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This study investigates the feasibility of using washed crushed sand (WCS) produced 
from long-accumulated crusher waste in Palestine as a sustainable replacement for 
natural fine aggregate in concrete. Crusher waste collected from three quarry locations in 
the West Bank was processed by controlled laboratory washing and sieving to obtain 
clean crushed sand meeting relevant physical and chemical requirements. Five concrete 
mixtures were prepared with WCS replacement levels of 0%, 20%, 50%, 80%, and 100% 
while maintaining constant cement content, water content, aggregate proportions, and 
admixture dosage. The experimental program evaluated density, workability, 
compressive strength, drying shrinkage, water permeability, dynamic elastic modulus, 
and microstructural characteristics. The results showed that increasing the WCS content 
improved density, compressive strength, dimensional stability, impermeability, and 
stiffness, while reducing workability because of the angular and rough surface texture of 
the crushed particles. At 100% replacement, compressive strength increased by 
approximately 24.5% at 28 days and 26.3% at 90 days relative to the control mix. Water 
permeability and drying shrinkage also decreased progressively with increasing WCS 
content. Microstructural observations confirmed a denser matrix, a thinner interfacial 
transition zone, and fewer microcracks in mixtures containing high WCS contents. 
Overall, washed crusher waste can serve as an effective and sustainable fine aggregate 
for concrete, with 50% replacement offering the best balance of fresh properties and 
performance, and higher replacement levels providing the greatest gains in strength and 
durability. 
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1. INTRODUCTION

Although numerous studies have investigated the use of
quarry dust or crusher fines as partial replacements for natural 
river sand in concrete, most of these studies have focused on 
untreated or minimally processed materials. In the present 
study, the raw material was crusher waste, defined as the 
unwashed fine by-product of stone-crushing operations 
containing significant amounts of clay, silt, and dust. After 
subjecting this material to a controlled washing process, the 
resulting material was termed washed crushed sand (WCS). 
Accordingly, this study focuses on the use of WCS as a partial 
replacement for natural fine aggregate in concrete. Such 
untreated materials often adversely affect concrete 
workability, shrinkage behavior, permeability, and long-term 
durability because of their high content of deleterious fines. 
Moreover, previous research has predominantly emphasized 
mechanical properties, particularly compressive strength, with 
limited attention given to durability-related parameters and 
microstructural performance. In this context, the present study 

addresses a clear research gap by providing a comprehensive 
evaluation of both mechanical and durability-related 
properties, including drying shrinkage, water permeability, 
elastic modulus, and microstructural characteristics using 
scanning electron microscopy (SEM) and X-ray Diffraction 
(XRD) analyses. By integrating material processing, 
performance assessment, and durability evaluation, this 
research offers a novel and globally relevant contribution 
toward the sustainable utilization of crusher waste as a viable 
alternative to natural fine aggregates in concrete production. 

Stone crushers in Palestine are important in the social and 
economic context. They play an important role in creating 
employment and empowering the local economy [1]. The main 
source of raw material that is needed to produce asphalt, 
concrete, and other construction materials that are highly used 
during building construction is the limestone quarries [2]. 
Nevertheless, the stone crushing activities lead to negative 
impacts on the adjacent community, the environment, and the 
health and safety of the employees and the overall population, 
irrespective of their economic benefit. The negative effects are 
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the degradation of the landscapes, disappearance of the 
ecosystem, air and water pollution and noise pollution [1]. The 
increased production of aggregates for concrete manufacturing 
has intensified environmental and health concerns for 
populations living around stone-crushing plants. For instance, 
a factory for crushing stones in Hebron, located in southern 
Palestine, produces thousands of tons of waste annually in the 
form of crushed stones mixed with clay dust and other 
impurities. Such waste is generated while carrying out the 
primary rock extraction process employed in the manufacture 
of crushed aggregate. All such waste products collect and lead 
to pollution, which has critical health implications for the 
population adjacent to the site, particularly as it is a major 
contributor to respiratory illnesses. Numerous epidemiological 
studies have linked prolonged exposure to crusher dust with 
chronic respiratory conditions such as silicosis, asthma, and 
bronchitis, particularly among workers and populations living 
within a 1–2 km radius of crushing plants [2]. This waste holds 
a lot of land without exploitation and pollutes the groundwater. 
During the initial stages of the mining process, including rock 
extraction using heavy equipment or blasting, large quantities 
of fine rock fragments are generated and mixed with clay or 
silt. In the initial stages of extracting rocks from the ground 
using heavy equipment or blasting, a large quantity of these 
rocks are crushed into small sizes and mixed with clay or silt. 
These fines are often referred to as "crusher screenings" or 
"quarry dust," and are typically discarded due to their poor 
grading, high fine content, and contamination with organic or 
clay particles, which limits their direct use in concrete without 
proper treatment [3]. These materials cannot be introduced 
into the crusher due to their small size and mixing with clay 
and impurities. Therefore, they are disposed of in the form of 
waste in landfills near crushers, which is spread. The quarry 
areas in the West Bank, where there are thousands of tons of 
waste that pollute the environment and groundwater, Figure 1 
shows the waste from the crushing process in the West Bank. 

