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Abstract: This study comparatively investigated the performance of mortar prepared using excavated
soil recycled fine aggregate (ESRFA), which mainly included fine aggregate obtained by sediment
separation equipment and sieving. Scanning electron microscopy (SEM) was used to analyse the
size and shape of ESRFA particles. The particle size distribution of ESRFA was uneven and its
sphericality was lower than that of river sand. Two series of rendering mortar mixes were prepared
using identical water/cement and aggregate/cement ratios of 0.55 and 3, respectively, using river
sand as fine aggregate. ESRFA was used to replace 30%, 50%, 70%, and 100% of the river sand in
each mixture. The experimental results showed that the flowability of the mortar prepared with
ESRFA was lower than that of the aggregate-based mortar, but the porosity, water absorption, and
mechanical properties (compressive strength, flexural strength, and drying shrinkage) increased and
then decreased upon increasing the ESRFA content. In conclusion, ESRFA shows potential as a partial
replacement for river sand in mortar, particularly at lower substitution rates. Further research is
needed to optimize the processing and application of ESRFA in concrete to enhance its performance
and sustainability.

Keywords: excavated soil; excavated soil recycled fine aggregate (ESRFA); morphological analysis;
mechanical properties

1. Introduction

China is one of the world’s largest consumers of sand and gravel [1,2]. Taking Guang-
dong Province, which has a developed economy and huge demand for sand and gravel,
as an example, the consumption of sand and stone in 2020 and 2021 in the province was
1.332 billion tons and 1.345 billion tons, respectively [3]. Due to accelerated urbanization
and the continuous construction of transportation infrastructure, China’s demand for sand
and gravel is expected to continue to increase [4]. To address this, the Chinese govern-
ment is actively promoting “green mining construction,” advocating for the recycling and
conservation of sand and gravel, strengthening environmental protection initiatives, and
promoting the sustainable use of resources [5]. Despite these efforts, construction and
demolition waste is becoming an increasingly serious issue in China [6]. Construction and
demolition waste includes materials such as bricks, concrete, wood, metal, glass, plastic,
and excavated soil [7] that occupy land resources and pose severe environmental and
public health threats [8]. China currently produces more than 3.5 billion tons of construc-
tion waste a year [9], and China’s construction and demolition waste is expected to reach
7.3 billion tons by 2030 [10]. Recycling construction waste into aggregate is a promising
approach to reducing the demand for raw materials and mitigating the environmental
impact of construction waste [11]. However, due to recycled waste aggregate’s inherent
porosity, microcrack formation tendency, and high content of fine particles, recycled sand
extracted from demolished building waste is an unsuitable replacement for river sand in
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concrete [12,13]. Mechanical crushing, thermal treatment, and chemical treatment have
been proposed to improve the performance of recycled aggregates [14], but they only
marginally improve the quality of recycled sand extracted from demolished building waste.
Thus, identifying suitable recycled replacements for river sand in concrete is the only viable
path for achieving sustainable development in the concrete industry.

Excavated soil accounts for more than 85% of construction waste [15], but there have
been few reports on its reuse, possibly because it generally requires no processing [16]. It is
primarily excavated from urban and suburban areas, so its structure and composition have
been altered by human activities [17,18]. Katsumi noted that excavated soil contained heavy
metals, which must be considered when recycling and reusing excavated soil [19]. To recy-
cle it, several scholars have studied the possibility of using excavated soil generated during
tunnel excavation as a substitute for concrete aggregate. Grunner investigated the potential
of using residual soil (mainly granite-gneiss) generated during tunnel excavation in Slo-
vakia to completely replace quarried rock aggregate and found that aggregate derived from
residual soil resulted in the lowest overall construction costs [20]. Thalmann concluded that
producing high-quality concrete using aggregate from excavated residual soil was feasible
and showed that 10-25% of residual soil produced by tunnel boring machine (TBM) was
suitable for on-site recycling [21]. Antonaci investigated the macro-mechanical properties
of concrete made from ESRFA prepared from residual soil generated in Swedish excavation
projects and showed that ESRFA concrete had long-term performance comparable to that
of concrete made using raw materials [22]. However, when the above results were tested in
practice, Olbrecht found that processed tunnel excavation materials were similar to stone
and crushed rock obtained from quarries. At higher water-to-cement ratios, this led to more
significant shrinkage deformation than in traditional concrete [23]. Voit proposed washing
the aggregate, adding admixtures (high-efficiency water reducers, polymer dispersants,
etc.), and incorporating fibres into the concrete mixture, which improved the fracture
resistance, strength, and fire resistance of concrete prepared with excavated soil recycled
fine aggregate (ESRFA) [24]. Sabry Fayed improved bond performance of ribbed steel bars
embedded in recycled aggregate concrete using steel mesh fabric confinement and have
obtained good results [25]. Qiuying Chang predicted the Compressive Strength (CS) of
ceramic waste powder concrete (CWPC) and achieved a good effect [26]. Yasin Onuralp
Ozkilig removed the current sustainable complications by confirming the consumption of
WEC in reinforced concrete beams (RCBs) as raw materials by experimental means [27].
Haidong Tu, using recycled sand in 3D printing, reduced the flexural stiffness and strength
of the printed objects when loaded from different directions [28].

