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EXECUTI VE SUMVARY

The subgrade resilient modulus is an essential
engi neeri ng par anet er for t he mechani stic-enpirica
pavenent desi gn. A long-term inplenmentation programis in
effect to neasure the resilient nmodulus in a l|laboratory for
the design of pavenent structures in Florida. However,
measuring the resilient nodulus of a pavenent material is a
conplex and difficult task. In view of the conplexity and
difficulty in conducting the resilient nodulus neasurenent,
a database program has been initiated to catal og avail abl e
resilient nodulus test results and to evaluate the subgrade
resilient nmodulus for facilitating pavenent design.

This study is a followup research project on the
devel opment of a resilient nodulus database for pavenent
design applications. The primary objective of the research
was to populate and enhance the previously devel oped
resilient nodulus database for the purpose of establishing
resilient nodulus correlation nodels based on basic
mat eri al physical properties. To achieve the objective, 25
subgrade materials were collected for testing from the
Florida Departnent of Transportation (FDOT) district

of fices around the state. The basic physical properties of
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the subgrade materials were characterized by the FDOTI State
Materials Ofice and subsequently evaluated by the
researchers. The subgrade materials were also transported
to the l|aboratory in Tallahassee where resilient nodulus
tests were perfornmed using the AASHTO T307-99 test nethod.
All of the test data concerning the basic material physical
properties and the resilient nodulus test results were
stored in an enhanced database using M crosoft Access. I n
addition, a conprehensive literature review was conducted
to evaluate the resilient nodulus of granular subgrade
mat eri al s.

The resilient nodulus test results were anal yzed using
a statistical approach (Mnitab statistical software) to
evaluate the effect of soil physical properties on the
resilient nodul us. Mul tiple regression analyses were also
performed to find optinmum resilient nodulus prediction
nmodel s based on the various soil types, test nethods, and
other test conditions. The resilient nodulus val ues
obtained fromthe prediction nodels were generally within a
range of +/- 20% of the I|aboratory neasured resilient
nodul us val ues. The research findings from this study
could be adopted for future inplenentation of the

mechani stic-enpirical pavenent design in Florida.
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CHAPTER 1
| NTRCDUCT| ON

1.1 BACKGROUND

The 1993 AASHTO C@uide for the Design of Pavenent
Structures has incorporated the resilient nmodul us  of
conponent materials into the design process. Consi der abl e
attention has also been given to the developnent of
mechani sti c-enpirical appr oaches for t he desi gn and
eval uation of pavenents. Both the 1993 @iide and the
mechani sti ¢ based design nethods use the resilient nodul us of
each layer in the design process.

In Florida, several research projects in the past ten
years have been conducted to study the resilient nodulus
characteristics of Florida pavenent soi |l s. Conparative
studies were conducted to evaluate the resilient nodulus from
| aboratory «cyclic triaxial tests and field experinental
studies such as: field plate bearing test, falling weight
deflectornmeter (FWD) test, and a test-pit test that were
developed to simulate field pavenent |ayer behavior subject
to dynamc traffic |oadings. The resilient nmodulus was found
to be dependent on a nunber of factors: soil type, test
met hod, specinen density, specinen noisture, specinen size,

confining pressure, deviator stress, etc. One soil specinen



could have many different resilient nodulus values depending
on the states of stresses. Conducting the resilient nodulus
test and selecting an appropriate resilient nodulus value for
pavenent designs are very conplex processes. Research studies
have al so been conducted to correlate resilient nodulus wth
basic soil physical properties, which are relatively easy to
measure such as noisture, unit weight, gradation, plasticity,
and classification. However, no reliable relationships
between resilient nodulus and these paraneters have been
found to this date.

More than 200 I|aboratory triaxial resilient nodulus
tests on Florida soils have been conducted in previous
studies. These test results have been saved in conputers in
M crosoft Excel table format. In a previous project entitled
“Devel opnent of an Automated Procedure for Inplenenting a
Resilient Modulus Test for the Design of Pavenent Structures
in Florida”, a database in Mcrosoft Access format was
devel oped to catalog the available resilient nodulus test
data with other related data. However, the capability and
useful ness of the database is limted to a certain degree due
to insufficient data in the database. Thus, it seens that
there is a need for a followup testing program to popul ate

the database with additional resilient nodulus test data and



to provide a higher confidence level for the resilient

nodul us anal ysi s and prediction.

1.2 Stuby OBIECTI VE

The objectives of this research study were:

1) to populate the previous devel oped resilient nodul us

dat abase wth additional resilient modul us
results,

2) to use the enhanced database for evaluating

effect of soil physical properties on the resilient

nmodul us, and

3) to establish resilient nodulus correlation nodels

based on basic soil physical properties.

1.3 SCorPE OF STuDY

The scope of this research study included the follow ng

t asks:

e to performa literature review on the resilient nodul us

concept, the test procedures, and other influencing

factors,

e to collect subgrade pavenent materials from field sites

for |l aboratory testing,

e to perform laboratory resilient nodulus tests using the

AASHTO T307-99 test nethod,



* to populate and enhance the resilient nodul us database,

 to evaluate the effect of soil physical properties on

the resilient nodul us, and

e to search for optinmum resilient nodulus prediction

nodel s based on basic material physical properties.

1.4 ReEPORT ORGANI ZATI ON

This report summarizes the study that exam nes enhancing
the soil resilient nodulus database and applying the database
for evaluation of the soil resilient nodul us. The resilient
nodul us database is a part of the larger effort to inplenent
the 1986 & 1993 AASHTO design guides for pavenent structures.
As in the first chapter, the background and objectives are
i ntroduced. Chapter 2 reviews the resilient nodulus concept,
the affecting physical factors, and the correl ation nodels.
The | aboratory experinental programis described in detail in
Chapter 3. Chapter 4 presents the additional resilient
nodulus data stored in the enhanced database and the
mani pul ati on functions of the database. Chapter 5 presents
the detailed analysis of the effect of basic soil properties
on the resilient nodulus. The developnent of nmultiple
regression nodels for granular subgrade soils is presented in
Chapt er 6. The conclusions and reconmendations are

summari zed in Chapter 7.



CHAPTER 2
LI TERATURE REVI EW

2.1 RESILIENT MoDULUS CONCEPT

Most pavenent materials, especially soils, are not pure
el astic material, but exhibit elastic-plastic behavior. That
means that they act partly elastic under a static |oad but
experience sone pernanent def or mat i on. However, under
repeated | oads, they express other inportant properties. At
the beginning, they perform just like they would under a
static | oad. But after certain repetitions, the permanent
deformati on under each load repetition is alnobst conpletely
recoverabl e. By this point, it can alnost be considered
elastic, if the repeat load is small enough conpared to its
strength, otherwise the soil structure would be damaged.
Figure 2.1 illustrates the behavior of wunbounded materi al
under a sequence of repeating | oads.

Resilient nodulus (Mx or M) is a neasurenent of the
elastic property of soil recognizing certain nonlinear
characteristics. Resilient nodulus is defined as the ratio
of the axial deviator stress to the recoverable axial strain,

and is presented in the foll ow ng equation:



M,=0,/¢&, (2.1)
VWher e Oq = axi al deviator stress

€r = axial recoverable strain
As exhibited in Figure 2.1, there are two conponents to
the total deformation, a resilient or recoverable portion and
a permanent portion. Only the recoverable portion is

i ncluded in the neasurenent of resilient nodul us.

2.2 FACTORS AFFECTI NG RESI LI ENT MODULUS

The resilient nodulus is defined as the deviator dynamc
stress (due to the noving vehicular traffic) divided by the
resilient axial (recoverable) strain. This concept is
derived fromthe fact that the major conponent of deformation
induced into a pavenent structure under the traffic |oading
is not associated with plastic deformation or permanent
deformation, but wth elastic or resilient deformation.
Thus, the resilient nodulus is considered to be a required
variable for determning the stress-strain characteristics of
pavenent structures subjected to a traffic |oading.

The resilient nodulus of unstabilized granular base and
subgrade soils is highly dependent upon the stress state to
which the material is subjected wthin the pavenent in

addition to other variables. As a result, constitutive nodels



must be used to present |aboratory resilient nodulus test
results, including the effect of the stress state, in a form
suitable for use in pavenent design. The resilient nodulus
depends on deviator stress and confining stress. Two popul ar
and sinple regression nodels are presented as foll ows:

1. When nodul us i s dependent on bul k stress:

M, =k 6" (2-2)
2. When nodul us i s dependent on confining pressure:
M, = k;0% (2-3)
Where, 6 = bulk stress, sum of the principal stresses,
(o1 + oo + 03)
o3 = confining pressure or mnor principal stress
ki, k2, ks, ks = regression constants
Many factors influence the resilient nodulus of soils
The factors include soil type, soil properties, dry unit
wei ght, water content, stain level, test procedures, and
sanpl e size. A brief review of the significant influence

fromthese factors is discussed in the follow ng sections.

2.2.1 Soil type

The resilient nodulus is significantly influenced by the
type of pavenent soils. Chen et al. (1994) investigated the
variability of resilient noduli due to aggregate type. The

AASHTO T292-911 test procedure was used to conduct tests on



six selected aggregate types of soils. Conclusions show that
for a given gradation, the differences in Resilient Modul us
val ues due to aggregate sources were found to be from 20 to

50 percent.

2.2.2 Physical Properties

The resilient nmodulus is also significantly correl ated
with soil properties such as the liquid limt, plastic [imt,
and grain size distribution. Thonpson and Robnett (1989)
concluded that the properties that tend to contribute to | ow
resilient nodulus values are low plasticity, high silt
content, low clay content, and |ow specific gravity. Fromthe
study, regression equations were developed for predicting

resilient nodulus based on soil properties.

2.2.3 Dry Density

Variations in the density of the I|aboratory test
specimen with the sane water content produce variable effects
on the resilient response of subgrade soils. Theoretically,
Young’s nmodulus of a soil is proportional to its density.
Trollope et al. (1962) reported that the resilient nodul us of
dense sand mght be 50 percent higher than that of |oose

sand.



2.2.4 NMNbisture Content

The effect of the water content on the resilient
response of soils was noticed a long tine ago. A general
relationship between dry density, wat er content, and
resilient nodulus for subgrade soils is shown in Figure 2.2
(Monismth, 1989). The effect of the Misture Content on the
resilient nodulus was thoroughly reviewed by Ping and Zhang
in 2004. Zhang found that the resilient nodulus of coarse-
grain soil was not significantly affected by the anobunt and
manner of saturation. The reduction was approximtely 20
percent, while that the resilient nodulus of fine-grain soils
was drastically reduced by saturation. The reduction was 50
to 75 percent depending on the degree of saturation, and the

saturating nethod used.

2.2.5 Soil Suction

Huang and Dai studied the effect of soil suction on the
mechani sm characteristics of the pavenent materials in 2004.
They found that soil suction has a significant influence on
the mechanical properties of wunsaturated soils, such as
effective stress, resilient nodulus, and strength. It is a
good indicator of the stiffness of the subgrade and is used
to establish a nodel for predicting the resilient nodulus of

subgrade with varying water contents.



2.2.6 Strain Anplitude

The strain level also has a significant effect on the
resilient nodul us. As the strain anplitude increases, the
nmodul us of the soil decreases. Kimet al. (1991) identified
that the resilient nodulus decreases wth the increasing
strain anplitude. The relationship of the strain anplitude
versus the nmodulus of the conpacted subgrade soils is shown

in Figure 2.3.

2.2.7 Test Procedure

AASHTO T292-911 and T294-92 were two of the nost
extensively wused test procedures in past years. A new
standard specification AASHTO T307-99 based on the SHRP
Protocol P46 was adopted in the year 2000. The maj or
i nprovenent includes higher accuracy of the measurenent
devices, different neasurenent position, different confining
and | oading stress, and the specinen preparation nmethod. The
T307 procedure consists of 15 sequences with different |evels
of confining pressure and maxi num axial | oad. The three
procedures nornmally produce different results. Zaman et al.
(1994) found that the T294-92 test procedure gave higher
resilient nodulus values than those obtained by wusing the
T292-911 test procedure. Ping and Hoang (1996) had simlar

results. This phenonmenon was attributed to the stress

10



sequence, which had a stiffening and strengthening effect on
the specinmen structure as the stress |evel increased. Pi ng
and Xiong (2003) investigated the influence of the LVDT
positions on the resilient nodulus test results. The
i nvestigation showed that the internal LVDT position |eads to
a better test result than that with an external position, and
the internal full-length LVDT position has the nost reliable

t est dat a.

