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Abstract: Geogrid (uniaxial or biaxial) is one type of geosynthetics that has been successfully used in slopes, walls, roads, and other
applications. The main application of biaxial geogrid is to stabilize soft subgrade and reinforce weak base courses by providing lateral
confinement. The confinement due to the interaction between aggregates and the ribs of biaxial geogrid depends on the geometry properties
of the geogrid, such as rib shape and apertures size, the stiffness of the ribs, and the properties of aggregates. Research has shown that biaxial
geogrid cannot provide uniform tensile resistance in all directions. To overcome this problem, a geogrid product with triangular apertures was
developed and introduced into the market. Recent studies showed that the triangular aperture geogrid can provide nearly uniform tensile
resistance in all directions and is more efficient in improving the performance of reinforced bases as compared with biaxial geogrid. However,
the performance of triangular aperture geogrid-reinforced bases under dynamic loading and the influence of base course thickness on the
confinement effect of triangular aperture geogrids have not been well evaluated. In this study, unreinforced and triangular aperture geogrid-
reinforced bases at different thicknesses over a weak subgrade were constructed in a large geotechnical testing box (2 × 2.2 × 2 m) at the
University of Kansas and tested under cyclic loading. During the tests, surface deformations and vertical stresses at the interface between the
base and the subgrade were monitored. The test results indicated that triangular aperture geogrids reduced permanent deformation and maxi-
mum vertical stress at the interface as compared with the unreinforced bases. The geogrids improved the performance of the aggregate bases
at different thicknesses. The benefit became more pronounced when a heavier-duty geogrid was used. The back-calculations from the test data
showed that the stress distribution angle and the modulus ratio of base course to subgrade decreased with an increase of the load cycles. The
stress distribution angle increased with the increase of the base thickness. The vertical stress distributions were compared with the computed
distribution by the layered linear elastic theory. These test data provide the basis for the development of a design method for triangular
aperture geogrid-reinforced bases over weak subgrade in the future. DOI: 10.1061/(ASCE)MT.1943-5533.0000577. © 2013 American
Society of Civil Engineers.
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Introduction

Geogrid is a major type of geosynthetics which has been used
successfully for soil reinforcement. Uniaxial and biaxial geogrids
are two common types of geogrid. Uniaxial geogrid has a tensile
strength in one direction while biaxial geogrid has tensile strengths
in two directions (i.e., machine and cross-machine directions). Uni-
axial geogrid is mainly used for reinforcing slopes, retaining walls,

and embankments, whereas biaxial geogrid is commonly used for
stabilizing roadways including unpaved roads, paved roads, and
railroads. Research and field applications have shown that a prop-
erly designed and placed geosynthetic does improve the perfor-
mance of roads. Das and Shin (1994) pointed out that the most
effective location of the geosynthetic for subgrade improvement
is at the interface between the base and the subgrade. At this
location the geosynthetic provides full or partial separation, lateral
restraint of the overlying granular material, and a tensioned mem-
brane effect when deformed extensively. The reduction in the shear
stress at the geogrid-subgrade interface can reduce the deformation
of the subgrade (Perkins 1999).

Geogrid has longitudinal and transverse ribs, which form aper-
tures. Biaxial geogrid has rectangular or square apertures. Geogrid
interlocks with aggregate through its apertures. The interlocking
between geogrid and aggregate forms a confined zone below and
above the geogrid if there is an appropriate relationship between the
aperture size of the geogrid and the particle size of the aggregate
(Love 1984; Haas et al. 1988; Brown et al. 2007; Giroud and Han
2004a, b). Experimental and numerical studies verified that an op-
timum aperture size existed for aggregates in a certain gradation
(Brown et al. 2007; Han and Bhandari 2010; Qian et al. 2011c).
Chen et al. (2009) verified the benefit of geogrids with rectangular
and triangular apertures in improving the performance of geogrid-
reinforced flexible pavements.
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As Dong et al. (2010b) demonstrated, biaxial geogrids cannot
provide uniform tensile strengths when subjected to tension in
different directions. The biaxial geogrids have higher tensile
strength and stiffness in their machine and cross-machine direc-
tions, but much lower strength and stiffness in other directions,
especially in the 45° loading direction. Traffic loading can be chan-
nelized in highways but can also be random in construction sites
and parking lots. Even in the channelized roads, the stresses applied
to the geogrids can be different in the magnitude and direction due
to stress rotation from the traffic loading. Therefore, the geogrids in
base courses are always subjected to loading in different directions.
A geogrid product with triangular apertures was developed to over-
come this limitation. Since the triangular aperture geogrid has a
more stable grid structure, it provides nearly uniform properties
in all directions as compared with uniaxial and biaxial geogrids
(Dong et al. 2011). The triangular aperture geogrid has been shown
to provide improved performance as compared with the biaxial
geogrid (Watts and Jenner 2008; Dong et al. 2010a; White et al.
2011). Qian et al. (2011b) presented an experimental study on
unreinforced and triangular aperture geogrid-reinforced bases
with one base thickness (i.e., 30 cm). The experimental study
showed that triangular aperture geogrids reduced the permanent
deformation and vertical stress at the interface as compared with
the unreinforced base and the benefit became more pronounced
when a heavier-duty geogrid was used (Qian et al. 2011b).

