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Abstract: This paper integrates and extends an earlier article presented at the 20th International
Conference on Soil Mechanics and Geotechnical Engineering. The generation of a stiffened zone in
the proximity of a geogrid is one of the primary mechanisms of mechanical stabilization of pavement
unbound aggregate layers using geogrids. This paper focuses on the quantification of the stiffened
zone through a local stiffness assessment using bender element (BE) sensors. Unbound aggregate
base layers were constructed in a large-scale laboratory testbed. Geogrid-stabilized layers had
geogrids with different-sized triangular apertures contributing to the geogrid-stiffened zone. Shear
wave velocities were measured at three different heights using BE sensors, and the vertical stiffness
profiles of the mechanically stabilized aggregate layers were evaluated. In addition, the conversion
method between small-strain stiffness and large-strain stiffness was established from the repeated
load triaxial tests with BE pairs to transform the vertical stiffness profile into that of the resilient
modulus. Furthermore, dynamic cone penetration (DCP) and light-weight deflectometer (LWD) tests
were performed at multiple locations into the stabilized and unstabilized unbound aggregates. From
the large-scale experimental study, the local stiffness improvement owing to the geogrid enhancement
was up to 16.2% in the vicinity of the geogrid location, and the extent of the local stiffened zone
evaluated through various test methods was between 15.2 cm (6 in.) and 25.4 cm (10 in.) above
the geogrid.

Keywords: mechanical stabilization; unbound aggregates; geogrid; bender elements; shear wave
velocity

1. Introduction

Geogrids have been widely used in flexible pavements and unpaved roads for an in-
creased confinement by immobilizing unbound aggregates, increasing the bearing capacity
of the layered system, and preventing excessive rutting. A geogrid, a form of geosynthetics,
is typically a sheet featuring apertures of various shapes and is usually constructed from, or
incorporates, polymeric materials [1]. When used in pavement unbound layers, geogrids
could improve serviceability and extend service life.

The geogrid functions performed on roads include reinforcement and stabilization.
Geogrid reinforcement increases the strength and/or reduces the deformation of a material
by carrying tensile forces that the material alone would not carry [2]. The effect of geogrid
reinforcement on roads, embankments, or slopes has been extensively studied for the
design of geogrid-reinforced earth structures [3–5]. The geogrid-stabilization function is
mobilized by forming a geosynthetic/soil composite material, e.g., a geogrid-aggregate
system that is less deformable than the soil [2]. By installing geogrids in unbound aggre-
gate base/subbase layers, aggregate particles are laterally restrained under wheel loading.
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This is often referred to as a geogrid-aggregate “interlock” mechanism. Such mechanical
stabilization creates a stiffened zone in the geogrid’s vicinity. Previous research consis-
tently exhibited reduced pavement surface deformations when geogrids were used to
stabilize aggregate layers [6–11]. Various research efforts have evaluated the stiffening
effect brought by the geogrid-aggregate interlock. Dynamic cone penetrometer (DCP) tests
have demonstrated the stabilization function of the geogrid as more blows are required to
reach a certain depth when the granular material is stabilized with a geogrid [12]. Pullout
tests have also been conducted to study the load-transfer mechanism and the pullout
strength of the geogrid [13–17]. In addition, the stiffness of the soil–geosynthetic composite
was evaluated through geosynthetic composite stiffness test using a large-scale pullout
test device [18,19]. Several research efforts have also utilized falling-weight deflectometer
(FWD) and light-weight deflectometer (LWD) tests to examine the influence of geogrids,
but the findings were generally inconsistent and dependable on the experimental condi-
tions [8,20,21]. However, numerical studies using discrete and finite element methods
(DEM and FEM, respectively) indicated that there is a stiffened zone in the vicinity of
the geogrid [22–26]. Further, large-scale field and laboratory test section studies were
commonly conducted to demonstrate the benefits of geogrids, which require significant
research investments [8,11,21].

In addition to the evaluation techniques mentioned above, a direct quantification of
the increase in modulus or stiffening effect, and the extent of the influence zone around a
geogrid, are of immense interest to effectively design pavements with geogrids. A recent
approach used at the University of Illinois has utilized shear wave transducers to quantify
the stiffness enhancement brought by the geogrid and the influence zone. Shear wave
transducers, in the form of bender elements (BE), have been widely used in laboratory
settings to evaluate the stiffness characteristics of geomaterials, such as soils and aggregates,
due to the good coupling between the sensor and the geomaterial [27]. Recent studies
have proven that BE sensors can successfully quantify the local enhancement due to the
geogrid-aggregate interlocking mechanism, both in laboratory and field settings [28–31].

