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A B S T R A C T   

One major research topic is to characterize the mechanical behaviour of actual reinforced pavement structures 
from laboratory experimentation and take it into account for the design. This investigation aims to verify the 
effect of fiberglass geogrid presence on interface linear viscoelastic (LVE) behaviour separately and as a system 
along with the bituminous mixture layers. To conduct the research, two different fiberglass geogrids, with ul
timate tensile strength (UTS) of 100 and 50 kN/m, and tack coat made of straight-run bitumen and modified by 
polymer were combined for the fabrication of three reinforced configurations. In addition, two unreinforced 
configurations were also fabricated. The first was a single layer slab and the second was a double-layered slab 
composed of two bituminous mixtures (same type) bonded layers by a tack coat. Complex modulus tests were 
carried out in specimens cored in two different directions, vertically (V) and horizontally (H) cored. The 
experimental data were fitted using the 2 Springs, 2 Parabolic Elements and 1 Dashpot (2S2P1D) model. The test 
results showed that all interfaces’ complex modulus obtained for V specimens were LVE. Moreover, complex 
viscous properties of the interfaces were obtained from the used binder. The interface containing polymer 
modification presented the highest stiffness.   

1. Introduction 

The roadways reinforcement by geogrids has increased in the last 
decades in order to improve their serviceability by avoiding typical 
distresses occurring in these structures, such as cracking and rutting. 
They could be used for both rehabilitation and construction of new 
bituminous pavements (GMA (2002) and COST 348 (2006)). According 
to some authors, fiberglass geogrids are preferable for presenting 
high-tension resistance and flexibility at once (Nguyen et al., 2013). It is 
also thermally and chemically stable at mixing temperatures for bitu
minous mixtures (Darling and Woolstencroft 2004), and easily remov
able by milling in the case of further pavement maintenances. Many 
works have been done in the rehabilitation domain by using the geogrids 
reinforcement in order to control the reflective cracking and fatigue 
(Brown et al., 1985; De Bondt, 1999; Nguyen et al., 2013; Pasquini et al., 
2015; Safavizadeh et al., 2015; Arsenie et al., 2017; Zofka et al., 2016; 
Noory et al., 2017; Saride and Kumar 2019). The results show generally 

an improvement linked with the use of geogrids. However, in the 
domain of construction of new pavement, the reinforcement by geogrids 
is not very well explored. 

Nowadays, many types of software are used for the multi-layer 
calculation in mechanistic-based design methods, e.g. MEPD-G 
(United States of America), Alizé (France), and Medina (Brazil). The 
geogrid reinforcement can be included as an equivalent layer if its 
properties (e.g. stiffness, Poison’s Ratio), as well as thickness, are 
known. Thus, it is necessary to characterize the interface with geogrid 
mechanical properties in the laboratory. A great number of studies 
concerning destructive interface adhesion tests could be found in the 
literature (Tschegg et al., 2012; Ferrotti et al., 2011; Canestrari et al., 
2015; Cho et al., 2016). The most used test to characterize interface 
adhesion is the Leutner test (Leutner 1979). This test was developed in 
Germany by Leutner and consisted of a direct application of shear stress. 
This test could be performed in specimens either fabricated in a labo
ratory or cored from the field (De Bondt, 1999). Another test found in 
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the literature used to characterize the adhesion of interfaces containing 
reinforcement by geosynthetics was the Wedge splitting test. It was 
conceived originally for fracture tests (Tschegg, 1986), but Tschegg et al. 
(2012) used it to characterize a geotextile and a geogrid reinforcement 
in bituminous mixtures layers. Double shear tests are also found in the 
literature for this same type of characterization, developed by the North 
Carolina State University (NCSU) asphalt research team (Cho et al., 
2016). In Italy, the Ancona Shear Testing Research and Analysis 
(ASTRA) was developed for the characterization of shear properties. 
Ferrotti et al. (2011), Canestrari et al. (2015 and 2022) used this device 
to characterize the shear resistance of interfaces containing reinforce
ment by geogrids. Attia et al. (2020 and 2021) proposed a new apparatus 
to characterize interfaces between bituminous mixtures called 2T3C 
allowing tension/compression and torsion on Hollow Cylinder. The 
mentioned author used the device to apply torsion and compression to 
hollow cylinder specimens at the same time. Digital Image Correlation 
technique was used to obtain the strain in the interface of double-layer 
specimens. 

