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Geosynthetics have been used within hot mix asphalt to provide a broad range of benefits, including those of
controlling the development of reflective cracks into structural overlays, minimizing moisture infiltration, and
increasing structural capacity. The performance of geosynthetic-reinforced asphalt has been evaluated under
several loading modes through a variety of experimental procedures (e.g., three- and four-point bending,
interface shear, wheel tracking test). However, limited research has been conducted to evaluate the performance
of geosynthetic-reinforced asphalt under the shear loading mode that governs the reflection of cracks into
structural overlays, which is shearing across the geosynthetic plane (cross-shear loading). In this study, an
experimental procedure was developed to test the unreinforced and geosynthetic-reinforced asphalt subjected to
cross-shear loading. Specifically, monotonic and cyclic cross-shear tests were conducted on control (unrein-
forced) asphalt specimens as well as asphalt specimens that were reinforced with four different geosynthetic
reinforcements, including two polymeric and two glass products. The results show that all the geosynthetic re-
inforcements adopted in this study led to a significant improvement in the performance of asphalt specimens,
though differences could be identified on the type of benefits provided by different geosynthetic products.
Specifically, the geosynthetic with the highest tensile stiffness was found to provide the most significant benefits
before crack development, but negligible post-cracking benefit due to its low elongation at break. On the other
hand, comparatively less stiff geosynthetics showed significantly high post-cracking benefits. Under cyclic
loading, while all reinforced asphalt specimens exhibited superior performance against the control specimens,
the polymer-reinforced specimens showed comparatively better performance than the glass-reinforced specimens
due to the better fatigue resistance of polymers as compared to glass.

Introduction g., [7,10,15,16,36]). However, the properties and conditions that

determine the suitability of various types of geosynthetics used as

The use of paving interlayers, now a common approach to enhance
the flexible pavements performance, aims at providing reinforcement,
stiffening, stress relief, separation, and moisture barrier (e.g.,
[2,19,37,38]). Adequate incorporations of paving interlayers within the
asphalt layer have been reported to provide several benefits that in-
cludes reduction in rutting (e.g., [4,7,15,24]), alleviation of reflective
cracks (e.g., [13,14,28,34]), and enhancement of fatigue life (e.g.,
[9,16,26,30]). In circumstances that debonding occurs between asphalt
and paving interlayers, the stiffness and structural capacity of the
pavement may decrease (e.g., [29]). However, in conditions that do not
lead to debonding, paving interlayers have been reported to provide
additional benefits in terms of increased structural capacity that may
result in the reduction of asphalt thickness and extended service life (e.
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paving interlayers still remain unclear, and specifications for these
products often involve only descriptive characteristics rather than
performance-based properties.

Although several experimental studies have been conducted to un-
derstand and characterize the performance of geosynthetic-reinforced
asphalt under various modes of loading, comparatively limited
research has been conducted to evaluate such performance under shear
loads that are applied perpendicular to the reinforcement plane. Such
shear loads correspond to a critical loading mode that is relevant to
control reflective cracking. In this study, a new shear testing device and
procedure was developed in which asphalt specimens are subjected to
shear loads that are applied perpendicular to the reinforcement plane,
referred herein as the cross-shear load. The significance of
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understanding the benefits derived from geosynthetic reinforcements
under this loading procedure is discussed in the next section. Practicality
of the developed procedure and its capability to identify differences
among various interface configurations were examined in monotonic
and cyclic loading schemes to test control (unreinforced) asphalt spec-
imens as well as asphalt specimens that were reinforced using four
different geosynthetics, including polymeric and glass grids. Relevant
parameters and protocols to evaluate experimental data in each loading
scheme were developed. Using the data obtained in the monotonic and
cyclic cross-shear tests, preliminary responses of different reinforcement
types are discussed.

Background

One of the main objectives of incorporating interlayers below the
asphalt overlay is to minimize reflective cracking.The two common
approaches to achieve this objective include: 1) the development of
tensile forces (reinforcement) in order to redistribute the stress con-
centration leading to the triggering of cracks; and 2) providing stress
relief, which involves minimizing the shear transfer between preexisting
asphalt layer and new asphalt overlay. However, the mechanisms that
contribute to one approach are quite different from those contributing to
the other, and, consequently, the properties to evaluate the suitability of
interlayers for one approach can differ from those for another. While a
stiff geosynthetic and a strong bond between geosynthetic and adjacent
asphalt layers are essential to develop the tension required to induce the
reinforcement, a comparatively less stiff geosynthetic that also reduces
the bond between the asphalt layers is required to accomplish stress
relief.

The multifaceted nature of loads applied on the pavement structure
results complex stress and strain patterns in the various pavement
layers. Traffic and environmental loads have been identified as the two
main sources of pavement stresses that may lead to possible failures in
the various structural layers. Fig. 1 shows a schematic of changes in the
vertical normal stress (oy), horizontal normal stress (o), and shear
stresses (1) induced by a moving wheel load at any point within the
asphalt layer in a flexible pavement [6,17]. The time history of the
normal and shear stresses acting on the horizontal and vertical planes
under a moving wheel load are as shown in Fig. 1(b). As the wheel ap-
proaches, the normal stresses in the vertical and horizontal planes at
Point A increases and reaches a maximum value when the wheel is atop
Point A, and eventually reduces as the wheel departs from Point A. On
the other hand, the shear stresses on the vertical plane increases to a
maximum value when the wheel approaches Point A and subsequently
reduces to zero when the wheel load is located exactly atop Point A.

However, the actual state of the stresses in pavement layers could be
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more complex than the stress pattern exhibited in Fig. 1. For example,
the thermal strains induced by daily and seasonal temperature varia-
tions would affect the stress pattern in the asphalt layer (e.g., [19]).
More importantly, initiation and propagation of cracks and other forms
of distresses in the asphalt layer would significantly affect the stress field
in the vicinity of such distresses.

