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a b s t r a c t

Geosynthetics are composite materials manufactured using different types of polymeric fibres, usually
employed as anti-reflective cracking systems in asphalt pavements. Materials that compose geo-
synthetics can be damaged due to mechanical and thermal effects produced during the installation
process under hot mix asphalts. In this paper, different polymeric fibres extracted from geosynthetics
have been evaluated using nanoindentation tests. The main objective was to evaluate the effect of
installation process (dynamic compaction and thermal damage) on the mechanical behaviour of indi-
vidual polymeric fibres at nano-scale. To do this, elastic modulus (E) and hardness (H) of three different
polymeric fibres commonly used in geosynthetics (polypropylene, polyester and polyvinyl-alcohol), in
two testing directions and under two different states have been studied. Main conclusions of this work
are that mechanical properties of geosynthetics individual fibres can change after installation, producing
changes in the behaviour of geosynthetics at macro-scale with consequences in the pavement func-
tionality, and that these changes are different depending on the material that composed the fibres.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Geosynthetics are composite materials manufactured using
different types of synthetic fibres (e.g. polypropylene, polyester,
polyvinyl-alcohol, etc.). One of the main applications of synthetic
fibres in civil engineering is to reinforce asphalt pavements,
whether in a randomly inclusion form or as oriented fibres like
geosynthetics [1]. Geosynthetics used as anti-reflective cracking
systems are usually placed on cracked pavements before the spread
and compaction process of a Hot Mix Asphalt (HMA) overlay layer
[2]. Thus, materials that compose geosynthetics can be damaged
during the installation process of HMAs due to two reasons: (1)
mechanical effect produced by the extension and compaction of the
asphalt mixture and (2) thermal effect due to high temperatures of
the mixture (about 150 �C). During recent years, some studies have
been carried out with the aim of evaluating behaviour variations
produced in geosynthetics due to installation ([3e7]) or due to
contact with bituminous products ([8e11]). From these studies, it
was concluded that mechanical behaviour of geosynthetics was
modified after installing under HMAs or by contacting bituminous
Gonzalez-Torre).
products, mainly due to damage. Although, those studies were all
carried out at macro and micro scales, it is still not clear what
variables havemore influence on the deterioration of geosynthetics
and on the reduction of their several mechanical properties [7].

Recently, the utilization of the nanoindentation technique has
increased for the design and evaluation of mechanical properties of
engineering materials, including polymers and polymer-
composites ([12e15]). Moreover, several researches have used
this technique to study variations in the behaviour of materials
after aggressive processes ([16,17]). The main advantages of nano-
indentation are its excellent sensitivity and ability to obtain me-
chanical properties from a small local deformation, which is
extremely valuable for systems that are only available with limited
dimensions, such as individual fibres of geosynthetics [15]. This
technique consists of driving a rigid indenter tip with a well-
described geometry into a material’s surface while high-
resolution load and displacement data are simultaneously recor-
ded. Nanoindentation tests include a loading-hold-unloading cycle
characterized by a load-displacement curve. Elastic contact con-
siderations are usually adopted to analyse load-displacement
curves, so material properties such as elastic modulus (E) and
hardness (H) can be calculated assuming linear elastic behaviour at
the onset of unloading [18]. Despite the advantages, direct mea-
surements of nano-mechanical properties of polymeric fibres
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extracted from geosynthetics used as anti-reflective cracking sys-
tems have not been found in the literature.

For all these reasons, themain objective of the current work is to
study the effect of damage at nano-structural level produced on
three different polymeric fibres from geosynthetics (polypropylene,
polyester and polyvinyl-alcohol) commonly used as reinforcement
in asphalt pavement designs. With this purpose, nanoindentation
tests have been carried out in order to characterize mechanical
behaviour of individual fibres that compose geosynthetics before
and after induced damage. These data are important to understand
the underlying properties of a class of widely used polymeric fibres
in asphalt pavements. In addition, these data can be further used as
input parameters into various computational techniques such as
Finite Element Analysis (FEA) commonly used in structural design.