2.2.8 Size Effect

Speci nen size has an influence on the resilient nodul us

of soils. The dianeters of the specinen could be as small as

2.0 inches. However, the nobst commobn sizes are 4.0 and 6.0
inches in dianeter. The ratio of height over dianeter is
usual ly 2.0.

Testing materials conposed of large particles demands
| ar ger speci nens. The T292-921 procedure specifies that a
m ni mum 90% by material weight used to prepare the conpacted
specinmen in the laboratory should have a maxinmm particle
size finer than 1/6 of the specinen dianeter. The maxi mum
particle size of the remaining material shall be no |arger
than 1/4 of the specinen dianeter

Zaman et al (1994) conducted a series of resilient

nmodulus tests on six of the nost comonly encountered

11



aggregates that are used as a base/sub-base on roads in
Okl ahomma. The testing material s consi sted of t hree
i mestones, one sandstone, one granite, and one rhyolite.
The specinmens were prepared at three different Ilevels of
gradations. The maxi mum particle sizes varied from 0.75 inch
to 1.5 inch.

Vibration and conpaction nethods were enployed in
preparing the specinens. The specinmens were 4 inches and 6
inches in dianeter. The test results of the 4-inch and the
6-inch sanples were analyzed. In all <cases, the resilient
modulus for the 4-inch specinens was higher (20-50% than

those for the 6-inch specinens.

2.3 EwWIR CAL RESILIENT MODULUS MXDELS

A very prom sing approach for obtaining resilient noduli
for use in design, for at |east npbst agencies, is to
determine values of resilient nodulus wusing generalized
enpirical relationships with statistically relevant, easy to
measure physical properties of the material. Considering the
|arge variation in resilient nmoduli along the route and
i nportant design changes in noisture with tine, the use in
design of enpirical resilient nodulus relationships is
considered to be justified. A nunber of states have already

devel oped generalized resilient nodulus relationships for use

12



in design, particularly for cohesive subgrade soils (K P.
CGeorge, 2004). Statistically based equations, graphs or
charts would then be developed for each class of materials
for the range of properties routinely used in design within
the region of interest.

Previ ous research from Zhang (2004) had proposed several
regression nodels that were developed for inplenenting the
resilient nodulus test for design of pavenent structures in
Fl ori da. A Dbrief review on these nodels is discussed as

foll ows.

2.3.1 Seed (1962) Model

Many researchers studied the influence of the water
content on the resilient nodul us. Seed (1962) evaluated the
influence on the undisturbed sanples of the fine grained
materials and found that the seasonal variation of the water
content does have a significant influence on the resilient
nmodul us. Based on the findings, the resilient nodulus was

eval uated using the foll ow ng equations.

M, =27.06-0.006° for y,>100 pcf (2. 4)

M, =18.18-0.004° for y,<100 pcf (2.5)
Wer e

M = Resilient nodul us, ksi

0

= Volunetric water content, %

13



y, = Dry unit weight, pcf

The results from this nodel didn't work well, because,
in this nodel, the resilient nodulus is based on only one

paraneter, which contributes to inaccurate results.

2.3.2 Carmchael and Stuart (1985)

Carm chael and Stuart (1985) produced nore than 3300
test data on 250 different types of fine-grained and granul ar
materials to build the resilient nodulus nodels. Two nodels
were devel oped, one for fine-grain soils and the other for

coarse-grain soils. Equation 2.6 presents the nodel for

coarse-grain soils.

LogM, =0.523 -0.025(Wc) + 0.544(log 8) + 0.173(SM ) + 0.197(GR) (2.6)
Wher e,

M = Resilient Mdul us, ksi

W = noisture content, %

© = bulk stress (o1tostos), psi

SM=1 for SMsoils (Unified Soil C assification)

= 0 otherw se

GR=1for GRsoils (GM GN GC or GP)

= 0 otherw se

A different equation (2.7) was derived for fine-grain

soil s:
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M, =37.431-0.4566(PI) - 0.6179(W,) — 0.1424(P,,) +0.179(c,) - 0.3248(0, )
+36.722(CH) +17.097(MH) (2.7)

VWher e,

PI

plasticity index, %
P.oo = percentage passi ng #200 sieve, %
o3 = confining stress, psi
o4 = deviator stress, psi
CH =1 for CH soil

= 0 otherwse (for MH, M or CL soil)
MH =1 for M soil

= 0 otherwwse (for CH M or CL soil)

W = Water Content, %

2.3.3 Thonpson and LaG ow (1992) Model

Using the power nodel to express resilient nodulus is a
practical alternative to the slightly nore accurate bilinear
nodel . The bilinear resilient nodulus nodel for fine-grained
soils has a distinct breakpoint as shown in Figure 2.4. The
resilient nodulus at the breakpoint can be estimted using
the follow ng expression devel oped by Thonpson and LaG ow
(1992):

M, =4.46+0.098(% clay)+0.119(PI) (2.8)

VWher e,

15



Mopty = breakpoint resilient nodulus at optinmum noisture

content and 95% of AASHTO T99 nmaxinmum dry

density, ksi
%lay = %particles finer than the 2 mcron size
PI = plasticity index

Equation 2.8 is for cohesive soils conpacted to 95% of
AASHTO T99 maxi mum dry density at the optinmum water content.
Equation 2.8, although useful, has an inportant disadvantage
that the resilient nodulus is only at breakpoint. The
breakpoint is often, but not always, at or close to the
mnimum value of the resilient nodulus. Thick pavenent
sections apply low deviator stress to the subgrade. As a
result, the breakpoint resilient nodulus is likely to be too
low for strong sections, resulting in unnecessary additiona

t hi ckness.

2.3.4 Yau and Von Quintus (2002) Model

Yau and Von Quintus (2002) studied the nethods of
choosing the right data for building the resilient nodul us
predi ction nodel s. They found that one equation did not fit
all situations for all the soils. For greater accuracy, they
tried to establish the nodel according to different materi al

types. The prediction nodels for the subgrade soils were

16



devel oped based on the constitutive equation wth the

regression constants kj, kz, and ks as bel ow.

M, =kP, (piY‘z [(Fey + 17 (2.9)

a a

The regression constants ki, kz, and ks are material -specific
and are described as foll ows:

For coarse-grai ned sandy soils,

k, =3.2868 —0.0412P, , +0.0267P, +0.0137(%Clay) + 0.0083LL - 0.0379,

pt

~0.0004y.

k, =0.5670 +0.0045P, , —2.98 X107 P, = 0.0043(%Silt) = 0.0102(%Clay) — 0.0041LL

wC

00014a,, ~3.41X10 y, —0.4582(L) +0.1779(

opt opt

)

ky ==3.5677+0.1142P, , —0.0839P, —0.1249P,,, +0.1030(%Silt) +0.1191(%Clay)

wE

~0.0069LL ~0.0103a,, ~0.0017y, +4.3177(L=)~1.1095(

opt opt

)

For fine-grained silty soils,

k, =1.0480 +0.0177(%Clay) +0.0279PI - 0.037w,
k, =0.5097 - 0.0286 P!

ky =—0.2218 + 0.0047(%Silt) + 0.0849P1 — 0.1399w,

For fine-grained clayey soils,

k, =1.3577 +0.0106(%Clay) - 0.0437w,

k, =0.5193 - 0.0073P, +0.0095P,, —0.0027P,,, —0.003LL — 0.0049¢)

opt

17



ky =1.4258 = 0.0288P, +0.0303P,, —0.0521P,y, +0.0251(%Silr) +0.0535LL —0.06724,,

wE

~-0.0026y,,, +0.0025y, —0.6055(—)
)t
wher e,
M = Resilient Mdulus, MPa
Ps;s = percentage passing the 3/8" (9.5mm sieve
Py = percentage passing #4 sieve
Pao = percentage passing #40 sieve
P200 = percentage passing #200 si eve
We = noi sture content of the specinmen, %
Wopt = opti mum noi sture content of the soil, %
Vs = dry unit weight of the sanple, kg/n?
Yot = Optimumdry unit weight, kg/n?
LL = Liquid Limt
Pl = Pl astic Index

%6ilt = Percent by weight of silt in the material
%l ay = Percent by weight of clay in the materi al
This nodel was established based on a granular type of

material and was mainly for subgrade use.

2.3.5 Ping and Zhang (2004) Model

ChaoHan Zhang (2004) proposed a resilient nodulus
prediction nodel based on five types of granular subgrade

soil comonly available in Florida. The subgrade soils

18



contained a wde range of percent of fines passing No.200
sieve varying from 8% to 24% (A-3 and A-2-4 soils, according
to the AASHTO classification). The conpaction of the soil
sanples was determned in the |aboratory using the Modified
Proctor (AASHTO T-180) nethod. The full-length resilient
nmodul us under 12.7 psi bulk stress (2 psi confining pressure
and 6.7 psi deviator stress) was chosen as the nodel

responses.

In(M,) =2.01-0.041* w+0.0108* p +0.0243*(C,) - 0.119*(C,) (2.10)
Wher e,

M, = Resilient nmodulus @2 psi confining pressure, Kksi

«w = C;avi metric noisture content, %

p = Maximumdry unit weight, pcf

a = Cay percentage, %

C = Coefficient of Curvature (gradation)

C, = Uniformty Coefficient (gradation)

Thi s nodel had a val ue of t he coefficient of

determi nation (R value) 54.2%
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CHAPTER 3
LABORATORY EXPERI MENTAL PROGRAM

3.1 GENERAL

The primary objective of the |aboratory experinental
program was to populate the resilient nodulus database wth
additional resilient nodulus test results. To achieve the
obj ective, sanples of soil material were collected at
selected borrow pits from each of the FDOTI districts and
transported to the College of Engineering in Tall ahassee for
testing. Three subgrade soils from each district were chosen
for the resilient nodulus testing. The material selection
process was done in cooperation with the District Mterials
Ofice, the State Mterials Ofice, and the Pavenent Design
Ofice. The | aboratory experinmental program including the
test materials, the resilient nodulus testing program the
perneability testing program and the engineering property

anal ysis is described in this chapter.

3.2 TEST NMATERI ALS

To better characterize the resilient nodul us behavi or of
Florida soils, three sites from each of the seven districts
were chosen for soil sanpling. In addition, 16 soil sanples
from a previous study were also included for evaluation.

Thus, a total of 37 soil sanples were included in this test
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program  The soil materials consisted of four A1 soils, 19
A-3 soils, 11 A-2-4 soils, and three A-2-6 soils. A summary
of the soil materials that were initially transported through
the FDOI State Materials Ofice for basic properties
characterization and classification is presented in Table 3.1

for infornmation.

3.3 RESILIENT MoDULUS TESTI NG PROGRAM

3.3.1 Test Equi pnent

For the resilient nodulus test, all of +the test
protocols require the use of a triaxial chanber, in which
confining pressure and deviator stress can be controlled.
The test nethod for determning the resilient response of
pavenent materials is basically a triaxial conpression test,
in which a cyclic axial load is applied to a cylindrical test
speci nen. The load is neasured by a load cell, while the
resilient strain is neasured. The test is usually conducted
by applying a nunber of stress repetitions over a range of
devi at or stress levels and confining ©pressure |levels
representing variations in depth or location fromthe applied
| oad. An MIS nodel 810 closed-|oop servo-hydraulic testing
system and a resilient nodulus triaxial testing system were
used in this study. Figure 3.1 shows the configuration of the

test system schematically. The major conponents of these
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systens included the loading system digital controller,
wor kstation conputer, triaxial <cell, and Ilinear variable
differenti al t ransducer (LVDT) deformati on  nmeasurenents
system An illustration of the resilient nodulus testing
equi pnent is shown in Figure 3.2.

