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Abstract

The excessive mining of high-quality river sand for cement sand mortar resulted in environmental impacts and ecological
imbalances. The present study aims to produce sustainable mortar by combining solid waste such as desert sand, stone
dust, and crumb rubber to fully replace river sand. In addition, replacing cement with silica fume helps reduce the
environmental carbon footprint. The present research prepared three types of mortar mixes: natural dune sand mortar (M1),
natural dune sand stone dust crumb rubber mortar (M2), and natural dune sand stone dust crumb rubber silica fume mortar
(M3). The developed mortar samples were examined at ambient and elevated temperatures of 100°C, 200°C, and 300°C
for 120 minutes. Furthermore, 3 cycles of 12 hours each at freezing temperature (-10° + 2°C) and crushed ice cooling (0°
to -5°C) were also tested. Results of the study showed an increment in compressive strength values in M1, M2, and M3
mortar mixes (up to 200°C). Later, an abrupt drop in the compressive strength was noticed at 300°C in all mixes M1, M2,
and M3, respectively. The mix M3 combinations resist heating impacts and perform significantly better than other mixes
M1 and M2. Also, M3 combinations resist the cooling effect better than M1 and M2. It can be concluded that the mortar
mix M3 with desert sand, stone dust, crumb rubber, and silica fume combination is considered the best mix for both heating
and cooling resistance. Hence, the developed sustainable mortar M3 combination can be utilized in all adverse weather
conditions.
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1. Introduction

River sand mining for construction substantially impacts the environment and the population thriving on the
floodplain of rivers [1, 2]. The mining of sand on the banks of the Pearl River bed has accelerated the scouring, widened
the channel area, and weakened the bridges and natural levees, according to Bendixen et al. [1]. China, India,
Bangladesh, and other countries extract sand for construction activities, harming local hydrology and wildlife.
According to Davis, landform development is a natural earth process that includes erosion and deposition of fine
sediments along the river basin; extracting these fine sediments influences the ecology and shrinks the fertile land area
for agriculture [3]. An estimate states that the global per-annum demand for natural river sand is approximately 50
billion tons, and it's increasing non-linearly [4]. This demand cannot be met by river sand alone. For this reason, the
hourly demand is to search for alternatives to natural river sand as a construction material.
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The natural dune sand (NDS) from the desert is a perfect option to replace the natural river sand in cement, sand
mortar, and concrete. The planet is covered with desert sand, a prime example of the Arabian Peninsula and the Sahara
Desert. Desert sand is the by-product of wind erosion; the continuum shifts in the dune sort and reduces grain size, which
is inferior to river sand. Thus, it is not considered with the full replacement of river sand in cement sand mortar and
concrete production. The NDS in cement sand mortar influences mortar properties and affects the strength and durability
of cement sand mortar and concrete. The full replacement of NDS with river sand found a decrease in the NDS mortar's
compressive strength, as studied by Seif & Sedek [5]. An abrupt decline in compressive strength was seen when more
than 70% NDS was used. Another study by Abu Seif et al. [6] shows that up to 50% NDS is acceptable in concrete
manufacturing. The workability and compressive strength were reduced in concrete at more than 50% substitution of
NDS. Most recent studies showed that the partial replacement of natural river sand with recycled fine sand and the NDS
combination performed well in design mix concrete [7-12].

In the recent past, several researchers have done a commendable job of utilizing solid wastes such as flyash, silica
fume, recycled coarse and fine aggregates, stone dust, and blast furnace slag to replace natural materials [11, 13-19].
Industrial solid waste, such as crumb rubber (CR) and stone dust (SD), can also be replaced with natural materials for
construction activities. In developed countries, the production rate of waste tires was calculated to be one tire per person.
Waste tire production is expected to be 1.2 x 10° tons by 2030. About 4 billion tires are disposed of in landfills, and
over 50% of waste tires worldwide are still discarded without recycling [10, 20]. Singapore and some Asian countries
have done commendable jobs by recycling tire rubber to produce standard, high-performance concrete [21]. Bani-Hani
& Senouci [22] investigate the performance of waste tire CR as an alternative aggregate for concrete pedestrian blocks.
The CR concrete pedestrian blocks exhibited low compressive and flexural strengths. CR concrete blocks did not
demonstrate the typical brittle failure, unlike plain pedestrian blocks. It exhibited ductile plastic failure and could absorb
much plastic energy under compressive and flexural loads. A recent study by Akhtar et al. [7] demonstrated the
acceptable performance of natural dune sand, stone dust, and crumb rubber concrete. An enormous amount of rock
sludge and quarry dust from fine by-products is generated during mining, and these fine by-products in an open space
cause significant environmental problem. Fine dust particles can accumulate in the air as suspended solid particles and
hamper soil agricultural productivity by clogging up cation-anion exchange voids [23]. The results of the study by
Ahmad Khan et al. [24] showed that the strength properties of cement mortar made by incorporating crushed SD were
significantly higher than those of standard mortar.

