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Abstract

This study investigates the performance of geogrid-reinforced unbound pavement layer. In this study, geogrid was used
in various layouts and numbers using three different gradation of granular materials. Light weight deflectometer (LWD)
device is known as a useful tool to evaluate the stiffness of unbound pavement layers. In this study, the LWD was utilized
to experimentally investigate factors affecting the performance of geogrid reinforcement, including the number of geogrids,
geogrid layout, and the gradation of unbound layer. There are several parameters which affect the LWD test results includ-
ing the hammer weight, the falling height, and the surface stress. The effect of these parameters was also investigated. The
results indicated that the improving effect of geogrid reinforcement is highly dependent upon the gradation of unbound layer.
Incorporation of geogrid on the well-graded unbound layer decreased the elastic modulus; while, improving effect of geogrid
reinforcement was observed on coarse and gap-graded unbound layers. It was also shown that geogrid reinforcement shows
the best performance when one geogrid layer is installed at the bottom half of the unbound layer. The results of the LWD
test showed that the LWD measurement at a particular hammer weight and falling height could be calibrated to a standard

setting using the hammer’s gravitational energy concept.

Keywords Geogrid - Unbound layer - Light weight deflectometer (LWD) - Geogrid layout - Elastic modulus

1 Introduction

Pavement structure is designed to alleviate the traffic load
stresses to a tolerable level for the subgrade layer. The
increasing demand for heavier vehicles and higher traffic
volumes have increased interest for construction of stronger
pavements which could be achieved by incorporation of
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stiffer base and/or subbase layers. Moreover, increasing the
stiffness of fairly inexpensive base layer may work in the
way of reducing the required thickness of more expensive
surface layers, which eventually could result in lower con-
struction cost and higher environmental benefits. Mechanical
stabilization of the base and subbase layers and incorpo-
ration of reclaimed asphalt pavement (RAP) are some of
the methods to increase pavement structure stiffness [1, 2].
Installation of reinforcement in the unbound layer is another
way to increase the stiffness of these layers which has proven
to be able to extend the service life of the pavement [3].
Geogrid is a type of geosynthetic materials with a set of con-
necting tensile ribs with apertures that surrounding aggre-
gates could penetrate in [4]. Geogrid is usually placed over
the subgrade or within the base layer to improve its load
carrying capacity. Geotextile is also a type of geosynthetic
materials with additional functions compared with geogrid
such as separation, drainage, and filtration [5].

The base layer thickness will be reduced in the pres-
ence of the geogrid, which results in a lower consumption
of material and energy [6, 7]. Some studies have shown
that incorporation of geogrid into the base layer leads to a
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decrease in the permanent deformation related distresses and
therefore, results in a better serviceability of the roadway
[8—10]. It has also been reported that the installation of the
geogrid could reduce the vertical pressure at the bottom of
the base layer by 28-39% [11].

Many researchers have studied the effect of shape and
opening of geogrid on providing the interlock between
aggregate and geogrid mesh and eventually, lateral con-
straint. These studies have shown that using geogrid in
unbound layers increases the layers’ elastic modulus
[12—15]. The increase in the elastic modulus is mainly due
to the increase in interaction between the aggregates and
the geogrid mesh, which depends on the shape and size of
the geogrid apertures, type and gradation of aggregate, and
size and tensile strength of the geogrid bars [16, 17]. Other
important parameters which affect the effectiveness of rein-
forced unbound layer are the number of geogrid layers and
their locations. It has been shown that using two geogrids
at the bottom and upper one-third location of unbound layer
thickness yields in the best performance [10]. However, if
just one geogrid is used, upper one-third location of unbound
layer thickness results in a slightly better performance com-
pared to being located at the middle of the unbound layer
[10, 18]. Also, the installation of the geogrid in the middle of
the unbound base layer has been reported to reduce the aver-
age vertical strain of the base layer under the implemented
traffic load by about 10% [19]. Even though several studies
have resulted in an increased layer modulus due to geogrid
addition, some studies have reported no measurable ben-
efits from geogrids in improving elastic modulus or resilient
response of the base layer [20, 21].

