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Abstract

Nowadays, removal of the waste from industrial activities is one of the serious problems in the world. Contrarily, need-
ing the development of industrial construction and reduce its costs, with considering the construction quality, are the
main priorities of progress. Therefore, in this paper, for the first time, all these issues are considered related to using the
waste of coal extraction; also, the application of coal wash rejects in the concrete manufacture and its impact on tensile
strength of concrete have been investigated. To this goal, coal waste was prepared from the Central Alborz Coal Prepa-
ration Plant in northern Iran. Designing the experiments by the response surface methodology (RSM), the influence of
parameters like water/cement (0.4-0.6), cement content (305-445 kg/m?), aggregate volume (0.4-0.6%) and coal waste
(0.5-9.75%) on the tensile strength to cost of concrete construction were evaluated. Presenting the model, optimizing
and investigating the individual, reciprocal and simultaneous effects of independent variables on the tensile strength to
cost of concrete by RSM were conducted for the first time. Based on the results of tensile strength tests and estimating
the cost of concrete construction, the highest ratio of tensile strength to cost was obtained by using the cement content
of 340 kg/m3, water/cement of 0.45, gravel volume of 0.55% and coal waste of 7.5%. In this case, the response value was
1.29E—-6 MPa/USD. These results indicate the high potential of these wastes in the production of concrete in terms of
tensile strength and also economic aspect.

Keywords Portland cement - Coal washery rejects - Concrete tensile strength - Cost - Optimization - Response surface
methodology

1 Introduction

Nowadays, most industrial factories produce much waste
along with the production of one of the main products
or more, which is largely disposed directly in the environ-
ment. The accumulation of these wastes over time has
caused many environmental problems; so that, today
waste management issues are seriously discussed in the
context of environmental protection. On the other hand,
rapid development of construction industries and con-
suming the natural resources have led to reduction of nat-
ural resources and environmental degradation by various

ways. Therefore, many efforts have been made focusing
on by-products and industrial wastes in order to protect
the natural resources [3, 4, 12, 17, 26, 29, 32, 43, 44, 571.
For example, reducing the use of construction materials
by applying the industrial wastes in concrete is a positive
step towards sustainable development [15].

In this regard, several researchers have used coal min-
ing wastes [40-42], fly ash [21, 36], bottom ash [1, 16, 20,
38, 47, 48], Pond ash [55], coal ash [18, 37]; slag products
[58], coal mine overburden [19], copper slag [2, 7], blast
furnace slag [45, 56], steel fibers [6], waste ceramic tile [52]
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and recycled plastic [39, 46] as an alternative of concrete
components.

In summary, during the process of coal washing, the
coal washed by the water flow gets into the pond and
waste sinks. The waste is removed continuously from the
washer, then stored in the tank. This waste is named coal
washery rejects (CWR) [13]. Reuse of waste, meanwhile
preventing environmental pollution, reduces the volume
of disposed coal waste and leads to the clean production
of coal. Because, their reuse in the construction industry
is one of the essential steps in the planning of solid waste
management towards the sustainable development. It is
also possible to replace the natural resources in various
industries by coal waste. Therefore, the consumption of
natural resources is reduced. Different methods like as
biological, chemical or physical methods had been used
in environmental engineering for solving environmental
pollutants [11, 25, 27, 28, 30, 35, 511. In this regard, sev-
eral studies have been done on the use of coal waste in
the concrete industry, in which the above waste replaces
aggregates or cement in concrete [9].

Due to global growth of infrastructure in the world,
demand of concrete has increased considerably. There-
fore, the use of alternative sources instead of cement and
aggregates is a challenging necessity. In this way, recycled
materials and waste can be used as alternative sources in
concrete, which assist in reduction of waste and extreme
use of energy and natural resources like aggregate mining.
In addition, gases emission gets limited [50].

