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Abstract 

Concrete is widely used in construction due to its remarkable compressive strength and durability. However, its 
performance can deteriorate when exposed to harsh environmental conditions, such as acidic or alkaline surround‑
ings. There has been considerable interest in incorporating both basalt and steel fibers (B&SFs) to enhance the resil‑
ience of concrete in such challenging settings. This study presents a comprehensive examination of the influence 
of B&SFs on the strength and microstructure of concrete, utilizing desert sand as a fine aggregate and subjecting 
it to exposure to acidic and alkaline environments. Employing a systematic experimental approach, this research 
assesses concrete samples with varying B&SFs proportions. The study encompasses density and compressive strength 
tests, complemented by microstructural analyses using scanning electron microscopy (SEM) and X‑ray diffraction 
(XRD), to analyze the performance of the concrete under diverse environmental conditions. Initial findings indi‑
cate that including B&SFs results in a substantial improvement in concrete strength. The role of basalt fibers (BFs) 
in enhancing the concrete’s resistance to acidic environments by mitigating deleterious effects on microstructural 
integrity is particularly noteworthy. Notably, when exposed to acidic conditions, concrete mixtures containing 0.5% 
BFs demonstrated the least strength loss. When B&SFs are synergized, their positive effects are amplified, yielding 
concrete with exceptional resistance to alkaline environments. Microstructural analysis reveals that incorporating 
fibers refines and strengthens the interconnected matrix of cementitious products, thereby enhancing cohesion 
and overall strength. Furthermore, this study underscores that desert sand can be a viable alternative to traditional 
fine aggregates without compromising concrete resistance if it is appropriately reinforced with fibers. In conclusion, 
this research sheds light on the promising role of B&SFs in augmenting the strength and microstructure of concrete 
containing desert sand.
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1 Introduction
Concrete, renowned for its exceptional strength and 
durability, is the preferred choice for various construc-
tion projects. Its widespread usage, driven by availability 
and cost-effectiveness relative to alternative construc-
tion materials, has solidified its position in the construc-
tion industry (Abu-Jdayil et  al., 2019). The burgeoning 
global population, accompanied by growing infrastruc-
ture demands, has catalyzed a surge in construction 
activities. This surge, in turn, has significantly increased 
the consumption of concrete, making it an indispen-
sable resource in meeting these evolving construction 
requirements (Li et  al., 2022a). However, substantial 
concrete production necessitates using copious amounts 
of cement, both energy-intensive and a significant car-
bon dioxide (CO2) emission source. In response to the 
imperative of sustainability and environmental responsi-
bility, the construction industry is progressively shifting 
towards alternative materials that mimic cement’s desir-
able characteristics. This shift aims to reduce cement 
dependency and aggregates in concrete production, pro-
moting a cleaner environment and sustainability within 
the construction sector (Al-Sabaeei et  al., 2022). The 
durability of concrete is a critical factor that determines 
its suitability for various environmental conditions (Chen 
et  al., 2021) and is defined as its resistance to weather-
ing actions and chemical attacks over extended periods 
(Khan et al., 2022a). Concrete faces the challenges of sul-
fate and acid attacks in numerous scenarios, especially 
in industrial settings. Therefore, incorporating concrete 
into new structures requires high strength and durability, 
ensuring longevity in diverse environmental conditions 
(Amran et al., 2021).

One particularly corrosive agent is sulfuric acid 
 (H2SO4), known for its destructive effects on concrete, 
often leading to structural deterioration (Sharma et  al., 
2022). Sulfate attacks, driven by chemical reactions and 
salt crystallization within the concrete matrix, com-
pound this deterioration (Kanaan et al., 2022; Wang et al., 
2022). Various types and lengths of fibers are introduced 
to address the issue of concrete cracking under such cir-
cumstances. Hybrid fibers, a combination of basalt and 
steel fibers (B&SFs), emerge as a promising strategy to 
enhance concrete durability and fortify it against sulfate 
and acid attacks, ensuring superior performance in chal-
lenging environments (Bankir & Sevim, 2020).

A diverse range of natural and industrial fibers is 
deployed to reinforce concrete, individually and in hybrid 
configurations (Li et al., 2020a). Basalt fiber (BF) is nota-
ble for its eco-friendliness, inorganic composition, and 
sustainability. BF emerges as a viable reinforcement 
material for concrete applications by offering advantages 
like cost-effectiveness, high tensile strength, non-toxic 

properties, elevated elastic modulus, excellent thermal 
stability, and improved strain resistance (Chowdhury 
et  al., 2022; Khandelwal & Rhee, 2020; Saleem et  al., 
2020). Extensive research has consistently demonstrated 
the positive impact of BF on concrete durability, particu-
larly in alkaline environments (Li et  al., 2022b; Zheng 
et  al., 2021). However, its performance in acid-resistant 
scenarios is relatively weaker (Khan et  al., 2022a). By 
optimizing BF content, the cement matrix’s properties 
can be significantly improved (Lian et al., 2022).

Recent comprehensive reviews, such as the one by Li 
et  al. (2022c), confirm that including BF enhances con-
crete’s durability, especially in aggressive environments. 
Furthermore, combining BF with SF in a hybrid con-
figuration has yielded superior performance in concrete 
structures (Khan et  al., 2022a, 2022b). Conversely, add-
ing SF in cement concrete mixtures has been observed 
to reduce water absorption tendencies (Karimipour & 
Ghalehnovi, 2021). The recent study by Hamada et  al. 
(Wang et al., 2020) explored the impact of both singular 
and synergistic applications of steel and basalt fibers on 
the characteristics of concrete utilizing processed desert 
sand. This investigation delved into the modifications in 
concrete performance when reinforced with these fibers, 
either independently or in conjunction.

