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A B S T R A C T

Approximately 300,000 tons of municipal solid waste incineration bottom ash (BA) and 600,000 
tons of fayalite slag (FS) are generated annually in Finland from metallurgical and incineration 
processes, with the majority of them disposed of in landfills or used in low-value applications. 
This study investigated the potential upcycling of FS and BA as sand replacements in cement- 
based mortars to avoid landfilling, conserve natural resources, and ensure efficient use of in
dustrial residues. Standard sand (SS) was used as the main fine aggregate. The effect of replacing 
SS partly or wholly with either FS or BA was investigated through workability, compressive 
strength, ultrasonic pulse velocity (UPV), scanning electron microscope analysis, capillary water 
absorption, alkali–silica reaction (ASR), freeze-thaw cycles in water, and combined sodium sul
fate and sodium chloride solution exposure. The aggregates’ leaching results were below the 
values stipulated by Finnish and EU regulations. Partial or full replacement of SS with either FS or 
BA resulted in lower workability. Full replacement of SS with FS resulted in comparable prop
erties to the reference mix in terms of compressive strength, UPV, and capillary water absorption. 
Meanwhile, partial replacement of SS with FS resulted in higher compressive strength and UPV 
but reduced water absorption. In contrast, partial or full replacement of SS with BA resulted in 
lower compressive strength and UPV, as well as increased water absorption compared with the 
reference mix. All samples remained stable after exposure to freeze-thaw cycles in water. How
ever, only the reference samples and samples containing 50% replacement of SS with either FS or 
BA were stable after exposure to freeze-thaw cycles in a combined sulfate and chloride solution, 
whereas those containing 100% FS or BA were completely degraded. Of all the aggregates, only 
FS satisfied the 14-day ASR requirements according to the ASTM C1260 standard, achieving a low 
expansion rate of 0.009%.

1. Introduction

Concrete is one of the most widely used materials worldwide. Meanwhile, the production and usage of concrete have continued to 
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increase due to the demand for buildings and infrastructure development around the world, which is estimated to reach approximately 
18 billion tons annually by 2050 [1–3]. The main solid components of mortar and concrete, namely Portland cement (PC) and natural 
aggregates, have continued to experience an astronomical increase in demand. Currently, the production of PC is responsible for 7%– 
9% of global anthropogenic carbon emissions [4–6]. Similarly, the extensive and uncontrolled extraction of natural aggregates for 
construction has resulted in severe environmental degradation, such as increased erosion, river salinity, and riverbed depths [7]. To 
reduce the cost and environmental impact of construction materials, research into alternative raw materials that could replace these 
natural raw materials is of prime importance. The replacement of natural raw materials with eco-friendly secondary raw materials 
(mainly industrial residues) as aggregates or supplementary cementitious materials in concrete and mortar production is an 
increasingly adopted approach [8]. In Finland, large amounts of industrial residues are produced annually from various industries, and 
their suitability as aggregates and binder replacements has been extensively reviewed and reported [2,8]. Meanwhile, fayalite slag (FS) 
and municipal solid waste incineration bottom ash (BA) are among the most widely produced industrial residues in Finland that remain 
unexploited and mostly landfilled.

FS is a non-ferrous metallurgy, iron-rich industrial residue produced during copper and nickel extraction [4–6,9,10]. In Finland, an 
estimated 200,000 tons of water-quenched nickel-based FS and 400,000 tons of slowly cooled copper-based FS are generated annually, 
with the majority being stored at dumping grounds, resulting in higher landfilling costs for the producing companies. Several strategies 
have been developed to minimize their disposal and encourage their reuse as construction materials [6,11,12]. Notably, FS possesses 
physical, chemical, and mineralogical characteristics that make it suitable for partial or total replacement of aggregates in mortars. For 
instance, FS is available in granular form due to water quenching, with particle sizes ranging from 0 to 2 mm. Therefore, FS can be used 
as a fine aggregate because it has a suitable particle size for mortar sand replacement [4–6,9]. Chemically, FS consists of Fe2O3 and 
SiO2 with lower amounts of Al2O3 and CaO [4–6,9]. Mineralogically, FS is mostly associated with fayalite, and magnetite, with lower 
amorphous content [10]. Furthermore, FS exhibits favorable technical and mechanical properties, such as excellent soundness, good 
abrasion resistance, and stability. These properties make it suitable as an excellent alternative aggregate for the construction industry. 
Due to these properties, several researchers have investigated the effects of replacing natural sand with FS from copper production on 
the mechanical and durability properties of cement-based mortars cured at room temperature (≈20 ◦C) and the results were promising 
[11,13–15]. For example, some studies reported an increase in the compressive strength of mortar and concrete when sand was 
replaced with 20%–100% FS, with the highest strength observed in mortar samples containing 50% FS and 50% sand [11,16,17]. 
Other studies have shown that replacing sand with 10%–50% FS can increase the 7- and 28-day compressive strengths of 
high-performance and normal concrete, beyond which the compressive strength starts to decrease, with concrete containing 100% FS 
having lower compressive strength than the reference samples [11,13,18]. Furthermore, other studies have reported an increase in the 
strength and durability of high-strength concrete when FS replaces less than 40% of the sand [19–22].

BA is another secondary raw material with a high potential to be used as an alternative aggregate but with a low usage fraction. BA 
is an industrial residue produced during the incineration of municipal solid waste [23,24]. The amount of BA produced annually has 
continued to increase due to the growing population and the amount of municipal solid waste generated, estimated at 20 million tons 
annually in Europe [23,24]. Approximately 300,000 tons of BA are produced annually in Finland, with over 90% being landfilled or 
used in low-value applications [23,24]. Several use pathways have been proposed and explored to avoid landfilling and ensure 
compliance with the EU directive on zero waste, principally through upcycling as construction materials. BA is available in granular 
form, with particle sizes ranging from 0 to 2 mm [24]. BA is rich in SiO2, Al2O3, and CaO [24]. In terms of mineralogy, BA comprises 
anorthite, anorthoclase, quartz, orthoclase, and calcite as the main crystalline phases [24]. BA has been considered a potential raw 
material for lower structural layers of road and field structures and other construction applications due to its physical, chemical, and 
mineralogical properties [24–26]. Despite this, a large fraction of BA remains unexplored. The effects of replacing natural sand with BA 
on the mechanical and durability properties of cement-based mortars have been investigated by several researchers. Most studies in the 
literature have reported that the use of BA as aggregate in mortars and concrete can negatively affect the material's mechanical and 
microstructural properties [27–35]. Vaitkus et al. [27] investigated the properties of BA and its potential suitability as an aggregate 
replacement in road building materials. Polozhiy et al. [28] investigated the feasibility of replacing sand with BA as a fine aggregate in 
concrete and observed that the mechanical and durability properties of the concrete gradually decreased with increasing BA content. 
Grazulyte et al. [29] observed and reported that the compressive strength of the concrete produced decreased by completely replacing 
sand with BA. Cheng [30] investigated the replacement of sand with up to 40% BA and assessed the mortar's compressive strength and 
pore size distribution. In the abovementioned study, cement mortar containing BA as aggregate exhibited higher total and capillary 
porosity and lower compressive strength than conventional cement mortar containing sand. Tang et al. [31] substituted up to 30% of 
the sand with BA and investigated its impact on the mechanical performance of the mortar. The compressive strength of all samples 
decreased with increasing BA content, which was ascribed to the high water absorption of BA, which hindered cement hydration to 
some degree, resulting in lower compressive strength. BA exhibits higher porosity, lower water absorption, and lower density than 
sand, which decreases the viscosity, compressive strength, flexural strength, and elastic modulus of cement-based mortars [27–31].