2. Materials and methods

2.1. Description of geosynthetics and polymeric fibres

Three different geosynthetics commonly used as anti-reflective
cracking systems in asphalt pavements were used in this study.
They were made of different polymers and can be described as: a
polypropylene non-woven geotextile (G1), a polyester geogrid with
bituminous coating bonded to a polypropylene non-woven light
geotextile (G2) and a polyvinyl-alcohol geogrid with bituminous
coating bonded to a polypropylene non-woven light geotextile
(G3). Table 1 presents their main physical and thermal properties.
Moreover, Fig. 1 shows a theoretical scheme of their morphological
structure. Individual fibres were extracted from the structural ele-
ments of the geosynthetics. Hence, polypropylene fibres were
extracted from geotextile G1 (see Fig. 1(a)), and polyester and
polyvinyl-alcohol fibres were extracted from the resistant fibres
strings of G2 and G3, respectively (see Fig. 1(b)). The main char-
acteristics of the studied fibres along with their theoretical elastic
modulus and Poisson’s ratio are shown in Table 2.

2.2. Installation damage procedure

With the aim of simulating the effect produced on geosynthetics
by their installation under HMA, they were submitted to a com-
bined thermal andmechanical damage based on damage procedure
developed by Gonzalez-Torre et al. [3]. Geosynthetics were placed
between two layers of semi dense HMA, with the aim of simulating
the real installation process. To do this, geosynthetics were placed
on an HMA layer using an asphalt emulsion as tack coat. The semi
dense HMA used was type IV-A-12, according to Chilean specifi-
cations [19]. The asphalt mixture had a density of 2.357 g/cm3 and
air void content of 5.5%. Asphalt emulsion type CRS-2 according to
Chilean specifications [20] was used (see amount of emulsion in
Table 1). The damage procedure consisted of the dynamic
compaction of a 40 mm deep prismatic semi dense HMA layer at
150 �C on the geosynthetics by using an asphalt slab roller
compactor, according to EN 12697e33:2003 þ A1:2007 [21],
reaching 98% of the Marshall density. In this context, dynamic
compaction of HMA simulates both the mechanical part of damage
and the high temperature at which HMA is compacted (150 �C).
Table 1
Physical and thermal properties of geosynthetics.

Geosynthetic Unit weight (kg/m2) Grid size (mm � mm) Thickness (mm)

G1 140 n/a 1.2
G2 270 40 � 40 1.9
G3 160 40 � 40 1.5

n/a: not applicable.
After that, in order to extract the geosynthetic from inside the
asphalt mixture, asphalt specimens were heated at a temperature
of 110 �C for 2 h. According to the geosynthetic’s maximumworking
temperature provided by the manufacturers (see Table 1), 110 �C
should not produce any further damage. Therefore, the two HMA
layers were easily separated and the geosynthetic extracted
without applying high force. Finally, individual fibres were manu-
ally extracted from the damaged geosynthetics without applying
any treatment.

2.3. Test specimens preparation

The extracted fibres were embedded in epoxy resinwith the aim
of giving them good mechanical support and alignment for testing,
as shown in Fig. 2. Fibres were oriented in two different directions
in the specimens, cross and longitudinal, with the purpose of
analysing the possible anisotropy. Thus, nanoindentation tests
were carried out in cross and longitudinal directions, as shown in
Fig. 2(a) and (b), respectively.

After preparing the specimens, they were cut to ensure that
oriented fibres were visible in the indentation surface (see cut
plane in Fig. 2). Then, the indentation surface was improved with a
rotary microtome (Leica RM2265) by conducting thin cuts with a
thickness of 500 nm using a glass knife followed by a diamond
knife. This was done with the purpose of obtaining flat and uniform
surfaces which ensure high quality of the nano-mechanical anal-
ysis. Finally, a total of 12 samples per group were used for nano-
indentation testing.

2.4. Morphological and thermal characterization of polymeric fibres

Surface aspects of the polymeric fibres obtained from geo-
synthetics were studied by using an optical microscope (Leica EZ4-
HD) and a scanning electron microscope (JEOL JSM-6610/LV). Fibres
were examined before and after the damage procedure with the
aim of visually quantifying the damage produced. Additionally,
thermal behaviour characterization of the fibres was conducted by
thermo-gravimetrical analysis (TGA) by using a TGA equipment
Q50 V20.10 Build 36. Tests were performed operating at a heating
rate of 20 �C/min under nitrogen atmosphere, and TGA profiles
were recorded in a temperature range of 0e600 �C. The weight of
the sample used in each test was about 5e10 mg in all cases.

