
1 INTRODUCTION 

Road pavements are designed to withstand traffic 
load during their service life without significant dis-
tresses. Due to increasing axle loading, tire pressure 
and climate change impact on pavements, premature 
cracking and other distresses may appear. The pres-
ence of these distresses has negative impact on the 
ride quality; hence, it is necessary to repair the dam-
age they cause or to prevent their occurrence. 

Two types of cracking are quite widespread: fa-
tigue and reflective. Fatigue cracking is one of the 
most common distresses in flexible pavements, while 
reflective cracking is typical for semi-rigid pave-
ments. Coated glass fibre grids (glasgrids) can be 
used as internal reinforcement in different pavement 
structures with the aim of reducing cracking (Arsenie 
et al. 2016). Their application during rehabilitation of 
existing roads or construction of new roads contrib-
utes to delaying crack initiation and propagation (Ar-
senie et al. 2014).  

When flexible pavements are rehabilitated, glas-
grids should be placed between the top of the old base 
course, after milling the wearing course or on a new 
levelling course. In the case of new semi-rigid pave-
ments, glasgrids should be placed over the smooth ce-
ment-treated base course. If a rigid pavement needs to 
be overlaid with an asphalt layer, it is recommended 
to place glasgrids below the asphalt layers. These po-
sitions of glasgrids, together with the quality of the 
interface between these two materials, delay and pre-
vent the propagation of cracks from the old pavement 

and/or rigid courses by dissipating the horizontal 
stresses induced by the cracks. This way, the fatigue 
resistance of these pavements is improved (Arsenie et 
al. 2016, Nguyen et al. 2013).  

Nguyen et al. (2013) and Pasquini et al. (2013) car-
rying out in-situ studies that confirmed the glasgrids 
delay fatigue cracking propagation. The same results 
have been obtained in other laboratory studies, under 
different testing conditions, using three-point bending 
(3PB) tests on beams (Graziani et al. 2016, Romeo & 
Montepara 2012) and slabs (Romeo & Montepara 
2012), as well as four-point bending (4PB) and 3PB 
fatigue tests (Arsenie et al. 2016, Arsenie et al. 2014, 
Pasquini et al. 2013, Virgili et al. 2009). 

The research presented in this paper evaluates the 
influence of glasgrids on fatigue resistance of double-
layered asphalt beams. For this purpose, two groups 
of specimens (unreinforced and grid-reinforced) were 
tested using the 4PB fatigue test. The obtained results 
were analysed using two failure criteria (50% reduc-
tion of the initial complex modulus, i.e. the conven-
tional approach, and the energy ratio approach). 

2 MATERIALS AND METHODS 

2.1 Asphalt mixture  

All slabs compacted for the production of the 4PB 

specimens were produced using the same mixture: a 

dense graded mix with a maximum aggregate size of 

11.2 mm (AC 11) and polymer-modified bitumen 

PmB 45/80-65. Crushed mineral aggregate fractions 
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were of igneous origin, except the sand, which was 

limestone. The composition of the asphalt mixture 

with proportions of component materials is presented 

in Table 1. 
 

Table 1. Proportions of the component materials in 
the mix 

Material type Asphalt mixture 

Stone filler 5.2% 
Limestone sand 0/2 mm 29.1% 
Crushed aggregate 2/4 mm 16.6% 
Crushed aggregate 4/8 mm 24.7% 
Crushed aggregate 8/11 mm 19.4% 
Bitumen PmB 45/80-65 5.0% 

 
The asphalt mixture required for the production of 

slabs, as well as for laboratory testing of physical-me-
chanical properties (Tab. 2), was sampled directly 
from the hot asphalt storage bin at the asphalt plant.  