Giroud (2009) noted that the triangular structure for a geogrid
presents many probable benefits over biaxial structures, including
improved interlock, improved stress transfer from soil to geogrid,
and improved distribution of stresses within the geogrid structure.
However, due to the relatively recent introduction of this product,
the effects of the triangular aperture geogrids on the performance of
reinforced bases have not been well tested and evaluated.

This study investigated the performance of triangular aperture
geogrid-reinforced bases with three base thicknesses over weak
subgrade under cyclic loading. Twelve laboratory cyclic plate load
tests were conducted on unreinforced and reinforced bases at three
different thicknesses in a large test box to investigate the influence
of triangular aperture geogrids on the reduction in the permanent
deformations and the vertical stresses at the interface between the
base and the subgrade. In addition, this study investigated the in-
fluence of the base thickness on the confinement effect of the
triangular aperture geogrids.

Test Materials and Setup

In this experimental study, three triangular aperture geogrids
(a light-duty grade, T1, a medium-duty grade, T2, and a heavy-duty
grade, T3) made of polypropylene were used. The dimensions and

material properties of the triangular aperture geogrids are presented
in Table 1. AB-3 aggregate, well-graded and commonly used in
Kansas for low-volume roads, was adopted as the base material.
The weak subgrade was an artificial soil composed of a mixture
of 75% Kansas River sand and 25% kaolin by weight. The maxi-
mum dry density of the subgrade is 2.01 g=cm3, which corresponds
to the optimum moisture content of 10.8%, based on the standard
Proctor tests. The subgrade soil was compacted at a water content
of 11.4% for the box tests to achieve its CBR value at approxi-
mately 2.0%. The maximum dry density of the base course is
2.08 g=cm3, which corresponds to the optimum moisture content
of 10.2%. The average CBR value of the base course over the sub-
grade in each box test was approximately 20% when compacted
at the moisture content of 10.0%. This CBR value was estimated
by the dynamic cone penetration (DCP) test after the preparation of
the base course. The detailed properties of subgrade and base
courses can be found in Qian et al. (2011b). The CBR profile
of each test section will be discussed later in this paper.

The large geotechnical test box available at the University of
Kansas as shown in Fig. 1 was used in this study. The dimension
of this test box is 2.2 m long, 2 m wide, and 2 m high. Cyclic plate
load tests were conducted on both unreinforced and reinforced
bases with a steel plate size of 0.3 m in diameter. The cyclic loading
wave started with a 0.5 kN seating load, linearly increased to a peak
load of 40 kN in 0.3 s, maintained for 0.2 s, linearly decreased to a
trough load of 0.5 kN, and maintained for 0.5 s to complete one
cycle of loading. The frequency of this wave was 0.77 Hz. The peak
load was selected to simulate a single wheel load of 40 kN (equal to
half of an axle load of 80 kN and a tire contact pressure of 550 kPa).

The instrumentation system included four earth pressure cells
and five displacement transducers. Fig. 2 shows the setup of a
typical test section. All the pressure cells and displacement trans-
ducers were manufactured by Tokyo Sokki Kenkyuujo Co. Limited
in Japan. Four pressure cells were placed at the interface between
subgrade and base course at the distances of 0, 25, 50, and 75 cm
away from the center, respectively. Two displacement transducers
were placed on top of the loading plate and three displacement
transducers were placed on top of the base course at the same
locations where the pressure cells were placed. The measured
displacements on the loading plate were averaged and the average
values are provided in this paper for analysis.

