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Abstract:  To evaluate the effect of geocell reinforcement on base courses for low-volume 

unpaved roads over weak subgrade, full-scale trafficking tests were conduced using the 

accelerated pavement testing facility at Kansas State University.  Three different types of infill 

materials including AB3 aggregate, quarry waste (QW), and Recycled Asphalt Pavement (RAP) 

were used for the base courses and A-7-6 clay was used as the subgrade.  Four unpaved sections 

that included one unreinforced control section of 30 cm thick AB3 aggregate and other three 15 

cm polymeric alloy geocell-reinforced sections with 2cm cover were tested under the single-axle 

dual tire wheel loading.  The benefits of alloy geocell reinforcement are evaluated in terms of rut 

depths at a number of passes of the wheel load and the angle of stress distribution from the 

surface to the base course-subgrade interface.  The test results demonstrated that the alloy 

geocell reinforcement improved the performance of unpaved AB3 and RAP sections in terms of 

rut depth and angle of stress distribution compared to the unreinforced section. The QW section 

also showed better performance in terms of stress distribution angle.  The road sections were 

exhumed and evaluated after the moving wheel test.   

 

Keywords: Geocell, low-volume roads, unpaved roads, accelerated pavement testing. 
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INTRODUCTION 

 

Nearly 80% of the roads in the world are low-volume unpaved roads (1).  In low-volume roads 

structural strength of the base course and the stress transmitted to the subgrade are two vital 

factors.  Geosynthetics have been successfully used to improve subgrade and reinforce base 

courses for both unpaved and paved roads for over 40 years (2)(3).  Geocells, the three-

dimensional form of interconnected honeycomb polymeric geosynthetic cells, are used for soil 

confinement to provide structural strength to the base course.  The idea of cellular lateral 

confinement was first developed and tested by the United States Army Corps of Engineers in 

1970s to improve the bearing capacity of poorly-graded sand (4).  Geocells come in different 

shapes and sizes with variations in the type of material used, the aspect ratio, and the height and 

thickness of the cells, however, the most common shape of geocell is near circular layout.  Most 

of the commercially available geocells are made of high-density polyethylene (HDPE). 

However, some new geocells are currently available, made of stiffer and more creep resistant 

polymeric alloys.   

Lateral confinement, beam (tension membrane) effect, and load distribution at a wider 

angle are the major geocell reinforcement mechanisms.  The geocell-reinforced bases exhibit 

bending resistance, tensile strength, and shear strength and intercept the failure planes from the 

subgrade (5).  The mechanism by which the granular material responds to the repeated traffic 

loading dictates the design of pavements.  The three-dimensional structure of geocell provides 

the vertical confinement by the friction between the infill material and the geocell wall and the 

action of the geocell-reinforced base as a mattress to restrain the soil from moving upward 

outside the loading area. 

The beam effect can be evidenced as the tension developed in the curved geocell-

reinforced mattress to resist the vertical load (5)(6)(7).  As the geocell is stiffer than the 

surrounding soil, the curved surface exerts upward reaction and reduces the net stress applied to 

the subgrade.  However, to mobilize the beam effect the road section must deform significantly 

(2).   

The geocell-reinforced bases can distribute the applied loads to a wider area compared to 

the unreinforced base (8) and a higher bearing capacity can be achieved with a smaller thickness 

of geocell-reinforced base (9).  The inclusion of the geocell and the confinement effect thereof 

would increase the stiffness of the reinforced base.  The wider stress distribution caused by 

geocell reinforcement reduces the stress at the subgrade and increases the bearing capacity.  

Confinement to limit lateral displacement, formation of stiff mattress for wider load distribution, 

and contribution of tensile strength to soils are the reported key benefits of geocells.   

However, most studies on geocell reinforcement for low-volume roads so far have been 

based on small-scale or large-scale box tests under static or cyclic loading.  Limited studies have 

been done on geocell-reinforced bases under traffic loading.  In this study, geocell-reinforced 

bases for low-volume unpaved roads were tested under traffic loading in the accelerated 

pavement testing (APT) facility at Kansas State University.  

