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Abstract

:

A circular approach to managing resources that will promote their reuse and recycling is nowadays of crucial importance for a sustainable society. In this regard, the substitution of natural aggregates by steel slag in construction materials represents a promising option. In this paper, the use of Ladle Furnace Slag (LFS) as sustainable filler and fine aggregate for asphalt mixtures is studied. In particular, the evaluation of the LFS contribution in mastic and mortar mixes at mid-range and high-service temperatures is investigated, employing a dynamic shear rheometer to assess the main viscoelastic properties as well as the fatigue and the permanent deformation resistance of the blends. The experimental findings showed that the addition of LFS led to a clear stiffening effect, altering the chemo-physical interaction with the bitumen and producing an appreciable difference in complex stiffness moduli and phase angles. Regardless of the aging condition, the use of LFS lowered the linear viscoelastic limits and increased the elasticity of blends in the case of both mastics and mortars. It caused also a slightly higher thermal dependence of the linear viscoelastic properties even if the enhanced stiffness and elasticity produced appreciable improvements in the permanent deformation resistance. In contrast, a slight reduction of fatigue resistance was observed under the test conditions and was reasonably ascribed to the higher stiffness of LFS blends. Further research is needed to strengthen these promising results and to address the issues at a multiscale level, in particular to evaluate possible lower workability and reduced ductility due to the encountered higher stiffness of slag-based materials.
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1. Introduction


The sustainable use of finite natural resources is, at present, a central environmental concern. In recent years, a step in that direction has been taken, moving from the promotion of reuse and recycling towards the circular economy, life-cycle analysis and cradle-to-cradle design, in which materials stay within production flows and the production/consumption circle [1]. Following the biomimetic concept of cradle-to-cradle design, research and development must direct its efforts toward the conversion of materials that are collaterally produced with other materials (co-products) in the productive cycle, thereby generating high-value inputs for high-performance products, without disregarding their potential in products of lower added value.



The growth of the global steel industry is unrelenting and its production has exceeded 1.8 billion tons of crude steel in 2019 [2]. The technical evolution of the steel industry has incorporated treatments to improve steel quality, such as metallurgy in the transportation ladles, used both in electric steelmaking and in converters, for carbon steel refining. The secondary Ladle Furnace (LF) metallurgical process mainly consists of deoxidation, desulfurization and refining. In the secondary phase, around 60–80 kg of a co-product, Ladle Furnace Slag (LFS), is recovered per ton of refined steel. In some cases, the LFS is reintroduced into the steel production process (hot recycling), by injection into both Electric Arc Furnace (EAF), as well as in the oxygen converter (BOF), reducing the need for lime as a raw material [3,4,5]. Despite this process, it is estimated that over two million tons of secondary slags per year are dumped in the EU alone [6].



The LF slag from carbon steel production is a fine, gray, powdery material with a maximum nominal size of around 1–2 mm and a bulk density of 2.8 g/cm3. It is mainly composed of calcium and magnesium silicates and aluminates, as well as small quantities of non-combined lime and magnesia [7]. As a result of this chemical composition, it presents slight hydraulicity, which provides it with soft cementitious properties [8]. However, this effect is not usually sufficient for its use as a supplementary cementitious material per se [9] and various activation methods are under investigation, to enhance its use as a cementitious material, such as mechanical grinding, thermal activation [10] or chemical activation [11].



Based on these aforementioned properties, the addition of LFS has and continues to be investigated in the following products: cement clinker [12]; the manufacture of mortars and concretes for construction and building [13,14,15]; and, geotechnical applications, such as sealing or filling materials, and for soil stabilization [7,16]. In reality, none of these LFS applications is currently used on a large scale. The European steel industry continues to dump large proportions of LFS and to stockpile it, in some cases, while awaiting the approval of the relevant industrial standards.



One use of this co-product is as filler material in bituminous mixtures, due to its appropriate particle size and slightly cementitious properties. Its encapsulation in bitumen also prevents the potential expansion of its components (mainly the hydration and carbonation of free lime and magnesia) [17], as well as possible contamination due to leaching, as bitumen will efficiently immobilizes metals found in asphalt mixes with slags [18].



In early research on asphalt mixtures with ladle furnace slag, Skaf et al. [19] reported the results of binder drainage tests that verified the good adhesion of the LFS filler with the bitumen and demonstrated the water-resistant quality of the mastic in moisture susceptibility tests. They also noted that LFS had higher bitumen absorption than the standard materials.



Bocci [20] affirmed that the reuse of LFS in hot bituminous mixtures was feasible, in terms of mechanical behavior, water sensitivity and fatigue life. Moreover, in the leaching tests that were performed, the asphalt mixes with LFS released no metallic pollutants in water, except for aluminum, which was below the limits.



Recently, Skaf et al. [21] showed that porous asphalt mixtures manufactured with LFS in substitution of sand and filler produced similar results to the natural components in terms of abrasion loss, durability, permeability, permanent deformation and skidding resistance. In this research, the combination of LFS and EAF, the two main steelmaking slags, was performed to produce mixtures with especially suitable properties for rainy regions. EAF slag has previously shown its suitability in the manufacture of bituminous mixtures [22,23].



