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Preface

This report describes a study jointly conducted by the University of Wyoming and the Wyoming
Department of Trangportation to better understand how selecting a My vaue influences the thickness of
an asphdt overlay pavement. The objectives of this sSudy were to: 1) investigate the importance of
severd fundamentd soil properties (water content, plagticity index, liquid limit, group index) on sdlecting
a desgn subgrade resilient modulus vaue for cohesive soils, 2) define the actud relationship (correction
factor) between back caculated and laboratory based My vaues for typica cohesive subgrade soilsin
Wyoming; 3) compare actud subgrade fied deviator stresses to the deviator stress assumed in
determining a design Mk vaue from laboratory testing; and 4) determine the effect of sdecting a Mg
vaue on the design overlay thicknesses for typicd pavement sections in Wyoming. The data analyss
resulted in severa important conclusions about factors that influence the determination of the subgrade
reslient modulus value and how this value affects the final design overlay thickness for a given pavement

section.
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CHAPTER 1

INTRODUCTION

by

Khaed Ksaibati, Michad L. Whelan, James M. Burczyk, and Michad J. Farrar

BACKGROUND

Materid characterization plays a vitd role in the desgn, congruction, and maintenance of
roadways. Because the loads generated on these facilities are ditributed through the pavement
sructure to the underlying soil layer (the subgrade), engineers need to determine how this soil will
perform. Over the years, severd testing procedures have been developed to analyze and predict the
subgrade's response to highway loading. Some of these tests frequently used by state highway agencies
include the Resistance Vdue (R-vdue), the Cdifornia Bearing Ratio (CBR), and the Texas Triaxid
Classfication. The latest method for evauating the subgrade's behavior is cdled Reslient Modulus
(Mg). By définition, resilient modulus is a materid property that measures the dadtic (load-unload)
response of a soil under repeated loading (Claros et d., 1990). Numericdly, it is the ratio of the
deviator stress to the resilient or recoverable strain (Mg = sy/e;). This subgrade property is used in the
design of new pavement sections as well asin the rehabilitation of existing roadways. Without adequate
information on the roadbed soil, a pavement structure will be improperly designed and as aresullt, it may

fail prematurely.



PROBLEM STATEMENT

The American Asociation of State Highway and Transportation Officids (AASHTO) Guide for

Desgn of Pavement Structures (1993) requires sdecting a vaue for the design subgrade reslient

modulus. This vaue may be based on laboratory testing, back caculation programs using deflection
measurements, resilient modulus correlation studies, or the equation presented in the AASHTO overlay
design procedures based on deflection measurements. Each of these methods of determining Mk
present avariety of decisons and assumptions.

Fird, laboratory tests may be completed on soil samples obtained from the fidd under
undisturbed or disturbed conditions. After completing testing, one must choose a design Mg vaue.
This design vaue can be based on an assumed deviator stress of 41.4-kPa (6-ps), suggested in the
literature, or based on actud field stresses.  Second, Mg can be determined from back calculation
programs. This method uses an indirect approach and the resilient modulus vaues tend to be higher
than the actud values. As aresult, the back calculated Mg vaue should be multiplied by a correction
factor. This provides a conservative Mg vaue that is condgtent with the assumptions made in the
AASHTO pavement design procedures. Third, corrdation studies require a reliable relationship

between the test used for materiad characterization and the resilient modulus vaue.

OBJECTIVES
Because the above procedures for determining the subgrade resilient modulus may give varigble
results, one would want to know how these variations may influence the resulting overlay thicknesses for

a condruction project. Therefore, the Universty of Wyoming and the Wyoming Department of



Transportation (DOT) conducted a joint research project to address this problem. The principa

objectives of this study wereto:

1.

investigate the importance of severa fundamenta soil properties (water content, plasticity
index, liquid limit, group index) on sdecting a design subgrade resilient modulus vaue for
cohesve sails,

define the actua relationship (correction factor) between back caculated and laboratory
based My vaues for typica cohesve subgrade soilsin Wyoming,

compare actud subgrade field deviator stresses to the deviator stress assumed in
determining adesign Mg vaue from laboratory testing, and

determine the effect of sdecting a Mg vaue on the design overlay thicknesses for typica

pavement sectionsin Wyoming.

ORGANIZATION OF STUDY

This study examined the characteristics of cohesive subgrade soils a nine Sites representing

typicd primary highways in the State of Wyoming. The roadbed soils included in the experiment had

the following AASHTO dasdfications A-4, A-6, and A-7-6. Samples for laboratory testing,

deflection data, and pavement condition surveys were collected in the summer of 1992 and the spring of

1993. Next, an extendve laboratory testing program, severd back calculation analyses, and overlay

thickness designs were completed. Findly, the results were summarized in a computerized data base

and a comprehengve satisticd anadysis was performed on the data.



Chapter 2 of this report reviews the traditiond methods used to characterize subgrade soils,
methods to determine resilient modulus for subgrade soils, and the AASHTO overlay design procedure.
Chapter 3 describes the data collection process and overdl evaduation drategies followed in this
rescarch. Chapter 4 discusses the laboratory testing, back calculation testing, and several important
results on the factors that influence the sdection of a design subgrade resilient modulus value. Chapter 5
discusses the impacts of selecting a particular method for determining a design resilient modulus value on

the resulting overlay thickness. Chapter 6 summarizes the study, presents the conclusions, and makes

recommendations for needed future research.



CHAPTER 2

LITERATURE REVIEW

INTRODUCTION

Pavement engineers continuoudy look for ways to improve pavement sarvice life and
performance. Higoricaly, pavement design procedures were empirical. In many cases, relaionships
were based on factors such as traffic loading and volumes, materids, layer configurations and the
environment (Mahoney et a., 1991). During the last decade, however, traditiond pavement design
procedures have been changed to incorporate elastic and/or viscoelagtic theories as well as experience
and various empirica tests. These new mechanigtic-empirica procedures address two different aspects
of pavement design. The mechanigic dement adlows engineers to examine the stresses, drains, and
deflections in the pavement gructure. The empirica element, on the other hand, tries to establish a
relationship between these mechanistic responses and the performance of the pavement structure.

Most newly developed pavement and overlay design procedures adso require the
characterization of materials. This requirement resulted in the development of severd laboratory teststo
smulate actud field conditions in the laboratory. One of these tests is the resilient modulus test for
subgrade soils. It is believed that the adoption of this new testing procedure will result in more reliable
and cost-€effective designs of pavement structures.  This chapter presents a background of the tests
traditionally used for roadbed soil characterization and the latest tet, resilient modulus. This discussion

includes three different procedures for determining the resilient modulus vaue:  |aboratory testing, back



cdculation, and corrdation studies. Findly, the chapter describes how the methods used for materia

characterization fit into the latest AASHTO overlay design procedure.

TRADITIONAL SUBGRADE TESTING PROCEDURES
Over the years, severa testing procedures have been developed by state highway agencies to
characterize roadbed soils. Two of the most common tests include the Cdifornia Bearing Ratio (CBR)
and Resgtance Vdue (R-vaue). Both of these tests estimate the "strength” of the subgrade for use in

the pavement design procedures.

California Bearing Ratio (CBR)

The CBR test was firg developed by the Cdifornia Divison of Highways around 1930 (Asphalt
Inditute, 1978). During World War |lI, the U.S. Army Corps of Engineers modified the origina
procedure in order to incorporate the test into their flexible pavement design method for arport
runways. Later, this test was adopted by the American Society of Testing Materias (ASTM) in 1961
and by the American Association of State Highway and Transportation Officids (AASHTO) in 1972.
Both organizations, however, adopted procedures with minor modifications to the test used by the
Corps (Asphdlt Inditute, 1978).

The CBR is a shear strength test based on penetration that can be completed on the soil in the
fidd (ASTM D 4429) or on "undisturbed" or disturbed samples in the laboratory (ASTM D 1883,
AASHTO T 193). In order to properly design a pavement structure based on the CBR value, the test

is completed using samples a or near saturated soil conditions to represent the worst subgrade strength.



Therefore, the fidld testing procedure is primarily used for eva uating the properties on existing pavement
sections while |aboratory testing is completed on saturated soil samples.

Laboratory testing for the CBR value, using disturbed samples, involves severd seps. Firdt, the
subgrade soil is compacted in molds 152-mm (6-in.) in diameter and 152 to 178-mm (6 to 7-in.) in
height. In order to smulate field conditions, samples should be prepared using the expected moisture
content, dendity, and method of compaction. After preparing the samples, a dead weight is applied to
the sample to smulate the loading of the overlying pavement Structure (base and pavement layers).
Next, the assembly (soil, mold, and dead weight) is submerged in water for 4 days. This sep dlowsthe
sample to become saturated and, therefore, alows the test to be completed on the worst subgrade
drength.  After removing the sample and draining it for 15 minutes, loading is applied to the assembly
with a piston having an area of 1,935-mn? (3-in2). This rod penetrates through the soil at a rate of
1.3-mm (0.05-in.) per minute and the load is recorded at the following penetrations. 2.5, 5.0, 7.5,
10.0, and 12.5-mm (0.1, 0.2, 0.3, 0.4,  0.5-in., respectively). A graph of load versus penetration is
then congtructed using the above results. The resulting plot is often not linear because of surface
irregularities and consolidation during testing and must be corrected by re-zeroing the load- penetration
curve. Findly, the following equation is used to determine the CBR vaue by subgtituting the corrected

vaue of the unit load at 2.5-mm (0.1-in.) penetration:

unitload at2.5- mm(0.1- in.) penetration (

CBR = 100) (2.1)
1000

The vadue in the denominator corresponds to the pressure required to reach the amount of penetration in



a standard crushed rock. For example, it takes 6.9-MPa (1000-ps) to obtain ~ 2.5-mm (0.1-in.)
penetration in crushed rock. Each level of penetration has a corresponding pressure. Typicdly, the
CBR vaue decreases as penetration increases. As aresult, the ratio at 2.5-mm (0.1-in.) of penetration
is frequently used to determine the CBR vaue for pavement design (Wright & Paguette, 1987). The

CBR vaues range from 0 to 100, characterizing a roadbed soil as bad to excdllent, respectively.

Resistance Value (R-Value)
The R-vdue is dso used to evauate roadbed soil for highways. This test was origindly
developed at the Cdifornia Divison of Highways by F. N. Hveem and R. M. Carmany in 1948. Itisa
closed-system triaxid test that measures the internd friction or "resstance” of the soil in a stabilometer.

Figure 2.1 presents a basic schematic diagram of the stabilometer test. Thistestis

Pressure
Gauge Testing Head
sample
Fluid UndV
Pressure Bottom Phunger

Figure 2.1 Schematic Diagram of Stabilometer

SOURCE: Huang (1993)



usually completed on disturbed samples in the laboratory (ASTM D 2844, AASHTO T 190). Firg, a
sample, 102-mm (4-in.) in diameter and 62 to 65-mm (2.45 to 2.55-in.) in height, is prepared using a
mechanica kneading compactor which smulates field compaction techniques. Next, this sample is
placed into the stabilometer between a testing head and a bottom plunger. A vertica pressure of 1.1-
MPa (160-ps) is then applied to the testing head, creeting a horizonta pressure on the fluid within the
rubber membrane that surrounds the sample (refer to Figure 2.1). This horizonta pressure is measured
and recorded as p. Next, the applied vertical pressure is reduced to 0.55-MPa (80-ps) and the
horizontal pressure reduced to 35-kPa (5-pg) with the stabilometer pump handle.  After zeroing the
displacement did indicator on the stabilometer, the cdibrated pump handle is turned to increase the
horizontal pressure to 690-kPa (100-ps). The number of revolutionsis recorded as D.. Thefollowing

formulais then used to determine the R-vaue:

R =100 100 (2.2)

" (2.5/D,)(p, I py - 1) +1

where: R = RedganceVdue (R-vaue)
p. = appliedverticd pressure of 1.1-MPa (160-ps)
pn = transmitted horizonta pressure e p, of 1.1-MPa (160-p<)
D, = displacement of stabilometer fluid necessary to increase horizontal

pressure from 35 to 690-kPa (5 to 100-ps) measured in revolutions of
acdibrated pump handle.

