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� Study of mortars with iron ore tailings (IOT): physical-mechanical properties.
� IOT present higher density than natural aggregates due to the iron concentration.
� Mortars with IOT showed mechanical properties fitter to brick laying than regular ones.
� Replacement up to 20% of lime by IOT granted satisfactory properties for coating.
� IOT morphology and voids required more mixing water to obtain plasticity in mortars.
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Aiming to mitigate the environmental impact of the iron mining industry, this paper evaluates the tech-
nical feasibility of using iron ore tailings from tailing dams (IOT) as construction material, for mortars for
laying and coating. Three mixtures were produced: conventional mortars, mortars with complete
replacement of natural aggregate by IOT, and mortars replacing lime by IOT in proportions from 10%
to 100%. IOT and mortars were characterised. Mortars with IOT showed increased bulk density, reduced
levels of incorporated air, an increment in the amount of mixing water, and improved mechanical prop-
erties when compared with conventional ones.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Every day, it is clearer to society that sustainable solutions are
among the main responsibilities of an organisation. Recently, the
increasing demand of better quality built environments, especially
in developing countries such as BRICs [1], has required higher pro-
ductivity from the construction and mining sectors. In order to
meet the new urban development requirements, combined with
greater environmental awareness of the population, new products
and construction techniques have promoted advances in terms of
environmental management. It is worth noticing that only in Brazil
around 100 million tons of mortar per year are consumed [2], and
184 million tons of iron ore tailings are generated annually [3].
These facts favour the proposal of alternatives that contribute to
the sustainability of construction and mining activities.

The Brazilian mineral industry has been engaged in the execu-
tion of environmental management programs that prioritize the
reduction of the waste volume, proper disposal of waste, and
enhancing the maintenance and monitoring of tailings dams [4].
However, such measures are not always enough to ensure the
durability of these structures. As example, the current failure of
two dams at the Germano plant, in Mariana, which led to the
release of 62 million cubic meters of iron ore tailings [5]. This epi-
sode led to several human deaths and generated an expressive
environmental impact, compromising the land for decades due to
extensive area contaminated by mud, as shown in Fig. 1. In addi-
tion to this incident, other cases [6–8] also encourage more effec-
tive actions regarding management and safety of tailing dams.

Likewise, other countries have encouraged studies aimed at the
reuse of iron mining waste in the development of new materials
for construction [9–13]. Some of these studies have shown the
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Fig. 1. Bento Rodrigues, district of Mariana, before and after the failure of the tailing
dam [5].

Table 1
Physical-mechanical performance of Portland cement type CPIII 40RS.a

Compressive
strength (MPa)

Blainer
(cm2/g)

Initial
set
(min)

Final
set
(min)

3 days 7 days 28 days

Normative requirements P12 P23 P40 – P60 6720

Cement type ‘‘CPIII
40 RS”

21 31 45 4500 200 285

a Source: manufacturer (Cimentos Cauê).
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use of iron ore tailings (IOT) as recycled aggregate is technically
feasible; in addition to providing improved mechanical properties
[9,12,13].

IOT comprise fine materials mainly containing silica, together
with iron oxides, alumina and other minor minerals. This constitu-
tion indicates their potential as construction material, such as
aggregate for mortar and concrete [9,12,13]. In this context, the
present work proposes the use of IOT as replacement for natural
aggregates and lime in the production of mortars for coating and
laying bricks.
2. Materials and methods

2.1. Materials

Portland cement type CP-III 40 RS was used in the preparation of the mortars.
This designation refers to a hydraulic binder obtained by the homogeneous mixture
of clinker and granulated blast furnace slag; with low heat of hydration; stable in
the presence of reactive aggregates and resistant to sulphates. Its physical-
mechanical specifications are displayed in Table 1, and fulfil Brazilian regulations
requirements from ABNT NBR 5735 [14] and ABNT NBR 5737 [15]. Table 2 exhibits
the composition of the cement.

In turn, the hydraulic lime adopted, type CH I, presents flow value of
123.75 mm; water retention threshold higher than 80%; and expansive substances
absent, which provides greater stability. The chemical composition of the lime is
shown in Table 3; it is in conformity with the parameters established by ABNT
NBR 7175 [16]. The natural sand used as aggregate in the mortar mixtures is essen-
tially comprised by silicon oxides [17].