Falling weight deflectometer (FWD) device is designed
to measure the deflection basin caused by a known load
exerted to pavement surface and back-calculating the elastic
moduli of different pavement layers. However, application
of FWD may have some difficulties, such as fairly high cost
and low mobility on unpaved roads. Light weight deflectom-
eter (LWD) was introduced to overcome the aforementioned
limitations of FWD for conducting tests on unbound layers.
The LWD test is also fairly simple to run and requires less
technician training compared to FWD.

Elastic modulus is commonly used to evaluate the stiffness
of soil and unbound materials. This parameter was introduced
as the leading parameter to classify the behavior of subgrade,
subbase, and base layers in pavement design. Non-destructive
tests such as LWD has gained attention to estimate the elastic
modulus of unbound layers. In the recent years, LWD has been
widely used for quality control and verification of the layers’
compaction. Several variables affect the results of this test.
Some studies have been carried out to evaluate the reliability
and repeatability of the results; a number of studies were con-
ducted to investigate the effects of different variables including
temperature, bumpers, loading plate diameter, hammer weight,
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and falling height, on the LWD results [22, 23]. Material
parameters also affect the LWD results, including gradation,
density, moisture content, and type of unbound material [24].

Despite the presence of several geophones in FWD device
to measure the deflection basin, LWD uses only one geo-
phone which measures the deflection at the center of the
loading plate. Therefore, the measured elastic modulus from
LWD is affected by the stiffness of all the layers below the
loading point, so the influence depth of the device plays an
important role in the reliability of the results. Several studies
have been performed to investigate this parameter. In early
studies, the influence depth of LWD device was reported to
be the same as loading plate diameter [25]. Another study
reported that the influence depth is in the range of 1.2-1.4
times the loading plate diameter [26]. Later, some other
researchers have found it to be 0.5-1.8 times the loading
plate diameter depending on the hammer weight [27, 28].
Modeling LWD using finite element method has also been
investigated and the influence depth has been reported as
2.0-2.5 and 2.0-3.5 times the loading plate diameter based
on the stress and strain criteria, respectively. The stress and
strain criteria are defined as the depth at which 10% of the
surface stress and surface strain remains, respectively [29].

2 Objectives and Scope

This study aims to evaluate the elastic modulus of unbound
base layers with different gradations and geogrid reinforce-
ment states (i.e., the number of geogrids and the geogrid
layout). Also, the effect of different testing conditions is
investigated through laboratory testing. For this purpose, a
full-scale box was prepared, and both the subgrade and base
layers were installed for different unreinforced and geogrid-
reinforced conditions. This study investigates the effect of
several parameters including the gradation of unbound layer,
the number and layout of geogrids, and the parameters asso-
ciated with LWD (the hammer weight, the falling height,
and the surface stress) on the measured elastic modulus of
unbound layer.

3 Test Method

The LWD test was conducted in accordance with ASTM
E2583-07 [30]. According to the elastic layered theory, the
elastic modulus can be calculated using Eq. (1) in the influ-
ence zone of the LWD device [31]:

B Sxgxr(l-u*)

1
5 , ey

where E is the elastic modulus; S is the stress distribution
factor (2 for flexible pavements and /2 for rigid pavements
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[32]; g is the uniform stress applied to the loading plate of
LWD:; ris the radius of loading plate; u is the Poisson’s ratio
(in the range of 0.3-0.45 for unbound layers); and 6 is the
maximum measured deflection. The uniform stress applied
to the loading plate can be calculated using Eq. (2):

g=. @)
where A is loading plate area and P is the maximum impact
force which is directly measured by the LWD device during
testing.

To better correlate the effects of the hammer weight and
falling height parameters with the LWD results, the ham-
mer’s gravitational energy concept is introduced. In LWD
testing, the hammer is released from a known height and
strikes with the loading plate. According to Physics, the
kinetic energy of an impacting body is mainly converted to
the strain energy in the target body and partially dissipated
through friction. Moreover, the kinetic energy of the LWD
hammer, as an impacting body, at the moment of impact is
equal to its gravitational energy before release. The gravita-
tional energy can be simply calculated using Eq. (3):

U=WxHXg, 3)

where U is the gravitational energy of hammer before
release; W is the hammer weight, H is the falling height,
and g is the gravity acceleration. Therefore, the gravitational
energy could represent the impact intensity and can be used
to better evaluate the effect of hammer weight and falling
height on the measured elastic modulus.

