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ABSTRACT

This research study aimed at evaluating the performance of base and subgrade soil in flexible
pavements under repeated loading test conditions. For this purpose, an indoor cyclic plate
load testing equipment was developed and used to conduct a series of large-scale in-box tests
and full-scale field tests on several pavement sections.

The in-box cyclic plate load tests were conducted to evaluate the performance and benefits of
geogrid base reinforcement in flexible pavements. A total of 12 tests were performed on
unreinforced and geogrid-reinforced pavement sections. The parameters investigated in this
study included the aperture shape (geometry) of the geogrid, location of the geogrid within
the base layer, and geogrid tensile modulus. The stress distribution and permanent vertical
strain in the subgrade, the development of excess pore water pressure in the subgrade, and
the strain distribution along the geogrids were also investigated. The test results showed that
the inclusion of geogrids can significantly improve the performance of flexible pavements on
weak subgrades [California Boring Ratio (CBR) < 1%], and that the traffic benefit ratio
(TBR) can be increased up to 15.3 at a rut depth of 0.75 in. (19 mm) Better performance was
observed when the geogrid was placed within the upper one third of the base aggregate layer.
The inclusion of geogrid helps redistribute the applied surface load to a wider area on top of
the subgrade layer, thus reducing the accumulated permanent deformation within the
subgrade.

Full-scale field tests were also conducted on several test lane sections built at the Pavement
Research Facility (PRF) site using two types of loadings: cyclic plate load test and rolling
wheel load test. These sections include blended calcium sulfate (BCS), stabilized BCS,
stabilized recycled asphalt pavement (RAP), and stabilized soil as base/subbase materials.
The differences in pavement responses of the tested sections to cyclic plate and rolling wheel
loads were investigated. The measured rut depth caused by rolling wheel load, in all test
sections, were much higher than those measured from the cyclic plate load test. The
difference can be as much as 3 to 7 times between these two types of loading. This is mainly
due to the effects of principal stress rotation and lateral wander on the permanent
deformation of pavements. The field test results also indicate that the cyclic plate load test
can be a good performance indicator test for the evaluation and pre-selection of pavement
sections for field tests.
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IMPLEMENTATION STATEMENT

An indoor cyclic plate load testing equipment was developed for the purpose of evaluating
the performance of base and subgrade soil in flexible pavement sections under repeated
loading test conditions. In this study, the testing equipment was used to conduct an in-box
large-scale testing program to characterize the performance of geogrid base reinforcement in
flexible pavements and to evaluate the effect of different variables and parameters
contributing to geogrid benefits. A full-scale field testing program was also conducted at the
PRF site to evaluate and compare the performance of different base/subbase materials under
two different types of loading: cyclic plate load test and rolling wheel load test. In addition,
the research study included laboratory testing to evaluate the performance of geogrid
reinforced base course specimens using the material test system (MTS) machine and
performing finite element parametric analyses to investigate the benefits of geogrid base
reinforcement in flexible pavement structures (published in Final Report No. 450 [1]).

The results of this study demonstrated the potential benefits of geogrid base reinforcement of
aggregate layers in flexible pavements through the improvement of the strength/stiffness of
the base course material and protecting/stabilizing the subgrade layer, thus reducing the
pavement’s permanent deformation (rutting) and fatigue cracking under cyclic loading. The
geogrid benefits were identified to be a function of base layer thickness, geogrid modulus,
location and geometry, and subgrade strength.

The findings of this research study can be implemented in the design of flexible pavements
built on top of weak subgrades with resilient modulus M, < 2000 psi (13,790 kPa) by
reinforcing the base aggregate layers with one or two layers of geogrids, especially in cases
where it is difficult to stabilize/treat the soft subgrade soil with cement or lime. The use of
geogrids with elastic tensile strength at 2 percent strain, T, > 250 Ib/ft (3.65 kN/m), is
recommended.

One layer of geogrid reinforcement should be placed at the base-subgrade interface for
pavements with a base thickness less than 18 in. (457.2 mm) built on top of a weak subgrade.
For base thicknesses equal or greater than 18 in. (457.2 mm), two geogrid layers are
recommended, one layer to be placed at the base-subgrade interface and another geogrid
layer at the upper one third of the base aggregate layer.

The geogrid base reinforcement/subgrade stabilization can also be implemented to create
working platforms for construction of pavements and embankments on top of soft soils.
Where proper design dictates, the geogrid layer should be placed on top of soft subgrade
immediately above the geotextile layer.

Vil



One promising application of geogrids (and high strength geotextiles) is for use in widening
existing roadways through stabilizing weak subgrade layers. The inclusion of geogrid/
geotextile layer at the base-subgrade interface will enhance the bearing capacity of the
subgrade layer, increases its resistance to shear failure, and help eliminate the differential
settlement between the existing and new lanes. The DCP test can be used to evaluate the
strength condition and resilient modulus of the subgrade soil for use as input parameters in
the design the new pavement lane section.

The results of this study indicated that the cyclic plate load test can be used as a good
performance indicator test for evaluating the unpaved and paved test sections. Accordingly,
the researchers recommend using the in-box cyclic plate load testing equipment for
comparing the performance of different pavement sections and for pre-selection of pavement
sections for further full-scale field testing, especially when the load-related performance of
new pavement materials and concepts are needed to be evaluated and approved.

The researchers also recommend using the proposed modified equivalent formula to calculate
the equivalent modulus of elasticity, which considers both the thickness and relative position

of individual layers, in the design and analysis of pavements when multiple-layers have to be
combined from a practical standpoint.

viii



TABLE OF CONTENTS

ABSTRACT ..ottt st be et e e b e e se e st et et et e Ee et e e ReeRe e Rt et e a e teneenrenrenre s iii
ACKNOWLEDGMENTS ..ottt bbbt nbe st v
IMPLEMENTATION STATEMENT ..ottt vii
TABLE OF CONTENTS ..ottt sttt sttt seenaennanneas iX
LIST OF TABLES ...t bbbttt bt ae et Xi
LIST OF FIGURES ...ttt sttt ettt nesne e Xiii
INTRODUGCTION ..ottt sttt e st e te s teabeateeseeneestessentennenreanis 1
2 T3 (0 £ 10 o USSR 1
LITErature REVIBW........iiuieiieiie ettt ettt e s e nbe e e sraenteenaesneenne s 3
Geogrid Base ReiNfOrCEMENT..........coviiiiiiie e 3

Cyclic Plate Load Tests versus Rolling Wheel Load TestS ..........cccccvevvevveenene. 4

OBUIECTIVE ..ottt sttt st et et e teebesteeseeneene et e eestenneananreas 7
SCOPE ...t bt bR R Rt R et et e Ee Rt Rt Rt e Rt e Rt et e tenbenreabenreas 9
METHODOLOGY ..ottt bbbttt bbbttt b ettt ans 11
Development of an Indoor Cyclic Plate Load TeSt..........ccovverieieiencninesescsecee 11
Laboratory Cyclic Plate LOad TeSES........ccciiieiieieiicsiecse e 14

TESE EQUIPMENT ....eitiiiiieeee e bbb 14

Pavement Layer MaterialS ..o 14

Testing Program and Sample Preparation TeChniques...........cccocvevvevverieennenn. 17
INStrumentation PrOGram .........cccoieieieieieie st 21

Field Cyclic Plate Load and Rolling Wheel Load TeStS.........cccceevveiiiiiiieiieciiccnn, 26

TESE FACHITIES ...t 26

Pavement TSt SECTIONS ......oiveeieeie e 28

Pavement Layer MaterialS ..o 30
DISCUSSION OF RESULTS. ...ttt bbb 33
Evaluation of Geogrid Base Reinforcement Using Cyclic Plate Load Testing .......... 33

TSt RESUILS ... 33

Surface Deformation and CONTOU ..........cceviriiieiineneeee e 40

Effect of Properties and Type of Geogrid..........ccovviniiiiiiiincncseeceens 43

Effect of Location of Geogrid..........cccccveveiieiieii i 43

Stress Distribution and Vertical Permanent Strain within Subgrade .............. 45

Strain Distribution along the Geogrid...........ccccevviiiieiiie i 47

Pore Water Pressure Within SUDGrade...........cccveveiieieeiieiicse e 51

General COMMENTS........ccviieiierie ettt e e e nteeneenns 52

Field Load Tests on Various Base/Subbase Materials..............cccoceveniniiiiiiiiinnn 54



T OSE RESUIES ...ttt nemnnnnnnn 54

Comparison of Various SECHIONS ........ccceevviieiieieiieseese e 58

Cyclic Plate Load Tests versus Rolling Wheel Load Tests .........ccocevvrveinnne 61

GeNEral COMMENTS. .......oiuiiiiiiiee ettt ns 66
CONGCLUSIONS ...ttt b bbbt bt e bbbt sbe e 67
Evaluation of Geogrid Base Reinforcement Using Cyclic Plate Load Test............... 67

Field Tests on Various Base/Subbase ALF TeSt LaNesS........cccooerveivriniieeneniiesienias 69
RECOMMENDATIONS ..ottt sttt st et ne et e st e tennenreans 71
ACRONYMS, ABBREVIATIONS, AND SYMBOLS .......ccccoiiiiieieeece e 73
REFERENCES ..ottt bbbttt bbbttt et e 75



LIST OF TABLES

Table 1 PropertieS Of GBOGIUS ......oiviiieii ettt ns 15
Table 2 Combination of base/subbase materials in pavement test sections..............cccccveveenee. 29
Table 3 Properties of base MaterialS..........cccoovevviiiiieiiie e 31
Table 4 Properties of subbase and subgrade materials ..o 31
Table 5 In-place properties of SUDGrade...........ccviviiieiiiee e 34
Table 6 In-place properties Of DASE COUISE .......cviiiiierieie e 35
Table 7 In-place properties OFf HMA ... ..o 36
Table 8 Summary of cyclic plate 10ad tEStS .........ccevieiiiie i 37
Table 9 IN-PlaCe PrOPEITIES ......c.veiiieieieeeie ettt 56
Table 10 Equivalent modulus of elasticity of base and subbase layer...........c..cccccovvveiiennnnnn. 60

Table 11 The ratio of rut depth for rolling wheel load test to that for cyclic plate load test .. 61

Xi






LIST OF FIGURES

Figure 1 Schematic of the indoor cyclic plate load test equipmMENt .........cccooeiercieiiiiiienen, 12
Figure 2 Image of the indoor cyclic plate load test equIPMENt...........ccceeveveieevecve e, 12
Figure 3 Schematic of the field cyclic plate load test equipment ..........cccceveiereiencieiienen, 13
Figure 4 Image of the field cyclic plate load test equipmeNnt...........ccooeverieieniene e 13
Figure 5 Laboratory test box, hydraulic actuator, and reaction SysStem ..........cccccccecevvevieennenn. 16
Figure 6 Load pulse applied in the teSt ... 16
Figure 7 Placement of SOIl Strain QAUQGE ........coveieiiiiie e 18
Figure 8 Placement Of PIEZOMELEIS........ccviiiiieciee e 19
Figure 9 Placement Of Pressure CIIS ........oviiiiiiiiiieceee e 19
Figure 10 Placement of geogrids With Strain Qages .......cccevvveeiieiiieiie e 20
Figure 11 Preparation 0f the AC IQYEI ........c.cceiieie et 20
Figure 12 Schematic of the indoor test box for cyclic load testing ..........cccoeveveieiiiniiennn. 21
Figure 13 Data aCqUISITION SYSIBM ........uciiieieiiccie ettt et re e 24
Figure 14 Cyclic plate load testing eqUIPMENT ..........cccooveieiieiieeie e 27
Figure 15 Load pulse applied in the TSt .........cci i 27
Figure 16 Rolling wheel load testing faCility............ccccovveviiiieiiiiiii e 28
Figure 17 Plan layout of testing sections (N0t t0 SCAIE) ........cccoveiiiiiiiiiieee e 29
Figure 18 Pavement structure of testing sections (N0t t0 SCale).........ccevverveieeniiiiiieneeen 29
Figure 19 Development of surface permanent deformation for different types of geogrid
placed at base/subgrade INterface ..........ccoceeieieiince 38
Figure 20 Development of surface permanent deformation for GG3 and GG4 geogrids placed
At dIfFErent 10CATIONS .......ciiiieieie e 38
Figure 21 Development of surface permanent deformation for GG4 geogrid placed at the
middle of base layer with and without prime coat ............cccocvvevveevieiii e 39
Figure 22 Development of surface permanent deformation for unreinforced weak and strong
sections and GG4 reinforced SECHION.........cvveieieii i 39
Figure 23 Typical response of pressure CEllS ... 41
Figure 24 Typical response Of Strain QAUGE .......ccvecveiierieerecieseese e sre e 42
Figure 25 Profile of surface deformation at N = 30,000.........cccceivriiiinnininnin e 42
Figure 26 Possible configurations at the geogrid interface...........ccoccvvveveive v, 45
Figure 27 Vertical stress distribution at N = 30,000 [at 3 in. (76 mm) below the top of
1000 > To (=] PR ORRPP 46
Figure 28 Permanent vertical strain in the subgrade versus load cycle [at 3 in. (76 mm) below
the top OF SUDGIade] ......c.eeeee e 47

Figure 29 Permanent strain distribution along the centerline of GG1 geogrid placed at the

xiii



base/subgrade interface (D: loading plate diameter) .........ccccoevvveieniiie e 48
Figure 30 Permanent strain distribution along the centerline of GG2 geogrid placed at the

base/subgrade interface (D: loading plate diameter)..........cccceoerenenenineniciene 49
Figure 31 Permanent strain distribution along the centerline of GG3 geogrid placed at the
base/subgrade interface (D: loading plate diameter).........c.ccooeveveiiereeiesiecseennn, 50
Figure 32 Permanent strain distribution along the centerline of GG3 geogrid placed at the
middle of base layer (D: loading plate diameter) ........cccccovvveveeiieivie i 50
Figure 33 Permanent strain distribution along the centerline of GG4 geogrid placed at the
middle of base layer (D: loading plate diameter) .........ccoocevveeieiienienieie e 51
Figure 34 Development of pore water pressure and amplitude of cyclic surface deformation
L o=] ] (-] SRS 53
Figure 35 Development of rut depth for repeatability check............cccooveviiiiiiiiiicies 56
Figure 36 Comparison of field and laboratory cyclic plate load test...........cccccevvevviieieennenn, 57
Figure 37 Development of rut depth for cyclic plate load test ..........ccoovvvviiieniiiiiiie, 57
Figure 38 Development of rut depth for rolling wheel load test............cccoviiiniiiiieiieene 58
Figure 39 Stress regimes experienced by pavement element under two types of loading ..... 63
Figure 40 Variation of the resilient modulus M, With time..........cccoce e 65

Xiv



INTRODUCTION

Background

The United States of America owns the largest highway system in the world with more than
3.9 million miles (62.4 million kilometers) of roads as of 2004. The highway volume reached
around 2.7 trillion vehicle-miles (4.32 trillion vehicle-kilometers) in 2000, which is
equivalent to about 7.4 billion vehicle-miles (11.84 billion vehicle-kilometers) of travel every
day. The equivalent truck travel (single-unit and combinations) had increased by 231 percent
from 1970 to 2004, while the combination truck travel had increased by 285 percent to
account for 4.9 percent of the total annual vehicle-miles of travel versus 3.2 percent in 1970
[2]. In order to meet the future challenges for better and durable highway pavement design
and maintenance, a cost-effective accelerated testing facility is therefore needed to test new
highway materials, recycled materials, different subgrade conditions, and/or new design
methodology. The Louisiana Transportation Research Center (LTRC) possesses the state of
the art Accelerated Load Facility (ALF) located at the Pavement Research Facility (PRF)
site. This facility has been used extensively for full-scale pavement testing applications of
different materials and pavement conditions. However, due to the large size of the facility,
long test duration time, and the associated high cost, a limited number of pavement lanes can
be tested in a year. Therefore, an indoor large-scale cyclic plate load testing facility that is
capable of simulating the vehicular loading has been developed. The new in-box actuator
testing facility can be used for testing pavement sections of different base materials, different
subgrade conditions, different cross sections, and different loading conditions, as well as, the
possibility for using it for other pavement and geotechnical applications such as testing new
materials/products, new stabilizing techniques, and new design methodologies. In this study,
the cyclic plate load testing equipment was used in the box to evaluate the performance and
benefits of geogrid reinforcement in a flexible pavement system and to evaluate and compare
the performance of several full-scale test lane sections built at the PRF site with the rolling
wheel accelerated load testing.