The objective of this paper is to quantify the stiffening effect and the extent of the
stiffened zone due to mechanical stabilization by geogrids installed in unbound aggregate
base courses. Laboratory characterization of the aggregate material used in this study was
first conducted to evaluate the material’s resilient behavior, small-strain modulus, and
Poisson’s ratio at different stress states. The same material was evaluated with different
geogrid types using the BE field sensor in a large-scale testbed. In addition, DCP and LWD
tests were conducted for comparison.

2. Materials
2.1. Unbound Aggregates

A crushed dolomite aggregate material from a quarry in Illinois, USA, was selected for
this experiment. The crushed dolomite is classified as poorly graded sand with silt (SP–SM)
based on the unified soil classification system (USCS) and as an A–1–a (stone fragments,
gravel, and sand) based on AASHTO soil classification [32,33]. The grain size distribution
is shown in Figure 1a obtained following ASTM C136 [34]. The material is a dense-graded
aggregate material with a similar gradation as the CA 6 gradation specified by the Illinois
Department of Transportation (IDOT) and presented as dashed lines in Figure 1a [35].
Table 1 summarizes the material properties, including the Nominal Maximum Aggregate
Size (NMAS), the material percentage passing the No. 200 sieve (i.e., finer than 0.075-mm),
D50, corresponding to the sieve size for which 50% of the material will pass, the coefficient
of uniformity (Cu), the coefficient of curvature (Cc), and the gravel-to-sand ratio (G/S, ratio
of gravel-sized material retained on No. 4 sieve [4.75-mm opening] to sand size material
passing No. 4 sieve but retained on No. 200 sieve).

The compaction characteristics of this material were determined following the ASTM
D1557 using the modified Proctor compaction effort (2700 kN-m/m3 (56,000 ft-lbf/ft3)) as
presented in Figure 1b [36]. The maximum dry density (MDD) is 22.2 kN/m3 (141.4 pcf) at
an optimum moisture content (OMC) of 6.5%.
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Figure 1. Physical properties of the selected aggregate material: (a) Grain size distribution plotted
with IDOT CA06 gradation band [35]; and (b) Moisture–density relationship.

Table 1. Properties of the crushed dolomite aggregate material.

NMAS D50 Cu Cc G/S

12.5 mm (0.5 in.) 3.08 mm (0.12 in.) 28.36 3.46 0.66

2.2. Geogrids

Two punched and drawn geogrids were used in this study. The two geogrids have
triangular-shaped apertures with different sizes and are referred to herein as GG1 and GG2.
GG1 has a larger aperture size. The properties of the two geogrids are summarized in
Table 2. The two geogrids are expected to perform differently in mechanical stabilization as
the geogrid aperture size influences the stabilization effectiveness [37].

Table 2. Properties of GG1 and GG2 geogrids.

Index Property
Geogrid #1 (GG1) Geogrid #2 (GG2)

Long. 1 Diag. 1 Trans. 1 Long. 1 Diag. 1 Trans. 1

Rib pitch (mm) 40 40 33 33

Mid-rib depth (mm) 2 1.3 1.2 1.6 1.2

Mid-rib width (mm) 2 0.9 1.2 0.4 0.7

Diameter of largest
inscribed circle (mm) 23.1 19.1

Schematic drawing of the
aperture shape and the size

of inscribed circle
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3. Experimental Setup
3.1. UI–FastCell Triaxial Test Setup with Elastic Wave Transducers

