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Abstract: In this paper, the effectiveness of reinforcements for flexible pavements is evaluated through
an analysis of reflective cracking. Different stiffness and thickness reinforcements are considered
for the rehabilitation of an already cracked pavement. The effect of the reinforcement is assessed
from two different perspectives: (i) the ability to reduce stresses in the rehabilitated pavement layers,
and (ii) the capacity to mitigate the crack propagation from deeper layers. A finite element model
(FEM) is adopted to study the stress and strain state of the pavement layers. The pavement model has
been properly validated, transitioning from a simply supported beam scheme to an elastic multilayer
model. In addition, to represent crack propagation, fracture evolution is analyzed using Linear Elastic
Fracture Mechanics (LEFMs) and Paris’ law. The effect of different reinforcements on the pavement
is then simulated. The results show that the reinforcement performance is strictly dependent on
the interlayer thickness and stiffness. In particular, high stiffness reinforcements (geomembranes)
show increasing effectiveness with stiffness, both in terms of reflective cracking and stress reduction.
Conversely, low stiffness reinforcements (SAMIs) show a variable trend with the stiffness modulus.
In fact, extremely low stiffness is effective in slowing down crack propagation but is detrimental to
the wearing course’s stress condition. However, as the stiffness increases, the likelihood of cracking in
the wearing course decreases, though only a small beneficial effect is registered for crack propagation
in the base layer.

Keywords: pavement cracking; pavement reinforcement; SAMI; geomembrane; fracture mechanics;
finite element modeling; elastic multilayer model

1. Introduction

Fatigue cracking is one of the most common distress mechanisms in asphalt pavements.
It consists of the initiation and propagation of cracks due to the repeated loading of the
pavement [1]. The fracture severity and speed of propagation depend on various intrinsic
and extrinsic parameters of hot mix asphalt pavement, such as layer thickness, mechanical
properties, applied load, and temperature [2]. Cracked pavement causes the loss of regularity,
friction, and comfort for vehicles, with significant safety implications.

One possible intervention to slow down reflective cracking is the implementation of
reinforcement layers. To place the reinforcement layer on an initially cracked pavement,
it is necessary to partially mill the pavement so that the final level of the pavement is not
changed. An interlayer of variable thickness is then placed, and a final asphalt overlay
is applied to restore the pavement surface characteristics. The effectiveness of the rein-
forcement depends on the cracking extension in the original pavement, the thickness and
stiffness of the reinforcement, the adhesion of the reinforcement to the adjacent layers, and
the accuracy of the execution. This paper focuses mainly on the interlayer reinforcement
properties to define the optimal solution in terms of reinforcement thickness and stiffness.
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Until now, several reinforcement materials have been considered for applications, but
a generic approach aimed at comparing different alternatives has not yet been developed.
In fact, the objective of this paper is to define a range of possible effective reinforcement
solutions, in terms of thickness and stiffness, that could be obtained by adopting various
materials available on the market.

2. Literature Review

The fatigue resistance of pavements depends on a combination of factors; therefore,
machine learning and predictive methods have been used to describe it [3].

Various techniques can be adopted to prevent crack initiation [4] or to delay crack
propagation [5]. Some methods even involve the adoption of recycled materials [6].

In particular, to delay fatigue cracking propagation, different reinforcement interven-
tions could be implemented. The process mainly consists of milling part of the surface
course to place a reinforcement interlayer, over which an overlay is applied. A widely used
method consists of placing a geocomposite interlayer between the existing pavement and
a new asphalt overlay. The effectiveness of the geocomposite in delaying crack initiation
and propagation has been evaluated through laboratory tests, showing that material prop-
erties play a crucial role [7]. For instance, the suitability of the mechanical properties of
reinforcing materials could be assessed for both natural and synthetic textiles [8]. It should
be noted that the effect of geosynthetics in delaying crack initiation and propagation is
usually evaluated by laboratory tests, which do not take into account a previously cracked
pavement [9]. Moreover, laboratory tests conducted to characterize fatigue resistance are
affected by great dispersion and require a large sample size [10].

The Stress Absorbing Membrane Interlayer (SAMI) could also be implemented as
interlayers. Various studies in the literature have analyzed the effectiveness of SAMIs
through laboratory tests designed to simulate fatigue cracking through accelerated loading
tests [11]. The effectiveness of SAMIs might depend on various boundary conditions, and
it was shown that their introduction is not always beneficial to the road pavement. In
particular, the benefits of the SAMI depend on its thickness and the shear stiffness of the
interlayer, especially when applied to a cracked pavement [12,13]. Moreover, depending
on the temperature, the effect of the SAMI could vary, and when dealing with visco-elastic
materials, such as asphalt pavements, a change in temperature results in a change in
stiffness. This confirms the importance of considering both reinforcement thickness and
stiffness as study variables.

