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Abstract: The worldwide production of cement is growing every year due to its increased use in the
construction. Cement production is affiliated with an environmental concern as it contributes to the
CO2 emissions. It is imperative to reduce the cement production by incorporating supplementary
cementitious materials in the cement composites. In this research study, wheat straw ash (WSA)
was used as an alternate of ordinary Portland cement. The ash was ground separately with a
ball mill and a disintegrator mill as well as with a combination of both to enhance its pozzolanic
efficiency. Mortar and paste specimens were made by substituting cement with WSA (20% by weight).
Ash specimens were examined in terms of particle size distribution, X-ray diffraction, and X-ray
fluorescence analyses. The performance of the ash specimens in cement composites was examined via
compressive and flexural strengths, and ultrasonic pulse velocity (UPV) tests. Isothermal calorimetric,
thermogravimetric analyses (TGA), mercury intrusion porosimetry (MIP), and scanning electron
microscopy (SEM) were also employed on the specimens. The results revealed that the particle size
of the wheat straw ash specimens significantly reduced and specific surface area enhanced when
ground with a combination of both milling techniques. Cement composites made with this type of
ash demonstrated improved mechanical and physical properties, accelerated hydration reaction at
the early ages, reduce calcium hydroxide content at the later ages, and densified microstructure.
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1. Introduction

Cement is an important component of concrete and it is used widely in the construction industry
and expected to be double by 2050 [1]. Worldwide production of cement is an environmental concern
due to CO2 emission during the cement production. It has been estimated that about 8 kg of carbon
dioxide is emitted in the atmosphere while producing 10 kg of cement [1–3]. This way, the production
of cement account for 6–7% of worldwide CO2 emissions [3]. Apart from this, cement producing plants
utilize a huge amount of energy which contributes to 3% of the universal consumption [4]. The CO2

emissions from cement industry are produced by combustion (30-35%), decomposition of limestone
(50-60%), and the transportation of the materials (about 10%) [5]. These emissions can be minimized by
incorporating waste or raw materials as partial or full substitute of cement. These materials are most
commonly known as supplementary cementitious materials (SCMs) [1]. For this purpose, utilization
of SCMs such as fly ash, slag, silica fume, rice husk ash (RHA), wheat straw ash (WSA), etc. in the
construction industry is gaining much attention. These materials contain an abundant amount of silica
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which causes excellent pozzolanic activity [6]. The utilization of these materials as substitute of cement
can be a feasible solution for the decrease of carbon dioxide emissions [7].

The ashes obtained by burning agricultural residues has been widely used to replace cement.
Most commonly used agricultural residue ashes (ARAs) are RHA, rice straw ash (RSA), sugarcane
bagasse ash (BA), palm oil fuel ash (POFA), and corncob ash (CCA). Mehta [8] and Nair [9] reported
that high specific surface area, porous microstructure, and high amount of amorphous silica make
RHA make it an effective supplementary cementitious material. It has been reported in various
studies that concrete containing RHA depicted improved mechanical performance, minor permeability,
and amplified resistance to acid attack, corrosion, and carbonation [10,11]. In another study, it has been
reported that mortar specimens made with 10% substitution of cement with RSA have demonstrated
enhanced strength and impermeability compared to control mix [12]. Amin [13] investigated the
usage of BA as a possible cement replacement material. He made concrete specimens by replacing
cement with 20% of BA and investigated various properties. The results of his study reveal that
concrete specimens containing BA displayed reduced chloride penetration and substantial early
strength development. Jaturapitakkul et al. [14] stated that improved compressive strength and sulfate
resistance was observed for concrete test specimens made with well-ground POFA. The results of the
study conducted by Adesanya and Raheem [15] recommend replacement of cement with 8% CCA for
structural concrete.