Millions of tons of these screenings accumulated and were 
dispersed across the areas of the crushers in the West Bank, 
forming extensive waste zones that adversely affect the 
environment and groundwater. Figure 1 shows a typical 
accumulation of waste emanating from rock-crushing 
operations in the area. In this context, the present study 
investigates the feasibility of employing these long-
accumulated waste materials for the production of 
manufactured sand, which will contribute to environmental 
protection, land restoration, and a sustainable and cost-
effective local alternative to natural sand. 

 

 
 

Figure 1. Accumulated crusher waste at a stone-crushing site 
in the West, Palestine 

The formation of indecomposable waste materials, together 
with the rapid growth of consumer demand, has resulted in a 
global waste management challenge [4, 5]. Worldwide, the 
construction industry generates more than 1.3 billion tons of 
solid waste annually, a large proportion of which remains 
unutilized. Recycling quarry and crusher waste has emerged 
as a sustainable approach to mitigating environmental impacts 
and promoting circular economy practices within the 
construction sector [1, 3, 15]. The accelerating pace of global 
development has further increased the demand for advanced 
engineering solutions across various applications [21]. One 
effective strategy to address this challenge is the recycling of 
waste materials into value-added construction products [1, 21]. 
Numerous studies have demonstrated the potential use of 
quarry waste, particularly as a partial or full replacement of 
fine aggregate in concrete mixtures [8, 15, 16]. Experimental 
investigations have shown that crushed stone waste can 
satisfactorily replace natural river sand, offering an 
environmentally friendly alternative while reducing excessive 
river sand extraction [14, 23]. Furthermore, research on the 
mechanical performance of concrete incorporating crushed 
stone waste as fine aggregate replacement has reported 
improvements in compressive, flexural, and tensile strengths 
[6, 25]. These outcomes confirm the technical feasibility of 
utilizing crushed stone waste as an alternative fine aggregate 
in concrete production. Concrete remains one of the most 
widely used construction materials due to its affordability, 
durability, and versatility [20]. It is primarily composed of 
binding materials, fine and coarse aggregates, and water [7, 
20]. Aggregates represent the largest constituent of concrete, 
accounting for approximately 60–75% of its volume (70–85% 
by mass), and they significantly influence both fresh and 
hardened concrete properties as well as mix economy [6]. Fine 
aggregates, which constitute about 35–45% of the total 
aggregate content, play a critical role in filling voids between 
coarse aggregates and enhancing bond strength [7]. The use of 
recycled fine aggregates not only alleviates the depletion of 
natural sand resources but also contributes to lowering the 
embodied carbon of concrete mixtures. Recent studies indicate 
that, when properly processed, crushed sand can achieve equal 
or superior durability and long-term strength compared to 
natural river sand [8, 14, 24]. 

This study aims to estimate the potential of using crusher 
waste produced from quarrying activities in Palestine as a 
sustainable substitute for natural sand in concrete production. 
The research focuses on processing this waste through 
laboratory washing techniques to attain high-quality crushed 
sand and analysing its physical and chemical properties in 
accordance with local and international standards. Moreover, 
the study examines the performance of concrete mixtures 
incorporating various proportions of WCS by assessing key 
characteristics such as compressive strength, workability, 
shrinkage, and modulus of elasticity. The ultimate goal is to 
identify the optimum replacement ratio that maintains concrete 
quality while maximizing environmental and economic 
advantages, thus supporting the use of recycled materials in 
sustainable construction. 

 
 

2. MATERIALS 
 
This section outlines the materials used in the research, such 

as crusher waste sources, processing techniques, and 
properties of aggregates and other constituents used in the 
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concrete mixtures. 
 

2.1 Crushed sand from crusher waste 
 

2.1.1. Sampling 
Pulveriser waste samples were collected from 3 stone-

crushing sites located in different areas of the West Bank. 
These samples comprehend fine particles and debris that 
accumulate during the initial stages of rock extraction and 
crushing, as shown in Figure 2. 

 

 
 

Figure 2. Stone crushers waste before washing 
 
2.1.2 Laboratory washing process 

The waste material collected was taken to the laboratory, 
where it underwent a process of simulating a sand-washing 
process. In this operation, the impurities that were to be 
eliminated included clay, silt, and organic matter to enable the 
company to produce cleaner, usable crushed sand that would 
be used in concrete constructions (Figure 3). Washing was 
conducted in an approximate ratio of 3:1 water to solid, and 
mechanical agitation was applied for approximately 1015 
minutes to separate clayey and silty particles and the sand 
portion. To conduct the sand-washing simulation experiment 
in the laboratory, the following steps were undertaken: 

• Primary Sieving: 
The subsequent screening of the sample was done to 

eliminate any particle greater than 5 millimetres using a 4.75 
mm sieve. The step removed large aggregates and rough 
contaminants in the material. 

• The following processes are involved in the elimination 
of fine and clay materials: 

The fraction that was passed through the 4.75 mm sieve was 
then sieved again with the No. 200 (75 mm) sieve. This 
process eliminated clay particles and fine materials that may 
adversely affect the performance of the sand in its application 
in construction. 

