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Warm mix asphalts (WMA), because of their low production 

and compact temperatures, may have different behaviors in 

long term. In the present work, the energy-based criteria 

along with the 50% reduction in initial stiffness (Nf50%) 

using four-point bending test under controlled-strain 

conditions of 1000 microstrain were applied to compare the 

prepared two warm mix and HMA samples. All these criteria 

illustrate properly the effect of mix asphalt properties 

(additive type) on its fatigue performance. A noteworthy 

point in this regard is the difference between Nf50% values 

of the studied samples with the real failure point. For HMA 

and zycotherm WMA (ZWMA), loading cyclic number at 

the failure moment occurs almost 80% higher than the 

fatigue life estimated using Nf50% while for Sasobit WMA 

(SWMA) this value is declined to 28%. The RDEC method, 

compared to other methods, indicated the maximum fatigue 

life and consistency with the failure point. Comparing the 

energy-based methods with Nf50% method revealed that 

ERR, ERR&B, and ERP have the maximum consistency 

with fatigue life in terms of 50% reduction in initial stiffness. 

For SWMA, the fatigue life at Nf50% was larger than that of 

various energy-based methods but almost equal to that of the 

RDEC method. However, for two WMA mixes prepared 

using ZWMA and HMA, all energy methods revealed a 

fatigue life longer than that of Nf50%. 
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1. Introduction 

Warm mix asphalt (WMA) is a novel asphalt 

production technology that can compete for 

hot mix asphalt (HMA) technology because 

of its advantages such as the lowered 

production and compact temperature, 

reduced pollutants, and a decreased fuel 

http://dx.doi.org/10.22075/jrce.2018.12825.1226
http://civiljournal.semnan.ac.ir/
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consumption, providing they have also a 

better long-term performance compared to 

HMAs.  

Among other benefits of WMA are their 

improved working conditions for workers 

during the mixing and distribution process 

because of the reduced fume, pollutants, and 

odors, as well as the larger area of each 

workshop and, in turn, a lower number of 

workshops that consequently leads to less 

pollution because of the lower compact 

temperature and possibility to transport 

asphalt to more remote destinations. In the 

meanwhile, the lower production temperature 

results in the declined aging rate of the 

consumed bitumen, followed by its better 

cohesion and the reduced number of cracks 

[1, 2].  

Many researchers have recently investigated 

the effect of warm additives on performance 

of WMA in aspects such as moisture 

sensitivity, permanent deformation potential, 

low-temperature fatigue and thermal 

cracking, and aging [3, 4, 5]. 

Considering the lower production 

temperature of WMA, the drop in production 

temperature and compaction reduces 

oxidation hardening and their negative effect 

on bitumen-aggregate cohesion. The reduced 

aging is the main cause of the prolonged 

fatigue life while the reduced cohesion 

temperature drop and presence of water are 

considered negative factors in the fatigue 

behavior of WMA due to the declining 

adhesion between bitumen and aggregates. 

Thus, there are two opposing parameters and 

it is not known which one is more effective. 

This ambiguity is also seen in the results 

reported by various researchers as for one 

warm additive they report different results. 

In recent research was conducted by Fan Yin 

et.al (2017), the effect of WMA technology 

on mixture stiffness evolution with field 

ageing compared to HMA was categorized 

into three different scenarios: 

(a) Scenario I: the stiffness of HMA cores 

was higher than WMA, but the difference in 

stiffness between these two mixtures reduced 

with field ageing; 

(b) Scenario II: HMA had higher mixture 

stiffness compared to WMA at the initial 

ageing stage (i.e. construction cores), but the 

WMA stiffness was eventually equivalent to 

that of HMA after certain in-service times in 

the field; 

(c) Scenario III: equivalent mixture stiffness 

was shown for construction cores between 

HMA and WMA, but higher stiffness for 

post-construction cores was observed for 

WMA versus HMA [6]. 

Su et al. (2009) studied fatigue performance 

of mixes produced using three grain size 

distributions, polymer bitumen, and synthetic 

was produced by a Japanese company. They 

carried out fatigue test at 400 microstrain, 10 

Hz, and 20℃ and found that by decreasing 

production temperature to 30℃ the fatigue 

life of the modified mix with warm additive 

is similar to that of HMA. In the meanwhile, 

a 50℃ drop in production temperature leads 

to a 27 to 33% decrease in fatigue life of 

WMA using three grain size distribution [7].  

