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Abstract

:

The use of concrete with aggregates with reduced environmental impact, as is the case of concrete with siderurgical aggregates (recovered slags), will inevitably increase in the future, as a result of policies promoting development of more sustainable construction materials. These concretes offer an excellent response to static loads, but their behaviour under dynamic loads has not yet been studied. The aim of this study is to characterize the fatigue behaviour, in terms of fatigue limit, of a concrete with siderurgical aggregates by comparing it with an analogous conventional limestone concrete. This characterization was carried out using the Locati method, which stands out for its convenience, speed and low cost, with the feature of being carried out at a high frequency corresponding to the resonance frequency. Performing high-frequency tests has drastically reduced test times and thus costs. Likewise, the results obtained show that, using various criteria found in the literature, concrete with siderurgical aggregates has a higher fatigue limit in absolute terms (MPa), but a lower one in relative terms (% fc).
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1. Introduction


We are gradually becoming aware of the need to take care of the environment and impose more sustainable types of construction in which, fundamentally, materials with reduced environmental impact are proposed. One of the options contemplated to achieve more sustainable construction is the use of concrete manufactured with value-added electric arc furnace slags (EAFS) as aggregate. These siderurgical aggregates (value-added EAFS) are usually deposited in inert landfills, while their use in concrete can save 35% in CO2 emissions without taking into account transport or the manufacturing of materials [1].



The use of siderurgical aggregates in concrete provides general improvement in the mechanical properties of concrete, mainly due to the high quality of the interfacial transition zone (ITZ) between aggregates and paste [2] and to their irregular shape and high tenacity [3]. Compared with concretes that use conventional aggregates, siderurgical aggregate concrete exhibits considerably higher compressive strengths [4,5,6,7,8] that enable high strength concrete [9] to be obtained easily. However, the property that increases the most is the modulus of elasticity, largely due to the high modulus of elasticity of siderurgical aggregates [6,10], which increases proportionally to replacement ratio [11].



Although it has been demonstrated that siderurgical aggregate concrete can have high quality mechanical and durability [12,13] properties, at present, there are no previous studies that evaluate the fatigue behaviour of this type of concrete. Even though concrete elements are not usually exposed to cyclic loads, there are some typical concrete components which are subjected to this type of stress such as railway superstructure elements, bridges, wind turbine foundations or offshore structures [14,15,16,17]. It is worth noting that in some of these applications a higher density is beneficial, as it increases the stability of the components, for example, in the case of railway superstructure elements or foundations. The presence of EAFS increases the density [2], so the use of siderurgical aggregate concrete can be of particular interest in such applications. However, before being able to use this type of concrete for these applications, it should be verified that these concretes have a good response to cyclic loading.



Fatigue is a process of progressive and permanent material damage under repeated loading, in such a way that in the end, the component breaks under loads lower than those it was able to resist initially. This reduction in the mechanical properties is due to the growth of defects inside the component [14,15,16]. In general, fatigue has three parts, a first one of crack initiation, a second one of crack propagation and finally, a third one when the specimen is about to break [17,18]. In the case of concrete, where micro-cracks already exist intrinsically, the initial state of these micro-cracks or some phenomenon that accelerates the growth of these cracks can be critical in the fatigue life of concrete, more so given that concrete is a highly heterogeneous material. For these reasons, damage micromechanisms must be studied explicitly. Several authors have concluded that in the case of fatigue in concrete, the dominant cracks generally arise either from the paste-aggregate interface or from pores, indicating that flaky geometry of the aggregates is of particular importance in the fatigue behaviour of concrete [19,20,21].



There are two main types of fatigue tests for concrete: bending fatigue and compressive fatigue tests. In the case of bending fatigue tests, they are mainly used to study reinforced or fibre-reinforced concrete [22,23,24]. In the case of compressive fatigue, they are normally used to study the behaviour of plane concrete [14,16]. In this research, when seeking to analyse the influence of the presence of EAFS, it was decided to use plane concrete and consequently, compressive fatigue tests were performed. There are also a large number of methods to characterise concrete fatigue. The reference method for fatigue characterisation is S-N curves, but this method requires a large number of tests (minimum 10) of long duration. The Staircase method is another widely used method, although it also requires a large number of tests and only enables the fatigue limit to be determined. Another method used to determine the fatigue limit is the Locati method, which aims to define the fatigue limit by means of a single fatigue test, thus reducing both the time and cost of fatigue characterisation tests.