Silica fume (SF) was used in the cement and concrete industry in the mid-20™ century, in 1952, blended with OPC
to enhance concrete strength and durability characteristics. The first commercial use of SF as a blender in a cement plant
was made by Canadian cement manufacturers in 1982 [25]. According to ACI 234R-96 [26], companies sell SF-based
cement containing 7-8% SF. Later, advancements were made to make it more sustainable by making combinations of
SF percentages. A study described the potential use of cement containing 6-7% SF [27]. Recent studies on cement
replacement with SF have shown improvements in concrete's hardened properties. Partial replacement of OPC with SF
helps to reduce CO. emissions from the cement industry [9, 28, 29].

Past literature showed that NDS, CR, and SD waste materials replaced natural river sand in concrete
manufacturing. It has also been disclosed that partial replacement of NDS, CR, and SD provides satisfactory concrete
strength and durability results. The past review did not find much work in cement sand mortar by replacing natural
river sand with a combination of NDS, CR, and SD. Experimental data also revealed that the studies on the durability
characteristics of sustainable cement sand mortar are scanty. The NDS from the desert is a perfect option to replace
the natural river sand with other waste materials such as SD and CR in cement sand mortar. This study fills the research
gap and will open up unstudied potential by utilizing NDS, CR, SD, and SF in sustainable cement sand mortar. The
present study attempted to refine the NDS by adding solid waste SD and CR to replace natural river sand. In addition,
the partial replacement of OPC with SF was also studied. This experimental research studied the performance
evaluation of sustainable mortar under heating and cooling temperatures. This work will open a new gateway and
contribute mainly to its undiscovered potential. Furthermore, sustainable cement sand mortar will help reduce the
natural river sand utilization in mortar. Finally, it will contribute to developing a sustainable environment and be
another step towards green construction.

2. Experimental Investigation

2.1. Materials

The present research uses natural dune sand (NDS) from the desert as a reference sand material. In this study, stone
dust (SD) and crumb rubber (CR) replaced the NDS, and silica fume (SF) was utilized as a partial replacement for
ordinary Portland cement (OPC), as shown in Figure 1.
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Figure 1. Materials (a) NDS, (b) SD, (c) CR, and (d) SF

2.1.1. Ordinary Portland Cement

The locally available batch of OPC has been utilized in the present study. The cement's physio-chemical parameters
are as per the Gulf standard's specification (NO: 1914-2009).

2.1.2. Natural Dune Sand

Due to the dry atmospheric conditions on the Arabian Peninsula, a large portion of Saudi Arabia is covered in
dunes, the desert's most significant geomorphological feature. The Aeolian process forms dunes and occupies the
world's 8x10°% km? area [30]. The dunes are predominantly confined on the eastern coast of the Arabian Peninsula.
Thus, the heap of sand is mainly constrained to the far-flung areas of the Arabian Peninsula over the rocks of the
Precambrian era [31].

2.1.3. Stone Dust

Crushed stone is a form of aggregate used in the construction industry, typically produced by mining several rocks
such as limestone, dolostone, granite, traprocks, basalt, sandstone, and sometimes marble, based on availability. The
quarrying of stone blocks is the primary source of dust production, crushed into small chips using a crusher of sizes like
6 mm, 20 mm, 45 mm, or, as per requirement. Many rock types are used to make crushed stones; sometimes, these
crushed stones are classified based on the color of dust produced while crushing/mining, such as black stone dust and
red stone dust. The rock types in this category include igneous, metamorphic, and sedimentary rocks. In the present
study, locally available red stone dust replaced the NDS as fine aggregate in sustainable mortar.

2.1.4. Crumb Rubber

Crumb rubber is produced after crushing off automobile tires as scrap, mainly in industries. They are mashed to
powder state up to 40 mesh size during the process, and all other tire components, like steel, fabric, etc., are removed
up to 99%. This study uses CR as a fractional substitution of NDS at a threshold value of 5% in the mixes M2 and M3,
respectively.

2.1.5. Silica Fume

In the present research work, SF partially replaced OPC. The most revolutionary concrete additive that has been
developed in recent times is microsilica fume. The microsilica fume has two times more bulk density, making it
distinct from other supplementary mixes, and poses many benefits. It is dustless, sleeky, even, lump-free, and less
dense.

2.2. Methods

The detailed flow chart of the present research work methodologies is presented in Figure 2. The study aims to
develop a sustainable sand mortar by incorporating waste materials such as NDS, SD, CR, and SF. The standard test
method mentioned in Figure 2 evaluated the physicochemical properties of utilized materials. After evaluating the
physicochemical characteristics, the design mix was done as per the standard criterion described in the flow chart in
Figure 2. Finally, three types of sustainable mortar were prepared to evaluate the durability characteristics under different
parameters as described in the flow chart in Figure 2.
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Figure 2. The detailed research flow chart
2.2.1. Chemical Properties for SD and CR

The physical and chemical parameters of SD and CR are incorporated in this study by following the same methods
used by Akhtar et al. [7]. Before commencing experimental analysis, it has been confirmed by the researcher that all
instruments are clean, tested, and calibrated to maintain accuracy and precision in data. The SD and CR specimens were
baked in an oven for 120 minutes at 110°C. The specimen's pH (acidity-basicity index) reading was measured by
Systronic pu pH System 361 using a calibrated buffer tablet pH meter. The Agilent ATR module of Cary 630 FTIR
determined the sample's FTIR spectra. These spectra can determine the amount of light absorbed by the samples at a
wavelength within a specific band range of 600-4000 cm™. It also helps to depict whether any unwanted material (steel,
fabric) is present in the samples. The surface morphology was scanned in an Electron Microscope (SEM) with elemental
quantification using Energy-Dispersive X-rays (EDX) spectroscopy.