Most studies conducted so far on the use of FS as a fine aggregate in cement mortar have focused on FS from copper production, 
with limited studies on the use of FS from nickel production. Moreover, the properties of BA and FS can vary from one location to 
another depending on the source, processing operations, and cooling process. Considering that one of the objectives of this study was to 
prepare materials encompassing a maximum amount of industrial residues as aggregate replacements, the mechanical and durability 
properties of cement mortar containing high volumes of BA and FS as aggregates were investigated. The study was conducted ac
cording to the following structure: The physical properties of the raw materials were characterized in terms of particle size distribution, 
particle shape, moisture content, water absorption, dry loose density, and true density. The fresh properties of the mortar samples were 
characterized in terms of workability, whereas the hardened state properties were evaluated in terms of compressive strength, 
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ultrasonic pulse velocity (UPV), and capillary water absorption. The durability properties of the mortar samples after exposure to 
freeze-thaw cycles in water and combined sulfate and chloride solutions were assessed in terms of visual observation, mass loss, and 
residual compressive strength. In addition, all mortar samples were evaluated for alkali-silica reaction (ASR). The effects of BA and FS 
as sand replacements on the mortar's microstructure and hydration products were investigated using scanning electron microscopy 
(SEM) and X-ray diffraction (XRD), respectively.

2. Experimental work

2.1. Materials and methods

CEN standard sand (SS) conforming to the European standard EN 196-1 [36], FS, and BA were used as fine aggregates for the study. 
SS was used as the reference aggregate. Secondary raw materials, such as BA and FS, were used as alternative aggregates to partially or 
totally replace SS to reduce reliance on natural aggregates, such as SS. FS is an industrial residue from nickel processing operations, 
supplied in granular form by Boliden Harjaavalta, Finland. BA is an industrial residue from the incineration of municipal solid waste, 
supplied in granular form by Oulun Energia, Finland. SS has a particle size distribution (PSD) of 0.08–2.00 mm, maximum moisture 
content of 0.6% (measured in accordance with the EN 1097-5 standard method [37]), water absorption of 0.2% (measured in 
accordance with the EN 1097-6 standard method [38]), dry loose density of 1481 kg/m3, and true density of 2600 kg/m3. FS has a 
maximum moisture content of 5.2% (measured in accordance with the EN 1097-5 standard method [37]), water absorption of 0.4% 
(measured in accordance with the EN 1097-6 standard method [38]), dry loose density of 1851 kg/m3, and true density of 3800 kg/m3. 
Furthermore, BA has a maximum moisture content of 6.6% (measured in accordance with the EN 1097-5 standard method [37]), water 
absorption of 7% (measured in accordance with the EN 1097-6 standard method [38]), dry loose density of 1581 kg/m3, and true 
density of 2800 kg/m3. FS and BA were dried in an oven at a temperature of 60 ◦C to achieve a moisture content similar to that of SS. To 
ensure that all aggregates had a PSD and fineness modulus comparable to those of SS, FS and BA were optimized to obtain a PSD and 
fineness modulus similar to that of SS (Fig. 1). This was achieved by adjusting different particle size fractions of FS and BA to achieve a 
PSD range and fineness modulus similar to those of SS.

The shape of the aggregates observed with the aid of an optical microscope shows that SS has a round shape with a smooth surface, 
whereas FS presents an angular and irregular shape with a rough surface texture. For BA, the aggregates are irregular and angular in 
shape with a porous surface texture (Fig. 2).

Portland limestone cement (PLC, CEM II 42.5 N) that complies with the EN 197-1 standard [39] was used as the binding material. 
The PLC has a Blaine surface area of 400 m2/kg and a density of 3.1 g/cm3.

The chemical composition of the PLC, coupled with the loss on ignition (LOI) was analyzed using X-ray fluorescence (PANalytical 
Omnian Axios Max, UK), whereas the density of the raw materials was measured using a helium pycnometer (Micrometrics, USA). A 
wet module laser diffraction particle size analyzer (LS13320; Beckman Coulter, USA) was used to measure the PSD of PLC after proper 
dispersion in isopropanol. The median PSD (d50), chemical composition, and density of the PLC are presented in Table 1.

A leaching test was conducted on BA and FS to ascertain their heavy metal concentrations before their use as alternative aggregates 
in accordance with the EN12457-2 standard [40]. BA and FS were dipped in pure water at a liquid/solid mass ratio of 10 and rotated in 
a rotary tumbler (Retsch, Germany) for 24 h at 30 rpm. After the rotation was completed, the eluates were collected and analyzed by 
inductively coupled plasma optical emission spectrometry (ICP-OES) in accordance with the SFS-EN ISO 11885 standard (SFS-EN ISO 
11885, 2009).

Fig. 1. Particle size distribution of aggregates.
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2.2. Preparation of samples and curing conditions

Five mix proportions were developed for this study to assess the effect of replacing SS partly or wholly with either FS or BA on the 
fresh, hardened and durability properties of the mortar (Table 2). PLC was used as the cement for all the mixes. The aggregate-to- 
cement ratio for all the mixes was kept constant at 3:1, and the water-to-cement (w/c) ratio was fixed at 0.50 in accordance with 
the EN 196-1 standard [36]. The first mix, denoted by “SSM,” is the reference mix containing SS, whereas those prepared by completely 
replacing SS with either FS or BA are denoted by FSM and BAM, respectively. The remaining two mixes (SSFSM and SSBAM) were 
prepared by replacing 50% of the SS aggregates with either FS or BA aggregates. All mortar samples were mixed through a mechanical 

Fig. 2. Optical images of (a) FS, (b) SS, and (c) BA aggregates.

Table 1 
Chemical composition, particle size distribution, 
LOI, and PLC density.

PLC

SiO2 15.2
Al2O3 3.5
Fe2O3 3.3
CaO 59.9
MgO 2.3
Na2O 0.7
K2O 0.8
TiO2 0.2
P2O5 0.1
MnO 0.1
SO3 5.0
Others 0.8
LOI at 950 ◦C 3.4
Density (g/cm3) 3.1
d50 (μm) 9.2
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process according to the EN 196–1 standard [36]. After the mixing operation, the fresh mortar samples were tested for their work
ability before casting them into oiled steel molds of dimension 50 mm × 50 mm × 50 mm3 and 40 mm × 40 mm × 160 mm3, which 
were compacted to remove air pockets using a jolting machine (60 shocks, 1/s). After compaction, the samples were placed in a plastic 
bag, properly wrapped, sealed, and cured at ambient temperature for 24 h. The mortar samples were carefully removed from the molds 
and placed in a humidity chamber at 23 ◦C and 90% relative humidity until the specified testing dates.