• Sand Quality Assessment – Sand Equivalent (SE)Test: 
The washed sand's, including its texture, colour, and 

performance in crushing, pelagic 
• The SE test was conducted after sieving, and it was used 

to test the cleanliness and general quality of the sand, 
especially the percentage of fine and clay-like elements. The 
SE test was taken as the main acceptance criterion of the 
washing process. The sand has to be of sufficient Sand 
Equivalent of 65 per cent as per local standards in order to be 
viewed as acceptable for the production of concrete and 

general construction usage. Visual observation was done to 
ensure that there was no visible clay coating as well as 
excessive fines. 

It is notable from Table 1 that the percentage of waste after 
washing varies from one quarry to another, depending on the 
geological properties of the rock used in each quarry. The 
waste produced after washing mainly consists of a mixture of 
clay and silt and may be reused for agricultural purposes. 

 

 
 

Figure 3. The crushed sand obtained from the crusher waste 
after the washing process 

 
Table 1. The percentage of waste after sand washing for 

different quarries in the West Bank 
 

Sample Location Waste After Washing (%) 
South West Bank sample 22.0 
North West Bank sample 19.0 

Middle West Bank sample 25.0 
 

2.1.3 Physical properties of washed crushed sand 
Laboratory tests were conducted to determine the suitability 

of the WCS as a fine aggregate. The results were compared 
with local (PS 48) and international (ACI, ASTM, BS) 
standards, as shown in Table 2. The results indicate that the 
crushed sand has low water absorption, high purity, and good 
particle stability, making it suitable for concrete applications. 

It is noted from the above results that all the sand obtained 
from the washing process in the laboratory conformed to the 
standards, but in the concrete mixers, we used sand from the 
sample from the northern part of the West Bank, as the sand 
value is lower, so that the results later would be based on the 
lower result. 

 
2.1.4 Sieve analysis of crushed sand 

The gradation of the WCS was analysed to assess its 
distribution across different sieve sizes, as shown in Table 3. 
Sand grading is well-distributed and suitable for use in 
concrete mixtures. 
 
2.1.5 Chemical properties of crushed sand 

Chloride and sulfate content are within safe limits, ensuring 
no adverse impact on steel reinforcement or concrete 
durability, as shown in Table 4. 
 
2.2 Coarse aggregate and river sand 
 

The study used coarse aggregates and river sand sourced 
from a local concrete production facility in the Palestinian 
market to ensure the realism and applicability of the 
experimental results. These materials conform to the 
specifications and standards (PS-48 -2018 Mineral Aggregates 
from Natural Resources) currently in force in Palestine, as 
verified through laboratory testing (Table 5). 
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Table 2. Physical properties of crushed sand after washing 
 

Standard Requirements 

Result 

Test Name No. Middle West 
Bank 

Sample 

North West Bank 
Sample 

South West Bank 
Sample 

ACI 221R 1.6-3.2 2.55 2.53 2.56 Specific Gravity 1 

PS -48 According to the 
contract 1.1 1.3 1.0 Water Absorption 

(%) 2 

PS -48 65 (Min) 78 75 83 Sand Equivalent 
(%) 3 

ASTM –C40 No change in color No change in 
color No change in color No change in color Organic Impurities 4 

ASTM C88-
90 10% (Max) 1.8 1.9 1.5 Soundness (%) 5 

 
Table 3. Sieve analysis of crushed sand 

 

Sieve Size 
Cumulative (%) Passing Requirements According to PS - 48 

Cumulative (%) Passing Middle West Bank 
Sample 

North West Bank 
Sample 

South West Bank 
Sample 

# 8 (2.36 mm) 100 100.0 99.5 100 
# 16 (1.18 mm) 78.4 72.2 70.8 40-100 
#30(0.600 mm) 50.3 48.1 46.3 25-75 

# 40(0.425 
mm) 40.2 30.5 29.8 15-60 

# 100 (0.425 
mm) 21.2 17.6 15.3 10-40 

#200 (0.075 
mm) 10.2 7.0 6.8 0-15 

 
Table 4. Chemical properties of crushed sand 

 

Standard Requirements 
Result 

Test Name No. Middle West Bank 
Sample 

North West Bank 
Sample 

South West Bank 
Sample 

BS 810-1 0.05 (Max) 0.04 0.02 0.05 
Chloride 
Content 

, % 
1 

BS EN 
13242 0.2 (Max) 0.03 0.06 0.04 

Sulphate 
Content 

 %, 
2 

 
Table 5. The properties of the incorporated aggregate of the concrete mix 

 
Test Name Coarse Aggregate (19 mm) Coarse Aggregate (14 mm) Coarse Aggregate (9.5 mm) River Sand 

Specific gravity 2.560 2.562 2.565 2.620 
Water absorption (%) 1.1 1.4 1.7 0.4 

Abrasion (%) 27.2 - 
Sand equivalent (%) - 71 

Clay lumps (%) 0.13 0.16 0.17 - 
Soundness (%) 2.30 2.11 1.13 - 

Flakiness index (%) 14.0 15.2 - - 
Elongation index (%) 18.2 17.3 - - 

 
2.3 Cement 
 

The cement used in the experiments was imported from 
Jordan, Grade CEM I-52.5 N. The compressive strength 
according to EN 196-1, setting time, and soundness according 
to EN 196-1, the following results were obtained (Tables 6 and 
7): 
 
2.4 Superplasticizer 
 

All mixtures of concrete contained a chemical admixture 
(Type G -high-range water reducer and retarder), as per ASTM 
C94, which is normally added to local concrete factories in 

order to attain realistic results and enhance the accuracy of the 
experiment. All mixes had an admixture dosage of 1% of the 
weight of cement. 
 
