
  Experimental Study on Geocell-Reinforced Bases 

under Static and Dynamic Loading 

 
By 

Sanat Kumar Pokharel 
B.E., University of Roorkee (Indian Institute of Technology, Roorkee), India, 1988 

M.Sc., Norwegian University of Science and Technology, Trondheim, Norway, 1997 
 

 
Submitted to the Department of Civil, Environmental, and Architectural Engineering and the 
Graduate Faculty of the University of Kansas in partial fulfillment of the requirements for the 

degree of Doctor of Philosophy 
 
 
 
 

________________________________        
Chairperson Dr. Jie Han  

 
       

 
 
Committee members 

________________________________        
Dr. David J. Ekerdt 

 
 
 

________________________________        
Dr. Anil Misra 

 
 

 
________________________________        

Dr. Robert L. Parsons 
 
 
 

________________________________  
Dr. C. Bryan Young 

 
 
 

Date Defended: October 13, 2010 
 

















































 xxv  

Figure 5.3.33  Measured vertical stresses at the subgrade-base interface in the 23 

cm thick unreinforced AB-3-I base  

151 

Figure 5.3.34  Measured vertical stresses at the subgrade-base interface in the 23 

cm thick geocell-reinforced AB-3-I base 

152 

Figure 5.3.35 Comparison of the measured vertical stresses at the interface of 

subgrade and base at the center in 23 cm unreinforced and 

reinforced AB-3-I bases  

152 

Figure 5.3.36 Comparison of the measured vertical stresses at the interface of 

subgrade and base at different locations away from the center in the 

23 cm thick AB-3-I bases 

155 

Figure 5.3.37 Distributions of the measured vertical stresses at the interface of 

subgrade and base in the 23 cm thick unreinforced and reinforced 

AB-3-I bases at a given number of loading cycles 

157 

Figure 5.3.38 The calculated stress distribution angles for the 23 cm unreinforced 

and reinforced AB-3-I bases 

158 

Figure 5.3.39 Measured maximum strains in the geocell in the 23 cm thick 

reinforced AB-3-I base 

159 

Figure 5.3.40 CBR profiles obtained from the DCP tests in 30 cm thick AB-3-I 

bases over weak subgrade 

161 

Figure 5.3.41 Profiles of the 30 cm thick unreinforced AB-3-I base section after 

130 loading cycles 

163 

Figure 5.3.42 Profiles of the 2x10 cm high geocell-reinforced AB-3-I base section 

after 1385 loading cycles 

163 

Figure 5.3.43 Surface failure Pattern of the 2x10 cm geocell-reinforced AB-3-I 

sections in plan 

164 



 xxvi  

Figure 5.3.44 Exhumed cross section of the 30 cm thick unreinforced AB-3-I base 

section 

164 

Figure 5.3.45 Surface deformation of the 30 cm thick reinforced AB-3-I base 

section after the test 

165 

Figure 4.3.46 Deformed geocells in the 30 cm thick reinforced AB-3-I base 

section under the loading plate 

165 

Figure 5.3.47 Permanent deformations versus the number of loading cycles for the 

30 cm thick unreinforced AB-3-I base section  

166 

Figure 5.3.48 Permanent deformations versus the number of loading cycles for the 

2x10 cm high geocell-reinforced AB-3-I base section  

167 

Figure 5.3.49 Comparison of the permanent deformations of unreinforced and 

reinforced sections at the center with 30 cm thick AB-3-I bases 

168 

Figure 5.3.50 Percentage of elastic deformation at the center 169 

Figure 5.3.51 Measured vertical stresses at the subgrade-base 

interface in the 30 cm thick unreinforced AB-3-I base 

170 

Figure 5.3.52 Measured vertical stresses at the subgrade-base interface in the 30 

cm thick geocell-reinforced AB-3-I  

170 

Figure 5.3.53  Comparison of the measured vertical stresses at the interface of 

subgrade and base at the center in 30 cm unreinforced and 

reinforced AB-3-I bases 

171 

Figure 5.3.54 Comparison of the measured vertical stresses at the interface of 

subgrade and base at different locations away from the center in the 

30 cm thick AB-3-I bases 

173 

  

  



 xxvii  

Figure 5.3.55 Distributions of the measured vertical stresses at the interface of 

subgrade and base in the 30 cm thick unreinforced and reinforced 

AB-3-I bases at a given number of loading cycles 

175 

Figure 5.3.56 The calculated stress distribution angles for the 30 cm unreinforced 

and reinforced AB-3-I bases 

176 

Figure 5.3.57 Measured maximum strains in the geocell in the 30 cm thick 

reinforced AB-3-I base 

177 

Figure 5.4.1 CBR profiles obtained from the DCP tests in KR-I bases over weak 

subgrade 

181 

Figure 5.4.2 Profile of the 23 cm thick unreinforced KR-I sand base section after 

2 loading cycles 

182 

Figure 5.4.3 Profile of the 10 cm high geocell-reinforced KR-I sand base section 

after 26 loading cycles 

183 

Figure 5.4.4 Profile of the 15 cm high geocell-reinforced KR-I sand base section 

after 18 loading cycles 

183 

Figure 5.4.5 Profile of the 2x10 cm high geocell-reinforced KR-I sand base 

section after 228 loading cycles 

184 

Figure 5.4.6 Unreinforced section under the plate after failure 184 

Figure 5.4.7 10 cm high geocell-reinforced 15 cm thick section after failure 185 

Figure 5.4.8 Weld failure under the loading plate in case of 10 cm high geocell-

reinforced 15 cm thick section 

185 

Figure 5.4.9 15 cm high geocell-reinforced 23 cm thick section after failure 186 

Figure 5.4.10 Weld failure under the loading plate in case of 15 cm high geocell-

reinforced 23 cm thick section 

186 

Figure 5.4.11 2x10 cm high geocell-reinforced 30 cm thick section after failure 187 



 xxviii  

Figure 5.4.12 Weld failure under the loading plate in case of 2x10 cm high 

geocell-reinforced 30 cm thick section 

187 

Figure 5.4.13 Permanent deformations versus the number of loading cycles for the 

23 cm thick unreinforced KR-I sand base section 

188 

Figure 5.4.14 Permanent deformations versus the number of loading cycles for the 

10 cm high geocell-reinforced KR-I sand base section 

189 

Figure 5.4.15 Permanent deformations versus the number of loading cycles for the 

15 cm high geocell-reinforced KR-I sand base section 

189 

Figure 5.4.16 Permanent deformations versus the number of loading cycles for the 

30 cm high geocell-reinforced KR-I sand base section 

190 

Figure 5.4.17 Comparison of the permanent deformations of unreinforced and 

reinforced sections at the center with KR-I sand bases 

191 

Figure 5.4.18 Percentage of elastic deformation at the center 192 

Figure 5.4.19 Measured vertical stresses at the subgrade-base interface in the 23 

cm thick unreinforced KR-I sand base 

193 

Figure 5.4.20 Measured vertical stresses at the subgrade-base interface in the 15 

cm thick geocell-reinforced KR-I sand base 

193 

Figure 5.4.21 Measured vertical stresses at the subgrade-base interface in the 23 

cm thick geocell-reinforced KR-I sand base 

194 

Figure 5.4.22 Measured vertical stresses at the subgrade-base interface in the 30 

cm thick geocell-reinforced KR-I sand base 

194 

Figure 5.4.23 Comparison of the measured vertical stresses at the interface of 

subgrade and base course at the center in unreinforced and 

reinforced KR-I sand section 

195 

  



 xxix  

Figure 5.4.24 Comparison of the measured vertical stresses at the interface of 

subgrade and base at different locations away from the center KR-I 

sand bases 

197 

Figure 5.4.25 Distributions of the measured vertical stresses at the interface of 

subgrade and base in the KR-I sand bases at a given number of 

loading cycles 

199 

Figure 5.4.26 The calculated stress distribution angles for the unreinforced and 

reinforced KR-I sand bases 

200 

Figure 5.4.27 Measured maximum strains in the geocell in the 15 cm thick 

reinforced KR-I sand base 

202 

Figure 5.4.28 Measured maximum strains in the geocell in the 23 cm thick 

reinforced KR-I sand base 

202 

Figure 5.4.29 Measured maximum strains in the geocell in the 30 cm thick 

reinforced KR-I sand base 

203 

Figure 5.5.1 Calculated subgrade resilient moduli at different applied loads with 

the number of loading cycles 

205 

Figure 5.5.2 Calculated resilient moduli of the 15 cm thick AB-3-I base courses 207 

Figure 5.5.3 Calculated resilient moduli of the 23 cm thick AB-3-I base courses 207 

Figure 5.5.4 The calculated resilient moduli of the 30 cm thick AB-3-I base 

courses 

208 

Figure 5.5.5 The calculated resilient moduli of the KR-I sand base courses 208 



 xxx  

Figure 6.1.1 Plan of test sections at APT facility 213 

Figure 6.1.2 Accelerated pavement testing (APT) facility at KS 213 

Figure 6.2.1 Prepared subgrade for four test sections with 8 installed pressure 

cells 

215 

Figure 6.2.2 Geotextile and steel bars stationed for geocell installation 215 

Figure 6.2.3 Geocell installed before filled with infill material 216 

Figure 6.2.4 Filling of QW-II in the geocell 216 

Figure 6.2.5 Sieving of the RAP-I through a 5 cm mesh size sieve for placement 217 

Figure 6.2.6 Leveling of the base course material 217 

Figure 6.2.7 Compaction with a roller compactor (used in the second and third 

tests) 

218 

Figure 6.2.8 Plan layout of the test sections in the first test 219 

Figure 6.2.9 Nuclear gauge 220 

Figure 6.3.1 Nominal dimensions of the test sections in the first test 223 

Figure 6.3.2 Nominal dimensions of the test sections in the second test 224 

Figure 6.3.3 Nominal dimensions of the test sections in the third test 225 

Figure 6.4.1  CBR profiles obtained from DCP tests in the moving wheel test 

No.1 

228 

Figure 6.4.2   Rut depth versus number of passes of test sections in the moving 

wheel test No.1 

230 

Figure 6.4.3 All four sections after the moving wheel test No.1 231 

Figure 6.4.4 Initial and final subgrade profiles of control section 1-1- after 305 

passes 

232 

Figure 6.4.5 Initial and final profiles of geocell-reinforced QW-II section 1-2 

after 205 passes 

232 



 xxxi  

Figure 6.4.6 Deformed geocell in reinforced QW-II section 1-2  233 

Figure 6.4.7 Initial and final profiles of reinforced RAP-I section 1-3 after 205 

passes 

233 

Figure 6.4.8 Deformed geocell in reinforced RAP-I section 1-3 after 205 passes 234 

Figure 6.4.9 Initial and final profiles of reinforced AB-3-II section 1-4 after 305 

passes 

234 

Figure 6.4.10 Deformed geocell in reinforced AB-3-II Section 1-4 after 305 passes 235 