2.3. Test methods

2.3.1. Workability
The workability of the fresh mortar samples was assessed based on the spread diameter after applying 15 shocks using a flow table 

test in accordance with the EN 1015-3 standard [41]. The average of four spread diameter values was taken as the workability value.

2.3.2. Compressive strength
To assess the effect of different aggregate replacements on the mortar's mechanical properties, the compressive strength of all the 

mortar samples was measured in accordance with the EN-196-1 standard [36] using a calibrated Zwick Z100 testing machine 
(Zwick/Roell, Germany) with a maximum load of 100 kN and a loading force of 2.4 kN/s. Four cube samples for each mix at the 
specified curing age (3, 7, and 28 days) were tested, and the average compressive strength value was calculated. The standard de
viation between the measured values was indicated by the strength measurement error bars. The compressive strength was calculated 
using the following equation: 

σ=P/A 

where σ is the compressive strength in N/mm2, P is the load or force in N, and A is the cross-sectional area in mm2.

2.3.3. Ultrasonic pulse velocity
The UPV of the mortar samples was measured to investigate the effect of different aggregates on the mortar's microstructural 

quality and compactness. The UPV test was performed according to the ASTM C597 standard [42]. Two 55-kHz transducers with a 
travel time accuracy of ±1% and a distance accuracy of ±2% were fitted to a UPV testing machine (Matest C369 N, Italy) with a 
measuring range of 0–3000 μs and an accuracy of ±0.1 μs. At each specified curing age (3, 7, and 28 days), triplicate prism samples for 
each mix were removed from the humidity chamber, and the UPV was measured. The UPV was calculated using the following 
equation: 

V= L/T 

where V is the UPV in m/s, L is the distance between the two transducers in m, and T is the transmission time in s.

2.3.4. Capillary water absorption
Four cube mortar samples (28-day age) of each mix were dried in a vacuum oven at 40 ◦C until a change in mass was less than 0.1%. 

The reason for drying at a lower temperature of 40 ◦C instead of 60 ◦C is to avoid ettringite decomposition, since ettringite decom
position usually starts around 60 ◦C. Capillary water absorption was performed in accordance with the ASTM C1585 standard [43]. 
After drying, the samples’ surfaces were coated with epoxy, except for one surface, which was exposed and placed on the support rod in 
water. The mass of the samples was measured at different intervals for up to 8 days. The capillary water absorption was calculated 
using the following equation: 

Capillary water absorption=
Δm

A 

where Δm is the change in the mass of the sample at time t (kg), and A is the exposure area of the sample in m2.

2.3.5. Frost resistance
The frost resistance test was performed by exposing all the mortar samples to rapid freezing and thawing cycles in accordance with 

the ASTM C666/C666M − 15 standard [44]. Duplicate cube mortar samples (28-day old) were tested for each mix. Mortar samples 
were carefully placed in plastic containers in a climatic test chamber (WK3-180/40; Weiss Technik, USA). Water was added to the 

Table 2 
Mix proportion of the mortar samples (kg/m3).

PLC SS FS BA w/c ratio

SSM 450 1350 ​ ​ 0.5
FSM 450 ​ 1973 ​ 0.5
BAM 450 ​ ​ 1454 0.5
SSFSM 450 675 987 ​ 0.5
SSBAM 450 675 ​ 727 0.5
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containers containing the samples so that half (≈20 mm) of the samples were immersed in water and half were exposed to air. The 
water level was maintained throughout the frost resistance testing period. The samples were exposed to a total of 100 freeze-thaw 
cycles at a chamber temperature ranging from − 18 to +4 ◦C. Each cycle took approximately 8 h and consisted of a 2 h dwell time 
at +4 ◦C, 2 h to decrease the chamber temperature to − 18 ◦C, 2 h dwell time at − 18 ◦C, and 2 h to increase the chamber temperature to 
+4 ◦C. Visual observation, mass loss, and residual compressive strength of all mortars were measured after exposure to freeze-thaw in 
water.

2.3.6. Combined resistance to sulfate and chloride
Duplicate cube mortar samples (28-day age) for each mix were exposed to freeze-thaw cycles in combined sulfate and chloride 

solutions to simulate marine conditions in temperate/cold regions and exposure to saline conditions during winter. A mixture of 5% 
sodium sulfate (product code 1.06649.0500 by Merck, Germany) and 3% sodium chloride (product code 7647-14-5 by J. T. Baker, the 
Netherlands) was used to prepare the solution as suggested in Ref. [5]. The solution level and pH were checked at 25, 50, 75, and 100 
cycles to ensure they were kept constant throughout the testing period. The effect of mortar exposure to combined sulfate and chloride 
solutions was assessed in terms of mass loss, visual appearance, and residual compressive strength.

2.3.7. Alkali–silica reaction
The ASR of the aggregate systems was assessed according to the ASTM C1260 standard [45]. Five aggregate systems were examined 

to produce the mortar bars for the test. The reference mortar was produced using SS as the aggregate (named “SS”). Two other mortar 
mixes containing FS (named “FS”) or BA (named “BA”) as aggregates were prepared to assess the effect of full replacement of SS with 
either FS or BA on ASR. The remaining two mortar mixes were binary blends (SS + FS and SS + BA) produced by partially replacing SS 
with either FS or BA. CEM II 42.5 N PLC was used as the binder in all mixtures.

After casting, the mortar bars were demolded after 24 h and stored in water at 80 ◦C for an additional 24 h. The initial comparator 
readings were obtained immediately before immersion in 1 M NaOH solution at 80 ◦C, marking the beginning of the accelerated ASR 
exposure. Measurements were recorded after 7, 14, 21, and 28 days of immersion in NaOH. Expansion was calculated relative to the 
initial reading, and the replicates’ mean and standard deviation were reported. The results were interpreted based on the ASTM C1260
criteria, where expansions exceeding 0.10% at 14 days indicate potential reactivity, and values above 0.20% denote highly reactive 
aggregate behavior. The expansion measurements were performed using a length comparator. The expansion of the mortar bars was 
calculated as the percentage change in length relative to the initial reference length. Here, L0 is the initial length, and Lt is the length 
measured at the specified test age. The expansion was calculated using the following equation: 

Expansion (%)=
Lt − L0

L0
x100 

2.3.8. X-ray diffraction
XRD analysis of the precursors and mortar samples was performed using a Rigaku SmartLab 9-kW diffractometer (Japan). The 

measurement was made using CoKα radiation at 40 kV, a current of 135 mA, a scanning speed of 4◦ 2θ/min, and a step size of 0.02◦

over a scanning range of 2θ = 5–130◦. The Rigaku PDXL 2 software with the PDF-4+ 2020 RDB database was used for phase iden
tification and quantification.

