Materials Research. 2010; 13(4): 513-519

© 2010
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Electric-arc furnace dust (EAFD) is a by-product of steel production and recycling. This fine-grained material
contains high amounts of zinc and iron as well as significant amounts of potentially toxic elements such as lead,
cadmium and chromium. Therefore, the treatment and stabilization of this industrial residue is necessary. Concrete
is a well-known suitable environment for stabilization/solidification of materials which have leachable elements in
need of fixation. The effect of the EAFD content on the mechanical and chemical performance of Portland cement
concrete is investigated in this paper. The effect of the EAFD content on the setting time of cement slurry was
also analyzed. The axial compressive strength of the concrete samples increases with the EAFD addition in the
range of 10 to 20 wt. (%) EAFD; also the tensile strength increases with the EAFD addition. An increase in EAFD
content significantly increases the setting time of the concrete. The acetic acid leaching and water solubilization
tests indicate low mobility of the potentially toxic elements from the EAFD concrete composite. The results of
the immersion tests show that the addition of EAFD to the concrete seems to reduce chloride penetration, which

may help prevent pitting corrosion in reinforced concrete.
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1. Introduction

Electric-arc furnace dust (EAFD) is by-product of steel
production and recycling and it is widely reported that about 15-20 kg
of dust is produced for each ton of steel produced'. It is a complex,
fine-grained, high-density material containing high amounts of
zinc and iron, and significant amounts of calcium, manganese,
magnesium, lead, and chromium'?3. The phase identification of
the EAFD samples indicates the presence of complex minerals
such franklinite (ZnFeO,), magnetite (Fe,0,), magnesium-ferrite
(MgFe,0,), chromite (FeCr,0,), calcium-magnetite (Ca, Fe, O,),
periclase (MgO), manganese oxide (Mn,0,), quartz (SiO,) and
zincite (ZnO)*. For various reasons, electric-arc furnace technology
is currently used in most global steel production worldwide. EAFD
is an industrail residue in need of stabilization and concete is known
to be a suitable*®. Concrete is a well-known suitable environment for
stabilization/solidification, which is favorable for some materials that
have leachable elements and need fixation. Moreover, the properties
of the concrete may be enhanced due to the zinc and pozzolanic
compounds present in the waste. Therefore, the use of EAFD in
concrete is an interesting option.

The effects of a small amount of EAFD on the properties of
concrete have been investigated*”#°. The dust has been used as a
replacement for cement by mass in 2 and 3%, and the results obtained
indicate that the EAFD retards the setting time and enhances the
compressive and shearing strengths as well as resistance to abrasion.

Some environmental agents can induce concrete degradation,
which significantly impact the performance of concrete structures.
Corrosion of reinforced bars can cause failure and increase costs as
support and repair are needed. The pitting corrosion in the reinforced
bars caused by the penetration of chloride ion is a serious concrete
degradation problem as pitting acts as a point of stress concentration,
which can lead to a significant decrease in mechanical strength.

*e-mail: caldassouza@hotmail.com

The radial penetration of chloride in a circular satured cylindrical
samples can be evaluated using the Fick’s second law of diffusion in
cylindrical coordinates. Assuming that the chloride concentration is
initially uniform throughout the cylinder, the surface concentration
is constant and using the non-steady diffusion equation in cylindrical
coordinates as the governing equation of the chloride penetration'’:
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where, C is the chlorine concentration in the cylinder, 7 is the time,
r the radial position inside the cylinder, D, the apparent diffusivity
of the chloride in the cylinder, C; the chloride concentration at the
cylinder surface, and C| the initial chloride concentration throughout
the cylinder, and a is the cylinder radius. In the case of no initial
chloride in the cylinder, the analytical solution of the transient chloride
profile is given by'’:
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where, J; and J| are the Bessel functions of the first kind and order
zero and one, respectively and o are the positive roots of the equation:
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Equation 3 gives the chloride penetration curves that are
initially sharp and becomes smooth with the time by increasing the
concentration at the cylinder center line. Figure 1a, 1b and 1c show
the simulated profiles using typical apparent diffusivity coefficient for
the chloride in concrete!'. One remark that in short term of exposures
to chloride, below two months, the penetration profiles can be already
well developed.