The performance of a structural overlay may be significantly influ-
enced by the presence or absence of cracks in the preexisting asphalt
layer resulting in stress patterns that can be quite different than those
presented in Fig. 1. In case of the overlays that are placed on an un-
derlying cracked asphalt layer, traffic and thermal loads induce stress
concentrations in the vicinity of cracks that may trigger propagation of
cracks into the asphalt overlay. The three main stress patterns that result
in the propagation of cracks have been classified in fracture mechanics
as follows (Irwin [12]):

1) Mode I: Opening mode (or tensile cracks), in which tensile stresses
are applied in the direction normal to the plane of the crack (Fig. 2a)

2) Mode II: Sliding mode (or transverse shear cracks), in which shear
stresses are applied parallel to the plane of the crack (i.e., perpen-
dicular to the crack propagation front (Fig. 2b)

3) Mode III: Tearing mode (or longitudinal shear cracks), in which shear
stresses are applied in a direction that is parallel to that of the crack
propagation front (Fig. 2c)

One of the experimental procedures that has been adopted to eval-
uate the performance of unreinforced and reinforced asphalt involves
flexing an asphalt specimen repeatedly where the induced stresses are
consistent with the pattern illustrated by the opening mode. Such tests
include three- or four-point beam tests (Fig. 3a) and plate load tests
(Fig. 3b) (e.g., [4,13,11,14,15,26,29,30]). In these experiments, load is
applied on unreinforced and reinforced asphalt beams or slabs to induce
tensile stresses that results in a maximum tensile strain at the bottom of
the asphalt layer that is responsible for crack initiation and propagation
into the asphalt overlay. Intact and pre-notched specimens have been
used to assess the propagation of pre-existing cracks and evaluate the
overall performance of overlays (e.g., [13,25-26,29,30,31]). Additional
experiments have used moving wheels to simulate traffic passes, which
induce stress fields that are representative of those occurring under
actual traffic loads (Fig. 3c) (e.g., [7-8,24]). While the results obtained
using such test devices attempt to reproduce the different types of so-
licitations that may affect the roadway performance, differentiation of
the impact of each one of such stress types has been difficult to achieve.
Studies have also been conducted to characterize the interface bond
strength between paving interlayers and the adjacent asphalt layers that
involved direct or torsional shear configurations as well as pullout

Stress at‘Point A

(b)

Fig. 1. Stress changes within an asphalt layer under a moving wheel load: (a) Schematic view; (b) Time history of normal and shear stresses (adapted from [17]

and [6]).
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Fig. 2. Three independent stress patterns resulting in propagation of cracks: a) Mode I, opening mode; b) Mode I, sliding mode; and c¢) Mode III, tearing mode.
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Fig. 3. Experimental procedures that have been used to evaluate reinforced asphalt: a) three- and four-point bending test; b) plate load tests; ¢c) moving wheel tests;

and d) interface tests (direct and torsional shear).

loading approaches. In these tests, shear is induced parallel to the
reinforcement-asphalt interface to evaluate the bond strength at the
interface (Fig. 3d) (e.g., [5,18,23,25,28,29,32]).

However, limited research has adopted a loading mechanism gov-
erned by shear stresses that are applied perpendicular to the geo-
synthetic reinforcement plane, referred to as the cross-shear stress. Such
shear stresses constitute an important mechanism for the reflection of
cracks from an old underlying into the new overlaying pavement, cor-
responding to the sliding mode of crack propagation (Fig. 2b). The test
developed in this study, referred to as the cross-shear test, uses an
experimental procedure to isolate and characterize the benefits derived
from paving interlayers under cross-shear stresses. The cross-shear
stresses may be induced by wheel loads (Fig. 1) or other sources that
cause differential vertical movements. The asphalt overlays constructed
over an asphalt surface with preexisting cracks are subjected to differ-
ential vertical movements between the two sides of the cracks. This
condition may also be expected when an asphalt overlay is placed on a
jointed concrete pavement that has expansion/contraction joints. Tem-
perature loads, inconsistencies in roadway construction, and foundation

problems can also induce differential vertical movements in asphalt.
Specifically, roadways constructed along areas with significant changes
in the subgrade properties or those founded over problematic subgrades
(e.g., expansive clay subgrades, subgrades that are subjected to freeze-
—thaw cycles) are particularly prone to differential vertical movements
resulting the development of cross-shear stresses.

Development of Cross-shear Test

The cross-shear device developed in this study allows testing of
brick-shaped asphalt specimens, with or without geosynthetic rein-
forcement, measuring 150 mm x 75 mm x 38 mm. As illustrated in
Fig. 4, one half of the specimen is fixed, while the other half can displace
vertically. The bottom of the fixed half of the specimen is attached with
epoxy to a steel plate measuring 150 mm x 100 mm (and 12.5 mm in
thickness), while a steel plate of the same size is placed on top of this half
without epoxy. The top of the moving half of the specimen is attached
with epoxy to a steel plate measuring 150 mm x 100 mm (and 22 mm in
thickness), while the bottom of this half is free. A gap of 5 mm is used
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Fig. 4. Asphalt cross-shear test: a) schematic layout; b) experimental setup.

between the plates attached to the two halves of the specimen. This
setup is similar to that used in the asphalt overlay tester [35] except that
the steel plates are attached to the opposite sides of the asphalt spec-
imen. The bottom plate of the fixed half of the asphalt specimen is
screwed to the bottom platform, while the moving half is loaded by
attaching the top plate to a loading arm. Vertical loading on the moving
half of the specimen induces shear loading in the cross section of the
asphalt specimen located between the fixed and moving specimen
halves.

Test Specimens

The brick-shaped asphalt specimens adopted in this study are cut
from laboratory-prepared cylindrical asphalt samples. The cylindrical
samples are initially prepared in two halves representing two asphalt
layers. In the case of a project involving reinforcement of a new asphalt
layer, the bottom half represents the bottom asphalt lift while the top
half represents the overlain asphalt lift. In the case of a project involving
reinforcement of an asphalt overlay, the bottom half represents the old
asphalt while the top half represents an asphalt overlay.

