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ABSTRACT. In this study, mix proportion parameters of high strength
concrete (HSC) were analyzed by using the Taguchi’s experiment design
methodology for optimal design. For that purpose, mixtures are designed in a
Ly orthogonal array with six factors, namely, ‘Silica Fume’, ‘Steel Fiber’,
‘Super-Plasticizer’, ‘Maximum Aggregate Size (AG)’, ‘Water / cementitious
material (W/C) ratio’, ‘Fly Ash’. The mixtures were extensively tested to meet
technical requirements of HSC. The experimental results were analyzed by
using the Taguchi experimental design methodology. The best possible levels
for mix proportions were determined for maximization of compressive
strength at 7, 28, 56, 90 days, splitting tensile strength at 28 days, flexural
strength at 28 days, and the slump. Also the best possible levels for mix
proportions were determined for minimization of the production cost. It was
found that steel fibers and fly ash are the most dominant factors in the
process of optimization. The advantage of using steel fiber and fly ash was the
reduced energy and cost associated with the raw materials which meant more
sustainable concrete could be attained. It was also found that there is a
necessity to apply a multi- response optimization to get the best mix
proportions.
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INTRODUCTION

achieve sustainable development (SD). The industries policymakers are now making the concept of SD as an

ﬁ lam et al., [1] in their research illustrated that the countries need to create a healthy and sustainable economy to
important objective [2]. WCED [3] defined SD as development that meets the demand of the present generations
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without arbitrating the future generations to meet their demands. Nowadays, the SD has been the subject of discussion
and debate within government, non-government, and academic circles, leading concentration of national and international
economy, social and environmental agendas [4]. Hence, SD can be viewed as the satisfaction of present needs without
compromising the ability of future generations to meet their own needs. Sustainability is referred to as the triple bottom
line (TBL) of an organization [5], which includes the three dimensions: environment, economic and social [6] and [7]. It
also promotes by giving an opportunity to create occupant friendly buildings and environment responsible ones [6].
Concrete sustainability is still a hot topic in spite of progress achieved in this area because of concrete industry still faces
challenges. Several evaluation methods have been proposed in responses to these challenges, but the lack of a complete
framework for sustainable concrete material remains. Because of these issues, the strategy of this research is to reduce the
level consumption of resources to utilize it for present and future needs. This means reaching to an optimum of mix
proportions for high strength concrete. In detection of achieving this objective, sustainable concrete is found as the best
key to avoid depletion of resources. Sustainable material selection is found as a vital strategy in construction.

High strength concrete (HSC) is considered to be a concrete having a high strength at 28 days (typically greater than 40
MPa compressive strength ot a low water / cement ratio (less than 0.35)). In otder to reach high strength levels using a
regular water reducer, the concrete composition had to be very carefully optimized and a stringent quality control program
had to be implemented. The idea was conceived to produce the highest possible compressive strength through lowering
the water / binder ratio as much as possible. The direct measurement of the tensile strength of usual concrete is not easy
because of the complicated set-up that must be used. Therefore, tensile strength is usually calculated using indirect
measurements, such as the measurement of the modulus of rupture (MOR) (ASTM C78) and/or the splitting tensile
strength (ASTM C496). Performing the MOR and splitting tensile strength measurements does not present any special
difficulties in the case of high strength concrete, so that the same set-ups and procedures used for usual concrete can also
be used for high strength concrete.

When Bouygues of France decided to cast the prefabricated box girders for the Ile de Re bridge with 70 MPa concrete
instead of the design 40 MPa, the unit-cost increase per cubic meter of concrete was small compared with the savings
resulting from faster casting, [§]. Choosing high performance concrete for two union squate in Seattle was based more on
high elastic modulus than high strength, even though these two properties are somewhat related. The high elastic modulus
was required to increase the building rigidity to dampen swaying in high winds. The top of the Empire state building
sways about two feet (600 mm) during a storm, [9]. High performance concrete not only reduces the dead load of
offshore platforms but also ensures outstanding durability, especially in the critical splash zone, where it is subjected to
very severe exposure (this was the case for the Hibernia offshore platform in Canada), [8].

