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a b s t r a c t

Brazil is the second-largest global iron ore producer in the world. Consequently, a large

volume of iron ore tailings (IOTs) is generated, which is associated with environmental

impacts. IOTs present potential to be used as an addition in cementitious compounds,

however, few studies assess how the heterogeneity of this waste can limit its utilization as

a building material. Thus, the present study aims to assess whether the heterogeneity of

IOTs influences mechanical, durability, and microstructural properties when added to the

cementitious composite. Four IOTs samples from different origins were collected and

added to cementitious composite at 40% addition content. Composites’ mechanical

(compressive strength and modulus of elasticity) and durability properties (water absorp-

tion, porosity, electrical resistivity, carbonation, and pH pore solution) were correlated to

the microstructure of the IOTs. Results showed that the IOTs from different mines

exhibited different physical properties and chemical/mineralogical compositions. More-

over, the higher the degree of ore processing, the lower the heterogeneity, iron content,

and specific gravity. Although the IOT samples are heterogeneous, this type of tailing can

be used as a filler addition in structural mortars. IOT addition tends to improve the me-

chanical and durability properties. Heterogeneity most significantly influenced the prop-

erties in the fresh state, durability, and microstructural properties. The microstructure of

the cement matrix tends to be denser in the IOT-added with higher SSA and silica content.

Was observed higher-porosity in regions close to the interfacial transition zone in the

samples with coarser IOT.
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1. Introduction

According to the United States Geological Survey [1], Brazil

holds almost 19% of all iron ore deposits in the world (average

iron content higher than 55%). As a result, Brazil is the second-

largest producer of that mineral while Australia holds the first

position in this ranking. Brazil produces 430 million tons of

processed ore, contributing approximately 16% of the national

industrial GDP [2]. However, iron mining is also associated

with environmental impacts [3e5]. It is estimated that every

ton of processed iron ore generates 0.4 tons of tailing. In some

cases, the amount of tailing may be much greater [6,7].

Consequently, the large amount of waste generated (often

deposited in dams), is associated with major environmental

disasters [3e5]. As example, in 2015, there were two dam

failures in the city of Mariana, State of Minas Gerais, Brazil.

Consequently, 62 million cubic meters of tailing were

released, which reached areas up to 100 km from the accident

location [3]. Shortly after, in 2019, another dam broke in the

city of Brumadinho, state of Minas Gerais, Brazil, and released

12 million cubic meters of tailing killing 240 people [4]. Within

this context, IOT reuse is a way to improve the production

process in mining companies by reducing residue production

and its environmental impacts [5e7].

The civil construction sector needs to produce more effi-

cient and high-performance materials, which can contribute

to environmental sustainability [8e12]. Thus, the use of an

industrial by-product, such IOT, as a mineral addition has

great relevance. The IOTs present potential to be used as

building material due to their granulometry and chemical

composition [13]. According to Peixoto et al. [14], IOTs are

technically, economically, and environmentally feasible to

produce various products, such as: ceramic materials [14,15],

materials for road constructions [16], geopolymermortars [17],

ink for paint [18] and ecological brick [15] and cementitious

composites [19e42].

In literature, the IOT is often used as an aggregate in

cementitious composites [19e30] due to its high quartz con-

tent, inert material, and particle size closes to sand [5,8].

Natural aggregate replacement by aggregate wastes decreases

the natural sand extraction. Furthermore, the IOT can also be

used as a mineral addition or cement replacement. However,

in this case, it is required a granulometry adjustment (parti-

cles <0.075 mm) [31e39] or any thermal activation [31,35e37].

In general, when 20% of natural aggregate is replaced by

IOT aggregate an increase is observed in mechanical proper-

ties of cementitious compound. However, these properties

tend to decrease when replacement values reach above 40%

[19e30]. On the other hand, when the IOT is used as a binder

replacement, themechanical properties tend to decrease with

increasing IOT content, since the amount of reactive material

(cement Portland) decrease [31e39]. Therefore, replacement

values tend to be low (<10%). Furthermore, the most satis-

factory results were obtained when mechanic-thermal treat-

ments were performed [34]. However, the implementation of

these treatments requires a great amount of energy and heat

[5], increasing the costs and reducing the sustainable char-

acter of the research. Regarding using IOT as an addition

(without cement replacement), without activation process

and just with comminution in a mill, there are few studies.

The available literature points to an application in higher

contents (up to 40%), with maintenance of mechanical prop-

erties [40e42]. Thereby, the exploration of the mechanical

properties and durability indicators of cementitious compos-

ites with high additions of IOT will contribute to know the

effects of the residue in this application.

In general, IOTs are fine, dense and crystalline materials,

whose main constituents are iron, silicon and aluminum [40,41].

However, these tailings can present great variability on their

physical and chemical properties, due to deposits’ geological na-

ture differences and to different ore processing methods [12,42].

For example, iron contents close to 10%are found in IOTs coming

from Chinese ore [19e22,26e35,37e39,42], however, Brazilian

IOTs have much higher iron contents [5,8e18,23e25,36,40,41].

AlthoughChina isan important country for ironoreproduction in

the world, its deposits have low iron concentration [1], which

justifies the low content of iron in its ore tailing and process with

more complex and more expensive processing. Additionally,

many researches [19e41] study one or two types of IOTs and do

notpresentor consider theeffects of thecharacteristics ofmining

and processing [19e41].