Goh SW et al. (2011) investigated fatigue life 

using the four-point bending test and 

dynamic modulus using the mixes prepared 

by Sasobit and Zeolite additives at different 

temperatures. Their results show that 

dynamic modulus of warm mix is less than 

that of Hot mix for all temperatures; the mix 

prepared using Zeolite additive was less stiff 

compared to the one prepared using Sasobit; 

and the fatigue life of WMA, except for 

specimens prepared at 130℃, was equal or 

slightly greater than that of HMA samples 

[8]. 
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According to Ziari et al.(2016), Sasobit 

additive increases fatigue life up to 50% 

while Rheofalt leads to the reduced fatigue 

life of the produced specimens [9]. This 

result was showed in other researchers for 

Sasobit [10, 11].  

Elsewhere, the fatigue behavior of HMA and 

WMA was evaluated based on complex 

modulus and indirect tensile stiffness. In this 

study, the damage was assessed based on 

50% shear modulus and damage growth rate. 

The difference between the initial shear 

modulus at two test temperatures revealed 

that WMA specimens are stiffer than HMA 

ones. Such a difference is attributed to 

crystallization of synthetic was at 

temperatures below the melting point. [12] 

This explanation for the mix stiffening was 

also proved elsewhere [13, 14]. Based on the 

obtained results, the fatigue behavior of 

HMA and WMA mixes indicates a high 

correlation, meaning that this behavior 

depends on the initially exerted deformation 

level; which is consistent with results of 

other works [13]. This slight difference in the 

primary results may imply that addition of 

synthetic was for WMA production and 

lower temperatures do not weaken the shear 

fatigue response.  

The results of Farinaz Safaei et al. (2014) 

showed that the HMA mixtures perform 

better than the WMA mixtures due to the 

superior performance of the HMA during the 

first two levels of ageing. They showed that 

at short-term ageing (STA) and long-term 

ageing in level 1 (LTA1), the HMA has 

superior fatigue performance compared with 

the WMA. However, at long-term ageing in 

level 3 (LTA3), the differences in fatigue 

performance between the WMA and HMA 

become negligible, indicating that the effects 

of reduced shortterm ageing in WMA 

compared with HMA diminish with 

increasing LTA for this pavement structure 

[15]. 

2. Fatigue Criterion for Asphalt 

Mixes 

Studying fatigue phenomenon in flexible 

pavements has been originally conducted in 

1940, as the number and an axial load of the 

vehicles increased drastically. Van der Pool 

and Nijboer showed that the cracks typically 

initiated since the end of paving life are 

developed due to the tensile stress created by 

vehicle tires. In this regard, Hveem studied 

the relationship between deformation and 

axial load in paving and showed that crack 

initiation is controlled by the magnitude of 

applied load and its cycles. The results 

reported by WASHO and AASHTO also 

confirm these statements [16].  

Models for fatigue cracking used in asphalt 

pavement engineering generally can be 

divided into four categories: 

1. The strain approach 

2. The dissipated energy approach 

3. The fracture mechanics approach; and 

4. The continuum damage mechanics 

approach 

In the strain approach, the fatigue resistance 

is expressed as the number of load 

applications to failure, which is related to the 

tensile strain by a regression function 

developed based on the test data. In the 

dissipated energy approach, similarly, the 

fatigue resistance is represented using a 

regression function between the dissipated 

energy and the number of load applications 

to failure. 

In fracture mechanics, the most widely used 

model for fatigue cracking is a power 

function in the form of the Paris’ Law, which 

relates the crack growth per cycle to the 

stress intensity factor. 
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Another important mechanics approach that 

studies cracking damage is continuum 

damage mechanics. Compared to fracture 

mechanics, it has the advantage of 

considering all cracks as damage and 

measures the damage by the effects of all 

cracks on the macroscopic response of the 

material (nonlinear stress-strain behavior and 

degradation of material stiffness) [17, 18]. In 

this study second method is used that more 

explanation is below. 

Fatigue test is carried out on two controlled-

stress and controlled-strain modes. According 

to Nonismith (1967), controlled-stress and 

controlled-strain tests are carried out for 

pavements thicker than 152 and 51 mm, 

respectively; while for the intermediate 

thicknesses, a combination of two modes is 

applied [19]. In this regard, Monismith and 

Deacon proposed a constant called as loading 

coefficient (M) for different loading modes 

[20].  

