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ABSTRACT

Suitability of using steel slag (55) as substitute for sand in concrete was investigated. SS was collected from a dump

site, crushed manually and sieved through between sieves No. 4 and 200. 5S was characterized using XRF and XRD

techniques. Concrete of mix ratio 1:2:4 was batched by weijght with slag replacement levels of 0 to 100% of sand at
25% interval and the concrete specimens (cubes and beams) produced were cured in water for 7, 14, 28 and 56 days.

Water demand, compressive strength as well as flexural strength of the concrete were determined. Results indicated
that SS contained high amorphous silica (42.40%) and ferric oxides (31.90%) with traces of crystalline particles. The

water-cement ratio reduced from 0.62 to 0.50 as slag proportion increased from 0% to 100% at slump range of
60+ 10 mm. The strength of SS concrete increased with increase in proportion of SS. The study suggested that up to

50% of weight of sand could be replaced with slag to produce structural concrete.

Keywords: structural concrete, steel slag, fine aggregate, compressive strength and flexural strength

1. INTRODUCTION

Environmental sustainability has been subject of
discourse virtually in all human endeavours, especially
in construction industries, where natural raw materials
are consumed tremendously. Concrete, the most
consumed artificial materials, consists of fine and
coarse aggregates that occupy 60% to 75% of the
concrete volume (70% to 85% by mass) which strongly
influence the concrete’s freshly mixed and hardened
properties, mixture proportions, and economy [1].
According to some estimates, after the year 2010, the
global concrete industry required 8 to 12 billion metric
tons of natural aggregates annually and over 2 billion
tons of aggregates are consumed annually with about
40% of fine aggregates [2].

Conventional aggregates (fine or coarse) are mined
from the earth, either dug out of pits or blasted out of
quarries. This process has many significant
environmental impacts [3].The need to mitigate these
environmental
sustainable and to reduce rising costs of construction
has necessitated research into the use of alternative
cheap materials, more importantly, locally available
ones which can replace conventional ones in concrete
production. Non-conventional aggregates are usually

stresses to make construction
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sourced from agricultural and industrial wastes as well
as concrete rubbles.

Kulkarni et al. [4] studied the use of textile mill sludge
as fine aggregate in concrete production. They used
different percentages of the sludge as replacement for
sand which was combined with fly ash in concreting.
Their results showed that concrete containing textile
mill sludge (32%) and fly ash (20%) could be used to
produce concrete whose strength is above 20 N /mm?
and that increase in the sludge content reduces the
workability. However, the durability of the concrete
was not reported. Similar investigation was conducted
by [5] in which fine aggregate (sand) was replaced with
fly ash. The mechanical and physical properties of the
concrete produced were studied. They found that
concrete containing up to 15% fly ash has higher
compressive and flexural strength than that of the
normal concrete by 20 and 15% respectively. The
results agreed with the findings of [6] and [7].

In the work of [8], copper slag (CS) was used as
replacement for fine aggregate in concrete at
replacement levels between 0 and 100% at an interval
of 20%. The strength behaviour of reinforced concrete
slender column was investigated. It was observed that
replacement of up to 40% of sand with CS caused no
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major changes in column failure load, stiffness or
concrete strength. Other authors [9] and [10] found the
use of CS as suitable partial replacement for fine
aggregate. Quarry rock dust, marble sludge powder,
crushed stone and conditioned pulverized ash as well
as recycled concrete aggregates
materials studied for use as replacement for artificial
fine aggregates in concrete production [11], [12] and
[13].

In Nigeria, steel is mainly produced from smelting of
scrap metals and hundreds of tonnes of steel slag are
produced every year. Approximately 96 to 145 million
metric tons of steel slag are produced yearly [14]. Most
often, steel slags are disposed around the steel
producing centres posing environmental
(Figure 1a). Different authors have reported the use of
steel slag as aggregates in concrete with positive
results [15], [16] and [17]. Not much research work has
been reported on the use of steel slag produced from
scrap metals, as produced in Nigeria. But recently Salau
et al, [18] studied the use of steel slag as coarse
aggregate in concrete. In their study, steel slag was
used to replace granite between 0 and 100% at an
interval of 20% for different mixes. Their results
showed that up to 60% replacement of mix ratio 1:2:4
gave strength adequate for structural application,
while 1:3:6 mix ratio gave lower strength compared to
the control.

