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Abstract 

The utilisation of industrial by-products and waste materials as supplementary materials in cement-based composites 
offers a sustainable approach towards reducing environmental impact and optimising resource utilisation in con-
struction. This study investigates the potential use of ferronickel slag (FNS) aggregates in cement mortar, focusing 
on their influence on alkali silica reactivity (ASR) and mechanical properties. The compressive strength of mortar mixes 
was evaluated at different water to cement ratio, with varying proportions of FNS as a replacement for natural sand. 
The results revealed that a 50% replacement of standard sand with FNS aggregates yielded the highest compressive 
strength, reaching a maximum of 59.49 MPa. Full replacement with FNS aggregates ASR expansion tests indicated 
that FNS aggregates are highly reactive in NaOH solutions, with expansion levels exceeding ASTM limits. However, 
innocuous expansion was observed in water and Ca(OH)₂ environments, highlighting their stabilizing effect. Regres-
sion analysis showed that use of FNS aggregates present challenges in strongly alkaline environments, they hold 
significant potential for enhancing the mechanical properties of cement mortar, particularly when used in balanced 
proportions.

Keywords  Ferronickel slag waste, Cement mortar, Compressive strength, Alkali silica reaction, Regression analysis, 3D 
plots

1  Introduction
The escalating production of waste by industrial sectors 
poses a significant threat to the environment. Across 
the globe, numerous industries, including steel, alumin-
ium, copper, zinc, and coal production, generate signifi-
cant amounts of waste. The challenge lies in recognising 
and maximising the potential utilization of these waste 
materials as valuable byproducts (Kurniati et al., 2023; 
Saha et  al., 2018; C. Shi & Qian, 2000). Importantly, 
many applications nowadays effectively utilise these 
industrial byproducts. Among them is FNS waste, a 
byproduct of smelting nickel ores to produce ferron-
ickel alloys. The processing of nickel ore can result in 
the generation of slag ranging from 50 to 75% of the 
original material (Bartzas & Komnitsas, 2015; Tangahu 
et al., 2015). It has been estimated that for every ton of 
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nickel produced, approximately 14 tons of slag are gen-
erated (Jianwei Sun et al., 2019). In South Korea alone, 
more than two million tonnes of ferro nickel slag waste 
are produced annually (Cho et  al., 2018). In general, 
FNS can be used as a substitute material for soil stabi-
lization, asphalt pavements, mineral wool production, 
abrasives, and serpentine. Utilizing it in the construc-
tion industry as fine aggregates is an optimal solution.

Several studies have explored the utilization of blast 
furnace slag, a by-product of the steel industry, as a 
substitute material for cementitious materials (Jianwei 
Sun et  al., 2018; Tang et  al., 2022). Likewise, research 
has been conducted on the utilization of copper slag 
and zinc slag, byproducts of the copper and zinc indus-
tries, respectively. Similarly, after FNS cooling and 
crushing, these slag grains are mostly angular in shape 
and have low water absorption, high strength and high 
deformation resistance (Dong et  al., 2021; Saha et  al., 
2018; Jianwei Sun et al., 2019; T. Yang et al., 2020). Sun 
et al. (Jianwei Sun et al., 2019) investigated the utilisa-
tion of two types of ferronickel industry slag, namely, 
electric furnace slag (ES) and blast furnace slag (BS), 
and demonstrated that FNS waste can be effectively 
utilised in cementitious systems as sand replacement. 
The results suggest that using 75% BS or 25% ES is the 
optimal choice for engineering applications. Similarly, 
the utilisation of FNS waste as a replacement for up to 
50% of sand has shown a more than 10% increase in 
compressive strength compared to normal fine aggre-
gate mixes (Saha & Sarker, 2017a; Saha et  al., 2018; 
Togawa et al., 1996). Furthermore, various studies have 
investigated the application of FNS in concrete pro-
duction and showed that the replacement of FNS for 
natural aggregates enhanced the compressive strength, 
workability, and carbonation resistance of the mortars 
and concrete (Akiyama & Yamamoto, 1986; Bao et  al., 
2021; Han et  al., 2023; Irmawaty et  al., 2023; Kurniati 
et al., 2023; Liu et al., 2020; Małek et al., 2021; Manso 
et al., 2006; Ngii et al., 2021; Nguyen et al., 2021; Nuru-
zzaman et al., 2022; Petrounias et al., 2022; Saha et al., 
2018, 2019; Saha & Sarker, 2018; Jianwei Sun et  al., 
2019; Tang et al., 2022).

FNS consists mainly of SiO2, MgO, and FeO, and traces 
of CaO, SO3, K2O etc. It is composed of non-crystalline 
minerals as well as a mixture of crystalline minerals, 
such as enstatite, forsterite, Olivine and diopside (Choi & 
Choi, 2015; Han et al., 2023). The chemical composition 
and characteristics of these crystalline and non-crystal-
line minerals vary with the production process (Choi & 
Choi, 2015; Jianwei Sun et al., 2019). Irrespective of the 
production process amorphous silica content presence 
in FNS aggregates is observed. This amorphous silica 
will undergo an ASR, which leads to a reduction in the 

durability of materials (Fernandes & Broekmans, 2013; 
Figueira et al., 2019; Olajide et al., 2023).

