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Abstract. In this study, to reduce the amount of cement consumed in the production of cementitious composites,
the effects of partial replacement of cement weight with nano-silica, silica fume, and copper slag on the mechanical
properties of polypropylene fiber-reinforced cementitious composites are investigated. For this purpose, the effect of
replacing cement weight by each of the aforementioned materials individually and in combination is studied. A total
of 34 mix designs were prepared, and their compressive, tensile, and flexural strengths were obtained for each mix.
Among the mix designs with one cement replacement material, the highest strength is related to the sample
containing 2.5% nano-silica. In this mix design, the compressive, tensile, and flexural strengths improve by about
33%, 13%, and 15%, respectively, compared to the control sample. In the ones with two cement replacement
materials, the highest strengths are related to the mix made with 10% silica fume along with 2% nano-silica. In this
mix design, compressive, tensile, and flexural strengths increase by about 42%, 18%, and 20% compared to the
control sample, respectively. Furthermore, in the mixtures containing three cement substitutes, the final optimal mix
design for all three strengths has 15% silica fume, 10% copper slag, and 2% nano-silica. This mix design improves
the compressive, tensile, and flexural strengths by about 57%, 23%, and 26%, respectively, compared to the control
sample. Finally, two relationships have been presented that can be used to predict the values of tensile and flexural
strengths of cementitious composites with very good accuracy only by determining the compressive strength of the
composites.

Keywords: cementitious composite; copper slag; mechanical properties; nano-silica; silica fume;
polypropylene fiber

1. Introduction

Concrete is one of the most widely used building materials and the production of which is
increasing day by day. Despite the many advantages of this material, one of the weaknesses of it is
its low tensile strength (Salehi and Mazloom 2018). Concrete is prone to cracking due to its low

*Corresponding author, Professor, E-mail: Mazloom@sru.ac.ir
*Assistant Professor, E-mail: h.salehi@sru.ac.ir
®MSc Student, E-mail: mohammad.akbari@sru.ac.ir

Copyright © 2024 Techno-Press, Ltd.
http://www.techno-press.org/?journal=smm&subpage=7 ISSN: 2288-6605 (Print), 2288-6613 (Online)


https://doi.org/10.12989/smm.2024.11.2.071

72 Moosa Mazloom, Hasan Salehi and Mohammad Akbari-Jamkarani

tensile and bending strength (Salehi and Mazloom 2019). After cracking, the concrete stress-
bearing capacity decreases significantly, and as a result, its strength, hardness, and durability
decrease (Mazloom and Salehi 2018).

The increasing demand for the structural use of concrete requires that researchers study leads to
the construction of concretes that not only have more ductile behavior but can also absorb the
energy caused by extreme loads. Cementitious composites have good plasticity, but due to having
a large amount of cement, the happening extensive micro cracks with different dimensions are
likely. According to prior studies, adding fibers to a volume ratio of 2% can increase the tensile
strain capacity by 3 to 5% (Le Hoang and Fehling 2017). Under cyclic loading, fiber-reinforced
cement composite members absorb more energy than standard reinforced concrete members
(Shajil, Srinivasan et al. 2013, Gideon and Milan 2021). Therefore, to increase the durability and
service life of concrete structures under severe cyclic loading, it is necessary to use fibers that can
undergo large deformations while maintaining their ductile behavior as reinforcement.

To improve the brittle behavior of concrete and prevent the extension of cracks, fiber reinforced
concrete (FRC) was made by adding fibers to the paste. Therefore, in many studies, fibers have
been used as micro-reinforcement to prevent cracks and increase the durability of concrete (van
Zijl et al. 2012, Mazloom et al. 2020). The fibers used to prevent the expansion and opening of the
crack (Aydin 2007). These fibers have different types, one of which is polymer fibers. There are
different types of polymer fibers, and their resistance is considerable (Gao et al. 2010). Huang
(2001) stated that using polymer fibers in alkaline and chemical environments increases concrete
durability and mechanical properties. One of the types of these polymer fibers is polypropylene
fibers. Adding polypropylene fibers to the mixture increases the compressive, tensile, and bending
strengths of the cement composites (Mazaheripour ef al. 2011, Mardani-Aghabaglou et al. 2013).
Due to the dimensions and geometry of polypropylene fibers, they reduced the efficiency of
concrete (Kakooei ef al. 2012).

