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ABSTRACT: This paper describes an ongoing study where aggregate layer modulus enhancement due to geo-
synthetic stabilization was quantified via shear wave measurements using bender element (BE) sensor technol-
ogy in both laboratory triaxial test setup and a large-scale testbed. Five different integral geogrids, two welded
geogrids, one woven geogrid, one woven geotextile and one nonwoven geotextile were evaluated in repeated
load triaxial testing. Some of the geosynthetics with good performance trends were also evaluated in a large-
scale testbed. Both modulus enhancement and extent of geosynthetic influence zone were quantified. The re-
sults herein provide quantitative inputs to include geosynthetics into mechanistic-empirical pavement design.

1 INTRODUCTION

Mechanical stabilization of pavement base/subbase is
often accomplished by using geosynthetics in these
unbound aggregate layers. Given various geosyn-
thetic products and different mechanisms involved,
an appropriate and quantitative evaluation method of
geosynthetic effectiveness is necessary. Several
methods have been proposed to incorporate geosyn-
thetics into soft subgrade stabilization including
Steward et al. (1977) method, Giroud and Noiray
(1981) method, Giroud and Han (2004a,b) and Army
Corps of Engineers method (Tingle & Webster,
2003). Meanwhile, numerical simulations utilizing fi-
nite element modeling (FEM) and discrete element
modeling (DEM) to study mechanical stabilization in
paved roads and geogrid influence zones were avail-
able (McDowell et al., 2006, Kwon & Tutumluer,
2009). Recent efforts to quantify the geosynthetic ef-
fectiveness include determining soil-geosynthetic
composite stiffness (Ksac) (Zornberg et al., 2017) and
small-strain modulus measurement via Bender Ele-
ment (BE) shear wave transducers. BE sensor tech-
nology successfully quantified the modulus enhance-
ment due to geosynthetics and distinguished different
geosynthetics in a laboratory triaxial test setup (Byun
and Tutumluer, 2017). With such validation, a field
BE sensor was developed as instrumentation for full-
scale studies (Kang et al., 2021).

The versatility of a BE field sensor aligns with the
mechanical stabilization concept where the modulus
enhancement can be measured at various distances

away from an installed geosynthetic. With the use of
a sublayering method, the stiffening due to geosyn-
thetic can be incorporated into mechanistic-empirical
(M-E) pavement design procedures where mechani-
cally stabilized aggregate layer can be divided into
sublayers having different moduli, i.e., higher modu-
lus near geosynthetic and standard aggregate modulus
farther away from geosynthetic’s influence zone
(Holtz et al., 2008; Vavrik, 2018). Byun et al. adopted
the sublayering method for a numerical simulation
and demonstrated the potential effect of geogrid sta-
bilization for improving the mechanical behavior of
pavement structures (Byun et al., 2023).

This paper describes an ongoing study where mod-
ulus enhancement due to geosynthetic stabilization
was quantified via shear wave measurements using
the BE sensor technology in both laboratory triaxial
test setup and a large-scale testbed. Various geosyn-
thetics were evaluated in triaxial tests and geosynthet-
ics with good performance were also evaluated in the
large-scale testbed with BE field sensors. The results
from both experimental setups offered a comprehen-
sive insight of geosynthetic stabilization effective-
ness for mechanically stabilized aggregate layer in-
puts within the M-E pavement design framework.

2 AGGREGATES AND GEOSYNTHETICS
2.1 Aggregates

A crushed limestone aggregate, conforming to Illinois
Department of Transportation (IDOT) CA 6 dense-
graded aggregate band, was utilized in this study, as



shown in Figure 1. All triaxial specimens were engi-
neered to follow this gradation to eliminate any effect
of grain size distribution on shear wave propagations.
Following the standard Proctor compaction effort
as per ASTM D698, the maximum dry density
(MDD) and optimum moisture content (OMC) were
determined as 2190 kg/m®and 5.9%, respectively. To
better represent conditions in field construction, all
aggregate specimens were compacted at OMC target-
ing MDD and the final achieved densities for triaxial
specimens ranged from 2190 kg/m?to 2250 kg/m?.
The same aggregates were utilized in large-scale
testbed. For better consistency among test samples,
air-dried aggregates were utilized to fill the testbed.
The measured average water content was a low
0.17%, corresponding to a very dry condition. The av-
erage density achieved was 1870 kg/m® for large-
scale testbed tests, lower than the MDD and triaxial
specimen achieved densities. The relatively lower
density is not unexpected given the dry conditions.
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Figure 1. Aggregate gradation curve and the IDOT CA 6 band.