Figure 6.4.11 Measured vertical stresses at the subgrade-base interface 236 

Figure 6.4.12 Measured maximum strain at shown location in Section 1-2 238 

Figure 6.4.13 Measured maximum strains at shown locations in Section 1-3 239 

Figure 6.4.14 Measured maximum strains at shown locations in Section 1-4 239 

Figure 6.5.1  CBR profiles from DCP tests for the sections tested with RAP-I 

base courses 

244 

Figure 6.5.2 CBR profiles from DCP tests for the sections tested with RAP-II 

base courses 

244 

Figure 6.5.3 Rut depths versus number of passes in RAP-I sections  248 

Figure 6.5.4 Rut depths versus number of passes in RAP-II sections 249 

Figure 6.5.5 Deformed profiles of Section 2-1 (RAP-I) after 40,000 passes  251 

Figure 6.5.6 Deformed profiles of Section 2-3 (RAP-I) after 305 passes  251 

Figure 6.5.7 Deformed wheel path of Section 2-3 (RAP-I) after 100 passes  252 

Figure 6.5.8 Exposed wheel path of Section 2-3 (RAP-I) after 100 passes  252 

Figure 6.5.9 Deformed profiles of top layer geocell in Section 2-4 (RAP-I) after 

40,000 passes  

253 

Figure 6.5.10 Deformed wheel path of Section 2-4 (RAP-I) after 100 passes  253 

Figure 6.5.11 Three RAP –II sections after 15,000 passes 254 



 xxxii  

Figure 6.5.12 Deformed profiles of Section 3-1 (RAP-II) after 15,000 passes  254 

Figure 6.5.13 Deformed wheel path of Section 3-1 (RAP-II) after 100 passes  255 

Figure 6.5.14 Deformed profiles of Section 3-2 (RAP-II) after 15,000 passes  255 

Figure 6.5.15 Deformed shape and weld failure of Section 3-2 (RAP-II) after 

15000 passes  

256 

Figure 6.5.16 Deformed profiles of Section 3-3 (RAP-II) after 15,000 passes  256 

Figure 6.5.17 Deformed wheel path of Section 3-3 (RAP-II) after 100 passes  257 

Figure 6.5.18 Measured vertical stresses at the subgrade-base interface in the 

RAP-I test sections 

259 

Figure 6.5.19 Measured vertical stresses at the subgrade-base interface in the 

RAP-II test sections 

260 

Figure 6.5.20 Measured maximum strains at shown locations in Section 2-3 263 

Figure 6.5.21 Measured maximum strains at shown locations in Section 2-4 263 

Figure 6.5.22 Measured maximum strains at shown locations in Section 3-2 264 

Figure 6.5.23 Measured maximum strains at shown locations in Section 3-3 264 

Figure 6.6.1  CBR values obtained from DCP tests in AB-3-II bases 270 

Figure 6.6.2 Rut depth versus number of passes for AB-3-II sections 271 

Figure 6.6.3 Profiles of Section 2-2 after 100 passes 272 

Figure 6.6.4 Wheel paths of Section 2-2 after 100 passes 273 

Figure 6.6.5 Exhumed Section 2-2 273 

Figure 6.6.6 Profiles of Section 3-4 after 100 passes 274 

Figure 6.6.7 Wheel path of Section 3-4 after 100 passes 274 

Figure 6.6.8 Exhumed Section 3-4 275 

Figure 6.6.9 Measured vertical stresses at the interface between subgrade and 

base for AB-3-II test sections 

276 











 4  

In the present study, majority of the experiments were carried out with geocells made 

of NEOLOY polymeric alloy (referred as NPA geocells in this dissertation), which is a nano-

composite alloy of polyester/polyamide nano-fibers, dispersed in polyethylene matrix. 

 

1.3 Geocell-reinforced Granular Bases  

Most of the time unpaved roads are subjected to repeated loads; they can be either 

permanent areas and roads such as parking lots and county roads or temporary roads such as 

access roads and haul roads in a construction area.  A typical geocell-reinforced section is 

shown in Figure 1.3.1.  The typical section consists of a weak subgrade, a nonwoven 

geotextile as a separator, a geocell-reinforced granular base, and a cover layer.   The traffic 

load from the axles is transmitted to the subgrade through the reinforced base course.  

Principally, the reinforced base course is assumed to be stiff enough to resist the deformation 

and transmit the stress to the subgrade causing it to deform. This phenomenon is however, 

more complicated in case of a three dimensional reinforcement such as geocell.  Properties of 

reinforcing geocell, base and subgrade materials, and the interaction of geocell with the soil 

contributing to the vertical and horizontal confinement characterize the overall behavior of 

the reinforced composite section.   

The inclusion of three dimensional geocell structure as soil reinforcement has been 

found to be effective in soil confinement.  Past research showed that geocell reinforcement at 

the base course of an unpaved road improves the engineering behavior of the reinforced 

composite section, such as stiffness and bearing capacity.  
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Figure 1.3.1 Typical section of geocell-reinforced unpaved road  

 

1.4  Problem Statements 

Despite the effectiveness of the geocell system, the acceptance of geocells for base 

reinforcement of unpaved roads is limited due to the lack of design method.  However, the 

lack of design method results from limited understanding of the load transfer mechanisms, 

limited methods for quantifying the benefits, and limited full-scale performance data.   The 

factors influencing the behavior of geocell-reinforced bases under static and dynamic loading 

are not well understood. 

 

1.5 Research Objectives  

The objectives of the research are to understand the load transfer mechanism of 

geocell-reinforced bases in unpaved roads, and identify and evaluate the influence factors as a 
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3.2 Geotextile Material  

A 3.5 oz (99.65 g) non-woven geotextile was used between subgrade and base course 

as a separator in case of all the geocell-reinforced sections over weak subgrade in the large 

geotechnical box at KU and the APT at KSU.  The picture of the geotextile used in these tests 

is shown in Figure 3.2.1. 

 

 

Figure 3.2.1 Picture of the geotextile used in the experiments 

 

3.3  Subgrade Materials and Characteristics  

In case of the medium-size plate loading test the base of the hard wooden box was 

served as the subgrade; however, weak subgrade was prepared for large-scale plate loading 

tests and moving wheel tests.  A mixture of 25% Kaolin and 75% Kansas River sand 

(hereinafter referred to as KR-I sand) was prepared as the subgrade for the large-scale plate 
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Figure 3.4.12 Grain-size distribution of AB-3-II aggregate 
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Figure 3.4.13 Standard Proctor compaction curve of AB-3-II aggregate 

 



 56  

20

30

40

50

60

8 9 10 11 12
Moisture content  (%)

C
B

R
 (

%
)

 

Figure 3.4.14 CBR curve of AB-3-II aggregate 

 

3.4.7 Recycled asphalt pavement (RAP) 

Two types of RAP, named in the dissertation as RAP-I and RAP-II, from the same 

asphalt plant were used in the moving wheel tests. Both the RAP materials were brought from 

a local asphalt contractor in Manhattan, Kansas.  RAP-II was a fractioned RAP, i.e., 

fractionated, crushed, and sieved through a smaller sieve from RAP-I.  Therefore, RAP-II had 

a finer gradation.  All the RAP was sieved through a screen of 5 cm opening size before 

being placed as the base course.  The ignition method determined the binder contents in RAP-

I and RAP-II at 6.52% and 6.39%, respectively.  The standard Proctor compaction and CBR 

curves for RAP-I are shown in Figures 3.4.15 and 3.4.16 and those for RAP-II in Figures 

3.4.17 and 3.4.18, respectively.  Test results showed that RAP-I had an optimum moisture 

content of 6%, a maximum dry density of 1.81 Mg/m3, and a CBR value of 10% at 5% 

moisture content and 8% at the optimum moisture content.  RAP-II had an optimum moisture 
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content of 7.6%, a maximum dry density of 1.99 Mg/m3, and a CBR value of 10.5% at 7.5% 

moisture content and 10.3% at the optimum moisture content. 
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Figure 3.4.15  Standard Proctor compaction curve of RAP-I 
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Figure 3.4.16 CBR curve of RAP-I 
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Figure 3.4.17  Standard Proctor compaction curve of RAP-II 
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Figure 3.4.18 CBR of RAP-II 
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CHAPTER FOUR 

MEDIUM-SCALE PLATE LOADING TESTS 

Plate loading tests in a medium-size loading apparatus were conducted to investigate 

the effects of geocell confinement and other influence factors on the behavior of granular 

bases before large-scale plate loading tests and full-scale moving wheel tests.  A series of 

static and repeated loading tests on both unreinforced and geocell-reinforced bases courses 

with different infill material and different arrangements of geocells were conducted with this 

loading apparatus.  HDPE geocells were used only in the static load tests.  Novel polymeric 

alloy (NPA) geocells were used in all the tests including single and multi geocell-reinforced 

sections.    This chapter describes the details of these tests and discusses their results. 

 

4.1 Static Plate Loading Tests   

This study experimentally investigated the factors influencing the behavior (stiffness 

and bearing capacity) of single geocell-reinforced bases including the shape, type, 

embedment, height of geocells, and quality of infill materials.  Three of four types of geocells 

investigated in this study were NPA geocells.  Two boxes with different sizes were used: Box 

A (60.5 cm x 60.5 cm x 12 cm high) and Box B (80 cm x 80 cm x 12 cm high).  The first few 

tests were carried out in Box A and later Box B was used.  Potential scale effects on test 

results were checked.  Stiffness and ultimate bearing capacity of geocell-reinforced base 

courses with different type geocells, their arrangement, and infill materials were examined.  

The stiffness is defined as the slope of the initial portion of the load-displacement curve while 

the ultimate bearing capacity is the last load before the failure of the base.  The influence of 

geocell reinforcement with different thickness of the base course and height of geocell was 
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also evaluated.  Some of the influence factors discussed herein have not been well 

investigated in the past, such as the shape of the geocell, the embedment of the geocell, and 

the difference between the single and multiple geocells.  In addition, the geocells used in this 

study were made of novel polymeric alloy (NPA) using a new manufacturing technology, 

which has not been evaluated before. 

 

4.1.1 Test equipment and setup  

This medium-size loading apparatus was designed and fabricated at the geotechnical 

laboratory at the KU Department of Civil, Environmental, and Architectural Engineering.  

The loading system had a 150 mm diameter air cylinder with a maximum air pressure of 900 

kPa.  The steel loading plate was 150 mm in diameter and 10 mm thick.  Figures 4.1.1, 4.1.2, 

4.1.3, and 4.1.4 show the details of the test boxes (Boxes A and B).  Box A was square, had a 

plan area of 366,000 mm2, and was used for single geocell tests under static loading.  For 

multi-cell tests and all the repeated loading tests (discussed in the later sections), a bigger 

square box (Box B) with a plan area of 640,000 mm2 was used.  Boxes A and B were also 

used to investigate a possible boundary effect.  Geocell was placed at the center of the box 

and its shape and size depended on the designed layout of a circular or elliptical shape.  All 

the geocells in this study were 100 mm high, except for double layer reinforcement where 75 

mm high NPA geocells were used.  For single geocell tests, unconfined and confined tests 

were conducted.  For an unconfined test, the geocell was filled with granular material inside 

the cell only without surrounding soil outside the geocell.  The infill material was placed and 

compacted to the desired density inside the cell in two layers, each being 50 mm thick.  For a 

confined test, the geocell was filled and embedded in the granular material.  For a 120 mm 

thick base, the infill material was placed into the box including the geocell and compacted to 
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the desired density in three layers, 50 mm each for the first two layers and 20 mm for the top 

cover.  For a 170 mm thick base (i.e., two layers of 75 mm high geocells plus 20 mm cover), 

compaction was carried out in three 50 mm lifts and one 20 mm top cover.  The KR-II sand 

was compacted to 70% relative density and the QW-I was compacted to 95% maximum 

density on the drier side (approximately 7% moisture) of the compaction curve.  The bottom 

wooden plate of the test box was served as a firm subgrade for the tests because the primary 

purpose of this study was to evaluate the behavior of geocell-reinforced bases.  A loading 

plate of 152 mm diameter was placed at the center of the geocell for the reinforced case or at 

the center of the box for the unreinforced case.  Loads were applied in increments by 

adjusting air pressure in the air cylinder.  After each load increment was applied, settlements 

of the plate were monitored by digital dial gauges until they became stable.  Settlements were 

mostly complete within 5 minutes of loading for each load increment.  The test was 

terminated when the base could not continue to hold the load (i.e., failure occurred).   
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Figure 4.1.1 Test box (Box A) for a single geocell layout 
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4.1.2 Boundary effect of box size 

To examine if there was any boundary effect because of the size of the test box, four 

static plate loading tests were carried out for unreinforced and single Type II geocell-

reinforced KR-II sand in both Boxes A and B.  The height of the geocell used in these cases 

was 100 mm.  The pressure-displacement curves of these tests are shown in Figure 4.1.5.  

