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Abstract: The pozzolanic potential, mechanical strength, and stress-strain behavior of a locally available
wheat straw ash (WSA) as a partial substitute of cement was evaluated in this study. Various samples
of a locally available wheat straw were burnt to ashes at three distinct temperatures and characterized
through X-ray powder diffraction and energy dispersive X-ray spectroscopy. The WSA obtained from
burning at 550 °C was found highly amorphous and possessed suitable chemical composition to be
used as pozzolanic material. The burned WSA was grounded to achieve the desired fineness and
mortar cubes and concrete cylinders were cast by substituting 15%, 20%, 25%, and 30% cement with
it. The strength of mortar and concrete decreased with increasing amounts of WSA except for those
containing 15% WSA, where it slightly increased than the respective control samples at later ages, i.e.,
28 and 91 days. Despite reduced strength at high replacements (20%, 25%, and 30%), the strength
activity index values met ASTM C618 requirements for pozzolanic materials. Moreover, the compressive
strength of concrete containing 20% WSA exceeded to that of control concrete at 91 days. The stress-strain
relation of concrete containing 15% to 20% WSA also showed comparable stiffness and toughness to
those of control samples at all ages. Particularly, the concrete containing 15% WSA showed significant
improvement of strength, stiffness, toughness, and ductility at 91 days. Lastly, the results of mechanical
strengths and pozzolanic reactivity were successfully validated indirectly by measuring the porosity of
mortars and thermo-gravimetric analysis of cement pastes, respectively. Based on current findings and
their validation, WSA can be used as a substitute of cement up to 20% in the production of sustainable
normal strength concrete for their application in common domestic building projects.

Keywords: pozzolanic potential; wheat straw ash; compressive strength; strength activity index;
porosity; thermogravimetric analysis

1. Introduction

Concrete is the most widely used man-made material on the earth. For each person worldwide,
almost 2.3 cubic yards of concrete is consumed every year [1]. The extensive use of concrete is mainly
due to the easily availability of its raw materials, its proven flexibility, superficial mechanical and
improved durability properties under severe environmental conditions, low maintenance throughout
its life, and so on. Besides the important role that the concrete industry is playing in the development
of our society, it is also responsible for the production of 10% of the industrial carbon dioxide (CO,)
emission to the environment. Only the production of cement, which is the most important constituent
of concrete, is contributing 6% of the global CO, emission [2—4]. The global CO, emission is severely
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affecting the earth’s temperature, which causes climatic changes and global warming related issues [5].
In addition to CO, emission, the cost increment in energy for the production of cement, depletion of
natural resources, and enough of a supply of raw materials needed in the manufacturing of cement in
a desired quality are other major concerns of most cement producing countries. The construction of
new and repaired existing facilities also requires huge amounts of concrete and this demand is even
expected to increase with current increasing trends of urbanization. Many researchers around the globe
are currently working to reduce its environmental footprint. Trends of using innovative materials
with a reduced carbon footprint, high strength, and increased design-life of concrete structures are
being developed recently. There is an increasing demand of using lightweight aggregate to produce
lightweight concrete for structural application and using fiber reinforcement in mortar and concrete to
reduce the size of structural members [6-10].

Among the different technologies, the most effective way to reduce CO, emission is to minimize
the use of clinker by substituting it partially with supplementary cementitious materials [11-14].
Commercially available popular materials such as fly ash, slag, silica fume, calcined clays, and natural
pozzolans are already being used for such purposes [15-21]. Recently, the effectiveness of some
locally produced wastes such as electric arc furnace slag, lime stone quarry dust, glass waste sludge,
and industrial granite sludge as potential cement substitute were studied [22-24]. However, with
continuous increasing demand of concrete, there is a dire need to further investigate other potential
materials to partially replace cement, which give at least comparable or improved strength and
durability properties. In recent years, many researchers have focused on utilizing the different
industrial wastes in the production of sustainable cement and concrete.

The production of a huge amount of agricultural waste causes several environmental and landfill
related issues. Some of these wastes were used as a source of fuel in different power plants. Dumping their
ashes obtained from burning outside in the open fields causes severe environmental and health issues.
Therefore, to promote green construction technologies and to reduce the air pollution problems, a huge
variety of agro wastes have been introduced to the current construction industry for their potential use
as a substitute of cement clinker. In the last few decades, several research studies have been performed
on the potential use of agro wastes such as sugarcane bagasse ash and rice husk ash in the construction
industry. Due to the presence of a high amount of amorphous silica, many researchers consider these
ashes as good pozzolanic materials for the production of sustainable cement and concrete [25-28]. Just like
sugarcane and rice, wheat is the largest cereal crop and is one of the primary sources of food for 2.5 billion
people worldwide [29]. The global estimated production of wheat from 2016 to 2017 was 750 million tons.
Pakistan is also among the largest wheat producing countries in the world. The annual production of
wheat in Pakistan was estimated as 26.6 million tons from 2017 to 2018 [30]. According to Pan et al. [31],
one kg of wheat grain produces almost 1.3 to 1.4 kg of wheat straw. Most of this wheat straw is being used
as the main source of food for cattle [32]. However, in some cases, it was found that wheat straws burnt in
an open field causes environmental pollution (smog) and related health issues for people living in the area.
This includes, for instance, road traffic accidents and respiratory issues in residents, as reported, in some
cities of Pakistan and India [33,34].

