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Abstract: This study investigates the effectiveness of an agricultural by-product wheat straw ash
(WSA) as an internal curing agent in reducing the autogenous shrinkage of high-performance concrete
(HPC). After incineration under different controlled time–temperature conditions, grinding and
sieving were performed to obtain two different grades of fine WSA (F-WSA) and superfine WSA (SF-
WSA). Subsequently, material characterization tests were carried out, followed by tests for mechanical
properties and autogenous shrinkage potential of concrete incorporating 10% and 20% F-WSA and
SF-WSA as a partial replacement of cement. The results demonstrated slightly higher compressive
and tensile strength of concrete containing SF-WSA compared to control, whereas concrete with
F-WSA demonstrated comparable strength results to that of the control concrete. Moreover, a
significant reduction in 7 days’ autogenous shrinkage was observed in concrete containing 10% and
20% F-WSA by 42% and 25% compared to that of control concrete, respectively. This reduction in
autogenous shrinkage increased further to 57% and 40% for concrete with 10% and 20% SF-WSA,
respectively. The results of microstructural investigations on paste samples such as FTIR, TGA, and
N2 adsorption analyses revealed a more refined and compact microstructure of paste samples with
increasing fineness of WSA due to the formation of a more densified C-S-H phase. The improvement
of the microstructure is attributable to the improved pozzolanic properties of SF-WSA compared
with F-WSA.

Keywords: wheat straw ash; high-performance concrete; compressive and tensile strength; auto-
genous shrinkage; thermogravimetric analysis; Fourier transform infrared spectroscopy analysis;
nitrogen adsorption

1. Introduction

Concrete is the second most widely used material on earth after water. It is one of the
most important components of our built environment and has numerous applications. The
annual consumption of concrete is estimated at 30 billion tons [1,2]. Concrete is an ideal
building material for infrastructure development due to its durability, strength, flexibility,
and affordability [3,4]. However, its immense production results in a significant carbon
footprint, contributing to 8% of global CO2 emissions. Being a vital ingredient of concrete,
the cement industry alone is responsible for 7% of the world’s CO2 emissions [5–7]. Such
enormous CO2 emissions contribute vastly to global warming and climate change [8,9].
Currently, there is increasing demand for low-carbon concrete for the mitigation and
adaptation of climate change. There are a variety of technologies available, however
the most suitable and practical for the ready-mix industry is the substitution of clinker,
the major source of CO2 emissions, with alternative natural/industrial pozzolanic or
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cementitious materials [10–14]. Today, there are a variety of pozzolanic and supplementary
cementitious materials (SCMs) available, such as fly ash [15], slag [16], silica fume [17],
volcanic ash [18], agro by-product [19], stone industry waste [20], natural pozzolans [21],
and so on, which can be used to partially replace cement clinkers. This consequently
reduces the demand of cement and thus the CO2 emissions. A number of factors can
influence the ability of SCMs to gain traction in the future cement industry, including their
availability, annual production levels, cost-effectiveness, and engineering characteristics.
Therefore, there is an urgent need to explore new cement substitutes to fulfil the concrete
industry’s demands for reducing CO2 emissions.

High-performance concrete (HPC) is widely accepted as a standard Portland cement
concrete replacement owing to its workability, desired stability, and low-permeability
characteristics [22]. Formation of HPC includes the use of very low water-to-binder (w/b)
ratio with incorporation of chemical and mineral admixtures, i.e., rice husk ash (RHA),
wheat straw ash (WSA), silica fume, super plasticizer, and so on [23]. Even though low w/b
ratio together with admixtures yields high strength and durable concrete, a simultaneous
drop in internal relative humidity leads to self-desiccation, which consequently causes
autogenous shrinkage [24]. This is because a sudden drop in internal humidity owing to
hydration generates a need for more water, because of which tiny capillaries appear on
concrete surface [25]. This may lead to premature cracking of HPC and thus may allow
harmful substances to possibly diffuse from the external environment into the internal
matrix of concrete. As a result, the intended properties and life span of HPC structures
will be greatly threatened [26]. On the other hand, drying shrinkage phenomena are not
considered in such HPC due to a negligible evaporation from the surface of concrete. At the
initial ages of casting, the vulnerability of concrete cracking due to autogenous shrinkage is
of great concern to researchers.

