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ABSTRACT

Geogrids are widely utilized in unbound base layers to mitigate permanent deformation by providing lateral
restraint. The effectiveness of geogrid reinforcement is largely influenced by the geogrid's properties. This study
evaluates the effects of geogrid tensile stiffness on the behavior of unbound granular materials (UGMs) through a
series of Constant Radial Stiffness Triaxial (CRST) tests. Three geogrid types, differing in tensile stiffness but with
comparable aperture sizes and manufacturing processes, were selected for testing. The results demonstrate that geogrid
reinforcement significantly limits permanent deformation by enhancing confining stress, particularly during the first
3,000 loading cycles. The findings highlight the critical role of geogrid tensile stiffness in reducing permanent
deformation and improving confinement in UGMs. Geogrids with higher tensile stiffness exhibited superior
performance by providing larger lateral confinement. Moreover, this study offers valuable insights into residual stress
development and shakedown behavior under CRST conditions, underscoring the utility of CRST tests in quantifying
the impact of geogrids on UGMs under cyclic loading.
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1 INTRODUCTION size of the soil tank required for large-scale cyclic plate

Pavement engineers face significant challenges
when designing and constructing flexible pavements on
weak subgrade soils (Berg, 2000; Tang et al., 2014;
Udukumburage et al., 2021). The subgrade acts as the
foundation of pavement structures, and pavements built
on weak subgrades often exhibit excessive surface
rutting. To address this issue, engineers typically use
thicker base layers to reduce rutting. However, this
approach increases the demand for natural aggregates,
which can lead to environmental concerns and higher
construction costs (Duncan-Williams & Attoh-Okine,
2008; Zadehmohamad et al., 2022).

As an alternative, incorporating geosynthetics has
proven effective in improving the overall performance of
flexible pavements, extending their service life, reducing
costs, and addressing environmental issues (Al-Qadi et
al., 1994; Han et al., 2011; Hufenus et al., 2006; Jersey
et al., 2012). Geosynthetics are commercially available
in various forms and materials, with geogrids being
widely used in unbound base layers to enhance the
stiffness and stability of flexible pavements (Collin et al.,
1996; Giroud & Han, 2004; Wu et al., 2015).

Large-scale cyclic plate load tests and repeated load
triaxial (RLT) tests are commonly employed in
laboratory studies (Abu-Farsakh et al., 2012; Cui et al.,
2023; Han et al., 2019; Zhang et al., 2022). Due to the

load tests, these tests demand significant preparation
time and materials. Consequently, they are often
considered to be time-consuming, costly, and labor-
intensive (Alimohammadi et al., 2021). To overcome
these challenges, many studies have used RLT tests to
investigate the influence of geogrids on the permanent
deformation of unbound granular materials (UGMs)
(Abu-Farsakh et al., 2012; Cui et al., 2023; Han et al.,
2019; Zhang et al., 2022). However, the stress path used
in RLT tests, which typically has a slope of 1:3
(horizontal: vertical), differs from the slopes observed in
pavement layers, which range from 1:1.1 to 1:2.4. This
discrepancy limits the ability of RLT tests to accurately
simulate the behavior of UGMs in pavements.

The precision unbound material analyzer (PUMA),
a laboratory test device that employs a constant radial
stiffness triaxial (CRST) boundary condition, has been
widely used in several studies (D’Angelo et al., 2016;
Dutta & Kodikara, 2022; Kwon et al., 2015; Li et al.,
2019). Unlike conventional repeated load triaxial (RLT)
tests, which use a constant confining stress, PUMA
applies a dynamic confining stress that better simulates
the stress conditions arising from surrounding materials
in pavements under traffic loads (Lekarp & Dawson,
1998; Rondén et al., 2009). Additionally, the PUMA
device provides a more realistic stress path for
specimens, effectively replicating the effects of actual
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traffic loading on pavements (Dutta and Kodikara, 2022).
In conventional RLT tests, material behavior is
predominantly shear-dominated. However, rutting
deformation in pavements primarily involves excessive
plastic compression, which can lead to lateral spreading
(Kim & Tutumluer, 2006). By employing the CRST
boundary condition, the PUMA device more accurately
reflects the stress states that materials experience in
pavements. This study evaluates the applicability of the
PUMA device in assessing the improvements provided
by geogrids. The behavior of geogrid-reinforced UGMs
is compared with that of unreinforced specimens under
the CRST condition.