Hveem (1949) explained that the gpplied vertical pressure of 1.1-MPa (160-ps) was chosen arbitrarily
and this value is not a critical maiter in the Rvaue test. He supports this statement from |aboratory

testing that showed no effect on the ratio of p,/p, where the gpplied vertical



pressure varied from 0.7 to 2.8-MPa (100 to 400-ps). Because of this observation, some states use a
different vertica pressure in their Rvalue testing to ensure that the sanpleis saturated. Cdifornia uses
an exudation pressure of 1.7-MPa (240-ps) while Washington uses 2.1-MPa (300-ps) (Huang,

1993). The R-values aso range from 0 to 100, but characterize aroadbed soil asaliquid (p, = p) toa

rigid sample (p, = 0), respectively.

DEVELOPMENT OF THE RESILIENT MODULUSTEST

Ovedl, the traditiona soil tests listed above do not fully simulate actud loading conditions in the
fidd. Ingtead, they measure different soil properties related to the strength of the soil. Asaresult, the
resilient modulus test was developed by Seed et a. (1963) to reflect severd observations in the field
and from research projects.

One important idea came from the American Association of State Highway Officias (AASHO)
Road Test which was conducted from October 15, 1958 to November 30, 1960 in Ottawa, Illinois.
Researchers concluded that when aload is gpplied to the pavement surface the resulting deflection is a
srong indicator of pavement performance (HRB, 1962). A mgority of the surface deflection can be
accounted for by the load-induced strain within the subgrade. Approximately 60 to 80 percent of the
measured surface deflection was found to develop in the subgrade at the AASHO Road Test (HRB,
1962). Therefore, the resilient moduus test for subgrade soils models an important part of flexible
pavement performance.

Another important observation contributing to the development of the Mg test isthe stressin the
pavement sructure resulting from loading. The Stress a a given point in the pavement structure is zero

when the whed load is a a considerable distance away. However, when this load is directly above the

10



point, the Sressis at its maximum vaue. In many cases, it is reasonable to assume the stress pulse to be
a haversine or triangular loading even though the duration of the pulse depends on the vehicle speed and
the depth of the point below the pavement surface (Huang, 1993). Because the vehicle speed varies a
great ded and the depth of the materia may not be known during design, the AASHTO specifications
recommend a haversine load wave with a duration of 0.1 second and a rest period of 0.9 second
(AASHTO, 1992). As aresult, the MR test accounts for the type and duration of loading expected in
thefidd.

A third important observation is the fact that most paving materia's experience some permanent
deformation after each load application (Huang, 1993). Figure 2.2 shows how the amount of strain
under repested loading in a materid changes over time. In the beginning, the materid shows a
congderable increase in the amount of permanent deformation (accumulated plagtic strain). However,
as the number of loads increases, the accumulated plagtic strain levels off and the materid is essentidly

eladtic (recoverable strain). This phenomenon usudly occurs

g 4 g,
b a
)
| I
e & 3
T & coumulated
- L Plastic Strain
+ .
Flastic Titne
Strain

Figure2.2 Strains Under Repeated L oads

SOURCE: Huang (1993)
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after 100 to 200 load gpplications. Because the gpplied load is smdler than the materid's strength, the
Mg test can be completed on the same sample for severd different loadings and environmenta
conditions (Huang, 1993).

In 1986, the redlient modulus test became the bass for the AASHTO Guide for Desgn of

Pavement Structures. According to AASHTO (1993), the Mg vaue has three important advantages

over the soil support vaue used in the previous editions.
1. It indicates a basc materid property which can be used in mechanistic anadyss of multi-
layered systems for predicting distresses such as roughness, cracking, rutting, and faulting.
2. It has been recognized internationdly as a method for characterizing materids for use in
pavement design and eva uation.
3. Techniques are available for esimating the My properties of various materids in-place from
nor-destructive tests.
With the above obsarvations and advanteges, it is clear that reslient modulus testing can directly

measure the strength of the subgrade soil and provide information which reflect field conditions.

RESILIENT MODULUSLABORATORY TESTING

The Interim Method of Tet for Reslient Modulus of Unbound Granular Base/Subbase

Materials and Subgrade Soils - SHRP Protocol P46 (AASHTO: T 294-921) outlinesthe latest testing

procedure (refer to Appendix A). This specification separates subgrade materia into two different
categories. Type | (granular) and Type Il (cohesive). Each type of soil has a different conditioning

cycle and fifteen loading sequences, varying in confining and deviator sresses. Overdl, Type | soils
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undergo higher stresses, both confining and deviator, because of their higher resistance to deformation.
The loading sequence for Type |l soilsis presented in Table 2.1. The amount of deformation in the soil
sample is recorded using two linear variable differentid transducers (LVDT's) outsde of the testing

chamber. However, the origind AASHTO T-274

TABLE 2.1 Testing Sequencefor Typell Soils (AASHTO, 1992)

Sequence Confining Pressure Deviator Pressure Number of Load
No. S;, pS Sy, pS Repstitions
o* 6 4 1000
1 6 2 100
2 6 4 100
3 6 6 100
4 6 8 100
5 6 10 100
6 3 2 100
7 3 4 100
8 3 6 100
9 3 8 100

10 3 10 100
11 0 2 100
12 0 4 100
13 0 6 100
14 0 8 100
15 0 10 100

* preconditioning

specifications required 2 LVDT’ s on rings within the test chamber. These LVDT s are normaly placed
a a specified gage length depending on the size of the sample. Figure 2.3 shows both of these LVDT

locations.

BACK CALCULATION OF RESILIENT MODULUS
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The laboratory reslient modulus test is relatively complex and it requires obtaining field samples.

Asaresult, severa agencies have looked into non-destructive back caculation
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procedures to estimate the strength of the soils in-place. The back calculation procedures involve
collecting surface deflection data in the fidd on existing pavement sections through non-destructive
testing and then plugging these vaues into a computer program to obtain the Mg vaues. Surface
deflection measurements provide pavement engineers with a rapid, reaively inexpensve, and nort
destructive method of examining the basic response of the pavement structure to applied loads (Ali &
Khoda, 1987). Because this andyss is normdly performed on exiging highway sections, the back

cdculation of reslient modulus vauesis primarily used in designing pavement overlays.

Non-Destructive Testing Equipment

Seveard different types of testing equipment were developed to examine the in-Stu
characterigtics of a pavement structure. Nordestructive testing (NDT) equipment can be divided into
four generd categories. datic deflection, steady-<ate deflection, impulse load deflection, and wave
propagation. However, only the firgt three categories provide deflection measurements.

Static deflection devices measure the pavement’ s response to loads gpplied with a dow moving
vehicle or a gtationary loading frame (Stoffds & Lytton, 1987). Three common NDT devices in this
category include  Benkdman beam, Cdifornia traveling deflectometer, and LaCroix deflectometer.
Figure 2.4 shows a picture of the Benkelman beam which was widdly used by highway agencies. The
measurement probe on the beam is placed between the rear dud tires of a 80-kN (18-kip) sngle-axle
load truck. Asthe truck dowly moves away from the support (reference) beam, the rebound deflection
of the probe is measured a specific distances, creating a deflection basin.  Overdl, this measuring
deviceiseasy to use, but it isadow process and has severa other disadvantages. Because the support

beam must be an immovable reference
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point, the use of this device is limited to flexible pavements. In addition, the loads used to measure the
surface deflection do not represent actua field conditions, impulse loads. Therefore,
empirica correlations must be developed in order to use the results in any mechanitic pavement design
procedure (Huang, 1993).

Steady dtate deflection systems, on the other hand, measure the pavement’s response to loads
gpplied by avibratory device. Research has shown that the deflection at any specific driving frequency
is gpproximately proportiond to the amplitude of the load. However, a low frequencies, this factor

gpproaches the value of the datic pavement diffness (Stoffels & Lytton, 1987). Therefore, the
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vibratory device must gpply a compressive force of varying magnitude, a dynamic force superimposed
over a gatic force, in order to account for these effects. Two of the most common systems in this
category include the Dynaflect and the Road Rater. Both devices use inertid motion sensors
(geophones), placed at specific distances away from the point of loading, to record the surface
deflection. Thistype of NDT device does not require a reference point like the static equipment. It is
aso a rapid method of andyzing a section’s structurd adequacy. Some of the disadvantages of this
testing procedure include the inability to goply the actud loads in the form of steady-dtate vibration and
the effect some large static loads may have on stress sengitive materials (Huang, 1993).

The third system, impulse load deflection, gpplies a trangent force impulse to the pavement
surface and records its response. Thisimpulse is created by sdecting aweight and dropping it a certain
height. Thistype of NDT equipment is commonly cdled a Faling Weight Deflectometer (FWD). Three
commonly used FWDs include Dynatest, KUAB, and Phoenix. Figures 2.5 and 2.6 show pictures of
the Wyoming DOT KUAB deflectometer. These testing devices dlow another method of rapidly
andyzing a section’s structura adequacy for use in a mechanigtic pavement design procedure. Overal,
most pavement engineers agree that the FWD provides an accurate method of modeling actua moving
loads in both magnitude and duration (Huang, 1993). This device ds0 uses ardaively smdl satic load
compared to the impulse loading. However, these devices have some disadvantages. In many cases, it
is difficult to obtain reliable results from the inertid motion sensors in the low frequency range. Itisaso
difficult to produce force impulses that have a short duration to reliably measure the deflections in the

sgnificant frequency range of the pavement section (Stoffels & Lytton, 1987).

Back Calculation Computer Programs
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There are several computer programs that can use deflection data to back calculate the strength
of the different layersin a pavement sructure. Some of the most widdly used back caculation programs
include. MODULUS, EVERCALC, and BOUSDEF. All of these programs compare the deflection
basins from field data to theoretical basins to determine back calculated Mg values. However, each

program computes these moduli by using different methodologies and
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Figure 2.6 Sensorsfrom KUAB 2m-FWD
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assumptions.  The firs program, MODULUS, was developed a Texas A & M Universty.
MODULUS determines Mg vaues based upon alayered elastic code called WESS. This code creates
alarge database of theoretica deflection basins and matches, through interpolation, the best basin to the
fidd data. The second program, EVERCALC, was developed at the University of Washington. In this
program, theoretical deflections are based on CHEVRON, another layered elagtic code. The third
program, BOUSDEF, was developed a Oregon State Univerdity. This program uses the method of
equivaent thicknesses, assuming one thick, uniform layer of materid, and the Boussinesg theory to
determine theoreticd basins. Overdl, by matching the deflection basin measured in the field, a Mg vdue
is calculated for the surface, base, and subgrade layer.

Even though these computer programs provide pavement engineers with a quick method of
obtaining Mg vaues, the following problems associated with back cal culation procedures must be taken
into congderation (Uddin, 1984):

1. Thg nonuniqueness of the reslient modulus back calculated from the measured deflection
Efo?é due to possble variation in thickness of pavement layers.

Errorsinvolved in assuming a semi-infinite subgrade.
Timeinvolved in the iteraive process.
Errors in back caculated moduli because of the nonlinear behavior of granular layers and

subgrade.
Errorsinvolved in using input vaues out of the range for which the modd was cdibrated.

aprownN

©

In addition, three factors can influence the deflection measurements used in these computer programs.
loading, climate and pavement condition. Loading should smulate the conditions used in the design
process, typically, a 40-kN (9000-1bs,) whed load. Climate factors such as temperature and moisture

can aso affect pavement deflections. These conditions should be recorded so that corrections can be
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made to the deflection measurements before using them in a computer program.  Findly, pavement
conditions influence the deflection measurements. During testing, careful selection of test sections should

be made in order to avoid testing over a distress such as cracking or rutting (Huang, 1993).

Mg DETERMINATION FROM CORRELATION STUDIES

In many cases, agencies lack the large capita required for the laboratory Mg equipment and/or
thelr pavement engineers are unfamiliar with this new subgrade soil property. As aresult, correlaion
charts and equations have been created to convert vaues from some of the commonly used soil tests to
reslient modulus values. Figure 2.7 presents a correaion chart for most common soil tests. This chart
was developed using data from the AASHO Road Test and severd design curves from Cdifornia,
Washington, and Kentucky (Van Til et a., 1972).

