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Abstract

Geocellular confinement systems (geocells), thigeedsional honeycomb-like
structures containing an infill of available masdsi such as sand or crushed limestone, vastly
improve shear strength of infill materials. Getxehre potential solutions for challenges
associated with low-volume paved road reconstracfidne objectives of this study were to test
geocell designs with various infill materials anthan hot-mix asphalt overlay under full-scale
traffic load and to numerically model this problefmerefore, eight pavement test sections were
constructed at the Civil Infrastructure System Labary at Kansas State University, Manhattan,
Kansas. Repeated loads (80-kN, single axle) wepdieabto the pavement sections using an
accelerated pavement testing machine till faillP@avement sections were modeled three-
dimensionally using Abaqus, a commercially avagalfirite element software package. Effects
of geocell height and location were simulated ia geocell-reinforced bases, and pavement
structures were modeled as three-layered systdResults showed that proper geocell height,
infill material and cover depth to protect the galtscduring construction are necessary to ensure
long-term performance of geocell-reinforced pavetmieBuch pavement structures with low-

guality infill materials can perform as well as gentionally-constructed pavement structures.
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Chapter 1 - Introduction

1.1 Research Background

Low-volume roads account for approximately 80%laf world’s road infrastructure. A
majority of these roads are farm-to-market roagg tend to be thin hot-mix asphalt (HMA)
pavements as a result of lower initial capital sofReduced transportation budgets have
motivated highway and road agencies to seek newavations in reconstruction of pavements
and other road structures. Currently, most roadmrsituction consists of stabilizing the subgrade
via mechanical compaction, adding a stabilizingnageich as cement or lime or a combination
of the two, and then applying a thick, high qualigse layer such as crushed stone over the
subgrade before placing the HMA layer. However, syathetics have been promoted to
reinforce geomaterials in various layers in thedrs@ucture, including the road base.

The American Society for Testing and Materials (AMjTdefines geosynthetics as “a
planar product manufactured from polymeric matetiaéd with soil, rock, earth, or other
geotechnical engineering-related material as agrat part of a man-made project, structure, or
system (ASTM 4439 2004).” Various types of geosgtits have varying functions that can be
grouped as separation, reinforcement, filtratiorgirthge, and containment (Koerner 2005).
Material engineers have been researching geosyeghiat pavement structures since the mid-
1970s. A combination of geotextile and geo-grichi@icements has been shown to increase
bearing capacity of the road structure when plamest a weak subgrade.

Geocellular confinement systems (geocells) are e tgf geosynthetics that have
garnered increased interest in reinforcement f@ebeourses of pavement structures. Earlier
geocells were comprised of high-density polyethgl¢dDPE) strips 200 mm (8 in.) wide and
approximately 1.2 mm (50 mils) thick (Koerner 1994)hey are ultrasonically welded along
their 200-mm width (8 in.) at approximately 33 c#8 (in.) intervals and are shipped to the job
site in a collapsed configuration, as shown in Feglt1l. At the job site they are placed directly
on the subgrade and propped open in an accordsbrofawith an external stretcher assembly.
The section shown in Figure 1-1 expands into an#ter x 6.1 meter (8 ft. x 20 ft.) series of 561
cells, each approximately 200 mm (8 in.) in diamet€hey are then filled with infill materials

and compacted using a hand-operated, vibratorg ptanpactor (Koerner 1994).



eisn a8 SR (o)
Figure 1-1 Geocell materials (Koerner 1994)

1.2 Problem Statement

Because of their three-dimensional (3-D) structugepcells currently have more
widespread use for confinement applications thanaher planar geosynthetic reinforcement
(Yuu et al. 2008). However, most studies have destnated use of geocells for increasing
bearing capacity and reducing settlement of saft feandations (Dash et al. 2001a, 2001b,
2003, and 2004, and Sitharam et al. 2005). Batlamd Jarrett (1988) showed that geocell-
reinforced bases had higher load capacity when aosadpto soft-peat subgrades. Geocells can
stiffen the base layer, reducing normal stressakeworienting shear stresses on the subgrade
that limit lateral movement of base material anbiggade soil (Giroud and Han 2004 a).

Although these studies have demonstrated that dequ®vide higher degree of soil
confinement and potentially enhance the performafidease courses on weak subgrade, use of
geocells in unpaved and paved roads is still lihdee to lack of accepted design methods and
research (Yuu et al. 2008). Giroud and Han (2Q0%th2004b) developed a theoretical equation

for the thickness of a base layer incorporatingngtageogrid—reinforced unpaved roads.



Pokharel (2010) adjusted the Giroud and Han equdbtiodesign unpaved roads with geocell-
reinforced base layer.

Geocells are advantageous because they reducartdséMA layer thicknesses needed
over a marginal or weak subgrade. In addition, beeageocells have a confining nature, low-
quality infill materials such as reclaimed asplp@vement (RAP) and quarry waste can be used
in geocells. Therefore, geocells are a potentiahemical option for rehabilitation of pavements,

including rehabilitation of low-volume roads.

1.3 Research Objectives

The objectives of this study are:

* To test a geocell design with various infill maédsiand a thin HMA layer under
simulated full-scale traffic on a marginal subgrag#ng accelerated pavement
testing (APT).

* To develop a finite element (FE) model for geoceiiforced paved roads with
consideration of the quality of the infill materigd that design of such pavements

can be studied.

1.4 Hypothesis
The author believes that geocells confine geonaseaind do not allow movement of the
infill. When the infill reaches a certain densitiie base layer behaves like a slab. The “slab”

effect reduces the vertical stress on the subgaadehe shear stress in the infill/base layer.

1.5 Scope of the Research Program
For this study, eight test sections were builtwo tpits at the Kansas State University
(KSU) Civil Infrastructure System Laboratory (CISLwo experiments of four test sections
each were conducted. Each experiment consistetireé tsections with three infill materials
(quarry waste, crushed limestone (AB-3), and RAP}he geocellular reinforcement and one
unreinforced control section with an AB-3 base tay&he accelerated pavement testing (APT)

machine was used to apply repeated moving-whedtltathe test sections. The original design



had thinner cross sections and failed rapidly. &foee, thicker sections were designed,
constructed, and tested.

A 3-D FE model was developed using commercial &fenvare, Abaqus. The developed
model, calibrated with results found from the CI8kts, was used to study the design of geocell-
reinforced pavements. A flowchart of the work coetetl in this study is shown i&rror!

Reference source not found.
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Recommendations for a Mechanistic Design Method
for Geocell-Reinforced Paved Roads.

Figure 1-2 Study Flowchart

1.6 Dissertation Outline
This dissertation is divided into eight chapterkafter 1 includes research background,
problem statement, objectives of the study, hymithescope of the study, and dissertation
outline. Chapter 2 contains the review of relevhigrature, and Chapter 3 describes the
properties of materials used in the study. Chagtexrplains the APT testing of this study, and
Chapter 5 details the numerical simulation of tH&TAesting. Chapter 6 compares results of the
APT testing and numerical simulation. Chapter 7spnés conclusions and recommendations

based on this study.



Chapter 2 - Literature Review

2.1 Low-Volume Roads

A precise definition of low-volume roads is difficuo formulate due to complex usage
of these roads. Therefore, the definition of lowewvoe roads is typically based on the function
of the road. Approximately 80% of the world’s trpogation infrastructure is estimated to be
low-volume (Tingle and Jersey 2007). The Americassdciation of State Highway and
Transportation Officials (AASHTO) defines very lomume roads as roads with average daily
traffic (ADT) less than 400 (AASHTO 2001). Depenglian population and traffic, some state
departments of transportation (DOTs) consider anyter less than 5,000 ADT to be a low-
volume road. However, for county authorities, aBTAof 1,000 to 2,000 is a more useful
definition of a low-volume road (personal commutima, Michael Long 2011). Although low-
volume roads tend to be unpaved, increased traffieme often includes paved roads classified
as low-volume. Farm-to-market roads, which aral\i transport agricultural products, tend to
have very low volumes of traffic during majority tifie year, but these roads experience a

significant jump in traffic volume during plantirand harvesting times.

2.2 Geocellular Confinement Systems
Geocellular confinement systems (geocells) are Bdheycomblike structures that
contain an infill of granular material, as showrFigure 2-1. Such containment (or confinement)
vastly improves the shear strength of granular nad$e Geocells are comprised of strips of
polymer sheet or geotextile connected at staggpoedts, resulting in formation of a large
honey-combed mat when the strips are pulled agatcells provide physical containment of
infill geo material and a path for load transfeoéfner 2005).



Figure 2-1 Geocellular confinement

2.2.1 Geocell Testing

Webster and Watkins (1977), Webster and Alford7@9 and Webster (1979a and
1979b) were among the first researchers to inva®tithe feasibility of a 3-D soil confinement
structure. The researchers primarily focused ontanyl use in poorly-graded beach sand.
Investigations considered material properties aadcgll geometry. Major conclusions from
these investigations stated that geocells mustdiegied by adequate “surfacing” or cover and
that geocell performance is related to geocell sind type of sand used as infill. Many
subsequent studies have analyzed multiple aspégmsogells. A majority of the studies can be
categorized as one of the following seven areastuafy focus: geometric ratio of geocell (Rea
and Mitchell 1978, Shimizu and Inui 1990, Mhaiskard Mandal 1992a, 1992b, 1994, 1996,
Mandal and Gupta 1994); failure mechanism (Mitchetllal. 1979); properties of geocell
(Shimizu and Inui 1990, Dash et al. 2001a, 200&fi¢ctiveness of geocell (Bathurst and Jarrett
1988, Dash et al. 2003, 2004); loading area, mrsitnd type (Rea and Mitchel 1978, Shimizu
and Inui 1990, Mhaiskar and Mandal 1992a, 19928419996, Chang et al. 2007 and 2008);,
infill density (Mhaiskar and Mandal 1992a, 1992694, 1996, Dash et al. 2001a, 2001b); type



and size of geocell (Dash et al. 2001a, 2001b 3tifig in most geocell studies can be grouped

into three test types: as triaxial compressiorstégboratory model tests, and field tests.

2.2.1.1 Triaxial Compression Tests

Bathurst and Karpurapu (1993) were among the fas¢archers to suggest that geocells
behave similarly to the elastic membrane model Kdeand Gilbert 1952). That model proposes
addition of apparent cohesion)(cas shown in Equation (2-1). Figure 2-1 showsaaleh that
relates the composite geocell-infill Mohr-Coulomtibesgth to the unreinforced infill. Triaxial
compression tests were conducted on single congpagpecimens consisting of geocell-
reinforced infill. These tests used the confinemefiéct to show the stiffening effect and

strength increase of the soil.

Aoy T @
S —— _4 = 2-1
=y tan [4 + 2] (2-1)

WhereAos = additional confining stress induced by geocefifteement and @ = peak friction

angle of the infill soil.

Reinforced

Unreinforced

Shear Stress

/Geocell-soil
composite

Unreinforced
soil

O3 03+ Ac\ [} o'y

Effect of Ao, on
reinforced soil

)

Figure 2-2 Mohr circles for apparent cohesion of gecell-infill composite (after Bathurst

and Karpurapu 1993)
Gourves et al. (1996) compared the triaxial congosestest to a composite FE model of

a single geocell-reinforced cell. Triaxial compieagest results showed the stiffening effect and



strength increase due to confinement, and the FBemeas able to accurately reproduce the
results of the above-mentioned triaxial compressishn

Rajagopal et al. (1999) supported the apparentstomesffect while studying geocell
confinement on single and multiple geocells. Inirtiséudy, the tensile modulus of the geocell
dictated the induced apparent cohesive strengta.cbinclusion was made that use of a single
cell during triaxial compression tests did not emgmt accurate behavior of geocell-reinforced
soils. Therefore, a minimum of three interconneaells was suggested to represent a geocell-

reinforced infill.

2.2.1.2 Laboratory Model Tests

In laboratory model tests, geocells are placed amswoil box and loaded with static or
dynamic loads. The study focus dictates setup @stibgrade layer, reinforced layer, and cover.
The following section provides chronological histaf the major findings of studies that used
geocells to reinforce an infill layer in laboratanodel tests.

Rea and Mitchell (1978) used square-shaped papilericeplate-loading tests in a soil
box. Tests were used to identify various modesibfife and to arrive at optimum dimensions of
cells. Results from this study indicated that gdofe@lures were generally sudden and well-
defined and typically occurred as a result of m@ioément rupture. Ultimate bearing capacity of
the geocell increased with subgrade stiffness, gEoienproved resistance to repeated loads, and
infill in geocells could be lost during repeatedding due to lack of cover layer. Mitchell et al.
(2979) identified seven failure modes of geocells:

1. Penetration of cell into the subgrade underlyingia
Bursting of the cell when infill stressed the gdbaall
Buckling of the cell wall
Bearing capacity failure due to shear failure @ slnbgrade
Bending failure

Durability failure

N o g s~ w D

Excessive rutting

Jamnejad et al. (1986) demonstrated advantagesaufely reinforcement in pavement
construction; geocell reinforcement showed an emeein stiffness and a failure load that
correlated to increased infill density. Elastic pedies of the base layer also increased with

geocells, and the reinforced layer had retardediccylegradation. The study also included

8



investigation of failure modes; filled cells failégy buckling, while unfilled cells failed at welds
as a result of bursting. Similarly, Kazerani anchdajad (1987) demonstrated an improvement
in stress-distributing characteristics of poorlgdgd materials. Their study concluded that base
layer thickness when using geocells could be retluog 20-30% leading to savings in
construction.

de Garidel and Morel (1986) conducted tests oregjeceinforced base layers on a weak
subgrade (CBR = 3.0). Rigidity of the base layereéased when a large-displacement load was
applied; however, the increase in rigidity was olserved when a small-displacement load was
applied. Bathurst and Jarrett (1988) demonstratepraved bearing capacity; stiff geocells
performed better, potentially leading to a 40-5@xuction in base thickness.

Shimizu and Inui (1990) also showed an increaskei@ring capacity of the base layer
when reinforced with geocells. This study was uaigecause lead particles in the cells were x-
rayed, thereby allowing particle movements in tlediscto be tracked. X-rays showed that
particles were constrained by geocells at smapldcements, but particles were able to pass
under the cell wall at large displacements. Beadapgacity was found to increase when cell
height increased, and horizontal stiffness of teecgll material was found to control the extent
of bearing capacity increase.

Mhaiskar and Mandal (1992a, 1992b, 1994, and 199&stigated the effect of the
geocell’'s geometric ratio and infill soil densityrthg static and dynamic loading. Their tests
concluded that a higher height-to-width ratio oé theocell, higher density of the infill, and
higher modulus of geocell material correspondeddtier performance of the base layer. In
addition, geocell-reinforced sand layers were shtovoutperform sand layers reinforced with
planar reinforcement. Mandal and Gupta (1994) sitsxwed that increased cell height is directly
related to higher bearing capacity. Settlemenb riatithis study was defined as the settlement-to-
width ratio of the load plate. Geocell-reinforceahd showed beam action when the settlement
ratio was 5-10% and a membrane effect when thiesegtht ratio was over 20%.