For both unreinforced and reinforced sections, there was no appreciable difference in the test 

results; therefore, Box A was used for single geocell tests under static loading.   

 

0

4

8

12

16

20

0 100 200 300 400 500 600
Applied pressure (kPa)

D
is

p
la

ce
m

en
t 

(m
m

)

Unreinforced (Box A)

Unreinforced (Box B)

Reinforced (Box A)
Reinforced (Box B)

    

 

Figure 4.1.5 Effect of box sizes on test results 

 

4.1.3 Repeatability of test method 

The credibility of a test method is often established if its test results are repeatable.  

To examine the repeatability of the test method used in this study, Type II geocell was tested 
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under both confined and unconfined conditions in Box A with the KR-II sand infill.  Three 

tests were carried out under a confined condition and two tests were carried out under an 

unconfined condition.  Figure 4.1.6 shows that the test method used in this study is generally 

repeatable. 

0

4

8

12

16

20

0 100 200 300 400 500

Applied pressure (kPa)

D
is

p
la

cc
em

en
t 

(m
m

)

Unconfined Test 1

Unconfined Test 2

Confined Test 1

Confined Test 2

Confined Test 3

 

Figure 4.1.6  Repeatability of the test method 

 

4.1.4 Effect of geocell shape 

Different shapes of geocell have been investigated by other researchers in the past.  

Most of their studies were focused on either circular or box-shaped geocells, for example, 

Rea and Mitchell (1978) and Simizu and Inui (1990).  In practice nowadays, however, 

geocells are placed in an elliptical or near circular shape.  

This study investigated Types I, III, and IV geocells with elliptical and circular shapes.  

All these tests had single geocells embedded in the KR-II sand.  In the first set of tests, the 
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geocell was laid out in an elliptical shape with the major axis length along the weld side equal 

to 260 mm and the minor axis length equal to 185 mm.  After the test, the exhumation 

showed that the cell with an initially elliptical shape changed to a near circular shape, which 

had the major axis length along the weld side of 235 mm and the minor axis length of 200 

mm (Pokharel et al., 2009a).  The shapes of the geocell before and after the test are illustrated 

in Figure 4.1.7.  In the second set of tests, geocells with a circular shape and a diameter of 

205 mm were used.  No obvious change in the geocell shape was observed after the test.   

The results of the above tests are summarized in Figure 4.1.8.  In all cases the 

reinforced sections were found to perform better than the unreinforced section.  The geocells 

starting with a circular shape showed stiffer and stronger responses than those starting with 

an elliptical shape for all three types of geocell-reinforced sand.  Figure 4.1.8 also shows that 

the reinforced base with a higher stiffness geocell (for example, Type IV) had higher stiffness 

and ultimate bearing capacity than those with a lower stiffness geocell (for example, Types I 

and III).    The stiffness of the base is defined as the slope of the initial linear portion (i.e., 

applied pressure/displacement).  The ultimate bearing capacity is defined as the last applied 

pressure at which the test could be maintained stable before failure.   
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Figure 4.1.7 Change of geocell shape after test 

 

It was observed that the geocell was lifted up appropriately by 8 mm from the firm 

base after each test when the geocell was placed in an elliptical shape and by 5 mm when 

placed in a circular shape.  These data indicate that the infill material escaped from the 

bottom of the cell under the load.  The improvement of the interface properties between the 
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Figure 4.1.11 Effect of confinement on pressure-displacement curves of single geocell-

reinforced KR-II sand (reproduced from Pokharel et. al., 2009a) 

 

 Surprisingly, the unconfined geocells had higher ultimate load capacities than those 

embedded in the sand except for Type II and Type IV geocells.  During the test it was 

observed that the unconfined geocell first expanded laterally and then failed due to the 

breakage of the weld under the load.  The lateral expansion increased the cross section of the 

geocell, therefore, the average stress at the bottom of the cell was reduced and the load 

capacity was increased.  For Type II and Type IV geocells, the weld of the unconfined 

geocell failed suddenly and early, possibly because of the weak weld strength for this specific 

geocell.  For the confined geocell, however, the easier failure mode was the uplifting of the 

geocell and escaping of the sand from the bottom of the geocell, possibly because the lateral 

expansion was minimized due to the confinement from the surrounding soil. This 

phenomenon happened when the base course was underlain by a firm subgrade.  If a soft 

subgrade exists, however, the failure mode may be different and should be further 
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investigated.  All unconfined geocells infilled with sand ruptured along the weld line of the 

two geocell pallets while all those embedded in the soil did not rupture.  These tests show that 

more weld resistance is needed to prevent rupture under an unconfined condition.  In multiple 

geocell tests, such weld breakage was not observed since the surrounding soil (especially that 

contained in adjacent cells of the interconnected honeycomb structure) minimizes the 

deformations of the loaded cell and immobilizes the rupture of the weld line. 

 

4.1.7 Effect of geocell height 

Shimizu and Inui (1990) found that an increase of height and area of geocell increased 

the bearing capacity of the reinforced foundation and the extent of the increase was correlated 

with the horizontal stiffness of the cell material.  The geocell-reinforced section showed an 

improvement in the bearing capacity and such an improvement became more significant for a 

higher cell height (Dash et al., 2004).  There exist an optimum geocell height/width ratio and 

an optimum loading area width/geocell width ratio.  To study the effect of geocell height on 

the stiffness and bearing capacity of single geocell-reinforced bases, tests were carried out on 

the KR-II sand sections with and without a single geocell.  The 120 mm thick section 

included a 100 mm high geocell infilled with sand plus a 20 mm sand cover while the 170 

mm thick section contained two 75 mm high geocells placed one on top of the other without 

any offset and infilled with sand plus a 20 mm sand cover.  A cover of 20 mm was used as it 

is commonly used in practice.  These tests were done under a confined condition with a 

circular geocell layout.  Figure 4.1.12 shows the pressure-displacement curves for 

unreinforced and reinforced sections with two different base thicknesses.  It is shown that 

both the unreinforced and reinforced sections with a smaller thickness had higher ultimate 

bearing capacities than those with a larger thickness.  This difference can be explained as the 
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firm bottom in the thinner section forced the failure surface to occur in a shallower depth and 

increased the bearing capacity.  This phenomenon has been well explained by Mandel and 

Salençon (1972) in their theoretical solution.  As mentioned in Table 4.1.1 and also reported 

by Pokharel et al. (2009b) for the 120 mm thick test section, Type II NPA geocell improved 

the stiffness and ultimate bearing capacity by factors of 1.6 and 1.9, respectively.  For the 170 

mm thick test section, however, Type II NPA geocell improved the stiffness and ultimate 

bearing capacity by factors of 1.3 and 1.6, respectively.  It is worth pointing out that a thicker 

base should have higher stiffness and ultimate bearing capacity if a weak subgrade existed 

and controlled the failure mode, as demonstrated by Han et al. (2008b).   
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Figure 4.1.12 Effect of base thickness on pressure-displacement curves of single geocell-

reinforced KR-II sand 
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Compaction has been an issue for discussion while using geocell as soil reinforcement.  

To examine the compaction effect, different compaction procedures were adopted for 

preparing single geocell-reinforced bases.  NPA Type II geocell was used in this study.  In 

the first test section, the infill material QW-I was placed at the first lift of 100 mm followed 

by compaction and then the 20 mm QW-I cover as the second lift followed by compaction.  

This compaction resulted in the degree of compaction at 88%.  The second test section was 

prepared with three lifts as explained in the preceding section, which resulted in 95% 

compaction.  Figure 4.1.13 shows that under the static loading of 900 kPa, the 95% 

compacted section experienced only about one-half of the deformation experienced by the 

88% compacted section (i.e., the 95% compaction produced a two-fold stiffness value 

compared to the 88% compaction).  This comparison shows that the degree of compaction 

had a significant effect on the performance of geocell-reinforced bases.  Therefore, all the 

later tests with QW-I and AB-3-I were carried out at 95% compaction.  
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Figure 4.1.13 Effect of compaction on pressure-displacement curves of single geocell-

reinforced QW-I bases 
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4.1.9 Effect of infill material 

Since stiffness and bearing capacity of a base depend on the quality of its material, a 

study was conducted to examine the effect of single geocell reinforcement for two base 

materials: the KR-II sand and the QW-I.  NPA Type II geocell was used in this study.  Since 

the KR-II sand does not contain any fines, it is not sensitive to moisture.  In addition, the KR-

II sand is a river sand with sub-rounded particles so that it is relatively weak without any 

confinement.  However, the QW-I had approximately 7% fines; therefore, it is sensitive to 

moisture and has apparent cohesion under an unsaturated condition.  The KR-II sand was 

compacted to approximately 70% relative density.  The QW-I was compacted to 

approximately 97% maximum dry density at the moisture content of 7% and had 58% CBR.   

As shown in Figure 4.1.14, the QW-I was much stiffer and stronger than the KR-II sand.  

Due to the limited capacity of the load system, the tests for the QWa were carried out to the 

maximum static pressure of 900 kPa only.   The test results show that the geocell 

significantly improved the performance of the KR-II sand.    However, limited improvement 

was observed for the geocell-reinforced QW-I.  It is known that one of the contributions of 

geocell is to provide apparent cohesion to granular material resulting from lateral 

confinement; therefore, the cohesion existing in the base material minimizes the benefit of the 

geocell by providing lateral confinement under static loading.  However, if the QW-I 

becomes completely dry or saturated, the apparent cohesion would be lost.  Under such a 

condition, the benefit of the geocell is expected to be greater, which should be verified 

through future research.    
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Figure 4.1.14 Effect of base materials on pressure-displacement curves of single geocell-

reinforced bases 

 

4.1.10 Effect of multi-cell reinforcement 

To compare the behavior of geocell-reinforced bases with single geocell 

reinforcement and multi-cell reinforcement, a 9 geocell (3 x 3) reinforced section was also 

tested in Box B.  The KR-II sand was used as the infill material.  The test section had 10 cm 

high NPA Type II geocell with the KR-II sand infill covered by 20 mm KR-II sand.  Figure 

4.1.15 shows the comparison of the pressure-displacement curves of single and multi geocell-

reinforced sections. It is clearly shown that the multi-cell reinforcement further improved the 

performance of the KR-II sand as compared with the single geocell reinforcement.  The 

improvement factors for the stiffness and ultimate bearing capacity by the multi-cell 

reinforcement were 2.0 and 3.1, respectively.  
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Figure 4.1.15 Effect of multi-geocell reinforcement on pressure-displacement curves of 

geocell reinforced KR-II sand 

 

4.1.11 Summary 

This section presented an experimental study to investigate six key influence factors 

on the behavior of single geocell-reinforced bases under static loading: the placement shape 

of the geocell, the type of the geocell, the embedment of the geocell, the thickness of the 

reinforced section, the quality of the infill material, and the multi-cell reinforcement.  To 

ensure the validity of the test method, its boundary effect and repeatability were first 

examined.  The following findings are summarized from this study: 

(1) The geocell placed in a circular shape had higher stiffness and bearing capacity of the 

reinforced base than that placed in an elliptical shape. 

