.39–61.36% and 86.54–87.72% of the 28 d one, respectively, suggesting
that the geopolymer mortar can achieve a high early compressive strength without high-
temperature curing (60 ◦C). The high early compressive strength is an advantage of the
geopolymer mortar over conventional cement mortar. It is worth noting that a sufficiently
high early strength is desirable during engineering construction because of decreased
construction periods.
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The 28 d compressive strengths of F15–F105 reduced by 7.50%, 13.36%, 15.44%, 22.21%,
24.91%, 27.03%, and 27.65%, respectively, compared with that of F0. This indicates that the
compressive strength was decreased by the addition of PVA fibres, which was attributed
to the increased porosity. Similarly, Hossain et al. and Mohammed et al. stated that the
incorporation PVA fibres caused a decrease in the compressive strengths of concrete [42]
and engineered cementitious composites [43] owing to the increased porosity. Furthermore,
the reductions in compressive strengths of F15–F45 were lower than those of F60–F105. This
trend can be explained by the dispersion of PVA fibres. The dispersion coefficients of F15,
F30, and F45 remained high, whereas those of F60–F105 exhibited an obvious reduction.
The poorer dispersion of PVA fibres of F60–F105 caused their higher reductions in the
compressive strength. In addition, the incorporation of PVA fibres significantly reduced
the flowability, which adversely affected the compactness of the geopolymer mortar and
contributed to the loss of compressive strength. A similar explanation for the declined
compressive strength of cement mortar containing polypropylene fibres was given by
Puertas [44].
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Although the compressive strength was decreased by the addition of PVA fibres, the
values of F0–F105 (37.26–50.50 MPa) are still high enough for their use as binders in the
production of normal- and high-strength concrete. The slight reductions in compressive
strengths of F15, F30, and F45 showed that the incorporation of 0.15–0.45 vol.% of PVA
fibres had little impact on the geopolymer mortar’s compressive strength.

3.3. Flexural Strength

Figure 7 shows the flexural strengths of F0–F105. Their 1 and 7 d flexural strengths
were 63.22–67.40% and 83.42–90.14% that of the 28-d one, respectively, suggesting that the
geopolymer mortar can attain a high level of early flexural strength. This trend agreed with
that of compressive strength, but it was opposite to the PVA fibre content.
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The increased PVA fibre content resulted in an increase in the flexural strength. The
28 d flexural strengths of F15–F105 increased by 10.10%, 19.23%, 33.41%, 36.78%, 38.70%,
41.35%, and 42.31%, respectively, compared with that of F0. This suggests that the addition
of PVA fibres improved the geopolymer mortar’s flexural strength, which benefitted from
the bridging effect of PVA fibres. Similarly, Xu et al. [24] reported the improved toughness
for PVA fibre-reinforced FA-based geopolymer composites. In addition, the improvement
was significant when PVA fibre content exceeded 4.5 vol%. Although F60–F105 exhibited a
small improvement in the flexural strength relative to F45, the ECO2e and EE of F60–F105
were higher than those of F45 owing to the increased content of PVA fibres. In this
regard, the incorporation of 4.5 vol% of PVA fibres achieved an optimal balance between
improvement in flexural strength and eco-efficiency.