Thus, it is essential to develop new studies on Brazilian

IOT's influence on properties of cementitious products. For

this reason, it is important to examine the influence of IOT

additions (in natura or with slight comminution) on durability

and microstructure of cementitious composites. Therefore,

the aim of the present study was to determine chemical,

physical, mineralogical and microstructural characteristics of

Brazilian IOTs and evaluate whether the heterogeneity of

these (added) wastes influences the cementitious composite

(structural mortars). Four IOT samples, from different origins

and processing process, were collected and characterized. The

mechanical resistance, water absorption and porosity,

modulus of elasticity, electric resistivity and resistance to

carbonation of structural mortar with IOT-addition were

evaluated. These properties were correlated to the chemical,

physical, mineralogical and microstructural characteristics of

IOTs.

2. Materials and experimental program

2.1. Materials

Cement Portland CPI (Ordinary Portland Cement), standard

quartz sand, and four IOTwere used in this research. Four iron

ore tailing from different mines and generated on different

processing were used in the experiment, as shown in Table 1.

It is worth highlighting that all IOT samples were ground in a

PAVITEST (Contenco Indústria e Com�ercio LTDA) mill, with 42

steel bars, for 15 min.

2.2. Powder characterization

The aim of the present study was to characterize the waste as

completely as possible. For this reason, their chemical,
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physical, mineralogical and microstructural composition was

assessed, according to Table 2.

2.3. Structural mortars mix

Structural mortars weremolded to verify the effects of the IOT

characteristics on their properties in the fresh and hardened

state. For this, proportion of materials (1:0.40:3dcement: IOT:

sand) and water-to-cement ratio (0.5) were fixed. It is worth

noting that the tailings were added at 40% of content (in

relation to the cement mass), without replacing the cement.

Thus, the variables of each specimen were just the properties

of each IOT sample. The IOT content was defined according to

previous research [41] which showed that, after varying

several IOT contents, 40% was a promising value, concerning

to mechanical and durability properties.

The samples were prepared according to NBR 7215 Standard

[43]. The freshly mixed cementitious composite was placed in

steel molds and vibrated using a vibrating table. The densifica-

tion by vibration stopped when uniform bleeding was observed

in each layer. The three-layer densification was applied to cy-

lindrical specimens (Ø5 � 10 cm), five-layer densification was

adopted for specimens (Ø5 � 10 cm) and the two-layer one was

applied to prismatic specimens (4� 4� 16 cm). After casting, all

samples were stored in a curing room (>90% RH) for 48 h ± 10 h

before demolding. Then, the samples were identified and cured

in humid chamber, for 28 days.

2.4. Structural mortars characterization

The Flow table test was used to determine consistency of fresh

cementitious composite, according to BS EN 1015-3 Standard

[44]. In the hardened state, mechanical properties, some

durability parameters and microstructure were analyzed, ac-

cording to methods described below.

Compressive strength was determined at 28 days, in a

Contenco press, at a load rate of 0.5 MPa/s and pressure of

0.1 kgf, as recommended in BS EN 1015-11 Standard [45]. The

dynamic modulus of elasticity was determined in dry speci-

mens at 28 days, according to forced resonant frequency

method in longitudinal mode, on recommendations in the

C215 Standard [46] and on considerations by Lee et al. [47].

Erudite MKII Resonant Frequency Test System equipment,

adjusted to frequencies ranging from 7000 to 14,000 Hz and to

tension of 0.50 V, was used in this test.

The volumetric electrical resistivity was measured in

saturated specimens through potential difference on flat

surfaces, after 28 days according to NBR 9204 [48]. Digital

function generator FG-8102 (Politerm), with 8V was used.

Carbonation study was carried out through the phenol-

phthalein indicator solution (1%)method, according to CPC-18

[49] and ISO 1920-12 [50] recommendations. Carbonation

chamber with 5% CO2, 27 �C ± 2 �C, and humidity of 65% ± 5%

was used, where specimens remained in for 85 days.

Pore solution pH in carbonated cementitious composite

was assessed through the suspended powder method [51].

Powder was extracted from the specimens after longitudinal

disruption, with the aid of a drilling machine and a brush.

Powder extraction was carried out in the internal interme-

diary region (IIR), located 1 cm from the edge, in internal

central region (ICR), located 2 cm from the edge, and in an

external region (ER) close to the edge. Holes were approxi-

mately 3 mm in depth. Deionized water, at water-soil ratio of

20:1, was used for suspension. Samples pH was measured in

BioVera PB18000 pHmeter, after 24 h agitation.

Water absorption was determined through immersion and

by capillarity of samples after 28 days of cure. Procedureswere

described in standards ASTM C642-13 [52] and BS EN 1015-18

[53]. The total porosity was calculated from Eq. (1), based on

Archimedes’ principle. Theoretical density of the cementi-

tious composite can be calculated through the mean specific

mass of materials (Eqs. (2) and (3)).