(2) The performance of geocell-reinforced bases depended on the elastic modulus of the 

geocell sheet.  The NPA geocell with a higher elastic modulus had higher stiffness 
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and bearing capacity of the reinforced base.  Type III and Type IV geocells made of 

the novel polymeric alloy were found to have significantly higher stiffness and 

ultimate bearing capacity than Type I geocell made of HDPE. 

(3) The improvement factors for the geocell-reinforced bases over the unreinforced bases 

ranged from 1.3 to 2.0 in terms of stiffness and 1.5 to 2.5 in terms of bearing capacity.  

The geocell with a higher elastic modulus, specially the NPA geocells, had a higher 

improvement factor. 

(4) The unconfined geocell had a lower stiffness but a higher ultimate load capacity as 

compared with the confined geocell due to its lateral expansion, except for NPA Type 

IV geocell which had the relatively weak weld strength but the highest modulus.   

(5) All the unconfined geocells failed at the welds while the confined geocells failed by 

the uplifting of the geocell and then the escaping of the sand particles from the bottom.  

(6) A thinner unreinforced or geocell-reinforced base on a firm subgrade had a higher 

bearing capacity than the thicker unreinforced or geocell-reinforced base, respectively.  

(7) Under static loading, geocell reinforcement had more significant improvement in the 

cohesionless Kansas River (KR-II) sand than the quarry waste (QW-I) with an 

apparent cohesion.  

(8) The multiple geocell-reinforced base courses had higher stiffness and bearing capacity 

than single geocell-reinforced base courses. Therefore, multi-cell reinforcement could 

further improve the performance of the sand as compared with single geocell 

reinforcement.   
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Figures 4.2.16 to 4.2.20 show that the percentage of elastic deformation for all the 

test sections increased with the number of the loading cycles.  At the initial loading cycles, 

the plastic deformation was more pronounced, however, at around 10 cycles, the percentage 

of elastic deformation increased rapidly with the loading cycles and became relatively stable.  

After 10 cycles, the percentage of elastic deformation was more than 80% for the single NPA 

Type II geocell-reinforced KR-II sand and more than 95% for the NPA Type II geocell-

reinforced QW-I and AB-3-I bases.  At 150 loading cycles, the percentage of elastic 

deformation was 95.2% for the NPA Type II geocell-reinforced sand and more than 99% for 

the NPA Type II geocell-reinforced QW-I and AB-3-I bases.  The higher percentage of 

elastic deformation is desirable for a longer service life of a pavement section.  Figures 

4.2.16 to 4.2.20 show that geocell reinforcement increased the percentage of elastic 

deformation in the reinforced section as compared with the unreinforced section, especially 

for the sections with the KR-II sand base. 

 

4.2.6 Traffic benefit ratio  

 

The benefit of geocell reinforcement for extending pavement life can be evaluated 

using a Traffic Benefit Ratio (TBR).  TBR is defined as the ratio of the number of cycles 

necessary to reach a given rut depth (i.e., the permanent deformation herein) for a geocell-

reinforced test section to that for an unreinforced section at the same rut depth with the same 

section thickness and properties.  The base thickness in all the test sections was 12 cm and the 

subgrade in the present test was a hard wood surface.  Past research on other geosynthetic-

reinforced bases showed that the TBR values depended on the level of permanent 

deformation.  Since the permanent deformations of most base sections at the end of 150 
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loading cycles in this study were less than 4 mm, the TRB values were calculated at the 

permanent deformation of 3 mm.  Since the unreinforced KR-II sand failed under static 

loading before the maximum pressure was applied, the number cycle required to reach a 

permanent deformation of 3 mm would be less than 1.  Therefore, although the benefit of 

geocell reinforcement in the weak and poorly-graded KR-II sand could be very high, the TBR 

values for KR-II sand sections could not be calculated.  Table 4.2.1 presents the TBR values 

for single and multiple geocell-reinforced sections having different infill material.  The TBR 

values were 8.0 for single geocell-reinforced QW-I, 12.0 for multiple geocell-reinforced QW-

I, 8.5 for single geocell-reinforced AB-3-I, and 12.5 for multiple geocell-reinforced AB-3-I.  

The NPA Type II geocell-reinforced QW-I and AB-3-I bases had comparable TRB values.  It 

should be pointed out that these TRB values were calculated to demonstrate the benefit of 

geocell reinforcement in pavement life, but they should not be used for design directly 

because actual pavement sections may be much different from the base sections in this study, 

for example, the bases in this study were on a firm subgrade.  

Table 4.2.1 Traffic benefit ratio (TBR) 

Infill material Reinforcement type Maximum applied 

pressure (kPa) 

TBR compared with 

unreinforced case 

KR-II sand Single geocell 345 na 

KR-II sand Multi Geocell 345 na 

KR-II sand Multi Geocell 552 na 

QW-I Single geocell 552 8.0 

QW-I Multi Geocell 552 12.0 

AB-3-I Single geocell 552 8.5 

AB-3-I Multi Geocell 552 12.5 
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4.2.7 Summary 

This section presented the results of experimental work conducted to investigate the 

behavior of NPA geocell-reinforced bases under repeated loading.  The reinforced and 

unreinforced base courses with three different infill materials, Kansas River sand (KR-II 

sand), quarry waste (QW-I), and AB-3-I aggregates were tested under repeated loading.  The 

experimental investigations included the effect of infill material on the performance of 

geocell-reinforced granular bases.  The following points summarize the findings from the 

medium-size repeated plate loading tests. 

1. NPA geocell reinforcement significantly reduced the permanent deformation after 150 

cycles of loading irrespective of whether the infill material was weak or strong.  

2. In case of KR-II sand after 150 loading cycles, the permanent deformation of the NPA 

geocell-reinforced sections was reduced by a great margin compared with the 

unreinforced section.  

3. In case of single geocell-reinforced QW-I bases, the permanent deformation of the 

unreinforced section after 150 loading cycles was 50% more than that of the reinforced 

section.  In case of AB-3-I it was 33%.  Multiple geocell-reinforced sections reduced 

the deformation by 55% in case of QW-I and 40% in case of AB-3-I.  TBR values were 

calculated as 8.0 and 12.0 for the single geocell-reinforced and multiple geocell-

reinforced QW-I sections, respectively.  Single geocell-reinforced and multiple geocell-

reinforced AB-3-I sections had the TBR values of 8.5 and 12.5, respectively.  

4. NPA geocell reinforcement reduced the plastic deformation in all the cases but the 

percentage of elastic deformation was higher in case of stronger infill materials (QW-I 

and AB-3-I) compared to the weaker material (KR-II sand). The improvement 

compared to the unreinforced case was more evident at the initial loading cycles. 
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5. In case of NPA geocell-reinforced KR-II sand, 80% of the total deformation was elastic 

after just 10 loading cycles and it reached above 95% after 150 loading cycles.  In case 

of geocell-reinforced QW-I and AB-3-I bases, the elastic deformation after 10 cycles 

was above 95% over the total deformation and reached more than 99% after150 cycles.  

The KR-II sand had a lower percentage of elastic deformation as compared with the 

unreinforced and reinforced QW-I and AB-3-I bases due to its poor gradation, sub-

rounded particles, and no apparent cohesion.  The reinforced QW-I and AB-3-I had a 

higher percentage of elastic deformation than the unreinforced one due to the 

contribution of the NPA geocell. 
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CHAPTER FIVE 

LARGE-SCALE PLATE LOADING TESTS 

Cyclic plate loading tests were performed in a large-scale testing box (2.2 m x 2.0 m x 

2.0 m high) at the University of Kansas.   A total of three unreinforced and four NPA geocell-

reinforced AB-3-1 sections and one unreinforced and three NPA geocell-reinforced KR-I 

sand over weak subgrade were investigated.   

 

5.1  Equipments  

5.1.1  The large geotechnical testing box 

  Figures 5.1.1 and 5.1.2 show the picture and details of the large geotechnical testing 

box.  The box made of steel was fabricated at the geotechnical laboratory of KU.  Three sides 

and the base of the box were fixed while the front side of the box had detachable steel 

channel sections of height 15 cm fixed with nuts and bolts.  The detachable channel sections 

allowed the construction of variable thickness of the base course.  The size of the box was 2.2 

m x 2 m x 2 m (L x B x H).  Half of the depth (1 m) of the box was be filled up by subgrade 

soil, the thickness of base courses  varied depending upon  test sections (15 cm, 23 cm, and 

30 cm).  The subgrade, a mixture of KR-I sand and kaolin, was prepared at about 2% CBR.  

Two different base materials, AB3-I and KR-I sand, were used in this study.  For the AB-3-I 

base courses, the target CBR value was 20% while for KR-I sand base courses, the target 

density was 70% relative density.  
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Figure 5.1.1 Large geotechnical testing box, loading actuator, and data acquisition system  

 

 

Figure 5.1.2 Schematic drawing of the large geotechnical testing box 
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diameter of 0.304 m.  The steel plate was 40 mm thick including a 10 mm thick rubber base 

attached at the bottom to simulate rubber tire contact. 

 

 

Figure 5.1.4 Picture of the loading plate 

 

5.1.3  Data acquisition system and sensors 

a) Data Recorders 

The MultiPurpose TestWare (MPT) software, flexible testing software for MTS 

servo-hydraulic control systems, was used to apply a load, design a loading pattern, and set a 

displacement limit and the number of loading cycles.  The MPT software was set to record 

applied loads and displacements at the center of the loading plate up to a total of 8,000 cycles 

or the maximum displacement of 85 mm whichever came first in this study.  However, the 

measurement of stresses at the base course and subgrade interface, the displacements, pore 

water pressures in the subgrade, and strains in the geocell walls were made by pressure cells, 
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b) Earth Pressure cells 

Five earth pressure cells were installed at the interface between the base and the 

subgrade during each test.  The pressure cells used in the large box tests are shown in Figure 

5.1.6.  The portable pressure cells, KDE-500KPA, used in these tests were made of stainless 

steel, had a thickness of 11.3 mm, an outer diameter of 50 mm with the sensing area diameter 

of 46 mm, and total weight of 160 g.  The pressure cells were strain gauge-type pressure cells 

having maximum capacity of 500 kPa, which is suitable for earth pressure measurements 

under dynamic loading. It had minute displacement of pressure-sensitive area due to double 

diaphragm structure and non linearity of 1% RO (random occurrence).  The earth pressure 

cells were placed on the top of the subgrade before placing the base course.  They were all 

aligned in a straight line passing through the center of the box along the width of the box as 

shown in Figure 5.1.2.  Two pressure cells were placed under the loading plate, one at the 

center and one at the edge of the plate (12.5 cm away).  Three other pressure cells were 

placed at 25 cm, 50 cm, and 75 cm away from the center. 

 

c) Displacement transducers 

Two displacement transducers CDP-50 and CDP-100 were used for the displacement 

measurement.  The CDP-50 had capacity = 50 mm, sensitivity = 200 µe/mm, non linearity = 

0.1% random occurrence, spring force = 3.4 N, frequency response = 6 Hz, and weight = 270 

g.  The CDP-100 had capacity = 100 mm, sensitivity = 100 µe/mm, non linearity = 0.1% 

random occurrence, spring force = 4.9 N, frequency response = 3 Hz, and weight = 580 g.  