4 Materials

In this study, the unbound materials were provided from a
siliceous river soil query.

Three different gradations were selected for unbound base
layer to evaluate the effect of soil gradation on the measured
elastic modulus. These three gradations were selected fol-
lowing the lower, the middle, and the upper limits of the fifth
grade in accordance with AASHTO M 147 [33] to generate
coarse, medium, and fine gradations. According to the Uni-
fied Soil Classification System (USCS), the coarse, medium,
and fine gradations are classified as GP, GW, and SP-SM,
respectively. These soils are all classified as A-1-a based on
the AASHTO soil classification system [34]. Figure 1 shows
the gradations used in this study. According to the standard
procedure of AASHTO T 180 [35], the optimum moisture
content of the fine, medium and coarse gradation was 6.5,
6.0, and 5.6%, respectively. The maximum dry densities
were equal to 2170, 2170, and 2180 kg/m? for fine, medium,
and coarse gradations, respectively.

100+ y —m— Coarse
N\ -A- Medium

\
80 \b\
y 4

—e— Fine

60

40 1

Passing percent (%)

20

50 30 10 5 2 1 0.5 0.2 01 0.05
Sieve size (mm)

Fig. 1 Different gradations of unbound base layer

An unbound layer with a CBR of 10 was used as sub-
grade. According to the AASHTO classification system [34],
the subgrade soil is classified as A-2-6 with a maximum dry
density of 1940 kg/m? and an optimum moisture content of
12.6%.

To install subgrade and base layers in a controlled man-
ner, the materials were first oven dried to remove the residual
moisture content. The weight of each layer was then calcu-
lated based on the cross-section area of the experimental
box, the layer height, and the density of the material at its
optimum moisture content assuming 100% compaction. The
amount of water required to bring each material to its opti-
mum moisture content was then thoroughly mixed with the
dry material using a bucket mixer. The material was then
dumped into the experimental box and uniformly compacted
using a vibratory compactor until a pre-determined layer
height was obtained. The base layers were compacted in a
minimum of three layers based on the geogrid(s) location.
In each step, a portion of the base layer was installed and
compacted. To ensure a uniform water content distribution
within each layer, two soil samples were obtained from the
top and bottom of each layer and tested for water content.
All the test results were within +0.3% of the target optimum
moisture content.

A third-generation polyester geogrid is used in base layer
as reinforcement. The geogrid and its properties are shown
in Fig. 2 and Table 1, respectively. No anchoring was used
for geogrid installation.

5 Experimental Plan
All the LWD tests were performed in a full-scale cubical

box with dimensions 1000 mm X 1000 mm X 1000 mm as
shown in Fig. 3. These fairly large dimensions were selected
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Fig.2 Geogrid used in this study

to avoid the effect of side confinement on the LWD results.
A PRIMA 100 device was utilized in this study in which the
maximum displacement of the tested unbound layer and the
peak load are measured for calculating the layers’ elastic
modulus. The subgrade and base layers were both 150 mm in

thickness. A relatively thick base layer was selected to make
sure it captures the entire influence zone of the LWD device.

As it was discussed before, in the current study, the LWD
test was performed on the control (no geogrid) and rein-
forced base with one or two geogrid layers. A total of eight
different reinforced conditions were evaluated as shown in
Fig. 4 including the control (1 condition), a single geogrid at
the bottom half, middle, and upper half of the base layer (3
conditions), two geogrids attached at the bottom half of the
base layer (1 condition), two geogrids distanced by 35 mm at
the bottom and upper halves of the base layer (2 conditions),
and two geogrids distanced by 70 mm at the middle of the
base layer (1 condition). The geogrid locations in the bot-
tom and upper locations were 40 mm apart from either the
bottom or the top of the base layer which is almost equal to
one-third of the base layer’s height. All the study parameters
are listed in Table 2. It should be noted that a full factorial
of the falling heights and hammer weights were not car-
ried out; for the falling height of 500 mm, three different
hammer weights were tested. The hammer weight of 15 kg
was also tested at three different falling heights bringing the
total different combinations of height and weight to five. As
such, a total of 108 LWD tests were performed in this study.
Each LWD test was repeated 3 times at the same location
satisfying a maximum error of 3% among the replicates.