2.5. Nanomechanical characterization of fibres

A Hysitron TI900 Triboindenter (Hysitron Inc., Eden Prairie, MN,
USA) equipped with a diamond Berkovich probe was used to
perform the indentation tests. The indentation area was located in
the centre of each fibre and identified using the instrument’s op-
tical microscope (see Fig. 3(a)). In-situ images were obtained with
the Berkovich probe acting as a Scanning Probe Microscope (SPM)
by raster scanning the probe across the sample surface before and
immediately after each indentation test (see indentation footprints
in Fig. 3(b)). A series of 16 partial unload indentation tests, with
locations selected using in-situ SPM imaging, were performed in
load-controlled feedback mode on each sample. All tests were
Working maximum temperature (�C) Residual bitumen content (kg/m2)

165 1.10
190 0.35
190 0.35



Fig. 1. Theoretical scheme of the morphological structure of geosynthetics. (a) G1 and (b) G2 and G3.

Table 2
Characteristics of the studied fibres.

Geosynthetic Material of fibres Polymer ID Fibres diameter (mm) Theoretical elastic modulus (GPa) Poisson ratio (�)

G1 Polypropylene PP 30 1.5e2 0.30
G2 Polyester PES 20 2e3 0.30
G3 Polyvinyl-Alcohol PVA 15 2e3 0.30

Fig. 2. Scheme of the specimens used in the nanoindentation test. (a) fibres oriented in
the cross direction, CD, and (b) fibres oriented in the longitudinal direction, LD.
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performed at room temperature. Tests consisted of four load steps
ranging from 150 mN to 600 mN with loading and unloading seg-
ments of 0.5 s and hold segments of 3 s (see Fig. 4). Finally, elastic
modulus and hardness were calculated from unloading segments of
the partial unload function according to the standard Oliver-Pharr
method ([18,22]).
3. Theoretical framework

The Oliver and Pharr (O-P) method ([18,22]) is nowadays
extensively used for the analysis of nanoindentation data and most
commercial instruments have incorporated the procedure into
their software. This method has been shown to be successful in
elasticeplastic materials with limited pile-up [15]. Basic assump-
tions of this method are that deformation on unloading is purely
elastic, compliance of the sample and indenter tip can be modelled
as a combination of springs in series, and the contact can be
modelled as a rigid indenter of defined shape with a homogeneous
isotropic elastic half-space. In addition, Fig. 5 shows geometric
parameters that are directly derived from the test and used for the
data analysis. Fig. 5(a) shows an example of force-depth curve
obtained after a typical nanoindentation test. Fmax is the peak
indentation load, hmax is the maximumpenetration depth, and hp is
the final unloading depth (equivalent to the depth of the footprint
that remains on thematerial after unloading). Additionally, Fig. 5(b)
represents the cross section of the nanoindentation test, where
geometric parameters can be identified: hc that is the contact zone
depth betweenmaterial and indenter under maximum load, and hs
that is the surface displacement in the contact perimeter. Thus, it
can be obtained that hmax ¼ hc þ hs. Moreover, after unloading, the
material recovers the elastic deformation keeping a final footprint
with depth, hp.

Also, in the analysis of test data, reduced modulus Er which
considers elastic deformation under load in the sample as well as
the indenter, is defined by Equation (1):

Er ¼
ffiffiffi
p

p
2

$
Sffiffiffi
A

p (1)

where S is the slope of the initial part of the unloading curve (s/l)
and represents the initial contact stiffness at peak load; and A is the
contact area between indenter and material at peak load.

Therefore, according to the O-P method, elastic modulus of the
tested material can be obtained using Equation (2):

1
Er

¼ 1� n2m
Em

þ 1� n2d
Ed

(2)



Fig. 3. (a) Optical image of transversal section of PVA fibres, and (b) SPM image of nanoindentation footprint on a PVA fibre.

Fig. 4. Load profile used for all nanoindentation tests.
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where Em and nm are elastic modulus and Poisson’s ratio, respec-
tively, of the tested material; and Ed and nd are elastic modulus and
Poisson’s ratio of the diamond probe, in this case they were
1140 GPa and 0.07, respectively. Values of Poisson’s ratio of tested
materials are presented in Table 2.