The temperature range for both the transducers was -100 C to +600 C, recommended working 

voltage 2 V, maximum allowable voltage 10 V, and input output resistance 350 Ω.  
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(a) Before test      (b) After test  

Figure 5.1.6 Earth Pressure cell KDE 500 kPa 

 

Figure 5.1.7 shows the displacement transducers used in the tests.  These transducers 

were strain gauge-type sensors and had two maximum measurement ranges: two of them with 

10 cm range placed at the center on the loading plate, one with 10 cm range placed a 25 cm 

away from the center, and one each of 5 cm range placed at 50 cm and 75 cm away from the 

center of the loading plate.  Those placed away from the center were directly placed on small 

steel plates seated on the top of the base course.  All the transducers were suspended from the 

reference beam fixed at the top of the large geotechnical testing box as shown in Figure 

5.1.2.  They were all aligned in a straight line along the width of the box and positioned 

exactly above the pressure cells placed at the subgrade-base course interface. 
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Figure 5.1.11 Dynamic cone penetration (DCP) test 

 

5.1.6  GeoGauge 

GeoGauge was used to monitor the preparation of subgrade and base courses during 

the first test.  The GeoGauge used in these tests is shown in Figure 5.1.12.  It was used to 

measure the stiffness of the base course and the subgrade.  However, the test results were not 

consistent due to the difficulty in seating this device properly on the subgrade and base 

courses, so it was discarded after the first test. 

 

5.1.7  Sand cone 

Sand cone tests were performed to measure the density of compacted base course 

during the forensic investigation.  The ASTM D1556–07 standard was followed for sand 

cone tests.  Figure 5.1.13 shows the picture of sand cone test being carried out on the base 

course after the plate loading test. 
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5.2.2  Base course 

Bases courses with three nominal thicknesses of 15 cm, 23 cm, and 30 cm were tested 

for both reinforced and unreinforced cases.  AB-3-I and KR-I sand were used as the base 

course materials in this study.  However, only 15 cm and 23 cm thick sections of KR-I sand 

base course were tested for the unreinforced case because they were too weak to carry the 

cyclic load and failed in one cycle.  The quantity (weight) of base course material for each lift 

of compaction was calculated by multiplying the density of the material by the volume of the 

box to fill.  The target density was 95% the maximum density for AB-3a sections and 70% 

relative density for KR-I sections.  The base course material was filled in the box as shown in 

Figure 5.2.3.  The picture of the installed geocell with fixing rebar is shown in Figure 5.2.4 

and the layout of geocell in the big box is shown in Figure 5.2.5. 

 

 

Figure 5.2.3 Placement of base course material 
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Figure 5.2.5 Plan view of the geocell layout in the big box 

 

 

 

30 cm diameter loading plate 

Dimensions are in cm 
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5.3 Cyclic Loading Test on AB-3-I Bases 

A total of seven sections with AB-3-I base course material, that included four geocell-

reinforced and three unreinforced sections, were tested.  The detailed characteristics of the 

geocell, geotextile, subgrade, and base course materials ware discussed in Chapter 3.  The 

details of test section preparation were provided in Section 5.1.   

 

5.3.1  15 cm thick AB-3-I base sections  

Three 15 cm thick AB-3-I base sections were tested, which included one unreinforced 

section and two geocell-reinforced sections.  Both reinforced sections contained an infilled 

10-cm high geocell and a 5-cm fill cover.  The first test was carried out on the unreinforced 

section, followed by a reinforced section that was compacted in only one lift.  The 

compaction in one lift with the vibratory plate compactor could not produce the desired 

degree of compaction for the reinforced base.  To improve the degree of compaction, another 

15 cm thick geocell-reinforced section was prepared in two lifts and tested.  For the second 

reinforced section, the geocell was loosely filled and hand compaction was done in individual 

cells for the first lift.  The remaining thickness (about half) of the base course was then 

compacted with the vibratory compactor.  The desired degree of compaction was achieved in 

the second reinforced section in this way.  

 

a) Vane shear, DCP, and sand cone tests 

The results of the vane shear, DCP, and sand cone tests carried out on three test 

sections are given in Table 5.3.1.  The vane shear tests were carried out before the placement 
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of base courses.  The DCP tests were carried out after the base courses were placed and 

before the cyclic loading tests were started.  The profiles of the calculated CBR values based 

on the DCP data are also shown in Figure 5.3.1.  The average CBR values of the subgrades 

obtained from the vane shear tests in all three test sections were about 1.7%.  The increase in 

the subgrade CBR values from the DCP tests may be because the measurement was taken one 

day after the compaction of the base course on top of the subgrade.  Sand cone tests were 

carried out only in the reinforced sections after cyclic tests.  The reinforced section 

compacted in a single lift had achieved only 87.3% compaction while the section compacted 

in two lifts achieved 94.3% compaction which is close to the target value of 95% compaction. 

 

Table 5.3.1 Average CBR values from vane shear and DCP tests and relative compaction 

and moisture from sand cone tests 

Test section Vane shear  

(subgrade) 

DCP 

(subgrade) 

DCP 

(base course) 

Sand cone after test 

(base course) 

 CBR  

(%) 

CBR  

(%) 

CBR  

(%) 

Relative 

compaction  

(%) 

Moisture 

content 

(%) 

Unreinforced 1.70 2.06 14.0 - - 

Reinforced (compacted 

in single lift)  

1.76 2.6 13.0 87.3 9.07 

Reinforced (compacted 

in two lifts)  

1.68 2.7 20.4 94.3 8.85 
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Figure 5.3.7  Cracks on the surface of the 10 cm high geocell reinforced AB-3-I section 

with single lift compaction 

 

 

Figure 5.3.8 Weld failure under the loading plate observed after exhuming the section on 

the 10 cm high geocell reinforced section with single lift compaction 
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Figure 5.3.9 Cracks on the surface of the 10 cm high geocell reinforced section with two 

lift compaction 

 

 

Figure 5.3.10 Weld failure under the loading plate observed after exhuming the section on 

10 cm high geocell reinforced section with two lift compaction 
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(c) Measured vertical stress at the interface at failure 

Figure 5.3.21  Distributions of the measured vertical stresses at the interface of subgrade and 

base in the 15 cm thick unreinforced and reinforced AB-3-I bases at a given number of 

loading cycles 

 

The stress distribution of the applied load through the base course can be expressed by 

a stress distribution angle, which can be calculated using Equation 5.3.3:  

( )2i
tanhr

P
p

απ +
=  Equation 5.3.3 

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

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

the thickness of the base course; and α = the stress distribution angle. 
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The calculated stress distribution angles with the number of loading cycles for three 

test sections are shown in Figure 5.3.22.  This figure shows that the unreinforced and 

reinforced bases had similar initial stress distribution angles and decreased with the number 

of loading cycles at different rates.  The reinforced section compacted in 2 lifts had the 

slowest decrease rate in the stress distribution angle followed by the reinforced section 

compacted in a single lift and the unreinforced base.  The increase of the stress distribution 

angle in the reinforced section compacted in 2 lifts in the later stage was attributed to the 

beam effect of the geocell reinforcement.  In conclusion, geocell reinforcement reduced the 

vertical stress by distributing the load to a wide area.  

 The calculated minimum stress distribution angles for the unreinforced section, the 

reinforced section compacted in single lift section, and the reinforced section compacted in 2 

lifts were 27.5o, 32.0o, and 46.5o, respectively. 
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Figure 5.3.22  The calculated stress distribution angles for the 15 cm unreinforced and 

reinforced AB-3-I bases 
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5.3.2  23 cm thick AB-3-I base sections  

The 23 cm thick unreinforced AB-3-I base section was compacted in two lifts of 11.5 

cm each.  The reinforced section had 15 cm high geocell, first loosely filled and then 

manually compacted in each cell individually.  The second lift was placed into the remaining 

space of the cells left by the compaction in the first lift and above the cells as the cover layer 

and then compacted by the vibratory plate compactor.  The thickness of the compacted cover 

layer was approximately 8 cm.  

 

a) Vane shear, DCP, and sand cone tests 

The results of the vane shear, DCP, and sand cone tests carried out on the subgrade 

and/or base courses are given in Table 5.3.2.  The CBR profiles obtained from the DCP tests 

carried out on the test ready sections are also shown in Figure 5.3.23.  The average CBR 

values of the subgrade obtained from vane shear tests were 1.8% for the unreinforced section 

and 1.75% for the reinforced section.  The CBR values of the subgrade from the DCP tests on 

the test ready sections were 1.9% for both the unreinforced and reinforced sections.  The 

DCP tests were conducted one day after the compaction of the base course laid on top of the 

subgrade.  The average CBR values of the base courses were 17.3% for the unreinforced 

section and 18.3% for the reinforced section, respectively.  Sand cone tests were carried out 

after the cyclic plate loading test for the reinforced and showed that the reinforced section 

achieved 92.8% relative compaction. 
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Table 5.3.2 Average CBR values from vane shear and DCP tests and relative compaction 

and moisture from sand cone tests 

Test section Vane shear  

(subgrade) 

DCP 

(subgrade) 

DCP           

(base  course) 

Sand cone after test   

(base course) 

 CBR  

(%) 

CBR  

(%) 

CBR  

(%) 

Relative 

compaction 

(%) 

Moisture 

content 

(%) 

Unreinforced 1.80 1.9 17.3 - - 

Reinforced  1.75 1.9 18.3 92.8 8.69 
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Figure 5.3.23 CBR profiles obtained from the DCP tests in 23 cm thick AB-3-I bases over 

weak subgrade 
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b) Deformed profiles 

The failure criterion of 75 mm permanent deformation of the base course was reached 

at 62 cycles for the unreinforced section and 149 cycles for the NPA geocell-reinforced 

section.  After the cyclic loading tests, both test sections were exhumed and trenches were cut 

to examine the deformed profiles and geocells.  The deformed profiles are plotted in Figures 

5.3.24 and 5.3.25.  Figure 5.3.26 shows the crack line developed on the surface of the 

reinforced section after the test.  In the reinforced section, geocells were initially laid out at 

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

showed that the shape and size of the cells were intact outside the loading plate.  However, 

around the area of loading plate, the geocells tend to take a circular shape; the seam side was 

slightly reduced and the transverse direction was slightly enlarged.  Welds of the geocell 

located under the loading plate were broken at the bottom edges.  One of the cells was also 

found vertically squeezed.  The failure crack line and forensic examination showed that the 

geocell-reinforced sections behaved like a beam, which will be further verified by strain 

measurements in the geocell.   The picture of the crack line and the geocell weld failures are 

shown in Figures 5.3.27 and 5.3.28. 
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Figure 5.3.24  Profiles of the 23 cm thick unreinforced AB-3-I base section after 62 loading 

cycles 
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Figure 5.3.25  Profiles of the 15 cm high geocell-reinforced AB-3-I base section after 149 

loading cycles 
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Figure 5.3.26 Surface failure pattern of the 15 cm high geocell-reinforced AB-3-I base 

sections in plan 

 

 

Figure 5.3.27  Cracks on the surface of 15 cm high geocell reinforced AB-3-I base section 
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Figure 5.3.43 Surface failure Pattern of the 2x10 cm geocell-reinforced AB-3-I sections in 

plan 

 

 