In this study, the suitability of using steel slag as fine
aggregates in concrete was investigated. The physical
and chemical properties of steel slag were also studied.
The compressive and flexural strength of the steel slag
aggregate concrete were equally examined. If found
suitable, the volume of steel slag disposed
indiscriminately will reduce, while
construction would be ensured as scarce natural sand
will be conserved. In addition, high cost of construction
occasioned by high cost of conventional aggregates
may be reduced.

were common

threats

sustainable

2. MATERIALS AND METHODS

2.1 Materials

Steel slag (SS) was collected from the premises of Ife
Steel and Iron Company, Ile-Ife, Osun State, Nigeria
(Figure 1a). It was crushed and sieved so that the
maximum and minimum particle sizes were 4.75 mm
and 150 um, respectively as shown in Figure 1b. This is
to ensure that the crushed steel slag does not contain
dust particles like normal river sand. The steel slag was
used as fine aggregate to replace river sand at
replacement levels of 0, 25, 50, 75 and 100%. Coarse
aggregate used was crushed granite of nominal
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maximum particle size of 19 mm. The cement used in
this study was Ordinary Portland Cement. Its chemical
composition and that of the slag were determined using
XRF technique, conducted at Centre for Energy
Research and Development (CERD), Obafemi Awolowo
University, Ile-Ife, Nigeria. The phase composition of
the steel slag was also investigated using XRD method.
Potable water was used for mixing.

2.2 Mining Specimen Preparations and Testing
Porgramme

Concrete mixture was batched by weight in the ratio of
1:2:4 (cement: sand and steel slag: granite aggregate).
In order to ensure the same consistency of the fresh
concrete mixes for different amount of steel slag,
mixing water was added until the slump value was in
the range of 60+10mm (true slump). Thereafter,
water-cement ratio for each mix was determined. Five
different mixes were prepared with varying contents of
steel slag. Concrete cubes of size 150mm X 150mm X
150mm were cast for compressive strength test while
concrete beams of sizes 150 X150 X760 mm were
produced for flexural strength testing. A total of sixty
(60) concrete cubes and beams were prepared. The
moulds were removed after 24 hours and cured in
water for 7, 14, 28 and 56 days until testing day.
Particle size distribution of the aggregates (granite,
sand and steel slag) used was carried out in compliance
with the procedures described in ASTM C136. Also,
their physical properties were determined. The slump
test to determine workability of the fresh concrete mix
was conducted as prescribed by BS 1881-103.
Compressive strength of the concrete cube specimens
was conducted at the end of each curing day in
accordance with BS 1881 (Part 3). Prior to testing, the
weight of the cube specimen was measured. For
flexural testing, the experimental set-up is shown in
Figure 2. Flexural strength for each of the beam
specimens was determined using relationship
recommended by ASTM C78. This is expressed in terms
of Modulus of Rupture (MR). Average of three readings
was recorded for each of the strength testing. The
progression of flexural cracks as the load increases was
equally monitored.

3. RESULTS AND DISCUSSION

3.1 Chemical properties of cement and steel slag

The chemical compositions of the cement, steel slag
and sand as determined from XRF technique are
presented in Table 1. It is observed that the cement
composition is within the acceptable range specified by
BS EN 196-2 (1995).
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(b) Crushed slag into fine particles

Figure 1: Raw and Crushed Slag

:

i 2 H : 3 : 0
}I 4] ZIH) JI, V] P 20N -.:hU 1’
f

LK}

Tial -

Figure 2: Experimental Set-up for Flexural Strength
Testing

2.2 Mixing, Specimen Preparations and Testing
Programme
Thus the cement can be categorized as Type | cement.
The composition of steel slag showed that the three
major oxides (silica, ferric and alumina) make up to
90% of the total content The silica content was 42.40%,
about 9% higher than what was specified by National
Slag Association of USA [19], the alumina content was
within the specified range of 7 to 16% but the iron
oxide was 31.9% which was very high, compared to
what was specified (0.1 to 1.5%). The higher iron oxide
content of the slag could be due to the composition of
its source, scrap metal melting, processing and
additives used. All other oxides were within the
specified ranges.

