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Iron ore tailings (IOTs) are common industrial solid waste products 
which are generated in enormous quantities during the production 
process of iron ore. By visual observation, this material shows 
some similarity with natural sand (NS); it was therefore desired 
to characterize the IOTs to further ascertain their use in concrete. 
Five types of IOTs obtained from different locations were charac-
terized using microscopic and physical examination techniques. 
These methods were used to assess the structure and properties of 
IOTs, subsequently comparing it with that of NS. The surface image 
of the materials is provided and numerical information, such as 
the relative concentrations of atoms that comprise the materials, 
is also indicated. Subsequently, the structure and composition of 
the IOT materials are identified for possible applications in the 
construction industry.

Keywords: concrete-making material; fine aggregate; iron ore tailings; 
microscopy of material; sustainability; waste material.

INTRODUCTION
One of the most important factors for producing work-

able concrete is the quality of the fine aggregate. Another 
important factor is good gradation of the aggregates. Due to 
these basic reasons, it is of paramount significance to study 
the nature of fine aggregate materials that are used in the 
production of concrete. Also, in recent time, there has been 
an increase for construction aggregates all over the world, 
arising as a result of rapid economic growth of underde-
veloped, developing, and developed countries in different 
regions of the world. Naturally, this growth stimulates the 
demand for construction materials and on the other hand, 
there has been increasing amounts of waste generated due to 
industrial activities in many parts of the world.1

The reason for characterizing iron ore tailings (IOTs) is 
to develop a general classification, which can be attached 
and related to, according to other researchers and profes-
sionals, for the sustainability of the construction industry. 
The laboratory experimental studies provide the framework 
for scientific basis and bring to focus the important rela-
tionships of sand and IOTs. The particle size distribution 
gives the fineness modulus number of the material. It also 
provides the basis of comparing the grading of the material 
with the British standard (BS) grading limits for fine aggre-
gate. The various density tests describe the relative weight of 
the IOTs as compared to sand or any other similar material. 
The porosity also reveals how closely packed the particles 
of IOTs are in comparison to sand. The X-ray fluorescence 
indicates the oxides contained in the IOTs. The energy-dis-
persive X-ray spectroscopy describes the elemental compo-
sition of IOTs while the field emission scanning electron 
microscopy provides the morphology of the material. All the 
aforementioned properties and microstructure evaluations 

will aid in categorizing the IOTs as a fine aggregate material 
for use in concrete.

Some researchers have suggested ways to use tailings in 
concrete or mortar and some other construction products. 
The possibility of using graphite ore tailings to partially 
replace sand in concrete,2 classification of iron ore fines 
and suggestion of possible beneficiation,3 characterization 
of mine tailings and its usefulness,4 study of microscopic 
nature of iron ore,5 mineralogical classification of iron ore 
particles,6 categorization of mortars produced using IOTs as 
aggregate,7 use of tailings as aggregates for the production 
of mortars,8 and the mineral content and microscopic nature 
of tailings9 have been studied and reported. Although some 
studies have been done in the past with respect to the practi-
cality and application of IOT as construction material, there 
is still a need for further study of this viable material.

The total accumulation of IOT waste from 2000 to 2009 
exceeded 28 billion tons. A large amount of IOTs are stock-
piled at various mines all over the world and the current use 
rate is below 10% of the quantity of IOTs generated as waste 
from industrial activities.10 It therefore means that if the 
waste tailings are consumed in large volume by using them 
in concrete and mortar production, the problem of finding 
alternative material for NS would have been solved. Safety 
is a major concern in civil engineering practice; the possi-
bility of the disposed tailings causing acid mine drainage 
(AMD) and leaching of heavy metals which harm people 
and the environment will also be eliminated. Characterizing 
and thereby establishing means of consuming the tailings 
will enable the mining industries concerned to meet up with 
legislation requirements from governmental or other regu-
lating bodies in regard to mine wastes disposal. Cost of tail-
ings dam maintenance will be reduced and loss of soil fertility 
will also be eliminated. Furthermore, establishing the use of 
IOTs as a construction product will provide cheaper alterna-
tive material for building and civil engineering works and 
will also ensure economic and environmental sustainability 
of the iron ore mining industries.