The asphalt mixture of the bottom layer is first prepared by mixing
the preheated aggregates and binder. The asphalt mixture is then poured
into a steel mold with 150 mm diameter and compacted using a servo-
controlled gyratory compactor to the target density. The compacted
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bottom layer is allowed to cool for 24 hours. The tack coat emulsion is
then applied (Fig. 5a) and the geosynthetic reinforcement is cut and
placed (only in reinforced specimens) after the emulsion breaks
(Fig. 5b). The geosynthetic reinforcement is cut to fit the circular cross-
section of the asphalt specimen. A nominal weight of 2.25 kg is placed
atop the reinforcement and left for an hour. This weight and the waiting
time were adopted after experimental trials aiming at securing geo-
synthetic on the bottom asphalt layer without bleeding of underlying
tack coat. The top asphalt layer is then placed and compacted (Fig. 5c).
The diameter and height of the full cylindrical specimens are 150 and
114 mm, respectively.

The cylindrical sample is then trimmed to the brick-shaped test
specimen shown in Fig. 6. Following trimming, the dimensions of the
specimen should be 150 mm in maximum length (original diameter), 75
mm in width, and 38 mm in thickness.

Setup Design

Several experimental layouts were evaluated to optimize the exper-
imental setup and testing procedure. This section provides not only the
finally adopted testing methods but also some of the evaluations that led
to the final selection.

Gripping of the Asphalt Specimen

Considering the viscoelastic response of asphalt mix materials, it was
deemed necessary to avoid compressing the asphalt specimen when
gripping it for subsequent testing. This was a concern with an initial
experimental layout considered in this study that involved metal plates
on top and bottom of both halves of the asphalt specimen, tightened
using screws to fix the specimen between the plates. Instead, the finally
selected experimental layout involved using epoxy to attach each
asphalt specimen to the plates on one side only. As depicted in Fig. 4, the
top of the moving half and the bottom of the fixed half of the asphalt
specimen were attached to rigid plates. To provide additional support
against potential lift of the fixed half of the asphalt specimen, an addi-
tional plate was placed atop this half and secured with threaded rods and
nuts. This plate was positioned to rest on top of the asphalt specimen and
exert no pressure on the asphalt. Also, no epoxy was used between this
plate and asphalt specimen. Several trial tests were carried out con-
firming the suitability of the bond between the metal plates and asphalt
specimens.

Load Application

An initial approach involved applying the load at the center of the
plate that is attached to the top of the moving half of the asphalt spec-
imen. However, trial tests conducted using this setup resulted in bending
deflections in the asphalt specimen. Moreover, the bending of the
asphalt specimen resulted in breakage of the epoxy and thus debonding
of the asphalt from metal plates. The final setup addressed this difficulty
by selecting the load application point right next to the shear plane. As
presented in Fig. 4, the final design involved application of the load on a

Fig. 5. Stages in asphalt sample preparation: (a) Tack coat applied on top of the bottom half; (b) paving interlayer placed over tack coat; and (c) top half placed over

paving interlayer (final specimen).
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Fig. 6. Schematic of brick-shaped specimen preparation: (a) cylindrical sample (before trimming); (b) cylindrical sample (after trimming top and bottom); (c) final

brick-shaped specimen.
20-mm wide base starting 10 mm from the shear plane.

Restraint on Lateral Displacement

Evaluations were conducted to determine whether the experimental
design should restrict lateral displacements of the asphalt specimen
during loading. Efforts in initial configurations aimed at suppressing
essentially all lateral displacements so that performance would be
evaluated under pure shear. It was later deemed necessary to allow
lateral displacements to allow load mobilization in the geosynthetic
reinforcement. Specifically, since the shear stiffness of the planar geo-
synthetic reinforcements used in this study was negligible, development
of tension in the reinforcements was key to realize their benefits.
However, mobilization of the tension in the reinforcement requires its
elongation. Imposing a full restriction on lateral displacements and
consequently forcing displacements to develop only in the vertical di-
rection (i.e., perpendicular to the reinforcement plane) would minimize
the contribution of reinforcements.

Allowing the asphalt specimen to displace laterally was also deemed
to be more consistent with the shear mobilization in pavement surfaces
under field conditions. As the shear displacement develops in the
asphalt, cracks are expected to initiate along the weakest asphalt plane.
The initial shear displacements along the crack plane, results a local
inclination (kink) in the initially horizontal reinforcement. The asphalt
surfaces on the opposite sides of the crack plane then slide over one
another, resulting in dilation in the direction normal to the crack. The
displacements in the direction normal to the crack lead to mobilization
of the interface shear (bonding) between the reinforcement and asphalt
material and, thus, the development of tension in the reinforcement.
Tension development in the reinforcement has two effects on the
response to the cross-shear load. The component of the reinforcement
tension that is normal to the crack increases the normal stress acting on
the shear plane and therefore resists propagation of the crack and its
potential opening. On the other hand, the component of the reinforce-
ment tension that is in the direction of the crack directly opposes the
cross-shear load.

Final Test Procedure

Previous literature on experimental evaluation of asphalt specimens
has indicated that both displacement- and load-controlled loading
schemes have been successfully used in the past (e.g.,
[13,21,20,22,27,33,35]. In this study, after experimentally evaluating
several loading schemes, a displacement-controlled approach with
loading characteristics within the typical range of past research was
adopted. Specifically, two loading schemes were used including a
monotonic and a cyclic (relaxation) test. The monotonic test involved
applying an initial seating load of 100 N, followed by loading at a
constant displacement rate of 7.68 mm/min. The cyclic test included a
two-stage sinusoidal load applied at a frequency of 1 Hz. Stage 1 (Small
Displacements) involved loading specimens under a comparatively
smaller displacement amplitude of 0.35 mm (equivalent to 0.9 % rela-
tive shear displacement), while Stage 2 (Large Displacements) involved
loading with a comparatively larger displacement amplitude of 0.7 mm
(equivalent to 1.8 % relative shear displacement). It should be noted that

since appropriate height cannot be defined for calculation of shear
strain, the relative shear displacement was used to report shear progress.
The relative shear displacement was defined as the ratio between the
shear displacement and the asphalt specimen thickness. A seating
relaxation test involving a displacement amplitude of 0.2 mm (equiva-
lent to 0.5 % relative shear displacement) was also applied prior to the
two main testing stages. The applied load was recorded using a load cell
connected to the loading rod that was attached to the moving half of the
specimens. The vertical and horizontal displacements in the moving half
of the specimen were monitored using two LVDTs that were connected
to the loading rod and to the side of the steel plate that was connected to
the moving half, respectively. Photogrammetry was also used to eval-
uate the development of cracks and failure modes in the asphalt
specimens.

