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EXECUTIVE SUMMARY

This final report presents results and findings from the research work undertaken to
evaluate and determine structural benefits of three Pennsylvania Department of Transportation
(PennDOT)-approved geogrids for reinforcing weak pavement subgrade. A mechanistic-
empirical (ME) approach was adopted in this study to develop subgrade permanent deformation
models for geogrid-reinforced flexible pavements.

Multi-scale tests were conducted for the three geogrids. Mechanical and index properties
of the geogrids were tested before the geogrids were subjected to bench-scale testing, namely
pullout and direct shear tests. The bench-scale tests were mainly to evaluate the interface
properties of the geogrids surrounded by pavement materials that were used in the subsequent
accelerated testing.

Two sets of accelerated pavement tests (APT) were carried out to investigate the
effectiveness of geogrids in improving pavement performance. For each APT, four pavement
sections were constructed in a pit with concrete walls, among which one was control and the
others were reinforced with different geogrids. Two different types of soil were involved for the
subgrade construction through the two sets of accelerated testing.

Various instruments were installed in the pavement system to measure both static and
dynamic response of the pavements. Deformation at the top of subgrade was measured using a
linear variable differential transformer (LVDT) in each section while the vertical stress at the top
of the subgrade was monitored through earth press cells. Strains in the geogrids were measured
using foil strain gages attached on the ribs. A one-third scale model mobile load simulator
(MMLS3) was used to apply unidirectional traffic load on the pavement sections. Surface rutting
was measured using a profilometer at intervals of the MMLS3 axle repetitions. Lightweight
deflectometer (LWD) tests were conducted on the pavement sections to backcalculate the
pavement layer properties before the accelerated testing.

Finite element (FE) models were created to simulate the pavement sections in the pit. The
FE models were calibrated using the measurements from the LWD tests. The calibration was
accomplished through an inverse analysis procedure coupling the FE models with an

optimization subroutine. Interface properties obtained from the bench-scale tests were



incorporated into the FE models. The FE models provided pavement responses that were needed
for the permanent deformation models.

Subgrade permanent deformation models were developed for pavement sections on the
basis of the model adopted by the Mechanistic-Empirical Pavement Design Guide (MEPDG).
The MEPDG model was modified to accommodate the test conditions in this study. Calibration
of the model was conducted using the measurements from the Instrumented APT | while the

measurements from the Instrumented APT Il were used to verify the model.



1 INTRODUCTION

1.1 Problem Statement

Weak subgrades have been and still are of major concern to pavement design engineers
due to their potential contribution to rutting in flexible pavements. Typical approaches adopted to
avoid or minimize the problem have focused on: (1) increasing the thicknesses of the pavement
layers, both unbound and asphalt concrete; (2) removing a top layer of the subgrade and
backfilling it with a soil of higher bearing capacity and better properties to resist frost/heave and
other load and environmental factors; and (3) stabilizing the subgrade through a variety of
techniques such as adding lime or cement, or incorporating reinforcement media such as
geosynthetics. Several factors are considered in selecting an appropriate technique from the
aforementioned list, including but not limited to: feasibility, associated cost, time for
construction, effort required, and effectiveness. Recently, there has been a growing interest in the
use of geosynthetics, particularly geogrids, for subgrade reinforcement, where geogrids are
placed at the interface between the subgrade and the aggregate base layer. Factors favoring the
use of geogrids include simple and quick installation; increase in types, brands, and quality of
geogrids; and the decrease in cost of purchasing the material due to high competitiveness among
manufacturers. However, incorporating their benefit in pavement design has not been adequately
researched and implemented. Limited design methodologies for reinforced subgrade pavement
design have been proposed, most of which are empirical in nature and often presented by the
manufacturers in the form of a black-box design without any mechanistic reasoning. Therefore,
determining the structural benefits of reinforced subgrade is imperative for any meaningful
design that incorporates mechanistic procedures and fundamental material properties.

1.2 Research Objectives

The objective of this project was to determine the structural benefits of PennDOT-
approved geogrids when incorporated as subgrade reinforcement in flexible pavements. The
objective was met by characterizing the geogrids through multi-scaled testing (i.e., index testing,
bench-scale testing, and accelerated pavement testing) and by customizing mechanistic-empirical

permanent deformation models for geogrid-reinforced flexible pavements.



1.3 Research Scope

This research was focused on the application of geogrids in flexible pavements. More
specifically, this research concentrated on the scenario where geogrids as a reinforcing element
are placed at the interface between a weak soil subgrade and an aggregate base course. Four
different geogrid products representing a wide range of geogrid categories were involved in this
study. Three different types of soil considered as problematic for pavement subgrade were used
while the construction of aggregate base course and asphalt layer keep using the same type of
material through all the sets of testing.

This study included multi-scaled testing of geogrid properties and reinforcing
performance. Index testing was conducted on selected geogrids to obtain consistent physical and
mechanical properties. Bench-scale testing, including direct shear and pullout tests, were used to
characterized the geogrids within surrounding pavement materials. Using the one-third scale
model mobile load simulator (MMLS3), accelerated pavement testing was performed on
pavement slabs with scaled structural thicknesses reinforced by different geogrids. Overburden
stress, subgrade deformation, and geogrid strains were monitored during accelerated testing. The
test results were compared and analyzed to identify critical geogrid characteristics that contribute
most to the reinforcing performance in pavements.

In-situ resilient moduli of pavement slabs reinforced by different geogrids were obtained
through an inverse analysis procedure based on lightweight deflectometer (LWD) tests. Tested
geogrid and pavement material properties were implemented into finite element (FE) models to
investigate the contribution of geogrid reinforcement to the pavement system. The FE model was
verified by the experimental measurements. Critical responses of pavements were extracted from
the FE model. A mechanistic-empirical (ME) permanent deformation model was then developed
on the basis of critical responses from the FE model and measurements from the accelerated
tests. The ME model takes into account the geogrid reinforcing effects in addition to the

pavement materials properties.



2 LITERATURE REVIEW

2.1 Geosynthetics

Due to their favorable characteristics such as non-corrosiveness, long-term durability,
lightness, and simplicity of installation, geosynthetics are now a unique type of widely used civil
engineering materials, and have become as popular as other construction materials such as
concrete, steel, and timber etc. The prefix “geo” implies that the primary applications of
geosynthetics are associated with geotechnical engineering-related materials such as soil, rock,
and earth, while the suffix “synthetics” refers to the fact that the materials are made from
synthetic products.

There are many types of geosynthtic products with various structures, different polymeric
materials, and design functions. Table 1 summarizes the common geosynthetic products. This
study focuses on the use of geogrids in flexible pavement.

Table 1 Common geosynthetic products (Koerner, 1998; Shukla and Yin, 2006)

Geosynthetics | Polymeric Structures Application Major
Materials Areas Functions
Geotextiles polypropylene | flexible, retaining walls, | separation,
(PP%, permeable fabrics | slopes, reinforcement,
polyster(PET), embankments, | filtration,
polyethylene avements, drainage,
EA, polyamid andfills, dams | containment
Geogrids PP, PET, high- | mesh-like planar | pavements, reinforcement,
densit Bro_duct formed | railway ballasts, | separation
polyethylene intersecting retaining walls,
(HDPE elements slopes,
embankments,
bridge
abutments
Geonets medium- net-like planar dams, pipeline | drainage
densit product with and drainage
polyethylene small apertures facilities
(MDPE),
HDPE
Geomembranes | PE, polyvinyl | impervious thin | containment fluid
chloride sheets ponds, barrier/liner
(PVO), reservoirs, and
chllorir;]atled canals
polyethylene
(CPE)
Geocomposites | depending on | combination of embankments, | separation,
geosynthetics | geotextiles and pavements, reinforcement,
Included geogrids/geonets, | slopes, landfills, | filtration,
geomembranes dams drainage
and geogrids




2.2 Geogrids and Their Functions in Flexible Pavements

A geogrid is a net-like geosynthetic with apertures of sufficient size to allow interlocking
with surrounding unbound materials such as soil, rock, and aggregate, and functions primarily as
reinforcement. Existing, commercially available geogrid products include extruded geogrids,
woven geogrids, and welded geogrids. Extruded geogrids are formed using a polymer sheet that
is punched and drawn in either one or two directions. Woven geogrids are manufactured by
weaving polymer fibers, typically polypropylene (PP) or polyester (PET) that can be coated for
increased abrasion resistance (Berg et al., 2000). Welded geogrids are manufactured by welding
the junctions of woven segments of extruded polymers. Geogrids can also be divided into two
categories based on their stiffness: stiff geogrids, usually made from polypropylene (PP) or
polyethylene (PE), have a flexural rigidity greater than 1,000 g-cm (ASTM D 1388), while
flexible geogrids, made by a textile weaving process and generally from PET, have a flexural
rigidity less than 1,000 g-cm (Koerner, 1998).

During the manufacturing processes, the direction coincident with the direction in which
the geogrid is manufactured on the mechanical loom is called machine direction (MD) or roll
length direction, while the direction perpendicular to the machine direction in the plane of
geogrids is the cross machine direction / transverse direction (TD). Some mechanical properties
of geogrids are different when tested in machine direction or cross machine direction. The
machine direction is parallel with the traffic direction when installing geogrids in pavements.

Figure 1 shows a geogrid sample with terminologies regarding the geogrid structure.
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Figure 1. A geogrid sample




When geogrids are used for reinforcing pavements, they can be placed underneath or
within the hot-mix asphalt (HMA) layer or within the aggregate layer, or at the subgrade-
aggregate interface layer. Geotextiles, geogrids, or combinations of both have been used in the
aforementioned applications. This study focuses on using geogrids at the interface between
subgrade and aggregate layers to stabilize weak pavement subgrades.

Overlay stress absorption and reinforcement is accomplished by binding the geogrid to
the surface of an existing damaged roadway and then covering the geogrid with a new asphalt
concrete overlay. This technique delays the appearance of reflective cracks, lengthens the useful
life of the overlay (Halim and Razagpur, 1993; Gilchrist et al., 1996). Also, the inclusion of
geogrids within an asphalt layer may lead to an improved performance in terms of rutting
resistance (Brown et al., 1984; Haas, 1984).

As a pure reinforcement element for base course, the geogrid is placed within the
aggregates base course at different heights, depending on the thickness of base course. Webster
(1993) recommended that the geogrid be placed at the bottom of the base for an aggregate layer
less than 35.6 cm (14 in) or in the middle of the base layer in excess of 35.6 cm.

For the purpose of stabilizing weak pavement subgrades, geogrids are placed at the
interface between a prepared subgrade and aggregate base course (ABC), as Figure 2 shows. The
stabilization of weak subgrade results from reinforcing the base course through particle-geogrid
interlocking effects and preventing penetration of aggregates into subgrade soils. A ratio of the
minimum aperture dimension over average particle size (Dsp) greater than three is recommended
for achieving the best interlocking interaction (Jewell et al., 1984).

Geogrids also provide restraint to the aggregates and minimize lateral spreading of the
base course aggregates when subjected to vehicular loads. Lateral spreading of base course
aggregate leads to increased vertical strains, and thus a permanent deformation in the wheel path.
The modulus of the base is expected to increase along with the developed shear interaction
between the aggregates and geogrids, since the granular base course is stress-dependent. The
increase in base layer modulus results in an improved vertical stress distribution (more widely
distributed) above subgrade, as shown in Figure 2-b, subsequently reducing subgrade
deformation (Perkins, 1999).



(a) (b

Figure 2. Geogrid functions in a pavement: (a) without geogrids; (b) with geogrids

A geogrid, by virtue of its design, is unable to provide complete separation of base course
and subgrade material. Placement of the geogrid between the base course and subgrade may
restrict some coarse aggregate penetration into the subgrade. Contamination of aggregate base
course into the subgrade layer in geogrid-stabilized road sections has been documented in field

tests (Austin and Coleman, 1993) and large-scale laboratory pavement loading tests (Barksdale,
et al., 1989; Al-Qadi et al., 1994).

2.3 Review of Laboratory and Field Studies of Geogrid-Reinforced Flexible
Pavements

Through both laboratory and field studies, it has been shown that the inclusion of
geogrids at the interface between the base course and subgrade in flexible pavements can
improve the performance of flexible pavements by extending the service life or reducing
pavement structural thickness with equivalent performance. This section provides a review of

existing laboratory and field studies of geogrid-reinforced flexible pavements.



2.3.1 Laboratory Studies

Numerous laboratory investigations have been conducted to study the effectiveness of
geogrid additions to the flexible pavement system. Among the laboratory experiments that have
been conducted, geogrids were placed at the interface between the aggregates base course and

soil subgrade or within the base course at various locations.

Carroll et al. (1987)
Through a number of laboratory tests using circular plates, Abd El Halim (1983) studied
the reinforcing performance of geogrids placed at the sugrade-aggregate interface under dry
(strong) and saturated (weak) subgrade conditions. It was found that geogrid-reinforced sections
withstood more loading cycles before the failure (20-mm rutting depth). The pretension effects
for geogrids were also investigated and found not beneficial to the system compared to normal
geogrid installation. Based on the work of Abd El Halim (1983), Carroll et al. (1987) developed
a design chart that provides a conversion of a conventional unreinforced base course thickness to
a geogrid-reinforced section as shown in Figure 3. The inflection point in Figure 3 represents the
minimum thickness requirement. It is important to point out that this design chart was derived
from experimental results for a single stiff geogrid.
350 -

Carroll's Method
3004 -~ Webster's Method

250 -
200 -
150 fromrrr e '

100

50 -

Equivalent reinforced base thickness (mm)

O T T T 1
0 100 200 300 400

Nonreinforced base thickness (mm)

Figure 3. Design criteria for base course thickness proposed by Caroll et al. (1987) and Webster
(1993)



Haas et al. (1988)

Aimed to understand the geogrid reinforcement mechanisms, a comprehensive test
program was carried out in a 4.5-m x 1.8-m x 0.9-m box. Cyclic loads were applied through a
steel plate with diameter of 30.5 cm. The variables of the testing program included the base
thickness, subgrade strength, and locations of geogrid reinforcement. The surface deflection,
vertical stress atop subgrade, and strains in geogrids were measured at intervals of load
repetitions. It was found that the geogrid reinforcement increased the number of load
applications by a factor of 3. The base thickness reductions were 25 to 50 percent by inclusion of
geogrids. It was suggested that the geogrid should be placed at the interface between the base

course and subgrade for thin base sections and near the midpoint of the thicker bases.

Al-Qadi et al. (1994)

Pavement sections were constructed in a 3-m x 2.1-m x 1.8-m box to simulate a typical
secondary road in Virginia built on a weak subgrade. Different base course thickness, subgrade
California Bearing Ratio (CBR) values and geotextiles and geogrids were involved. Cyclic loads
were applied using a steel plate of 300-mm diameter. Surface deflections were measured by an
array of LVDTs. It was found that the geotextiles and geogrids offer considerable improvement
to the performance of pavement sections built over a low-CBR subgrade. The reinforcing
mechanisms of geotextiles and geogrids were found different. Geotextiles provided separation
between the aggregates and soil, while this was not the case for geogrids.

Montanelli et al. (1997)

Intended to quantify the structural contribution of geogrids to pavement systems,
laboratory tests using a circular loading plate were conducted on pavements built over subgrade
with CBR ranging from 1% to 18%. In order to make use of the AASHTO design procedure,
Montanelli et al. developed a layer coefficient ratio for the granular base, which is equal to the
ratio of the reinforced to unreinforced based layer coefficients. Depending on the subgrade CBR
values, the ratio ranged from 1.5 to 2 according to the experimental data. The value of the ratio
can be used as a multiplication factor for calculating an important parameter, the structural
number (SN) for the AASHTO design procedure:

10



SN =4a,D, +a,D,G.

Where a; and a, are layer coefficients used to characterize the structural capacity of different
layers in the conventional pavement system, D; and D, are their corresponding thicknesses, and
G is the ratio of layer coefficient.

The reinforced base thickness can be determined as follows:

D, - SND— ngl
2

As a result, a reduction in base thickness can be achieved depending on the G value.

Perkins (1999)

A reinforced concrete box with the dimensions of 2 m x 2 m x 1.5 m was used for the
testing. 40-kN cyclic loads were applied through a 305-mm diameter steel plate. A total of 20
test sections were constructed, including variables of two geogrid products and one woven
geotextile, subgrade type and strength, base course thickness, and position of geosynthetics.
Pavement surface deformation, strains in geosynthetics, strain and stress in soil, temperature and
moisture content were measured using various instruments. Geogrids showed substantial
improvement for pavements built over a subgrade with CBR of 1.5, while little improvement was
found for pavements built over a stronger subgrade with CBR of 20. Between the two geogrid
products used in the test, the stiffer one exhibited better performance. Both geogrids performed
better than the geotextile. The position of geogrid placement was considered an important factor
affecting the geogrid performance. Significantly better performance was found with the geogrid
placed closer to the load in the base, while geogrids showed much less improvements when

placed at the bottom of a thicker base.

Leng et al. (2002)

A series of laboratory tests were conducted in a 1.5-m x 1.5-m x 1.35-m box to study the
characteristics of geogrid-reinforced aggregates placed over weak soil subgrade. Repetitive loads
were applied through a 305-mm circular plate with contact pressure of 500 kPa. The surface

deformation and vertical pressure distribution at the interface between aggregate base and soil
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subgrade were monitored during tests. The results of the testing suggested that the geogrid
reinforcement decreased the surface deformation, improved the stress distribution, and mitigated

the degradation of the aggregate base.

2.3.2 Field Investigation

While laboratory-scale tests provide quantitive information on the benefits of geogrid
reinforcements, investigations on full-scale geogrid-reinforced flexible pavements yield results
more relevant to actual pavement performance. This section presents a review of studies

conducted for full-scale geogrid-reinforced flexible pavements.

Webster (1993)

The study was conducted on four lanes of flexible pavement with each lane divided into
four separate sections. The aggregate base courses were constructed with four different
thicknesses: 152, 254, 305, and 457 mm. A multi-depth deflectometer (MDD) was used to
measure deflections and deformations at various depths. Field tests on flexible pavements with
subgrade CBR values of 3% and 8% showed the benefits of geogrid reinforcements in terms of
rutting resistance. A design chart as shown in Figure 3 was generated by comparing the
performance for sections reinforced by geogrids and sections of equivalent base course
thickness. Inspection of Figure 3 shows that the design curves developed from the two research
programs are significantly different, due to the nature of purely empirical derivation of the two

studies.

Perkins (2002)

A total of four full-scale test sections were constructed and subjected to traffic load
applied by a Heavy Vehicle Simulator (HVS). Each of the four sections was 9.91 m long and
3.18 m wide. The unidirectional 40-kN wheel load was applied at the center of each section. All
four sections consisted of four distinguished layers: 75-mm asphalt concrete, 300-mm aggregate
base, 1.37-m A-7-6 soil, and 1.35-m A-2-4 soil. Three geosynthetics (two geogrids and one
geotextile) were placed atop the subgrade of three of the four sections. Pavement surface profiles

were measured at the intervals of traffic. Vertical stresses in the subgrade soil were measured for
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each section and 3-dimentional stresses were measured at one point in the base course. Strain
coils were used to measure strains at various depths of the pavement sections.

It was found that all three geosynthetics showed significant improvement in performance
in terms of rutting resistance. Considerable differences in stress and strain measurements
between reinforced and unreinforced sections were observed. Differences among the reinforced
sections were apparent but not significant. Based on the measurements of stresses and strains, it
was suggested that the dominant reinforcing mechanisms included a reduction of horizontal
strain in the bottom of the base and wider distribution of vertical stress atop the subgrade.

Aran (2006)

Long-term performance of geogrid reinforcement in flexible pavement was investigated
in this study. In 1986 and 1990, two sections were constructed to evaluate the geogrid
reinforcing performance. In the section constructed in 1986, the geogrid was placed at the bottom
of a 25.4-cm base course. An extra 5-cm HMA layer was placed in the control section. For the
site constructed in 1990, the geogrid was placed at the bottom or middle of a 10-cm base layer.
The control section consisted of 15-cm lime-stabilized subgrade. Performance evaluation was
conducted in the years 1991, 2004, and 2005.

Short-term evaluation showed that no significant difference was identified among the test
sections. Long-term evaluation indicated that the geogrid performed comparably with the 5-cm
HMA layer. The inclusion of geogrids can be considered equivalent to a 15-cm lime-stabilized
subgrade. The reinforcing effectiveness of geogrids was more profound when installed in thinner

sections.

Al-Qadi et al. (2008)

A total of nine full-scale pavement sections were constructed over a weak subgrade with
CBR of 4 to study the effectiveness of geogrids on low-volume flexible pavements. Two
geogrids, three base thicknesses, and two HMA thicknesses were involved among the test
sections. A total of 173 instruments were installed to measure stress, strain, deflection, moisture,
pore-water pressure, and temperature. A unidirectional 44-kN dual-tire load was applied to

simulate field loading conditions.
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It was found that geogrids are effective in reducing pavement distresses. Based on
instrument measurements and visual observation after trenching, a reinforcing mechanism was
suggested that the geogrid is effective in reducing horizontal shear deformation of the aggregate
layer, particularly in the traffic direction. For a flexible pavement with thin aggregate base, the
optimum position of geogrid placement is at the interface between the base course and subgrade.

For a thicker base, the optimal location of geogrid is at the upper third of the layer.

Henry et al. (2009)

The purpose of this study was to determine whether geosynthetic reinforcement is
beneficial at conditions typically encountered in state highway construction, especially a thicker
base layer and HMA layer compared to most previous research. Two HMA layer and base course
thicknesses were involved: 102 mm and 152 mm for the HMA layer, 300 mm and 600 mm for
the base layer. A total of eight full-scale pavement sections were constructed with the
combination of the HMA and base thicknesses including reinforced and unreinforced sections.
Falling weight deflectometer (FWD) tests showed the subgrade modulus value varied from 109
MPa to 138 MPa and water was added to the subgrade to reduce the stiffness to the target of 35
MPa. Moisture content sensors were used to monitor the moisture content of soil throughout the
project. Custom-manufactured electromagnetic induction coils were used to measure both
vertical and horizontal deformations. Both permanent and elastic strains in asphalt and soil were
measured. For each section, seven pressure cells were installed in three perpendicular directions.
Geogrids were instrumented with foil strain gages to measure longitudinal and transverse strains
on the top and bottom of the grids. An HVS was used to apply unidirectional traffic load with
tire pressure of 689.5 kPa.

