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ABSTRACT

This research study aims at evaluating the benefits of using geosynthetics to reinforce/
stabilize base aggregate layer/subgrade in pavements under repeated loading test conditions.
For this purpose, a total of six 80-ft. long and 13-ft. wide full-scale test lane sections were
constructed, among which two sections were reinforced by one or two layers of triaxial
geogrids, two sections were reinforced by one layer of high strength woven geotextile with
different base layer thickness, and the remaining two sections were the control sections. The
field test sections were instrumented by a variety of sensors to measure the load- and
environment-associated pavement response and performance. Two series of tests, moving
wheel load tests and cyclic plate load tests, were conducted to investigate the field
performance of geosynthetic reinforced/stabilized paved roads and to identify the differences
in pavement response to moving wheel and cyclic plate loads. In addition, six similar test
sections were constructed inside a 6.5-ft. x 6.5-ft. x 5.5-ft. test box. The test box sections
were also instrumented by a variety of sensors to measure the load-associated pavement
response and performance. Laboratory cyclic plate load tests were then conducted.

The results of accelerated load testing on the pavement test sections demonstrate the benefits
of using geosynthetics in reducing the permanent deformation in the pavement structure. The
adjusted traffic benefit ratio (7BR.q)) associated with geosynthetic reinforcement can be
increased up to 2.12 at a rut depth of 0.75 in. for pavement constructed using 18 in. thick
base layer on top of weak subgrade soil using two layers of geogrid reinforcement. The
inclusion of geosynthetics results in redistributing the applied load to a wider area, thus
reducing the accumulated permanent deformation within the subgrade. The benefit of
geosynthetics on reducing the maximum stress on top of subgrade is more appreciable at
higher load levels. It was also found that the geosynthetics placed at the base-subgrade
interface was able to improve the performance of both subgrade and base layers; by placing
an additional layer of geogrid at the upper one-third of the base layer, the performance of the
base layer was further enhanced. While geosynthetics showed appreciable benefit on
reducing the permanent deformation of the subgrade layer, it showed less effect on the
resilient properties of the subgrade layer. Drainage of the base layer has important effect on
the performance of pavement structures for both unreinforced and reinforced lane sections.

The life-cycle cost analysis (LCCA) demonstrated the cost savings of using geosynthetics in
pavement as compared to the unreinforced/untreated sections. However, compared to the 12-
in. cement/lime treated subgrade with cement stabilized base pavement section, the LCCA

showed it is more cost effective to use geosynthetics for base thickness less than 12 in. (or <
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15 in. of unreinforced aggregate base). The cost benefit becomes close for base thickness >
12 in. between using a single geosynthetic layer and 12-in. cement/lime treated subgrade
with cement stabilized base. Moreover, the cost benefit of using double geogrid layers
exceeds the cost savings of 12-in. treated subgrade with cement stabilized base.
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IMPLEMENTATION STATEMENT

The results of this study demonstrated the potential benefits of using geosynthetic
reinforcement (both triaxial geogrid and high strength woven geotextile) in flexible
pavements through the improvement of the strength/stiffness of the base course material and
stabilizing the subgrade layer, thus reducing the pavement’s permanent deformation (rutting)
under cyclic loading.

The findings of this research study can be implemented in the design of flexible pavements
built over weak subgrade soils with resilient modulus M, < 4500 psi (or CBR < 3) by
stabilizing the subgrade/base aggregate layers with one layer of geosynthetics or two layers
of geogrids. This is important especially in cases where it is difficult to stabilize/treat the
weak subgrade soil with cement or lime. The use of woven reinforcement geotextiles, or
geogrids with a Class C nonwoven separator with elastic tensile strength at 2 percent strain,
T2% > 250 1b/ft, is recommended.

e For the design of geosynthetic reinforced flexibile pavements built over weak subgrade
soil using the PavementME, it is recommended to use the o values presented in Table 26
for a single geosynthetic layer and double geogrid layers to estimate the effective base
course resilient modulus, as an input parameter for use in pavement design.

e When considering the long-term benefits of geosynthetics, the values of traffic benefit
ratio, TBR, presented in Table 27 for a single geosynthetic layer and double geogrid
layers are recommended to estimate the extended service life of geosynthetics reinforced
flexibile pavements built over weak subgrade soils.

e When considering the short-term benefits of geosynthetics, the base course reduction,
BCR, factors presented in Table 28 for a single geosynthetic layer and double geogrid
layers are recommended to estimate the reduced base course layer thickness for
geosynthetics reinforced flexibile pavements built over weak subgrade soils.

e To optimize the benefits of using geosynthetics in pavements with thick base course
layers (> 12 in.) build over weak subgrade soils, it is recommended to install one
geosythetic (geogrid or geotextile) layer at the base subgrade interface, and a second
geogrid layer at the upper one third of the base thickness. Usually the two layers are
geogrids. However, using one geotextile layer at the base subgrade interface and one
geogrid layer at upper one third of the base thickness is also possible that needs to be
tested.

Xi






TABLE OF CONTENTS

ABSTRACT ..ottt et e bt e et et e e b e bR e Rt Rt et e et e renreereenes vii
ACKNOWLEDGMENTS ...ttt sttt sttt ne e nse e iX
IMPLEMENTATION STATEMENT ..ottt xi
TABLE OF CONTENTS ...ooot ittt sttt sbe st Xiii
LIST OF TABLES ... bbbttt bbbttt XV
LIST OF FIGURES ..ottt bbbttt bbb XVii
INTRODUCTION ..ottt bbb bbbt e bbb bbb ebe st e e e 1
BaCKGIOUNG ...t 1
LITErature REVIEW.......eiiiieiieiie ettt ettt ettt sre e teeneesnee e s 2
GeosyNthetiCs IN PAVEMENT ... 2
Reinforcement Mechanism of Geosynthetics in Pavement ..............c.cccceveeee. 3

Factors Affecting the Benefits of Geosynthetics in Pavement ......................... 5

Design Approaches for Geosynthetic Reinforcement in Pavement.................. 8

OBUECTIVE ...ttt ettt bbbt bbbttt b e bbb e neane e 11
SCOPE ... b bR R e bbb R bR e e e e 13
METHODOLOGY ...oiiiiicicieeete ettt sttt sa et et e st e saesbenteabeenaaneeneene e 15
Field Pavement TSt SECHIONS .....cceeieiieiieie et sne e 15

Field Pavement Test Sections and Instrumentation ............ccccceeeveieninnnnnn. 15

