Fatigue performance of Buton rock asphalt modified mixtures 


Abstract
The main objective of this research is to assess the effect of granular Buton rock asphalt (BRA) modifier binder on the fatigue life of asphalt mixtures. Laboratory evaluation method of fatigue strength on four point bending equipment under repeated flexural bending test was done in accordance with Austroads AG:PT/T233. The beam test under the controlled-strain mode of loading was applied for a dense grading of 10 mm of unmodified and BRA modified asphalt mixtures at the conditions: test temperature of 20°C, three different peak tensile strain (400, 600 and 800 µε), loading frequency of 10 Hz, mode of loading of continuous haversine, and air void content of 5%. It is shown that the number of cycles for BRA modified asphalt mixtures increased by 2.0-2.4, and 1.6-2.1 observed by the using classical and energy stiffness ratio approaches, respectively. According to the strain approach, the number of cycles to failure for BRA modified asphalt mixtures was higher when compared with unmodified asphalt mixtures. Based on the strain-stiffness approach, the initial flexural stiffness (S0) affected the fatigue life of unmodified and BRA modified asphalt mixtures. Furthermore, the regression equations model used to predict the fatigue life of unmodified and BRA modified asphalt mixtures based on the strain approach and strain-mix stiffness approach were developed. The use of BRA modifier binder in asphalt mixtures had a significant effect on the relationship between intercept (k1) and slope (k2) variables. The damage rate for BRA modified asphalt mixtures was lower compared with the unmodified asphalt mixtures. 
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1. Introduction
	According to studies [1-3], fatigue cracking is a result of fatigue failure due to repetitive stress and strains caused by load and environmental factors, and is considered to be a major form of distress in asphalt mixtures. Fatigue cracking occurs when the tensile stress of materials exceeds the tensile strength due to repetitive stress and strain. Cracks form, resulting in the decreased structural capacity of the pavement and increasing the maintenance costs. Cracks also provide the pathways for water to penetrate the pavement layer and greatly accelerate the process of deterioration. Hence, the fatigue resistance of asphalt mixes is defined as the capability of the mixes to withstand repetitive loading without any significant failure such as cracking or premature failure, developed under other circumstances such as environmental conditions. 
	The cracking begins with a microcrack at the points where critical tensile strain/stress occurs, and then grows to form a macrocrack, usually taking an alligator cracking pattern, and finally penetrating the surface of pavement [4]. According to Di Benedetto et al. [5], the process of degradation during fatigue cracking is divided into two phases. Firstly, there is the initiation and propagation of a microcrack network. The decrease in the modulus occurs in this phase. This phase relates to degradation resulting from damage that is uniformly spread in the asphalt mixtures. The first phase is called the initiation phase. Secondly, a microcrack appears as a result of the combination of microcracks. Further macrocracks will propagate within the materials. The second phase is called the propagation phase. 
	Many researchers have developed various concepts for evaluating the fatigue resistance of mixes. They can be grouped into three types: linier viscoelastic properties E0 and φ0 (determined at the beginning of each test, N = 100), life duration (number of cycles to specified failure criterion), and fatigue damage characteristics in the crack initiation phase. These three concepts are widely used to study fatigue failure criteria of asphalt mixtures, including the classical (traditional), the fracture mechanics and the damage-energy (dissipated energy) approach [1, 3, 6, 7]. Baburamani [8] reported that the fracture mechanics and  dissipated energy approaches were included as mechanistic approaches, while the classical criterion was categorized as a phenomenological approach. In the mechanistic approaches (fracture mechanics and dissipated energy), the damage process in the fatigue occurs in two distinct stages: crack initiation and crack propagation (growth). Generally, fracture mechanics are used to characterize the crack propagation in asphalt mixtures, while the classical and the damage-energy approach are widely used to develop the fatigue prediction models for the crack initiation.
	Materials characteristics is one of the factors that influence the fatigue cracking. The use and development of modified binders in bituminous mixes, however, is important with the aim of increasing the fatigue performance. Many studies have been carried out on asphalt mixtures to improve resistance to fatigue failure. Polymer modified binder [9-11] and crumb rubber [12] have a significant effect on improving fatigue life of asphalt mixtures. The main objective of this research however, was to study the potential use of granular BRA modifier binder to increase the resistance of asphalt mixtures to fatigue cracking. The raw materials for natural rock asphalt are found on Buton Island in Indonesia, and this is traditionally known as asphalt Buton (asbuton). Limited studies are found on fatigue performance of asphalt mixtures using asbuton. A study on the feasibility of using asbuton filler for fatigue performance found that the number of cycles to failure (Nf) for Hot Rolled Asphalt (HRA) mixtures containing asbuton filler were higher compared with unmodified HRA mixtures at all level of stress [13]. 
2. Materials and methods

2.1	Materials
	Class-170 (Pen 60/80) base asphalt binder was used for the unmodified asphalt mixtures. The binder was classified in accordance with the Australian Standard AS-2008 [14]. The BRA modified binder used for BRA modified asphalt mixtures was made by replacing 20% base asphalt binder (by total weight of asphalt binder in the mixtures) with 20% BRA natural binder. Specification of the base asphalt binder and BRA modified binder is given in Table 1.
	Figure 1 shows the form of the BRA modifier binder (pellets) with a diameter of 7 mm to 10 mm used in this study. Triplicate portions of granular BRA modifier binder were subjected to an extraction process [15]. The bitumen content test results found that, on average, the granular BRA modifier binder consisted of about 70% mineral and 30% binder by total weight of materials. The mean particle size distributions of BRA mineral for each sieve are as follows: 2.36 mm (100%), 1.18 mm (97%), 0.6 mm (92%), 0.3 mm (81%), 0.15 mm (61%), 0.075 mm (36%).

[bookmark: _Hlk524348213]Table 1 Properties of bitumen
	Bitumen property
	Standard
	Value

	
	
	Base binder 
	BRA modified binder 

	Penetration (25°C; 0.1 mm)
	AS 2341.12-1993
	67
	59

	Softening points (°C)
	AS 2341.18-1992
	48
	52.8

	Ductility (25°C), cm
	AS 2341.11-1980
	>100
	>100

	Mass loss (%)
	AS 2341.10-2015
	0.19
	0.09

	Ductility after TFOT (25°C), cm
	AS 2341.11-1980
	>100
	>100













Figure 1. The form of granular BRA modifier binder (pellets).
	 
	A crushed granite aggregate from a local quarry in Western Australia was used in all of the mixtures. The unmodified and BRA modified asphalt mixtures used a typical dense graded aggregate with a maximum aggregate size of 9.5 mm (DG 10) based on Specification 504 [16]. The coarse and fine aggregates required to prepare the mixes were obtained by sieving on each sieve diameter. The results of determination of aggregates properties are summarized in Table 2.

Table 2 Properties of aggregates
	Properties
	Standard
	Value

	Los Angeles value (%)
	AS 1141.23-1995
	21.8

	Flakiness index (%)
	AS 1141.15-1999
	14.14

	Apparent coarse aggregate density (t/m3)
	AS 1141.5-2000
	2.63

	Apparent fine aggregate density (t/m3)
	AS 1141.5-2000
	2.60



	As stated in mix design and specimen preparation that the same binder contents as for unmodified asphalt mixtures were used for the BRA modified asphalt mixtures in order to maintain consistency for comparison purposes. To focus on the contribution of granular BRA modifier binder, a 20 percent of granular BRA modifier binder was used in a single mix composition to produce nominally identical mixes. Table 3 shows that in the BRA modified asphalt mixtures, the substitution of the base asphalt binder allowed the proportion of fines passing 2.36 to be adjusted. The total mass of crushed fine aggregate was decreased and replaced with the mineral contained in the granular BRA modifier with the aim of minimizing the variance in the gradation of aggregates.

Table 3 Final crushed aggregate gradation used in this study (percent passing)
	Sieve size 
(mm)
	BRA modifier content 
	Limit values 

	
	0%
	20%


	

	
	Crushed 
aggregate
	Crushed aggregate
	BRA 
mineral
	Final 
	

	13.20






	100
	100
	
	100
	100

	9.50
	97.5
	97.5
	
	97.5
	95-100

	6.70
	83.0
	83.0
	
	83.0
	78-88

	4.75
	68.0
	68.0
	
	68.0
	63-73

	2.36
	44.0
	44.0
	100
	44.0
	40-48

	1.18
	28.5
	28.6
	99.9
	28.5
	25-32

	0.60
	21.0
	21.2
	99.8
	21.0
	18-24

	0.30
	14.5
	15.0
	99.5
	14.5
	12-17

	0.15
	10.0
	11.0
	99.0
	10.0
	8-12

	0.075
	4.0
	5.7
	98.3
	4.0
	3-5


2.2	Mix design and specimen preparation
[bookmark: _GoBack]	This study used the Marshall mix design as a method for determining the optimum bitumen content (OBC) of unmodified asphalt mixtures based on specification 504 [16]. Specimens in triplicate with dimension of 101 mm diameter and 63.5 mm height were compacted by applying 75 blows to each side of the specimen using an automatic Marshall compactor for various contents of asphalt binder. The result shows that a void of 5% was chosen to give binder content of 5.4% as the optimum bitumen content (OBC) (by mass of asphalt mixture). The BRA modified asphalt mixtures were designed to exhibit the benefits arising from mixing granular BRA modifier binder into the asphalt mixtures. Therefore, the same binder content as for unmodified asphalt mixtures was used for the BRA modified asphalt mixtures in order to maintain consistency for comparison purposes. Hence, the OBC of 5.4% by weight of the total mixtures was also used for the BRA modified asphalt mixtures.
	Table 4 shows the proportion of the base asphalt binder and the BRA modifier binder in unmodified and BRA modified asphalt mixtures, as well as the proportion of granular BRA (pellets) mixed into the mixtures. Furthermore, after each size of crushed aggregates had been weighed, they were then blended manually in a pan and then heated in an oven at a temperature of 105ºC for 24 hours. After that, the blend aggregates were heated in the same oven at 150ºC prior to mixing with asphalt binder for approximately two hours. In the other side, the base asphalt binder and granular BRA modifier binder (pellets) were placed in the same bowl. The mixture was then put in an oven at a temperature of 150±5 ºC for 30 to 60 minutes with frequent manual stirring intended to blend and incorporate the two binders as BRA modified binder. Then the previously blended aggregates were put in the same bowl as the BRA modified binder and mixed using mixing equipment for 1.5 minutes. Laboratory mixtures were prepared based on the procedure for sampling loose asphalt described in AS 2891.1.1-2008 [17], and then were immediately compacted in a slab mould by using a roller compactor as seen in Figure 2 in accordance with Austroads standard AG:PT/T220 [18]. The specimens consisted of slabs of 400 mm in length, 305 mm in width and 75 mm in height prepared in accordance with Austroads standard AG:PT/T233 [19]. After 24 hours prior to the compaction process, the slabs were then cut to produce the final beam specimens with dimensions of 390±5 mm in height, 50±5 mm in depth and 63.5±5 mm in width as illustrated in Figure 3a. Nine specimens for unmodified asphalt mixtures and nine specimens for BRA modified asphalt mixtures were prepared in this study (triplicate specimens for each initial tensile strain). 