For the mitigation of autogenous shrinkage, traditional external remedies such as
curing and wet coating are insufficient to achieve required effects, owing to a relatively
low surface permeability [27]. Hence, many investigators have suggested the uses of in-
ternal curing agents such as lightweight aggregates, absorbent limestone aggregates and
absorbent polymers to control autogenous shrinkage and validate their efficiency [28,29].
However, use of these internal curing agents is not considered effective due to their high
cost, difficulty in procuring and negative influence on the microstructural characteristics of
concrete [30,31]. On the other hand, some researchers suggest the use of fine porous pow-
ders to reduce autogenous shrinkage, such as stone powder, bentonite clay, cenospheres,
WSA and RHA [32,33]. The use of these inexpensive fine porous powders has resulted in
controlling early age shrinkage due to their superfine, tiny structure and comparatively
large surface area, able to enhance water absorbing capacity [34]. Many researchers have
demonstrated the beneficial role of RHA in reducing autogenous shrinkage in developing
HPC [35–37]. Therefore, there is a need to also investigate the effect of other agro wastes,
such as bagasse ash and WSA, on the properties of HPC.

The secondary uses of these agricultural wastes are inevitable due to their associated
environmental and landfill issues. Various power plants use some of these wastes as fuel
and thus generate wasteful ashes. The dumping of these ashes into open fields, resulting
from burning outside, has severe environmental and health implications. The construction
industry has introduced a variety of agricultural wastes as potential substitutes for cement
clinker in an effort to promote green construction and reduce air pollution. There have
been several studies conducted over the last few decades on the possible uses of agro
wastes in construction, such as sugar cane bagasse ash or RHA. Researchers found these
ashes to be good pozzolanic materials due to their high content of amorphous silica [38–41].
Like sugarcane and rice, wheat is one of the main sources of food for 2.5 billion people in
the world [42]. Globally, wheat production was estimated to be 750 million tons between
2016 and 2017. Among many, Pakistan is one of the world’s largest wheat producers,
as its production was estimated to be 26.6 million tons from 2017 to 2018 [43]. Saudi
Arabia is one of the major wheat-producing countries in the Gulf region. The annual
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wheat production of the Kingdom of Saudi Arabia is estimated to be 700,000 Tons [44].
According to Pan and Sano [45], the amount of wheat straw produced by one kg of wheat
grain is approximately 1.3 to 1.4 kg. Most of this wheat straw is used as cattle feed [46].
In some cases, however, burning wheat straw in open fields causes air pollution (smog)
and health problems for residents [47,48]. Many researchers have been investigating the
role of WSA as an alternative cementitious material within cement and concrete, and
have demonstrated improved mechanical properties of concrete containing around 20%
of WSA [49–51]. However, it is still vital to increase understanding of WSA’s optimal
use for developing HPC. Thus, this study aims at enhancing scientific understanding and
improving knowledge by evaluating the influence of the fineness of WSA on the mechanical
and microstructural properties of concrete. A unique aspect of this research is to investigate
how the fineness of WSA affects the behavior of autogenous shrinkage in high-strength
concrete. This work is focused on optimizing the use of WSA in concrete production to
produce more durable, sustainable, and stronger concrete.

In view of the above, there is still a need to investigate the influence of WSA origin,
burning temperature, grinding cycles and so on, in reducing the autogenous shrinkage of
HPC. Therefore, this study is conducted on a locally available wheat straw, considering
its socio-economic and mechanical benefits. At first, the chemical composition of ground
WSA was investigated using XRF, XRD and FTIR analyses to identify different phases
present in WSA to understand the effect of both fine WSA (F-WSA) and superfine WSA
(SF-WSA) on the strength, microstructure and shrinkage potential of HPC. Finally, the
results of autogenous shrinkage, strength (compressive and tensile), and micro-structural
characteristics (FTIR, TGA and BET analyses) of concrete with F-WSA and SF-WSA were
presented and compared to those of control concrete (CC) with 100% cement.

2. Materials and Methods
2.1. Materials

In this study, a locally sourced type I ordinary Portland cement (OPC), complying
with ASTM C150, was used as a chief binding material. The main physical and chemical
composition of the cement is given in Table 1.

Table 1. Physical and chemical composition of the cement and wheat straw ash.

OPC WSA

Physical properties

Specific gravity (g/cm3) 3.15 2.21
Fineness (m2/kg) (Blain) 344 -

Chemical properties (oxides, % by weight)

SiO2 20.9 65.1
Al2O3 5.18 9.10
Fe2O3 3.04 2.67

(SiO2 + Al2O3 + Fe2O3) * - 76.87
CaO 63.9 5.90
MgO 1.65 1.11
Na2O 0.10 0.40
K2O 0.52 10.5
SO3 2.61 1.13

LOI ** 2.51 4.03

Compounds (%)