Heidari et al. [10] investigated the possible solutions to
use of solid waste from coal washing plant (Zarand in Ker-
man province) in the cement industry. Because the accu-
mulation of these wastes in the area around the coal mill
leads to the production and diffusion of very soft particles
in the surrounding area, the penetration of toxic metals
such as arsenic and mercury into soils and underground
waters and the release of radioactive substances like ura-
nium; Meanwhile, the increase in the daily disposal volume
causes occupancy of the surrounding area. The researchers
stated that using the solid waste of coal washing plant in
the cement industry, while removing its negative effects
on the environment, has led to savings the energy (fossil
fuels and cement raw materials). The experiments resulted
that the compressive strength of type Il cement made from
wastes was higher than that of the control sample, with
3-day strength of about 4% and 28-day strength of 3.2%
increase.

In the study of Nagipour et al. [23], coal waste was evalu-
ated as a substitute of cement and fine-grained materials
in the manufacture of concrete with a target compressive
strength of 20 and 31 MPa. Based on the resulted compres-
sive strengths, the best percentage of sand and cement
replacement with the coal waste powder, was achieved
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respectively about 10% and 5% (for 28-day samples).
Kuamr et al. [17] conducted a study on the replacement
of coarse aggregates in concrete by coal washery rejects.
While reviewing different replacement levels (0 to 50%), they
reported 30% of the aggregate replacement by coal washery
rejects as the optimum level in construction industry.

Sudharshan and Kumar [49] studied the changes in
compressive strength, weight, and ultrasonic pulse velocity
before and after the acid attack of three types of concrete. M
25 grade of concrete cubes, by the concrete types including
conventional concrete (CC), concrete with 30% replacement
of coarse aggregates by coal washery rejects (CWR_30) and
concrete with 30% replacement of coarse aggregates by coal
washery rejects and also 30% replacement of cement by fly
ash (FCWR_30), were prepared and compared. They found
that the FCWR_30 had a similar function to CC and more
efficiency than CWR_30 in acidic environments. In the study
of Sumalatha et al. [50], the durability properties of concrete
containing fly ash and different levels of coal washery rejects
was investigated. Properties such water absorption, RCPT,
and drying shrinkage were compared to conventional con-
crete (M 25 grade). The results showed that applying the fly
ash as a substitute of fine aggregates or cement caused a
significant increase in concrete compressive strength, and
also using the 30% of coal washery rejects improved the
concrete structure.

Considering that the economic aspect of applying the
coal extraction waste in concrete as well as the tensile
strength of concrete has not been addressed in previ-
ous researches, replacement of cement by waste of coal
washing plant in Central Alborz mine in concrete, checking
the tensile strength and economic value of the resulted
concrete have been investigated in this research. Also, the
simultaneous effect of variables, their interaction, and the
optimization and modeling of results in the production of
concrete from the waste is not been addressed in previ-
ous studies. In this regard, in order to achieve the high-
est efficiency with the least number of experiments (thus
reducing the costs and consumed substances), process
optimization was done by statistical methods including
the response surface methodology. It should be noted that
using these wastes as a combination of cement replace-
ment and reinforcement is another new aspect of this
research. In this study, the 28-day tensile strength of con-
crete samples was investigated.

2 Materials and methods
2.1 Materials

Coal waste (waste): coal waste used in this study is pre-
pared from Central Alborz Coal Factory, located in the
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Table 1 Chemical properties of

coal waste Items Si0, ALO; Fe,0; MgO CaO P,0,-P,0; Na,0O K,0 MnO TiO, LOI
Coalwaste 378 13.14 285 0.73 076 0.27 0.28 202 0.02 1.17 40.96
Table 2 Properties of aggregates
= === Regulations limit = === Regulations limit Aggregate Gravel Sand
—@— Gradation curve of sand = ===Regulations limit
= === Regulations limit —e@— Gradation curve of gravel Specific gravity (g/cm3) 2.52 2.76
£ 100 Unit weight (g/cm?) 1.59 1.73
e - Moisture content (%) 0.14 0.3
-% Moisture of saturated surface dry (%) 04 0.5
;:: 60 Fines modulus (FM) - 2.89
X Sand equivalent value (SE) (%) - 84
a 40
©
S
[
§ o Table 3 Physical and chemical properties of cement
o
i o4 4 10 100 Component Test result
Sieve size (mm)
Sio, 208
X - AL, O, 5.24
Fig. 1 Sieving curve of used natural aggregates
Fe,0, 3.6
Cao 64
MgO 1.63
Anjirtangeh Zirab region of Northern Iran. These materi-  50s 2.48
als are produced in the process of coal washing to con-  LOl 1.92
vert to coal concentrate for use as fuel in the industry.  Blaine (cm%g) 3322
Since the factory started in 1989 to today, wastes have  Expansion (autoclave) % 0.073

