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Self-healing Behavior )
of Microcapsule-Based Concrete ek

B. S. Shashank and P. S. Nagaraj

Abstract In general, itis a well-known fact that it is very difficult to detect the cracks
atthe very initial stage of concrete, and the same cracks later create problems for struc-
ture. Further adding to this always the physical intervention is essential for periodic
inspection and repair of these cracks. To increase the durability of concrete structures,
many self-healing mechanisms are used, out of which microcapsule-based healing
mechanisms appear to be feasible. The microcapsule-based self-curative process
is an effective process for sealing the cracks in the concrete. Microcapsule-based
self-curative starts with the crack occurrence and progresses once it gets in contact
with the microcapsule, then self-healing agents are released into cracks, which are
contained in capsules. In this study, an effort has been made to synthesize self-healing
materials that are synthetic or artificially produced polymer-based substances that
have the incorporated ability to naturally repair damage to themselves without any
physical contact or human interference. The sodium silicate agent is used as a self-
healing material and in situ polymerization method is used for the manufacturing of
capsules. It is found that adding 2 and 3% amount of these capsules will heal the
concrete after cracking and better the durability.

Keywords Self-healing - In situ polymerization + Microcapsule * Strength

1 Introduction

In the current scenario, concrete is the most widely consumed material other than
water. Due to its wonderful behavior of showing defects, durability is a big concern;
hence different modern tools are being experimented with to meet the standards of the
construction industry to new heights [1-4]. Different types of processes, methods,

B. S. Shashank (<)
School of Construction Management, NICMAR University, Pune, India
e-mail: shashankbsbhat.bs @gmail.com

P. S. Nagaraj
Department of Civil, UVCE Bangalore University, Bengaluru, India

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 3
M. S. Ranadive et al. (eds.), Recent Trends in Construction Technology

and Management, Lecture Notes in Civil Engineering 260,
https://doi.org/10.1007/978-981-19-2145-2_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-2145-2_1\&domain=pdf
mailto:shashankbsbhat.bs@gmail.com
https://doi.org/10.1007/978-981-19-2145-2_1

4 B. S. Shashank and P. S. Nagaraj

and raw materials are used to attain sustainable, very good, and more economic
concrete. But due to human errors, unskilled labor, and incorrect handling [5], an
efficient building is difficult to sustain life for a longer duration. Many issues like
weathering, micro-cracks, leakages, excessive bending, etc., arise after the construc-
tion. To solve these types of problems, many remedial methods are used before
and after the construction. One of the remedial techniques is microcapsule-based
self-healing concrete [6].

The concept of microcapsules healing is carried out by the healing agent which
is coated by a shell material when it is placed in concrete. After the crack appears
in concrete and reaches the microcapsule, the microcapsule breaks and the healing
material is circulated into the crack to heal by sodium silicate [7]. The microcapsule
consists of a healing agent as sodium silicate and the encapsulating material as urea—
formaldehyde. And an additional material is added along with this, i.e., polypropylene
fiber to advance the strength and property of the concrete at a certain percentage of
the cement content [8].

1.1 Objectives

e Manufacturing of microcapsule with suitable process
e To heal the cracks and to increase the durability of the structures using
microcapsules.

2 Microcapsule

Microcapsule is a polymer-based compound that fulfills the criteria that it can
incorporate the core material with an encapsulation material. The strength of the
microcapsules mainly depends on the shell material and its thickness.

2.1 Morphology of Microcapsules

The structure of the microcapsule is mainly dependent on the healing agent called
core material and coating material called encapsulation material. The core material
is evenly distributed within the shell material to form a microcapsule as shown in
Fig. 1 [9].
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Fig. 1 Microcapsule with core healing agent

2.2 Core Material

The core material is a polymer matrix to be encapsulated by coating material and
it may be in a solid or liquid state depending on the functional requirements. In the
present study, sodium silicate is used as a core material that will act as a healing
agent in concrete [10].

2.3 Coating Material

The physical and chemical properties of microcapsule are mainly dependent on the
encapsulation material which protects the core material from external pressure and
extend the sustainability of core material [9].

2.4 Release Mechanisms

The main purpose of microencapsulation is to release the core material which is
coated by encapsulation material at the time of usage of the microcapsule. The shell
material should break at the time of usage and react with the surroundings. Whenever
a crack appears in concrete and that gets into contact with a microcapsule, it will
break and the healing agent will be released into the crack to heal the concrete [10,
11]. The same can be observed in Fig. 2.
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Fig. 2 Healing agent release mechanisms
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(b) The crack ruptures the microcapsule and
glue released into the crack and is filled

Qi
process Sodium silicate 60 ml
Urea 5.00 g
Formaldehyde 127 ¢g
Ammonium chloride 050¢g
Resorcinol 050¢g
Sodium hydroxide 20 ml (dropwise)
Hydrochloric acid 20 ml (dropwise)

3 Materials and Methods

3.1 Synthesis of Microcapsules

The production process of sodium silicate microcapsule was based on the in situ
polymerization method and the process is mainly based on some of the parameters
such as agitation, temperature, and pH range [12, 13]. Table 1 and Fig. 3 show the
materials for the preparation of microcapsule and prepared sample, respectively.

3.2 Concrete Mix Design

Mix design of concrete was made according to IS 10262-2019 and two different
grades of concrete were designed M20 and M40 with testing all basic materials
required for the test as cement sand and aggregate, and the mix design for M20 and

M40 is shown in Table 2.
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Fig. 3 Preparation of microcapsule and prepared sample
Table 2 Mix design
Grade of concrete | Cement | Fine aggregate | Coarse aggregate | Polypropylene | Water
kg/m® | kg/m? kg/m? fibre 1/m3
kg/m3
M20 394 750 1037 0.25% 197
M40 420 625 1085 0.25% 180

Table 3 Mix design designation

S.No. | Grade designation Grade of concrete
CC 0.25% fibers | 2% microcapsule | 3% microcapsule
CC-1 |CCF-1 CCEM-1 CCFM-3 M20

2 CC-2 |CCF-2 CCFM-2 CCFM-4 M40

3.3 Mix Design Designation
As there are many mixes to understand better grade designation mentioned, it is

shown in Table 3.

4 Results and Discussion

4.1 SEM Analysis

The microcapsules were scanned using scanning electron microscopy (SEM) in the
range of 400-6000 cm™! to get a clear picture of the microcapsules which have
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Fig. 4 SEM images of the microcapsule

been synthesized, by focusing on the particular range that can say that the prepared
microcapsules as a diameter of 5-10 pm, as shown in Fig. 4. Some of the capsules
are irregular in shape, so average diameter has been taken to predict the size of the
capsules.

4.2 FTIR Analysis

Fourier-transform infrared spectroscopy (FTIR) examines the peak range of urea—
formaldehyde and sodium silicate which was used and the results showed that they
were almost matched with the standard range of peak value. So, by this test, we can
confirm the presence of the core and encapsulate, and the same can be noted from
the graph shown in Fig. 5 and Table 4.

k4,

G 2
et
‘—-.——1—‘

Fig. 5 FTIR analysis graph

Table 4 Chemicals present

. . S.No. | Peak Content Standard peak range
in the core material

1 3296.35 | Sodium silicate 3000-3500
2 1097.50 | Urea—formaldehyde | 1000-1250
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Table 5 Variation in a slump across the different mix

Mix Conventional 0.25% fibers 2% 3% Grade of
concrete microcapsule microcapsule concrete

Slump CC-1 CCF-1 CCFM-1 CCFM-3 M20

inmm g5 89 85 83

Slump CC-2 CCF-2 CCFM-2 CCFM-4 M40

inmm gy 82 79 79

4.3 Slump Flow Test

The workability of concrete was tested according to IS 7320:1974 and it was found
that workability will reduce as the percentage of microcapsule increases in both M20
and M40 grade concrete as shown in Table 5. Further with the addition of fibers also
contributed to the reduction in the slump of concrete. The effect of both can be solved
by proper admixture usage.

4.4 Compressive Strength

A compressive strength test was performed based on the IS 516:1959. Concrete
with microcapsule is initially tested by applying 50% of the load for inducing minor
cracks, then sufficient time was provided to heal. After healing the concrete was once
again tested for its compressive strength. It was observed that for M20 grade concrete
it took 22 days and for M40 it took 26 days to heal up to a considerable extent. Testing
samples revealed that after healing of concrete the compressive strength decreased by
14% and 12% for 2% and 3% microcapsule, respectively, compared to conventional
concrete and original samples for M20 grade concrete, and the compressive strength
decreased by 11% and 8% for 2% and 3% microcapsule, respectively, for M40 grade
concrete compared to conventional concrete. The same has been shown in Fig. 6.
But the decrease in the compressive strength of concrete has not affected the grade
of concrete.

4.5 Split Tensile Strength

A split tensile strength test was performed according to IS 5816:1999. Similar to the
compressive strength of concrete, samples with microcapsule are showing a decrease
in split tensile strength as the percentage of microcapsule are increased compared to
original concrete but the strength of these concretes is better than that of conventional
concrete. Further, the healing was observed in the specimens after 22 and 26 days
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Compressive strength of M20 Grade concrete before
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Fig. 6 Variation in compressive strength of M20 and M40 grade concrete
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Fig. 7 Variation in split tensile strength

for M20 and M40 grade concrete, respectively. The same has been shown in Fig. 7,
and also Fig. 8 shows the healing of the concrete cylinder.

4.6 Flexural Strength

A flexural strength test was performed according to IS 516:1959 with a beam size of
150 x 150 x 500 mm. By observing variation in flexural strength, it was found that
as the percentage of microcapsule increases, the flexural strength of concrete was
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Fig. 8 Healing of concrete cylinder due to microcapsule

decreased for both M20 and M40 grade concrete compared to conventional concrete.
But after healing the flexural strength reduced by 15 and 29% for M20 grade concrete
and 11 and 16% for M40 grade concrete for 2% and 3% microcapsule, respectively,
compared to its original samples. Variation in flexural strength is shown in Fig. 9.

Flexural strength of M20 Grade concrete before Flexural strength of M40 Grade concrete before
and after healing and after healing
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Fig. 9 Variation in flexural strength
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4.7 Cost Analysis

The amount of microcapsules required for 2% and 3% for 1 cum meter of concrete is
8.82 kg and 13.23 kg, respectively. And the cost for the preparation of the microcap-
sules of 2% and 3% is Rs 4410 and Rs 6615, respectively. The cost of microcapsules-
based concrete is more compared to conventional concrete, but taking into consid-
eration the maintenance and the life of the self-healing concrete the cost can be
justified.

5 Conclusion

1. By using the in situ polymerization process microcapsules are prepared and
these are having a size of less than 1 micron which is vital for any material to
blend with cement and also FTIR analysis and FEM analysis are validating the
presence of a healing agent in the microcapsule which helps to self-heal the
concrete during the crisis.

2. Incorporation of the microcapsule showed excellent healing of concrete within
22-28 days, which is a significant development.

3. The compressive strength before and after cracking showed that sodium silicate
can be used as a healing agent, which contributes to the strength development
of concrete.

4.  Although there is a decrease in compressive, split tensile, and flexural strength
of concrete and an increase in microcapsule percentage before healing, but as
the percentage of microcapsule increases, the healing ability also increases.
Further, the strength of concrete is more compared to conventional concrete but
less compared to its original value, which is acceptable as there is no change in
the grade of concrete.

5. Cost analysis concludes that self-healing concrete cost is slightly more than
conventional concrete, but compared to its durability and maintenance aspects,
it is a worthy investment in the end.
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Durability Properties of Fibre-Reinforced )
Reactive Powder Concrete By

Abbas Ali Dhundasi, R. B. Khadiranaikar, and Kashinath Motagi

Abstract Concrete used for sewer lines, piers and deck slabs of bridges, highways
and nuclear power plants are prone to acid attacks. Hence it is required to study the
mechanical properties along with durability aspects to assign its service life. In the
present study, fibre-reinforced reactive powder concrete (FRPC) with varying silica
fume content, superplasticizer and dosages of steel fibres are produced. Strengths
under compression, flexure and tension have been obtained. Durability studies have
been carried out by acid tests, salt crystallization test and permeability tests. Strengths
of 140, 150 and 160 MPa have been achieved. To study the resistance against acid
attacks, concrete is subjected to H,SOj solution with 0.5, 1, 1.5 and 2% concentra-
tions. Crystallization of salts is studied by immersing specimens in Na, SO, solutions
for 10-50 cycles. The concrete shows greater resistance towards the permeability of
chloride ions. A considerable amount of loss in strength and mass is observed when
subjected to a higher dosage of acid environment. An optimum dosage of 2.5% of
fibres is suggested. Addition of fibres improved the strength and durability properties.

Keywords Reactive powder concrete - Steel fibres + Acid test + Salt crystallization
test + Rapid chloride ion penetration test

1 Introduction

The performance of any concrete is governed by its mechanical properties and
durability aspects under adverse environmental conditions throughout its service
life. Based on strength parameters concrete is categorized as normal strength (20—
40 MPa), high strength (40-60 MPa) and ultrahigh-strength (>80 MPa) concretes
[1]. Reactive powder concrete is a new-generation ultrahigh-strength concrete with
strengths in the range of 100-800 MPa. Its applications include the construction of
storage bunkers for nuclear waste, sea harbour structures, bridge piers and pathways,
highways, airways, sewage canals etc.
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P. Richard and M. Cheyrezy from France are the pioneers who produced reactive
powder concrete in the early 1990s. Coarse aggregates were eliminated to enhance the
homogeneity. Silica fume was added as pozzolanic material. W/B ratio was reduced
to 0.15-0.19 and a workable mix was obtained by adding superplasticizers. The
microstructure was enhanced by the application of pressure and post heat treatment
at 20 and 90 °C. The ductility was improved by the addition of steel fibres. RPC
with strengths of 200-800 MPa were produced [2]. A study on various types of
superplasticizers and their effect on workability at a low w/c ratio was carried out by
Collepardi et al. [3]. RPC with 285 MPa strength was produced with low-pressure
steam curing and 90°C hot water curing [4]. Applying 50 MPa presetting pressure and
a very high dosage of 1900 kg/m? of cement yielded RPC with 500 MPa compressive
strength [5]. RPC with strengths 120-300 MPa is produced with autoclave curing,
hot water, hot air and steam curing [6—10]. The researchers concluded that heat curing
has a profound influence on strength development and hence higher strength RPCs
can be produced.

The ductility and tensile strengths of concrete can be improved by the addition of
fibres [11-14]. Various types of fibres that can be incorporated in concrete are steel,
polypropylene, nylon, glass, basalt fibres etc. The fibre-reinforced concretes (FRC)
can be used for the construction of bridge deck slabs, highway slabs as well as in
runways of airports. A study on the dosage of polypropylene fibres with different
lengths was carried out on self-compacting concrete. Mechanical properties and
spalling tendency were evaluated. The concrete was cured under elevated tempera-
tures [15]. A model using ANSYS was proposed to determine the tensile strength of
concrete with fibres varying in aspect ratio (length/depth) [16].

An extensive study on the mechanical properties of FRC was done by Zuzana
et al. The fibres were made of steel, nylon, polypropylene and glass materials with
cross-sections of round, rectangular and irregular in nature. Shapes considered were
(a) straight, (b) hooked, (c) wave and (d) deformed. The ends of fibres were (a)
hooked, (b) button and (c) deformed. The results concluded that straight fibres with
hooked ends improved density, tensile strength, fracture energy and shear resistance
[17]. RPC with strength 200-315 MPa was produced with a w/c ratio of 0.2 and
20% silica fume. Steel fibres with 16 mm dia. and length 6 mm were added in 0.5—
4% by volume. Properties and microstructure were evaluated. It was concluded that
the addition of fibres increases both compressive and flexural strengths. It was also
suggested that the volume fraction of fibres should not exceed 3% to get optimum
results [18].

The concrete is susceptible to chemical attacks from an acidic environment and
dissolved acid which precipitate in the form of acidic rain. Many researchers have
shown that the durability of concrete can be expressed in terms of loss in weight/mass
and compressive strength. Amongst the acids, sulphuric acid (H,SOy), hydrochloric
acid (HCI), nitric acids (HNO3) etc. cause massive deterioration of concrete. The
concrete used in sewer pipes is severely exposed to sulphuric acid attacks. These
cause corrosion in concrete. The chemical reactions by several bacterial activities
under low pH values and anaerobic conditions result in the generation of sulphuric
acid around concrete. Commonly found bacteria are desulphovibrio, Thiobacillus
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plumbophilus, Halothiobacillus neapolitanus, and Acidithiobacillus thiooxidans. An
investigation on corrosion of concrete caused by such bacteria has been carried out
[19]. Acid resistance of normal strength blended concrete (2040 MPa) was carried
out by immersing specimens in 5% H,SO4 and 5% HCIl solution for 28 and 90 days.
It was observed that 40% weight loss had taken place [16]. Effect of sulphuric acid
on fly ash-based geopolymer concrete was done for 7, 28 and 56 days. The strengths
were 53 and 62 MPa. The specimens were immersed in 10% solution. The results
indicated that GPC shows higher resistance to sulphuric acid attack [20]. Sulphuric
acid has a significant effect on the weight loss and the compressive strength of
concrete [21-27]. Durability tests on RPC with 180 MPa strength were done. Acid
tests, accelerated corrosion and RCPT tests were performed. Mass was reduced up
to 20% and compressive strength up to 60% [28]. In chemical industries producing
medicines, artificial manure etc., nitric acid is formed in the presence of water by the
reaction of compounds and radicals of nitrates. It is then released into the atmosphere.
The product of cement hydration (Ca(OH),) reacts with such acid and transforms
into highly soluble nitro aluminate calcium hydrates and salts of calcium nitrate. This
leads to the deterioration of concrete [29]. A comparative study on various ageing
tests to evaluate salt crystallization damage was also done to assess the durability
characteristics of concrete [30].