C2S 52.1 -
C3S 19.6 -
C3A 8.17 -

C4AF 8.81 -
* ASTM C618-15; ** LOI = loss on ignition.
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Locally available wheat straw used in this research was obtained from Khyber Pakhtunkhwa
to produce HPC specimens. The duration and range of burning of WSA is very significant
in defining the phases of amorphous and crystalline silica. Pervious research [49,50] has
shown that the burning of wheat straw at low temperature results in the formation of high
amount of amorphous silica in the WSA sample. Therefore, the wheat straw was burned
at 550 ◦C for 4 h in a rotary kiln (Figure 1a). After incineration, WSA was subjected to
grinding for 2 h in a rotary ball mill (Figure 1b) to obtain F-WSA. The F-WSA was further
ground at 550 rpm for 3 h in a Planetary Mono Mill PULVERISETTE 6 (Figure 1c) to obtain
SF-WSA. The purpose of obtaining two different finesses’ of WSA (F-WSA and SF-WSA)
was to evaluate the impact of high fineness on the engineering properties of HPC. The
identification of the major traces of range of elements present in WSA are listed in Table 1.
The mineral phases of WSA were then evaluated by XRD and FTIR analyses, as shown
in Figure 2.
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Figure 2. (a) XRD pattern, and (b) FTIR analysis results of WSA after heat treatment at 550 ◦C for 4 h.

In addition to binder materials, coarse and fine aggregates were procured from a local
supplier. The maximum size of blended (50% was 20 mm down and 50% was 10 mm
down) coarse aggregate used in this study was 20 mm. The sieve analysis tests were
introduced to dry samples of both fine and coarse aggregates according to ASTM C136
(Table 2). The gradation curves of both fine and coarse aggregates are shown in Figure 3.
The bulk density and water absorption of coarse aggregates were 1650 kg/m3 and 0.82%,
respectively, along with specific gravity of 2.65 and Los Angeles Abrasion value 20.8%.
Similarly, fine aggregate from a locally available source was obtained with specific gravity
and water absorption values of 2.60 and 1.03%, respectively. The fineness modulus of fine
aggregate was calculated as 2.54 (Table 2).

Table 2. Sieve analysis results of coarse and fine aggregates (ASTM C136).

Sieve # Sieve Size
(mm)

Weight
Retained (g)

Weight
Retained (%)

Cumulative
Passing (%)

Cumulative
Retained (%)

Coarse aggregate (CA)

1 inch 25 0 0 100 0
3/4 inch 19 0 0 100 0
1/2 inch 12.5 1552 50.5 50 50
3/8 inch 9.5 803 26.1 23 77

No. 4 4.75 719 23.4 0 100

Fine aggregate (FA)

3/8 inch 9.5 0 0 100 0
No. 4 4.75 0 0 100 0
No. 8 2.36 27 4.54 95.46 4.54
No. 16 1.18 96 16.1 79.33 20.67
No. 30 0.600 184 30.9 48.40 51.60
No. 50 0.300 157 26.4 22.02 77.98

No. 100 0.150 127 21.3 0.67 99.33
Pan 4 0.67 - -

Fineness Modulus of FA (FM) = (0 + 4.54 + 20.67 + 51.6 + 77.98 + 99.33)/100 = 2.54
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2.2. Mix Proportions and Methods
2.2.1. Concrete Mixture Proportions

Including control, five different concrete mixture proportions were selected. As listed
in Table 3, the CC contains 100% cement, whereas the other four binary mixes contain
10% and 20% F-WSA and SF-WSA as a partial substitute of cement (F-WSA10, F-WSA20,
SF-WSA10 and SF-WSA20). Detail of the concrete ingredients of each mixture is given
in Table 3. A constant w/b ratio of 0.35 was maintained for all the concrete mixes. The
targeted workability corresponding to slump values of 120 ± 30 mm was achieved by
employing various percentages (wt.% binder) of a polycarboxylate-based high-range water-
reducing admixture (Glenium 110M), complying with ASTM C494. Table 4 shows the basic
characteristics of Glenium 110M admixture used in this study.

Table 3. Mixture proportions of concrete samples for compressive and tensile tests, and autogenous
shrinkage (w/b = 0.35; a/b = 3.37; s/a = 0.40).

Mix ID
W

(kg/m3)

Binder, b
(kg/m3)

Aggregates, a
(kg/m3) Slump

(mm)
C F-WSA SF-

WSA
FA
(S)

CA
10 mm

CA
20 mm

Control concrete (C-100)

160

457 - -

617 462 462 120 ± 30
Concrete containing 10% fine

WSA (F-WSA10) 411 46 -

Concrete containing 20% fine
WSA (F-WSA20) 366 91 -

Concrete containing 10% superfine
WSA (SF-WSA10) 411 - 46

Concrete containing 20% superfine
WSA (SF-WSA20) 366 - 91
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Table 4. The basic characteristics of Glenium 110M admixture.