The soil support scale, on the far eft, has values ranging from 1 to 10 and was developed using
AASHO Road Test data. A 3.0 on the scale represents the sty clay roadbed soil while a 10.0
represents the crushed rock base materid. In order to use this scale, highway agencies developed
rel ationships between their commonly used materid characterization test and the soil support scae. As
a result, each date usudly adopted a different test which caused variations in sdecting subgrade
grength. This problem contributed to the adoption of the Mg value as the materia property used to
design pavement dtructures. Through severa research projects on the AASHO roadbed soil, it was
shown that the soil support vaue (S) of 3.0 had a M value of 20,684-kPa (3000-ps). Therest of the

correlaions for converting soil support vauesto Mg vaues were based on this relaionship.
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Besides these corrdations, two well known equations have aso been developed through
research to convert vaues from the srength tests to resilient modulus vaues. Heukdlom and Klomp

(1972) devel oped the following equation to convert CBR vauesto Mg vaues

Mg = 1500 (CBR) (2.3)
On the other hand, the Asphdt Indtitute (1982) developed the following equation to calculate reslient

modulus from R-vaues

Mg = 1155 + 555 (R-value) (2.4)
Other eguations have aso been developed by date highway agencies. One example is Nebraska
Woolstrum (1990) reported a method to reliably determine the resilient modulus vaue based an the
Nebraska Group Index (NGI). This index is smilar to the group index developed by AASHTO
because it uses the percent retained on the No. 200 sieve, the liquid limit, and the pladticity index.
However, the NGI dlows negative vaues for granular materids. Through a regresson andyss, fourth-
order equations were developed under three moisture conditions:  optimum, wet, and dry. These
equations correlated wel with Mg values obtained in the laboratory. Even though the use of the
corrdation charts and equations to obtain resilient modulus vaues is acceptable, AASHTO (1993)

recommends that "user agencies acquire the necessary equipment to measure Mg."

SELECTION OF A DESIGN Mg VALUE

Because of the importance of materid characterization, severd factors must be taken into

consideration when sdlecting a Mk vaue for pavement design. According to Darter et a. (1992),
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“regardless of the method used, the design subgrade Mg vaue must be consstent with the value used in
the design performance equation for the AASHO Road Test subgrade” The 1993 AASHTO guide
uses a value of 20,684-kPa (3000-ps), but does not judtify its sdection. This vaue is one of the
underlying assumptions of the flexible pavement performance modd. Based on a study by Thompson
and Robnett (1976), this vaue is appropriate when the AASHO soil is about 1% wet of optimum and
subjected to a deviator stress of about 41.4-kPa (6-ps) or more. In addition, these results were based
on laboratory tests using zero confining pressure, and they reported little effect when testing the samples
using a confining pressure of 20.7 to 34.5-kPa (3 to 5-pd). Therefore, when sdecting a Mg vaue from
laboratory testing, a zero confining pressure and a 41.4-kPa (6-ps) deviator stress is suggested (Elliott,
1992).

Besides the above considerations, other factors such as water content, soil type, and sample
condition must be accounted for when sdecting an Mg vaue from the laboratory testing. First, water
content is important because of its effects on Mg vaues obtained either above or below the optimum
vaue. In 1989, Elfino and Davidson reported variations in the resilient modulus vaue of 7-41% from
soils at different water contents.  Second, whether the sample is undisturbed or disturbed will influence
the Mg. Third, soil type may influence the Mg because of the differences in quality and soil strength.
Overdl, by consdering these variations, an appropriate My vaue will be sdected to represent the
design field conditions.

The above observations dso play an important part when determining a back calculated Mg
vadue. In order to make a non-destructive testing vaue consstent with the 20,684-kPa (3000-ps)

vaue, the calculated Mg vaue is multiplied by a correction factor. The need for a correction factor
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resulted from the fact that most NDT programs assume the measure deflection, at a certain distance
away from the loading plate is atributable soldly to the subgrade. In many cases, the amount of stress
at this point isless than 41.4-kPa (6-pg), giving a higher resilient modulus vaue. Therefore, by reducing
the back cdculated resilient modulus vaue, one of the underlying assumptions in the flexible pavement

performance mode is satisfied.

UTILIZATION OF SOIL Mg IN THE AASHTO OVERLAY DESIGN PROCEDURES
Over the years, severd highway agencies developed their own overlay design procedures. In

addition, AASHTO recently released the 1993 AASHTO Guide for Design of Pavement Structures. In

the AASHTO guide, the determination of the subgrade resilient modulus vaue is essentid for designing
both new pavements and overlay thicknesses. If the design reslient modulus vaue is too high, the
thickness of the pavement layer will be insufficient. If the design reslient modulus vaue is too low, the
thickness will be conservative and not cost-effective. The implications of sdecting resilient modulus
vauesin designing new pavements will not be discussed here since the objective of this research project

isto evduate the new AASHTO overlay design procedure for asphat pavements.

The 1993 AASHTO Overlay Design Procedure

The 1993 AASHTO Guide for Design of Pavement Structures outlines an eight step procedure

for determining the overlay thickness. These steps include evauating the existing pavement design and
condruction, traffic andyds, condition surveys, deflection testing, coring and materids tedting,

determination of required structural number for future traffic (SNy), determination of effective structurd
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number (SN«) of the exigting pavement, and determination of the overlay thickness (D). Each of these
steps provides va uable information to determine an appropriate overlay design.

In the firgt step, evaduating the exigting pavement design and congtruction, thicknesses of each
layer and materia types and characterization should be determined. Next, in the traffic analys's, the past
cumulative 80-kN (18-kip) equivalent sngle-axle loads (ESALS) (Np) and the future 80-kN (18-kip)
ESALSs (Ny) should be estimated. This traffic information is important in determining the SN value and
overlay thickness. Third, pavement condition surveys provide information needed to determine the
gructurd coefficients for each pavement layer. Fourth, deflection testing provides the basic information
needed in the AASHTO overlay design procedures. Some type of NDT device, usualy a FWD,
provides this type of data The AASHTO guide recommends using the following formula for
determining the resilient modulus vaue of the subgrade soil based on the deflection measurements.

_0.24P
dr

r

MR

(2.5)

where Mg = aubgrade reslient modulus, ps
P = appliedload, pounds
d- = deflection at adistance r from the center of the load, inches
r = distancefrom center of load (sensor location), inches
Fifth, coring and materids testing provides additiond information to confirm the values obtained from
reviewing congtruction records. Laboratory testing of the subgrade soil is recommended if deflection
testing is not completed on a pavement section. In addition, the thicknesses of dl the layers in the

pavement structure can be confirmed by coring.  Sixth, the SN; value is determined by using severd

pieces of information. These items indude the effective desgn subgrade reslient modulus, design
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present serviceshility index (PSl) loss, overlay design reliability (R), and the overal standard deviation
(S) for flexible pavement. Seventh, the SN« vaue is determined using one or more of the following
three methods: non-destructive testing (NDT), pavement condition surveys (PCS), and remaining life
(RL). Findly, the overlay thickness (Do) is determined by taking the difference between the SN and
SN vaues and dividing this quantity by the layer coefficient for new asphdt pavement (Do = (SN -

Sner)/aq).

Determining the Need for an Overlay
Structurd deterioration is any condition that reduces the load-carrying capacity of the pavement
(Darter et d., 1992). Astime and the number of loads applied (traffic) to a pavement section increase,
the structural capacity (SC) of the section decreases from its initid state, SC,, as shown in Figure 2.8.

When an evauation for an overlay is conducted, the section’s structura
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SOURCE: Darter et d. (1992)

capacity is evaluated and denoted by SCq. In order to repair the section and return it to its origina or
higher capacity, SC;, an overlay is placed with avaue of SC, (Note: SC; = SCq + SC,). This method
of evauation is known as the structura deficiency gpproach.

In order to obtain the “correct” thickness of the overlay, the evduation of the effective structura
capacity must be accurate by examining the existing pavement conditions and determining how the
pavement maerids will behave in the future. However, this is very difficult Snce the declining
relationship is not well defined. It is often assumed by many agencies that a section’s structurd capacity

is linear in order to smplify cadculaions and provide a conservative measurement. As a result, the
29



AASHTO guide uses three different methods to determine a section’s asphalt overlay thickness: non-
destructive testing (NDT), pavement condition surveys (PCS), and remaining life (RL).

The firg method, NDT, involves determining the effective Structural capacity, expressed as the
effective dructurd number (SN«) for flexible pavements, based on non-destructive deflection
measurements.  This data is often obtained usng a Faling Weight Deflectometer (FWD). The SN is
determined with the following formula as a function of the totd thickness and overdl diffness of a

section:
SNyt = O.OO45D34/ E, (2.6)

wheree SNg = effective sructura number
D total thickness of al pavement layers above the subgrade, inches
E effective modulus of pavement layers above the subgrade, ps

The E, vaue is based on a back calculation procedure for resilient modulus described in the AASHTO
guide.

The second method involves using pavement condition surveys. This type of visud survey
determines the SN vaue based on the distress conditions observed in the field, drainage surveys, and
maintenance history. For flexible pavements, the following distress types should be examined: aligator
cracking, rutting, transverse and longitudina cracks, and locdlized falling areas. Each didress type is
converted to alayer coefficient based on the percentage of the surface condition. The following formula

is then usad to determine the SN« vdue

SNesr = 8Dy +8,D,m; +83D5m3 (2.7)
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where SNt effective ructura number

ay, &, & = ocorresponding structurd layer coefficients
Dy, D, D3 = thicknesses of existing pavement surface, base, and subbase layers
mp, Mg = drainage coefficients for granular base and subbase

Remaining life is the third procedure to determine the effective structural capacity. This method
determines the SN« value based on fatigue damage from traffic. As the name implies, the amount of
load-carrying capacity remaining in the pavement section is determined. This procedure requires the
knowledge of past traffic (N,,) and estimates the total traffic the pavement could be expected to carry to
“falure’ (N15). This falure is often assumed to be 1.5 on the Present Servicegbility Index (PS1). In
generd, a new pavement has a PSl between 4 and 5, and repair is usualy needed when the PSl is

between 1.5 and 2.5. The following formula determines the remaining life:

e aN_ ou
RL=1004- &—"-] (2.8)
é N1.5 u@

where  RL = remaning life, percent
N, = totd trafficto date, 18-kip ESAL
Nis = totd traffic to pavement “falure’, 18-kip ESAL

The RL vaueisthen converted to a condition factor (CF) ranging from 0.5 to 1.0 using agraph of CF

versus RL. The SN« vaue is then computed with the following formula

SN = CF* SN, (2.9)
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where SNg = effective sructurd number
CF = condition factor
SN, = dgructurd number of the pavement if it were newly constructed

Darter et d. (1992) cites the following four mgor sources of error in this procedure:  the predictive
capability of the AASHO Road Test equations, the large variations in performance typicaly observed
even among pavements of seemingly identica designs, estimation of the past 18-kip ESALS, and the
ingbility to account for the amount of preoverlay repar to the pavement. Overdl, this evauation
procedure should only be used for pavement sections which have very little visible deterioration and no

previous overlays.

CHAPTER SUMMARY

Materid characterization is important in designing pavement sections. The traditiona methods
for examining the characteristics of the subgrade, CBR and Rvaue, do not provide information that
directly represent field conditions. However, the resilient modulus test measures a subgrade’ s aility to
recover after loading. Therefore, this vaue is expected to improve the modding of actud field
conditions and to provide a better basis for pavement designs. A soil’s Mg vaue may be measured by
usng the following three techniques  laboratory testing, back cdculation, and correlation
chartdeguations. Once a My vaue is determined for a section, this value can be used to caculate an

overlay design thickness.
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CHAPTER 3

DESIGN OF EXPERIMENT

INTRODUCTION
In this research project, extensive data were collected in the fidd and laboratory to fulfill the
objectives of the study presented in Chapter 1. Figure 3.1 shows the seven basic steps performed in
this research. These steps were:  Ste sdlection, data collection, resilient modulus determinations, data
base preparation, data andyss, effect of Mg on overlay thicknesses, and conclusions. In this chapter,

each one of the above evauation strategies will be discussed.

SITE SELECTION
Nine pavement test sections were selected in the State of Wyoming. These sections represent
typicad cohesve subgrade soil conditions throughout the State (refer to Figure 3.2). Overdl, a typicd
cross-section of the pavement structure included an asphdt concrete layer, a granular or trested base
(asphdt or cement), and the underlying subgrade soil. Because of the relaively low traffic volumesin

Wyoming, pavement structures do not normaly have a subbase layer.