A total of twelve tests were performed at three different base
thicknesses (0.15, 0.23, and 0.30 m). For each base course thick-
ness, one unreinforced section and three reinforced sections with
three different triangular aperture geogrids (i.e., T1, T2, and T3)
were tested. Typical test sections with the base course placed above
the triangular aperture geogrid before and after the test are shown
in Fig. 3.

Table 1. Dimensions and Material Properties of Triangular Aperture Geogrids

Index properties

Longitudinal Diagonal Transverse

T1 T2 T3 T1 T2 T3 T1 T2 T3

Rib pitch (mm) 40 40 40 40 40 40
Midrib depth (mm) 1.2 1.6 2.0 1.2 1.4 1.6
Midrib width (mm) 1.1 1.0 1.0 1.1 1.2 1.3
Rib shape Rectangular
Aperture Triangular

Mechanical properties T1 T2 T3

Junction efficiency (percentage) 93 93 93
Aperture stability modulus (kg-cm= deg@5.0 kg-cm) 3.0 3.6 5.6
Radial stiffness (kN=m@0.5% strain) 225 300 365
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Results and Discussion

Subgrade and Base CBR Profiles

It was designed that the test sections would have a 20% CBR base
course over a 2% CBR subgrade, which is considered as a weak
subgrade based on FHWA (2008). DCP tests were performed at
a minimum of four locations in the base course and subgrade after
compaction, and the average dynamic cone penetration index
(DCPI) values were calculated at the same depth for each test

section as shown in Fig. 4 as an example. Fig. 5 presents the aver-
age CBR profiles for 12 test sections, which were estimated using
the average DCPI profiles based on the following formula (Webster
1992):

CBR ¼ 292=ðDCPI × 25.4Þ1.12 ð1Þ
where DCPI = dynamic cone penetration index (in/blow), which
is calculated based on the penetration per each blow. The base
materials within 5 cm above the top of the subgrade had lower
CBR values because of the difficulty in compaction above the weak
subgrade and the influence of the DCP resistance by the underlying
weak subgrade. Table 2 provides a summary of the weighted aver-
age CBR values for the base courses and the subgrade, respectively,
for all the test sections, based on the CBR profiles in Fig. 5. Several
DCPI values collocated from the DCP tests (as shown in Fig. 4 as
an example) were recorded when the cone tip penetrated from the
base course into the subgrade; they do not accurately represent the
strength values of the base or subgrade. These data were ignored
during the calculation of the weighted CBR values. Table 2 shows
that the weighted average CBR values for the base courses and the
subgrade were approximately 20% and 2%, respectively, for all the
test sections. In addition, the CBR ratios of the base to the subgrade
were approximately 10.

Permanent Displacement

A permanent displacement of 75 mm or more for the loading plate
was used as the criterion to terminate a cyclic loading test. This
criterion was used by Giroud and Han (2004a, b) to define the
failure of unpaved roads. Fig. 6 presents the average permanent
displacements of the loading plate versus the number of load cycles
for the unreinforced and reinforced bases by T1, T2, and T3 geo-
grids at different base thicknesses, respectively. The reinforced
bases developed less permanent deformation than the unreinforced
base at the same number of load cycles. The thicker bases sustained
more loading cycles. The heavy-duty geogrid, T3, was more effec-
tive in reducing the permanent deformation and the rate of defor-
mation increase than the medium-duty geogrid, T2, the light-duty
geogrid, T1, and the unreinforced bases. It is also shown that the
permanent displacements for all the bases were similar at the initial
few cycles because the geogrid was not mobilized at small displace-
ments. With an increase of the number of load cycles, the benefit of
geogrids became more obvious.

In order to demonstrate the benefit of the triangular aperture
geogrids, a traffic benefit ratio (TBR) or an improvement factor
is defined herein as the ratio of the number of load cycles for
the reinforced base over that for the unreinforced base at the same
permanent deformation (Webster 1992):

TBR ¼ Nreinforced

Nunreinforced
ð2Þ

where Nreinforced = number of load cycles for the reinforced base
at a certain permanent deformation; and Nunreinforced = number
of load cycles for the unreinforced base at the same permanent
deformation.