SAMIs are low stiffness interlayers that are able to absorb stress due to their deforma-
bility. A Finite Element Analysis, which was used to evaluate SAMIs, revealed that low
stiffness is necessary, but extremely low stiffness could lead to undesirable effects, such as
excessive strain in the overlay [14].

In addition, SAMIs that employ innovative materials, such as a fiber reinforced SAMI [15]
and asphalt rubber SAMI [16], have also been considered.

Bonding efficiency is another important aspect of interlayer reinforcement. In fact, a
defect in interlayer bonding could compromise the effectiveness of the reinforcement [17,18].
Researchers investigated the feasibility of applying geocomposites to a milled surface
and showed that they can be successfully applied if properly implemented [19]. It was
demonstrated that bonding properties depend on the reinforcement system type [20].
Moreover, the adoption of innovative materials (such as a basalt fiber mesh geotextile [21])
to improve adhesion has been taken into account.

Finite Elements Models (FEMs) have been adopted in the literature to describe crack
propagation by means of Paris’ law [22]. This method involves an energetic approach to
describe fatigue cracking [23] based on the introduction of a Stress Intensity Factor (SIF)
and the J-integral [24].
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3. Research Objectives

In this study, the effectiveness of the reinforcement is evaluated according to the state
of the art. In particular, as interlayer thickness and stiffness are essential characteristics,
different values for these variables have been taken into account. To simulate the effect on
crack propagation and stress condition in the pavement layers, a FEM method is adopted.
The simulations consider an already cracked pavement as the initial condition, representing
a more realistic situation for reinforcement implementation. In fact, crack initiation occurs
at a localized defect and the number of load cycles inducing initiation is strictly dependent
on the specific defect and is thus influenced by randomness [25]. However, the crack
propagation trend depends on the overall pavement layer properties. Therefore, the focus
of this study is to describe and simulate the crack propagation phase. In detail, crack
propagation is simulated in accordance with Paris’ law, which, based on the literature, is
the most widely adopted approach to date.

In addition, the unreinforced pavement condition is also considered for crack prop-
agation simulations. This allows the performance of the specific reinforcement type to
be evaluated by comparing it with the zero-intervention solution. As a result, a set of
appropriate reinforcement characteristics could be determined.

Specifically, the effectiveness of each type of reinforcement is assessed on the basis of
the following criteria: (i) the ability to limit the stress condition in the asphalt overlay and
prevent it from cracking, and (ii) the ability to slow down and delay the propagation of
cracks in the initially cracked pavement. In fact, the cracking of the overlay would again
compromise the surface properties of the pavement in terms of friction and therefore safety.

4. Materials and Methods

The purpose of this study is to assess the effectiveness of asphalt pavement reinforce-
ment in counteracting reflective cracking. It is assumed that the rehabilitation intervention
is carried out on an initially cracked pavement to limit the negative impact on user safety.

4.1. Pavement Rehabilitation and Reinforcement Layer

Road pavement rehabilitation involves the partial milling of the cracked pavement
layers, the application of a reinforcement interlayer, and a final asphalt overlay to restore
the surface characteristics. In particular, various reinforcement interlayer typologies have
been taken into account in terms of stiffness and thickness. To evaluate the effectiveness
of different types of reinforcement, it is necessary to simulate crack propagation scenarios
in pavements without and with reinforcement. By comparing the results for the different
reinforcements, the most effective solutions in terms of thickness and stiffness can be iden-
tified. In particular, the pavement layouts without reinforcement and with reinforcement
are shown in Figure 1a and Figure 1b, respectively.
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There are different types of reinforcement interlayers in terms of material properties,
stiffness, and operating principle. In this study, different interlayer typologies are consid-
ered regarding stiffness and thickness. In particular, by assuming a reasonable stiffness of
8000 MPa (at 20 ◦C and 10 Hz load frequency [26]) for the asphalt overlay, the following
two categories of reinforcement have been identified.

• Low stiffness reinforcements refer to reinforcements characterized by a modulus
of elasticity less than 8000 MPa. This stiffness range is usually associated with the
Stress Absorbing Membrane Interlayer (SAMI). Thanks to their low stiffness and high
deformability, these layers can absorb stresses and dissipate energy through vertical
and horizontal deformation. The SAMI consists of a modified bituminous emulsion
covered with a washed and crushed aggregate, forming a diaphragm that distributes
the stresses and limits the propagation of cracks from the lower layers of the pavement.

• High stiffness reinforcements refer to reinforcements characterized by a modulus
of elasticity greater than 8000 MPa. This reinforcement stiffness can be associated
with geomembranes, which are layers of polymer modified bitumen and glass fiber
reinforcements, characterized by a waterproofing function [27]. To ensure adhesion
between layers, the geomembrane is composed of a three-layer system consisting of a
self-adhesive bituminous lower layer, a glass fiber grid middle layer, and a bituminous
upper layer with a thermo-adhesive surface.