Despite the great number of studies on the shear resistance of in
terfaces with geogrid found in the literature, there are only a few studies 
concerning the rheological behaviour in the small strain domain of in
terfaces with geogrid where linear viscoelastic (LVE) behaviour can be 
considered. Cho et al. (2016) conducted a study to verify the 
Time-Temperature Superposition Principle to the interface shear of 
specimens reinforced by fiberglass geogrids. Double Shear Tester (DST) 
and Modified Advanced Shear Tester (MAST) were used for the shear 
test characterization. Digital Analysis Correlation (DIC) was used to 
determine interface displacement. The authors concluded that the 
quality of the tack coat is more important than the grid mesh opening to 
the shear strength. Moreover, the interfaces without geogrid presented 
the same shift factors as those found for bituminous mixtures complex 
modulus previously characterized. However, the shift factor for in
terfaces containing geogrids differed from the others. 

Freire et al. (2018) proposed a new methodology for the determi
nation of the linear viscoelastic (LVE) behaviour of interfaces reinforced 
with and without fiberglass geogrids. The authors carried out tests using 
two pairs of extensometers with different lengths in double-layer spec
imens with the same bituminous mixtures in both layers. First, a couple 
with 25 mm length disposed 180◦ from one another, and another couple 
with 90 mm length disposed 180◦ from one another. Assuming that the 
interface is composed of geogrid and the emulsion as an equivalent layer 
and using the Continuous Mechanics hypothesis, the authors obtained 
the complex moduli of the bituminous mixture and interface separately 
from the measurements. Lastly, the authors observed that the interface 
behaviour was LVE and it could be modelled by 2 Springs 2 Parabolic 
elements and 1 Dashpot (2S2P1D) model. 

Solatiyan et al. (2021) conducted a work characterizing the rheo
logical interface behaviour of interfaces containing fiberglass geogrid or 
not in double-layer cylindrical specimens. Traction-compression com
plex modulus tests were carried out using three pairs of extensometers 
with different lengths (25, 50, and 100 mm). The authors used a similar 
idea from Freire et al. (2018) to obtain the interface behaviour of 
specimens composed of two different bituminous mixtures layers. 
However, the authors analysed the complex modulus results from each 
pair of extensometers individually, and those were modelled using 
2S2P1D. The authors concluded that considering the composite struc
ture stiffness obtained in the laboratory as the system property could be 
a realistic solution to design reinforced pavements. 

The investigation presented in this paper has two main goals. First, to 
verify the effect of fiberglass geogrid presence on interface linear 
viscoelastic (LVE) behaviour using the methodology proposed by Freire 
et al. (2018). Double-layer cylindrical specimens having the interface 
perpendicularly positioned in the cylinder longitudinal axis, with and 
without reinforcement, were used. Then, this investigation aims at 
evaluating the geogrid and tack coat effect on specimens having the 
interface parallel positioned in the cylinder longitudinal axis, subjected 

to small strain amplitude loading. 

2. Materials and experimental protocol 

2.1. Materials 

The French bituminous mixture called BBSG 0/10 (Béton Bitumineux 
Semi-Grenu) was used to conduct the experimental campaign. This 
mixture was classified according to the European standards (NF EN 
13108-1, 2016) and is generally used for surface courses in France. The 
BBSG 0/10 gradation curve is presented in Fig. 1(a). It is composed of 
rhyodacite and rhyolitic mineral aggregates, limestone filler, and 20% of 
reclaimed asphalt pavement (RAP) containing 4.75% of aged bitumi
nous binder. These aggregates were mixed with 4.40% of a new bitu
minous binder classified as 35/50 by its penetration. The total 
bituminous binder content (aged plus new) in the mixture was 5.53% 
per total weight of the mixture. 

