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The cracks in the concrete structures permit the ingress of harmful ions which ultimately exacerbate the durability of the
structures. In addition, the environmental concern of the cement production necessitates the utilization of pozzolanic materials.
This study used wheat straw ash as cement replacement material. Sodium silicate impregnated in slag aggregate, an industrial
by-product, was used as the self-healing agent. The impregnated slag aggregates were coated and used as a sand replacement.
Mortar samples were analyzed for compressive strength. Self-healing performance of the mortar samples was investigated via
ultrasonic pulse velocity, water permeability, and dynamic modulus of elasticity tests. The results demonstrate that the addition
of coated slag aggregate significantly enhanced the self-healing performance of the mortar samples. Additionally, the
incorporation of wheat straw ash resulted in an increased rate of crack filling.
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Introduction incorporating microcapsules, granules, hollow tubes
carrying suitable healing agent. The introduction of
Concrete is the most widely used construction cracks ruptures the walls of these carriers and the
material in the world. However, concrete is vulnerable healing agent is released in the crack which reacts to
to cracks due to various reasons i.e. shrinkage, creep, form new compounds which fill the cracks [S]. Several
thermal changes, freeze-thaw, etc. These cracks permit studied reported that lightweight aggregates (LWA) can
the ingress of harmful ions and end up with the be used as a carrier for healing agents. For instance,
deterioration of concrete structures. In order to extend Wiktor and Jonkers [6] used porous clay particles
the durability of concrete structures, these cracks need impregnated with bacterial spores and calcium lactate
to be repaired at their very early stage. However, the based healing agent. In the same way, Sisomphon et al.
time-consuming and the high cost of the manual repair [7] utilized expanded clay LWA as a carrier for self-
and maintenance techniques limit their application. For healing agent i.e. sodium monofluorophosphate
example, half of the annual construction budget of solution. These studies clearly suggest that LWA can be
Europe is spent on repair works [1]. Similarly, repair used as an efficient reservoir for the self-healing
works in UK consumes 45% of the total expenditure of agents.
UK on construction [2]. An innovative technique to the The scarcity of natural aggregate and environmental
repair of deteriorated structures is the use of self- concerns suggested the utilization of industrial by-
healing concept. RILEM has defined self-healing as products as aggregates. Granulated blast furnace slag
“any process by the material itself involving the (GBFS) is an industrial by-product generated in a pig
recovery and hence improvement of a performance iron blast furnace. Its further classification is dependent
after an earlier action that had reduced the performance on the way it is cooled down. The slow cooling under
of the material” [3]. Self-healing in cement-based atmospheric condition results in the formation of the
systems are broadly divided into two categories: crystalline mineral, known as air-cooled blast furnace
autogenous and autonomous self-healing. The former is slag (ACBFS) [8]. An estimated quantity of around
the process where the material utilizes its own 270-320 million tons of iron slag is produced
constituents to repair the cracks. The later, however, worldwide [9]. This huge amount of waste should be
involves the aid of additional materials that are not utilized somewhere in order to save the environment.
added previously in the system [3,4]. Autonomous Several researchers studied the behavior of concrete
healing of the cracks in cement composites occurs by incorporating slag aggregates. For example, Yiiksel et

al. [10] suggested that utilizing slag as a sand
replacement up to 30% resulted in an enhanced
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mortars containing slag aggregate was higher because
the hydration continued due to water available in the
voids of slag aggregate [11]. It means slag aggregates
can be efficiently used as a reservoir for self-healing
agents. Among various self-healing agents, sodium
silicate (Na,SiO3) has been reported as a potential
healing agent in cement-based systems. For instance,
Pelletier et al. [12] used microcapsules filled with
sodium silicate in concrete as self-healing material. The
samples with microcapsules showed a flexural strength
recovery of 26% compared with that of control (12%).
Huang and Ye [13] investigated self-healing phenomena
in engineered cementitious composites incorporated
with sodium silicate containing capsules. The results
suggested that the self-healing occurred due to the
crystallization of sodium silicate. In another study by
Mostavi et al. [14], it has been concluded that the
samples with 5% sodium silicate microcapsules
presented a higher rate of healing. Alghamri et al. [15]
incorporated coated LWA impregnated with sodium
silicate in concrete samples as self-healing material.
The results of their study indicated that the specimens
with coated LWA presented an effective and
remarkable self-healing performance.