The experimental effect of the EAFD content on the concrete
resistance to chloride penetration has not been studied yet, and this
is one of the objectives of this paper. In addition to the mechanical
properties, the solubilization of the potentially toxic elements of
EAFD is addressed.

Materials Research

The paper is organized as follows. The second section presents
the experimental procedure, the third section presents the results and
discussion, and the fourth section presents the conclusions.

2. Experimental Procedure

2.1. Materials

A Portland cement (CP-F 32) was used in this study. Washed sand
was used as fine aggregate, while the coarse aggregate was crushed
aggregates. They were used in all the blends studied. The apparent
density, grain density and large size particles of the aggregates are
shown in Table 1. It can be noted that the apparent density is very
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Figure 1. Simulated chloride concentrations distribution in the cylinder for short term exposure to chloride and typical values of apparent diffusivity (using
Equation 3): a) DW =5x 107 cm?%s; b) D(w =1x 107 cm?s; and ¢) Du,) =5x 10% cm?s.
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close, despite the fact that the grain density is not the same. The ratio
between the large particles is about 20 for the finer aggregate and
coarse aggregate.

The EAFD was provided by a steelmaking plant located in Bahia
(Brazil) which is fed with hematite pellets produced in Minas Gerais
(Brazil) and with iron scrap. The main components of the EAFD
evaluated by atomic absorption spectroscopy are presented in Table 2.
Of note are the large iron and zinc contents that characterize this
material. The density of the EAFD is 4.08 g.cm™ and the specific
surface is 7310 cm>.g™'. The EAFD is a highly dense material, which is
compatible with the chemical and mineralogical content'**. Figure 2
presents the EAFD size distribution, estimated by free settling and
density evaluation in a graduated cylinder. This material is much
finer with a d,, of about 8.5 um. The microscopic evaluation of
the EAFD samples in secondary electrons was performed using a

Table 1. Physical properties of the aggregates.

Aggregate Apparent Grain density ~ Maximum
density (g.cm™) (g.cm™) particle size
(mm)
Fine aggregate 1.55 2.62 0.6
Coarse aggregate 1.54 2.74 19
Table 2. Chemical composition of EAFD.
Element Unit Content
Iron % 35.89
Zinc % 10.76
Lead % 0.9876
Aluminum % 0.7295
Copper mg.kg™! 689.9
Cadmium mg.kg™! 193.9
Barium mg.kg™! 164.7
Nickel mg.kg™! 107.6
Silver mg.kg™! 35.13
Chromium mg.kg™! 29.22
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Figure 3. Secondary electrons SEM image of the EAFD.
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scanning electron microscope Philips model XL-30. Figure 3 shows
two images of the EAFD particles. The fine particles can be observed
and some aggregation between the particles and an almost spherical
morphology of the particles.

2.2. Preparation of the concrete samples

In order to evaluate the effect of the EAFD on the concrete
characteristics, concrete samples containing different EAFD contents
in relation to cement (EAFD 0.0 wt. (%); EAFD 10 wt. (%); EAFD
15 wt. (%); and EAFD 20 wt. (%)) were prepared. Table 3 summarizes
the composition of the blends; note that the water-cement ratio is 0.54.
The samples were cast in a cylindrical mould of 100 mm in diameter
and 200 mm in height. After drying at 25 °C, the specimens were
removed from their moulds and wet-cured for 28 day.
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Figure 2. EAFD size distribution.
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2.3. Test methods

The effect of EAFD addition on the axial compressive strength
and the tensile strength by radial compression of the concrete
samples was evaluated using the tensile strength test'?, as shown in
Figure 4. Each test was repeated three times for each condition. The
compressive load was applied using a 300 kN compression machine,
CWK model, at a rate of 0.3 Nmm.s. The tensile strength, obtained
by radial compression, was calculated using the equation:

2P
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where, G is the maximum tensile stress in the perpendicular direction
to the applied load, P is the rupture load applied to the radial direction
of the sample, D is the diameter of the cylindrical sample, and t is
the length of the cylindrical sample.

Table 3. Blend ratio of concrete (in weight basis).

