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Research Article

The physico-mechanical properties of concrete
with red-mud at high temperatures

Ibrahim A. Alameri #P* 3, Meral Oltulu ®

* Department of Civil Engineering, Sana’a University, Sana’a 13341, Yemen

® Department of Civil Engineering, Atatiirk University, Erzurum 25240, Turkey

ABSTRACT

ARTICLE INFO

Reuse of treated waste can provide significant environmental, social and economic
benefits. It is necessary to use it in the right places while keeping the properties of
the waste in mind. Aluminum-rich wastes such as red mud derived from bauxite may
be used in places exposed to high temperatures. This article discusses the effects of
high temperatures of 25, 200, 300, 400, 600 and 800°C and 3 hours of exposure on
concrete samples replaced by red mud at 0, 10, 15 and 20%. To study the concrete’s
mechanical and permeability properties, loss in weight, compressive strength, split-
ting tensile strength, capillary water absorption and water permeability tests were
performed for all mixes. Results were closer to those of the control specimen, which

ultimately supported the use of red mud at a ratio of 10%.
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1. Introduction

The physicochemical, mechanical properties and mi-
crostructure of concrete during or after exposure to high
temperatures are required to predict its structural be-
havior and capacity. Concrete may be exposed to high
temperatures in areas such as nuclear reactors, near fur-
naces, areas exposed to fire and areas exposed to jet en-
gine explosions. Additionally, most buildings and infra-
structure face a major fire risk. In order to understand
the behavior of concrete at high temperatures or under
fire, the most appropriate parameters were identified
and investigated. These parameters related to the type
of concrete that is used include exposure time, tempera-
ture increase rate, concrete age, type of aggregate used,
type of cement used, type of different additives, and wa-
ter/cement ratio.

Concrete seems to be exposed to no significant dam-
age when subjected to temperatures up to 200°C, but for
higher temperatures than 200°C, it is essential to study
the exposure conditions and the employed concrete. The
effect of high temperatures on normal concrete is sum-
marized in Table 1.

Waste materials exhibiting other pozzolanic proper-
ties that are used in concrete include silica fume, fly ash,
blast furnace slag, calcined clay and alkali-activated slag
cement (Ardahanli et al., 2019; Alameri et al,, 2019; Ala-
meri and Oltulu, 2019). In addition to these materials,
red mud derived from bauxite is also among the recently
researched materials. Moreover, alumina is known to
have a high resistance to high temperature, and red mud
contains a high content of alumina. Today, approxi-
mately 120 million tons of red mud is produced annually,
and it is not satisfactorily disposed of or recycled. Tradi-
tionally, the method of red mud disposal in ponds often
has adverse environmental effects during the monsoon
period.

The waste causes pollution of groundwater when the
red mud gets mixed with water, and underground water
resources such as wells or aquifer may get polluted by al-
kali seepage, impact on plant life, alkaline air born dust is
carried with air and has effects on the transpiration pro-
cess of plants, resulting in reduction of plant life. This may
also include soil properties changed by land disposal,
which results in reduced fertility when this waste is
mixed with fertile land, vast areas of land are consumed
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because of dumping of red mud, and if service reservoirs
get polluted, it may create hurdles for the society
(Sawant et al,, 2012; Rathod et al,, 2014; Rana and Sathe,
2015).

In order to reduce these harmful effects, studies were
carried out on red mud in road construction, cementi-
tious products, stabilization material and wastewater

treatment areas (Hu et al., 2018). Moreover, a limited
number of studies have been conducted on the topic of
concrete. In these studies, red mud was used instead of
cement partially to investigate the cementitious proper-
ties of the composites. A lot of studies have been per-
formed on the ratio of the red mud thatis used, and these
are presented in Table 2.

Table 1. Effects of temperature on concrete (Baradan et al,, 2010).

Temperature Effect
100-150°C Evaporation of free moisture in the concrete mass takes place.
150-250°C Shrinkage, crack formation, degradation in tensile strength, pinkish color.
250-300°C Aluminum and iron oxide compounds, loss of body water, decrease in compressive strength.
400°C Ca(OH)2 converted into CaO (33% degradation in volume).
400-600°C Destruction in the structure of CSH, gray-white color, degradation in compressive strength would be 80%.
Table 2. Red mud studies, experiments and optimum red mud ratio.
. . Optimum ratio
Authors Red mud ratio Experiments
of red mud
1 Ribeirol et al. (2010) 10, 20, and 30% Compressive strength 10%
2 Rathod etal. (2014) 5,10, 15, 20, 25, 30, and 40% Compressive, and split tensile strength test 25%
3 ?zlzhlit)tl BU0 e ET 0,5, 10, 15, 20, and 25% Compressive, and split tensile strength 20%
4 Manfroi et al. (2014) 5,10, and 15% Pozzolanic act}Vlty, compres.swe strength, and 50
water absorption by capillarity
10%, 15, 20, and 25% with addi- 10% with
5  Ranaand Sathe (2015) tion of 4, 8 and 12% lime to the Compressive strength o 1
weight of red mud 4% lime
6  Rathodetal. (2015) 10, 15, and 20% with 5% lime Compressive, split tensile, and flexural strength 10%
7 Metilda et al. (2015) 5,10, 15, 20, and 25% Compressive, split tensile, and flexural strength 15%
Fly ash was replaced by red mud . .
8  Liuand Poon (2016) at0, 25, 50, 75 and 100% by SIS0 2 S GOl PR b 3 GO ) (oI, 50%
- split tensile strength, and drying shrinkage
weight
9 Tang(2014) 0-30% Fresh self compacting concrete tests, compressive, 20%

10% red mud with 0.5, 1 and

4o Oliam e Al (AUE]) 1.25% of nano-alumina ratios

splitting tensile strength, and microstructural test

%710 with 0.5%

Compressive, and splitting tensile strength nano-alumina

As seen in Table 2, the literature does not offer exact
information about the optimum proportion of red mud,
and a detailed study on red mud which is very rich in alu-
mina at high temperatures is missing in the literature.
Due to this limitation in the literature, this experimental
study is needed for a better understanding of the effects
of temperature on addition of red mud (RM) into con-
crete. The goals of this study for these reasons were:

a) To find a solution for the aforementioned environ-
mental problems and look for economically viable re-
cycling of red mud alternatives as a component of
building materials, this study was conducted to inves-
tigate the optimum ratio of red mud as a partial re-
placement for cement.

b) The feasibility of utilizing the Bayer red mud and in-
vestigation of the optimum red mud ratio in concrete
at high temperatures are demonstrated. This study
will draw attention to increasing the use of aluminum
containing waste materials, which will have a positive
effect especially at high temperatures in concrete.

c) There has been limited research on red mud in con-
crete, and in particular, there were no studies on
physico-mechanical properties after high tempera-
ture treatment. It is expected that this article will illu-
minate the literature since which the physico-me-
chanical properties of waste red mud with high alu-
mina content will be determined after applying high
temperature.
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For the aforementioned reasons, an experimental
study was performed by replacing cement with red mud
by 0-20% to investigate the optimum percentage of red
mud that can be used in concrete and study the effects of
materials that have a high content of alumina such as red
mud against high temperatures.

2. Material and methods

2.1. Material

Ordinary Portland cement (CEM I142.5 R) conforming
to TSEN 197-1 (2012) and TS EN 196-1 (2016), which is
compatible with the European standard, and red mud
with index and chemical properties shown in Table 3
were used to produce C40/50 Concrete. Standard 100-
mm-diameter and 200-mm-high test cylinders and
150x150x150 test cubes were cast. RM thermal decom-
position is shown in the TGA-DTA diagram. With rising
temperatures, three weight loss steps were observed in
the profile as explained in Table 4 and shown in Fig. 1
(Nath et al,, 2015). Fine and coarse aggregate properties
listed in Table 5 were used, and tests of specific gravity
and water absorption were conducted according to the
Turkish standard TS EN 1097-6, 2013, which is compat-
ible with the European standard. Superplasticizer with a

density of 1.045 gr/cm? and gray/green color based on
modified polycarboxylate were added to water before

mixing the concrete by 0.75% of the cementitious mate-
rial.

Table 3. Index and chemical properties of RM and PC.

RM PC
Chemical composition (%)
Si02 18,95 17,6
Al;03 25,65 4,45
Fe203 36,94 3,08
Ca0 3,30 60,02
MgO - 2,29
SO3 = 2,67
Loss on ignition 17,75 8,49
Naz0 7,04 0,22
K20 - 0,63
Na20+0,658K20 - 0,63
Cl - 0,0144
Unmeasured - 0,54
Free CaO - 0,69
Total additives - 19,9
TiO2 5,62 -
Others 2,51

index properties
Specific gravity 3.05
Specific surface (cm?/g) -
Compressive strength (MPa) -
pH 12-13

3,01
4403
51,03

Table 4. Effect of temperature in red-mud.

Temperature Effect

25-260°C

260-325°C and also the removal of H20 from Al(OH)s.

325-500°C

Weight loss about 4.3% of total weight the reason is that the evaporation of water.

Weight loss about 8.9% of the total weight the reason is that the loss of H20 from the sample as a whole

Weight loss about 10.9% of the total weight due to the release of CO2 during the decomposition of CaCOs.

-5 - X

}
410 - Tosg,
15 4

-20 -

DTA (uV)

-25

-30

-35 -

——DTA
TGA

TGA (mg)

0 100 200

300 400 500

Temperature (°C)

Fig. 1. TGA-DTA diagram of RM in the temperature range of 28°C to 500°C (Nath et al,, 2015).
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Table 5. Properties of aggregate.

Aggregate size (mm) Specific Gravity

Water Absorption (%)

Stock Humidity (%)

0-2 2.686
2-4 2.671
4-8 2.652
8-16 2.664
16-25 2.678

1.77 1.8
1.75 1.1
1.92 1.0
1.56 0.8
1.36 0.7

2.2. Concrete mix proportion

Concrete mix design was carried out by using TS EN
206 (2014). C40/50 concrete with a water/binder ratio

of 0.48 was produced as a control mix. Four different mix
proportions were selected. Red mud replaced 10, 15, and
20% of cement by weight. The mix proportions are listed
in Table 6.

Table 6. Concrete mix proportions.

Materials C RM PR w Sp'
used 0-2 2-4 8-16 16-25 S W/C+RM
(mm) (mm) (mm) (mm) (mm)

Units kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3 kg/m3

ORM 416.4 - 641.00 206.45 240.27 498.38 137.69 199.64 3.123 0.48
10RM 374.76 41.64 641.00 206.45 240.27 498.38 137.69 199.64 3.123 0.48
15RM 353.94 62.46 641.00 206.45 240.27 498.38 137.69 199.64 3.123 0.48
20RM 333.12 83.28 641.00 206.45 240.27 498.38 137.69 199.64 3.123 0.48

2.3. Experiments

Reduction of the amount of cement by replacing con-
crete with red mud was explored by comparing the me-
chanical properties of the samples. Moreover, the phys-
ico-mechanical properties of concrete with red mud
were evaluated after exposure to high temperature.

2.3.1. High temperature test

The concrete samples were removed from water and
dried in air for 1 day at 60% and 25°C mean relative hu-
midity and temperature, respectively (Fig. 2). The sam-
ples were then placed in an electrical oven at 100°C for
24 hours before exposing them to high temperatures,
while this step was found to be necessary to prevent the
concrete samples from exploding in the oven due to the
steam formation (Tanyildiz1 and Erol, 2018; Ruano et al,,
2018; Toric etal., 2014). After that, an electrical oven de-
signed for a maximum temperature of 1200°C was used
to heat the concrete samples to 200, 300, 400, 600 and
800°C, with a total duration in the furnace of 3 hours for
each temperature (Beglarigale et al.,, 2016, Sanchayan
and Foster, 2016).

2.3.2. Loss in weight

This test was made to measure the moisture mass
conservation within the system. During the heating pro-
cess, moisture is transposed from the specimen to the
environment. The specimens were weighed before heat-
ing (wi) and after cooling (ws) with an accuracy of 1gm.

The changes in specimen weight (W) are expressed as
percentages of the initial weights by using the following

Eq. (1):

W (%) = % X 100 (1)

2.3.3. Compressive and splitting tensile strength tests

Compressive and Splitting tensile strength tests were
conducted based on the TS EN 12390-3, 2019 and TS EN
12390-6, 2010 standards.

2.3.4. Water permeability test

Water permeability test was carried out according to
the German Standard DIN 1048 (1991). 200x100 mm cy-
lindrical concrete specimens were exposed to a water
pressure of 500 kPa for a period of 72 hours. At once af-
ter the end of the tests, the specimens were cut and
measured for the depth of water penetration.