The geogrids used to reinforce the bituminous mixtures were Notex 
Glass®, presented in Fig. 1(b). It was composed of fiberglass yarns 
knitted to a light polyester veil, with a bituminous coating on both sides. 
The grids had a square mesh opening of 25 mm in the two directions. 
Two types of geogrids were used in this work with ultimate tensile 
strength (UTS) of 50 kN/m (C 50/50) and 100 kN/m (C 100/100), in the 
two perpendicular directions. These UTS were obtained at the failure 
point of 3% of strain in grid tensile characterization tests carried out for 
fabrication quality control. Lastly, a bituminous emulsion 160/220 by 
penetration (NF EN 12591) was used as a tack coat to bond the geogrid 
in the middle part of the slabs. This emulsion has the industrial name 
Actimul®, and it was prepared with 65% of residual bitumen. Moreover, 
a different type of bituminous emulsion was used, called by the indus
trial name Emulprene®. It was prepared with 64% of residual bitumen 
with 160/220 penetration, and modified with 2.6% of 
styrene-butadiene-styrene (SBS) block copolymer. 

2.2. Specimens preparation 

Five different slab configurations, with dimensions 600 (length), 400 
(width), and 150 mm (depth), were compacted using a French wheel 
compactor (NF EN 12697-33, 2019). Configuration A did not have an 
interface, while B, C, D, and E had an interface and were denoted by 
double-layer slabs. Configuration B had only the tack coat of emulsion 
made of straight-run bitumen at a residual rate of 290 g/m2. Whereas 
configurations C, D, and E were made with geogrid (50 and 100 kN/m of 
UTS) and the tack coat (straight-run bitumen emulsion and with SBS) at 
a residual rate of 800 g/m2, and were denoted by reinforced slabs. 

The fabrication of configuration A slab followed the classical pro
cedure described in the standard (NF EN 12697-33, 2019), since it was 
composed of a single layer slab, without interface/reinforcement. Con
cerning the reinforced slabs, they were fabricated by first compacting a 
half-height slab (75 mm) at a temperature of 180 ◦C (for mixing and 
compaction) and cooling down for 24h. Then, the first tack coat appli
cation was done (400 g/m2), followed by the geogrid placement. Af
terwards, the second tack coat application was done (400 g/m2) on the 
geogrid surface. A period of 24h waited so that the breaking process 
occurs in the emulsion before the second half-height (75 mm) slab 
compaction. 

From each slab, cylindrical specimens were cored with a minimum 
waiting time of two weeks after the fabrication. They were cored with 
75 mm diameter and 140 mm height and in two different coring di
rections. Specimens named H were horizontally cored, in relation to the 
roller compaction direction, while those named V were vertically cored. 
Fig. 2 presents the coring plan for each slab, detailing the final cored 
specimens and their interface positions. Table 1 presents the details of 
the interface and air voids of each slab configuration and tested 
specimen. 

Complex modulus tests were performed using a hydraulic press 
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(INSTRON). This press has a maximum force capacity of ±25 kN on the 
actuator. A thermal chamber was used for temperature control during 
the tests. The tests were carried out by applying axial tension- 
compression sinusoidal loading with a controlled strain amplitude (ε0) 
of 50 μm/m (100 μm/m peak to peak) and a mean value of zero. During 
the test, the stress amplitude (σ0) was measured with the aid of the load 
cell. Equation (1) presents the sinusoidal axial strain loading (ε(t)) and 
Equation (2) presents the sinusoidal axial stress response (σ(t)) with the 

phase angle (φ) between strain and stress signals, typically observed in 
viscoelastic materials. 

ε(t) = ε0⋅sin(ωt) (1)  

σ(t) = σ0⋅sin(ωt+φ) (2) 

The axial deformation measurements were done by four extensom
eters, a couple with 25 mm length (l1) disposed 180◦ from one another, 
and another couple with 90 mm length (l2) disposed 180◦ from one 
another (see Fig. 3), both fixed in the middle height of specimens. The 
strain amplitude commanded during the test was calculated by the 
average of the two smaller extensometers (25 mm). The temperature is 
measured by a thermal gauge (PT100 temperature probe) fixed on the 
specimen surface. Fig. 3 presents the instrumentation for this test. 