 
Table 2. Physical-mechanical properties of the as-
phalt mixture 

Properties Results Unit Standard 

Stability – S 14.6 kN 

EN 12697-34 Flow – F 4.4 mm 

Marshal quotient – S/F 3.3 kN/mm 

Bulk density – Zm 2.419 Mg/m3 EN 12697-6 

Maximum density – 
Zmax 

2.553 Mg/m3 EN12697-5 

Air voids - Vm 5.3 % [v/v] 

EN 12697-8 

Voids in mineral aggre-
gate filled with binder – 
VFB 

69.3 % [v/v] 

Voids in mineral aggre-
gate - VMA 

17.1 % [v/v] 

2.2 Reinforcement grid 

The glasgrid used as reinforcement in this study was 
the knitted coated glass fibre grid of high strength, 
with a mesh size of 25 x 25 mm. Both yarn types were 
made of continuous glass fibre with a Young’s Mod-
ulus (E) of 73 000 MPa and coated with an elasto-
meric polymer (with a Coating Melting Point higher 
than 230 °C) for glass fibre protection and asphalt 
layer bonding enhancement. The mechanical strength 
at failure of this glasgrid is 115 x 115 +/– 15 kN/m.  

In practice, the glasgrid is installed using a self-
adhesive glue, which is part of the grid backing, and 
later bonded to the pavement layers with an emulsion 
(> 0.25kg/m2) and a coating crosslinking to the as-
phalt layers. 

2.3 Sample preparation 

Six slabs (three without and three with glasgrid – 
hereafter referred to as unreinforced (URF) and rein-
forced (RF), respectively), with dimensions of 500 × 
500 × 70 mm, were compacted in metal moulds using 

a non-standardized method: a one-ton roller com-
pactor (Fig. 1a).  

The 30-mm thick bottom layer was compacted 
first. After the asphalt mixture cooled down, the glas-
grid was placed on every other slab and pressed by 
several roller passes to ensure adhesion between the 
grid and the asphalt surface (Figs. 1b-1c). The 40-mm 
thick upper layer was then laid over the prepared 
slabs. Although a bitumen emulsion is typically ap-
plied between layers, it was not used within this 
study. The upper layer was laid and compacted over 
the warm bottom layer, only a couple of hours after 
its compaction.   

 

 
Figure 1. (a) Compaction of slabs with a 1-ton roller and (b, c) 
compacted bottom layers with and without glasgrid 

 
Two days after compaction, slabs were removed 

from moulds and sawed in order to obtain six beams 
from each slab to satisfy requirements of EN 12697-
24:2012, Annex D. Beams were 60 mm wide and 400 
mm long. The total height of each beam was 50 mm, 
including 20 mm of the bottom layer and 30 mm of 
the upper layer (Fig. 2). Two sets of 18 specimens 
each were prepared for both the RF and URF sets. 

 

 
Figure 2. Cross sections of (a) URF and (b) RF beams 
 

Nine specimens from each set were chosen to ob-
tain three comparable subsets with the most similar 
volumetric properties for fatigue testing, while the re-
maining specimens were used for pre-testing.  



2.4 Fatigue test procedure 

In this study, a 4PB fatigue test in a stress-controlled 
mode was used to determine the influence of rein-
forcement on the fatigue life. The fatigue tests were 
carried out using a standard 4PB device, at three 
stress levels: 0.850, 0.650 and 0.550–0.590 MPa. The 
beams were exposed to bending with a continuous 10 
Hz sinusoidal loading at a temperature of 20 °C ac-
cording to EN 12697-24:2012.  

3 CHARACTERIZATION OF FATIGUE LIFE 

Several criteria are used to estimate the fatigue life of 
bituminous materials; however, the traditional ap-
proach using a 50% reduction of the initial complex 
modulus (conventional approach) and energy ratio 
(ER) approach were used in this study. 

Since glasgrids should dissipate the horizontal 
stresses induced by the cracks, it was decided to com-
pare fatigue life obtained using these two approaches. 
The conventional approach is one of the most wide-
spread failure criteria, and the ER approach has also 
been widely used since it is not sensitive to the initial 
value of stiffness or cycles (Rowe et al. 2012) and it 
may show longer fatigue life compared with the tra-
ditional approach (Abojardeh 2013), whereas the fa-
tigue life according to the conventional approach may 
be achieved before the crack initiation (Rowe 1993).  

