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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.
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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 -
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S °
TR
= Rl
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3
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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).
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Fig. 6. Permeability test of concrete.
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Fig. 7. Compressive strength and depth of penetration relationship.
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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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