Due to the nature of Louisiana soils, in many cases, pavements have to be built over soft
subgrade soils, which is often associated with design and construction difficulties. The design
of flexible pavements over weak subgrades has been always a challenge for pavement design
engineers. The traditional solution to this problem is to replace part of the subgrade with base
course aggregate and/or treating/stabilizing the subgrade with cement or lime. The purpose is
to create a working platform through improving the engineering properties of the subgrade.
The use of geosynthetics (mainly geogrids) to reinforce the base aggregate layer within a
pavement structure can offer a cost-effective alternative solution to this problem. The



attraction of using geogrid base reinforcement lies in the possibility of extending the
pavement’s service life, reducing the base course thickness for a given service life, delaying
rutting development, and helping construction of pavements over soft subgrades [3, 4, 5, 6, 7,
8]. Although the benefits of geogrid base reinforcement in flexible pavements have been
well realized, there is no acceptable design methodology for inclusion the geosynthetic
benefits in a nationally recognized design method, such as the Mechanistic-Empirical
Pavement Design Guide (MEPDG) [2]. The AASHTO 1993 and the MEPDG methods did
not incorporate the geogrid base reinforcement in flexible pavement design due to the lack of
understanding the actual mechanisms of geogrid reinforcement, especially rigorously
quantifying the geogrid benefits [2]. These limitations provide a motivation for continual
research efforts on geogrid reinforced pavement sections so that the benefits of geogrid
reinforcement can be included in the future into pavement design methods. Undoubtedly, a
successful instrumentation program is necessary to achieve this goal.

Given the complex nature of a geogrid reinforced flexible pavement and the introduction of
new variables associated with the reinforcement, a mechanistic procedure is needed for
providing a design procedure expressed in terms of material properties of the pavement
layers (asphalt concrete, base, and subgrade) and the geogrid materials composing the
pavement system. In order to develop such mechanistic design procedures for reinforced
pavement structures, a better understanding and characterization of the geogrid reinforced
mechanisms should be established. In addition, the factors that affect the geogrid reinforced
pavement structure should be investigated and evaluated.

This study aimed at evaluating the benefits of geogrid base reinforcement of the base course
aggregate layer in a flexible pavement structure through conducting extensive experimental
testing and numerical modeling programs. The experimental testing included small-scale
laboratory testing of geogrid reinforced base aggregate specimens and large-scale in-box
cyclic plate load testing of geogrid reinforced pavement sections. The numerical modeling
included finite element analyses to evaluate the effect of geogrid stiffness and location,
thickness of the base course layer, and strength of the subgrade material on the performance
of geogrid reinforced flexible pavement structures.

The cyclic plate load testing equipment was also deployed to the PRF site to evaluate the
performance of full-scale test lane sections (no geogrid was used in any of these sections).
Pavement sections with different base and subbase materials were tested. This included
testing six types of base material [raw BCS, class C flyash stabilized BCS, 120 grade ground
granulated blast furnace slag (GGBFS) stabilized BCS, foamed asphalt (FA) stabilized RAP,
and FA stabilized RAP and soil cement blend] and two types of subbase materials (including



lime and cement treated soil). The pavement response from cyclic plate load tests was
compared with the results of rolling wheel accelerated load testing for validation and
verifications.

This report will present the results of large-scale testing on geogrid base reinforced pavement
sections and full-scale testing on PRF test sections. The results of small-scale testing and
finite element numerical modeling were presented earlier in Final Report 450 [1].

Literature Review

Geogrid Base Reinforcement
The use of geogrid reinforcement in roadway applications started in the 1970s. Since then,

the technique of geogrid reinforcement has been increasingly used and many studies have
been performed to investigate the behavior of geogrid reinforcement in roadway applications
[10, 11, 12, 13, 14, 15]. The results of experimental, analytical, and numerical studies
reported in literature showed that geogrid reinforcement in pavement structures can extend
the pavement’s service life, reduce base course thickness for a given service life, delay
rutting development and help construction of pavements over soft subgrades [3, 4, 5, 6, 7, 8].

The amount of improvement in pavement performance with the inclusion of geogrid in the
base course layer depends on many factors, including the strength of subgrade, geogrid
properties, location of geogrid in the pavement, thickness of base course layer, etc. Previous
studies have shown that the weaker the subgrade, the higher the percent reduction of rutting,
while little improvement obtained for subgrades with high CBR values [4,12]. Another factor
that plays an important role in the performance of geogrid base-reinforced pavement is the
thickness of the base course layer. The benefit of a geogrid generally decreases with an
increase in the thickness of the base course and becomes insignificant when the base course
is very thick [8, 16].

The location of geogrid(s) within the base course layer in the pavement system is very
important to its reinforcement effectiveness [12, 17]. The optimum location of a geogrid
depends on many factors, such as subgrade strength and base course thickness. Al-Qadi et al.
concluded that for a thin base course layer, placing a geogrid layer at the subgrade/base
course interface gives better performance and that the geogrid layer should be placed at the
upper one third of the base course layer for a thicker base course layer [18]. This finding is in
agreement with the work of Hass et al. [10]. However, Hass et al. also concluded that no
benefits were achieved when a single layer of geogrid was placed at the midpoint or higher
within a thick base course layer over very soft flexible subgrades [10].



The improved performance of geogrid reinforcement in flexible pavements also depends on
the properties of the geogrid, such as aperture geometry, stability modulus, flexural stiffness,
junction strength, and tensile modulus. However, the current available information does not
provide clear quantifiable values for any of these properties [15]. It is believed that these
properties work together to determine the performance of a geogrid in a pavement system.
Any property alone may not be enough to characterize the performance of a geogrid.

As manifested in these previous studies, the reinforcement effectiveness of the geogrid in a
pavement system and the rational design of geogrid base-reinforced pavements are
contingent upon properly considering the combined effect of all influencing factors. To this
end, pavement response under cyclic loading has often been monitored with a well-planned
and executed instrumentation program. The success of an instrumentation program depends
on the selection of appropriate sensors, wise selection of their locations, and proper
preparation and installation of the instruments.

Van Deusen et al. presented a comprehensive review of instrumentation practices for the
measurement of stresses, strains, and deflections in pavement structures [19]. They found
that the simplest possible installation procedures minimize inconsistencies in the results due
to placement errors. Perkins implemented an extensive instrumentation program to study the
performance of geosynthetics reinforced flexible pavements [12]. The measured stress and
strain data revealed a significantly different response between reinforced and unreinforced
sections. These data provided insight into the reinforcement mechanism of geogrid base
reinforcement and could lead to a significant improvement in the design of geogrid
reinforced pavement systems.

Cyclic Plate Load Tests versus Rolling Wheel Load Tests
Based on results obtained from full-scale tests, Brown and Brodrick showed that the rut

depths of pavement sections under the rolling wheel loads were consistently higher than
those under the cyclic plate loads [20]. The difference can be as much as 3 ~ 4 times between
these two types of loading. Based on the results of the cyclic plate load test and rolling wheel
load test on two instrumented low traffic pavement sections, Hornych et al. reported that the
permanent strains in the base layer under the rolling wheel load were about three times
higher than those measured under the cyclic plate load [21].

The inherent difference between the cyclic plate and rolling wheel load tests is such that in
the rolling wheel load tests a pavement element within the plane of the wheel track
experiences a continuous rotation of the principal stress. The studies available in literature
have shown that the principal stress rotation has a significant and deleterious impact on the
permanent deformation of both asphalt concrete and base/subbase materials [22, 23, 24, 25].



For example, the results of the experimental study by Grabe and Clayton indicated that the
rate of permanent strain increase with principal stress rotation can be 3.8 times as high as that
without principal stress rotation [25].

Lateral wander was also considered in the rolling wheel load tests of this study. Most lateral
wander effect studies available in the literature focused on the HMA [26 and 27]. The
findings of those studies generally led to the conclusion that the rut depth for the rolling
wheel load with wander is less than that for the channelized rolling wheel load at a given
number of wheel passes because the loading time on any given wheel path was reduced with
wander [28]. However, a recent interesting research study by Donovan and Tutumluer found
that the load wander resulted in a dramatic degradation of the unbound aggregate layer [29].
They attributed this degradation to the recurring movement and rearrangement of the
particles, which gradually reduces the strength of the unbound materials and thus cause more
permanent deformation with future load applications. They referred to this effect as the “anti-

shakedown” effect.






OBJECTIVE

The main objective of this study was to evaluate the performance of different base/subbase
materials under different types of loading and to investigate the potential benefits of using
geogrid base reinforcement in pavement systems. These include:

(1) Develop an indoor cyclic load testing equipment for testing of paved/unpaved roads and
pre-selection and screening of pavement sections for recommendation of further full-
scale field test sections.

(2) Conduct large-scale in-box experimental testing to investigate the influence of subgrade
strength and the reinforcement type and stiffness on the base reinforcement benefits.

(3) Validate the results of the cyclic load actuator by comparing the pavement response
under cyclic plate loading with that of rolling wheel loading on full-scale ALF test
sections.

(4) Conduct a finite element parametric study on the effect of different variables and
parameters contributing to the improved performance of flexible pavement with geogrid
base reinforcement.






SCOPE

The stated objectives of this research study were achieved through conducting both
experimental testing and numerical modeling programs. The experimental testing program
included conducting large-scale in-box cyclic plate load testing on geogrid base-reinforced
pavement sections, full-scale cyclic plate load testing on several ALF test sections, and
small-scale laboratory triaxial testing on geogrid reinforced base aggregate specimens. The
numerical modeling program included developing finite element models using ABAQUS
software to evaluate the effect of geogrid location, thickness of the base course layer, tensile
modulus of geogrid reinforcement, and strength of subgrade material on the benefits of
geogrid base reinforcement in flexible pavements.

This report will discuss only the results of large-scale in-box and full-scale ALF cyclic plate
load tests. The results of small-scale testing and finite element numerical analysis were
presented in another report [1].

The large-scale cyclic plate load tests were conducted inside a test box [with dimensions 6.5
ft. x 6.5 ft. x 5.5 ft. (1.98 m x 1.98 m x 1.68 m)], using a servo-hydraulic actuator, on
flexible pavement sections with and without geogrid base reinforcement. A 9-kip load at a
frequency of 0.77 Hz was applied through a 12-in. (305-mm) diameter steel plate. The
parameters studied in the model tests included the aperture shape (geometry) of geogrid,
tensile modulus of geogrid, and the location of geogrid. The tests also included measuring the
stress distribution and permanent vertical strain in the subgrade, the excess pore water
pressure development in the subgrade, and the strain distribution along the geogrid.

The full-scale testing included both cyclic late load tests and rolling wheel load tests on
seven full-scale field pavement sections at the Louisiana Pavement Research Facility (PRF)
site. Six types of base materials (including raw BCS, class C fly ash stabilized BCS, 120
grade GGBFS stabilized BCS, FA stabilized RAP, and FA stabilized RAP and soil cement
blend) and two types of subbase materials (including lime and cement treated soil) were
tested. The performance of different base/subbase materials was compared. The difference in
pavement response between cyclic plate and rolling wheel loads was discussed.






METHODOLOGY

In this study, an indoor cyclic plate load testing equipment was developed for the purpose of
evaluating the performance of base and subgrade soils in flexible pavement sections under
repeated loading test conditions. The testing equipment was used to conduct an in-box large-
scale testing program to evaluate the performance and benefits of geogrid base reinforcement
for application to flexible pavements. The cyclic plate load testing equipment was also used
to test the full-scale test lane sections built at the PRF site to evaluate the performance of
pavement sections with different base/subbase materials. The pavement response from cyclic
plate load tests was compared with the results of rolling wheel accelerated load testing.

Development of an Indoor Cyclic Plate Load Test

A test box was constructed having inside dimensions of 6.5 ft. (1.98 m) (length) x 6.5 ft.
(2.98 m) (width) x 5.5 ft. (1.68 m) (height). The side and back walls consisted of 1-in. (25.4-
mm) thick steel, which were braced with stiffeners to avoid lateral yielding during
construction and loading of test sections. Detachable channel steel beams were used for the
front wall to facilitate the construction of test sections. They were attached to the test box
using bolt and nut assemblies. Two | beams were fixed on the top side of the walls to serve as
the support base for the crosshead. The crosshead consists of another two | beams that
allowed to move along the two base | beams. A hydraulic actuator, which has a force rating
of 22 kips (100 kN) and a dynamic stroke of 6 in. (152.4 mm), was attached between the two
| beams of the crosshead. The crosshead was bolted to the support base | beams while the test
was running. The cyclic load was applied through a steel rod that fits into a concave-shaped
hole on the loading plate that sat on the surface of the test section. A FlexTest GT test
controller connected to a desktop computer controlled the load-time history applied to the
plate. Figure 1 shows a schematic of the indoor cyclic plate load test equipment. Figure 2
shows an actual photo of the indoor test equipment.

The hydraulic actuator with the crosshead can be detached from the box and moved to the
field for in-situ testing. A field frame consisting of two | beams was constructed to support
the crosshead. Six steel blocks were placed on the top of the crosshead to serve as the
deadweight supports during the test. Figure 3 shows a schematic of the field cyclic plate load
test equipment. Figure 4 shows an actual photo of the field test equipment.
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Figure 1
Schematic of the indoor cyclic plate load test equipment
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Figure 2
Image of the indoor cyclic plate load test equipment
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Schematic of the field cyclic plate load test equipment
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Figure 4
Image of the field cyclic plate load test equipment

The new in-box actuator testing equipment can be used for testing pavement sections of
different base materials, different subgrade conditions, different cross sections, and different
loading conditions. In addition, the equipment can be used for other pavement and
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geotechnical applications such as testing new materials/products, new stabilizing techniques,
and new design methodologies. In this study, the cyclic plate load testing equipment was
used in the box to evaluate the performance and benefits of geogrid base reinforcement in
flexible pavements; and to evaluate and compare the performance of several full-scale test
lane sections, built at PRF site, with the rolling wheel accelerated load testing.

Laboratory Cyclic Plate Load Tests

Laboratory in-box cyclic plate load tests were conducted to investigate the potential benefits
of using geogrid base reinforcement in flexible pavements, including the influence of various
parameters on the performance of geogrid base reinforcement. The experimental study also
included the investigation of the stress distribution and permanent vertical strain in the
subgrade, the excess pore water pressure development in the subgrade, and the strain
distribution along the geogrid.

Test Equipment
The indoor cyclic plate load testing equipment, described earlier, was used in this study.