Dash et al. (2001a) investigated use of geocellsstiip footings, specifically the
influence of factors such as pattern of geocelmfation, cell opening, height and width of
geocells, depth of geocells, tensile stiffness, aatative density of infill material. Investigators
found that bearing capacity could be increaseduwgght times the capacity for the unreinforced

section. However, tensile stiffness of the geostlbwed very little influence on bearing



capacity. In order to intercept failure planes, theommendation was made that the ratio of
geocell width to the footing width should be 4.0igi infill density correlated with better
structural performance of strip footings. Dashle{2001b) added additional planar geosynthetic
reinforcement in similar tests. When additionahfeicement was placed at the bottom of the
geocells, bearing capacity increased; however, vgh@mar reinforcement was placed on top of
the geocells, no noticeable increase in bearingapwas observed.

Dash et al. (2003) conducted testing on circulatifgs with geocell-reinforced bases.
Use of geocells showed increases in bearing capadih reduced surface heaving. Dash et al.
(2004) compared geocells to other geosynthetidamiament. Geocell advantages include better
composite material, redistribution of the load, aedluction of heaving and settlement.

Madhavi Latha et al. (2006) conducted studieshenperformance of geocell-reinforced
earth embankments constructed over weak soil. 8rétieal model, as shown in Equation (2-2),
was suggested to calculate cohesive strength otarefl-reinforced composite based on

membrane stress in the wall of the geocell.

Ao,
Cr = T kp

(2-2)
where

C: = additional cohesive strength of geocell

k, = coefficient of passive earth pressure

Aos = additional confining stress provided by geocedimbrane.

2M 1—-/1-¢
Ao3 = —x———2 (2-3)
DO 1_80,

where

&, = vertical strain

M = modulus of geocell material

Do = diameter of the cell.

Chang et al. (2007 and 2008) tested geocell-resatb sandy soil under both static and
dynamic plate loading. Results from the study shibe&é.40% increase in road strucutre bearing
capacity and reduction in settlement. Geocellsigitér height performed better than those with
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smaller height. Friction resistance between gesaaild infill materials and tensile strength of
the geocell material were found to significantlfeat the performance of geocell sections.

Han et al. (2008b and 2010), Pokharel et al. (20@®09b, 2009c, 2010, and 2011a),
Pokharel (2010), and Yang (2010) conducted stattc dynamic plate loading tests on geocell-
reinforced base layers. Similar to previous stydiesults showed that bearing capacity could be
improved up to 2.5 times the capacity for unreioéar sections and that geocell welds were a
failure point in geocells. Geocell-reinforced cabekess sand showed better performance in
static loading than geocell-reinforced quarry wastéh apparent cohesion. Permanent
deformation was reduced in geocell-reinforced sesti vertical stresses were reduced on the
subgrade, and the stress distribution angle wa®ased. Infill stiffness was maximized only

after the geocell was deformed up to a certaintpoin

2.2.1.3Field Tests

Field testing of geocell-reinforced layers congisté using geocells to reinforce larger
areas than box test areas in the laboratory anlicafipn of full-scale loads. In this literature
review, APT of geocell-reinforced layers is consatkto be part of the field tests.

Webster and Watkins (1977) used plastic tube adsesrds geocellular reinforcement in
access roads over soft subgrades. The initial stadyfollowed by an investigation of aluminum
geocells by Webster and Alford (1978). Initial teshdicated that geocells reduced surface
permanent deformation, suitable for wet weathee lmmirse construction, and reduced design
thickness up to 40%. Webster (1979a and 1979b) stdlwat as geocells were reduced in height
the quality of infill had to be improved and a deiegfill cover was necessary to achieve
improved road structure performance in terms dattieg) traffic repetitions. In that study, square
and hexagonal geocells outperformed rectangulacayiso However, benefits of geocells
decreased with increased width of the geocell oygei

Road embankments with geocell-reinforced foundatiover soft clay were studied by
Cowland and Wong (1993). Road embankments perfonwrdt) and investigators concluded
that the geocell-reinforced foundation performedvadl as the plastic-reinforced rockfill rafts.
Edil et al. (2002) investigated various types obgmthetics and by-products as infills; infill
materials in the geocell consisted of foundry slage geocell-reinforced layer met the

performance requirements set in the study.
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Pokharel (2010), Yang (2010), Han et al. (2011 Rokharel et al. (2011) performed
accelerated pavement testing (APT) of unpaved smations using geocellular reinforcement
and quarry waste (QW), RAP, and crushed limestéi&-3) as infill materials. The studies
showed that geocells are useful on unpaved roamsscStability of the road sections improved
and permanent deformations reduced in the geosiellarced sections. Stability was based on
thickness of the reinforced base layer; base lthyekness reduction and extension of the life of
the section were observed with all types of infilaterial. In addition, all infill materials
increased the stress distribution angle. Although geocells showed better performance,
compaction of infill materials in tall geocells wdsficult but critical to the success of reinfocte
sections. Results showed that infill material carobreduced quality and still perform as well as
high quality materials. Geocells are a sustainadternative when byproducts (QW) and
recycled products (RAP) are used as infill materitlowever, adequate cover over the geocells

is necessary in order to minimize geocell damagmdwompaction.

2.2.1.4 Summary of Test Results

Geocell-reinforced base layers have shown to oftprrunreinforced layers of the same
thickness. Geocells increase bearing capacity eddce permanent deformation of the surface.
Infill quality dictates ultimate bearing capacitiytbe layer; however, low quality infill materials
can meet performance specifications. Quality comtfgeocell weld seams and increased tensile
strength of the geocell are needed in order totlpnemature failures. Compaction of infill
material inside geocells is critical in order thigwe the total benefits of reinforcement.

2.2.3 Reinforcement Mechanisms
Giroud and Noiray (1981) identified lateral confiment, increased bearing capacity, and
membrane-under-tension effect as major reinforcémenechanisms for geotextile

reinforcement. These mechanisms are describegtaislhere.

2.2.3.1 Confinement Effect

Lateral and vertical confinement is produced whefillimaterial is reinforced with
geocells. The 3-D structure of the geocell provida®eral confinement of infills. Lateral
spreading is reduced under repeated loading (Gswt@l. 1996). Friction between the infill

material and geocell wall provides vertical confirent, and the geocell-reinforced base acts as a
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mattress. Mhasiskar (1992) suggested that geow@ihshigher modulus and less extensibility
are desired since hoop stresses in the geocell sigtiificantly impact geocells’ resisting
loading. Gourves et al. (1996) used compressidn &gl FE analysis to explain the confinement
effect. Han et al. (2008a and 2008b) showed thatejts provide confinement to infill material,

potentially increasing the bearing capacity andtelanodulus of the infill.

2.2.3.2 Beam (Tension) Effect

Tension produced in the curved geocell-reinforcexdtass to resist the vertical load has
been referred to as the membrane under tensidreamn effect (Rajagopal et al. 1999, Dash et
al. 2004, and Zhou and Wen 2008). Giroud and Ha04a) described how the reinforced layer

must deform significantly before the beam effeanmbilized.

2.2.3.3 Stress Distribution

Since the study by Webster and Alford (1978), edleiarch involving geocell have shown
that geocell-reinforced layers can demonstrateeas®d bearing capacity, even with reduced
thickness of geocell-reinforced layers as compaoethe unreinforced layers. Geocells spread
load over a wide area, thereby providing incredsad-carrying capacity (Mhaiskar and Mandal
1992a and 1992b and Dash et al. 2004). Stresstredwat the interface between the reinforced

layer and subgrade and the increase in bearingitgpasult from wider stress distribution.

2.2.3.4 Summary of Reinforcement Mechanisms

Geocells provide reinforcement via three distinetcihranisms: confinement effect, beam
effect, and stress distribution. Each mechanismltsesn increased bearing capacity, reduced
stress on the subgrade, and reduced permanentr@giomn. A combination of mechanisms could

be why geocell reinforcement works.

2.2.4 Influence Factors
Researchers have studied the effects of geocdilire=ain order to design the most
efficient system. Geocell dimension, geocell matestiffness, infill material and cover
thickness, and subgrade strength and thicknesslemreshown to influence performance of the

geocell-reinforced base layer.
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2.2.4.1 Effect of Geocell Dimension

Various ratios of geocell dimensions have beenrdeted for specific applications.
Geocell height is defined as the thickness or debtthe geocell, and geocell width is the
opening size of the geocell and width of the logdanea of a plate. Optimum dimension ratios
obtained in past studies are summarized in Talle &Rkthough tall geocells seem to perform
better in terms of structural capacity, compactaininfill material becomes more difficult
(Pokharel 2010).

Table 2-1 Optimum dimensions of geocell structure@fter Yuu et al. 2008)

Study Geocell height/  Plate width/ Geocell height/
Geocell width Geocell width Plate width
Rea and Mitchell (1978)| 1.59 1.05t0 1.41 *
Mitchell et al. (1979) 1.421t02.13 1.42 *
Dash et al. (2001a) 1.67 0.84to0 1.15 2.0

2.2.4.2 Effect of Stiffness of Geocell Material

Stiff geocell material showed improvement in parfance of reinforced infill (Bathurst
and Jarrett 1988, Shimizu and Inui 1990, Chand. @087 and 2008, and Pokharel et al. 2010).
Mhaiskar and Mandal (1996) showed that the elasticlulus of geocell materials affects the
performance of the geocell-reinforced layer morantlthe seam strength at given dimension

ratios.

2.2.4.3 Effect of Infill Material and Cover Thickness

Although high quality materials have been shownrésult in better performance
(Kazerani and Jamnejad 1987), geocell-reinforcedliaes with low quality materials meet
specified performance requirements (Edil et al. 208an et al. 2008a, 2008b and 2010,
Pokharel et al. 2009a, 2009b, 2009c, 2010, and £0Rakharel 2010, and Yang 2010). Infill
material when compacted performs better (Mhaiskar ldandal 1996 and Dash et al. 2001a).
Sekine et al. (1994) showed that achieving compadth geocell-reinforced sections requires
more compactive effort than that for the unreinéardayer. Cover over the geocell-reinforced

layer was shown to have little effect on bearingazaty of the layer; however, cover was shown
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to protect geocells during compaction of infill aagplication of loading (Mitchell et al. 1979
and Pokharel 2010).
2.2.4.4 Effect of Subgrade Strength

High subgrade stiffness results in high ultimatarbey capacity of the reinforced layer
(Rea and Mitchell 1978, Shimizu and Inui 1990). Ajonity of testing has been conducted on
geocell-reinforced layers over soft and/or wet satlgs, with results indicating that geocell-
reinforced layers outperform unreinforced layersnpared to soft subgrade, and geocell-
reinforced layers meet performance requirementkii8est al. 1994).

2.2.4.5 Possible Effects of Hot-Mix Asphalt Layer

Control of vertical stress on top of the subgraseciitical for a better performing
pavement. HMA sections reduce the vertical strggdied to the subgrade (Huang 2004).
Therefore, the geocell-reinforced section would remjuire as high a bearing capacity if the

HMA layer was present.
2.2.5 Design Methods

2.2.5.1 Giroud and Han Equation

Giroud and Han (2004a and 2004b) developed a thealrequation for the thickness of
base layer with incorporation of planar geogridr@iced unpaved roads, as shown in Equation
(2-4) and simplified to Equation (2-5). Han et @008a) suggested a modulus improvement
factor to account for slowing of the rate of dedeation of base quality.

1+ k*logN
*
tanay[1l + 0.204 x (R — 1)

. \ (2-4)
-1 |r

r? <%> * {1 — exp[—w (%)n]}Nccu /

where

r = radius of tire contact area (m)

N = number of passes

P = wheel load (kN)

Cu= undrained cohesion of the subgrade soil (kP&)GBRsgq

15



f.= factor determined by CBR testing and unconfineahgression test

N = bearing capacity factor, assumed to be 5.14docegll-reinforced unpaved roads
(Giroud and Han 2004b)

Re = modulus ratio of base course to subgrade reaction

Ep. 3.48CBR)3
Ry = Iyz—=Max (7.6l | —~pp—— (2-5)

8).

sg CBRy,

Epc = resilient modulus of base course (MPa)

Esq = resilient modulus of subgrade soil (MPa)

CBR,:= California Bearing Ratio (CBR) of base course

CBRy = CBR of subgrade

oo = reference stress distribution angle (degrees)

k = constant depending on base course thicknesgearfidrcement
s = allowable rut depth (mm)

fs= factor equal to 75 mm

&, ®, n are constants.

Ebc (reinfroced)

Iy =( ) (2-6)

Ebc(unreinforced)

1.26 + (0.96 — 1.46 * J?) (%) log N p
* 1 |r (2'7)
fe nr?mN,c,

where

J = aperture stability modulus of geogrid (N-m)
fe = modulus ratio factor

m = bearing capacity mobilization factor (Giroud ath@n 2004b), shown in Equation (2-

m = (}%) {1 — 0.9exp [— (%)2]} (2-8)
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Based on the calibration of factors by Hammit (1)9&itd Gabr (2001), Giroud and Han
(2004b) inserted calibrated values, resulting in&mpn (2-9).

r 1.5
0.868 + (0.661 — 1.006/2) (7)  logN
h =
{1+ 0.204 * (R, — 1)}

(2-9)

d 1
* —-1|r
r2 «m* N, * ¢y

where
Ebc(reinforcedy= the modulus of the reinforced base

Ebcunreinforcedy= the modulus of the unreinforced base.

1.5
Pokharel (2010) suggested a k' factor to replaee téim (0.661 — 1.066/?) (%) in
Equation 2-7. The k' factor was calibrated usingt t@ata from geocell-reinforced base layers
over weak subgrade. The k' factor for the same tyge (hano-composite alloy of

polyester/polyamide nano fibers, dispersed in pblgene matrix, NPA) geocell used in this

1.5
study was found to bé&’ = 0.52 (%) . The resulting design equation for NPA geocdls i

shown in Equation (2-10).

0.868 + 0.52 (1)1'5 log N p
_ h « —1]r (2-10)
{1+ 0.204 « (Rg — 1)} mr?m = N, * ¢,

where the variables have been explained before.

2.2.5.2 Mechanistic-Empirical Design Guide

The AASHTO has developed a Mechanistic-Empiricadipre Guide (MEPDG) to design
roads through applications of mechanistic prin@plMEPDG contains three basic elements: 1)
theory to predict critical pavement responses dsination of traffic and climatic loading
(mechanistic); 2) material characterization; and'3gfined relationships between the critical

pavement response parameter and field-observagsiistempirical)” (AASHTO 2008). Results
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of the design guide include predicted distressessamoothness at a certain reliability level. The
process is iterative in order to assess trial desig

For characterization and design of unbound basermatt in MEPDG, two models are
used:. response model and permanent deformation Imodedamage model. The resilient
modulus,M;, and Poisson’s ratioy, are used to estimate the resilient response wémant
layers in the response model, while an empiricaletation is available between the permanent
strain,gp, and the resilient straig,, with the number of wheel passés,MEPDG uses Equation
(2-11) to estimate the resilient modul, of granular and soil materials (AASHTO 2008).

k2

2] T ks
M, = kipq (P—) ( I‘;“ + 1) (2-11)
a a

where
M; = resilient modulus
6 = bulk stressg; + 6, + o3
o1 = major principal stress
o, = intermediate principal stress

o3= minor principal stress, confining pressure

T,c:= OCtahedral shear stres-s% 1/ (01—0,)2+(01 — 03)2 + (0, — 03)2

P.= normalizing stress
ki,ko,ks = regression constants

pa = atmospheric pressure.