In contrast to excavated soil in Europe, which is predominantly composed of rock,
excavated soil in China has a higher proportion of clay, sand, and gravel. Zhang et al.
determined that excavated soil in South China is generally composed of plastic sandy clay,
muddy soil, hardy sandy clay, miscellaneous fill, and medium-coarse sand. However, only
13% of excavated soil collected from subway construction sites is reused for backfilling
and temporary storage for landscaping [29]. Construction projects in the Guangdong-
Hong Kong-Macao Greater Bay Area have resulted in a widespread shortage of river sand
in China’s Pearl River Delta region [30]. Shenzhen requires approximately 50 million
tons of construction sand annually, but it has almost no sand or gravel resources [31].
This has continually increased the market price of river sand, leading people to seek
alternatives [32]. However, using sea sand is problematic due to chloride ion-induced steel
bar rusting [33]. The concrete industry does not favour machine-made sand because of its
poor workability and high micro-powder content [34]. Therefore, extracting recycled sand
from excavated soil, which mainly contains silicon dioxide and aluminium oxide, similar
to recycling aggregate from demolished concrete waste, has become a viable alternative for
producing concrete products [35]. Recycling and reusing excavated soil to produce ESRFA
can address the environmental issues related to excavated soil and minimize river sand
consumption by the concrete industry. This approach is being widely promoted by the
Chinese government and enterprises. Figure 1 illustrates recycling companies currently
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using sediment separation equipment to process excavated soil and obtain ESRFA. Figure 2
depicts the rapid growth in the market share of ESRFA from 0% to 29.4% within three years,
reaching a usage of 13.1592 million tons in 2021 [36]. ESRFA extracted from excavated soil
is primarily used to replace fine aggregate in concrete, but, despite the prevailing belief
that ESRFA can be used as a direct substitute for river sand without further processing, no
definitive answer exists as to whether it can be used in this way without producing similar
problems to those caused by sea sand.
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Figure 1. Separation process of ESRFA from excavated soil.
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Figure 2. The market share of ESRFA and other aggregates (data from Shenzhen Housing and
Construction Bureau).
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To investigate the feasibility of using ESRFA as a replacement for river sand in mortar,
this study investigated the application potential of recycled sand from excavated soil. The
experiment was conducted in three parts. First, the physical properties of recycled sand
from excavated soil were characterized, including its macromorphology, micromorphology,
chemical composition, particle size, water absorption, apparent density, bulk density, and
crushing index. Second, the rheological properties of fresh mortar prepared using recycled
sand from excavated soil were investigated. Finally, the impact of recycled sand from
excavated soil on the hardened cement’s mechanical properties (flexural strength and
compressive strength) was studied at different water-to-cement ratios.

2. Experimental Procedure
2.1. Materials and Characterisation

This study investigated the properties of mortar specimens prepared using two differ-
ent aggregates. The first was ESRFA, obtained from a soil recycling factory in Shenzhen,
China, with an apparent density of 2605 kg/m?, a bulk density of 1435 kg/m?, and a silt
content of 3.6%. The second was river sand obtained from local material suppliers as
a reference.