Many researches have been carried out on assessing the mechanical properties
and durability studies on normal, high strength, reinforced, self-compacting and
geopolymer concrete etc. Many studies have been carried out only on the production
of RPC by varying constituent materials and curing conditions. However, very few
investigations are done on durability properties. Hence the present research focuses
on producing steel fibre-reinforced reactive powder concrete with constituent mate-
rials available in the southern part of India and studying its mechanical properties and
durability properties. The optimum dosage of fibres along with the variation of silica
fume is determined. The durability properties of fibre-reinforced RPC are assigned
by performing various tests which will help the constructure engineers to utilize the
material efficiently for many applications.

2 Materials and Mix Proportions

The reactive powder concrete mix proportions are prepared with OPC 53 Grade
cement complying with IS:12269(1987). Superfine silica fume 920D is added as
pozzolanic material procured from Elkem India Pvt. Ltd. Quartz powder (QP) of
300-600 pwm size is used to improve microstructure. It has high silica content and
acts as filler material unless the curing temperature exceeds 200 °C, at which it
produces silicates and contributes to an increase in strength. Potable water, free from
any impurities, is used with variable ratios. A BASF product Glanium-8233 is added
as a superplasticizer. The aggregates constitute high-purity silica sand. The details
of mix proportions are shown in Table 1.
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Table 1 Design mix proportions for RPC

Mix Cement | Sand W/B | Silica fume QP Superplasticizer Fibre
ke/md | kg/md [T kemd g [kgmd kemd | % %
RI-A | 1000 959.51 [0.21 |50 5 100 15 1.5 1.5
RI-B | 1000 947.69 50 15 2.0
RI-C | 1000 935.88 50 15 25
R2-A | 1000 924.06 |0.20 | 100 10 100 20 2.0 1.5
R2-B | 1000 912.24 100 20 2.0
R2-C | 1000 900.42 100 20 2.5
R3-A | 1000 897.67 1 0.19 | 150 15 100 25 2.5 1.5
R3-B | 1000 885.88 150 25 2.0
R3-C | 1000 874.06 150 25 2.5

3 Experimental Programme

3.1 RPC Production

Three grades of fibre-reinforced ultrahigh-strength concrete, i.e. R1, R2 and R3, with
compressive strengths of 140, 150 and 160 MPa are produced with a varying dosage
of silica fume and fibre content. The silica fume is varied in 5, 10 and 15% and
fibres are added in 1.5, 2.0 and 2.5% of the dosage. Dry mix and wet mix are done
in a 200 1 capacity pan mixer. The mixer rotates at a speed of 140-280 RPM [7]. To
get a workable mix superplasticizer dosage is varied w.r.t. w/c ratio. Care is taken
to disperse the steel fibres evenly throughout the mix to avoid flocculation. It takes
18 £ 2 min to get a workable mix. Wet mix is then compacted in three layers on a
vibrating table to remove air voids. The demoulded specimens are kept for hot water
steam curing at 90°C for 48 h and then for normal water curing for up to 28 days.
Cube specimens of 100 x 100 x 100 mm, cylinder specimens of 100 mm dia. and
150 mm height and beams of 100 x 100 x 500 mm are cast and the mechanical
properties are noted down for uniaxial monotonic loads.

3.2 Durability Tests

RPC samples are immersed in acid-resistant trays of 100 x 150 x 150 cm, with
a calculated amount of predetermined concentration of acid solutions. Separate
specimens are used for each durability study.

a. Acid Test

The concentration of H,SO4 solution is varied in the range of 0.5, 1.0, 1.5 and 2%.
The observations were taken at intervals of 7, 28, 60 and 90 days. At the end of each
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period, samples are taken out of solutions and washed thoroughly with clean water.
To remove absorbed water, samples are oven-dried. The samples exposed to different
solutions of H,SO,4 show deterioration. Due to the chemical reactions leading to the
degradation of concrete, the pH of the solution is observed to change. Hence at each
24-h interval, a constant pH is maintained carefully. The deterioration of concrete is
measured in terms of weight loss and compressive strength loss. The percentage loss
is calculated from the following equations:

Reduction in compressive strength (%):

% % 100 (1)

1

where f/, f} are initial and final compressive strengths at 28 days and after
degradation, respectively.
Percentage weight/mass loss is calculated as follows:
W, — W,

1

x 100 )

where W and W, are initial and final weights after deterioration.
b. Salt Crystallization Test

The 28 days cured, clean and oven-dried samples are immersed in 14% Na; SOy
solution. The steps for the salt crystallization test of each cycle are as follows:
(1) Samples are immersed in an acidic solution for 18 h at room temperature.
(2) The removed samples are drained for 30 min. (3) The drained samples are
oven-dried for 4 h at 105 &£ 5 °C and later cooled down to room temperature.
This completes one cycle of 24 h. For the present study, the number of cycles
is varied from 0, 10, 20, 30, 40 to 50 cycles.
c. Rapid Chloride Penetration Test

Cylindrical specimens are cut using a diamond saw cutter to get samples of
50 mm thickness and 100 mm dia. RCPT tests were performed on these samples
[22]. A DC voltage of 60 V is applied between two cells of 0.3 N NaOH and 3%
NaCl solutions. The chloride ion penetration is governed by the measure of the
total amount of charges passed after 360 min in each specimen. The resistance
towards chloride ion penetration is calculated for the grades of FRPC (Figs. 1
and 2).
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Fig. 1 Specimens in HySO4
solution

Fig. 2 Specimens in
Na SOy solution

4 Results and Discussion

4.1 Production of Fibre-Reinforced RPC

The steel fibres are added to improve the mechanical properties of all grades of RPC
designed for 1.5, 2 and 2.5% dosage. The fibres are of round shape with hooked ends.
The aspect ratio (I//d) is 60, with a length of 12 mm and a diameter of 0.2 mm. The
28 days strengths obtained for each mix are shown in Table 2.

It is observed that a higher dosage of fibres contributes to an increase in strength.
An optimum of 2.5% dosage is suggested. The flexural strength of FRPC is observed
tobe 20-25 MPa, i.e., 15% of compressive strength. An average of 15-20 MPa tensile
strength was achieved. These strengths are much greater than normal strength and
high strength reinforced concretes [6—10]. Thus, in fibre-reinforced ultrahigh strength
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Table 2 Mechanical proportions of UHSC

Mix Compressive strength (MPa) Flexural strength Tensile strength
Designed Achieved (MPa) (MPa)
R1-A 140 138.84 14.12 8.89
RI-B 141.21 16.94 12.11
RI1-C 142.85 20.89 15.31
R2-A 150 147.95 16.34 11.33
R2-B 150.19 18.67 14.02
R2-C 154.54 22.28 16.94
R3-A 160 156.71 18.45 13.86
R3-B 161.08 21.72 16.74
R3-C 165.47 24.88 20.16

concrete, steel bars as reinforcement to resist tensile stresses can be omitted, which
helps in the conservation of natural resources for future generations.

4.2 Durability Tests

4.2.1 Acid Tests

The effect of different concentrations of H,SOy is discussed as follows:

a.

0.5% H,S0y,: The visual observations show that there is no change in shape or
structure of the specimen exposed for up to 7 days. However, a small amount
(2%) of weight loss is observed in R1 samples. R2 and R3 samples show better
resistance at the initial stage and up to 28 days exposure period. Samples show
white deposits as a result of surface erosion for 60 days of exposure. A noticeable
amount of weight loss and compressive strength loss is observed. Scaling of the
top surface layer is observed for samples kept for 90 days, shown in Fig. 3a. The
weight loss is 10.49%, 9.63% and 7.23% for R1, R2 and R3, respectively. The
strength loss is 26.95%, 20.59% and 19.24%, respectively. These are shown in
Figs. 4a and 5a.

1.0% H,SO,: Surface erosion is initiated even at 7 days of exposure.
Discolouration of samples from greenish-grey to whitish-grey is observed at
28 days of exposure. No signs of corrosion are observed. Scaling of the concrete
takes place at a higher exposure period, which increases progressively and
peeling of the surface takes place at 90 days of exposure as shown in Fig. 3b.
The weight is reduced by 13.63%, 12.82% and 10.60% and correspondingly
compressive strength reduction is 38.45%, 29.27% and 24.55% for R1, R2 and
R3, respectively. These are shown in Figs. 4b and 5b.
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(¢) 1.5% H,SO4Solution (d) 2.0% H,SO, Solution

Fig. 3 FRPC samples exposed to HySOy4 solutions

c. 1.5% H,SO0,: It is observed that the scaling of concrete is predominant even
on lower days of exposure. Capillary pores are formed. Corrosion of steel is
initiated. Reddish-brown deposits are seen on the surface as shown in Fig. 3c.
These are the results of steel fibre corrosion. However, concrete shows resistance
towards spalling. As shown in Figs. 4c and 5c, 16.91%, 15.82% and 14.01% of
mass reduction and 56.07%, 46.78% and 40.22% of loss in compressive strength
are observed for R1, R2 and R3.

d.  2.0% H,SOy: This acidic solution induces severe damage to all the specimens.
Corrosion of steel fibres is predominant. The solution percolates through capil-
lary pores and oxidation of Fe?* ions results in the formation of ferric oxides
and ferric hydroxides in the form of rust. The volume of this layer reaches up
to seven times its original value inducing bursting pressure. Thus, spalling of
concrete is observed as shown in Fig. 3d. The embedded fibres are exposed and
the rate of corrosion increases with an increase in the exposure period. Samples
are disintegrated to a greater extent. A huge amount of weight loss is observed,
i.e. 23.98%, 20.09% and 18.38% with strength loss of 76.05%, 67.63% and
59.72% for all the grades of concrete. It is shown in Figs. 4d and 5d.

4.2.2 Salt Crystallization Test

Ordinary portland cement is susceptible to damage caused by various acids. This can
be overcome by adding superfine pozzolanic material which improves microstructure
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Fig. 4 Reduction in weight for FRPC samples

and density by reducing porosity and permeability. The addition of fibres improves
bond strength between aggregate phase and paste which further improves density.
The 5% of silica fume in R1 and w/c ratio of 0.21 produced a homogeneous mix and
design strength is achieved. However, it is observed that more air voids and pores
are generated compared to R2 and R3 when subjected to the salt crystallization test.
Thus, from Figs. 8 and 9, it is noted that the percentage of weight loss and reduction in
compressive strength in R1 is relatively more than other mixes of FRPC. From Fig. 9 it
is seen that all the mixes of FRPC show better resistance towards salt crystallization
up to 20 cycles. Thereafter significant damage is induced with an increase in the
number of cycles. The damage increases progressively with an increase in each cycle
ultimately leading to the failure of the specimen. The results are tabulated in Table
3. The maximum weight loss is up to 6-10% of its original weight corresponding to
a 50% loss of strength in compression at 50 cycles. It can be stated that the higher
the grade of concrete, the higher the resistance towards salt crystallization (Figs. 6
and 7).
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Table 3 Variation of weight loss and compressive strength with durability cycles
Cycles Weight reduction (%) Compressive strength (MPa)
M1 M2 M3 M1 M2 M3
0 0.00 0.00 0 140 150 160
10 1.75 1.24 0.89 134.36 143.26 152.62
20 2.67 2.03 1.76 128.49 135.42 144.17
30 6.23 5.09 4.01 116.92 121.65 130.82
40 7.92 6.48 5.24 103.14 108.62 117.54
50 10.92 8.21 6.45 87.92 97.05 108.36

4.2.3 Rapid Chloride Ion Penetration Test (RCPT)

Three samples of each grade of concrete were cast with a w/c ratio varying between
0.19, 0.20 and 0.21. The purpose of this test is to determine the impact of the w/c on
chloride permeability. Re-recorded values of average charges passed through each
specimen are shown in Table 4. It is observed that higher charges are passed through
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Table 4 RCPT test results
FRPC WI/C ratio Charges passed Average charges Chloride ion permeability
(in Coulomb) (in Coulombs)
RI-A 0.21 153 158 Very low
RI1-B 157
R1-C 163
R2-A 2.0 119 125 Very low
R2-B 125
R2-C 131
R3-A 0.19 103 109 Very low
R3-B 109
R3-C 115

R1 samples compared to R2 and R3; however, these are very low. Hence it is stated
that FRPC shows greater resistance to chloride ion penetration.

5 Conclusions

Based on the laboratory tests conducted on the RPC specimen, the following
conclusions are drawn:

1. Fibre-reinforced reactive powder concretes of 140, 150 and 160 MPa are
produced. An increase in the dosage of silica fume and steel fibres improves the
strengths of concrete under compression, flexure and tension, and an optimum
of 2.5% is obtained for the dosage of fibres.
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2.

Concrete properties can be assessed with visual observations of discolouration,
scaling, peeling, corrosion of fibres and spalling of concrete.

The highest form of deterioration is observed for samples exposed to acid solu-
tions of H,SO4. The higher concentration of solutions resulted in weight loss
of 20-25% and strength loss of 60-75%.

FRPC with high density shows better resistance towards the crystallization of
soluble salts with an average weight loss of 6—10% at 50% strength reduction.
Higher grade FRPC (R3) shows better resistance to acid attacks compared with
other grades of concrete (R1 and R2).

A very low amount of charges is passed through all FRPC specimens, which
indicates that it has high resistance towards the permeability of chloride ions.
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Performance of Geopolymer Concrete )
Developed Using Waste Tire Rubber ek
and Other Industrial Wastes: A Critical

Review

Dhiraj Agrawal, U. P. Waghe, M. D. Goel, S. P. Raut, and Ruchika Patil

Abstract The use of concrete as a construction material is one of the highest among
other materials used throughout the world. Due to this, enormous demand for concrete
exists and its constituents became very vital economically and technologically with
respect to the growth of any nation. The primary binder material used in the concrete is
cement, and the process of making cement plays a vital role in infrastructural growth.
Cement production releases a vast amount of carbon dioxide into the atmosphere,
causing severe environmental health hazards like global warming and other issues
allied to it. To control the cost of cement and to keep a tab on problems arising from
its manufacturing, there is a need to find a substitute of cement so that this substi-
tute can be used as a partial/complete replacement of cement in the manufacturing of
concrete. Geopolymer concrete is one way to tackle this problem. Further, industrial-
ization is established very rapidly in the last three decades, particularly in developing
countries. Distinct industrial wastes are being generated from these industries leading
to the problem of their disposal and various health and environmental concerns. The
proper utilization of such wastes is the need of the present time. Extensive research
has been carried out on developing the geopolymer concrete along with the use of
different industrial wastes. Most of the studies on geopolymer concrete have given
promising results for strengths and durability in comparison to conventional concrete.
This work presents a detailed review of the studies based on the use of various indus-
trial wastes, like fly ash, ground granulated blast furnace slag, metakaolin etc. along
with the various alkaline activators for developing the geopolymer concrete to reduce
cement footprint. A detailed review is reported considering the performance of the
geopolymer concrete for different mechanical properties, its strengths and durability
in comparison with the conventional concrete. It has been found that the enhance-
ment in the strengths is observed for the geopolymer concrete as compared to the
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concrete prepared using cement. Furthermore, limitations in the manufacturing of
the geopolymer concrete using these wastes are also discussed.

Keywords Industrial wastes + Geopolymer concrete - Cement * Alkaline activators

1 Introduction

The rapid growth of industrialization is observed in the last three decades in all devel-
oping countries of the world. Infrastructural development is considered to be the most
important part of the growth of a nation. Instant infrastructural expansion is being
carried out using concrete structures in several nations. The use of concrete leads
to the demand for cement as a binder material, hence the manufacturing of cement
increased very rapidly during this tenure. The production of cement releases almost
an equal amount of carbon dioxide (CO,) into the atmosphere [1-4]. Owing to this,
cement consumption has become a foremost challenge for sustainable progression.
5-8% of anthropogenic CO, emission was caused by concrete and 95% of it was due
to cement manufacturing [5—7]. The worldwide cement production from 2015 to 2019
in various fastest-growing countries is displayed in Fig. 1, which can be considered
as the base for the amount of CO, emissions and its effect on the environment [8].
From Fig. 1 it can be observed that China, India and other Southeast Asian kingdoms
produce almost 65-68% of the total production of cement, and ultimately they also
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Fig. 1 Major cement production nations in the world
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Fig. 2 Carbon dioxide emission for top 20 countries for 2018

contribute to the same amount of CO, emissions. Figure 2 presents the scenario of
CO; emission in the world by the top 20 CO, emitting countries in 2018 [9]. Almost
7% of total greenhouse gas emission is caused due to production of cement [10]. So
for developing countries like India, it becomes a serious concern in aspects of a good
and healthy environment and sustainable development to develop an alternative to
the current conventional construction culture. At the same time, while considering
the infrastructural growth around the globe, production of cement, its acute shortage
due to gigantic demand and the effect of cement production on the environment,
industrial evolution is also at its peak in the entire biosphere with the production
of enormous industrial wastes, creating the problem of disposal, land, water and air
pollution. This thing also needs strong attention. Extended research was carried out
around the world for finding an alternative for binding material in concrete using
numerous agro-industrial wastes [11-13]. These investigations have concluded the
possible use of some industrial wastes like fly ash (FA), rice husk ash (RHA), ground
granulated blast furnace slag (GGBS), metakaolin as a partial replacement for cement
but it has some technical precincts and it also does not provide the widespread solu-
tion on the concern. Along with this, these wastes also contributed to the generation
of CO; during electricity generation or in iron industries.
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The concept of geopolymer was first announced by Joseph Davidovits in which the
reaction of silica and aluminum with various alkaline activators was pronounced [ 14].
Geopolymers are an inorganic, non-combustible, heat-resistant, three-dimensional
network of alumino-silicate materials [15]. The geopolymer fusion is established on
the basis of alkali activation in which alumino-silicate material reacts with alkali acti-
vators like sodium hydroxide (NaOH) or sodium silicate (Na,;SiO3) etc. to develop the
alumino-silicate gel [16, 17], which can perform as a binder in concrete. Geopolymer
binders can be used as products as a complete replacement of cement in concrete
production [18], hence it can be a viable solution for sustainable development as
it can overcome the problems of scarcity of cement in constructional development
of the state, CO, emissions and its adverse effects on the ecosystem. Based on the
earlier research studies it has been found that some industrial wastes have shown
very promising results when utilized for making geopolymers. The wastes like fly
ash (FA), ground granulated blast furnace slag (GGBS), crumb rubber, metakaolin
etc. were used in distinct studies. The industrial wastes with rich silica or aluminum
contents can play a vital part in alumino-silicate alkaline gel formation and are
able to impart comprehensive properties of concrete/mortar. This paper describes
the detailed study of the researches carried out in the past on the performance of
geopolymer concrete (GPC) with industrial wastes. This technique of using indus-
trial wastes in geopolymer concrete can not only solve the problem of environmental
contamination but also signifies the prospect of enhancement in mechanical proper-
ties of geopolymer concrete over the conventional concrete prepared using cement.
The use of geopolymer concrete may also become a cost-effective elucidation in the
infrastructure industry.