Recently, many researchers have investigated the role of WSA as a potential supplementary
cementitious material in cement and concrete [35-37]. In fact, the pozzolanic efficiency of WSA is
mainly dependent on its source, and, hence, the composition of WSA changes from one region to
another due to the variation in soil and weather conditions [38]. Other than its origin, the calcination
temperature and fineness also play an important role. According to Birick et al. [35], burning wheat
straw for 5 h between 570 °C and 670 °C produced the best results and WSA obtained from burning
at 670 °C showed better pozzolanic behavior as compared to the one obtained by burning at 570 °C.
Ataie et al. [39] investigated the optimum temperature and burning duration of pretreated WSA and
concluded that the burning temperature of 500 °C for a duration of 12 h and 600 °C for 1 h exhibited
improved amorphous silica content as compared to burning WSA at these temperatures for a longer
duration. They further showed that the treated WSA yielded more amorphous silica when burned
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at an uncontrolled temperature as compared to a controlled burning, which can help reduce the
processing cost at an industrial scale. Recently, Memon et al. [33] examined the effects of different
burning temperatures (500, 600, 700, and 800 °C) on the pozzolanic behavior of WSA. They showed
that increasing the burning temperature beyond 600 °C resulted in transformation of amorphous silica
in to crystalline silica. From different test results, they found that 600 °C was the optimum burning
temperature, which produced WSA with better pozzolanic performance. Many researchers agree that
the most favorable temperature for burning WSA lies between 570 °C to 670 °C for a duration of 5 h.

After the calcination process, mechanical treatment of WSA significantly increases the fineness and
the pozzolanic activity when used as a mineral admixture in mortar and concrete. Qudoos et al. [40]
studied the effect of different grinding cycles on the pozzolanic efficiency of WSA. They found that the
fineness of WSA increased with increasing grinding duration. Furthermore, finer particles resulted in
an increased surface area and enhanced amorphousness with minimum grinding duration of 60 min
in a planetary ball mill. Memon et al. [33] also noted the vital benefits according to which mechanical
grinding of WSA for 120 min increased the Blaine fineness area by almost 48%. The improved
fineness of WSA can result in better pozzolanic performance when used as a cement substitute for the
production of sustainable concrete.

Few research studies were conducted to investigate the effect of WSA on the mechanical and durability
properties of mortar and concrete. Ataie et al. [39] observed a 25% increase in compressive strength of
mortar containing 20% WSA as a substitute of cement. However, Biricik et al. [41] found compressive
strength of mortar containing only 8% WSA comparable to the control sample after a curing period of
180 days. Despite a slight increase or no increase in compressive strength, both found improved flexural
strength at 28 days for 16% replacement of cement with WSA. Memon et al. [33] observed almost an
equal and even better mechanical performance to that of control mortar when mechanically activated
WSA partially substituted cement by 20%. Qudoos et al. [40] reported that WSA subjected to extensive
mechanical grinding gave better compressive strength at all ages (7, 28, and 91 days) as compared to
control samples with 20% substitution of cement. Unlike strength, limited research is dedicated to the
durability aspect of concrete containing WSA. Concrete containing WSA showed better resistance against a
sulphate attack, an alkali-silica reaction, and a freeze-thaw phenomenon [42—44]. This improved durability
performance was attributed to enhanced pore and microstructure of WSA-incorporated mortar and
concrete [42-44].

