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Évaluations Mécaniques de Couches de Chaussées Bitumineuses Renforcées 
Réhabilitées avec des Matériaux Géosynthétiques 

 
 

Ehsan SOLATIYAN 
 
 

RÉSUMÉ 
 
 

Les chaussées bitumineuses couvrent une grande partie du réseau routier canadien. La 
circulation et les charges environnementales causent des détresses et des dommages à la 
structure de la chaussée. Une approche traditionnelle pour la réhabilitation des chaussées 
consiste à mettre en œuvre une couche d'enrobé sur une chaussée bitumineuse détériorée 
existante à des moments précis de sa durée de vie. Cependant, cette approche est quelque peu 
coûteuse à long terme et non respectueuse de l'environnement. D'autre part, plusieurs études 
indiquent que l'inclusion d'une couche géosynthétique sous un revêtement d'enrobé conduit à 
une durée de vie prolongée de la chaussée. Néanmoins, il existe encore des écarts entre les 
observations sur sites et les résultats de la modélisation, qui proviennent principalement du fait 
que le comportement mécanique des chaussées renforcées n'a pas été entièrement compris, ce 
qui conduit à sous-estimer ou surestimer les solutions de conception. Cette recherche vise à 
examiner différents aspects de l'interaction mécanique entre le matériau géosynthétique et les 
couches de chaussées bitumineuses, puis à éclairer les considérations importantes à prendre en 
compte dans la procédure de conception pour obtenir une structure de chaussée bitumineuse 
renforcée et réhabilitée de manière optimale. 
 
 
Mots-clés: Renfort de chaussée bitumineuses, revêtement d'enrobés, matériaux 
géosynthétiques. 
 

 

 

 

 

 

 

 



 



 

Mechanical Evaluations of Reinforced-Rehabilitated Bituminous Pavement Layers with 
Geosynthetic Materials  

 
 

Ehsan SOLATIYAN 
 
 

ABSTRACT 

 
 

Bituminous pavements cover a large part of the Canada’s roadway network. Traffic and 
environmental loadings cause distresses and damages in the pavement structure. A traditional 
approach for pavement rehabilitation is to implement an asphalt overlay on existing 
deteriorated bituminous pavement at specific times during its service life. However, this 
approach is somewhat expensive in the long run and not environmentally friendly. On the other 
hand, several studies indicate that the inclusion of a geosynthetic layer under an asphalt overlay 
leads to extended pavement service life. Nevertheless, there are still some discrepancies 
between fields and modeling results, which mainly stems from the fact that the mechanical 
behavior of reinforced asphalt overlay has not entirely been understood which results in 
underestimate or overestimate design solutions. This research aims to review different aspects 
of mechanical interaction between geosynthetic material and bituminous pavement layers and 
then shed light on the important considerations that need to be considered in the mechanistic-
based design approaches to obtain an efficient reinforced-rehabilitated bituminous pavement 
structure.  
 
 
 
Keywords: Bituminous pavement reinforcement, Asphalt overlay, Geosynthetic materials. 
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INTRODUCTION 
 

The pavement is a structural element implemented on top of the natural soil that undergoes 

traffic and environmental loads and distributes them to a tolerable amount by the natural soil. 

Based on the stiffness of materials and also the structural performance, pavement is classified 

into two broad categories: flexible pavements and rigid pavements.  

Flexible pavements, sometimes called bituminous pavements, are composed of a mixture of 

aggregates and bitumen (or asphalt cement) in which the external loads are distributed through 

an aggregate-to-aggregate contact. On the other hand, rigid pavements, made of cement 

concrete and in some cases rebars, behave like a rigid plate, and the loads are transferred to 

underlying layers through the flexural function of the plate. 

In comparison, flexible pavements have received more attention in the road engineering 

community from different aspects, especially due to the low initial costs, the possibility of the 

stage construction, and easier implementation and repair procedures. Approximately, 80% of 

all roads in the province of Québec are paved by a bituminous layer (El-Hakim & Tighe, 2014) 

which is a rather expensive layer and plays an important role in the mechanical performance 

of the flexible pavement structure (Zapata, 2005). However, because of the application of low 

stiffness materials, premature failures such as fatigue cracking and permanent deformation 

(rutting) are frequently observed, which results in shorter service life, and higher required 

maintenance costs. 

A traditional approach to treat the premature failures is to implement an asphalt overlay on 

existing deteriorated bituminous surface in specific times during its service life. However, this 

approach is rather expensive and not environmentally friendly due to the appearance of 

premature failures after a short time, which necessitates another rehabilitation.  

Field experience and laboratory results of using geosynthetic material into the bituminous 

pavement structure, especially in the base and subgrade layers, proved its effectiveness in terms 

of extending the service life (Haas et al., 1988; Miura et al., 1990; Leng & Gabr, 2002; 

Moghaddas-Nejad & Small, 2003; Chen et al., 2009; Abu-Farsakh & Chen, 2011; Qian et al., 

2011; Ghafoori & Sharbaf, 2016; Abu-Farsakh et al., 2016). Nonetheless, a unanimous design 

method to incorporate the mechanical effects from geosynthetic materials into the existing or 
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new HMA overlay has not been yet proposed which results in overdesigned or underdesigned 

solutions. 

Therefore, this thesis has attempted to illuminate the main considerations that are required to 

be taken into account in response model and performance prediction models embedded in a 

mechanistic based design approach for a reinforced - rehabilitated pavement structure, through 

a comprehensive laboratory examination. On this basis, this manuscript is presented in eight 

chapters. Chapter 1 covers a literature review on design methods developed for bituminous 

pavements from early days up to now. Chapter 2 describes problems in designing a reinforced 

or rehabilitated bituminous structure. It continues with the explanation of general and specific 

objectives. Chapter 3 provides a specific literature review on mechanical behavior and design 

considerations for reinforced-rehabilitated bituminous pavements in which the mechanical 

effects coming out of the interface are first discussed and then the main considerations to 

include them into mechanistic based design methods are explained. The derived paper from 

this study was published in Construction and Building Materials. Different issues are 

highlighted in chapter 3, and among those issues is the waterproofing capacity of a cracked 

pavement structure rehabilitated with a paving fabric. Because of this, chapter 4 addresses the 

permeability and anti-reflective property of double-layer bituminous systems, rehabilitated 

with a layer of paving at the interface, through novel laboratory approaches. This is specifically 

important to provide better judgment on selecting proper drainage coefficient of granular layers 

and retained modulus of both bituminous and granular layers in design methods for systems 

including paving fabric. The derived paper from this study was published in Materials and 

Structures. 

As explained in chapter 3, the presence of paving fabric or geogrids in a bituminous pavement 

does have an impact on the mechanical response of the pavement structure to loads. There are 

different problems related to the characterization in the laboratory of the rheological behaviour 

of a system composed of two asphalt mixes with a geosynthetic embedded in between, to the 

behaviour of the interface, to the crack propagation resistance, and to the degradation of those 

pavements in general.  Those questions were addressed in this research project and the work 

done to answer those problems is exposed in the following chapters.Chapter 5 explains how 

the placement of a layer of paving fabric in a rehabilitated structure could influence the fracture 
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parameters of the composite system and tangential and axial stiffnesses at the interface level 

of adjacent materials. In other words, the required changes in mechanistic design approaches 

with respect to response model and performance prediction model in terms of reflective 

cracking, in the presence of a rehabilitated interface are explained. Findings from this study 

were accepted for publication in the Journal of Materials in Civil Engineering (ASCE). Chapter 

6 reveals the main considerations that need to be taken into account in performance models of 

a rehabilitated system for better prediction of rutting and fatigue cracking. The findings from 

this study were submitted for the evaluation in the Journal of Road Materials and Pavement 

Design. Chapters 7 and 8 focus on reinforced bituminous layers with grid products. The 

fracture toughness of grid-reinforced structures and its effect on delaying reflective cracking 

is discussed in Chapter 7, accepted for publication in the Journal of Geotextiles and 

Geomembranes, and the changes in response model and structural integrity of reinforced 

interface are addressed in Chapter 8, submitted in Construction and Building Materials. 
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CHAPTER 1 
 
 

LITERATURE REVIEW 

1.1 Introduction 

Bituminous layers constitute the upper part of flexible pavements, which are usually in close 

contact with applied loads from vehicles and the environment. Therefore, the materials 

employed in the dressing layer need to be impermeable and resistant enough to maintain its 

quality throughout the service life so that a smooth, comfortable and safe roadway for the users 

could be guaranteed. To satisfy this requirement, it is not only essential to supply construction 

material in accordance with the standards, but also to reduce the possibility of the occurrence 

of premature failures due to unexpected or ever-increasing traffic loads through new 

technologies such as interlayer products. Interlayer systems compensate for the absence of 

tensile strength in hot mixtures and lead to the enhanced structural integrity of the entire system 

against fatigue cracking, rutting, and reflective cracking. 

Various kinds of products are available in the market functioning as a reinforcing material to 

extend the flexible pavement service life. Some of them are (Helstrom et al., 2007): SAMIs 

(Stress Absorbing Membrane Interlayers), sand asphalt, geosynthetics (including paving 

fabrics and geogrids), or a combination of the above materials. In comparison, geosynthetics 

comprises noticeable assets that make it more interesting than the rest. It is both firm and 

flexible. Its modulus is considerably higher than any other reinforcing products and any 

components of the flexible pavement structure. It is also able to undergo high mixing and 

compacting temperatures during construction operations without any loss in its performance. 

It receives almost no harm from de-icing salt, petroleum, or bitumen. In addition, under adverse 

weather conditions or attacks from corrosive chemicals, it resists very well (Al-Qadi et al., 

2008). However, there are two main obstacles in its use in asphalt layers, which need to be 

further studied: mechanical interaction between geosynthetic and surrounding bituminous 

layers and its recyclability during the maintenance measures.  

In this research, the mechanical interaction at the interface of the geosynthetic and adjacent 

bituminous materials is studied. It is believed that any changes made at the interface of 
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bituminous layers could affect the distribution of pavement responses to applied loads and then 

makes the prediction of mechanical performance of the structure more complicated (Wu et al., 

2017; Galaviz-González et al., 2019; Romanoschi et al., 2001). To clarify this effect, first a 

pavement cross section is assumed with the details indicated in Figure 1.1.  

 
Figure 1.1 Assumed cross section to investigate the effect 
of a layer of geosynthetic on structural responses of the 

system 

The structural analysis of the assumed configuration with Abaqus software (Abaqus 2019), as 

can be seen in Figure 1.2, demonstrated that the introduction of a high modulus interlayer 

between bituminous layers could affect the distribution of horizontal shear stresses at the 

interface level. 

 
Figure 1.2 A comparison of horizontal shear 

stress distributions in unreinforced and 
reinforced structures at the interface level 

 
Furthermore, the bounding condition at the interface is another concern that could complicate 

further the distribution of structural responses of the system under loading. Figure 1.3 
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illustrates the distribution of shear stresses between bituminous layers (i.e. between EME2 and 

GB1 in the assumed cross section) induced by a dual wheel in Y-Y direction. This analysis 

was made by Alize-Lcpc software. 

 
Figure 1.3 Changes in shear stress at the interface level with 

different bouning conditions 

Besides, the presence of a layer of geosynthetic in the form of paving fabric between 

bituminous layers (between EME2 and GB1 layers in the assumed construction) could limit 

surface damages and extend the pavement service life by keeping away the binder course from 

the percolation of water from the surface layer and maintain its initial modulus. Figure 1.4 

shows the surface deflection analysis made by Alize-Lcpc for the assumed cross-section under 

a dual wheel. As can be seen, if the water is allowed to enter into the binder course, its retained 

modulus, according to the MTQ standard, is allowed to drop to 70% of the initial modulus, 

which in turn, the surface deflection will increase compared to the reinforced structure.  
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Figure 1.4 Changes in vertical surface deflection with 

modulus of bituminous binder course 

However, because of the lack of a standard test method and apparatus to measure the structural 

responses in a reinforced structure, design methods can lead to underestimate or overestimate 

solutions with pertinent economic burdens on authorities. On this basis, for the sustainability 

of the composite reinforced structure, it is vital to provide authentic and reliable mechanical 

measurements from a reinforced structure by means of novel approaches in order to ease its 

analysis procedure. This would also facilitate the application of any mechanistically based 

design approaches for the reinforced structure. 

This thesis will try to provide necessary inputs or modifications required to be considered for 

the design of a reinforced or rehabilitated structure with geosynthetic materials by the 

mechanistic-empirical (M-E) design approaches. A review of studies on design methods and 

their components along with a description of existing problems and the objectives are presented 

in the following sections. In the end, the framework of this thesis will be introduced.  

1.2 Background on pavement design methods 

Pavement design has changed considerably since the early 1900s.  This continuous trend is due 

to the growing need for a more accurate correlation between field observation and anticipated 

performance to consider not only the effect of continual change in speed and configuration of 

wheel loads but also new material types. 
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The evolution of design methods is demonstrated in Figure 1.5. In the early stages of 

development, road designs were based solely on engineering judgment or experience.  The 

concept of having a stiff layer with high-quality material in the top and low-quality material at 

the bottom was assumed by the Romans, which nowadays forms the main structure of flexible 

pavements. In the 1930s, after the Great Depression and development in new technologies, 

cover-based design methods (e.g. CBR method) were initiated. However, these methods were 

still based on engineering judgment.  It was in the 1960s that the AASHO road test was 

implemented in the field and resulted in the AASHTO design method. In the mid-1970’s a new 

linear elastic mechanistic-empirical design method (M-E method) was proposed, which 

required more parameters as inputs for the design and corresponding elaborated field and 

laboratory test methods to obtain these inputs. With the advent of high-speed processing 

computers, the possibility of doing more accurate analysis by the finite element method was 

brought up to consider both linear and non-linear behaviors of materials, which formed the 

basis of currently Mechanistic-Empirical Pavement Design Methods. 

 
Figure 1.5 Evolution of design methods for flexible pavements 

Pavement design based on the M-E method is an iterative process, which gives the pavement 

distress and smoothness as output instead of the layer thicknesses, normally reported by 

empirical methods. First based on the site conditions (i.e., traffic, climate, foundation, 

pavement geometry, and material properties) a trial design is proposed for a new pavement or 

existing pavement. Then, the structural responses (e.g. stress and strain) are calculated through 

response models embedded in the M-E Pavement method. This part constitutes the mechanistic 

part of the design method. After that, the structural critical responses are entered into the 
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distress prediction models to predict key distresses (i.e. fatigue cracking, rutting, thermal 

cracking, and reflective cracking) in flexible pavement structures. The trial design is then 

checked for adequacy against the failure criteria defined in the M-E Pavement design by the 

user. If the design does not meet the failure criteria at the specified reliability, it is revised and 

the evaluation process repeated as much as necessary. Thus, the designer is fully involved in 

the design process and has the flexibility to consider different design features and materials to 

satisfy the failure criteria for the site conditions. Figure 1.6 shows a flow chart of a typical M-

E pavement design procedure (AASHTO, 2008). 

 
Figure 1.6 Flow chart for Mechanistic-Empirical 

pavement design method (AASHTO, 2008) 

 

1.2.1 Design methods proposed for reinforced bituminous pavements with 
geosynthetics 

A review of the literature shows that the majority of design methods proposed for a reinforced 

layer with geosynthetic materials are empirical and solely developed for reinforced layers 
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made up of granular materials. The use of these methods are also limited in practice due to 

several factors (Berg et al., 2000): 

 Design methods were not part of a nationally recognized pavement design procedure. 

 Design methods applied to a limited range of design conditions. 

 Most of the design methods are proprietary which is rather difficult to extend the results 

for other brands of the same kind but different specifications.  

For example, an empirical method proposed based on the modification of the original formula 

(Equation (1.1)) used in AASHTO (1993) to solve SN, by introducing two separate ratios in 

the equation; one Traffic Benefit Ratio (TBR), and the other Base Course Reduction (BCR) 

which are defined as below (Murad, 2017). 

 

     (1.1)  

 

Traffic Benefit Ratio (TBR) is specified as the ratio of the number of traffic repetitions on a 

pavement section reinforced with a grid to attain specific failure criteria (Nr) to the number of 

traffic repetitions on an unreinforced section, with the same properties, to reach the same 

criteria (Nu). It is sometimes termed Traffic Improvement Factor (TIF) and calculated 

according to Equation (1.2).  

 

  TBR = Nr / Nu                                                                (1.2) 

 

Base Course Reduction (BCR), is determined by the reduction in the reinforced base course 

layer thickness (Tr) with respect to the unreinforced thickness (Tu), with the identical material 

components, to attain the same specific failure level. It is defined as Equation (1.3). 

                                                                 

   BCR= Tr/Tu                                                           (1.3) 

On this basis, TBR is applied to the number of traffic W18 in the Equation (1.1) and BCR is 

applied to the base thickness value according to the Equation (1.4) & Equation (1.5): 
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(1.4) 

Then, the base course thickness in a reinforced structure would be  

                                        (1.5) 

 

In which SNu is the structural number for the unreinforced pavement. TBR ranges from 1.5 to 

70 and BCR from 20% to 40%. 

In an attempt to seek for the performance of geogrids implemented over different types of 

subgrades, from soft to stiff ones, and then to quantify it into design methods, two empirical 

factors were introduced: modulus improvement factor (MIF) and layer coefficient ratio (LCR), 

which are defined according to Equation (1.6) and Equation (1.7) (Goud et al., 2020).  

 

where  is the modulus of the base course and  is the modulus improvement factor, 

obtained from Equation (1.7).  

 

 

The calculated LCR is then applied to the layer coefficient of the base layer to take the 

reinforcement effect of geogrid into account. 

Another method is to assume the distribution of the wheel load as indicated in Figure 1.7. The 

stiffer the layer, the more load spreads to the bottom layers. Based on the assumption that 

utilizing geogrids will enhance the stiffness of the layer and consequently will increase the 

load spreading, the bearing capacity of the granular layer or soil is calculated based on the 

CBR (California Bearing Ratio) value. Then this value is compared with the applied load on 

top of the layer. If the bearing capacity is higher than the load, the safety factor will be higher 
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than 1.0. Similarly, the same method can be used for the asphalt, base, and subbase layers 

(Elias, 2004). 

 
Figure 1.7 Load distribution in a compound method 

However, the best way to design a pavement system including an asphalt layer reinforced with 

geogrid is to use an M-E design approach. Unlike the granular materials, the enhanced 

mechanical behavior is more complicated to quantify with some factors and also the improved 

structural performance in terms of fatigue cracking and permanent deformation can be 

measured and evaluated in the field (Al Qadi et al., 2008).  On this basis, It was suggested that 

in addition to the common input parameters into M-E design approaches, namely traffic, 

climate, material properties, and pavement geometry, for asphalt layers reinforced with 

geosynthetics, the following considerations need to be considered (Rathmayer, 2007; Khay 

and Giraud, 2004; Chen et al., 2009; Palmeira and Antunes, 2010; Perkins, 1999; de Bondt, 

2012; Zofka et al., 2017): 

 Properties of the reinforced material like complex modulus of the interface and 

integrated system in order to analyze the structural responses through response models; 

 Location of the interlayer in pavement cross-section; 

 Mechanical characteristics of each pavement layer and the subgrade; 

 Stiffness and thickness of layers in contact with the interlayer; 

 Calibration of distress prediction models based on field condition and new materials; 
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 The interaction between the reinforcement interlayer and adjacent layers or the bonding 

condition. In this connection, most of the proposed models were focused on defining 

the geosynthetic material as a membrane element to resemble the frictional effect. 

However, only a few of these studies tried to consider the lateral confinement effect of 

the geogrid layer provided by the presence of apertures in its structure. It was suggested 

that this effect could be simulated by an additional force applied on the sides of the 

geogrid layer, which was then distributed as uniform stress around the geogrid layer 

(Yang and Han, 2013). However, this hypothesis is not correct because the 

reinforcement effect of geogrid on adjacent materials is decreasing as the distance from 

the geogrid layer is increasing. In another study, the confinement force was taken into 

account by a triangularly distributed stress applied on the side of the geogrid layer (Gu 

et al. 2016). 

As mentioned earlier, the M-E Pavement Design approaches can take the effect of interlayer 

products into account. On this basis, various types of interlayers could be classified into two 

broad categories in terms of their applications in pavement structure. First, rehabilitation-

purpose products such as geotextile, paving fabric, paving mats, and stress-absorbing interlayer 

(SAMI), which are mainly employed to waterproof the pavement system and to retard the 

propagation of reflective cracks from the bottom layers to the top. Second, reinforcement-

purpose products such as grids made of a wide range of raw materials, which are utilized to 

enhance the structural integrity of the pavement system against shear and tensile stresses 

induced by external loads. 

 In this thesis, the required inputs and modifications in the M-E design approaches for both of 

these reinforcement and rehabilitation strategies were addressed. Like the new pavement 

design method, the M-E approach for rehabilitation or reinforcement projects is an iterative 

process, which starts with a trial rehabilitation or reinforcement strategy proposed by initial 

inputs. Then the trial strategy is analyzed by response models and distress prediction models 

to ensure that it meets the user’s performance expectations.  
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1.2.1.1 Response models in the M-E pavement design  

The response model aims to determine the structural responses of the pavement system due to 

traffic loads and environmental effects. In most cases, numerical analyses such as finite 

element methods using the ABAQUS software have been employed to obtain the pavement 

responses (e.g., stresses, strains, and deformations), and thereby to predict the pavement 

performance. Of particular interest are the critical responses required as inputs into the 

pavement distress models, which include (AASHTO 2008): 

 Tensile horizontal strain at the bottom or top of the HMA layer (for HMA fatigue 

cracking). 

 Compressive vertical stresses or strains within the HMA layer (for HMA rutting). 

 Compressive vertical stresses or strains within the base\subbase layers (for rutting of 

unbound layers). 

 Compressive vertical stresses or strains at the top of the subgrade (for subgrade rutting). 

Each of these variables should be assessed at the critical location within the pavement system 

where the variable has the maximum value. 

Two material behaviors apply to the M-E design method. For cases in which all the materials 

in the pavement structure can realistically be treated as linearly elastic, multilayer elastic theory 

is used to determine the pavement responses. In cases where the nonlinear behavior of 

materials is considered, a nonlinear finite element procedure is applied instead of determining 

the pavement responses. In this case, it is necessary that the finite element method be validated 

by the laboratory data to confirm its accuracy. 

1.2.1.2 Distress prediction models in M-E pavement design 

After calculation of the critical responses by the mechanistic unit, the output is entered into the 

distress prediction models, which has been developed based on the laboratory measurements 

and adjustment with the field results. The design life of the pavement is first divided into some 

intervals and then damages are computed for each interval. An analysis interval of one month 

is defined as the minimum unit for estimating incremental damage in order to account for the 

possible changes in the traffic and environmental conditions. Distresses are then accumulated 
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for each interval and reported as the predicted value. The followings are the types of distresses, 

which are considered in the M-E Pavement Design for hot mixture overlays. 

Rut Depth 

A surface lateral distortion in the wheel path, which is mainly caused by the plastic or 

permanent vertical deformation in the HMA, unbound layers, and subgrade (Yinfei et al., 

2018), is called rutting as indicated in Figure 1.8. For all HMA mixtures, the field-calibrated 

form of the laboratory-derived relationship from repeated load permanent deformation tests is 

as Equation (1.8) (AASHTO, 2008). 

 

 
Figure 1.8 A typical form of rutting in the wheel path 

(adapted from Mashaan et al., 2014) 
 

            (1.8) 

where ∆p(HMA) is accumulated permanent vertical deformation in the  HMA layer/sublayer, εp 

(HMA) is accumulated permanent or plastic axial strain in the HMA  layer/sublayer, εr (HMA)  is 

resilient or elastic strain calculated by the structural response model at the mid-depth of each 

HMA sublayer, , h(HMA) is the thickness of the HMA layer/sublayer, n is the number of axle-

load repetitions., T is mix or pavement temperature, kz  is depth confinement factor, k1r,2r,3r  is 

global field calibration parameters (from the NCHRP 1-40D  recalibration; k1r = –3.35412, k2r 

= 0.4791, k3r = 1.5606), and β1r , β2r , β3r , are local or mixture field calibration constants; for 

the global calibration, these constants were all set to 1.0. 
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Fatigue Cracking 

The M-E Pavement Design Method assumes that alligator or fatigue cracking initiates at the 

bottom of the HMA layer and then propagates to the surface with the continued effect of truck 

traffic as indicated in Figure 1.9. The allowable number of axle-load applications needed for 

the incremental damage index approach to predict fatigue cracking is calculated through 

Equation (1.9) (AASHTO, 2008). 

(1.9) 

 

where Nf-HMA is the allowable number of axle-load applications for HMA overlays, εt is the 

tensile strain at critical locations and calculated by the structural response model, EHMA is the 

dynamic modulus of the HMA, kf1, kf2, kf3  are global field calibration parameters (from the 

NCHRP 1-40D re-calibration;  kf1 = 0.007566, kf2 = –3.9492, and kf3 = –1.281), and βf1, βf2, 

βf3 are local or mixture specific field calibration constants; for the global calibration effort, 

these constants were set to 1.0. 

Then the M-E method calculates the incremental damage indices on a grid pattern throughout 

the HMA layers at critical depths. The incremental damage index (∆DI) is calculated by 

dividing the actual number of axle loads by the allowable number of axle loads (Known as 

Miner’s method) within a specific time increment and axle-load interval for each axle type. 

The cumulative damage index (DI) for each critical location is determined by summing the 

incremental damage indices over time as Equation (1.10) (AASHTO, 2008). 

(1.10)   

where n is the actual number of axle-load applications within a specific time period, j is the 

axle-load interval, m is the axle-load type (single, tandem, tridem, quad, or special axle 

configuration, i is truck type using the truck classification groups included in the MEPDG, p 

is the month, and T is median temperature. 

The area of alligator cracking is calculated from the total damage over time by using the 

transfer functions as Equation (1.11) (AASHTO, 2008). 
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(1.11)  

where FCBottom is the area of alligator cracking that initiates at the bottom of the HMA layers, 

% of total lane area, DIBottom is the cumulative damage index at the bottom of the HMA layers, 

and C1 and C2 are transfer function regression constants. 

 
Figure 1.9 Typical form of alligator or map cracking  

                   

Transverse Cracking  

Low-temperature cracking occurs when tensile stresses develop in an HMA as the temperature 

drops to an extremely low value. At that moment, if the tensile stress equals the strength of the 

hot mixture at that temperature, a micro-crack appears at the surface. At colder temperatures 

or repeated temperature cycles, the crack propagates and penetrates the full depth and width of 

the hot mixture. The primary pattern of low-temperature cracking is transverse to the direction 

of traffic as shown in Figure 1.10. 

 
Figure 1.10 A typical shape of transverse cracking 
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The degree of cracking is predicted by the M-E method using an assumed relationship between 

the probability distribution of the log of the crack depth to the HMA-layer thickness ratio and 

the percent of cracking according to the Equation (1.12).  

 

                                                    (1.12) 

 

where  is observed amount of thermal cracking, ft/mi,  is regression coefficient 

determined through global calibration,  is standard normal distribution evaluated at , 

  is the standard deviation of the log of the depth of cracks in the pavement (0.769),  is 

crack depth, and  is the thickness of HMA layers. 

Reflective Cracking 

Reflective cracking frequently appears on the surface of bituminous pavement shortly after the 

rehabilitation of an existing deteriorated structure. The stress concentration at the crack tip, 

caused by traffic loads, passing over existing cracks, or temperature fluctuations is the main 

contributor to this type of crack (Pais, 2013) as shown in Figure 1.11.  

 
Figure 1.11 A view of reflective cracking formation 
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The amount of reflective cracking stricken a bituminous overlay in terms of the percentage of 

the total area is estimated empirically by a sigmoid function as indicated in Equation (1.13). 

 

where  is the percentage of the area stricken by reflective cracking;  is the time in year; 

 are regression fitting parameters; and  are user-defined parameters, in which  reflects 

the crack delaying ability of the layer.  

Altogether, based on the distresses predicted by distress prediction models, the M-E method 

assumes that smoothness degradation is due to the occurrence of surface distresses which will 

result in increased roughness (increasing  value), or in other words, a reduction in 

smoothness. On this basis, all the distresses computed by distress prediction models are 

transferred to a single value, as  through the Equation (1.14). This value is then employed 

to control the adequacy of the proposed trial design against the allowable amount defined by 

the user. 

 

(1.14)  

 

where 0 is initial  after construction,  is site factor, according to Equation (1.15); 

 is the area of fatigue cracking, percent of the total lane area. All load-related cracks 

are combined on an area basis,  is the length of transverse cracking (including the reflection 

of transverse cracks in existing HMA pavements), and  is average rut depth. 

 

  

 

where Age is pavement age in yr., PI is percent plasticity index of the soil, FI is average annual 

freezing index, and Precip is the average annual precipitation or rainfall. 
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1.2.1.3 Hierarchical input levels 

In the M-E design approach, the input values for material, traffic, and climate for a specific 

pavement section could be determined through one or mix of three levels: 

Level I: This level presents greatest knowledge about the input parameter by directly measuring 

it in the laboratory or in the field. 

Level II: The value for input parameter is estimated based on empirical relationships or 

regression equations developed based on material properties. 

Level III: The input parameter is specified based on default values, which has the least 

knowledge and in turn lowest laboratorial testing effort. 

The selection of each level for input data depends on the importance of the project and the 

availability of resources (AASHTO 2008). On this ground, more reliability on the level of 

input data leads to more accurate design solutions for a given project. 

1.2.2  Literature review summary 

According to the review mentioned above, the M-E pavement design method is currently a 

worldwide acceptable design method for flexible pavements because of its following 

advantages over purely empirical methods: 

 It can be employed for both existing pavement and also new pavement structures; 

 It incorporates the changes in traffic loadings and environmental conditions; 

 It can better describe material specifications, which in turn allows for taking advantage 

of available materials and new products; 

 It gives better and reliable performance predictions. 

It is composed of two separate parts: the mechanistic unit to analyze the pavement responses 

to external loadings and the empirical unit to predict pavement performance during its service 

life in terms of fatigue cracking, rutting, and transverse cracking based on the critical responses 

calculated in the mechanistic unit. 
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However, the effect of geosynthetics into the M-E pavement design method has not yet been 

incorporated. In order to introduce the interlayer effects into the M-E design method, a 

comprehensive laboratory study needs to be performed in order to provide level I input data to 

accurately justify the interface response to external loadings and predict the reinforced or 

rehabilitated pavement performance during the service life. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

CHAPTER 2 
 
 

PROBLEM DESCRIPTION AND OBJECTIVES 

2.1 Introduction 

Traditional techniques, which are employed to treat a distressed pavement surface could bring 

life extension in the service life to varying degrees. Table 2.1 provides a fair comparison in 

terms of service life among different pavement renovation methods. As can be seen, despite 

the life extension that they bring into the existing pavement, they require large amounts of 

energy to obtain and process raw materials, transport, mix and apply the final product that 

impacts greenhouse gas emissions on different levels.  

 

Table 2.1 Environmental effect from different traditional pavement renovation methods 
(Chehovits & Galehouse, 2010) 

Treatment Life Extension 

(Years) 

Energy Use per Year 

(MJ/m2) 

GHG Emission 

per Year (kg/m2) 

Hot Mix Asphalt Overlaying (5 cm) 5-10 7.7-15.4 0.7-1.3 

Hot In-place Recycling 

(5 cm; 50/50 Recycle/New) 

5-10 6.5-13 0.5-1 

Chip Seal 

(Emulsion 1.6 L/m2 & Aggregate 15kg/m2) 

2-5 1.3-3.3 0.08-0.2 

Micro-Surfacing 

 (Type II, 14% Emulsion, 8.7 kg/m2) 

2-4 1.2-2.4 0.05-0.1 

Crack Seal (0.37 kg/m) 1-3 0.4-1.1 0.03-0.08 

Crack Fill (0.74 kg/m) 1-2 1-2 0.07-0.14 

Fog Seal 

 (0.69 L/m2, 50/50 Diluted Emulsion) 

1 1.2 0.07 

 

On the other hand, previous studies demonstrated that by using interlayer systems between an 

existing deteriorated asphaltic surface and a new bituminous overlay, the service life could be 

even more extended than only hot mix overlying.  

 



24 

 

In addition, a long-term cost benefit analysis of different renovation strategies for a 10 cm thick 

overlay for a high volume road shows that a significant cost advantage around 20 to 40% 

depending upon local design conditions and material costs, would be expected in case of using 

interlayer systems instead of traditional mill and fill technique, as indicated in Table 2.2. 

Table 2.2 Long-Term Cost Benefit Analysis of Different Renovation Strategies for a 10 cm 
thick overlay for a high volume road (Tensar International Corporation (2015)) 

Type of Strategy New Asphalt Overlay 

after 5 Years 

Crack Sealing operation 

after 5 Years + Extra 2.5 cm 

Overlay 

Introducing a Layer of 

Geosynthetic before 

New Asphalt Overlay 

Total Cost 32 $/m2 25 $/m2 18 $/m2 

2.2 Problem description 

The mechanical effects of interlayers between bituminous layers  has not been included in the 

mechanistic based design approaches. This is mainly due to a lack of theoretical basis and 

reliable data to develop a model to calculate the critical responses in any points of the structure 

and also to predict the pavement performance through the distress prediction models, which 

could be regarded as a key reason for low rate of interlayer usage compared to traditional 

techniques. In this connection, improper and inadequate design methods lead to appearance of 

premature failures in the form of fatigue failure, rutting, or reflective cracking, which causes 

reduced structural capacity, increased roughness, and poor riding quality. 

To solve this problem, it is essential that the new mechanical effects coming from the interlayer 

systems be properly determined. To this end, two methodologies could be adopted: laboratorial 

examination and field data collection. In this study, the laboratorial approach was selected for 

different reasons: first, there is no need to invest too much money for site preparation or close 

the road for the traffic. Second, data acquisition in the field is very difficult because of the 

harsh condition. Third, to control the effects from other sources is so challenging. In other 

words, it is very difficult to know what causes what. Last, the experiment in the field is so 

lengthy. It may take several years of site preparation to gather data. On this basis, doing 

laboratory tests seem quite reasonable. However, a few challenges are associated with the 

laboratorial approach. Firstly, traffic and environmental loads should be simulated as is the 

case in the real condition, in order to obtain reliable design inputs. Secondly, the available test 
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devices and standards, specialized for structures including geosynthetics are so limited and 

new test methods or adjustments on existing test devices are required. Thirdly, the specimen 

preparation should follow the steps that actually happen in the field and lastly, small-scale 

laboratorial specimens should reflect the mechanical behavior in a full-scale situation. 

Therefore, in response to these challenges, simplifications and assumptions are imminent, 

which will be presented for each type of test in the research methodology section. 

2.3 Objectives  

The principal objective of this research was to provide new methodologies that presented level 

I laboratorial input data into the M-E design method for reinforced-rehabilitated pavement 

structure. It should be emphasized that the scope of this study was not to have directly 

applicable information/inputs for Pavement ME or Alize, but to have information that could 

be used in ME pavement design methods. In other words, the methodologies presented in this 

study, are applicable to characterize the mechanical effects from the interface, treated with 

different interlayers and made up of various raw material and mechanical specifications.  On 

this basis, the specific objectives, shown in Figure 2.1, were addressed throughout this thesis. 

An important feature of this research was its inclusiveness in study of two types of interlayer 

products from the application standpoint (i.e. rehabilitation and reinforcement purposes), 

embedded in different types of hot mixtures, in terms of nominal maximum aggregate size 

(NMAS). This provided a fair comparison of changes in the mechanical behavior of reinforced 

and rehabilitated structures in various interfacial conditions with corresponding unreinforced 

structures. It also helped to illuminate the location of interlayer products within the bituminous 

pavement cross-section to properly address each type of distress by keeping its negative effect 

on the bonding condition as low as possible.      
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Figure 2.1 General and specific objectives to attain the M-E Pavement Design Method for 

rehabilitated and reinforced pavements 

All the specific objectives indicated in Figure 2.1 were based on experimental investigations 

on small-scale laboratory specimens of different sizes and shapes. Two types of interlayer from 

the application perspective were studied: paving fabric was selected as a rehabilitation 

technique, which is normally employed between a cracked bituminous layer and the wearing 

course to fight against the rise of cracks and maintain the waterproofing of the coating in the 

long term. It consists of a non-woven polypropylene geotextile membrane (GEOPAVE 

geotextile) impregnated with a modified bitumen (MAXE). The geotextile essentially plays 

the role of a bitumen reservoir. As for bitumen, thanks to its low viscosity, it ensures partial 

decoupling of the asphalt layers. On the other side, various types of grids with dissimilar raw 

materials and tensile strengths were employed between bituminous layers as a reinforcement 

solution to strengthen the structural capacity of the pavement system. The mechanical 

characteristics of rehabilitated and reinforced composite systems were studied under different 

loading conditions, both static and cyclic, to resemble thermal and traffic load effects 

respectively. To capture new mechanical properties of the composite structure, which emerges 

by the presence of an interlayer product between different hot mixtures, novel laboratory 
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equipment or modifications on the setup or configuration of existing test methods were 

required. This research dealt with introducing new laboratory approaches to provide reliable 

mechanical inputs required in mechanistic-based design methods, which is introduced in the 

following section. 

2.4 Methodologies 
 
As explained earlier, any mechanistic-empirical design approach has two arms: mechanistic 

arm to predict structural responses in critical locations and empirical arm to predict the 

pavement performance in terms of rutting, fatigue failure, and reflective cracking based on the 

critical responses determined in the mechanistic arm.  

To understand the mechanical changes in structural responses of composite reinforced or 

rehabilitated systems, tension-compression complex modulus test was conducted as suggested 

by the University of Lyon/ENTPE laboratory to study bituminous materials (Di Benedetto et 

al., 2007a; Nguyen et al., 2009). It is of great importance to note that since the test method is 

applicable on homogeneous specimens, the system composed of three different layers, as 

shown in Figure 2.2, was simplified in order to ease the analysis of data. A similar assumption 

was made previously to identify the rheological behavior of a bituminous interface (Freire et 

al., 2018). Given that, Equations (2.1) and (2.2) among the deflections in each layer of a 

cylindrical shape specimen was considered. 

