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Abstract

Superseding a portion of cement with agricultural wastes like rice husk ash (RHA) is an excellent solution to alleviate the
ecological issues and resource depletion induced by cement production. In this paper, cement-based mortars were produced
where Portland cement was replaced with ground or unground RHA (GRHA or URHA) from 0 to 12.5 wt% with an incre-
ment of 2.5% to investigate their effect on the fresh, physical, mechanical, and microstructural properties of mortars. GRHA
inclusion up to 10% was advantageous due to the ameliorated physico-mechanical properties compared to other mixtures.
In contrast, the introduction of URHA negatively affected the physical properties of mortars; however, the compressive
strength values of URHA-containing mixtures were comparable to those of reference and GRHA mixes up to 7.5% replace-
ment ratio. The macro-pores of mortars reduced with the incorporation of 10% GRHA or URHA, whereas the total porosity
value increased with 10% URHA inclusion. The microstructural analysis suggested that the utilization of both GRHA and
URHA decreased the portlandite content due to pozzolanic reactions. Hence, a relatively low amount of URHA compared
to GRHA can also be efficiently used to produce mortar mixes without additional energy consumption and expense result-

ing from grinding.
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1 Introduction

The environmental problems brought about by global warm-
ing and the depletion of raw materials used in the construc-
tion sector have revealed the attempt to utilize eco-friendly
materials at higher rates globally (Abdulmatin et al. 2022;
Jongpradist et al. 2018; Mounika et al. 2022; Snehal et al.
2022; Tuoi Nguyen et al. 2022). Agricultural waste is one of
these eco-friendly materials, which is an alternative to use
as a binder in concrete or mortar production. Due to the low
charge of agricultural wastes, their economical values are
significantly lower than the expense of collecting, transport-
ing, and treating them for beneficial use (Gil-Carrera et al.
2019). Each year, approximately one billion tons of these
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solid wastes are generated, and this figure is rising (Moayedi
et al. 2019; Mymrin et al. 2018).

The exterior of rice grain, also known as rice husk, is
a widely known agricultural waste or by-product in many
regions around the world. It is a by-product of rice mill-
ing factories, and the combustion of rice husk generates
significant amount of rice husk ash (RHA) (Jamil et al.
2013a). RHA has voiced ecological issues since it can cause
health problems for local residents nearby (Hadipramana
et al. 2016). Rice production is expected to increase in the
future due to the growing population and increased nutrition
demand (Mukharjee & Patra 2022). The rice mills produce
approximately 20% rice husk for each ton of paddy, which is
utilized as an energy source in the boiler. After processing,
around 25% of the rice husk transforms into RHA (Hadipra-
mana et al. 2016). In addition, the cellulose-lignin structure
of rice husk extinguishes during combustion, leaving only a
highly porous structure. Hence, RHA contains a substantial
amount of silica, thereby it is considered as a pozzolanic
material in the manufacturing of cementitious matrix (Jamil
et al. 2013).
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RHA has been mainly utilized as a supplementary
cementitious material in the production of concrete due
to the combination of its pozzolanic and filler properties
(Cordeiro et al. 2009; Nair et al. 2008; Zain et al. 2011).
Besides, it has been used as a silica source which facilitates
the geopolymeric reactions in the alkali activation process
(Bouzoén et al. 2014; Fernando et al. 2021). The extraction of
silica from RHA is an economical process, and this property
alleviates its utilization in the preparation of alkaline solu-
tion and also in some other industries such as cosmetics,
and food (Sarangi et al. 2009). In addition, RHA has been
used in soil stabilization along with lime because of the eco-
nomic advantages and its compatible chemical composition
(Moayedi et al. 2019).

Several authors have already shown the potential use of
RHA on the aforementioned areas. Malhotra and Mehta
(1996) investigated how the pozzolanic activity of RHA
results from its pyroprocessing and confirmed that com-
bustion of rice husk under planned burning circumstances
could yield RHA that was abundant in amorphous silica.
It was also found that the pozzolanic properties of RHA
can be improved when the time and temperature of burning
process were adjusted (Ferraro et al. 2010). Costa and Para-
nhos (2018) examined two different rice sources in order to
obtain desired amorphous silica content of RHA by using
various burning conditions, and found that the amorphous
silica content can be adjusted with the appropriate rice type
and combustion parameters. It was revealed that the opti-
mum burning parameters for rice husks were determined
as 2 h at 700 °C. On the other hand, uncontrolled open-air
combustion of rice husk results in a high amount of carbon
in RHA, which can have a negative impact on the character-
istics of cement-based materials and create a highly crystal-
line microstructure (Siddika et al. 2021). Depending on the
burning time and temperature, amorphous characteristics of
RHA can be varied and thereby the mechanical, physical,
and durability properties of cementitious mixes incorporat-
ing RHA may be affected (Liu et al. 2016).