This system adopts the full-length internal LVDT
position as shown in Figure 3.3. In addition to tw verti cal
LVDTs neasuring the vertical di spl acenent s, a fixture
attached with four horizontal LVDIs was designed to neasure
the horizontal di spl acenents for the determnation of
Poi sson’s ratio. This device was positioned in the mddle
half length of the specinmen wth four horizontal LVDTs
attached at 90-degree intervals. The horizontal displacenent
can be obtained by averaging the neasurenents from the four
hori zontal LVDTs.

An updated controller (Mdel 793) wth its advanced
software (Miltipurpose Test Ware) was used to control the
test processes and acquire the test data. The raw data was
acquired using the node of the Peak/Valley, which recorded
the test data at its peak and valley levels of each cycle
The output of the data acquisition system includes a graphic
display of sanpled dynamc |oad and displacenent waveforns
and a data file. The data in data file format was sel ected

for further data deduction and anal yses.
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3.3.2 Test Method

The resilient nodulus test nmethod used in this study was
AASHTO T307-99, “Determning the Resilient Mdulus of Soils
and Aggregate Materials”. This nmethod was considered an
i nprovenent to the AASHTO T292-911 nethod. The T307-99 nethod
covers procedures for preparing and testing untreated
subgr ade and untreat ed base/ sub- base material s for
determ nation of resilient nodul us under condi tions
representing a simulation of the physical conditions and
stress states of materials beneath the flexible pavenents
subj ected to noving wheel |oads. The original setup of LVDIs
in Designation T307-99 was at an external position outside of
the triaxial cell, but the Ilocation was changed to an
internal position inside the cell as shown in Figure 3.3 for
a better test result according to the findings from Ping &
Xi ong (2003).

The software used for the resilient nodulus test is
specifically configured accordi ng to t he St andard
Specification of the T307-99. A screen snapshot is
illustrated in Figure 3.4. The test procedure of the T307-99
Designation was included in the CD R database disk for

r ef erence.
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3.3.3 Specinen Preparation

All subgrade materials were conpacted in the |aboratory
to 100% of optinmum noisture and maxi mum density using AASHTO
Designation T-99 (Standard Proctor Conpaction) according to
the FDOT requirenment. A 4-in by 8-in split nold was used to
prepare the test specinen. The bl ow nunber was nodified to
achieve the energy condition specified in the AASHTO T-99
Two specinmens were conpacted at the sane tine to keep themin
a duplicate condition. The T307-99 Designation specifies
that the wet density of the |aboratory-conpacted specinen
shall not vary by nore than +/-3 percent of the target wet
density and the npisture content of the |aboratory-conpacted
speci nen shall not vary by nore than +/-1.0 percent for Type
1 materials or +/-0.5 percent for Type 2 materials from the
target noisture content.

A typical conpaction form is shown in Table 3.2 for

i nf ormati on.

3.3.4 Test Procedures

The resilient nodulus test procedures basically foll owed
the test standard from AASHTO T307-99. A deviation from the
test procedure was nade by using the internally-nounted LVDTs
for the vertical full-length neasurenents instead of externa

LVDTs illustrated in AASHTO Designation T307-99. Four
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additional horizontal LVDIs were nounted to a fixture to
measure the horizontal displacenents for the determ nation of
Poi sson’ s ratio.

The test procedures are further described in the

foll ow ng sections.

3.3.4.1 Test Setups

Prior to testing, the conpacted soil specinen was
removed from the nold using an extruder. Using a vacuum
menbr ane expander, a nenbrane was pulled over the specinen
and perforated stones. The nenbrane-encl osed soil specinen
with the perforated stones on the top and the bottom was
pl aced onto the bottom platen in the triaxial chanber. The
top platen was fitted in place, and the specinen nenbrane
ends were folded over the platens and secured with Orings.
Two LVDTs were nmounted on the top platen to neasure the
vertical resilient deformation of the entire 20.3 cm (8 in)
| ong speci nen. The other four LVDTs were secured in the
horizontal fixture at the mddle point of the specinen to
measure the horizontal displacenents. These six LVDTs were
adjusted to the appropriate positions to permt enough travel
di stance during the testing. The assenbly of the triaxial
cell was conpleted by closing the triaxial chanmber (Figure

3.3). The drainage valves to the specinen were |eft open.
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3.3.4.2 Specinmen Conditioning

Speci nen conditioning was applied to sinmulate the stress
history that exists in field conditions. The procedures for
speci men conditioning are described as foll ows:

e Load the MIS load franme to the triaxial |load cell, making
sure that the load frame is firmy contacted with the
triaxial |load cell

e Turn on the air conpressor machine to produce a confining
chanber pressure of 41.4 kPa (6 psi) for granular
subgrade and enbanknent soils (T307-99).

e Zero the load reading from the control panel. Open a
programmed tenplate according to the test material. The
programed tenpl ates enable the | oading device to produce
a haversine wave with a fixed |oad duration of 0.1 second
with a 0.9 second period of relaxation.

e Begin the conditioning by applying 500 repetitions of a
corresponding deviator stress. Mnitor the permanent
axi al deformation occurring during conditioning.

After conpletion of the specinen conditioning phase,
monitor the permanent axial deformation occurring in the
speci nen throughout the remainder of the test. |If the
permanent axial strain exceeds 5 percent, the test should be

t er m nat ed.
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3.3.4.3 Confining Pressure and Loadi ng Sequences

Since the Ilaboratory resilient nodulus sinulates the
conditions in the pavenent subgrade, the stress-state should
be selected to cover the expected in-service range. Resilient
properties of granular specinmens should be tested over the
range of confining pressures expected within the subgrade
layer. A tenplate was created to nonitor the test sequences.
In the test sequences (Table 3.3 and Table 3.4), the
confining pressures decrease while the deviator stresses

i ncrease during each confining pressure stage.

3.3.4.4 Cyclic Loading Procedures

The procedures are described as foll ows:

e (pen a tenplate; apply 100 repetitions (T307-99) of the
smal | est deviator stress at the highest confining stress
(T307-99). The average recoverable deformation of each
repetition is recorded automatically.

e Apply the same repetitions of each of the remaining
deviator stresses to be used at the present confining
pressure.

e Decrease (T307-99) the confining pressure to the next
desired level and adjust the deviator stress to the

smal | est value to be applied at this confining pressure.
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e Increase the deviator stress to the next desired |l evel and
continue the process until testing has been conpleted for
all desired stress states.

e Disassenble the triaxial chanber and renove all apparatus

fromthe specinen.

3.3.5 Raw Test Data

The raw test data were automatically generated by the
software in a Data format file. The data recorded in this
file included the actual axis loads in |bf (pound force) for
each confining pressure, testing tine, testing count and
readings of the six LVDTs in inches. A typical raw data

output file can be found in Table 3.5.

3.3.6 Determnation of Resilient Mdul us

During the resilient nodulus test, after finishing the
speci nen conditioning stage, a series of tests with different
deviator stresses at different confining pressures were
performed and the data were recorded for every cycle of each
test. However, only the last five cycles of each test were

used for analyses follow ng the AASHTO T307-99 procedure.

The resilient nodulus ( M,) was calculated fromthe | oad

and deformation using the foll ow ng equation:
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v =% (3.1)

= the deviator stress

S
|

the resilient or recoverable strain

™m
Py
I

3.3.7 Determnation of Poisson’s Ratio

Two vertical deformations, LVDT1 and LVDT2, and four
hori zontal deformations, LVDT3, LVDT4, LVDT5, and LVDT6, were
recorded in the raw data sheet. The Poisson's ratio (v) is

defined as the ratio of lateral strain to axial strain as the

fol | ow ng:
y=Sn (3.2)
gv
Wher e,
en = the horizontal strain
ey = the vertical strain

3.4 PERMEABILITY TESTI NG PROGRAM

The perneability test followed the ASTM Designation
D5084-90, Standard Test Method for Measurenent of Hydraulic
Conductivity of Saturated Porous Materials Using a Flexible
VWl | Perneaneter. This nmethod is suitable for the conpacted
speci nens that have a hydraulic conductivities less than or

equal to 1E-4(cnisec). A six-burette Triaxial/Hydraulic
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Conductivity panel, FlexPanel 11, from Hunboldt was used to
perform the test. The assenbly of the test equipnment is

shown in Figure 3.5.

3.4.1 Test Procedure

A 4-inch-dianmeter and 4.584-inch-height sanple was
conpacted at 100% of its optinmum condition using the AASHTO
Designation T-99 according to the FDOI requirenents. The
sanple was first subjected to a 5 psi initial cell pressure.
The Dbackpressure was then applied to the sanple by
simul taneously increasing the cell pressure and the influent
and effluent pressures with an increasing rate of 5 psi for a
m ni mum of two-hour interval until the sanple reached a 95%
degree of saturation, at which tine the specinmen should be
considered to be adequately saturated. The backpressure
values were varied with different types of material. Usually
a backpressure value greater than 80 psi is sufficient to
saturate the specinen. Following the 95% saturation, the
effective stress was raised from 5 psi to 7 psi, which is
specified by the FDOI, for the consolidation.

The Falling-Head Test was adopted for this testing
program Three head pressures of 1 psi, 2 psi, and 3 psi
were chosen according to different hydraulic conductivities

of the specinens. In addition to the 7 psi effective

34



pressure, the hydraulic conductivities under 14 psi and 21

psi effective pressure were also nonitored for further use.

3.4.2 Determnation of Pernmeability

The Constant Tailwater Pressure (Method B) was used for
the data reduction. The hydraulic conductivity, k, can be

cal cul ated using the follow ng fornul a.

k=L M (3.3)
ane M,

Wer e,
K = Hydraulic Conductivity, cnfsec
a = cross-sectional area of the reservoir containing

the influent liquid, nf

L = length of the specinen, m

A = cross-sectional area of the specinen, nf

At = elapsed tinme between the determ nation of h; and
h,, second

hy = head | oss across the specinen at tine t;, m

h, = head |oss across the specinmen at tinme t,, m
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Table 3.2 Compaction Work Sheet for Resilient Modulus Test

Soil Basic Properties

Compaction Work Sheet for Resilient Modulus
Standard Proctor : 5.5 Ib hammer, 12" Dropping distance, 8" height, 27 blows, 5 equal layers

District 2 OPT MOISTURE (OMC, %) 12
Soil Location Blue Rock Pit 4" STD MAX DENS. (DEN, pcf) 111.2
Material ID BRO01 4" Mold Volume (8-in Height) (cf) 0.05817
Lab Number 21982-S Soil for each layer (Ib) (Total 5 layers) 1.45
Soil Class A-3 LBR 36
Soil Description Black sand
Optimum Water Content
Initial water content
(A) Ceramic Bowl (Ib) (B) Bowl+ Sail (Ib) (C )Bowl+Dry Soil (Ib) (D) Dry Sail (Ib) (E) Water (Ib) (F) Water Content (%)

0.0000

Water needed to reach Optimum Water content

(G) Metal Pan (lb) (H) Pan + Soil (Ib) (1) Sail (Ib) (J) Dry Sail (Ib) (K) Water needed (Ib)
1.433 17.7405 16.3075 16.3075 1.9569
Water content after mixing
(A) Ceramic Bowl (Ib) (B) Bowl+ Sail (Ib) (C )Bowl+Dry Soil (Ib) (D) Dry Sail (Ib) (E) Water (Ib) (F) Water Content (%)
0.3485 0.7440 0.7015 0.3530 0.0425 12.0397
Water needed to reach Optimum Water content -0.0065 Ib
Retest water content
(A) Ceramic Bowl (Ib) (B) Bowl+ Sail (Ib) (C )Bowl+Dry Soil (Ib) (D) Dry Sail (Ib) (E) Water (Ib) (F) Water Content (%)

Max. Dry Density

Sample 1: BR0O01A1 Prepared Date : 12/18/2005 Prepared by : Ginger
(L) Mold + Soil (Ib) (M) Mold (Ib) (N) Sail (Ib) (O) Dry Density (pcf) (P) Dry Density (pcf,corrected)
15.588 8.646 6.942 106.5157 NA

Water content after test

(A) Ceramic Bowl (Ib) (B) Bowl+ Sail (Ib) (C )Bowl+Dry Soil (Ib) (D) Dry Sail (Ib) (E) Water (Ib) (F) Water Content (%)

0.348 0.7970 NA NA NA NA

MR Test Log Test Date : 12/18/2005 Tested by : Ginger

Test Parameter ‘l 88 ‘lContact load 56 ‘l Stiffness N.