The test was carried out at nine temperatures: − 25, − 15, − 5, 5, 15, 
25, 35, 45 and 52 ◦C and eight frequencies: 0.003, 0.01, 0.03, 0.1, 0.3, 1, 
3 and 10Hz, following the same procedure described in Phan et al. 
(2017). Equation (3) presents the complex modulus (E*) calculation, 
where |E*| is its norm. 

E* =
σ0

ε0
e− iφ = |E*|e− iφ (3)  

2.3. Interface LVE analysis methodology (V specimens) 

The method used to characterize the interfaces of specimen V was the 
one proposed by Freire et al. (2018). Two approaches were used to 
characterize the bituminous mixture and the interface of specimen V 
during the complex modulus test. The first one is a bulk approach that 
uses the continuum mechanics hypothesis. The second one assumes that 
the interface is infinitely thin. The first interface analysis was done by 
considering the geogrid and the emulsion used to bond the geogrid in the 
specimen as an equivalent layer with a thickness (t) as shown in Fig. 4. 

It is possible to show (Freire et al., 2018) that the complex modulus 
measurements obtained from each pair of extensometers (E*

1 (for ex
tensometers l1) and E*

2 (for extensometers l2)) considering a homoge
neous material is a combination of the bituminous mixture modulus (E*

A) 

Fig. 1. Components of tested specimen: (a) Bituminous mixture gradation curve and (b) fiberglass geogrid Notex Glass® 50/50-25.  

Fig. 2. Slabs coring plan and interface (with or without geogrid) position illustration for specimens V and H.  

Table 1 
Tested specimens’ composition and air voids measured in the bituminous 
mixture layers.  

Slab 
configuration 

Specimen Interface Air Voids (in 
bituminous 
mixture layers) 
(%) 

Composition Tack coat 
rate 
(residual 
binder) 

A A1-H3 No interface 6.2 
A1-H4 6.0 
A1-V2 8.5 
A1-V5 8.6 

B B1–H1 Straight-run 
bitumen 

292 g/m2 7.0 
B1–H2 6.1 
B2–V1 6.8 
B2–V2 6.3 

C C2–H1 Straight-run 
bitumen and GG 
100 kN/m 

2 × 400 g/ 
m2 

7.8 
C2–H3 7.3 
C1–V6 8.3 
C2–V1 7.1 

D D1-H1 Straight-run 
bitumen and GG 
50 kN/m 

8.7 
D1-H3 7.3 
D2-V1 6.0 
D2-V3 6.9 

E E1-H1 Modified 
bitumen and GG 
100 kN/m 

6.2 
E1-H2 6.4 
E2-V4 6.8 
E2-V5 6.7 

GG 100 kN: Geogrid Notex Glass® C 100/100–25; and GG 50 kN: Geogrid Notex 
Glass® C 50/50-25. 

R. Arrais Freire et al.                                                                                                                                                                                                                          



Geotextiles and Geomembranes xxx (xxxx) xxx

4

and the interface modulus (E*
G). Thus, from the measurements obtained 

from the extensometers l1 and l2, it was possible to obtain E*
A according 

to Equation (4). Then, E*
G could be calculated for any chosen thicknesses 

values (t) using Equation (5). 

E*
A =

(l2 − l1)⋅E*
1⋅E*

2

l2⋅E*
1 − l1⋅E*

2
(4)  

E*
G(t)=

t⋅E*
i ⋅E*

A

li⋅E*
A − (li − t)⋅E*

i
with i = 1 or 2 (5) 

The second interface analysis approach was performed by assuming 
the interface as a film with no thickness. In this case, the behaviour 
could be represented by an interface stiffness (K*

G) linking σ* and vertical 
displacement observed between the interfaces of the two bituminous 
mixtures layers. Then, K*

G could be obtained according to Equation (6). 
More details regarding this method can be found in Freire et al. (2018). 

K*
G =

(
E*

G

t

)

[when t → 0] =
E*

A

li⋅
(

E*
A

E*
i
− 1

) with i= 1 or 2 (6)  

2.4. 2S2P1D LVE model 

All experimental LVE behaviour obtained for the five configurations 
was modelled using the 2S2P1D rheological model. This model was 
developed at the University of Lyon/ENTPE and it consists of 2 springs 
(elastic elements), 2 parabolic creep elements and 1 dashpot (purely 
viscous) (Di Benedetto et al., 2007; Olard and Di Benedetto, 2003). 
Seven coefficients were used to fit the experimental data and the value of 
the complex modulus given by the model was calculated by Equation 

(7), for any frequency f and temperature T. 