Pt ¼ [1 � ((pw � Mdry)/(rtheoretical � (Msss � Mi))] � 100 (1)

Рtheoretical ¼ fc � gc þ fa � ga þ fb � gb (2)

fi ¼ i/(1 þ a þ b) (3)

Wherein:

Pt ¼ total porosity (%)

rw ¼ water density (g/cm3)

Mdry ¼ specimen dry mass (g)

Msss ¼ dry-surface saturated specimen’s mass (g)

Mi ¼ specimen’s mass immersed in water (g)

rtheoretical ¼ Theoretical density (g/cm3)

fi ¼ mass fraction of the material, with i ¼ 1 for cement,

i ¼ a for aggregate, i ¼ b for addition

a ¼ fine aggregate ratio in relation to cement mass

b ¼ Mineral addition ratio in relation to cement mass

gc ¼ cement specific mass (g/cm3)

ga ¼ fine aggregate specific mass (g/cm3)

gb ¼ mineral addition specific mass (g/cm3)

In addition, a cross-sectional cut was made at half of cy-

lindrical specimens’ samples to visualize the spatial distri-

bution, dimension and pore shape in the samples. Pores in the

cementitious composite were highlighted with black pen and

photographed in digital microscope (1600� magnification).

For microstructural evaluation, SEM-BSE images were

analyzed in a Quanta 3D FEG-SEM. The hydrated products and

Table 1 e Description of IOT samples.

Sample IOT origin/processing Collection point

SF Processing for sinter feed production Pile

BS Processing only based on crushing, screening, and dewatering cycles Dam

BC Processing based on flotation and magnetic separation steps Dam

AR Processing based on two flotation stages (high quartz content) Tailings thickener
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IOT particle identification in composites matrix was assessed

through the contrast of SEM-BSE images and by chemical

mapping in EDS INCAX-act detector (Oxforde Instruments). It

is known that flat polished section minimizes topographic

contrast since high spots appear bright in SEM-BSE images

[54,55]. For this reason, samples extracted from specimens’

internal region were embedded in acrylic resin and polished

with silicon carbide papers (#800, #1200, #1500 and #2000) and

diamond pastes (9 mm, 3 mmand 1 mm), with Isopropyl Alcohol

as a lubricant. The samples were cleaned in alcohol under

ultrasonic vibration between grinding and polishing steps.

SEM-BSE images were processed using ImageJ software to

obtain the porosity, and pore size distribution, based on Ferret

diameter. Cracks were erased to avoid mistaking consider-

ations on Ferret diameter. It is important to highlight only

pores equal to, or bigger than, 1 pixel could be identified [56].

3. Results and analyses

3.1. Chemical and mineralogical composition

The CEM I and IOTs chemical composition are shown in Table

3. It is observed that IOTs are composed mainly by Fe2O3 and

SiO2. In these samples, iron content ranged from 44.80% (AR)

to 81.21% (SF) and silica content ranged from 10.60% (SF) to

54.10% (AR). SF and BS tailings presented slightly higher

alumina content (Al2O3) than the other ones, suggesting the

presence of clay minerals in their composition. Moreover, the

loss of ignition (LOI) in these samples (SF and BS) was also

higher. It is known that dehydroxylation of goethite (FeOOH)

takes place between 200 �C and 3000 �C and forms hematite

(Fe2O3) [40]. Thus, this mineral is expected to be more abun-

dant in SF and BS. Overall, higher iron contents were found in

samples whose ores of origin were less processed (SF and BS),

whereas the highest silica contents were identified in samples

presenting higher ore processing (BC and AR). This result

points to a heterogeneity between the samples and shows the

dependence of the chemical composition of the material on

ore processing, as well as on its collection location.

The mineralogical composition of IOT samples was

assessed through XRD (Fig. 1). The results show that all sam-

ples had high crystallinity. This is indicative of low reactivity

degree, or no reactivity at all, similarly to results of the liter-

ature [9,33,40,41]. Furthermore, studies have pointed out that

IOT has a low pozzolanicity degree, evenwhen it is chemically

or mechanically activated [40,41].

The mineral phases present in samples were quartz (SiO2),

hematite (Fe2O3), goethite (FeO), gibbsite (Al2O3), kaolinite

(Si2Al2O5(OH)4) and magnetite (FeO.Fe2O3), which are in

accordance with the XRF chemical analysis. These minerals

were the ones typically found in Brazilian iron ore and tailing

[9,33,40,41]. Studies carried out with IOT from different origins

identified other minerals, such as chlorite ((Mg, Fe)3(Si, Al)4-
O10(OH)2$(Mg, Fe)3(OH)6), hornblende ((Ca, Na)2-3 (Mg, Fe,

Al)5(Al, Si)8O22(OH, F)2), diopside (Ca(Mg, Fe) Si2O6), meixnerite

(Mg6Al2 (OH)16(OH)2.4H2O)dwhich are found in Chinese IOT

[27,57] dand chamosite ((Fe2þ,Mg,Fe3þ)5Al(Si3Al)O10(OH,O)8)

dwhich is found in Malaysian IOT [25], although they were

not at major phase. This finding highlights that IOT
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heterogeneity is related to different characteristics of deposits

where raw ores are collected.

Major phases are different in each IOT, as evidenced by the

semi-quantitative results recorded for the mineralogical

composition, shown in the right side of Fig. 1. From the re-

sults, it possible to infer that the higher the degree of ore

processing, the more representative the quartz content and

the lesser representative the hematite content. Moreover, it

can be observed the important role played by the magnetic

roller used to process ore, which has generated SF tailing at

magnetite separation. Magnetite was not identified in the

composition of this sample, despite its small processing.