Experimental Program
Test Plan

Following establishment of the final test procedure, a monotonic and
two cyclic cross-shear tests were conducted on five different interface
configurations including a control (unreinforced) and four geosynthetic-
reinforced specimens. Geosynthetic reinforcements included two poly-
meric and two glass reinforcements. All tests were conducted according
to the final test procedure elaborated in the previous section and at a
controlled laboratory temperature of 22 °C using an electro-hydraulic
digital servo control loading machine. The machine was capable of
applying displacement-controlled static and comparatively high-
frequency dynamic loads. This section presents the materials that were
used in the experimental program along with the obtained results.

Materials

Characteristics of materials used in the experiments are presented
below.

Asphalt Mixture and Tack Coat

A dense graded asphalt mixture was used to prepare the unreinforced
and geosynthetic-reinforced asphalt specimens for monotonic and cyclic
cross-shear tests. The aggregates were made of angular-particle crushed
stone and classified as A-1-a, in accordance with AASHTO classification
(AASHTO M145 [1]; ASTM D3282 [3]). The particle size distribution
curve for the aggregate is shown in Fig. 7. The maximum and nominal
aggregate sizes for this aggregate were 12.5 and 9.5 mm, respectively. A
Performance Grade (PG) 76-22 binder at an optimum binder content of
6.5 % was used with specific gravity of approximately 1.0. The bulk unit
weight and air void content of the asphalt specimens were 21.8 kN/m®>
and 7 %, respectively.

A cationic high-float rapid-setting emulsion with a comparatively
high viscosity and 3 % polymer content (CHFRS-2P) was applied as tack
coat between the two lifts of asphalt layers. This tack coat had a specific
gravity of 1.03, was in liquid state, and consisted of 50-70 % asphalt,
20-40 % water, and less than 1 % hydrochloric acid. The tack coat
emulsion was applied at a uniform rate of 0.55 — 0.66 1/m? (equivalent of
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Fig. 7. Particle size distribution curve for aggregates in the mix design.

0.33 — 0.40 1/m? residual bitumen) in all specimens (Fig. 5a). An
emulsion breaking time of about 2 hours was adopted based on prior
trials.

Paving Interlayers

Four different geosynthetic reinforcements including two polymeric
and two fiberglass reinforcements were used in the experimental pro-
gram. The polymeric reinforcements included a polyvinyl alcohol (PVA)
grid with an ultimate tensile strength of 50 kN/m (at 6 % strain) and
tensile strength of 22 kN/m at 3 % strain in both machine and cross-
machine directions; and a polyester (PET) grid with an ultimate ten-
sile strength of 50 kN/m (at 12 % strain) and a tensile strength of 12 kN/
m at 3 % strain in both machine and cross-machine directions. The
nominal grid aperture sizes for both reinforcements were 40 x 40 mm.
Both reinforcements were backed with an ultra-lightweight nonwoven
fabric to facilitate field installation. The fiberglass reinforcements
included a glass grid with an ultimate tensile strength of 50 kN/m (at 3
% strain), referred to as Glass 1, and a glass grid with an ultimate tensile
strength of 100 kN/m (at 3 % strain), referred to as Glass 2. Both
products had the same ultimate tensile strength in their machine and
cross-machine directions. The nominal grid aperture sizes for both re-
inforcements were 30 x 30 mm and both reinforcements were backed
with an ultra-lightweight nonwoven fabric to facilitate field installation.

Table 1 reports the main characteristics of all the polymeric and
fiberglass reinforcements adopted in this study. Fig. 8 shows example
pictures of the four reinforcement materials used in the experimental

Table 1
Characteristics of geosynthetic reinforcements.
Property Test PET PVA Glass1  Glass 2
Method
Mass/unit area (g/m?) ASTM 270 210 320 596
D5261
Aperture size (mm) Measured 40 x 40 x 30 x 30 x
40 40 30 30
Tensile MD ASTM 50 50 50 100
Strength (kN/m) D6637
CD (kN/ ASTM 50 50 50 100
P m) D6637
Tensile strength at 3 % ASTM 12 22 - -
strain (kN/m) D6637
Elongation at failure (%) ASTM 12 6 3 3
D6637
Asphalt retention ASTM 0.47 0.47 0.47 0.47
capacity (I/m?) D6140

Note: MD = Machine Direction; CD = Cross Machine Direction.
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program.

All reinforcements were cut to fit into the 150-mm-diameter circular
cross section of the asphalt specimens (Fig. 5). Specifically, to uniformly
maintain the same number of reinforcing elements (longitudinal and
transverse ribs) within all reinforced specimens, reinforcements were
cut to include five full apertures, as shown in Fig. 5b.

Results
Control (Unreinforced) Specimens

The results obtained in the monotonic tests conducted on an unre-
inforced asphalt specimen are shown in Figs. 9 and 10. The shear stress
in the figure corresponds to the shear load divided by the cross-sectional
area of each specimen (average shear stress) while the relative shear
displacement (reported as a percentage) corresponds to the shear
displacement (applied in the vertical direction) divided by the specimen
thickness.

As presented in Fig. 9, the peak shear strength recorded in the
monotonic test was approximately 1,400 kPa measured at a relative
shear displacement of approximately 5 %. After reaching the peak
strength, the asphalt specimen showed a brittle response, characterized
by a rapid shear strength drop, with 150 kPa being reached at approx-
imately 15 % relative shear displacement. Apparent cross-shear energy
per sectional area was calculated as the area under the load-displace-
ment curve divided by the specimen cross-sectional area (Fig. 10). The
apparent pre-cracking energy per sectional area, obtained from the
shear energy up to the peak shear strength, was approximately 1.85 kN.
m/m?. On the other hand, the apparent fracture energy per sectional
area, obtained by the area under the entire recorded load—-displacement
curve (up to 30 % relative shear displacement), was 4.4 kN.m/mz, less
than 2.5 times the apparent pre-cracking energy.