2.2.2. Geochemistry of OPC and SF

OPC Type 1 confirms the SASO/GSO 1914/2009 chemical properties in Table 1. The SF chemical properties were
assessed as per the standard ASTM C1240-20 [32] mentioned in Table 2.

Table 1. Chemical properties of OPC Type 1

Chemical Parameter Obtained Values  Specified Limits
SiO, 20.24% Limit not specified
Al,O3 5.24% Limit not specified
Fe,05 4.19% Limit not specified
Cao 62.36% Limit not specified
MgO 2.86% 5% Maximum
SO; 2.91% 3% Maximum
Loss of Ignition (LOI) 1.10% 3% Maximum
Insoluble Residue (IR) 1.22% 1.5% maximum
Lime Saturation Factor (LSF) 0.92% 0.66-1.02
Tricalcium Aluminate (C3A) 6.79% Limit not specified
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Table 2. Chemical properties of CSF-85

Chemical Parameter Obtained Values  Specified Limits

SiO, 88.53% 85% min
Moisture Content 0.38% 1.0% max
LOlI 2.79% 3.0% max

Al,O3 0.60% -

Fe,03 1.73% -

CaO 0.72% -

MgO 1.27% -

SO; 1.31% -
Accelerated Pozzolanic Activity 120.00 105% min
Specific surface >18 15-30 m¥g

2.2.3. Hydrochemistry

The chemical test aims to know the pH values for concrete and mortar as a primary yardstick to know the concrete
and mortar resistance towards chemical reagents. Therefore, before performing this test, the water sample is first tested
and, according to BS 3148 [33], contains no other reactant. Thus, water sample becomes suitable for testing concrete
and mortar mixes and other construction tasks. The values obtained from the test are found in the standard ranges advised
by BS 3148 [33] and are shown in Table 3.

Table 3. Curing water index

Parameter Observations Ranges Standards

pH 7.2 6.9-9.2 BS-3148
Sulphate (ppm) 222.0 <1000 BS-3148
TDS (ppm) 358.0 <2000 BS-3148
Chloride (ppm) 94.0 <500 BS-3148

2.2.4. Specific Gravity and Moisture Content

The specific gravity of any component has a considerable part in devising the plan for concrete and mortar mixes.
In this research, parameters such as saturated dry surface (SSD), bulk, apparent specific gravity, and moist soaking
tendency were calculated as per ASTM C128-22 [34] and for OPC, according to GSO 1914/2009 [35]. It is imperative
to remark that the SD, CR, and SF show the highest water absorption than the NDS sample while having negligible
specific gravity. Table 4 shows experimental values of NDS, SD, CR, and SF, and Table 5 records the physical
parameters of OPC.

Table 4. Physical properties of NDS, SD, CR, and SF

Values
NDS SD CR SF
Specific gravity (SSD) 2626 2591 - -
Specific gravity (bulk) 2584 2321 - 22
Specific gravity (apparent)  2.696 3.177 - -
Percentage water absorption  1.626 11.61 297 26.08

Physical Parameters

Table 5. Physical properties of OPC

Physical Parameter Obtained Values  Specified Limits
Fineness (cm?/gm) 3546 2800 (Min)
Setting time (Minutes)
Initial 146 45 (Min.)
Final 233 375 (Max.)
Soundness
(a) Le Chatelier (mm) 1.00 10.0 (Max.)
(b) Autoclave (%) 0.05 0.80 (Max.)
Air content (%) 7.90 12.0 (Max.)
Compressive Strength
3 days 24 12 (Min.)
7 days 29 19 (Min.)
28 days 37 28 (Min.)
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2.2.5. Particle Grading

The sieve analysis was done for size distributions NDS, SD, CR, and SF by ASTM C136-06 [36]. First, the data
obtained is converted into a cumulative percentage of passing the materials versus standard sieve; later, data was plotted
in a log scale, as shown in Figure 3. From Figure 3, the grain size gradation curves of NDS and CR were between the
upper and the lower limit, which satisfies the requirement of the ASTM-C136-06 standard. On the other hand, the
particle size distribution curve of SD lies very close to the lower limit values, but SF was out of the range. Therefore, it
indicates that the SF is a comparatively finer particle.