2.3.5. Capillary water absorption test

Capillary water absorption test was conducted in ac-
cordance with the standard ASTM C1585 (2013). Cube
specimens of 150x150x150 mm were used. The sides of
the specimens were sealed with tape up to 40 mm in
height so that only one face of the specimen was sub-
jected to water. The weight of the specimens was ob-
served over a period of time (0- 24 h) during contact
with water.
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Fig. 2. Heating profile (Alameri, 2017).
3. Results and Discussions exposure was non-linear. The 15RM and 20RM con-
cretes showed higher weight losses in comparison to
3.1. Loss in weight the control concrete, which may be due to the high per-

centage of red mud. According to the study reported by

The weight of the specimens was measured before Nath et al. (2015), three weight loss steps occurred as
and after subjecting them to different temperatures. The the temperature increased (Fig. 1).

weight loss increased with the increase in the maximum

exposure temperatures due to accelerated drying. These

Table 7. Loss i ight of te (%).
results agreed with those in the literature (Sancak et al., avle 0ss in weight of concrete (%)

2008; Alsheikh 2011). The amount of loss in weight as a Temperature ORM 10RM 15RM 20RM
percentage is shown in Table 7 and Fig. 3. The Samples

with and without RM were subjected to high tempera- 2 L v v v
tures, and the highest weightlosses for 200°C, 300°C and 200°C 0.76 0.8 0.98 0.67

400°C were observed in 15RM, whereas those for 600°C

300°C 1.65 1.40 3.50 3.40
and 800°C were observed in 20RM. The increased
weight loss was because of the dehydration of the hydra- 400°C 6.26 6.10 6.90 6.70
tion products and the loss of water from the fine pores in 600°C 8.29 8.80 8.90 9.10
the cement paste and aggregate particles. The relation- 800°C 1104 1120 12.20 1250
ship between the weight loss and the temperature of : : : :
14
1 ORM
12 - 10RM =[]
15RM
T 20RM Al
__10]
=
S -
= ==
S °
TR
= Rl
£ 6 s
3
3
4
2 -
ol EAAA ﬂﬁ,

. , .
25°C 200°C 300°C 400°C 600°C 800°C
Temperature

Fig. 3. Loss in weight of concrete at different temperatures.
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3.2. Compressive and splitting tensile strengths
3.2.1. Compressive strength

At 25°C, the control mixture 0RM achieved a compres-
sive strength of 41.5 MPa. The mixtures 10RM, 15RM
and 20RM achieved compressive strengths of 39.8 MPa,
35.4 MPa and 30.6 MPa, respectively. The compressive
strength reached an optimum value at 10RM and then
decreased for 15RM and 20RM. A decrease in strength of
4.3%, 14.8% and 26.3% was observed for 10RM, 15RM
and 20RM, respectively in comparison to ORM. The re-
sults are shown in Table 8 and Fig. 4.

3.2.2. Splitting tensile strength

Table 9 and Fig. 5 show that, at 25°C, the control mix-
ture ORM achieved a splitting tensile strength of 4.2 MPa.
The mixtures 10RM, 15RM and 20RM achieved splitting
tensile strengths of 4.1 MPa, 4.2 MPa and 3.0 MPa, respec-
tively. The splitting tensile strength reached an optimum
value at 15RM and 10RM, and the maximum loss in
strength was in 20RM. These results showed that the ad-
dition of RM reduces the compressive and the splitting
tensile strength of concrete. Moreover, these results were
compatible with the literature (Rathod et al., 2014; Tang,
2014; Kushwaha et al,, 2013; Bishetti and Pammar, 2014).

Table 8. Compressive strength of concrete at different temperatures.

Compressive strength (MPa) (to their initial 25°C strengths %)

Variation vs. control specimen (%)

Temperature ORM 10RM 15RM 20RM 10RM 15RM 20RM
25°C 41.5 39.8 35.4 30.6 -4.3 -14.8 -26.3
200°C 30.4(-26.7%)  34.5(-13.3%)  26.4(-254%)  30.3(-1.2%) 13.2 -13.4 -0.6
300°C 35.7(-141%)  35.1(-11.6%)  24.7(-30.2%)  23.6(-23.1%) -1.5 -30.8 -34.0
400°C 38.3(-7.9%) 38.7(-2.6%) 32.2(-8.9%) 29.1(-4.9%) 1.2 -15.8 -23.8
600°C 37.2(-10.5%)  24.2(-39.1%)  25.8(-27.2%)  24.5(-19.9%) -34.8 -30.7 -34.1
800°C 15.9(-61.7%)  12.5(-68.5%)  8.6(-75.6%) 8.0(-73.8%) 214 -45.7 -49.6
45 o
1F ORM
40 4 [T T 10RM
. ] M e 15RM
§ 35 - = Eams 20RM
] Ee
= 304 ma il B I I
=) ] ki
c E —
£ *7 B elile
w 4
L 20
= ]
173 ]
L 15
o ]
g ]
o 107
5
o . T T
25°C 200°C 300°C 400°C 600°C 800°C
Temperature
Fig. 4. Compressive strengths of concrete at different temperatures.
Table 9. Splitting tensile strengths of concrete at different temperatures.
Tensile strength of concrete (MPa) (to their initial 25°C strengths %) Variation vs. control specimen (%)
Temperature ORM 10RM 15RM 20RM 10RM 15RM 20RM
25°C 4.2 4.1 4.2 3.0 -1.9 0.0 -27.9
200°C 3.6(-12.5) 2.7(-33.1) 2.6(-36.7) 2.2(-25.7) -25.0 -27.6 -38.7
300°C 3.7(-10.0) 2.5(-37.6) 2.1(-48.8) 2.1(-29.5) -32.0 -43.0 -43.5
400°C 3.3(-19.7) 2.9(-28.9) 2.2(-47.5) 1.6(-46.6) -13.1 -34.6 -52.0
600°C 1.7(-60.2) 1.5(-62.8) 1.0(-76.3) 0.7(-76.3) -8.3 -40.5 -57.2
800°C 0.7(-83.8) 0.6(-85.5) 0.5(-88.3) 0.3(-89.5) -12.3 -27.7 -53.2
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Fig. 5. Splitting tensile strengths of concrete at different temperatures.

3.3. Residual compressive and splitting tensile
strengths after heating

In general, compressive strength decreased with the
increase in temperature. Fig. 4 and Table 8 show the
compressive strength and the decreases in compressive
strength compared to 25°C (%), for the concrete samples
ORM, 10RM, 15RM, and 20RM. At 200°C, the compressive
strength of all samples decreased by 13-27% with respect
to their strength at 25°C, while when compared to the
reference specimen (0RM), the 10RM resulted in an in-
crease in compressive strength by 13.2%, whereas 15RM
and 20RM resulted in a decrease in compressive strength
by 13.4% and 0.6%, respectively. A considerable decrease
in compressive strength was noticed in all mixtures after
heating to 300°C. This may have been due to more exten-
sive inner cracking of such a compact structure caused by
the build-up of pressure that resulted out of the evapora-
tion of physically and chemically bound water (Behnood
and Ghandehari, 2009). In general, a small loss in strength
was noticed for all of the concretes when exposed to high
temperature, while the 10RM group almost was close to
the control group and even better results at 400°C. How-
ever, the effect of high temperature was more pronounced
for concretes with higher RM ratios. More detailed studies
are needed to explain the behavior of RM samples, espe-
cially at 400°C, where the effect of RM is positive. Like-
wise, at 600°C, the maximum reduction in compressive
strength compared to ORM took place at 10RM. This
strength loss value was largely attributed to the decompo-
sition of calcium hydroxide (Behnood and Ghandehari,
2009). Note that, compared to ORM, the maximum reduc-
tion in compressive strength took place for the 20% red
mud mix when exposed to 800°C.

Similar results were obtained for the tensile strengths
of the mixes after exposure to different temperatures for
a duration of 3h. The tensile strength for different expo-
sure temperatures at a 28-day interval for the 0%, 10%,
15%, and 20% red mud concrete mixes are presented in

Table 9 and Fig. 5. The lowest residual tensile strength
was observed in 10RM in comparison to ORM. The ten-
sile strength losses of red mud concrete were low in
comparison to the tensile strength losses of the control
(ORM) concrete exposed high temperatures.

3.4. Water permeability test (water penetration
depth)

Water permeability test provides a measure of a con-
crete’s resistance against penetration of water. Fig. 6
clearly shows the increase in water penetration depth
with red mud. The amount of increase in comparison to
ORM was approximately 21%, 42.1%, and 57.9% for
10RM, 15RM, and 20RM, respectively. 10RM provided
the lowest water penetration depth value followed by
15RM and 20RM. The effect of the red mud content on
permeability could be clearly recognized. The higher
content of red mud was related to an increase in the per-
meability coefficient. The relationship between com-
pressive strength and depth of penetration was linear
and is shown in Fig. 7. In general, a very good correlation
was observed between water penetration depth and
compressive strength values, i.e., as the strength of con-
crete increased, the water penetration depth decreased
significantly. The change in depth of penetration for a
given change of red mud content was lower for lower
values of RM ratios as a result of the decrease in concrete
porosity as the RM ratio decreased. In conclusion, the
water permeability test showed that the 10RM concrete
provided the lowest water penetration depth value in
comparison to ORM, which ultimately supports the use
of red mud as 10%.

3.5. Capillary water absorption test
Capillary water absorption test determines the rate of

water absorption through the concrete surface (Zhu and
Bartos, 2003; Medeiros and Helene, 2009). Each point on
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Fig. 8 is the averaged value of measurements of three
specimens. The capillary permeability of the concrete
changed depending on the proportion of red mud addi-
tion. It may generally be seen that the control concrete
exhibited greater resistance to water absorption by ca-
pillary suction than the concrete containing red mud,
and 10RM provided the lowest absorption value fol-
lowed by 20RM, whereas the highest absorption value

was obtained in 15RM. Moreover, it may be seen in Fig.
8 that the same absorption value could be obtained with
ORM and 10RM (i.e., about 700 and 800 g/m? capillary
absorption in 24 h for ORM and 10RM, respectively). In
addition, it was shown that 15RM and 20RM provided
the highest absorption values (i.e., about 6800 and 4200
g/m?2 capillary absorption in 24h for 15RM and 20RM,
respectively).

3.2
3.0 P
g 1 ‘/'/
S 284 ot
c ] _E/
% 26 ‘/‘/
b= ] e
S 24- o7
s "
S 22 e
< .
= T 7
8 204 s
] "
1.8 4
16 T T T T
ORM 10RM 15RM 20RM
Fig. 6. Permeability test of concrete.
3.5
E 3
5 ¢
B 25
= y =-0,0972x + 6,0409 ¢
= R?=0,92
o 2
— 2
o
e
o 15
D
a
1
30 32 34 36 38 40 42
Compressive strength (MPa)

Fig. 7. Compressive strength and depth of penetration relationship.

8.0

7.0

6.0 &
5.0

4.0

] - —

-»d
™

3.0

N 2

Water absorption (kg/m2)

PPt

2.0 %
o
K

0.0 »

0 200 400 600

—— ORM

- =10RM

Time (min)

800 1000 1200 1400

-=k--15RM = » =20RM

Fig. 8. Capillary water absorption of concrete.



90 Alameri and Oltulu / Challenge Journal of Concrete Research Letters 11 (4) (2020) 82-91

4., Conclusions

The main purpose of this experimental study is to
measure the effect of 25, 200, 300, 400, 600, and 800 ° C
temperatures for 3 hours. Four mixes with red mud (0%,
10%, 15% and 20%) replacing cement by weight were
used to evaluate the residual compressive and tensile
strength of concrete as well as weight loss values after
high-temperature exposure. Moreover, to study the per-
meability properties of concrete, capillary water absorp-
tion and water permeability tests were performed on all
four mixes. The following results were found:

e The weight loss was somewhat higher in the 15RM
and 20RM concrete groups in comparison to the con-
trol concrete, and this loss was higher especially at a
temperature of 300°C.

e From the point of view of compressive strength, the
10RM group almost was close to the control concrete
and provided even better results at some tempera-
tures (400°C). However, at higher RM ratios there was
a decrease in strength.

e Under high-temperature effect, all mixtures have a
marked decrease in their compressive strength when
heated to 300°C. At 400°C, however, there was an in-
crease in compressive strength of 10RM and a de-
crease in higher red mud proportions. More detailed
investigations are needed to explain the behavior of
RM samples, especially at 400°C, where the effect of
RM is positive.

e Athigher temperatures (e.g. 600°C), the maximum re-
duction in compressive strength was observed at 10
RM in comparison to 0 RM. Whereas at 800°C, the
maximum reduction in compressive strength was in
20RM.

o In terms of splitting tensile strength, positive results
were not obtained in the groups with RM. Itis advised
to use fibers to increase tensile strength especially
when red mud is used.

e The water permeability test showed that the 10RM
sample provided the lowest water penetration depth
value compared to ORM, which ultimately supported
the use of red mud as 10%.