Several researchers studied mechanical properties of concrete by using Taguchi method. Ozbay et. al. [10], analyzed mix
proportion parameters of high strength self-compacting concrete (HSSCC) by using the Taguchi’s experiment design
methodology for optimal design. Khiabani et. al. [11], presented the results of the effect of high temperatures on the
retained mechanical properties of High Strength Concrete (HSC) using Taguchi method. They found that the water to
binder ratio is the most important factor in mix proportion in both compressive and tensile strength. Hashemi et. al. [12],
investigated optimizing mix proportions using Taguchi method. They concluded that Taguchi method has a powerful
potential for estimating optimum mix-design of HSC. Also they concluded that Taguchi method saves energy, cost and
time by reducing number of experiments. Emara et. al. [13] investigated the effect and optimization of using self-
compacting rubberized concrete by using Taguchi method. Their study considered examining the influence of different
concrete mix proportioning parameters that included fine rubber, coarse rubber, fly ash and viscocrete contents on the
studied mechanical and fresh properties. Kumari et. al. [14] optimized the cement content in concrete using pozzolanic
materials as reduction of CO; released during the production of cement is major issues of construction industry. Their
study showed that both mineral and chemical admixtures can be effectively used to reduce the cement content in
concrete. Tan et. al. [15] investigated the effect of the bentonite (B), fly ash (FA), and silica fume (SF) on the bleeding of
cement-based grouts. The optimum conditions were determined for three different water to solids ratios. They found that
silica fume is the most effective factor for bleeding. Also they observed that to reduce the bleeding in grout mixes and to
carry out a successful injection it is useful to use silica fume and bentonite. Hinislioglu et. al. [16] optimized the early
flexural strength of concrete pavement (CP) by using the Taguchi Method. They found the optimum conditions to be 0.35
water / cementitious ratio, gradation with minimum content of fine aggregates, 5% Fly ash content, and 0% silica fume
content at 7 days curing. Maximum flexural strength of 5.31 MPa was achieved at the optimum conditions.

In this study, 27 different mixes were produced according to aforementioned HSC concrete criteria. The experimental
work was so designed that the experiments gave the best possible working conditions of the parameters that affect the
mechanical properties, using the Taguchi method. In this research, 40-84 Mpa 28 days compressive strength concrete
samples were produced according to the high strength concrete properties. Not only, compressive strength at 28 days, but
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also compressive strength at 7 days, compressive strength at 56 days, splitting tensile strength at 28 days, flexural strength
at 28 days, production cost, and slump were considered. The experimental results were analyzed according to the Taguchi
method. Using Taguchi method, mix proportions were set to best possible levels for the maximization of compressive
strength, splitting tensile strength, flexural strength, and slump results. Also mix proportions were set to their best
possible levels for the minimization of production cost.

METHODOLOGY

Tagnchi Method
T he Taguchi method reduces the number of trials by design of experiments. The number of possible trials for P
parameter at L level as per factorial method design is N=LF where L= number of levels for each factor and P=
number of factors involved. For example, if we have 6 parameters at 3 levels then total number of combinations =
36 =729 but with the help of Orthogonal Array (OA), a minimum number of trials for these combinations is required. In
an experimental study, in order to determine the effects of various factors, which are affecting the results of experiments,
different methods and approaches are used. The fundamentals of these methods are the full factorial design and fractional
factorial design. In the traditional approach, which is also known as full factorial design, the experiments are performed
for each condition, which consists of all factors. In the experiments where the number of factor and their levels are few,
the full factorial experimental design may be applied to the design.
Dr. Taguchi started to develop new methods to optimize the process of engineering experimentation in Japan after World
War II. He developed techniques which are known as the Taguchi method [17]. With this method, which can be applied
easily by the researcher, the results obtained are possible to be standardized. Standard tables known as orthogonal arrays
(OA) are used for the design of the experiments in the Taguchi method. An OA with a three level and six factors are
shown in Tab. 1. This OA is particularly designed with the symbol of I;;. Each row in the array represents a trial
condition with the factor levels, which are indicated by the numbers in the row. The columns correspond to the factors
specified in the study and each column contains nine level 1, nine level 2 and nine level 3 conditions (a total of 27
conditions) for the factors assigned to the column. Thus, the evaluation of results has been standardized by this method,
which can easily be applied by researchers. Taguchi method uses the §/N ratio (signal-to-noise), which is a performance
characteristic, instead of the average value to interpret the trial result data into a value for the evaluation characteristics in
the optimum setting analysis. This ratio expresses the scatter around a target value. There are three categories of
performance characteristics; the larger-the better, the smaller-the better and the nominal-the better. These performance
characteristics are evaluated by using the following equations; Larger the better