Based on the testing results, it was concluded that the geogrid-reinforced sections
generally were able to sustain more traffic load before the pavement failed. One exception was
that the geogrid reinforcement did not show benefits for sections with thicker base course (600
mm) and thicker HMA layer (150 mm). It was found that the inclusion of geogrids did not
decrease vertical elastic strains of any layers. The permanent strains in geogrids developed with

the surface rut depth.
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Cox et al. (2010)

This study was aimed to characterize the deformation behavior of geosynthetic-reinforced
flexible pavements under dynamic loading. Cyclic plate load (CPL) tests using a Vibroseis
(shaker) were conducted on geosynthetic-reinforced pavements test sections constructed for a
previous study. An array of LVDTs was used to measure the permanent and elastic surface
deflection as a function of load repetitions. The results from the tests on the full-scale pavements
showed improved pavement performance with increasing base course thickness. However, no
clear difference was found in pavement performance between reinforced and unreinforced
sections, possibly because there were not enough strains developed in the pavement to mobilize

the geogrid.

2.4 Review of Accelerated Pavement Testing

Accelerated pavement testing (APT) is defined as the simulation of effects of long-term
loading conditions on pavement structures by applying wheel loading in a controlled manner and
in a compressed time period (Hugo and Martin, 2004). APT is primarily used for the following
purposes, among others:

e Pavement performance measurement and prediction

e Evaluation and improvement of pavement structural design

¢ Vehicle-pavement-environment interaction

¢ Development and evaluation of rehabilitation and maintenance techniques and strategies

e Evaluation of the usage of existing, new, and modified materials in pavements
Compared to long-term field evaluations, the advantages of APT testing are the ability to
conduct performance tests at relatively low costs over a short time period, and the ability to
control the loading and environmental conditions (Metcalf, 1996).

According to Hugo and Martin (2004), 28 APT facilities were reportedly operational and
active worldwide in the year 2004. Among the existing APT facilities, the loading device varied
from live traffic, actual vehicles to load simulators, while the pavement structures being tested
ranged from full-scale roads to pavements with reduced structural capacity. The testing
conditions could be ambient environments (indoor or outdoor) or controlled environments

(modified temperatures and moistures). Although the nature of APT varies, APT facilities can be
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divided into two primary categories in terms of the magnitude of wheel load: full-scale APT and
small-scale APT. Full-scale APT applies traffic load at or above the appropriate legal load limit

(Metcalf, 1996) while the small-scale APT’s wheel load is typically below the load limit.

2.4.1 Full-Scale Accelerated Pavement Testing
According to loading conditions, there are two types of full-scale APT facilities: test

road/track and full-scale mobile load devices. Test roads or test tracks are typically subjected to
loading from actual traffic or actual vehicles. Representative test roads/tracks are MNROAD,
WesTrack, NCAT Test Track, Virginia Smart Road, and Ohio SHRP Test Road, among others.
The test roads/tracks provide more realistic testing conditions, while the cost of test roads/tracks
is typically high. The other major category of APT uses mobile load devices such as Heavy
Vehicle Simulator, Texas Mobile Load Simulator (TXxMLS), FHWA Accelerated Loading
Facility (ALF), Advanced Transportation Loading System (ATLaS), and Danish Road Testing
Machine (RTM). A mobile load device tests a small sample area of either in-service pavement
sections or laboratory pavement sections. Described below are representations of the two

categories of full-scale APT facilities.

MnROAD

Aimed to investigate road designs and procedures, materials used, and the effects of
traffic loads and weather on the pavement, the Minnesota Department of Transportation
(MnDOQOT) started the Minnesota Road Research Project (MNROAD) in 1989. The roadway test
facility consists of two test roads: a 5.6-km-long interstate roadway constructed next to 1-94 and
loaded by deviated freeway traffic; and a 4-km-long low-volume loop subjected to controlled
load conditions (Newcomb, 1990).

More than 4,500 various electronic sensors were embedded in MNnROAD to measure the
load responses of the pavement and to monitor the environmental factors, which provided a
unique opportunity to gain insight into the performance and durability of various sensors in
pavements (Baker et al., 1994). The sensors were categorized into load response sensors and
environmental sensors. According to the needs of measurements, different kinds of load response
sensors were installed: strain gauges, LVDT, clip gauge, piezo-accelerometer, soil pressure cell,
tiltmeter, etc. Various environment sensors such as pore water pressure cell, resistivity probe,

thermocouple, and time domain reflectometer (TDR) were installed on the site to continuously
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monitor the environmental effects (Baker et al., 1994). Probably the most prominent accelerated
pavement test program after the AASHO Road Test in the late 1950s, MNnROAD has been
involved in numerous aspects of pavement research and practice: pavement design calibration
and verification, low-volume road design, thin and ultra-thin whitetopping, continuous
compaction control (intelligent compaction), new techniques in pavement assessments (dynamic

cone penetrometer and ground penetrating radar), etc. (Tompkins et al., 2008).

NCAT Test Track

The original National Center of Asphalt Technology (NCAT) test track was constructed
in 2000 in Opelika, Alabama. It is a closed-loop accelerated testing facility consisting of 46 test
sections with a total length of 2.7 km. The test sections were loaded by conventional truck
tractor-trailer vehicle trains. No environment control was carried out, but the pavement
temperature, rainfall, and relative humidity were monitored continuously (Willis et al., 2009).

A variety of experiments have been conducted using the test track facility. The first phase
of testing was focused on a study of surface mixture performance on perpetual pavements.
Structural study on pavements with various thicknesses and material compositions was carried
out during the second phase of testing to investigate the interaction between pavement response
and performance. Instruments such as asphalt strain gages, earth pressure cells, and thermistor
bundles were used to collect pavement critical responses (Timm et al., 2006). The third phase of
testing continued to focus on structural study and on the calibration and verification of
mechanistic-empirical (M-E) design concepts (Willis et al., 2009).

HVS at UCB Pavement Research Center (PRC)

In 1994, the California Department of Transportation (Caltrans), together with the
Pavement Research Center (PRC) at University of California at Berkley, acquired two Heavy
Vehicle Simulators, developed by the Council of Scientific and Industrial Research (CSIR) of
South Africa. One is used to test full-scale pavements in a controlled laboratory environment.
The other is used to test in-service pavements. Applied through a half axle using dual standard-
size truck tires, the wheel load of the HVS is up to 200 kN (45 kip). The wheels can move in a
unidirection or bi-direction (back and forth) manner and the maximum speed is 10 km/h or 1000
axles/hr. The HVS wheel path is 8.0-m (26.2-ft) long (Harvey et al., 2000). A number of
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instruments are used to measure and monitor the pavement responses and conditions, including
laser profilometer, road surface deflectometer (RSD), multi-depth deflectometer (MDD),
thermocouples, and photographic surface crack monitoring equipment (Harvey et al., 2000).
Research on both asphalt and concrete pavement design and rehabilitation has been
conducted using the HVS facilities. Some of the research projects include evaluation of overlay
design using dense-graded asphalt concrete (DGAC) or asphalt rubber hot mix gap-graded for
Caltrans, study of asphalt-treated permeable base (ATPB), comparison of AASHTO and Caltrans
pavement design methods, study of fast-setting hydraulic cement concrete, and evaluation of the

efficiency of dowel bar retrofitting of joints, etc. (Monismith et al., 2004).

Texas Mobile Load Simulator

The Texas Mobile Load Simulator program started in 1995. The TXMLS has six full-
scale standard tandem axles traveling in one direction. It applies axle load of 150 kN and the tire
pressure is 690 kPa (100 psi). The TXMLS can apply 6,000 axle loads per hour with nominal
speed of 18 km/h (Chen and Hugo, 1998).

The TXMLS has been used to investigate load damage equivalency, determine remaining
pavement life and its impact on rehabilitation guidelines, investigate new pavement materials,
and study truck component-pavement interaction. Instruments and equipment such as multi-
depth deflectometer, falling weight deflectometer, portable seismic pavement analyzer (PSPA),
and spectral analysis of surface waves (SASW) have been used in the TXMLS testing program to

monitor pavement conditions (Fugo et al., 1999).

2.4.2 Small-Scale Accelerated Pavement Testing
Providing satisfactory scaling parameters, small-scale APT is expected to correlate with

full-scale APT tests in predicting pavement performance in terms of permanent deformation
(Kim et al., 1997). Small-scale APT is operated at a significantly lower cost compared to full-
scale APT. The mobility of small-scale APT is also preferable when small-scale APT is used to
test laboratory-constructed pavement structures.

The one-third scale Model Mobile Load Simulator (MMLS3), designed and
manufactured by MLS Inc. in South Africa, has been used to assess field rutting and moisture
damage and investigate structural distress of model pavements in the laboratory. It was found the

MMLS3 test results were comparable to field performance under full-scale APT tests in terms of
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ranking and extent (Martin et al., 2003). It is recognized that there is a trade-off between cost and
capability. The MMLS3 is limited to testing scaled pavement structures in order to achieve

similar stress distribution with full-scale APT in a pavement system.

2.5 Analysis and Modeling of Flexible Pavements

A flexible pavement is typically viewed as a structure with a relatively thin asphalt
concrete layer lying above granular base and subbase to protect the soil subgrade from being
overstressed. The flexible pavement’s critical responses such as vertical compressive
stresses/strains on top of the subgrade, vertical stresses/strains in granular base layers and asphalt
concrete layer, and horizontal tensile strains at the bottom of the asphalt concrete layer are of
great interest for pavement performance prediction. The critical responses of a flexible pavement
are traditionally obtained through either layered elastic analysis or the relatively new numerical

modeling approach.

2.5.1 Analysis of Flexible Pavements

Boussinesq’s half-space theory assumes a homogenous media with an infinitely large
area and an infinite depth. The half-space theory can be applied to flexible pavement analysis
when the pavement is unsurfaced or the modulus ratio between the pavement and subgrade is
close to unity. The Burmister’s layered theory (1943, 1945) made it possible to conduct more
realistic structural analysis on an actual flexible pavement, as a pavement is typically layered

with better materials on top and not homogeneous from layer to layer.

Half-Space Theory

The original Boussinesq’s theory was developed for a point load on an elastic half-space
(i.e., force at a point of an indefinitely extended solid). The closed-form solution to the half-
space problem indicates that the stress in the half-space is a function of vertical and radial
distance to the loading point (or the origin in an axisymmetric coordinate) and independent of the
stiffness of the media (Timoshenko and Goodier, 1951).

Foster and Ahlvin (1954) developed closed-form solutions to determine the vertical
stress, horizontal stress, and vertical deflection due to the uniformly distributed circular load by

integrating the stress components in Boussinesq’s theory over the circular area. An assumption
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of Foster and Ahlvin’s work (1954) is that the Poisson’s ratio of the half-space is 0.5 (i.e., the
half-space is incompressible). Ahlvin and Ulery (1962) later improved the solution by taking into

account effects of Poisson’s ratio.

Layered Elastic Theory
Burmister (1943) presented an analytical approach to solve a two-layer system with a
stiffer layer placed on top of another layer of infinite thickness. The elastic layered approach
yields a more realistic solution than Boussinesq’s half-space assumption, whereas vertical
stresses, particularly at the interface, are overpredicted (Yoder and Witczak, 1975).
In 1945, Burmister extended the solution for a three-layer problem (Figure 4). The
solution was derived on the basis of the following assumptions:
e Each layer is homogenous, isotropic, and linear elastic with a modulus of E and
Poisson’s ratio of p.
e The media is weightless and infinite in the horizontal direction.
e Each layer has a finite thickness except that the bottom layer is infinite in depth.
e The layered system is uniformly loaded over a circular area with radius of r on the
surface.
e Interfaces between two adjacent layers are assumed to be continuous: if the
interface is fully bounded, the two layers at the interface have the same vertical
stress, shear stress, vertical and horizontal displacements; if the interface is

frictionless, the shear stress is zero at each side of the interface.
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Figure 4. A general multilayered elastic system

On the basis of Burmister’s elastic layered theory, a large number of computer programs

were developed to solve for the stresses and strains of interest in a multi-layered pavement

system. Some of the programs incorporated non-linear elastic behaviors of granular materials

and viscoelastic material models for asphalt concrete. Multiple wheel loads were also considered

in some of the programs. Among others, some of these elastic layered programs are listed below:

CHEVRON (Warren and Dieckman, 1963)
BISAR (De Jong et al., 1973)

JULEA (Uzan, 1976)

ELSYMS5 (Kopperman et al., 1986)
DAMA (Al, 1991)

KENLAYER (Huang, 1993)

It is worthy of pointing out that pavement analysis based on layered elastic theory has

several limitations due to the nature of the theory’s assumptions. The actual pavement materials

exhibit highly non-linear, stress-dependent or time-dependent behaviors instead of linear elastic

behaviors. Self weight of pavement layers should be considered because of its effects on the

stress-dependent granular materials and pavement dynamic responses. There also should be
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boundaries in the horizontal direction. The asphalt concrete layer and granular layer may be

partially bounded.

2.5.2 Finite Element Modeling for Flexible Pavements

Finite element (FE) modeling is a commonly used numerical approach to solve for a
layered flexible pavement system. A variety of specialized FE codes were developed for
analyzing flexible pavements. Following are some examples:

e |ILLIPAVE (Raad and Figueroa, 1980)

e SENOL (Brown and Pappin, 1981)

e MICH - PAVE (Harichandran et al., 1990)
e GTPAVE (Tutumluer, 1995)

The emergence of general-purpose FE commercial packages promotes the usage of FE
modeling in pavement analysis. The limitations of conventional pavement analysis based on the
layered elastic theory as previously discussed can be overcome by incorporating more
sophisticated material models and more realistic simulation into FE models for flexible
pavements. ABAQUS, ANSYS, and ADINA are the commercially available FE packages that
are being widely used in structural analysis of flexible pavements. Chen et al. (1995) conducted a
comparison study between programs based on layer elastic theory (DAMA), specialized finite
element programs (ILLIPAVE and MICH-PAVE), and a generalized program (ABAQUS). A
close agreement in surface deflection profiles between MICH-PAVE and ABAQUS was found.
Results between the layered elastic program and finite element programs generally showed
discrepancies, while the results from ABAQUS were comparable to those from specialized FE
programs.

In choosing appropriate FE models for pavements, several important aspects need to be
taken into account, including pavement material behaviors, dimensionality of the FE model, and
static or dynamic analysis. The following reviews of FE modeling for flexible pavements are

focused on these aspects.
Pavement Material Models in FE

It is generally accepted that the pavement experiences not only elastic deformation but

also plastic, viscous and viscoelastic deformation under cyclic traffic loading. The granular
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pavement materials treated as continuum solids possess a stress-dependent nature, i.e. the strain
is a nonlinear function of the stress state. The granular materials, moreover, exhibit direction-
dependent (i.e., anisotropic) characteristics. Many specialized FE programs for pavement
analysis have incorporated viscoelastic models for asphalt concrete and stress-dependent elastic
models for granular materials. On the other hand, general-purpose FE programs consider a wide
range of constitutive models for pavement materials: linear and nonlinear elastic, viscoelastic,
and elastoplastic. While there are numerous successful examples of simulating nonlinear
behaviors of pavement materials (Zaghloul and White, 1993; Taciroglu, 1998; Uddin and
Ricalde, 2000; Schwartz, 2002; Mun, 2003; Kim, 2007; Liao, 2007), described below are some
of the recent and representative work that took use of the up-to-date testing and modeling tools.

Using ABAQUS, Liao (2007) employed a linear viscoelastic model-generalized Maxwell
model for simulating the hot-mix asphalt in the pavement. Accurately simulating a pavement
requires both appropriate material characterization and an accurate mechanistic model. The
HMA viscoelastic material properties were characterized through frequency-sweep dynamic
modulus testing at different temperatures by following the NCHRP (2002) procedures. The tests
yielded values of dynamic modulus (|[E*|) and phase angle () at different loading frequencies
and testing temperatures. A master curve of relaxation modulus, E(t) in the time domain was
obtained through a conversion procedure from the dynamic modulus in the frequency domain
(Schapery and Park, 1999). Shear modulus can be calculated from the relaxation modulus with a
Poisson’s ratio. The time-dependency, in ABAQUS, is expressed through Prony series in terms
of shear moduli. A five-term Prony series was developed to define the stress-strain relationship
and incorporate it into the ABAQUS FE model. The model was calibrated (fine tuned) to field
pavement responses measured from instruments. The calibrated FE model was then used to
conduct parametric studies to study effects of layer thickness, layer modulus, pavement
temperature, etc.

Besides the asphalt concrete behaviors, the characteristics of unbound granular materials
are another important factor in mechanistic analysis of pavement structures. It is widely
recognized that unbound granular materials exhibit resilient behavior after the initial stage of
cyclic loading. Many nonlinear elastic models have been developed to take into account the
effects of stress dependency in the form of resilient modulus for granular pavement materials
(Seed, 1967; Hicks and Monismith, 1971; Uzan, 1985; Witczak and Uzan, 1988; NCHRP, 2004).
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ABAQUS provides the interface for users to implement specialized material constitutive
laws. A user material subroutine (UMAT) can be written in FORTRAN to define the stress-strain
relationship of the material. The subroutine is called by ABAQUS at all calculation points to
update the stresses and solution-dependent state variables at each increment. Kim (2007)
developed a user material subroutine for the nonlinear Uzan (1985) model and incorporate it into
ABAQUS FE models. The subroutine calculated the resilient modulus and updated the stiffness
matrix at each iteration for each integration point based on the stress state. The new resilient
modulus was then used to calculate the stress and strain for the next iteration until the
convergence. Thus, the ABAQUS FE model was able to address the variation of resilient
modulus in both vertical and horizontal directions within the base layer. It was found that there
were significant effects of nonlinear elastic models on pavement critical responses, by contrast to

solutions from linear elastic analysis.

Dimensionality of the FE Model

Depending on the boundary conditions (loading configurations and pavement
geometries), a pavement can be simulated in two-dimensional or three-dimensional FE models.
Two-dimensional axisymmetric FE models are commonly used when a half single-axle load (i.e.,
one wheel load) is applied to the pavement and the load is assumed to be circularly distributed.
Although the superposition of 2-D axisymmetric FE solutions, especially from nonlinear models,
generally introduces some errors, the 2-D model is routinely used for practical design
calculations due to its simplicity (Schwartz, 2002; NCHRP, 2004).

More sophisticated three-dimensional FE models have been increasingly used to simulate
flexible pavements. The nonlinear 3-D FE modeling was even recommended as a practical
engineering tool for pavement design when computational power allows (GAO, 1997). While 3-
D FE modeling requires more computation time and memory, it has the flexibility to take into
account versatile loading configurations (both multiple wheel loads and nonsymmetrical loading

areas), tire-pavement interaction, and pavement discontinuity (cracking).

Static vs. Dynamic Analysis

Pavements under vehicle loading have been traditionally modeled as static systems for

response analysis. The effects of load-time history are neglected in a static analysis, which is not
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in accordance to the realistic responses of time-dependent asphalt concrete. Furthermore, the
mass inertial and damping forces may significantly influence the pavement responses,
considering the fact that natural frequency of flexible pavement (6 to 12 Hz) can be close to the
vehicle loading frequency depending on the vehicle speed (Gillespi et al., 1993; Uddin, 2003). A
study by Yoo and Al-Qadi (2007) revealed that the critical pavement responses such as tensile
strains at the bottom of asphalt concrete and compressive strains at the top of subgrade are
underestimated compared to those from a dynamic analysis. Uddin and Garza (2002) conducted
dynamic analysis on airfield pavements subjected to FWD loading. With the FWD load history
in dynamic analysis, results of dynamic analysis showed a closer match with the measured
surface deflection profile than the results from static analysis. Thus, the backcalculation
procedures with the aid of dynamic modeling could more accurately estimate pavement layer
properties.

2.5.3 Finite Element Modeling for Geogrid-Reinforced Flexible Pavements

As a powerful tool to study the mechanistic behaviors of a pavement system, finite
element modeling has been used to investigate geogrid-reinforced flexible pavements. Although
geogrids are actually a mesh-like structure with openings, they are typically treated as continuous
membranes within the FE models. The interlocking mechanisms through which the geogrid
provides lateral confinements to granular aggregates cannot be directly simulated under the

assumptions of continuum mechanics for FE modeling.

Wathugala et al. (1996)

Using ABAQUS, axisymmetric FE models were created to simulate reinforced flexible
pavements by geogrids placed at the base-subgrade interface. The elasto-plastic Drucker-Prager
model was used for asphalt concrete and base aggregates while the subgrade soil was simulated
by the Hierarchical Single Surface (HiSS) model developed by Wathugala and Desai (1993).
Better pavement performance in terms of rutting resistance was predicted with stiffer geogrids.
Results from the FE models using elasto-plastic models were compared with the results from

linear elastic models and more significant improvements in pavement performance was found.
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Perkins et al. (2004)

The purpose of this study was to develop a design method for geosynthetic-reinforced
flexible pavements within the context of the Mechanistic-Empirical Pavement Design Guide . As
one of the ME design components, 2-D axisymmetric FE models for unreinforced pavements
were created in ABAQUS by following the guidelines used by the design guide for nonlinear
response models (NCHRP, 2004). Recognizing that a simple response model for reinforced
pavements did not adequately address the benefits of geogrid reinforcements, the researchers
developed a multi-step simulation procedure to account for the effects of compaction and traffic
loading on the development of confinement of the base aggregates from geogrids.

Geogrids were simulated as linear elastic membranes in this study. Contacts based on the
Coulomb friction model were assigned to the upper and lower surfaces of the geogrid and the
adjacent pavement layers. Through the multi-step FE modeling, the interface shear stresses
increase with the compaction and the traffic load repetitions. The development of the interface
shear stresses contributes to the lateral confinement of base aggregates. Reasonable agreement in
surface permanent deformation was obtained between the measurements from testing sections
and the results from predictive models based on critical pavement responses extracted from the
FE models.

Leng and Gabr (2005)

Aimed at investigating geogrid-reinforcing effectiveness within unpaved roads built over
soft subgrade, FE models were created using the FE package ABAQUS. The built-in Drucker-
Prager model with hyperbolic yield criterion was used for pavement base materials to minimize
the unrealistic tensile stresses in the base. The geogrid was modeled as membranes that take
tension only. A Coulomb friction model was adopted to simulate the shear resistance behavior of
the interface between the base layer and geogrids. A friction coefficient value and allowed elastic
slip/relative displacement were assigned to the interface model.

The FE models showed the benefits of geogrids by decreased surface deflection and
improved vertical stress distribution over the top of subgrade. Higher geogrid modulus and
interface friction led to lower vertical stress at the top of subgrade. A parametric study conducted
using the FE models showed that the geogrid-reinforcing effectiveness was mostly affected by

the aggregates base thickness and the base/subgrade modulus ratio.
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Saad et al. (2006)

Saad et al. conducted a dynamic 3-D FE modeling on geosynthetic-reinforced flexible
pavements using the commercial FE program ADINA. The aggregate base was treated using the
elastoplastic Drucker-Prager model and the subgrade soil was model by the modified CamClay
model. Both the asphalt concrete and geosynthetic were treated as linear elastic. Dynamic load
with a triangular wave having duration of 0.1 second was applied to the pavement model. The
pavement layers-geosynthetic interface was assumed to be fully bounded. A parametric study
was carried out to investigate the factors such as base quality and thickness and subgrade quality

that influence the reinforcing effectiveness of geosynthetics.