The introduction of fly ash (FA) as a cement replace-
ment in hybrid fiber-reinforced concrete (FRC) has 
demonstrated its potential to enhance the strength and 
durability of concrete. The spherical shape of FA particles 
enhances reactivity and packing within the concrete mix, 
ultimately bolstering its properties (Wang et  al., 2020). 
The synergistic effect of adding both B&SFs to concrete 
containing FA further enhances strength, durability, and 
overall performance, crucial factors in resisting the infil-
tration of chemical substances, such as base and acid 
ions, into the concrete structure. These infiltrations often 
manifest as visible cracks, leading to concrete damage 
(Nazarimofrad et al., 2017).

Elshazli et  al. (Afroughsabet et  al., 2017) conducted a 
study to assess the impact of incorporating basalt fib-
ers into concrete on its durability properties. Varied 
volume fractions of basalt fibers, ranging from 0.15 to 
0.50%, were introduced into the concrete mixtures. The 
findings indicated an enhancement in both the durabil-
ity and residual strength of the concrete resulting from 
the addition of basalt fibers. Similarly, Khan et al. (Khan 
et al., 2022a) explored the effects of basalt and steel fibers 
on concrete’s performance when subjected to long-term 
exposure to sulfate or acid environments. Their research 
revealed that the integration of both basalt and steel fib-
ers into the concrete mixtures significantly improved the 
concrete’s durability and strength in aggressive environ-
mental conditions. Furthermore, Koksal et al. (Celestine 
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et  al., 2021) investigated the influence of basalt and 
micro-steel fibers on the durability of mortars. Their 
study was segmented into three groups containing mix-
tures with 0.3, 0.6, and 0.9% basalt fibers and 0.25%, 0.5%, 
and 0.75% steel fibers by volume, respectively. It was 
observed that a concrete mixture with 0.9% basalt fibers 
(BF) and 0.75% steel fibers (SF) notably decreased water 
absorption to a minimal value of 7.8%.

Remarkably, there exists a discernible gap in the extant 
literature regarding the synergistic impacts of admix-
tures, specifically fly ash (FA), in conjunction with hybrid 
fibers (comprising steel and basalt), when employed in 
concert with desert sand. This research lacuna is particu-
larly evident in studies assessing concrete’s compressive 
strength when subjected to environments characterized 
by acidic and basic conditions. Such an investigation 
is crucial for understanding material properties under 
varying chemical exposures, thereby contributing to the 
broader field of sustainable construction materials. While 
research by Nazarimofrad et  al. (2017) and Xie et  al. 
(2018) examined the influence of silica fume and SFs on 
reinforced concrete, their findings primarily centered 
on load–deflection behavior and compressive tough-
ness. Similarly, investigations into the combined effect of 
slag and SFs on durability properties showed promising 
results, emphasizing the positive influence of SFs and slag 
in concrete mixtures (Afroughsabet et al., 2017).

The primary aim of this study is to explore the impact 
of integrating basalt and steel fibers (B&SFs) on the dura-
bility of concrete when subjected to acidic and basic 
environments. In pursuit of this objective, ten unique 
concrete mixtures were formulated, each incorporating 
varying ratios of B&SFs. Subsequently, these specimens 
were subjected to both acidic and basic conditions over 
periods of 28 and 56 days. To quantify the effects of these 
environmental exposures, the study employed weight loss 
and compressive strength measurements. A comprehen-
sive microstructural analysis was conducted using scan-
ning electron microscopy (SEM) and X-ray diffraction 
(XRD) techniques, providing an in-depth understanding 
of the material changes induced by the environmental 
conditions.

2  Experimental program
In the present study, the primary raw material utilized 
was Ordinary Portland Cement (OPC) of Type I, which 
was selected due to its ready availability in the concrete 
laboratory and widespread application in general con-
struction. This specific cement type is predominantly 
employed in fabricating precast elements and various 
concrete forms that are not intended for use in envi-
ronments involving direct contact with water or soil. 
Crushed gravel was used as coarse aggregate with a 

maximum particle size of 20 mm, desert sand, FA, SF, 
BF, water, and superplasticizer (SP). The superplasticizer 
employed is of the polycarboxylic ether type, specifically 
Master Glenium SKY 504. Tables  1 and 2 present these 
raw materials’ physical properties and chemical compo-
sition. The Portland cement was procured from Sharjah 
Cement Factory in the United Arab Emirates, and the FA 
was sourced from Elkem Silicon Materials in Norway. 
The cement adhered to BS EN 197-1 Standards, while the 
FA complied with ASTM C 1240.

In this investigation, the coarse aggregate was derived 
from crushed gravel with a maximum particle size of 20 
mm, and desert sand was utilized as the fine aggregate. 
Notably, 95% of the desert sand passed through a 0.3-
mm sieve, as illustrated in Fig. 1. Table 3 summarizes the 
properties of desert sand and coarse aggregates employed 
in the study.

In this experimental work, the superplasticizer 
employed is of the polycarboxylic ether type; specifi-
cally, Master Glenium SKY 504 as superplasticizer (SP) 
was used to achieve the desired workability and reduce 
the water-to-binder ratio in the concrete mixtures. SP is 
favored when incorporating fibers to facilitate the mixing 
process. Three different volume fractions of B&SFs were 
utilized in this study. BFs were introduced at volume frac-
tions of 0.1%, 0.3%, and 0.5%, while crimped steel fiber 
was used to improve concrete compressive, flexural, and 
tensile strengths, as also stated by Celestine et al. (2021) 
and added at volume fractions of 0.5%, 1.0%, and 1.5%. 
Table  4 shows the properties of basalt and steel fibers 
used in this study. Additionally, B&SFs were combined 
into three other concrete mixtures with varying volume 
fractions, as outlined in Table 5. Owing to the constraints 
imposed by limited time and resources, the authors could 
not undertake additional experimental tests. Conse-
quently, this limitation has restricted the scope of deriv-
ing a comprehensive understanding of the effects exerted 
by basalt and steel fibers. Future research could benefit 
from addressing this gap by conducting more extensive 
experimental investigations to elucidate these influences 
in greater detail. A photograph of the B&SFs utilized in 
this study is displayed in Fig. 2.

