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Abstract
The increase in the concrete demand due to the rapid industrialization and urbanization may lead to a shortage of natural 
resources. Therefore, the use of recycled material in the batching of concrete will be helpful to meet the demands of the 
time without compromising the quality of concrete production. One such waste material produced in Pakistan is waste 
marble powder (WMP) that is generated from the marble factories during cutting of the marble stones, which in turn 
have a damaging effect on the environment. This study is based on the utilization of WMP as a partial substitute of the 
sand in concrete production and its various effect on the mechanical properties of the concrete. Different types of tests 
(unit weight, workability, compressive strength, splitting tensile strength, and water penetration) were carried out at 
0–80%, of sand replaced with WMP, at increments of 20%. In all mixes, the ratio of water to cement was kept constant and 
the effects of curing conditions were studied at 14, 28, and 70 days. It was observed that with the incorporation of WMP, 
the workability and unit weight of concrete decrease proportionally to replacement percentage, whereas mechanical 
properties of concrete increase up to a certain percentage and then decrease. The maximum improvement in compressive 
strength was achieved at a 40% replacement, with a slight improvement in the tensile strength at 20% replacement. The 
water penetration test revealed a decrease in permeability with the increase in WMP percentage. Based on the results, 
it was recommended to use WMP up to 40% in the concrete mix as a replacement of sand.
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1  Introduction

The estimated values for the world marble reserves are 
approximately 15 billion cubic meters, and marble indus-
tries are working in almost fifty countries globally [1]. In 
Pakistan, the estimated marble reserves are more than 300 
billion tons [2, 3]. During the fiscal year 2016–2017, 4.9 

million tons of marble were produced in Pakistan, of which 
more than 2.15 million tons were produced in the province 
of Khyber Pakhtunkhwa Province (KPK), 1.92 million tons 
in Balochistan, and 0.82 million tons in FATA region [4]. 
The factories in Pakistan utilize water for the cutting of the 
marble stones, which in turn generate a lot of waste mar-
ble slurry, upon drying this slurry turns into waste marble 
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powder (WMP), having 90 percent of the particles’ size less 
than 200 µm after drying out of the slurry shape [5], which 
in turn is harmful to the environment [6–8].

Marble blocks are extracted from the quarries and pro-
cessed at marble factories. Dust and broken aggregates 
are the by-products of marble, produced in the marble 
processing like cutting and polishing stages [9]. Around 
20–30% of the marble blocks transform into powder resi-
due. Millions of tons of waste material are produced in this 
process which is blindly disposed of to a nearby environ-
ment [10, 11]. In Pakistan, District Buner of KPK is the main 
hub of marble production; huge amounts of WMP are gen-
erated which affects the natural environment and water 
bodies badly in that region. More than 400 marble indus-
tries are located in the Buner district, Pakistan [12]. Other 
cities which also have the high marble production capaci-
ties and hence are vulnerable to WMP include Swat, Swabi, 
Peshawar, Chitral, Kohistan, Mardan, Hazara, Nowshera, 
and Kohat [13]. Water quality of both surface and under-
ground sources is declining in Swat, Pakistan, because of 
waste generation from marble factories [14]. The waste 
slurry created is aimlessly dumped on empty land, water-
way banks, and wood regions. Due to the high degree of 
fineness of the slurry particles, pores within fertile soil are 
filled by these particles which prevent the water percola-
tion in the soil and reduce its fertility. Slurry particles when 
dried are lifted into the air, by winds, and can bring about 
respiratory issues to nearby people [15, 16].

To cope with such overexploitation of the resources and 
negative impacts of WMP on the environment, it is there-
fore important to consume and treat these wastes in a 
well-planned manner and legitimize the use of WMP in the 
development of auxiliary concrete mixes [1, 17]. Mineral 
admixtures can be effectively and economically used to 
improve the properties of these mixes, both in their fresh 
and hardened states [18]. WMP can be used not only as 
admixtures or additive but also to produce other types of 
building material, such as ceramic bricks [19].

Concrete is the second most used building material at a 
variety of construction activities on the planet Earth. Con-
crete is a composite blend of cement, fine aggregate and 
coarse aggregate, and water [20]. The aggregates occupy 
almost 70–75% of the concrete volume, and therefore, 
the properties of aggregates play a significant role in the 
physical, mechanical, and chemical properties of the con-
crete in its fresh and hardened state [21].