Another significant parameter on the reactivity of RHA
is its fineness. The increase in the fineness increases the
reactivity of RHA as a pozzolanic material in cementitious

matrix (Antiohos et al. 2014). However, it was also reported
that the grinding of RHA could enhance the pozzolanic
property up to a certain particle size (Zerbino et al. 2011).
Therefore, excessive grinding of amorphous RHA should
be evaded because its pozzolanic property is primarily
derived from the interior surface area of its particles (Mal-
hotra and Mehta 1996). Abu Bakar et al. (2011) studied
the effect of the grinding time of RHA on the physical and
mechanical properties of concrete samples and found that
the longer grinding times (> 90 min) induced significantly
higher fineness and specific surface area for RHA particles
which caused higher water demand and consequently lower
strength activity index and compressive strength values.
Several authors have investigated the mechanical and phys-
ical characteristics of cementitious composites containing
RHA; however, there is a limited study which emphasize
the effect of unground RHA (URHA) (i.e., direct utilization)
and ground RHA (GRHA) on the properties of cement mor-
tar. Hence, this study aims to comparatively investigate the
effect of URHA or GRHA on the mechanical and physical
characteristics of cement mortars. In addition, the micro-
structural properties such as thermogravimetric analysis
(TGA), mercury intrusion porosimetry (MIP), and X-ray
diffractometer (XRD) were also investigated to deduce the
effects of RHA on cement-based mortars.

2 Experimental Scheme
2.1 Raw Materials

CEM 1 42.5R grade Portland cement (PC) and two types of
RHA (URHA, GRHA) were used as the binding materials
in the preparation of mortar samples. PC was procured from
a local market located in Istanbul, Turkey. RHA is obtained
by calcining rice husks at a temperature of 600 °C for 2 h,
and raw rice husks were collected from a local paddy mill
located in Benin. The physical appearances of raw rice
husk and RHAs are depicted in Fig. 1. The scanning elec-
tron microscopy (SEM) images of raw RHAs are depicted
in Fig. 2. It was observed that both GRHA and URHA have

Fig. 1 Appearances of: a raw
rice husk, b URHA, and ¢ (a)
GRHA

(b)
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Fig.2 SEM appearances of raw RHAs: a GRHA and b URHA

irregularly shaped particles with varying range of sizes.
GRHA exhibited more compact and less porous structure
with finer particles compared to URHA, which has a highly
porous cellular structure. The calcination process of raw rice
husks consisted of two different phases. In the first hour, the
temperature was increased up to 600 °C in the oven. Subse-
quently, the oven temperature was maintained at 600 °C for
1 h. URHA was obtained after the calcination process and
directly utilized as in ash form without any grinding process,
whereas GRHA was ground using a laboratory-type mill
grinder. The oxide components and the particle size distri-
bution (PSD) curves of binders and sand are illustrated in
Table 1 and Fig. 3, respectively. PC was mainly consisted
of CaO and SiO,, while the major chemical oxide of RHA
was SiO, with a total of 86.46%. Locally sourced natural
siliceous sand was employed as fine aggregate to produce
mortar specimens.

2.2 Preparation of Mortar Samples and Testing
Procedures

The mix design parameters and mixture codes of mortar
samples are tabulated in Table 2. In order to observe the

10 um

EHT =10.00 k¥ WD =11.0 mm Signal A =SE1 Mag= 1.00KX

20 um

EHT=10.00kV WD= 9.5mm Signal A = SE1 Mag= 1.00KX

Table 1 The chemical components of binding materials

Oxide composition (%) PC RHA
CaO 63.14 2.64
Sio, 20.23 86.46
AlLO; 5.14 1.27
Fe,0; 3.87 0.59
MgO 1.25 0.47
Na,O 0.26 0.06
K,0 0.83 1.37
SO, 2.89 0.25
Loss on ignition 1.55 6.35
Others 0.84 0.54

effect of grinding on the mechanical and physical charac-
teristics of cement mortar specimens, URHA or GRHA
replaced PC at a ratio of 2.5%, 5%, 7.5%, and up to 12.5%
by weight of cementitious materials. The alphabetical part
of specimen IDs represents the RHA type used, while the
numerical part demonstrates the replacement ratio of RHA.
‘REF’ indicates the plain mortar mixture without any RHA.
The sand to binder (s/b) and water to binder (w/b) ratios