Type Characteristics

Color Dark brown liquid
Specific gravity 1.065

Density 1.23 kg/liter
Storage provisions Store in original containers at above 5 ◦C and below 30 ◦C

Dosage 1.7–2.0 L per 100 kg of cement
pH value 5.5

Solubility in water Total
Physiological effect Non-irritant

2.2.2. Concrete Mixing and Preparation of Test Specimens

A power-driven rotating pan mixer was used to mix the concrete ingredients, in
accordance with the guidelines given by ASTM C192. For each concrete mixture, as
shown in Table 3, immediately after mixing and testing to achieve the target slump, twelve
cylindrical concrete specimens (100 mm diameter × 200 mm height) were cast according to
the standard test method specified by ASTM C39. This is to test three identical specimens
to determine average compressive and splitting tensile strengths at two different ages
(7 and 28 days). After fabrication, the cylindrical molds were covered by plastic sheets and
stored under standard laboratory temperature (20 ± 1 ◦C) and relative humidity (60 ± 5%)
for 24 h. All the concrete specimens were demolded after 24 h of casting, followed by
continuous moist curing in a water tub until testing ages. Upon reaching the desired
curing period, both the upper and the lower ends of the cylindrical concrete specimens for
compression tests were smoothly levelled by applying gypsum capping as per ASTM C617.

In addition to cylindrical specimens, prismatic concrete beam (500 mm × 100 mm
× 100 mm) specimens were cast for all the concrete mixtures to directly measure their
autogenous shrinkage (micro-strain) potentials using embedment strain transducer type
EGP-5-120, with a grid resistance of 120 ± 0.8% Ohms and gauge factor of 2.03 ± 1% at
25 ◦C. As shown in Figure 4, an embedment strain transducer was placed in the center
of specimen in the axial direction to measure the linear autogenous shrinkage of concrete
specimens. After casting, the top surfaces of shrinkage specimens, while in the molds,
were first wrapped with a water-proof polyethylene sheet, and then covered from the
top followed by overlapping with aluminum foil. All the shrinkage specimens were
securely stored under standard laboratory conditions of temperature (20 ± 1 ◦C) and
relative humidity (60 ± 5%) for 24 h. After 24 h of casting, all the shrinkage specimens
were demolded and entirely wrapped (all surfaces) with various layers of water-proof
polyethylene sheeting, followed by covering with aluminum foil to ensure no moisture
transport from the surfaces of concrete specimens.

2.3. Testing for Compressive Strength, Tensile Strength and Autogenous Shrinkage

The compression strength test was conducted on the cylindrical specimens as per
ASTM C39 by deploying a 200-ton-capacity universal testing machine (UTM) assembly
at a loading rate of 0.2 MPa/s. The split tensile test was conducted as per ASTM C496 by
deploying a 200-ton UTM at a loading rate of 1 MPa/min. Figure 4 shows the test setup
used to measure the compressive and tensile strength of concrete specimens.

After reaching to final setting time, the recording of micro-strain commences and
continues for seven days uninterruptedly. As mentioned, the values of micro-strain were
recorded continuously using a UCAM-70 data logger connected with MATLAB software.
Figure 5 shows the experimental setup used to measure linear autogenous shrinkage of
concrete specimens. For all concrete mixes, an average value of autogenous shrinkage was
calculated to compare the results.
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2.4. Casting and Curing of Paste Samples for Micro- and Pore-Structure Analysis

Paste specimens of control mix (100% cement) and the other binary mixes with 10% and
20% F-WSA and SF-WSA, as a partial replacement of cement (by weight), were prepared.
For all mixes, a paste of standard consistency was prepared by mixing paste ingredients
in a Hobart mixer. The mixture proportion of all paste specimens is given in Table 5.
Immediately after mixing, the fresh cement pastes were poured into small plastic containers
(diameter of 20 mm and height of 50 mm). Subsequently, the plastic containers were capped
and sealed prior to curing. After 28 days in the cured state, the specimens were dried to
inhibit the hydration process using the solvent exchange method. Finally, the flaky slices
alongside the powder specimens were subjected to washing using isopropanol for 15 min.
Afterwards, the paste samples were dried in an oven for 30 min at 40 ◦C to remove the
isopropanol present in the samples, and the specimens were stored in sealed plastic bags
until testing.