The utilization of virgin resources like fine aggregate 
and coarse aggregate in concrete may lead to a shortage 
of good quality aggregates. Factors associated with the 
large-scale use of the resources are the growth of popu-
lation, technological advancement, industrialization, and 
the desire to arrive at a better quality of life for the people. 
As an outcome, the idea of manageability has developed, 

characterized as a harmony between the utilization and 
assurance of a good future life [22]. Therefore, the usage of 
some alternative resources is the utmost need of the hour 
to maintain natural quarries.

The study on the use of WMP in concrete has been done 
by many researchers. In a research study carried out by 
Hebhoub et al. [23], three sequences of concrete mixtures 
were prepared with waste marble aggregates as a sand 
replacement, coarse aggregate replacement, and both fine 
and coarse aggregates replaced in mixtures. In their study, 
50% sand replacement mixtures showed 23.65% gain in 
compressive strength at 28 days as compared to the coarse 
aggregate mixture that did not achieve any significantly 
enhanced strength, and the decrease in workability was 
noted for all concrete mixes. Another study conducted by 
Ulubeyli and Artir [24] showed an increase of 5–10% in the 
mean strengths with the incorporation of marble powder 
as fine aggregate replacement. In a research study by Alya-
mac and Aydin [1], WMP showed the maximum gain in 
compressive strength at a 40% level as a sand substitute. 
A study by Syed Ahmed Kabeer and Ashok [25] noted an 
increase in bulk fresh density of concrete with WMP incor-
porated as sand replacement, and density was increased 
up to 20% replacement of sand but decreased beyond 
40%. The effectiveness of WMP in the paving blocks was 
studied by Gencel et al. [10], and it was observed that WMP 
decreases the dry density of the blocks when compared 
with the control mix. The use of WMP has shown improved 
results in high-performance concrete [18]. The use of WMP, 
in self-compacting concrete (SCC), was also investigated, 
and the WMP was used as a fine aggregate replacement 
up to 100%. Along with plasticizers, the use of WMP was 
done with a w/c ratio of 0.28 to improve the workability. 
It was found that SCC showed satisfactory results up to 
25% replacement of fine aggregate as WMP at 28 days and 
56 days of curing [26].

Aliabdo et al. [27] investigated the use of marble dust 
as cement replacement with two water-to-cement ratios 
(w/c), i.e., 0.4 and 0.5. It was concluded from their research 
that the cement replacement shows effectiveness up to 
a 10% replacement level. In another study conducted by 
Shamsul Khaliq et al. [16] on the effectiveness of WMP as 
a cement replacement, the source that was used was from 
Peshawar and Karachi (cities located in Pakistan). The con-
clusion to their study was that the use of WMP reduced 
the compressive strength and improved permeability at 
5–10% replacement.

The process of recycling material is similar to the crea-
tion of a new product. Uses of waste material in concrete 
can decrease the utilization of natural resources and limit 
ecological contaminations. If the WMP is utilized in the 
concrete as a partial replacement of the fine aggregate, 
then it would reduce the consumption of sand and the 
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waste material can be deposited in a structure without 
causing the pollution and damaging the natural environ-
ment. In developing countries, the demand for natural 
sand is very high due to the rapid development of infra-
structure resulting in a shortage of stocks [17, 27–30].

A lot of research work is carried out on the use of WMP 
in concrete as fine aggregate and cement, but less work 
is carried out on the partial replacement of sand with 
WMP having higher dosage of WMP without changing 
the w/c ratio. The WMP used in various research works 
is shown in Table 1, which indicates that the chemical 
composition of WMP varies from source to source [1, 24, 
25, 31–33] and its effect on the concrete mix can vary as 
well. The WMP used in this research is collected from the 
District Buner of Pakistan, and its chemical composition 
is reported in Table 4, which are different in comparison 
with the WMP reported in other studies. Similarly, a lot 
of work is carried out on the compressive strength and 
tensile strength of WMP concrete, but a limited amount 
of work is carried on the permeability of concrete with a 
large amount of WMP as replacement of fine aggregate. 
In this research, the WMP is used as a sand replacement 
up to 80% with an increment of 20%, to evaluate the 
properties of concrete like fresh density, workability, 
compressive strength at various ages of testing, ten-
sile strength at various ages, and water permeability of 
concrete at various days of testing concrete. This will 
encourage the local construction industry to use WMP 

in concrete with confidence, which will ultimately help 
in reducing the adverse effects of it on the environment.

