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Abstract. High performance concrete is widely used in constructional engineering for its long 

durability, excellent volume stability, adequate compressive strength and good construction 

performance. In this paper, a class of high performance concretes are prepared by using copper 

slag instead of sand as a fine aggregate, and their mechanical properties are tested. Firstly, the 

high performance concrete specimens with different copper slag content and the steel fiber 

reinforced ones are individually prepared. Then, the compressive and flexural strength tests for
cured high performance concrete specimens are operated according to the CECS13-2009 fiber 

reinforced concrete test method standard. The test results show that for the high performance 

concrete with copper slag as fine aggregate, the compressive strength reaches a peak value as 

the replacement ratio of copper slag to fine sand about 35%, but the flexural strength decreases 

with increasing copper slag replacement ratio, while for steel fiber reinforced high performance 

concrete, when the copper slag replacement ratio is about 40%, the concrete has a relatively 

high compressive strength, flexural strength and toughness. Furthermore, under an equivalent 

strength condition, the additional steel fiber improves the replacement rate of copper slag in the 

high performance concrete, so the steel fiber reinforced high performance concrete with copper 

slag as fine aggregate exhibits a better comprehensive mechanical property.

1.  Introduction
The aggregate accounts for more than 70% of the concrete matrix and is considered as one of the main 

components of concrete [1]. Using industrial waste aggregate to replace natural aggregate or artificial 

one is an important issue for green development of building energy saving and emission reduction.

Copper slag is the waste from copper production. For every ton of copper produced, about 2.2 tons of 

copper slag are produced. In 2015, the global refined copper output was 23.08 million tons, of which 

China’s output was 7.96 million tons, accounting for about 35% of the world’s refined copper output 

in the past two years. Copper slag produced by copper refining is piled up in waste slag yard. On the 

one hand, it will occupy a large amount of land resources, easily lead to heavy metal pollution, on the 

other hand, it will cause huge waste of resources [2]. If copper slag is utilized as a fine aggregate in 

concrete, it can not only eliminate dumping cost and reduce land occupied area, but also reduce the 
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damage caused by mining fine sand and the energy consumption needed for industrial sand production, 

thus realizing the rational utilization of solid waste resources [3,4].

The copper slag has been widely used in construction, and the Building Construction Management

Administration in some foreign countries has stipulated that in the construction projects, the highest 

quality of copper slag instead of sand should not exceed 10%, and additional preventive measures 

have been taken. Some researches have been done for such copper slag concrete. Al-Jabri [5] pointed 

out that as the replacement rate of copper slag was 50%, the maximum compressive strength of copper 

slag concrete cured for 28 days decreased. Hwang [6] found that the addition of copper slag improved 

the workability and strength of concrete, and when the replacement rate of copper slag was more than 

80%, it might be due to the formation of ettringite that led to the strength reduction. Li [3] and Zong [7] 

suggested that the mechanical properties and durability of copper slag concrete are similar to those of 
concrete containing conventional sand. Shi [8] studied the utilization of copper slag concrete, and 

found that as the replacement rate of copper slag increases, excess water emerges, which has certain 

effect on the strength of copper slag concrete, and some micro-defects grows in the concrete structure. 

Ayano [9] found that the existence of copper slag leads to the delay of solidification time. Shoya [10]

discovered that the copper slag appears as a shape of irregular granular, its water absorption is low, 

which results in that the higher the volume fraction of copper slag fine aggregate is, the more free 
water content in the copper slag concrete is.

Although some researches have been worked for high strength concrete to replace traditional sand 

with copper slag as fine aggregate [11-15] or coarse aggregate [16], few studies have been done on 

adding copper slag as fine aggregate into steel fiber reinforced high strength concrete to improve its 

mechanic properties. In this paper, a class of steel fiber reinforced high performance concretes are 

prepared by using copper slag instead of sand as a fine aggregate, and their mechanical properties are 

tested. Furthermore, the influence of additional steel fiber on the replacement rate of copper slag in the 

high performance concrete is investigated.

