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Abstract

Effect of copper slag on the hydration of cement based materials is
studied.  Up to 15% by weight of copper slag was used as a portland
cement replacement.  Activation of pozzolanic reactions were studied
using up to 1.5% hydrated lime.  Hydration reactions were monitored
using quantitative X-Ray diffraction (QXRD) and the porosity was
examined using mercury intrusion porosimetry (MIP).  Results indicate a
significant increase in the compressive strength for up to 90 days of
hydration.  A decreases in capillary porosity measured using MIP
indicated densification of the microstructure. The embrittlement due to
the addition of slag is measured using fracture parameters. Fracture
properties such as critical stress intensity factor, and fracture toughness,
Gf  showed a constant or decreasing trend with the addition slag.

Introduction

The most common type of slag produced in metallurgical
operations is blast furnace slag.  Long-term performance records in
manufacturing blended cement, lightweight aggregates, and pozzolans
for portland cement have demonstrated blast furnace iron and steel slag
to be economical and durable [1].  Copper slag however is not effectively
utilized in the United States, whereas in Canada, approximately 45% of it
is used in base construction, railroad ballast, and engineered fill [2].
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Major copper producing regions of the United States are located in
the southwestern states, especially in Arizona where large quantities are
generated as a by-product of the smelting operation [3][4].  Utilization of
copper slag for applications such as portland cement replacement in
concrete, and/or as a cement raw material has the dual benefit of
eliminating the costs of disposal, while lowering the cost of the concrete. 
This paper evaluates the potential application of copper slag in concrete
as a partial substitute for portland cement.

Analysis of Blast Furnace Slags

In the early days of copper mining, high-grade oxidized ores were
smelted directly in blast furnaces [5].  The copper content of the slag was
quite high while the produced copper was impure and required
considerable refining [6].  Eventually, the practice of smelting in blast
furnaces was abandoned. Currently, the high-grade oxide ores are mixed
with sulfide ores and smelted to matte.  Low-grade oxide ores are treated
by leaching [7][8].

Chemical analysis of various Copper slags are shown in Table 1. 
Copper content is limited to 1-2% of the production of the smelter and
may be present in the form of metallic copper, delafossite and mostly in
the form of cuprite (copper silicate). Mineralogical observations indicate
most of the copper slags to be well crystallized.  In addition to Iron
oxides, other oxides of silica, alumina, lime, and magnesia constitute 95%
or more of the total oxides.

smelter Copper
Queen

Detroit Prince Old-
Dominion

United
Verde

Bisbee

Cu 2.1 1.64 0.18 0.32
CuO 3.76 2.59
SiO2 24.7 34.34 27.16 27.23 35.79 28
FeO 44.8 32.27 34.62 51.3 37.89 29
MnO 0.4 8.05 0.49 1.65
CaO 10.9 10.13 17.42 5.14 12.98 9
MgO 1.7 2.3 3.51 2.54 0.75

Al2O3 15.6 11.64 14.7 5.22 8.29 27
S 0.28 0.33

CaO+ SiO2

+ FeO
85.1 78.25 76.38 83.75 81.97 84

Table 1.  Constituents of various coppper slags based on oxide
analysis

Based on Table 1 and in comparison to the chemical composition of
natural pozzolans of ASTM C 618-92a [9], the summation of the three
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oxides (CaO+SiO2 +FeO) exceeds the 70 percentile requirement of
pozzolanic activity.  This number compares various pozzolans for their
degree of reactivity as compared to class C flyash.

Particle size distribution of slag obtained using sonic sifter
indicated 40% of the particles to be smaller than 45 microns. The specific
gravity of the copper slag measured using ASTM C128 is 3.5.

An X-ray diffraction pattern of an as-is sample of copper slag is
shown in Figure 1.  The observed peaks correlate well with the reference
patterns for Fe3O4 (magnetite),  and Fe2SiO4 (fayalite) as the main phases
present in the slag.  Some of the differences between the observed and
tabulated d-spacings for fayalite could be attributed to magnesium
substituting for iron atoms, thus changing the size of the unit cell slightly.

Figure 1. XRD Pattern of a sample of as-is copper slag.