3.4. Drying Shrinkage

Figure 8 shows the drying shrinkage of F0–F105. The drying shrinkage increased with
the curing ages, and it increased significantly before 7 d but relatively slowly between
7 and 28 d. It is worth noting that the precursors included GBFS and FA. Because GBFS
had higher reactivity than FA, GBFS was activated by alkalis at an early age to produce the
majority of the reaction products. The reaction products showed a self-desiccation, and
the amount of capillary free water decreased, which caused the loss of internal moisture
and resulted in the rapid drying shrinkage before 7 d [45,46]. Furthermore, FA had a
dilution effect on GBFS, and the rate of alkaline activation decreased, which explains why
the increase in drying shrinkage was lower between 7 and 28 days [47,48]. Deng et al. [33]
reported similar results for FA and GBFS-blended geopolymer mortar containing 100%
river sand.
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F0 exhibited a significantly high drying shrinkage, and its drying shrinkage at 28 d was
0.88%. The 28 d drying shrinkage of cement mortar containing 20% WOS aggregates was
about 0.048–0.061% [1], whereas that of the geopolymer mortar was 0.88%. The geopolymer
mortar in this study exhibited a much higher drying shrinkage than the cement mortar.
Three factors were blamed for the increased drying shrinkage of the geopolymer mortar.
First, it is well known that the drying shrinkage of geopolymer is greater than that of
hydrated cement. This accounts for the geopolymer mortar’s greater drying shrinkage
than cement mortar. Second, WOS aggregates have a higher water absorption than river
sand [1], which reduces the amount of capillary free water retained in matrix. This causes a
higher loss of capillary free water and results in a higher drying shrinkage of the mortar
containing WOS aggregates than that containing 100% river sand. Kuo et al. [49] also
reported that a higher percentage of river sand replacement with WOS aggregates led to
higher drying shrinkage. Third, WOS aggregates have a lower Young’s modulus than
natural fine aggregates such as river sand [50]. Specimens containing the high-Young’s
modulus aggregates show a higher drying shrinkage than the low-Young’s modulus
ones [49].

The 28 d drying shrinkage of F15–F105 declined by 13.37%, 23.31%, 41.36%, 48.45%,
54.41%, 60.97%, and 65.79%, respectively, indicating that the inclusion of PVA fibres signifi-
cantly controlled the geopolymer mortar’s drying shrinkage. The inhibitory effect on the
drying shrinkage was credited to PVA fibres’ bridging effect. The drying shrinkage-induced
microcracks were bridged by PVA fibres, which also controlled the spread of the cracks.
Moreover, the PVA fibre–geopolymer matrix interface has a good bonding owing to their
strong chemical bonding, which maximises the bridging effect [51]. The decrease in drying
shrinkage that benefitted from the inclusion of PVA fibres was also found in geopolymer
composites [29–31], cementitious composites [43], and concrete [52].

3.5. Sorptivity

The water absorption coefficients of F0–F105 are shown in Figure 9. The water absorp-
tion coefficients of F15–F105 were higher than that of F0, indicating that the incorporation of
PVA fibres led to an increase in the sorptivity of the geopolymer mortar, and the sorptivity
increased with the increasing content of PVA fibres. The higher porosity was blamed for
the increase in sorptivity. Similarly, Shah et al. [53] and Abdollahnejad et al. [54] stated
that the incorporation of PVA fibres introduced pores and cavities into the geopolymer
mortar containing 100% river sand. Moreover, PVA fibres are hydrophilic (Table 2) and
readily absorb water, which caused an increase in sorptivity. On the other hand, the 28 d
water absorption coefficients were lower than the 7 d ones owing to the densification of
the microstructure as the AAR proceeded [33]. The 28 d water absorption coefficients of
F15–F105 increased by 1.32%, 4.68%, 5.91%, 8.21%, 10.17%, 12.65%, and 13.73%, respec-
tively, compared with that of F0. Although the water absorption coefficients increased with
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increasing PVA fibre content, the increase amplitude was slight when its content was lower
than 4.5 vol%. The slight increase in sorptivity is still acceptable.
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3.6. RCP

The total charges passed of F0–F105 are shown in Figure 10. The RCP change trend
was similar to that of sorptivity. The 28 d charges were lower than the 7 d ones owing
to the denser microstructure as the AAR proceeded [33]. The 28 d total charges passed
of F15–F105 increased by 15.09%, 20.25%, 24.45%, 33.43%, 43.74%, 50.81%, and 56.35%,
respectively, compared to those of F0, demonstrating that the chloride resistance was
dramatically reduced by the addition of PVA fibres, which was attributed to the increased
porosity. The decreased chloride resistance was also found in the geopolymer mortar
containing 100% river sand, with the same cause [33]. However, the total charges passed of
F0–F105 were between 1000 and 2000 C, indicating that they are categorised as low chloride
penetrability based on ASTM C1202-19 [55]. The densified microstructure enhanced by
C-A-S-H [56] and the increased chloride binding enhanced by N-A-S-H [57] resulted in the
geopolymer mortar’s high chloride resistance.
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3.7. Porosity

