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 ABSTRACT  

The growing mineral produc0on generates gradually higher volumes of solid waste, mo-

0va0ng studies to be carried out to enable the use of this waste in several fields. The 

main objec0ve of this paper is to evaluate the use of iron ore tailings (IOT) from flota0on 

process (which resembles fine sand) in the composi0on of asphalt mixtures. Asphalt 

mixtures and fine aggregate matrices (FAMs) were produced with gneiss aggregates and 

IOT. The asphalt mixtures were evaluated by means of tensile strength test and mois-

ture-induced damage test. The FAMs were subjected to fa0gue tests in the dynamic 

shear rheometer, and fa0gue models were built for non-condi0oned and moisture-con-

di0oned specimens. The greater adhesiveness of the asphalt binder to the IOT provided 

greater tensile strength to the asphalt mixtures and increased the fa0gue life of the 

moisture-condi0oned FAM specimens. The overall conclusion is that the asphalt mix-

tures and the FAMs prepared with IOT showed lower moisture suscep0bility. 

 

RESUMO   

A crescente produção mineral gera volumes grada0vamente maiores de resíduos sóli-

dos, mo0vando a realização de estudos que viabilizem o aproveitamento desses resí-

duos em outras áreas. O obje0vo deste trabalho é avaliar a u0lização do rejeito de flo-

tação do minério de ferro, que se assemelha a uma areia fina, como material cons0-

tuinte de misturas asfál0cas. Foram produzidas misturas asfál0cas completas (MAC) e 

matrizes de agregados finos (MAF) empregando agregados de gnaisse e rejeito de mi-

nério de ferro. A MAC foi avaliada por meio da resistência à tração e dano por umidade 

induzida. As MAFs foram subme0das a ensaios de fadiga no reômetro de cisalhamento 

dinâmico, gerando modelos de fadiga das amostras com e sem condicionamento à umi-

dade. A melhor adesividade do ligante asfál0co ao rejeito proporcionou maior resistên-

cia à tração na MAC e maior vida de fadiga à MAF condicionada, além de reduzir a sus-

ce0bilidade à umidade nas duas escalas. 
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1. INTRODUCTION 

The mineral production showed a signi�icant growth in the last years, particularly in Brazil.  
The production value of the 11 main metallic minerals increased from U$ 24.0 billion in 2009 
to U$ 48.6 billion in 2019, representing a growth of 102.5 % (ANM, 2020). These data indicate 
a strong trend of growth of the mining activities in the coming years, which highlights its enor-
mous economic and social relevance. On the other hand, the volume of waste materials derived 
from this economic activity is increasing, and the areas for its appropriate disposal in the  
environment are scarce. Moreover, in case of ineffective mechanisms for the correct disposal 
and monitoring of these materials, several regions and populations will be at risk of being  
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negatively affected by accidents of catastrophic consequences. This is the most relevant envi-
ronmental impact of mining, especially in the case of iron ore, which represents the largest  
volume of all processed minerals in Brazil. For these reasons, it is essential to develop studies 
that make the use of the residues derived from mineral exploration possible. The use of iron ore 
tailing (IOT) as construction material can be a solution to add value to this byproduct. In addi-
tion to this, it can minimize the environmental impacts of mineral exploration. 

 The IOT obtained by the �lotation process of iron ore presents characteristics that allow its 
use as raw material for the production of asphalt concrete or Portland cement concrete.  
The evaluation of these tailings from different regions revealed that the particle size distribu-
tion (PSD) of this material resembles �ine and medium sands, with predominance of irregular 
particles (Fernandes, 2005; Campanha, 2011; Silva et	al., 2015; Galhardo, 2015; Bastos et	al., 
2016; Sant’ana Filho et	al., 2017; Souza et	al. 2020). As for environmental classi�ication as per 
Brazilian regulations, the tailings were classi�ied as Class II A, non-hazardous and non-inert 
solid waste (Fernandes, 2005; Silva et	al., 2015; Galhardo, 2015; Bastos et	al., 2016), and Class 
II B, non-hazardous and inert (Sant'ana Filho et	al., 2017; Souza et	al. 2020).  