It has also been mentioned that different samples of IOTs 
may show similar grading but there may be wide variations 
in the mineral content11,12—hence another major reason for 
conducting this research. To conduct the characterization 
process, IOTs were sourced from five different locations in 
Malaysia—namely, Batu Pahat, Muah Jemaluang, Mersing, 
and two areas in Kota Tinggi. At each location, five samples 
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were collected. The average distance between these locations 
is approximately 200 km. The five types of IOTs obtained 
from these locations were characterized using qualitative 
and quantitative techniques.

RESEARCH SIGNIFICANCE
Within the past few years, quite a number of studies have 

been reported about the use of IOTs in producing concrete. 
Some even show buildings constructed using IOTs. Most 
of the studies on this industrial waste product were carried 
out focusing mainly on its use in concrete. Detailed reports 
about characterization of IOTs for the purpose of using it 
in concrete are scarce in technical literature. This present 
study deals with a detailed study of characterizing IOTs 
to further establish their use in concrete or mortar and 
will be very useful in contributing to the advancement of 
concrete technology.

EXPERIMENTAL PROCEDURE
To characterize the IOTs, the physical properties and 

the microstructure for the five IOT samples sourced from 
five different mines and the NS were evaluated. The phys-
ical properties determined were particle size distribution, 
coefficient of uniformity, coefficient of curvature, porosity, 

specific gravity, fineness modulus, loose unit weight, and 
compacted unit weight. The chemical and elemental compo-
sitions of the materials were also determined. Concrete 
samples which contain 0% IOTs (control concrete sample) 
and those with 10, 20, 30, 40, and 50% IOTs replacing sand 
as fine aggregate were produced. Laboratory experimental 
tests including density, compressive strength, modulus of 
elasticity, ultrasonic pulse velocity, water absorption, and 
sorptivity were conducted on the concrete samples. Also, 
field emission scanning electron microscopy images of the 
concrete samples were produced to reveal the morphology 
of the inner structure of the concrete.

Materials
The materials investigated in this study are five different 

types of IOTs and NS. The IOTs were sourced from five 
mines located at different cities. The sources of the IOTs 
and notations of IOT samples are described in Table 1. The 
images of the IOTs compared with NS are shown in Fig. 1.

METHODOLOGY
Determination of physical properties of sand 
and IOTs

The physical properties of sand and IOTs such as particle 
size distribution were determined in accordance with guide-
lines specified in BS 812 Part 103.13 The densities were 
determined according to specifications in BS EN 1097-3.14

X-ray fluorescence and energy dispersive X-ray 
spectroscopy

The X-ray fluorescence (XRF) was used for chemical 
analysis to determine the oxide composition of the IOTs, 
while the elements contained in the IOT samples and those 
of NS were identified by energy-dispersive X-ray spectros-
copy. The guidelines stipulated in the university laboratory 
manual were followed in carrying out the tests.

Field emission scanning electron microscopy 
of materials

The microstructure of the NS and IOTs were deter-
mined using field emission scanning electron microscopy 
(FESEM). The NS and IOT material specimens were 
prepared by making use of an epoxy-impregnated polished 
section. The epoxy resin was made to permeate the material 
by encasing with powder particles. Any form of moisture 
was removed so that it did not interfere with the polymer-
ization of the epoxy. The sand or IOTs specimen, as the case 
may be, was then placed in a container and surrounded by 
epoxy, leaving the top surface to be exposed to laboratory 

Table 1—Locations of mines and notations of IOT samples

Notation Description Location of mines

ZIOTs IOTs collected from ZCM, Bhd Kota Tinggi, Malaysia

LIOTs IOTs collected from Landas Seketa, Bhd Kota Tinggi, Malaysia

HIOTs IOTs collected from Honest Sam, Bhd Batu Pahat, Cha’ah, Malaysia

GIOTs IOTs collected from Generasi Karisma, Bhd Bukit Kampong, Muar, Malaysia

SIOTs IOTs collected from Sokongan Semulajadi, Bhd Jamaluang, Mersing, Malaysia

Fig. 1—Images of IOTs compared with NS.
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air, thereby allowing the low-viscosity epoxy to be drawn 
into the microstructure by capillary suction.