For the simulations, different values of the elastic modulus are considered for low and
high stiffness reinforcements, as shown in Table 1.

Table 1. Reinforcement elastic modules for low stiffness and high stiffness reinforcements.

Reinforcement Stiffness—Elastic Modulus [MPa]

Low Stiffness Reinforcements
-SAMI-

High Stiffness Reinforcements
-Geomembranes-

400; 500; 600; 700; 800; 900; 1000; 1500; 2000;
3000; 4000; 5000. 10,000; 50,000; 100,000; 200,000.

4.2. Fracture Mechanics

The reflective cracking phenomenon on the pavement is typical of fatigue cracking
under repeated load cycles [28,29]. In this study, crack propagation is analyzed by em-
ploying Linear Elastic Fracture Mechanics (LEFMs). This assumption is valid for linear
elastic material properties. For visco-elastic materials, such as asphalt pavement, specific
adjustments should be considered to adapt the LEFMs, as detailed below.

Crack propagation in a pavement can follow two typical paths: bottom-up [30] and top-
down [31]. Bottom-up crack propagation occurs when the first crack appears at the bottom
of the bonded layers and then propagates upwards, while top-down propagation starts at
the surface layer and propagates downwards. Bottom-up propagation is considered for
the present analysis, as it is the most common initiation condition caused by tensile stress
at the lower surface of the base layer. To describe crack propagation, fracture mechanics
should be considered. LEFMs divide the phenomenon into three stages: (i) crack initiation,
(ii) crack propagation, and (iii) system failure. In addition, crack propagation may follow
a different trend if a reinforcing layer is applied to an already cracked pavement. The
crack propagation scheme for an unreinforced and a reinforced pavement is synthesized in
Figure 2.

Relevant to this study, each stage of crack propagation is described in detail below.

1. Stage 1: Crack initiation. The crack initiation phase consists of two steps: an initial
microcrack and a subsequent macrocrack, corresponding to the formation of a visibly
damaged zone. The initiation phase is characterized by the number of repeated load
cycles (Ni) causing the appearance of the first damage state within the affected layer.
The location of the crack initiation zone depends on the presence of a localized defect.



Buildings 2024, 14, 2264 5 of 21

It is hypothesized that the first crack initiates at the base of the bonded layers and then
propagates upwards (bottom-up fatigue cracking), as this crack initiation mechanism
is the most common in fatigue cracking [30]. The loading condition causing the crack
formation is assumed to be a tensile stress opening the crack, since it has been shown
to be the most critical condition for the crack propagation stage as well (Stage 2) [32].

2. Stage 2: Crack propagation. Once the first crack has appeared, if the pavement
continues to be cyclically loaded, the crack will continue to propagate. A plastic zone
develops at the tip of the crack, the size of which increases as the crack grows [33]. If
the plastic region is small enough to be contained within the elastic singularity region,
the Stress Intensity Factor (SIF) can be adopted to describe the stress field around the
defect [34]. The SIF, represented by the variable K, can be adopted to estimate the
fracture dimension (a) during its propagation. The SIF depends on the geometric and
loading conditions and can be expressed in general terms for different loading modes
by Equation (1).
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K = Yσ
√

πa (1)

where σ is the applied stress, a is the crack size, and Y is an adimensional shape factor
depending on the geometry and loading mode. To define the SIF, an energetic approach
based on the J-integral is adopted. The J-integral is the energy parameter describing the
concentration of stress over an area, as given by Equation (2).

J = −dU
dA

(2)

where U is the potential energy, and A is the fracture area. For visco-elastic materials such
as asphalt pavement, the J-integral is expressed by Equation (3), through which the SIF is
obtained, as expressed in Equation (4).

J =
K2(1 − ν2)

ER
(3)

K =

√
ER·J

(1 − ν2)
(4)
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where ER is the reference stiffness modulus for the material, and ν is the Poisson’s coeffi-
cient. The crack growth rate is a function of the change in the SIF (∆K). The relationship
describing crack propagation is expressed by Equation (5):

da
dN

= f (∆K, R) (5)

where a is the fracture dimension, N is the number of loading cycles, da/dN is the crack
growth per load cycle, ∆K is the change in the SIF, and R is the fracture resistance of the ma-
terial. Equations (6) and (7) can be adopted for determining the aforementioned parameters.

R =
Kmin
Kmax

(6)

∆K = Kmax − Kmin (7)

By means of the relationship described in Equation (5), it is possible to estimate the
fatigue life of the pavement, which refers to the number of load cycles that will bring the
pavement to failure. The number of cycles to failure is calculated as the number of cycles
required to propagate the crack from an initial height (a0) to a final height (a f ), as expressed
by Equation (8).