In contrast to the promising results of those preliminary tests, compaction issues were also noted, due to higher void contents of the slag mixes [19,20] that slightly worsened their mechanical performance [21]. Further research is proposed to solve those issues, through in-depth examinations of the rheological properties of LFS mastic [20].




2. Research Background and Problem Statement


Given the above background, a wide research program was set up to investigate the feasibility of producing high-performance asphalt mixtures prepared with steel slag aggregates only; the novelty of this approach mainly consists in combining for the first time EAF slags for the coarse fraction and LFS for the finest part of the mixture (i.e., fine aggregates and filler).



In a previous phase of this investigation [24], the authors studied the feasibility of introducing LFS as a filler material and as fines (2 mm maximum particle size) in dense graded Asphalt Concrete (AC). The preliminary results revealed an excessive increase in the air voids of the mixtures. The results were not as expected, following the previous studies where only a subtle increase in void content and certain deficiencies in workability and compactability had been detected. Instead, a large increase in the void ratio was noted, which resulted in mixtures of lower mechanical strength, with respect to the corresponding reference material. Such poor volumetric characteristics were attributable to an excessive stiffening effect of the LFS aggregate in the asphalt mortar that negatively affected both mixing and compaction with the consequent voids problem.



In this regard, the main goal of this paper was to evaluate the specific contribution of the LFS aggregate at midrange and high-service temperatures, with a particular emphasis at a multiscale level (i.e., both mastic and fine mortar). Secondly, the experimental activities were also aimed at investigating the reasons hypothesized for the above-mentioned workability issues.



To accomplish these objectives, a comprehensive rheological characterization of the bituminous mastics and mortars was performed, reproducing the finest parts of the mixtures investigated in the previous phase of this research. In particular, the study of the mortar should play a fundamental role given both the clear influence observed when the LFS fine aggregate fraction is introduced in the asphalt mixture [24] and the well-known direct dependence of the asphalt mixture performance on the characteristics of the corresponding asphalt mortar [25,26,27]. The reliability and the advantages of asphalt mortar tests have been clearly summarized elsewhere [28]. The experimental approach presented below would also contribute to the definition of possible relationships between the Linear ViscoElastic (LVE) properties and the binder, mastic, and mortar damage properties. The effect of aging on the behavior of the investigated materials was also assessed.




3. Materials and Methods


3.1. Base Materials and Sample Preparation


Two fine asphalt mortars were studied in this research. In particular, the first mortar was representative of a mixture containing only steel slag aggregates, i.e., a mortar made with bitumen, LFS filler (particle size < 0.063 mm) and LFS fine sand (0.063 mm < particle size < 0.125 mm); a second reference asphalt mortar, representative of a “traditional” mixture (bitumen + cement + siliceous fine sand), was also taken into account for comparative purposes. In this study, a selected fraction of both LFS and siliceous sand (0.063 mm < particle size < 0.125 mm) was collected and the fine mortars were prepared, in order to assure the reliability of the adopted test procedures using the Dynamic Shear Rheometer (DSR) test. Such an innovative experimental approach is nowadays adopted by few research studies [29,30].



The experimental plan also included the same empirical and performance-based tests on the base asphalt binder and on the two corresponding asphalt mastics (bitumen + filler), i.e., the slag-based mastic produced with LFS filler and the reference mastic containing cement.



The mastics and mortars under study were prepared using a Polymer Modified Bitumen, classified as PMB 45/80-60 according to EN 14023. The main properties of the selected binder are shown in Table 1.



The reference mortar was manufactured using natural crushed siliceous aggregate as the fine sand fraction and an ordinary Portland cement CEM I/42.5 R as filler (particle size < 0.063 mm), while the slag mortar was prepared replacing virgin filler and fine aggregate with the corresponding LFS fractions (Figure 1). The basic properties of both the siliceous and the LFS sands are reported in Table 2 and the chemical composition of the LFS in Table 3. The main mineralogical composition of this LFS includes periclase, fluorite, portlandite, olivines, calcite, mayenite and some aluminates [21].



The mix formulas adopted for the preparation of the mastics and the mortars were obtained re-proportioning those of the corresponding mixtures [24] based on 100% passing of the mastic and the mortar through 0.063 mm and 0.125 mm sieves, respectively. In particular, both mastics (i.e., with either cement or LFS filler) were prepared with a filler-to-bitumen ratio (by weight) of 55:45, which corresponded to a volume concentration of the filler of about 31% by total mastic volume. Accordingly, both the reference and the slag-based mortars consisted of 27% fine sand (0.063 mm < particle size < 0.125 mm), 40% filler and 33% bitumen by overall blend weight. Considering the specific gravity of the different materials, the mix corresponded to an aggregate (filler + sand) volume of about 42% by mortar volume.



The above-mentioned mastic and mortar compositions reflected the relative proportions of the different fractions within the full-graded mixtures. They were obtained on the assumption that all the bitumen added to the mixture had been included in the mastic and the mortar phase, respectively. In Table 4, the composition of each test material is summarized and identified using a code composed of 3-digits in the first part (BIT, MAS and MOR indicate bitumen, mastics and mortars, respectively) followed by 1-digit in the second part, identifying the type of aggregate in use (V denotes virgin aggregate, i.e., cement filler and silica sand, and S stands for LFS aggregate).