Table 4. Proportion of materials used in asphalt mixtures
	Materials
	Percentage by total weight of mixtures (%)

	
	BRA modifier content 

	
	0%
	20%

	1. 	Total binder content
	5.40
	5.40

	a. Base binder 
	5.40
	4.30

	b. BRA modified binder
	0.00
	1.10

	2. 	Total aggregate content
	94.60
	94.60

	a. Crushed rock
	94.60
	92.10

	b. BRA mineral
	0.00
	2.50

	3. 	Granular BRA (pellets) *)
	0.00
	3.60


			Note:
			*)  Granular BRA (pellets) = 1b. BRA modified binder + 2b. BRA mineral

2.3 Fatigue performance characterization 
	Laboratory evaluation methods for fatigue strength on four point bending equipment under repeated flexural bending test was done in accordance with Austroads AG:PT/T233 [19] test method. This test method was based on the Strategic Highway Research Program (SHRP) Designation M-009, “Standard Method of Test for Determining the Fatigue Life of Compacted Bituminous Mixtures Subjected to Repeated Flexural Bending”. The tests were performed under the strain-controlled mode of loading under the test conditions as follows: test temperature of 20°C, three different peak tensile strain (400, 600 and 800 µε), loading frequency of 10 Hz, mode of loading of continuous haversine, and air void content of 5%.
	Before each test was started, the specimen was placed inside the device cabinet for two hours to ensure that the temperature recorded during the test was the temperature of the test specimen and to maintain the temperature during the test. Then, the specimen was placed in the loading frame cradle and clamped at the four points to hold the specimen in place as seen in Figure 2. After being clamped and before the test was run, the specimen was left for a minimum of 30 minutes to enable the specimen clamping stress to be relieved. Initially, an application of 50 load cycles was used to determine and calculate the initial flexure stiffness and the cumulative initial dissipated energy.
(a)
(b)














Figure 2 Compaction process for the slabs for the flexural bending test
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Figure 3. (a) final beam specimen, (b) set-up of the repeated flexural bending test

3.  Results and Discussion

3.1 Fatigue life
	The classical approach and energy stiffness ratio (ER) method developed by Abojaradeh [20] were used to analyse the results of the flexure fatigue tests as shown in Figure 4. In the classical, the failure point (Nf50) is assumed to be the number of loading corresponding to the 50% reduction of initial flexural stiffness recorded at 50, 200 and 500 cycles [1, 21]. The Australian standard Austroads AG:PT/T233 [19] has also adopted this model as the failure criterion. The ER method defines the energy stiffness ratio as the ratio of the flexural stiffness at cycle-i (Si) to the initial flexural stiffness (S0) multiplied by the load cycle value at cycle-i (Ni). The fatigue failure (Nf) is determined by plotting the peak value of energy stiffness ratio to the number of cycles. During the test, the value of the ER improves as the number of cycles (Ni) increases until it reaches a peak value. Further, the value of the ER decreases suddenly after reaching its peak value. During this time, the stiffness of materials (Si) is suddenly decreases even though the number of cycles (Ni) increases. 















Figure 4. Energy stiffness ratio versus loading cycles (for specimen tested at 20°C and 400µε)













Figure 5. Mean fatigue life of asphalt mixtures

	The results for the mean fatigue life of the asphalt mixtures using both classical and ER approaches are shown in Figure 5. Comparison of the fatigue life for unmodified and BRA modified asphalt mixtures at the same initial tensile strain, indicates that the fatigue life of BRA modified was about 2.0 to 2.4 and 1.6 to 2.1 by using classical and ER approaches, respectively, higher fatigue lives when compared to unmodified asphalt mixtures. The stiffness and nature of asphalt mixtures affect the magnitude of the strain [22]. The better performance of BRA modified asphalt mixtures in fatigue life may be attributed to the unique combination of base asphalt binder and BRA modifier binder compared to unmodified asphalt mixtures. Binder can be an important factor for higher fatigue life in BRA modified asphalt mixtures. According to Karami and Hamid [23], BRA modified asphalt mixtures are stiffer which may contribute to greater strength within the mix, thereby increasing the fatigue life. Vazquez et al. [24] and Tarefder et al. [25] included asphalt binder grade and asphalt binder content as the factors most affecting resistance to fatigue cracking in asphalt mixtures. As Guler [26] and Khiavi and Ameri [1] argued, binder type is considered to be an important factor among the other factors in mixture variables such as aggregate gradation, aggregate type, binder content, compaction temperature and traffic loading, which can have a significant effect on the fatigue life of the bituminous mixes.
	In addition, the ratio of flexural stiffness was defined by dividing the flexural stiffness for a given fatigue failure (Sf) by the initial flexural stiffness (S0). The mean ratios of flexural stiffness obtained were 0.42 – 0.44 for unmodified asphalt mixtures and 0.48 for BRA modified asphalt mixtures, respectively. The results confirmed that the fatigue life of unmodified and BRA modified asphalt mixtures developed by using the ER method are longer compared with the fatigue life of asphalt mixtures analysed by using the classical method. Similar observations have been reported by other researchers. Khiavi and Ameri [1] stated that the fatigue life based on the RDEC and DER criteria corresponds to 65% and 55% initial stiffness reduction. Maggiore [7] found that the fatigue life was longer than the 50% initial stiffness reduction. Other researchers, Rowe [27] and Walubita [28] stated that this phenomenon usually occurs in a range of 40-50%.
	Figure 6 shows the sensitivity of the ER change due to the change in strain. The value of the ER at failure corresponded to the number of cycles at failure for all specimens on the log-log scale. The results show a straight line with a much higher coefficient of determination R2 (0.996). The regression equation is then changed to become Equation 1. As the power of 1.028 is close to 1.0, the (Sf/S0) value is 0.332. According to Abojaradeh [20] the (Sf/S0) value is 0.3512 for controlled strain.

     







Figure 6. Energy stiffness ratio at failure vs load cycles at failure for controlled strain

3.2 Fatigue Life Prediction
	The magnitude of tensile strain at the bottom of the asphalt layer is used as a criterion where the microcracking, crack initiation and failure have occurred. Accordingly, the relationship between the number of cycles to failure and strain is used as the basis for assessing fatigue performance and enables the determination of the thickness of the asphalt layer in structural pavement design. Shen and Carpenter [29] showed that tensile strain is the more important parameter for fatigue cracking. The results of controlled displacement can be explained with regard to the relationship between initial strain and load repetition, as shown in Equation 2 [8, 30, 31], represents the relationship between the radial strain at the bottom of the asphalt mixture layer and the number of load applications until the appearance of cracking in the pavement. The fatigue coefficient k1 and k2 may vary between models. Usually, the value of k2 is in a range between 3 and 6, while k1 is affected by several magnitudes. However, k1 and k2 are specific to the asphalt binder type, asphalt mixture type, volumetric composition, and the test parameters used in the laboratory characterization [8]. Furthermore, Shen and Carpenter [29] stated that the stiffness of asphalt mixtures affects the fatigue life. A modified Equation 2 is given as Equation 3 to define the mixture’s stiffness dependent behaviour [8, 29, 32]. 


where Nf  is number of loading applications to failure at a particular level of initial strain, ε0        is initial tensile strain, and k1 and k2 are material coefficients derived from fitting the data.

where Nf  is number of loading application to failure, εt is tensile strain, S0 is mixture stiffness, and a, b, and c are material coefficients, derived from fitting the data. Figure 7 shows the regression analysis developed to determine the phenomenological and ER approach for unmodified and BRA modified asphalt mixtures.








Figure 7. Fatigue characteristics of unmodified and BRA modified asphalt mixtures, (a) clasical approach, (b) ER approach 

	The intercept and the slope, k1 and k2 respectively, are the important variables obtained from the test. Under the strain-controlled mode of loading, these variables represent the properties of materials used in asphalt mixtures and typical values for asphalt mixtures. According to Ghuzlan and Carpenter [33], k1 and k2 can be used in the fatigue based mechanism design procedures and the typical range of k2 values are between 3 and 6. In this study, it was noted that all of the slopes of the fatigue curve (k2) were within this range even though in some fatigue models k2 was fixed to specific number, as in the Asphalt Institute and Illinois fatigue equation, where the k2 value is fixed to 3.29 and 3.0 respectively. Ghuzlan and Carpenter [34]  argue that k1 and k2 is fundamental values of the asphalt mixtures. Figure 8 shows the correlation between the k1 and k2 values which gives a good correlation (R2 = 0.895 and 0.927). As shown, the k1 and k2 values are located in one line in spite of the different mixture properties. The relationship shown here is consistent with the finding of other researchers [33]. 











Figure 8. The relation of k1-k2 for all of asphalt mixtures using: (a) classical approach, (b) ER approach

	In addition, Figure 9 shows the effect of using BRA modifier binder on k1-k2 relation. Both lines are not close and it can be proven that there is a significance difference between two lines (at 95% level of significance). Therefore, it is concluded that the use of BRA modified binder in asphalt mixtures has a significant effect on the k1-k2 relation.












Figure 9. The relation of k1-k2 for unmodified and BRA modified asphalt mixtures using: (a) classical approach,
  (b) energy-stiffness ratio approach

	In accordance with Equation 3, statistical analysis was carried out to develop the strain-stiffness relationship between the number of cycles (Nf, in cycles) as a dependent variable and initial strain (ε0, in µε) and the initial flexural stiffness (S0, in MPa) as independent variables for the unmodified and BRA modified asphalt mixtures as presented in Table 5. 

Table 5. Prediction models for the number of cycles (Nf)
	Asphalt mixtures
	Classical approach
	ER approach

	
	Equation
	R2
	Equation
	R2

	Unmodified 
	
	
0.937
	
	0.938

	BRA 
modified
	
	0.992
	
	0.996


	Figure 10 shows the effect of initial flexural stiffness on the fatigue life of unmodified and BRA modified asphalt mixtures, in accordance with Equations in Table 5. The equations are plotted at various values of initial tensile strain (200 µε to 1200 µε) and initial flexural stiffness (1000 MPa to 20,000 MPa). The cycle to failure (Nf) decreases as initial flexural stiffness (S0) increases for both unmodified and BRA modified asphalt mixtures. The cycle to failure of BRA modified is higher than for the unmodified asphalt mixtures until initial flexural stiffness (S0) reaches about 13,030 MPa and 11,500 MPa for the classical and ER approaches, respectively. However, the initial flexural stiffness affects the fatigue life of asphalt mixtures. Hence, the BRA modified asphalt mixtures with an initial flexural stiffness greater than 11,500 MPA are predicted to have a shorter fatigue life than unmodified asphalt mixtures. In other words, the addition of BRA modifier binder in asphalt mixtures at an amount greater than 20% might potentially result in a greater stiffness modulus but will have a negative impact on the fatigue life performance of BRA modified asphalt mixtures. 
















Figure 10. Strain-stiffness relationship between Nf , ε0, and S0: (a) Unmodified (classical), (b) Unmodified (ER), (c) BRA modified (classical), and (d) BRA modified (ER)

	Similar observations have been reported by other researchers, such as Monismith et al. [32] who stated that fatigue life is influenced by the flexural stiffness of asphalt mixtures. Accordingly, the substitution of base asphalt binder with BRA modifier binder which resulted in an initial flexural stiffness of BRA modified asphalt mixtures greater than 13,030 MPa (using the classical approach) or 11,500 MPa (using the ER approach), respectively, will have a cycle to failure lower than for unmodified asphalt mixtures.