Thus, processing influences tailing heterogeneity.

Figure 2 (SEM-EDS) clearly show iron content reduction in

particles of tailing coming from ore subjected to several pro-

cessing stages (BC and AR). This finding confirms the XRF re-

sults. Sample SF (Fig. 2) presented a large amount of small and

lamellarparticlesadhered to thesurfaceofbiggergrains.These

small particles were composed either of iron, or of silicon and

aluminum. Therefore, they were associated with iron oxides,

such as hematite and goethite, and clay minerals, such as

kaolinite (Al2O3.2SiO2.2H2O) and gibbsite (Al(OH)3), identified

through XRD. The bigger particles, which were mainly formed

by silicon, were associated with quartz. These characteristics

were identified inBS tailing. For the samples BCandAR,mostly

silicon-rich and bigger particles (quartz) were observed.

From Fig. 2, it can be said that all samples showed the same

(irregular shape) particle morphology, as already presented in

the literature [9,33,40,41]. However, other physical aspects

depend on the mineralogical composition and on the benefi-

ciation, process applied to the raw ore, such as granulometry,

specific surface area and porosity. These physical properties

will be described below.

3.2. Physical properties of IOT

Particle size distribution of IOT (Fig. 3) presented a high

number of particles bigger than cement, even after being

ground and, in general, the IOTs studied were rougher than

IOT samples used as addition or as binder replacement

assessed by other authors [33,40,41]. It was possible to observe

similarity between samples SF and BC, and samples BS and

AR, despite the mineralogical difference. It is noteworthy that

the SF and BC tailings presented closer granulometric to that

of the CEM I cement, mainly in fractions smaller than 5 mm, as

well as more varying discrete distribution of particles. On the

other hand, the BS and AR tailings presented lesser hetero-

geneous granulometry and particle concentration ranging

from 40 mm to 150 mm.Moreover, the AR sample presented the

greatest amount of quartz (high hardness mineral), which

explain the greater particle granulometry after milling. In

addition, this sample was generated after several processing

steps and, due to the collection location (tailing thickener after

flotation), the lowest granulometric variety can be justified by

tailing separation during previous processing stages. There-

fore, it is possible to notice that granulometric variation in IOT

Fig. 1 e Diffractograms of iron ore tailings samples. (Q e Quartz; H e Hematite; G e Goethite; Gi e Gibbsite; K e Kaolinite; M e

Magnetite).

Table 3 e Chemical composition (wt. %) of the materials.

Fe2O3 SiO2 Al2O3 CaO MgO TiO2 P2O5 Na2O K2O MnO BaO LOI

SF 81.21 10.60 3.04 0.06 <0.1 0.08 0.18 <0.1 0.02 0.32 <0.01 4.94

BS 74.20 18.30 1.83 0.03 <0.1 0.08 0.16 <0.1 0.03 0.31 <0.01 4.22

BC 49.61 49.80 0.51 0.03 <0.1 0.08 0.013 <0.1 0.01 0.12 <0.01 0.62

AR 44.80 54.10 0.43 0.06 <0.1 <0.01 <0.005 0.43 0.05 <0.008 <0.01 0.11

CEM I 2.38 19.90 4.34 63.30 2.68 0.23 0.23 0.17 0.98 0.05 e 2.29
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particles is indicative of the geology inherent to different re-

gions, as well as of different material preparations.

Table 4 presents the specificmass, specific surface area (SSA)

and porosity of cement and IOT. Specificmass valueswere high

in tailings from processing based on less stages (SF and BS):

4.234 g/cm3 and 4.359 g/cm3, respectively, which can be 35%

higher than that of cement (3.221 g/cm3). This result can be

explainedby thehigher iron content in these samples, as shown

by the XRF analysis. On the other hand, tailing AR (highly pro-

cessed ore) recorded specific mass lower than that of cement,

due to reduced content of this element in its composition. Re-

sults found in the current study are within values presented in

the Brazilian literature [8,9,41]. However, in comparison to IOT

from Chinese ore, and from other countries [30,35], specific

masses were slightly higher, mainly in tailings SF and BS.

Given the presence of a large number of fine particles

adhered to the bigger particles, which increases material

porosity, samples SF and BS presented the highest SSA: 8.750

and 10.107 m2/g, respectively. These values were 5e8 times

higher than results recorded for other IOT samples. On the

other hand, samples BC an AR recorded SSA values close to

those of cement: 1.199 and 1.730 m2/g, respectively. These

values can be justified by the high concentration of quartz,

whose particles are smooth and present coarser particle size.

Likewise, the total volume of pores andmean radius of SF and

BS samples were higher.

Despite the AR sample not being the one recording the

smallest specific surface, it was identified as the least porous

and with the smallest pore radius. This finding can be attrib-

uted to AR’s lower mineralogical and granulometric hetero-

geneity. Yunhog et al. [33] highlighted that longer grounding

times lead to particle agglomeration due to increased surface

energy, which reduces the specific area of the material.

3.3. Consistency index

Fig. 4 presents the consistency index of all structural mortars.