2.  Experimental

2.1.  Materials

Cement is not only the main raw material for infrastructure construction, but also one of the main 

cementing materials for cement-based composite materials. The cement produced by Sinoma Cement 

Co., Ltd. is used in this test. The chemical compositions of the PO42.5 Portland cement, quartz sand 

and copper slag is shown in Table 1.

Table 1. The chemical compositions of cement, quartz sand and copper slag in weight percentage.

SiO2 Al2O3 Fe2O3 CaO SO3 CuO MgO K2O Loss on ignition

PO42.5 (wt.%) 23.44 7.19 2.96 55.01 2.87 / 2.24 / 2.44

Quartz sand (wt.%) 99.20 0.20 0.015 0.023 / / 0.011 0.056 /

Copper slag (wt.%) 29.07 4.02 57.80 2.30 0.32 0.42 / / 6.59

The water consumption for standard consistency of PO42.5 Portland cement used in this work is 

measured as 27.5%, the initial setting time and the final setting time are individually 115 minutes and 

160 minutes. The compressive strength of PO42.5 Portland cement curing 3 days and that of cement 

curing 28 days are individually 26.8 MPa and 48.9 MPa, while the flexural strength of Portland 

cement curing 3 days and that of cement curing 28 days are 5.9 MPa and 8.3 MPa, respectively. The

nominal maximum coarse aggregate size of the basalt gravel used in this test is 12 mm, and the 

apparent density of coarse aggregate after particle shaping is 2.77 g/cm3. The compressive strength of 

basalt gravel is 300 MPa, and its Young’s modulus of elasticity is 98 GPa. The aggregate crushing 

value of basalt rock is 5.4%. Copper slag is a kind of black glassy particle with similar size range of 

sand. Its bulk density varies from 1.9 to 2.15 g/cm
3
. Compared with common sand, copper slag has 

relatively high density and low water absorption. The fineness modulus is about 2.8, the free water 
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content is less than 0.5%, and the content of silica is about 26%, which is soluble. The quartz sand 

used in the test is medium sand with a fineness modulus of 2.8, a density of 2.65 g/cm
3
, a moisture 

content of 5%, a mud content of 0.7%, and the chemical composition is shown in Table 1. The steel 

fibers with length 13 mm and diameter 0.16 mm are adopted in this work. The water reducing agent is 

a high performance polycarboxylic acid one produced by Hunan Xianfeng Building Materials Co., 

Ltd., and the water reduction rate of mortar is 23%. The water used for mixing is directly from the tap 

water in the laboratory.

2.2.  Multi-component high performance concrete mix proportion design

Two types of high performance concrete are designed in this paper. The one is a class of copper slag 

high performance concrete without steel fibers, numbered CS-00 to CS-100, the other is a class of 

copper slag high performance concrete with steel fibers, numbered FCS-00 to FCS-100, as shown in 
Table 2. For these two types of concrete, the water cement ratio is 0.35 and the water reducing agent 

content is 1%. The mixed water, silica fume, cement and coarse aggregates of basalt gravel content are 

160 kg/m
3
, 60 kg/m

3
, 475 kg/m

3
and 750 kg/m

3
, respectively.

For the high performance concrete with copper slag and steel fiber reinforced high performance 

concrete with copper slag, the fine quartz sand aggregate content decreases from 750 kg/m
3

to 0, while 

the fine copper slag aggregate content of increases from 0 to 750 kg/m
3
. For the fiber reinforced high 

performance concrete incorporating copper slag as fine aggregates, the volume percentage of steel 

fiber is 2%, as shown in Table 2.

Table 2. The mix proportion of multi-component high performance concrete.

No.
Water 
cement 

ratio

concrete mix proportion (kg/m3)

Mixing 

water

Silica 

fume
Cement

Steel 

fiber 

V (%)

Water 

reducing 

agent (%)