3.3 Dissipated Energy
	The damage-energy approach may be analysed with the dissipated energy concept. The energy dissipated can be used as a great indicator of fatigue response during each loading cycles, because it captures both elastic and viscous effects. The dissipated energy (DE) concept states that fatigue life is a function of the accumulation of dissipated energy on each loading cycles where the dissipated energy in a cycle is affected by the energy dissipated in the previous cycles. 
	Baburamani [8] stated that as viscoelastic materials, asphalt mixtures can be analysed in terms of the energy dissipated in the specimen during testing. He argues that the rheology of asphalt mixtures as a function of temperature, loading frequency and strain/stress level influences the energy dissipated. As Van Dijk et al. cited in Baburamani [8] state, the total energy dissipated during a fatigue test may be controlled with the fatigue life and change in the mechanical properties of asphalt mixtures. Further, the energy dissipated can be used to explain the decrease in mechanical properties such as flexural stiffness loss during the test. Hopman et al. [35] note that the energy dissipated per cycle controls the fatigue damage of asphalt mixtures. According to Hassan and Khalid [36] the dissipated energy is the difference between the induced energy and released energy due to load application and relief. Thus, the energy dissipated in each pulse of a loading cycle causes incremental damage to the asphalt mixtures, then leads to crack extension, plastic deformation and thermal energy [21]. 
	In viscoelastic materials, deformation and strain increase over time as long as a constant load is applied, and when the load is removed, some deformation is recoverable and some is unrecoverable. For a viscoelastic material, the dissipated energy in each loading cycle for asphalt mixtures is observed as the area under the stress-strain curve of the hysteresis loop and calculated using the following Equation 4 [1, 8, 21, 36, 37]. The unloaded material has a different path to that when load is applied. Thus, the phase lag is recorded between the applied stress and the measurement strain. Further, the energy is dissipated in the form of mechanical work, heat generation or damage. In the strain-controlled fatigue test, the energy  decreases when the number of load cycles increases as the stress decreases, while for the stress-controlled fatigue test the dissipated energy per cycles increases when the number of cycles increases [20, 38].

where DEi is dissipated energy in cycle i; σi is stress level in cycle i; ε0 is strain level in cycle i; and δi	is phase angle in cycle i. Maggiore et al. [7, 34] presented Equation 5 to relate the cumulative dissipated energy and the number of cycles to failure as follows:	

where Wf  is cumulative dissipated energy to failure; Nf is number of load cycle to failure; and A, z are mixture dependent constants.
	Further, Pronk and Hopman [39] proposed an energy-ratio (ER) concept to define fatigue life of asphalt mixtures in the strain-controlled tests. The energy-ratio is defined as the ratio of the initial dissipated energy to the dissipated energy at the ith cycle multiplied by the load cycle n. Pronk [40] proposed the concept of energy ratio to define  failure as the ratio of the cumulative dissipated energy at cycle n to the dissipated energy for cycle n. Rowe and Bouldin [41] developed the definition of failure by introducing a new definition as the load cycle multiplied by the stiffness at that cycle. Abojaradeh [20] introduced a fatigue failure criterion based on the energy stiffness ratio. Ghuzlan and Carpenter [34, 42] and Carpenter et al. [30] developed and proposed the dissipated energy ratio (DER) method to define a failure point of fatigue life in asphalt mixtures.
	An example of dissipated energy evolution with number of cycles and typical results for flexural stiffness and cumulative dissipated energy in this research are presented in Figure 11. These figures show that during a fatigue test, the stiffness of asphalt mixtures reduces, resulting in microcracks in the materials when repeated stresses are applied to the specimen below the failure stress; therefore the dissipated energy varies per each loading cycle and decreases for controlled strain tests. As Carpenter and Shen [43] have said, the energy dissipated in a loading cycles is affected by the energy applied in the previous cycles. Baburamani [8] suggested that the rate of dissipated energy change  per cycle is a better indicator of the initiation and growth of damage or cracking. In this study, the dissipated energy was obtained for each cycle for both unmodified and BRA modified asphalt mixtures. 











Figure 11.  Typical results of fatigue test: (a) evolution of dissipated energy per cycle, (b) progression curve of flexural stiffness and cumulative dissipated energy

	Figure 11(b) plotted the relationship between flexural stiffness and number of cycles. Three phase were observed for flexural stiffness, which is similar to those presented by Hassan and Khalid [36], Di Benedetto et al. [44], and Maggiore et al. [45, 46]. Phase 1 is characterised by a rapid reduction in flexural stiffness due to the repetitive excitation, which is then followed by Phase 2, where the reduction in the stiffness modulus shows as an approximately linear. 
	Di Benedetto et al. discussed that in phase 1, the decrease in flexural stiffness is not only considered by fatigue damage, but heating and a third phenomenon also play important role. In this phase, the stiffness loss is totally recoverable. In phase-2, the role of fatigue on the flexural stiffness decrease is predominant. The effect of thermal heating is small during this phase. However, it has still to be considered. Phase-1 and phase-2 correspond to crack initiation process in the asphalt mixtures. Finally, the flexural stiffness is exhibited a marked drop in phase-3, after passing through an inflection point with load cycles culminating in failure. In phase-3, local crack propagation occurs. Further, the macro-crack or cracks starts to develop and global failure is obtained at the end of this phase [44]. 
	As seen in Figure 11, with the test carried out in constant strain mode, the increase in number of loading cycles resulted in a decrease in flexural stiffness, and increase in cumulative dissipated energy. With a rapid reduction in flexural stiffness at phase-1, however, the cumulative dissipated energy increases rapidly. Further, the cumulative dissipated energy increases linearly at phase-2. According to Di Benedetto et al. [44], the fatigue damage could be characterised only by phase-2, and Equation 6 [36] was used to obtained the damage rate dD/dN  as a function of the slope of the line in phase-2.

where E00 is y-axis intercept of the fitted straight line;  dE*/dN  is slope of the fitted straight line of phase-2.
	The results of damage parameter obtained in accordance with the progression curve of flexural stiffness and cumulative dissipated energy are presented in Table 6 and Table 7, respectively, from which it can be noticed that BRA modifier binder had an influence on the damage parameters of asphalt mixtures. Lytton et al. [47] suggested that the rate of change of dissipated energy per cycle is a better indicator of the initiation and growth of damage or cracking. Comparing the damage parameter at the same initial tensile strain, the slopes and damage rate values for unmodified asphalt mixtures in both flexural stiffness and the cumulative dissipated energy progression curve were higher compared with the BRA modified asphalt mixtures. These results revealed that BRA modified asphalt mixtures have much better resistance to fatigue failure than unmodified asphalt mixtures.
 
Table 6. The summary of damage parameter of unmodified and BRA modified 
        asphalt mixtures based on the flexural stiffness progression curve
	Initial tensile strain (µε)
	Unmodified
	BRA modified

	
	dE*/dN
	E00
	dD/dN
	dE*/dN
	E00
	dD/dN

	400
	0.00775
	3641
	2.153E-06
	0.00768
	6885
	1.116E-06

	600
	0.0267
	3696
	7.210E-06
	0.0159
	5839
	2.701E-06

	800
	0.1581
	4175
	3.776E-05
	0.0606
	5962
	9.894E-06









Table 7. The summary of damage parameter of unmodified and BRA modified
asphalt mixtures based on the cumulative dissipated energy
	Initial tensile strain (µε)
	Unmodified
	BRA modified

	
	dE*/dN
	E00
	dD/dN
	dE*/dN
	E00
	dD/dN

	400
	1.861E-06
	1.357
	1.368E-06
	1.303E-06
	2.148
	5.616E-07

	600
	0.0012
	59
	2.136E-05
	0.0006
	123
	6.109E-06

	800
	0.0032
	21
	1.755E-04
	0.0016
	70
	2.281E-05



	Figure 12 shows a relationship between the number of cycles to failure and cumulative dissipated energy to the failure point for unmodified and BRA modified asphalt mixtures using classical and ER approach. The figure was developed for all specimens tested at 400 µε, 600 µε, and 800 µε as some factors such as temperature, loading frequency, and mode of loading did not seem to have an effect on this relationship. It can be seen that the slopes (k2) of the curves for BRA modified asphalt mixtures was higher than for unmodified asphalt mixtures. The results reveal that the sensitivity of cumulative dissipated energy to number of cycles to failure was higher than for the unmodified asphalt mixtures. 











Figure 12. Relationship between cycle to failure and cumulative dissipated energy: (a) classical approach; 
(b) ER approach

	Furthermore, Figure 13 shows the cumulative initial dissipated energy values for unmodified and BRA modified asphalt mixtures recorded at 50 cycles. The initial tensile strain seems to have a significant effect on cumulative initial dissipated energy for both asphalt mixtures. A higher the initial strain resulted in a higher cumulative initial dissipated energy. It can be seen that the cumulative initial dissipated energy values for BRA modified asphalt mixtures are higher compared with unmodified asphalt mixtures. The cumulative initial dissipated energy values for BRA modified asphalt mixtures increase by 1.5 to 1.8 times.












Figure 13. Cumulative initial dissipated energy for asphalt mixtures

4. 	Conclusion
	Repeated flexural bending tests were performed on unmodified and BRA modified asphalt mixtures to find out the effect of BRA modifier binder on the fatigue strength of BRA modified asphalt mixtures. The results indicate that when the asphalt mixtures were prepared with 20% BRA modifier binder, the number of cycles for BRA modified asphalt mixtures increased by 2.0-2.4, and 1.6-2.1 observed by the using classical and energy stiffness ratio approaches, respectively. According to the strain approach, the number of cycles to failure for BRA modified asphalt mixtures was higher when compared with unmodified asphalt mixtures. Furthermore, based on the strain-stiffness approach, the initial flexural stiffness (S0) affected the fatigue life of unmodified and BRA modified asphalt mixtures. In addition, the regression equations model used to predict the fatigue life of unmodified and BRA modified asphalt mixtures based on the strain approach and strain-mix stiffness approach were developed. The use of BRA modifier binder in asphalt mixtures had a significant effect on the relationship between intercept (k1) and slope (k2) variables. The damage to asphalt mixtures due to their fatigue response was observed by using an energy dissipated and flexural stiffness progression curve. The damage rate for BRA modified asphalt mixtures was lower than for the unmodified asphalt mixtures. The results showed that BRA modified asphalt mixtures have better resistance to fatigue failure than unmodified asphalt mixtures. However, a comprehensive evaluation of the mechanical properties of BRA modified asphalt mixtures with different testing parameters is necessary to illustrate the effect of loading and environment. For example, the effect of variations in testing temperature and loading frequency on the repeated flexural bending test.
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Flexural stiffness (MPa) 

Energy stiffness ratio 


Unmodified -classical	
400	600	800	134486.66666666666	42663.333333333336	9616.6666666666661	BRA modified- classical	
400	600	800	306933.33333333331	85283.333333333328	22933.333333333332	Unmodified -ER	
400	600	800	163113.33333333334	56246.666666666664	11990	BRA modified - ER	
400	600	800	341953.33333333331	88283.333333333328	24050	Initial tensile strain (µε)

Fatigue life, Nf  (x1000)


Unmodified and modifide (Gabungan)	
149040	168520	171780	61030	47610	60100	13200	11920	10850	348060	332400	345400	98050	75150	91650	24300	22650	25200	65870	76143	75828	23491	20027	27795	5571	4655	4604	167427	153637	170103	48408	36691	44853	11714	10740	12191	Load cycles to failure

Energy stiffness ratio at failure (Ni*Si/S0)