Repeated load laboratory tests were conducted using the UI–FastCell triaxial test
setup [38]. This state-of-the-art triaxial testing equipment can characterize the anisotropic
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resilient properties of granular materials. The UI–FastCell can accommodate a cylindrical
specimen of 150 mm (6-in.) in diameter and 150 mm (6-in.) in height. A pneumatic actuator
applies the axial pressure, while the confining pressure is applied through compressing a
hydraulic fluid behind a silicone membrane surrounding the specimen. The UI–FastCell
has both axial and radial linear variable differential transformers (LVDTs) for displacement
measurements. In this study, the laboratory BE sensors and P wave transducers were used
to instrument the triaxial specimens. A schematic of the test setup using the UI–FastCell is
shown in Figure 2.
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Shear wave transducers, in the form of bender elements (BE), have been widely used
for evaluating granular materials [27,39–41].A BE sensor consists of a thin metal plate
sandwiched between two piezoceramic plates. An external electric voltage can vibrate the
piezoceramic plates, which propagates a wave in the surrounding medium. Conversely,
physical deformation of the plates will generate an electric voltage for measurement. Thus,
a BE sensor can be utilized as either a source or a receiver for elastic waves. P wave
transducers, in the form of the piezo disk element (PDE), on the other hand, have a similar
working principle as BE sensors. The only difference is that instead of propagating a shear
wave, a P wave (primary or pressure wave) is transmitted.

A schematic drawing of UI–FastCell incorporated with both BE sensors and P wave
transducers is shown in Figure 2. In this laboratory setup, two pairs of BE sensors were em-
bedded in the specimen at mid-height and at 51 mm (2-in.) above mid-height. The P wave
transducers were installed 60 degrees away from the BE sensors at mid-height.

The typical measurement system for BE sensors and P wave transducers is shown in
Figure 2. It consists of a signal generator, a filter amplifier, an oscilloscope, and a computer.
The signal generator delivers the input signals to excite the source transducer, which is also
recorded by the oscilloscope for first arrival time determination. The receiver transducer
collects the elastic wave propagated through the specimen and transmits an electrical
signal to the filter amplifier. The final output signal is collected by the oscilloscope after
the filter amplifier’s conditioning. The signal used for the first arrival time determination
is the average of 1024 stacking signals for a higher signal-to-noise ratio (SNR) over the
oscilloscope. In addition, the sinusoidal wave at the resonant frequency of the specimen is
usually applied as the input signal to achieve a better signal quality [39].
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3.2. Large-Scale Testbed Equipped with BE Field Sensors

The aggregate material, stabilized with a geogrid, was evaluated in a laboratory large-
scale testbed through shear wave velocity measurements using the BE field sensors. The
BE field sensor consists of a pair of BEs, a BE sensor-protection module, and a metal frame.
The metal frame helps to fix BE sensor locations, which will maintain the fixed distance
and orientation of both source and receiver sensors. Meanwhile, they also protect the
cables [30].

The same measurement system described above was used for the BE field sensor but
with the addition of an amplifier, which can amplify the input signal transmitted from the
signal generator into the source sensor by up to six times. The amplification is necessary for
improving the signal’s quality due to the longer propagation distance and higher energy
loss. A schematic drawing of the BE field sensor used in this study (dimensions included),
along with the measurement system, is shown in Figure 3.

Appl. Sci. 2024, 14, x FOR PEER REVIEW 5 of 17 
 

determination is the average of 1024 stacking signals for a higher signal-to-noise ratio 

(SNR) over the oscilloscope. In addition, the sinusoidal wave at the resonant frequency of 

the specimen is usually applied as the input signal to achieve a better signal quality [39]. 

3.2. Large-Scale Testbed Equipped with BE Field Sensors 

The aggregate material, stabilized with a geogrid, was evaluated in a laboratory 

large-scale testbed through shear wave velocity measurements using the BE field sensors. 

The BE field sensor consists of a pair of BEs, a BE sensor-protection module, and a metal 

frame. The metal frame helps to fix BE sensor locations, which will maintain the fixed 

distance and orientation of both source and receiver sensors. Meanwhile, they also protect 

the cables [30]. 

The same measurement system described above was used for the BE field sensor but 

with the addition of an amplifier, which can amplify the input signal transmitted from the 

signal generator into the source sensor by up to six times. The amplification is necessary 

for improving the signal’s quality due to the longer propagation distance and higher en-

ergy loss. A schematic drawing of the BE field sensor used in this study (dimensions in-

cluded), along with the measurement system, is shown in Figure 3. 

 

Figure 3. Schematic of a bender element field sensor embedded in the base layer, along with the 

shear wave measurement system. 

A large-scale testbed was utilized for evaluating the geogrid performance in mechan-

ical stabilization. The testbed was built as a box with 182.9 cm (6-ft) length by 182.9 cm (6-ft) 

width by 61.0 cm (2-ft) height dimensions to provide sufficient space for constructing an 

aggregate layer. Oven-dried materials were used to maintain the material’s conditions 

consistent throughout this study. The achieved density of the material was around 18.61 

kN/m3 (118.5 pcf), which is much lower than the MDD value owing to the dry condition. 