Tangent modulus is used instead of secant modulUsEi analysis. Tangent resilient
modulus,E;, shown in Equation (2-12), is derived from Equat{@rll) because the maximum
stress state can be rewritten@$ 6,= 03 (NCHRP 2011 and Perkins 2004).

M,

1_(0-1_0-3)*<%+

Et:

3(TOCt + pa

VZ * ks ) (2-12)

Where the variables have been defined earlier.

MEPDG calculates incremental permanent deformatiorutting within each sublayer.

Deformation is calculated each subseason at mithd&peach sublayer in the structure. Plastic
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vertical strain under specific conditions is castatl for a number of axle-load repetitions. The
“strain hardening” approach is used to accumulédstie vertical strains within each subsection
in a cumulative deformation subsystem (AASHTO 2008£PDG uses Equation (2-13) in order
to determine permanent deformation in the unboaydrk.

o p

B
Ap(soil) = Bs1ks1Evhsou (E_> e_(ﬁ) (2-13)

r

where

Ap(soiry = PErManent or plastic deformation for the layesfayer, in.

n = number of axle-load applications

&= intercept determined from laboratory repeated la@manent deformation tests,
in./in.

&= resilient strain imposed in laboratory test toanto material properties,, €, andp,
in./in.

€,= average vertical resilient or elastic strainha tayer/sublayer and calculated by the
structural response model, in./in.

hsoil = thickness of the unbound layer/sublayer, in.

ks1 = global calibration coefficients, 1.673 for grasmumaterials and 1.35 for fine-grained
materials

&1= local calibration constant for rutting in unbouaglers

Log B = —0.61119 — 0.017638(W,);

W; = Water Content,% .

—4.89285 %
p=10° ((1— (109)3))

Deformation of the HMA layer (rut depth) is founsing Equation (2-14).

Dpma) = Epamayhama = ﬁlrkzgr(HMA)10k1rnk2rﬁ2er3rﬁ3r (2-14)
where
Apumay =accumulated permanent or plastic vertical defoionan the HMA
layer/sublayer, in.
&puma)= accumulated permanent or plastic axial strathéenHMA layer/sublayer, in/in

huwa = thickness of the HMA layer/sublayer, in.
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&ruma)= resilient or elastic strain calculated by theistural response model at the mid-

depth of each HMA sublayer, in./in.
n = number of axle-load repetitions
T = mix or pavement temperature, °F
k. = depth of confinement factor
kir 2r3r= global field calibration parameteis, = -3.35412k,, = 0.4791 ks, = 1.5606
P, for, Ba3r = local or mixture field calibration constants.
k, = (C+C,D)*0.32819¢
C1= -0.1039Hma)*+2.4868Hma-17.342
Co= 0.0172H1ma)*1.733Hpywat27.428
where
D = depth below the surface, in.
Huwa = total HMA thickness, in.

2.3 Modeling

2.3.1 Subgrade Layer Modeling
Modeling of soil behavior in the subgrade layevesy complicated due to variables such
as soil type, density, and water content. Constgunodels are mathematical approximations of
stress-strain behavior of a material. Due to thepmaated nature of soil, constitutive models
have been developed to focus on certain charatitered a given soil.

2.3.1.1 Linear Elastic Modeling

Linear elastic modeling determines stress-straliatiomships based on two of the four
material properties, which include Young’'s modulsPoisson’s ratio/, bulk modulusk, and
shear modulus;. A generalized Hooke’s Law can be used to defiwgestress-strain relationship
of an isotropic, linear elastic model, as expresseHquation (2-15) through Equation (2-20).

Linear elasticity simulates recoverable deformatbsoil in response to external forces.

1
1= [011 — v(022 + 033)] (2-15)

1
€22:= % [022 — V(011 + 033)] (2-16)
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1
€3 =% [033 — V(011 + 022)] (2-17)

_ 012 i
€12 = oC (2-18)
013
=2 2-1
€13 26 (2-19)
g
€235 = S (2-20)

2.3.1.2 Elastoplastic modeling

Elastoplastic models use specific yield criteri@,dening/softening laws, and flow rules.

2.3.1.2.1 Mohr-Coulomb Model

Mohr-Coulomb is a simple elastoplastic model comiyjamsed for linearly elastic,
perfectly plastic modeling. A yield criterion an@massociated flow rule for shear failure are
used in this model. A simple form of the Mohr-Caulo yield criterion is shown in Equation (2-
21). Mohr-Coulomb assumes that elastic propertiegbe soil are constants. Shear strength can
be modeled accurately; however, soil shear streisgdiress-dependent, requiring a nonlinear
model.

T =c+ atan® (2-21)

where

7 = shear stress

o = normal stress on the plain which slip is in&tht

C = cohesion

@ = internal friction angle of the soil.

2.1.1.2.2 Duncan-Chang Model

Mohr-Coulomb equations were modified by Duncan lef{2080) to account for stress
dependency of soil. The resulting equations arenvknas the simple, effective Duncan-Chang
model. However, this model has limitations, asestdty Duncan et al. (1980):

1. The intermediate principal stress will be ignored in a 3-D problem.

2. Results may be unreliable in extensive failures.

3. Volume changes due to changes in shear stres®acemsidered.
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4. Model is intended for quasi-static analysis.

Konder (1963) suggested use of a hyperbolic eguat fit the triaxial stress-strain
curves of soil, as shown in Equation (2-22). Ja(l863) relateds; and o3 in Equation (2-23).
According to Equation 2-2E,; increases witls3; howeverosz can only be positive, unlike a soil
elementhat can experience tensile strasa numerical model. A very small confining stréss

used to avoid errors in computatiors#0.

&1

(01 —03) = i (2-22)
E; " (01— 03)ue

where
E; = initial tangent modulus
(01-03)uir = asymptotics value of the deviatoric stress

g1 = axial strain.

O3 n
B = Kpa(>) (2-23)
Pa

where
K = modulus number
n = modulus exponent

pa = atmospheric pressure.

K and n are dimensionless parameters determined by a sefiésaxial tests under
varying confining stressz. The term ¢;1-o3)y: can be related to the triaxial compressive strength
(o1-03)f using Equation (2-24), andsifoz); is calculated based on Mohr-Coulomb’s yield
criterion, shown in Equation (2-25).

(01 —03)r = Re(01 — 03)ue (2-24)
where

R = failure ratio determined by a series of triaxésts.

2c cos @ + 203 sin®
1 —sin®

(01 — U3)f = (2-25)
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Where the variables have been explained earlier.

The tangent Young's modulus can be found from Equation (2-26) by substituting
Equations (2-24), (2-2) and (2-3) into Equatioi2@®-and then differentiating Equation (2-23)
with respect to axial straim;, shown in Equation (2-26) (Duncan et al. 1980).

Et:

| _ R —sind) (o — )] ) (2)“ (2-26)

2c cos@ + 203sin®
Where the variables have been explained earlier.

Bulk modulusB, Equation (2-27), and stress dependency of fricingle, Equation (2-

28), are two elastic properties Duncan et al. (J38@gested be determined. Equations (2-26),
(2-27), and (2-28) are known as the Duncan-Chandello

o m
B = K,p, (—3) (2-27)
Pa

where
Kp = dimensionless bulk modulus number
m = dimensionless bulk modulus exponent.

Q= Q)O - A¢log10 (;—_3) (2-28)

a

where
@, = friction angle whermr; = 1 atmosphere

AQ@, = reduction of friction angle for every 10 timesiease iws;.

Boscardin et al. (1990) proposed Equation (2-29eiad of Equation (2-26) to calculate
the tangent bulk modulud; because the bulk modulus his the secant modulus. In order to

overcome limitations of the model, Rodriguez-Ro@0@ suggested substituting épiﬂ in the

Duncan-Chang equations W%\;ﬁ.

pe=(1+m) (2-29)
t — Pi Bigu

where

Bi = initial bulk modulus whewr; = 1 atmosphere
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ey = asymptotic value of the volumetric strain

O'1+O'2+O'3
— )

o, = mean effective stress,f = ;

2.3.1.3 Shakedown Theory
Sharp and Booker (1984) introduced the shakedowaryhfor pavement. Collins et al.

(1993) described four types of long-term responpesely elastic, elastic shakedown, plastic
shakedown, and ratcheting (or incremental) collagsecording to the shakedown theory,
maximum cyclic stress in layers that exceed thestiglashakedown limit is to be avoided.
However, shakedown limits are difficult to estimas® the use of upper and lower bound
theorem has been suggested to estimate shakedwowt® (Collins et al. 1993, and Collins and
Boulbibane 2000). Werkmeister et al. (2003) suggksising Equation (2-30) to estimate the
critical stress condition at the shakedown limiawver, the simplified equation is not widely
accepted; even Werkmeister et al. (2003) suggested) alternative means to verify predicted

values.

o B
O1max = @& ( ! max) (2-30)

where
01 max = Peak axial stress
o. = confining pressure

o, = material parameters determined by a seriesaiccyyiaxial tests.

2.4 Finite Element Modeling

Finite element modeling (FEM) is a numerical methbdt provides approximations of
solutions to initial boundary value problems. Thesib concept of FEM involves dividing a
complicated geometry into smaller elements for Whilifferential equations can be solved to
approximate behavior of the element and geometE Eonsists of three phases: preprocessing
phase, solution phase, and postprocessing phasavedio(1999) described each phase in the
following manner:

Preprocessing Phaseln the preprocessing phadee user must create and discretize the
domain into finite elements. The user must definghape function to represent the physical

behavior of the elements, and equations must belaeed for the elements. Then the global
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stiffness matrix must be developed after the elémeme arranged into an assembly. The
loading, boundary, and initial conditions also mustdefined.

Solution Phase:In the solution phase, a set of linear and nontirdgebraic equations are
solved simultaneously in order to obtain nodal itesurhese results refer to displacements,
temperature, stresses, or other desired outputs.

Postprocessing Phasdn the postprocessing phase, the user is abletéonobnd manipulate
outputs at desired locations.

Abaqus was the chosen software package for thily ftecause of its availability at KSU and
ability to handle nonlinear layer properties. Theagus/CAE is used to create, edit, monitor,
diagnose, analyze, and visualize results from Ab&andard and Abaqus/Explicit (Abaqus
2011).

2.4.1 Finite Element Modeling of HMA

HMA behavior is unique because it varies dependingervice temperature or loading
rate. At low temperatures and/or fast loading rat#dA behaves in an elastic/linear viscoelastic
manner; at high temperatures and/or slow loaditesrat behaves in a nonlinear viscoelastic and
viscoplastic/plastic manner. Various mechanistideats developed for HMA have struggled for
acceptance due to the difficulty of obtaining eda#dstic or viscoplastic properties of HMA
materials (Onyango 2009). Abaqus has built-in m®det creep, Drucker-Prager, and visco-
elastoplastic behavior. The following sections dgsceach of these models.

2.4.1.1 Creep Model

Creep is a time-dependent material, and the rateredp in HMA is accelerated by
increased stress or temperature. Primary, secondady tertiary are the three stages of this
creep. “In the primary stage, the strain rate desge with loading time. In the secondary zone,
the strain rate becomes constant with loading t@re its starts increasing rapidly (NCAT
2009).” When creep reaches the tertiary stagepcra increases to the point of fracture or
failure. The tertiary stage is difficult to modelalto failure. The first two stages can be modeled
using the Bailey-Norton Law (Kraus 1980). Equat{@r81) assumes that creep in the material is
solely dependent on the current stress statenStte is obtained by differentiating Equation (2-
32) (Onyango 2009 and Wu 2001).
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A
c — ngm+1 2-31
¢ m+1 g ( )

where
A, m, n= user-defined functions of temperature
o = uniaxial equivalent deviatoric stress
t = total time.
Eor = Ao t™ (2-32)
where

&..= Creep strain rate.

Creep model in Abaqus can use either time hardeoirgfrain hardening behavior. In
time hardening, the stress state remains cons&r#in hardening is used when stress varies
throughout the analysis. Five material propertiefing the creep model- creep parameters (A, m,
& n) ; elastic parameters: elastic modull¥, @nd Poissons’s ratio)(

Huang (2001), Sivasubramaniam (2005), and OnyarZfitD9) performed Abaqus
modeling of rut depths in HMA structures. The maatglresults were encouraging in some of
the HMA sections. However, some properties, sieimadified binders and initial densities,
created inaccurate results for rut depth predicf{®nasubramaniam 2005). Huang (2001) and
Onyango (2009) included wheel wander into rut dep#diction, achieving reasonably accurate
prediction.

2.4.1.2 Drucker-Prager Model

In Abaqus, an elastoplastic model can be implengentgng the extended Drucker-
Prager model to model materials with friction tleahibit pressure-dependent yield. The model
can also be used to model materials with compresgeld strength greater than tensile yield
strength. Yield surface, linear form, hyperbolianip or a general exponent form in the
meridional plane is the basis of yield criteriaeTimear yield Drucker-Prager model is expressed
in Equations (2-33) and (2-34) (Abaqus 2010). HMAtenial parameters for the Drucker-Prager

model are obtained by a uniaxial compressive sthetegt and a triaxial compression test.

F=t—pxtanf—d =0 (2-33)

26



- Sk (-2

where

p = equivalent pressure stress
S = friction angle

d = cohesion of the material:

d= (1 —étanﬁ) o. if hardening is defined by uniaxial compressioreStio,

d= (% + étan ﬂ) a;, If hardening is defined by uniaxial tension yistdessg,

d= gr (1 + %) if the hardening is defined by the cohesion

g = von mises equivalent stress

r = third invariant of deviator stress

K = ratio of yield stress in triaxial tension to yield stress in triaxial compression,
0.778&K<1.

Huang (2000) used the Drucker-Prager model to sstaéy model the base material and
subgrade in HMA FEM. Onyango (2009) attempted te e Drucker-Prager model to model
the HMA layer, but results were not accurate, destrating overprediction up to 2,590% and
asymmetrical profile results. The Drucker-Pragedeias more suitable for granular materials
or HMA at high temperatures (>60 °C) (Onyango 200®9rk (2004) also suggested that the

model cannot predict tertiary deformation withoatrchge parameters.

2.4.1.3 Visco-Elasto-Plastic Model

Zhao (2002) combined a viscoplastic model and aoekastic model to individually
model elastic, plastic, viscoelastic, and viscaptastrain components and integrate them into
the final model. The viscoelastic model is base®ohapery’s (1990) potential theory, while the
viscoplastic model is based on work done by Uzaal.e(1985) on a strain-hardening model.

The resulting Zhao formulation is shown in Equat®85.

d d(%) p4 Iy (VP .
Svp:ERLD(f—f')d—f,df'-i—(T) (L aqdf> (2-35)
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This model requires stress)( reduced time&), and calibrated material parameters in
order to be solved. Zhao showed that model reswdte accurate up to the peaks of the stress-
strain curves. The viscoelastic model is based hen dontinuum damage theory that was
discussed as the reasoning of error in the podt-pegion. The model was calibrated with

uniaxial stress state data, meaning that the comfamt effect was not taken into account.