2 � Research significance

The goal of this research is to examine the utilization 
of WMP as a partial substitution of sand and to study 
its impact on the fresh and hardened properties of con-
crete. The current experimental study is an effort to 
develop alternative materials for use in concrete with-
out compromising its properties. This will not only help 
in the reduction in the environmental and health issues 
arising due to the inappropriate disposal of WMP but 
also control the depletion of natural resources. Such 
experimental studies will also encourage the local indus-
try to use WMP with confidence in concrete.

3 � Materials

Materials selection was based on the criteria set in the 
ASTM standards. The following section describes the 
details of materials and relevant tests performed on a 
different set of materials.

Table 1   Different compositions of WMP used by previous authors

Authors SO3 (%) MgO (%) CaO (%) Fe2O3 (%) Al2O3 (%) SiO2 (%) Other parameters

Shukla et al. [34] 0.1 0.1 58.1 0.2 0.1 0.8 K2O-0.1
Varadharajan [7] 0.11 15.55 41.64 0.821 0.56 5.77 K2O-0.073, Na2O-0.07
Singh et al. [35] – 16.9 28.63 0.78 4.62 3.86 LOI-43.3
Khodabakhshian et al. [8] – 0.08 55.64 0.21 0.09 0.12 Na2O-0.01

LOI-43.76
Kabeer and Vyas [25] – 19.85 32.19 1.18 0.18 1.57 LOI-45.07
Ashish et al. [36] 0.33 14.36 61.8 0.65 0.67 8.38 –
Khyaliya et al. [37] 0.56 0.52 83.22 0.05 0.73 1.12 K2O-0.09, Na2O-1.12, LOI-2.5
Sutcu et al. [38] – 0.76 52.9 – 0.87 3.72 K2O-0.27

LOI-41.3
Vardhan et al. [39] 0.09 15.21 40.73 0.8 0.6 6.01 K2O-0.05

Na2O-0.06
Aliabdo et al. [27] 0.56 0.52 83.22 0.05 0.73 1.12 –
Sounthararajan and Sivakumar [40] 0.10 0.36 51.49 0.33 0.70 – K2O-0.25

Na2O-0.19
LOI-44.60

Ergün [41] 0.08 0.40 51.70 0.44 0.67 0.18 K2O-0.21
LOI-46.04

Aruntaş et al. [42] – 0.59 54.43 0.08 0.12 0.67 LOI-43.4
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3.1 � Cement

Ordinary Portland cement (OPC) produced by a local 
manufacturer (Cherat Cement Company) was used as a 
binding material. Fineness test was performed on OPC 
as per ASTM C184 [43], which was about 96.25%. The 
specific gravity of cement was 3.15.

3.2 � Coarse aggregate

The coarse aggregates used in the current research work 
were from a local quarry known as “Basai” located in KPK, 
Pakistan. Table 2 reports the different properties of these 
aggregates regarding ASTM standards.

3.3 � Sand and waste marble powder

Natural coarser sand was used in the current research 
with the fineness modulus (F.M = 3). This coarse sand was 
used to keep a mix balance in the gradation of aggre-
gates because of the very fine nature of WMP. WMP was 
collected from Buner District, Khyber Pakhtunkhwa. 
Various tests required for characterizing sand and WMP, 
as fine aggregates, required for the design of concrete 
mixes were conducted, as per relevant ASTM standards. 
Table 3 reports the properties of the fine aggregate. 
WMP utilized in the current research was a fine pow-
der of white color as shown in Fig. 1, and the gradation 
curves are shown in Fig. 2.