Fatigue criterion is different when applying 

controlled-stress and controlled-strain modes, 

as in the former fatigue criterion is crack 

initiation in the test sample while in the latter 

defining failure point is difficult since the 

strain is constant during the test. In this 

connection, researchers have proposed 

different procedures: the common method is 

the failure point equivalent to 50% reduction 

in initial stiffness (Nf50%) which is proposed 

by Ponk et al. and Tayebali et al. [21, 22].  

On the other hand, some other researchers 

propose an energy-based analysis for fatigue 

life determination [23, 24]. In SHRP report, 

the dissipated energy is applied for fatigue 

analysis. This energy in each cycle is 

obtained by measuring the area of the 

residual strain-stress curve. Similar to the 

stress-controlled case, the dissipated energy 

declines by a drop in loading cycles within 

the strain-controlled test [25].  

Hopman et al. (1989) defined “energy ratio” 

for fatigue failure [26]. The energy ratio for 

constant strain equals the energy dissipated at 

cycle 1 (W1) multiplied by N all divided by 

the dissipated energy in Nth cycle (WN): 

NW

WN
ER 1.

                                          (1) 

These authors plotted energy ratio (ERH) 

with a laoding cycles and defined crack 

initiation moment equivalent to the point at 

which curve gradient is changed.  

Rowe (1993) presented a formula to 

determine fatigue life. Where E′′ is the 

decreased modulus value in the ith cycle 

[27].  
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Rowe (1993) defined this parameter, as 

energy was the ratio (ERR). Based on this 

criterion, the change in the slope of energy 

ratio with corresponding test number is 

equivalent to crack initiation. This concept 

means that loading cycle for a 50% reduction 

in initial stiffness (failure moment) exceeds 

the loading cycle corresponding to the slope 

change point in the curve of energy decrease 

ratio versus loading cycles (crack initiation). 

In comparison, Alkhateeb et al. (2004) 

showed that fatigue life estimated using 

energy drop ratio does not follow this trend 

and exceeds the fatigue life equivalent to 

50% reduction in initial stiffness [28]. 

Pronk (1997) defined energy ratio (ERP) as 

the ratio of cumulative dissipated energy 

until nth loading cycle to the wasted energy 

at nth cycle [29], as follows: 

n
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Similar to the two above-mentioned methods, 

at constant strain, the curve slope change 
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point is defined as a criterion of failure 

initiation point. At constant strain, the 

maximum value of this curve is equal to 

fatigue life. The shortcomings of the methods 

proposed by Row and Hopman also exist in 

this method.  

To deal with these problems (the difference 

in loading mode), Rowe and Boulding (2000) 

presented energy ratio as Equation 4 [30]: 

𝐸𝑅 = 𝑛 × 𝑠                                   (4) 

Where, s is stiffness and n is loading cycles. 

In this method, for both controlled stress and 

controlled strain modes, by plotting the curve 

of energy ratio (ERR&B) versus loading 

cycles, the maximum energy ratio is defined 

as a criterion of cracking initiation. In this 

method, the probability of user’s effect in the 

determination of the corresponding point for 

crack initiation is almost zero. The results of 

this method show that fatigue life is 35 to 

65% of the initial hardness. 

Based on previous studies, the total 

dissipation energy and energy ratio cannot be 

appropriate criteria for determining the 

fatigue behavior of asphalt mixes. Thus, the 

RDEC method was proposed by Ghuzlan and 

Carpenter (2000) which is independent of 

testing conditions and loading mode. Based 

on this method, the RDEC in two successive 

cycles (rather than cumulative dissipated 

energy) is applied to estimate fatigue life 

using Eq. 5, where a and b are loading cycles 

with a difference not exceeding 100 [31, 32]. 

RDECa =
|DEa−DEb|

DEa×(b−a)
                               (5) 

Figure 1 illustrates the curve prepared for this 

method that consists of three distinct zones. 

In Zone 1, the slope is sharp and dissipated 

energy difference between the cycles is high 

due to the aggregate displacement. The 

variation rate of the dissipated energy in 

Zone 2 is horizontal and the vertical value in 

this zone is called as plateau value (PV). PV 

is severely controlled by the initial loading 

conditions, stress, strain, and dissipated 

energy. Zone 3, similar to Zone 1, has a sharp 

slope where the specimen is failed. 