Pavement Layer MaterialS ...........ocoiiiiiiiieieeee s 19

CoNnStruction OF TSt LANES .....ocveiveiiiirieiieieieie e 20

TESE FACHITIES ... 27

Laboratory Pavement Test Sections and Instrumentation ...............cccceevennenn 29

Pavement Layer MaterialS ...........cccooveiiiie i 30

Construction Of TeSt SECLIONS .......cvevverieieriereee e 30

TESEFACHITY .. 31

AISCUSSTON OF FESUILS ...ttt ettt esneenreeneeeneenne e 33
Field Pavement TeSt SECHIONS ......cveiviiiiiiieecie e 33

As Constructed Pavement Layer PrOperties .........cccoccvevveveeveiieeveese e 33

Moving Wheel Load Tests on Unpaved Test Sections (Phase 1 Pre-Rut) ..... 35

Moving Wheel Load Tests on Paved Test Sections (Phase 2)..........cccccveeunee. 41

Cyclic Plate Load Tests on Paved Test Sections (Phase 3) ........cccccoeevvviennnne 52

In-Situ Pavement Layer Properties ........cocoveieieieninesieiee e 53

Large-Scale In-box Laboratory Pavement Test SECHiONS.........cccccvevvvieereeiesiereeenns 56
As-Constructed Pavement Layer PrOPerties ..........ccocevvveriirieeieniene s sesenieas 56

In-box Cyclic Plate Load TeStS......cuciviiiieiiiciie e 56

Xiii



Effect of Variances in Constructed Layer Thickness and Properties ............. 59

Structural Contribution of Geosynthetic Reinforcement...........cccoccovvveviiieieninncnen. 68
Geosynthetics as Base Reinforcement...........ccccevvveevveveniiesieese e 68

Approach 1: Evaluate the Effective Base Resilient Modulus at 0.75-in. Rut
DEPEN s 69

Approach 2: Evaluate the Effective Base Resilient Modulus for Entire Rut
Depth-l10ad CycCle CUIVE ........ccooiiiiiiieeeeeee e 72
Comparisons Of DIFfErent TESES .........cociiiiiiieieeee e 84
Design guideline and cost benefit analySIS .........cooiieiieiiiiesiee s 89
DeSIgN GUIABIINE ... 89
Cost BENEFIt ANAIYSIS ....c.viivieiiecic e 91
Cost Benefit Analysis — BCR ........cccccveiiiiiiiecece e 92
Cost Benefit Analysis — TBR........ccccoiiiiiccccece e 93
CONCLUSIONS ...ttt bbbt s e e et et be b e b e neaneenens 97
RECOMMENDATIONS ... ..ot e et e et e e e s e e e naeeanaeeanneas 99
ACRONYMS, ABBREVIATIONS, AND SYMBOLS ........cccooi i 101
REFERENGES ...ttt et e et e e et e e e nne e e e neeeaneeeenns 103

Xiv



LIST OF TABLES

Table 1 ALF geosynthetic-reinforced teSt SECHIONS. ........ccoiveviriieiiieiiie e 17
Table 2 Physical and mechanical properties of geosynthetiCs.........ccccvvvviverenienieeninie e 20
Table 3 Subgrade conditions tested by nuclear gauge, LWD, GeoGauge, and DCP ............. 34
Table 4 Subgrade in-situ undrained shear strength from vane shear tests, units in psi .......... 34
Table 5 Base conditions tested by nuclear gauge, LWD, GeoGauge, and DCP

(DEFOIE PIrE-TUL) ..eeee ettt re e 35
Table 6 In-situ properties of subgrade, base, and asphalt layer (moving wheel load test) ..... 42
Table 7 Summary of moving wheel load tests at ALF .........cocooiiiieiiie e 46

Table 8 Effect of differences in constructed pavement layer properties (moving ALF test) . 51
Table 9 In-situ properties of subgrade, base, and asphalt layer (cyclic plate load

TESES AL ALR) e 53
Table 10 Summary of cyclic plate load tests on field pavement test sections........................ 55
Table 11 Effect of differences in constructed layer properties and thickness (cyclic plate load

1CcR K L A o SRS USUSRTSSN 56
Table 12 In-place properties of subgrade and base (in-boX teSt) .......cccvevveevveveiieciece e, 57
Table 13 In-place properties of HMA (IN-DOX tESE) ......ccverveiiiiiiiiiiiieieeeee e 58
Table 14 Summary of in-box cyclic plate 10ad teStS.........ccooviiiiiiiiiieeee s 58
Table 15 Effect of differences in constructed layer properties and thickness ..............cc.c...... 60
Table 16 Effective base resilient modulus for moving wheel load test at ALF (M, psi)....... 70
Table 17 Effective base resilient modulus for cyclic plate load test at ALF (M, psi) ........... 70
Table 18 Effective base resilient modulus for cyclic plate load test in the laboratory

(IMIEy PST) ettt ettt ettt bbbttt et b neenes 71
Table 19 Reduction in base layer thickness for moving wheel load test at ALF.................... 71
Table 20 Reduction in base layer thickness for cyclic plate load test at ALF.............coceeee. 72
Table 21 Reduction in base layer thickness for cyclic plate load test in the laboratory......... 72
Table 22 Calibrated AASHTOWare material input parameters for unreinforced test

=T 1[0 LSS 75
Table 23 Percent improvement in base resilient modulus for all test sections — Approach 2 81
Table 24 Reduction in base layer thickness for all teStS.........ccccoviiieiiiiiic i, 81
Table 25 Subgrade permanent deformation reduction factor ............cccccevveviiiiiciie i, 84
Table 26 Percentage improvement of base resilient modulus ...........ccccccevvevviieiiieci e, 91
Table 27 Traffic benefit ratio (Based on AASHTOWare PavementME)............ccoccocevvrnnnnne 91
Table 28 Base course reduction factors (Based on 1993 AASHTO Design Method)............ 91
Table 29 Pay Items for base course reduction (BCR).........cccoveiiiiiininiiieiese e 92
Table 30 Cost Saving in Terms 0f BCR ......c.ooiiiiiiic e 93