The calculated TBR values at 25-, 50-, and 75-mm permanent
deformations are presented in Table 3, which shows the higher
grade triangular aperture geogrid resulting in a larger TBR. In other
words, the T3 geogrid performed the best among all the three
geogrids. The performance of the geogrids from the best to the least
is T3, T2, and T1, which is the same order as the level of robust-
ness, unit weight, rib thicknesses, and mechanical properties of
these geogrids. The above result is expected for this specific family

Fig. 1. Large geotechnical test box at the University of Kansas

Fig. 2. Setup of a cyclic plate loading test (modified from Qian et al.
2011b)
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of geogrid products. Table 3 also shows that the benefit of using the
heavy-duty geogrid over the light-duty geogrid in the 15-cm-thick
base course is not that significant as that in the 23- or 30-cm-thick
base course. This phenomenon may arise because when the base
thickness was relatively thin, the majority of the permanent defor-
mation came from the subgrade and the reduction of the vertical
stress by the geogrid reinforcement was not that significant as
discussed later.

For 15-cm-thick base courses, the TBR values were small at the
beginning but increased as the permanent deformation became
larger. As the permanent deformation increased, the geogrids were
mobilized. When the permanent deformation reached 50 mm
(i.e., 33% of the base thickness) or more, the influence of the
tensioned membrane effect became more important because the

vertical stresses started to decrease with the number of load cycles
as discussed later.

For 23 cm and 30 cm thick base courses, the TBR values for the
T1, T2, and T3 geogrids were almost constant at different perma-
nent deformations from 25 to 75 mm, except the T3 geogrid in the
30 cm thick base course. As discussed later, the increase in the ver-
tical stress at the interface between subgrade and base and the
decrease in the base to subgrade modulus ratio were much slower
for the T3 geogrid-reinforced section than those in other sections.

It should be pointed out that these TBRs are experimental results
in the laboratory and should not be used directly for design.
A relationship should be established between the field and labora-
tory performance to apply these factors for design.

Maximum Vertical Stress

For each test, vertical stresses at the interface between subgrade and
base course were measured at four different distances from the
center, i.e., at 0, 25, 50, and 75 cm. Fig. 7 presents the measured
maximum vertical stresses located along the center of the load plate
for all the 12 test sections at three different base thicknesses. It is
clear that the initial maximum vertical stresses for all the tests
were close to each other because the geogrid was not mobilized
at a small deformation. It is shown that the maximum vertical
stresses increased with the number of loading cycles, which is
in good agreement with the finding by Gabr (2001). The increase
in the maximum vertical stress with the number of load cycles
was explained by Giroud and Han (2004a) as the reduction of the
stress distribution angle due to the deterioration of the base course.
However, the maximum vertical stresses increased faster for the
unreinforced base than the reinforced bases. When the more robust,
thicker, and higher mechanical property geogrid (i.e., the heavy-
duty geogrid with higher aperture stability modulus and radial
stiffness) was used, the maximum vertical stresses increased more
slowly than when the less robust, thinner, and lower mechanical
property geogrid (i.e., the light-duty geogrid) was used. This phe-
nomenon is because the heavier-duty geogrid was more effective in
maintaining the quality of the base course. The test results also
show that the unreinforced base course had the highest maximum
vertical stress. The lower maximum vertical stresses in the rein-
forced base courses are attributed to the benefit of the geogrids
on reducing the rate of stress distribution angle reduction. The
T3 geogrid-reinforced base course had a larger stress distribution
angle than the T2 geogrid-reinforced base course, which had a

Fig. 3. Base course placed above a triangular aperture geogrid: (a) before test; (b) after test
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larger distribution angle than the T1 geogrid-reinforced base
course. More discussion on the stress distribution will be presented
later.