@ Springer
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Fig. 3 Particle size distribution of raw materials

Table 2 Mix design parameters of mortar specimens

Mortar IDs  PC (%) URHA (%) GRHA (%) s/b (wt.) w/b (wt.)
REF 100 - - 3 0.6
URHA-25 97.5 2.5 -

URHA-5 95 5 -

URHA-7.5 925 7.5 -

URHA-10 90 10 -

URHA-12.5 87.5 12.5 -

GRHA-2.5 975 - 2.5

GRHA-5 95 - 5

GRHA-7.5 925 - 7.5

GRHA-10 90 - 10

GRHA-12.5 87.5 - 12.5

were maintained as 3.0 and 0.6 for each mix, respectively.
The mortar mixes were manufactured in accordance with
NF EN 196 standard. Initially, dry mixing was conducted in
a mixer bowl by introducing binding materials and natural
sand and then water was added into the mixture. The mixing
process was continued for about 3 min to attain homogenous
moldable mixes. The fresh mortar mixes were poured into
50x 50 x50 mm?> cubic molds, and after 24 h of casting,
the molds were removed and the specimens cured in water
until the designated testing age to determine the physical and
mechanical properties.

SEM analysis was conducted to investigate the morphol-
ogy of the raw RHA particles by using Zeiss EVO® LS 10
SEM instrument (Carl Zeiss Microscopy GmbH, Germany).

The flowability and density of fresh mortar mixes were
determined according to NF EN 1015-3 and NF EN 1015-6,
respectively. To determine the flowability, the fresh mortars
were poured into the truncated cone mold as two layers,
and each layer was compacted with 10 short strokes of the
tamper to assure consistent filling of the mold. Subsequently,
the conic mold was vertically removed, and the flow table

32
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was dropped 15 times. The spreading diameters were meas-
ured along the mortar diameter in two directions using a
caliper. The test results are presented as the increment in
the spreading diameter of fresh mortar mix according to the
base diameter of the cone mold using Eq. (1).

E(%) = a
b) = i

l

L% 100 (1)

where d, represents the spreading diameter of fresh mortar
mix and d; demonstrates the base diameter of the truncated
cone mold (10 cm).

To determine the fresh density, an empty container having
a volume of ‘V’ was weighted and its mass was recorded as
my. The fresh mortar mix was cast into the container and
vibrated until no further settling can be observed. The weight
of the fresh mortar mix was then measured and recorded as
m,. The fresh density of mortars can be determined as per
Eq. (2).

my, —m

p=—— )

The physical characteristics of hardened mortars such as
density, the absorption coefficient, and the apparent porosity
were determined using ASTM C948 standard. The hard-
ened mortar samples were saturated in water until a con-
stant mass was obtained. The saturated-surface dried (SSD)
mortar samples were weighted in water (m,) and air (m,),
and consequently, their volumes were determined. Hereaf-
ter, the samples were dried (m5) in an oven at 105 °C for
about 24 h. The hardened physical properties of mortars
were determined using Eqgs. (3-5).

__ M
psec - m2 _ml (3)
my —my
A, = —— x 100.
b= o “)
my —ms
= ——= x100.
L—— ©)

In these equations, p.., A,, and p show the hardened den-
sity, absorption coefficient, and apparent porosity of mortar
specimens, respectively. In addition, compressive strength of
mortars was tested at 7 and 28 days of curing age using three
plicate specimens with dimensions of 50 x 50 x 50 mm?.

Star TG/DTA 6300 equipment (Seiko, Japan) was
employed to deduce the heat flow and mass loss with the
increasing temperature. The exact limits of the temperature
ranges were determined by the differential thermogravimetry
(DTG). The test was conducted in an inert nitrogen ambient,
and the specimens were heated from 25 to 1000 °C at a rate
of 10 °C per minute. The amount of Ca(OH), within the
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samples was calculated according to the method proposed
by (Chithra et al. 2016; Snehal et al. 2022; Singh et al. 2015;
Snehal et al. 2020a, b) using the Eq. (6).

Mwcy
Ca(OH),(%) = M X ML(CH) (6)

w

where Mwy and Mw,, represent the molecular mass of
Ca(OH), and water, respectively. ML(CH) is the percent-
age mass loss due to the Ca(OH), dehydration, which cor-
responds to peaks at around 400 °C in TG plots.