Figure 1 illustrates the curve prepared for this 

method that consists of three distinct zones. 

In Zone 1, the slope is sharp and dissipated 

energy difference between the cycles is high 

due to the aggregate displacement. The 

variation rate of the dissipated energy in 

Zone 2 is horizontal and the vertical value in 

this zone is called as plateau value (PV). PV 

is severely controlled by the initial loading 

conditions, stress, strain, and dissipated 

energy. Zone 3, similar to Zone 1, has a sharp 

slope where the specimen is failed.  

In this study conducted by Ghuzlan and 

Carpenter, it was found that there is a high 

correlation between PV and failure energy, 

which can be expressed as Equation 6 where 

c and d are regression constants [33]. 

𝑃𝑉 = cNf
d                                             (6) 

Similarly, the dissipated energy involves the 

viscoelastic dissipated energy and the failure 

induced by plastic deformation or crack 

growth. Hence, Equation 6 can be extended 

as follows: 

𝑃𝑉 = cNf
d = RDECa =

|DEa−DEb|

DEa×(b−a)
=

Ea
ξ
+Eη−Eb

ξ
−Eη

(Ea
ξ
+Eη)×(b−a)

≈
Ea

ξ
−Eb

ξ

(Eη)×(b−a)
=

∆Eξ

Eη
                  (7) 

It is noteworthy that the dissipated energy is 

due to the failure and is much less than the 

dissipated viscoelastic energy (E^η); thus, it 

can be neglected when dissipated energy is 

low. Based on Equation 7, it can be stated 

that this approach can solve a major share of 

shortcomings concerning the viscoelastic 

dissipated energy removal in the numerator 

of the fraction. Now, if the value of 

cumulative failure dissipated energy is 

applied using the entire loading cycles, 
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Equation 7 can be rewritten as follows 

(Equation 8): 

𝑃𝑉 × 𝑁𝑓 = cNf
d+1 =

Etotal
ξ

Eη
                          (8) 

To make this approach independent of 

loading mode, PV × Nf must be a constant 

value; i.e., an increase in PV must lead to a 

decrease in Nf. Hence, it can be stated that 

the more PV is the longer mix life is. To 

make PV × Nf constant, d must be -1. 

Carpenter et al. (2006) reported d within -0.7 

to -1.1, implying the higher independence 

percentage of this method [33]. 

 
Fig. 1. A general view of variation rate in 

dissipated energy 

In the present work, fatigue life was 

determined for HMA and two WMA with 

Sasobit and Zycotherm additives tested under 

controlled strain method using energy ratio 

and variation ratio of dissipated energy and 

comparing these criteria with 50% reduction 

in initial stiffness criterion. 

3. The Materials and Preparation of 

the Samples 

3.1. Asphalt Binder 

The bitumen used in the research is pure 

bitumen with penetration degree of 60/70 and 

performance grade of PG- 64-16 purchased 

from Pasargad Oil Company. The common 

tests of bitumen were carried out according 

to the ASTM standards. The results are 

shown in Table 1. 

Table 1. Properties of the pure asphalt binder. 

Test Test condition limit Result 

Density (gr/mm3) 25 c˚ - 1.015 

Penetration (0.1 mm) 
25 c˚ ,100 gr, 

5 s 
60-70 64 

Ductility (cm) 
25 c˚, 5 

cm/min 
80< 102 

Softening point 

(R&B) (c˚) 
- 45-55 48 

Degree of purity (%) 
Tetra 

chloroethylene 
99 99.6 

Kinematic viscosity 

(cSt) 
120 c˚ - 627 

Kinematic 

viscosity(cSt) 
135 c˚ 300 min 320 

Kinematic 

viscosity(cSt) 
160 c˚ - 117 

After 

subjecting 

to aging 

in RTFO 

Loss in 

weight (%) 
25 c˚, 5 hr 1 % max 0.2 

Reduction 

in 

penetration 

At 25 ◦C 

(%) 

25 c˚ ,100 gr, 

5 s 
48 max 42 

Ductility 

(cm) 

25 c˚, 5 

cm/min 
80< 83 

3.2. Additives 

The most common and available additive is 

Sasobit, which is also called as Fisher-

Tropsch wax. This additive is derived by 

heating coal or natural gas with water at 180 

to 280℃ in the presence of a catalyst [34]. 