The porosity values of F0–F105 are shown in Figure 11. Their values are 18.32%,
25.24%, 27.14%, 27.88%, 28.75%, 29.94%, 30.33%, and 30.71%, respectively, suggesting
that the porosity was increased by the addition of PVA fibres. The geopolymer mortar
containing 100% river sand was likewise found to have an increase in porosity brought on
by the addition of PVA fibres [33]. Although the porosity increased as the PVA fibre content
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increased, the porosities of F30–F105 were 1.9%, 2.64%, 3.51%, 4.70%, 5.09%, and 5.54%
higher than that of F15, respectively. These values showed that the increase in porosity was
slight, especially for the PVA fibre content of less than 4.5 vol%.
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3.8. Fibre Dispersion

The dispersion coefficients of PVA fibres of F15–F105 are shown in Figure 12. A good
(uniform) fibre dispersion is indicated by a dispersion coefficient value that is close to 1.0,
whereas a poor fibre dispersion is indicated by a value that is close to 0. As the PVA fibre
content increased, the dispersion coefficients decreased. PVA fibres have a large surface
area as well as strong hydrogen bonds on their surfaces, which were responsible for the
decreased dispersion coefficients [58]. In addition, it can be observed that the dispersion
coefficients of F15–F45 were in a small range (0.77–0.80), and those of F30 and F45 slightly
declined by 2.50% and 3.75%, respectively, compared with that of F15, indicating that
F15–F45 did not exhibit a significant decrease in the dispersion coefficients. However, the
dispersion coefficients of F6–F105 decreased by 12.5%, 15%, 17.5%, and 18.75%, respectively,
compared with that of F15. F6–F105 showed a relatively larger reduction in the dispersion
coefficients than F30 and F45, which was due to the larger number of PVA fibres for F6–F105.
The compressive strength had the same trend.
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3.9. SEM

The micrographs of the geopolymer matrix are shown in Figure 13a. The drying
shrinkage led to the microcracks that were seen in the geopolymer matrix. Moreover,
spherical and polygonal particles were observed. The spherical ones were raw FA particles,
whereas the polygonal ones were raw GBFS particles. The surface of the spherical particles
showed a rough texture, indicating that the FA particles partially reacted in the AAR.
Spherical trajectories were also observed because the particles separated from the geopoly-
mer matrix. Steveson and Sagoe-Crentsil [59] stated similar observations and explained
that due to the weak interfacial interaction, FA particles were vulnerable to separating
from the polymerised aluminosilicate gels. In addition, Figure 13b shows an amorphous
morphology. Figure 13c shows WOS aggregates, and they have a layered microstructure.
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3.10. Eco-Efficiency

The embodied CO2 emissions (ECO2e) and embodied energy (EE) of raw materials are
shown in Table 4. Based on these values and the mix proportions (Table 3), the ECO2e and
EE of F0–F105 were calculated, and Figure 14 shows the results. The ECO2e of F15–F105
increased by 0.60%, 1.19%, 1.79%, 2.38%, 3.00%, 3.57%, and 4.17%, respectively, compared
with that of F0. Although the addition of PVA fibres caused an increase in ECO2e, the
amplitudes of the increases were minor. The EE of F15–F105 increased by 3.13%, 6.27%,
9.40%, 12.54%, 15.67%, 18.81%, and 21.94%, respectively, compared with that of F0. The
increased amplitudes of EE were significantly higher than those of ECO2e, which were
attributed to the high EE of PVA fibres relative to other raw materials. However, the
increase in EE was still limited when less than 4.5 vol% of PVA fibres were adopted.
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Furthermore, the ECO2e of conventional geopolymer mortar containing 100% river sand
was 634.16 kgCO2e/m3 [60], and that of F0–F105 was 561.48–584.88 kgCO2e/m3. These values
indicate that the geopolymer mortar containing WOS aggregates and 0–1.05 vol% of PVA