Kwon (2007)

An axisymmetric FE model was developed to investigate the benefits of geogrid
reinforcement for base layer in terms of pavement mechanistic responses. The asphalt concrete
was modeled as isotropic linear elastic. A nonlinear, stress-dependent material model was
adopted for the base aggregates and subgrade soil. Anisotropy of the base aggregates was also
considered in the FE model. The geogrid was simulated using membrane elements with finite
thickness. A prominent character of the model is the inclusion of “locked-in” horizontal residual
stresses in the vicinity of geogrids, which simulates the stiffening effects of geogrid
reinforcements induced by construction and trafficking. The residual stress was applied to a layer
of base course above the geogrids as an initial condition. The FE models were calibrated and
validated by field measurements of pavement responses from a full-scale accelerated pavement

testing.

2.6 Permanent Deformation Models for Unbound Pavement Layers

Many factors affect the permanent deformation behaviors of unbound pavement layers
such as number of load repetitions, the stress state due to the loading magnitude, loading rate and
history, temperature and moisture conditions. Furthermore, some properties of the unbound
material play an important role in permanent deformation behaviors of the unbound layer: grain
size distribution, content of fines, the degree of compaction, grain shape and surface roughness,
etc. (Lekarp et al., 2000). While it is almost impossible for a permanent deformation model to
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take into account all the factors above, most of the existing permanent deformation models

account for one or more than one critical factor.

Barksdale (1972)
As one of the earliest permanent deformation models developed for unbound pavement
materials, Barksdale’s model (1972) suggests that the accumulation of permanent deformation is

linearly increased with the logarithm of the number of load repetitions:

gp = a + b log(N) (1)

where:
gp = permanent axial strain
a = calibration parameter
b = calibration parameter
N = number of load repetitions

Monismith et al. (1975)
A log-log relation between the permanent strain and number of load repetitions was
suggested by Monismith (1975) as follows:

gp = aN’ )
where:

gp = permanent axial strain

a = calibration parameter

b = calibration parameter

N = number of load repetitions

It is noted that both models developed by Barksdale and Monismith describe the relationships
between the accumulation of permanent deformation and number of load repetitions. Other
factors that may affect the development of the permanent deformation are not explicitly included

in the models.
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Tseng and Lytton (1989)

Tseng and Lytton (1989) developed a permanent deformation model based on the

statistical analysis of a database of cyclic triaxial tests results:

_(ﬂ)/?
N" evh

where: ¢, = permanent strain
&= resilient strain imposed in laboratory test
ey = average vertical resilient strain in the layer
€0, 3, p = material parameters
N = number of load applications
h = layer thickness

@)

The three material parameters (o, 8, p) are related to the material properties such as water

content, resilient modulus, and stress states of the laboratory testing. The three material

parameters are differently associated with the material properties and stress states for granular

materials and subgrade soil. The parameters are expressed as below for granular materials:

r

Iog(iJ =0.80978-0.06626N_, —0.0030770, +0.000003,
g

log =-0.9190+0.03108V, +0.0018060, —0.0000015E,

logp =-1.78667+1.45062W, +0.00037845, —0.002074N *c, —0.0000105E,

For subgrade soil, the three parameters are expressed as follows:

Iog[i
g

r

j =-1.69867-0.0912W, -0.119210, +0.91219E,

log 3 =-0.9730+0.00000278V /o, +0.017165, +0.000033V o,
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log p =11.009+ 0.00068W,? + 5, — 0.402600, + 0.0000545V %5, )

where:
W, = moisture content
o4 = deviatoric stress
o = bulk stress

E, = resilient modulus

It is worth pointing out that the model developed by Tseng and Lytton considers both the

materials properties and stress states in addition to the number of load applications.

Theyse (1997)
Based on the results of accelerated testing using a heavy vehicle simulator, Theyse (1997)

developed a permanent deformation model for pavement subgrade:

PD = °N° (e - 1) (10)

where:

PD = permanent deformation

N = number of load repetitions

oc = vertical compressive stress on top of the subgrade

C, S, B =regression parameters
As typically vertical compressive strains are adopted in the permanent deformation models, a
better correlation was found between the vertical stress and the resulting permanent deformation.

Thus, the vertical stress was considered a critical parameter in the model.

Lekarp and Dawson (1998)
The shakedown concept suggests that a pavement is subjected to an incremental
accumulation of plastic strains when the magnitude of the load is greater than a certain value, so-

called shakedown limit. If the load is lower than the shakedown limit, the plastic strain tends to
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level off and the pavement is considered to be in the state of shakedown. Lekarp and Dawson
adopted the shakedown principles in modeling the permanent deformation behaviors of unbound
pavement layers. A model describing the relationships between the permanent strain
accumulation, the stress path length, and the maximum shear-normal stress ratio was proposed

by Lekarp and Dawson:

N b
Ep(Nwe) _ a(ﬂ} (11)
L/ pO p mzx
where:

ep(Nrer) = permanent axial strain at a given reference number of load applications Nyef, Nret
>100

L = length of stress path

po = reference stress

g = deviator stress, (01- 03)
o, +20,

p = mean normal stress,

(g)maX = maximum stress ratio
p

a, b = calibration parameters

NCHRP 1-37A (2004)

The research team for NCHRP 1-37A adopted the framework of the model in Equation 3
developed by Tseng and Lytton (1989) for permanent deformation models in the MEPDG.
Modifications were made to Tseng and Lytton’s original model to accommodate the calibration
and field measurements. The major changes were the unification of the separate models for
granular base materials and subgrade materials and the elimination of the stress terms in the
original models. The three material parameters (&g, B, p) for both granular base and subgrade

materials were determined as follows:

log p=-0.61119 — 0.017638 W, (12)
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where: W, = water content, %
E, = resilient modulus of the layer, psi
GWT = ground water table depth, ft

a;=0.15
by =0.0
ag = 20.0
by =0.0

By adding a calibration factor to the original Tseng and Lytton’s model (1989), the permanent
deformation model for MEPDG is:

_(Pys
(N)

0a = Peal (?) € &vh (17

within which Bcy = 1.673 for unbound granular base materials and 1.35 for subgrade soils. The
two calibration constants were obtained on the basis of observations and measurements of
pavement sections from the Long-term Pavement Performance (LTPP) program. The two

calibration constants are considered national factors by NCHRP 1-37A.
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It should be noted that the permanent deformation model for unbound pavement layers
developed by the NCHRP 1-37A project is one of the most recent models of this type and widely
recognized. The model has been calibrated for local pavements by many state agencies.
However, the permanent deformation model for unbound pavement layers could be improved by
incorporating a shear strength term (Witczak, 2005).
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3 RESEARCH APPROACH AND EXPERIMENT DESIGN

This chapter describes the research approach and experiment design adopted in this
study. Some important aspects and considerations of the experimental methodologies are

addressed in this chapter.

3.1 Research Approach

The flowchart presented in Figure 5 shows the framework of the research approach and
experiment design of this study. One of the unique aspects of the approach for this research is the
multi-scaled tests on geogrids, including index tests for physical and mechanical properties of
geogrids, bench-scale tests on characterizing the interface between geogrid and surrounding
pavement materials, and performance-based accelerated pavement tests. The critical geogrid
characteristics are expected to be identified by an analysis of correlation among the tests
conducted at different scales, which will be incorporated into the permanent deformation models
for geogrid-reinforced flexible pavements.

Finite element models are created to simulate the pavement responses under the
conditions of the accelerated testing. The inputs of geogrid properties and interface
characterizations for the FE models are based on the results of index and bench-scale tests on
geogrids. The properties of pavement layers are obtained through an inverse analysis procedure
in conjunction with lightweight deflectometer (LWD) tests. The primary function of the FE
model in this study is to provide critical pavement responses (i.e., vertical strains) for developing
the mechanistic-empirical permanent deformation models.

With existing permanent deformation models for unreinforced flexible pavements as the
starting point, the permanent deformation models were assessed and customized for geogrid-
reinforced flexible pavements. The pertinent variables in the permanent deformation models for
geogrid-reinforced flexible pavements are identified according to the accelerated testing
conditions. In addition, the permanent deformation models will be able to reflect the inclusion of

geogrid reinforcement and the effects of geogrid characteristics on geogrids’ performance.
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Materials Characterization

Performance Evaluation

Figure 5. Framework of the experiment design and research approach of this study
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3.2 Geogrids Materials and Interface Characterization

3.2.1 In-Air Tests for Index Properties of Geogrids

In-air index tests were conducted for geogrids in accordance to either ASTM
standards or Geosynthetic Research Institute (GRI) standards, as listed in Table 2. The
physical and mechanical properties of geogrids were tested in both machine direction
(MD) and transverse/cross-machine direction (XMD). The in-air index tests were
conducted for three different geogrid products (designated as Grid A, Grid B, and Grid C)
that were subsequently used in bench-scale tests and the accelerated pavement testing.

Table 2. Tested index properties of the geogrids”

Index Property Test Method
Aperture size (mm) Calipers
Rib thickness (mm) Calipers
Junction thickness (mm) ASTM D 5199
Mass per unit area (g/m?) ASTM D 5261
Tensile strength at 2% strain (KN/m) ASTM D 6637
Tensile strength at 5% strain (kN/m) ASTM D 6637
Ultimate tensile strength (kN/m) ASTM D 6637
Elongation at break (%) ASTM D 6637
Junction strength (KN/m) GRI GG2
Flexural rigidity (mg-cm) ASTM D 1388, mod.
Torsional stiffness (cm-kg/degree) GRI GG9

*Note: Tests listed in the table were performed by TRI/Environmental, Inc.

In addition to the standard index tests listed above, the mechanical tensile
properties of geogrids were tested at the maximum load that the geogrid is expected to be
experienced in the performance-based accelerated testing. The static tensile tests will be

conducted for each geogrid product in both machine and cross-machine directions.

3.2.2 Bench-Scale Tests for Geogrid-Pavement Materials Interfaces

While the index properties of geogrids tested in air indicate the physical and
mechanical characterizations of geogrids to some extent, the index properties alone may
not be sufficient to predict how well a geogrid will perform within the medium of
pavement materials. The interaction between geogrids and the surrounding medium is

one of the primary reinforcing mechanisms through which the geogrid provides lateral
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restraints to the surrounding medium and consequently mitigates the permanent
deformation. Therefore, it is important to characterize the interface between geogrids and
surrounding pavement materials for the application of geogrid in reinforcing flexible
pavements.

There are two ASTM standard testing methods available to investigate the
interactive behaviors between geogrids and external mediums: pullout tests (ASTM D
6706) and direct shear tests (ASTM D 5321). Pullout tests are carried out to characterize
the geogrid-aggregate interface, while direct shear tests are performed for the aggregate-
geogrid-soil interface. The two tests will be conducted for the geogrids, aggregate and
soil that will be used in the accelerated testing. One aggregate material, two types of soil
(designated as Soil CL and Soil ML), and three types of geogrid products are involved in
the accelerated pavement testing. The interface between the pavement materials and three
of the geogrid products were tested through pullout and direct tests, as listed in
Table 3.

Table 3. Tested interfaces through pullout and direct shear tests

Pullout Tests Direct Shear Tests

Agg.-Grid A Soil CL-Grid A-Agg. Soil ML-Grid A-Agg.

Agg.-Grid B Soil CL-Grid B-Agg. Soil ML-Grid B-Agg.

Agg.-Grid C Soil CL-Grid C-Agg. Soil ML-Grid C-Agg.
Soil CL - Agg. Soil ML — Agg.

3.3 Accelerated Testing

Following the index and bench-scale tests on geogrids, it is natural to perform
further tests on geogrids under the conditions that are the same or similar with what
experienced by geogrids within a flexible pavement system. Such tests on geogrids
installed in a pavement system will comprehend characterizing geogrids. Accelerated
testing will be carried out to test layered model pavements by using the one-third scale
model mobile load simulator (MMLS3). The model pavements will be constructed in a

pit with reinforced concrete walls.

37



3.3.1 Scaling Factors of Accelerated Testing using MMLS3

The MMLS3 is an accelerated pavement testing device that applies unidirectional
trafficking to the pavement in a controlled laboratory environment. Accelerated pavement
testing offers excellent means to conduct pavement performance tests and has been used
to evaluate pavement performance and products since 1909 in the United States (Metcalf,
1996). The advantages of APT over full-scale testing are the ability to conduct
performance tests at much lower costs over a shorter time period, and the ability to
control the loading environmental conditions.

The MMLS3 applies a wheel load of 2.7 KN with a contact pressure of 690 kPa
(100 psi) roughly representing 1/9™ of the loading conditions applied by a standard full-
scale single tire (1/4™ dual-tire equivalent single axle load, ESAL). In an effort to attain
similitude between the scaled slabs and actual field slabs in terms of the stress state, the
thickness of each layer should be scaled approximately to 1/3™ of that in the field (Martin
et al., 2003). It should be noted that the gradation of the pavement materials and
geometry of the geogrid are not scaled, while the structural thickness of the pavement is
accordingly reduced. Therefore, compared to a full-scale pavement system, it suspects
that the reinforcing effects due to the interaction between the geogrid and pavement

materials are enhanced within the scaled-down pavement system.

3.3.2 Accelerated Pavement Testing Matrix
A total of four sets of accelerated tests were carried out. The first two sets were

conducted as exploratory tests to obtain an insight into the performance of geogrid in
reinforcing weak pavement subgrade. The subsequent two sets of accelerated tests were
conducted to investigate the permanent deformation behaviors of geogrid-reinforced
flexible pavements. The pavements and geogrids were instrumented by various sensors to
monitor the responses of the pavement system to the MMLS3 cyclic load. Table 4 lists
the information on all the sections that were subjected to the accelerated testing. For each
set of APT testing, four pavement sections were constructed and tested. Among the four
sets of accelerated tests, sections of the exploratory APT | were all reinforced with
different geogrid products while there was a control section of the other sets, as listed in
Table 4.
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Table 4. Pavement sections subjected to accelerated testing

Base
AC Subgrade Subgrade
APT Thickness C'ourse Thickness S“bgfade CBR Sections
(cm/in) | Thickness | i) Soil (%)
(cm/in)
Soil 2 )
Grid A
Instrumented | 3.8/15 | 10.2/40 | 1130/ |Clayof Low Grid B
44.5 Plasticity 3 :
APT | Grid C
(CL) Control
IA-4(5)
113.0/ Soil 3 Grid A
Instrumented | 3.8/1.5 | 10.2/4.0 44'5 Silt (ML) 15 Grid B
APT 1| ' IA-4(4) ' Grid C
Control

3.4 Development and Calibration of a Pavement Response Model using
the Finite Element Method

In order to develop mechanistic-empirical permanent deformation models for the
reinforced and unreinforced flexible pavement sections, mechanistic responses (typically,
resilient strains at the mid-depth of the pavement layer or sub-layer) are required. They
can be calculated from the response model. Finite element models were created to
simulate the accelerated pavement sections with and without geogrid reinforcements at
the base-subgrade interface. The pavement sections were assumed to be axisymmetric in
the FE models for the purpose of saving computational efforts. Pavement materials were
considered as linear elastic and the geogrids were modeled as continuous membranes.

An inverse analysis procedure was adopted to calibrate the pavement layer elastic
moduli values. Measurements during the lightweight deflectometer testing were used to
compare against the corresponding calculated values from the FE model. In this study,
the surface deflection at the center of the LWD load, the deflection on top of the
subgrade, and the vertical stress on top of the subgrade were measured when the
pavement was subjected to the LWD load. The pavement layer elastic moduli were tuned

until by minimizing the difference between the measured and the calculated values.
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3.5 Identification of Calibration Factors for Selected Permanent

Deformation Models

The permanent deformation models in MEPDG (NCHRP, 2002) were adopted
and customized to accommodate the testing conditions in this study. Considering that the
geogrids are used primarily for stabilizing weak subgrade in this study, it would be
logical to address the effects of geogrid reinforcements on the pavement subgrade
permanent deformation. However, due to the lack of measurements on deformation of the
base course layer, permanent deformation models were not developed for the base layer
and subsequently the asphalt concrete layer.

Although a national calibration factor (Bca) Was given in MEPDG for soil
subgrade permanent deformation model (refer to Equations 12 through 17), it was
imperative to recalibrate the model with regard to the special testing conditions in this
study. In addition, the subgrade permanent deformation model was simplified by

eliminating a term (@) that is associated with laboratory tests and not applicable to this
&

study. The zero values of parameters b; and bg result in the independency of the constant
Co on the elastic modulus included (see Equation 14). It was decided to set the two
parameters b; and by as calibration factors in this study to account for the stiffness of the
subgrade in the model, although the vertical resilient strain from the response model as
one of the inputs already took into account effects of the subgrade modulus. Therefore,

there were three calibration factors for each section: Bca, b1, and bg.
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4 MATERIALS CHARACTERIZATION

The materials used for the bench-scale and accelerated pavement testing in this
study include soils commonly found in Pennsylvania, crushed stone aggregate, and hot-
mix asphalt. Three different soils (designated as Soil 1, Soil 2, and Soil 3), one aggregate,
one HMA and four different PennDOT-approved geogrid products (designated as Grid A,
Grid B, Grid C, and Grid D) were used throughout the study.

4.1 Pavement Materials Characterization

The same type of HMA and aggregates were used for all the accelerated testing
sections throughout this study. Subgrade soil was considered a variable of pavement
material in this study. Therefore, laboratory characterization tests were performed only

for the three different types of subgrade soil.

4.1.1 Subgrade soil

Three different types of soil as pavement subgrade were used in order to examine
the soil effects on the reinforcing effectiveness. The soil was obtained from local
construction sites representing common soil types in central Pennsylvania. The soils are
designated as Soil CL and Soil ML. The local sources of the three soils are: Science Park
Road and University Drive, respectively. Sieve analysis and Atterberg limits tests were
conducted to classify the three soil types. The particle size distribution for the soil is
presented in Figure 6. According to the Unified Soil Classification System (USCS), they
are classified as lean clay with sand (CL) and silt with sand (ML) per ASTM D 2487, A-
2-3, A-4(5), and A-4(4) according to ASSHTO M 145 for Soil CL and Soil ML,
respectively. Table 2 lists the properties of the three subgrade soils.

Standard Procter tests (ASTM D 698) for the three types of soil yielded similar
laboratory compaction characteristics between Soil CL and Soil ML, as Figure 7 shows.
The optimal moisture content and maximum dry density obtained from the tests are listed
in Table 5.
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Figure 6. Particle size distribution for soil and aggregates used in this study

Table 5. Soil properties

Percentage of Optimal Maximum

Soil Classification | Passing No. 200 | Plasticity Moisture Dry

USCS/AASHTO Sieve Index (%) Content (%) Density

(0.075mm) (%) (kg/m®)
Soil Cla_y_of Low
cL | Plasticity (CL)/ 77.6 22.7 18 1700
A-4(5)

Soil Silt (ML)/
ML A-4(4) 83.2 4.4 19 1690
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Figure 7. Proctor test results for subgrade soils

A set of laboratory unsoaked CBR tests (ASTM D 1188) were performed for the
soil at different water contents, as shown in Figure 8. The trend shows that CBR
decreases significantly with increase in water content beyond the optimum water content,
indicating the soil is water sensitive. Hence, the soil is compacted at a water content

greater than optimum to induce weak soil subgrade conditions.
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Figure 8. Variation of soil CBR with moisture content

4.1.2 Base Course Aggregates

Dense-graded crushed stone was used as the pavement aggregate base layer. The
grain size analysis (Figure 6) shows that the base course aggregate meets the
Pennsylvania Department of Transportation (PennDOT) 2A grading requirement. A
standard Proctor test for the aggregates yielded optimum moisture content of 3.9% and

maximum dry density of 2329.1 kg/m®.

4.1.3 Asphalt Mixture

The 9.5 mm HMA was provided by the local mixture plant, HRI Inc. The asphalt
mixture had a theoretical maximum specific gravity of 2.532, which was used to check

the air void percentage for the subsequent compactions of asphalt concrete.

4.2 Geogrids Index and Mechanical Properties

In-air index properties of geogrids were tested according to ASTM standards or

standards set forth by the Geosynthetic Research Institute (GRI). Furthermore, the
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geogrids were subjected to wide-width tensile tests at small displacement that is more
pertinent to the application in pavements.

Four commonly used biaxial geogrid products were selected for this study and are
herein designated as Grid A, Grid B, and Grid C. Grid A was composed of high-tenacity
polyester (PET) multifilament yarns with junction knitted together and coated with a
polyvinyl chloride (PVC) coating. Grid B was made by punching patterned holes into
polypropylene (PP) sheets and biaxially drawing the sheets under controlled temperatures
and strain rates. Grid C was made of PET multifilament yarns that are woven into a
network. Grid C was coated with a polymer coating. Based on the measured flexural
rigidity per ASTM D 1388, Grid A and Grid C were classified as flexible geogrids, while
Grid B was classified as a stiff geogrid (Koerner 1998).

4.2.1 Index Tests

Index tests were performed on the three biaxial geogrid products to determine
their physical and mechanical properties. Testing was conducted by TRI/Environmental
Inc. following ASTM standards as well as standards set forth by the Geosynthetic
Research Institute. Properties measured from index tests are the most commonly used
criteria in specifications for use of geogrid products by state highway agencies.

Table 6 lists the index tests conducted on the three geogrid products, standard test
protocols followed, along with the measured values of physical and mechanical
properties. Properties were tested in both machine direction and cross-machine direction
if applicable. As can be seen in Table 6, the aperture size of all of the geogrids was
greater than 25.4 mm (1 inch). However, most of the base aggregates prepared in
accordance with PennDOT 2A passed the 19.05-mm (0.75-inch) sieve. Recall that
interlocking effects are influenced by the size ratio of geogrid aperture to PennDOT 2A

base aggregate particle diameter.
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Table 6. Geogrid index properties
Index Test Grid A Grid B Grid C
Property Method | 1«

TTD**| MD | TD | MD | TD

Ape{}#{ﬁ)“ze Calipers | 25.65 | 26.42 | 25.65 | 36.58 | 27.18 | 28.96

Rib thickness .
Calipers 142 | 203 | 160 | 1.07 | 0.76 | 1.12

(mm)
Junction ASTM
thickness 1.55 3.94 1.17
Mass per unit ASTM
350.93 319.06 298.37
area (g/m2) D 5261
Tensile strength | AqTM
at 2% strain 103 | 112 | 9.8 | 156 | 75 | 101
(KN/m) D 6637
Tensile strength | AgTM
at 5% strain 18.1 | 17.4 | 168 | 29.2 | 13.1 | 141
(KN/m) D 6637
Ultimate tensile |  AgTM
strength 395 | 528 | 23.9 | 329 | 333 | 57.8
(KN/m) D 6637
Elongation at ASTM
105 | 120 | 206 | 109 | 105 | 14.0
reak (%) D 6637
Junction

strength (kN/m) GRIGG2 | 74 71 | 177 | 281 | 6.1 7.6

Flexural ASTM
rigidity D 1388, 452671 1429355 146119
(mg-cm) mod.
Torsional
stiffness COE/

3.43 7.50 3.47

(cm-kg/degree) GRIGG9

MD*: machine direction; TD**: cross-machine direction / transverse direction.

