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A B S T R A C T

The objective of this study is to assess the effect of geocomposite reinforcement on fatigue
cracking, reflective cracking and permanent deformation accumulation of thin asphalt
pavements. For this purpose, a full-scale trial section was constructed with different
interfaces: unreinforced (reference) and reinforced with three types of geocomposites,
formed by the combination of a bituminous membrane with a fabric or grid. The
experimental program included accelerated pavement testing (APT) carried out by means
of Fast Falling Weight Deflectometer (FastFWD) and laboratory tests (three point bending
tests) on samples taken from the trial section. After APT, significant permanent deflections
were observed, likely due to the plastic yielding of the unbound layers. Nevertheless, all the
geocomposites improved the permanent deformation resistance as compared to the
unreinforced pavement by reducing the vertical strain at the top of the subgrade. Moreover,
the geocomposites increased the energy necessary for the crack propagation by three to
eight times with respect to the unreinforced pavement. Overall, these findings indicate that
the use of geocomposites can extend the service life of thin asphalt pavements in terms of
both cracking and permanent deformation accumulation.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Reinforcement systems are often placed within the layers in asphalt pavements for maintenance and rehabilitation
purposes, with the aim of preventing or delaying the development of cracks. These systems can considerably increase the
maintenance intervals of asphalt pavements, resulting in a cost-effective and long-lasting pavement rehabilitation method.
Moreover, they can be considered sustainable solutions, as they also allow to reduce the thickness of the old layers to be
milled and of the new layers to be constructed, with consequent environmental benefits such as lower exploitation of new
raw materials, reduced production, transportation, lay-down and compaction of asphalt and less materials to be disposed of.
Among the various reinforcement systems available on the market, a noteworthy solution is represented by geocomposites
that combine the tensile properties of a reinforcing material with the stress-relieving and waterproofing effects of a
bituminous membrane.

Several studies [1–9] have demonstrated that the use of geogrids, geosynthetics and geocomposites in asphalt pavements
can effectively extend the fatigue life, enhance the resistance to reflective cracking and improve the rutting resistance. On the
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other hand, the presence of such type of reinforcements at the interface determines a significant reduction of the interlayer
shear resistance [2,10–12].

In recent years, accelerated pavement testing (APT) has become a major tool to assess the long-term in-situ pavement
performance, because it can simulate, in a relatively short period of time, the damage accumulation throughout the service
life of the pavement due to vehicular traffic [13].

Within this framework, the objective of this study was to investigate the effect of geocomposites (formed by the
combination of a bituminous membrane with a fabric or grid) on the performance of thin asphalt pavements in terms of
fatigue cracking, reflective cracking and permanent deformation accumulation. A full-scale trial section, characterized by
different types of interfaces (reinforced with geocomposites and unreinforced), was constructed and APT was performed
using Fast Falling Weight Deflectometer (FastFWD). Moreover, the investigation was completed by laboratory tests (three
point bending tests) on samples taken from the trial section. The laboratory results were also compared with those obtained
in a previous experimental investigation carried out on laboratory-compacted slabs with the same geocomposites at the
interface, in order to evaluate the reliability of laboratory tests for predicting the field behaviour of geocomposites.

2. Experimental program

2.1. Trial section description

A full-scale trial section was constructed in July 2018 in Pegognaga (Italy) on an existing pavement inside an industrial
area. The trial section included four test fields characterized by different interfaces, as follows:

� reinforced with geocomposite 1 (coded as R1);
� reinforced with geocomposite 2 (coded as R2);
� reinforced with geocomposite 3 (coded as R3);
� reference unreinforced, with a tack-coat interface (coded as UN).

Each test field, 8 m long and 3 m wide, was divided into two sections in order to study the performance in terms of fatigue
cracking and reflective cracking, referred to as FC and RC, respectively.