2.4.1. Nitrogen Adsorption Isotherm Technique

A N2 sorptiometry study was conducted on the paste samples of all the studied
concrete mixes. N2 sorptiometry was used to characterize the surface area and pore
structure of the powdered specimens (weighing approximately 0.3 g) obtained from the
28-days-cured hardened paste with a N2 sorption analyzer (NOVA2200e, Quanta chrome,
Boynton Beach, FL, USA) at 273 K. During the process, first, the specimens were degassed
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to remove absorbed contaminants from the open air. Consequently, N2 adsorption of the
specimens was performed at ambient temperature and controlled pressure.

Table 5. Mixture proportion of control and other cement pastes containing F-WSA and SF-WSA.

Mix ID Water (g) Cement (g) F-WSA (g) SF-WSA (g)

C-100

80

200 0 0
F-WSA10 180 20 0
F-WSA20 160 40 0

SF-WSA10 180 0 20
SF-WSA20 160 0 40

2.4.2. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis

The different phases of cement pastes were additionally characterized for all the
studied mixes by performing FTIR analysis using a Perkin Elmer Spectrum Two FTIR
spectrometer. The powdered samples of all the studied mixes obtained from 28-days-cured
pastes were dried and subjected to an infrared light source, and the infrared spectra were
recorded in the wavenumber range of 400 cm−1 to 4000 cm−1.

2.4.3. Thermogravimetric Analysis (TGA)

TGA was also conducted on the cement pastes by using Mettler Toledo instrument
of all the studied mixes. The dried powdered specimens obtained from 28-days-cured
pastes were placed inside the ceramic vessel of a thermal gravimetric analyzer. To dry the
specimens, they were heated inside the thermal gravimetric analyzer to 20 to 1000 ◦C at
a rate of 10 ◦C/min, with N2 acting as the medium under static conditions. Additionally,
alumina powder was incorporated as a reference to attain stability at elevated temperatures.
Finally, the weight loss of various paste specimens in various temperature ranges was
depicted by a comparison plot drawn using the built-in software.

3. Results and Discussions
3.1. Compressive and Tensile Strength of Concrete

Figure 6 shows a comparison of the compressive strength results of CC and concrete
where cement was partially replaced with 10% and 20% of F-WSA and SF-WSA. The
purpose of partially substituting cement with two different fineness’s of WSA was to
compare their results to those of the CC to determine the maximum possible replacement
percentage of cement that does not compromise the strength and durability potentials. All
the concrete specimens were water cured at a standard curing temperature of 20 ◦C until
the age of testing.

The results show that the compressive strength of concrete containing 10% F-WSA
was slightly reduced compared to CC at both 7 days and 28 days. However, compressive
strength becomes closer and more comparable to CC with increasing cement substitution
by 20% F-WSA. The lower strength of F-WSA10 than CC is due to its lower degree of
pozzolanic activity, whereas a slight improvement of compressive strength of F-WSA20
demonstrates an enhancement of pozzolanic activity of the cementitious matrix. The above
results suggested an addition of 20% F-WSA as an optimum cement replacement amount
without compromising on the compressive strength of concrete. Unlike concrete containing
F-WSA, the compressive strength of concrete containing SF-WSA increased both for 10%
and 20% cement substitutions. This is due to an increased early age hydration rate and
better packing and filling abilities along with the later-age pozzolanic reaction due to an
increased fineness of SF-WSA compared to F-WSA. However, contrary to F-WSA, the
compressive strength of concrete reduced with increasing percentage of SF-WSA from 10%
to 20%. For instance, a 10% cement substation with SF-WSA resulted in higher 7-day and
28-day compressive strength compared to the corresponding F-WSA10 concrete, as well
as CC and F-WSA20. The results showed 5.7% and 6% increased strength of SF-WSA10



Crystals 2022, 12, 588 10 of 18

compared to CC at 7 days and 28 days, respectively. Moreover, the compressive strength
of 20% SF-WSA concrete also remained higher compared to that of CC by 4.7% and 4.1%
at 7 days and 28 days, respectively. This is attributed to increased fineness of WSA which
resulted in high surface area and thus increased the pozzolanic reactivity of WSA [50,52].
Consequently, the above results demonstrate a positive impact of increasing fineness of
WSA on the compressive strength of concrete.
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Like compressive strength, concrete containing 10% and 20% F-WSA demonstrated
a slightly lower and comparable splitting tensile strength compared to CC, respectively.
(Figure 7). However, with increasing fineness of WSA, splitting tensile strength compared to
CC increased for both 10% and 20% cement substitution with SF-WSA. For instance, tensile
strength of SF-WSA10 increased by 15% and 18.2% compared to CC at 7 days and 28 days,
respectively. SF-WSA20 exhibited a respective 13.4% and 10.2% higher tensile strength
compared to CC at 7 days and 28 days. The above, similar trends of both compressive and
tensile strengths with respect to aging, percentage substitution of cement, and fineness of
WSA, suggest a direct relationship between compressive and tensile strength of concrete.