 Recent studies pointed out that the use of tailings in pavement layers can be technically and 
economically feasible. Campanha (2011), Galhardo (2015), and Bastos et	al. (2016) approached 
the use of the IOT as soil stabilizing material and the IOT itself stabilized with hydraulic binders. 
The aforementioned researchers carried out laboratory tests, such as compressive strength, re-
silient modulus, durability and expansion, and concluded that the use of the tailings in base and 
subbase layers may be technically and economically feasible, provided that they are stabilized 
with Portland cement or hydrated lime in appropriate proportions. Kumar et	al. (2014), Silva et	
al. (2015), and Sant’ana Filho et	al. (2017) used IOT to replace the �ine sand in the production 
of interlocked concrete blocks, and concluded that the blocks produced with IOT met the mini-
mum compressive strength needed to withstand regular vehicle traf�ic. In addition, no variation 
in the block dimensions were observed when they were submitted to water immersion cycles. 

 Silva and Fernandes (2013), Wang et	al. (2016), Apaza et	al. (2018), and Souza et	al. (2020) 
assessed the mechanical behavior of asphalt mixtures compounded with IOT in substitution for 
�ine aggregates and �illers, by means of the following tests: exudation, resilient modulus, and 
tensile strength and fatigue by diametrical compression. Such mixtures showed mechanical be-
havior comparable to the conventional ones, which led those researchers to conclude that the 
use of IOT in asphalt mixtures may be technically feasible. However, Souza et	al. (2020) noticed 
that the mixtures prepared with tailings resulted more susceptible to permanent deformations. 
They warned that a careful evaluation of the climatic conditions and traf�ic volume should be 
done to avoid rutting. 

 When it comes to the characterization of damage in asphalt mixtures, many researchers 
chose to carry out tests with the �ine aggregate matrix (FAM) of the asphalt mixtures. FAM is 
de�ined as a composite comprised of �ine aggregates and mastic, which represents the internal 
structure of the asphalt concrete. As claimed by several researchers, fatigue cracking and mois-
ture damage are phenomena typically related to the �ine portion of the asphalt mixtures (Kim, 
Little e Song, 2003; Zollinger, 2005; Bhasin, 2006; Masad et	al., 2006; Arambula, Masad e Martin, 
2007; Caro et	al., 2008a, 2008b; Castelo Branco et	al., 2008; Vasconcelos, Little e Bhasin, 2010; 
Coutinho et	al. 2010; Vasconcelos et al, 2011; Coutinho, 2012; Sousa et	al., 2013; Underwood e 
Kim, 2013; Karki, Li e Bhasin, 2015; Gudipudi e Underwood, 2015, 2017; Freire et	al., 2017; 
Fonseca et	al., 2019; Rodrigues et	al. 2019). One of the approaches adopted in studies on fatigue 
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characterization is based on the viscoelastic continuum damage theory (VECD). The 50%  
reduction in pseudostiffness, C, has been adopted as a criterion for fatigue failure, and the mi-
crostructural changes within the material are quanti�ied by the internal state variable, S, which 
represents the damage state of the material (Castelo Branco et	al. 2008; Palvadi, 2011; Coutinho, 
2012; Palvadi, Bhasin e Little, 2012; Gudipudi e Underwood, 2017; Ng, 2017; Klug, 2017). 

The main objective of this study was to add the IOT derived from the �lotation process in sub-
stitution for the �ine gneiss aggregates in asphalt mixtures and �ine aggregate matrices (FAMs). 
The materials used here have the same origin as those applied in a trial section built at the Cauê 
mine (VALE S.A.) in the city of Itabira/MG, Brazil. The asphalt mixtures were evaluated by means 
of the tensile strength and moisture-induced damage tests. The reference and moisture-condi-
tioned FAMs were evaluated by means of fatigue tests carried out on the dynamic shear  
rheometer (DSR). 