DATA COLLECTION
In the summer of 1992 and spring of 1993, extensve field data were collected on dl test

sections included in the experiment. Thisfield evauation included pavement and subgrade coring,
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deflection measurements, and condition surveys. At each site, three pavement cores and three Shelby
tubes of subgrade soil were obtained. Table 3.1 summarizes the locations of the nine test sections. The

Wyoming DOT's KUAB 2m-Falling Weight Deflectometer was used to take

TABLE 3.1 Location of Test Sections

Number Test Ste
on State Map Route Roadway Milepost

1 P-12 US-30 48

2 P-12 US-30 70

3 P-23 US-287 416

4 P-30 US-26 108

5 P-34 US-20/26 15

6 P-34 US-20 163

7 P-44 US-16 229

8 P-44 US-16 244

9 F-25 US-85 197.4

deflection measurements at each Ste usng three different levels of loading: 26.7, 40.0, 53.4-kN (6000,
9000, and 12000-1bs.). Figure 3.3 shows the locations of the sensors used to take the deflection
measurements in this research. Other important data, such as pavement and air temperatures, were

recorded for later use in correcting the temperature to the standard value of

300-trum
(11 .8in)

305-trum 152-toun 152-tran 305-trum 305-trum 305-trum
(12-in) (B-in)  (B-in) (12-in (12-in) {12-in)

Figure 3.3 Layout of FWD Sensors
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21° Cdsius (70° Fahrenheit). Pavement condition surveys were completed on each test section to

examine pavement surface conditions.

LABORATORY TESTING AND RESILIENT MODULUSDETERMINATION

After obtaining the soil samples from the fidd, severd |aboratory tests were initialy conducted
to determine the soil classification of the subgrade at each test section. These prdiminary tests included:
seve andyss, Atterburg Limits, water content determinations, and Rvadues. The AASHTO Sail
Classfication system was later used to determine the soil type at each test section. The equation below,
occasionaly used by the Wyoming DOT, was used in esimating the optimum water content for each

sample

w = 0477(LL) + 2 (3.2)

optimum water content (%),
liquid limit

where: w

—
—
I

All laboratory tests were conducted in accordance with their respective AASHTO specification. Table
3.2 summarizes these testing specifications.

TABLE 3.2 AASHTO Specification Summary

Property Specification

Standard R-vdue AASHTOT 190

Liquid Limit (LL) AASHTO T 89 (WYO MOD)
Pladtic Limit (PL) AASHTO T 90 (WYO MOD)
Seve Andyss AASHTOT 88
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Resilient modulus vaues were then determined for each test section from:  [aboratory testing based on
41.4-kPa (6-ps) deviator dtress, laboratory testing based on actual field stress conditions, and from
deflection measurements.
Laboratory Testing for Resilient Modulus

Laboratory soil reslient modulus tests were performed on the Wyoming DOT machine
manufactured by the Interlaken Technology Corporation. The system has a Series 3300 98-kN (22-
kip) capacity test frame, a Series 3230, 16 channd data acquisition system, and a Series 3200
controller.  This device is located in the Materids Branch a the Wyoming Depatment of
Trangportation. Figures 3.4 and 3.5 show the resilient modulus testing device. All samples tested were
71-mm (2.8-in.) in diameter and 152-mm (6-in.) in height. These measurements were selected in
accordance with the specifications, a height not less than two times the diameter and a minimum
diameter of 71-mm (2.8-in.) or five times the nomind particle sze (AASHTO, 1992). In thisresearch
project, deformation readings were recorded at two different locations during laboratory testing. First,
from 2 LVDT’s located outside of the triaxia cell on the loading piston (referred to as the actuator in
this report) and second, from three LVDT's located on the rings indde of the testing chamber. Even
though some testing programs available for My testing automaticaly average the signds from the
LVDT's, individua measurements were saved in a computer file in this research project. This
procedure was used to identify and eiminate inconsstent deformation measurements coming from the
LVDT's. All goplied load and deformation readings were adso stored in a computer file for later

andydss.
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Figure 3.5 Reslient Modulus Testing Chamber
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Subgrade cores obtained from the summer of 1992 were tested in two conditions, undisturbed
and disurbed. Due to the fact that the soils were left in the Shelby tubes for severd months prior to
testing, norma extraction could not be performed without disturbing the samples. The solution to this
problem was to freeze the tubes, extract the soil samples, and let the cores thaw for twenty-four hours
prior to testing. Overdl, this procedure was successful and dlowed soil samples to be removed from
the tubes with minimd disurbance. Redlient modulus testing was performed on some of the frozen
samples, but reasonable Mr vaues were difficult to obtain because of the low stresses applied to the
samples and the high gtiffness of the frozen cores. As areault, the frozen condition was not consdered
in the analyss. After testing was completed for the undisturbed samples, the disturbed (remolded)
samples were prepared by crumbling the sample and re-compacting it to 152-mm (6-in.) usng five lifts
and gatic compaction. This procedureis fully described in the specifications (refer to Appendix A).

Subgrade cores from the spring of 1993 were tested for reslient modulus shortly after obtaining
them from the field. Again, two conditions were consdered, undisturbed and disturbed (remolded).
Unlike the first set of subgrade cores, samples were easily removed from the Shelby tubes and,
therefore, they did not require freezing prior to extraction. LVDT measurements during Mg testing were
aso taken outside and insde the testing chamber.

After the laboratory Mg testing was completed, deformation and applied load readings from the
last five cycles of loading condition were retrieved from the data files creasted during the tests. Severd
Spreadsheets were developed to accept these data as well as the length and diameter of each sample.
By entering this information, the redlient modulus vaues for dl nine test sections were calculated

automdticaly for each tegting condition. Plots were then congtructed by using the logio(reslient
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modulus) versus the deviator stress. Simple regression andysis was then performed to estimate resilient
modulus based on deviator stresses. As suggested in the literature, a design Mg value was determined
by subgtituting a deviator stress of 41.4-kPa (6-pg) into this resulting equation.

Besdes using this suggested deviator gtress, the actud stresses in the subgrade were computed
by using the computer program BISAR. This computer program, developed by De Jong et d. (1973),
computes the stresses in a ntlayer pavement structure by considering the verticd and horizontd loads.
Information obtained in the fidd evaduation, specificdly the thicknesses of each pavement layer, and
certain materid properties were entered into this program. Table 3.3 summarizes the vaues for the
materia properties commonly used by the Wyoming DOT. These computed deviator stresses were
then subgtituted into the linear equations developed in the laboratory testing to determine another design

redlient modulus vaue based on actud fied stress conditions.

TABLE 3.3 Summary of Typical Material Propertiesin Wyoming

Layer in Pavement Y oung's Modulus Unit Weight Poisson's Ratio
Structure (MPa) (KN/n)
Asphdt Cement Mix 2758 23.1 0.35
Granular Base 124 22.8 0.40
Cement Treated Base 5516 22.0 0.25
Asphalt Treated Base 2413 23.1 0.37

Back Calculation of M g
In addition to the laboratory analyss, the deflection data collected were used to determine
subgrade Mg vaues with the following three back caculation programs. MODULUS, EVERCALC,

and BOUSDEF. All of these programs compare the deflection basins based on field data to theoretica
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basns in order to determine the back calculated resilient modulus vaues. Deflection measurements
used in these three computer programs were corrected to a standard temperature of 21° Celsius (70°
Fahrenheit) with a computer program called TAFFY. This program was developed by the Colorado
Department of Transportation (1988) to determine temperature adjustment factors. The average ar
temperature, the surface temperature, and the mean pavement temperature dl affect this adjustment

factor.

DATA BASE PREPARATION AND DATA ANALYSIS
All fidld and laboratory data were summarized in a computerized data base. Statisticd andyses
were then performed to determine how fundamenta soil properties, linear variable differentid transducer
(LVDT) placement during M testing, and sample condition influence reslient modulus vaues. Further
analyses were completed to examine the relationship between laboratory and back cdculated My

vaues. These results and analyses will be presented in Chapter 4.

EVALUATING THE EFFECT OF Mg SELECTION ON OVERLAY THICKNESSES
Three different sets of Mg vaues were used to complete this andysis. In addition to the values
cdculated usng a 41.4-kPa (6-ps) deviaor stress and the actud field deviator stress, the AASHTO
equation based on deflection measurements was used to determine the third set of Mg vaues. Overlay
thicknesses were then determined by using the 1993 AASHTO NDT overlay design procedure for
asphdt overlay on asphalt pavements. Findly, severd analyses were performed to determine the effects

of selected Mg vaues on the resulting overlay thicknesses. These results and analyses will be presented
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and discussed further in Chapter 5.

CHAPTER SUMMARY
This chapter presented the data ®llection and overdl evaudtion drategies followed in this
research project. Site sdlection, data collection, resilient modulus calculations, data base preparation,
data andysis, effect of Mg on overlay thickness, and conclusions were the seven steps. Overdl, each

step provided away to thoroughly satisfy the objectives of this research project.
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CHAPTER 4

RESULTSFROM LABORATORY AND FIELD EVALUATIONS

INTRODUCTION
As described earlier, laboratory and back calculation tests were performed on subgrade soils
gathered from primary roads in the State of Wyoming. Laboratory testing conssted of determining the
il's redlient modulus, R-vaue, water content, optimum water content, plagticity index, soil
classfication, and group index. Back cdculation tests conssted of subgtituting vaues obtained from the
fidd deflection tests into three computer programs to obtain a second set of resilient modulus vaues.
This chapter presents the results from the above tests and provides a comprehensive discussion and

andyss of the data gathered.

SITE CHARACTERISTICS
The pavement dructure for each of the nine dtes included in this research conssted of an
asphat concrete (AC) layer, a granular or treated base, and the underlying subgrade soil. Four of the
nine stes had a treated base, three with an asphdt treated base (ATB) and one with a cement treated
base (CTB). Table 4.1 summarizes the thicknesses of the AC and base layers for dl test sections. Al
of these thicknesses were determined from the pavement cores a each test section. In addition,
approximately 610 to 762-mm (24 to 30-in.) of the underlying subgrade soil was removed in each

Shelby tube for laboratory testing.
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TABLE 4.1 Thicknesses of Test Sections

Pavement Thicknesses
Route Mile Post Surface Base
(mm) (mm)

P-12 48 305 305

P-12 70 140 152

P-23 416 152 152

P-30 108 127 152

P-34 15 127 203
P-34 163 76 64"
P-44 229 152 203"
P-44 244 58 191°
F-25 197.4 152 203"

"Asphalt Treated Base (ATB) " Cement Treated Base (CTB)

RESULTSFROM SOIL PROPERTY TESTS

Severd fundamenta soil property tests were conducted after performing the resilient modulus
test on the soil samples. These tests included: seve andysis, liquid and plagtic limits (LL and PL,
respectively), and water content determination. Tables 4.2 and 4.3 summarize the values for these ol
property tests from the summer of 1992 and spring of 1993, respectively. A high percentage of the
sites had water contents below the optimum water content. All of the soils were classfied as A-4, A-6,
or A-7-6 based on the AASHTO soil classfication syssem. However, one sample from the summer of
1992 and two samples from the spring of 1993 had different soil classfications, A-1-B, A-2-4, and A-
2-6, respectively. In addition, severd of the stes had large group index (Gl) values, indicating poor

quaity soils. Findly, the plagticity index (P) values were moderate to high as shown in the tables.
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TABLE 4.2 Fundamental Soil Propertiesfor Samples Collected in the

Summer of 1992

Actual Optimum AASHTO
Mile | Tube | Layer | Water Water Soll
Route Post # # Content Content | LL | PL | PI Class.
(%) (%)