Various studies highlight the role of various factors 
such as compressive strength, aggregate content, and 
w/cm ratio as crucial in understanding the ASR behav-
iour in cementitious systems (Glinicki et al., 2023; Miura 
et  al., 2022; Junbo Sun et  al., 2021; Zhang et  al., 2024). 
Including reactive aggregates, like FNS, which has shown 
potential for ASR expansion, further complicates the 
interaction. In recent years, growing interest has directed 
the researchers to use various models and techniques, 
including machine learning, to study the behaviour of 
reactive aggregates in cementitious systems (Aslani 
et  al., 2023; Bulteel et  al., 2002; Guthrie & Carey, 2015; 
Haha et al., 2007; Kumar Parhi & Kumar Panigrahi, 2024; 
Poyet et  al. 2007.; Junbo Sun et  al., 2021; Wang et  al., 
2023; L. Yang et  al., 2023; Yu et  al., 2020, 2019.; Zhang 
et  al., 2024). Sun et  al. (Junbo Sun et  al., 2021) devel-
oped a beetle antennae search optimised random for-
est (BAS-RF) model to predict ASR expansion in waste 
glass cementitious composites, achieving a high correla-
tion coefficient of 0.942 on the test set, which demon-
strated superior accuracy compared to multiple linear 
and logistic regression models. The model was trained 
with data of ASR expansion samples with input features, 
including curing time, waste glass powder particle size, 
replacement ratio, and chemical activator content. Sen-
sitivity analysis revealed that the WGP replacement ratio 
was the most significant factor affecting ASR expansion 
after curing time, confirming the experimental obser-
vations of ASR behaviour in these composites. Yang 
et  al. (L. Yang et  al., 2023) developed a hybrid artificial 
neural network (ANN) model, optimised using a beta 
differential evolution-improved particle swarm optimi-
sation algorithm, to predict ASR expansion in concrete. 
Using a comprehensive database of ASR expansion data 
sets, the ANN model achieved high predictive accuracy, 
with coefficients of determination of 0.981 for training 
and 0.971 for testing, demonstrating its effectiveness in 
capturing the complex, nonlinear relationships govern-
ing ASR expansion. The model successfully reproduced 
experimental trends related to material composition, 
environmental conditions, specimen geometry, and time 
dependent behaviour, validating its robustness for ASR 
expansion prediction. Aslani et  al. (Aslani et  al., 2023) 
developed two back propagation neural network (BPNN) 
models such as LM-BPNN (Levenberg–Marquardt opti-
mized) and BR-BPNN (Bayesian regularized) to predict 
ASR expansion in concrete, achieving test set R values of 
0.926 and R = 0.912, respectively, using a database with 
inputs, including w/cm, alkali content, reactive aggregate 
ratios, temperature, and humidity. Sensitivity analysis 
revealed reactive aggregates content as the most critical 
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factor influencing ASR expansion, followed by alkali con-
tent and relative humidity, while non-reactive aggregates 
and temperature had minimal impact. The study high-
lighted the LM-BPNN’s superior stability compared to 
BR-BPNN, providing a robust framework for ASR pre-
diction in concrete mix optimisation. These predictive 
tools offer an efficient means to assess the durability of 
cement composites without relying solely on time inten-
sive experimental testing.

Despite the growing use of predictive models in ASR 
research, limited studies that have focused specifically 
on FNS as a fine aggregate in cementitious systems. The 
main concerns regarding its alkali silica reactivity have 
hindered its widespread adoption in various applica-
tions. Furthermore, most ASR prediction models either 
do not incorporate industrial byproducts such as FNS or 
fail to visualise parameter interactions in an interpretable 
manner. This study addresses these gaps by experimen-
tally evaluating ASR expansion in FNS containing mor-
tars under various curing conditions, and developing a 
regression-based predictive model. The incorporation of 
3D surface plots enhances understanding of the complex 
interdependencies among compressive strength, w/cm, 
and FNS content. The insights gained support both mate-
rial selection and mix design optimisation for sustain-
able construction. Thus, the study not only contributes to 
the safe use of FNS in cementitious composites but also 
demonstrates the utility of visual, data driven modelling 
in durability assessment. To support this, a comprehen-
sive testing program was conducted using mortar mixes 
with varying FNS replacement levels and w/cm, allowing 
evaluation across a wide performance spectrum.

1.1 � Significance of the Study
The rapidly increasing demand for ferro nickel in critical 
sectors such as stainless steel and electronics has spurred 
industrial expansion, fostering economic prosperity 
worldwide. However, the production of ferro nickel pre-
sents inherent health risks to workers and local commu-
nities due to emissions of hazardous substances. While 
governmental bodies endeavour to address these health 
hazards, the disposal of the resulting waste remains a 
pressing concern. This study aims to provide a sustain-
able solution by exploring the potential use of FNS as a 
partial replacement for sand in cementitious compos-
ites. The integration of FNS in cement mortar not only 
addresses waste management concerns by diverting 
industrial by-products from landfills but also enhances 
the sustainability of construction practices by reducing 
the consumption of natural resources and energy-inten-
sive materials.

Through regression analysis and 3D visualisation, this 
study investigates the influence of key variables, such as 

compressive strength, w/cm and FNS aggregate content 
on ASR in cement composites. The developed predic-
tive models and 3D plots offer valuable insights into the 
optimal mix proportions for mitigating ASR expansion 
while enhancing material performance. This research 
provides a data driven approach to the repurposing of 
FNS in cementitious composites, offering a pathway for 
minimising environmental impacts while improving the 
durability and structural integrity of construction mate-
rials. Ultimately, the study promotes a safer, healthier 
environment and contributes to sustainable construction 
practices.

2 � Materials
FNS was sourced locally for this study, while standard 
sand and ordinary Portland cement were used as the pri-
mary materials. The physical characteristics of the mate-
rials are presented in Table 1, while Table 2 presents the 
chemical compositions of the materials used in the study. 
Figure 1 presents images of fine aggregates both natural 
sand and FNS aggregates, illustrating a distinct difference 
in particle shapes. Natural sand exhibits a completely 
angular nature, characterised by sharp edges and cor-
ners. In contrast, the FNS aggregates comprise a diverse 
mix of both spherical and angular-shaped particles. Fur-
thermore, Fig. 1 presents the XRD pattern of FNS, show-
ing both crystalline and amorphous phases. The broad 
hump observed between 20 ° and 35 ° 2θ is characteristic 

Table 1  Physical characteristics of the materials

Parameter Standard sand FNS

Specific gravity 2.60 2.81

Water absorption (%) 1.13 2.60

Fineness modulus 2.6 3.8

Percentage passing 75 µm sieve 
(%)