XV



Table 31 Pay IteMS (TBR) ....ooiiiiiiieieee ettt 93

Table 32 Scenarios for future pavement rehabilitation...............ccocoiiiiiiiiiie 94
Table 33 Cost of unreinforced/untreated PAVEMENT...........cccvevveiieiieeie e 95
Table 34 Cost of 12-in. treated subgrade with cement stabilized base..........c..cccccevvevnnnnne. 95
Table 35 Cost of reinforced pavement with single layer of geosynthetics...........cccccevvveuennee. 96
Table 36 Cost of Reinforced pavement with double layer of geosynthetics ............ccccceeveeee. 96

XVi



LIST OF FIGURES

Figure 1 Geogrid apertures improving aggregate interloCKing...........ccocvvveieienenenenesiienes 2
Figure 2 Intermixing of base course and subgrade materials without a geotextile (a), and
separation of these materials using a geotextile (b) [19] .....ccovvriiiiiiiiiiiee 3
Figure 3 Improved bearing capacity caused by base reinforcement [19].........cccocooiiiiiinnnns 5
Figure 4 Lateral restraint mechanisms [12] ......cccooiiiiiiiieiieie e 5
Figure 5 Tension membrane mechanisms [19] .....cccocvoiiiiiiieie i 6
Figure 6 Plan layout and cross section of ALF test SECIONS ...........cccccveveiiieieeie e 16
Figure 7 Instrumentation plan for teSt SECION 2...........ccccviieieieiiiiieee e 18
Figure 8 Site preparation and layOUL............ccoeiiiiiiiiniiee e 21
FIQUIE O IN-STEU TESES. ...ttt bbb bbb 22
Figure 10 Placement OF LV DTS . .....ooiiiiiiieieieese et 23
Figure 11 Placement Of PIEZOMELEIS.......cvciviiieiicie it 23
Figure 12 Placement of pressure CEIIS .........oiveiieiiiie e 24
Figure 13 Placement Of TDRS......c.cciiiiiiiicic ettt sre e 24
Figure 14 Placement of geogrids with Strain gauges ..........cccevveieiievieerie e 25
Figure 15 Placement Of POtENTIOMETEIS .......cveiiiiiiicieeeeee e 26
Figure 16 Moving wheel load testing faCility ............ccocoiiiiiiiiiinciee 27
Figure 17 In-field cyclic plate load testing facility ..........ccooeveiiiiiiniie 28
Figure 18 Load pulse applied in the TST ..o 28
Figure 19 The indoor test box and load actuator for cyclic load testing...........cccccoevvevieeneee. 29
Figure 20 Image of the indoor cyclic plate load test facility ...........cccccevviiieiiii i, 32

Figure 21 Resilient responses: (a) transient vertical subgrade stress in Section 5 and Section 6
at wheel pass of 1500; (b) peak subgrade vertical stress along with number of
wheel passes; (¢) subgrade excess pore pressure of Section 6; (d) resilient subgrade

deformation Of SECHION 6 ......c.ooeiiiee e 36
Figure 22 Accumulated permanent deformation: (a) total permanent deformation/surface

rutting; (b) in aggregate layer; (C) in sUbgrade..........ccccoevvevveveiieciece e 38
Figure 23 Geosynthetic strains measured at center of test SECtionS............ccccveevveveieevieennenn, 41

Figure 24 Mechanical responses: (a) transient vertical subgrade stress at wheel pass of
10,000; (b) peak subgrade vertical stress along with number of wheel passes; (c)
resilient subgrade deformation at wheel pass of 10,000; (d) resilient strain in base

at wheel pass Of 10,000 .......cccooueiieieiieiiere e sra e 45
Figure 25 Accumulated total permanent surface deformation............ccocovevvvieienenc i, 46
Figure 26 Variation of base resilient Modulus............cocoiiiiiiiii 50
Figure 27 Accumulated permanent deformation in subgrade and base layer...............c........ 52

Xvii



Figure 28 Accumulated total permanent deformation ............ccccoevviiiiiciniiicee, 54

Figure 29 Development of surface permanent deformation .............c.coovveiiiieicninc i 61
Figure 30 Profile of surface deformation at 1,000,000 ESALS .........cccevveiieieeieiie e 61
Figure 31 Development of permanent deformation in base and subgrade ............c..ccceue.e.... 63
Figure 32 Vertical stress distribution at 100,000 ESALS .......ccceoviieivericiie e 64
Figure 33 Development of excess pore pressure in top of subgrade ..........cccccevvveieiveneennnnn, 65
Figure 34 Permanent strain distribution along the centerline of geosynthetics (D: loading
PIALE AIAMELET) ... 67
Figure 35 Typical development of permanent strain in geosynthetics (at the point directly
beneath the center of the loading plate in SECtion 2) .........ccocvvviiiiiiii 68
Figure 36 Structural Contribution of Geosynthetic Reinforcement............cccccevvviiiiveieennenn, 69
Figure 37 Predicted versus measured rut curves for the moving wheel of unreinforced section
A bRt E bR R R R e Rt et et b e bbb nenne e 73
Figure 38 Predicted versus measured rut curves for the in-box CPLT of unreinforced section
e e e e e et e a et e e e nbre e e e nnntr e e e e aarare s 73

Figure 39 Predicted versus measured rut curves for ALF CPLT of unreinforced Section 4.. 74
Figure 40 Predicted versus measured rut curves for ALF CPLT of unreinforced Section 7.. 74

Figure 41 Predicted versus measured rut curves for ALF moving wheel Section 2............... 75
Figure 42 Predicted versus measured rut curves for ALF moving wheel Section 3............... 76
Figure 43 Predicted versus measured rut curves for ALF moving wheel Section 5............... 76
Figure 44 Predicted versus measured rut curves for in-box CPLT Section 2............c.ccue....... 77
Figure 45 Predicted versus measured rut curves for in-box CPLT Section 3............c.cccenee. 77
Figure 46 Predicted versus measured rut curves for in-box CPLT Section 5............c.ccceuee. 78
Figure 47 Predicted versus measured rut curves for ALF CPLT Section 2...........cccccoevvenene. 79
Figure 48 Predicted versus measured rut curves for ALF CPLT Section 3...........cccccevrennene. 79
Figure 49 Predicted versus measured rut curves for ALF CPLT Section 5..........cccccovevvennee. 80
Figure 50 Predicted versus measured rut curves for ALF CPLT Section 6...........c.cccceveneee. 80
Figure 51 Geosynthetics as both base reinforcement/stabilization and mechanical subgrade
SEADTHIZALION .. e 82
Figure 52 Resilient modulus of crushed lImestone..........cccoooeiiiiiiiiiiiee e 83
Figure 53 Comparisons of moving wheel load test and cyclic plate load test.............c.......... 87
Figure 54 Effect of geosynsthetics on resilient modulus of base material ...............ccccooenee. 90