been accumulated in the area of 2 ha and elevations of
over 10 meters, estimated to be more than 2 million tons
[22]. In this research, used coal wastes have dry density
of 1.24 g/cm? and compressive strength of 25 MPa. After
passing through the sieve no. 200 (0.075 mm), these
materials replaced the cement by various amounts.
Replacement percent of coal wastes is different in con-
crete mixing plans. Chemical analysis of used coal waste
is presented in Table 1.

Aggregates: Used gravel has the dry density of 1.57 g/
cm? and maximum size of 12.5 mm. Sieving curve, shown
in the Fig. 1, was in the standard range (ASTM C33). More,
properties of aggregates are provided in Table 2.

Cement: In this study, type Il Portland cement by soft-
ness of 3570 cm?/g (prepared from Gorgan Cement Fac-
tory) was used. Table 3 presents the physical and chemi-
cal properties of cement.

Water: Impurities in the water may affect the cement
hardening and create disturbances in it. Also, use of
improper water can have a reverse effect on the con-
crete strength, causing stains on the concrete surface
and even corrosion of the reinforcement. Therefore, in
most mixes, suitable water for concrete is that suitable
for drinking [24]. So, drinking water was used to make
concrete samples in this research.

Compressive strength (kg/cm?)

3 days 296
7 days 400
28 days 530

2.2 Methodology of experiments planning
to evaluate the concrete mixing plan

Modeling of environmental phenomena have been stud-
ied many times. Response surface methodology is one
of the most used methods in environmental studies [5,
8, 14, 31, 33, 34, 53, 54]. Statistical methods have many
advantages compared with the traditional ones due to the
rapid calculations and the identification of relationships
between effective factors. Today, a variety of planning
methods are used to reduce the costs and increase the
accuracy of tests. One of the newest experimental design
methods is Response Surface Methodology (RSM). The
central composition design (CCD) method as a subset of
RSM is the most well-known design method among sec-
ond-order methods, first introduced by Box. It needs atten-
tion that in this study, CCD was used by Design Expert
10.0.1 software to design the experiments and analysis
the results.
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For this purpose, 4 parameters including water to
cement ratio, cement content, gravel volume and wastes
percentage (each in 5 levels) as the variables and tensile
strength to cost ratio as the response were considered. In
Table 4, these factors are presented along with the levels
set for each one (according to previous studies). Then, 30
experiments were designed by software (with 6 replica-
tions at the central point), after which the optimum condi-
tions were determined.

In order to determine the cost of concrete construction
with the above mixing designs of the mixes, the price of
1 kg of cement, gravel and sand, and 1 m?3 of water were
considered with asking from the materials companies. It
should be noted that coal waste was not included in the
cost calculation. In Table 5, the experiments designed in
RSM are presented. After the construction of concrete
cylinders according to the mixing plans and calculation
of the ratio of tensile strength to cost, the analysis of the
results was done by the software. Afterward, to validate
the model, the confirmation test (optimum test obtained
from the software) was repeated twice.

2.3 Experimental method

According to ISRM 77, concrete cylinders by a diameter of
at least 54 mm and a height equal to the diameter were
constructed based on the mixing design determined by
the RSM (presented in Table 5). Concrete samples were
initially treated for 7 days in a humid environment, then
21 days at 21 °C and 21% relative humidity. After 28 days,
they were tested in Brazil method according to ASTM
C293-79 standard, to determine the tensile strength
indirectly.

3 Results and discussion

As mentioned before, 4 parameters of the water to cement
ratio, cement content, gravel volume and wastes percent-
age as variables and the ratio of tensile strength to cost
as the response were considered in the software. The

factors and levels, presented in Table 4, were determined
according to the other studies. Then, based on 30 mixing
designs of this method, concrete samples were made in
the cylindrical molds (introduced in the previous section)
and tested for tensile strength. The response values are
shown in Table 5. In the following, these results are pre-
sented in graphs and more discussions are presented.