Cement Fine aggregate Coarse Water
(sand) aggregate
1.00 2.01 3.38 0.54
t
t—]
P P
N T s
>
D >
-~

Figure 4. Schematics of the Brazilian tensile strength test.
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Figure 5. Schematic representation of the method used for the immersion of
concrete specimens.
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To perform the chloride penetration experiments, the concrete
samples were fully immersed in the 3.5 wt. (%) sodium chloride
solution. After 15, 30 or 60 days, samples of the axial direction of
the concrete cylinders were extracted by drilling at 10, 20, 30, 40,
and 50 mm from surface (Figure 5). After drying the samples in an
oven, these powdered samples were mixed with a hot water solution
and filtered. The liquid phase was collected in the volumetric flask
and titred with 0.01017 N silver nitrate solutions using a potassium
chromate solution 0.05 N as indicator (the classical Mohr method)".
The salt content is given as a percent of chloride per cement weight.
Each test was repeated three times for each condition.

The leaching and solubilization tests were carried out with
concrete samples containing different EAFD contents (with regard
to cement weight). These tests were carried out in accordance with
the Brazilian Standard''>, which are based on the EPA method used
for waste classification.

The setting time indicated the time necessary to begin and finish
the hardening of the cement paste, and the tests were carried out
according to the Brazilian Standard NBR NMS65/2003'° the setting
time was evaluated by measuring the penetration of a needle into the
cement paste until it reaches a vary small value.

3. Results and Discussion

3.1. Mechanical strength

The effect of EAFD addition on the axial compressive strength
and on the tensile strength of the concrete samples after 28 days curing
is reported in Figures 6 and 7, respectively. The results show that the
increase in the axial compressive strength with EAFD addition is
in accordance with previous work reported in the literature®, which
also verified the increase in the compressive strength of concrete
containing a small addition of EAFD (2 and 3 wt. (%)), attributable
to its pozzolanic characteristics®.

Furthermore, as regards the tensile strength values (Figure 7), the
samples with EAFD present similar or slightly better strength than
traditional concrete, despite this increase in strength being lower than
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Figure 6. Concrete sample axial compression strength at 28 days.
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Figure 7. Concrete sample diametral strength after 28 days.

that obtained in compressive strength measurements. The apparent
lower value found for sample with 15 wt. (%) of EAFD, contrasting
with samples content 10 and 20 wt. (%) of EAFD, is within the
experimental error of the method. It is possible that the effect of the
addition of EAFD on the increase in concrete strength is related to
the characteristics of the fine materials in the EAFD. The addition
of such a fine material in the concrete can increase its apparent
uniformity and homogeneity and density; moreover, it seems that the
addition of this fine material reduces the concrete porosity, which in
turn increases the useful area. This hypothesis is consistent with the
experimental results that show a decreased of water absorption in
concrete!” samples due to EADF addition, indicating therefore the
increase in density with the presence of this material.

3.2. Setting time of Portland cement concrete composite

A strong impact of EAFD on the setting time of concrete was
observed: the samples required more than 48 hours to harden
completely (Figure 8). Then, the “Vicat method” test was carried out
with cement paste in order to verify this performance. The results
confirmed that the addition of EAFD to the cement paste increases
the setting time significantly, also observed in prior work®.

The delay in the setting time of the samples with EAFD addition
could be related to the Zn content in the EAFD chemical composition.
Initially present in the EAFD as oxide (ZnO), the Zn changes into
amorphous hydroxide, Zn(OH),, which forms a protective coating on
the surface of anhydrous cement grains'®!?. This coating formation
delays cement hydration, mainly the C,S phase, and after this
delay high Ca* and OH' concentrations enable the zinc hydroxide
to transform into zinc calcium hydroxide, which is a crystalline
compound. After that the hydration process starts again'.

3.3. Leaching tests

Tables 4 and 5 show the results of the acetic acid leaching and
water solubilization tests carried out with concrete samples containing
EAFD. In these tables the chemical element values obtained from the
concrete samples and the limit values determined by the Brazilian
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Figure 8. Effect of the EAFD content on the cement setting time.

Table 4. Liquid phase element content after the concrete sample acetic acid
leaching (in mg.L™).

Elements Limit EAFD content
(mg.L™) 10% 15% 20%
Barium 100.0 0.26 0.33 0.11
Cadmium 0.50 <0.002 <0.002 <0.002
Chromium 5.0 < 0.006 < 0.006 < 0.006
Lead 5.0 0.40 0.06 <0.01
Silver 5.0 <0.002 <0.002 <0.002

Table 5. Liquid phase element content after the concrete sample water
solubilization (in mg.L™).