Table 1 Geogrid properties

Properties Test method Geogrid 30*30
Layer material - Polyester

Unit weight (g/m?) EN ISO 9864 320

Maximum tensile strength (kN/m) EN ISO 10319 >30

Nominal strength strain (%) ENISO 10319 <8

Tensile strength at 1% strain (kN/m) EN ISO 10319 7.5/7.5%
Tensile strength at 2% strain (kN/m) EN ISO 10319 13.5/13.5%
Tensile strength at 5% strain (kN/m) EN ISO 10319 24/24%
Geometric dimension of apertures (mm.mm) - 34%#34
Resistance against UV radiation (%) EN 12224 96.3

4The first and second numbers refer to x and y directions, respectively

Fig.3 Testing box
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[
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[
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[

150 mm
o 1000 mm x 1000 mm —| L 1000 mm x 1000 mm —’
Two geogrids with 70 mm spacing Control
Fig.4 Schematic of different geogrid layouts
Table2 LWD test conditions
Condition Base gradation Loading plate diameter (mm)  Falling height (mm)  Hammer weight (kg)
Unreinforced/one layer of geogrid  Fine, medium, and coarse 100, 300 100, 300, and 500 5,10, and 15
Two layers of geogrid 5and 15
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Also, all the testing points were placed at least 300 mm away
from the walls of the testing box to minimize the potential
boundary effects.

6 Results and Discussions
6.1 Effect of Gradation on the Elastic Modulus

Figure 5 shows the elastic modulus for different geogrid lay-
outs and base layer gradations which was measured using
15 kg hammer falling from 500 mm height on the 100 mm
diameter loading plate. As this figure suggests, geogrid
installation increases the elastic modulus for both the fine
and coarse gradations. In particular, application of a sin-
gle geogrid at the lower location results in 43% and 35%
increase in the elastic modulus for the coarse and fine base
layer gradations, respectively. The higher increase in elas-
tic modulus in the case of coarse gradation suggests that
geogrid installation is an effective way to increase aggregate
interlocks of the coarse graded unbound materials.

Figure 5 also suggests that when no geogrid is used, the
medium gradation results in a higher elastic modulus com-
pared to the other two gradations. This may be because
the medium gradation was classified as an s-shaped well-
graded gradation in accordance with USCS and therefore,
it has stronger aggregate interlocks. It is also interesting
to note that the application of geogrid reinforcement in the
case of medium gradation decreases the elastic modulus
as the geogrid may reduce the aggregate interlocks that
were already existed in the material’s structure. Applica-
tion of the geogrid for the medium gradation in the best

Fig.5 Effect of gradation and

. . 200
geogrid layout on the elastic

modulus (“2G” stands for two 180
geogrids and their spacing is
provided in brackets) 160
T 140
aQ
g
120
w
=
3 100
o
=
o 80
e
8
W 60

40

20

Lower half

Control

Coarse [ Medium
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case (single geogrid at the lower location) results in about
the same elastic modulus as for the control case with no
geogrids.

These results indicate that the effectiveness of geogrid
reinforcement is highly dependent upon the gradation of
the unbound layer. In another word, the geogrid properties
should be carefully selected regarding the gradation of the
unbound layer.

Despite the medium gradation, both of the fine and
coarse gradations get benefited from the installation of
the reinforcement. In other words, the application of
geogrid seems to be specifically beneficial for poorly
graded and gap-graded materials. In another study carried
out by Vangla and Gali, the best performance of geogrid
reinforcement was obtained when there was a proper bal-
ance between the geogrid apertures and the aggregate
size [36]. They introduced the asperity ratio defined as
the ratio of the geogrid asperity size, which is equal to
the space between two consecutive strands of the geogrid
divided by the mean particle size of the unbound material,
and concluded that the best performance can be achieved
when the asperity ratio is close to one [36]. However, the
asperity ratios for coarse, medium, and fine gradations
of the current study are 3.1, 6.3, and 12.7, respectively,
which are significantly higher than the suggested asperity
ratio of one. This might be due to the significant different
geogrid mesh size that has been utilized in the current
study compared with Vangla and Gali’s study. Another
study has reported that the elastic modulus decreases with
an increase in the fine content when the fine content is
significantly high and in the range of 20-80% [24].