3.1 Theindividual effects of variables

In this section, the individual effect of variables (water to
cement ratio, cement content, gravel volume and waste
percentage on the response the tensile strength to cost
ratio) is considered (Fig. 2). Figure 2a displays the effect
of water to cement ratio on the mentioned response at
constant values for other parameters. It is observed that
increasing in the water to cement ratio caused to reducing
the response. Such a way that, in water to cement ratio of
0.45 to 0.48, the response is nearly invariant; afterward, in
water to cement ratio of 0.48 to 0.55, a significant descend-
ing slope is observed in the response. In Fig. 2b the effect
of cement content on the ratio of tensile strength to cost,
can be seen. Based on the results, at constant values for
other parameters (waste percentage of 5.25%, gravel
volume of 0.5%, and water to cement ratio of 0.5), when
cement content increases from 340 to 376 and then to
412 kg/m?3, the tensile strength to cost ratio respectively
increases and then decreases with a slight slope. In con-
tinue, the effect of gravel volume on the investigated
response (considering constant values for other param-
eters) is shown in Fig. 2c. Regarding the figure, the changes
of tensile strength to cost ratio due to increasing the gravel
volume is similar to the changes affected by the cement
content (Fig. 2b), but with more noticeable slope. This
result indicates the greater impact of gravel volume than
the cement content. Figure 2d presents the effect of waste
percentage on the ratio of tensile strength to cost (with
other parameters as constants: gravel volume of 0.5%,
cement content of 376 kg/m3, and water to cement ratio of
0.5). As the percentage of waste increases from 3 to 7.5%,
the response has a gradual decreasing trend.

Table 4 Parameters and levels

o Parameter Unit Levels

to optimize the concrete

mixing plan -2 -1 0 1 2
Water to cement ratio - 0.4 0.45 0.49 0.55 0.6
Cement content kg/m3 305 340 375 412 445
Gravel volume % 0.4 0.45 0.49 0.55 0.6
Wastes percentage % 0.75 3 5.25 7.5 9.75
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Table 5 Experimental design No

- . . Factors and levels
to optimize the ratio of tensile

Response

strength to cost in concrete Water to Cement content Gravel vol- Wastes percent- Tensile strength to cost
containing the coal waste cement ratio (kg/m3) ume (%) age (%)

1 0.49 375 0.4 5.25 9.54009E-07
2 0.55 412 0.55 7.5 1.02034E-06
3 0.55 340 0.55 7.5 1.14486E—-06
4 0.45 412 0.45 3 1.00909E—-06
5 0.55 412 0.55 3 1.00468E—-06
6 0.49 375 0.49 5.25 1.07347E-06
7 0.49 375 0.49 9.75 1.0905E-06

8 0.45 340 0.45 7.5 1.14766E—-06
9 0.55 340 0.45 7.5 1.01518E-06
10 0.55 340 0.45 3 9.99503E-07
1 0.55 412 0.45 3 8.9229E-07

12 0.45 412 0.55 7.5 1.15344E-06
13 0.49 375 0.49 5.25 1.07347E-06
14 0.45 340 0.55 7.5 1.29237E-06
15 0.49 375 0.49 0.75 1.05644E—-06
16 0.45 340 0.55 3 1.27487E-06
17 0.55 340 0.55 3 1.12959E-06
18 0.49 375 0.49 5.25 1.07347E-06
19 0.49 445 0.49 5.25 9.71506E-07
20 0.45 340 0.45 3 1.12963E-06
21 0.6 375 0.49 5.25 9.46503E-07
22 0.45 412 0.45 7.5 1.02756E—-06
23 0.49 375 0.6 5.25 1.21213E-06
24 0.49 375 0.49 5.25 1.07347E-06
25 0.49 375 0.49 5.25 1.07347E-06
26 0.55 412 0.45 7.5 9.08294E-07
27 0.49 305 0.49 5.25 1.21513E-06
28 0.4 375 0.49 5.25 1.21117E-06
29 0.49 375 0.49 5.25 1.07347E-06
30 0.45 412 0.55 3 1.13543E-06

3.2 The simultaneous and reciprocal effects
of variables

In this part, the simultaneous and reciprocal (interaction)
effect of independent variables on the ratio of tensile
strength to construction cost is investigated.