RMS5 doesn't work

Sample 2 : BR001B2 Prepared Date : 12/18/2005 Prepared by : Ginger

(L) Mold + Soil (Ib) (M) Mold (Ib) (N) Sail (Ib) (O) Dry Density (pcf) (P) Dry Density (pcf,corrected)
15.7685 8.876 6.8925 105.7562 105.4042467

Water content after test

(A) Ceramic Bowl (Ib) (B) Bowl+ Sail (Ib) (C )Bowl+Dry Soil (Ib) (D) Dry Sail (Ib) (E) Water (Ib) (F) Water Content (%)
0.363 0.7705 0.7255 0.3625 0.0450 12.4138
MR Test Log Test Date : 12/18/2005 Tested by : Ginger
Test Parameter ‘l 89 ‘lContact load 68 ‘l

Use A1 paremeter to start and it doesn't work. D gain too much cause unstable. RM didn't change much from Seq. 1~13.

Didn't adjust Seq. 6-10. Overshooting at Seq. 13-15.
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Table 3.3 AASHTO T307-99 Test Procedures for Granular Materials

Test AASHTO T307-99
Material Subgrade Base/Subbase
Procedure Confining Deviator No. pf Lpad Confining Deviator No. Qf Lpad
Pressure Stress Applications Pressure Stress Applications
Unit kPa kPa kPa kPa
Specimen 414 27.6 500-1000 103.4 103.4 500-1000
Condition
41.4 13.8 100 20.7 20.7 100
41.4 27.6 100 20.7 41.4 100
414 41.4 100 20.7 62.1 100
41.4 55.2 100 34.5 34.5 100
41.4 68.9 100 34.5 68.9 100
27.6 13.8 100 34.5 103.4 100
15 Testing 27.6 27.6 100 68.9 68.9 100
Sequences 27.6 41.4 100 68.9 137.9 100
27.6 55.2 100 68.9 206.8 100
27.6 68.9 100 103.4 68.9 100
13.8 13.8 100 103.4 103.4 100
13.8 27.6 100 103.4 206.8 100
13.8 41.4 100 137.9 103.4 100
13.8 55.2 100 137.9 137.9 100
13.8 68.9 100 137.9 275.8 100
Table 3.4 AASHTO T307-99 Test Sequence for Subgrade Soil
- . No. of Load
Sequence Confining Pressure Max. Axial Stress Cycle Stress Constant Stress Applicati
No. pplications
kPa psi kPa psi kPa psi kPa psi 500
0 41.4 6 27.6 4 24.8 3.6 2.8 0.4 100
1 414 6 13.8 2 12.4 1.8 14 0.2 100
2 414 6 27.6 4 24.8 3.6 2.8 0.4 100
3 41.4 6 41.4 6 37.3 5.4 4.1 0.6 100
4 41.4 6 55.2 8 49.7 7.2 5.5 0.8 100
5 41.4 6 68.9 10 62 9 6.9 1 100
6 27.6 4 13.8 2 12.4 1.8 1.4 0.2 100
7 27.6 4 27.6 4 24.8 3.6 2.8 0.4 100
8 27.6 4 41.4 6 37.3 5.4 4.1 0.6 100
9 27.6 4 55.2 8 49.7 7.2 5.5 0.8 100
10 27.6 4 68.9 10 62 9 6.9 1 100
11 13.8 2 13.8 2 12.4 1.8 1.4 0.2 100
12 13.8 2 27.6 4 24.8 3.6 2.8 0.4 100
13 13.8 2 41.4 6 37.3 5.4 4.1 0.6 100
14 13.8 2 55.2 8 49.7 7.2 5.5 0.8 100
15 13.8 2 68.9 10 62 9 6.9 1 100

Note: Load sequences 14 and 15 are not to be used for materials designated as Type 1.
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Table 3.5 Output Data File for Resilient Modulus Test

MTS793IMPTIENU[1[2].}/|:11 0]0]A

Data Acquisition

Ch1Force2 Time
Ibf Sec

-25.439482
-2.4227951
-25.241348

-2.243341
-25.420183
-2.3185654
-25.165346
-2.3031259
-25.239399
-2.2212422

639.1687
639.70996
640.16992
640.43628
641.16919
641.68262
642.16943

642.7356
643.17114

643.2251

RM1

in
0.016026491
0.014676962
0.015999636
0.014670248
0.016026491
0.014670248
0.015992921
0.014650105
0.016006349
0.014690391

RM 2
in

0.018307414
0.0173329
0.01828053
0.017306017
0.018287253
0.017339621
0.01828053
0.017346341
0.018307414
0.017366504

Ch1Count RM3

segments
1773
1774
1776
1771
1779
1780
1782
1783
1785
1786

in

-0.002104864
-0.002269359
-0.002111578
-0.002266002
-0.002114935
-0.002266002
-0.002111578
-0.002262645
-0.002108221
-0.002276073

Time:

RM 4

in
0.006599932
0.006599932
0.006593218
0.006589861
0.006596575
0.006596575
0.006593218
0.006593218
0.006596575
0.006576433

644.14624 Sec

RM 5

in

0.007711109
0.007754751
0.007704395
0.007754751
0.007697681
0.007754751
0.007697681
0.007758108
0.007707752
0.007748037

RM 6

In

-0.004444718
-0.004538715
-0.004454789
-0.004535358
-0.004448075
-0.004532001
-0.004454789
-0.004532001
-0.004451432
-0.004542072
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Table 3.6 Compaction Work Sheet for Permeability Test

Compaction Work Sheet for Permeability
Standard Proctor : 5 Ib hammer, 12" Dropping distance, 4.584" height, 25 blows, 3 equal layers

District 5 OPT MOISTURE (OMC, %) 11.8

Soil Location UFRES-3 4" STD MAX DENS. (DEN, pcf) 115.8

Material ID UF003 4" Mold Volume (5-in Height) (cf) 1/30

Lab Number 21889-S Soil for each layer (Ib) (Total 5 layers) 1.44

Soil Class A-2-4 LBR 126

Soil Description

Sample 1: UF003D Prepared Date : 9/22/2005 Prepared by : Mike

(A) Ceramic Bowl (Ib) (B) Bowl+ Sail (Ib) (C )Bowl+Dry Soil (Ib) (D) Dry Sail (Ib) (E) Water (Ib) (F) Water Content (%)
0.29 0.558 0.531 0.241 0.0270 11.2033
(G) Metal Pan (Ib) (H) Pan + Soil (Ib) (1) Sail (Ib) (J) Dry Soil (Ib) (K) Water needed (Ib)

1.4575 5.0155 4.5102 0.0269

Retset Water Content after Mixing

(A) Ceramic Bowl (Ib) (B) Bowl+ Sail (Ib) (C )Bowl+Dry Soil (Ib) (D) Dry Sail (Ib) (E) Water (Ib) (F) Water Content (%)
0.2895 0.5105 0.4865 0.197 0.0240 12.1827
(L) Mold + Soil (Ib) (M) Mold (Ib) (N) Soil (Ib) (O) Dry Density (pcf)

8.8275 4.5045 4.323 115.6060

Gs 2.643

e (Void Ratio) = (Gs * rw - rd)/ rd 0.426597012

S (Degree of Saturation) = wGs/e 0.754786927

Required backpressure for 97% degree of saturation 70 psi

Remark

use 110 psi to get 98% saturation
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Figure 3.2 Resilient Modulus Test Setup
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Figure 3.3 Triaxial Cell Assembly for Resilient Modulus Test
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Figure 3.4 Resilient Modulus Testing Software
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Figure 3.5 Permeability Testing Equipment
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CHAPTER 4
PRESENTATI ON OF EXPERI MENTAL RESULTS

4.1 (CGENERAL

The resilient nodulus and perneability test results are
presented in this chapter. A total of 168 resilient nodulus
tests and 19 perneability tests were performed and the data
were recorded in a Mcrosoft Excel file format for each test.
The Excel data file for each resilient nodulus test was then
stored in a database using Mcrosoft Access. Detail ed
presentations of the test data are described in the follow ng
sections. In particular, the focus is on the presentation of
the resilient modul us  test results wusing the AASHTO

Desi gnati on T307-99 test nethod.

4.2 RESILIENT MoDULUS TEST RESULTS

Each resilient nodulus test included 15 sets of nodul us
data corresponding to the various conbinations of confining
pressure and deviator stress when tested using the T307-99
met hod. The test results were presented in an M5 Excel file,
which included the resilient nodulus data for each test
sequence and two regression nodels, one for the resilient
nmodul us versus bulk stress and the other one for the
resilient nodulus versus confining stress. A typical summary

sheet of the test data is presented in Table 4.1. A typica
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regression relationship between the resilient nodulus and
bulk stress is illustrated in Figure 4.1, while Figure 4.2
denonstrates a typical regression relationship between the
resilient nodulus and confining pressure. A conplete set of
test data files was stored in the enhanced resilient nodul us
dat abase “MRAnal yzer” CD- ROM di sk. The individual file nane
i ndexes are summari zed and attached in Appendi x A

A summary of the resilient nodulus test results together
with other engineering properties is presented in Table 4.2.
Sone test data were left out due to the problens encountered
during testing in the |aboratory. The average resilient
modul us values at 2 psi confining pressure as well as at 11
psi bulk stress were obtained for each soil material. The
resilient nodulus values wunder the conditions of optinmm
noi sture content (within +/- 0.5% for Type 2 materials, and
+/- 1.0% for Type 1 materials) and maxi nrum wet unit weight
(within 97% range) were then selected and averaged to
represent the average resilient nodulus value at their
opti mum condition for each soil material.

It should be noted that the resilient nodulus test data
were obtained based on the full-length, internal LVDT
measur enent . According to a previous study (Ping and Hoang
1996), the resilient nodulus obtained from the external-

mounted LVDT neasurements wll result in slightly |ower
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values than those obtained from the internal-nmunted LVDT
measur enents. The average resilient nmodulus ratio between
the values obtained from the external and the internal LVDT
measurenents ranged from 0.87 at 3 psi confining pressure to
0.69 at 20 psi confining pressure for A-3 soils. For A-2-4
soils, the average resilient nodulus ratio could be higher.
If the resilient nodulus test data were obtained conform ng
to the AASHTO T-307 test procedure wth external LVDT
measurenents, a 10% reduction of the resilient nodulus test
results should be applied to correct the difference between
the external-mounted LVDT neasurenents and the internal-

mount ed LVDT neasurenents at 2 psi confining pressure.

4.3 PasSsoN' s RATIO TEST RESULTS

The experinental setup of the resilient nodulus test in
the triaxial chanber was capable of neasuring the horizontal
deformations of the specinen under various stress conditions.
The average value of the four measur ed hori zont al
deformations (e,) and the nmeasured vertical deformations (ey)
were used to calculate the Poisson’s ratio follow ng Equation
3. 2. The Poisson’s ratios were recorded in the raw data
sheet for each test file. Some of the Poisson’s ratios were
found to be unstable in this study. A w de range of values

were neasured for sone identical specinens under various test
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sequences. A discussion of the Poisson’s ratio data is given

in Chapter 5.

4.4 PERVEABILITY TEST RESULTS

A total of 19 perneability tests were perfornmed in this

st udy. A typical data sunmary sheet for the perneability
test is presented in Table 4.3. A summary of all the
pernmeability test results is presented in Table 4.4. The

file name indexes are also included in Table 4.4 for
ref erence. In addition to the Excel files, the test results
were al so saved in the database.

The test materials contained a w de range of percent of
fines (% passing sieve No. 200) varying from 2.0% to 34.8%
One perneability test for a subgrade material with 2.0% fines
obtained from Polk Masaic Mne (FDOT District 1) failed and
was not reported in the table. For some A-3 soils (D1 Earth
Source, D4 SR 60, and D2 Watson Pit) wth perneability val ues
greater than 1E-4 cm sec and |less than 1E-3 cnisec, the water
ran through the burettes with a faster speed during the test
resulting in a shorter tine to nonitor the water flow.