 

 
Figure 2.2 The position of the interface in a typical 

composite system employed in the complex modulus test 
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                                                       (2.1) 

or 

(2.2) 

 

where  is deflection in extensometer;  is deflection in the interface; ΔhA is deflection in 

mixture type A; ΔhB is deflection in mixture type B;  is complex modulus measured by 

extensometer;  is interface complex modulus;  is complex modulus of mixture type A;  

is complex modulus of mixture type B. 

Since the applied stress is the same in all parts, it can be removed from Equation (2.2). On the 

other hand, ,  and  can be obtained by solving simultaneously a set of equations in the 

general form of Equation (2.3), based on three sets of extensometers.  

 

For further simplification, it can be assumed that = = . Therefore, Equation (2.4) can be 

derived: 

                                       (2.4) 

To shed light on the interlayer effect on distress prediction models, three different test setups 

were adopted in connection with three key pavement distresses namely reflective cracking, 

fatigue failure and rutting. 

A new configuration of 3-point bending test was developed to evaluate the fracture toughness 

in terms of the J-integral and to measure crack resistance index (CRI) at the interface level of 

a composite bituminous system, which could reflect the anti-reflective property of treated 

interfaces. In this regard, it was stated that at least three meshes of geogrid are required at the 

interface to interpret correctly the response of a reinforced system to cracking (Romeo et al. 

2014). Given this and in order to obtain as many specimens as possible from each double-layer 

slab, cubic shape specimens with the size of 80×80×80 mm was considered acceptable to study 
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the crack retardation ability of the system. Also, given the fact that the bonding condition at 

the interface has substantial effect on crack retardation ability of interface, a new shear test 

device was developed to quantify the bonding condition into analysis. It is necessary to note 

that in the analysis of the results, great care should be taken because of the variability of normal 

load applied at the interface. 

The structural integrity of the composite system that may be jeopardized by low bonding 

condition at the interface in the presence of an interlayer, was studied by the uniaxial tension-

compression test according to the DGCB method (Département de Génie Civil et Bâtiment) 

developed at the ENTPE (École Nationale de Travaux Publics de l’État, (Lyon, France)). In 

case of low bonding between successive bituminous layers in a pavement structure, the 

maximum tensile strain will appear at the bottom of each layer independently, which endanger 

the performance of the system against fatigue failure.  

To study the rutting resistance of systems under cyclic loading, the French Laboratory Rut 

Tester (FLRT) developed by France’s Laboratoire Central des Ponts et Chaussées (LCPC) was 

utilized complying with Transport Quebec’s standard. It was assumed that under cyclic 

loading, the bitumen applied as a tack coat layer at the interface could migrate to the top hot 

mixture and compromise the rutting resistance of the top layer. 

Also, in order to characterize the water permeability of rehabilitated systems in design 

methods, a piece of equipment named crack widening device (CWD) was built, which is able 

to resemble the crack opening phenomena from an existing discontinuity at the bottom to the 

top surface under thermal effect. Thereafter, the permeability of cracked specimens in different 

crack widths was studied through a water-vacuum permeability device (WVPD) designed for 

this purpose, which is basically an accelerated version of the traditional falling head 

permeability test. The result from these devices could provide a more realistic view into 

selecting a proper drainage coefficient for granular layers and a reasonable retained modulus 

for bituminous layers located underneath. 

 It is worth mentioning that the M-E method has a unique feature that allows the designer to 

adjust the distress prediction models based on the mechanical behavior of new material and  

local data sets.  
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3.1 Abstract 

Bituminous pavements cover a large part of Canada’s roadway network. Traffic and 

environmental loadings cause distresses and damages in the pavement structure. A traditional 

approach for pavement rehabilitation is to implement an asphalt overlay on existing 

deteriorated bituminous pavement at specific times during its service life. However, this 

approach is somewhat expensive in the long run and not environmentally friendly. On the other 

hand, several studies indicate that the inclusion of a geosynthetic layer under an asphalt overlay 

leads to extended pavement service life. Nevertheless, there are still some discrepancies 

between fields and modeling results, which mainly stems from the fact that the mechanical 

behavior of reinforced asphalt overlay has not entirely been understood which results in 

underestimate or overestimate design solutions. This paper first aims to review different 

aspects of mechanical interaction between geosynthetic material and asphalt overlay and then 

shed light on the important considerations that need to be considered in the design procedure 

to obtain an efficient reinforced-rehabilitated bituminous pavement structure.   
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3.2 Introduction 

Bituminous pavements deteriorate under loadings as it ages and makes the pavement surface 

uneven for drivers and passengers. In general, there are two fundamental approaches to soothe 

this issue: one is to frequently mill and apply a new asphalt overlay (mill and fill) at certain 

intervals of the pavement's service life. This approach is rather expensive due to a need for 

renewal in a short period of time, which in turn requires additional financial and material 

resources and does not correspond with the environmental concerns arising from releasing 

large amounts of emissions in the air along with high-energy consumption. Figure 3.1 indicates 

the mean service life of a 40-50 mm thick HMA overlay installed on a cracked pavement in 

the United States. As evident, for most states, the mean service life is in the range of 1 to 6 

years, which is in fact considered very short (Kwon, et al., 2005). 

 
Figure 3.1 Mean service life of a 40-50 mm HMA overlay 

installed on a cracked pavement in the United States (adapted 
from (Kwon, et al., 2005) 

 

In place of mill and fill, alternatives have been recommended to extend the service life such as 

increasing overlay thickness (Sherman, 1982), using interlayer systems (Dhakal et al., 2016) 

and open-graded HMA mixtures (Hensley, 1980). Taking advantage of interlayer systems into 

asphalt overlay has proven its effectiveness in terms of enhancing the capability of HMA 

materials against fracture. They consist of steel reinforcement (Elseifi & Al-Qadi 2005), stress-

relief interlayer systems such as Interlayer Stress Absorbing Composite (ISAC) and Stress 

Absorbing Membrane Interlayer system (SAMI) to absorb destructive deformations in the 
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cracking realm (Bozkurt & Buttlar, 2002), and fracture tolerant interlayer systems such as sand 

- mix (Baek, 2010). Another option, which in recent years has drawn many attentions from 

engineering community, is to reinforce the bituminous pavement system by embedding 

geosynthetics in the asphalt layers (Brown, 1985; Nithin et al., 2015; Brown, 2009), which 

brings additional advantages in terms of low deformations and cracking (Correia & Zornberg, 

2016; Siriwardane et al., 2010; Graziani et al., 2014; Khodaii, 2009; Yu & Yang, 2013; Virgili, 

2009; Mounes et al., 2015; Laurinavičius & Oginskas, 2006; Gonzalez-Torre et al., 2015; 

Fallah & Khodaii, 2015; Correia, 2014; Al-Qadi et al., 2008; Al-Qadi et al., 2009; De Bondt, 

2000; Lytton, 1989).  However, it should be taken into account that the positive effects of any 

interlayer system are limited only to mitigate the occurrence rather than to stop the formation 

and propagation of reflective cracking (Button & Lytton 2007).  

Figure 3.2 demonstrates a review of treatments that are frequently employed to control 

reflective cracking in rehabilitation activities of deteriorated existing pavement in the United 

States. 

 
Figure 3.2 Treatment alternatives regularly employed 

to control reflective cracking in the United States 
(adapted from (Kwon et al., 2005)) 

Among all these alternatives, crack sealing along with an asphalt overlay are the most common 

methods to minimize reflective cracking while using geosynthetic materials is the least. One 

important consideration that prevents the widespread usage of geosynthetic-related materials 

is the lack of a proper design method to accurately reflect the mechanical effects of these 

materials (Perkins et al., 2004). This could be covered through predicting the mechanical 
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behavior of the reinforced pavement system under traffic and environmental loadings (Gupta 

& Mishra, 2016). 

On this basis, this paper aims first to review the possible reinforcement benefits that using 

geosynthetics induces in the asphalt overlay. Then, the reinforcement mechanisms pertaining 

to geosynthetics are discussed in detail followed by identification of the influencing factors on 

mechanical properties at the interface between geosynthetic and adjacent asphalt layers. At the 

end, the mechanical models proposed for reinforced pavement structures are presented and the 

important features that should be incorporated into design methods are studied. The flowchart 

presented in Figure 3.3 demonstrates the framework of this paper. 

 
Figure 3.3 A framework of the steps taken to evaluate the presence of geosynthetics 

in the asphalt overlays 
 

Reinforcement benefits of geosynthetics in bituminous pavements 

Geosynthetics are categorized into different types according to their applications. For the 

pavement reinforcement purposes, geogrid, geotextiles and geocomposite (which is in fact a 

combination of geotextile and geogrid) are the ones usually employed due to their potential 

advantage in extending the pavement service life (Hosseini et al., 2009; Bueno et al., 2005; 

Benjamin et al., 2007). However, experimental results demonstrate that geogrids compared to 

geotextiles have nearly 2.5 times higher reinforcing capacity (Barksdale et al., 1989). 

Geosynthetics can be employed to extend pavement service life by mitigating fatigue cracking, 

reducing rut depth and delaying reflective cracking (Saraf, et al., 1996; Austin & Gilchrist, 

1996; Pasquini et al., 2013). The Tables 3.1 to 3.3 (see Appendix I, Table –A I-1 to Table-A 

I-3) list previous findings on the application of geosynthetics in the asphalt overlays. In 
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addition, Figures 3.4 to 3.6 indicate the improvement level of asphalt overlay reinforced with 

various kinds of geosynthetics compared to unreinforced ones. 

 
Fatigue 3.4 Improved mechanical performance of reinforced 

asphalt overlay in terms of fatigue life 

 

 
Figure 3.5 Improved resistance of reinforced asphalt overlay 

against reflective cracking 
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Figure 3.6 Enhanced performance of reinforced asphalt overlay 

against rutting 
 

Based on Figures 3.4 to 3.6, the reinforcement effect of interlayers in the asphalt overlay is 

highlighted on fatigue life followed by reflective cracking and rutting. In addition, a significant 

difference in level of reinforcement is observed among different kinds of raw materials 

employed in grids, which mainly comes from a heterogeneity in test methods and mechanical 

behavior of composite reinforced structure.  

The enhanced fatigue life associated with the reinforced asphalt overlay is owing to the fact 

that geosynthetic retains its stiffness even after losing the structural capacity of the asphalt 

overlay under the effect of repeated traffic loading (Austin & Gilchrist, 1996). When a crack 

initiates and propagates in the asphalt overlay, the geosynthetic will mobilize tensile stresses 

as a result of the opening of the crack surface and absorbs the energy of the crack by its 

elongation (Chang et al., 1998). Moreover, it is worth mentioning that the reduced rut depth is 

predominant for geogrids than geotextiles because of the presence of apertures in the geogrid 

structure, which provides interlocking with surrounding materials. Nevertheless, according to 

Figure 3.7, the changes in maximum rut depth on the pavement surface for a variety of geogrids 

with different stiffness (indicted with J), placed between asphalt layers, depends on the 

stiffness of the subgrade layer (Correia & Zornberg, 2018). On average, the rut depth is 

decreased by up to 40% for the subgrades with higher stiffness.  
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Figure 3.7 Maximum rut depth on pavement surface for different 

subgrade and geogrid stiffness (adapted from (Correia & 
Zornberg, 2018)) 

 

3.3 Mechanical behavior of geosynthetics in asphalt overlays 

The necessity of studying the mechanical behavior of geosynthetics in asphalt overlays comes 

from the fact that still there are some discrepancies in terms of distress intensity between field 

observations and mechanical models developed to capture the behavior of geosynthetic in 

asphalt layers (Perkins & Ismeik, 1997). A root cause of this difference is that past numerical 

models did not include interface condition and its evolution over time in their models, while 

the response of the reinforced structure is largely affected by the interface properties (Gupta & 

Mishra, 2016). Accordingly, realistic consideration of the interface behavior between 

geosynthetic and adjacent asphalt layers, under different circumstances (e.g. temperature, 

loading rate, moisture content) is essential to enhance the accuracy of corresponding models. 

Furthermore, it is worth noting that the previous findings on asphalt overlay reinforcement are 

rather contradicting. On one hand, the reinforcement effect of the geosynthetic has been 

assumed negligible in terms of its effect on the stresses and strains within the pavement 

structure since bituminous pavements can tolerate only small levels of permanent deformation 

while significant deformation is required by the geosynthetic to mobilize its reinforcement 

effect. Therefore, the surface deformation and also transient stresses and strains within the 

pavement structure are slightly reduced by the inclusion of geosynthetic (Barksdale et al., 

1989). On the other hand, it has been found that placing a reinforcement interlayer, under 
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proper conditions, yields to meaningful extended life (Zornberg, 2011; Brown, et al. 1983; 

Halimm et al., 1983). To clarify these conflicting results, more studies are required to define 

the mechanisms and level of improvement associated with geosynthetic-reinforced bituminous 

pavements.  

3.3.1 Reinforcement mechanism of geosynthetic in asphalt layer 

The first vital step to predict the performance of a bituminous pavement with a reinforced 

asphalt overlay is to know the mechanisms that enable and govern the reinforcement function. 

These mechanisms, which are at best unclear, as they have remained mostly unmeasured, differ 

between geogrids and geotextiles.  

Geotextiles are mainly employed to absorb excessive stresses induced at the tip of a crack, and 

to waterproof the pavement system (Button & Lytton, 2007). A recent study was performed on 

permeability of the reinforced asphalt overlays with paving fabrics (a system composed of 

geotextile and asphalt cement as tack coat) by taking advantage of a newly developed water-

vacuum permeability device (Solatiyan et al., 2020). The result revealed the high resistance of 

these interlayer systems against water infiltration in a broad range of crack widths. 

Nonetheless, the reinforcement effect is only expected for geotextiles with higher stiffness than 

that of asphalt overlay (de Souza Correia & de Souza Bueno, 2011; Vanelstraete & de Bondt, 

1997). In fact, several researchers (Brown et al., 2001; Zamora-Barraza et al., 2010) showed 

that in case of using geotextiles between asphalt layers, shear resistance is considerably 

reduced at the interface leading to a poor contribution of these materials in structural capacity 

of the pavement system. However, the reduced bonding at the interface may bring an additional 

benefit into the pavement system in terms of dissipation of energy required for crack 

propagation due to deviated crack path from its initial one, which needs to be further studied.  

The reinforcement effect of geotextiles can be described and modeled by a membrane layer 

with appropriate friction coefficient at the top and the bottom (Bohagr, 2013).  In this context, 

the effect of water trapped by the geotextile on stiffness modulus of adjacent asphalt materials 

and proper side slope to drain free water need to be specified. 
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For geogrids, the reinforcement mechanism is quite different and more analytical and 

experimental research is required to explain the improvement associated with geogrids (Zhang 

& Hurta, 2008). In general, the two following mechanisms have been reported by the 

researchers for the geogrids in asphalt overlays (Giroud & Noiray, 1981; Holtz et al., 1998; 

U.S. Army Corps of Engineers, 2003):  

1. Tensioned membrane effect, which is activated only when the geogrid receives a 

concave shape due to permanent deformation or rutting on the surface. However, a 

considerable rutting depth, which normally exceeds the serviceability requirement of 

bituminous pavement, is required. This mechanism is depicted in Figure 3.8.  

 

 
Figure 3.8 Tensioned membrane effect due to the concave shape 

developed in geogrid (adapted from (Medved et al., 2018)) 

The increase in capacity is calculated by the Equation (3.1). 

               (3.1) 

             where the tension force T is calculated by Equation (3.2). 

  (3.2) 

where  is the increase in structural capacity in N/mm2,  is the load width in mm, 

is the modulus of elasticity of the geosynthetic under tensile condition in N/mm2; 

 is the tensile strain of the geosynthetic  is the geosynthetic thickness in mm 

and α is the angle of the tensional force  with the horizon (Ling et al., 2009).  
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2. Lateral confinement effect, which results from interfacial friction and interlocking 

between the geogrid and the aggregate present in the asphalt layer. Under this 

mechanism, the shear stresses imposed by external loads are efficiently transformed 

from the asphalt layer to the tension in the geogrid layer. Figure 3.9 illustrates a cross-

sectional view of this mechanism. 

 
Figure 3.9 Lateral confinement effect in geogrids (adapted from 

(Ling et al., 2009)) 

 

As it can be observed, the confinement effect is the sum of the shear force components 

in each opening, obtained by multiplying the number of openings under load by the 

shear force component, according to Equation (3.3) (Avesani Neto et al., 2013). 

                                                                (3.3) 

where: is the accumulation of shear stresses developed under load (reinforcement 

effect) in N,   is the aspect ratio of the apertures in geogrid,  is the lateral earth 

pressure at the rest condition (k0 = 1-sin ) in N/mm2,  and  are the load length and 

width in mm,  is the friction angle at the interface between the asphalt layer and the 

geogrid surfaces, and  is the load transmitted to the geogrid layer. 

A third improvement mechanism, to which not enough attention is paid, is the enhanced 

structural capacity in terms of stress and strain distributions. Empirical studies have been 

realized to study the distribution of stress and strain in reinforced structures, but because of the 
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complexity of the parameters involved, there is still a need for better understanding of their 

distribution in reinforced structure, and it needs to be verified with field results. It is assumed 

that the dimension of the load, the stress applied on the upper level of the geogrid, the type of 

geogrid, the thickness of the geogrid and the internal friction at the interface between geogrid 

and asphalt layer are some of the effective factors on the stress and strain distribution (Medved, 

et al., 2018; Mirzapour et al., 2011). A comparative analysis performed on structural responses 

of reinforced and unreinforced sections implemented on accelerated pavement testing facilities 

of the IFSTTAR showed that in the early ages of traffic applications, no meaningful differences 

were expected (Nguyen et al., 2013). However, more research on aged sections and the way of 

distribution of structural responses, right below and above the geogrid layer are required. 

Another useful tool to study the responses of a reinforced system under loading is through 

numerical modeling. Figure 3.10 indicates the effect of geogrid on horizontal tensile strain at 

the bottom of the asphalt layer for a variety of geogrid and subgrade stiffness values (Ks) 

(Correia, et al., 2018).  

 
Figure 3.10 Horizontal tensile strain distribution at the interface of 
unreinforced and reinforced sections for various subgrade stiffness 
(Ks) values at the center of the wheel load (adapted from (Correia, 
et al., 2018), zero stiffness on x-axis corresponds to unreinforced 

asphalt overlay) 
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It is eminent that horizontal tensile strain at the interface between two asphalt layers decreases 

due to the presence of geogrid layer and this effect is more obvious in geogrids with higher 

stiffness. In addition, the tensile strain, in terms of magnitude and distribution pattern, follows 

a rather similar trend in different subgrade stiffness. It is also interesting to point out that for a 

pavement structure over a weak subgrade, geogrid stiffness plays an important role to reduce 

the horizontal tensile strain at the interface, which supports this fact that higher deflection in 

pavement structure can mobilize the full reinforcement effect of geogrids against tensile forces. 

In general, lateral confinement and enhanced structural capacity are regarded as the primary 

and reliable sources of reinforcement provided by geogrids because the tensioned membrane 

effect necessitates a large amount of deflection before being activated while this would be 

almost impossible because of serviceability requirements (Austin & Gilchrist, 1996). Lateral 

confinement and enhanced structural capacity are mostly supplied by the friction and the 

interlock between the geosynthetic and the adjacent asphalt layer. Table 3.1 shows a brief 

review of test methods developed to measure the interlocking capacity at the interface. 

As can be seen from Table 3.1, the majority of the devices were developed for the case of 

geogrid embedded in granular materials while for reinforced asphalt layers, very rare effort has 

been made which it stems from following difficulties:  

 The proper incorporation of strain gauges between asphalt layers, which not only resist 

against compaction pressure but also undergoes high temperature during the 

construction process;  

 The insertion of wires of strain gauges and its attachment to the ribs of geogrid, which 

may influence the real mechanical behavior of the system; 

 The adequate rate of displacement applied on the ribs to resemble field situation; 

 Suitable shape of gripping system to provide uniform tension on the ribs while avoiding 

its rupture; 

 The ability of making difference between the displacements of asphalt layer and 

geogrid because of adhesion provided by tack coat at the interface. 
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Table 3.1 A review of test methods to measure the interlock capacity provided at the 
interface between geosynthetic and adjacent materials 

Type of 

Interface 

Test Method Test 

Specification 

 

 

 

 

 

 

 

 

 

 

 

 

Geosynthetic-

Soil 

 

 

TZY-1 typed tester 

(Shi & Wang, 

2013)  

 

- Displacement-

controlled mode 

(from 0.07 to 

8.67 mm/min) 

- Vertical pressure 

via closed-loop 

feedback and 

pressure stability 

system 

 

Pull-Out Device 

(Bolt & Duszynska, 

2000) 

 

 

 

- Displacement 

controlled mode 

(2 and 3 mm/min) 

 

- Vertical pressure 

by rubber air bag 

 

 

 

Transparent Pull-

Out Device 

(Ferreira & 

Zornberg, (2015) 

 

 

 

 

 

 

 
- Displacement-

controlled mode 

of 25mm/min 

 

 

 

- Vertical pressure 

by air bag 
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Table 3.1 (Continued) 

Type of 

Interface 

Test Method Test 

Specification 

 

 

 

 

 

Geosynthetic-

Soil 

 

 
Modified Pull-Out 

Device (Prashanth, 

et al., 2016) 

 

- Displacement-

controlled mode 

of 4.57mm/min 

 

- Vertical pressure 

by lever arm 

system 

 

 

 

Load-Controlled 

Pull-Out Device 

(Fuller, 1997) 

 

Displacement-

controlled mode 

of 0.1 mm/min 

 

 

Vertical pressure 

by a loading jack 

 

 

 

 

 

 

Geosynthetic-

Asphalt Mix 

 

 

Single-End 

Device (De 

Bondt,2000) 

 

 

 

Displacement-

controlled mode 

of 0.0019mm/s 

 

Vertical pressure 

by loading jack 

 

 

Pull-out Device 

(De Bondt,2000) 
 

 

Proposed Method 

(no detail on 

displacement rate) 

 

On this basis, a novel approach by taking following considerations into account need to 

develop: 

 Simplicity of the implementation of sensors embedded in asphalt layers; 
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 Repeatability of the results based on the COV value (Coefficient of Variation) less than 

25%; 

 Sensitivity to displacement rate, type of geogrid, temperature and vertical pressure 

 Connectivity to the field conditions; 

 Possibility of having changes in temperature and displacement rate; 

 Rationality of the cost of test equipment. 

3.3.2 Geosynthetic position in asphalt overlay 

To perform effectively, the geosynthetic should be placed in the pavement structure in 

accordance with the type of distress, which it intends to mitigate. As for fatigue cracking, 

Figure 3.11 shows load ratio (cyclic load divided by 1.11 kN) versus number of cycles to 

failure for different position of geogrid in asphalt overlay. It can be recognized that reinforced 

asphalt overlay performs better than the unreinforced one and that the placement of geogrid at 

the mid-height of the layer results in highest resistance against failure. 

 
Figure 3.11 The effect of geogrid position in asphalt 

overlay on fatigue resistance (adapted from (Sobhan et 
al., 2004)) 

With regard to the rutting, as depicted in Figure 3.12, the one-third of the overlay thickness 

has been suggested as the best location of reinforcement, followed by the middle one. 

Placement of geogrid at the bottom side has almost no effect on rutting, especially at higher 

numbers of cycles.  
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Figure 3.12 The effect of geogrid position on rutting 

(adapted from (Flutcher & Wu, 2013)) 

As for the reflective cracking, referring to Figure 3.13, the reinforced overlay with geogrid 

embedded at a one-third height of the layer has the lowest amount of bottom-up crack extension 

at any cycle (Khodaii et al., 2009).  

 
Figure 3.13 The effect of geogrid position on reflective 

cracking (adapted from (Khodaii et al., 2009)) 

Figure 3.14 presents the required thickness of asphalt overlay for a given design life in millions 

of standard axles (MSA) for two locations of grids in asphalt layers in the UK and US. Three 

cases were assumed: unreinforced, one-layer reinforced structure and two-layer reinforced 

structure. It is evident that by employing geogrids in two layers, the thickness of the asphalt 
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overlay, which is obtained from estimated traffic during the service life in millions of standard 

axles, significantly decreases. It is worth pointing out that the mechanical characteristics of 

geogrids such as stiffness modulus, tensile strength and creep behavior under loading dictate 

the design life of the reinforced asphalt overlay and the growth rate of the crack (Correia & 

Bueno, 2011; Vanelstraete & de Bondt, 1997; Brown et al., 2001; Zamora-Barraza et al., 2010). 

 

 

 

 

             (a) U.K.        (b) US 

Figure 3.14 Design chart to estimate the asphalt overlay thickness based on the design life 
in millions of standard axles (MSA) for two different locations of grid in the asphalt 

overlay: (a) UK; (b) US (adapted from (Yu, et al., 2013)) 

3.3.3 Interface condition between geosynthetic and asphalt overlay 

The mechanical behavior of reinforced structures is to a great extent dependent on the adhesion 

provided at the interface. On one hand, the inclusion of a geosynthetic layer under an asphalt 

overlay can enhance the mechanical properties of the pavement structure (Hartadi Sutanto, 

2009). On the other hand, it can adversely influence the shear bonding between layers, which 

it is significant for geotextiles, geogrids with higher thickness and torsional stiffness and 

geogrids with improper size of apertures compared to nominal maximum aggregate size 

(NMAS) of aggregates employed in asphalt mixture (Canestrari et al., 2018).  The weak 

bonding between asphalt layers may led to the occurrence of premature failures in the form of 

shoving, parabolic and crescent-shaped cracks on the surface which in turn result in decreased 

structural integrity and shortened service life of the pavement structure, poor driving quality, 
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and increased maintenance costs (Canestrari et al., 2015; Mohammad et al., 2009; Vaitkus et 

al., 2011). In addition, a decline in interlayer bonding yields to a considerable reduction in 

fatigue life. This effect is meaningful for thicker asphalt layers as shown in Figure 3.15 (Jaskula 

& Rys, 2017).  

 
Figure 3.15 Effect of reduced interlayer bonding and total thickness 
of asphalt layers on fatigue life of pavement structure (adapted from 

(Jaskula & Rys, 2017)) 
  

For instance, in case of an asphalt layer with a total thickness equals to 24 cm, a little decrease 

in bonding condition from 100% to 70% leads to a remarkable decrease in fatigue life of as 

much as 50%. Therefore, a balance between the reinforcement effect of geosynthetic and the 

adequacy of shear strength at the interface is a necessity that must be respected during the 

design and installation process. The following sections provide a review of theories developed 

to describe mechanisms of adhesion and influencing factors on bonding failure between two 

asphaltic layers in a bituminous pavement structure.  

3.3.3.1 Adhesion evaluation at the interface 

Adhesion between consecutive layers in bituminous pavement structure provides the 

continuity of the system, which plays a critical role in the pavement performance under 

external loads (Negeswaran, 2016). Adhesion can be explained as the force developed between 

molecules on each side of two dissimilar materials in contact with each other (i.e. adhesive and 
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substrates) that holds the bodies together (Copeland, 2007). An adhesive material is a substance 

which, when putting on the surface, provides resistance against detachment. On the other hand, 

substrates are the layers that require an attachment, as demonstrated in Figure 3.16.  

 
Figure 3.16 Attractive force between dissimilar surfaces 

Generally, the adhesion provided at the interface can be explained through four different 

theories as summarized in Table 2.2. The main source of adhesion is through mechanical 

interlock, which may be failed in two possible ways as shown in Figure 3.17. The intrusion of 

water at the interface and pertaining pore pressure, improper thickness of adhesive material 

and the presence of impurities such as dust or air bubbles, are key factors to cause a weak 

boundary layer at the interface (White, 2017).  

 
Figure 3.17 Schematic of failure modes at the interface 
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Table 3.2 Various adhesion theories developed for two involved surfaces 

Theories Source of Adhesion Mechanism 

Adsorption Theory 

(Negeswaran, 2016) 

Wetting effect between 

involved faces 

 

 

Mechanical Theory 

(Geminger & Jarka, 2016) 

 

Mechanical force between 

two irregular surfaces  

 

Electrostatic Theory 

(Ebnesajjad, 2011)  

 

Free electrical charge at the 

surface of involved surfaces 

 

 

Diffusion Theory 

(Packham, D.E. 2005)  

 

Interdiffusion of contacted 

surfaces over the time 
 

In practice, the interface is exposed to four different modes of loadings from traffic and 

temperature changes, according to Figure 3.18. Modes 1 and 3 are usually resulted from traffic 

or environmental loadings at the interface of two asphalt layers without any discontinuity. 

However, mode 2 of loading frequently occurs at the interfaces comprising a jointed concrete 

pavement underlying an asphalt overlay. Lastly, the shear-tension mode of loading is rarely a 

matter of interest in a real field condition (Sutanto, 2009; Al-Qadi et al., 2009). 

 
Figure 3.18 Different modes of loading imposed to the interface in real condition (adapted 

from (Rahman et al., 2017)) 
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Plenty of test methods and equipment, which work under the effect of static or dynamic loading 

condition, have been proposed by many countries and institutions in order to measure the 

bonding condition at the interface of an interlayer and adjacent asphalt layer. Marshall stability 

loading press (Molenaar, 1993), Ancon Shear Testing Research and Analysis (ASTRA) 

(Canestrari, 2005), Swiss LPDS Tester (Roffe & Chaignon, 2002), Sapienza Inclined Shear 

Test Machine (SISTM) (D’Andrea & Tozzo, 2012), FDOT Bond Strength Device (Sholar, 

2004), ATACKER™ Device (Mohammad, 2009), Tschegg Device (Tschegg, 1995), Krakow 

Technological University test device (Grzybowska, et al., 1993), Amirkabir University of 

Technology Shear Lab Tester (AUT-SLT) (Noory, et al., 2018)  Louisiana Interlayer Shear 

Strength Tester (LISST) (Collop, 2003),  have been developed by the researchers, which some 

of them are illustrated in Figure 3.19.  

   
(a) (b) (c) 

 

 

 

 
                                       (d)             (e) 

Figure 3.19 Shear device employed to measure bond strength at the interface of the asphalt 
layer and the geosynthetic a) Swiss LPDS Tester (Roffe & Chaignon, 2002), b) Sapeinza 

Inclined Shear Test Machine (SISTM) (D’Andrea & Tozzo, 2012), c) Tschegg Device 
(Tschegg, 1995), d) Ancona Shear Testing Research and Analysis (ASTRA) (Canestrari, 
2005), e) Amirkabir University of Technology Shear Lab Tester (AUT-SLT) (Noory, et 

al., 2018) 
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3.3.3.2 Influencing factors on bond strength at the interface 

The quality of the reinforced structure depends not only on the quality of the materials 

employed in the composite structure but also on the quality of bonding provided at the interface 

. In a layered system, when the layers are fully bonded, the most considerable tensile stress 

occurs at the bottom of the bounded layer, as demonstrated in Figure 3.20. However, if the 

bonding is weak, the largest tensile stress occurs at the bottom of each layer independently. At 

that point, the tensile stress at the bottom of the upper layer causes compressive stress at the 

top of the lower layer, which results in a relative displacement at the interface, causing the 

shear stresses, which may exceed the interlayer shear strength leading to the slippage between 

two successive layers (Collop et al., 2003).  

 
Figure 3.20 Stress distribution under different bonding condition (a) No 

bonding, (b) Full bonding 
 

Likewise, when a geosynthetic layer is located over an existing pavement, the same problem 

called deboning effect may occur due to inadequate adhesion and compromise the positive 

reinforcement effect. This will lead to a reduction in the pavement service life due to the 

appearance of premature cracking on the surface. According to a statistical analysis on the 

results obtained from shear collar device, adhesion strength lower than 345 kPa is considered 

as inadequate and higher than 690 kPa as adequate. However, the maximum limit of shear 

strength before de-bonding at the interface is still unknown (West et al., 2005). The results 

obtained from a large-scale shear test on cylindrical asphalt specimens reinforced with 

different types of geosynthetics made of: glass fiber grid (G), polyvinyl alcohol grid (PVA) 
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and polyester grid (PET) and unreinforced specimens (UN) are depicted in Figure 3.21 (Roodi 

et al., 2017).  

 
Figure 3.21 Mechanical behavior of interface under 

shear stress in reinforced and unreinforced specimens 
(adapted from (Roodi et al., 2017)) 

 
As shown in Figure 3.21, the maximum bond strength is attributed to unreinforced specimens, 

while on average, for reinforced specimens, the bond strength is decreased between 15 to 35%. 

This result verifies that the presence of a reinforcement layer between asphalt layers may 

adversely affect the bond strength at the interface.  

The evolution of shear stiffness during service life is another aspect that needs to be specified. 

If  is defined as shear stiffness modulus, its value can be estimated by Equation (3.4) 

(Diakhaté, M. 2007). 

 

where  is the thickness of geosynthetic,  is the amplitude of shear force at cycle N,   

is the amplitude of shear deformation at cycle N (in mm), and  is the total area from both 

sides of geosynthetic exposed to shear stress. 

The evolution of shear stiffness at the interface occurs in three stages (Figure 3.22). At first 

stage, the shear stiffness is characterized solely by the adhesion of tack coat to the interlayer. 

After that, the shear stiffness decreases linearly as the number of cycles increases due to the 



54 

 

interaction between tack coat and geosynthetic. At a higher number of cycles, the shear 

stiffness decreases sharply owing to a loss of connection between layers.   

 

 
Figure 3.22 Evolution of shear stiffness at the interface with the 
increase in number of cycles (adapted from (Noory et al., 2018)) 

Based on the review of pertinent literature, the influencing parameters on adhesion evolution 

between geosynthetics and asphalt overlay are summarized in Figure 3.23.  

 
Figure 3.23 Effective factors on bond strength at the interface 

From the tack coat perspective, one of the significant factors affecting the bond strength at the 

interface is the type of tack coat. Emulsified asphalt (such as Rapid setting (RS), medium 

setting (MS), slow setting (SS), and quick setting (QS), polymer modified emulsions and 

crumb rubber modified emulsions) is normally employed as an adhesive agent between asphalt 

layers in bituminous pavements (Roffe & Chaignon, 2002). However, in case of geosynthetic 

application, hot asphalt binder is usually suggested as a tack coat material since in comparison 
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with emulsified binder, less amount of binder is required, and due to higher viscosity, better 

stability in sloped surfaces is expected (Button & Lytton, 2007; Kanitpong & Bahia, 2003). 

Figure 3.24 shows the adhesion strength results obtained from Bitumen Bond Strength Test 

(BBS), which is a type of pull-off tensile strength test, conducted on eight different types of 

asphalt binder with different stiffness (Moraes et al., 2011). It is clear that as the stiffness of 

bitumen (ΔG*) increases, the bond strength goes proportionally up.  

 
Figure 3.24 Correlation between change in pull-off tensile strength 

(ΔPOTS) and change in bitumen stiffness (ΔG*) at dry conditioning 
(adapted from (Moraes et al., 2011)) 

 
However, it is of paramount importance to note that, to obtain better results of adhesion quality, 

the type of tack coat should be the same as that employed in the asphalt mixture (Moraes et al., 

2011). 

 Proper applicate rate of tack coat is another effective factor on adhesion strength at the 

interface. Inadequate rate of tack coat is the root cause of poor performance of interlayers 

systems (Asphalt Interlayer Association (AIA), 1999) since distresses such as slippage 

cracking or debonding at the interface result from unsaturated geosynthetic. Studies show that 

by the increasing in the dosage of tack coat, the shear strength enhances (Hu et al., 2017). 

Nevertheless, excessive tack coat may also cause slippage between layers or appear as bleeding 

in the wheel path on the pavement surface (Asphalt Interlayer Association (AIA), 1999). Figure 

3.25 illustrates the result of a Double Shear Test (DST) performed at the interface between the 
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geosynthetic and the asphalt layer to investigate the effect of the dosage of tack coat on shear 

strength (Loui & Satyakumar, 2013).  

 
Figure 3.25 The influence of tack coat dosage in bonding condition 

between geosynthetic and asphalt layer (adapted from (Loui & 
Satyakumar, 2013)) 

 
The results indicate that by increasing the dosage up to 0.9 kg/m2 the adhesion bond improves 

but after that, because of the excessive tack coat material, the adhesive force diminishes. It is 

worth mentioning that the right amount of tack coat in grid products relies upon empirical 

results. However, the capacity of asphalt retention governs the proper amount of tack coat for 

fabric application between asphalt layers (ASTM D6140).  

The role of curing time on adhesion quality has not yet been clear. Some laboratory studies 

(Sholar et al., 2004; Hachiya & Sato, 1997) showed a strong connection between curing time 

and the shear strength developed at the interface, but others (Chen & Huang, 2010; Tashman, 

et al., 2006) reported a negligible effect. The need for further research on this subject is quite 

tangible. 

On the asphalt mixture scale, the first important consideration is the loading rate. Asphalt 

mixtures at low loading rates behave more like a viscous material and at high rates exhibit 

elasticity property (Thi Bui, 2018). The adhesive force is described by both cohesive force and 

internal friction angle developed between layers (Biglari et al., 2019). Figure 3.26 presents the 

variation in friction angle and cohesive force at the interface with different rate of loadings 
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(Xia et al., 2019). It can be understood that by increasing the loading rate, the cohesive force 

increases at a decreasing rate. However, internal friction angle follows a different trajectory, 

which is not as definite as the adhesion force. At first, in the low loading rate zone, the friction 

angle is decreased and then tends to increase at a high level of loading rates.  

 

 

(a) (b) 

Figure 3.26 The variation of (a) adhesion force and (b) internal friction angle with loading 
rate (adapted from (Xia et al., 2019)) 

Moreover, laboratory studies indicate that temperature plays a critical role on the shear bonding 

strength. As the temperature increases, the shear strength at the interface decreases due to a 

loss in the stiffness of the tack coat material (Thi Bui, 2018). Figure 3.27 displays the result of 

a shear test conducted on two types of tack coat: spray-cationic emulsified asphalt (PC) and 

rapid setting emulsified asphalt with high viscosity (HV), in three different dosages 

(0.25 kg/m2, 0.5 kg/m2 and 0.75 kg/m2 of residual binder) applied at the interface in a wide 

range of temperatures (Xia et al., 2019). The shear strength at the interface is less affected at 

high temperatures, regardless of type and dosage of tack coat. Another valuable point to 

mention is that, at low temperatures, an alternative way to enhance the interface shear strength 

is to increase the dosage of the tack coat.  
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Figure 3.27 The shear strength at the interface in a wide range of 

temperatures (adapted from (Xia et al., 2019)) 
 

Furthermore, the normal load functioning at the interface has a meaningful effect on the 

variation of shear strength with temperature. Laboratory studies (Canestrari et al., 2005; West, 

et al., 2005) support this fact that when the normal force applied on the pavement surface 

increases, the shear strength developed at the interface will enhance at any temperature, as 

indicated in Figure 3.28 (Kim et al., 2015). Reason for this is that the effect of mean depth of 

texture, and accordingly, friction on the interlayer shear strength is more appreciable at higher 

normal stress. 