On comparison with the sand to replace, sand consisted
mainly silica (90.80%) with traces of ferric (1.30%)
and alumina (4.15%). The results suggested that the
two materials (sand and steel slag) are different in
composition indicating that differences observed in
normal and SS concrete could be attributed to
reduction in silica content and high alumina and ferric
content in SS concrete.

The X-Ray diffraction (XRD) spectrum pattern of the
slag, as shown in Figure 3, had one smeared peak with
many short orders and bumps, where the major peaks
were expected. Irregular base line with noise and
pulsed shape are also observed. All these features
suggested that the steel slag was mainly in amorphous
phase with traces of crystalline structure. This
behaviour may be attributed to the cooling method.
According to [19], slag that is cooled rapidly after
emerging from the furnace tends to form a glassy, non-
crystalline material (amorphous) while slower cooling
leads to crystallization of a number of minerals. The
slag studied was collected from the heap of slag nearby
factory (Figure 1), which showed that the slag might
have been exposed to rapid and uncontrolled cooling of
atmospheric air.

Table 1: Chemical Composition of Cement and Steel Slag
Major Oxides (%)

Materials o~ ALL0s _ Fe03  CaD  Mg0 _ Na0 KO SO; _ Mn0s _ LOI
SteelSlag 4240 1500 3190 5.0 - : 205 - 0.2 ;

Sand 9080 4150 130 000 000 000 032 000 009 187

Cement 1833 500 275 6011 115 023 008 321 } 3.4
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Figure 3: XRD spectrum of the steel slag

3.2 Aggregate characterization

The physical properties of sand, steel slag and granite
were evaluated and the results are summarized in
Table 2. Tests results show that the relative densities
were 2480, 2530 and 2710 kg/m3 respectively but

is used, because of the relative higher water absorption
capacity of sand. Thus, reduction in water demand
would likely save cost, which could have been
expended in procuring mixing water.

Table 2: Physical properties and grading coefficients of

their bulk densities were 1530, 1620 and 1680 kg/m3 aggregates
showing that they were of normal weight aggregates Properties Sand éi%rleg; tes Granite
since their bulk densities were within the range of 1200 Specific Gravity 248 263 g 271
to 1750 kg/m3 as recommended by ASTM C136. The Bulk Density, kg/m? 1530 1620 1680
results suggest that water absorption capacity of the Fineness Modulus 2.59 3.55 7.24
steel slag (19.13%) was about 87% of that of the sand \I\//Iva'tetr Abéorptt'ort‘ EI/apamty, % gggg ;?1:15 ]ggg
(22.05%) but there was appreciable difference in their C(())(IasfﬁLi;rieent?)rf] grl]r;/aiure c 1'0 1'0 1'2
. . . . . 1 HC . . "
moisture contents. The implication of this was that Coefficient of Uniformity, C,, 25 29 19
more water would likely be required to produce
normal concrete than when equal amount of steel slag
100 & f g
90 / I
80 / !
§ 70 ' L ¥— Granite
g’ 60 ; ©— Sand
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‘é 40 /
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Figure 4: Particle-Size Distribution Curves of Aggregates
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For the gradation characteristics of the aggregates, the
results of sieve analysis were plotted as particle-size
distribution curves (Figure 4). It is observed that more
than 90% of sand and SS passed the sieve No. 4 (4.75
mm) while less than 5% were retained on sieve No.
200. This observation indicates that both sand and SS
could be categorized as fine aggregate appropriate for
concreting.