The mastics and the mortar mixes were prepared in the laboratory by heating and then accurately blending the base materials at 165 °C, using a small portable stirring device; filler and fine sand (when applicable) were then gradually added by hand into the bitumen, to achieve a proper dispersion of the aggregates and to avoid particle segregation. Mixing operations were performed continuously for several minutes at the preset temperature until the materials attained a homogeneous appearance. Subsequently, the materials were subjected to the aging procedures described below (when planned), prior to pouring into appropriate cylindrical silicone molds to obtain samples for DSR testing. All the test samples were subjected to the same fixed storage conditions (time and temperature) prior to be tested in order to avoid any possible difference due to the thermal history.



The selected materials were tested under three aging conditions: unaged as well as Short-Term Aged (STA) and Long-Term Aged (LTA). Short-term and long-term in-service aging were reproduced in the laboratory with the Rolling Thin Film Oven (RTFO) and the Pressure Aging Vessel (PAV), respectively. This allows the evaluation of the effect of aging on the LVE properties of mastics and mortars as well as to assess permanent deformation and fatigue resistance at the proper (most unfavorable) aging state. Further information on the experimental plan is presented below.




3.2. Experimental Plan and Test Methods


As anticipated, comparative assessments of the dynamic mechanical performance (i.e., LVE, fatigue and permanent deformation resistance) of the mastics and the mortars prepared with LFS aggregates and the corresponding materials manufactured with “traditional” aggregates were performed under a wide range of temperatures and frequencies, taking into account the effect of aging. The flow chart of the experimental plan is provided in Figure 2.



The above materials were initially characterized under the different aging conditions by penetration grade at 25 °C (PEN) and softening point (SP).



Subsequently, a complete dynamic mechanical investigation was conducted using a Dynamic Shear Rheometer (DSR) with parallel plate geometries in order to assess the viscoelastic characteristics and the damage properties of the studied materials. In all the DSR tests, diameter (8 mm or 25 mm) and gap (2 mm or 1 mm) of testing plates were fixed based on the test temperature and the characteristic scale being tested (i.e., the “expected” stiffness of the specimen). A proper conditioning period of 30 min at the test temperature was established in all cases, in order to guarantee homogenous thermal conditions within the specimen. Such a conditioning time was considered suitable to ensure the test temperature in the sample cores while avoiding possible criticisms due to the time-dependent material behavior (physical hardening, oxidation, volume changes, etc.). Two replicates were performed for each test condition.



In particular, the rheological DSR analysis was based on preliminary strain amplitude sweeps (AS) conducted at different selected temperatures (i.e., from 10 °C to 80 °C, at steps of 10 °C) and aging conditions (i.e., unaged, STA and LTA), in order to assess the LVE domain of the materials under study (i.e., the strain threshold below which full-reversible non-damaging effects are induced). During the AS tests, the cylindrical samples were subjected to sinusoidal strains at 1.59 Hz (10 rad/s) of amplitude γ, increasing from 0.01% to 100%. The LVE region was identified by analyzing the evolution of the norm of the complex modulus as a function of the applied strain amplitude: the LVE limit was fixed at the strain amplitude corresponding to a 5% drop in the initial value of the norm of the complex modulus.



Subsequently, strain-controlled oscillatory frequency sweeps (FS) within the LVE range (γ = 0.05%) were performed at different temperatures (from 10 °C to 80 °C, with steps of 5 °C) and frequencies (from 0.1 Hz to 10 Hz), to gain a fundamental understanding of the LVE characteristics of the test materials at the mid-range and high-service temperatures. FS were conducted on the materials at their different aging states, and the DSR parallel plate test geometry was set up (an 8 mm diameter plate with a 2 mm testing gap or a 25 mm diameter plate with a 1 mm testing gap) depending on the stiffness of the blends. For example, the FS were performed on the mortars using only an 8 mm diameter plate with a 2 mm testing gap at all test temperatures and frequencies, due to the clearly higher stiffness of the mortar blends with respect to the bitumen or the mastics. The complex stiffness modulus G* and the phase angle δ (i.e., the lag between stress and strain) of the selected materials were measured during the FS cyclic tests (EN 14770) also allowing the assessment of the storage modulus G’ (i.e., its elastic component) and the loss modulus G’’ (i.e., its viscous-imaginary component). Applying the Time-Temperature Superposition Principle (TTSP), the experimental results were also used to construct the master curves of G* at the reference temperature of 20 °C, horizontally shifting the data series with temperature shift factors, according to the well-known William-Landel-Ferry (WLF) equation [31]. The shifted data were then fitted with the sigmoidal Christensen-Anderson-Marasteanu (CAM) model [32], to obtain a complete picture of the LVE behavior at a wide range of reduced frequencies. The mathematical model that expresses the evolution of the complex stiffness modulus G* as a function of the reduced frequency f’ is reported in Equation (1):


   G *    f ′   =  G e    *  +    G g    *  −  G e    *    /     1 +      f c  / f ′    k      m e / k    



(1)




where, G*e is the equilibrium complex modulus (0 in the case of the binders), G*g is the glassy complex modulus (usually 109 Pa for binders), fc is the crossover frequency (i.e., a location parameter), while k and me are dimensionless shape parameters.