Finally, hardness (H) or resistance to total deformation is
defined by Equation (3):

H ¼ Fmax

Ac
(3)
Fig. 5. Schematic representation of the indentation process:
where Fmax is the peak indentation load and Ac is the surface of the
footprint obtained after unloading.
4. Results and discussion

4.1. Influence of damage on the nano-mechanical behaviour of the
polymeric fibres

Fig. 6 shows two SEM images corresponding to PES-fibres from
G2 string before and after the installation procedure. It can be
observed that in the initial state before installation (see Fig. 6(a)),
fibre strings presented a uniform surface with all the fibres aligned
in the same direction, while the bituminous coating was uniformly
distributed. However, after the installation procedure (see
Fig. 6(b)), it can be seen that geosynthetics fibres have been
damaged, changing their morphology and showing physical dam-
age, such as loss of the bituminous coating and, in some cases,
broken fibres. Presence of this damage suggests a possible change
of the mechanical behaviour of fibres, in addition to the thermal
effects produced by the contact with the asphalt mixture at high
temperatures.

Representative force-depth curves obtained from nano-
indentation are shown in Fig. 7. It also shows force-depth curves
from the nanoindentation tests for the three materials tested, in
both cross and longitudinal direction (CD and LD, respectively) of
the fibres and in the two states (before and after damage
(a) Force-Depth curve, and (b) indentation cross section.



Fig. 6. SEM images of a G2 (PES) fibre string before and after the installation procedure: (a) initial state of the fibre string, and (b) damaged fibres string.
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procedure). These curves have been obtained as the average of four
tests. It can be seen that, in all cases, there are differences in the
mechanical behaviour of fibres between the two states. Addition-
ally, two zones can be distinguished in the force-depth curves: 1)
the sum of different loading and partial unloading sections until
Fmax is reached and 2) a final section of total unloading. This last
section is defined by hmax and hp values, where the gap between
them represents the elastic deformation recovery of the material
after unloading.

Additionally, average results of elastic modulus (E) and hardness
(H) of geosynthetics fibres for each load step depending on the
testing direction and state are presented in Fig. 8. Elastic modulus
and hardness were calculated for each load step from force-depth
curves through the O-P method. As can be observed in Fig. 7,
there is no variation of mechanical properties with the increase of
the maximum partial load, so it can be considered that these ma-
terials do not present Indentation Size Effect (ISE) which is more
typical of materials with fragile behaviour, such as ceramics.
Moreover, comparing the values in cross and longitudinal di-
rections, it can be observed that, in the case of PP-fibres from G1,
elastic modulus (E) is very similar for both testing directions.
Average elastic modulus values of 2.32 GPa (LD) and 2.17 GPa (CD)
were obtained before the damage procedure; similarly, average
values of 1.78 GPa (LD) and 1.44 GPa (CD) were obtained after the
damage procedure. However, in the case of PES-fibres and PVA-
fibres from G2 and G3, respectively, elastic modulus was mainly
higher for the cross direction. In these cases, elastic modulus values
of G2 were on average 7.1 GPa (LD) and 8.46 GPa (CD) before
damage, and 3.84 GPa (LD) and 3.33 GPa (CD) after damage. Also,
elastic modulus values of G3 were on average 3.27 GPa (LD) and
5.15 GPa (CD) before damage and 6.36 GPa (LD) and 8.09 GPa (CD)
after damage procedure. Regarding hardness (H), the opposite
result has been obtained since hardness values for the longitudinal
direction were higher than those obtained for the cross direction.
Average values of hardness for PP-fibres from G1 were 0.20 GPa
(LD) and 0.14 GPa (CD) before damage, and 0.18 GPa and 0.10 GPa
after damage. In addition, in the case of PES-fibres from G2, average
values were 0.57 GPa (LD) and 0.30 GPa (CD) before damage, and
0.33 GPa (LD) and 0.18 GPa (CD) after damage. Finally, obtained
average values for PVA-fibres from G3were the following: 0.34 GPa
(LD) and 0.21 GPa (CD) before damage, and 0.50 GPa (LD) and
0.25 GPa (CD) after damage. That is, materials that present higher
elastic modulus do not necessarily present higher hardness in the
same testing direction. This is consistent with the theory that H
represents plastic behaviour while E is the elastic component of the
material. Also, it can be observed that materials present anisotropic
behaviour as mechanical properties are different depending on the
testing direction, as shown in Fig. 7. Observing Fig. 8, it can be stated
that materials in the cross direction (with higher elastic modulus
values) present permanent deformation, i.e., fibres do not recover
their initial position after unloading. In contrast, in the longitudinal
direction (with lower elastic modulus values) deformations are
recoverable, thus producing smaller footprints due to higher
hardness values. In summary, fibres present higher deformation
recovery in their longitudinal direction than in their cross direction,
which is good considering the direction of the mechanical loads
applied and the orientation of the geosynthetic fibres in the
pavement. Also, observing elastic modulus values, they can be
sorted from the highest to the lowest value as follows: PES, PVA and
PP fibres. That is, polyester fibres extracted from G2 present the
highest stiffness in both testing directions, so theoretically better
anti-reflective cracking behaviour can be expected.