 
Figure 3.28 The effect of normal stress on shear strength at 

the interface for cationic emulsion type of tack coat at various 
temperatures (adapted from (Kim et al., 2015)) 
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Moisture content is another crucial factor that adversely affects the adhesive strength at the 

interface (St Martin et al., 2003). Water, in the form of liquid or vapour, penetrates into the 

pavement structure in various ways, such as water seeping through cracks or porous pavements 

and water rising from the subgrade. In the presence of moisture, the strength of the bond 

between bitumen and aggregates is compromised and cause moisture-related distresses such 

as stripping (Tarrer & Wagh, 1991) and reduction in the shear bond strength as much as 15-

27% (Raab et al., 2009). This effect is quantified by means of the reduction in indirect tensile 

strength (ITS), as stated by AASHTO T283. The result of a laboratory study to determine the 

effect of exposure time to moisture and air void on adhesion strength at the interface, in terms 

of the indirect tensile strength (ITS), is illustrated in Figure 3.29 (Abu El-Maaty Behiry, 2013). 

 
Figure 3.29 Effect of changes in air voids and condition 
period of moisture on adhesion strength at the interface 

(adapted from (Abu El-Maaty Behiry, 2013)) 
 

It can be understood that in all the cases, as the exposure time to the moisture increases, the 

specimens with higher air void content experience significant reduction in tensile strength with 

a considerably higher rate compared to the early days. Nonetheless, for specimens with low air 

void content, irrespective of the exposure time, the moisture has negligible effect on the 

adhesive strength. 

The last influential factor from asphalt mixture perspective is the roughness of the bottom 

layer, which is defined through surface texture (Ebnesajjad, 2011; Masad et al., 2005). The 
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statistical analysis of the results obtained from a direct shear test conducted on three different 

types of texture cored from the existing surface, e.g. milled and aged surface, unmilled aged 

non-trafficked surface, and unmilled aged trafficked surface, is depicted in Figure 3.30 

(Hasiba, 2012). The bottom layer was covered with a thin film of slow setting asphalt emulsion 

as the tack coat material and a new asphalt mix layer as top layer.  It is possible to conceive 

that the milled surface has noticeably improved shear strength as compared the two unmilled 

surfaces, mainly on account of higher surface area and deeper surface texture, which gives rise 

to better bonding condition at the interface. In addition, within two unmilled surfaces, the cores 

subjected to traffic indicated higher shear strength as a consequence of an uneven surface even 

though the difference is not highlighted. This result was further confirmed by a comprehensive 

study of effective parameters on shear strength of a reinforced interface. In that framework, 

mean texture depth plays an important role in case of having a normal load applied at the 

surface due to increased friction between in contact faces (Noory, et al., 2019). 

 

 
Figure 3.30 Effect of surface roughness on shear strength at interface 

(adapted from (Hasiba, 2012)) 

Concerning the geosynthetic, coverage ratio and thickness are two influential factors on 

adhesion quality. The coverage ratio is explained by the area of the surface covered by the 

geosynthetic to the total surface area subjected to the shear stress. By increasing this ratio, the 

contact area of two asphalt layers is substituted by the contact surface of asphalt-geosynthetic, 

which in turn leads to the lower bond strength. In addition, when thicker geosynthetic is used, 
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the bond strength at the interface is adversely affected due to lower inter-reinforcement shear 

strength (Roodi et al., 2017). 

In conclusion, among above-mentioned parameters, three of them are identified in the literature 

as the dominant factors on shear stiffness at the interface, which are temperature, the dosage 

of tack coat, and the rate of loading. Figures 3.31 to 3.33 illustrate the variation in interlayer 

shear strength (ISS) by changing in temperature, dosage of tack coat and loading rate reported 

by various researchers. As temperature and rate of tack coat increase, the shear strength 

decreases while this trend is conversely followed for the shear strength versus loading rate.  

 
Figure 3.31 Variation in interlayer shear strength versus 

temperature in constant loading rate 

 

 
Figure 3.32 Variation in interlayer shear strength versus 
dosage of tack coat in constant temperature and loading 

rate 
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Figure 3.33 Variation in interlayer shear strength versus loading rate in constant 

temperature and dosage 

3.4 Design considerations for the reinforced asphalt overlay with geosynthetics 

3.4.1      Design methods 

Attempts have been made to incorporate the mechanical effects of geosynthetics into 

AASHTO (American Association of State Highway and Transportation Officials) and 

Mechanistic-Empirical (M-E) design methods. The TBR (Traffic Benefit Ratio) and BCR 

(Base Course Reduction) are two coefficients, which generally have been employed in the 

AASHTO design approach to take the reinforcement effect of geosynthetic layers into account 

(Zornberg, 2011). Despite that, this approach is empirical in nature and is specific to the 

products and test conditions under which these ratios have been calibrated. In addition, these 

factors do not directly consider the mechanics of the pavement structure, climatic effects, 

changes in traffic loads, material properties as well as non-traditional layer configurations such 

as pavement systems constructed with geosynthetic reinforcements (Zornberg & Gupta, 2010). 

On the other hand, Mechanistic-Empirical (M-E) pavement design method, which in fact is a 

road performance prediction method, developed under NCHRP project 1-37A, provides a 

framework to incorporate the use of geosynthetics into bituminous pavements by better 

characterizing the mechanical effects of geosynthetic and helping to predict the feasible failure 
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modes (Olidid & Hein, 2004). This method has two key components, mechanistic and 

empirical parts, which act interdependent. The mechanistic part includes some calculation 

models to compute critical responses at any desired point in the pavement structure. To this 

end, it requires input parameters in terms of pavement layers, traffic conditions, climatic 

conditions and material characteristics. The output of the mechanistic part is then entered into 

the empirical part in order to predict the pavement performance during its service life at a 

certain reliability level.  If the predicted performance surpasses the desired level of 

performance, the initial design parameters are modified, and the process is repeated from the 

first stage as much as necessary (AASHTO, 2008). 

Nonetheless, prediction of the behavior of flexible pavements is not a simple subject, since the 

overall performance is dictated by a myriad of factors, including subgrade strength, load 

magnitude, layer thickness, material degradation process and oscillations of seasonal and 

climatic conditions (Al-Qadi, 2006; Dougan, 2007). In addition, the use of geosynthetic 

reinforcement adds more complexity to the system understanding by introducing a new set of 

variables, comprising of the reinforcement mechanism, geosynthetic types and stiffness, 

tensile strength, aperture size and installation location (Zornberg & Gupta, 2010). Therefore, 

due to uncertainty in quantifying the mechanisms of geosynthetic-reinforcement, neither the 

AASHTO (1993) nor the M-E approaches are able to incorporate the real geosynthetic 

properties in their design method and further research is still underway. The following list 

summarizes the existence insufficiencies identified in the current pavement design methods to 

incorporate interlayer systems between asphalt layers: 

 Design methods proposed for reinforced asphalt overlay were mostly proprietary and 

they were not generally applicable for various interlayer products. 

 The mechanical behavior at the interface and its evolution were not properly defined. 

 There is a lack of uniform test method to characterize mechanical specifications of the 

product. 

  Globally acceptable criteria for the sufficiency of the reinforced overlay in terms of 

rutting and cracking are missing. 

 The majority of the proposed test methods to capture the reinforcement effect of 

interlayer systems were designed based upon comparison with the unreinforced 
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structure. Very rare reliable test methods were recommended in the literature for the 

reinforced structure itself. 

 Up to now, the effort to include the effect of a geosynthetic layer in the mechanistic 

model has resulted in developing an equivalent resilient modulus and Poissons’ ratio 

for the system as a whole. Consequently, the benefits of geosynthetic have not been 

consistently defined in the M-E design.  

 The selection of geosynthetic materials in any reinforcement project is still an open 

question. Geotextiles, geogrids and geocomposites can all be employed as the 

reinforcement materials if they realize the relevant physical and mechanical 

specifications. However, there is no methodology to differentiate among them based 

on material specification such as tensile strength. 

 Design softwares based on FEM models in combination with empirical approach such 

as ARCDESO (De Bondt, 2005), BITUFOR (Vanelstraete et al., 2000), OLCRACK 

(Thom, 2000), TxACOL and TxME (Brusa, et al., 2016) consider the geosynthetics as 

a structural element embedded within the materials without considering the 

redistribution effects in structural responses at the reinforced interface. This will entrain 

the inhomogeneity into the results. 

 The real benefit of introducing an interlayer system into asphalt overlay is neglected in 

the current design methods and in most of the cases, the reinforcement effect is taken 

into account by a safety factor or empirical factors derived from experience not through 

long-term field performance. 

 The presence of any discontinuities in the existing deteriorated surface structure, which 

impresses the severity of reflective cracking, was not taken into consideration in the 

proposed design models.    

On this basis, the design process of reinforced asphalt overlay is not a straightforward task. 

Table 3.3 introduces the important considerations that need to be taken into account in 

order to achieve a robust and reliable design tool for reinforced structures: 
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Table 3.3 Important considerations identified to include the geosynthetics into design models 

Design Consideration Comment 

 

Type of geosynthetic 

(Brusa et al., 2016)  

Stress and strain distribution in reinforced asphalt overlay is dictated by the type 

of raw materials used in geosynthetic structure. The stiffer the material, the more 

distribution in structural response. 

 

Overlay Thickness 

(Button & Lytton, 2007)  

The minimum reinforced overlay thickness should not be less than the least of 4 

times the nominal maximum aggregate size (NMAS) or 4 Cm, to meet 

compaction requirement 

 

Overlay Type (Button & 

Lytton, 2007)  

Only Hot Mix Asphalt (HMA) is allowed to use as overlay with paving fabrics 

because the trapped water over the interlayer can lead to premature failure due 

to freeze-thaw cycle effect in combination with traffic loads  

Design life (Jenner & 

Uijting, 2004) 

 

Real design life of interlayer system can only be evaluated through long-term 

field investigation. The design life of the reinforced overlay is the minimum 

value of two components, i.e. asphalt layer and geosynthetic. 

Recyclability (Jenner & 

Uijting, 2004)  

Field experience revealed that recyclability of stiff geosynthetics are 

distinguished than polymer- or steel-based grids. This criterion affects the life-

cycle cost of the design strategy.  

Long-term field 

calibration (Jenner & 

Uijting, 2004) 

The validation of design method based on long-run pavement performance in 

the field in different traffic and climatic conditions adds more reliability to the 

final results. 

 

Geosynthetic 

Specifications (De 

Bondt, 2000) 

 

 

Axial stiffness (EA), the resistance to pullout test and anchorage length are 

important specifications to consider for reinforcing products. On the other hand, 

for stress absorbing interlayers to mitigate reflective cracking, shear strength, 

shear stiffness, slippage at the interface and water permeability are more 

important consideration, which the latter is of great importance for paving 

fabrics. 
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Table 3.3 (Continued) 

Design Consideration Comment 

 

Type of distress  

As discussed earlier in the mechanical section, the location and type of 

geosynthetic employed in the asphalt overlay is highly dependent on type of 

distress such as fatigue cracking, reflective cracking and rutting. In case of 

rutting, the interlocking effect is much more important than adhesion property. 

 

 

Type of Load (De Bondt, 

2009) 

In terms of fatigue cracking and shear deflection (rutting), the grid is mostly 

activated under traffic loads during crack propagation stage. While, thermally 

induced loads (daily/seasonally fluctuation in temperature) are the main reasons 

of the occurrence of reflective cracking and activates the reinforcement effect of 

the grid during crack generation stage. 

 

Mechanical behavior at 

interface  

The real mechanical behavior at the interface according to different types of tack 

coats and its evolution over the time based on validated test methods is necessary 

to consider in proposed design method. 

Cost (Zofka & 

Maliszewski, 2019)  

The type of material and installation process are two main additional sources of 

costs pertaining to geosynthetics which need to be considered along with other 

factors during evaluation of viable design method for each project. 

3.4.2 Mechanical models  

Modelling the damage induced in the reinforced structure would reduce the number of tests 

required to determine the characteristic of the material. This characterization is essential for 

better understanding the mechanical behavior and prediction of service life. Table 3.4 provides 

a review of mechanical models developed to predict the behavior of reinforced asphalt overlay 

for each type of the damage. 

In comparison, numerical models such as finite element method (FEM) has proved its 

efficiency and adequacy in analysis of reinforced structures, to provide authentic and reliable 

results especially in modeling a variety of important design and practical considerations 
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including a slip between the geosynthetic and the surrounding material, slack in the 

geosynthetic, thermomechanical properties of the reinforced bituminous pavement and the 

reinforcement mechanisms pertaining to the geosynthetic. It is also capable of handling 

complex geometry, material properties and different boundary conditions with no difficulty. 

Two different approaches, namely "linear elastic, cross-anisotropic model" and "non-linear 

viscoelastic model" have been applied in the FEM to model the reinforced pavement structures 

with geosynthetics (Ghadimi, 2015). The main reason for using a simplified linear elastic 

model is that bituminous pavements are generally designed in a linear elastic mode so that only 

a limited range of permanent deformations can be tolerated. Therefore, almost all the 

geosynthetics involved in the bituminous pavements can also be postulated to work in a linear 

range, which in turn results in a simplicity of analyzing the structure. Nonetheless, where a 

higher degree of accuracy is demanded, non-linear finite element methods can be employed, 

which is rather a complicated and time-consuming method (Ghadimi & Nikraz, 2017). On this 

basis, various finite element codes have been applied by researchers to resemble reinforced 

pavement structures in order to study their mechanical behavior under different conditions in 

terms of material properties and traffic loadings. ABAQUS (viscoelastic behavior), CAPA-2D 

(viscoelastic behavior), and Supersap (elastic behavior) are only a few to name (Bohagr, 2013). 

A review of finite element studies conducted by researchers to simulate the behavior of 

geosynthetics in asphalt overlay is summarized in Table 3.5. 

Table 3.4 Models developed for the prediction of damages in reinforced overlay 

No. Researcher Model 
Name Model Type Usage Comment 

1 Canestrari et 
al., 2018  LET model 

Common 
homogeneous 
 layered elastic 
theory 

Prediction the structural 
response (stress and strain) 
of a reinforced asphalt 
overlay.  

The method has been 
validated through a trial and 
error way by adjusting the 
simulated and measured 
strains in the field 

2 
 Zofka and  

Maliszewski, 
2019 

RC model 
Stochastic 
reflective 
 cracking model 

Prediction of service life in 
terms of 
  reflective cracking based 
on MEPDG method 

The model has been 
validated by the result 
obtained from deflection-
based  design method  

3  Arseniea et al., 
2017 Bodin Model 

 Elastic isotropic 
continuum 
 damage model 
 
 

Prediction of fatigue 
damage 

 The model expresses the 
decrease in dynamic 
modulus  with cyclic loading 
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Table 3.4 (Continued) 

No. Researcher 
Model 
Name 

Model Type Usage Comment 

4  Gajewskia and  
Jemiołob, 2014  

Composite 
model 

Energetically 
equivalent 
 isotropic model 

A useful tool to incorporate 
the reinforced composite 
structure into mechanistic 
based design methods 

Consider the orthotropic 
nature of grid 
 

5  Freire et al., 
2018 

Linear 
Viscoelastic 

 Model 
2S2P1D model 

Define the mechanical 
behavior at  the interface 
between geogrid and 
asphalt layer 

 

6  Choi and Kim, 
2014  Shift model 

Permanent 
deformation 
model  

Prediction of rut depth 
The model has been 
validated by  triaxial stress 
sweep (TSS) test 

7 Al-Qadi and 
Elseifi, 2004  

 
Fitted design 
model for 
reinforced  
overlay with 
steel  
 
 

Regression model Prediction of service life in 
terms of reflective cracking 

The model was adjusted 
based on field results by 
introducing shift factors 

8 N H Thom, 
2000  OLCRACK 

A finite element 
model based on 
an incremental 
approach in 
tensile stains 
produced in the 
crack tip 

Prediction of  top-down 
and bottom-up crack 
propagation based on 
tensile strain in the crack 
tip 

The result of the model 
was adjusted against the 
result from pilot scale 
pavement test and beam 
test 

9 Scarpas et al., 
1996 CAPA A finite element 

model 
Prediction of reflective 
cracking 

The model works based 
on a  crack propagation 
increment 

 

Table 3.5 FEM studies for asphalt overlay reinforced with geosynthetics 

Researcher Geometry Asphalt Layer Model 
Geosynthetic 

Layer Model 

Interface 

Element 

Type 

Load 

Type 
Validation 

Montestruque 

et al., 2004  

Two-

dimensional 

axisymmetric 

Linear 

elastic 

4-node 

plate 

element 

Linear 

elastic 

4-node 

bar 

element 

Fully 

bonded 

Dynamic 

loading 

Experimental 

work 
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Table 3.5 (Continued) 

Researcher Geometry Asphalt Layer Model 
Geosynthetic 

Layer Model 

Interface 

Element 

Type 

Load 

Type 
Validation 

Correia        

et al., 2018  

Two-

dimensional 

axisymmetric 

Linear 

elastic 

15-noded 

solid 

elements 

Linear 

elastic 

15-noded 

structural 

solid 

Fully 

bonded 

Static 

loading 

Experimental 

work 

Coni and 

Bianco, 2000 

Three 

dimensions 
Elastoplastic 

8-node 

linear 

brick 

element 

Linear 

elastic 

Beam 

element 

Fully 

bonded 

Static and 

dynamic 

loads 

None 

Bounsanti 

and Leonardi, 

2012 

Three 

dimensions 

Linear 

elastic 

8-node 

linear 

brick 

element 

 

Linear 

elastic 

4-node 

membrane 

element 

Fully 

bonded 

Impulsive 

loading 
None 

Abdesssemed 

et al., 2015  

Three 

dimensions 

Linear 

elastic 

8-node 

brick 

element 

 

Linear 

elastic 

4-node 

block 

element 

Fully 

bonded 

Static 

loading 

Experimental 

work 

 

Taherkhani 

& Jalali, 

2016  

 

Three 

dimensions 

 

Viscoelastic 

8-node 

linear 

brick 

element 

 

Linear 

elastic 

 

4-node 

shell 

element 

 

Fully 

bonded  

 

Dynamic 

loading  

 

Experimental 

work 

Calvarano et 

al., 2017  

Three 

dimensions 
Viscoelastic 

8-node 

linear 

brick 

element 

Linear 

elastic 

4-node  

membrane 

elements 

Semi-

bonded  

Impulsive 

loading 
None 

Shamami & 

Khavandi 

Khiavi, 2017  

Three 

dimensions 

Linear 

elastic 

8-point 

solid 

element 

Linear 

elastic 

4-point 

linear 

membrane 

embedded 
Cyclic 

loading 

Experimental 

work 

A critical issue in taking advantage of finite element methods is to accurately define the 

boundary condition, which is highly related to the geometry of the model, material properties, 
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loading conditions and constitutive models for each individual layer. In the following 

subsections, these concerns are discussed in detail. 

3.4.2.1 The geometry of model 

There are three different types of formulation to model pavement structure: axisymmetric, two-

dimensional (or plane strain), and three-dimensional (Cho et al., 2000). Each formulation has 

its own advantages and disadvantages. For instance, in the case of axisymmetric and two-

dimensional plane strain models, the required time for analysis and memory space are quite 

beneficial. On the contrary, in a three-dimensional model, more memory space and 

computational time are required, even though the model has a higher accuracy (Bohagr, 2013). 

Nevertheless, the major shortcoming of using axisymmetric and two-dimensional models for 

pavement structure is to simulate the traffic loads. In-plane strain model, traffic load is modeled 

as a line load, according to Figure 3.34. On the other hand, in an axisymmetric model, traffic 

load is presented by a circular load as depicted in Figure 3.35. However, as specified by 

Figure 3.36, in a three-dimensional model, traffic load is simulated by a rectangle in the center 

and two semicircles at two ends, which gives a close representation to real situation (Cho et 

al., 2000). 

 

 
Figure 3.34 Traffic loading simulation in 2-D plane 

strain model (adapted from (Cho et al., 2000)) 
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Figure 3.35 Traffic loading for axisymmetric model 

(Adapted from (Cho et al., 2000)) 

 
 

 
Figure 3.36 Traffic loading for 3-D model (adapted 

from (Cho et al., 2000)) 

 

It should be recognized that the axisymmetric model is not able to simulate the shoulder 

conditions or any discontinuity that exists in the pavement structure (Ghadimi, B., 2015). 

Following advantages were reported in 3-D analysis (Calvarano et al., 2017): 1) It accurately 

demonstrates the complex mechanical behavior of the pavement system with different 

materials subjected to different traffic loads; 2) it is a preferable way to validate the results 

obtained from numerical models with field or laboratory results; 3) it better simulates the real 

footprint of loaded wheels. 
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3.4.2.2 Constitutive models 

As to the constitutive model for asphalt layer, it has been well documented that HMA materials 

exhibit frequency and temperature dependent behavior. However, several researchers have 

tried to use the elastic theory into their models to resemble HMA behavior. The elastic theory, 

compared with linear viscoelastic (LVE) theory, estimates the pavement responses lower than 

expected. As a result, it justifies the need for a viscoelastic constitutive model (Abu El-Maaty 

Behiry, 2013).  In this respect, 2S2P1D (2 springs, 2 parabolic elements and one dashpot) 

model can be utilized to mechanically describe the viscoelastic behavior of the asphalt overlay 

(Olard & Di Benedetto, 2003). Additionally, a new methodology for the mechanical 

description of the reinforced interface behavior has been proposed (Freire et al., 2018), which 

took advantage of laboratory thermomechanical complex modulus tests. The test was 

performed by applying an axial tension-compression sinusoidal loading in strain-control mode 

in a broad range of frequencies and temperatures on reinforced asphalt samples with geogrid 

placed at the interface in two different positions (i.e. vertically and horizontally). By comparing 

the Cole-Cole diagram obtained from the developed methodology on reinforced and 

unreinforced asphalt specimens, as shown in Figure 3.37, the interface behavior was 

considered as linear viscoelastic and mechanically described with 2S2P1D model.  

  

(a) (b) 

Figure 3.37 Rheological behavior of asphalt layer including geogrid a) Cole-Cole diagram of 
specimens with and without geogrids b) representation of the 2S2P1D model for bituminous 

mixes (adapted from (Freire et al., 2018)) 
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To define viscoelastic behavior of asphaltic materials in terms of the stress-strain relationship 

into Abaqus software, Prony series in the form of shear modulus defined by Equation (3.5) can 

be employed (Hussein & Meguid, 2015): 

(3.5) 

where is the shear modulus ratio, defined by the ratio of shear modulus at any time like 

t, , to the shear modulus at the first stage (t = 0, G (t = 0));  and  are Prony constants, 

which are determined based on the material properties; and N is considered as the number of 

terms used in Prony series, which is normally assumed N = 5 (Liao & Sargand, 2010). 

Several methods have been proposed to calculate the Prony series constants. One way is to 

perform complex modulus test and then to convert the dynamic modulus |E*|in the frequency 

domain to the relaxation modulus (E(t)) in the time domain by an approximation method 

(Perkins & Edens, 2003).  

As far as the constitutive model of geogrid is concerned, almost all the researchers assume 

mechanical behavior as linear elastic. However, laboratory results, as shown in Figure 3.38, 

indicate that the geogrids behaves like a nonlinear elasto-plastic hardening material and to 

simplify this behavior with linear elastic may result in misleading solutions (Liu et al., 2007; 

Abdi & Zandieh, 2014). An elasto-plastic model can account for the creep behavior and 

directional dependency of the material (Perkins, 2000; Perkins, 2001). In addition, laboratory 

results indicate that plasticity has a meaningful effect on the load-displacement relationship, 

especially, when it approaches the failure point (Perkins & Edens, 2003).  
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Figure 3.38  Experimental axial load-axial 

strain results in the weak and strong directions 
(adapted from (Hussein & Meguid, 2016)) 

 

3.4.2.3 Loading condition 

The final parameter is the effect of the traffic load, which affects the pavement performance 

through configuration of axles, tire contact pressure, vehicle speed, and axial load and number 

of repetitions (Calvarano et al., 2017). The researchers have adopted two different approaches 

to face traffic loads. One is to apply a static load on a circular shape contact area with uniform 

pressure (Abdesssemed et al., 2015), and the other is to employ a triangular shape pulse load 

with 0.1 sec loading time and 0.9 sec rest period, which is repeated for a certain number of 

cycles (Taherkhani & Jalali, 2016). Several studies have tried to compare the numerical results 

obtained from static loading through laboratory or field tests (Siriwardane et al., 2010; 

Abdesssemed et al., 2015; Ling & Liu, 2003). Nevertheless, it was found that only for high-

amplitude loads the dynamic loading plays an important role on geosynthetic-reinforced layers 

(Faheem & Hassan, 2014).  

3.5 Conclusion 

This paper presented an overview of the mechanical interaction between geosynthetics and 

asphalt overlay in bituminous pavements. As it appears, the reinforcement effect is mainly 

recognized by the lateral confinement and enhanced structural capacity in which the interface 

property is the dominant factor. Moreover, the study of influencing factors on interlayer shear 
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strength shows that temperature, dosage of tack coat and loading rate are chief factors, which 

are required to consider in design models. 

From the design point of view, the mechanistic-empirical pavement design method seems to 

be more appropriate method to take the properties of geosynthetics into account. To this end, 

a finite element method has been suggested to incorporate into the design method to calculate 

the responses of reinforced systems in critical locations of the pavement system. The geometry 

of model, constitutive models of asphalt mix and geosynthetic and type of loading are 

identified as the influencing factors, which controls the accuracy of the design method. 

Based on this review, following gap research are recognized for reinforced bituminous 

pavements: 

Mechanical part: 

 To develop a standard test method to capture the interlocking capacity of geosynthetic 

materials embedded in the asphalt overlay. 

 To clarify the influence zone of geosynthetic materials based on the field data in order 

to define the accurate size of reinforced specimens in the laboratory. 

 To verify the positive effect of using two layers of geogrids in asphalt overlay (one near 

the top and one near the bottom) based on field data. 

 To establish criteria based on mechanical performance and serviceability of the 

reinforced sections. 

 To develop standard and reliable laboratory test methods, specifically designed for 

reinforced specimens (not based on comparison with control specimens), to determine 

material properties required as inputs into design models. 

 To set solid and measurable mechanical requirement to facilitate the selection of the 

proper type of geosynthetic in each reinforcement project. 

 To specify the redistribution effect of reinforcement interlayer on structural responses 

caused by traffic or environmental loads. 
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Design part: 

 To develop a validated finite element model based on real mechanical behavior at the 

interface between geosynthetic and adjacent asphalt layers. 

 To include the presence of any discontinuities in the existing asphalt layer according to 

its level of severity. 

 To distinguish the stiffness property of the asphalt overlay and the interface in the 

design models. 

 To consider the heterogeneity of the reinforced structure in mechanical models to 

describe the crack initiation and propagation stages. 

 To validate the design methods based on long-term field performance of reinforced 

sections. 
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4.1 Abstract 

In order to study the mechanical behavior of asphalt overlay reinforced with paving fabrics (a 

system composed of non-woven geotextile and asphalt cement) a new methodology was 

developed based on three new pieces of laboratory equipment including 3-Point Bending Test 

(3-PBT) method on cylindrical specimens, Crack Widening Device (CWD) and Water-

Vacuum Permeability Device (WVPD). The 3-PBT and CWD were designed to simulate 

generation and propagation of thermally driven cracking from an existing discontinuity in the 

pavement system into a new asphalt overlay. In addition, the WVPD was assembled to 

accelerate the movement of water through a low porosity medium. On such basis, 

representative parameters have been suggested by the authors as: Crack Resistance Index 

(CRI) of the system to determine the reinforcement effect and Coefficient of Permeability (K) 

to evaluate the waterproofing benefit of the paving fabrics. The experimental results of two 

different rehabilitation strategies of bituminous pavements were compared during this 

research: a traditional strategy, as a reference case, in which asphalt overlay is directly attached 

to the existing surface with an asphalt emulsion and a new strategy with the inclusion of paving 

fabric as an interlayer system between two asphalt layers, as the reinforced case. The results 
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indicate that the reinforced case has enhanced mechanical properties, in terms of lower crack 

width manifested at the surface and higher crack resistance index and reduced water 

permeability. In addition, the proposed methodology appears to be suitable to evaluate the 

mechanical performance of reinforced asphalt overlays. 

4.2 Introduction 

Overlaying a deteriorated surface of bituminous pavements with asphalt materials is a common 

maintenance activity to restore the operational and structural capacity of the pavement system. 

However, the main issue with an asphalt overlay is the propagation of cracks from a 

discontinuity in the existing surface into and through the new asphalt overlay (reflective 

cracking), which yields an accelerated deterioration process of the asphalt surface under the 

effect of traffic and thermally induced stresses. In addition, it imposes significant strain from 

economical and constructional points of view on pavement authorities. To address this issue, 

different approaches such as modified asphalt mixtures, application of stress-absorbing 

interlayer systems and taking advantage of reinforcement materials at the interface of new and 

old asphalt layers have been proposed by previous studies, so that reflective cracking can be 

effectively delayed (Baek et al., 2008; Dhakal et al., 2016; Hajj et al., 2008; Sherman, 1982; 

Von Quintus et al., 2010; Williams, 2015). In this connection, interlayer systems such as 

paving fabrics have been suggested to enhance the resistance against reflective cracking 

(Alvarez, 2008; Amini & Wen, 2016; Buttlar et al., 2000; Button & Lytton, 2007; Rahman et 

al., 1989; Shukla & Yin, 2004; Steen, 2004) and to reduce the permeability of the integrated 

system (De Souza Correia & De Souza Bueno, 2011; Marienfeld & Baker, 1999; Zornberg et 

al., 2017) in order to extend the service life of the asphalt overlay. However, characterization 

of the reinforcement and waterproofing effects is a key step towards widespread usage of 

paving fabrics as a rehabilitation strategy. 

The reinforcement effect of paving fabrics is mainly attributed to the friction mobilized at the 

interface as a result of imposed shear stresses from traffic or environmental loads (Fannin, 

2007). Many researchers have applied various test methods, such as Wheel Reflective 

Cracking (WRC) and four-point bending test devices, to measure and quantify the 

reinforcement property of paving fabrics (Bhattacharjee et al., 2008; Dempsey, 2002; Gallego 
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& Prieto, 2006; Wu et al., 2008; Yu et al., 2013; Joseph & Haas, 1989) and these are 

considerably time-consuming and not cost-effective. In addition, none of them gives an 

indication of reinforcement effect in terms of crack width, which is more tangible in practical 

usage. To gain knowledge of the crack resistance of the reinforced system is an important 

consideration to assure satisfactory performance in the field. In general, the crack forms in 

asphalt-bounded layers in two major ways: traffic induced cracking (fatigue cracking) and 

thermal driven cracking (reflective cracking). Fatigue cracking is caused by the repetitive 

action of traffic loads that reduces the structural integrity of the pavement system by the 

appearance of microcracks and their growing over time. However, thermal cracking occurs 

when the thermal stress exceeds the tensile strength of the asphalt mix. Cracked structure 

allows moisture to infiltrate into the pavement system, which can result in further weakening 

of sublayer materials (Rastegar et al., 2018). The focus of this study would be on thermally 

induced cracking, which has been recognized as a prevalent issue in North America 

(Marasteanu et al., 2004). This is because of the fact that when thermal cracks appear early in 

the pavement surface, it is followed by other forms of distresses including frost heave or 

localized potholes at the crack location, which could significantly contribute to the loss of 

serviceability long before the fatigue life of the pavement (Buttlar et al., 2018). 

Furthermore, paving fabrics could bring an additional advantage in terms of waterproofing the 

entire pavement structure, and this, in turn, could maintain the resilient modulus of lower layers 

in the pavement structure and bring the pavement service life to the anticipated age. Limited 

studies have been conducted so far to develop laboratory equipment or a methodology to 

measure the water permeability of asphalt mixtures in small-scale laboratory size specimens.   

Pezzaniti et al. (Pezzaniti et al., 2009) used a falling head permeability test to investigate the 

water permeability of permeable asphalt specimens.  Fwa et al. (Fwa et al., 1999) employed 

the constant head permeability test to evaluate the permeability of porous asphalt mixtures. 

Ahn et al. (Ahn et al., 2017) developed a device to measure the permeability of both soils and 

asphalt mixture specimens. The main feature of this device was its flexibility to adjust with 

constant and falling head permeability tests. Texas Department of Transportation (TxDOT) 

(Yeo et al., 2012) has also developed a non-destructive device called Tube Suction Test (TST), 
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which works based on measuring the dielectric value (DV) of the asphalt mixture as a 

representation of the moisture content. 

Nevertheless, a suitable device or a methodology that could efficiently measure the 

permeability of asphalt mixtures or asphalt system (mix-paving fabric-mix) with low air void 

content and in a cracked condition is still a necessity in order to practically evaluate the 

performance of rehabilitated asphalt mixtures in small-scale laboratory size specimens. 

Therefore, this paper first aims to understand the mechanical behavior of asphalt overlay 

reinforced with paving fabrics by introducing a novel approach to simulate the crack initiation 

and propagation. Afterwards, a comparative evaluation is performed on water permeability of 

asphalt mixtures with and without paving fabrics in a variety of widths of crack through an 

accelerated method to have an insight into the waterproofing effects of paving fabrics. 

4.3 Research background on thermally driven reflective cracking 

When an asphalt overlay is implemented on an existing asphalt surface, any movement induced 

by temperature or traffic at present discontinuities could build up stresses at the bottom of the 

overlay, which can accelerate the propagation of reflective cracks and finally tearing of the 

overlay (Dave et al., 2007). The reflective cracking mechanism has been studied through a 

three-dimensional finite element method by taking the variations in traffic and temperature 

during a year into account. This study revealed that the changes in temperature contributes 

more to the occurrence of premature failures in terms of reflective cracking in asphalt overlay. 

According to this study, reflective cracking is first initiated by the temperature changes and the 

traffic helps more to accelerate the pavement damages (Sheng, 2016). 

Hitherto, low temperature performance of mix design has been taken into account by 

performing Frass Breaking Point test or Bending Beam Rheometer (BBR) test on bituminous 

binder. However, previous researches indicated that, because of the complexity of the 

behavior, this effect needs to be studied on asphalt mix scale (Dave et al., 2008; Marasteanu et 

al., 2007; Marasteanu et al., 2012; Zofka & Braham, 2009). Accordingly, the focus needs to 

be directed to define appropriate parameters to demonstrate crack susceptibility of the mixture.  

Thermally driven reflective cracking in asphalt mixture initiates when temperature drops in a 

short period of time. It can be caused by expansion, contraction or bending from horizontal 
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movement of the layers due to significant drop below -20 °C or high daily fluctuation in 

temperature, i.e. at least -10 °C drop per one day, of cooling event (Marasteanu et al., 2007; 

Marasteanu et al., 2012). It is worth mentioning that because of the relaxation effect under 

slow moving conditions, daily fluctuation in temperature plays an important role than seasonal 

temperature changes (Sheng, 2016). This point needs to be considered in selecting the proper 

rate of loading in the laboratory. When induced tensile stresses at the bottom of the overlay 

exceed the tensile strength of the material, the thermally driven cracks start to appear 

(Apeagyei et al., 2008). Once emerging in an asphalt mixture structure, the crack will propagate 

in width and height by the repeated effect of shear stresses induced by traffic (mode II of 

cracking) (Sheng, 2016). It is also indicated that the rate and severity of crack propagation is 

higher for mixes with a high air void and low resistance to cracking (Alvarez, 2008). 

Many studies have been performed to characterize the mechanism of generation of thermally 

driven cracking in asphalt mixtures using laboratory testing and field examination. The studies 

on the laboratory scale can be divided into two main groups: static cracking test such as Disk-

Shaped Compact Tension Test (DSCT) (Wagnoner et al., 2005), and Semi-Circular Bend Test 

(SCB) (Li & Marasteanu, 2004) and cyclic cracking test including Thermal Stress Restrained 

Specimen Test (Monismith et al., 1965), Asphalt Concrete Cracking Device (Kim et al., 2009). 

These tests have been used to resemble the evolution of thermal cracking with time and 

temperature fluctuation. Although some of these proposed methods are applicable to 

accommodate asphalt mixtures reinforced with paving fabrics, they are complicated to 

perform, requiring huge effort in terms of specimen preparation and rigorous procedure to 

interpret the result.  

Furthermore, full-scale studies to directly evaluate the mechanism of thermal cracks in asphalt 

mixtures including paving fabrics are very rare. The Mississippi Department of Transportation 

has studied the effectiveness of paving fabrics to retard reflective cracking. The field data 

showed that the reinforced asphalt overlay thicker than 5 cm or more increases the 

enhancement effect against reflective cracking (Amini, 2005). Texas Transportation Institute 

also worked on geosynthetics to see how the reinforced cross sections can reduce the severity 

or retard thermally induced reflective cracking over 5 to 6 years of this study. Their results 

indicated that up to 3.5 years the rate of reflected cracks was very slow (Chowdhury et al., 
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2009), which can be treated as a static environmental load. Furthermore, it was concluded that 

application of paving fabrics in asphalt overlay could restrict thermally driven cracks better in 

locations with hot and moderate temperatures compared to cold ones (Amini, 2005). In another 

study performed for Airfield Asphalt Pavement Technology Program different mechanisms of 

reflective cracking in asphalt overlay implemented on both rigid and bituminous pavements 

have been investigated (Von Quintus et al., 2010).  It was concluded that using paving fabrics 

in thin asphalt overlay (less than 5 cm) has negligible benefits, but its performance in thick 

overlays is highlighted. 