2 Development of Geopolymer Concrete Using Industrial
Wastes

2.1 Methodology to Prepare Geopolymer Concrete

The key constituent of geopolymer concrete is the alkaline activator solution (AAS),
and its dosages are fixed in the mix. As the focus of this study is on the use of industrial
wastes in geopolymer concrete, the response of these industrial wastes with AAS
must be studied well in advance before testing the other parameters of concrete.
Sodium or potassium-based alkaline activators are generally used in the prepara-
tion of geopolymers in the concrete [19]. NaOH and Na,SiO; are mainly used. The
simplified reaction mechanism of geopolymerization consists of the procedure as
solid alumino-silicates are dissolved due to alkaline hydrolysis by the inclusion of
water. At high pH values dissolution of alumino-silicates is rapid. Due to conden-
sation, gel formation is quicker [20]. In the process of preparing GPC, the mix
design should be calculated using relevant standards. Later on, proper mixing of
dry constituents of concrete should be carried out before adding some amount of
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Fig. 3 Methodology to prepare the mix of geopolymer concrete

water out of the total quantity of water obtained from the mix design. Polymer acti-
vator and catalyst activator are to be added subsequently and uniform mixing should
be performed. After the preparation of geopolymer concrete (GPC) the mechanical
properties of newly prepared GPC should be compared with conventional concrete
for the desired grade. Figure 3 illustrates the methodology to prepare the mix of
geopolymer concrete using industrial wastes.

2.2 Use of Various Industrial Wastes in Geopolymer Concrete

2.2.1 Use of Crumb Rubber in Geopolymer Concrete

As per past studies, the use of crumb rubber as a partial substitution of coarse aggre-
gates and fine aggregates in concrete and geopolymer concrete has shown promising
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results. Many experimental studies have shown the enhancement of strength in
concrete using crumb rubber [21]. The 10% replacement of coarse and fine aggregate
improved the compressive strength of slag-based geopolymer concrete with alkaline
activators such as NaOH and Na,SiO3 due to pre-treatment of rubber with NaOH
[22]. Due to improved impact resistance, the rubberized GPC has a low stiffness
with higher flexibility as compared to the GPC without crumb rubber and hence
the enhanced energy absorption is observed in rubberized GPC [22]. The density
of concrete is observed as the same for convention ordinary portland cement (OPC)
concrete and geopolymer control concrete with a decline in density is observed
with the inclusion of crumb rubber as fractional substitution of aggregates in GPC
[23]. As per the research study [24], the tensile strengths were increased. GPC has
shown enhancing results in the pull-off strength test of concrete than OPC concrete.
The reduction in the compressive strength for OPC concrete is observed at 52% in
comparison to the normal OPC concrete, wherein there was a 41% reduction for the
GPC with a 30% replacement of aggregates by crumb rubber when compared to the
normal GPC [24]. The dynamic properties of geopolymer concrete after a partial
switch of coarse and fine aggregates are found to be improved when compared to
the normal GPC [25]. The slowdown of crack propagation was observed with the
inclusion of crumb rubber in GPC with an enhancement in the impact resistance
of GPC [25]. From the various studies, it is observed that the partial replacement
of coarse aggregate in GPC by crumb rubber reduces the mechanical properties
like compressive strength rapidly, even at less percentage of replacement whereas
the fractional replacement of fine aggregates by rubber offers required strengths to
both GPC and OPC concrete. According to the journal article [26], the lightweight
GPC can be prepared with the use of crumb rubber as a partial replacement for
coarse aggregates. Non-structural applications of lightweight geopolymer concrete
can be promising using rubber waste. Reduction of the slump was noted with the
replacement of more than 30% of aggregates by rubber [27]. The size of aggregates
has shown its effect on the compressive strengths. The activator solution provides
the pre-treatment to the rubber, so the bonding of rubber with other constituents of
concrete is enriched. The clear zones of phenolphthalein indicators were not seen
for assessing the carbonation depth [27]. The modulus of elasticity is found to be
greatly reduced by implementing the partial replacement of aggregates using crumb
rubber while the difference between the densities of normal GPC to rubberized GPC
is found to be reduced [28]. Due to the weak bonding between rubber crumbs and
other ingredients of GPC, the porosity is found to be increased, which in turn resulted
in the reduction of compressive strengths. Along with this, the density of normal GPC
and rubberized GPC is found to be increased due to the immersion of specimens in
seawater [29]. The maximum decrease in compressive strength is detected up to 60%
as related to the normal GPC and rubberized GPC with 15% replacement of aggre-
gates by crumb rubber [30]. Table 1 indicates the compressive strengths obtained for
distinct grades of GPC with varying replacement ratios of coarse and fine aggregates
by crumb rubber.
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Table 1 Compressive strengths for geopolymer concrete in MPa for research papers studied

% replacement of fine/coarse | Source of information

aggregates by crumb rubber 231 4 (st e Ien st 9 ko
0 37.40 |56.23 |54.00 |42.10 |57.90 |46.04 |50.00 |65.00
5 - - - - - 41.55 |40.00 | 48.00
10 40.00 |49.67 |- 29.10 |- 37.01 |35.00 |30.00
15 - - 26.20 |- 19.20 |34.06 |24.00 |20.60
20 28.30 |42.11 |- 28.90 |- - 20.00 |15.80
25 - - - - - - - -

30 24.80 [33.00 |11.70 |- 620 |- - -

2.2.2 Use of Siliceous Material in Geopolymer Concrete

Rashad [31] used the combination of GGBS and quartz powder in GPC. The addition
of quartz powder has shown the enhancement of compressive strengths and other
mechanical properties of GPC. According to the detailed study by Rashad [32], the
setting time and workability were found to be increased with the inclusion of fly ash.
In further research, he concluded that the use of silica fume showed positive results
as the production of hydrates of calcium and silicates intensified with densifying
the pore structure. With the use of quartz powder, the flowability of concrete is
increased with a reduction in porosity. At the same time, the quartz powder also
showed resistance to the cyclic thermal loadings [31]. Rendering to the studies by
Pasupathy et al., it is observed that carbonation is increased with maximum use of fly
ash, whereas the proper mixing of FA and GGBS gives similar trends of carbonation
of OPC concrete [33]. The effect of palm oil fuel ash as a replacement of GGBS
in GPC has been studied, and it is concluded that there is a noteworthy decrement
in the setting time with an increment in the replacement of GGBS by palm oil
fuel ash. In continuation with this, it is also noted that the 100 palm oil fuel ash-
based GPC has 35% reduced strength as compared to the GPC with 100% GGBS
[34]. In comparison of the alkali-activated concrete FA and GGBS with Portland
cement concrete, it is detected that the tensile strength for alkali-activated concrete
is more than Portland cement concrete. On the other hand, the comparison of alkali-
activated concrete made using FA with the alkali-activated concrete prepared using
GGBS has shown similar mechanical properties [35]. The use of metakaolin in GPC
has displayed upgrading for the reduction in shrinkage of exposed specimens. The
fire resistance of GPC is also improved due to the inclusion of metakaolin [36].
In continuation to the use of metakaolin, it is concluded that the enhancement of
compressive strength by 18% is seen when 20% aluminum oxide is mixed with 80%
metakaolin in GPC and matched to the GPC with 100% metakaolin [35]. As per
the study conducted by Lee et al. [36], on alkali-activated controlled low-strength
materials (CLSMs) with the use of fly ash, slag and bottom ash, it is observed that
the increase in the amount of bottom ash has shown a lessening in flowability of
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alkali-activated CLSM. In addition, they also commented that the bleeding rate is
reduced with an increase in the quantity of slag. At the same instant, the compressive
strength is also increased due to the inclusion of slag as it imparts later strength to
CLSM. Chemical analysis of alkali-activated mortars is carried out by Winnefeld
et al. [37] with high and low calcium fly ashes obtained from the combustion of hard
coal. They commented that the low calcium fly ash is more reactive than the high
calcium lignite coal fly ashes in alkali-activated systems. The specimens with low
calcium fly ashes also showed sufficient compressive strengths [37]. According to
the study on porous concrete [38], it is seen that the compressive strength of porous
concrete made up of coal-bottom ash using geopolymeric binder was less than that
of porous concrete with gravel and cement, whereas the porous concrete with coal
bottom ash has provided immobility to the heavy metals leached from bottom ash. A
research on the Australian brown coal fly ash collected from three different sources
was carried out, and it is observed that the brown coal fly ash is insufficient to achieve
satisfactory results. Blending these brown coal ashes with class F fly ash and blast
furnace slag is required to get promising outcomes [39]. An experimental study on
pervious concrete is completed by Zaetang [40], the ordinary portland cement is
replaced with FA and bottom ash was used as coarse aggregate in this study. Limited
substitution of cement by FA is carried out and the obtained results show that sodium
hydroxide plays a vital role in augmenting strengths. It is recommended that 15%
replacement of cement by FA gives encouraging results in aspect of strengths. The
study on the combined utilization of crumb rubber as a partial replacement for sand
and FA as a binder [42] was conceded and it is concluded that there is a reduction in
compressive strength of GPC due to the inclusion of rubber irrespective of the type
of fly ash used. The fineness of fly ash reduces the rate of reduction of compressive
strength. The use of FA and GGBS is done in the study [41, 42], and it is found that
the replacement of FA with GGBS boosts the modulus of elasticity and compressive
strength of GPC. The compressive strength is amplified by 1.48 times when the
strengths of GPC with 100% FA are harmonized with the GPC with 30% FA and
70% GGBS on the 28th day of testing of specimens. For the same comparison, the
modulus of elasticity is increased by 42.85%. As per an experiment by Olivia and
Nikraz [43], it was concluded that the GPC was made with the use of FA as a binder
material and a total of nine distinct specimens were cast with one OPC sample with
55 MPa strength. The almost same or high strength is achieved by the samples of
GPC. The higher tensile and flexural strengths were observed for GPC as compared
to OPC concrete. Tawatchai Tho-in presented experimental results on the pervious
GPC using FA as the binder material, the ratio of coarse aggregate to FA was 1:8.
The compressive strength and splitting tensile strengths were determined, and it is
found that these strengths for pervious alkali-activated GPC are slightly higher than
that of normal pervious concrete prepared using cement as a binder. The density of
pervious GPC is 30% less than the orthodox pervious concrete [43]. A combined
study was conceded on the use of cement and FA as a binder material in concrete.
The conventional concrete was compared to fractional and integral replacement of
cement by FA and it is perceived that the mechanical properties like compressive,
flexural and split tensile strengths were improved by 43.6%, 36.07% and 51.13%,
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respectively, at 50% replacement of cement by FA and compared with the specimens
having 100% cement as binder material [44]. Table 2 presents the chemical oxide
composition of distinct industrial wastes used in the formation of GPC in referred
papers. Figure 4 presents the amount of oxides of silica, aluminum and iron present
in different industrial wastes, which are the main components of cement.

3 Discussion

The widespread literature revisions were accomplished concerning the development
of sustainable concrete without using cement and other conventional constituents of
concrete like sand. Figures 1 and 2 depict how harmful activity cement production
is. The generation of greenhouse gases and CO, emissions will be the long-lasting
glitches as the development of nations cannot be compromised. So it is the need
and duty of each nation to think about sustainable development. As reviewed from
the studies cement is the main matter to emit CO,, so GPC became the most viable
elucidation as an alternative to cement that can be generated using alkaline activa-
tors and other siliceous by-products disposed of by industries as binder material. It is
marked in Table 1 that the researchers have used crumb rubber as a replacement for
fine aggregate in concrete and in GPC by overcoming the environmental intimida-
tions generated by the production of cement due to stockpiled tires. The generation
of discarded tires is a never-ending problem for our ecosystem as the automobile
industry grows rapidly day by day. It is observed from [20-22] that the crumb rubber
gives promising results in view of the strengths of GPC while comparing them with
orthodox concrete, and the dynamic behavior of rubberized GPC is improved to
that of normal concrete. At the same time, it is also seen that the molarity ratio,
blending of NaOH and Na,SiO; also affects the performance of crumb rubber in
GPC and in normal concrete. From Table 2 it is realized that many siliceous mate-
rials recycled from industrial wastes can be used as binder materials in GPC as a
replacement for cement. The use of quartz powder [31] has shown enhancement in
the strengths of concrete. Figure 4 proves the efficiency of industrial wastes in the
replacement of cement in concrete. GGBS and FA are the most used binders in GPC.
More focus is needed on experimental studies on GPC as more encouraging results
are predictable for practical implementation of GPC over conventional concrete. The
source/collection of industrial wastes should be studied as it affects the properties of
concrete.

4 Conclusion

The use of divergent industrial wastes concerning to prepare geopolymer concrete
has been reviewed. In accordance with the studied literature on experimental lessons,
the following conclusions have been drawn:
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Fig. 4 Amount of oxides of silica, aluminum, iron, and calcium available in industrial wastes used
as binder materials in GPC

e The alkali-based geopolymers are the finest alternative to the cement as sufficient
strength can be achieved.

e Limited use of crumb rubber as partial substitution of fine aggregate can be
acceptable as it gives desired strengths in both normal concrete and GPC. 30%
optimum replacement of fine aggregate by crumb rubber is possible, beyond this
the compressive strengths of specimens may be reduced.

e Dynamic properties of concrete have been improved in some studies after the
incorporation of crumb rubber. The effect of the size of rubber particles on the
strengths of GPC should be studied.

e GGBS and FA have shown very interesting results when reacted with an alkali-
activator solution and achieved higher strengths than conservative concrete.

e GPC can be used as an environment-friendly and economical solution for infras-
tructural development as it involves the use of recycled industrial by-products and
minimizes environmental pollution.
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Thermal Behaviour of Mortar Specimens | M)
Embedded with Steel and Glass Fibres e
Using KD2 Pro Thermal Analyser

P. Harsha Praneeth

Abstract Understanding the thermal behaviour aspects of cement mortar has a
significant role in the applications of sustainable buildings, chimneys, cooling towers,
bridges, etc. as mortar is the main constituent in all concrete structures and masonry
walls. It is often desirable to have lower thermal conductivity (K) values for the sake
of thermal insulation; higher values are needed to optimize the thermal stresses in the
structure. Hence, a need exists in understanding these behaviours, so that the desired
material can be tailored and used in the places of need. The current study aims at
investigating the thermal properties of mortar specimens, i.e. thermal conductivity,
specific heat capacity (C), thermal diffusivity (D), and thermal resistivity (p) of rein-
forced mortar specimens embedded with steel and glass fibres. Thermal properties
are determined using a KD2 pro thermal property analyser on five mortar speci-
mens at temperature ranges of room temperatures (27) 50, and 100 °C and hydration
periods of 3, 14, and 28 days. The results indicated that in specimens reinforced
with 1% glass fibres, thermal conductivity decreased significantly with the increase
in the hydration period and temperatures, while the effect of the hydration period
of 1%steel fibre specimens on thermal conductivity is relatively low. It is concluded
that mortar specimens reinforced with steel fibres have higher K; relatively glass
fibres have K on the lower side. Mortar specimens with 0.5 and 1% of glass fibre
have shown the highest resistance to heat flow. While the inclusion of 1% steel fibre
is most favourable for effective heat transfer across the mortar specimens.
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1 Introduction