Among all agricultural residue ashes, WSA has not been thoroughly studied. Wheat is the major
produced cereal crop in the world. In 2017-2018, European Union produced approximately 151.6 million
metric tons of wheat and Pakistan produced 26.6 million metric tons of wheat production [16]. During
production of every 10 kg of wheat, 13-14 kg of wheat straw is generated [17]. The unused wheat straw
is burnt in open atmosphere which is a severe environmental concern. However, WSA is a rich source
of silica making it an efficient pozzolanic material. Biricik et al. reported that burning wheat straw
produced 8.6% of ash (73% silica content) [18]. The efficacy of WSA as a pozzolanic and filler material
in cement mixtures is reported in previous research studies [18–20]. They have concluded that addition
of WSA improved the mechanical properties of cementitious composites [18,19]. Apart from this,
WSA has been reported to possess filling property. For instance, in a study, it has been reported that
the hardened properties of cement mortars are enhanced due the filling ability of WSA [20]. Moreover,
the addition of WSA enhances the durability-related properties of cementitious materials. For example,
replacing a portion of sand or cement with WSA results in reduced absorption and improved resistance
to acid and sulfate attack [21,22]. Similarly, in another study, it has been concluded that freeze-thaw
resistance of concrete specimens containing WSA enhanced [23].

Based on the findings indicated in the existing literature, it is evident that WSA possess the
filler aswell as pozzolanic properties. However, due to its lower pozzolanic activity, it has not been
thoroughly studied. The pozzolanic activity of the ashes can be increased by applying grinding
procedures. Grinding decreases the particle size and enhances the surface area. This adds nucleation
sites which facilitates the precipitation of additional hydrates [24]. The focus of the present study
is to select a suitable grinding procedure for obtaining a high pozzolanic and filler material. In this
study, WSA specimens were ground separately with a ball mill and a disintegrator mill as well as
with a combination of both techniques. The ash attained after each grinding procedure was examined
for particle size distribution (PSD), X-ray diffraction analysis (XRD), specific surface area, and X-ray
fluorescence (XRF) analysis. Each kind of WSA was added as a cement replacement (20% by weight) and
paste and mortar specimens were made. Compressive, flexural, and UPV tests were conducted to assess
the performance of each kind of WSA in cement composites. Additionally, isothermal calorimetric
and thermogravimetric analyses (TGA), mercury intrusion porosimetry (MIP), and scanning electron
microscopy (SEM) were employed.
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2. Materials and Test Methods

2.1. Materials

Cement (OPC) conforming to ASTM C150 [25] with a specific surface area of 3200 cm2/g was
used for this research study. WSA was obtained by burning the straw at 670 ◦C for 5 h in a laboratory
oven [26]. Burning of wheat straw at specified temperature and duration produced 8% of ash. The ashes
were ground using a ball mill (60 min), a disintegrator mill (BioloMix 2000G, 32000 rpm)(3 cycles
each of 5 min), and a combined milling technique (ball mill 45 min + disintegrator mill 3 cycles),
referred as W1, W2, and W3, respectively. The ball mill comprised of a cylinder with dimensions of
φ500 × 600 mm. Cylinder was rotated at a rate of 350 rpm which contained steel balls. Table 1 reports
the chemical composition of WSA, OPC specimens used in the present study, and other ARAs reported
in the literature.

Table 1. Chemical composition of used WSA and other ARAs.

Composition Weight (%)

OPC WSA (Present
Study) RHA [11] RSA [12] POFA [14] BA [13] CCA [15]

SiO2 20.81 65.71 91.9 76 57.7 87.4 66.38
AL2O3 6.30 3.74 0.25 0.69 4.5 3.6 7.48
Fe2O3 3.21 2.59 0.41 0.63 3.3 4.9 4.44
CaO 62.0 7.85 0.38 4.96 6.5 2.56 11.57
MgO 3.31 2.69 0.21 2.65 4.2 0.69 2.06
Na2O - 2.46 0.05 1.36 0.5 0.15 0.41
K2O - 3.28 2.78 9.89 8.2 0.47 4.92
P2O5 - 1.68 0.36 - - - -
SO3 2.21 2.35 - 1.9 0.2 0.11 1.07
LOI 1.31 7.33 2.93 - 10.5 8.25 -