The mixes of fiber cement composites usually have a very high cement content. To preserve the
environment, the requirement to reduce cement consumption in the mix designs seems logical. To
decrease cement consumption, substituting cement with pozzolans can be useful (Yu et al. 2018,
Ghalehnovi et al. 2022). One of the types of pozzolans is the silica fume. Silica fume increases
resistance to melting and freezing cycles. Furthermore, adding silica fume has a desirable effect on
the mix's compressive strength even at high temperatures (Massana et al. 2018, Mazloom and
Mirzamohammadi 2021). Studies show that using concrete mix containing 10% silica fume can
improve the durability of reinforcement against corrosion and the useful life of marine structures
(Tangtakabi et al. 2022). Mazloum et al. (2018) stated that silica fume reduces trapped air in
ordinary and self-compacting concrete. They also investigated the effect of silica fume on self-
compacting lightweight concrete and reported that this material increases the durability and
mechanical properties of this concrete. Existing silica fume causes many pozzolanic reactions and
affects the strength parameters (Mazloom et al. 2017, Saha et al. 2017). Furthermore, adding silica
fume to concrete accelerates hydration and increases compressive strength (Mazloom and Salehi
2018, Salehi and Mazloom 2019).

Another important pozzolan is nano-silica. Among these two materials, silica fume is more
abundant and is considered one of the available and popular micro-scale pozzolans. But in recent
years, due to the development of the industry, nano-scale particles have been used more in
concrete research (Amiri et al. 2022). These particles have desirable effects on cement-based
composites due to their small particle and excellent pozzolanic properties (Afzali-Naniz and
Mazloom 2019, Abna and Mazloom 2022). Elahi et al. (2010) investigated the effect of silica fume
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and nano-silica on concrete. They found that the pozzolanic activity of nano-silica is more than
that of the silica fume. Therefore, nano-silica improves the mechanical properties of concrete more
than silica fume. Massana et al. (2018) showed that due to the pozzolanic properties of nano-silica,
adding it increases compressive strength and decreases the permeability of hardened concrete.
Nano-silica can increase the concrete density by reducing the voids in the cement matrix.
Furthermore, using nano-silica in the production of concrete leads to a decrease in water
absorption and permeability and increases the resistance of concrete against acid attack (Kashyap
et al. 2022). In general, using nano-silica as a cement substitute in concrete can reduce CO-
emissions from cement production and reduce environmental risks.

Another pozzolan used in concrete is copper furnace slag. Copper slag produced by mining
industries and copper recycling factories is about 50 million tons annually, which is one of the
biggest environmental challenges (Edwin ef al. 2022). Copper slag is classified as hazardous waste
due to existing harmful elements such as arsenic, cadmium, chromium, lead, and zinc. Therefore,
the use of copper slag in the production of concrete is the most effective method that can be used
to use this dangerous waste and simultaneously solve the problem of environmental destruction
and construction cost. Adding copper slag to cement mixtures increases the flowability and
compressive strength of the mix (Murari et al. 2015, Mazloom et al. 2022). Wang et al. (2016)
showed that the mechanical properties increased by replacing copper slag instead of sand. Lim et
al. (2017) investigated the mechanical and hydraulic properties of the concrete by substituting
copper slag instead of cement. They acknowledged that the best mix design contained 60% copper
slag, and this mix improved the strength parameters of concrete by about 20%. Dos Anjos et al.
(2017) also investigated the mechanical properties of high-strength concrete by replacing copper
slag with the coarse aggregate. They showed that using copper slag increases the compressive and
tensile strength of the concrete by a maximum of about 10%. Copper slag affects the mechanical
characteristics of concrete according to the ratio of water to cement and the amount of slag
replacements (Feng et al. 2019). In this regard, some studies claimed that replacing more than 30%
of copper slag in the concrete mixture causes its quality to decrease (Tiwary and Bhatia 2022).