Nil 0.8

Table 2  Chemical composition of the materials

Material Percentage Mass

Cement FNS

CaO 67.83 1.18

SiO2 18.05 49.95

Al2O3 3.96 2.03

Fe2O3 3.75 15.19

SO3 3.52 0.12

MgO 1.62 31.49

K2O 1.05 0.04

Na2O 0.08 –
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of an amorphous silica rich phase, which is known to be 
potentially reactive in ASR. In addition, sharp peaks cor-
responding to Forsterite, Enstatite, and Olivine confirm 
the presence of crystalline magnesium silicate phases. 
Figure 2 presents the particle size distribution curves of 
the fine aggregates used in the study. It is evident that 

the FNS aggregates exhibit a coarser gradation com-
pared to the standard aggregates, with their distribution 
approaching the lower limit of the recommended fine 
aggregate size range. This variation in particle morphol-
ogy, as observed in the Scanning Electron Microscopy 
(SEM) images and particle size distribution (Figs. 1 and 
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Fig. 1  a) Standard sand and b) FNS aggregate images along with characterisation
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2), can influence the packing behaviour and mechani-
cal properties of the resulting mortar. The differences in 
shape and grading between FNS aggregates and standard 
sand are expected to affect particle arrangement, which 
in turn contributes to changes in density and compres-
sive strength of the cement composites.

3 � Mix Proportion and Mix Designation
In this study, three different water to cement ratios (w/
cm) of 0.35, 0.475, and 0.6 were selected to evaluate their 
impact on the performance and behaviour of cement 
mortar. The chosen w/cm ratios represent low, medium, 
and high levels, allowing a comprehensive assessment of 
mechanical properties and ASR expansion. The lowest 
w/cm ratio was chosen to evaluate performance under 
dense, low-permeability conditions, aiming to minimise 
ASR potential and simulate high strength applications. 
Conversely, the highest w/cm ratio was selected to assess 
behaviour in more porous, workability driven scenarios, 
reflecting conventional to low-strength concrete applica-
tions. These boundaries encompass a realistic range of 
material performance while ensuring compatibility with 
standard practices. Furthermore, we selected replace-
ment levels of 0%, 50%, and 100% for FNS aggregates to 
focus on distinct stages of replacement: no replacement, 
partial replacement, and full replacement. These levels 
were chosen to assess the performance and behaviour of 
concrete with FNS aggregates under practical and indus-
trially relevant scenarios. Partial (50%) and full (100%) 
replacements are critical thresholds for evaluating the 
feasibility and effectiveness of alternative aggregates. The 
mortar is prepared with FNS fine aggregates proportions 
of 0, 50 and 100% replaced by the weight of natural sand. 
Detailed information for all mixes and mix designations 
is provided in Table 3.

4 � Experimental Program
4.1 � Mechanical and Durability Testing
For each mix, standard cube specimens measuring 50 
mm × 50 mm × 50  mm were prepared. The specimens 
were covered and stored in the moulds for the first 
24 ± 2 h at laboratory conditions (temperature 20 ± 2 °C). 
After demoulding, the specimens were immediately 
transferred to a curing tank filled with water and stored 
at the same controlled temperature until the specified 
testing ages. At the end of each curing period, the speci-
mens were surface dried for approximately 20–30 min at 
room temperature and tested for compressive strength 
with a uniform load application rate as prescribed by 
the standard. The compressive strength of the mixes was 
evaluated according to ASTM C109 (ASTM C109, 2021) 
at 3, 7, 14, 28, and 56 days. The ASR potential of the mor-
tar mixtures was evaluated in accordance with ASTM 

C1260 (ASTM C, 1260 2021), commonly referred to as 
the Accelerated Mortar Bar Test. For each mix, mor-
tar bars measuring 25 mm × 25 mm × 285 mm were cast 
using stainless steel moulds. The fresh mortar was com-
pacted in two layers and rodded uniformly to eliminate 
entrapped air. The specimens were covered and stored 
in the moulds for the initial 24 ± 2 h at a temperature of 
20 ± 2°C. After demoulding, the bars were immersed in 
water and stored at 80 ±  2 °C for an additional 24 h to 
ensure initial hydration. Following this, the specimens 
were immersed in a  1 N sodium hydroxide (NaOH) solu-
tion maintained at 80 ± 2  °C for the duration of the test. 
Length change measurements were recorded periodi-
cally using a length comparator, starting from the initial 
reading before immersion in NaOH. Expansion readings 
were taken at regular intervals up to 14 days to assess the 
ASR induced deformation. The average expansion values 
were computed from replicate specimens for each mix 
to ensure reliability and consistency of the results. This 
duration, though short in the context of long term field 
performance, is sufficient for screening the ASR poten-
tial of aggregates and enables comparative analysis under 
controlled laboratory conditions.

Further tests were extended to evaluate the behaviour 
of FNS fine aggregates under different environmental 
conditions, specifically both water and Ca(OH)₂ solution. 
The specimens were exposed to elevated temperatures 
of 80 ± 2 °C in both environments and their dimensional 
changes were monitored at regular intervals up to 14 
days. This testing approach was motivated by practi-
cal considerations, particularly in cold climate regions, 
where floor heating systems are common. In such sce-
narios, hot water pipes passing through mortar floors can 
elevate temperatures beyond  80 °C, creating conditions 
similar to the Ca(OH)₂ environments that naturally form 

Table 3  Mix details with the mix designation used in the present 
study

* L low w/cm ratio; M medium w/cm ratio; H high w/cm ratio
# FNS0, FNS50 and FNS100: denote the replacement percentages of natural sand 
with FNS aggregates (0%, 50% and 100%, respectively)