3.1 Conventional approach using a 50% reduction 
of the initial complex modulus 

The conventional approach developed by Van Dijk & 
Visser (1977) has defined a failure as the number of 
cycles (Nf) at which the specimen complex modulus 
is reduced to 50% of its initial value (usually defined 
as the stiffness at the 100th cycle) (Fig. 3). Although 
this approach is relatively simple, it has certain disad-
vantages. The number of cycles, in which the initial 
value is estimated, may be affected by nonlinearity 
(Di Benedetto et al. 2011). Further, the failure of the 
specimen may occur before achieving a 50% reduc-
tion of the complex modulus, that may be visible from 
the graph (Lundstrom et al. 2004) or the opposite - the 
reduced value can be achieved after the crack initia-
tion (Rowe 1993). However, this approach has been 
used in many studies (Shen & Lud 2011, Aborjadeh 
et al. 2007, Tayebali et al. 1993, Pronk & Hopman 
1990). 

 
Figure 3: Fatigue life according to the conventional approach 

3.2 Energy ratio approach 

Hopman et al. (1989) introduced the ER approach, in 
which the failure in a strain-controlled test is defined 
as the number of cycles (N1) up to the point at which 
cracks are considered to initiate. The energy ratio is 
defined as 

𝑅𝐸 =
𝑛𝑊𝑜

𝑊𝑛
=

𝑛[𝜋𝜎0𝜖0𝑠𝑖𝑛𝜑0]

𝜋𝜎𝑛𝜖𝑛𝑠𝑖𝑛𝜑𝑛
                                       (1)  

where n is the number of cycles, 𝑊0 and 𝑊n are the 
dissipated energy in the first and n-th cycle, respec-
tively, 𝜎0 and 𝜎n are stress levels in the first and n-th 
cycle, respectively, 𝜖0 and 𝜖n are strain levels in the 
first and n-th cycle, respectively, and 𝜑0 and 𝜑n are 
phase angles in the first and n-th cycle, respectively. 

Rowe (1993) considered strain as constant during 
strain-controlled tests and replaced stress with the 
product of the strain and modulus, obtaining a simpli-
fied equation for calculating the energy ratio (𝑅𝜖): 

𝑅𝜖 ≅
𝑛

𝐸𝑛
∗                   (2) 

where n is the number of load cycles and 𝐸𝑛
∗  is the 

complex modulus in the n-th cycle [MPa].  
Using the same basis for simplifying Equation 1, 

the reduced energy ratio in a stress-controlled test 
(Rσ) can be defined using the following equation:  

𝑅𝜎 ≅ 𝑛 ∙ 𝐸𝑛
∗   (3) 

where n is number of load cycles and 𝐸𝑛
∗  is the com-

plex modulus in the n-th cycle [MPa] 
In a stress-controlled test, the load amplitude re-

mains constant and after crack initiation the stress at 
the crack tip increases rapidly (Rowe 1993). The 
number of cycles N1 can be determined from the peak 
value of the 𝑅𝜎 curve (Fig. 4). 
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Figure 4: Fatigue life according to the ER approach  

4 RESULTS AND ANALYSIS  

Fatigue tests were performed on nine RF and nine 
URF specimens, with three specimens tested at each 
stress level, in order to determine the fatigue life. 
There was no visible delamination of the beams dur-
ing testing, since a bitumen emulsion was not used as 
a tack coat between asphalt layers. 

The 4PB fatigue test results of RF and URF speci-
mens, analysed using conventional and ER approach, 
are shown in Tables 3 and 4. It can be concluded that 
RF specimens had lower initial values of the complex 
modulus and higher values of initial strain, which 
may be a consequence of the weaker bond between 
layers due to the presence of the glasgrid.  

Although RF specimens had higher initial strain 
than URF specimens, they had a longer life regardless 
the failure criterion, with the exception of specimens 
which were tested at the medium stress level, the re-
sults of which were analysed using the ER criterion. 
The results lead to the conclusion that the glasgrid 
dissipated horizontal stresses from the lower layer, 
improving fatigue resistance. However, it should be 
mentioned that the fatigue life of asphalt specimens 
strongly depends on the chosen failure criterion.  

