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ABSTRACT: Geosynthetic reinforcement of asphalt layers has been used for several decades.
Evaluation of the influence of these materials on pavement fatigue life is still ongoing, especially
for new types of geocomposites. This paper presents the evaluation of fatigue performance of
large asphalt concrete beams reinforced with a new type of composite in which square or hex-
agonal polypropylene stiff monolithic paving grid with integral junctions is bonded to polypro-
pylene non-woven paving fabric. Unreinforced samples were used as reference. Fatigue testing
was performed in the scheme of four-point bending test (4PB-PR) in the controlled strain mode
at +13°C. Test results were analysed in several aspects, including the standardised approach
based on stiffness reduction, but also using critical strain at one million cycles. A new param-
eter — relative increase in fatigue life — was introduced in the analysis as well. On the basis of the
obtained results, it can be concluded that the evaluated composites will have evident positive
effect on pavement performance and may contribute to a several fold increase in fatigue life of
pavement structure. More benefits in terms of pavement bearing capacity are expected in the
case of reinforcement of thick and new asphalt pavements. The use of hexagonal geogrid
resulted in greater improvement of fatigue resistance than composites with square geogrid.

Keywords:  grid reinforcement, fatigue of asphalt pavements, four-point bending test, crack
propagation, reflective cracking

1 INTRODUCTION

Reinforcement of asphalt pavements with geocomposites improves bearing capacity effect-
ively, as proved in numerous previous studies (Brown, 1985; Correia, 2014; Graziani et al.,
2014). The benefits are notably visible when geocomposites are used in rehabilitation of old,
cracked pavement sections (Canestrari et al., 2013; Pasquini et al., 2013; Zielinski, 2013).
However benefits are clearly observed in the field (Al-Qadi, 2006; Ragni et al., 2020; Spadoni
et al., 2021), the literature still lacks a detailed description (Solatiyan et al., 2020) of the quan-
tified contribution of geocomposite reinforcement to an increase in bearing capacity or reduc-
tion of crack propagation of asphalt pavements. Importantly, geocomposites are installed on
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top of an existing pavement during placement of new layers and provide different functions
according to the type of geosynthetic used (Nguyen et al., 2021; Shukla & Yin, 2004).

The main objective of the presented studies was to evaluate the probable contribution of the
new type of geocomposite to extension of bearing capacity, reduction of crack propagation
and overall fatigue life extension of asphalt pavement. The evaluation was conducted on the
basis of laboratory fatigue tests of double-layered asphalt specimens in four-point bending
scheme.

2 METHODOLOGY

2.1 Experiment planning

It is expected that reinforcement of asphalt layers with grid geocomposites should increase the
fatigue life and delay crack propagation in asphalt pavements. Therefore, double-layer asphalt
mixture systems were subjected to cyclic loading in order to determine their fatigue performance.
Reference systems consisted of two layers of asphalt concrete, AC 11 W for the lower layer and
AC 16 W for the upper layer, bonded with tack coat (Jaskula et al., 2021). Reinforced systems
were prepared using same asphalt concrete mix design; the only differences consisted in the
implementation of geogrid reinforcement at layer interface and application of a higher quantity
of asphalt emulsion used for tack coat. Results obtained for reinforced systems were compared
to results obtained for reference system in order to obtain the relative increase in fatigue life.
Two groups of specimens were considered: plain and with notch. The idea of testing plain speci-
mens was to simulate the effect of reinforcement in a new pavement structure, where geocompo-
site may contribute to transfer of tensile stresses and delay crack formation. Notched systems
were tested in order to simulate the effects of reinforcement in a rehabilitated pavement, where
cracks have already formed in the lower layer and geocomposite prevents reflecting cracking.