Besides using different test methods, there are other ways to reduce the characterisation time, such as, for example, characterisation by resonant fatigue. Resonant fatigue is a type of fatigue test in which the fatigue test is performed at the resonant frequency of the machine + specimen assembly. Sainz-Aja et al. [25] recommend frequency range for concrete fatigue testing between 1 and 15 Hz. Low frequency (<1 Hz) reduces the fatigue limit because it increases the test time, creep damage. Comparing moderate frequency (10 Hz) and tests at very high frequency (90 Hz) it has been shown that temperature increases above 65 °C can significantly magnify creep damage. Resonant fatigue is a relatively widespread type of fatigue test for metals, whereas only a few studies have been carried out for concrete. In the case of conventional concretes, only one work was found in which fatigue at very high frequency was characterised. Thomas et al. [17] tested and compared a high-performance self-compacting concrete at moderate and very high frequency by means of S-N curves. In the case of recycled concrete, three works were found [18,26,27]. Cantero et al. [18] analysed the effect of different percentages of recycled aggregate and cement. Sainz-Aja et al. [26] compared the Locati method and the Staircase method in resonant fatigue. Sainz-aja et al. [27] compared the fatigue limits obtained by the Locati method of 3 recycled concretes tested at moderate friction and resonant frequency.



The most common scenarios in which today it can be detected fatigue failures are slender structures. It is increasingly common to reduce thicknesses, due to the increase in the resistance of materials, as is the case of skyscrapers, railway sleepers and bridges. In these cases, it is considered convenient to take into account possible fatigue damage.



In this research, resonance Locati fatigue tests have been performed on two different concrete mixes; a reference limestone concrete and a concrete mix with fine and coarse siderurgical aggregates. During these tests strain, resonance frequency and temperature were recorded. Based on these parameters, the fatigue limit of both types of concrete could be determined and, subsequently, the effect of the presence of EAFS on the fatigue behaviour of the concretes was analysed.




2. Methodology


2.1. Materials and Mix Proportions


The development of the research is based on the comparison of a concrete with siderurgical aggregates (SA) with a conventional concrete with natural aggregates (NA), which are limestone aggregates, to verify the goodness of siderurgical aggregates. The properties of SA depend on the properties of the scrap and the production process with which the EAFS are obtained, so it is necessary to carry out a complete physical-mechanical characterization of this aggregate. Table 1 shows the composition in oxides by XRF, which was complemented with an analysis by XRD, finding that magnetite, wuestite, magnesioferrite and calcium silicate were the main crystalline phases. Table 2 shows the physical properties of the aggregates used, among which SA’s ostensibly higher density (44%) and similar water absorption should be remarked.



The two mixes (Table 3) were designed by the Fuller method using the same amount of water, cement (CEM I 52.5R [28]), superplasticizer additive and the same volume of aggregates, to facilitate their comparison. Figure 1 shows the distribution of the granulometric skeleton of the 2 mixes, which are described below:




	
A reference limestone concrete mix with fines and coarse limestone fractions (LLC).



	
A concrete mix with fine and coarse siderurgical aggregate fractions, which also incorporates limestone sand (SLC) to compensate for the lack of fines of SA (a typical issue for this aggregate [29]).








The mixing of the concrete was carried out in three phases. A first phase of mixing for 3 min with the aggregates, cement, and water, a second phase of 3 min rest and a third phase of 2 min with the incorporation of the superplasticizer additive. A needle vibration was performed. The specimens were removed from the mould 24 h after their manufacture, then introduced to cure in a chamber at 95 ± 5% humidity and a temperature of 20 ± 2 °C for 28 days, as established by EN-12390-2 [30].




2.2. Physical and Mechanical Characterization of Concrete


The physical properties at 28 days were determined on 6 cylindrical specimens of 150 × 100 mm cut from standard cylindrical specimens (150 × 300 mm). The bulk (Db), apparent (Da), and saturated surface dry (Dssd) densities were determined, following the indications of EN 12390-7. Additionally, the accessible porosity (% vol.) and the water absorption coefficient (% wt.) were determined in accordance with the formulations described in UNE 83980.



Regarding the conventional mechanical properties at 28 days, the compressive strength (fc) was obtained on 5 cubic specimens of 100 mm in accordance with EN 12390-3, using a universal servo-hydraulic press of 2500 kN capacity and a speed of application of the load of 5 kN/s. The secant elastic modulus under compression (E) was determined in accordance with EN 12390-13, using 3 standard cylindrical test specimens capped with sulphur on their upper faces and fitted with 120 mm long, 120 Ω strain gauges, using method B. The tensile splitting strength (fct) was determined on 3 standard cylindrical specimens in accordance with EN 12390-6, using a universal servo-hydraulic press of 2500 kN capacity and a load application speed of 3.5 kN/s.