The modelling allows the calculation of R (Equation (2)) which is the distance between G* and G*g at the crossover frequency fc and provides information on the width of the relaxation spectrum, i.e., the rate of the transition from the elastic to the viscous behavior; the higher the value of R the more gradual the transition, suggesting less sensitivity to frequency as well as high energy level dissipated during deformation at medium frequencies:


  R = l o g    2  m e / k   /   1 +    2  m e / k   − 1    G e    *  /  G g    *       



(2)







The experimental research was also aimed at evaluating the main failure properties (namely, permanent deformation and fatigue behavior) of the materials under study. In this regard, Multiple Stress Creep Recovery (MSCR) tests (EN 16659) were performed to investigate the response to repeated loading in terms of the permanent deformation resistance of the selected blends. The tests were conducted at temperatures ranging between 50 °C and 80 °C (stepped at 10 °C) on STA materials (i.e., the worst condition for rutting phenomena), using the DSR with a 25 mm diameter and a 1 mm gap parallel plate geometry. A series of creep and recovery cycles under a stress-controlled creep configuration was executed during the MSCR test at two stress levels (namely, 0.1 kPa and 3.2 kPa); in particular, 10 cycles were performed at each stress level, each cycle lasting for 10 s: 1 s for creep loading and 9 s for unloading. In the case of the mastic and the mortar test specimens, 10 further creep-recovery cycles at a third stress level of 10 kPa were added to the series, considering their high stiffness. At each cycle, several performance parameters were analyzed to assess the stress-dependent responses of the tested materials. The permanent deformation resistance was then evaluated considering, for each stress level: i) the average percentage ratio (R) between the recovery strain at the end of each cycle and the strain at peak, i.e., the strain at the end of the corresponding creep phase; ii) the average creep compliance (i.e., the strain/stress ratio), which refers to the non-recoverable strain at the end of each cycle (Jnr). Finally, the differences between the average non-recoverable creep compliances calculated at the different stress levels (Jnr-diff) were also assessed according to the reference standard specifications.



As anticipated, the aptitude of the materials to withstand fatigue damage was also studied by performing Linear Amplitude Sweep (LAS) tests (AASHTO TP 101-14) on LTA blends. The tests were performed at 20 °C using the DSR with an 8 mm parallel plate and a 2 mm testing gap. The LAS test consisted of two consecutive oscillatory phases performed on the same sample: first, an FS gathered information on the undamaged LVE properties of the test sample; then, accelerated fatigue damage was induced with a subsequent amplitude sweep. Based on the standardized method for bituminous binders, the FS was performed from 0.2 Hz to 30 Hz by applying a strain amplitude of 0.1%, while the following amplitude sweep yielded linearly varied strain amplitudes between 0% and 30% over 3100 oscillatory loading cycles at 10 Hz. However, the experimental results obtained from this standard protocol showed some inconsistencies; in all probability, this was due to the excessive stiffness of the mortars under the test conditions, suggesting that the strain levels recommended by AASHTO TP 101-14 might be too high for such blends. Thus, in a similar way to other studies on fine aggregate matrix (FAM) [33], a modified procedure was adopted in this study (for all the samples), in which the strain amplitudes of both the FS and the amplitude sweep phases were reduced based on the LVE material properties. The FS phase was therefore conducted by applying a 0.025% strain amplitude at frequencies between 0.1 Hz and 10 Hz, to comply with the LVE domain, while the amplitude sweep was performed at 10 Hz, using a linearly increasing strain amplitude between 0% and 7.5%. The validation of this procedure for the materials that are under study is at a preparatory stage and yet unpublished. As per AASHTO TP 101-14, the fatigue resistance of materials was then assessed in terms of fatigue law described in Equation (3):


   N f  = A  γ  − B    



(3)




where, Nf is the number of cycles to fatigue failure, γ is the shear strain amplitude and A and B are material-dependent parameters. According to the AASHTO TP 101-14, the calculation of those parameters are based on the ViscoElastic Continuum Damage (VECD) theory [34], considering the evolution of the LVE properties of the specimen, during both the FS phase (undamaged sample) and the strain sweep phase (damaged sample). To this purpose, the evolution of the storage modulus G’ (i.e., the elastic component of the complex modulus G*) with the test frequency during the first undamaged phase as well as the specimen integrity C (i.e., the ratio between the actual complex modulus and the initial complex modulus) and damage D during the amplitude sweep must be taken into account. Further details can be found elsewhere [33,35].





4. Results and Discussion


4.1. Conventional Characteristics


Blend consistencies at intermediate and high service temperatures, under the different aging conditions, are represented in Figure 3 in terms of average penetration at 25 °C and the softening point, respectively. The data reported in the graph are average values from three test repetitions.