3.2. Effect of Fineness of WSA on Autogenous Shrinkage of Concrete

Figure 8 shows a comparison of linear autogenous shrinkage between control and
concretes containing 10% and 20% F-WSA and SF-WSA. For each concrete, the readings
of micro-strain were directly obtained by using concrete embedment strain transducer
without applying any thermal compensation. This is because very thin sized prismatic
concrete beam specimens were used in measurement of shrinkage, where the temperature
gradient across the cross-section remains close to a constant value [53]. In addition, all the
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concrete beams were completely wrapped with a plastic sheet, over which another cover of
aluminum foil was provided to avoid any moisture transportation.

Crystals 2022, 12, x FOR PEER REVIEW 11 of 18 
 

 
Figure 7. Comparison of 7-day and 28-day splitting tensile strength development between control 
and concrete containing F-WSA and SF-WSA. 

3.2. Effect of Fineness of WSA on Autogenous Shrinkage of Concrete 
Figure 8 shows a comparison of linear autogenous shrinkage between control and 

concretes containing 10% and 20% F-WSA and SF-WSA. For each concrete, the readings 
of micro-strain were directly obtained by using concrete embedment strain transducer 
without applying any thermal compensation. This is because very thin sized prismatic 
concrete beam specimens were used in measurement of shrinkage, where the temperature 
gradient across the cross-section remains close to a constant value [53]. In addition, all the 
concrete beams were completely wrapped with a plastic sheet, over which another cover 
of aluminum foil was provided to avoid any moisture transportation. 

Figure 8a shows that CC exhibited the highest amount of ultimate autogenous 
shrinkage (at 7 days) and a comparatively higher rate of early age autogenous shrinkage 
development among all concrete mixtures. From the comparison of autogenous shrinkage 
results, it is evident that both the rate as well as the ultimate autogenous shrinkage re-
duced owing to incorporation of WSA, whether it was fine or superfine. However, in ad-
dition to percentage cement substitution, a profound role of fineness of WSA in mitigating 
ultimate autogenous shrinkage was also observed. For instance, ultimate autogenous 
shrinkage of concrete with 10% and 20% F-WSA was reduced to 58% and 75% that of CC, 
respectively, as the ultimate autogenous shrinkage of CC was 201µ at 7 days (Figure 8b). 
A further reduction in autogenous shrinkage with increasing fineness of WSA was ob-
served as 43% and 60% of CC for 10% and 20% SF-WSA, respectively. The current results 
demonstrated a promising role of WSA in mitigating overall autogenous shrinkage by 
acting as a source of an internal reservoir, thus leading to lowering of potential early age 
cracking. Moreover, the lowest autogenous shrinkage was observed corresponding to in-
corporation of 10% SF-WSA (87µ), which is attributed to improved fineness and micro-
cellular structure of WSA as it led WSA to absorb more water from the mix, and conse-
quently acted as an internal curing agent during the hydration reaction. 

Figure 7. Comparison of 7-day and 28-day splitting tensile strength development between control
and concrete containing F-WSA and SF-WSA.

Figure 8a shows that CC exhibited the highest amount of ultimate autogenous shrink-
age (at 7 days) and a comparatively higher rate of early age autogenous shrinkage develop-
ment among all concrete mixtures. From the comparison of autogenous shrinkage results, it
is evident that both the rate as well as the ultimate autogenous shrinkage reduced owing to
incorporation of WSA, whether it was fine or superfine. However, in addition to percentage
cement substitution, a profound role of fineness of WSA in mitigating ultimate autogenous
shrinkage was also observed. For instance, ultimate autogenous shrinkage of concrete
with 10% and 20% F-WSA was reduced to 58% and 75% that of CC, respectively, as the
ultimate autogenous shrinkage of CC was 201µ at 7 days (Figure 8b). A further reduction
in autogenous shrinkage with increasing fineness of WSA was observed as 43% and 60% of
CC for 10% and 20% SF-WSA, respectively. The current results demonstrated a promising
role of WSA in mitigating overall autogenous shrinkage by acting as a source of an internal
reservoir, thus leading to lowering of potential early age cracking. Moreover, the lowest
autogenous shrinkage was observed corresponding to incorporation of 10% SF-WSA (87µ),
which is attributed to improved fineness and micro-cellular structure of WSA as it led WSA
to absorb more water from the mix, and consequently acted as an internal curing agent
during the hydration reaction.
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3.3. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis of Cement Pastes Containing Fine
and Superfine WSA