This paper documents the research work completed by the authors to evaluate the 

performance of the geocell-reinforced bases over weak subgrade using the APT facility.  The 

major objective of this research was to evaluate the effectiveness of geocells as reinforcement to 

granular base courses over weak subgrade.   This study also assessed the effect of type and 

quality of base course materials on the performance of geocell-reinforced unpaved roads.  To 

establish the equivalency of geocell-reinforced bases to an unreinforced base, three 17 cm 
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geocell-reinforced bases with different infill materials and one 30 cm unreinforced base were 

tested.  The infill materials included well-graded aggregate (AB3), quarry waste (QW), and 

recycled asphalt pavement (RAP).  The unreinforced base consisted of well-graded aggregate 

(AB3).  Before the full-scale accelerated moving wheel testing, a series of laboratory tests with 

single and multiple geocell reinforcement in a medium-size test box were performed under static 

or cyclic loading.  The results of these tests can be found in Pokharel et al. (10)(11)(12)(13) and 

Han et al.(14). 

 

FACILITY, EQUIPMENT, AND TEST PREPARATION 

 

Test facilities at the University of Kansas (KU) and Kansas State University (KSU) were used 

for this research.  The material properties were determined at KU while the moving wheel test 

was carried out at the APT facility of KSU.  The material tests included sieve analysis, standard 

Proctor compaction, and California Bearing Ratio (CBR) tests.  

The APT machine has a 12.8 m long reaction frame and a full-scale, 80 kN single axle 

with dual tires.  The dual-wheel axle assemblies are belt-driven using a 20 HP electric motor and 

a variable frequency drive controls wheel motion.  The test pit of the APT facility is 6.1 m long, 

4.9 m wide, and 1.8 m deep.  The tire pressure used in this study was 552 kPa.  The frequency of 

wheel moving was 0.167 Hz (i.e., 6 sec/pass) and the wheels were run at a speed of 11.3 km/hr 

within the test pit.  In this test, the test pit was divided into four sections of equal dimensions in 

plan, each section having a length of 3.05 m and a width of 2.45 m.  Subgrade was made of A-7-

6 soil and prepared to simulate a field condition of CBR value at about 3%.  A non-woven 

geotextile was placed at the subgrade-base interface as a separator.  Well-graded aggregate 

(AB3), quarry waste (QW), and recycled asphalt pavement (RAP) were used as the infill base 

materials for geocells.  The geocells used in this test were NEOLOYTM polymeric alloy (a nano-

composite alloy of polyester/polyamide nano-fibers, dispersed in polyethylene matrix) with a cell 

height of 15 cm.  The geocell was laid out in a near circular shape with a dimension of 25 cm in 

the wheel direction (also the seam direction) and 21 cm in the transverse direction and covered 

by 2 cm fill.  The properties of these materials will be discussed later in this paper.  AB3 was 

also used as the base course for the unreinforced base at a thickness of 30 cm.   

 

MATERIAL PROPERTIES 

 

Geocell and Geotextile 

 

Geocell made of novel polymeric alloy (a nano-composite alloy of polyester/polyamide nano-

fibers, dispersed in polyethylene matrix) was used in this study.  The novel polymeric alloy is 

characterized by flexibility at low temperatures similar to HDPE with elastic behavior similar to 

engineering thermoplastic. Major improvement over old generation HDPE geocells are better 

creep resistance and better retention of stiffness and creep resistance at elevated temperatures.  

The geocell used in this study were 15 cm high and had a tensile strength of 19.1 MPa (27.7 

KN/m) and an secant elastic modulus of 355 MPa at 2% strain.   The tensile stress-strain curve of 

the geocell is shown in FIGURE 1.  The stress-strain curve was measured at a strain rate of 

10%/minute at 23
o
 Celsius.  The geocell had a wall thickness of 1.1 mm and two perforations of 

3.5 cm
2
 each on each pallets of the geocell.  A 3.5 oz (99.65 g) non-woven geotextile was used 

between the subgrade and the base course as a separator in case of reinforced sections.  
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FIGURE 1  Tensile stress-strain curve of the geocell. 

 

Subgrade 

 

A-7-6 clay, locally known as Keats Pit clay in Manhattan area of Kansas, was used as subgrade. 

Standard Proctor compaction and CBR tests were carried out at the laboratory for this subgrade.  

An optimum moisture content of 21% and the maximum dry density of 1.61 g/cm
3
 were found at 

the optimum moisture content.  The compaction curve and the CBR value at different moisture 

contents obtained from the laboratory test on the subgrade soil are given in FIGURE 2.  A CBR 

of 3% was achieved at approximately 26% moisture content in the lab, however, it was achieved 

at approximately 21% in the test pit..  