First, a higher stiffening effect of the LFS with respect to the corresponding traditional material was observed. In fact, both the mastic (MAS_S) and the mortar (MOR_S) respectively prepared with LFS filler and fine sand clearly showed lower penetration and higher softening points than the corresponding mastic (MAS_V) and mortar (MOR_V) prepared with cement and siliceous fine sand. Moreover, the slag blends were characterized by a higher temperature dependence since their change of consistency with the test temperature was quicker than it was for the corresponding reference blends.



In contrast, the aging effect appeared to reduce the gap between the slag blends and the reference blends, even though it should be remarked that clear differences could not be recorded for the aged mortars since the softening point often exceeded the boiling point of water (100 °C).




4.2. LVE Properties


As anticipated, preliminary amplitude sweep tests were performed at 1.59 Hz (10 rad/s) to identify the LVE domain of the investigated materials. As an example, Figure 4 depicts the average experimental data in terms of G* as a function of the strain amplitude γ in the case of a 10 °C test temperature and unaged blend conditions. The plot clearly shows the progressive stiffening effect due to the addition of fillers (MAS) and fine sands (MOR), especially when LFS was used instead of natural cement and siliceous aggregates. Moreover, the experimental findings confirm the fact that the higher the stiffness, the lower the LVE limit.



For the sake of completeness, Table 5 reports the γlimit identified at 10 °C (i.e., the lowest studied temperature) for all the investigated materials and aging conditions. The data reaffirmed the clear decrease of the LVE limit of both the mastics and the mortars, regardless of their aging conditions. A noticeably different behavior (i.e., reduced γlimit) could also be observed in the case of steel slag blends with respect to the corresponding virgin materials. As expected, the laboratory simulated aging led to both higher stiffness and restricted LVE region for all the test materials. Moreover, the reduction of the LVE threshold, due to the addition of filler and fine sand (i.e., in the case of mastics and mortars, respectively) appeared to be enhanced by the progressive aging of the investigated blends.



The strain amplitude (0.05%) for the following FS tests was selected on the basis of the results of the strain sweep tests summarized above.



In this regard, Figure 5 shows a representative example of the experimental results from the FS tests performed with the materials under long-term aging conditions; the data are represented in the Black and Cole-Cole spaces (Figure 5a,b respectively). Similar trends and behaviors were observed in the other aging conditions.



First, it is worth noting the peculiar behavior of the polymer modified asphalt binder, with a limited viscous domain even at high temperatures and low frequencies. Moreover, in line with previous studies which investigated the linear viscoelastic properties of mastics and fine aggregate matrixes prepared with both virgin and steel slag aggregates [25,36], the plots show the stiffening and the elasticity effects in both the mastics and the mortars, especially with additions of LFS. The experimental findings seem also to suggest that a different aggregate source would lead to different chemo-physical interactions between the bitumen and the aggregates, as appreciable differences in complex moduli and phase angles were measured for both the mastics and the mortars.



Based on the smooth experimental data presented above, the master curves of the complex modulus G* were constructed applying the time-temperature superposition principle and assuming thermorheological simplicity. Both the master curves and the corresponding time-temperature shift factors in the case of LTA materials are depicted in Figure 6, as a representative example. For the sake of completeness, the parameters of the CAM model (Equation 1) are reported in Table 6 for all the master curves along with the corresponding C1 and C2 values from the WLF equation [31] for the shift factors. It is worth specifying that for all the materials under all aging conditions, Ge and Gg were equal to 0 and 109 Pa, respectively; it suggests that both the test mastics and the test mortars demonstrated a rheological behavior comparable to that of a bitumen rather than of a mixture.



Overall, the LFS-based blends were characterized by slightly higher C1 and C2 parameters with respect to the corresponding reference materials prepared with natural aggregate, regardless of the aging condition. It seems to suggest a slightly higher thermal dependence of the LFS materials. In contrast, the master curves show a clear stiffening effect, due to the introduction of LFS into the blend under study, especially at low reduced frequencies (i.e., high temperatures and low frequencies). This stiffening effect should lead to enhanced resistance to permanent deformation, but also to reduced workability during mixing and compaction of the corresponding asphalt mixtures. In particular, the LFS blends generally showed a lower crossover frequency, thus demonstrating higher stiffness and a more pronounced elastic response in the investigated range of reduced frequencies, as reported also by other relevant studies [37]. However, those materials were also characterized by lower R values indicating a less gradual transition from a viscous to the elastic behavior, suggesting lower resistance to non-load associated cracking.



As regards the aging effect, it can be observed that the WLF parameters generally increased while both the crossover frequency and the shape index R decreased with aging. Similar results have been found by other researchers [38] who tested a plain bitumen in different aging conditions adopting analogous test procedures and observing comparable aging sensitivity. Thus, progressive aging led to enhanced stiffness and elasticity as well as to a less gradual transition from a viscous to an elastic behavior, regardless of the test material. In any case, lower differences were mostly found for the slag-based blends with respect to the corresponding natural materials suggesting that the LFS mixes were less sensitive to aging.