100
% —o— NDS
—o—SD
80 4 CR
SR — = SF
[=2]
% 60 -©---- Upper
& --@- - Lower
% 50
g 40
5
30
20 s N
N
10 - o _
0 “\\IA\ 9
f A4 — 1
10 1 0.1 0.01
Sieve Size (mm)

Figure 3. Sieve analysis results along with upper and lower limits

2.2.6. Flow Table Test

Samples were tested to calculate the quantity of water needed to measure the strength test of the cement. It also gives
an idea of the workability of sustainable cement sand mortar. The mortar mixtures were prepared and flow-controlled
[37, 38]. The waste materials were mixed with cement to prepare sustainable cement sand mortar. As calculated in Table
4, the SD, CR, and SF water absorption values were very high. Several trail mixes were done to achieve the desired flow
values of mortar mixes M1, M2, and M3. The w/c ratio and admixture doses were adjusted against the standard flow,
ranging from 105% to 115%.

The temperature and relative humidity measured in the experiment were 25 + 2°C and 60 + 5 %, respectively. A
specific amount of cement, other materials, and water are mixed to make mortar and notice flow with 25 drops in 15
seconds. In the non-viscous mortar, a subsequent rise of inflow in the average base diameter of the mortar mould was
measured in a minimum of 4 diameters at similar distance intervals (which is stated as a percent of the original diameter
base). The values of flow were measured by Equation 1.

Flow = 2222100 1)

where Dayg is Average base diameter, and D, is original base diameter of the casing.

All necessary precautions were taken during the experimental investigation. The test material for each mix of the
test specimen was mixed separately. Compaction was sufficient in each mix to ensure the mould was filled evenly. The
flow % in mortar, w/c ratio, and admixture amounts are given in Table 6. The experimental setup of the flow test is
shown in Figure 4-a prepared sample Figure 4-b measuring diameter.

Table 4. Flow (%) of prepared mortar

Mix Mortar Flow (%) Specified flow (%) W/C ratio Admixture by weight of cement

100NDSM 110 105% to 115% 0.60 0.3
50NDSSDM 115 105% to 115% 0.90 0.7
50NDSSDSFM 115 105% to 115% 1.10 0.9
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Figure 3. Experimental setup of flow test: (a) prepared sample (b) measuring diameter

2.2.7. Design Mix Mortar

The work has been carried out in three phases: the first Phase, the second phase, and the final third Phase. In the first
phase, a reference sample was made by mixing (100%NDS) for natural dune sand mortar (M1). In the second phase,
50%NDS was replaced with 45%SD and 5%CR to produce a natural dune sand stone dust crumb rubber mortar (M2).
In the third Phase, OPC was substituted with SF by (10% of the weight of OPC). The final mix was completed in the
composition of SD, CR, and SF and designated as natural dune sand stone dust crumb rubber silica fume mortar (M3)
with (50%NDS + 45%SD + 5%CR + (10%SF by weight of cement)) respectively. Finally, the prepared mortar samples
of three different mixes (M1), (M2), and (M3) were tested after 28 days of curing in axial compressive strength at
ambient temperature (AT) and higher temperatures of 100°C, 200°C, and 300°C for 120 minutes. Furthermore, the
compressive strength of mixes (M1), (M2), and (M3) were also evaluated after freezing and the crushed ice-cooling
cycle for 36 hours.

The three mortar mixes, (M1), (M2), and (M3), in the ratio of (1:4) cement-sand by volume, were prepared. The
amount of water in the mixes (M1), (M2), and (M3) was calculated at 229.82 kg/m?, 344.74 kg/m?3, and 421.34 kg/m*
respectively. The other mixed quantity of discrete mixes is shown in Table 7.

Table 5. Mortar mix proportions

Admixture by

Mix Cement (%) NDS (%) SD (%) CR (%) SF(%) WI/C ratio weight of cement
100NDSM* 100 100 - - - 0.60 0.3
50NDSSDM 100 50 45 5 - 0.90 0.7

50NDSSDSFM 90 50 45 5 10 1.10 0.9

100NDSM* Control mix

The research relies on the judgment obtained from past studies. The observation of past studies took the replacement
ratio of SD 45%. The study by Suman et al. [39] successfully replaced natural river sand with SD up to 50% without
compromising mechanical properties. Other studies [7, 40-42] showed the partial and full replacement of SD with natural
sand in concrete and mortar. The other waste materials, CR and SF, were optimized with a control mix of M1, and the
optimal value of 5% and 10% was used in this study.

The mortar performance was measured using the flow table test for the recommended flow value of 105 to 115% by
ASTM C1437-20 [37]. The water content required for workability was determined on a trial-and-error basis for each
mix. For each mix, the results are based on the trial values adjusted by the admixture's doses shown in Table 7.