Previous studies have demonstrated that expanded polystyrene (EPS) geofoams can be 

used as a uniform subgrade material with relatively low strength [42,43]. Thus, a 15.2 cm 

(6-in.) thick EPS geofoam was placed at the bottom of the testbed to function as a soft 

subgrade. The equivalent California bearing ratio (CBR) for the geofoam is determined as 

5%, which is similar to a low-strength fine-graded soft subgrade soil [44]. The aggregate 

Figure 3. Schematic of a bender element field sensor embedded in the base layer, along with the shear
wave measurement system.

A large-scale testbed was utilized for evaluating the geogrid performance in mechan-
ical stabilization. The testbed was built as a box with 182.9 cm (6-ft) length by 182.9 cm
(6-ft) width by 61.0 cm (2-ft) height dimensions to provide sufficient space for constructing
an aggregate layer. Oven-dried materials were used to maintain the material’s condi-
tions consistent throughout this study. The achieved density of the material was around
18.61 kN/m3 (118.5 pcf), which is much lower than the MDD value owing to the dry
condition. Previous studies have demonstrated that expanded polystyrene (EPS) geofoams
can be used as a uniform subgrade material with relatively low strength [42,43]. Thus,
a 15.2 cm (6-in.) thick EPS geofoam was placed at the bottom of the testbed to function as a
soft subgrade. The equivalent California bearing ratio (CBR) for the geofoam is determined
as 5%, which is similar to a low-strength fine-graded soft subgrade soil [44]. The aggregate
layer was constructed above the geofoam in four lifts, and each lift is approximately 115 mm
(4.5-in.) with adjustments to accommodate the BE field-sensor location. The compaction
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was conducted using a vibratory plate compactor with a consistent number of passes on
top of each lift for uniform compaction. Further, the coarse aggregates near the BE sensor
module were compacted through hand-tamping to ensure proper contact between the
sensor and the aggregate material. The finished base course layer was 45.8 cm (18-in.) thick.

In this study, the text matrix consisted of seven test scenarios with different geogrid
placement and different BE field-sensor locations, as shown in Figure 4 and Table 3. Ge-
ogrids (GG1 or GG2) were placed 10 cm (4-in.) above the geofoam. When GG1 was
placed, the BE field sensor was only installed at the bottom location, which is 2.5 cm (1-in.)
above the geogrid. When GG2 was placed, the BE field sensor was placed at the bottom,
middle [15.2 cm (6-in.) above the geogrid], and top [25.4 cm (10-in.) above the geogrid]
locations. Geogrids were placed in the testbed without fixing them to the side of the box,
which replicates the typical roadway construction practices. For the control tests without a
geogrid, the BE field sensor was also placed at the bottom, middle, and top locations for
comparison. A schematic drawing of the testbed is shown in Figure 4a, and the BE field
sensor placement at the bottom location over a geogrid is shown in Figure 4b. The seven
test scenarios with BE field-sensor locations and geogrid placements are summarized in
Table 3 with the designated test number (Test no.).
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Figure 4. Large-scale testbed: (a) Schematic drawing of the test setup; (b) BE field sensor installed at
the bottom location in the testbed.

Table 3. Summary of sensor locations and the test variables.

Test No. Sensor Location Distance from Geogrid (cm) Geogrid Placement

1 Bottom 2.5 GG1
2 Bottom 2.5 GG2
3 Bottom 2.5 No Geogrid
4 Middle 15.2 GG2
5 Middle 15.2 No Geogrid
6 Top 25.4 GG2
7 Top 25.4 No Geogrid

4. Test Procedures
4.1. Repeated Load Triaxial Testing

Specimens were prepared for triaxial testing in two lifts, each lift measuring 76 mm
(3-in.) in height. Repeated load triaxial tests were conducted following the AASHTO T 307
test procedure to determine the material resilient properties [45]. The stress states applied
include one conditioning and 15 loading sequences, as presented in Table 4. Each load
cycle is a haversine pulse with 100 ms pulsing and a 900 ms rest period to simulate a wheel
passing. The vertical strain was averaged from two axial LVDT measurements. Both shear
and P waves were measured under the application of the confining pressure, but after the
pulsed loads were completed.