Figure 5.3.44 Exhumed cross section of the 30 cm thick unreinforced AB-3-I base section 
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Figure 5.3.51 Measured vertical stresses at the subgrade-base interface in the 

30 cm thick unreinforced AB-3-I base 
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Figure 5.3.52 Measured vertical stresses at the subgrade-base interface in the 30 cm thick 

geocell-reinforced AB-3-I  
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Figure 5.3.53  Comparison of the measured vertical stresses at the interface of subgrade and 

base at the center in 30 cm unreinforced and reinforced AB-3-I bases 

 

The measured vertical stresses at the interface of subgrade and base at different 

locations away from the center are shown in Figure 5.3.54.  There is a significant difference 

in the vertical stress measured over the number of loading cycles at 25 cm away from the 

center between the unreinforced and reinforced sections. The vertical stresses at the first 

cycle, the 50th cycle, and the 100th cycle, the end of the test for the unreinforced and 

reinforced sections are shown in Figure 5.3.55. 
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(a) 12.5 cm from the center 
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(b) 25 cm from the center 
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(c) 50 cm from the center 
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(d) 75 cm from the center 

Figure 5.3.54 Comparison of the measured vertical stresses at the interface of subgrade and 

base at different locations away from the center in the 30 cm thick AB-3-I 

bases 
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(a) Measured vertical stress at the interface at the end of first loading cycle 
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(b) Measured vertical stress at the interface at the end of 50 loading cycle 
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(c) Measured vertical stress at the interface at the end of 100 loading cycle 
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(d) Measured vertical stress at the interface at failure 

Figure 5.3.55 Distributions of the measured vertical stresses at the interface of subgrade and 

base in the 30 cm thick unreinforced and reinforced AB-3-I bases at a given 

number of loading cycles 



 176  

The calculated stress distribution angle with the number of loading cycles is shown in 

Figure 5.3.56.  This comparison demonstrates that the geocell reinforcement slowed down 

the reduction of the stress distribution angle with the number of loading cycles.   

The calculated stress distribution angles for the unreinforced and reinforced sections 

at the cycle corresponding to the end of the unreinforced section test were 25.3o and 36.3o, 

respectively. 
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Figure 5.3.56 The calculated stress distribution angles for the 30 cm unreinforced and 

reinforced AB-3-I bases 

 

e) Maximum strain in the geocell  

Six strain gauges were installed on the geocell walls in each geocell layer.  There 

were three gauges on the central geocell located right under the loading plate, one each at the 



 177  

top, middle, and bottom of the geocell.  Two gauges were installed at the top and middle of 

the geocell wall of the next adjacent geocell. One gauge was installed at the top of the cell 

further outside the loading plate.  These strain gauges were located at the center, and 25 cm 

and 50 cm away from the center.  Since there were only six connection points available for 

strain gauges on the data recorders, only six of the strain gauges were recorded during the 

entire test period; however, the initial and final strains were measured for other strain gauges.  

All the strain gauges affixed horizontally at the top and bottom of the geocell wall measured 

horizontal strains while the strain gauges affixed vertically at the middle of the wall measured 

the vertical strains.  The positions of the strain gauges and the measured maximum values of 

strains in the geocell are shown in Figure 5.3.57.   

 

60 cm thick subgrade 
prepared at 2% CBR

>1.2%
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Strain gauges
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Strain gauges without a strain value indicate the broken gauge
 

Figure 5.3.57 Measured maximum strains in the geocell in the 30 cm thick reinforced AB-3-

I base 
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Figure 5.4.7 10 cm high geocell-reinforced 15 cm thick section after failure 

 

 

Figure 5.4.8 Weld failure under the loading plate in case of 10 cm high geocell-reinforced 

15 cm thick section 
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c) Permanent deformations with the number of loading cycles 

Figures 5.4.13 through 5.4.16 show the permanent deformations of the unreinforced 

and reinforced sections at the center and 25 cm, 50 cm, and 75 cm away from the center of 

the loading plate at different loading cycles.  In the 23 cm thick unreinforced section, there 

was a significant amount of heave at the locations of 25 cm and 50 cm away from the center, 

but there was no deformation at 75 cm away form the center.  The significant amount of 

heave resulted from the failure of the sand base.  In all the reinforced sections, a small 

amount of compression was observed at 25 cm away from the center and heaving was 

observed at 50 cm and 75 cm away from the center.   
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Figure 5.4.13 Permanent deformations versus the number of loading cycles for the 23 cm 

thick unreinforced KR-I sand base section 
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Figure 5.4.14 Permanent deformations versus the number of loading cycles for the 10 cm 

high geocell-reinforced KR-I sand base section 
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Figure 5.4.15 Permanent deformations versus the number of loading cycles for the 15 cm 

high geocell-reinforced KR-I sand base section 
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Figure 5.4.16 Permanent deformations versus the number of loading cycles for the 30 cm 

high geocell-reinforced KR-I sand base section 

 

The comparison of permanent deformations of the unreinforced and reinforced 

sections under the loading plate is given in Figure 5.4.17.  The benefit of geocell 

reinforcement is clearly evident form this comparison.  At the permanent deformation of 75 

mm, the 23 cm thick unreinforced base section lasted for just 2 cycles while the 15 cm, 23 cm, 

and 30 cm thick NPA geocell-reinforced base sections lasted for 26, 18, and 228 cycles, 

respectively.  This result shows that the geocell reinforcement improved the performance of 

the base section by a factor of 9 to 114 over the unreinforced section.   
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Figure 5.4.17 Comparison of the permanent deformations of unreinforced and reinforced 

sections at the center with KR-I sand bases 

 

Figure 5.4.18 shows the comparison of percentages of elastic deformation of the 

unreinforced and reinforced base sections at the center.  The unreinforced section had only 

4.6% elastic deformation of the total deformation per each cycle at the end of the test whereas 

the reinforced sections had 78.8 to 99.3% elastic deformation.   
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Figure 5.4.18 Percentage of elastic deformation at the center 

 

d) Measured vertical stresses at the subgrade-base interface  

The vertical stresses at the interface of subgrade and base course were measured by 

the pressure cells located at five locations on the straight line passing through the center.  

Figures 5.4.19 through 5.4.22 show the vertical stresses measured at the given locations of 

the interface with the number of loading cycles.  The vertical stresses measured at the center 

of the 23 cm thick unreinforced section and the 15 cm, 23 cm, and 30 cm thick NPA geocell-

reinforced sections were 509 kPa, 261 kPa, 205 kPa, and 140 kPa, respectively.  The 

measured vertical stresses at the interface under the center of the loading plate on the 

unreinforced and reinforced bases are shown in Figure 5.4.23.  It is shown that the measured 

vertical stress in the unreinforced section was close to the applied pressure of 552 kPa on the 

surface while those in the reinforced section were much lower than the applied pressure.   
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Figure 5.4.19 Measured vertical stresses at the subgrade-base interface in the 23 cm thick 

unreinforced KR-I sand base 
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Figure 5.4.20 Measured vertical stresses at the subgrade-base interface in the 15 cm thick 

geocell-reinforced KR-I sand base 
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6.1  Facility and Equipment 

The test facilities at the University of Kansas (KU) and Kansas State University 

(KSU) were used for this research.  The material properties of subgrade and base courses 

were determined at the KU Geotechnical Laboratory while the moving wheel tests and insitu 

testing were carried out at the APT facility of KSU.  The laboratory material tests included 

sieve analysis, standard Proctor compaction, and CBR tests.  The insitu tests included 

dynamic cone penetration (DCP) tests, vane shear tests, nuclear gauge tests, sand cone tests, 

light falling weight deflectometer (LFWD) tests, and falling weight deflectometer (FWD) 

tests. 

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

with dual tires. The load is controlled by hydraulic pressure. The dual-wheel axle assemblies 

with air-bag suspension are belt-driven using a 20 HP electric motor and a variable frequency 

drive controls wheel motion.  The test pit of the APT facility was 6.1 m long, 4.9 m wide, and 

1.8 m deep.  The tire pressure used for these tests was 552 kPa.  The width of dual tires is 

approximately 0.55 m from edge to edge.  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 

research, 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.  Figure 6.1.1 shows the plan of the APT 

test pit and Figure 6.1.2 shows the picture of the APT facility.  The subgrade consisted of A-

7-6 soil and was compacted 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 in case of the 

geocell-reinforced sections.    
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Figure 6.1.1  Plan of test sections at the APT facility 

 

 

Figure 6.1.2 Accelerated pavement testing (APT) facility at KSU 
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Figure 6.2.5 Sieving of the RAP-I through a 5 cm mesh size sieve for placement 

 

 

Figure 6.2.6 Leveling of the base course material 
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AB-3-II.  Section 1-1 was 30 cm thick unreinforced AB-3-II base course; Section 1-2 was 17 

cm thick QW-II base course reinforced with 15 cm high NPA geocell;   Section 1-3 was 17 

cm thick RAP-I base course reinforced with 15 cm high NPA geocell; and Section 1-4 was 17 

cm thick AB-3-II base course reinforced with 15 cm high NPA geocell.  The base thickness 

of the reinforced sections included 2 cm top fill cover with the same material as the infill one. 

The arrangements of four sections in the second test are shown in Figure 6.3.2.  The 

road sections in this test were prepared with RAP-I and AB-3-II base materials.  Section 2-1 

was 30 cm thick unreinforced RAP-I base course; Section 2-2 was 17 cm thick AB-3-II base 

course reinforced with 10 cm high NPA geocell;   Section 2-3 was 17 cm thick RAP-I base 

course reinforced with 10 cm high NPA geocell; and Section 2-4 was 30 cm thick RAP-I base 

course reinforced with two layers of 10 cm high NPA geocells.  The thickness of the 

reinforced sections included 7 cm top cover.  In Section 2-4, a cover of 3 cm thick RAP-I was 

also provided on top of the bottom layer geocell before installing the top layer reinforcement. 
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Table 6.3.1 Details of all test sections 

Test # Section  1 Section  2 Section  3 Section  4 

1 Section 1-1 

AB-3-II 

Unreinforced       

30 cm thick 

Section 1-2 

QW-II 

15 cm geocell 

+2 cm cover 

Section 1-3 

RAP-I 

15 cm geocell 

+2 cm cover 

Section 1-4 

AB-3a 

15 cm geocell 

 +2 cm cover 

2 Section 2-1 

RAP-I 

Unreinforced        

30 cm thick 

Section 2-2 

AB-3-II 

10 cm geocell 
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Figure 6.3.1 Nominal dimensions of the test sections in the first test 
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Figure 6.3.2 Nominal dimensions of the test sections in the second test 

 

The arrangements of four sections in the third test are shown in Figure 6.3.3.  The 
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cm thick RAP-I was also provided on top of the bottom layer geocell before installing the top 

layer reinforcement. 

 

 

Figure 6.3.3 Nominal dimensions of the test sections in the third test 

 

In the proceeding sections three separate studies are presented by comparing the road 
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6.4 Road Sections with Different Base Course Materials  

6.4.1  Test sections 

The results of DCP, nuclear gauge, and sand cone tests carried out on the finished 

subgrade and base course of the four test sections are given in Table 6.4.1.  