Fig. 8 presents the maximum vertical stresses at the center of
the interface between subgrade and base course for all the 12 test
sections when the permanent displacements were 25 mm, 50 mm,
and 75 mm, respectively. In general, the maximum vertical stresses
in the unreinforced base courses increased with the permanent
displacements. Fig. 7(a) shows that the maximum vertical stresses
in the reinforced sections decreased after 15 to 40 load cycles,
which correspond to 50 to 60 mm permanent deformation. This
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Table 2. Weighted Average CBR Values and Their Ratios

Base course Reinforcement type CBRbase CBRsubgrade

CBRbase=
CBRsubgrade

15-cm-thick
base course

Unreinforced 17.95 1.86 9.65
T1 geogrid 18.38 1.84 9.99
T2 geogrid 20.27 2.08 9.74
T3 geogrid 19.94 2.05 10.17

23-cm-thick
base course

Unreinforced 16.52 1.73 9.57
T1 geogrid 16.88 1.74 9.72
T2 geogrid 15.82 1.60 9.90
T3 geogrid 18.34 1.79 10.27

30-cm-thick
base course

Unreinforced 16.22 1.62 9.97
T1 geogrid 15.54 1.60 9.74
T2 geogrid 17.33 1.74 9.99
T3 geogrid 17.60 2.07 8.49
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deformation is equivalent to 33 to 40% base thickness. The reduc-
tion of the maximum vertical stresses can be attributed to the
tensioned membrane effect. When the permanent deformation in
the 23-cm-thick base course was 75 mm, which is equivalent to
33% base thickness, the tensioned membrane effect had a slight
effect on the maximum vertical stresses at the end of the tests.
When the permanent deformation in the 30-cm-thick base course
was 75 mm, which is equivalent to 25% base thickness, there was
no tensioned membrane effect and the confinement provided by the
geogrid-aggregate interlocking was the only mechanism for the im-
proved performance of the reinforced base courses. In summary,
from this study, the confinement provided by the geogrid-aggregate
interlocking was the key mechanism for the improved performance,
especially at smaller permanent deformations and thick base thick-
nesses. The tensioned membrane effect was recognized when the
permanent deformation was larger than 33% (i.e., one-third) of the
base thickness. Giroud and Han (2004a) pointed out tensioned
membrane effect becomes important when traffic is channelized
and the rut depth is large (for example, greater than 100 mm, which
was referred to a typical base thickness of 30 cm).

It is worth noting that at the same permanent displacement, the
section having a thicker base course does not need to have the same
vertical stress at the interface as the section having a thinner base
course. The thicker base course can distribute the vertical stress to a
larger area, thus reduce the maximum vertical stress at the interface
between subgrade and base course. As the maximum vertical stress
is reduced, the permanent deformation is also reduced. This is why
the thicker base course can sustain more load cycles. Triangular
aperture geogrids can also effectively reduce the maximum vertical
stress at the interface between subgrade and base course. On weak
subgrade, therefore, triangular aperture geogrid can be used instead
of increasing the base thickness to maintain the performance of
a road.

Stress Distribution Angle

It is necessary to discuss the stress distribution angle further since it
plays an essential role in the stress distribution when a base course
is over a weak subgrade. There are three different approaches to
describe stress distribution and calculate the stress distribution
angle: (1) based on the maximum vertical stress at the center of
the interface between base and subgrade, (2) based on the area
within which the majority of the load [Lawton (1995) assumed
95%] is distributed, and (3) based on the shape of the deflections
on the surface and at the interface between subgrade and base
course (Sigurdsson 1991). Giroud and Han (2004b) adopted the

Table 3. Calculated Traffic Benefit Ratios

Base course
Deformation

(mm)
T1

geogrid
T2

geogrid
T3

geogrid

15-cm-thick base
course

25 1 1 1
50 1.1 1.3 1.4
75 1.6 1.9 2.3

Average 1.2 1.4 1.6

23-cm-thick base
course

25 1.7 3.4 8.9
50 1.6 2.9 7.3
75 1.7 3.1 7.7

Average 1.7 3.1 8.0

30-cm-thick base
course

25 1.4 2.2 4.1
50 1.4 2.5 9.2
75 1.5 2.6 13.0

Average 1.4 2.4 8.7
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Fig. 7. Maximum vertical stresses at the interface between subgrade
and base course for (a) 15-cm-thick; (b) 23-cm-thick; (c) 30-cm-thick
base courses
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first approach because the maximum vertical stress is more critical
for bearing failure in fine-grained soils. The first approach was also
adopted in this study.

According to the measured maximum vertical stress at the inter-
face, the applied load, and the plate diameter, the stress distribution
angle can be calculated for each cycle during the cyclic plate load
test (Qian et al. 2011b). Fig. 9 presents the relationships between
the reciprocal of the tangential values of the stress distribution
angles and the number of load cycles.