N =
∫ a f

a0

da
f (∆K, R)

(8)

In the crack propagation phase, the evolution essentially depends on the material
properties. Indeed, the literature has shown that it is possible to characterize the trend
of the defect propagation rate as a function of the K parameter using an exponential law
that can be linearized in the logarithmic plane. The exponential law describing this trend
is known as Paris’ law and is expressed in Equation (9), where A and n are parameters
characterizing the material.

da
dN

= A(∆K)n (9)

In particular, n is assumed to be equal to 3.4 [35,36], while A is determined through
Molenaar theory [37], as shown in Equation (10). This approach allows one to account for
the visco-elastic properties of the analyzed material.

log A = 4.389 − 2.52 log(Er·σt·n) (10)

where σt is the tensile strength of the material, which is assumed to be equal to 1.8 MPa.

3. Stage 3: System failure. System failure corresponds to the loss of the safety and
operability of the road surface. In the case of a reinforced pavement, system failure
is reached when the crack has propagated through the full thickness of the base
layer reaching the reinforcement layer. For consistency, the system failure for a non-
reinforced pavement is assumed to occur when the crack propagates through the
entire base layer.

4.3. Method Validation

To validate the method adopted for the solution, an elementary model to describe the
pavement is initially considered, namely a single-layer beam. The aim of validation is to
confirm the ability of the software considered (COMSOL Multiphysics, and Abaqus) to
describe the pavement behavior in terms of the following:

1. Stress trend, which should be consistent with the stress results from the de Saint
Venant theory;

2. Crack propagation, which must be in accordance with the results based on Paris’ law.
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In particular, the validation is performed on a single-layer beam in the absence of a
crack for the stress condition and in the presence of a crack for the crack propagation case.
Moreover, the following hypotheses have been considered:

• Linear elastic material is assumed to describe asphalt behavior (reasonable assumption
in the case of fatigue behavior with a high number of load cycles [38]); the material
properties are therefore expressed in terms of the Young’s modulus (E = 8000 MPa)
and Poisson’s coefficient (ν = 0.3);

• Plane deformation state (εx ̸= 0, εy ̸= 0, εz = 0);
• Beam dimensions (length L = 500 mm and height h = 50 mm) are assumed to comply

with the slender beam condition (L/h ≥ 8), so that de Saint Venant’s theory can
be applied;

• A three-point loading condition is needed, with a load of 120 N distributed over an
area of 10 mm (distributed load of 12 N/mm).

For the cracked beam simulation scenario, different crack dimensions (a) are assumed
for the two software programs:

• For COMSOL Multiphysics, a variable crack height from 2.5 mm to 30 mm with
0.5 mm increments is considered;

• For Abaqus, crack heights of 5, 10, 15, 20, and 25 mm are considered.

Therefore, the single-layer beam scheme considered for stress validation is illustrated
in Figure 3a, while the adopted configuration for crack propagation validation is repre-
sented in Figure 3b.
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4.3.1. Stress Condition

The validation of the stress condition is performed on the single-layer beam without
a crack (Figure 3a). In fact, the stress results obtained from the software are compared
with those obtained by de Saint Venant’s theory. The stresses are calculated at the beam
mid-point at various heights. However, as these stresses are influenced by local effects due
to the presence of the load at the mid-point, stresses are also calculated at 200 mm from this
point. Considering the trend of stresses corresponding to a section slightly shifted from the
centerline (at 200 mm), where the concentrated load is applied allows for the effect of stress
concentration to be isolated.

The graphical representation of the stresses at the beam centerline (Figure 4a) and
200 mm from the centerline (Figure 4b) shows that there is an almost perfect correspondence
between the software and de Saint Venant’s theory, except for localized effects caused by the
load application. It can be seen that the middle section is affected by stress concentration
effects due to the presence of the load, while the section 200 mm away shows an almost
perfect correspondence between the software and de Saint Venant’s theory. In fact, the
stresses assume the pattern of the typical butterfly diagram.
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Figure 4. Comparison of stress diagram in single-layer beam obtained with de Saint Venant theory
and software: (a) at the beam centerline; (b) at 200 mm from the beam centerline.

4.3.2. Crack Propagation

The validation of the crack propagation is performed on the single-layer beam with
the crack (Figure 3b). The software results are compared in terms of the Stress Intensity
Factor (SIF) with the literature equations for the three-point bending test. In particular, the
formulations of Anderson [33] and Carpinteri [39], described by Equations (11) and (12),
respectively, are considered.
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where Q is the concentrated load, L is the beam length, h is the beam height, B is the beam
thickness, and a

h is the ratio between the crack dimension and the beam height.
The results in terms of the SIF for different crack dimensions are synthesized in

Table 2. It can be noted that the SIF shows a good correspondence between the software
and literature equations.

Table 2. Comparison of the SIF obtained with the literature equations and software for different
crack dimensions.