Knowing that the test parameters and procedures such as grip type and clamping

techniques can significantly affect the stress-strain characteristics, every effort was made
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to maintain consistency in testing procedures and conditions (Muller-Rochholz and
Recker, 2000; Thornton et al., 2000). Moreover, the biaxial stiffness of geogrids cannot
be determined by simply combining the machine direction and cross machine direction
stiffness (McGown et al., 2005).

4.2.2 Geogrid Tensile Properties at Small Displacements

While the tensile strength of geogrids listed in Table 6 provides an indication of
geogrid tensile characteristics, geogrids used in pavements typically are not expected to
experience that much strain, not to mention stretching until failure. In order to
characterize the tensile properties of geogrids pertinent to the applications in pavements,
it was necessary to conduct wide-width tensile tests for geogrids at small displacements
on the basis of ASTM D 6637. The tests were performed in both machine direction (MD)
and cross-machine direction (TD).

Grips were made to clamp the two ends of geogrids (Figure 9). Care was
exercised to ensure that there was no slipping between the grids and geogrids during the
testing. The dimensions of the geogrid specimen were 20 cm x 30 cm to have
representative amounts of apertures and grids (Figure 9). The testing was carried out on
an Instron machine. A static load at the displacement rate of 0.0208 mm/sec (0.05 in/min)
was applied until it reached 500 N, which is close to the load that the geogrids would
experience in pavements in the subsequent accelerated testing. The tensile deformation of

the geogrid was measured by a laser extensometer with a resolution of 0.001 mm.
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Figure 9. Wide-width tensile tests on geogfids (units in cm)

In accordance with ASTM D 6637, the tensile stress is calculated as follows:

or = [(F=T)/N/] x N (18)

where:
of = equivalent force per unit width, N/m
F = measured force, N
T = slack tensile load, N
N; = number of tensile elements (ribs) being tested
Nt = number of tensile elements per unit width, equal to N¢/b

The number of tensile elements per unit width (N;) of the geogrid is determined by taking

the average of three measurements from samples that are 95% of the roll width. The

number of tensile elements (ribs), N, is counted within the measured distance, b.
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The results of the tensile testing for Grids A, B, and C in both the machine
direction and cross-machine direction are presented in Figure 10, Figure 11, and Figure
12, respectively. As can be seen, for Grids A and C, the tensile characteristics were
considerably different between the machine direction and cross machine direction, while
Grid B exhibited similar tensile behaviors in both directions. Table 7 lists the tangent
tensile modulus of each geogrid in both machine direction and cross-machine direction.
As can be seen, Grid B generally showed higher tensile modulus than Grid A and Grid C.
It is worth mentioning that the tensile moduli were tested under the conditions of small
strains (less than 1%), which would be the strain level experienced by geogrids installed

in the pavement sections during subsequent accelerated testing.

Table 7. Geogrids tensile modulus

Geogrids _ _Tenzsile Modulus (N/m) _ -
Machine Direction Cross-Machine Direction
Grid A 3052 5231
Grid B 6249 5962
Grid C 4813 3261
4000 -

3000

2000

1000

Equivalent force per unit width (N/m)

0 0.2 0.4 0.6 0.8

Strain (%)
Figure 10. Tensile tests results for Grid A in machine direction (MD) and cross-machine
direction (TD)
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Figure 11. Tensile tests results for Grid B in machine direction (MD) and cross-machine
direction (TD)
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Figure 12. Tensile tests results for Grid C in machine direction (MD) and cross-machine
direction (TD)

50



4.3 Aggregate-Geogrid-Aggregate Interface Characterization

The soil-geogrid-aggregate and aggregate-geogrid-aggregate interfaces were
characterized through bench-scale tests including pullout tests (ASTM D6706) and direct
shear (ASTM D 3080). The objective of the bench scale tests is to evaluate the
performance of the geogrid under the conditions and in the medium in which it will be
installed, as opposed to index tests, where the geogrid is tested in isolation. Pullout tests
were conducted in this study to characterize the interaction properties of the various types
of geogrids installed within aggregates. TRI/Environmental Inc. performed the pullout
testing.

It should be pointed out that the interfaces between geogrids and pavement
materials were loaded until failure in both the pullout and direct shear tests. While this is
not the typical service condition for the application of geogrids in pavements, the results
of the pullout and direct tests can be indicative and should be interpreted within the

context of pavement applications.

4.3.1 Pullout Test Procedures

Pullout tests were conducted on three geogrids in a medium consisting of the base
course aggregates used in the pavement section per ASTM D6706 in the machine
direction of the geogrid. The pullout test setup is shown in Figure 13. The geogrid
samples were cut into 1.2-m by 0.6-m sections and inserted into a 0.4-m-thick compacted
aggregate layer with the machine direction ribs oriented parallel to the pullout direction.
All pullout tests were carried out under normal pressure of 6.9 kN/m? (144 psf) and at a
displacement rate of 1.0 mm/min. The geogrid displacements were measured at the front
of the pullout box and at 31 cm, 61 cm, 89 cm, and 116 cm away from the front through a
tell-tale system having steel wires connecting geogrids to LVDTs.

The geogrid’s resistance to pullout is a function of frictional characteristics
between the geogrids and surrounding unbound materials, strength of the geogrid
junctions, flexural stiffness of the transverse ribs, and geogrid percent open area. A strong
bond between the soil and the geogrid can be achieved with the satisfactory factors

above.
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Figure 13. Pullout test setup: (a) plan view schematic of the pullout box (Koerner, 1998);
(b) top-view of pullout box showing the geogrids on the soil and tubes housing steel
wires (Courtesy of TRI/Environmental Inc.); and (c) connection of steel wire to a geogrid
rib (Courtesy of TRI/Environmental Inc.)

4.3.2 Pullout Tests Results

Figure 14 shows the pullout force-displacement relationships for Grids A, B, and
C at the front face of the pullout box. Although Grid C’s interaction coefficient, derived
from the maximum pullout load, is the highest among the three geogrids, Grid B had the
best pullout resistance at small displacements (up to 11 mm in this case). Similar trends
were observed at the other locations: 61 cm, 89 cm, and 116 cm from the front face. Note
that the attributes of geogrids at small strain are important when geogrids are used as
pavement reinforcement, since traffic-induced deformation of geogrids in pavements is

minimal. From that standpoint, the coefficient of interaction results should be used
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cautiously. The magnitude of the necessary pullout force to induce small displacements is

more indicative of performance in pavements.
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Figure 14. Pullout load-displacement for Geogrids A, B, and C at the front of the pullout

box

Figure 15 demonstrates the relationship between pullout force and displacement at
different distances from the front of the pullout box for Grid A and Grid B, which
represent flexible and stiff geogrids behaviors, respectively. Along the pullout direction,
the portion of Grid B furthest from the pulled end (back end of the pullout box) does not
show significant movement until the occurrence of pullout failure. In contrast, significant
displacement at all the tell-tale locations indicates possible slippage of Grid A at the
interface. This again indicates that Grid B has better pullout resistance.
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4.4 Aggregate-Geogrid-Soil Interface Characterization

Direct shear tests were conducted for characterizing the interfaces among the
three geogrids, two soils, and one aggregate. A total of 12 interfaces were tested through
direct shear tests, including reinforced and unreinforced interfaces (Table 3).

4.4.1 Direct Shear Test Procedures

The direct shear test was conducted in conformance with ASTM D 3080 to
measure the friction angle and adhesion at the interface between the subgrade and
aggregate base layer, with and without a geogrid in place. The geogrids were placed
between the upper aggregates box and the lower soil box (Figure 16). Dimensions of both
boxes were 30.5 cm x 30.5 cm x 10.2 cm (12 in x 12 in x 4 in). The base aggregate was
remolded and compacted to 100% of maximum dry density at optimum moisture content
(3.9%). In direct shear tests with Soil 1, the subgrade soil was compacted to 92.5% of
maximum dry density and at optimum moisture content (10%). In direct shear tests with
Soil 2, the soil was compacted at dry unit weight of 1442 kg/m* (90 pcf) and at water
content of 25%, which were similar conditions to those under which the subgrade was
constructed in accelerated testing. Direct shear tests were performed under three different

normal pressures: 12 kPa (2 psi), 27 kPa (4 psi), and 36 kPa (6psi). The selected pressure
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of 27 kPa was an approximate estimate of the pressure imparted on the pavement
subgrade during the accelerated test based on the applied traffic loading. Shear forces
were applied at a constant displacement rate of 1.02 mm/min (0.04 in/min), slow enough
to dissipate soil pore pressure. TRI/Environmental Inc. performed the direct shear tests
with Soil 1 and SGI Testing Services LLC performed all the direct shear tests with Soil 2
and Soil 3.




Figure 16. Direct shear tests: (a) a geogrid sample placed on compacted subgrade soil in
the lower shear box; (b) subgrade soil in the lower box upon the completion of tests and

removal of aggregates (courtesy of SGI Testing Services, LLC)

Shear stress applied to the specimen for each recorded shear force was calculated
based on corrected specimen contact area. Correction of specimen contact area was
necessary because the actual contact area decreased as a function of horizontal
displacement of the traveling container. The corrected area was calculated for each

displacement reading by using the following equation:

Ac=A—dxW (19)

where:

A is corrected area, m?

A\ is initial specimen contact area, m?

d is horizontal displacement of the traveling container, m

W is specimen contact width in the direction perpendicular to that of shear force

application, m

4.4.2 Direct Shear Tests Results

Figure 17 illustrates interface resistance behavior from unreinforced and
reinforced soil samples under displacement-controlled direct shear tests. As expected, for
each type of interface shear stress, the value for failure generally increases with

increasing normal stresses.
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Figure 17. Direct shear tests under normal pressure of 12 kPa (2 psi), 27 kPa (4
psi), and 36 kPa (6psi): (a) unreinforced Soil 1-aggregate interface; (b) reinforced Soil 1-
Grid A-aggregate interface
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Area-corrected peak values of shear stress and corresponding normal stress were
used to derive angle of friction and effective adhesion. Figure 18 shows the failure

envelopes for the unreinforced and reinforced interface.
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Figure 18. Failure envelope at peak loading: (a) unreinforced Soil 1-aggregate
interface; (b) reinforced Soil 1-Grid A-aggregate interface

Given the shear strength parameters of the control interface, the interface
efficiency factor, E,, can be calculated as (Koerner, 1998):

£ _tano

0= w (20)

where & is the friction angle of the geogrids reinforcement interface, and ¢ is the friction
angle of the control interface. The efficiency factor for geotextiles varies from 0.6 to 1.0,
but can be greater than 1.0 for geogrids (Juran et al., 1988).

Table 8 summarizes the strength index interpreted from direct shear tests results.
Although the interface characteristics during direct shear tests can be influenced by many
factors, such as applied normal pressure, geogrid material characteristics, and drainage
conditions. For this study, the geogrid material properties were expected to be the only
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factor affecting the interface, since all other factors were held constant among the tests

for the four geogrids.

Table 8. Summary of direct shear tests results

Interface Angle of Friction (deg.) | Adhesion (kPa)
Soil CL-Aggregates 26.0 12.4
Soil CL-Grid A- Aggregates 250 11.3
Soil CL-Grid B- Aggregates 250 12.0
Soil CL-Grid C- Aggregates 250 11.7
Soil ML-Aggregates 26.0 12.0
Soil ML-Grid A- Aggregates 250 11.0
Soil ML-Grid B- Aggregates 25.0 10.8
Soil ML-Grid C- Aggregates 26.0 11.3
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S INSTRUMENTED ACCELERATED PAVEMENT
TESTING

In order to investigate the pavement critical responses and obtain more
sophisticated measurements, two sets of accelerated pavements testing using various
instruments were carried out for pavement slabs constructed in a concrete pit measuring
2.1 m x 3.7 m. The pavement section layouts and thicknesses were the same for these two
sets of instrumented accelerated testing, except the subgrade soil types were different. In
each of the two instrumented accelerated tests, there were four pavement sections among
which one was a control and others were reinforced by Grid A, Grid B, and Grid C,
respectively. The two instrumented accelerated tests were designated as Instrumented
APT | and Instrumented APT II, respectively.

Accelerated testing on instrumented pavement sections served two purposes:
providing measurements of critical pavement responses for the calibration and
verification of FE models; and investigating the performance of different geogrids and
providing measurements for the development of permanent deformation models. Testing
results from Instrumented APT Il were used to verify the permanent deformation models
developed on the basis of results from Instrumented APT I. Lightweight deflectometer
(LWD) testing was conducted on pavement sections to backcalculate the pavement layer
properties. Both static and dynamic measurements from the instruments were taken at the
intervals of the MMLS3 load applications in addition to the surface profile

measurements.

5.1 Pavement Dimensions and Boundary Effects

The available pit space was 366 cm (144 in) long, 206 cm (81 in) wide, and 127
cm (50 in) deep to the backfill surface. The structural thickness of pavement layers had to
be scaled down according to the scale of MMLS3 load and existing PennDOT design
specifications for low-volume roads. Furthermore, numerical studies were carried out to
investigate the potential boundary effects on the pavement with the four-section layout in

the existing concrete pit.
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5.1.1 Determination of Scaled Pavement Layer Thickness

The current PennDOT pavement design methodology is based on the AASHTO
Guide for Design of Pavement Structures (AASHTO, 1993), which is accompanied by
the AASHTOWare Darwin (PennDOT, 1995). Table 9.4 (Min. and Max. Thickness of
Surface, Base, and Subbase Materials for Superpave Mixes) in Publication 242 was used
to determine the structural thicknesses. The minimum value for collector highways
specified in Publication 242 was adopted for each pavement layer to represent a low-
volume road structure with weak bed soil support, which generates a full-scale pavement
structure consisting of 9 cm (3.5 inches) AC layer, 13 cm (5 inches) aggregate base
course, and 15 cm (6 inches) subbase. By combining the base and subbase layers, a one-
third scale model pavement has 4 cm (1.5 inches) AC layer and 10 cm (4 inches) base
layer, as Figure 19-a shows. Note that 4 cm (1.5 inches) of AC layer is also the
recommended minimum lift thickness for the 9.5-mm asphalt mixtures that were used for
constructing the AC layer (PennDOT, 1995).

5.1.2 Boundary Effects
Studies were carried out to investigate possible boundary effects due to both the

backfill aggregates foundation and concrete walls. The investigation was focused on the
impact of various boundaries on a critical pavement response, vertical stresses at the top
of subgrade. Results of a previous study on the boundary effects due to subgrade
thickness for an unpaved aggregate-subgrade structure showed that the 113-cm-thick
subgrade (Figure 19-a) was adequate for achieving minimal impact from the backfill
foundation underneath the subgrade. Linear static two-dimensional axisymmetric FE
models with different radial distances between the load center and boundary were created
to study the effects of concrete walls on the pavement responses. It was shown that the 46
cm (18 in) boundary distance (Figure 19-b) with the four-section layout had insignificant

effects on the change of vertical stresses at the top of the subgrade.
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Figure 19. Dimensions of the model pavement sections: (a) cross section of the pavement
sections; (b) layout of the pavement sections (units in cm)

previous study was conducted on an unpaved aggregate-subgrade structure to investigate
the effects of subgrade thickness on the pavement critical responses. A three-layer system

was considered: 13-cm (5-in) aggregates base with modulus of 290 MPa (42,061 psi),
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The soil subgrade had a thickness of 113 cm (44.5 in), as shown in Figure 19-a. A



soil subgrade with modulus of 30 MPa (4,351 psi), and an assumed infinite layer as for
the backfill foundation with modulus of 150 MPa (21,756 psi). Only the MMLS3 load
was examined. The LWD loading was not examined because it showed less effect on
vertical stress atop subgrade. The MMLS3 load was assumed to be a circular, uniformly
distributed load with pressure of 689 kPa (100 psi) and contact radius of 3.5 cm (1.39 in).
Calculation using the linear elastic program KENLAYER was conducted for a series of
soil subgrade thickness.

Figure 20 shows that the change in vertical stress atop the subgrade becomes
minimal when the subgrade thickness is about 100 cm (40 inches). One could assume that
the 113 cm (44.5 inches) thick subgrade for the proposed pavement cross section with the
addition of an asphalt layer has negligible boundary effects due to the backfill underlying
the subgrade.
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Figure 20. Change of vertical stress on top of subgrade with subgrade thickness
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Boundary Effects due to Concrete Side Walls

A series of FE modeling was performed in order to find out the distance from the
load center to nearest boundary, such that the boundary effect is negligible. The FE
models simulated the MMLS3 loading and the proposed structural layer thickness, as
Figure 19 shows. Modulus values for base course and the backfill layer (AASHTO #57

aggregates) were obtained through the inverse analysis procedure from previous tests.

Table 9. Inputs for FE models

Layer Thickness | Modulus Poisson’s Ratio | Load

(cml/in) (MPa/psi)
AC 4/1.5 2758/400000 | 0.2 Pressure:
Base Course 10/4 290/42061 0.3 689 kPa (100 psi)
Subgrade 113/44.5 30/4351 0.4 Contact radius:
AASHTO #57 | 127/50 150/21756 | 0.3 3.5cm (1.39in)

In the FE models, the distance from the loading center to the nearest boundary
varied from 25 cm (10 inches) to 102 cm (40 inches) to observe the boundary effects on
vertical stress on top of the subgrade. As can be seen in Figure 21, the change of vertical
stress on top of the subgrade becomes minimal when the distance from the load center to
the boundary reaches 51 cm (20 inches). It is noticed that the boundary distance is 46 cm
(18 inches) for the four-section layout as shown in Figure 19-b, which is 5 cm less than
the ideal boundary distance. However, the vertical stresses on top of subgrade for
sections with boundary distance of 51 cm (20 inch) and 46 cm (18 inches) are 15.7 kPa
(2.27 psi) and 15.4 kPa (2.24 psi), respectively. The percentage difference in vertical
stress atop subgrade between the two cases is about 1.9%. It is, therefore, expected that
the boundary effects due to the side walls with distance of 46 cm to the load center is

negligible.
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5.2 Instruments Selection and Calibration

In order to accurately quantify the reinforcement effectiveness for different
geogrids and identify the optimal properties for given subgrade conditions, it is necessary
to measure the stresses and strains prevalent at the aggregate-geogrid-soil interface in
addition to the nature and value of the strain felt by the geogrid ribs. Using
instrumentation for making such measurements also allows for understanding and
characterization of the mechanisms taking place at the base-geogrid-subgrade interface.
Furthermore, for the purposes of calibrating the response model (FE model) and
permanent deformation models, it was set to measure these pavement critical responses:
elastic and permanent deformation at the top of the subgrade, vertical stresses at the top

of the subgrade and strains in the geogrids.

5.2.1 Instruments for Subgrade Deformation Measurement

Both elastic deflection and permanent deformation at the subgrade needed to be
measured in order to verify the FE models and calibrate the permanent deformation

models. An in-depth search was conducted to identify a reliable approach to measure the
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deformation in pavement layers. More details on selecting an instrument to measure
subgrade deformation can be found in Appendix A. It was decided that LVDTs (Macro
Sensors GHSE-750-1000) would be used to measure the deflection of subgrade surface.
The end of the LVDT was fixed with respect to the bottom of the subgrade. Thus, the
LVDT measured the total deformation of the subgrade.

Considering the fact that the measurements of subgrade deformation are important
for the calibration of the FE models and deformation prediction models, in order to
ensure subgrade deformation measurements, a backup instrumentation plan was made for
the subgrade deformation measurements. The relatively inexpensive potentiometers were
customized and installed at the top of the subgrade to measure the elastic and permanent
strains within the gauge length. Specifications for LVDTs and potentiometers can be
found in Appendix A.

Using a micrometer, calibration was carried out for each LVDT and potentiometer
before the LVDTs and potentiometers were installed in the pavement. The LVDTs and
potentiometers were recalibrated after their use in the Instrumented APT | and before
their use in Instrumented APT Il. The calibration procedures and results are provided in

Appendix A.

5.2.2 Instruments for Subgrade Vertical Stresses Measurement

The selection of sensors for measuring subgrade vertical stresses in pavements
was based on the known loading configuration and pavement structures to ensure
sufficient resolution and accuracy. A desirable pressure sensor should be able to measure
stresses in the soil without significant disturbance to the existing state of stress. There are
two basic types of earth pressure cells for measuring the total vertical stress in the
subgrade soil: diaphragm cells and hydraulic pressure cells.

The primary component of a diaphragm cell is a stiff circular membrane
supported by a stiff edge ring. The membrane is deflected by the external soil pressure.
The deflection of the membrane is measured by an electrical resistance strain gage
transducer attached on the inner face of the cell. The membrane deflection is related to
the magnitude of external soil pressure. On the other hand, the hydraulic cell consists of
two circular steel plates. The two circular steel plates were welded together around their
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periphery to form a cavity filled with de-aired liquid. The cavity is connected by a steel
tube to a pressure transducer that converts the fluid pressure to an electrical signal.
Vibrating wire transducers and semiconductor-type transducers are typically used for
hydraulic pressure cells. While vibrating wire transducers generally measure long-term
static pressure, the semiconductor transducer was chosen to measure the dynamic
pressures from the traffic loads.

Hydraulic-type earth pressure cells (Geokon 3500) with semiconductor transducer
were chosen to measure the vertical stress as one of the critical responses of pavement. In
order to diminish the disturbance to the pavement system, the earth pressure cells were
customized into smaller dimensions to accommodate the application in the scaled
accelerated testing.

It is ideal to conduct the calibration for pressure cells in a hydrostatic stress state.
In this study, the pressure cells were subjected to known increasing dead weights to
check the linearity of the pressure cell measurements. More information on the

specifications of the pressure cell and their calibration are included in Appendix A.

5.2.3 Geogrid Strain Gages

Measuring strains developed in geogrids during the MMLS3 wheel load
applications can quantify the degree to which the geogrids are mobilized and engaged.
In this study, the strain gage selection was mainly based on the available application
areas for the gage and the expectation of possible strains in the geogrids during the
testing, although other factors should be considered such as the test duration, accuracy
required, and cyclic endurance (Vishay, 2007).