The effect of Sasobit on the rheological 

behavior of the modified bitumen depends on 

the content of this additive, test procedure, 

and production temperature.  

The liquid additive (Zycotherm) is a 

compound of organosilane from silanol 
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family (Si-OH) which is synthesized by 

Zydex Company. This material develops a 

siloxane bond (Si-O-Si) with the surface of 

inorganic materials. These bonds are 

hydrophobic and are not washed because of 

their bonds with material surfaces. Bitumen 

contains molecular compounds containing 

carbon, oxygen, and hydrogen which the 

liquid additive makes bonds with its polar 

groups and make them bitumenophile by 

creating chemical bonds, leading to the 

enhanced adhesion of the bitumen to 

materials surface [35]. 

This additive also decreases the viscosity of 

bitumen and, consequently, it results in the 

better coating of the aggregates even at 

temperatures below production temperature 

of HMA. This liquid additive easily mixes 

with bitumen at temperatures above 115℃. 

Using this additive in HMA can reduce 

production temperature about 30 to 40 ℃, 

implying that mix temperatures below 140℃ 

can be achieved. The specifications of two 

Sasobit and liquid additives are presented in 

Table 2. 

Table 2. Properties of WMA additives. 
Properties Zycoth

erm 

Sasobit 
Ingredients organosilane Aliphatic 

polyethylene 

hydrocarbon 

Physical 

state 

Liquid Pastille and Prill 
Color Yellow White 
Odor Light Odor Odorless 
Bulk 

density 

1010 kg / m³ 590-622 kg / m³ 

Flash point 80ºC 290ºC 
Solubility 

in water 

soluble Insoluble 
Dosage 0.1-0.2 % 1-3 % 

3.3. Modified Bitumen Preparation 

To provide continuity in the molecular 

composition of the Zycotherm with bitumen, 

it must be added by a dropper to the hot 

bitumen while being stirred with an ordinary 

sitter and creating a vortex 2 to 3 cm in 

depth. After this step, the bitumen stirring 

continues for further 10 min to initiate the 

necessary reactions. Sasobit is added to the 

hot bitumen in a way similar to that of the 

liquid additive, and then these two additives 

are mixed with an ordinary stirrer. 

3.4. The Mix 

The samples needed for laboratory tests were 

prepared by adding 2 wt.% Sasobit and 0.10 

wt.% Zycotherm to them (determined in 

bitumen laboratory) as 30 cm × 40 cm 

asphalt slabs using a rolling compactor [35]. 

Next, using the cutting instrument, asphalt 

slabs with a dimension of 5cm × 6cm × 

38.5cm were prepared. From each compacted 

all 4 laboratory samples were prepared. The 

volumetric properties of the sample (which 

were all 4 ± 0.5) were measured for void 

control. The material for all samples was 

dolomitic limestone. The grain size 

distribution curves for the preparation of 

asphalt mixes and their other specifications 

are shown in Figure 2 and Table 2, 

respectively.  

For the design of asphalt mixes, Gyratory 

method was applied. The laboratory samples 

were produced using the optimum bitumen 

content at 140 and 165℃ for WMA and 

HMA, respectively. 

 
Fig. 2. Gradations of designated aggregate. 
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Table 3. Engineering properties of aggregate 

sources. 

Aggregate type Aggregate 
Test 

method 

Bulk specific 

gravity 
2.493 

ASTM 

C127 

Absorption 

Coarse aggregate 

(%) 

2.2 
ASTM 

C127 

Absorption Fine 

aggregate (%) 
4.2 

ASTM 

C128 

Los Angeles 

abrasion loss (%) 
22.3 

AASHTO 

T96 

Two fractured 

faces (%) 
94 

ASTM 

D5821 

4. Test Procedure 

To carry out fatigue test, the four-point 

bending device manufactured by IPC Co. 

was utilized. The tests were performed 

according to AASHTO T321 standard at 

20℃ with a simi sinusoidal loading at a 10 

Hz frequency 1000 strain level. All samples 

were put for 5 hours in a tight heating 

container until reaching the required 

temperature. The temperature of container 

and surface and center of the specimens were 

measured as the reference temperature. The 

test started once the average of these three 

temperatures reached 20℃ ± 5%. The 

maximum stress and strain for the required 

measurements were recorded by the test 

apparatus. In this test, the moment the 

apparatus stops in strain-controlled mode is 

considered as the failure criterion for asphalt. 