For further studies,

o Evaluation of the pozzolanic activity of red mud is also
required at different ages,

e [tisneeded to examine the changes in properties with
different curing methods and more mineral additive
materials,

o The effects of different methods of cooling after high
temperature exposure should be examined,

e Detailed microstructure and pore structure studies
are recommended on the topic (e.g., MIP, SEM, BET,
XRD, TGA) to determine the mechanism of red mud as
a partial replacement exposed to high temperature,

e Examination of freeze-thaw and other durability
properties is recommended,

e [t is advisable to examine the properties of different
concrete types with red mud (e.g., high strength con-
crete and fiber-reinforced concrete) at high tempera-
tures. To increase tensile strength, which is particularly

low, different materials (steel fiber, polymer fiber,
etc.) could be added to the concrete with red mud.

e Additionally, post-temperature properties should be
examined at the sintered state.
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ABSTRACT

ARTICLE INFO

In the present study performance evaluation of nano-modified cement polymer anti-
corrosive coating (CPAC) was undertaken by conducting the Chemical Resistance
Test (CRT), Applied Voltage Test (AVT), Bond Strength Test (BST), Accelerated Cor-
rosion Test (ACT) and Coating Flexibility Test (CFT). The site oriented coating com-
prises of nitrite, styrene-butadiene polymer and other additives. The anticorrosive
polymer solution is compatible with concrete or cement when uniformly mixed with
fresh ordinary portland cement (OPC). Totally forty-five specimens were subjected
to various performance evaluation tests. In CRT observations were made on drilled
and undrilled specimens after 45 days test period in liquid and vapour phase. The
coating did not blister, soften and lose bond in all the tested medium during CRT and
meet the requirement of BIS 13620-1993 and ASTM A775/A775M.The coating has
the ability to withstand the electrochemical stresses during one-hour AVT. In the
BST, single and double coated rebars showed +126.96% and +46.08% greater usable
bond strength respectively than uncoated rebar. In the ACT, there is a significant es-
calation in time of cracking of specimens of double-coated reinforced rebars by 2
times as compared to uncoated rebars. Cracking time for single coated reinforced re-
bars was found 1.6 times more than uncoated rebars. In the CFT, coating completely
in the inner and the outer radius of the 180° bend rebar fails to meet the require-
ments of BIS and ASTM standards. Thus the coating has to be applied subsequent to
cutting and rebar twisting is finished.
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1. Introduction

The durability problem of concrete structures rein-
forced with high yield strength deformed (HYSD) rebars
isworldwide. Many concrete structures deteriorate prem-
aturely, and repair and maintenance costs amount to sub-
stantial proportions of public and private sector budgets.
Vishnu et al. (2012) commented as: “In reinforced con-
crete (RCC), the tensile strength of steel and the com-
pressive strength of concrete work together to allow the
member to sustain the stresses over considerable spans.
However, failures in concrete structures do still occur as a

result of premature reinforcement corrosion”. Neville
(1987) suggest reasons for “durability problems as poor
understanding of deterioration processes, inadequate ac-
ceptance criteria of site concrete, and changes in cement
properties and construction practices. Nevertheless, the
greatest threat to durability of concrete structures is un-
doubtedly corrosion of embedded reinforcing steel, lead-
ing to cracking, staining, and spalling of the cover con-
crete. This, in turn, can lead to unserviceable structures
that may be compromised in respect of safety, stability,
and aesthetics”. Alekseev et al. (1990) commented on
the above scenario as “the durability of reinforcement
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specimens with a stepped (deformed) profile may be
roughly an order less than that of smooth specimens
since the former have stress concentrators on the sur-
face at the bases of projections, which represent sites of
preferential formation of cracks”. According to the 2005
report from the Ministry of Shipping, India loses Rs
2,500 crores annually due to corrosion which will be
more as of present time.

Gidion Turu’allo (2006) stated that when steel rein-
forcement is encased in sound dense concrete, the entire
surface of the steel is covered by a stable protective ox-
ide film that forms an alkaline environment created by
the hydration of the cement in the concrete. Under these
circumstances, no corrosion of the reinforcement can oc-
cur. However, if the protective oxide film is locally de-
stroyed, for example by the introduction of chloride ions,
areas of different potential can be set up on its surface.
This difference in potential can result in electrochemical
corrosion cells forming between areas on the reinforce-
ment where the protective film has been destroyed and
the remainder of the surface where the film is still in-
tact. Such cells create minute electric currents which
flow through the reinforcement in one direction and re-
turn through the concrete by electrolytic conduction.
The areas where the electrons leave the reinforcement
to enter the concrete are called anodes and they cor-
roded, whereas the areas where the current re-enters

*pitting™ —'

Anode:

Fe—> Fe'2 +2e-
Fe+2—)Fe+3 +e

the reinforcement do not corrode and are called cath-
odes. Corrosion takes place at the anode with metal ions
going into solution (refer Eq. (1)).

Fe > Fe  +2¢ (1)

The cathode simply provides the mechanism for the
removal of electrons left in the reinforcement by the cor-
rosion process (refer Eq. (2)). Fig. 1 shows the schematic
representation of the basic process of corrosion of steel
in concrete.

0,+2H 0 + 4e’ > 40H’ (2)

Since corrosion is the reaction of a metal with its en-
vironment, control can be achieved either through mod-
ifications in the metal or the environment. The economy
is the overriding factor and for this reason, cheaper and
less corrosion-resistant materials are often preferred.
Numerous measures have been taken to prevent corro-
sion of the embedded steel in concrete. In the present
study performance evaluation of nano-modified CPAC
was undertaken by conducting various mechanical and
durability tests. The nano-modification was done by Ti-
tanium dioxide (TiO2).

Fig. 2 shows the scanning electron microscope (SEM)
images of the coating.

© 2 rust
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Fig. 1. Schematic representation of process of corrosion of steel in concrete.
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Fig. 2. SEM images of a) Plain CPAC; b) TiO2 modified CPAC; c) Cross-sectional view of 1coat coating;
d) Cross-sectional view of 2-coat coating. All images have a magnification level of approximately 100,000 times.
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2. Materials and Material Properties

The materials used for the experimental study in-
clude 53 grade OPC approved by BIS 12269 (1987), 20
mm downgraded coarse aggregate (CA), locally availa-
ble river sand as fine aggregate (FA) of zone II as spec-
ified in BIS 383 (1970), potable water, commercially
available 12 mm and 16 mm HYSD rebars of grade Fe-
500 conforming to BIS 1786 (2008) and nano-modified
CPAC.

The basic properties of the cement such as specific
gravity, consistency, initial setting time and final setting
were found as per BIS 4031-Part 2 and 5 (1988) and the

properties of aggregates were found in accordance to BIS
2386-Part 3 (1963). The basic properties of cement, FA
and CA obtained and standard values are tabulated in
Table 1.

Based on the above material properties, the mix de-
sign ratio for M 25 concrete grade was formulated as per
BIS 10262 (2009) as shown in Table 2.

The mould, mixing and curing of specimens conform
to the requirements as specified in BIS 516 (1959). The
average 28 days compressive strength for M25 grade of
concrete was recorded as 34.85 MPa. The calculated tar-
get mean strength was 31.6 MPa. Therefore the obtained
mix design ratio was well within the standard.

Table 1. Properties of cement, fine aggregate and coarse aggregate.

Description Obtained Value BIS Recommended Range
Consistency 27 % >25%

Initial setting Minutes > 30 minutes

Final setting 5 hours and 30 minutes < 60 hours
Cement - Specific gravity 3.10

Fine aggregate - Fineness Modulus 3.05 2.9-3.2

Fine aggregate - Specific Gravity 2.53 2.4-2.6

Coarse aggregate - Fineness Modulus 7.4 6.5-75

Coarse aggregate - Specific Gravity 2.79

Table 2. Design mix proportions for 1m3 of concrete.

Cement FA CA Water
(kg/m?) (kg/m?3) (kg/m?) (litre/m?)
340 643.54 1136.41 186
1 1.89 3.34 0.5

Formulated mix ratio was 1: 1.89: 3.34 and estimated w/c ratio was 0.5.

2.1. Development of nano-modified cement polymer
anticorrosive coating system

The nano-modified CPAC on the rebars was applied
following BIS 13620 (1993) guidelines. “The site ori-
ented cement polymer anticorrosive coating (passivat-
ing type) comprises of nitrite, styrene-butadiene poly-
mer and other additives” as stated by Sheik et al. (2014).
The polymer solution is milky white in colour, pH around
12.50 and a density of 1.03 g/cc. This anticorrosive pol-
ymer solution is compatible with concrete or cement
paste when uniformly mixed with fresh OPC.

The process involves the removal of rust and
scales from the steel rebars by hard wire brush and ap-
plication of coatings by brushing (Shanmugapriya et al.,
2015). The nano-modified CPAC was prepared by incor-
porating 5 gram of Nano Titanium Dioxide (Nano TiO2)
in 1 litre of CPAC. Fig. 3 shows the sequence of the coat-
ing process and Fig. 4 shows the view of coated rebars.

3. Experimental Investigation

To evaluate the protective coating on reinforcement
rebars, the following criteria were taken into account
(Gunaselvi etal., 2015):

e The protective coating should have excellent corro-
sion-resisting properties.

e The coating should not affect the bond strength of
steel to concrete.

e The coating shall withstand the handling stress at the
site.

The tests conducted to evaluate the performance of
protective coating systems are as under:
e Chemical Resistance Test.
2V Applied Voltage Test.
Bond Strength Test.
Accelerated Corrosion Test.
Coating Flexibility Test.
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Steel rebars

v

Loose rust removal by steel wire brush cleaning

\ 4

First coating of cement slurry mixed with anticorrosive polymer solution; Air drying: 8-12 h

v

Second coating of cement slurry mixed with anticorrosive polymer solution; Air drying: 8-12 h

v

One coat of anticorrosive polymer solution as sealer coat; Air drying: 2 h

v

Coated rebar
Coating thickness: 225 + 25 pm for 2 coated rebar
Coating thickness: 150 + 25 pm for 1 coated rebar
Treatment duration: 12 hours

Fig. 3. A sequence of nano-modified cement polymer anticorrosive coating process.

Fig. 4. View of nano-modified cement polymer anticorrosive coated rebars.

3.1. Chemical resistance test

This test was conducted for evaluating the re-
sistance of the coating materials when exposed to vari-
ous concentrations of reagents. This test was done as per
ASTM A775/A775M (1995) and BIS 13620 (1993). Four
specimens in CPAC and twelve specimens in Nano TiO:
modified CPAC were tested. Also, four specimens of
Nano TiO2 modified CPAC with 6mm holidays were
tested. In total 20 specimens were tested. The speci-
mens were tested in distilled water, 3M aqueous solution
of CaClz, 3M aqueous solution of NaOH and saturated Ca
(OH)2.

Coated rebars of 12 mm diameter and 200 mm
length were used. Specimens were positioned vertically
in a container and the reagents filled in such a way that
the liquid level covers one half of the coated portion. A
rubber cork was provided at the bottleneck to prevent
the evaporation of the reagents and contamination. Fig.
5 shows the schematic diagram of the chemical re-
sistance test setup.

The test was continued for 45 days at room tempera-
ture. After the testing period, the performance of the
coating was evaluated based on the blistering, softening,
bond loss and development of holes on the rebar surface.

Testspecimen

Rubber cork

Glassbottle

- Vapourphase

ANV ANNNANNAASNY
A

6mm @ holidays

Liquid phase
(Testmedium)

/
“
2
/

Epoxy seal

Fig. 5. Schematic view of chemical resistance test setup.
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3.2. Applied voltage test

The effects of electrochemical stresses on the bond of
coating to steel and film integrity of the coating were as-
sessed by conducting AVT. This is an accelerated type of
corrosion test carried out as per BIS 13620 (1993). By
varying the thickness of Nano TiOz modified CPAC by 2
coats, 3 coats and 4 coats, a total of three specimens were
subjected to the test. Coated rebars of 16 mm diameter
and 600 mm length have been used.