The PANalytical X’Pert PRO diffractometer was
employed to define the mineralogical structures. The dif-
fraction peaks were determined with an interval of 0.017°
(step size) and a scanning interval of 5-90° (26).

The pore structure of the mortar specimens was assessed
with the Mercury intrusion porosimetry (MIP) method oper-
ating a Pore Master (Quantachrome Instruments) porosime-
ter from O to 58,000 psi. The contact angle between mercury
and pore surfaces is assumed as 140° during the intrusion.

3 Results and Discussion
3.1 Fresh Properties
3.1.1 Flowability

Figure 4 plots the effect of URHA or GRHA replacement
on the flowability of mortar mixtures. The descending trend
was observed on the flow curves for both GRHA and URHA
replacement in which the increase in the RHA ratio consist-
ently reduced the flowability of mixes. While the flow per-
centages of the mortars including GRHA decreased almost
linearly, a logarithmic trend was observed in the mixtures
containing URHA, with a significant decrease in the 5%

7.5% 10.0%
RHA ratio (%)

2.5% 5.0% 125%  15.0%

Fig.4 The effect of URHA and GRHA replacement on the flow val-
ues of mortars

replacement ratio. The reduced flowability with the higher
RHA ratios can be attributed to the hydrophilic nature of
RHA particles compared to PC particles (Antiohos et al.
2014), which reduces contact angle between water and
particle surface and increases the water demand of mortar
mixes. It was previously reported that the grinding process
on RHA led to forming of finely shaped and compact parti-
cle structures as illustrated in Fig. 2. (Abu Bakar et al. 2011).
Therefore, the inclusion of URHA led to higher reduction
on flow values of mortars compared to GRHA mixes which
is possibly due to their irregular particle shape and higher
porous cellular structure of URHA particles which create a
greater water demand (see Fig. 2).

3.1.2 Fresh Density

Figure 5 shows the fresh density evolution of RHA sub-
stituted mortar mixes. The fresh densities of mortar mixes
containing GRHA varied between 2076 and 2168 kg/m?,
while the fresh densities of mixtures with URHA ranged
between 1909 and 2136 kg/m>. It was also determined as
2169 kg/m? for control mixture. The replacement of GRHA
with cement led to reduction of the fresh densities of mor-
tars up to 4.3%. On the other hand, the effect of URHA was
more pronounced and the incorporation of URHA consist-
ently decreased the fresh densities up to 12.0%. It can be
observed that RHA particles contain intrinsic macro- and
mesopores inside (Fig. 2), which can be diminished with
higher fineness. After grinding process, the closed macro-
and mesopores of the RHA particles were reduced and more
compact structure were obtained. This also led to an increase
in the specific gravity of RHA particles (Abu Bakar et al.
2011). The drop of fresh density with higher RHA replace-
ment ratio can be attributed to this interior porosity and
the higher amount of pores in the URHA particles resulted

2200
21504
2100 4
2050 1

2000 -

Fresh density (kg/m?)

1950 4

1900 -

1850 -

0.0%

2.5% 5.0% 7.5%

RHA ratio (%)

10.0% 12.5%

Fig.5 The fresh density of mortars with URHA or GRHA replace-
ment
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in higher fresh density reduction on mortars compared to
GRHA mixtures.

3.2 Hardened Properties
3.2.1 Hardened Density of Mortars

The change in the hardened density of mortars at 7 days
is depicted in Fig. 6a. GRHA substituted mixes exhibited
higher density when compared to the reference mixture,
whereas the densities of mortars with URHA were found to
be generally lower than the reference. This is possibly owing
to the more pronounced pozzolanic effect of GRHA at early
reaction ages. It has been reported that RHA shows better
pozzolanic activity compared to conventional supplementary
cementitious materials such as blast furnace slag and fly ash
due to its amorphous structure and finer particles, which
facilitate the formation of strength giving reaction products
such as calcium silicate hydrate (C—S—H) gels at early reac-
tion ages (Feng et al. 2004). Considering the fact that the
finer RHA particles result in higher pozzolanic activity and
that they can contribute to the refinement of matrix pore
structure (Antiohos et al. 2014), they might have revealed
higher density values in mortars containing GRHA com-
pared to the reference and URHA mixes. On the other hand,
lower densities of URHA-incorporated mortars compared
to the REF mortar can be credited to the lower pozzolanic
activity and higher intrinsic particle porosity. Furthermore,
the hardened density of mortars significantly dropped
beyond 10% of URHA replacement due to the dominance
effect of lower specific gravity of URHA due to the porous
structure as compared to PC.