2.3. Fatigue Test


This methodology allows the determination of the fatigue limit using very few specimens in record time, taking measurements of the resonance frequency and strain of the specimens, in addition to the surface temperature of the specimens. The limitation is that the maximum capacity of the press is almost reached, having to use smaller specimens when the characteristic resistances of the concrete are higher than those of the SLC mix.



Fatigue characterisation was done by means of Locati fatigue tests at resonance frequency, in this case ~90 hz. The Locati test consists of applying increasing load steps in a concatenated manner until specimen failure. Each of these load steps has a duration of 2 × 105 cycles. At the end of these cycles, the next step is taken, increasing the maximum load value, while keeping the minimum value constant. In Figure 2, a sketch of the loads applied to the specimen during each test can be seen.



The load to be applied in each step depends on the test concrete characteristics, specifically the compressive strength; therefore, each step applies a percentage of the fc, setting the minimum load applying a stress ratio of 10% of the maximum load. The loads to be applied in each step for each concrete mix (LLC and SLC) appear in Table 4.



The tests were carried out on two cylindrical specimens of 100 × 200 mm per mix (LLC and SLC) at the age of approximately 8 months. A Zick servohydraulic press with a capacity of 400 kN that allows dynamic loading was used. This press provides dynamic loads at the resonance frequency of the specimen–machine set. The upper face of the specimens was cut and polished, while the specimens were fitted with two strain gauges placed diametrically opposite each other. Two-millimeter long gauges were used (Tokyo Sokki Kenkyujo Co. Ltd. model PL-60-11-1LJC-F (120 ± 5 Ω)). The gauges were affixed to the specimens by means of a two-component epoxy resin.



An IRISYS model IRI 1011 thermographic camera was used to record the evolution of the temperature on the surface of the specimens; as a result of internal friction, the camera was positioned outside the resonance chamber to avoid vibrations. Likewise, a stress-strain record was kept by means of digital data collection, and the resonance frequency was recorded during each load cycle using the software of the test equipment. Figure 3 shows the experimental setup used for these tests. It is worth mentioning that in order to carry out the test, the traditional setup of the servo-hydraulic press had to be modified. This machine usually works in tension (e.g., tests on steel cords and bars) so two rigid mechanized steel bases have been bolted to the upper and lower jaws and a ball joint has been placed between the upper plate and the specimen.



The data to be analysed were the evolution of the resonance frequency with the number of steps, the evolution of the strain (maximum, mean, and range of the strain) with the number of steps, and the evolution of the temperature with the number of steps. The fatigue limit was defined using two criteria: 80% of the tension range of the step when the crack occurs [31] and the previous step in which there was a drop in the resonance frequency [32]. A comparison was made between the two mixes used (LLC and SLC) since there was no similar study in the literature with concrete mixes with siderurgical aggregates (a priori stiffer). This comparison of their behaviour with conventional concretes could open the doors to its use in new applications in civil engineering.





3. Results


This section may be divided by subheadings. It should provide a concise and precise description of the experimental results, their interpretation, as well as the experimental conclusions that can be drawn.



3.1. Physical and Mechanical Properties of Concrete


Figure 4 shows the physical properties of the two mixes manufactured with their standard deviations. It can be observed that the bulk density (Db) of the SLC mix is 20% higher than that of the LLC mix, due to the high density of the siderurgical aggregates.



Likewise, the water absorption of LLC mix is higher, but as this parameter depends on the bulk density of the material, it is not the most suitable parameter to compare mixes with different specific weights. Porosity, however, determines the relationship between the volume of accessible pores and the apparent volume and is similar for both mixes, being around 7%, with below 10% being considered a good value [12]. These results show that concrete vibration was extremely effective with the SLC mix, highlighting the importance of this action for any mix with siderurgical aggregates.



Table 5 shows the compressive strengths developed by the mixes together with their standard deviations. Natural aggregates have a smooth and spherical surface that does not favour an excessively strong bond between paste and aggregate. The SA concretes show an improved ITZ, favoured by the shape of the siderurgical aggregates, which makes the aggregate interlock with the paste and increases the friction between the two [33]. This is reflected in the compressive strength, which is 42% higher in the SLC mix than in the reference mix (LLC), which is due to the replacement of all the coarse aggregate and part of the fine aggregates by siderurgical aggregates.