Additionally, comparing obtained results between initial state
(“before”, b, presented with continuous line in Fig. 8) and damaged
state after the installation process (“after”, a, presented with dotted
line in Fig. 8) it can be observed that, after installation, two mate-
rials (PP and PES, from geosynthetics G1 and G2 respectively)
presented a reduction of their mechanical properties (E and H). In
contrast, PVA-fibres from geosynthetic G3 presented an increase in
their elastic modulus and hardness, thus positioning itself as the
stiffest material in the damaged state. This behaviour has been
detected in both testing directions. Also, with the aim of analysing
the variation of mechanical properties of the tested materials
produced after damage, two ratios have been calculated at
maximum applied force (600 mN): elastic modulus ratio (EMR) and
hardness ratio (HR), according to Equations (4) and (5),
respectively.

EMR ¼ Ea
Eb

�
G;d

(4)

HR ¼ Ha

Hb

�
G;d

(5)

where Ea and Eb are the elastic modulus values after and before the
installation process, respectively, Ha and Hb are the hardness values
after and before the installation process, respectively, and G and



Fig. 7. Force-Depth average curves obtained from nanoindentation tests: (a) schematic representation, (b) PP fibres, (c) PES fibres, and (d) PVA fibres.
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d indicate the geosynthetic from where fibres were extracted and
the testing direction, respectively. These ratios indicate the residual
values of elastic modulus (EMR) and hardness (HR). When the ratio
value is lower than 1 it means that elastic modulus or hardness
reduced its value in comparison with the initial value, whereas a
ratio value is higher than 1 it means that the analysed parameter
increased its value after installation process.
In Fig. 9, EMR (Fig. 9(a)) and HR (Fig. 9(b)) values calculated for

the three materials studied and for the two testing directions, cross
and longitudinal, are presented. As can be observed, PP-fibres from
geosynthetic G1 and PES-fibres from geosynthetic G2 reduce their
elasticmodulus values, keeping approximately a 70% and 50% of the



Fig. 8. Results obtained from the series of partial unload indents in nanoindentation tests: elastic modulus (a) cross direction and (b) longitudinal direction, and hardness (c) cross
direction and (d) longitudinal direction. PP, PES and PVA fibres were extracted from geosynthetics G1, G2 and G3 respectively, and tested before (-b) and after (-a) damage
procedure.

Fig. 9. (a) Elastic modulus ratio (EMR) and (b) hardness ratio (HR) at maximum applied force of 600 mN comparing damaged geosynthetics with initial state. Error bars represent
standard deviations.
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Fig. 10. TGA Test results: weight loss (continuous line) and weight loss rate (discon-
tinuous line) as a function of the temperature.
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initial value, respectively. In the case of hardness, its value is also
reduced for PP and PES-fibres, keeping approximately 90% and 60%
of the initial value on average. In contrast, in the case of the PVA-
fibres from geosynthetic G3, values of elastic modulus and hard-
ness increase approximately 60% and 30% of their initial values,
respectively. This is due to the thermal behaviour of polyvinyl-
alcohol, which increases in stiffness when in contact with high
temperatures.