P-12 70 2 1 11.8 15.8 29 | 15| 14 A-6(3)
p-12 70 3 1 14.5 15.8 29 | 16 | 13 A-6(2)
P-12 70 3 2 13.8 15.4 28 | 16 | 12 A-6(2)
pP-12 70 3 3 15.7 14.9 27 | 17 | 10 A-4(1)
P-23 416 1 1 14.4 12.5 22 | NP | NP | A-40)
P-23 416 1 2 9.2 111 19 | NP | NP | A-40)
P-23 416 1 3 14.6 134 24| 19| 5 A-4(0)
P-23 416 2 2 12.6 12.5 2 | 18| 4 A-4(0)
P-23 416 2 3 11.9 12.0 21 | 18| 3 A-4(0)
P-30 108 1 1 18.6 18.7 3B | 19| 16 A-6(9)
P-30 108 1 2 16.6 16.3 30| 17 | 13 A-6(4)
P-30 108 1 3 18.7 18.7 3B | 16| 19 | A-6(11)
P-30 108 2 1 18.5 19.6 37| 18 | 19 | A-6(11)
P-30 108 2 2 16.4 16.8 31| 16 | 15 A-6(6)
P-30 108 2 3 19.0 19.2 36 | 18 | 18 A-6(8)
P-30 108 3 1 19.1 18.2 A | 17| 17 | A-6(10)
P-30 108 3 2 17.6 16.8 31| 16 | 15 A-6(7)
P-34 15 1 2 25.8 25.4 49 | 20 | 29 | A-7-6(29)
P-34 15 1 3 21.1 21.1 40 | 23 | 17 | A-6(16)
P-34 15 2 1 4.7 11.1 19| 13| 6 | A-1-B(0)
P-34 15 2 2 19.5 24.4 47 | 23 | 24 | A-7-6(23)
P-34 15 3 2 17.6 235 45 | 19 | 26 | A-7-6(25)
P-34 15 3 3 17.9 29.7 58 | 24| 34 | A-7-6(32)
P-34 163 1 1 155 154 28 | 15| 13 A-6(4)
P-34 163 1 2 17.2 14.4 26 | 14| 12 A-6(5)
P-34 163 1 3 19.0 134 24 | 16 | 8 A-4(3)
P-34 163 2 2 154 13.0 23| 14| 9 A-4(3)
P-44 244 1 1 15.2 18.2 A | 16 | 18 | A-6(11)
P-44 244 1 2 15.2 17.3 32| 17 | 15 A-6(7)
P-44 244 1 3 18.3 20.6 9| 19| 20| A-6(14)
P-44 244 2 1 12.2 18.7 3B | 16 | 19 | A-6(10)
P-44 244 2 2 12.2 18.2 34| 16 | 18 A-6(9)
P-44 244 2 3 14.4 20.1 B | 17| 21| A-6(14)
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TABLE 4.3 Fundamental Soil Propertiesfor Samples Collected in the
Spring of 1993

Actual Optimum AASHTO
Mile | Tube | Layer | Water Water Soil
Route Post # # Content Content | LL | PL | PI Class.
(%) (%)

P-12 48 1 1 14.2 139 25 | 15| 10 A-4(1)
p-12 48 1 2 15.9 18.7 B | 7| 2| A613
P-12 48 2 1 11.9 14.4 26 | 13| 13 A-6(1)
P-23 416 1 1 10.8 14.9 27 | 20 | 7 A-4(0)
P-23 416 1 2 115 14.4 26 | 20| 6 A-4(0)
P-23 416 2 1 13.2 144 26 | 18 | 8 A-4(0)
P-23 416 2 2 139 14.4 26 | 21| 5 A-4(0)
P-23 416 3 1 12.8 14.4 26 | 19| 7 A-4(0)
P-23 416 3 2 11.3 154 28 | 19| 9 | A-2-40)
P-30 108 1 1 15.5 17.7 33| 15| 18 A-6(9)
P-30 108 1 2 15.8 13.0 23 | 14| 9 A-4(3)
P-30 108 2 1 16.8 154 28 | 14| 14 A-6(6)
P-30 108 3 1 15.4 20.1 3B | 15| 23| A-613
P-34 15 1 1 19.7 25.9 50 | 24 | 26 | A-7-6(26)
P-34 15 1 2 20.1 28.2 5 | 27 | 28 | A-7-6(30)
P-34 15 2 1 18.7 26.3 51 | 22 | 29 | A-7-6(29)
P-34 15 2 2 20.7 22.0 42 | 26 | 16 | A-7-6(16)
P-34 15 3 1 20.6 235 45 | 23 | 22 | A-7-6(23)
P-34 15 3 2 20.8 22.5 43 | 28 | 15 | A-7-6(15)
P-34 163 1 1 9.8 21.1 40 | 20 | 20 | A-2-6(2)
P-34 163 1 2 15.9 17.7 3| 16 | 17 A-6(7)
P-44 229 1 1 23.7 19.6 37 | 24| 13 A-6(7)
P-44 229 1 2 20.7 24.4 47 | 24 | 23 | A-7-6(21)
P-44 229 2 1 25.3 19.6 37 | 26 | 11 A-6(3)
P-44 229 2 2 21.1 17.3 52 | 24 | 28 | A-7-6(26)
P-44 229 3 1 20.9 24.4 47 | 21 | 26 | A-7-6(23)
P-44 229 3 2 19.8 26.3 51 | 22 | 29 | A-7-6(27)
P-44 244 1 1 11.3 21.1 40 | 17 | 23 | A-6(16)
P-44 244 1 2 174 22,5 43 | 18 | 25 | A-7-6(20)
P-44 244 2 1 12.8 21.6 41 | 18 | 23 | A-7-6(17)
P-44 244 2 2 155 22.0 42 | 19 | 23 | A-7-6(17)
P-44 244 3 1 19.3 21.1 40 | 18 | 22 | A-6(16)
P-44 244 3 2 16.2 22.0 42 | 20 | 22 | A-7-6(16)
F-25 197.4 1 1 15.2 235 45 | 20 | 25 | A-7-6(21)
F-25 197.4 1 2 13.8 14.9 27 | 18] 9 A-4(5)
F-25 197.4 2 1 174 25.9 50 | 19 | 31 | A-7-6(25)
F-25 197.4 2 2 12.7 154 28| 21| 7 A-4(4)
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LABORATORY RESILIENT MODULUSVALUESBASED ON
41.4-kPa (6-psi) DEVIATOR STRESS

Samples for laboratory Mk testing were primarily selected from the middle portion of each
Shelby tube because of the visible disturbance on both ends. This selection process provided samples
that were rigid and “undisturbed.”  After extracting each sample from the tube, diameter and height
measurements were taken and recorded on laboratory data sheets. Next, a rubber membrane was
placed over the soil sample and two porous stones which were on both ends of the sample.  After
digning the sample in the testing device, the resilient modulus tests were conducted by following the
AASHTO specifications. During each of the fifteen loading conditions, the last five cycles were saved
on disk for future retrieval to determine the resilient modulus vaue. After completing the first set of tests
on undisturbed samples, another set of tests were conducted on disturbed samples using a zero
confining pressure and deviator stresses ranging from 13.8 to 69.0-kPa (2 to 10-pg) in 13.8-kPa (2-
ps) ncrements. The disturbed samples were prepared by destroying the origina undisturbed samples
and re-compeacting them in five, equd lifts under a datic load.

For each of the testing conditions described earlier, the pesk deformation and applied load
readings were retrieved from the files created during testing. By entering these vaues into a specid
oreadshedt, resilient modulus values were caculated from esch of the different confining and deviator
dress conditions. Figure 4.1 shows an example of the Mg summary spreadsheet used in this research
(Note: vaues in metric units). The upper haf of the spreadsheet shows the measured vaues under
different testing conditions. These vaues include: mean deviator load, mean applied deviator stress,
mean recoverable deformation from each LVDT, mean reslient drain, and mean Mg vdue A

logarithmic plot of resilient modulus versus deviator stresswas
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Figure 4.1 Mg Summary Spreadsheet




created using these vaues as shown in the lower |eft hand corner. In addition, a smple linear regresson
andyss was performed to develop a generd equation for determining the resilient modulus vaue as a
function of the deviator stress (Mr =f(S¢)). After obtaining the equation, a deviator stress of 41.4-kPa
(6-ps), suggested in the literature, was subdtituted into the equation to determine a design reslient
modulus vaue. The lower right hand portion of the spreadsheet summarizes other important laboratory
information, such as the R vaue specimen height, the linear regresson equation for Mg, the coefficient
of determination (R?), and the condition of the sample. Similar spreadsheets were crested for each test
ste and sample condition (undisturbed ring, undisturbed actuator, disturbed ring, and disturbed
actuator). An example of the Mr cdculation sheet used to creste the summary sheet is presented in
Appendix B.

Tables 4.4 and 4.5 summarize dl the laboratory subgrade soil resilient modulus vaues. Some of
the tests were not completed, shown by a blank space, because testing could not be performed on an
undisturbed sample or the vaues obtained from the test were sgnificantly beyond the range of redidtic

subgrade Mg vaues.

BACK CALCULATED RESILIENT MODULUSVALUES
Information obtained from pavement coring and deflection testing were used in this part of the
research. First, the deflection measurements were corrected to a standard temperature of 21° Cdsius
(70° Fahrenheit) using a computer program called TAFFY (1988). This computer program produces
temperature adjustment factors for the deflection readings based on an agorithm recommended by the
Asphdt Inditute. This program requires the following information:  thicknesses of asphat cement and

untreated base layers, surface temperature, and previous 5day air temperature history. Snce the
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previous 5-day air temperature history was not
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TABLE 4.4 Mg valuesfor Samples Collected in the Summer of 1992

Undisturbed | Undisturbed | Disturbed | Disturbed
Mgr Mg Mg Mr
Mile | Tube | Layer Ring Actuator Ring Actuator
Route | Post # # LVDT's LVDT's LVDT's | LVDT's
(kPa) (kPa) (kPa) (kPa)
P-12 | 70 2 1 81409 102273
P-12 | 70 3 1 55494 53121
P-12 | 70 3 2 56124 103358
P-12 | 70 3 3 30437 23413 34676
P-23 | 416 1 1 40523 32013 3828 3747
P-23 | 416 1 2 40359 38045 22385 19998
P-23 | 416 1 3 78239 56686 43649 27530
P-23 | 416 2 2 34984 30535
P-23 | 416 2 3 25282 25289
P-30 | 108 1 1 33609 28116 89353 69766
P-30 | 108 1 2 20216 21729 70828 127373
P-30 | 108 1 3 21037 19099 122068 41855
P-30 | 108 2 1 25969 25570 183266 78644
P-30 | 108 2 2 27086 23497 154540 68416
P-30 | 108 2 3 42013 13461 103127 69262
P-30 | 108 3 1 102582 68795
P-30 | 108 3 2 88844 57949
P-34 | 15 1 2 53590 29824
P-34 | 15 1 3 102586 26874
P-34 | 15 2 1 60861 35786
P-34 | 15 2 2 45331 22623 202782 71616
P-34 | 15 3 2 118568 40237
P-34 | 15 3 3 50588
P-34 | 163 1 1 15557 14986 78856 48163
P-34 | 163 1 2 22208 17596 8156 6461
P-34 | 163 1 3 4615 4682 1482 1647
P-34 | 163 2 2 41275 34597
P-44 | 244 1 1 28029 40635 244357 94602
P-44 | 244 1 2 62172 53025 150085 85572
P-44 | 244 1 3 69564 44153 259907 78390
P-44 | 244 2 1 136841 102037
P-44 | 244 2 2 194743 80376
P-44 | 244 2 3 137073 84348




TABLE 4.5 Mg valuesfor Samples Collected in the Spring of 1993

Undisturbed | Undisturbed | Disturbed | Disturbed
Mr Mg Mg Mr

Mile | Tube | Layer Ring Actuator Ring Actuator

Route | Post # # LVDT's LVDT's LVDT's | LVDT's
(kPa) (kPa) (kPa) (kPa)
P-12 48 1 1 35746 27290 69153 33115
P-12 48 1 2 86113 24374 227127 65801
P-12 48 2 1 48012 31919
P-23 | 416 1 1 23214 15871
P-23 | 416 1 2 42306 38031 46812 26866
P-23 | 416 2 1 30008 25822
P-23 | 416 2 2 25057 18387
P-23 | 416 3 1 44618 40685 27969 22010
P-23 | 416 3 2 61275 51161 65048 41937
P-30 | 108 1 1 33053 28513
P-30 | 108 1 2 16499 14259 73173 49957
P-30 | 108 2 1 370022 81867
P-30 | 108 3 1 94825 68252 577153 96091
P-34 15 1 1 25316 20822 200771 53147
P-34 15 1 2 13846 10976 94507 42501
P-34 15 2 1 19046 17268 177558 59079
P-34 15 2 2 116548 57137
P-34 15 3 1 16594 12681 148110 56176
P-34 15 3 2 16304 13585 136508 78748
P-34 | 163 1 1 41063 32757
P-34 | 163 1 2 73476 40652
P-44 | 229 1 1 44362 27866
P-44 | 229 1 2 209110 65484
P-44 | 229 2 1 2934 22639
P-44 | 229 2 2 127381 84834 424881 56291
P-44 | 229 3 1 44407 36517 89182 51909
P-44 | 229 3 2 129986 67978 207017 56342
P-44 | 244 1 1 85595 53809 457417 65533
P-44 | 244 1 2 56043 38112 441268 63933
P-44 | 244 2 1 64007 51445 276190 52213
P-44 | 244 2 2 54198 37799 639168 56793
P-44 | 244 3 1 84936 66139 312769 68665
P-44 | 244 3 2 49654 39157 249198 69109
F-25 | 197.4 1 1 274532 64340 237480 89856
F-25 | 1974 1 2 80866 55988 215178 66024
F25 | 1974 2 1 208297 76290
F-25 | 1974| 2 2 134948 66712
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known in this research, an average high and low temperature were entered into the program. These
vaues were obtained by taking the recorded air temperature during the deflection testing and adding or
subtracting 8.33 degrees to obtain Cesus temperatures (15 degrees to obtain Fahrenheit
temperatures), respectively.