In the test setup, two numbers of coated rebars, one
acts as a cathode and other acts as an anode. Copper
wires of 14 mm gauge were clipped at one end of each
rebar. The other end of the rebars were sealed with M-

seal and coated with an insulation varnish up to a length
of 25 mm. The exposed coating surface area on which the
test was conducted was restricted to less than 232 cm?.
The remaining exposed area has to be applied with an
insulating varnish. A non-conductive plastic container of
size 150 mm x 150 mm x 620 mm was used for the test.
The container was filled with 7% sodium chloride
(70g/lit) solution up to a height of 580 mm. The coated
rebars were suspended vertically to have a clearance of
25 mm from the bottom, 40 mm from the sides and 40
mm between the rods. A potential of 2V was impressed
for a period 60 minutes between the coated rebars. Fig.
6 shows the schematic diagram of applied voltage test
setup.

Epoxy
coating

Sat. Potassium Chloride
Coated rebar (Anode)

High impedance
multimeter
MULTIMETER
— DC power
supply unit
@V +
DC POWER SUPPLY
ACOM YV
000 '

— H O

Coated rebar (Cathode)

@ Non conducting acrylic tank

Epoxy seal

7% NaCl (Electrolyte)

Fig. 6. Schematic view of applied voltage test setup.

A saturated calomel electrode (SCE) with saturated
potassium chloride as electrolyte and salt bridge made
of agar-agar was used for measuring reference electrode
potential. The potential measurements of SCE were ob-
served at every 5 minutes interval during the test period
using high impedance multimeter. The current develop-
ment was also monitored at regular intervals to observe
the evaluation of hydrogen gas at the cathode during the
test. After the completion of the test, corrosion products
of iron at the anode were observed and noted.

3.3. Bond strength

This test has been conducted to find the influence of the
protective coating on the bond strength of reinforcement
with concrete. Pull out tests were carried out on coated
rebars with varying coating thickness and also on un-
coated rebars as per BIS 2770 Part [ (1997) considering the

modifications outlined in BIS 1786 (2008). The test results
were compared following BIS 13620 Annexure A-5 (1993).

Totally nine specimens were subjected to the test.
Three specimens in control and three specimens each in
single and double coated Nano TiO2 modified CPAC. Con-
crete cubes of size 150 mmx150 mm x150 mm were cast
with 16 mm diameter HYSD rebars (both coated and un-
coated) provided up to 20 mm from the bottom face of
the cube. The rebar extended over the top face of the
cube by sufficient length to facilitate gripping in the UTM.
As per BIS 2770 (1997) and BIS 516 (1959), a helical of
6mm diameter, MS rebar conforming to Grade I of BIS
432 Part 1 (1982) at 25 mm pitch was provided as rein-
forcement. To avoid the bond near the loaded end, a plas-
tic sleeve of length 70 mm was provided on the rebar in
each specimen. Test specimens were immersed in a cur-
ing tank for 28 days. Fig. 7 shows the placement of rein-
forcement inside the mould.
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Fig. 7. Placement of reinforcement inside the mould.

The specimens were capped with Plaster of Paris on
the loaded end face to obtain a good levelling surface.
The load was calibrated with centre hole load cell of 500

kN (Model: ELC-30S) which was placed beneath the
loaded end face of concrete cube specimen.

Fig. 8 shows the schematic diagram of the pull-out
test setup. Sophisticated dial gauge with a least count of
0.0025 mm was used to measure free end slip and a dial
gauge with 0.025mm least count was used to measure
loaded end slip. The observation parameters for perfor-
mance evaluation includes load at 0.025mm free end
slip, ultimate failure load, load - slip behaviour at the free
end and loaded end and failure mode cum pattern. The
load value obtained from 0.025 mm free end slip was
used to calculate usable bond strength. Eq. (3) is recom-
mended to calculate bond stresses.

u=F/mdrlr (3)

where F is the force in rebar, dr is the diameter and Ir is
the bond length of the rebar. Since the test specimen was
provided with helical spring reinforcement, failure pat-
tern was pull-out of rebar instead of a concrete failure by
splitting.

{

)

Load cell

Sensitive dialgauge at

free end

Spiral reinforcement

Test specimen

Plastic sleeve

Loaded end

Bearing arrangement

\

T Wedge grip

Fig. 8. Schematic view of pull-out test setup.

3.4. Accelerated corrosion test

The accelerated corrosion test (ACT) was conducted
to evaluate the resistance of uncoated and coated rebars
in enhanced electrochemical corrosion medium. “The
test was carried out as per the procedure prescribed by
the Structural Engineering Research Centre (SERC),
Chennai, India and Central Electrochemical Research In-
stitute (CECRI), Karaikudi, India” (Gunaselvi et al.,, 2015).
Total of nine specimens were subjected to ACT including

three control specimens, three specimens each in 1coat
and 2coated Nano TiOz modified CPAC. The 16 mm diam-
eter and 120 mm long test rebars were centrally embed-
ded in concrete specimens of 70 mm diameter and 115
mm height giving bottom cover as 20mm. The embedded
rebar projected 25 mm above the concrete cylinder and
itacts as an operational electrode. The bottom portion of
the rebar was masked with M-seal and the top portion
was faced and clipped with 14 mm copper wire gauge.
Also, the specimen was sealed from top and bottom by
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polymer cementitious coating to ensure chloride intake
from the lateral surface of the specimen.

The container which acted as cathode/counter
electrode was filled with 3% NaCl up to the height of the
specimen. Anode and cathode were joined to a constant

Non-conducting

Stainless steel

potential of 9V DC supply. The time of appearance of the
first crack was adopted to measure the comparative
coating resistance against chloride intake and successive
deterioration. Fig. 9 shows the schematic diagram of an
ACT.

High impedance cathode

multimeter
Acrylic tank
MULTIME- D C POWER SUPPLY UNIT
v[ 2ov]a [ ]

+ -+ -
o o O O

Concrete cylinder

Electrolyte (3% NaCl)

Working electrode

Fig. 9. Schematic view of accelerated corrosion test setup.

3.5. Coating flexibility test

Reinforcement rods are subjected to cutting, bending
and shaping operation before they are laid in concrete.
To resists these mechanical stresses, the coating
should exhibit good flexibility characteristics. Coating
flexibility test (CFT) was done as per BIS 13620 Annex-
ure A-4 (1993) and ASTM A775/A775M (1995). The

coated rebars of 16 mm diameter and 1 m length were
used in the test. The coated rebar was positioned in bar
bending arrangement such that the longitudinal ribs and
the mandrel radius are in 90° planes. “The rebars were
bent around 150 mm diameter mandrel to 180° after a
rebound with suitable levers. Thermal equilibrium of
240+20°C was maintained during the test”. Fig. 10 shows
the CFT test setup.

Fig. 10. Coating flexibility test in progress.

4. Results and Discussion

Totally forty-five specimens were subjected to vari-
ous performance evaluation tests. The performance of
the coated rebars has been evaluated by conducting the
following test and it has been discussed.

e Chemical Resistance Test.
e 2V Applied Voltage Test.
e Bond Strength Test.

e Accelerated Corrosion Test and
e Coating Flexibility Test

4.1. Chemical resistance test

Tables 3 and 4 show the observation on CRT for spec-
imens coated with CPAC and nano-modified CPAC. No
rust spots were observed in distilled water, 3M sodium
hydroxide and saturated calcium hydroxide mediums. In
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3M calcium chloride medium, only few rust spot at the
interface were observed. The occurrence of rust spot in
3M calcium chloride may be due presence of weak spots
in the coating and also due to reduced coating thickness,
particularly in ribbed areas.

Table 5 shows the observation on CRT for specimens
with holidays. Only in 3M calcium chloride medium few
rust spots were observed in both liquid and vapour

phase. In all other mediums, no rust spots were ob-
served. The coating did not blister, soften, loss bond in
all mediums during the test period. The coating sur-
rounding the intentionally made holes exhibit no under-
cutting during the 45 days test period in all the medium.
Fig. 11(a) shows the view of coated rods immersed in 3M
CaCl; after test period and Fig. 11(b) shows the view of
the drilled specimen after subjected to the CRT.

Table 3. Observation on chemical resistance test 1.

Observation on coating

S.No.  Medium Liquid phase Vapour phase
1 Distilled No blistering, softening, disbondment, No blistering, softening, decolourisation,
water decolourisation and rust spots disbondment and rust spots
2 Sat. No blistering, softening, decolourisation, No blistering, softening, decolourisation,
Ca(OH): disbondment and rust spots disbondment and rust spots

3 3M NaOH N'o blistering, softening, discolourisation,
disbondment and rust spots
No blistering, softening, decolourisation

“ Sl el and disbondment. Rust spots at the interface

No blistering, softening, decolourisation,
disbondment and rust spots

No blistering, softening, decolourisation,
disbondment and rust spots

Coating: Cement polymer anticorrosive coating. Test duration: 45 days. Test temperature: 27°C.

Table 4. Observation on chemical resistance test 2.

Observation on coating

S.No.  Medium Liquid phase Vapour phase
1 Distilled No blistering, softening, disbondment, No blistering, softening, decolourisation,
water decolourisation and rust spots disbondment and rust spots
2 Sat. No blistering, softening, decolourisation, No blistering, softening, decolourisation,
Ca(OH): disbondment and rust spots disbondment and rust spots

3 3M NaOH N_o blistering, softening, decolourisation,
disbondment and rust spots
No blistering, softening, decolourisation

4 e and disbondment. Rust spots at the interface.

No blistering, softening, decolourisation,
disbondment and rust spots

No blistering, softening, decolourisation
disbondment and rust spots

Coating: TiOz modified cement polymer anticorrosive coating. Test duration: 45 days. Test temperature: 27°C.

Table 5. Observation on chemical resistance test 3.

Observation on coating

S.No.  Medium Liquid phase Vapour phase
1 Distilled No undercutting of the film around the No undercutting of the film around the
water intentional damage. intentional damage.
2 Sat. No undercutting of the film around the No undercutting of the film around the
Ca(OH)2 intentional damage. intentional damage.
3 3M NaOH No undercutting of the film around the No undercutting of the film around the

intentional damage.

No undercutting of the film around the

4 EAlCaRk intentional damage.

intentional damage.

No undercutting of the film around the
intentional damage.

Coating: TiOz2 modified cement polymer anticorrosive coating with holidays. Test duration: 45 days. Test temperature: 27°C.
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(b)

Fig. 11. (a) View of coated specimen immersed in 3M CaClz medium after the test;
(b) View of drilled specimen after subjected to the chemical resistance test.

4.2. Applied voltage test

The duration of the AVT was one hour. The potential
was developed by a D.C power supply of capacity 0-30
Volts. The coating failure was evident by the evaluation
of hydrogen gas at the cathode or the appearance of

corrosion products of iron at the anode. It was noticed
that when a potential of 2V is applied between the coated
rebars, there is a steep increase in potential from the
open circuitina 7% NaCl medium. There was no current
development during the test period. Table 6 shows the
observation of AVT.

Table 6. Observation on applied voltage test for nano-modified CPAC.

Voltage applied Type of coating Anode (at the end of test) Cathode (during the test period)
Double Coat Severe corrosion products of Iron. No evaluation of Hydrogen gas.

2.0 Volt (7% NaCl) Triple Coat Two to three corrosion products of Iron No evaluation of Hydrogen gas.
Four Coat No Corrosion Products of Iron. No evaluation of Hydrogen gas

Table 6 shows thatin a double-coated specimen, there
was no evaluation of hydrogen gas at the cathode and
few rust spots at the anode have been observed. In triple
coated specimen, there was no evaluation of hydrogen
gas at the cathode and two to three rust spots have been
observed in the anode. In four coated specimen, there
was no evaluation of hydrogen gas at the cathode and no
rust spot at the anode. Fig. 12(a) shows potential vs time
behaviour of double, triple and four coated Nano TiO:
modified CPAC rebar.

For double-coated rebar, there was an increase in po-
tential values of 0.682V observed immediately upon im-
pressing 2V from Open Circuit Potential of - 0.386 mV.
Afterwards, there is a similar potential value until the

end of the test period. For triple coated rebar there was
an increase in potential values of 1.482 mV observed im-
mediately upon impressing 2V from Open Circuit Poten-
tial of - 0.192 mV. It was observed that there was a de-
crease in potential value for 5 minutes and afterwards
there is a similar potential value until the end of the test
period. For four coated rebar there was an increase in
potential values of 2.282 mV observed immediately
upon impressing 2V from Open Circuit Potential of -
0.082 mV. It was observed that there was a decrease in
potential value for the first 10 minutes and afterwards
there was a similar potential value until the end of the
test period. Fig. 12(b) shows the coated rebars after sub-
jected to AVT.
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Fig. 12. (a) Potential vs time behaviour of double, triple and four coated Nano TiOz modified CPAC rebar;
(b) Two, three and four coated specimen after subjected to applied voltage test.

