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Chapter 1

1.0 Introduction

1.1Overview

Geosynthetic basal reinftement has been used in flexible pavemantsunbound roads
to limit the occurence of rutting, fatigue, andnvironmentatelated cracking, and to permit
reduction in base course thicknes$owever, the lack of a representative, eefficient test tha
can be used to evaluate the behaviorfuf-scale pavement test sections has prevented
parametric analyses of variables that may affect the performance of asg#ibyced flexible
pavemerd (base thickness, subgrade and base soil properties, gebsyptbperties, depth of
geosynthetic placement, stress state, and load magnitude and frequ€ncsgnt accelerated
tests involve eithesmaltscale, laboratorgyclic plate load tests, which often have scale effects,
or heavy vehicle simulators, whigkquire significant space, high construction soahd long
durations. Accordingly, the research objective of this stwdys to develop and validate new
accelerated testing approashusing aVibroseis (shaker truck) to characterileggescale

geosythetic reinforcegpavement models.

This report includes a description of the methodology and results from two different
types of dynamic tests using a Vibroseis truck as the loading mechanism: (1) relatively small
strain tests (shear strains less th&?%4). where embedded geophones allowed for measurement
of shear and normal strain distribution within the geosynthetic reinforced test sections as a
function of depth, and (2) relatively largérain tests (surface deflections on the order of 1 inch)
wheres gni fi cant numbers of ESALOG6s (30,000 plus)
test sections while permanent surface defl ec

function of number of loading cyclesThese two dynamic tests were conductedange scale

1



unreinforced, geogrid reinforced, and geotextile reinforced test sections constructedftin a 4
deep by 14t wide by 12ft long pit at the Engineering Research Center (ERC) of the University
of Arkansas. The smatditrain tests were performexh test sections constructed completely out

of poorlygraded sand. This simple, uniform material was chosen so as to evaluate how
geosynthetic reinforcement influenced subsurface strain distribution without interference from
other complicating factors & would make relative comparison of strain distribution difficult
(i.e. different soil layer interfaces, varying negative pore water pressures in soils with significant
fines content, etc.) The larg&rain tests were performed on test sections carstiout of 10
inches of Class 7 base course overlyingpB® inches of poorbgraded sand. Both sets of tests
were performed so as to determine the contribution of geosynthetic reinforcement to structural
pavement performance (i.e. relative strain thstion and surface deflection only). No attempts
were made to evaluate the other potentially beneficial mechanisms of geosynthetic

reinforcement.

This report is separated into five chapters. Chapter 1 consists of an introduction. Chapter
2 is a literatire review related to geosynthetic reinforcement of the base layer in flexible
pavements. Specifically, this review will focus on studies involving construction and evaluation
of pavement test sections with and without geosynthetic reinforcement. CBaptemarizes
the testing approach used to evaluate the impact of geosynthetic reinforcement osittine in
strain distribution during dynamic surface loadin@hapter 4presentsa descriptionof the
accelerated dynamic deflectometer (ADD) testing appr@axa results from thi¢argestrain

surface loading testChapter 5 presents conclusions developed from the current research.



Chapter 2

2.0Literature Review

2.1 Overview

This chapter summarizes findings from the technical literature related tontjeetsy
reinforcement of the base layer in flexible pavements. Specifically, this review will focus on
studies involving construction and evaluation of pavement test sections with and without
geosynthetic reinforcement. A goal of this review is to oatérperience from these tests which
may hel p identify the i deal conditions i n
beneficial, geosynthetic properties that contribute to the performance of the test sections,
possible mechanisms of geosynthetioi@cement in pavement base layers, and inconsistencies

between the observations from the different studies.

2.2 Introduction

The design of flexible pavements consists of selecting materials that will distribute the
stresses applied from traffic to ader area of subgrade. By doing so, the pavement is expected
to support an expected amount of traffic over anticipated desired design life. Most premature
pavement failures are structural in nature, meaning that one or more of the materials in the
systemhave reached a mechanical failure state. Structural failures happen in practice before the
desired design life due to unexpected loadings, environmental interaction, drainage problems,
and other factors such as cyclic degradation, frost heave, and drilsgtdement which change
pavement materials. In order to extend the lifetime of flexible pavements to help counter some
of these adverse effects, pavement engineers have incorporated thicker layers of base material
into flexible pavements. However, shstrategy has led to excessive cost in some situations.

Accordingly, alternatives such as geosynthetic reinforcement of the base course have been

3



introduced into flexible pavements (Haliburton 1970, Stevedral. 1977, andBarenberget al.

1975). Geosyithetic materials, which had been shown to be effective as reinforcing materials in
slopes and retaining walls, were expected to lead to an improvement in pavement performance.
In slopes and retaining walls, the soil transfers shear stresses to the gaasygitiforcements,

which resist these imposed stresses by mobilizing tension. Field studies have indicated that
geosynthetic reinforcement of pavement base course layers can lead to reduced differential
settlement, reduced base course thickness, pretbngervice life, and improved stress

distribution Hufenuset al.2005).

2.3 Geosynthetic Material Types

A geosynthetic material is a synthetic material manufactured from polymers such as
polyethylene, polypropylene, or polyester. Although geosynthbagse many forms and uses
(Koerner 2005), the two forms of geosynthetics that are specifically used for basal reinforcement
are woven geotextiles and geogridalthough both of these reinforcements may contribute to
pavement performance, Aadiet al. (1994) and (1997) found that the mechanisms by which

the two geosynthetic types reinforced the pavement are different.

2.3.1 Geogrid

A geogrid is a geosynthetic material consisting of connected intersecting ribs with
opening sizes into which soil particlean enter, enhancing interlocking between the soil and
geogrids (Koerner 2005). The interlocking aspect of geogrids makes them ideal for use in
granular soils such as the pavement base course. If the surface of a pavement having geogrid
basal reinforceent is loaded vertically, the dense soil particles will at first want to expand
laterally due to the Poisson effect under elastic strain levels, and then dilate and expand under

higher strain levels. Perkins and ksikn (1997) and Giroud and Han (2004)selved that

4



geogrids may restrict this lateral movement through interlocking. This mechanism may indicate
that stiffer geogrid polymers may yield improved lateral confinement. In this mechanism, the
geogrid does not likely go into tension unless highexirsd are observed in the system (Giroud

and Noiray 1980).

2.3.2 Geotextile

The geotextiles typically used for reinforcement applications are woven filament sheets
(Koerner 2005).The main reinforcement mechanism of woven geotextiles is separstionen
geotextiles are used to separate two dissimilar materials, preventing internkgimgin( and
Sigurdsson 1996Perkins and Ismeik 1997, amd-Qadi et al. 1997. For this reason, most
geotextiles are placed between the subgrade and base layer. Sepalats a stiff material
placed on a soft subgrade to maintain its full thickness throughout the life of the pavement.
Similar to geogrids, in order to mobilize tension, the soil and geosynthetic material must deform
a certain amount to mobilize thensile strength of the geosynthetic. Cuekstoal. (2009)
suggested that the puncture resistance of the geotextile should be taken into account, as
penetration of particles through the geotextile will reduce its strength and stiffness (€ualho

2009).

2.4 Testing Methods

Even though geosynthetics have been used in pavements for over 3@hgzarare still
discrepancies in the results between the testing methods used to quantify the contribution of the
geosynthetics on pavement performance (Perkimgd Lapeyre 2005). The current testing
methods available to detect the contribution of geosynthetics in pavements included small scale
laboratory tests, large scale laboratory tests, controiddfic track tests, and fulbcale pavement

field tests. Tk majority of these tests quantify the performance of the geosynthetic
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reinforcement of the base layer by surface deflection measurements. However, a few researchers
have instrumented pavements and geosynthetics to determine geosynthetic reinforcedtpaveme
performance. The instrumented full scale pavement test expected to be the most
representative of the actual field conditions because they are loaded in the same manner as
actually present in the field. However, the environmental conditions (tetape, subgrade and

base water contents) can change over time irstidle field tests, so they have less control than

in laboratory tests.

2.4.1 Laboratory Testing

Laboratory testing is typically used because test sections can be constructed dnd teste
relatively quickly, permitting multiple alternatives to be evaluated. The two most common
laboratory tests are track testing with heavy vehicle simulators (HAsShown in Figure 2.1
(Barksdaleet al. 1989, Perkins and Cortez 2005, and Canetlil 1996), and cyclic plate load
testing on pavement models in laboratory tamsshown in Figure 2.3 (Haast al. 1988, At
Qadiet al. 1994, and Linget al. 2001). The use of HVS systems are more representative of
actual pavement loading if a large testton is used; however, the construction and testing of
these test sections are often time consuming and expensive. This is especially the case if site
specific soils need to be transported to the HVS location. These test tracks are normally
constructedndoors in long rectangular boxe3grkins and Cortez 20G&nd Collin et al. 1996)
or outdoor test tracks (Barker 1987, Halliday and Potter 1984, and Webster 1993) and loaded
using a load frame with a wheel attached. The typical variable measured i8 test¥ is a two
dimensional rutting profile obtained after different numbers of passes, such as that shown in

Figure 2.2.
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Other studies have involved laboratory tank tesisgle and Jersey 2005, Aadi et al.
1994, Perkins 1999, Haa&s al. 1988, and Linget al. 2001). The pavement models tested in
laboratory tankgrefer to Figure 2.3are not completely representative of fediale pavements
due to boundary and scaling effects. Specifically, the size of the test section and layer
thickneses are reduced; howeyd#re soil is not sieved or reduced in size and the geosynthetic
properties are also not reduced. In the case of dynamic surface loading, these tests may be
influenced by boundary effects as stress waves will bounce off the $ittiesstank and back into
the pavement structure. Leng and Gabr (2002), Jersey and Tingle (2005) and Perkins (1999)
performed cyclic plate load test on geogrid reinforced sections. These tests were performed by
cycling a load on a circular plate until artain rut depth is accomplished. The outcome of these
tests is typically a profile of surface deformation as a function of the number of cycles of load
applied to the test sectioasshown in Figure 2.4. Figure 2.4 shows deformation as a function
of the number of cycles of load applied for two different types of geogrid reinforcement, BX1

and BX2, along with an unreinforced test section (Leng and Gabr 2002).
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Figure 23: Cyclic plate load test in Figure 24: Cyclic plate load test results
laboratory tanks (Leng and Gabr 2002 (Leng and Gabr 2002).