2.2 Laboratory testing in 4PB scheme

Fatigue testing was performed in the scheme of four-point bending test on prismatic specimens
(4PB-PR). A novel aspect of the approach was the use of significantly larger beams consisting of
two layers of asphalt mixture with composite reinforcement and emulsion tack coat at their inter-
face. Since such tests may be significantly affected by the size effect, the specimens were larger
than those used in typical procedures of fatigue testing with the 4PB-PR scheme. The adopted
width of the sample (170 mm) was based on the assumption that the width of the geogrid placed
between asphalt layers in the sample must include at least 2 full pitches (both square and hexa-
gon) of geogrid. The distance between axes of the end supports equalled 740 mm. The distance
between axes of the loading supports equalled 247 mm. Due to load set-up (bottom loading actu-
ator) of the testing equipment, the specimens had to be placed in clamps of the testing machine
in an inverted position in comparison to their natural arrangement in the pavement (i.e., the
30 mm of the lower AC 11W asphalt mixture and the reinforcement grid facing upwards). The
loading actuator bent the beam upwards, so the location of the compression and tension zones
within the specimen reflected real conditions. The test was performed in a climatic chamber at
a constant temperature of +13 °C, which is the equivalent temperature adopted in the design of
flexible pavements in Poland (Judycki et al., 2017; Pszczola, 2019). A view of the test equipment
with marked dimensions of specimen and frame is presented in Figure 1.

Beams were subjected to cyclic loading that caused a sinusoidal change in strain from 0 to
the pre-set maximum value. The following maximum strain values were adopted: 400, 500,
600, 700 and 800 pstrain. For each strain level and for a given type of reinforcement, a single
specimen was tested. Bending was forced only in one direction, so that the grid would function
in the zone subjected to tension, like in a full-scale pavement structure. The loading frequency
equalled 1 Hz. The maximum number of loading cycles equalled 300,000, which resulted in
the maximum testing time of 84 hours per test.
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Figure 1. 4PB Equipment used for laboratory testing of double-layer specimens.

2.3 Methodology of analysis of the test results

During the fatigue testing of asphalt mixtures in the controlled pre-set strain mode, the
consecutive cycles result in a gradual decrease in the stiffness modulus (and, therefore,
the stress induced in the specimen), which is indicated by the continuous decrease in the
force needed to induce the adopted strain level. The obtained results were analysed in
terms of the initial stiffness, the number of cycles to failure, fatigue curves, strain at
one million load cycles and relative increase in fatigue life. A detailed description of the
parameters is given below.

Pre-set tensile strain [-]: maximum strain of the extreme tension fibres of the cross section,
in the case of homogenous isotropic material. In the performed fatigue tests with controlled
strain mode this value is constant for the duration of the entire test. The value of tensile strain
is calculated on the basis of vertical deflection measured at the centre of the beam by a LVDT
sensor. In fact, the value of ¢, is a theoretical value, since beams are not homogenous and con-
sist of two asphalt layers with various values of stiffness modulus. Moreover, partial slippage
occurs at the interface between two layers. Therefore, the strain was defined in this study as
“pre-set”, which means that it is the value set in the UTM software and real value of tensile
strain differs from the pre-set value.

5-h-10°

a=123G—nm

(1)

where:

& peak pre-set tensile strain, constant value for the duration of the entire test,
o: vertical peak deflection at the centre of the beam [mm)],

h: beam height (100 mm),

Sw: support span width (740 mm),

Ly: loading span width (247 mm).

Stiffness S [MPa]: equivalent to the stiffness modulus of the system in a given loading cycle
in the test. Stiffness in any given cycle may be calculated from (2). This parameter was
excluded from the analysis in the first cycles of test due to the rapid decrease in stiffness under
loading during the first stage of the test. In the presented research, the initial stiffness S;,; was
calculated using the data from the 100th cycle.
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where:
S;: stiffness in the i-th cycle of the test,
o;: maximum tensile stress in the i-th cycle.