For the 12 test sections at three different base thicknesses, the
initial values of 1= tan αwere close to 1.2, 0.8, and 0.7, for the base
thicknesses of 15, 23, and 30 cm, respectively. The test sections
with a thicker base course had a lower initial value of 1= tan α;
in other words, they had a larger initial distribution angle. The value
of 1= tan α increased nearly linearly on the logarithmic scale with
an increase of the number of load cycles. The deviation of the initial
values of 1= tan α may be caused by the differences in the initial
moduli of the base course and the subgrade, especially for the
30-cm-thick T3 geogrid-reinforced base course, as discussed later.
The contribution of the geogrid to the initial stress distribution an-
gle is minimal because the base course is not fully engaged within

the apertures of the geogrid at a small deformation. The unrein-
forced base course had a similar initial stress distribution angle
as the geogrid-reinforced base courses. However, the stress distri-
bution angles for the unreinforced base decreased with the number
of loading cycles faster than those for the reinforced base courses.
In this case, the vertical stress in the unreinforced base section was
more concentrated near the center, which is consistent with the
results discussed earlier in the stress analysis. In addition, the tri-
angular aperture geogrids reduced the rate of stress distribution
angle reduction, which led to a slow increase in the vertical stress
at the center of the interface. It is clearly seen that for the values of
1= tan α in the 15-cm-thick geogrid-reinforced base sections de-
creased after a certain number of loading cycles. A similar trend
was found in the 23-cm-thick geogrid-reinforced base sections
close to the end of the tests, but not in the 30-cm-thick geogrid-
reinforced base sections. Apparently, the reduction in the value
of 1= tan α resulted from the reduction in the maximum vertical
stresses at the center of the interface between subgrade and base
course. The reduction of the maximum vertical stresses at the center
resulted from the “tensioned membrane effect”, as discussed earlier.

Modulus Ratio

To evaluate the benefit of the triangular aperture geogrid, Qian
et al. (2011b) calculated the modulus ratio of base course to sub-
grade for both unreinforced and reinforced sections at the same
base thickness (i.e., 30 cm) based on Boussinesq’s solution and
Odemark’s method. Before Boussinesq’s solution was used,
Odemark’s method was employed to transform a two-layer system
(i.e., the base course and the subgrade) into an equivalent homog-
enous system. Based on the measured vertical stress at the center
of the interface between the base course and the subgrade, the
equivalent thickness of the base course was calculated using the
Boussinesq solution and then the modulus of the base course
was estimated since the modulus of the subgrade was known.
The resilient modulus of the subgrade was found to be 29.4 MPa
in the earlier study (Qian et al. 2011a). In this study, similar cal-
culations were performed on all the 12 test sections. The calculated
modulus ratios for all the test sections at three different base
thicknesses are presented in Fig. 10. It is shown that the modulus
ratios decreased with an increase of the number of load cycles and
approached to approximately 5.0. In the 30-cm-thick base sections,
an accelerated reduction in the modulus ratio happened after
reaching the modulus ratio of 5.0. This accelerated reduction might
result from the development of cracks in the base courses. Giroud
and Han (2004a, b) limited the maximum modulus ratio to 5.0 in
their design method. Generally, the geogrid-reinforced base courses
had a higher modulus ratio at the end of the test as compared
with the unreinforced cases. In other words, the geogrid-reinforced
bases had higher equivalent moduli. This benefit became more
pronounced when a more robust geogrid was used, even though
the 30-cm-thick T3 geogrid-reinforced section had a lower initial
modulus ratio than other sections. The lower initial modulus ratio
of the 30 cm T3 geogrid-reinforced base section was caused by the
relatively lower CBR of the base course over the relatively higher
CBR of the subgrade as shown in Table 2. This lower initial modu-
lus ratio also affected the initial stress distribution angle in Fig. 9(c).