The morphology of the recycled sand was examined using a scanning electron mi-
croscope (SEM; FEI QuantaTM250 FEG (FEI, Lausanne, Switzerland)), which (Figure 3)
exhibited a uniform particle distribution and particle size, with a particle shape and size
similar to those of river sand. Image]2 software was used to extract particle size and round-
ness parameters from the SEM images [37]. First, the images were loaded into the software
and then a scale factor was applied to calibrate the image size. The images were then bina-
rized to extract the required particle information (Figure 4). Figure 5 depicts the original
and binarized images of river sand and ESRFA samples used for image analysis [38].

(a) River sand (b) ESRFA

Figure 3. The macroscopic appearance of ESRFA and river sand.

2.2. Mix Proportions

This study prepared two mortar mixtures, denoted Series I and Series II. Series I em-
ployed river sand as the aggregate, while Series II utilized ESAR. The cement-to-aggregate
mass ratio was kept constant at 1: 3, and the water-to-cement mass ratio was kept constant
at 0.55. The specific mix proportions for each series are provided in Table 1.
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Figure 4. SEM images of ESRFA and river sand microstructures.

Table 1. Proportions of mortar specimens.

Cement (g) Water (g) River Sand (g) ESRFA (g)
. River
River sand sand-100 150 82.5 450.0 0
ESRFA-10 150 82.5 405 45
ESRFA-30 150 82.5 315 135
ESRFA ESRFA-50 150 82.5 225 225
ESRFA-70 150 82.5 135 315
ESRFA-100 150 82.5 0 450

2.3. Specimen Casting and Curing

The mortar mixing procedure involved adding all of the fine aggregate and water
into a mixing bowl, followed by cement [39]. Initially, the fine aggregate was evenly
distributed in the mixing bowl to ensure a homogeneous mixture. The precise amount of
water, calculated based on the desired water-to-cement ratio, was then gradually added to
the fine aggregate while continuously stirring to achieve uniform wetting. Once the fine
aggregate and water were thoroughly mixed, the cement was introduced slowly to avoid
clumping and to ensure even distribution. The entire mixture was then mechanically mixed
at a low speed for 30 s, followed by a high-speed mix for an additional 90 s to achieve a
consistent mortar paste. For each mortar mixture, 40 x 40 x 160 mm prisms were cast
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and used to determine the flexural and equivalent compressive strengths, water porosity,
capillary water absorption, and drying shrinkage of hardened specimens (Figure 6). The
fresh mortar was carefully poured into steel molds in two layers. Each layer was compacted
using a vibrating table to eliminate any entrapped air and to ensure proper consolidation of
the mortar. After the second layer was added, the top surface was smoothed with a trowel
to achieve a flat and even finish. The molds were then covered to prevent moisture loss
and left to set. After setting for 24 h, the specimens were demolded and transferred to a
water-curing tank maintained at 27 & 1 °C. The specimens were cured in the water tank
until the desired age was reached to ensure complete hydration and development of the
desired mechanical properties [40].
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(a) SEM image of river sand (b) SEM image of ESRFA

(c) River sand thresholding binary in Image] (d) ESRFA thresholding binary in Image]
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Figure 5. Image analysis of river sand and ESRFA.
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Figure 6. Each mortar mixture generating 40 x 40 x 160 mm prisms.

2.4. Testing Procedures
2.4.1. Slump Flow

Workability needs to be evaluated to ensure the feasibility of using recycled sand in
mortar [41]. The workable life of fresh mortar, initially brought to a defined flow value,
was evaluated according to the Chinese standard GB/T 2419-2005 [42].

2.4.2. Porosity

Due to cement mortar’s high porosity and pore connectivity, its porosity was analysed
using the vacuum saturation method outlined in Chinese standard SY /T 5336-2006 [43].
Initially, prismatic samples with dimensions of 40 x 40 x 160 mm were dried in an oven at
100 £ 5 °C and their weight was measured. Then, the samples were subjected to a 12-h
vacuum extraction and fully saturated by water immersion for 12 h. The porosity of the
samples was determined by calculating the pore volume based on the mass difference
between the dry and saturated states. To ensure accurate porosity measurements, three
replicates were prepared for each sample type, and multiple measurements were taken and
averaged. The porosity as a percentage is given by the equation below:

. Wsat - Wdry

p=_-2 —d¥
Wsat - WWS

@
where P is the vacuum-saturated porosity (%); Wsat is the weight of air in the saturated
sample; Wy is the weight of water in the saturated sample; and W,y is the weight of air
in the oven-dried sample.