2.2. Mix Proportions and Experiments

Mortar mixes were prepared using constant sand-binder and water-cement ratios of 2.75 and
0.4, respectively in accordance with ASTM C109 [27]. Table 2 reports the mix proportions. W1, W2,
and W3 types ash were used to replace cement at a level of 20% (by weight) and denoted as W1/20,
W2/20, and W3/20, respectively. Mortar cubes and prisms were made following ASTM C109 and ASTM
C348 [27,28], respectively. After 24 h, mortar specimens were detached from the molds and positioned
in lime-rich water for further curing till designed testing age. Paste specimens were cast in poly vinyl
chloride molds using a water-cement ratio of 0.4. The molds were sealed and kept in a curing chamber
for 24 h at 20 ◦C; and 90% relative humidity. After a period of 24 h, the specimens were removed and
kept in lime-saturated water for additional curing. The portions of the specimens crushed during
compression testing were utilized to make specimens for SEM investigations. Thin specimens for SEM
analysis were acquired and submerged in alcohol for 1 day then dried in a laboratory-scale oven at
60 ◦C; in accordance with the protocol discussed in reference [29].

Table 2. Mix proportions of mortar mixes.

Mix ID Cement (g) WSA (g) Sand (g) Water (g)
W1 W2 W3

REF 100 0 0 0 275 40
W1/20 80 20 0 0 275 40
W2/20 80 0 20 0 275 40
W3/20 80 0 0 20 275 40
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The particle size distribution and specific surface area of the ashes after each grinding process
was studied using particle size analyzer (Malvern Mastersizer 2000), and surface area analyzer (3 Flex,
micromeritics instruments), respectively. X-ray fluorescence (XRF) (S8 Tiger) was used to obtain the
chemical composition of the ash specimens. An X-ray diffractometer (RINT D/max 2500, 40 kV, 30 mA,
scanning speed 2◦/min, wavelength 1.54 Å) was used to identify the amorphous and crystalline phases
of SiO2 in the ash specimens. Compressive strength of the mortar specimens was examined using a
universal testing machine (UTM) (Shimadzu, CCM-200A; Shimadzu Corporation, Japan) at curing
ages of 7, 28, and 90 days. Three replicates were used for each mix. Flexural strength of mortar prims
was measured following ASTM 348 using a three-point bending machine (AG-I, Shimadzu, 250 kN,
Shimadzu Corporation, Japan). Three samples were tested for each mix. The heat released from the
paste specimens were measured using an Isothermal calorimeter (TAM AIR, TA Instruments, USA)
at 23 ◦C for 40 h. Paste specimens were mixed and firmly sealed inside a high-density polyethylene
(HDPE) container instantly after mixing and then placed inside the calorimeter. It is because of
this reason initial peak could not be accurately measured. For TGA analysis, acetone-treated and
dried powder specimens were acquired from the paste specimens after 28 days of curing using a
thermogravimetric analyzer (TA instruments, TGA7 PERKIN ELMER). An ultrasonic pulse velocity
(UPV) test was conducted on mortar prisms in accordance with ASTM C597 [30]. MIP was used
to examine the porosity of mortar specimens at 7, 28 and 90 days. Specimens for MIP obtained at
each curing age were placed in ethanol to stop hydration and then dried in a laboratory-scale oven
at 60 ◦C for 24 h. For SEM test, Philips XL30ESEM was used to examine the microstructure of the
mortar specimens.