Therefore, due to the different properties of ordinary concrete and cement composites, in this
research, by examining the design of multiple variables and performing non-linear regression,
relationships have been presented that only by determining the compressive strength of the mix
design the values of tensile and flexural strengths of cement composites can be predicted. Also,
according to the mentioned technical literature and based on the analysis of the studies, in this
research, to reduce the amount of cement consumed in the production of cementitious composites,
in addition to silica fume, nano silica, and copper slag have been used. In this regard, the effect of
replacing nano-silica, silica fume, and copper slag individually and in combination on the
mechanical properties of cementitious composites reinforced with polypropylene fibers has been
investigated. In this way, by conducting an extensive study and examining many mix designs, the
best substitute material for cement has been introduced to increase the mechanical properties of
cementitious composites. Moreover, their optimal replacement level has been expressed in the case
of using individually or blended, so that they can be used in the next studies and structural projects
as the optimal cases to reduce cement consumption.

2- Materials

The mix designs used in this study contain cement, water, silica fume, nano-silica, copper slag,
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silica sand, polypropylene fibers, and superplasticizer. To increase the flow ability of the mixtures
was used a polycarboxylate-based superplasticizer. The specifications of the superplasticizer based
on the ASTM-C494 standard (2001) are shown in Table 1. The technical and physical
characteristics of nano-silica and fibers are shown in Tables 1 and 2. Silica fume was obtained
from the Ferrosilicon Shahriar factory. Portland cement type 425-1, silica fume, and copper slag
had a specific gravity of 3.07, 2.5, and 1.75 grams per cubic centimeter, respectively, and their
chemical characteristics are presented in Table 3.

3. Mix design and testing method

The mix design of cementitious composites containing fibers is shown in the form of weight
percentage in Table 4, which includes 34 mix designs. Mix 1 is the control sample, mixes 2 to 5
include 5, 7, 10, and 15 percent of silica fume, and mixes 6 to 9 include 5, 10, 20, and 30 percent
of copper slag. Mixes 10 to 14 contain 1, 1.5, 2 and 2.5 percent of nano-silica, and mixes 15 to 18
have 10 and 15 percent silica fume along with 10 and 20 percent copper slag. Mixes 19 to 24 have
10 and 15 percent silica fume along with 1.5, 2, and 2.5 percent nano-silica. Mixes 25 to 30 have
10 and 20% copper slag along with 1.5, 2, and 2.5% nano-silica, and finally mixes 31 to 34 have
15% silica fume, 10 and 20% copper slag along with 2 and 2.5% nano-silica.

To prepare the samples, at first silica sand was mixed with all the fibers inside the mixer for 5
minutes, and then the materials were added from fine to coarse and mixed for 1 minute. Finally,
water and Super-plasticizer were added and mixed for 3 minutes. After one day, the molds were
opened, and samples were kept in lime-saturated water solution at a temperature of about 2042
until the time of the experiment. They were cured for 27 days and ready for testing. Three cement
replacement materials, including silica fume, nano silica and copper slag were used in this research.

Table 1 Technical specifications of nano-silica and superplasticizer

Specifications Nano-silica Superplasticizer
appearance milky light brown
specific weight  (gr/cm?) 1.4 1.11
pH 9.3 6.8
particle size (nm) 10-30 -
chlorine ion - less than 0.1%

Table 2 Properties of polypropylene fibers

Characteristics Results
Specific weight (kg/m?) 910
Tensile strength (MPa) 400

Melting Point (°C) 165
Length (mm) 12
Diameter (nm) 23

Elastic modulus (GPa) 2.7
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Table 3 Chemical characteristics of Portland cement, silica fume, nano-silica, copper slag and silica sand

Compounds Portland cement (%) Silica fume (%) nano-silica (%) Copper slag (%) Silica sand (%)