Crack Dimension Stress Intensity Factor—K [N/m1.5]

a [mm] Abaqus COMSOL Anderson Carpinteri

5 91,444 90,577 90,906 89,071
10 129,826 129,317 126,101 125,430
15 169,746 168,887 163,277 163,446
20 220,866 218,773 212,711 212,629
25 291,328 291,290 285,769 286,028

The validation process confirmed the reliability of using both software programs to
represent the stress condition and crack propagation. Therefore, only COMSOL Multiphysics
is referred to in the following, as it allows for the easier modeling of the crack dimension.
In particular, the crack is modeled with a variable height ranging from 2.5 mm to 30 mm
with 0.5 mm increments.
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4.4. Two-Layer System

Once the feasibility of adopting the software has been validated, the assumed model
is refined to better represent the actual on-site condition of the pavement. Therefore, a two-
layer beam is considered, with the top layer representing the wearing course and the bottom
layer representing the base layer. It is assumed that there is perfect adhesion between the
two layers. This condition is proven to be achieved in properly constructed pavements [19].
The graphical representation of the two-layer beam is shown in Figure 5. This pavement
configuration allows for the investigation of the effect of different fracture dimensions on
the stress condition and crack propagation of the two-layer system. Therefore, simulations
for the two-layer beam can be extrapolated to the behavior of a non-reinforced pavement.
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The following results obtained from the software simulations are analyzed.

1. σx: stress along the x-direction calculated at the beam centerline for the entire beam
height. Based on Figure 6, it can be noted that when considering increasing crack
dimensions (a), an increasing stress trend is registered along the beam centerline. In
addition, the maximum tensile stress is recorded in correspondence with the crack tip.
Moreover, larger crack heights increase the stress in the wearing course, increasing
the likelihood of crack initiation. If the crack extends through the entire base layer
(a = 25 mm), the stress in the bottom layer is null and the stress in the top layer
is maximized.

2. The J-integral and SIF for different crack dimensions and different radii of the circular
integration area (r). A different J-integral will be calculated according to the selected
circular radius for the integration area, as shown in Figure 7a. In particular, the
value of the J-integral depends on the radius of the circular integration area (r) when
the integration surface intersects the boundary between the lower and upper layers.
Consequently, a specific SIF is obtained, as illustrated in Figure 7b.

3. Nnr: the number of load cycles to failure without reinforcement, where failure is
reached when the crack propagates through the entire base layer. The number of
cycles leading to system failure is calculated as the cumulative number of load cycles
for several increasing crack heights. Thus, according to results expressed in Figure 8,
the total number of load cycles that will cause the system to fail without reinforcement
is approximately Nnr = 6.71·108.
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4.5. Three-Layer System

To simulate the effect of reinforcement with reference to the pavement scheme con-
sidered in Section 4.4, a three-layer beam is considered. Therefore, the pavement scheme
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considered is shown in Figure 9. It should be noted that the effect of the reinforcement de-
pends on its thickness and stiffness; thus, different simulations are performed for different
reinforcement characteristics.
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Software simulations allow the number of cycles to failure to be determined for
different reinforcement thicknesses and stiffnesses. In fact, the output data obtained from
the software are the same as those considered in Section 4.4. However, for the reinforced
pavement, the number of load cycles that bring the system to failure (crack propagation
affecting the whole base layer) is expressed through the symbol Nr.

To determine the effect of the reinforcement on the wearing course, the maximum ten-
sile stress recorded in the surface layer is evaluated for different reinforcement thicknesses
and stiffnesses. The results reported in Figure 10 show that the tensile stress in the wearing
course increases with the crack dimension. In fact, as the crack propagates from the deeper
layer (base) upwards, the maximum stress in the surface layer increases. In addition, the
positive effect of the reinforcement in containing the tensile stress in the wearing course is
more pronounced at greater thicknesses and stiffnesses. When comparing two different
reinforcing layer thicknesses, 0.15 mm (Figure 10a) and 2 mm (Figure 10b), for the same
stiffness, the reinforcement proves to be more effective with a greater thickness. This means
that the reinforcement layer should be sufficiently stiff and thick to prevent cracking in the
wearing course.
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Similarly, when comparing the effect of reinforcement for two different crack dimen-
sions, 1 mm (Figure 11a) and 25 mm (Figure 11b), a combined effect of the layer thickness
and stiffness is registered. In small crack dimensions, the effect of the reinforcement layer is
significant only for high reinforcement stiffness (>8000 MPa). Conversely, for larger crack
dimensions, the effect of reinforcement is noticeable even for lower stiffness layers when
they have a sufficient thickness.
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4.6. Reinforcement Performance

To evaluate the effect of the reinforcement layer on the base layer, crack propagation
should be considered. In particular, the performance of the reinforcement is described
in terms of the number of cycles to failure with and without reinforcement, through the
following Equation (13):

η =
Nr

Nnr
=

∫ H
0 · da

(∆ Kr)
n∫ H

0 · da
(∆ Knr)

n

(13)

where η is the reinforcement performance, Nnr is the number of load cycles to failure
without reinforcement, Nr is the number of load cycles to failure with reinforcement, ∆Knr
is the SIF for the non-reinforced pavement, and ∆Kr is the SIF for the reinforced pavement.
Whenever the performance value is greater than one, the reinforcement has a positive effect
on crack propagation in the base layer.