Based on a review of the current literature, it is
evident that ACBFS aggregates can be efficiently used
as a carrier for self-healing agents i.e. sodium silicate.
However, to the best of our knowledge, no study was
found in which ACBFS aggregates impregnated with
sodium silicate were used as self-healing material in
cement-based systems. In addition, the efficiency of
self-healing performance with WSA blended cement
systems has not been yet studied. The results of the
previous study of the authors clearly demonstrate that
WSA blended cement composites (20% by weight of
cement) presented an enhanced pozzolanic efficiency
and improved the microstructure [16]. Therefore, it is
imperative to investigate the efficiency of ACBFS
aggregates filled with sodium silicate as self-healing
material in WSA blended cement composites. In this
study, we have utilized ACBFS aggregates filled with
sodium silicate as self-healing material in WSA blended
composites. The effect and self-healing performance of
these aggregates were investigated via compressive
strength, ultrasonic pulse velocity, dynamic modulus of
elasticity, and water penetration tests.

Experimental

Materials

Ordinary Portland cement (OPC) conforming to
ASTM C150 [17] was used for this study. Wheat straw
ash (Fig. 1(a)) was obtained by burning wheat straw at
670 °C in a laboratory-scale oven for 5 hrs. After 5 hrs,
the ashes were allowed to cool abruptly to obtain a
material with higher pozzolanicity 20. Ashes were
ground for 60 minutes in a laboratory-scale ball mill.

The chemical and physical properties of WSA and
OPC are summarized in Table 1. Natural sand (max.
size=5mm, fineness modulus=2.7, absorption=
1.04%) was used as fine aggregate. Slag aggregates
(Fig. 1(b)) with a maximum size of 4.75 mm and
fineness modulus of 3.02 was used as carrier for self-
healing agent. Sodium silicate solution (Sigma-Aldrich,
UK) with a molecular weight of 122 g/mol, density of
1.39 g/mL, and pH of 12.5 was used as self-healing
agent.

Impregnation and coating procedere

Slag aggregates were dried at a temperature of 60 °C
in a laboratory-scale oven for 48 hrs. After drying the
aggregates were immersed in sodium silicate solution
under vacuum condition for 30 minutes. Vacuum
condition replaces air with a silicate solution in the
voids of slag aggregates. The aggregates were
separated from the silicate solution after impregnation
with the help of filtration and tap dried. In order to
avoid the leakage of silicate solution and prevent the
interaction of solution with the cementitious products,
the aggregates were coated with polyvinyl alcohol
(PVA) solution by spraying inside a coating machine.
The details of coating machine can be found

Table 1. Chemical composition and physical properties of OPC

and WSA.
Weight (%)
Composition

OPC WSA

SiO, 20.8 65.7

Al O; 6.3 3.73

F6203 32 2.58

CaO 62 7.84

MgO 33 2.68

SO, 22 2.34

Na,O - 245

K,0 - 3.27

P,05 - 1.67

TiO, - 0.22

Loss on ignition 1.3 7.32
Sp. Surface area G30: 11522
(cm?/g) 3200 G60:‘ 18021
G120: 19568

Fig. 1. Wheat straw ash (a) and slag aggregates (b).
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Fig. 2. Steel wire reinforcement details.

somewhere else [18]. Hot air was blown to dry the
aggregate surface during the spraying process.