Figure 5 presents the photo of the indoor test section. A cyclic load was applied through a
steel rod that fits into a concave-shaped hole on the loading plate that sits on the surface of
the hot mix asphalt (HMA) layer. The loading plate was a 1-in. (25.4-mm) thick steel plate
and 12-in. (305-mm) diameter. A 00762-in. (3-mm) thick rubber was attached to the bottom
of plate to insure proper seating. The maximum applied load in the tests was 9,000 Ib. (40
kN), which results in a loading pressure of 80 psi (550 kPa) that simulates dual wheels under
an equivalent 18,000 Ib. (80 kN) single-axle load. The load pulse, as shown in Figure 6,
consists of a linear load increase from 500 Ib. (2.2 kN) to 9,000 Ib. (40 kN) in 0.3 second,
followed by a 0.2-second period where the load is held constant at 9,000 Ib. (40 kN),
followed by a linear load decrease to 500 Ib. (2.22 kN) over a 0.3-second period, then
followed by a 0.5-second period of 500 Ib. (2.22 kN) before the next loading cycle starts.
This load pulse results in a frequency of 0.77 Hz.

Pavement Layer Materials
HMA Concrete. The HMA mix used in the construction of the pavement test

sections was a 0.75 in. (19.0 mm) design level 2 [i.e., 3-30 million equivalent single axis
loads (ESALS)] superpave mixture currently in use in the state of Louisiana [35]. The
optimum asphalt binder [classified as PG 76-22M according to the Performance Grade (PG)
specification] content was 4.1 percent. The theoretical maximum specific gravity of the
HMA was 2.51. The dust to binder ratio was 1.18.
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Base Course Material. Kentucky crushed limestone was used in the base course
layer for all test sections. The crushed limestone had a 100 percent passing 1.5-in. (38.1-mm)
opening sieve; 92 percent passing 0.75-in. (19-mm) opening sieve; 61 percent passing No. 4
opening sieve; and 0.35 percent passing No. 200 opening sieve. The corresponding effective
particle size (Do) = 0.015 in. (0.382 mm), the D35 = 0.022 in. (0.551 mm), the mean particle
size (Dsp) = 0.123 in. (3.126 mm), the uniformity coefficient (C,) =11.80, and the coefficient
of curvature (C;) = 1.07. The maximum dry density, as determined by the Standard Proctor
test in accordance with ASTM D698, is 140 Ib/ft® (2,247 kg/m®) at an optimum moisture
content of 6.6 percent. This crushed limestone is classified as GW and A-1-a according to the
Unified Soil Classification System (USCS) and the American Association of State Highway
and Transportation Officials (AASHTO) classification system, respectively.

Subgrade. The subgrade soil consisted of a silty clay, having a liquid limit (LL) of
31, a plasticity index (PI) of 15, a mean particle size (Dsg) of 0.00095 in. (0.024 mm), and a
Dgs of 0.0033 in. (0.085 mm). This soil had 72 percent silt and 19 percent clay. The
maximum dry density of the soil is 104 Ib/ft* (1,670 kg/m®), with an optimum moisture
content of 18.75%, as determined by the Standard Proctor test. The silty clay soil was
classified as CL according to the USCS and A-6 according to the AASHTO classification
system.

Geogrid. Four different geogrids, GG1, GG2, GG3, and GG4, were used to reinforce
the base course layer in the test sections. These geogrids have a punched structure and are
made from polypropylene with different geometries. The physical and mechanical properties
of these geogrids, as provided by the manufacturers, are listed in Table 1.

Table 1
Properties of geogrids
A T2, Ib/ft I Ib/ft Aperture Aperture
. perture -

Reinforcement Shape . § . § Stability Size. in
GG1 biaxial geogrid I:I 280 | 450 | 14,000 | 22,500 3.2 1.0x1.3
GG2 biaxial geogrid 410 620 | 20,500 | 31,000 6.5 1.0x1.3
GG3 triaxial geogrid 590° 3.6 1.6 x 1.6 x

A 29,500° 1.6
GG4 triaxial geogrid 650° 7.8 1.6 x 1.6 x
32,500° 1.6

®Tensile Strength (at 2% strain) (in accordance with ASTM D6637 for GG1 and 1SO
10319:1996 for GG2), "Tensile Modulus (at 2% strain), *Machine Direction, “Cross
Machine Direction, *Radial Direction
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Figure 5
Laboratory test box, hydraulic actuator, and reaction system
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Testing Program and Sample Preparation Techniques
The silty clay subgrade was first placed and compacted in lifts inside a steel box. The

thickness of each lift was 6 in. (152.4 mm). The target dry density and water content of the
subgrade were 100 Ib/ft® (15.7 kN/m®) and 22 percent, respectively, to achieve a weak
subgrade of CBR = 0.5 percent. One unreinforced section that was compacted at an optimum
moisture content (CBR = 8 percent) was also prepared to compare the performance
difference between a weak and a strong subgrade. The subgrade was prepared by using a
tiller to mix the silty clay and water. Then, the silty clay was raked level and compacted
using an 8-in. x 8-in. (203.2-mm x 203.2-mm) plate adapted to a vibratory Bosch Brute
model 11304 breaker hammer to the predetermined height to achieve the desired density.

After the completion of subgrade preparation, the instrumentations and the geogrid were
installed. When installing the soil strain gage, a round hole was excavated to the
predertermined depth with a hand trowel. The linear variable displacement transducer
(LVDT) was placed vertically into the hole (Figure 7). The silty clay was backfilled and
compacted with a screwdriver handle around the LVDT.

To install the piezometers, short trenches were first excavated to the predetermined depth
with a hand trowel (Figure 8). Horizontal holes with a slightly larger diameter than the
piezometer were excavated at the end of each trench. The ready-saturated piezometers were
then inserted into the holes and covered immediately with a saturated silty clay soil.

When installing pressure cells, holes with the same shape but slightly larger than the pressure
cells were excavated to the predetermined depth with a hand trowel. The bottom of each hole
was flattened with a steel plate gently hit by the compaction hammer. The pressure cells were
then placed into the holes and adjusted until leveled with the assistance of a small bubble
level placed on the pressure cell (Figure 9). The silty clay was backfilled and compacted over
the pressure cells. The amount of clay needed in backfilling an excavation was estimated by
removing the amount of clay occupied by the pressure cell, which was calculated by
multiplying the density of clay by the approximate volume of the pressure cell from the
excavated clay. To minimize an over-registration/under-registration of pressure due to
possible over-compaction/under-compaction, a tight control of the backfill compaction was
made to ensure that the density of the backfill was close to that of the surrounding soil.

After installation of pressure cells and piezometers, the geogrid with strain gages was placed
on top of the subgrade layer (Figure 10).To protect the strain gages from damage during the
compaction of base course layer, the gages were covered with a small amount of silty clay
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soil and gently compacted by hand before the base course material was spread over the
geogrid layer.

After the installation of the geogrid, the base course layer was prepared by placing the
crushed limestone in 6-in. (152.4-mm) thick lifts, mixing with the desired water content, and
then compacting to the predetermined height. The target dry density and water content of the
base course layer were 138 Ib/ft* (21.66 kN/m®) (i.e., 98 percent degree of standard proctor
compaction) and 6.0 percent, respectively.

The surface asphalt concrete (AC) layer was consequently prepared by placing prime coat on
the top of the base layer, followed by placing cold-mix asphalt concrete along the sides of the
box with a width of 12 in. (305 mm) (Figure 11). The remaining center area of the test box
[54 in. (1371.6 mm] wide square) was left for the HMA. The cold mix asphalt at the
boundary area between the two mixes was covered with the tack coat. The HMA was
obtained from a local asphalt plant. It was placed in the oven to age for about 4 hours at a
temperature of 300°F (150°C). Once the mixture reached the proper compaction temperature
[i.e., 300°F (150°C)], it was spread over the reserved central area in the test box, raked level,
and immediately compacted to the predetermined height using the Bosch Brute breaker
hammer.

Figure 7
Placement of soil strain gauge
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Figure 8
Placement of piezometers

Figure 9
Placement of pressure cells
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Figure 10
Placement of geogrids with strain gages

Figure 11
Preparation of the AC layer

The nuclear density gauge, Geogauge (GG), and Vane Shear Testing Apparatus were
deployed to measure the in-place properties of the subgrade layer. The nuclear density gauge,
GG, light falling weight deflectometer (LFWD), and dynamic cone penetrometer (DCP) were
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deployed to measure the in-place properties of the base course layer. The GG, LFWD, and
Portable Seismic Pavement Analyzer (PSPA) were deployed to measure the in-place
properties of the HMA layer. At least five measurements were performed for each property.

Figure 12 depicts a typical flexible pavement section with geogrid base reinforcement, which
describes the geometric parameters and a typical layout of the instrumentations used in the
present study.
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Figure 12

Schematic of the indoor test box for cyclic load testing

Instrumentation Program
Instrumentation. A load cell (MTS Series 661 Force Transducer), which was used to

measure the applied load, was attached to the piston rod emerging from the actuator. The

load cell has a measurement range of 0-22 kips (0-100 kN). A central LVDT, which was

coaxially mounted within the actuator piston rod, provided measurement of the piston rod
displacement.
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Another eight LVDTs from RDP Electronics were used to monitor the surface deformation
of the HMA layer. The raw output reading of the LVDTs is in voltage (v). The LVDTSs,
which were mounted on a steel reference beam, were installed on both sides of the actuator in
a straight line as shown in Figure 12. Four LVDTs (DCTH1000A) that have a reading range
of £ 1in. (25.4 mm) were placed closer to the center of the loading plate, with the two closest
ones sat on the loading plate. The other four LVDTs (DCTH500A) with a reading range of +
0.51in. (12.7 mm) were placed relatively far away from the center of the loading plate.

The pore water pressures were measured using Model 4500AL VW piezometers from
Geokon, Inc., which were installed within the subgrade soil at specified locations/depths as
shown in Figure 12. This type of transducer allows for the measurement of positive pore
pressures up to 25 psi (172 kPa) and negative pore pressures up to 1 Bar (100 kPa). The
vibrating wiring sensor is slow in response and may not be suitable for the measurement of
rapidly changing pressures. The very immediate response of pore water pressure to the
applied load in this study may not be captured fully by the VW piezometer. Nevertheless, the
VW piezometer can give a good trend in the development of pore water pressure with cyclic
loading as the dissipation of pore water pressure is slow in clayey soil, as will be shown later
in this report.

The vertical soil strain in the subgrade beneath the center of the loading plate was measured
using a soil strain gage, which is an LVDT fitted with two 2-in. x 0.6-in. x 0.2-in. (50.8-
mmx 15.2-mmx 5.08-mm) steel plates. The LVDT used was RDP model D5/400W. The
gage length was set as 4 in (101.6 mm).

The stress distribution in the subgrade was measured using type 0234 pressure cells from
Kulite and Model 3500-1 earth pressure cells from Geokon, Inc. The pressure cells were
installed within the subgrade at specified locations/depths as shown Figure 12. An initial
attempt to use Kulite LQ-080U soil stress gage type was not satisfactory because of its small
size and easy to rotate during compaction, which convinced the authors to switch to Kulite
type 0234 pressure cells.

The Kulite type 0234 pressure cell, which utilizes a solid state silicon pressure transducer as
the basic sensing element, is a 2.2 in. (55 mm) in diameter with a thickness of 0.7 in. (18.3
mm). The Geokon 3500 earth pressure cell, which utilizes a semiconductor pressure
transducer as its basic sensing element, has a diameter of 9 in. (229 mm) and a thickness of
0.24 in. (6 mm). The Geokon 3500 pressure cell consists of two circular stainless steel plates
separated by a narrow space filled with deaired hydraulic oil. The earth pressure felt by the
cell squeezes the two plates together, thus building up the hydraulic oil pressure, which is
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then transmitted to the pressure transducer mounted several centimeters away from the cell.
One of the advantages of the Geokon pressure cell is its high aspect ratio (diameter:
thickness) d/t of 38, which is much higher than that of the Kulite type 0234 pressure cell (d/t
of 3). A thin cell usually alters the stress field in the soil less than a thick cell. However, since
the Geokon 3500 pressure cell has a larger diameter, the measured stress represents an
average value over a larger area, so it is not accurate for point stress measurement. As
described earlier, for the Geokon 3500 pressure cell, the earth pressure is converted to
hydraulic oil pressure and then transmitted to the pressure transducer. As such, the response
time of the Geokon 3500 pressure cell is longer than that of the Kulite 0234 type pressure
cell.

The strain distribution along the geogrid was measured using electrical resistance strain
gages from Vishay Micro-Measurements that were placed at different locations along the
geogrid as shown in Figure 12. The raw outputs of strain gages are in millivolts (mv). Under
cyclic loading, the geogrid is expected to experience both cyclic elastic strain and
accumulation of permanent (plastic) strain. This requires the foil strain gage to have both a
relatively high elongation capability and a good fatigue life. However, these two
requirements are contradictory, and an optimization of the strain gage properties is desirable.
Because of previous success in static application, EP-08-250BG-120 strain gages were
chosen in this study as an initial attempt of strain measurements. This strain gage is made of
annealed constantan alloy, which is very ductile but has very high elongation ability. The
strain gages have a resistance of 120 + 0.5% Q and a strain range of + 20%, but only +
7.7859% of the range was activated. The fatigue life provided by the manufacturer is about
10° cycles under dynamic strain level of 0 to 3000 u¢, which is determined based on a 500
zero-shift failure criterion [36].

Data Acquisition System. The main data acquisition system, as shown in Figure 13a,
consisted of the DSC SGA conditioning module and a FlexTest GT test controller connected
to a desktop computer running the Station Manage Software package marketed by the MTS
Systems Corporation. The magnitudes of the output signals from the pressure cells and the
strain gages were too small to be read by the controller, and the pressure cells and the strain
gages were therefore connected to the signal conditioners first. The signal conditioners
supplied excitation voltage to the sensors and amplified their output signals (voltage). The
initial offset values of the conditioners were zeroed first. The maximum electrical inputs of
the conditioners, i.e., the full output signals of sensors, were set to 100 mv for all sensors.
The spans of the conditioners were adjusted so that the output signals of conditioners were
100 times the electrical input of the conditioners. The excitation voltages were adjusted to 7.5
VDC for the Kulite type 0234 pressure cells, 10 VDC for the Geokon 3500 pressure cells,
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and 2.5 VDC for the strain gages. The LVDTs that contain built-in signal conditioners were
connected to a terminal board with a power supply. The power input for the LVDT internal
conditioners was 15 VDC dual power supplied by a linear regulated power supply with AC-
DC dual tracking outputs. The electrical output of the LVDTs was +5 VDC. The output
signals (voltage) of all the sensors were sent through the BNC cable to the FlexTest GT test
controller, which digitized the output signals of all sensors (voltage). The digitized output
signals (binary digit) were sent to the software program. The software then converted the
digitized output signals of all sensors to engineering units (psi, €%, and in.).

A separate acquisition system was used for the VW pizometers because the FlexTest GT test
controller cannot read the vibration wire sensors. This data acquisition system, as shown in
Figure 13b, consisted of Geokon Model 8032 16/32 channel multiplexers and a Geokon
Model 8020 MICRO-10 Datalogger connected to a laptop computer running a Mutilogger
Software package marketed by Canary Systems, Inc. The detailed description of this system
can be found in Abu-Farsakh et al. [37].