Most of the discussed studies have focused on investigating the pozzolanic potential of WSA by
performing the basic pozzolanic assessment tests such as chappelli, frattini, and strength activity index
(SAI) and so on. Although, few researchers have investigated the influence of burning temperatures and
mechanical grinding on pozzolanic potential of WSA. Yet, their optimum percentage replacements and the
influence on mechanical properties of concrete with aging (strength, stiffness, ductility, and toughness) is
still scarce and needs to be investigated further. Therefore, the current study is mainly focused on assessing
the pozzolanic reactivity and mechanical performance of normal strength concrete incorporated with
locally available WSA procured from the Khyber Pakhtunkhwa province of Pakistan. Initially, after drying,
samples of wheat straw were exposed to three distinct burning temperatures (550 °C, 650 °C, and 750 °C)
in a rotary kiln for 5 h. The microstructural investigation, such as X-ray powder diffraction (XRD),
energy dispersive X-ray (EDX) spectroscopy, and thermo-gravimetric analysis (TGA), were also conducted
to study the effect of burning temperature, burning duration, and mechanical activation. The ashes
obtained from each burning cycle were characterized using XRD and EDX analyses for optimization.
Subsequently, the optimized WSA, which possesses amorphous SiO, and suitable chemical composition,
was subjected to extensive grinding in a ball mill for 2 h to achieve the desired fineness. Lastly, the influence
of different percentages of finely ground WSA (15%, 20%, 25%, and 30%), as a substitute of cement,
was evaluated thorough various tests on standard mortar (ASTM C109) and normal strength concrete.
The details of test results of development of compressive strength, porosity of mortar, SAI, and stress-strain
relation (stiffness and toughness) were presented. At the end, results of TGA on cement pastes were
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also evaluated to validate the pozzolanic reactivity and strength results of WSA-incorporated mortar
and concrete.

2. Materials and Methods
2.1. Materials

2.1.1. Cement

Ordinary Portland cement Type-I, in compliance with ASTM standards C150-94, was used in this
study to cast mortar cubes and concrete cylinders. The cement was obtained from the Cherat cement
factory and details about its physical properties, chemical composition, and compounds are presented
in Table 1. The values of cement compounds were calculated from its oxide composition using the
Bogue formula as follows [45,46].

C3S = 4.071Ca0 — (7.65i0; + 6.718A1,05 + 1.43Fe,05 + 2.852503)
C,S = 2.8675i0, — 0.7544C3S

C3A =2.56A1,05 — 1.69Fe,O5

C4AF = 3.043Fe,0;.

Table 1. Physical and chemical analysis of Cherat cement.

Item Physical Properties

Specific gravity (g/ cmd) 3.15

Blain fineness (m?/ kg) 301

Initial setting time (minutes) 145
Final setting time (minutes) 230

Chemical Properties (oxides, % by weight)

510, 21.24

AL O3 5.56

Fe203 3.24
CaO 63.53

MgO 0.93

Na,O 0.13

KO 0.62

SO3 2.55

Free Lime 0.55

IR* 0.64

LOI** 1.24

Compounds (%)

C3S 47.95
C,S 24.72

C3A 8.76

C4AF 9.86

* Insoluble residue, ** LOI = loss on ignition.

2.1.2. Wheat Straw Ash (Burning & Milling)

In addition to cement, WSA was used in this study as a partial substitute of cement. It was
obtained after burning the local wheat straw at different temperatures of 550, 650, and 750 °C in a
rotary kiln for 5 h followed by grinding in a ball mill (Figure 1a,b). The wheat straw is a byproduct
of wheat crop, which contains a high amount of SiO; when burnt to ashes. Before burning, it was
thoroughly washed to remove any dust or impurities followed by drying in the open air. The purpose
of burning wheat straw at different temperatures was to find out the optimum temperature at which
its ashes possess the highest amount of SiO; and an amorphous structure.
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Figure 1. (a) Rotary kiln used in burning wheat straw at different temperatures ranges from 550 to
750 °C and (b) the ball mill to grind burnt wheat straw ash is collected at the bottom in the photo.

Figure 2 shows the color of wheat straw before and after burning. A slight change in color
of burnt ashes from dark to whitish grey was observed with increasing burning temperatures.
Changing the color from dark to whitish grey indicates increased removal of an unwanted fixed carbon.
Despite relatively high contents of un-burnt carbon, based on the XRD and EDX results, the WSA,
subjected to burning temperature of 550 °C, was selected for grinding to convert it into a fine powder.
The detailed discussion about the selection, amorphousness (XRD analysis), and chemical composition
(EDX analysis) of WSA is presented later in the results and discussion section. For grinding, a laboratory
scaled ball mill, as shown in Figure 1b, was used and the WSA was milled for a duration of 2 h to
achieve the desired fineness and specific surface area (SSA), which is a known preliminary requirement
for the materials to be pozzolanic.

The particle size analysis of grounded WSA was carried out by using the MicroBrook 2000LD
laser particle size analyzer. Figure 3 shows the particle size distribution of cement and WSA used in
this study. Based on the comparison, it can be seen that WSA contains a higher percentage of smaller
particles (finer than 20-micron) as compared to cement. While, on the other hand, the percentage of
relatively coarser particles (larger than 20-microns) were high in WSA. The values of SSA of cement
and WSA, as calculated using MicroBrook, were estimated as 0.259 and 0.282 m?/g, respectively.
Based on a comparison, it is clear that the SSA of WSA is slightly higher than cement. This might
be attributed to the presence of higher percentage of finer particles in WSA as compared to cement.
Moreover, the dyg, dsg, and dgg sizes were also calculated for both cement and WSA and listed in
Table 2.
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Figure 2. (a) Raw wheat straw before burning. (b) WSA from burning at 550 °C. (c) WSA from burning
at 650 °C and (d) WSA from burning at 750 °C.
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Figure 3. Particle size distribution of cement and WSA.
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Table 2. Summary of djg, dsp, and dgg sizes of Cement and WSA.