Xviii



INTRODUCTION

Background

In the state of Louisiana, roads often have to be built over weak subgrade soils due to the soft
nature of Louisiana soils and the presence of high ground water tables, which create many
design and construction challenges. Traditional solutions to this problem include replacement
of part of the subgrade, appropriate sizing of pavement and base course layers thicknesses,
and/or stabilization/treatment of weak subgrade soils with cementatious materials. A
common practice in Louisiana is to stabilize/treat the upper part of subgrade with cement or
lime, depending on soil type, to create a working platform through improving the engineering
strength/stiffness properties of the subgrade. This practice can help reduce the risks of
excessive permanent deformations (rutting) by spreading the tire pressure into a wider
influence area, thus reducing the vertical pressure acting on top of the untreated subgrade
layer. However, the difficulty of stabilizing/treating very weak subgrade soil with cement or
lime in certain conditions calls for an alternative solution. The use of geosynthetics (mainly
geogrids and geotexitles) to reinforce the base aggregate layer and/or stabilize the subgrade
layer within the pavement structure can offer a cost-effective alternative solution to this
problem.

The concept of using geosynthetics (geogrids and geotextiles) as reinforcement in roadway
construction started in the 1970s. Since then, numerous studies have revealed that using
geosynthetic reinforcement layers (mainly geogrids) in pavement structures can either extend
the pavement service life and/or reduce the base course layer thickness [1-11]. The
geosynthetic type, the geometry/interlocking of geogrids, the location/layers of
geosynthetics, the base thickness, and the subgrade strength have significant effect on the
performance of geosynthetic reinforced flexible pavement [5, 12, 13]. With the benefits of
geosynthetics in pavement performance improvement being widely recognized, much
research of geosynthetic reinforced flexible pavement has centered on understanding the
mechanism of geosynthetic (mainly geogrids) reinforcement [13-17]. However, no method
or specification for design of flexible pavements with geosynthetic reinforcement is
universally agreed upon, and a universal design/analysis of such structures is still being
investigated.

The literature reveals considerable research aimed at developing design guidelines, empirical
relationships, or/and design methods for certain reinforcement-pavement conditions and
design requirements. Currently, most design approaches are based on the 1993 AASHTO
pavement design guide with certain assumptions. With pavement design and analysis moving
toward Mechanistic-Empirical based methods, quantifying the benefits of geosynthetics and



incorporating these benefits into Mechanistic-Empirical Pavement Design Guide (MEPDG)
has recently received a lot of attention [4, 18]. Nevertheless, a lack of understanding the
mechanisms of geosynthetic reinforcement, especially rigorously quantifying the
geosynthetic benefits, has limited the effectiveness of attempts to change the engineering
design practice. These limitations provide a motive for continual research on geosynthetic
reinforced pavements to better understand geosynthetic reinforcement benefits and their
incorporation into future pavement designs within mechanistic-empirical pavement design
methods.

Literature Review
Geosynthetics in Pavement

The use of reinforcing inclusions to improve the mechanical properties of soils dates to
ancient times. However, only within the last 30 years or so, have analytical and experimental
studies led to contemporary soil reinforcement techniques; one of these techniques is the use
of geosynthetic materials in roadways. The most commonly used types of geosynthetics in
pavement applications are geogrids and geotextiles.

Geogrids are characterized by large openings made by either coating woven or knitted
geosynthetics to form a grid (polyester geogrids), welding oriented strands to form a grid
(polyester geogrids), or punching holes in flat sheets then drawing them to align the polymer
molecules (polypropylene and polyethylene geogrids). The polyester geogrids are flexible,
while the polypropylene and polyethylene geogrids are more rigid. Granular soil particles can
partially penetrate the apertures of geogrids, thus creating a strong interlocking action (Figure
1).

Figure 1
Geogrid apertures improving aggregate interlocking

Geotextiles are permeable textile structures made of polymeric materials. The polymers are



formed into geotextiles using either woven, knitted or non-woven methods. Each has its own
unique applications and benefits. In general, woven geotextiles exhibit high tensile, high
modulus and low elongation, and knitted and nonwovens geotextiles exhibit lower tensile,
higher elongation and higher flow rates. As a continuous sheet, geotextiles can prevent
intermixing of aggregate base and the subgrade materials, called separation, thus allowing a
stiff material placed on a soft subgrade to maintain its full thickness throughout the life of the
pavement (Figure 2).
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Intermixing of base course and subgrade materials without a geotextile (a), and
Separation of these materials using a geotextile (b) [19]

Reinforcement Mechanism of Geosynthetics in Pavement

Depending on the type of interaction, the properties of the soil and reinforcement, and the
desired types and levels of improvement, whether design service, reducing rutting, or
reducing layer thickness, four improvement mechanisms (reinforcement functions) can be
distinguished: (1) improved bearing capacity, (2) lateral restraint, (3) tensioned membrane,
and (4) stabilization function. These functions are illustrated in Figures 3, 4 and 5.

Improved bearing capacity (



Figure 3). The reinforcement contributes to an increase in bearing capacity by
significantly changing the geometry of the potential collapse pattern, preventing the most
adverse mechanisms from occurring.

Confinement effect (lateral restraint effect) (Figure 4). The confinement effect is
mainly due to interlocking between geogrid apertures and granular materials, and the
interface friction between geogrids or geotextiles and granular materials. The aperture size
and geometry, rib shape, junction shape of geogrids all contribute to the interlock behavior
and hence the interface load transfer. When the base aggregate layer is subjected to traffic
loading, the aggregate tends to move laterally. Due to relative displacement between
aggregate and reinforcement, interface friction force is induced at the base aggregate-
reinforcement interface. The developed interface shear resistance between the base aggregate
and the geosynthetic transfers shear load from the base layer to a tensile load in the geosynthetic.
Consequently, lateral deformation or potential tensile strain in the base layer is restrained. As
a result, vertical deformation of the pavement surface is reduced. Since base aggregates are
stress-dependent materials, improved lateral confinement can also increase the
modulus/compressive strength of base course aggregates.

Membrane effect (Figure 5). With the traffic loading, the pavement layer materials
beneath the wheel move downward; the reinforcement is deformed and tensioned. Due to its
stiffness, the curved reinforcement develops an upward force to support the wheel load and
reduce the vertical stress acting on the subgrade. A certain amount of rut depth is needed to
mobilize the tensioned membrane effect. The reinforcement should have enough width and
stiffness to prevent it from failing by pull-out and tension.