The energy efficiency of buildings, nuclear power plants, rocket launching facilities,
large furnaces, gravity dams, etc. can be improved, by engineering a material, which
can mimic the properties of an insulating material, where the ability of a material to
conduct heat is at its optimum. In order to achieve this, the inclusion of minerals,
chemicals, and fibres in the concrete or mortar mix has been the trend of the day. By
incorporating such supplements in the preparation of concrete mixes, the mechanical
and thermal properties of concrete will be significantly affected [7, 16, 22, 21].
The inclusion of various fibre dosages and their dispersion, during the concrete
manufacturing process, can affect the thermal properties of concrete enormously
[8, 20, 27] (Arikumar et al., 2019). Especially the effects of fibres on the values of
thermal conductivity (K) can be very significant. As K is not the only critical aspect in
thermal behaviour studies, the applications focusing on this aspect are of significance
in the design of certain aspects of construction material deployed in buildings.
Studies pertaining to the changes taking place in mechanical properties and
thermal properties with the inclusion of limestone [1], conductive fibres [5], rubber
particles [10], mineral admixtures [6], etc. were extensively examined. Keeping such
material in mind, numerous studies carried out by the researchers indicated variations
of moisture content in the mortar specimens were not observed up to 50 °C, while
declination is linear and steep until 100 °C [26]. The inclusion of sand has decreased
the specific heat (C) while K has increased, a complete opposite phenomenon was
observed due to the inclusion of silica fumes C [26]. K is usually determined by three
methods: two linear parallel probe methods (TLPP), lane heat source (PHS), and hot
guarded plate (HGP). PHS and HGP methods are similar to the TLPP method (Kim
et al.). Mortar specimens were prepared with partial replacement of mineral admix-
tures, such as Fly ash (FA), Silica fume (SF), and Blast furnace slag (BFS) in Portland
cement (PC). Compressive strength, K values are compared with plane mortar speci-
mens, in relation to the specimens replaced partially with 10, 20, and 30% of FA, SF,
and BF. Comparing all the results, lower K values are reported for specimens prepared
with SE, with respect to other mineral admixtures [6]. Mortar specimens with Palm oil
fuel ash (POFA) as a mineral admixture and partially replaced with Ordinary Portland
cement (OPC), along with Acrylic and Polypropylene (PP) fibre. The casted speci-
mens were exposed to thermal loads of 300 and 600 °C, and compressive strength,
water adsorption, and K are investigated. A drop of 50% in K was achieved in the
mixes replaced with 50% POFA, due to the presence of higher internal air voids,
and similar behaviour was observed with the specimens incorporated with acrylic
fibres [11]. Cork fibre and paper waste are embedded into the gypsum matrix during
the manufacturing of composite panels. The composite panels are investigated for
water adsorption, compression, flexural strength, sound propagation, and K. Inclu-
sion of 60% of cork fibre into the composites has decreased the K by 300% [17].
Mendes et al. [9] proved the relation between variations in the K is dependent on
the porosity of the specimens, a relation was stated between the testing methods of
Ultrasonic pulse velocity and heat flow meter. Contrafatto et al. [4] indicated that a
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significant correlation does not exist between K and open porosity of the specimens
prepared using pyroclasts that are porous in nature and that are embedded into the
mortar mix. Hot wire parallel technique was adopted to determine the effects of
moisture content and porosity on K, D, and C of the aluminium refractory concrete
specimens in the temperature ranges of ambient temperature —1000 °C [18]. K, D,
and density decrease with the increase in temperature. While moisture content will
directly affect the K [19], conductivity and D are determined for hempcrete at higher
temperatures using a hot box test [15]. Methods such as the guarded hot plate method,
hot wire method, heat flow method, and probe method are adopted in common. For
the current experimental investigations, probe methods were adopted. Studies indi-
cated that with the increasing temperatures, the thermal diffusivity decreases; as a
result of increasing temperatures, moisture content tends to reduce [28]. Thermal
analysers such as Thermogravimetric Analysis, Differential Thermal Analysis, and
Differential Scanning Calorimetry are used to understand the mass loss and heat flow
of cement specimens at elevated temperatures [14—14, 23, 24].

The primary focus of this research article is to determine the effects of steel and
glass fibre concentration on the thermal properties of mortar specimens. Thermal
properties such as K, C, D, and p are determined using KD2 Pro thermal analyser for
the first time. The variations in the thermal properties are determined for the mortar
specimen prepared with 0.5 and 1% of steel and glass fibre concentrations, and the
results are compared to plane mortar specimens subjected to 50 and 100 °C. The
suitability of KD2 Pro thermal analyser in determining the thermal properties was
investigated and discussed.

2 Experimental Groundwork

2.1 Materials

Cement binder of OPC, i.e. OPC-53 grade of cement (GoC) was chosen for the
current experimental study, due to the ease in availability and its frequent use. The
standard consistency of the cement paste is 30%, determined using 1S:4031 (Part-4)-
1988. While specific gravity of cement is 3.15, determined using 1S:2720(Part-3).
The fine aggregate (FA) used for the present investigation is Ennore sand, confining
to the code specifications of IS: 650-1991. FA confined to three groups of particle
size distribution, i.e. <2 mm and >1 mm, <1 mm and >50 pwm, and <500 pwm and
>90 pwm; while the ratios of each grade of FA are 33.33%. Two types of commercially
available fibres are incorporated in to the mortar mix.

For the mortar mix, corrugated crimped stainless steel fibres that are cold drawn
from mild steel wire are used. The mechanical properties of crimped fibres and their
samples are shown in Table 1 and Fig. 1a. Along with steel fibre, Alkali resistance
(Ar) glass fibre, where the integral part of the glass fibre is zirconium, constitutes 19%
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:;‘;:ﬁliex?;:t‘:;‘ﬁres Type of fibre Steel Glass
Diameter () 0.55 mm 13.5-14 pm
Length (L) 50 mm 6 mm
Tensile strength 1168 MPa 3500 MPa
L9 90.90 444.44
K (W/mK) 16 1.05
Specific gravity 7.85 2.6

(b)

Fig. 1 Appearance of a corrugated crimped steel fibre and b Ar glass fibre

of the total fibre content. Ar glass fibres are highly abrasive resistant and noncom-
bustible. The mechanical properties and the fibre samples are shown in Table 1 and
Fig. 1b.

2.2 Mix Proportions

To determine the compressive strength of mortar specimens, i.e. plane mortar spec-
imens are cast using OPC-53 (200 g), and Ennore sand (Zone-I, II, and III—200 g
each), a total of 600 g, is mixed with a water content of (P/4) + 3% (P—water
percentage required for producing a paste of standard consistency as per 15:4031(Part-
1)-1988), i.e. 84 g. The mortar specimens are cast, as per the code specifications of
1S: 4031 (Part-6)—1988. Five types of specimens are cast for the current investigation,
i.e. specimens with Plane mortar, 0.5%, 1% concentrations of corrugated crimped
steel fibres, and Ar fibres incorporated into the plane mortar mix.
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2.3 Testing

Mortar mix specimens are placed in 70.7 x 70.7 x 70.7 mm?> molds. While thermal
properties are determined on cylindrical specimens, for which a set of three cylin-
drical specimens were cast into the molds 50 mm in diameter () and length (L).
The mortar mix was poured into the desired mold, as three layers, while each layer
was compacted by means of a mechanical vibrator. In order to place the sensors in
Fig. 2b into the mortar specimens, two grooves are provided on top of the specimen,
before the hardening of the mortar mix Fig. 2a, and placed in the curing tank for the
desired curing periods. Once the desired curing periods are achieved, the specimens
are taken out of the curing tank and subjected to desired temperature loading using
an oven, since the heating temperatures are very low.

In order to acquire the parameters under investigation, from KD2 Pro thermal
analyser, the following procedure was adopted for all the specimens. K, C, D, and p
of the cast mortar specimens are determined using Decagon KD2 Pro setup. The setup
uses a method of transient line heat source for determining the thermal properties,
while the dual needle SH-1 sensor is used to obtain the parameters under investigation.
A read time of 2 min was adopted, from which the data is acquired to predict the
thermal properties. Out of the considered 2 min of read time taken for the SH-1
sensor, half of the time is spent for temperature equilibrium prior to initiation of
heat. While the rest is the time utilized for heating; however, the measurements are
taken for the entire duration. Depending on the type of material used for the study,
different sensors can be used, and the read time to be adopted will be altered, as per
the manufacturer’s specifications.

Care is taken while inserting the dual needle sensor setup, and needles should
remain parallel during the process of insertion into the specimens. To achieve this, a
red tab with sample holes was inserted into the specimens at the time of cast, mortar
specimens with dual needle holes Fig. 2a. Since the sensor releases a heat pulse, a

(b) (c)

Fig. 2 a Specimen with pre-inserted whole, b dual needle SH1 sensor, and ¢ thermal properties
test setup
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minimum extra spacing of 1.5 cm is left parallel to the sensor in all the directions,
to avoid errors while the collection of the readings.

In order for the KD2 Pro analyser to predict the results accurately, a good thermal
contact between sensor and mortar specimens needs to be achieved, for which the
thermal grease has been applied to the sensors, before placing the needles into the
provided slots.

K is the ability of a material to conduct heat, the unit being % The quantity of
heat flow through a material is directly proportional to the cross-sectional area and
the varying temperature gradient, along the surface through which the heat flows,
while inversely proportional to the material thickness. It is calculated by Eq. 1:

. kxAx(t,—1)
Q—(f) ey

where O = Quantity of heat; A = Area of the cross section; (f, — ;) = Temperature
difference; L = Distance of flow (Thickness).

D is the rate at which the temperature can be spread across the material. Higher
diffusivity indicates the rate of heat transfer will be high. D is dependent on K, C,
and density of the material. D is measured using SH-1 dual needle sensor, derived
by Eq. 2:

K
D=
d=x*C)

2

where K = Thermal conductivity; d = Density; C = Specific heat capacity.

In solid members, the C is determined by low heat exchange. C is the amount of
heat required per unit mass to raise the temperature by a °C. C is very much influenced
by the type of aggregates, and the effects of embedded steel fibre reinforcement are
negligible, in the high-strength concrete (HSC) at elevated temperatures [25]. C
values increase up to a temperature of 500 °C, then decrease from 700 to —900 °C
and later increases [19]. ‘C’ is calculated by Eq. 3:

0
- = 3
m(ty — 1) ©)

where Q = Amount of heat transfer (J); m = Mass of the substance (kg).
p is the ability of a material to resist the heat flow; it is the reciprocal of ‘K’. It is
calculated by Eq. 4:

“4)

a1
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3 Results and Discussions

To understand the effects of hydration periods on the values of K, for specimens
prepared with plane mortar, 0.5% steel and glass fibre, 1% steel and glass fibre at
curing periods of 3, 14, and 28 days are plotted and discussed. These fibre concen-
trations are selected, as an increase in steel fibre concentrations causes the balling
effect, which resulted in an improper compaction of mortar specimens. Along with
these results, K, C, D, and p effects of temperature, i.e. at 27, 50, and 100 °C on
all the five mixes were determined. The values plotted in the table are the average
of three readings of KD2 pro thermal analyser for each specimen, and the averages
of the three specimen’s values are plotted. Such a method was adopted to achieve
consistency in the readings, and the discussion for the achieved results is as follows:

3.1 Thermal Conductivity (K)

The final values showing the variations in K values of all the specimens at 3, 14, and
28 days of hydration, for all the five mortar mixes, are shown in Fig. 3. The mortar
specimens of 0.5% glass fibre, 1% steel, and glass fibre have shown a reasonable
drop in the K values, with the increase in hydration, while in the plane mortar and

38 = -
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Fig. 3 Thermal conductivity of various specimens at several stages of hydration
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0.5% steel fibre specimens, variations in the K are negligible. From the data obtained
in the current investigation and mentioned by the other researchers, the effects of K,
with varying hydration periods, are not observed in the specimens of plane mortar
and 0.5% steel fibre.

The specimens with 1% glass fibre replacement in the mortar have the lowest K
values, while 1% steel fibre has the highest. Among the specimens under investiga-
tion, for specimens replaced with 1% glass fibre, the drop in K values was 23.67%
from the day of the cast to 28 days of hydration. This indicates a dispersion of 1%
glass fibre is well spread across the specimen, with respect to 1% steel fibre. From
Table 1, one can observe the lower values of K for glass fibre, i.e. 1.05, while for steel
fibre is 16, which has a significant effect on the overall K values when embedded
in the specimens. An average K value of 0.5% steel fibre is 2.87 and 2.98 at 3 and
28 days of hydration, while 3.56 and 3.42 for 1% steel fibre. This indicates with
the increasing steel fibre dosages, the K values increases, thereby making the mate-
rial highly conductive. While 0.5% glass fibre has K value 2.66 and 2.39, for 1%
glass fibre, it is 2.45 and 1.87 at 3 and 28 days of hydration. This phenomenon can
be attributed due to the inclusion of fibres in the mortar specimens with different
dosages of weight percentages, increasing the water adsorption capacity of the spec-
imens. The higher the percentage inclusion of fibre content into the specimens, the
greater will be the distribution of pores across the specimens. This behaviour was
observed during the preparation of the fibre-reinforced mixes, which affected the
consistency of the mix. As the clustering of fibres in the specimens leads to entrap-
ment of air during the hydration of the mix, the pastes with standard consistency
couldn’t penetrate the fibres. This results in a lot of interconnected pores in the fibre
specimens, due to the clustering of fibres. As specific gravity of glass fibres is three
times lower than that of steel fibres. In the case of glass fibre, the distribution of fibre
content is higher with respect to steel fibre, which increases the entrapped air content.
From Fig. 3, we can say that 1% steel fibre specimens will have lesser pore content,
since the density of specimens with fibre reinforcement is greater, and specimens
with higher densities result in larger K values [5]. However, due to the higher aspect
ratios of glass fibre, K values are fifteen times lower than that of steel fibres, while
the density of the specimens is low in relation to steel fibre. This resulted in the lower
conductivity of the mortar mixes embedded with glass fibres. One can infer from the
available data that the higher the concentration of glass fibre dosages in the mix, the
lower K values can be achieved, and in doing so, the materials can act as insulators.

Temperature effects on the ‘K’ at 27, 50, and 100 °C are shown in Fig. 4b, and
the effects on the K due to changes in temperature are significant. The optimum K
values of concrete specimens should be greater than 1.74 (W/m K), else the flux
that can be attenuated will be restricted [15]. The porosity present in the concrete
specimens plays a crucial role in governing the values of K. Types of pores, i.e.
filled with air or moisture, will also affect the K [5]. Figure 4b indicates that the
effects of the types of fibre and their ratios have a significant role in governing the
thermal efficiency of the concrete as a whole. The average K values determined for
the plane mortar specimens at 27, 50, and 100 °C are 2.75, 2.67, and 2.35. The K
value at 27 and 100 °C has dropped by 15%, while in 0.5 and 1% of steel fibre
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specimens, it is 22.82 and 18.12%. The effects of 0.5% steel fibre incorporation into
plane mortar specimens are negligible, as the values are very much similar, i.e. 2.35
and 2.30 at 50 and 100 °C. The inclusion of the steel fibre into the specimens has
increased the K values, in comparison to the rest of the specimens. As K values
are higher for steel fibre concentration, among the specimens with different fibre
concentrations, in order for the concrete to conduct temperature effectively across
the concrete members, during thermal loading, higher steel fibre concentrations are
desirable. As the maximum permitted steel reinforcement is 6% (Column) and 4%
(slab and beam) in concrete members provided with steel reinforcement. Hence,
K transfer during fire accidents will be more in the column, with respect to other
structural members. The reported K for the mortar specimens embedded with 0.5
and 1% glass fibre at 100 °C is 2.40 and 1.30. While the loss in K values due to 0.5
and 1% glass fibre incorporation into the mortar is 14.65 and 30.48%. In specimens
with 1% glass and steel fibre, the K values at 100 °C are 1.30 and 2.80, indicating
that the steel fibre specimens can conduct heat two times more effectively than the
specimens with 1% glass fibre. The 1% glass fibres specimens at 100 °C has lower K
values, which indicates the glass fibre replacement can restrict the attenuation heat
flux more effectively, with respect to any other specimens in the current study.
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3.2 Specific Heat Capacity (C)

Temperature effects on the fluctuations in C at different temperatures and fibre
concentrations are shown in Fig. 4a. Negligible variations in values of C were
observed in plane mortar specimens at all temperatures. The initial values of C
reported for plane mortar specimens are 1.18 kJ/kg [25] and the current values are
2.1 kJ/kg (Kodur et al.). When comparing the previous results with the current, the
obtained variations in C are within the limits, at specimens subjected to 100 °C is
2 kJ/kg. Higher losses in C values are obtained for the specimens cast with 0.5% steel
fibre, i.e. 2.42, and the loss in C is 14%. As the specimens’ temperature increased,
a significant drop in C values was observed in all the fibre-reinforced specimens.
Drop in C values is significant for specimens embedded with 1% glass fibre, after
the specimens were exposed to 100 °C. However, in the specimens with 0.5% steel
fibre and glass fibre content, the ability to conduct heat has increased from room
temperature to 50 °C. As temperature effects are too low on the mortar specimens at
50 °C, it does not cause any moisture loss in the specimens. The reason for the rise
in the C values needs to be investigated. From the results of C, it is observed that
with the increase in temperature during thermal loadings, effects on concrete can be
optimized by substituting with glass fibre, as heat can spread less effectively in the
event of fire in 1% glass fibre specimens than other specimens, observed from the
plots.

3.3 Thermal Diffusivity (D)

Temperature effects on D are shown in Fig. 4c, plotted for all plane and fibre-
reinforced specimens. As D values are dependent on the mass of the specimen,
fluctuations in the density of the specimen are evident from the results. The speci-
mens with higher glass and steel fibre content, i.e. 1% have set the upper and lower
threshold values of ‘D’. As diffusivity is derived from K divided by the product of
specific heat and density of the material [2], the D values obtained for the plane
mortar specimens are 1.34, 1.28,and 1.18 m?/s at 27, 50, and 100 °C. The drop in the
values of D is very less under the temperatures of 100 °C, as the effects of changes
taking place in moisture content and density are very optimum [3, 15]. The D values
for 1% glass fibre are 0.92, 0.81, and 0.86 m?/s, while for 1% steel fibre, the values
are 1.65, 1.61, and 1.48 m?/s at the above-mentioned temperatures.