The computer programs, MODULUS, EVERCALC, and BOUSDEF were used in this
andyss. All three programs require the following input parameters. magnitude of the load creating the
deflection basin, the FWD load plate radius, distance of the sensors from center of the load plate,
corrected deflection measurements, layer thicknesses, and the estimated Poisson’s ratio values for al
layers. Tables 4.6 and 4.7 summarize the back caculated resilient modulus values obtained with these

three programs.

RESULTSFROM R-VALUE TESTS
After completing dl resilient modulus tests, the soil samples were re-compacted and prepared
for the Rvalue test. Each soil sample was compacted in a 102-mm (4-in.) diameter and 64-mm (2.5-

in) high mold by using datic load compaction. The specificaions for Resgtance R-Vdue and

Expanson Pressure of Compacted Soils AASHTO T 190 (ASTM D 2844) outline these testing

procedures. In addition, the fina R-values were corrected for variations in specimen height. Tables 4.8

and 4.9 summarize the results of the R-vaue tests for both sampling periods.

STATISTICAL ANALYSIS
As mentioned earlier, data were obtained from nine different sites during two different time

periods, the summer of 1992 and the spring of 1993. Five of these Sites were common to
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TABLE 4.6 Back Calculated Resilient Modulus Values (Summer of 1992)

Mg from Mg from Mg from

Mile Project MODULUS EVERCALC | BOUSDEF

Route Post Number | Program (kPa) | Program (kPa) Program
(kPa)
P-12 70 22 71016 91838 87977
P-23 416 2 129621 196294 181677
P-30 108 18 21374 94458 45505
P-34 15 14 57916 98319 90183
P-34 163 11 91011 87426 114936
P-44 244 7 106179 172989 151409

TABLE 4.7 Back Calculated Resilient Modulus Values (Spring 1993)

Mg from Mg from Mg from

Mile Project MODULUS EVERCALC | BOUSDEF

Route Post Number | Program (kPa) | Program (kPa) Program
(kPa)
P-12 48 22 80669 133758 81358
P-23 416 2 170990 195811 175816
P-30 108 18 60674 134448 56537
P-34 15 14 74463 95837 79290
P-34 163 11 102732 96527 97906
P-44 229 8 184779 184090 174437
P-44 244 7 124106 156511 132379
F-25 197.4 5 188906 200637 197190
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TABLE 4.8 R-Valuesfor Samples Collected in the Summer of 1992

Mile | Tube | Layer R
Route | Post # # vaue
P-12 | 70 2 1 45
P-12 | 70 3 1 47
P-12 | 70 3 2 52
pP-12 | 70 3 3 48
P-23 | 416 1 1 47
P-23 | 416 1 2 57
P-23 | 416 1 3 56
P-23 | 416 2 2 44
P-23 | 416 2 3 48
P-30 | 108 1 1 31
P-30 | 108 1 2 37
P-30 | 108 1 3 39
P-30 | 108 2 1 33
P-30 | 108 2 2 37
P-30 | 108 2 3 35
P-30 | 108 3 1 32
P-30 | 108 3 2 33
P-34 | 15 1 2 32
P-34 | 15 1 3 A
P-34 | 15 2 1 42
P-34 | 15 2 2 33
P-34 | 15 3 2 33
P-34 | 15 3 3 37
P-34 | 163 1 1 32
P-34 | 163 1 2 24
P-34 | 163 1 3 NA
P-34 | 163 2 2 39
P-44 | 244 1 1 45
P-44 | 244 1 2 41
P-44 | 244 1 3 49
P-44 | 244 2 1 83
P-44 | 244 2 2 43
P-44 | 244 2 3 68
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TABLE 4.9 R-Valuesfor Samples Collected in the Spring of 1993

Mile | Tube | Layer R
Route | Post # # vaue
pP-12 | 48 1 1 45
P-12 | 48 1 2 32
P-12 | 48 2 1 36
P-23 | 416 1 1 46
P-23 | 416 1 2 45
P-23 | 416 2 1 45
P-23 | 416 2 2 48
P-23 | 416 3 1 52
P-23 | 416 3 2 59
P-30 | 108 1 1 35
P-30 | 108 1 2 40
P-30 | 108 2 1 3
P-30 | 108 3 1 36
P-34 15 1 1 32
P-34 15 1 2 28
P-34 15 2 1 3
P-34 15 2 2 28
P-34 15 3 1 31
P-34 15 3 2 32
P-34 | 163 1 1 42
P-34 | 163 1 2 32
P-44 | 229 1 1 37
P-44 | 229 1 2 29
P-44 | 229 2 1 42
P-44 | 229 2 2 30
P-44 | 229 3 1 30
P-44 | 229 3 2 31
P-44 | 244 1 1 50
P-44 | 244 1 2 43
P-44 | 244 2 1 42
P-44 | 244 2 2 39
P-44 | 244 3 1 44
P-44 | 244 3 2 40
F-25 | 1974 1 1 47
F25 | 1974 1 2 50
F-25 | 1974 2 1 39
F-25 | 1974 2 2 49
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both time periods, one was specific to the summer of 1992, and three were specific to the spring of

1993. Table 4.10 summarizes the sites analyzed in each time period.

TABLE 4.10 Summary of Test SitesIncluded in Each Period

Route Mile Post Summer of 1992 Spring of 1993
P-12 48 X

P-12 70 X

P-23 416 X X

P-30 108 X X

P-34 15 X X

P-34 163 X X

P-44 229 X

P-44 244 X X

F-25 197.4 X

As a result of the laboratory and back caculation tests, severd measured variables were
available for andyss. These variablesincuded: the resilient modulus (measured under four conditions),
R-vadue, and certain soil characteristics (actud and optimum water contents, pladticity index, soil
classfication, and group index). Because the nine Stes had a variety of soil cdassfications, Satigtica
anayses were completed by taking into account these differences as necessary. In addition, al analyses
were based upon logipo(Mg), abbreviated as LMR, instead of My itsdf because this minimized the

differences between high and low resilient modulus vaues obtained at each test Site.

Relationship Between Resilient Modulus and R-Value
Because the reslient modulus and the R-vaue provide smilar information on a section’'s

subgrade, one would assume that a relationship exists between these two laboratory tests. As a reault,
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correlations were obtained between the measured Rvaues and the four measured resilient modulus
conditions for both time periods. These four conditions were the undisturbed Mg from the ring, the
undisturbed Mg from the actuator, the disturbed Mg from the ring, and the disturbed Mg from the
actuator. Recall, the ring refers to the LVDT's placed indde of the testing chamber and the actuator
refersto the LVDT' s placed on the loading piston. Table 4.11 presents the correlations obtained from

these laboratory measurements. Comparisons can be made within the

TABLE 4.11 Correlations Between LMR! and R-Value

Undisturbed Disturbed Sample
Ring Actuator Ring Actuator Sze
Summer of 1992 0.630 0.749 -0.041 -0.089 16
Spring of 1993 0.334 0.437 -0.219 -0.273 23
Pool ed? 0.380 0.509 -0.136 -0.142 39

'L ogyo (Resilient Modulus Values)

Pooled (1992 & 1993)

rows of this table because they are based on the same soil samples. However, differences in the soil
classifications between Periods A and B nay distort comparisons between rows. Overdl, this table
shows that the disturbed soil LMR’'s were not sgnificantly correlated with the Rvaue, but that the
undisturbed soil LMR's were correlated with the Rvaue. Corrdations between undisturbed and
disurbed LMR's (not shown) were modest to nonexisent. Therefore, samples should remain
undisturbed if the redlient modulus is to be a meaningful measure for pavement design. Only

undisturbed LMR’ s were used in remaining anayses, unless noted otherwise.
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The Effect of Sensor L ocationson M g M easur ements

The correlations shown in Table 4.11 aso favor the placement of the LVDT's outside the
testing chamber on the loading piston (actuator) instead of on the rings inside the chamber. However,
observed differences in the corrdations with the R vaues were not extreme, and placements were dso
compared on the basis of measurement precison. In order to ensure that al variability measured was
atributable to differences in measurement methods, values were adjusted for site, period, and sample
tube. The test for differences in variances for paired data (Snedecor & Cochran, 1989) showed the
ring variance to be greater than the actuator variance (t = 2.238, df = 20, p = 0.0368). The greater
vaiaion in ring measurements can be explained by the fact that it is difficult to obtain good contact
between the LVDT's on the ring and the soil sample. Therefore, the remaining andyses were
completed using actuator measurements only.

Although measurements a the actuator appear to be preferable, the possible relationship
between actuator and ring measures was examined. Table 4.12 shows a high correlation between
actuator and ring measurements of LMR. In addition, a t-test of paired differences indicates that ring

measurements were on average higher than actuator measurements. For undisturbed
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TABLE 4.12 Relations Between LM RR! and L MRA?

Corrdation Mean Diff. t df p-vaue
Summer of 1992 0.858 0.0987 2.94 17 0.009
Spring of 1993 0.906 0.1576 5.11 22 <0.0001
Pooled 0.885 0.1317 5.75 40 <0.0001

Y ogyo (Resilient Modulus Vaue for Ring Measurement)
’LLogyo (Resilient Modulus Vaue for Actuator Measurement)
samples, a repeated measures andyss indicates a amilarity in differences between ring and actuator

measurements (p = 0.206).

The Effect of Sample Locationson M Values

Sample sdection from the Shelby tubes is an important issue when determining the reslient
modulus vdue. If the layers within a tube sysematicdly differ from each other, with the upper portion
consstently having higher or lower vaues than the lower portion, one would expect a noticesble
difference in the vaues obtained from the sdected samples. However, available data do not yield
evidence of such differences (repeated measures andyssF, 13 = 1.27, p = 0.3126). On the other hand,
if one assumes the layers are Smilar to each other, averaging the LMR vaues will give more rdiable
results than using the vaue from a angle layer. Overdl, it is not possble with the available detain this

research to sdlect one layer over another without an additiond reference criterion.
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Relationship Between Back Calculated and Laboratory Mg Values

Beddes laboratory testing, Mg vaues can dso be determined by back cdculaions usng
information from non-destructive tess. As mentioned earlier, the following three back caculation
computer programs were utilized in the research:. MODULUS (MP), EVERCALC (EP), and
BOUSDEF (BP). In order to condder the qudity of these programs, logs of back caculated vaues
(designated as LMR-MP, LMR-EP, and LMR-BP, respectively) were compared to laboratory LMR
vaues. The dte-by-period mean LMR from undisturbed samples measured on the actuator was used
as the best available vdue for the “true’ resilient modulus, the one exception being asingle ste for which
only ring measurements were available in Period A. Because means were caculated from a different
number of observations, aweighted andyss was used (weight = sample Size). Table 4.13 presents the
results of this anadyss. Note that the EVERCALC program appears to be dightly superior to the other
two back calculation programs. In generd, al back calculated vaues match better with each other than
they do with the laboratory measurements.

Assuming congtant differences between logs of back calculated and laboratory vaues, the best
estimated differences appear in Table 4.14, dong with implied relationships between |aboratory and
back calculated vaues of Mg. A 95% confidence interva for the appropriate correction factor (C) for
subgrade soils in Wyoming, based on the EVERCALC program, is [0.20, 0.32], where Mg = C *

[back calculated Mg valuel.



Relationship Between M g Values and Soil Properties

Another important question to consder when sdlecting a Mk vdue is the rdaionship with
common soil properties. The possible relationship between LMR and four factors, moisture = (actud
% water content - optimum % water content), plagticity index, soil classfication, and group index were
andyzed. Because the group and pladticity indices were highly corrdated, only one was ultimatey
consdered for describing soil-Mg rdationships, group index (Gl).