SiO, 21.30 95.04 96.4 34 98.10
CaO 63.48 0.49 0.49 6.50 0.06
Al O3 5.13 1.32 1.32 3.65 1.10
Fe;O; 347 0.67 0.87 - 0.10
Na,O 0.23 0.21 0.31 - 0.40
MgO 3.51 0.97 0.97 1.51 -
P,0s - 0.16 0.16 - -
SO3 1.87 0.10 0.10 - -
K,0 0.56 1.01 1.01 - 0.40
SiC - 0.50 0.50 - -
C - 0.30 0.30 - -
CL 0.04 - 0.04 0.03 -
H,O - 0.08 0.08 - -
FeO - - - 54 -
CuO - - - 0.70 -
Sulfate - - - 0.02 -

—

Specimen

—_—
10cm

(b)

Fig. 1 The overview of (a) Bending strength test under the servo electro-controlled universal machine and
(b) Compressive strength test under the hydraulic pressure machine

To name the mix designs, silica fume is shown with S, nano-silica with N, and copper slag with
C. The samples were subjected to compressive, tensile and bending strength tests.

As shown in Fig. 1, an ELE 200 t compressive test machine was used to test the compressive
and tensile strengths of the cementitious composite samples. The compressive strength was tested
according to the BSI-12390 standard (2001) on 10 cm standard cubes. The loading rate of this test
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Table 4 Mix design of fiber-reinforced cementitious composites samples (kg/m>)

Number Sample label Cement  Silica fume Copper N'a'no- Silica Fiber  Water Supe'r -
slag silica  sand plasticizer
1 plain 1120 0 0 0 589.5 2145 313.6 29.5
2 S5 1064 56 0 0 589.5 2145 313.6 29.5
3 S7 1041.6 78.4 0 0 589.5 2145 313.6 29.5
4 S10 1008 112 0 0 589.5 2145 313.6 29.5
5 S15 952 168 0 0 589.5 2145 313.6 29.5
6 C5 1064 0 56 0 589.5 2145 313.6 29.5
7 C10 1008 0 112 0 589.5 21.45 313.6 29.5
8 C20 896 0 224 0 589.5 21.45 313.6 29.5
9 C30 784 0 336 0 589.5 21.45 313.6 29.5
10 N1 1108.8 0 0 112 589.5 2145 313.6 29.5
11 N1.5 1103.2 0 0 16.8  589.5 2145 313.6 29.5
12 N2 1097.6 0 0 224 5895 2145 313.6 29.5
13 N2.5 1092 0 0 28 589.5 2145 313.6 29.5
14 N3 1086.4 0 0 33.6  589.5 2145 313.6 29.5
15 S10C10 896 112 112 0 589.5 2145 313.6 29.5
16 S15C10 840 168 112 0 589.5 2145 313.6 29.5
17 S10C20 784 112 224 0 589.5 2145 313.6 29.5
18 S15C20 728 168 224 0 589.5 21.45 313.6 29.5
19 S10N1.5 991.2 112 0 16.8  589.5 21.45 313.6 29.5
20 S10N2 958.6 112 0 224 589.5 21.45 313.6 29.5
21 S10N2.5 980 112 0 28 589.5 21.45  313.6 29.5
22 S15N1.5 935.2 168 0 16.8  589.5 21.45 313.6 29.5
23 S15N2 929.6 168 0 224 589.5 21.45  313.6 29.5
24 S15N2.5 924 168 0 28 589.5 2145 313.6 29.5
25 CION1.5 991.2 0 112 16.8  589.5 2145 313.6 29.5
26 C10N2 985.6 0 112 224 589.5 2145 313.6 29.5
27 CIO0N2.5 980 0 112 28 589.5 2145 313.6 29.5
28 C20N1.5 879.2 0 224 16.8  589.5 2145 313.6 29.5
29 C20N2 873.6 0 224 224 589.5 21.45 313.6 29.5
30 C20N2.5 868 0 224 28 589.5 21.45 313.6 29.5
31 S15C10N2 817.6 168 112 224 5895 21.45 313.6 29.5
32 S15CION2.5 812 168 112 28 589.5 21.45  313.6 29.5
33 S15C20N2 705.6 168 224 224 589.5 21.45 313.6 29.5
34  S15C20N2.5 700 168 224 28 589.5 21.45  313.6 29.5