Appl. Sci. 2024, 14, 352 7 of 17

Table 4. AASHTO T 307 test procedure.

No. Confining Pressure
[kPa]

Deviator Stress
[kPa]

Bulk Stress
[kPa]

No. of Load
Cycles

Cond. 103.4 103.4 413.6 1000
1 20.7 20.7 82.8 100
2 20.7 41.4 103.5 100
3 20.7 62.1 124.2 100
4 34.5 34.5 138 100
5 34.5 68.9 172.4 100
6 34.5 103.4 206.9 100
7 68.9 68.9 275.6 100
8 68.9 137.9 344.6 100
9 68.9 206.8 413.5 100

10 103.4 68.9 379.1 100
11 103.4 103.4 413.6 100
12 103.4 206.8 517 100
13 137.9 103.4 517.1 100
14 137.9 137.9 551.6 100
15 137.9 275.8 689.5 100

4.2. Large-Scale Testbed Experiments

As mentioned in Table 3, the BE field sensor was installed at three different heights
above the geogrid to collect shear wave velocities. Shear waves were collected when
five different levels of static surcharge loads were applied on the surface of the aggregate
layer. The static surcharge was applied on top of a rigid rectangular plate [63.5 cm (25-in.)
by 53.5 cm (21-in.)], as shown in Figure 4a. The five different levels of static surcharge
were applied in sequence, as noted in Table 5, which lists the static load applied with the
corresponding vertical stress. The shear wave velocities were measured after each load
level was applied. Note that the maximum static load (2.85 kN) was as low as a single
wheel load of a sub-compact car [46].

Table 5. Loading sequence for the static loading and unloading tests.

Load No. Static Load, kN (lb.) Static Vertical Stress, kPa (psi)

1 0.00 (0) 0.00 (0.00)
2 0.67 (151) 1.97 (0.29)
3 1.32 (297) 3.89 (0.56)
4 1.94 (436) 5.72 (0.83)
5 2.85 (641) 8.41 (1.22)

4.3. Dynamic Cone Penetration (DCP) and Light-Weight Deflectometer (LWD) Testing

DCP tests were conducted to measure the differences in resistance to penetrating the
aggregate layer stabilized with a geogrid and no geogrid. The DCP has a metal cone driven
into the aggregate layer by repeatedly striking it with a weight of 8 kg (17.6 lb.) from a
drop height of 575 mm (2.26-ft). The penetration after each blow was recorded, and the
results were correlated to CBR using an empirical relationship.

Meanwhile, the composite surface moduli on top of the aggregate base course were
measured using an LWD. Six LWD drops, including three seating drops, were used at each
measurement point. A Zorn LWD with a falling weight of 5 kg (11 lbs.) and a drop height
of 0.375 m (14.8 in.) was utilized. The LWD device placed on top of the testbed is shown
in Figure 5a.

The DCP tests were conducted at three measurement points in the testbed, i.e., Points
A to C shown in Figure 5b, while LWD tests were conducted at five measurement points,
i.e., Points A to E shown in Figure 5b. The LWD tests were conducted ahead of the DCP
tests to avoid any penetration-induced disturbance to the aggregate layer.
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5. Results and Discussion
5.1. Estimation of Poisson’s Ratio, Applied Bulk Stress, and Small-Strain Elastic Modulus

During the repeated load triaxial tests, the resilient moduli (MR) were estimated by
averaging the resilient strain and deviator stress values from the last five cycles out of the
100 load repetitions applied at each stress state using Equation (1):

MR =
σd
εr

(1)

where σd is the deviator stress and εr is the recoverable resilient strain.
The computed resilient modulus from each stress state is displayed in Figure 6,

which shows the increase in resilient modulus with bulk stress and illustrates the stress-
hardening characteristic of the unbound aggregate material. The stress-dependent moduli
were characterized using the Hicks and Monismith (K–θ) model for MR, as expressed in
Equation (2) [47]. A high coefficient of determination (0.94) was obtained.

MR = 31.029 θ0.9417 (2)

where θ is bulk stress applied to the specimen.
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Figure 7 displays the shear and compressional wave signals obtained after each test
stage of the repeated load triaxial test. The compressional wave signals were only recorded
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from Stress States 4 to 15. At lower stress levels, the confining pressure was not sufficient to
provide enough support to the P-wave sensor, which was necessary for the generation of
compressional waves. The first arrival times of the elastic wave signals gradually decreased
as the magnitude of the bulk stress applied to the specimen increased, up to Stage 15. The
elastic wave velocities, for shear and P waves, can be calculated using Equation (3) with
the known distance between the source and the receiver wave transducers.