To resemble crack propagation stage in asphalt mixture, fracture-mechanic-based tests have 

been frequently employed in the crack mouth displacement controlled mode. In this sense, 

applied force is regulated based on the opening rate of the crack mouth.  The conventional 

methods are the overlay test (OT), developed by the Texas Transportation Institute and the 

Indirect Diametral Test (IDT) and Single-Edge notched Beam (SEB) test in which the concept 

of Cohesive Zone Model (CZM) is applied and cohesive energy and strength of the mixture is 

obtained (Sheng, 2016). The CZM concept has been suggested as a proper way to simulate the 

crack propagation ahead of a crack tip (Jenq & Perng, 1991). In addition, based on the 

application of the CZM to evaluate the propagation behavior, it was indicated that propagation 

process acts independently from the rate of temperature and loading changes (Soares et al., 

2003). This result was also confirmed by Paulino et al. (Paulino et al., 2004).  

Another point that needs to be considered is to define a laboratory-measured parameter, which 

can be able to differentiate between good-and poor- performance reinforced mixtures in terms 

of mechanical behavior. Until now, several indices have been suggested by the researchers for 

pavement cracking (Zhou et al., 2017). However, to develop a performance based index from 

a fracture test has received much attention (Al-Qadi et al., 2015; Dave et al., 2015; VanDeusen 

et al., 2015). These indices are mostly obtained from notched specimens by measuring the 

required force to receive a predetermined amount of displacement (Zhu et al., 2017). Moreover, 

two approaches were frequently adopted to obtain fracture indices: energy-based approach and 

strength-based approach (Wagnoner et al., 2005; Roque et al., 2004). Although energy based 

approach in most cases results in a better visualization of the crack propagation process, it 
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cannot differentiate between the materials with high peak load and sharp slope and the ones 

with low peak load and slight slope.   

4.4 Materials and methods 

4.4.1      Materials 

A single 0-10 mm dense graded hot mix asphalt made with a PG 64-34 bitumen was used for 

both top and bottom layer of the tested system, according to Table 4.1. 

 
Table 4.1 Gradation and volumetric 

characteristics of the mixture 
Sieve Size (mm) Passing (Percent) 

14 100 

10 96 

5 63 

2.5 36 

1.25 18 

0.63 10 

0.315 8.0 

0.160 6.7 

0.080 5.7 

Volumetric characteristic of asphalt mix 

Gmm1 2.525 

Vb2 5.9 
1 Maximum theoretical specific gravity 
2 Bitumen content (percent) 

 

The paving fabric comprised two important elements: a needle-punched nonwoven geotextile 

and PG 64-34 bitumen as tack coat material. The physical and mechanical characteristics of 

the geotextile are presented in Table 4.2. 
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Table 4.2 The mechanical properties of paving fabric 
 

 

 

 

 

 

 

 

 

In total, eight slabs with dimension indicated in Figure 4.1 (four slabs for the reference case 

and four slabs for the reinforced case) were prepared. A typical construction method was 

followed: the bottom layer was first fabricated and compacted, followed by the implementation 

of tack coat (and/or paving fabric) and the top layer and then compaction of the whole system. 

The compaction temperature was selected as 160 ± 2 °C according to the Ministère des 

transports du Québec standard (MTQ 2018-LC 26-003) based on the performance grade of the 

bitumen employed in this study (i.e. PG 64-34). The compaction method was based on the 

French Roller Compactor, which complies with European Standard EN 12697-33. 

It should be noted that for the reference case, 5 hours curing time was needed for the asphalt 

emulsion, type SS-1h used in this study, to completely break before the placement of the top 

layer. While for the reinforced case, the overlayment process including the implementation of 

tack coat, geotextile and the top asphalt layer was performed in a sequence, with no delay. 

In addition, for the reinforced system, asphalt cement (AC) is normally employed as tack coat 

instead of asphalt emulsion. Since it is better to use the same AC as tack coat and in the HMA 

(Button & Lytton, 2007), a PG 64-34 was applied in this study as tack coat when the geotextile 

was used. 

The application rate of the tack coat is another important factor that needs to be respected 

during the specimen preparation. This is due to the fact that too much can cause slippage, 

whereas a lower amount may lead to debonding at the interface. The application rate of the 

tack coat was recommended between 1.2 to 1.4 L/m2 for geosynthetics depending on the 

Properties Test Method Units Value 

Grab Tensile Strength 

 

CAN 148.1 No.7.3 N 550 

Grab Tensile 

Elongation 

 

CAN 148.1 No.7.3 % 45-105% 

Mullen Burst CAN 4.2 No.11.1 

 

kPa 1585 

Bitumen Retention ASTM D6140 L/m2 1.15 
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surface condition of the existing surface (Shukla & Yin, 2004; Donovan, 2014). Since the 

surface of the bottom layer was sound and dense, the lower limit (i.e. 1.2 L/ m2) was selected. 

Figure 4.1 Graphical presentation of prepared specimens for 

each test 
 

After preparation of the slabs, first, cylindrical specimens (100mm diameter and 100mm 

height) were cored in the perpendicular direction to the compaction after 2 weeks curing time 

at room temperature according to the Quebec Standard (MTQ, 2018). Four specimens were 

obtained from each slab. The first two slabs were cored for crack resistance tests and the second 

two slabs were cored for permeability test (Figure 4.1). 

The bulk specific gravity and air voids of the cored specimens were determined according to 

ASTM D2716M by measuring three weights as Wssd, Wdry, and Wsub of samples in grams. The 

results are summarized in Table 4.3. 

Table 4.3 Air void content and specific gravity of specimens 
 

 

 

 

 

 

 

Properties Test Method Units Value 

Grab Tensile Strength 

 

CAN 148.1 No.7.3 N 550 

Grab Tensile 

Elongation 

 

CAN 148.1 No.7.3 % 45-105% 

Mullen Burst CAN 4.2 No.11.1 

 

kPa 1585 

Bitumen Retention ASTM D6140 L/m2 1.15 
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Prior to performing 3-Point Bending Tests (3-PBT) on specimens, a 2 cm notch, which plays 

the role of a discontinuity in the existing asphalt surface, was sawed at the midpoint on the 

bottom side of each specimen in two steps. Firstly, by using a cutting machine, a 1.5 cm deep 

and 6 mm wide notch was worked out and ended with 3mm wide notch at the top, as shown in 

Figure 4.1. This configuration induces the generation of a crack on a rather straight plane from 

the tip of the notch to the surface (Nguyen et al., 2012). 

After the generation of the crack with the 3-PBT, the specimens were cut right above the notch 

and cored from the center to receive 5 cm size specimens in diameter in order first to maintain 

the proportionality between the diameter and depth of the specimen and second due to 

laboratory considerations pertaining to the application of the Crack Widening Device (CWD) 

and Water-Vacuum Permeability Device (WVPD). 

4.4.2 Methods 

In this paper, the mechanical behavior of paving fabric employed at the interface of two asphalt 

layers is studied, in terms of reinforcement and waterproofing benefits, by using novel 

approaches. 

In order to identify the reinforcement effects in terms of crack generation and propagation, two 

types of tests were carried out on specimens. First, a 3-PBT on cylindrical specimens was 

employed to see how the introduction of the paving fabric into asphalt overlay affects the crack 

generation from an existing discontinuity in the pavement system to the surface in terms of 

required force and path of crack. Then, the resistance of the system against crack propagation 

was evaluated by taking advantage of the CWD. Furthermore, from the waterproofing 

perspective, the WVPD was designed to compare the water permeability of the reference and 

reinforced cases in a variety of crack widths, which were generated during earlier stages. 

To compare the two different types of strategy, crack resistance index (CRI) defined as the 

slope of the load-displacement curve, and coefficient of permeability, which is the quotient of 

the flow rate and hydraulic gradient between two constant points in a particular medium were 

considered as comparative indications. It was postulated that the proposed test methods would 

lead to distinct results in defined indices. The following subsections present the new 
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approaches taken into account in this project to quantify how the presence of paving fabrics 

can enhance the mechanical performance of asphalt overlays. 

4.4.2.1 3-Point Bending Test (3-PBT) 

The 3-PBT was designed to simulate the generation of a crack in Mode I of cracking, which is 

mainly due to excessive tensile stresses caused by flexural effect (Ponniah & Haas, 1989). For 

this purpose, the 10 cm notched-cylindrical specimens, with and without paving fabrics, were 

placed on two roller supports at the sides and loaded from the top by a straight narrow plate 

with the rate of 0.1 kN/sec, as shown in Figure 4.2. This configuration allows specimens to 

bend as the rollers tend to move away under the compression force applied from the top.  

For each specimen, the crack width at the bottom and top surfaces, the required force for the 

crack to reach the top surface and the pattern of crack formation were recorded throughout the 

3-PBT at 25 ± 1 °C. 

 
(a) (b) 

Figure 4.2 3-Point Bending Test (a) schematic design (b) test setup 

4.4.2.2 Crack Widening Device (CWD) 

This stage was designed to represent the crack widening process in Mode II of cracking in 

which the initial crack made in the first stage becomes wider under the effect of shear stresses 

(Ponniah & Haas, 1989). To this end, the CWD was developed and built in order to investigate 

the resistance against crack propagation in the reinforced asphalt overlay through comparison 

with the reference case. 
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The device is composed of a base, two sliding parts on which the specimen is located and a 

spring to keep the sliding parts fixed in their positions before the onset of the test (Figure 4.3). 

Compressive load, perpendicular to the interface of specimen and the device, is applied through 

a Material Testing System (MTS) press that allows the displacement and temperature to be 

controlled during the test. Under the influence of the load, the sliding parts are gradually 

moving apart from each other, through sliding over the 45° inclined surface of the base, and 

the initial crack is grown due to the friction force developed at the interface between the device 

and the specimen. The main feature of the device is to have control on the width of crack during 

the test so that it allows measurement of the permeability of the specimens over a wide range 

of crack width in the third stage.  

During this stage, the loading rate was selected 0.1 mm/sec. Since at high temperatures, the 

required energy for fracture test is high (Zhu, 2017), therefore, the room temperature (25 ± 

1 °C) was adopted to distinguish better the reference and reinforced asphalt mixes. The 

displacement and applied force from the MTS press were recorded for each reinforced and 

reference specimen. 

 

 
Figure 4.3 Crack Widening Device (CWD) (a) schematic design (b) test 

setup 
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4.4.2.3 Water-Vacuum Permeability Device (WVPD) 

During this stage, the permeability of specimens in a cracked condition was measured. The 

permeability shows how fast water moves in a porous medium. Because the existing laboratory 

test methods, such as falling or constant head test methods, are basically suitable for high 

porosity materials, the water-vacuum permeability device (WVPD) was designed and 

assembled (Figure 4.4). The WVPD is a modified version of the falling head test method, 

which is basically suitable for an asphalt mix with low air-void content.  

The device comprises a latex membrane to encompass the specimen, two porous stones placed 

on two ends, and a head that carries water to the top surface of the specimen. In addition, a 

mechanical pump was used to apply suction force (-100 kPa) to the bottom of the specimen in 

order to accelerate the movement of water through the specimen, and a cell was employed to 

apply a positive confinement pressure (+140 kPa) to restrain the percolation of water between 

the membrane and the specimen. By taking advantage of a stopwatch, the required time for a 

certain volume of distilled water (50 ml) to fall in a graduated cylinder was recorded and used 

as an input to calculate the permeability of the system in m3/sec per meter length of crack.  

It should be noted that under the effect of negative pressure applied during the permeability 

test, the water flow cross section may change and this in turn, affects the coefficient of 

permeability of the system. However, this method can be regarded as a suitable tool to evaluate 

the permeability of reinforced asphalt specimens against that of reference specimens through 

making comparison with the same crack width. 

 
Figure 4.4 Water-Vacuum Permeability Device (WVPD) (a) 

schematic design (b) test setup 
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In order to make sure that during the permeability test, water moves only through the specimen, 

it is necessary to seal the entire system. This was accomplished by applying some grease, right 

below and above the specimen under the latex membrane, taking advantage of two pairs of 

elastic rings, along with the confinement pressure applied to the sides of the specimen in the 

cell.  

Once the specimens were cracked to the desired width by taking advantage of the CWD, it was 

essential that they were fixed in their cracked positions by applying epoxy on the cracked wall 

because under applied confinement pressure, the crack would close. In order to prevent the 

puncture of the latex membrane under the influence of applied pressure due to the sharp edges, 

the sides of the specimens were taped. 

4.5 Results and discussion 

The results of the testing program are presented in this section. Specifically, the following 

subsections present the path and required force for crack formation in specimens with and 

without paving fabric. In addition, a comparison is provided between load - displacement 

relationships of reference and reinforced cases. Finally, the permeability test results and their 

changes with crack width are revealed. 

4.5.1 Crack resistance and formation 

Figure 4.5 illustrates the results of the crack generation test performed by 3-PBT at room 

temperature (25 ± 1 °C) on reinforced and reference specimens. The specimens on the right 

hand side of Figure 4.5 show the crack formation path from the tip of the notch to the top 

surface of the specimen under the influence of compressive load. 

In addition, the values shown on the vertical axes of the diagram are the differences from the 

average force required for crack generation among 16 specimens of each type, recorded when 

the crack appeared at the top surface of the specimen. Based on the results obtained from the 

3-PBT, the required force for crack generation under the influence of tensile stress for the 

reinforced specimens is 13.47 kN which is slightly higher than 11.58 kN for reference ones.  

In addition, the standard deviation (STD) of the results from mean force for reinforced 

specimens is equal to STD= 0.264 compared to STD=0.747 for reference specimens, which 
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shows the low variability of the results for reinforced specimens. Furthermore, since there is 

no overlap between standard deviation bars, the difference of mean values may be meaningful 

that needs to be confirmed by performing a statistical analysis such as Independent T Test to 

draw a valid conclusion. 

The results obtained from the independent T test has shown in Table 4.4. The p-value is the 

most important statistic in this table. Since the p-value in one-tail and two-tail T tests is less 

than significance level, i.e. 0.05, the null hypothesis based on the equality of mean values are 

rejected.  

Table 4.4 T-Test: Two-Sample Assuming Unequal Variances 

Mean 13,459 11,520375 
Variance 0,264532 0,747225125 

Observations 8 8 
Hypothesized Mean Difference 0 

df 11 
t Stat 5,451307 

P(T<=t) one-tail 0,0001 
t Critical one-tail 1,795885 
P(T<=t) two-tail 0,0002 
t Critical two-tail 2,200985 

 

In addition, based on the observation, when the crack reached to the paving fabric level, its 

path was redirected to the sides and followed two paths instead with a narrower width for all 

the reinforced specimens tested. While for reference specimens, the crack developed along a 

rather straight line from the tip of the notch to the top surface, as shown in the right hand side 

of Figure 4.5. 
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Figure 4.5 Comparative results in required force for crack generation 

and crack formation in reference and reinforced cases 
 

4.5.2 Load-displacement relationship 

Figures 4.6 provide the results of crack widening performed by the CWD on reinforced and 

reference specimens. Eight specimens in each case were tested under the effect of shear forces 

imposed at the bottom side of the specimens. The result of one reference specimen was 

removed from Figure 4.6-b because of failure at an earlier stage of the test. 

As can be seen from Figure 4.6-a, most of the reinforced specimens followed a similar linear 

trend. Moreover, there is no discontinuity in the force, which means that the paving fabric 

could effectively transfer the shear stresses from the bottom to the top asphalt layer so that the 

entire system resisted the crack propagation. This reinforcement benefit can also be indicated 

through one-half higher maximum force undergone by reinforced specimens compared with 

reference ones. Another positive point of using paving fabric, inferred from Figure 4.6-a, is 

that there is a high degree of conformity among the load-displacement curves which in turn 

provides a reliable mechanical behavior of the reinforced asphalt overlay during its service 

life. However, for the reference materials, a wide discrepancy was found even though they 

follow a similar pattern from the initial point to the end. It starts with a linear part on which 

force and displacement have a linear relationship. Then, the behavior follows a non-linear 

proportionality with a decreasing rate until it reaches a maximum value at the interface between 

two asphalt layers based on the observations made during the test. Here after, a sudden fall in 
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force accompanied by a considerable deflection occurred which could be explained by the 

sliding of the upper asphalt layer over the bottom layer. After that, a hardening effect was 

manifested by an increasing rate in the force-displacement curve from the resistance of the top 

asphalt layer until the specimen breaks under pressure. 

 

 
Figure 4.6 Load-displacement behavior of specimens under the 
influence of shear stresses (a) reinforced case (b) reference case 

 

Another valuable finding from Figure 4.6 is that, for all the specimens, there are linear parts, 

whose slope can be treated as an index for the resistance of the system against crack growing. 

As can be seen, In reinforced case, there is just one slope from the initial point to the end, while 

for the reference case, there are two different slopes indicating the resistance of two asphalt 

layers against crack propagation that needs to be averaged to better reflect the resistance of the 

whole system. Based on the comparison, on average, the reinforced specimens have notable 
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crack resistance index compared with the reference materials, which in turn could result in 

higher structural capacity of the system. 

4.5.3 Water permeability result 

Prior to performing the permeability test, the crack-widening test was performed on 8 

specimens of each case (reinforced and reference) in order to obtain a variety of crack widths. 

Then the widths of cracks were measured at the top of the specimen with a digital microscope, 

as shown in Figure 4.7, and at the bottom via caliper. This measurement was conducted from 

two aspects: 1) to obtain the same width of crack at the bottom surface of reference and 

reinforced specimens in each step of the permeability test and 2) To compare the width of crack 

reflected at the top surface due to the propagation process. 

 
Figure 4.7 Typical view of crack at the top surface of the specimen measured by 

microscope for (a) reinforced and (b) reference specimens 
 

Figure 4.8 shows the result of the permeability test for a variety of widths of cracks for 

specimens without paving fabric. However, no permeability was recorded for specimens with 

paving fabric used in this study with almost the same width of crack at the bottom surface 

within 24 hours of running the tests. 

From Figure 4.8-a, the variation in crack width reflected at the top surface for the same crack 

width at the bottom for reference and reinforced specimens has been depicted. It can be seen, 

for reinforced materials, the crack width is considerably lower. This seems to be due in part to 

the fact that the paving fabric dissipates some of the stress coming from the bottom. Also, the 
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changes in crack width at the top for reference material, to a great degree, are dictated by the 

width of crack at the bottom, while this is not the case for reinforced materials. 

Finally, Figure 4.8-b demonstrates the variations in permeability as a function of the crack 

width at the top surface of the specimen. It can be seen, when the crack becomes wider, the 

permeability increases. This relationship can be described by a polynomial equation of second 

order, as indicated on Figure 4.8-b. Moreover, despite the permeability test for reference and 

reinforced materials being performed with the same width of crack at the bottom, no flow rate 

was recorded during 24 hours of the test. This proves the waterproofing benefit that using 

paving fabric could bring for the entire compound system. 

 
Figure 4.8 The result of permeability tests: (a) the 
width of crack at the top surface measured with a 
digital microscope for reference and reinforced 

specimens; (b) the results of permeability tests on 
reference specimens 
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4.6 Conclusion 

In this study, new experimental methodologies were employed to investigate the effect of 

inclusion of paving fabrics on the mechanical behavior of the asphalt layer. To this end, two 

types of specimen, one with paving fabric and the other without, as the reference material, were 

used. 3-PBT and CWD were developed to simulate the crack initiation and propagation at 

laboratory scale. At first, the mechanical performance of specimens was quantified in terms of 

the crack width and crack resistance index (CRI) of the system and then, the permeability of 

the reference and reinforced materials were evaluated at a variety of crack widths through the 

proposed WVPT method. Based on the results obtained from this experimental study, the 

following conclusions could be drawn: 

 Because the reflected cracks at the surface have 3 times lower width, the possibility of 

water infiltration and the following erosive effects would considerably reduce in the 

case of using paving fabrics in asphalt overlays. 

 The required force in 3-PBT for the crack to reach the surface of a new asphalt overlay 

is almost 13 percent higher for reinforced specimens. 

 Based on the laboratory results, the water-vacuum permeability test method is an 

effective tool to evaluate the waterproofing effect of pavement systems with paving 

fabrics in a cracked condition based on the comparison between the coefficient of 

permeability in reinforced and reference specimens at the same width of the crack. 

 The result of cracking tests (crack generation and propagation tests) showed that the 

inclusion of paving fabric could enhance the crack resistance of the entire system as 

much as 60 percent. In addition, it makes the mechanical behavior of asphalt overlay 

more predictable, an issue associated with typical asphalt overlays implemented on 

cracked existing asphalt layers. 

 The methodology developed in this study can be employed to evaluate the performance 

of any interlayer systems in an overlay and even to investigate the quality of typical 

asphalt overlays implemented on the existing surface in terms of its adhesion to the old 

asphalt surface and its adequacy to seal the pavement structure.
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5.1 Abstract 

Bituminous pavements frequently fail at an early age well below the predicted design life, 

which in turn necessitate taking rehabilitation actions to recover the serviceability to an 

acceptable level for the users. Two rehabilitation techniques have been the focus of the 

engineering community: a traditional method known as the mill and fill and the other, which 

attracts increasing interest, is to take advantage of an interlayer before resurfacing. This 

rehabilitation technique is more challenging from the theoretical point of view since the 

traditional test methods need to be adapted to capture the mechanical properties that, in the 

presence of the interlayer, may emerge. 

On this ground, the focus of this paper is to gain an in-depth understanding of mechanical 

properties developed at the interface between two asphalt layers as in an unreinforced case and 

between a layer of paving fabric (a system composed of binder and synthetic fabric) and asphalt 

layers as in a reinforced case. To achieve this goal, three main properties were addressed: the 

anti-reflective property of the interface against crack propagation was examined via a modified 

3-Point Bending Test (3-PBT) by calculating the J-integral and measuring the crack width 

below and above the interface. Besides, the stiffness properties in two perpendicular directions
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at the interface were separately studied through novel approaches to finding out the possible 

mechanical effects induced by the interlayer on structural responses of a composite structure.     

The experimental results derived from this study revealed that the reinforced interface, 

including the paving fabric, had about 5 times the higher capacity in delaying the propagation 

of bottom-up cracking than unreinforced one. However, this promising result was accompanied 

by 2.5 and 1.5 reductions in bonding quality and dynamic modulus, respectively, at the 

reinforced interface, which in turn necessitates introducing the real mechanical behavior of the 

reinforced system into design methods.  

5.2 Introduction 

Bituminous pavements are subjected to premature failures arising from the application of 

improper design methods, high traffic loads, and severe environmental changes. Overlaying a 

deteriorated surface with a thin HMA overlay (usually between 25 to 50 mm) has been adopted 

over the years as a common technique to restore the structural integrity of the pavement system 

to an acceptable condition. However, this traditional method has been plagued with the 

reappearance of existing cracks and discontinuities to the new surface, known as reflective 

cracking. This phenomenon has been identified as the most serious issue associated with 

asphalt overlays (Cleveland et al. 2002; Dempsey 2002; Engle 2001; Bhosale et al. 2008; 

Khodaii et al. 2008; Solatiyan et al. 2020a). Although a variety of factors are responsible for 

the occurrence of reflective cracking in bituminous pavements, the principal sources are 

attributed to the horizontal and vertical movements induced by the combined effects of traffic 

loads and temperature oscillation (Palacios et al. 2008; Von Quintus et al. 2007; Moses 2011; 

Vervaeche et al. 2008).  

The engineering community has battled reflective cracking for years by adopting various 

measures (Kretor and Gorelysheva 2000; Mukhtar and Dempsey 1996; Vespa 2005; Brown et 

al. 2001). Among them, taking advantage of stress-relieving interlayers such as paving fabrics 

(a system composed of bitumen and non-woven fabric) to delay reflective cracking, have 

drawn a lot of attention over other alternatives from practical and economic points of view. 

Paving fabrics are able to absorb the energy induced at the tip of the crack by their horizontal 

elongation without transferring large tensile stresses to the fresh asphalt overlay (Solatiyan et 



99 

al. 2020b). Notwithstanding, the presence of paving fabrics may lead to debonding between 

asphalt layers and adversely affect the structural integrity of the pavement system in terms of 

horizontal and vertical stiffness (Hakim 2002; West et al. 2005). Consequently, the occurrence 

of distresses such as top-down cracking, slippage cracking, and surface delamination in zones 

with high horizontal shear loads would be inevitable (Canestrari et al. 2015; Charmot et al. 

2005; Zamora et al. 2011). On this basis, a legitimate measurement to quantify the mechanical 

properties of a reinforced system is of paramount importance for the betterment of 

interpretation of factors involved in reinforced pavement design methods. 

5.3 Research background 

Paving fabrics are typically employed at the bottom of the asphalt overlay to prevent 

infiltration of water to the underlying untreated layers, thus maintaining the structural capacity 

of the pavement system for a more extended period of time. This advantage was highlighted 

by measuring the coefficient of water permeability with Water Vacuum Permeability Device 

(WVPD) in a variety of crack width and then comparing the results with control specimens (Li 

et al. 2013; Solatiyan et al. 2020b). Another benefit of the application of paving fabric brings 

into a new asphalt overlay is to retard the propagation of reflective cracking (Amini 2005; 

Elseifi 2003). This benefit can be described as follows (Elseifi 2003): the existing discontinuity 

in the asphalt surface starts to grow upward due to movements driven by temperature and/or 

traffic loads as long as it crosses the interface. Afterward, the paving fabric elongates along its 

axial direction and absorbs a large part of the energy of the crack, which in turn, delays the 

vertical crack growth. By mobilizing enough energy from further movements, the crack restarts 

to propagate from a new deviated location to the surface. A field study conducted at the Illinois 

Department of Transportation (IDOT) illustrated that the delayed action of paving fabric on 

reflective cracking could extend the mean service life of asphalt overlay for up to 2 years 

(Buttlar et al. 2000).   

Nevertheless, the shear strength of the rehabilitated system, which is substantially controlled 

by the bonding condition at the interface of attached layers is another crucial design 

consideration, which plays a pivotal role in the redistribution of stresses and delaying reflective 

cracking (Sudarsanan et al. 2018; Raab et al. 2017; Noory et al. 2018; Panda et al. 2013; Jaskula 
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and Rys 2017). To comparatively evaluate the quality of bonding provided at the interface, a 

great variety of laboratory devices, which basically measure the shear strength under the effect 

of static or dynamic loadings, have been developed. Marshall stability loading press (Molenaar 

et al. 1993), Ancon Shear Testing Research and Analysis (ASTRA) (Canestrari et al. 2005), 

Swiss LPDS Tester (Roffe and Chaignon 2002), Sapienza Inclined Shear Test Machine 

(SISTM) (D’Andrea and Tozzo 2012), FDOT Bond Strength Device (Sholar et al. 2004), 

ATACKER™ Device (ATACKER 2005), Tschegg Device (Tschegg et al. 1995), Krakow 

Technological University test device (Grzybowska 1993), Amirkabir University of 

Technology Shear Lab Tester (AUT-SLT) (Noory et al. 2018), Louisiana Interlayer Shear 

Strength Tester (LISST) (Bae et al. 2010) and Advanced Shear Tester (Zofka et al. 2015) are 

just a few to name. However, because of the complexity of these pieces of equipment, the 

details pertaining to the test conditions and their procedures are, to a great extent, ambiguous 

and the results suffer from heterogeneity. In addition, the test methods designed to take 

advantage of the Marshall testing device employ a constant rate of displacement of 50 mm/min, 

which often exaggerates the shear strength (Sudarsanan 2018, Solatiyan. et al. 2020a). As for 

the geometry of the specimens, a cylindrical shape of 100 mm or 150 mm in diameter is usually 

employed, and the preparation of cylindrical specimens are time-consuming in terms of coring 

and grinding. Also, the specimens are either glued into plates or gripped into molds. Because 

of the uncertainty in the quality of gluing and easy handling, clamping mechanism outperforms 

other handling methods (Raab 2010). Another common factor between different shear test 

devices is the gap width provided at the interface, which ranges from 0 to 10 mm. A small gap 

may not be enough to take the thickness of the interlayer into account, while a big gap width 

results in variability of the results due to the effect of bending accompanied by shearing 

(Raab 2010). Limited thickness of the asphalt layer is another barrier in shear test devices 

designed based on the Leutner method. To overcome this deficiency, attaching the steel plates 

at two surfaces was recommended to enlarge layer thickness (Sutanto 2009). It is, therefore, 

essential to develop a shear test method that covers the above-mentioned points. 

Additionally, it is evident that introducing a layer of paving fabric between asphalt layers leads 

to a change in axial stiffness of the combined system, which in turn could affect the structural 

response in terms of stress and strain distribution.  According to the literature, this matter was 
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not the subject of any previous studies, and there is a lack of a rheological model to realistically 

describe the mechanical behavior of the reinforced system as a whole and the reinforced 

interface with paving fabric. However, in case of the implementation of geogrid between 

asphalt layers, a laboratory study showed that the 2 Springs, 2 Parabolic Elements, and 1 

Dashpot (2S2P1D) model could be utilized to predict the mechanical behavior of the reinforced 

interface (Freire et al. 2018).      

On top of that, plenty of studies have been conducted to evaluate the influencing factors on 

interlayer shear strength such as the type of mix, type of geosynthetic materials, temperature, 

the dosage of tack coat, surface roughness and loading rate (Brown et al. 2001; Pasquini et al. 

2014; Saride and Kumar 2017; Kumar et al. 2017; Walubita et al. 2018, Solatiyan et al. 2020a). 

However, only limited studies have concentrated explicitly on paving fabric as an anti-

reflective interlayer placed between different mixes, while over 24000 lane-Km of paving 

fabrics are implemented annually in North America (Carmichael and Marienfeld 1999). 

Furthermore, the computation of the interlayer bonding condition has also not been the focus 

of these studies. In this context, there is a lack of methodology, which adequately provides a 

connection between interlayer test results and the ability of paving fabrics to mitigate the 

energy and width of reflected cracks.  

The objectives of this study are to evaluate the impact of the addition of a paving fabric on the 

stiffness at the interface of a reinforced pavement system and to evaluate the reflective cracking 

resistance of this system. More precisely, a comparative study of the influence of paving 

fabrics on stiffness properties at the interface in two orthogonal directions through innovative 

approaches was performed first. Then, by adopting new instrumentation for the 3-point 

bending test, the potency of paving fabrics to mitigate reflective cracking in terms of the width 

of the reflected crack and the dissipated energy required for crack initiation and propagation 

was quantified. 

5.4 Experimental program 

This research aimed at assessing the contribution of paving fabrics on the mechanical 

performance of the reinforced asphalt overlay. To this purpose, double-layered specimens, 

composed of three different types of mixes with and without paving fabric at the interface, 
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were prepared in the laboratory to simulate the field characteristics. Given that the 

reinforcement effect of paving fabric largely relies on its friction with adjacent materials, it 

was assumed that different types of mixes might result in changes in the mechanical behavior 

of the reinforced interface. For this purpose, the interface shear test and complex modulus test 

with specific configurations were designed to measure and highlight the differences in terms 

of horizontal and vertical stiffnesses at the interface of unreinforced and reinforced specimens. 

Besides, a new methodology to perform a 3-point bending test with three crack gauges installed 

at different locations was proposed to gain an insight into crack generation and propagation 

behavior from an existing discontinuity to the surface. 

5.4.1 Materials and Specimen Preparation 

In this study, three different types of asphalt mixtures, commonly used in Quebec (Canada), 

were designed according to Transport Quebec’s standard (LC 4202) for experimental 

investigation: (I) a surface course mix with a nominal maximum aggregate size (NMAS) of 

10 mm (ESG-10); (II) a binder course mix with an NMAS of 14mm (ESG-14); and (III) a base 

course mix with an NMAS of 20 mm (GB-20). The designed aggregate gradations of mixes 

are shown in Figure 5.1 and pertinent technical specifications are summarized in Table 5.1. 

The paving fabric is composed of two essential elements: a needle-punched nonwoven fabric 

along with an asphalt binder PG 64-34 as an adhesive material. The main physical properties 

of the fabric, supplied by the company, are presented in Table 5.2.  In order to seek for the 

effect of the type of mix on mechanical properties at the interface, the paving fabric was 

inserted between the layers of two types of structures: one ESG-10 as a surface course and 

ESG-14 as a binder course and the other ESG-14 as a binder course and GB-20 as an asphaltic 

base course. The same structures without paving fabric were also fabricated as a benchmark, 

which simulates the traditional method of overlaying with a tack coat, to make a comparison 

between the results.  
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Figure 5.1 Gradation curves of mixes 

 

Table 5.1 Experimental design 
Technical specifications of mixes 

Mixture ESG-10 ESG-14 GB-20 

Binder Type PG 58-28 PG 58-28 PG 58-28 

Binder Content (% mass) 5.45 5.22 5.14 

Air Void Content (%)  

(ASTM D2726M) 
2.2 3.6 4.8 

Water 

Sensitivity 

(LC 26-001) (%) 

Measured 97.3 85.5 86.5 

Required ≥ 70 ≥ 70 ≥ 70 

Rutting 

Resistance  

(LC 26-410) (%) 

Measured 
After 1000 = 6.6 

After 3000 = 8.2 
7.2 9.1 

Required 

(After 1000 cycles) ≤ 

10 

(After 3000 cycles) ≤ 

15   

(After 30000 cycles) ≤ 10 (After 30000 cycles) ≤ 10 
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Table 5.2 Main Technical Specification of Fabric (Supplied by the Company) 

Specification Test Method Unit Value 

Grab tensile 

elongation 

CAN 148.1 No. 7.3 % 45–105% 

Grab tensile strength CAN 148.1 No. 7.3 N 550 

Mullen burst CAN 4.2 No. 11.1 kPa 1585 

Bitumen retention ASTM D6140 L/m2 1.15 

The mechanical properties at the interface were examined using double-layered specimens 

taken from small-sized laboratory asphaltic slabs. The preparation of each slab was conducted 

by bonding two different small plates (i.e., ESG-10 over ESG-14 and ESG-14 over GB-20) of 

500 mm in length and 180 mm in width. For the sake of shear and crack resistance tests, the 

thickness of each plate was chosen at 50 mm, while for the complex modulus test, a 75 mm 

thickness for each plate was required. 

The composite structure was made first by the preparation and compaction of the bottom layer, 

followed by the application of tack coat (with/without fabric) and then the implementation and 

compaction of the upper layer over the bottom layer. The compaction procedure was carried 

out according to the French Roller Compactor, complying with European Standard EN 12697-

33, at 135±2 °C in accordance with the type of bitumen (i.e., PG 58-28) employed in this 

research.  

To ensure the monolithic action of the composite structure, asphalt emulsion type SS-1h with 

the dosage of 180 gr/m2 of residual bitumen (i.e., 59.6%) was used as tack coat in control slabs 

between two asphalt plates, while 110 gr/m2 of a PG 64-34, according to the specification 

provided by the company, was applied as an adhesive agent between fabric and the bottom 

asphalt plate for the reinforced systems. It needs to be underlined that for the complete 

breakage of the asphalt emulsion, five hours curing time was assigned before the 

implementation of the upper asphalt layer, while for the reinforced structure, the dispersion of 

adhesive and overlayment process were performed one after another with no delay. 

A total of 12 slabs were assembled for both reinforced and unreinforced structures: eight out 

of 12 had a total thickness of 100 mm assigned for crack resistance and shear tests and four 

slabs, with a total thickness of 150 mm, for complex modulus test. The shape and dimension 
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of specimens employed for crack resistance and shear tests were cubes by size 80 × 80 × 

80 mm (sawed in slabs), and for complex modulus test was cylinders by size 75 × 135 mm 

(cored in slabs). The arrangement and physical dimension of the specimens are schematically 

demonstrated in Figure 5.2. The specimen preparation pertaining to each test will be described 

later.  

 
Figure 5.2 Schematic presentation of the shape and number of specimens for each type 

of test 
 

5.4.2 Test Methods 

In this research, an effort was devoted toward gaining an in-depth understanding of mechanical 

characteristics of a reinforced interface with a layer of paving fabric and then extracting the 

differences with a reference interface, which more commonly exists in practice. To this end, 

the 3-Point Bending Test (3-PBT) with a new set-up was employed to see how the insertion of 

the paving fabric between different types of asphalt layers affects the initiation and propagation 

of the crack from an existing notch in the structure, in terms of crack width below and top of 

the interface, and the dissipation of energy required for crack opening in mode I.  

Furthermore, from the stiffness perspective, novel approaches were adopted to investigate the 

structural response of the composite structure to the horizontal and vertical displacement 
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induced at the interface.  In this context, a new version of the slant shear device was developed 

to measure the main interface properties in the tangential direction of the in contact layers, 

including shear strength, shear stiffness, and sliding coefficient. Besides, a new arrangement 

of complex modulus test in the tension-compression mode of loading was tested to inspect the 

differences in structural responses in various levels of specimen normal to the interface at a 

variety of frequencies and temperatures. 

It was postulated that the presented methodologies would result in better insight into 

mechanical properties at the interface. The following subsections describe in detail the test 

methods taken into account for this project. 

5.4.2.1 3-point bending test (3-PBT) 

This test was initially designed to simulate the mode I of crack generation and propagation on 

cylindrical specimens reinforced with paving fabric (Solatiyan et al. 2020b). However, for the 

sake of this project, the cubic shape specimens were substituted to provide a flat surface for 

crack gauge installation. Three sets of crack gauges were employed, as shown in Figure 5.3-a: 

one at the bottom to control the starting point of the crack propagation, and the two others to 

measure the crack width under and over the interface during the crack propagation stage to 

have a better insight into the anti-reflective cracking properties provided at the interface. 

Moreover, by taking advantage of a vertical linear variable deflection transformer (LVDT) to 

measure the vertical displacement, fixed on a thin narrow aluminum plate attached to the 

bottom of the specimen, the pre-cracking and post-cracking behaviors of double-layered 

specimens were evaluated by developing force-displacement curves (Fig. 5.3-c). Also, in order 

to provide enough space for the specimen movement during bending while assuring the 

stability of the system, the equipped specimen accompanied by the rolling supports were 

placed on a U-shape basis, as shown in Figures 5.3-a & 5.3-b.  

The test was performed in a displacement control mode at a rate of 2 mm/min, and at the 

ambient temperature of 20 ± 1 °C according to ASTM D8044-16, since at low or high 

temperatures, it is difficult to differentiate between the asphaltic specimens in terms of non-

linear energy release rate (Zhu et al. 2017) and also it is remarked that bottom-up cracking 

more frequently appears in intermediate temperature (Gauthier 2012). Moreover, for the study 
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of the fracture energy, three different depths of notches, which acted as stress concentrators 

with a notch to depth ratio (a/W) ranging from 0.250 to 0.375 were made at the midpoint of 

the bottom side of each double-layered specimens by a water-cooled masonry saw with a 

3.5 mm wide blade according to ASTM E399 (ASTM E399; Ahmed et al. 2012). It is worth 

mentioning that using higher a/W ratios may result in biased test results due to the specimen′s 

weight. The test results and the pertaining discussion will be introduced later. 