Coarse 

aggregate
Sand

Copper 

slag

CS-00 0.35 160 60 457 0 1 750 750 0

CS-10 0.35 160 60 457 0 1 750 675 75

CS-30 0.35 160 60 457 0 1 750 525 225

CS-50 0.35 160 60 457 0 1 750 375 375

CS-70 0.35 160 60 457 0 1 750 225 525
CS-90 0.35 160 60 457 0 1 750 75 675

CS-100 0.35 160 60 457 0 1 750 0 750

FCS-00 0.35 160 60 457 2 1 750 750 0

FCS-10 0.35 160 60 457 2 1 750 675 75

FCS-30 0.35 160 60 457 2 1 750 525 225

FCS-50 0.35 160 60 457 2 1 750 375 375

FCS-70 0.35 160 60 457 2 1 750 225 525

FCS-90 0.35 160 60 457 2 1 750 75 675

FCS-100 0.35 160 60 457 2 1 750 0 750

2.3.  Specimen preparation

According to CECS13:2009 Fiber Reinforced Concrete Test Method Standard [17], high performance 

concrete compressive specimens and bending ones were made by using 100 mm×100 mm×100 mm

compressive specimen mould and 100 mm×100 mm×400 mm bending specimen mould, respectively. 

In order to make the steel fibers evenly distributed, after preliminary trial mixing, the production 

process of high performance concrete is as follows. Firstly, the weighted sand, cement, silica fume and 

gravel are poured into the concrete mixer in turn, the mixer is started, and then dry mixing for 2 

minutes. Secondly, as the mixer rotating at a low speed, the water and water reducing agent is added 

evenly, and the mixing is continued for 5 minutes until the cement mortar matrix is pasty. Thirdly, if
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steel fibers are needed, steel fibers are uniformly added in the mixer rotating at a low speed, stirring 

for 5 minutes until the steel fibers are evenly dispersed in the matrix of cement mortar. Finally, the 

mixing concrete is discharged from the discharging tank of the concrete mixer. Through this mixing 

process, concrete mixing is completed, the mixture is poured into the lubricated die, and the concrete 

is poured using the two-layer pouring method. After pouring, the specimen is covered with impervious 

plastic film for 24 hours, and the surface of the specimen is smoothed after initial solidification. After 

demoulding by using a demoulding machine, the test specimens are marked with date and number, and 

cured in a standard maintenance box with relative humidity of 95% for 28 days.

3.  Mechanical property tests and result analysis
According to the standard test methods, related technical regulations and test results processing 

approaches in CECS13:2009 Fiber Reinforced Concrete Test Method Standard [17] and GB-T50081-
2002 Standard for Test Method of Mechanical Properties on Ordinary Concrete [18], the compressive 

strength and flexural strength of concrete, the conversion coefficient between standard specimens and 

non-standard ones, and the size effect are considered. A Hydraulic Servo Pressure Testing Machine is

used to test the static mechanical properties.

3.1.  Compressive strength tests

The failure modes of each group of non-fiber test concrete specimens are basically similar to those of 
the neat group (0% of copper slag), as shown in Figure 1. When the load is applied to a certain level, 

small cracks appear on the surface of concrete specimen, which are approximately perpendicular to the 

upper and lower stress surfaces. As the load continues to increase, the cracks further propagate, the 

number of cracks increases, the cracks develop to the interior, the skin of the specimen begins to swell, 

loading to the ultimate load, the concrete specimen is completely destroyed, accompanying with sound. 

When the replacement rate of copper slag is 100%, the middle part of the compression failure concrete 

specimen protrudes and two relatively complete pyramids remain at both ends of the specimen, as 

shown in Figure 4(d). This is because in the concrete compression test, although the Poisson effect 

causes transverse expansion, the transverse expansion at the two ends of the concrete specimen is 

restrained by the huge friction force between the end surfaces of the concrete specimen and the 

loading platform of Test Machine, its lateral expansion is inhibited. While the materials in the middle 

of the specimen are away from the end surface, the restraint effect is weak, which leads to concrete 

spalling. With the copper slag content increasing to 50%, it is observed that the shedding blocks 

increase significantly, and the specimen’s end restraint force decreases, as shown in Figure 4(c).

(a)   (b)   (c)   (d)

Figure 1. Failure modes of the non-fiber high performance concrete specimens with different 

copper slag replacement rate in the compressive tests. (a) 0%; (b) 30%; (c) 50%; (d) 100%.