(b) Data acquisition system for piezometer

Figure 13
Data acquisition system
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Instrumentation, Preparation and Calibration. A single active strain gage element
in a quarter Wheatstone Bridge configuration was used in this study. Three dummy resistors,
a matched pair (MR2-350-128), and a precision resistor (S-120-01) to match the strain gage
resistance were chosen for bridge completion. Grid surface preparation involved degreasing
with isopropyl alcohol, abrading the surface of the rib with a fine grit sand paper in diagonal
directions, surface conditioning, and neutralizing followed by bonding the gage to the grid
using adhesive resin. The strain gages and lead wires were protected by water-proof silicone
rubbers. The strain gages were statically calibrated in the laboratory using the United
Mechanical Testing Machine SFM-30E manufactured by the United Calibration Corporation.
The test follows the procedure described in the ASTM D6637-01. The measured strain data
presented in this study were corrected based on the calibration test results. The corresponding
strain correction factors were 1.1 in machine direction and 1.07 in cross-machine direction
for GG1 geogrids and 1.07 for GG2 geogrids. More details of calibration of strain gages are
available in Abu-Farsakh et al. [37].

All other sensors were calibrated by the manufacturers before shipment to the laboratory.
However, before the sensors were installed, they were checked again in the laboratory to
check if they were functioning properly with the factory calibration factors. The LVDTs were
calibrated by comparing the electrical outputs of the LVDTs and the readings of a
micrometer. To provide an optimum calibration, the method of least squares was used to fit a
series of data pairs. Plotting these data also allows us to check the LVDTs for any possible
non-linearity.

The pressure cells were calibrated by simply placing increments of known dead weight on
the cells before each installation. The applied pressures and the measured pressures were
compared to verify the calibration factors provided by the manufacturer. The method of least
squares was then used to fit the data pairs.

The piezometers were calibrated by simply placing them at the bottom of a container and
measuring the height of water in increments. The applied and measured water pressures were
compared to verify the factory calibration factors. Although the calibration techniques for the
pressure cells and piezometers may not be very accurate, it is simple and gave the authors
confidence that the measured stresses and pore water pressures were accurate. Each
piezometer was deaired by inserting it in a water-filled tube with the gap sealed with grease
and then applying a vacuum until no bubbles were visually observed. The piezometers were
kept in deaired water to maintain saturation condition until installation.
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Field Cyclic Plate Load and Rolling Wheel Load Tests

Two series of tests, cyclic plate load tests and rolling wheel load tests, were conducted to
investigate the field performance of raw BCS, stabilized BCS, stabilized RAP, and stabilized
soil as base/subbase materials and to identify the differences in pavement response to cyclic
plate and rolling wheel loads.

Test Facilities
Cyclic Plate Load Tests. Cyclic plate loads were applied using an MTS hydraulic

actuator, which has a force rating of 22 kips (100 kN) and a dynamic stroke of 6 in. (152.4
mm). Figure 14 presents a photo of the cyclic plate loading test setup. The cyclic load was
applied through a steel rod that fits into a concave-shaped hole on the loading plate that sits
directly on the surface of the HMA (hot mix asphalt) layer. The loading plate used has a 1-in.
(25.4-mm) thick steel plate and a 12 in. (305 mm) diameter. The maximum applied load in
all tests was 12,000 Ib. (53 kN), which results in a loading pressure of 106 psi (732 kPa) that
simulates the dual wheels under an equivalent 18,000 Ib. (80 kN) single axle load. The load
pulse, as shown in Figure 15, has a linear load increase from 500 Ib. (2.2 kN) to 12,000 Ib.
(53 kN) in 0.3 second, followed by a 0.2-second period where the load is held constant at
12,000 Ib. (53 kN), followed by a linear load decrease to 500 Ib. (2.2 kN) over a 0.3-second
period, then followed by a 0.5-second period of 500 Ib. (2.2 kN) (rest period), before the next
loading cycle is applied. This load pulse results in a frequency of 0.77 Hz.

Rolling Wheel Load Tests. The rolling wheel loads were applied using an Australia-
designed ALF (Accelerated Load Facility) (Figure 16), which simulates half of a single axle
with ”X” ZE Michelin dual tires. The load is adjustable from 9,750 Ib. (43.4 kN) to 18,950
Ib. (84.4 kN). The starting load was 9,750 Ib. (43.4 kN). The load was increased to 12,050 Ib.
(53.6 kN) after 175,000 cycles (241,039 ESALS), then to 14,350 Ib. (63.8 kN) after 225,000
cycles (401,714 ESALs), and then to 16,650 Ib. (74.1 kN) after 325,000 cycles (1,048,019
ESALS). The tire pressure was set to 105 psi (724 kPa). The shape of the applied load was
approximated as two 6-in. (152.4-mm) apart uniformly loaded rectangular areas [9 in. (228.6
mm) x 10.7 in. (271.8 mm)], as shown in Figure 16, in this study. With a computer-
controlled load trolley, the weight and movement of traffic were simulated in one direction at
a speed of 10.5 mph (16.8 km/h). Lateral wander normally distributed over a width of 30 in.
(762 mm) 15 in. (381 mm) at each side of the pavement centerline) was considered in this
experiment.
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Figure 14
Cyclic plate load testing equipment
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Load pulse applied in the test
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Figure 16
Rolling wheel load testing facility

Pavement Test Sections
Seven pavement testing sections were constructed at the Louisiana Pavement Research

Facility (PRF) site (Figure 17) using normal highway construction equipment and
procedures. The locations of the cyclic plate load tests and the rolling wheel load tests for
each section are shown in Figure 17. All sections consisted of a similar 2-in. (51-mm) HMA
top layer, a 8.5-in. (216-mm) base layer, a 12-in. (305-mm) subbase layer, and a similar
subgrade layer (Figure 18). Base and subbase materials varied between the different sections.
A thin HMA layer was used due to the consideration that the purpose of testing was to
investigate the performance of base/subbase materials.

As shown in Table 2, pavement test sections 1, 2, 3, and 4 have the same subbase material,
lime treated soil (LTS), with various base course materials: raw BCS, Class C fly ash
stabilized BCS, 120 grade GGBFS stabilized BCS, and crushed limestone, respectively.
Pavement test sections 5, 6, and 7 have cement treated soil (CTS) subbase material with base
course materials of crushed limestone, FA stabilized RAP, and FA stabilized RAP and soil
cement blend, respectively.
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Section 7 Section 6
30 ft(9m)
I&Section 1 Section 2 Section 5
Section 3 Section 4
107.5 ft (33 m) 107.5 ft (33 m)

Cyclic plate load testing location

Figure 17
Plan layout of testing sections (not to scale)

Figure 18
Pavement structure of testing sections (not to scale)

Table 2

Combination of base/subbase materials in

Rolling wheel load testing location

pavement test sections

. Rolling wheel load| Cyclic plate load
Section Base Subbase Test Start| Test End|Test Start| Test End
1 BCS+LTS Raw BCS N/A N/A | 11/2008 | 12/2008
Class C flyash (15% by Lime

2| BCS/Flyash+LTS volume) stabilized BCS | (10% by 10/2005 |10/2006| 12/2008 | 01/2009
120 grade GGBFS (10% | volume)

3| BCS/Slag+LTS by volume) stabilized BCStreated soil 10/2005 |10/2006| 10/2008 | 11/2008

4 LS+LTS Crushed limestone 01/2007 |04/2007 | 05/2008 | 06/2008

5 LS+CTS Crushed limestone Cement |01/2007 {08/2007| 06/2008 | 07/2008

6| 100%RAP/FA+CTS | FA stabilized 100% RAP | (8% by |01/2007 |07/2007|08/2008 | 09/2008
50%RAP50%SC/FA| FA stabilized 50%RAP | volume)

/ + CTS and 50% soil cement blendjtreated soil 1072005 | 06/2006| 01/2009 | 02/2009
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Pavement Layer Materials
Hot Mix Asphalt (HMA) Concrete. A 19-mm Superpave mixture, designed for

intermediate volume roads (3-30 million ESALS) in Louisiana, was used as the surface layer
in all test sections. The mixture contained 14.3% RAP materials. The optimum asphalt binder
content was 4.4%, including 3.7% PG76-22 virgin binder and 0.7% recycled binder (from the
RAP). Laboratory results for HMA cores, which were taken at the time when the rolling
wheel load tests were performed and at the time when the cyclic plate tests were performed,
indicated similar resilient modulus of about 450 ksi (3100 MPa) at the room temperature.

Base Course Materials. Six types of base materials were tested. Raw BCS base was
designed for section 1. Two different types of stabilization agents were added to improve the
water resistance of BCS. One is 10% Grade-120 ground granulated blast furnace slag by
volume (section 2); and the other is 15% Class C fly ash by volume (section 3). The base
course material used for sections 4 and 5 was Kentucky crushed limestone. The foamed
asphalt stabilized bases were designed for sections 6 and 7, according to the standard Wirtgen
Cold Recycling Manual. The mixture for section 6 consisted of 97.5% RAP and 2.5% PG58-
22 binder; while the mixture for section 7 consisted of 48.6% RAP, 48.6% recycled soil
cement and 2.8% PG58-22 asphalt binder. The designed air voids for sections 6 and 7 were
15.3% and 20.3%, respectively. The RAP had a 100% passing 0.75 in. (19 mm) opening
sieve, a 97% passing 0.5 in. (12.7 mm) opening sieve, a 65% passing No. 4 opening sieve,
and a 9% passing No. 200 opening sieve with an asphalt content of 4.8%. The physical and
mechanical properties of the base course materials determined from the laboratory tests are
summarized in Table 3[33 and 38].

Subbase and Subgrade Material. A silty-clay embankment soil, having a liquid
limit of 31 and a plastic index (PI) of 12, was used as the subgrade soil. This soil contains
60.3% silt and 23.5% clay. The top 12 in. (305 mm) of the subgrade was treated with lime or
cement to provide a subbase layer of low plasticity and low water susceptibility. For lime
treated soil (LTS) sections (sections 1, 2, 3, and 4), 10% lime was added to the top 12 in.
(305 mm) of the subgrade soil by volume. For CTS sections (sections 5, 6, and 7), 8%
cement was added to the top 12 inch (305 mm) of the subgrade soil by volume. The physical
and mechanical properties of untreated and lime/cement treated subgrade soils are
summarized in Table 4 [38].
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Table 3

Properties of base materials

BCS BCS BCS C_:rushed 100% | 50%RAP
[Flyash | /Slag |Limestone |[RAP/FA|50%SC/FA
UCS (psi)! sa52| 605, [ 6727° 1 \a A | A
(65.8°) | (5.09
M, (psi)* 80,061| 89,923 |105,196 | 40,030 | 30,023 | 32,924
g (%)° 0.1191| 0.0155 | 0.0048 | 0.2734 | 2.1101 | 0.5057
Sieve size (in.) | Sieve size (mm) Gradation (% passing)
2 50 100 100 100 100 100 100
1.5 37.5 98 98 98 100 100 100
1 25 95 95 95 97 100 100
3/4 19 91 90 91 88 94 95
1/2 12.5 85 83 76 74 79 83
3/8 9.5 81 79 69 67 66 72
#4 4.75 71 71 54 50 43 52
#8 2.36 63 64 41 36 29 38
# 16 1.18 60 61 35 26 19 29
# 30 0.6 59 59 31 20 11 21
# 50 0.3 57 57 29 15 5 15
# 200 0.075 56 54 27 11 3 10
Optimum moisture content 11.3 125 115 6.3 7.5 10.0
Maximum dry unit weight (Ib/ft®) | 110 119.7 110.1 150.9 126 118.4
uscs® N/A | N/A N/A GM GP GM
AASHTO N/A N/A N/A A-1-a A-1-a A-1-a

'UCS: unconfined compressive strength “unsoaked after 28 days of curing in the lab; *soaked

after 28 days of curing in the lab; *resilient modulus after 28 days of curing in the lab (cq =
15 psi (103.4 kPa), o = 5 psi (34.5 kPa)); *permanent deformation after 28 days of curing in
the lab (o4 = 15 psi (103.4 kPa), o, = 5 psi (34.5 kPa), N = 10,000); USCS: Unified Soil

Classification System.

Table 4

Properties of subbase and subgrade materials

Subgrade Lime treated Cement treated
soil subbase | soil subbase

UCS (psi)* N/A N/A 233.5

M, (psi)? 5,656 20,595 62,366

g (%)° 0.283 0.0071 0.0043
Optimum moisture content 18.5 N/A N/A
Maximum dry unit weight (Ib/ft%) 108.9 N/A N/A
Liquid limit 31 N/A N/A
Plastic index 12 N/A N/A
USCS CL N/A N/A
AASHTO A-6 N/A N/A

Lafter 7 days of curing in the lab; “resilient modulus after 28 days of curing in the lab (o4 = 6
psi (41.4 kPa), o = 2 psi (13.8 kPa)); 3permanent deformation after 28 days of curing in the
lab (o4 = 6 psi (41.4 kPa), o = 2 psi (13.8 kPa), N = 10,000).
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DISCUSSION OF RESULTS

Evaluation of Geogrid Base Reinforcement Using Cyclic Plate Load Testing

Test Results

In-Place Properties. The mean, minimum, and maximum values of the in-place
properties of the subgrade, base course, and HMA materials are summarized in Table 5,
Table 6, and Table 7, respectively, for all test pavement sections. The corresponding
coefficients of variation (CV) are also presented in the tables. The air voids, density, and
resilient modulus of the HMA were obtained from the core samples taken after the tests.

Cyclic Plate Load Tests. A total of 10 tests were conducted on different pavement
sections: one unreinforced section on strong subgrade (CBR = 8%), two unreinforced
sections on weak subgrade (CBR = 0.5%), four reinforced sections on weak subgrade with
one geogrid layer placed at the base/subgrade interface, two reinforced sections on weak
subgrade with one geogrid layer placed at the middle of the base layer, and one reinforced
section on weak subgrade with one geogrid layer placed at the upper one third of the base
layer . The traffic benefit ratio (TBR) was used to evaluate the benefit of geogrid base
reinforcement. The TBR is defined as the number of load cycles carried by the reinforced
section at a specific rut depth divided by that of an equivalent unreinforced section. The
results of the tests for unreinforced and reinforced pavement sections are summarized in
Table 8. The results of the accelerated load tests are graphically presented in Figure 19 for

different types of geogrid placed at interface. Figure 20 presents the test results for GG3 and

GG4 geogrids placed at different locations. Figure 21 shows the results of GG4 geogrid
placed at the middle of the base layer with/without the application of prime coat. The
comparison between the unreinforced weak subgrade sections, the unreinforced strong
subgrade section and the GG4 reinforced section is depicted in Figure 22.
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"Moisture content; 2Dry density; *Egs=P(1-v*)/1.77R8, P= the applied force, v=Poisson’s ratio, R=outside

Table 5

In-place properties of subgrade

. mc! DD’ Ecsg® Shear Strength

Test Section % ocf (kg/m®) ksi (MPa) nsi (kPa)?
Mean | 21.7 100 (1602) 1.29 (8.9) N/A
Unreinforced-1 Min 21.5 98.1 (1571) 1.07 (7.4) N/A
CBR=0.5% Max | 21.8 100.8 (1615) 1.51 (10.4) N/A
CV(%) | 08 1.3 18.7 N/A
Mean | 22.1 101.3 (1623) 1.20 (8.3) N/A
Unreinforced-2 Min 21.4 99.3 (1591) 0.96 (6.6) N/A
CBR=0.5% Max 22.5 102.8 (1647) 1.54 (10.6) N/A
CV(%) | 2.2 1.4 20.0 N/A
Mean | 18.7 104 1(1668) 2.78 (19.2) N/A
Unreinforced Min 18.1 103 (1650) 2.29 (15.8) N/A
CBR=8% Max | 195 106.2 (1701) 3.28 (22.6) N/A
CV(%) | 3.1 1.8 17.7 N/A

Mean | 21.6 101.1 (1620) 1.15 (7.9) 0.32 (2.17)

GGlat interface Min | 21.2 98.4 (1576) 1.02 (7.0) 0.26 (1.76)