Unmodified - ER	400	400	400	600	600	600	800	800	800	149040	168520	171780	61030	47610	60100	13200	11920	10850	BRA modified (ER)	400	400	400	600	600	600	800	800	800	348060	332400	345400	98050	75150	91650	24300	22650	25200	Initial tensile strain



Unmodified (classical)	400	400	400	600	600	600	800	800	800	122550	142880	138030	39000	35570	53420	11420	8770	8660	BRA modified (classical)	400	400	400	600	600	600	800	800	800	324830	293980	301990	95400	72450	88000	23250	21550	24000	Initial tensile strain

Number of cycles to failure 



Gabungan (Unmodified and BRA modified)	
14.114610984232174	15.08421868673924	15.432809005033167	15.446692466371527	15.580012112529424	15.303843774888655	3.4119999999999999	3.7749999999999999	3.8929999999999998	3.7930000000000001	3.8620000000000001	3.7440000000000002	Log (k1)


Gabungan (Unmodified and BRA modified)	
13.923554858067549	15.557988148224913	15.331224781020733	15.31492005599242	15.239299479126892	14.91131744232403	3.3839999999999999	3.9870000000000001	3.8860000000000001	3.7530000000000001	3.7490000000000001	3.613	Log (k1)

k2

Unmodified	y = 0.367x - 1.766
R² = 1.000
14.114610984232174	15.08421868673924	15.432809005033167	3.4119999999999999	3.7749999999999999	3.8929999999999998	BRA modified	y = 0.426x - 2.783
R² = 0.986
15.446692466371527	15.580012112529424	15.303843774888655	3.7930000000000001	3.8620000000000001	3.7440000000000002	Log (k1)



Unmodified	y = 0.365x - 1.694
R² = 0.999
13.923554858067549	15.557988148224913	15.331224781020733	3.3839999999999999	3.9870000000000001	3.8860000000000001	BRA modified	y = 0.367x - 1.860
R² = 0.977
15.31492005599242	15.239299479126892	14.91131744232403	3.7530000000000001	3.7490000000000001	3.613	Log (k1)

k2

400	1000	2000	3000	4000	5000	6000	7000	8000	9000	10000	11000	12000	546862847.93920422	49798667.804447696	12259428.985654494	4534788.4290238572	2096713.6128691016	1116373.5730621365	655200.91538899916	412948.92017516948	274828.68807173544	190931.86725301112	137335.84603315865	101659.70667066771	600	1000	2000	3000	4000	5000	6000	7000	8562	9000	10000	11000	12000	131337689.07549271	11959931.037775332	2944294.1286440683	1089100.5577699989	503558.65571246354	268114.62103059515	157356.77497862352	78429.026226168673	66004.419424381806	45855.28219804581	32983.357185800232	24415.172829042298	800	1000	2000	3000	4000	5000	6000	7000	8000	9000	10000	11000	12000	47736974.995041698	4347045.6417467035	1070155.0802857589	395852.60300619737	183027.18073915149	97450.937731862839	57194.065811050015	36047.305738390656	23990.458045998159	16666.902509762174	11988.376743297496	8874.1206202408684	200 µε	1000	2000	3000	4000	5000	6000	7000	8000	9000	10000	11000	12000	6264724031.7853937	570481085.19543076	140440952.73945972	51949402.226582401	24019426.823035739	12788896.481024077	7505817.840347372	4730639.5632288689	3148368.7240323564	2187267.7248438243	1573285.1085271691	1164588.1775365877	1000 µε	1000	2000	3000	4000	5000	6000	7000	8000	9000	10000	11000	12000	21773360.806646276	1982735.4626165815	488109.53531403153	180552.73825790765	83480.715819775505	44448.447527357108	26086.844234105964	16441.57372835193	10942.312515748714	7601.9580610615349	5468.0308575257568	4047.5842913438319	1200 µε	1000	2000	3000	4000	5000	6000	7000	8000	9000	10000	11000	12000	11464783.177226167	1044011.1831407091	257014.52517168596	95070.210545976704	43956.84776698373	23404.370964629026	13736.051846934162	8657.3257827240868	5761.6847286255152	4002.8180153903158	2879.1966818819683	2131.2592348002941	Initial flexural stiffness (S0), MPa

Cycle to failure (Nf)

400	1000	2000	3000	4000	5000	6000	7000	8000	9000	10000	11000	12000	435028351.46492344	44046809.476876363	11537426.196669927	4459758.5848348513	2133637.6544855549	1168169.4120095018	701962.05597663403	451552.4931595698	305985.1221083873	216031.73895067832	157672.56391687118	118277.66018980026	600	1000	2000	3000	4000	5000	6000	7000	8000	9000	10000	11000	12000	100246034.91102105	10149954.561970809	2658634.1451080297	1027687.3065504745	491666.1502147498	269187.86158178392	161757.07291877421	104053.78601418046	70509.876264015576	49781.411192655214	36333.377568830278	27255.387867603444	800	1000	2000	3000	4000	5000	6000	7000	8000	9000	10000	11000	12000	35382537.629075594	3582497.2981834798	938383.47586242657	362729.40697575512	173536.99900806308	95011.73438093494	57093.287773404256	36726.509954856629	24886.952908884727	17570.696500026461	12824.11917999176	9619.9793605453324	200 µε	1000	2000	3000	4000	5000	6000	7000	8000	9000	10000	11000	12000	5348674212.1846294	541555586.3994627	141852671.82083312	54832738.268550597	26233078.056323308	14362644.614857698	8630624.4962911531	5551838.5582853369	3762087.5200940948	2656110.543710304	1938584.4020310948	1454224.0035721681	1000 µε	1000	2000	3000	4000	5000	6000	7000	8000	9000	10000	11000	12000	15775194.774094971	1597245.3205298798	418375.36526372581	161721.78223396681	77370.933327702165	42360.687393211789	25454.865458230775	16374.400671434763	11095.770845694511	7833.8405941990059	5717.5938026653757	4289.03799174285	1200 µε	1000	2000	3000	4000	5000	6000	7000	8000	9000	10000	11000	12000	8153397.5669878172	825535.04389540141	216236.99320851031	83585.781645032417	39989.10876115346	21894.089453330333	13156.328087685872	8463.0966848407261	5734.8408252747031	4048.9146254979892	2955.1340612433728	2216.7860636510413	Initial flexural stiffness (S0), MPa


400	1000	2000	3000	4000	5000	6000	7000	8000	9000	10000	11000	12000	551766.5546715348	323565.54956801905	236794.71547344408	189744.49245039624	159789.58500943516	138860.55905033697	123318.96791851101	111269.48608504451	101622.21106266326	93703.404911161924	87072.899107230085	81430.25836205612	600	1000	2000	3000	4000	5000	6000	7000	8000	9000	10000	11000	12000	122540.79959271936	71860.066234580401	52589.294381425614	42139.998567016766	35487.36933738464	30839.281202989812	27387.678368217054	24711.631539989274	22569.086318419584	20810.41350759222	19337.856905458808	18084.693402028093	800	1000	2000	3000	4000	5000	6000	7000	8000	9000	10000	11000	12000	42134.035639489659	24708.13477508751	18082.134367387054	14489.281997277085	12201.863292737436	10603.679571389201	9416.8915192707645	8496.7681578414213	7760.0822783231424	7155.3858577360179	6649.0667169953913	6218.182995890681	200 µε	1000	2000	3000	4000	5000	6000	7000	8000	9000	10000	11000	12000	7225662.7268990315	4237254.8887346517	3100946.8316572388	2484800.311155817	2092525.6139105095	1818449.4099387361	1614924.395950184	1457130.3233928944	1330794.3667184976	1227093.5860785691	1140263.7515365342	1066370.5106931187	1000 µε	1000	2000	3000	4000	5000	6000	7000	8000	9000	10000	11000	12000	18407.720014689574	10794.608684451541	7899.8097773215932	6330.1471642033594	5330.8086856915534	4632.5864995632346	4114.0968308522697	3712.1089139793835	3390.2620459276986	3126.0793671239553	2904.8762272069139	2716.6296760137661	1200 µε	1000	2000	3000	4000	5000	6000	7000	8000	9000	10000	11000	12000	9357.4689759961966	5487.3833257006891	4015.8273185689172	3217.8974721070117	2709.8889408097612	2354.9513146488835	2091.3797813212555	1887.0313091660089	1723.4221234324236	1589.1262291593227	1476.6787605149248	1380.9846027798847	
Cycle to failure (Nf)

400	1000	2000	3000	4000	5000	6000	7000	8000	9000	10000	11000	12000	338062.44775524054	260681.7832960193	223911.53187120348	201013.13409288388	184877.12550089671	172659.39419272263	162961.55746107816	155002.31572361174	148305.06741526059	142559.75215889266	137554.45950105233	133138.59341619691	600	1000	2000	3000	4000	5000	6000	7000	8000	9000	10000	11000	12000	76648.36998580645	59103.972970991927	50767.111381085509	45575.393470241026	41916.901481955378	39146.794373300385	36948.019020389256	35143.432591016041	33624.975957829229	32322.349616514864	31187.507441429065	30186.305031261261	800	1000	2000	3000	4000	5000	6000	7000	8000	9000	10000	11000	12000	26744.04827624555	20622.48038342924	17713.593620747637	15902.106247043734	14625.590042314432	13659.047919397028	12891.854120001641	12262.200200489042	11732.382312504558	11277.871645617948	10881.904008967173	10532.565783029953	200 µε	1000	2000	3000	4000	5000	6000	7000	8000	9000	10000	11000	12000	4273332.7954607289	3295190.0488651581	2830389.7660938334	2540938.8825681834	2336969.0682281465	2182528.8686968805	2059941.8022375959	1959331.7256983041	1874674.0802678315	1802049.4978324778	1738779.2901899125	1682959.8240348375	1000 µε	1000	2000	3000	4000	5000	6000	7000	8000	9000	10000	11000	12000	11817.796300881559	9112.7666938427319	7827.3729917144028	7026.9037223305932	6462.8302385243078	6035.7296811638489	5696.7181765889372	5418.483494838797	5184.3648673187718	4983.5233783129852	4808.5511817575098	4654.1838267634539	1200 µε	1000	2000	3000	4000	5000	6000	7000	8000	9000	10000	11000	12000	6063.6362329130125	4675.7027198671385	4016.1753742145388	3605.459675484226	3316.0371530992256	3096.8945694252257	2922.9499193248134	2780.1894710517868	2660.0646900446545	2557.0141974822773	2467.2370745928756	2388.0321650573237	
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Flexural stiffness (MPa)

Cumulative dissipated energy (MPa)