Mix designation *, # w/cm ratio Standard Sand FNS

L-FNS0 0.35 100% –

L-FNS50 50% 50%

L-FNS100 – 100%

M-FNS0 0.475 100% –

M-FNS50 50% 50%

M-FNS100 – 100%

H-FNS0 0.60 100% –

H-FNS50 50% 50%

H-FNS100 – 100%
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within the mortar. Therefore, testing in Ca(OH)₂ solu-
tion simulates these elevated temperature effects and 
local environmental conditions, ensuring the results are 
applicable to real world scenarios. Furthermore, test-
ing in Ca(OH)₂ solutions with wet/dry cycles was car-
ried out to simulate the alkaline pore water chemistry 
typically found in concrete. Each cycle consisted of 24 h 
of drying at 80 ± 2 °C followed by 24  h of immersion in 
Ca(OH)₂ solution at the same temperature. These tests 
were performed for up to 14 days to evaluate the behav-
iour of FNS aggregates under cyclic environmental expo-
sure. This approach complements the NaOH tests and 
provides insights into durability under realistic but less 
aggressive conditions. By exploring these conditions, the 
research provides insights into the durability and perfor-
mance of FNS containing cement mortars when exposed 
to water, Ca(OH)2 and NaOH, helping to determine their 
suitability for various applications.

4.2 � Microstructural Characterisation
For microstructural analysis, mortar specimens which are 
tested for ASR expansion were used for scanning electron 
microscopy investigations. Samples were sectioned using 
a precision diamond saw to obtain smooth cross sections 
for imaging. To gain further insights, the fractured sur-
faces of ASR exposed mortars were observed, focusing 
on the interfacial transition zones. SEM analysis was car-
ried out to identify ASR-related gel formation and typi-
cal hydration products. As shown in Fig. 3, the SEM/EDS 
samples were prepared for detailed analysis. A detailed 
examination was conducted, and representative micro-
graphs are presented to highlight the key microstructural 
features observed in the study.

4.3 � Predictive Modelling and Visualisation
To gain deeper insights into the complex interactions 
among these selected variables, a statistical approach 
was adopted. Building on previous studies that high-
lighted regression analysis as an effective predictive 
tool for material performance (Chithra et al., 2016; Tam 
et  al., 2022). In this study, regression analysis was uti-
lised as a predictive tool to evaluate the influence of key 
parameters on ASR in cement mortar containing FNS 
aggregates. The independent variables considered in the 

analysis were compressive strength at 28 days, w/cm 
ratio, and FNS aggregate content. These selected inde-
pendent variables were chosen based on their indirect 
yet significant influence on ASR expansion, as demon-
strated in previous studies and supported by the experi-
mental findings in this work. The w/cm ratio affects the 
porosity of the matrix and the mobility of alkali ions, 
which are critical factors in ASR progression. The com-
pressive strength indicates overall material densification 
and matrix integrity, both of which influence the extent 
of ASR induced expansion. Meanwhile, the FNS content 
directly impacts the proportion of reactive aggregates 
and alters both the chemical and physical characteristics 
of the mortar system.

To develop a predictive model for ASR expansion in 
cement mortar containing FNS aggregates, a stepwise 
regression analysis approach was adopted. The modelling 
process progressed through a sequence of increasingly 
complex functional forms to capture both linear and 
non-linear relationships among the selected independent 
variables. Initially, a simple linear regression model was 
developed using the following equation:

where Y is the 14-day ASR expansion, Xi are the input 
variables (compressive strength, w/cm ratio, and FNS 
content), and β0, βi are regression coefficients.

However, this initial model exhibited limited predictive 
capability, with a relatively low coefficient of determina-
tion (R2) and statistically insignificant p values for some 
variables. To address this, the model was enhanced by 
incorporating interaction terms to account for the inter-
dependence between input variables, resulting in a two 
factor interaction model using the following equation:

This formulation showed an improved fit, but further 
enhancement was necessary to fully capture the observed 
trends in the data. Consequently, a second-order polyno-
mial regression model was formulated by adding quad-
ratic terms using Eq.  (3), resulting in the final model 
form:

(1)Y = β0 +
∑

βiXi

(2)Y = β0 +
∑

βiXi +

∑

βijXiXj

Fig. 3  Sample preparation for SEM/EDS testing
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The regression coefficients were determined using 
the least squares method, minimising the mean square 
error (MSE) between predicted and experimental ASR 
expansion values. Statistical significance of each term 
was evaluated using p values (threshold: p < 0.05), and 
the overall goodness of fit was assessed using the R2 
value. The final model demonstrated excellent pre-
dictive performance with a high R2 value; all retained 
variables were statistically significant. This stepwise 
approach allowed for progressive refinement of the 
model, yielding a more accurate representation of 
the complex relationships governing ASR expansion. 
(Flanders et  al. 1992; Gao, 2024; Huang et  al., 2010; 
Lokesha et  al., 2023; Ruiz & Freyne, 2020; Xie et  al., 
2023) To further illustrate the relationships identified, 
3D surface plots were generated using the regression 
equations. These visualisations highlight the combined 
effects of the independent variables on ASR under var-
ious conditions, offering a comprehensive understand-
ing of parameter interactions.

(3)Y = β0 +
∑

βiXi +

∑

βijXiXj +

∑

βiiX
2
i

5 � Results and Discussion
5.1 � Compressive Strength
The failure pattern of specimens containing FNS aggre-
gates was comparable to that of those with natural sand, 
as shown in Fig.  4. All mortar specimens subjected to 
compressive strength testing exhibited a typical hourglass 
shaped failure pattern. This failure mode is indicative 
of axial splitting under uniaxial compressive stress and 
reflects uniform load distribution and consistent mate-
rial behaviour across all mixes. No irregular or premature 
failures were observed, suggesting adequate bonding and 
compaction quality in the specimens.