The same explanation, although with a lesser effect, can be used to justify the difference in elastic modulus (20% higher in the SLC mix) which is also caused by the high elastic modulus of the siderurgical aggregates themselves. The increase in compressive strength leads to a less-than-proportional increase in tensile strength (16%), which is one of the reasons that increasing strength also increases the brittleness of the cement paste.




3.2. Fatigue Test


Figure 5 shows the evolution of the resonance frequency over time, where each load step can be seen, which in turn corresponds to 2 × 105 load–unload cycles. For the LLC mix (Figure 5a), it can be observed that in step 8 for specimen 1 the resonance frequency begins to decrease, indicating that the stiffness of the specimen begins to decrease, which means that the specimen is highly cracked and close to fracture. For specimen 2, it can be seen that when starting step 8, the specimen has broken just as the test load increases, establishing that step 8 defines the fatigue limit for both specimens.



For the SLC mix (Figure 5b), very similar behavior is seen for the two specimens tested. In both cases, the resonant frequency begins to decrease slightly in step 5, and very markedly in step 6. The SLC results show that siderurgical concrete specimens can withstand a greater loss of stiffness before breaking.



On the other hand, the mix with siderurgical aggregates managed to resist fewer steps. This is because fatigue is a subcritical mechanism, causing cracks to grow slowly until the specimen weakens enough to break. Siderurgical aggregates have irregular surfaces that are in contact with the mortar paste, and these paste surfaces form elements that are more susceptible to breakage, or in other words, the irregular shapes of the siderurgical aggregates behave as stress concentrators (there are sudden changes in section), causing premature failure of the ITZ between paste and aggregate.



Another issue is that an aggregate much stiffer than the paste causes the bond at the interfaces to deteriorate much earlier, since aggregate and paste do not deform in the same way at the same stress. Finally, it is necessary to analyse the effect of the apparent shape of the aggregates, which being sharper (flaky) will be able to penetrate the paste more easily. Together, all the causes described favour the appearance of defects in the microstructure of the specimens with passing cycles, which will reduce the fatigue life of the concrete with respect to conventional limestone concrete.



Another criterion to establish the step of the fatigue limit consists of measuring the evolution of strain over the cycles, or in other words, over time. For this, a reading of the maximum strain (corresponding to the maximum load within each cycle) and the minimum strain (corresponding to the minimum load within each cycle) for each of the 2 × 105 cycles of each step was made. Figure 6 and Figure 7 show the maximum and minimum strain for the LLC and SLC mixes, respectively.



For the LLC mix (Figure 6), the two specimens show a very similar strain in each step, although specimen 2 shows some noise during the first three steps, possibly due to the vibration of the strain gauge cables. It can be observed that the slope of the deformation increases slightly with each step, until the specimens finally break at the beginning of step 8 and 9. This slope increases because the growth rate of the cracks is increasing. The behaviour of the SLC mix (Figure 7) is similar to that of the LLC mix with some differences. The strain is less until the fifth step, and in the sixth step (step of the fatigue limit) it shoots up until the specimen finally breaks.



Figure 8 shows the evolution of the mean strain with the passage of the cycles. As expected, the mean strain increases as the load in each step increases. On the other hand, there is a high correspondence between the two specimens of each mix. In the case of the LLC mix, the mean strain grows more during the first four steps, after which the SLC mix deforms more and more quickly.



Figure 9 shows the evolution of the strain range with the passing cycles for the two mixes. The strain range was defined as the difference between the maximum and minimum strain registered by the strain gauges. Good coupling can be observed between the specimens of the same mix and the increase in range with the level of the applied load. The specimens of the LLC mix show a lower range, which becomes more distant between the two mixes as the steps progress. Irregular peaks generated by the strain of Specimen 1 of the LLC mix can be observed. This effect is due to noise in one of the strain gauges attached to the specimen during the first three load steps, after which it has disappeared. The range is notably higher in the case of the SLC mix, which may be due to the fact that the corresponding loads with the same step are 30% higher, due to the superior compressive strength of the SLC mix.



After checking in which step the resonant frequency decreases and observing in which step it triggers, the fatigue limit step can be defined (criterion of the Frequency Droop). Table 6 shows the properties of the step prior to the frequency drop for the LLC and SLC mixes, defining the fatigue limit as the range of that step. The LLC mix managed to resist two more steps for the reasons explained above. Although the fc (%) of the LLC mix step is 10% higher, in absolute terms the range of the fatigue limit step is higher for the SLC mix.