4.3. Rutting Potential


The experimental program was also designed to assess the rutting potential of the materials under investigation through specific MSCR tests performed at different temperatures (50, 60, 70 and 80 °C) and at different stress levels (0.1, 3.2 and 10 kPa) on STA blends. As anticipated, experimental findings were summarized in terms of: the percentage ratio between the recovered strain and the peak strain (R), to reveal the elastic aptitude; the creep compliance that refers to the non-recoverable strain, Jnr, related to the viscous response; and the difference of the non-recoverable creep compliances calculated at the different stress levels (Jnr-diff), indicating the level of stress susceptibility.



A representative example of the experimental results obtained testing the materials at 70 °C is shown in Figure 7 while the overall findings are summarized in Table 7. Results for the mastics and the mortars at the lowest test temperatures are not reported since their higher stiffness led to non-representative results at those conditions with Jnr of 10−3÷10−4 kPa−1.



First, the experimental results highlight the highly non-linearity of the studied materials with respect to the applied stress levels and test temperatures.



Then, it is worth noting the noticeable performance of the base SBS-modified bitumen which demonstrated a remarkable elastic behavior along with limited temperature and stress sensitivity; such SBS modified binder showed clearly higher performance (with particular reference to the lower stress sensitivity) than analogous SBS modified bitumens tested in similar studies [37]. Based on the experimental findings and according to the recent ASTM D8239 standard (Performance Grade of asphalt binder using the MSCR test), the binder could be used for “very heavy traffic” levels with a maximum pavement design temperature of up to 70 °C without undergoing permanent deformations.



The results also show the clear stiffening effect due to the addition of the filler (mastics) and fine sand (mortars). These additions resulted in higher recovered strain and lower non-recoverable creep compliance; moreover, both the mastics and the mortars were also characterized by their reduced levels of stress sensitivity. Similar results in terms of Jnr and Jnr ratio (i.e., the ratio between Jnr of the mastic and Jnr of the respective bitumen) were obtained by other researchers studying mastics prepared with both unmodified and polymer modified bitumens [39]. Regarding the aggregate source, the comparison between the reference materials containing natural aggregates and the corresponding blends prepared with LFS highlighted the contributions of stiffening and resilience due to the use of the steel slags that enhanced the rutting resistance of the mixes which are expected to exhibit more recoverable in-service deformation due to traffic. It appears to confirm a different physical-chemical interaction between the bitumen and the different aggregates. Moreover, reduced stress dependency appeared to be a characteristic of the slag-based materials thus suggesting less field susceptibility to changes in stress levels and tire pressure, while the different aggregates appeared to have no influence on the temperature dependency.




4.4. Fatigue Resistance


Finally, the fatigue resistance of the investigated materials was assessed through the LAS tests on the LTA blends. The predicted fatigue curves are depicted in Figure 8. In turn, the corresponding parameters, calculated through the analysis of the experimental readings and based on the above-mentioned VECD damage theory, are reported in Table 8, which shows the intercept A (location parameter) and the slope B of the fatigue lines. The related strain level which leads to 106 cycles to failure (γ6) is also indicated for a clearer comparison between the materials.



The results yielded similar slopes for the investigated blends; a fact that might suggest that the strain dependency of the material is mainly a result of the bituminous binder properties rather than a result of the mineral component of the mix. In contrast, the location parameter clearly differentiates the fatigue resistance of the different blends showing reduced performance for mastics and even more for mortars. In particular, the use of LFS instead of cement in the mastic lowered its fatigue performance, while the substitution of natural siliceous aggregates by LFS fine sand in the mortar appeared to have no significant effect on its fatigue behavior.



Considering that LAS tests were carried out at 20 °C and 10 Hz, the corresponding results from the FS tests, in terms of G* and δ, are also depicted in Table 8. Predictions based on the LAS tests appeared in reasonable agreement with the LVE properties of the investigated blends under the test conditions: generally, the higher the stiffness, the lower the fatigue resistance, taking into account that all the phase angles were similar. In particular, the slight (in all likelihood insignificant) difference between the fatigue behavior of MOR_S with respect to MOR_V appeared to be justified, in so far as both blends were characterized by very similar rheological properties at those specific test conditions (i.e., slightly lower G* and for MOR_S with respect to MOR_V).





5. Conclusions


A comprehensive experimental study has been presented in this paper on the main linear viscoelastic (LVE) and damage properties of bituminous mastics and fine (particle size less than 0.125 mm) mortars prepared with ladle furnace slag (LFS) aggregates. Amplitude sweeps, frequency sweeps, multiple stress creep recovery tests and linear amplitude sweep tests have been performed using a dynamic shear rheometer on slag-based blends under unaged, Short-Term Aged (STA) and Long-Term Aged (LTA) conditions. Reference materials manufactured with natural aggregates were also tested for comparative purposes.



Based on the experimental findings that have been observed, the following main conclusions may be drawn:




	
the addition of LFS led to a clear stiffening effect on both the mastic and the mortars with a reduction of the LVE domain;



	
the chemo-physical interaction of the LFS with the bitumen appeared to lead to appreciable differences in complex moduli and phase angles for both materials;



	
the permanent deformation resistance and the related stress sensitivity have also been improved with the use of LFS aggregates, thanks to enhanced stiffness and elasticity;



	
the LFS blends displayed a slightly reduced fatigue resistance with respect to the corresponding reference materials, especially in the case of mastics. A result that was in good agreement with the LVE properties measured through the frequency sweeps.