3. Results and Discussions

3.1. Properties of Ash Specimens

Figure 1 displays the particle size distribution of the ash specimens obtained using different
grinding techniques. Among all ash specimens, those ground only with disintegrator presented
coarser particles in comparison with those ground using ball mill and combination of both techniques.
The percentage of the finer particle was increased when ground with a combination of ball mill and
disintegrator. Specific surface area of 14528 cm2/g, 7251 cm2/g, and 16124 cm2/g was measured for W1,
W2, and W3 ash specimens, respectively (Table 1).
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XRD results are shown in Figure 2. It can be seen that the peaks for crystalline silica (at 20◦)
reduced for W1 and W3 ash specimens as compared to that of W2 specimen. The decrease in height
and broadening of the peak for silica is an indication of amplified amorphousness. It may be due to the
availability of the inner amorphous silica due to extensive grinding [24]. The oxide composition of the
ash specimens was determined via XRF analysis (Table 1). The combined percentage of SiO2, Fe2O3,
and Al2O3 (72%) meet the least requirement of ASTM C618 [31] for a pozzolanic material. Table 2
shows the oxide composition of WSA used in the present study and other ARAs used in previous
studies. It can be seen that RHA demonstrated highest content of silica while POFA presented the
least content.
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3.2. Mechanical Properties

Figure 3 depicts the results of the compressive strength test for various mortar types. Compressive
strength enhanced with increasing curing age. For instance, control (REF) mortar specimens
demonstrated a compressive strength of 49.3 MPa, 60.1 MPa, and 68.7 MPa at 7, 28, and 90 days,
respectively. Apart from this, the results clearly describe that the compressive strength increased for the
specimens with finer ash particles (W1 and W3 types). For example, a compressive strength of 51.5 MPa,
63.4 MPa, and 70.2 MPa was observed for W2/20 mortar specimens at 7, 28, and 90 days, respectively.
W3/20 mortar specimens presented a compressive strength of 53.4 MPa, 66.7 MPa, and 72.3 MPa
at 7, 28, and 90 days of curing, respectively. Apart from this, the addition of coarser ash particles
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reduced the compressive strength. The specimens containing 20% W2 type ash particles demonstrated
a compressive strength of 42.8 MPa, 55.3 MPa, and 60.6 MPa at 7, 28, and 90 days of curing, respectively.Appl. Sci. 2020, 10, x FOR PEER REVIEW 6 of 13 
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Figure 4 displays the results of flexure strength test conducted on various mortar specimens.
Flexure strength increased with increasing curing age. For instance, control (REF) specimens
demonstrated flexure strength of 7.51 MPa, 9.1 MPa, and 9.72 MPa at 7, 28, and 90 days, respectively.
Similar to the results of the compression testing, flexure strength increased with the inclusion of finer
ash particles. For instance, a flexure strength of 7.86 MPa, 9.25 MPa, and 9.78 MPa was observed
for W1/20 mortar specimens at 7, 28, and 90 days. Similarly, W3/20 mortar specimens demonstrated
flexure strength of 7.92 MPa, 9.84 MPa, and 10.05 MPa at 7, 28, and 90 days of curing. On the other
hand, the addition of coarser ash particles caused a reduction in flexure strength in comparison with
the control mortar specimens. For example, W2/20 mortar specimens demonstrated a flexure strength
of 7.05 MPa, 8.48 MPa, and 9.13 MPa at 7, 28, and 90 days of curing, respectively.
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Highest strength was observed for the specimens made with ash particles ground with a
combination of ball and disintegrator mills. Similar behavior was observed in a previous study [32].
The results of that study demonstrate that the incorporation of finely ground RHA amplified the
pozzolanic reaction and refined the pore structure, which resulted in an improved strength. Cordeiro
et al. [33] and Ganesan et al. [34] revealed that incorporating ultra-fine BA at an optimal content of
20% by weight of OPC resulted in improved strength values. Contrary to this, the specimens made
with W2 ash particles caused a decrease in strength compared to the control specimens. It is due to the
reason that the coarser ash particles negatively affect the nucleation effect and ultimately subside the
strength [35].