2.4.3. Water Absorption Testing

The water absorption of the specimens was tested on the 28th day of curing using
specimens with the same size as those used for strength testing. Water absorption tests
were conducted according to the JGJ 52-2019 Chinese standard [44] and were carried out
three times, and the average values were reported. The water absorption as a percentage is

given below:
@ = 77”55(; ; Md )
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where w is the water absorption of sand (%); m4q is the mass of saturated surface-dried
specimen (g); and my is the mass of the specimen after drying at 105 °C (g) for 24 h.

2.4.4. Strength Testing

This study employed compressive and flexural strength tests to investigate the strength
of mortar specimens prepared from ESRFA. The testing procedure was carried out following
Chinese standard GB/T 17671-2021 [45]. The mortar mixture was castin 40 x 40 x 160 mm
steel molds and allowed to cure for specified periods (1, 4, 7, 28, 56, and 90 days). Following
the cure, mortar samples were subjected to strength tests at loading rates of 0.05 kN /s and
2.4 kN/s for flexural and compressive strength tests, respectively. The tests were conducted
in triplicate, and the average values were calculated and reported (Figure 7).

DN B N, BN
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-

Figure 7. Strength test site.

2.4.5. Drying Shrinkage

The drying shrinkage of mortar was measured according to Chinese standard JGJ /T
70-2009 [46] using cubic specimens (40 x 40 x 160 mm). The specimens were initially cured
in a mold for seven days in an environment with a relative humidity exceeding 90% at
20 £ 2 °C. The molds were removed and specimens were labelled with their respective
number and testing direction before being hardened in an environment with a relative
humidity of 60 &= 5% at 20 £ 2 °C. Tests were conducted at specified intervals (7, 14, 21, 28,
56, and 90 days), and the drying shrinkage was calculated using Equation (1).

 _Lo—Li
T L-Lg

®)

where ¢ is the drying shrinkage, Ly is the initial length of the specimen, L is the length of
the specimen (160 mm), Lq is the total length of the two nails buried in the specimen, and
L; is the measured length of the specimen.
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3. Results and Discussion
3.1. Properties of ESRFA

With a density of 2593 kg/m? and a fineness modulus of 2.8, the sand was used to
prepare mortar specimens. The different appearances of ESRFA and river sand are shown
in Figure 3. Table 1 lists the cement’s chemical composition and physical properties and
the related aggregates used in this study. Portland cement (Pel42.5) was obtained from
China Resources Cement Holdings Limited. The chemical composition of the recycled sand
was determined by X-ray fluorescence (XRF) spectroscopy using an 54 Explorer (Bruker,
Billerica, MA, USA). The XRF analysis indicated that the recycled sand had a chemical
composition similar to that of river sand (Table 1), and its most abundant oxide was SiO,
(88.5%). Other oxides detected by XRF included Al,O3 (8.17%), CaO (0.38%), Fe;O3 (0.78%),
and MgO (0.184%).

Before carrying out the CO; curing, the apparent density and water absorption of
each kind of RA were determined according to BS EN 1097-6 [47], the results of which are
tabulated in Table 2. Additionally, the porosity values of the RA (p) were determined as a
ratio of pore volume (Vp) to the bulk volume of the RA (V):

Table 2. Chemical composition and physical properties of the materials.

1 o River Sand ESRFA Cement
Component Excavated Soil (%) (%) (%) (%)
SiO, 58.9 97.27 88.5 215
CaO 0.636 0.23 0.38 58.81
Al O3 315 1.08 8.17 8.33
Fe,03 3.69 0.63 0.78 3.88
Chemical MgO 0.596 0.13 0.184 2.67
composition K,0 25 0 1.17 0.752
SO; 0.29 0 0.05 3.24
CryO3 0.049 0.059
NiO 0.021 0.019
MnO 0.005 0.006
LOI - - - 2.61
. : Apparent density - 2593 + 100 kg/m3 2605 + 100 kg/m3 -
Physical properties "5 11 density - 1498 + 50 kg/m> 1435+ 50kg/m® 1540 + 50 kg/m?

Water absorption -

3.2. Micromorphology and Shape Analysis

The morphology of ESRFA and river sand was assessed using SEM (Figure 3). Some
fine particles enveloped the surface of the ESRFA aggregate, leading to a surface that was
rougher than that of river sand. At a magnification of 4000x, many microcracks were
observed within ESRFA.