A second criterion was described in the methodology that defines the fatigue limit as 80% of the stress range of the step in which the specimen breaks. Table 7 shows the characteristics of the failure step as well as the fatigue limit associated with the stress range of the step.



Making a comparison with the high-frequency fatigue limit values obtained by Sainz-Aja et al. [27], it is observed that the behavior of the SLC mix is similar to that of the RC-M mix (ballast aggregates with a small replacement of recycled sleeper aggregate) for either of the two criteria used.



As explained in the methodology, during the tests, the temperature of the outer surface of the test pieces was recorded. Figure 10a shows the evolution of the temperature for the LLC and SLC mixes. The increase in temperature is considerable and is associated with the high friction between the particles once the first micro-cracks appear and due to the high frequency at which the loads are applied. The high test frequency does not enable timely heat dissipation, as happens in low-frequency tests [34]. Figure 10b shows the range of strain in the specimens’ gauges where the temperature was measured. A priori, it could be thought that the specimens of the LLC mix will suffer lower increases in temperature because the resonant frequency of the system is lower; however, there is an evident relationship between strain and temperature, in which the effect of friction is due to the amplitude of displacement rather than the speed of the displacement (frequency). The higher temperature in the SLC mix could also be favored because the siderurgical aggregates have a higher coefficient of thermal conductivity, due to the presence of iron, so the temperature increase occurs more quickly.



In Figure 11, the cracks in the test specimens are shown, as well as the appearance of the upper contact faces, which show brown spots due to the rust of the plate where they are supported.



Finally, Figure 12 and Figure 13 show the evolution of the surface temperatures of the specimens for the LLC and SLC mixes, respectively. First, it should be noted that the lower area of the specimens is heated first for both mixes. This temperature difference is more visible in the early stages of the test. After 200 min of testing, the difference reaches 15 °C between the upper-middle and the lower-middle of the specimens and a plausible explanation for these differences has not been found.



What can be observed is that the areas near the central axis of the test specimens heat up earlier; this phenomenon is clearly visible in the last image of Figure 13, where a 40 °C difference between the central axis and the extremities of the specimen can be observed.



The fact that the specimens overheat will undoubtedly affect their fatigue behaviour, and the degree to which this happens has to be established in subsequent investigations; however, the generation of these high temperatures has made it possible to determine the fatigue limit of the mixes developed while remaining on the safe side since temperature is a factor that minimizes the aforementioned limit.





4. Conclusions


In this research, the high-frequency fatigue behaviour of concrete with siderurgical aggregates has been compared with concrete with limestone aggregates, verifying the effect of varying the aggregates on the main parameters to determine the fatigue limit. After analysing the results, the following conclusions can be drawn:



The fatigue limit of the SLC mix is higher than that of the LLC mix both for the criterion of reduction of the resonance frequency (11% higher) and for the criterion of 80% of the stress range (13%). However, the LLC fatigue limit is higher in relation to its compressive strength, due to the high stiffness of the siderurgical aggregates and their irregular shape, which could cause stress concentrations.



There is an increase in temperature in the test specimens with the number of cycles. This increase is similar to the increase in strain of the strain gauges and higher for the SLC mix. The SLC mix reaches temperatures close to 110 °C and the LLC mix close to 90 °C, being higher in the lower part of the test specimens for reasons that are still unknown.



The results obtained open the door to the use of concrete with siderurgical aggregates in new applications where structural concrete is subjected to cyclical loads, representing a further advance in research on new, more sustainable construction materials.
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Figure 1. Grading distribution of the designed mixes. 
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Figure 2. Locati test scheme. 
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Figure 3. Preparation of the specimens and experimental setup used. 
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Figure 4. Physical properties of the mixes produced; (a) densities and (b) porosity and absorption. 
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Figure 5. Evolution of the resonance frequency in each step for the LLC (a) and SLC (b) mix. 
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Figure 6. Evolution of the maximum and minimum strain for the LLC mix. 
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Figure 7. Evolution of the maximum and minimum strain for the SLC mix. 
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Figure 8. Evolution of mean strain for LLC and SLC mixes. 






Figure 8. Evolution of mean strain for LLC and SLC mixes.