3.4 � Chemical analysis of WMP

Marble is a metamorphic rock that is composed of either 
calcite or dolomite. Colorless or light-colored marbles 
are a very pure source of calcium carbonate. Such a pure 
source of WMP was used in this study. However, the com-
position often varies and may contain impurities based 
on the geological properties of the location of the source. 
X-ray fluorescence (XRF) and X-ray diffraction (XRD) tests 
were performed at the Central Research Lab in the Phys-
ics Department at the University of Peshawar, Pakistan, 
to study the chemical and mineralogical composition of 
WMP. Table 4 reports the chemical composition of the 
WMP, and the test results indicate that WMP contained 
99% CaCO3 which on ignition starts a chemical reaction 
and reduces to 55.45% CaO and other compounds less 
than 1%. The loss of ignition (LOI) of 43.58 was observed, 
and previous research indicates that LOI for WMP is very 
common in between the range of 40–45 approximately 

Table 2   Properties of coarse aggregate

Description Test standard Value

Bulk specific gravity (SSD) ASTM-C127 [44] 2.66
Absorption capacity (%) ASTM-C127 [44] 1.13
Moisture content (%) ASTM-C566 [45] 0.26
Rodded unit weight (lbs/ft3) ASTM-C29 [46] 103.1
Maximum size of coarse aggregate (in) ASTM-C136 [47] 0.75

Table 3   Properties of fine aggregate

Description Test standard Sand WMP

Specific gravity (SSD) ASTM-C128 [48] 2.45 2.41
Absorption capacity (%) ASTM-C128 [48] 3.30 0.34
Bulk density/unit weight (lbs/ft3) ASTM-C29 [46] 92.13 84.75
Moisture content (%) ASTM- C566 [45] 2.22 –
Fineness modulus ASTM-C136 [47] 3.00 0.99

Fig. 1   Waste marble powder

Fig. 2   Gradation curves of sand and WMP
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based on the purity of marble samples. XRD pattern shown 
in Fig. 3 authenticates the main phases in WMP to be cal-
cite (CaCO3) and natroxalate (Na2C2O4).

3.5 � Concrete mix design

Suitable mix design was carried out for the concrete 
using ACI 211.1. Different trials were selected before 
finalizing the control mix (SR-0). The finalized mix design 
was having 28 days compressive strength of 4000 psi 
with the w/c ratio of 0.62 which was kept the same for 
all mixes. Five different mixes of concrete with 0%, 20%, 
40%, 60%, and 80% replacement of sand by WMP as 
fine aggregate were prepared. Table 5 reports the mix 
proportions for each mix. Table 6 shows the designa-
tion of mixes corresponding to a different percentage 

replacement of WMP by weight. The slump value 
selected for the given mix was between 3 and 4 inches. 
The w/c ratio was selected based on the conventional 
concrete used in the region for low-rise buildings with-
out the use of any plasticizers. 

Table 4   Chemical composition 
of WMP

Compound Content (%) Compound Content (%)

Calcium oxide (CaO) 55.45 Titanium oxide (TiO2) 0.057
Iron oxide (Fe2O3) 0.678 Nickel oxide (NiO) 0.02
Strontium oxide (SrO) 0.097 Manganese oxide (MnO) 0.019
Copper oxide (CuO) 0.045 LOI 43.58

Fig. 3   XRD pattern of waste marble powder

Table 5   Concrete mix design 
for different mixes

Sand replace-
ment (%)

Water (lb/ft3) Cement (lb/ft3) Sand (lb/ft3) Crush (lb/ft3) WMP (lb/ft3)

SR-0 13.67 22.09 51.23 62.02 0
SR-20 13.67 22.09 40.98 62.02 10.24
SR-40 13.67 22.09 30.74 62.02 20.49
SR-60 13.67 22.09 20.49 62.02 30.74
SR-80 13.67 22.09 10.24 62.02 40.98

Table 6   Designation of different mixes

Designation Sand replacement

SR-0 Control mix by weight
SR-20 20% of sand replacement with WMP by weight
SR-40 40% of sand replacement with WMP by weight
SR-60 60% of sand replacement with WMP by weight
SR-80 80% of sand replacement with WMP by weight
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3.6 � Tests on fresh and hardened concrete