»o 1

5/N=—101og10(izily—i2 M
smaller the better

§/ N =-10log,, (%Z;Yf) ©)
and the nominal the better

S /N ==10log, (-3 (¥ ~Y.)) ©

, whete S/ ate performance statistics, defined as the signal to noise ratio (§/IN unit: dB), n is the number of repetitions
for an experimental combination, and Y; 7 a performance value of the 7 th experiment and Y, is the nominal value desired.
From DoE (Design of Experiment), the present work utilized orthogonal array to study the following six variables:

e Silica Fume (S.FUME)

e Steel Fiber (S.FIBER)
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e  Super-plasticizer (SP)
e Maximum Aggregate Size (AG)
e Water to Cementitious Matetials Ratio (W/C)

e Fly-Ash
. FLY-
Mix No. SFUME  S.FIBER SP AG w/C ASH

A B C D E F
1 1 1 1 1 1 1
2 1 1 1 1 2 2
3 1 1 1 1 3 3
4 1 2 2 2 1 1
5 1 2 2 2 2 2
6 1 2 2 2 3 3
7 1 3 3 3 1 1
8 1 3 3 3 2 2
9 1 3 3 3 3 3
10 2 1 2 3 1 2
11 2 1 2 3 2 3
12 2 1 2 3 3 1
13 2 2 3 1 1 2
14 2 2 3 1 2 3
15 2 2 3 1 3 1
16 2 3 1 2 1 2
17 2 3 1 2 2 3
18 2 3 1 2 3 1
19 3 1 3 2 1 3
20 3 1 3 2 2 1
21 3 1 3 2 3 2
22 3 2 1 3 1 3
23 3 2 1 3 2 1
24 3 2 1 3 3 2
25 3 3 2 1 1 3
26 3 3 2 1 2 1
27 3 3 2 1 3 2

Table 1: A three-level orthogonal array (Lz7).

The levels and values for the considered parameters are shown in Tab. 2 and 3. According to the parameters and their
variation levels, .27 orthogonal array is used. Tab. 3 shows the defined mix proportions.

Parameters
SFUME Steel 0 w/C Fly-Ash
Levels % Fiber % SE%AGmm podo %
1 0 0 0.3 20 0.27 0
2 5 1 0.5 14 0.31 10
10 2.5 0.7 10 0.35 20

Table 2: Mix parameters and levels.

Materials
The cement used in this research was SINAI@ CEM I 52.5N. Fineness of the Cement as shown in Tab. 4 and Cement
setting time test is shown in Tab. 4 also. Also compressive strength for used cement is shown in Tab. 6 and 7. Steel fibers
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wete supplied from Nassar Group@. Their aspect ratio is equal to 30. Their length is 24 mm and diameter is 0.80 mm. The
steel fiber has tensile strength not less than 1000 MPa. A third generation super-plasticizer for homogenous concrete
Sika@ Viscocrete@-3425 was used in all concrete mixtutres. Natural tiver sands were used as fine aggregate in the concrete
mixtures with specific gravity 2.6. The coarse aggregate was dolomite with maximum size of 20 mm and specific gravity
2.08. fine aggregate to coarse aggregate ratio ranges from 0.37 to 0.39. The aggregate grading is shown in Tab. 5.

Mix No. S.FUME S.FIBER SP AG mm w/C FLY-ASH
0 0 0
CEM/]OENT g CEM/;ENT RATIO CEM/;ENT
1 0 0 0.3 20 0.27 0
2 0 0 0.3 20 0.31 10
3 0 0 0.3 20 0.35 20
4 0 1 0.5 14 0.27 0
5 0 1 0.5 14 0.31 10
6 0 1 0.5 14 0.35 20
7 0 2.5 0.7 10 0.27 0
8 0 2.5 0.7 10 0.31 10
9 0 2.5 0.7 10 0.35 20
10 5 0 0.5 10 0.27 10
1 5 0 0.5 10 0.31 20
12 5 0 0.5 10 0.35 0
13 5 1 0.7 20 0.27 10
14 5 1 0.7 20 0.31 20
15 5 1 0.7 20 0.35 0
16 5 2.5 0.3 14 0.27 10
17 5 2.5 0.3 14 0.31 20
18 5 2.5 0.3 14 0.35 0
19 10 0 0.7 14 0.27 20
20 10 0 0.7 14 0.31 0
21 10 0 0.7 14 0.35 10
22 10 1 0.3 10 0.27 20
23 10 1 0.3 10 0.31 0
24 10 1 0.3 10 0.35 10
25 10 2.5 0.5 20 0.27 20
26 10 2.5 0.5 20 0.31 0
27 10 2.5 0.5 20 0.35 10
Table 3: Mix Proportions.
Item Result Egyptian Code of Practice

% Retained on Sieve No. 170 10%

% Passing from Sieve No.

o e 90%

Initial Setting Time 95 minute >45 minute

Final Setting Time 345 minute < 600 minute

3 days compressive strength 21.9 N/mm? >18 N/mm?