2.5 Concrete mix formulations 
 

The research comprised a total of five mix designs of 
concrete; each of them was founded on a standard B30 (30 
MPa) mix, and the maximum aggregate size was 20 mm. The 
level of natural sand that was substituted by the WCS was the 
only variable in the mixes. The water-to-cement ratio, amount 
of cement, mixer ratios of the aggregate, and the dosage of 
admixtures were maintained constant to make correct 
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comparisons as depicted in Table 8. 
 
2.6 Specimen preparation 
 

To ensure a high degree of homogeneity in the concrete 
mixtures, an initial dry mixing of the constituents was 
conducted, followed by a second mixing stage after the 
addition of water. Mixing continued for each composition until 
a uniform mixture was achieved, according to the EN 12390-
2 standard. The prepared specimens were demolded after 24 
hours. Mixtures were then stored in a water tank at a controlled 
temperature of 20 ± 2℃ as specified by the EN 12390-2 
standard, until the time of testing. 

 
 
 

Table 6. Compressive strength results of the cement 
 

Compressive Strength (MPa) 2 Days 7 Days 28 Days 
 30.8 44.3 55.7 

 

31.4 45.1 54.6 
30.8 43.2 56.2 
31.9 44.2 55.2 
30.6 44.9 55.3 
31.1 43.8 54.4 

Average 31.10 44.25 55.23 
 

Table 7. Consistency and setting time results 
 

Consistency (%) 28.0 
Setting time (min.) Initial 185 Final 200 

 

Table 8. Concrete mix formulations 
 

Materials Reference 
Mix 

Mix With 20 % 
Crushed Sand 

Mix With 50 % 
Crushed Sand 

Mix With 80 % 
Crushed Sand 

Mix With 100 % 
Crushed Sand 

Coarse aggregate (19 mm) kg/m3 450 450 450 450 450 
Coarse aggregate (14 mm) kg/m3 280 280 280 280 280 
Coarse aggregate (9.5 mm) kg/m3 560 580 580 580 580 

Sand kg/m3 630 504 315 126 0 
Washed crushed sand (WCS) 

kg/m3 0 126 315 504 630 

Cement kg/m3 275 275 275 275 275 
Net Water (L/m³), incl. W.C 150 150 150 150 150 

Superplasticizer 1.0 % of T.W. of 
cement (L/ M3) 3.0 3.0 3.0 3.0 3.0 

 
2.7 Testing procedure 
 

• Density 
o Standard Used: NF EN 18-459 
o Summary: The dry density was then calculated 

by dividing the dry mass of the specimen by its 
volume. This test presents important 
information about the compactness and internal 
structure of the concrete, which can influence 
strength and durability. 

o Sample Dimensions: 10 × 10 × 10 cm 
• Slump Test (Workability) 

o Standard Used: ASTM C143 
o Summary: This test evaluates the 

workability and consistency of fresh 
concrete by measuring the vertical 
settlement (slump) of the concrete when 
placed in a standard cone mold. It is 
essential for assessing the ease of placement 
and compaction of the mix. 

o Sample Dimensions: Standard cone mold as 
per ASTM C143 (not specified in original 
text) 

• Compressive Strength Test 
o Standard Used: EN 12390-1, 2, 3, and 4 
o Summary: This test assesses the 

compressive strength of hardened concrete. 
It involves sample preparation, curing, and 
testing procedures to determine the 
concrete’s load-bearing capacity. 

o Sample Dimensions: 10 × 10 × 10 cm 
• Shrinkage Test 

o Standard Used: BS 812-120 
o Summary: The given test can measure the 

drying shrinkage behavior of hardened 
concrete, which is important to have an idea 
of possible volume changes and the risk of 
cracking over time. 

o Sample Dimensions: 7 × 7 × 28 cm 
• Permeability Test 

o Standard used: BS EN 12390-8 
o Summary: This test determines the water 

penetration under pressure in hardened 
concrete. Thus, we can understand the effect 
of artificial sand on the permeability of 
water inside the concrete, which directly 
affects the durability. 

o Sample Dimensions: 10 × 10 × 10 cm 
•   Static Modules of Elasticity Test 

o Standard used: ASTM C469 
o Summary: This test is necessary to 

understand the effect of crushed sand on the 
ability of concrete to deform elastically 
when exposed to loads, which is very 
important in high-rise buildings with huge 
compressive loads and seismic zones. 