In the compressive tests of steel fiber reinforced high performance concrete specimens, the spalling 

amount of specimens is very small. This is because of the high bond strength between steel fibers and 

concrete. Due to the good bonding property, when cracks occur in the matrix, small concrete blocks 

are connected by steel fiber mesh to prevent its breakage, which can maintain its integrity and show 

good crack resistance. However, with the increase of copper slag replacement rate, more cracks can be 

observed on the steel fiber reinforced high performance concrete specimens, as shown in Figure 2.
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(a)   (b)   (c)   (d)

Figure 2. Failure modes of the steel fiber high performance concrete specimens with different 

copper slag replacement rate in the compressive tests. (a) 0%; (b) 30%; (c) 50%; (d) 100%.

3.2.  Compressive strength result analysis

The compressive tests of the copper slag concrete specimens are carried out in two groups. In the first 

group of concrete compressive tests, the compressive strength of concrete is divided into seven groups 

according to Table 2. The column diagrams of compressive strength of concrete specimens and fiber 

reinforced concrete specimens with different copper slag content are obtained as shown in Figure 3. 

The second group of concrete compressive test is based on the first group test. According to Figure 3, 

two groups of concrete specimens with a better compressive strength, namely, 30% and 50% copper 

slag replacement rate, are selected. The concrete specimens with the copper slag percentage ranging 

from 30% to 50% are designed. Then the compressive strengths for those copper slag concrete 

specimens are tested, and the curves of compressive strength vs. copper slag replacement rate are

obtained, as shown in Figure 4. According to Figure 4, the optimum fine aggregate mix ratio of copper 

slag concrete and that of fiber reinforced copper slag concrete can be obtained.

It can be seen from Figure 3 that the concrete curing age has a significant effect on the compressive 

strength of concrete. The compressive strength of concrete cured for 28 days is significantly higher 
than that of concrete cured for 7 days. In addition, the compressive strength of copper slag concrete 

firstly increases, and then is reverse with increasing copper slag replacement rate. Comparing with the 

concrete with copper slag replacement rate 0%, the compressive strength of copper slag concrete has 

increased by 38.52%, and that of steel fiber copper slag concrete has increased by 33.46%, which is

due to the presence of heavy metals in copper slag delaying the hydration of cement.
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Figure 3. Diagram of slag rate vs. strength.           Figure 4. Curve of slag rate vs. strength.

Simultaneously, it can be seen from Figure 4 that for the non-steel fiber copper slag concrete, when 

the copper slag replacement rate is 35%, the compressive strength of copper slag concrete cured for 28 

days reaches the maximum value of 70.66 MPa, and then the compressive strength of copper slag 

concrete decreases with increasing copper slag replacement rate. When the copper slag replacement 

rate is 100%, the compressive strength of copper slag concrete decreases to the minimum value of 

50.94 MPa. Comparing with the concrete with copper slag replacement rate 35%, the compressive 
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strength of concrete with copper slag replacement rate 100% has decreased by 27.91%. For the steel 

fiber copper slag concrete, when the copper slag replacement rate is 45%, the compressive strength of 

steel fiber reinforced copper slag concrete cured for 28 days reaches the maximum value of 85.01 MPa, 

which has increased by 9.58% comparing with the compressive strength of steel fiber concrete without

copper slag. Thereafter, the compressive strength of steel fiber copper slag concrete decreases with 

increasing copper slag replacement rate. When the copper slag replacement rate is 100%, the 

compressive strength of steel fiber copper slag concrete decreases to the minimum value of 69.62 MPa. 

Comparing with the steel fiber concrete with copper slag replacement rate 45%, the compressive 

strength of steel fiber concrete with 100% copper slag replacement rate has decreased by 18.10%. The 

compressive strength of copper slag concrete firstly increases and then decreases with increasing

copper slag replacement rate. When the copper slag replacement rate exceeds a certain range, the 
compressive strength of copper slag concrete decreases whether steel fibers are contained or not. This 

is due to the existence of excessive water, which improves the workability of copper slag concrete. 

The retained excess water does not participate in the hydration process and forms internal voids, which 

weakens the bond between the interior of concrete and reduces its strength.

Furthermore, it can be found from Figure 4 that the compressive strength of concrete is obviously 

enhanced by the incorporation of steel fibers, and the optimum replacement rate of copper slag is also 
improved. This is because the copper slag belongs to acidic slag and has certain pozzolanic activity. 