Upper half Middle Lower half Lower half Upper half Middle
[2G: 0mm]  [2G:35mm] [2G:35mm] [2G: 70 mm]
E Fine Geogrid layout
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6.2 Effect of the Number of Geogrids and Their
Layout on the Elastic Modulus

As it was mentioned before, implementation of the geogrid
reinforcement for the medium gradation decreases the elastic
modulus. On the contrary, the application of the geogrid
improves the stiffness of base layer when the material is
fine or coarse. As Fig. 5 shows, the worst performance hap-
pens when two geogrids are placed with no spacing (as illus-
trated in Fig. 4d). This may suggest that application of two
geogrids with no spacing creates a weak point in the base
layer and diminishes geogrid’s effect of engaging and inter-
locking aggregates. However, incorporation of geogrids with
35 or 70 mm spacing improves the elastic modulus of the
base layer. In particular, in the case of coarse gradation, an
increase of 1.5%, 2.5%, and 38% in measured elastic modu-
lus was observed when geogrids were spaced and located as
presented in Fig. 4e—g, respectively which suggests a signifi-
cant improvement in the elastic modulus of base layer when
the spacing increases to 70 mm. As such, it can be concluded
that providing a minimum distance between the geogrids
may allow the unbound material to form aggregate interlocks
in a more effective manner. It is also interesting to note that
incorporation of geogrids with 35 mm of spacing seems to
have a higher improving effect on the elastic modulus of
the fine gradation (7.5% increase) compared with the coarse
gradation (1.5% increase). Other studies have also reported
that using two geogrids results in an increase in the stiffness
of unbound layer [10, 18].

As Fig. 5 suggests, incorporation of a single geogrid in
almost any locations within the unbound layer leads to an
increase in the elastic modulus for both the fine and coarse
gradations. This suggests that it is possible to compensate
the negative effect of poorly graded and gap-graded grada-
tion of unbound materials on their elastic modulus by incor-
poration of a geogrid reinforcement. Delving into the details,
in the case of coarse gradation, installation of geogrid at the
upper, middle, and lower locations of the base layer results
in 5.5%, 20%, and 44% increase in elastic modulus, respec-
tively. For the fine gradation, placing the geogrid at the mid-
dle of the base layer leads to the lowest improvement; but,
the lower location still results in the highest improvement in
elastic modulus. Therefore, it can be concluded that the best
performance of geogrid installation can be obtained when
the geogrid is placed at the lower location of the base layer
as illustrated in Fig. 4a. This is while other researchers have
reported that the application of a single geogrid reinforce-
ment at the upper third and middle locations results in the
largest increase in the elastic modulus [10, 18, 36]. This
difference might be due to difference in the thickness of the
base layers. Abu-Farsakh et al. have used a 305 mm unbound
base layer which is almost two times of the thickness used
in this study. In another study, installation of geogrid at the

depth of approximately half of the radius of the loading area
has been reported as the optimum depth of geogrid installa-
tion, regardless of the base layers’ thickness [7] which is not
supported by the current study results; the half of the loading
plate radius is 25 mm which is fairly similar to the case of
upper half location of the geogrid in the current study. As
the results show, the upper half location does not conclude
in the best performance of geogrid.

Conclusively, it seems that the results of the measured
elastic modulus could be classified into the three groups
with respect to the different geogrid layouts. In this regard,
application of a single geogrid at lower location and dou-
ble geogrids with 70 mm spacing has shown the best per-
formance followed by single geogrid at upper and middle
locations of base layer, and then the remaining layouts using
double geogrids. Also, except for the double geogrids with
70 mm spacing, the application of two geogrids not only
increases the construction costs, but also deteriorates the
performance of the base layer.