Table 1 Physical property of OPC and FA

Physical properties OPC FA

Specific gravity 3.15 2.19

Fineness specific surface  m2/kg 374 474.2

Initial setting time (min) 140

Final setting time (min) 190

Compressive strength Mortar prism (MPa) 25.7 5.1
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2.1  Mixing and Testing of Concrete
The concrete mixtures were cast into iron molds with 
precise dimensions of 100 × 100 × 100 mm. Subsequently, 
these molds were left undisturbed for 24 h at ambient 
room temperature. Following this initial setting period, 
the cubic specimens were carefully demolded and placed 
into a dedicated water tank for curing.

The mixing process was executed with precision. The 
coarse and fine aggregates were initially introduced into 
the mixer, which was operated for 3 min. The binder 
materials, consisting of FA and OPC, were added and 
mixed for 3 min until a homogeneous mixture was 
achieved. Half of the required water content was gradu-
ally added over 2 min to optimize the consistency of the 
concrete mix. Subsequently, the SP and the remaining 
half of the water content were introduced into the mix. 
For a visual representation of this meticulous mixing and 
exposure procedure, please refer to Fig. 3.

The concrete samples were divided into two groups to 
facilitate the study’s objectives. One group was placed 
in a small tank containing an acid solution  (H2SO4), 
while the other group was immersed in a separate tank 
containing a base solution (NaOH). Both groups were 
subjected to these environmental conditions for 28 and 

Table 2 Chemical composition of binder materials

Binder 
materials

SiO2 Al2O3 CaO Fe2O3 SO3 MgO Na2O C3A CL LOI

OPC 19.9 4.81 63.00 3.96 2.80 1.00 0.67 6.05 0.07 3.39

FA 64.5 21.21 9.54 2.8 0.39 0.047 0.21 0.034 0.32 0.92
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Fig. 1 Distribution curve of coarse and fine aggregates

Table 3 Properties of fine and coarse aggregates

Properties Fine aggregate (desert 
sand)

Coarse 
aggregate

Water absorption (%) 0.8 1.3

Specific gravity (OD) 2.59 2.56

Specific gravity (SSD) 2.61 2.58

Specific gravity (Ap) 2.65 2.63

Table 4 Properties of steel and basalt fibers

Properties Steel fibers Basalt fiber

Length‑to‑diameter ratio 66.6 1000

Diameter (µm) 750 12

Length (mm) 50 12

Tensile strength (MPa) 2850 3000–4000

Elastic modulus (GPa) 201 80–110

Absorption (%) –  ≤ 0.02

Specific gravity 7.9 2.7

Density (g/cm3) 7.86 2.75
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56 days, enabling a comprehensive evaluation of their 
performance over time.

Table  5 presents a comprehensive breakdown of 
the concrete mix compositions utilized, encompass-
ing ten distinct mixtures. B&SFs were introduced at 
varying volume fractions to enhance the experimental 
investigation’s versatility. Three different volume frac-
tions were incorporated into the concrete matrix for 
each fiber type. The resulting concrete specimens were 
formed using steel molds to ensure precision and con-
sistency in shape and size. Subsequently, these speci-
mens were subjected to compaction on a vibration 

table for a duration of 30 s, achieving optimal compac-
tion and uniformity throughout the sample.

2.2  Density and Compressive Strength Tests
The concrete sample density was determined at three 
distinct curing periods: 1, 28, and 56 days, following the 
standards outlined in ASTM C138 (Astm, 2013). Addi-
tionally, the workability of the concrete was assessed 
using the slump test, as specified by ASTM C143/143M-
15a (Astm, 2015). Compressive strength tests were exe-
cuted following the guidelines presented in ASTM C39/
C39M-17b (A. I. C. C. o., 2014). Six concrete samples 

Table 5 Mix design of B&SFs‑reinforced concrete (kg/m3)

No. Mix mode Cement FA Fine agg Coarse agg Fiber by weight Water SP %

CM1 Control 400 100 750 1000 0 200 1

CM2 BF0.1 400 100 750 1000 1.325 200 1

CM3 BF0.3 400 100 750 1000 2.65 200 1

CM4 BF0.5 400 100 750 1000 3.975 200 1

CM5 SF0.5 400 100 750 1000 39.25 200 1

CM6 SF1.0 400 100 750 1000 78.5 200 1

CM7 SF1.5 400 100 750 1000 117.75 200 1

CM8 BF0.1 + SF0.5 400 100 750 1000 1.325 + 39.25 200 1

CM9 BF0.3 + SF1.0 400 100 750 1000 2.65 + 78.5 200 1

CM10 BF0.5 + SF1.5 400 100 750 1000 3.97 + 117.75 200 1

)b()a(

Fig. 2 Steel and basalt fibers (B&SFs) used in the study: a SF and b BF
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were prepared for each mix to calculate the compres-
sive strength at two distinct curing ages: 28 and 56 days. 
Furthermore, an additional set of three concrete samples 
underwent curing in a water tank for 28 days, facilitating 
comparative analysis of the results with those obtained 
from the concrete samples exposed to acidic and alkaline 
environments.

2.3  Microstructure Tests
Microstructural investigations were conducted employ-
ing XRD and SEM methodologies. The concrete samples, 
in powdered form, were subjected to XRD analysis using 
a PANalytical X’Pert Pro diffractometer. These samples 
were derived from concrete mixtures exposed to vary-
ing chemical environments, specifically acidic and basic 
(sulfate) conditions, and were analyzed within a 2θ range 
of  100–400. Given that the samples were pulverized for 
XRD analysis, they were primarily classified into two cat-
egories: (a) those containing BFs and (b) those devoid of 
BFs. This categorization was necessitated by the absence 
of SFs in the powdered samples; consequently, concrete 
mixtures CM9 and CM1 were chosen as representative 
samples for each category. Further, the microstructural 
characteristics of the hardened concrete were scrutinized 
using SEM in conjunction with EDS. For this purpose, a 

representative specimen was extracted from the core of 
the concrete mixtures (CM1 and CM9), which had been 
subjected to both acidic and basic environments. The 
SEM analysis was performed using a Tescan Vega SEM 
system with an Oxford X-act EDS detector.