The bending hardness (J/m3) of the fatigue 

beam sample is defined according to 

Equation (9): 

 𝑆 =
(.357𝑃)/(𝑏ℎ)

12𝛿ℎ

(3𝐿2−4𝑎2)

                                  (5) 

Where, P is the applied load (N); b is the 

mean sample width (m); h is the mean 

sample height (m); δ is the maximum 

deformation in the middle of beam (m); L is 

the distance between supports (typically 

0.357 m); and a is the distance between 

loading jaws (typically 0.1185 m). The 

dissipated energy in each cycle (kpa) for 

fatigue beam is calculated using Equation 10. 

𝐷 = 𝜋𝜎𝑡𝜀𝑡sin(∅)                                 (10) 

All parameters were defined earlier.  

5. Results Analysis 

The four-point bending tests were carried out 

to determine parameters such as stiffness, the 

dissipated energy and accumulate dissipated 

energy in each cycle, phase angle, and stress; 

with the first two being as most important 

and practical parameters. The obtained 

results for dissipated energy variations and 

stiffness values are shown in Tables 3 and 4, 

respectively. As shown in Figure 3, an 

increase in loading cycle leads to the reduced 

dissipated energy. DE value is severely 

reduced at the beginning of the curve (Step 

1). Next, this decreasing trend becomes 

linear (Step 2). Finally, the decreasing trend 

again becomes severe and the specimen is 

failed (Step 3). The high fall in DE at Step 1 

generates considerable heating and results in 

materials compaction. Transfer of this heat 

leads to the increase in sample’s temperature 

and a decrease in its stiffness [24]The linear 

decrease in DE in Step leads to initiation of 

microcracks that result in utter failure of the 

sample in Step 3 [36]. 

As shown in dissipated energy diagram, the 

DE for Sasobit-warm mix asphalt (SWMA) 

and HMA is almost the same but it is greater 
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than that of Zycotherm- warm mix asphalt 

(ZWMA). The dissipated energy trend for 

ZWMA and HMA are more severe than that 

of SWMA, implying the quicker changes and 

failure and microcrack growth inside the mix. 

According to Equations 7 and 8, the higher 

∆E^ξ is the greater PV would be; indicating 

the reduced fatigue life of the specimen. 

Accordingly, the steeper slope of DE curve 

implies larger ∆E^ξ and, consequently, 

shorter fatigue life seen in ZWMA and 

HMA. 

Figure 4 illustrates variations of bending 

stiffness for samples ZWMA, SWMA, and 

HMA at the initial 1000 microstrain. As 

shown in this figure, similar to DE diagram, 

the variations in bending stiffness with 

loading cycles can be separated into three 

distinct zones. Zone 1 has a steep slope 

where the increase in loading cycle 

accompanies severe changes in bending 

stiffness. Followed by this zone, Zone 2 

starts with a gentle slope, where microcracks 

are initiated in the specimen. By further 

increasing the loading cycles, the testing 

sample is failed in Zone 3 [37]. 

The fatigue life of prepared specimens based 

on Nf50% criterion is shown in Table 4. These 

results show that fatigue life of SWMA is 

longer than those of ZWMA and HMA and 

ZWMA has the shortest fatigue life; however, 

its difference with HMA is less than 10%. 

This observation is in agreement with the 

decreasing trend of dissipated energy. In this 

regard, ZWMA and HMA demonstrate a 

similar behavior, which is also observed for 

bending stiffness. Based on Figures 3 and 4, 

all plotted curves are different and indicate 

dependency to this method to mix type. 

Other researchers also reported similar 

results [38]. 

 
Fig. 3. Dissipated Energy (DE) versus loading 

cycle at strain value of 1000 for ZWMA, SWMA 

and HMA Specimens. 

 
Fig. 4. Bending stiffness versus loading cycle at 

strain value of 1000 for ZWMA, SWMA and 

HMA Specimens. 

To determine fatigue life of HMA and WMA 

specimens and compare them, five analytical 

methods introduced in previous parts were 

used. The results of these analyses are shown 

in Table 4 and Figures 5 to 10. The trend 

shown for ZWMA and HMA is almost the 

same but it is rather different for SWMA. 