In this respect, Fig. 10 presents the results of TGA tests showing
the weight loss of the polymeric fibres (continuous line) and the
rate of weight loss (deriv. weight, discontinuous line) as a function
of increasing temperature. It can be observed that the maximum
rate of weight loss in the case of PP and PES fibres occurs at a
temperature over 400 �C, considerably higher than the temperature
undergone by the geosynthetics during installation (approximately
150 �C). In contrast, in the case of PVA-fibres, this material regis-
tered a first weight loss at a temperature of approximately 70 �C.
This is important because the weight loss of fibres can produce a
change in their mechanical behaviour, as was demonstrated by
Fig. 11. Maximum indentation depth (hmax) obtained from the series of partial loading inden
procedure.
other authors in previous researches carried out on geosynthetic
fibres strings tested at a macro scale [4]. Additionally, it can be
appreciated that PVA-fibres from G3 presented wider differences
between longitudinal and cross direction than fibres of PP and PES.
In summary, this behaviour lets us conclude that the geosynthetic
composed with fibres of PVA can be less resistant to thermal effect
of installation under hot asphalt mixtures. However, mechanical
resistance cannot be analysed from these results due to nanoscale
of these tests.

In order to complete the analysis of mechanical properties of
polymeric fibres, depth indentation values have also been consid-
ered. Fig. 11 shows maximum indentation depth values (hmax) ob-
tained from maximum partial applied loads. The same trend that
appeared in the case of elastic modulus and hardness values can
also be observed. Comparing results between initial state (pre-
sented with continuous line in Fig. 11) and damaged state after
installation process (presented with dotted line in Fig. 11) it can be
observed that, in the case of PP and PES-fibres fromG1 and G2, hmax
values increase after the installation process. Maximum values of
hmax obtained for G1 fibres were 921 nm (LD) and 1132 nm (CD)
before damage and 1017 nm (LD) and 1386 nm (CD) after damage.
In the case of G2 fibres, values obtained were 464 nm (LD) and
653 nm (CD) before damage and 668 nm (LD) and 940 nm (CD)
after damage. In contrast, in the case of PVA-fibres from G3,
maximum indentation depth reduces after installation, obtaining
average hmax values of 664 nm (LD) and 856 nm (CD) before
damage and 504 nm (LD) and 740 nm (CD) after damage. This result
confirms the previous idea that PVA presents higher susceptibility
to heating compared with the other polymers (PP and PES), thus
increasing stiffness of PVA-fibres during installation, which implies
an improvement in their mechanical properties and better anti-
reflective cracking behaviour of geosynthetics.

With the aim of clarifying this issue, Fig. 12 shows maximum
indentation depth ratio at 600 mN (Dhmax). Values of Dhmax have
been obtained as the ratio of hmax registered after damage and hmax
registered at initial state. As it can be seen in Fig. 12, hmax increases
in the case of PP and PES fibres from geosynthetics G1 and G2 after
the installation process (by approximately 15% and 40%, respec-
tively). In contrast, hmax in the case of PVA-fibres from geosynthetic
ts in the (a) cross direction, and (b) longitudinal direction, before and after installation



Fig. 12. Maximum indentation depth ratio (Dhmax) at maximum applied force of
600 mN comparing damaged geosynthetics with initial state.
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G3 decreases by approximately 15% compared with initial state of
fibres.

Finally, Fig. 13 shows average indentation holding depth (hh)
values obtained from nanoindentation tests in both testing di-
rections and states of fibres. This is, the length of the horizontal
stretch of force-depth curves (see Fig. 5(a)), consequently indi-
cating the deformation of the fibres when a constant load is applied
(creep behaviour) during a period of time of 3 s. In this Figure, it can
be observed that hh values are higher in the cross direction than in
the longitudinal direction of testing, which is in line with that
observed in the case of E and H results (see Fig. 8). As was previ-
ously stated, fibres presented higher hardness values in their lon-
gitudinal direction, and consequently smaller deformations.
Additionally, variations between initial and damaged state are very
low in the longitudinal direction. Moreover, analysing the evolution
of hh with applied force, it can be seen that holding depth increases
with increasing load until a force threshold value of 450 mN, but it
decreases when Fmax (600 mN) is applied.
Fig. 13. Indentation holding depth (hh) at different maximum applied forces for geosynth
direction.
4.2. Deformation recovery capacity of the fibres