In turn, the IOT used in different experimental models as binder and aggregate
for mortars consists essentially of silica, alumina and hematite. Its detailed compo-
sition, obtained through X-ray Fluorescence (XRF) and X-ray Diffraction (XRD), is
shown in Section 3.1. The IOT used in the present work originates from the margins
of an iron ore tailing dam located in the state of Minas Gerais, Brazil. It is notewor-
thy that the iron ore tailings present heterogeneous characteristics in response to
differences in the ore beneficiation processes, the type of raw ore, the variability
of mining fronts, and even its position on the tailing dam [18].
2.2. Characterisation of aggregates

The preparation of samples for testing followed the methods prescribed by
Brazilian standards. The natural aggregate and IOT were oven-dried (105–110 �C).
The IOT clay lumps and friable particles were broken down in a jaw crusher
(RETSCH, model BB 200) and later comminuted in a jar mill with steel spheres
(MARCONE, model MA 500). The obtained material was sieved and again subjected
to comminution in a high efficiency jar mill with steel spheres (RETSCH, model BB
200), in order to dissociate all minerals present in the sample and improve the
results of chemical and mineralogical characterisation. Finally, the samples were
conditioned in airtight containers.

The IOT samples were chemically analysed with XRF, and their mineral compo-
sition was obtained with XRD. The equipment used was brand Shimadzu, models
EDS-720 and XRD 7000, respectively. The Scanning Electron Microscope (SEM), a
Shimadzu Superscan SSX-550, was able to display the microstructure of the tailings.
Environmental analysis of leaching and solubilisation were performed on the raw
material. This analysis followed the requirements of ABNT NBR 10007 [19], for sam-
pling, ABNT NBR 10005 [20], for leaching test, and ABNT NBR 10006 [21], for solu-
bilisation test. The IOT was then classified according to ABNT NBR 10004 [22].

Moreover, both IOT and natural aggregates were subjected to the following
tests: particle size distribution (by mechanical shaker and laser diffraction), mois-
ture content, bulk density, absolute density, and friability; all in accordance with
standards ABNT NBR NM 248 [23], ABNT NBR 9939 [24], ABNT NBR NM 52 [25],
ABNT NBR NM 45 [26] and ABNT NBR 7218 [27], respectively.

2.3. Composition and moulding of mortars Specimens

The mortars were produced with mix ratio 1:3 (binder:aggregate) [12,23,24].
Three conventional mixtures were produced as reference (TN1, TN2 and TN3), com-
prising natural aggregate, cement and lime. In three other mixtures, the natural
aggregate was totally replaced by IOT (TR1, TR2 e TR3) with particle size above
75 lm (TR1, TR2 e TR3). In the last four mixtures, the lime was partially replaced
by IOT with particle size below 75 lm, in proportion of 10% (TS10), 20% (TS20),
50% (TS50) and 100% (TS100). The experimental planning of these mixtures is
detailed in Table 4.

The specimens were moulded according to standard specification, ABNT NBR
13279 [28]. All specimens were removed from their moulds in 24 h and remained
for 3, 7 and 28 days in a curing chamber at 25 �C and relative humidity of 60%.

2.4. Characterisation of mortars

A fresh state characterisation was conducted, including tests for consistency
index, water retention, bulk density and entrained air content through the pressure
method, according to the equipment manufacturer manual. The consistency index
corresponds to the water/cement ratio required for a prescribed flow of 260 (±5)
mm.

After curing, the specimens were subjected to bulk density test, compressive
strength, flexural tensile strength, sorptivity and capillarity coefficient determina-
tion. All tests were conducted based on Brazilian normative requirements, ABNT
NBR 13281 [29].

The preparation of mixtures was performed according to standard ABNT
NBR 13279 [28]. To study the physical and mechanical properties of the mortar
in the hardened state, 3 prismatic specimens were used for each test –
40 � 40 � 160 mm. They were demoulded after 24 h and maintained for 3, 7, and
28 days in a curing chamber at 25 �C and relative humidity of 60% [28].

3. Results and discussion

3.1. Characterisation of aggregates

Throughout the year 2011, every working day a new sample of
IOT was obtained and chemically analysed with XRF. The results
indicate that the IOT consists basically of hematite, silica and



Table 2
Composition of Portland cement type CPIII 40 RS.a

Components SiO2 Fe2O3 Al2O3 CaO MgO K2O CO2 SO3 Loss on ignition (1000 �C) Insoluble residue

Proportion (%) 26.06 8.46 1.94 53.81 3.2 0.5 1.25 2.46 2.38 0.40

a Source: manufacturer (Cimentos Cauê).