The bond strength between steel fibers and acidic slag is improved under hydration. Therefore, in a 

certain range of replacement rate, the compressive strength of steel fiber concrete mixed copper slag as 

fine aggregate is higher than that of steel fiber concrete mixed quartz sand as fine aggregate.

3.3.  Bending strength tests and result analysis

The four-point bending tests are carried out for the concrete beams. The span of the concrete beam is 

300 mm. The bending failure modes of copper slag concrete beams and steel fiber reinforced copper 

slag concrete beams with different replacement rates are shown in Figure 5 and Figure 6, respectively. 

(a)   (b)   (c)

Figure 5. Failure modes of the non-fiber high performance concrete specimens with different 

copper slag replacement rate in the bending tests. (a) 0%; (b) 40%; (c) 100%.

(a)   (b)   (c)

Figure 6. Failure modes of the steel fiber high performance concrete specimens with different 

copper slag replacement percentage in the bending tests. (a) 0%; (b) 40%; (c) 100%.

It can be found from Figure 5 and Figure 6 that the cracks firstly appear in the pure bending section 

of concrete beams during the loading process. With the increase of load, the crack gradually opens and 

propagates, forming a main crack. For the copper slag concrete beam, the ultimate bearing capacity of 

the beam quickly reaches and brittle failure occurs, as shown in Figure 5. For the steel fiber reinforced 

copper slag concrete beam, the load is transferred to the steel fibers between the broken concrete 
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blocks following with the concrete matrix cracking, after the peak load, more and more steel fibers 

failure, the crack further grows, and the compression zone height of the beam section decreases. 

Finally, the crack in the span of steel fiber reinforced copper slag concrete beam propagates to the 

whole section, and some steel fibers are pulled, even some steel fiber’s  tensile fractures are observed,

as shown in Figure 6.

The column diagrams of flexural strength of copper slag concrete beams and steel fiber reinforced 

copper slag concrete beams cured for 28 days are shown in Figure 7. It can be seen from Figure 7 that 

the flexural strength of steel fiber reinforced copper slag concrete beam is significantly higher than 

that of copper slag concrete beam. The flexural strength of copper slag concrete beam decreases 

slowly at first and then rapidly with increasing copper slag replacement rate, while the flexural

strength of steel fiber reinforced copper slag concrete beam firstly increases and then is reverse with 
increasing copper slag replacement rate.
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Figuer 7. Diagram of slag rate vs. strength.             Figure 8. Curve of stress vs. deflection.

The bending stress vs. deflection curves of copper slag concrete beams and steel fiber reinforced 

copper slag concrete beams are shown in Figure 8. It can be seen from Figure 8 that the bending stress 

of copper slag concrete beam increases monotonously with increasing deflection, which indicates that 

the fracture mode of such beam is an instantaneous brittle fracture. The deflection of copper slag 

concrete beams increases with increasing copper slag replacement rate, while the flexural strength 

decreases with increasing copper slag replacement rate. For steel fiber reinforced copper slag concrete 

beams, the bending stress decreases after peak loading, showing a typical ductile failure mode. The 

flexural strength and deflection of steel fiber reinforced copper slag concrete beams firstly increase 

and then decrease with the increasing copper slag replacement rate.
Under various copper slag replacement rates, the bending stress vs. deflection curve of the copper 

slag concrete beams and that of the steel fiber reinforced copper slag concrete beams are individually 

shown in Figure 9 and Figure 10. It can be found from Figure 9 that the flexural strength of concrete 

beams cured for 28 days decreases gradually with increasing copper slag replacement rate. The 

maximum bending stress is 3.573 MPa and the minimum bending stress is 2.627 MPa, while the 

maximum deflection almost increases with increasing copper slag replacement rate. According to the 
area surrounded by the bending stress-deflection curve, the fracture toughness of a copper slag 

concrete beam is indirectly estimated. It is found that the toughness of copper slag concrete beams 

increases slightly at first and then decreases with increasing copper slag replacement rate. When the 

content of copper slag is 50%, the toughness is the strongest. The envelope area of stress-deflection 

curve is the largest, and the maximum value is 0.448 kJ/m
2
, as shown in Table 3.