It is observed that the addition of 40% of IOT in mortars and

the same w/c ratio decreased workability in all cementitious

composites. Despite the reduced consistency (22.5%, at most),

it was decided not to use a plasticizer admixture in this pre-

sent study, since it was possible to prepare the samples. As

highlighted by Fontes et al. [9] and Castro [41], the higher the

IOT ratio, the higher the amount of required water, and this

effect is more evident when the composites present more

than 20% of IOT addition. Furthermore, irregular-shaped and

greatly porous IOT particles account for the high demand for

water [28]. Therefore, this result was expected.

Fig. 2 e Chemical mapping (SEM-EDS) of the IOT sample (a) SF, (b) BS, (c) BC and (d) AR.
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The water demand of the IOTs was slightly higher than

that of cement, but it was possible noticing that each IOT

sample affected the composite consistency at a different level.

Thus, the IOT heterogeneity had influence in this property. As

consequence of the differences in the fineness and specific

mass of IOT samples, the solid volume in composites was

variable, which affected the water demand. Table 5 shows the

variation in the solid volume, water volume and on the area of

fines in each sample. Materials’ consumption, specific mass

and specific surface area were taken into account to reach

parameters. Cement and IOT were taken as the solid fines in

the composition.

Cementitious composite BS40 presented drier consistency,

almost no spreading on the table and small cohesion loss,

although it remained plastic. Despite the high addition con-

tent and the high specific mass of BS tailing, its use only

increased the volume of solids in the mortar by 23.71%.

Nevertheless, its specific surface and quite high porosity have

contributed to significant increase in the area of fines, or

“wetting area” (221.91%). This process resulted in increased

demand for water and in greater workability reduction in

cementitious composite (22.55%). The same happened in the

SF40 composite, however, the differences in particle size dis-

tribution between BS and SF tailings may have contributed to

keep the consistency of SF40 a little closer to that of the

reference cementitious composite. Oppositely, tailings BC and

AR, which recorded a lower specific mass and specific surface

area, had a greater impact on increasing the volume of solids

and less effect in the “wetting area”. Differences in gran-

ulometry and porosity also contributed to the proximity of the

results between SF40 and BC40.

3.4. Water absorption and porosity

Fig. 5 shows the water absorption, porosity and capillarity

coefficient of structural mortars. In all samples, water ab-

sorption was lower than 10%, indicating a good composite

durability [60]. The introduction of IOTs in the cementitious

composite led to a slight reduction in water absorption (max.

14.6% in AR40) and porosity (max. 6.6% in BC40). Overall, the

use of IOTs resulted in the maintenance and in small im-

provements in the durability of cementitious composites. This

Fig. 3 e Accumulated and discrete particle size distribution of IOTs particles.

Table 4 e Specific surface area and material porosity.

Sample Specific mass
(g/cm3)

SSA
(m2/g)

Total volume
of pores (10�3 cm3/g)

Mean
radius of pores (�A)

SF 4.234 8.750 12.540 50.310

BS 4.359 10.107 16.850 69.035

BC 3.489 1.199 1.625 43.216

AR 2.807 1.730 1.331 21.829

CEM I Cement 3.221 1.705 2.899 74.234
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result is associated with the fineness of the IOTs, which oc-

cupies either macro or micro pores [25]. Equivalent results

were observed by Castro [41], whose study has shown the

trend of reducing the emptiness index and water absorption

due to increase in IOT addition content, since it acts as a filler.

Therewas not a significant variation in water absorption in

the IOT-added samples, and it evidences that heterogeneity of

the IOTs does not have strong impact on this property. Based

on the results, some physical properties of IOTs, such as

porositydwhich presented significant difference between

samples, seem not to be important for the absorption and

porosity of the cementitious composite. However, it is note-

worthy that open porosity and capillarity coefficient pre-

sented an important variation among samples,mainly in BC40

and AR40. The results indicated that SF40 and BS40 samples

presented a coefficient very close to the reference sample,

only with an increase of 6.09% and 5.81%, respectively. How-

ever, BC40 and AR40 samples reached much higher increases

(45.58% and 109.03%, respectively).

Although sample BS40 recorded higher consistency loss,

which implies in higher densification and increase of micro-

porosity, both high porosity and IOT specific surface area have

reduced exudation in the mix. Thus, connectivity of smaller

pores decreased, and capillary absorption remained close to

that of the reference cementitious composite. The opposite

was observed in sample AR40, which, despite the lower

workability loss, presented exudation and higher capillary

absorption. Therefore, it is inferring that, in this case, the

physical properties of IOTs have influenced (increased) capil-

larity in the cementitious composite.

3.5. Macro and microporosity by image analysis

Based on these results, it can be said there is a difference in

the size, shape and/or spatial distribution of pores in hard-

ened cementitious composites. Regarding these aspects, it is

possible to highlight the effect of two main factors: the filler

effect of the IOTs (filling the smallest pores) and the influence

of the IOT on cementitious composite workability, which af-

fects layer densification (amount and distribution of the

biggest pores). According to Mehta and Monteiro [58] pores

bigger than 3 mm derive from air imprisonment during the

mixing process. To evaluate these effects, images of cross-

sectional sections of specimens Ø5 � 10 cm (digital micro-

scope) and of polished samples (SEM-BSE), with emphasis on

pores observed in the ImageJ software were analyzed (Fig. 6).