o Sample Dimensions: cylinder 15 × 30 cm 
• SEM Analysis 

o Standard Used: Not governed by a specific 
standard; general SEM procedure 

o Summary: SEM analysis involves scanning 
the surface of the sample using a focused 
electron beam to examine the concrete’s 
microstructure. The test reveals the size and 
distribution of voids, as well as the quality 
of the interfacial bond between the matrix 
and aggregates or fibers. 

o Sample Dimensions: ≤ 2 × 2 × 2 cm³ 
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3. RESULTS AND DISCUSSION 
 
3.1 Density 
 

Figure 4 represents the increment in dry density of concrete 
samples with different replacement levels of crushed sand 
(CS) instead of natural silica sand. The outcome indicates a 
continuous increase in the dry density with an increase in 
replacement levels of crushed sand, varying from 2300 kg/m³ 
at 0% CS to 2458 kg/m³ at 100% CS for all curing times of 3, 
7, 28, and 90 days. Although an increment occurred, the values 
remained within an acceptable level of standard concrete, 
ensuring that crushed sand can be used without affecting much 
the structural gravity of a mixture. The increase in density can 
be attributed mainly to characteristics of crushed sand with a 
distinct angularity, coarser texture, and higher specific gravity 
than natural sand. Such properties aid in providing better 
interlock and less void content, hence resulting in better 
compactness and overall density of the concrete matrix [9]. 
The crushed sand particles will aid in improving the frictional 
angle and delaying the segregation during mixing and 
compacting operations [10]. The increment in dry density was 
1.67% from 2330 kg/m³ at 0% CS to 2369 kg/m³ at 100% CS 
for all curing times of 3 days. The continuous elevation in all 
curing times up to 3 days specifies that hydration reactions 
were not affected when using crushed sand in mix designs. 
Contrary to this, using crushed sand will improve the 
interfacial transition zone (ITZ) among aggregates and cement 
paste matrices, resulting in enhanced compactness in 
microstructure matrices [11]. The study supposes a pre-
existing research identifying a constructive increment in using 
crushed sand with an increase in density and microstructural 
homogeneity, thus resulting in better workability and 
increased durability of concrete mix designs [10, 12]. 
Additionally, all measurements of density were within the 
specifications described in classifying standard densities of 
concrete mix designs under ASTM-C138/C138M standards, 
ensuring the practicality in using crushed sand with enhanced 
safety and sustainability in constructing a structure with 
natural sand. 

 

 
 

Figure 4. The concrete density with different percentage of 
crushed sand 

 
3.2 Workability 
 

Workability is a fundamental property that significantly 
influences the quality, placement, and compaction of fresh 
concrete. Because this property is directly affected by fine 
aggregates, the effect of different WCS percentages on 
concrete workability was evaluated in this study through 
slump tests. In general, it is desirable to improve the 
workability and plasticity of concrete without increasing the 

water-to-cement (w/c) ratio. In order to isolate the effect of 
crushed sand, all other parameters were kept the same for all 
mixtures: aggregate type and w/c ratio. Moreover, to simulate 
practical construction conditions, and most importantly, the 
time gap between mixing and casting, the slump test was 
conducted after 45 minutes of mixing for each batch. As can 
be seen from Figure 5, slump values are considerably reduced 
with an increase in CS percentage. The slump value was 
reduced from 130 mm (0% CS) to 127 mm (20% CS), 123 mm 
(50% CS), 100 mm (80% CS), and finally to 90 mm at 100% 
CS. This constitutes a net reduction in slump of 30.8% 
between 0% and 100% CS mixes. Reductions in workability 
are due to the angularity and rough surface texture of crushed 
sand particles; these characteristics increase the level of 
internal friction among particles and reduce flowability. 
Despite this reduction, the 50% CS replacement has given a 
net slump drop of only 5.4%, and hence may provide the 
optimal percentage in terms of the trade-off between 
sustainability and fresh concrete performance. Indeed, it was 
reported in some studies that the increase in the content of 
angular manufactured sand reduces the workability of concrete 
due to the decrease in the lubrication effect between the 
particles. In addition, it was stated that angular particles have 
an increasing effect on internal friction, thus reducing slump 
and plastic behavior in fresh concrete [13, 14]. Highly 
manufactured angular sand content tends to reduce workability 
due to a reduction in particle lubrication and an increase in 
friction [15]. The reduction in workability with increasing 
WCS content can be attributed to the higher angularity and 
rough surface texture of manufactured sand particles, which 
increase internal friction and reduce particle lubrication within 
the fresh concrete matrix. Previous studies have reported that 
angular manufactured sand significantly decreases slump 
values due to reduced inter-particle mobility and increased 
friction compared to natural river sand [16, 17].  