3.3. Isothermal Calorimetry

Isothermal calorimetry was employed on various mixes to investigate the rate of reaction at the
very early ages (up to 40 h) as shown in Figure 5. Point A represents dissolution stage of cement in water,
point B indicates the dormant time, point C represents hydration reaction at peak, point D represents
sulfate consumption, and point E indicates increased aluminate activity [36]. The results demonstrate
that the peaks amplified and shifted to former times when ash had introduced. Figure 5 makes it
obvious that the mixes with W1 and W3 ash particles showed prominently amplified heat release peaks
compared to the mixes with W2 ash particles. For instance, at point C (hydration reaction at peak),
a normalized heat flow of 3.62 mW/g, 3.91 mW/g, 3.62 mW/g, and 3. 93 mW/g was measured for REF,
W1/20, W2/20, and W3/30 specimens, respectively. It is mainly due to the amplified number of reaction
sites for the finer ash particles which enhanced the hydration reaction [24,37]. The results of the study
carried out by Cordeiro et al. [24] reveal that the ultrafine particles of SCBA caused an abbreviation of
the induction period and amplified the peak heat release rate due to heterogeneous nucleation.
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3.4. Thermogravimetric Analysis

The degree of hydration at 28 days of hydration was measured via Thermogravimetric analysis.
Figure 6 presents the results of TGA analysis for various specimens cured for 28 days. Three discrete
phases were seen in the TG curves for all the specimens. Following Ref [38], major weight loss observed
at 420-540 ◦C; corresponding to the decomposition of portlandite was used to measure the degree of
hydration. Particularly, the weight loss in the range of 50–200 ◦C; can also be caused due to unbound
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water, hence the first phase may not be a correct indication of C-S-H amount [38]. The amount of CH
was assessed according to the following formula [38]:

CH (%) =

(
MWCH
MWH2O

)
×MWCH(%)

where MWCH(%), MWCH, and MWH2O represents the weight loss during the dehydration of CH as
a percentage of the ignited weight (%), the molecular weight of CH, and the molecular weight of
H2O, respectively.

The tabulated data in Figure 6 shows the CH content calculated for various specimens. It is
obvious that the control (REF) specimen demonstrated the highest content of CH (20%) amongst all
the specimens. The specimens prepared with W3 ash particles depicted the least content (13.9%) of
calcium hydroxide followed by those with W1 ash particles (14.9%). Contrary to this, a CH content
of 18.2% was noticed for the specimens prepared with W2 ash particles. The results of TGA analysis
suggest that the addition of WSA generated extra hydration products (C-S-H) by reacting with CH.
A prominent reduction in CH amount due to the incorporation of finer WSA particles indicates the
nucleation effect. Also, the inner amorphous silica was made available for pozzolanic reactions due
to the grinding of the particles of WSA [24]. Summarizing, the pozzolanic, filler and heterogeneous
nucleation effects were responsible for the enhanced performance of the finer ash particles [24,37].
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3.5. Mercury Intrusion Porosimetry

Mercury intrusion porosimetry was carried out on the mortar specimens to examine the effect
of WSA fineness on the overall porosity. Figure 7 illustrates the results of MIP analysis in terms of
total porosity (%) measured at 7 days, 28 days, and 90 days. It is obvious that porosity decreases with
increasing curing age irrespective of the constituents of mixes. It is primarily credited to the formation
of additional hydration products with age, thus resulted in a densified microstructure. At the age
of 7 days, reference mortar specimen presented 15.82% total porosity whereas at the age of 28 days
and 90 days this value reduced to 15.01% and 14.22%, respectively. Furthermore, the inclusion of
WSA triggered a decrease in the porosity of the mortar mixes irrespective of the replacement level.
The decrease was more noticeable with the addition of finer WSA particles. For example, the total
porosity for W1/20, W2/20, and W3/20 were measured 13.12%, 16.22%, and 12.16% at 7 days; 12.27%,
15.88%, and 11.78% at 28 days; 11.54%, 15.05%, and 10.68% at 90 days, respectively. It can be seen that
total porosity reduced at the early ages as well. It means mainly filler effect attributed to the porosity
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reduction for the early ages and pozzolanic effect and filler effect imparted reduced porosity in the
later ages [32,39]. Cordeiro et al. [33] reported that adding ultra-fine BA improved the pore structure
and resulted in an enhanced durability-related performance.Appl. Sci. 2020, 10, x FOR PEER REVIEW 9 of 13 
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3.6. Ultrasonic Pulse Velocity

