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A B S T R A C T 

One of the key structural failure modes found in bituminous pavement layer is flexural 

fatigue, resulting from repeated loading application of traffic-induced stresses. It is true 

that, in recent years, the 4-point bending test (4PBT) have been widely applied in order to 

characterise fatigue behaviour of asphalt mixtures. In this research paper, the test was used 

to investigate the fatigue characteristic of one unmodified and two quite different polymer 

modified asphalt mixtures. The 4PBT results indicated that under the same conditions, an 

increase trend in flexural stiffness as frequency increased from 1 Hz to 30 Hz for all three 

mixtures. The test results also presented an obvious difference in the initial stiffness loss 

behaviour of mixture types tested at 200 microstrain. In addition, in terms of fatigue lines, 

the 4PBT results showed the polymer modified mixtures have had a better fatigue 

performance in comparison with the performance of conventional mixtures as expected. 

1 Introduction 

Flexural fatigue is one of the main failure modes of bituminous pavement structures. Fatigue is also known as a 

phenomenon of fracture under repeated stress having a maximum value less than the tensile strength of the material. In 

flexible pavements, fatigue or cracking consists of two phases, crack initiation and crack propagation [1-4]. In general, crack 

initiation is described as the coalescence of micro cracks to form a macro crack under the repeated application of tensile 

strains. Crack propagation is the growth of the macro crack through the bituminous material under further application of 

tensile strains. However, it needs to be mentioned at this point that the fatigue behaviour of an asphalt mixture cannot be 

taken in isolation and the stiffness has to be considered as it determines the magnitude of the tensile strain experienced by 

the material [5-9]. 

http://creativecommons.org/licenses/by-sa/4.0/
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Fatigue damage often results in cracks that initiate at the bottom of the bituminous layers and then propagate to the 

pavement surface in thinner asphalt pavements (referred to as bottom-up fatigue cracking), whereas cracks start at the 

pavement surface and then propagate towards the bottom of bituminous layers in thicker asphalt pavements (top-down fatigue 

cracking). It is widely accepted that depending on the type of road structure, the materials and the progress of deterioration, 

cracks can take different orientations and patterns. They are often parallel to the direction of vehicle travel (longitudinal 

cracking) or perpendicular to the direction of travel (transverse cracking). Also, they can be single breaks in the pavement or 

double, branched or interlaced [10-12]. 

Recently, a large number of different testing methods have been developed to characterise and simulate fatigue behaviour 

of asphalt mixture materials. Fig. 1 shows common fatigue testing configurations used recently by many researchers [13]. 

Tension-compression, indirect tensile and flexural tests have all been successfully applied, as well as more complex 

configurations such as torsion or supported bending. Some general categories of most of the fatigue testing methods used in 

the past are summarised as presented in Fig. 1. It is widely accepted that the 4-point bending is one of the most common tests 

used to characterise fatigue behaviour of asphalt materials [14-22]. 

 

Fig. 1 - Common fatigue testing configurations [13] 

This research paper is focused on use of a 4PBT to investigate the fatigue behaviour of some different asphalt mixture 

types including an unmodified asphalt mixture and two different polymer modified asphalt (PMA) mixtures. The results 

achieved from the tests have been evaluated, analysed and discussed using various approaches including flexural stiffness 

and fatigue-life characteristics. 

2 Materials and testing methodology 

2.1 Materials 

This study focuses on examining the fatigue behaviour of three different asphalt mixtures: a 20mm Dense Bitumen 

Macadam (DBM50), a 14mm Enrobé à Module Élevé 2 (EME2), and a 10mm Stone Mastic Asphalt (SMA). The DBM50, 

which uses 40/60 pen unmodified bitumen, was selected because it is commonly used in pavement design in the UK and 

many European countries. The EME2 mixture, incorporating a hard SBS (Styrene-Butadiene-Styrene) polymer-modified 

binder, is designed for use as a base or binder course, while the SMA mixture, featuring a much softer SBS-modified binder, 

serves as a surface course material. This diverse selection of materials was chosen to provide a comprehensive investigation 

into the fundamental aspects of fatigue behaviour. 
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2.1.1 20mm Dense Bitumen Macadam 

A conventional 20mm DBM50 mixture with a continuous grading was selected, using 40/60 bitumen as the binder, which 

is commonly applied globally. The binder content was 4.7% by mass, as recommended by BS-EN 4987 [23]. The aggregate 

material was limestone, with a nominal maximum particle size of 20mm. 