10	20	30	40	50	60	70	80	90	100	110	120	130	140	150	160	170	180	190	200	210	220	230	240	250	260	270	280	290	300	310	320	330	340	350	360	370	380	390	400	410	420	430	440	450	460	470	480	490	500	510	520	530	540	550	560	570	580	590	600	610	620	630	640	650	660	670	680	690	700	710	720	730	740	750	760	770	780	790	800	810	820	830	840	850	860	870	880	890	900	910	920	930	940	950	960	970	980	990	1000	1010	1020	1030	1040	1050	1060	1070	1080	1090	1100	1110	1120	1130	1140	1150	1160	1170	1180	1190	1200	1210	1220	1230	1240	1250	1260	1270	1280	1290	1300	1310	1320	1330	1340	1350	1360	1370	1380	1390	1400	1410	1420	1430	1440	1450	1460	1470	1480	1490	1500	1510	1520	1530	1540	1550	1560	1570	1580	1590	1600	1610	1620	1630	1640	1650	1660	1670	1680	1690	1700	1710	1720	1730	1740	1750	1760	1770	1780	1790	1800	1810	1820	1830	1840	1850	1860	1870	1880	1890	1900	1910	1920	1930	1940	1950	1960	1970	1980	1990	2000	2010	2020	2030	2040	2050	2060	2070	2080	2090	2100	2110	2120	2130	2140	2150	2160	2170	2180	2190	2200	2210	2220	2230	2240	2250	2260	2270	2280	2290	2300	2310	2320	2330	2340	2350	2360	2370	2380	2390	2400	2410	2420	2430	2440	2450	2460	2470	2480	2490	2500	2510	2520	2530	2540	2550	2560	2570	2580	2590	2600	2610	2620	2630	2640	2650	2660	2670	2680	2690	2700	2710	2720	2730	2740	2750	2760	2770	2780	2790	2800	2810	2820	2830	2840	2850	2860	2870	2880	2890	2900	2910	2920	2930	2940	2950	2960	2970	2980	2990	3000	3010	3020	3030	3040	3050	3060	3070	3080	3090	3100	3110	3120	3130	3140	3150	3160	3170	3180	3190	3200	3210	3220	3230	3240	3250	3260	3270	3280	3290	3300	3310	3320	3330	3340	3350	3360	3370	3380	3390	3400	3410	3420	3430	3440	3450	3460	3470	3480	3490	3500	3510	3520	3530	3540	3550	3560	3570	3580	3590	3600	3610	3620	3630	3640	3650	3660	3670	3680	3690	3700	3710	3720	3730	3740	3750	3760	3770	3780	3790	3800	3810	3820	3830	3840	3850	3860	3870	3880	3890	3900	3910	3920	3930	3940	3950	3960	3970	3980	3990	4000	4010	4020	4030	4040	4050	4060	4070	4080	4090	4100	4110	4120	4130	4140	4150	4160	4170	4180	4190	4200	4210	4220	4230	4240	4250	4260	4270	4280	4290	4300	4310	4320	4330	4340	4350	4360	4370	4380	4390	4400	4410	4420	4430	4440	4450	4460	4470	4480	4490	4500	4510	4520	4530	4540	4550	4560	4570	4580	4590	4600	4610	4620	4630	4640	4650	4660	4670	4680	4690	4700	4710	4720	4730	4740	4750	4760	4770	4780	4790	4800	4810	4820	4830	4840	4850	4860	4870	4880	4890	4900	4910	4920	4930	4940	4950	4960	4970	4980	4990	5000	5010	5020	5030	5040	5050	5060	5070	5080	5090	5100	5110	5120	5130	5140	5150	5160	5170	5180	5190	5200	5210	5220	5230	5240	5250	5260	5270	5280	5290	5300	5310	5320	5330	5340	5350	5360	5370	5380	5390	5420	5440	5460	5480	5500	5520	5540	5560	5580	5610	5630	5650	5670	5690	5710	5740	5760	5780	5800	5830	5850	5870	5890	5920	5940	5960	5980	6010	6030	6050	6080	6100	6120	6150	6170	6190	6220	6240	6270	6290	6310	6340	6360	6390	6410	6440	6460	6490	6510	6540	6560	6590	6610	6640	6660	6690	6710	6740	6760	6790	6820	6840	6870	6900	6920	6950	6980	7000	7030	7060	7080	7110	7140	7170	7190	7220	7250	7280	7300	7330	7360	7390	7420	7450	7470	7500	7530	7560	7590	7620	7650	7680	7710	7740	7770	7800	7830	7860	7890	7920	7950	7980	8010	8040	8070	8100	8130	8160	8190	8230	8260	8290	8320	8350	8390	8420	8450	8480	8520	8550	8580	8610	8650	8680	8710	8750	8780	8810	8850	8880	8920	8950	8990	9020	9050	9090	9120	9160	9190	9230	9270	9300	9340	9370	9410	9440	9480	9520	9550	9590	9630	9660	9700	9740	9780	9810	9850	9890	9930	9970	10000	10050	10100	10120	10170	10200	10250	10280	10330	10360	10410	10440	10490	10520	10570	10600	10650	10680	10740	10760	10820	10850	10900	10930	10990	11020	11070	11100	11160	11190	11240	11270	11330	11360	11420	11450	11500	11530	11590	11620	11680	11710	11770	11800	11860	11890	11960	11990	12050	12080	12140	12170	12230	12270	12330	12360	12420	12460	12520	12550	12620	12650	12710	12750	12810	12840	12910	12940	13010	13040	13110	13140	13210	13240	13310	13350	13410	13450	13520	13550	13620	13660	13730	13760	13830	13870	13940	13980	14050	14080	14160	14190	14260	14300	14370	14410	14490	14520	14600	14630	14710	14750	14820	14860	14940	14980	15050	15090	15170	15210	15290	15320	15400	15440	15520	15560	15640	15680	15760	15800	15880	15920	16010	16050	16130	16170	16250	16300	16380	16420	16510	16550	16630	16680	16760	16800	16890	16930	17020	17060	17150	17200	17280	17330	17420	17460	17550	17600	17690	17730	17820	17870	17960	18010	18100	18140	18240	18280	18380	18430	18520	18570	18660	18710	18810	18850	18950	19000	19100	19150	19240	19290	19390	19440	19540	19590	19690	19740	19840	19900	20000	20050	20150	20200	20310	20360	20460	20520	20620	20670	20780	20830	20940	20990	21100	21160	21260	21320	21430	21480	21590	21650	21760	21820	21930	21980	22100	22150	22270	22320	22440	22500	22610	22670	22790	22840	22960	23020	23140	23200	23320	23380	23500	23560	23680	23740	23860	23920	24040	24110	24230	24290	24420	24480	24600	24670	24790	24860	24980	25050	25180	25240	25370	25440	25570	25630	25760	25830	25960	26030	26160	26230	26360	26430	26570	26640	26770	26840	26980	27050	27190	27260	27400	27470	27610	27680	27820	27890	28030	28110	28250	28320	28470	28540	28690	28760	28910	28980	29130	29210	29360	29430	29580	29660	29810	29890	30040	30120	30270	30350	30500	30580	30740	30820	30980	31060	31210	31290	31460	31540	31700	31780	31940	32020	32190	32270	32440	32520	32690	32770	32940	33020	33190	33280	33450	33530	33710	33790	33970	34050	34230	34310	34490	34580	34760	34850	35020	35110	35290	35380	35570	35660	35840	35930	36120	36210	36390	36490	36680	36770	36960	37050	37240	37340	37530	37630	37820	37920	38110	38210	38400	38500	38700	38800	39000	39100	39300	39400	39600	39700	39910	40010	40210	40320	40520	40630	40840	40940	41150	41260	41470	41570	41790	41890	42110	42220	42430	42540	42760	42870	43090	43200	43420	43530	43760	43870	44090	44210	44430	44550	44780	44890	45120	45240	45470	45590	45820	45940	46170	46290	46530	46650	46890	47010	47250	47370	47610	47730	47980	48100	48350	48470	48720	48850	49100	49220	49480	49600	49860	49980	50240	50370	50630	50760	51020	51150	51410	51540	51810	51940	52210	52340	52610	52740	53010	53150	53420	53560	53830	53970	54250	54390	54670	54810	55090	55230	55510	55660	55940	56080	56370	56520	56810	56950	57240	57390	57690	57830	58130	58280	58580	58730	59030	59180	59480	59640	59940	60100	60400	60560	60870	61030	61340	61500	61810	61970	62290	62450	62770	62930	63250	63410	63740	63900	64230	64390	64720	64890	65220	65390	65730	65890	66230	66400	66740	66910	67260	67430	67780	67950	68300	68470	68820	69000	69350	69530	69890	70070	70430	70610	70970	71150	71520	71700	72070	72250	72620	72810	73180	73370	73750	73940	74310	74510	74890	75080	75460	75660	76050	76240	76630	76830	77220	77420	77820	78020	78420	78620	79020	79220	79630	79830	80240	80450	80860	81070	81490	81690	82110	82320	82750	82960	83380	83600	84030	84240	84670	84890	85330	85540	85980	86200	86650	86870	87310	87540	87990	88210	88660	88890	89350	89580	90040	90270	90730	90960	91430	91660	92130	92370	92840	93080	93560	93800	94280	94520	95010	95250	95740	95980	96480	96720	97220	97470	97970	98220	98720	98980	99480	99740	100000	100010	100380	100760	101150	101540	101930	102320	102720	103110	103510	103910	104310	104710	105110	105510	105920	106330	106740	107150	107560	107970	108390	108800	109220	109640	110060	110490	110910	111340	111770	112200	112630	113060	113500	113930	114370	114810	115250	115690	116140	116590	117030	117480	117940	118390	118840	119300	119760	120220	120680	121150	121610	122080	122550	123020	123490	123970	124450	124920	125400	125890	126370	126860	127340	127830	128330	128820	129310	129810	130310	130810	131310	131820	132330	132840	133350	133860	134370	134890	135410	135930	136450	136980	137500	138030	138560	139100	139630	140170	140710	141250	141790	142340	142880	143430	143980	144540	145090	145650	146210	146770	147340	147900	148470	149040	149620	150190	150770	151350	151930	152520	153100	153690	154280	154880	155470	156070	156670	157270	157880	158480	159090	159700	160320	160930	161550	162180	162800	163420	164050	164680	165320	165950	166590	167230	167870	168520	169170	169820	170470	171130	171780	172450	173110	173770	174440	175110	175790	176460	177140	177820	178510	179190	179880	180570	181270	181960	182660	183370	184070	184780	185490	186200	186920	187640	188360	189080	189810	190540	191270	192010	192750	193490	194230	194980	195730	196480	197240	197990	198760	199520	200290	201060	201830	202610	203390	204170	204950	205740	206530	207330	208120	208920	209730	210530	211340	212160	212970	213790	214610	215440	216270	217100	217930	218770	219610	220460	221300	222150	223010	223870	224730	225590	226460	227330	228200	229080	229960	230850	231730	232620	233520	234420	235320	236220	237130	238040	238960	239880	240800	241730	242660	243590	244520	245460	246410	247360	248310	249260	250220	251180	252150	253120	254090	255070	256050	257030	258020	259010	260010	261010	262010	263020	264030	265050	266070	267090	268120	269150	270180	271220	272260	273310	274360	275420	276480	277540	278610	279680	280750	281830	282920	284000	285100	286190	287290	288400	289510	290620	291740	292860	293980	295110	296250	297390	298530	299680	300830	301990	303150	304320	305490	306660	307840	309020	310210	311400	312600	313800	315010	316220	317440	318660	319880	321110	322350	323590	324830	326080	327330	328590	329860	331130	332400	333680	334960	336250	337540	338840	340140	341450	342760	344080	345400	346730	348060	349400	350750	352090	353450	354810	356170	357540	358920	360300	361680	363070	364470	365870	367280	368690	370110	371530	372960	374390	375830	377280	378730	