After an in-depth literature search and consulting application engineers from
strain gage distributors, it was decided to use a foil type strain gage (KFG-5-120-C1-
11L3M3R) from Omega Engineering, Inc. to measure strains in geogrids. The strain gage
has a backing material constructed from polyimide, and the measurement grid is made of
a constantan alloy that can sustain strains up to 5%. The strain gage has a resistance of
120.0+0.8 Q, gage factor of 2.09+1.0%. The overall length and width of the strain gage is
9.4 mm and 2.8 mm, respectively. Strain gages were connected into a three-wire quarter

bridge circuit with the completion module of the data acquisition system. Shunt
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calibration was conducted for the strain gage circuits through a precise 100-kQ resistor
built into the module for the purpose of verification and scaling. Strain gages were
installed on both the top and bottom surface of the geogrid rib in order to account for the
bending effects.

Strain gages are conventionally calibrated by the manufacturer on a steel
specimen to obtain a gage factor. Strain gages do not affect the behavior of the calibration
steel specimen because of the comparable modulus ratio between the strain gage and
steel. However, it is recognized that the gage-adhesive system adds reinforcement effects
to geogrids due to the significantly lower modulus of geogrids compared to that of the
gage-adhesive system. Furthermore, the strain gages had to be coated for protection from
mechanical damage and waterproofing. The external coat-gage-adhesive system could
introduce considerable reinforcements to the locus where the strain gage is installed. A
calibration was conducted to correlate the local strain measurements from strain gages to
the global strains measured by a laser extensometer. The calibration procedures and

results are attached in Appendix A.

5.3 Pavement Slabs Construction and Instrument Installation

The pavement slabs were constructed in the pit according to the configuration and
dimensions discussed in Section 6.1. Similar construction procedures as in the previous
exploratory accelerated testing were adopted. Throughout the construction, care was
exercised to ensure the uniformity of compaction efforts among the four sections.
Various instruments were installed in the pavement slabs using different techniques and
following different procedures. The successful installation of the instruments ensured the

subsequent reliable measurements.

5.3.1 Construction of Pavement Slabs

The pavement slabs construction started with preparing the subgrade soil at the
target moisture content in order to have a desired CBR value for the subgrade. Soil 1 (CL
| A-4(5)) was used for constructing the subgrade in Instrumented APT I. The subgrade
was constructed by several 6-in lifts in order to achieve adequate compaction. A vibratory
plate compactor was used to compact the soil. Sand cone tests were performed for each

lift after compaction to check the degree of compaction and moisture content. Presented
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in Table 10 are the results of sand cone testing for the last three lifts, representing the as-

constructed subgrade conditions.

Table 10. As-constructed lift properties of subgrade soil in Instrumented APT |

Lift Density Moisture Degree of
(from bottom to top) | (kg/m*/ pcf) | Content (%) | Compaction (%)
Lift One 1858.0/116.0 23.6 89.8
Lift Two 1720.8/107.4 26.4 81.3
Lift Three 1799.1/112.3 25.4 85.7

Following the completion of subgrade construction, geogrids were placed on top
of the subgrade with care to avoid any wrinkles. Aggregate was then placed into the pit at
the optimum water content and compacted by two lifts. Due to the limited capacity of the
heating oven for asphalt mixtures, the asphalt layer had to be constructed by dividing the
entire pit into two halves in the direction of length (366 cm). Air voids of the asphalt

concrete for each section were measured after completion of the construction.

5.3.2 Installation of Instruments

A total of five different types of instruments were installed in the pavement
system: LVDTSs, earth pressure cells, potentiometers, strain gages, and thermocouples.
All the load-associated instruments were installed at the base-subgrade interface and
underneath the wheel path, as Figure 22 shows. For each of the four sections, one LVDT
was installed at the top of the subgrade and in the middle of the section. As can be seen in
Figure 22-a, the LVDT was housed in a steel tube fixed to the bottom of the subgrade.
The pressure cell and potentiometer were installed at the subgrade top with 25 cm offset
from the middle of the section in the direction of the MMLS3 wheel path. For each of the
three reinforced sections, a total of eight strain gages were installed on the geogrid. Strain
gages were installed at the locations with 10 cm offset from the middle of the section. At
each location, two pairs of strain gages were attached onto two adjacent geogrid ribs in
the direction of machine direction (MD) and cross-machine direction (TD), respectively.
The challenge of instrumenting the geogrids has been documented by many (Brandon et
al., 1996; Maxwell et al., 2005; Warren et al., 2005).
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Figure 22. Positions of instruments in the pavement system: (a) cross section view of the
instrument locations; (b) plan view of the instrument locations (units in cm)

Installation of each of the five types of instruments followed different procedures.
Modifications to the instrument were made to accommodate the applications of the
instruments in this study. Techniques were developed to protect the instruments from
mechanical damage and water infiltration. More details about instrumentation installation

can be found in Appendix A.
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5.4 Testing and Data Collection

Using a non-destructive device, lightweight deflectometer tests on the pavement
layers’ structural capacities were conducted on aggregate surfaces and asphalt surfaces
for each of the four sections. During the LWD tests, surface deflections under a known
impulse load were recorded along with the instrument responses.

After the LWD tests on the asphalt surface, the pavement was subjected to the
MMLSS3 trafficking. Both static and dynamic measurements from the instruments were
collected at intervals of MMLS3 axles while the pavement surface profiles were also
measured.

It should be pointed out that data collection from the instruments was carried out
at various stages of the construction and testing. In-air readings from the instruments
were taken just before the instruments were placed into the pavement. During the
construction, particularly the compaction process, instruments data were collected to
monitor the impact of construction onto the sensors. Upon the completion of construction

and before any testing, a baseline reading was taken for all of the instruments.

5.4.1 Lightweight Deflectometer Testing

A portable lightweight deflectometer (Carl Bro™ PRIMA 100) was used for
assessment of in-situ pavement layer modulus. A description of the device can be found
in Appendix B.

The main purpose of the LWD tests was to measure the pavement responses to a
known load and use the measurements to calculate the pavement layer properties through
an inverse analysis procedure. The LWD was not able to yield meaningful measurements
on testing the soil subgrade because the subgrade was too weak to experience an elastic
deflection under the LWD load. LWD tests were conducted on aggregates base for each
of the four sections. For the three reinforced sections, five locations were tested along the
line where the MMLS3’s wheel load was to be applied. Only three locations were tested
for the control section. Tests were repeated at least three times for each testing point to
ensure the consistency of the measurements. The instruments responses to each LWD
loading were recorded. Following the same procedure, LWD tests were also conducted

on the asphalt concrete layer.
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5.4.2 MMLS3 Testing

The MMLS3 testing commenced 24 hours after the completion of the asphalt
layer. A total of 100,000 MMLS3 axles were applied to each of the four sections. The
pavement responses to the dynamic loading of MMLS3 were recorded through the
instruments. Furthermore, in order to monitor the accumulation of the permanent
deformation of the subgrade, measurements from the instruments were taken without the
MMLS3 surcharge load at various stages of MMLS3 trafficking. In addition to the
instruments data, the pavement surface profiles were measured at the intervals of the
MMLS3 traffic. For each of the four sections, profile measurements were taken at six
different locations along the wheel path.

5.5 Results and Discussion

This section presents the results of LWD testing and the MMLS3 accelerated
testing on the four pavement sections from both Instrumented APT | and Instrumented
APT Il. The measurements from the LWD tests, mainly central surface deflections, can
be used as an indicator of the pavement structural capacity, although the LWD test
measurements will be used to backcalculate the pavement layer moduli in Chapter 7.
Instrumentation measurements as the responses of the pavement system to the MMLS3
load are presented, including subgrade deformation, vertical stresses on top of the
subgrade, and strains in the geogrids. In addition, the surface profiles (permanent
deformation at intervals of MMLS3 axles) are presented. Factors affecting pavement
performance such as variation in compaction efforts, temperature, and moisture content

change are discussed.

5.5.1 Surface Central Deflections under LWD Load

LWD testing was conducted on both the aggregate base and asphalt concrete
surfaces for each of the four sections. LWD testing was not carried out on the subgrade
because the subgrade was too soft to sustain the LWD without permanent deformation.
The primary purpose of LWD tests was to provide measurements under a known impulse
load for backcalculating the pavement layer properties. However, the peak surface
deflection can be used as an indicator of pavement structural capacity. All the central
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peak deflection values were normalized to the same loading level of 4.8 kN for the

purpose of comparison.

LWD on Base Course Layer

Table 11 presents the peak value of deflection measurements on the base course
layer for sections in Instrumented APT I. As can be seen in

Table 11, the control section generally exhibits higher deflection compared to
other reinforced sections in Instrumented APT 1. The rank among the sections based on
the average peak deflection of all the locations is: Grid A (1641.3 um), Grid B (1771.2
pm), Grid C (2151.0 pum), and Control (2190.0 pum).

Table 11. Peak deflection (um) at the center of LWD load on base layer for Instrumented
APT | (normalized to 4.8 kN; 3 days after subgrade construction)

Locations | Press. Cell | Gage NC | LVDT | Gage FC | Poten. Meter | Average
Grid A 1649.4 1445.1 1398.9 | 1829.3 1884.0 1641.3
Grid B 1968.9 1601.3 1460.9 | 1774.3 2050.9 1771.2
Grid C 1960.4 1800.3 2017.1 | 2138.0 2839.1 2151.0
Control 2015.5 N/A 2075.1 | N/A 2479.2 2190.0

Table 12 through Table 14 present the central peak deflection measured from
LWD tests on the base layer in Instrumented APT Il. As previously described, a weaker
soil subgrade was constructed in Instrumented APT Il. Pavement sections in
Instrumented APT Il generally showed higher deflection than that in Instrument APT 1,

as expected (see Table 11 and Table 12).

Table 12. Peak deflection (um) at the center of LWD load on base layer for Instrumented
APT Il (normalized to 4.8 kN; 4 days after subgrade construction)

Locations | Press. Cell | Gage NC | LVDT | Gage FC | Poten. Meter | Average
Grid A 2682.9 2533.8 2342.9 | 2368.9 3145.3 2614.8
Grid B 3896.1 2870.2 3199.5 | 3289.0 4271.2 3505.2
Grid C 3377.3 2513.6 1810.1 | 2205.9 2969.6 2575.3
Control 4488.8 3704.9 2925.8 | 2870.2 3415.8 3481.1

Due to the delay of asphalt mixture acquisition, the asphalt concrete layer was not
constructed until about 1 month after the subgrade construction. It was anticipated that

the subgrade might lose moisture and gain stiffness during the time period between the
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completion of base construction and the commencement of asphalt layer construction.
LWD tests were conducted at the 14™ day and 27" day of the completion of subgrade
construction. As can be seen from Table 13 and Table 14, the central peak deflection
decreases with time, which indicates an increase of pavement layer stiffness caused by

the moisture loss.

Table 13. Peak deflection (um) at the center of LWD load on base layer for Instrumented

APT 11 (normalized to 4.8 kN; 14 days after subgrade construction)
Locations | Press. Cell | Gage NC | LVDT | Gage FC | Poten. Meter | Average
Grid A 1657.7 1715.4 1585.8 | 1732.4 2025.5 1743.3
Grid B 2735.4 2005.7 1287.0 | 1615.4 2799.3 2088.6
Grid C 2560.9 1992.1 1499.7 | 1706.4 2292.5 2010.3
Control 2984.5 2287.6 1758.7 | 1794.0 2376.9 2240.4

Table 14. Peak deflection (um) at the center of LWD load on base layer for Instrumented

APT 11 (normalized to 4.8 kN; 27 days after subgrade construction)
Locations | Press. Cell | Gage NC | LVDT | Gage FC | Poten. Meter | Average
Grid A 1305.9 1360.1 1263.2 | 1309.4 1606.3 1369.0
Grid B 1904.3 1484.0 1287.0 | 1615.4 2303.6 1718.9
Grid C 2107.4 1557.9 1281.0 | 1370.3 2066.9 1676.6
Control 2203.7 1544.3 1259.4 | 1221.6 1540.2 1553.8

LWD on Asphalt Concrete Layer

Table 15 and Table 16 present the peak value of deflection measurements on the
asphalt layer for sections in Instrumented APT | and APT II, respectively. The deflection
measurements were normalized to the same LWD loading level with the measurements
on the base course layer. It can be seen the peak central deflection decreased significantly

compared to those on the base course due to the addition of the asphalt layer and the

resulted increase in structural capacity of the pavement.

Table 15. Peak deflection (um) at the center of LWD load on asphalt layer for
Instrumented APT I (normalized to 4.8 kN)

Locations | Press. Cell | Gage NC | LVDT | Gage FC | Poten. Meter | Average
Grid A 434.0 512.3 537.0 |402.4 414.2 460.0
Grid B 364.4 332.8 358.0 |459.5 388.6 380.7
Grid C 424.0 456.8 530.8 | 478.7 497.5 477.5
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| Control

| 378.7

| N/A

| 425.2

| N/A

| 405.9

| 403.3

Table 16. Peak deflection (um) at the center of LWD load on asphalt layer for
Instrumented APT Il (normalized to 4.8 kN)

Locations | Press. Cell | Gage NC | LVDT | Gage FC | Poten. Meter | Average
Grid A 562.3 564.6 563.4 | 5254 615.2 566.2
Grid B 332.8 364.4 358.0 | 460.0 704.1 443.8
Grid C 653.3 650.7 568.0 |628.9 688.1 637.8
Control 494 .4 487.6 534.7 | 498.5 599.3 522.9

5.5.2 Surface Rutting under MMLS3 Trafficking

Figure 23 displays the typical profiles recorded at various humbers of the MMLS3

load repetitions. It can be seen that the change of profiles is more aggressive at the initial

stage of the MMLS3 loading due to the densification of the pavement materials under the
MMLS3 load.
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The accumulation of surface rutting was calculated by subtracting the baseline
measurement from the subsequent maximum values of profile measurements. Figure 24
shows the accumulation of surface rutting along with the MMLS3 load applications for
the four sections. The surface rutting for each section shown in Figure 24 is the average

of the measurements taken at the six different locations within each section.
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It is noted that the section reinforced by Grid A showed the most significant
rutting among the four sections in both Instrumented APT | and APT Il. Sections
reinforced with Grid B and Grid C exhibited similar performance through both sets of
APT tests. The control section did not necessarily experience the most rutting in both
APT tests.

It should be pointed out that there are various factors causing the difference in the
performance of resisting surface rutting among the four sections. The pavement structural
layers thicknesses and materials used for the four sections were the same. Except for the
geogrid reinforcements included at the base-subgrade interface, the most possible factors
that may contribute to the difference in the performance of resisting rutting are:

e Change of the moisture content of the subgrade soil
e Asphalt concrete temperatures throughout the testing
e Air voids of asphalt concrete due to the variability in compaction
The factors should be taken into account when comparing the performance among the

four sections.

Change of the Subgrade Soil Moisture Content

The stiffness of the soil subgrade is a function of moisture content, as illustrated
in Figure 8. Moisture content of the subgrade soil and its distribution changes through the
means of both upwards evaporation and downwards seepage. The moisture content of the
subgrade soil was 25.4% upon the construction of the subgrade (April 20, 2010). Tests on
the moisture content of subgrade soil were carried out after 62 days of the subgrade
construction (June 20, 2010). Table 17 lists the moisture content test results after the
Instrumented APT | test.

Table 17. The distribution of moisture content in the subgrade after the accelerated
testing in Instrumented APT |

Sampling depth from the Subgrade Surface (cm/in) | Moisture Content (%)
0.0-7.6/0.0-3.0 21.2
7.6-15.2/3.0-6.0 22.0

15.2-22.9/6.0-9.0 22.9
Average 22.0
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It was found that there was about 3.1% and 4.1% decrease in moisture content in
the subgrade soil for Instrumented APT I and APT Il as listed in Table 18. The decrease
in moisture content of the subgrade soil may result in an increase of subgrade stiffness

and subsequent decrease in the pavement permanent deformation.

Table 18. Moisture content of subgrade soil in Instrumented APT | and APT 1l

APT | Moisture APT | Moisture
Content (%) Content (%)
As-constructed 25.1 28.8
After Accelerated Testing 22.0 24.7
Change 3.1 4.1

Although it is difficult to quantify the moisture losses as a function of elapsing
time for the subgrade soil, Table 19 and Table 20 present the time period of accelerated
testing on each of the four sections during the accelerated testing APT | and APT Il. The
subgrade of the section reinforced by Grid A is expected to have the highest moisture
content and lowest stiffness when the section with Grid A was subjected to the

accelerated testing.

Table 19. Time period of accelerated testing on the four sections in Instrumented APT I*

Sections Time Period Days After Subgrade Construction
Grid A | May 12 — May 24, 2010 23-35

Control | May 25 — May 29, 2010 36 — 40

Grid B May 31 — June 3, 2010 42 — 45

Grid C June 3 —June 7, 2010 45— 49

*Subgrade was constructed on April 20, 2010

Table 20. Time period of accelerated testing on the four sections in Instrumented APT II*

Sections Time Period Days After Subgrade Construction
Grid A | Aug. 20 — Aug. 23, 2010 30-34

Control | Aug. 24 — Aug. 26, 2010 34— 37
Grid B | Aug. 26 — Aug. 29, 2010 37-40
GridC | Aug. 30 — Sept. 1, 2010 41 — 43

*Subgrade was constructed on July 21, 2010
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Variation in Asphalt Concrete Temperatures

The asphalt concrete temperatures were recorded throughout the accelerated
testing for each of the four sections. As can be seen in Figure 25, the difference in
temperatures between the control section and sections reinforced by Grid B and Grid C is
negligible while temperatures of the section with Grid A were relatively lower during the
testing in Instrumented APT |. The average values of the recorded temperatures for
sections with Grid A, Grid B, Grid C and control section are: 23.4 °C, 25.7 °C, 26.2 °C,
and 25.6 °C. The average temperature during the testing of the section with Grid A was
about 2 °C less than the average temperatures of the other three sections. Temperatures in
Instrumented APT Il tests showed less variation than that in Instrument APT | tests.
Based on these temperature measurements, the variation in asphalt temperatures does not

play a role in the inconsistency of asphalt rutting.
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Variation in Asphalt Concrete Air Voids

Asphalt rutting is due to two primary mechanisms: material densification or vertical
compression, and lateral flow or plastic movement. The densification of materials is mostly
associated with inadequate compaction (high air voids) of the asphalt layer, while the lateral flow
is mostly due to the inadequate shear strength of the asphalt mixtures. Thus, the construction
variability, particularly the compaction effort, may contribute to the difference in pavement
performance.

The surface rutting, measured using the profilometer at intervals of MMLS3 load
applications, is essentially the total permanent deformation of the entire pavement structure,
including permanent deformation in the asphalt layer, permanent deformation in the base layer,
and the subgrade permanent deformation. Recalling that the geogrids were primarily used to
reinforce the weak subgrade (i.e., reduce subgrade permanent deformation), it would be ideal for
all the different sections to have the same or similar permanent deformation in the asphalt layer
and base layer such that the effectiveness of geogrid reinforcement in reducing pavement
permanent deformation could be directly compared. Thus, it is necessary to minimize the effects
of air voids variability on the asphalt concrete rutting.

Given the same loading conditions, the degree of densification of the asphalt layer for
different sections is mostly affected by the initial air voids, although the conditions of being
reinforced by geogrids or not and by different geogrid products may also affect the degree of
densification to a certain extent. The densification of the asphalt mixture is the reduction of its
volume and is assumed to be linearly proportional to the reduction in the air void content.
Assuming the volume change or densification of the asphalt layer occurs in the vertical direction
only, a given change in air voids causes the same percent of change in the thickness of the
asphalt layer, although the asphalt mixtures are actually compressed in all three directions.

The surface rutting for each section in Instrumented APT | and Instrumented APT Il was
normalized to the change of air voids in the section, as summarized in Table 21 and Table 22.
Surface rutting is the average of measurements taken at six locations along the wheel path. The
measured air void values are averages taken across the tested section. By normalizing the surface
rutting (total permanent deformation) of the pavement to the asphalt air voids, it was assumed
that the deformation in the base and subgrade was similar between sections in each APT. The

normalized rutting value, RDnorm, Was calculated for each section as:
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RDnorm = RD X

Acontr.

VAi

where RD is the measured surface rutting

1)

Vacontr. 1S the average value of the air voids for the control (unreinforced) section, %

Vi Is the average value of air voids for the reinforced section of interest, %

Table 21. Measured air voids of asphalt concrete before and after the accelerated testing

in Instrumented APT |

Sections | Air Voids Before Air Voids After Air Void Change (%)
Testing (%) Testing (%)

Grid A 9.2 6.1 3.1

Grid B 9.1 5.1 4.0

Grid C 7.6 4.6 3.0

Control 7.3 5.6 1.7

Table 22. Air voids of asphalt concrete before and after the accelerated testing for a
sample within wheel path in Instrumented APT I

Sections | Air Voids Before Air Voids After Air Void Change (%)
Testing (%)* Testing (%)**
Grid A 12.8 11.2 1.6
Grid B 14.5 11.2 3.3
Grid C 13.5 10.2 3.3
Control 11.6 10.1 1.5

* Measured using a pavement quality indicator (PQI)

** Measured from core samples

Figure 26 shows the measured rutting accumulation along with the number of MMLS3
load applications for sections in both APTs. The rutting accumulation appears to be either the
same as the control or greater than the control when a geogrid is present. Figure 27 shows the
rutting accumulation for each section after being normalized to the change of the asphalt air
voids of the section. The normalized rutting indicates that Grid B and Grid C provided
considerable benefits in reducing the total permanent deformation compared to the control case
through both sets of accelerated tests. Grid A showed inconsistent reinforcing effectiveness
between the two APTs. While it appears that Grid A does not improve the performance of

pavements built on soft subgrade, the limited number of testing replicates in this study do not
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support a definitive conclusion. Until more testing can be completed, caution should be exercised

when using Grid A under conditions similar to those in this study.
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5.5.3 Subgrade Deformation

Both permanent and elastic deformations of subgrade were measured at intervals
of MMLS3 traffic. The circular plate affixed to the contact tip of the LVDT travelled
simultaneously with the deflection and recovery of the subgrade. Thus, the elastic
deflection of the subgrade was able to be measured by the LVDT. Figure 28-a shows a
typical measurement from the LVDT over the time period of four MMLS3 wheel passes.
The raw measurements were filtered to eliminate measuring noises. The baseline reading
was subtracted from the LVDT measurements to obtain the elastic deformation
corresponding to the load of MMLS3 (Figure 28-b). It can be seen that the peak value of
subgrade deflection due to the MMLS3 wheel load is around 0.24 mm.
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Figure 28. Dynamic responses of LVDTs to the MMLS3 load: (a) LVDT measurements;
(b) processed LVDT data

As previously mentioned, the LVDTs were mounted into a steel tube whose end
was fixed at the bottom of the subgrade. Therefore, the permanent deformation measured
by LVDTs represented the overall deformation of the entire subgrade layer. Figure 29-a

shows the accumulation of permanent deformation along with the amount of MMLS3
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load applications for sections in Instrumented APT I. As can be seen in Figure 29-a, the
control section has a slightly larger deformation than the section reinforced by Grid A at
the end of 100,000 MMLS3 load applications, while the pavement sections reinforced by
Grids B and C show significantly less permanent deformation, which is consistent with
the rank of surface rutting resistance (Figure 26).