2.4.2 Full Scale Field Testing

Full-scale testing is typically performed to evaluategmaents under the actual traffic
and environmental conditions present in a given area, as shown in Figure 2.5. However, this can
be inconvenient as it is difficult to understand the design conditions that will lead to meaningful
results. Another issue ikat field sites often have natural variations in the subgrade profile. For
this reason, uniform site conditions are harder to verify than soil that is brought in for testing.
Therefore, to be able to understand the contribution of the geosyntheti@ahiatthe pavement
design, a uniform testing material must be used and often times a geosynthetic liner is used to
eliminate migration of the natural subgrade into the test section during testing. These test
sections must be built from the sides of th&t section so that the test section is not trafficked in
any way before traffic loads are applied. The outcome of these test are typically rut @sfiles,
shown in Figure 2.6, measured by surveying the surface of the test g€utelho and Perkins

2009and Tingle 2008
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2.4.3 Instrumented Test Sections

Both the laboratory and full scale field test normally only measure what is going on at the
surface of the test sectionWhen fatigue of the pavement begins, often times the surface of the
pavements not where the true issue isWhen moisture builds up in the pavement basd
subgrade layer, the shear strength in these layersshegiecrease and weaken. Repeated
loading on these weaked layers causefatigue. Therefore, a testingnethod that measures
strain within the test section is needed to determine what is happesirgfunction of depth
during loading. Several studies have been done on instrumented test settironly with
limited results (Perkingt al. 2009, Perkinset al. 1997, AlQadi et al. 1999, Howard 2006,
Warren and Howard 2005). The limited results obtained from previous instrumented pavements
are associated with a lack of information pertaining to instrument selection and installation.
Therefore, the instruentation in geosynthetic reinforced roadways historically does not last long
enough to obtained valuable information {@&di et al. 1999 and Brandoet al. 1996). Weak

spots are also created in the pavement layers due to poor compaction around thentesion.



2.5Previous Research

A number of previous studies which conducted research on geogrid and geotextile
performance in pavements will be discussed in this section. The research presented in Table
2.1, Table 2.2, and Table 2.3 are laboratoryfaticscale field test thaguantify the contribution
of the geosynthetics on pavement performabgesurface deflection measurement3his
information ispresentedimilar tothe informatiorfound in Berget al.2000; howeveradditional
information haveenaddedTa bl e 2.1 summari zes the details
setup and the details of the construction of each test section. Table 2.2 summarizes the
properties of the geosynthetic reinforcement and the location of the geosynthéticearent
in each test section. Table 2.3 summarizes the loading of each test section, the California
Bearing Ratio (CBR) of the subgrade, the deformation of each test section, and the benefit of the
geosynthetic reinforcement in terms of the traffic ematio (TBR). The TBR is the ratio of
the number of loading cycles on the geosynthetic reinforced test section to reach a certain rut
depth to the number of loading cycles to reach the same rut depth on theinforced test
section. These studiesegpresented in an attempt to show how many different variables impact
geosynthetic reinforced pavement performance. These variables are often times very difficult to
measure independentlizach of these variables are very difficult to assess individbaltause
they are all interrelated, butamy of these variables have similar behaviors over a large range of
different configurations. Therefore, trends in these variables are developed from the previous
research data summarized in Table 2.1, Table 2@ Table 2.3. The optimum values obtained
from previous research forulbgrade strength, geosynthetic placement, base course layer

thickness, and geosynthetic propertek be discussed further in this section.
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Table 21: Summaryof previous research test section properties

Layer Thickness (ir

Layer Classificatio

Author Testing Facility Facility Dimension (ft] AC Base Base | Subgrade
Al-Qadi (1994) Soil Tank | 10.2Lx59Wx6.91[ 2.7 ?g GW-GM SM
Al-Qadi (1997)| PubilcRoad|  443Lx49W | 35 —>—f GW | M.

Barker (1987) | TestTrack | 68.8Lx15Wx 3.6 2.9 5.9 GP [ Sandy Sil
Barksdale (1989) Test Track 16Lx7.8Wx49D0 1.5 7.8 GP-GM CL
Brown (1982) Test Track 17Lx7.8Wx490 1.9 5.9 GW CL
Cancelli (1996 Soil Tank 29Lx29Wx290 29 11.8 GW SP
11.8
Cancelli (1999) TestTrack | 689Lx 13.1Wx 3.9 2.9 15.7 Gravel CL
19.6
Collin (1996) Test Track [ 47.9Lx14.4Wx 3.9| 1.9 171'18 GW CL
Cuelho (2009)| Full-Scale 49.2L x 13.1W |None ;g GW-GM SC
2.9 7.8
Haas (1988) Soil Tank | 147Lx59Wx 291 29 11.8 GW SP
2.9 7.8
Perkins (1997)| Soil Tank 6.6Lx6.6Wx4.90 2.9 14113 GW SM
Tingle (2005) Soil Tank 6Lx6Wx45D [None 122 SW-SsM CH
5.9
9.8
Webster (1993) TestTrack [144.4Lx 125Wx 2.3 1.9 11.8 SM-SQ CH
13.7
17.7
Table 22: Summary of previous research loading properties
Author Loading Type Applied Load (Ib)| Load Frequency or Spesd
Al-Qadi (1994) 11.8 " circular plate 8768 0.5Hz
Al-Qadi (1997) Traffic Traffic Traffic
Barker (1987) Moving wheel 26,978 Unknown
Barksdale (198¢ Moving wheel 1484 2.9 mph
Cancelli (1996 11.8 " circular plate 8992 5Hz, 10 Hz
Cancelli (1999 Single wheel front anxle, | 5058 per wheel 12.5 mph
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Table 2.2continued:Summary of previous research loading properties

Author Loading Type Applied Load (Ib)| Load Frequency or Sped
Collin (1996) Moving wheel 4496 2.7 mph
Cuelho (2009) Three Axle Dump Truck 45,988 9.32 mph
Haas (1988) 11.8 " circular plate 8992 8 Hz
Perkins (1997) 11.8 " circular plate 8992 0.67 Hz
Tingle (2005) 12" circular plate 8,992 1Hz
Webster (1993) Moving wheel 29,225 Unknown

Table 23: Summary of preious research geosynthetic properties and test results

. Secant Modulus if _ . Subbase Rut
Geosynthetic : .. |Reinforcement __ . Subgrade
Author Reinforcement Machine Direction Location Thickness CBR Depth| TBR
at 5% Strain (Ib/ft) (in) (in)
Al-Qadi | Woven Geotextile 13700 Interface 5.9 2 1 1.7
(1994) | Woven Geotextile 15600 Interface 7.8 4 1 3
Al-Qadi | Woven Geotextile 13700 Interface 3.9 7 0.7 | 1.6
(1997) | Punched Geogrid 13700 Interface 3.9 7 08 |14
Barker Middle of BasH
Punch igl 151 . 27 1 |12
(1987) unched Geogri( 5100 Course 5.9
Woven Geotextile Unknown Middle of Bas¢ 7.8 2.7 05 |47
Course
Barksdalq Woven Geotextile Unknown Interface 7.8 2.7 05| 1
1989 . Middle of B
( ) Punched Geogrid 8200 lddle of Basg 7.8 3.2 05|28
Course
Punched Geogrid 8200 Interface 7.8 2.5 05| 1
Woven Geotextile 13400 Interface 11.8 3 1 |17
Punched Geogrid 8200 Interface 11.8 3 1 17
PVC Coated 16900 Interface | 11.8 3 1|17
Polyester Geogri
| Multlayer Biaxial 12300 Interface 11.8 1 05 | 15
Cancelli Geogrid
1996 i iaxi
(199) | Multilayer Biaxial 12300 Interface 11.8 3 1 |52
Geogrid
Multilayer Biaxial 12300 Interface 11.8 8 1 |32
Geogrid
Biaxial Geogrid 13700 Interface 11.8 1 1 70
Biaxial Geogrid 13700 Interface 11.8 3 1 |71
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Table 2.3 continued: Summary of previous research geosynthetic properties and test results