380180	381650	383110	384590	386060	387550	389040	390540	392040	393540	395060	396580	398100	399630	401170	402710	404260	405810	407370	408940	410510	412090	413680	415270	416860	418470	420080	421690	423310	424940	426570	428210	429860	431510	433170	434840	435850	3.13523	3.1429900000000002	3.1616599999999999	3.10927	3.1270699999999998	3.1171199999999999	3.1576200000000001	3.1386799999999999	3.1151	3.0766800000000001	3.0789599999999999	3.0778500000000002	3.0838899999999998	3.0744699999999998	3.0207700000000002	3.0597500000000002	3.0693899999999998	3.0508999999999999	3.03362	2.93357	3.0182899999999999	3.0178500000000001	3.0198499999999999	3.04495	2.9893000000000001	3.03653	3.0377800000000001	3.03199	3.0368400000000002	3.00535	2.99153	2.9927800000000002	3.0349200000000001	2.9821	3.0141800000000001	2.9712000000000001	2.9836200000000002	3.0213899999999998	2.9426600000000001	2.9563000000000001	2.9966499999999998	2.9624999999999999	2.98075	2.9870899999999998	2.93947	2.9713799999999999	2.97845	2.8906200000000002	2.9981100000000001	2.9226100000000002	2.9186999999999999	2.9922200000000001	2.9044400000000001	2.9631400000000001	3.00678	2.9150499999999999	2.9385400000000002	2.9420199999999999	2.9163999999999999	2.8611900000000001	2.9529899999999998	2.9630000000000001	2.9435500000000001	2.9257900000000001	2.8801999999999999	2.97248	2.93262	2.8791699999999998	2.90971	2.9648300000000001	2.87866	2.9299400000000002	2.9464899999999998	2.8587699999999998	2.8290999999999999	2.88266	2.88001	2.8953600000000002	2.89371	2.9022199999999998	2.8942399999999999	2.9334600000000002	2.9372600000000002	2.8886400000000001	2.8923399999999999	2.83935	2.8961000000000001	2.8964500000000002	2.9048600000000002	2.9224100000000002	2.8977300000000001	2.92326	2.9166099999999999	2.9080300000000001	2.9150399999999999	2.8765900000000002	2.86741	2.8990200000000002	2.9089900000000002	2.9037899999999999	2.9018000000000002	2.84883	2.8895499999999998	2.8873000000000002	2.88992	2.8627899999999999	2.80782	2.9042400000000002	2.9230200000000002	2.8896299999999999	2.8901500000000002	2.9047299999999998	2.8468800000000001	2.9045299999999998	2.8860000000000001	2.8252600000000001	2.88469	2.8926599999999998	2.8963399999999999	2.8619400000000002	2.8815300000000001	2.8229199999999999	2.86869	2.8927	2.8656999999999999	2.8687	2.8799700000000001	2.7858900000000002	2.8824000000000001	2.8826700000000001	2.8466499999999999	2.8658899999999998	2.8386300000000002	2.8550599999999999	2.8655400000000002	2.8255400000000002	2.8512200000000001	2.7771599999999999	2.8944700000000001	2.8724500000000002	2.90354	2.8881000000000001	2.86368	2.8361499999999999	2.8500299999999998	2.8501799999999999	2.82857	2.8642300000000001	2.8449900000000001	2.81358	2.8450700000000002	2.8953700000000002	2.8520099999999999	2.8532700000000002	2.8654500000000001	2.8679700000000001	2.7757800000000001	2.8397199999999998	2.8276500000000002	2.8909500000000001	2.8114599999999998	2.8762799999999999	2.8820000000000001	2.8456600000000001	2.8803800000000002	2.85704	2.8553600000000001	2.84294	2.8036400000000001	2.8388	2.87452	2.8315399999999999	2.8459500000000002	2.8683999999999998	2.8100100000000001	2.8506	2.8774099999999998	2.8581300000000001	2.82504	2.8519800000000002	2.7919299999999998	2.8850199999999999	2.8050799999999998	2.8603999999999998	2.7730600000000001	2.83989	2.7871700000000001	2.8430399999999998	2.8081900000000002	2.8238400000000001	2.8641399999999999	2.8224	2.85304	2.8275399999999999	2.7913899999999998	2.8124899999999999	2.8513099999999998	2.7518500000000001	2.85284	2.8350200000000001	2.847	2.78965	2.7864100000000001	2.8114599999999998	2.82124	2.81263	2.80077	2.8569100000000001	2.8215499999999998	2.8137099999999999	2.84456	2.86511	2.83514	2.8272200000000001	2.7964000000000002	2.79345	2.8231899999999999	2.81081	2.7806999999999999	2.83785	2.8002099999999999	2.8055699999999999	2.8126899999999999	2.8322099999999999	2.7979799999999999	2.7891599999999999	2.7945600000000002	2.8317399999999999	2.7797700000000001	2.8059599999999998	2.8078099999999999	2.7772899999999998	2.74492	2.7951700000000002	2.7341500000000001	2.8314300000000001	2.8436300000000001	2.7827799999999998	2.8001999999999998	2.76715	2.7924799999999999	2.7938900000000002	2.8286199999999999	2.7779699999999998	2.7784599999999999	2.7398600000000002	2.7952400000000002	2.81772	2.8256199999999998	2.8208500000000001	2.8046099999999998	2.8135599999999998	2.80423	2.7794300000000001	2.81915	2.82578	2.8363999999999998	2.8047300000000002	2.8161800000000001	2.8222200000000002	2.79114	2.8231899999999999	2.7963300000000002	2.8101099999999999	2.8208700000000002	2.8300299999999998	2.7717499999999999	2.7988900000000001	2.7933699999999999	2.7277900000000002	2.7300900000000001	2.80002	2.78213	2.7976700000000001	2.7785600000000001	2.7246199999999998	2.71848	2.79304	2.7950900000000001	2.8278500000000002	2.7425600000000001	2.8096700000000001	2.72621	2.8140200000000002	2.7620100000000001	2.7823699999999998	2.7699799999999999	2.7803200000000001	2.7170700000000001	2.80416	2.7024499999999998	2.7237900000000002	2.8076500000000002	2.7459899999999999	2.8114499999999998	2.7974899999999998	2.8245900000000002	2.8238500000000002	2.8113899999999998	2.8064100000000001	2.75589	2.7287599999999999	2.76485	2.77495	2.8213499999999998	2.8011599999999999	2.78125	2.7643499999999999	2.8022100000000001	2.7796699999999999	2.7162099999999998	2.72641	2.7813300000000001	2.77088	2.80362	2.8036799999999999	2.77664	2.7735099999999999	2.7966899999999999	2.7888700000000002	2.7892399999999999	2.7348400000000002	2.7553299999999998	2.80715	2.802	2.7328199999999998	2.7625000000000002	2.7228500000000002	2.81094	2.8136299999999999	2.7833999999999999	2.8033000000000001	2.7569900000000001	2.77441	2.7383000000000002	2.7354599999999998	2.81684	2.80619	2.6939299999999999	2.7827000000000002	2.7749299999999999	2.74417	2.77054	2.7562500000000001	2.7366000000000001	2.7355700000000001	2.8213499999999998	2.7758600000000002	2.7459500000000001	2.74281	2.6820900000000001	2.7768700000000002	2.7269399999999999	2.7593000000000001	2.7932299999999999	2.7808700000000002	2.7621699999999998	2.7434099999999999	2.7947199999999999	2.7235800000000001	2.7601200000000001	2.74126	2.7995399999999999	2.7797000000000001	2.7948	2.7880600000000002	2.7315499999999999	2.70309	2.77366	2.73028	2.7406100000000002	2.74905	2.7173799999999999	2.6990099999999999	2.77318	2.7598600000000002	2.7528199999999998	2.70486	2.72281	2.6894999999999998	2.6968100000000002	2.7663000000000002	2.7937400000000001	2.7822200000000001	2.7001400000000002	2.7679100000000001	2.6929400000000001	2.7729499999999998	2.7270099999999999	2.7033800000000001	2.7698700000000001	2.7304499999999998	2.6825700000000001	2.76979	2.79819	2.7338200000000001	2.7648999999999999	2.7699699999999998	2.7255600000000002	2.7391299999999998	2.77677	2.7320000000000002	2.7855500000000002	2.7119300000000002	2.7703000000000002	2.75962	2.73075	2.7816399999999999	2.7039399999999998	2.77942	2.7764199999999999	2.72587	2.69733	2.7585999999999999	2.7446600000000001	2.7051799999999999	2.7191399999999999	2.6763300000000001	2.6807799999999999	2.7129699999999999	2.7311899999999998	2.7646700000000002	2.6570399999999998	2.7122199999999999	2.7820299999999998	2.7750900000000001	2.7346499999999998	2.6430799999999999	2.7296100000000001	2.7284700000000002	2.72451	2.7330299999999998	2.7156899999999999	2.7190799999999999	2.7646199999999999	2.7459500000000001	2.7391399999999999	2.6837800000000001	2.7662100000000001	2.7414499999999999	2.7640699999999998	2.7270099999999999	2.7142300000000001	2.7174499999999999	2.7244000000000002	2.6706699999999999	2.75441	2.69495	2.7544	2.78369	2.7753000000000001	2.71936	2.6802899999999998	2.6951900000000002	2.72912	2.7732800000000002	2.78742	2.7701899999999999	2.7020300000000002	2.72058	2.6520999999999999	2.75963	2.75034	2.7311399999999999	2.7070799999999999	2.7500499999999999	2.7538499999999999	2.67455	2.7485599999999999	2.6938900000000001	2.7173099999999999	2.7194199999999999	2.7309399999999999	2.72593	2.7380900000000001	2.6799400000000002	2.6952799999999999	2.71367	2.7252399999999999	2.6967400000000001	2.6740499999999998	2.7147199999999998	2.6896300000000002	2.7561800000000001	2.7429999999999999	2.7237499999999999	2.7054200000000002	2.7384300000000001	2.7382499999999999	2.7580100000000001	2.7122299999999999	2.7479100000000001	2.7377500000000001	2.7548300000000001	2.66744	2.6416499999999998	2.6581299999999999	2.7327699999999999	2.7076500000000001	2.7063299999999999	2.7081	2.7622200000000001	2.6975099999999999	2.6889400000000001	2.7240199999999999	2.6652	2.6654900000000001	2.6880099999999998	2.71441	2.7388300000000001	2.7411699999999999	2.7459099999999999	2.75196	2.6838799999999998	2.68289	2.6503199999999998	2.6360600000000001	2.6868599999999998	2.6880899999999999	2.7497799999999999	2.7331400000000001	2.7192599999999998	2.6295799999999998	2.6914400000000001	2.7023700000000002	2.7313800000000001	2.7112699999999998	2.6892900000000002	2.7289300000000001	2.7593700000000001	2.70383	2.74132	2.7136100000000001	2.7065000000000001	2.7293699999999999	2.6742900000000001	2.6437599999999999	2.7266300000000001	2.74214	2.6358799999999998	2.69387	2.702	2.7495799999999999	2.6468799999999999	2.6862599999999999	2.6581899999999998	2.6893699999999998	2.69862	2.74953	2.66235	2.6871800000000001	2.7305199999999998	2.69156	2.6997	2.7332200000000002	2.7188500000000002	2.7272799999999999	2.63307	2.6664300000000001	2.6860599999999999	2.7484099999999998	2.7183199999999998	