Fatigue life N¢ [-]: number of cycles to fatigue failure of the specimen. Different approaches
are used regarding the limit of fatigue life. The most popular definition of fatigue failure,
which was also assumed in these studies, is the moment at which the stiffness Si decreases to
50% of the initial stiffness S;,;.

Fatigue curve: determined by the N fatigue life results obtained at various strain levels. The
curve enables the evaluation of the system’s fatigue life at any given strain level, even outside of
the tested range. The general form equation of the curve is as follows:

e = ANy) 3)

where:

&, pre-set tensile strain,

A: slope of the fatigue curve,

b: coefficient based on the obtained fatigue test results,
N fatigue life of the system.

Strain at one million load cycles & parameter based on the fatigue curve, equivalent to the
strain level at which the system’s fatigue life equals one million load cycles (Corté¢ & Goux,
1996). This parameter is used for characterisation of asphalt mixtures in terms of fatigue resist-
ance. Higher g4 strain level indicates better fatigue performance of the mixture (or the entire
tested layered system).

Relative increase in fatigue life RI [%]: function delivered from equation (3), expressing the
increase in fatigue life of the reinforced systems in comparison to the reference systems at
a given tensile strain. The formula (4) was used to calculate the values of RI.

b,

'mod.

N, =L 1
=Smod _ Aref[w Apod®mot (St ) g (4)

RI =
Ni ref

where:

RI: relative increase in fatigue life,

Ny moa: fatigue life of the system reinforced with a given type of geogrid,

Ny rer: fatigue life of the reference system,

Apef, brer: coefficients obtained from the fatigue curve of the reference system,

Amod> bmoa: coefficients obtained from the fatigue curve of the geogrid-reinforced systems,

&, tensile strain.

3 MATERIALS AND SPECIMEN PREPARATION

Tests were performed on double-layered specimens prepared in the following scheme:

* bottom layer made of asphalt concrete AC 11 W 35/50 for levelling courses,
* upper layer made of asphalt concrete AC 16 W 35/50 for binder courses.

Asphalt concretes were designed and produced at the Road Research Laboratory of the
Gdansk University of Technology in accordance with the EN 13108-1 standard and Polish
technical guidelines WT-2:2014 for medium traffic KR3-4. The mineral mixture was com-
posed of crushed gneiss/granite aggregate and mineral limestone filler. Effective bitumen con-
tent equalled 11.9% and 11.5% by volume, and air voids equalled 4.6% and 4.5%, in AC 11
W and AC 16 W, respectively.
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Geogrid composites used in this research were produced by Tensar, Blackburn, Lancashire,
UK. Two types of composite reinforcement were tested:

» composite interlayer AR-GN, i.e. square aperture geogrid bonded to non-woven fabric,
* composite interlayer AX5-GN, i.e. hexagonal geogrid bonded to non-woven fabric.

Both structural paving composites consist of two components: (1) a polypropylene stiff mono-
lithic paving grid with integral junctions and (2) a polypropylene non-woven paving fabric.
The grids used in the described composites perform the structural reinforcement function (R)
of the asphalt interlayer. The tensile strength of the reinforcement was 20 X 20 kN/m for the
square grid and 16 X 20 kN/m for the hexagonal grid, with a peak strain of approximately
11% in the longitudinal and transverse directions at maximum load, when tested in accordance
with EN ISO 10319. The non-woven fabric used in both types of composites functions as
a bonding layer during installation. Another function provided by the non-woven fabric is
moisture interlayer barrier (B). The described fabric has a residual bitumen retention of
approximate 1.5 kg/m? Unit weight of the grid component is approximately 225 g/m?
(square) and 210 g/m? (hexagonal), while the unit weight of the fabric component is 130 g/m?.
Both composites are visible in Figure 2 (step 4).