. Secant Modulus irf _ . Subbase Rut
Geosynthetic : .. |Reinforcement __ . Subgrade
Author Reinforcement Machine Direction Location Thickness CBR Depth| TBR
at 5% Strain (Ib/ft) (in) (in)
Woven Geotextile 13400 Interface 15.7 3 0.4 | 220
Punched Geogrid 8200 Interface 11.8 3 0.8 | 220
Punched Geogrid 8200 Interface 15.7 3 0.3 | 340
Punched Geogrid 8200 Interface 19.6 3 05 |84
Punched Geogrid 8200 Interface 11.8 8 03 |12
Cancellj| MUltilayer Biaxial 12300 Interface 11.8 3 0.6 | 300
(1999) Geogrid _
Multlayer Biaxial 12300 Interface 15.7 3 0.3 | 330
Geogrid
Multlayer Biaxial 12300 Interface 19.6 3 04 | 13
Geogrid
Multilayer Biaxial 12300 Interface 11.8 8 03 | 16
Geogrid
Collin | Punched Geogridl 8200 Interface 7.1 1.9 1 2
(1996) | Punched Geogrid 15100 Interface 11.8 1.9 1 |33
Woven Geotextile 1100 Interface 7.2 1.75 1 |17
Cuelho PVC Coated
(2009) . 400 Interface 6.7 2 1 |26
Polyester Geogri
Haas | Punched Geogri 13700 Middle of Basg 7 g 8 | 08|33
(1988) . Course
Punched Geogrid 13700 Interface 7.8 8 0.8 |31
Perkins Woven Geotextile 13700 Interface 11.8 1.5 0.9 -
(1997) Punched Geogrid 8200 Interface 11.8 15 09 | 17
Punched Geogrid 8200 Interface 14.7 15 0.7 | 17
Tingle | on-woven Unknown Interface | 13.8 22 1 |28.9
(2005) Geotextile .
Punched Geogrid 800 Interface 13.3 13.7 1 |15
Punched Geogrid 13700 Interface 13.7 3 1 |27
Punched Geogrid 15100 Interface 5.9 8 1 22
Punched Geogrid 15100 Interface 9.8 8 1 |67
Punched Geogrid 15100 Interface 11.8 3 1 |31
Webster| Punched Geogridl 15100 Interface 13.7 3 1 |47
(1993) _ Middle of Basq
Punched Geogrid 15100 Course 13.7 3 1 |22
Punched Geogrid 15100 Interface 17.7 3 1 |13
Woven Geogrid 15600 Interface 13.7 3 1 |09
Knitted Geogrid 14900 Interface 13.7 3 1 |16
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2.5.1 Evaluation of the Impact of Subgrade Strength

The relevance of the different reinforcement mectrasi may depend on the subgrade
soil atop which the pavement rest®Vith softer subgrades the pavement system is able to
deform, this deformation is required to mobilize the geosynthetic. However, stiff subgrades will
not deform as much and the geosytithevill not be fully mobilized in these subgradeslThe
suitability of the subgrade to resist loading is typically quantified in pavement engineering using
the California Bearing Ratio(CBR) is a measure of the mechanical strength of a subgrade. As
the CBR value increases, the strength of the subgrade also increases. Subgrades with CBR

values less than 8 see the most benefit from geosynthetic reinforcement.

2.5.2 Evaluation of the Impact of Base Course Layer Thickness

Numerous studies suggest thabgynthetic reinforcement can be used to increase the
structural performance of the pavement; therefore, reducing the thickness of the base course
layer. Pavements reinforced with geosynthetics on weaker subgrades, CBR=1, cannot reduce the
base course layéHaaset al. 1988). Howeveron subgrades thatrestronger, CBR=8, the base
course layecan be reduceldy as much as 50 % (Webster 1993). Other studies have shown that

geosynthetic reinforcement should not be used to replace base course thickness.

2.5.3 Evaluation of Geosynthetic Location

The ideal location of the geosynthetic material within the pavement layer is dependent on
the magnitude of the applied load and the quality and thickness of the soil being rei(Berged
et al. 2000, Barksdale etl.a1989, Jenner and Paul 2000, Haas et al. 1988, Cancellli and
Montanelli 1999, Barker 1987, and Webster 1993tven though each parameter in the
pavement such as thickness of the base course, geosynthetic type, subgrade strength, and

loading conditionsall effect the placement of the geosynthetic material within the pavement
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system; the most effective placement of the geotextile is always at a layer interface to separate
one soil type from another. On the other hand, the most effective location gédaad has

been shown to be somewhere in the base layer, not at the layer interface (Batkadda@g9).
However, the thickness of the base course layer does effect the position of the geogrid. The
geogrid can be more effective when placed at titeoln of thin bases, but for base thicknesses
greater than 9 inches the geogrid performs better closer to the midpoint of the layest(&lass
1988). With this being said, the geogrid should not be placed too high in the pavement or it will
not be ableo prevent lateral spread of the base course soil and a significant rut will develop

before the geogrid is mobilized.

2.5.4 Evaluation of Geosynthetic Properties

The properties of the geosynthetic material play a huge role in whether the geosynthetic
material will be successful in reinforcing and prolonging the life of the pavement. A stiff
geosynthetic material will have very small elongations in the matesifdwing small
deformations in the pavement. Stiff geosynthetic materials work well osigmjtades, but the
influence of the stiff geosynthetic material decreases with an increase in the bearing capacity of
the subgrade. However, forces do not develop in the geosynthetic material until elongation of
the material has occurred; therefore, pagement must develop trafficking and a certain amount
of rutting before the geosynthetic is mobilized. As a result, the benefit of geosynthetic
reinforcement will increase as the pavement begins to show signs of significant rutting, which
means that thbearing capacity of the subgrade is deteriorating. Research done by Baeksdale
al. (1989 suggest that geotextile requires significantly more deformation of the pavement to
mobilized the same amount of reinforcement in the geogrid due to the integadklity of the

geogrid. Nevertheless, significant rutting and decreased bearing capacity of the subgrade
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normally constitutes failure in pavements. For that reason, it is important to develop just enough
rutting to mobilize the geosynthetic to prolotite service life of the pavement without failing

the pavement (Hufenust al. 2006). Several research studies test the performance of the
geosynthetic to pavement deformasdhat are not reasonable, over an inch (Cuelhal. 2009,
Fanninet al. 1996, Collin et al. 1996, and Montanelli 1997). With an inch of deformatian
flexible pavement will have functional issues, meaning the pavement will discomfort drivers due
to its roughness. It is important to review research projects at reasonable defwsniati

flexible pavements.

2.6 Evaluation of Reinforcement Mechanisms

The reinforcement mechanisms discussed in this section are the factors that affect the
performance of geosynthetic reinforced pavements. This section will describe the means in
which these mechanisms of geosynthetic reinforcements are able to improve pavement

performance.

2.6.1 Lateral Restraint

When vertical loads are applied to the pavement, forces below the pavement spread the
aggregate particles apart. Due to the nature okaditing across the pavement, the aggregate
particles spread laterally away from the tire creating ruts. It has been shown in several studies
that placing geosynthetics between the subgrade and the aggregate base confines the aggregate
particles at thenterface. Figure Z.shows the reinforcement mechanisms achieved by lgteral
restraining soil particles. When these aggregate particles are confined, vertical shear stresses that
cause rutting will beesisted The aggregate base course and the geustymimaterial interlock
due to frictional interaction allowing the geosynthetic material to absorb the vertical shear
stresses at the interface that are normally applied to the subgrade below. The shear stresses place
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Figure 27: Mechanisms achieved by lateral restraint due to geosynthetic reinforcement
(Perkins 1999).

the geosynthetic material in tension and the stiffness of the geosynthetic material slows down the
development of lateral tensile strain in the base near theyginetic (Berget al. 2000). Large
deformation is not needed to achieve the confinement mechanism that the geosynthetic material

provides for an increase in pavement performance (Huietnais2006).

2.6.2 Separation

When two different materials arplaced on top of one another and loaded, the
intermixing of the materials tend to occur. Normally in roadways, a stiff material is placed over
a soft material and when these two materials intermix, the stiff material layer may decrease in
thicknesscreding a larger layer of weak soil beneath a thin layer of stiff asghown in Figure
2.8. This mixing of layers is often referred to @msgration of fines. When this condition is
present, separation is the most important mechanism of the geosymiatéical. Studies
performed on pavement reinforcement with geotextiles tend to show that separation and filtration
are most important for thin base course aggregate thicknesses and weak subgrade conditions

which are susceptible of the migration of fifEannin and Sigurdsson 199@3}.eotextiles are
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Figure 28: Contribution of geotextile separation in pavements to prevent intermixing of layers
(Berget al.2000).

traditionally more effective in providing separation than geogfiterkins and Ismeik 1997).
The conclusion of research done by@é&diet al. (1997 was that the separation mechanism of

the geotextile was more importahtinthe reinforcement mechanism of the geogrid.

2.6.3 TensionedMembrane Effect

When geosynthats are placed in heavily trafficked roadways, predominantly unpaved
roadways, the soil along the geosynthetic reinforcement is able to deform enough to transfer
enough stress to the geosynthetic to mobilize tension (Giroud and Noiray 1980). In this
situdion, the soHgeosynthetic system behaves as a thin, tensioned memlasrshown in
Figure 2.9 Specifically, the reinforced soil layer is curved downward; therefore, exerting an
upwards force which better supports the wheel load and spreads the laactoatlarger area
leading to increased bearing capacity of the pavement. However, large pavement ruts along with

high stiffness geosynthetic materials are needed to mobilize the tensi@ndorane effect.

18



o —— WHEEL LOAD

— /
'III_/__---I" \ - 'hl-.._______l
GEOSYNTHETIC

MEMBRANE TENSION
VERTICAL SUPPORT IN GEOSYNTHETIC
COMPONENT OF -
MEMBRANE ——

Figure 29: Tensionmembrane effect caused by geosynthetic reinforcement
(Berget al.2000and Haliburtoret al.1981).

Therefore, this type of reinforcement mechanism is not useful to explain the role of basal
reinforcement in flexiblgpavements With this being said, thisiechanism is used extensively in
unpaved or temporary roads during construction when the soils are too weak to beppyrt

equipmentidaliburtonet al. 1981, Stewad et al.1977, andHufenuset al 2006.