In the present study, 54 mortar cubes with a dimension of 200 mm x 100 mm x 100 mm were made. After preserving
the specimens for 28 days, the mortar strength is measured at ambient and elevated temperatures. First, the mortar cube
samples were prepared and preserved in the laboratory. Then, three prepared samples were tested from each mix at AT,
100°C, 200°C, 300°C, freezing, and ice-cooling cycle (54 samples). For freeze, the ice-cooling cycle was continued for
36 hours for 3 cycles, 12 hours each at (-10 + 2°C) in an automatic freezer and (0 to -5°C) in crushed ice. The test started
from the ambient temperature, and the temperature dropped linearly to (-10 + 2°C) for the freezer and again increased
back to ambient temperature after 12 hours of waiting. The temperature meter was fixed on the opposite sides of the ice-
cooling box, and temperatures were observed (0 to -5°C) throughout the cycle. The variation in the temperature is due
to the melting of ice, and the temperature of the test box was measured throughout the cycle to avoid further fluctuation.
The systematic diagram of the experimental setup is shown in Figure 5. The mortar cube of 100 mm samples was tested
under a motorized machine (C056A) of 2000 kN, maximum capacity with an Auto-technical regulator. The primary
strength indicator of concrete and mortar was applied to measure the compressive strength of samples ASTM
C39/C39M-01 [43].
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Testing

Figure 4. Systematic diagram of the experimental setup

3. Results and Discussion
3.1. Chemical Analyses

In this study, solid waste stone dust (SD) and crumb rubber (CR) was taken from the same batch utilized by Akhtar
et al. [7] to evaluate the performance of sustainable sand concrete at ambient and elevated temperature.

3.1.1. Acidity-alkalinity Test

The durability of cementitious compound concrete increases with increased pH [44, 45]. For example, the pH for
the CR sample is 7.36, and the SD was 7.03; it was observed that pH values of SD and CR in the range of 6 and 8 make
them act as neutral fillers [46, 47]. To avoid contamination or reaction of the concrete and mortar, the samples were
washed carefully with distilled water for about 24 hours before resuming a pH test. As a result, the pH values of the
samples CR and SD were 7.36 and 7.03, respectively.

3.1.2. FTIR Analysis

FTIR spectroscopic analysis is the quality control technique for evaluating industrially manufactured materials. FTIR
is used to determine the characterization of the functional group present in SD and CR. The SD FTIR spectra are
represented by a band range of 1003 cm-1* showing Silica-Oxygen-Silica, Silica-Oxygen str., and at 778 cm-1 * the
observed band is Silica-Oxygen str, Silica-Oxygen-Alumina str (Al, Mg) -Oxygen-Hydrogen Aluminium-Oxygen-
(Magnesium, Aluminium) str. FTIR spectrum of dune restricts a soil-like material (inorganic components such as silica)
used in the cement industry. However, the CR's FTIR spectra represent Carbon-Hydrogen's widening vibrations of —
Carbon=Carbon at the 2990 cm-1 band range. The observed band wavelength at 1424 cm™'* denotes the band oscillations
of the Carbon-Hydrogen (=CHy) functional class. The spectrum of CR indicates the presence of Carbon=Carbon for
isoprene. However, the carbon-based constituent in CR gets deformed at higher temperatures. Therefore, a lower
percentage of CR is recommended. The FTIR spectrum of SD and CR are presented in Figure 6.

sD
i S U

CR
—————____

—

3800 3600 3400 3200 2800 2600 2400 2200 2000 1800 1600 1400 1200 100 800
Wavenumber (cm')

Figure 5. FTIR of SD and CR
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3.1.3. SEM-EDX Analysis

To investigate the surface texture, shape, and elemental analysis of individual grains present in SD and CR, Electron
Microscope scanning (SEM) was carried out. For this purpose, around 1g of the powdered sample was allowed to pass
through a sieve of 75 um mesh and positioned on the stub of the instrument, followed by an activated vacuum chamber
with an electron beam. High-resolution SEM images are attained through a backscattered ereleased from the model. It
is detected that the SD specimens are bulky in size, coarse with irregular outlines, and the texture of the surface is rough,
whereas CR is latex, which shows a smoother surface in the SEM images Saxena et al. [48]. The specimen's elemental
credentials and chemical arrangement were made using energy-dispersive X-ray studied by Dehdezis et al. [49]. The
binary plot of SD depicts elemental components such as Mg, Si, Fe, Al, K, C, and O, whereas specimens of CR have
additional peaks Ti. Figure 7 shows SEM images and EDX analysis for specimens SD and CR.

<ps/eV
SD
Fe
K| Si
O e
c| [mal K Fe
L )
1] T T T
2 3 6 8 10 12 14
keV
<ps/eV
CR
i Fe
atl
SEL| Si
30
E(c) al K T Fe
1|
- - — X T ) TTRE S A SE QI T e T
2 4 6 8 10 12 14

Figure 6. SEM images and EDX analysis for specimens SD and CR

3.2. Strength Characteristics
3.2.1. Compressive Strength of Developed Sustainable Mortar

In the present research work, the design strength was expected to be 12.4 MPa, 5.2 MPa, and 2.4 MPa of cement
sand mortar Type S, Type N, and Type O specifications as per standard ASTM C270-19ael [50]. The prepared samples
were well-maintained under 28 days of curing at 23 + 2°C. Cement sand mortar cement must fulfill the criterion set by
ASTM C1329-03 [51]. The compressive strength characteristics of developed sustainable mortar under heating-cooling
conditions are shown in Figure 8. The mortar strength was evaluated at AT and elevated temperatures of 100°C, 200°C,
and 300°C, respectively. The strength was also tested at freezing temperatures (-10 + 2°C), and the ice-cooling
temperatures were (0 to -5°C). In the first phase, the compressive strength at ambient temperature of the mixes M1ar,
M2at, and M3at were 5.333, 5.288, and 8.690 MPa, respectively.

