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Abstract Fatigue analysis has an important role in 
evaluating the durability and performance of asphalt 
pavements, especially when novel or alternative 
materials are used. Numerous laboratory studies have 
investigated fatigue performance with the aim of esti-
mating field behavior as accurately as feasible. There-
fore, there are currently many different test methods 
and data analysis approaches that can be used. One 
of the most common laboratory test methods is the 
four-point bending beam (4PBB) test, which results 
are usually analyzed using the so-called traditional 
(where 50% reduction in initial stiffness is considered 
as failure criterion) or the energy ratio (ER) approach. 
However, outcomes from previous studies have shown 
that these approaches may not be appropriate and reli-
able if geogrids are used as a reinforcement. As a pos-
sible solution, this study proposes a new simplified 
flex point (SFP) approach that considers the flex point 
of the strain amplitude curve, measured during 4PBB 
fatigue tests, to calculate the number of cycles to 

failure. These three approaches were applied to four 
double-layered asphalt sets: one unreinforced and 
three reinforced with geogrids of different strength 
(50 x 50, 100 x 100 and 100 x 200 kN/m). The impact 
of reinforcement on the fatigue life was evaluated by 
comparing the critical strain values (ε6) of reinforced 
and unreinforced sets through the fatigue resistance 
improvement factor. The research findings showed 
that the use of geogrids improves fatigue life when 
the SFP and ER approaches are applied and that the 
traditional approach might not always be appropri-
ate for assessing the fatigue resistance of reinforced 
asphalt mixtures.

Keywords Asphalt fatigue · Four-point bending 
beam · Reinforcement · Geogrid · Fatigue 
improvement

1 Introduction

The first use of textiles in roads dates back to 1926 
when a heavy cotton fabric was placed below asphalt 
layers, which led to improved cracking resistance, 
decreased localized road failures and reduced ravel-
ling [1]. Since then, geosynthetics (fabrics, compos-
ites, membranes, grids, etc.) have been widely uti-
lized for different purposes within road construction, 
namely: for separation, filtration, stiffening, drainage 
and reinforcement [2]. The use of geogrids for rein-
forcement of asphalt layers within pavement structure 
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is likely the most recent application of geosynthetics 
that started since the early 1980s, when geogrids were 
used to mitigate reflective cracking and to prolong 
fatigue life [3]. After then, numerous investigations 
involving geosynthetics have been carried out, con-
cluding that they can successfully slow down reflec-
tive cracking propagation [4, 5] and improve fatigue 
[6–9] or rutting resistance [10, 11], even though they 
may affect shear bond strength [10, 12]. Research 
studies have been predominantly performed in labo-
ratory conditions using small-scale tests because 
of their simplicity and low costs [3, 8, 10, 13–16] 
or medium-scale tests [17, 18], whereas other stud-
ies [12, 19–22] carried out in-situ tests which may 
give more reliable results. The beneficial effects of 
geogrids on the pavement structure have also been 
assessed through the life cycle cost analysis (LCCA) 
[10]. The results showed that sections reinforced with 
geogrids can significantly reduce maintenance and 
construction costs during a 20-year service period 
when compared to the section without reinforce-
ment. In another study, it was claimed that a grid rein-
forcement has a potential to structurally reduce the 
required thickness of the asphalt layers [23].Overall, 
it can be concluded that the application of geogrids 
may affect the durability of pavement structures, 
so certain studies have modified existing pavement 
design methods considering the presence of geogrids 
[21, 22, 24].

There are several types of geogrids used for pave-
ment reinforcement, where some of them are woven 
from glass fibers of polymeric filaments, whereas 
others can be cut or pressed from plastic sheets and 
then post-tensioned to maximize strength and modu-
lus [25]. Grids typically have squared, hexagonal or 
rectangular mesh shapes, with openings from 6 to 
50 mm, whose ribs can be made of materials with dif-
ferent strength in two perpendicular directions. Fiber-
glass yarns used for the production of geogrids can 
be coated with bitumen-based or polymer-based coat-
ing (to protect them and to reach an effective bonding 
between asphalt layers). As an interlayer system, rein-
forcement can be in the form of geogrid or it can also 
contain a layer of light or heavy non-woven fabric. It 
can be placed at different positions and depths within 
a pavement structure–below or between asphalt layers 
with aim to reduce permanent deformation and dif-
ferential settlement or to mitigate reflective or fatigue 
cracking [3]. A reinforcement is usually located at 