3  Results and Discussion
The section presents a comprehensive evaluation of the 
impact of basalt and steel fibers, as well as their com-
posite forms, on the properties of concrete. This assess-
ment is critical for optimizing concrete mix design and 
enhancing performance characteristics.

The inclusion of lightweight basalt fibers in concrete 
is noted to decrease its overall density potentially, con-
tingent on the volume fraction and length of the fib-
ers employed. Conversely, when added to concrete, the 
denser steel fibers tend to elevate its overall density. This 
effect is modulated by factors such as the aspect ratio, 
volume fraction, and the specific geometry of the steel 
fibers.

When basalt and steel fibers are combined, the 
resultant effect on concrete’s density is intermediate, 
varying according to the relative proportions of each 
fiber type. Basalt fibers contribute to the compressive 
strength of concrete by augmenting its tensile strength 

Mix dry 
materials

•Desert sand

•Coarse aggragate

•Cement

•FA 

Mix with 
water

•Add 50% water content

•Add SP with half water content

•Mixing for 3 minutes 

Adition 
B&SFs

•Addition of B&SFs. 

• Mixing the fibers with concrete mix till homogeneous.

pouring 
concrete 
in molds

•Pouring of concrete produced in steel molds

•Removing the concrete samples from molds after 24 hours.

Curing 
and 

testing

•Curing the concrete samples in tank water for 28 days

•Curing the concrete samples in acid and base solution for 28 and 56 
days

•Test the weight loss and compressive strength of concrete after 28 and 
56 days of acid and base exposure

Fig. 3 Mixing process for concrete mix
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and ductility. This enhancement is attributed to the 
interaction between basalt fibers and the concrete 
matrix, with a more pronounced effect in tensile and 
flexural strengths than in compressive strength. On 
the other hand, steel fibers markedly bolster concrete’s 
compressive strength by improving its toughness and 
post-cracking behavior. Additionally, they enhance 
ductility and the capacity for energy absorption.

The synergistic integration of basalt and steel fib-
ers in concrete offers combined tensile strength and 
toughness benefits. The extent of influence on com-
pressive strength depends on each fiber type’s volume 
fractions and inherent properties. Furthermore, both 
types of fibers contribute to enhanced crack control 
and durability of concrete. They play a significant 
role in mitigating cracking and fortifying the mate-
rial’s resistance to environmental factors. However, 
the effectiveness of these fibers is influenced by vari-
ous parameters, including fiber content, aspect ratio, 
distribution, and the intrinsic characteristics of the 
matrix material.

In the following subsections, the paper delves into the 
specific effects of acidic and basic environments on the 
properties of concrete containing different volume frac-
tions of basalt and steel fibers.

3.1  Effect of Acid Solution on the Concrete
Durable concrete, characterized by its ability to main-
tain functionality, mechanical strength, and perfor-
mance under various environmental conditions, is 
paramount in civil engineering (Amran et  al., 2021). 
This section presents the results and discussion of our 
investigation into the effects of acid and base solutions 
on concrete properties. Specifically, the impact of these 
solutions on the weight, strength, appearance, and 
microstructure of concrete samples. Initially, all sam-
ples were cured in tap water for 28 days before being 
subjected to acid and base solutions. Subsequently, the 
weight of the concrete samples was determined in air-
curing conditions. Subsequently, the concrete speci-
mens were immersed in a  H2SO4 solution to simulate 
acidic conditions. The pH level of the aqueous medium 
was meticulously adjusted to 2. Throughout this experi-
mental phase, key parameters such as the visual integ-
rity of the concrete, weight loss, and compressive 
strength were systematically evaluated to ascertain the 
impact of acidic exposure. Additionally, advanced ana-
lytical techniques, including scanning electron micros-
copy/energy dispersive spectroscopy (SEM/EDS) and 
XRD, were employed to scrutinize the microstructural 
alterations in the concrete specimens induced by the 
acid.

3.2  Effect of Acid on the Appearance of Concrete
The immersion of concrete samples in an  H2SO4 solution 
for a 56-day curing period substantially affected their 
visual characteristics (Fig.  4). The acidic environment 
induced a brownish appearance on the sample surface, 
attributed to iron-based oxides. Furthermore, corrosion 
products were observed on the SFs, leading to a reddish-
brown appearance in both fibers and samples.

3.3  Effect of Acid on the Density of Concrete
The density of concrete samples was measured and com-
pared (Fig.  5). BFs, known for their lightweight nature, 
contributed to a reduction in concrete density when 
exposed to the acid solution. In contrast, adding SFs led 
to an increase in concrete density. As the duration of 
exposure to acid increased, there was a corresponding 
rise in weight loss in the concrete samples.

The concrete density demonstrated a discern-
ible decline as the BF content increased, as depicted 
in Fig.  5, specifically, in concrete mixtures labeled as 
CM2, CM3, and CM4, the incorporation of BFs at con-
centrations of 0.1%, 0.3%, and 0.5% of the binder weight 
led to a reduction in concrete density by 1.83%, 2.8%, 
and 0.55% after one day, respectively. This reduction in 
density is attributable to the lower specific gravity of BF 
compared to SF. Conversely, the concrete samples des-
ignated as CM10, which contained a hybrid of B&SFs, 
exhibited superior density relative to the control con-
crete. The density of CM10 was valued at 2335 kg/m3, 
which is higher than the comparable value of the con-
trol concrete mix (2322 kg/m3). This increase is attrib-
uted to the addition of steel and basalt fibers to the 
concrete mixture. A discernible weight loss across all 
concrete mixtures was observed, suggesting a chemical 
interaction between the acid solution and the concrete 

Fig. 4 Concrete mixture appearance after exposure to an acidic 
environment before testing
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constituents. This interaction facilitated the absorption 
of the acid solution into the concrete samples, culmi-
nating in a weight loss. These findings are consistent 
with the results of Khan et al. (Khan et al., 2022a), who 
employed B&SFs to augment the concrete’s resistance 
to acidic and basic solutions. They reported a marked 
reduction in the weight of the concrete samples, attrib-
uting this to the degradation of concrete in acidic 
conditions.