 

 
 

Figure 5. The concrete workability with different 
percentages of crushed sand 

 
3.3 Compressive strength  
 

As shown in Figure 6, Compressive Strength is considered 
one of the most important mechanical properties of concrete. 
Compressive Strength can be affected by various factors such 
as cement content, quality, and the quality of coarse and fine 
aggregates, water-cement ratio, and the usage of chemical 
admixtures. In the current investigation, in order to nullify the 
effect of WCS used in each mix, the amount of cement content, 
water content, coarse aggregates, and admixture was kept 
constant. To assess the influence of WCS on Compressive 
Strength, Natural Sand content in each mix was allowed to 
increment up to 20%, 50%, 80%, and 100%, and 
measurements were recorded at intervals of 3, 7, 28, and 90 
days. As evident in Fig. 6, a marked increase in Compressive 
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Strength with an increase in WCS content is observed. For 
example, at 28 days, Compressive Strength increased from 
34.5 MPa in the control mix to 44.2 MPa in 100% WCS mix, 
registering an increment of approximately 28.1%. 
Furthermore, at 90 days, Compressive Strength increased from 
37.3 MPa in the control mix to 47.1 MP in 100% WCS mix, 
registering a gain of approximately 26.3%. The above-
mentioned Compressive Strength increment can be attributed 
to an increase in the angularity and texture of WCS compared 
to Natural Sand, thus increasing bond strength between 
aggregate and cement paste [11]. Moreover, exterior pores and 
higher packing density in cement particles because of WCS 
may also work towards augmenting strengths at advanced ages 
[18]. Importantly, at 90 days, no decrease in strengths is 
observed with increasing content of WCS, thus establishing 
evidence of sustainability with time. As evident in previous 
literature, a marked increment in Compressive Strength in 
WCS Concrete over Natural Sand Concrete is attributed to 
increased interlock and reduced micro void content [19]. 
Hence, by using WCS in construction work, not only will a 
constructive step towards sustainability in construction work 
be achieved, but it will also improve performance. 

The observed enhancement in compressive strength can be 
directly linked to the microstructural improvements identified 
in Section 3.7. SEM observations revealed a denser ITZ, 
reduced micro-voids, and improved particle interlocking in 
concrete mixtures incorporating WCS. These micro-scale 
characteristics contribute to more efficient stress transfer and 
reduced crack initiation, thereby explaining the macro-scale 
increase in compressive strength observed in CS-based 
concrete mixtures. 

 

 
 

Figure 6. The concrete compressive strength with different 
percentages of crushed sand 

 
3.4 Shrinkage  

 
Figure 7 presents the results of the shrinkage tests, with the 

result showing a clear and meaningful trend. Increasing the 
proportion of WCS in the concrete mixture significantly 
reduces the dry shrinkage percentage. This happens not just 
empirically but also based on deeper grounds of material 
characteristics, as confirmed by our wide-ranging physical and 
chemical tests. These tests confirmed that WCS is virtually 
free from impurities, especially clay and fine silt particles, 
which are well known to be extremely injurious to concrete 
shrinkage behavior [20]. Data show a negative relationship 
between WCS content and shrinkage values, with concrete 
mixes having 100% washed CS having the lowest shrinkage 
values, within the range of 0.001% and 0.007%, while the 
highest shrinkage is obtained from the control mix, which had 
0% CS (untreated natural sand). This pattern shows that the 
physical and chemical cleanliness of the aggregate plays a very 

fundamental role in the drying dimensional stability of 
concrete. The root of this pattern is the absence of clay and 
fine silt in the WCS, materials widely known for their water 
retention properties. Such impurities have a natural affinity 
towards retaining water in the concrete mixture, which 
consequently dries at an uneven rate with subsequent 
volumetric contraction due to evaporation of water [9]. The 
effects of these impurities in the concrete mixture can be 
effectively removed by washing crushed sand, thus increasing 
the drying uniformity and reducing water retention in the 
concrete mixture. In summary, this makes it less volumetric 
and dimensionally stable. One can closely relate this definition 
to the expert views of authors presented in the study by 
Khattab et al. [21]. They assert that clean aggregates make 
concrete less prone to shrinkage since they have reduced water 
retention capabilities with minimal micro-cracking in the 
microstructure of the concrete. They profoundly assert in their 
work that impurities such as clays not only have a high affinity 
towards water but also affect the bonding capacity of cement 
paste in correlation with aggregates, thus intensifying effects 
concerning shrinkage in concrete. Also, in support of this 
definition, studies [9, 22] indicate that clays have a high 
affinity towards water, thus increasing shrinkage effects in a 
concrete mixture since they are largely responsible for 
increasing drying defects leading to concrete cracking due to 
shrinkage effects. As illustrated in this definition, one can 
conclude that it underlines the deep relationship between 
purity and performance in a structure. One can relate such 
performances to minor differences in pure composition, which 
in these studies can create a substantial impact in major 
performances characteristic of cement in terms of increased 
properties based on macro capabilities presented in this 
definition. 

 

 
 

Figure 7. The concrete dry shrinkage with different 
percentages of crushed sand 

 
3.5 Permeability 
 

"Permeability is an important parameter in assessing the 
durability of concrete because it determines how easily water 
and aggressive substances such as chlorides and sulfates can 
migrate into the concrete structure." 