3.2.1 The simultaneous and reciprocal effects of water
to cement ratio and cement content

Figure 3 shows the amount of tensile strength to cost
while the gravel volume and the percentage of wastes is
respectively equal to 0.5% and 5.25%. Also, the parameters
of water to cement ratio and the cement content are varia-
ble in the range of 0.45-0.55 and 340-410 kg/m?>. Figure 3a
states that increasing the cement content and the water to
cement ratio, the response value is reduced. So that, the

highest response value is achieved in the water to cement
ratio of 0.55 and the cement content of 340 kg/m>. In addi-
tion, crossover lines in Fig. 3b show the reciprocal effects
and interaction between the two parameters; it is obvious
that increasing the cement content affects and reduces
the water to cement ratio.

3.2.2 The simultaneous and reciprocal effects of water
to cement ratio and waste percentage

The effect of water to cement ratio (in the range of
0.45-0.55) and wastes (with values of 3-7.5%) on the
ratio of tensile strength to cost, by the cement content of
376 kg/m? and gravel volume of 0.5%, is shown in Fig. 4a.
Accordingly, increasing both water to cement ratio and
waste percentage has reduced the response value. Due to
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(a) The effect of the water to cement ratio on the response (b) The effect of cement content on the response
based on constant values of others (D: Waste percent= based on constant values of others (D: Waste percent=
5.25; C: Gravel volume= 0.5; B: Cement Content=376) 5.25; C: Gravel volume= 0.5; A: W/C=0.5)
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T T T T I I I I T T
0.45 048 050 053 0.55 3.00 413 525 6.38 7.5

C: Gravel volume

(¢) The effect of gravel volume on the response based on
constant values of others (D: Waste percent= 5.25; B:

Cement Content=376; A: W/C=0.5)

Fig. 2 Effect of each independent variable on the response

the parallelism of the lines in Fig. 4b, it can be concluded
that there is no interaction between them.

3.2.3 The simultaneous and reciprocal effects of water
to cement ratio and gravel volume

Figure 5a shows the effect of gravel volume (0.45-0.55%)
and water to cement ratio (0.45-0.55) on tensile strength
to cost ratio, while the cement content of 376 kg/m3 and
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D: Waste percent

(d) The effect of waste percentage on the response based
on constant values of others (C: Gravel volume= 0.5; B:
Cement Content=376; A: W/C=0.5)

the wastes percentage of 25.5%. This figure indicates
thatincrease in the gravel volume increases the response
value. When the water to cement ratio increases, the
amount of response is reduced. So that, the highest
amount of response is obtained in the gravel volume
of 0.55% and the water to cement ratio of 0.45. On the
other hand, as shown in Fig. 5b, there is little interaction
between the two parameters.
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0.0022 —

T T T T T
045 050 053 055
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(b) The reciprocal effect of cement content and water to
cement ratio on the response

Fig.3 The simultaneous and reciprocal effects of cement content and water to cement ratio on the response (tensile strength to cost ratio)
based on constant values of others (D: Waste percent=>5.25; C: Gravel volume=0.5)

0.00319
0.0029975

0.002805

0.0026125

Strength/Cost

0.00242

750

D: Waste percent 413

3.00 045

(a) The simultaneous effect of water to cement ratio and

waste percentage on the response

Interaction
D: Waste percent

0.0033 —

0.003025 —

0.00275 —{

Strength/Cost

0.002475 —

0.0022 —

045 0.50

A: W/C

053 058

(b)

The reciprocal effect of water to cement ratio and
waste percentage on the response

Fig.4 The simultaneous and reciprocal effects of water to cement ratio and waste percentage on the response (tensile strength to cost
ratio) based on constant values of others (C: Gravel volume =0.5; B: Cement Content=376)

3.2.4 The simultaneous and reciprocal effects of cement
content and gravel volume

The effect of gravel volume (in the range of 0.45-0.55%)
and cement content (with values of 340-410 kg/m3)
on the ratio of response, in the case of constant value
of water to cement ratio and wastes percentage of 0.5
and 25.5% respectively, is displayed in Fig. 6a. As can be
observed, the effect of the gravel volume is greater than
the cement content, and is consistent with the deduc-
tion of model. In the case of the maximum amount of
gravel volume and the least amount of cement con-
tent, the ratio of tensile strength to cost is maximized.