The results in terms of reinforcement performance for different thicknesses and stiff-
nesses are synthetized in Table 3.



Buildings 2024, 14, 2264 13 of 21

Table 3. Reinforcement performance for different thicknesses and stiffnesses.

Reinforcement Thickness
d [mm]

Reinforcement Performance—η [-]

Low Stiffness [MPa] [MPa] High Stiffness [MPa]

400 500 600 700 800 900 1000 1500 2000 3000 4000 5000 8000 10,000 50,000 100,000 200,000

0.15 0.85 0.87 0.88 0.89 0.90 0.90 0.91 0.92 0.93 0.95 0.96 0.97 1.00 1.01 2.04 3.40 34.67
1.00 4.41 1.74 1.19 0.99 0.90 0.85 0.82 0.77 0.76 0.78 0.82 0.86 1.00 1.11 6.90 82.85 632,942.53
1.50 1.50 1.11 0.95 0.87 0.82 0.79 0.76 0.72 0.71 0.73 0.77 0.82 1.00 1.16 17.86 1903.29 6,065,251.51
2.00 0.81 0.72 0.68 0.66 0.64 0.63 0.62 0.61 0.62 0.66 0.71 0.77 1.00 1.20 48.02 2659.01 35,576.08
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The results show that high modulus reinforcements consistently exert a positive effect
on crack propagation in the base layer due to their stiffening effect. Specifically, they offer
increasingly significant benefits with a higher modulus and thickness. Conversely, low
stiffness modulus reinforcements have no stiffening effect and, due to stress redistribution,
increase the tensile stresses in the base layer and reduce the number of cycles to failure. In
fact, for low stiffness reinforcements, the performance η is generally less than one, which
represents a negative effect on crack propagation. The only low stiffness reinforcement con-
figuration associated with a positive effect is for extremely low stiffness moduli (<700 MPa)
and for intermediate thicknesses (d = 1 mm or d = 1.5 mm).

Figure 12 synthetizes the reinforcement performance at different stiffness levels, con-
firming that high modulus reinforcements always have a positive effect in delaying crack
propagation, while low modulus reinforcements are mainly inefficient except at very low
stiffness values.
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4.7. Multilayer System

Once the main trends between reinforcement thickness/stiffness and its performance
have been defined, a more realistic pavement configuration is simulated. In particular, a
multilayer system representing an asphalt pavement is considered. Specifically, the asphalt
bonded layers (wearing course and base) are placed on top of an unbonded layer (sub-base)
laying on the subgrade. The specific pavement scheme without reinforcement and its
relative material properties and boundary conditions is shown in Figure 13. In particular,
the bottom of the subgrade is considered fixed (displacements are not allowed along both
the x and y directions). Lateral boundaries of the multilayer system are represented as a
trolley, which prohibits any movement along x and allows translations only along y. The
interaction between the different layers is simulated according to two different schemes:
(i) a condition of perfect adhesion is assumed at the interface between the bonded layers, i.e.,
total cooperation with the transfer of vertical stresses and the same horizontal deformations,
and (ii) at the interface with at least one unbonded layer, the total absence of adhesion is
assumed, with the layers being completely independent from the tensile-deformation point
of view, thus eliminating the transfer of horizontal forces. To simulate reflecting cracking, a
variable crack dimension between 0.1 mm and 170 mm in 0.5 mm increments is assumed
so that for the maximum crack height, the entire base layer is cracked. For the purpose of
finite element modeling, the mesh characteristics were determined. A structured triangular



Buildings 2024, 14, 2264 15 of 21

mesh with a maximum dimension of 5 mm and densification near the fracture apex was
assumed, as detailed in Figure 13.
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Figure 13. Multilayer pavement scheme without reinforcement.

To calculate the J-integral, four different circular integration surfaces with an increasing
radius r (10 mm, 20 mm, 30 mm, and 40 mm) are considered. The software, therefore,
simulates the stress condition and crack propagation to failure.

Similarly, the reinforced pavement scheme is assumed, as shown in Figure 14. In this
case, the software is used to run simulations for different reinforcement thicknesses and
stiffnesses. It should be noted that for low stiffness reinforcements (SAMIs), a thickness of 5
mm is taken into account, while for high stiffness reinforcements (geomembranes), a thick-
ness of 0.15 mm is considered. In particular, since the geomembrane is a three-layer system
composed of two bituminous layers comprising a fiberglass grid, an equivalent thickness is
taken into account. This allows for the consideration of the average reinforcement material
properties for software simulation purposes.
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The thickness of the asphalt overlay depends on the thickness of the reinforcement,
ensuring that the total thickness of reinforcement and overlay is equal to 40 mm. Regarding
the elastic modulus, various values have been considered for both low and high stiffness
reinforcements, as reported in Figure 14.