The coefficients of curvature (C,) of sand and slag were
1.2 and 1.4 respectively, while their corresponding
coefficients of uniformity (C,,) were 2.5 and 2.9 (Table
2). The results indicate that both the sand and slag
were clean because there were no finer particles (such
as silts and clay) and were well sorted according to
Unified Soil Classification System (USCS) detailed in
ASTM D- 2487. Importantly, the gradation
characteristics of the steel slag were not appreciably
different from that of the sand. This similarity
suggested that the variations in properties of normal
concrete and concrete containing SS as replacement for
sand were not likely due to gradation properties.

As for the coarse aggregate (granite), the C. and C,
were within the specified range for well sorted coarse
aggregates for concrete production (ASTM - 2487)

3.3 Effect of Steel Slag on Density and Workability of
Concrete

In order to maintain standard consistency for all the
concrete mixes, the slump value was kept within the
range of 60 + 10 mm and the water-cement ratio (w/c)
to achieve this was determined for each of the concrete
mixes. The results of the w/c ratio and densities of the
hardened concrete cubes containing various
proportions of steel slag are presented in Table 3. It is
noticed that the water-cement ratio decreased with
increase in the content of steel slag. A water-cement
ratio of 0.62 was obtained to produce normal concrete
(0% SS) of slump value of 60 + 10 mm while 0.57, 0.53
and 0.52 were obtained for concrete containing 25, 50
and 75% steel slag for equal slump (60 + 10 mm).
Nevertheless, pure steel slag concrete (100%) required
w/c of 050 to produce concrete of the same
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workability. Variations in the w/c could be attributed
to different water absorption capacities of sand and
slag (Table 2), in which sand has higher water
absorption capacity than steel slag. Since w/c is a major
factor that influences most engineering properties of
concrete, it is expected that the inclusion of steel slag
would have effect on the concrete produced from it.
Observation of the densities of the steel slag concrete
in Table 5 revealed that the more the steel slag in the
concrete the higher the density of the hardened
concrete. For instance, the density obtained for normal
concrete, at 28-day curing, was 2378 kg/m3 while that
of 100% steel slag concrete was 2422 kg/ms3,
representing about 1.5% increase. The increase in
densities observed in concrete containing steel slag
could be due to higher bulk density and specific gravity
of steel slag over the replaced sand (Table 2).

The results further showed that the age of curing did
not have appreciable effect on all the concrete mixes.
However, both the normal and steel slag concretes
could be categorized as normal dense concretes, since
their densities were within the range of normal weight
concrete.

3.4 Effect of Steel Slag on Compressive and Flexural
Strength

The results of the compressive and flexural strength
obtained for the concrete mixes containing different
proportions of steel slag fine aggregates are presented
in Table 4. It is observed that the compressive strength
of all the mixes increased with age. The results also
showed that the compressive strengths of the steel slag
concretes were higher than that of natural aggregate
concrete. The trend was that the compressive strength
increased with up to 50% replacement of sand with
slag content for all the ages, but dropped afterwards at
75 and 100% replacement levels for all the ages other
than early age of 7 days when the strength of slag
concrete was higher than normal concrete irrespective
of the content of slag as shown in Figure 5.

Table 3: Water-cement ratios at constant slump and density of steel slag concrete

Steel Slag Water-Cement Ratio at Density (kg/m3)
Content Slump Range of 60+10 Curing Ages (Days)
(%) mm 7 14 28 56
0 0.62 2385 2388 2378 2389
25 0.57 2391 2396 2395 2397
50 0.53 2398 2401 2398 2404
75 0.52 2411 2408 2412 2413
100 0.50 2420 2424 2422 2423
Nigerian Journal of Technology Vol. 34, No. 3, July 2015 456
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Table 4: Compressive and Flexural Strength of Steel Slag Fine Aggregate Concrete

Compressive Strength (N/mm?2)

Flexural Strength (N/mm?2)

Steel Slag Content (%)

Curing Ages (Days)

Curing Ages (Days)