E*(iωτ)=E00 +
E0 − E00

1 + δ(iωτ)− k
+ (iωτ)− h

+ (iωβτ)− 1 (7)  

Where the pulsation ω = 2πf with f the loading frequency. E00 is the 
static modulus, obtained in higher temperatures (or lower frequencies). 
E0 is the glassy modulus, obtained at the lower temperatures (or higher 
frequencies). Moreover, k, h and δ are calibration constants. Finally, τ is 
the characteristic time and depends on the temperature T, and β is a 
constant that depends on the dashpot viscosity (η = (E0 − E00)βτ). To 
remove the effects of E0 and E00, a normalization (Pouget et al., 2010; 
Pham et al., 2015) can be performed according to Equation (8). This 
expression of the normalized complex modulus E*norm characterizes the 
complex viscous properties. 

E*
norm =

E* − E00

E0 − E00
=

1
1 + δ(iωτ)− k

+ (iωτ)− h
+ (iωβτ)− 1 (8)  

3. Experimental results & analysis 

This section is separated into three parts. The first sub-section pre
sents the results for bituminous mixtures only. Then, only EA* is pre
sented for type V double-layer specimen. A classical complex modulus 
analysis is done for single layer specimens (configuration A) and double- 
layer specimens type H. The second sub-section focus on the interface 
LVE behaviour of the double-layer specimens type V. The last sub- 
section presents the results obtained concerning the reinforced speci
mens type H and the geogrid contribution evaluation during the tests. 

3.1. Bituminous mixture complex modulus results and modelling 

Fig. 5(a) presents the bituminous mixtures’ complex modulus test 
results in the Cole-Cole plan concerning the specimens type V. There
fore, only the EA* was plotted for the specimens with an interface. Fig. 5 
(b) presents the complex modulus test results in the Cole-Cole plan 
concerning the specimens type H. In this case, a classical analysis was 
done with test results (axial strain obtained from the average of four 
extensometers). Moreover, for both graphics (V and H), the 2S2P1D 
model for each specimen was also plotted and the coefficients used in the 
calibration are presented in Table 2. From Cole-Cole plan curves (see 
Fig. 5), it could be noticed that a unique curve was obtained when 
changing frequency and temperature for each specimen test result for 
both coring directions (V and H). Therefore, the results indicated that 

Fig. 3. Illustration of experimental instrumentation and apparatus for H and V type samples.  

Fig. 4. Continuous Mechanics interface calculation hypothesis scheme.  

R. Arrais Freire et al.                                                                                                                                                                                                                          



Geotextiles and Geomembranes xxx (xxxx) xxx

5

the material could be considered thermoreologically simple, and the 
time-temperature superposition principle (tTSP) was validated for all 
tested specimens. 

Although all specimens contained the same bituminous mixture, the 
results presented in Fig. 5 were not superposed. However, the same 
shape coefficients of the 2S2P1D model (k, h, δ, and β) were obtained for 
all specimens, as observed in Table 2. The difference in the results was 
related to the glassy modulus (E0) and static modulus (E00) only, which 
could be explained by the voids content of the specimens (Fig. 6). E0 

values were plotted against the air voids content of the specimen in 
Fig. 6. The red squares stand for the specimens type H, and the red 
pointed line is the linear fit done for those specimens. The blue circles 
stand for the specimens type V, and the blue dash line is the linear fit for 
V. Finally, the black line is the linear fit for all the tested specimens. 

The linear fit obtained for specimens V was worse than the fit ob
tained for specimens H, since the R2 was 67.6% for specimens V, while 
the R2 for specimens H was 86.8%. Thus, it could be observed that the 
variation of E0 was highly related to the air voids variation on the 
specimens. This statement agrees with the previous works conducted by 
the LTDS/ENTPE team (Pham et al., 2015; Cardona et al., 2016; Pedraza 
et al., 2019). In addition, the difference observed between the linear fit 
obtained for specimens type H and V was due to the material anisotropy. 
However, this difference was approximately 5%, and, thus, can be 
considered negligible. 