Materials 2022, 15, 7013 13 of 16

fibres had a lower CO2 emission than the conventional one containing 100% river sand.
The EE of the conventional geopolymer mortar was 6957.44 MJ/m3 [60], whereas that of
F0–F45 was 6293.08–6884.81 MJ/m3, and that of F60–F105 was 7082.05–7673.78 MJ/m3.
These values indicate that the geopolymer mortar with a PVA fibre content higher than
4.5 vol% caused a higher energy consumption than the conventional one, but the PVA
fibre content lower than 4.5 vol% still resulted in lower energy consumption than the
conventional geopolymer mortar. Therefore, the PVA fibre content should not be higher
than 4.5 vol% in the production of the geopolymer mortar containing WOS aggregates to
achieve a high eco-efficiency.

Table 4. ECO2e and EE of Raw Materials (per kg).

Raw Materials ECO2e (kgCO2e) EE (MJ) References

Activators SS 1.237 10.20 [61]
SH 0.7458 20.50 [61]

Precursors GBFS 0.5112 1.60 [61]
FA 0.008 0.10 [62]

Fine aggregates Sand 0.002796 0.081 [61]
WOS 0 0 [3]

Fibres PVA 1.71 101.00 [63]
Processing 0.0038 0.15 [61]

4. Conclusions

Recycling WOS aggregates in geopolymer mortar has not been reported. The influence
of PVA fibres on the engineering properties of the new geopolymer mortar is still unclear.
To bridge the gap, this study investigated the influence of various PVA fibre contents
(0–1.05 vol%) on its flowability, compressive, flexural strength, drying shrinkage, sorptivity,
chloride resistance, porosity, fibre dispersion, ECO2e, and EE. The following conclusions
can be drawn.

(1) Due to the restriction of the fresh geopolymer paste’s free flow, the flowabil-
ity was decreased by the addition of 0.15–1.05 vol% of PVA fibres, but the flowability
(161.85–219.72 mm) still complies with construction standards. The inclusion of PVA fibres
also caused a reduction in compressive strength because of the increased porosity, de-
creased fibre dispersion, and decreased compactness. However, the compressive strengths
at 28 d for 0.15–0.45 vol% of PVA fibres were 47.64–43.55 MPa, which were sufficient
enough for construction. As a result of PVA fibres’ bridging effect, the flexural strengths for
0.15–1.05 vol% of PVA fibres rose by 10.10–42.31%.

(2) The geopolymer mortar had good durability. The drying shrinkage at 28 d for
0.15–1.05 vol% of PVA fibres declined by 13.37–65.79% because of PVA fibres’ bridging
effect. The chloride resistance for 0.15–1.05 vol% of PVA fibres was classified as the low
chloride penetrability, owing to the good chloride binding of AAR products. Moreover,
when the dosage was less than 4.5 vol%, the sorptivity increased just slightly.

(3) The geopolymer mortar had good eco-efficiency. The ECO2e and EE for the PVA
fibre content less than 0.45 vol% were lower than those of conventional geopolymer mortar
containing 100% river sand. The optimum content of PVA fibre is suggested to be 0.45 vol%
because it concurrently maximises the engineering properties and eco-efficiency. The
geopolymer mortar is recommended for subtropical monsoon climates.

(4) The cost analysis and high-temperature resistance of the geopolymer mortar are
neglected in this study, and they should be evaluated in future work. This study can be
expanded using machine learning techniques based on the references [64,65].