Stabilization function. whereby the particles interlocking with the geogrid are
confined within the geogrid apertures and/or interface friction (geogrids and geotextiles)
resulting in reduced particle movement and rotation. The particles restrained in this way, then
influence particles adjacent to them and confer a degree of confinement to them, resulting in
a stabilized granular layer.
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Figure 3
Improved bearing capacity caused by base reinforcement [19]

Factors Affecting the Benefits of Geosynthetics in Pavement

The benefits of using geosynthetic reinforcement for base course and subgrade layers of
flexible reinforcement have been addressed by many researchers for more than two decades
[20-27]. Documented literature indicated that the base course thickness for a given flexible
pavement can be reduced when geosynthetic reinforcement is included in the design [210-26,
28, 29]. This reduction is usually defined by the Base Course Reduction (BCR) factor, which
is defined as the ratio of the thickness of the reinforced base course layer to that of the
unreinforced base course that will have the same service life under the same traffic level.
Many studies have indicated that geogrids and geotextiles have successfully been used to
provide a platform for construction over soft subgrades [20, 22, 25- 31]. Numerous research
programs have also reported extended service lives for pavement sections with geosynthetics
compared to similar sections without geosynthetics [20-26, 28, 29]. The influence of
geosynthetic reinforcement on the rutting behavior or the service life of the flexible
pavement has been most commonly defined by the Traffic Benefit Ratio (TBR). TBR has
been defined as the ratio of the number of cycles needed to achieve a particular rut depth in a
reinforced section to that of an unreinforced section with identical layers’ thicknesses,
material properties, and loading characteristics.

Reduced G, &,

\Base course
Geogrid & Ncreased Gy,
Reduced g,

*Reduced Gy, &y

Geogrid (+) D _
Te% ~—Reduced T
AN Sub
grade
{-) A

Figure 4
Lateral restraint mechanisms [12]
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Tension membrane mechanisms [19]

The amount of improvement in pavement performance with the inclusion of geosynthetics
depends on many factors, including the strength of the subgrade, properties of geosynthetic
reinforcement material, location of the reinforcement in pavement, the thickness of base
layer, etc. Previous studies have shown that the weaker the subgrade, the greater the
improvement geosynthetics provided and there was little improvement obtained for
subgrades with high California Bearing Ratio (CBR) [12, 23, 32]. Another factor that plays
an important role in the performance of geosynthetic reinforced pavement is the thickness of
base course. The benefit of geosynthetics generally decreases with an increase in the
thickness of the base course and becomes insignificant if the base course is very thick [26,
33]. Although geosynthetics may provide significant benefits for low volume roads, its
benefits would diminish as the thickness of AC layer increases; hence its advantages for
applications in high volume roads is still being determined [3, 34].

The improved performance of geosynthetic reinforced pavement also depends on the
properties of geosynthetic(s), such as the type and tensile modulus of geosynthetics, flexural
stiffness of geogrid, aperture stability modulus of geogrid, junction strength of geogrid,
aperture size of geogrid, frictional capacity with fill materials, and filtration capabilities for
geotextiles. While the overall geosynthetic benefits are will realized, the effect of each of
these parameters in isolation on the pavement performance is not quantified [19].
Appropriate selection of geosynthetics is therefore compromised by the difficulty in
associating their relevant properties to pavement performance. Some of the properties
currently used in specifications may be unnecessary, resulting in increased costs of
application. The properties needed to meet the reinforcement requirements should be
evaluated, and tests should be developed if needed [34]. The majority of the work indicated
better performance for higher tensile modulus geosynthetics (geogrids and geotextiles) than
lower tensile modulus geosynthetics [5, 20-22, 25, 26]. Occasionally, geogrids with lower
tensile modulus were reported to be more effective than geogrids with higher tensile modulus



[25]. Meanwhile, Giroud and Han selected the aperture stability modulus of punched and
drawn biaxial geogrids instead of low-strain tensile modulus of geogrid to develop their
design method for unpaved reinforced roads [35]. The inconsistent relationship between
geosynthetic properties and performance can be understood by considering large number of
variables that exist in pavement design. Under different conditions, the relative importance of
different geosynthetic properties may vary. The properties that are important for one product
may not be for another. There are no nationally accepted specifications for properties of
geosynthetics under confined conditions (within pavement), which need to be further
investigation. As one of such attempts, Zornberg et al. suggested a new test method to
quantify the confined stress-strain properties of the geogrids for their application to the
pavements [36]. It is very clear that a definitive method of analysis relating specific
geosynthetic performance properties to reinforced pavement performance has to be
developed to move the design of geosynthetic reinforced flexible pavement from pure
empirical to mechanistic-empirical.

The location of the geosynthetric reinforcement/stabilization relative to the base course layer
may be distinguished as one of the most important factors contributing to the success of the
design of flexible pavements with reinforced bases. Many studies had suggested that geogrid
reinforcement benefits are dependent upon the placement depth of the reinforcement layer.
Generally, the location of geogrid depends on the subgrade strength, the thickness of the base
course layer, and the magnitude of applied load [29]. Moghaddas-Nejad and Small
suggested that for small loads and thin base course layer thickness of (40 mm), a geogrid’s
optimal location will be in the middle of the base layer [37]. For moderate loads, studies
indicated that the placing a geogrid in the middle position of an 8-in. thick base layer resulted
in better rutting performance than when placed at the bottom [29]. In the case of heavier
loads, Haas et al. suggested that the optimal location of geogrids was at the bottom of base
layers up to 10 in. in thickness [22]. However, Haas et al. and Perkins indicated that, for
heavy loads and bases thicker than 10 in, the optimal location was at the middle of the base
layer [12, 22]. For very heavy loads, Perkins and Ismeik indicated that the bottom of a 12-in.
thick base was better than the middle [29]. Haas et al. showed that for the case of weak
subgrade underlying a thick base course layer, optimal results were obtained when the
geogrid reinforcement was placed within the subgrade [22]. They also suggested that for
optimal effects, the geogrid reinforcement of flexible pavement should be placed in the zone
of moderate elastic tensile strain of 0.05 to 0.2 percent beneath the center of load application.
Al-Qadi et al. concluded, from their accelerated testing on full-scale pavement sections with
base thickness of 8, 12, and 18 in., that for a thin base course layer, placing geogrid at the
subgrade/base course interface gives better performance and that the geogrid should be
placed at the upper third of the base course layer for a thicker base course layer (> 12 in.)