2.3.9. SEM-EDS
SEM micrographs of the prepared mortar samples were obtained using SEM-EDS analysis (Zeiss Ultra Plus, Germany). Secondary 

and backscattered electron images were captured at an acceleration voltage of 15 kV and a working distance of 8 mm. Before obtaining 

Table 3 
Leaching test results of FS and BA aggregates performed in accordance with EN12457-2 and limits specified by Finnish legislation (843/2017).

Hazardous elements Element concentration (mg/kg)

Covered structure Paved structure FS BA

pH N/A N/A 9.59 11.48
Conductivity (mS/cm) N/A N/A 0.05 0.73
As 0.5 1.5 0.005 0.14
Ba 20 60 0.036 3.1
Cd 0.04 0.06 <0.001 <0.002
Cr 0.5 5 0.009 0.45
Cu 2 10 0.05 <2
Hg 0.01 0.03 <0.002 <0.004
Mo 0.5 6 0.007 0.3
Ni 0.4 1.2 0.14 <0.01
Pb 0.5 2 0.003 0.015
Se 0.4 1 0.021 <0.04
Zn 4 12 0.032 0.8
Cl 800 2400 25 25
F 10 50 <5 <5
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the SEM micrographs, the samples were carefully cut into small pieces, cast in epoxy resin, polished using ethanol, and carbon coated.

3. Results and discussion

3.1. Environmental aggregate leaching

Table 3 presents the leaching test results of alternative fine aggregates used for mortar production. All elements released from the 
aggregates were below the allowable regulatory limits specified by Finnish government legislation on the recovery of certain wastes for 
use as aggregates in earth construction (paved and covered structures) [46]. Based on the leaching results, the aggregates can be 
regarded as eco-friendly materials that can be used as alternative secondary aggregate materials in the construction industry. The use 
of FS and BA as alternative aggregates in cement mortar production complies with the European Union's zero waste, circular economy, 
and sustainability principles [47].

3.2. Microstructural characterization

3.2.1. SEM
The SEM micrographs of representative sections of mortar samples (500× and 2000× magnifications) after 28 days of curing are 

presented in Fig. 3a–j. Microcracks were present in the gel of all samples, and this became more pronounced at higher magnifications. 
The presence of microcracks during SEM analysis may be attributed to specimen preparation or exposure to vacuum conditions. 
Meanwhile, differences in the interfacial transition zone (ITZ) and bonding ability were observed among the samples. For instance, the 
reference sample containing SS (SSM) exhibited a homogeneous microstructure and dense ITZ, which was more evident at higher 
magnifications. No visible bond cracks were observed at the aggregate-matrix interface, indicating higher microstructural compactness 
and enhanced SS–matrix cohesion. Moreover, the FSM mortar samples showed a microstructure comparable to that of SSM. Similar to 
SSM, the microstructure of FSM appeared dense with no bond crack propagation at the aggregate-matrix interface, indicating higher 
affinity and bonding between the FS and the matrix. Conversely, BAM showed a less homogeneous and loose microstructure, which 
was characterized by the presence of pores in the aggregate and gel, which were not filled with hydration products. This may have 
contributed to the weak ITZ observed between the BA and the matrix. Furthermore, SSBAM displayed a heterogeneous microstructure 
with pores. A strong interface was observed near the SS aggregate, whereas a weak interface was observed near the BA aggregate. The 
difference in the mortar ITZ properties may be attributed to the difference in the properties of BA and SS. For instance, the high 
sorptivity and porous nature of BA compared to SS may have contributed to its weak ITZ in the mortar. Meanwhile, SSFSM exhibited a 
homogeneous microstructure and a denser ITZ, which was attributed to the efficient packing and higher affinity among the mortar 
components. The FS and SS were properly distributed and integrated in the matrix, and no bond cracks were found at the interface, 
indicating strong bonding and increased microstructural compactness. Based on the SEM results, the difference in the microstructure is 
expected to significantly influence the physical, mechanical, and durability properties of the mortar samples (as discussed in the 
subsequent sections).

3.3. Fresh properties

3.3.1. Workability
Fig. 4 shows the workability of all fresh mortar mixes. The results showed that the aggregate type influences the workability of all 

mixes. Partial or total replacement of SS with either FS or BA significantly reduced mortar workability. Of all the mixes, the reference 
mortar (SSM) containing SS aggregates exhibited the highest workability, whereas the BAM mortars containing BA aggregates 
exhibited the lowest workability. The highest workability of SSM may be attributed to the round shape, smooth surface, and low water 
absorption characteristics of SS (see Section 2.1). Owing to the low water absorption of SS, more free water was available to lubricate 
the matrix during mixing, resulting in enhanced workability. In addition, the round shape and smoother surface of SS helped reduce 
shear resistance in the mortar mix, resulting in improved workability. Alternatively, the total replacement of SS with BA reduced the 
workability values of BAM by 34% compared to the reference mix (SSM). This reduction in the workability of BAM may be attributed to 
the irregular shape, rough surface, porous nature, and higher water absorption characteristics of BA (see Section 2.1). The porous 
nature and high water absorption characteristics of BA mean that more water was needed for the mortar's wettability due to a 
reduction in the amount of free water available for lubrication. These BA characteristics are presumed to have caused increased in
ternal friction in the mortar matrix, resulting in less fluidity and workability. The results of this study are consistent with those reported 
in the literature [30,48,49].

Furthermore, the total replacement of SS with FS resulted in lower workability of FSM compared to SSM at a similar volume ratio, 
which was attributed to the angular shape of FS, which increases the frictional resistance among the mortar components, resulting in 
lower workability. This is consistent with some reported studies where a decrease in workability was observed when sand was replaced 
by copper slag, mainly attributed to its angular shape [50,51]. However, FSM exhibited higher workability than BAM. Unlike BAM, 
whose workability was reduced by 34%, the workability of FSM was reduced by 11% compared with that of SSM. The higher 
workability of FSM compared to BAM may be attributed to the low water absorption characteristics and non-porous nature of the FS 
aggregate (see Section 2.1). This means that less water was absorbed by FS than by BA, making more water available as a lubricant 
between solid particles, thereby reducing the interparticle frictional force and enhancing workability. Meanwhile, partial replacement 
(50%) of SS with FS enhanced the workability of SSFSM mortars compared with those made with 100% FS (FSM). Similarly, partial 
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Fig. 3. SEM micrographs of the mortar samples after curing for 28 days.
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replacement of SS with BA enhanced the workability of SSBAM compared with that of 100% BA (BAM). Hence, the partial replacement 
of FS or BA with SS is beneficial for the workability of SSFSM and SSBAM mortars. Meanwhile, some mixes, particularly those con
taining BA aggregates, exhibited extremely low workability compared to the reference mix. Thus, using a superplasticizer or other 
workability-enhancing admixtures is recommended to achieve comparable workability values to the reference mix. From the results, it 
can be inferred that the aggregate properties play a critical role in influencing the workability of the mortar mixes.

3.4. Properties of hardened mortar

3.4.1. Compressive strength
The compressive strengths of all the mortar samples are presented in Fig. 5. The compressive strength of all samples increased with 

curing age, regardless of the aggregate type, indicating that the samples underwent continuous hydration and strength development 

Fig. 4. Workability of the mixes.