Materials 2022, 15, 7013 14 of 16

Author Contributions: Conceptualisation, Z.D. (Ziming Deng), Z.Y., J.B., X.P., G.W. and Z.D. (Zijun
Deng); methodology, Z.D. (Ziming Deng), Z.Y., J.B., X.P., G.W. and Z.D. (Zijun Deng); formal analysis,
Z.D. (Ziming Deng), Z.Y., J.B. and Z.D. (Zijun Deng); investigation, Z.D. (Ziming Deng), F.G., R.F.,
H.Y., Z.D. (Zijun Deng) and S.C.; resources, Z.D. (Ziming Deng), Z.Y., J.B. and X.P.; data curation, Z.D.
(Ziming Deng), Z.Y., J.B. and Z.D. (Zijun Deng); writing—original draft preparation, Z.D. (Ziming
Deng) and Z.D. (Zijun Deng); writing—review and editing, Z.D. (Ziming Deng), Z.Y., J.B. and Z.D.
(Zijun Deng); visualization, Z.D. (Ziming Deng) and Z.D. (Zijun Deng); supervision, Z.Y., J.B., X.P.
and G.W.; project administration, Z.Y. and Z.D. (Zijun Deng); funding acquisition, Z.Y. All authors
have read and agreed to the published version of the manuscript.

Funding: This project was supported by the Doctor Startup Project of Guangdong Ocean University
(Grant No. 120602/060302072104), the Project of Enhancing School with Innovation of Guangdong
Ocean University (Grant No. 120601/230419101), the Special Topic of Science and Technology
Research of Zhanjiang (Grant No. 2019B01017), the Project of Science and Technology Specialist
for Enterprise of Guangdong Province—Research on Key Technology of Improving Durability of
Recycled Aggregate Concrete (Grant No. GDKTP2021003100), and the Comprehensive Application
of Durability Improvement Technology for Concrete Structures in Offshore Corrosive Environments
(300702/B21440).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Liao, Y.D.; Shi, H.Z.; Zhang, S.M.; Da, B.; Chen, D. Particle size effect of oyster shell on mortar: Experimental investigation and

modeling. Materials 2021, 14, 6813. [CrossRef] [PubMed]
2. Wang, H.Y.; Kuo, W.T.; Lin, C.C.; Po Yo, C. Study of the material properties of fly ash added to oyster cement mortar. Constr.

Build. Mater. 2013, 41, 532–537. [CrossRef]
3. Liu, R.W.; Chen, D.; Cai, X.L.; Deng, Z.M.; Liao, Y.D. Hardened properties of mortar mixtures containing pre-treated waste oyster

shells. J. Clean. Prod. 2020, 266, 121729. [CrossRef]
4. Mahesh, V.; Gobinath, R.; Kırgız, M.S.; Shekar, R.P.V.; Shewale, M. Global trends of research productivity in natural fibre reinforced

composites: Comprehensive scientometric analysis. J. Nat. Fibers 2022, 1–18. [CrossRef]
5. Awoyera, P.O.; Akinrinade, A.D.; de Sousa Galdino, A.G.; Althoey, F.; Kirgiz, M.S.; Tayeh, B.A. Thermal insulation and mechanical

characteristics of cement mortar reinforced with mineral wool and rice straw fibers. J. Build. Eng. 2022, 53, 104568. [CrossRef]
6. Tagbor, T.A.; Mohammed, L.; Mohammed, M.; Bruce-Mensah, M.M.; Tekpetey, S.; Armoo, E.A.; Adomah, R.; Arthur, T.D.;

Agyenim, F.B.; Amoah, J.Y.; et al. The utilization of palm kernel shells and waste plastics in asphaltic mix for sustainable
pavement construction. Sci. Afr. 2022, 16, e01277. [CrossRef]

7. Muthusamy, K.; Wan Ahmad, S.; Hashim, M.H.; Mohamad, N.; Kirgiz, M.S.; Kamarudin, M.A.A.; Ravindran, G. Sulphate
resistance of lightweight aggregate concrete comprising sieved palm oil fuel ash as fine aggregate replacement. Mater. Today Proc.
2022, 66, 2536–2540. [CrossRef]

8. Kırgız, M.S. Water requirement for recycled concrete. In The Structural Integrity of Recycled Aggregate Concrete Produced with Fillers
and Pozzolans; Awoyera, P.O., Thomas, C., Kirgiz, M.S., Eds.; Woodhead Publishing: London, UK, 2022; pp. 253–272.