In Instrumented APT Il (Figure 29-b), Grid B and Grid C again showed
improvements in resisting subgrade permanent deformation. Similarly with the surface
rutting behavior (Figure 26-b), Grid A showed more deformation than the control

section, especially at low numbers of axle load repetitions.
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5.5.4 Vertical Stress atop Subgrade

The dynamic responses of pressure cells to the MMLS3 load were recorded and
processced by following the similar procedures with the LVDTs dynamic measurements.
Figure 30-a displays the raw data of pressure cell measuremens and processed data.
Figure 30-b shows the processed data after the removal of spikes in the raw data. As can
be seen in Figure 30-b, the maximum vertical stress at the top of subgrade applied by the
MMLS3 is about 27 kPa (3.9 psi). The peak value of the vertical stress measurements

will be used in an inverse analysis procedure to backcalculate pavement layer properties.

un
Q
1

o 30 -

= ©

= g

T 40 =

@ +~

w) - .

g 30 T

— [®)

e o

c 20 2

S (%)

E glo -

T 10 - S

5 2

5 8

a 0 T T T 1 8 L
8 [a 0 T T 1
2 0 0.5 ! 15 2 0 0.5 1 15 2

Time (s) Time (s)
(a) (b)

Figure 30. Dynamic responses of pressure cells to the MMLS3 load: (a) Pressure cells

measurements; (b) processed pressure cell data

5.5.5 Strains Developed in Geogrids

For each geogrid, a total of eight strain gages were installed at four geogrid ribs
on both lower and upper surface of each rib. For each rib, the strains developed in the
geogrid were the average of measurements from the pair of gages attached on both faces
to minimize the bending effects on strain gages due to the out- of- plane load. All the
strain gage measurements were corrected by scale factors to account for the local

stiffening effects due to the adhesive and coating.
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Figure 31 shows a snapshot of typical responses of strain gages to dynamic
MMLS3 wheel load over the time period of two seconds at the MMLS3 axle number of
50,000. The two pairs of strain gages shown in Figure 31 were installed on two geogrid
ribs of Grid C adjacent to each other in machine direction (MD) and cross-machine
direction (TD). According to the way the geogrid was laid out in the pavement, the
machine direction (MD) is parallel to the MMLS3 wheel path while the cross-machine
direction is perpendicular to the wheel path. The vertical wheel load applied on the
geogrid plane bent the geogrid ribs to some degree. As expected, the strain gages
installed on top surfaces of the ribs were in compression (negative values) while the
gages on bottom surfaces were in tension (positive values) as Figure 31 shows. It is
therefore necessary to average the measurements of the pair of strain gages on each rib to
minimize the effects due to bending and to extract the tensile strains developed in the ribs

that are associated with the geogrid reinforcing effectiveness.
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Figure 32 is presented to show the permanent strains developed in geogrid rib of
Grid C. The opposite signs of measurements from the strain gage on bottom and top
surfaces furthermore indicate the stress state of the geogrid rib in the pavement system
under the vertical wheel load.
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Figure 33 and Figure 34 displays the permanent geogrid strains measured in
longitudinal direction at two different locations. The measurements of strains developed
in geogrids can be an indicator on how much the geogrids were mobilized and engaged
with the pavement system in resisting the axle load. It appears Grid B and Grid C

developed more strains throught the testing.
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5.6 Summary and Conclusions

Two sets of accelerated testing designated as Instrumented APT 1 and
Instrumented APT Il were carried out to investigate the effectiveness of three different
geogrids (Grid A, Grid B, and Grid C) in stabilizing weak subgrade and resisting
permanent deformation. During each APT testing, four pavement sections were
constructed, among which one was a control and the others were reinforced with different
geogrids. Two different types of soil were investigated through the two accelerated tests.

Various instruments were installed in the pavement system to measure both static
and dynamic response of the pavements. Deformation at the top of the subgrade was
measured using LVDT in each section while the vertical stress at the top of the subgrade
was monitored through earth pressure cells. Surface rutting was measured using a
profilometer at intervals of the MMLS3 axle repetitions. Strains in the geogrids were
measured using foil strain gages attached on the ribs. LWD tests were conducted on the
pavement sections to backcalculate the pavement layer properties before the accelerated
testing.

Central deflections of the LWD were used to compare the structural capacities
among the sections. Reinforced sections in Instrumented APT | showed a slight decrease
in the central deflection compared to the control section. However, no consistent
evidence was found in sections of Instrumented APT Il showing the reduction of surface
deflection due to the geogrids.

Sections reinforced with Grid B and Grid C showed considerable reduction in
surface rutting through the two rounds of accelerated testing after accounting for the
effects of air void on asphalt concrete densification, while Grid A did not show consistent
improvements in rutting resistance. Furthermore, the subgrade permanent deformation
measurements demonstrated the effectiveness of Grid B and Grid C in reducing subgrade
rutting. A discrepancy in Grid A’s performance was also found in subgrade permanent
deformation measurements in the two sets of accelerated testing. While it is not
conclusive whether Grid A can improve the pavement performance, caution should be

exercised when using Grid A for the similar conditions in this study.
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6 DEVELOPMENT OF A RESPONSE MODEL FOR
GEOGRID-REINFORCED FLEXIBLE PAVEMENTS

Pavement response models served two purposes in this study: (1) to provide a
forward model for the inverse analysis procedure based on LWD tests; and (2) to predict
pavement critical responses that were needed as the inputs in the mechanistic-empirical
permanent deformation models based on MMLS3 tests. Although analytical solutions
exist for a multi-layered pavement system, in this study, the Finite Element Method
(FEM) was adopted to create response models for the pavement system because of its
capability to consider inclusions of geogrids and site-specific boundaries. The general-
purpose FE program ABAQUS was used to create the pavement response models.
Assumptions of the geometries, boundary conditions, and material behaviors were made

and discussed.

6.1 Model Geometry

It is ideal to use a three-dimensional FE model to simulate the actual geometries
of the pavement testing sections. However, a 3-D model usually demands much more
computational resources due to its larger amount of elements. Knowing that the FE model
is called repeatedly during the inverse analysis, the cost of computational time and
resources should be considered when creating the FE models.

The approximation of the LWD load and MMLS3 load as uniformly distributed
circular loads led to axially symmetric loading conditions, which made it possible to
employ the simplified axisymmetric models for the geometric model of the test section.
The axisymmetric models were expected to be more computational resources-saving than
3-D models.

6.1.1 Axisymmetric Model

Figure 35-a shows the plan view of one test section. Up to the nearest boundary
with a radial distance of 46 cm, the problem is symmetric with respect to the axis passing
through the center of the loaded area. Through the axisymmetric model, the rectangular
block is now reduced to a cylinder - the circle in Figure 35-a continues into the plane of

the page to the depth of the pavement.
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Figure 35. Geometries of the axisymmetric finite element model for the test section: (a)
plan view of one test section with the circular area representing the FE geometric model,;
(b) cross-section view of the FE model (units in cm)

The body of the simplied cylinder can be generated by revolving a plane cross-
section about the symmetry axis as Figure 35-b shows. An element of the cylinder can be
described in cylindrical coordinates r, z, and 6 (Figure 36). Knowing that the load
distribution is independent of 8, with r, z, and @ being the three principal directions, there
are three normal stresses, oy, 6z, and ogg, and one shear stress, 1, which is equal to .
The deformation of any r-z plane represents the state of the strain and stress in the
cylindrical body. Therefore, the problem can be reduced into a two-dimensional plane
problem as shown in Figure 35-b.
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Figure 36. An element expressed in cylindrical coordinates

6. 1.2 Boundary Conditions

As discussed above, the test section virtually of a rectangular block was
simplified into a cylinder with the radius of distance from the load center to the nearest
boundary. In finite element, this simplified cylindrical problem was solved by two-
dimensional axisymmetric model. For the two-dimensional axisymmetric model in
ABAQUS, boundaries were assigned onto both the outer perimeter and the rotation axis,
and the bottom of the model. It should be pointed out that boundaries were added to the
symmetry axis in ABAQUS, although the axis physically is the central line of the
cylinder and does not have boundaries.

The nodes on the rotation axis and outer perimeter were restrained in the radial
direction but allowed to move in the vertical direction. The nodes on the bottom of the

model were restrained in the vertical direction.

6.2 Modeling Techniques

ABAQUS provides various first and second-order isoparametric solid elements.
For an axisymmetric model, there are first-order 4-node quadrilateral elements and

second-order 8-node quadrilateral elements available. Although second-order elements
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provide higher accuracy than the first-order elements, they tend to show difficulties in
solving problems with contact conditions and impact involved (SIMULIA, 2009).

The first-order 4-node quadrilateral elements (CAX4R) were chosen for
simulating the pavement models. The 4-node bilinear element has four nodes and a total
of eight degrees of freedom with each node having two degrees of freedom in the

directions of r and z (Figure 37).

Face 3

Face 2
Face 4

Face 1

Figure 37. First order 4-node bilinear solid element for pavements

Geogrids in the pavement system were simulated as membranes. Linear 2-node
membrane element (MAX1) was chosen as the element for membranes in an
axisymmetric model. This type of element can take only in-plane tensile stresses but not
normal stresses. A finite thickness of 1 mm was specified for the membranes.

Non-uniform meshes were used to discretize the model. Finer meshes were

assigned at the regions closer to the load and of greater interests (Figure 35-b).

6.3 Material Properties and Interface Models

Pavement materials in the FE models were assumed to be linear elastic although
they may exhibit nonlinear behaviors, for instance the aggregate base typically shows
stress-dependence and the asphalt concrete posses time-dependency. The value of the
elastic moduli for each pavement layer was obtained through an inverse analysis

procedure which will be detailed in the subsequent chapter. Poisson’s ratio for the asphalt
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concrete, aggregate base, and soil subgrade were assumed to be: 0.30, 0.35, and 0.45,
respectively.

The geogrids were simplified as continuous membranes embedded between the
base course and subgrade. The direction-dependent character of the geogrid was not
considered. The elastic moduli for the three different geogrids were based on the tensile
modulus tested using wide-width tensile tests as listed in Table 7. The tensile modulus
was converted into elastic modulus by dividing the thickness of the membrane (1 mm).
The average value of the modulus in machine direction (MD) and cross machine
direction (TD) was assumed to be the in-plane elastic modulus of the geogrids. Poisson’s
ratio of 0.45 was assigned to all the three geogrids. Table 23 presents the material

properties that were used in the FE models.

Table 23. Material properties in the FE models

Material Modulus (MPa) | Poisson’s Ratio
Asphalt Concrete | 1684.0 0.30
Aggregate Base 43.5 0.35
Soil Subgrade 12.2 0.45
Grid A 4.1 0.45
Grid B 6.1 0.45
Grid C 4.0 0.45

For a reinforced pavement section, there are a total of three interfaces: asphalt-
base, base-geogrid, and geogrid-subgrade. The asphalt-base interface was assumed to be
fully bonded while the base-geogrid-subgrade interface was an important character of the
FE model to simulate the reinforcing effects of geogrids. The geogrid is generally
considered to be able to improve the shear resistance when it is embedded in the
pavement and well interlocked with pavement materials. The shear resistance behavior of
the geogrid-pavement materials interface can be characterized through a shear stiffness or

modulus defined as below (Perkins et al. 2004):
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G| = (21)

o

5I

where G; is the resilient interface shear modulus, N/m® (note the unit)
7, is the shear stress applied to the interface, N/m?

o) is the relative displacement between the geogrids and pavement layers, m

In the FE models, the Coulomb friction model that has been used by previous
researchers was adopted to address the shear resistance interaction between the geogrid
and pavement materials (Perkins 2001; Leng 2002). Figure 38 illustrates the concepts of
the Coulomb model. Both shear forces and normal forces are transmitted across the
interface when two frictional surfaces are in contact. The relationship between the shear
stress, T and normal stress, ¢ determines the coefficient of friction, i as Figure 38-a
shows. Before the interface yields, the relative displacement between the two surfaces is

considered elastic and controlled by the shear stress and the shear modulus (Figure 38-b).

Based on the discussion above, the shear modulus can be expressed as follows:

G = tmx _ KO (22)

slip

m

slip

For the FE models the elastic slip Eqip and the coefficient of friction, p are the two input
values. The coefficients of friction of the interfaces were determined from the direct shear
tests as listed in Table 8. Additionally, in order to solve for the value of Egj, in Equation
23, it needs to know the normal stress at the interface. The interface stress state was
estimated from the FE model for a control section under the MMLS3 load. The value of
normal stress at the interface is about 14.2 kPa (2.1 psi) under the MMLS3 load.
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Figure 38. Coulomb friction model for the geogrid-pavement interface: (a) relationship
between the shear stress and normal stress; (b) relationship between the shear stress and
relative displacement

While it is ideal to test the shear modulus values through pullout tests under
similar conditions in the pavement, only static pullout tests for geogrids embedded in the

aggregates used in the accelerated testing were performed in this study. The pullout tests
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results at small displacement (see Figure 14) were used to calculate the shear modulus
(G)) based on Equation 22. The shear stress was calculated as the pulling force divided by
the area of the geogrid sample. It is noted that the normal stress applied during the pullout
tests was 6.9 kPa (1.0 psi) which is only half of the vertical stress at the interface (14.2
kPa /2.1 psi) calculated from the FE model of a control section. Greater shear modulus is
expected when higher normal stress is applied upon the interface. The shear modulus for
all the interfaces calculated based on the pullout results were multiplied by ten in order to
account for the higher normal stress at the interfaces and to achieve reasonable values of
elastic slip (Esiip).

Table 24 provides a summary of the interface properties that are included in the
FE models. It is noted that same properties were applied to the upper and lower contact
surface of geogrids for each set of interface. In fact, more interaction between aggregates
and geogrids is expected compared to the geogrid-subgrade interface. However, separate
experimental investigations for the aggregate-geogrid and subgrade-geogrid interfaces are
needed to distinguish the different behaviors. The upper and lower interfaces of the
geogrid are assumed to be the same in this study.

Table 24. Interface parameters for the FE models

Interfaces Measured Corrected Normal Coeff_ic[ent I_Elastic
G, (MPa/m) | G, (MPa/m) | Stress (MPa) | of Friction | Slip (mm)
Baséeo'i?gf_A' 0.15 15 0.0142 0.47 4.4
Bassf)ﬁ;gdl_ B- 0.45 45 0.0142 0.47 15
Bass‘;'ﬁ;gf_c' 0.28 2.8 0.0142 0.47 2.4
Ba;f)'imdl_A' 0.15 15 0.0142 0.47 4.4
Ba;z'im‘:_B' 0.45 4.5 0.0142 0.47 15
Ba;g—i?mc- 0.28 2.8 0.0142 0.49 2.4
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6.4 Modeling the Effects of Geogrid Reinforcements

With the assumption of continuity for geogrids in the FE model, it is not possible
to directly simulate the interlocking between the geogrid and surrounding pavement
materials. In order to simulate the lateral constraints provided by the geogrids to the
adjacent pavement layers, a thermal shrinkage was applied to the geogrids to mimic the
shear resistance at the interface (Perkins et al, 2004). An unrealistic thermal coefficient of
expansion, o equal to 1.0 (°C)™* was assigned to the membrane in the FE models. The
initial temperature of the geogrids was set to be 0°C. A decrease in the temperature

generates shrinking strains in the membrane based on the following:

e=aT (23)

The geogrid tends to shrink due to the reduction in temperature while the contacts defined
by the Coulomb model between the geogrids and pavement base and subgrade constrain
the geogrid to do so. Tensile stresses are therefore developed in the geogrid because of
the constraints from the adjacent layers. Figure 39 shows the stresses in horizontal
direction in the geogrids. As can be seen in Figure 39-3, the tensile stress (positive sign in
the FE model) in the geogrids dominates within certain area and diminish beyond that
zone. Figure 39-b displays the horizontal stresses in the geogrid from the central line to
the outer boundary. Under the MMLS3 load, it appears that the geogrid was mobilized

mainly up to the radial distance of 200 mm from the central line.
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Figure 39. Horizontal stresses developed in geogrid Grid B: (a) plan view of the geogrid
in FE model with contour of the horizontal stress (units in MPa, positive signs represent
tension in the FE models); (b) horizontal stress developed in the geogrid

The inclusion of geogrids is expected to improve the vertical stress distribution at
the top of the subgrade such that the subgrade would experience less deformation. Figure
40 shows the vertical compressive stress in the reinforced and unreinforced pavement
sections. With the same loading condition and pavement layer properties, it shows that
the addition of geogrid reinforcement between the base and subgrade can reduce the

vertical stress in the subgrade as illustrated in Figure 40.
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Figure 40. Contour of the vertical stress in the FE model for pavement sections: (a)
unreinforced section; (b) section reinforced with Grid B (units in MPa, negative signs
represent compression in the FE models)

Figure 41 presents the vertical stress distribution from the load center to the outer
boundary at the top of subgrade for the control section and a reinforced section. The most

reduction of vertical stress at the top of subgrade occurred at the central axis due to the
inclusion of geogrid reinforcement.
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Figure 41. Vertical stress distribution at the top of subgrade calculated from FE models
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7 CALIBRATION OF FE MODELS USING INVERSE
ANALYSIS PROCEDURES

Calibration of the FE pavement responses models is a process of tuning the FE
models such that the predicted pavement responses from the models match the measured
pavement responses of the test section. In this study, pavement material property inputs
were the variables that needed to be calibrated, while the pavement dimensions such as
the layer thicknesses were known or the horizontal dimensions were assumed. The
calibration was carried out based on the measurements of applied load and corresponding
pavement responses from the LWD tests.

The calibration of pavement layer properties in the FE models is an inverse
problem with known input signals into a system and known output signals based on
which unknown system parameters are identified. In this study, the lightweight
deflectometer was used to test the moduli of an instrumented three-layer pavement
model. The recorded LWD peak load was used as the known inputs into the pavement
system while the measured surface deflections and instrumentation measurements were
considered as the outputs. While instrumentation measurements of pavement responses
are typically used to verify backcalculated pavement layers moduli, they were used in the
inverse analysis procedure for backcalculating the pavement layer properties in this
study. Through the general inverse analysis procedure, consistent pavement layer
properties were obtained based on the LWD deflection data and/or instrumentation

measurements.

7.1 Inverse Analysis of Pavement Layer Parameters

Backcalculation of pavement layer properties based on the falling weight
deflectometer (FWD) testing has been widely used as a tool for evaluating the structural
capacity of pavements. The FWD back-calculation of pavement layer properties
essentially is an inverse problem with known input signals into a system and known
output signals based on which unknown system parameters are identified. It is, therefore,
possible to backcalculate a pavement layers’ properties from a known load applied to the

pavement and properly measured pavement responses. In this case, the pavement
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responses can be surface deflection or measurements of instruments installed in the
pavement system.

Traditional backcalculation of pavement layer moduli involves using the
measured deflection basin data, i.e. peak pavement surface deflections measured at the
location underneath the impact load of FWD and locations with certain offsets from the
load. Theoretical deflection basin under the applied load is first computed using a set of
assumed pavement moduli (initial guess). The calculated theoretical deflection basin is
then compared to the measured deflections. The assumed pavement moduli are iteratively
adjusted until the difference between the theoretical and measured deflections reaches an
acceptable match. Numerous computer programs were developed to automatically
backcalculate pavement layer moduli based on FWD testing, just to name a few,
MODCOMP, MODULUS, WESDEF, ELMOD, and EVERCALC etc. Most of these
programs assume a uniformly distributed FWD load and rely on linear elastic theory to
solve for the layer moduli.

The following aspects have been identified as critical issues in backcalculating
pavement layer properties (Lytton 1989; SHRP 1991; Ullidtz and Coetzee 1995; Irwin
2002):

eIncorporation of material models to deal with stress-dependent nature of unbound

pavement layers

eConsideration of interfaces or contact issues between pavement layers to deal

with the estimation of overlay

e¢Dynamic analysis of FWD impact load

e Assessment of sensitivity of deflections to layer moduli and identify a relatively

thin layer modulus

It is also recognized that the most reliable method to verify the backcalculated pavement
layer moduli is to compare the predicted stresses and strains based on the backcalculated
moduli to the measured values of stresses and strains in actual pavements. In fact,
instrumentation appears to be the only way to verify the backcalculatecd layer moduli
considering the fact that there are no viable and widely-recognized tools for testing in-

situ moduli of pavement layers. Attempts were made to evaluate the laboratory and
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backcalculated resilient moduli and showed significant discrepancies between resilient
moduli determined from backcalculation and those determined through laboratory testing
(Mikhail et al 1999).

In this study, a lightweight deflectometer (LWD) was used to test the moduli of
the instrumented three-layer pavement model. The LWD tests were carried out on the
base course layer and asphalt concrete layer along with the progress of the pavement
construction. Based on the information of the recorded LWD data and instrumentation
measurements, inverse analysis were conducted to backcalculate the pavement layer

properties as listed in Table 25.

Table 25. Matrix of inverse analysis runs

Forward Analysis | Input Information Output Information
Two-layer LWD Peak Load Surface Deflection
Linear Static Subgrade Deflection
Three-Layer LWD Peak Load Surface Deflection
Linear Static Subgrade Deflection

Subgrade Vertical Stress

7.2 Inverse Analysis Procedures

A procedure of the inverse analysis coupling the forward modeling and the
optimization process was adopted in this study to backcalculate pavement layer
properties (see Figure 42). Reasonable initial assumptions of material properties were
made before starting the inverse analysis. The least square error between measured and
FE predicted pavement responses was the objective function. The process of minimizing
the objective function was based on a so-called CMA-ES (Covariance Matrix Adaptation
Evolution Strategy) optimization methodology developed by Hansen (2006). The
optimization algorithm written in Python (Hansen, 2010) was able to communicate with
the FE models created by using the ABAQUS Python scripts. Due to the nature of the
optimization method, care had to be exercised to ensure the convergence was global. This
was accomplished by assigning initial assumptions in a wide range and checking if the

backcalculated results were similar.
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Figure 42. Inverse analysis procedure for identifying the pavement layer moduli

7.3 Optimization Method

Typically, an optimization problem includes the following three basic

components:

e Optimization variables: these are usually the unknowns that need to be

solved for, denoted as vector Xx.

e Constraints: the variables can be subjected to certain constraints in

accordance with the physical meaning of the variables, denoted as g(x) <0

and / or h(x) = 0.