Table 3
Chemical composition of hydraulic lime type CH I.a

Components CaO MgO SiO2 Fe2O3 Al2O3 SO3 CO2 Loss by Calcination

Proportion (%) 72.37 0.39 1.77 0.16 0.36 0.21 4.16 24.51

a Source: manufacturer (Ical).

Table 4
Mortar mixture ratio (in volume).

Materials TN1 TN2 TN3 TR1 TR2 TR3 TS10 TS20 TS50 TS100

Cement 1 0.5 – 1 0.5 – 0.5 0.5 0.5 0.5
Lime – 0.5 1 – 0.5 1 0.45 0.4 0.25 –
Iron ore tailings – – – 3 3 3 0.05 0.1 0.25 0.5
Natural aggregates 3 3 3 – – – 3 3 3 3

Table 5
Average chemical composition of IOT.

Components SiO2 Fe2O3 Al2O3 P Mn Loss on ignition
(1000 �C)

Proportion average
(%)

24.19 45.92 4.82 0.096 0.025 4.06

Fig. 2. XRD diffraction pattern of IOT. H: Hematite, Q: Quartz, K: Kaolinite.

Fig. 3. SEM image of IOT – 1000�.
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alumina, containing less representative amounts of manganese and
potassium. This inexpressive amount is believed not to affect the
durability of the mortars. The average percentage of the chemical
components is shown in Table 5.

The mineralogical composition of the IOT was verified by XRD
where the most intense diffracted peaks of each crystal phase are
shown in Fig. 2. The characteristic peaks of quartz and hematite
were detected in the sample, as well as the kaolinite peak (Al2Si2-
O5(OH)4). These results are in agreement with the results of the
chemical analysis (XRF) and describe a stable and crystalline mate-
rial, capable of serving as a building material in civil construction.

Morphological analysis of IOT particles were obtained by SEM
magnified by 1000� (Fig. 3) and 2400� (Fig. 4). These pictures
indicate the existence of a volumetric system comprising particu-
late grains with well-defined shape and various sizes. The SEM
images show volumetric particles associated with hematite and
quartz grains, identified by EDS. Probably the adhesion of the smal-
ler flat grains to the larger grains of quartz and hematite (Fig. 2)
will contribute to increasing the voids in the material. This phe-
nomenon may demand larger quantities of mixing water in order
to obtain consistency and plasticity required for mortars.

Figs. 5 and 6 display the natural aggregate and IOT particle size
distribution, along with the limits for optimum zone and recom-
mended usable zone defined by standards. It is noticeable that
IOT is a particularly fine material (more than 50% of the material
has particle size less than 75 lm); consequently, the particle size
distribution of IOT is off the useable zone. The IOT showed a max-
imum dimension of 2.4 mm and the natural aggregate, 4.8 mm.
The fineness modules were respectively 0.61 mm and 1.56 mm.
This data reinforces what was observed in the morphological anal-
ysis of grains.

Further results of the tests of characterisation of IOT and natural
aggregate are described in Table 6. An analysis of these results
shows that the moisture content [23] in the IOT is about five times
that of the natural aggregate, due to the large presence of fines in
the former. The IOT presented absolute density [25] 31.7% higher
than the natural aggregate and bulk density [26] 22.95% higher,
as a result of the high percentage of iron, around 45% in the IOT,
as shown by the XRF. It was also found that IOT forms agglomera-
tions with relative ease [27].

According to the prescriptions of standards 10005/04 and
10006/04, the iron ore tailing is classified as Class II A (not



Fig. 4. SEM image of IOT – 2400�.
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dangerous – not inert), due to its iron and phenols content above
the standard limit [22].
3.2. Characterisation of mortars

In the comparative analysis of Fig. 7, it is noticeable that the
higher the proportion of IOT in the mortar, the higher the required
amount of water in order to reach the same flow (the consistency
index); and, consequently, the capacity for air incorporation and
water retention is lower. This is probably due to IOT fine particles
(Fig. 5) and its morphological characteristics (see Figs. 3 and 4). The
proportion of lime also affected the mortars plasticity, once lime,
when dissolved in water, originates a saturated solution of CaOH2,
which works as lubricant/flocculant among the particles of the
aggregates. This fact explains the increase on the water amount
as lime is gradually replaced by IOT on mixtures TS10, TS20, TS50
e TS100. The absorptive capacity of crystals which constitute the
lime also contributes to the increased water retention in the
mortar [30].