From digital microscope images, it was observed that the

reference cementitious composite (Fig. 6a) had pores with

circular sections and presented uniform spatial distribution,

while IOT-added samples (Fig. 6c, e, g and i) showed pores

slightly more irregular, with lower spatial-distribution uni-

formity. This effect can be attributed by consistency reduction

in the cementitious composite. SEM-BSE images (Fig. 6b, d, f, h

and j) showed that the reference cementitious composite

presented bigger pores, whereas the cementitious matrices of

IOT-added samples were denser and had more porous loca-

tions. There was pore refinement and filling due to IOT addi-

tion. It was also possible noticing extensive and ramified

cracks in all samples.

Pore diameter distribution at two scales is presented in

Fig. 7. Images of specimens’ sections (Fig. 7a) indicated similar

behavior among all samples. However, IOT-added samples

presented bigger pores than the reference sample, mainly the

samples BC40 and AR40. Although sample BS40 recorded the

lowest consistency index, it presented great concentration of

smaller pores. This finding is indicative of both particles

packing and better mechanical resistance. Fig. 7b presents the

pore diameter distribution results for SEM-BSE images. It is

worth noting that the pore size evaluated corresponds to the

capillary porosity range. The highest concentration of smaller

pores in cementitious composite AR40 and BC40 justified the

higher capillarity coefficient observed in the water absorption

test.

Comparing the methods used to measure porosity in this

study, image analysis showed numerically smaller results.

Fig. 4 e Consistency index of cementitious composite.

Table 5 e Volume and area of fines, and water volume per cm3 of mortar.

Sample Volume of fines
(cm3/cm3)

Dvf Water volume
(cm3/cm3)

Dva Area of fines
(m2/cm3)

Daf

REF 0.160 e 0.257 e 0.878 e

SF40 0.199 24.38% 0.245 �4.64% 2.555 191.12%

BS40 0.198 23.71% 0.246 �4.51% 2.825 221.91%

BC40 0.207 29.30% 0.243 �5.57% 1.062 20.99%

AR40 0.217 35.93% 0.240 �6.83% 1.150 30.98%

Dvf ¼ variation in the volume of fines; Dva ¼ variation in water volume; Daf ¼ variation in the area of fines.
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However, a small porosity reduction due to IOT introduction

was also shown, in relation to the reference sample. Never-

theless, it is worth pointing out that the method used by the

software is quite sensitive to image contrast in pore definition.

Variation in results was expected, although the section and

region definition are typical to the material, image analysis

corresponded to only a small region of the sample.

3.6. Compressive strength

Compressive strength results are presented in Fig. 8. In gen-

eral, IOT addition to cementitious composite increased

compressive strength, and this behavior was in opposition to

that observed for consistency. BS40 sample presented the

lowest consistency index, however, this sample exhibited the

greater compressive strength (48.3 MPa), 22.9% higher than

the REF sample. The BC40 and SF40 samples also presented

strength improvement by 17.8% and 11.8%, respectively. Only

the AR40 sample reach lower mechanical strength (2.1% loss),

which can be considered irrelevant. Moreover, during the

compressive strength test, a more visible brittle fracture in

IOT-added cementitious composite was observed. It suggests

an increase of stiffness in these materials. These results are

according to Castro’s [41] studies, with the same gain in

strength (14%) based on the same addition content.

The influence of non-reactivity IOT on mechanical resis-

tance is related to physical effects, such as particle packing,

interaction between the cement matrix and the aggregate

(adherence), nucleation effect, as well as to the effective w/c

ratio. In addition, the use of IOT added to the mortars

decreased the fluidity, since thesematerials were added to the

mix while the w/c ratio remained unchanged. Therefore, part

of the water is attached on the IOT and aggregate surfaces.

According to area of fines presented in Table 5, it is possible to

observe that samples SF40 and BS40 had their effective water/

solid ratio strongly reduced, which leads a smaller effectivew/

c. These were the factors that may have influenced

compressive strength gains.

Moreover, the influence on mechanical resistance is

related to physical effects, such as filling voids and packing

particle improvement, interaction between the cementmatrix

and the aggregate (adherence) and nucleation effect. There-

fore, particle size distribution and particle surface character-

istics in cementitious composite AR40 may have contributed

to the difference observed in compressive strength, in com-

parison to that of other IOT-added cementitious composite.

3.7. Composites microstructure

The cement matrixes of composites are illustrated in Figs. 9

and 10, highlighting a 40 mm region from the aggregate. REF

sample (Fig. 9) presented a more porous cement matrix close

to the aggregates (ITZ e Interfacial Transition Zone) and there

are some cracks, small unhydrated cement particles (UC) and

portlandite (CH). On the other hand, it is possible to observe in

IOT-added samples (Fig. 10), a void filling by IOT particles in

the ITZ region. In addition, the finer the tailing particle, the

closer it was to the aggregate. The accumulation of these

particles can be justified by high specific mass of the IOTs,

which are taken by the water and deposited in ITZ, and the

addition in the volume of solids in themix. The SF40 and BS40

samples presented larger IOT particles in the ITZ, as well as

cracks in the cement matrix. It is worth noting that those

tailings recorded the highest specific mass. Besides, it is

possible to observe that AR40 presented matrix denser than

that of the other samples, as well as smaller number of pores

and cracks, similar to evidence in the porosity test. Overall,

IOT-added samples did not show expressive CH formation in

ITZ or around the tailing particles. This pointed out that

samples can have good mechanical-property of the ITZ.