2.6.4 Stressand Strain Redistribution

When gesynthetic reinforcement is present, the stress and dtifiatribution in the
pavement is changed. This in part is caused by the friction between the soil and the geosynthetic
material. The vertical stresses should decrease and become more widelytedstab the
subgrade layer when geosynthetic material is present in the pavement. This is caused by the
geosynthetic reinforcement of the base course layer which essentially increases the modulus of
the base allowing less deformation and rutting in theepeent (Berget al. 2000). Very few
studies have been done to measure the impact of geosynthetic reinforcement layer on strain
distribution (Perkinset al. 1999). This is due to the lack of information regarding

instrumentation selection and installation
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2.7 Design Methods

Design methods have been developed, but lack some of the many variables that impact
pavement performance. For example, empirical design methods are limited to the circumstances
of the configuration studied (Pennet al. 1985, Monanelli et al. 1997, and Webster 1993).
These methods are unable to account for variations in the pavement configuration and
geosynthetic type and placement. Due to the variations in the input parameters in flexible
pavements, finite element design methddve been created (Perkins 2001, Kwbml 2005,
Leng and Babr 2002, and Perkins 2004). Even though these methods can allow for variations in
the different variables, it is difficult to model the behavior of different soil types, geosynthetic
behavior and the interaction between the two (Perkins and Ismeik 1997). These models are also
limited to a response of the pavement under a single load. However, the design method should
predict pavement response over a number of repeated load cycles. Altlpeoghnthetic
materials have been used to reinforce pavements for decades, the lack of an acceptable design

method currently limits the use of geosynthetic reinforcement in pavements.

2.8 Conclusion from the Evaluation of the Literature

Many studies ave been performed to infer the contribution that the geosynthetic material
has on pavement design. A number of researchers found that the geosynthetic placement in the
pavement cross section is most important (Exrg. 2000, Haa®t al. 1988, and Barkdaleet al.
1989). Others conclude that separation of two dissimilar materials is the main benefit seen from
geosynthetics in pavementSafpinin and Sigurdsson 199l-Qadiet al. 1997, and Perkins and
Ismeik 1997). Still others have shown that geosstith provide little reinforcement benefit
(Brown et al. 1982, Barker 1987, Halliday and Potter 1984, @bxal. 2010, and Collinet al.

1996). These studies show uncertainty in many of the variables and reinforcement mechanisms
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due to geosynthetic reinftement and the fact that the benefits of these reinforcement

mechanisms have not yet been quantified.
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Chapter 3

3.0In-Situ Strain Testing Approach and Results

This chapter summarizes the testing approach used to evaluate the impact of geosynthetic
reinforcement on the Hsitu strain distribution during dynamic surface loading. During this
project, the testing approach evolved over time. Fisteinforced geogridreinforced, and
geotextilereinforced soil test sections wereonstructedin August 20@ at the Engineering
Research Center (ER@} the University of ArkansasThree test sections weoenstructecbn
nativesubgradesilt and consisted @ inches of compacted relitt (clayey sanyloverlain byl2
inches ofcompactedClass 7 aggregate basgsB2) However, due to the sensitivity dfie
compadbon moisture contendf the red clayand Class7 aggregate basand the relatively low
CBR of the underlying ERC subgrade (s iLwas extremely difficult tachieveconsistentayer
densitiesin the three test sectionsBecause the sections did not have identical conditions after
construction, these test sections were found to be inadequate to draw conclusions as to the
relative influence of the geosynthetic reinforcement on tlsebsurface strain dtribution and
surface deformatiarFurthermoregconstructability issues were encountered in these test sections
because the compacted Class 7 aggregate and compacted red clay were so stiff that removal of
the embedded dynamic sensors was extremely diffi&is a result, rany of the sensorand
sensor cablesvere damageduring excavationof eachtest sectionThese problems led ta
modified tesing planinvolving asingle,thick layer of compacted sartkat was implemented in
a second round of testperformed in the May of 2009. This chapter will only include a
discussion of then-situ strain distributiortesting approach, procedures, and resutisn the

second series of tegterformedn May of 2009.
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3.1 Material Properties

3.1.1Sand

Due to the prblems noted above, a pooidyaded sand (SP) was chosen as the test soil.
The SP classifies as an-1Ab soil in the American Association of State Highway and
Transportation Officials (AASHTO) soil classification system, which is an excellent subgrade
materal. According tothe Unified Soil Classification System (USCS) sandis classified as
well-graded wherthe coefficient of uniformity(C,) is greater than six and the coefficient of
curvature(C.) is between one and threghe G, and G for the sand w=d inthis project is 4 and
0.75 respeately. Therefore, thisandis classified agpoorly-graded. The grainsizedistribution
datais presenteth Table 3.1and the grairsize distribution curvés shownin Figure 3.1

The sandvasused as it was slerved to lead to consistent density and stiffness values
from test section to test section. While not necessarily representative of typical pavement
subgrade or base course material, the SP was chosen because of its relative insensitivity to
compaction dbrt and compaction moisture content, and because it was still suitable to identify
the mechanisms of geosynthetic reinforcement during dynamic surface loading. The use of SP
was desirable for the 4situ strain tests so that the relative suibface dynams strain
distributions could be evaluated for each reinforcement type via direct comparison. The use of
SP was found to simplify and eliminate construction differences, permitting a more

straightforward evaluation of the geosynthetics impact orssulace strain distribution.

3.1.2Geosynthetics
As mentioned in Chapter 2, differegeosyntheticreinforcement types have different
mechanisms of reinforcement in soils during dynamic surface loading. geosyntheticsa

geogrid and geotextilmanufacturd by TenCateMirafi, Inc. of Pendergrass, Georgiaere
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Table3.1: Grain-size distribution datéor thepoorly-gradedsand usedh this project

Sieve No.| Sieve Size (mm)| Percent Passed (%)
4 4.750 97.12
10 2.000 84.59
40 0425 21.92
60 0.250 3.95
100 0.150 0.89
200 0.075 0.28
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Figure3.1: Grain-size distributiorcurve for tlke poorly-gradedsand useéh this project

evaluatedn this project The geogridshown inFigure 3.2is a Mirafi® BXG12 andis made of
high tenacity polyester multifilament yarns which are woven in tension and finished with a
polyvinyl chloride (PVC) cating. The manufacturer indicates that tgsogid is intendedo be
used forconfinement and reinforcement of swilbiaxial loading conditions such as roadshe
geotextile shown in Figure 3.3, is a Mirafi® HP570 and is made from higkenacity
polypropylene yarns which are woven into a network so that they hold their relative position.

Themanufacturer indicates that the possildes of this geotextile aseparation, filtration,
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Figure 32: Geogridused in this project Figure 33: Geotextile useth this project
(Mirafi® BXG12) (www.tencate.com) (Mirafi® HP570) (www.tencate.com).

confinement, andeinforcemenbdf soil. The general properties of each geosynthetic are listed in

Table 3.2and the tensile strengths of each geosynthetic are listeabie 3.3

3.2 Instrumentation

3.2.1Geophone Packags

Geophone packages were used in this study to assesssihe strain distribution in the
test sectionsA geophonds a device which converts ground movemgadrticle velocity)into
voltage. Geophones consist @f spring mounted magnetic mass tpanerates electrical signal
proportional to its velocity with respect to a surrounding wire coil. Geophones can only detect
movement in the direction that the magnetic mass is oriented. Therefore, to detect movement in
the vertical and horizontal diresh, two 28-Hz geophoneswvere paired togetheto form 2-D
geophongrackage Specifically, thegeophone were orientedperpendicular to one anothier
order to measur@elocity (and eventuallyisplacementin both the vertical and horizontal
direction. The geophones were housed within a machaglic casewith dimension ofone
inchin heightand two inches in widthasshown inFigure 3.4 The geophonewereconnected
by a shielded and groundeglectric cable to the data acquisition sysienorder toanalyze the
signak during surface loadingAfter the electric cables weo®nnected to the geophones within

the acrylic casinghe geophones were covered withepoxy to form a waterproof sensor which
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Table3.2: Propertiesof the geosyntheticgrovided bythe manufacturer

. Roll Mass/Unit .
Geosynthetic Type| Structure Polymer Dimensions Area Aperture Size
Mirafi® HP570 Woven Polypropylene| 15 ft x 300 ft | 14 oz/lyd # g%yés'
L PVC coated Polyester, .
Mirafi® BXG12 Woven PV 13.1tx 164 ft | 11.4 oz/yd 1in.

Table3.3: Geosynthetic tensile strength properties provided by manufacturer

Minimum Average Roll Value

Tensile Strength Tensile Strength Ultimate
at 2% Strain at 5% Strain Tensile Strength
Cross Cross Cross

Machine Machine Machine Machine Machine Machine
Geosynhetic Type| Direction | Direction Direction Direction Direction Direction

Mirafi® HP570 | 960 lbs/ft | 1320 Ibs/ft | 2400 Ibs/ft | 2700 Ibs/ft | 4800 lbs/ft | 4800 Ibs/ft

Mirafi® BXG12 | 625 Ibs/ft | 840 Ibgft | 1000 Ibs/ft | 1350 Ibs/ft | 2500 Ibs/ft | 4500 lbs/ft

Geophone _
packagein [ 4 Calibrated
vertical proximeter

calibration
configuration

Figure 34: Picture andchematic for one of Figure3.5: 2-D geophonepackage
the dynamic geophone packagssl in this calibrationsetup. (Cox et al. 2009b)
project. (Cox et al. 2(ED)
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could be embedded safely in the test sectioBght geophone packages were constructed for
this project. lBch geophone packageas calibratedn each directiorby goplying a sinusoidal
motion with constant amplitud® the sensors mounted arshake tablé¢shown in Figure 3.5),
sweeping through frequencideom 5 to 100 Hz. A calibrated proximetédisplacement
transduceryvas used taleterminee a c h g e o p h denaeadpbasearespohse aswa function
of frequency. In Equation 3.1Sis a calibréion factor,f is the frequency5-100 Hz),D is the
damping ratio, ant}is the natural frequency of tlyeophone (approximateB8 Hz). To obtain

the calibratiorcurves values ofS, f,,, andD were selectedo that the calculated and measured

DA NEQ0= v (3.1)
.‘g ng-g + ZVO“@“QZ

curves matchas shown inFigure 3.6 Calibration was performed in the two orthogonal
orientations in order to calibrate both of the geophonethén2D geophone packag&he
calibration factors for the horizontal and vertical geopkamé¢he eightgeophongackagesised

on this projectre listed in Table 3.4

3.3 Test Section Construction

3.3.1 Test Pit Preparation

A site behind the Engineering Research CefE&C) at theUniversity of Arkansasvas
cleared Thesubgrade soil wasexcavatedo create a pid-ft deep by 1At wide by 12ft long.
The solil at the bottom of the pit wasatersaturatedand could notbe effectively compactedo
form a stable base for the test gmts Therefore, &hole was dug at the front of the pit and a
sump pumpplaced into the pit to pump out excess water during construction of the test sections.