Future research on the topic may build on these encouraging results, seeking to overcome possible issues related to the higher stiffness of those slag-based materials (i.e., lower workability during production and laying and prospective reduced ductility at intermediate and low service temperatures). Moreover, further research will be needed in order to define reliable correlations between rheological behavior and damage at both mortar and mixture scales.
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Figure 1. Selected siliceous (a) and ladle furnace slag (LFS) (b) aggregates. 
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Figure 2. Flow chart of the experimental plan - Test procedures: penetration grade (PEN); softening point (SP); amplitude sweep (AS); frequency sweep (FS); multiple stress creep recovery (MSCR); linear amplitude sweep (LAS) - Aging conditions: rolling thin film oven (RTFO); pressure aging vessel (PAV); short-term aged (STA); long term aged (LTA). 
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Figure 3. Basic consistency properties of test materials. 
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Figure 4. Amplitude sweep test results for unaged blends (test frequency = 10 rad/s). 
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Figure 5. LVE properties of LTA materials in Black (a) and Cole-Cole (b) spaces. 
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Figure 6. G* master curve (a) and shift factors evolution (b) for LTA materials (Tref = 20 °C). 
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Figure 7. MSCR test results at 70 °C (STA materials): average percentage recovery R (a); average non-recoverable creep compliance Jnr (b); differences between Jnr at different stress levels Jnr-diff (c). 
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Figure 8. Fatigue lines from LAS test results (LTA materials). 
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Table 1. Main properties of the PMB 45/80-60 asphalt binder.
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Characteristic

	
Test Method

	
Value






	
Penetration at 25 °C

	
EN 1426

	
58.2 × 0.1 mm




	
Softening point

	
EN 1427

	
62.1 °C




	
Ductility at 5 °C

	
ASTM D113

	
170 mm




	
Dynamic viscosity at 100 °C

	
EN 13702

	
17.5 Pa×s




	
Dynamic viscosity at 150 °C

	
EN 13702

	
0.8 Pa×s




	
Residue after short-term aging (EN 12607-1)




	
Retained penetration at 25 °C

	
EN 1426

	
69.9%




	
Increase in softening point

	
EN 1427

	
7.7 °C
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Table 2. Basic properties of the selected aggregates.






Table 2. Basic properties of the selected aggregates.





	Characteristic
	Test Method
	Silica
	Ladle Furnace Slag (LFS)





	Bulk density
	EN 1097-6
	2.74 g/cm3
	2.83 g/cm3



	Fineness modulus
	EN 933-1
	2.9
	4.2



	Blaine specific surface
	EN 196-6
	-
	2654–3091 cm2/g



	Sand equivalent
	EN 933-8
	78%
	50%



	Plasticity Index
	CEN ISO/TS 17892-12
	Non-plastic
	Non-plastic
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Table 3. Chemical composition of the LFS.
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	CaO
	SiO2
	MgO
	Al2O3
	Fe2O3
	MnO





	LFS [% by weight]
	56.7
	17.7
	9.6
	6.6
	2.2
	0.3
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Table 4. Tested materials.
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	Material ID
	Bitumen
	Filler
	Fine Sand





	Bitumen (BIT)
	PMB 45/80-60
	-
	-



	MAStic with Virgin aggregate (MAS_V)
	PMB 45/80-60
	Cement
	-



	MAStic with LFS aggregate (MAS_S)
	PMB 45/80-60
	LFS
	-



	MORtar with Virgin aggregates (MOR_V)
	PMB 45/80-60
	Cement
	Silica



	MORtar with LFS aggregates (MOR_S)
	PMB 45/80-60
	LFS
	LFS
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Table 5. Linear viscoelastic LVE limit (γlimit) of test materials at 10 °C (test frequency = 10 rad/s).
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Material

	
Aging

	
Initial G* [Pa]

	
γlimit [%]






	
BIT

	
Unaged

	
1.11 107

	
2.00




	
Short-term aged (STA)

	
1.45 107

	
2.00




	
Long-term aged (LTA)

	
3.20 107

	
1.80




	
MAS_V

	
Unaged

	
4.93 107

	
0.40




	
Short-term aged (STA)

	
6.32 107

	
0.36




	
Long-term aged (LTA)

	
9.04 107

	
0.28




	
MAS_S

	
Unaged

	
6.36 107

	
0.17




	
Short-term aged (STA)

	
6.78 107

	
0.16




	
Long-term aged (LTA)

	
1.54 108

	
0.14




	
MOR_V

	
Unaged

	
9.17 107

	
0.16




	
Short-term aged (STA)

	
1.12 108

	
0.15




	
Long-term aged (LTA)

	
1.56 108

	
0.07




	
MOR_S

	
Unaged

	
1.05E 108

	
0.09




	
Short-term aged (STA)

	
1.21E 108

	
0.08




	
Long-term aged (LTA)

	
2.02E 108

	
0.05
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Table 6. Shift factors and G* master curve model parameters (reference temperature = 20 °C).
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Material