The morphology of NS and IOTs were characterized using 
an ultra-high-resolution scanning electron microscope. The 
fine aggregate materials were placed horizontally at 180 
degrees on the substrate holder for surface analysis. The 
cross-sectional view to observe the thickness was placed 
at vertical angle of 90 degrees. The microstructure of the 
samples was then studied at varying magnification.

Determination of properties of hardened concrete 
for control and IOT concrete samples

The compressive strength of concrete cube samples for 
the control concrete and those produced using IOTs was 
determined using a standard uniaxial compression testing 
machine in the laboratory. Six types of concrete samples 
were prepared using 0, 10, 20, 30, 40, and 50% replacement 
level of sand with IOTs. The compressive strength of the 
cube samples of these concretes was determined at 7, 14, 21, 
and 28 days. The test was accomplished based on the proce-
dure in BS EN 12390: Part 3.15 The ultrasonic pulse velocity, 
density, and modulus of elasticity of concrete samples 
were also determined following the guidelines in BS EN 
12504: Part 4,16 BS EN 12390: Part 7,17  and BS EN 12390:  
Part 13,18 respectively.

Water absorption and sorptivity test
The water absorption test was done to determine the 

maximum amount of water that can be absorbed by the 
control concrete and the IOT concrete samples. It provides 
a measure of the total, water-permeable pore space in a 
concrete sample. The water absorption test was conducted 
according to BS 1881: Part 122.19

The sorptivity of the control concrete sample and those 
containing IOTs as partial replacement for sand was also 
determined based on guidelines in ASTM C1585-13.20 The 
test measures the increase in the mass of a specimen resulting 
from absorption of water as a function of time.

Determination of FESEM of concrete samples
FESEM was used to evaluate the morphology of the 

control concrete and those of the IOT concrete samples. 
The FESEM provides ultra-high-resolution imaging of  
the concrete samples and describes the details regarding 

differences that exist in the inner structure of the concrete. 
The guidelines stipulated in the university laboratory manual 
were followed in carrying out the test.

EXPERIMENTAL RESULTS AND DISCUSSION
Physical properties of materials

Within the permitted standard limits, the grading of 
fine aggregate has a greater influence on the properties of 
concrete than that of coarse aggregate.21 The particle size 
distribution of NS and those of the IOTs revealed that the 
percentage passing the 600 µm sieve was 44% for NS and 
those of the IOTs varies from 93 to 96%. This indicates 
availability of finer particles in IOTs compared to the NS. 
The IOTs recorded specific gravity values ranging from 2.74 
to 2.91, while 2.65 was obtained for the NS. The higher the 
specific gravity of any material, the finer the material.

The fineness modulus of IOTs ranges from 1.1 to 1.4 while 
that of NS was 3.2. For fine aggregate materials, if the value 
of the fineness modulus is lower in comparison to another, 
this suggests that the material with the lower value is finer.21 
The test result values for the specific gravity, the percentage 
passing the 600 µm sieve, and the fineness modulus indi-
cate a similar trend, thereby ratifying the availability of more 
fines particles in IOTs compared with the NS. The physical 
properties of the IOTs and NS are shown in Table 2. The 
particle size distribution of ZIOTs, LIOTs, HIOTs, GIOTs, 
SIOTs and those of NS are graphically compared in Fig. 2, 
which also indicate the British Standard (BS) grading limits 
for fine aggregate materials.