2.1.2 14mm Enrobé à Module Élevé 2 

A standard 14mm French EME2 mixture was chosen. Its gradation is quite similar to that of the DBM50, as both are 

intended for the same structural layer (either base or binder course). A hard SBS polymer-modified binder was used, with a 

binder content of 5.5% by mass, in accordance with BS-EN 13108 [24]. Limestone was also used as the aggregate, with a 

nominal maximum particle size of 14mm. 

2.1.3 10mm Stone Mastic Asphalt 

A standard 10mm SMA surface course was chosen for this paper. The mixture incorporated a soft SBS polymer-modified 

binder at a content of 6.5% and granite aggregate, with a particle size distribution designed according to BS-EN 13108 [25]. 

Fig. 2 presents the design particle size distribution for DBM50, EME2 and SMA mixtures. 

 

Fig. 2 – Design particle size distribution for the DBM50, EME2 and SMA mixture 

2.2 Testing methodology 

2.2.1 Test introduction 

Nowadays, the 4PBT is widely applied for measuring the stiffness modulus and assessing the fatigue resistance of asphalt 

pavement materials. This test simulates well a pavement fatigue failure under traffic loading because repeated loading causes 

tension in the bottom zone of the specimen. Fracture generally occurs in the area of constant maximum value of bending 

moment between the two inner clamps [15]. 

2.2.2 Specimen Preparation 

The dimensions of the asphalt beams used in this research were 380mm long, 50mm width and 50mm height. The beams 

were cut from large asphalt slabs with dimensions of 500x500x70mm and trimmed from the bottom and top to leave the 

50mm thickness (Fig. 3). 
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2.2.3 Configuration  

The 4PBT applies a continuous sinusoidal waveform to a prismatic specimen by means of two load points named inner 

clamps (see Fig. 4). The beam specimen is restrained at 4 points by means of four clamps including two outside that remain 

static (only shift horizontally) and two clamps that deflect according to the loads applied [15]. Free translation and rotations 

are allowed at all loading levels and reaction points. 

  

Fig. 3 – Large Slab and Beam Specimens for 4PBT 

In the 4PBT, initial stiffness is often defined as that between the 50th and the 100th load application. Traditionally, fatigue 

failure is the moment when the stiffness modulus has decreased to half of its initial value (50%) [15, 26]. 

 

Fig. 4 – 4-Point Bending Test Configuration 

The deformation of the specimen is measured at the bottom between the two inner clamps as defined in accordance with 

BS EN 12697-26 and BS EN 12697-24 [27, 28]. The deformation is calculated by means of three LVDTs placed at three 

different points (see Fig. 3). Total deformation is given by the following equation 

 𝐷 = [𝐿𝑉𝐷𝑇1 − (
𝐿𝑉𝐷𝑇2+𝐿𝑉𝐷𝑇3

2
)] × 2 (1) 

In the project, the 4PB tests using a Coopers four-point bending machine at the technical centre of Tarmac were carried 

out at 20oC and 30Hz frequency in strain control mode. Strain levels applied varied from 100 to 400  depending on the 

type of asphalt mixture. 

3 Results, analysis and discussion 

3.1 Flexural stiffness 

Flexural stiffness results for the three types of asphalt mixture were obtained at 20oC at the 100th cycle and 50 microstrain 

in frequency sweep mode as shown in Fig. 5. Error bars representing plus and minus one standard error are also presented in 
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the figure. In general, the test shows an increase trend in flexural stiffness as frequency increases from 1 Hz to 30 Hz for all 

three mixtures under the same conditions of temperature and strain level. This is in agreement with Maggiore [15]. The 

DBM50 and EME2 flexural stiffness curves are quite close as stiffness value increases from about 5,000 MPa at 1 Hz 

frequency to approximately 12,000 MPa at 30 Hz. In fact, the curves are almost identical at low frequency (under 5 Hz) and 

become more distinct at higher frequency as seen from the figure. On the other hand, the SMA flexural stiffness values are 

much lower in comparison with DBM50 and EME2, increasing from around 1,200 MPa at 1 Hz to about 4,600 MPa at 30Hz. 