Mix proportion

The mortar mixes were made with a constant water-
binder ratio of 0.4 and a sand-binder ratio of 2.75
according to ASTM C109 [19]. WSA containing mixes
were prepared by replacing cement with 20% of WSA.
Natural sand was replaced with coated slag aggregates
at replacement level of 10%, 20%, and 30% by
volume. Following ASTM C109 [19] and C348 [20],
mortar cubes and prisms were made. In case of prisms,
two steel wires (2 mm diameter) were placed at the
middle of the prism (Fig. 2) to prevent the complete
breakage of the sample during the crack introduction.
The samples were demolded after 24 hrs and placed in
water for curing until the desire testing age.

Methods

Compressive strength test was employed on the cube
samples after 28 days of curing in water using a
universal testing machine following ASTM C109 REF
[19]. Three replicates were used for each mix. The
prism samples were cracked using a three-point
bending machine after 28 days. After the introduction
of cracks, all the samples were placed in water tank to
evaluate the self-healing performance with elapsed
time. Crack depths were measured using an ultrasonic
pulse velocity method in accordance with ASTM C597
[21]. The procedure for the measurement of the crack
depth can be found in [22,23] and schematically
shown in Figure 3. Dynamic modulus of elasticity of
the mortar samples were measured according to ASTM
C 215 [24]. Reference [25] contains the details of this
test. Relative dynamic modulus of elasticity of the
mortar samples at various ages is calculated using the
equation [26];

P.=[n/ ng’] x 100 O

Transmitting ! ! i
Transducer

Receiving
Transducer

_Acrylic sheet

Fig. 4. Water permeability test setup.

Where P, =relative dynamic modulus of elasticity
with respect to time (%),

n.=horizontal vibration frequency after the crack is
introduced with respect to time,

ny=1% horizontal vibration before crack is
introduced.

A water permeability test similar to the RILEM 11.4
[27] was conducted on the mortar samples. This test
has been efficiently used to investigate the crack filling
ability of the cement composites [28]. Fig. 4 displays
the details of the test setup. The sides of the test mold
were sealed to prevent the flow of water other than the
crack. The equation used to calculate the water
permeability coefficient is [25];

k = (aL/At) x In(hy/h,) )

Where k, a, A, L, T, h;, and h, represent water
permeability coefficient (cm/s), cross-sectional area of
the pipette (cm?), cross-sectional area of the specimen
(cm?), specimen thickness, time (s), initial water head,
and final water head, respectively.

Results and Discussion

Compressive strength

.us that compressive strength decreased with the
addition of coated slag aggregates. For instance, a
percentage reduction of 1.3%, 2.6%, and 5.3% in
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Compressive strength (MPa)

Fig. 5. Compressive strength of mortar samples at 28 days.

compressive strength was observed for W0S10, W0S20,
and WO0S30 samples, respectively in comparison with the
reference sample. On the other hand, the addition of
WSA resulted in an increase in compressive strength.
The samples with 20% WSA and 0% slag aggregate
presented an enhancement of 4.8% in compressive
strength compared to the reference sample. It has been
established that WSA possesses pozzolanic as well as
filler effect which enhances the microstructure of
cement composites resulting in an increased strength
[16]. The inclusion of coated slag aggregate decreased
the compressive strength as observed in the samples
without WSA. A reduction of 2.1%, 2.8%, and 6.5% in
compressive strength was observed for W20S10,
W20S20, and W20S30 samples, respectively in
comparison with W20S0 sample. The reduction in
compressive strength due to the incorporation of coated
slag aggregates is attributed to the weak bonding of
aggregates with the cement paste [29].