2.4.2 Geocell Modeling

Geocells that support embankment loads (Evan 188havi Latha and Rajagopal
2007) or geocells that support footings have baanarmically modeled (Mhaiskar and Mandal
1996, Han et al. 2008b, Madhavi et al. 2008 and®280adhavi Latha and Somwanshi 2009).
Evan (1994), Han et al. (2008b), and Yang (2010)efexd reinforcement separately from the
infill material. Evan (1994) modeled planar reidement using a two-dimensional (2-D)
Duncan-Chang model, while Han et al. (2008b) matldlee 3-D structure of the geocell
separately from the infill. Han et al. (2008b) usellohr-Coulomb model for the infill material,
which returned inaccurate results because Mohr@wolilmodels ignore stress-dependency of
the soil.

Yang (2010) built models of geocellular confinemaegstems using a commercially-
available FE software, Fast Lagrangian Analysi€ofitinua (FLACGP). For static loading test, a
Duncan-Chang model was used to model the infillemalf and linear elastic plate elements
were used to model the geocells. A Mohr-Coulomlidygeiterion was used to model the stress-
strain relationship between the geocell and th# sdil. Yang successfully modeled the geocells
and infill separately.

In this study, the mechanistic-empirical modebwaed for the numerical model of the
APT sections. However, the mechanistic-empiricaldetovas designed for an axisymmetric
model that does not take into account 3-D geomefryhe geocells. Therefore, the tangent
resilient modulus had to be re-derived to accoanttie intermediate principal stress Initial
stress increase due to initial compaction effod eesidual stress accumulated in the soil due to
the presence of geosynthetics were also consid®®anond-shaped pockets were used to
model the geocells. One quarter of the test sextiees modeled to accelerate the calculations.
The load was applied in small time steps to allemw formulation of the tangent resilient

modulus.
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The permanent deformation was calculated using titqué2-36).

€ p\#
PD = keyhyy (8—0) e~ (2-36)

r

where
PD = permanent deformation
&,= average vertical resilient strain along the cdimie of the model in this layer

hsoil = thickness of the soil layer
P (?) = material parameters obtained from the cyclexial tests

N = number of axle load repetitions.

2.4.3 Summary of Modeling
Multiple models had to be combined in this studyoirder to develop an accurate
modeling approach. The Drucker-Prager model acelyratodels granular materials, but it tends
to give inaccurate results when modeling HMA. Thepaglls have only been modeled in
previous studies a few times. Linear elastic ptd¢enents used by Yang (2010) were found to be

the most accurate approach to model geocells.

2.5 Full-Scale Accelerated Pavement Testing
Hugo and Martin (2004) described APT as “the cdigdoapplication of wheel loading
to pavement structures for the purpose of simugatime effects of long in-service loading
conditions in a compressed time period.” APT allovesv design and analysis techniques to be
related to actual performance under full-scaleingsfWillis 2008). In 2004, 48 APT facilities
were in existence worldwide, with 28 of those fiieis classified as active (Hugo and Martin
2004). Full-scale APT facilities can be classifaifull scale test roads/tracks or load simulation

devices.

2.5.1 Test Roads/Tracks
Test roads are full-scale, full-size experimentavgment sections subjected to actual
traffic loading (Coetzee et al. 2000). Test roan®Iive building of a full-scale pavement and use
of a full-scale vehicle to load the sections. Vagaspects of pavements have been studied on
test roads since 1920’s. Bates Road test studesdftact of solid rubber tires on road pavements
in the early 1920s (NCAT 2011). In 1941 the HighvRgsearch Board started studying relative
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effects of four loadings on a particular concretargment. In the early 1950s, the Western
Association of State Highway Officials (WASHO) caratied similar tests on flexible pavements
(Huang 2004). In the late 1950s, the American Aission of State Highway Officials (AASHO)
began to conduct road tests in which “the objectfethe project was to determine any
significant relationship between the number of tigpas of specified axle loads of different
magnitudes and arrangements and the performandéferient thicknesses of flexible and rigid
pavements” (Huang 2004). Results from the AASHO (Rtesst are the basis of the AASHTO
Pavement Design Guide currently in use. The Pewasi Transportation Institute conducted a
road test in the 1970s as a satellite to the AAFt@d test (Metcalf 1996).

In 1993, the Federal Highway Administration (FHWi&hded the construction of a test
road facility, WesTrack, in Nevada. Objectivesiué tests were:

“1. To continue the development of performance-relapatifications (PRS) for hot-mix
asphalt construction by evaluating the impact omfggenance of deviations in materials and
construction properties (e.g., asphalt content,\@id content, and aggregate gradation) from
design values in a large-scale, accelerated fiekt,tand

2. To provide early field verification of the Segtc Highway Research Program (SHRP)
Superior Performing Pavement (SUPERPAVE) Levehlix design procedures{WesTrack
2011).

The Minnesota Department of Transportation (MnD®@Uijt the MNnROAD test road in
1994, a portion of which currently comprises pdrtttee Interstate 94 roadway. MnRoad test
program also has a low-volume road portion. Thd k8ction utilizes traffic control to divert
traffic from the test sections in order to allowwpment construction and pavement testing in
absence of traffic. The test road has allowed rekeas to evaluate pavement performance,
examine factors affecting pavement performance, deneelop tools and methods to improve
design, construction, and maintenance (MNnROAD 2011)

The National Center for Asphalt Technology (NCATasnestablished in 1986 in order to
investigate technical issues related to asphalémpawt. In 2000, NCAT constructed a 1.7-mile
oval to be used as a test track, shown in Figuse The objective of the test track was to reduce
the life cycle cost of flexible pavements. The teéata allowed for performance comparison of
laboratory test results and field performance. Nuome pavement studies incorporating different

pavement design features and materials have beelucted since 2000 (Pavetrack 2011).
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Figure 2-3 NCAT Test Track (Pavetrack 2011)

2.5.2 Load Smulation Devices

As early as 1912, simulation devices were usedpfadyaloading to pavements. The
United Kingdom Transportation Research Laboratag built many versions of their “Road
Machine” to test pavements. Various load simulats@tups have been constructed by road
authority agencies over the past 100 years. Heafche simulators (HVS), shown in Figure 2-
4, were first used to simulate traffic loading met1960s in South Africa. A circular test track
was built in France with a four-arm rotating loaglsystem to test pavement structures as shown
in Figure 2-5. Kansas State University has builbad frame with a belt-driven axle bogie, as
shown in Figure 2-6. Majority of APT testing descare assorted versions or setups of the HVS,
circular track, or load frame devices (HVS 2011).
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Figure 2-4 U.S. Army Corp of Engineers HVS (USACE @11)

Figure 2-5 The French Rotating Loading Arm (LCPC 2a.1)
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Figure 2-6 Kansas State University APT

2.6 Summary of Literature Review
A large majority of road infrastructure in the wibrlhas low traffic volumes.

Geosynthetics, especially Geocells, can be a viablhabilitation material for these roads.
Geocell-reinforced base layers have shown to ofaper unreinforced layers of the same
thickness by increasing bearing capacity and redugermanent deformation of the surface. The
Drucker-Prager model accurately models granularerisd$, but it tends to give inaccurate
results when modeling HMA. The geocells have beedeted in the past using linear elastic
plate elements. As of 2004, there were 48 APT ifaslin existence worldwide, with 28 of those
facilities classified as active. Full-scale APT ilidies can be classified as full-scale test
roads/tracks or load simulation devices like th8ICAPT at Kansas State University.
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Chapter 3 - Material Properties

3.1 Geocells and Geotextile

Geocells used in this study were NEOLOY™ polymetlioy (nanocomposite alloy of
polyester/polyamide nano fibers, dispersed in pbljene matrix) (NPA) geocells. The
polymeric alloy has similar flexibility at low terepatures to the high density polyethylene
(HDPE) and similar elastic behavior to engineetimgrmoplastics. The NPA geocell has a wall
thickness of 1.1 mm. Han et al. (2011) calculateat NPA geocell materials have a tensile
strength of 19.1 MPa (2.77 ksi) and secant elastidulus of 355 MPa (51.5 ksi) at 2% strain. In
this study, a 100-g (3.5 0z) nonwoven geotextils waed in this study as a separator between

the subgrade and the base in the geocell-reinfaeetibns.

3.2 Subgrade

In this study, an AASHTO A-7-6 clay was used in guaole construction. Optimum
moisture content was found to be 21%, with a maxinry density of 1.61 g/c{100.5 pcf)
(Han et al. 2011). Yang (2010) conducted testsuligrade material and calculated the Young’s
modulus to be 10.3 MPa (1,493 psi) and unconfir@dpressive strength to be 104.6 kPa (15.2
psi).

Plastic Limit (PL), Liquid Limit (LL), and percerfiner than 75um sieve were found to
be 22%, 43%, and 97.7%, respectively, and theipigsindex was 21. For the first four test
sections, a subgrade CBR of approximately 6% wéseaed in the subgrade at a moisture
content of 21%. In the next four test sections BR®f 12% was used at a moisture content of
18%.

3.3 Base Material

3.3.1AB-3

Crushed limestone, AB-3, was used in the controlize of this study with no geocells
as well as in a test lane with geocell reinforcem&DOT uses AB-3, a well-graded base
material, in a variety of road applications. KDOgesifications and particle size distribution of
AB-3 are shown in Figure 3-1. A mean particle 9£€dsg) of 4.4 mm (0.17 in.), a coefficient of

curvature of 7.4, and a coefficient of uniformitiy86 were found.
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At optimum moisture content of 10.2%, the CBR of-BBs 45% (Pokharel 2010). The
maximum dry density was found to be 2.13 g¥¢B3.0 pcf). For the first set of four test
sections, the AB-3 layer was compacted at a ma@stontent of 9.17% in the control lane and
9.01% in the geocell lane. In the second set dfgestions, the AB-3 layer was compacted at a

moisture content of 6.7% in the control lane ar&¥%®in the geocell-reinforced lane.
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Figure 3-1 KDOT AB-3 control points and grain sizedistribution of AB-3 base material

3.3.2 Quarry Waste

Eighteen to twenty million tonnes (20 to 22 millitons) of crushed rock are produced
annually in Kansas. It is estimated that approxatya35% to 40% of the crushed rock is reduced
to fines, or Quarry Waste (QW), some of which iedisn HMA production or agricultural
applications, leaving approximately 10-20% of QWc&piled or land-filled annually in Kansas
(Frank Rockers and Woody Moses unpublished dated.QW in this study was obtained from a
quarry near Manhattan, Kansas. Sieve analysistsefidm the test done in this study and
illustrated in Figure 3-2, showed a mean partice $dg) of 1.3 mm, a coefficient of curvature
of 2.3, and a coefficient of uniformity of 24. Pakbkl (2010) found the optimum moisture

content to be 11% and maximum dry density to bé 2/@n¥. The optimum moisture content
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resulted in a CBR of 19%. In the first and secsatof test sections, QW was compacted at

moisture contents of 10.6% and 6.8%, respectively.
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Figure 3-2 Grain size distribution of QW

3.3.3 Reclaimed Asphalt Pavement

In the United States, approximately 91 million teen(100 million tons) of RAP are
produced each year. Approximately 73 million ton@8 million tons) are reused in various
aspects of pavement construction (MAPA 2012). Thd’Rn this study was collected from a
local HMA plant in Manhattan, Kansas. Han et aD1(®) found that RAP had an optimum
moisture content of 6%, maximum dry density of 1g8dn? (113.0 pcf), and CBR value of 10%
at 5% moisture content and 8% at optimum moistumrgtent. RAP grain size distribution is
shown in Figure 3-3. The ignition oven method wssdito determine the binder content of RAP
to be 6.5%. In the first and second tests, RAP eeaspacted at moisture contents of 6.4% and
10.4%, respectively. Water was added to RAP insineond test in order to help compact the
RAP into the NPA geocells.
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Figure 3-3 Grain size distribution of RAP

3.4 Hot-Mix Asphalt
This study utilized a Superpave mixture (HMA) witl2.5-mm Nominal Maximum
Aggregate Size and fine gradation, referred to Bs13.5A by KDOT. The aggregate blend
consisted of 26% 19-mm (0.75-in.) rock, 17% 9.5-rf875-in.) chips, 20% manufactured
sand, and 17% concrete sand, with a final gradaéiershown in Figure 3-4. A PG 70-28 binder
was used, and the total air void content afijhwas 4.04%. HMA properties were found using

various laboratory and in-place testing.
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Figure 3-4 HMA gradation with KDOT SM-12.5A control points
3.4.1 Laboratory Testing

3.4.1.1 Dynamic Modulus

The dynamic modulus is the absolute value of tepgtex modulus. As stated by Brown
et al. (2009), “The complex modulus (E*) is defirezla complex number that relates the stress
to strain for a linear viscoelastic material sutgélcto sinusoidal loading.” For this study, the
dynamic modulus test was performed following AASHT®79 (2011) at 4°, 21°, and 37 °C
(40°, 70° and 100 °F). A sinusoidal vertical loeas applied to 100-mm (4 in.) diameter and
150-mm (6 in.) tall HMA cylinders. During the testpplied stresses and resulting strains were
recorded as a function of time and then used tuate the dynamic modulus and phase angle.
The test was conducted in the Asphalt Mixture Rerénce Tester (AMPT), as shown in Figure
3-5. Four replicates were used during dynamic mexliésting, and results are presented in
Table 3-1.
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Figure 3-5 KSU AMPT machine
A dynamic modulus master curve was plotted at@873 °F) as a reference temperature,

the temperature of APT testing. The master curve platted using Mastersolver Version 2.3
released by Advance Asphalt Technologies, LLC. &heplicate samples were used to calculate
the master curve. The sigmoid function equatiowvesblduring plotting of the master curve is
shown in Equation (3-1). The master curve for HMAhown in Figure 3-6.
(log(Max) — log(Min))

AEg4 (1)_(1)] (3-1)

P Y0905 14713 \7) 7

log|E*| = log(Min) +
1+

where
|E*| = dynamic modulus
Min = limiting minimum modulus, Kksi
Max = limiting maximum modulus, ksi
w; = reduced frequency at the reference temperature
w = loading frequency at the test temperature, Hz
T, = reference temperature, °K

T = test temperature, °K
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AE, = activation energy (treated as a fitting paramete

B andy = fitting parameters.