In addition, it is widely accepted that master curves can be constructed from four-point bending test results to estimate 

the modulus of an asphalt mixture under various combinations of loading speed and temperature, thus providing valuable 

input to the pavement design process [29, 30]. Due to time constraints, the development of these curves based on the varied 

frequency test will be included in future publications. 

 

Fig. 5 – Flexural stiffness for DBM50, EME2 and SMA mixtures against frequency at 20oC at the 100th cycle and 50 

microstrain 

It is obvious that the stress-strain distribution in the beam in a 4PBT is complex and not uniform. An asphalt stiffness 

modulus, although representing an approximately linear relationship between stress and strain, does not have a unique value 

[14]. In the 4PB fatigue tests, the initial stiffness is defined as the measured stiffness at the 100th cycle. 

Fig. 6 presents a comparison of initial flexural stiffness for the three mixture types at different strain levels using the 

4PBT with the standard error bars included.  

 

Fig. 6 – Comparison of initial flexural stiffness for three mixture types at different strain levels tested at 20oC and 30 Hz 
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It can be seen from the figure that the initial stiffness value of DMB50 mixture is the highest (around 12,000 MPa), 

followed by EME2 with a stiffness value of about 11,000 MPa, while the SMA mixture shows the lowest initial stiffness 

with a value of around 4,000 MPa at the strain levels tested. Moreover, initial stiffness tends to decrease slightly as strain 

level increases as shown in the figure.  The level of the decrease in initial stiffness is different between the asphalt mixtures 

as shown by the various slopes of the trend lines. This is consistent with a study carried out by Dehghan and Modarres [31] 

which indicated a decreasing trend in initial flexural stiffness of different asphalt mixtures incorporating fibres as strain level 

increased from 300 to 500 and then 700 microstrain using the 4PBT. 

In order to compare the flexural stiffness variation versus the number of cycles between two PMA mixtures (EME2 and 

SMA) and one unmodified mixture (DBM50) using the 4PB test, the 200 microstrain level was selected for the comparison, 

and the result is shown in Fig. 7. It is found that at the same strain level of 200 microstrain, the SMA mixture using higher 

PMB content shows much the best performance with approximately 5.7 million cycles to failure compared to 0.35 and 0.055 

million cycles for EME2 and DBM50, respectively. 

 

Fig. 7 – Variation of flexural stiffness with cycles for DBM50, EME2 and SMA mixtures at 200 microstrain 

Fig. 8 presents the results of stiffness reduction for DBM50, EME2 and SMA mixtures at 200 microstrain and 20oC by 

normalising both axes and by averaging data from several specimens in each case. The forms shown in the figure seem to 

include only the first two phases of the full three-phase stiffness reduction curve illustrated in numerous publications [16, 32, 

33]. Obviously, the last phase of the overall stiffness reduction curve, final failure, did not occur in the specimens because a 

stiffness reduction up to 50% of the initial stiffness was defined as failure or fatigue life – Nf50 of the 4PBT specimens [34]. 

 

Fig. 8 – Stiffness reduction for DBM50, EME2 & SMA mixtures at 200 microstrain during 4PBT tested 20oC and 30 Hz 



 JOURNAL OF MATERIALS AND ENGINEERING STRUCTURES 11 (2024) 223–232  229 

 

It can be seen from Fig. 8 that there is a very clear difference in the initial stiffness loss behaviour of DBM50, EME2 

and SMA mixtures using the 4PBT at 200 microstrain and 20oC. While the SMA shows a significant decrease in stiffness in 

the first phase before flattening off in the second phase, the DBM50 mixture experienced gradual stiffness reduction through 

both the first and second phases. The stiffness reduction behaviour of EME2 is between that of SMA and DBM50, as 

presented in the figure. 

3.2 4PBT fatigue life 

All fatigue life results for DBM50, EME2 and SMA mixtures using the 4PBT at various strain levels in this study are 

summarised in Table 1. 