4.3. Bond strength test

The bond strength results of rust-free uncoated rebar
were compared with Nano TiOz modified CPAC (single
and double coating) rebars. The 0.025 mm FE slip was
considered for evaluating usable bond strength. Table
8 shows the mean results of pull-out tests for coated
and uncoated bars. It was observed that the ultimate
load-carrying capacity of nano-modified CPAC single
and double coated rebars were 94 kN and 84.32 kN re-
spectively. However, for uncoated rebar, the ultimate
load-carrying capacity was 70 kN. From the values, it is

observed that single and double coated rebar carries
more than 34.29% load and 20.46% load respectively
when compared to uncoated rebars. Usable bond
strength for single coated rebaris 126.96% and double-
coated rebar is 46.08% more when compared to un-
coated rebars. Single coated rebar shows better results
than double-coated rebar in both load-carrying capac-
ity and usable bond strength. Table 7 shows the BST re-
sults.

Fig. 13 shows load vs slip behaviour of 16 mm diame-
ter uncoated and nano-modified cement polymer anti-
corrosive coated rebars.

Table 7. Observation on bond strength test for uncoated, single and double coated nano-modified CPAC.

R (14 Usable Bond e
Strength Variation
S.No.  Type of Rebar 0.025mm  0.25mm Ultimate (MPa) (%)
FE slip LE slip Load (kN)
1 Uncoated rebar 9.25 3 70 2.3 -
2 Single coated CPAC rebar 21 8.5 94 5.22 +126.96
3 Double coated CPAC rebar 13.5 4.75 84.32 3.36 +46.08
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Fig. 13. Load-slip behaviour of 16 mm diameter uncoated and nano-modified CPAC rebars.

4.4. Accelerated corrosion test

Fig. 14(a) shows the comparison of cracking time for
uncoated and (single and double) coated rebars in con-
trol concrete. It was observed that for all the coated re-
bars, time to cracking was higher when compared to un-
coated control rebars. There was an appreciable in-
crease in cracking time for double-coated Nano TiO:
modified cement polymer anticorrosive coated rebars of
the order of 2 times as compared to uncoated rebars.
Cracking time for single coated Nano TiO2 modified ce-
ment polymer anticorrosive coated rebar was 1.6 more
than uncoated rebar.

Fig. 14(b) shows the condition of cracked specimens
after completion of ACT. The specimens were broken
open and observations were noted. Fig. 14(c) shows the

condition of the coated rebar and concrete at the end of
the test. It was observed that the uncoated rebars were
corroded more and the coating is more adhesive to the
concrete than rebar.

4.5. Coating flexibility test

Three specimens of nano-modified CPAC rebars were
subjected to CFT. It was noticed that for the specimen
subjected to the test, cracking and disbondment of the
coating was observed on both outside and inside radius
of the 180° bent rebar. According to BIS and ASTM codal
provisions, no cracking of the coating shall be visible to
a person with a normal or corrected vision on the outside
radius of 180° bend rebars. Therefore the coating has to
be applied after cutting and bending operation is over.

(a) 70
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60
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50
40

30 ~
20 A
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w
(=]

Uncoated

Single coated
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Fig. 14. (continued)
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Fig. 14. (a) Comparison of cracking time for nano-modified CPAC coated (single and double) and uncoated rebar in
control concrete; (b) Cracked specimens (uncoated, single and double coated) after subjected to accelerated corro-
sion test; (c) Condition of concrete and coated rebar at the end of accelerated corrosion test.

5. Conclusions

In the study performance evaluation of nano-modi-
fied Cement Polymer Anticorrosive Coating (CPAC) was
undertaken by conducting the Chemical Resistance Test
(CRT), Applied Voltage Test (AVT), Bond Strength Test
(BST), Accelerated Corrosion Test (ACT) and Coating
Flexibility Test (CFT). Totally, forty-five specimens were
tested to evaluate the performance of the coating. Based
on the test results, the following conclusions were
drawn:

e The coating did not blister, soften, lose bond in all the
tested medium during the chemical resistance test
and meets the requirement of BIS 13620 (1993) and
ASTM A775/A775 M (1995).

o The coating has the ability to withstand the electro-
chemical stresses during one hour applied voltage
test and passes the Indian standard code require-
ments.

e The results of the pull-out showed that the usable
bond strength for single coated rebar is 126.96% and
double-coated rebar is 46.08% more than uncoated
rebars. Single coated rebar shows better results than
double-coated rebar in both load-carrying capacity
and usable bond strength.

o In accelerated corrosion test there is an appreciable
increase in cracking time for double-coated Nano TiO:
modified cement polymer anticorrosive coated rebars
of the order of 2 times as compared to uncoated re-
bars. Cracking time for single coated Nano TiOz mod-
ified cement polymer anticorrosive coated rebar was
1.6 more than uncoated rebar.

e In the CFT, coating completely in the inner and the
outer radius of the 180° bend rebar fails to meet the
requirements of BIS and ASTM standards. Therefore
the coating must be applied subsequent to cutting and
rebar twisting is finished.

e Overall from the test results, it can be concluded that
the TiOz modified cement polymer anti-corrosive
coating offers appreciable corrosion resistance prop-
erties, satisfying the codal requirements in critical as-
pects and therefore can increase the durability of RCC
structures several folds.
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By combining wood wastes with various binders, construction materials can be pro-
duced. These materials can be used in non-bearing parts such as wall block, insula-
tion panel. In this study, prismatic specimens were taken from the mixtures produced
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velocity, bending and compressive strengths of the specimens were determined by
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the chip-cement ratio up to 0.5 when the high temperature effect is taken into con-
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sideration.

1. Introduction

Studies for the disposal of wastes generated by the in-
creasing industrial activities in today's technology main-
tain their importance (Mengeloglu and Alma, 2002). De-
pending on the type of the wood, up to 2% sawdust
waste can be formed from the processing of wood. A very
small part of these wood waste is collected by recycling
companies. Some of it is used for heating, some is thrown
away (Ates, 2018). As seen in Fig. 1, sawdust is used as
recycling in the production of chipboard and medium
density fiberboard (MDF).

In recent years, wood-cement-based composites have
been preferred in many countries as environmentally
friendly and renewable products in order to reduce the
cost of materials in construction works, as seen in Fig. 2
(Sahin, 2019). Wood composites are divided into two
main classes; wood composites produced with thermo-
set adhesives are woodcrete produced with materials
such as thermoplastic and cement (Aigbomian and Fan,
2013). The low-density ones of Portland cement compo-
sites are made of wood wool and the higher-density ones

are made of chip or fiber (Ulusoy and Peker, 2019). Ce-
mented particle boards, one of the cemented wood com-
posites, are defined according to the type, shape, color
and surface condition of the cement used in the EN 633
standard (EN 633, 1993). The compatibility of cement
with wood is high (Wang, 2018). The fact that cement
does not require extra additives for hardening unlike
other binders in wood composites makes the products
obtained more economical (Aras et al.,, 2019). Although
woodcrete is heavier than resin bonded wood compo-
sites, it is lighter than concrete (Jorge et al., 2004; Sahin
et al., 2019). Wood-cement composites are also more
workable, resistant to water, burning, and rotting than
other wood composites (Aras and Kalaycioglu, 2016).
Woodcrete is also resistant to insects (istek and Gencer,
2014). Woodcrete has been found to be highly resistant
to weather conditions and has no significant changes in
dimensional changes (Wolfe and Gjinolli, 1996; Kaya,
2020). It is seen that due to the lignocellulosic material
it contains, it has a high sound and more importantly
heat insulation (Wei and Tomita, 2001; Kalaycioglu et al.,
2012). The effects of water-cement ratio, cement-chip
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“ratio and chip type on woodcrete properties are great
(Onursal, 1996). In addition, the type of tree from
which the chip is obtained is also important (Risbrudt
etal.,, 2010). For example, the wood species being hard-
wood and softwood affects strength (Na et al,, 2014).
Not all tree species are equally suitable for obtaining
woody building material using cement and chips. Be-
cause some tree species delay the setting of cement.

Here, water-soluble sugars and phenols in the structure
of the chips are effective in the process of setting
(Bozkurt, 1982; De la Gree et al., 2014; Miller and Mos-
lemi, 2007). Chip is used as both aggregate and rein-
forcement material in wood-cement composite produc-
tion. It is important that the cement used as binder com-
pletely surrounds the chip (Simatupang and Geimer,
1990).

Fig. 2. Wood-cement based composite specimens.

Although wood waste can be used in the production
of wood composites with different resins, mass produc-
tion of such composites requires a high cost invest-
ment. However, since cemented wood composites are
easier to produce and their investment costs are lower,
a facility to be established where woodworking compa-
nies are together has a high potential to transform the
waste of these companies into cemented wood compo-
site products. As can be seen from the studies carried
out, these products are used as insulation materials due
to their lightness and low sound and heat conductivity.
Its cement-based nature prevents the wood from being
easily flammable. In addition, plasters made on these
products make these products more resistant to fire.
However, the purpose of this study is to determine the
effect of the high temperature that will occur during the
fire on the cement-based wood composite properties,
unlike other studies. Specimens produced by choosing

different ratios of chip-cement were kept at tempera-
tures reaching 400°C and weight and strength losses
were determined.

2. Experimental Study
2.1. Materials

The chips shown in Fig. 3, which are the waste of a
woodworking company, were used in the study. This
company uses Russian fired pine from the Siberian re-
gion called North Saphire 117 as its raw material. The
unit weight of the chips has been determined as 50
kg/m3 and its granulometry is given in Table 1. Tap wa-
ter was used as mixing water and its properties are
shown in Table 2. CEM I 42.5 R Portland cement was
used as binder and its properties are given in Table 3.
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Table 1. Granulometry of pine chips.

Sieve size, mm

4 2 1

Granulometry, %

77 18.4 5.7 0

Table 2. Properties of mixing water.

Chemical Property, mg/1 Physical property
Al 0.04 Cu 0.016 Ni 5.07 Conductivity, pS/cm 628
NO3 11.1 Fe 0.007 K 6.8 Hardness, Fd° 30.11
NH4 0.06 Mn 0.015 As 1.19 pH 7.35
Table 3. Properties of cement.
Chemical properties Physical properties

Si02 19,2 K20 0,63 Density, g/cm3 3.09

Al203 4,56 Naz0 0,31 Specific surface, cm?/g 3190

Fe203 3,09 SO3 3,21 Setting Time(initial), min 163

Ca0 62,9 CI- 0,01 Setting Time(final), min 228

MgO 1,88 LOI 3,8 Expansion, mm 1

Fig. 3. The chip used in the production of woodcrete.

2.2. Method and tests

The chips used as filler in woodcrete production were
obtained by mixing with cement paste. Water-cement
ratio was kept constantat 0.50 in production. Three dif-
ferent mixtures were made with a chip-cement ratio of
0.25, 0.5 and 1. 4x4x16 cm prismatic specimens were
taken from the produced woodcrete mixes and re-
moved from the mold after 1 day and placed in a stand-
ard curing environment. Some of the specimens that
gained their strength for 28 days were keptat 200°C and
some were kept at 400°C for 3 hours according to TS EN
1363-1 (2013) after the oven reached the desired tem-
perature. Left to cool at room temperature. Unit weight,
ultrasonic pulse, bending and compressive tests were
carried out on these specimens. The effect of high tem-

perature on the specimens was determined by calculat-
ing the unit weights, ultrasonic pulse velocity, bending
and compressive strengths. Compressive and bending
tests were tested in compliance with TS EN 196-1
standard (2016) and ultrasonic pulse velocity in com-
pliance with TS EN 12504-4 standard (2012). At least 3
specimens were used for each test. The bending test was
carried out in accordance with TS EN 196-1 (2016), us-
ing a single (middle) point loading method. In the bend-
ing test, the 4x4x16cm sized specimen was loaded at a
speed of 50N/mm?2. At the end of the experiment, the
maximum bending load that the specimen can carry
was determined. In the compression test, specimens
that were divided into two parts as a result of the bend-
ing test were used and loaded from their smooth side
surfaces. Ultrasonic pulse velocity is determined ac-
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cording to TS EN 12504-4 standard (2012). The experi-
ment is based on determining the transition times of the
ultrasonic pulse generated between the receiver and the
transmitter within the specimens. For the unit weight
test, each of the 4x4x16 cm sized specimens was
weighed in the air-dry state. The specimen volume was

calculated in cm3 using the dimension measurements
made in the specimens according to TS EN 12390-1
(2013). The unit weight was calculated by dividing the
specimen weight by the volume. Fig. 4 shows the cross
sections of woodcrete specimens with different chip-ce-
ment ratios.