Bitumen emulsion for surface treatments with designation C 69 B3 PU (Bitunova, Warsaw,
Poland) was selected to be applied as tack coat. The emulsion was produced from 100/150
neat bitumen, whose content equalled 69%. The residual bitumen amount after emulsion
decay equalled to 0.2 kg/m? for unreinforced systems and 1.2 kg/m? in case of reinforced sys-
tems. Higher content of tack coat is necessary when composite is applied, to ensure proper
inter-layer bonding and stress relief function. It has to be emphasised that introducing
a composite between two asphalt layers causes partial loss of inter-layer bonding, despite the
higher amount of tack coat. Formation of specimens was conducted in six successive steps,
which are visualised in Figure 2:

Step 1 — assembly of wooden moulds with internal dimensions of 250 X 135 x 1000 mm,

Step 2 - laying and compaction of the lower asphalt layer AC 11 W, the height of layer after
compaction equalled 45 mm.

Step 3 — application of tack coat of bitumen emulsion C 69 B3 PU.

Step 4 — installation of geogrid composites.

Step 5 — laying and compaction of the upper asphalt layer AC 16 W, the height of layer after
compaction equalled 90 mm.

Step 6 — sawing of testing beam from the compacted specimen to the final specimen dimen-
sions 170 x 100 x 850 mm.

Step 7 — preparation of a 10 mm notch in the middle of beam length in the lower asphalt
layer.

Preparation of unreinforced, reference beams was carried out in the same way, except for
step 4 (installation of geogrid composites — which was omitted) and a different amount of
emulsion application.

4 TEST RESULTS

The decrease in the stiffness modulus in following cycles is presented on a log-log scale in
Figure 3. The results obtained for the same 600 pstrain load mode were selected as an
example. Figure 3 enables comparisons between the reference system without reinforcement
and the systems with geogrid reinforcement, both in the case of plain and notched specimens.
Typically, for specimens of single asphalt mixture, three stages of stiffness modulus decrease
are distinguished: (1) initial phase, which is characterised by a rapid decrease in stiffness,
mostly due to the effect of thixotropy, (2) phase of damage accumulation, when stiffness
decreases gradually, (3) stage of failure, when stiffness decreases rapidly due to macro-crack
formation. Reference system with plain specimen confirms these typical stages; for the speci-
men shown in Figure 3 the third phase begins around the 100 000th cycle. The third phase of
failure was not observed for reinforced plain specimens until the 300 000th cycle.
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Ready specimen

Figure 2. View of the successive steps of specimen fabrication.

In the case of all the notched systems, macro-cracks are already initiated in the lower layer.
Stiffness of the reference system decreases gradually, which means that cracks penetrate from
the lower layer to the upper layer. Failure of the system occurs much faster than in the case of
plain specimen. In contrast, when specimen is reinforced with geogrid, the rate of decrease in
stiffness is rapid at the beginning and around the 4000th cycle the rate decreases. It means
that the crack propagates in the lower layer, but when it reaches the level of geocomposite
reinforcement it does not pass to the upper layer. Consequently, notched systems reinforced
with geocomposites remained in the second phase until the end of test (300 000 cycles). The
chart presented in Figure 3 as well as visual observation of the tested specimens clearly shows
that cracks did not penetrate from the lower layer to the upper layer when geocomposite
reinforcement was used in the system.

10000 A——Hexagonal, plain specimen
m—— Square, plain specimen
@®——Reference, plain specimen
4A——Hexagonal, notched specimen

e O——Square, notched specimen

= o—— Reference, notched specimen
?
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Figure 3. Comparison of the decrease in stiffness of plain and notched specimens during successive
fatigue cycles at constant 600 pstrains load mode.
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The results of fatigue tests expressed by the number of cycles Ny until decrease in stiffness to
50% of the initial value are presented in Figures 4 and 5 for plain and notched systems,
respectively. The regression functions of fatigue curves were calculated using the least square
method, and the power model (equation (3)) was used. The fatigue curve parameters A and
b are given in Figures 4 and 5. They are also summarised in Table 1.