CBR=0.5% Max | 21.8 102.8 (1647) 1.23 (8.5) 0.34 (2.35)
CV(%) | 1 1.9 7.9 12.1
Mean | 215 101 (1618) 1.16 (8.0) N/A
GG2 at interface Min 20.5 99.9 (1600) 0.96 (6.6) N/A
CBR=0.5% Max | 22.3 101.6 (1627) 1.33(9.2) N/A
CV(%) | 3.2 0.6 16.5 N/A

Mean | 21.8 100.7 (1613) 1.20 (8.3) 0.31 (2.14)

GG3 at interface Min | 20.8 100 (1602) 0.94 (6.5) 0.30 (2.06)

CBR=0.5% Max | 22.5 101.6 (1627) 1.39 (9.6) 0.34 (2.35)
CV(%) | 35 0.6 14.9 6.5

Mean | 22.3 101.4 (1624) 0.92 (6.4) 0.30 (2.06)

GG4 at interface Min | 21.2 100.1 (1603) 0.72 (4.9) 0.27 (1.88)

CBR=0.5% Max | 235 102.7 (1645) 1.30 (9.0) 0.32 (2.23)
CV(%) | 4.9 1.2 24.4 7.3

Mean | 22.1 102 (1634) 1.13(7.8) 0.39 (2.67)

GG3 at the middle Min | 21.1 100.8 (1615) 0.77 (5.3) 0.34 (2.35)

CBR=0.5% Max | 23.6 102.9 (1648) 1.55 (10.7) 0.43 (3.00)
CV(%) | 33 0.9 28 8.9

Mean | 21.6 101 (1618) 0.90 (6.2) 0.32 (2.21)

GG4 at the middle Min | 20.6 99.1 (1587) 0.78 (5.4) 0.29 (2.00)

CBR=0.5% Max | 22.5 102 (1634) 1.16 (8.0) 0.36 (2.47)
CV(%) | 33 1.1 19.9 8.1

Mean | 22.3 101.9 (1632) 1.28 (8.8) 0.40 (2.74)

GG4 at the upper Min | 20.9 100.8 (1615) 1.06 (7.3) 0.37 (2.53)

one third CBR=0.5% | Max 23.2 102.9 (1648) 1.57 (10.8) 0.43 (3.00)
CV(%) | 0.9 0.8 16 6.5

. Mean 22.7 102.2 (1637) N/A 0.41 (2.83)

Gvfi‘t‘ha:):ih;emc'ggt'e Min | 22.0 | 100.9 (1616) N/A 0.37 (2.58)

CBR=0.5% Max | 23.4 103.7 (1661) N/A 0.45 (3.11)
CV(%) | 24 1.2 N/A 7.2

radius of the Geogauge ring foot, 5=the displacement; *In-situ vane shear test.
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Table 6

In-place properties of base course
. mc! DD’ Ecg® ELrwp DCPI
Test Section % | pcf (kg/md) ksi(MPa) | ksi(MPa) | mm/blow (CBR)®
Mean | 6.1 135.0 (2162) | 22.8 (157.5) | 3.19 (22.0) 13.2 (16)
Unreinforced-1 Min N/A 134.0 (2146) 20.6 (141.8) 2.03 (14) 10.2 (22)
CBR=0.5% Max | N/A | 136.3(2183) | 24.8(170.7) | 4.35(30) 16.2 (12)
CV(%) | N/A 0.8 12.8 25.9 18.8
Mean | 6.6 138.1(2212) | 24.3(167.6) | 3.23(22.3) 9.5 (23)
Unreinforced-2 Min N/A | 133.4(2137) | 17.9(123.1) | 2.61(18) 7.6 (30)
CBR=0.5% Max | N/A | 141.0(2259) | 28.6 (197.4) | 4.06(28) 12.1 (18)
CV(%) | N/A 2.4 16.7 14.7 24.8
Mean | 6.3 136.2 (2182) | 23.1(159.6) | 3.54 (24.4) 10.3 (21)
Unreinforced Min N/A | 133.4(2137) | 22.2(153.1) | 2.90(20) 9.9 (22)
CBR=8% Max | N/A | 138.7(2222) | 24.1(166.2) | 4.50 (31) 10.6 (21)
CV(%) | N/A 2 4.1 15.2 3.1
Mean | 6.0 139.2 (2230) | 17.7(122.2) | 3.83(26.4) 9.1 (25)
GGlat interface | Min N/A | 137.1(2196) 12.8 (88.0) 3.05 (21) 7.9 (29)
CBR=0.5% Max | N/A | 140.8(2255) | 23.5(162.0) | 4.79 (33) 10.0 (22)
CV(%) | N/A 1.0 31 13.9 11.2
Mean | 6.1 136.9 (2193) N/A 3.16 (21.8) 10.4 (21)
GG2 at interface | Min N/A | 133.8(2143) N/A 2.90 (20) 8.5 (27)
CBR=0.5% Max | N/A | 139.9 (2241) N/A 3.77 (26) 13.6 (16)
CV(%) | N/A 2.1 N/A 7.2 20.3
Mean | 6.4 138.8 (2223) | 24.5(168.7) | 4.47 (30.8) 9.2 (24)
GG3 at interface | Min N/A | 137.6(2204) | 20.0(138.1) | 3.63(25) 7.9 (29)
CBR=0.5% Max | N/A | 140.3(2247) | 28.4(195.8) | 5.37(37) 9.9 (22)
CV(%) | N/A 1.0 14.9 10.6 10.1
Mean | 6.1 141.4 (2265) | 25.7(177.2) | 3.81(26.3) 10.0 (22)
GG4 at interface | Min N/A | 138.4(2217) | 19.6(134.8) | 2.90(20) 8.7 (26)
CBR=0.5% Max | N/A | 144.7(2318) | 33.9(234.0) | 4.50(31) 11.6 (19)
CV(%) | N/A 1.8 24.1 9.0 13.1
GG3 at the Mean | 5.9 137.9 (2209) | 20.5(141.5) | 4.12(28.4) 9.3 (24)
middle Min N/A | 135.1(2164) | 16.7 (114.9) | 3.63(25) 8.5 (27)
CBR=0.5% Max | N/A | 140.8(2255) | 28.7(197.8) | 4.50 (31) 11.1 (20)
CV(%) | N/A 2.1 24 6.6 10.8
GG4 at the Mean | 6.5 139.4 (2233) | 24.7(170.1) | 3.95(27.2) 8.9 (25)
middle Min N/A | 136.2(2182) | 19.4(134.1) | 3.48(24) 8.3 (27)
CBR=0.5% Max | N/A | 141.9(2273) | 29.3(201.7) | 4.35(30) 9.2 (24)
CV(%) | N/A 2.1 15.4 6.6 23
GG4 at the Mean | 6.4 141.5 (2267) | 17.7(122.0) | 4.51(31.1) 9.0 (25)
upper one third Min N/A | 139.7(2238) | 14.5(100.0) | 3.92(27) 8.4 (27)
CBR=0.5% Max | N/A | 143.8(2303) | 20.9 (144.0) | 5.66(39) 9.8 (23)
CV(%) | N/IA 1.5 16.1 3.0 8.0
GG4 at the Mean | 6.0 140.3 (2247) N/A 3.41 (23.5) N/A
middle with Min N/A | 137.2(2198) N/A 2.90 (20) N/A
prime coat Max | N/A | 143.9 (2305) N/A 3.92 (27) N/A
CBR=0.5% CV(%) | N/A 1.8 N/A 9.3 N/A

"Moisture content; 2Dry density; *Egs=P(1-v*)/1.77R8, P= the applied force, v=Poisson’s ratio, R=outside
radius of the Geogauge ring foot, d=the displacement; ‘E, rwp=2(1-v*)oR/3., o=the applied stress, R=the
loading plate radius of LFWD, .=center deflection of the loading plate; >The number listed in parentheses () is
the estimate CBR, = 292/DCPI**,
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Table 7

In-place properties of HMA
. Ego ELrwo- | Density | Air Voids M2 Shear Modulus®
Test Section ksi (MPa) | ksi (MPa) | (pcf) %) | ksi(MPa) | ksi (MPa)

Mean | 53.2(367) | 7.57 (52.2) | NIA N/A N/A N/A
Unreinforced-1 Min 37.7 (260) | 6.38 (44) N/A N/A N/A N/A
CBR=0.5% Max | 60.8 (419) | 9.72(67) | NIA N/A N/A N/A
CV(%) | 201 17.8 N/A N/A N/A N/A
Mean | 55.4 (382) | 7.32 (50.5) | 137.3 102|381 (2,630) N/A
Unreinforced-2 Min 36.5(252) | 6.09 (42) | 132.7 8.5 N/A N/A
CBR=0.5% Max | 72.7 (501) | 8.41(58) | 1415 12.7 N/A N/A
CV(%) | 246 11.8 2.4 18.1 N/A N/A
Mean | 54.9 (378) | 8.70 (60.0) | N/A N/A N/A N/A
Unreinforced Min 41.4 (285) | 6.67 (46) N/A N/A N/A N/A
CBR=8% Max | 64.8 (447) | 11.80 (81) | NI/A N/A N/A N/A
CV(%) | 2658 20.8 N/A N/A N/A N/A

Mean | 59.0 (407) | 8.85 (61.0) | 146.5 6.4 | 405(2,792)| 1759 (12128)

GGlatinterface | Min | 47.8(330) | 6.38 (44) | 144.2 4.7 N/A 1250 (8618)

CBR=0.5% Max | 65.3 (450) | 10.20 (70) | 149.1 7.9 N/A 2570 (17720)
CV(%) 11.9 13.8 1.0 24.7 N/A 26.6
Mean | 51.2(353) | 7.28 (50.2) | 137.0 9.2 431(2,970) N/A
GG2atinterface | Min | 45.5 (314) | 5.22(36) | 135.3 7.9 N/A N/A
CBR=0.5% Max | 61.9 (427) | 10.30 (71) | 138.2 11.0 N/A N/A
CV(%) 12.3 25 1.1 153 N/A N/A

Mean | 55.3 (381) | 8.99 (62.0) | 146.8 6.2 |321(2,213)| 1859 (12817)

GG3atinterface | Min | 45.0 (310) | 8.12(56) | 144.1 4.6 N/A 1380 (9515)

CBR=0.5% Max | 60.5(417) | 10.20 (70) | 149.3 7.9 N/A 2500 (17237)
CV(%) 115 5.4 1.1 16.9 N/A 19.8

Mean | 57.8 (399) | 9.69 (66.8) | 145.3 6.9 | 393 (2711) | 1499 (10335)

GG4 atinterface | Min | 45.7 (315) | 8.70 (60) | 143.6 4.8 N/A 1170 (8067)

CBR=0.5% Max | 68.0 (469) | 11.00 (76) | 148.7 8.1 N/A 2670 (18409)
CV(%) 14 5.8 1.1 13.2 N/A 29.3

Mean | 56.1(387) | 7.31 (50.4) | 140.0 9.8 | 420(2,899)| 1481 (10211)

GG3 at the middle | Min | 51.8 (357) | 6.67 (46) | 138.0 8.9 N/A 870 (5998)

CBR=0.5% Max | 59.6 (411) | 7.98 (55) | 141.3 11 N/A 2410 (16616)
CV(%) 6.5 6.3 1.2 11.1 N/A 29.7

Mean | 58.7 (405) | 9.96 (68.7) | 146.0 6.7 |3610 (2,488)] 2503 (17258)

GG4 at the middle | Min | 55.6 (384) | 8.41(58) | 144.9 5.6 N/A 2020 (13927)

CBR=0.5% Max | 65.0 (449) | 11.00 (76) | 147.7 7.4 N/A 2980 (20546)
CV(%) 6.4 7.4 1.0 14.1 N/A 13.3

Mean | 58.0 (400) | 9.47 (65.3) | 146.3 6.5 | 407 (2806) | 1951 (13452)

GG‘LﬁLt&eirLépper Min | 33.1(228) | 8.12(56) | 1450 | 5.1 N/A 1210 (8343)

CBR=0.5% Max | 73.0 (503) | 11.20 (77) | 148.1 7.9 N/A 2700 (18616)
CV(%) 27 7.0 11 153 N/A 23.7
GG4 at the Mean N/A_ |10.40 (715)| 1465 6.3 |378(2,607) N/A
middle with Min N/A 9.14 (63) | 1452 5.2 N/A N/A
prime coat Max N/A 11.30 (78) | 148.7 76 N/A N/A
CBR=0.5% CV(%) N/A 6.4 1.0 137 N/A N/A

'Eg6=P(1-vY)/1.77R8, P= the applied force, v=Poisson’s ratio, R=outside radius of the Geogauge ring foot,
d=the displacement; °E_ rwp=2(1-v?)oR/8,, o=the applied stress, R=the loading plate radius of LFWD, §.=center
deflection of the loading plate; * Resilient Modulus; * Measured by Portable Seismic Pavement Analyzer
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Table 8

Summary of Cyclic Plate Load Tests

. Base HMA Rut depth = Rut depth =
Reinforcement | 1. o | Thickness | 0.75 inch (19.1 mm) 1 inch (25 mm)
configuration |5 ,'(mmy |inch (mm) |Cycles | TBRY| TBR® | TBR® | Cycles | TBR®| TBR® | TBR®
Unreinforced-1 a a
(CBR=0.5%) | 12 (305)0* | 2(51)* | 1601 | — | — | — 14014 | — | — | —
Unreinforced-2 b b
(CBR = 0.5%) | 127 (323)°|2.1(528)°| 7536 | — | — | — |32962| — | — | —
Unreinforced

(average) — — 3887 | — | — — 123340 | — | — —
(CBR = 0.5%)
Unreinforced a a

(CBR = 8%) 12 (305)* | 2 (51) — | — | — — — | — | — —
GG1 (interface) b b
(CBR = 0.5%) 12.6 (319)°| 2.4 (60)° | 21482 | 5.5 | 134 29 | 49145 2.1 35 15
GG2 (interface) 12.5 b

— 0.5% . : . : . : : : :

CBR = 0.5% 317.5)° 2.2 (55.6)°| 23628 | 6.1 | 14.8 31 | 70427 | 3.0 | 5.0 2.1
GG3 (interface) b b
(CBR = 0.5%) 12.8 (325)°| 2.2 (56)" | 24872 | 6.4 | 155 3.3 |[81362 | 3.5 5.8 2.5
GG4 (interface) b b
(CBR = 0.50) |122 G11)"| 22(87)° 28735 | 7.4 | 17.9 | 38 |104223) 45 | 74 | 32
GG3 (middle) b b
(CBR = 0.5%) 12 (305)" | 2.2 (57)° | 22952 | 5.9 | 14.3 3.0 | 50663 | 2.2 3.6 15
GG4 (middle) b b
(CBR = 0.5%) |19 (302)°| 2.3(59)" 26681 | 6.9 | 167 | 35 | 59621 | 26 | 43 | 18
GG4 (upper one

third) 12.2 (310)°| 2.2 (57)° |59560| 153 | 37.2 | 79 | —F | — | — | —
(CBR = 0.5%)
GG4 (middle 123
with prime coat) (31'2)b 22 (57)° 47225/ 121 295 | 63 | —f | — | — | —
(CBR = 0.5%)

*Nominal thickness (measured actual thickness is not available for those sections); ° Measured actual thickness;
‘compared to unreinforced (average) (CBR = 0.5%); “compared to unreinforced-1 (CBR = 0.5%); compared to

unreinforced-2 (CBR = 0.5%); "rut depth in these tests did not reach 1 inch; —: N/A.
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Figure 19
Development of surface permanent deformation for different types of geogrid placed at
base/subgrade interface
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Development of surface permanent deformation for GG3 and GG4 geogrids placed at
different locations
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Instrumentation. As described earlier, the response time of the Geokon 3500
pressure cell is longer than that of the Kulite 0234 type pressure cell. However, based on the
measured data in this study as shown in Figure 23, there is no obvious phase lag between the
stress measured by the Geokon 3500 and the applied load.