Elements/  Limit EAFD content

Ion  (mgL™") 10% 15% 20%
Aluminum  0.20 0.93-1.19 0.66-0.69 0.57-0.59
Barium 1.00 0.30-0.54 0.66-0.78 0.41-0.45
Cadmium 0.01 <0.002 <0.002 <0.002
Chromium  0.10 < 0.006 < 0.006 < 0.006
Copper 0.30 <0.003 0.01 0.01
Iron 0.00 < 0.006 < 0.006 < 0.006
Lead 0.05 <0.01 0.01 <0.01
Nitrate 10.00 0.81-0.99 0.85-0.93 0.86-0.98
Silver 0.05 < 0.002 <0.002 <0.002
Sulfate 400.00 16.75-17.13  8.26-15.67  15.78-27.73
Zinc 5.00 <0.01 0.021-0.023  0.029-0.101

Standard NBR 10004* can be observed. These results show that no
other metal analyzed exceeded the levels proposed in the legislation
to consider a material toxic except for aluminum, likely due to
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the dissociation of the calcium aluminate present in the clinker of
Portland cement.

Therefore the results presented in Tables 4 and 5 indicate
that concrete mixed with over 20 wt. (%) EAFD can be classified
as an inert material. The aluminum solubilization is due to the
concrete matrix and does not causes environmental concerns. These
observations corroborate the ability of concrete to stabilize potentially
toxic elements such as cadmium and lead present in EAFD.

3.4. Chloride penetration

Figure 9 presents the chloride penetration curve in the cylindrical
concrete samples for a 30 days immersion test. As can be seen there
is a typical gradient driven process with high concentrations close to
the surface and low concentrations at the center, which is described
by equation 3. Itis observed that close to the cylinder center, between
a radius of 30 and 70 mm, the chloride concentration stabilizes at
around 0.15%, due the reduction in the chloride concentration gradient
close to the center.

Furthermore, almost all the points of the chlorine penetration
profile, when EAFD is added (EADF 15 wt. (%)) to the concrete
sample, are below the curve for concrete alone, except at point of
50 mm due to experimental difficulties to the analysis of low chloride
content. The curves for 15 and 60 days of immersion, not shown here,
have analogous behavior. These results indicate that the addition of
EAFD increased the chloride ion penetration resistance, likely due to
the micro-filling effect and the tendency for small particles to serve
as nucleation sites for cement hydration.

1.80

—— Concrete
—o— Concrete with EAFD (15 wt.(%))

1.50

1.20

0.90

Chloride content (%)

0.60

0.30

0.00 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100

Sample location (mm)

Figure 9. Chloride penetration profiled (percent of chloride per cement
weight) in the cylindrical samples after 30 days immersion in NaCl solution.

Table 6. Average chloride content (in %) at 30 to 40 mm of the cylindrical
samples.

Immersion time Concrete Concrete with
(days) EAFD
15 0.145 0.098
30 0.147 0.088
60 0.104 0.098

Materials Research

Table 6 shows the average chloride content of the samples at
30 to 40 mm of the cylindrical samples, which are estimated as the
average value of the chloride content at 30, 40, 60 and 70 mm. Note
that these results indicate that in all cases the addition of EAFD
(15 wt. (%)) significantly reduces the average chloride content.

The thickness of a reinforced concrete layer must be higher
than 30 to 40 mm, therefore the addition of EAFD may prevent
pitting corrosion caused by the presence of chloride. In accordance
with the Brazilian standard®' the chloride concentration must be
below 0.4 wt. (%) to prevent corrosion in reinforced concrete. The
results presented in this work show that the chloride concentration
at 30-40 mm is lower than this value.

4. Conclusions

This study evaluated the effect of the addition of 10, 15 and
20 wt. (%) EAFD on the mechanical properties and chloride
penetration of Portland cement. It was found that the addition of
EAFD caused a significant delay in the setting time of concrete
samples. In addition, the axial compressive strength of concrete
samples increased with the addition of EAFD. The tensile strength of
the concrete with added EAFD is similar or better when compared to
areference concrete sample. Leaching tests show that no other metal
analyzed exceeded the levels proposed in the Brazilian standards as
toxic except for aluminum, which seems to come from the dissociation
of the calcium aluminate present in the Portland cement. The presence
of EAFD (15 wt. (%)) in the cement indicate a decrease in chloride
penetration in the concrete samples.
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