Materials dqp (um) dso (um) dgg (um)
Cement 4.682 29.15 86.56
Wheat Straw Ash 3.562 32.21 134.3

2.1.3. Coarse and Fine Aggregates

The coarse aggregate is a particulate material, which retains on sieve No. 4. The size selection of
coarse aggregates mainly depends upon the nature as well as the type of concrete work. The coarse
aggregate (crushed, angular, and non-porous), used in this study, was obtained from the Jamrud quarry
with a nominal maximum size of 19 mm. Before using in the concrete mix, aggregates were thoroughly
washed with clean water in order to remove any deleterious materials and dust particles stuck on the
surface of aggregates. Standard methods, specified in ASTM C33 and C127, were employed to calculate
the fineness modulus of coarse aggregates and to measure its physical properties such as specific
gravity and absorption capacity. The fineness modulus, specific gravity, and absorption capacity of
coarse aggregates were 7.2%, 2.65%, and 0.82%, respectively.

The river sand was obtained from Lawrancepur and Sieving was performed on the sand sample
using sieve No. 4 in order to remove particles of a size greater than 4.75 mm. Subsequently, the sieve
analysis of the oven-dried sample was performed according to ASTM C136. Table 3 shows the test
results of sieve analysis and the fineness modulus of sand passing sieve No. 4. The specific gravity
and absorption of sand were calculated according to ASTM C128. The values of fineness modulus,
specific gravity, and absorption capacity of fine aggregate were 2.69%, 2.63%, and 1.03%, respectively.

Table 3. Grain size distribution and fineness modulus of sand [ASTM C128].

Sieve # Sieve Size (mm) Weight Retained (g)  Weight Retained (%)  Cumulative Passing (%) Cumulative Retained (%)

3/8 inch 9.5 0 0 100 0
No. 4 4.75 0 0 100 0
No. 8 2.36 23 46 95.4 4.60
No. 16 1.18 74 14.8 80.6 194
No. 30 0.600 187 374 43.2 56.8
No. 50 0.300 151 30.2 13.0 87.0
No. 100 0.150 55.1 11.0 2.0 98.0

Pan 9.7 1.94 - -

Fineness Modulus (FM) = (0 + 0 + 4.6 + 19.4 + 56.8 + 87 + 98) /100 = 2.69

2.1.4. Water

The water used in experimental works was ground water free of any suspended/ colloidal particles
and other impurities. The same quality of water was also used for the moist curing of mortar cubes
and concrete cylinders.

2.2. Mortar and Concrete Mixture Proportions

The mixture proportion of mortar cubes was selected according to ASTM C109. The cement to
sand and water to cementitious material (w/cm) ratios of mortar were kept as 1 to 2.75 and 0.485,
respectively. Table 4 shows the details of the mixture proportion of control as well as mortars containing
different percentages of WSA (15%, 20%, 25%, and 30%) as a partial substitute of cement.

After mortar, mixture proportions of concrete were designed according to ACI211.1-91 for normal
strength concrete. The details of mixture proportions of control concrete without and with different
percentages of WSA (15%, 20%, 25%, and 30%) as a partial replacement of cement are listed in Table 5.
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Table 4. Mix proportions of control mortar and mortar containing WSA (w/cm = 0.485).

Quantities per Batch (g) for Nine 50-mm? Mortar Specimens

Mix ID Cement Replacement (%) w C WSA Sand (s)
Control Mortar (CM) 0 364 750 0 2062.5
15% WSA (MWSA15) 15 364 637.5 112.5 2062.5
20% WSA (MWSA20) 20 364 600 150 2062.5
25% WSA (MWSAZ25) 25 364 562.5 187.5 2062.5
30% WSA (MWSA30) 30 364 525 225 2062.5

Table 5. Mix proportions of control concrete and concrete containing WSA (w/cm = 0.63).

Unit Weight (kg/m?3)
Mix ID Cement Replacement (%) w/cm  s/a W C WSA FA CA
Control Concrete (C) 0 290 0
15% WSA (WSA15) 15 246.5 43.5
20% WSA (WSA20) 20 0.63 40.7 180 232 58 753 1053
25% WSA (WSA25) 25 2175 72.5
30% WSA (WSA30) 30 203 87

2.3. Specimen Preparation and Test Methods

2.3.1. Compressive Strength and Porosity of Mortars

For each mortar mix (Table 4), 12 identical mortar cubes of size 50 mm3 were cast to investigate
the development of compressive strength and porosity at ages of 7, 28, and 91 days. In total, 60 mortar
cubes were cast in wooden molds for all five mixes including the control as well as those containing
different percentages of WSA. Mixing and casting were performed according to the standard procedure
specified by ASTM C109. All the specimens were demolded after 24 h of casting and continuously
moist-cured under standard laboratory conditions of temperature until the age of testing. A universal
testing machine (UTM) was used to perform the compressive strength tests on mortar cubes, according
to ASTM C109. Three identical specimens were tested at all ages to calculate the average values.