Oxide composition in IOTs
The major oxides in the IOT sample ZIOTs, as compared 

to those available in Nigeria, China, and India,11 are indi-
cated in Fig. 3. The figure revealed that the dominant oxide 
in IOT sample ZIOTs and the other locations mentioned is 
silicon dioxide (SiO2). From Fig. 3, it can be seen that the 
oxide composition of ZIOTs can be compared with IOTs 
from other sources. It can also be deduced that the common 
oxides in IOTs with high percentages are silicon dioxide, 
iron oxide, and aluminum oxide.

Energy-dispersive X-ray spectroscopy
The elements contained in all the IOT samples and those 

of NS as identified by energy-dispersive X-ray spectros-

Table 2—Physical properties of IOTs and NS

Physical properties

Aggregates

Sand ZIOT LIOT HIOT GIOT SIOT

Size passing 600 µm, % 44 95 96 93 97 94

Coefficient of uniformity 3.7 4.7 4.0 3.9 4.1 3.9

Coefficient of curvature 0.02 0.01 0.01 0.01 0.01 0.01

Porosity, % 14 12.1 12.4 11.4 10.4 11.5

Specific gravity 2.65 2.91 2.74 2.79 2.81 2.75

Fineness modulus 3.2 1.4 1.3 1.4 1.1 1.4

Loose unit weight, kg/m3 (lb/ft3) 1459 (91.1) 1598 (99.8) 1554 (97.0) 1629 (101.7) 1635 (102.1) 1569 (97.9)

Compacted unit weight, kg/m3 (lb/ft3) 1696 (105.9) 1817 (113.4) 1774 (110.7) 1839 (114.8) 1847 (115.3) 1785 (111.4)
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copy are summarized in Table 3. Figures 4 and 5 show the 
energy levels of each X-ray photon present in the elements 
contained in NS and ZIOTs, respectively. The energy of each 
X-ray photon is characteristic of the element which produced 
it. The dominant elements in the IOT samples as revealed by 
the energy-dispersive X-ray spectroscopy results are silicon, 
iron, and aluminum. This result shows some similarities 

with the outcome of the X-ray fluorescence, which indicates 
the dominance of silicon dioxide, iron oxide, and aluminum 
oxide in the IOTs.

Morphology of IOTs and NS
The field emission scanning electron microscopy (FESEM) 

provides the morphology of IOTs and those of the NS. The 

Fig. 2—Particle size distribution of IOTs and NS.

Fig. 3—Major oxides contained in IOTs.

Table 3—Composition of chemical elements in IOTs and NS

Chemical elements

Percentage by weight composition, %

NS ZIOTs LIOTs HIOTs GIOTs SIOTs

Oxygen 49.0 33.4 32.2 30.0 31.4 31.7

Silicon 27.4 20.0 19.5 20.6 18.5 21.8

Iron — 19.3 15.7 16.4 15.6 19.7

Aluminum 12.3 5,5 5.9 6.4 8.2 9.8

Carbon 6.4 12.6 18.1 16.7 17.7 8.7

Fluorine — 5.3 4.5 5.7 4.7 4.3

Titanium 0.1 0.2 0.2 0.1 0.1 0.3

Moisture 4.7 3.5 3.7 4.1 3.6 3.5
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morphology of the NS at varying magnifications scale in 
contrast to those of IOTs are shown in Fig. 6 through 9. The 
FESEM morphology reveals that, using the same magnifica-
tions, more grain particles of IOTs are observed compared 
with the NS within the same area of coverage. This suggests 
that the particles of the IOTs are more densely packed in 
contrast to the NS. In any event, if these two materials were 
to be used for production of mortar or concrete, it is likely 
that more grain particles of the IOTs may be more available 
for combination with the cement paste, compared to the NS.

Properties of hardened concrete for control and 
IOTs concrete

The compressive strength is the most important represen-
tative index for concrete because concrete is used in a struc-
ture to resist mainly compression force, and other properties 
of concrete can be related to the compressive strength. The 
compressive strength test results for the control concrete 
and those produced using IOTs from ZCM at 10, 20, 30, 40, 
and 50% replacement level of sand are shown in Fig. 10. 
On completion of 28 days of curing in water, the concrete 

Fig. 4—Energy-dispersive spectroscopy of NS.