The mean compressive strength results for all mixes 
were evaluated up to 56 days of curing and are presented 
in Fig. 5. As expected, an increase in the w/cm ratio led 
to a significant reduction in compressive strength, which 
is a well-known characteristic of cement composites 
(Kim et al., 2014; Popovics & Ujhelyi, 2008; Singh et al., 
2015; Yiǧiter et al., 2007). In this study, L-FNS0 showed 
higher compressive strength at 28 days, whereas at 56 
days, M-FNS0 exhibited about 1.85% higher strength 
than L-FNS0. This variation may be attributed to factors, 

Fig. 4  Failure pattern of compressive strength cement mortar tested samples
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such as improved workability and compaction in the 
medium w/cm ratio mix at later ages, resulting in fewer 
voids and a more uniform matrix. The mix L-FNS100 
exhibited higher compressive strength at 28 days com-
pared to L-FNS50. However, the highest compressive 
strength of 59.48 MPa was observed for the L-FNS50 
mix, where 50% of the standard sand was replaced with 
FNS sand. The improvement in strength, particularly at 
50% replacement, is primarily attributed to the optimised 
particle size distribution of the FNS aggregate, which 
contributes to better packing density and reduced voids 
in the matrix. This denser microstructure enhances the 
load bearing capacity of the mortar. The surface tex-
ture of FNS may also contribute to better mechanical 
interlocking at the ITZ, further improving the overall 
strength of the composite. This result aligns with litera-
ture reports, which identify 50% replacement of standard 
sand with FNS as the optimal dosage based on a combi-
nation of factors rather than strength alone (Bao et  al., 
2021; Saha & Sarker, 2017b, 2018).

Despite the higher w/cm ratio, compressive strength 
increased over time, with strength development remain-
ing robust. The highest compressive strengths observed 
at 56 days were 50.25 MPa for the M-FNS50 mix and 
44.09 MPa for the H-FNS50 mix. The data indicates 

that strength development slowed as the w/cm ratio 
increased, with final strengths reaching 84.5% and 74.13% 
of the maximum strength for the medium and high w/
cm mixes, respectively. At higher w/cm, the matrix tends 
to be more porous and less dense, which dominates the 
strength behaviour of the mortar. In such conditions, 
the influence of aggregate properties becomes less pro-
nounced, and the compressive strength is primarily gov-
erned by the high paste content and reduced bonding 
efficiency. A similar phenomenon with FNS aggregates 
has also been reported in the literature (Nuruzzaman 
et al., 2022; Saha & Sarker, 2017b).

5.2 � Determination of Mortar Expansion
The ASR expansions of the mortars made with a cement 
binder with two types of aggregates and combinations as 
defined in Table 3 and the results are presented in Fig. 6. 
The mortar specimens with the reactive sand mixture 
displayed significant ASR expansion. This study used FNS 
aggregates, known for their reactive nature as reported 
in the literature (Choi & Choi, 2015; Nuruzzaman et al., 
2022; Saha et al., 2018; Saha & Sarker, 2016, 2018, 2020; T. 
Yang et al., 2020). According to ASTM C1260, the 14-day 
ASR expansion of cement mortar mixes with different w/
cm containing the standard sand showed well below the 
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standard’s critical expansion limit of 0.1% (Fig. 6a). How-
ever, expansions increased significantly with the inclu-
sion of FNS in the mixes, regardless of the level of FNS 
aggregate replacement or the w/cm. The most significant 
observation (Fig. 6b, c) was that the expansion of speci-
mens containing FNS progressed at a slower rate up to 
6 days, after which the rate of expansion accelerated sig-
nificantly, continuing to increase at a higher pace until 14 
days. This indicates that while initial ASR activity with 
FNS is relatively moderate, it becomes more pronounced 
over time, with expansion rates increasing substantially 
as the reaction progresses. With a 50% replacement of 
standard sand by FNS, ASR expansion was observed in 
the range of 0.593% to 0.698%. However, when standard 
sand was completely replaced with FNS, the ASR expan-
sion increased further, ranging from 0.513% to 0.717%. 
Furthermore, it is to be noted that the mixes (H-FNS50 
and H-FNS100) with higher w/cm had lower ASR expan-
sion when compared to mixes (L-FNS50, L-FNS100, 
M-FNS50 and M-FNS100) with lower w/cm. The reduced 
ASR expansion in the H-FNS mixes can be attributed 
to the higher w/cm, which increases the porosity of the 
cement matrix. Increased porosity allows for better dis-
sipation of internal stresses caused by ASR, thus limit-
ing expansion. In contrast, M-FNS mixes, despite having 
a medium w/cm, exhibited greater porosity than L-FNS 
mixes, allowing increased transportation of alkali ions. 
This facilitated more ASR in M-FNS compared to L-FNS, 
where the denser matrix and lower porosity restricted 
NaOH penetration, resulting in comparatively less ASR 

expansion. This indicates that ASR in FNS mortars was 
highly reactive when submerged in NaOH solution, likely 
due to the significant ingress of external sodium hydrox-
ide respective of w/cm.

As explained in Sect. 4, expansions were investigated in 
Ca(OH)₂ environments to gain a deeper understanding of 
the behaviour of FNS aggregates in cold climate regions, 
stemming from practical applications. This study aimed 
to assess the interaction between FNS aggregates and 
calcium hydroxide, focusing on their potential reactiv-
ity and stability in such conditions. M-FNS mortar mixes 
were subjected to Ca(OH)2 at 80 °C, with the results pre-
sented in Fig. 7. During the initial period, minimal expan-
sion was observed, ranging from 0.019% to 0.022% up to 
8 days, followed by noticeable shrinkage between 0.006% 
and 0.017%. By 14 days, all mixes showed little to no fur-
ther expansion or shrinkage, indicating a stabilising effect 
due to the Ca(OH)2 environment at 80 °C. The differences 
in ASR behaviour between the NaOH and Ca(OH)2 envi-
ronments can be attributed to the dissociation properties 
of these compounds. NaOH fully dissociates in water, 
leading to a higher concentration of hydroxide ions, 
which accelerates the ASR process and results in greater 
expansion. In contrast, Ca(OH)2 only partially dissoci-
ates, resulting in a lower concentration of hydroxide ions. 
This leads to slower reactivity, as evidenced by the mini-
mal expansion and subsequent stabilisation or shrinkage 
in the M-FNS mortar mixes exposed to Ca(OH)2 at 80 °C.