 
(a) 

  

(b) (c) 
 

Figure 5.3 Scheme of 3-PBT: (a) schematic design; 
(b) test setup; (c) vertical displacement measurement 

by an LVDT 
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5.4.2.2 Interface shear test 

Concerning the shear test, an effort was devoted toward developing a new test method, which 

was not complicated in terms of configuration and specimen installation and able to measure 

the shear properties at the interface, including an interlayer compressed between two different 

types of asphalt layers with the same thickness. For this purpose, the slant shear device, 

previously employed in the cement concrete realm (Diab et al. 2017; Liu et al. 2018), was 

adopted with some modifications in its structure. Figure 5.4-a illustrates a schematic of the 

device designed for this project. The device, which runs in a monotonic loading condition of 

2mm/min (same as in 3-PBT), is composed of two aluminum pieces, one movable over a rail 

track and the other fixed with a screw to the loading arm of an MTS press (MTS-810). Putting 

the pieces with the same dimensional size, one over the other, provides enough space to 

accommodate a double-layered cubic specimen of 80 mm in thickness, leaned on a 45° inclined 

surface. This configuration allows us to mimic the actual loading condition in which the 

interface experiences both the vertical and shear loads at the same time. It is believed that the 

effect of the type of mixture in terms of surface texture on shear strength becomes significant 

when the normal load is applied at the interface (Noory et al. 2019). Another noteworthy 

feature of the developed method is the horizontal movement of the bottom part on a frictionless 

track, which can prevent crushing the specimen during loading (Figure 5.4-b). Furthermore, 

the horizontal movement was recorded by taking advantage of an LVDT, magnetically 

attached to the bottom-loading arm of the press (Figure 5.4-c).  

As far as the gap width is concerned, it was proven that its influence is of paramount 

importance in the case of shear strength of an interface composed of two comparable layers in 

gradation and mechanical characteristics (Raab 2010). Under such conditions, taking a large 

gap width leads to less concentrated shear stress at the interface, which in turn could result in 

underestimation of the shear strength. In this project, from a practical point of view, the gap 

width between the device and the interface, according to Figure 5.4-c was considered 5±1 mm, 

which was earlier employed in the Sapienza Horizontal Shear Test Machine (D’Andrea and 

Tozzo 2012).  

As for the test temperature, the moderate temperature, equals to the one selected for the crack 

resistance test (i.e., 20 ± 1 °C), was considered from different perspectives: (I) a significant 
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dependency of the shear test to the temperature (Raab 2010); (II) to lessen the danger of 

damaging to the specimen and the device during the test at high or low temperatures. However, 

it is interesting to note that the flexibility of the device allows us to perform the shear test in a 

wide range of temperatures and frequencies under haversine kind of loading, which will be the 

subject of further research.  

 

(a) 

  
(b) (c) (d) 

Figure 5.4 Scheme of modified slant shear device: (a) schematic design; (b) freely movement 
of the bottom part on rail track; (c) gap width provided at the interface; (d) test setup 
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5.4.2.3 Complex Modulus Test 

The viscoelastic behavior of asphalt mixtures could be reflected by performing the complex 

modulus test at a low strain level. Among different types of loadings employed to perform this 

test, a tension-compression sinusoidal loading mode, applied in the longitudinal direction of 

the glued specimens, was selected for the purpose of this project because of its popularity in 

simulating the real field situation that mixture could undergo. The test was carried out in a 

servo-hydraulic Material Testing System (MTS 810) with a loading capacity of 100 kN and a 

± 50 mm axial stroke in a controlled strain amplitude (Basueny et al. 2016). The temperature 

of the specimen was monitored during the test in a thermal chamber by taking advantage of 

three sets of surface temperature probes (PT100), fixed to the side of the specimen with a 

rubber band. 

The specimen preparation was carried out with respect to Transport Quebec’s standard (LC 

26-690). On this basis, the prepared slabs were initially cut using a sawing machine in two 

pieces to obtain two asphalt blocks of 250 mm × 180 mm × 100 mm. The ends of the blocks 

were then further cut to obtain two blocks of 150 mm × 180 mm × 100 mm. From the center, 

two cylindrical test pieces of 75 mm (± 1 mm) in diameter by 150 mm in height were cored 

perpendicular to the compaction direction. Finally, the ends of the specimens were leveled with 

a precision saw and grinding machine to make test pieces 75 mm in diameter and 135 mm (± 

2 mm) in height and glued to the caps. According to the standard, the coring was performed 

24 hours after the completion of compaction. Also, the cored specimens were cured one week 

before the test at ambient temperature and humidity by laying them on their longitudinal axis 

on a soft sand bed covered to the center.  

The mean values of strain measurements derived from three couples of extensometers with 

different initial length (i.e., 25 mm, 50 mm and 100 mm) located at 180 °C from one another, 

were employed to determine the axial strains induced at different height of the specimen 

(Figure 5.5-a). Special attention was also paid during mounting the extensometers so that a 

half-length of each extensometer was placed on each side of the interface, and that the 

extensometers were aligned with the loading axis. The average of measurements made by two 

25 mm extensometers was assigned to monitor the strain amplitude to assure the linear 

viscoelasticity behavior of the material during the test. Moreover, the data acquisition was 
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conducted in 100 points per cycle (100 Hz), and the quality of signals in two successive cycles 

was controlled through a quality index (QI) defined by the dispersion of the measured data 

compared to a sinusoidal function. The data with high QI (i.e., ≥ 15%) were removed. Figure 

5.5-b shows the configuration of the test and Figure 5.5-c illustrates the instrumented specimen 

from the top and side views.  

Furthermore, the test was repeated on two replicates of each type of reinforced and 

unreinforced structures. Also, eight different temperatures varied from -35 to +35 °C, and 7 

different frequencies ranged from 10 to 0.01 Hz were selected to cover all the impact of 

temperature and frequency variations and their possible combinations, compatible with 

Canada’s roads.   

 

 

 
(a) 

(b) (c) 

Figure 5.5 Scheme of adjusted complex modulus test: (a) the arrangement of extensometers 
with different initial length around the specimen; (b) instrumented specimen in the thermal 

chamber; (c) side and top views of the instrumented specimen. 
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5.5 Results and discussions 

In this section, the mean results obtained from each type of test are introduced and discussed 

in detail. Specifically, the following subsections disclose the anti-reflective properties of 

reinforced and unreinforced specimens. In addition, the stiffness characteristics in two 

perpendicular directions at the interface are discussed in detail. 

5.5.1 Results and Discussions on Anti-Reflective Properties at the Interface 

Figure 5.6 demonstrates the load-displacement curves obtained from the average of three 

replicates of 3-PBT in three distinct depths of notches for four different types of structures 

studied in this research. It is worth mentioning that the coefficient of variance (COV) of the 

maximum loads in each depth of notch were controlled to be lower than 25%, which could be 

regarded acceptable according to the specifications of an ideal cracking test given by the 

NCHRP 9-57 (Zhou et al., 2017).  Also, Table 5.3 provides an average of dimensional details 

of handmade notches and relevant calculations of the area surrounded by the load-displacement 

curves and the J-integral.  

It can be observed that the curves for each type of structure followed a rather similar trend 

from the beginning of the loading up to the failure point with different depth of notches and 

within each type of structure, and the values of maximum deflection at failure were somewhat 

close to each other. Besides, it was found that all the specimens in different types of structures 

have an initial linear part, which can be explained as the pre-cracking phase.  During this phase, 

the presence of the interlayer has no significant effect on the mechanical behavior of the 

double-layered specimen. However, in the crack propagation phase, the reinforced and 

unreinforced structures have entirely different patterns. As for the unreinforced specimens, a 

sudden decrease in load-carrying capacity could be observed. However, for reinforced 

specimens, a short-delayed phase was followed by an extended strain-hardening behavior, 

which generally led to a 40-50 % higher maximum force compared with the corresponding 

unreinforced structure. 

The significant difference between reinforced and unreinforced structures was related to the 

energy dissipated in mode I of the crack opening phase, known as J-Integral, which its value 

could be computed according to Equation (5.1) (Anderson 1991).  
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where  is the non-linear energy release rate in J/m2;  is the specimen thickness in m;   is 

the total strain energy in J (calculated by the area under the load-displacement curve up to 

failure);  is the notch depth in m; and  is the decreasing rate in fracture energy with notch 

depth.  

According to the results indicated in the last column of Table 5.3, the reinforced structures had 

four to five times higher amount of energy dissipation in comparison with unreinforced 

structures. 

Another finding of interest was obtained from the crack gauges installed under and over the 

interface to monitor the crack propagation from the top of a notch of depth a2 (specified in 

Table 5.3) to the top surface. As seen in Figure 5.7, the steeper initial slopes, higher maximum 

force at the failure point, and larger differences between the crack widths at the bottom and the 

top of the reinforced interfaces (i.e. PF 10/14 and PF 14/20) all lead to a higher capability of 

the reinforced interface to retard crack propagation from its bottom side to the top, which was 

quantified by  , as shown in Figure 5.7. This parameter is calculated by subtracting the areas 

surrounded by the load-crack width curve at the bottom and the top of the interface. This 

feature was more highlighted in coarse-graded reinforced structure (i.e. PF 14/20). 

  

(a) 
Figure 5.6 The load-displacement curve for different notch depths (a1, a2 and a3: see Table 3) 

for composite structures including: (a) ESG10 over ESG 14; (b) ESG 14 over GB20 (UN: 
unreinforced structure; PF: reinforced structure with paving fabric) 
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(b) 

Figure 5.6 (Continued) 

Table 5.3 Dimensional details of mechanical notch and energy dissipation in mode I of crack 
development 

 

Type of 

Structure 

Notch Depth a 

(mm) 

Notch Width w 

(mm) 

Specimen Height B 

(mm) 

Strain Energy 

at Failure U (J) 

 

dU/da 

 

J-Integral 

(J/m2) a1 a2 a3 w1 w2 w3 B1 B2 B3 U1 U2 U3 

UN 10/14 18.8 23.8 31.0 3.8 3.7 3.6 80.3 78.9 82.9 0.9 0.8 0.6 -22.8 286.8 

UN 14/20 18.9 27.0 31.0 3.7 3.9 3.7 84.5 85.6 82.9 0.6 0.5 0.3 -29.0 344.4 

PF 10/14 19.0 25.2 32.1 3.8 3.6 3.6 80.8 83.2 85.3 4.2 3.4 2.5 -122.0 1469.1 

PF 14/20 20.5 27.0 36.1 3.5 3.7 3.5 86.6 85.6 85.5 5.0 3.8 3.1 -140.0 1628.1 

 

  

(a) 

Figure 5.7 Crack width development below and above the interface during crack propagation 
stage in a2 depth of notch for composite structures including: (a) ESG10 over ESG 14; (b) 

ESG 14 over GB20 (UN: unreinforced structure; PF: reinforced structure with paving fabric) 
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(b) 

Figure 5.7 (Continued) 

5.5.2 Results and discussions on the shear test 

The mean results of three replicates derived from the modified slant shear device are illustrated 

in Figure 5.8. In order to gain a better vision on interlayer shear stiffness, some parameters 

were highlighted on each developed curve as Maximum Interlayer Shear Strength (ISSMax); 

Interlayer Shear Displacement (ISD) at maximum shear strength point; Coefficient of Interface 

Bonding (CIB) and shear stiffness (ET) defined as the slope of the initial linear part of the 

curve.  

As far as the shear strength is concerned, the presence of the paving fabric as an interlayer 

between two asphalt layers resulted in 30% and 48% reduced shear strength in reinforced 

structures of ESG10/ESG14 and ESG14/GB20, respectively. Furthermore, the reduction in 

shear stiffness (ET) was more significant for the ESG14/GB20 structure. 

The sliding between the layers can be evaluated by the introduction of CIB, which is the 

quotient of ISSmax and ISD . On this ground, the higher CIB indicates the higher 

bonding quality between the layers, while lower CIB means reverse. As can be seen, in both 

of the structures, the bonding quality was reduced as much as 50-60 percent.  

Despite the reduced shear properties and bonding quality at the interface, it is crucial to bear 

in mind that the reinforced structure maintained its structural integrity even in a large shear 

displacement induced at the interface. In contrast, in the unreinforced structure, the shear 

strength was sharply decreased after its maximum value and the structure failed in a 

considerably lower horizontal displacement. It is worth mentioning that, because of large 
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displacement before failure in reinforced structures, which could result in the slippage of the 

bottom part over the rail, and also to set a fair sustainable threshold between reinforced and 

unreinforced structures, it was decided to define the failure point as the force underwent by the 

structure at 80 percent of its maximum shear strength.  

    
(a) 

 
(b) 

Figure 5.8 Interlayer shear strength versus interlayer shear 
displacement at 25 °C and 2 mm/min loading rate: (a) ESG10 

over ESG 14; (b) ESG 14 over GB20 (UN: unreinforced 
structure; PF: reinforced structure with paving fabric) 

5.5.3 Results and Discussions on Complex Modulus Test 

Experimental results for complex modulus tests on reinforced and unreinforced structures are 

plotted in Figures 5.9 & 5.10 in terms of the Cole-Cole diagram (EImaginary, EReal) and the black 

diagram (ǀE*ǀ, ϕ). Each test was conducted twice to ensure the repeatability of the results. As 
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can be seen, the measured values followed a unique pattern, which implied the applicability of 

Time-Temperature Superposition Principle (TTSP) and the possibility of fitting a rheological 

model to justify the changes. However, a valuable finding, which could be deduced from the 

data was that for all the structures, the complex modulus data measured by 50 and 100 mm 

extensometers were largely superimposed on the Cole-Cole diagram. On the other hand, the 

25 mm extensometer had distinguishably lower values in comparison. This could be explained 

by the mechanical effect of the interface, which was preponderant in the 25 mm extensometer 

domain but very small on other sizes of extensometers. Nevertheless, it is vividly seen in Figure 

5.10 that the mechanical effect of the interface was not outstanding in the black diagram. 

Therefore, the measurements derived from the 25 mm extensometer could be treated as a useful 

tool to compare the complex modulus of reinforced and unreinforced structures in a variety of 

temperatures and frequencies.   

  
(a) 

  
(b) 

Figure 5.9 The Cole-Cole diagram developed based on the measured data from complex 
modulus test (a) ESG10 over ESG 14; (b) ESG 14 over GB20 (UN: unreinforced structure; 

PF: reinforced structure with paving fabric) 
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(a) 

  

(b) 
Figure 5.10 The Black diagram developed based on the measured data from complex 

modulus test (a) ESG10 over ESG 14; (b) ESG 14 over GB20 (UN: unreinforced structure; 
PF: reinforced structure with paving fabric) 

A variety of rheological models have been presented in the literature to justify the viscoelastic 

behavior of bituminous mixture under different temperatures and load frequencies. Based on 

the nature of representation, these models could be classified into mathematical expressions 

and advanced analogical models. However, because of having a physical illustration of the 

elements involved in the model, the advanced rheological models have received much attention 

over the mathematical expressions. In this connection, 2S2P1D model (two Springs, two 

Parabolic creep elements, and one Dashpot) amidst others, could reliably be utilized to predict 

the behavior of bituminous mixture from very low frequencies to very high ones (Olard and 

Di Benedetto 2003). The analytical expression to compute the complex modulus based on the 

2S2P1D model is given by the Equation (5.2). 
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where  the imaginary unit; angular frequency;  glassy modulus (ω ꝏ ;  static 

modulus (ω ; k, h, and  calibration constants;  parameter related to Newtonian viscosity 

of the dashpot; and  characteristic time value varied with temperature. The calibration of the 

model parameters based on the experimental data obtained from Ext. 25 mm, for all designated 

structures are listed in Table 5.4.  

Table 5.4 2S2P1D model parameters 

Model 
 Parameters 

Types of Structures 

 

UN 10/14 UN 14/20 PF 10/14 PF 14/20 
Eꝏ 35 20 15 18 
E0 26200 30000 17500 24200 
K 0,2 0,2 0,2 0,2 
h 0,6 0,6 0,6 0,6 
δ 1,8 1,8 2,7 2,12 

τE(s) (Tref = -5.4 °C) 2 2 2 2 
β 100 100 1000 250 

According to Table 5.4, the k and h values, which are linked to the binder rheology, were not 

changed among the structures. However, the result showed that the presence of a different type 

of binder as an adhesive between the asphalt layer and the paving fabric, (i.e., PG 64-34) than 

the one employed in the asphalt mixture (i.e., PG 58-28) resulted in a variation of δ and β 

values (shape factors) which was highlighted in PF 10/14 structure. Another interesting finding 

was that both the glassy modulus (E0) and the static modulus (E00) were higher in unreinforced 

structures than the corresponding type of the reinforced structure. This negative effect could 

be explained by the high air-void content surrounding the reinforced interface due to 

incomplete compaction (Solatiyan et al. 2020b).   

Figure 5.11 demonstrates the relative differences between the measured and simulated values 

for stiffness modulus (ǀE*ǀ) at a reference temperature (Tref = -5.4 °C). On this ground, low 

differences in Y-axis imply the ability of the 2S2P1D model to predict the mechanical behavior 

at that reduced frequency (aT.fr). Accordingly, the results showed that the 2S2P1D model was 

a reliable tool to predict the mechanical behavior of the reinforced and unreinforced interface, 

especially for high frequencies or low temperatures. At high temperatures, because of the creep 

deformations pertaining to the asphalt mixture and subsequent stress relaxation over time, the 



120 

 

more heterogeneity in the mechanical behavior of involved surfaces would be expected, which 

negatively affects the accuracy of the model.   

  
(a) (b) 

  
(c) (d) 

Figure 5.11 Difference in the norm of complex modulus between experimental and 2S2P1D 
model values: (a) Unreinforced structure with ESG10 over ESG14; (b) reinforced structure 

with ESG10 over ESG14; (c) Unreinforced structure with ESG14 over GB 20; (d) reinforced 
structure with ESG14 over GB20 

To define viscoelastic behavior of bituminous materials in terms of the stress-strain 

relationship into finite element design methods (e.g. Abaqus software), Prony series in the form 

of shear modulus defined by Equation (5.3) could be utilized (Dougan 2007): 

 

In which   is the shear modulus ratio, which is defined as the ratio of shear modulus at any 

time like , , to the shear modulus at the first stage ( , ).  and  are Prony 

constants, which are determined based on the material properties and entered into the Abaqus 
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software, and N is considered as the number of terms used in Prony series which is suggested 

to take as N = 5 to obtain accurate results (Liao and Sargand 2010).  

On the other hand, Shear modulus,  is determined from the relaxation modulus, 

according to the Equation (5.4).  

 

where  is the relaxation modulus, determined by converting the dynamic modulus master 

curve; and  is the Poisson's ratio, which can be logically assumed to be 0.35. Once  is 

calculated the ratio of  could be easily determined as indicated in Equation (5.3). 

Figure 5.12 demonstrates the changes in dynamic modulus master curves by the length of 

extensometers for different types of structures studied in this research. As evident, in 

unreinforced structures (i.e. UN 10/14 and UN 14/20) all the master curves, developed based 

on each length of extensometer, are well superimposed on each other. However, in reinforced 

structures (i.e. PF 10/14 and PF 14/20), the master curve derived from 25 mm extensometer is 

positioned below the two others especially at high frequency domain.  

  

(a) 

Figure 5.12 Changes in dynamic modulus master curves by the length of extensometers for 
each type of structure (a) ESG-10 over ESG-14, (b) ESG-14 over GB-20 
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(b) 

Figure 5.12 (Continued) 

Figure 5.13 illustrates a comparison in master curves developed for reinforced and 

unreinforced interfaces by a 25 mm extensometer. As can be seen, the master curves of 

reinforced interfaces in both of the structures were well situated below the unreinforced cases. 

This discrepancy was highlighted for an arbitrary point f = 10 Hz and Tref = -5.4 °C as an 

example on the graph. The results showed that the reinforced interfaces, especially the one 

surrounded by ESG-10 and ESG-14, underwent a meaningful reduction in terms of dynamic 

modulus and a slight increase in the phase angle compared to unreinforced ones, especially at 

higher frequencies or lower temperatures. This could suggest developing the 2S2P1D model 

of reinforced interface with paving fabric by taking its actual model parameters into account 

while seeking for the real structural responses from mechanistic–based design methods. 
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(a) 

(b) 

Figure 5.13 A comparison of dynamic modulus and phase angle at T = -5.4 °C and f = 10 Hz 
from (a) dynamic modulus master curve and (b) black diagram; developed for reinforced and 

unreinforced interfaces based on 25 mm extensometer 

5.6 Conclusions 

The focus of this study was to experimentally evaluate the mechanical properties at the 

interface of bituminous layers reinforced with paving fabric compared to the unreinforced one 

through novel approaches. The following conclusions could be extracted from this study: 

 In the 3-PBT, it was revealed that the reinforced interface with paving fabric 

outperforms the unreinforced interface in terms of J-integral and crack retardation 

capability. This advantage was more dominant when paving fabric introduced between 

bituminous layers with higher NMAS. 
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 In the shear test, the unreinforced interface provided an appreciable level of shear 

strength and shear stiffness, which resulted in higher bonding quality in terms of CIB. 

However, the ability of the reinforced interface to maintain the structural integrity of 

the composite structure even at large horizontal displacements needs to be respected in 

design methods. 

 The complex modulus of rehabilitated bituminous structures, composed of different 

layers with or without paving fabric, could be reliably predicted by the 2S2P1D model 

in high frequency domain (1 to 1E7 Hz). 

 The mechanical effect of the interface on the complex modulus of the composite 

structure was highlighted in the Cole-Cole diagram, black diagram and dynamic 

modulus master curve by distinct rheological behavior measured through the 25 mm 

length extensometer.  

 The actual dynamic modulus master curve of the reinforced interface with paving fabric 

is required to be considered in mechanistic-based pavement design methods, which 

would yield valid structural responses especially at higher frequencies or low 

temperatures.  

 Generally, the application of paving fabric between bituminous layers with a higher 

NMAS could lead to enhanced anti-reflective property against the bottom-up cracking 

with a less negative effect on stiffness properties at the interface. 
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6.1 Abstract 

The application of paving fabric (a system composed of a layer of geotextile along with asphalt 

cement) between an existing deteriorated bituminous layer and a fresh asphalt overlay, as a 

newly developed rehabilitation strategy, has proved its effectiveness in terms of delaying the 

propagation of reflective cracks. Nevertheless, this application requires an in-depth knowledge 

of the mechanical behavior of the composite system including paving fabric under cyclic 

loading in order to predict its performance during the design life. In this context, rutting 

resistance and fatigue failure are commonly employed as major failure criteria in mechanistic-

based design methods. The objective of this study was to understand the possible mechanical 

changes in composite structures made of different hot mixtures reinforced with paving fabric 

compared with unreinforced ones. To this end, two types of double-layered structures, 

normally recognized in a bituminous pavement cross-section, were addressed: a fine-graded 

structure found in the upper bituminous layers and a coarse-graded structure positioned in the 

lower bituminous layers. Rutting resistance of the composite structure was evaluated using the 

French Laboratory Rut Tester (FLRT) device and fatigue behavior was studied via a method 

developed in Département de Génie Civil et Bâtiment (DGCB). The results showed that the 

composite structure including paving fabric had lower rutting resistance and accelerated rut 
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depth evolution, especially at higher number of cycles, but about 30 percent enhanced fatigue 

life compared with unreinforced structures. This study also suggested that the placement of 

paving fabric between coarse-graded mixtures could strike a balance between rutting resistance 

and fatigue performance. 

6.2 Introduction 

Application of paving fabric, a system composed of geotextile and asphalt cement as a tack 

coat, between bituminous layers is an alternative way to the usual mill and fill to restore the 

serviceability of the road surface for the users. This type of geosynthetic, a geotextile, has 

received much attention from the engineering community for economic reasons and because 

of its ease of implementation (Golestani et al., 2016). It not only waterproofs the system against 

the percolation of water through fractures and discontinuities on the surface but also prolongs 

the life cycle of the pavement system by retarding the manifestation of the reflective cracking 

from bottom layers (Solatiyan et al., 2020a). Nevertheless, their mechanical interactions with 

adjacent asphalt layers need to be further examined to provide a better vision into the design 

of new rehabilitation projects based on the mechanistic methods.  

Permanent deformation or rutting is a common type of distress in bituminous pavements, 

which appears at the road surface by accumulated permanent deformation along the wheel path 

due to excessive shear strain (Said et al., 2016). In mechanistic-based design methods, rutting 

is considered a critical criterion because of its high impact on driving quality and safety (Liao 

et al., 2018; Xu & Huang, 2012). It is believed that a hot mix asphalt layer placed near the 

surface contributes more than granular base layers in the occurrence of the rutting (White et 

al., 2002). In this respect, among many factors that are influential on rutting resistance of 

bituminous layers, the mechanical properties and gradation of aggregates employed in the 

asphalt mixture play pivotal roles in reducing the shear strain induced in the bituminous layer 

(Khan, 2010; Khedr & Breakah, 2011; Yang et al., 2006). In addition, in reinforced 

rehabilitated bituminous layers, the specifications of the interlayer system and its installation 

procedure are other important considerations that govern the regime of shear strains induced 

at the interface (Ling & Liu, 2001; Mounes et al., 2014; Tang et al., 2016). Several semi-

empirical test methods have been utilized to measure the rutting resistance of asphalt mixture. 
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Among which the Asphalt Pavement Analyzer (APA) (AASHTO TP 63-07, 2007), the 

Humburg Wheel Tracking Device (HWTD) (Mahoney and Zinke, 2008), the French 

Laboratory Rut Tester (FLRT) (MTQ- LC26-410, 2018), repeated-load creep test (RLC) 

(Behbahani et al., 2009) and the Asphalt Mixture Performance Tester (AMPT) (Bonaquist, 

2010) are the most common.  

Fatigue failure, caused by the accumulated damage under the repetitive action of traffic loads, 

is another important criterion in the pavement design process, which could lead to a decline in 

the stiffness modulus of the bituminous layers, as the number of load cycles increases, and 

finally degradation of the whole pavement structure (Carter et al., 2018). In this connection, 

the mechanical behavior of bituminous layer to repetitive loads is dominated by a series of 

factors including (Abojaradeh, 2003; Khateeb et al. 2011): 

 The specifications of the mix design such as aggregate gradation, air void content, 

bitumen content, and type of bitumen; 

 The environmental effect such as temperature; 

 Load type, configuration, and its frequency; 

 Specimen preparation and compaction procedures. 

A common method to evaluate the fatigue resistance of a bituminous layer is to determine the 

evolution of its stiffness modulus by the number of load cycles, which is normally composed 

of three distinct stages from the instant of loading to the failure point (Baaj et al., 2005). At the 

early stages, the stiffness modulus sharply decreases, which can be attributed to the 

temperature increment due to the internal friction in the bituminous layer and in turn a 

reversion in the thixotropy effect of the bitumen. Right after the first stage, the reduction in the 

stiffness modulus follows a linear trend (constant rate), as a result of the formation of 

microcracks in the structure. The failure of the material (third stage) occurs when the coalition 

of microcracks turns into macrocracks and consequently losing the structural capacity of the 

system (Tapsoba et al. 2013; Carter et al., 2018). In this context, a variety of criteria has been 

suggested to determine the transition point from stage 2 to 3 as the failure point in fatigue 

resistance of the material or system (Perraton et al. 2015; Tapsoba et al. 2013). Among them, 

Nf50% is a conventional fatigue criterion, which is defined based on a 50% reduction in the 

initial stiffness modulus of the bituminous layer (Perraton et al. 2015, Orešković et al. 2019). 
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Four-point bending test (4-PBT) (ASTM D7460, or AASHTO T321) and the uniaxial tension-

compression test procedure developed in Département de Génie Civil et Bâtiment (DGCB) (Di 

Benedetto et al. 2011) are commonly employed to measure the fatigue resistance of a 

bituminous mixture. To perform conventional fatigue tests on the reinforced structure, it is 

essential to assume that the geosynthetic is installed at the middle of a double-layer structure 

and perfectly attached to the bottom layer with no slippage at the interface (Sudarsanan et al. 

2020). These tests are usually performed at one temperature and one frequency and different 

strain levels (at least three levels) and the pertinent results are presented on a log-log graph of 

the number of cycles at failure against the amplitude of the strain level. The fitted curve on the 

failure points (Nf50% derived from each strain level) is called the Wöhler curve and follows a 

straight line given by the Equation (6.1) (Baaj et al., 2005; Perraton et al., 2015): 

                    (6.1) 

where is the number of cycles;  and  are coefficient depending on material and ε is 

the axial strain amplitude. If the failure point is assumed at one million cycles, the pertinent 

strain level, ε6, could be derived from Equation (6.2): 

         (6.2) 

With respect to the context introduced above, the objective of this study is to evaluate the 

rutting resistance and fatigue performance of double-layered rehabilitated bituminous 

structures with and without paving fabric to cyclic loading applied at the top surface, under 

field-like conditions in the laboratory. This is necessary for establishing an in-depth knowledge 

of the mechanical behavior of a reinforced bituminous layer in mechanistic-based design 

methods and to select the proper type and location of paving fabric in pavement rehabilitation 

strategies. From this perspective, three specific objectives are addressed throughout this 

research:  

(1) Development of the rut depth in a composite structure manufactured of different 

bituminous layers in terms of Nominal Maximum Aggregate Size (NMAS); 
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(2) Evolution of the rut depth in reinforced and unreinforced double-layered bituminous 

structures;  

(3) Quantifying the changes in initial stiffness modulus and the failure criterion among 

reinforced and unreinforced bituminous composite structures. 

This paper is arranged in five sections. First, a review of relevant studies on fatigue behavior 

and the rutting resistance of reinforced-rehabilitated bituminous layers are introduced. Then, a 

description of the materials used to manufacture the specimens are presented. This is continued 

in the third section with a description of test methods employed to meet the objectives of this 

research. The fourth section will demonstrate the experimental results, followed by a detailed 

analysis. In the end, a summary of the outcomes is given. 

6.3 Research Background 

Permanent deformation or rutting is a crucial factor in mechanistic-based design methods 

because of its impact on the performance of a road. A variety of methods and additives has 

been recommended to enhance the anti-rutting property of a bituminous layer. These 

alternatives can be classified into three distinct categories. In some studies, the high-

temperature rheological properties of the bitumen have been addressed by adding polymer-

based modifiers such as styrene-butadiene-styrene (SBS), rubber and fibers to restrain the 

lateral flowing out of the material under traffic loads (Bostancioglu & Oruc, 2016; Fontes et 

al. 2010; Guo et al., 2015; Shafabakhsh et al., 2014 Alatas & Kizirgil, 2013; Babagoli et al., 

2015; Bernier et al. 2012; Tayfur et al., 2007). In addition, introducing additives such as 

diatomite and glass fiber (Guo et al. 2015), RAP (Cooper et al., 2016), and rubber (Moreno-

Navarro et al. 2014) into the hot mixture could effectively enhance the resistance of the 

bituminous layer against rutting. On the other hand, physical and mechanical specifications of 

the aggregate have been the focus of other studies to increase the shear strength of the asphalt 

mixture (Muraya et al., 2009; Singh et al., 2016).  

Taking advantage of a layer of geosynthetic material over a rehabilitated bituminous layer, as 

an interlayer, is another approach to increase the shear stiffness of the system against rutting, 

which has received a lot of interest from the engineering community (Ling & Liu 2001; 

Mounes et al., 2014; Tang et al., 2016). According to (Correia & Zornberg (2016), the presence 
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of a geosynthetic in a bituminous pavement could result in a rutting resistance up to four times 

better than that of an unreinforced structure). It was also found that the rut depth and the 

modulus of elasticity of a reinforced bituminous layer with geosynthetic are correlated with 

each other and in this connection, the type of geosynthetic material plays an important role 

(Laurinaviˇcius and Oginskas, 2006). In addition, a review of studies shows that the 

performance of reinforced bituminous layer to lateral plastic flow is governed by the position 

of geosynthetic in asphalt overlay and the adhesion quality provided at the interface and it is 

independent of the geosynthetic stiffness at the ambient temperature (Solatiyan et al. 2020b). 

However, at high temperature, the elastic modulus of the geosynthetic material and its bonding 

quality to the adjacent asphalt layer are of great importance on the effectivity of the interlayer 

system on rutting (Shamami & Khiavi, 2017; Lee et al., 2015). Nevertheless, most of these 

studies were concentrated on the application of geogrids placed between two layers of the same 

bituminous mixture. Only a few researches have been assigned to reinforced bituminous layers 

with paving fabrics, implemented between two different types of mixtures. Besides, the 

possible changes in the evolution of rutting in the presence of a layer of paving fabric could 

provide a better insight into the development of a suitable failure criterion in mechanistically 

based design methods. 

Fatigue failure is another important design consideration, which directly influences the design 

life of a pavement structure. A series of factors are influential on fatigue performance of a 

geosynthetic-reinforced bituminous structure including the type of pavement, the quality of the 

adhesion between the geosynthetic and the adjacent bituminous layers, the type of raw material 

employed in geosynthetic fabrication, the type and dosage of tack coat, the position of the 

geosynthetic in the structure, the temperature and the loading type and magnitude (Nithin et 

al., 2015). 

A review of pertinent literature on the fatigue behavior of geosynthetic-reinforced bituminous 

structure revealed that the placement of geosynthetic between bituminous layers results in a 

higher fatigue life varying between 2 and 10 times than unreinforced structure (Solatiyan et al. 

2020b). This improvement in the fatigue life relies on the stiffness of the geosynthetic to the 

bituminous layer and on the bonding strength supplied at the interface. In this respect, the 

reduced bonding strength compared to the unreinforced case leads to a higher improvement in 
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the fatigue life due to increased ductility of the system (Sudarsanan et al. 2020). Same as for a 

single material. The fatigue behavior of a double layer structure relies on the failure criterion 

(Orešković et al. 2019). In this regard, different approaches have been adopted to capture the 

fatigue life of a bituminous structure. In a controlled-strain mode of fatigue test (ASTM 

D7460), in which the strain remains constant and the stress is decreasing, four different indices 

are of interest. Nf50% is a classical index related to the number of cycles when the initial stiffness 

modulus reaches its half value (Basueny et al., 2014). NfΔεax is defined based on the 25% 

difference in strain amplitude recorded by three separate extensometers. NfΔφ corresponds to a 

difference of more than 5° of the phase angle recorded by each extensometer from the mean 

value. Finally, Nfφmax considers the evolution of phase angle during the test. The number of 

cycles related to the maximum value of the phase angle is defined as the failure point of the 

structure. It is believed that all these criteria usually give similar results (Tapsoba et al. 2013). 

On this basis, Because of its ease of application, the classical index of fatigue failure was 

selected for the sake of this project. 

The main purpose of this study is to understand the possible changes in rutting and fatigue 

behavior of bituminous double-layered structures, with embedded paving fabric. This study 

helps for the betterment in the design of reinforced structure with paving fabric. 

6.4 Material and methods 

The evaluation of the changes in rutting resistance and fatigue performance of double-layered 

structures, made of different mixtures, due to the placement of paving fabric at the interface of 

two bituminous layers compared to corresponding unreinforced structures are the objectives 

of this study. To this end, double-layer bituminous specimens, based on three kinds of mixes 

with and without paving fabric, were manufactured in the laboratory to simulate field 

conditions. Since the surface texture at the interface of two different bituminous layers plays a 

pivotal role in the reinforcement mechanism of paving fabric, it was assumed that the 

mechanical performance of the composite structure varies by the changes in the type of mixture 

used below and above the interface. Two significant failure criteria in pavement design 

methods were addressed during this study: the rutting resistance of the composite structure was 

investigated by the French Laboratory Rut Tester (FLRT), and the DGCB procedure was 
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employed to examine the fatigue behavior of reinforced and unreinforced specimens. 

6.4.1 Materials 

This research utilized two types of double-layered bituminous structures made of three 

different mixtures normally applied in Quebec (Canada), with and without paving fabric as the 

reinforcement interlayer installed at the interface of bituminous layers. The hot mixtures were 

designed in accordance with Transport Quebec’s standard (LC 4202) as follows: (I) a surface 

course mixture with a nominal maximum aggregate size (NMAS) of 10 mm (ESG-10); (II) a 

binder course mixture with an NMAS of 14mm (ESG-14); and (III) a base course mixture with 

an NMAS of 20 mm (GB-20). Mix design gradation curves are illustrated in Figure 6.1, and 

relevant technical properties are given in Table 6.1. 

 
Figure 6.1 Mix design sieve curves 

Table 6.1 Technical specifications of hot mixes 
Mixture ESG-10 ESG-14 GB-20 

Binder Type PG 58-28 PG 58-28 PG 58-28 

Binder Content (% mass) 4.0 3.7 3.5 

Air Void Content (%)  3.8 4.1 4.8 

Mean Texture Depth (MTD) (mm) 

(ASTM E965) 
 3.6 4.4 

Water Sensitivity 

(LC 26-001) (%) 

Measured 95.4 88.3 82.3 

Required ≥ 70 ≥ 70 ≥ 70 

Rutting Resistance  

(LC 26-410) (%) 

Measured 
(After 30000 cycles) 

7.8 8.5 9.1 

Required 
(After 1000 cycles) ≤ 10 

(After 3000 cycles) ≤ 15   
(After 30000 cycles) ≤ 10 (After 30000 cycles) ≤ 10 
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The paving fabric is composed of two parts: a needle-punched nonwoven fabric together with 

asphalt cement type PG 64-34 as tack coat material applied on the top surface of the bottom 

asphalt layer. The principal mechanical specifications of the fabric, provided by the company, 

are presented in Table 6.2.   

Table 6.2 Principal mechanical specification of fabric (provided by the company) 

Specification Test Method Unit Value 

Grab tensile elongation CAN 148.1 No. 7.3 % 45–105% 

Grab tensile strength CAN 148.1 No. 7.3 N 550 

Mullen burst CAN 4.2 No. 11.1 kPa 1585 

Bitumen retention ASTM D6140 L/m2 1.15 

 

Two types of double-layered structures by taking advantage of three different types of hot 

mixes were fabricated in the laboratory (Figure 6.2). In one of them, the ESG-10 was placed 

at the top as a surface course and the ESG-14 at the bottom as a binder course (i.e. ESG10/ESG-

14). In the other one, the ESG-14 was employed at the top as a binder course and GB-20 at the 

bottom as a bituminous base course (i.e. ESG14/GB20). For each type of structure, two types 

of rehabilitation strategies were examined. First, a conventional method is considered as an 

unreinforced case, in which the top layer is applied on the bottom layer utilizing asphalt 

emulsion as tack coat. Second, a reinforced case by introducing paving fabric at the interface 

of bituminous layers. 