2 METHODOLOGY

2.1 Material Properties

The aggregate used in this study is crushed blue metal,
a material commonly employed in constructing flexible
pavement base layers. Two standard geotechnical tests,
sieve analysis (ASTM C136) and the modified Proctor
test (ASTM D1557), were conducted to determine its
properties. The material properties are summarized in
Table 1, and the particle size distribution is shown in
Figure 1.

Table 1. Material properties of crushed blue metal.

Material property Value
USCS classification GW
Dso (mm) 4.85
Cu 16.04
Cec 1.26
Optimum moisture content (%) 7.04
Maximum dry density (kg/m?3) 2,178
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Figure 1 Particle size distribution of crushed blue metal.

Three types of biaxial geogrids, made of
polypropylene and having identical aperture sizes as
shown in Figure 2, were used as reinforcement in the
tests. The tensile strengths of these reinforcements, as
provided by the manufacturers, are listed in Table 2.
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Based on their tensile strengths, these geogrids are
referred to as SG30, SG40, and SG60 in the following
paragraphs. The geogrid sheets were precisely cut with
the same aperture layout to fit the 150 mm diameter of
the PUMA cell cross-section.

Table 2. Geogrid tensile strengths.

Tensile strength (KN/m) *

Type

at 2% at 5% ultimate strength
SG30 12/12 24124 >30/>30
SG40 16/16 32/32 >40/>40
SG60 22122 48/48 >60/>60

*Tensile strength at 2% and 5% elongation, as well as ultimate
strength, in both the machine direction (MD) and cross-machine
direction (XMD).
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Figure 2 Picture of geogrid samples used in the tests.

2.2 Test Procedures

Figure 3 illustrates the PUMA setup. The device
features a split mold confined by a rubber-lined steel
band. The specimen mold, with internal dimensions of
150 mm in height and 150 mm in diameter, is constructed
from eight curved wall segments. These wall segments
are connected by H-shaped connectors, allowing for
lateral expansion of the specimen. The rubber-lined steel
band consists of a 10 mm thick rubber band and a
0.26 mm thick steel band. The rubber band provides
constant stiffness, simulating the elasticity of the
surrounding in-situ material. A full-bridge strain gauge
is installed at the center of the steel band to measure
strain when the specimen undergoes lateral deformation.
Additionally, a pair of high-precision linear variable
differential transducers (LVDTs) are attached to the top
cap at diametrically opposite ends to record the vertical
deformation of the specimen.

The oven-dried soil was first mixed with water to
achieve an optimum moisture content of 7.04%, then
stored in airtight containers for at least 24 hours to ensure
uniform water distribution. The soil was then compacted
in the PUMA mold in five layers to within £1% of the
maximum dry density using a modified Proctor
compactor. For the reinforced specimens, the geogrid
was positioned at the middle height of the specimen. It
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was placed after the first half of the material in the third
layer was poured, followed by the addition of the
remaining material. Compaction of the third layer was
then completed. During specimen preparation, two
compaction jacket sections were tightly locked to
initially restrain the side walls. After compaction, the
confining band was placed at the middle height of the
mold, and the compaction jackets were carefully
removed. An initial confining stress (o3;) of
approximately 10 kPa was then applied to the specimens.

To characterize the effects of geogrid tensile stiffness
on the permanent deformation of unbound granular
materials, four types of specimens were tested: one
unreinforced specimen (U) and three specimens
reinforced with SG30, SG40, and SG60, referred to as
M30, M40, and M60, respectively. These specimens
were subjected to 10,000 cycles of repeated load.
Vertical loading was applied using a 25 kN capacity
hydraulic loading system. The loading waveform
consisted of a haversine pulse with a 0.1-second loading
phase and a 0.9-second rest period, in accordance with
the AASHTO T307 specification. The cyclic vertical
stress applied to the specimen was 360 kPa. Figure 4
illustrates the schematic diagram of the waveform used
in the cyclic loading tests. The accumulated plastic and
resilient strains for each cycle in both vertical and
horizontal directions were recorded using axial LVDTs
and radial strain gauges, respectively.