the interface of two asphalt layers or between asphalt 
concrete overlay and a concrete pavement. Because 
the presence of such reinforcement can weaken the 
interlayer bond, numerous studies have proposed 
applying a larger tack coat content than usual to com-
pensate for the otherwise observed reduction in bond-
ing quality, even when using self-adhesive grids[17, 
26]. This is supposed to ensure a good interlayer bond 
as it has been demonstrated that interlayer fatigue 
failure usually occurs due to improper tack coat con-
tent and inadequate construction practices [27].

In recent years, many studies have been conducted 
to evaluate the impact of geogrids on pavement per-
formance. Among the frequently utilized laboratory 
tests are: three point bending beam—3PBB [12, 28, 
29], four point bending beam—4PBB [6, 9, 14, 30], 
ASTRA interface direct shear test [12, 14] and over-
lay tester—OT [5, 31]. The fact that some research-
ers had designed different types of testing configu-
rations such as the shear-torque fatigue test [18] and 
anti-reflective cracking system [4, 32, 33] further 
illustrates how crucial it is to examine the impact of 
grid  reinforcement on pavement performance. How-
ever, due to the convenience of preparing specimens 
with geogrids, 3PBB and 4PBB tests have been 
widely employed in earlier investigations.

To better understand the mechanism of reinforce-
ment in pavement structure and to examine its impact 
on fatigue performance, a variety of test specimens 
for the 3PBB and 4PBB tests have been investigated 
in previous studies. The geogrid location has varied 
in these studies as it has been demonstrated that their 
location has a substantial impact on the fatigue life 
[34, 35]. Only a small number of studies [30, 36] have 
been conducted using beams made of three asphalt 
layers with grids between them, below and above the 
neutral axis. Even fewer studies investigated speci-
mens made up of a single layer with a grid adhered 
to the specimens’ bottom [15]. Most test specimens 
typically consisted of two asphalt layers with a grid 
between them [3, 6, 13, 14, 37, 38], usually in the 
tension zone, below the neutral axis, as suggested 
by Zofka et  al. [3]. A more sophisticated approach 
has been used in other studies [8, 9, 16, 23], where 
notches of various dimensions were made at the mid-
dle of the bottom specimen’s side to simulate the 
existence of cracks in the field. In one study [10] the 
grid was placed in the middle of the specimen, i.e. in 
the neutral zone. Kumar and Saride [7] went further 
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in simulating field conditions and produced test speci-
mens  in the laboratory conditions, where a lower 
layer of old asphalt was excavated from the field on 
the top of which was placed geogrid and a thicker 
layer of new asphalt.

The method by which the effectiveness of the 
grid will be assessed should be chosen after the test 
method and the type of test specimen have been cho-
sen, even though the officially accepted term for that 
lacks current usage. Several terms serve the similar 
purpose: traffic benefit ratio–TBR [39], effectiveness 
benefit ratio—EBR [31], grid efficiency factor—GEF 
[10], improvement ratio—IR [38], improvement fac-
tor—IF [6], interlayer crack performance factor–ICPF 
[23] and performance coefficient–k [19]. Each of 
them is based on the same principle, comparing the 
various properties of grid-reinforced asphalt speci-
mens to those of unreinforced specimens (such as rut-
ting, cracking, or fatigue resistance).