Self-healing ability of mortar specimens

Crack depth measurement via ultrasonic test

Cracks were introduced in the mortar samples and
placed in water in order to observe the self-healing
performance with respect to time. Ultrasonic pulse
velocity test was conducted on the cracked samples to
measure the depth of the crack. The time of ultrasonic
waves reduces as the crack is filled with the healing
products [15]. Fig. 6 depicts the crack depths in each
sample with respect to time. It can be seen that all the
specimens presented a decrease in crack depth with the
passage of time. The crack depth for reference sample
presented a decrease of 5%, 15%, and 25% at 7, 28,
and 56 days, respectively compared to initial depth.
This decrease is mainly due to the autogenous self-
healing of cement constituents. The unhydrated cement
particles in the cracks reacted in the presence of water
and formed additional hydration products [30]. The
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Fig. 6. Crack depths of mortar samples.

samples with the coated slag aggregates presented an
increased reduction in crack depths with time. For
example, the crack depth for WO0S10 reduced 35%,
57%, and 65% in comparison with the initial depth at
7, 28, and 56 days, respectively. At 7, 28, and 56 days,
a reduction of 43%, 67%, and 86% for W0S20 sample;
54%, 79%, and 92% for W0S30 sample was observed,
respectively compared to the initial crack depth. This
means that sodium silicate reacted with the calcium
hydroxide present in cement composite and formed
addition hydration products in the crack. The samples
with  WSA presented an enhanced crack filling
compared to the respective samples without WSA. For
instance, the crack depth in W20S0 sample reduced by
21%, 32%, and 47% compared to the initial depth at 7,
28, and 56 days, respectively. A reduction in crack
depth of 50%, 80%, and 95%; 50%, 88%, and 100%;
61%, 91%, and 100%, for W20S10, W20S20, and
W20S30 samples, respectively was observed in
comparison with the respective initial depth. The silica
content in WSA reacted with the calcium hydroxide
and formed additional hydration products along with
the reaction of sodium silicate [16].

Water permeability test

Water permeability test was performed on the
cracked samples to investigate the crack closing
performance of the samples. Fig. 7 portrays the results
of water permeability test with respect to time. The
permeability of water through the crack decreased with
the passage of time. The samples without coated
aggregates and WSA (WO0S0) presented a decrement of
2.25, 4.3%, and 8.7% in water permeability at 7, 28,
and 56 days, respectively in comparison with that
through the initial crack. The addition of coated
aggregates caused a considerable reduction in the water
permeability with the passage of time. For example, the
water permeability through the crack in W0S10 sample
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Fig. 7. Water permeability coefficients of mortar samples.

decreased 17.6%, 33.3%, and 45.1% at 7, 28, 56 days,
respectively compared to the initial crack. A percentage
reduction in permeability, of 19.1%, 36.2%, and 57.4%
for W0S20; 25.9%, 59.3%, and 81.5% for W0S30, was
observed at 7, 28, and 56 days, respectively compared
to the initial crack. The reduction in water permeability
indicates the filling of cracks with the healing products
formed due to the reaction of sodium silicate. The
incorporation of WSA resulted in a considerable
decline in the water permeability at various ages
compared to that of the reference sample. For instance,
W20S0 showed a decrease of 11.1%, 27.8%, and 38.9%
at 7, 28, and 56 days in permeability, respectively
compared to the crack at its initial state. The addition of
coated slag aggregate to the WSA containing samples
accelerated the formation of healing products in the
cracks resulting in a decreased water permeability. For
example, WSA containing samples with 10%, 20%, and
30% slag aggregate, decreased water permeability
through the cracks by 10.5%, 42.1%, and 63.2%;
39.3%, 67.9%, and 96.4%; 44%, 96%, and 99.5%, at 7,
28, and 56 days, respectively. Thus, the hydration
products formed due to the reaction of calcium silicate
filled the cracks and reduced the permeability.

Relative dynamic modulus of elasticity

Dynamic modulus of elasticity of the specimens
before and after the cracks was introduced up to 56
days. Fig. 8 shows the relative dynamic modulus of
elasticity of the samples with respect to time. It can be
seen that dynamic modulus of elasticity decreased for
all the samples with the introduction of cracks. The
relative dynamic modulus of elasticity dropped by 31%
for reference sample and increased by 39%, 48%, and
65% at 7, 28, and 56 days, respectively. Thus, partial
filling of the cracks was achieved in case of reference
samples. A drop of 35%, 30%, and 20% in relative
dynamic modulus of elasticity was observed for W0S10,
WO0S20, and WO0S30 samples, respectively, after the
cracks were introduced. A considerable increase in the
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Fig. 8. Relative dynamic modulus of elasticity of the mortar
samples.