The expansion was further investigated in Ca(OH)₂ 
at 80  °C under wet and dry cycles for 14 days, with 
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results presented in Fig.  8. During the drying phases, 
the specimens exhibited noticeable shrinkage due to 
moisture loss. However, during subsequent wetting 
cycles, the specimens partially regained their original 
length, indicating some reversibility of the shrinkage. 
By the end of the 14 days, the specimens experienced 
nearly negligible and very low shrinkage. The alter-
nating wet and dry exposure conditions likely delayed 
the reactivity of the FNS aggregates, thus reducing its 
impact when subjected to Ca(OH)₂ at 80 °C.

In addition, the ASR expansion of the M-FNS100 
mix was studied in water at  80 °C and compared with 
standard ASR results in NaOH and Ca(OH)₂. The 
experimental results, presented in Fig. 9, indicate that 
neither water nor Ca(OH)₂ environments induced any 
noticeable expansion in the cement mortar containing 
FNS aggregates. This can be attributed to the very low 
alkali content in the mix, as confirmed by the chemical 
composition of both the cement and the FNS aggre-
gates, which showed negligible levels of reactive alkalis 
necessary to initiate the ASR process. In contrast, the 
NaOH solution led to significant expansion, exceeding 
the ASTM limits. This highlights the higher reactivity 
of FNS aggregates in a highly alkaline environment like 
NaOH, while the relatively neutral or mildly alkaline 
environments of water and Ca(OH)₂ did not trigger 
any expansion.

6 � Scanning Electron Microscope Studies
After testing ASR mortar samples for expansion, they 
were brought into a suitable form to examine their micro-
structures through a SEM. SEM analysis focused on the 
interfacial regions around the aggregates in cross sections 
of ASR tested mortar samples with varied w/cm ratios, as 
shown in Fig. 10. While the EDS results confirm the pres-
ence of typical hydration products and some ASR-related 
features, identifying ASR expansion and its characteris-
tics in the cross-sectional specimens proved somewhat 
difficult and limited. Therefore, fractured specimens were 
examined in detail to better observe ASR-related forma-
tions, as shown in Figs. 11 and 12. EDS analysis was also 
conducted, and the corresponding weight percentages 
are presented in Table  4. Sample L-FNS0, as shown in 
Fig. 11a, illustrates the interface between dense hydration 
products and sand grain, indicating the absence of ASR 
formation, since the sample does not contain and reactive 
silica. In Fig. 11b, and   (c, the samples containing FNS 
aggregates, specifically M-FNS50 and H-FNS100, exhibit 
a porous, web-like or interconnected network structure, 
indicative of ASR product formation (Doğruyol, 2024; 
Gholizadeh Vayghan et  al., 2016; Z. Shi et  al., 2015). 
These crystalline structures can be observed around and 
on the surface of the FNS aggregates, indicating a reac-
tion between the alkalis and the reactive silica present 
in the FNS. The presence of these crystalline products 
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suggests that ASR activity has occurred, leading to the 
formation of expansive gel, which can potentially cause 
micro cracking in the cement matrix. Based on the EDS 
analysis and Table 4, the presence of Si, Na, and K indi-
cates the potential formation of ASR gel, which is likely 
responsible for the observed porous and network-like 
structures.

In Fig.  12a, sample M-FNS100 exposed to NaOH at 
80  °C, a porous, interconnected network of filaments 
or web-like formations, indicative of ASR products, is 
observed. Figure 12b shows that the M-FNS100 sample, 
which contains 100% FNS aggregates, did not exhibit 
ASR-related products when exposed to water at 80°C. 
This suggests that the FNS aggregates remain stable in 
water, likely due to the minimal formation of an alkali 
environment or delay the initiation. The absence of prod-
uct-related ASR highlights the influence of alkaline solu-
tions, like NaOH, in triggering ASR, as opposed to water 
alone. Furthermore, in Fig. 12c, d, the MFNS100 sample 
exposed to the Ca(OH)₂ environment and the Ca(OH)₂ 

wet/dry cycles exhibited no evidence of ASR product for-
mation. Instead, substantial deposits of calcium hydrox-
ide were observed at the interface between the FNS 
aggregates and the cement matrix (Lei et al., 2021). This 
suggests that the Ca(OH)₂ environment will not facilitate 
any reactivity of FNS aggregates, as further supported by 
the EDS analysis and data from Table 4.

7 � Regression Analysis and Predictive Modelling
From the experimental study results and characterisa-
tion of the samples, it is evident that the presence of FNS 
aggregates in the cement matrix creates a critical sce-
nario that magnifies the ASR activity when exposed to a 
NaOH environment. This intensified reactivity leads to 
significant detrimental effects on the material’s stability 
and performance. Instead of conducting repetitive exper-
imental work, predictive equations can be utilised. In this 
context, regression analysis, as explained in Sect. 4.3, was 
performed to develop such predictive models. To predict 
the ASR at 14 days in cement mortar containing FNS 
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Fig. 12  continued

Table 4  Element mass from EDS analysis

Sample designation Environment ωt (%)

O Ca Si Al Na K Mg

L-FNS0 NaOH 29.80 45.03 23.55 0.23 0.81 0.59 –

M-FNS50 NaOH 42.54 46.29 9.06 0.63 0.49 0.14 0.55

H-FNS100 NaOH 51.23 36.52 9.27 0.60 2.01 0.03 0.34

M-FNS100 NaOH 37.81 47.46 10.73 1.38 0.57 0.35 1.70

M-FNS100 Water 53.43 39.09 5.76 0.57 0.58 0.08 0.46

M-FNS100 Ca(OH)2 41.73 47.35 9.25 1.16 – 0.10 0.42

M-FNS100 Ca(OH)2 w/d 46.67 36.89 12.42 2.47 0.02 0.09 0.23



Page 16 of 22Kim et al. Int J Concr Struct Mater  (2025) 19:83

aggregates, regression analysis was performed using the 
experimental data. The independent variables considered 
in the analysis included compressive strength at 28 days, 
w/cm and FNS aggregate content. This regression model 
aims to establish a relationship between these variables 
and the ASR, providing a predictive tool for future stud-
ies and applications.