Fig. 5. The compressive strength of the mortar samples.
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over time. At an early age, the compressive strength of all samples ranged from 15 to 29 MPa, with BAM having the lowest compressive 
strength and SSFSM having the highest compressive strength. The full replacement of SS with BA resulted in lower early-age 
compressive strength compared with the reference mix (SSM). However, full replacement of SS with FS resulted in comparable 
early-age strength when compared to SSM, with SSM and FSM showing an early-age compressive strength of 25 MPa. Meanwhile, the 
partial replacement of SS with either FS or BA resulted in higher early-age compressive strength compared with the corresponding 
mortars containing 100% FS or BA (FSM and BAM). SSFSM mortars containing a mix of SS and FS exhibited a compressive strength of 
29 MPa, whereas FSM mortars containing 100% FS exhibited a compressive strength of 25 MPa. In addition, SSBAM containing a 
mixture of SS and BA exhibited a compressive strength of 22 MPa, whereas BAM containing 100% BA aggregates exhibited a 
compressive strength of 15 MPa.

A similar trend was observed for the 7- and 28-day compressive strength, with mortar samples containing a mix of SS and FS 
aggregates achieving the highest 28-day compressive strength of 55 MPa. The lower compressive strength exhibited by BAM compared 
to SSM and FSM at all ages could be attributed to the aggregates’ physical and chemical properties. The porous nature, low hardness, 
and inferior mechanical properties of BA aggregates are believed to have adversely influenced the compressive strength of BAM. The 
high water absorption of BA may have caused incomplete cement hydration, resulting in lower strength. In addition, the weak bonding 
between BA and cement observed in the SEM analysis (see Section 3.2.1) may have contributed to the lower compressive strength of 
BAM than that of other samples. The lower compressive strength observed in the mortar samples containing 100% BA aggregates in 
this study is consistent with those reported in the literature [52,53]. Although FS and BA have similar angular shapes, FSM had higher 
compressive strength than BAM at a similar replacement ratio. This may be attributed to the dense and non-porous nature of FS and the 
strong bonding between FS and cement (see Section 3.2.1), leading to a denser microstructure and better strength development. In 
addition, SSM and FSM exhibited comparable mechanical properties at all ages, indicating that the full replacement of SS with FS does 
not have any adverse effect on the mechanical properties. Similar observations have been reported in our previous study [54]. 
Meanwhile, the partial replacement of SS with FS resulted in complementary advantages and improved compressive strength 
compared with the reference mix (SSM) and those containing 100% FS aggregates (FSM). One possible explanation could be that the 
mixture of FS and SS with different properties is believed to have provided a dual effect of bonding and pore filling ability, resulting in 
better particle packing, enhanced pore refinement, and higher compressive strength of SSFSM. This result is consistent with those 
observed and reported in the literature [11,55]. The optimal compressive strength was achieved when 50% of the sand was replaced by 
copper slag, with the compressive strength surpassing that of the reference mix [11,55]. Moreover, partial replacement of SS with BA 
resulted in higher compressive strength compared with those containing 100% BA aggregates.

However, the compressive strength of the BA aggregate-containing mortars (BAM and SSBAM) was lower than that of the reference 
samples (SSM) at all ages. This indicates that partial or full replacement of SS with BA has a negative effect on mortar strength. This 
result is consistent with those reported in the literature, where a reduction in compressive strength was observed when more than 25% 
of the sand was replaced by BA [7,30,31,49]. The reduction in compressive strength was attributed to the higher porosity and water 
absorption of BA, the presence of microcracks, and the lower structural compactness of BA-containing mortars [7,30,31,49]. Overall, 

Fig. 6. The ultrasonic pulse velocity of the mortar samples.
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after 28 days, the strength achieved in all the mortar samples meets the compressive strength requirements for light traffic paving 
brick, structural clay load-bearing wall tile, and building brick [56].

3.4.2. Ultrasonic pulse velocity
The UPV is a non-destructive test that can be used to measure mortar quality and microstructural development over time and can be 

a valuable indicator of mortar porosity [9]. The UPV value of all mortars increased with increasing curing age, indicating continuous 
hydration and microstructural development over time (Fig. 6). However, the UPV values varied among the samples and were mainly 
influenced by the aggregate type. The SSFSM mortar samples had the highest UPV value, whereas the BAM samples had the lowest UPV 
value at all ages. For samples containing 100% BA aggregates, the UPV value was lower than that of the reference samples containing 
100% SS aggregates and samples containing 100% FS aggregates. This is because the physical and chemical properties of BA and FS 
differ from those of SS. For instance, if the mortar pores were not filled with cement paste, the use of porous BA as aggregate can 
increase its porosity, which may be one of the primary reasons why BAM had the lowest compressive strength and higher capillary 
water absorption (see Sections 3.4.1 and 3.5.2). Porosity is one of the main factors influencing the UPV value [4]. The higher the 
porosity, the lower the UPV value. In addition, the lower chemical bonding between BA and cement, weak ITZ, and the presence of 
pores affected the microstructural compactness (see Section 3.2.1), resulting in a lower UPV value of BAM. Thus, the higher UPV values 
of FSM and SSM compared to BAM could be attributed to their lower porosity and enhanced cohesion at the ITZ between the cement 
and aggregate surface. This result is consistent with those reported in the literature, where the mortar or concrete's quality and 
microstructure depended on the interlocking force and cohesion between the cement paste and aggregate [4,57].

Furthermore, SSM and FSM had similar UPV values, suggesting that both samples had comparable mortar quality and compactness. 
Meanwhile, partial replacement of SS with BA resulted in a higher UPV value of SSBAM mortars compared to BAM mortars. Similarly, 
the partial replacement of SS with FS had a remarkable positive effect on the UPV values of the SSFSM. This is because the use of a mix 
of aggregates with different characteristics (e.g., shape, density, and water absorption) is believed to have enhanced the packing of 
particles, reduced the mortar's porosity and voids, and increased the mortar components' affinity, which is crucial for the mortar's 
quality and microstructure. This may be one of the primary reasons why the UPV values of SSFSM and SSBAM were higher than those 
of their corresponding FSM and BAM. The highest UPV values measured in the SSFSM indicated that the matrix had fewer voids and 
defects and was denser and more compact than the remaining samples, provided that all samples had comparable stiffness. The UPV 
values of all mortars are consistent with the SEM analysis and compressive strength measurements (see Section 3.2.1 and 3.4.1). Based 
on the Leslie and Cheeseman [58] classification of mortar and concrete quality, the UPV value of mortar can be classified as excellent 
(>4570 m/s), good (3660–4570 m/s), doubtful/questionable (3050–3660 m/s), poor (2130–3050 m/s), and very poor (<2130 m/s). 
In accordance with the mortar/concrete quality criteria, the UPV values of all the mortar samples after 28 days were in the range of 
3700–4550 m/s and can therefore be classified as good mixes.