1000
—_ A Hexagonal geogrid AX5-GN
< y = 5296.6x°0204
- R?=0.9729
g
= m Square geogrid AR-GN
© y = 7206.2x0-23
k7 R? =0.9591
]
3 ® Without reinforcement
& y = 9305.8x0269
100 R?2=0.9177
1,000 10,000 1,00,000 10,00,000

Cycles

Figure 4. Fatigue model chart for double-layered asphalt beams without notch.

1000
= AHexagonal geogrid AX5-GN
o
] y = 3635.8x°0-1%
= R?=0.5396
-g O Square geogrid AR-GN
@ y = 5477.9x°024
kS R? = 0.8429
@ o Without reinforcement
A y =6110.8x0252
2 =
100 R? = 0.9666
1,000 10,000 1,00,000 10,00,000
Cycles
Figure 5. Fatigue model chart for double-layered asphalt beams with notch.
Table 1. Coefficients of fatigue curves.
System A b
Plain specimens Reference (without reinforcement) 9305.8 -0.269
Reinforced with square geogrid 7206.2 -0.235
Reinforced with hexagonal geogrid 5296.6 -0.204
Notched specimens Reference (without reinforcement) 6110.8 -0.252
Reinforced with square geogrid 5477.9 -0.240
Reinforced with hexagonal geogrid 3635.8 -0.195

It was observed that at higher levels of pre-set strain fatigue life of reinforced systems was
comparable to that of the reference unreinforced system. Differences are more visible at
lower levels of pre-set strains, where higher fatigue life was observed for reinforced systems.
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Power models fit to test results very well in the case of all the plain specimens and the refer-
ence notched system, as expressed by the high value of R? > 0.9. The fatigue life model of
the notched reinforced systems does not fit the experimental data equally well. Fast crack
propagation in the lower layer and delamination of two asphalt layers caused by crack
propagation may be the reason of high variability in the observed values of fatigue life of
the notched reinforced systems. However, a deeper analysis of the outliers visible in Figure 5
(e.g. for 600 pstrains) leads to analysis of the decrease in stiffness in subsequent load cycles
(see Figure 3). The criterion of a 50% decrease in stiffness modulus was adopted for deter-
mination of fatigue life for all systems, but the process of fatigue is different in the case of
non-reinforced notched system and reinforced notched systems. After failure of the lower
layer, the stiffness of the whole system decreases rapidly, but then the geocomposite acti-
vates itself, which results in a lower rate of stiffness decrease, as shown in Figure 3.

The fatigue curves were used to calculate the strain at one million load cycles &¢. The results
are presented in Figure 6. Higher values of g4 obtained for the reinforced systems both in the
case of plain and notched systems express higher fatigue performance of those systems.

@ 350
o 300
3 250
[2) —
o 200
5 & 200 o
5 é 150 - =
£ 100 - —
S 50 - |
7]
0 - T —
Reference system System reinforced with System reinforced with
square geogrid hexagonal geogrid
EPlain specimens = Notched specimens

Figure 6. Critical strains at 10° cycles and relative change in critical strain.

5 IMPACT OF GEOCOMPOSITE REINFORCEMENT ON BEARING CAPACITY OF
ASPHALT PAVEMENT

The bearing capacity of asphalt pavement is directly related to fatigue life of asphalt layers.
The relative increase in fatigue life of double-layered systems was calculated according to
equation (4). Coefficients A and b used in equation (3) were determined on the basis of regres-
sion coefficients summarised in Table 1. Figure 7 presents the results of relative increase in
fatigue life RI for tensile strains from 80 to 200 pstrains. Plots presented in Figure 7 were
developed on the basis of extrapolation of models given in Figures 4 and 5, which generates
some uncertainty in the presented values. Nevertheless, it can be stated that application of
hexagonal geogrids causes a severalfold increase in fatigue life. Reinforcement with square
geogrids is less efficient than reinforcement with hexagonal geogrids, but it increases the
fatigue life up to 4 times in comparison to the reference systems.