The methods applied for analysis of ZWMA 

and HMA samples present fatigue lives 

higher than the one obtained using Nf50% 

criterion method. In average, fatigue life 

estimated using Nf50% method for ZWMA 

and HMA specimen at loading cycles from 

24,000 to 27,000, 12,000 to 20,000, 11,000 to 

17,000, 10,000 to 18,000, and 10,000 to 

15,000 are shorter than the fatigue life 

obtained using RDEC, ERH, ERR, ERR&B, 

and ERP methods, respectively. However, in 

other analytical methods for fatigue life 

estimation, Nf50% provided a longer life. 

The fatigue life decrease in HMA and 

ZWMA specimens using 5 analysis methods 
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was higher than 50% but it is below 50% for 

SWMA sample. 

Figures 12 and 13 illustrate the relation 

between fatigue life based on failure point 

and Nf50% using various energy criteria. 

Among these methods, RDEC shows the 

maximum fitting with failure point, followed 

by ERR&B in the second place. In addition, 

comparing the energy-based methods with 

Nf50% method, ERR, ERR&B, and ERP 

indicates the maximum consistency with 

Nf50% method but present a longer fatigue 

life. Among these five analyses, ERH, ERR, 

and ERP indicate a similar consistency and 

result; unlike the two remaining analyses. 

Although it may seem that this 5 to 15% 

difference in stiffness value induced by the 

scattered data of fatigue tests and a wide 

range of coefficients used for converting 

laboratory to field results is negligible and 

Nf50% is a better criterion, having a look on 

the applied assumptions in definition of 

failure criteria reveals that this criterion is not 

suitable when applied on the basis of energy 

methods. The fatigue life equivalent to 

Nf50% is defined as the failure criterion of 

asphalt specimens; meaning that the loaded 

specimen cannot bear higher loads at this 

point. This definition is theoretically fitting 

with the definition of actual failure point. 

Conversely, ERH, ERR, ERR&B, and ERP 

are based on the assumption that the loading 

cycles corresponding to the point at which 

curve slope changes is the initiation point of 

cracking in asphalt specimens. Taking these 

assumptions into account, the fatigue life 

using these methods must be less than that 

obtained based on 50% reduction in initial 

stiffness while it is almost equal at the real 

failure point and Nf50%; however, the 

fatigue life obtained based on these two 

criteria are significantly different. 

Accordingly, it can be stated that in HMA 

and ZWMA samples, the obtained fatigue life 

can give an appropriate warning before 

paving failure, unlike SWMA sample that is 

highly probable to be failed before its due 

prediction. This issue is of high significance 

in maintenance management of paving. 

Table 4. The fatigue life of all method. 
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1-Initial Stiffness, 2- Load Cycles in failure point, 3-Fatigue Life 

These results show that Nf50% is not an 

efficient criterion for estimation of fatigue 
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life on the basis of energy criterion. Also, 

contrary to the results reported by other 

researchers, no considerable agreement was 

found between this criterion and the energy-

based ones. Thus, it is recommended 

conducting a test for each mix until the 

failure point and then select the suitable 

criterion on its basis. The results show that 

Nf50% is an efficient criterion for SWMA 

but is presents underestimated values for 

HMA and ZWMA. 

Moreover, it was found that for SWMA mix 

the actual failure point and Nf50% are close 

together; which is in agreement with the 

results of RDEC analytical method. In this 

connection, Daniel et al. (2004) also showed 

that the fatigue life determined using RDEC 

criterion is longer than that obtained using 

Nf50% or the one estimated using the 

viscoelastic theory [39]. 

 
Fig. 5. RDEC-loading cycle curve at strain value 

of 1000 for HMA. 

 
Fig. 6. RDEC-loading cycle curve at strain value 

of 1000 for ZWMA. 

 
Fig. 7. RDEC-loading cycle curve at strain value 

of 1000 for SWMA. 

 
Fig. 8. The Rowe energy ratio curve versus 

loading cycles for Sample 1 of each mix. 

 
Fig. 9. The Hopman energy ratio curve versus 

loading cycles for Sample 1 of each mix. 

 
Fig. 10. The Row & Bouldin energy ratio curve 

versus loading cycles for Sample 1 of each mix. 
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Fig. 11. The Pronk energy ratio curve versus 

loading cycles for Sample 1 of each mix. 

 
Fig. 12. NfFailure curve using different energy 

methods and Nf50%. 