Based on the experimental data, the regression analy-
sis was performed with linear fit considering compressive 
strength at 28 days, w/cm and FNS aggregate content. 
The linear regression analysis showed that a positive 
correlation between the parameters and ASR expansion 
could not be established. The low R-squared value (0.743) 
and high p values for compressive strength (0.134) and 
w/cm (0.451) suggest that these variables do not signifi-
cantly impact ASR expansion in a linear model (Gao, 
2024; Xie et  al., 2023). This indicates that the relation-
ships are likely more complex and may involve interac-
tion effects or non-linear behaviour, which a simple 
linear fit cannot capture. However, FNS aggregate con-
tent (1.989 × 10–5) showed a significant influence, affirm-
ing further investigation. Linear fitting was applied to 
individual parameters and their combinations, and the 
results are summarised in Table  5. The analysis showed 
that all three parameters compressive strength, w/cm 
ratio, and FNS aggregate content play a significant role in 
some cases in predicting ASR expansion.

Furthermore, interaction terms were incorporated 
into the regression model, resulting in an improved 
R-squared value of 0.807 compared to the previous 

model. Linear fitting was then applied, including inter-
action terms to individual parameters and their com-
binations, with the results summarized in Table 5. The 
table demonstrates that the inclusion of interaction 
terms significantly influences the prediction of ASR 
activity. To enhance the predictive accuracy, interac-
tion terms and second-degree terms were included to 
account for non-linear relationships and interactions 
among the variables in the next stage of the regression 
model (Flanders et  al. 1992; Huang et  al., 2010; Wu 
et  al., 2024). The R-squared value increased to 0.995, 
indicating a high level of accuracy in predicting ASR 
activity based on the selected parameters. Out of the 
9 parameters, 7 showed a significant influence in pre-
dicting ASR activity. However, the interaction term 
between compressive strength and FNS aggregate and 
the second-order w/cm ratio did not contribute mean-
ingfully to the model. Therefore, regression analysis 
excluded these two terms, resulting in a regression 
model with an R-squared value of 0.995. All remain-
ing parameters are statistically significant in predicting 
ASR activity, and the equation is presented below:

(4)

ASR = 3.301−0.103(CS)−4.474(w/cm)

+ 0.024(FNS) + 0.109(CS × w/cm)

−0.010 (w/cm × FNS) + 5.894 × 10−4
(

CS2
)

−1.305 × 10−4
(

FNS2
)

Table 5  R-squared values and p values for regression analysis parameters

R-square p value

CS w/cm FNS CS x w/cm CS x FNS w/cm x FNS (CS)2 (w/cm)2 (FNS)2

0.743 0.134 0.451 1.989 × 10–5

0.220 0.014

0.018 0.510

0.698 5.829 × 10–8

0.424 3.980 × 10–4 7.680 × 10–3

0.716 0.235 6.458 × 10–8

0.433 3.230 × 10–4 0.539

0.807 0.685 0.821 0.014 0.402 0.019 0.041

0.743 0.558 0.789 3.851 × 10–5 0.969

0.759 0.062 0.336 0.034 0.233

0.743 0.204 0.470 0.374 0.903

0.761 0.254 0.553 0.037 0.748 0.227

0.743 0.585 0.763 0.473 0.918 0.878

0.800 0.016 0.076 0.016 0.024 0.053

0.995 0.062 0.168 4.763 × 10–4 0.055 0.456 0.047 0.084 0.534 5.162 × 10–15

0.995 1.196 × 10–3 6.550 × 10–5 2.084 × 10–15 4.865 × 10–5 3.483 × 10–6 8.899 × 10–3 6.914 × 10–18
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where ASR—alkali silica reaction prediction at 14 
days, CS—compressive strength of cement mortar at 28 
days, w/cm—water-to-cement ratio used in the prepa-
ration of cement mortar, FNS—ferronickel slag aggre-
gates content in the cement mortar.

Following the regression analysis, 3D plots were gen-
erated using Eq.  4 to visually represent the relation-
ship between the key parameters such as compressive 
strength, w/cm ratio, and FNS aggregate content and 
the predicted ASR expansion at 14 days. These visualisa-
tions allow for a clearer understanding of how the inter-
action between these variables influences ASR activity in 
cement composite.

Figure 13 presents a 3D surface plot that demonstrates 
the relationship between predicted ASR expansion at 14 
days, compressive strength and w/cm, with two distinct 
conditions: 0% FNS (no FNS aggregate replacement) and 
100% FNS (complete replacement of natural aggregates 
with FNS). The contours and surface levels clearly depict 
the interaction of these variables and their combined 
influence on ASR behaviour. For the 0% FNS replace-
ment, the ASR values tend to remain higher, especially at 

higher w/cm and lower compressive strengths. This clear 
shows that their is a higher susceptibility to ASR in mixes 
without FNS, as some natural aggregates are reactive.

In contrast, with 100% FNS replacement, the ASR 
levels are substantially high, indicating that the addi-
tion of FNS significantly contributes to ASR expan-
sion. The plot reveals that mixes with lower w/cm 
ratios and higher compressive strength exhibit minimal 
ASR expansion in both scenarios. Overall, this figure 
emphasises the dual role of optimising the w/cm ratio 
and utilising FNS replacement to suppress ASR while 
maintaining favourable compressive strength levels. 
It highlights the effectiveness of FNS as a sustainable 
alternative material.