Fig. 7. The accelerated mortar bar expansion of the FS, SS, BA, SS + FS, and SS + BA mixtures was measured in accordance with ASTM C1260.
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3.5. Durability properties

3.5.1. Alkali–silica reaction
All aggregates exhibited distinct ASR responses and expansion rates (Fig. 7). FS exhibited the lowest expansion rate among all 

tested materials, with 14- and 28-day expansion rates of 0.009% and 0.014%, respectively, indicating nonreactive behavior under 
accelerated conditions. Conversely, SS had a higher expansion rate than FS, reaching 0.216% and 0.351% after 14 and 28 days, 
respectively, indicating that SS is moderately reactive. BA had the highest expansion rate of 0.304% in 14 days, which increased to 
0.394% after 28 days. Therefore, BA can be classified as a highly reactive aggregate. Meanwhile, the use of binary aggregates 
demonstrated intermediate behavior compared with their respective individual aggregates. For instance, the SS + FS blend exhibited 
reduced expansion rates compared with pure SS at 14 and 28 days, indicating that the partial replacement of SS with FS provides a 
mitigation effect, resulting in lower expansion rates. Similarly, the SS + BA blend exhibited lower expansion than pure BA at 14 and 28 
days. This indicates that the dilution of BA with SS decreases the overall expansion. However, the expansion rate of SS + BA and BA 
was >0.2% after 14 and 28 days, indicating that both systems can be classified as reactive. The standard deviations were generally low 
across all mixtures and test ages, demonstrating strong repeatability and reliability of the measurements. According to ASTM C1260
specifications limits for ASR, the expansion rate for aggregates at 14 days should be below 0.1%, whereas the expansion rate of ag
gregates at 28 days should be below 0.2%. With reference to the ASTM limit for 14 days, SS, SS + FS, BA, and SS + BA exceeded the 
limit, and only FS met the requirement. However, SS, BA, and SS + BA exceeded the ASTM limit for 28 days, and only FS and SS + FS 

Fig. 8. SEM micrographs and corresponding EDS measurement points for all mortar systems (spc: spectrum).
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met the requirement.
SEM imaging of SS showed widespread reaction products within and around the siliceous grain, characterized by cracked and 

porous ASR gel morphology (Fig. 8a). EDS analyses (Spectra 1–4) revealed Na–Si-rich and Ca-poor compositions (Si = 17–24 wt%, Na 
= 7–9 wt.%), consistent with alkali–silicate hydrate gels identified in recent mechanistic studies [59]. The observed degradation 
features are explained by the alkaline dissolution of siliceous phases and subsequent precipitation of Na/K-bearing gels, as reported 
experimentally by Ref. [60]. The intragranular cracking and gel-filled regions suggest that the reactive phase, likely quartz mixed with 
siliceous microcrystalline components such as chert, underwent significant alkaline alteration. Similar internal gel accumulation and 
cracking patterns have been documented in highly reactive silica systems [61–63]. Overall, the observed chemistry and morphology 
confirm the presence of advanced ASR in the reference SS mortar. This microstructural evidence is consistent with the high expansion 
values measured for SS in the accelerated mortar bar test (Fig. 7), indicating that the observed deterioration is directly associated with 
the formation of the classical ASR gel.

In the FS sample, the SEM observations showed large, dense, and smooth-edged Fe-rich grains (Fig. 8b). EDS analyses (Spectra 
14–15) confirmed a dominant Fe–Si composition (Fe ≈ 42 wt%, Si ≈ 17–18 wt%) with negligible alkalis and Ca, indicating that this 
phase is inert under alkaline conditions. No visible Na–Si-rich ASR gel, dissolution features, or reaction rims were observed. The 
internal cracks observed within the grain appeared to be inherent microstructural features rather than ASR-induced damage, con
firming the nonreactive behavior of the FS aggregate. This result is consistent with the negligible expansion values measured for FS in 
the accelerated mortar bar test (Fig. 7), further supporting its inert behavior under alkaline conditions.

SEM-EDS analyses of the BA sample (Fig. 8c and d) revealed no morphologically or chemically distinct ASR gel on crack surfaces or 
around BA particles despite the relatively high expansions measured in accordance with ASTM C1260. Instead, SEM imaging showed 
characteristic whitening and surface softening at the edges of BA grains, indicating localized degradation of the glass phase rather than 
classical gel formation. This finding is consistent with previous findings showing that ASR-related products in BA-containing systems 
do not necessarily manifest as Na–K–Si-rich, low-Ca gels associated with reactive siliceous aggregates. Müller and Rübner [64] re
ported that ASR products in BA-containing concretes frequently remain confined within internal pores without forming visible gel 
rims. Similarly, Schafer et al. [65] noted that the amorphous glassy phases in BA undergo internal alkali-induced degradation, pro
ducing reaction products that accumulate within the particle interior rather than extruding into cracks. Consistent with this behavior, 
EDS measurements from crack margins (Spectra 32–35) showed elevated Ca contents (≈30–34 wt%) and relatively low Si concen
trations (9–15 wt%), which correlate well with the pale, chalky appearance observed along particle edges (Fig. 7d). These high Ca/Si 
ratios (~2–3) point to Ca-rich hydrate precipitates rather than ASR gel. Comparable Ca-enriched surface phases have been docu
mented by Abbas et al. [66]. Variations in Na (1–4 wt.%), Al (2–10 wt%), and Mg further reflect the BA's heterogeneous, partly 
devitrified structure. Altogether, these features indicate that the whitening and cracking observed around BA particles arise from 
surface hydration and alkali-induced alteration of the glassy phase, rather than ASR gel formation, explaining the absence of visible 
ASR gel despite the measured expansions. This suggests that the expansion measured in BA mortars is not directly associated with the 
formation of the classical ASR gel but with the internal degradation and volumetric instability of the amorphous glassy phase.

SEM-EDS analyses confirmed the coexistence of SS-derived and BA-derived phases in the SS + BA sample. Spectrum 11 exhibited a 
Si-rich composition (Si ≈ 51 wt%), which corresponds to a natural sand grain. Minor whitening and fine reaction traces around this 
particle suggested the onset of limited ASR-related alteration, although gel development remained minimal (Fig. 8e). Conversely, 
Spectra 10, 12, 13, 15, and 16 were characterized by Ca-rich compositions (27–53 wt% Ca), representative of BA particles. These 
regions exhibited clear edge whitening, surface degradation, and inward-progressing Ca enrichment (Fig. 8e). The larger BA particle 
analyzed showed peripheral whitening and brittle fracture features. These observations indicate two parallel behaviors: a very minor 
degree of ASR-related alteration at isolated sand grains and a more dominant cracking response governed by BA particles. Thus, in the 
SS + BA mixture, cracking is primarily driven by BA-related microstructural weakness, whereas SS-derived ASR gel formation remains 
limited and scattered. This combined behavior is consistent with the measured expansion trend, where the initial dilution of reactive 
silica reduces early expansion, whereas the progressive degradation of BA contributes to increased expansion at later ages.