The compressive strength of (M3at) combination was the highest (8.690 MPa). All mixes achieved the design
strength and fulfilled the requirements of Type N and Type O. In the first phase, mixes failed to reach the required target
strength of Type S. The compressive strength values of the control mix (M1ar) were found to be 5.333 MPa, attaining
about 60% of the target strength of Type S. In the second phase mix (M2ar), in which NDS has been replaced by 50%
with (45% SD + 5% CR), the compressive strength has slightly decreased with a value of 5.288 MPa. In the third and
final phase, 10% OPC was replaced by SF (M3ar). When SF was added, the highest compressive strength, 8.690 MPa,
was evaluated in the combination of the third phase. As a result, the compressive strength was decreased by 0.84 % in
(M2a7) and increased by 62% in (M3ar) compared to the control mix of (M1ar). In the third phase, a significant increase
in compressive strength (M3at) with SF combination is attributable to the adhesive properties of SF, SD, and OPC
gel. The OPC reacts with SF, and CH produces extra C-S-H in other pore spaces besides hydrated cement. Even if SF
did not react chemically, the micro-filter effects improved mortar strength samples considerably.
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Figure 7. Compressive strength evaluation between mixes M1, M2, and M3

The rise in fire accidents has grabbed the attention of researchers to know the concrete and mortar behavior at high
temperatures. Concrete and mortar are essential building materials that can maintain their properties at high
temperatures. The latest research has shown variations in concrete and mortar strength with temperature, composition,
aggregate types, the water/cement ratio, and supplements of OPC [52, 53]. In the second stage, the compressive strength
was evaluated at higher temperatures of 100°C, 200°C, and 300°C, respectively. The compressive strength of the mixes
(M1, M2, and M3) increases up to 200°C. The M1, M2, and M3 strengths increase because of water evaporation from
the admixture surface and internal pore spaces of the mortar samples. At 300°C, a sudden decline in compressive strength
was recorded. It could be due to breaking the bond of some aggregates whose composition is siliceous. Even at 300°C,
the compressive strength of the mix M3 is found to be higher than the control mix M1. It happened due to the high
thermal resistance of crumb rubber when mixed with silica fume, as studied by Fadiel et al. [54]. Several recent studies
[7, 9, 55, 56] revealed the performance of design mix concrete made by incorporating solid wastes such as recycled
aggregates, stone dust, and silica fume combinations at elevated temperatures. They found an increment in the
compressive strength up to 200°C. A recent study by Akhtar et al. [7] on design mix concrete with NDS and recycled
crushed sand combination disclosed the exact behavior of concrete samples up to 200°C. The studies for directly
comparing cement sand mortar at elevated temperatures are unavailable. However, the present study's results align with
the published studies on desigh mix concrete discussed above.

Figure 8 shows the mean compressive strength of 3 samples from each mix. Figure 8 confirms that the compressive
strength of tested specimens illustrates a linear progression at all temperatures about standard mixes of type N and Type
O. Figure 8 depicts that the configuration M3 is the best outcome at AT and elevated temperatures. A maximum fall in
compressive strength in all three mixes is observed when the samples are exposed to crushed ice-cooling (ClI).

3.2.2. Ratio of Strength under Heating-cooling Conditions

The residual compressive strength ratio of heating-cooling to the ambient temperature is shown in Figure 9. The
maximum relative strength obtained in the developed mortar mixes M1, M2, and M3 at 200°C was 1.153, 1.048, and
1.31, respectively. The minimum relative strength under ice-cooling conditions for the mixes M1, M2, and M3 were
found to be 0.872, 0.662, and 0.901, respectively. In both conditions, the maximum values of developed sustainable
mortar were obtained in M3, and the minimum was in M2. It shows that the compressive strength under variable
temperatures is mutually reciprocal up to 200°C. However, in M1, the value is 1.153, although an increase of
compressive strength at 200°C is only about 15% higher than ambient temperature. In other mixes, such as M3, the
highest increment is about 30%, and M2 has the lowest, about 5%. All the samples were significantly reduced when put
under a crushed ice-cooling box (0 to -5°C) for 36 hours. The decreased compressive strength of sustainable mortar
mixes M1, M2, and M3 was approximately 12%, 33%, and 10%. An abrupt decline in the strength was observed in all
mixes at 300°C. Under the automatics freezer at (-10 + 2°C), the sustainable mortar mixes M1, M2, and M3 showed a
10%, 15%, and 5% reduction. It did not show any significant variation. The mix designation M3 gives excellent
performance regarding heating cooling effects on sustainable mortar samples. Based on the practical outcomes, it is
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revealed that SD and CR, along with SF, achieved satisfactory results in heating cooling effects on developed sustainable
mortar. Hence, SF up to 10% is suggested for use in sustainable cement mortar.
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Figure 8. Comparison ratio of strength under heating-cooling conditions