7 days compressive strength 29.1 N/mm? >27 N/mm?

Table 4: Cement Properties Test Report
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Preparation of the Specimens

Concrete ingredients were mixed thoroughly for about seven minutes using a rotating mixer. The binder, i.e. cement, fine
aggregate, coarse aggregate, SF, and FA were first mixed for 1 min without water. Afterwards, water and super-plasticizer
were gradually added in 30 s followed by a 1 min mixing. Then 20% of steel fiber were added and mixed for 2 min. At
last, all the remaining fibers were added to the flow able mortar and mixed for another 2 min to obtain a homogeneous
dispersion.

Sieve Size Maximum Aggregate Size (mm) Fine
(mm) 20 mm 14 mm 10 mm Aggregate
20 100 100 100 100
14 74 100 100 100
10 10 31 100 100
5 3 6 55 100
2.36 - - 11 97
1.18 - - - 86
0.6 - - - 48
0.3 - - - 25
0.15 - - - 2

Table 5: Aggregate Grading (% passing).

The slump test was performed directly after mixing and then specimens were casted and vibrated using the vibrations
table. We followed the prescription of the slump test as it is mentioned in ASTM C 143-90a and BS 1881: part 102: 1983.
The slump test is very useful on the site as a check on the batch-to-batch or hour-to-hour variation in the materials being
fed into the mixer. Too high or too low a slump gives immediate warning and enables the mixer operator to remedy the
situation. This study included 27 design mixes and the following specimens were performed in this study:
- Highty-one cubic specimens having dimensions 100X100X100 mm?, three specimens for each mixture,
designated for 7-day compressive strength test.
- Eighty-one cubic specimens having dimensions 100X100X100 mm3, three specimens for each mixture,
designated for 28-day compressive strength test.
- Highty-one cubic specimens having dimensions 100X100X100 mm?, three specimens for each mixture,
designated for 56-day compressive strength test.
- Eighty-one cubic specimens having dimensions 100xX100X100 mm?, three specimens for each mixture,
designated for 90-day compressive strength test.
- Eighty-one cylindrical specimens having dimensions 100 mm in diameter and 200 mm in height, three specimens
for each mixture, to be subjected to 28-day splitting tensile strength test.
- Eighty-one prism specimens having dimensions 100X100X500 mm?3, three specimens for each mixture,
designated for 28-day flexural strength test.
Specimens were demolded after 24 hours from casting and then stored in water until the age of testing and then
mechanical tests were conducted.

Testing Procedure

To investigate the compressive strength on 7 day, 28 day, 56 day, and 90 day after casting, uniaxial compression tests were
carried out. We followed BS 1881: part 108: 1983 by filling the moulds in three layers. Each layer of concrete was
compacted by a vibrating table. Ramming continued until full compaction without segregation to ensure that the test
result is to be representative of the properties of fully-compacted concrete. According to BS 1881: part 111: 1983, after
the top surface of the cube has been finished by means of a float, the cubes were stored undisturbed for 2414 hours at a
temperature of 20£5 °C and a relative humidity of not less than 90 per cent. At the end of this period, the moulds wete
stripped and the cubes were further cured in water at 20+2 °C. According to BS 1881: part 116: 1983, the loads on each
cube was applied at a constant rate of stress equal to 0.2 to 0.4 MPa/second. Also out tests conform to BS EN 12390-3.
The tests were conducted by a hydraulic machine with a capacity of 3000 KN. The maximum load was recorded by a
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pointer. Splitting tensile strength was conducted using the same testing machine. Where cylindrical specimens were placed
horizontally between the upper and lower bearing surfaces. In the splitting tensile strength test, we followed a rate of
loading which was prescribed by ASTM C 496-90 and by BS 1881: part 117: 1983, and conform to BS EN 12390-6. The
splitting test is simple to perform and gives more uniform results than other tension tests. The strength determined in the
splitting test is believed to be close to the direct tensile strength of concrete 5 to 12 per cent higher.
Flexural strength tests were also carried out by means of another hydraulic testing machine with a maximum load capacity
set as 50 KN In this test, a plain concrete beam is subjected to flexure. Because the load points are spaced at one-third of
the span, the test is called a third-point loading test. The theoretical maximum tensile stress reached in the bottom fibre of
the test beam is known as the modulus of rupture. If fracture occurs within the central one-third of the beam, the
modulus of rupture is calculated on the basis of ordinary elastic theory. Our tests conform to BS EN 12390-5 and BS

1881: part 118.