Wth an additional seven perneability tests from a
previous project, a total of 25 perneability test data were

avail abl e for further analysis.
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4.5 DeEVELOPMENT OF DATABASE

A new database “MRAnalyzer.nmdb” was established to
enhance the mani pul ation of an early version of the resilient
nodul us  database  “soill ab. mdb”. The original tabl e
structures and all of the T-292 and T-294 resilient nodul us
test data were kept and inported to the new database. To
separate the T307-99 test results from the T-292 and T-294,
all of the T307-99 test result data including the 15 test
seqguences for each t est wer e saved in a tabl e
“MRTest T307Data” in the database. The average resilient
nodul us values at the 2 psi confining pressure, along wth
the test conditions for each test, were then saved into the
table “MRTest T307” for further analysis. Results of the 168
resilient nodulus tests were added into the database
“MRAnal yzer. mdb” . A complete set of the resilient nodul us
test data is presented in the database.

The new dat abase “MRAnal yzer.ndb” was designed to easily
access the resilient nodulus test data and to correlate the
resilient nodulus with the soil material properties and other
data anal yses. In addition to storing the resilient nodul us
test data, the Poisson’s ratio data were saved in the table
“MRTest T307PRDat a” for further analysis. The rel ationshi ps

anong the tables in the database are presented in Figure 4.3
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for information. Sone tables in the database were created by
querying fields from other relational tables to nmake a new
connection for analysis purposes. A relational table listing

all of its fields is presented in Appendi x C

4.6 APPLI CATI ON OF DATABASE

To prevent any loss of the test data, the database was
| ocked for view ng purpose only. Users can not add, delete,
or edit the data fromthe application. A summary of the Miin
SwitchBoard was presented upon the opening of the database.

Users w thout access authorization can only view the data.

Figure 4.4 shows the on-open Main Sw tchBoard. Three main
functions included in the Min SwitchBoard are Data
Presentation, Data Analysis, and Data Report. A help nenu

was al so provided in the database.

4.6.1 Data Presentation

The resilient nmodulus test data were stored in two
different tables. The average resilient nodulus values at 2
psi confining pressure from the T307-99 test nethod were
stored in a table “tbl MRTest T307”, while those fromthe T-292
and T-294 test nethods were placed in another table
“t bl MRTest T292T294" . Figure 4.5 shows the application
interface for the “View Test Data” functions. The 15

resilient nodulus test data for each sequence using the T307-
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99 are shown in Figure 4.6, while Figure 4.7 illustrates the
relationship between the resilient nodulus and confining
pressure and Figure 4.8 denonstrates the relationship between
the resilient nodulus and bul k stress. Figure 4.9 presents
the 15 resilient nodulus test data for each sequence using
the T-292 and T-294 test procedures. Each main table has a
sub table to store the 15 sequences of test data points. The
sub t abl es are named “t bl MRTest T307Dat a” and
“t bl MRTest T292T294Dat a” . A total of 349 sets of resilient
nmodul us test data, which included 181 sets of the T292T294
data and 168 sets of the T307 data, were presented in the
dat abase. Anong those data sets, the T307 had a total of 123
sets of reliable data, while the T292 had a total of 164 sets
of reliable data and the T294 had only 17 sets of reliable
dat a. Among those reliable data sets, sone were tested at
their optimm conditions and sone were not. The total nunber
of the reliable data sets representing the optinmum conditions
was 167. The nunber of the average resilient nodulus data
sets at the optinmum condition was 79 in total, which included
33 data sets from T307 and 46 data sets from T292. A summary
table listing the nunbers of the tests and the nunbers of
materials for all situations is provided in Table 4.5. A
step-by-step user’s guide through the “MRAnalyzer.ndb” data

application is presented in Appendix C for reference.
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4.6.2 Data Analysis

The analysis of relationships between resilient nodul us
and other soil properties can be perforned interactively
using the application. The conparative analyses are further
performed and discussed in Chapter 5. A sub-nmenu of the
“Data Anal ysis” w ndow displays the available functions for
retrieving resilient nodulus and perneability test data with
ot her soil paraneters. The interfaces are illustrated in
Figure 4.10, Figure 4.11, and Figure 4.12.

A step-by-step data analysis guide through the

“MRANnal yzer. mdb” application is presented in Appendi x C

4.6.3 Data Report

The “MRAnal yzer.ndb” application can be used to produce
the test report according to user’s request. Two default
reports of the table structure and the perneability test
summary table were included in the database. Figure 4.13
shows the available report functions. A typical database
test report is presented in Figure 4.14. However, users can
build their own test reports according to their needs using
the “report” function in the database.

A step-by-step user’s guide through the “MRAnal yzer. ndb”

application is attached in Appendi x C

53



Table 4.1 Typical Data Summary Sheet for Resilient Modulus Test

RESILIENT MODULUS TEST RESULTS

SOILS LABORATORY, FAMU-FSU COLLEGE OF ENGINEERING
SAMPLE ID: BRO001 TEST NO: G1
PROJECT ID: SPECIMEN PREPARATION DATE: 3/17/2006
LAB NO: 21982-S SPECIMEN DIAMETER, TOP, (in): 4
SOIL CLASS: A-3 SPECIMEN DIAMETER, MIDDLE, (in): 4
LBR 36 SPECIMEN DIAMETER, BOTTOM, (in): 4
STD OPT MOIST (%): 12 SPECIMEN HEIGHT (in): 8
STD MAX DRY DEN (pcf):  111.2 COMPACTION MC, (%): 12
COMPACTION DRY DEN, (pcf): 108.2
MC AFTER TESTING, (%): 11.9
TESTED BY: Ed
TEST DATE: 3/19/2006
PRECONDITION INFORMATION
CONFINING STRESS (psi): 6
MAX. AXIAL STRESS (psi): 4
REPETITIONS: 500
REMARKS:
TEST | CONFINING | MAX. AXIAL | CONTACT| CYCLIC | BULK |RESILIENT | RESILIENT
SEQ.#| STRESS STRESS STRESS | STRESS | STRESS | STRAIN | MODULUS
psi psi psi psi psi in/in psi
1 6| 1.985086067| 0.166794| 1.818292| 19.98509| 8.2369E-05| 22074.9523
2 6| 3.972475191| 0.2459177| 3.726557| 21.97248| 0.00016524| 22551.7332
3 6| 5.986175064| 0.2259307| 5.760244| 23.98618| 0.00026726| 21553.1254
4 6| 8.020435191| 0.2843707| 7.736065| 26.02044| 0.00035954| 21516.753
5 6| 10.18190621| 0.3853204| 9.796586| 28.18191| 0.0004498| 21779.8506
6 4| 1.978941513| 0.1655548| 1.813387| 13.97894| 0.00012015| 15092.1989
7 4| 3.90490957| 0.3673043| 3.537605| 15.90491| 0.00022494| 15727.0088
8 4| 6.006731783| 0.2856185| 5.721113| 18.00673| 0.00035181| 16262.1495
9 4| 8.00892914| 0.369064| 7.639865| 20.00893| 0.00044299| 17246.2202
10 4| 10.22354363| 0.4662066| 9.757337| 22.22354| 0.0005393| 18092.6819
11 2| 1.985037882| 0.1798429| 1.805195| 7.985038| 0.00016852| 10711.8962
12 2| 3.994491672| 0.3399264| 3.654565| 9.994492| 0.00030925| 11817.6759
13 2| 6.043062994| 0.356429| 5.686634| 12.04306| 0.00044921| 12659.1732
14 2| 7.983940924| 0.4412571| 7.542684| 13.98394| 0.0005587| 13500.498
15 2| 7.983940924| 0.4412571| 7.542684| 13.98394| 0.0005587| 13500.498
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Table 4.5 Summary of Useful Test Data Points for Various Conditions and Test Methods

Test Method
Test Condition T-292 T-294  T-307 Total
Individual Test 164 17 168 349
Reliable Individual Test 164 17 123 304
Reliable Individual Test @ Optimum Condition 61 17 88 166
Reliable Average Test @ Optimum Condition 46 17 33 96
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RESILIENT MODULUS, psi

RESILIENT MODULUS vs BULK STRESS
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Figure 4.1 Regression Model for Resilient Modulus versus Bulk Stress

RESILIENT MODULUS vs CONFINING STRESS
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Figure 4.2 Regression Model for Resilient Modulus versus Confining Stress (pressure)
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B Main Switchboard

| View Test Data
_I Analyze Test Data
_| Test Data Report
_| Liser Manual

| Exit

Figure 4.4 Main Page of Database Application

BE View MR Test Data

| wiew MR Test T202/T294 Data
_I Return to Main Switchboard

Figure 4.5 View MR Test Data Page of Database Application
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BE tbIMRTestT307

Resilient Modulus Test T307-99  ICHIKRICNIERE T
[Us1301
SamplelD: US1901  FDOTLab#: 21909-S District7 | .
Soil Type  [43 Ce [ 108 Opt Maisture Cartent [%) 014 | |B1 -
¥ Pass #200 47 Cu 245 Max. Ony Unit'Weight (pcf) 107.7 ]
% Clay 35 P LBR 24 R';'ggrd
FPermeahility at 7 psi confining pressure (cm/sec) | 0.000305
TestNo B1 K1 0282 K2 06222 KIZRZ 0.9603
TestDate 12/2/20058 Awg MR at 2psi Confining Pressure | 13028.12
CompactionhC 12.4 MR at 11psi Bulk Stress | 13462.91
CompactionDUW 1053 Useful data Diata at Optimum Candition
Femarks
bR Test T307 Data | P vs Bulk Stress | MR vs Confining Pressure
ConfStress | MaxAxialStress | ContactStress | ResilientStrain | ME |
iLd @ 2.031462 0. 1762877 5.463737E-05 21919.09
L & 3972195 0.3333251 0.0001615509 2252461
L B 5805807 0.4386225 00002335924 23302.26
L & T.717946 0669348 0000302951 2326646
L B 0.049608 0.8450341 0.0003543147 23680
L 4 1990567 0.1753607 0.0001086514 16706.71
L 4 3.945652 0.3511685 00002076493 17310.36
L 4 5.834133 0.4723644 00002954774 18146.12
L 4 7836493 0, 396680 0.00038221635 18541.63
L 4 10,0717 082065596 0.000468367 5 1975163
L 2 201799 0.1804632 0.0001599533 11487.9
L 2 3.965461 0.3788126 0000285848 12374.24
L 2 2.839359 05200857 0.0003853179 1380489
L 2 7800806 0.7213575 00004993494 14177.35
2 9,53740095 00046127 0.0006745583 13296.23

Figure 4.6 Resilient Modulus Test Data from Test T307-99 Page of Database Application
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EE tbIMRTestT307

Resilient Modulus Test T307-99  [IXIKNICRICRR

|us19m v
SamplelD : US1901 FDOT Lab #: 21909-5 District 7 Testho

Soil Type  [43 Cc [ 109  Opt Moisture Cantent(%) [ 0124 | [ o
*: Pass #200 47 Cu 245 Max Dry Unit'\Weight {pcf) 107.7

Find
% Clay 35 P LBR 24 | Record

Permeahility at 7 psi confining pressure (cm/sec) | 0.000305

4 TestNo B1 K1 | 02z K2 | 06222  KIZR2Z 0.9603
TestDate 121242005 Awn MR at 2psi Confining Pressure | 1302812
CompactionhC 12.4 MR &t 11psi Bulk Stress | 13462 91
Compaction DI 105.3 Lseful data Data at Optimum Condition
Femarks

bR Test T307 Data | MR vs Bulk Stress | MR vs Confining Fressure

MR ¥.5. Bulk Stress Sample US1901 ,Test o, B1
100000
P
10000 L
y = 27510 5%
R* = 0.8852
1000
1 10 100

Figure 4.7 Resilient Modulus versus Bulk Stress Page of Database Application
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BE tbIMRTestT307

Resilient Modulus Test T307-99  CNIKRIERLN N
EEGIES

SamplelD: US1901  FDOTLab#: 21909-S District7 | 1o

Sall Type |43 Cc [ 108 Opt Maisture Content (%) 0124 | [B1 -

%Pass#200 [ 47  Cu [ 245  Max Dry UnitWeight (ocf) [ 1077

Find

% Clay 35 Pl LBR 4 | Record

Fermeability at ¥ psi confining pressure (cm/sec) | 0.000305
}TESﬂ'\]D Bl K1 | o2z K2 | 06222  K1ZR2 0.9603