The double-layered structure was prepared first by the implementation and compaction of the 

lower layer, succeeded by the spreading of tack coat (with/without fabric) and then the 

placement and compaction of the upper layer over the bottom layer. The compaction 

procedure, done at 135±2 °C selected based on the type of bitumen (i.e., PG 58-28), was 

conducted in compliance with the French Roller Compactor, according to the European 

Standard EN 12697-33, . 
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Asphalt emulsion type SS-1h with a dosage of 180 gr/m2 of residual bitumen was employed at 

the interface of unreinforced specimens, while 110 gr/m2 of a PG 64-34, based on the 

specification supplied by the company was utilized between the fabric and the bottom 

bituminous layer in reinforced specimens. In order to complete breakage of the asphalt 

emulsion, five hours curing time was respected before the placement of the top hot mix layer. 

For the reinforced specimens, the application of asphalt cement and implementation of the top 

hot mix layer was carried out successively (no cure). 

A total of eight reinforced and unreinforced slabs of size 500 × 180 ×100 mm were prepared 

for rutting test and four slabs of size 500 × 180 × 150 mm were manufactured for the fatigue 

test to extract three cylindrical shape specimens of size 135×75 mm. A schematic view of 

specimens and their geometrical dimensions are presented in Figure 6.2.  

 
Figure 6.2 A schematic view of specimens prepared for each type of test 

6.4.2 Test methods 

The mechanical behavior of double-layered structures made of different types of hot mixes 

under cyclic loading was studied in order to highlight the reinforcement effect of a layer of 

paving fabric installed at the interface of bituminous layers compared to unreinforced double-

layered structures. To this end, two fundamental failure criteria in mechanistic-based design 

methods were addressed. The rutting resistance of the composite system was examined through 

the French Laboratory Rut Tester (FLRT) and the fatigue performance of the system under 

repeated action of cyclic loads was evaluated by performing the fatigue test based on the 
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method developed at DGCB (Département de Génie Civil et Bâtiment) at the ENTPE (École 

Nationale de Travaux Publics de l’État, (Lyon, France). The details pertaining to each type of 

test will be discussed in detail in the following subsections. It was hypothesized that the 

adopted test methods would shed light on the mechanical properties of reinforced and 

unreinforced structures, necessary to be taken into account in design methods.  

6.4.2.1 French laboratory rut tester (FLRT) 

The resistance of hot mixes to flow rutting is evaluated in Quebec (Canada) by taking 

advantage of the FLRT, developed by France’s Laboratoire central des ponts et chaussées 

(LCPC). For the sake of this project, the 500 × 180 × 100 mm bituminous slabs, designed 

according to Transport Quebec’s standard (LC 4202) (MTQ, 2018), were compacted in the 

laboratory by the means of a LCPC-type plate compactor, as shown in Figure 6.3. The 

reinforcement and the upper layer were added directly in the mold and compacted. The test 

was conducted at 58 °C according to the type of bitumen employed in the hot mixture Rut 

depth are measured as an average of 15 points on the surface after 1000, 3000, 10000 and 

30000 cycles. Normally, with the FLRT, the rut depths are given as a percentage of the 

thickness of the slabs. Here, since ruts are measured on a system and not a single material, the 

rut depths are given directly in mm. 

 

 

 

 

 

(b) 

 
(a) (c) (d) 

Figure 6.3 A view of rutting test: (a) French Laboratory Rut Tester (FLRT); (b) a double-
layered reinforced structure; (c) wheel path imprint (rut depth) on the slab surface; (d) LCPC 

compactor 
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6.4.2.2 DGCB fatigue test method 

The fatigue behavior of double-layer structures was investigated by the tension-compression 

method developed in the “ENTPE” (Di Benedetto et al., 2011). The homogeneity state of 

responses, in terms of stress and strain, induced in the specimen is the main feature of this test. 

The test was carried out at 10 ° C and a frequency of 10 Hz on cylindrical specimens with the 

same size as those used in the complex modulus test (i.e. 135 mm in height and 75 mm in 

diameter) by the cyclic solicitation of axial strain amplitude. The evolution in stiffness modulus 

of the specimens by the number of cycles was observed at three different strain levels to 

develop Wöhler’s curve for each type of structure. Figure 6.4 demonstrates a general view of 

the fatigue test. 

 

 

 

(a) (b) 

Figure 6.4 A view of fatigue test: (a) test setup; (b) 
arrangement of extensometers 

 
6.5     Results and discussions 

Presented in this research is a laboratory effort to comprehend the mechanical differences of 

two rehabilitation strategies on bituminous pavements under cyclic loading. The following 

subsections present details on the rutting and fatigue tests conducted on unreinforced and 

reinforced bituminous specimens.  
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6.5.1 Rutting test  

Figure 6.5 illustrates the changes in the mean rut depth obtained from two slabs, and measured 

at four specified number of cycles (i.e. 1000, 3000, 10000 and 30000) for different types of 

reinforced and unreinforced structures. As can be seen, at the early stages of load passing (i.e. 

at 1000 and 3000 number of cycles) the rut depth increased sharply because of the densification 

effect and reduction in air voids, while after 10000 cycles, it followed a rather steady state 

increment trend. This can be attributed to the effects of post compaction and tertiary flow. This 

feature was found to be common in different types of structures. On this basis, if the rut depth 

between 10000 and 30000 cycles are considered in the calculation of rut development, a better 

indication of the actual rutting evolution in the field is expected  (Yang et al., 2006). The slope 

of the evolution curve indicated on Figure 6.5 by S in mm per cycle, suggest that by placing 

the paving fabric between fine-graded hot mixtures (i.e. ESG-10 over ESG-14), the growth 

rate in the rut depth is almost doubled, whilst between coarse-graded hot mixtures, the 

evolution pattern was not influenced. Another point of interest was that the rut depth in 

unreinforced structures was clearly distinguished between ESG-10 over ESG-14 and ESG14 

over GB-20 whereas this distinction was not obvious between different mixtures of reinforced 

types of structures. In addition, unreinforced composite structures (UN 10-14 and UN 14-20) 

have considerably lower rut depth compared with corresponding reinforced ones at any number 

of cycles. Moreover, the fine-graded composite structures (ESG-10 over ESG-14) 

outperformed the coarse-graded composite structures (ESG-14 over GB-20) in terms of rut 

depth. However, at a higher number of cycles (more than 20000 cycles) the rut depth in fine-

graded reinforced composite structures surpassed over the coarse-grade ones. Figure 6.6 also 

demonstrates a comparison in rut depth between different types of composite structures. It is 

worth mentioning that this result was obtained while each mixture applied at the bottom and 

top of the interface respected the Quebec’s standard (LC 26-001), as indicated in Table 6.1. 
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Figure 6.5 Rutting depth evolution by the number of cycles for 
different types of reinforced and unreinforced structures (UN: 
unreinforced structure; PF: reinforced structure with paving 

fabric) 
 

  
(a) 

  
(b) 

Figure 6.6 The rut depth after 30000 cycles taken from different types of composite 
structures (UN: unreinforced structure; PF: reinforced structure with paving fabric): (a) 

ESG 10 over ESG 14; (b) ESG 14 over GB-20 
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Figure 6.7 also shows the rut depth in a cross-sectional view in the middle of the specimen 

positioned in French Rutting Tester (FRT) (i.e. at the intersection of vertical line 3 with 

horizontal A-F axes) after 30000 cycles. It could be recognized that the placement of a layer 

of paving fabric between different types of hot mixtures, regardless of the size of material 

surrounding the paving fabric, acted reversely on the capability of the structure against flowing 

out the material under cycling loads. This negative effect could be partially explained by the 

lack of interlocking between the aggregates in adjacent hot mixture layers in the presence of 

the paving fabric. 

 
(a) (b) 

Figure 6.7 The rut depth measured at different locations of mid-span after 30000 cycles: (a) 
changes in rut depth for different types of structures; (b) axing plan of slabs under inner 

and outer wheels of French Rutting Tester 

In general, the introduction of a layer of paving fabric between hot mixtures led to a higher rut 

depth with a remarkable rate of growth when surrounded by finer-graded mixtures. 

6.5.2 Fatigue Test  

The fatigue tests were performed on different types of reinforced and unreinforced structures 

at three different strain levels, complying with the DGCB method. The actual axial strain 

amplitudes, captured at T= 10 °C and f=10 Hz, the value of the initial stiffness modulus 

denoted by | | derived from each strain level and its mean value for each type of structure are 

specified in Table 6.3. As evidenced, the initial modulus of the composite systems with and 

without paving fabrics was almost the same between the structures composed of similar mixes. 



140 

 

It could be inferred that the placement of paving fabric between different hot mixtures has no 

meaningful influence on the initial modulus of the system.  

Table 6.3 Fatigue test specifications at T= 10 °C and f= 10 Hz 

Structure Axial Strain Amplitude 

(μm/m) 

Initial Modulus ǀ ǀ (MPa) 

Value Average 

 

UN 10/14 

66.5 6924  

6981 74.6 6874 

99.1 7146 

 

UN 14/20 

64.8 4759  

4479 73.3 4425 

95.3 4255 

 

PF 10/14 

65.7 6849  

6903 87.1 6906 

97.2 6955 

 

PF 14/20 

67.1 4528  

4539 85.6 4477 

96.4 4612 

Figure 6.8 illustrates the Nf50%’s Wöhler curve for the reinforced and unreinforced structures 

composed of different mixtures. The vertical axis is the number of cycles at failure and the 

horizontal axis shows the actual applied strain level during the test, both axes in logarithmic 

scales. Table 6.4 also presents fatigue parameters indicated in Equations (6.1) and (6.2) based 

on Nf50% fatigue failure for each type of structure.  

As shown in Figure 6.8, the Wöhler curve for reinforced structures (i.e. PF 10/14 and PF 14/20) 

are distinctly placed over the corresponding unreinforced structure (i.e. UN 10/14 and UN 

14/20). Another point of interest was that the slope of the Wöhler curve in unreinforced 

structures is steeper than the pertinent reinforced structure, which indicates that the stiffness 

modulus in unreinforced structures was decreased more rapidly than that in reinforced ones to 

the respective failure values. Additionally, R2 values shown on each curve indicates that the 

regression line fitted on the data could suitably justify changes, which in turn proves the 
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adequacy of the Nf50% failure criterion to study the fatigue behavior of structures under cyclic 

loadings. 

  
(a) 

  

  
(b) 

Figure 6.8 Wöhler curve developed for each type of composite structure at T = 10 °C and f 
= 10 Hz (UN: unreinforced structure; PF: reinforced structure with paving fabric): (a) ESG 

10 over ESG-14; (b) ESG-14 over GB-20 

Table 6.4 presents a comparison in material-dependent coefficients (i.e. K1 and K2), R-squared 

(R2) and axial strain at one million cycles (ε6) between different types of structures. As can be 

seen, the ε6 values, calculated according to Equations (6.1) and (6.2), are about 30 percent 

higher in reinforced structures than those in corresponding unreinforced structures. It could be 

deduced that the reinforced structure with paving fabric has considerably higher fatigue life 

than the unreinforced structure. As shown in Figure 6.9, this advantage was more highlighted 

in the reinforced structure composed of fine-graded mixtures (i.e. PF 10/14).  
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Table 6.4 Comparison of fatigue parameters based on NF50% failure criterion 
Structure Fatigue Parameters for Nf50% Criterion 

K1 K2 R2 ε6 

UN 10/14 8.88 E -15 4.85 0.9952 74.8 

UN 14/20 2.05 E-10 3.77 0.9931 69.5 

PF 10/14 5.43 E-13 4.55 0.9904 95.5 

PF 14/20 8.0 E -8 3.23 0.9498 88.9 

 

 
Figure 6.9 Comparison of parameter ε6 for the reference and reinforced 

structures composed of different mixtures 

This attribute could be explained by the presence of the asphalt cement at the interface of a 

reinforced structure as tack coat material compared to the asphalt emulsion employed in the 

same location of an unreinforced structure. This could bring more structural integrity to the 

composite system at low and medium temperatures, which is usually encountered in Canadas’ 

roads. 

6.6 Conclusion 

In this study, the mechanical behavior of two rehabilitation strategies applied on a bituminous 
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layer under cyclic loading was examined. First, a conventional method in which a new 

bituminous layer is directly spread over the existing one along with a thin film of the asphalt 

emulsion to provide adhesion at the interface (tack coat). In the second one, an interlayer 

composed of a layer of fabric (nonwoven geotextile) accompanied with the asphalt cement, 

called paving fabric, is implemented over the existing bituminous layer before the application 

of the upper bituminous layer. The possible mechanical changes in introducing a layer of 

paving fabric between two bituminous layers in two different types of structures were studied 

by comparing the results with those derived from the corresponding unreinforced structure. 

Two principal failure criteria, commonly used in mechanistic-based design methods, were 

addressed; permanent deformation or rutting and fatigue failure. The following conclusions 

were found: 

 The placement of a layer of paving fabric between bituminous layers of different sizes 

led to higher rut depth compared with corresponding unreinforced cases. Meanwhile, 

the rutting growth rate in a reinforced structure composed of fine-graded hot mixtures 

was considerably higher than that embedded in coarse-graded mixtures. 

 The rut depth in reinforced structures at higher number of cycles (i.e. 30000 cycles) 

was not influenced by the type of mixture surrounding the paving fabric. In addition, 

the initial stiffness modulus of the composite structure was independent of the type of 

material employed at the interface of bituminous layers. 

 The fatigue failure criterion defined in terms of NF50% was a suitable tool to predict the 

fatigue life of reinforced or unreinforced composite structures made of different hot 

mixtures. On average, the ε6 (strain amplitude at one million cycles) in reinforced 

structures was 30 percent higher than that in unreinforced ones.   

 The application of paving fabric between bituminous layers resulted in lower rutting 

resistance but increased fatigue life compared with unreinforced structures. In this 

connection, the introduction of paving fabric between coarse-graded mixtures (i.e. 

ESG-14 over GB-20) presented a fair balance between rutting resistance and fatigue 

performance of the composite structure under cyclic loading. 
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7.1 Abstract 

In this study, the mechanical properties of composite bituminous structures with grid products, 

used as an interlayer between different types of bituminous mixtures, at a constant temperature 

were examined. A twofold experimental program based on new approaches was selected. A 

new configuration of the 3-Point Bending Test (3-PBT) was adopted to capture the J-integral 

and crack resistance property defined by crack resistance index (CRI) at the interface against 

bottom-up crack propagation. The bonding quality at the interface was also defined through a 

new index named coefficient of interface bonding (CIB), which was measured via a modified 

version of the slant shear device. The results derived from this research revealed that 

reinforcement of the interface, with varying degree of surface texture, by grid products 

significantly enhances the fracture toughness of the whole system in terms of the J-integral, 

which could be properly connected to the combined functions of bonding quality and crack 

resistance indices defined at the interface.  

7.2 Introduction 

Resurfacing an existing deteriorated bituminous surface layer with a layer of hot mix asphalt 

(HMA) is viewed as a prevalent rehabilitation technique to upgrade the ride quality for users. 
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However, the occurrence of premature failures in the form of reflective cracking endangers the 

service life of this strategy, which is in conflict with the growing demand for more sustainable 

roads. This phenomenon is almost exclusively attributed to the movements induced at any form 

of discontinuities in the pavement structure, triggered by temperature oscillations and wheel 

loads (de Bondt, 2000; Mandal et al. 2018; Moghadas Nejad et al. 2016). In this context, 

thermally driven reflective cracks, which occur in pure mode I of crack opening mechanism 

(Solatiyan et al. 2020a; Kim and Buttlar, 2002), contributes more than traffic loads to minimize 

the efficiency of the overlayment (Gonzalez-Torre et al., 2015; Noori et al., 2014). 

Accordingly, many remedial techniques have been recommended to retard the appearance of 

reflective cracking (Brown et al., 2001; Nguyen et al. 2013; Prieto et al., 2007). Among them, 

taking advantage of polymeric-based grid as an interlayer between a rehabilitated surface layer 

and a fresh overlay has drawn a lot of attention from the engineering community owing to its 

adaptability to asphaltic materials (Ahmed et al. 2018, Solatiyan et al. 2020b). 

The anti-reflective property measurement of grid products embedded in bituminous layers has 

been the subject of interest in recent years (Prieto et al., 2007; Khodaii et al., 2009; Gonzalez-

Torre et al., 2015; Ingrassia et al. 2020). Based on digital imaging techniques, on the rate of 

crack growth measurements, and on the development of load-displacement curves, it is 

understood that grid-reinforced bituminous layers are capable of extending the pavement 

service life by deviating the crack path from bottom to the top surface and by dissipating the 

energy of crack during propagation stage (Moghadas Nejad et al., 2014; Sobhan et al., 2005; 

Ling et al., 2019; Saride and Kumar, 2017; Romeo et al., 2014; Moaydi et al. 2009). However, 

in parallel studies, it was realized that this asset is linked to appropriate bonding quality 

provided at the interface of the grid and adjacent asphalt layers (Brown et al., 2001; Barraza et 

al., 2010; Pasquini et al., 2015; Canestrari et al., 2013, Solatiyan et al., 2020b).  Nevertheless, 

the specific connection between crack resistance property at the interface, the pertaining energy 

dissipation capability and the bonding quality between the layers are unclear. 

Introducing interlayer systems between bituminous layers could change the mechanical 

properties of the system in terms of stiffness modulus, crack initiation in the lower layer, crack 

propagation in the upper layer, fracture toughness and shear strength of the system. However, 

the objective of the present study would be on changes in anti-reflective and shear properties 
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emerged in the presence of the reinforced and unreinforced interfaces and their 

interconnections. Their possible mechanical variations in stiffness modulus of the system is 

the subject of another undergoing project.  

This study is necessary to gain an in- depth knowledge that allows selecting a viable interlayer 

for the pavement rehabilitation purposes. It is mandatory to study bituminous systems, asphalt 

mix-geogrid-asphalt mix or asphalt mix-tack coat-asphalt mix, and not simply asphalt mixes 

by themselves or just the grids in order to well understand the reinforcement at the pavement 

structure scale.  

This paper is organized into five sections. A review of studies on fracture and shear tests are 

first presented, and this is continued with a description of the materials employed to fabricate 

the specimens. The subsequent section will introduce the experimental results, followed by a 

detailed analysis. Finally, a summary of the findings is listed. 

7.3 Research background 

In order to shed light on the efficiency of any anti-crack treatments employed as an interlayer 

between bituminous layers, the fracture toughness parameters derived from fracture tests 

including stress intensity factor (K), Crack Mouth Opening Displacement (CMOD) and energy 

release rate per unit area of the crack surface (J-integral) have broadly been utilized. In this 

regard, the stress intensity factor was the interest of a study to understand how the number of 

freeze-thaw cycles and water saturation could influence the thermal cracking development in 

asphaltic mixtures under different modes of loadings (Fakhri et al., 2020). In another study, 

the fracture parameters, including the J-integral and the CMOD were employed to study the 

fracture behavior of bituminous mixtures containing reclaimed asphalt pavement (RAP) (Tang, 

2014). Accordingly, the mechanical behavior of interesting materials and the dimension of the 

fracture process zone (FPZ) are key factors in selecting the appropriate parameter to evaluate 

and compare the fracture resistance of the material (Wu et al., 2005). Concerning the asphalt 

mixture subjected to ambient temperature, J-integral and CMOD are good indications to 

account for the plastic deformations around the crack tip (Zhu et al., 2012). In this context, the 

J-integral can be quantified experimentally by developing a load-displacement curve, and 

CMOD is determined by measuring the displacement close to the crack tip induced by elastic 
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and plastic deformations. However, energy-based indices could effectively take the effect of 

both stress and strain into account and lessen the dimensional effect from the size of specimen 

and depth of notch in the characterization of crack extension (Zhu et al., 2017). 

In reference to fracture tests, various types of test methods and devices such as Disc-Shaped 

Compact Tension (DCT), Single Edge Notched Beam (SENB) and Semi-Circular Bend (SCB) 

have been employed by researchers (Artamendi and Khalid, 2006; Molenaar et al., 2000; Li et 

al., 2004; Wagoner et al., 2005; Pirmohammad and Kiani, 2016). However, because of the 

complex specimen preparation, geometry-dependency of the test results along with the self-

weight effect on crack initiation, the SCB test has been recognized as an attractive test method 

over others (Nsengiyumva et al. 2015).  SCB Tests, consisting of a three-point bending 

configuration along with semi-circular shaped specimen with a mechanical notch on straight 

edge, have been conventionally applied to asphalt mixtures at intermediate temperatures 

(ASTM D8044-16). Nevertheless, in the case of reinforced layers with grids, the specimen 

preparation procedure is not convenient and not a good representative of field conditions. 

Moreover, the fracture energy obtained from this test is not a suitable indicator for the 

evaluation of materials, which exhibit large elastic-plastic behavior under loading.  

Additionally, the connectivity of anti-crack properties provided at the reinforced interface with 

the shear test result is another missing point, which needs to be taken into account to properly 

address the mechanical effect of introducing a layer of the grid on the structural integrity of 

the whole system. The quality of bonding between the connected layers is of paramount 

importance in shear stiffness at the interface (Sudarsanan et al., 2018; Noory et al., 2019; 

Jaskula and Rys, 2017). A variety of devices have been developed to measure the shear strength 

of grid-reinforced interface under monotonic or dynamic loadings (Molenaar, 1993; Canestrari 

et al., 2005; Roffe and Chaignon, 2002; D’Andrea and Tozzo, 2012; Sholar et al., 2004; 

Tschegg et al., 1995; Noory et al., 2018). However, even if interesting results were obtained, 

the complexity of these devices, which introduce appreciable levels of bias into test results and 

the deficiency in simulating the field condition on laboratory scale specimens led to incoherent 

interpretations of the real mechanical behavior. As regards to the geometry of the specimens, 

cylindrical shape specimens require great manipulation in terms of coring and grinding, but 

the main issue resides in controlling the number of meshes in the specimens under 
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investigation, while in the case of cubic shape specimens, these restrictions are mostly trivial. 

Besides, any attempts to confine the specimen into molds or gluing the ends of the specimen 

into plates can result in a stress redistribution or a concentration effect, which may affect the 

structural response of the system.  

It has been recognized that the halting effect against crack growth in grid-reinforced 

bituminous layers was attributed to the bond strength at the interface (Sudarsanan et al., 2018). 

In this sense, most of the pertinent research relied on shear force-shear displacement diagram 

to establish this mindset (Wanga et al., 2020; Walubita et al., 2018; Sagnol et al., 2019). 

However, regarding the ability of reinforced structures to undergo large shear deformation 

before failure, limited studies have specifically focused on developing an index, based on the 

bonding quality, which concurrently takes the effect of shear strength and shear displacement 

into account. 

To attain a general understanding of the effect of grid-reinforced interface on fracture 

toughness and shear stiffness of the composite structure, a novel experimental survey and an 

analytical investigation were adopted. The following objectives were studied: (I) how the 

fracture toughness emerged at the reinforced interface influences the crack evolution (II) how 

the shear stiffness and fracture toughness affects each other in different interface settings in 

terms of the type of mixture and grid. This study is indeed vitally important to appropriately 

define the interaction of newborn interface properties in the presence of the grid into 

mechanistic-based design methods and also as a practical tool to distinguish between poor and 

good reinforced interfaces. 

7.4 Material and Methods 

The variation in mechanical properties of the pavement system by the placement of grid 

products at the interface of different asphalt layers is the subject of this study. To this end, bi-

layer bituminous specimens, based on three kinds of mixes with and without grid-based 

interlayers, were fabricated in the laboratory to resemble in-site characteristics. Since the 

surface texture provided at the interface plays an important role in the reinforcement effect 

derived from grids, it was postulated that the mechanical behavior of the system in reinforced 

and unreinforced specimens changes by the variation in type of mixes applied below and over 
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the interface. Two main mechanical properties were addressed during this research: the shear 

responses of the composite structure were examined through a new version of slant shear 

device, and a novel configuration of the 3-point bending test was designed to perceive the 

mechanical reaction of the system against crack initiation and development from the bottom 

layer to the top surface. 

7.4.1 Materials  

In this research, three different types of asphalt concrete mixture, composed of the same kind 

of PG 58-28 asphalt binder but with varying gradations, were designed according to Transport 

Quebec’s standard (LC 4202) (MTQ, 2018). The first mixture is referred to as ESG-10 

specified by a nominal maximum aggregate size (NMAS) of 10 mm, typically applied as a 

surface course, while the second and third mixtures, called ESG-14 and GB-20 with the NMAS 

14 mm and 20 mm respectively, are standard binder and base course mixes. The gradations of 

the designed mixes are shown in Figure 7.1 and all three mixes properties are given in Table 

7.1.  

 
Figure 7.1 Gradation curves of the mixes 
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Table 7.1 Mechanical specifications of asphalt concrete mixtures 
Technical specifications of mixes 

Mixture ESG-10 ESG-14 GB-20 

Binder Type PG 58-28 PG 58-28 PG 58-28 

Binder Content (% mass) 5.45 5.22 5.14 

Mean Texture Depth (MTD) (mm)  3.6 4.4 

Water Sensitivity 

(LC 26-0011) (%) 

Measured 97.3 85.5 86.5 

Required ≥ 70 ≥ 70 ≥ 70 

Rutting 

Resistance  

(LC 26-410*)  (%) 

Measured 
After 1000 = 6.6 

After 3000 = 8.2 
7.2 9.1 

Required 
(After 1000 cycles) ≤ 10 

(After 3000 cycles) ≤ 15   
(After 30000 cycles) ≤ 10 (After 30000 cycles) ≤ 10 

  * LC standards are Quebec Ministry of Transportation’s standards 

 Four types of grids with different raw material and mechanical properties were employed as 

the interlayer between the above mentioned mixes. The main technical properties of the grids 

are listed in Table 7.2. GW, GB, and GR grids are coated with bitumen, while GV is a 

geocomposite composed of a non-woven fabric attached to the bottom side of the grid. 

Table 7.2 Technical properties of grids (provided by the geogrid supplier) 
 

Name 

 

Abbreviated 

Name 

Raw 

Material / 

Transversal 

Strength 

(kN) 

Raw 

Material / 

Longitudinal 

Strength 

(kN) 

 

Protective 

Layer on 

the Grid 

Elongation  

Mesh 

size 

(square 

shape) 

(mm) 

Transversal 

Direction 

Longitudinal 

Direction 

Glasphalt 

G 120/120 
GW 

Glass fibers 

/ 120 

Glass fibers/ 

120 
Plastic foil <3% <3% 20 

Carbophalt 

G 120/200 
GB 

Glass fibers 

/ 120 

Carbon fibers 

/ 200 
Plastic foil <3% <1.5% 20 

Carbophalt 

G 200/200 
GR 

Carbon 

fibers / 200 

Carbon fibers 

/ 200 
Plastic foil <1.5% <1.5% 20 

Glasphalt 

GV 

120/120 

GV 
Glass fibers 

/ 120 

Glass fibers / 

120 

non-

woven 
<3% <3% 20 
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 A total of 20 slabs of 500 × 180 × 100 mm, 16 slabs for reinforced structure and four 

slabs for unreinforced one, were prepared. For each slab, first, the bottom layer (ESG 

14 or GB-20) was fabricated by mixing the aggregates and the asphalt binder at 150 °C 

and then compacted at 135 °C with French Roller compactor, complying with 

European Standard EN 12697-33. After one day of curing, in order to assure proper 

bonding between the grid and the bottom slab, a thin layer of slow-setting asphalt 

emulsion was uniformly applied on the surface. The dosage of the tack coat type SS-

1h (slow setting) was selected 180 g/m2 of residual bitumen for geogrids and 

unreinforced surface and 270 g/m2 of residual bitumen for geocomposite, according to 

the specifications given by the company. Two different approaches were followed for 

the placement of the grids on the emulsified surface: for the surface reinforced with 

geogrids and unreinforced surface, three hours of curing time was respected for 

complete breakage of the emulsion. Then, for the reinforced case, the grid was installed 

by the steady-state movement of a gas blow torch on the bottom side of the grid to 

adequately mild the bitumen coated the side surface of geogrids.  

 For the surface reinforced with geocomposite, it was directly installed on the wet 

surface with no curing time.  

The experimental program was continued by laying a surface layer of asphalt mix (ESG-

10 or ESG-14) over the bottom layer and the compaction of the whole composite structure 

with the same procedure and temperature as mentioned above. This construction plan is 

illustrated in Figure 7.2.  
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(a) (b) (c) 

  

 

 

(d) (e) 

Figure 7.2 Experimental procedure followed for each slab: (a) emulsified surface of the 
bottom slab; (b) application of gas blowtorch below the G-products after completion of 
breakage; (c) prepared reinforced   surfaces with G & GV products; (d) preparation for 

the implementation of the top slab over bottom-reinforced slab; (e) Reinforced composite 
structure 

After the preparation of double layer slabs, four cubic specimens were extracted with 

dimensions of 80 × 80 × 80 mm from the slabs. This process was performed based on the 

recommendation reported by Romeo et al. (2014). Two types of tests were established for the 

sake of this project: a modified configuration of the 3-point bending test (3-PBT) for crack 

resistance evaluation of the composite structures and shear test based on a novel apparatus to 

examine the bonding quality at the interface. Both of the tests were carried out on three 

replicates of each type of structure at 20 ± 1 °C according to ASTM D8044-16 to make sure 

of the viscoelastic behavior of the material. Figure 7.3 schematically presents the arrangement 

and dimensional details of specimens for each type of test. 
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Figure 7.3 A schematic of size and number of specimens for each type of test 

7.4.2 Test methods 

The presence of an interlayer between bituminous layers improves the anti-crack property of 

the system (Elseifi, 2003). However, this benefit is dependent on the bonding quality provided 

at the interface (Sudarsanan et al., 2018). In the present study, an attempt was made to 

characterize the connection between interfacial mechanical properties and fracture parameters. 

This objective was realized through the development of two pieces of equipment. The modified 

version of the 3-point bending test (3-PBT) was used to capture the fracture parameters in 

terms of the J-integral and crack resistance index at the interface of both reinforced and 

unreinforced specimens. Additionally, a new shear test setup was designed to quantify the 

bonding quality at the interface between different types of grids and mixes. These test methods 

are direct representations of the field behavior where cracking advances from a discontinuity 

in the existing surface under the effect of a sudden drop in the temperature and then at the 

interface level, depending on the bonding quality between the layers, the system reacts with 

different degrees to the crack propagation. It was assumed that this methodology would result 

in gathering better insight into the fracture behavior of reinforced and unreinforced composite 
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structures. The following subsections will give a detailed description of the introduced test 

methods.  

7.4.2.1 3-point bending test (3-PBT) 

This test was an updated version of the method initially employed to study the crack initiation 

and propagation in notched bituminous specimens, including paving fabric (Solatiyan et al., 

2020a). The differences include the specimen geometry, modified loading plate and raised 

supporting base. This configuration allows simulating mode I of loading perpendicular to the 

notch plane, and providing enough space to equip the specimen with measuring instruments. 

In this context, three sets of crack gauges were utilized. One at the mid-height of a notch to 

control the propagation of crack and the two others below and above the interface to monitor 

the crack growth under applied tensile stresses to develop a new crack resistance index (CRI) 

based on the energy dissipated across the interface, which encompasses the effect of both stress 

and strain in their maximum value. In addition, a vertical linear variable differential 

transformer (LVDT) was attached at the bottom of the specimen through a thin plate to develop 

the force-displacement curve required to study the energy dissipation over the test. The test 

setup is shown in Figure 7.4.  

The test was run in an MTS press in a controlled-displacement mode of 2 mm/min because the 

fracture energy reduces by increasing the loading rates and increases as the loading rate 

decreases at all range of temperatures (Stempihar et al., 2013). It is worth mentioning that 

under tensile mode of loading (mode I) the effect of loading rate on fracture behavior of 

bituminous mixture, with low air void content, at intermediate temperature is insignificant 

(Aliha et al., 2018). The test was performed at an intermediate temperature of 20 ± 1 °C. At 

low or high temperature it is difficult to rank the specimen based on the energy dissipation 

ability during crack development (Zhu et al., 2017) and also because the bottom-up cracking 

is more frequently observed in intermediate temperature (Gauthier, 2012). Furthermore, to gain 

knowledge on fracture energy, three different mechanical notches with notch depth to 

specimen height ratio between 0.25 to 0.375, according to ASTM E399 (ASTME399-90, 

2008), were tested. Details on the dimensions will be further presented. 
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(a) 

 
(b) (c) (d) 

Figure 7.4 A scheme of 3-PBT setup: (a) schematic design; (b) front view of the device 
mounted on MTS press; (c) location of crack gauges; (d) back view representing the 

placement of crack gauge above the interface and LVDT 

7.4.2.2 Interface shear test 

The necessity of a test method with the least complexity in terms of device configuration and 

specimen preparation and greatest proximity to the field condition inspired the development of 

a modified slant shear device, as shown in Figure 7.5, which was initially employed in the 

cement concrete domain (Diab et al., 2017) and modified to satisfy the need of this study. The 

device is composed of two aluminum parts with the same dimensions, one fixed at the top and 

the other movable with a rocker ski over a steel-made rail at the bottom, both mounted in an 

MTS servo-hydraulic loading system. This setup allows to run the test in different temperatures 

and modes of loading (static or cyclic) with less effort in specimen preparation, free of gluing 

and molding, and high flexibility in vertical adjustment to accommodate the specimen with 

various heights into the device. Moreover, the test device is able to simultaneously apply the 

vertical and horizontal stresses to the interface, which is normally the case in field conditions. 

Furthermore, the degree of freedom provided in the horizontal direction by means of the ski 

and the rail prevents crushing the specimen under the compressive load applied at the top. It is 

worth mentioning that the flat part in the middle with a raised tail at the end of the designed 
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ski provides a very good floating condition of the device over the rail with a negligible effect 

from the friction. The horizontal displacement during the test was recorded through an LVDT, 

attached to the bottom-loading arm, and the vertical load was directly recorded by the machine, 

which was further broken down into normal and tangential components knowing the inclined 

surface of 45°.  

For the sake of this research, the test was performed in a constant displacement mode of loading  

2 mm/min, similar to the 3-PBT at the same temperature as 20 ± 1 °C. Besides, the gap width 

between the interface and the edge of the top part, as shown in Figure 7.5, is 5 mm, as earlier 

considered in the Sapienza Horizontal Shear Test Machine (D’Andrea and Tozzo 2012). 

  
(a) 

            
(b) (c) (d) 

Figure 7.5 Scheme of slant shear device: (a) schematic design; (b) shear test setup; (c) gap 
width between the interface and the edge of top part; (d) a frame of the test run 

7.5 Results and analysis 

In this section, the new findings on 3-PBT and shear tests and their interrelations are presented 

and discussed. As far as the 3-PBT is concerned, the fracture behavior of reinforced and 

unreinforced structures during crack propagation in mode I of opening are evaluated and 
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compared in terms of J-integral and crack resistance index measured by means of crack gauges 

installed below and above the interface. Afterward, the results of the interface shear test are 

given and discussed to search for a meaningful connection with fracture parameters obtained 

from the 3-PBT. 

7.5.1 3-PBT results and discussions  

Figures 7.6 and 7.7 present the load-displacement curves developed for two different types of 

structures (i.e. ESG-10 over ESG-14 and ESG-14 over GB-20), based on the materials 

surrounding the interface, and five interfacial conditions in terms of being unreinforced or 

reinforced with different kinds of grids, in three different depth of notches. These results were 

obtained as the mean value of three replicates in each depths of the notch. Figure 7.8 illustrates 

the changes in the load-displacement curve for GR 10/14 in depth of notch a2 as a 

representative case. It is worth pointing out that the coefficient of variance (COV) of the 

maximum loads in each depth of notch were below 25%, which could be considered acceptable 

based on the specifications of an ideal cracking test given by the NCHRP 9-57 (Zhou et al., 

2017). The geometrical details on the artificial notch and the critical value of J-integral 

calculated based on Equation (7.1) (Anderson et al., 1991) are summarized in Table 7.3. 

 

where  non-linear energy release rate in J/m2;  specimen thickness in m;   total strain 

energy in J (calculated by the area under the load-displacement curve up to failure);  notch 

depth in m; and  the decreasing rate in fracture energy with notch depth.  
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Figure 7.6 Average (n=3) load-displacement curve in different depth of notch for 

composite structures including ESG10 as the top layer and ESG 14 as the bottom layer in 
different interfacial conditions 
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Figure 7.7 Average (n=3) load-displacement curve in different depth of notch for 

composite structures including ESG14 as the top layer and GB 20 as the bottom layer in 
different interfacial conditions 
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Figure 7.8 The changes in load-displacement curve 

for GR 10/14 specimen in depth of notch a1 
 

Table 7.3 J-Integral values for the different systems tested 

Structure 

Notch Depth a 

(mm) 

Notch Width  

w (mm) 

Specimen Height 

B (mm) 

Strain Energy 

at Failure U (J)  

dU/da 

 

J-Integral 

(J/m2) a1 a2 a3 w1 w2 w3 B1 B2 B3 U1 U2 U3 

GR 10/14 18.6 24 32.5 3.9 3.9 3.6 83.6 80.1 80.8 3.1 2.3 1.9 -107.1  

GB 10/14 20.1 24.5 33.3 3.4 3.8 3.5 81.2 80.2 81.2 1.8 1.2 1.1 -97.0 
 

GV 10/14 18.9 23.4 33.6 3.9 3.7 3.4 79.8 80.0 80.2 2.6 2.0 1.6 -99.8 
 

GW 10/14 18.8 24.3 31.6 3.8 3.6 3.6 90.8 82.6 83.4 2.6 1.9 1.7 -85.8  

UN 10/14 18.8 23.8 31 3.8 3.7 3.5 80.3 78.9 82.9 0.9 0.8 0.6 -22.8 
 

GR 14/20 21.0 24.9 30.0 3.9 3.8 3.8 88.1 90.3 83.2 2.8 2.2 1.8 -128.4 
 

GB 14/20 17.5 25.1 33.6 3.9 3.6 3.9 81.1 80.6 81.8 3.8 2.5 2.2 -101.5 
 

GV 14/20 20.9 24.1 29.4 3.9 3.7 3.8 89.9 88.1 82.9 2.6 2.1 1.5 -124.9  

GW 14/20 20.6 24.7 33.0 3.7 3.8 3.8 81.0 83.8 80.1 2.9 2.3 2.1 -89.8 
 

UN 14/20 18.9 27.0 31.0 3.7 3.9 3.7 84.5 85.6 83.0 0.6 0.5 0.3 -29.0  

From Table 7.3, it is eminent that both of the reinforced structures benefit from 3 to 4.5 times 

higher capability in energy dissipation during crack extension compared to corresponding 

unreinforced structures. In this regard, the structure including ESG 14 and GB 20, 

outperformed the one constructed from ESG 10 and ESG 14. Another quantitative result of 

interest from this test was the higher level of energy dissipation in carbon-grid products 



162 

 

compared with glass-grid products in both of the fine- and coarse-graded double-layered 

structures, which could be related to the high tensile strength and low deformability of carbon-

made strands, as indicated in Table 7.2. Another valuable finding was that, on average, the 

value of the J-integral in coarse-graded composite structures were higher than that in fine-

graded ones, which could be explained by the longer path that a crack in the coarse-graded 

body required passing alongside the perimeter of aggregates. This in turn necessitates more 

energy dissipation during the crack extension phase. In addition, the differences in the J-

integral between reinforced interfaces embedded in the coarse-graded structures were more 

obvious.  It is worth mentioning that the test method appears to be sensitive to the type of the 

interface since it provides comparable results in different mixtures and grid types.  