Simultaneously, it can be seen from Figure 10 that in the case of replacement rate lower than 40%, 

the flexural strength of the steel fiber reinforced copper slag concrete increases with increasing of 

copper slag replacement rate, while in the case of replacement rate higher than 40%, the flexural

strength decreases with increasing copper slag replacement rate. The maximum bending stress of steel 
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fiber reinforced copper slag concrete beams is 6.393 MPa, which is 1.848 times higher than that of 

non-fiber concrete beam with 40% copper slag fine aggregate. According to the envelope area of 

bending stress-deflection curve, the fracture toughness of a steel fiber reinforced copper slag concrete 

beam is estimated. It is found that the fracture toughness of steel fiber reinforced copper slag concrete 

beam firstly increases and then is reverse with increasing copper slag replacement rate. When the 

content of copper slag fine aggregate is 40%, the steel fiber reinforced copper slag concrete beam has

the best toughness, the curve envelope area is calculated as 15.901 kJ/m
2
, its flexural strength, and 

deflection as well, reaches a maximum value, exhibiting the best flexural performance, as shown in 

Table 4. Overall, the fracture toughness of steel fiber reinforced concrete is greatly improved 

compared with that of ordinary concrete. Under a certain copper slag replacement rate, the bonding 

effect between copper slag and steel fiber is better than that between quartz sand and steel fiber, so 
steel fiber reinforced copper slag concrete beams shows an excellent toughness and flexural property.
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Figure 9. Curve of stress vs. deflection for CS.   Figure 10. Curve of stress vs. deflection for FCS.

Table 3. Flexural strength test results for the copper slag concrete beams.

No. of CS specimen CS-00 CS-30 CS-40 CS-50 CS-70 CS-100

Area inside the curve W (kJ/m
2
) 0.322 0.412 0.332 0.448 0.418 0.405

Maximum Deflection "max (mm) 0.286 0.359 0.375 0.430 0.428 0.441

Peak stress !p (MPa) 3.573 3.499 3.459 3.246 3.004 2.627

Table 4. Flexural strength test results for the steel fiber reinforced copper slag concrete beams.

No. of CS specimen FCS-00 FCS-30 FCS-40 FCS-50 FCS-70 FCS-100

Area inside the curve W (kJ/m
2
) 11.766 11.730 15.901 12.318 9.805 7.902

Maximum Deflection "max (mm) 0.731 0.820 0.878 0.700 0.540 0.606

Peak stress !p (MPa) 5.566 6.219 6.393 5.431 4.887 4.706

4.  Conclusions
The conclusions are given as following:

(1) The compressive tests for the copper slag concrete specimens show that the damage degree of 

the copper slag concrete increases with increasing copper slag replacement rate, and the restraint force 

at the end of specimen decreases. The crack resistance of steel fiber reinforced copper slag concrete is 

excellent, but the crack resistance of steel fiber reinforced copper slag concrete specimens decreases 

with increasing copper slag replacement rate.

(2) As the copper slag replacement rate is 35%, the copper slag concrete cured for 28 days has the 

best compressive strength, which is 12.53% higher than that of non-copper slag concrete. As the 

copper slag replacement rate is 45%, the steel fiber copper slag concrete cured for 28 days has the best 
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compressive strength, which is 9.58% higher than that of steel fiber concrete. The replacement rate of 

copper slag replacing sand as fine aggregate is improved by adding the steel fibers into concrete.

(3) For the copper slag concrete beam, the flexural strength decreases gradually with increasing

copper slag replacement rate, while for the steel fiber copper slag concrete beams, as the copper slag

replacement rate is 40%, it has the largest flexural strength and maximum failure deflection.

(4) As the copper slag replacement rate is lower than 45%, the steel fiber reinforced copper slag 

concrete beam has better flexural and toughness performance than that of the steel fiber reinforced 

concrete beam. It shows that when using the copper slag instead of sand as a fine aggregate to prepare 

concrete, the steel fiber reinforced copper slag concrete material with excellent mechanical properties 

can be obtained by adding appropriate amount of steel fiber into concrete.
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