If fatigue resistance is selected as the performance 
based on which the effectiveness of the network is 
assessed, the methodology and established criteria 
used to analyze the test results can have a significant 
impact on the outcomes. There are several criteria 
used to accomplish that: stiffness reduction criterion 
(50%[40] or even 90% reduction [41]), phase angle 
criterion [42] and dissipated energy criteria [43–45]. 
Similarly to the case of single-layered specimens [46], 
the application of different criteria on the same data-
set can result in even more varied fatigue laws when 
the asphalt specimens contain a grid reinforcement 
[47]. In one study, it was even suggested that when 
grid reinforcement is utilized, a new analysis criterion 
of failure should be developed and used instead of the 
traditional approach (50% stiffness reduction) [36]. 
To overcome the shortcomings due to the unreliable 
selection of the number of cycles to failure, Virgili 
et al. [38] used the permanent deformation evolution 
model–PDEM to define the permanent deformation 
evolution of a specimen during a repeated load test, 
from which the number of loading cycles correspond-
ing to the flex point of the curve was selected as the 
failure criterion. This approach is very reasonable 
because it has been proven that the reduction of pave-
ment deflections due to the geogrid application might 
lead to a significant extension of pavement fatigue 
life [3]. However, when geogrids are used as rein-
forcement, none of these criteria has yet been broadly 
adopted and standardized.

Consequently, the paper presents a newly devel-
oped approach for estimating the fatigue life utilizing 
the 4PBB  fatigue test  results. The developed meth-
odology was applied to the test results of four differ-
ent double-layered sets  prepared for the purposes of 
this study. In addition to one unreinforced, labora-
tory  tests were carried out on three sets reinforced 
with various geogrids. Fatigue lives of all sets were 
determined using the newly-developed approach and 
then compared to the results obtained by using the 
traditional and  the energy ratio (ER) approach (con-
sidering  reduced energy ratio, i.e. normalized stiff-
ness modulus x number of repetitions).

2  Materials and method

The experimental program included four double-lay-
ered sets: a set of specimens without reinforcement 
and three sets with different geogrids applied between 
layers. The first research stage consisted of sampling 
the asphalt mixture directly from an asphalt plant’s 
hot storage bin, compacting the slabs, and then cut-
ting the slabs to produce test specimens (beams). Vol-
umetric properties and fatigue resistance of all speci-
mens were determined in the second stage, whereas 
data analysis was performed in the third stage utiliz-
ing three alternative approaches. The remainder of 
this chapter provides information related to materials’ 
properties and applied methodologies, while Fig.  1 
summarizes the experimental plan of the study.

2.1  Materials

2.1.1  Asphalt mixture

A typical asphalt mixture for surface layers (AC 
11 surf)  prepared with plain 50/70 penetration 
grade bitumen  and the  gradation curve displayed in 
Fig.  2  was selected for the experimental program. 
To minimize potential variability, the entire amount 
of material needed for the study was sampled on the 
same day from a single hot storage bin of an asphalt 
plant. Table 1 shows the components of asphalt mix-
tures along with their proportions, whereas Table  2 
shows the physical–mechanical properties of the 
asphalt mixture.
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2.1.2  Reinforcement

Three polymer-coated fiberglass geogrids (Fig.  3) 
with different longitudinal and transversal strengths 
(50 × 50, 100 × 100, and 100 × 200 kN/m coded as 
G1, G2 and G3, respectively), were used in this study. 
The mesh size opening of the first two geogrids was 

25 × 25 mm, whereas the third one was 25 × 19 mm. 
Each grid had an adhesive layer on the bottom side, 
which secured the adhesion of the grid to the surface 
during installation and paving.

Bitumen emulsion KN-60 (cationic bitumen emul-
sion with 60% residual binder) was used as a tack 
coat in this study, even though the manufacturer rec-
ommends the use of emulsion with a minimum 65% 
residual binder. Regardless of whether the grid was 
used or not, 300  g/m2 of the bitumen emulsion was 
applied between the upper and the lower AC layer.

2.2  Methods

2.2.1  Specimens’ preparation

All test specimens were carefully prepared following 
the same procedure because their quality can have a 
major impact on the test results. After sampling the 
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Fig. 1  Experimental plan of the study

Table 1  Proportions of the  component materials in the mix-
ture

Material type Amount [%]

Limestone filler 5.5
Limestone aggregate fraction 0/2 mm 27.6
Igneous aggregate fraction 2/4 mm 15.7
Igneous aggregate fraction 4/8 mm 25.6
Igneous aggregate fraction 8/11 mm 20.6
Bitumen BIT 50/70 5.0
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asphalt mixture from the asphalt plant, a 1-ton roller 
was used to compact twelve slabs (three per each set), 

with dimensions of 50 × 50 × 7  cm, in metal molds. 
Slab compaction was performed in two stages. In 