Fig. 11 displays images captured at various testing stages. Fig. 11a
corresponds to the relative shear displacement of approximately 2 %
where the asphalt specimen was intact without visible cracks. The shear
strength at 2 % relative shear displacement was approximately 850 kPa,
corresponding to an apparent stiffness modulus (defined as the ratio
between the shear strength and relative shear displacement) of 43 MPa.
At the relative shear displacement of 5 %, which corresponds to the peak
shear strength, the specimen was fully cracked (Fig. 11b) and the
apparent stiffness modulus dropped to 28 MPa. At this point, the
maximum crack opening was measured at approximately 4.5 mm.
Fig. 11c shows an image of the asphalt specimen captured at 15 %
relative shear displacement, when the shear strength dropped to
approximately 10 % of its peak value, and the maximum crack opening
increased to approximately 10.5 mm.

The results of two repeat cyclic relaxation tests on unreinforced
asphalt specimens are presented in Fig. 12. As the figure shows, the
results obtained in the two repeat tests were consistent with one
another. The apparent dynamic cross-shear modulus in each cycle was
defined as the ratio between the shear strength amplitude and relative
shear displacement amplitude in that cycle. The apparent dynamic
cross-shear modulus versus the number of load cycles is presented for
Stage 1 (small displacement amplitudes) and Stage 2 (large displace-
ment amplitudes) in Fig. 12a and 12b, respectively.

The apparent dynamic cross-shear moduli in the two repeat tests
were approximately 510 and 660 kPa at the beginning of Stage 1, and
290 and 360 kPa at the beginning of Stage 2. The residual apparent
dynamic cross-shear moduli were significantly lower at the end of each
loading stage (approximately 90 kPa at the end of Stage 1 and 40 at the
end of Stage 2). Inspection of the data trends presented in Fig. 12 in-
dicates a comparatively lower rate of modulus degradation for small

displacement amplitudes (Fig. 12a) as compared to large displacement
amplitudes (Fig. 12b).
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Fig. 8. Photographs of the four geosynthetic materials.
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Polymer-reinforced Specimens

Fig. 13 summarizes the results of the monotonic cross-shear tests on
polymer-reinforced asphalt specimens as compared to the control (un-
reinforced) specimen. The peak shear strength recorded for both
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Fig. 13. Shear stress versus relative shear displacement for polymer-reinforced
asphalt in monotonic cross-shear test.

polymer-reinforced specimens was very similar (1,850 and 1,900 kPa in
PVA- and PET-reinforced specimens, respectively) but significantly
higher than that recorded for the unreinforced specimen. However, the
relative shear displacement corresponding to the peak shear strength in
both polymer-reinforced specimens was similar to that in the unrein-
forced specimen (approximately 5 % in the PVA-reinforced and 6 % in
the PET-reinforced specimens). The apparent pre-cracking energy for
the PVA- and PET-reinforced specimens was determined as 2.1 and 2.4
kN.m/m?, respectively, which is approximately 15 % to 30 % higher
than that determined for the unreinforced specimen (Fig. 14).

In contrast to the unreinforced specimen, both polymer-reinforced
specimens showed a significant residual shear strength after the peak,
indicating a comparatively flexible post-cracking behavior and
comparatively high apparent fracture energy. At 15 % relative shear
displacement, the shear strength values in the PVA- and PET-reinforced
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Fig. 14. Apparent cross-shear energy in polymer-reinforced asphalt.

specimens were approximately 650 kPa and 850 kPa, respectively. In
addition, the apparent fracture energy per sectional area corresponding
to 30 % relative shear displacement was approximately 9 and 10 kN.m/
m? in the PVA- and PET-reinforced specimens, respectively. This is more
than twice the apparent fracture energy in the unreinforced specimen
and over four times the apparent pre-cracking energy in the polymer-
reinforced specimens (Fig. 14).

Images of the polymer-reinforced specimens during various stages of
the monotonic cross-shear test are presented in Fig. 15. At the relative
shear displacements around 2 % (Fig. 15a) both reinforced specimens
were seemingly intact without visible cracks, similar to the unreinforced
specimen. However, the images corresponding to peak shear strengths
exhibited significantly less severe cracking in the polymer-reinforced
specimens (Fig. 15b) as compared to that in the unreinforced spec-
imen (Fig. 11b). The apparent stiffness modulus at 2 % was calculated as
50 and 56 MPa in the PVA- and PET-reinforced specimens, respectively.
At 15 % relative shear displacement, fully developed cracks were
observed in both polymer-reinforced specimens (Fig. 15¢). However, the
maximum crack openings in the reinforced specimens were measured at
approximately 5 and 3.5 mm for the PVA- and PET-reinforced speci-
mens, respectively, which were significantly smaller than that measured
in the unreinforced specimen.

Similar to the unreinforced asphalt, two repeat cyclic relaxation tests
were conducted using polymer-reinforced asphalt specimens, the results
of which are presented in Fig. 16. The apparent dynamic cross-shear
modulus values obtained in all four tests conducted on polymer-
reinforced specimens were consistently higher than those obtained on
the unreinforced specimens in both testing stages. With the exception of
one repeat test on PET-reinforced specimens under small displacement
amplitudes, consistent results were observed in tests on polymer-
reinforced specimens. The average apparent shear moduli at the
beginning of Stage 1 were 705 and 780 kPa in the PVA- and PET-
reinforced specimens, respectively. At the beginning of Stage 2, the
values were 520 and 480 in the PVA- and PET-reinforced specimens,
respectively. These results also reveal a significantly higher initial
apparent dynamic cross-shear modulus in the polymer-reinforced
specimens as compared to that in the unreinforced specimens (values
approximately 20 % to 35 % higher in Stage 1 and 50 % to 60 % higher
in Stage 2). The residual apparent dynamic cross-shear modulus,
measured at the end of each stage, showed even higher values in the
polymer-reinforced specimens as compared to those in the unreinforced
specimens. The average apparent shear moduli in the PVA- and PET-
reinforced specimens at the end of Stage 1 were 240 and 250 kPa,
respectively, and at the end of Stage 2 were 125 and 110 kPa, respec-
tively. Such results indicate that the residual apparent dynamic cross-
shear moduli in the polymer-reinforced specimens were at least 2.7
times greater than in the unreinforced specimens.
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Glass-reinforced Specimens