The experimental program for this research consists of 
two types of testing: the testing of the concrete in a fresh 
state and the test on the concrete in the hardened state. 
The slump test was carried out in a fresh state using ASTM 
C143 [49], and the bulk density of concrete was deter-
mined as per ASTM C138 [50]. The concrete compressive 
strength was calculated as per ASTM C39 [51], and their 
cylindrical (6-inch diameter and 12 in height) specimen 
was prepared and cured as per ASTM C192 [52]. For the 
tensile strength of concrete, these cylinders were tested as 
per ASTM C496 [53] and the water permeability/penetra-
tion test was done as per DIN-1048-V [54] which were con-
ducted on the hardened cubic specimens. A total of 90 cyl-
inders having 6 inch. dia and 12 inch. height was cast (45 
each for concrete crushing strength and tensile strength). 
Similarly, to conduct the permeability test for concrete, 15 
cubes were prepared and cured for 28 days to check the 
water permeability for different mixes of concrete.

German Standard DIN-1048-V has a different approach 
to determine water permeability as done in other studies 
[9, 16, 22]. The testing apparatus used for water penetra-
tion is shown in Fig. 4, which had the capacity of testing 
three specimens at a time. After the specimens were fixed 
in the test cells, the water pressure of 5 bar was applied 
for 72 h. Water pressure was balanced by the connection 
of the water tank to an air compressor through a valve.

Three cube specimens were tested at a time for con-
trol and sand replacement mixes. Shortly after 3 days, the 

specimen is removed from the chamber and cut in half 
to visually see the depth of penetration of water. The dif-
ference of the maximum depth of penetration between 
the two halves is very less, so the higher depth value was 
finalized out of two halves. Figure 5 shows the split cube 
specimen which is marked to show max penetration.

4 � Results and discussion

4.1 � Workability

The most suitable procedure to measure the workability 
of freshly mixed concrete is by slump test. Therefore, it 
is mostly used in the field at construction sites. The test 
results indicate that the target slump for the control speci-
men was achieved, i.e., 3.54 inch. The results are graphi-
cally shown in Fig. 6. The linear relation between a slump 
and replacement percentage is very significant as regres-
sion value (R2 = 0.96).

The slump of mixes with WMP was found to be less than 
the control mix and was relatively stiffer and hard. Sev-
eral factors affect the workability of concrete like water 
content, shape, and texture of aggregates, grading, and 
mix proportions of fine to coarse aggregates and charac-
teristics of cement. When sand is replaced with WMP at 
different percentages, the number of finer particles and 
its surface area increases which further demands more 
water to maintain the workability of concrete. The w/c 
was kept constant in this study, as a result of which slump 
has decreased. This decreasing trend was likewise seen 
in an examination by Hebhoub [23], yet slump value did 
not reach zero which in the current study reaches zero. 
That trend depends on the properties of materials. The 

Fig. 4   Water permeability test setup Fig. 5   Split concrete cubes after permeability test
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materials used in this research are different in terms of 
bulk density, fineness, specific gravity, shape, and mix 
proportions. The decreasing trend in the workability was 
also observed by other authors [27, 36, 37, 39]. The w/c 
values can be adjusted depending on mixed proportions 
for higher use of WMP primarily based on the demands of 
construction to compensate for low slump values. On the 
other hand, plasticizers can also be used on-demand at a 
higher percentage for improving workability. Even though 
it is recommended to use plasticizers, it is unlikely to be 
used because high w/c was used in this research with the 
ambition of local requirements, for normal strength of 
4000 psi and for the ease of a local man.

4.2 � Bulk fresh density

Bulk fresh density is the combination of densities of 
materials, mix proportions, water content, and hydra-
tion degree. Fresh batches of concrete were weighted in 
standard cylinders soon after they were prepared. Figure 7 
shows the variation graph of bulk fresh density of all con-
crete mixes which has regression value (R2 = 0.99 for linear 
relationship). It is observed that the bulk fresh density of 
concrete decreases with the addition of WMP. It is because 
bulk density and SSD specific gravity of WMP were found 
to be lesser than those of sand utilized in concrete. In com-
parison with the studies [10, 22, 23, 25], whether the trend 
is significant or not, it can be fairly stated that the bulk 
density of WMP is a contributing factor to unit weight of 
concrete and its value may differ depending on the source. 
Besides the reason that the density of WMP was lower than 
sand, the high decrease at SR 80 is more related to issues 
in the compaction process because of constant W/C and 

imbalance in the gradation of aggregates which creates 
pores within the structure.