TestDate 124242005 Aweg MB at 2psi Confining Pressure | 1302812

CompactiontdC 12.4 hF at 11psi Bulk Stress | 13462 91

CompactionDUiy 105.3 seful data Diata at Dptimum Condition

Femarks

MF: Test T307 Data | MR vs Bulk Stress | MFwvs Confining Pressure

MR V.5. Confining Pressure Sample US1901 ,Test He, BL
100000
_——
¥
10000 ‘-_-_-__—d-
y = 8043.6:" 1%
R =0.9385
1000
1 10

Figure 4.8 Resilient Modulus versus Confining Pressure Page of Database Application
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BE tbIMRTestT307

Resilient Modulus Test T292/T204 INIKICRIR I
| v

SamplelD : 13302 Structure Layer: District Testho
Soil Type Cc Opt. boisture Content (32 0125 b
% Pass #200 Cu bda, Dy Unit Wyeight (pcf) 103.2 )

% Clay Pl LBR: 23 R';'g:rd
Fermeahility at 7 psi confining pressure (cm/fsec) |

2

TestHo M CompactedhC 12

TestDate | CompactedDUW 1014

Lo MR at 2psi Confining Pressure (psi) 11787.74 Useful data Data at Opt. Condition
Femarks

ConfPressure | Axialload | DeviatorStress | MiddleMR | FullMR

i3 & 33.76537 2086205 2375797 10.84151
L 2 58.85301 4.682317 2h.B8574 12.05592
L & 84,1032 £.600982 27.24195 12.46179
L 3 3367375 2679135 33.40066 13962260
L 3 28,8088 4683414 3483632 1601851
L 3 ad.14112 £,603500 3556517 16.65565
L 5 1217773 0658214 3752273 18.04406
L 10 58.54407 4659446 4773148 2363202
L 10 5400075 £.600708 4798260 2363283
L 10 1218738 0.005802 48770416 2460801
L 10 184.,7009 1469453 2126672 2715103
L 13 a4, 10663 £.601257 S8.903916 378260
L 13 121.698 9.681507 £0.9904% 31.31464
L 15 184.4308 1467272 2. 27329 32.33037
*

Figure 4.9 Resilient Modulus from Test T292/T294 Page of Database Application

69



B Analyze Test Data

] Resilient Modulus
J Fermeability
J Return to Main SwitchBoard

f o MR ws Percent of Passing Sieve Mo, 200
_| MR vs Percent of Clay

J MR vs Cc

J MR vs Cu

_| MR ws Plastic Index

_| MR ws Maoisture Contert

| MR vs Dry Unit Weight

| MRvsLBR

_| MR vs Permeability

_I Feturn to previous page

Figure 4.11 Analyze Resilient Modulus Test Data Page of Database Application
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B=| Analyze Permeability Data

T Permeability vs Passing Sieve ko, 200
_| Fermeability vs Dry Lnit Weight

_| Fermeability vs Percent of Clay

_| Fermeability vs Cu

_| Fermeability vs Cc

_| FPermeability vs PI

_| Return to previous page

Y Table Relationship
J Fermeability Summary Table
_| Return to Main Switchboard

Figure 4.13 MR Test Data Report Page of Database Application
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CHAPTER 5
ANALYSES OF EXPERI MENTAL RESULTS

5.1 GENERAL

The | aboratory test results are further analyzed in this
chapter. In order to have accurate analytical results, the
data wth a reasonable size of population were first grouped
t oget her according to the various test nethods and materia
types. These data groups were then checked carefully for
possi bl e anonal i es. The final analyses were perforned based
on the selected data for different material types and test
condi ti ons. The resilient nodulus prediction nodel proposed
by Zhang (2004) was verified by conparing the |aboratory
measured resilient nmodulus wth the resilient nodulus val ue
obtained from the nodel. An inproved resilient nodulus
prediction nodel was also proposed based on the available

data in the database

5.2 SELECTI ON PROCESS OF RESI LI ENT MoDULUS TEST DATA

A total of 349 sets of resilient nodulus test data with
117 wvarious types of soil materials were stored in the
dat abase. The database included the resilient nodulus test
data from the AASHTO T307-99, T292-911, and T294-92 test
met hods. The T307-99 and T292-911 test data were chosen for

further analysis, but the T294-92 data were excluded due to
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an insufficient data population size. Xiong (2003) suggested
that the T292-911 test procedure is nore reliable for
sinmulating soil conditions in the pavenent, which is under a
low in-situ confining stress. Both the T292-911 and T307-99
test procedures are perforned wunder an identical | owest
confining pressure at 2 psi, which sinulates closely with the
low in-situ confining stress in the pavenent and allows the
resilient nodulus values with an identical condition to give
further conparison and anal ysis. In addition, it should be
noted that the test conditions from T292-911 were perforned
on the sanples conpacted at the nodified Proctor condition
(AASHTO T-180), while the test data from the T307-99
procedure were obtained using the standard Proctor conpacted
condition (AASHTO T-99). This wvariation in the test
condition gave a higher resilient nodulus value for the T292-
91l test than that fromthe T307-99 test on an identical type
of material. There were 164 test data points from the T292-
94 test and 168 data points from the T307-99 test, and that
amounted to a total of 332 resilient nodulus test data
poi nt s. In this study, the majority of the material types
are the A-2-4, A-2-6, and A-3 soils. Only those three types

of soils were selected for further analysis.
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5.3 TEST DATA ANOWALI ES

Many factors could affect the resilient nodulus test
results. For sone tests, the results were reliable and could
be used for further analyses, while the others were not and
shoul d be excluded form the anal yses. Yau and Von Qui ntus
(2002) conducted an evaluation regarding those influencing
factors on the resilient noudul us. The factors included
sanpling technique, sanple preparation nethod, testing
equi pnent, testing nethod, testing program configuration,
testing environnental conditions (noise, vibration, etc.) and
the errors that could occur during the testing program either
by the operator or the machine itself. Sone of the errors
included an incorrect calibration of the load cell, signal
noise interference, incorrect conditioning/stress sequence,
leaks in the nmenbrane, incorrect stress |levels, unstable
Li near Variable Differential Transducer (LVDT) cl anps
attached to the specinmen, exceeding the LVDT linear range
limts, incorrect LVDT readings due to fractioned contact,
and specinmen disturbance at the higher stress states. Any
data anomaly could occur due to the above referenced errors.
The determ nation of anomalies in the database was based on
the observations during the testing. The anomalies were
screened out to ensure data quality and to identify any bias

bet ween different data sets.
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The data selected for analysis fall into two groups.
Goup | data consist of all the test data from the previous
projects using the T292-91l1 test nmethod, while Goup Il data
consist of the data from the T307-99 test perfornmed in the
current project. Since there was no evidence show ng any
anomaly in the data from the T292-911 test, it is assuned
that all the data obtained from the previous projects are
reliable data and eligible for further analysis. The
processing of anomaly identification only applied to the data
obtained fromthe T307-99 test nmethod in this project.

A detailed description of the anomalies is sunmarized in
Appendi x D. The possible causes along with the type of
anomalies are summarized in Table 5.1. The tests flagged as
the anomalies are summarized and presented in Table 5.2. The
test data were reduced to a total of 123 data points for the

T307-99 test and 164 data points for the T292-91l test.

5.4 REPRESENTATI VE DATA FOR ANALYSI S

In the beginning of the testing program the soi
sanpl es were prepared using the Mdified Proctor conpaction
Subsequently, the FDOTI placed a request to prepare the
sanpl es using the 100% maxi mum dry unit weight of the 4-inch
T-99 (Standard Proctor conpaction) test. The conpaction

efforts of preparing the soil sanples were then adjusted to
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adapt to the requested change of conpaction procedure (T-99).
The test data from the specinens that contained the nvisture
within +/- 1.0 percent of the optinmum noisture content and
the laboratory conpacted wet wunit weight wthin +/- 3.0
percent of the maxi mum wet unit weight of the AASHTO T-99
were used to represent the resilient nodulus data for
analysis at the optinmum condition. The representative data
points at the optinmum condition were 89 sets for the T307-99
test and 61 sets for the T292-91l test.

The resilient nodulus values at the 2 psi confining
pressure and 6 psi deviator stress for a simlar type of soi
material were obtained from the representative data sets and
then nmerged to get the average resilient nodulus value for
the soil material. The representative data points for the
average resilient nodulus at the optinmum condition were 33
sets for the T307-99 test and 46 sets for the T292-91l test.
The averaged resilient nodulus values at the optinum
condition are summarized in Table 5.3 and Table 5.4 for each
type of soil materials.

The representative data sets at the optinmum condition
were used for the analysis of relationships between the
resilient nodulus and basic soil properties including those
factors such as water content and unit weight of the

material. The representative data selected for analysis were
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further categorized into different groups according to their
classification. Three mmjor categories, i.e., A3, A 2-4,
and A-2-6 soils, were chosen for further detailed anal ysis.

A summary of the data sets available for wvarious
material types and test nethods in the database is listed in
Table 5.5. A summary of the available data points on each
material property for different test nmethods in the database

is presented in Table 5.6.

5.5 ANALYSIS OF RESILIENT MODULUS TEST RESULTS

Two groups of resilient nodulus test data were selected
for analysis. One group of data involved the resilient
nmodul us test data based on the strain nmeasurenents using the
internal LVDTs at the full length followng the T307-99 test
met hod, and the other group of data involved those test data
fromthe T292-911 test with the strain neasurenents under the
identical LVDT position as in the T307-99 test. Both test
met hods include test sequences that are under the identica
LVDTs neasurenment position and stress path. The test
sequences were run from a higher confining pressure to a
| oner confining pressure. A conparison of the test sequences
and stress conditions from the tw nethods is provided in
Table 5.7. It should be noted that the specinens used in the

design highwater project were prepared using the Modified
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Proctor conpaction, which gave slightly higher unit weight
val ues than the other specinens conpacted under the Standard
Proct or conpacti on.

The follow ng sections focus on the effect of the basic

soi | physical properties on the resilient nodul us.

5.5.1 Effect of Mbisture Content

A total of 231 data points are presented in Figure 5.1
to show the relationship between the resilient nodulus and
nmoi sture content. There are 110 data points from the T307-99
and 121 points from the T292-91l. The noisture content of
the wet, optimum and dry conpacted conditions are al
presented in the figure. The T292-911 had a w de range of
the noisture content, and showed a trend of the resilient
nmodul us decreasing with an increase in the npisture content
for the A-2-4 soils. Most of the resilient nodulus values
were within the range from 24,000 psi to 10,000 psi for the
T292-911 test, and within the range from 17,000 psi to 8,500
psi for the T307-99 test data.

At the optimum condition as shown in Figure 5.2, the
resilient nodulus values from the T292-91l revealed a trend
that the resilient nodulus decreased with an increase in the
noi sture content, while the data from the T307-99 showed no

significant trend. The average resilient nodulus values
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(Tables 5.3 and 5.4) at the optinmum condition are presented

in Figure 5.3 with 73 data points for illustration.

5.5.2 Effect of Dry Unit Weight

A total of 229 data points are presented in Figure 5.4
to show the relationship between the resilient nodulus and
dry unit weight. There are 110 data points from the T307-99
test and 119 from the T292-911 test. The data showed that
the resilient nodulus increased with an increase in the dry
unit weight for both A-2-4 and A-2-6 soils. For the A-3
soils, the effect of dry unit weight on the resilient nodul us
becane insignificant.

At the optinmum condition (Figure 5.5), the resilient
nmodul us increased with an increase in the maximum dry unit
weight for the A-2-4 and A-3 soils. However, the data from
the T307-99 showed no definite trend for this effect. The
average resilient nodulus values are illustrated in Figure

5. 6.

5.5.3 Effect of Percent Fines

A total of 95 test data points are presented in Figure
5.7 to show the relationship between the resilient nodulus
and percent of fines passing the #200 sieve. The average
resilient nodulus versus percent of fines passing the #200

sieve for each soil 1is illustrated in Figure 5.8. The
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scattered data show a Jlack of correlation between the

resilient nodul us and percent of fines.