As illustrated in Figure 9, all the paste samples show that IR bands appeared at the
same location, however, with different intensities. All cement blended samples demon-
strated a primary C-S-H and C-H gel band between 956 and 968 cm−1 that displayed
Si-O stretching of the Q2 tetrahedra according to the Ca/Si ratio [54]. The peaks be-
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tween 900 cm−1 and 1100 cm−1 are attributed to the vibrations of Si-O bonds in the C-S-H
phase [55]. The shift in the Si-O band toward a high wavenumber is due to the polymeriza-
tion of silica. The C-100 paste resulted in a 956 cm-1 peak value, whereas F-WSA10 and
F-WSA20 demonstrated peaks of 961 cm−1 and 965 cm−1, respectively. The samples of
SF-WSA10 and SF-WSA20 showed summits of 968 cm−1 each. A shift toward a higher
wavenumber in the spectra of SF-WSA mixes suggests the formation of a high number of
C-S-H gels. A large number of C-S-H gels might be produced from the nucleation sites
provided by the fine particles of WSA. Furthermore, the peaks at 720 cm−1, 875 cm−1, and
1415 cm−1 are associated with calcite formed due to carbonation [56].
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of fine and superfine WSA at 28 days.

In all the paste samples, the peak at 3645 cm−1 indicates the presence of free OH
groups, which suggests the presence of the portlandite phase. The control sample exhibits
a wider and more visible peak compared to all other binary samples. In addition, the
portlandite peak for SF-WSA10 and SF-WSA20 remained very small, indicating a high
pozzolanic reactivity, which consequently resulted in greater consumption of C-H. This led
to formation of more C-S-H gels in these mixes.

3.4. Thermogravimetric Analysis (TGA) of Cement Pastes Containing Fine and Superfine WSA

According to Figure 10, the results of the TGA analysis conducted on a control paste
and WSA-aided pastes for 28 days indicated the percentage of weight loss in the samples
at different temperatures. The phases from 400 ◦C to 500 ◦C represent the breakdown of
calcium hydroxide Ca(OH)2 during the hydration reaction [57,58]. TGA analysis evaluates
the consumption of Ca(OH)2 with aging, and hence indicates the pozzolanic potential
of the material [59]. The relative graph obtained from TGA analysis demonstrated that



Crystals 2022, 12, 588 14 of 18

the maximum amount of weight loss occurred in control specimen between 400 ◦C and
500 ◦C, which indicates the continuous formation of Ca(OH)2 during hydration phenom-
ena. Contrarily, C-H content gradually decreases in binary mixes with increasing percent
substitution of cement with WSA. The gradual decrease in C-H content in binary mixes is
obviously due to their decreasing cement content, as well as partly due to the pozzolanic
reactivity caused by WSA due to the formation of hydration products because of C-H
consumption. However, compared to F-WSA10 and F-WSA20, the cement paste samples
with SF-WSA10 and SF-WSA20 showed significant decreases in the C-H phase, which is
due to the simultaneous effects of high reactivity of SF-WSA due to its very fine particle
size. This led to high densification and compactness of the microstructure of C-S-H gel, and
ultimately resulted in better engineering performance for mixes with superfine WSA.
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3.5. Nitrogen Adsorption Results (Surface Area and Pore Structure of Cement Pastes) of Cement
Pastes Containing Fine and Superfine WSA

Table 6 shows the cumulative nitrogen intrusion volume and BET surface area for
different paste samples after curing for 28 days. The lowest nitrogen intrusion volume
(0.043 cm3/g) was observed for a binary mix with 20% cement substitution for SF-WSA20,
followed by F-WSA20 (0.045 cm3/g), SF-WSA10 (0.048 cm3/g), F-WSA10 (0.048 cm3/g),
and control (0.049 cm3/g). The relatively lower pore volume of SF-WSA20 mix indicates
the formation of dense pore structure owing to accelerated pozzolanic reactivity caused
by the highly reactive superfine WSA. In addition, the binary mixes with lower percent of
WSA (F-WSA10 and SF-WSA10) exhibited lesser nitrogen intrusion volume compared to
control; however, both these samples showed more nitrogen intrusion volume compared to
samples with 20% of these materials. This is most obviously due to reduced pozzolanic
reactivity because of the low amount of both F-WSA and SF-WSA in the cement matrix,
which consequently led to increased porosity in the paste matrix.
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Table 6. BET surface area and intruded pore volume for control (C-100) and other pastes containing
F-WSA and SF-WSA.