The results of the monotonic cross-shear tests conducted on glass-
reinforced specimens are presented in Figs. 17 and 18. As shown in
these figures, both glass-reinforced specimens exhibited an enhanced
response as compared to the unreinforced specimen. However, the
benefits observed among the two glass reinforcements differed. The
specimen reinforced with Glass 2, which was significantly stiffer and had
twice the ultimate tensile strength of Glass 1, showed a significantly
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Fig. 17. Shear stress versus relative shear displacement for glass-reinforced
asphalt in monotonic cross-shear test.
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Fig. 18. Apparent cross-shear energy in glass-reinforced asphalt.

higher peak shear strength than the unreinforced specimen and,
consequently, significantly greater apparent pre-cracking energy.
Similar to the unreinforced specimen, the specimen reinforced with
Glass 2 showed a significant post-peak shear strength drop, thus,
negligible residual shear strength and hence little increase in post-
cracking (fracture) energy. The specimen reinforced with Glass 1, the
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less stiff glass, showed a modest increase in peak shear strength, but a
more significant residual shear strength. Consequently, the specimen
reinforced with Glass 1 exhibited similar apparent pre-cracking energy
as the unreinforced specimen, but higher apparent fracture energy than
the unreinforced specimen.

Failure patterns, as observed from images captured during the
monotonic cross-shear tests on glass-reinforced specimens, were similar
to those observed in the polymer-reinforced specimens. The specimens
remained intact at comparatively small relative shear displacements
(Fig. 19a). At peak shear strength, although cracks were visible in the
two glass-reinforced specimens (Fig. 19b), the severity of those cracks
was significantly less than that in the cracks observed at peak shear
strength in the unreinforced specimen (Fig. 11b). At 15 % relative shear
displacement, both specimens were severely cracked, with a maximum
crack opening exceeding 5 mm (Fig. 19¢).

The apparent dynamic cross-shear moduli obtained in the two re-
peats of cyclic relaxation cross-shear tests on glass-reinforced specimens
are presented in Fig. 20. The response under loading Stage 1, in which
relative shear displacements were comparatively small, was found to be
similar for both glass-reinforced specimens (Fig. 20a). In this stage, the
average initial apparent moduli in the glass-reinforced specimens were
approximately 665 and 630 kPa for specimens reinforced with Glass 1
and Glass 2, respectively, corresponding to values approximately 10 %
to 15 % higher than those in the unreinforced specimens. The residual
apparent moduli, measured at the end of Stage 1, were approximately
185 and 165 kPa for specimens reinforced with Glass 1 and Glass 2,
respectively, corresponding to approximately twice the value obtained
in the unreinforced specimens.

In loading Stage 2, in which comparatively higher relative shear
displacements were used, the specimens reinforced with Glass 1 (less
stiff) exhibited a comparatively better response than the specimens
reinforced with Glass 2 (stiffer) (Fig. 20b). Nonetheless, the specimens
reinforced with Glass 2 still exhibited a considerably better performance
than the unreinforced specimens. The average initial and residual
apparent dynamic cross-shear moduli in this loading stage were
approximately 505 and 100 kPa in Glass 1-reinforced specimens,
respectively, and approximately 475 and 80 kPa in Glass 2-reinforced
specimens, respectively.
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Discussions
Mechanisms of Cross-Shear Resistance

An evaluation of the results collected during monotonic cross-shear
tests suggests that although the reinforcement interlayers enhanced
the pre-cracking response of asphalt under cross-shear loading, the most
significant benefit from reinforcements relates to their enhanced post-
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Fig. 19. Images of glass-reinforced asphalt specimens in monotonic cross-shear test: a) at 2% relative shear displacement; b) at max shear stress; and ¢) at 15%

relative shear displacement.
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cracking response, particularly for polymeric reinforcements. Specif-
ically, incorporation of a reinforcement interlayer provides a flexible
post-crack behavior characterized by a comparatively high residual
shear strength and high fracture energy as compared to unreinforced
asphalt. These results indicate that the presence of reinforcement in-
terlayers in asphalt helps not only to retard the initiation of cross-shear
cracks, but, more importantly, to mitigate propagation of such cracks.

The testing program allowed identification of the key characteristics
of reinforcements that govern the enhanced performance over unrein-
forced asphalt. Specifically, evaluation of the results from the monotonic
cross-shear tests underlines the significance of the reinforcement tensile
stiffness in the benefits realized from asphalt reinforcement under cross-
shear loading. The polymeric and glass reinforcements used in this study
span a wide range of tensile stiffness values. Fig. 21 schematically dis-
plays simplified unit tension-strain data, reported by the manufacturers,
for the four geosynthetics used in this study. This data can be used to
compare the tensile stiffness of the various reinforcement products. The
PET reinforcement had the lowest tensile stiffness of the four re-
inforcements, while the PVA reinforcement had approximately twice the
tensile stiffness of the PET. The tensile stiffness of Glass 1 was twice that
of the PVA. The highest stiffness among the four materials was that of
Glass 2, which was approximately twice as stiff as Glass 1. An evaluation
of the data presented in the previous sections indicates that, in terms of
fracture energy, the polymer-reinforced specimens (PET- and PVA-
reinforced specimens) exhibited comparatively better performance
than the specimens reinforced with either glass grid. Accordingly, the
comparatively lower stiffness of the polymeric reinforcement may have
resulted in higher compatibility with the asphalt properties in its post-
cracking stage, helping mitigate propagation of cracks. The specimen
reinforced with the stiffest reinforcement (Glass 2) showed the highest
peak shear strength across all specimens, resulting in a delayed initiation
of cracking. However, the same specimen showed essentially no residual
cross-shear resistance, indicating no benefits in mitigating propagation
of cracks.

An evaluation of the lateral displacement data obtained in the
monotonic cross-shear tests on PET- and glass-reinforced specimens as
well as unreinforced specimens reveals additional information on the
mechanisms that govern the response during cross-shear testing. The
lateral displacements of the moving half of all specimens, except for the
PVA specimen, were measured using an LVDT that was connected to the
rigid plate attached to this half. The relative lateral displacements were
calculated by dividing the lateral displacements by the length of the
reinforcement, and quantifies the relative movement of the loaded half-
specimen in relation to the stationary half-specimen as cross-shearing
progresses. Fig. 22 shows the relative lateral displacement versus rela-
tive shear displacement curves, as obtained for the various monotonic
tests. The relative lateral displacements were expected to significantly
impact the tension development in the reinforcement interlayers: the
larger the relative lateral displacement, the higher the developed

Unit Tension (kN/m)

3
Glass 2
100
Glass 1 PVA PET
50
22
12
» Strain (%)
3% 6% 9% 12%

Fig. 21. Tensile characteristics of polymeric and glass reinforcements.