Mix No.

O o0 N N U AW N -

[N T ST NG T (G TR (G B N B N R T e e T e T e e e
[ N L A A R e B e R e o R e S L N \C R )

27

C7
MPa

18.33
34.66
26.66
36.16
41.99
22.33
59.65
36.32
21.33
48.65
32.66
38.99
40.65
33.99
29.32
53.65
31.32
40.99
24.66
49.32
28.99
42.99
33.66
31.99
38.66
54.57
34.66

C28
MPa

57.98
57.65
40.32
52.65
50.99
35.32
70.65
58.82
23.99
61.32
43.32
52.32
40.99
40.99
36.99
82.64
42.65
47.99
30.32
50.65
51.98
31.99
37.99
52.32
56.32
75.64
46.65

T28
MPa

3.5
3.08
2.65
3.02
2.33
1.49
6.58
5.62
4.35

1.7
2.18
1.59
3.18
3.18
3.71
6.16

52
5.31

1.7
3.18

3.5
3.82
4.88
5.62
6.47

6.9

6

F28
MPa

7.27
6.45
6.07
7.8
5.92
5.06
8.85
8.14
6.07
6.19

5.05
6
4.51
6.9
8.67
7.14
5.86
4.35
6.25
6.61
4.35
7.18
6.04
9.9
10.42
8.05

C56
MPa

55.65
52.65
44.32
70.65
54.32
39.32
70.98
62.98
36.32
72.65
48.32
38.66
51.98
51.65
41.99
84.98
42.65
60.98
41.15
55.65
42.82
53.98
41.49
53.32
58.48
79.81
52.82

C90
MPa

64.15
69.65
55.98
69.15
60.65
36.66
77.98
62.98
39.32
81.98
44.65
63.65
53.15
55.48
46.65
87.81
44.32
51.98
42.99
76.98
49.99
65.65
46.65
54.82
59.98
81.14
51.82

PC
LE/m3
915.9
1637
2309.5
4186.1
4983.2
5579.9
9037.5
9744.5
10320.2
2841.9
3396.5
1507.5
5805.7
6313.6
4612.2
10654.8
11197.9
9309.7
4399
2336.4
2857.9
7911.9
5539.8
6104
12031
10029.5
10520.5

mm

30
40
40
40
40
100
150
100
80
100
50
120
70
150
50
30
20
30
100
150
130
40
30
150
40
50
50

Table 6: Test results of concrete (where C7: Compressive strength at 7 days, C28: Compressive strength at 28 days, T28: Tensile
strength at 28 days, IF28: Flexural strength at 28 days, C56: Compressive strength at 56 days, C90: Compressive strength at 90 days,
PC: Production cost, and S: Slump in mm).
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RESULTS AND DISCUSSION

he test results on concrete specimens are shown in Tab. 6, in which compressive strength, splitting tensile

strength, and flexural strength values were obtained from the average of three specimens for each of them.

The optimum possible mix proportion levels were investigated for the maximum compressive strength, splitting

tensile strength, flexural strength, and slump by using Taguchi method. The ‘larger the bettet’ type of quality characteristic
situation was evaluated. Also the optimum possible mix proportion levels were investigated for the minimum production
cost by using Taguchi method. The ‘smaller the better’ type of quality characteristic situation was evaluated. The
commercial software Minitab was adopted to conduct Taguchi method. The best possible mix parameter combinations of
the High Strength Concrete (HSC) could be determined from the main effect plots for each response as shown in Figs. 1-
8.
In these figures, the highest point for each factor indicates the optimal settings. Their abscissa values are the levels of
parameters to choose. For Example, in Fig. 6, maximum 90 days compressive strength is obtained at 10 % silica fume,
2.5% steel fiber by volume, 0.5% super-plasticizer, 20 mm maximum aggregate size, 0.27 water to cement ratio, and 0 %
fly ash. The optimal mix designs are shown in Tab. 10. As can be seen in Figs. 1-6, increasing the steel fiber content from
1% to 2.5% increased the compressive strength at 7 days, the compressive strength at 28 days, the splitting tensile strength
at 28 days, the flexural strength at 28 days, the compressive strength at 56 days and the compressive strength at 90 days
significantly. The reason is the bonding effect of steel fibers. Also it can be noticed that for the compressive strength at 7
days, 28 days, and 56 days, increasing the silica fume from 5% to 10% decreases the compressive strength for the
aforementioned ages. The reason is the cement effect on strength. The compressive strength of the mix design proportion
with the finest aggregate (10 mm) is lower, which is due to a larger specific area of fine aggregates leading to a lower flow
ability of concrete.