Moisture and LMR were related, and their relationship depended on soil type. Similar strengths
of the relationship between soil factors and responses were found for both undisturbed and disturbed
(remolded) samples, and aso for Rvaues (refer to Table 4.15). All of the test sections had one or
more of the following types of AASHTO subgrade soil:  A-4, A-6, and A-7-6. For each of these
classfications correations were developed to determine the effect of moisture on the measured va ues.
Oveadl, vaues for undisturbed and remolded Mg vaues and R-values from A-4 and A6 soils
decreased as water content increased. The A-7-6 subgrade soils, however, showed very little change

in the measured vaues (refer to Table 4.16).
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TABLE 4.13 Back Calculation Correlations (N = 13)

Weighted Correlations Cross-correlations
with LMR' LMR-MP | LMR-EP | LMR-BP
LMR-MP* 0.526 1.000 0.744 0.941
LMR-EP’ 0.735 0.744 1.000 0.799
LMR-BP* 0.590 0.941 0,799 1.000
'Lc:-gm(Resilient Modulus Values)
*Logo(Resilient Modulus Values from MODULUS Program)
*Logs(Resilient Modulus Values from EVERCALC Program)
*Logus(Resilient Modulus Values from BOUSDEF Program)
TABLE 4.14 Back Calculation Relationships (N = 13)
Computer Standard Bounds on C
Program Diff. Error 95% CI Relation (Mg =C *[X])
MODULUS (MP) 0.408 0.073 (0.249, 0.567) Mg = 0.30MP (0.27, 0.56)
EVERCALC (EP) 0.599 0.049 (0.492, 0.706) Mg = 0.25EP (0.20, 0.32)
BOUSDEF (BP) 0.503 0.059 (0.374, 0,632) Mg =031BP (0.23, 0.42)




CHAPTER SUMMARY

In this chapter, the results from the laboratory tests and back calculation computer programs
were presented. Severd datistical andyses were aso conducted and summarized to evauate the
factors influencing the determination of the Mg vaue used in designing new pavements or overlays. In
generd, these andyses indicated that the design resilient modulus \elue should be chosen based on
laboratory tests usng undisturbed soil samples and the actuator LVDT’s. Multiple Mg vaues obtained
from the same Shelby tube should aso be averaged to give a better representation of the subgrade soil.
The Mg vaues caculated from the equations based on the actuator LVDT deformation readings will be
used to determine overlay thicknesses a each test site. This andysis will be presented and andyzed in

the following chepter.
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TABLE 4.15 Coefficients of Determination for Soil-Mp Relations

Models Undisturbed Remolded samples
(linear models with interaction) samples LMR' LMR' R-value
Moisture and Soil Classification 0.427 0436 0.478
Moisture and Group Index 0.479 0.286 0.321
'Log(Resilient Modulus Values)
TABLE 4.16 Parameter Estimates + Standard Error for Model with GI
Parameter Undisturbed Remolded
Soil Classification Estimates Samples LMR' Samples LMR" R-value
A-4 Intercept 450 +0.0740 435 + 0.0893 47.1+121
Slope(Moisture) -0.102 + 0.0286 -0.0803 + 0.0383 -0.845 + 0619
A-6 Intercept 438 +0.0548 4. 685 +0.0524 379+196
Slope(Moisture) -0.0682 + 0.0148 -0.0401 + 0.0162 -2.04 +0.570
A-7 Intercept 454+ 0151 473 + 0.0435 31.0+1.97
Slope(Moisture) 0.0110 4 0.0250 -0.00492 + 0.00699 -0.762 + 0316

'Logys(Resilient Modulus Values)




CHAPTER 5

EFFECT OF Mg SELECTION ON OVERLAY THICKNESSES

INTRODUCTION

In order to design overlays for existing pavement sections usng the AASHTO design guide, a
Mgr value must be sdlected to represent the characteristics of the subgrade soil, specificaly, the stress
conditions. When l|aboratory testing is completed to determine this vaue, a Sngle deviaor dress is
often chosen to represent the design conditions. The deviator stress suggested in the literature is 41.4-
kPa (6-ps). However, the actuad deviator stress may be determined by using datafrom thefidd. If the
actud field deviator dress is less than 41.4-kPa (6-ps), then the selected My vaue is consarvative
which may result in athick overlay. On the other hand, if the fidld deviator stress is higher than 41.4-
kPa (6-ps), then the sdlected Mg vaue is higher than the actud one which can result in a thin overlay.
This chapter presents an evauation of how three different procedures for determining resilient modulus
(Iaboratory with a 41.4-kPa [6-ps] deviator stress, |aboratory with actud deviator stress, and the

AASHTO equation with field deflection measurements) affect the resulting overlay thicknesses.

LABORATORY RESILIENT MODULUSVALUESBASED
ON ACTUAL FIELD STRESSES

The design reslient modulus vaues computed from the laboratory analysis in Chapter IV were

based on adeviator stress of 41.4-kPa (6-ps). Since the thicknesses of each pavement
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section were available from the field evauation, this information was used to compute the “actud”
deviator stresses in the subgrades. The computer program, BISAR, was used in this andysis, assuming
a 40-kN (9000-Ibs)) whed load, a 689-kPa (100-ps) tire pressure, and a three layer pavement

gructure (refer to Figure 5.1). The thicknesses of the AC and base layers dong

40-kN
(9000-1hs))

|
l 36-mm

l— (5.35-in.)
-2

689-kPa (100-ps) T T T

Asphalt Concrete

Base

Subgrade

Figure5.1 AssumptionsMadein Calculating Actual Field Stresses

with typica Young's Modulus vaues used by the Wyoming DOT (refer to Table 3.3) were used in this
andyss. In addition, the undisturbed actuator Mg vaue, caculated by usng a 41.4-kPa (6-ps)
deviator stress, was entered into this program as the first seed moduli. Severd iterations were then
completed by taking the resulting deviator stress and subgtituting this vaue into the regresson equeation
developed from the laboratory tests using undisturbed samples and the actuator LVDT's. The Mg
vaue computed from the previous trid was inputted eech time as the seed moduli until the resulting
deviator stress changed by less than 3.5-kPa (0.5-pg). Tables 5.1 and 5.2 summarize the undisturbed
actuator My values based on 41.4-kPa (6-ps) and actud field deviator stresses. Mk vaues for

undisturbed samples, based on actuator LVDT measurements,
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TABLE 5.1 Mg Values Based on 41.4-kPa (6-ps) and Actual Field Deviator Stresses for
Summer of 1992 Data

Fidd Devigor | Mg (kP) | Mg (kPa)
Route | MilePost | Stress (kPa) fidld 41.4-kPa
P-12 70 51.7 59302 81409
P-12 70 49.8 47656 55494
P-12 70 50.2 51376 56124
P-12 70 39.9 31375 30437
P-23 416 38.3 34501 32013
P-23 416 39.9 39315 38045
P-23 416 46.6 54946 56686
P-30 108 415 28000 28116
P-30 108 38.0 22753 21729
P-30 108 355 23001 19099
P-30 108 40.7 25959 25570
P-30 108 40.1 24290 23497
P-30 108 315 18707 13461
P-34 15 325 23435 22623
P-34 163 41.3 15007 14986
P-34 163 42.4 17117 17596
P-44 244 48.1 34691 40635
P-44 244 54.4 46460 53025
P-44 244 49.8 39099 44153
P-44 244 78.6 98883 102037
P-44 244 66.7 69506 84348

were used in this part of the anadyss smply because it was found in Chapter 4 that they best represent

the characteristics of subgrade soil samples.

Comparison of Laboratory Mg Values

Because laboratory Mg values were caculated using two different stress conditions, one would

want to know if thereis any datidtica difference between using the actua deviator stress and the
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assumed vaue of 41.4-kPa (6-pg). Therefore, the test for differences for paired data was performed.
The data were placed in two groups, granular and treated, because four of the nine

TABLE 5.2 M Values Based on 41.4-kPa (6-psi) and Actual Field Deviator Stressesfor
Spring of 1993 Data

Fidd Devigor | Mg (kP) | Mg (kPa)
Route | MilePost | Stress (kPa) fidld 41.4-kPa
P-12 48 15.7 73656 27290
P-12 48 11.2 48202 24374
P-23 416 39.6 39183 38301
P-23 416 40.8 41286 40685
P-23 416 436 49157 51161
P-30 108 31.3 17104 14259
P-30 108 60.4 55196 68252
P-34 15 32.8 26410 20822
P-34 15 26.9 15761 10976
P-34 15 33.4 21942 17268
P-34 15 29.5 17681 12681
P-34 15 29.7 18541 13585
P-44 229 283 129331 84834
P-44 229 214 71972 67978
P-44 244 53.8 44040 53809
P-44 244 46.9 31429 38112
P-44 244 50.1 42370 51445
P-44 244 46.6 33409 37799
P-44 244 56.7 51936 66139
P-44 244 465 36358 39157
F-25 197.4 12.1 43693 64340
F-25 197.4 17.0 73102 55088

sites had some type of treated base, either ATB or CTB. After completing this separation, comparisons
were completed on al the sites within each group and then by each ste individudly. Tables5.3 and 5.4

summarize the tests for the granular and tregted Sites, respectively.
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Both tables show that there is not a satistical difference between the two data sets. However,
by examining the variances, one would favor usng the computed field deviator stresses over the

assumed 41.4-kPa (6-ps) vaue because of the reduction in the amount of variance or
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TABLE 5.3 Testing Significance of Differencesfor Granular Base Sites (Summer of 1992

& Spring of 1993)

Mile | Mg (41.4-kPa) Mg (fied)

Route Post Variance Variance t df | p-vdue
P-12 48 4.25E+06 3.24E+08 3.11 1 0.198
P-12 70 4.33E+08 1.38E+08 1.71 3 0.184
P-23 416 8.53E+07 5.68E+07 0.403 5 0.744
P-30 108 3.08E+08 1.44E+08 0064 | 7 0.951
P-34 15 2.20E+07 1.60E+07 6.06 5 0.002
Pooled 3.50E+08 2.49E+08 1.07 | 25| 0.293

TABLE 5.4 Testing Significance of Differencesfor Treated Base Sites (Summer of 1992

& Spring of 1993)

Mile | Mg (41.4-kPa) Mg (fied)
Route Post Variance Variance t df | p-vdue
P-34 163 3.41E+06 2.23E+06 0916 | 1 0.528
P-44 229 1.42E+08 1.65E+09 1197 | 1 0.443
P-44 244 4.37E+08 4.00E+08 6.084 | 10 | 0.0001
F-25 197.4 3.49E+07 4.32E+08 0094 | 1 0.941
Pooled 5.31E+08 8.53E+08 0.630 | 16 | 0.537

vaiability. By determining actuad deviator stresses, the resulting Mg values were more consstent within

each test Site,

OVERLAY THICKNESSRESULTS
Severa spreadsheets were developed to determine the overlay thicknesses for each test Site.
An example of this soreadsheet is shown in Appendix D. After entering the gpplied loads and corrected
deflection measurements from the field FWD tests into the spreadsheet, several equations were solved
in order to determine the SN value of each test site. The firdt set of equations determined the Mg

value based on the AASHTO equation (refer to Section 2.8.1). These Mg vaues were calculated by
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using the corrected deflection measurements taken at the following sensor locations: 305, 457, 609,
914, 1219, and 1524-mm (12, 18, 24, 36, 48, and 60-in., repectively). The underlying assumption
for the AASHTO equation is that a a certain distance away from the loading plate, the measured
deflection is atributable soldly to the subgrade. In order to determine this distance and the resulting Mg
vadue which will be used for desgn purposes, severd checks mugt be completed.  The minimum

distance from the loading plate is determined with the following formula

r3 07a, (5.1)

distance from center of load, inches
radius of the stress bulb at the subgrade- pavement interface, inches

where: r

Two additiona equations provide vaues related to this condition. Firg, the vaue of & is determined

from the following formula

é & u
a, :J@Z +§D3 P: 0 (5.2)
& 24

radius of the stress bulb at the subgrade- pavement interface, inches
NDT load plate radius (5.91-in.)

total thickness of pavemernt layers above the subgrade, inches
effective modulus of al pavement layers above the subgrade, ps

MNOg &
non

Second, the value of E, is determined from the following formula
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where: do = deflection measured at the center of the load plate, inches
= NDT load plate pressure, ps
NDT load plate radius (5.91-in.)
= total thickness of pavement layers above the subgrade, inches
Mgr = subgradereslient modulus, ps
E, = -effectivemodulusof al pavement layers above the subgrade, ps

oo
I

These three congtraints must be satisfied in order to determine the minimum distance. Once this
distance is determined, the My vaue can then be adjusted with a correction factor before it is used to
determine the SN value. In this research study, a correction factor of 0.33 was used. For each test
Ste, nine Mg and E, vaues were caculated because nine different loads were gpplied to each section.
Find design vaues for both of these parameters were determined by taking a logarithmic average.