Fig. 5—Energy-dispersive spectroscopy of ZIOTs.

Fig. 6—FESEM morphology of NS versus LIOTs at 500 µm magnification.
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sample CZT30 recorded the highest compressive strength 
of 43.7 N/mm2, while the smallest value of 35.4 N/mm2 
was recorded by the control concrete sample CT0. The IOT 
concrete CZT30 recorded 23.4% higher value in compres-
sive strength than the control concrete. The texture of the 
IOTs is rough and angular, and this could be responsible for 
the increase in strength of the concrete samples containing 
IOTs in varying percentage. For the same water-cement ratio 
(w/c) and cement content, the compressive strength of the 
concrete mixture is mainly influenced by the composition of 
the granular skeleton.21 The density, modulus of elasticity, 
and ultrasonic pulse velocity test results for the control 
concrete and those containing IOTs that was collected from 
ZCM are depicted in Table 4. The concrete containing IOTs 
recorded 3.6% higher value in density than the control 
concrete, indicating that the IOTs concrete is denser than 
the control concrete. The modulus of elasticity of concrete 

is affected by the modulus of elasticity of the aggregate and 
by their volumetric proportion in the concrete.21 Under the 
same stress, stronger concrete exhibits a lower strain. This 
implies that high-strength concrete has a higher modulus of 
elasticity. Experimental results from this study show that the 
modulus of elasticity increases with increase in the compres-
sive strength of the concrete samples tested. The modulus 
of elasticity of the concrete samples is an indicator property 
and serves as basis for further comparison of the concrete 
properties. The IOTs concrete sample CZT30 recorded the 
highest elastic modulus value of 28.1 GPa, which is 19.6% 
more than the value recorded by the control concrete. If 
the value of pulse velocity of any concrete is greater than  
4.5 km/s, the quality of the concrete is considered to be 
excellent and if the value fall below 3.0 km/s, the quality 
of the concrete is doubtful. Experimental results for all the 
samples tested falls within the range of 3.5 to 4.5 km/s, which 

Fig. 7—FESEM morphology of NS versus ZIOTs at 1 mm magnification.

Fig. 8—FESEM morphology of NS versus LIOTs at 2 mm magnification.

Fig. 9—FESEM morphology of ZIOTs and HIOTs at 2 mm magnification.
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is considered good. The IOTs concrete CZT50 recorded a 
higher percentage increase of 1.8% over the control concrete, 
indicating that the IOTs concrete is denser in structure.

Water absorption and sorptivity of control and IOT 
concrete samples

The water absorption test results provide a measure of the 
total water-permeable pore space in the concrete samples. 
Experimental results show that the concrete samples 
containing IOTs performed better than the control sample in 
terms of water resistance. The water absorption test results 
gave indication regarding the effectiveness of the IOTs and 
being able to reduce the permeable pore space in the concrete. 
To further buttress this point, the correlation between the 
water absorption and ultrasonic pulse velocity of concrete 
samples is indicated in Fig. 11. It can be observed that there 
is a strong, inversely proportional relationship between water 
absorption and ultrasonic pulse velocity of IOT concrete. 
These results suggest that the small particle size of IOTs 
was able to fill the pore space in concrete, thereby producing 

more dense concrete, which gave higher values of ultrasonic 
pulse velocity and reduced water absorption.

The sorptivity test results gave the rate of absorption of 
water by capillary suction of unsaturated concrete, which 
was placed in contact with water. The results gave an indi-
cation of the quality of the outer zone of concrete members, 
which can be very useful when dealing with concrete cover 
to reinforcement. The outcome of this experimental study 
revealed that increasing the content of IOTs as fine aggregate 
in concrete results in lower values of sorptivity, implying 
that the rate of absorption of water by capillary suction of 
unsaturated concrete decreases with the addition of IOTs. 
The correlation that exists between the sorptivity of IOT 
concrete with the ultrasonic pulse velocity is similar to that 
displayed by the water absorption behavior. The relationship 
between sorptivity and ultrasonic pulse velocity of control 
concrete and the IOT concrete samples is shown in Fig. 12.