¢ Objective function: it is also called cost function, denoted as f(x).

To define an optimization problem, a feasible set S is defined as a collection of all the

points that satisfy the constraints g(x) = 0 and / or h(x) < 0. Then the procedure of

optimization is essentially to find a vector x* € S such that f(x*) <f(x) for all x €S. x*is a

local minimum if f(x*) < f(x) holds for all feasible x only in a small feasible neighborhood
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of x* while x* is a global minimum when f(x*) < f(x) holds for all x €S as Figure 43

depicts.
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Figure 43. Local and global minimums of an objective function

7.3.1 Problem Formulation

In this study, the optimization variables / unknowns that need to be found through
the inverse analysis procedure are the pavement layer elastic moduli. The Poisson’s ratio
were assumed and not considered optimization variables because they are not influential
on the pavement response.

The general procedure of optimizing pavement layer moduli can be

mathematically expressed as follows:

Minimize:
f (x), xeScR"
X = {Easphait, Ebase, Esubgrade}
Subject to:
e Boundary constraints:
Li <xi <U;
¢ Inequality constraints:
gi(x) <0

112



f(x) is the objective function that need to be minimized. The objective function is
the root mean squared error (RMSE) between the measured pavement responses from the
LWD load and the calculated pavement responses from the FE model. Two
measurements, base and subgrade deflections at the center of LWD load were used for
the inverse analysis of the base-subgrade system to solve for two unknowns: Epase and
Esubgrade. Three measurements (asphalt layer and subgrade deflections and vertical stress
at the top of the subgrade) were used in the inverse analysis of the asphalt-base-subgrade
system to solve for three unknowns: Easphait , Ebase aNd Esubgrade- The objective function is

defined as below:

i (5mi - 6ci )2
fx)= 1| F—— (24)

(n-1)
where 6, IS measured values of pavement response such as surface and subgrade
deflections.

d.i Is calculated values of pavement response from the FE model.

X is a vector containing the variables that need to be optimized. In this study, the
pavement layer moduli values are the optimization variables. The optimization variables
fall into the search space S defined by the constraints. Broad yet reasonable bounds of the
individual variable were specified as Table 26 presents.

Table 26. Bounds of the pavement layer moduli
Pavement Layers | Elastic Modulus Ranges (MPa)

Asphalt Concrete 1000 - 3000
Base Course 50 - 200
Subgrade 1-100

The constraints among the variables were also applied to the optimization procedure:
Esubgrade < Ebase < Easpnair. It Was expected to narrow the optimization search space by

defining the bounds and constraints.
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7.3.2 Optimization Method

It is recognized that the objective function in the problem formulation of this
study is discontinuous and non-differentiable. Therefore, the traditional gradient-based
optimization method such as steepest descent is not applicable to this category of
problem because it requires the information about the gradient of the objective function.
Other optimization methods such as direct search and evolutionary algorithms (EA) were
reviewed and investigated. It was decided to use the Covariance Matrix Adaptation
Evolutionary Strategy (CMAES) optimization algorithm considering its well recognized
performance in solving difficult optimization problems (Hansen, 2006) and its successful
application in backcalculating pavement layer properties (Gopalakrishnan and Manik,
2010).

CMAES is a population based algorithm. Unlike most direct search methods, the
CMAES algorithm starts with a population of search points instead of a single point. An
important and innovative feature of the CMAES algorithm is the definition of new search
points. A new population is generated from a normal distribution expressed as below
(Hansen, 2006):

Xk(9+1) ~N (m(g), (0(9))2 C(g)) (25)

where k=1, 2, .... A and 1 is the size of population.
%9 is the k™ offspring / search points for generation g+1.
N (M@, (69)? C9) represents a multivariate normal distribution in generation g.
m©@ is the mean value of the search distribution at generation g.
a9 is the overall standard deviation, step size at generation g.

C9 is the covariance matrix at generation g.

Each iteration or search step is accomplished by calculating values of m@, 5 and c©@
for the next generation g+1. The following four parameters are the key operators in
CMAES:

e Population size, adaptation, and change rates

e Population selection and recombination

114



e Step size control

e Covariance matrix adaptation

7.4 Verification of the Inverse Analysis Procedure using Synthetic Data

It is well-known that locating a global minimal is usually difficult not to mention
verifying the global minimal. In order to ensure that the inverse procedure and the
optimization algorithm work for the specific problem in this study, the procedure was
subjected to an examination before it was applied to solve the problem. A set of synthetic
pavement response data were generated from the FE model with assumed pavement layer
moduli and the synthetic data were substituted for the measured values into the inverse
procedure (Figure 42). The inverse procedure was then carried out to find the “known”
assumed pavement layer moduli.

The examination was conducted for both the two-layer system and three-layer
system as listed in Table 27. The difference between the backcalculated moduli values
and the predefined layer moduli is negligible for both the two-layer and three-layer
system, which indicates the inverse analysis procedures and the optimization algorithm
are capable of finding the global or best minimum and accurately predict the pavement

layer moduli.

Table 27. Results of inverse analysis using synthetic measurements

Runs | FE Models | Synthetic Assumed Layer | Backcalculated
Measurements Moduli (MPa) Moduli (MPa)
1 Two layer base deflection Base: 20.0 Base: 20.0
linear static | subgrade deflection Subgrade: 10.0 Subgrade: 10.0
2 Three layer | asphalt layer deflection AC: 2000.0 AC: 2007.0
linear static | subgrade deflection Base: 20.0 Base: 19.9
subgrade vertical stress Subgrade: 10.0 Subgrade: 10.0

Figure 44 displays the change of root mean squared error values along with the
optimization iteration steps. As can be seen, it took much more iterations for the inverse
analysis on three-layer system to reach a satisfactory objective function value than that

for the two-layer system.
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Figure 44. Root mean squared error along with the iteration: (a) two-layer system; (b)
three-layer system

The verification tests on the inverse analysis procedure showed the procedure is a
promising process to find the pavement layer moduli. However, it should be pointed out
that the verification does not necessary guarantee that the inverse procedure adopted in
this study will be able to find the “true” pavement layer moduli. There are two primary
sources that affect the inverse procedure on finding the true pavement layer module:

e The simplifications of the FE models on pavement sections: the 2-D
axisymmetric assumptions on the pavement geometry, the assumptions of
linear elastic material behavior, and the static loading condition
assumption do not fully simulate the actual pavement sections and their
behaviors.

e The instrumentation measurements used in the inverse procedure:
instrumentation measurements on local spots do not necessary accurately
represent the pavement responses due to the measurements errors caused

by electrical noise, installation etc.
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7.5 Results and Discussion

LWD tests were carried out on the pavement sections with the progress of the
pavement construction stages. LWD tests were conducted on the base course upon the
completion of the base layer. The LWD tests were also conducted on the asphalt surface.
The measurements during the two sets of LWD tests on base layer and asphalt concrete
layer were used to backcalculate the pavement layer properties separately through the
inverse analysis procedure.

Listed in Table 28 are the results from the inverse analysis on pavement layer
properties. It is noticed that the elastic moduli values for base layer and subgrade are
different between the two sets’ analyses. The base layer and subgrade exhibited higher
stiffness resulted from the inverse analysis based on the LWD tests on the asphalt layer.
This indicates that the addition of the asphalt layer may have changed the confining
conditions of the unbound layers and consequently increased the moduli of the unbound
base and subgrade layer. Nevertheless, in looking at the results of the three-layer system,

the backcalculated layer moduli values appear to be reasonable.

Table 28. Results of inverse analysis using instrumentation measurements

Runs FE Models Measured Pavement Response Backcalculated
Pavement Layer
Moduli (MPa)
3 unreinforced two- layer base deflection: 1.98 mm Base: 14.3
section in subgrade deflection: 1.66 mm Subgrade: 4.8
Instrumented APT I;
LWD peak stress:
64.6 kPa
4 unreinforced three- asphalt deflection: 0.82 mm AC: 1684.0
layer section in subgrade deflection: 0.59 mm Base: 43.5

Instrumented APT I; | subgrade vertical stress: 12.6 kPa Subgrade:12.2
LWD peak stress:

129.6 kPa
5 unreinforced three- asphalt deflection: 1.04 mm AC: 1705.1
layer section in subgrade deflection: 0.80 mm Base: 27.8

Instrumented APT II; | subgrade vertical stress: 11.2 kPa Subgrade: 9.0
LWD peak stress:
130.0 kPa
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Using the measurements from pavement instruments and LWD sensors during the
LWD tests, an inverse procedure was adopted to backcalculate the pavement layer
properties. A well-recognized optimization algorithm, CMAES, was incorporated into the
inverse procedure to search for the pavement layer moduli values that can generate the
pavement responses most similar to the measured corresponding responses. The inverse
procedure and the optimization algorithm showed good accuracy in finding the pavement
layer moduli through the examination tests using synthetic data. Reasonable results were
obtained for the pavement layer moduli from the inverse procedure.
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8 SUBGRADE PERMANENT DEFORMATION MODELS
FOR GEOGRID-REINFORCED FLEXIBLE PAVEMENTS

Pavement sections in both of the two sets of accelerated testing were built on
subgrade soil with moisture content beyond the optimal values to mimic a weak
subgrade. The inclusion of the geogrid reinforcements at the base-subgrade interface was
primarily aimed at stabilizing weak subgrade in this study. The subgrade permanent
deformation was expected to be reduced due to the geogrid reinforcement. This chapter
presents the procedures of modifying and calibrating the subgrade permanent
deformation model adopted in MEPDG. Measurements from the Instrumented APT I
were used for the calibration while the calibrated models were verified by measurements
from the second set of tests, Instrumented APT II.

The total permanent deformation in a pavement structure is the summation of
permanent deformation in each individual layer. Therefore, the total rutting equals the

rutting in asphalt concrete layer, base course layer, and subgrade:

Atotal = Oac + Opase T+ 5subgrade (26)

In this study, the total rutting (4ta) and subgrade permanent deformation (Jdsungrade) Were
measured at intervals of axle load applications. No measurements were taken for
deformation in asphalt layer and base layer (dac, dvase). Therefore, permanent deformation
models for base course layer and asphalt concrete layer were not considered in this study
due to the lack of measurements, although the inclusion of geogrids could be influential
to the permanent deformation characters of the layers lying above, particularly the base
course layer. Furthermore, the calibration of subgrade permanent deformation models
was limited by the number of tests, subgrade conditions, geogrid types, pavement

materials and structural thickness.
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8.1 Modifications of Subgrade Permanent Deformation Models in
MEPDG

The Mechanistic-Empirical Pavement Design Guide uses one permanent
deformation model with different sets of calibration factors for pavement unbound layers,
including aggregate base, subbase, and soil subgrade (NCHRP, 2002). For an unbound
pavement layer or sublayer, the permanent deformation of the layer or sublayer can be

calculated by the following model:

LAY
(N)

dp=pea (**) e N ah (27)

where: J, = permanent deformation
er = resilient strain imposed in laboratory test, typically triaxial tests
ey = average vertical resilient strain in the layer
€o, 3, p = material parameters
N = number of load applications
h = layer thickness

Knowing that the resilient strain () imposed in triaxial tests is not available in this
study, this parameter can be combined with the other two parameters (fca and &) into one
calibration factor, f.a. Therefore, the equation for calculating the plastic strains in an

unbound layer or sublayer can be rewritten as follows:

_(ﬂ)ﬂ

5p = ﬁca] € N gvh (28)

Pear is merely a calibration factor and may not represent any physical meaning. One of the

parameters, £ is a function of water content:

log # = -0.61119 — 0.017638 W, (29)

where W, is the water content in the layer (%)

120



The other parameter (p) is a function of the resilient modulus and water content of

the unbound layer or sublayer:

1
C B
=10’ 0 30
g { -0y’ 0
in which Cy is expressed as follows:
E;
C, :In{glEbg (31)
9™r

The constants aj, by, ag, bg are given as 0.15, 0.0, 20.0, and 0.0 in the MEPDG, which
leads to the independency of parameter (p) on the resilient modulus because of the zero

values for by and bg. In order to account for the effects of stiffness of the unbound layer,

besides the vertical resilient strains, the two constants (b; and bg) were recalibrated in this

study.

In summary, in order to estimate the subgrade permanent deformation using

Equation 28, one would need the following inputs and calibration factors:

Material properties: water content (W;), elastic modulus E,

Thickness of the layer or sublayer: h

Outputs from the response model: vertical elastic strain (e) at the mid-depth of
the layer or sublayer

Parameters associated with the layer stiffness: by and by

Calibration factors: fcal

Instead of estimating the subgrade permanent deformation by dividing the usually

deep subgrade into large amount of sublayers, an empirical model was adopted to reduce

the calculation efforts (NCHRP, 2002). The model correlate the plastic strain at any depth

of the subgrade with the plastic strain at the top of the subgrade:
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ep(2) = (ep, 2=0) €™ (32)

in which: g(z) is the plastic vertical strain at depth of z measured from the top of the
subgrade.
&p, z=0 1S the plastic vertical strain at the top of the subgrade
z is the depth measured from the top of the subgrade
k is a constant

The total permanent deformation of subgrade would be the integration of the plastic
vertical strain, g,(z) with the thickness of the subgrade of the depth from the top of
subgrade to bedrock, hpedrock- In Order to solve for the constant k, plastic strains at two
different depths (z=0 and z = 152.4 mm / 6 inches) of the subgrade are first estimated

using following:

_(E)ﬁ

gp :ﬁca| e N gv (33)

The values of plastic strains at the two different depths are then substituted into

Equitation (31) to solve for the constant k:

k= (EWO ] (34)
15241\ ¢, 1504
Knowing that the plastic deformation in the subgrade is:

do = gy(z) dz (39)

The total permanent deformation in the subgrade is expressed as below:

Poedrock Poedrock 1 —e Knpedrock

0= [e,(2)dz= (ep,m0) [e™dz=( ”

0

)gp,z:O (36)
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8.2 Calibration of the Subgrade Permanent Deformation Model

Following the procedures discussed above, the vertical strains at the top of
subgrade and at the depth of 152.4 mm (6 in) of subgrade was extracted from the FE
model calibrated based on the LWD measurements. The calculated total permanent
deformation along with the number of traffic load was compared against the measured
permanent deformation using LVDT. The root mean squared error (RMSE) was set as the

objective function to be minimized:

Z(Ami _Aci)z

ND (37)

where N is the number of measurements
Ami is the i"™ measured total subgrade deformation

Ami is the i™ calculated total subgrade deformation

The water content in percentage was expected to be a known material property
input into the permanent deformation model for the unbound pavement layers. However,
in this study, the water content was not continuously monitored through the accelerated
testing. Only the initial water content and the water content at the end of the tests were
tested. Therefore, the water content was set as an unknown and subjected to constraints of
a certain range for each section. Furthermore, according to the testing time period listed
in Table 19, the water content in section with Grid A is expected to be the highest during
the accelerated testing, followed by sections in the order of control section, Grid B, and
Grid C. This relationship of water content among the four sections was incorporated as a
constraint into the optimization procedure to solve for the water content.

Both the water content and calibration factors for each section were solved
through an optimization procedure. The same optimization algorithm described in
Section 7.3.2 was used. Through the optimization procedure in conjunction with the
constraints discussed above, the water content for the four sections, Grid A, Grid B, Grid
C and control were determined as: 24.2%, 23.0%, 22.5%, and 23.6%.
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Instead of using one set of calibration factors for all the reinforced sections, the
sections reinforced with various geogrids were calibrated separately to closely reflect
their different permanent deformation characters. Table 29 provides a summary of the
calibration factors for the reinforced and unreinforced sections in the Instrumented APT
l.

Table 29. Calibrated factors in subgrade permanent deformation model for sections in

Instrumented APT |
Calibration Factors | Grid A | GridB | Grid C | Control
Beal 507.25 | 153.63 | 275.60 298.97
bl 0.48 0.77 0.40 1.98
b9 0.53 0.61 0.50 1.87

Figure 45-a presents the measured and modeled subgrade permanent deformation
evolution with the number of axle load applications. The modeled subgrade permanent
deformation indicates that the geogrids reduced the subgrade deformation to different
degrees in the order of: Grid C, Grid B, and Grid A. As can be seen in Figure 45-a, in
terms of decreasing subgrade permanent deformation, only marginal improvement was
observed for the section reinforced by Grid A while Grid B and Grid C exhibited

considerable improvements in reducing subgrade permanent deformation.

8.3 Verification of Permanent Deformation Models

As mentioned earlier, the subgrade permanent deformation models modified from
the model in MEPDG are subjected to limitations such as the small number of testing
samples, special loading conditions using MMLS3, and limited types of soil.
Nevertheless, the subgrade permanent deformation model calibrated using measurements
from the Instrumented APT | were verified by measurements from the Instrumented APT
I

Following the same procedures described in section 8.1, the calibration factors
listed in Table 29 were used to calculate the permanent deformation of subgrade for
pavement sections in the Instrumented APT Il. Figure 45-b presents the measured and

predicted subgrade permanent deformation along with the axle load repetitions.
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Overall, the model underestimated the subgrade permanent deformation, although
the model can distinguish the difference in performance among the sections (i.e., the
predicted rank of the performance was consistent with the measurements). It should be
noted that the effects of geogrids were incorporated into the model by means of vertical
resilient strains, which were extracted from the finite element response model. In
addition, the calibration factors, even without physical meaning, may also account for the

geogrid reinforcement effects when they were calibrated to measurements.
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Figure 45. Subgrade permanent deformation: (a) Measured and modeled for sections in Instrumented APT I; (b) Measured and
predicted for sections in Instrumented APT II
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9 CONCLUSIONS AND RECOMMENDATIONS

This chapter provides a summary of the research project, whose aim was to
investigate the structural benefits of using geogrids in reinforcing flexible pavements
built on weak subgrade. Major findings through the study are presented in this chapter.
Recommendations based on the outcome of the study were made for the practices of

using geogrids in pavements.

9.1 Summary and Conclusions

Three PennDOT-approved geogrid products (Grid A, Grid B, and Grid C) were
subjected to an in-depth investigation through multi-scale tests: in-air index testing,
bench-scale testing, and pit-scale accelerated pavement testing. Geogrids’ basic
geometric characters and mechanical properties, particularly tensile behaviors at small
displacements, were tested in air, followed by bench-scale testing, namely pullout and
direct shear tests with geogrids embedded in pavement materials to characterize the
geogrid-pavement interfaces.

The three geogrids were further tested within scaled pavement sections
constructed in a pit with reinforced concrete walls. Two types of loads were applied to
the scaled pavement sections: non-destructive LWD load and the MMLS3 trafficking
load. Various instruments were installed in the scaled pavement to monitor pavement
responses to the LWD and MMLS3 axle loads. Both elastic and permanent deformations
at the top of the subgrade were measured under the LWD load and at intervals of the
MMLS3 load repetitions. Vertical stress on top of the subgrade was also monitored. A
contact-type profilometer was used to measure the surface rutting / total permanent
deformation of the pavement sections at different stages of MMLS3 load applications. In
addition to the measurements of the pavement responses, the geogrids were instrumented
with foil strain gages to measure strains developed in the geogrids during the accelerated
testing.

The in-air tensile tests yielded the tensile modulus at small-displacements which
was expected to be the magnitude of stretch experienced by geogrids in the accelerated
testing. Grid B showed higher tensile modulus than Grid A and Grid C under the small-
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displacement testing conditions. Similarly, the interface properties were also estimated at
conditions of small displacement, whereas Grid B had the highest interface shear
modulus followed by Grid A and Grid C.

Two sets of accelerated testing (Instrumented APT | and Instrumented APT 1I)
were carried out on pavement sections built on two different types of soil. Measurements
of the total rutting on pavement surface at intervals of MMLS3 axle repetitions showed
that the control section did not necessarily have the greatest rutting. While there were
many factors such as change in water content in the subgrade, change in temperature in
the asphalt concrete, and inconsistency in construction that affected the test results, the
variation in asphalt concrete air voids could be the most influential and was therefore
investigated. The surface total rutting was then normalized to a value of percent air void
reduction to mitigate the effects of variation in air void. It was not conclusive whether
Grid A is effective in reinforcing weak pavement subgrade based on only two replicates
of testing. Caution should be taken when using Grid A in pavements under similar
conditions to those in this study.

Through the two sets of accelerated testing, Grid B and Grid C consistently
showed improvements in the pavement performance in resisting permanent deformation.
Both the normalized surface total rutting and measured subgrade permanent deformation
demonstrated the effectiveness of including Grid B and Grid C in reinforcing weak
pavement subgrade and the consequent reduction in deformation. However, Grid A
exhibited controversial permanent deformation behaviors between the two sets of the
accelerated testing. In Instrumented APT I, Grid A showed slightly less total rutting and
subgrade permanent deformation, while the control section outperformed the section with
Grid A in Instrumented APT II.

Finite element (FE) response models were created for the reinforced and
unreinforced pavement sections. Linear static analysis was conducted. The base-geogrid-
subgrade interface was simulated in the FE model with the incorporation of results from
the bench-scale testing. The FE models were calibrated through an inverse analysis
procedure based on the measurement of LWD tests. Elastic compressive strains were
extracted from the FE models that are needed in the subsequent development of subgrade

permanent deformation models.
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In light of the mechanistic-empirical pavement design, attempts were made to
develop prediction models for the subgrade permanent deformation. The model adopted
in MEPDG for unbound pavement layers’ permanent deformation was modified to
accommodate the testing conditions in this study. Measurement of subgrade permanent
deformation in Instrumented APT | was used to calibrate the model. The model was then
verified using the measurements from Instrumented APT II. It was found that the model
underestimated the subgrade permanent deformation to various degrees, although the
model was able to predict the rank of the performance among the sections. Knowing that
a variety of factors such as the stress state of the subgrade, subgrade soil characters (soil
type, density, fines content, etc.), and moisture content affect the permanent deformation
behaviors, it is recognized that the model was limited by the number of testing samples to
account for those factors.

9.2 Recommendations

The following recommendations were made for the practice of using geogrids to
reinforce weak pavement subgrade or testing geogrids in laboratories for pavement
applications:

1) Geogrids included in pavements typically experience small displacements
that are much less than the elongation at failure. Therefore, tensile
properties should be tested at small displacements or under expected
loading magnitude for geogrids that will be used for pavement applications.