was considered 0.3 MPa/s (BSI-12390 2001). The tensile strength test was performed on
cylindrical samples with a diameter and length of 15%30 cm, and the ASTM-C496 standard (2002)
was used for it. In this test, a cylindrical sample was placed horizontally under a 200-ton hydraulic
machine, and the loading continued continuously at a constant rate of 0.02 MPa/s until the sample
broke. Thus, the maximum force (P) that can be tolerated by the sample is determined and then the
tensile strength is calculated using the following relationship (ASTM-C496 2002)

2P
fof 1
" zld )
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Table 5 Compressive, tensile and flexural strength tests result of the cementitious composites containing one
cement substitute materials

Number Mix ID Compressive strength (MPa) Tensile strength (MPa) Flexural strength (MPa)

1 plain 42.38 3.20 5.35
2 S5 45.93 3.36 5.75
3 S7 47.11 3.40 5.82
4 S10 48.99 3.44 5.85
5 S15 5243 3.50 5.94
6 Cs 45.04 3.31 5.69
7 C10 47.23 3.46 5.80
8 C20 49.42 3.34 5.58
9 C30 36.73 3.11 5.26
10 N1 47.57 3.41 5.84
11 N1.5 51.12 3.47 5.91
12 N2 53.94 3.53 5.97
13 N2.5 56.54 3.61 6.15
14 N3 55.30 3.44 5.84

where | is the length and d is the diameter of the cylindrical sample. To determine the bending
strength of different mixes, a three-point bending test was performed on samples with dimensions
of 10x10%35 cm. According to Fig. 1, a servo electro-controlled universal machine with a
maximum capacity of 150 kN was used to perform this test. Based on the ASTM C1609 standard
(2019), the loading speed was considered equal to 0.5 mm/min.

4. Results

The mechanical properties of the samples, including compressive, tensile and flexural strengths
are shown in Tables 5 and 6. Figs. 2-4 show the percentage changes in compressive strength of
different mixes compared to plain mixt and the normalized values of the tensile and flexural
strengths based on the control sample so that their evaluation is possible visually.

4.1 Compressive strength

In Tables 5 and 6 the results of the compressive strength test and in the diagram of Fig. 2 the
percentage changes in the compressive strength of different mix designs compared to the control
sample are shown.

The compressive strength of each mix design is determined based on the average strengths of
three cubic samples. The compressive strength of the samples was obtained in the range of 36.7 to
66.4 MPa. Based on the results, the compressive strength of all samples containing silica fume was
higher than the control sample. By increasing the replacement rate of silica fume from zero to 15%
of the cement weight, the compressive strength value increased gradually, and its highest value
was obtained in the replacement ratio of 15%, which was about 24% more than the control sample.
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Table 6 Compressive, tensile and flexural strength tests result of the cementitious composites containing the
combination of different cement substitute materials

Number Mix ID  Compressive strength (MPa) Tensile strength (MPa) Flexural strength (MPa)

1 S10C10 49.85 3.40 5.92
2 S15C10 51.78 3.53 6.11
3 S10C20 54.09 3.47 6.14
4 S15C20 56.10 3.58 6.18
5 S10N1.5 55.78 3.66 6.20
6 S10N2 60.04 3.79 6.42
7 S10N2.5 58.18 3.74 6.28
8 S15NI1.5 57.33 3.71 6.28
9 S15N2 59.20 3.74 6.36
10 S15N2.5 54.13 3.59 6.11
11 CION1.5 53.82 3.71 6.07
12 CION2 55.87 3.50 6.28
13 CION2.5 57.50 3.57 6.13
14 C20N1.5 51.92 3.55 6.06
15 C20N2 54.15 3.44 5.84
16 C20N2.5 55.51 3.69 591
17 S15C10N2 66.42 3.94 6.75
18 S15C10N2.5 64.78 3.88 6.54
19 S15C20N2 64.26 3.82 6.50
20 S15C20N2.5 62.73 3.75 6.36

Substitution of nano-silica up to 2.5% of the cement weight caused a 33% increase in the
compressive strength of the samples, and a further increase in the amount of replacement up to 3%
of the cement weight decreased its desired effect by 30%. Regarding the use of copper slag, the
same trend existed but with greater intensity, so that by replacing 20 and 30% of the cement
weight with copper slag, the compressive strength increased by about 17% and decreased by about
13%, respectively.