VP or VS =
L

ttip−tip
(3)

where VP and VS are the compressional and shear wave velocities, respectively, ttip−tip is
the first arrival time of the elastic wave, and L is the distance between the two transducers.
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While the modulus of the specimen is a function of the applied bulk stress, shear
wave velocity (Vs) is a function of the small-strain shear modulus and can be expressed by
Equation (4) [48]:

VS =

(
Gmax

ρ

)0.5
(4)

where ρ is the density of the specimen and Gmax is the small strain shear modulus. Therefore,
the shear wave velocity can be expressed in terms of the applied bulk stress. Figure 8
presents the correlation between the applied bulk stress and the shear wave velocity, which
is provided in Equation (5):

VS = 48.169 θ0.324 (5)

In reverse order, the bulk stress applied to the unbound aggregate specimen can also
be estimated using the shear wave velocity as follows:

θ = (0.0208VS)
3.086 (6)

The Poisson’s ratio of an isotropic material can be calculated from its shear wave
velocity and compressional wave velocity as follows:

υ =
0.5

(
VP
VS

)2
− 1(

VP
VS

)2
− 1

(7)
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Figure 8. Shear wave velocity graphed with bulk stress as determined at the 15 stress states.

Figure 9 illustrates the Poisson’s ratio of the unbound aggregate material with regards
to the applied bulk stress. The Poisson’s ratio is a function of density, gradation, and
applied confining pressure. The ratio decreases as the confining pressure increases [49–53].
Therefore, Poisson’s ratio can be expressed as a function of the bulk stress applied to the
specimen as expressed in Equation (8). A high coefficient of determination (0.928) was
achieved.

υ = −0.0002θ + 0.4283 (8)
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The elastic modulus in a small-strain range of an isotropic material is a function of
shear modulus and Poisson’s ratio, and it can be calculated as follows:

EBE = 2Gmax(1 + υ) (9)

where EBE is the elastic modulus from the BE sensor in the small strain range, referred to
herein by BE modulus, and υ is the Poisson’s ratio of the aggregate material. Therefore,
the small-strain elastic modulus of the aggregate layer can be calculated from shear wave
velocity measurements and the Poisson’s ratio of the material. The latter is estimated using
shear and compressional wave velocities.

5.2. Vertical Stiffness Profile

The BE modulus (EBE) of the unbound aggregate base material was measured at five
stages of static loading. Figure 10 presents the modulus depth profiles of the specimens
quantified via the BE field sensor measurements. The BE moduli with geogrid stabilization
using GG2 are represented by solid lines, and BE moduli without any geogrid stabilization
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are shown with dashed lines. The BE moduli with geogrid stabilization using GG1 are
shown as symbols only. Note that the tests with GG1 were performed with the BE sensor
placed at the bottom location only.
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The modulus of the unbound aggregate material is primarily influenced by the appli-
cation of confining pressure [47,54]. Hence, the BE moduli for each test gradually increased
with the higher magnitude of applied vertical stress, although the changes in elastic moduli
with vertical stress were small, owing to the low magnitudes of the applied vertical stresses.
Similarly, the BE modulus gradually increased with depth due to the higher confinement
from the overburden, i.e., the weight of the upper layer.

A comparison between the BE moduli with and without geogrid stabilization clearly
shows the geogrid-stiffening effect. The BE moduli measured from the BE sensors at the
middle and the bottom locations with GG2 (i.e., Tests 1, 2, and 4) were higher than the
moduli from the BE sensors with no geogrid (i.e., Tests 3 and 5), whereas the BE moduli of
stabilized and unstabilized sections were in a similar range at the top location (i.e., Tests 6
and 7). At Load Stage 5, geogrid stabilization with GG2 resulted in 16.2% and 12.9% higher
BE moduli at the bottom and middle locations, respectively. A large increase in BE modulus
from the top to the middle location indicates the extent of the stiffened zone. On the other
hand, there was no geogrid-stiffening effect at the top location. Thus, it can be concluded
that the stiffened zone generated by geogrid stabilization extends more than 15.2 cm (6 in.)
above the geogrid location, but the geogrid stabilization effect completely diminishes at a
height of 25.4 cm (10 in.) above the geogrid. In terms of the geogrid aperture, the extent of
the geogrid stiffened zone was between 8 and 13.3 times the geogrid’s aperture size.