To investigate the ability of the interface against crack reflection from the bottom side to the 

top, the crack resistance index (CRI) was defined based on the energy dissipated across the 

interface. This objective was realized by the installation of crack gauges below and above the 

interface and developing the force–displacement curves and then calculation the areas up to 

the maximum point. The net value obtained from subtracting the surrounded areas to the load-

displacement curves developed for the crack gauges installed below and above the interface 

gives an indication of the interface's ability against the crack propagation while taking the 

effect of both stress and strain into account. Figures 7.9 and 7.10 show the resulting curves for 

each type of structure and interface conditions. Table 7.4 provides the relevant CRI values 

derived from three replicates. It is seen from Table 7.4 that all the reinforced structures have 

higher CRI compared to the corresponding unreinforced ones, and this value is highlighted at 

the interface reinforced with carbon-grid (GR) followed by the geocomposite reinforcement 

(GV).   
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Figure 7.9 Crack propagation under and over the interface in different interface conditions 
in ESG10/ESG14 structure 
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Figure 7.10 Crack propagation under and over the interface in different interface 

conditions in ESG14/GB 20 structure 
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Table 7.4 Crack Resistance Index (CRI) for each type of structure and interface condition 

Type of Interface Energy at Bottom 

Level of Interface (J) 

Energy at Top Level 

of Interface (J) 

Crack Resistance 

Index (CRI) 

 

ESG 10 / ESG14 

GR 10/14 1.29 0.67 0.62 

GB 10/14 0.63 0.11 0.52 

GV 10/14 0.74 0.15 0.58 

GW 10/14 0.81 0.39 0.42 

UN 10/14 0.60 0.26 0.33 

ESG 14 / GB 20 

GR 14/20 0.87 0.21 0.65 

GB 14/20 0.59 0.12 0.47 

GV 14/20 0.80 0.25 0.54 

GW 14/20 0.71 0.26 0.45 

UN 14/20 0.51 0.18 0.32 

The slope of tangents, drawn from the separation point on each load-crack width curve, with 

the horizon, indicated by θ on Figure 7.9 and 7.10, was treated as the stiffness of material right 

below and above the interface against crack propagation. The position of the separation point 

on the load-crack width curve was typically shown on Figure 7.9 for unreinforced structure. 

As shown in Figure 7.11, the changes in the θ value between below and above the interface 

(Δθ) in reinforced structures including GR and GB grids were more significant in the case of 

surrounding by coarse-graded mixtures (i.e. ESG-14 over GB-20). This outstanding feature 

could be related to the low deformation and high tensile strength of the strands in GR and GB 

grids in the longitudinal direction, as specified in Table 7.2, perpendicular to the crack 

development path.  In this case, the interlocking effect between coarse aggregates trapped in 

grid apertures involves more contribution from the grid to mitigate the crack propagation 

phenomena while in fine-graded mixtures (ESG-10 over GB-20) this contribution from the 

grids is tangibly lower. In this respect, the interfaces reinforced with the GV and GW grids had 

almost the same crack retardation abilities in both of the structures, which could be justified 

by the lack of interlocking effect and higher deformation (or lower tensile strength) in GV and 

GW grids, respectively.    
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Figure 7.11 Changes in crack development angles below 
and above the interface among different types of reinforced 

structures 

7.5.2 Interface Shear Test Result and Discussion 

In order to take into account the effect of high shear displacement capability before failure in 

reinforced structures, as shown in Figure 7.12, it is of vital importance to define a proper 

coefficient to realistically reflect the bonding quality at the interface. This parameter, called 

the Coefficient of Interface Bonding (CIB), is obtained from the quotient of maximum 

interlayer shear strength (ISSmax) and the pertinent interlayer shear displacement (ISD)

. On this basis, the higher CIB values indicate higher bonding quality, while lower CIB 

means reverse. The results of CIB values are summarized in Table 7.5 Experimental results 

obtained from the interface shear test for two types of structures are illustrated in Figures 7.13 

and 7.14. As it can be observed in Table 7.5, in general, the interface surrounded in ESG14/GB 

20 structure had a higher level of CIB values, which is caused by the lower level of horizontal 

displacement before failure. Furthermore, in both of the structures, the unreinforced specimens 

had better bonding quality compared with reinforced specimens, , which confirms the fact that 

the presence of the interlayer could have a debonding effect (Vanelstraete & Francken, 1997; 

Brown et al., 2001; Canestrari et al., 2013;  Zamora-Barraza et al., 2011; Sudarsanan et al., 

2018).  
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(a) 

  
(b) 

Figure 7.12 Shear displacement at the interface: (a) Unreinforced specimen; (b) reinforced 
specimen 

Table 7.5 Average values (n=3) of Coefficient of Interface Bonding (CIB) obtained from the 
interface shear test 

 

Type of Interface 

Interlayer Shear 

Strength (ISS) (MPa) 

Interlayer Shear 

Displacement (ISD) 

(mm) 

Coefficient of Interface 

Bonding (CIB) 

ESG 10/ ESG14 

GR 10/14 1.01 2.55 0.40 

GB 10/14 1.12 3.84 0.29 

GV 10/14 0.98 2.74 0.35 

GW 10/14 1.02 3.68 0.27 

UN 10/14 1.03 2.30 0.45 

ESG 14/ GB 20 

GR 14/20 0.99 2.42 0.41 

GB 14/20 0.94 2.90 0.32 

GV 14/20 1.03 2.66 0.38 

GW 14/20 0.94 2.72 0.34 

UN 14/20 1.19 2.75 0.43 
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Figure 7.13 Average (n=3) load-shear displacement curves developed for different types of 
interface in ESG-10 over ESG 14 structure 
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Figure 7.14 Average (n=3) load-shear displacement curves developed for different types of 
interface in ESG-14 over GB-20 structure 

7.5.3 Combined Analysis of 3-PBT and Interface Shear Test Results 

In this section, the interrelation between the J-integral as a fracture parameter on one hand and 

CRI and CIB, as representatives of interface properties, on the other hand are investigated. 

Figure 7.15 provides a better vision of the discrepancy of the values of CRI and CIB for 

different types of structures and interfaces. Apart from unreinforced structures, the CRI values 

were significantly higher than CIB values for all the reinforced structures. This could infer an 

existing connection between these values in the presence of a reinforcement layer between the 

bituminous layers. 
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Figure 7.15 Radar plot indicating the changes in 

CRI values to CIB values around different 
structures and interfaces 

 

On this basis, for the reinforced interface enclosed by fine mixtures, a strong linear relationship 

between the J-integral and the CRI was identified while in coarse graded mixtures the changes 

in the J-integral with the CRI was justified by a second-order polynomial equation, as shown 

in Figure 7.16 a. This difference could stem from the fact that, in the coarse-graded mixture, 

the crack path is highly affected by the aggregate shape, size and its strength. Nonetheless, as 

illustrated in Fig. 7.16 b, the changes in the J-integral with the CIB was not straight enough. In 

this regard, a third-order polynomial equation would best describe the interconnection between 

these two parameters. However, more research with different types of grids and structures is 

required to better justify this interrelationship. 

 

 

(a) (b) 

Figure 7.16 Sensitivity of the J-integral in fine and coarse-graded mixtures to 
mechanical indices defined at the interface level: (a) changes in J-integral by CRI; (b) 

changes in the J-integral by CIB 
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On the other hand, between CRI and CIB in each type of the reinforced structure in terms of 

type of mixture employed in, a straight linear relationship was found, as shown in Figure 7.17. 

On this basis, as the bonding quality increases (i.e. CIB) at the interface, the ability of the 

interface to mitigate the crack reflection from its bottom side to the top proportionally enhances 

(i.e. CRI). In other terms, higher bonding quality involves more contribution of the grid in 

reducing the crack width at the interface level.  

 
Figure 7.17 Interrelationship between CIB and CRI for 

each type of structure 
 

In addition, the total results from the 3-PBT and the interface shear test were comparatively 

analyzed through the ANOVA test to investigate the dependency of the results for both of the 

reinforced and unreinforced structures. Table 7.6 provides a list of test summaries based on a 

95% confidence interval. The F ≥ Fcrit and P-value suggested that the values of CRI and CIB 

were independent of each other.  

Table 7.6 ANOVA summary results 

 SS DF MS F-Value P-Value Fcrit 

Between 

Groups 

0.08 1 0.08 10.062 0.0052 4.413 

Within Groups 0.143 18 0.0079 - - - 

Total 0.223 19     
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Finally, an analysis by means of MINITAB software release 15 was carried out to understand 

how the changes in CRI and CIB values justify the changes in J-integral for both reinforced 

and unreinforced systems. In this regard, the suitability of the following second-order 

regression model, as shown in Equation (7.2), was verified by the analysis of the ANOVA test 

(P ≤0.05), according to Table 7.7.  

Table 7.7 ANOVA result for the regression model 

 DF SS MS F P-Value 
Regression 5 1539146 307829.1 30.94 0.0027 
Residual 4 39792.98 9948.244   
Total 9 1578939    

 

 

Where J is the J-integral in J/m2, and CRI and CIB are the crack resistance index and coefficient 

of interlayer bonding, respectively. It is noteworthy that the resultant coefficient of 

determination (R2 = 0.97) suggested a good proficiency of the proposed model. 

According to Equation (7.2), a curvilinear relationship exists between the dependent variable 

in terms of the J-integral and combined effect of interfacial mechanical properties in terms of 

CRI and CIB. As expected, in the linear component of the equation (i.e.

), the J-integral is directly related to the CRI, which means 

that more resistance from the interface against the crack propagation could result in higher J-

integral value. In contrast, the CIB factor acts in a reverse direction on the J-integral value. In 

other words, by increasing the bonding quality at the interface, as is the case in unreinforced 

structure, the J-integral value is negatively affected. In addition, the interaction component of 

Equation (7.2) (i.e. ) illustrates that the effect of the CRI on the J-integral 

value is different at various levels of the CIB.  Another way of saying this is that the slope of 

regression lines between the J-integral and the CRI are different for different levels of CIB in 

which the coefficient 21773.18 indicates how different those slopes are. In general, this 

interaction has a positive impact on the J-integral. Furthermore, from the quadratic component 

of Equation (7.2) (i.e. ) it could be perceived that the 
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changes in the J-integral with respect to CRI and CIB values justifies by a curvilinear shape 

with a curvature downwards. As previously mentioned in Figure 7.16, the accuracy of the 

model could enhance in further research if the effect of the aggregate size in a body, in which 

the crack propagation occurs, could be introduced into the model. This is in connection with 

what previously observed in Figure 7.11 that the crack mitigation property of high strength 

grids such as the GR and the GB were highly dependent on the type of the structure in terms 

of the nominal maximum aggregate size.  

 Conclusion 

 Rehabilitation of an existing deteriorated bituminous surface with a new asphalt overlay with 

or without the application of an interlayer system such as geogrid or geocomposite could 

change the structural response of the system against the initiation and extension of reflective 

cracking. From this perspective, the interconnection of fracture toughness parameters in terms 

of J-integral and CRI obtained from 3-PBT, and the bonding quality in terms of CIB, derived 

from modified slant shear device was studied in this research. Three different types of grids 

and one type of geocomposite were placed between two types of structures, while the effect of 

influential parameters such as temperature and loading rate were assumed constant. Following 

conclusions were reached: 

 Introducing grid products regardless of its raw material and tensile strength resulted in 

4-5 times higher resistance of the bi-layer structure against the crack extension. 

 The fracture toughness of the interface against crack reflection can be described by the 

crack resistance index (CRI). The result of this study revealed that, on average, 

reinforced structures profit from 1.5 to 1.6 higher CRI compared to unreinforced ones. 

 The binding quality provided at the different types of interfaces could properly be 

reflected through defining the coefficient of interface bonding, which is able to take the 

effect of both shear strength and shear displacement into account. The interface shear 

test results showed that introducing an interlayer between coarse-graded bituminous 

mixtures maintained the structural integrity against shear forces owing to limited shear 

displacement before failure.  
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 The crack mitigation property of high strength grids is highly dependent on the size of 

the aggregates employed in their surrounding mixtures.  

 The quadratic polynomial regression model, developed based on the experimental data, 

could reliably predict the J-integral of the composite structure based on the CIB and 

CRI values. 

It is noteworthy that the result derived from this study is only valid for the studied materials 

and testing condition. Along with the present experimental program, more laboratory work 

is required to confirm the validity of the proposed model in different temperatures, loading 

rates, in the presence of the moisture at the interface, and on aged materials to check the 

changes in fracture toughness parameters in relation to the bonding quality between the 

connected reinforced-rehabilitated layers. In addition, the cost-effectiveness of using the 

interlayer products employed in this research could be the subject of further research to 

better evaluate the short-term and long-term return of initial investment.   

 

 



 

CHAPTER 8 
 
 

MECHANICAL CHARACTERIZATION OF GRID-REINFORCED INTERFACES 
WITHIN BITUMINOUS LAYERS 

 
 

Ehsan Solatiyan1, Nicolas Bueche2, Alan Carter3 
 
 

a, c Department of Construction Engineering, École de Technologie Superieure (ÉTS), 
1100 Rue Notre-Dame O, Montréal, QC H3C1K3, Canada 

b Department of Architecture-Wood-Civil Engineering, Bern University of Applied Sciences 
(BFH), Pestalozzistrasse 20, CH-3401 Burgdorf, Switzerland 

 
 

Paper submitted for publication in Construction and Building Materials, October 2020 

8.1 Abstract 

The installation of a layer of the grid, as an interlayer between bituminous layers, enhances the 

mechanical performance of the entire system under repetitive action of traffic loads, typically 

by increasing the tensile and shear strength at the interface level. At the same time, this 

mechanical improvement is accompanied by changes in mechanical responses of the system 

in terms of axial stiffness and structural integrity, which needs to be well defined in 

performance-based design methods. This research was dedicated to know how to characterize 

the mechanical alterations at the reinforced interface of bituminous layers from different 

mixtures, concerning axial stiffness and adhesion quality through a comparative analysis with 

corresponding unreinforced cases. In doing so, a new configuration of extensometers in the 

tension-compression complex modulus test was suggested to elucidate the changes in structural 

responses at different heights relative to the interface. Furthermore, a uniaxial tension-

compression test was utilized to evaluate the structural integrity of the system at the interface 

level.  The results demonstrated that the proposed methodology of doing complex modulus test 

could be employed as a practical tool to compare the rheological behavior of the interfaces 

with dissimilar conditions. In addition, the 2S2P1D model could be reliably employed to 

predict the mechanical behavior of any type of interface at high frequencies or low 
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temperatures. Also, the fatigue life of the bituminous mixture, determined at one million 

loading cycles, ε6, provided a proper indication of the structural integrity of the reinforced and 

unreinforced systems under cyclic loading.  

8.2 Introduction 

The installation of grid products at the interface of a deteriorated existing bituminous layer and 

a new hot mixture overlay has proved its effectiveness as a novel rehabilitation strategy to 

enhance the mechanical performance and to extend the service life of the pavement system 

(Zielnski, 2008; Lee, 2008; Zamora-Barraza et al., 2011; Montestruque et al., 2004; Kim et al., 

2009; Ferrotti et al., 2012; Virgili et al., 2009). Nevertheless, the key requirement to ensure the 

reinforcement effect induced by the interlayer product is the reliable adhesion provided at the 

interface of adjacent layers in the pavement system (Zamora-Barraza et al., 2010; Canestrari 

et al., 2012), which in the case of debonding effect, the structural enhancement of the system 

could be jeopardized by the fatigue failure under repetitive loadings (Graziani et al., 2014).    

A rehabilitated bituminous structure usually engages different layers with individual 

thicknesses and mechanical properties. A conventional method to characterize the rehabilitated 

structure into mechanistic-based design methods is to perform a series of laboratory tests 

independently in order to provide a full mechanical description of each layer and then to 

assume a full bonding between considered layers. However, it has been well understood that 

any changes in the interface condition could influence the structural behavior of the entire 

system (Wu et al., 2017; Galaviz-González et al., 2019; Romanoschi & Metcalf, 2001), which 

in turn might undermine the design alternative proposed for the rehabilitated structure. On this 

basis, an improvement in the current design methods would be acquired by taking the real 

interfacial mechanical behavior into account. 

This study is essential to capture a profound knowledge that helps to analyze the structural 

responses of a rehabilitated bituminous structure, composed of different hot mixtures and grid 

types, exposed to in-field load condition. It also provides new insight into selecting a proper 

type of reinforcement material for the sake of the pavement rehabilitation project.  

This paper is partitioned into five separate sections. First, a research background on studies 

carried out on the mechanical response of a double-layer bituminous structure at the interface 
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is introduced and followed by the characterization of the materials used to prepare specimens. 

Then, experimental results will be delivered with a detailed subsequent discussion. In the end, 

the paper is concluded with a list of outcomes along with future recommendations. 

8.3 Research background 

A review of pertinent studies indicates that, in general, two approaches have been adopted by 

the researchers to introduce the reinforcement effect of geosynthetics into pavement design 

methods. Initially, an empirical approach in which based on establishing specific failure 

criteria including fatigue cracking and rutting, empirical coefficients, such as Traffic Benefit 

Ratio (TBR) and Base Course Reduction (BCR), are defined by making a comparison between 

the reinforced and unreinforced structures to reach a specific level of failure (Zornberg, 2011). 

This approach is rather proprietary and depends on the reinforcement material and test 

environment under which these coefficients are developed (Zornberg & Gupta, 2010). On the 

other hand, a performance-based design approach such as the mechanistic-empirical (M-E) 

pavement design method, released by NCHRP project 1-37A, is still unable to predict the 

mechanical behavior of reinforced bituminous structure because of the complexity of the 

system induced by the involvement of a myriad of factors (Solatiyan et al., 2020). Type of 

geosynthetic (Brusa et al., 2016); Type of overlay and its thickness (Button & Lytton, 2007); 

the design life of the interlayer system and long-term field calibration (Jenner & Uijting, 2004); 

mechanical specifications of the geosynthetic (De Bondt, 2000); type of loading (De Bondt, 

2009); and economic considerations (Zofka & Maliszewski, 2019) are just a few factors 

required to be specified in any design method designated for the reinforced-rehabilitated 

bituminous structure. Among all these factors, considering the real mechanical behavior of the 

interface between geosynthetic and surrounding bituminous layers is of paramount importance 

(Solatiyan et al., 2020).  

A variety of mechanical models to predict the behavior of the reinforced bituminous overlay 

have been developed based on controlling a specific type of damage. A simple layered elastic 

theory (LET) model was developed based on the falling weight deflectometer (FWD) test by 

comparing the structural responses of a reinforced overlay in comparison with an unreinforced 

one. On this basis, the modulus of the upper bituminous layer relative to the lower bituminous 
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layer was increased so that the horizontal and transversal strains measured in the field 

correspond well to those predicted by the model (Canestrari et al., 2018). In another effort, a 

reflective cracking (RC) model was proposed which was able to predict the percentage area 

stricken by reflective cracking, during the service life of the reinforced overlay (Zofka & 

Maliszewski, 2019). The Bodin damage model, which was a damage model in an elastic 

continuum space, was employed to anticipate the fatigue performance of a composite 

bituminous structure including a grid based on a reduction in dynamic modulus of the system 

under cyclic loading (Arsenie et al., 2017). Also, a continuum composite model, which was an 

energy model derived from differentiating the stored strain energy of a composite structure 

including hot mixture and grid, was utilized to analyze the reinforced bituminous structure with 

the grid, simply by considering the orthotropic effect of the grid instead of modeling the 

meshed structure of the grid (Gajewski & Jemioło, 2014). To predict the rut depth growth of a 

reinforced hot mixture overlay with the number of load cycles, a shift model, which was able 

to take the effect of temperature, load frequency and deviator stress on rut growth, was 

calibrated on the results obtained from triaxial stress sweep (TSS). This model was then 

incorporated into a finite element based program, called LVECD, for the analysis of the 

reinforced structure. The conformity of the derived results from this program with field 

measurements was further proved its capability on the prediction of permanent deformation of 

bituminous pavement (Choi & Kim, 2014).  Furthermore, a finite element based program, 

named OLCRACK, was released to tackle the prediction of both bottom-up and top-down 

reflective cracking in a bituminous mixture reinforced with the grid. To this end, the new 

bituminous overlay was assumed as a sole linear elastic material placed over a cracked existing 

layer. The effect of the grid at the interface was considered by a decreased shear stiffness of 

the new overlay (Thom, 2000). CAPA is the name of another finite element program, mainly 

designed to address the propagation of reflective cracks in the grid-reinforced overlay. By 

allocating the interface elements at the region of connection between the grid and adjacent 

asphalt layer and bar- type element to simulate the reinforcement effect induced by the grid, 

this model was able to evaluate the contribution of reinforcement in crack growth deceleration 

(Scarpas & De Bondt, 1996). In general, two different models were employed in the FEM 

method to model the reinforced structure with geosynthetic (Ghadimi, 2015): "linear elastic, 
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cross-anisotropic model" and "non-linear viscoelastic model". The reason to choose a 

simplified model like the linear elastic model instead of non-linear one could be explained by 

the fact that bituminous pavements are only able to undergo a small range of permanent 

deformation. Accordingly, the structures with geogrid could be assumed to act in a linear 

domain (Solatiyan et al., 2020). However, in the case of demanding a higher level of precision, 

non-linear behavior could be utilized (Ghadimi, & Nikraz, 2017). On this ground, a variety of 

programs, working based on the finite element method, have been employed to simulate the 

reinforced bituminous structure such as Abaqus (able to consider both the linear and non-linear 

behavior), CAPA-2D (based on non-linear behavior) and Supersap (assuming linear behavior) 

(Bohagr, 2013). A review of pertinent literature shows that the linear elastic model was 

predominantly applied in FEM models as a constitutive model of the geosynthetic with a full 

bonding provided at its interface with an adjacent bituminous layer (Montestruque et al., 2004; 

Correia et al., 2018; Coni & Bianco, 2000; Buonsanti & Leonardi, 2012; Abdesssemed et al., 

2015; Taherkhani & Jalali, 2016; Calvarano et al., 2017; Hojat Shamami & Khiavi, 2017). As 

can be noticed, all these above-mentioned models treated the reinforced asphalt overlay as a 

system. However, it was demonstrated that the interface by itself in reinforced bituminous 

specimens behaves as a linear viscoelastic material, which its mechanical behavior could be 

modeled by the 2S2P1D model (2 Springs, 2 Parabolic elements and 1 Dashpot) (Freire, 2018). 

As far as the mechanical performance of the reinforced structure under cyclic loading is 

concerned, a review of pertinent studies on a reinforced bituminous layer with geosynthetic 

unfolded that the fatigue life could enhance significantly compared with the unreinforced 

structure (Solatiyan et al., 2020). In this regard, the relative stiffness of the geosynthetic to the 

bituminous layer and the quality of adhesion provided at the interface of successive layers play 

pivotal roles. Another important consideration is to select an appropriate failure criterion 

(Orešković et al., 2019). On this basis, different failure criteria have been suggested to specify 

the fatigue life of a bituminous structure. In a controlled-strain mode of fatigue test (ASTM 

D7460), four types of indices were the subject of studies. Nf50% is a classical index related to 

the number of cycles when the initial stiffness modulus reaches its half value (Basueny et al., 

2014). NfΔεax is defined as the 25% difference in strain amplitude registered by three different 

extensometers. NfΔφ relates to more than 5° difference in the phase angle recorded by each 
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extensometer from the average value. Finally, Nfφmax takes the evolution of the phase angle 

over the test into account. On this ground, the number of cycles connected to the maximum 

value of the phase angle is considered as the failure point. It is worth mentioning that all these 

criteria could provide comparable outcomes (Tapsoba et al., 2013). Two laboratory methods 

are applicable to evaluate the fatigue life of double-layered reinforced structure: Four-point 

bending test (4-PBT) (ASTM D7460, or AASHTO T321) and the uniaxial tension-

compression test procedure established in Département de Génie Civil et Bâtiment (DGCB) 

(Di Benedetto et al. 2011). Both of these tests are usually carried out at one frequency and one 

temperature (e.g. 10 °C & 10Hz) and at different strain levels in order to develop the Wöhler 

curve, which is a suitable way to predict the design life of a structure in terms of ε6 (i.e. the 

number of cycles at one million cycles) (Baaj et al., 2005; Perraton et al., 2015). However, the 

suitability of the DGCB method over the 4-PBT method is because of the fact that the same 

specimen derived from the complex modulus test, which is actually a non-destructive test, 

could be utilized for the DGCB fatigue test. Therefore, less material and time, needed for 

specimen preparation, are expected. In addition, the test procedure is very suitable to evaluate 

the quality of adhesion at the interface, an important factor affecting the fatigue performance, 

under specific temperature and load frequency. 

The abovementioned review reveals that the need for a more accurate and practical method to 

include the rheological behavior of the reinforced interface into mechanistic-based design 

methods is still not properly responded to. The purpose of this research is to provide a better 

understanding of the necessary changes in terms of the mechanical behavior that emerges at a 

reinforced interface with geogrid, which are required to be taken into account in design 

methods. 

8.4 Experimental program 

The present study aims to develop a laboratory methodology for describing and modeling the 

interfacial behavior of grid reinforced specimens composed of different types of hot mixtures 

subjected to in-site loading conditions. In this context, an investigation of possible changes in 

the fatigue life, defined by ε6, owing to the variation in the quality of adhesion at the interface, 

and also the axial stiffness in terms of the complex modulus of the composite system and the 
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interface by itself, was carried out for two types of grids embedded in two different mixtures. 

Then the results were compared with an unreinforced case of the same type of the structure as 

a benchmark. To fulfill these objectives, double layer specimens with different types of hot 

mixtures were prepared by assuming that the complex modulus and fatigue behavior might 

change in different structures with regard to the nominal maximum aggregate size (NMAS).  

8.4.1 Materials and specimen preparation 

In the current study two kinds of hot mixtures with respect to the nominal maximum aggregate 

size (NMAS), conventionally employed in Quebec (Canada), with the same type of bitumen 

type PG 58-28, were assigned complying with Transport Quebec’s standard (LC 4202) (MTQ, 

2018): (I) a wearing course mixture with an NMAS of 10 mm (indicated by ESG-10); and (II) 

a binder course mixture with an NMAS of 14 mm (indicated by ESG-14. The gradation curve 

and mechanical properties of each type of mixture are illustrated in Figure 8.1 and Table 8.1, 

respectively. 

  
Figure 8.1 Gradation curves of each type of hot mixture 
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Table 8.1 Mechanical specifications of asphalt concrete mixtures 
Technical specifications of mixes 

Mixture ESG-10 ESG-14 

Binder Type PG 58-28 PG 58-28 

Binder Content (% mass) 5.45 5.22 

Mean Texture Depth (MTD) (mm) 

(ASTM E965) 
3.1 3.6 

Water Sensitivity 

(LC 26-0011) (%) 

Measured 97.3 85.5 

Required ≥ 70 ≥ 70 

Rutting Resistance  

(LC 26-410*)  (%) 

Measured 
After 1000 = 6.6 

After 3000 = 8.2 
7.2 

Required 
(After 1000 cycles) ≤ 10 

(After 3000 cycles) ≤ 15   
(After 30000 cycles) ≤ 10 

  * LC standards are Quebec Ministry of Transportation’s standards 

Double-layered structures were prepared by putting the ESG-10 over the ESG-14. In the case 

of reinforced structures, two types of grids, according to the specifications given in Table 8.2, 

were introduced at the interface of bituminous courses along with a thin film of asphalt 

emulsion type SS-1h (slow-setting) as the tack coat to ensure the monolithic action of the grid 

with the lower bituminous layer. As shown in Table 8.2, GB stands for a type of the grid coated 

with bitumen at its bottom side and GV indicates a grid accompanied by a layer of fabric 

attached underneath the grid and covered the apertures. The main reason behind the selection 

of these two types of grids was to examine the effect of the adhesion quality at the interface, 

presented by the different dosage of the tack coat, the implementation process demanded by 

each type of the grid, and the structure of the grid itself on possible changes on fatigue behavior 

and axial stiffness of the system. 
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Table 8.2 Technical properties of grids (supplied by the company) 
Name Symbol Raw Material / 

Transversal 

Strength (kN) 

Raw Material / 

Longitudinal 

Strength (kN) 

Protective 

Layer on 

the Grid 

Mesh size 

(square 

shape) (mm) 

Plan View 

Carbophalt 

G 120/200 
GB 

Glass fibers / 

120 

Carbon fibers / 

200 
Plastic foil 20 

 

Glasphalt 

GV 

120/120 

GV 
Glass fibers / 

120 

Glass fibers / 

120 
non-woven 20 

 

The formation of each composite structure was started by the preparation of a bottom 

bituminous slab at a mixing temperature of 150 °C, in a mold of size 500 × 180 × 75 mm and 

then its compaction, employing the French Roller Compactor (FRC), according to European 

Standard EN 12697-33, at 135±2 °C in compliance with the type of bitumen (i.e., PG 58-28), 

utilized in this research. After 24 hours of curing time, two different procedures, specified by 

the company, were followed for the installation of each type of the grid on the dried and clean 

surface of the bottom slab as shown in Figure 8.2. 

 For a reinforced structure with the GB grid as well as unreinforced one, a slow setting 

type of emulsion (SS-1h) with the amount of 180 gr/m2 of residual bitumen was 

uniformly spread out on the surface with the aid of a syringe. After five hours of curing 

time for the complete breakage of the emulsion, the grid was laid out on the surface by 

means of a blow torch, slowly and steadily moved on the bottom side of the grid in 

order to sufficiently soften the bitumen coated the bottom surface of the grid.  

 For a reinforced structure with the GV grid, the placement of the grid was immediately 

performed after the application of the tack coat with the same type as mentioned for 

the GB grid but with different dosage (i.e. 270 g/m2 of residual bitumen).  

The preparation of the composite structure was then moved forward by the application of the 

top bituminous slab, with the same dimensional size as the bottom slab, directly on the grid 
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and then the compaction of the whole structure through the FRC, at the same temperature as 

mentioned for the bottom slab.  

   

(a) (b) (c) 

  

(d) (e) 

Figure 8.2 Experimental procedure followed for each slab: (a) 
preparation of the bottom slab; (b) application of gas blow torch 
below the GB grid after the breakage of emulsion; (c) prepared 

reinforced surfaces with GB product; (d) the bottom slab along with 
the grid before spreading the top hot mixture accompanied by the 
compaction with FRC method; (e) prepared composite structure 

In addition of the composite structure with different types of mixtures at the bottom and top of 

the interface, a composite structure with the same type of one mixture (i.e. ESG-10) surrounded 

the interface was constructed to look for the effect of changing in the type of the mixture 

employed at the bottom side on the complex modulus of the system and the interface. 

Furthermore, two plain structures, made of only one type of mixture (i.e. ESG-10 and ESG-

14) were fabricated to see how the complex modulus changes if it is separately defined than 

the case that it is viewed as a property of the system in design methods.    
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In total, six composite slabs both unreinforced and reinforced with grids with different types 

of mixtures around the interface, one unreinforced slab with the same type of the mixture below 

and above the interface (i.e. ESG-10/ESG-10) and two plain structures of one type of the 

mixture (i.e. ESG-10 and ESG-14) were constructed for the sake of this project.  

One of the main aspects affecting the performance of bituminous structures under cyclic 

loading is the amount of air voids in the structure (Prowell, 2010; Abojaradeh, 2003). In order 

to reduce the variability of the results and in turn decrease the number of specimens to be 

tested, it is necessary that this parameter be taken into account. In this connection, since the 

application of the volumetric method to measure the air void content in a composite structure 

made of two different types of mixtures is impractical, and also in order to have a better vision 

of connected water paths distributed below and above the interface, an image analysis 

procedure was employed which had formerly been used to measure the percentage of air void 

in mortar and concrete materials by taking advantage of a Matlab script written for this purpose 

(Fonseca & Scherer, 2015). The code receives an image from the specimen’s cross-section in 

Matlab as a scanned file and then calculates the ratio of white parts, as air void, to total solids 

comprising aggregate, binder, and white spots. Likewise, this technique was utilized to 

measure the air void content in a bituminous composite structure studied in this research. The 

mean air void contents obtained from three specimens via the image analysis method and a 

typical scanned image of the specimen’s cross-section for each type of structure are 

demonstrated in Table 8.3. A general view of the shape and size of slabs and specimens is 

schematically illustrated in Figure 8.3. 
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Table 8.3  Mean value of air void content measured by image analysis method for the bottom and top 

mixture of each type of structure 
Type of 

Structure 

Mean 

Air Void 

(%) 

Typical Raw Image Typical Processed Image 

 

 

 

UN 10/14 

 

3.403 

 

 

 

4.353 

 

 

 

GB 10/14 

 

3.796 

  

 

 

 

4.67 

 

 

 

GV 10/14 

 

3.243 

 
 

 

 

4.173 
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Figure 8.3 A schematic view of the arrangement and dimensional size 
of bituminous slabs and cylindrical specimens employed for the 

complex modulus test 

 

8.4.2 Test methods  

In order to understand the mechanical behavior of a grid-reinforced interface embedded in 

bituminous layers of different mixtures, a new arrangement of extensometers in the 

conventional complex modulus test with MTS press was proposed and the result was compared 

with a same type of the structure without the grid, which is conventionally encountered in 

traditional rehabilitation strategy. On the other hand, the quality of adhesion supplied at the 

interface, which rules out the fatigue behavior of the composite system with and without the 

grid, was assessed by performing the DGCB test method to see how the presence of a 

reinforcement interlayer could influence the structural response of the system in terms of ε6 

(i.e. number of cycles in one million cycles). The following subsections present details 

associated with each type of test. It was conjectured that the proposed test methods would help 

to a better understanding of possible changes that introducing a layer of the grid could bring in 

the structural response of the system, which is required to be included in mechanistically based 

design methods. 
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8.4.2.1 Complex modulus test 

The complex modulus test was carried out on cylindrical specimens of 135 mm in height and 

75 mm in diameter in a tension-compression sinusoidal mode of loading, complying with 

Transport Quebec’s standard (LC 26-700) (MTQ, 2018). By taking advantage of a servo-

hydraulic Material Testing System (MTS 810) with a loading capacity of 100 kN and a ± 

50 mm axial stroke in a controlled strain amplitude, the mechanical behavior of the structure 

was controlled to be in the viscoelastic domain (Basueny et al., 2016). The test was conducted 

in a thermal chamber. Three sets of surface temperature probes (PT 100), attached to the middle 

height of the specimen with an elastic band, were responsible for monitoring and recording 

any changes in the temperature in the course of the test. 

Preparing of specimens was performed in accordance with Transport Quebec’s standard (LC 

26-690) (MTQ, 2018). First, the prepared slabs were split in half by means of a sawing 

machine. The end parts of each block were subsequently trimmed off to receive two blocks of 

size 150 mm × 180 mm × 150 mm. From the center of each block, derived from each slab, two 

cylindrical specimens 75 mm (± 1 mm) in diameter by 150 mm in height were cored in a 

vertical direction to the interface. Eventually, the ends of the specimens were further processed 

with sawing and grinding machines to obtain test specimens with a flat surface of 75 mm in 

diameter and 135 mm (± 2 mm) in height. After drying, the loading caps were glued to the 

ends of each specimen. As indicated in the standard, it is necessary that the specimen be laid 

down on a soft sand bed for at least one week at ambient temperature before the day of the test. 

As shown in Figure 8.4, three couples of extensometers of different lengths (i.e. 25 mm, 

50 mm, and 100 mm) separated at 60° from each other, were employed to capture the induced 

strain at different levels of the specimen. It was controlled that each half of the extensometer 

length be placed on each side of the interface. The mean of two measurements derived from 

25 mm size of extensometers was set to control the strain amplitude during the test. Besides, 

the data acquisition was performed in 100 points per cycle (100 Hz), and the quality of signals 

in two consecutive cycles was checked by using a quality index (QI) which is calculated from 

scattering the measured data from a sinusoidal function that needs to be lower than 15%. 

Moreover, the test was executed in eight different temperatures changed from -35 to +35 °C, 

and seven distinct frequencies varied from 10 to 0.01 Hz, in order to cover a wide range of 
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temperature-frequency combinations, usually encountered in Canada’s roads. The results 

originated from the complex modulus test are ordinarily displayed in the form of isothermal 

curves, the master curve at a reference temperature, Cole-Cole diagram, and Black diagram, 

which will be presented and discussed in the following section. 