Increasing the compressive strength of the mixes can be due to the fact that silica fume and
copper slag act as fillers on the one hand and cause an increase in sample density, on the other
hand, as activators, they accelerate pozzolanic reactions (Jalal et al. 2012, Mazloom et al. 2015,
Salehi and Mazloom 2021). Based on the results, it is clear that the replacement of very low
percentages of nano-silica compared to large amounts of silica fume can improve the compressive
strength of the samples (Scrivener and Kirkpatrick 2008, Li et al. 2017). Studies conducted on
mortar and self-compacting concrete show that adding a combination of nano-silica and silica
fume improves the properties of the samples better than adding only one of them (Jalal et al. 2012,
Li et al. 2017). Therefore, in the next step, to investigate the effect of the combination of silica
fume, nano-silica and copper slag, their effect was investigated in two-by-two and three-way.
Since the replacement amounts of 3% nano-silica and 30% copper slag alone also had a weaker
performance than other amounts, the presence of the above percentages in the design of mixed



Monitoring the effects of silica fume, copper slag and nano-silica on the mechanical properties... 79

62
52 &
B A
c
[«b]
=Y
s =
I =
[<5) 4 K
S HE
= Mo om e £
7 =l = k4
g 32 ‘TR 7 0
< g0l B0 P
S HEEE & m b
REHEEEBHER R E =l
IS MEEHEEREE B E M
8 » g???g??é??? ] 7
F M B E o MOEE B E
TN AN ] Y
= B OB E BB EEEEEE R
= B EE R E R R
@ AEHEEE R B A
3 CEHHUHEBEHHEEH B B H
> 12 ARRRRRARA RN
c AEEHEE BB BB
s THUHEHEHO AP
< ‘R LR EREERRER:
3] HEEEEE ~ B =
2
2 2 AEHHHMEE A EE S H
< CONOLNOORTILLANMNOOOONALIANLLL NLLLNLNLLN LD
@ SVNDAAOTNEZ 220 NTANGZAdZadZ2Zad2Z2aZ2aZ
(&) = " n O O { > = OO0 >2>20>2=>20>20=20 =
s -8 |= SSg8NSygSopgwongcoNSaSNS
o A AN ga N 0a8080a0&
DDDD G " mhow O OO ORVORVO
n B n?
-18 7R

Fig. 2 Percentage changes in compressive strength of different mix designs compared to the control sample

mixtures was omitted. In the C30 mix, the percentage change of compressive strength is below of
zero line, which indicates about 14% negative effect compared to the control sample.

In this study, by replacing only one of the silica fume or copper slag materials instead of
cement, their optimal amount was obtained as 15 and 20%, respectively. By testing different
amounts of these two materials in a combined state, it was determined that the optimal mixture is
obtained by replacing 15 and 20% of the cement weight with silica fume and copper slag,
respectively. In this case, the compressive strength of the S15C20 sample increases by about 32%
compared to the control sample.

The simultaneous addition of nano-silica and silica fume to the mixture improves the
microstructure of concrete. The reason is that silica fume is much finer than cement and fills the
spaces between particles. On the other hand, nano-silica particles are even finer than silica fume
and can well fill the remaining empty spaces in the mixture (Li et al. 2017). At the time of using
one cement substitute, the optimal proportion of using nano-silica was 2.5%, which at this stage
and in the combination of silica fume and nano-silica, its optimal amount changes to 2%; So by
replacing 2% of nano-silica in combination with 10% and 15% of silica fume in the mix design,
the compressive strength increases by about 42% and 40%, respectively. During the combination
of copper slag and nano-silica, a similar behavior was observed. In this case, by replacing 2.5% of
nano-silica and 10% of copper slag in the mixed design, the compressive strength of the composite
sample increases by about 36%.