2.2 Geosynthetics

Various geosynthetics were evaluated including ex-
truded integral geogrids (i.e., one integral geogrid
with various aperture geometries, three extruded ge-
ogrids with rectangular apertures yet different rib
properties, one extruded geogrid with triangular aper-
tures), two welded geogrids with different rib
strengths, one woven geogrid, one woven geotextile
and one nonwoven geotextile. All geosynthetics
tested herein are presented in Figure 2. Note that the
photos show the individual geosynthetic coupons re-
covered from triaxial tests.
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Figure 2. Geosynthetic coupons recovered from triaxial tests.

An example showing the placement of GG1 and
GG4 in large-scale testbed is presented in Figure 3.
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3 EXPERIMENTAL SETUP AND METHOD

3.1 Triaxial testing setup (TX-12)

For laboratory triaxial tests, the TX-12 setup was uti-
lized to conduct the repeated load resilient modulus
tests. The setup can accommodate specimens with
150-mm in diameter and 300-mm height. Two inter-
nal linear variable differential transformers (LVDTS)
were installed to measure axial deformations. The
confining pressure was applied through compressed
air inside the acrylic chamber. The load pulses were
applied through a hydraulic pump and measured
through a load cell at specimen top.

If placed, the geosynthetic coupons were placed at
specimen midheight while for control tests, no geo-
synthetics were included. Three pairs of BE sensors
were placed at three different heights above specimen
midheight to access the modulus enhancement level
at different distances from the geosynthetic. The
schematic drawing of the triaxial test setup along with
a photo is shown in Figure 4.
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Figure 4. Triaxial test setup.

3.2 Large-scale testbed

A customized steel box was built to conduct the large-
scale tests which is 1.83 m in length, 0.91 m in width
and 0.61 m in height. A 150-mm geofoam was placed
at the bottom to simulate a uniform subgrade with a
California bearing ratio (CBR) value of approxi-
mately 5. On top of geofoam, a 407-mm aggregate
layer was compacted in five lifts. If applicable, the
geosynthetic was placed 102-mm above the geofoam.



Similarly, three pairs of BE field sensors were
placed at three different heights above geosynthetic.
A 229-mm diameter earth pressure cell (PC) was
placed vertically above the geofoam against the steel
box wall. The center of PC was 114 mm above the
geofoam, which was aligned with the height of bot-
tom BE field sensor. The schematic drawing of the
large-scale testbed, photos showing the sensors and
the completed test setup are presented in Figure 5.
The placement of testbed on floor is deemed to have
an insignicant effect on the testing herein.
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Figure 5. Large-scale testbed setup (1 ft. =30.5cm; 1in. =25.4
mm)

3.3 Shear wave collection

The BE sensors in both setups work as a pair with one
source sensor and one receiver sensor. The source
sensor was excited through a wave generator and the
shear wave propagates through the aggregate media
to be received by the receiver sensor. Before final col-
lection, the received signals were filtered, amplified,
stacked and averaged for a higher signal-to-noise
(SNR) ratio. Compared to triaxial tests, the shear
waves in large-scale testbed needed to travel a longer
distance to reach receiver sensor. For this sake, a lin-
ear amplifier was used after wave generator to feed
shear waves with higher amplitude into the source.

In triaxial tests, the AASHTO T 307 test procedure
was followed where resilient modulus can be deter-
mined at 15 different loading stages, featuring 3 devi-
ator stresses applied under 5 confining pressures (i.e.,
20.7, 34.5, 68.9, 103.4 and 137.9 kPa) after a condi-
tioning stage. Each loading stage consists of 100 hav-
ersine pulses. Resilient modulus was determined for
each loading stage followed by the shear wave veloc-
ities measured at these confinement levels. Figure 6
shows one example of shear wave profiles collected
during testing the GG5 installed specimen.