Properties of Copper Slag-Cementitious Systems

Paste, mortar, and concrete samples containing up to 15% copper
slag as a cement replacement were studied.  The hydration process of
several mixtures were also activated using hydrated lime, CH.  A water to
solids ratio of 0.4 was used. Mortar samples were prepared with the ratio
of fine aggregates to total cementitious solids at 2:1.  Concrete mixtures
designs are shown in Table 2. Curing was achieved by storage in a
constant temperature curing chamber at 90 RH, 700 F until the time of the
test.

Time of set measurements using Gilmore needles indicate that
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slag delayed both initial and final setting times of the cement paste.  Such
retarding effects are characteristic of many pozzolanic reactions, and are
negligible.  Initial set was delayed by as much as 51 min. (for 15% slag),
and final set by as much as 30 min. (for 15% slag) in comparison with the
control sample.  With the addition of lime as activator to the higher
dosages of copper slag, the setting time was reduced.  The initial setting
time of 15% slag-mortar reduced from 2.4 hrs to 1.7 hrs, while the final
setting time reduced from 4 hrs to 3.45 hrs.

% Copper Slag 0% 5% 10%  15%

Kg/m3  Kg/m3  Kg/m3 Kg/m3

Cement 482 458 434 410

Copper Slag 0 24 48 72

Water 193 193 193 193

CA,ssd 899 899 899 899

FA,ssd 624 615 606 598

 Air content 4% 4% 4% 4%

Superplasticizer(ml) 11 11 11 11

 Air entrainment(ml) 14 14 14 14

Table 2. Mix design for Slag-cement concrete

Analysis of Hydration Products using X-ray diffraction

Hydration reactions of two samples of control and 10% slag-cement
paste were stopped using acetone at ages of 1, 7, and 28 days. These
samples were studied using X-Ray Diffraction technique.  Results indicate
presence of portlandite (CH), Ettringite, C6ASH32,C2S, C3S, C3A, and CSH2

(Gypsum).  Formation of CH peak in the control sample was used as a
measure of hydration.  In comparison to the control sample, a slight
increase in the CH peaks of 10% copper slag samples was observed. 
Similar observations are made for the intensity of ettringite, C2S, and C3A
peaks at this level.[10]

Mercury Intrusion Porosimetry

Mercury Intrusion Porosimetry was used to compare the pore size
distribution of paste containing 10% slag with a control sample.  A plot of
intruded volume versus applied pressure for both samples is shown in
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Figure 2.  The total volume of mercury intruded into the control sample is
less than that for the 10% slag-cement paste sample, indicating a larger
total porosity for the copper slag paste.  This may be attributed to a lower
degree of hydration and a lower gel space ratio for the copper slag
sample.  The capillary porosity is indicated by the porosity in the larger
pore sizes, (considered larger than 10 microns).  As shown in Figure 2, the
slag-cement paste has higher gel porosity as compared to the control paste
with more capillary porosity.  The reduction in capillary porosity may be
attributed to the size of the slag particles and their role in densifying the
microstructure.
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Figure 2 Intruded volume of Mercury as a function of applied
pressure for Copper slag and control mixtures.

Mechanical Properties of Copper Slag Cementitious Systems

Rate of strength development for three dosages of 5, 10 and 15%
copper slag used as portland cement replacement were compared to
control mixtures for concrete and mortar. Mortar cubes were tested for
compressive strength after 1, 7, 28, and 90 days of curing. The trends of
compressive strength of mortar with copper slag are shown in Figure 3. 
Data points correspond to the mean strength of three replicate samples.