Theexcavategit and sump pumpre shownn Figure 3.7 The pit waghenlined with
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Table 34: Calibration factors for the horizontal and vertical geopkémeach of the eight sensors

Sensor 1 Sensor 2 Sensor 3 Sensor 4
Horizontal | Vertical | Horizontal | Vertical | Horizontal | Vertical | Horizontal | Vertical
S (V/in/sec) 0.2797 0.2886 0.2948 0.3001 0.2915 0.295 0.2954 0.3024
fn (Hz) 27.1775 | 28.0206| 25.9438 | 26.9384| 27.0538 | 28.2187| 26.3517 | 26.3595
D 0.1829 0.1839 0.2058 0.2024 0.1927 0.1929 0.2052 0.2083
Sensor 5 Sensor 6 Sensor 7 Sensor 8
Horizontal | Vertical | Horizontal | Vertical | Horizontal | Vertical | Horizontal | Vertical
S (Vlin/sec) 0.2942 0.2833 0.2867 0.2914 0.2932 0.2996 0.2952 0.2818
fn (Hz) 26.9776 | 26.5736| 27.0016 | 26.3622| 26.2513 | 26.7238| 28.0025 | 26.1570
D 0.2003 0.1899 0.1873 0.2026 0.2047 0.2067 0.1916 0.1932
e F T T o i
— Measured
0.7 t------------ TN CTTTTTTTTT e 1T -
: : : = Calculated :
< 06 +------------- R R e Fmmmmmmmm R e R 1
a) 1 1 1 1 1
U) 1 1 1 1 1
< | | | | |
S 01 [ N T pTTTTTTTTTTTT i
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O 0.4 """"""" oy - - - - -0 -= [ T~ T T T =-=—~— | a
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_8 1 1 T
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Figure3.6: Measured and calculated calibration curve for a geophone
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geotextile to create a base to build the test section and to eliminate the intermixindeBiGhe
subgrade material within the test sectioaterialsduring testingasshown inFigure 3.8 Then
eight inches opeagravelwasplaced in the bottom of the pit to provide a stabi@inagebase
for the sand layers.The compaction of thgravel layer using a vibratory plate compaatr
shown in Figure 3. The SP was then compacted in lifts atop the gravel laydter initial
placement, this gravel layer was left intact, butcoenpacted during the construction of

subsequent sections.

3.3.2Test Section Construction

All three test sectionfunreinfoced, geogriereinforced,and geotextilereinforced)were
constructedusing the same approaclAs mentioned, feer compaction of theyravel layer, &
sand layers were placed in sich lifts, asshown inFigure 3.10and also compacted with the
vibratory plate compactgras shown irFigure 3.11 Sensors and geosynthetics were placed in
pre-determined locations within the six sand layersd will bediscussed irBections3.3.3 and
3.3.4 respectively.Compaction qualitgontrol wasperformedduring consructionto ersure that
each tet section was constructed ircansistenimanner. A Troxler nuclear density gauge was
used to measure the dendjityit weight)and water content of the fourth sand layer in each test
section asshown inFigure 3.12 The average drynit weightfor all three sectionsvas109.4
pcf with a standard deviation of 1.5 pcf and an average water content of 2.7% with a standard
deviation of 0.6%(refer to Table 3.5) This confirms that the constructed test sections are
uniform rehtive to one anothdr.e. dry unit weight varies by less than 2% between all sections)
which is critical for the comparison of each test section to determine the influence of the
geosynthetic reinforcementven though the Standard Proctor test wasdesl for SP, seven

different moisture contents ranging from 2% to 14% were tested and the range of dry unit weight
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Figure 37: Construction of the test pit. Figure 38: Geotextile lired test pit.

Figure39: Compacti on .o Figure3100 Pl acement .o

Figure 311 Compacted sand layer. Figure3.12 Nuclear density gaugeading.
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Table3.5: Nucleardensitygauge reading®r all three test sections

Sand (Sp)
Test Section Dry Density (pcf)| Water Content (%)
Geogid 107.8 2.3
Geotextile 110.7 3.4
Unreinforced 109.6 2.4
Average 109.4 2.7
Standard Deviation 15 0.6

was 104 pcf to 109 pcfAs expected, the SP density was insensitive to moisture content. The
dry unit weight values recorded in Standard Proctor are consistent with the values recorded in the

field.

3.3.3Geophone Packag®lacement

After compaction of different lifts, stiff aluminumbarwith a length of 14 ftvas placd
over the test sectiohis bar provided a leveéference point toneasue the proper locations of
eachsandlift andgeophone packagé hegeophone packagdacement within the test section is
shown inFigure 3.13 The 2-D geophonepackageswvere placedin the middle ofeachtest
section and one foot apartThe centerline of the test section was marked on the metal bar and
six inches on either side of the centerline were also marked. These markslamt-bobwere
used to carefully place eageophone packagat the proper distancas the test section was
being built as shown irFigure 3.14 Thesecond, thirdand fourth rowof geophone packages
were placedn the same manner, batne incheshigher han the previously placegeophone
packages. For the second and fourth row of sensors, it was necessary to dig down three inches
into the sand layer to place the sensors at the correct depth, as shown in Figure 3.15. Sand was
then compacted by hand arouthese sensors to ensure movement would not occur and also to

establish uniform compaction throughout the test section.
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Figure3.13: Schematic of thgeophone packagdacement within the test sections

Figure 314 Geophone packagsacement Figure3.15 Geophongackageplacement
measurements three inches deep sand lift.

3.3.4Geosynthetic Placement

The reinforced sections were constructed in the same masneéreunreinforcedtest
section but geosynthetic reinforcemé was placedl2 inches downfrom the top of the test

section. The location of the geosynthetic refiorcement wasselected based omesearchthat

32



observed thathe optimum embedment depth for geosynthetics is 0.3 D, where D Imathiag
footprint diameter(Yetimoglu et al. 1994ndChen et al. 2007) Theloading footprint used in
this portion of thestudy is three feet in diameter. Therefprhe optimum geosynthetic
placementdepth is approximately12 inches as shownin Figure 3.16 Both geosynthetic
materials, geogrid and geotextilere placed at the same embedment ddpthconsistency
Figure 3.17 and Figure 3.18show the geogrid and geotextile being placed in the test sgction
respectively. During installation, care was taken to guarante@dhatinkles were present in

the geosynthetic material.

3.4 Experimental Setup

3.4.1 Loading Meclanism (Vibroseis Truck)

After the test sections were constructed, The University of Arkansas Vibroseis truck (the
Hawg), shown in Figure 3.1%as used to apply dynamic surface loads to the test sections. This
mobile, servecontrolled hydraulic loading syem can apply static hetibwn forces up to
14,000 Ibs, and a superimposed paageak dynamic load of up to 12,000 Ibs over a wide range
of frequencies. The Vibroseis truck applies dynamic loads using a hydrauliensetmoto
drive a 311 Ib mass aig a low friction shaft. The low friction shaft can be oriented in both the
horizontal or vertical direction to apply dynamic shear or compressive loads, respectively, to the
ground surface. Both horizontal and vertical orientations were used duringmalof the test
sections to evaluate the distribution in strain with depth during surface loading with shear and
compression waves. The Vibroseis truck with the mass in the horizeh&sy(orientation is
shown inFigure 3.20, whilghe vertical(compressive orientation is shown ifrigure 3.21 The

flexibility and mobility of the Vibroseis truck was an essential asset to this project.
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Figure3.16: Schematic of theapsynthetic placemeniithin the test sections

Figure 317: Geogrid placement. Figure 318 Geotextile placement
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Figure 320: Shear loadingonfiguration. Figure 321: Compression loading configuration
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3.4.2Test Section Loading

The loading of each test section was done directly oveceheerline of thegeophone
array,asshownin Figure 3.2. First, theVibroseis truckwas used to applg static hold down
force of 9,000 Ibgapproximately halan ESAL). The full 3-ft diameter base plat®was used to
apply the load to thground surface. Next, five dynamic loadincremens$ with increasing
amplitudeweresuperimposed atop this hettbwn forceat a frequency of 50 Hior one second
each (i.e. 50 total loading cycles for each force levéhe staged dynamic loading sequences
for shear and compression loading are represented sotaliyain Figures 3.23 and 3.24
respectively. This loading was conducted in stages from lowest to highest force &aring
from 550 Ibs up to 6000 Ib3he response of the s@ystem was determined tange from near
linear elastidor the lower I@d rangeup tononlinearinelastic for the upper load ran@eased
on measured strain levels induced in the sectidrfss conclusion was made from observation
of G/Gnax curves for similar types of sand (Menqg 200Bpproximately one minute passed
between the application of each successive dynamic loddote that the peak dynamic force
levels are approximations as the force levels in each test section varied slightly- @dew/
hundred pounds)One shortcoming of this approach is that when thedéiis isdriven in short
bursts, it cannot be operated in a fecomtrolled manner. Therefore, identical drive voltage
levels were used in the testing sequences for each of the test sdxitdhs,force levels varied
slightly from test section to tesection. Theffects of this shortcoming are discussed in Section
3.6.