11

Transportation Geotechnics 38 (2023) 100902

5%

Glass 1-Reinforced
Specimen

4% A

Glass 2-Reinforced

39 - Specimen

Relative Lateral Displacement (%)

(a) Control (Unreinforced)
2% 1 b
pecimen \ - ‘
e e “"PET-Reinforced
1% +See close-up Specimen
view in Part b
0% - t +
0% 5% 10% 15%
Relative Shear Displacement (%)
1.2%
— Glass 1-Reinforced
X
< 1.0% 1 Specimen
c
Q
£
308%
o -
_@ PET-Reinforced ’
9 0.6% Specimen
® T \
2 Control (Unreinforced) \
5 0.4% Specimen
o \
2
202% e
14 Glass 2-Reinforced
Specimen
0.0%

2% 3% 4% 5%

Relative Shear Displacement (%)

1%

0%

Fig. 22. Relative lateral displacements in cross-shear tests: a) entire test; and b)
close-up of pre-cracking phase.

tension in the reinforcement. However, the reinforcement tension
should eventually transfer to the surrounding asphalt through shear.
Therefore, during cross-shear loading, two phases of asphalt-
reinforcement interaction can be identified, as follows:

1) Before full formation of cross-shear cracks (pre-cracking phase),
while relative shear displacements are comparatively small, the
tensile stiffness of the reinforcement governs the overall perfor-
mance of the asphalt-reinforced specimen; accordingly, a compara-
tively stiff reinforcement develops higher tension than a
reinforcement with comparatively lower stiffness. Thus, under small
relative shear displacements (e.g., less than 5 %), the specimen
reinforced with Glass 2 (i.e., the stiffest reinforcement in this study)
developed the highest reinforcement tension, resulting in the highest
shear stress (Fig. 17) and, consequently, the lowest relative lateral
displacements (Fig. 22b). During this phase, the comparatively high
tension developed by the stiffer reinforcement maintained the
specimen integrity and controlled its lateral displacements. On the
other hand, the specimen reinforced with PET (the least stiff rein-
forcement in this study) showed the highest relative lateral dis-
placements, with a trend mostly similar to that of the unreinforced
specimen (Fig. 22b).

2) After full development of cross-shear cracks (i.e., during the post-
cracking phase), where comparatively large relative shear displace-
ments had occurred, the asphalt on the two sides of the crack planes
are almost separated while geosynthetic reinforcement still holds the
two half-specimens connected. Accordingly, the additional shear
displacements will be carried only by the reinforcement interlayer,
forcing it to break or fail in pullout mode. Therefore, instead of the
reinforcement tensile stiffness, the performance will be governed by
the reinforcement elongation at break (in case the reinforcement
breaks) or bonding strength between asphalt and reinforcement (in
case the reinforcement fails in pullout mode). The data presented in
Fig. 22a is consistent with this interpretation, as it shows a marked
change in the response of the reinforced asphalt specimens after
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approximately 5 % relative shear displacement, when cross-shear
cracks have fully developed. Specifically, the Glass 2-reinforced
specimen, which showed the lowest relative lateral displacement
before cracking, developed lateral displacements at a faster rate than
the other specimens. Moreover, the trend of additional lateral dis-
placements developed in the Glass 2-reinforced specimen became
similar to that in the unreinforced specimen, indicating a declining
contribution of Glass 2 to the overall performance under compara-
tively large relative shear displacements. In fact, beyond the relative
shear displacement of 10 %, the relative lateral displacement curves
of the Glass 2-reinforced specimen and unreinforced specimen
merge. This merging point corresponds to approximately 3 % rela-
tive lateral displacement, which is close to the elongation at break of
the Glass 2 material. In contrast, the PET- and Glass 1-reinforced
specimens continued to maintain residual resistance even beyond
the relative shear displacement of 10 % (Figs. 13 and 17), which is
consistent with the comparatively less relative lateral displacements
for PET- and Glass 1-reinforced specimens in Fig. 22a.

Degradation of Dynamic Shear Modulus

To better understand the benefits derived from reinforcement in-
terlayers in mitigating the degradation of dynamic cross-shear modulus,
the data obtained in the cyclic tests were reevaluated using normalized
results in which the modulus obtained in each cycle was divided by the
maximum modulus obtained in the first cycle. The resulting normalized
data for all tests are shown for loading Stages 1 and 2 in Fig. 23a and
23b, respectively. Although all reinforcements evaluated in this study
showed a reduced degradation rate of the apparent dynamic cross-shear
modulus, differences among the responses of various reinforcements
could be observed and are discussed here.

The responses of reinforced asphalt specimens under cyclic loads are
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affected not only by the tensile properties and bond strength of re-
inforcements but also, and more importantly, by characteristics of the
reinforcement materials under fatigue conditions. Specifically, since the
shear displacement amplitudes used in the cyclic tests were compara-
tively small as compared to that resulted the peak shear strength in
monotonic tests, the reinforcement responses under fatigue conditions
are expected to govern the overall performance of the reinforced spec-
imens in cyclic tests. Although the reinforcement materials selected for
this study were not independently evaluated under fatigue conditions,
previous studies on the response under fatigue of the same or similar
materials have been revealing. Specifically, Montestruque et al. [20]
evaluated the response of the same PET and glass materials selected for
this study using fatigue test equipment developed at the University of
Sao Paulo. The results of these fatigue tests, which were conducted
under differential vertical movement (shear mode) similar to that
adopted in this study, indicated a comparatively better fatigue perfor-
mance of the PET yarns as compared to the glass yarns. Observations
from the cyclic tests conducted in this study are consistent with the
findings reported by Montestruque et al. [20]. As presented in Fig. 23, in
both small- and large-amplitude loading stages, the polymeric re-
inforcements exhibited better performance than the glass re-
inforcements in terms of retarding the degradation rate of apparent
dynamic cross-shear modulus in the asphalt specimens. In Stage 1, the
apparent dynamic cross-shear modulus degraded by approximately 85
% in the unreinforced asphalt, whereas the degradation of this modulus
in the glass-reinforced asphalt ranged from 70 to 75 %, while in the
polymer-reinforced asphalt it ranged from 65 to 70 %. In Stage 2, the
same number of cycles resulted in a modulus degradation of approxi-
mately 90 %, 80 to 85 %, and 75 to 80 %, in the unreinforced, glass-
reinforced and polymer-reinforced specimens, respectively.