	
Aging

	
C1

	
C2

	
fc [Hz]

	
k

	
me

	
R






	
BIT

	
Unaged

	
13.7

	
104.1

	
263.1

	
0.19

	
0.85

	
1.35




	
STA

	
15.2

	
114.3

	
145.4

	
0.16

	
0.81

	
1.53




	
LTA

	
17.5

	
129.0

	
120.3

	
0.16

	
0.66

	
1.23




	
MAS_V

	
Unaged

	
13.5

	
105.7

	
131.5

	
0.22

	
0.77

	
1.09




	
STA

	
14.7

	
115.2

	
106.3

	
0.21

	
0.71

	
1.02




	
LTA

	
19.5

	
139.8

	
71.1

	
0.19

	
0.61

	
0.97




	
MAS_S

	
Unaged

	
13.8

	
107.0

	
109.5

	
0.25

	
0.76

	
0.92




	
STA

	
14.6

	
113.1

	
95.7

	
0.24

	
0.70

	
0.89




	
LTA

	
20.4

	
141.1

	
69.5

	
0.22

	
0.55

	
0.74




	
MOR_V

	
Unaged

	
14.7

	
106.4

	
157.9

	
0.29

	
0.65

	
0.67




	
STA

	
19.4

	
138.1

	
129.2

	
0.30

	
0.51

	
0.52




	
LTA

	
21.4

	
147.8

	
79.5

	
0.30

	
0.48

	
0.48




	
MOR_S

	
Unaged

	
15.1

	
109.1

	
130.1

	
0.31

	
0.60

	
0.58




	
STA

	
16.5

	
125.3

	
94.6

	
0.29

	
0.48

	
0.50




	
LTA

	
25.4

	
163.2

	
75.3

	
0.29

	
0.43

	
0.45
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Table 7. Summary of MSCR test results (STA materials).
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Material

	
Temperature

[°C]

	
τ = 0.1 kPa

	
τ = 3.2 kPa

	
τ = 10 kPa




	
R

[%]

	
Jnr

[1/kPa]

	
R

[%]

	
Jnr [1/kPa]

	
Jnr-diff 1

[%]

	
R

[%]

	
Jnr [1/kPa]

	
Jnr-diff 2

[%]






	
BIT

	
50

	
72

	
0.03

	
71.7

	
0.03

	
1.2

	
-

	
-

	
-




	
60

	
62.4

	
0.13

	
58.8

	
0.15

	
11.9

	
-

	
-

	
-




	
70

	
46.2

	
0.6

	
31

	
0.84

	
40.5

	
-

	
-

	
-




	
80

	
26.1

	
2.49

	
6.1

	
4.02

	
61.5

	
-

	
-

	
-




	
MAS_V

	
50

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
60

	
64.3

	
0.02

	
59.3

	
0.03

	
13.3

	
52.8

	
0.03

	
18.2




	
70

	
48.7

	
0.1

	
36.5

	
0.13

	
23.2

	
24.6

	
0.17

	
27.4




	
80

	
28.9

	
0.43

	
12.8

	
0.59

	
36.9

	
5.9

	
0.75

	
31.1




	
MAS_S

	
50

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
60

	
65.5

	
0.01

	
59.1

	
0.01

	
4.4

	
53

	
0.01

	
6.3




	
70

	
50.5

	
0.04

	
37.3

	
0.05

	
16.2

	
26.9

	
0.05

	
11




	
80

	
32.4

	
0.14

	
17

	
0.18

	
20.9

	
8.6

	
0.2

	
36.4




	
MOR_V

	
50

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
60

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
70

	
69.3

	
<0.01

	
45.5

	
0.02

	
22.7

	
32.8

	
0.02

	
6.7




	
80

	
66

	
0.01

	
27.4

	
0.02

	
35.6

	
16.5

	
0.03

	
10.8




	
MOR_S

	
50

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
60

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
70

	
63.5

	
<0.01

	
44.7

	
0.01

	
5.6

	
39.7

	
0.01

	
2.8




	
80

	
60.9

	
0.01

	
38

	
0.01

	
7.9

	
30.9

	
0.02

	
7.7








1  100      J  n r     3.2 k P a   −  J  n r     0.1 k P a     /  J  n r     3.2 k P a    ; 2  100      J  n r     10 k P a   −  J  n r     3.2 k P a     /  J  n r     10 k P a    .
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Table 8. Summary of LAS test results and selected LVE properties (LTA materials).
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	Material
	A
	B
	γ

6[%]
	G* (20 °C; 10 Hz) 1

[Pa]
	δ (20 °C; 10 Hz) 1

[deg]





	BIT
	22,687
	4.179
	0.40
	2.42 107
	36.67



	MAS_V
	54.2
	4.496
	0.11
	6.37 107
	33.28



	MAS_S
	2.75
	5.004
	0.08
	1.01 108
	32.01



	MOR_V
	0.45
	4.923
	0.05
	2.09 108
	29.75



	MOR_S
	0.28
	4.946
	0.05
	1.75 108
	28.48







1 from Frequency Sweeps (FS).
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