5. Results and Discussion

The effect of the reinforcement on the schematized pavement is evaluated by compar-
ing the non-reinforced configuration (Figure 13) with the reinforced one (Figure 14). In
particular, two aspects should be considered: the effect on the stress condition in the wear-
ing course, and the crack propagation in the base layer. In fact, the reinforcement should be
able to both prevent new cracking in the wearing course and delay crack propagation into
a deeper layer of the pavement.

5.1. Reinforcement Effect on the Stress Condition of the Wearing Course

To evaluate the effectiveness of the reinforcement in preventing cracking in the wear-
ing course, the maximum tensile stress is considered for various scenarios. In particular,
the unreinforced pavement is compared with the reinforced pavement for various stiff-
ness values.

5.1.1. Low Stiffness Modulus Reinforcements—SAMI

The results of the simulations in terms of the maximum tensile stress in the wearing
course for low stiffness reinforcements are shown in Figure 15. It can be noted that
low stiffness reinforcements (E < 8000 MPa) with a thickness of 5 mm are not always
beneficial for preventing cracking in the wearing course. In fact, extremely low stiffness
reinforcements (E < 700 MPa) induce a tensile stress in the wearing course that is even
more critical compared to the unreinforced pavement. This phenomenon may be due to
the presence of an interlayer contributing to the transfer of stresses from the lower cracked
layers to the new asphalt overlay, overloading it. Only for fairly large cracks (a > 150 mm),
which nearly affect the entire base layer, a slight positive effect of the reinforcement is
observed. Conversely, stiffness values equal or greater than 700 MPa allow a positive effect
to be achieved in the wearing course. In addition, the benefit is more pronounced for
increasing stiffness. However, for the simulated scenarios, any reinforced pavement will
still reach a fracture state if the crack extends to the full height of the deeper layers, as the
tensile strength (1.80 MPa) is overcome.
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5.1.2. High Stiffness Modulus Reinforcements—Geomembranes

Regarding high stiffness reinforcements (E > 8000 MPa), a constant thickness of
0.15 mm is considered. As shown in Figure 16, high stiffness reinforcements are almost
always effective in preventing cracking in the wearing course. In fact, even for a crack
dimension of 170 mm affecting the entire base layer, the maximum tensile stress in the
wearing course is below the tensile strength (equal to 1.8 MPa). The tensile strength is
exceeded for a crack dimension of 170 mm only in the case of a reinforcement stiffness of
10,000 MPa, meaning that cracking will occur in the wearing course.

Buildings 2024, 14, x FOR PEER REVIEW 17 of 21 
 

of 170 mm affecting the entire base layer, the maximum tensile stress in the wearing course 
is below the tensile strength (equal to 1.8 MPa). The tensile strength is exceeded for a crack 
dimension of 170 mm only in the case of a reinforcement stiffness of 10,000 MPa, meaning 
that cracking will occur in the wearing course. 

Therefore, high stiffness reinforcements with a modulus of elasticity greater or equal 
to 50,000 MPa are effective in preventing cracking in the surface layer. In addition, the 
maximum tensile stress in the wearing course is reduced as the stiffness of the reinforce-
ment layer increases. 

 
Figure 16. Maximum tensile stress in the wearing course for high stiffness reinforcements. 

5.2. Reinforcement Effect on the Cracking State of the Base Layer 
To evaluate the effectiveness of the reinforcement in delaying crack propagation in 

the base layer, the number of load cycles to failure are considered for various scenarios. 
Specifically, the unreinforced pavement is compared with the reinforced one for various 
stiffness values. Thus, the reinforcement performance (𝜂) is computed according to Equa-
tion (13). Performance values greater than one express a positive effect of the reinforce-
ment, as the number of cycles to failure is increased compared to the unreinforced pave-
ment. Conversely, performance values lower than one indicate a detrimental effect of the 
reinforcement on crack propagation in the base layer. 

5.2.1. Low Stiffness Modulus Reinforcements—SAMI 
Performance values for low stiffness reinforcements are calculated by comparing the 

number of cycles to failure with no reinforcement and with 5 mm of reinforcement. The 
results presented in Figure 17 show that a beneficial effect is registered for a reinforcement 
stiffness of less than 900 MPa. In fact, for this condition, a performance value greater than 
one is obtained, meaning that the reinforcement can counteract crack propagation in the 
base layer. This means that low stiffness reinforcements, due to their high deformability, 
can slow down crack propagation. Conversely, as stiffness increases, the positive effect of 
stress absorption is gradually reduced, so that for a modulus of elasticity between 900 
MPa and 5000 MPa, the reinforcement is neither deformable enough to absorb stresses nor 
stiff enough to reinforce the deeper layers. As a result, the performance values are less 
than one and the reinforcement is not beneficial. 