3 RESULTS

3.1 Radial confining stress

Lateral spreading is a key factor contributing to
permanent deformation, as observed in field tests. In the
CRST test, lateral spreading is assessed through
variations in the confining stress (o3). The minimum
confining stress (03;,n) represents residual stress
under unloading conditions, which accumulates
permanently during cyclic loading. Figure 5 presents
03 min With respect to the number of cycles measured
for all specimens. Starting from an initial o3 of 10 kPa,
O3 min 1ncreases rapidly over the first 3,000 loading
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Figure 3 Picture of the PUMA device and schematic illustration of the test setup.

cycles before stabilizing with a slight decreasing trend.
The reinforced specimens consistently exhibit lower a5
values compared to the unreinforced specimen (U).
Among the reinforced specimens, M60, which had the
highest tensile stiffness of the geogrid, demonstrated the
most significant improvement, followed by M40 and
M30.
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Figure 4. The schematic diagram of the cyclic loading tests.
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Figure 5. The variation of 03,,;, with the number of loading
cycles for specimens U, M30, M40, and M60.
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Figure 6 illustrates the schematic diagram of
unreinforced and reinforced specimens to provide a
detailed explanation of the observed results. Both
specimen types start from the same initial state, as
depicted in Figure 6(a). When subjected to vertical
compression under an applied axial load, as shown in
Figure 6(b), the specimen expands radially. In reinforced
specimens, the geogrid enhances the confining stress by
restricting the lateral movement of aggregates through
its interlocking effect. This results in reduced lateral
deformation (8,4, ) and lower maximum confining
stress (03max). Consequently, in the unloading state,
the reinforced specimens exhibit smaller lateral
permanent deformation (8,,;,,) and 03 ;i compared to
the unreinforced specimen. The entire process repeats
for each loading cycle. The 03minunrein and
03 minrein 1D Figure 6(c) represent the initial states of
the specimens for the subsequent loading cycle. It is
worth noting that o5 represent reactive stress in PUMA
tests, which differs from the active confining stress
applied to the specimens in RLT tests. Reinforced
specimens exhibit lower confining stress in PUMA tests,
reflecting greater radial stiffness. The reinforcement
effect is also influenced by the geogrid's tensile stiffness,
with higher tensile stiffness leading to greater
confinement.

3.2 Axial permanent deformation

Figure 7 presents the relationship between
accumulated axial plastic strain (&; ,) and the number of
loading cycles for all specimens. The permanent
deformation curve exhibits two distinct phases. In the
first phase, the specimens experience a rapid increase in
permanent deformation, referred to as post-compaction
compression in shakedown theory. This behavior is
likely attributed to particle reorientation and lateral
spreading. Notably, the majority of the reinforcement
benefits provided by the geogrid occur within the first
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3,000 cycles. This highlights the role of confinement
effects, which restrict the movement, rotation, and
sliding of aggregate particles. The second phase, termed
the secondary cyclic compression stage, is characterized
by a significantly lower rate of permanent strain
accumulation. In this phase, permanent deformation is
predominantly caused by particle contact attrition.
During this stage, the difference in permanent strain
between reinforced and unreinforced specimens remains
relatively unchanged.

To better quantify the effects of the geogrid in
reducing axial plastic deformation, the reduction in
plastic strain, R (814,), and the reinforcement coefficient,

RC (El,p)a are introduced:

1,p,unrein — Sl,p,rein

RC(e,p) = £ X 100

51,p,unrein

Figure 8 presents the RC (sljp) at the end of each
loading stage for 30, M40 and M60. Among the
specimens, M60 exhibits the highest RC (slyp) ,
approximately 32%. This result indicates that
incorporating geogrids with the highest tensile stiffness
at the specimen's mid-height reduces axial deformation
by approximately 32%. Conversely, the lowest
RC (eljp), around 16%, is observed for M30, which
corresponds to the geogrid with the smallest tensile
stiffness.