A loadingfrequency of 50 Hz was usédr several reasons. First, the-B8 geophons
used in the sensors have a 180 degree phase shift near, 28tiHreduced dynamic output

below this frequencyAt 50 Hz, the phasand amplitude resporsef the geophones are
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Figure3.22 Schematic of the location that each test section was loaded.

generally flat, making the data analysis more straightforward. Anotiason for using a load
application frequency of 50 Hz is that several traffic studies have observed that the predominant
frequency content of traffic is in the range of 10 Hz to 60 Hz (Henwood 2002) or 10 Hz to 30 Hz

(Zhang 1996).

3.4.3 Data Acquisiion

A 32-channel Data Physics dynamic signal analyzer, shaviAigure 3.25 wasused to
record the 16 output signals from the geophone packages, as well as the Vibroseis drive signal
and the input ground force signals from the two accelerometers atttackteel base plate and
mass on the Vibroseis truck. A four channel Data Physics dynamic signal analyzer (Quattro)
was used to drive the Vibroseis truck independently of the data acquisition system. The sampling

duration selected for each load incremeasW.2 seconds, 0.2 seconds longer than the 1.0
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Figure3.23: Staged dynamimihdingsequence applied to each test section to determisituishear
strain

) ~ 9000 Ibs
Static

Normal
Force

>

~7000 Ibs

Time
~ 6000 Ibs

~4600 Ibs
~2700 lbs —

(RS S S p—————— PR
(SN U S T ——— —
e e —— S
[ N S p————— ——

Dynamic | ~700Ibs
Compressive

Force

I

I

I

'e—s
50 cycles at 50 Hz (1.0 sec loading increment)

Figure3.24: Staged dynamimbdingsequencapplied to each test section to determinsiin vertical
normal strain

38



Figure 325 Data Acquisition System. Figure 326: Real time monitoring of each output signal.

second loading period. This longer sampling duration ensured that the full signal was collected.
The drive signal was used as a trigger to initiate the saghpériod, and a 0.1 second buffer was
used to collect readings before the trigger as well. A sampling rate of 107,520 samples per
second (~108 kHz) was used in order to resolve the relatively small time lags between closely
spaced vertical sensors. Tkenals were monitored with the signal analyzers inside the
Vibroseis truck, as showin Figure 3.3, in real time so that testing could be repeated should a
problem occur during testing.
3.5Data Analysis

The 2-D geophone packagegere strategicallyplacedin the test section to create three
four-node rectangular arrayBnite elements)n order tocreate imnsitu strain measurement points
at different depthsvithin the test sectionsThelocations of thegeophone packages are shown in

Figure 3.27.Each four node rectangular array vaegined as shown idrigure 3.28 with the
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Figure 327: In-situ strain measurement point Figure 328 Typicalfour node element

(Cox et al. 200b)

horizontal direction denoted as vy, the vertical direction denoted as z, and the displacements
measured in each direction denoted @and y, respectively. The lengths of the sides of the
rectangular array were denoted as 2a in the y direction and 2b in the z direction, following the
coordinate system commonly used to map global coordinates to natural coordinates in-the four
node, isoparamet finite element formulation.

In each foumode array, 2a represents the natural distance between the sensors in the
horizontal directior(12 inche}, and 2b represents the natural distance between the sen@'s in
vertical direction(9 inche$. The horizontal and vertical voltage time historiesorced at each
sensorlocation were converted to velocity time historidsy applying the calibration factors to

the recordedyeophone signalsThe displacementu, and y at each node were calculated by
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numeically integrating the velocity recorder eachgeophone.An example displacement time
record is shown irfrigure 3.29 Using the vertical antiorizontal displacement records at each
node and mplementing tk coordinate systenshown inFigure 3.28 the normal horizontal
strain,{y, normal verticaktrain,J, and shear straif),, may becalculated usinghe fournode,
isoparametric finite elemerquationgrovided in Equation8.2, 3.3, and 3.4 (Cook et al. 1989

Cox et al. 2008 Cox et al. 2009h

1 -5 r y - 5 4 3 5 4 3 5
WA == Oul WW+Opl GW+Opl+tPo Opl+dw (3.2)
@G S gm0l B O L+ @O+ 0 Lt O+ 0u 1t (3.3)
1 & T o ¥ . O w0 .
ta OO = 7 1 Ge 21 G0 L 1+GO+21 §d

c')d') 0 w 0 (3.4)

R oo ; vow 08 oo
+—(%3 1+u;w+%,)3 1+(§(Ju)+—(%4 1 ww %4 1+09 w

The locations within the test sectiorh&re insitu strains were calculated using these
three equations are represented by the red circles shown in FigureAh2¥ample shear strain
time historyis shown in Figure 30, andthe method usetb define theaverage shear straievel
over theone second loading incremeist shownin Figure 3.30 The average maximum shear
strain and the absolute value of the average minimum shear strain are comparedigie tfod
these twovalues is taken as the shear straamplitude induced at that deptimder the given
dynamic load For the example data FFigure 3.3Qthe average maximum shear strii®.17%6
and the average minimum shear strain is the absolute valQel@5% (i.e. 0.16%6). Therefore,
the average shear strain for this particular iocats 0.126. The normal strais were also

calculatedusing the same approach
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The normal horizontal strain, normal vertical strain, and shear strain were calculated at the top,
middle, and bottom of each rectangular array of geophone packages (i.e. at the locations marked
by red circles in Figure 3.27 At the interface between two elements, the strains obtained from
each element were averaged to determine the strain associated with that depth. In order to
perform these calculations, it was assumed that the vertical amdrtal distance between each
geophone package remained constant throughout testing. In other words, this approach assumes
that there was no permanent displacement of the geophone packages during dynamic loading.

3.6Results

3.6.1Shear Strain Response

Thelocations of thealculatedn-situ shear straimaluesas a function of deptareshown
in Figure 3.31 The depthsof the calculated valuewere consistent for eacbf the threetest
sectiors. Shear strain versus deptiieasurementfor each loading inementimposedon the
unreinforcedtest sectioraretabulated inTable 3.6and shown irFigure 3.32 A reduction in
shear strain with deptivasexpectedas this is consistent with stress distribution theories, such
as that developed by Bousinestihe gegrid and geotextile reinforced test sectiossitu shear
strain measurements with depth are tabulatéthble 37 andTable 3.8 respectively. The shear
strain versus depth curves for the geogrid and geotextile reinforced test sectionanarénsh
Figure 3.3 and Figure 3.3, respectively An interesting observation is that tgeosynthetie
reinforced test sections show very similar resultsifesitu shear strain versus deptihen
comparedo the unreinforced section. This indicates that for sstelin loading(i.e. less than
0.2%), the geosynthetic reinforcements do madter the strain distributionbehavior of the soil

layer.
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Figure3.31: In-situ strain measurement locatioios theunreinforcedest section

The shar strain versus depth information for the maximum force applied to all three test
sections is compared in Figure 3.35. Surprisingly, the largest magnitude of strains was actually
observed in the geogrid reinforced section, while similar magnitudesagf stere measured in
the unreinforced and geotextile reinforced sections. However, the differences in the measured
shear strains are relatively small, considering that the maximum magnitude of strain measured in
all of the test sections is less than 0.2Furthermore, as mentioned in Section 3.4.2, the loads
on each test section varisdmewhatdue to theinability to operate the Vibroseis with a force
feedback loop under such short loading bursts. The maximum forces applied to the unreinforced,
geogridreinforced, and geotextile reinforced test sections were 5900 Ibs, 6000 Ibs, and 5800 Ibs,
respectively, So, the force applied to the geogrid section was approximately 100 Ibs (1.7%)

greater than the unreinforced sectidrhis fact partially explains thlarger strains observed in
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Table3.6: Shear strain versugepth masurements for each stageddapplied to thainreinforcedest

section
UnreinforcedTest Section
Shear Strain (%)
Depth from Surface (in GF=540 Ib| GF=1600 Ib| GF=2700 Ib| GF=4300 Ib| GF=5900 Ib
6 0.0081 0.0319 0.0646 0.104 0.1596
10.5 0.0073 0.0286 0.0586 0.0902 0.1265
15 0.00565 0.021 0.0434 0.0684 0.0868
19.5 0.0043 0.0152 0.0307 0.0481 0.0591
24 0.0035 0.01265 0.02565 0.03875 0.044
28.5 0.0029 0.0108 0.0219 0.0334 0.038
33 0.0028 0.0103 0.0211 0.0318 0.0352
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Figure 332 Shear strain versus degtr the unreinforcedest sectiorat each stagload
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Table3.7: Shear strain versugepth masurementsor each stageldadapplied to the geogrid reinforced
test section

Geogrid Reinforced Test Section
Shear Strain (%)
Depth from Surface (in) GF=590 Ib| GF=2000 Ib| GF=3100 Ib| GF=4700 Ib| GF=6000 Ib
6 0.0056 0.0285 0.064 0.112 0.1677
10.5 0.0055 0.0279 0.0607 0.1027 0.1419
15 0.00505 0.0241 0.05045 0.0832 0.1057
19.5 0.0043 0.0195 0.0396 0.0623 0.0766
24 0.00365 0.0168 0.03375 0.0513 0.06
28.5 0.0032 0.0148 0.0295 0.0443 0.0511
33 0.0029 0.0141 0.0283 0.0422 0.0478
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0.00 0.02 0.04 006 008 010 0.12 014 0.16 0.18 0.20