2100
(a) EGRHA
mURHA
2050 A
2000 A

Density (kg/m?)

1950 A
1900 A
1850 A
1800 A
1750 - T T T T T

0.0% 2.5% 5.0% 7.5% 10.0% 12.5%
RHA ratio (%)

Figure 6b shows the evolution of hardened density values
of mortars at 28 days. It was observed that the hardened
densities of mortars at 28 days were overall greater than that
of 7 days. While an increase was observed in the density
values of the mortars up to 10% GRHA replacement, the
density of mortars decreased when GRHA replacement was
12.5%. Similar findings were previously observed by Isberto
et al. (2019). This increase could be explained by two main
properties of RHA in the mixture: (i) filler effect and (ii)
pozzolanic feature. The former allows to fill the intergranular
voids by fine RHA particles (i.e., GRHA), the latter allows
the transformation of portlandite (Ca(OH,)) into C-S-H
gels which is comparatively a denser reaction product than
portlandite. On the other hand, the sudden decrease in the
hardened density after 10% of GRHA replacement could
result from the lower flowability of mortars, which can
lead to macro-pores in the samples. The mortar densities
of URHA mixtures generally remain low as compared to
GRHA mortars for their corresponding replacement ratios
and the increase in the URHA ratio reduced the density of
mortars. This is possibly resulting from the lower filler prop-
erties and more porous structure of URHA particles com-
pared to GRHA (Mounika et al. 2022; Sanou et al. 2019;
Zaid et al. 2021).

3.2.2 Porosity and Water Absorption

Figures 7 and 8 illustrate the variation of mortar poros-
ity and water absorption values at 7 and 28 days of cur-
ing age, respectively. The porosity values ranged between
13.56-18.90% and 15.00-26.85% at 28 days for GRHA and
URHA incorporated mixtures, respectively. The porosity

2100

(b) BGRHA
2050 - mURHA

2000 A
1950 A
1900 A
1850 1
1800 +
1750 A T T T T T

0.0% 2.5% 5.0% 7.5% 10.0% 12.5%
RHA ratio (%)

Density (kg/m?)

Fig.6 The variation of the hardened density values of mortars at: a 7 days, b 28 days
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Fig. 7 Evolution of porosity on hardened mortar samples at: a 7 days, and b 28 days
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Fig. 8 The water absorption of mortar specimens at: a 7 days, and b 28 days

values of the mortar samples incorporating RHA up to 10%
reduced from 7 to 28 days due to the progress of hydra-
tion reactions. On the other hand, the porosity of 12.5%
GRHA and URHA-containing mixes increased at 28 days
compared to their values at 7 days. The porosity of mortars
consistently increased with an increase in the replacement
ratio of URHA at both 7 and 28 days, whereas the GRHA
yields lower or comparable porosity up to 10% replace-
ment ratio at 7 and 28 days, compared to the REF mixture.
As such, the incorporation of GRHA reduced the porosity
up to 6.2% (7 days) and 10.1% (28 days), while the poros-
ity increased up to 31.8% and 77.9% with the inclusion of
URHA at 7 and 28 days, respectively. This might be possi-
bly due to the higher intrinsic porosity of URHA compared
to GRHA (Fig. 2). The porosity values are found to be in

well agreement with the hardened density results (Fig. 9a) in
which the higher density resulted in a decrease in porosity of
mortars and vice versa. Table 3 shows the established regres-
sion equations and R* values between physical and mechani-
cal properties of mortar mixes. The relationship between
porosity and density was statistically insignificant at 7 days
with lower R? values; however, 28th days test results indi-
cated that porosity and density values exhibited statistically
significant relationship with higher R? values.

Similar to porosity values, water absorption of mortars
showed a reduction with increase in curing age, except for
mortars containing 12.5% RHA. The water absorption of
mixes was exponentially increased with the higher URHA
substitution at 7 and 28 days, while the higher replacement
ratios of GRHA induced lower water absorption values

@ Springer
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up to 10% at 7 and 28 days, compared to the REF mix-
ture. The highest water absorption values were observed at
12.5% replacement ratio of PC with GRHA or URHA and
found as 9.73% and 15.24%, respectively. The relationship
between porosity and water absorption values of mortars
is illustrated in Fig. 9b showing a linear correlation with
the R? values of greater than 0.97, irrespective of RHA
type and curing age.