Table 2  Physical–
mechanical properties of 
the asphalt mixture

a SRPS U.E4.014: Technical 
specifications for asphalt 
concrete pavements

Properties Unit Standard Results Criteriona

Stability–S kN EN 12697–34 10.4 min 8
Flow–F mm 3.5 –
Marshall quotient–S/F kN/mm 3.0 min 2
Bulk density Mg/m3 EN 12697–6 2.428 –
Maximum density Mg/m3 EN 12697–5 2.558 –
Air void content % [v/v] EN 12697–8 5.1 4.5–5.5
Voids in mineral aggregated 

filled with binder
% [v/v] EN 12697–8 69.9 66–78

Voids in mineral aggregate % [v/v] EN 12697–8 16.9 –

Fig. 2  The gradation curve 
of the asphalt mixture

Fig. 3  The fiberglass geogrids used in the study: (a) G1, (b) G2 and (c) G3
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the first stage, the 3-cm thick bottom layer was  ini-
tially compacted and after the asphalt mixture had 
been cooled down, the bitumen emulsion was applied 
and let to break. When geogrids were used, they 
were placed on and pressed by several roller passes 
to ensure adhesion between the grid and the asphalt 
surface. In the second stage, the 4  cm thick upper 
layer was paved. The day after the compaction of the 
second layer, slabs were removed from molds and 
sawed to obtain six beams from each slab (in total 
18 beams). The beams were 6  cm wide and 40  cm 
long. The total height of each beam was 5 cm, includ-
ing 2 cm of the bottom layer and 3 cm of the upper 
layer. This means that the interfaces (containing tack 
coat only or tack coat and geogrid) were below the 
neutral zone - in the tension zone. The whole proce-
dure of specimens’ preparation is shown in Fig. 4.

2.2.2  Performance evaluation

Before the start of the fatigue tests, the bulk density of 
each saturated surface dry specimen was determined 
(EN 12697–6/B:2020), and consequently, air void 
content was calculated following EN 12697–8:2019.

The initial stiffness modulus and phase angle of 
each beam were measured in accordance with EN 
12697–26/B:2018, using a 4PBB device. The tests 
were performed at a temperature of 20  °C and fre-
quencies of 0.1, 1, 5, 8 and 10 Hz. Specimens were 

subjected to 100 sinusoidal load cycles with a con-
stant strain amplitude of (50 ± 3) με.

Fatigue resistance of all specimens was deter-
mined using the 4PBB test, at a single temperature 
of 20 °C and a frequency of 10 Hz, according to EN 
12697−24/D:2018. Before being loaded, the speci-
mens were conditioned for at least 2  h at a testing 
temperature. Tests were performed in the stress-
controlled mode because of the rapid strain increase 
during the test that causes faster crack propagation, 
consequently allowing easier determination of the 
failure occurrence [6]. Tests were carried out at three 
stress levels, where six beams of each set were tested 
per each level so that all fatigue failures occur in the 
range from  104 to  106 loading cycles.

2.2.3  Data analysis

The results of each specimen from a certain set (num-
ber of loading cycles and initial strain value) were 
fitted together and presented in the form of a power 
(fatigue) function:

where i is the specimen number, j is the chosen fail-
ure criteria, k is the set of test conditions (20 °C and 
10  Hz), εi is the initial strain amplitude measured 
at the 50th or 100th load cycle (μm/m), depending 

(1)log
(

Ni,j,k

)

= A0 + A1 ⋅ log
(

�i
)

Fig. 4  Preparation of the 
test specimens
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on the failure criteria,  A1 is the slope of the fatigue 
function in the log–log plot, and  A0 is the fitting 
parameter.

In this study, three different failure crite-
ria (approaches) were used to determine fatigue 
lives: the traditional, the ER and the newly devel-
oped SFP  approach. Fatigue laws were obtained 
using Eq. 1, from which critical strain ε6, that leads 
to fatigue failure after  106 cycles, was calculated 
and  then used for comparison of the fatigue lives 
among different sets and approaches applied.