Table 3-1 Dynamic modulus test results (6.89 MPa Eksi)
a. 4°C (40 °F)

Sample 4 °C (40 °F)
ID 25 Hz 10 Hz 5Hz 1Hz 0.5 Hz 0.1 Hz
1 15634 | 14276| 13435 1148 10655 8791
2 17636 | 18615| 17592| 15635  1451p 12180
Dynamic | 3 16953 | 16191 15352| 13647 12676 10524
Modulus 4 17962 | 16320 15798| 13622 12610 10364
(MPa) | Average| 17046.25 16350.5 | 15544.25 13598 | 12613.25 10464.75
SD | 10311 | 17755 | 1707.1 | 1693.5 | 1575.2 | 1385.3
CV (%) | 6.05 10.86 | 10.98 | 12.45 | 12.49 | 13.24
1 7.44 8.47 9.15 10.89|  11.72 13.95
2 3.73 6.57 7.65 8.98 9.79 11.64
Phase 3 7.13 9.92 8.58 9.73 1051  12.61
Angle 4 7.36 9.88 8.88 10.36|  11.19 13.59
(Degrees)| average| 6.4 8.7 8.5 9.9 10.8 12.9
SD 1794 | 1577 | 0652 | 0.823 | 0.837 | 1.039
CV (%) | 27.98 | 181 7.6 8.2 7.75 8.03
b. 21°C (70 °F)
Sample 21 °C (70 °F)
ID 25 Hz 10 Hz 5 Hz 1Hz 0.5 Hz 0.1 Hz
1 10005 | 9160 8300 6333 5599 3043
2 15179 | 11958| 10830| 8426 7383 5348
Dynamic | 3 12608 | 11822| 9801 7588 6699 4752
Modulus 4 10735 | 9356 8322 6133 5327 3633
(MPa) | average| 12131.7| 10574 | 9313.2 | 7120 6251 | 4420.25
SD | 2308.4 | 1522.7 | 1231.2 | 1082.9 | 958.72 | 7775
CV (%) | 19.03 | 1440 | 1322 | 1521 | 1534 | 17.59
1 16.33 14.05 15.03| 17.95  19.24 22.85
2 21.04 | 12.82 13.53| 1618 1745  20.76
Phase 3 5.08 1153 | 14.01| 16.67]  17.97 21.5p
Angle 4 15.36 15.81 16.92| 2029 2164 2520
(Degrees)| average| 14.4525| 13.5525| 14.8725| 17.7725| 19.085 | 22.6025
SD 6.722 | 1.823 | 1501 | 1.836 | 1.869 | 1.990
CV (%) | 465 1345 | 10.10 | 10.3 9.79 8.81
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c. 37 °C (100 °F)

Sample 37 °C (100 °F)
ID 25 Hz 10 Hz 5Hz 1Hz 0.5 H7 0.1 Hp
1 4480 3566 2983 1840 1503 859
2 5159 4162 3512 2253 1870 1128
Dynamic 3 4429 3513 2929 1815 148( 860.9
Modulus 4 4341 3393 2789 1651 1317 7285
(MPa) | Average| 4602.25| 3658.5 | 3053.25| 1889.75| 1542.5 | 894.1
SD 375.58 | 343.37 | 316.57 | 256.26 | 233.50 | 167.79
CV (%) | 8.16 9.39 | 10.37 | 13.56 | 15.14 | 18.77
1 2419 | 26.08| 27.16] 29.717 29.99  30.47
2 23.36 | 24.82| 25.85| 28.45 28.73  29.41
Phase 3 2437 | 26.11| 27.09] 29.36 29.42 29.9
Angle 4 2594 | 27.81| 28.79 31.1 31.08 31.33
(Degrees)| average| 24.465 | 26.205 | 27.2225| 29.67 | 29.805 | 30.4775
SD 1.077 | 1.227 | 1.2058 | 1.101 | 0.993 | 0.743
CV (%) | 4.40 4.68 4.43 3.71 3.33 2.44
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Figure 3-6 Master curve plot at 23 °C (73 °F)
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Vehicles traveling across HMA pavement induce iogdwith a corresponding
frequency. Therefore, HMA has a typical dynamic wolad corresponding to the specific
pavement service temperature and traffic loadiagudency. MEPDG provides recommendations
for the frequency to be used for determination ywfainic modulus. The approximation ratio of
speed (mph) to frequency (Hz) is approximately(RCHRP 2011). APT testing was conducted
at 11.3 km/hr (7 mph), thereby inducing loadingvatfrequency of 3.5 Hz. As shown in Figure
3-6, the corresponding dynamic modulus at 3.5 Hpoximately 7,500 MPa (1,090 ksi).

3.4.1.2 Hamburg Wheel-Tracking Machine Test

Rutting and moisture susceptibility of HMA were tegs following AASHTO T 324.
Hamburg wheel-tracking tests, typically used totédmine the premature failure susceptibility
of HMA due to weakness in the aggregate structinm@jequate binder stiffness, or moisture
damage” (AASHTO T 324 2004), is completed by rglinaded wheels across HMA specimens
immersed in a temperature-controlled water batjurfé 3-7 shows the Hamburg wheel-tracking
machine, and Figure 3-8 shows samples being tested.

e —

Figure 3-7 Hamburg wheel-tracking machine
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Figure 3-8 Hamburg samples under testing

Rut depths measured during testing are graphicafiyesented in Figure 3-9. AASHTO
T 324 is typically run until 20,000 passes andftikire depth is set by a highway agency. The
Texas Department of Transportation (TXDOT) setailufe depth of 12.5 mm (0.5 in.) (Button
et al. 2004). However, for this study, 40,000 passere completed without reaching the study
failure depth of 12.5 mm. Figure 3-10 shows théetbspecimens.
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Figure 3-9 Hamburg results
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The creep slope, which is the inverse of the ratdetormation in the linear region of the
deformation curve after compaction happens, waaimdéd from the Hamburg wheel-tracking
test results. Rutting from the plastic flow is telhto the creep slope, and the stripping slope
begins at the Stripping Inflection Point (SIP).igting slope is the inverse of the rate of
deformation in the linear region of the deformatcamve after the SIP (Aschenbrener et al. 1994
and Brown et al. 2009). Figure 3-11 illustratessthslopes on a typical plot of Hamburg wheel
test results. A comparison of Figure 3-9 and Fidfel reveals that the HMA used in this study
reached 20,000 passes without reaching the SliPelthandicating a high quality HMA in

regards to rutting performance goes.

Figure 3-10 Completed Hamburg samples

44



S~ Post Compaction

Creep Slope

Stripping Slope

Maximum Impression (mm)
1
=

18 Number of

Passesto S Number of Passe
IP\ to Failure, N¢

0 5,000 10,000 15,000 20,000
No. of Passes

Figure 3-11 Hamburg test output with test parametes (after AASHTO T 324 2004)

3.4.1.3 Flow Time Test
The flow time test is a static creep test that gilew time or “... the length of time the

pavement can withstand steady pressure until floauis, causing permanent deformation”
(Brown et al. 2009). Appendix C of the NCHRP Repdo. 465 (NCHRP 2002) outlines the
flow time test procedure. This test can be condlatg¢h or without use of a confining stress. A
specimen is loaded with a target deviator strass tlhae load is held until total stain reaches 5%.
Three stages of creep (primary, secondary, andngriwere obtained in this test. A nonlinear
relationship between strain and time was eviderth@éprimary and tertiary stages. Secondary
creep typically has a constant strain rate witldiog. Flow time is the point at which tertiary

creep begins. Figure 3-12 shows the three stagasep.
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Figure 3-12 Creep compliance versus time (after Bxon et al. 2009)

Secondary creep is linear, and creep informatian lma obtained from the secondary
region of Figure 3-12. Axial creep compliance ay &#me can be determined by Equation (3-2).
A power law model was used to describe the secgratage of creep compliance, as shown in
Equation (3-3) (Brown et al. 2009).

D(t) = % (3-2)
where
D(t) = creep compliance
&(t) = strain response
oo = applied stress.
D(t) = Dy + Dit™ (3-3)

where
Doy = instantaneous compliance
t=time

D, = time-dependent creep compliance at a time ofsecend
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m = slope of the creep compliance-time relationshifpgilog scale.

Flow time was conducted at 57 °C (135 °F) with onfining stress and deviator stress of
207 kPa (30 psi). Two specimens were tested, auldtseare presented in Table 3-2.

Table 3-2 Flow time test results

Sample Flow
|DIO D: m Do Time
1 0.00445| 0.2766| 0.00627| 603.5
2 0.00417| 0.256 | 0.00571 1284
Average | 0.00431| 0.2663| 0.00599, 943.75

3.4.1.4 Flow Number Test

The flow number test gives the number of load cyelgpavement can tolerate before the
HMA deforms in a plastic manner. Appendix B in ti€HRP Report No. 465 (NCHRP 2002)
outlines specifications of the test. In generalwfinumber tests and flow time tests are similar;
however, the flow number test uses haversine Igadir0.1 second, followed by 0.9 second of
rest. This cyclic loading simulates a heavy vehdriging repeatedly over a pavement structure
(Brown et al. 2009). Again, the three stages ogprean be observed during testing, and data
collected during this test is used to calculateasyit creep parameters, intercept “a,” slope “b,”
and flow number (), as shown in Figure 3-18,is defined as the cycle at which tertiary flow
begins. A power law can be used to model the oglahip between permanent strain and the
number of loading cycles in the secondary zonshasvn in Equation (3-4).

& = aN® (3-4)

Confining stress is again optional in this Flow Naentest and was not used in this
study. A deviator stress of 207 kPa (30 psi) aPG{135 °F) was used. Results for the HMA
used in this study are presented in Table 3-3,aasplecimen after the flow time test is shown in
Figure 3-14.

a7



100000

10000 - Secondary /

e) Primary .
g Tertiary
g A
21000 - Slope “b”
&
=
}_;;
= 100
@
=
<
=
S
-

10 -

Flow Number
1 T T T
1 10 100 1000 10000

Number of Pulses

Figure 3-13 Permanent strain versus number of cycée(after Brown et al. 2009)

Table 3-3 Flow number test results

Dynamic Creep
Sample Parameters
ID a (x10° b FN
1 335.02 | 0.4459 1494
2 341.71 | 0.4518 842
Average| 338.37 | 0.4489 1168
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Figure 3-14 Failed specimen

3.4.2 In-place Testing

3.4.2.1 Density
In-place density in both set of APT test sectioras W2% of the theoretical maximum

specific gravity of 2.452. This density was meadwrsing a nuclear gage.

3.4.2.2 Falling Weight Deflectometer

Falling weight deflectometer (FWD) testing is a destructive test used to evaluate
pavement structural condition. In FWD, a mass ispded from a certain height in order to
transmit a dynamic load to the pavement structorg@rhulate a moving wheel load. Geophones
at various distances from the loading plate measurtace deflections on the pavement, and
deflection measurements are input into a backcatiounl program to determine the modulus of
each pavement structure layer (TxDOT 2008). In nuastes, backcalculation is an iterative
elastic analysis of pavement surface deflectiombddeasured deflections are then compared to
calculated deflections with associated layer modulil a pre-determined match is reached
(WSDOT 2005). KDOT performed FWD testing for thisdy using a Dynatest FWD, as shown
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in Figure 3-15. Testing was conducted after conguiedf paving and at scheduled intervals
during APT loading. The Washington State Departnoéniransportation (WSDOT) developed
the Everseries backcalculation program used inghidy. Variables set in the backcalculation
process are listed in Table 3-4, and resulting tacklated moduli are tabulated in Table 3-5
and Table 3-6. Because the pits were surroundecbbgrete on three sides and at the bottom
and in order to reduce the percent root mean sq@aRrRMS) error, only the first four sensors
were used during backcalculation. During the fiest, the control section had the strongest base
layer. In the second test, the modulus increasexligin the first 500,000 passes and then began

to decrease. Backcalculation results verified angfer subgrade in the second test compared to

the first test.

Figure 3-15 KDOT Dynatest FWD
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Table 3-4 Everseries variables

Variable Set Point
Cross section
Depth dependent
Poisson Ratio
HMA 0.35
Base/Geocel 0.4
Layer
Subgrade 0.45
Concrete Bottom 0.45
Targeted %RMS <1%
Analyzed Loads ~9,000 lbs
Number of 4
Sensors used

Table 3-5 Backcalculated moduli for first experimen and overlay experiment

Number of Passes
OK OK OL [50K OL
HMA (MPa) 3954 2557 3789
CTL Base (MPa) 115 93 106
Subgrade (MPa) 64 61 60

HMA (MPa) 3083 1417 2053
QW Base (MPa) 43 338 308

Layer

Subgrade (MPa) 39 47 54
HMA (MPa) 2165 | 1426| 2518
RAP Base (MPa) 34 36 115
Subgrade (MPa)] 43 43 47
HMA (MPa) 2154 1416 2057
AB3 Base (MPa) 35 235 596
Subgrade (MPa) 45 44 49
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Table 3-6 Backcalculated moduli for second experinm

Number of Passes

Layer OK | 250K | 500K | 1M | 1.2M
HMA (MPa) 6468 5425 5507 4333 8650
CTL Base (MPa) 308 352 358 179 69
Subgrade (MPa)] 68 63 71 88 101
HMA (MPa) 4867 6569 4511 3451 6602
QW Base (MPa) 328 388 545 112 122
Subgrade (MPa)] 52 55 58 63 71
HMA (MPa) 4947 4947 3977 3608 9000
RAP Base (MPa) 140 311 325 89 58
Subgrade (MPa)] 58 66 75 84 81
HMA (MPa) 3848 5212 3020 3268 5534
AB3 Base (MPa) 193 212 279 35 44
Subgrade (MPa)] 59 53 55 64 62
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Chapter 4 - Accelerated Pavement Testing

4.1 Civil Infrastructure Systems Laboratory
APT is conducted in the main space of the CISL 8UKThree testing pits are available
for use: each pitis 1.8 m (6 ft.) deep, approxetya6.1 m (20 ft.) long, and 4.9 m (16 ft.) wide.
The APT machine used to apply loading to the pissests of a 12.8 m (42 ft.) reaction frame
that can accommodate an assembly containing sidgl#, or super-single tires on single or
tandem axles. The assembly is driven by a belt pedviey a 20 HP electric motor and a variable

frequency drive (VFD) to control speed and diractids shown in Figure 4-1, a chamber around

the machine is used to control ambient temperatureg testing.

Figure 4-1 Environmental chamber around APT machine

Loading can be completed in a uni-directional edibeéctional mode. The speed of the
bogie is 11.3 km/hr (7 mph), resulting in the apito apply 100,000 wheel load applications bi-
directionally per week. Hydraulic cylinders applgdaremove the load via an onboard pump.
Traffic wander is simulated by a lateral wanderitgyice that moves the entire frame in a lateral
direction of £150 mm (z 6 in.). The wander is infnaim a user-defined interface in steps of 12.5
mm (0.5 in.) (Lewis 2008).
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4.2 CISL 16

This study was the ¥BCISL experiment since 1997. The objective of tH&TAortion of
the project was to test a geocell design with weriofill materials and a thin HMA overlay
under real-world simulated traffic on a marginabgade. Three types of infill materials
(crushed limestone, AB-3; QW; and RAP) were tesiado pits were subdivided into two test
sections, or lanes, each. These lanes were expictszlloaded to 1,000,000 repetitions in the
bi-directional mode by an 80-kN (18-kip) single-edbad assembly. Due to premature failures
and machinery breakdowns, three experiments warduxted. The experiments were referred
to as first (thin) experiment, overlay experimertgd second (thick) experiment.