[13]. Abu-Farsakh and Chen conducted a series of cyclic plate load testing on pavement
sections with 12-in. thick base. In their study, better performance was observed when the
geogrid layer was placed at the upper one third of base layer than that when the geogrid was
placed at the base-subgrade interface or at the middle of base layer [5].

Separation between layers is another important consideration in the design of flexible
pavements when a weak subgrade is encountered. It is a time-dependent process, in which
the base course layer thickness decreases with time due to the intrusion of granular base
aggregate into weak fine subgrades, and or the movement/pumping of subgrade fines into
granular base layer, as illustrated in Figure 2. Chapter 5 The FHWA NHI 07-092
Geosynthetics Design and Construction Reference Manual recommends using a separation
geotextile in the application for soft and/or wet subgrades (CBR < 3), and for firmer
subgrades (3 < CBR < 7) when they have a significant fines content and/or will be exposed to
water. Mixing between the base course and the subgrade layers reduces the as-design
thickness, permeability and shear strength of the base course layer. Factors influencing the
particle migration are the size of the base course particle size and gradation, the thickness of
the pavement layers above the subgrade, the subgrade strength (subgrade reaction or CBR),
high fines content and their plasticity, and the traffic load and intensity. Due to the large
aperture size associated with most commercial geogrids, they may not be considered as
typical separation geosynthetics, although geogrids may be effective in separating base
course with a grain size that is compatible with the size of geogrid apertures. For example
well-graded granular material when confined by a geogrid can perform as an effective
separator. Better results, in terms of layer separation, were obtained using the geotextiles
especially when weak, wet and/or high fines content subgrades are encountered [29, 30, 38,
39].

Design Approaches for Geosynthetic Reinforcement in Pavement

The literature now contains considerable research aimed at developing design guidelines,
empirical relationships, or/and design methods for certain geosynthetic reinforced pavement
conditions and design requirements. However, currently, no method or specification for
design of flexible pavements with geosynthetic reinforcement is universally agreed upon, and
the design/analysis of such structures is still being investigated. This is mainly attributed to
the complexity of the problem delineated by the number of influential variables, and the
nature of interaction mechanisms.

The design of flexible pavements with geosynthetic reinforcement involves a number of
variables and their interactions that need further investigation. Those variables are (i) the



pavement thicknesses [asphalt concrete (AC) and base course layers], (ii) the strength of the
subgrade material, (iii) mechanical properties of the reinforcement (i.e., modulus, creep,
relaxation modulus, etc.), (iv) physical properties of the reinforcement (i.e., rib thickness and
aperture size/geometry for geogrids compared to the base material, flow rate of geotextiles),
(v) the location of the reinforcement layer within the base course, (vi) the mixing of the base
course with the subgrade material due to particle migration, and (vii) construction
specifications. A successful design should assure the capability of the reinforcement to
develop the required interactions with the pavement layer materials necessary to maintain the
permanent deformations within tolerable limits under the anticipated traffic loading
throughout the service life of the structure.

Available pavement design methods incorporating geosynthetic reinforcement generally
target a reduction of base course thickness (BCR) or extension of service life of the pavement
(TBR). Some methods have been based on the use of a specific geosynthetic, others have
been established for generic types of geosynthetic reinforcement, and some have been
generically established for almost any type of geosynthetic reinforcement [19]. Usually, the
1993 AASHTO flexible pavement design method is followed [19, 21, 40].

Designing for an extension of service life of the pavement,
Wigr) = Wigwnr) X TBR (1)

where, Wigunr) and Wig(r) are the predicted numbers of 18-kip equivalent single axle load
applications for the unreinforced and reinforced pavement, respectively.

Designing for a reduction in base course thickness,
Dyry = Danry X (1 — BCR) (2

where, D2unr) is the base thickness for the unreinforced pavement; D2y is the geosynthetic
reinforced base thickness for the reinforced pavement such that the service life identical to
the unreinforced pavement is obtained.

or

SNynr—ai1D,

DZ(R) = 3)

az(r)mz

where, SNunr is the structure number of the unreinforced pavement; ax; is the increased
base layer coefficient, which can be estimated by substituting Wigr) obtained from Equation
(1) into the 1993 AASHTO design equation.

A combination of benefits, i.e., combination of some extension of service life and some



reduction of base thickness, can be achieved by specifying a desired BCR or a desired TBR,
or both [19, 40].

While the benefits of geosynthetics in pavement performance improvement are widely
recognized, a large range of TBR values is reported in the literature. This creates a dilemma
for pavement design engineers because while they may realize the benefit of geosynthetics,
they may not know the appropriate TBR values for their design(s), which are not constants
for a specific geosynthetic. In fact, the TBR and BCR values for a specific geosynthetic
varies with the base layer thickness, material properties, subgrade strength, etc. They are
specific to a set of conditions and pavement layer thickness.

With pavement design moving toward Mechanistic-Empirical based methods, Perkins et al.
proposed a methodology to incorporate the benefits of geosynthetics in flexible pavements by
introducing enhanced input parameters to the traditional (unchanged) M-E design method
[4]. While the traditional components of mechanistic-empirical models for unreinforced
pavement were included, new enhanced input parameters for the reinforcement were added
into their model. These new parameters include structural elements for geosynthetic
reinforcement, a material model for the reinforcement, a model for reinforcement—aggregate
shear interaction, additional response modelling steps that account for the influence of the
reinforcement on lateral confinement of the base aggregate during construction and
subsequent traffic loading, and a modified permanent deformation damage model used for
aggregate within the influence zone of the reinforcement. However, a major effort and/or
collaboration will be required to add the components described in their papers into current
Pavement ME design software and manuals.
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OBJECTIVE

The main objective of this research was to evaluate the benefits of using triaxial geogrid and
high strength woven geotextile to reinforce/stabilize base course aggregate layer and/or
stabilize weak subgrade soils in flexible pavement applications. This was achieved through
conducting both field and laboratory accelerated load testing on geosynthetic reinforced
unpaved and flexible pavement test sections. Different types and configurations of
geosynthetics were considered for reinforcements. A variety of sensors was installed for each
section to measure the load-associated pavement response and performance. Another
objective was to quantify the benefits of using geosynthetics within the framework of the
1993 AASHTO pavement design guide and the AASHTO Pavement ME, and incorporating
them into the design.
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SCOPE

The stated objectives of this research study were achieved through conducting an extensive
experimental testing program. The testing program includes: (1) field moving wheel
accelerated load testing on instrumented geosynthetic-reinforced pavement test lane sections
built over weak subgrade soil at the LTRC - Pavement Research Facility (PRF) site; (2) full-
scale cyclic plate load testing on the same field pavement test lane sections constructed for
moving wheel accelerated load testing; and (3) laboratory large-scale in-box cyclic plate load
testing on instrumented geosynthetic-reinforced pavement test sections constructed inside a
6.5-ft. x 6.5-ft. x 5.5-ft. test box. The load-associated responses and performance of the
different test sections were monitored during testing using various instrumented sensors.