UPV test was carried out on the mortars at 7, 28, and 90 days of hydration. Figure 8 depicts the
results of UPV test. UPV values augmented with growing curing age. For instance, the control (REF)
specimens demonstrated a UPV value of 3650, 3986, and 4078 m/s at 7, 28, and 90 days of curing. It is
due to the formation of hydration products with curing age causing a densified microstructure. On the
contrary, the inclusion of fine-sized WSA particles caused an enhanced UPV value. This enhancement
was much higher for finer ash particles. For example, a UPV value of 3768 m/s, 4101 m/s, and 4200 m/s
was measured for W1/20 mortar specimens at 7, 28, and 90 days of curing.
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W2/20 and W3/20 mortar specimens demonstrated UPV value of 3500 and 3822 m/s at 7 days;
3834 and 4231 m/s at 28 days; 3966 and 4282 m/s at 90 days, respectively. It is evident from the UPV
results that the addition of W2 type ash particles (Sp. Surface area: 7251 cm2/g) caused a reduction in
the pulse velocity. A reduction of 4.1%, 3.8%, and 2.7% in the UPV values was witnessed for W2/20
mortar specimens compared to control mortars. It indicates that the incorporation of finer ash particles
refined pore structure of the mortars and led to increased UPV values. This refinement was caused
by the pozzolanic as well filler effect of WSA. Comparable findings were reported in the previous
research studies. Goyal et al. has reported that increase in the UPV values was due to the filling effect
of fine particles of SCBA [40]. Similarly, in another study, it has been concluded that pozzolanic and
micro-filling effect of RHA particles caused a densification in the microstructure which resulted in an
enhanced UPV values [41].

3.7. Scanning Electron Microscopy

Microstructure of the mortar specimen cured for 28 days were analyzed via scanning electron
microscopy. Figure 9 displays the SEM images of the control specimen and the specimens containing
various types of ashes. Figure 9a depicts the SEM image of REF mortar specimen. Mortars without
WSA presented a porous microstructure with an increased amount of plate-like portlandite (CH).
Contrary to this, the inclusion of WSA densified the microstructure of the mortars. This improvement
was caused due to the pozzolanic and filler effects of WSA particles. In particular, the inclusion of
fine-sized ash particles demonstrated enhanced densification as compared to the coarse-sized ash
particles. For instance, from the SEM images (Figure 9b,d), the prevalence of dense structured C-S-H
gel is visible. Accordingly, these specimens displayed a refined and dense microstructure due to
pozzolanic and filler effect of finer ash particles. On the other hand, the microstructure of the mortar
specimens made with W2 type ash (Figure 9c) depicted more porosity and reduced amount of C-S-H
gel in comparison with specimens made with W1 and W2 type ashes. These results confirm that the
inclusion of finer WSA particles improved the microstructure of the mortars. It is because of this reason,
compressive and flexure strength increased and pore structure of the mortar specimens improved
which resulted in higher UPV values and reduced total porosity. In summary, pozzolanic and filler
effects and heterogeneous nucleation were responsible for the improved performance of various ash
particles [24,37,42].
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4. Conclusions

In this study, the influence of milling techniques on the pozzolanic activity of wheat straw ash
(WSA) was investigated. Two types of WSA were created by milling ash in ball mill and disintegrator
mill separately, and a third type of ash was created by milling ash first in ball mill and then in
disintegrator mill. The grinding of ash particles redefined the particle size distribution by reducing
size and enhancing specific surface area. The crystallinity of silica present in the ashes reduced due to
the grinding effect. Finest ash particles were obtained by use of both grinding techniques: disintegrator
milling and ball milling. Paste specimens with finer ash particles showed an amplified hydration
reaction at the early ages, an enhanced compressive and flexure strength. Similarly the incorporation
of finer ash particles expressively reduced the CH content in the paste specimens cured for 28 days.
Finer ash particles refined the pore structure of the mortar specimens resulting in an improved
microstructure, reduced total porosity and enhanced ultrasonic pulse velocity values. Based on the
results of this study, it can be concluded that WSA with an enhanced performance can be obtained by
applying a combination of disintegrator and ball milling techniques.
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