9. Khitab, A.; Serkan Kırgız, M.S.; Nehdi, M.L.; Mirza, J.; Gustavo de Sousa Galdino, A.; Karimi Pour, A. Mechanical, thermal,
durability and microstructural behavior of hybrid waste-modified green reactive powder concrete. Constr. Build. Mater. 2022,
344, 128184. [CrossRef]

10. Ashteyat, A.; Obaidat, A.T.; Kirgiz, M.S.; Al Tawallbeh, B. Production of roller compacted concrete made of recycled asphalt
pavement aggregate and recycled concrete aggregate and silica fume. Int. J. Pavement Res. Technol. 2022, 15, 987–1002. [CrossRef]

11. Liu, W.; Huang, R.; Fu, J.; Tang, W.; Dong, Z.; Cui, H. Discussion and experiments on the limits of chloride, sulphate and shell
content in marine fine aggregates for concrete. Constr. Build. Mater. 2018, 159, 725–733. [CrossRef]

12. Yang, E.I.; Kim, M.Y.; Park, H.G.; Yi, S.T. Effect of partial replacement of sand with dry oyster shell on the long-term performance
of concrete. Constr. Build. Mater. 2010, 24, 758–765. [CrossRef]

13. Lai, X.; Shankman, D.; Huber, C.; Yesou, H.; Huang, Q.; Jiang, J. Sand mining and increasing Poyang Lake’s discharge ability: A
reassessment of causes for lake decline in China. J. Hydrol. 2014, 519, 1698–1706. [CrossRef]

14. Katman, H.Y.B.; Khai, W.J.; Bheel, N.; Kırgız, M.S.; Kumar, A.; Khatib, J.; Benjeddou, O. Workability, strength, modulus of elasticity,
and permeability feature of wheat straw ash-incorporated hydraulic cement concrete. Buildings 2022, 12, 1363. [CrossRef]

http://doi.org/10.3390/ma14226813
http://www.ncbi.nlm.nih.gov/pubmed/34832217
http://doi.org/10.1016/j.conbuildmat.2012.11.021
http://doi.org/10.1016/j.jclepro.2020.121729
http://doi.org/10.1080/15440478.2022.2085227
http://doi.org/10.1016/j.jobe.2022.104568
http://doi.org/10.1016/j.sciaf.2022.e01277
http://doi.org/10.1016/j.matpr.2022.07.077
http://doi.org/10.1016/j.conbuildmat.2022.128184
http://doi.org/10.1007/s42947-021-00068-4
http://doi.org/10.1016/j.conbuildmat.2017.10.078
http://doi.org/10.1016/j.conbuildmat.2009.10.032
http://doi.org/10.1016/j.jhydrol.2014.09.058
http://doi.org/10.3390/buildings12091363


Materials 2022, 15, 7013 15 of 16

15. Ashteyat, A.; Kirgiz, M.S.; Rjoub, Y.S.; Smadi, A.; Taleb, A. Roller compacted concrete with oil shale ash as a replacement of
cement: Mechanical and durability behavior. Int. J. Pavement Res. Technol. 2022, in press. [CrossRef]

16. Ashteyat, A.; Al Tawalbeh, B.; Mirza, J.; Kirgiz, M.S. Strength gain and elasticity estimations of roller compacted concrete made of
ternary supplementary material. J. Adv. Compos. Mater. Constr. Environ. Nano Technol. 2022, in press.