Table 1 - 4PBT fatigue lives of DBM50, EME2 and SMA at various strain levels 

Mixture Type Strain Level (microstrain) Cycles to Failure (Nf50) 

 

 

 

 

 

DBM50 

200 50,746 

200 63,500 

200 52,000 

150 100,797 

150 144,000 

150 258,047 

100 2,162,500 

100 1,237,500 

100 877,500 

 

 

 

 

 

EME2 

300 33,083 

300 27,016 

300 34,868 

200 408,253 

200 400,000 

200 234,410 

160 1,864,148 

160 2,405,937 

160 544,000 

 

 

 

 

 

SMA 

400 51,663 

400 55,668 

400 58,500 

300 348,000 

300 267,500 

300 783,000 

260 1,418,500 

260 1,007,483 

260 754,772 

200 5,675,503 

Fig. 9 illustrates a comparison of the average number of cycles to failure for the three mixture types at various strain 

levels. Error bars in the figure represent plus and minus one standard deviation for three 4PBT beams. As can be seen from 
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the figure, for the same mixture, the number of cycles to failure (Nf50) increases rapidly as the strain levels decrease. It is 

noted that at the low strain levels (e.g. 100 – 200 microstrain) the 4PBT results in a very large number of cycles for all the 

mixtures tested, especially for the SMA mixture. 

 

Fig. 9 – Comparison of average number of cycles to failure for three mixture types at various strain levels 

The fatigue line results for DBM50, EME2 and SMA mixtures using the 4PBT at 20oC and 30 Hz are presented in Fig. 

10, while the fatigue equations for the mixtures and their R2 values are shown in Table 2.  

Table 2 - Summary result data for all mixtures at 20oC and 30 Hz using the 4PBT 

Mixture 

Type 

Equation based 

on 

@106 

cycles 
Equation based on Nf50 Nf @ 100 R2 

DBM50  = 1743 Nf
 -0.202 106.98 Nf50 = 1.1118 x 1016 -4.950 1,399,673 0.94 

EME2  = 1499 Nf
 -0.157 171.32 Nf50 = 1.6906 x 1020 -6.394 30,844,829 0.94 

SMA  = 1906.1 Nf
 -0.143 246.33 Nf50 = 8.6712 x1022 -6.993 895,504,354 0.96 

 

Fig. 10 – 4PBT fatigue lines for DBM50, EME2 and SMA mixtures at 20oC and 30Hz 
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The fatigue equations of the mixtures indicate a high degree of accuracy for all mixtures as their R2 values are all above 

0.90. In addition, the table shows the strains at 106 cycles as well as the number of cycles to failure at 100 microstrain for 

each mixture type using the 4PBT at a test temperature of 20oC although it is appreciated that both strain at 106 cycles and 

Nf at 100 microstrain involve significant extrapolation from limited data. 

As can be seen from Fig. 10 and Table 2, as expected, the fatigue performance of the SMA mixture using higher PMB 

content is the best compared to EME2 and DBM50 since its fatigue line lies above the others, while the fatigue line for 

conventional DBM50 is in the lowest position. Moreover, at the 100 microstrain level, both the SMA and EME2 mixtures 

present a massive improvement with approximately 640 and 22 times higher fatigue life compared to the conventional 

DBM50 mixture when using the 4PBT at 20oC and 30 Hz as shown in Table 2. 

4 Conclusions 

The 4-point bending test have been successfully used to investigate fatigue behaviour of asphalt pavements all over the 

world. In this study, the test was effectively applied for selected asphalt mixture including an unmodified DBM50 and two 

PMAs (EME2 and SMA) at 20oC and 30 Hz in strain control mode. The following main points are concluded from this 

research: 

 In terms of flexural stiffness, the 4PBT showed an increase trend in flexural stiffness as frequency increased from 1 

Hz to 30 Hz for all three mixtures under the same conditions of temperature and strain level. 

 In terms of initial flexural stiffness measured by the 4PBT, it is reported that the average initial stiffness value of 

DMB50 mixture was the highest (about 12,000 MPa), followed by EME2 with a stiffness value of 11,000 MPa, and 

the SMA initial stiffness value of 4,000 MPa at the strain levels tested. Furthermore, it was found that initial stiffness 

tended to decrease slightly as strain level increased. 