2.2.3.1 The traditional approach Van Dijk and Vis-
ser [48] defined the failure under cyclic loading as the 
point at which the stiffness drops to 50% of its initial 
value, which is typically regarded as the stiffness at the 
100th cycle  (Nf,50%, Fig. 5a). Although this method is 
straightforward, it has some limitations. The estima-
tion of the initial value based on the number of cycles 
may be affected by nonlinearity [49], irreversible 
damage and thixotropy [50]. Furthermore, true fail-
ure of a test specimen often occurs between 35 and 
65% stiffness decrease, although it can occur as low as 
20% of initial stiffness for heavily modified materials 
[51]. Despite its limitations, this approach has often 
been used in previous studies [52, 53], and it is a part 
of the European standard for fatigue resistance EN 
12697–24:2018, therefore it was selected as one of the 
approaches in this study.

2.2.3.2 energy ratio approach Hopman et  al. [54] 
proposed the failure in a strain-controlled testing 
mode as the number of cycles (N1) up to the point at 
which cracks are considered to initiate and defined the 
energy ratio (ER) as:

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, 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 [41] stated that the change in sinφ is small 
compared to the change in the complex modulus ( E∗

i
 ) 

and therefore simplified equation for calculating the 
ER  (Rσ) in a stress-controlled mode:

where n is the number of load cycles and E∗
i
 is the 

complex modulus in the n-th cycle [MPa].
A slightly modified approach is adopted in 

the  standard ASTM D8237-21, where the failure 
 (Nf,ER) is defined as the maximum value of normal-
ized stiffness x normalized cycles versus a number of 
cycles plot (Fig. 5b), which is calculated according to 
the following equation:

where Ŝ × N̂ is normalized beam stiffness x normal-
ized cycles,  Si is flexural beam stiffness at cycle i 
(MPa), Ni is cycle i, S0 is initial flexural beam stiff-
ness (MPa), estimated at approximately 50th cycle, 
and N0 is actual cycle number where initial flexural 
beam stiffness is estimated.

The calculated normalized stiffness data can be 
fit to a six-order polynomial curve or Logit model, 

(2)RE =
nW0

Wn

=
n
[

��0�0sin�0

]

��n�nsin�n

(3)R� ≅ nE∗

i

(4)Ŝ × N̂ =
Si × Ni

S0 × N0

0

0
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0
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0

Fig. 5  Failure criteria used for fatigue analysis: (a) the traditional approach, (b) the ER approach and (c) the SFP approach
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ensuring easy determination of the failure. There-
fore, it was decided to employ this method as it 
is frequently used to evaluate the fatigue failure 
of specimens in the 4PBB setup and also being a part 
of ASTM D8237-21standard.

2.2.3.3 The simplified flex point approach The 
curve �(n) representing the strain amplitude evolution 
in control load conditions consists of a succession of 
experimental data in terms of a number of loading 
cycles and corresponding deformation level (Fig. 5c). 
The acquired loading cycles are numerically very 
close at the beginning of the test and then become pro-
gressively more distant, even irregularly, during the 
test, mostly because of the machine’s limitations. This 
condition is detrimental to the application of a finite 
difference method (both linear and non-linear).

The experimental curve of strain amplitude evolu-
tion under repeated loading cycles (Fig. 6) has three 
typical stages (primary, secondary and tertiary stage) 
with completely different experimental trends. In 
these stages, the strain amplitude rate (slope of the 
curve) is always positive and in the primary stage, it 
decreases rapidly. In the secondary stage, the strain 
amplitude evolution curve has an inflexion, namely 
flex point  (Nf,SFP), which is assumed as a reference 
for identifying the fatigue resistance of the material 
tested. In the tertiary stage of the curve, the deforma-
tion rate increases rapidly till the physical failure of 
the specimen is reached.