17. Obiri, S.; Gobinah, R.; Essumang, D.K.; Armah, F.A.; Ason, B.; Tagbor, T.A.; Kirgiz, S.M. Extraction of TiO2 from kaolin deposits
in the Central Region, Ghana: An alternative material for the formulation of climate-smart Portland cement. Mater. Today Proc.
2022, 66, 2559–2567. [CrossRef]

18. Luukkonen, T.; Abdollahnejad, Z.; Yliniemi, J.; Kinnunen, P.; Illikainen, M. One-part alkali-activated materials: A review. Cem.
Concr. Res. 2018, 103, 21–34. [CrossRef]

19. Ryu, G.S.; Lee, Y.B.; Koh, K.T.; Chung, Y.S. The mechanical properties of fly ash-based geopolymer concrete with alkaline
activators. Constr. Build. Mater. 2013, 47, 409–418. [CrossRef]

20. Nath, P.; Sarker, P.K. Effect of GGBFS on setting, workability and early strength properties of fly ash geopolymer concrete cured
in ambient condition. Constr. Build. Mater. 2014, 66, 163–171.

21. Lee, N.; Koh, K.; An, G.; Ryu, G. Influence of binder composition on the gel structure in alkali activated fly ash/slag pastes
exposed to elevated temperatures. Ceram. Int. 2017, 43, 2471–2480. [CrossRef]

22. Ismail, I.; Bernal, S.A.; Provis, J.L.; Hamdan, S.; van Deventer, J.S. Microstructural changes in alkali activated fly ash/slag
geopolymers with sulfate exposure. Mater. Struct. 2013, 46, 361–373. [CrossRef]

23. Zahid, M.; Shafiq, N. Effects of sand/fly ash and the water/solid ratio on the mechanical properties of engineered geopolymer
composite and mix design optimization. Minerals 2020, 10, 333. [CrossRef]

24. Xu, F.; Deng, X.; Peng, C.; Zhu, J.; Chen, J. Mix design and flexural toughness of PVA fiber reinforced fly ash-geopolymer
composites. Const. Build. Mater. 2017, 150, 179–189. [CrossRef]

25. Zhang, P.; Wang, K.; Wang, J.; Guo, J.; Hu, S.; Ling, Y. Mechanical properties and prediction of fracture parameters of
geopolymer/alkali-activated mortar modified with PVA fiber and nano-SiO2. Ceram. Int. 2020, 46, 20027–20037. [CrossRef]

26. Zhang, Y.; Sun, W.; Li, Z. Impact behavior and microstructural characteristics of PVA fiber reinforced fly ash-geopolymer boards
prepared by extrusion technique. J. Mater. Sci. 2006, 41, 2787–2794.

27. Zhang, Y.; Sun, W.; Li, Z.; Zhou, X.; Chau, C. Impact properties of geopolymer based extrudates incorporated with fly ash and
PVA short fiber. Const. Build. Mater. 2008, 22, 370–383.

28. Sun, P.; Wu, H.C. Transition from brittle to ductile behavior of fly ash using PVA fibers. Cem. Concr. Compos. 2008, 30, 29–36.
[CrossRef]

29. Xu, S.; Wu, C.; Yue, J.; Xu, Z. Shrinkage and mechanical properties of fibre-reinforced blast furnace slag-steel slag-based
geopolymer. Adv. Civ. Eng. 2022, 2022, 8931401. [CrossRef]

30. Wang, Y.; Zhong, H.; Zhang, M. Experimental study on static and dynamic properties of fly ash-slag based strain hardening
geopolymer composites. Cem. Concr. Compos. 2022, 129, 104481. [CrossRef]

31. Al-mashhadani, M.M.; Canpolat, O.; Aygörmez, Y.; Uysal, M.; Erdem, S. Mechanical and microstructural characterization of fiber
reinforced fly ash based geopolymer composites. Constr. Build. Mater. 2018, 167, 505–513. [CrossRef]