The results of field and laboratory experiment tests were carefully analyzed and evaluated.
The benefits of using geosynthetics (triaxial geogrid and high strength woven geotedxtile) in
flexible pavement were quantified within the framework of the 1993 AASHTO pavement
design guide and the AASHTO Pavement ME design. Based on the results of this study,
typical design parameters were recommended for the design of geosynthetics reinforced
flexible pavement built over weak subgrade soils (CBR = 0.5-3). Additionally, the economic
benefits of using geosynthetics in flexible pavement were demonstrated by a direct
comparison with the unreinforced flexible pavement and the 12-in. cement/lime treated
subgrade through a group of base thickness design scenarios and life-cycle cost analyses.
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METHODOLOGY

In this study, field and laboratory accelerated loading tests were conducted to evaluate the
performance of geosynthetic reinforced/stabilized unpaved/paved roads under cyclic moving
traffic wheel and cyclic plate loads.

Field Pavement Test Sections

Six test lane sections with different reinforcement configurations were constructed over
native soft soil at an outdoor site located at the LTRC Pavement Research Facility (PRF) of
the Louisiana Department of Transportation and Development (DOTD) in Port Allen, LA.
Two series of tests, moving wheel load tests and cyclic plate load tests, were conducted to
investigate the field performance of geosynthetic reinforced/stabilized unpaved/paved roads
and to identify the differences in pavement response to moving wheel and cyclic plate loads.

Field Pavement Test Sections and Instrumentation

Test Sections. Six test lane sections were constructed over native soft soil. Test
sections were 80 ft. long and 13 ft. wide. Figure 6a depicts the schematic of the site while the
cross sections of the six test lanes is depicted in Figure 6b and also summarized in Table 1.
Section 1 and Section 4 are the control sections that were constructed without geosynthetic
reinforcements; of which Section 1 was constructed over 1 ft. thick sand embankment
wrapped by nonwoven geotextile as a common practice in Southern Louisiana. Section 4 is a
typical control section constructed using nonwoven geotextile for separation and filtration.
Section 2 and Section 3 were reinforced/stabilized by a triaxial geogrid, GG, placed at the
aggregate base - subgrade interface, which are underlain by nonwoven geotextile for
separation and filtration. An additional layer of geogrid, GG, reinforcement was also
installed at the upper one-third of the aggregate base layer thickness in Section 2. A high
strength geotextile, GT, was used to reinforce/stabilize Section 5 and Section 6 with different
aggregate layer thicknesses. A 3-in. HMA surface course was later constructed over the test
lane sections, after completion of pre-rut phase testing that was performed to simulate the
possible prestressing and mobilization of the geosynthetics due to construction traffic.
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Plan layout and cross section of ALF test sections
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Table 1

ALF geosynthetic-reinforced test sections

Testing Phase
Section Description Geosynthetic Base | HMA Criterion
P Location Pre-rut | Loading
Phase | Phase
12” compacted
Section 1 — nonwoven 10” 3”
geotextile-wrapped
sand layer
One layer of geogrid
Double TX5 | placed on nonwoven
Section 2 g_eogrld geotextlle_@ base- 18” 37
reinforced subgrade interface
section and one layer at the
upper 1/3 rd
TX 5 geogrid One layer of geogrid 17
. . placed on nonwoven ’ "
Section 3 reinforced . 18 3 re-rut
section geotextile @ base- P o
subgrade interface or 747 rut
2000
LA DOTD Class D passes
Section 4 | Control section | nonwoven geotextile | 18” 3”
on subgrade surface
RS580i high
strength woven
Section 5 geotextile One layer @ base- | 0. | .,
i subgrade interface
reinforced
section
RS580i high
strength woven
Section 6 geotextile One layer @ base- | ., | 4.
i subgrade interface
reinforced
section

Instrumentation. The test sections were instrumented using a variety of instruments
to measure the load — and environment — associated pavement responses and performance.

Figure 7 depicts a typical layout of instrumentations used in this study.
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Figure 7
Instrumentation plan for test section 2

For each test section, two earth pressure cells (Geokon Model 3500) were installed at the top
of the subgrade to measure the total vertical stresses. Piezometers (Geokon Model 3400)
were installed next to the pressure cells to measure possible excess pore water pressure
generated by the cyclic wheel load (Figure 7). Both the pressure cells and Piezometers were
installed at a depth of about 1 in. below the subgrade surface.

Spring-loaded LVDTs (RDP DCTH2000A) were customized and attached to a 3 ft. long steel
rod that was driven into the subgrade soil. A thin, rigid disk with a diameter of 2 in. was
attached onto the contact tip of the spring-loaded LVDT to provide sufficient contact area
with the soil. The LVDT measured the total deformation of the subgrade, since the end of
each LVDT was fixed with respect to the depth of the subgrade. Potentiometers (Honeywell
MLT-38000201) were customized to measure the strain at the mid-height of the aggregate
layer. The potentiometer has a maximum travel distance of 1 in. Two circular end plates with
diameters of 2 in. were attached onto the potentiometer. The customized potentiometers were
installed and affixed at the mid-height of the aggregate layer without fixing one end of the
potentiometer. The potentiometer measures relative distance between the two circular plates.
Measurements from potentiometer can help separate the contribution of aggregate layer to
the total rut depth of pavement sections.
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Pavement Layer Materials

Subgrade. The native subgrade soil consisted of a high plasticity clay, having a
liquid limit of 88 and a plastic index of 53 with 96.6 % passing # 200. It is classified as CH
per Unified Soil Classification System (USCS) or A-7-6 according to the American
Association of State Highway and Transportation Officials (AASHTO) classification system.
The clay has an optimum moisture content of 35% and a maximum dry density of 78.1 pcf
according to the standard Procter test (ASTM D698).