S.FUME S.FIBER SP AG w/C FLYASH

30.1

30.0+

29.9

29.8

29.7

29.6

29.5

Mendf SNiratics

29.4-

29.3

29.2-

Signal-to-noise: Larger is better

Figure 1: Main effect plot for signal to noise ratio for 7 days compressive strength.

S.FUME S.FIBER 5P AG W/C FLYASH

308+

306

304

NMeandf SNratics

302+

300+

1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
Signai-to-noise: Larger is better
Figure 2: Main effect plot for signal to noise ratio for 28 days compressive strength
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Mend SNratics

S.FUME

S.FIBER

SP

AG

wy/C

FLYASH

1

2 3

Signal-to-noise: Larger is better

Mendf SNiraics

Figure 3: Main effect plot for signal to noise ratio of 28 days splitting tensile strength.

S.FUME

S.FIBER

SP

AG

wWy/C

FLYASH

25.00

24.75—

24.50

24.25—

24.00

23.75—

23.50

1

2

3

1 2

Signal-to-noise: Larger is better

Menof SNratics

Figure 4: Main effect plot for signal to noise ratio for 28 days flexural strength.

S.FUME

S.FIBER

SP

AG

wy/C

FLYASH

31.1

31.0

30.9

30.8

30.7

30.6

30.5

30.4

30.3

1

2

3

1

Signal-to-noise: Larger is better

Figure 5: Main effect plot for signal to noise ratio of 56 days compressive strength.
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S.FUME S.FIBER SP AG w/C FLYASH

31.2

31.1

31.0

309 - -

30.8

Mend SNratics

30.7

30.6

30.5

1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3

Signal-to-noise: Larger is better

Figure 6: Main effect plot for signal to noise ratio for 90 days compressive strength.

S.FUME S.FIBER SP AG w/C FLYASH

-36.50

-36.75

-37.00

-37.25

-37.50

Menof SNratics

-37.75

-38.00

-38.25

1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
Signal-to-noise: Smaller is better

Figure 7: Main effect plot for signal to noise ratio of production cost.

S.FUME S.FIBER w/C FLYASH

32.0

31.51

31.0

Mandf SNratics

30.5

30.0-

1 2 3 1 2 3 1 2 3 1 2 3 1 2 3 1 2 3
Signal-to-noise: Larger is better

Figure 8: Main effect plot for signal to noise ratio of slump.
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Optimal
mix
proportions

Cc7
C28
T28
F28
C56
C90

PC

Silica
fume

10

Steel fiber

VE %
25
25
2.5
2.5
2.5
2.5

0
0

Sujpsia IZ[aximum
plasticizer Siigrgii;;
%cement

0.5 10
0.5 20
0.3 20
0.5 20
0.5 20
0.5 20
0.3 20
0.7 10

Water to cement ratio Fly ash
0.27 10
0.27 10
0.31 0
0.31 0
0.27 10
0.27 0
0.35 0
0.35 10

Table 7: Optimal mix design proportions for the measured quality characteristics of HSC

Percentage contribution of individual parameter can be well determined using ANOVA (Analysis of Variance). Tabs. 8 -
15 present the results of ANOVA. The F-test is used for comparing the factors of the total deviation. P-value indicates
the significance of parameters. The contribution percentage of factors gives an idea of the significance of factors to
strength, production cost, and slump. As s summary, steel fiber content and fly ash are the most influencing factors on
compressive strength, splitting tensile strength, and flexural strength. Also steel fiber is the most influencing factor on
production cost. For the slump the most effective factor is super-plasticizer. These are rational results.