The images of river sand and ESRFA particles were obtained using SEM. Their size
and roundness were evaluated and compared using Image]2 software, as illustrated in
Figure 5 [48]. Roundness refers to the degree of regularity in the shape of the sand particles
and was determined by comparing the ratio between the maximum and minimum diame-
ters of the particles. A ratio closer to 1 indicates that the particle is more spherical, while a
smaller roundness value indicates that the particle has a more cubic shape [49].

Figure 5a,b show that the particle size distribution of river sand was better and
exhibited a clean surface without fine particles. In contrast, ESRFA showed an inferior
particle size distribution, characterized by a shortage of intermediate-sized particles, which
produced an uneven distribution.

The average roundness of ESRFA was 0.6035, while that of river sand was 0.643,
indicating a 6.55% higher sphericity coefficient for river sand (Figure 8). In Section 3.2,
the flowability of river sand mortar was superior to ESRFA mortar with the same mix
proportion because river sand’s particles showed a more spherical morphology. Analysis
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of the relationship between roundness and particle size revealed no significant correlation.
Figure 9 shows the proportion of particles in both types of sand, which indicated a more
uniform particle size distribution for river sand and a concentration of particle sizes in
the 0.5-1 mm range for ESRFA, accounting for 67% of all particles. In contrast, river sand
showed only 52.8% of particles in this range. In ESRFA, particles with sizes between
0.25 mm and 0.5 mm accounted for only 3% of the total, while the corresponding value for
river sand was 12.4%. This difference may have been due to the artificial screening and
discarding of ESRFA particles in this size range by the excavated soil recycling company to
reduce the clay content in the sand.

1.0

Roundness

®  River sand
® ESRFA

0.0 0.5 1.0 1.5 2.0 25 30 35 40 4.5
Diameter (mm)

Figure 8. The roundness-particle size relationship of the two types of sand.

70

. ESRFA
River Sand

Rate in number (%)

Diameter (mm)

Figure 9. Particle size distributions of the two types of sand.
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Flowability(mm)

3.3. Properties of Fresh Mortar

Figure 10 presents the results of the flowability tests of ESRFA. The flow diameter
of the mortar mixtures varied between 175 mm and 166 mm as the replacement rate of
ESRFA changed. Upon increasing the replacement rate of ESRFA for river sand, the flow
diameter of the mortar mixtures gradually decreased. Below or equal to a replacement
rate of 30%, the flowability decrease was insignificant, but it began to increase significantly
when the replacement rate of ESRFA reached 50%. When the replacement rate of ESRFA
reached 100%, the flowability of the mortar mixtures was 5.14% lower than that of river
sand. During mixing and testing, the workability of fresh mortar was closely related to the
water absorption of the aggregate, and no bleed or segregation were observed.
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Figure 10. Flowability of mortars for ESRFA with different replacement rates.

3.4. Physical Properties of Hardened Mortar
3.4.1. Density

Figure 11 shows the density of mortars up to a substitution rate of 30% for ESRFA.
The apparent density of mortar increased and eventually surpassed that of mortar made
solely from river sand. This was attributed to the large particles (>3 mm) and the high
content of 0.5-1 mm particles carried by ESRFA, which enhanced the aggregate skeleton.
However, as the substitution rate further increased, the density of the ESRFA mortar began
to decrease due to the uneven distribution of the ESRFA, which impeded the formation
of a compact skeleton within the mortar. The gradual decrease in the river sand content
prevented finer particles in the river sand aggregate gradation from filling these voids.
Consequently, upon increasing the substitution rate of ESRFA for river sand, the apparent
density of the resulting mortar gradually decreased.
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Figure 11. Density of mortars for ESRFA with different replacement ratios.