5.5.4 Effect of Percent of d ay

A total of 52 test data points are presented in Figure
5.9 to denonstrate the relationship between the resilient
modul us and percent of clay content. The average resilient
modul us versus percent of <clay content for each soil is
illustrated in Figure 5.10. For the A-2-4 soils, the percent
of clay content had a slight effect on the resilient nodul us,
i.e., the resilient nodulus increased with an increase in the

percent of clay content.

5.5.5 Effect of LBR

A total of 132 test data points are presented in Figure
5.11 to show the relationship between the resilient nodul us
and LBR The average resilient nodulus versus LBR for each
soil is illustrated in Figure 5.12. No relationship existed
between the resilient nodulus and LBR values for the A-3
soils. For the T292-911 test data, it appeared that the
resilient nodulus increased with an increase in the LBR for
the A-2-4 soils. For the T307-99 test data, A-2-4 soils did
not show any definite trend. The LBR may not be a reliable

indicator for predicting resilient nodul us val ues.
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5.5.6 Effect of Coefficient of Curvature

A total of 52 test data points are presented in Figure
5.13 to denonstrate the relationship between resilient
modul us and coefficient of curvature (C). The average
resilient nodulus versus coefficient of curvature (C) for
each soil is presented in Figure 5.14. The data are very
scattered and the resilient nodulus values are not correl ated
very well with the coefficient of curvature for either the A
2-4 or A3 soils. For well-graded sandy soils, the
coefficient of curvature should be between about 1 and 3.
Wth the coefficient of curvature ranging fromO0.6 to 1.5 for
the A-3 soils in this study, the A-3 soils are classified as

poorly-graded granular material s.

5.5.7 Effect of Uniformty Coefficient

A total of 52 test data points are presented in Figure
5.15 to denonstrate the relationship between resilient
nmodul us and uniformty coefficient (G). The average resilient
nmodul us versus uniformty coefficient (C,) for each soil is
illustrated in Figure 5.16. The data are very scattered and
no definite correlation exists between the wuniformty
coefficient and resilient nodulus. For well-graded sandy

soils, the uniformty coefficient should be greater than 6.
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Again, the data indicate that nost A-3 soils are poorly-

gr aded.

5.5.8 Effect of Plasticity |Index

A total of 14 data points of the A-2-6 soil, that are
cohesive with plastic index values, are presented in Figure
5.17 to denonstrate the relationship between resilient
nmodul us and plasticity index. The average resilient nodul us
versus plasticity index for each soil is illustrated in
Figure 5.18. There are not enough data points to evaluate the
effect of plasticity index on resilient nodulus. Most
Flori da pavenent soils are granular materials, such as the A-

3 and A-2-4 soils.

5.5.9 Effect of Perneability

A total of 63 test data points are presented in Figure
5.19 to denonstrate the relationship between resilient
modul us and perneability. The average resilient nodulus
versus perneability for each soil is illustrated in Figure
5. 20. The data are very scattered and no definite
correlations exist between the resilient nmodul us  and
pernmeability val ues. The data show that the A-3 soils have

hi gher perneability values than the A-2-4 and A-2-6 soils.
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5.5.10 Poisson’'s Ratio Test Results

The Poisson’s ratio can be obtained from the resilient

nmodul us test. Some Poisson’s ratio data were found to be
unstable in this study. A w de range of values were found
with the same specinmen under various test sequences. The

ranges of the Poisson’s ratio values for each soil materia
are presented in Figure 5.21. Figure 5.22 shows the average
Poisson’s ratio value for the A-3, A-2-4, and A-2-6 soils.
In general, Poisson’s ratio value increased with an increase
in the deviator stress. There is no significant correl ation

bet ween the Poisson’s ratio and confining stress.

5.6 LABORATORY PERVEABI LI TY TEST RESULTS

The perneability test results are summarized in Table
5.8. There are 25 tests in total with seven tests from a
previous project “Design H gh Water” and 18 tests from the
current database project. Typical relationships between
pernmeability and noisture content, and between dry unit
wei ght and noisture content, are illustrated in Figure 5.23.
Typi cal ranges of perneability values are presented in Figure
5.24 for some soil and rock formation.

The relationships between the perneability and the
percent of fines are shown in Figure 5.25. The trend shows

that the perneability value decreases with an increase in
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percent of fines. The perneability test results show that

the percent of fines is a good indicator of predicting the

soi | pernmeability. The rel ationshi ps bet ween t he
perneability and the percent of clay content are illustrated
in Figure b5.26. A simlar trend is shown that the

pernmeability value decreases with an increase in the percent
of fines or the percent of clay. The same trend is also
observed for the relationship between perneability and dry
unit weight shown in Figure 5.27

A regression equation may be drawn based on the
correlation relationships between the perneability and the
percent of fines and the percent of clay. The soi
pernmeability may be correlated with the percent of fines

using the foll ow ng regressi on equati on:

K

0. 0018e" % 2684(F200) (5.1)
Wer e,

K = Coefficient of perneability, cm sec
P200 = Percent of fines passing sieve No.200, percent

The regression equation for the relationship between the soil
perneability and percent of clay content may be presented as

foll ows:

K = 0.0003e %-2877(Cay) (5.2)

VWher e,
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K = Coefficient of perneability, cm sec
Clay = Percent of clay content, percent

The rel ati onshi ps bet ween pernmeability and t he
coefficient of curvature, uniformty coefficient, and plastic
i ndex are shown in Figure 5.28, Figure 5.29, and Figure 5. 30.
The data shown in Figure 5.28 indicate that the perneability
value decreases wth an increase in the coefficient of
curvature. No other significant correlations are observed in

Figure 5.29 and Figure 5. 30.

5.7 REeSILIENT MoDULUS PREDI CTI ON MODEL PROPOSED BY ZHANG

Anmong the prediction nodels reviewed in Chapter 2, the
nmodel proposed by Zhang (2004) was selected to evaluate the
resilient nmodulus rest results in this study. The prediction

equation (Equation 2.10) is presented again as foll ows:

In(M,)=2.01-0.041*(ew) +0.0108 * () +0.0243*(C,) - 0.119*(C,) (5.3)
Wer e,
M, = Resilient nodulus in ksi, at 2 psi confining
pressure
C = Coefficient of Curvature
C, = Uniformty Coefficient
& = Gavimetric noisture content in percentage (0~100)

o = Dry unit weight in pcf
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This nodel was established based on selected Florida
granul ar materi al s. The four variables were water content,
dry unit weight, uniformty coefficient, and coefficient of
curvature of gradation, and were used to correlate with the
resilient nodulus test results in a previous study. The
sanpl e popul ation had a reasonable range of percent of fines
passi ng No.200 sieve varying from 8% to 24% It should be
noted that the conpaction characteristics were determned in
the laboratory wusing the Mdified Proctor (AASHTO T-180)
met hod instead of the Standard Proctor (AASHTO T-99) nethod
as in the current project. This factor should be taken into
consi deration when conparing the |aboratory resilient nodul us
test results with the resilient nodulus obtained from the
predi ction nodel .

The resilient nodulus values derived from the Equation
5.3 were recorded in the database “MRAnal yzer.ndb” under the
tabl e designated as Table “tblZhang”. Upon review of the
data, the resilient nodulus test data for the test No. MIf-
Dry-1 of the SR70-A24 material was not reasonable and should
be excluded from anal ysis. It was also found that all A-1
materials had a significantly different predicted resilient
modul us from the laboratory resilient nodulus. Since the
predi cti on nodel proposed by Zhang was devel oped using only

the A-2-4 and A-3 materials, any nmaterials other than these
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two basic types should not be included for analysis. A
summary of the conparisons between the |aboratory resilient
modul us and the predicted values is presented in Table 5.9
A summary is also presented in Table 5.10 to show the
differences between the laboratory resilient nodulus and
predicted resilient nodulus values for those materials that
are not represented well by Equation 5. 3.

The | aboratory resilient nodulus versus the predicted
resilient nodulus is shown in Figure 5.31. The conparison
between the l|aboratory resilient nodulus and the predicted
resilient nmodulus at the optinmum condition is shown in Figure
5. 32. For the 86 data points in Figure 5.31, 66 data points
(77% fall wthin the range of +/- 3,000 psi from the
measured resilient nodulus. For the 52 data points in Figure
5.32 at the optimum condition, 42 data points (81% fal
within the range of +/-3,000 psi from the neasured resilient
nodul us. In terms of the ratio between the predicted
resilient nmodulus and the |aboratory resilient nodulus, 69
out of 86 data points are within the range between 1.25 and
0.75 (+/- 25% as shown in Figure 5.33.

The ratios of the predicted resilient nodulus over the
| aboratory resilient nodulus versus various paraneters are
illustrated in Figure 5.33, Figure 5.34, Figure 5.35, Figure

5.36, Figure 5.37, and Figure 5.38. A conparison of the
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rati os versus various paraneters is presented in Figure 5.39.
From Zhang’s nodel, the nost significant paraneter is the dry
unit weight, which has nore influence than the other three

paraneters. This effect may be observed from Figure 5. 39.
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Table 5.1 Anomaly Type Index

Cause of Anomalies

Anomaly
Type

R-square value of the regression model between resilient modulus and bulk stress is
less than 0.5

1

Tests were not done under right confining pressure

Deformation exceeded the designed limits

Not the first test on the sample

Test results were not repeatable

Contact load was higher than the normal value of 70 ~ 80 Ibs

Sample was not prepared at the optimum condition of T-99

Other Contributors

o N[Ol |DN
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Table 5.2 Anomalies Suspected for Test Samples

Sample ID Test No. Anomaly Type Remarks

AP001 C1 1,2

AP001 D1 1,2

AP001 E3 1,24

AP001 F1 1,2,6

AP001 G1 1,2

AP001 HA1 1,2

AP001 K3 4

BF001 A1 1,2

BF001 B5 24,5

BF002 A5 24

BF002 B3 1,2,4,6

BRO0O1 B2 4,7 LVDTs didn't work properly
BR001 D1 2

BR001 E1 2

FFO001 A1 1,2,8 LVDTS3, and 5 did not work properly
FF001 B1 1,2

FF001 C1 1,2

FF001 D2 1,24

FF001 D3 1,24

LS001 B1 7

MIC001 B2 47

MMO001 B1 2,7

SCO001 D2 24

SC001 E1 7,8 Stopped at Seq. 14

SR1501 A1 7,8 LVDT2 did not work properly
SR6001 D1 8 Machine shut down at the last sequence.
SR8001 A1 5

SR8001 C2 2,5

SR82601 C1 5

UF001 A1 1,2,7

UF001 A2 1,2,4,7

UF001 A3 1,2,4,7

UF001 B1 1,2

UF002 A1 1,2

UF002 B1 1,2

UF002 J1 8 Test terminated at Seq. 10
UF003 A1 1,2,7

UF003 B1 1,2,7,8 Lost data on Sequence 1
UFO003 C1 1,2,8 Lost data on Sequences 1, 14, 15
UF003 G1 7,8 Deviator stress was out of accepted range
UF003 11 3

UF003 J1 3

Us1901 C1 5

Us1901 D1 5

WT001 B1 3
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Table 5.7 Comparison of the Test Procedures for Test Method T292-911 and T307-99

Test AASHTO T 292-91l AASHTO T307-99
Material Subgrade Subgrade
Procedure Confining|Deviator |Load Confining|Deviator |Load
Pressure |Stress  |Number |Pressure [Stress  |Number
Unit psi psi psi psi
Specimen 15 12 1000 |6 4 500
1 15 7 50 6 2 100
2 15 10 50 6 4 100
3 15 15 50 6 6 100
4 10 5 50 6 8 100
5 10 7 50 6 10 100
o 6 10 10 50 4 2 100
% 7 10 15 50 4 4 100
g 8 5 3 50 1 6 100
2 o 5 5 50 4 8 100
E 10 |5 7 50 4 10 100
11 5 10 50 2 2 100
12 |2 3 50 2 4 100
13 |2 5 50 2 6 100
14 |2 7 50 2 8 100
15 2 10 100
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Resilient Modulus, psi