The existing pavement was composed of 9 cm of asphalt concrete (AC) and 30 cm of thick granular subbase course. For the
construction of the trial section, 6 cm of asphalt concrete were milled. In each RC section, the milled surface was then cut
with a square 20 cm mesh in order to simulate a pre-existing crack network. Afterwards, the reinforced test fields were
prepared by placing the geocomposites (R1, R2 and R3) directly over the milled surface, while a conventional tack-coat
bituminous emulsion was applied on the milled surface of the unreinforced section (UN). To promote the adhesion with the
milled surface, some passages with the steel roller were carried out after the application of the geocomposites. Finally, the
new AC course layer (5 cm thick) was laid-down at about 150 �C and compacted at 5 % target air void content [14].

2.2. Materials

For the new AC course, a dense graded asphalt mixture was used, characterized by maximum aggregate dimension size of
12.5 mm and bitumen content (50/70 unmodified bitumen) of 4.4 % by aggregate weight.

Three geocomposites (R1, R2 and R3) were used as reinforcement. R1 and R2 had a thickness of 2.5 mm and were
manufactured with a styrene-butadiene-styrene (SBS) polymer modified bitumen. The lower surface presented an auto-
adhesive film, whereas the upper surface was a polypropylene non-woven fabric. Based on the product datasheet, the upper
side was characterized by a melting temperature of about 130�140 �C. The main difference between R1 and R2 was the type
of geosynthetic within the geomembrane. In fact, R1 was reinforced with a stabilized continuous fiberglass fabric,
characterized by a nominal tensile strength of 40 kN/m (in both longitudinal and transverse direction), whereas R2 was
reinforced with a non-woven polyester fabric and multidirectional fiberglass, characterized by a nominal tensile strength of
35 kN/m (in both directions). In addition, R2 was characterized by a greater tensile elongation at failure with respect to R1 (30
% in both directions for R2 vs. 6 % in both directions for R1). R3 was composed of an elastomeric (SBS-modified) bituminous
membrane combined with a fiberglass grid having a mesh size of 12.5 � 12.5 mm2. The upper surface of the geocomposite
was coated with a fine sand whereas the lower surface presented an auto-thermo-adhesive SBS-modified bituminous film.
R3 had a thickness of 2.5 mm (as R1 and R2) and was characterized by a tensile strength of 40 kN/m and a tensile elongation
at failure lower than 4 % in both the longitudinal and transverse direction.

2.3. Testing program and procedures

The testing program was divided into two parts. In the first part, the in-situ investigation of the full-scale trial fields was
carried out by APT tests, performed by means of a FastFWD device, developed by Dynatest in 2015 in order to speed up the
experimental procedures through a loading rate from 5 to 7.5 times faster than the traditional FWD device [15]. The FastFWD
was configured with a 30 cm diameter loading plate and nine geophones positioned at 0, 20, 30, 45, 60, 90, 120, 150 and 180
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cm from the center of the loading plate. For each test field, two APT sessions were carried out both on FC section and RC
section, as summarized in Table 1.

During the two APT sessions, the FastFWD device was removed at regular intervals to take pictures of the tested area with
a standard camera and a thermal camera, with the aim of evaluating the evolution of the damage pattern. The final
permanent deformation was measured with a caliper at the end of APT session 2 in order to evaluate the rutting performance
of each test section.

The second part of the testing program focused on the laboratory characterization of slabs taken from the four test fields.
Prismatic specimens (30.5 � 8.5 � 8 cm3) obtained from the slabs were subjected to three point bending tests, carried out at
20 �C and a constant rate of 50.8 mm/min considering three repetitions, in order to assess the cracking resistance to flexural
loads. It should be pointed out that the slabs were taken from the pavement area where APT was performed (specifically,
from FC section). For R1 and R2, the laboratory results for field specimens (IN-SITU) were also compared with the
corresponding results for laboratory-compacted slabs (LAB) with the same geocomposites at the interface and target air void
content of 5 %, studied in a previous experimental investigation [14].