3.4.2. Porosity of the Mortars

Figure 12 illustrates the relationship between the ESRFA replacement rate and mortar
porosity. Above a 30% replacement rate, the porosity of mortar gradually increased because
the aggregate affected the internal structure of the mortar. When ESRFA replaced about 30%
of river sand in mortar, although the flowability decreased, the flexural and compressive
strengths, porosity, water absorption, and dry shrinkage all increased. Furthermore, as the
replacement rate of ESRFA increased, the clay content in the mortar also increased, which
absorbed reactive water. This slowed or even inhibited the hydration reaction of the mortar,
which decreased its compactness and increased its porosity.
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Figure 12. Porosity of mortars for ESRFA with different replacement ratios.
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3.4.3. Water Absorption

Table 3 presents the water absorption values of mortar, in which at an ESRFA re-
placement rate of 30%, the water absorption rate decreased by 1.4%. However, as the
replacement rate continued to increase to 50%, 70%, and 100%, the water absorption rate
increased by 2.59%, 5.63%, and 8.03%, respectively, relative to river sand mortar. These
results were attributed to the non-uniform particle size distribution of ESRFA. As the ESRFA
replacement rate increased, the compactness of the mortar decreased, which increased the
internal porosity of the mortar and thus increased its water absorption rate.

Table 3. Water absorption percent of hardened mortars.

River Sand-100 ESRFA-30 ESRFA-50 ESRFA-70 ESRFA-100
Mean, % 12.12 11.95 12.43 12.82 13.15
Std Dev 0.38 0.25 0.33 0.29 0.21

3.5. Mechanical Properties of Hardened Mortar
3.5.1. Compressive and Flexural Strengths

Figures 13 and 14 illustrate the evolution of the flexural and compressive strengths of
mortar samples over 90 days. Table 4 presents the corresponding flexural and compressive
strengths. The results reveal that for a given curing time, the flexural and compressive
strengths initially increased and then decreased upon increasing the ESRFA content. When
the ESRFA substitution rate for river sand was 30%, the flexural and compressive strength
were higher than those of mortar using only river sand at 28 days, representing increases of
6.74% and 3.32%, respectively, and 4.12% and 1.15% at 90 days (Figure 13). When the ESRFA
substitution rate for river sand was 100%, the mortar’s flexural and compressive strengths
were higher than those of the river sand mortar, representing decreases of 10.11% and
10.46% at 28 days, respectively, and decreases of 8.55% and 11.34% at 90 days (Figure 14.).
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Figure 13. Flexural strength of mortars using ESRFA with different replacement rates.
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Figure 14. Compressive strength of mortars for ESRFA with different replacement rates.
Table 4. Relative flexural and compressive strength of mortar.
1d 3d 7d 28d 56 d
Sal;l;]‘l’_elroo 5.6 7.1 8.2 8.9 9.7
Flexural ESRFA-30 57 7.2 8.2 9.5 10.1
strength ESRFA-50 53 7.1 77 8.7 9.0
ESRFA-70 53 7.1 7.5 8.4 8.8
ESRFA-100 5.1 6.7 7.2 8.0 8.6
sal:lﬁroo 19.2 26.4 33.9 39.2 433
Compressive ESRFA-30 19.6 27.3 35.2 40.5 43.8
strength ESRFA-50 18.9 25.7 33.1 38.4 41.3
ESRFA-70 18.2 25.1 32.5 37.0 40.2
ESRFA-100 17.5 24.5 30.8 35.1 39.6

At 28 days, the flexural strengths of specimens with ESRFA replacement rates of 30%,
50%, 70%, and 100% were, respectively, 66.67%, 64.15%, 58.49%, and 56.86% higher than
those on day one. Similarly, the compressive strength of specimens with ESRFA replacement
rates of 30%, 50%, 70%, and 100% were, respectively, 106.63%, 103.17%, 103.30%, and
100.57% higher than those on day one. However, no filling effect or acceleration in the
strength increase was observed during the early curing period upon increasing the ESRFA
substitution rate in the mortar (Figure 15).
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Figure 15. Rupture in strength test.

At 90 days, the flexural strength of specimens with ESRFA replacement rates of 30%,
50%, 70%, and 100% were, respectively, 6.32%, 3.45%, 4.76%, and 7.50% higher than those
at 28 days. Furthermore, the compressive strengths of specimens with ESRFA replacement
rates of 30%, 50%, 70%, and 100% were, respectively, 8.15%, 7.55%, 8.65%, and 12.82%
higher than those at 28 days. The flexural and compressive strengths showed a non-
linear relationship upon increasing the ESRFA content and were characterized by an initial
increase followed by a decrease.