relative dynamic modulus of elasticity of the samples
with coated slag aggregates was observed with the
passage of time. For example, the samples (W0S10,
W0S20, and WO0S30) presented a relative dynamic
modulus of 45%, 52%, and 48% at 7 days; 64%, 75%,
and 80% at 28 days; 78%, 89%, and 95% at 56 days,
respectively. The samples with WSA depicted a higher
dynamic modulus recovery compared to the reference
sample. For instance, at the age of 7, 28, and 56 days,
W20S0 sample presented a relative dynamic modulus
of elasticity of 46%, 59%, and 77%, respectively. The
inclusion of coated slag aggregates further raised the
elasticity modulus recovery. For example, W20S10
sample showed a relative dynamic modulus of
elasticity of 51%, 79%, and 84% at 7, 28, and 56 days,
respectively. A relative dynamic modulus of elasticity
of 57% and 61% at 7 days; 88% and 91% at 28 days;
97% and 100% at 56 days was observed for W20S20
and W20S30 samples, respectively.

The results of the ultrasonic pulse velocity, water
permeability, and dynamic modulus of elasticity tests
clearly demonstrate that the samples with the coated
slag aggregates showed a considerable crack filling
ability. After the introduction of cracks, sodium silicate
present in the pores of slag aggregate released and
deposited inside the cracks. It further reacted with the
calcium hydroxide, a cement hydration product, and
formed calcium silicate hydrate (C-S-H) as follows

[15];
Na,Si0; + Ca(OH), — x(CaO-Si0,)-H,0 + Na,O (3)

C-S-H is the main hydration product of the cement
hydration which is responsible for the enhance
microstructure of the cement composite [31]. Similar
findings were observed in the previous studies. It has
been reported that the specimens with sodium silicate
as the healing agent presented a decrease of 80% in the
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crack depth. The decrease in crack depth occurred due
to the depositions formed by the reaction of sodium
silicate which ultimately resulted in a higher strength
recovery [15]. The crack filling ability of the samples
with the higher amount of slag aggregates i.e. 30%,
was observed significantly. It may be due to the reason
that more aggregate was available for the provision of
the healing agent in the crack. In addition, the
incorporation of WSA significantly enhanced the crack
filling ability of the samples. It is mainly due to the
pozzolanic reaction of WSA with the -calcium
hydroxide present in the cement composites [16]. The
contribution of pozzolanic materials in the autogenous
healing due to prolonged hydration has been reported
somewhere else [32-35]. A partial filling of the cracks
was also observed in the samples without WSA and
slag aggregates. This may be due to the ongoing
hydration of the cement particles in the presence of
water [30]. Another reason for the partial crack filling
of the reference samples is may be due to the formation
of calcium carbonate. It has been observed that
carbonation occurs when cementitious samples are
exposed to air [30]. Thus, it can be concluded that the
addition of slag aggregates filled with sodium silicate
as healing agent along with WSA result in an enhanced
self-healing performance.

Conclusions

This study utilized coated slag aggregates impregnated
with sodium silicate as healing agent in cement
composites. Cement was also replaced with WSA to
investigate the influence of WSA on the self-healing ability
of the composites. Self-healing performance of the cement
composites is measured via ultrasonic pulse velocity, water
permeability, and dynamic modulus of elasticity tests.
From the results, it can be concluded that the addition of
coated slag aggregates resulted in a decrease in the
compressive strength of the samples. However, the
samples incorporated with WSA presented comparatively
higher compressive strength. The samples with coated
slag aggregates presented enhanced crack filling ability in
comparison with the reference samples. Increasing the
amount of slag aggregates resulted in an amplified
crack filling ability. Additional, the inclusion of WSA
caused significant increase in the self-healing
performance of the cement composites.
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