Regarding the aesthetic aspects of IOT coatings, these have a
reddish coloration, which varies with the concentration of iron oxi-
des, as shown in Fig. 8(a) and (b). It is noticeable that there was no
occurrence of stains on the IOT coatings after the application and
curing of the mortars, and even after 1 year of exposure to weather
conditions.

In Fig. 8(a), it is observed that the great concentration of fines in
the mortar TR2 promotes cracking due to drying shrinkage. On the
other hand, when IOT is incorporated at lower concentration, as in
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mortar TS50, it acts as filler, closing off the existing voids in the
mortar, not compromising its plasticity and contributing to its bet-
ter mechanical performance Fig. 8(b).

The rapid loss of water, as observed in Fig. 8(a), compromises
the mortar adherence, its ability to absorb deformation and its
mechanical strength [30]. Therefore, the durability of the coating
and sealing may also be compromised. The curing of the mortar
comprising IOT occurs, in part, by simple drying process in which
the mortar loses water, and its components remain sufficiently
bonded, due to the binding characteristics of the IOT, as shown
in Fig. 8(a) and (b). This binding capacity of the IOT is dictated
by its components, their particles size and shape, and colloidal
phenomena.

The results on Fig. 9 show that the increase of fines content in
mortars comprising IOT contributed to their increased bulk density
on the fresh state, compared with corresponding conventional
mortars. The reason is, possibly, the increased packing of the grains
and the higher value of absolute density of the IOT compared to the
lime and natural aggregate. Another important aspect to consider
is that the greater the bulk density of the mortar on the fresh state,
the lower the workability, and thus the lower the productivity.

The cement mortars, TN1 and TR1, were denser in the hardened
state than other mortars. This fact can be justified by the cement
reaction with the mixing water, as this reaction produces a greater
amount of products, and thereby results in mortars higher density.
However, lime mortars, TN3 and TR3, have higher incorporated air
content, which reflects in lower bulk density when hardened. It is
also noticeable that the higher the proportion of IOT replacing
lime, the greater the value of the bulk density of the mortar and
the lower the incorporated air content, due to the chemical compo-
sition and particle size distribution of the recycled aggregate, as
seen in Figs. 2 and 5.

In Fig. 10 are the results of the mortar sorptivity, as well as their
capillary coefficients [29]. The mortars comprising IOT in replace-
ment of the natural aggregate absorbed more water by capillarity
than conventional mortar, which is justified by the lower disper-
sion of the lime solution in the mortar and by the large amount
of fine particles. This higher sorptivity is also a function of the
lower air content, once a well-distributed pore system interrupting
the capillary channels prevent the water inlet [31]. As a measure of
the inflow of water through the matrix, the sorptivity is related to
the durability of cement-base composites [32]. However, there is
no agreed limit for its modulus on the literature, technical or scien-
tific, which could compromise the overall performance of the
mortar.

It was also observed that the higher the lime content in the
mortar, the greater the absorption coefficient due to the increased
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Fig. 6. IOT particle size distribution through laser particle size analyser.

Table 6
Physical characterisation of the aggregates, natural and recycled (IOT).

Moisture content Absolute density Bulk density Clay lumps and friable particles

Recycled aggregate (IOT) 1.081% 3.88 g/cm3 1.891 g/cm3 98%
Natural aggregate (river sand) 0.183% 2.65 g/cm3 1.457 g/cm3 0%
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incorporation of air provided by the lime. This condition produces
less rigid matrices, more deformable, and thus more suitable for
the production of mortar for coating [33], according to Figs. 6
and 9.

The mechanical performance of mortars was evaluated by com-
pressive tests and bending tests [25,26], after the curing period of 7
and 28 days. In Fig. 11, the results show that the mortar incorpo-
rated with IOT presented better mechanical performance at
28 days when compared to conventional mortars, both in compres-
sive and flexural strength. This observation is true for series TR,
and TS, as the percentage of IOT increases, and it is less represen-
tative at the age of 7 days. In addition, it is possible to notice that
the higher the ratio cement:IOT, the better the mechanical perfor-
mance of the mortar, due to the IOT grain packaging phenomena
by the products of the cement hydration, as mentioned before.