1 T P
10 - )'(/
et o
3 Vil
£ 20
E // et 590 |0 GF
EL o5 = 2000 Ib G |

e=dr== 3100 Ib GF

e 4700 b GF

30 -
] 1 j ¥ 6000 Ib GF
‘ l = == Geogrid

35 '

h

Figure3.33: Shear strain versus detr the geogrid test secti@t each stagiload
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Table3.8: Shear strain versudepth masurements for each stageddapplied to theyeotextile
reinforcedtest sections

Geotextile Reinforced TeSEction
Shear Strain (%)
Depth from Surface (inn GF=540 Ib| GF=2000 Ib| GF=3100 Ib| GF=4500 Ib| GF=5800 Ib
6 0.0056 0.0301 0.0692 0.1127 0.1593
10.5 0.0054 0.0294 0.0658 0.1017 0.127
15 0.0045 0.0236 0.0505 0.07% 0.0889
19.5 0.0036 0.0177 0.0358 0.051 0.0599
24 0.0022 0.0156 0.0311 0.0431 0.0490
28.5 0.0027 0.0136 0.02710 0.0376 0.0433
33 0.0026 0.0131 0.0261 0.0359 0.0408
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Figure3.34: Shear strain versus detr the geotextile test secti@teach staged load
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Figure 3.35: Comparison of shear strain versus depth at the highest appliede@éhttest section

the geogriereinforced section when compared to the other two sections. However, the force
applied to the geotextile section was repgmately 100 Ibs (1.7%) less than the force applied to
the unreinforced section and the shear strains in the geotextile section were actually greater at

depth.

In order to compare the resufty all three tessectionsthe shear straisin the geogrid
and geotextile reinforcedest sectionsvere adjustedto the strains expected at an equivalent
reference grountbrce (RGF)of 5900 Ibs (i.e. the force applied to tinereinforcedest sectiop
Table 3.9tabulateghe insitu shear stragfor the maximum applied load for each test section
along with theshear strains adjusted tbe RGFof 5900 Ibs. The strains from the geogrid

section were adjusted down by approximately 1.7%, while the strains from the geotextile section
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Table3.9: Shear strains from the highegipdied ground forcg GF) for each test section along with the
shear strains adjusted to the reference ground force (RGF) of 5900 lbs

Shear Strain (%)
Unreinforced Geogrid Geotextile
Depth (in) GF=5900 Ib | GF=6000 Ib| RGF=5900 Ib| GF=5800 Ib| RGF=5900 Ib

6 0.1596 0.1677 0.1649 0.1593 0.1620
10.5 0.1265 0.1419 0.1395 0.127 0.1292

15 0.0868 0.1057 0.1039 0.0889 0.0904
19.5 0.0591 0.0766 0.0753 0.0599 0.0609

24 0.044 0.06 0.0590 0.04895 0.0498
28.5 0.038 0.0511 0.0502 0.0433 0.0440

33 0.0352 0.0478 0.0470 0.0408 0.0415
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Figure3.36: Comparisorof shear strain versus deptheach test secticafter adjusting all strains to a
reference ground force (RGF) of 5900 Ibs.
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were adjusted up by ppoximately 1.7%.Theadjustedshear strain versus depttformation for

the 5900 Ibs force levéd shownFigure 3.36.The strain adjustment to account for differences in

applied force levetlid not significantly change the curves or the overall tsefidhe trend shown

in Figure 3.36is thatthe geosynthetic reinforced test secsibaveequalor higherstrains at all

depths relative to thenreinforcedsection. However, these differences are minimaldmaybe

assumed to bapproximatelyequalin all test sections At these strain levelsanging from linear

elastic to nonlinear inelastithe introduction of geosynthetic reinforcemelatesnot alter the

shear straimlistributionwithin thetest sectioruring dynamicHowever,atless than one percen

shear strainit is likely that thegeosynthetic reinforcement was not mobilized dutiesting

Still, theselows t rain | evels |likely represent the fAwor

typical lowvolume traffic loads.

It shouldbe notedthat some of the minor differences in measured shear strain between
tests sectionsay be attributed to small variations in the dry unit weight and moisture content
(negative pore water pressures) of each test section (refer to Table 3.5). While titk tgebg
section had the highest level of induced shear strain, it also had the lowest dry unit weight (107.8
pcf) comparé to that of the unreinforced sectioh09.6 pcf). Howeverat depths great than 20
inches the geotextile reinforced sectitvad grater strains than thenreinforcedsection despite
having a higher dry unit weight (110.7 pcf). A pattern does not develop relative to these small,
and presumably minor, variations in dry unit weight. Furthermore, the water coinfentsd
from the nutear gaugan each section varied by less than 1%. It is believed that these small
variations likely had some affect on the measured shear strains but certainly not a large enough

affect to mask out the contribution of the geosynthetic reinforcement leaeikasted.
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3.6.2 Normal Strain Response

Vertical normal strains during vertical (compression) loading were calculated at the same
depths that shear strains were calculated (refer to Figure 3.31). The tabulated vertical normal
strains versus depth feach staged load on the unreinforced test section, geogrid reinforced test
section, and geotextile reinforced test sectionpaogidedin Table 3.10, Table 3.11, and Table
3.12 respectively. The unreinforced, geogrid reinforced, and geotextile rezdfoest section
curves for vertical normal strains versus depth for each staged losticave inFigure 3.3,

Figure 3.8, andFigure 3.3, respectively.The scales on the-xand yaxes are the same for the
vertical normal strain versus depth plots astfee shear strain versus depth plots in Section
3.6.1. This was done in order to keep from exaggerating the vertical normal strain versus depth
results relative to the shear strain versus depth results. For a given magnitude of applied surface
load, arequivalent shear load will induce much larger shear strains with depth than an equivalent
vertical load will induce vertical normal strains with depth.

The vertical strain versus depth calculated for the compressive loading stages with a
magnitude of apmximately 6300 Ibs in each section is compared in Figure 3.40. A magnitude
of 6300 Ibs was chosen for comparison because force levels higher than 6300 lbs were not
generated while testing the geogrid section, and therefore this represents the highest comm
force level shared by all three test sections. As noted in the comparisons discussed above, the
largest strain magnitudes were measured in the geogrid reinforced section, while similar strains
were measured in the unreinforced and geotextile reinfaeetions. However, the differences
in the measured vertical strains are very small, considering that the maximum strain is less than
0.05%. As mentioned in Section 3.4.2, the loaigach test section varisdmewhatlue to the

inability to operate th¥ibroseis with a force feedback loop under such short loading bursts.
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Table3.10: Vertical normalstrain versus depth rasurements for each stageddapplied to the
unreinforcedestsection

UnreinforcedTest Section
Verticd Normal Strain (%)
Depth from Surface (in GF=600 Ib| GF=2700 Ib| GF=4700 Ib| GF=5800 Ib| GF=6300 Ib

6 0.0016 0.0094 0.0223 0.0367 0.0419
10.5 0.0016 0.0094 0.0223 0.0367 0.0419
15 0.0015 0.0086 0.02015 0.03315 0.03825
195 0.0014 0.0078 0.018 0.0296 0.0346
24 0.001172 0.0065 0.015 0.0239 0.0281
28.5 0.000945 0.0052 0.012 0.0182 0.0216
33 0.000945 0.0052 0.012 0.0182 0.0216

Vertical Normal Strain (%)
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Figure3.37: Vertical normal strain versus degtr theunreinforcedest sectiorateach staged laa
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Table3.11 Vertical normal strain versus depth measurements for each staged load applieg:tgtiae
reinforced test section

Geogrid Reinforced Test Section
Vertical Normal Strain (%)
Depth from Surface (in GF=600 Ib| GF=2700 Ib| GF=4700 Ib| GF=5800 Ib|] GF=6300 Ib

6 0.0015 0.0091 0.022 0.0349 0.0418
10.5 0.0015 0.0091 0.022 0.0349 0.0418
15 0.0014 0.00815 0.01945 0.03105 0.0374
19.5 0.0013 0.0072 0.0169 0.0272 0.033

24 0.001085 0.00595 0.0138 0.02215 0.027
28.5 0.000& 0.0047 0.0107 0.0171 0.021

33 0.00087 0.0047 0.0107 0.0171 0.021

Vertical Normal Strain (%)
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Figure3.38: Vertical normal strain versus degthr the geogrid test secti@t each staged load
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Table3.12: Vertical normal strairversus depth measurements for each staged load applied to the
geotextile reinforced test section

Geotextile Reinforced Test Section
Vertical Normal Strain (%)
Depth from Surface (in GF=600 Ib| GF=2700 Ib| GF=4700 Ib| GF=5800 Ib| GF=6300 Ib
6 0.0016 0.0105 0.0247 0.0402 0.0489
10.5 0.0016 0.0105 0.0247 0.0402 0.0489
15 0.00135 0.0084 0.01955 0.0324 0.0399
19.5 0.0011 0.0063 0.0144 0.0246 0.0309
24 0.000893 0.00505 0.0117 0.01985 0.0251
28.5 0.000685 0.0038 0.009 0.0151 0.0193
33 0.000685 0.0038 0.0 0.0151 0.0193
Vertical Normal Strain (%)
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 0.20
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Figure3.39: Vertical normal strain versus degtr the geotextile test secti@teach staged load
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Vertical Normal Strain (%)
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Figure3.40: Comparison of vertical normal strain versus depth at the grouoel fearest to 6300 |
each test section

The maximum forces applied to the unreinforced, geogrid reinforced, and geotextile reinforced
test sections were 6300 Ibs, 6300 Ibs, and 6000 Ibs, respectively. So, the compressive force
applied to the geotedd#i section was approximately 300 Ibs (5%) less than the force applied to

the unreinforced and geogrid sections.