Nonetheless, the glassy modulus (E0) and static modulus (E00) are 
parameters that vary from sample to sample in the function of their 
particularities. To compare the LVE behaviour of the tested specimens, 
the normalization described in Equation (8) was performed. Fig. 7 
presents the normalized complex modulus test results of all specimens 
(V and H) with the 2S2P1D model in the Cole-Cole plan. 

From the normalized curves, it can be observed that there was a 
superposition in all experimental data. This superposition observed in
dicates that all specimens presented similar LVE behaviour, the same 
results observed in Freire et al. (2018). This result was expected since 
the same bituminous mixture constituted all specimens. Moreover, this 
result corroborates the effectiveness of the analysis proposed method. 
Finally, good repeatability was verified for the tested specimens. 

3.2. Interfaces complex modulus results and modelling of V specimens 

In order to analyse the interfaces behaviour of specimens V, the 
interface stiffness (KG*) (equation (6)) was used since it is not dependent 
on an arbitrarily chosen thickness (which is not the case for interface 
moduli EG*, Equation (5)). Fig. 8(a) presents all interface stiffness test 
results in the Cole-Cole plan with the 2S2P1D model simulations. Fig. 8 
(b) presents the glassy modulus (KG0) obtained for each interface 
studied. 

From Fig. 8, it can be observed that the specimens in configuration B 
(interface with straight-run bitumen emulsion only) presented higher 

Fig. 5. Bituminous mixtures complex modulus test results in Cole-Cole plan with 2S2P1D model for each test for: (a) type V samples (EA*) and (b) type H samples.  

Table 2 
Bituminous Mixture 2S2P1D constants obtained from the different tested spec
imens (with and without geogrid cored in H or V direction).  

Specimen E00 

(MPa) 
E0 (MPa) τ (s) (Tref 

15 ◦C) 
k h δ β 

A1-V2 15.0 3.12E+04 0.27 0.185 0.60 2.35 200 
A1-V5 10.5 2.95E+04 
A1-H3 25.0 3.40E+04 
A1-H4 10.0 3.33E+04 
B2–V1 

EA* 
12.0 3.20E+04 0.40 

B2–V2 
EA* 

30.0 3.35E+04 0.27 

B1–H1 6.0 3.25E+04 0.32 
B1–H2 15.0 3.35E+04 0.40 
C1–V6 

EA* 
50.0 3.10E+04 0.50 

C2–V1 
EA* 

60.0 3.20E+04 

C2–H1 13.0 3.10E+04 0.30 
C2–H3 20.0 3.25E+04 0.50 
D2-V1 

EA* 
35.0 3.30E+04 0.40 

D2-V3 
EA* 

15.0 3.10E+04 

D1-H1 7.0 2.92E+04 
D1-H3 10.0 3.40E+04 
E2-V4 

EA* 
20.0 3.20E+04 0.50 

E2-V5 
EA* 

25.0 3.15E+04 

E1-H1 10.0 3.30E+04 0.40 
E1-H2 10.0 3.35E+04  
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stiffness when compared to the other configurations having geogrid. 
This result can be explained by the higher quantity of tack coat used for 
specimens with geogrid (twice 400 g/m2 versus 292 g/m2 of residual 
binder), which gives a thicker binder interface. Concerning the rein
forcement specimens, configurations C (geogrid of 100 kN/m and 
straight-run bitumen emulsion) and D (geogrid of 50 kN/m and straight- 
run bitumen emulsion) presented similar interface stiffness. However, 
configuration E (geogrid of 100 kN with modified emulsion bitumen) 
presented the highest stiffness interface among the reinforced ones. 
Thus, the quality of the emulsion created stiffer interfaces between 

bituminous mixtures reinforced by fiberglass geogrid. This result cor
roborates with the work done by Cho et al. (2016), showing that the tack 
coat quality can overlap the influence of geogrid type. 