Most of the strain gages in this study failed after 1000 cycles during the test, except for the
strain gages located at distances greater than 1.0 D (D = loading plate diameter) from the
center of the plate. As expected, the mean strain experienced by the strain gage increased in
the tensile direction with time, as shown in Figure 24, because of plastic strain accumulation.
The figure also shows that the amplitude of cyclic elastic strain increased with the increase in
the number of loading cycles (from 0.23% of cycle 1 to 0.26% of cycle 50).

The fatigue life of the foil strain gage usually decreases as the amplitude of the cyclic elastic
strain increases. A mean-strain increase in a tensile direction during cycling will also lead to
a much shorter fatigue life. At the 1000™ cycle, the strain gage located directly below the
center of plate, experienced about 0.5% permanent strain, was subjected to a dynamic strain
level of 4000 u&. Recent conversations with representatives from Vishay Micro—
Measurements indicated that no bondable foil strain gages can survive for long periods at
such high amplitude of cyclic elastic strains with the permanent strain increasing in the
tensile direction. This limitation of bondable foil strain gages motivated the authors to look
for a new instrumentation strategy to better measure the strain distribution along the geogrids
in future tests.

Surface Deformation and Contour

Figure 19, Figure 20, Figure 21, and Figure 22 illustrate the development of rut depth
(permanent deformation) with number of load cycles for the different tested pavement
sections. The permanent surface deformation was calculated by averaging the readings of the
two LVDTs sitting on top of the loading plate. The results show the trend that the permanent
deformation accumulated with the increase in the number of load cycles. The rut depth
increase was fast at the early stage of the loading cycles; however, the rate of increase in rut
depth decreased with the increase in the number of load cycles. By comparing the reinforced
sections with the unreinforced sections, one can observe the benefit of geogrid base
reinforcement on the rutting behavior of the pavement sections. For example, at 30,000
loading cycles, the total deformation decreased from 1.03 in. (26.2 mm) for the average of
unreinforced weak sections down to 0.65 in. (16.4 mm) for the geogrid reinforced section
(GG4 geogrid placed at the upper one third of the base layer). The corresponding TBR values
determined for the different geogrid base reinforced sections at the rut depth of 1 in. (25.4
mm), as shown in Table 8, are greater than 2.1. Figure 22 also shows that the unreinforced
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pavement section on strong subgrade performed much better than reinforced sections on
weak subgrade. This suggests that the strength of subgrade is crucial to the performance of
geogrids reinforcement in pavement systems.

The profiles of surface deformation were measured using the eight LVDTs described in
Figure 12. Figure 25 demonstrates that the reinforced sections exhibited lower levels of
surface deformations than the unreinforced sections tested on same subgrade strength. The
figure also shows that a small amount of tilt occurred in the loading plate. This may be due to
local variations in the properties of the HMA, the base course, or the subgrade.
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Effect of Properties and Type of Geogrid

Four different types of geogrids were used in this study. The properties of these geogrids
were presented earlier in Table 1. The GG1 and GG2 geogrids are made of the same material
and have similar aperture size, but GG2 has a higher tensile modulus than GG1 (Table 1).
Figure 19 shows that the pavement section with GG2 geogrid base reinforcement performed
better than the section with GG1 geogrid reinforcement. The same observation was also
obtained for GG3 and GG4 geogrds (same material and similar aperture size). Overall, the
improvement in the performance of pavement sections increases as the tensile modulus of the
geogrid increases (Figure 19). Meanwhile, no clear relationship was observed between the
performance and the aperture stability modulus of the geogrid in this study although Giroud
and Han (2004) selected this property instead of tensile modulus of geogrid to develop their
design method for unpaved road. The triaxial geogrid GG3 performed better than the biaxial
gegorid GG2, which has a similar tensile modulus but with a different aperture shape
(geometry) compared to the GG3 geogrid. For the conditions examined in this study, the
TBR was increased from 6.1 for the biaxial geogrid GG2 to 6.4 for the triaxial geogrid GG3
at a rut dept of 0.75 in. (19 mm).

Effect of Location of Geogrid

The effect of geogrid location was investigated by using GG3 and GG4 geogrids. The
following reinforcement configurations were selected to study this effect: placing geogrid at
the base/subgrade interface, at the middle of the base layer, and at the upper one third of the
base layer. It can be seen from Figure 20 that the pavement section with geogrid placed at the
upper one third of the base layer has the best performance, followed by the pavement section
with geogrid placed at the subgrade/base interface, and then by the pavement section with
geogrid placed at the middle of base layer.

It should be mentioned here that for pavement sections with geogrid placed at the middle of
base layer, the geogrid was laid on top of a 6-in. (152-mm) thick compacted limestone
aggregate layer. Loose limestone aggregate was then placed over the geogrid and compacted
to the target density. For pavement section with a geogrid layer placed at the upper one third
of the base layer, the geogrid was laid on top of a layer of loose limestone aggregate [2 in.
(51 mm) thick in compacted state] and sandwiched by another layer of loose limestone
aggregate [4 in. (102 mm) thick in compacted state] over it. Both crushed limestone layers
were then compacted together to the target density.

In the general construction procedure, the support soil layer (i.e., the soil placed under the
geogrid) is usually compacted to the target density. Next, the geogrid is laid on top of this
compacted soil layer. Then, the confined soil layer is placed over the geogrid. When the
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confined soil layer is compacted over the geogrid, two cases need to be identified and
discussed:

1. If both the support and confined soil layers of the geogrid are crushed limestone
aggregate (i.e., geogrid placed within the base layer), then it is difficult for the
crushed limestone aggregate of the confined layer to partially penetrate and project
through the geogrid apertures during the compaction process because the support
layer has approximately smooth surface, as shown in Figure 26a. As such, it is
difficult to create the adequate geogrid-base interlocking needed to mobilize the
geogrid reinforcement. This might explain why the geogrid placed at the middle of
base layer did not perform well in this study.

2. When the geogrid is placed at the base-subgrade interface, it is relatively easy for the
crushed limestone aggregate of the confined layer to partially penetrate and project
through the geogrid apertures during the compaction process to create the adequate
geogrid-base interlocking needed to mobilize the geogrid reinforcement, as shown in
Figure 26b.

A new construction technique was implemented in this study for the geogrid placed at the
upper one third of the base layer to improve the interlocking between the geogrid and the
crushed limestone aggregate. The geogrid was laid on top of loose support aggregate layer [2
in. (51 mm) thick in compacted state] and then sandwiched by the upper confined aggregate
layer 4 in. (102 mm) thick in compacted state]. Both the support and the confined aggregate
layers were compacted together so that the crushed limestone aggregates can partially
penetrate and project through the geogrid apertures, as shown in Figure 26¢. This
construction technique achieved very promising results. The enhanced performance can be
seen in Figure 20, which shows that the pavement section with the geogrid placed at the
upper one third of the base layer performed significantly better than the rest of the pavement
sections.

To improve the interaction between geogrid and the crushed limestone aggregate for geogrid
placed at the middle of base course layer, a prime coat was applied to the surface of the
compacted support layer before placing the geogrid to promote bonding with the subsequent
confined layer. As such, adequate geogrid-base interaction could be created. Very
encouraging results were achieved using this construction technique. The enhanced
performance can be easily seen in Figure 21, which shows that the pavement section with
prime coat applied to the compacted support layer performed significantly better than that
without the application of prime coat. The TBR was increased from 6.9 to 12.1 at a rut dept
of 0.75 in. (19 mm) (Table 8).
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Possible configurations at the geogrid interface

Stress Distribution and Vertical Permanent Strain within Subgrade

The vertical stress distribution at 3 in. (76 mm) below the subgrade/base interface and along
the centerline of the loading plate obtained at the end of 30,000 cycles for both geogrid
reinforced and unreinforced weak sections are shown in Figure 27. The measured stresses
represent the total vertical stresses induced by the peak load during each cycle (the stresses
induced by the weight of soil are not included). The figure demonstrates that, when geogrids
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were included, the load was redistributed over a wider area within the reinforced test
sections, resulting in an improved stress distribution on top of the subgrade layer. The
magnitude of vertical stress was decreased directly below the plate and increased slightly
away from the plate in the reinforced test sections compared to the unreinforced sections.

Among all pavement sections, the pavement section with GG4 geogrid placed at the upper
one third of the base layer, which has the best performance in terms of TBR, provided the
best attenuation of the vertical stress on top of the subgrade below the center of loading. In
general, the higher the geogrid tensile modulus, the higher the reduction in the maximum
vertical stresses on top of the subgrade under similar conditions.

The improved stress distribution leads to less accumulation of permanent deformation in the
subgrade layer. Figure 28 presents the permanent vertical strain accumulated in the subgrade
layer beneath the center of the loading plate. Although no permanent vertical strain was
measured for the unreinforced section due to the fact that a soil strain gage was not available
at that time, it still can be seen from Figure 27 and Figure 28 that the permanent vertical
strain in the subgrade is directly related to the vertical stress, i.e., the lower the maximum
vertical stress on top of the subgrade, the lower the permanent vertical strain in the subgrade.

200
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—e—GG1 reinforced section (interface) 1 25
-8 GG2 reinforced section (interface)
150 ——-GG3 reinforced section (interface)
—o-GG4 reinforced section (interface) 1
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Figure 27
Vertical stress distribution at N = 30,000 [at 3 in. (76 mm) below the top of subgrade]
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Strain Distribution along the Geogrid

The variations of strains measured along the centerline of the geogrids for different load
cycles are presented in Figure 29 through Figure 33. Under cyclic load testing, the strain
gages experienced both accumulation of residual (plastic) strains and relatively high dynamic
strain level, causing them to stop working after about 1000 loading cycles. As such, the
figures only present the strain distribution up to 1000 cycles. The figures showed that
significant permanent tensile strains were developed in the geogrids, which are believed to
restrain the lateral movement of the base course aggregates. The highest measured tensile
strains were observed at the point beneath the center of the loading plate, where the
maximum lateral movements of the base course aggregates were expected to occur, and
became almost negligible at a certain distance. This distance is about 1.5 D (D: loading plate
diameter) from the center of the loading plate for geogrid placed at the subgrade/base
interface, and about 1.0 D from the center of loading plate for geogrid placed at the middle of
the base course layer. The maximum measured strains in geogrids were well below the
failure strains for geogrids. The figures also show that the permanent strains are almost
similar for different geogrids placed at the same location.
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Figure 29
Permanent strain distribution along the centerline of GG1 geogrid placed at the
base/subgrade interface (D: loading plate diameter)
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Figure 30
Permanent strain distribution along the centerline of GG2 geogrid placed at the
base/subgrade interface (D: loading plate diameter)
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Permanent strain distribution along the centerline of GG3 geogrid placed at the
base/subgrade interface (D: loading plate diameter)
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Figure 32
Permanent strain distribution along the centerline of GG3 geogrid placed at the middle
of base layer (D: loading plate diameter)
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Figure 33
Permanent strain distribution along the centerline of GG4 geogrid placed at the middle
of base layer (D: loading plate diameter)

Pore Water Pressure within Subgrade

The development of pore water pressure for geogrid reinforced and unreinforced pavement
sections measured at the point directly below the center of the plate are shown in Figure 34a.
It is interesting to notice that the pore water pressure was initially built up at a relatively fast
rate until reaching a peak value, followed by gradual dissipation after that. This trend is
similar to that of the amplitude of the cyclic elastic surface deformation as shown in Figure
34b. Several researchers showed that the generation of excess pore water pressure in the soil
is controlled mainly by the amplitude of cyclic shear strain during cyclic loading [39]. For a
given soil, there exists threshold cyclic shear strain amplitude above which the excess pore
water pressure accumulates with the number of cycles and below which such an
accumulation does not occur. The cyclic shear strain amplitude within the subgrade should be
somehow related to the amplitude of the cyclic elastic surface deformation of the pavement.
A similar trend between the pore water pressure and the amplitude of cyclic elastic surface
deformation is explained below.

As shown in Figure 34b, the amplitude of cyclic elastic surface deformation was initially

larger than the threshold value, in which the excess pore water pressure accumulated
continuously with the number of cycles, and rapidly increased to the peak value. Thereafter,
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the amplitude of cyclic elastic surface deformation gradually decreased below the threshold
value, in which the excess pore water pressure did not accumulate with the number of cycles.
Meanwhile, the excess pore water kept dissipating toward the outside area. For the
unreinforced section (Figure 34a), after initial increase and decrease in the excess pore water
pressure, the pore water pressure started increasing again at around 100,000 s. This
observation is consistent with the change of the amplitude of cyclic elastic surface
deformation at this time as shown in Figure 34b.

General Comments

In this study, the benefits of using geogrid base reinforcement to reduce the rut depth of the
pavement sections has been clearly demonstrated through the results of laboratory cyclic
plate load tests on reinforced test sections. As compared to the stationary cyclic plate load
test that applies vertical concentrated load, the real traffic involves moving wheel loads with
wander. As such, the performance of geogrid base reinforcement due to real traffic loads
could be different from that due to stationary cyclic plate loads. Under a rolling wheel load, a
pavement element within the plane of the wheel track experiences various combinations of
vertical, horizontal, and shear stresses with an extension-compression-extension multiple
stress path and continuous rotation of the principal stresses. Both extension-compression-
extension multiple stress path loading and traffic wander can cause the recurring movement
and rearrangement of the particles and, thus, result in a dramatic degradation of the unbound
aggregate layer, which reduces the strength of the unbound materials [23, 29]. This
degradation of unbound aggregates causes more permanent deformation with future load
applications, or even may cause shear failure of the base layer. Placing geogrid at the base-
subgrade interface or within the base course layer should be able to minimize the recurring
movement and rearrangement of the particles. Accordingly, the benefits of geogrid base
reinforcement in the field could be more significant than demonstrated in the laboratory
cyclic plate load tests of this study.
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Field Load Tests on VVarious Base/Subbase Materials

Test Results

In-Place Properties. Large variation can exist on the strength/stiffness properties of
the pavement layers from time of construction to time of testing. As such, the DCP, FWD,
and Dynaflect were deployed to evaluate the in-situ strength/stiffness of the field test lane
sections at the time when the rolling wheel load tests were performed and at the time when
the cyclic plate load tests were performed. Table 9 summarizes the mean values of the field
tests obtained for the seven test lane sections.

As can be seen from DCP data, the in-situ stiffness of cementitiously stabilized soils (lime
and cement treated) under cyclic plate loads are significantly higher than those values under
rolling wheel loads due to the time gap between the rolling wheel load tests and the cyclic
plate load tests (Table 9Table 9). This aging effect will be further discussed in the subsection
“aging effect.” A slight increase of in-situ stiffness was also observed in the base layers from
the DCP test data, but the increase in stiffness of the base layers from the time of rolling
wheel load tests and the time of cyclic plate load tests is not significant compared to the
subbase layers. Both the DCP and the Dynaflect data show that the difference in stiffness of
the subgrade layer from the time of rolling wheel load tests and the time of cyclic plate load
tests is insignificant. Meanwhile, the FWD data indicated that the overall stiffness of the
100%RAP/FA+CTS section significantly decreased with time. This may be caused by
weakening the section caused by water seepage through the cracks, which will be discussed
later.