2.  MATERIALS AND METHODS 

2.1. Iron ore tailings from the flota5on process 

The iron ore tailings used in this study came from the iron ore �lotation process, which was 
collected before being laid in a dam. This residue was classi�ied as class II A solid residue - non-
hazardous and non-inert. Oliveira (2017) and Campos and Santos (2017) carried out IOT char-
acterization tests, the results of which are as follows: (i) density (DNER-ME 084/95 method): 
2.985 g/cm³; (ii) sand equivalent (DNER-ME 054/97 method): 59.24%; and (iii) X-ray  
diffraction, to obtain the mineralogical composition of the IOT: Fe2O3 (3.8%) and SiO2 (96.2%). 
In addition, the IOT’s PSD was determined by means of the sedimentation test  
(NBR 7181/2016). The IOT´s PSD is presented in Figure 1, together with the PSD of the gneiss 
�ine aggregate (stone powder). The IOT had particle sizes smaller than 0.42 mm in diameter, 
resembling the PSD of a �ine sand according to the ABNT NM 248/2001 speci�ication. 

 

 
Figure 1. Particle size distribution (sieving + sedimentation) of the fine fractions 
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2.2. Gneiss aggregates 

The mineral aggregates used in this study are derived from rocky matrices of gneiss, which were 
supplied by Belmont quarry (Itabira/MG). Table 1 presents some characteristics of the mineral 
aggregate and the respective test methods prescribed by the Brazilian Department of Transpor-
tation Infrastructure (DNIT). The aggregate meets the speci�ication for the shape factor, but it 
did not meet the particle shape criterion (percentage of lamellar particles). Such a drawback 
may compromise the asphalt mixture performance, as lamellar particles tend to break during 
compaction, increasing the contact surface between aggregate and asphalt binder, in addition 
to increasing the voids of the mineral aggregate (Prowell et	al., 2005). 

 
Table 1 – Characteristics of the mineral aggregates 

 

 

 

 

 

 

 

 

2.3. Asphalt Binder 

The asphalt binder used in this study is a 50/70 pen-grade binder, which is graded as PG 64-16 
according to the Superpave speci�ication (ASTM D6373-16). Table 2 presents the results of the 
characterization tests of this binder. 

2.4. Asphalt Mixtures: design and compac5on 
2.4.1. Hot Mix Asphalt (HMA) mixes 

Two asphalt mixtures were designed according to ASTM D 6926-13. One of the mixtures was 
produced with gneiss mineral aggregates, and it is referred to as control (HMA 01). The other 
one was produced with IOT to replace the fractions retained in the sieves #80, #200 and bottom, 
and it is referred to as HMA 02. The aggregate gradation of the mixtures matches the center of 
the C band of the standard DNIT 031-ES (2006), the same de�ined for the trial section built at 
Cauê mine (Itabira/MG). The design binder content was obtained for a target air voids of 4.0%, 
resulting in 5.4% for HMA 01 and 5.6% for HMA 02. This slight increase in the asphalt content 
is due to the �iner particle sizes of the IOT as compared to the �ine gneiss aggregates. The HMA 
design information was used to perform the Fine Aggregate Matrices (FAM) design, as pre-
sented in the next item. 

2.4.2. Fine Aggregate Matrices (FAMs) 

Sousa et	al. (2013) devised an experimental method to determine the FAM asphalt content, by 
assuming that the proportion of �ine aggregates in both the FAM and asphalt mixture is the 
same, after normalizing it according to the FAM aggregate maximum nominal diameter. The cut-
ting sieve used in this study was sieve #10 (2.00 mm). Figure 2 presents the PSD curves for the 
HMA mix and FAM. 

Characteristic Material Method Result Allowable values 

Los Angeles abrasion (%) Coarse  aggregate NBR NM 51 43.70 < 50 

Mechanical strength (10% of fines) (%) Coarse aggregate DNER-ME 096/98 8.51 < 10 

Particle shape (% lamellar) Coarse aggregate NBR 5564 15.50 < 10 

Shape factor Coarse aggregate NBR 5564 2.27 > 0,5 

Soundness (% average loss) Coarse aggregate DNER-ME 089/94 1.56 < 12 

Density (g/cm³) 

Coarse aggregate 
DNER-ME 195/97 

2.748 - 

Fine aggregate 2.698 - 

Filler DNER-ME 194/98 2.703 - 

Absorption (%) 

 

Coarse aggregate 
DNER-ME 195/97 

0.41 - 

Fine aggregate 1.44 - 

Sand Equivalent (%) Filler DNER-ME 194/98 78.03 > 55 
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Table 2 – Results of the binder characterization tests 