Notably, the density of all concrete samples decreased 
following immersion in  H2SO4 for periods of 28 and 
56 days. The concrete exhibited degradation in the 
 H2SO4 solution, leading to weight loss across all mix-
tures except those containing BF. In samples such as 
CM2, CM3, and CM4, the weight loss ranged between 
0.61 and 1.4%. In contrast, samples devoid of BFs expe-
rienced a weight loss between 1.6 and 2.4%. This data 
substantiates that BF offers enhanced performance in 
terms of resistance to acidic solutions, as evidenced 
by the minimal weight loss compared to SF and con-
trol samples. The observed reduction in density for the 
CM8 samples, which incorporated 0.1% BF and 0.5% 
SF, could potentially be attributed to variations in the 
compaction parameters within the concrete labora-
tory. Specifically, the discrepancies in the compaction 
rate and the duration of compaction might have sig-
nificantly influenced the resulting material density. This 
hypothesis underscores the critical impact of standard-
ized laboratory practices on the reproducibility of con-
crete material characteristics.

3.4  Effect of Acid on the Compressive Strength
The experimental setup employed concrete cubes with 
dimensions of 100 mm for depth, length, and width. Fig-
ure  6 delineates the compressive strength outcomes for 
all concrete samples subjected to the  H2SO4 solution 
exposure over 28 and 56 days. For baseline comparison, 
control samples were initially cured in tap water for 28 
days, and their compressive strength was assessed on Day 
1.

The observed decrease in compressive strength across 
all concrete mixtures with advancing curing age can 
be primarily attributed to the deleterious interaction 
between the acid solution  (H2SO4) and hydration prod-
ucts and the concrete’s hydration products. This interac-
tion undermines the structural integrity of the concrete. 
Acidic environments facilitate the dissolution of both 
hydrated and un-hydrated cementitious compounds, 
contributing to a deterioration in compressive strength. 
This phenomenon aligns with the findings of Khan et al. 
(Kocan & Hicsonmez, 2019), who reported significant 
reductions in both the compressive strength and mass of 
concrete specimens subjected to prolonged exposure to a 
sulfuric acid solution, extending up to 365 days.

The data presented in Fig. 6 reveal that concrete mix-
tures with varying volume fractions of B&SFs demon-
strated distinct rates of compressive strength degradation 
when exposed to the acidic medium for 28 and 56 days. 
This decrement in strength is attributable to the corro-
sive impact of the acid over the curing duration. Multiple 
variables, including the composition of B&SFs, the acidic 

Fig. 5 Effect of acid solution on the density of concrete samples
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medium, and the curing time, collectively contribute to 
the observed variations in compressive strength reduc-
tion. Notably, the data suggest an inverse relationship 
between curing age and compressive strength, indicating 
compromised durability for samples subjected to pro-
longed acidic exposure.

The high concentration of  H2SO4 adversely affects 
the concrete’s microstructure, leading to the dissolu-
tion of calcium silicate hydrate (C–S–H) gels. This 
phenomenon weakens the interfacial bonding between 
the cement matrix and aggregates. The dissolution of 
C–S–H gels and the subsequent formation of ettrin-
gite are identified as primary factors responsible for 
strength degradation, corroborating the findings of 
Patel et al. (Attah et al., 2018; Khan et al., 2022a). Incor-
porating BFs mitigates the strength loss in concrete 
samples exposed to the acidic environment compared 
to fiber-free samples (CM1). Concrete mixtures con-
taining solely BFs demonstrated reduced vulnerability 
to acidic corrosion, consistent with extant literature 
(Attah et al., 2018; Khan et al., 2022a). Specifically, sam-
ples with 0.1%, 0.3%, and 0.5% BF concentrations (CM2, 
CM3, and CM4) exhibited compressive strength reduc-
tions of 7.2%, 14.2%, and 11.5%, respectively, when 
immersed in  H2SO4 for 56 days. Conversely, samples 
containing 0.5%, 1%, and 1.5% SFs registered compres-
sive strength losses of 20.4%, 18.5%, and 19.8%, respec-
tively. These observations align closely with the results 
reported by Khan et  al. (Khan et  al., 2022a), who also 
noted a decrease in compressive strength for concrete 

samples exposed to acidic conditions compared to 
those cured in neutral water. The experimental find-
ings reveal that the concrete mixture designated as 
CM6, which incorporates 1% steel fiber (SF) by volume, 
exhibited superior compressive strength relative to 
other tested concrete mixtures. This notable increase in 
strength can be primarily attributed to including SF at 
an optimal concentration within the mixture. Support-
ing this observation, the study conducted by Abbass 
et  al. (Lipatov et  al., 2021) corroborates that integrat-
ing steel fiber into concrete mixtures contributes to a 
marginal yet significant enhancement in their compres-
sive strength capabilities. This finding underscores the 
potential of steel fiber as a reinforcing agent in con-
crete, optimizing its structural properties.