Additionally, mechanical behaviour of the fibres after nano-
indentation has been studied. Thus, it has been demonstrated that
polymeric fibres presented recovery of their deformation after
indentation, as well as a plastic state with permanent deformation.
This behaviour has been quantitatively analysed by comparing
values of maximum indentation depth (hmax) and values of final
unloading depth (hp) in each case. To do this analysis, the Recovery
Ratio (RR) was defined according to Equation (6):

RR ¼ 1� hp
hmax

(6)

This ratio indicates the ability of thematerial to recover its initial
position after indentation. Therefore, the higher the RR value, the
higher is the elastic recovery of the fibres, which implies better
elastic behaviour of the testedmaterial. In contrast, when RR values
are low, this implies that the testedmaterial mainly presents plastic
behaviour. Fig. 14 presents average results obtained for RR and their
standard deviations. Comparing RR values between both testing
directions, it can be observed that PP-fibres fromG1 presented very
similar RR values (approximately 30e35%), while PES and PVA-
fibres from G2 and G3 showed significant differences in the re-
covery of deformation, obtaining higher elastic recovery in the
longitudinal direction than the cross direction. This confirms the
previous conclusion that fibres present a higher deformation re-
covery in the longitudinal direction. Moreover, comparing initial
state with state after the installation process, it can be observed
that RR values in the case of PVA-fibres from G3 are lower in the
damaged state, which suggests that the installation process modi-
fied their behaviour resulting in more plastic fibres that will be able
to absorb a larger amount of energy during their service life, thus
achieving better anti-reflective cracking. In contrast, PES-fibres
from G2 presented RR values higher than the initial values which
means more elastic behaviour. Finally, PP-fibres from G1 presented
very similar values in both states.

5. Conclusions

Mechanical behaviour using nanoindentation tests of three
etics before and after installation procedure. (a) Cross direction, and (b) longitudinal



Fig. 14. Recovery Ratio values depending on the state of the fibres: (a) initial state and (b) after installation state.
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polymeric fibres commonly used to manufacture geosynthetic
composites were studied. Based on the results of the research, the
following conclusions have been obtained:

� It was proved that after the installation procedure individual
fibres of geosynthetics presented physical damage such as loss
of the bituminous coating and fibre breakage. Presence of this
damage together with the thermal effects produced by the
contact with the asphalt mixture at high temperature suggested
that a change in the mechanical behaviour of fibres can be
expected.

� Regarding mechanical properties of polymeric fibres obtained
by nanoindentation, there is no reduction of mechanical prop-
erties (elastic modulus and hardness) with increase of the
maximum partial load, so it can be considered that these ma-
terials do not present Indentation Size Effect (ISE).

� PP-fibres and PES-fibres reduce their elastic modulus after
installation, keeping approximately 70% and 50% of the initial
value, respectively. In the case of hardness, its value is also
reduced for PP and PES-fibres, keeping approximately 90% and
60% of the initial value on average. In contrast, in the case of the
PVA-fibres from geosynthetic G3, values of elastic modulus and
hardness increase approximately 60% and 30% of their initial
values, respectively. This can be due to the thermal behaviour of
polyvinyl-alcohol, which increases its stiffness when subjected
to high temperatures.

� Moreover, maximum indentation depth (hmax) values increased
after installation in the case of PP and PES fibres (in approxi-
mately 15% and 40%, respectively). In contrast, in the case of
PVA-fibres, it decreased by approximately 15% compared with
the initial state of fibres. This result confirmed the conclusion
that PVA presented higher susceptibility to heating compared
with the other polymers (PP and PES), thus increasing stiffness
of PVA-fibres during installation, which implied an improve-
ment in their mechanical properties and better anti-reflective
cracking behaviour of geosynthetics.

� Regarding the ability of thematerial to recover its initial position
after indentation measured through the Recovery Ratio (RR)
values, it was confirmed that fibres present a higher deforma-
tion recovery in the longitudinal direction. Additionally,
comparing RR values before and after damage, it was concluded
that PVA-fibres changed their behaviour after installation
resulting in more plastic fibres. In contrast, PES-fibres presented
RR values higher than the initial values which means more
elastic behaviour, while PP-fibres kept similar behaviour.

� Finally, these findings support the use of nano-mechanical
testing as a tool for the evaluation on mechanical properties of
fibres in geosynthetics as reinforcement in the structural design
of asphalt pavements.
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