6.3 Effect of LWD Parameters on the Elastic
Modulus

Figure 6 presents the LWD test results for different hammer
weights, geogrid layouts, and gradation of base layer with
the constant falling height of 500 mm. As Fig. 6 suggests, in
general, increasing the hammer weight leads to an increase
in the elastic modulus. Similarly, Fig. 7 shows the effect of
the falling height on the elastic modulus for different geogrid
layouts and gradation of the base layer when a 15 kg hammer
is used. As this figure shows, the elastic modulus increases
as the falling height increases in almost all the cases. These
behaviors were expected due to the stress-dependent nature
of the unbound granular materials. This also suggests that
geogrid reinforcement does not affect this behavior.
According to Eq. (3), the hammer weight and falling
height are directly related using the concept of gravitational
energy (U). As such, an increase in either the falling height
or the hammer weight results in an increase in the gravita-
tional energy. To assess the effect of the gravitational energy
on the elastic modulus, the elastic modulus is plotted against
the gravitational energy for different combinations of base
layers’ gradation, and geogrid layout as shown in Fig. 8.
In this figure, five different values of gravitational energy
are calculated using the different combination of hammer
weights (5, 10, and 15 kg) and falling heights (100 mm,
300 mm, and 500 mm). A linear regression line is then fit-
ted to each set of points. As expected, the elastic modulus
generally increases with the increase in the gravitational
energy. However, the rate of increase of the elastic modulus
as a function of hammer’s gravitational energy seems to be
almost the same in each gradation. Table 3 shows these rates
of increase and their basic statistical parameters (average
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Fig. 6 Effect of the hammer weight on the elastic modulus

and standard deviation) to better interpret the results. As this
table suggests, the average rate of increase for coarse and
fine base layers are almost the same. It is worth mentioning
that these results are obtained using the linear regression on
the range of hammer’s gravitational energy from 5 to 75 J.
Thus, the regression models are valid in this range. Table 3
also presents different rates of increase for different geogrid

layouts along with their standard deviations.

It should be noted that in general, the results of the regres-
sion lines in Table 3 could be used as a correction factor
to calibrate the measurements of elastic modulus with a
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particular hammer weight and falling height setting to the
one with standard setting. The only consideration in using
Table 3 data is keeping the hammer’s gravitational energy
in the range of 5-75J.

7 Summary and Conclusions

In this study, the effect of different factors affecting the per-
formance of geogrid reinforcement of unbound base layer
were studied using the LWD device. These factors include
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Fig.8 Effect of the hammer’s gravitational energy on the elastic mod-

ulus for different cases

number of geogrids, geogrid layouts, and gradation of the
base layer. In addition, the effect of LWD parameters on
the results were studied. Based on the results of 108 LWD
tests conducted in this study, the following conclusions can
be drawn:

e Application of the geogrid reinforcement on fine and
coarse gradations increases the elastic modulus. The
opposite trend was seen for the medium gradation. It
was concluded that the effectiveness of geogrid applica-
tion is highly dependent on the gradation of the unbound
layer. In other words, it is possible to improve the elastic
modulus of coarse and gap-graded unbound materials
to the equivalent of well-graded one using the geogrid
reinforcement.

e Incorporation of the geogrid reinforcement in the case of
medium gradation reduces the elastic modulus perhaps
due to disturbing the aggregate interlocks that already
exist in the stone matrix. Nevertheless, base layer with
medium gradation has the highest elastic modulus among
all different cases when no geogrid is installed.

e When a single geogrid is used, installation of the geogrid
at the bottom half of the layer results in the best per-
formance. When two geogrids are employed, the elastic
modulus increases along with the increase of geogrid
spacing from 0 to 70 mm.

¢ Increasing the hammer weight and/or falling height
increases the hammer’s gravitational energy by which
the elastic modulus increases. It was shown that the
elastic modulus increases linearly with the increase in
hammer’s gravitational energy. Thus, any measurement
of elastic modulus with a particular LWD setting can be
calibrated to the intended (standard) setting using the rate
of increases shown in Table 3.

Table 3 Regression results

Coarse gradation

Medium gradation Fine gradation

Rate of increase R?

Rate of increase R? Rate of increase R?

of elastic modulus against Geogrid layout

hammer’s gravitational energy
Control 0.3642
Bottom half 0.2903
Upper half 0.2706
Middle 0.3223
Average 0.3119
Standard deviation 0.0354

0.96 0.1981 0.85 0.2324 0.98
0.97 0.2077 0.81 0.4123 0.99
0.98 0.2948 0.97 0.2864 0.89
0.99 0.1766 0.61 0.3378 0.98
- 0.2193 - 0.3172 -
- 0.0450 - 0.0663 -
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