The trend observed for &, and 03, in Figure 7
and Figure 8, indicates that the reduction in axial plastic
strain due to the geogrid is primarily linked to the
enhancement in minimum confining stress. This finding
is further supported by the linear relationship between
€1,p and 03 pn, as plotted in Figure 9. The intercept is
10 kPa, representing the initial confining stress.
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Figure 6 Illustration of geogrid mechanism in PUMA tests.
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Figure 7 The variation of the accumulated axial strain with the
number of loading cycles for specimens U, M30, M40, and M60.
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Figure 8 the reinforcement coefficient, RC (&), at the end of the
test for specimens M30, M40, and M60.
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Figure 9 Axial plastic strain, &, and minimum confining stress,

03 min, at the end of the test for specimens U, M30, M40, and M60.

4 CONCLUSION

This study investigated the permanent deformation
behavior of unbound granular materials (UGMs) with
and without geogrid reinforcement under cyclic loading
using PUMA, a constant radial stiffness triaxial test
device. The PUMA device provides valuable insights
into the development of residual stress in pavement
materials and their associated shakedown behavior. The
findings demonstrate that geogrid reinforcement
significantly reduces the permanent deformation of
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UGMs by enhancing confinement. Specimens with
geogrids exhibiting higher tensile stiffness offer greater
confinement, resulting in superior performance. Further
studies, including numerical simulations and field tests,
will be conducted to corroborate these laboratory
findings to help understand and quantify the geogrid
effects in real-world pavement applications.

REFERENCES

Abu-Farsakh, M., Souci, G., Voyiadjis, G. Z., & Chen, Q. (2012).
Evaluation of Factors Affecting the Performance of Geogrid-
Reinforced Granular Base Material Using Repeated Load
Triaxial Tests. Journal of Materials in Civil Engineering, 24(1),
72-83. https://doi.org/10.1061/(asce)mt.1943-5533.0000349

Al-Qadi, I. L., Brandon, T. L., Valentine, R. J., Lacina, B.
A., & Smith, T. E. (1994). Laboratory evaluation of geo
synthetic-reinforced pavement sections [Article]. Transpor
tation Research Record(1439), 25-31. https://www.scopus.
com/inward/record.uri?eid=2-s2.0-0028732384&partner| D=
40&md5=83bcbed6373d9120a4ba69c7ale7b5d2

Alimohammadi, H., Zheng, J., Schaefer, V. R., Siekmeier, J., &
Velasquez, R. (2021). Evaluation of geogrid reinforcement of
flexible pavement performance: A review of large-scale
laboratory studies. Transportation Geotechnics, 27, 100471.

Berg, R. R. (2000). Geosynthetic Reinforcement of the Aggregate
Base/Subbase Courses of Pavement Structures.

Collin, J. G., Kinney, T. C., & Fu, X. (1996). Full Scale Highway
Load Test of Flexible Pavement Systems with Geogrid
Reinforced Base Courses. Geosynthetics International, 3(4),
537-549. https://doi.org/10.1680/gein.3.0074

Cui, K., Zhang, D., Li, Q., Yang, S., & Zhang, H. (2023).
Experimental investigation on the accumulated strain of
coarse-grained soil reinforced by geogrid under high-cycle
cyclic loading. Geotextiles and Geomembranes, 51(1), 233-
244. https://doi.org/10.1016/j.geotexmem.2022.11.001

D’Angelo, G., Thom, N., & Lo Presti, D. (2016). Bitumen
stabilized ballast: A potential solution for railway track-bed.
Construction and Building Materials, 124, 118-126.
https://doi.org/10.1016/j.conbuildmat.2016.07.067

Duncan-Williams, E., & Attoh-Okine, N. O. (2008). Effect of
geogrid in granular base strength — An experimental
investigation. Construction and Building Materials, 22(11),
2180-2184. https://doi.org/https://doi.org/10.1016/j.conbuild
mat.2007.08.008

Dutta, T. T., & Kodikara, J. (2022). Evaluation of
unbound/subgrade material rutting and resilient behaviour
based on initial density and saturation degree. Transportation
Geotechnics, 35. https://doi.org/10.1016/j.trgeo0.2022.100782

Giroud, J., & Han, J. (2004). Design method for geogrid-
reinforced unpaved roads. II. Calibration and applications.
Journal of Geotechnical and Geoenvironmental Engineering,
130(8), 787-797.