All three experiments were conducted with a siragtée, dual-tire bogie with a tire
pressure of 552 kPa (80 psi). Experiments were wcted at a temperature of 23 °C (73 °F). A
traffic wander of £150mm (£6 in.) was used in &liede experiments. A complete wander from
150 mm (-6 in.) to +150 mm (+6 in.) required 6768s®s. Wheel wander distribution, a truncated
normal distribution, is shown in Figure 4-2.

Test lanes were fully instrumented with stress stnain sensors, as shown in Figure 4-3.
Data was recorded using a compact data acquististem during load application at prescribed
intervals for a full wander cycle (676 passes)trimaentation for each section included four H-
Bar strain gauges below the HMA layer, two Typeh&rimocouples below the HMA layer, two

pressure cells below the base layer, and fiversgauges glued with epoxy to the geocell walls.

4.2.1 General Test Preparation

All pavement test sections in this study were bwith the same construction technique.
A-7-6 clay soil was placed in 150-mm (6 in.) lifr building the subgrade layer. In the first
experiment, the subgrade was compacted with a g@tibn of a “jumping jack” compactor and
a vibratory plate compactor. In the second expeartie sheepsfoot trench compactor was used
for compaction. The degree of compaction was chkalseng a Dynamic Cone Penetrometer
(DCP) until the desired CBR for each lift was reaathPressure cells were installed on top of the
subgrade, as shown in Figure 4-4, and a layer nfvogen geotextile was placed on top of the

subgrade. The geotextile was used as a separaty@n bnly; no reinforcement credit was
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expected. Steel bars were driven into the subgradmld the geocells during installation and
placement of infill, as shown in Figure 4-5.

After infill materials were placed in the geocellee steel bars were removed and the
vibratory plate compactor began compaction of tii#,ias shown in Figure 4-6. A 3,600 kg (4
ton) roller compactor was used to finish compactbmhe infill and cover, as shown in Figure
4-7. By using the roller compactor, the target dgnsf the infill in all test sections was more
easily reached. The target density was 95% of th&imum dry density as determined by

standard Proctor tests. Infill density was detesdinsing a nuclear density gauge.
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Figure 4-3 Instrumentation layout

Figure 4-4 Pressure cells installed in subgrade
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Figure 4-5 Geocell installation

Figure 4-6 Infill after vibratory plate compaction
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Figure 4-7 Roller compaction of infill

Once the base layer (geocells with infill) was cawtpd to the desired level, H-bar strain
gauges and thermocouples were installed on topheflase layer. HMA was produced,
delivered, and placed by a local contractor. A Bog@ee HMA mix was placed with a
lightweight asphalt paver, as shown in Figure 4r8order to protect the strain gauges and
thermocouples, they were covered before paving cemeed. A 3,940 kg (4.3 ton) asphalt roller
compactor was used to compact the HMA, as showFigare 4-9. A target density of 92% of
theoretical maximum density was intended. A nuctiarsity gauge was used to test for density
compliance. After paving, KDOT performed FWD tegtinefore any APT loading started. An
initial profile was taken using a transverse pagfilshown in Figure 4-10. APT testing began as
soon as all preliminary testing was completed. iR®fvere taken at scheduled intervals. FWD
testing was also completed after scheduled intgrval
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Figure 4-9 Asphalt compactor
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Figure 4-10 Transverse profiler

4.2.2 First (Thin) Experiment
The first experiment consisted of four paved tasek. The original four lanes consisted
of the following base thicknesses and a 50-mm Hislyer (Figure 4-11):
e Lane 1 - 300-mm thick crushed limestone (AB-3) aggte (control)
e Lane 2 — 75-mm geocell-reinforced QW plus 25-mmecov
* Lane 3 — 75-mm geocell-reinforced RAP plus 25-mmweco
e Lane 4- 75-mm geocell-reinforced AB-3 plus 25-mmero
The subgrade was compacted to a CBR of 6% at aum@isontent of 21%. The control
section out of AB-3 was compacted with a moistwstent of 9.2% and a dry density of 2.03
glen? (126.73 pcf). The AB-3 geocell-reinforced sectimas compacted at 9.0% moisture
content to a dry density of 2.03 g/&126.73 pcf). The QW geocell-reinforced sectionrswa
compacted at 10.6% moisture content and dry demsity.95 g/cmi (121.73 pcf); the RAP
geocell-reinforced section was compacted at 6.4%stome content and dry density of 1.78
g/cn? (111.12 pcf). HMA was compacted until a density2df50 g/cri (140 pcf) was reached.

Under APT loading, thin test sections failed. Th&/Qane failed dramatically, as shown in
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Figure 4-12. Therefore, a steel plate was placexat the failed area to allow for continuation of
testing other lanes. However, the rest of the lates failed quickly, as explained in Chapter 6.

An overlay was placed over the pavement sectionsdar to continue testing.

50 mm HMA
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“off 7S mm Geocell with HH F 75Smm Geocell with 7S mm Geocell with HH
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22 300mm AB-3
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CTL Lane 2 Lane 3 Lane 4
ow RAP AB-3

Figure 4-11 Thin cross sections

4.2.3 Overlay Experiment
A 37.5-mm (1.5-inch) HMA overlay was placed ovee tfailing sections, resulting in a
cross section shown in Figure 4-13. However, thierlay elevation was beyond the working
range of the APT machine, resulting in multiple lmae breakdowns. A decision was then made

to terminate testing.
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Figure 4-13 Overlay cross sections
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4.2.4 Second (Thick) Experiment

Thick cross sections were designed based on liglaatic evaluation of stresses on the
subgrade, as described in Chapter 5. The subgradecampacted to a CBR of 12% after
calculations showed similar in-situ CBRs on most&Dreconstruction projects. The subgrade
was compacted at 18% moisture content, and thersabions were reconstructed. The thick
cross sections had a 100-mm HMA layer with theolelhg base thicknesses (shown in Figure
4-14):

* Lane 1 - 200-mm thick AB-3 aggregate (control)

* Lane 2 - 100-mm geocell-reinforced QW plus 50-mweco
* Lane 3 - 100-mm geocell-reinforced RAP plus 50-nowvec
* Lane 4- 100-mm geocell-reinforced AB-3 plus 50-nover.

The control section of AB-3 was compacted with astuve content of 6.7% and a dry
density of 2.03 g/ch(126.73 pcf), and the AB-3 geocell-reinforced metwas compacted at
6.3% content to a dry density of 1.97 gc(22.98 pcf). The QW geocell-reinforced section
was compacted at 6.8% moisture content and a drgityeof 1.97 g/cm (122.98 pcf), and the
RAP geocell-reinforced section was compacted &b6woisture content with a dry density of
1.81 gleni (112.99 pcf). HMA was compacted until a density20250 g/cm (140 pcf) was
reached.

APT machine passes were applied until 500,@33¢s or a rut depth of 12.5 mm was
reached (whichever came first). The second tesiosedid not fail at the completion of 500,000
passes, the decision was made to apply 1,200,08@pa
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Figure 4-14 Thick cross sections
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Chapter 5 - Numerical Simulation of APT Tests

5.1 Introduction
Abaqus, commercially available FE software, wasdus®e numerically simulate the
geocell-reinforced sections under APT tests. Makgnioperties obtained from testing and actual
geometry and boundary conditions were used in thmenical simulation models developed in
this study. Unfortunately, 2-D models cannot ac¢don3-D effects of geocells. Due to the high
cost of APT testing, validation by numerical modglincreases the reliability of future analysis

with less cost.

5.2 Numerical Simulations
Two different types of numerical simulations wernd. The first simulation evaluated
the vertical pressure on the subgrade and the fjetia@n response during APT tests. Rutting in

the HMA layer was evaluated in the second simutatio

5.2.1 Material Properties

Material properties were determined frimimoratory and in-situ tests. In the first
simulation, the base material was modeled with Mobulomb plasticity. HMA layers were
considered as linear elastic. Geocells were modeseelastic materials since no damage to the
geocells was observed during testing. Material eriogs used are tabulated in Table 5-2
Material properties used in first numerical simaat Geocells were modeled as diamonds to
simplify meshing while maintaining basic reinforginfunctionality. Yang (2010) and
Leshchinsky and Ling (2012) successfully modeledtipla geocells as diamonds. In the first
simulation Abaqus/Explicit was used, which handigghly nonlinear behavior of materials
better than Abaqus/Standard (Implicit) analysisadds/Standard has convergence issues and
uses very small time increments in soil analysis ttuyielding of the soil (Abaqus 2012). The
base material in this study had cohesion less 1684 of the applied load. However, the creep
material model is not available in Abaqus/Explititerefore, the HMA layer was modeled as a

linear elastic material.

In the second simulation, where Abaqus/Standard wsexl, the base material was

modeled as linear elastic. HMA layers were congderiscoelastic. Similar to the first test, the
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geocells were modeled as elastic materials. Cresfs twere conducted on the HMA and
subgrade materials. Abaqus uses the creep modeémiesl in Equations (2-29) and (2-30).
Creep results are presented in Table 5-1. Whesimutlations were conducted with properties
obtained from the test data, the results were nittimvreasonable limits of the observed results.
A shallow U-shaped rut profile emerged, as showrFigure 5-1. A W-shaped rut profile,
obtained with a transverse profiler, was develdpgdalibrating the material properties. Results
showed that using one-half of the HMA modulus vataep parameters of 1.00E-04, 0.47, and -
0.5 and one-third of the base modulus resultecesults that are similar to that are somewhat
expected. A reason for the decrease in modulusaistihe Kenlayer software could overestimate
the moduli. The material properties used in simoitatised are tabulated in Table 5-2 and Table
5-3.

Table 5-1 HMA creep test results

A m N

HMA 1.10E-09 -0.764 0.97191
Sample 1

HMA 1.0E-09 -0.8277 0.96279
Sample 2

HMA 1.00E-09 -0.709 0.93499
Sample 3
Subgrade | 5.26E-05 -0.58 0.6
Average
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Table 5-2 Material properties used in first numeri@l simulation

Con- Con- Con-
Lane o o o QW QW QW RAP | RAP | RAP | AB3 | AB3 | AB3
Density | 1.52E- | 1.52E- | 1.56E- | 1.52E-| 1.52E- | 1.56E- | 1.52E- | 1.52E- | 1.56E- | 1.52E- | 1.52E- | 1.56E-
(tonne/mn?) | 06 06 06 06 06 06 06 06 06 06 06 06
E (MPa) 64 64 68 39 39 52 43 43 58 45 45 59
v 0.45 0.45 0.45 0.45 0.45 0.45 045 045 045 0M5 450/ 0.45
Subgrade| Friction 0 0 0 0 0 0 0 0 0 0 0 0
Angle
Dilation 0 0 0 0 0 0 0 0 0 0 0 0
Angle
C("I\;‘Sz')o” 0.104 | 0.104 | 0.104| 0.104  0.10/ 0.104  0.1p4 0.104 040.1 0.104| 0.104| 0.104
Density | 2.03E- | 2.03E- | 2.03E- | 1.95E-| 1.95E- | 1.95E- | 1.78E- | 1.78E- | 1.81E-| 2.03E- | 2.03E- | 1.97E-
(tonne/mn?) | 06 06 06 06 06 06 06 06 06 06 06 06
E (MPa) 115 115 308 43 43 328 34 34 14( 35 35 143
v 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 ol
Base Fﬂﬁg‘l’e” 47.2 47.2 47.2 47.2 47.2 47.2 37 37 37 4712 472 24)
Dilation 17.2 17.2 17.2 17.2 17.2 17.2 7 7 7 172 17.2 17.2
Angle
C("I\;‘Sz')o” 0.0047 | 0.0047| 0.0047 0.005 0.006 0.005 0.05 0[5 050, 0.0047| 0.0047 0.004f
ac E (MPa) 550 550 550 550 550 550 550 550 550 550 550 550
v 0.45 0.45 0.45 0.45 0.45 0.45 046 045 045 0W5 450/ 0.45
Density | 2.26E- | 2.26E- | 2.26E- | 2.26E- | 2.26E- | 2.26E- | 2.26E- | 2.26E- | 2.26E- | 2.26E- | 2.26E- | 2.26E-
(tonne/mn?) | 06 06 06 06 06 06 06 06 06 06 06 06
HMA E (MPa) 3954 3954 6468| 3083 3083 4867 2165 2165 4947 2154154 2 3848
v 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.8 o

68



Table 5-3 Material properties used in second numecal simulation

Con- | Con- | Con-
Lane trol trol trol QW QW QW RAP| RAP| RAP| AB3| AB3| AB3
Test # 1 OL 2 1 OL 2 1 OL 2 1 OL 2
Density 1.52E| 1.52E | 1.56E | 1.52E | 1.52E | 1.56E | 1.52E | 1.52E | 1.56E | 1.52E | 1.52E | 1.56E
(tonne/mnt) -06 -06 -06 -06 -06 -06 -06 -06 -06 -06 -06 -06
E (MPa) 64 64 68 39 39 52 43 43 58 45 45 59
v 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0}45.45Q9 0.45
Subgrade | power Law | 5.26E | 5.26E | 5.26E | 5.26E | 5.26E | 5.26E | 5.26E | 5.26E | 5.26E | 5.26E | 5.26E | 5.26E
Multiplier -05 -05 -05 -05 -05 -05 -05 -05 -05 -05 -05 -05
Eq Stress
Order 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0 0.6
Time Order | -0.58 | -0.58| -0.58] -0.58 -0.58 -0.58 -0.58 -0.58 580/ -0.58| -0.58| -0.58
Density 2.03E| 2.03E| 2.03E| 1.95E | 1.95E | 1.95E| 1.78E| 1.78E | 1.81E | 2.03E | 2.03E | 1.97E
(tonne/mnr’) -06 -06 -06 -06 -06 -06 -06 -06 -06 -06 -06 -06
Base E (MPa) 38 38 | 102| 14 14| 109 11 14 47 12 1] 6l
% 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0. 04
G E (MPa) 550 550 550 550 550 550 550 550 550 550 560 850
% 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0j45.45Q 0.45
Density 2.26E | 2.26E | 2.26E | 2.26E | 2.26E | 2.26E | 2.26E | 2.26E | 2.26E | 2.26E | 2.26E | 2.26E
(tonne/mnr’) -06 -06 -06 -06 -06 -06 -06 -06 -06 -06 -06 -06
E (MPa) 1977 | 1977| 3234 1541 1541 2433 1082 1082 2474 107D771 1924
v 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.B 0 013
HMA Power Law | 1.00E| 1.00E| 1.00E | 1.00E | 1.00E| 1.00E | 1.00E | 1.00E | 1.00E | 1.00E | 1.00E | 1.00E
Multiplier -04 -04 -04 -04 -04 -04 -04 -04 -04 -04 -04 -04
Eq Stress
Order 0.47 0.47 0.47 0.47 0.47 0.47 0.47 0.47 0.47 0{47.47 Q 0.47
Time Order -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.5 -0.b -0/5 0.5-| -0.5
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5.2.2 Boundary Conditions
In order to decrease required computational tiomdy one quarter of the test pit was
modeled. Since the pit was surrounded by concaetplacement was set for the bottom and two
sides (back and left) of the model. The left sideswestrained from moving in the x direction,
and the bottom was restrained from moving in thdirection. The front and right sides used
symmetrical boundary conditions. The front used ety in the y direction, while the right

side used symmetry in the x direction. Symmetrydations were also included for the geocells

as shown in Figure 5-22.