SEM-EDS analyses of the SS + FS sample revealed the combined effects of reactive sand (SS) and the Fe-rich, nonreactive silicate 
aggregate (FS). Spectrum 8 corresponded to a Si-rich sand grain exhibiting a few internal microcracks; however, these crack interiors 
were completely empty, indicating that ASR did not progress within the particle (Fig. 8f). Spectrum 9 displayed a strongly Fe- 
dominated composition typical of the FS phase and showed no dissolution features or reaction rims. Although the SS component 
possesses inherent ASR potential, the presence of FS significantly limited the reaction development. The FS phase does not consume or 
chemically bind NaOH; however, its inert nature reduces the amount of available reactive silica and restricts ionic mobility within the 
mortar. Consequently, the overall system becomes less conducive to ASR initiation, preventing sand grains from reaching the required 
activation threshold for gel formation. This behavior is reflected in the SS + FS mortar expansions, which remained well below the 
ASTM limit and corresponded to the absence of gel in both aggregate types. This further confirms that the reduced expansion is directly 
associated with reactive silica dilution and ASR development suppression in the system.

Overall, the expansion behavior is strongly dependent on the mineralogical nature of the aggregates and the associated reaction 
mechanisms. While the expansion in siliceous aggregates, such as SS, is governed by classical ASR gel formation, alternative mech
anisms, such as glassy phase degradation in BA and dilution effects in blended systems, also play a significant role in controlling 
expansion.

3.5.2. Capillary water absorption
The rate of penetration and transportation of water, including various destructive acids and salts, from the surroundings into the 

mortar is usually investigated by capillary water absorption. The easier the penetration and transportation of water, the higher the 
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absorption and deterioration rate of mortars after exposure. Fig. 9 shows the capillary water absorption of all mortar samples. The 
results showed that the capillary water absorption of the mortar samples increased over time until it became stable, regardless of the 
aggregate type. However, the water penetration and transportation rates into the samples differed. Out of all the mixes, SSFSM 
exhibited the lowest capillary water absorption, whereas BAM exhibited the highest capillary water absorption. Total replacement of 
SS with BA aggregates resulted in higher capillary water absorption of BAM mortars compared with the remaining mortars. The highest 
capillary water absorption observed in BAM may be ascribed to its higher levels of permeability and porosity, as indicated by its lower 
UPV measurements and compressive strength (see Section 3.4.1 and 3.4.2) and the presence of pores in SEM measurements (see 
Section 3.2.1). Huynh and Ngo [7] reported a direct correlation between porosity and other indices, such as water absorption, UPV, 
and compressive strength, of cement mortars containing BA as fine aggregates. Therefore, the higher capillary water absorption 
observed in BAM can be attributed to the porous nature of the incorporated BA aggregates, which increases the capillary pore con
nectivity levels and void content, thereby creating an easy water penetration pathway. This result is consistent with those reported in 
the literature, where the water absorption of masonry blocks containing 100% BA aggregates is almost three times higher than that of 
conventional masonry blocks containing sand as aggregates [67].

In contrast, FSM exhibited comparable capillary water absorption, but lower capillary water absorption compared to BAM, likely 
attributed to the higher bonding characteristics, low water absorption, and non-porous nature of FS compared to BA. Moreover, the 
partial replacement of SS with BA resulted in lower capillary water absorption of SSBAM than that of BAM. Similarly, partial 
replacement of SS with FS resulted in lower capillary water absorption of SSFSM than that of FSM. Meanwhile, the effect of partial 
replacement of SS with FS was more beneficial to the microstructure of SSFSM, resulting in the lowest capillary water absorption 
compared with the remaining mortar samples. This means that the use of a mix of FS and SS enhanced particle packing, reduced 
permeability and pore connectivity in the mortar matrix, resulting in lower capillary water absorption. Therefore, the lowest capillary 
water absorption observed in SSFSM may be attributed to its denser and more compact microstructure, consistent with its highest 
compressive strength and UPV values (see Sections 3.4.1 and 3.4.2).

3.5.3. Freeze-thaw in water
Freeze-thaw resistance of mortar samples is one of the most important durability properties, particularly if they are to be used as 

outdoor materials (e.g., paving blocks) in temperate/cold regions. The exposure of all the mortar samples to 100 freeze-thaw cycles in 
water was evaluated in terms of visual observation, mass loss, and residual compressive strength (Figs. 10–12). In terms of visual 
observation (Fig. 10), all the samples exhibited relatively high stability after exposure to freeze-thaw cycles in water. No significant 
macrocracks or visible damage were observed in any of the samples, indicating their potential to withstand severe frost conditions. 
Meanwhile, all the samples exhibited mass loss after exposure, with SSM, FSM, BAM, SSFSM, and SSBAM showing mass losses of 
approximately 0.60%, 0.63%, 1%, 0.50%, and 0.90%, respectively. In addition, all the samples exhibited a reduction in compressive 
strength after exposure, with SSM, FSM, BAM, SSFSM, and SSBAM samples exhibiting strength losses of approximately 17%, 18%, 
38%, 10%, and 23 %, respectively. BAM exhibited the highest mass loss and strength reduction, whereas SSFSM exhibited the lowest 

Fig. 9. Capillary water absorption of mortar samples after curing for 28 days.
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mass loss and compressive strength reduction. It is worth stating that the freeze-thaw resistance of materials is mainly governed by 
three factors: pore size distribution, porosity, and mechanical properties [24,68]. It has been recognized that better freeze-thaw 
resistance can be achieved if a certain share of pores is greater than 3 μm. In addition, the samples must have a high mechanical 
strength to withstand the force due to ice expansion. Finally, the sample must have a low porosity to resist the ingress of water into the 
structure. Therefore, the mass and strength loss of the samples after exposure to freeze-thaw conditions in water were mainly ascribed 
to the penetration and transportation rate as well as the volume expansion of the absorbed water in the pores. In addition, the 
infiltration and penetration of water molecules inside the pore cavities, coupled with the freeze-thaw action, can weaken the mortar 
microstructure, resulting in lower mechanical properties [5]. The rate of water infiltration and penetration is likely to increase with 
time, particularly in samples with higher porosity.

Therefore, the higher mass and strength loss in BAM can be attributed to its higher porosity and less compact microstructure, as 
indicated by its lower UPV, higher capillary water absorption measurements, and weak ITZ (see Sections 3.2.1, 3.4.2, and 3.5.2). This 

Fig. 10. Visual observation of the mortar samples before and after freeze-thaw exposure.