In order to compare the relative results for all three test sectiongertigal strains in the
geotextile reinfored test sections wenmsrmalized to the strains expected at an equivalent
reference ground foragrRGF) of 6300 Ibs (i.e. the force applied to thereinforcedand geogrid
reinforced test sections). Table 3.13 tabulates ts#turvertical strains for the applied ground
force rearest 6300 Ibs along with thertical strains adjusted to an equivalent reference ground

force of 6300 Ibs. Tik adjustment only affected tlsérains from the geextile sectionas the
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Table 313: Vertical normal strains from éhgpliedground forcd GF) nearest to 6300 Itfsr each test
section along with theertical normal strains adjusted to the reference ground force (RGF) of 6300 Ibs

Vertical Normal Strain (%)
Unreinforced Geogrid Geotextile
Depth (in) GF=6300 Ib GF=8001b | GF=6000Ib| RGF=6300 Ib
6 0.0367 0.0418 0.0402 0.0422
10.5 0.0367 0.0418 0.0402 0.0422
15 0.03315 0.0374 0.0324 0.0340
19.5 0.0296 0.033 0.0246 0.0258
24 0.0239 0.027 0.01985 0.0208
28.5 0.0182 0.021 0.0151 0.0159
33 0.0182 0.021 0.0151 0.0159
Vertical Normal Strain (%)
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Figure3.41: Comparisorof vertical normal stain versus deptheach test sectiaafter adjusting all

strains to a reference ground force (RGF) of 6300 Ibs.
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other two sections had a ground force equal to 6300 Ibs. Thieavestrain versus depth
information for theRGF of6300 Ibis shownFigure 341. The strain adjustment to account for
differences in applied force level did not significantly change the curves or the overall trends.
The trendobservedn Figure 341 for vertical normal strain versus depth is slightlyfeliént than

that of shear strain versus depffigure 341 shows thathe geogrid test section still has slightly
higher vertical normal strains than tlreinforcedtest section at all depths; howeyvéne
geotextile test section has slightly higher vertical normal strains near the soufeatthe depth

of the geotextile the vertical normal strain becomes less than that ohtemforcedsection.
However, these differences are minimal and forirdents and purposes might reasonably be
assumed to be equal. Therefore, at these strain levels, the introduction of geosynthetic
reinforcement does not alter thertical strain distribution within the test section during dynamic
loading. Howeverasmentioned above in regards to shear strain distributios)ikely that the
geosynthetic reinforcement was not mobilized during testiipe magnitudes of shear and
vertical normal strain needed to mobilize a contribution from the geotextile reinfentemas

not determinedrom this particular set of testbut is believe to be quite highhis is consistent

with observations from the literature by Giroud and Noiray (1980) and Gabr and Hart (1996).

3.7 Conclusiors

A procedure fomeasurementf in-situ dynamicshear and vertical normatrainsas a
function of depthduring dynamic surface loading wpeesented in this chapterThe ability to
measure dynamic strains induced in geosyntisaticsystems is critical to understanding the
straindistribution as a function of depth within these systeifise resultdrom the smalstrain

dynamic load test performed in this studyindicate that the presence of geosynthetic
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reinforcement(either geogrid or geotextilejoes notsignificantly impactthe shear strairor

vertical normal strain distribution relative ta anreinforcedcontrol sectiorfor the magnitudes

of surface shear and compressive loads applied to the soil surfelosvever, he shear and
vertical normal strains induced in these testse sufficiently smal(less than 0.2% and 0.05%,
respectivelythatthe contribution from thgeosynthetic reinforcement was likely not mobilized.
Although this observation was not entirely unexpectasl previous studies indicate that
significant disphcements are required to mobilize tension in the geogrid, it was surprising that a
load spreading mechanism or a lateral constrain mechanism was not revealed in the strain

distribution data.
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Chapter 4
4.0 Accelerated Dynamic Deflectometer (ADD) Test

4.1 Overview

This chapter presentsdescriptionof the testing approackand results frontargestrain
surface loading testsonductedn a new set afeosynthetic reinforcetist sections constructed
at the Engineering Research Center (ERC) at the UniyafsArkansas This test is referred to
as the fAAccel erated DynamiessendgetielABxtesbisnedydia ( AL
plate load test in which dynamic measurements of surface deformations are made at different
distances from the loading fogor i nt . The test i s ARaccel er at
thousand cycles of load in a short period of time due to the higher frequency of loading. The test
is AdynamicoO because the dynamic response of
cycles of | oad are applied. Finally the test
are measured with distance away from the loading footprint, similar to the Falling Weight

Deflectometer (FWD).

ADD tests were performed amreinforced geotextile reinforced, and geogrid reinforced
test sections as a means to evaluate the structural performancguffaece deflection) o$oil
layerssubject toseveral thousandycles of load.Permanent deformatioret the soil surface and
within the soi mass areexpectedwhen the magnitude of the cyclic load leads to strain values
greater than the cyclic threshold strain. Accordingiysitu stain measurements such as those
described in Chapter 3 were not possiteen performing ADD tests because tlocations of
the sensors could not be verified as a function of number of loading cycles due to permanent
displacements. This chapter describes the material properties, test section construction,

experimental setup, data collectiamddata analysis ahe ADD tests.
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4.2 Material Properties

4.2.1 Sand

The same type of poorgraded and (SP) used for the test sections described in Chapter 3
was also used for ADD testindgdowever, dferent from the test sections described in Chapter 3,
the SP was uskeas a sulibase material, and was overlain by a compacted base course aggregate

layer.

4.2.2 Class 7 Base Course Aggregate (SB2)

The base course aggregate usethe test sections described in this chajger Class 7
base course aggregate typicallyedisby the Arkansas State Highway and Transportation
Department (AHTD). It is locally referred to as SB2 (special base 2). The sieve analysis results
for SB2 are provided in Table 4.1 and the gisize distribution curve is shown in Figure 4.1.
According to the American Association of State Highway and Transportation Officials
(AASHTO), the Class 7 base course aggregate is classified aslansdil. TheUnified Soil
Classification System (USCS) classifies it as wgetided gravel (GW).Modified Proctar tests
performed according tAASTM T-180 (Method D)yield a maximumdry unit weight of

approximately 14@cf at anoptimum water conterdf 5.5%.

4.2.3 Geosynthetics
The same geosynthetic materiaised the irsitu strain tests discussed in Chapter 3,
Mirafi® BXG12 (geogrid) andMirafi® HP570(geotextile) were also used in the test sections

constructed for ADD testing.
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Table 41: Sieve analysidata for theClass 7 base course aggregate lisetis project

Sieve No. | Sieve Size (mm) | Percent Passed (%)

15" 38.1 100

1" 25.4 95

75" 19.95 85

5" 12.7 67
375" 9.525 57

#4 4.750 40

#10 2.000 27

#40 0.425 15
#200 0.075 9.4
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Figure4.1: Grain-size distributiorcurve for the Class 7 ba course aggregate used in this project.

4.3 Test Section Construction

The same geosynthetici ned t es't

pit at

t

h e

Uni

ver si

Center (ERC) used for the-gitu strain tests described in Chapter 3 was also used for the ADD

ty

tests. The geotextile liner, sump pump, and 8 inch pea gravel layer were left in place from the

in-situ strain testing.All three test sections were built identidal one anothergxcept for the

placement of the geosynthetic reinforcemedAt.schemat of the unreinforced test section is
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shownin Figure 4.2 After re-compaction of the gravel laydiye sand layers were placeohd
compacted with the vibratory plate compadtwachieve @nch lifts, as shown in Figure 4.3

Quality control wagperfamed during constructioto ersure that each tesection was
constructed in a similananner. A TroxI€? nuclear density gauge was used to measurarthe
weight and water content of thigth sand layermand the Class 7 base course layeeach test
section (refer to Figure 4.4and Figure 4.6 The nuclear density gage readings for dry unit
weight and water content for each test section are tabulateable 4.2 The averagery unit
weight of the sandor all three sections vgal05.4 pcf with a staradd deviation of 0.¢cf, and
the average water content for the sand was 3.2 % with a standard deviation of 0.4 %.

A total of 10 inches of compacted Class 7 base course aggregate was placed on top of the
sand. A fowinch lift was placed first, and them additional sisnch lift was added. Each base
course lift was compacted with a Whacker Packer compactor, as shown in Figuréh&.5
reason for placing the base course in a-foand then a shinch lift, had to do with the
placement of the geosyrmtic reinforcement and will be discussed in Section 4.3.1. Similar to
the compacted sand layers, the nuclear gauge was used to measure the dry unit weight and water
content of the compacted base course laee. dry unit weights of the compacted baserseu
in each test section varied from 125.3 pcf for the geogrid reinforced section to 131.7 pcf for the
unreinforcedsection (a total maximum difference of less than 5%). Giveibgified Proctor
maximum dry unit weight odpproximately 14(cf for thismaterial, the dry unit weights for all
sections fell withinf07 94% relative compactioas t was difficult to achieve 95% compaction
with the Whacker Packer.The water content measurements for the base were all very similar

and averaged 5%ery near opmum) with a standard deviation of 0.2 %.
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Figure 42: Schematic of thenreinforcedest section

Figure 43: Co mp act liftewith 6 Figure 44: Nuclear density reading dhe

thevibratory plagé compactor. sand layer.
Figure 45: CompactingClass7 base Figure 46: Nuclear density reading ol
course layewith the whacker packer theClass 7 base course layer
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