3.4 Thermal Resistivity (p)

Variations in the values of p with different types of fibre concentrations at three
temperatures are shown in Fig. 4d. p is the ability of a material to resist the ability
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to conduct heat, i.e. higher values of p indicate greater will be the ability to resist
heat. One can observe from Fig. 4d that the specimens with 1% glass fibre have the
highest resistance to heat, i.e. 53.89, and as the temperature increased to 100 °C,
the resistance increased by 45%. Among all the specimens, the mortar specimens
with 0.5 and 1% of glass fibre have shown the highest resistance to heat flow. As the
concentration of steel fibre is 1%, the least p is shown by the mortar specimens. The
specimens with plane mortar and 0.5% steel fibre are very much similar at 100 °C, i.e.
44.45 and 44.13. Hence, the inclusion of 0.5% steel fibre is insignificant in controlling
the ability of the heat to flow across the specimens. The inclusion of 1% steel fibre
is most favourable for effective heat transfer across the mortar specimens, while 1%
inclusion of glass fibre optimizes the heat flow.

4 Conclusion

An experimental investigation is conducted to understand the thermal properties such
as thermal conductivity, thermal diffusivity, thermal resistivity, and specific heat of
mortar specimens embedded with 0.5 and 1% of glass and steel fibre into the plane
mortar specimens. While variations in the thermal properties were observed with
respect to the fibre embedded and plane mortar specimens, the following research
findings are made from the study.

e The higher the concentration of glass fibre dosages in the mix, the lower K values
can be achieved, and in doing so, the mortar insulation properties can be enhanced.

e Higher doses of steel fibre are effective in conducting the temperature across the
mortar during thermal loading.

® An increase in temperature effects on mortars during thermal loadings can be
optimized by substituting with glass fibre, as heat can spread less effectively in
the event of fire in 1% glass fibre specimens, rather than plane and steel fibre
specimens, observed from the plots of C.

e Mortar specimens with 0.5 and 1% of glass fibre have shown the highest resistance
to heat flow. While the inclusion of 1% steel fibre is most favourable for effective
heat transfer across the mortar specimens.

e Kd2 Pro thermal analyser is a suitable test method for determining the thermal
properties of mortar specimens at elevated temperatures; however, the determi-
nation of thermal properties is limited to 150 °C.
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Modulus of Elasticity )
of High-Performance Concrete Beams ek
Under Flexure-Experimental Approach

Asif Igbal A. Momin, R. B. Khadiranaikar, and Aijaz Ahmad Zende

Abstract The modulus of elasticity of High-Performance Concrete (HPC) is one
of the characteristics found to be greater than conventional concrete. This enhanced
elastic property of HPC makes it suitable for most of the structures with heavy loads
and long spans. Also, the elastic property of reinforced HPC differs as compared
to pure HPC. This research work aims at determining the modulus of elasticity
of reinforced HPC beam under flexure using an experimental approach. The beam
models of size 150 mm x 300 mm x 2000 mm with varying percentages of tension
reinforcement for Mgy, Mgy and Moy grade HPC beams are studied experimentally.
The modulus of elasticity of reinforced HPC beam under flexure is determined using
experimental stress—strain curves and bending equations from the experimental data.
The equation for modulus of elasticity is proposed in terms of longitudinal tension
reinforcement ratio and grade of HPC. The modulus of elasticity of reinforced HPC
beam under flexure increased with the increase in longitudinal tension reinforcement
ratio of the concrete section.

Keywords High-performance concrete - Modulus of elasticity + Conventional
concrete *+ Longitudinal tension reinforcement ratio

1 Introduction

The elastic property of concrete, i.e. the modulus of elasticity measures its rigidity.
This property of concrete is defined as the ratio between the stress applied and the
strain obtained within the defined limit of proportionality. The limit of proportionality
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is “the maximum stress the material tolerates without deviating from the stress—
strain proportionality (Hooke’s law).” The applied stress may be static or dynamic;
however, this study is limited to static stress. It is generally related to the compressive
strength of concrete; it increases with an increase in compressive strength. Hence, the
modulus of elasticity of concrete may be articulated as a function of the compressive
strength of concrete [1]. But the increase in the rate of modulus of elasticity is
comparatively less than that of the compressive strength of concrete [2]. Modulus
of elasticity generally depends upon many parameters like aggregate type, the mix
proportions, curing conditions, rate of loading, etc. The larger the amount of coarse
aggregate with a high elastic modulus, the higher would be the modulus of elasticity
of concrete. Researchers have also studied that the addition of mineral admixtures
enhances the strength, modulus of elasticity and durability of concrete [2-9]. The
concrete specimens tested in wet conditions show about 15% higher elastic modulus
than those tested in dry conditions [10]. This property is evaluated by drawing the
slope for the stress—strain curve. As most of the part of the stress—strain curve is non-
linear, different methods for computing the modulus of elasticity are shown in Fig. 1.
The secant modulus is the commonly used method for evaluating this property by
different codes and researchers [11-14]. Now the modulus of elasticity of reinforced
concrete members is very indifferent to the modulus of elasticity of concrete alone
[15, 16]; hence, the use of the modulus of elasticity of concrete overestimates the
design values in the design of structural members. Also, in the design of structural
members, the total cross-sectional area of the section is considered neglecting the
effect of confining steel reinforcements. The high-strength concrete and the high-
performance concrete differ largely from the conventional cement concrete because
of use of the cementitious material like silica fume, fly ash, etc. and hence because of
which the mechanical properties of HSC/ HPC also differs [17-19] and the proposed
equation for modulus of elasticity of concrete or reinforced concrete may not be
applied either for HPC or reinforced HPC.

Fig. 1 Stress—strain curve Secant Modulus
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Table 1 Modulus of elasticity of concrete

SI. No. Code/researcher(s) Equation for modulus of elasticity of concrete (MPa)
1 1S-456:2000 E. = 50004/ fek, applicable for concrete grades < Mss
2 ACI-318-14 E. = 4730,/ f/, applicable for f/ <41.4 MPa
3 ACI-363-10 [20] E. = 3320,/ f! + 6900, applicable for f; < 83 MPa
4 NS 3473 [21] E. = 9500(fcf)0'3, applicable for 25 < f/ < 85 MPa
5 CSA A23.3-M84 [22] E. =5000,/f/

. 0.3
6 EN 1992-1-1:2004 E. = 22000[@]
7 CSA A23.3 E. =4500,/f/

Table 2 Modulus of elasticity of reinforced concrete

SI. No. | Code/researcher(s)

Equation for modulus of elasticity of reinforced concrete (MPa)

1 Kulkarni et al., 2014 | E. = 3774.23p? + 2789.67p; + 5000~/ fe

The database for modulus of elasticity of concrete, reinforced concrete and high-
strength concrete/high-performance concrete as proposed by different codes and
researchers is presented in Tables 1, 2 and 3.

Table 3 Modulus of elasticity of HSC/ HPC

SI. No. Code/researcher(s) Equation for modulus of elasticity of
HSC/HPC (MPa)
1 D. Mostofinejad and M. E. =10.25(£))0316, (R? = 0.87) for
Nozhati [23] limestone aggregate
E. = 8(f)%32, (R? = 0.85) for andesite
aggregate
E. = 10.75(£)%312, (R? = 0.88) for
quartzite aggregate
2 M. A. Rashid, M. A. Mansur and E. = 8900/3(]“()0'33, B = coarse aggregate
Paramasivam [24] coefficient, applicable for 20 < f/ <
130 MPa
3 Hani H. Nassif et al. E. = 0.036(w) "> (f)%3, we = unit weight
of concrete in kg/m?
4 Andrew Logan et al. [25] E. = 0.000035k; (wc)>> (£1)033, applicable
up to 124 MPa
kq is the correction factor to account for the
source of aggregates




60 A. 1. A. Momin et al.

2 Research Objectives

The main objective of this research study is to predict the equation for modulus of
elasticity for reinforced HPC beam and is stated as follows:

i.  To analyse and evaluate Stress—Strain parameters for varying percentages of
longitudinal reinforcement experimentally.

ii.  To evaluate the secant modulus of elasticity of reinforced HPC beam for 60,
80 and 100 MPa strength from experimental results through bending equation
and Stress—Strain curve.

iii.  Prediction of the equation for secant modulus of elasticity of reinforced HPC
beam by regression investigation.

3 Methodology

In this study, four beam models of each 60, 80 and 100 MPa reinforced HPC are
studied for different longitudinal reinforcement ratios (0.132-0.407) experimentally,
and the secant modulus of elasticity is evaluated. The secant modulus of elasticity
is evaluated using the experimental stress—strain curves and using bending equation
(1). The beam is subjected to two-point loads.

_ 23WL3
T 64881

(1

where E = Modulus of Elasticity,
W = Load,
L = Effective Span of the beam,
& = deflection and
I = Moment of Inertia of the section.

3.1 Experimental Setup

The reinforced HPC beam is tested as a simply supported beam with 2.0 m effective
span, 150 mm in width and 300 mm in depth as shown in Figs. 2 and 3 for beam
60SB2. Steel plates of size 90 mm x 150 mm x 12.5 mm were used as cushions at
loading and support points [20, 21]. The details of longitudinal reinforcement, area
of steel and reinforcement ratio for HPC beams studied are shown in Table 4.



Modulus of Elasticity of High-Performance Concrete Beams ... 61

<—666.67 mm Steel Plate
_~(90x150x12.5) mm
I I

T
K-200mm-> \ D 300mm
|

aY

K— 440mm — \ 150mm
2000mm \ |
S 2300mm \ |
2-L 8mm dia stirrups
@ 150mm c/c

Fig. 2 Experimental setup

Fig. 3 Experimental setup for HPC beam 60SB2

4 Evaluation of Stress—Strain Parameters

4.1 Using Experimental Data

Under pure flexure test for single-span HPC beams subjected to monotonic two-
point loading, the load and the corresponding deformations were recorded by using
LVDTs at extreme tensile and compression fibre at the centre of the span. The LVDT
at the tensile fibre was kept closed so that it was allowed to open during expansion,
while the LVDT at the extreme compression fibre was opened and allowed to close
during compression. Later, the tensile and the compressive strains were calculated
from the deformations. The stresses are calculated using the bending equation (2).
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Table 4 Details of beam models

Beam designation | Longitudinal reinforcement | % of reinforcement Pb p/pp
Ast (mm?) 0

60SB1 2 # 12 mm 226.19 0.789 4.762 | 0.166
60SB2 2#10 + 1# 12 mm 270.16 0.938 3‘2(5)8 0.193
60SB3 2#16 + 1# 10 mm 480.66 1.695 4.849 |0353
60SB4 2#16 + 2# 10 mm 559.20 1.972 0.407
80SB1 2-12 mm and 1-10 mm 304.73 0.778 5.104 |0.152
80SB2 3-12 mm 339.29 0.866 4981 |0.174
80SB3 2-10 mm and 1-16 mm 358.13 0911 5.069 |0.180
80SB4 2-12 mm and 1-16 mm 427.25 1.091 5.052 |0.216
100SB1 2 # 12 mm 226.19 0.789 5997 10.132
100SB2 2#10+ 1# 12 mm 270.16 0.938 6.087 |0.154
100SB3 2#16 + 1# 10 mm 480.66 1.695 6.137 |0.276
100SB4 2#16 + 2# 10 mm 559.20 1.972 5922 10.333

The applied Moment ‘M’ under two-point loading is determined using Eq. (3).

_ My,
Je= = (2)
wl
M = ra 3)

The stresses-strain curves obtained for varying longitudinal reinforcement ratios
and HPC grades for single-span HPC beams are shown in Figs. 4, 5 and 6.

5 Evaluation of Modulus of Elasticity of HPC Beam

(a) Using experimental stress—strain curves

The commonly used method of secant modulus is employed for evaluating
the modulus of elasticity of the HPC beam from the stress—strain curves. The
modulus of elasticity is determined from the slope of the line joining origin
and a point on the curve representing 40% stress at failure. Thus, the modulus
of elasticity obtained using experimental stress—strain curves is shown in Table
5.

(b) Using bending equation from the experimental data

Experimental evaluation of the secant modulus of elasticity is also done for the
same beam specimens by using the bending equation. The single-span HPC
beam being subjected to two-point loads, and the maximum deflection due to
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Fig. 6 Experimental stress—strain curves for 100 MPa single-span HPC beam specimens

Table 5 Modulus of elasticity from experimental stress—strain parameters

Beam designation Longitudinal reinforcement ratio Modulus of elasticity (MPa) from
P/ Pb experimental stress—strain curves

60SB1 0.166 46,188.00

60SB2 0.193 45,662.60

60SB3 0.353 46,296.70

60SB4 0.407 46,486.88

80SB1 0.152 48,849.50

80SB2 0.174 49,031.82

80SB3 0.180 49,366.58

80SB4 0.216 49,672.86

100SB1 0.132 52,959.17

100SB2 0.154 52,612.30

100SB3 0.276 52,061.04

100SB4 0.333 52,496.29

the applied load ‘W’ is given by Eq. 4.

23 W3

- =" 4
648 E. | @)
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The deflection due to the self-weight of the HPC beam is given by Eq. 5
and the total deflection considering the self-weight of the HPC beam is given

by Eq. 6.
S5wi*
y= 5)
384E.1

The applied load ‘W’ is taken as half the load at the first visible crack and the
corresponding deflection as ‘5°. The values of load at the first visible crack and its
corresponding deflection for different beam specimens tested with varying strength
of the HPC and longitudinal reinforcement ratio are shown in Table 6. By substituting
these values, the static modulus of elasticity is determined using Eq. 7 for HPC beam
specimens.

L [5wlt 23w
¢ ﬁ[ 384 643 } ™
Table 6 Modulus of elasticity from experimental data using bending equation
Beam Longitudinal Load Deflection Modulus of
designation | reinforcement | corresponding to corresponding to elasticity (MPa)
ratio p/pp first visible crack first visible crack
(kN) (mm)

60SB1 0.166 66.75 5.00 50,160.65
60SB2 0.193 71.45 4.75 53,090.57
60SB3 0.353 109.05 5.70 51,739.64
60SB4 0.407 117.52 5.60 52,546.43
80SB1 0.152 105.00 3.16 51,867.06
80SB2 0.174 117.00 3.30 53,461.88
80SB3 0.180 95.32 2.50 53,781.80
80SB4 0.216 122.30 3.10 54,236.83
100SB1 0.132 70.35 5.00 57,748.24
100SB2 0.154 94.05 6.22 58,875.64
100SB3 0.276 124.00 6.60 59,289.27
100SB4 0.333 128.32 6.23 59,326.57
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6 Results and Discussion

The static modulus of elasticity of HPC beam specimens determined using exper-
imental stress—strain curves and bending equation from experimental data are
compared in Table 7. The average static modulus of elasticity is also presented in
Table 7 for different longitudinal reinforcement ratios.

The stiffness of the HPC beam increases with an increase in longitudinal reinforce-
ment ratio as such, and the trend line of the average variation of modulus of elasticity
from different methods shows that it increases with an increase in the grade of HPC
and longitudinal reinforcement ratio (Fig. 7). The values obtained from different
methods are almost the same for the same longitudinal reinforcement ratio with a
variation of 9.61%. However, from Fig. 7, the variation for Mg, grade HPC beams
was found to be lesser compared to Mgy and Moy grade because the variation of
percentage of tension reinforcement within the beams was kept smaller in the range
of 0.778-1.091, while the range for Mgy and My grade was higher and of same
ratios (0.789-1.972). It is also observed that the variation of modulus of elasticity
within the same grade does not have higher variation as compared to variation within
the different grades of HPC.

Taking the data of Modulus of Elasticity from bending equation, a regression test
is performed, and following generalized Eq. 8 is derived, for reinforced single-span
HPC beams.

Eret.pc = 50004/1.075 fur + (300 136 fck) 0 ®)

Table 7 Comparison of modulus of elasticity from different methods

Beam designation | Modulus of elasticity (MPa) Average modulus of
Using experimental Using bending equation elasticity (MPa)
stress—strain curves | from the experimental

data

60SB1 46,188.00 50,160.65 47,465.27

60SB2 45,662.60 53,090.57 48,193.54

60SB3 46,296.70 51,739.64 48,161.48

60SB4 46,486.88 52,546.43 48,602.50

80SB1 48,849.50 51,867.06 49,762.66

80SB2 49,031.82 53,461.88 50,782.92

80SB3 49,366.58 53,781.80 50,931.92

80SB4 49,672.86 54,236.83 51,280.11

100SB1 52,959.17 57,748.24 54,618.09

100SB2 52,612.30 58,875.64 54,760.74

100SB3 52,061.04 59,289.27 54,529.10

100SB4 52,496.29 59,326.57 54,831.22
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Fig. 7 Average variation of modulus of elasticity with longitudinal tension reinforcement

Equation 8 predicts the value of Modulus of Elasticity for varying grades of HPC
and percentage of tension reinforcement. The first part of the equation represents
stiffness due to the HPC element, while the second part represents stiffness due
to reinforcement. The second part of the equation is itself the additional stiffness
because of the reinforcement (Fig. 7).

7 Conclusions

The present work evaluates the modulus of elasticity of HPC beam under flexure for
60—80 MPa strength of concrete. The following are the conclusions drawn based on
the present experimental and analytical study.

1. The modulus of elasticity of reinforced HPC beam under flexure increases with
the increase in longitudinal reinforcement ratio of the concrete section.

2. The modulus of elasticity of reinforced HPC beam for 60-80 MPa can be
determined for different longitudinal reinforcement ratios by the proposed
Eq. (2).