 

 

 
 

(a) (b) (c) 

Figure 8.4 A view of complex modulus test: (a) test setup; (b) the arrangement 
of extensometers around the specimen; (c) a side view of the instrumented 

specimen 

 

8.4.2.2 Fatigue test (DGCB Method) 

The DGCB method was employed to study the adhesion quality at the interface of reinforced 

composite structures in terms of ε6 since, as mentioned earlier, it determines the fatigue 

behavior of a composite structure. The reason to choose this test method instead of the 4-PBT 

was because of its similarity with complex modulus test in size and shape of the specimen, 

which considerably saves the time required for the specimen preparation. The DGCB test was 

carried out at an MTS press, with an environmental chamber, at a temperature of 10 ° C and a 

loading frequency of 10 Hz, applied at three different levels of axial strain amplitude. To this 

end, three sets of 50 mm length of extensometers, located at 120° from one another at the 

perimeter of specimen, were assigned to record the changes in length of the specimen from the 

initial values. In addition, to control the temperature oscillation during the test, three sets of 

surface temperature probes (PT 100) was installed at the mid-height of the specimen by using 
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a rubber band. Figure 8.5 gives further details of the DGCB test method. 

 

 
(a) (b) 

Figure 8.5. A view of DGCB test method: (a) test setup; (b) 
arrangement of extensometers; (c) failure at the interface 

As indicated in Figure 8.3, the DGCB test was performed on three different types of structures 

including GB 10/14, GV 10/14, and UN 10/14 in which the suffixes 10 and 14 refer to the type 

of mixture applied at top and bottom of the interface.  

8.5 Results and discussions 

This research is an experimental work to understand the differences in the mechanical behavior 

of two rehabilitation techniques on bituminous pavements. To this end, the complex modulus 

test was performed on different types of composite structures with and without the grid to see 

how the complex modulus varies in different heights relative to the interface, captured by 

different lengths of extensometers. Also, the effect of using dissimilar mixtures around the 

interface on axial stiffness was examined. On the other hand, the adhesion quality at the 

interface of composite structures was tested through the DGCB procedure in order to find out 

how could the placement of a layer of the grid from two separate types between bituminous 

mixtures influences the structural response of the system to cyclic loading in terms of ε6. The 

results of this research could provide better insights into the considerations required to be 

considered in the application of mechanistically based design methods for reinforced 

bituminous structures with grids. 
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8.5.1 Results and discussion on complex modulus test 

The results obtained from the complex modulus test on reinforced and unreinforced structures 

are plotted in Figures 8.6 & Figure 8.7 in terms of the Cole-Cole diagram (EImaginary, EReal) and 

the Black diagram (ǀE*ǀ, ϕ), respectively.  As evidenced, the measured values on each type of 

diagram were traced out a unique pattern, which could be inferred from the applicability of the 

Time-Temperature Superposition Principle (TTSP). In addition, in all the Cole-Cole diagrams 

for different types of composite structures (i.e. UN 10/14, GV 10/14, GB 10/14 and ESG-

10/ESG-10), a distinguished pattern in measured values by the 25 mm-extensometer on one 

hand, and the 50 and 100 mm length of extensometers from the other hand could be recognized, 

which varied with different extents among the structures. This appreciable difference could be 

considered as a practical tool to evaluate the effect of the interface state on the complex 

modulus of the system. Another valuable finding was understood by comparing the 

unreinforced structure of the same type of the mixture below and above the interface (i.e. ESG 

10/ESG 10) with a similar unreinforced structure but with dissimilar types of mixture 

surrounding the interface (i.e. UN 10/14). This could convey that by the application of a 

mixture with greater air void content than the one used at the top of the interface, the complex 

modulus of the system at the interface level was more negatively affected by the lower modulus 

at higher frequencies. Notwithstanding, comparing the Black diagrams among different types 

of structures with various interface conditions showed that the variation in measured values by 

different sizes of extensometers was not highlighted. 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 8.6 The Cole-Cole diagram measured with different sizes of extensometers for: (a) 
reinforced structure with GB grid surrounded by ESG-10 and ESG14; (b) reinforced 
structure with GV grid surrounded by ESG-10 and ESG14; (c) unreinforced structure 

with the same type of mixture ESG-10 at the bottom and top of the interface; (d) 
unreinforced structure with different types of mixtures around the interface; (e) plain 

structure of ESG-10; (f) plain structure of ESG-14 
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(a) (b) 

  
(c)  (d) 

  
(e) (f) 

Figure 8.7 The Black diagram measured with different sizes of extensometers for: (a) 
reinforced structure with GB grid surrounded by ESG-10 and ESG14; (b) reinforced 

structure with GV grid surrounded by ESG-10 and ESG14; (c) unreinforced structure with 
the same type of mixture at the bottom and top of the interface; (d) unreinforced structure 

with different mixture around the interface; (e) simple mixture of ESG-10; (f) simple 
mixture of ESG-14 

A broad range of mechanical models, either with mathematical or analogical nature, have been 

proposed to justify the changes in the modulus of bituminous layers by the temperature and 

load frequency (Olard & Di Benedetto, 2003). Among them, the 2S2P1D model (two Springs, 

two Parabolic creep elements, and one Dashpot) has received much attention over others 

because of its capability to predict the mechanical behavior of bituminous mixtures from very 

low to very high frequencies. Equation (8.1) presents the mathematical form of this model: 
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where  the imaginary unit; angular frequency;  glassy modulus (ω ꝏ ;  static 

modulus (ω ; k, h, and  calibration constants;  parameter related to Newtonian viscosity 

of the dashpot; and  characteristic time value varied with temperature. On this basis, Table 

8.4 provides a fair comparison between 2S2P1D model parameters, obtained from its fitting 

with the experimental data measured by the Ext. 25 mm, for different types of structures. As 

can be seen, the values of glassy modulus (i.e. E0) and static modulus (i.e. E00) were highly 

affected in different types of structures while other parameters remained almost unchanged. 

This suggested that the interface behavior in design methods could be defined only by the 

adjustment of two threshold values of modulus (i.e. E0 and Eꝏ). Also, the glassy modulus for 

the structures composed of dissimilar mixtures were tangibly lower than that of the structure 

made of only one type of mixture (i.e. ESG 10/10). This could be explained by the higher air 

void content in the bottom layer mixture in the case of unlike layers. Furthermore, in double-

layered structures composed of different mixtures, the interface reinforced with the GV grid 

showed almost the same static and glassy modulus compared with the unreinforced structure. 

This could be attributed to the higher dosage of tack coat used for the installation of the GV 

grid compared to the GB one, which positively keeps the stiffness of the structure at high 

frequencies or low temperatures the same as that in the unreinforced structure.  

Table 8.4. 2S2P1D model parameters fitted with the experimental data from Ext. 25 mm 
Model 

 Parameters 
Types of Structures 

 

UN 10/14 GB 10/14 GV 10/14 ESG 10/10 
Eꝏ 35 20 35 25 
E0 26200 25300 26700 31000 
K 0,2 0,2 0,2 0,2 
h 0,6 0,6 0,6 0,6 
δ 1,8 2 2 2 

τE(s) (Tref = -5.4 °C) 2 2 2 2 
β 100 100 100 100 

 

Furthermore, a comparison between the model parameters derived from each type of mixture 

(i.e. ESG-10 and ESG-14) measured independently with a 50 mm length of extensometer, with 
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those acquired from a composite system through the same size of extensometer is shown in 

Table 8.5. It could be perceived that treating the complex modulus as a system property 

resulted in an almost unique pattern, more closely to the complex modulus of the bottom layer 

(i.e. ESG-14) than that for the top layer (i.e. ESG-10). In addition, the glassy modulus (E0) of 

each individual layer was markedly affected when it was studied in a compound system of 

layers. 

Table 8.5 2S2P1D model parameters fitted with the experimental data from Ext. 50 mm 
Model 

 Parameters 

Types of Structures 

 

UN 
10/14 

GB 
10/14 

GV 
10/14 

ESG 
10/10 

ESG 10 ESG 14 

Eꝏ 35 23 35 25 30 24 

E0 31200 31800 30800 32500 38000 33000 

K 0.2 0.2 0.2 0.2 0.2 0.2 
h 0.6 0.6 0.6 0.6 0.6 0.6 
δ 1.8 2 1.9 1.9 1.9 1.8 

τE(s) (Tref = -5.4 °C) 2 2 2 2 2 2 
β 100 100 100 100 100 100 

Figure 8.8 shows relative differences in the percentage between the stiffness modulus obtained 

from the Ext. 25 mm and pertinent predicted values by the 2S2P1D model at a reference 

temperature (Tref = -5.4 °C). On this basis, for all three structures a low discrepancy in Y-axis 

(lower than 10 percent) at higher frequencies or low temperatures referred to the accuracy of 

the 2S2P1D model to predict the mechanical behavior of reinforced and unreinforced 

interfaces. However, at low frequencies or high temperatures up to  equals to 1E-05 the 

2S2P1D model is still reliable for the unreinforced structure but for the reinforced structure 

with the GB grid the model started to lose its accuracy way earlier as  getting smaller 

than 1 E+00. In the case of the structure with the GV grid, the 2S2P1D model kept its accuracy 

before  equals to 1E-05 with some exceptions at middle points from 1 E-02 to 1E-03.  
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(a) (b) 

 
(c) 

Figure 8.8 Changes in the stiffness modulus between measured and predicted values by the 
2S2P1D model: (a) reinforced structure with GV grid; (b) reinforced structure with GB 

grid; (c) Unreinforced structure 

The viscoelastic behavior of bituminous layers could be introduced into design software, 

working based on the finite element method, through the Prony series as defined by Equation 

(8.2) (Dougan, C. 2007): 

 

In which   is the shear modulus ratio, defined by the ratio of shear modulus at any time 

like , , to the shear modulus at the first stage ( , ).  and  are the 

Prony constants, which are specified based on the material properties, and N is the number of 

terms used in the Prony series (normally takes N = 5) (Liao & Sargand, 2010).  

Shear modulus,  is obtained from the relaxation modulus, according to the Equation 

(8.3):  
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where  is the relaxation modulus, defined by transforming the dynamic modulus master 

curve; and  is the Poisson's ratio, normally assumed 0.35. Once  gets clear the ratio of 

 could be easily computed by Equation (8.2). 

On this basis, it is necessary to study the changes in the dynamic modulus master curve in the 

presence of a grid-reinforced interface. Figure 8.9 provides a comparison in master curves 

measured by different lengths of extensometers for different types of structures. To have a 

better vision, the dynamic modulus at the reference temperature (i.e. -5.4 °C) and an arbitrary 

point of frequency (i.e. 10 Hz) are also displayed. It could be observed that there was a 

meaningful distinction between the dynamic modulus captured by Ext. 25 mm from the others, 

in each type of the structure, especially for the GB 10/14.  However, the master curves 

developed for Ext. 50 mm and Ext. 100 mm are almost superimposed on each other.  

  

(a) (b) 

 
(c) 

Figure 8.9 Changes in dynamic modulus master curves developed by the 2S2P1D 
model for different lengths of extensometers for: (a) reinforced structure type GB 
10/14; (b) reinforced structure type GV 10/14; (c) unreinforced structure UN10/14 
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Figure 8.10 also makes a comparison in dynamic modulus and phase angle derived by Ext. 

25 mm for various interfaces at the reference temperature (i.e. -5.4 °C) and a frequency 10Hz. 

As can be seen, the highest dynamic modulus and the lowest phase angles are related to the 

reinforced structure made of the GV grid, which it could be inferred that the structure 

reinforced with the GV grid received more solid behavior from the interface compared with 

the structure reinforced with the GB grid, which under cyclic loading it could be regarded as 

positive mechanical effect.  

 
 

(a) (b) 

Figure 8.10 A comparison of dynamic modulus and phase angle at T = -5.4 °C and f = 
10 Hz from (a) dynamic modulus master curve and (b) black diagram; predicted by the 

2S2P1D model for reinforced and unreinforced interfaces based on 25 mm extensometer  

The results showed that the proposed methodology provided a practical tool to evaluate the 

axial stiffness of reinforced and unreinforced interfaces through the measurements using the 

Ext. 25 mm. It also revealed that treating the axial stiffness in a composite structure as a system 

property than that when the specification of each layer, without the presence of other layers, 

are defined into the design methods could result in a more realistically solution. 

8.5.2 Results and discussion on fatigue test 

Table 8.6 presents a comparison among various structures in terms of the average of initial 

modulus ǀE0*ǀ obtained from different levels of axial strains. This value was derived from the 

first cycle, which was extrapolated by presuming a linear trend between 2 and 50 cycles. It 

could be deduced that in both of the reinforced structures, the composite system received more 
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axial stiffness from the interface than the unreinforced case. This characteristic was also more 

meaningful for the structure reinforced with the GB type of the grid. 

Table 8.6 Fatigue test specifications at T= 10 °C and f= 10 Hz 
Structure Axial Strain Amplitude 

(μm/m) 

Initial Modulus ǀ ǀ (MPa) 

Value Average 

 

UN 10/14 

66.5 6924  

6981 74.6 6874 

99.1 7146 

 

GV 10/14 

76.6 7243  

7445 88.4 6920 

96.7 8172 

 

GB 10/14 

77.8 8175  

7762 87.5 7059 

98.5 8054 

 

The Wöhler curve for three structures, both reinforced and unreinforced ones, are demonstrated 

in Figure 8.11. The classical failure criterion was considered, Nf50% was considered to study 

the integrity of the structure under cyclic loading at temperature 10 °C and frequency 10 Hz. 

The vertical axis is the number of cycles up to the half value of the initial modulus and the 

horizontal axis is the real axial strain level registered in the course of the test. Both of the axes 

are defined in logarithmic scales. It could be seen that in both of the reinforced structures, the 

slope of the curve was lower than the unreinforced case. This could be translated by the higher 

number of cycles required for the reinforced structure before failure at high strain amplitude 

(heavy loads).  Moreover, the R2 value, given on each curve, indicates that the Nf50% failure 

criterion is a suitable index to study the adhesion quality at the interface of a composite 

structure. 
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(a) 

 
(b) 

 
(c) 

Figure 8.11 Wöhler curve for each type of structure developed at T = 10 °C and f = 10 Hz: 
(a) reinforced structure with the GB grid; (b) reinforced structure with the GV grid; (c) 

unreinforced structure 

A mathematical form of the Wöhler curve can be shown by Equation (8.4). 

  

                                                        (8.4) 

where K1 and K2 are empirical constants dependent on the type of material, Nf is the number 

of cycles and ε is the axial strain, which its value at failure is considered ε6. A fair comparison 

of these parameters for various types of structures is given in Table 8.7. A higher ε6 value 
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obtained for the reinforced structure with the GB grid, as shown in Figure 8.12, suggested that 

the reinforced interface could tangibly integrate a system composed of different layers 

compared with the unreinforced structure. Nonetheless, a system reinforced with the GV grid 

may act in the opposite direction.  

Table 8.7 A Comparison of parameters employed in development of Wöhler curve 
Structure Fatigue Parameters for Nf50% Criterion 

K1 K2 R2 ε6 

UN 10/14 8.88 E -15 4.85 0.99 74.8 

GV 10/14 5.39  E -37 10.21 0.99 71.6 

GB 10/14 4.04 E -48 12.97 0.94 76.4 

 

 
Figure 8.12 Comparing the ε6 value among different 

structures (UN: unreinforced structure; GB: 
reinforced structure with the GB grid; GV: reinforced 

structure with the GV grid) 

Overall, by comparing the results obtained from the DGCB method for both reinforced and 

unreinforced structures, it could be notified that using the grid at the interface of dissimilar 

mixtures could enhance the mechanical performance of the system in terms of the initial 

modulus and number of cycles before failure at high strain levels. However, only the grid 

without fabric covering its aperture (i.e. GB grid) could provide monolithic action of the 

system at failure point compared with the unreinforced structure. This could be explained by 
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the lack of interlocking effect between the aggregate in different mixtures around the interface 

in the case of using the GV grid.  

8.6 Conclusion and recommendations 

The proposed methodologies described in this paper were allocated to learn how the placement 

of a layer of the grid with different specifications and installation process could influence the 

axial stiffness and integrity of a bituminous structure composed of different mixtures under 

cyclic loading compared with unreinforced structures. To fulfill these objectives, the 

conventional tension-compression complex modulus test with a new configuration in 

extensometers was proposed to account for the changes in axial stiffness caused by a reinforced 

interface. In addition, the uniaxial tension-compression DGCB test method was employed to 

evaluate the structural integrity of reinforced structures in terms of the axial strain, tolerated 

by the structure at one million cycles, expressed by ε6. The following result can be drawn from 

this study: 

 The mechanical effect of a reinforced and unreinforced interface can be extracted from 

Ext. 25 mm. On this basis, the rheological behavior of the reinforced and unreinforced 

interfaces could be reliably predicted by the 2S2P1D model at high frequencies or low 

temperatures. 

 Among the 2S2P1D model parameters, using the glassy modulus (E0) could provide a 

practical tool to compare the changes in axial stiffness between different interface 

conditions and various structures.  

 Using the complex modulus as a system property in a structure made of dissimilar 

mixtures could result in a more realistic mechanical behavior than when introducing 

the specification of each layer separately into design methods. 

 The reinforced structure with the GV grid behaved more like the unreinforced structure 

under cyclic loadings. However, the GB grid contributed more to enhance the initial 

stiffness and the fatigue life of the system.  

 The initial modulus and number of cycles at failure at high axial strain levels are 

affected by the presence of a reinforced interface with the grid. In this connection, the 

application of the classical Nf50% failure criterion is a suitable tool to study the quality 
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of adhesion at the interface with different conditions in terms of axial strain at one 

million cycles or ε6.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 



 

CONCLUSION AND RECOMMENDATIONS 
 

Rehabilitation or reinforcement of bituminous layers within the flexible pavement by 

introducing geosynthetic materials has been the focus of the engineering community as an 

alternative way to the traditional approach called mill and fill from economical and mechanical 

performance points of view. However, the mechanistic-empirical (M-E) design approach, 

which has been accepted for the design of the conventional structure of the flexible pavement, 

can not be used for reinforced or rehabilitated structures with geosynthetics mainly due to the 

lack of laboratory equipment to allow a better characterization of the mechanical behavior of 

the composite system, while establishing an appropriate design method for reinforced or 

rehabilitated structures is imminent in the widespread usage of interlayer products in the 

market. To this end, 44 double-layer slabs of size 500 × 180 × 100 mm and 16 slabs of size 

500 × 180 × 150mm, composed of three different hot mixtures in terms of NMAS, were 

fabricated during almost 2 years. As a result of this effort, two new devices were built:  the 

CWD to control the width of the crack reflected to the surface during the water permeability 

test, and the interface shear tester to evaluate the shear strength and shear displacement applied 

at the interface at the same time. Also, the new configuration of falling head permeability test 

was made to accommodate bituminous specimens of size 50 mm in diameter and allow water 

to percolate through different width of cracks from the top to the bottom surface of the 

specimen in an accelerated way. Moreover, a new arrangement of extensometers in the 

complex modulus test was proposed to predict the rheological behavior of the interface under 

different temperatures and loading frequencies. Furthermore, the crack resistance ability of the 

interlayers surrounded by different hot mixtures was studied through a new configuration of 

the 3-PBT. Besides, the adhesion quality at the interface was evaluated at 10 °C and 10 Hz by 

means of the DGCB test method and the axial strain at one million cycles was opted as a basis 

to compare the reinforced and rehabilitated structures with corresponding unreinforced ones.   
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 The following conclusions can be derived from this study:  

 The proposed laboratory methodologies provide reliable inputs for mechanistic- based 

design methods according to the low range of variability of ±15% obtained from three 

replicates around the mean value. 

 The permeability of double-layer structures was predicted by the width of the crack 

opening, reflected from the bottom layers to the surface, by a second-order polynomial 

equation. In addition, taking advantage of the water-vacuum permeability device 

(WVPD) showed that the rehabilitated system with paving fabric was impervious to 

water. This effect in the design method is translated by using low drainage coefficient 

for granular layers and high retained modulus for granular and bituminous layers, 

which are placed underneath. 

  The ability of double-layer reinforced or rehabilitated bituminous structures against 

crack initiation from an existing notch at the bottom bituminous layer was examined 

through a new configuration of the 3-PBT by calculating the J-integral parameter.  

 The structural performance of a double-layer system to crack propagation was assessed 

by the Crack Resistance Index (CRI). This parameter in rehabilitated structures is 

defined based on the slope of the force-displacement curve measured through Crack 

Widening Device (CWD) to simulate thermally-driven cracks, while in reinforced 

structures it is calculated from subtracting the areas surrounded by the force-crack 

width opening, below and above the interface measured by two crack gauges employed 

in the 3-PBT to resemble traffic driven cracks. 

  Although the shear strength in double-layer structures is negatively affected by the 

placement of the geosynthetic at the interface, the Coefficient of Interface Bonding 

(CIB) measured by the interface shear tester showed that the ability of reinforced or 

rehabilitated structures in maintaining their structural integrity, even in large shear 

displacement, could not be ignored. In this regard, the French Rutting Tester (FRT) 

demonstrated that the installation of the paving fabric between coarse-graded 

bituminous mixtures resulted in a rather similar evolution pattern as that in 

unreinforced structures. 



207 

 In reinforced structures with geogrid, the J-integral was connected to the bonding 

quality and the crack resistance property of the interface, defined by CIB and CRI 

parameters respectively, through a second-order linear regression equation. In this 

regard, the J-integral of the rehabilitated system was found higher than the reinforced 

case. However, it is possible that in reinforced specimens with a size larger than the 

ones studied in the research, the more contribution from the grid on crack halting is 

observed. 

 Complex modulus of rehabilitated and reinforced double layer structures, which forms 

the backbone of the response model in the M-E design method, was reliably predicted 

by the 2S2P1D model especially at high frequencies or low temperatures. In addition, 

the mechanical response of interlayers to cyclic loadings in the linear viscoelastic range 

of material’s behavior was learned by the 25-mm extensometer. Also, employing the 

same type of material as the tack coat in reinforced and unreinforced structures only 

resulted in variation of static modulus and glassy modulus, while using a different type 

of the tack coat material, as the one applied in the rehabilitated structure, would also 

change the shape parameters (β and δ) in the 2S2P1D model.  

 The adhesion quality provided at the interface of double-layer bituminous structures 

was evaluated by performing the uniaxial tension-compression fatigue test (the DGCB 

method). The results showed that using the classic fatigue criterion, Nf50% justified 

the evolution of axial stiffness of reinforced and rehabilitated structures under cyclic 

loadings. In addition, the DGCB test method revealed that the initial stiffness modulus 

of reinforced structures was tangibly higher than that of rehabilitated structures. 

 The negative effect of using paving fabric on rutting resistance of double-layer hot 

mixtures, do not compromise its great advantage in crack retardation ability and 

maintain the structural integrity of the system under shear stress and cyclic loadings. 

However, a full ME pavement analysis is required to be done to confirm that. 
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In addition, following considerations are required to be taken into account in M-E design 

approaches for reinforced and rehabilitated structures: 

 In terms of the response model, from chapters 5 and 8, it was found that the reinforced 

and rehabilitated bituminous interfaces had different rheological behaviors from their 

surrounding mixtures with respect to E0, E00, δ,β. Therefore, it is recommended that 

rheological behavior of the interface is defined independently into the mechanistic 

design methods. Furthermore, it was recognized that a more precise rheological model 

to justify the mechanical responses of the interface at low frequencies or high 

temperatures is still in demand.  

 From the distress prediction model’s perspective, it was recognized in chapter 6 that 

the rut depth prediction model needs to be adjusted. In this connection, both the initial 

rut depth and the slope of rutting evolution were both affected by the placement of 

paving fabric at the interface. Therefore, it is suggested that the initial rut depth in 

rehabilitated structures including ESG-10 over ESG-14 and ESG-14 over GB-20 

increases up to 1.5 and 1.3 respectively, compared to corresponding unrehabilitated 

cases. Also, a factor of 2 is necessary to apply to the slope of rut evolution in 

rehabilitated structures including ESG-10 over ESG-14. Regarding fatigue failure 

studied in chapters 6 and 8 two modifications are necessary to be made in the prediction 

model: first the allowable value of εt needs to be corrected according to the modified 

ε6. In this respect, it was found that the modified ε6 in rehabilitated structure was 30 

percent higher than that in the structure without interlayer. However, no significant 

change was observed in the reinforced case. Also, it is suggested that the dynamic 

modulus of the combined system is used in the prediction model. In this sense, the 

dynamic modulus of the combined system in reinforced structures was 10 percent 

higher than that in the unreinforced case. Concerning reflective cracking, it is 

suggested, based on the results obtained from chapter 5 and 7, that in the reflective 

cracking prediction model, the delay retardation ability of the system (factor d in 

prediction model) is selected according to the J-Integral calculations. This parameter, 

in case of grid-reinforced interfaces, is in close relationship with crack resistance index 

(CRI) and Coefficient of Interface Bonding (CIB) as demonstrated in chapter 7. On this 
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basis, it was found from chapters 5 and 7 that the rehabilitated and reinforced structures 

had, on average, 5 and 3 times higher fracture toughness, respectively, compared to the 

untreated systems. 

Along with this study, more research is required to predict the behavior of reinforced and 

rehabilitated structures at low frequencies or high temperatures. Alos, the effect of any 

structural discontinuity in the bottom hot mix layer, as is the case in reality, on rheological 

behavior of the composite system could be studied further. Also, the validity of the results 

obtained from this study could be verified further by using different hot mixtures and interlayer 

products. Besides, the suitability of failure criteria and performance indices discussed in this 

research could be evaluated and compared under different temperatures and load frequencies 

in field conditions. Last but not the least, the required changes in the geometrical design of a 

road, rehabilitated with a layer of paving fabric, in terms of side slope and longitudinal slope 

need to be further studied to lessen the trapping effect of water in the surface layer on its 

mechanical characteristics.  

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

APPENDIX 

Table-A I-1 Studies on the effect of geosynthetics on fatigue life 

Researchers Research Topic Type of Test Major Findings 

 

 

Safavizadeh et al. (2019) 

 

Studied the effect of 

reinforced asphalt concrete 

beam with fiberglass grid on 

reflective cracking 

 

 

Four-point bending 

notched beam tests 

 

The fatigue life is extended by 

the application of a high-

quality tack coat at the 

interface  

 

 

 

 

Cho et al. (2004) 

 

Examined the crack 

resistance of bituminous 

pavements including 

reinforced asphalt overlay 

with glass-fiber sheet 

 

 

 

Three-point bending 

beam test 

 

1- Higher fatigue load results 

in low reinforcement effect 

2- The fatigue life of 

reinforced asphalt layer is 

increased between 6-10 times 

higher than unreinforced layer 

 

 

 

 

Arsenie et al. (2017) 

 

 

 

Laboratory investigation of 

fatigue behavior of grid-

reinforced asphalt layer with 

glass fiber  

 

 

 

 

 

 

Four-point bending 

beam test 

In reinforced specimens: 

1- Enhancement of fatigue life 

(Nf) by 50% 

2- Increase of ɛ6 (strain at 

fatigue failure for 106 cycles) 

by 10.52% 

3- Increase in b (the slope of 

fatigue curve) up to 11.55%  

 

 

 

 

 

 

 

Polidora et al. (2019)  

 

 

 

 

 

Studied the effects of 

inclusion geosynthetics 

between different asphalt 

layers and locations 

 

 

 

 

 

Four-point bending test 

on notched beams 

1- In static mode of testing, the 

specimens reinforced with 

geoynthetics in two layers 

have higher resistance against 

fatigue failure compared to 

single-layer reinforced 

specimens and unreinforced 

ones 

2- According to the Paris law, 

in cyclic mode of test, the 

double-layer reinforced 

specimens have the least rate 

of crack growth 
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Table A-I-1 (Continued) 
Researchers Research Topic Type of Test Major Findings 

 

 

 

 

 

 

Kumar and Saride (2017) 

 

 

 

 

Studied the flexural behavior 

of reinforced asphalt beams 

with three different types of 

geogrids by digital image 

correlation (DIC) technique 

 

 

 

 

 

 

Four-point bending test 

1- The DIC method is a 

helpful method to study the 

formation and evolution of 

fatigue cracks. 

2- The reinforced structures 

with geogrids made of 

polyester material has 22 

times higher fatigue life 

compared to the application of 

fibers fabricated with geojute 

materials 
 

 

 

 

Hosseini et al. (2009) 

 

 

 

Applied a mechanistic 

approach to explain crack 

propagation in reinforced 

specimens with geosynthetics 

 

 

 

 

Four-point bending test 

1- Based on fatigue versus 

damage evolution curves, the 

reinforced overlays have a 

lower rate of crack 

propagation. 

2- The reinforced specimens 

with low strain level of 

geotextiles and high strain 

level of geogrids have the least 

crack propagation rate. 
 

Pożaryckia and Garbowski 

(2013)  

 

Investigate the type of 

geosynthetic on fatigue life of 

reinforced asphalt overlay 

 

Schenck strength 

device 

The fatigue life of asphalt 

overlay is extended by 16% in 

the case of geogrid and up to 

35% for geocomposite.  
 

 

 

 

Nguyen et al. (2013) 

 

 

 

 

 

 

Field examination of 

pavement structures with and 

without glass grid through the 

accelerated pavement testing 

facility of the IFSTTAR to 

compare the structural 

responses under traffic 

loading 

 

Field investigation of 

structural response by 

taking advantage of 

strain gauges installed 

on the grid 

 

 

 

The placement of a grid near 

the bottom of the asphalt 

overlay remarkably enhance 

the fatigue life of the system 
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Table-A I-2 Studies on the effect of geosynthetic on permanent deformation (rutting) 

Researchers Research Topic Type of Test Major Findings 

 

 

 

 

 

Correia and Zornberg (2016)  

 

 

 

 

Laboratory study of the effect 

of geosynthetics in asphalt 

overlay on plastic 

deformation 

 

 

 

 

 

Wheel tracking device 

1-  Reinforced asphalt 

overlays have 4 times 

higher service life than 

unreinforced ones in terms 

of rutting 

2-  Dynamic vertical stress 

at the bottom of the 

reinforced asphalt overlay 

and at the top of the 

subgrade  are reduced 32% 

and 36% respectively 

 

Ingrassia et al. (2020) 

To evaluate the effect of 

geocomposite embedded in 

thin asphalt overlay on 

pavement response  

 

Fast Falling Weight 

Deflectometer 

 

Reinforced specimens have 

5-10% reduced 

compressive strain at the 

top of the subgrade 

 

 

 

 

 

 

 

Mounes et al. (2014) 

 

 

 

 

 

 

A review on improved rutting 

resistance of reinforced 

asphalt overlay 

 1- Placement of geogrid in 

the mid-depth of asphalt 

overlay has more influence 

on improving rutting 

compared to that at the 

bottom 

2- The resistance of asphalt 

overlay on rutting depend 

on its elastic modulus 

which improves by adding 

the geosynthetic  

3- The mesh size and 

adhesion quality provided 

at the interface govern the 

resistance of reinforced 

asphalt overlay to plastic 

flow 
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Table A-I-2 (Continued) 
Researchers Research Topic Type of Test Major Findings 

 

 

Guler and Atalay (2016) 

To investigate the rutting 

resistance of different 

geosynthetic products in 

different asphalt mixes 

Hamburg Wheel 

Tracking Device 
The improved rutting 

resistance of reinforced 

asphalt overlays is 

independent of the stiffness of 

the geosynthetics 
 

 

Bertuliene et al. (2011) 

To develop a theoretical 

model to explain the function 

of geosynthetics in asphalt 

overlay 

 Rut depth in reinforced 

sections are 1.4 times lower 

than the reference ones 

 
 

 

 

 

 

 

 

Laurinavičius et al. (2006) 

 

 

 

 

 

 

To examine the connection 

between geosynthetic type 

and loading with rut depth 

 

 

 

 

 

 

 

Static plate load tests on 

field section 

1- During cold seasons asphalt 

concrete elasticity determines 

the rut depth development 

while in hot seasons, the 

asphalt concrete viscosity 

controls the rutting. 

2- In reinforced sections with 

geogrids, the rheological 

characteristics of asphalt mix 

are higher than the ones 

constructed with geotextile.   
 

 

 

 

 

Lee et al. (2015) 

 

 

 

 

Studied rutting performance 

of different types of 

geosynthetics 

 

 

 

 

Third-scale model mobile 

loading simulator 

(MMLS3) 

1- The rutting depth is highly 

dependent on the type of 

geosynthetic applied for 

reinforcement 

2- Geogrid-reinforced 

specimens exhibit higher 

resistance against shear flow. 

3- The rutting resistance o 

sheet-reinforced specimens are 

similar to the unreinforced 

ones. 

4- The geogrid reinforced 

specimens have higher air void 

content at the interface which 

may adversely affect the 

pavement performance 
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Table A-I-2 (Continued) 
Researchers Research Topic Type of Test Major Findings 

 

 

Wasage et al. (2004) 

 

Laboratory evaluation of 

rut depth in reinforced 

specimens with different 

types of geosynthetics 

 

 

Wheel tracking test 

Geogrids provide a uniform 

distribution of applied loads 

which in turn lead to 

reduced rut depth of the 

whole structure 
 

Table-A I-3 Studies on the effect of geosynthetic on reflective cracking 

Researchers Research Topic Type of Test Major Findings 

 

 

 

Safavizadeh et al. (2019) 

 

Studied the effect of 

reinforced asphalt concrete 

beam with fiberglass grid on 

reflective cracking 

 

 

Four-Point Bending 

Notched Beam Tests 

1- different interlayer 

conditions do not reflect a 

unique failure mechanism 

2- Reinforced asphalt beams 

perform better than 

unreinforced ones 

 

 

 

Moghadas Nejad et al. 

(2016) 

Examined the effect of 

geosynthetics on propagation 

of reflective cracking in 

reinforced asphalt overlay by 

taking the effect of crack 

width, geosynthetic type, 

temperature and their 

interactions into account 

 

 

Cyclic loading applied 

by UTM-25 servo-

hydraulic dynamic 

testing machine 

1- Geogrid outperform 

geotextile in delaying the 

reflective cracking 

2- Temperature is the most 

influential factor on the 

number of cycles to failure 

(Nf) due to reflective cracking 

followed by the type of 

geosynthetic   

 

 

 

 

 

Moghadas Nejad et al. 

(2015) 

 

 

 

 

Laboratory simulation of 

reflective cracking initiation 

and propagation  

 

 

 

 

Notched two-layer 

beam loaded by a small 

plate under cyclic 

haversine loading  

1-High-modulus 

geosynthetics are more 

efficient in thick asphalt 

overlay. 

2- In reinforced overlays, the 

number of cycles prior to 

failure, the speed of crack 

propagation, rate of 

displacement at the bottom of 

the overlay are all dependent 

on the modulus of 

geosynthetic 
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Table A-I-3 (Continued) 
Researchers Research Topic Type of Test Major Findings 

 

 

Khodaii et al. (2009) 

Studied the effect of 

influential factors like 

temperature, geogrid 

position, type of existing 

layer on the propagation of 

reflective cracks 

 

Repeated loading applied 

by hydraulic dynamic 

loading frame 

Placing of geogrid at one-

third depth from the bottom 

of the asphalt overlay leads 

to higher mitigation of 

reflective cracking 

 

 

 

 

 

 

 

Sobhan et al. (2005) 

 

 

 

 

 

To study the effect of the 

placement of geosynthetic 

in asphalt overlays on 

reflective cracking 

propagation and permanent 

deformation 

 

 

Asphalt overlay beam 

placed over a joint and 

loaded by an MTS servo-

hydraulic machine in two 

different conditions: i)static 

test to simulate the 

initiation and propagation 

of reflective cracks and ii) 

cyclic test to evaluate the 

fatigue behavior  

1- Reinforced specimens 

outperform the unreinforced 

ones in terms of reflective 

cracking and rutting 

2- The enhanced mechanical 

behavior of reinforced 

asphalt overlay is strongly 

dependent on solid adhesion 

at the interface 

3- Deeper placement of 

geosynthetic in asphalt 

overlay leads to extended 

fatigue life and increased 

rutting resistance 
 

 

 

 

 

 

 

 

 

Ling et al. (2019) 

 

 

 

 

 

Laboratory study of both 

traffic and thermally 

induced reflective cracking 

in asphalt overlays 

reinforced with geotextile, 

SAMI, and atactic 

polypropylene by taking the 

effect of temperature, load 

combination, type of 

mixture and compaction 

effort into account 

 

 

 

 

 

 

 

 

A newly developed device 

named Joint Motion 

Simulation System (JMSS) 

1- Separately considering  

the effect of horizontal and 

vertical loads on crack 

initiation and propagation 

results in higher number of 

cycles to failure which may 

exaggerate real service life 

2- The growth of reflective 

cracks are nonlinear in 

nature which means it 

rapidly grows in earlier 

stages followed by reduced 

rates at later stages 

3- In comparison, geotextile 

can effectively retard 

reflective cracking. 
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Table A-I-3 (Continued) 
Researchers Research Topic Type of Test Major Findings 

 

 

Solatiyan et al. (2020) 

 

Laboratory evaluation of 

paving fabrics to mitigate 

reflective cracking 

3-point bending test on 

notched specimens and 

new crack widening 

device (CWD) 

Reinforced specimens have: 

1- Three times lower crack 

width reflected at the surface 

2- 60 percent higher crack 

resistance index 
 

 

Saride and Kumar (2017) 

 

Examined the mechanical 

behavior of pre-cracked 

asphalt overlays reinforced 

with geosynthetics 

 

Four-point bending 

beam test on notched 

beams 

Reinforced overlays with high 

shear and pull-off tensile 

strength interlayers have 

significantly higher potential 

to control the cracking 
 

 

 

 

 

 

 

 

Torre et al. (2015) 

 

 

 

 

 

Studied the influence of 

different types of 

geosynthetics to control 

reflective cracking in 

reinforced specimens under 

traffic loads and temperature 

fluctuations 

 

 

 

 

 

Modified three-point 

bending test with a 

combination of 

sinusoidal and 

triangular loadings 

1- The type of interlayer 

controls its positive effect on 

retarding the reflective 

cracking. The grids 

accompanied by a textile in 

their structures have low 

influential impacts because of 

low adhesion made at the 

interface. 

2- High secant modulus and 

proper adhesion provided at 

the interface determine the 

anti-reflective cracking 

properties of geosynthetics in 

asphalt overlays 
 

 

 

 

 

Al-Qadi and Elseifi (2004) 

 

 

 

 

Investigated the effect of 

various design factors on the 

effectiveness of interlayer 

systems in retarding the 

reflective cracking 

 

 

 

 

Field Investigation 

1- Application of steel 

reinforcement is more 

efficient in asphalt overlays 

with lower than 25 mm 

thickness 

2- The more contribution of 

interlayer system in delaying 

reflective cracking is 

provided when it is placed 

near to the crack generation 

point. 
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