Parallel to compressive strength testing, the porosity of mortar specimens was also measured
along at ages of 7, 28, and 91 days to validate the current compressive strength results of mortar cubes.
The porosity of mortar cubes was determined by weighing samples in various moisture states such as
the weight of the sample in water (W), saturated surface dry weight (W;s;), and oven dried weight
(Woy4). The weight of the sample in water was measured immediately after taking the samples out
from the curing tank followed by measuring the saturated surface dry weight in air. Before weighing
for Wiy, the surfaces of the cube specimen were completely wiped off with a clean fabric to achieve
the desired saturated surface dry state. Subsequently, the cube specimens were dried in a CO; free
oven at 105 °C for 24 h followed by measuring its W,;. The porosity of mortar samples was calculated

as follows:
o (Wssd - Wod)

— 2Tssd Tod) o 100% (1)
(Wssd - Ww)

where, p is the porosity calculated in the percentage. The same method of porosity calculation was
adopted by many researchers in the past [46—49].

2.3.2. Compressive Strength of Concrete

For each concrete mix (Table 5), nine cylindrical specimens of diameter 150-mm and height
300-mm were cast to test the development of compressive strength at ages of 7, 28, and 91 days.
Concrete mixing and casting of cylinders was performed following the standard procedure specified
by ASTM C39. Like mortar specimens, concrete specimens were also demolded after 24 h of casting
followed by moist curing under standard laboratory conditions of the temperature until the age
of testing.
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According to ASTM C39, capping of cylinders was done using plaster of Paris in order to achieve
the desired smooth ends. This was done to ensure that the applied load was evenly distributed and
uniformly placed all over the bearing surface of the cylindrical specimen. All the compression tests
on concrete cylinders were performed using a UTM of capacity 200 tons. Corresponding to each
age of testing (7, 28, and 91 days), three identical specimens were tested to take their average values.
A dial gauge attached to the data logger was used to record any deformation during compression
tests to investigate the stress-strain relation of concrete containing different percentages of WSA and
comparing it with those without WSA.

2.3.3. Thermogravimetric Analysis of Cement Pastes

In addition to the measurement of porosity of mortars and compression tests, TGA was also
performed on a control paste sample and pastes containing 15%, 20%, 25%, and 30% WSA as a
substitute of cement. The purpose of this analysis was to evaluate the influence of different percentages
of WSA (15%, 20%, 25%, and 30%) on pozzolanic reactivity with aging and validation of mortar and
concrete strength results. The samples of pastes after curing for 28 and 91 days were grounded to
powder and placed in a ceramic container of thermal gravimetric analyzer. Samples were not exposed
to any prior drying and, instead, directly heated in a thermal gravimetric analyzer at a temperature
range of 50 to 600 °C. The rate of heat increment was set at 10 °C/minutes using nitrogen as a medium
under static condition. As a reference, alumina powder was used due to its ability to maintain the
stability at higher temperatures. The software to draw a comparison graph of weight loss in different
paste samples recoded the percentage of the sample weight loss in different temperature regimes.

3. Experimental Results and Discussions

3.1. Characteristics of WSA

XRD and EDX analyses were performed on WSA samples to investigate the influence of different
burning temperatures (550 °C, 650 °C, and 750 °C) on amorphous silica and their chemical composition,
respectively. The chemical composition obtained from EDX analysis of different samples of WSA with
respect to (w.r.t.) their burning temperatures is listed in Table 6. From this table, it can be seen that
the amount of silica content in WSA rose with an increasing burning temperature from 550 to 750 °C.
Moreover, the percentage sum of major oxides (SiO; + Al,O3 + Fe;O3) also increased with increasing
temperature as 49.19%, 53.52%, and 59.45% at 550 °C, 650 °C, and 750 °C, respectively.