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

specified that the compaction should be performed within the range of ±2% to the optimum 

moisture content.  The actual compaction was ended with the wet side of the optimum 

moisture content, but within the range of 2%.  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 each lift 

of the compaction.  DCP tests were carried out to estimate the CBR values of the test-ready 

sections (including the base and the subgrade) using Equation 5.1.2.  The DCP test results 

are plotted in Figure 6.4.1, which shows that the CBR values of the base course in Section 1-

1 (the control section) were higher than those in other three reinforced sections.  
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Table 6.4.1 Measured average CBR values from DCP tests and compaction values from 

nuclear gage and sand cone tests 

Test Method Sections 1-1 1-2 1-3 1-4 

DCP (subgrade) CBR (%) 2.4 1.9 2.2 2.2 

DCP (base course) CBR (%) 22.6 9.2 7.5 9.2 

Nuclear gauge test on base course 

before test 

Compaction 

(%) 

90 98 87 86 

Sand cone test on the wheel path after 

the moving wheel test 

Compaction 

(%) 

86 NA 100 83 

Sand cone test outside the wheel path 

after the moving wheel test 

Compaction 

(%) 

83 93 88 80 

 

The same procedure was followed to compact the base courses in all the four sections.  

The nuclear gauge tests showed the final relative compaction before the test was 90% at 

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

tests after the moving wheel test found the compaction of 86% at Section 1-1, 93% at Section 

1-2, 88% at Section 1-3, and 80% on Section 1-4 outside of the wheel path.  Although the 

same compaction procedure was adopted for all the sections, DCP results showed that the 

average CBR value of the base course was 22.6% at Section 1-1 (the control section), 9.2% at 

Section 1-2, 7.5% at Section 1-3, and 9.2% at Section 1-4.  In the control section, a CBR 

value of 39% was measured at a depth of about 25 cm from the surface.  The control section 

(Section 1-1) therefore had the higher CBR values than those at other three reinforced 

sections.   
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Figure 6.4.1  CBR profiles obtained from DCP tests in the moving wheel test No. 1 

 

6.4.2 Rut depths 

All four sections were subjected to the same moving wheel load.  The rut depths are 

plotted against the number of wheel passes for all four sections in Figure 6.4.2.  However, 

the rut depths in these sections developed at different rates.  For example, the rut depth in the 

reinforced QW-II section (Section 1-2) 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 to trough around the rut.  

It can be concluded that the QW-II at wet of the optimum moisture content was not strong 

enough to directly sustain the traffic loading.  For unpaved roads, typically allowable rut 

depths are 75 to 100 mm (Giroud and Han, 2004a and b).  The moving wheel test was 
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terminated at 305 passes because three out of four sections reached more than 13-cm rut 

depth.  The number of 305 passes is small if these sections are used for local roads.  However, 

it may be acceptable that they are used for temporary roads, haul roads, and construction 

platforms.  Since the QW-II section had excessive rut depths, the QW-II and control sections 

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

205 passes. 

Figure 6.4.2 shows that the reinforced QW-II section had the largest rut depth among 

all the test sections while the NPA geocell-reinforced RAP-I section had the smallest rut 

depth.  Even though the NPA geocell-reinforced AB-3-II section had a thinner base thickness, 

it had a smaller rut depth than the unreinforced AB-3-II section.  This result demonstrated 

that NPA geocell reinforcement reduced the rut depth compared to the unreinforced section.  

The reinforced AB-3-II and RAP-I bases had the same thickness, however, the reinforced 

RAP-I base had a smaller rut depth than the reinforced AB-3-II especially at a larger number 

of passes.  Visual observations showed that the reinforced RAP-I base course was more 

stable than the reinforced AB-3-II base under the traffic loading. 
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Figure 6.4.10 Deformed geocell in reinforced AB-3-II Section 1-4 after 305 passes 

 

6.4.4 Vertical stresses 

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

located at the subgrade-base interface as shown in Figure 6.4.11.   It is seen that the 

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

road surface.  Figure 6.4.11 also shows that the measured vertical stresses increased with the 

number of passes.  This trend is consistent with the design model proposed by Giroud and 

Han (2004a and b).  Even though the control section had a base thickness of 30 cm compared 

to 17 cm in the NPA geocell-reinforced AB3-II section, their measured vertical stresses were 

close.  This comparison demonstrates that NPA geocell reinforcement reduced the vertical 

stress by distributing the load to a wide area.  The distribution angles after 100 passes for 
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Approximately the same kind of compaction was applied to the base courses in all the 

four sections with RAP-I.  The nuclear gauge tests showed the final relative compaction 

before the test was 90% at Section 2-1, 87% at Section 1-3, 87% at Section 2-3, and 86% at 

Section 2-4.  The sand cone tests after the moving wheel test found the relative compaction of 

86% at Section 2-1, 88% at Section 1-3, 86% at Section 2-3, and 92% at Section 2-4 

measured outside the wheel paths.  These sand cone test results confirmed the results 

obtained by the nuclear gauge tests.  Under the wheel path, however, the sand cone tests 

showed that the relative compaction was 101% at Section 2-1, 100% at Section 1-3, 95% at 

Section 2-3, and 99% at Section 2-4.  Therefore, densification of base courses happened 

during trafficking.  Although approximately equal amount of compaction effort was applied 

in all the sections, DCP results showed that the average CBR value of the base course was 

23.2% at Section 2-1 (the control section), 7.5% at Section 1-3, 7.2% at Section 2-3, and 15% 

at Section 2-4.  In the control section, a CBR value of 39% was measured at a depth of about 

5 and 15 cm from the surface.  The control section therefore had higher CBR values than 

those at other three sections.  Figure 6.5.1 also shows that the average CBR values of the 

subgrade in Sections 2-1, 1-3, 2-3, and 2-4 were 3.8%, 2.2%, 2.5%, and 3.3%, respectively. 

Since the degree of compaction achieved with the vibratory compactor was not consistent, 

it was decided to use a 4-ton roller compactor for tests with RAP-II.  The nuclear gauge tests 

showed the final relative compaction before the test was 94% at Section 3-1, 93% at Section 

3-2, and 94% at Section 3-3.  The sand cone tests after the moving wheel test found the 

compaction of 104% at Section 3-1, 92% at Section 3-2, and 87% at Section 3-3 measured 

outside the wheel path.  Under the wheel path the relative compaction was 108% at Section 

3-1, 101% at Section 3-2, and 97% at Section 3-3.  Again, densification of base courses 

happened during trafficking but less than that for RAP-I.  Unlike the case of RAP-I, DCP 

results showed that the average CBR value of the base course was about 18 % for all three 
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RAP-II sections.  Figure 6.5.2 shows that the average CBR values of the subgrade in 

Sections 3-1, 3-2, and 3-3 were 3.1%, 3.1%, and 2.9%, respectively.  During the testing, 

surface deformations, vertical stresses at the interface of subgrade and base, and horizontal 

strains in geocell walls were also monitored.   

 

6.5.2 Rut depths 

Since the objective of the tests was to evaluate the effect of geocell reinforcement on 

RAP as a base course material, comparisons are made separately for RAP-I and RAP-II.   All 

seven test sections were subjected to the same moving wheel load from the APT, however, 

the rut depths in these sections developed at different rates.   

For example, the rut depths in the NPA geocell-reinforced RAP-I sections (Sections 

1-3 and 2-3) increased rapidly within the first few passes and obvious heave around the wheel 

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

depth was measured from the peak to trough around the rut.  The moving wheel test was 

terminated at 300 passes for Sections 1-3 and 2-3 because the rut depth was more than 7.5 cm.  

Rut measurements on Sections 1-3 and 2-3 were not made after 300 passes.  Sections 2-1 

(unreinforced) and 2-4 (2-layer NPA geocell-reinforced section) were tested for 40,000 

passes.  The rut data are plotted against the number of wheel passes for all four sections as 

shown in Figure 6.5.3.  Since the numbers of passes for these four test sections are very 

different, they were grouped into two plots for clarity.  

Figure 6.5.3 shows that the 17 cm thick NPA geocell-reinforced RAP-I section with 

10 cm high geocell (Section 2-3) had the largest rut depth followed by the 17 cm NPA 

geocell-reinforced RAP-I section with 15 cm high geocell (Section 1-3) among all the test 
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sections while the unreinforced 30 cm RAP-I section (Section 2-1) had the smallest rut depth.  

The better performance of the unreinforced section is due to the higher degree of compaction 

achieved for its base course compared to other sections.  Figure 6.5.3 also illustrates that 

after a certain number of wheel passes in Section 2-4, the base course achieved a higher 

degree of compaction and the rut development followed a similar trend as in case of the 

stronger base course of  Section 2-1.  Although a thicker base course with RAP-I showed 

better performance, the results of the tests with RAP-I were inconclusive in terms of rut 

depths due to the inconsistent CBR values of the bases.  

The tests with RAP-II were carried out for 15,000 wheel passes and the rut data are 

presented in Figure 6.5.4.  All three test sections had the same total base thickness but 

different reinforcement arrangements.  It is shown that the section with one layer of 10 cm 

high geocell performed the best but, the section with one layer of 7.5 cm high geocell did not 

show much benefit compared with the unreinforced section.  Among the three RAP-II 

sections, the unreinforced RAP-II section (Section 3-1), the reinforced section with 7.5 cm 

high geocell (Sections 3-3), and the reinforced section with one layer of 10 cm high geocell 

(Sections 3-2) reached 7.5 cm rut depth at 1200, 1450, and 1950 passes, respectively.  In case 

of tests with RAP-II, since all the test sections had the same overall base course thickness and 

similar degree of compaction including the average CBR values, a comparison of these 

sections gives better knowledge on the effect of geocell reinforcement.  Traffic benefit ratio 

(TBR), calculated as the ratio of the number of passes for the reinforced section to that for the 

unreinforced section reaching 7.5 cm rut is 1.62 for the reinforced section with one layer of 

10 cm high geocell and 1.21 for the reinforced section with one layer of 7.5 cm high NPA 

geocell.   
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(b)  

Figure 6.5.3 Rut depths versus number of passes in RAP-I sections  
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Figure 6.5.4 Rut depths versus number of passes in RAP-II sections 

 

6.5.3 Deformed profiles 

After each moving wheel test, all the test sections were exhumed and trenches were 

cut to examine the deformed profiles of the subgrade and geocells.  In all reinforced sections 

with RAP-I, 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 1-3 and 2-3 were broken at the edge of the wheel path 

due to excessive deformations. To avoid this problem in Sections 3-2 and 3-3, geocells were 

laid out at 25 cm long in the transverse direction and 21 cm wide in the traffic direction.  The 

deformed profiles and picture of Section 1-3 are shown in Figures 6.4.7 and 6.4.8.  Figures 
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6.5.5 through 6.5.20 show the pictures and the deformed profiles of the other test sections 

before and after the moving wheel tests.   

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 excessive rut and heave in Sections 1-3 and 2-3, the exhumation of these sections was 

conducted before re-filling (i.e., after 305 passes).  Some top base course surfaces were 

disturbed during moving the test facility for rut measurements and refilling; therefore, they 

were not reported.  Patterns of rut and heave in the base courses and subgrade are clearly seen 

in all the sections.  It is interesting to note that the rut depths and heaves at different depths in 

each section were similar in magnitude.  The heights of the geocells were maintained 

approximately constant during the tests.  This phenomenon demonstrates the benefit of the 

NPA geocell confinement.  

The top surface profiles of Section 2-1 in Figure 6.5.5 and Section 2-4 in Figure 

6.5.9 after the test could not be measured as the sections were refilled and leveled on top to 

run additional passes after other sections in that particular test set deformed excessively.   