32. GB/T 14684-2011; Sand for Construction. National Standardization Administration Committee of China: Beijing, China, 2011.
33. Deng, Z.M.; Yang, Z.F.; Bian, J.; Lin, J.J.; Long, Z.S.; Hong, G.Z.; Yang, Z.D.; Ye, Y.J. Advantages and disadvantages of PVA-fibre-

reinforced slag- and fly ash-blended geopolymer composites: Engineering properties and microstructure. Constr. Build. Mater.
2022, 349, 128690. [CrossRef]

34. Khan, M.N.N.; Sarker, P.K. Effect of waste glass fine aggregate on the strength, durability and high temperature resistance of
alkali-activated fly ash and GGBFS blended mortar. Constr. Build. Mater. 2020, 263, 120177. [CrossRef]

35. GB/T 2419-2005; Test Method for Fluidity of Cement Mortar. Standardization Administration of China: Beijing, China, 2005.
36. JGJ/T 70-2009; Standard for Test Method of Performance on Building Mortar. Ministry of Construction of the People’s Republic of

China: Beijing, China, 2009.
37. JTG E30-2005; Test Methods of Cement and Concrete for Highway Engineering. Ministry of Communications of the People’s

Republic of China: Beijing, China, 2005.
38. ASTM C1585-20; Standard Test Method for Measurement of Rate of Absorption of Water by Hydraulic-Cement Concretes. ASTM

International: Conshohocken, PA, USA, 2020.
39. GB/T 50082-2009; Standard for Test Methods of Long-Term Performance and Durability of Ordinary Concrete. Ministry of

Housing and Urban-Rural Construction of the People’s Republic of China: Beijing, China, 2009.
40. Li, M.; Li, V.C. Rheology, fiber dispersion, and robust properties of engineered cementitious composites. Mater. Struct. 2012, 46,

405–420. [CrossRef]
41. Cao, M.; Xu, L.; Zhang, C. Rheological and mechanical properties of hybrid fiber reinforced cement mortar. Constr. Build. Mater.

2018, 171, 736–742. [CrossRef]
42. Hossain, K.M.A.; Lachemi, M.; Sammour, M.; Sonebi, M. Strength and fracture energy characteristics of self-consolidating concrete

incorporating polyvinyl alcohol, steel and hybrid fibres. Constr. Build. Mater. 2013, 45, 20–29. [CrossRef]
43. Mohammed, B.S.; Khed, V.C.; Liew, M.S. Optimization of hybrid fibres in engineered cementitious composites. Constr. Build.

Mater. 2018, 190, 24–37. [CrossRef]

http://doi.org/10.1007/s42947-022-00225-3
http://doi.org/10.1016/j.matpr.2022.07.090
http://doi.org/10.1016/j.cemconres.2017.10.001
http://doi.org/10.1016/j.conbuildmat.2013.05.069
http://doi.org/10.1016/j.ceramint.2016.11.042
http://doi.org/10.1617/s11527-012-9906-2
http://doi.org/10.3390/min10040333
http://doi.org/10.1016/j.conbuildmat.2017.05.172
http://doi.org/10.1016/j.ceramint.2020.05.074
http://doi.org/10.1016/j.cemconcomp.2007.05.008
http://doi.org/10.1155/2022/8931401
http://doi.org/10.1016/j.cemconcomp.2022.104481
http://doi.org/10.1016/j.conbuildmat.2018.02.061
http://doi.org/10.1016/j.conbuildmat.2022.128690
http://doi.org/10.1016/j.conbuildmat.2020.120177
http://doi.org/10.1617/s11527-012-9909-z
http://doi.org/10.1016/j.conbuildmat.2017.09.054
http://doi.org/10.1016/j.conbuildmat.2013.03.054
http://doi.org/10.1016/j.conbuildmat.2018.08.188


Materials 2022, 15, 7013 16 of 16

44. Puertas, F.; Amat, T.; Fernández-Jiménez, A.; Vázquez, T. Mechanical and durable behaviour of alkaline cement mortars reinforced
with polypropylene fibres. Cem. Concr. Res. 2003, 33, 2031–2036. [CrossRef]
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