For large-scale testbed tests, a series of static loads
were applied through a square steel plate placed at the
center of the aggregate testbed surface. After apply-
ing each static load, shear waves were collected to as-
sess the changes in shear wave velocities (i.e., local
modulus) with loading and unloading. Similarly, the
shear wave profile with GG1 collected in large-scale
testbed is shown in Figure 6.
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Figure 6. Shear waves collected from triaxial test (left) and
large-scale testbed test (right).

4 RESULTS AND DISCUSSION
4.1 Stiffness enhancement in triaxial tests

Both resilient modulus and small-strain shear modu-
lus from shear wave velocity measurements were de-
termined in triaxial tests. Yet, the resilient modulus
could not distinguish different resilient response
trends among geosynthetics, as also reported by pre-
vious researchers (Abu-Farsakh et al. 2012; Byun et
al. 2019). Therefore, the results for resilient modulus
tests are omitted here. The small-strain shear modulus
can be determined using Equation (1).

Gee= pV52 = p(l—tip—to—tip/t)2 (1)

where p is bulk density, Vs is shear wave velocity,
Ltip-to-tip 1S tip-to-tip distance between source and re-
ceiver sensor, and t is the first arrival time as high-
lighted with “x” symbol in Figure 6. Meanwhile, it is
noted that every three signals shown in Figure 6 are
similar in terms of shapes and first arrival time, which
is due to the same confining pressure for every three
measurements. Under the same confining pressure,
although load pulses were applied in between, the
specimens did not undergo significant deformation or
skeleton changes, which led to similar shear wave ve-
locities collected. Therefore, a representative Gge
modulus was computed at one confining pressure.
The variation in Gge was evaluated using the coeffi-
cient of variation (CoV), which is presented some-
where else (Wang et al., 2024). Generally, the CoV
was smaller than 20%, which is considered accepta-
ble considering the geomaterial source variation.



To evaluate geosynthetic (GS) improvement when
compared to a no-geosynthetic (control) scenario, the
modulus enhancement ratio for different geosynthet-
ics is calculated using Equation (2).

Enhancement Ratio = Gge with GS / Gge control (2)

The enhancement ratio measured 13-mm above
different geosynthetics is shown in Figure 7, which
demonstrates the compatibility of different geosyn-
thetics with dense-graded aggregates. Since there
were three pairs of BE sensors installed, the influence
zone of different geosynthetics can also be deter-
mined. For example, for GG1, enhancement can still
be measured 51-mm above while at 102-mm above,
the modulus enhancement diminished.
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Figure 7. Enhancement ratio measured in triaxial tests.

4.2 Stiffness enhancement in large-scale testbed

Similarly, the enhancement and the influence zone
can be quantified in large-scale testbed tests. The
shear modulus profile for control and GG1 test are
shown in Figure 8. Right above GG1, an average 15%
modulus enhancement was achieved throughout dif-
ferent loading/unloading stages. While when at 142
mm above, the enhancement ratio (modulus of GG1
test compared to that of the control test) becomes 1,
which indicates the GG1 influence zone as 142 mm.
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Figure 8. Geosynthetic influence zone measured in triaxial tests.

Note that given different aggregate compaction
conditions and loading stages, stiffness enhancement
and influence zone values from two different setups
may not exactly match. Yet, the mechanically stabi-
lized layer improvement trends agree with each other.

5 CONCLUSIONS

This paper presented results from an ongoing study
aimed at investigating the effectiveness of geosyn-
thetics in mechanical stabilization and the extent of
geosynthetic influence zone using the Bender Ele-
ment (BE) shear wave sensor technology in both la-
boratory triaxial test setup and large-scale testbed.
Different geosynthetic products were evaluated with
a dense-graded base course aggregate material in me-
chanical stabilization and for the sample modulus en-
hancement. The enhancement ratios and extents of
geosynthetic influence zone presented herein may
provide geosynthetic specific quantitative inputs into
mechanistic-empirical pavement design procedures.
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