3. The maximum variation obtained was 11% from the different methods of
evaluation of modulus of elasticity of HPC beam (Table 7).
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Impact of Phase Change Materials )
on the Durability Properties T
of Cementitious Composites—A Review

K. Vismaya, K. Snehal, and Bibhuti Bhusan Das

Abstract Phase change materials (PCMs) are the novel thermal storage materials
which have an ability to engross and dispel heat during the process of phase transition
from solid to liquid and vice versa. Utilization of PCMs in cementitious composites
has gained a lot of attention from the research fraternity to minimize the energy load-
ings used for space conditioning and heating in building. Impact of PCM’s presence in
cementitious composites on the durability parameters is the need for its better usage.
This paper gives the state of review on the influence of inclusion of phase change
materials in the cementitious system on its various durability aspects. Durability
properties such as porosity, water absorption, shrinkage, chloride ingression, and
chemical attacks are compiled in this article. It is stated that the integration of PCM
in cement composites enhances the porosity of cementitious system. Major hindrance
described by the researchers is the interruption of hydration activity of cementitious
system by the addition of PCM. Literature also signified that the micro/nano encapsu-
lates PCMs and the use of highly reactive Pozzolans such as silica fume or nano-silica
in conjunction with PCMs has the ability to lock up the limitations of PCMs.

Keywords Phase change material + Durability - Shrinkage * Porosity

1 Introduction

Rapid growth of industrialization and urbanization has imposed many environmental
threats including the rise in global temperature, increase in the emission of green-
house gases, and over exploitation of natural resources. The present scenario forces
us to significantly target sustainability when dealing with innovations. The construc-
tion industry is one of the main consumers of material resources and energy. As
the energy sources are of diminishing and expensive in nature, submissive methods
of controlling the temperature inside the building become more significant. Mostly
in the absence of heating and cooling systems the thermal conditions inside the
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building will be often outside the acceptable range of human comfort [21]. Hence
the development of energy efficient buildings should be our priority to contribute
toward increased energy security. Many researchers engrossed to improve the heat
storing ability of structures by incorporating phase change materials (PCMs) [4].
PCMs have received substantial attention due to the ability to store latent heat in
building envelopes. Various studies report the extensive application of PCMs in
plasters and wall boards to create more effectiveness in HVAC systems [1, 16]. The
studies also reported that PCMs are helpful in mitigating thermal cracking in cemen-
titious composites by controlling thermal variations [24]. The principle of PCMs in
optimizing the thermal variations is quite simple. When the marginal temperature
increases the material changes from solid phase to liquid by absorbing heat. Corre-
spondingly, the moment when temperature drops to certain level material changes
its state from liquid to solid by desorbing stored heat through an exothermic reaction
[15].

Based on the chemical composition phase change materials are categorized into
three groups (i) Organic compounds (ii) Inorganic compounds (iii) Eutectic mixtures
[3, 12, 18]. The group of organic PCMs can be divided into paraffins and non-
paraffins. Paraffins are advantageous by the fact that their melting point matches the
human coziness temperature ranges and additionally they have high heating ability,
compatible melting without segregation, and hardly show the tendency to supercool
during phase change [5]. But Paraffins exhibit low thermal conductivity and high-
volume changes [18]. Fatty acids, esters, alcohols, and glycols can be classified as
non-paraffins. They have eminent melting and freezing properties, low flammability
and renewable nature but they are expensive than paraffins [4]. Inorganic PCMs
include hydrated salts. They are cheap and non-flammable. These PCMs have high
heat of fusion and good thermal conductivity but they have a corrosive effect on
metals and undergo supercooling [1]. Based on the composition material Eutectics
are divided into three groups (i) organic-organic, (ii) inorganic-inorganic, and (iii)
inorganic—organic. They have sharp melting points and relatively high storage density
than that of organic compounds [3]. PCMs can be incorporated into a number of
building materials including gypsum boards, masonry wall with bricks, concrete
or natural stone, asphalt, etc. Since cement-based concrete/mortar is a porous and
widely used construction material, it acts as an ideal media for PCMs. Mainly they
can be incorporated by three methods (i) direct incorporation, (ii) immersion, and
(iii) encapsulation [8, 22, 31]. As the name signifies in direct incorporation PCM is
directly added into the mortar mix. In immersion technique PCM is immersed into
a porous construction material like gypsum, brick, or concrete blocks. PCM gets
easily adsorbed into the pores of the material due to the capillary forces [30]. In the
encapsulation technique PCM is encapsulated by a polymeric shell in the form of a
capsule [25].

Previous studies reported that the method of incorporation of PCMs influences the
properties of cement composites [1, 4, 7, 26-29]. Cunha et al. studied the effect of
direct incorporation of PCM and stated that it is the most economical and promising
method as compared to microencapsulation technique. Sharma et al. reported that
direct incorporation method altered the micropore structure of the cement matrix
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by increasing the intruded pore volume due to lesser hydration. It was found that
the unhydrated cement particles were coated with PCM which made it unable to
hydrate further. The microstructural studies of Snehal and Das [26, 27] described
that direct addition of PCM resulted in a porous media with pronounced traces of
calcium hydroxide and lesser formation of Calcium silicate hydrate (CSH). Jayalath
et al. studied the influence of microencapsulated PCMs in cement composites and
reported that the fineness of PCM imparted a filler effect and thereby increased the
hydration of cement. Studies reported that microencapsulated PCMs are vulnerable to
damage or rupture of the shell during the mixing stage and the leaked PCM interferes
with the hydration products causing strength reduction. Microencapsulated PCMs
tend to reduce the density of the concrete as it replaces aggregates which possess
comparatively a higher density [9, 13]. Paksoy et al. reported that the addition of
PCM in bulk and microencapsulated forms reduces the compressive strength of the
concrete. PCMs can be impregnated in concrete products for latent heat storage
but the stability of PCM is the primary factor of consideration for this method. It
is reported that the use of modified concrete can successfully incorporate PCMs
through immersion method especially those which are unstable in alkaline media
[12, 25]. Hence it can be understood that different methods of PCM incorporation
have both benefits and drawbacks which can influence the strength and durability
parameters of the composite.

This paper discusses the comprehensive findings of various researches on the
influence of phase change materials (PCMs) on the durability parameters such as
porosity, water absorption, density, and shrinkage characteristics of cementitious
composites.

2 Durability Properties of PCM—Cementitious
Composites

The durability properties of concrete influence the overall performance as it stipulates
the resistance of the structures to the severe environmental conditions to which it may
getexposed to. Various researchers made attempts to assess the effect of incorporation
of PCMs on the durability parameters of cementitious composites.

2.1 Porosity

Various studies conducted by researchers [8, 9, 13] reported that the integration of
PCM in cement composites increased the percentage of porosity matrix which is
collated and represented in Fig. 2. The influence of PCM content on the critical
pore diameter which is one of the controlling factors of durability of concrete is
investigated by various researchers [2, 8] which is represented in Fig. 3 (Fig. 1).
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Fig. 2 Representation of critical pore diameter with different percentages of phase change materials

Hunger et al. studied the porosity of self-compacting concrete with different PCM
contents directly mixed in microencapsulated form into the concrete. A mixture of
paraffins commercially named as Micronal DS 5008 X having melting point at 23 °C
was used for the study. The results obtained showed that porosity increased with
increase in PCM content which is due to the structural change of packing density of
concrete and lower density of PCM than the other ingredients of concrete.

Dakhli et al. studied the porosity of cement passively integrated with microen-
capsulated PCM composed of vegetal wax in a powder form. The PCM used for
the study is industrially referred as INERTEK 23 P. It was observed that porosity
increased with the percentage of PCM which could be attributed to the presence of
vegetable waxes. From the graph plotted, the sample with 30% PCM was found to



Impact of Phase Change Materials on the Durability Properties ... 75

S? = 0.14

© E_ : —@— 3days

g = 012 —4— 7 days

K=} o) —&— 28 days

: £ o1

= o 0.08

8 54 P 3

& 2 0.06

8 G orts \\

g S u S

a 5 0.04

s

2 0.02

— 0 10 20 30 0 10 . _ 20 30
PCM inclusion (%) PCM inclusion (%)

@ ®)

Fig. 3 Plot representing a total pore volume b critical pore size for cement paste with different
PCM dosages at varied ages [24]

be more porous than that of 0, 10, and 20% PCM. Additionally, it can be also noticed
that the relationship between porosity and percentage of PCM is non-linear.

Dehdezi et al. studied the porosity of PCM incorporated cementitious system and
stated that Porosity increased with PCM content due to its lower particle density
(0.9 kg/m?) as compared to that of the sand replaced (2.64 kg/m?). The PCM used
for the study was a microencapsulated paraffin wax in powdered form with an acrylic
outer shell having a melting point at around 26 °C.

Savija et al. studied the critical pore diameter and porosity of PCM incorporated
cement paste. Microencapsulated PCM composed of paraffin core with melamine
formaldehyde (MF) shell was used for the study. It was found that the critical pore
volume remained constant for different PCM dosages except for 10% PCM mix which
showed comparatively a large pore volume. The study reported that the critical pore
size was non-dependent on PCM content but dependent on the hydration degree of
the composite. The study also reported that the percentage of percolated porosity
increased with increase in percentage of PCM.

Aguayo et al. investigated the critical pore diameter of a cementitious system
incorporating microencapsulated, paraffinic PCMs of size 10 pm and 7 wm, respec-
tively. A significant reduction was obtained in the parameter owing to the enhanced
reactivity of the PCMs due to their smaller particle size. Due to the smaller particle
size, the PCM act as nucleation sites for the increased formation of hydrated calcium
hydroxide.
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2.2 Water Absorption

Data presented by Cunha et al. on the water absorption by capillarity and immersion
by the inclusion of non-encapsulated PCM in a developed mortar and a fiber-based
mortar at varied temperatures is plotted in Fig. 4 (Fig. 5).

It can be noted that water absorption by capillarity and immersion decreased with
the addition of non-encapsulated PCM. It can be verified that the water absorption
is not varying much under varied temperatures which indicates that PCM remains
within the mortar matrix in its different phases (solid and liquid). With reference
to the obtained data researchers have observed that mortar mixes with no PCM
proliferated the water absorption rate. This was due to the availability of larger pores
in the cementitious matrix. The mortars exposed to 10 °C temperatures exhibited
low water absorption and found that it was attributed to the solid state of PCM. The
mortars submitted to higher temperatures (25 and 40 °C) exhibited a higher rate of
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capillary water absorption, due to the phase transition (solid to liquid) of PCM as it
occupies in a relatively smaller volume of the pores.

2.3 Density

The influence of PCM incorporation on the density of cementitious matrix investi-
gated by various researchers [9, 11, 13, 15] is represented in Fig. 6. From the results
of the study it can be observed that the integration of PCM tends to lower the density
of the matrix as the PCM normally substitutes the materials with greater density.
It was also reported that the reduction in density can be owed to the increased in
porosity of the mixes with the incorporation of PCMs.

Hunger et al. studied the influence of direct mixing of microencapsulated PCM in
self-compacting concrete on its material properties. The PCM used was a mixture of
paraffin waxes in powder form, encapsulated in polymethyl methacrylate microcap-
sules named Micronal DS 5008 X with a melting point of 23 °C. Dehdezi et al. inves-
tigated the thermal, mechanical, and microstructural properties of concrete incor-
porating different amounts of microencapsulated phase change materials (PCMs).
Paraffin wax core in the form of dry powder encapsulated with acrylic outer shell
having a melting temperature of 26 °C was used for the study. Both the studies
reported that the concrete density decreased with increase in PCM content which
can be attributed to the low density of the PCM (0.90-0.915 g/cm?) and a physical
change of concrete filling density which can be shown from the increased porosity
of the matrix.

Kheradmand et al. experimentally investigated the thermal and physical properties
of mortar integrated with phase change materials (PCMs) having peak melting point
of 34 °C. The PCM was dispersed in grated pristine form into mixtures as macro
capsule core. It was reported that density reduced by 87 and 83% of the reference
mortar with the addition of 10 and 20% of PCM in grated pristine form. The reduction
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Fig. 6 Plot representing the variation of density with different percentages of PCM
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of density for PCM mixtures can be ascribed to the lesser density of the PCM than
the sand particles.

Fenollera et al. analyzed the mechanical behavior of a self-compacting concrete
incorporated with microencapsulated phase change material. Microencapsulated
PCM of Micronal DS 5007 X in aqueous dispersion having a melting point at 23 °C
was used for the study. The density and the difference of average densities of the
samples were tested for the fresh state as well as after 24 h for the same volume. It
was reported that density reduced proportionately with the increase in PCM content.
This decrease was more than for the 25% mix due to the total replacement of the
filler by PCM, which leads to an increase in water/(cement + filler) ratio. Density in
the fresh state decreased by 1.1% for each 5% of PCM inclusion.

Niall et al. studied the thermal behavior and properties of PCM—concrete
composite incorporated with microencapsulated and impregnated forms of PCM.
Microencapsulated paraffin was added to the fresh concrete during the mixing process
and the light weight aggregate used in the concrete mix was impregnated with butyl
stearate. The study also investigated the influence of 50% GGBS cement replace-
ment in the mixes. The density of both composites was lesser than control concrete
due to the lesser density of PCM material. The panels containing GGBS showed a
insignificant rise in density which may be attributed to the lowering of porosity due
to its filler effect.

2.4 Shrinkage

Yang et al. investigated the mechanical properties of PCM admixed concrete by
adopting mixes with PCM addition as well as replacement of total volume under
two temperature state of, i.e., at 23 °C (PCM is in solid state) and 40 °C (PCM is in
liquid state). It was reported that in PCM—modified concrete the drying shrinkage
was found to be amplified PCM content regardless of temperature conditions. The
lack of strength/stiffness for the PCM and its replacement with materials possessing
comparatively high strength/stiffness minimized the ability to act against volumetric
changes which attributed to higher drying shrinkage of the composite. In the mixes
with total replacement increase in PCM content increased the w/c ratio and decreased
the cement which caused a rise in drying shrinkage characteristics. The study also
evaluated the change in drying shrinkage value during sat 23 and 40 °C. Drying
shrinkage at 40 °C was found to be lesser than that at 23 °C for mixes without PCM.
But for the mix with 10% and 20% replacement of fine aggregates with PCM the
drying shrinkage at 40 °C was reported as higher than that at 23 °C by 6.3% and
4.7%, respectively.

N. P. Sharifi et al. investigated the enhancement in thermal performance of build-
ings and pavements by incorporating Phase Change materials. Three different PCMs
of paraffin blend with melting points of —10, 6, and 28 °C with a specific gravity less
than one were used for the study. The applicability of Light weight aggregate and
Rice husk ash as a PCM carrier was examined. It was reported that the mix with light
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weight aggregate pre-soaked in PCM underwent autogenous expansion. The obser-
vations of the study suggested that a portion of the pre-soaked PCM was released to
the media by light weight aggregate (LWA) or some amount of PCM from the surface
of the light weight aggregate entered the mix. Similarly, an autogenous expansion
was reported for the mixes with pre-soaked Rice Husk Ash (RHA) which can be
implied to the leakage or adhering on the surface of RHA which may further enter
the bulk cement paste. However, it was reported that the total shrinkage increased in
the mixes with incorporation of LWA and RHA pre-soaked with PCM regardless of
the amount of PCM pre-soaked (Fig. 7).

Wei et al. examined the influence of PCM addition on drying shrinkage in cementi-
tious composites containing microencapsulated PCMs which is represented in Fig. 8.
The study was conducted in mortars prepared at different proportions of microencap-
sulated PCM and/or quartz inclusions. It was reported that for the mixes containing
both PCM and quartz, the shrinkage reduced with increasing quartz inclusion as the
stiff inclusion impeded the shrinkage of the paste. Furthermore, it was also reported
that the dosage of PCM inclusion did not influence the drying shrinkage of the
composites as the soft inclusion does not have the ability to resist the shrinkage upon
drying.
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Conclusion

The review paper gives an understanding on the influence of PCMs on the durability
properties of cementitious system. The following conclusions can be made from the
referred literatures.

1.

The porosity of cementitious composite increased with PCM content which
can be attributed to structural change of packing density of concrete and lower
density of PCM than the other ingredients of concrete.

The critical pore diameter is not dependent of the PCM content but depended
on the hydration rate of the composite. A significant reduction in the parameter
can be owed to the enhanced reactivity of the PCMs due to their smaller particle
size.

Water absorption caused due to the facts of capillarity and immersion for the
composites decreased with the addition of PCM without polymeric capsulation
which can be attributed to the reduction in the volume of free pores in the
microstructure.

Higher ambient temperature conditions enhanced the capacity of capillary water
absorption which can be attributed to the transformation of PCM from solid to
liquid phase as it occupies relatively a smaller volume in the mortar pores.
The density of the matrix decreased with the incorporation of PCMs as it replaces
filler materials having relatively higher density. It can be also attributed to the
increased porosity of the matrix.
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6.

Drying shrinkage in PCM—modified concrete increased with PCM inclusion.
This can be owed to the reduced capacity of the matrix to resist volume changes
due to the replacement of the materials with higher stiffness or strength.

The composites with PCM impregnated into light weight aggregate and rice
husk ash as carriers underwent autogenous expansion which implies the release
of PCM into the media by leakage or adhering to the surface of the carrier.
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for High-Performance Concrete (HPC)

Sandesh S. Barbole, Bantiraj D. Madane, and Sariput M. Nawghare

Abstract In this paper, the results statistical and graphical analysis of a comparative
study of curing methods for high-performance concrete is discussed. The results are
obtained from an experimental investigation carried out on concrete cubes. Mainly,
two experiments were conducted: concrete cube strength test using a Compressive
Testing Machine (CTM) and a permeability test. Concrete cubes of M35, M45, M50,
M60, and M70 were cast and they were cured for 8 h, 3 days, 7 days, 14 days, 28 days,
56 days, and 128 days by three curing methods, namely, steam curing, water curing
and sealing compound curing. By using results obtained from this experimental
investigation is compared to find out the strength of concrete at the age of all curing
periods mentioned above for individual grades of concrete. In addition, a comparison
of the compressive strength of concrete with the early strength of concrete across all
grades is investigated. Furthermore, a study on the percentage change in strength w.
r. t. water is also conducted.