3. Results and analyses

3.1. Permanent deformation behaviour from APT

Despite APT was performed on a thin asphalt pavement, no cracks were observed in any test field (neither in the FC
sections nor in the RC sections), as confirmed also by the images taken with camera and thermal camera. Instead, a
remarkable permanent deformation beneath the load plate occurred in all cases.

In order to provide a possible explanation of this finding, the equivalent single axle loads (ESALs) corresponding to the loads
applied (Table 1) were calculated (Eq. (1)).

ESALs ¼
Xn

i¼1

LEFi�Ni ð1Þ

where Ni is the number of load applications of the generic “i” single axle and LEFi is the load equivalency factor corresponding
to the “i” single axle. LEFi is defined as the ratio between the number of load applications of the reference single axle (Nref) and
the number of load applications of the generic single axle (Ni) that cause the same damage to the pavement and can be
expressed as in Eq. (2), according to [16] and following studies.

LEFi ¼ ka�kt�kp�ðPi=Pref Þg ð2Þ
where ka, kt and kp are coefficients that take into account the effect of axle type, tire type and tire inflation pressure,
respectively; Pi and Pref indicate the load on the “i” single axle and on the reference single axle, respectively; g is the exponent
that governs the LEF law. The first study to develop the LEF law was the AASHO Road Test in the early 60 s [17] and, based on
the outcomes of such experiment, the exponent g is commonly assumed equal to 4. Subsequent studies [18–23], however,
have shown that the value of g may vary depending on the type of distress considered. Specifically, g = 4 seems to be
reasonable in the case of rutting, whereas a value of g between 1.5 and 2 appears to be more appropriate in the case of fatigue
cracking.

For the case of interest, a different LEF was determined for every load Pi applied, corresponding to a different fall height
(see Table 1), i.e. i = H1, H2, H3, H4. As for Pref, a 12-ton single axle with twin wheels was considered as reference axle. g was
chosen equal to 2 for fatigue and equal to 4 for rutting, resulting in eight LEF to be determined overall, depending on the fall
height and the distress type. Conversely, the coefficients ka, kt and kp depended only on the FastFWD characteristics and were
the same regardless of fall height and distress type (ka = 2.91, kt = 1.00, kp = 1.30). Finally, the number of FastFWD drops for H1,
H2, H3 and H4, which were different in the case of FC and RC sections (see Table 1), were considered as Ni in Eq. (1).

From Table 2, which summarizes the number of ESALs calculated, it can be observed that, for both FC and RC sections, the
ESALs related to rutting are more than double of the ESALs related to fatigue. This might explain why no cracks were observed
after APT on the pavement, which instead exhibited noticeable permanent deflections.

Table 1
Summary of APT program.

Session FC section RC section

N. of drops Fall height Load [kN] Load [kPa] N. of drops Fall height Load [kN] Load [kPa]

1* 13500 H2 50 750 6000 H2 50 750
1000 H3 75 1050 500 H3 75 1050

2** 900 H1 35 500 600 H1 35 500
2100 H4 120 1700 1400 H4 120 1700

* performed on 16–20 July 2018.
**
 performed on 2–3 August 2018.
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The pavement surface deflection recorded at the end of APT sessions for all test fields is shown in Fig. 1a (FC sections) and
Fig. 1b (RC sections). For a thorough interpretation of these outcomes, the subbase (E2) and subgrade (Es) moduli,
determined through FastFWD tests and back-calculation analysis with ELMOD software preliminarily to APT, should also be
taken into account (Table 3). For FC sections (Fig. 1a), the maximum permanent deflection is about 20 mm, higher than the
limit of 13 mm (half inch) usually associated with the pavement crisis due to the accumulation of permanent deformations,
likely because of the high number of ESALs related to rutting (Table 2). However, it can be observed that all reinforced systems
exhibit an increased permanent deformation resistance with respect to the unreinforced system, even though the UN test
field is characterized by higher subbase and subgrade moduli (Table 3). Moreover, the maximum deflection can be
considered comparable for R1, R2 and R3. Permanent deflections greater than 13 mm can be observed also for RC sections
(Fig. 1b). It should be noted that these results were obtained in RC sections by applying a number of load repetitions equal to
about half of those considered for FC sections (see Tables 1 and 2), because of the pavement weakening due to the artificial
cracks. For RC sections, R2 and R3 test fields exhibit a similar permanent deflection, which is about 5 mm lower than that
shown by UN and R1 fields. Also in this case, however, it should be considered that the test fields reinforced with R1 and R2
are characterized by unbound layers with lower stiffness (Table 3).