The compressive strength of TR1 at 28 days is 15.4 MPa, 13%
higher than the 13.7 MPa of TN1. Similarly, mortars TR2 and TR3
are 128% and 67% more resistant than their conventional counter-
parts, TN2 and TN3, respectively. It is noticeable the strength gain
from 7 to 28 days is more expressive for mortars with IOT as
replacement of the natural aggregate. The compressive strength
of mortar TR1 increased 130% when compared to its strength at
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Fig. 7. Mortar characterisation: consistency index (water/bin
7 days, versus an increase of 57% for TN1. An Analysis of Variance
(ANOVA) at a significance level of 5% (a = 0.05) with the raw
results of the specimens was performed. It showed no significant
difference between TN1 and TR1 within the levels of acceptance,
but stated that TN2 and TR2 are different, as are TN3 and TR3 (at
28 days). The results of the ANOVA for the TS series (in which lime
was replaced by IOT) presented TS10 and TS20 as similar, but TS50
and TS100 different from them and between themselves. In addi-
tion, regarding the variation between the results at 7 and 28 days,
the ANOVA comparison showed significant difference for the com-
pressive strength of all the mixtures. However, the P-value of the
natural mixtures (TN series) was 0.004 at average, when the P-
value of the mixtures with IOT as aggregate (TR series) was lower
than 0.0001. That means that the difference between the mean
results at 7 and 28 days is more significant for the TR mortars.

In turn, the flexural strength of TR1 at 28 days is 4.0 MPa, 24%
higher than the 3.6 MPa of TN1. Similarly, mortars TR2 and TR3
are 144% and 269% more resistant than their conventional counter-
parts, TN2 and TN3, respectively. Similar to the results of the com-
pressive strength, the flexural strength gain from 7 to 28 days is
more expressive for mortars with IOT as replacement of the natural
aggregate. The compressive strength of mortar TR1 increased 26%
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Fig. 8. Mortars for coating applied to surface, (a) mortar TR2, IOT in total replacement of natural aggregates; and (b) mortar TS50, 50% lime replaced by IOT.
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when compared to its strength at 7 days, versus an increase of 79%
for TN1. For TN2 and TN3, the increase was 60% and 78%, respec-
tively, lower values than 358% and 157% for TR2 and TR3. The Anal-
ysis of Variance showed that there is no significant difference
between TN1 and TR1 within the levels of acceptance, but stated
that TN2 and TR2 are different, as are TN3 and TR3 (at 28 days).
Among the TS mortars, there is no significant difference. The
ANOVA also showed that the mortars with natural aggregates
and with IOT replacing lime have a similar flexural strength mean
between 7 and 28 days, as opposite to mortars with recycled
aggregate, in which this difference was significant.
The reason for this improved performance is that, with the IOT,
the matrix becomes more continuous and provides a better med-
ium for hydration products to be formed. In addition, the water/
cement ratio in IOT mortars is higher, also considering that a smal-
ler mean diameter for recycled aggregates creates a structure with
greater packaging. In turn, this structure produces a better interfa-
cial stress transference between the materials [34], and retains
water for a longer time, which explains the higher mechanical
strength as a function of time.

Also, with the increased percentage of IOT as a replacement of
lime, the air entrained is reduced due to the filler effect on the
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matrices. Therefore, there is a tendency of improvement of the
mechanical properties of the TR series as the IOT is added.

The increased compressive strength of the IOT mortars, along
with its low air content, indicate a tighter matrix, and therefore,
a more durable one.

4. Conclusion

Workability is one of the most important properties of mortars,
especially for those destined for coating. In this sense, preliminary
results indicate that the use of IOT in proportion not exceeding 20%
in replacement of lime are more feasible for this application. For
the same workability that of conventional mortars, the mortars
produced with recycled aggregate (IOT), consumed higher contents
of water for proper consistency and plasticity, but presented better
mechanical performance at 28 days. They also display reduced
entrained air content and greater bulk density in the fresh and
hardened states, due to the high density of IOT. These properties
indicate they are more appropriate for brick laying. In addition,
the cracking presented on the TR series might compromise the
durability of this type of mortar when applied to coatings.

Therefore, the present results encourage the use of IOT as con-
struction material in the production of mortars for coating and lay-
ing of bricks. The authors suggest a further characterisation of the
material in order to ascertain its applicability, such as durability
and adherence tests.

It should be noticed that IOT is environmentally classified as
Class II-A – non-dangerous and non-inert, and thus it does not pre-
sent hazardous characteristics such as corrosivity, reactivity, toxi-
city, pathogenicity or flammability. The use of iron ore tailings
from tailing dams as aggregate or filler will help reduce the
exploitation of natural aggregates in deposits, as will contribute
to the mitigation of environmental impacts of waste disposal.
The use of IOT ultimately collaborates to the sustainability of con-
struction and of all activities related to its supply chain.
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