Tables 5.5 and 5.6 summarize the Mr vaues from the three different methods: 41.4-kPa

TABLE 55 Summary of Mg Valuesfrom 3 Methods (Summer of 1992)

Route Mile Post Mg aasHTO Mr Lag MR FiELD
(kPa) (kPa) (kPa)
P-12 70 26193 52704 46202
P-23 416 45774 41024 42086
P-30 108 13548 21339 23601
P-34 15 22794 22622 23435
P-34 163 28758 10728 16030
P-44 244 38307 60626 53372
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TABLE 5.6 Summary of Mg Values from 3 Methods (Spring of 1993)

Route Mile Post MRr aAasHTO Mr LaB Mr FiELD
(kPa) (kPa) (kPa)
P-12 48 22180 25793 59584
P-23 416 41562 42941 43003
P-30 108 17099 31199 30723
P-34 15 20119 14672 19733
P-44 229 51014 59495 96478
P-44 244 33577 46664 39328
F-25 197.4 59805 60019 56516

(6-ps) deviator stress, field deviator stress, and deflection measurements (referred to as LAB, FIELD,
and AASHTO, respectively).
The three sets of Mg vaues were then used to compute the effective structura number (SNy)
using the flexible pavement design equation developed by AASHTO shown below:
5 DPSl
lo e > U
Yog42 154

1
040 +—22__
(SN; +D°

log,, W, =2, *S, +9:36*10g,, (SN, +1)- 020+

+232*log,, M, - 807 (5.4)

where W3 = edimated futuretraffic, 18-kip ESALS
Zz = dandard norma deviate (based on riability factor)
S, = oveadl sandard deviation

SN¢ = future design structura number
DPSI = design present serviceability index (PSl) loss
Mr = desgnreslient modulusvaue, ps

In this research project, the following three different estimated future levels of traffic (W.g) were used in
the above equation: 800,000, 3,000,000, and 5,000,000 ESALs corresponding to low, medium, and

high traffic levels, respectively. Thefollowing vaues were assumed for the rest of
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the variables in the above equation: 85% reliability factor, 0.45 standard deviation, and 2.5 as the
changein PSI (DPS)).

The SN; values were determined for al test sections based on the three calculated Mg vaues
and three different treffic levels. This andyss resulted in a tota of nine SN¢ vaues for each test Site.
Tables 5.7 and 5.8 summarize dl SN results. Next, the SN vaues were determined using the NDT
overlay procedure and the averaged Mg (based on deflection measurements) and E, values calculated
earlier for each gte. Tables 5.9 and 5.10 present the SN« values. Recall from Chapter 2, the SN« for
the NDT procedure is caculated with the following formula

SN =00045D3/E (5.5)
Findly, the overlay design equation was used to determine the resulting overlay thicknesses (D) for
each section. These vaues were obtained by taking the difference between the SNy and SN vdues
(SNo = SN - SNg) and dividing this quantity by 0.44, the layer coefficient (a,) for new asphdt
pavement. Tables5.11 and 5.12 summarize the D, vaues obtained in thisandyss.
STATISTICAL ANALYSIS

With three different methods for determining Mg (AASHTO, LAB, and FIELD), it would be of
interest to know if there are any datistical differences in the calculated overlay thicknesses due to the
method used. The negative thicknesses were | eft in the analysisin order to provide a better indication of
the differences among methods. A repeated measures andysis showed no evidence of differences (null
hypothesis) among the methods at low, medium, or high traffic

levels (F224 = 2.16, pvalue = 0.1367, k24 = 2.18, p-vaue = 0.1351, and F,», = 2.18, p-vadue =
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0.1349,
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TABLE 5.7 SN¢ Values for the Summer of 1992 Data

Traffic Level
Low Medium High
Mile AASHTO LAB FIELD | AASHTO LAB FIELD | AASHTO LAB FIELD
Route Post Mg Mg Mg MH Mg Mg Mg M Mg
P-12 70 3.81 3.02 3.16 4.55 365 381 4 87 3.92 4.09
P-23 416 .17 3.29 326 3.82 396 3.92 410 4.24 421
P-30 108 4.68 406 3.94 5.56 4. 85 4.70 593 5.18 503
P-34 15 3.98 399 3.94 475 476 471 508 5.09 5.04
P-34 163 369 5.03 4 .44 442 5.95 5.29 474 6.35 5.64
P-44 244 3.36 2 B8 3.01 4.04 3.49 363 433 3.75 3.90
TABLE 5.8 SN; Values for the Spring of 1993 Data
Traffic Level
Low Medium High
Mile AASHTO LAB FIELD | AASHTO LAB FIELD | AASHTO LAB FIELD
Route Post % Mz Mg Mg Mg My Mg Mg Mg
P-12 48 401 3.83 290 4,79 458 3.51 5.12 4.90 317
P-23 416 3.27 3.24 324 3.94 390 3.90 422 4.18 4.18
P-30 108 436 3.60 3161 519 431 433 5.54 462 4.64
P-34 15 4.14 4.57 4.17 494 5.43 497 5.28 579 5.31
P-44 229 3.06 290 2.45 369 3,51 299 3.96 3N 322
P-44 244 3.51 3.15 3.33 422 3.80 4.01 452 4.07 430
F-25 197.4 290 2.89 2.95 3.50 3.50 357 376 3.76 383




TABLE 5.9 Summary of SN Valuesfor the Summer of 1992 Data

Route Mile Post SNyt
pP-12 70 2.29
P-23 416 2.65
P-30 108 1.71
P-34 15 1.99
P-34 163 2.13
P-44 244 1.48

TABLE 5.10 Summary of SNe¢ Valuesfor the Spring of 1993 Data

Route Mile Post SNt
P-12 48 6.31
P-23 416 2.44
P-30 108 1.53
P-34 15 2.05
P-44 229 484
P-44 244 1.48
F-25 197.4 6.42

81




TABLE 5.11 Summary of D, (in mm) for the Summer of 1992 Data

Traffic Level
Low Medium High
Mile | AASHTO LAB FIELD AASHTO LAB FIELD AASHTO LAB FIELD
Route | Post Dy D, D, D, D, D, D, D, D,
P-12 70 a7 42 30 131 78 bt 149 o4 104
P-23 | 416 30 37 35 68 16 74 §4 92 90
P-30) 108 172 136 129 222 181 173 244 201 192
P-34 15 115 115 113 160 160) 157 179 179 176
P-34 163 490 167 134 132 221 182 150 243 203
P-44 244 109 81 58 148 116 124 165 131 140
TABLE 5.12 Summary of Dy (in mm) for the Spring of 1993 Data
N
Traffic Level
Low Medium High
Mile | AASHTO LAB FIELD AASHTO LAB FIELD AASHTO LAB FIELD
Boute | Post D D, D, Dy Dy D, D, Dy Dy
P-12 48 -133 -144 -19% B3 =104 -162 -H49 -82 -147
p-23 416 48 46 46 87 84 a4 103 101 100
P-30 108 163 120 121 211 161 162 232 179 180
P-34 15 121 146 122 167 195 169 136 116 188
P-44 229 -103 -112 -138 -67 -77 -107 -51 -62 -04
P-44 | 244 118 97 107 158 134 146 176 150 163
F-25 | 1974 =203 -203 =200 -168 -164 -165 -153 -154 -149




repectively). Huynh-Feldt epsilon vaues were cdculated in order to account for any model violaions
and to make adjustments to the denominator degrees of freedom. Vaueswere near one, indicating that
violations were minor:  0.8690, 0.8725, and 0.8733 for the low, medium, and high traffic levels,
respectively.

Even though there were no differences among the methods, it might also be of interest to know,
a a given difference in thickness, if one could detect that the methods were not the same.  Therefore,
the power of the F test was performed to determine the probability of accepting the dternative
hypothesis (H,) that the methods are different. Suppose, one is interested in determining if a maximum
difference of 25.4-mm (1.0-in) could be detected. At the low traffic leve, there was about 92 chances
in 100 that differences would be detected among the 3 different nethods. At 12.7-mm (0.5-in.)
differences, this detection dropped to 34 chances in 100. Overal, 19.1-mm (0.75-in.) maximd
differences could be detected with 80% probability. Detecting differences of 12.7-mm (0.5-in) would
not be very easy with the given data set.

Besides the above test, the Tukey procedure for pairwise comparisons was also completed.
The following 95% confidence intervals were obtained (m; is the trestment mean for AASHTO, my, is
the treatment mean for LAB, and m, is the treetment mean for FIELD) for the low treffic leve:

-049£n,-nm, £101
= 0.13£ m3 = ml £1.37
-040£m, - m, £111

These intervas suggest that AASHTO Mg vaues give the lowest overlay thicknesses. Thereisdso a

dight indication that fiedd Mg vaues give different results than the other two procedures. However, with
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the current sample Sze, these differences are not satigticaly sgnificant. Similar results were obtained at
the medium and high levels of traffic as shown below by the 95% confidence intervas, respectively.
-056£n,-n, £117

-015£ m;- m; £158
-045£m, - m £127

-059£m,-nm, £123
= 016£ m3 = ml £ 166
-048£m, - m, £134

CHAPTER SUMMARY
In this chapter, an anadyss was presented usng the 1993 AASHTO guide for overlay
pavements with three different sats of Mr vaues cdculated throughout this research. Overlay
thicknesses were caculated usng the non-destructive testing (NDT) method for determining the SN
vaue of a pavement section. Three different Satistical anadyses were then conducted to evauate the
results.  a repeated measures analysis, the power of the F test, and Tukey procedure for pairwise

comparisons.



CHAPTER 6

CONCLUSIONSAND RECOMMENDATIONS

SUMMARY
In this research project, comprehensive fidd and laboratory evauations were performed on
subgrade soils a nine different Stes representing typicd primary roads in the State of Wyoming.
Reglient modulus (MR) vaues were obtained from: laboratory testing based on 41.4-kPa (6-ps) and
actud fidd deviator stresses, back cdculation based on three different computer programs, and the
AASHTO equation based on deflection measurements. In addition, severd laboratory tests were
conducted to examine the fundamental soil properties of the subgrade soils included in this study. These
soil properties included: water content (actua and optimum), AASHTO soil classfication, group index,
and pladticity index. Three different Mg vaues (AASHTO, LAB, and FIELD) obtained at each ste
were then used to determine the required overlay thicknesses. Findly, dl of the resulting data were
used in conducting comprehensive data andyses. The following conclusions can be drawvn from this
research:
1. Subgrade soil samples should be extracted from Shelby tubes shortly after obtaining them
from the field.
2. Mg measurements made with the LVDT’s on the ring located insde the testing chamber
consgently gave higher vaues compared to the actuator LVDT’s located on the loading

piston.
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. The EVERCALC back cdculation program appears to give somewhat better Mg vaues
than do the MODULUS and BOUSDEF programs.

. Some fundamenta soil properties do influence the measured Mg vaue. Reslient modulus
vaues for type A-4 and A-6 subgrade soils in this study decreased as water content
increased.

. Layers within Shelby tubes do not differ ggnificantly from one another. Therefore,

averaging the resilient modulus vdues from dl layers will give more reliable results compared
to the vdue from one layer.

. The recommended correction factor (C) of 0.33 or less gppears to be adequate for

cohesve subgrade soilsin the State of Wyoming.

. Mg vaues based on actud deviator stresses did not satigticdly differ from vaues based on
the assumed deviator stress of 41.4-kPa (6-ps). However, by computing actua deviator
dresses, the resulting Mg vaues within each testing Ste were more congstent.

. Thethree My vaues cdculated based on AASHTO equation, laboratory with 41.4-kPa (6-
ps) deviator gtress, and laboratory with actud deviator stress did not result in sgnificantly
different overlay thicknesses. Among the three, however, the AASHTO Mg vaue gave the

lowest overlay thicknesses.

RECOMMENDATIONS FOR NEEDED FUTURE RESEARCH
. Because this study was limited to cohesive subgrade soils, it would be of interest to conduct

asmilar research project on granular subgrade soils.
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2. The éffect of redlient modulus selection on the design of new pavement structures should

aso be evaluated.
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