Fig. 4. Woodcrete sections.

3. Discussion

Unit weight, ultrasonic pulse velocity, bending and
compressive strength values determined as a result of the
experiments on control specimens are given in Table 4.
When Table 4 is examined, as the chip-cement ratio in-
creased, unit weight values decreased at rates reaching
12%, ultrasonic pulse velocity values reached 21% and
compressive strength values reached 8.4% while bending
strength increased by reaching 8.2%. The decrease in the
amount of cement, which has a higher density compared
to other components, caused a decrease in unit weights.

Increasing the rate of chips, that transmit ultrasonic
pulses more difficultly, decreased the ultrasonic pulse ve-
locity. The increase in the number of chips, which have a
weaker structure than cement, reduced their compressive
strength. As a result of the fibrous structure of the chip, the
bridging effect on the internal structure caused an increase
in the bending strength. According to the strength results
obtained, it has been seen that these composites can be
used in masonry structures and in reinforced concrete
structures as partition wall element. It has been deter-
mined that their strength is higher than alternative build-
ing materials such as brick and aerated concrete block.

Table 4. Test result of control specimens.

Chip-cement Ultrasonic pulse Bending strength, Compressive strength, Unit weight,
ratio velocity, km/sec MPa MPa kg/dm3
0.25 3.09 1.85 20.59 2.034

0.5 2.68 191 20.03 1.951
1 2.45 2.01 18.86 1.794

The change of unit weights of woodcrete specimens
produced with different chip-binder ratios with high
temperature is given in Fig. 5. When Fig. 5 is analysed,
with increasing chip-cement ratio, cement density is
higher than chip. Therefore, it was observed that the unit
weights of the specimens decreased. It was observed
that unit weights decreased regardless of the chip-ce-
ment ratio with increasing temperature. Since the tem-
perature reached 200°C, decreases were observed in
unit weights. These values decreased by 1.7% when us-
ing 0.25 chip-cement, 1.5% in 0.5 chip-cement, and unit
weights decreased by 0.8% when using 1 chip-cement.
The reason for this decrease can be explained by the
evaporation of the water in the open gaps in the speci-
mens and the decrease in the weight of the material.
Since the temperature reached 400°C, unit weights de-
creased by 16.3% in case of 0.25 chip-cement, 17.5% in

case of 0.5 chip-cement, and 13.2% in case of chip-ce-
ment ratio of 1. At 400°C, Ca(OH)z2, occurred at the end of
the hydration reaction of cement, loses the water in its
structure and turns into Ca0, internal pressure caused
by the evaporation of the gel waters trapped in the
closed pores created micro cracks in the specimens, and
these cracks and deteriorations caused a significant de-
crease in unit weights.

The change of the ultrasonic pulse velocity of the spec-
imens with the temperature increase is given in Fig. 6.
When Fig. 6 is examined, the decrease in the chip rate of
the specimens increased the ultrasonic pulse velocity. Ac-
cording to a rigid structure such as cement paste, the low
ultrasonic pulse velocity caused this decrease. It was ob-
served that ultrasonic pulse velocity decreased in all speci-
mens with increasing temperature. At 200°C, this decrease
rate was 10.8% in the case of using 0.25 chip-cement ratio,
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10.4% in the case of 0.5 chip-cement ratio, and 5.2% in the
case of 1 chip-cement ratio. At 400°C, the reduction rates
were determined as 85.7% in the use of 0.25 chip-cement
ratio, 82.6% in the use of chip-cement ratio at 0.5, and
81.2% in the use of chip-cement ratio at 1. The gaps and
micro cracks caused by the loss of water at 200°C in the

specimens caused a slight decrease in ultrasonic pulse ve-
locity. However, the reason for the considerable decrease
in the ultrasonic pulse velocity at 400°C can be explained
as the chemical degradation with the increase of cracks
in addition to the loss of water and the carbonization of
the chip by being affected by the high temperature.

21
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Fig. 5. The effect of high temperature on unit weights of woodcrete specimens.
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Fig. 6. Effect of high temperature on bending strength of woodcrete specimens.

The bending test results of the specimens are given in
Fig. 7. When the bending test results were examined, the
increase in the amount of chip due to the fact that the
chip behaved like fiber had a positive effect on the bend-
ing strength. It was observed that the bending strength
values decreased with the increase in temperature un-
der the influence of high temperature. This decrease was
47.4% in the case of using 0.25 chip-cement, 50.3% in the
case of using 0.5 chip-cement, and 52.6% in the case of 1
chip-cement at 200°C. At 400°C, there was a 60.6% loss of
strength in the use of 0.25 chip-cement, 61% in the use of
chip-cement at 0.5, and 64% in the use of chip-cement at
arate of 1. In addition to being effective in the decrease in
bending strength of water loss and chemical degradation
in the binding phase due to its high temperature, the main

effect is thought to be partially carbonized and losing its
elasticity by the chips acting as fiber.

The compressive strengths remaining under the high
temperature effect of the specimens are shown in Fig. 8.
When Fig. 8 is examined, since the binding phase is more
rigid than the chip, the increase in chip rate decreased
the compressive strength. The increase in temperature
negatively affected the compressive strength. The de-
crease in compressive strength was at 200°C, 4.8% in
case 0.25 chip-cement, 12.9% in case 0.5 chip-cement,
49.3% in case 1 chip-cement; 400°C, 46.6% in case 0.25
chip-cement, approximately 50% in case 0.5 and 1 chip-
cement found to be. The reason for this decrease can be
said as the deterioration of CSH structure, which pro-
vides resistance in the binding phase, dehydration of
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Ca(OH)z, micro cracks caused by water loss, and the fi-
brous structure of the chip deteriorate due to the tem-
perature and the chip acts as a gap. Despite these large

21

decreases in the compressive strength of the specimens,
the residual strengths are sufficient for masonry struc-
tures and non-bearing partition walls elements.
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Fig. 7. Effect of high temperature on bending strength of woodcrete specimens.
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Fig. 8. Compressive strength variation of woodcrete specimens with high temperature.

4. Conclusions

As aresult of the experiments conducted in this study,
where the effect of high temperature on woodcrete
properties was examined, the following results were ob-
tained:
¢ Increasing the amount of chip decreased unit weight,

ultrasonic pulse velocity and compressive strength

while increasing bending strength.

e As the temperature increased, the unit weight values,
which were 1.9 kg/dm3 on average, decreased to 1.6
kg/dm3 depending on the chip rate.

e While the highest losses are observed at ultrasonic
pulse velocity with high temperature increase, the ul-
trasonic pulse velocity that remained as a result of
these losses decreased to 0.5 km/sec.

o Despite the positive effect of chip content on bending
strength, high temperature effect has been negatively

affected by bending strengths and bending strength
has decreased to 0.7 MPa.

e Even though there is a decrease in compressive
strength with the increase of temperature, it is an im-
portant result that the remaining strengths are at an
average level of 10 MPa and that this material does
not completely lose its bearing strength under the in-
fluence of temperature.

As a result of this study, it can be suggested to use the
chip waste generated during wood processing in cement-
based composites at the ratio of 0.5 chip-cement. How-
ever, considering the losses caused by the high-temper-
ature effect, it can be suggested to choose a chip-cement
ratio of 0.25 if these products are used in places where
they may be affected by high temperatures. In addition,
the determination of other physical and chemical dura-
bility properties is recommended for other studies.
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Self-compacting concrete (SCC) is an innovative concrete that does not necessitate
vibration for placing and compaction. Nineteen concrete mixes were investigated in-
cluding a control mix without fibers as well as eighteen SCC with fibers (SCFRC)
mixes. Three types of fibers (polypropylene, glass and steel) were used. Slump flow,
L-box, V-funnel as well as column segregation tests were conducted to assess the
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measured to assess the hardened properties of SCFRC. Three point bending tests
were performed for the purpose of assessing the fracture properties of SCFRC. Test
results showed that the inclusion of fibers to produce SCFRC mixtures remarkably
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ness (Kic). Inclusion of steel fibers with 2% volume fractions showed an improve-
ment with 26.9 times for Grover the control mix. Whereas, 104% increase in Kic was
recorded for the same mix over the mix without fibers. Adding fibers to SCC to pro-
duce self-compacting fiber reinforced concrete (SCFRC) will expand its advantages.
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However, the application fields still need to understand the properties of SCFRC.

1. Introduction

The Japanese researchers and engineers took the re-
sponsibility of developing a special kind of concrete that
can be placed and finished with less skilled laborers.
Consequently, the notion of Self-compacting concrete
(SCC) was first generated in Japan in 1986 (Douglas,
2004).SCCis aninnovative concrete that does not neces-
sitate vibration for placing and compaction. It is fully fill-
ing formwork and attaining full compaction under its
own weight without the requirement, of any type of com-
pacting or external vibration. High segregation re-
sistance, great passing ability and exceptional ability to
flow around obstacles, congested steel reinforcement
and tight sections are the three main advantages of SCC
(Okamura and Ozawa, 1995). SCC also has another major
benefit compared to traditional concrete, it is used to
minimize the noise level in construction sites and de-
crease the impact on the environment (Persson, 2001).
In addition to accelerate the rate of concrete casting, di-
minishing construction times, improving the quality of

concrete and reducing the overall cost are also benefit of
its implementation.

Adding fibers to SCC to produce self-compacting fiber-
reinforced concrete (SCFRC) will expand its advantages.
Fibers bridge cracks and restrict its ingeneration and
therefore enhance flexural and tensile strengths (Groth
and Nemegeer, 1999; Khayat and Roussel, 1999; Alberti
et al, 2014a; Ghazy et al, 2015; Hoang and Fehling,
2017; Adhikary et al., 2019).

Fracture mechanics is the field of solid mechanics in-
volved in the study of the expansion of cracks in materials
and the quantitative relations between the crack length,
the material’s deep-rooted resistance to crack growth,
and the stress at which the crack expands at high speed to
cause structural failure. The crack path through a compo-
site material such as concrete is dependent on the me-
chanical interaction between the aggregates and the
binder matrix. Fracture energy (Gy) of a composite mate-
rial which is defined as the amount of energy necessary to
create one-unit area of a crack (Barros and Figueiras,
1999). The result of Grdepends on the deviation of the
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crack path from an idealized crack plane (Sabir et al,
1997; Wittmann, 2002). The value of fracture toughness
(K1c) indicates the magnitude of the stress concentration
in front of the crack tip when the crack starts to propagate.

Tension stiffening is the ability of concrete to carry
tension between cracks, which provides additional stiff-
ness for a RC member in tension before the reinforce-
ment yields. It can significantly affect member rigidity,
deflection, and width of cracks under service loads. The
presence of steel fibers is effective in controlling splitting
cracks and significantly increases the tension stiffening
effect because SFRC can carry tensile stress through the
crack (Morelli et al., 2017; Kytinou et al., 2020).

Adding steel or/and polypropylene fibers ranging
from 0.25% to 1% showed that fiber bridges cracked on
the fracture surface during the loading and delayed
cracking, thus the element did not break as well as an ex-
tended post-peak softening behavior did occur. The
shape of the descending branch was dependent on geo-
metrical properties, mechanical properties and the
quantity of the used fibers (Ghazy et al.,, 2015; Smar-
zewski and Barnat-Hunek, 2015).

Addition of low, medium and high fiber contents of
macro polyolefin fibers to SCC was showed that the G
obtained for all the polyolefin SCFRC mixtures is
significantly higher when compared with the plain SCC.
Kic and ductility improvements are quite reliable even
for the medium polyolefin fiber content mixtures based
on Alberti et al. (2014b).

Biswajit and Mohanty (2015) added steel fibers to
SCC then investigated the fracture properties of the pro-
duced SCFRC. The relationships between load and crack
mouth opening displacement (CMOD) diagrams for
SCFRC showed an increase in fracture energy properties
of the SCFRC mixes owing to crack arresting mechanism
of the fibers in the matrix. They concluded that the mixes
including 0.2% and 0.25% steel fiber by weight of con-
crete exhibited best performance.

An experimental study to investigate fracture behav-
ior of hybrid steel SCFRC was performed by Akcay and
Tasdemir (2012). Three different types of steel fibers
with and/or without hooked-ends were added to the mix-
tures in two different volume fractions (0.75% and 1.5%
of the total volume of concrete). Based on their Grtest re-
sults, the mixes with high strength steel fibers exhibited
behavior of enhanced toughness and ductility when com-
pared to the concretes with normal strength steel fibers.