 

 
Figure 2. Particle size distribution of the HMA mix and FAM 

 

 The method proposed by Sousa et	al. (2013) comprises the following steps: (i) prepare three 
loose portions of each asphalt mixture with the design binder content determined as per 
AASTHO T 209; (ii) condition the mixtures at 135 ± 5 °C for 2 h; (iii) remove the materials from 
the oven, cool it to room temperature and separate the lumps, sieving the loose materials with 

Characteristic Method (ASTM) Result Allowable values 

Density at 25 °C [g/cm³] D 70 1.011 - 

Penetration (100 g/25 °C/5 s) [0.1 mm] D 5 50 50 to 70 

Softening point [°C] D 36 50 > 46 

Flash point [°C] D 92 382 > 235 

Ductility at 25 °C [cm] D 113 > 150 > 60 

Trichloroethylene Solubility [%] D 2042 99.9 > 99.5 

Brookfield Viscosity (135 °C/20 rpm) [cP] D 4402 312 > 274 

Brookfield Viscosity (150 °C/40 rpm) [cP] D 4402 160 > 112 

Brookfield Viscosity (177 °C/100 rpm) [cP] D 4402 61 57 to 285 

Mixing temperature [°C]  - 146-152 °C 

Compaction temperature [°C] - 135-140 °C 

Dynamic shear (G*/sin δ) [kPa] D 7175 
1.19 (64 °C) 

> 1.00 
0.55 (70 °C) 

After RTFOT (ASTM D 2872) 

Mass variation [%] D 2872 -0.22 < 0.5 

Ductility at 25 °C [cm] D 113 > 150 > 20 

Softening point increase [°C] D 36 4.6 < 8 

Retained penetration [%] D 5 64 > 55 

Dynamic shear (G*/sin δ) [kPa] D 7175 
2.39 (64 °C) 

> 2.20 
1.06 (70 °C) 

After PAV (ASTM D 6521) 

S – stiffness modulus [MPa] D 6648 
142.5 (-06 °C) 

< 300 
345.9 (-12 °C) 

m – relaxation rate D 6648 
0.35 (-06 °C) 

> 0.3 
0.29 (-12 °C) 

Critical temperature – 10 °C [°C] D 6648 -21 - 

PG classification  64-16 
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the aid of metal balls of approximately 9.5 mm in diameter; (iv) note down the tare of the con-
tainer (Wr) and weigh the material passing the 2.0 mm opening mesh, together with the con-
tainer (Wa); (v) take it to the ignition oven for asphalt calcination; (vi) weigh the material after 
calcination (Wb). The FAM asphalt content (Ac) is determined by Equation 1. 

 
−

=
−

*100%a b

c

a r

W W
A

W W
 (1) 

 The crystallization water present in the mineral aggregate was not considered in the FAM 
design method developed by Sousa et	al. (2013). At very high temperatures, such as the one 
practiced in the ignition oven, the crystallizing water evaporates. Grasson Filho (2019) deter-
mined the crystallization water following the procedure described by ASTM D 6307 (2016) us-
ing 200 g of mineral aggregate. The aggregate is kept in the ignition oven for the same time used 
to calcine the asphalt binder. The calibration factor is given by Equation 2. The asphalt content 
(Tc,corrected) present in the FAM is determined by Equation 3. 

 
−

=
−

2 3

2 1

f

W W
C

W W
 (2) 

where Cf : calibration factor;	W1: mass of the container [g]; W2: mass of dry aggregate + container 
[g]; W3: mass of dry aggregate + container after ignition oven[g]; 

 
− + − +

=
−,

{ ( )*(1 )}
*100%a r b r f

c corrected
a r

W W W W C
A

W W
 (3) 

 The method developed by Kommidi and Kim (2019) was used to compact the FAMs. In the 
�irst stage of this method, the �ine aggregates (200 g) and the asphalt binder are taken to the 
oven and heated at the mixing temperature (148 °C) for 30 minutes. Afterwards, about 150 g of 
loose mixture are prepared. The amount of material for each specimen (about 15 g) is separated 
into capsules and stored at 5 °C to avoid any kind of aging due to temperature variation. In the 
second stage, each capsule is taken to the oven together with the compaction mold for about 20 
minutes until the mixture reaches the compaction temperature (137 ° C). Thereafter the mate-
rial is statically compacted, producing specimens of 50 mm in hight and 12.7 mm in diameter. 
After compaction, 5 mm of the ends of the specimen are cut in an attempt to obtain a uniform 
air voids distribution along the specimen. In this method, all samples are produced with the 
same height and the air voids are controlled by means of the mass released into the mold  
(Equation 4). 