3.5  Effect of (Sulfate) Base on the Concrete Properties
3.5.1  Effect of Base (Sulfate) on the Appearance of Concrete
The concrete specimens immersed in base solution, 
specifically sodium hydroxide (NaOH), exhibited a 
whitish surface, as depicted in Fig. 7. This discoloration 
can be attributed to the chemical interaction between 
NaOH and calcium-containing compounds such as 
gypsum  (CaSO4.2H2O) (Ghorab & Fetouh, 1985) and 
bassanite  (CaSO4.0.5H2O) (Kocan & Hicsonmez, 2019). 
This reaction culminates in calcium hydroxide Ca(OH)2 
formation, which subsequently leaches onto the sur-
face, imparting a whitish hue. SEM/EDS analyses cor-
roborate this observation.

Fig. 6 Effect of acid solution on the compressive strength of concrete
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3.6  Effect of Base on the Density of Concrete
As illustrated in Fig.  8, the density of concrete speci-
mens exposed to a base environment was evaluated and 
compared. The incorporation of B&SFs significantly 
influenced the density of concrete. SFs exerted a more 
significant impact on the concrete’s weight than BFs. 
However, BFs demonstrated superior resistance to both 
alkaline and acidic attacks. Notably, the exposure to 
sodium hydroxide (NaOH) had a negligible impact on 
the concrete density, especially when compared to acidic 
environments.

The chemical reactions within concrete materials are 
predominantly associated with the interaction between 
calcium hydroxide Ca(OH)2 and sulfate ions SO42- to 
yield compounds such as gypsum, ettringite, and other 
expansive corrosion by-products (Zhao et  al., 2012). 
When sulfate ions infiltrate concrete specimens, they 
react with the hydration products, forming expansive 
compounds. This process subsequently induces crack-
ing in the concrete samples. These findings are consist-
ent with a study conducted by Lipatov et  al. (2021), 
which demonstrated a reduction in both the weight 
and mechanical strength of concrete samples following 
immersion in 0.5M  Na2CO3 and 1M NaOH solution.

3.7  Effect of Base on the Compressive Strength
The compressive strength of concrete specimens sub-
jected to an alkaline medium, such as NaOH, was less 
affected than those exposed to acidic conditions. Figure 9 
presents the compressive strength values for concrete 
cubes exposed to alkaline conditions for 28 and 56 days. 
These specimens were initially cured in a water tank 
for 28 days and tested as control samples for one day to 
establish a baseline for comparison.

Figure  9 shows the impact of B&SFs content on the 
compressive strength of concrete. Over time, most 
concrete mixtures exhibited a decline in compres-
sive strength, attributable to the high concentration of 
the alkaline medium. However, the hybrid fiber mix 
(M10) displayed a mere 0.99% reduction in compressive 
strength between 28 and 56 days, the lowest among all 

Fig. 7 Concrete mixture appearance after exposure to the basic 
environment before testing

Fig. 8 Effect of base on the density of concrete
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tested mixtures. This finding underscores the potential of 
hybrid fibers in enhancing concrete’s resistance to alka-
line environments, particularly at high concentrations.

Conversely, concrete containing BFs experienced the 
least reduction in compressive strength compared to SF-
containing and control concretes over 56 days. The per-
centage reduction in compressive strength for concrete 
with 0.1%, 0.3%, and 0.5% BF was 7.2%, 7.1%, and 4.5%, 
respectively. These results agree with prior research con-
ducted by Chindaprasirt et  al. (2022). Li et  al. (2020b) 
observed that BF adversely impacts the compressive 
strength of materials in an alkali-based environment, 
leading to a significant reduction. Similarly, Khan et  al. 
(2022a) found that the compressive strength of concrete 
samples varied when exposed to a basic environment, 
with the extent of reduction contingent upon the com-
position of B&SFs. Contrarily, Ren et  al. (2017) dem-
onstrated that the compressive strength of geopolymer 
concrete (GPC) diminished upon exposure to various 
sulfate solutions across different curing periods.

BFs are renowned for their excellent resistance to 
alkaline substances, including sodium hydroxide. Thus, 
NaOH’s presence is unlikely to significantly impair the 
performance of concrete containing BFs. It is important 
to highlight that prolonged exposure to high concentra-
tion alkaline solutions may result in the gradual degrada-
tion of BF. Elevated concentrations of sodium hydroxide 
(NaOH) can adversely affect the fiber’s mechanical prop-
erties over an extended period. Moreover, if the con-
crete mixture is not meticulously engineered or includes 

components susceptible to alkaline conditions, this could 
compromise the overall structural performance of the 
concrete.

Adherence to established concrete mix design guide-
lines and manufacturer-specific recommendations for 
BF is strongly advised to optimize the performance and 
longevity of such concrete when exposed to alkaline solu-
tions like NaOH.

3.7.1  Effect of Acid and Base Solutions on the Microstructure 
of Concrete

X-ray diffractometry (XRD) and scanning electron 
microscopy (SEM) are instrumental in materials science 
for elucidating materials’ structural and morphological 
characteristics at the microscale and atomic level. XRD 
elucidates the crystallographic structure of materials, 
leveraging the phenomenon of X-ray interaction with 
crystal lattices to produce diffraction patterns. These pat-
terns facilitate the determination of atomic arrangements 
within the crystal. Samples for XRD analysis encompass a 
diverse array, including powders, single crystals, and thin 
films. The X-ray generation and its interaction with the 
sample’s crystal lattice are central to this technique, lead-
ing to patterns formed through constructive and destruc-
tive interference.

In contrast, SEM employs a focused electron beam to 
examine sample surfaces. The interaction between the 
beam and the sample generates signals that are trans-
formed into detailed, high-resolution, three-dimensional 
representations of the surface morphology. The sample 

Fig. 9 Effect of base solution on the compressive strength of concrete
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preparation often involves coating it with a conductive 
material such as gold, enhancing conductivity, and refin-
ing image quality. Thus, while XRD is pivotal for crys-
tallographic studies, SEM provides intricate surface 
morphology insights. The complementary nature of these 
techniques is instrumental in acquiring a holistic under-
standing of material properties.