Source DF Seq SS Adj MS F-Value P-Value  Contribution
SFUME 2 89.88 44.94 0.36 0.706 6.11%
S.FIBER 2 111.03 55.52 0.44 0.652 7.54%
SP 2 89.49 44.75 0.36 0.707 6.09%
AG 2 175.99 88 0.7 0.514 11.95%
w/C 2 282.77 141.39 1.12 0.353 19.20%
szLI—SI{ 2 722.94 361.47 2.87 0.09 49.11%
Etror 14 1762.97 125.93
Table 8: Analysis of Variance for 7 days Compressive Strength.
Source DF Seq SS Adj MS F-Value P-Value  Contribution
S.FUME 2 150.1 75.07 1.47 0.263 3.47%
S.FIBER 2 1175.5 587.77 11.51 0.001 27.23%
SP 2 281.4 140.69 2.76 0.098 06.52%
AG 2 144.6 72.29 1.42 0.275 3.34%
w/C 2 650.3 325.14 6.37 0.011 15.06%
ESLI} 2 1916.4 958.21 18.77 0 44.38%
Error 14 714.7 51.05

Table 9: Analysis of Variance for 28 days Compressive Strength.
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Soutce DF SeqSS  AdjiMS  F-Value  P-Value Contribution
S.FUME 2 5.5882 2.7941 4.09 0.04 7.77%
S.FIBER 2 51709 25.8545 37.85 0 71.92%
SP 2 5.8866 2.9433 431 0.035 8.19%
AG 2 1.7363 0.8682 1.27 0.311 2.41%
w/C 2 0.2947 0.1474 0.22 0.809 0.41%
;SLJ 2 6.6807 3.3403 4.89 0.025 9.29%
Error 14 9.5639 0.6831

Table 10: Analysis of Variance for 28 days Splitting Tensile Strength.

Source DF Seq SS Adj MS F-Value P-Value  Contribution
S.FUME 2 1.393 0.6963 0.34 0.717 2.36%
S.FIBER 2 32.935 16.4673 8.07 0.005 55.71%
Ny 2 7.375 3.6873 1.81 0.2 12.47%
AG 2 4.335 2.1673 1.06 0.372 7.33%
W/C 2 5.007 2.5037 1.23 0.323 8.47%
ZESLP}( 2 8.072 4.0362 1.98 0.175 13.66%
Etror 14 28.5604 2.0403

Table 11: Analysis of Variance for 28 days Flexural Strength.

Source DF Seq SS Adj MS F-Value P-Value  Contribution
S.FUME 2 2.72 1.36 0.01 0.992 0.12%
S.FIBER 2 197.05 98.525 0.6 0.562 8.92%
Sp 2 94 47 0.29 0.755 4.27%
AG 2 80.18 40.088 0.24 0.787 3.63%
w/C 2 1019.46 509.728 31 0.077 46.14%
AFSLI}( 2 815.74 407.871 2.48 0.119 36.94%
Error 14 2298.87 164.205

Table 12: Analysis of Variance for 56 days Compressive Strength.

Source DF Seq SS Adj MS F-Value P-Value  Contribution
S.FUME 2 18.01 9.004 0.07 0.934 0.79%
S.FIBER 2 19135  95.675 0.73 0.498 8.30%
SP 2 54.65 27327 0.21 0.814 2.37%
AG 2 24.95 12,474 0.1 0.909 1.08%
W/C 2 92681  463.403 3.55 0.057 40.16%
ESLJ 2 109226 546132 418 0.038 47.33%
Error 14 18285 130.607

Table 13: Analysis of Variance for 90 days compressive strength.
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ource DF Seq SS Adj MS F-Value P-Value  Contribution
S.FUME 2 9425297 4712649 317.43 0 3.08%
S.FIBER 2 280369997 140184998  9442.43 0 91.77%
SP 2 14864 7432 0.5 0.617 0.00%
AG 2 279413 139707 9.41 0.003 0.09%
w/C 2 1213075 606538 40.85 0 0.40%
FLY o
ASH 2 14203210 7101605 478.34 0 4.65%
Error 14 207848 14846
Table 14: Analysis of Variance for Production Cost.
Source DF Seq SS Adj MS F-Value P-Value  Contribution
S.FUME 2 1066.7 533.3 0.34 0.714 3.63%
S.FIBER 2 2466.7 1233.3 0.8 0.47 8.41%
SP 2 18866.7 9433.3 6.1 0.012 64.31%
AG 2 5066.7 2533.3 1.64 0.23 17.26%
Ww/C 2 1400 700 0.45 0.645 4.78%
FLY o
ASH 2 466.7 233.3 0.15 0.861 1.60%
Error 14 21666.7 1547.6

Table 15: Analysis of Variance for Slump.