 
π−= *(1 ) ²

4

Gmm Vv d h
M  (4) 

where M: FAM mass to be compacted [g]; Gmm: theoretical maximum density [g/cm³];  
Vv: estimated air voids content [%]; d: sample diameter [cm]; h: sample height [cm].	

 This compaction method allowed signi�icant reduction in the amount of material used to pre-
pare the specimens (around 79% less) when compared to the compaction in the SGC (specimen 
of 10 cm in diameter and 5 cm in hight). Moreover, this method allows a greater control of the 
air voids, which caused a signi�icant reduction in the variability of the results obtained for the 
replicates. 

 The control FAM is referred to as FAM 01, and that one derived from the mixture with IOT is 
referred to as FAM 02. The following FAM binder contents were found after applying the method 
developed by Sousa et	al. (2013) and adopting the calibration factor proposed by Grasson Filho 
(2019): 8.8% for FAM 01 and 8.7% for FAM 02. 
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2.5. Moisture-induced damage test 

The moisture-induced damage test was carried according to ASTM D 4867-09 using the HMA 
mixture specimens. Six specimens were produced for each HMA mixture, three of them for the 
indirect tension test before moisture conditioning, and other three for the same test after mois-
ture conditioning. All of the specimens were produced with a target air voids equal to  
6.5 ± 0.5%. 

 The procedure adopted for conditioning the FAM specimens was the same used to condition 
the HMA mixture specimens. One of the most common methods to evaluate the FAM moisture 
susceptibility is to compare some material property, such as complex modulus or number of 
cycles to failure (Nf), before and after the moisture conditioning (Vasconcelos et	al. 2006; Masad 
et	al., 2006; Caro et	al., 2012). Here, the moisture susceptibility was evaluated by comparing the 
G*LVE	and the FAM fatigue factor (FFF) of the specimens tested in the DSR. It should be noted 
that FAMs with air voids of 4.0 ± 0.2% were used in the traditional fatigue analysis, and FAMs 
with 6.5 ± 0.2% air voids were used to assess the moisture-induced damage. 

2.6. Damage tests 

The damage tests of the FAM specimens were performed in the DSR. Two specimens of each 
FAM were tested to determine the linear viscoelasticity region (G*LVE) by means of an oscillatory 
stress sweep test ranging from 5 to 450 kPa at 25 °C and 1 Hz. This procedure allows one to 
de�ine the stress at which the �ingerprint test will be performed, in order to obtain the viscoe-
lastic linear properties (G*LVE and m), in such a way that no damage is imposed to the specimens. 
The complex modulus at the linear viscoelasticity limit (G*LVE) has been de�ined as the one  
corresponding to 90% of the initial complex modulus (G*). 

 The �ingerprint tests are conducted prior to the damage tests, and the same specimen is used 
in both tests. In the �ingerprint, the G* values are obtained at loading frequencies ranging from 
30 to 0.5 Hz at 25 °C. Data obtained in the �ingerprint is used in the calculation of the relaxation 
rate (m) of each specimen. The damage evolution rate (α) is equal to 1/m. G*LVE is the average of 
the values obtained at 1 Hz. Three loading cycles were applied at each frequency, and  
a 5-minute interval was introduced for material recovery between frequencies. 

 The damage tests were performed at 1 Hz and 25 °C. The control specimens were tested at 
250 kPa and the moisture-conditioned samples at 200 kPa. The G* values were registered every 
30 seconds. Three specimens of each FAM were tested in order to obtain the curves of G* as a 
function of time. The shear stress, the strain and the complex modulus were transformed into 
their corresponding pseudo-variables. The pseudostiffness (Ck) for each loading cycle (k) was 
calculated by Equation 5, where Gk* is the complex modulus in each loading cycle, |G*LVE| is the 
complex modulus obtained in the �ingerprint test at 1 Hz, and I is a factor that adjusts the initial 
pseudostiffness to the unity. 