In concrete sample analysis, XRD and SEM emerge as 
sophisticated techniques offering unique insights. Their 
application in the study of concrete reveals detailed 
information on the crystalline structure of minerals, sur-
passing conventional methods in certain aspects. XRD is 
particularly adept at identifying different phases within 
the concrete, including cementitious phases like Portlan-
dite and ettringite. It is also invaluable in evaluating the 
crystallinity and amorphous content of samples. On the 
other hand, SEM offers unparalleled imaging resolution, 
allowing for the visualization of microstructural elements 
such as aggregates, pores, and cracks in concrete.

The choice of technique in concrete analysis is con-
tingent upon the specific properties and characteristics 
under scrutiny. XRD and SEM provide in-depth micro-
structural information, making them indispensable for a 
comprehensive understanding of concrete composition 
and structure across various scales. Integrating these 
methods with complementary analytical techniques 
can facilitate a more exhaustive assessment of concrete 
properties.

3.8  X‑ray Diffraction (XRD)
The XRD results depicted in Fig. 10 elucidate the primary 
constituents of the concrete mixture, which include gyp-
sum  (CaSO4.2H2O), bassanite  (CaSO4.0.5H2O), portlan-
dite (Ca(OH)2), mullite  (Al6Si2O13), limestone  (CaCO3), 
silica/quartz  (SiO2), calcium silicate hydrate (CSH), and 

dolomite (CaMg(CO3)2). The peaks corresponding to 
these constituents are symbolically annotated in the fig-
ure legend for ease of identification.

Figure  10 presents the XRD analysis of samples with 
and without BF. The presence of portlandite is discern-
ible at a 2θ peak position of approximately 18°, as cited 
in Stutzman et  al. (2016). Mullite peaks manifest at 22° 
(Yaping et  al., 2008), while limestone peaks are evident 
at approximately 24°, 36°, and 39° (Kherbache & Bouzidi, 
2019). Both acid- and base-treated samples exhibit the 
characteristic quartz  (SiO2) peak at a 2θ value of approxi-
mately 26.50, accompanied by other related peaks at 
approximately 25.5°, 29°, and 37° (Kherbache & Bouzidi, 
2019). The peak at around 28° indicates calcium silicate 
hydrate (CSH) (Narasimha Reddy & Ahmed Naqash, 
2019).

Notably, calcium compounds such as gypsum and bas-
sanite are exclusively present in acid-treated samples. 
Peaks corresponding to dolomite appear at approxi-
mately 32° (Stutzman et  al., 2016). Gypsum peaks are 
observed at about 12° (Kontoleontos et al., 2013) and 34° 
(Failed, 2014), whereas bassanite peaks are detected at 
approximately 15°, 29°, and 32° (Ye et al., 2021). In con-
trast, calcium-containing components are largely absent 
in samples subjected to sodium hydroxide (NaOH) treat-
ment, as illustrated in Fig. 10b. This absence is attributed 
to the dissolution of gypsum  (CaSO4.2H2O) (Ghorab & 
Fetouh, 1985) and bassanite  (CaSO4.0.5H2O) (Kocan & 
Hicsonmez, 2019) in NaOH, resulting in the formation of 
Ca(OH)2, as described by Eqs. 1 and 2 (Kocan & Hicson-
mez, 2019).

(1)
CaSO4.2H2O + 2NaOH → Na2SO4 + Ca(OH)2 + 2H2O

Fig. 10 XRD analysis of samples: a with BF, and b without BF
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The resultant Ca(OH)2 crystals are insoluble and are 
leached onto the concrete surface. These crystals mani-
fest as small grains with an approximate size of 2μm, as 
observed through SEM in Fig.  10b. This observation is 
corroborated by the elevated weight percentage of cal-
cium, as indicated by the EDS of the sample surface 
exposed to NaOH. The acidic environment had a mini-
mal impact on the samples, thereby preserving all char-
acteristic peaks, as evidenced in Fig.  10a. Furthermore, 
the detection of BFs via XRD was negligible, owing to 
their limited size and quantity.

3.9  SEM and EDS
SEM was utilized to investigate the effects of acidic 
and base treatments on the surface and core morphol-
ogy of concrete specimens reinforced with fibers. Due 
to the larger dimensions of SFs, SEM was not employed 
to assess their environmental impact. BFs exhibited a 
smooth and lustrous surface in their pristine state, as 
illustrated in Fig. 11a, with an average diameter measur-
ing approximately 15 μm. However, distinct alterations 
in surface morphology were observed when the fibers 
were subjected to varying pH conditions, as evidenced in 
Fig. 11b and c. Upon exposure to an acidic environment, 
the BFs displayed notable surface degradation, character-
ized by visible cracks and delamination, as depicted in 
Fig. 11b.

Conversely, fibers exposed to an alkaline or base envi-
ronment demonstrated minimal surface roughness, 
suggesting a higher resistance to alkaline conditions, as 
shown in Fig.  11c. Comparative analysis revealed that 
the fibers subjected to acidic conditions experienced 
more significant damage than those exposed to a sodium 
hydroxide (NaOH) environment (Khan et  al., 2022a). 
Additionally, minor hydration products on the fiber 

(2)
CaSO4.0.5H2O + 2NaOH +H2O → Na2SO4 + Ca(OH)2 + 2H2O

surface in both acidic and alkaline conditions indicate 
satisfactory bonding compatibility between the fibers and 
the concrete matrix. This observation further suggests 
favorable fiber–matrix interfacial properties, as Fig.  11b 
and c corroborated.

The morphological characteristics of the samples dis-
played notable variations between the core and surface 
regions when subjected to disparate environmental con-
ditions. Figure  12a, b presents SEM images that eluci-
date the surface characteristics of the samples following 
exposure to acidic and basic environments, respectively. 
As evidenced in Fig.  13a, the concrete surface mani-
fested signs of degradation after interacting with the 
acidic milieu. This deterioration is further corroborated 
by an elevated concentration of iron at the surface, as 
indicated in Fig.  12c. This suggests that iron-containing 
compounds underwent dissolution in the acidic medium. 
Given that the dissolved iron was in direct contact with 
the surface, EDS analysis revealed a heightened presence 
of iron, as depicted in Fig. 12c.