Figure 16. Maximum tensile stress in the wearing course for high stiffness reinforcements.

Therefore, high stiffness reinforcements with a modulus of elasticity greater or equal
to 50,000 MPa are effective in preventing cracking in the surface layer. In addition, the
maximum tensile stress in the wearing course is reduced as the stiffness of the reinforcement
layer increases.

5.2. Reinforcement Effect on the Cracking State of the Base Layer

To evaluate the effectiveness of the reinforcement in delaying crack propagation in
the base layer, the number of load cycles to failure are considered for various scenarios.
Specifically, the unreinforced pavement is compared with the reinforced one for vari-
ous stiffness values. Thus, the reinforcement performance (η) is computed according to
Equation (13). Performance values greater than one express a positive effect of the rein-
forcement, as the number of cycles to failure is increased compared to the unreinforced
pavement. Conversely, performance values lower than one indicate a detrimental effect of
the reinforcement on crack propagation in the base layer.

5.2.1. Low Stiffness Modulus Reinforcements—SAMI

Performance values for low stiffness reinforcements are calculated by comparing the
number of cycles to failure with no reinforcement and with 5 mm of reinforcement. The
results presented in Figure 17 show that a beneficial effect is registered for a reinforcement
stiffness of less than 900 MPa. In fact, for this condition, a performance value greater than
one is obtained, meaning that the reinforcement can counteract crack propagation in the
base layer. This means that low stiffness reinforcements, due to their high deformability,
can slow down crack propagation. Conversely, as stiffness increases, the positive effect of
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stress absorption is gradually reduced, so that for a modulus of elasticity between 900 MPa
and 5000 MPa, the reinforcement is neither deformable enough to absorb stresses nor stiff
enough to reinforce the deeper layers. As a result, the performance values are less than one
and the reinforcement is not beneficial.
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5.2.2. High Stiffness Modulus Reinforcements—Geomembranes

Performance values for high stiffness reinforcements are calculated by comparing
the number of cycles to failure with no reinforcement and with 0.15 mm of reinforcement.
The results presented in Figure 18 show that a beneficial effect is always registered. In
fact, for a modulus of elasticity greater or equal to 10,000 MPa, the performance values
are always greater than one. This means that the number of cycles to failure is always
increased compared to the unreinforced pavement. In the case of high stiffness reinforce-
ments, the beneficial effect on the base layer in terms of crack propagation delay increases
with stiffness.
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6. Conclusions

This study aimed to evaluate the effectiveness of reinforcement interlayers in road
pavement rehabilitation by mitigating fatigue cracking. Two types of interlayers were
considered: (i) low stiffness reinforcements (SAMIs) and (ii) high stiffness reinforcements
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(geomembranes). The benefits of reinforcement were evaluated based on the stress condi-
tion of the wearing course and the cracking state of the base layer.

The results showed that geomembranes always have a positive effect in terms of tensile
stress in the wearing course. Moreover, interlayers with a very high stiffness (≥50,000 MPa)
are effective in preventing cracking in the surface course, even with a fully cracked deeper
course. In addition, geomembranes can delay crack propagation as the performance values
are always greater than one. The performance increases with increasing stiffness, ranging
from 1.05 (for 10,000 MPa reinforcement stiffness) to 3.57 (for 200,000 MPa reinforcement
stiffness). For example, a 50,000 MPa geomembrane (0.15 mm thick) can increase the service
life of a pavement by approximately 30%.

While geomembranes always have a positive effect, SAMIs do not always have a
positive effect. In terms of tensile stress in the wearing course, a stiffening effect is required
and a sufficiently high stiffnesses is necessary to have a positive effect on the existing
pavement (≥700 MPa). In addition, the tensile strength in the wearing course is always
exceeded for a totally cracked base layer, meaning that SAMIs are not fully effective in
preventing cracking. In terms of crack propagation in the base layer, SAMIs only have a
positive effect for sufficiently low stiffness (sufficiently deformable), showing performance
values greater than one for reduced stiffness (≤800 MPa). Therefore, SAMIs present some
critical issues related to the fact that they should be sufficiently deformable to delay crack
propagation in the base layer, but stiff enough to prevent cracking in the wearing course.

In conclusion, geomembranes always have a positive effect both in delaying crack
propagation in the deeper layers and in preventing cracking in the surface layer. On the
contrary, SAMIs have a positive effect in reducing the probability of cracking in the wearing
course for sufficiently high stiffnesses (≥700 MPa) and in retarding the propagation of
cracks for sufficiently low stiffnesses (≤800 MPa). Thus, SAMIs could be effective for
intermediate stiffnesses (700/800 MPa). However, the effect would be slightly positive and
not comparable to that of geomembranes.

The results of this study, based on the simulation of pavement behavior, could be
useful to plan an experimental analysis to confirm the results obtained, as the focus of a
further agenda.
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