Table 3 presents all the 2S2P1D model coefficients calibrated for 
KG*. The behaviour of all interfaces was LVE and could be modelled 
using the 2S2P1D model. It can be noticed that not only the glassy 
modulus (KG0) and static modulus (KG00) were different but also the 
shape coefficients of the 2S2P1D model (k, h, δ, and β) were different for 
the interfaces studied. Comparing configurations C and D, identical 
shape coefficients could be considered. Moreover, SBS modification in 

Fig. 6. Bituminous mixture glassy modulus (E0) versus voids content for all tested specimens.  

Fig. 7. Bituminous mixtures complex modulus test results of all specimens in normalized Cole-Cole plan.  

Fig. 8. Interface stiffness (KG*) test results: (a) Cole-Cole plan; (b) KG0 obtained for each tested specimen.  
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configuration E and the lack of geogrid in configuration B yield 
considerable variation in interface LVE behaviour. This result indicates 
that the bitumen type and amount play an important role in interface 
LVE behaviour. 

Once again, the glassy modulus (KG0) and static modulus (KG00) in
fluences were removed by performing the normalization described in 
Equation (8). Fig. 9 presents interfaces KG* in the normalized Cole-Cole 
plan. Interfaces of configurations C and D, having the same tack coat 
type and rate (straight-run bitumen emulsion and 800 g/m2, respec
tively) presented overlapped curves. Interfaces of configuration E 
(modified bitumen) and configuration B (composed of straight-run 
bitumen emulsion at a rate of 290 g/m2 and without geogrid), having 
different tack coat types and rates presented distinct curves (Fig. 9). This 
result suggests that the interface LVE behaviour was majorly affected by 
the bitumen type and rate, rather than the fiberglass geogrid UTS and 
presence. 

3.3. Influence of fiberglass geogrid on H specimen’s behaviour 

Specimens type H have the geogrid/interface oriented in the axial 
loading direction. Assuming that the complex modulus measured (EM*) 
during the test is a composition of the bituminous mixtures complex 
modulus (EA*) plus the geogrid stiffness (kG_SPC). However, the geogrid 
stiffness does not have a viscous component, since it is an elastic ma
terial. Thus, the complex modulus of bituminous mixtures can be ob
tained using Equation (9), which indicates that the measured load is the 
sum of the load taken by the bituminous mixture and the one taken by 
the geogrid. Moreover, assuming that the geogrid could be not entirely 
mobilized during the test, a constant C was included in Equation (9) 
representing the percentage of possible geogrid mobilization. 

E*
A =EM1 − C*

kG SPC

S
+ iEM2 (9)  

Where S stands for the area of the specimen section, EM1 is the elastic 

part, EM2 is the viscous part of the measurement and i the imaginary unit 
of a complex number. To calculate kG_SPC for each type of fiberglass 
geogrid, their UTS characterization tests were considered. For example, 
concerning Notex Glass® C 100/100–25, its UTS of 100 kN/m was 
divided by 3%, which was the strain measured corresponding to 100 kN/ 
m. Then, it was multiplied by the number of yarns within the specimen 
(3) and divided by the number of yarns per linear meter (40). Therefore, 
the kG_SPC yielded for the mentioned grid was approximately 61 MPa. 
Consequently, the one for Notex Glass® C 50/50-25 should be half of 
this value, 30.5 MPa, since both have the same geometry and achieve 
their UTS at 3% of strain. 

In order to obtain the actual percentage of geogrid mobilization 
during the complex modulus tests, two hypotheses were tested: (i) the 
geogrid was fully mobilized (C = 100%) and (ii) the geogrid was not 
mobilized (C = 0%). Then, the results were plotted with the results 
obtained for the specimens without geogrid (A1-H3, A1-H4, B1–H1, and 
B1–H2) in Black space in Fig. 10. It was observed that the unreinforced 
specimens presented similar curve shapes, having a peak of phase angle 
value between 35 and 45 ◦C, classically obtained for bituminous mix
tures. The geogrid influence was only noticeable at high temperatures 
since at low temperatures the bituminous mixture has a high modulus 
that overlaps the geogrid contribution. However, considering the hy
pothesis of full geogrid mobilization (C = 100%), the curve presented a 
dissimilar behaviour of phase angle obtained in bituminous mixtures 
characterization. Thus, to define a criterion of geogrid mobilization, a 
threshold of 62◦ of phase angle was considered an acceptable limit for 
bituminous mixtures behaviour. Then, simulations of different per
centages of C were done to find out its maximum possible value (CMAX) 
that respects the chosen criterion. This value represents the real per
centage of geogrid mobilization of the analysed specimen. Regarding 
C2–H1, CMAX was equal to 18%, as can be also seen in Fig. 10. 