From these considerations, it can be concluded 
how difficult is to find a robust and simple interpo-
lation method to identify the flex point of the strain 
amplitude curve, which is the main outcome of so-
called SFP approach. An interpolation method using 
a non-linear polynomial of suitable order (single or 
segmented) is not helpful in this case, given the fact 
that the curve in the secondary stage theoretically 
could have a waving trend with a certain number of 
flex points instead of the single flex point suggested 
by the experimental data (except for their small 
intrinsic scattering). Furthermore, a high-order pol-
ynomial (up to 7th order) would be required to ade-
quately model the primary and tertiary stages. To 
solve the above computational issues, a dedicated 
non-linear interpolation method was developed, 
considering the main characteristics of the experi-
mental strain amplitude evolution curve.

This curve always has the following 
characteristics:

• the curve is strictly increasing, therefore the 
slope is always positive;

• the second derivative (related to the curvature) is 
always negative for the points preceding the flex 
point and positive for the subsequent ones;

• the third derivative is positive along the whole 
curve (i.e. the curvature is increasing).

Based on these features, a high-order nonlinear 
polynomial can be used to set up an interpolation 
method that complies with the characteristics of the 
experimental curve by imposing some unilateral 
and bilateral constraints on its constant parameters.

The theoretical model of the strain amplitude 
�(n) can be described by the following polynomial 
of N-order, where n indicates the generic position 
along the curve and nf  denotes the location of the 
flex point:

where Ki indicates the constants of the model of N-
order, which are equal to N + 1.

The model is completed by adding to Eq. 5 the fol-
lowing conditions:

I. The slope is non-negative for any value of n;

(5)�(n) =

N
∑

i=0

Ki(n − nf )
i
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II. The curvature is non-negative for values of n 
greater than nf  and negative for the n values lower 
than nf ;

III. The third derivative is non-negative for any 
value of n.

From a theoretical point of view, the problem is 
solved by determining the constants Ki in Eq. 5 by 
using the least squares method and satisfying the 
unilateral constraints (Eqs.  6–8). For this purpose, 
a constrained least squares method is used, so these 
constraints are polynomial inequalities of N − 1 , 
N − 2 and N − 3 order, respectively. By calculating 
them in the flex point nf  it is obtained:

Therefore, both K1 and K3 must be non-negative, 
whereas K2 must be equal to zero.

By replacing Eq. 10 in Eq. 7 and taking the term 
(n − nf ) out of the summation, the constraint from 
Eq. 7 can be written as:

which can be simplified by dividing by (n − nf ) , thus 
obtaining:

(6)
d�(n)

dn
=

N
∑

i=1

iKi(n − nf )
i−1

≥ 0

(7)

d2�(n)

dn2
=

N
∑

i=2

i(i − 1)Ki(n − nf )
i−2

≥≤ 0 ∶ n ≥≤ nf

(8)
d3�(n)

dn3
=

N
∑

i=3

i(i − 1)(i − 2)Ki(n − nf )
i−3

≥ 0

(9)
d�

(

nf
)

dn
= K1 ≥ 0

(10)
d2�

(

nf
)

dn2
= 2K2 ≥≤ 0 ∶ n ≥≤ nf → K2 = 0

(11)
d3�

(

nf
)

dn3
= 6K3 ≥ 0

(12)

d2�(t)

dt2
= (n − nf )

N
∑

i=3

i(i − 1)Ki(n − nf )
i−3

≥≤ 0 ∶ n ≥≤ nf

In summary, the algorithm that solves the problem 
consists of the search for a constrained minimum. 
The minimum of the sum of the squared deviations 
between the values �(n) provided by the model given 
in Eq. 5 and the corresponding experimental values, 
ɛ will be sought, in compliance with Eq. 10 and ine-
qualities provided in Eqs. 6, 8, 9, 11 and 13.

2.2.4  Fatigue resistance improvement factor

The impact of grid reinforcement on the fatigue 
evaluation was assessed using the newly introduced 
fatigue resistance improvement factor (FRIF), given 
that critical strain was employed as an indicator of 
the fatigue resistance of the asphalt mixtures. Positive 
FRIF values, calculated according to Eq.  14, mean 
that reinforced set have improved fatigue resistance 
when compared to the unreinforced, and opposite.

where �R
6
 is the critical strain value of a reinforced set 

and �UR
6

 is the corresponding critical strain value of 
an unreinforced set.