[image: Applsci 13 02439 g008]







[image: Applsci 13 02439 g009 550] 





Figure 9. Range evolution for mixes LLC and SLC. 
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Figure 10. Evolution of maximum temperature (a) and average strain (b). 
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Figure 11. Post-test appearance of LLC (top) and SLC (bottom) mix specimens after cracking. 
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Figure 12. Temperature evolution for the LLC mix. 
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Figure 13. Temperature evolution for the SLC mix. 
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Table 1. Oxide composition of the different fraction of siderurgical aggregates (% wt.).
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	Material
	SiO2
	Al2O3
	Fe2O3
	MnO
	MgO
	CaO
	Na2O
	TiO2
	P2O5
	SO3
	V2O5





	SA
	10.57
	6.19
	44.79
	5.95
	7.09
	21.99
	0.03
	0.51
	0.29
	0.27
	0.36
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Table 2. Physical properties of the aggregates used.
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	Size

(mm/mm)
	Bulk Density

(g/cm3)
	Apparent Density

(g/cm3)
	SSD Density

(g/cm3)
	Water Absorption

(% wt.)
	Porosity

(% vol.)





	NA 12/18
	2.65
	2.76
	2.69
	1.6
	4.2



	NA 6/12
	2.67
	2.78
	2.71
	1.4
	3.7



	NA 0/6
	2.67
	-
	-
	-
	-



	SA 8/16
	3.84
	3.98
	3.88
	0.9
	3.6



	SA 4/8
	3.82
	4.08
	3.88
	2.1
	7.9



	SA 0/4
	3.87
	-
	-
	-
	-
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Table 3. Concrete mix proportions (kg/m3).
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	Component
	LLC
	SLC





	CEM
	340
	340



	Water
	159.8
	159.8



	NA 12/20
	283.7
	-



	NA 6/12
	661.9
	-



	NA 0/6
	945.6
	776.1



	SA 8/16
	-
	721.6



	SA 4/8
	-
	483.5



	SA 0/4
	-
	442.8



	Superplasticizer
	3.4
	3.4



	w/c
	0.47
	0.47
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Table 4. Applied loads in each step of the Locati fatigue test.
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LLC

	
SLC




	
Step

	
% fc

	
Min [kN]

	
Max [kN]

	
Mean [kN]

	
Range [kN]

	
Min [kN]

	
Max [kN]

	
Mean [kN]

	
Range [kN]






	
1

	
30%

	
14.8

	
148.2

	
81.5

	
66.7

	
20.0

	
199.8

	
109.9

	
89.9




	
2

	
35%

	
17.3

	
172.9

	
95.1

	
77.8

	
23.3

	
233.1

	
128.2

	
104.9




	
3

	
40%

	
19.8

	
197.6

	
108.7

	
88.9

	
26.6

	
266.4

	
146.5

	
119.9




	
4

	
45%

	
22.2

	
222.3

	
122.3

	
100.0

	
30.0

	
299.7

	
164.8

	
134.9




	
5

	
50%

	
24.7

	
247.0

	
135.9

	
111.2

	
33.3

	
333.0

	
183.2

	
149.9




	
6

	
55%

	
27.2

	
271.7

	
149.4

	
122.3

	
36.6

	
366.3

	
201.5

	
164.8




	
7

	
60%

	
29.6

	
296.4

	
163.0

	
133.4

	
40.0

	
399.6

	
219.8

	
179.8




	
8

	
65%

	
32.1

	
321.1

	
176.6

	
144.5

	
43.3

	
432.9

	
238.1

	
194.8
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Table 5. Mechanical properties of the mixes produced.
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	Mix
	fc [MPa]
	fct [MPa]
	E [GPa]





	LLC
	62.90 ± 6.22
	3.54 ± 0.19
	41.25 ± 0.31



	SLC
	89.45 ± 3.15
	4.12 ± 0.16
	53.48 ± 1.05
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Table 6. Fatigue failure step for LLC and SLC mixes: frequency reduction criterion.
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	Mix
	Step
	% fc
	Min [MPa]
	Max [MPa]
	Mean [MPa]
	Fatigue Limit [MPa]





	SLC
	5
	50%
	4.2
	42.4
	23.3
	38.2



	LLC
	7
	60%
	3.8
	37.7
	20.8
	34.0










[image: Table] 





Table 7. Fatigue failure for mixes LLC and SLC: criterion of 80% of the stress range.
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	Mix
	Step
	% fc
	Min [MPa]
	Max [MPa]
	Mean [MPa]
	Range [MPa]
	Fatigue Limit [MPa]





	SLC
	6
	55%
	4.7
	46.6
	25.7
	42.0
	33.6



	LLC
	8
	65%
	4.1
	40.9
	22.5
	36.8
	29.4
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