In Fig. 6b, parallel lines indicate no interaction between
the two parameters.

3.2.5 The simultaneous and reciprocal effects of cement
content and waste percentage

In Fig. 7a, the simultaneous effect of cement content
(340-412 kg/m?®) and waste percentage (3-7.5%) on the
response is shown, while the other parameters have con-
stant values (water to cement ratio and gravel volume
both equal to 0.5). In this way, the simultaneous increase
in the cement content and the wastes percentage led to
slight variations in the response. According to Fig. 7b, due
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Fig. 5 The simultaneous and reciprocal effects of water to cement ratio and gravel volume on the response (tensile strength to cost ratio)
based on constant values of others (D: Waste percent=5.25; B: Cement content=376)
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Fig. 6 The simultaneous and reciprocal effects of cement content and gravel volume on the response (tensile strength to cost ratio) based

on constant values of others (D: Waste percent=5.25; A: W/C=0.5)

to the crossover of small-angle lines, a little interaction
occurs between the two parameters.

3.2.6 The simultaneous and reciprocal effects of gravel
volume and waste percentage

Figure 8a presents the amount of response while the
water to cement ratio and the cement content are con-
stant (respectively equal to 0.5 and 376 kg/m3), and
the gravel volume and wastes percentage are variable
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(respectively in the range of 0.45-0.55% and 3-7.5%). It
was concluded that simultaneously increasing the gravel
volume and the wastes percentage, led to increase in the
response. In addition, the interaction between the two
parameters is given in Fig. 8b. As it has been observed
so far, the two parameters of cement content and water
to cement ratio have the highest interaction and the two
parameters of cement and the wastes percentage have
the least interaction. Also, the interaction between water
to cement ratio and wastes percentage achieved zero.
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Fig. 8 The simultaneous and reciprocal effects of gravel volume and waste percentage on the response (tensile strength to cost ratio) based

on constant values of others (B: Cement Content=376; A: W/C=0.5)

3.3 Variance analysis of the results
and presentation of the model

After selecting the second-order quadratic model, analy-
sis and optimization of the results, the ANOVA and cor-
relation coefficient (R?) were obtained. According to the
ANOVA presented in Table 6, the model is significant
with a P value of <0.0001 and R? equal to 0.99. In fact,
the low P value and high F-value for the response con-
firm the model accuracy with confidence level of 95%.
The obtained model is presented in Eq. (1) to predict
the ratio of tensile strength to cost of the concrete.

The values of A, B, C and D, respectively, indicate the
amount of water to cement ratio, cement content, gravel
volume and waste percentage. Their multiplication also
indicates the interference of the parameters. It should
be noted that the terms of AD, BD, CD, and D? with the
P value greater than 0.05, were discarded at the model
analysis. Therefore, the final modified model, in terms
of coded values of the factors, is presented in Eq. (2). As
elicited, from the 4 factors, the water to cement ratio,
gravel volume, cement content, gravel volume and then
waste percentage, had the highest effect on the tensile
strength to cost ratio.
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Table 6 ANOVA for response