 In terms of stiffness reduction, the 4PBT illustrated an obvious difference in the initial stiffness loss behaviour of 

DBM50, EME2 and SMA mixtures at 200 microstrain. The SMA showed a significant decrease in stiffness 

compared to its initial stiffness in the first fatigue phase before flattening off in the second phase, while the DBM50 

stiffness reduced gradually through both the first and second phases. The EME2 stiffness reduction behaviour lay 

between those of SMA and DBM50. 

 In terms of fatigue lines, as expected the SMA mixture using higher PMB content showed the best performance, 

followed by the EME2 mixture in comparison with the performance of conventional DBM50 mixture. 

REFERENCES 

[1]-  H.A. Khalid, A comparison between bending and diametral fatigue tests for bituminous materials. Materials and 

structures, 33(7) (2000) 457-465. 

[2]-  P. Pell, K. Cooper, The effect of testing and mix variables on the fatigue performance of bituminous materials. 

Journal of the Association of Asphalt Paving Technologists, 44 (1975) 1-37. 

[3]-  N. BASTOLA, M. SOULIMAN, A. Tripathi, A. Pearson, Mechanistic analysis and economic benefits of fiber-

reinforced asphalt overlay mixtures. Journal of Materials and Engineering Structures «JMES», 7(1) (2020) 83-96. 

[4]-  M.L. Nguyen, H. Di Benedetto, C. Sauzéat, Crack propagation characterisation of bituminous mixtures using a four-

point bending notched specimen test. Road materials and pavement design, 17(1) (2016) 70-86. 

[5]-  J.M. Read. Fatigue cracking of bituminous paving mixtures. PhD Dissertation. University of Nottingham, 1996. 

[6]-  H. Di Benedetto, C. de La Roche, H. Baaj, A. Pronk, R. Lundstrom. Fatigue of bituminous mixtures: different 

approaches and RILEM group contribution. in Sixth International RILEM Symposium on Performance Testing and 

Evaluation of Bituminous Materials. Zurich: RILEM Publications SARL. (2003), 15-38. 

[7]-  V.B. Nguyen, N. Thom, Using a beam wheel tracker fatigue test to evaluate fatigue performance of asphalt mixtures. 

Road materials and pavement design, 22(12) (2021) 2801-2817. 

[8]-  L. Proffer, M. SOULIMAN, 3-D Move Mechanistic Analysis and Cost Effectiveness of Asphalt Rubber and 

Polymer Modified Asphalt Pavement Under Various Axle Loading Conditions. Journal of Materials and 

Engineering Structures «JMES», 9(3) (2022) 291-298. 

[9]-  J. Pais, P. Pereira, L. Picado-Santos, Variability of laboratory fatigue life of asphalt mixes using four point bending 

test results. Department of Civil Engineering, University of Minho, Portugal., IPJ, 1(2) (2002). 

[10]-  G. Colombier, Cracking in pavements: nature and origin of cracks, in Prevention of reflective cracking in 



232 JOURNAL OF MATERIALS AND ENGINEERING STRUCTURES 11 (2024) 223–232 

 

pavements. CRC Press. (2004), 14-29. 

[11]-  S. Jinzhao, W. Shengkun, Z. Wenbing, L. Yong, W. Hao, Y. HUANG, T. Qiang, Research on Design Method of 

Long-life Asphalt Pavement. Journal of Materials and Engineering Structures «JMES», 7(4) (2020) 645-650. 

[12]-  L. Wei, J. Lv, H. Rong, X. Yang, Research on Fatigue Characteristics and Prediction of Large-Particle Asphalt 

Mixtures Based on Four-Point Bending Tests. Sustainability, 16(11) (2024) 4844. 

[13]-  S.R. Tangella, J. Craus, J. Deacon, C. Monismith, Summary report on fatigue response of asphalt mixtures. (1990). 

[14]-  N. Thom, Principles of pavement engineering. Second ed. London: ICE Publishing, 2014. 

[15]-  C. Maggiore. A Comparison of Different Test and Analysis Methods for Asphalt Fatigue. PhD Dissertation. 

University of Nottingham, 2014. 

[16]-  Y. Choi, N. Thom, A. Collop. Fatigue damage accumulation measured using different laboratory techniques. in 4 th 

Int. Symposium on Maintenance and Rehabilitation of Pavements and Technological Control. Belfast. (2005). 