4.3 � Compressive strength

The application of the concrete in the structural members 
is because it has considerable high compressive strength, 
which makes it suitable for many structural members. The 
compressive strength is influenced by many factors which 
include w/c, gradations of aggregate or grain size distribu-
tion of aggregates, surface texture, strength, and maxi-
mum size of aggregates [1, 55]. The WMP type also plays 
an important role in the compressive strength of the con-
crete. It was noted during the experimental program that 
concrete mixtures, with WMP, show increased strength at 
various ages, even at a high percentage, replacement as 
60% has shown improved results when compared with the 
control mix. Table 7 shows the values of the compressive 
strength achieved by the various mixes of concrete. It is 
shown that SR-20, SR-40, and SR-60 mixes achieved their 
design strength earlier to even 14 days.

The control concrete mix was designed for 4000 psi 
at 28 days. Concrete gains its strength rapidly in the ini-
tial days after casting. The 14 days/28 days compressive 

Fig. 6   Variation of slump values for fresh concrete with partial 
replacement of sand with WMP [49] Fig. 7   Bulk density variation of different concrete mixes [44]

Table 7   Achieved compressive strength at different ages

Concrete mix Compressive strength (psi)

14 days 28 days 70 days

SR-0 3551.19 3916.32 3953.70
SR-20 4300.93 4808.69 5313.14
SR-40 4966.21 5426.19 5750.73
SR-60 4514.03 4896.05 5309.25
SR-80 2128.38 2271.31 2592.25
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strength ratio is high as 90%; still concrete continues 
to gain strength after that period, but that rate of gain 
in compressive strength is very less compared to that in 
28 days. The 70 days/28 days compressive strength ratio 
obtained was 100.9%, which shows an approximate 1% 
increase from 28 to 70 days. At 20% replacement, there is a 
21.12% increase in the strength of the concrete at 14 days 
as compared to control mix (SR-0), 22.78% at 28 days, and 
34.38% at 70 days. The replacement of sand with 40% 
WMP showed maximum strength gain which was 39.85% 
at 14 days, 38.55% at 28 days, and 45.45% at 70 days. The 
result is attributed to the fact that WMP is an inert material 
[1] and acts as filler material as the size of the WMP parti-
cles was less than most of the sand particles. The ultra-fine 
marble particles fill the voids in concrete which gives a 
compact structure and reduces the porosity of concrete in 
the process which was proved in a study by Demirel [33]. 
Both SR-20 and SR-40 mixes achieved the design strength 
at 14 days. It is observed that with the addition of WMP, 
the trend of strength gaining process is similar to control 
specimen which up to 14 days (14 days/28 days) is com-
paratively higher than 28–70 days (70 days/28 days). It is 
speculated in studies [24, 27] that the filler effect of the 
WMP enhances the cement matrix and binding proper-
ties are developed due to the hydration of calcite and C3A 
which explains the early design strength achievement 
for recycled concrete. In the whole process, inter-particle 
voids are filled to the point where the bond achieved 
between cement and aggregates is strong, and hence, a 
maximum strength gain is achieved.

The strength continued to increase up to 60% replace-
ment. The increase in strength was 27.11% at 14 days, 
25.01% at 28 days, and 34.28% at 70 days. However, there 
was a 9.1% strength decrease at 14 days as compared to 
SR-40, 9.76% at 28 days, and 7.66% at 70 days. Beyond 
60% replacement, the decrease in strength follows. At 80% 
replacement mix, the result shows a 40.07% decrease in 
the strength of the specimen at 14 days, 42% at 28 days, 
and 34.43% at 70 days. Figure 8 shows the graphical rep-
resentation of compressive strength values with standard 
error bars.

Concrete can be viewed as a chain in which cement 
paste binds aggregates together. The reduction in strength 
may be attributed to the subjugated balance in the grad-
ing of aggregates because the number of fine materials 
increases. A maximum reduction in compressive strength 
was found at 80% sand replacement. In this mix, the slump 
was zero, as a result of which the necessary water was 
already entrapped by the particles and it needed more 
water for the flow, which led to the creation of intra-par-
ticle voids, hence, decreasing the compressive strength.