A series of samples with different levels of natural sand 
substitution with wash crushed sand were mixed with equal 
proportions, cement content, w/c ratio, and aggregates. The 
aggregates with different levels of substitution were evaluated 
for their permeability using standard curing for 28 days 
described in EN 12390-2. The resulting concrete cubes were 
oven-dried for 48 hours and water pressure of 500 kPa for 72 
hours described in EN 12390-8. The depth of penetration of 
water into the samples can be seen in Figure 8 below, with 
higher depth representing higher permeability. Higher 
proportions of CS led to lower permeability in the concrete 

189



 

specimens. For instance, mixtures containing 50% and 100% 
CS showed significant reductions in permeability. Water 
permeability is one of the most important parameters 
governing concrete durability and long-term performance, as 
it reflects the ease with which water and aggressive agents, 
such as chlorides and sulfates, can penetrate the concrete 
matrix. To determine this property, cubes of concrete were 
prepared by the same mixing proportions, identical cement 
content, water-to-cement (w/c) ratio, and sources of aggregate, 
which can eliminate the effect of extraneous variables on the 
self-similarity of tests. After standard curing for 28 days 
according to the procedure described in EN 12390-2, the 
concrete cubes were oven-dried for 48 hours and subjected to 
a water pressure of 500 kPa applied for 72 hours according to 
the test method described by EN 12390-8. The depth of water 
penetration was then measured, with higher values indicating 
higher permeability. The results presented in Figure 8 revealed 
an obvious inverse relationship between the depth of water 
penetration and the content of CS. With increasing CS%, the 
permeability of concrete exhibited a consistent decrease. For 
penetration depth compared to the control mixture with 100% 
river sand. This observation can be related to a number of 
factors that are interrelated. First, due to its angular and rough 
texture, CS particles densify the particle packing, thus 
reducing internal voids and increasing the overall density of 
the matrix. Second, the irregular surface morphology of CS 
may improve mechanical interlocking and bond strength 
between the aggregate particles and the cement paste, which 
will limit the continuity of capillary pores. In addition, 
microvoids are further obstructed by the presence of fine 
particles in the crushed sand, hindering the movement of water 
and other aggressive substances that could pass through the 
capillaries. Due to these microstructural changes, the porosity 
of the cementitious matrix decreases with further refinement. 
Recent studies confirm these findings, showing that crushed 
sand offers not only improved compressive strength but also 
significantly enhanced impermeability and resistance to 
external attacks [23, 24]. Improving impermeability is crucial 
to enhancing the durability of concrete, especially in 
aggressive environmental conditions. According to the 
standard EN 12390-8 and other durability standards, such as 
EN 206, reduced permeability may indicate increased 
resistance to chloride ingress, carbonation, or freeze-thaw 
cycles. Therefore, crushed washed sand has proved not only 
feasible but also highly viable for producing dense, durable, 
and long-lasting concrete as a river sand substitute. Likewise, 
the optimum permeability results were obtained particularly 
with 50% and 80% replacement levels in which the micro-
structural compactness was sufficiently maximized without 
affecting workability. 

 
3.6 Dynamic elastic modulus 
 

Figure 9 shows the variation of the dynamic elastic modulus 
in concrete mixtures containing various replacement levels of 
washed CS. Generally, there is an increase in modulus values 
with increasing the CS replacement level for all curing ages, 
namely 7, 28, and 90 days. Maximum values were recorded at 
100% replacement of CS by 30.2 GPa, 33.4 GPa, and 36.9 
GPa, respectively. It can be related directly to the intrinsic 
physical properties of the crushed sand itself, which involves 
an angular particle shape with a rough texture and improved 
packing density. In general, it has been found that angular 
grains provide an improved interlocking mechanism in 

cementitious matrices, contributing to increased stiffness and 
consequently resisting material deformation. The stiffer the 
aggregate, the higher the dynamic modulus of the concrete, 
due to the aggregate's higher capability to transfer the stress in 
the concrete matrix [17]. Besides, the rough texture of crushed 
sand improves the mechanical bond between the hydrated 
cement paste and aggregate, as developed by de Larrard and 
Belloc [25]. He stated that the improved adhesion at the paste–
aggregate interfaces enhances elastic modulus and long-term 
mechanical properties. Also, superior gradation and 
cleanliness of the WCS in the current study offer the best 
particle packing, which reduces internal voids and 
microcracking potential, leading to a denser microstructure. 
Celik and Marar [26] highlighted that the most important 
parameters enhancing the compressive strength and dynamic 
stiffness of concrete are the improvement of the gradation and 
surface cleanliness of fine aggregates. Moreover, the 
continuous increase in the dynamic modulus in relation to the 
curing time can be related to ongoing hydration reactions, as 
well as the continuous generation of C–S–H gel that refines 
the microstructure and enhances load distribution. This trend 
is in line with Kou and Poon [27], where it was reported that 
when recycled materials have suitable morphological 
properties, they can exhibit better mechanical performance 
than natural sand, especially when proper treatment techniques 
are employed, such as washing and proper grading. The 
presence of crushed sand may impede early shrinkage and 
reduce the probability of microcracks because of its rigidity; 
besides, maintaining structural continuity will give a high 
modulus of elasticity. This has been agreed on by Zhao et al. 
[28], who reported that denser packing and particle angularity 
can reduce micro-deflection under dynamic loading. 