Conversely, SEM images (Fig. 12b) reveal that samples 
exposed to a basic environment were characterized by a 
profusion of minute grains on their surface. Complemen-
tary EDS analysis indicated the presence of calcium-con-
taining compounds, inferred from the finely dispersed 
crystalline structures, as illustrated in Fig. 12d. This phe-
nomenon can be attributed to sodium hydroxide (NaOH) 
application, which induced decalcification in the concrete 
samples, thereby liberating calcium ions that migrated to 
the surface. Consequently, a marked accumulation of cal-
cium products was observed on the concrete surface, in 
stark contrast to the core region.

As delineated earlier, the core and surface regions 
exhibited divergent morphological features when 
exposed to the two distinct environmental conditions. 
Figure  13a, b provides SEM images of the core region 
after acidic and basic conditions exposure. Elemental 

Fig. 11 SEM image of BF in: a pristine condition, b when exposed to acid, and c when exposed to base
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Fig. 12 SEM images and EDS compositional analysis of the concrete surfaces exposed to a, c acid, and b, d base
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Fig. 13 SEM images and EDS compositional analysis of the concrete core exposed to a, c acid, and b, d base
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compositions, as presented in Fig.  13c, d, reveal that 
despite fluctuations in compound composition, as dis-
cerned through XRD analysis, the mean elemental com-
position within the concrete mixture remained relatively 
invariant. This observation underscores the surface’s 
heightened susceptibility to chemical interactions in 
acidic and basic milieus, compared to the bulk material. 
A consistent microstructure was observed in both sce-
narios, with visible interfacial transition zones.

Additionally, remnants of hydration products were 
identified within the core, interspersed along the fib-
ers. Notably, samples exposed to acidic conditions dem-
onstrated a diminished mechanical strength, primarily 
attributable to fiber degradation, as evidenced by micro-
structural analyses. This degradation exerted a more pro-
nounced impact on the concrete’s mechanical integrity 
relative to basic exposure, as cited in Khan et al., 2022a.

The findings presented in Figs.  12 and 13 are derived 
from the energy-dispersive X-ray spectroscopy (EDS) 
analysis of concrete samples. These findings reveal that 
silica, calcium, and alumina are the predominant ele-
ments in the concrete mix, signifying their substantial 
contribution. The abundance of these elements suggests a 
more effective pozzolanic reaction due to the inclusion of 
fly ash (FA) and cement in the mix.

Furthermore, this research introduces the novel use of 
X-ray diffraction (XRD) and scanning electron micros-
copy (SEM) techniques to assess the influence of baux-
ite and silica fumes (B&SFs) on concrete production, 
especially under various environmental conditions. This 
methodology significantly shifts from traditional, subjec-
tive visual analyses of concrete structures.

4  Conclusion
The primary objective of this study was to investigate the 
impact of isolated and hybrid B&SFs-reinforced concrete, 
incorporating desert sand and subjected to both acidic 
and base environments, on concrete weight and strength. 
The key findings are summarized as follows:

1. Integrating basalt fibers (BFs) into concrete mix-
tures exposed to acidic conditions effectively reduced 
weight loss. The control mix showed a minor reduc-
tion from 2351 to 2322 kg/m3, whereas mixes with 
BFs (CM4, CM7, CM10) demonstrated more sig-
nificant decreases, indicating the potential of BFs 
in enhancing concrete durability in acidic environ-
ments.

2. Incorporating varying volume fractions of basalt fib-
ers (BFs) was critical in mitigating the reduction in 
mechanical strength of concrete subjected to acidic 
environments. This was evidenced by the superior 
performance of the BF-enhanced concrete mixes 

compared to their counterparts. Notably, concrete 
samples containing 0.5% basalt fiber decreased com-
pressive strength from 36.4 to 32.2 MPa after 56 days 
of exposure to the acidic solution.

3. While BFs generally reduced weight loss in samples 
exposed to alkaline conditions, it is noteworthy that 
the concrete sample designated as CM4, which had 
high BF content, experienced an increased weight 
loss.

4. Among the various mixtures investigated, the con-
crete sample with hybrid fibers (CM10) demon-
strated the most minimal reduction in compressive 
strength when subjected to alkaline conditions over 
28 to 56 days.

5. Advanced microstructural analyses employing XRD 
and SEM revealed that acidic conditions led to the 
dissolution of iron-based compounds, whereas alka-
line conditions resulted in the dissolution of calcium-
based compounds.

6. Remarkably, BFs maintained robust fiber–matrix 
interfacial properties in both acidic and alkaline envi-
ronments despite suffering more extensive damage 
from acidic conditions.

This research underscores the imperative of expanding 
investigations into alternative natural fibers to achieve an 
equilibrium between cost-effectiveness and environmen-
tal sustainability, particularly under adverse conditions. 
Future studies should adopt a comprehensive approach to 
elucidate concrete performance, assessing additional vital 
characteristics such as flexural strength, tensile strength, 
water absorption capacity, chloride ion penetration, and 
resistance to freeze–thaw cycles. Moreover, subsequent 
research endeavors are recommended to explore the aug-
mentation of concrete strength and microstructure by 
applying varying fraction volumes in diverse acidic and 
basic environments. Furthermore, there exists a signifi-
cant opportunity to investigate the synergistic integration 
of natural fibers with B&SFs positing a potentially opti-
mal strategy for enhancing the eco-efficiency of concrete 
formulations. These avenues of research are not only piv-
otal for advancing the field of sustainable construction 
materials, but also crucial in addressing the broader chal-
lenges of environmental sustainability and resource opti-
mization in the construction industry.
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