Figure  9 presents the summarized gain in strength 
of concrete at 14, 28, and 70 days of curing at different 

substitution percentages. The compressive strength gain 
is calculated according to the compressive strength of 
recycled concrete and the compressive strength of control 
concrete. It is clear that the strength is gained significantly 
up to 60% substitution and the maximum gain of strength 
is obtained at 40% replacement for all ages. When com-
pared with SR-0, a maximum increase of approximately 
45% was observed at 70-day testing for 40% replacement 
of sand and a maximum decrease of 40% was observed at 
14-day testing for 80% replacement.

4.4 � Splitting tensile strength

It is essential to know the behavior of concrete under ten-
sile loads with WMP as a partial sand replacement since 
the tensile strength of any concrete mix is less than its 
compressive strength. It was found that WMP had no sig-
nificant impact on concrete tensile strength.

Splitting tensile strength was maximum in 20% replace-
ment and for other mixes yields approximately the same 

Fig. 8   Compressive strength of concrete at various stages of test-
ing as per ASTM C39 [51]

Fig. 9   Percent gain in the compressive strength in terms of SR-0 
mix
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result as shown in Table 8. The result is attributed to the 
concrete’s weakness in tension because of the microcracks 
which convert into macrocracks as the tensile displace-
ment increases [56]. As stated in the research [23], the sim-
ple tensile test does not measure the bond strength at the 
aggregate interface, but it is possible to compare the effect 
of the aggregates substitution which is why no significant 
changes are found with high substitution rate in compari-
son with compressive strength results. However, it may be 
because of coarser sand that was used in the current study 
with very fine WMP; as a result, tensile strength decreases 
beyond 20% replacement. Figure 10 shows the compari-
son of the tensile strength at various ages of testing.

The tensile and compressive strength values were 
utilized in developing a relationship between both the 
strengths of various ages. Table 9 shows that the tensile 
strength for SR-0 was approximately between 10 and 12% 
of the compressive strength for the control mix at different 
ages of testing. With the increase in WMP in concrete, the 
ratio of tensile strength to compressive strength reduces 
as compressive strength increases up to 60% replacement. 
Further, it was observed that for 80% use of WMP, the ratio 
has increased from SR-0 because there was a considerable 
drop in the compressive strength at 80% use of WMP as 
fine aggregate which resulted in a higher ratio of tensile 
to compressive strength percentage. For all the concrete 
mixes, the tensile strength ranged from approximately 

8–16% of their relative compressive strengths at different 
ages.

4.5 � Water penetration

The values for water penetration were taken after testing 
three specimens each. Figure 11 shows the graphical rep-
resentation of the maximum depth of water penetration 
values for individual specimens and their average sepa-
rately. There is a reduction in water penetration depth 
for all concrete specimens with WMP. The penetration 
occurred in all control specimens was maximum, and it 
decreased with WMP addition. The maximum decrease 
in average penetration depth was observed at a 60% 
replacement level. This result is due to WMP’s filler influ-
ence, and pores are packed with WMP, giving less porous 
mass which ultimately blocks the way for the water to 
penetrate through concrete. The average penetration in an 
80% replacement mix was marginally higher than that of 
the SR-60 mix. The penetration had increased in the SR-80 
mix because of the surface pores in the concrete speci-
men created due to difficulties in compaction and subju-
gated balance in the gradation of aggregates. It is safe to 
say that, with the addition of WMP in concrete, the water 

Table 8   Split tensile strengths of mixes at different ages

Concrete mix Split tensile strength (psi)

14 days 28 days 70 days

SR-0 376.29 425.66 471.87
SR-20 429.63 454.9 478.34
SR-40 397.67 430.22 436.75
SR-60 375.70 410.75 393.85
SR-80 339.27 366.52 361.97

Fig. 10   Tensile strength of concrete at various stages of testing [57]

Table 9   Splitting tensile strength in percent of compressive 
strength

Concrete mix Splitting tensile strength in percent of com-
pressive strength (%)

14 days 28 days 70 days

SR-0 10.6 10.87 11.93
SR-20 9.99 9.46 9
SR-40 8.01 7.93 7.59
SR-60 8.32 8.39 7.42
SR-80 15.94 16.14 13.96

Fig. 11   Water penetration test value for each mix [54]
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penetration reduces and hence improves the durability 
of concrete [9]. Figure 12 shows the water penetration in 
various types of mixes.