Keywords Steam curing - Water curing -+ Compound curing - Compressive testing
machine (CTM) - Permeability test

1 Introduction

The quality, strength, and durability of concrete completely depend on the efficient
continuous curing method. The method of curing depends on the nature of concrete,
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properties of concrete, application of concrete, the surrounding temperature, and
relative humidity. It is essential to keep concrete moist and stop the loss of moisture
from it, while it is gaining strength through the hydration process. There are many
methods of curing, which are depending on site conditions and the requirement of
construction. There are many arguments on which method of curing concrete gives
good strength, therefore this topic has gained wide scope for research and application
in the construction industry. There was much research conducted to find effective
curing and the effect of type of curing on curing properties. Common properties of
concrete, which are measures, are strength and permeability. Very few studies had
been conducted on curing oh High-Performance Concrete (HPC). Site constraints
restrict the curing by a conventional method, hence there is a need to explore and
establish modern curing for high strength and performance of concrete.

The application of steam curing at atmospheric pressure to the curing chamber is
one of the oldest and most widely used methods of accelerated curing of concrete.
Under ideal conditions, the curing of concrete by steam at atmospheric pressure (low-
pressure accelerated) has the advantage over other methods of accelerated curing in
that the curing environment of the concrete is near saturation in regards to moisture.
Evaporation of water from the products is minimized, which is especially important
where products like block, pipe, etc. are involved. Although the steam curing of
masonry units, pipe, and precast or prestressed concrete products follows the same
basic rules, curing procedures are different for each. Heat transfer and evaporation
will be fast. Pipe and precast products may be cured in a form where evaporation is
minimum or may be of such large mass that heat transfer is slow, and large temperature
gradients and resultant stresses may exist between the centre and the outside of the
mass [1]. Steam curing has been used for many years. It is used to speed up the
strength development of concrete products. With an increase in curing temperature,
the rate of hydration of cement also increases. Therefore, the speed of strength gain
of concrete can be increase with the help of steam curing [2]. The curing temperature
has a huge influence on the strength development rate of concrete.

One of the major challenges is the lack of availability of Indian standard codes
suitable for Indian climatic conditions for steam curing and compound curing. In
order to study across all three methods, i.e., water curing, steam curing, compound
curing we have referred IS 456(2000) for water curing, ASTM C 309 for compound
curing, and ACI SP-32 for steam curing. Synchronization and simulation of practical
conditions was the biggest challenge faced by us. This research will help in the
standardization of Indian codes for steam and compound curing.

2 Literature Review

The following are the previous research reviews based on the effect of various curing
methods on concrete properties.

Tan and Zhu [3] have studied the influence of curing methods and mineral admix-
tures on the strength and chloride permeability of concrete is discussed. Analysis was
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conducted by using results obtained from the experimental analysis. The chloride
permeability of concrete was measured using rapid chloride ion penetration tests
(ASTM C 1202). The results obtained by tests show that the compressive strength of
plain concrete is decreased by 11% by steam curing. The reason for this decreased in
strength was the use of slag, fly ash, and silica fume. However, after using autoclave,
the strength of concrete surpasses 80 MPa. Compared with normal curing methods,
steam and autoclave curing increases the electric charge passed through plain cement
concrete by 110 and 224%, respectively.

Yazici and Arel [4] have investigated the effect of steam curing on mortar. Mortar
includes mineral admixtures with 3, 1, and 0.5 of aggregate, binders, and water
ratios are adopted. In mortars 0, 10, 20, and 30% of fly ash or 0, 5, 10, and 15% of
silica fumes were used. 24, 48, and 72 h strength of concrete cubes were measured.
This discussed accelerated curing temperature and early strength time is discussed
according to compressive strength test results.

Mahmet Gesog Lu has discussed the influence of steam curing on the compres-
sive strength, ultrasonic pulse velocity, water sortivity, chloride ion permeability, and
electrical resistivity of metakaolin and silica fume blended concrete. Various combi-
nations of Portland cement, silica fumes, and metakaolin are studied with constant
water or binder ration. The use of silica fumes and metakaolin shows a decrease in
water sorptivity and chloride ion permeability of concrete.

3 Methods of Curing

3.1 Water Curing

Water curing is the oldest and most common method of curing. In this method,
concrete cubes are submerged in water for a designed period. We have done water
curing has been done as per IS 456:2000. This method is commonly used in a labo-
ratory. The main purpose of water curing is to continuously keep concrete in a
moist environment. Another purpose of water curing is to maintain water temper-
ature. Water curing plays a key role in the promotion of hydration, elimination of
shrinkage, and absorption of heat of hydration. The temperature of the water should
not decrease by 5 °C than the temperature of concrete. In water curing, cold water
should not be used as it may give a thermal shock, which might lead to cracking.
On-site, water curing is done by various methods like ponding, immersion, water
spraying, wet covering, etc. Precast concrete structures are commonly immersed in
water is adopted. The curing of vertical structures is usually conducted by spread
curing. Wet curing is done by using gunny bags, hessian bags, jute matting, etc.
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3.2 Compound Curing

Compound curing involves the application of the liquid sealing compound to the
hardened concrete. It restricts penetration of liquids and gases, which might cause
reinforcement corrosion, acid attack, and damages to concrete. There is a variety
of curing compounds available on market. With the curing compound, conventional
curing is also important. It forms a protective layer of moisture-retentive film over
the concrete. Curing cannot be avoided with curing compounds. Curing compounds
increase the durability of concrete. This curing compound must not be used over
paint, additional concrete layer, or tiles. This method of curing is used at the site
where there is a shortage of water. As Indian standards for compound curing are not
yet been thoroughly defined, we have done compound curing as per ASTM C 309.

3.3 Steam Curing

Currently, the use of steam curing in the construction industry is increasing with
the demand for rapid and speedy construction. The need for early and high-strength
concrete is completed by this method of curing. It is mostly adopted for precast
members where early high strength is required. It is executed by using water vapor
at atmospheric or high pressure. Pressure is approximately between 40 and 70 °C
(100-160 °F). In the steam curing procedure, it is suggested that to start the curing
procedure a few hours after casting. This period is called as pre-steaming period,
which can be from 2 to 6 h. Initial steam curing temperature starts with 10-20 °C
and the maximum curing temperature permitted is 85-90 °C. Steam curing is very
advantageous in a cold-weather environment. It is done with help of canvas covering
or sheets to cover the structure and inside the covering, steam curing is taken place.
As Indian standards for compound curing are not yet been thoroughly defined, we
have done compound curing as per ACI SP 32 (Figs. 1 and 2).

4 Material Used for High-Performance Concrete (HPC)

The details of concrete mix design are given in Table 1.
Table 2 represents the properties of Fine Aggregates.
Table 3 represents the properties of Fine Aggregates.
Table 4 represents the properties of Cement.
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Fig. 1 Water curing by
ponding

Fig. 2 Compound curing

S Methodology for Concrete Mix of HPC

1.

Identification of site for raw materials—various sites in the vicinity of the Pune
area of Maharashtra, India are visited for suitable raw materials. While deciding
on the suitability of raw materials following points are mainly considered.

i.  Availability of enough requirement of quantity required for research.
ii.  Materials having required properties as per 1S2386.
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Table 1 Material used for high-performance concrete (HPC)

Ingredients Grades of concrete (N/mm?)

M35 M45 M50 M60 M70
Cement OPC53 215 250 430 440 465
GGBS 215 230 70 35 NA
Microsilica NA NA NA 25 35
20 mm down aggregate 814 758 782 788 778
10 mm down aggregate 349 357 368 371 366
Crusher sand 1006 832 832 832 827
Admixture dosage (%) 1.2 1.2 0.8 1.1 1.1
WI/C ratio 0.40 0.36 0.29 0.28 0.29

Note Ingredient’s weights are in kilogram (kg/m?)

Table 2 Properties of fine Sr. No. Properties Values
aggregates

1 Bulk density (loose) (kg/m?>) 1650

2 Bulk density (compacted) (kg/m3) 1770

3 Specific gravity 2.87

4 Water absorption (percentage) 3.12
Table 3 Properties of course Sr. No. Properties Values
aggregates

1 Bulk density (loose) 1678

2 Bulk density (compacted) (kg/m>) 1800

3 Specific gravity 2.98

4 Water absorption 1.06
'(Il?ll)ée) 4 Properties of cement Sr. No. Properties Values

1 Consistency (percentage) 28

2 Initial setting time (min) 135

3 Final setting time (min) 195

4 Compressive strength (MPa) 33

5 Fineness (mszg) 290

6 Soundness (mm) 0.8

7 Density (g/cc) 3.14
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10.

11.

iii. Materials and water are free from impurities as well as located close to
each other in order to reduce transportation costs to a lab

Based on the above factors site at Talegaon, Pune, Maharashtra India has been
selected.

Raw materials, i.e., coarse aggregate, fine aggregate collected and tested as per
IS 2386 for properties such as flakiness index, elongation index, sieve analysis
for gradation of aggregates similarly cement is tested for soundness, Initial
setting time, final setting time, etc.

Proportioning of aggregates on maximum density approach as per IS 2386.
Admixtures and other materials are tested for the properties at the time of
procurement from the vendor.

Now, for finalization of design mix, design is done according to IS10262 for
grades M35, M45, M50, M60, and M70 at the same time relevant international
codes such as ACI are referred for design. Trial mixes are carried out at the
lab according to the design accordingly, mix design is finalized as per getting
satisfactory results.

Both W/C ratio and Plasticizer dosage are finalized on the basis of mix design
and trail mixes carried out consequently to get desired strength, i.e., M35, M45,
M50,M60, and M70. Also, the study has been done on industrial practice which
is currently being used for W/C ratio and Plasticizer dosage in the heavy civil
industry to make the study practically viable.

Standard sized cubes are casted,i.e., 1 M x 1 M x 1 M. 80 no’s of cubes are
cast for each grade i.e., a total of 500 cubes are cast for grades M35, M45, M50,
M60, and M70. The intention behind huge sampling was to reduce possible
errors due to site handling and bring uniformity to the data.

Casting of samples is done at three different curing conditions, i.e., Steam
curing, curing by using curing compound, and water curing.

Calibration of testing apparatus, i.e., Compression Testing Machine (CTM) is
done before going for cube tests.

Testing of samples at age of 8 h, 3 days, 14 days, 28 days, 56 days, 90 days, and
180 days is performed as shown in the figure on CTM. Strengths got across
different concrete grades and different curing conditions are will be discussed
and interpreted further in this paper.

It is to be noted here that weather conditions are jot down at the time of casting
of the cube, testing of cube whenever felt necessary to eliminate variations on
the readings.
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Fig. 3 Cube casting

S. S. Barbole et al.

6 Statistically and Graphical Analysis

6.1 Methodology

Compressive strength after 7, 28 days is plotted against M50, M60 design mix,
respectively.
Results are compared with the target strength equation given by IS 10262:2019.

fh= fi+165x8

where f'. = target mean compressive strength at 28 days, in N/mm?;
fck = characteristic compressive strength at 28 days, in N/mm?;
S = standard deviation (5 N/mm?).

Finally, the graphical analysis is done (Figs. 3 and 4).

6.2 Results and Interpretations

6.2.1 Compressive Strength of Steam Curing, Water Curing,

and Compound Curing

The compressive strength of M35, M45, M50, M60, and M70 of steam curing, water
curing, and compound curing are given in Table 5.
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Fig. 4 Cube testing

Comparative Interpretation Across the Different Grades

Table 5 and Graphs 1, 2, 3, 4, and 5 demonstrate strengths of concrete subjected
to different methods of curings, i.e., water curing, steam curing, and curing using
curing compound.

Horizontal Interpretation for All Grades for Early Strength

Early Strength (i.e., 8 h) achieved by steam curing varies between 32.12 and 19.61%
(grades M35-M70). As grade of concrete is increased from M35 to M70 varia-
tion in the achievement of the early strength achievement decreases, i.e., difference
between hydration of concrete decreases as the grade increases. When same condi-
tions and grades are repeated for comparison of compound curing with water curing
is found that early strength (8 h) found in the experimental test varies between
12.25 and 10.59% between grades M35 and M70. Here it can be deduced that early
strength achieved by using steam curing is higher for all grades (Table 6) after which
compound curing is found effective and water curing at last. This might be due to
tricalcium aluminate (it has potential capacity to yield a high early strength.) forma-
tion reaction speeds up by steam curing due to steam temperature and ability to pene-
trate the concrete pores and carry out early hydration. In case of curing compound,
reasons might be attributed to chemical properties of curing compound penetrate the
concrete and speed up hydration of reaction forming tricalcium aluminate which in
turn ends up adding to early strength of concrete [1-5].
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Table 5 Compressive strength of concrete

Grade of concrete | Curing in days | Compressive strength (MPa)
Steam curing | Water curing | Compound curing
M35 0.33 (8 h) 03.50 03.02 03.06
3 23.27 24.40 23.58
7 33.00 30.89 31.94
14 44.25 40.10 43.53
28 50.37 53.89 53.97
56 53.30 58.20 55.89
90 55.11 59.85 57.09
180 56.46 61.20 57.74
M45 0.33 (8 h) 03.77 03.27 03.59
3 31.88 33.30 20.77
7 45.20 4991 28.13
14 60.61 59.60 38.33
28 69.00 72.67 47.53
56 73.01 80.22 49.23
90 75.48 81.99 50.28
180 77.34 83.91 50.85
M50 0.33 (8 h) 04.47 03.90 04.21
3 33.15 385 33.10
7 47.01 52.88 44.84
14 63.03 69.35 61.10
28 71.76 79.80 75.77
56 75.93 83.90 78.46
90 78.50 85.57 80.14
180 80.43 87.19 81.05
M60 0.33 (8 h) 05.25 04.30 04.89
3 34.13 42.81 36.77
7 55.13 59.16 49.81
14 76.13 78.16 67.87
28 81.67 86.28 84.16
56 83.87 93.40 87.15
90 87.16 95.04 89.02
180 88.88 96.43 90.03
M70 0.33 (8 h) 06.10 05.10 05.64
3 42.70 45.14 44.60

(continued)
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Table 5 (continued)
Grade of concrete | Curing in days | Compressive strength (MPa)
Steam curing | Water curing | Compound curing
7 61.01 70.36 60.42
14 81.80 84.93 82.33
28 96.13 99.10 102.10
56 103.70 114.40 105.70
90 105.20 116.10 108.00
180 107.61 117.40 109.20
Graph 1 Strength versus Strength Vs Curing for M35
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Hence, from above it can be deduced that early strength of concrete varies
mentioned in the following order: Steam curing > Compound curing > Water

curing.

Horizontal Interpretation for All Grades for 28 and 180 days Strength

Cubes casted as mentioned in methodology, tested in parts according to requirement.
28 days strength of concrete by method of steam curing varies from —9.87 to —3%
(—ve sign indicates % strength lower than water) lower than strength achieved by
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Graph 2 Strength versus Strength Vs Curing for M45
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Graph 3 Strength versus Strength Vs Curing for M50
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Graph 4 Strength versus Strength Vs Curing for M60
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Table 6 Percentage change in strength with water

Curing | Percentage change in strength with water
period

Water curing versus steam curing Water curing versus compound curing

M35 |M45 | M5S0 M60 M70 M35 M45 | M50 M60 M70
0.33 32.12| 30.28| 30.77| 22.09| 19.61| 16.56| 1529 14.54| 13.72| 10.59
(8h)
3 —4.63 | —4.27 | —13.90 | —20.29 | —541| —-3.36|—-1.60|—14.03 | —14.12| —1.20
7 —8.05| —9.43 | —11.10| —6.81 | —13.29| —10.99 | —=5.57 | —15.20 | —15.81 | —14.13
14 —8.01|—-4.70| —9.11| —-2.60| —3.69| —9.51|—-3.56|—-11.90|—-13.17| —3.06
28 —9.87|—-5.04| —-10.08 | —534| —3.00| —3.43|-293| —5.06| —2.46 3.02
56 —842|-898| —-9.50|-1020| —9.35| —-396|—-623| —648| —6.69| —7.59
90 —793|-793| —826| —829| —9.39| —4.61|—-452| —635| —634| —6.99
180 —=7.75|-783| =7.75| —7.83| —834| —5.65|—-484| —7.04| —6.64| —6.98

Note —ve sign indicate that strength is lower than strength achieved by water curing

water curing between grades M35 and M70. The reasons can be attributed to the
rate of reaction of hydration of compound tricalcium alumina ferrite C3AF is higher
in presence of water instead of steam, which in turn adds to later strength of the
concrete.

From the above it can be deduced that long-term strength, i.e., 28 days is always
greater for water curing than the other two methods of the curing, i.e., steam curing
and curing by using curing compound. Strength of concrete 28 days varies in the
following sequence:

Water curing > compound curing > steam curing

Experimental result at 180 days age of concrete, it is found that strength by using
steam curing varies from —7.75 to —8.34% (—ve sign indicates percentage strength
lower than water) lower than strength achieved by water curing between grades M35
and M70. In addition, at same conditions strength of concrete by using compound
curing varies in the range of —5.65 to —6.98 (—ve sign indicates % strength lower
than water) lower than strength achieved by using water curing [6-8].