2100
1 @)
2050 1
2000 A i
] .ED A
& 1950 - oOg &
) ; AL
= A
= 1900 A
z ]
2]
5 1850 -
A ]
1800 4 |AURHA-7 days A
] |A URHA-28 days N
1750 4 [OGRHA-7 days
1 [MGRHA-28 days
1700 T T T T r T r
10 15 20 25 30
Porosity (%)

3.2.3 Compressive Strength

The compressive strength development of mortars is
depicted in Fig. 10. It can be noticed that the compressive
strength of mortars containing GRHA or URHA increased
with increasing curing time and the increment was notable at
higher RHA inclusion. The compressive strength of GRHA-
incorporated mortars increased in the range between 2 and

18
16
A
3 141
=}
S 12 4 A
g A
< 10 - sl
8 AE,I@
= 8- D AURHA-7 days
# A URHA-28 days
6 1 OGRHA-7 days
BGRHA-28 days
4 T T T T v T T
10 15 20 25 30
Porosity (%)

Fig.9 The correlation between porosity and a density, b water absorption

Table 3 The statistical
relationship between tested

RHA type/Test age Porosity-density

Porosity-water absorption Density-compressive

St th
parameters Srens
URHA-7 days y=-20.1x+2312 R’=0.48 y=0.67x—2.8 R?’=098 y=0.11x—193 R>=0.61
URHA-28 days y=-20.6x+2321 R’=099 y=0.65x—22 R’=0.99 y=0.08x—125 R*=0.95
GRHA-7 days y=—12.5x+2185 R?’=024 y=0.56x—0.9 R*=097 y=0.17x—300 R*=0.27
GRHA-28 days y=—129x+2197 R*=0.62 y=0.56x—0.9 R>=0098 y=0.16x—295 R>=0.95
45 45
{(a) {(b) @7 days
40 40 A
= 1 = W28 days
E 35 E 35 A
E 30 4 = 30 - 6-[1
§ 20 1 § 20 A
‘g 15 ‘g 15
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8 5 1 8 5 4
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Fig. 10 Compressive strength development of: a GRHA-incorporated mixes, and b URHA-incorporated mixes
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25% from 7 to 28 days of curing age, while this increment
ratio varied between 9 and 27% for the mixes containing
URHA. As aforementioned, unlike conventional pozzolanic
materials, the utilization of fine RHA increases the early
age strength (Feng et al. 2004). The test results also veri-
fied this as the utilization of GRHA allowed rapid strength
gain to yield comparable compressive strength compared
to reference at 7 days due to the enhanced pozzolanic reac-
tions. On the other hand, the incorporation of URHA up to
2.5% achieved similar early age strength compared to the
reference, and beyond this ratio the 7-day strength reduced.

The compressive strength of mortars containing GRHA
was similar or comparable with the REF up to 5% replace-
ment ratio and showed a gradual increment up to 10%
replacement at 28 days. The compressive strength of GRHA-
10 was obtained as 38.0 MPa at 28 days which is about 16%
higher than the REF mixture, indicating optimum utiliza-
tion ratio. Similar findings were also reported by (Isberto
et al. 2019; Krishna et al. 2016), indicating 10% of RHA
was optimum for cement-based mortars or concretes. In
addition, a significant strength reduction was observed in
the GRHA-12.5 sample, possibly resulting from lower com-
pactability and higher porosity as mentioned in Sect. 3.2.2.
Furthermore, the higher amount of RHA (> 10%) might have
absorbed much more mixing water that is necessary for the
hydration of cement and might be another reason for the sig-
nificant reduction in compressive strength. The inclusion of
URHA up to 7.5% resulted in similar compressive strength
values compared to the control sample at 28 days, indicating
the optimum utilization ratio of URHA. Beyond this ratio,
the compressive strength reduced by 27% and 56% compared
to the control sample at 28 days in URHA-10 and URHA-
12.5 mixes, respectively.

Figure 11 presents the relationship between compressive
strength and hardened density of the mixes incorporating
RHA and indicates positive and strong relation between the
two parameters. It can also be deduced that the relationship
between density and compressive strength was statistically
insignificant at 7 days, whereas the correlation between
these parameters was remarkable at 28 days with R? value
of 0.95 (Table 3).