 

Base course 

 

AB3, QW, and RAP were used as the infill materials for geocells in this study.  AB3 was a well-

graded base material widely used in low-volume road applications in Kansas, which had a mean 

particle size (d50) = 4.4 mm, a coefficient of curvature = 1.55, and a coefficient of uniformity = 

21.  The grain-size distribution of AB3 is shown in FIGURE 4.  FIGURES 5 and 6 show the 

compaction and CBR curves of AB3.  Standard Proctor tests indicated that AB3 had an optimum 

moisture content of 10.2% and a maximum dry density of 2.13 g/cm
3
.  AB3 had a CBR value of 

56% at 9.6% moisture content and 45% at the optimum moisture content, respectively. 

QW is a waste material produced during aggregate production in quarries.  The QW used 

in the study was brought from a local quarry site in Kansas.  QW had a mean particle size (d50) = 

1.3 mm, a coefficient of curvature = 2.3, a coefficient of uniformity = 24, an optimum moisture 

content = 11%, and a maximum dry density = 2.06 g/cm
3
.  The grain-size distribution of QW is 

shown in FIGURE 3.  FIGURE 4 shows the compaction and CBR curves for QW.  The CBR 

values of QW were 48% at 8.8% moisture content and 19% at the optimum moisture content, 

respectively.  
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FIGURE 2  Compaction curve and CBR value of subgrade soil. 

 

 
FIGURE 3  Particle size distributions of AB3 and QW. 

 

RAP used in this study was brought from a local RAP supplier in Manhattan, Kansas.  

The RAP had 5 cm maximum size with a coarse gradation and was sieved through a screen of 5 

cm opening size before being placed as the base course.  The binder content in the RAP was 

6.52%, determined by the ignition method.  The compaction and CBR curves for this RAP are 

shown in FIGURE 5.  Test results showed that this RAP had an optimum moisture content of 

6%, a maximum dry density of 1.81 g/cm
3
, and a CBR value of 10% at 5% moisture content and 

8% at the optimum moisture content.  
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FIGURE 4  Compaction curves and CBR values of AB3 and QW. 

 

 

 
FIGURE 5  Compaction curve and CBR value of RAP. 
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MOVING WHEEL TEST RESULTS AND DISCUSSIONS 

 

Test sections 

 

The test pit was divided into four sections of equal area for the moving wheel test.  The details of 

the four sections are shown in FIGURE 6.  Section 1 was used as a control section for the test.  

The base course of Section 1 was 30-cm thick unreinforced AB-3 over the subgrade.  Sections 2, 

3, and 4 had 15-cm thick geocell-reinforced QW, RAP, and AB3, respectively.  All the 

reinforced sections had a 2-cm thick cover of the respective materials on top of the 15-cm thick 

geocell-reinforced bases. 

 
FIGURE 6  Test sections. 

 

A vibratory compactor was used to compact the subgrade and base courses.  The 

subgrade was prepared at 21% moisture content and compacted until a CBR value of about 3% 

was achieved.  Vane shear, dynamic cone penetrometer (DCP), nuclear gauge, light falling 

weight deflectometer (LFWD), and falling weight deflectometer (FWD) tests were performed to 

evaluate the density and stiffness of the base courses.  Sand cone tests were performed after the 

moving wheel test was completed.  

Vane shear tests were carried out to ensure the subgrade CBR values during the 

preparation of subgrade.  The percentage of CBR was estimated by the undrained shear strength 

(kPa) from the vane shear test divided by 30 kPa.  This correlation was used by Giroud and Han 

(3) in their design method for geosynthetic-reinforced unpaved roads.  The target CBR value was 
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3%.  The average CBR values obtained from the vane shear tests on the ready-to-work subgrade 

were 2.5% at Section 1, 2.8% at Section 2, 3.4% at Section 3, and 2.7% at Section 4.   

The desired density of the base courses was 95% of the maximum dry density.  The 

compaction was performed on the wet side of the compaction curve within the range of 2% to 

the optimum moisture content.  The control section was compacted in two lifts, i.e., 15 cm each 

lift while the reinforced sections were compacted in one lift.  A nuclear gauge was used to 

monitor the level of compaction and density measurement during the compaction.  DCP tests 

were carried out to estimate the CBR values of the test-ready sections (including the base and the 

subgrdae) using the Equation (1) (15):  

 

CBR=292/(PI x 25.4)
1.12

 (1) 

 

where PI = Penetration Index (in/blow) calculated based on the penetration per each blow.  The 

DCP test results are plotted in FIGURE 7, which shows that the CBR value of the base course in 

Section 1 (the control section) was high compared to the other three reinforced sections.  