Fig. 5 e Immersion Absorption (Ia), open porosity (Op), total porosity (Tp) and capillarity coefficient (Cc) of cementitious

composite.
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According to Zhao et al. [35], some IOT particles presenting a

porous surface can absorb water during the mixing, and it

promotes the adequate environment for CH growth during

hydration. This effect was not observed in samples with

porous IOT (SF40 and BS40), likely due to the lower particle

size of IOTs in this study, in comparison to that of research

that have used IOT with aggregate.

Han et al. [59] highlighted that there may be low adhesion

of the surrounding hydrated compounds in samples pre-

senting low porosity and roughness, and the poor ligation to

the matrix can be a point of low resistance to loads. However,

in the present study, tailing particles seemed to have good

adherence to the cement paste. This may be related to the

particle size distribution of the tailings, which is smaller in

Fig. 6 e Cross-section of the specimen cementitious composite and the polished sample, highlighting the pores and fissures

(a and b) REF, (c and d) SF40, (e and f) BS40, (g and h) BC40, (i and j) AR40.
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this study, compared to these author’s study. Tailing particles

have properly adhered to the cement paste, even in samples

more porous (SF40) and with IOT which has smoother surface

and lowest SSA (AR40). Therefore, IOT adherence to thematrix

seemed not to be significantly affected by the physical prop-

erties of the material, since samples SF and AR had different

properties.

3.8. Dynamic elastic modulus and density

Dynamic elastic modulus and density of composites are

shown in Fig. 11. According to results, it was observed that the

greater the specific mass of the IOT, the greater the specific

mass of the cementitious composite and, consequently, the

greater itsmodulus of elasticity. Cementitious composite SF40

and BS40, which recorded the highest specific dry mass,

showed increase in the modulus of elasticity by 11.67% and

17.97%, respectively, in comparison to the reference. BC40 and

AR40 samples presented gains by 10.55% and 8.22%, respec-

tively. It is important to highlight that the high specific mass

of the IOTs contributed to increase the apparent density of the

cementitious composite. Consequently, the higher the den-

sity, the faster the wave propagation speed and the higher the

rigidity [47]. Accordingly, the lower specific mass of the AR

tailing justified the lower density and modulus of elasticity of

cementitious composite AR40 in comparison to other IOT-

added composites.

IOT addition led to formation of a denser matrix and a

good-dispersion of fine pores, which has contributed to gains

in rigidity. This was also observed by Carrasco et al. [8], by

replacing the sand for IOT. Further, IOTmechanical properties

are also important factors, since modulus of elasticity of the

composite depend on the modulus of the materials that

compose it. According to Zhao et al. [27], IOT’s indentation

module stays close to the natural aggregates.

3.9. Electrical resistivity

There is a consensus in the literature that electrical resistivity

and the corrosive environment have a reversed relationship in

reinforced concrete [59,66]. Whiting and Nagi [60] presented

Fig. 7 e Pore diameter distribution of the specimens’ cross-section: (a) digital microscope image and (b) SEM image.

Fig. 8 e Compressive strength of cementitious composite

(28 days). Fig. 9 e SEM-BSE image of REF sample.
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the potential corrosion limits for concrete depending on

electrical resistivity, which is: “too high” (<50 U.m); “high”

(50e100 U.m); “moderate to low” (100e200 U.m) and “low”

(>200 U.m). Based on the electrical resistivity results of com-

posites, shown in Fig. 12, all composites would fit the “too

high” concrete armor’s corrosion potential band. Neverthe-

less, as reported by Hou et al. [29], this property is quite

influenced by big aggregates, which can present very high

resistivity. These authors have found resistivity of 33 U.m in

mortar presenting composition ratio of 1:1 and w/c of 0.40.

These values are close to those recorded in the present study.

Hence, because electrical resistivity values regard a structural

mortar, without big aggregates, they were expected to present

lower values.

Usually, the cementitious matrix was the route pre-

senting the lowest electrical resistivity due to the porous

structure of the CeSeH gel and to the pore solution inside it

[29]. According to Medeiros Júnior and Lima [61] and

Ramezanianpour et al. [62], cementitious supplementary

materials, such as fly ash, silica fume and blast furnace slag,

can reduce the size of cement paste pores, limit electric

conduction through the pore solution and produce concrete

with higher strength. Thus, matrix densification would in-

crease electrical resistivity. However, despite the low

Fig. 10 e SEM-BSE images of IOT-added samples.

Fig. 11 e Dynamic elastic modulus and apparent density of

cementitious composite.
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reduction in the porosity of the cementitious composite

caused by IOT addition, composites presented decreased

electrical resistivity.

Yet, the reduction observed in the w/c ratio increased pore

solution conductivity due to increased ionic concentration

inside it [59]. Thus, effective w/c ratio reduction in IOT-added

composite, due to increased volume of solids, may have been

one of the accountable reasons for the reduced resistivity in

these samples. Furthermore, it is important pointing out that

the presence of iron oxides in IOTs, such as hematite and

magnetite, can increase the cementitious composites’ con-

ductivity, due to the electric properties of this mineral, as

shown in the study by Martini et al. [63].