Validation of Cyclic Plate Load Test. Two cyclic plate load tests were conducted on
the 100%RAP/FA+CTS section to check the repeatability of the cyclic plate load test
equipment. The development of rutting with the number of ESALSs is shown in Figure 35. It
can be seen from the figure that the repeatability of the cyclic plate load test is within the
acceptable range. The number of cycles under a particular load is converted to the number of
ESALs using a generalized fourth power law, as show in equation (1).

P 4
ESALs = N x (9000”?) (1)

where, N is the number of load cycles under a particular load of P.
A similar pavement section consisted of a 2-in. (51-mm) HMA top layer, a 8.5-in. (216-mm)

limestone base layer, a 12-in. (305-mm) lime treated soil subbase layer, and a similar
subgrade layer was constructed in a steel test box in the laboratory. The comparison of the
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rutting development curves between the field and laboratory cyclic plate load tests on the
similar pavement sections is presented in Figure 36. As can be seen from the figure, the
development of the rutting curves followed the same trend for both the field cyclic plate load
test and laboratory cyclic plate load test. Stiffer response was observed in the field cyclic
plate load test. It is worth mentioning here that the field plate load test was conducted more
than three years after the construction of the pavement section; while the laboratory plate
load test was conducted immediately after section construction. The aging effect can be an
important factor as will be discussed later. It can be concluded that the cyclic plate load test,
in general, can provide consistent results.

Cyclic Plate Load Tests. The development of rutting with the number of ESALS
under the field cyclic plate load is shown in Figure 37. It can be seen from the figure that the
performance of the seven pavement sections can be divided into four groups in terms of the
rutting behavior. The BCS/slag+L TS and BCS/fly ash+LTS sections have the best
performance, followed by the LS+CTS, LS+LTS, and 50%RAP50%SC/FA+CTS sections,
then followed by the 100%RAP/FA+CTS section, and finally the BCS+LTS section.

Rolling Wheel Load Tests. The development of rutting with the number of ESALS
under the rolling wheel load is shown in Figure 38. In this study, the rolling wheel load test
was stopped when the pavement condition reached either of the following failure criteria: (1)
rutting failure: when the rut depth reached 0.5 in. (12.7 mm) or (2) cracking failure: when 50
percent of the trafficked area developed visible cracks (e.g. longitudinal, transverse, and
alligator cracks) more than 5 m/m?(1.52 ft/ft?). As seen from the figure, the performance of
six pavement sections again can be divided into four groups in terms of the rutting behavior.
The BCS/slag+LTS section has the best performance, followed by the BCS/fly ash+LTS
section, then followed by the LS+CTS, 100%RAP/FA+CTS, and 50%RAP50%SC/FA+CTS
sections, and finally the LS+LTS section. It should be mentioned here that the rolling wheel
load test stopped at a rut depth of about 0.35 in. (9 mm) for section 100%RAP/FA+CTS as it
reached the cracking limit. The other five pavement sections were considered to fail due to
rutting. Cracking failure behavior of the pavement sections is beyond the scope of this report.
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Table 9
In-place properties

1

2

3

4

5

6

7

Section

BCS + LTS

BCS
[fly ash +
LTS

BCS/slag +
LTS

LS+ LTS

LS + CTS

100%RAP
/FA+ CTS

50%RAP
50%SC/FA
+ CTS

wL! | PL?

wL! | PL®

wL! | PL?

WL | PL?

wL! | PL®

WwL! | PL?

WL | PL?

DCP Index (mm/blow)

Base

45 | 34

18 | 15

0.3 | N/A

39 | 21

20 | 3.3

20 | 24

48 | 3.0

Subbase

109 | 2.9

80 | 64

119 | 57

96 | 19

6.1 | 1.8

43 | 1.2

43 | 16

Subgrade

155 ] 14.0

23.8 | 335

22.0 | 16.2

18.0 | 19.0

168 | 174

10.6 | 19.1

229 | 235

DYNAFLECT

SN®

N/A | 41

33 | 38

39 | 36

1.8 | 35

25 | 34

40 | 39

3.6 | 36

M, (ksi)*

N/A | 41

42 | 41

40 | 40

3.2 | 40

34 | 41

39 | 44

43 | 4.2

M,(MPa)*

N/A | 28.3

29.0 | 28.3

276 | 27.6

221|276

234 | 28.3

26.9 | 30.3

29.6 | 29.0

Falling Weight Deflectometer (FWD)

Do, mills®

N/A | 14.0

181 ]9.71

9.13 | 9.44

159 | 153

138 | 14.8

79 1193

226 | 134

Ds, mills®

N/A | 3.01

3.66 | 3.47

3.49 | 3.19

349 14.21

3.29 | 3.92

2.53 | 3.09

331|281

D5, mills’

N/A | 2.54

3.07 | 2.78

297 | 2.66

2.89 | 3.33

2.80 | 3.16

2.23 | 2.59

2.81 | 2.40

Dg, mills®

N/A | 2.17

253 | 2.34

251 | 2.30

2451 2.79

2.37 | 2.62

1.89 | 2.24

2.35]2.10

"WL: rolling wheel load; “PL: cyclic plate load; *SN: structure number; “resilient modulus of
subgrade; *maximum deflection at 9000 Ibf load, expressed in thousandths of inches.
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Development of rut depth for cyclic plate load test
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Development of rut depth for rolling wheel load test

Comparison of Various Sections

Equivalent Modulus of Elasticity. All sections consisted of a similar HMA top layer
and similar subgrade layer. Base and subbase layer materials varied between the different
sections, and various combinations of base and subbase materials were used in the pavement
testing sections. Hence, a performance indicator, which can combine the effects of the base
and subbase layers, is needed to qualitatively rank the performance of each section. The
equivalent modulus of elasticity of the base and subbase layers can be used as an indicator.
However, conventionally, only the thicknesses of individual layers are taken into
consideration in the evaluation of the equivalent modulus of elasticity or stiffness for a
layered system, and the relative position of individual layer is ignored. Equation (2), which is
adopted in the reference manual of the National Highway Institute training course:
Introduction to Mechanistic-Empirical Pavement Design, is one example [40].

1

1/3 /3 3
_ [ EpasepasetEsyppaseNsubbase 2
Eq = (2)

hpasethsubbase

where, Eqq is the equivalent elastic modulus of the base and subbase layers; Epase IS the elastic
modulus of the base lasyer, = Mypase); Nbase 1S the thickness of the base layer; Esuppase IS the
elastic modulus of the subbase layer, = Mi(subbase); @nd hsupbase 1S the thickness of the subbase
layer.
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Equation (2) has a serious limitation since the applied stress decreases with depth, i.e., the
effect of external load decreases with depth [41, 42]. This means that the modulus of
elasticity or stiffness of the upper layer (base) is more relevant to pavement performance than
that of the lower layer (subbase). In this study, the position factor (i,) proposed by Sridharan
et al.was used to overcome this shortcoming [41]. It was defined as the ratio of the
Boussinesq stress influence factor at the mid-point of each layer (I;) to the sum of the
influence factor of each layer (Z1;). The equivalent modulus of elasticity (Eq) can then be

estimated by the suggested relation given by:

E1/3 h . 1/3 . 3
basetbaselp(base) T Esyppaseltsubbaselp(subbase)
Eeq = (3)

hpase ip(base) +hsubbase ip(subbase)

where, iypase) IS the position factor of the base layer, = I qse/ (Ipase + Isubbase); Tp(subbase) 1S
the position factor of the subbase layer, = Iy ppase/ Upase + Isubbase); Ibase 1S the Boussinesq
stress influence factor at mid-point of base layer; and Isyppase 1S the the Boussinesq stress
influence factor at the mid-point of subbase layer. For the cyclic plate load test, the stress
influence factor of a uniformly loaded circular area was used to calculate the position factor
for the base and subbase layers. The corresponding equivalent moduli of elasticity for the
various sections were presented in Table 10. For the rolling wheel load test, the shape of the
applied load can be approximated by two 6-in. (152-mm) apart uniformly loaded rectangular
areas (Figure 16). The stress influence factor beneath the center of the rectangle was used to
calculate the position factor for the base and subbase layers. Again, the corresponding
equivalent moduli of elasticity for the various sections are presented in Table 10.

Figure 37 and Figure 38 show that the BCS/slag+LTS and BCS/fly ash+LTS sections have
much better rutting performance than any other sections. By comparing the rutting
performance of different sections (Figure 37 and Figure 38) with the equivalent modulus of
elasticity of the base and subbase layers (Table 10), one can notice that without considering
the relative position of the base and subbase layers, the equivalent modulus of elasticity
[equation (2)] is not able to distinguish the performance of BCS/slag+LTS and BCS/fly
ash+LTS sections from other sections. However, by introducing the position factor, the
modified equivalent modulus of elasticity [equation (3)] enables us to recognize the reason
behind the superior rutting performance of BCS/slag+L TS and BCS/fly ash+LTS sections, as
compared to the other sections. As such, one can realize that the equivalent modulus of
elasticity irrespective of the relative position of individual layers [equation (2)] is not a good
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performance indicator of the pavement sections. However, it can be turned into a good
performance indicator by introducing the position factors [equation (3)].

Table 10
Equivalent modulus of elasticity of base and subbase layer
1 2 3 4 | 5 6 7
Section |BCS+| BCS/flyash |BCS/slag|LS +|LS +{100%RAP/FA50%RAP50%SC/FA
LTS + LTS + LTS |[LTS|CTS +CTS + CTS
Eeq (MPa)" | 269 286 354 1190|361 324 335
Eeq (MPa)” | 401 440 603 |233|314 258 275
Eeq (MPa)° | 407 447 615 |234|312 256 273

! equivalent modulus of elasticity irrespective of the relative position; * equivalent modulus
of elasticity for cyclic plate load test; ® equivalent modulus of elasticity for rolling wheel load
test.

Comparison of Raw BCS, BCS/Fly ash, and BCS/Slag Base with Limestone
Base. Pavement test sections 1, 2, 3, and 4 have the same subbase material, LTS, with
various base course materials. As shown in Figure 37 and Figure 38, both the fly ash and slag
stabilized BCS base test sections (sections 2 and 3) performed much better than the limestone
base test section (section 4) under both the cyclic plate load test and the rolling wheel load
test. It is noted that the raw BCS base section, which ranks third in the equivalent modulus of
elasticity, had the worst performance. Considering the poor water susceptibility of raw BCS,
this inferior field performance is understandable under a wet Louisiana condition. The DCP
data of the BCS base layer presented in Table 9 also shows inconsistent results as compared
to its performance. This may be explained by the previous finding that the strength of the raw
BCS only depends on its final moisture content [32]. Combining both the previous and the
current research findings, one can conclude that the 120 grade GGBFS-stabilized BCS is a
good candidate as an alternative to conventional stone base [32, 43].

Comparison of 100%0RAP/FA and 50%RAP50%SC/FA Base with Limestone
Base. Pavement test sections 5, 6, and 7 have the same subbase material, CTS, with various
base course materials. As shown in Figure 37 and Figure 38, the 50%RAP50%SC/FA base
test section (section 7) has a rutting performance nearly comparable or slightly inferior to the
limestone base test section (section 5) under both the cyclic plate load test and the rolling
wheel load test. On the other hand, while the 100%RAP/FA base test section (section 6) has a
rutting performance comparable to the limestone base test section under the rolling wheel
load, it has significantly inferior field rutting performance under the cyclic plate load test. It
should be noted here that the cyclic plate load test was performed one year after the rolling
wheel load test (Table 2), and the locations of cyclic plate load test and rolling wheel load
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test were close to each other (Figure 17). Extensive cracking was developed on the surface of
100%RAP/FA+CTS test section after the rolling wheel load test. The water can easily seep
through the cracks down to the base layer and weaken the section. Further discussions on the
comparison of the performance of the foamed asphalt stabilized RAP base sections and the
limestone base sections under rolling wheel load test in terms of cracking failure can be
found elsewhere [43].

Comparison of Lime Treated Soil and Cement Treated Soil. Pavement test
sections 4 and 5 have the same base material, crushed limestone, with various subbase course
materials. As shown in Figure 38, the lime treated soil subbase test section (section 4) has an
inferior rutting performance compared to the cement treated soil subbase test section (section
5) under the rolling wheel load. On the other hand, both test sections have comparable rutting
performance under the cyclic plate load (Figure 37). This observation is consistent with the
DCP data in Table 9. It seems that the lime treated soil (section 4) achieved comparable
strength to the cement treated soil after years. However, the lime treated soils in the other
sections do not show the same observation. This may be due to the deviation in mixing and
compaction of the lime treated soil and the possible leaching of the lime with time under the
high water table in Louisiana. More studies are needed to better understand the long-term
field performance of cementitiously stabilized soil.

Cyclic Plate Load Tests versus Rolling Wheel Load Tests

As shown in Figure 37 and Figure 38, the responses of pavement sections under the cyclic
plate load were stiffer than those observed under the rolling wheel load. In this study, the rut
depths caused by rolling wheel load tests were about 3 ~ 7 times (Table 11) higher than those
caused by cyclic plate load tests at the number of ESALs corresponding to the rutting failure
of rolling wheel load test [i.e., 0.5 in. (12.7 mm) rut depth]. There are several major factors,
such as stress conditions, lateral wander, and aging effect, which can contribute to the
differences in rutting performance between the cyclic plate load test and the rolling wheel
load test in the study.

Table 11
The ratio of rut depth for rolling wheel load test to that for cyclic plate load test
1 2 3 4 |5 6 7
Section | BCS + | BCS/Flyash |BCS/Slag|LS +|LS +[100%RAP/FA50%RAP50%SC/FA
LTS | +LTS +LTS |LTS|CTS| +CTS +CTS
N/A 5.1 6.1 7.3]6.1 N/A 3.5

" no test available for rolling wheel load; “failed due to cracking.
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Stress Conditions. In-situ pavement stresses are mainly composed of two parts:
initial in-situ stresses and stresses induced due to rolling wheel loads. Under the
unidirectional rolling wheel load, a pavement element within the plane of the wheel track
will experience various combinations of vertical, horizontal, and shear stresses with an
extension-compression-extension multiple stress path and continuous rotation of the principal
stresses, as shown in Figure 39a. On the other hand, under the cyclic plate load, various
magnitudes of vertical and horizontal stresses are experienced by a pavement element
beneath the center of the loading plate with a single compression stress path, as shown in
Figure 39b. There is no rotation of principal stresses under the cyclic plate load. The lack of
stress rotation represents a fundamental difference between the cyclic plate load test and the
rolling wheel load test. This might raise some concern about the effectiveness of the
traditional cyclic triaxial load tests, without rotation of principal stresses, on characterizing
the pavement sections. Accordingly, various advanced laboratory equipment, such as a cyclic
hollow cylinder apparatus, has been developed to better simulate the actual field conditions
[25]. However, the complexity of an advanced apparatus can limit its use in practice. The
best approach to overcome the difference in stress path is to develop a “correction factor” to
account for the principal stress rotation. Pavement engineers can then base their designs on
traditional cyclic triaxial load tests with the application of a correction factor to take into
consideration the effect of principal stress rotation on the permanent deformation of
pavement sections.

In addition, the friction between the tire and pavement during the rolling wheel load test
results in interface tangential forces, which are not applied in the cyclic plate load test. These
tangential forces induce primarily shear stress and, therefore, may result in an increase in
shear flow-induced rut depth [44].