3  Results and discussion

3.1  Basic properties of the test specimens

The average air void content of eighteen test speci-
mens of each set, as well as the minimum and maxi-
mum values measured, are given in Fig. 7. Although 
the unreinforced set (UR) had the biggest variation 
in measured values, average values of all sets  were 
within the range of 7 ± 1%, ensuring a trustworthy 
comparison of the test results. It can also be observed 
that  sets reinforced with the  geogrids (noted as G1, 
G2 and G3, depending on the grid applied) have a 
slightly increased air void content, confirming the 
results from the previous study [36].

When stiffness values are considered (Fig. 8), it 
is evident that the higher air void content resulting 
from the usage of geogrids caused a stiffness reduc-
tion. These results are in agreement with recent 

(13)
N
∑

i=3

i(i − 1)Ki(n − nf )
i−3

≥ 0

(14)FRIF =
�R
6
− �UR

6

�UR
6

× 100
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findings [36, 55] that the stiffness increases with a 
decrease in air void content and vice versa, regard-
less of the testing frequency. Moreover, it should 
be taken into account that in the case of double-
layered specimens air void distribution  is  not uni-
form, having a larger  content at the interface [56]. 
This effect is even  more amplified in the presence 
of geogrids  that may cause  the debonding effect 
with direct influence on the overall specimen stiff-
ness. The test results further demonstrate that the 
stiffness and the variation in measured values were 
unaffected by the strength of the geogrid.

3.2  Fatigue laws of the investigated sets

The number of cycles to failure calculated using the 
different approaches at the selected stress levels was 
fitted with the power function (Eq.  1). Regression 
coefficients  A0 and  A1, as well as the coefficient of 
correlation  R2 were also calculated for each approach 
(Table  3). Finally, critical strain values ε6 were cal-
culated for comparison purposes among different 
approaches and geogrid types (Fig. 9).

The critical strain value calculated using the SFP 
approach is always the smallest, whereas the values 
obtained using the traditional and ER approaches are 
comparable, apart from specimens reinforced with the 
G2 grid. The correlation coefficient estimated using 
the traditional approach was reasonably high (above 
0.8) but not comparable to those obtained using the 
other two approaches, providing a substantially lower 
ε6 value. Nevertheless, it is well known that labora-
tory conditions  are never equal to a  real-scale pave-
ment performance. Therefore, the use of fatigue 
cracking transfer functions [57] is always necessary 
to adjust laboratory-determined ε6 values of rein-
forced asphalt systems for pavement design purposes, 
regardless of the approach applied.

The test results, except those of the set rein-
forced with the G2 grid  obtained using the tradi-
tional approach, show that reinforcement improves 
fatigue resistance. When considering the traditional 
approach, critical strain ε6 value of the set reinforced 
with the G3 grid was higher by roughly 9% compared 
to that of the G1 set. According to the results of the 
ER analysis, the critical strain value rises as grid 
strength increases, whereas in the case of the SFP 
approach, the highest critical strain value was found 
in the G2 set, being  just slightly higher than that of 
the G3 set.

When looking at the  results of G2 and G3 sets 
shown in Fig.  9, it can be seen that the differences 
between ε6 values for both ER and SFP approaches 
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Fig. 7  Air void content of the test specimens
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Fig. 8  Stiffness of the testing sets at different frequencies