Figure 5-2 Boundary conditions for APT models

5.2.3 Element/Mesh
Solid materials (HMA, base material, and subgrageje meshed using an 8-noded
linear brick, reduced integration hexahedral eledn€BD8R). However, a tradeoff was required
between accuracy and computational size. Coarsehesetend to be inaccurate, while finer

mesh increases computational time. For simulatioth® geocell-reinforced section, a balance
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was found with the HMA layer (shown in Figure 5-Bpse layer (shown in Figure 5-4), and
subgrade (shown in Figure 5-5) with 1,716, 1,448d %,279 elements, respectively. Tie
constraints were used at the interfaces betweerHMA and base material and between the
subgrade and base material to help convergencece@®avere meshed using 10,080 S4R 4-

node doubly curved thin or thick shell, reducecegnation elements, as shown in Figure 5-6.

Shell elements can be used when the ratio of amergion is higher than the other dimensions
(Abaqus 2011).

Figure 5-3 HMA mesh

Y
X

Figure 5-4 Base mesh
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Figure 5-5 Subgrade mesh

Figure 5-6 Geocell mesh

An embedded region was used to place geocellsibalse layer. Embedded regions are
a group of elements within a “host” region. The eahted region allows shell elements to be

embedded into solid elements, as shown in Figuré ®revention of infil movement
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sandwiched the infill material between the HMA layad the subgrade. Embedded elements
were constrained by the response of the host elism#rerefore, no contact friction could be
attributed to the geocell wall. However, becauseittiill had no room to move, the assumption
was made that friction between the geocell wall gnadinfill gave no help or limited help to the
reinforcement. This condition differs from the umpd roads in which the infill has room to
move. Infill material in unpaved roads can be pdshet of the cells; therefore, friction is a key
factor in developing load resistance in pavemestesy. The embedded region elements behave
in a slab-like motion. The control section was meden the FE analysis without embedded

geocells.

Figure 5-7 Embedded geocells in base layer
5.2.4 Loading

5.2.4.1 Stress and Strain Simulation Loading

Loading of the model occurred over the area oftiteeimprint at a given point in the
load cycle. Symmetry was used for half of the itingrint, as shown in Figure 5-8. This type of
loading represents results obtained from the sensbine load was applied as a pressure over an
area equal to the tire imprint. The 80-kN (18-kip)al force was applied to the APT loading
assembly through two sets of dual tires. A tirespuee of 552 kPa (80 psi) was maintained
during testing. Rectangular tire imprints were assd in this study, resulting in a total tire
imprint of 208 mm (8.2 in) wide (measured tire immprwidth) by 174.5 mm (6.9 in) long
(calculated tire imprint length). The tire impriength was divided into two loading areas due to
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symmetry. One load cycle on a unit tire imprint veatculated to take 0.05 second to pass. The
step in the numerical analysis placed a pressubb®fkPa (80 psi) on the tire imprint for 0.05

second.

Figure 5-8 Model Loading

5.2.4.2 Rut Simulation Loading

A load pressure of 552 kPa (80 psi) was appligtieédire imprint, as shown in Figure
5-9. Rut depths were taken three times (100,000,080, and 1,000,000 cycles) during the
simulation, and seven steps were used to simwatirig. A review of steps is presented in
Table 5-4. Lateral wander was not taken into actduring rut simulations.
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Figure 5-9 Rut simulation loading

Table 5-4 Rut simulation steps

Step | Duration Loading | Comment
(s) (kPa)

Initial | O 0 Setting up of boundary
conditions

1 5,000 552 100,000 cycles

2 1 0 First rut depth measurements

3 20,000 | 552 Total cycles to 500,000

4 1 0 Second rut depth measuremer

5 25,000 | 552 Total cycles to 1,000,000

6 1 0 Third rut depth measurements
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Chapter 6 - Results

6.1 APT Test Results
Throughout APT testing, instrumentation was usecttord data for one wander cycle at
specified load intervals. Vertical pressure on slbgrade, strain at the bottom of the HMA

layer, and strain on the body of the geocell weerded. Transverse profiles were taken at
regular intervals in order to measure rut depths.

6.1.1 First Experiment
In the first test, profiles showed dramatic changeelevation, as shown in Figure 6-1
and Figure 6-2. Heaving, as evident in Figure 8y@ically corresponds to shear failure of the
base and subgrade layers. A high heave area ceudd to a localized shear failure in the base
or subgrade. In the first set of test sections,Qh¢ section had a localized heaving failure. This
failure is believed to have been caused by thersulegfailure. No geocell material was found in

the heaved area, and ruts on the control lane didintrease as rapidly as on the geocell-
reinforced sections.
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Figure 6-1 Typical middle pit profile first experiment
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Figure 6-2 Typical south pit profiles first experiment

Vertical pressures on the subgrade, as showngur&i6-3 and Figure 6-4, show that all
geocell-reinforced sections had higher verticaésstrat the top of the subgrade than the control
lane. The QW lane showed very high vertical stirssne of the two pressure gauges on that
lane. This pressure gauge was located directlgvbé¢the area that heaved. The pressure was
greatly reduced after a steel plate was used to Hpafailed area. Average vertical pressure
readings in the south pit were higher than the @@4Pa (15.17 psi) unconfined compressive
strength of the subgrade soil.

Many strain gauges on the geocells did not surewestruction, as tabulated in Table
6-1. The location of geocell strain gauges in thedhe pit was covered with the steel plate;
therefore, the strain recorded was not accurateshodn in Table 6-1 Traffic wander induced
compression and tension in the geocells. When ¢oeajl strain gauge was located at a distance
from the center of the loading, the geocell tendelde under compression while middle geocells
were in tension. The RAP lane had the highest peagile strain of 3,524 microstrain and the
lowest strain (compression) of -1,790 microstrdine AB-3 lane had the second highest tension
and compressive strain, with 2,462 microstrain ah@54 microstrain, respectively. The QW

lane had the lowest tension and compressive striin1,403 microstrain and -848 microstrain;
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however, the strain was recorded only for the &% passes and then the lane heaved, causing

the strain readings to no longer be meaningful.
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Figure 6-3 Vertical pressure on subgrade of the midle pit during first experiment
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Figure 6-4 Vertical pressure on subgrade in soutpit for the first experiment
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Table 6-1 Geocell peak horizontal microstrain firstexperiment (Positive = Tension)

a. Middle Pit (QW Lane)
Middle Pit
S
Cycle 1 2 3 4 5
0 -0.000731 -0.000848 0.001403 0.001203 -0.0005
20K
50K
b. South Pit (RAP Lane)
South Pit
N
Cycle 1 2 3 4 5
0 -0.00179 0.003524 0.003523
20K -0.00065
50K -0.000677
c. South Pit (AB-3 Lane)
South Pit
S
Cycle 1 2 3 4 5
0 0.000562 0.002252 0.000466
20K -0.0009 0.002462 0.00215
50K -0.00125 0.00245

6.1.2 Overlay Experiment

After the overlay, the cross sections with overldgd to rut profiles that did not
deteriorate as severely or as quickly, as showhigare 6-5 and Figure 6-6. After the overlay
was placed, vertical stress was reduced and rech&amty constant during testing as shown in
Figure 6-7, and vertical stress in the south pghiswn in Figure 6-8. The south pit had higher
vertical stress on the subgrade than the middleTits vertical stress was higher than the
unconfined compressive strength of the subgrade Atthough the overlay led to improved
performance than earlier, the APT machine was petgthed to test pavements with such high
elevations. After several major breakdowns, thesi@t was made to discontinue testing.
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Strain results showed that the RAP lane had higberpressive strain than the AB-3

lane, as shown in
Table 6-2 Geocell peak horizontal microstrain cagexperiment (Positive = Tension). Strain in
the geocells decreased when the overlay was plasedxhibited by tensile strain in the AB-3
lane. The strain value decreased from 2,462 miaiostin the first experiment to 1,812
microstrain after the overlay. The thicker HMA seothelped reduce strain in the body of the
geocells.
Table 6-2 Geocell peak horizontal microstrain ovedy experiment (Positive = Tension)

a. South Pit (RAP Lane)

South Pit
N
Cycle 1 2 3 4 5
0 -0.000837
20K -0.000505
50K
b. South Pit (AB3 Lane)
South Pit
S
Cycle 1 2 3 4 5
0 -0.000442 0.001812
20K -0.000338 0.001760
50K -0.000897 0.002462

6.1.3 Second Experiment
Subgrade protection provided by the thicker crassiens in the second test led to a
longer pavement life and lower rut depth, as showifigure 6-9 and Figure 6-10. Vertical stress
on the subgrade was well below the unconfined cesgive strength of the subgrade soil. Figure
6-11 and Figure 6-12 show that as the test progdesertical pressure increased; however, this
phenomenon began to occur well after the initialt termination point of 500,000 passes, at
which point all test sections began to fail. Theasweed rut depths lent support to this situation

because the rut depths increased rapidly afte0B0(asses.
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Geocell strain gauges showed that the RAP lamk higher tensile and compressive
strains (maximum of 772 microstrain and minimum -6fL2 microstrain) than the QW
(maximum of 477 microstrain and minimum of -254 mo&train) and AB-3 (maximum of 440
microstrain and minimum of -195 microstrain) lanas,shown in Table 6-3. However, all these
strain levels were smaller than the first and ayedxperiments.

Table 6-3 Geocell peak horizontal strain second egpment (Positive = Tension)
a. Middle Pit (QW lane)

Middle Pit
S
Cycle 1 2 3 4 5
0 0.000263 0.000365 0.000459 -0.000254 -0.000140
20K 0.000260 0.000373 0.00037(0 -0.000193 -0.000060
50K 0.000210 0.000288 0.000297 -0.000134 -0.000041
100K 0.000230 0.000233 0.000167 -0.000101 -0.000032
500K 0.000230 0.000343 0.000256 -0.00008B 0.000035
1,200K 0.000198 0.000477 -0.000250
b. South Pit (RAP lane)
South Pit
N
Cycle 1 2 3 4 5
0 -0.000175 -0.000512 0.000772 0.000649
20K -0.000062 -0.000218 0.000314 0.000369
50K -0.000505 -0.000512 0.000772 0.000649
100K -0.000066 -0.000256 0.000309 0.000299
500K -0.000065 -0.000252 0.000318 0.000267
1,200K -0.000034 -0.000271 0.000284 0.000181
c. South Pit (AB3 Lane)
South Pit
S
Cycle 1 2 3 4 5
0 0.000401 0.000440 0.000172
20K 0.000393 0.000268 0.000172
50K 0.000401 0.000176 0.000172
100K 0.000436 0.000291 0.000153
500K 0.000357 0.000300
1,200K 0.000400 0.000431
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After the second test was completed, a postmoebeamination of the test sections was
conducted. The geocells changed from typical siagsthapes to diamond shapes, as shown in
Error! Reference source not found. However, damage to the geocells, as seen inighees,
was caused by a pick used to chip through the lzase. The geocell-reinforced AB-3 base
layer was very compact and able to hold its shdfs axtruding the geocells from the base
layer, as shown in Figure 6-14. The QW section "@tbwimilar compacted shape retention.
During coring of the HMA in the RAP lane, up to &tm (2 in.) of RAP was bonded to the

HMA layer. Highly compacted base materials behdikeda slab instead of individual cells.

-

‘\

Figure 6-13 AB-3 postmortem after 2nd test
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Figure 6-14 AB-3 material after 2nd test

6.1.3 Comparison of First and Second Experiment

Rut depths from the eight sections under this staiy compared in Figure 6-15 and
Figure 6-16. Thicker cross sections reduced ruthdgpate of rut depth formation, and applied
vertical pressure on the subgrade, as shown inré&i@ul7. Pressure on the subgrade was
reduced by 43% for the control lane, 40% for the @We, 71% for the RAP lane, and 69% for
the AB-3 lane after the first 50,000 passes. Stiraitne geocells reduced comparably, as shown
in Figure 6-18. The QW, RAP, and AB-3 lanes weuced 68%, 75%, and 83%, respectively.
Thicker sections were stronger and had performétiom rutting i.e. they exhibited lower rut
depth.
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6.2 Layered Elastic (KENLAYER) Analysis

KENLAYER is a computer program that solves for m@sges of a multilayer elastic
system under a circular loaded area (Huang 2004W& program can be used to predict
deflections, stresses, and strains in pavementrdaymder various loading conditions.
KENLAYER was used to predict and compare vertitedss on the subgrade and strain at the
bottom of the HMA layer. Backcalculation using FWdata was used to find the moduli of the
layers in the test sections. However, KENLAYER doeshave the capability to account for 3-
D reinforcing elements such as geocells. Predicessponses were compared to measured
responses for the first set of data, as shown el@45 and Table 6-56.

Two pressure cells were placed in each lane. Iddaligauge readings for each lane are
shown in Table 6-4. KENLAYER predicted higher veat stress on the subgrade in the first test
than the second test. Vertical stress on subgradghe RAP lane was most significantly
underestimated, with an average of 57% underestmat the first test and 23% in the second
test. Sensor 3 on the QW section was directly belenarea on the lane that eventually heaved.
That sensor showed much higher pressure thanntpa@oion gauge in the same lane; suggesting
overstressing of the subgrade and possible failiféerences in individual gauge readings can
be attributed to differences in initial compactiohthe base layers, thereby inducing variable
loading on the pressure cells.

Strain gauges were placed beneath the HMA layeMNIKEYER estimates principal
strains at the desired locations. Again, KENLAYE®&calated higher strains in the first test
compared to the second test. The QW lane straigegsiiowed 6,330 microstrain, indicating that
the HMA layer was failing quickly. In the secongtteKENLAYER predicted stain values closer
to the measured values, with all predicted valiesdowithin 25% of the measured values.
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Table 6-4 KENLAYER vertical pressure results (6.8%Pa = 1 psi)

Second Test

Control QW RAP AB3
Lane 1 Lane 2 Lane 3 Lane 4
Pressure on Pressure on Pressure on Pressure on
Subgrade Subgrade Subgrade Subgrade
First Test
KENLAYER
(kPa) 58.3 121.7 130.5 132.0
Sensor 1 2 3 4 1 2 3 4
MEASURED
(kPa) 29.5 54.1 130.0 56.6 186.1 222.6 926 157
% Difference | 49.5%| 7.3% -6.8% 53.5%| -42.6% -70.6% 29.9%%6 -19.2

%

)

KENLAYER
(kPa) 39.9 43.2 52.2 54.1
Sensor 1 2 3 4 1 2 3 4
MEASURED
(kPa) 32.2 22.9 52.8 54.4 46.4 81.3 40.6 38.(
% Difference | 19.3%| 42.5% | -22.1%| -25.8% 11.0% -56.0% 25.0% 29.8
Table 6-5 KENLAYER HMA strain
Control QW RAP AB3

Strain Strain Strain Strain

(Below (Below (Below (Below

HMA) HMA) HMA) HMA)
First Test
KENLAYER -0.0003631] -0.0008571f -0.0009215 -0.0009024
MEASURED -0.000369| -0.00633| -0.000429 -0.000273
% Difference -1.6% -638.5% 53.5% 69.85%

Second Test

KENLAYER -0.0001626 -0.0001897 -0.0002456 -0.0002535
MEASURED -0.00014| -0.000146/ -0.000209] -0.00022
% Difference 13.9% 23.0% 14.9% 13.2%
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6.3 Numerical Analysis Results

6.3.1 Response Comparison

6.3.1.1 Stress and Strain Numerical Analysis

Results for various simulations are shown in Tab During analysis, strain on the
geocell was analyzed at two locations. A path veislong five geocells in which strain gauges
were located, as shown in Figure 6-19. Maximum amdimum strain values along the path

were obtained, and then maximum and minimum stwalues on the entire geocell were
obtained.