 =
*

*

k
k

LVE

G
C

I G
 (5) 

 The accumulated damage (S) was calculated according to the corresponding number of cy-
cles (N), according to Equation 6, where Su,0 is the material internal state variable at the begin-
ning of each cycle, ti	–	ti-1 is the interval between cycles, and εR is the pseudostrain. These calcu-
lations allow one to build the pseudostiffness (C) vs accumulated damage (S) curves. 
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 Based on the average linear viscoelastic properties of three specimens of each FAM, three 
individual C vs S curves were built. An average C vs S curve was adjusted by taking the three 
individual curves as reference. These curves provide information to build the fatigue curves, by 
following the model developed by Kim and Little (2005). Equation 7 presents the fatigue model, 
which allows the estimation of the number of loading cycles (Nf) required to degrade the mate-
rial to a certain level of damage (Sf). The failure criterion used was a 50% reduction of the initial 
pseudostiffness.  

 ε −≡ ( )R B
f

N A  (7) 

 The model coef�icient A was obtained by means of Equation 8, where f is the test frequency. 
The coef�icients C1 and C2 were obtained by adjusting a power law (Equation 9) to the average 
C vs S curve of each material. The coef�icient B	was calculated according to Equation 10. 

 { }
α

αα
−  + + − 

 
= + − 

 

2
1 1 1 (1 )

1 2 2

1
1 (1 )

2

C

f
A f C C C S  (8) 

 = − 2

1
1 ( )CC C S  (9) 

 α= 2B  (10) 
 The FAMs were ranked using the criteria proposed by Nascimento et	al. (2014), which de-
�ined the mixture fatigue factor (MFF) as the area below the fatigue curve in the log-log space, 
between the 0.01% and 0.02% strains. In this analysis, it was assumed that the strains suffered 
by the asphalt mixture occur entirely at the FAM scale. 

3. RESULTS, ANALYSIS AND DISCUSSION 

3.1. Linear viscoelas5c proper5es 

Table 3 presents the linear viscoelastic properties of the FAMs obtained by means of the �inger-
print tests.  

 

Table 3 – Viscoelastic properties of the FAMs 

Material Specimen Air voids (%) 
G*LVE 

(Pa) 

G*LVE average 

(Pa) 

δ 

 

γ 

(μstrain) 
α α average 

FAM 01 

1 4.0 6.26E+08 

6.40E+08 

40 24 2.398  

2 3.9 6.59E+08 41 23 2.257 2.329 

3 4.0 6.34E+08 40 24 2.334  

FAM 02 

1 4.1 4.65E+08 

4.65E+08 

47 32 1.933  

2 4.0 4.36E+08 46 30 2.010 2.015 

3 4.0 4.95E+08 48 35 2.103  

FAM 01 (control) 

1 6.3 4.14E+08 

4.44E+08 

45 36 2.032  

2 6.6 4.50E+08 44 33 2.063 2.053 

3 6.6 4.66E+08 45 32 2.065  

FAM 01 (conditioned) 

4 6.6 1.91E+08 

1.86E+08 

47 79 1.778  

5 6.6 1.84E+08 46 82 1.834 1.810 

6 6.4 1.82E+08 48 83 1.817  

FAM 02 (control) 

1 6.3 3.78E+08 

3.58E+08 

46 37 1.950  

2 6.5 3.33E+08 48 34 1.880 1.916 

3 6.5 3.63E+08 46 32 1.917  

FAM 02 (conditioned) 

4 6.4 2.91E+08 

2.97E+08 

49 52 1.766  

5 6.6 3.26E+08 46 48 1.843 1.782 

6 6.6 2.75E+08 51 54 1.739  
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 The addition of IOT led to the reduction of the G*LVE values and increase of the phase angle 

(δ) of the specimens. In addition to this, IOT provided greater strains (γ) at the end of the �in-
gerprint test, and lower damage evolution rates (α). These �indings suggest that the mixtures 
prepared with IOT became less stiff. In general, the moisture-conditioned FAMs showed a con-
siderable reduction in complex modulus, a slight increase in phase angle, and signi�icantly 
higher strains as compared to the control FAMs. However, after moisture-conditioning, the FAM 
produced with IOT (FAM 02) showed greater values of G*LVE than those of FAM 01, and lower 
damage evolution rates. These results indicate that the mixtures prepared with IOT present 
lower moisture susceptibility, showing that the replacement is technically advantageous. 