i Source Sum of squares df Mean square F-value Pvalue
surface quadratic model to
identify the concrete mixing Model 2.969E-13 14 2.121E-14 14792.96 <0.0001
plan A-W/C 1.046E-13 1 1.046E-13 72973.47 <0.0001
B-Cement content 9.001E-14 1 9.001E-14 62779.00 <0.0001
C-Gravel volume 9.915E-14 1 9.915E-14 69155.75 <0.0001
D-Waste percent 1.713E-15 1 1.713E-15 1194.52 <0.0001
AB 1.923E-16 1 1.923E-16 134.13 <0.0001
AC 2.100E-16 1 2.100E-16 146.13 <0.0001
AD 5.515E-18 1 5.515E-18 3.85 0.0687
BC 3.336E-16 1 3.336E-16 232.66 <0.0001
BD 1.732E-19 1 1.732E-19 0.12 0.7330
D 1.890E-19 1 1.890E-19 0.13 0.7216
A2 2.901E-17 1 2.901E-17 20.23 0.0004
B2 5.928E-16 1 5.928E-16 413.45 <0.0001
(@) 1.194E-16 1 1.194E-16 83.25 <0.0001
D2 2.699E-18 1 2.699E-18 1.88 0.1902
Residual 2.151E-17 15 1.434E-18
Pure error 0.000 5 0.000
Cor total 2.97E-13 29
Strength/Cost ($) = +1.07E — 6 — 6.6E — 8A — 6.12E Predicted vs. Actual
— 8B + 6.42E — 8C + 8.45E — 9D + 3.46E — 9AC — 5.87E 1.30E-06]
— 10AD — 4.56E — 9BC + 1.04E — 10BD — 1.08E — 10CD
+ 1.03E — 9A” + 4.65E — 9B + 2.08F — 9C* — 3.14E — 108; —
Strength/Cost($) = +1.07E — 6 — 6.6E — 8A — 6.12E — 8B + 6.42E
— 8C + 8.45E — 9D + 3.46E — 9AB g 110806
— 3.62E — 9AC — 4.56E — 9BC + 1.07E %
— 9A? + 4.69E — 9B? + 2.13E — 9C? & 4 00E-06]
(2)
9.00E-07 —
3.4 Model validation
Figure 9 shows the predicted values of the statistical 8.00E-07
model versus the actual values obtained from the tensile T T T T 1 1
8E-007 9E-007 1E-006 1.1E-006 1.2E-006 1.3E-006

strength to cost of the concrete. The high conformity of
the points on the 45-degree line expresses the model abil-
ity to predict the response.

3.5 Determining the optimum conditions

The purpose of the modeling is to find meaningful factors
and predict the response by a few number of experiments.
After modeling, itis necessary to predict the optimum condi-
tions and evaluation the confidence level of the proposed
model by a confirmation test. In this research, the best
conditions for the concrete mixing plan with the desirabil-
ity degree of 1 obtained equal to A=0.45, B=340 kg/m?,
C=0.55% and D=7.5%, respectively, for water to cement
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Actual

Fig. 9 Predicted values of the response by statistical model versus
actual values obtained from the tested mixing plan of the concrete

ratio, cement content, gravel volume and waste percent-
age. In order to ensure the optimum conditions, a repeat
test was carried out under above conditions. In Table 7,
the results of the experiments by optimum conditions and
suggested values of the model are presented. Accordingly,
the achieved response is very close to the proposed value
of model; plus, the confidence level is in the range of 95%.
The results of confirmation tests, after two repetitions, were
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Table 7 Predicted response of
the model and obtained one
from confirmation test

Response Goal Predicted value 95% Clhigh 0.95% Cllow Confirma-
tion test
values

Tensile strength to cost ratio  Maximum  1.2924E-6 1.294E-6 1.291E-6 1.2932E-6
1.2914E—-6

reported. As can be observed, the results of both tests are
in the acceptable range. In continue, the control test was
performed with the same conditions as the optimum test
(without coal waste), which showed a difference of less than
5% in the response.

4 Conclusions

In this study, in order to feasibility study the cement replace-
ment with coal waste in concrete mix design, the tensile
strength and cost of concrete with different values of water
to cement ratio, cement content, gravel volume and wastes
were evaluated. For this purpose, 30 tests were designed
with Response Surface Methodology. By determining the
optimum conditions for the concrete mixing plan, the results
of the tensile strength to cost ratio were compared to the
control concrete sample (without cement replacement
with coal waste). After the preparation of concrete samples
according to the mixing designs of Design Expert software
and determining the ratio of tensile strength to cost, the
optimum conditions for water to cement ratio, cement con-
tent, gravel volume and wastes were achieved 0.45, 340 kg/
m?3, 0.55% and 7.5% respectively. In this case, the response
value (tensile strength to cost ratio) was 1.29E—6 MPa/USD.
These conditions resulted a difference of less than 5% in the
ratio of tensile strength to cost, compared to the control test
with the same mixing plan (without the coal waste). Through
this research, it was observed that use of coal waste as con-
crete material, in addition to reducing the consumption of
natural materials and protecting the environment, reduces
the cost of construction.
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