3.2.3. Strength Variations

The variation in the compressive strength of developed sustainable mortar mixes M2 and M3 compared to the control
mix M1 is shown in Figure 10. It can be seen from Figure 10 that mix M3 shows a substantial rise in strength in all
parameters, such as AT, high temperatures, freezing, and ice-cooling. The reduction in the percentage of strength
declines for the mix M2 at AT, 100°C, and 200°C compared to control mix M1. In the mix, M3 of (50%NDS + 45%SD
+ 5%CR + (10%SF by weight of OPC)) was found to have a negligible difference at 300°C. The rise in the compressive
strength of M3 has the highest value of about 32% under ice-cooling. The average compressive strength of standard
mortar samples should reach the value of (Type S) 12.4 MPa, (Type N) 5.2 MPa, and (Type O) 2.4 MPa, as suggested
by ASTM-C-270 [50].
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The mixes of M2 and M3 samples attained 85% of the design strength of Type N and Type O, respectively. For the
present study, developed sustainable mortar mixes were found to be less than 12.4 MPa of Type S standard cement sand
mortar requirement set by ASTM C270-19ael [50]. The mix M3 shows satisfactory results, and the highest value was
reached at about 11.4 MPa, which is very close to the target value of 12.4 MPa of Type S standard cement sand mortar
ASTM C270-19ael [50]. The M3 mix has almost identical performance in compression compared to M1 and M2. It has
reached Type N and Type O standard cement sand mortar conditions and closely matches Type S of 12.4 MPa
recommended by ASTM C270-19ael [50].

3.3. Ratio of Mass Loss and Gain

The ratio of mass loss and the gain developed sustainable mortar mixes M1, M2, and M3 are presented in Figure 11.
At elevated temperatures of 100°C, 200°C, and 300°C, samples from each mix were kept in the electric oven for 120
minutes. The change in mortar mass is mainly attributed to after-heating. The freezer and ice-cooling samples were put
in a deep freezer and crushed in an ice-cooling box for 36 hours to know the cooling effects. Mortar samples were
exposed to the freezer (-10 + 2°C) and crushed ice-cooling box (0 to -5°C) for 36 hours in 3 cycles of 12 hours each.
The samples were taken from the freezer and crushed ice-cooling box and then exposed to room temperature before
testing. The mass loss ratio, , was calculated using Equation 2.

B =" x100% @)
m,

where m, is the samples' original mass before heating and my is the residual mass after the heating and cooling. Figure
11 represents the mass loss and gain ratio. The average value of B for all three samples is taken for interpretation. In the
reference mix M1, the mass loss has lowered than M3. The rise in the rate of water loss from M3 samples is detected,
perhaps due to the absorption of a higher amount of water absorption by SD and SF, 11.61% and 26.08%, presented in
Table 4. The mass-loss rate is directly proportional to the elevated temperatures. Figure 11 shows that the higher the
temperature, the more significant the mass-loss rate. The mass loss trend at 100°C and 200°C in the mixes M1 and M3
were higher than M2. When the temperature reached a maximum of 300°C, the mass loss in the mixes M1, M2, and M3
was 6.182%, 8.411%, and 8.903%, respectively. The trends at 300°C have satisfied that water loss from the samples
corresponds to the water absorption values of mixing materials such as SD, CR, and SF, respectively.
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Figure 10. The mass loss and gain ratio

The mass loss rate in design mix concrete was measured by Pathak & Siddique [57]. It was found that between
200°C to 300°C, mass loss was higher than between 27°C to 200°C. Due to the structurally present HO molecule loss
which was held in the structure, released from the C-S-H, (Al (OH)s, and (3CaO - 2SiO; - 3H,0) when subjected to
higher temperatures, which makes them unstable and therefore get escaped from the tested concrete samples. It is stated
by Fares et al. [58] that when concrete is subjected to 300°C, about 70% of the water evaporates from it. In a recent
study by Akhtar et al. [7] on design mix concrete with NDS, SD, and CR combination, the mass loss shows a similar
disparity at 100°C, 200°C, 300°C, and 400°C. It has been concluded by the present study that 300°C is a critical
temperature, and the results were in line with published studies on design mix concrete.
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The ratio of mass gain is observed in the samples kept in the freezer and crushed ice-cooling box. The water
absorption value increases in parallel to the decrease in temperature value. In the present study, the developed sustainable
mortar mixes are exposed (-10 £ 2°C) for the freezer (FR) and (0 to -5°C) for crushed ice-cooling (IC). The highest ratio
of mass gain was obtained in mix M3 compared to the other mixes, M1 and M2, in the samples under the crushed ice-
cooling box. Mass gain increases due to increasing void structure when temperature decreases in crushed ice water. No
noticeable gains were seen in the samples under the freezer. The graph for the mean ratio of mass loss and gain values
is presented in Figure 11.