Despite increased percentages of silica content and major oxides, the comparison of XRD analysis
showed reduced amorphousness of the silica with an increasing burning temperature (Figure 4).
Memon et al. [33] also confirmed the transformation of amorphous silica into crystalline nature at
a burning temperature beyond 600 °C. The XRD graph of WSA burnt at 550 °C showed a visibly
wide and broad peak indicating glassy (amorphous) nature of its silica. On the other hand, ashes
burnt at 650 °C and 750 °C showed sharp bragg peaks reflecting their crystalline nature. Given due
consideration to the high amorphous nature of WSA burnt at 550 °C, it was grounded in a ball mill
for 2 h to achieve the desired fineness required for pozzolanic materials. Subsequently, this finely
grounded WSA was used as a partial substitute of cement (15%, 20%, 25%, and 30%) in mortar and
concrete for further evaluation of its pozzolanic potential and influence on strength, stress-strain
relation, and stiffness behavior.
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Table 6. Chemical composition of WSA w.r.t. burning temperatures.

Oxides (% by Weight)

Intensity (counts)

Item Burning Temperature (°C)
550 650 750
SiO, 44.54 48.49 53.69
Al,O3 1.87 1.95 2.04
Fe, O3 2.78 3.08 3.72
SiO; + Al,O3 + Fep, O3 49.19 53.52 59.45
CaO 2.93 4.65 4.56
K,O 29.92 25.92 21.03
MgO 2.34 1.98 0.98
Na,O 1.54 0.56 0.59
P>0s5 3.66 1.24 1.24
SOs3 6.17 6.24 4.67
600
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Figure 4. XRD analyses of WSA w.r.t. burning temperature: (a) 550 °C, (b) 650 °C, and (c) 750 °C.
3.2. Compressive Strength, Strength Activity Index, and Porosity of Mortars

The test results of compressive strength and porosity mortar cubes along with their SAI values
are listed in Table 7. Values reported in this table were calculated by taking the average of three
identical specimens.

Table 7. Compressive strength, porosity, and SAI values of mortars w.r.t. aging.

Compressive Strength (MPa) Porosity (%) SAI (%)
Mix ID Age (days)
7 28 91 7 28 91 7 28 91
20.7 223 27.0
M (0.99) * (1.81) (1.63) 2 2 19.7 ) ) )
20.6 23.2 27.4
M-WSA15 (1.52) (0.85) (0.86) 25 20.7 17.3 99.5 104 101.5
20.6 21.6 25.8
M-WSA20 (1.16) (1.28) (0.89) 26 228 20.4 99.5 96.9 95.6
20.0 21.3 21.7
M-WSA25 (1.25) (1.05) (1.07) 31 23.9 227 96.6 95.5 80.4
M-WSA30 194 20.9 214 32 247 24 93.7 93.7 79.3

(1.03) (0.92) (0.86)

* Values in parenthesis indicate the standard deviation of all test results of mortar.

Lastly, these average results of porosity and compressive strength were plotted against aging
to compare between different mortars containing WSA and control mortar. Figures 5 and 6 show
the comparison of compressive strength results and porosity, respectively. From Figure 5, it can be
seen that the early-age compressive strength of mortars containing 15% and 20% WSA got reasonably
close to that of control mortar and increased continuously with aging for mortar with 15% WSA.
At ages of 28 and 91 days, the strength enhancement in 15% WSA mortars was noticed as 3% and
4% higher than that of the control mortar, respectively. This was also confirmed by the porosity tests
(Figure 6) corresponding to the age of 28 and 91 days where it can be clearly seen that the respective
porosity values of 15% WSA mortar were lower than the control mortar. In general, the current results
indicated that the porosity of mortar decreased with aging for all mortar mixes, which is clear due to
the consumption of water by the hydration reaction and the generation of a solid gel in the matrix.
Unlike 15% WSA mortar, gaining good early-age strength developments in mortar with 20% WSA was
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discontinued at later ages of 28 and 91 days and the final strength values were lower than the control
mortar (Figure 5). This trend of lower strength in 20% WSA mortar was also validated through the
porosity results where it was slightly higher than the control sample, which might be due to a reduced
hydration/pozzolanic reaction in the presence of lower amounts of cement as compared to mortar of
15% WSA.

Moreover, the mortars with relatively higher percentages of WSA (25% and 30%) exhibited similar
behavior to that of 20% WSA and that of the strength decreased with increasing percentage of WSA
equal to or more than 20% WSA. These results were also validated through porosity tests where
it drastically increased as compared to the control mortar or mortar containing 15% to 20% WSA.
Lastly, the current results suggest 15% replacement of cement with WSA since it produced comparable
or better strength as compared to control mortar.

Since the compressive strength of mortar reduced with an increasing percentage of WSA beyond
20%, SAI was also calculated for each mortar to investigate the reactivity of WSA with cement. The SAI
values listed in Table 7 were calculated, according to ASTM C311 [50]. According to ASTM C618,
the SAI value for each mortar mix should be at least 75%, which means that the mortar containing
SCMs must have compressive strength equal to 75% of CM at 7 and 28 days. Although, compressive
strength of mortars containing WSA as 20% or more was less than the control mortar at all ages.
However, their SAI were found significantly higher than 75% regardless of a percentage of cement
replacements and aging. It must be worth noting that the SAI values reduced with an increasing
percentage of WSA and aging for all mortars except the one containing 15% WSA. Tests were also
performed on compressive strength of concrete to further validate the finding of this study and are
discussed in the following section.