In case of steam of curing reason for getting 28 days and 180 days strength lower
than water curing can be attributed to rate of hydration reaction which forms trical-
cium alumino ferrite C4AF which intern is responsible for development of later
strength in concrete. In case of compound curing 28 days and 180 days strength is
lower than strength achieved by water curing under same conditions can be deduced
that compound contributing to latest strength of concrete, i.e., tricalcium alumino
ferrite is formed at faster rate by water curing than compound curing [9, 10]. The
reason might be attributed to continuous contact with water accelerates hydration
reaction of formation of all 4 compounds C3S C2S C4A C4AF but steam curing
and compound curing affect these rates differently. Compound responsible for early
strength of concrete is formed at a faster rate in case steam curing, compound
curing, and water curing respectively but as strength achieved over longer period
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is cumulative of all 4 compounds, which are better formed by water curing (Table
5).

Another notable observation is that strength achieved through experiment for
same curing period, i.e., 180 days but across different grades of concrete, i.e., M35,
M45, M50, M60, M60, and M70 variation from later strength (180 days) achieved
by water curing later strength (180 days) of concrete increases as compared with
respective grades of concrete in water curing (Table 5). As exact reason behind this
behavior cannot be deduced from available research, it could be a potential gray area
of the research.

Summary of Interpretation of All the Results

Water curing always beats the other two methods of curing when it comes to the later
strength of the concrete (Tables 5 and 6). Compound contributing to early strength
of concrete (tricalcium alumino ferrite C4AF) (8 h strength) is hydrated faster in
the sequence of steam curing, compound curing, and water curing, respectively. But
it is found that trend reverses in case of strength achieved in case of later strength
(28, 180 days) in which sequence found to be water curing, compound curing, and
stream curing, respectively. Hence, condition where water curing is feasible then the
method should be preferred over the other two, i.e., steam curing and compound
curing.

6.2.2 Permeability Test or Water Penetration Test

See Table 7 and Graph 6.

Permeability is directly proportional to the durability of concrete. For low-grade
concrete, more water penetration results were obtained and for higher grades almost
negligible water penetration shows. This shows that higher grade HPC has more
resistance against hydrostatic pressure [11].

Table 7 Permeability

. Sr. No. Grade of concrete Penetration in mm
test/water penetration text
Average Maximum
5 M35 11.33 14
6 M45 9.33 12
7 M50 4.67
8 M60 1.17
9 M70 0.67
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PERMEABILITY TEST ON HPC
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7 Conclusion

It is found that early strength (8 h) by steam curing is in the range of 32—19% higher
than water curing and early strength (8 h) achieved by curing compound is in the
range of 17—11% higher than water curing also. Further, it is observed that 3, 28, and
180 days strength trend said above reverses, i.e., here strengths decrease in the range
of 7.75-8.34% for steam curing and —5.65 to —6.98% for compound curing which
implies that water curing is best as compared to other two in long term.

Horizontal comparison, i.e., across the grades for same age (M35, M45, M50,
M60, M70) showed that achievement of strength varies inversely with the grades,
i.e., strength achieved decreases w.r.t water curing as grade of concrete increases
irrespective of age of concrete.

It is found that there is a direct correlation between permeability and grade of
concrete, i.e., as grade of concrete increases permeability decreases which can be
interpreted as concrete which is cured by different methods of curing will have
permeability lower for higher grade of concrete which is achieved as per sequence
mentioned in results point this paper.
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7.1 Potential Applications of the Research Qutcomes

The industries where achievement of the early lifting strength is important steam
curing of the concrete could be done but concrete of higher grade than mentioned
should be used in order to avoid effect on ultimate strength or if same grade is
being used then it should be made sure that minimum required grade is being
achieved for long term according to relevant standard codes at that place.

The situations where curing by using steam is not possible compound curing
could be done by taking care of things said above.
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Development of a Mathematical )
Relationship Between Compressive T
Strength of Different Grades of PPC

Concrete with Stone Dust as Fine

Aggregate by Accelerated Curing

and Normal Curing

N A G K Manikanta Kopuri, S. Anitha Priyadharshani, and P. Ravi Prakash

Abstract Concrete is acomposite material made from cement, water, fine and coarse
aggregates. In recent times, a lot of studies are conducted to find a new fine aggregate
material from industrial wastes. In this study, full replacement of fine aggregate with
stone dust is carried out. Concrete specimens are cast by replacing fine aggregate with
stone dust. The quality of concrete is an important factor in assimilating the strength
of a structure. Curing is a significant factor that influences the quality of concrete.
In this study, normal water curing and accelerated curing by boiling water method
are considered. The important aspect of construction is the time constraint that leads
to a high impact on the economy. The strength and the curing of concrete can be
expedited by rising the temperature and thereby increasing the rate of hydration.
This study aims at investigating the behavior of the strength of My, M5, M3, M3s,
and My grades of concrete with PPC when cured under both conditions. The mix
design is prepared with reference to IS10262:2019. The specimens are prepared and
tested according to IS: 516-1959. From the study, it is concluded that the strength of
specimens with normal and accelerated curing is more than the target mean strengths
of all grades of concrete.
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1 Introduction

Concrete is a versatile material used as a principal element in the construction
industry. The use of industrial waste materials as fine aggregates in concrete is a
good alternative to conventionally used fine aggregates. Stone dust is one of the best
alternative materials for fine aggregate. Accelerated curing method is used to get
early high compressive strength in concrete [7]. This method is also used to find out
28 days’ compressive strength of concrete in 28 h. (As per IS: 9013-1978-Method of
making, curing, and determining compressive strength of accelerated cured concrete
test specimens.)

2 Literature Review

The review of literature on the replacement of fine aggregate with different materials
and the comparison of normal and accelerated curing is presented below.

Pooravshah and Bhavanashah [1] developed a mathematical model to predict
early age strength for blended cement through accelerated curing. They proposed
the mathematical model of 28 and 56 days compressive strength of cubes for OPC
cement and blended cement individually which gives the confidence level of around
95%. This mathematical model was also helpful for precast manufacturers.

Gholap [2] studied the behavior of concrete made of blended cement with accel-
erated curing. They also studied the formation of the mathematical model. It is
concluded that the compressive strength of concrete with accelerated curing is
increased significantly and higher than the target strength of concrete.

Pawar et al. [3] compared the 28 days’ compressive strength of concrete under
accelerated curing and normal moist curing. It is noticed that the warm water method
gives quite comparable results and is hence acceptable for obtaining early strength.

Patel et al. [4] studied the effect of traditional and accelerated curing methods on
the compressive strength of concrete prepared with industrial waste. The compressive
strength of concrete subjected to the accelerated curing method was found to be higher
than membrane curing and saturated wet covering.

Das and Gattu [5] conducted studies to understand the performance of quarry dust
as fine aggregate in concrete. The results showed that with the increased proportion
of quarry dust, maximum strength was observed at 40% proportion, followed by a
subsequent drop in strength and decreased workability.

Jyothi and Rao [6] investigated the compressive strength of high-strength concrete
made with fly ash by accelerated curing. A slight increase in compressive strength
was observed from the accelerated curing test.
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3 Experimental Procedure

In this study, five sets of (Mg, Mas, M3, M35, and My4g) specimens are cast and tested.
Each set comprises 3 cubes for determining the compressive strength of concrete at
28 days of ordinary curing and accelerated curing, respectively.

4 Materials Used

PPC (Portland Pozzolana cement), fine aggregates (Zone II stone dust), coarse
aggregates, and water are used in this study.

The properties of cement, quarry dust, and coarse aggregate obtained from the
tests are shown in Tables 1, 2 and 3. The quantity of materials required by weight

Table 1 Cement properties

S. No. Parameter Result Limits as per IS 1489 (Part 1): 1991
Consistency 31% 31%

2 (a) IST 35 min Not less than 30 min
(b) FST 7h Not more than 600 min
Fineness 3.1% Not more than 10%

4 Specific gravity 2.68 Not more than 3

Table 2 Quarry dust S. No. |Parameter Result | Limits as per
properties 15:383-1970
1 Specific gravity 2.79 Should be between 2.4
and 2.8
2 pH 8 Should be between 6
and 8
3 Fineness modulus | 2.44 Should be between 2.2
and 3.2
4 Zone 11 -

Table 3 Coarse aggregate properties

S. No. Parameter Result Limits as per IS:2386(PART 1V)-1963
1 Aggregate abrasion value 25% Not more than 30%

2 Specific gravity 2.85 Should be between 2.5 and 2.9

3 Fineness modulus 6.70 Should be between 6 and 10

4 Aggregate crushing value 21.25% Not more than 30%

5 Aggregate impact value 21.58% Not more than 30%
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Table 4 Materials required
by weight for concrete of
grade M 20

Table 5 Materials required
by weight for concrete of
grade M 25

Table 6 Materials required
by weight for concrete of
grade M 30

Table 7 Materials required
by weight for concrete of
grade M 35

Table 8 Materials required
by weight for concrete of
grade M 40

N A G K Manikanta Kopuri et al.

Cement | Fine aggregate | Coarse aggregate | W/C ratio
357.7 710.89 1188.98 186

1 1.99 3.32 0.52
Cement | Fine aggregate | Coarse aggregate | W/C ratio
395.74 695.85 1163.81 186

1 1.76 2.94 0.47
Cement | Fine aggregate | Coarse aggregate | W/C ratio
432.55 681.28 1139.46 186

1 1.58 2.63 0.43
Cement | Fine aggregate | Coarse aggregate | W/C ratio
442.86 677.21 1132.64 186

1 1.53 2.56 0.42
Cement | Fine aggregate | Coarse aggregate | W/C ratio
450 683.07 1146.59 180

1 1.517 2.55 0.4

for various grades of concrete (Mg, Mas, Mg, M3s, and Myg) is shown in Tables 4,

5,6, 7 and 8.

wn

Mixing

Preparation of Testing Specimens

Mixing of ingredients is done by the method of hand mixing.

Casting of specimens;
Curing of the specimens (normal curing and accelerated curing).
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6 Test Results

Compressive Strength values PPC M,, at 28 days of Normal curing and
Accelerated curing

Table 9 presents compressive strength values and their mathematical relationship to
M, concrete mix at 28 days of normal curing and accelerated curing.

Compressive Strength values PPC M,s at 28 days of Normal curing and
Accelerated curing

Table 10 presents compressive strength values and their mathematical relationship
to M5 concrete mix at 28 days of normal curing and accelerated curing.

Table 9 Compressive strength values and mathematical relationship for normal and accelerated
curing of My concrete

S. No. | Normal curing | Accelerated
compressive | curing M,, PPC
strength compressive 26
(MPa) strength (MPa) = =% -
31.95 41.69 E a 5 :g y=0.9246x+13.564
=z 2 =0
2 31.51 44.89 SEZe ¢ .
a1
30.71 41.18 SR
<O 305 31 315 32 325
NORMAL COMPRESSIVE STRENGTH

Table 10 Compressive strength values and mathematical relationship for normal and accelerated
curing of Mj5 concrete

S. No. | Normal curing | Accelerated

compressive curing M, PPC
strength compressive 19
(MPa) strength a E 48 y=5.7152x- 16225
(MPa) £Z E 4 R=0s2e—
36.62 48.47 = S o
2 36.13 44.02 =R
@) 2 & a3
36.71 46.35 % 8 7N 36 36.2 364 36.6 36.8

NORMAL COMPRESSIVE STRENGTH
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Compressive Strength values PPC M;, at 28 days of Normal curing and
Accelerated curing

Table 11 presents compressive strength values and their mathematical relationship
to M3 concrete mix at 28 days of normal curing and accelerated curing.

Compressive Strength values PPC M;; at 28 days Normal curing and Acceler-
ated curing

Table 12 presents compressive strength values and their mathematical relationship
to M35 concrete mix at 28 days of normal curing and accelerated curing.

Table 11 Compressive strength values and mathematical relationship for normal and accelerated
curing of M3 concrete

S. | Normal Accelerated
No. | curing curing M, PPC
compressive | compressive 505
strength strength =i~ = v = 1.3502x- 5,
(MPa) (MPa) EZE s 2
I2R<}
40.84 50.00 2=z
- & § 495
2 |40.17 49.13 B=E
Q0@ 4
41.06 50.43 <O
40 402 404 406 408 41 412
NORMAL COMPRESSIVE STRENGTH

Table 12 Compressive strength values and mathematical relationship for normal and accelerated
curing of M35 concrete

S. | Normal Accelerated
No. | curing curing M, PPC
compressive | compressive - "
strength strength =) E = 535 °
(MPa) (MPa) CaE
o E [C R —  y=-00654x+55.64 ¢
42.66 52.04 E E E 525 R2 =0.0105
2 4235 53.57 BSE = '
> 8 N 515
44.57 52.84 42 425 43 435 44 445 45
NORMAL COMPRESSIVE STRENGTH
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Table 13 Compressive strength values and mathematical relationship for normal and accelerated
curing of Myg concrete

S. No. | Normal Accelerated
curing curing My, PPC
compressive | compressive 85
strength strength g *
= = 58
(MPa) (MPa) E2E .
46.26 56.48 = % 57 ¥=02394x 45,936
= =T
2 45.46 5831 BSEses ¢
»n 56
45.02 5575 237 ... .
445 45 455 46 46.5
NORMAL COMPRESSIVE STRENGTH

Compressive Strength values PPC My, at 28 days of Normal curing and
Accelerated curing

Table 13 presents compressive strength values and their mathematical relationship
to My concrete mix at 28 days of normal curing and accelerated curing.

Table 14 gives regression equation for different grades of concrete.

Table. 14 Regression . Grade of concrete Regression equation

equation for normal curing

and accelerated curing M20 (PPC) Y =0.9246x 4 13.564
M25 (PPC) Y =5.7152x — 162.25
M30 (PPC) Y =1.3502x — 5.0648
M35 (PPC) Y =0.0654x + 55.64
M40 (PPC) Y = 0.2394x 4 45.936

7 Reason for Enhanced Compressive Strength Under
Accelerated Curing

Accelerated curing uses heat or acombination of heat and moisture, in the early stages
of the curing process to increase the rate of cement hydration. Heat causes cement
hydration reactions to occur at an expedited rate, which causes concrete to develop
strength at a faster rate. The increase in strength with increased curing temperature is
due to the speeding up of chemical reactions of hydration. This increase affects only
the early strengths without any harmful effects on the ultimate strength and cracking
of the concrete due to thermal shock. Hence, the curing of concrete and its gain of
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strength can be speeded up by raising the temperature of curing in which the curing
period is reduced.

8 Conclusions

1. Based on the study, it is concluded that accelerated curing values are more than
normal curing values for all grades of concrete.

2. Based on the study, it is concluded that the average strength of accelerated
curing specimens is 35.64% more than the average strength of normal curing
specimens for M20 grade of concrete.

3. Based on the study, it is concluded that the average strength of accelerated
curing specimens is 26.86% more than the average strength of normal curing
specimens for M25 grade of concrete.

4. Based on the study, it is concluded that the average strength of accelerated
curing specimens is 22.51% more than the average strength of normal curing
specimens for M30 grade of concrete.

5. Based on the study, it is concluded that the average strength of accelerated
curing specimens is 22.27% more than the average strength of normal curing
specimens for M35 grade of concrete.

6. Based on the study, it is concluded that the average strength of accelerated
curing specimens is 24.70% more than the average strength of normal curing
specimens for M40 grade of concrete.

7. Based on the study, it is recommended that accelerated curing can be adopted
as a time-consuming method than normal curing.

8. The replacement of fine aggregate with stone dust is more economical.
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from Demolished Concrete to Produce Skl
Lightweight Concrete
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Abstract The need for urbanization continues all over the world, greatly increasing
the need for concrete. On the other hand, concrete debris from building demolitions
causes a major environmental obstacle to storage, and it is a big challenge to use
it appropriately. The research aims to study the possibility of using an aggregate
of recycled concrete from demolished buildings to produce no-fines lightweight
concrete. After studying the properties of recycled aggregate and comparing it with
natural aggregate, it was found that the specific gravity of the recycled aggregate
was lower, but its wear and water absorption were greater than natural aggregate. We
conducted laboratory experiments on five different mixtures of no-fines lightweight
concrete from natural aggregate using different sizes of aggregate. In addition to
conducting laboratory experiments on three different mixtures of no-fines lightweight
concrete fromrecycled aggregate, using different sizes of aggregate, we found that the
density of no-fines lightweight concrete which was produced by demolished concrete
is 5% less than that of lightweight concrete produced by the natural aggregate, and
the compression resistance is close to each other. The best sample of lightweight
concrete free of soft materials (no-fines) from demolished concrete had a compression
resistance of 130 kg/cm? and the density was 1704 kg/m® where W/C = 0.37 and
aggregate size was between 12.5 and 19 mm.

Keywords Lightweight concrete - Lightweight aggregate - Recycled aggregate

A. A. Ghali (X) - B. E. Ghrewati
Department of Civil Engineering, Siksha ‘O’ Anusandhan University, Bhubaneswar, India
e-mail: abboudghali @ gmail.com

M. Marei
Department of Civil Engineering, Aleppo University, Aleppo, Syria

© The Author(s), under exclusive license to Springer Nature Singapore Pte Ltd. 2023 111
M. S. Ranadive et al. (eds.), Recent Trends in Construction Technology

and Management, Lecture Notes in Civil Engineering 260,
https://doi.org/10.1007/978-981-19-2145-2_9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-19-2145-2_9\&domain=pdf
mailto:abboudghali@gmail.com
https://doi.org/10.1007/978-981-19-2145-2_9

112 A. A. Ghali et al.

1 Introduction

Cities expand and urban 