[17]-  L.N. Lopes, M.M. de Farias, L.G.R. de Mello, Fatigue tests and damage analyses in modified binders and gap-

graded asphalt mixtures with Reacted and Activated Rubber – RAR. Road materials and pavement design, 22(7) 

(2021) 1616-1636. doi:10.1080/14680629.2019.1710553. 

[18]-  A. Zofka, K. Błażejowski, P. Ostrowski, Fatigue performance of asphalt pavements with highly polymer-modified 

asphalt binders. Road materials and pavement design, 22(sup1) (2021) S269-S286. 

doi:10.1080/14680629.2021.1905701. 

[19]-  H. Cheng, J. Liu, L. Sun, L. Liu, Y. Zhang, Fatigue behaviours of asphalt mixture at different temperatures in four-

point bending and indirect tensile fatigue tests. Construction and Building Materials, 273 (2021) 121675. 

[20]-  M. Nguyen, C. Sauzeat, H. Di Benedetto, L. Wendling. Investigation of cracking in bituminous mixtures with a 4 

points bending test. in Proceedings of the 6th RILEM international conference on cracking in pavements, 

Chicago,(eds) Al-Qadi IL, Scarpas T, and Loizos A, CRC Press Taylor and Francis, New York. (2008), 283-293. 

[21]-  Y. Zhang, J. Zhang, T. Ma, H. Qi, C. Chen, Predicting asphalt mixture fatigue life via four-point bending tests based 

on viscoelastic continuum damage mechanics. Case Studies in Construction Materials, 19 (2023) e02671. 

[22]-  A.M. Hartman, M. Gilchrist, Evaluating four-point bend fatigue of asphalt mix using image analysis. Journal of 

materials in civil engineering, 16(1) (2004) 60-68. 

[23]-  BSI, Coated Macadam (asphalt concrete for roads and other paved areas). BS EN 4987-1:2005, British Standards 

Institution. (2005). 

[24]-  BSI, Bituminous mixtures – Test methods for hot mix asphalt – Part 35: Laboratory mixing. EN 12697-35:2016, 

British Standards Institution. (2016a). 

[25]-  BSI, Bituminous mixtures – Material specifications. Part 5: Stone Mastic Asphalt. BS EN 13108-5:2016, British 

Standards Institution. (2016b). 

[26]-  H. Di Benedetto, C. De La Roche, L. Francken, Fatigue of bituminous mixtures: different approaches and RILEM 

interlaboratory tests. Mechanical tests for bituminous materials, 5th mtbm rilem,  (1997) 15-26. 

[27]-  BSI, Bituminous mixtures–Test methods for hot mix asphalt–Part 26: Stiffness. BS EN 12697-26: 2012. , British 

Standards Institution. (2012). 

[28]-  BSI, Bituminous mixtures–Test methods for hot mix asphalt–Part 24: Fatigue. BS EN 12697-24: 2012. , British 

Standards Institution. (2012b). 

[29]-  E. Denneman. Review of the AG/PT-233 fatigue test protocol and its link to structural pavement design. in AAPA 

International Flexible Pavements Conference, 15th, 2013, Brisbane, Queensland, Australia. (2013). 

[30]-  S.G. Jahromi, A. Khodaii, Master curves for stiffness asphalt concrete. International Journal of Pavement Research 

and Technology, 2(4) (2009) 148-153. 

[31]-  Z. Dehghan, A. Modarres, Evaluating the fatigue properties of hot mix asphalt reinforced by recycled PET fibers 

using 4-point bending test. Construction and Building Materials, 139 (2017) 384-393. 

[32]-  H. Baaj, H. Di Benedetto, P. Chaverot. Fatigue of mixes: an intrinsic damage approach. in Sixth International 

RILEM Symposium on Performance Testing and Evaluation of Bituminous Materials. Zurich: RILEM Publications 

SARL (2003), 394-400. 

[33]-  N. Thom, Y. Choi, A. Collop. Top-down cracking, damage and hardening in practical flexible pavement design. in 

9th Int. Conference on Asphalt Pavements International Society for Asphalt Pavements. Copenhagen. (2002). 

[34]-  BSI, Bituminous mixtures–Test methods for hot mix asphalt–Part 24: Fatigue. BS EN 12697-24: 2004. , British 

Standards Institution. (2004). 

 