Han, B., Ling, J., Shu, X., Song, W., Boudreau, R. L., Hu, W., &
Huang, B. (2019). Quantifying the effects of geogrid
reinforcement in unbound granular base. Geotextiles and
Geomembranes, 47(3), 369-376. https://doi.org/10.1016/].
geotexmem.2019.01.009

Han, J., Zhang, Y., & Parsons, R. (2011). Quantifying the
influence of geosynthetics on performance of reinforced
granular bases in laboratory. Geotechnical Engineering, 42(1),
75.

Hufenus, R., Rueegger, R., Banjac, R., Mayor, P., Springman, S.
M., & Bronnimann, R. (2006). Full-scale field tests on
geosynthetic reinforced unpaved roads on soft subgrade.
Geotextiles and Geomembranes, 24(1), 21-37.



Subject ID: 116

https://doi.org/https://doi.org/10.1016/j.geotexmem.2005.06.
002

Jersey, S. R., Tingle, J. S., Norwood, G. J., Kwon, J., & Wayne, M.
(2012). Full-Scale Evaluation of Geogrid-Reinforced Thin
Flexible Pavements. Transportation Research Record, 2310(1),
61-71. https://doi.org/10.3141/2310-07

Kim, I. T., & Tutumluer, E. (2006). Field Validation of Airport
Pavement Granular Layer Rutting Predictions. Transportation
Research Record, 1952(1), 48-57. https://doi.org/10.1177/
0361198106195200106

Kwon, J., Kim, S.-H., Tutumluer, E., & Wayne, M. H. (2015).
Characterisation of unbound aggregate materials considering
physical and morphological properties. International Journal
of Pavement Engineering, 18(4), 303-308. https://doi.org/
10.1080/10298436.2015.1065997

Lekarp, F.,, & Dawson, A. (1998). Modelling permanent
deformation behaviour of unbound granular materials.
Construction and Building Materials, 12(1), 9-18. https://
doi.org/https://doi.org/10.1016/S0950-0618(97)00078-0

Li, N., Wang, H., Ma, B., & Li, R. (2019). Investigation of
unbound granular material behavior using precision unbound
material analyzer and repeated load triaxial test.
Transportation Geotechnics, 18, 1-9. https://doi.org/10.1016
/j.trgeo0.2018.10.006

Rondén, H. A., Wichtmann, T., Triantafyllidis, T., & Lizcano, A.
(2009). Comparison of Cyclic Triaxial Behavior of Unbound
Granular Material under Constant and Variable Confining
Pressure. Journal of Transportation Engineering, 135(7), 467-

Preference for oral

478. https://doi.org/doi:10.1061/(ASCE)TE.1943-5436.0000
009

Tang, X., Stoffels, S., & Palomino, A. M. (2014). Mechanistic-
empirical performance prediction of geogrid-modified soft
soil subgrade. Geo-Congress 2014: Geo-characterization and
Modeling for Sustainability,

Udukumburage, R. S., Gallage, C., & Dawes, L. (2021). An
instrumented large soil column to investigate climatic ground
interaction. International Journal of Physical Modelling in
Geotechnics, 21(2), 55-71.

Wu, H., Huang, B., Shu, X., & Zhao, S. (2015). Evaluation of
geogrid reinforcement effects on unbound granular pavement
base courses using loaded wheel tester. Geotextiles and
Geomembranes, 43(5), 462-469. https://doi.org/https://doi.org
/10.1016/j.geotexmem.2015.04.014

Zadehmohamad, M., Luo, N., Abu-Farsakh, M., & Voyiadjis, G.
(2022). Evaluating long-term benefits of geosynthetics in
flexible pavements built over weak subgrades by finite
element and Mechanistic-Empirical analyses. Geotextiles and
Geomembranes, 50(3), 455-469. https://doi.org/10.1016/].
geotexmem.2022.01.004

Zhang, Q., Cao, Z., Cai, Y., Gu, C.,, & Wang, J. (2022).
Experimental investigation into the cyclic behaviour of
geogrid enhanced base layer aggregate through large-diameter
triaxial tests. Transportation Geotechnics, 37. https://doi.org/
10.1016/j.trge0.2022.100851