FESEM morphology of concrete
The FESEM shows the difference in morphology of 

concrete samples containing IOTs compared with the control 

Table 4—Density, modulus of elasticity, and ultrasonic pulse velocity of control and IOT concrete

Concrete sample Description of concrete sample Density, kg/m (lb/ft3) Modulus of elasticity, GPa (psi) UPV, km/s (m/s)

CT0 Control concrete sample—0% IOTs content in fine aggregate 2350 (146.7) 23.5 (3408) 4.35 (2.70)

CZT10 Concrete sample—10% IOTs content in fine aggregate 2390 (149.2) 24.9 (3611) 4.36 (2.71)

CZT20 Concrete sample—20% IOTs content in fine aggregate 2395 (149.5) 25.5 (3698) 4.37 (2.72)

CZT30 Concrete sample—30% IOTs content in fine aggregate 2430 (151.7) 28.1 (4076) 4.39 (2.73)

CZT40 Concrete sample—40% IOTs content in fine aggregate 2435 (152.0) 24.3 (3524) 4.41 (2.74)

CZT50 Concrete sample—50% IOTs content in fine aggregate 2435 (152.0) 23.1 (3350) 4.43 (2.75)

Fig. 10—Compressive strength of control and IOT concrete.
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sample. The FESEM morphology of the control concrete 
sample at magnification scale of 500 nm in comparison to 
that of the IOT concrete is shown in Fig. 13. At magnifica-
tion of 500 nm, the images show the hexagonal shape, which 
is common to indicate the presence of calcium hydroxide 
(CaOH); the needle-like shape, which normally reveals 
ettringite; and sheet-like shape of calcium-silicate-hydrate 
(C-S-H) exhibited by the concrete samples. The FESEM 
image of the control concrete sample shows a crystal 
grow into a void where space restrictions are minimal. In 
the case of the IOT concrete, the pattern revealed by the 
FESEM image shows a crystal form in which the sheet-like 
shape and fine bundles commonly displayed by calcium- 
silicate-hydrate (C-S-H) and the ettringite needles can be 
seen. The existence of the distinctive morphologies depends 

on the availability of void space for uninhibited growth in 
the concrete.

CONCLUSIONS
Based on the results of experimental investigation 

conducted under laboratory conditions, the following deduc-
tions with regards to characterization of IOTs are drawn:

1. Due to tighter particle surface depicted by IOTs, it 
suggests that the material may be more effective in reducing 
the pore space in concrete, thereby improving the compact-
ness of concrete.

2. The use of IOTs as fine aggregate can find applications 
in the industry, where it is desired to have highly dense 
concrete. It can also aid in improving the water resistance of 
concrete and the dimensional stability.

Fig. 12—Relationship between sorptivity and ultrasonic pulse velocity of IOT concrete.

Fig. 11—Relationship between water absorption and ultrasonic pulse velocity of control and IOT concrete.
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3. The chemical composition of the IOTs as revealed by 
the X-ray fluorescence results indicates the dominance of 
silicon dioxide, iron oxide, and aluminum oxide in the mate-
rial. This suggests that IOTs can be used as supplementary 
material to improve the strength of concrete.

4. Characterization of IOTs before using it as fine aggre-
gate is strongly suggested for the purpose of knowing the 
physical properties, chemical content, and morphology of 
the material. This will assist the concrete mixture designer 
in choosing the best type of material to use.

5. The characterization of the IOTs will lead to the  
development of general classifications, which can be attached 
and related to, by other researchers and professionals, for the 
sustainability of the construction industry
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Fig. 13—FESEM morphology of control concrete sample versus IOT concrete at 500 nm.
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