Equal amount of compaction effort was applied to the base courses in all the four 

sections.  The nuclear gage tests showed the final relative compaction before the test was 90% at 

Section 1, 98% at Section 2, 87% at Section 3, and 86% on Section 4.  The sand cone tests after 

the moving wheel test found the compaction of 86% at Section 1, 93% at Section 2, 88% at 

Section 3, and 81% on Section 4.  Although an equal compactive effort was applied in all the 

sections, DCP results showed that the average CBR value of the base course was 23% at Section 

1 (the control section), 9% at Section 2, 7% at Section 3, and 10% at Section 4.  In the control 

section, a CBR value of 47% was measured at a depth of about 25 cm from the surface.  The 

control section therefore had the higher CBR values compared to those at the other three 

sections.  FIGURE 7 also shows that the CBR values of the subgrade in all the sections were 

close to 3%.  Due to the space limit, the test results of LFWD and FWD are not presented herein. 

 

Rut depths 

 

All four sections were subjected to the same moving wheel test.  However, the rut depths in these 

sections developed at different rates.  For example, the rut depth in the reinforced QW section 

(Section 2) increased rapidly within the first few passes and obvious heave around the wheel 

path was observed.  At 50 passes, the measured rut depth was approximately 7 cm.  The rut 

depth was measured from the peak and trough around the rut.  It can be concluded that the QW at 

wet of the optimum moisture content was not strong enough to directly sustain the traffic 

loading.  The moving wheel test was terminated at 305 passes because three of four sections 

reached more than 13-cm rut depth.  Since the QW section has excessive rut depths, the QW and 

control sections were refilled during the test.  Rut measurements on these two sections were not 

made after 205 passes.  The rut data are plotted against the number of wheel passes for all four 

sections in FIGURE 8.   
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FIGURE 7  CBR from DCP tests. 

 

FIGURE 8 shows that the reinforced QW section had the largest rut depth among all the 

test sections while the reinforced RAP section had the smallest rut depth.  Even though the 

reinforced AB3 section had a thinner base thickness, it had a smaller rut depth than the 

unreinforced AB3 section.  This result demonstrated that geocell reinforcement reduced the rut 

depth compared to the unreinforced section.  The reinforced AB3 and RAP bases had the same 

thickness, however, the reinforced RAP base had a smaller rut depth than the reinforced AB3 

especially at a larger number of passes.  Visual observations showed that the reinforced RAP 

base was more stable than the reinforced AB3 base under the traffic loading. 
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FIGURE 8  Rut depth versus number of passes. 

 

Deformed profiles 

 

After the moving wheel test, all the test sections were exhumed by trenches to examine 

the deformed profiles and geocells.  In all the reinforced sections, geocells were initially laid out 

at 25 cm long in the traffic direction and 21 cm wide in the transverse direction.  Forensic tests 

showed that the shape and size of the cells were intact outside the wheel path.  However, under 

the wheel path, the average size was found to be 23.5 cm long in the traffic direction and 21.5 cm 

wide in the transverse direction.   Some welds of the geocell in Sections 2 and 3 were broken at 

the edge of the wheel path.  FIGURES 9-12 show the profiles of the test sections before and after 

the moving wheel test.  The profiles are presented at the bottom (also the top of the subgrade) 

and top of the geocell for the reinforced sections but at the top of the subgrade for the 

unreinforced section.  Due to the excessive rut and heave in Section 2 (the QW section), the 

exhumation of Sections 2 and 3 in the same path were conducted before re-filling (i.e., after 205 

passes).  Other two sections were exhumed after 305 passes.  Patterns of rut and heave are 

clearly seen in all the sections.  It is interestingly noticed that the rut depth and heave in each 

section were at the similar magnitude.   
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FIGURE 9  Control section 1- initial and final profiles after 305 passes. 

 

 
FIGURE 10  Reinforced QW section 2 - initial and final profiles after 205 passes. 
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FIGURE 11  Reinforced RAP section 3 - initial and final profiles after 205 passes. 

 

 
FIGURE 12  Reinforced AB3 section 4 - initial and final profiles after 305 passes. 