Since the asphalt pavement was composed of a total thickness of only 8 cm, such high values of permanent deflection can
be mainly attributed to a plastic yielding of the unbound layers. This consideration is confirmed by the values of bulk density
measured (according to the sealed specimen procedure in EN 12697-6 [24]) on the asphalt samples taken after APT sessions
outside and inside the loading area. Indeed, from Table 4 it can be observed that the variation of the bulk density due to APT is
too small to determine the values of permanent deformation observed.

Overall, the results presented in Fig. 1 indicate that, despite lower moduli of the unbound layers in the reinforced test
fields (see Table 3), the geocomposites were generally able to improve the permanent deformation resistance of the system.
This finding can be explained by considering that geocomposites affect the spreading of vertical loads, leading to reduced and
more even stress-strain distribution on the top of unbound layers.

Consequently, the vertical compression strain at the top of the subgrade for the reinforced system (ezR) can be expressed
as the corresponding strain for the unreinforced system (ezUN) multiplied by a mitigation coefficient (α) lower than 1 (Eq. (3)).

eRz ¼ a�eUNz ð3Þ
The mitigation coefficient can be estimated by considering the model developed by Ullidtz [25] based on the outcomes of

APT carried out under conditions similar to this study (thin asphalt pavement 10 cm thick on a granular subbase course 15 cm
thick). The model provides a correlation between the permanent deflection at the surface (RD, in mm) and the vertical
compression strain at the top of the subgrade (ez), as in Eq. (4).

RD ¼ 4:1 mm�MN0:333�ðez=1000 mstrainÞ1:333�ðE=40 MPaÞ0:333 ð4Þ

Table 2
Number of ESALs.

Distress type FC section RC section

Fatigue 81660 44246
Rutting 181070 111678
Fig. 1. Pavement surface deflection at the end of APT for (a) FC sections and (b) RC sections.
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where MN is the number of load applications (millions) and E is the subgrade modulus (MPa). In this study, the same number
of load applications was adopted for all test fields and therefore, considering the ratio between the surface permanent
deflection of the reinforced system (RDR) and that of the unreinforced system (RDUN), Eq. (5) can be derived.

eRz ¼ ½ðRDR=RDUNÞ�ðEUN=ERÞ0:333�ð1=1:333Þ�eUNz ð5Þ
where ER and EUN are the subgrade moduli for the reinforced and the unreinforced pavement, respectively. From the
comparison between Eqs. (3) and (5), the expression of α can be easily deduced. It should be pointed out that Eq. (5) is based
on the assumption that the model developed by Ullidtz [25] (shown in Eq. (4)) is valid also for reinforced pavements.

The values of the mitigation coefficient displayed in Fig. 2 are obtained, for each reinforced test field, as the average
between α of the FC section and α of the RC section. Since the preliminary FastFWD tests were not carried out exactly in the
same position as APT and considering also the slight inaccuracy of the back-calculation analysis, the values of α shown in
Fig. 2 were determined by assuming the same subgrade modulus for the reinforced and the unreinforced systems (see
Eq. (5)).