The relationship between compressive strength and 
water penetration depth at 28 days curing is plotted in 
Fig. 13. Although compressive strength has increased up 
to 60% replacement and water penetration depth has 
decreased for all mixes as compared to control specimen, 
it could be said that water penetration tends to decrease 
with increase in compressive strength, but the correla-
tion between the two is very poor (R2 = 0.0001 for linear 
relationship). This could be explained by the fact that 
water permeability does not only depend on compressive 
strength but also on a specific surface, pore size distribu-
tion, and connectivity of pores.

To evaluate the rate of passage of water into concrete 
pores, the depth of water penetration inside the speci-
men can be converted to its equivalent coefficient of 
water permeability using Valenta’s equation [58]. It  is 

Fig. 12   Water penetration samples of a different mix of WMP are split into half to read the water penetration value

Fig. 13   The relationship between compressive strength and water 
penetration depth
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important to explain the connection between water 
penetration and pore size distribution.

In the equation, “e” is the depth of penetration of con-
crete in inches, “h” is the hydraulic head in inches, “t” is 
the time under pressure in seconds, and v is the frac-
tion of the volume of concrete occupied by pores. The 
value of “v” represents discrete pores, such as air bubbles, 
which do not become filled with water except under 
pressure and can be calculated from the increase in the 
mass of concrete during the test. The values for coeffi-
cient of permeability were calculated which are graphi-
cally presented in Fig. 14. The relation between the water 
penetration and coefficient of permeability was found 
to be linearly strong (R2 = 0.99), as presented in Fig. 15. 
Based on the linear relationship between the two, it can 
be fairly said that water penetration into concrete mixes 
decreases as the number of fine particles increases. 

[

k (in∕sec) =
e2v

2ht

]

→ ValentaEquation

However, no conclusions can be drawn from the rela-
tion between compressive strength and coefficient of per-
meability or water penetration depth which is not linearly 
strong. That being said, there is a tendency to say that both 
are related based on experimental results as compressive 
strength also increases up to 60% replacement at which 
water penetration depth was minimum.

5 � Conclusions and recommendations

The incorporation of WMP as a fine aggregate in con-
ventional concrete has a positive impact on the concrete 
properties. The WMP was used as a partial substitute of 
sand at 20%, 40%, 60%, and 80%. The workability, bulk 
density, compressive strength, tensile strength, and water 
penetration rate of concrete were evaluated. The recycled 
product results were compared with the control mix (SR-0).

The incorporation of WMP in concrete is one of the 
viable solutions to protect the environment and natural 
resources. This research draws the following conclusions:

•	 The use of constant w/c ratio for all mixes resulted in 
a reduction in the workability when WMP was intro-
duced as a sand replacement in concrete. As compared 
to SR-0, the overall reductions at 20%, 40%, 60%, and 
80% replacement were found to be 26%, 65%, 93%, and 
100%, respectively.

•	 Due to the relatively low density of WMP, the unit 
weight of concrete was found to be decreased with the 
increasing percentages of WMP. Less porous concrete 
was produced as compared to reference concrete with 
the use of WMP as a partial substitute for sand.

•	 The compressive strength of concrete was improved 
with the use of WMP up to 40% replacement of fine 
aggregate; beyond this limit, the strength consistently 
decreased with the increase in WMP in concrete and 
was thus minimum for 80% replacement.

•	 There were no marked variations in the split tensile 
strengths with the addition of increased percentages, 
as a substitute to sand.

•	 The permeability of concrete was found to decrease 
with the increasing percentages of sand replace-
ment; however, a sudden rise in the permeability was 
observed at 80% replacement, which was even lower 
than the control mix.

•	 Based on this study, the use of WMP up to 40% as 
partial replacement of sand is recommended, as over-
consumption reduces the strength and decreases the 
workability of concrete.

•	 To achieve good workability, the use of WMP in con-
crete needed a considerable number of plasticizers. 
With the WMP rise, the slump decreases. If high con-

Fig. 14   Coefficient of permeability for various mixes

Fig. 15   The relationship between water penetration depth and 
coefficient of permeability
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crete workability is required for construction or other 
purposes, it is recommended to use plasticizers.
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