Different ratios of the notch depth to beam depth
were used in fracture test specimens, Elices and Planas
(1996) conducted an analysis of test results for different

notch to beam’s depth ratios and showed that a ratio of
0.2-0.5 can be considered as a practical experimental
range. A ratio of 0.375 was used in the specimens of that
study to make the ligament area sizable in order to ena-
ble the observation of the crack propagation in the con-
crete. Three or four-point bending tests on notched
beams were usually carried out to evaluate the material
fracture energy. The three-point bending tests on center-
notched beams are more suitable to characterize the
fracture parameters of SFRC (Hordijk, 1991).

From the above previous studies, the application
fields still need to understand the properties of SCFRC.
The main target of this study is to determine the fracture
parameters of SCFRC after inclusion of different types
and volume fractions of fiber and to make comparisons
with SCC without fibers. For this purpose, load-deflec-
tion curves, Gy, Kic and CMOD were calculated and as-
sessed to investigate the fracture properties from three
point bending tests on SCFRC notched beams.

2. Experimental Program
2.1. Materials

Natural siliceous sand with a specific gravity of 2.55
and a fineness modulus of 2.46 was used. The coarse ag-
gregate used was crushed dolomite, with a specific grav-
ity of 2.6. The crushing modulus was 23%, and the max-
imum nominal size was 10 mm.

The cement used was Portland cement (CEM I 42.5N)
according to (ESS 4756-1-13), and (EN 197-1-11). Tap
water free from impurities was used for mixing and cur-
ing the test specimens. Silica fume (SF) with specific grav-
ity of 2.21 and specific surface area of 150000 cm?2/g was
used and Class (F) fly ash (FA) meeting the requirements
of ASTM C618-19 with a specific gravity of 2.1 was used.

High range water reducer admixture (HRWR) was
used. The admixture is a brown liquid having density of
approximately 1.080 kg/L at room temperature. The ad-
mixture permissible percentage is 1-3% of cement
weight according to the manufacturer which is the poly-
carboxylic ether based and meeting the standard re-
quirements of ASTM C494/C494M-19 (type F and G).

Three types of fibers, mainly, polypropylene (PP),
glass (G) and steel (S) (straight fibers) were used. For PP
fibers, two different shapes were used including straight
and mesh. Moreover, two different aspect ratios of PP
were conducted. The properties of the investigated fibers
according to the manufacturer are presented in Table 1.

Table 1. Properties of the investigated fibers.

Length

Diameter Modulus of elasticity Tensile strength

Type / shape @) (m) (@) om) M/ (GPa) (MPa)
Micro straight fibers (PM) 6 0.018 333

Polypropylene Long straight fibers (PL) 18 0.018 1000

(Db [(F1F] Micro fiber mesh (PF) 6 0.018 333 K 500
Long fiber mesh (PFL) 18 0.018 1000

Glass fibers (G) 18 0.018 1000 72 1700

Steel fibers (straight) (S) 15 1 15 210 1250
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2.2. Mix proportional

Nineteen concrete mixes were investigated including
a control SCC mix without fibers as well as eighteen
SCFRC mixes. The used fiber volume fractions were
0.25%, 0.5% and 0.75% by volume of concrete for the
conducted PP fibers. Whereas, 0.15%, 0.25% and 0.4%
volume fraction for G fibers were investigated. On the
other hand, 0.5%, 1.0% and 2.0% volume fraction for S

fibers were included. The net water to cementitious ma-
terials ratio (w/cm) for this study was varying from 27%
to 39% and HRWR dosage used ranged from 1.5% to 2%
(by weight of total cementitious materials) depending on
fiber type and volume fraction. Concretes were pro-
duced by using SF and FA with percentages of 10% and
20% by weight of total cementitious materials, respec-
tively. The concrete mix proportions for all mixes are de-
tailed in Table 2.

Table 2. Concrete mix proportions, kg/ms3.

Fiber Type Mix ID F% w/cm C FA SF  Dolomite Sand Water HRWR
Without fibers SCC-0 0 027 420 120 60 700 700 162 9
SCC-PM0.25 025 029 420 120 60 700 700 174 9
el B O RIS ges B g 05 031 420 120 60 700 700 186 12
(PM), 6 mm
SCC-PM0.75 075 032 420 120 60 700 700 192 12
SCC-PL0.25 025 029 420 120 60 700 700 174 9
elypregpiBe LonEiies  goe sy 0.5 03 420 120 60 700 700 180 105
(PL), 18 mm
SCC-PLO.75 075 038 420 120 60 700 700 228 12
SCC-PF0.25 025 029 420 120 60 700 700 174 9
RO THaC e goe pon g 05 029 420 120 60 700 700 174 9
mesh (PF), 6 mm
SCC-PF0.75 075 03 420 120 60 700 700 180 105
SCC-PFLO.25 025 029 420 120 60 700 700 174 9
Polypropylene long fiber :
sk (PFL), 18 mim SCC-PFL0.5 05 029 420 120 60 700 700 174 9
SCC-PFLO.75 075 031 420 120 60 700 700 186 12
SCC-G0.15 015 031 420 120 60 700 700 186 105
Glass fibers (G), 18 mm SCC-G0.25 025 036 420 120 60 700 700 210 12
SCC-G0.4 04 039 420 120 60 700 700 234 12
SCC-S0.5 05 029 420 120 60 700 700 174 9
Steel fibers (S), 15 mm SCC-S1 1 029 420 120 60 700 700 174 9
SCC-S2 2 029 420 120 60 700 700 174 9

Note: F: Fibers, C:Cement, FA:Fly ash, SF: Silica fume

2.3. Specimen preparation

The dry materials required for each mix were
weighted and mixed using a drum concrete mixer with
100 L total capacity. The water in addition to admixture
and cementitious materials were mixed for a half minute
to ensure the uniformity of the constituents. Sand was
simultaneously charged into the mixer and was mixed
for a half minute and then coarse aggregate was added
and continue mixing for atleast two minutes, finally fiber
was added and then the mix was mixed for another 5
minutes.

The conducted specimens in this study for fracture
test were 100 mm breadth (b), 80 mm depth (d) and 250
mm long (L) with a 30 mm notch (a) in the middle of the
beam. Cubes with 100 mm side length were used for de-
termining compressive strength. Whereas, cylinders
with 100 mm diameter and 200 mm length were used for
determining splitting tensile strength. On the other
hand, prism specimens with a square section of the 100
mm side length and 500 mm total length were used to
determine the flexural strength.

The concrete was placed in the steel molds without
any compacting or vibrating, finally surfaces were fin-
ished using towel. All of the specimens were kept in their
molds for 24 h after casting in moisture room at 25°C and
50% relative humidity, then they were removed from
the molds and remarked with ID’s then immerged in
clean water at 20°C until the day of testing. All of speci-
mens which tested after 56 days were taken out from the
water after 28 days and kept in moisture room at 25°C
and 50% relative humidity.

2.4. Testing procedures

Slump flow, L-box, V-funnel according to EFNARC-05
and Egyptian Technical Specification for Self Compacting
Concrete (ESS 360-08) as well as column segregation tests
according to ASTM C1610-19 were used to evaluate the
consistency and workability of the fresh mixes of SCFRC.
The slump flow test characterizes the flowability of the
SCC, the V-funnel gives an indication of the viscosity and
the increase of resistance to flow caused by the fibers,
the L-box with reinforcement bars gives an indication of
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passing ability through reinforcement, while the column
segregation test evaluates stability of SCC against segre-
gation. On the other hand, compressive strength, split-
ting tensile strength as well as flexural strength, were
measured to assess the hardened properties of SCFRC.

Three point bending tests were performed by Univer-
sal Testing Machine (300 kN) for the purpose of assess
the fracture properties of SCFRC. The ends of the speci-
mens were placed on the supporting rollers at a span of
200 mm with the notch on tension side. Depth to notch
ratio of 0.375 was used in the specimens of this study in
line with Elices and Planas (1996) in order to enable the
observation of the crack propagation in the concrete.
Digital data acquisition system was incorporated with a
load cell to record the load with an accuracy of 0.001 kN.
The vertical displacement was measured by LVDT with
an accuracy of 0.001 mm and 30 mm total capacity. The
CMOD was measured by using Pie-shape (PI-5-100)
fixed at the beam side. The Pie-shape was 100 mm gauge
length, + 5 mm capacity, 3501 resistance and allowable
bridge excitation of 10V. The data acquisition system had
the ability to record up to 1000 data per second. A load-
ing rate of 0.1 mm/min was used in the tests of this
study. A high rate of data scanning per second was used
to capture the post-peak part of the load-deflection
curve. The load-deflection data were plotted to calculate
the area under the curve.

The fracture energy (Gy) is the amount of energy nec-
essary to create a crack on unit surface area projected in
a plane parallel to the direction of propagation of crack,

itis calculated from the work of fracture by using Eq. (1)
according to RILEM TC 50-FMC.

Wo+mgsy
Gr=———— 1
s Alig ( )

where Wy is the area under load deflection curve (N.m);
myg is the self-weight of the specimen between supports
(N), Omax is the maximum displacement (m), Ay is [b (d-
a)] (m2), b is the breadth of beam (m), d is the depth of
beam (m), and a is the depth of notch.

Kicis used to indicate the magnitude of the stress con-
centration that exists in front of the crack tip when the
crack starts to propagate, Eq. (2) has been used in this
study to calculate the Kic (Bazant and Pfeiffer, 1987).

3PL (1-2.5 (A)+4.49(A%)-3.98(4%)+1.33(4%)
K. = vz < Vma x [ (132 ] (2)

where P is the load (kN), 4 is a/d, L is the span of beam
(m), b is the breadth of beam (m), d is the depth of beam
(m), and a is the depth of notch (m).

3. Results and Discussion

3.1. Fresh concrete test results

The fresh properties test results of the investigated
mixes are given in Table 3.

Table 3. Fresh properties test results.

Slump flow V-funnel L-Box S Colun}cr.l
Fiber Type Mix ID cgregation
Dmax, mm  t500 mm, S to,S t5 min, S Ha/H1 5%
Without fibers SCC-0 850 0.94 33 6.3 1 14.4
. ) SCC-PM 0.25 625 2 3.8 6.5 0.9 7.6
Polypropylene micro fibers
(PM), 6 mm SCC-PM 0.5 600 2.6 5 7 0.83 5
SCC-PM 0.75 550 5 7 9.5 0.8 1
) SCC-PL 0.25 650 2.92 3.44 5.25 0.96 9.7
Polypropylene Long fibers
(PL), 18 mm SCC-PL 0.5 550 3 3.56 4.86 0.83 6.7
SCC-PL 0.75 500 5.52 3.75 5.61 0.8 5.4
. ) SCC-PF 0.25 750 1 3.41 4.87 0.96 5.6
Polypropylene micro fiber
mesh (PF), 6 mm SCC-PF 0.5 625 1 391 5.26 0.93 4.5
SCC-PF 0.75 600 1.26 4.68 5.89 0.88 2.5
) SCC-PFL 0.25 650 2.5 4 6.48 0.96 9.1
Polypropylene long fiber
mesh (PFL), 18 mm SCC-PFL 0.5 625 2.88 5.58 7.98 0.81 6.5
SCC-PFL 0.75 580 4.85 6.79 8.15 0.8 5
SCC-G 0.15 540 1.4 3.52 4.92 0.92 7.6
Glass fibers (G), 18 mm SCC-G 0.25 500 2 48 6.1 0.85 5
SCC-G 0.4 450 - 6.01 8.68 0.74 4.2
SCC-S 0.5 850 1 3.73 3.91 1 9.4
Steel fibers (S), 15 mm SCC-S1 850 1.12 3.87 5.58 0.96 4.9
SCC-S 2 800 1.15 4.22 6.19 0.93 1.4

Limits (EFNARC-05, and ESS 360-08) 600-800

2-5 6-12  (t0+0)- (t0+3)  0.8-1 5-15 %
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3.1.1. Slump flow test results

Slump flow test was carried out to ensure the horizon-
tal free flow for the SCFRC. As seen in Table 3 the slump
flow diameters Dmax of all mixtures were in the range of
450-850 mm. Slump flow times tsoo mm Were in the range

1000

0f 0.94-5.52 S. The inclusion of fibers had a direct effect
on the flow characteristics of SCC. The effect of different
volume fractions and different aspect ratios of fiber on
Dmax is shown in Fig. 1.

00
o

900 5

850-850-800 Upper Limit

800
700
600

ESS Lower limit

500
400
300
200
100

Slump flow diameter mm

“

Mix Code

Fig. 1. Slump flow test results Dmax.