From Fig. 2, it can be observed that all the geocomposites studied are able to reduce the vertical compression strain at the
top of the subgrade by about 5 % (R1) or 10 % (R2 and R3) as compared to the unreinforced system. This result indicates that,
in terms of permanent deformation performance, the service life of thin asphalt pavements can be extended through the use
of geocomposites.

3.2. Flexural behaviour from laboratory tests

The results of three point bending tests are usually expressed in terms of load-deflection (P–d) curves (Fig. 3). The area
below the curve until the flexural strength (Pmax) represents the crack-initiation energy (Ei) (Fig. 3a), whereas the area below
the curve from Pmax to the specimen failure is the crack-propagation energy (Ep) (Fig. 3b). Specifically, for a double-layered
specimen, the latter is given by the sum of the energy necessary for the propagation in the lower layer (Elow) and that
necessary for the propagation in the upper layer (Eup). These contributions can be easily determined taking into account the
specimen geometry. In previous studies [3], it has been observed that, in the case of reinforced pavements, the reinforcement
mainly affects the crack propagation in the upper layer.

The results of the three point bending tests performed in a previous investigation on laboratory-compacted slabs [14] are
shown in Fig. 4a. It can be observed that the unreinforced system (UN) exhibits a higher value of flexural strength (Pmax) as
compared to the reinforced systems (R1 and R2). This is ascribable to the de-bonding effect of the reinforcement at the
interface [14]. However, after reaching Pmax, UN rapidly loses its resistance until complete failure, without any residual
flexural resistance. On the contrary, the reinforced systems show a significant post-peak dissipative phase (especially R2).

In order to quantify the contribution of the geocomposite in the crack-propagation phase, the performance coefficient (k),
defined as in Eq. (6), was introduced.

k ¼ ERup=E
UN
up ð6Þ

where Eup
R and Eup

UN represent the crack-propagation energy in the upper layer for the reinforced and the unreinforced
system, respectively. It is worth pointing out that Eq. (6) is based on the assumption (supported by experimental
observations) that the reinforcement does not influence the crack initiation and its propagation in the lower layer.

From the values of the performance coefficient shown in Fig. 4b (calculated for a maximum deflection of 15 mm), it can be
observed that R1 and R2 increase the crack-propagation energy by about four times and nine times, respectively.

Table 3
Subbase (E2) and subgrade (Es) moduli.

Test field E2 [MPa] Es [MPa]

R1 89 49
R2 81 57
R3 133 72
UN 163 78

Table 4
Bulk density of the samples taken outside and inside the loading area.

Test field Bulk density [g/cm3]

Outside Inside

R1 2.19 2.19
R2 2.15 2.21
R3 2.16 2.18
UN 2.16 2.20
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Fig. 5a shows the load-deflection curves obtained for the specimens taken from the test fields of the trial section. As for
the comparison between the different interfaces, observations similar to the case of LAB specimens (Fig. 4a) can be made. In
addition, for the unreinforced pavement, Pmax occurs at lower deflection with respect to the reinforced systems (Fig. 5a).

The values of k for IN-SITU specimens (calculated for a maximum deflection of 15 mm) are shown in Fig. 5b. Also in this
case, it can be observed that all the geocomposites significantly increase the crack-propagation energy. Specifically, k is about
3 for R1, about 4.5 for R3 and about 8 for R2. Therefore, based on the experimental results, R2 is the reinforcement that delays
the crack propagation the most.

These outcomes are confirmed also by the failure mechanisms observed on the specimens taken from the test fields,
which are shown in Fig. 6. In fact, it can be noted that the presence of the geocomposite leads also to sub-horizontal crack
propagation patterns parallel to the interface (especially for R2), whereas the crack propagation pattern is basically vertical
for the unreinforced system (UN).

From the comparison between IN-SITU and LAB specimens (Figs. 4 and 5), it can be noted that the specimens prepared in
the laboratory exhibit greater flexural strength (Pmax) and slightly higher performance coefficient (k) with respect to the

Fig. 2. Mitigation coefficient (α).