7 14 28 56 7 14 28 56

0 9.85 14.70 21.48 21.61 2.27 2.54 2.74 3.03

25 10.42 15.56 23.59 24.14 2.24 2.52 2.72 3.16
50 10.67 15.93 23.95 24.28 2.25 2.45 2.42 3.23
75 10.76 14.14 21.16 21.59 2.21 2.34 2.38 3.23
100 10.96 14.37 21.06 21.46 2.25 2.37 2.34 3.30

Quantitatively, at age 7, the strength of normal concrete
was 9.85 N/mm? while that of 25, 50, 75 and 100% slag
aggregate concrete were 10.42, 10.67, 10.76 and 10.97
N/mm? respectively. The reason for this behaviour
could be that the interlocking between the cement
paste and steel slag was stronger than with sand. It
could also be due to high content of iron oxide in the
slag, which contributes to early strength development.
Conversely, different and consistent behaviour was
noticed at later ages of 14, 28 and 56 days, which could
be more dependable in assessing the strength
characteristics of normal and steel slag aggregate
concrete.

As observed from the results (Table 4), the 28-day
strength of natural aggregate concrete (0% SS) was
919% of that of 25% SS, and 89.7% of 50% SS concrete;
but was slightly higher than those of 75 and 100% slag
concrete by 1.5 and 2% respectively. The same pattern
was noticed for ages 14 and 56 days. This behaviour
suggested that SS contributed to the strength
development of concrete when not more than 50% of
sand by weight is replaced with it. The reason for this
performance could be attributed to its properties. It
was observed that steel slag contained more of
amorphous silica, which has potential to react with
calcium hydroxide produced during cement hydration
to produce more calcium silicate hydrate gel (C-S-H)
for more strength. It appeared that up to 50% steel slag
content could be appropriate as optimum beyond
which the steel slag appeared dormant, which could
have been responsible for relative low strength when
75 and 100% slag were used (Table 4).

This study did not investigate the alkali-silica reaction
of the steel slag. Thus, it would be necessary to
investigate accelerated and long-term alkali-silica
reaction of steel slag fine aggregate to be able to
ascertain this assertion. It is interesting to note that the
28-day compressive strength of the normal and steel
slag aggregate concretes were all higher than 17
N/mm?2 recommended by [20] for structural concrete.
This limit is indicated by a line as shown in Figure 5.
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Figure 5: Compressive Strength of Steel Slag Aggregate
Concrete at different Curing Ages

The flexural strength of normal concrete and SS
concrete increased with age as compressive strength
did. Except at 56 days when the flexural strength
increased with increase in SS proportion, at other ages
(before 28 days) there appeared to be no distinct
pattern. The reason for this behaviour could not be
precisely identified. Nevertheless, the flexural strength
of concretes containing SS were not appreciably
different from those of normal concrete for all
proportions of SS. This result suggested that steel slag
may not have negative appreciable impact on the
flexural strength of concrete. Of interest is the ratios of
flexural to corresponding compressive strength for
each concrete mix were found to be within the range of
0.08 - 0.11 [21]. The import of this performance was
that the flexural strengths obtained were still
acceptable. Generally, the flexural strength of concrete
is improved by inclusion of reinforcing steel bars.

4. CONCLUSION

This study investigated the use of steel slag as partial

replacement of sand in concrete production. The

properties of the steel slag were equally examined. The
study concluded as follows:

1. The results of XRF and XRD tests suggested that the
steel slag contained high silica and ferric oxides
content which was amorphous with traces of
crystalline particles.
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2. Physical properties of the steel slag indicated that it
can be used as replacement for river sand in
concrete production. Steel slag had low water
absorption than sand and thus reduce amount of
water required for concrete containing SS.

3. The 28-day compressive strength of concrete
containing 25 and 50% slag were 9.8%
(23.59N/mm?2) and 11.5% (23.95 N/mm?) higher
than that of the normal concrete (21.48 N/mm?2),
which showed that steel slag has appreciable
influence on the compressive strength of concrete
when up to 50% of sand was replaced with slag.

4. Steel slag did not have negative impact on the
flexural strength of concrete. Thus, SS could be
suitable substitute for sand, as fine aggregates in
concrete production.
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