The same data displayed in Fig. 23 are plotted in logarithmic scale in
Fig. 24 to better evaluate the modulus degradation trends of the various
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specimens. The nonlinear trend of apparent modulus degradation in
Stage 1 (Fig. 24a) is similar to typical modulus degradation trends re-
ported using other test procedures (e.g., four point bending beam tests)
on reinforced and/or unreinforced asphalt (e.g., [22]. However, with
the exception of the unreinforced specimen, an inflection point was not
observed in any of the specimens. The inflection point in the unrein-
forced asphalt was observed at approximately 300 load cycles, indi-
cating that cracking begins to significantly propagate after this cycle.
The modulus degradation curves of glass-reinforced asphalt specimens
were similar to those of the unreinforced specimens up to the inflection
point, indicating the contribution from glass reinforcements was likely
small prior to this point. However, following the inflection point, the
unreinforced specimens degraded at a significantly faster rate than the
glass-reinforced specimens.

The modulus degradation in the unreinforced specimens under large-
amplitude cyclic loading (Stage 2) was comparatively more significant
and revealed a different trend as compared to Stage 1. As presented in
Fig. 24b, the degradation of the unreinforced specimens in loading Stage
2 followed a reasonably linear trend at a significantly higher rate than
the reinforced specimens. The reinforced specimens showed bilinear
degradation trends with potential inflection points ranging from 25 to
40 cycles. The modulus degradation rate was comparatively higher in
the glass-reinforced specimens than the polymer-reinforced specimens.

Implications

Consistent with previously stated objectives, this study aimed at: (1)
conceiving a loading scheme (i.e., cross-shear loading) that evaluates an
important mechanism mobilized by geosynthetic reinforcements within
asphalt, (2) developing a new experimental setup for the conceived
loading scheme, (3) developing relevant parameters and protocols to
evaluate experimental data, and (4) demonstrating that the proposed
experimental procedure is practical and capable of identifying differ-
ences among various interface configurations. Findings of this study is
expected to facilitate continued research on important, yet compara-
tively less studied, cross-shear testing of unreinforced and geosynthetic-
reinforced asphalt layers. While the study did not aim at establishing a
standard test procedure at this point, the proposed test procedure may
prove helpful for additional evaluations. Full implementation of the test
procedure developed herein into a standard requires complementary
testing programs with multiple repeats of the various interface config-
urations. In addition, establishing statistical difference between the
performances of various interface configurations requires applying sta-
tistical techniques such as T-tests, ANOVA, and/or Tukey’s range test.
However, such extensive testing program to standardize the proposed
test is beyond the scope of this paper.

Conclusions

A new test procedure was developed to evaluate the benefits derived
from reinforcement interlayers incorporated within the asphalt layers
under cross-shear loading. This test produces experimental data under
shear stresses that are applied perpendicular to the geosynthetic rein-
forcement plane, an important source for reflective cracking with only
limited previous research. The developed test involved both monotonic
and cyclic loading modes that led to specific parameters defined to
evaluate the test results. Average cross-shear stress and apparent cross-
shear energy per sectional area were used to interpret the monotonic test
data, and apparent dynamic cross-shear modulus was defined to inter-
pret cyclic test results. Preliminrary cross-shear test results on unreinf-
ored asphalt specimens as well as asphalt specimens that were
reinforced using two polymeric and two glass reinforcement materials
showed capability of the experimental procedure to underline geo-
synthetic benefits as reinfrocement interlayers. All reinforcements tested
in this study were found to enhance the performance of the asphalt
specimens subjected to the cross-shear load.
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The monotonic cross-shear resistance in the reinforced asphalt
specimens was found to be affected by several factors, including the
reinforcement tensile strength and elongation at break. The contribution
of the reinforcements to the performance of asphalt specimens under
cross-shear loads could be evaluated in two phases: the pre-cracking
phase (peak shear strength) and the post-cracking phase (residual
shear strength). The response in the pre-cracking phase was found to be
primarily governed by the tensile stiffness of the reinforcement material,
whereas the response in the post-cracking phase was found to be gov-
erned by the elongation at breakage of the reinforcement layer. None of
the reinforcements tested were found to significantly affect the relative
shear displacement at the asphalt peak shear point. However, all re-
inforcements were observed to increase the peak cross-shear strength
and apparent pre-cracking shear energy, demonstrating the capability of
reinforcements to delay the initiation of cracks. The reinforcements also
restrained relative lateral (i.e., normal to the crack plane) displacements
and thus delayed the opening of shear cracks.

In the cyclic cross-shear tests, all reinforcements tested in this study
were found to enhance the performance of the asphalt specimens sub-
jected to small- and large-amplitude cyclic cross-shear loads. Specif-
ically, the benefits derived from the reinforcements were observed as
enhancing the initial and residual apparent dynamic modulus values as
well as retarding the modulus degradation rate in the asphalt. Modulus
degradation in large-amplitude cyclic tests was found to follow a linear
trend in the unreinforced specimens and a bilinear trend in the rein-
forced specimens. The inflection point in the control (unreinforced)
specimens was found to occur under small-amplitude cyclic loading at
approximately 300 load cycles. In contrast, the inflection point in the
reinforced specimens was found to occur under large-amplitude cyclic
loading at approximately 25 to 40 load cycles.

Overall, the developed cross-shear test in this study was found
practical and capable of identifying performance difference among
various interface configurations. Test setup components and sample
preparation are similar to those of conventional asphalt tests and can be
readily adopted by research laboratories. However, full implementation
of this test into a standard requires additional and extensive testing
programs (including multiple repeat tests) along with statistical analyses
that can statistically differentiate the performance among various
interface configurations.
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