3.2. Moisture-induced damage 

Table 4 shows the average tensile strength (TS) values of the HMA mixtures and the tensile 
strength ratio (RRT), which is the ratio between the average TS values of the moisture-condi-
tioned specimens and the average TS values of the dry specimens. Table 4 also shows the com-
parison between the average G*LVE values of the FAMs and the ratio between the G*LVE values. 

 
Table 4– Effects of moisture-induced damage on TS and G*LVE 

Material  Property Dry samples Moisture-conditioned samples Ratio (%) 

HMA 01 TS (MPa) 1.274 0.850 66.7 

HMA 02 TS (MPa) 1.327 0.924 69.6 

FAM 01 G*LVE (Pa) 4.44E+08 1.86E+08 41.9 

FAM 02 G*LVE (Pa) 3.58E+08 2.97E+08 83.0 

 

 

 The results showed that the addition of IOT caused a slight increase in the tensile strength. 
Regarding moisture susceptibility, the IOT signi�icantly improved the behavior at both scales, 
since the TSR value increased from 66.7% (HMA 01) to 69.6% (HMA 02), and the ratio between 
the G*LVE values of the FAMs increased from 41.9% (FAM 01) to 83.0% (FAM 02). 

 This improvement can be explained by the presence of iron oxide (Fe2O3). Recent papers have 
shown that the presence of this mineral enhances adhesiveness of the asphalt binder to the 
stone matrix in asphalt mixtures (Moura et	al., 2019; Cala et	al. 2019). The IOT from �lotation 
process has approximately 4% Fe2O3, which is supposed to have some bene�icial effects on 
moisture susceptibility. 

3.3. Characteris5cs curves C vs S and fa5gue models 

Due to the variability of G*LVE and α values among replicates, a replicate can generate a C	vs	S 
curve slightly different from the other ones. In order to manage the effects of variability among 
replicates, the following method was used to build the C	vs	S curve of each material: (i) test three 
specimens of each FAM, (ii) build the C	vs	S curves with the mean linear viscoelastic properties, 
and (iii) adjust an average curve which is representative of the three specimens. The coef�icient 
A of the fatigue model of each FAM was calculated with basis on the coef�icients C1 and C2, which 
were derived from �itting a power law to the average C	vs	S curve. 
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Figure 3. C vs S curves and fatigue curves for FAM 1 [(a) to (d)] and FAM 2 [(e) to (h)] (air voids = 4.0%) 
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Figure 4. C vs S and fatigue curves of FAM 1 (dry specimens) [a-d] and (moisture-induced specimens) [e-h] 
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Figure 5. C vs S and fatigue curves of FAM 2 (dry specimens) [a-d] and (moisture-induced specimens) [e-h] 
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Figure 6. Comparison of average C vs S curves and associated fatigue models 
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 Figure 3 shows the C	vs	S curves and the fatigue curves of FAMs 01 and 02 with 4.0% air 
voids, where Figure 3(a) depicts the individual C	vs	 S curves, Figure 3(b) shows the fatigue 
curves generated with basis on the individual C	 vs	 S curves, Figure 3(c) presents (i) the  
C	vs	S curves built by using the average linear viscoelastic properties and (ii) the average C	vs	S 
curve, Figure 3(d) brings (i) the fatigue curves generated with basis on the C	vs	S curves built 
by using the average linear viscoelastic properties and (ii) the average fatigue curve built with 
basis on the average C	vs	S curve. Items from (a) to (d) refer to FAM 01, and items from (e) to 
(h) in this same �igure bring information for FAM 02. 