Theoretical Verification

Based on the modulus ratio of base course to subgrade, the vertical
stresses on top of the subgrade at different distances from the
center can be calculated using the layered linear elastic theory.
The measured vertical stresses in the 23-cm-thick unreinforced
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Fig. 9. Relationship between the stress distribution angle and the num-
ber of load cycles for (a) 15-cm-thick; (b) 23-cm-thick; (c) 30-cm-thick
base courses
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and geogrid-reinforced base sections over weak subgrade were
selected for this verification. Software, BISAR (Bitumen Stress
Analysis in Roads) 3.0, which is based on the layered linear elastic
theory under a uniform axisymmetric pressure, was adopted.
Table 4 summarizes the measured and computed vertical stresses
at four locations (at 0, 25, 50, and 75 cm away from the center).
In this table, the modulus ratio was determined from Fig. 10(b) at
the number of load cycles equal to 10. The measured data from the
laboratory experiments are compared with the computed results
by the layered linear elastic approach. It is interesting to note that
the theoretical approach yielded higher vertical stresses at the
center but less vertical stresses at 25 cm away from the center. This
difference may result from the uniform applied pressure used in the
theoretical approach. In the cyclic loading tests, however, a rigid
plate was used, which leads to an uneven stress distribution under
the plate. This uneven stress distribution would cause a lower stress
at the center and a higher stress at the edge of the plate. Fig. 11
shows the stress distributions at the interface of the 23-cm-thick
unreinforced base course and T2 geogrid-reinforced base course.
The stress distributions show that the T2 geogrid distributed the

applied pressure to a broader area and reduced the maximum stress
on top of the subgrade. Similar results were obtained for other types
of triangular aperture geogrids at different base thicknesses. Due to
the page limit, these results are not presented herein.

Conclusions

This paper presents an experimental study on unreinforced and
triangular aperture geogrid-reinforced base courses at different
base thicknesses over the weak subgrade under cyclic loading. The
following conclusions can be drawn from this study:
1. Triangular aperture geogrids improved the performance of the

reinforced base courses over the weak subgrade as compared
with the unreinforced base courses. The benefit of the geogrid
reinforcement can be quantified with the traffic benefit ratio
(TBR). The measured TBR values ranged from 1.0 to 13.0 at
the permanent displacement from 25 to 75 mm. The heavy-
duty geogrid-reinforced base sections had higher TBR values
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Fig. 10. Modulus ratio of base to subgrade versus the number of load
cycles for (a) 15-cm-thick; (b) 23-cm-thick; (c) 30-cm-thick base
courses

Table 4. Measured and Computed Vertical Stresses on Top of Subgrade

Base thickness 23 cm

Base type Unreinforced T1 reinforced
No. of cycles 10 10
Ebc=Esg 6.8 6.1

Distance to
center (cm)

Vertical stress on top of subgrade (kPa)

Measured Computed Measured Computed

0 97.5 116.8 92.6 123.6
25 71.9 50.7 73.7 52.0
50 16.4 13.9 13.3 13.5
75 1.1 3.6 1.6 3.3

Base type T2 reinforced T3 reinforced
No. of cycles 10 10
Ebc=Esg 10.2 17.9

Distance to
center (cm)

Vertical stress on top of subgrade (kPa)

Measured Computed Measured Computed

0 78.3 95.4 53.4 69.9
25 54.0 45.5 41.2 37.7
50 19.0 14.9 21.0 15.3
75 1.9 4.7 0 6.1
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Fig. 11. Vertical stress distributions at the interface between subgrade
and base course (base thickness ¼ 23 cm)
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than the light-duty geogrid-reinforced base sections. These
traffic benefit ratios are experimental results and should not
be used directly for design. A relationship between the field
and laboratory performance is necessary to apply these ratios
for design.

2. The measured maximum vertical stress at the interface be-
tween subgrade and base course increased with an increase
in the number of load cycles due to the deterioration of the
base course and reduction of the stress distribution angle.

3. Triangular aperture geogrids significantly reduced the maxi-
mum vertical stress on the subgrade and resulted in a more
uniform stress distribution as compared with the unreinforced
base.

4. Triangular aperture geogrids reduced the rate of reduction in
the modulus ratio of base to subgrade as compared with the
unreinforced section. As the test sections approached to the
failure, the modulus ratio of base course to subgrade was
approximately 5.0 for all the test sections.

5. The more robust, thicker and higher mechanical property geo-
grid had more benefit in the improved performance of the
reinforced base over the weak subgrade.

6. The confinement provided by the geogrid-aggregate inter-
locking is the key mechanism for the improvement of the
reinforced base course. The tensioned membrane effect was
recognized when the permanent deformation was larger than
33% (i.e., one-third) of the base thickness.
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