2.7420499999999999	2.6410499999999999	2.6994500000000001	2.7201200000000001	2.6993399999999999	2.6946400000000001	2.6980499999999998	2.67584	2.6812900000000002	2.7133600000000002	2.6670500000000001	2.6515200000000001	2.6992799999999999	2.7451500000000002	2.7018300000000002	2.6893600000000002	2.67726	2.7193000000000001	2.6605300000000001	2.71637	2.6402399999999999	2.6177600000000001	2.6746300000000001	2.73054	2.7346499999999998	2.62934	2.6433399999999998	2.6724199999999998	2.7070799999999999	2.67489	2.6818	2.6188199999999999	2.66072	2.68384	2.7073900000000002	2.6197300000000001	2.6949800000000002	2.6848299999999998	2.7061500000000001	2.6591900000000002	2.7021999999999999	2.67719	2.7141700000000002	2.6510400000000001	2.6714600000000002	2.6606999999999998	2.71021	2.6688900000000002	2.6922100000000002	2.6247400000000001	2.67157	2.6703199999999998	2.64642	2.7183899999999999	2.6099399999999999	2.6818	2.7023799999999998	2.6591200000000002	2.6667100000000001	2.67658	2.6703100000000002	2.6617799999999998	2.6696200000000001	2.6856900000000001	2.63741	2.6690299999999998	2.69861	2.6197300000000001	2.69638	2.6632400000000001	2.6281099999999999	2.63178	2.6646800000000002	2.6539100000000002	2.6327500000000001	2.6512699999999998	2.6104400000000001	2.5520399999999999	2.6751	2.6354600000000001	2.6468699999999998	2.6377999999999999	2.6653199999999999	2.7034400000000001	2.64133	2.6688399999999999	2.6381800000000002	2.65802	2.6207400000000001	2.6250900000000001	2.6512099999999998	2.6772200000000002	2.64411	2.5868199999999999	2.6799499999999998	2.6375700000000002	2.63422	2.64201	2.6051299999999999	2.6852900000000002	2.5937999999999999	2.66248	2.6415000000000002	2.6359499999999998	2.6522700000000001	2.67876	2.6065800000000001	2.67367	2.6082999999999998	2.6572100000000001	2.5824600000000002	2.66337	2.6492300000000002	2.6357900000000001	2.6534399999999998	2.65035	2.6723699999999999	2.6046800000000001	2.6242700000000001	2.6656300000000002	2.6185	2.6068099999999998	2.60181	2.64113	2.5649099999999998	2.6381399999999999	2.6187299999999998	2.67679	2.59348	2.63151	2.6077699999999999	2.6489500000000001	2.6271399999999998	2.6438899999999999	2.6331600000000002	2.6652999999999998	2.5892200000000001	2.5640700000000001	2.6296200000000001	2.63226	2.6365500000000002	2.6075200000000001	2.5977800000000002	2.6440700000000001	2.61402	2.6010800000000001	2.5867399999999998	2.62079	2.6226600000000002	2.6056400000000002	2.5937299999999999	2.6181299999999998	2.6342400000000001	2.6001099999999999	2.6301899999999998	2.6034299999999999	2.6230000000000002	2.6004100000000001	2.6262400000000001	2.60975	2.5466299999999999	2.6319599999999999	2.5337399999999999	2.6133799999999998	2.5924499999999999	2.56325	2.6053099999999998	2.6445099999999999	2.6497899999999999	2.6126800000000001	2.6208499999999999	2.5804900000000002	2.60819	2.6165500000000002	2.5416500000000002	2.6269800000000001	2.5435300000000001	2.58989	2.62405	2.6257299999999999	2.59483	2.5668199999999999	2.60317	2.6473499999999999	2.5820699999999999	2.6126499999999999	2.60162	2.5974499999999998	2.61069	2.5719799999999999	2.6458499999999998	2.6001400000000001	2.6452499999999999	2.5860699999999999	2.5962299999999998	2.6027399999999998	2.5906400000000001	2.5939700000000001	2.5655899999999998	2.6048300000000002	2.5737999999999999	2.57117	2.5713599999999999	2.6109399999999998	2.5673599999999999	2.5284800000000001	2.57056	2.4878800000000001	2.5986699999999998	2.5611999999999999	2.6036199999999998	2.6015000000000001	2.5207600000000001	2.62121	2.5864600000000002	2.5832999999999999	2.62079	2.54291	2.5456300000000001	2.6044	2.58623	2.6041300000000001	2.4930699999999999	2.5889799999999998	2.56107	2.56487	2.5521600000000002	2.5816599999999998	2.5990000000000002	2.58806	2.5556399999999999	2.5564	2.58867	2.5692499999999998	2.5926900000000002	2.5638700000000001	2.5211700000000001	2.6087899999999999	2.5773299999999999	2.5444800000000001	2.5490900000000001	2.53098	2.57809	2.56325	2.5704699999999998	2.5398800000000001	2.54969	2.5663399999999998	2.5407299999999999	2.5704500000000001	2.5448900000000001	2.5617899999999998	2.5508099999999998	2.5604100000000001	2.5558100000000001	2.5592199999999998	2.5369199999999998	2.5638100000000001	2.5190600000000001	2.5303300000000002	2.5292699999999999	2.55776	2.52196	2.53782	2.5751400000000002	2.5443799999999999	2.5158499999999999	2.5449600000000001	2.5146299999999999	2.57673	2.5865900000000002	2.50915	2.5735700000000001	2.5606900000000001	2.5443500000000001	2.5634399999999999	2.5571799999999998	2.53626	2.57152	2.4845299999999999	2.5156800000000001	2.4975399999999999	2.5612300000000001	2.5591699999999999	2.5473699999999999	2.57301	2.4975100000000001	2.5411899999999998	2.5683600000000002	2.4543300000000001	2.55586	2.5522300000000002	2.5314700000000001	2.53769	2.5181	2.56073	2.5628299999999999	2.5318000000000001	2.5082499999999999	2.5116900000000002	2.5838999999999999	2.5541700000000001	2.5559500000000002	2.5605000000000002	2.45926	2.5434999999999999	2.5346700000000002	2.5335899999999998	2.5469300000000001	2.5556199999999998	2.4464399999999999	2.54515	2.5405000000000002	2.5320299999999998	2.5297999999999998	2.5305300000000002	2.5131100000000002	2.5226999999999999	2.5058799999999999	2.5405000000000002	2.52108	2.4721899999999999	2.50936	2.5606100000000001	2.5057499999999999	2.5016600000000002	2.5431599999999999	2.5158299999999998	2.4994900000000002	2.52142	2.5069400000000002	2.5309400000000002	2.51003	2.5340500000000001	2.5202300000000002	2.4967700000000002	2.53173	2.5529199999999999	2.54338	2.5222000000000002	2.5055900000000002	2.5297299999999998	2.55566	2.5184099999999998	2.5313599999999998	2.5064600000000001	2.4907300000000001	2.54989	2.54521	2.5338699999999998	2.52955	2.5346500000000001	2.4820099999999998	2.5401899999999999	2.50332	2.4940899999999999	2.4434200000000001	2.5287899999999999	2.43302	2.47831	2.5098699999999998	2.4872399999999999	2.4500700000000002	2.4007100000000001	2.45621	2.4768300000000001	2.4823	2.5223399999999998	2.4954800000000001	2.4888599999999999	2.4738699999999998	2.45357	2.5078800000000001	2.5213299999999998	2.5048400000000002	2.4930300000000001	2.4299499999999998	2.4761899999999999	2.4404499999999998	2.4719600000000002	2.4874700000000001	2.46346	2.4952899999999998	2.4547300000000001	2.47742	2.4865400000000002	2.48766	2.4785200000000001	2.5131199999999998	2.4935399999999999	2.3997600000000001	2.4616600000000002	2.4473500000000001	2.4706999999999999	2.4029799999999999	2.5156900000000002	2.4861300000000002	2.4923099999999998	2.4330400000000001	2.4458799999999998	2.4786899999999998	2.4428999999999998	2.4898799999999999	2.45424	2.49946	2.4531399999999999	2.4072	2.49119	2.4861200000000001	2.43459	2.48393	2.42842	2.4302800000000002	2.4860600000000002	2.3979699999999999	2.47315	2.4675799999999999	2.4483999999999999	2.4800599999999999	2.4331700000000001	2.36632	2.4552200000000002	2.4287800000000002	2.4751599999999998	2.4682499999999998	2.4303499999999998	2.4037899999999999	2.4734099999999999	2.4741499999999998	2.4300299999999999	2.3935900000000001	2.4513099999999999	2.4398200000000001	2.4269599999999998	2.4690599999999998	2.4261599999999999	2.4474800000000001	2.44217	2.4850699999999999	2.4273600000000002	2.4173	2.4561299999999999	2.4444900000000001	2.45851	2.4742899999999999	2.36957	2.4604599999999999	2.44563	2.4408400000000001	2.4120699999999999	2.4701399999999998	2.4098000000000002	2.4529299999999998	2.4565199999999998	2.4069199999999999	2.3919700000000002	2.43832	2.4090699999999998	2.3790399999999998	2.4533800000000001	2.4745400000000002	2.4535999999999998	2.4316300000000002	2.4389500000000002	2.4434900000000002	2.4214000000000002	2.3870399999999998	2.4392	2.4424700000000001	2.4666100000000002	2.3935	2.4668999999999999	2.4154599999999999	2.4139300000000001	2.4329100000000001	2.4591099999999999	2.4136099999999998	2.3559299999999999	2.4120400000000002	2.4401899999999999	2.4091800000000001	2.4188499999999999	2.3926799999999999	2.4204400000000001	2.41323	2.4287200000000002	2.4344100000000002	2.4354499999999999	2.3958699999999999	2.4411900000000002	2.3966599999999998	2.4370400000000001	2.3963100000000002	2.4134799999999998	2.3869400000000001	2.4329100000000001	2.43384	2.34388	2.4371900000000002	2.4081899999999998	2.4556	2.4337	2.4246699999999999	2.4031099999999999	2.3601800000000002	2.40341	2.40985	2.4252600000000002	2.4066800000000002	2.4077199999999999	2.3924500000000002	2.3666100000000001	2.3847200000000002	2.3846400000000001	2.4013900000000001	2.39568	2.3724500000000002	2.3350599999999999	2.4234800000000001	2.3906000000000001	2.37609	2.3694799999999998	2.3587899999999999	2.3048099999999998	2.3984000000000001	2.3457499999999998	2.3770799999999999	2.29826	2.3441100000000001	2.3156099999999999	2.3719299999999999	2.3888699999999998	2.3729200000000001	2.3801700000000001	2.3739400000000002	2.3860700000000001	2.3711700000000002	2.3412700000000002	2.4094799999999998	2.3774700000000002	2.3637199999999998	2.3531200000000001	2.38205	2.3651200000000001	2.3978600000000001	2.3675899999999999	2.35507	2.3584700000000001	2.3450299999999999	2.2897099999999999	2.3823699999999999	2.3717199999999998	2.32796	2.3376600000000001	2.3316400000000002	2.3432900000000001	2.3650099999999998	2.3483700000000001	2.3416899999999998	2.3203999999999998	2.3323299999999998	2.3272300000000001	2.3745099999999999	2.3835299999999999	2.3858899999999998	2.3350900000000001	2.3723200000000002	2.3250999999999999	2.3497699999999999	2.3012999999999999	