 
Fig. 13. Nf50%curve using different energy 

methods 

A comparison of the fatigue life 

determination methods using the data shown 

in Tables 4 and 5 reveals that Nf50% and 

RDEC methods estimate the longest fatigue 

life for SWMA, HMA, and ZWMA by order 

of their appearance. In this two methods, 

HMA is replaced with ZWMA, which 

implies the longer fatigue life of ZWMA 

compared to that of HMA. Among the 

studied energy-based methods, the estimated 

maximum fatigue life depends on the applied 

regression method, as for HMA method the 

maximum fatigue life was presented using 

the approaches proposed by Hopman, Rowe, 

Row and Boulding, and Pronk, by the order 

of their appearance. This order changes, 

however, for the other two mixes according 

to Table 5. Therefore, it can be claimed that 

the mix type and the applied method affect 

the fatigue life significantly. However, all 

tests indicate the highest efficiency of RDEC. 

Comparing the ratio of fatigue lives of 

various mixes (Table 6) indicate the 

difference of this ratio in analytical methods. 

The ratio of fatigue life calculated using 

HMA and ZWMA methods varies between 

0.9 and 1.11, indicating the similar fatigue 

behavior of these mixes with HMA, despite 

the reduced 25℃ in production and compact 

temperature. This ratio between SWMA mix 

and ZWMA and HMA mixes varies in the 

range of 1.24-1.72 and 1.35-1.65, 

respectively; indicating the positive effect of 

Sasobit on fatigue life of the corresponding 

mix. Several past studies indicated the better 

fatigue performance of Sasobit-modified 

asphalt mixtures compared to control 

mixtures [10, 12]. 

Table 5. Prioritize based on the maximum 

estimated fatigue life. 
Mix 

type 
 RDEC ERH ERR ERR&B ERP 

H
M

A
 

priority 1 2 3 4 5 

Ave. 

St.Re(%) 
76.2 60.9 59.4 58.1 57.2 

Z
W

M
A

 priority 1 2 4 3 5 

Ave. 

St.Re(%) 
66.2 62.8 59.5 60.7 56.5 

S
W

M
A

 priority 1 3 4 2 5 

Ave. 

St.Re(%) 
50.3 36.4 36.6 44.3 35.7 
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Table 6. Fatigue life ratio of various mixes. 
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6. Conclusion 

Since strain is constant in strain-controlled 

fatigue tests, the definition of failure criterion 

is a difficult issue. Although 50% reduction 

in initial stiffness is a criterion with 

widespread usage, different studies have been 

undertaking to provide a better criterion. 

In the present research, fatigue lives obtained 

using the energy-based methods and Nf50% 

were compared. The analysis of results 

obtained from laboratory four-point bending 

test reveal that the results are dependent on 

test conditions and different yield points are 

obtained using the analytical methods. 

Fatigue life obtained using RDEC is longer 

than those estimated using other methods. 

The consistency between fatigue life with the 

reduced stiffness shows that the decrease in 

stiffness using Nf50% criterion is higher for 

HMA and ZWMA mixes while it is lower for 

SWMA. These results also show that Nf50% 

criterion is not a suitable in the energy 

viewpoint and is not highly correlated with 

energy-based methods; unlike the results 

reported elsewhere. Thus, it is recommended 

performing the tests for each mix until its 

failure step and then selecting the proper 

criterion. In the meanwhile, Nf50% was 

found to be a suitable criterion for SWMA 

but inappropriate for HMA and ZWMA as it 

yields underestimated values. Based on the 

obtained results, it is clear that the actual 

failure points in SWMA are similar to the 

one estimated using Nf50% criterion. This 

behavior is also the same for the analytical 

RDEC method. While there is a significant 

different between the actual failure points 

obtained for HMA and ZWMA and the one 

estimated by Nf50%, this difference is very 

low in RDEC analysis. Among all energy-

based methods, RDEC method presents the 

maximum fatigue life and the point closest to 

the actual failure point. Thus, this method is 

the optimum among the energy-based 

methods for fatigue life estimation of asphalt 

mixes. 

For HMA and ZWMA specimens, the 

loading cycle number at the failure point is 

almost 80% greater than that of Nf50% while 

it is reduced to 28% for SWMA mix. This 

behavior implies the very high safety factor 

of Nf50% in fatigue life estimation for 

ZWMA and HMA mixes and the low safety 

factor for SWMA. 
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