Evaluation of factor effects
- Effect of Silica Fume

The test results demonstrated that SF replacement at most levels is not clear on the compressive strength and flexural
strength (Figs 1, 2, 4, 5, 6). These results are near to the results obtained by [16]. Hinislioglu et. al [16] found reduction in
7 days flexural strength of pavement concrete with 10%, 20%, and 30% SF is 2%, 11%, and 18%, respectively. They
interpret that due to their extreme fineness, the water requirement of SF is very high. Furthermore, the addition of SF to
the cement matrix may result in micro-shrinkage cracking.

- Effect of Steel Fiber
As shown in Figs. 1-6, increasing the steel fiber content from 0% to 1% to 2.5% increases the compressive, splitting
tensile, flexural strengths significantly. The reason was the bonding effect of steel fibers. These results were similar to
certain extent to results obtained by [18] for compressive strength. From Fig. 11, Steel fiber increased the production cost
of the mixes which contains it. From Fig. 12, increasing steel fiber decreased the workability significantly.

- Effect of Super-plasticizer
As shown in Figs. 1, 2, 4, 5, 6, increasing the Super-plasticizer content from 0.3 to 0.5% increases the compressive, and
flexural strengths. However, further increasing from 0.5% to 0.7% the compressive strength, splitting tensile strength, and
flexural strength decreased. Also it can be seen from Fig. 12 that increasing the super-plasticizer 0.7% enhanced the
workability greatly as it is expected.

- Effect of Maxcimum Aggregate Size
The compressive strength, splitting tensile strength, and flexural strength of the mix-design proportion with the finest
aggregate (10 mm) were lower, which might be due to a larger specific area of fine aggregates leading to a lower flowability
of concrete. These results were similar to the test results obtained by [18].

- Effect of Water | cementitions materials
The effect of W/C ratio on the compressive strengths, splitting tensile strength, and flexural strength are shown in Figs. 1-
6. According to ANOVA, water contents affects significantly on the properties of concrete (Tabs. 8 to 15). It has been
known that compressive strength, splitting tensile strength, and flexural strength vary inversely with the W/C ratio for
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concrete [19]. In another word, while W/C ratio decrease strength of concrete increase. From the test tesults, fitst level of
W/C ratio (0.27) maximizes the S/N as it is expected.

- Effect of Fly Ash

The effect of FA on compressive strength, splitting tensile strength, and flexural strength is given in Figs. 1-6. Test results
showed that after 10% replacement of FA the strength development decreases. Also test results for splitting tensile
strength, flexural strength, and compressive strength at 90 days showed that all levels of FA replacement decreased
aforementioned strengths when compared with control concrete.

CONCLUSIONS

1-  An experimental study was carried out to optimize the mix design proportions for High Strength Concrete (HSC) so
as to maximize the compressive strength at 7, 28, 56, 90 days, splitting tensile at 28 days, flexural strength at 28 days
and slump. Mix Proportions are also set to minimize production cost. Taguchi method with L7 orthogonal array was
used to investigate the ranking of different HSC parameters. The most important parameters affecting all the three
mechanical properties were steel fiber, fly ash, and water to cement ratio respectively.

2-  After analyzing the results, it was found that higher maximum aggregate size yielded better strength.

3- Itis found that super-plasticizer is the most effective parameter for the slump.

4-  The effect of the steel fiber on the strength does not appear at early ages.

5-  Steel fiber is the most effective factor on splitting tensile strength and flexural strength.

6- Steel fiber is the most effective factor on production cost.

7- The strength of fly ash concrete will depend on whether a water reduction is achieved, plus the pozzolanic
petformance of the cement/fly ash combination. Fly ash is able to reduce the heat of hydration very effectively. Using
fly ash in concrete will increase the setting time compared with an equivalent grade of PC concrete. This increased
setting time reduces the rate of workability loss. Formwork striking times at lower ambient temperatures may have to
be extended in comparison to PC concrete.

8- Fly ash is the most effective factor on compressive strengths at all ages. This does not mean increase the strengths but
FA replacement decreased the strengths.

9- High strength is generally the first property associated with silica fume concrete. An increase in the compressive
strength using silica fume will result in a similar relative increase in the tensile and flexural strength. This plays a
strong role when silica fume concrete is used in flooring, bridging or roadway projects.

10- The inclusion of silica fume in concrete causes significant changes in the structure of the matrix, though both physical
action and a pozzolanic reaction, to produce a densified, refined pore system and greater strength.

11- The Study showed that Taguchi method can be used effectively and economically for designing the experiments and
for determining the optimum process parameters.
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