Figure  14 presents a 3D surface plot highlights the 
combined influence of FNS aggregate content and com-
pressive strength on ASR expansion at 14 days, under 
two distinct w/cm: low (0.35) and high (0.6). For a low 
w/cm ratio, ASR expansion is consistently lower across 
all FNS aggregate content levels, reflecting the reduced 
water availability, which limits alkali mobility and 
reduces ASR reaction kinetics. As FNS aggregate content 
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increases, a notable reduction in ASR is observed, par-
ticularly at higher compressive strength levels. This 
behaviour indicates that at a lower w/cm ratio, the influ-
ence of FNS aggregates on ASR expansion becomes more 
pronounced.

At a high w/cm ratio, the ASR levels are significantly 
elevated due to increased pore water availability, facili-
tating ASR reactions. However, even at this high w/cm 
ratio, an increase in FNS aggregate content shows a clear 
reduction in ASR expansion. However, the effect is less 
pronounced compared to the low w/cm ratio condition. 
This figure underscores the synergy between optimizing 
FNS aggregate content and maintaining a low w/cm ratio 
to control ASR while also achieving favourable compres-
sive strength. It demonstrates the potential of FNS as an 
effective supplementary aggregate to mitigate ASR, par-
ticularly under controlled water conditions.

Figure  15 presents a 3D surface plot illustrates the 
influence of the w/cm ratio and FNS aggregate con-
tent on ASR expansion at 14 days, under compressive 
strength conditions of 30 MPa and 60 MPa. For the lower 
compressive strength, ASR expansion is higher at higher 

w/cm ratios with an increase in FNS aggregates. This is 
attributed to the increased porosity and pore water avail-
ability in lower strength composite, which facilitates ASR. 
However, a progressive reduction in ASR is observed as 
FNS aggregate content decreases, indicating FNS’s abil-
ity to reduce ASR even in low strength mixes. For higher 
compressive strength, the ASR levels are generally lower, 
primarily due to the reduced porosity and improved 
densification of the matrix. At this higher strength level, 
increasing FNS aggregate content further suppresses 
ASR expansion, particularly at lower w/cm ratios. This 
demonstrates the effectiveness of FNS in improving 
durability by reducing ASR susceptibility in high strength 
composites. Overall, the figure emphasizes the interac-
tion between w/cm ratio, FNS aggregate content, and 
compressive strength. It suggests that combining low w/
cm ratios with increased FNS aggregate content is par-
ticularly effective in mitigating ASR expansion, regardless 
of the strength level.

These 3D surface plots offer a visual representation of 
the regression model, helping to better understand how 
selected parameters such as compressive strength, w/cm 
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ratio, and FNS aggregate content interaction and influ-
ence on ASR expansion, particularly in mixes containing 
highly reactive aggregates. Unlike numerical equations 
alone, these visualisations provide intuitive insights into 
complex variable interdependencies and trends, making 
it easier to observe critical patterns and potential thresh-
olds affecting ASR behaviour. This graphical approach 
enhances the interpretability of the model, especially for 
practical applications and decision making in material 
selection and mix design.

8 � Conclusion
This study presents a comprehensive evaluation of fer-
ronickel slag waste as a sustainable fine aggregate in 
cement mortar, with a specific focus on its mechanical 
performance and susceptibility to ASR. A key finding is 
that a 50% replacement of natural sand with FNS opti-
mally improved the particle size distribution, resulting 
in enhanced compressive strength. The influence of w/
cm ratio was also evident, as higher ratios led to reduced 
compressive strength due to increased porosity.

ASR testing revealed that FNS aggregates are reac-
tive in high alkali environments, particularly under 

accelerated conditions in NaOH at 80°C. Expansion 
exceeded ASTM C1260 limits, highlighting their sus-
ceptibility. Interestingly, initial ASR expansion was 
slower in mixes with FNS, followed by rapid growth 
after 6 days, suggesting delayed gel formation. Varia-
tions in w/cm ratio influenced ASR behaviour: higher 
porosity in high w/cm mixes allowed gel accommoda-
tion, reducing visible expansion, while lower porosity 
in low w/cm mixes restricted alkali ingress, mitigat-
ing ASR. In contrast, negligible ASR expansion was 
observed under water and Ca(OH)₂ exposure, includ-
ing cyclic wetting–drying regimes, indicating environ-
ment-dependent reactivity.

The study further advances knowledge by developing 
a high accuracy regression model (R2 = 0.995) for pre-
dicting ASR expansion based on compressive strength, 
w/cm ratio, and FNS content. The model incorporated 
interaction and non-linear terms, offering quantitative 
insight into complex parameter interdependencies. 3D 
response surface plots effectively visualised these rela-
tionships, reinforcing the model’s interpretability. These 
tools provide a predictive framework to guide optimal 
mix design and ASR mitigation strategies, supporting 
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the broader goal of safe and sustainable integration of 
FNS in cementitious composites.

9 � Limitations and Future Research
While this study offers meaningful insights into the 
ASR behaviour of cement mortars incorporating FNS 
aggregates, certain limitations must be acknowledged. 
The use of mortar specimens, rather than full con-
crete samples, limits the direct applicability of find-
ings to field conditions, where aggregate gradation, 
size, and interfacial zones play more complex roles. 
The ASR expansion was evaluated only up to 14 days 
in accordance with ASTM C1260, an accelerated 
test method that may not capture the full long term 
behaviour of ASR progression. In addition, the regres-
sion model was developed using a relatively limited 
data set and involved predicting 14-day ASR based on 
28-day compressive strength, which introduces a tem-
poral inconsistency, given that strength development 
and ASR mechanisms evolve differently. Despite these 
limitations, the study offers a foundation for further 
research. Future investigations should consider long 
term ASR monitoring, testing on concrete specimens, 
and broader data sets for robust predictive modelling. 
Incorporating leaching studies under different chemical 
exposures will also help assess ion release and reactiv-
ity of FNS aggregates. In addition, exploring mitigation 
strategies using supplementary cementitious materials 
may enhance ASR resistance while supporting sustain-
able use of industrial by products.
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