Therefore, based on Fig. 2 and the above results, nano-silica had the best effect in increasing
strength among the mixes with one cement substitute. This is due to its purity, smaller particles,
and higher pozzolanic properties. The compressive strength of the mixes design with two cement
substitutes was often higher than mixes with one cement substitute. In this group, the best mix
design includes the combination of silica fume and nano-silica, which improves compressive
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Fig. 3 Normalized tensile strength diagram according to the control sample

strength by about 42%. However, with the combination of copper slag and nano-silica, this quality
improvement is slightly reduced and reaches about 36%. But this mix design has a lower cost than
the previous section. Furthermore, it has better environmental effects.

Improving compressive strength in ternary mixtures replacing cement was much better than in
other samples. It should be noted that increasing the content of cement replacement by copper slag
from 10 to 20% (in the same proportion as silica fume and nano-silica) decreased the compressive
strength of the samples. This observation can be due to the accumulation of Sios particles in the
concrete microstructure, which caused the formation of a weak interfacial transition zone (Kong et
al. 2013, Nili and Ehsani 2015). The final optimal mix design included 15% silica fume, 10%
copper slag, and 2% nano-silica and increased the compressive strength of the sample by about 57%
compared to the control sample.

4.2 Tensile strength

The results of the tensile strength test of the samples are shown in Tables 5 and 6, and the
normalized tensile strength diagram of the mix designs according to the control sample is shown in
Fig. 3. The tensile strength of all mixes containing silica fume and nano-silica was higher than the
control sample. In mix design with different amounts of silica and nano-silica, the mixture
containing 15% silica fume with about 10% increase in tensile strength and the mix design,
including 2.5% nano-silica with about 13% increase had the best performance. Meanwhile, adding
copper slag up to 10% of the cement weight increased the tensile strength by about 8%, and adding
this amount to 20 and 30% of the cement weight reduced its effect to the positive 5% and negative
3%, respectively. These findings are consistent with Jalal et al.'s study results (Jalal ez al. 2012).

In the samples with two cement substitutes, like the compressive strength, the mix design
containing 10% silica fume and 2% nano-silica had the highest tensile strength. This sample was
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Fig. 4 Normalized flexural strength diagram according to the control sample

about 18.3% better than the control sample. Among the samples containing silica fume and copper
slag, the combination of 15% silica fume and 20% copper slag had the best performance and
increased the tensile strength by about 12%. Furthermore, the combination of different amounts of
copper slag and nano-silica improved this strength by 7 to 16%, and the highest increase in tensile
strength was related to the mixed design with a combination of 10% of copper slag and 1.5% of
nano-silica. As can be seen in Fig. 3, the tensile strength is significantly improved in the mixtures
containing three cement substitutes. The final optimal mix for the sample contains 15% silica
fume, 10% copper slag, and 2% nano-silica, in which the tensile strength increased by about 23%
compared to the control sample.

4.3 Flexural strength

In Tables 5 and 6, the results of the three-point bending test and in the diagram of Fig. 4, the
normalized flexural strengths of the mix designs are shown according to the control sample.
Among the four mixes containing different amounts of silica fume, the mix design with 15% silica
fume by increasing about 11% in flexural strength had the best performance. Furthermore, among
nine mixes containing different amounts of copper slag or nano-silica, the mixes with 10% copper
slag and 2.5% nano-silica, by increasing about 9 and 15% in flexural strength, respectively, were
able to have the best performance.