-5

0

5

10

15

20

25

0 50 100 150 200 250

Horizontal Distance (cm)

L
e
v
e
l 

b
e
lo

w
 i

n
it

ia
l 

s
u

rf
a
c
e
 (

c
m

)

Top of geocell

Top of geotextile Rut

Heave

Initial elevation of geocell top

Final elevation 

Initial elevation of 

getextile / subgrade

0

5

10

15

20

25

0 50 100 150 200 250

Horizontal Distance (cm)

V
e
rt

ic
a
l 

d
is

ta
n

c
e
 (

c
m

)

Top of geocell

Top of geotextile
Rut

Heave

Final elevation Initial elevation of 

geocell top

Initial elevation of 

getextile / subgrade



Pokharel, Han, Manandhar, Yang, Leshchinsky, Halahmi, and Parsons 

 

14 

 

Vertical stresses 

 

Vertical stresses transmitted to the subgrade were measured by the pressure cells located at the 

subgrade-base interface.  The measured vertical stresses are shown in FIGURE 13.   It is shown 

that the measured vertical stresses were much lower than the tire pressure of 552 kPa applied on 

the road surface.  FIGURE 13 also shows that the measured vertical stress increased with the 

number of passes, which is consistent with the design model proposed by Giroud and Han (2).  

Even though the control section had a base thickness of 30 cm compared to 17 cm in the 

reinforced AB3 section, their measured vertical stresses were close.  This comparison 

demonstrates that geocell reinforcement reduced the vertical stress by distributing the load to a 

wide area.  A stress distribution angle for each section can be calculated using the following 

formula:  

 

   
 

            
 (2) 

 

where pi = the distributed vertical stress at the interface between the base course and the 

subgrade (kPa); P = the wheel load (kN); r = the radius of the tire contact area; h = the thickness 

of the base course; and  = the stress distribution angle.  The distribution angles after 100 passes 

can be calculated from FIGURE 13 using Equation (2).  The calculated stress distribution angles 

for the control section, the QW section, the RAP section, and the AB3 section were 29.2
o
, 35.7

o
, 

40.8
o
, and 43.6

o
, respectively.  Therefore, the reinforced AB3 section had the largest stress 

distribution angle among all the sections. Even though the reinforced QW section did not 

perform well, it had a higher stress distribution angle than that of the control section. 

 

  
FIGURE 13  Measured vertical stresses at the subgrade-base interface. 
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Discussion 

  

As discussed before, the geocell reinforcement can provide lateral confinement, beam effect, and 

wider stress distribution to the subgrade.  These mechanisms ultimately contribute to the 

reduction of the base and subgrade deformations that result in a reduced rut depth at the surface.  

Based on the rut data in FIGURE 8, geocell reinforcement not only saved 13 cm of base material 

but also increased the life of the unpaved road as compared with the control section by 3.5 times 

for the reinforced RAP section and by 1.5 times for the reinforced AB3 section at the rut depth of 

7.5 cm. 

It is clearly evident from the results of the moving wheel test that geocell reinforcement 

of the base courses improved the strength and life of the unpaved sections except for the QW 

section.  As the stress distribution angle was higher for the reinforced QW section, the initial 

failure was within the base course including the breakage of the welds.  The failed weld 

connection rendered the geocell as a single unit rather than a monolithic honeycomb structure.  It 

is also seen from FIGURE 3 that QW had more than 10% fines, which is sensitive to moisture.  

In other words, QW compacted at wet of optimum was too weak to hold the traffic loading.  Due 

to the deterioration of the base course, the vertical stress increased rapidly as shown in FIGURE 

13 and resulted in the failure of the subgrade. 

Although the 17-cm reinforced AB3 and RAP sections showed the benefit over the 30-

cm unreinforced AB3 control section, the benefit could have been more pronounced if a same 

level of compaction was achieved in all the sections.  As shown in FIGURE 7, the control 

section had the highest CBR values among the four sections.  

 

CONCLUSIONS  

 

A full-scale, accelerated moving wheel test was conducted on four test sections, which included 

one control section with AB3 base course and three geocell-reinforced bases with AB3, quarry 

waste, and RAP as infill materials.  The following conclusions can be drawn from this study: 

 

1. 17-cm geocell-reinforced AB3 section had equivalent and even better performance than 

30-cm AB3 control section even though the reinforced base was not that well compacted 

as the control base.  The benefit could have been more pronounced if a same level of 

compaction had been achieved.  

2. The geocell-reinforced RAP section performed better than the geocell-reinforced AB3 

section with the same base thickness.  However, the geocell-reinforced quarry waste 

section performed worse than the geocell-reinforced AB3 section.  The quarry waste 

compacted at wet of the optimum moisture was too weak to sustain the traffic loading. 

3. Geocell reinforcement increased the stress distribution angle by 13.4
o
 for the reinforced 

AB3 section, by 11.6
o
 for the reinforced RAP section, and by 6.5

o
 for the reinforced QW 

section, as compared with the control section. 
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