Table 3  Regression coefficients of fatigue laws and coefficients of correlation

UR G1 G2 G3

50% ER SFP 50% ER SFP 50% ER SFP 50% ER SFP

A0 16.48 16.72 16.33 16.38 16.38 15.94 16.21 18.68 18.67 16.72 16.30 15.77
A1 −5.26 −5.38 −5.34 −5.14 −5.15 −5.08 −5.15 −6.16 −6.26 −5.21 −4.98 −4.85
R2 0.98 0.98 0.98 0.98 0.98 0.98 0.82 0.91 0.91 0.94 0.97 0.97
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are quite low (ER: 115 vs. 117 μm/m; SFP: 106 vs. 
103  μm/m) and could be within the experimental 
uncertainty range. In general, based on the research 
outcomes, the maximum strength of the geogrid able 
to increase the fatigue performance seems to be 100 
kN (i.e. G2). The higher benefit of using the strong-
est grid (i.e., G3) is most likely limited due to the 
shear bond. As this grid is the stiffest of all the grids 
used in this study, it would be more advantageous to 
apply a higher amount of the same tack coat or a tack 
coat with polymer-modified bitumen and a higher 
residual bitumen percentage than the one used in this 
study to completely utilize its efficacy [58]. Moreo-
ver, the cross-dimensional area of 200 kN geogrids 
could also be detrimental to the interlayer bonding 
between asphalt layers with a negative impact on the 
overall fatigue performance of a layered pavement, 
highlighting the importance of using an appropriate 
tack coat  type and amount. These conclusions could 
explain the decrease of the critical strain ε6 values 
that emerged with the SFP approach when compar-
ing the results of G2 and G3 sets.

3.3  Fatigue resistance improvement factor

The FRIF values are displayed in Fig.  10. In gen-
eral, almost all sets, except G2, have positive values, 
meaning that reinforcement improves fatigue resist-
ance, as it was proven in previous studies [3, 10]. 

The average improvement in fatigue resist-
ance of the G1 set was around 5.8%, regardless of 
the approach applied.  The use of the G3 geogrid 

caused an improvement of 16% when the tradi-
tional approach was used, followed by 19.4% and 
20.3% when the ER and SFP approaches were used. 
The highest discrepancy between the FRIF values 
was found in the case of the G2 set, where was a 
clear improvement in fatigue life from 17.1% (ER 
approach) to 23.5% (SFP approach), whereas the 
traditional approach showed no improvement but 
rather a worsening of fatigue resistance.

One possible reason for the unreliability of the 
traditional approach can be related to the dam-
age condition associated with this method which 
is stress-sensitive as opposed to the other two 
approaches. For example, when looking at Fig. 11, 
it is clear that the number of cycles to failure 
related to the SFP approach is always close to the 
midrange of the secondary phase, regardless of the 
stress level, whereas in the case of the traditional 
approach, the damage associated to the number of 
cycles to failure is stress sensitive. Specifically, for 
the traditional approach the output of the fatigue 
failure becomes closer to the tertiary phase for 
lower stress level (Fig. 11b), when compared to the 
higher stress level (Fig. 11a). This has already been 
identified as a potential problem with this method 
[41], especially when highly modified bitumen is 
used [51].
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4  Conclusions

The behaviour of reinforced double-layered asphalt 
specimens has been a topic of numerous research 
studies because of their complexity and various grid 
types used. The approach that should be utilized for 
their  fatigue analysis is not yet established, in con-
trast to single-layer specimens, where the traditional 
(50% reduction in initial stiffness) and the energy 
ratio (ER) approaches are  already implemented  in 
suitable standards  (EN 12697-24:2018  and ASTM 
8237-21). Therefore, the simplified flex point (SFP) 
approach, that analyses the strain amplitude curve 
obtained during the fatigue test, is developed in this 
study. After applying these three approaches to the 
4PBB fatigue test results of one unreinforced set 
and three sets reinforced with various geogrids, the 
results were further compared to each other, leading 
to the subsequent conclusions:

• The grid reinforcement improves the fatigue 
resistance in terms of critical strain in the range 
of 5.7–22.3%, depending on the grid type and the 
approach used in the study. The only exception 
appeared in the case of the traditional approach, 
which indicated that the G2 geogrid alleg-
edly decreases fatigue resistance.

• Critical strain values obtained using the SFP 
approach are  always lower than those obtained 
using the traditional and ER approaches.

• The FRIF values showed that the newly developed 
SFP approach has quite comparable results with 
those from the ER approach.

• When testing reinforced specimens, the  applica-
tion of traditional approach should be avoided 
because it may underestimate a grid efficiency.

The newly developed approach could be utilized to 
examine the effectiveness of the various geogrids (for 
example, geocomposite), test temperature and tack 
coat type and content on the fatigue resistance. Addi-
tionally, the behaviour of asphalt mixtures comprising 
grid reinforcement, polymer-modified bitumen and 
tack coat may be much more complex, thus the appli-
cability of this approach should also be investigated.
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