The BE moduli measured from the BE sensors at the bottom location with GG1 and
GG2 (i.e., tests 1 and 2) indicate that GG2 provides a higher stiffness enhancement. At Load
Stage 5, the shear wave velocity measured at the bottom location increased by 16.2% with
GG2 stabilization compared to the unstabilized section, whereas the velocity only increased
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by 8.3% with GG1 stabilization. In a previous study, Kang et al. estimated local stiffness
enhancements with GG1-and GG2-stabilized aggregates from repeated load triaxial testing
and concluded that GG2 stabilization led to a better geogrid-aggregate interlock, which is
in accordance with the current test results [29].

Note that the percentage increase in modulus was significantly lower than the percent-
ages achieved in previous studies, which reported modulus increases of up to 250% [28,29].
The difference in the stiffening effect can be attributed to three factors. First, the applied
confining pressures and the compaction densities achieved in this study were remarkably
lower (~84% of the MDD was achieved in the constructed aggregate lifts in the testbed).
Further, an appropriate size ratio between the geogrid aperture and strike-through ag-
gregate particles facilitates interlocking, thus enhancing the effectiveness of the geogrid
stabilization [37,55–59]. The geogrid aperture size to D50 ratio (S/D50) ranging from 2
to 3 was reported to achieve the most effective modulus enhancement through interlock-
ing [56,59]. The S/D50 ratio for GG1 and GG2 were 7.49 and 6.19, respectively, which are
not in the effective range. Lastly, a gravel-to-sand (G/S) ratio of only 0.66 was reported
for the aggregate material tested, while the triaxial specimens prepared for the previous
studies had a G/S ratio close to 1.5, which was suggested by Xiao et al. for the densest
aggregate packing [60]. These factors could have collaboratively led to the lower increase
in the BE modulus compared to the previous studies.

5.3. DCP Testing

DCP tests were performed on the unbound aggregates as per the ASTM D6951 test
method. Figure 11a shows the California Bearing Ratio (CBR) profiles from the surface to
the geogrid location for Tests 1 to 3, estimated from the DCP tests. The DCP penetration rate
was converted to CBR using the equation suggested by US Army Corps of Engineers [61]:

log(CBR) = 2.46 − 1.12 log
(

DCP(mm)

)
(10)

where DCP is the penetration rate (mm/blow). In vicinity of the geogrid at a depth of
35.6 cm (14 in.) from the surface, the CBR values of the geogrid-stabilized specimen
are higher than those of the unstabilized specimens, showing consistency with the BE
modulus results.

Figure 11b visualizes the number of DCP blows needed to penetrate through the un-
bound aggregate layer in the testbed. A higher blow count required in the geogrid-stabilized
test section indicate that higher stiffnesses were achieved in the unbound aggregates of the
geogrid-stabilized sections [12]. The number of DCP blows to reach the geogrid location
was 29, 26, and 23 for the GG2-stabilized, GG1-stabilized, and non-stabilized sections,
respectively. The higher blow count in the GG2-stabilized section indicates that the GG2
was more effective in enhancing aggregate stiffness, which is in accordance with the BE
field-sensor test results. The horizontal dashed lines in Figure 11b represent the range of
the potential upper bound of the geogrid-stiffened zone concluded from the BE field sensor
tests, which is between the middle and the top sensor locations. Note that the slope of the
accumulated blow count for the GG2-stabilized section increased in the geogrid-stiffened
zone. Changes in slopes could indicate changes in strength properties. Therefore, the
stiffness and strength profiles from the BE field-sensor tests and the DCP tests clearly
indicate the existence of a geogrid-stiffened zone in the proximity of the geogrid, which
becomes attenuated moving away from the geogrid.
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5.4. LWD Testing