In samples with two cement substitutes, the mix design containing 10% silica fume and 2%
nano-silica had the best flexural strength, which was about 20% higher than the control sample.
Furthermore, in the mix include of 15% of silica fume and 20% of copper slag, the flexural
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Fig. 5 Comparison of the relation presented in this study for tensile strength with the ACI318-14 relation
(2015)

strength improved by about 15.5%, and in the case of a combination of 10% of copper slag and 2%
of nano-silica, this strength improved by about 17.4%. In the mix designs with three cement
substitutes, such as compressive and tensile strengths, the best mix included 15% silica fume, 10%
copper slag, and 2% nano-silica. In this mix, the flexural strength increased by about 26%
compared to the control sample.

4.4 Presenting a relation for predicting tensile and flexural strengths

In equal compressive strength, the tensile and flexural strengths of the cementitious composites
are different from their corresponding values in the normal concrete. ACI318-14 Code (2015)
provides the following relationship to determine the tensile strength from its compressive strength.

f, =Ax0.56x[F, )

In the above relationship, F, is the compressive strength of the cylindrical sample, and f; is its
tensile strength in MPa.

Fig. 5 compares the results of the proposed relation in this study, the predicted results of the
ACI318-14 relationship (2015), and the results of this laboratory study. As shown in the figure,
there is a far difference between the experimental results and the calculated results from the
ACI318-14 relation (2015). Therefore, this relationship cannot predict the tensile strength of
cementitious composites using the compressive strength obtained in the laboratory, and thus a
special relation must be provided for it. In this research, by examining 34 different mix designs,
using nonlinear analysis and regression of the relevant data, the following relations have been



Monitoring the effects of silica fume, copper slag and nano-silica on the mechanical properties... 83

proposed to determine the tensile and flexural strengths of cementitious composites from their
compressive strength.

F =0.69(F,)** R®=0.865 (3)
F, =1.18(F,)* R?=0.866 (4)

In the above relations, ., F,and F_ parameters are the compressive strength of the cubic

sample, the tensile strength, and the flexural strength of the cementitious composites in MPa,
respectively. According to Fig. 5, the relation presented in this study can accurately predict the
tensile strength of cementitious composite using its compressive strength.

According to Eq. (4), the correlation coefficient calculated for predicting the flexural strength is
equal to 0.866, which shows that the proposed relation for determining the flexural strength also
has good accuracy. Therefore, between the values predicted from this relation and the experimental
results, there is an acceptable coordination.

5. Conclusions

In this research, to decrease the amount of cement consumed in the production of cementitious
composites, three cement replacement materials were used including copper slag, silica fume, and
nano-silica in cases individually, a combination of two, and all three materials. According to the
compressive, tensile, and flexural strength tests that were performed on the fiber-reinforced
composite, the following results were obtained:

1- Based on the test results, among the mix designs with one cement substitute material, the
best strength was related to the samples consisting of nano-silica. Among the different percentages
of nano-silica replacement, the most optimal value was 2.5%. Among the different amounts of
silica fume replacement, the best performance was related to the replacement percentage of 15%.
Regarding the replacement percentage of copper slag, at the replacement percentage of 20%, the
compressive strength reached its maximum value. On the other hand, in the replacement
percentage of 10% of the cement weight with copper slag, the tensile and flexural strengths
reached their maximum values.

2- In mixes with two cement substitute materials, the strengths increased significantly, and
among all the mixes, the best strength was related to the combination of silica fume and nano-
silica. The best strengths were obtained in the mix design with 10% silica fume and 2% nano-
silica. In this design, the compressive, tensile, and bending strengths increased by 42, 18, and 20
percent, respectively, compared to the control sample.

3- It was observed that by combining the copper slag with silica fume and nano-silica in a
cementitious composite, using cement content reduced, and its strengths also increased. In the
mixes design containing three cement substitutes, the best sample was the mix with 15% silica
fume, 10% copper slag, and 2% nano-silica. This mix improved the compressive, tensile, and
flexural strengths by about 57, 23, and 26%, respectively.

4- Due to the different properties of ordinary concrete and cementitious composites, in this
study, by examining 34 different mix designs and performing non-linear regression analysis, two
relations have been presented that can predict the tensile and flexural strengths of cementitious
composites only by determining the compressive strength of the mix.
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