2) Information at the spectrum of small displacements from interface
characterization tests should be investigated, although interface tests such
as pullout and direct shear usually provide results from tests at failure.

3) Grid A or geogrid with similar properties to Grid A should be used with
caution for reinforcing weak subgrade, although it was not confirmed
whether Grid A is effective in reinforcing weak subgrade based on the

results of this study.
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APPENDIX A: INSTRUMENTATION SELECTION AND
INSTALLATION

A.1 Instrumentation Selection and Calibration

The understanding of responses of the layered pavement systems to traffic loading
helps determine the instrument types needed for the pavement. Vertical stress on the top
of the subgrade is an important factor in pavement design, since the function of a
pavement is to reduce the vertical stress on the subgrade such that detrimental pavement
deformations will not occur. The vertical interface deflection is often considered an
indicator of the vertical stress and layer strength in pavement design. Therefore, earth
pressure cells were placed at the surface of the subgrade to quantify the vertical stresses.
Linear variable differential transformers were used to measure the deflection of subgrade
surface, while a contact-type profilometer can be used to measure the pavement surface
deformation. Furthermore, electrical resistance strain gages are used to measure

developed strains in the geogrids during the trafficking.

A.1.1 Subgrade Deformation Measurements

Table A.1 lists the previous techniques that have been used for measuring
pavement layer deformation. It is noted that LVVDTs were selected in most of the past
studies. In order to minimize the risk of losing meaningful measurements, an in-depth
search for reliable instruments was carried out and many relevant manufacturers or
technical support sources were consulted.

Table A.2 presents the potential options for measuring pavement layer
deformation. After reviewing the past research and exhausting possible options for
measuring pavement layer deformation, it was decided that LVDTs would be used to
measure the subgrade deformation and potentiometers were used as a backup

measurement.
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Table A.1. Techniques used for measuring pavement layer displacement from the past research

Sensor Manufacturer Specifications Application Reference
and Model
Multi-Depth N/A N/A TXMLS (Chen and Hugo, 1998)
Deflectometer Deflections at various depths
(MDD)
LVDT Schaevitz Range: £0.5 in Ohio SHRP Test Pavement (Sargand and Hazen,
GPD 121-500 Harsh industrial Vertical deflection in subgrade and base 1999)
environments; submersible
LVDT Schaevitz Range: £0.5 in MnRoad MnDOT
HCD-500 DT Harsh industrial Surface layer displacement
environments; submersible
MDD N/A N/A HVS at UC Berkeley (Harvey et al., 2000)
Deflections at various depths
M soil strain system | CRREL N/A HVS at USACE CRREL (Janoo et al., 2003)
Triaxial dynamic and permanent
deformation in the base and subgrade
Compression Gage | CTL Group Range: 1in NCAT (Timm et al., 2004)
(Extensometer) Gage length: 6 in Vertical deformation in base layer
Vibrating Wire Geokon Range: 3000 pe Virginia Smart Road (Al-Qadi et al., 2004)
Strain Gage Model VCE-4200 Gage length: 6 in Strains in subgrade and cement-stabilized
base layer
LVDT Macro Sensors, Range: 1in ATREL at UIUC (Al-Qadi et al., 2006)
GHSER 750-1000, Vertical deflection in subgrade; vertical and
GHSE 750-1000 horizontal deflection in base
LVDT Macro Sensors, Range: 25.4 mm Airport of Cagliari-Elmas in Italy (Al-Qadi et al., 2010)

GHSER 750-1000-
006, GHSE 750-
1000-006

Vertical deflection in subgrade; vertical,
transverse and longitudinal deflections in
base layer
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Table A.2. Potential instruments for measuring subgrade deformation

Sensor Manufacturer Model Limitations
Macro Sensors GHSE-750-1000 e Not enough resistance to harsh environment
LVDT . .
e Need to be modified for the application
Displacement Geokon Model 4450 . ;%k:];altlng wire type transducer with frequency as the output
Tran r . -
ansduce e Typically used for long-term static displacement measurement
Compression Gage | CTL Group N/A e Measures the average strain within the gage length
. Dynatest, N/A e Too much disturbance for the application due to the size of
Multi-Depth CTL Grou MDD
Deflectometer (MDD) P
Geokon Model 3900 e Typically used for concrete structures and earth fills
e The range (5,000 ue with 203-mm gage length) is not enough
Vibrating Wire for the subgrade deformat_lon
Strain Gage _ e Frequency as the output signal
Soil Instruments Ltd | ST4-1 e Typically used in concrete elements
e The range (3,000 micro strain with 150-mm gage length) is not
enough
I . Soil Instruments Ltd | S8-1.11T e Typical applications include the measurement of settlement in
Vibrating Wire K h kil
Settlement Cell emban men.ts, earth and rockfi dgms _ _
e Too much disturbance due to the size (4.5 in x 15 in)
Soil Instruments Ltd | E7-1.10 e Measures strains and settlements of embankments and dams,
Vibrating Wire foundation movements and subsidence
Soil Extensometer o rI;]e;?]gth 1,000 mm, body diameter 50 mm, flange diameter 150
Single Point Geokon Model A-1 e Used for boreholes
Mechanical Rod e The size (up to 10 m long) is too big for this application
Extensometers
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A DC LVDT (Macro Sensors GHSE-750-1000) was selected for measuring the
deflection at subgrade surface. It requires a 15-V DC power supply. The maximum travel
distance of the push rod is 25.4 mm (1 in). The overall length of the LVDT is 29 cm (11.4
in). The linearity error of the LVDT is less than 0.06% and the repeatability error is less
than 0.6 um.

Depending on the quality of the LVDT and the signal conditioner, the calibration
equations for an LVDT can range from highly linear to nonlinear. An LVDT usually
exhibits non-linear behavior when the core is displaced near the ends of the LVDT due to
the nature of the magnetic field. A customized setup including a micrometer (Figure A.1-
a) was used to calibrate the LVDT. The LVDT was calibrated by relating its output
voltages to known input displacements with the micrometer. A calibration equation was
then obtained and entered into the data acquisition program. Figure A.1-b shows the

calibration setup and results.
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Figure A.1. Calibration of the LVDT: (a) calibration setup; (b) calibration curve

The relatively less expensive potentiometers were used as backup to the LVDTs
for subgrade deformation measurement. The potentiometers (Honeywell MLT-38000201)
were customized to measure the strain at the top of the subgrade of each section. The
potentiometer has a small diameter of 0.95 cm (3/8 in) and maximum travel distance of
254 mm (1 in). Two end plates with diameters of 5 cm were attached onto the
potentiometer (Figure A.2). The customized potentiometers were installed and floated at
the top of the subgrade without fixing one end of the potentiometer. The potentiometer

measures relative distance between the two circular plates.
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(@) (b)

Figure A.2. Modification to the potentiometer: (a) original potentiometer; (b) modified
potentiometer
Using the same calibration setup as for LVDTs, the potentiometers were
calibrated before they were modified. Figure A.3 shows the results of potentiometer

calibration.

25 - _
APTL Y™ -5.086x + 26.081
R2=0.9999
OPT2 y=-5.1075x + 26.457
20 - R2= 1

OPT3 y=-5.0794x +26.099

£ R?=0.9999

E s ® PT4 y=.5.15)x + 26.805

o

S

(]

(®)

O 10 -

o

%)

a

5 -
O T T T T T 1
0 1 2 3 4 5 6
Volts(V)

Figure A.3. Results of potentiometer calibration
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A.1.2 Subgrade Vertical Stress Measurements

A hydraulic-type pressure cell (Geokon 3500) was selected since it has been
successfully used in other pavement experiments. The pressure cell was customized to
10-cm (4-in) diameter by the manufacturer in order to fit the 80-mm (3-in) wide wheel
path. The pressure cell has a full-scale range of 250 kPa (36.3 psi), which can provide
satisfying resolution and range since the pressure was expected to be about 20 kPa (3 psi)
in this application. The scale factor of the pressure cell is 50 kPa/V (7.252 psi/V)
according to the specifications provided by the manufacturer. The pressure cell has the

following specifications: + 0.5% calibrated accuracy, < 0.05% thermal effect on zero, <
0.5% linearity, and -20 °C to + 80 °C operating temperature range.

Ideally, soil pressure cells are calibrated in the following sequence (Lazebnik,
1998):

1) A pressure cell is first calibrated in the calibration chamber using hydrostatic or
air pressure. This is typically done by the manufacturer to examine the character
of response to the applied pressure, sensitivity, etc. Users of pressure cells
sometimes also conduct this type of calibration to verify the manufacturer’s
calibration.

2) The pressure cell is then loaded through a layer of field soil underlying a fluid or
air pressure separated by membrane (to obtain a uniform stress distribution on
soil). This is to account for the effects of pressure cell stiffness and dimensions on
stress measurements.

In this study, however, the linearity of the pressure cell responses to known dead weights
was investigated to ensure that the pressure cell was reading properly with the existing
data acquisition hardware and software. Figure A.4 shows the calibration results of the
four pressure cells. It should be noted that there was some discrepancy between the
calibration using dead weights and the calibration provided by the manufacturer. The
calibration factors are listed as: 7.252 psi/v (manufacturer), 5.629 psi/v (P1), 6.738 psi/v
(P2), 7.228 psi/v (P3), and 6.984 psi/v (P4).
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Figure A.4. Calibration of pressure cells

A.1.3 Geogrid Strain Gages

Due to the relatively lower modulus of geogrids, the external gage-adhesive-coat
system could add reinforcements to the geogrid ribs on which the strain gages were
attached. Using the in-air calibration of the local strain measurements from strain gages
to the global measurements of strains in geogrids, it is possible to correlate the geogrid
strain gage measurements to the strains developed in the geogrids when geogrids are
placed in the pavement and subjected to the accelerated testing.

As Figure A.5 shows, a 20-cm x 30-cm geogrid specimen was tested on an
Instron machine under static tensile loading. Two strain gages were installed onto the two
opposite faces of a geogrid rib by following the same procedures that were adopted to
attach the strain gages onto geogrids in the pavement. In addition to the strain
measurements from the two strain gages, geogrid strains were measured in the geogrid
ribs parallel with and next to the instrumented geogrid rib. For each of the three geogrids,
the calibration was carried out for grid ribs in both machine-direction and cross-machine

direction.
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Figure A.5. Calibration of geogrid strain gages

The results of strain gages calibration for the three geogrids are presented in
Figure A.6 through Figure A.8. The relationships between the strain gage measurements
and global strain measurements were used to calibrate the strain gage measurements of

geogrids in the accelerated testing.

149



0.5

0.4

0.3

0.2

Global strain (%)

0.1

o MD y=0.9535x - 0.0317

R2=0.9958
ATD y=1.2403x -0.0261
R2=0.998
0.1 0.2 0.3 0.4 0.5

Measured local strain (%)
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Figure A.7. Calibration results for Grid B in both machine-direction (MD) and cross
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Figure A.8. Calibration results for Grid C in both machine-direction (MD) and cross
machine direction (TD)

A.1.4 Data Acquisition

The data acquisition (DAQ) hardware was evaluated according to the cost,
product quality, processing speed, and its variability in terms of a relatively wide range of
input modules and sensors. A National Instruments® data acquisition hardware was
selected, including a USB compacted chassis (NI cDAQ-9172) housing six different
modules for analog and digital inputs. The system ensured enough channels
corresponding to the specified sensors and strain gages. This pilot study involved using
only two types of modules: NI 9237 and NI 9205 analog input module. The NI 9237
module for strain gages consists of four channels, and each channel has an independent
24-bit analog-digital converter (ADC) and input amplifier. The module has
programmable excitation ranging from 2.5 V to 10 V, with the limitation of 150-mW
excitation power. The NI 9205 module for the LVDT and pressure cell provides
connections for the 32 single-ended or 16 differential analog input channels depending on
the measurement configuration. In this study, a differential configuration was adopted to

attain more accurate measurements and less noise.
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A.2 Instrumentation Installation

Following the selection of appropriate instruments for measuring pavement
responses, it is vital to properly install the instruments in the pavement system to obtain
reliable and meaningful measurements. The following general rules were followed during
the installation of instruments:

e Minimal disturbance to the pavement system
e Adequate protection of the instruments from mechanical damage and

moisture damage

A.2.1 Installation of LVDTs and Potentiometers

The installation of LVDTs was accomplished in two steps. Prior to the
construction of subgrade, a steel tube for housing the LVDT later on was mounted on a
concrete slab and placed in the desirable position as Figure A.9-a displays. The concrete
slab was leveled as much as possible to ensure the horizontal level of the subsequent
LVDT installation. The cable for the LVDT was also protected from angular aggregates
by using a PVC pipe. After the construction of the subgrade, the LVDT was connected to
the cable and inserted into the steel tube by excavating the built subgrade to avoid
possible damage to the LVDT during the subgrade construction. A thin yet rigid disk
with diameter of 5 cm (2 in) was attached onto the contact tip of the spring-loaded LVDT
to provide sufficient contact area with the soil-geogrid interface, as illustrated in Figure
A.9-b. The contact tip was wrapped with thin and flexible membrane to avoid the
intrusion of soil particles into the LVDT. The LVDT was totally immersed in the soil

with its contact disk flush with the soil surface but underneath the geogrid.
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(@) | (b)
Figure A.9. Installation of LVDT: (a) a housing steel tube was mounted on a concrete
slab; (b) a circular plate was attached to the LVDT contact tip

A.2.2 Installation of Potentiometers

Potentiometers were first customized by attaching two circular disks onto both
ends (Figure A.2). The potentiometer was sealed using thin membranes to prevent
intrusion of soil particles and moisture (Figure A.10-a). The circular disk on the
potentiometer contact tip first was not attached onto the potentiometer in order to
accommodate the installation. A pattern of the potentiometer in the soil was prepared
according to the diameter and length of the customized potentiometer as Figure A.10-a
shows. The customized potentiometer was placed in the excavated pattern and kept as
vertical as possible (Figure A.10-b). Soil was backfilled and compacted manually using
small tools, as Figure A.10-c illustrates. The circular disk was attached back onto the

potentiometer when the excavated pattern was filled by soil (Figure A.10-d).
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(d)

Figure A.10. Installation of a customized potentiometer in the subgrade soil: (a) a
potentiometer pattern in the soil was excavated; (b) the customized potentiometer was
placed in the pattern; (c) soil was filled and compacted in the pattern; (d) the circular disk
was attached back

A.2.3 Installation of Earth Pressure Cells

The pressure cell was installed in place upon completion of the subgrade layer
construction. The subgrade was excavated using small hand tools for placement of the
pressure cell. The pressure cell was installed about 1.3 cm (0.5 in) below the subgrade
surface. A small trench was excavated to accommodate the wire from the pressure cell to
a PVC pipe. It is important to fully compact and level the base of the excavation before
the placement of the pressure cell. The excavation was then backfilled with compacted
stone-free soils. The pressure cell was positioned and leveled again before being covered
by fine soils, as shown in Figure A.11-a. Figure A.11-b shows that the pressure cell was
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surrounded by fine soil particles to avoid stress concentration caused by individual-

aggregate contact, and the wires were housed in PVC pipes.

(a) (b)
Figure A.11. Installation of the pressure cell: (a) the pressure cell was leveled before
being covered by soil; (b) excavation was backfilled by fine soils and wires from the
pressure cell were housed in PVC pipes.

A.2.4 Installation of Strain Gages on Geogrids

The installation of strain gages onto geogrid ribs was challenging and
cumbersome. One should be aware of the following factors contributing to the difficulties
of strain gage installation on geogrids:

e The working space is narrow and constrained due to the small areas of
grid ribs.

e The surface of the grid ribs is uneven and irregular, and needs careful
preparation.

e The net-like geogrid does not provide a stable structure for attaching strain
gages. Care needs to be exercised to keep the geogrids in position during
the installation.

e The delicate gages need to be protected from mechanical and moisture
damage.

Knowing the difficulties of installing strain gages onto geogrids as discussed above, a
procedure was developed after an in-depth literature review and personal communication

with experts. Three primary steps were involved in installing a strain gage onto geogrid:
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surface preparation, gage attachment, and protective coating. Listed below are the
materials and accessories that were used during the installation:

e Surface preparation: CMS-2 degreaser, MCA-2M-Prep conditioner A,
MNS5A-2M-Prep neutralizer, sandpaper, GSP-1 Gauze sponges, Q-tips

e (age attachment: M-Bond AE-10 adhesive, PCT-2M tape

e Protective coating: M-Coat J-3, TFE-2 Teflon tape

The installation process needed to consider that strain gages were attached on
both lower and upper faces of a singe rib. Furthermore, the working life of each unit of
adhesive and coating materials was limited once the unit was opened. The following
general steps were followed to optimize and accommodate the installation:

1) Clean and prepare all the working surfaces for the three geogrids on both
sides. Keep the geogrids in a clean environment and away from dust.

2) Attach strain gages on one side of the geogrid ribs; wait for 24 hours for
the adhesive to cure and attach strain gages onto the other side of the
geogrid ribs.

3) Apply coating materials onto both sides of the geogrid ribs.

Following the procedures and operations in this specific study, it was found that one unit
of the adhesive typically was able to serve 4 strain gages, and one unit of coating material
served 12 strain gages during the time period from the opening of the unit to its cure.

Details of the three steps are presented as follows.

Surface Preparation

The purpose of surface preparation was to provide a bondable base for the strain
gage to be attached onto. The quality of bond relies on the surface cleanness and
evenness. A good reference for preparing working surfaces in general for strain gages is
the tech note from Vishay (2005-a).

The nature and textures of surfaces for the stiff geogrid (Grid B) and flexible
geogrids (Grid A and Grid C) were quite different. The surface of the stiff geogrid was
relatively smoother and suitable for bonding, while the surfaces of the flexible geogrids
were irregular and porous. General surface preparation procedures were followed for

treating the stiff geogrid surface, as described below:
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e Stabilizing: steel rods were temporarily tied onto the geogrid ribs adjacent
to the working surfaces to provide a stable structure and to avoid any
bending.

e Degreasing: CMS-2 degreaser was applied to the target ribs and adjacent
areas to remove any greases, contaminants, chemical residuals, etc.

e Abrading: the target surfaces were abraded using sandpaper to remove any
loosely bonded adherents and create a rough surface texture for bonding.

e Positioning: central lines in the longitudinal and transverse directions were
marked on the test surfaces.

e Conditioning and neutralizing: M-Prep conditioner A was applied to the
abraded surfaces to clean any residuals followed by the application of
MN5A-2M-Prep neutralizer to create an optimum alkalinity suitable for
the adhesive.

The stiff geogrid surfaces were ready for strain gage attachment after following the steps
listed above, while a workable surface for the flexible geogrids needed further steps to
develop a bondable working area for strain gages. Figure A.12-a shows a flexible geogrid
after the removal of the bituminous coat and cleaning of the ribs.

It was noticed that the surface was still not suitable for attaching strain gages
because the multifilament yarns were exposed from the removal of the coat. It was
decided to use the adhesive materials to create a base for the strain gage attachment after
personal consulting (Bakis, 2009) and careful literature review. A generous amount of
adhesive (M-Bond AE-10) was applied onto the geogrid ribs (Figure A.12-b). A grinder
was used to carefully shape and polish the surfaces after the adhesive cured, as Figure
A.12-c shows. The surfaces were then cleaned, conditioned, and neutralized following
the procedures previously described. Figure A.12-d presents a close view of the prepared

surfaces for flexible geogrids.
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Figure A.12. Surface preparation for the strain gages installation onto a flexible geogrid:
(a) initial cleaning and removal of coating; (b) application of adhesive onto the target
geogrid ribs; (c) shaping and polishing the cured adhesive; (d) a close view of the
prepared surfaces
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Gage Attachment

The strain gage was positioned on the rib according to the previously marked
central lines, by using PCT-2M gage installation tape as a carrier (Figure A.13-a). M-
Bond AE-10 was used for gage adhesive. It has the characteristics of high elongation,
high viscosity, and ability to fill irregular surfaces. It cures in 40 hours after application at
room temperature (75 °F).

Dead weights were applied to the gages during the time period of curing. Silicone
gum pads were used to help evenly distribute the applied force (Figure A.13-b). Detailed
information on attaching strain gages onto a test specimen can be found from a technique
note (Vishay, 2005-b).

Protective Coating

A two-component material (M-Coat J-3) was used as the protective coating in this
study (Figure A.13-d). The coating became tough yet flexible after it cured. The exposed
strain gage grids and wire leads were wrapped using TFE-2 Teflon tape before applying
the protective coat (Figure A.13-c).

(d)
Figure A.13. Installation of strain gages onto geogrid ribs: (a) strain gage attachment; (b)
gage pressure application; (c) isolation tape; (d) protective coating
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APPENDIX B: PORTABLE LIGHTWEIGHT

DEFLECTOMETER
A portable lightweight deflectometer (Carl Bro™ PRIMA 100) was used for in-

situ assessment of pavement layer modulus. The LWD applies an impulse load to the
pavement surface and the deflections are measured at various distances from the load.
The moduli of pavement layers are computed based on the measured deflection using a
backcalculation program. The backcalculation is an “inverse” procedure of determining
material properties of pavement layers from its response to surface load. It involves using
iteration or optimization to calculate theoretical deflections by varying the material
properties until the calculated deflections are close to the measured defections. This
makes it possible to characterize quantitatively the reinforcement transition zone in the
vicinity of geogrids by measuring the modulus layer by layer during the construction.
Figure B.1-a shows a portable lightweight deflectometer with one deflection
sensor measuring the deflection at only one location (underneath the drop weight). By
dropping the drop weight, the modulus is calculated by the software package based on the

following equation (Fleming et al., 2007):

_AP-r(l-v?)
d

E

(38)

where

E = modulus;

A = plate rigidity factor, default value is 2 for a flexible plate, n/2 for a rigid plate;

P = maximum contact pressure;

r = plate radius;

v = Poisson’s ratio (typically ranging from 0.3 to 0.45 depending on test materials);

d = peak deflection.

Figure B.1-b displays an example output from a laboratory test on aggregate layer
surface. It is noted that the peak deflection did not occur at the same instant as the peak
force, which is typical (Fleming et al., 2007).
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With additional deflection sensors, multilayer moduli can be computed based on
the deflections measured at a certain distance using a backcalculation technigue.
Backcalculation seeks to match the measured surface deflection with a calculated
deflection based on assumed layer moduli. The assumed layer moduli in the computation
model are adjusted until the calculated deflection is close to the measured one. The
combination of the assumed layer moduli is then considered to be near the in-situ moduli

of the pavement layers (Lytton, 1989).

Data Collection - Y03.09.02

Force: 100 kPa/Dev Deflection: 200 pm,/Dev

Deflection
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Figure B.1. Portable lightweight deflectometer: (a) Major components of LWD; (b)
example output from a laboratory test
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