 Figures 4 and 5 show the C	vs	S curves and the fatigue curves of the moisture-conditioned 
specimens and the dry specimens of FAMs 01 and 02, respectively, both with 6.5% air voids. In 
these Figures, item (a) presents the individual C	vs	S curves, item (b) brings the fatigue curves 
derived from the individual C	vs	S curves, item (c) depicts (i) the C	vs	S curves built by using the 
average linear viscoelastic properties and (ii) the average C vs S curve, Figure (d) shows (i) the 
fatigue curves generated with basis on the C	vs	S curves built by using the average linear visco-
elastic properties and (ii) the average fatigue curve built with basis on the average C	vs	S curve. 
Items (a) to (d) refer to the dry FAM specimens, and items from (e) to (h) bring the same infor-
mation for the moisture-conditioned FAM specimens. 

 Figure 6 shows a comparison of all average C	vs	S curves and their associated fatigue curves: 
(a) C	vs	S curves of FAMs 01 and 02 with 4.0% air voids; (b) fatigue curves associated to the C	vs	
S curves of FAMs 01 and 02 with 4.0% air voids; (c) C	vs	S curves of FAM 01 for dry and moisture-
conditioned specimens (air voids = 6.5%); (d) fatigue curves associated to the C	vs	S curves of 
FAM 01 for dry and moisture-conditioned specimens (air voids = 6.5%); (e) C	vs	S curves of FAM 
02 for dry and moisture-conditioned specimens (air voids = 6.5%); (f) fatigue curves associated 
to the C	vs	S curves of FAM 02 for dry and moisture-conditioned specimens (air voids = 6.5%); 
(g) comparison of the C	vs	S curves of dry and moisture-conditioned specimens of FAMs 01 and 
02 (air voids = 6.5%); and (h) comparison of the fatigue curves associated to the C	vs	S curves 
for dry and moisture-conditioned specimens of FAMs 01 and 02  
(air voids = 6.5%). 

3.4. FAM fa5gue factors 

The FAMs were compared by means of the mixture fatigue factor (MFF). The MFF values pre-
sented in Figure 6 indicate that the addition of IOT increased the fatigue factor of the moisture-
conditioned specimens (MFF equal to 2.47 for FAM 02 moisture-conditioned specimens and 
2.44 for FAM 01 moisture conditioned specimens). It suggests the same as already observed 
when comparing the G*LVE values, i.e., the addition of IOT reduces the susceptibility of the FAMs 
to moisture. It is worth mentioning that the control FAMs not subjected to moisture-condition-
ing showed slightly higher MFF values as compared to those prepared with IOT. However, it 
cannot be assumed that the IOT will signi�icantly affect fatigue performance, as the differences 
between the MFF values are small. 

4. CONCLUSIONS 

The HMA mixture produced with IOT presented an asphalt binder content higher than the one 
produced with conventional gneiss aggregates (5.4% versus 5.6%). On the other hand, the 
binder content of the FAM produced with IOT decreased (8.8% versus 8.7%).  
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The method proposed by Sousa et	al. (2013) is experimental, and for this reason part of the �ine 
aggregate and �iller may be retained during sieving, which may explain the difference in the FAM 
binder contents. 

 The addition of IOT increased the tensile strength and improved the resistance to moisture-
induced damage of the HMA mixtures. The presence of iron oxide in IOT contributed signi�i-
cantly to improve the adhesiveness of the asphalt mastic to the aggregates, providing greater 
resistance to moisture-induced damage. This �inding was also corroborated by the results at the 
FAM scale, when the G*LVE	values are compared. 

 As observed for the G*LVE	and tensile strength values, the addition of IOT led to fatigue factors 
for FAM 02 which are higher than those observed for FAM 01, showing that the incorporation 
of IOT resulted in FAMs with lower moisture susceptibility. The fatigue factors of the specimens 
of FAM 02 produced with IOT at the dry condition was equivalent to FAM 01 (no IOT). Never-
theless, the FAM with 4.0% air voids and without IOT showed MFF values slightly higher than 
the MFF values of the FAM with IOT. 

 In spite of what was observed for the FAM specimens without moisture-conditioning and 
4.0% air voids, the difference between the MFF values resulted very small (difference at the 
second decimal place) and the fatigue curves overlapped, indicating similar fatigue behavior. 
The overall results obtained in this study showed that iron ore tailings may be technically  
feasible as raw material for the production of asphalt mixtures. 
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