35
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m — —
o u Countrol Mortar (C) —— 42
= . —e— 15% WSA Mortar ----
= 49] . —*— 20%WSAMortar - e
-|'=- \‘\‘ —A—  25% WSA Mortar Lo
> P 30% WSAMortar 28 3
m S
= -26 _a\
) 25- =
g 24 ©
2 =
m -
0 2 q
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g_ 20 - [0
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Figure 5. Comparison of strength development between control mortar and mortars containing WSA.
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Figure 6. Influence of WSA on the porosity of mortar w.r.t. aging.

3.3. Compressive Strength of Concrete

The compressive strength of concrete was measured in accordance with ASTM C39 and the
average values of three identical specimens are listed in Table 8. Figure 7 shows the comparison of
compressive strength results between control concrete and those containing different percentages of
WSA w.rt. aging.

Table 8. Compressive strength of concrete w.r.t. aging.

Compressive Strength (MPa)

Mix ID Age (days)
7 28 91
C 13.3 19.5 20.3
WSA15 12.8 19.0 21.7
WSA20 12.7 18.6 21.3
WSA25 10.1 15.3 14.6
WSA30 72 10.7 12.8

Just like mortars, the compressive strength of concrete containing 15% and 20% WSA was slightly
less than the control concrete at ages of 7 and 28 days. At an age of 91 days, it increased by 6% and
4% when compared to the control sample in concrete containing 15% and 20% WSA, respectively.
The compressive strength in concrete containing higher percentages of WSA such as 25% and 30% was
reduced drastically as compared to control concrete at all ages. However, as discussed in the preceding
section, the SAI values of mortars of more than 75% still suggested that the higher percentages of WSA
such as 25% or 30% can be used to produce sustainable concrete. For instance, this includes projects
where high early or ultimate strength of concrete are not required.



Sustainability 2019, 11, 519

Figure 7.
containing WSA.

Compressive Strength (MPa)

14 of 20

30

—m— Control Concrete

—o— 15% WSA Concrete
251 —*— 20% WSA Concrete

—A—  25% WS3A Concrete

30% WSA Concrete .

20 - = u
| / :
104 &
5,
I+— "

0 7 14 21 28 35 42 49 56 63 70 77 84 91 98

Age (days)

Comparison of strength development between control concrete and concretes

In addition to the simple comparison of compressive strengths, this study has further investigated
the influence of WSA on general stress-strain behavior of concrete. Figure 8 shows the comparison
of the stress-stain relation with aging between control concrete and concrete containing different
percentages of WSA. It can be seen that the general trend of stiffness and toughness of concrete
reduced with an increasing percentage of WSA. However, at relatively low percentage replacements,
the stiffness was significantly enhanced at all ages such as for concrete containing 15% and 20% WSA.
Along with stiffness, their toughness seemed comparable to control concrete. Particularly, the ductility
and toughness of concrete containing 15% WSA was significantly higher than the control concrete at

age of 91 days followed by the concrete containing 20% WSA.
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Figure 8. Comparison of stress-strain relation between control concrete and concrete containing

different percentage of WSA at an age of: (a) 7-days, (b) 28-days, and (c) 91-days.

3.4. Thermogravimetric Analysis
Figure 9 shows the comparison of TGA with aging (28 and 91 days) between different pastes with

and without WSA. As expected, four characteristic endothermic stages were recognized for all paste
samples [51]. The first stage between temperatures of 25 to 100 °C was attributed to evaporation of
surface absorbed water gained by the sample during the cooling stage. The second endothermic effect
between 100 and 350 °C was mainly due to the dehydration of C-S-H, ettringites, and calcium aluminate
hydrates [52]. The third effect between temperature ranges from 430 to 460 °C showed decomposition
of Ca(OH), formed during the hydration of cement [53]. The final endothermic effect at about 790 °C
could be attributed mainly to de-carbonation of calcium carbonate in the hydrated compounds.

The utilization of Ca(OH);, is being used as an indirect assessment of pozzolanic reactivity
in the cement pozzolan pastes [54-56]. It is well known that the amorphous silica present in the
pozzolana reacts with portlandite (Ca(OH);) as produced during a normal hydration reaction and
form C-S-H. The comparison of TGA analysis curves showed maximum weight loss occurred in
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control samples between 430 and 460 °C irrespective of the curing age (28 or 91 days). The initial steep
slopes observed can be attributed to a loss of chemically bound water related to AFm, AFt, or C-5-H
phase as well as free moisture present in the samples. As compared to the control samples, weight
loss within this temperature range reduced in pastes containing WSA irrespective of the percentage
substitution. The least weight loss was observed in paste containing 15% WSA, which indicates its
greatest pozzolanic reactivity as compared to other samples. Moreover, this weight loss increased with
an increasing percentage of WSA from 15% to 30%. Though insignificant, relatively lesser weight loss
in pastes containing WSA as 20%, 25%, and 30% suggested minor pozzolanic reactivity at 28 days.