Fig. 3. (a) Crack-initiation energy (Ei), (b) crack-propagation energy (Ep).

Fig. 4. Results of three point bending tests on laboratory-compacted specimens (LAB): (a) load-deflection curve, (b) performance coefficient.
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specimens taken from the trial section. Such differences may be due to the fact that the IN-SITU samples were taken exactly
from the pavement area where APT was performed, and therefore they were already affected by a certain degree of damage.
In addition, the IN-SITU shear resistance was lower than that observed on the LAB slabs [14], probably because of a non-
perfect IN-SITU compaction and of the high melting temperature of the geocomposites’ polypropylene upper surface
(comparable to compaction temperatures, see Sections 2.1 and 2.2). A non-perfect IN-SITU compaction might have implied
also a higher air void content for the IN-SITU specimens as compared to the LAB specimens. Another possible reason for the
difference between IN-SITU and LAB specimens is that the materials used for the asphalt mixture (in terms of aggregates and
bitumen) were very similar but not exactly the same. Nevertheless, it should be emphasized that the values of k are generally
comparable in the two cases and the same ranking of the geocomposites (R1 and R2) is observed from the results of IN-SITU
and LAB specimens, suggesting that the approach based on the evaluation of the k parameter can be considered reliable for
assessing the performance of reinforced pavements.

Overall, these results indicate that, even though the reinforcement is not able to provide increased stiffness to the
pavement structure [14], geocomposites can significantly extend the service life of thin asphalt pavements in terms of
cracking by delaying the crack propagation in the upper layer.

4. Conclusions

This study focused on the effect of geocomposite reinforcement on the performance of thin asphalt pavements in terms of
fatigue cracking, reflective cracking and permanent deformation accumulation. For this purpose, a full-scale trial section was
constructed with four different types of interfaces: reinforced with geocomposites formed by the combination of a
bituminous membrane with a fabric or grid (R1, R2, R3) and unreinforced (UN). The experimental program included APT
carried out by means of FastFWD and laboratory tests (three point bending tests) performed on samples taken from the trial
section. Moreover, the laboratory results (IN-SITU) were compared with those obtained in a previous investigation for
laboratory-compacted slabs (LAB) with the same interface.

Fig. 5. Results of three point bending tests on specimens taken from the test fields (IN-SITU): (a) load-deflection curve, (b) performance coefficient.

Fig. 6. Failure mechanism observed on three point bending specimens taken from the test fields (IN-SITU).
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The main conclusions can be summarized as follows:

� no cracks were observed in the test fields after APT, whereas a significant permanent deformation occurred in all cases,
probably because the ESALs related to rutting were more than double of the ESALs related to fatigue;

� the high permanent deflections emerged were likely caused by the plastic yielding of the unbound layers, as suggested by
the similar values of the asphalt bulk density outside and inside the loading area;

� all the geocomposites improved the permanent deformation resistance of the pavement by reducing the vertical
compression strain at the top of the subgrade. This reduction was about 5 % for R1 and 10 % for R2 and R3 as compared to
the unreinforced pavement;

� the geocomposites increased the energy necessary for the crack propagation by three times (R1) to eight times (R2) as
compared to the unreinforced pavement (R3 showed intermediate performance);

� the specimens prepared in the laboratory exhibited a better flexural behaviour with respect to the specimens taken from
the trial section. This difference was probably due to the fact that the IN-SITU specimens were already characterized by a
certain degree of damage and presented lower compaction degree and reduced shear resistance. Nevertheless, in the
crack-propagation phase, such difference was relatively small and the same ranking of the geocomposites was observed
from testing IN-SITU and LAB specimens;

� as for the comparison between the geocomposites, R2 showed the best performance in terms of permanent deformation
resistance and flexural behaviour, followed by R3 and R1.

Overall, these findings indicate that geocomposites can extend the service life of thin asphalt pavements in terms of both
permanent deformation accumulation and cracking.
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