Variation in this property among IOT-added samples was

not very significant (10%, at most, between SF40 and AR40),

and IOT heterogeneity had low influence on it. It is important

highlighting that this value was slightly higher than that

recorded for sample AR40, assumingly due to the lower open

porosity of the sample and to the presence of more refined

capillarity.

3.10. Accelerated carbonation

Fig. 13a presents carbonation depth in cementitious com-

posite and Fig. 13b illustrates the specimens after carbonation

and phenolphthalein solution aspersion. According to the

results, it was possible to observe that IOT addition has

reduced carbonation in the cementitious composite. The REF

sample reach carbonation of 8.51 mm, whereas IOT-added

cementitious composite showed a decrease in this value.

The AR40 sample showed 0mm (median value) in carbonation

depth. Such a reduction can be justified by lower porosity and

pore refinement in IOT-added composites, mainly in AR40.

There was no significant variation in results among the other

IOT-added samples (SF40, BS40 and BC40), and this finding is

indicative that heterogeneity tends not to be a great-impact

factor in this property.

According to the possibility of having corrosion in the

concrete armors, the IOT-added cementitious composite has

presented good behavior and indicated better durability than

the reference cementitious composite. Overall, all samples

recorded carbonation depth values lower than the minimum

coverage (20 mm) set by the NBR 6118 Standard [64], for

reinforced concrete elements, at aggressiveness class I.

Similar results were observed by Shettima et al. [25] and Tian

et al. [26]. Both researchers used IOT to replace small aggre-

gates and densified the structure of the composite. However,

Tian et al. [26] highlighted that carbonation speed in the oldest

IOT-added composites was faster.

3.11. Pore solution pH development

Based on the study by Cascudo [65], the carbonation

advancement behavior of concretes with different mineral

additions vary. Accordingly, carbonation depth and speed

depend on several factors intrinsic to concrete, rather than

just to pores. This refers to CO2 diffusion dynamics, but also

on the alkaline reserve in the liquid phase, based on the

chemical composition of the materials [65]. Thus, in order to

complete the analysis applied to the accelerated carbonation,

Fig. 12 e Electrical resistivity of cementitious composite.

Fig. 13 e (a) Carbonation depth of cementitious composite and (b) specimens after phenolphthalein solution aspersion.
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Fig. 14 presents the study on pH development at different

depths in the specimens after carbonation.

Overall, there was a pH reduction trend from the most in-

ternal region to the most external one. Based on the results,

pH tended to be higher than that in the reference cementitious

composite in the external region of IOT-added cementitious

composite. This finding is in compliancewith results recorded

for the assay with phenolphthalein solution. Thus, porosity

reduction and, consequently, CO2 diffusion reduction,

decreased carbonation in the samples and was an important

aspect to the herein recorded results.

It is important to highlight that the IIR region, which is

located approximately 1 cm from the edge, was within the

alkaline band in all cementitious composites, similar to re-

sults of the phenolphthalein method. Thus, values lower than

8.4e9.8 were expected to happen (phenolphthalein turning

range) [51]. However, it was not observed since the pore so-

lution of all cementitious composite resulted in pH close to

11.4. According to McPolin et al. [51], this number can be

explained by the greater concentration of OH� deriving from

non-moistened cement particles that were taken to suspen-

sion when the mortar was turned into powder. Based on such

a method, pH differences among samples were not seen as

representative.

4. Conclusion

Four IOT samples studied had different physical properties

and chemical/mineralogical compositions. The characteriza-

tion results suggests that the higher the degree of ore pro-

cessing, the smaller the heterogeneity, the iron content and

specific masses.

IOT addition in composites reduced the consistency index

and this effect was stronger when SSA and IOT porosity were

higher. IOT addition also led to maintenance, with a trend to

reduce, porosity and absorption of the cementitious composite.

Nevertheless, therewas great variation in capillarity coefficient.

This finding was confirmed by SEM images, which have shown

that the cementitious matrices in the IOT-added samples were

denserandpresented localizedhigher-porosity regions.Overall,

the physical properties of the IOTs have influenced (increased)

the capillarity of cementitious composite.

In composites’ mechanical properties, the IOT addition

increased compressive strength, which presented reversed

behavior to that observed for consistency. It may be explained

due to effective w/c ratio reduction, cement matrix densifi-

cation (filler effect) and a good adherence of aggregate-cement

matrix, mainly in IOTs samples with higher SSA. The pore

filling effect also led to an increase in modulus of elasticity,

being higher for samples with higher specific mass and com-

posites with lower porosity.

Electrical resistivity of IOT-added cementitious composite

remainedat thesameorderofmagnitudeof the referenceandat

the same corrosion potential. However, there was reduction

trend due to IOT addition, despite the porosity reduction, due to

the presence of conductive minerals, such as hematite and

magnetite. The carbonation depth recorded for IOT-added

cementitious composite was lower than that of the reference.

Therefore, the use at 40% addition content allowed producing

good structural resistance and durability in cementitious com-

posite. However, the influence of IOT heterogeneity on cemen-

titious composite was identified. Thus, this factor must be

considered at the application of different materials.
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