 

 
 

Figure 8. Water penetration depth with different percentages 
of crushed sand 

 

 
 

Figure 9. Dynamic elastic modulus with different percentage 
of crushed sand 
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Figure 10. Microstructure of concrete using scanning 
electron microscopy (SEM) 

3.7 Microstructure 
 

The microstructure of concrete plays a vital role in 
determining its mechanical performance and long-term 
durability. In this study, concrete samples prepared with 
varying replacement levels of natural sand by WCS (0%, 20%, 
50%, 80%, and 100%) were analyzed using SEM and XRD 
after 28 days of curing under standard conditions as per EN 
12390-2, as shown in Figure 10. The aim was to observe how 
changes in fine aggregate morphology and particle packing 
influence the internal structure of the concrete matrix. SEM 
imaging revealed significant differences in the ITZ and matrix 
homogeneity. Mixtures containing higher proportions of 
crushed sand (particularly 80% and 100%) exhibited denser 
packing and a more homogeneous distribution of the 
cementitious paste. The angular particles of the crushed sand 
provided better mechanical interlocking, which improved 
paste-aggregate bonding and reduced the formation of 
microcracks at the ITZ. The ITZ in 100% CS samples was 
observed to be 30–40% thinner than in control samples (0% 
CS), and showed fewer voids and calcium hydroxide (CH) 
deposits, leading to a more refined and mechanically stable 
microstructure [29, 30]. XRD analysis supported the SEM 
findings by indicating increased formation of calcium silicate 
hydrate (C-S-H) gel in concrete mixtures containing crushed 
sand. The higher C-S-H content is indicative of enhanced 
cement hydration efficiency, which contributes directly to 
strength and durability. Moreover, the content of less desirable 
hydration products such as ettringite and portlandite was 
comparatively lower in CS-rich mixtures, reducing the 
likelihood of internal expansion or delayed ettringite 
formation, which are common causes of deterioration in 
aggressive environments [31, 32]. These microstructural 
improvements explain the enhancements observed in 

compressive strength, reduced permeability, and overall 
durability. A denser matrix with improved particle interlock 
minimizes capillary porosity and enhances resistance to 
external agents like chlorides, while a stronger ITZ provides 
improved resistance to freeze-thaw cycles and cracking [33]. 
Replacing river sand with WCS optimizes internal concrete 
structure by improving particle packing, strengthening the 
bond at the ITZ, and promoting more efficient hydration. This 
results in a more robust and durable concrete matrix, 
confirming the technical and practical viability of crushed 
sand as a sustainable alternative fine aggregate. 
 
 
4. CONCLUSIONS 

 
The current research was an experimental study of the 

impact of substituting natural river sand with WCS, which was 
made out of crusher waste, on the physical, mechanical, 
durability, and microstructural characteristics of concrete. The 
main achievement of this research is the successful production 
of high-quality WCS from crusher waste, demonstrating its 
technical feasibility as a sustainable fine aggregate for 
concrete applications. Based on systematic experimental 
testing and analysis, the following conclusions can be drawn: 

• WCS was used, which has led to a small and systematic 
elevation in the dry density of concrete. This is explained by 
the fact that the specific gravity is increased, as well as the 
better interlocking properties of the crushed sand particles, 
which increase the compactness of the mixture without any 
substantial effect on the increasing unit weight of normal 
concrete. 

• The workability of concrete reduced as the content of CS 
was increased because of the angularity and roughness of the 
surface texture of the crushed sand particles. Nevertheless, the 
decrease in the slump was insignificant at 50% replacement, 
as it was within an acceptable range, which is an ideal 
compromise between workability and performance. 

• Compressive strength improved consistently with 
increasing CS replacement levels. The highest strength values 
were recorded at 100% replacement, particularly at 28 and 90 
days, indicating enhanced load-bearing capacity due to 
improved particle interlock and cement–aggregate bonding. 

• The shrinkage of drying mixtures was minimized in 
concrete mixtures with increased amounts of CS. The reduced 
content of clay and fine impurities, as well as the angular shape 
of the particles, led to the enhanced dimensional stability over 
time. 

• Water permeability decreased significantly with 
increasing CS content, reflecting a denser pore structure and 
reduced capillary connectivity. This improvement is 
particularly beneficial for concrete durability in aggressive 
environmental conditions. 

• The static modulus of flexibility exhibited a moderate 
increase with higher CS replacement ratios. It refers to 
enhanced stiffness and structural integrity of the concrete 
matrix, which is advantageous for structural applications 
requiring higher rigidity. 

Microstructural analysis using SEM supports the above 
findings by revealing a denser cement matrix, reduced ITZ 
thickness, and fewer microcracks in concrete mixtures 
containing high CS content, particularly at 100% replacement. 
These microstructural improvements explain the observed 
enhancements in mechanical strength and durability. 

Adverb, the results demonstrate that replacing natural river 
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sand with WCS, especially within the optimal range of 50–
100%, leads to notable improvements in strength, durability, 
and microstructural performance. From an environmental and 
practical perspective, the utilization of washed crusher waste 
contributes to conserving natural sand resources, reducing 
environmental pollution from waste stockpiles, and supporting 
sustainable and circular construction practices. Therefore, 
WCS can be considered a viable, efficient, and 
environmentally sustainable alternative to natural fine 
aggregates in concrete production. 
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