 
Table 3. 4PB fatigue test results of URF specimens 

ID Air 
void 
con-
tent 

Initial 
complex 
modulus 
(N=100) 

Initial 
strain 
(N=100) 

Average number of 
loading to failure cy-
cles per stress level 

Nf (50%) N1 (ER) 

[-] [%] [MPa] [μm/m] [-] [-] 

4-21 6.1 2259 392 

14 252 24433 6-21 6.2 2245 395 

2-11 5.4 2401 369 

2-62 6.1 2503 262 

118 013 286962 2-22 5.5 2418 261 

6-32 5.6 2513 272 

2-43 5.8 2558 214 

1 142 494 1 689 479 2-53 6.0 2726 216 

2-34 5.5 2756 203 

Applied stresses: 10.850 MPa, 20.650 MPa, 30.550 MPa, 40.590 
MPa 
 

 
 

Table 4. 4PB fatigue test results of RF specimens 

ID Air 
void 
con-
tent  

Initial 
complex 
modulus 
(N=100)  

Initial 
strain 
(N=100)  

Average number of 
loading to failure cy-
cles per stress level 

Nf (50%) N1 (ER) 

[-] [%] [MPa] [μm/m] [-] [-] 

5-61 5.8 2154 410 

14 653 28 170 3-61 6.1 2168 410 

1-31 5.7 2034 436 

1-62 5.8 2307 283 

135 043 266 416 3-52 6.3 2316 282 

5-42 5.8 2271 289 

5-33 5.8 2760 219 

1 281 530 2 428 297 1-24 5.8 2469 228 

5-24 6.3 2427 233 

Applied stresses: 10.850 MPa, 20.650 MPa, 30.590 MPa, 40.550 
MPa 

 
The fatigue lines were drawn by performing a lin-

ear regression between the natural logarithms of the 
initial strain after the 100th cycle, as an independent 
variable, and the number of loading cycles (N1 or Nf), 
as a dependent variable (EN 12697-24:2012). The la-
boratory data were used in the model according to the 
following expression: 

ln(𝑁) = 𝑞 + 𝑝 × ln (𝜀𝑖)  (4) 

where N is the number of loading cycles leading to 
failure, q is a coefficient and p is the slope of the re-
gression line and εi is the initial strain, measured at 
the 100th cycle. 

Using the data from Tables 3 and 4, fatigue lines 
were calculated for both URF and RF specimens, us-
ing the conventional approach. Fatigue lines are 
shown in Figure 5 and described in Equations 5 and 
6. 

ln(𝑁𝑈𝑅𝐹,50%) = 49.94 − 6.80 × ln (𝜀𝑖)  (5) 

ln(𝑁𝑅𝐹,50%) = 50.11 − 6.73 × ln (𝜀𝑖)    (6) 

 

 
Figure 5. Fatigue lines of URF and RF specimens (conventional 
approach) 

 
The tensile strain that leads to a fatigue life of 106 

cycles, calculated using Equations 5 and 6 is equal to 
ε6 = 202.1 μm/m for the URF set and ε6 = 220.7 
μm/m for the RF set. Consequently, the use of a glas-
grid increases ε6 by 9.2% and fatigue life by 71.9% if 
ε6 = 202.1 μm/m is considered as the critical tensile 
strain. 
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Fatigue lines for both sample sets according to the 
ER approach are shown in Figure 6 and described in 
Equation 7 (URF set) and Equation 8 (RF set). 

ln(𝑁𝑈𝑅𝐹,𝐸𝑅) = 50.35 − 6.77 × ln (𝜀𝑖)   (7) 

ln(𝑁𝑅𝐹,𝐸𝑅) = 50.93 − 6.76 × ln(𝜀𝑖)                     (8) 

 

Figure 6. Fatigue lines of URF and RF sample sets (ER ap-
proach) 

 

Tensile strain calculated using Equations 7-8 was 
calculated as ε6=221.3 μm/m for the URF set and 
ε6=243.1 μm/m for the RF set. From the comparison 
of ε6 values, it can be seen that the glasgrid increases 
ε6 by 9.8% and the fatigue life by 88.5% for the criti-
cal tensile strain ε6=221.3 μm/m. 