Base Course Material. Crushed limestone was used in the base course layer for all
test sections. The crushed limestone had 1.56% passing No. 200 opening sieve, an effective
particle size (D1o) of 0.015 in., a mean particle size (Dso) of 0.123 in., a Dgs of 0.75 in., a
uniformity coefficient (Cy) of 37, and a coefficient of curvature (Cc) of 3. This crushed
limestone is classified as GW and A-1-a according to the USCS and the AASHTO
classification systems, respectively. The maximum dry density, as determined by the
modified Proctor test (ASTM D1557) is 129 pcf at an optimum moisture content of 9.4%.

HMA Concrete. The HMA used in the construction is a wearing course. Itisa 0.5 in.
design level 1 Superpave mixture. The asphalt binder was classified as PG 76-22M according
to the Performance Grade (PG) specification. The optimum asphalt binder content is 4.1%.
The theoretical maximum density of HMA is 154.8 pcf.

Geosynthetics. Two types of reinforcement geosynthetics and one DOTD Class C
geotextile were used in this research, a triaxial geogrid, GG, and a high-strength woven
geotextile, GT. The triaxial geogrid was made by means of punching and drawing
polypropylene (PP) sheets. The geotextile was made from high-tenacity polypropylene
filaments that are woven into a sheet. The physical and mechanical properties of these
geosynthetics as reported by the manufacture are presented in Table 2. Index properties of
the DOTD Class C nonwoven geotextile used in Sections 1 through 4 were not tested.
However, the particular product was chosen to meet the requirements of Class C geotextile
according to the DOTD’s standard specifications for this type of application (Louisiana
Department of Transportation and Development, 2006). Class C geotextile has the following
minimum values of index properties: grab tensile strength of 3.3 Ib/in, elongation of 50% at
failure, and burst strength of 5.3 Ib/in. Although the Class C geotextile’s strength is much
lower than the geogrid’s and its primary functions were separation and filtration, whether the
nonwoven geotextile had any reinforcing effects on the pavement’s performance is not
known.
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Physical and mechanical properties of geosynthetics

Table 2

Reinforcement | Polymer Type T, lb/in J, 1ofin Apertu_re
MD? | CD® | MD? | CDP Size, in

GG Polypropylene 7.71° 1541¢ 1.57x1.57x1.57
GT Polypropylene | 39.9¢ | 150° | 2000 | 7450' 0.01679

8Machine direction, °Cross machine direction, “Tensile strength at 0.5% strain in radial
direction, 9Tensile modulus at 0.5% strain in the radial direction, ®Tensile strength at
2% strain, "Tensile modulus at 2% strain, 9Apparent opening size (AOS)

Construction of Test Lanes

The first step in this research study required preparation of the new location for the proposed
test sections at the PRF site, located south of the current test site (Figure 8a). This included
constructing two reinforced concrete pile-supported foundations to carry the ALF testing
facility, as shown in Figure 8b. The piles were cut to levels of 6 inches above the excavated
grade level (i.e., to elevations of -7.35 ft. for the south side and -7.75 ft. for the north side).
An 18-in. thick reinforced concrete pile cap was constructed as detailed in the construction
plan. The final elevations of top pile cap foundation was +4.65 ft. for the south side and
+4.25 ft. for the north side from a specified survey reference point. The natural soil for seven
lanes between the north and south pile cap (78 ft. x 78.5 ft.) was excavated to the elevations
specified by the attached construction plan. For test section 1: the elevations from a specified
survey reference point were -19.35 ft. at the south side to -19.75 ft. at the north side; for test
sections 2 to 5: the elevations were -13.35 ft. at the south side to -13.75 ft. at the north side;
while for test section 6: the elevations were -7.35 ft. at the south side to -7.75 ft. at the north
side. Lane 7 was constructed to host and practice the ALF machine prior to testing the
instrumented lanes 1 to 6. Light construction equipment was used for excavation to minimize
subgrade disturbance and the subgrade was leveled after excavation. A nuclear density
gauge, Geogauge (Gg), light falling weight deflectometer (LFWD), dynamic cone
penetrometer (DCP), and Vane Shear Testing Apparatus were deployed after the subgrade
surface was prepared to measure the in-place properties of subgrade (Figure 9).
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(e) Vane Shear

Figure 9
In-situ tests

(d) DCP



After the completion of subgrade preparation, the instrumentation was installed. When
installing the customized LVDTs, 3 ft.-long steel rods were driven deep into the subgrade
soil using a hammer. The LVDTs were then vertically attached to these steel rods (Figure

10). The clay subgrade soil was then was backfilled and compacted with a small rod around
the LVDTs.

TS
Figure 10
Placement of LVDTSs
To install the piezometers, short trenches were first excavated to a predetermined depth with
a hand trowel (Figure 11). Horizontal holes with a slightly larger diameter than the
piezometer were excavated at the end of each trench. The previously saturated piezometers
were then inserted in the holes and covered immediately with saturated subgrade soil.

Figure 11
Placement of piezometers

When installing pressure cells, holes with the same shape but slightly larger than the pressure
cell were excavated to a predetermined depth with a hand trowel. The bottom of each hole
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was flattened gently with a compaction hammer. The pressure cells were then placed into the
holes and adjusted until level with the assistance of a small bubble level placed on the
pressure cell (Figure 12). The subgrade soil was backfilled and compacted over the pressure
cells. To minimize over-registration/under-registration of pressure due to over-
compaction/under-compaction, a tight control of the backfill compaction was made to ensure
that the density of backfill was close to that of the surrounding soil.

Figure 12
Placement of pressure cells

To install the time-domain reflectometers (TDR), short trenches were first excavated to the

predetermined depth with a hand trowel (Figure 13). The TDRs were then inserted

horizontally into the subgrade and covered immediately with subgrade soil.

Figure 13
Placement of TDRs

After instrumentation installation, the geogrids/geotextiles with installed strain gauges were
placed on the top of the subgrade of test sections 2, 3, 5, and 6 (Figure 14). To protect the
strain gauges from damage during the compaction of the base course layer, the gauges were
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covered with a small amount of subgrade soil and gently compacted by hand before the base
course was spread over the geogrids/geotextiles.

""""  Figure 14

Placement of geogrids with strain gauges
After the installation of the reinforcement geosynthetics, a 12-in. compacted geotextile-
wrapped sand layer was constructed on test section 1, following the typical pro