As previously mentioned, the weight loss in the control sample between 430 and 460 °C increased
with aging from 28 to 91 days, which indicates its continued hydration, and, thus, generates more
Ca(OH),. Consequently, the further reduced amount of portlandites in paste containing 15% WSA
clearly showed improvement in pozzolanic reactivity at later ages as well. The slight decrease of
Ca(OH), in 20% WSA paste at 91 days revealed its comparatively better pozzolanic reactivity at later
ages. An insignificant reduction of Ca(OH),, particularly at later ages, in pastes with a relatively higher
amount of WSA, suggested limiting the amount of WSA to 20%, in order to avoid its adverse effects
on strength and durability properties of cementitious composites.

Temperature (°C)
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24
<
5 .
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o
=
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Figure 9. Comparison of TGA w.r.t. aging between different pastes with and without WSA.
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4. Conclusions

Alocally available WSA in Khyber Pakhtunkhwa province of Pakistan was studied in this research
to investigate its potential as sustainable construction material by evaluating its pozzolanic activity
and mechanical performance. At first, various samples of raw wheat straw were burnt to ashes at
different temperatures (550 °C, 650 °C, and 750 °C) to find out the optimum burning temperature
and the duration to produce the highest amount of silica and amorphous nature of its constituent
materials. Based on the findings of XRD and EDX analyses, amorphous WSA attained from burning
at 550 °C was ground to a required fineness in a ball mill for 2 h. Lastly, the finest WSA was used in
mortar and concrete from 15% to 30% as a partial substitute of cement to investigate its influence on
mechanical strength and the stress-strain relation. At the end, the porosity of mortar cubes and TGA
were performed to validate the current strength results and the pozzolanic reaction of WSA. Based on
the current findings, the following conclusions were drawn from this study:

e  XRD and EDX analyses indicated that the amounts of essential pozzolanic elements (S5iO,, Al,O3,
Fe;O3) in WSA increased with an increasing burning temperature. However, WSA was transformed
from an amorphous to a crystalline nature with an increasing temperature from 550 to 750 °C.

e  WSA burnt at 550 °C for 5 h was found to be highly amorphous in nature with fewer pozzolanic
elements by 8% and 20% than the WSA obtained from burning at 650 and 750 °C, respectively.

e  The strength of mortar decreased with an increasing percentage of WSA while the porosity of
mortar increased with an increasing percentage of WSA. However, the mortar containing 15%
WSA has produced almost identical strength to that of control mortar at 7 days, and even better
at later ages where it was 3% and 4% higher than the control mortar at ages of 28 and 91 days,
respectively. The compressive strength results of mortar containing 15% WSA were also validated
through porosity tests, which showed reduced values at later ages as compared to the porosity
of control mortar. Although, the strength of mortars containing 20%, 25%, and 30% WSA was
lower than the control mortar at all ages. However, their SAI values were more than 75%, which,
in other words, meets the ASTM C618 requirements for pozzolanic materials.

e  Asimilar trend of compressive strength development to that of mortar were observed in concrete
containing WSA except at 91 days in concrete containing 20% WSA. Contrary to mortar results,
the compressive strength of concrete containing 20% WSA was higher than the control mortar at
91 days. Moreover, the stress-strain relation of concrete indicated that the stiffness and toughness
of concrete reduced with an increasing percentage of WSA. The stress-strain relation indicated
that the stiffness of concrete containing 15% and 20% WSA has significantly improved at all ages.
Moreover, their toughness were also comparable to control concrete. Specifically, the toughness
of concrete containing 15% WSA was significantly higher than the control concrete at an age of
91 days followed by the concrete containing 20% WSA.

e  The highest pozzolanic reactivity of 15% WSA at both 28 and 91 days was validated through TGA
results since it indicated the least mass loss between 430 and 460 °C among all paste samples
containing WSA as well as the control. On the other hand, the highest mass loss, as expected,
was observed in control samples followed by the pastes containing a relatively high percentage
of WSA (30%, 25%, and 20%). However, lower mass losses in pastes containing 20%, 25%,
and 30% WSA as compared to control samples supported their minor pozzolanic reactivity.
Moreover, the slightly decreased Ca(OH), content at 91 days in the sample containing 20% WSA
revealed its better pozzolanic reactivity at later ages. Based on this, authors recommend using
WSA up to 20% as a substitute of cement clinker to produce sustainable cementitious composites.
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