Mix ID BET Surface Area (m2/g) Intruded Pore Volume (cm3/g)

C-100 11.690 0.049
F-WSA10 11.796 0.048
F-WSA20 13.263 0.045

SF-WSA10 11.833 0.048
SF-WSA20 17.784 0.043

A comparison of Brunauer–Emmett–Teller (BET) surface areas between control and
other binary mixes is presented in Table 6. All binary mixes exhibited higher BET surface
areas compared to the control sample. Like for the lowest nitrogen intruded volume, SF-
WSA20 demonstrated a higher BET surface area (17.748 m2/g) compared to all other mixes.
An increased BET surface area of the SF-WSA20, indicates its improved and more dense
microstructure of C-S-H gels [60,61]. Overall, the binary mixes with 20% WSA (F-WSA20
and SF-WSA20) showed increases in BET surface area compared to mixes with 10% of
both fine and superfine WSA (F-WSA10 and SF-WSA10). These results show that the
addition of 20% F-WSA and 20% SF-WSA led to increased pozzolanic reactivity, which
caused formation of dense phases and pore structure and ultimately better engineering
performance.

4. Conclusions

This study investigated the effect of fineness of a locally generated agriculture waste
WSA on pozzolanic performance and mitigating autogenous shrinkage during early setting
of HPC by acting as an internal curing agent. At first, WSA with a maximum amount of
reactive silica in amorphous form was obtained from an optimized incinerating temperature
(550 ◦C for 4 h) based on XRD and XRF analyses, followed by its extensive grinding by
employing various cycles, achieving two different desired fineness’s (fine and superfine
passing # 200 sieve (75µ)). Finally, mix designs of CC (100% cement) and those containing
10% and 20% fine and superfine WSA as a partial substitute of cement were prepared.
Subsequently, the influence of fineness of WSA was evaluated by performing tests for
mechanical strength, shrinkage potential and microstructural investigations, and compared
to those of CC.

The main findings of this study are summarized below:

• The current results demonstrated a slight reduction in compressive and tensile strengths
for F-WSA10 (10% cement substitution) compared to CC, at 7 days as well as 28 days.
However, with increasing cement substitution, F-WSA20 (20% cement substitution)
showed close and comparable strengths to those of CC. Moreover, with increasing
fineness of WSA, slight increases in 28-day compressive and tensile strengths were ob-
served compared to those of CC by 6% and 18.2% for SF-WSA10, respectively, and by
4.1% and 10.2% for SF-WSA20. respectively. These improvements in strengths at 7 days
were 5.7% and 15% for SF-WSA10 and 4.7% and 13.4% for SF-WSA20, respectively.

• These results demonstrated a promising role of incorporating WSA in minimizing rate
as well as mitigation of ultimate autogenous shrinkage. It was found that ultimate
autogenous shrinkage of concrete with 10% and 20% F-WSA was reduced to 58% and
75% of that of CC (201µ at 7 days), respectively. Moreover, with increasing fineness
of WSA, the ultimate autogenous shrinkage further reduced to 43% and 60% of CC
for 10% and 20% SF-WSA, respectively. This lower ultimate autogenous shrinkage is
attributed to improved fineness and micro-cellular structure of WSA, which leads to
absorption of more water from the mix and consequently acts as an internal curing
agent during hydration reaction, which could ultimately prevent the formation of
micro-cracks on the concrete surface.
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• A quite visible shift in the Si-O band was observed through FTIR analysis for almost
all the binary mixes containing either F-WSA or SF-WSA. However, comparatively,
the shift was more pronounced in binary mixes containing SF-WSA (SF-WSA10 and
SF-WSA20), which clearly demonstrates the presence of high levels of C-S-H gels.
Moreover, the portlandite peaks (3641–3644 cm−1) were also comparatively smaller in
these mixes compared to other binary and control mixes. This consequently suggests
improved pozzolanic reactivity and the formation of more C-S-H gels owing to high
fineness of WSA.

• The results of N2 adsorption tests indicate densification of the paste matrix and
refinement of the pore structure due to a decrease in intruded pore volume and an
increase in BET surface area for binary mixes with F-WSA and SF-WSA. Specifically,
the binary mix containing 20% SF-WSA (SF-WSA20) showed the lowest intruded pore
volume and high BET surface area, which indicates better pozzolanic reactivity of
superfine WSA, ultimately causing densification and refinement of the pore structure
of the paste matrix.

• TGA results also showed a reduction in the portlandite phase of binary mixes com-
pared to the control sample. This happened especially in binary mixes with high doses
of both fine and superfine WSA (F-WSA20 and SF-WSA20). This is partly because of
the lower amount of cement in these mixes, as well as being due to the high pozzolanic
reactivity of amorphous silica present in WSA, ultimately generating additional C-S-H
phases and leading to densification of the paste matrix.
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