3.5.2. Drying Shrinkage Rate of ESRFA Mortars

Figure 16 shows that the drying shrinkage rate of ESRFA mortars is different at dif-
ferent substitution rates, in which the mortar with 100% ESRFA had the highest drying
shrinkage. The drying shrinkage of mortars with ESRFA aggregate contents of 50%, 70%,
and 100% content showed increases of 9.0%, 21.9%, and 27.5%, respectively, after 90 days
compared with mortars without ESRFA. These results showed that the dry shrinkage in-
crease rate upon ESRFA addition is less marked beyond 50% addition of ESRFA. Specifically,
the shrinkage rate of ESRFA-50 increased by 11.59% compared with ESRFA-30, whereas
the shrinkage rate of ESRFA-70 increased by 11.85% compared with ESRFA-50, and the
shrinkage rate of ESRFA-100 increased by only 4.62% compared with ESRFA-70. However,
when the ESRFA content increased to 30%, the 90-day drying shrinkage decreased by 2.49%.
Some ESRFA containing coarse and fine particles enhanced the skeleton effect of the mortar,
giving the aggregate inside the mortar a uniform particle size distribution, thus reducing
its drying shrinkage.

Mesbah and Buyle-Bodin found that mortar specimens showed more considerable
drying shrinkage due to their higher porosity and water absorption [50]. The influence
of ESRFA on the drying shrinkage of hardened specimens was ascribed to three factors:
(1) porosity, (2) water absorption, and (3) clay content. It is widely recognized that the
primary mechanism responsible for drying shrinkage is the loss of moisture from mortar,
which is maintained by capillary tension in the hydrated cement paste’s pores and is lost
via physically adsorbed water in the C-S-H gel [51]. Therefore, the drying shrinkage of
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hardened specimens was closely linked to mortar’s water absorption, which is tabulated
in Table 3. The results reveal a non-linear trend in which the water absorption initially
decreased before increasing as the ESRFA content was increased. The clay content in mortar
prepared using ESRFA sequestered a portion of the free water in the mixing water by the
clay, which prevented it from being consumed by cement hydration reactions.
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Figure 16. Drying shrinkage of mortars.

Consequently, the drying shrinkage of the resulting mortar specimens increased due
to the evaporation of water absorbed by the clay during the later stages of hardening.
Additionally, the absolute clay content in the mortar underwent a marked increase upon
progressively increasing the ESRFA substitution rate. This increase in clay content ex-
acerbated the dry shrinkage of the mortar, which accounted for the trend in which the
drying shrinkage first decreased to 2.49% and then increased to 27.5% upon increasing the
ESRFA content.

4. Conclusions

This study explored the feasibility of using ESRFA to replace river sand as an aggregate
during mortar preparation. Based on the results obtained, the following conclusions can
be drawn:

e  Micromorphology and shape analysis revealed that the roundness coefficient of river
sand was 6.55% higher than ESRFA. This was reflected in the flowability test of the
mortar, where river sand mortar exhibited superior flowability to ESRFA mortar
because; when the surface of aggregate particles was more cubic and rougher, they
significantly reduced the workability of fresh mortar by increasing the resistance
to particle sliding. In addition, river sand exhibited a more uniform particle size
distribution than ESRFA, which showed a greater particle size concentration, with 67%
of the particles distributed between 0.5 mm and 1 mm. Thus, modifying the uniformity
of particle size distribution is a plausible strategy for enhancing the replacement rate
of aggregates in mortar.

o  The flexural and compressive strength, porosity, water absorption, and dry shrinkage
of mortar increased and then decreased upon increasing the ESRFA content.

e  When ESRFA replaced about 30% of river sand in mortar, although the flowability
decreased, the flexural and compressive strengths, porosity, water absorption, and
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dry shrinkage all increased. Therefore, the reasonable use of ESRFA during mortar
mixing may enhance its performance, but adding ESRFA will decrease the fluidity of
mortar, regardless of the mixing ratio. Therefore, the improvement of the workability
of ESRFA cement products should be considered during use.

e  The experimental results showed that ESRFA could be used to partly replace river
sand during the production of cement products and had good physical properties.

e  Using ESRFA helps address the environmental issues associated with excavated soil
disposal and reduces the reliance on river sand, offering a sustainable alternative for
the concrete industry.

e  Overall, ESRFA can be a viable partial replacement for river sand in mortar, particularly
at substitution rates up to 30%, providing economic and environmental benefits
without compromising the mechanical properties of the mortar.
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