Use of copper slag reduced the early age strength (1st day) while
increasing it beyond the 7 days.  The compressive strength of the mortar
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cubes increases up to 90 days for all levels of slag studied.  The strength of
copper slag mixtures are significantly superior to the control specimens. 
With the addition of lime at the higher percentages of copper slag (15%
copper slag and 1.5%  lime as activator), the compressive strength
increased from 30 MPa at the 28th day to 61 MPa at the 90th day, reflecting
a 100% increase.  Note that a major portion of strength gain took place
during the 28-90th day period.  This trend is evident in mixtures with and
without the use of lime as an activator.   At the 90th day, 15% slag mortar
exceeds in strength by as much as 45% over the control sample.  Addition
of lime improves the strength gain.  Although not shown in the present
figure, the maximum strength gain was found to be 23.4 MPa (10% slag)
using 1% lime. [10]
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Figure 3. Effect of Copper Slag on the strength of
concrete

Flexural Results 

Concrete specimens (50 x 100 x 457 mm in dimension) were
notched using a water cooled diamond saw.  A constant notch depth of
a/b= 0.25 was used.  Specimens were tested in a 3 point bending using a
closed loop servo-hydraulic system as shown in Figure 4.  The crack
mouth opening displacement (CMOD) was measured using an LVDT
(0.05" range) across the faces of the notch. The deflection of the beam was
measured using a fixture which eliminated support deformations. The
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load-deflection-CMOD response was recorded using a 12 bit resolution
data acquisition system.

Figure 4. Schematics of the three point bending fracture test.

A typical load vs. deflection curve is shown in Figure 5 for concrete
specimens containing 10 and 15% of copper slag.  The brittleness of
concrete due to densification at the interfacial zone of aggregates is
observed in the post peak response of the specimen.  With the higher
volume fraction of the slag, the descending branch of the load
deformation response is much more steep.  The size of aggregates used in
the concrete alters the crack growth through the material.  Due to the
densification at the interfacial zone, crack path becomes less tortuous and
the fracture toughness decreases.  The fracture toughness Gf as measured
by the area under the load-deflection curve showed a decreasing trend
with the addition of copper slags.  The toughness decreased from a value
of 1.25 N/mm for control to as low as 0.29 N/mm for 15% copper slag.
Comparison of the compressive strength results with the flexural test
results indicates that the increase in compressive properties does not
necessarily translate into an increase in the flexural and fracture
properties.

As the crack grows in the specimen, the compliance increases while
the load carrying capacity decreases.  The change in compliance can be
used to calculate the fracture parameters (Critical stress intensity factor
KICs, and the critical crack tip opening displacement CTODc), of various
flexural specimens in accordance to the proposed Rilem test method using
the compliance based approach [11].



Proceedings, ASCE, Materials Engineering Conference, Materials for the New
Millenium, ed. K. Chong, pp. 1677-86, 1996.

Load, N

15% Copper slag

10% Copper slag

0.0 0.1 0.2 0.3 0.4
Deflection, mm

0

500

1000

1500

2000

2500

3000

Figure 5. Load Deflection response of samples containing 10%
and 15% copper slag.

A constant CMOD rate was used.  The specimen was unloaded at
about 95% of the peak load in the post peak response.  The initial loading
compliance is defined as Co and the unloading compliance at the peak is
referred to as Ce. Using these two values and the initial geometry of the
specimen, it is possible to obtain material properties KICs, and CTODc,
which are independent of size, and geometry. 

The trend of stress intensity factor KICs , and CTODC are shown in
Figure 6. The higher the KsIC,the tougher the material. The stress intensity
factor, KICs, showed a decreasing trend with the addition of copper slag. 
The KICs , was 1.07 MPa-m-1/2 for 15% copper slag mortars as compared to
1.12 MPa-m-1/2 for the control sample reflecting only a 5% drop in
toughness.  The lower the CTODc the more brittle the material.  The
Critical Tip Opening Displacement CTODc  showed a decreasing trend
with the addition of copper slag. The CTODc , is 0.0081 mm for 15%
copper slag mortars as compared to 0.0191 mm for the control sample
reflecting about 135%.
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Figure 6. Effect of copper slag on the critical stress intensity
factor and the crack tip opening displacement.

Conclusion

This study points out the beneficial aspects of using copper slag as
a pozzolanic  material.  Copper slag is shown to significantly increase the
compressive strength of concrete mixtures.  Pozzolanic reactions are
verified by means of XRD techniques.  Use of lime as a hydration
activator was evaluated and shown to improve the rate of strength gain. 
Results obtained from this study indicate the tremendous potential of
copper slag as a mineral admixture.
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