The slopes of the fatigue lines are similar between 
different sets, regardless the failure criterion. 

The influence of the glasgrid on the fatigue life of 
asphalt samples was determined for three initial strain 
levels which cover the range of initial strains used for 
fatigue tests (Tables 3 and 4). Table 5 presents the 
predicted lives of both URF and RF sets depending 
on the initial strain level and failure criterion, while 
the differences between fatigue lives of both sets are 
depicted in Figure 7.  

 

Table 5. Predicted fatigue lives of URF and RF sets 
according to the conventional and ER approaches 

Initial 
strain 
[μm/m] 

Predicted fatigue life 
of the URF set 

Predicted fatigue life 
of the RF set 

Nf (50%) N1 (ER) Nf (50%) N1 (ER) 
220 5.76·105 9.95·105 1.02·106 1.92·106 
275 1.26·105 2.22·105 2.25·105 4.25·105 
400 9.88·103 1.78·104 1.78·104 3.38·104  

 
Figure 7. Difference between predicted fatigue lives of RF and 
URF set depending on the initial strain and failure criterion 

The predicted fatigue lives of both RF and URF 
sets are almost twice higher when the ER approach is 
used, compared with the conventional approach. The 
glasgrid increased fatigue life of double-layered as-
phalt beams by 76.3% and 89% according to the con-
ventional and ER approaches, respectively, with val-
ues for the ER approach being more consistent and 
less dependent on the initial strain. Overall results 
show that the use of glasgrid slows down fatigue 
crack propagation and that glasgrid behaves as rein-
forcement in the asphalt pavement structure. 

5 CONCLUSIONS 

In this study, the 4PB fatigue test was used to charac-
terize the fatigue resistance of double-layered beams 
reinforced with a self-adhesive glasgrid (RF speci-
mens), positioned 30 mm from the top and 20 mm 
from the bottom, and without a tack coat between lay-
ers. This resistance was compared with the fatigue re-
sistance of unreinforced double-layered beams (URF 
specimens) of the same dimensions (400L x 60W x 
50H mm), also constructed without a tack coat. Ob-
tained test results were analyzed using two failure cri-
teria: a conventional approach in which fatigue life is 
expressed as the number of cycles (Nf) leading to 
50% reduction of the initial stiffness modulus, and an 
ER approach in which fatigue life was expressed as 
the number of cycles (N1) leading to the initiation of 
cracking.  

The influence of the glasgrid on fatigue resistance 
of asphalt concrete beams was determined by com-
paring the fatigue lines of URF and RF specimens. 
The comparison showed the following: 
− The use of glasgrid increases fatigue life of asphalt 

layers by 76.3% and 89% when conventional and 
ER failure criteria are used, respectively; 

− The tensile strain ε6 increases by 9.2% and 9.8% 
when the conventional and ER approaches are 
used, respectively; 

− The fatigue line slopes are similar between sets, re-
gardless the failure criteria; 

− The fatigue life of double-layered asphalt beams 
depends on the failure criterion: the ER approach 
predicts almost a twice longer life than the conven-
tional approach. 
Test results showed that the glasgrid dissipates 

horizontal stresses induced by the cracks and delays 
fatigue crack propagation, improving the fatigue re-
sistance of the asphalt beams. However, it should be 
mentioned that tested beams were observed as a ho-
mogenous layers and that a tack coat was not applied 
between layers, making the interface between layers 
as “weak” place within the system. In this case bond-
ing and interlock of the glasgrid and surrounding lay-
ers where achieved to enhance fatigue life. Neverthe-
less, the use of an appropriate tack coat and correct 
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dosage would lead to additional extension of fatigue 
life. 

Future studies should be focused on the assess-
ment of glasgrid benefit when the complex modulus 
is reduced more than 50%. In this stage, reinforce-
ment benefit is maximally introduced that improves 
the cracking resistance. 
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