Fig. 11. Mass loss of mortars due to freeze-thaw exposure.
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makes BAM less resistant to the freeze-thaw effect and water ingress, resulting in physical deterioration and detachment of the mortar 
components. In addition, FSM had comparable mass and strength loss to SSM. As observed in the UPV results in Section 3.4.2, FSM had 
comparable porosity to SSM, as indicated by their UPV values. Conversely, lower mass and strength loss was observed in SSBAM than 
in BAM, ascribed to its higher UPV values (see Section 3.4.2) and better microstructural compactness (see Section 3.2.1). This indicates 
that SS has a beneficial effect on the mortar microstructure, resulting in enhanced frost resistance, lower mass loss, and higher residual 
strength. The presence of SS in the SSBAM mortar is presumed to have lowered the penetration of water and reduced the amount of 
freezable water throughout the mortar microstructure, which in turn lowered the internal damage and microcrack propagation due to 
the greater internal hydraulic stress caused by the volume expansion of frozen water. Meanwhile, the lowest mass loss and highest 
residual strength observed in SSFSM could be ascribed to the incorporation of a mix of FS and SS aggregates, which resulted in better 
particle packing, lower porosity, higher pore refinement, and microstructural compactness, as indicated by its higher UPV and lower 
capillary water absorption value. The use of a mix of FS and SS is believed to have lowered the effect of freeze-thaw action and the 
ingress and movement of water into the mortar microstructure, thus providing higher mitigating capacity for internal damage and 
better resistance to freeze-thaw conditions than the remaining samples.

3.5.4. Freeze-thaw in a combined sulfate and chloride solution
During the winter in Northern Europe, most roads and surrounding areas are treated with salt to melt the ice and prevent slippery 

roads. Therefore, the climatic conditions in the Nordic countries require mortars and concrete to have resistance properties to freeze- 
thaw, deicing salt, and marine conditions, particularly when they are used as outdoor materials and exposed to these conditions. 
Fig. 13 shows the visual appearance of all mortar samples after exposure to freeze-thaw in a combined sulfate and chloride solution. 
After exposure, the FSM and BAM mortars were destroyed, whereas the SSM, SSFSM, and SSBAM samples remained stable but had 
slight patches around their edges. The complete deterioration of FSM and BAM may be due to the volume expansion of absorbed 
solutions in their pores due to the dual effect of freeze-thaw and combined sulfate and chloride attack. The high stability of SSM, 
SSFSM, and SSBAM may be attributed to their compact microstructure, which resists the freeze-thaw effect and lowers the solution 
penetration. These observations demonstrate the superior resistance of SSM, SSFSM, and SSBAM samples to degradation in aggressive 
environments compared with FSM and BAM samples.

The mass loss and residual compressive strength of the samples due to exposure to freeze-thaw conditions in combined sulfate and 
chloride solutions are presented in Figs. 14 and 15. All samples exhibited mass loss and strength reduction after exposure, except for 
FSM and BAM, which could not be measured due to complete deterioration. The mass losses of SSM, SSFSM, and SSBAM after exposure 
were 3%, 5%, and 4.5%, respectively, while the compressive strength losses of SSM, SSFSM, and SSBAM after exposure were 31%, 
40%, and 39%, respectively. Out of all the samples, SSM exhibited the lowest mass loss and highest residual strength and hence higher 
resistance to freeze-thaw in combined sulfate and chloride attack than the other samples. This may be because SS contains crystalline 
quartz, which is less susceptible to sulfate and chloride attacks. Meanwhile, the mass loss and reduction in strength of all samples were 
attributed to simultaneous exposure to freeze-thaw cycles and combined chloride and sulfate solutions, which can significantly amplify 
the degree of freeze-thaw damage. The ingress and transportation of sulfate and chloride ions into the mortar microstructure can cause 

Fig. 12. Compressive strength of mortars before and after exposure to freeze-thaw.
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chemical volume changes in the material due to the reaction between the sulfate and chloride ions and the cementitious materials. The 
chemical reaction of chloride and sulfate ions with mortar components such as calcium hydroxide, AFm, or unreacted C3A under 
freeze-thaw conditions can result in the rapid production of expansive agents (ettringite, gypsum, and Friedel's salt), leading to 
spalling, crack propagation, reduction in mechanical properties, and sometimes eventual collapse of the mortar.

4. Conclusions

This study investigated the feasibility of upcycling FS and municipal solid waste incineration BA as alternative fine aggregates in 

Fig. 13. Visual observation of mortar samples after exposure to freeze-thaw in combined sulfate and chloride solutions.

Fig. 14. Mass loss of mortar samples due to freeze-thaw exposure in combined sulfate and chloride solutions.
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cement mortar production for potential construction applications. The FS used in this study was an industrial residue from nickel 
refining processes, whereas the BA was an industrial residue from the municipal solid waste incineration process. The upcycling of FS 
and BA as sand replacements in cement mortar production complies with the concept of zero waste and sustainability. By doing so, 
landfilling costs could be avoided, and the environmental impact and volume of natural aggregates needed to produce mortars could be 
reduced. SS was used as the reference aggregate. The effect of replacing SS wholly or partially with either FS or BA was investigated 
through workability, compressive strength, UPV, SEM analysis, capillary water absorption, ASR, freeze-thaw cycles in water, and 
combined sodium sulfate and sodium chloride solution exposure. The leaching test results revealed that FS and BA were environ
mentally friendly and suitable for use as sand replacements in cement mortar development. However, the experimental results showed 
that differences in aggregate properties exist, which influenced the fresh, hardened and durability properties of the mortars. For 
instance, SS is round with a smooth surface, whereas FS is angular and irregular in shape with a rough texture. In contrast, BA is 
irregular and angular in shape with a porous texture. Partial or total replacement of SS with FS or BA resulted in lower workability 
compared with the reference mortar. The total replacement of SS with FS resulted in comparable strength, UPV, and capillary water 
absorption, whereas the partial replacement of SS with FS resulted in higher strength, UPV, and lower capillary water absorption 
compared with the reference mortar. Furthermore, partial or total replacement of SS with BA resulted in lower compressive strength, 
UPV, and higher capillary water absorption compared with the reference mortar. The compressive strength of all samples after 28 days 
was above 20 MPa, satisfying the minimum compressive strength requirement for building bricks subjected to severe weathering in 
accordance with the ASTM C62 standard. In addition, after 28 days, the UPV values of all the mortar samples were above 3700 m/s and 
can therefore be classified as good mixes. As indicated by the ASTM C1260 standard, FS satisfies the ASR limit requirements with the 
lowest expansion rate at 14 and 28 days, indicating nonreactive behavior. All remaining aggregates had expansion rates above the ASR 
limit at 14 and 28 days, except for a mix of SS and FS, which had an expansion rate of 0.16% below the limit at 28 days. All samples 
remained stable after exposure to freeze-thaw cycles in water regardless of the aggregate type. However, the mortar samples con
taining a mix of SS and FS aggregates exhibited higher stability than the other samples, which can be attributed to their denser and 
compact microstructure. All the samples were destroyed after exposure to freeze-thaw in combined sulfate and chloride solution, 
except for reference samples and samples containing 50% replacement of SS with either FS or BA, which remained stable. Overall, this 
study contributes to understanding the suitability of using FS and BA as fine aggregates and their influence on cement mortars’ 
physical, mechanical, microstructural, and durability properties. However, despite demonstrating the potential and suitability of FS 
and BA as sand replacements in cement mortar, this study has some limitations that require further investigation. The life cycle 
assessment and environmental impact of using these materials as eco-friendly alternatives remain largely unknown. Future research 
directions include life cycle analysis, cost–benefit analysis, and pilot-scale production.
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