Lateral Wander Effect. Under the rolling wheel load, the LS+LTS and the
50%RAP50%SC/FA+CTS sections were failed due to a large shear flow developed in the
base layer [8]. The upward (bulge) and downward (depression) displacement of the
pavement surface was observed during the rolling wheel load test. The pavement surface
moved downward when the wheel passed directly over the point and upward when the wheel
passed along the path close to it by wander. This is an indication that the particles in the base
layer experienced lateral movement (anti-shakedown), which resulted in the reduction of the
bearing capacity of the base layer, and thus caused the shear failure of the base layer (similar
to the general shear failure in foundation application). This might explain why the LS+LTS
section, which has an equivalent modulus of elasticity just slightly lower than the
100%RAP/FA+CTS and the 50%RAP50%SC/FA+CTS sections (Table 10), had much worse
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Stress regimes experienced by pavement element under two types of loading

performance under rolling wheel load (Figure 38). For the 50%RAP50%SC/FA base
material, although it was stabilized with asphalt binder, the use of only 2.8 percent asphalt
cement content was not able to bond the aggregate skeleton effectively at the design air void
of 20.3 percent. As such, the 50%RAP50%SC/FA base material experienced an initial
shakedown or consolidation (i.e., further densification) with possible bond breaking due to
the tensile force induced by the particle movement. After 241,000 ESALSs, a dramatic
increase in permanent deformation occurred due to the gradual reduction in the bearing
capacity of the material from lateral wander-induced particle rearrangement. On the other
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hand, the cyclic plate load caused the unbound/bound base layers to consolidate and
shakedown to a steady state, as shown in Figure 37.

For the BCS/slag+LTS section under the rolling wheel load, the load after 1,048,019 ESALs
was increased to 16,650 Ib. (74.1 kN). Under such a high load with many loading repetitions
and lateral wander effect, the BCS/slag base layer reached an incremental collapse range of
shakedown after 3,684,000 ESALs. At this stage, the BCS/slag+LTS material experienced an
excessive permanent deformation [jump from 0.2 in. (5.1 mm) to 0.5 in. (12.7 mm)].

Aging Effect. It should be mentioned that the construction of all test sections was
completed in December of 2004. The rolling wheel load test started in October 2005 for
sections 2, 3, and 7 and in January 2007 for sections 4, 5, and 6. The cyclic plate load tests
were conducted at least 10 months after the end of the rolling wheel load tests (Table 2).
Some of the tests were even performed more than two years after the end of the rolling wheel
load tests (e.g., sections 2, 3, and 7). The strength of cementitiously stabilized soils generally
increases with time through pozzolanic reactions. The mean values of the resilient modulus,
M;, for the lime treated soil and the cement treated soil at different times are shown in Figure
40. The resilient moduli were obtained using the CBR-DCPI relationship suggested by
Webster et al. and the M-CBR relationship suggested by Powell et al. [45, 46].

CBR = 292/(DCPI)*12
M, (psi) = 2555 x CBR%®*

} - M, (psi) = 96658/(DCPI)%7168 (4)

As can be seen from the figure, the resilient modulus, M, for the lime/cement stabilized soil
layer increased exponentially with time. This means that the strength/stiffness of the
lime/cement treated soils increased rapidly during the early stages of curing time and
continues to increase at a slower rate after that. The increase of M, with time (age effect) of
the treated and stabilized bases/subbases in the test sections partially contributed to the
differences between the rolling wheel tests and the cyclic plate load tests that were performed
at least 10 months later.

As mentioned earlier, two similar pavement sections, with limestone base and lime treated
soil subbase, were constructed: one at the Louisiana Pavement Research Facility site and the
other in a steel box at the LTRC GERL laboratory. While the lime treated subbase soil in the
field test section aged more than three years before the start of cyclic plate load, the lime
treated subbase soil in the laboratory test section only aged about three months. The
difference in response between the field and laboratory cyclic plate load test (i.e., the stiffer
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response of field test section), as shown in Figure 36, clearly demonstrates the effect of aging
on the performance of pavement test sections.
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General Comments

Although Figure 37 and Figure 38 show that the responses of pavement test sections under
cyclic plate load were stiffer than those obtained under rolling wheel load, the performance
of different pavement sections is generally in the same order under both loadings. In other
words, the result of the cyclic plate load test may overestimate the rutting performance of the
pavement test sections, but it can be a good performance indicator for the evaluation of the
different pavement structures. As such, the laboratory cyclic plate load test, which is faster
and cost much less than the field rolling wheel test, can be used for comparing the
performance of different test sections and for pre-selecting test sections for field testing.
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CONCLUSIONS

An indoor cyclic plate load testing equipment was developed, as part of this study, for use to
evaluate the performance of pavement sections with different base materials, different
subgrade conditions, different cross sections, as well as to evaluate new materials, new
stabilizing techniques, and new design methodologies. The testing equipment was used to
conduct a series of in-box tests aimed at evaluating the performance and benefits of geogrid
base reinforcement in flexible pavement sections over weak subgrade soils. The testing
equipment was also deployed to the PRF site for full-scale testing to evaluate the
performance of different base/subbase materials in pavement sections and to compare the
pavement response under the cyclic plate load test with that using the rolling wheel load test.
The following sections will summarize the conclusions made from these two testing
programs.

The research study also included conducting laboratory testing to evaluate the performance
of geogrid reinforced base course specimens under repeated load testing using an MTS
machine, and performing numerical parametric study to investigate the benefits of geogrid
base reinforcements in flexible pavement structures. The conclusions from these studies were
published in Report No. FHWA/LA.09/450 [1].

Evaluation of Geogrid Base Reinforcement Using Cyclic Plate Load Test

In-box cyclic plate load tests were conducted to investigate the potential benefits of using
geogrid base reinforcement in flexible pavements. The influences of various parameters
contributing to the improved performance of flexible pavement with geogrid base
reinforcement were examined. This included the tensile modulus, aperture shape (geometry),
and location of geogrid reinforcement. Also, an instrumentation program was designed to
investigate the stress distribution, permanent vertical strain, and the development of pore
water pressure in the subgrade layer and the strain distribution along the geogrid
reinforcement.

Based on the test results of the cyclic plate load tests on pavement sections with and without
geogrid base reinforcement, the following conclusions can be drawn:

e The inclusion of geogrid for base reinforcement can significantly reduce the rut depth and
extend the service life of pavement sections built on weak subgrades. The traffic benefit
ratio, TBR, can be increased up to 15 at a rut depth of 0.75 in. (19 mm) for pavement
constructed using a 12-in. (305-mm) thick base course layer over weak subgrade soil with
CBR <1 percent.
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The improvement in performance of the geogrid base reinforcement is in the same order
as to the increase of the geogrid tensile modulus. At a rut depth of 0.75 in. (19 mm), the
TBR increased from 5.5 for the biaxial geogrid GGL1 to 6.1 for the biaxial geogrid GG2,
of a higher tensile modulus. Meanwhile, the TBR increased from 6.4 for the triaxial
geogrid GG3 to 7.4 for the triaxial geogrid GG4, which has a higher tensile modulus.

The triaxial geogrids with triangular aperture geometry performed better than biaxial
geogrids with rectangular aperture geometry. At a rut depth of 0.75 in. (19 mm), the TBR
increased from 5.5 for the biaxial geogrid GG1 to 6.4 for the triaxial geogrid GG3.
Meanwhile, the TBR increased from 6.1 for the biaxial geogrid GG2 to 7.4 for the triaxial
geogrid GGA4.

The inclusion of geogrids in pavements results in redistributing the applied load to a
wider area, thus reducing the stress concentration and achieving an improved vertical
stress distribution on top of the subgrade layer. This behavior will reduce the
accumulated permanent deformation within the subgrade.

Better performance was observed when the geogrid layer was placed at the upper one
third of the base course layer thickness than that when the geogrid was placed at the base-
subgrade interface or at the middle of the base layer.

The construction method can have a significant effect on mobilizing the interaction
between the geogrid and base course aggregates. Better interlocking can be achieved by
placing the geogrid on top of a loose aggregate layer [2 in. (51 mm) thick in compacted
state], sandwiching it by another layer of loose aggregate [4 in. (102 mm) thick in
compacted state], and then compacting both layers together. A better geogrid-base
interaction can also be achieved by applying a prime coat to the surface of the support
layer before placing the geogrid, which believed to promote the bonding between the
geogrid layer and the base aggregate materials in the support and confined layers.

The strength of the subgrade is a very important factor in the performance of geogrid
base reinforcement in pavement sections.

The bondable foil strain gages, which experience both accumulation of plastic strain and
relatively high dynamic strain level, are not suitable for continuous monitoring the strain
development along the geogrid under cyclic loading tests, especially for high numbers of
load cycles. New durable instrumentation needs to be developed to measure the strain
distribution along the geogrid reinforcement under cyclic loading.



Field Tests on Various Base/Subbase ALF Test Lanes

Full-scale field tests were conducted on seven test lane sections built at the PRF site to
evaluate the performance of pavement sections with different base/subbase materials. Two
types of loading were used for comparison, the cyclic plate load test and the rolling wheel
load test. The tested sections include BCS, stabilized BCS, stabilized RAP, and stabilized
soil as base/subbase materials. The differences in pavement responses to cyclic plate load and
rolling wheel load were investigated. Based on the results of this study, the following
conclusions can be drawn:

The rut depths resulted from the rolling wheel load tests, in all test sections, were much
higher than those obtained from the cyclic plate load tests. The differences were as much
as 3 ~ 7 times between these two types of loading. This indicates that the rolling wheel
load produces much more damaging loading condition than the cyclic plate load. Three
possible factors can attribute to the difference in pavement responses under these two
types of loading conditions: principal stress rotation, friction induced tangential forces,
and lateral wander. The extension-compression-extension multiple stress path type test
with principal stress rotation (rolling wheel test) causes a much higher permanent
deformation than the single compression stress path type test with no principal stress
rotation (cyclic plate load test). The lateral wander most likely decreases the stability of
unbound and weak bound granular base materials by inducing lateral particle movement.
As such, a correction factor is needed to account for the differences between the rolling
wheel load test and the cyclic plate load test.

The resilient modulus, M, of the stabilized/treated soil increases rapidly during the early
stages of curing time and continues to increase at a slower rate thereafter. The authors
believe this age effect partially contributes to the differences between the rolling wheel
load tests and the cyclic plate load tests, which were performed at least 10 months after
rolling wheel load tests.

The performance responses of the different test sections under cyclic plate load tests are
in the same order as that under rolling wheel tests. Therefore, the cyclic plate load test
can be used as a good performance indicator test for evaluating and comparing the
performance of different pavement sections, and for pre-selecting and screening of test
sections for further full-scale field tests.

The use of a conventional formula to calculate the equivalent modulus of elasticity, in
which only the thickness of individual layers is considered, is not a good performance
indicator for the design of multi-layer pavement systems. The modified formula proposed
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in this study using the position factor (i) based on Boussinesq stress distribution in soil
provides the means to overcome this shortcoming. The formula was successfully used to
evaluate the performance of the pavement sections tested in this study, and to
demonstrate that the modified formula for equivalent modulus of elasticity is a good
performance indicator.

The performance of 120 grade GGBFS stabilized BCS as a base material is superior
compared to the conventional stone base material, and therefore, is a good candidate as
an alternative to the conventional stone base.

The two foam asphalt stabilized RAP base materials tested in this study did not perform
well as compared to the other sections. The development of new stabilization schemes for
RAP is therefore needed.



RECOMMENDATIONS

Based on the results of this research study, which includes laboratory testing of geogrid-
reinforced base aggregate specimens, indoor cyclic plate load testing on geogrid base
reinforced pavement sections, full-scale field testing on several base/subbase materials
pavement sections, and the finite element analyses to investigate the benefits of geogrid base
reinforcements in flexible pavement, the following recommendations are offered to
LADOTD:

The cyclic plate load test can be used as a good performance indicator test for evaluating
pavement sections. Therefore, researchers recommend using the in-box cyclic plate
testing equipment effectively for pre-selection of pavement sections prior to full-scale
field testing to save time and cost when the load-related performance of new pavement
materials and concepts are needed to be evaluated and approved.

It is recommended that the LADOTD pavement design engineers consider reinforcing the
base course aggregate layer with one or two geogrid layers in the design of flexible
pavements built on soft subgrades with resilient modulus M, < 2000 psi (13,790 kN/m?)
(or CBR value < 1.5), especially in cases where it is difficult to stabilize/treat the soft
subgrade soil with cement or lime and to create working platforms for constructing
pavements and embankments on soft soils. The use of geogrids with elastic tensile
strength at 2 percent strain, Ty, > 250 Ib/ft (3.65 kN/m), is recommended.

For flexible pavements built on top of soft subgrades (or to create a working platform),
researchers recommend placing one layer of geogrid at the base-subgrade interface
(stabilization layer) immediately above the non-woven geotextile for a base course
thickness of equal or less than 18 in. (457.2 mm). For base thicknesses greater than 18 in.
(457.2 mm), two geogrid layers are recommended, one layer to be placed at base-
subgrade interface and another geogrid layer within the upper one third of the base course
layer.

It is strongly recommended to consider using geogrids (and high strength geotextiles) in
widening existing roadways through stabilizing weak subgrade layers. The inclusion of
geogrid/geotextile layer at the base-subgrade interface will improve the bearing capacity
of the subgrade layer, increases its resistance to shear failure, and helps eliminating the
differential settlement between the existing and new lanes. The DCP test can be used to
evaluate the strength condition and resilient modulus of the subgrade soil for use as input
parameters in the design the new pavement lane section.
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Researchers recommend using the proposed modified equivalent formula to calculate the
equivalent modulus of elasticity, which considers both the thickness and relative position
of individual layers, in the design and analysis of pavements when multi-layers have to
be combined from a practical standpoint.

Full-scale field tests on pavement sections with geogrid base reinforcement (e.g., using
rolling wheel load testing facility at the Louisiana Pavement Research Facility Site)
should be conducted to verify/validate the findings of this research. This will also provide
the opportunity to monitor the performance of geogrid base reinforcement in pavements
under field conditions.

Additional research study is needed to characterize the effect of geogrid-aggregate
interlocking and geogrid-subgrade interface on the performance of geogrid base
reinforcement/ subgrade stabilization in flexible pavement structures, and to evaluate the
extent of the influenced zone adjacent to the geogrid layer.



AASHTO
AC
ALF
ASTM
BCS
BNC
CBR
CTS
Cv
DCP
DCPI
ESAL
FA
FHWA

FWD
GG
GGBFS
HMA
in.

kip

kN

kpa

ksi
LADOTD
Ib.
LFWD
LL
LTRC
LTS
LVDT
m
MEPDG
mm
MPa

ACRONYMS, ABBREVIATIONS, AND SYMBOLS

American Association of State Highway and Transportation Officials
asphalt concrete

accelerated loading facility

American Standard for Testing Materials
blended calcium sulfate

Bayonet Neill-Concelman

California bearing ratio

cement treated soil

coefficient of variation

dynamic cone penetrometer

dynamic cone penetrometer index
equivalent single axel load

foamed asphalt

Federal Highway Administration

foot (feet)

falling weight deflectometer

Geogauge

ground granulated blast furnace slag
hot-mix asphalt

inch(es)

kilo pounds

kilonewton

kilopascal

kilo pounds per square inch

Louisiana Department of Transportation and Development
pound(s)

light falling weight deflectometer

liquid limit

Louisiana Transportation Research Center
lime treated soil

linear variable displacement transducer
meter(s)

mechanistic-empirical pavement design guide
millimeter(s)

megapascal
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pcf
PG

Pl
PRF
psi
PSPA
RAP
TRB
UCS
USCS
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pounds per cubic feet

Performance graded

plasticity index

pavement research facility

pounds per square inch

portable seismic pavement analyzer
recycled asphalt pavement

traffic benefit ratio

unconfined compressive strength
Unified Soil Classification System
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