The assumed levels of tensile strain correspond to the values which occur at the bottom of the
asphalt layers in pavement structure loaded by wheels of a heavy vehicle. Determination of ten-
sile strain at the bottom of the asphalt layers is a complex process, as it depends on several fac-
tors. However, some general dependencies can be formulated. Tensile strain decreases when: 1)
axle load decreases, 2) total thickness of the asphalt layers increases, 3) elastic modulus of the
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subbase and subgrade increases, 4) stiffness of the asphalt layers increases (e.g. due to a decrease
in temperature and an increase in vehicle speed). Since the experiment was performed in
laboratory, fatigue life of the systems as well as the pre-set tensile strains do not correspond
to the values representative for the entire pavement structure. A shift factor should be used
between the fatigue life obtained for systems tested in laboratory and the fatigue life of
pavement structure. It is expected that the shift factor for the reference system is around
20 (e.g. shift factor for Asphalt Institute fatigue criteria equals 18.4). The shift factor for
reinforced systems is unknown. Nevertheless, the relations between the increase in fatigue
life of reinforced pavements and reinforced beams tested in laboratory conditions remain
the same — they are presented in Figure 7.

Figure 7 shows evidently that reinforcement of pavement with geocomposites improves its
bearing capacity. Reinforcing with hexagonal geogrids is more beneficial than reinforcing
with square geogrids. When reinforcement is used in plain systems, which simulate new pave-
ments, the relative increase in fatigue life is greater than in the case of notched systems, which
simulate rehabilitated pavements. More beneficial effects of pavement reinforcement are
expected for thicker pavements, where tensile strains at the bottom of asphalt layers caused by
traffic loads are lower.

8w
2 g Reference
T 2
“—
> .
£ Hexagonal geogrid,
23 plain specimens
3 e Square geogrid, plain
g »g specimens
£ © — — —Hexagonal geogrid,
o .
2% notched specimens
i — « = Square geogrid,
& = notched specimens

80 100 1

20 140 | 160 180 200
Pre-set tensile strain ¢, [ustrain]

Figure 7. Relative increase in fatigue life of double-layered reinforced systems.

6 CONCLUSIONS

Analysis of the results of fatigue tests, which were performed on reference (unreinforced) sys-
tems and systems reinforced with geocomposites (both on plain and notched specimens), leads
to the following conclusions:

+ Strengthening the pavement structure with geocomposites increases both their load-bearing
capacity and overall fatigue life.

* In the presented study, polypropylene stiff monolithic paving grids with integral junctions
thermally bonded to polypropylene non-woven paving fabric were tested. For such geo-
composites, the shape of the grid has an impact on fatigue life of the reinforced system.
More beneficial effects are observed for hexagonal geogrids.

+ The relative increase in fatigue life of the reinforced systems depends on the level of tensile
strain at the bottom of the asphalt layers.

* More benefits in terms of pavement bearing capacity are expected in the case of reinforce-
ment of thick, new asphalt pavements, where tensile strains at the bottom of the asphalt
layers are lower and fatigue cracks have not been initiated yet.

» Using reinforcement in pavement structure postpones cracks formation in the upper layers.
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* When using geocomposite reinforcement (i.e. geogrid bonded to paving fabric) one should
expect that overall stiffness can be slightly reduced, as a consequence of slight differential
movement between asphalt layers and geocomposite.

* Introducing geocomposite reinforcement between asphalt layers can also affect shear
strength of interlayer bonding, but this should not have detrimental effect on overall pave-
ment performance.

Future theoretical studies should be focused on solving the uncertainty in relationships
between pre-set tensile strain in fatigue tests and tensile strain at the bottom of the asphalt
layers in real pavement structure, as well as on the probable shift factor between results
obtained from laboratory fatigue tests and fatigue life of pavements structures.
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