2.3570799999999998	2.32341	2.3828100000000001	2.35948	2.37256	2.35405	2.3749699999999998	2.3068	2.3714	2.3168799999999998	2.3380200000000002	2.3199000000000001	2.3111700000000002	2.3681199999999998	2.33996	2.3654700000000002	2.3339699999999999	2.3071700000000002	2.3289800000000001	2.3381500000000002	2.3482400000000001	2.28973	2.31623	2.3390900000000001	2.3641800000000002	2.3479399999999999	2.33318	2.3754400000000002	2.3744999999999998	2.2867199999999999	2.3365399999999998	2.3518599999999998	2.33385	2.3490099999999998	2.3430200000000001	2.30918	2.2909000000000002	2.30471	2.28579	2.2883100000000001	2.3546200000000002	2.3143600000000002	2.3571499999999999	2.2990699999999999	2.2980999999999998	2.32952	2.3032599999999999	2.30891	2.2570700000000001	2.31839	2.2843599999999999	2.3002699999999998	2.3130799999999998	2.2823099999999998	2.3117899999999998	2.2868400000000002	2.3144100000000001	2.3023099999999999	2.3205300000000002	2.29853	2.3193600000000001	2.2914400000000001	2.2435700000000001	2.3033899999999998	2.3103199999999999	2.2316699999999998	2.2682199999999999	2.2657500000000002	2.2490100000000002	2.2702499999999999	2.2881999999999998	2.27494	2.3077999999999999	2.2734000000000001	2.29847	2.3047200000000001	2.2942800000000001	2.32341	2.2363900000000001	2.2616399999999999	2.3116300000000001	2.2996400000000001	2.2967300000000002	2.28891	2.2467600000000001	2.262	2.21258	2.2430300000000001	2.2479	2.2895599999999998	2.2160000000000002	2.2755999999999998	2.2543799999999998	2.2245699999999999	2.2665199999999999	2.1947700000000001	2.2117599999999999	2.2237399999999998	2.2684600000000001	2.2892299999999999	2.2157200000000001	2.2124600000000001	2.26315	2.2402700000000002	2.1729400000000001	2.26661	2.2610700000000001	2.2253099999999999	2.19014	2.2732299999999999	2.2761800000000001	2.2234400000000001	2.2520099999999998	2.2559800000000001	2.2631000000000001	2.2035300000000002	2.2642899999999999	2.2534100000000001	2.27827	2.2595100000000001	2.24838	2.2532999999999999	2.21082	2.2399100000000001	2.2490000000000001	2.1973699999999998	2.26667	2.2651500000000002	2.1846299999999998	2.24417	2.2277999999999998	2.24485	2.2075200000000001	2.2431999999999999	2.1884600000000001	2.2297500000000001	2.23916	2.24132	2.19828	2.2567499999999998	2.2591000000000001	2.2204899999999999	2.2335099999999999	2.2172499999999999	2.1956699999999998	2.1491500000000001	2.2178599999999999	2.2223999999999999	2.2160199999999999	2.24186	2.2015799999999999	2.1644100000000002	2.23448	2.2303799999999998	2.19923	2.18608	2.1607400000000001	2.19245	2.2183299999999999	2.2181899999999999	2.2259600000000002	2.2068699999999999	2.20533	2.22824	2.2050299999999998	2.1922299999999999	2.20634	2.2054800000000001	2.2195299999999998	2.1805400000000001	2.17753	2.1938200000000001	2.1829999999999998	2.1783800000000002	2.1966399999999999	2.15951	2.1622400000000002	2.1843499999999998	2.1918700000000002	2.16872	2.15977	2.17774	2.1236799999999998	2.1825700000000001	2.1709800000000001	2.1606700000000001	2.1184099999999999	2.1867399999999999	2.18438	2.17204	2.1455000000000002	2.1416200000000001	2.1274099999999998	2.1704400000000001	2.15097	2.17489	2.1638999999999999	2.1377000000000002	2.1657299999999999	2.1889699999999999	2.1748099999999999	2.1698400000000002	2.1830599999999998	2.15726	2.1172800000000001	2.10745	2.14818	2.1833900000000002	2.1646899999999998	2.1752899999999999	2.1807599999999998	2.1289099999999999	2.1363699999999999	2.1641699999999999	2.1221199999999998	2.0769500000000001	2.1551100000000001	2.11578	2.1360000000000001	2.149	2.1693799999999999	2.12744	2.1519699999999999	2.1482899999999998	2.0914600000000001	2.1564700000000001	2.0931000000000002	2.1648399999999999	2.1334399999999998	2.1627999999999998	2.1442800000000002	2.13375	2.1632899999999999	2.1124299999999998	2.11625	2.1618900000000001	2.1036100000000002	2.09449	2.1447099999999999	2.0750099999999998	2.1172599999999999	2.10277	2.10019	2.1065299999999998	2.0784500000000001	2.1140699999999999	2.0586500000000001	2.0820599999999998	2.1028500000000001	2.1274700000000002	2.1209099999999999	2.1054200000000001	2.1161799999999999	2.12677	2.0941200000000002	2.0864400000000001	2.11687	2.0458599999999998	2.0925199999999999	2.0449199999999998	2.07599	2.0756600000000001	2.09613	2.1036100000000002	2.11544	2.0448400000000002	2.0657700000000001	2.04088	2.0612599999999999	2.0710899999999999	2.0690200000000001	2.05558	2.0580699999999998	2.0893799999999998	2.1023700000000001	2.0983499999999999	2.0242	2.1007199999999999	1.9928399999999999	2.09944	2.10608	2.03633	2.0654400000000002	2.0386099999999998	2.0900799999999999	2.08629	2.0455700000000001	2.0582099999999999	2.0792600000000001	2.0398399999999999	2.0621999999999998	2.0144600000000001	2.07056	2.0460600000000002	2.0532699999999999	2.02244	2.0516399999999999	2.0146099999999998	2.0194000000000001	2.05437	2.03396	2.03376	2.0199400000000001	2.0349900000000001	2.02704	2.05437	2.0105499999999998	2.0248300000000001	1.9871000000000001	2.00223	2.02467	1.98272	1.9622900000000001	2.0342899999999999	1.9879100000000001	2.0049000000000001	2.0390700000000002	2.01986	1.9894799999999999	2.0027499999999998	1.9971399999999999	2.0149900000000001	1.99644	1.9984500000000001	2.0238900000000002	1.9953700000000001	2.0057499999999999	1.98115	2.0225900000000001	1.9899	1.99492	1.9851300000000001	1.9796	1.9756	1.97838	1.9330499999999999	2.0192899999999998	1.9758100000000001	2.0035099999999999	2.01173	1.9843999999999999	1.9496100000000001	1.91306	1.99546	1.9729099999999999	1.90066	1.9193800000000001	1.94557	1.98614	1.95713	1.9405600000000001	1.9461900000000001	1.93249	1.9701500000000001	1.8965000000000001	1.9824299999999999	1.9471099999999999	1.8899600000000001	1.96614	1.94235	1.92283	1.9403699999999999	1.9352499999999999	1.9487699999999999	1.9529300000000001	1.91154	1.9137999999999999	1.9411099999999999	1.91388	1.9410499999999999	1.9008499999999999	1.8752200000000001	1.86117	1.87103	1.9089400000000001	1.90737	1.93398	1.89781	1.89015	1.8972500000000001	1.9135200000000001	1.8665099999999999	1.8982699999999999	1.8527499999999999	1.84602	1.91927	1.84413	1.8935500000000001	1.8469800000000001	1.89192	1.86819	1.8604700000000001	1.8888100000000001	1.8624400000000001	1.8128200000000001	1.84284	1.8769800000000001	1.82996	1.8051699999999999	1.8177399999999999	1.85179	1.8540399999999999	1.8747499999999999	1.8327199999999999	1.7743100000000001	1.83734	1.80477	1.8220000000000001	1.83016	1.8314999999999999	1.8016399999999999	1.7937399999999999	1.7952699999999999	1.80308	1.78555	1.76051	1.8110299999999999	1.80189	1.81003	1.76519	1.79739	1.7702	1.7916000000000001	1.7393099999999999	1.77058	1.76905	1.7423999999999999	1.7369300000000001	1.79027	1.75569	1.75522	1.7826	1.7441	1.74143	1.7267300000000001	1.7495499999999999	1.7566200000000001	1.73285	1.7361500000000001	1.74169	1.75413	1.6954899999999999	1.7433799999999999	1.72374	1.6849799999999999	1.7171700000000001	1.6925699999999999	1.7093400000000001	1.7126300000000001	1.7085999999999999	1.64717	1.7208399999999999	1.6695599999999999	1.70085	1.6618999999999999	1.70364	1.6801200000000001	1.6527099999999999	1.6817200000000001	1.63896	1.64811	1.6391100000000001	1.65045	1.6496900000000001	1.6246799999999999	1.66222	1.6378299999999999	1.6389100000000001	1.64781	1.61696	1.6081099999999999	1.5929599999999999	1.6156999999999999	1.6297699999999999	1.60667	1.6250800000000001	1.6025799999999999	1.5981000000000001	1.6069199999999999	1.60134	1.60259	1.60039	1.59504	1.5904499999999999	1.5588200000000001	1.5430900000000001	1.5865899999999999	1.5518400000000001	1.58074	1.5732299999999999	1.5478499999999999	1.5403500000000001	1.56254	1.5487200000000001	1.5484899999999999	1.50867	1.52742	1.53407	1.5366200000000001	1.51698	1.49186	1.4841200000000001	1.4552700000000001	1.5045500000000001	1.4448700000000001	1.4454800000000001	1.48644	1.43838	1.43119	1.4063600000000001	1.45258	1.4407799999999999	1.4254	1.42056	1.3911500000000001	1.39662	1.37469	1.40361	1.36683	1.3521300000000001	1.3345	1.33195	1.30871	1.28851	1.2877700000000001	1.28437	1.2454400000000001	1.22908	1.2036800000000001	1.1672199999999999	1.1541600000000001	1.14751	1.1192500000000001	1.06938	1.0318499999999999	0.98785000000000001	0.96277000000000001	0.91264999999999996	0.87139	0.80178000000000005	0.78154999999999997	0.74797000000000002	0.71923000000000004	0.68191999999999997	0.65397000000000005	0.61436999999999997	0.57879999999999998	0.55728999999999995	0.54205999999999999	0.51314000000000004	0.49776999999999999	0.48335	0.47160000000000002	Loading cycles 

Dissipated energy, kPa

Unmodified	y = 1.1606x0.4137
R² = 0.9098
149040	168520	171780	61030	47610	60100	13200	11920	10850	131	184	177	146	120	150	61	57	54	BRA modified (20%)	y = 0.0777x0.7016
R² = 0.9294
348060	332400	345400	98050	75150	91650	24300	22650	25200	705	647	702	179	155	178	106	98	118	Cycle to failure (Nf)


Unmodified	y = 1.1606x0.4137
R² = 0.9098
122550	142880	138030	39000	35570	53420	11420	8770	8660	113	160	149	104	96	137	55	46	45	BRA modified (20%)	y = 0.0884x0.6905
R² = 0.9198
324830	293980	301990	95400	72450	88000	23250	21550	24000	669	589	644	175	150	172	104	97	116	Cycle to failure (Nf)

Cumulative dissipated energy (MPa)


Unmodified	1.0
1.0
1.0

400	600	800	8.533333333333333E-2	0.214	0.39833333333333337	BRA modified 	1.8
1.5
1.6
400	600	800	0.15333333333333332	0.32866666666666666	0.63733333333333331	Initial tensile strain (µε)

Cumulative initial dissipated energy (MPa)
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