Section 3-1 was also re-filled after other sections had excessive deformations but as it was 

not leveled, the top surface after the test (15,000 passes) was measured to show the 

representative shape of the profile only. 
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Figure 6.5.5 Deformed profiles of Section 2-1 (RAP-I) after 40,000 passes  
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Figure 6.5.6 Deformed profiles of Section 2-3 (RAP-I) after 305 passes  
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Figure 6.5.7 Deformed wheel path of Section 2-3 (RAP-I) after 100 passes  

 

Figure 6.5.8 Exposed wheel path of Section 2-3 (RAP-I) after 100 passes  
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Figure 6.5.11   Three RAP –II sections after 15,000 passes 
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Figure 6.5.12 Deformed profiles of Section 3-1 (RAP-II) after 15,000 passes  
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Figure 6.5.15 Deformed shape and weld failure of Section 3-2 (RAP-II) after 15000 passes  
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Figure 6.5.16 Deformed profiles of Section 3-3 (RAP-II) after 15,000 passes  
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Figure 6.6.6 Profiles of Section 3-4 after 100 passes 

 

 

Figure 6.6.7  Wheel path of Section 3-4 after 100 passes 
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Figure 7.3.5 Relationship between k’ and (r/h)1.5 for RAP base courses  
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Figure 7.3.6 Relationship between k’ and (r/h)1.5 for AB-3 base courses  
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Figure 7.3.7 Relationship between k’ and (r/h)1.5 for all granular base courses  

 

The relationship developed in Figure 7.3.7 also includes two moving wheel test data 

using RAP-II and one using AB-3-II that had different cross-sectional configurations from all 

the other tests.  These three sections had geocells placed above 10 cm thick base material 

(refers to Sections 3-2, 3-3, and 3-4 in Chapter 6).  In other sections, however, geocells were 

placed above subgrade.  The data from these three sections over-predicted the values of k’ as 

compared with all the other test sections.  Therefore, further investigation to study the effect 

of geocell placement at different depths within the base courses is needed before including 

these three test data  After excluding these three sections, a generic relationship between k’ 

and (r/h)1.5 for NPA geocell reinforced granular base courses with  geocells placed above 

subgrade is plotted in Figure 7.3.8.  A better correlation (R2 = 0.94) is obtained. 
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Figure 7.3.8 Generic relationship between k’ and (r/h)1.5 for granular base courses 

reinforced with NPA geocells above subgrade 

 

Therefore, the following generic formula is proposed to estimate k’ for NPA geocell-

reinforced granular bases over weak subgrade: 

 

1.5

' 0.52
r

k
h
 =   

     Equation 7.3.1 

 

The formula to estimate the thickness of a NPA geocell-reinforced base in field is as follows: 
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 Equation 7.3.2 

 

It is important to point out that Equation 7.3.2 is only applicable to NPA geocell 

because the k’ value was obtained using NPA geocell.  This k’ value may be different for 

other geocell products and should be calibrated using cyclic plate loading tests and/or moving 

wheel tests. 

 

7.4 Comparison of Calculated and Measured Base Thicknesses  

To verify the design formula presented in Equation 7.3.2, the actual base thicknesses 

(also referred as measured herein) are compared with the calculated ones in Figure 7.4.1.  A 

good agreement (R2 = 0.86) is obtained between the calculated and measured base 

thicknesses.  For a demonstration purpose, Figure 7.4.2 shows the comparison of the 

calculated and measured base thicknesses with the three sections in which geocells were 

placed above 10 cm granular bases.  This comparison clearly shows that a poorer correlation 

is obtained when the data of these three test sections are included.  This demonstration shows 

that more research is needed to design geocell-reinforced bases over weak subgrade with 

geocell placed above granular materials.  
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Figure 7.4.1 Comparison of the measured and calculated thicknesses of the base courses 

reinforced with NPA geocells above subgrade 
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Figure 7.4.2 Comparison of the measured and calculated thicknesses of the base courses 

(all test sections included) 
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A separate check for the validity of Equation 7.1.1 for the design of unreinforced 

sections was also made.  The calculated and measured base thicknesses for the unreinforced 

sections are plotted in Figure 7.4.3.  Except for one test section the plot shows a fair 

comparison between the measured and calculated base course thicknesses for the 

unreinforced sections.  The outlier point in the figure corresponds to the RAP-I control 

section of the moving wheel test.  This test was stopped when the rut was only 41 mm at 

40,000 passes of the moving wheel test.  
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Figure 7.4.3 Comparison of the measured and calculated thicknesses of unreinforced base 

courses 
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7.5 Design Example 

7.5.1 Design of an NPA geocell-reinforced section 

Based on the relationship given in Equation 7.3.2 a design example is worked out 

here to find the number of wheel passes for a 20 cm thick unpaved AB-3 base course section 

reinforced with 15 cm high NPA geocell above a weak subgrade.  The CBR values of the 

subgrade and the base course are 2% and 20%, respectively.  The allowable rut is 75 mm.  

The design wheel load is 40kN and the tire pressure is 552 kPa.    

The radius of equivalent tire contact area is: 

0.5 0 5
40

0.15
3.14 552

P
r m

pπ

⋅
   = = =   ×  

 

The modulus improvement factor (If) for AB-3 is 1.7 within the geocell and 2 cm 

cover and 1.0 for remaining unreinforced portion.  The weighted average modulus 

improvement factor (explained in Section 7.3): 

( ) ( )15 2 1.7 20 15 2 1.0
1.59

20fI
+ × + − − × 

= = 
 

 

The conversion ƒc =   20.0 kPa is used here to estimate the undrained cohesion of the 

subgrade soil (Equation 7.2.5): 

20 2.0 40u c sgc f CBR kPa= = × =  

The modulus ratio (Equation 7.2.2) is: 
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0 3 0 .33.48 3.48 20
7.6, 7.6, 1.59 6.81

2.0
bc

E f
sg

CBR
R Max I Max

CBR

⋅ ⋅     ×   = = × =              
 

The bearing capacity mobilization coefficient (Equation 7.2.3) is:  

2

2

1 0.9 exp
75

75 0.15
1 0.9 exp 0.49

75 0.20

s r
m

mm h

    = − −   
     

    = − − =   
     

 

  

The factor k’ from Equation 7.3.1 is:  

1.5
0.15

' 0.52 0.34
0.20

k  = =  
 

Equation 7.3.2 is used to calculate the number of passes:  

( )
( ){ } 2

0.868 ' log
1

5.141 0.204 1 uE

k N P
h r

r m cR πη
 +

= × −  + −  
 

( )
( ){ } 2

0.868 0.34 log 40000
0.20 1 0.15

0.15 0.49 5.14 400001 1 0.204 6.81 1

N

π
 + ×

= × − × × × ×× + −  
 

( )0.868 0.34 log
0.20 0.205

2.187

N+ ×
= ×  

2.14 0.868 0.34 log N= + ×  
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2.14 0.868
log 3.74

0.34
N

−= =  

5500 cycles.N =  

 

7.5.2 Design of an unreinforced section 

The required thickness of an unreinforced section corresponding to for N = 5500 

passes for the NPA geocell-reinforced section designed can be determined using Equation 

7.1.1 developed by Giroud and Han (2004a, b).  For the unreinforced section,  

1fI =  

0.3 0.33.48 3.48 20
1 4.27

2.0
bc

E
sg

CBR
R

CBR

 × ×= × = =  
 

 

2 2
0.15

1 0.9 exp 1 0.9 exp
75

s r
m

mm h h

        = − − = − −       
           

 

The equation for the unreinforced case is: 

( ){ }

15

2

0.868 0.661 log

1
3.141 0.204 1 uE

r
N

h P
h r

r m cR πη

⋅  +       = × −  + −  
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CHAPTER EIGHT 

CONCLUSIONS AND RECOMMENDATIONS 

8.1 Conclusions 

The results from the three stages of experimental studies in this research have 

demonstrated clear benefits of geocell reinforcement in terms of increased stiffness and 

bearing capacity, wider stress distribution, and reduced permanent deformation.  This study 

has proposed and verified a design method for novel polymeric alloy (NPA) geocell-

reinforced granular base courses for unpaved roads based on the experimental data from the 

plate loading tests and moving wheel tests.  The following conclusions can be drawn from the 

present study: 

 

a) Medium-scale plate loading tests  

1. The base course reinforced with geocell placed in a circular shape had higher stiffness 

and bearing capacity than that with geocell placed in an elliptical shape. 

2. NPA geocell reinforcement improved the stiffness of granular base courses by up to 2 

times and the bearing capacity by up to 2.5 times compared with the unreinforced 

base course.  The geocell with a higher elastic modulus produced greater 

improvement.  

3. Under cyclic loading, NPA geocell reinforcement significantly reduced the permanent 

deformation of the granular base.  The percentage of elastic deformation was higher in 

case of stronger infill materials as compared with the weaker fill material.  
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b) Large-scale cyclic plate loading tests 

1. The NPA geocell reinforcement improved the strength and life of the unpaved road 

sections over weak subgrade.  The reinforced sections had much higher percentage of 

elastic deformation (more than 90%) as compared with the unreinforced sections.   

2. The NPA geocell reinforcement increased the stress distribution angle, reduced the 

stress transferred to the subgrade, and slowed down the rate of base course 

deterioration. 

3. The cracks lines on the surface of NPA geocell-reinforced sections at failure had a 

diameter about 3 times that of the loading plate.  The crack lines together with strain 

measurements on the geocell confirmed the beam effect of the geocell-reinforced base.    

 

c) Full-scale moving wheel tests 

1. The NPA geocell-reinforced recycled asphalt pavement (RAP) and well-graded AB-3 

sections performed better than the quarry waste (QW) section.  The QW compacted at 

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

2. NPA geocell reinforcement improved the life of the unpaved road sections, increased 

the stress distribution angle, and reduced the vertical stress transferred to the subgrade 

as compared with the unreinforced control section. 

3. A thicker fill cover (5 to 7.5 cm) is necessary to minimize the damage to the geocell.   

4.  The compaction of the base course plays a vital role in overall performance of the 

geocell-reinforced unpaved road sections.  
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d) Design method 

The design method developed in this study can be used to design NPA geocell-

reinforced unpaved roads on weak subgrade.  The calculated base thicknesses from the 

proposed design formula were compared well with the measured values from the experiments.  

A design example was provided to illustrate how the required thickness of NPA geocell-

reinforced bases can be determined.   

These conclusions were obtained based on the tests using NPA geocells.  Geocells 

made of other materials may have different behavior and should be evaluated by separate 

testing. 

 

8.2 Recommendations for Future Study 

The experimental work in this study was comprehensive as compared with other 

contemporary research on geocell reinforcement.  However, there is still space for future 

research to further improve the design method.  Some of the topics that will be needed to 

improve the design method are as follows: 

1. This study has considered only one type of the geocell (NPA geocell) for the design 

method.  A study with other types of geocell with different stiffness is needed to 

verify the design equation for the modulus improvement factor. 

2. All the cyclic plate loading tests and the moving wheel tests were carried out under a 

wheel load of 40 kN and a tire pressure of 552 kPa.  The proposed design equation 

should be verified further for other wheel loads and tire pressures. 
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3. Another study of interest would be to check the relationship between the modulus 

improvement factor and the degree of compaction of the base course material. 

4. In the present study most of the tests were conducted on the sections where the 

bottom of the NPA geocell reinforcement was placed at the interface between the 

subgrade and the base course.  There were only three experiments where the 

reinforcement was placed some distance above the interface.  The results from these 

three tests were found different from other test results.  Therefore, further tests by 

placing geocells at different depths within the base course are recommended. 
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