3.3 Microstructural Investigation
3.3.1 Thermogravimetric Analysis (TGA)

Figure 12 shows the variation of thermogravimetric curves
with the incorporation of GRHA or URHA. The TG/DTG
curves revealed the expected responses appearing in cement
matrix once exposed to a systematic heating rate from 25 to
1000 °C. It was seen that all the specimens sustained tem-
peratures up to 1000 °C. The total mass loss values varied
in a narrow range between 21.3 and 21.8%. The maximum
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Fig. 11 Relationship between density and compressive strength

mass loss was observed in mixes containing 10% of URHA,
whereas the GRHA-10 had the lowest mass loss than that of
others. The DTG curves were derived using the mass loss
data and are shown in Fig. 12b, in order to determine the
boundaries of the different reaction products. The promi-
nent peaks located at around 120 °C denote the mass loss of
physically bound water. The dehydration of silicate gels like
C-S—H and the dissociation of ettringite occurred at the tem-
perature range between 120 and 400 °C (Kabay et al. 2021b).
The other peaks between approximately 400—480 °C indicate
the dehydration of Ca(OH), (Snehal et al. 2020a, b; Sne-
hal et al. 2020a, b), and the peaks between 700 and 800 °C
show the degradation of CaCO; (Das et al. 2018; Kabay
et al. 2021b). The higher mass loss at around 25-120 °C was
observed in 10% URHA-containing mortar, which is mainly
due to the evaporation of weakly bounded water, indicating
lower reaction product formation compared to the others.
This result is in line with the compressive strength results.
Moreover, the decomposition level of C—S—H and ettringite
was found to be similar for all specimens. For the samples
REF, URHA-10, and GRHA-10, the mass losses of sam-
ples corresponding to Ca(OH), were approximately 2.36%,
2.08%, and 1.59%, respectively. The quantities of Ca(OH),
of REF, URHA-10, and GRHA-10 were obtained as 9.70%,
8.55%, and 6.53%, respectively. These evident reductions
in the portlandite content with the incorporation of GRHA
or URHA show that the utilization of GRHA or URHA
contributes to the hydration reactions by consuming port-
landite due to their pozzolanic reactivities. In addition, the
higher reduction of GRHA-incorporated mixes denotes the
effect of fineness on the pozzolanic activity; the pozzolanic
reactivity with portlandite is significantly related with the
amount of surface area ready for the hydration (Singh et al.
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Fig. 12 Thermogravimetric curves of mixes: a TG and b DTG curves

2015). Hence, the finer RHA particles comparatively allow
higher consumption of portlandite. The inclusion of URHA
or GRHA evidently increased the intensity of carbonate
peaks, and the carbonate peak of URHA-incorporated mix-
ture had the highest intensity. This is possibly due to the
higher portlandite consumption of mixes containing RHA,
which is then transformed into calcium carbonate (Kabay
et al. 2021b; Zeng et al. 2019). In addition, the observed
higher carbonate peak in URHA-10 can be attributed to the
higher total porosity (see Sect. 3.3.3) which may further
induce the carbonation of reaction products such as portlan-
dite and C-S—H (Zeng et al. 2019). It can also be observed
from Fig. 13 that the TGA results are compatible with the
DTA profiles of mixes which corroborates the evaporation
of physically and/or chemically bounded water and the dis-
sociation of portlandite and carbonates (Kabay et al. 2021a;
Zhao et al. 2021). Additionally, a significant mass change
did not observe for all mixes from 750 to 1000 °C, similar
to previously published works (Aly et al. 2012; Petkova et al.
2012).

3.3.2 XRD Analysis

The minerological components of paste mixes based on the
XRD analysis are illustrated in Fig. 14. The prominent peaks
are described as Quartz (#PDF 01-089-1961), Portlandite
(#PDF 01-084-1271), Calcite (#PDF 98-002-3975), C-S—-H
(#PDF 00-033-03006), Ettringite (#PDF 01-072-0646), and
the traces of C;S and C,S (#PDF 01-087-1260) which comes
from clinker for all specimens. The intense quartz (Si0,)
peaks were mainly observed located at around 21° and 26°
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(20), and the portlandite peaks were detected throughout
the diffraction patterns for all mixes. On the other hand, the
slight disparities were observed in XRD patterns. The peak
intensities of portlandite at around 18° and 34° (26) reduced
with the incorporation of 10% GRHA, indicating its con-
sumption via pozzolanic activity. This result is compatible
with the TGA/DTA analysis. In addition, the quartz peaks
showed an increment with the addition of GRHA and URHA
due to the abundant presence of SiO, within the RHA. XRD
pattern of URHA-10 exhibited mostly crystalline structure,
and the peak intensities of quartz and portlandite increased
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with the inclusion of 10% URHA, which verifies the lower
compressive strength of the URHA-10 specimen. The gyp-
sum peaks (#PDF 01-073-1942) were observed in the XRD
pattern of GRHA- and URHA-incorporated mixes different
from the REF mixture. The formation of this peak may indi-
cate the lower formation of ettringite in those mixes.