LWD tests were conducted on the surface of the unbound aggregate layer according
to the ASTM E2835 test method after the shear wave velocity measurements. A portable
LWD (ZORN ZFG 3.0), which has a 300 mm (11.8 in.)-diameter loading plate, was utilized.
In addition to the center of the testbed, four additional LWD test locations were selected
61 cm (2 ft) apart from the center of the testbed to north, south, west, and east, respectively.
Table 6 summarizes the average values of the resilient moduli, which were measured
using the LWD device for each test. The highest and lowest moduli were observed from
Test 5 and Test 3, respectively, and neither test section was geogrid stabilized. The average
modulus value for the stabilized test sections and non-stabilized sections were 24.3 MPa and
24.2 MPa, respectively. Therefore, LWD test results could not detect the effects of geogrid
stabilization. This could be attributed to the influence depth of LWD, which is 0.5 to
1.8 times the loading plate diameter, depending on testing conditions [62,63]. The thickness
of the unbound aggregates above the geogrid was ~1.2 times the load-plate diameter,
which might be thicker than the influence range of LWD. As shown in Figures 10 and 11,
the stiffening effect from the geogrid stabilization is a localized phenomenon in the vicinity
of the geogrid. Considering the measurement of the LWD is more influenced by the layer
near the surface, LWD test data do not properly reflect the local stiffness enhancement in
the vicinity of the geogrid. Further, previous studies have reported no measurable benefits
of geogrid stabilization observed from LWD modulus measurements [8,21].

Table 6. Surface modulus results from LWD tests.

Test No. Surface Modulus (MPa) Geogrid Placement

2 26.2 GG2-stabilized

3 18.2 No geogrid

4 23.4 GG2-stabilized

5 27.3 No geogrid

6 23.3 GG2-stabilized

7 27.1 No geogrid
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6. Conclusions

The quantification of the local stiffness and the geogrid-stiffened zone in the vicinity
of the geogrid in geogrid-stabilized aggregate systems can provide important inputs for
the mechanistic–empirical designs of flexible pavements. In this study, bender element (BE)
field sensors were utilized to measure the local stiffness properties of unbound aggregates
near an installed geogrid through shear wave velocity measurements. The study used a
large-scale laboratory testbed with dense-graded crushed aggregates placed over a geofoam
layer. Five static surcharge loads were applied to provide different confinement levels. Two
punched and drawn geogrids with different triangular aperture sizes were installed, one at
a time, near the bottom of the aggregate layer. On the other hand, the control sections were
compacted without a geogrid. At the five surcharge load levels applied on the surface, shear
wave signals were collected using a BE field sensor installed at three different heights above
the geogrid. In addition, lightweight deflectometer (LWD) and dynamic cone penetrometer
(DCP) tests were performed on the constructed aggregate layers. Further, a repeated load
triaxial test instrumented with shear and compressional wave transducers was conducted
to determine the Poisson’s ratio of the aggregates for calculating the small-strain elastic
modulus.

Using the BE field sensor in the large-scale testbed, researchers successfully deter-
mined the small-strain modulus and the extent of the stiffened zone in the vicinity of
both geogrids. Based on the small-strain modulus profile throughout the thickness of
the test section, the study found that the geogrid-stiffened zone with up to 16.2% stiff-
ness improvement in dry dense-graded aggregates extended between 15.2 cm (6 in.) and
25.4 cm (10 in.) above the geogrid. The extent of the geogrid-stiffened zone was from 8
to 13.3 times the geogrid aperture size. The results showed that for this type of dense-
graded aggregate material, the geogrid with a smaller aperture size was more effective
for geogrid stabilization. This is consistent with previous research, which used triaxial
testing of BE-instrumented aggregate specimens. Further, DCP test results revealed that the
geogrid-stabilized sections needed up to 26% more blow counts to penetrate to the geogrid
location, and the section with the smaller aperture geogrid was stiffer than the one with the
larger aperture. However, the moduli obtained from LWD tests conducted on the surface
were inconclusive for quantifying the effect of geogrid stabilization, showing comparable
average LWD moduli for geogrid-stabilized sections and the control sections, likely due to
the insufficient influence range for detecting local stiffening effect near geogrid.

In summary, this research study has shown that the BE field sensor and DCP tests are
effective tools for determining the extent and magnitude of stiffening above the geogrid
location, which is crucial in determining the mechanically stabilized layer profiles for mech-
anistic pavement analysis. The laboratory approach to quantify the geogrid stabilization
effectiveness could eventually be adopted for in situ stiffness evaluation and the modulus
input required for pavement design. Further investigation is recommended to evaluate the
effectiveness of geogrid stabilization on different aggregate and geogrid types.
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