3.4. Shapes Effects and Cracks Pattern
3.4.1. Shape Effects

After exposure to varying temperatures of developed sustainable mortar mixes, it has been observed that mortar
specimens get deformed and their appearance after exposure to varying temperatures. Figures 12 to 14 show the sample
observation of the sustainable mortar mixes M1, M2, and M3 at 100°C, 200°C, 300°C, FR, and IC, respectively. There
was no difference in color observed at 100°C compared to AT. However, when the temperature reaches 200°C, the color
of mortar specimens turns from light grey to dark grey, further increasing the temperature to 300°C; an unexpected
change was noticed from dark grey solid to pale yellow. It could be due to the expansion and widening of the space
lattices, which allowed light to reflect and the chemical decomposition of hydrates

Figure 13. Failure mode of the 5S0NDSSDCRSFM samples at (a) 100, (b) 200, (c) 300, (d) FR, and (f) IC

After 36 hours, samples were taken from the freezer and ice-cooling box and then exposed to room temperature. The
samples under the crushed ice-cooling box showed severe damage on the surfaces. The color of the samples changes to
a light brown color, which may be due to the further hydration of the mortar composite.

3.4.2. Crack’s Pattern

The typical cracks in the developed sustainable mortar mix M1, M2, and M3 are shown in Figures 12 to 14. The
cone & split and columnar fractures with nerve-like crevices were observed at 100°C and 200°C. The failure mode of
samples displays an almost regular pattern of mortar. Vertical splits develop when the load is maximized on the mortar
cubes and edges fail to bear the pressure. Salahuddin et al. [56] reported that 300°C is the temperature at which vertical
cracks on concrete surfaces were developed. Figure 12-c and Figure 14-c, a full-length horizontal top edge failure and
a large vertical crack along the full depth of the sample have been seen. On comparing the pattern of the cracks under
elevated temperature, it can be conveniently concluded that up to 200°C maintains the sample's rigidity.

2782



Civil Engineering Journal Vol. 9, No. 11, November, 2023

The failure mode of samples tested after the freezing and crushed ice-cooling cycle is shown in Figures 12, 13, 14-
e and 14-f. However, the sample after freezing does not show any irregular pattern; samples in crushed ice-cooling show
severe damage under failure load. In crushed ice-cooling mortar samples, particles started floating off the sample cubes,
and outer boundary failure was also detected. Figures 12 and 14-f side edge chipping of samples was seen, and the
bottom was disturbed. Figure 13-f shows the substantial crack pattern in the sample. Perpendicular cracks were
developed, and some mortar was scattered due to the crushed ice water effects.

4. Conclusions

This study investigates sustainable cement sand mortar performance after incorporating solid wastes such as stone
dust, crumb rubber, and silica fume with desert sand. The three sustainable mortar mixes, M1, M2, and M3, were studied.
The performance of mixes was evaluated at ambient and elevated temperatures of 100°C, 200°C, and 300°C.
Furthermore, mixes were studied under freezing and crushed ice-cooling temperatures (-10 + 2°C) and (0 to -5°C),
respectively. The following conclusions are drawn from the data obtained:

e The sustainable mortar combination M3 (50%NDS + 45%SD + 5%CR + (10%SF by weight of OPC)) showed
the best performance under heating-cooling conditions. Based on analysis, it has been observed that silica fume
helps in increasing strength when exposed to varying thermal conditions.

e The maximum mortar strength of M3 was (11.288 MPa) at 200°C. It was close to the recommended Type S value
(12.4 MPa).

o All samples showed a minimum compressive strength under ice-crushed water. The mix M3 failed at (7.833 MPa)
and did not meet the criterion of Type S (12.4 MPa). Even in ice-crushed water, the mix M3 successfully obtained
a strength greater than the recommended Type N (5.2 MPa) and Type O (2.4 MPa) values.

e It has been concluded through the crack pattern that the rigidity is maintained in the samples up to 200°C. Large
vertical cracks and edge failures were observed when the temperature was raised to a maximum of 300°C.

¢ In all mixes at 300°C, an unexpected color change was seen from dark grey solid to light yellow. The present
study concluded that 300°C is a critical temperature to know mass loss behavior in developed sustainable mortar.

o Severe damages were identified in the samples under crushed ice water.

5. List of Abbreviations

AT Ambient Temperature M2 Natural Dune Sand Stone Dust Crumb Rubber Mortar

CR Crumb Rubber M3 Natural Dune Sand Stone Dust Crumb Rubber Silica Fume Mortar
FR Freezer OPC Ordinary Portland Cement

IC Crushed ice-cooling SF Silica Fume

NDS Natural Dune Sand SD Stone Dust

M1 Natural Dune Sand Mortar
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