3.3.3 MIP Analysis

The porosimetry analysis based on MIP was performed
to investigate the pore structure and the effect of GRHA
or URHA on mortar samples. The porosimetry results
of mortars at 28 days of curing age are depicted in
Figs. 15 and 16. The pore structure was categorized as

small capillary pores (<0.1 um), large capillary pores
(0.1-1.0 pm), and macro-pores (> 1.0 um) (Song et al.
2019), and the pore parameters, including critical and
average pore size along with the total porosity, are listed
in Table 4. It can be noticed that the capillary pores con-
stituted the majority of the total porosity, and the cap-
illary pores were found as 75%, 83%, and 82% for the
REF, GRHA-10, and URHA-10, respectively. In addition,
the small capillary pores occupied the prevalence of the
total capillary pores. REF had fewer capillary pores com-
pared to the mortars containing RHA, while URHA-10
comprised the highest proportion of capillary pores. On
the contrary, the REF mixture encompassed the highest
macro-pores, which is 1.48 and 1.17 times higher than the
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Table 4 The pore parameters of

. Sample code Critical pore Average pore Capillary pores (%) Macro-pores  Total
the mortar specimens size (pm) size (pm) — (%) porosity
Small Large (%)
REF 0.043 0.008 6.4 39 34 13.7
GRHA-10 0.042 0.006 7.9 35 23 13.7
URHA-10 0.050 0.007 7.9 5.0 2.9 15.8

GRHA-10 and URHA-10, respectively. The total porosi-
ties were determined as 13.7%, 13.7%, and 15.8% for
REF, GRHA-10 and URHA-10, respectively. The critical
and average pore size values decreased with the inclu-
sion of 10% GRHA, whereas an increase was observed
with the addition 10% URHA. The MIP analysis results
are in well agreement with the physico-mechanical test

@ Springer

results of the mortars. Among the investigated mortars,
the highest compressive strength was found in GRHA-10
which might be attributed to its lowest macro-pore con-
tent, and the lowest compressive strength was obtained in
the URHA-10 mixture which might be due to the highest
total porosity and increased critical pore size.
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4 Conclusions

This paper experimentally analyzed the effect of ground
and unground RHA on the fresh, physico-mechanical, and
microstructural properties of cementitious mortars. Based
on the scope of the experimental study, the following bul-
let points can be drawn:

e The incorporation of GRHA and URHA consistently
reduced the fluidity of mortar mixes. The GRHA pro-
vided better workability compared to URHA for their
corresponding replacement ratios which was due to its
more compact structure verified by SEM analysis.

e The porosity of mortar specimens increased with the
addition of URHA at 7 and 28 days, while the addition
of GRHA efficiently reduced the porosity values com-
pared to the reference. The water absorption of mortar
mixes exhibited a similar tendency with porosity values
where higher porosity induced higher water absorption,
irrespective of the curing age or RHA type used.

e The compressive strength of GRHA- or URHA-incor-
porated mortars performed similar or comparable com-
pressive strength values up to 7.5% replacement ratio.
GRHA-10 mortars exhibited the highest compressive
strength of 38 MPa at 28 days, while the inclusion
of URHA beyond 7.5% caused significant drops in
strength.

e TGA and XRD results indicated that the utilization
of both GRHA and URHA significantly reduced the
portlandite content. Besides, GRHA addition induced
higher portlandite consumption indicating higher poz-
zolanic reactivity. The MIP test results showed consist-
ent results with the compressive strength.

e In general, the utilization of GRHA up to 10% replace-
ment ratio for producing cement mortar samples can
be beneficial in terms of improved physico-mechanical
properties compared to the control mortar mixture. On
the other hand, even though the physical properties
were negatively affected by the inclusion of URHA,
the compressive strength value of URHA mix was
similar to that of control mixture up to 7.5% replace-
ment ratio which indicates an optimum ratio to utilize
in cement-based mortars. Therefore, the utilization of
URHA in cement-based mortars up to 7.5% may also
be an alternative to GRHA which also reduces the cost
of grinding.
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