LE, LE11
SNEG, (fraction = -1.0)

(Avg: 75%)
+5.866e-04
+5.133e-04
+4.399e-04

+3.665e-04
+2.932e-04
+2.198e-04
+1.464e-04
+7.303e-05
-3.406e-07
-7.371e-0S
-1.471e-04
-2.205e-04
-2.938e-04

Max: +5.866e-04
Elemn: GEOCELL-1.6267
Node: 8699

Min: -2.938e-04
Elem: GEOCELL-1.6364
Node: 4259

Figure 6-19 Geocell path

Results followed the assumption that thicker anoihgfer sections would allow less stress
to be applied to the subgrade, resulting in loveeis in the geocell and HMA layers. Table 6-7
compares numerical analysis results to measuredtsesThe control lane model results showed
close corespondence to the measured strain resitlitsthe highest difference among all three

experiments being 11%. However, numerical analgsided to overpredict HMA strain.
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Table 6-6 Numerical response analysis results

GC GC
HMA Path Path Sg( I\C/Tli Subgrade
Lane Test# | Strain | Strain Strf';un Strain | Strain Stress
Max Min
microstrain kPa
CTL 1 414 92
CTL oL 250 72
CTL 2 148 28
QW 1 496 803 -271 817 -450 90
QW oL 328 493 -157 494 -264 70
QW 2 159 313 -57 393 -140 43
RAP 1 651 911 -313 930 -511 119
RAP oL 441 560 -187 587 -293 91
RAP 2 162 220 -63 328 -180 40
AB3 1 641 870 -299 883 -500 124
AB3 oL 433 531 -182 564 -297 95
AB3 2 186 334 -82 407 -194 41
Table 6-7 HMA strain comparison
Control QW RAP AB3
Microstrain | Microstrain | Microstrain | Microstrain
(Below (Below (Below (Below
HMA) HMA) HMA) HMA)
First Test
Numerical Analysis 414 496 651 641
MEASURED 369 6330 429 273
% Difference 10.87% -1176.21% 34.10% 57.41%
Overlay Test
Numerical Analysis 250 328 441 433
MEASURED 240 - 421 -
% Difference 4.00% - 4.54% -
Second Test
Numerical Analysis 148 159 162 486
MEASURED 140 146 209 220
% Difference 5.41% 8.18% -29.01% 54.73%
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A comparison of subgrade stress results from timeemical analysis and measured values
is shown in Table 6-9. These stress results vategending upon location, possibly due to the
construction of the base layer and initial layermpaction because of loading. AB-3
demonstrated unique results, with one sensor miegstasponse below the predicted value and
one sensor measuring response above the predihgel Wumerical analysis underpredicted the
subgrade pressure on all RAP sections. Subgragkesgtesults from numerical simulations of the
second set of test sections were closer to the urestrains in all cases with the exception of

one sensor in the RAP section.

Table 6-8 Subgrade stress comparison

Control QW RAP AB3
Pressure on Pressure on Pressure on Pressure on
Subgrade Subgrade Subgrade Subgrade
First Test
Numerical Analysis
(kPa) 92.0 90.0 119.0 124.0
Sensor 1 2 3 4 1 2 3 4
MEASURED (kPa) 29.5 54.1 130.0 56.6 186.1 222.6 92.5 157.4
% Difference 68.0% | 41.29% -44.4% | 37.1%| -56.49 -87.1%  25.40626.9%

Overlay Test

Numerical Analysis

(kPa) 72.0 70.0 91.0 95.0
Sensor 1 2 3 4 1 2 3 4
MEASURED (kPa) 42.2 41.6 - 47.7 104.3 121.3 87.7 109(1
% Difference 41.4% | 42.2% - 31.9% | -14.6%| -33.3%| 7.7% -14.8%

Second Test
Numerical Analysis

(kPa) 28.0 43.0 40.0 41.0
Sensor 1 2 3 4 1 2 3 4
MEASURED (kPa) 32.2 22.9 52.8 54.4 46.4 81.3 35)2 48.2
% Difference -14.9% | 18.19%q -22.7% | -26.4%| -16.09 -103.4% 14.2%17.5%

Because numerical simulations were run using Abétxplicit, the HMA layer was
modeled as consisting of linear elastic materihlsrefore, rutting results could not be extracted

from these numerical simulations.
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6.3.1.2 Rut Numerical Analysis

The rut numerical analysis did not predict the dagecumulation of rut depths observed
in the first test. The rut profile shape was simitaprofiles seen during the APT test. Simulated
profiles are presented in Appendix A. Simulationsvged a W-shaped profile and heaving at the
edge of the tires, similar to the APT test. Diffezes were observed in material properties, as
tabulated in Table 6-9, which shows height of teave, depth of the rut, and total difference in
elevation from heave to rut. Numerical analysis dat show significant rutting in the first
50,000 cycles, so each APT test was simulated G80JQ00 cycles. Simulation results of the
second set of test sections were closer to the urehwvalues in all analyses. Unique results
came from the overlay simulation. The overlay siioh demonstrated deeper rutting than the
first test simulation in all the base materialsl iAputs were being the same as the simulation
without overlay, the only difference was a thickiMA layer.
Table 6-9 Rut depths

Highest Elevation Lowest Elevation Differenoeblevation

Cycle| 100,000 500,000 1,000,000 100,400 500,000000]000| 100,000 500,000 1,000,000
1 0.95 1.86 2.49 -1.71 -2.94 -3.18 2.65 4|80 g.27
Control | oL 0.90 1.79 2.39 -1.95 -3.38 -4.28 2.85 5011 6.67
2 1.11 2.03 2.66 -2.08 -3.47 -4.41 3.4 5/50 7.07
1 1.04 2.04 2.73 -2.59 -4.28 -5.40 3.63 6/32 g.13
QW | oL 1.01 2.02 2.72 -2.79 -4.68 -5.92 3.80 6/70 8.64
2 1.04 2.00 2.66 -1.96 -3.55 -4.61 3.00 5|55 7.26
1 1.03 2.04 2.72 -2.68 -4.45 -5.60 3.1 6/49 g.32
RAP | oL 1.01 2.02 2.72 271 -4.67 -5.98 3.73 6/70 8.70
2 1.01 1.97 2.64 -2.25 -3.89 -4.99 3.p5 5/86 7.63
1.03 2.04 2.77 -2.60 -4.34 -5.48 3.63 6/38 g.20
AB3 | oL 1.02 2.03 2.73 -2.63 -4.58 -5.87 3.65 6/61 8.60
2 1.01 1.98 2.64 -2.01 -3.65 4.76 3.02 5/63 7.40

Table 6-10 compares results from the second s&Padf test sections and numerical
analysis results. Numerical analysis underestim#tedrut depth by at least 130%. However,
when actual rut depth was compared to the differdretween the bottom of the rut and the top
of the heave obtained from the numerical analyssults were similar on the south pit (within
1%).
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Table 6-10 Rut depth comparison after one million epetitions

Control QW RAP AB3

Rut Depth (mm) | Rut Depth (mm) | Rut Depth (mm) | Rut Depth (mm)

Second Test

Numerical Analysis

Rut Depth 3.14 3.00 3.25 3.02
MEASURED 9.12 12.04 7.69 7.34
% Difference -190.45% -301.339 -136.62% -143.05%

Second Test

Numerical Analysis

Rut Depth + Heave 7.07 7.26 7.63 7.4
MEASURED 9.12 12.04 7.69 7.34
% Difference -29.00% -65.84% -0.79% 0.81%

6.3.2 Parametric Studies of Numerical Simulation

In order to investigate effects of the modulus loé thase material and the height of
geocells, parametric studies were performed udmegRE model. The first simulation study
investigated the mechanistic responses in the ¢soaed the subgrade. HMA rutting was
investigated in the second part of the simulatibime modulus of the base material provided
insight into the quality of base material and coatiga level in the geocells. This analysis used
a range of base material elastic modulus, staftog 25 MPa (3,626 psi) to 500 MPa (72,519
psi). In the second study, vertical displacemergsawneasured after 1,000,000 load repetitions.

In the first part of simulation, stronger base mateshowed a decrease of stress on the
subgrade layer up to a point and then continuel@vel off. Results from this simulation are
shown in Figure 6-20. Strain on the geocells ineedaas the base material modulus increased up
to 200 MPa (29,008 psi), and then the strain deeckalnfill material placed in the geocell was
shown to significantly impact geocell effectivenes®owever, the effect of base material
modulus was not profound. In the rutting simulatievhen the elastic modulus of the base
material exceeded 100 MPa (14,504 psi), HMA dispiaents leveled out and did not change
significantly, as shown in Figure 6-21.

In the geocell height sensitivity analysis, ratdgeocell height, &, and two HMA
thicknesses yuya, (150 mm [6 in.] and 100 mm [4 in.]), were invegstied. In the APT test

sections, a 50-mm (2 in.) cover was determinecetthb minimum thickness required for
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constructability. During this analysis, the heighthe base layer was maintained at 50 mm (2
in.) over the height of the geocell. Other paramseite@ the model were held constant, as shown in
Table 6-11.

In the first height study, vertical stress on tbbgrade decreased or remained constant as
the ratio of geocell height to HMA thickness inged from less than 1 to 2. In both cases,
vertical stress on the subgrade increased wheigeabeell height-to-HMA thickness ratio was
greater than 2 and then decreased significantlghas/n in Figure 6-22. Strain in the geocells
decreased as this ratio increased, and a decreése benefit of reduced strain was observed as
the ratio exceeded 2, as shown in Figure 6-23hénsecond part of simulation, HMA vertical
displacement decreased as the height of the gencedased, as shown in Figure 6-24. The 150-
mm HMA layer consistently had a deeper rut.

97



Table 6-11 Parametric study material properties

Subgrade and
Geocell Response

Rut Response

Base Geocell Base Geocell
Study Modulus | Height Modulus | Height
Density
(tonne/mn’) 1.52E-06 1.52E-06¢ 1.52E-06 1.52E-0¢
E (MPa) 45 45 45 45
\Y 0.45 0.45 0.45 0.45
Friction Angle 0 0
Subgrade | Dilation Angle 0 0
h (mm) 1274 1274
Cohesion (MPa) 0.104 0.104
Power Law Multiplier 5.26E-05 5.26E-0f
Eq Stress Order 0.6 0.6
Time Order -0.5814 -0.5814
Density
(tonne/mn) 2.03E-06 2.03E-06 2.03E-06 2.03E-06
E (MPa) Variable 150] Variable 100
V 0.4 0.4 0.4 0.4
Base | Friction Angle 47.2 47.2
Dilation Angle 17.2 17.2
Geocell height Geocell height
h (mm) 150 | + 50mm 150| + 50mm
Cohesion (MPa) 0.0047 0.0047
E (MPa) 550 550 550 550
GC \Y 0.45 0.45 0.45 0.45
h (mm) 100 | Variable 100 Variable
Density
(tonne/mn’) 2.26E-06 2.26E-06 2.26E-06 2.26E-06
E (MPa) 4000 4000 1500 1500
\Y 0.3 0.3 0.3 0.3
HMA
h (mm) 100| 100 or 150 100 100 or 150
Power Law Multiplier 0.0001 0.0001
Eq. Stress Order 0.47 0.47
Time Order -0.5 -0.5
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Chapter 7 - Conclusions, Recommendations & Future \bfk

In this study, APT was conducted on geocell-reicddr, granular base layers overlaid

with HMA. Rut depths, stresses in the subgrade, streins in the geocells and HMA layers

were recorded to study behavior of various infilaterials. Experimental data was used to

validate the numerical models developed based eng#ocell-reinforced pavement sections.

Parametric simulations were conducted to evaluatiables in the study.

7.1 Conclusions

Based on this study, the following conclusions lbarmade for the geocell-reinforced

base layers for low-volume paved roads:

1.

Under HMA and after initial compaction due to laagli base materials become
solidified and begin to behave like a slab instefishdividual cells.

A 50-mm cover over the geocells ensures higher eatign level of infill materials
in the geocells and provides protection to geocellsng compaction and HMA
placement.

A 75-mm thick geocell reinforced base layer apphescmaximum capacity of the
geocells. A 100-mm thick geocell enhances the lo@aking capacity of the base
layer. Taller geocells create more friction to lvercome, thereby increasing bearing
capacity. However, numerical analysis showed arease in vertical subgrade stress
when the ratio of height of the geocell to heighthe HMA layer approached 2.
Lower-quality infill materials can perform as weal$ high-quality infill materials if
adequate height of geocells/base thickness is gedvio protect the subgrade from
overstressing. Geocells enhance shear strengtbwariquality materials ensuring
their usage. Increased quality of the base matecatased overall structural stability
of the system. However, this benefit diminisheswiicreasing base modulus.

An HMA layer of 50 mm is too thin for the existinggal axle load. Minimum
thickness for the HMA layer is recommended to b@ don.

HMA rutting can be decreased by increasing gedwesthht. However, HMA rutting
has comlex relationships with other factors suchtH&A thickness. Level of HMA

compaction, etc. that are beyond the scope ofkthidy.
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7.2 Recommendations & Future Work
Based on this study, the following recommendaticars be made for the geocell-
reinforced base layers for low-volume paved roads

1. A minimum of 50-mm cover is required for safe amdger compaction into the
geocells.

2. A minimum of 100-mm HMA is required for stability ia geocell reinforced road
structure.

3. More study is required to investigate the incraasibgrade vertical pressure as the
geocell height ratio increases and then dramajicatreases.

4. Cost studies are needed to determine a breakevestiment for geocell-reinforced

pavement structures.
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Appendix A -Numerical Analysis Profiles

The figures in the appendix show profile result®iomerical analysis. Each figure shows
simulated rut profiles at 100,000, 500,000, andQ,000 cycles. The conversion factor is 25.4

mm to 1 inch.
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Figure A-1 Simulated control rut profiles for first test
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Figure A-2 Simulated control rut profiles for overlay test
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Figure A-3 Simulated control rut profiles for secand test
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Figure A-4 Simulated quarry waste rut profiles for first test
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Figure A-5 Simulated quarry waste rut profiles for overlay test
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Figure A-6 Simulated quarry waste rut profiles for second test
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Figure A-7 Simulated RAP rut profiles for first test
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Figure A-8 Simulated RAP rut profiles for overlay test
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Figure A-11 Simulated AB3 rut profiles for overlaytest
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