The same simulation was done for all reinforced specimens and CMAX 
was obtained. Fig. 11 presents the percentage of geogrid mobilization in 
the complex modulus test concerning specimens H for each studied 
specimen configuration. 

From the previous figure, configuration C (geogrid of 100 kN/m and 
straight-run bitumen emulsion) presented the highest geogrid mobili
zation level and configuration E presented the lowest geogrid mobili
zation level. However, the specimens presented considerably low 
geogrid mobilization levels when subjected to small strain amplitudes 
tension-compression tests, especially configuration E (8 and 10%). Two 
explanations could be used to explain this result. First, a geogrid slip
page could have occurred within the interface during testing. At high 
temperatures, the bitumen tack coat presents low stiffness that could 
facilitate the geogrid slippage during loading cycles. Second, the geogrid 
was not tensioned within the sample at the beginning of the test. In this 
case, just after a certain amount of strain loading, it began to be properly 
tensioned and, then, provided any contribution to loading support. 

Table 3 
Interface stiffness (KG*) 2S2P1D constants obtained from the different tested 
specimens (with and without geogrid cored in V direction).  

Specimen KG00 

(MPa/ 
m) 

KG0 (MPa/ 
m) 

k h δ τ (s) 
(15 ◦C) 

β 

B2–V1 4000 1.00E+07 0.210 0.590 2.80 0.200 30 
B2–V2 7000 8.30E+06 0.100 
C1–V6 800 2.30E+06 0.175 3.00 0.030 200 
C2–V1 1300 4.75E+06 
D2-V1 888 4.90E+06 
D2-V3 500 2.80E+06 
E2-V4 400 4.10E+06 0.165 3.70 0.007 500 
E2-V5 700 5.70E+06 0.011  

Fig. 9. Interface stiffness (KG*) test results of all interfaces in normalized Cole-Cole plan.  
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Therefore, the trend observed in test results would be not related to the 
geogrid UTS or tack coat presented in the specimens, but interfaces 
specificities due to slab fabrication. 

4. Conclusions and perspectives 

In this work, the methodology proposed by Freire et al. (2018) was 
used to verify the fiberglass geogrid presence, type and tack coat on 
interface linear viscoelastic (LVE) behaviour. Moreover, the geogrid 
effect on specimens having the interface parallel positioned in the cyl
inder longitudinal axis, subjected to small strain amplitude loading, was 
evaluated. The major conclusions are listed below:  

• The method proposed by Freire et al. (2018) was confirmed in this 
study to be a reliable tool for interface LVE characterization 
including interface with geogrid reinforcement.  

• The bituminous mixture layers’ complex modulus (E*
A) of reinforced 

specimens type V was successfully obtained and their LVE behaviour 
was the same as those obtained for mixtures without reinforcement.  

• The interface stiffness (K*
G) obtained in type V specimens analysis 

was LVE and it could be modelled by 2S2PD.  
• Specimens type V from configuration B (interface with straight-run 

bitumen emulsion only) presented the highest interface stiffness 
(K*

G). However, the specimens from this configuration had a much 
thinner interface due to the quantity of tack coat in the interface, 
292 g/m2 versus 800/m2 of residual binder in reinforced specimens.  

• Interface normalized curves suggest that the interface LVE behaviour 
was majorly affected by the tack coat type and rate, rather than the 
fiberglass geogrid UTS. Bitumen type and amount play an important 
role in interface LVE behaviour.  

• The tack coat containing SBS-modified bitumen increased the 
interface stiffness (K*

G) of reinforced type V specimens  

• Considerable low level of geogrid mobilization was obtained at small 
strain amplitudes tension-compression tests concerning specimens 
horizontally cored. Especially for specimens with interface with 
modified bitumen. 
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