3.1.2. L-Box test results

The L-box test is usually used to measure the filling
and passing abilities. According to (EFNARC-05, and ESS
360-08) acceptance criteria for SCC, blocking ratio
(Hz/H1) should range from 0.8 to 1. The values of Hz/H:1
seem to be sensitive for G fibers addition. Whereas,
H2/H1 seem to be less sensitive when PP and S fibers are
added. Regardless of the fiber type, the increase in fiber
volume fractions resulted in a drop in filling and passing
abilities.

3.1.3. V-Funnel test results

The V-funnel test is usually used to assess the viscos-
ity and filling ability of SCC. The test results are being the
time periods taken for concrete to flow out of a V-shaped
funnel just after filling the funnel and after 5 min (to, ts
min). The V-funnel test principal, apparatus, procedure
and result computation are further described in (EF-
NARC-05, and ESS 360-07). Although increasing fiber
volume fraction increased the to, but the difference be-
tween (to - ts min) ranged from 0.18 to 2.67 S that meets
the requirements of (EFNARC-05, and ESS 360-08).

3.1.4. Column segregation test results

The column segregation test is usually used to evalu-
ate the stability of SCC against segregation. The column
segregation test principal, apparatus, procedure and re-
sult computation are further described in (ASTM C 1610-
19). The test results are being the segregation percent-
age calculated from Eq. (3). SCC is generally considered
to be acceptable if the percentage of segregation is less
than 15% (ASTM C 1610-19).

_ o, [(ct=ch)
S% =2 [_(mcm x100 (3)

where: $% is the static segregation in percent, Ct is the
mass of coarse aggregate in the top section of the col-
umn, and Cb is the mass of coarse aggregate in the bot-
tom section of the column.

The column segregation test results proved that add-
ing fibers to SCC mixes to produce SCFRC mixes en-
hanced stability of SCC against segregation that was ob-
served based on column segregation test results. This
could be attributed to the restriction of fibers to settle-
ment of coarse aggregate particles. The reduction in seg-
regation is up to 93% for mix with Polypropylene micro
fibers in compared to control mix without fibers.

3.2. Hardened properties test results

The compressive strength, splitting strength as well
as flexural strength test results at 7, 28 and 56-day age
for the conducted mixes as a function of fiber types and
fiber volume fractions are presented in Table 4.

3.2.1. Compressive strength

The effect of different volume fractions and different
aspect ratios of fibers on the compressive strength (fe)
are presented in Fig. 2. The feu test results show a ten-
dency to be reduced compared with the control mix. This
may be due to the excess of water to cementitious mate-
rials ratios that were slightly increased to achieve the
flow ability requirements. Moreover, this is agreed with
that for traditional fiber-reinforced concrete for which
the feu is not considered a target for improvement (Apeh
and Ameh, 2020).
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Table 4. Hardened properties test results.

Compressive Splitting tensile
Mix ID strength (MPa)  strength (MPa)

7 28 56 7 28 56

Flexural strength Gy Kic CMOD
(MPa) (N/m)  (N/m23)  (mm)
7 28 56

SCC-0 485 659 78 311 3.7 4.23
SCC-PMO0.25 30 37.7 539 3.01 3.59 4.21
SCC-PMO0.5 40.5 50 583 3.12 375 4.44

SCC-PMO0.75 448 525 73 335 4.07 445
SCC-PL0.25 29.3 35 42 3 36 429
SCC-PLO.5 39.2 446 544 3.24 386 4.69
SCC-PLO.75 43.6 502 61 3.7 48 512
SCC-PF0.25 41 534 558 3.06 3.64 4.23
SCC-PF0.5 45 56 60 313 3.8 448
SCC-PF0.75 46.4 61 668 3.49 4.08 4.49
SCC-PFL0.25 39 54 61 313 371 4.74
SCC-PFLO.5 446 56.1 67.2 3.5 431 4389
SCC-PFL0.75 483 62 71 39 496 536

SCC-GO.15 35.1 424 47 295 342 3091
SCC-GO0.25 429 50 575 312 382 4.1
SCC-GO.4 49 60 679 314 396 445
SCC-S0.5 40 49.6 66.3 4.21 479 553
SCC-S1 45 55 722 44 59 6.02
SCC-S2 55 645 84 558 683 697

9.27 9.77 1096 44.33 6.35 0.035
9.34 9.86 11.08 36.93 7.87 0.037
10.42 12.03 13.03 48.78 8.45 0.041
10.58 12.42 13.53 50.27 8.91 0.045
9.74 1197 12.53 197.08 7.49 0.039
9.78 12.6 13.35 202.76 7.58 0.044
10.3 13.04 13.95 219 7.7 0.047
9.49 10.13 11.46 81 8.15 0.038
10.75 11.65 13.73 132.69 8.22 0.042
11.84 13.45 1396 168.72 8.4 0.046
9.62 11.43 1193 120.87 5 0.045
10.1 128 13.81 164.15 7.04 0.05
1043 13.77 142 175.07 1043 0.065
9.3 9.89 1097 1947 5.71 0.037
9.68 999 113 2145 7.12 0.04
10.03 10.32 11.32 32.58 8 0.045
11.1 121 14.23 346.33 8 0.051
11.5 14.07 15.18 920.52 8.41 0.067
12.1 1494 1595 1237.68 13 0.094
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Fig. 2. Compressive strength test results.

3.2.2. Splitting tensile strength

The effect of different volume fractions and different
aspect ratios of fibers on the splitting tensile strength
(fsr) are presented in Fig. 3. Mixes cast with the same
type of fibers showed remarkable enhancements in the

splitting tensile strength with ages. The maximum en-
hancements were 34%, 7% and 84.6%, for mixes incor-
porating PP, G and S fibers, respectively at 28-day com-
pared to control mix SCC-0. The test results of fs indicated
that the relativity higher efficiency of incorporating S fi-
bers to enhance the f; compared with G and PP fibers.
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Fig. 3. Splitting tensile strength test results.

3.2.3. Flexural strength
The effect of different volume fractions and different

aspectratios of fiber on the flexural strength (ff) are pre-
sented in Fig. 4. However, mixes cast with the same type

16

of fibers showed remarkable enhancements in the f;
with ages. The maximum enhancements were 40.9%,
5.6% and 52.9% for mixes incorporating PP, G and S fi-
bers, respectively at 28-day compared to control mix
SCC-0.
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Fig. 4. Flexural strength test results.

3.3. Fracture properties test results

Fracture energy (Gy), fracture toughness (Kic) and
crack mouth opening displacement (CMOD) of the SCFRC
were measured. The values of fracture properties are
shown in Table 4.

3.3.1. Stress-deflection relationships

As the applied load on the notched beam increased, no
cracks were observed until the load reached its peak
value. A crack appeared at the end of the notch and
started to propagate fast in the ligament when the load
reached its peak value. The crack opened faster in the

SCC specimens than in the SCFRC specimens. Failure oc-
curred by opening of a single crack in the ligament in
both types of concrete specimens. The stress deflection
relationships of SCC and SCFRC specimens are given in
Figs. 5 and 6. Itis seen from these figures that the flexural
stress increases with the increase of fiber volume frac-
tions for all fiber types generally.

The post-peak parts of the stress-deflection curve
“softening curves” seemed to be less steep with the in-
crease of fiber volume fractions. The descending part of
the stress—deflection curve, dropped faster in the SCC-0
specimen compared to that for the other SCFRC speci-
mens.
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Fig. 6. Flexural stress vs deflection for notched specimens with fibers: a) Glass; b) Steel.

3.3.2. Effect of fiber types and volume fractions on
fracture energy

The inclusion of fibers had a direct effect on the Gy of
SCC. The effect of different types and volume fractions of
fiber on Gris plotted in Fig. 7. For mixes incorporating PP
fibers, the Grtends to increase with the volume fraction
in all types of PP fibers. Increase the volume fraction of
fiber from 0% to 0.75% increased the G5 the maximum
percentage increases were 13%, 394%, 279% and 295%
for SCC-PMO0.75, SCC-PL0.75, SCC-PF0.75 and SCC-
PFLO0.75, respectively compared to the control mix SCC-
0. Whereas, the inclusion of G fibers did not improve the
Gy of SCC but on the contrary had a slightly negative ef-
fect. This may be due to the relatively higher w/cm ratio
used to maintain the SCC requirements. On the other
hand, mixes containing S fibers showed a massive effect
on the fracture energy of SCC, the. Increase the volume
fraction of fiber from 0% to 2% increased the Gr. The
maximum increases were 6.81, 19.67 and 26.92 times
for SCC-S0.5, SCC-S1 and SCC-S2, respectively over the
control mix SCC-0.

3.3.3. Effect of fiber type and volume fraction on fracture
toughness

The effect of different types and volume fractions of
fiber on the Ki. is plotted in Fig. 8. For mixes incorporat-
ing PP fibers, the Ki tends to increase with the volume
fraction, increases the volume fraction of fiber from 0%
to 0.75% improved the Ki., the maximum percentage
enhancements were 40%, 21%, 32% and 64% for SCC-
PMO0.75, SCC-PL0.75, SCC-PF0.75 and SCC-PFL0.75, re-
spectively compared to SCC-0. Whereas, the inclusion
of G fibers slightly improves the Kic of SCC, in case of
SCC-GO0.15 the percentage increase is not enough to
reach the Kic of SCC-0 and the increases were 12% and
25% for SCC-G0.25 and SCC-G 0.4, respectively, com-
pared to SCC-0. On the other hand, for S fibers the maxi-
mum increases were 24%, 32% and 104% for SCC-SO0.5,
SCC-S1 and SCC-S2, respectively over to the control mix
Scc-0.
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3.3.4. Effect of fiber types and volume fractions on crack and 85.7% for SCC-PM0.75, SCC-PL0.75, SCC-PF0.75 and

mouth opening displacement SCC-PFLO0.75, respectively compared to SCC-0. Whereas,

the increases for mixes incorporating G fibers were

Results of CMOD for the investigated mixes are shown 5.7%, 14.2% and 28.5% for SCC-G0.15, SCC-G0.25 and

in Fig. 9. The CMOD is ranged from 0.035 mm to 0.067 SCC-GO0.4, respectively compared to SCC-0. On the other

mm. Regardless the fiber types, increasing the volume hand, the increases for mixes incorporating S fibers were

fraction of fibers increased the CMOD. For mixes contain- 45.7%, 91.4% and 168.5% for SCC-S0.5, SCC-S1 and SCC-
ing PP fibers, the increases were 28.5%, 34.2%, 31.4% S2, respectively compared to control mix SCC-O0.
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Fig. 9. Effect of fiber types and volume fractions on CMOD.
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4., Conclusions

Based on the work performed in this study and the
analysis conducted, the following conclusions could be
drawn:

e Adding fibers to SCC mixes to produce SCFRC mixes
enhanced stability of SCC against segregation that was
observed based on column segregation test results.
This could be attributed to the restriction of fibers to
settlement of coarse aggregate particles. The reduc-
tion in column segregation test results was up to 93%
with respect to control mix.

e In term of strength properties, concrete mixes incor-
porating steel fibers achieved higher compressive
strength than polypropylene and glass fibers. The in-
crease in compressive strength was up to 7.7% at 2%
steel fibers compared to control mix without fibers at
56 days age. Whereas, the increases were remarkable
in splitting tensile and flexural strengths, the in-
creases were 84.6% and 52.9%, respectively at 28
days age.

e The efficiency of the conducted fibers in strength
properties can be arranged in an ascending order at
steel, polypropylene, and glass fibers, respectively.

e The inclusion of steel fibers had massive effect on the
fracture energy of SCFRC. Using of 2% steel fibers en-
hanced Gy, by 26.9 times. Whereas, the maximum en-
hancement was 3.94 times over the control mix with-
out fibers when 0.75% polypropylene fibers volume
fraction was added.

e For the conducted fibers, using of 0.75% of polypro-
pylene fibers enhanced the Kicby 40%, 21%, 32% and
64% for mixes with polypropylene micro fibers, poly-
propylene Long fibers, polypropylene micro fiber
mesh and polypropylene long fiber mesh, respec-
tively. Whereas, only 25% enhancement was rec-
orded when 0.4% glass fibers volume fraction was
used. On the other hand, adding 2% steel fibers in-
creased Kicby 104%.

o Regardless of the fibers type, the increase in fiber vol-
ume fraction increased the CMOD. The increases were
28.5%, 34.2%, 31.4% and 85.7% for mixes with poly-
propylene micro fibers, polypropylene Long fibers,
polypropylene micro fiber mesh and polypropylene
long fiber mesh, respectively, when 0.75% polypro-
pylene fibers volume fraction was added. Whereas,
the increase was 28.5% when 0.4% glass fibers vol-
ume fraction was added. On the other hand, adding
2% steel fibers volume fraction increased CMOD by
168.5%.
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