Resilient Modulus vs Moisture Content
(231 Individual MR Test @ 2 Confining Pressure)
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Figure 5.1 Resilient Modulus versus Moisture Content for 231 data points

Resilient Modulus, psi

Resilient Modulus vs Optimum Moisture Content
(137 Individual MR Tests @ 2 Confining Pressure, Opt. Condition)
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Figure 5.2 Resilient Modulus versus Optimum Moisture Content for 137 data points
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Resilient Modulus vs Optimum Moisture Content
(73 Average MR Tests @ 2 psi Confining Pressure, Opt. Condition)
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Figure 5.3 Average Resilient Modulus versus Optimum Moisture Content for 73 data points

Resilient Modulus vs Dry Unit Weight
(229 Individual MR Test @ 2 Confining Pressure)

Dry Unit Weight, pcf

Panel variable: TestMethod
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Figure 5.4 Resilient Modulus versus Dry Unit Weight for 229 data points
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Resilient Modulus vs Max. Dry Unit Weight
(135 Individual MR Tests @ 2 Confining Pressure, Opt. Condition)
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Figure 5.5 Resilient Modulus versus Dry Unit Weight @ Optimum Condition for 135 data points

Resilient Modulus vs Max. Dry Unit Weight
(72 Average MR Tests @ 2 psi Confining Pressure, Opt. condition)
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Figure 5.6 Average Resilient Modulus versus Dry Unit Weight @ Optimum Condition for 72 data
points
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Resilient Modulus vs Percent Passing Sieve No. 200
(95 Individual MR Tests @ 2 Confining Pressure, Opt. Condition)
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Figure 5.7 Resilient Modulus versus Percent of Fines @ Optimum Condition for 95 data points

Resilient Modulus vs Percent Passing Sieve 200
(36 Average MR Tests @ 2 psi Confining Pressure, Opt. condition)
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Figure 5.8 Average Resilient Modulus versus Percent of Fines @ Optimum Condition for 36 data
points
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Resilient Modulus vs Percent of Clay
(52 Individual MR Tests @ 2 Confining Pressure, Opt. Condition)
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Figure 5.9 Resilient Modulus versus Percent of Clay @ Optimum Condition for 52 data points

Resilient Modulus vs Percent of Clay
(18 Average MR Tests @ 2 psi Confining Pressure, Opt. condition)
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Figure 5.10 Average Resilient Modulus versus Percent of Clay @ Optimum Condition for 18 data
points
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Resilient Modulus vs LBR
(132 Individual MR Tests @ 2 Confining Pressure, Opt. Condition)
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Figure 5.11 Resilient Modulus versus LBR @ Optimum Condition for 132 data points

Resilient Modulus vs LBR
(68 Average MR Tests @ 2 psi Confining Pressure, Opt. condition)
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Figure 5.12 Average Resilient Modulus versus LBR @ Optimum Condition for 68 data points
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Resilient Modulus vs Coefficient of Curvature
(52 Individual MR Tests @ 2 Confining Pressure, Opt. Condition)
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Figure 5.13 Resilient Modulus versus Coefficient of Curvature (C;) @ Optimum Condition for 52
data points

Resilient Modulus vs Coefficient of Curvature
(18 Average MR Tests @ 2 psi Confining Pressure, Opt. condition)
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Figure 5.14 Average Resilient Modulus versus Coefficient of Curvature (C.) @ Optimum Condition
for 18 data points
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Resilient Modulus vs Uniformity Coefficient
(52 Individual MR Tests @ 2 Confining Pressure, Opt. Condition)
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Figure 5.15 Resilient Modulus versus Uniformity Coefficient (C,) @ Optimum Condition for 52 data
points

Resilient Modulus vs Uniformity Coefficient
(18 Average MR Tests @ 2 psi Confining Pressure, Opt. condition)
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Figure 5.16 Average Resilient Modulus versus Uniformity Coefficient (C,) @ Optimum Condition for

18 data points
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Resilient Modulus vs Plastic I ndex
(14 Individual MR Tests @ 2 Confining Pressure, Opt. Condition)
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Figure 5.17 Resilient Modulus versus Plastic Index @ Optimum Condition for 14 data points

Resilient Modulus vs Plastic I ndex
(4 Average MR Tests @ 2 psi Confining Pressure, Opt. condition)
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Figure 5.18 Average Resilient Modulus versus Plastic Index @ Optimum Condition for 4 data points

107




Resilient Modulus vs Permeability
(63 Individual MR Tests @ 2 Confining Pressure, Opt. Condition)
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Figure 5.19 Resilient Modulus versus Permeability @ Optimum Condition for 63 data points

Resilient Modulus vs Permeability
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Figure 5.20 Average Resilient Modulus versus Permeability @ Optimum Condition for22 data points
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Poisson's Ratio Value for Each Soil Material
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Figure 5.21 Poisson’s Ratio Value for each Soil Material
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Figure 5.22 Average Poisson’s Ratio for A-3, A-2-4, and A-2-6 Soils
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Permeability of Compacted Soil
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Figure 5.23 Typical Relationships between Permeability and Moisture Content, Dry Unit Weight

Typical Permeability of Soils
Soil or rock formation Range of k (cm/s)
Gravel 1-5
Clean sand 103 -10-2
Clean sand and gravel mixtures 10-3 - 10"
Medium to coarse sand 102 -10"
Very fine to fine sand 104 - 10-3
Silty sand 10 - 102
Homogeneous clays 10-° - 107
Shale 1011 - 107
Sandstone 102 -10+
Limestone 107 - 104
Fractured rocks 10-6 - 10-2

Figure 5.24 Typical Range for the Permeability Coefficient on Different Material Types
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Permeability vs Percent Fines Passing Sieve No. 200
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Figure 5.25 Permeability versus Percent of Fines
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Figure 5.26 Permeability versus Percent of Clay
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Permeability vs Dry Unit Weight
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Figure 5.27 Permeability versus Dry Unit Weight
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Figure 5.28 Permeability versus Coefficient of Curvature
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Permeability vs Uniformity Coefficient
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Figure 5.29 Permeability vs Uniformity Coefficient

Permeability vs. Plasticity Index
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Figure 5.30 Permeability vs Plasticity Index
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Lab Resilient Modulus vs Predicted Resilient Modulus
(86 Individual MR Test Data @ 2 psi Confining Pressure)
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Figure 5.31 Lab Measured Resilient Modulus versus Predicted Resilient Modulus (Zhang's Model)

Lab Resilient Modulus vs Predicted Resilient Modulus
(52 Individual MR Test Data @ 2 psi Confining Pressure, Optimum Condition)
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Figure 5.32 Lab Measured Resilient Modulus versus Predicted Resilient Modulus @ Optimum
Condition (Zhang’'s Model)
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Predicted MR/ Lab MR vs Lab Resilient Modulus
(86 Individual MR Test Data @ 2 psi Confining Pressure)
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Figure 5.33 Ratio of Predicted MR over Lab MR versus Lab MR (Zhang’s Model)

Predicted MR/ Lab MR vs Lab Resilient Modulus
(52 Individual MR Test Data @ 2 psi Confining Pressure, Optimum Condition)
1.50 —
Classification
o A2-4
n m A3
]

X 125+——————— e 1.25
= - m
o | ]
g °-' :
E l' m " )
= 1.00 o Nou—= 1
8 [ ] I-l am °
e Fd
o ° | [J |
° o =
o °
o 075—————— U - — — 0.75

.- n

0.50 T - T
5000 10000 15000 20000 25000
Lab Resilient Modulus, psi

Figure 5.34 Ratio of Predicted MR over Lab MR versus Lab MR @ Optimum Condition (Zhang'’s
Model)
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Predicted MR/ Lab MR vs Moisture Content
(86 Individual MR Test Data @ 2 psi Confining Pressure)
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Figure 5.35 Ratio of Predicted MR over Lab MR versus Moisture Content (Zhang's Model)

Predicted MR/ Lab MR vs Optimum Moisture Content
(52 Individual MR Test Data @ 2 psi Confining Pressure, Optimum Condition)
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Figure 5.36 Ratio of Predicted MR over Lab MR versus Moisture Content at Optimum Condition
(Zhang’'s Model)
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Predicted MR/ Lab MR vs Dry Unit Weight
(86 Individual MR Test Data @ 2 psi Confining Pressure)
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Figure 5.37 Ratio of Predicted MR over Lab MR versus Dry Unit Weight (Zhang’'s Model)

Predicted MR/ Lab MR vs Max. Dry Unit Weight
(52 Individual MR Test Data @ 2 ps Confining Pressure, Optimum Condition)
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Figure 5.38 Ratio of Predicted MR over Lab MR versus Dry Unit Weight at Optimum Condition
(Zhang’'s Model)

117



(lepo s.Bueyz) sioioipald SNoLBA SNSIOA YA BT J8A0 YN Paldipald Jo oney ay} jo uosuedwo) ¢S ainbi4

8Ll

€y m
v¢cv @
UOREJNISSED

ocl oLl 001 Gl ol S
| | | | | |
e ~0S°0
-G.°0
° oo
ﬁo * ‘ —00°1L
i
= = u .
' .. ® ( -GC'l
° . °
i i 05}
° °
WSIOM U A 1UQJU0)) ANISTON
P ® & 9@ § 9 F ¢
0S°0 °
sio+ @
o $ $
[ °
00'} e ®
° " °
G¢'l
[ [
08°} - ¢ ¢

JUSIOJ20)) AJIULIOJTUf)

2nJeAIN) JO JUAIDIA0))

$10101paid SA HIN 9B / ¥ Pa1oIpaid

dIN qe / HIN paldipald




CHAPTER 6
RESI LI ENT MODULUS PREDI CTI ON MODELS

6.1 GENERAL

The general purpose of nultiple regression analysis is
to learn nore about the relationship between severa
i ndependent or predictor variables and a dependent or
criterion variable. In general, nultiple regression allows
the researcher to ask (and hopefully answer) the general
guestion “what is the best predictor of ..2".

In the multivariate case, when there is nore than one
i ndependent vari abl e, the regression |ine cannot be

visualized in a two dinensional space, but can be conputed

just as easily. In general t hen, multiple regression
procedures will estimate a |inear equation of the form
y=BytBx, + Box, o+ Bix te (6.1)

The smaller the wvariability of +the residual values
around the regression |ine relative to the overal
variability, the better is our prediction. The R-square val ue
is an indicator of how well the nodel fits the data (e.g., an
R-square value close to 1.0 indicates that nost of the
variability with the variables specified in the nodel have
been accounted for). More information about nultiple

regression analysis may be found in Appendi x E.
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6.2 SELECTI ON OF MR REGRESSI ON VARI ABLES

The purpose of a regression nodel is to use sone
paraneters to predict another value (called response). In the
| aboratory resilient nodulus test, it is difficult and tine
consumng to conduct a test to obtain resilient nodulus
values, but it is easier to obtain basic soil properties such

as the percentage of fines, the gradation curve, and noisture

content, etc. If nore paranmeters are added in the multiple
regression nodel, the resulting prediction nodel will be nore
accur at e.

The selection of the predicting paraneters was based on
the availability of the Dbasic soil ©properties in the
dat abase. The resilient nodulus values under the stress
state of 2 psi confining stress and 6 psi deviator stress
were selected for analysis. Ni ne basic soil properties were
available for analysis, and they are npisture content, dry
unit weight, percent of fines, percent of clay content, LBR
coefficient of curvature, uniformty coefficient, plasticity
i ndex, and perneability. The paraneter plasticity index was
removed from analysis due to the limted data points. The
sel ected eight paraneters were eval uated enpl oying the nethod
of the backward, stepw se regression analysis to identify the
i nportant vari abl es. A detailed procedure of the stepw se

analysis is further described in Section 6.4, and the
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anal yzed results are attached in Appendix E. The results
were then adjusted according to the observations in section

5. 5.

6.3 MXDEL SAWLE POPULATI ON

The analysis from the section 5.5 showed that the
correlations between resilient nmodulus and sone  soil
properties mght have different trends for A-3 and A-2-4
soi | s. Therefore, one prediction nodel was developed to
include the conbination of the A-3 and A-2-4 soils, and two
separate nodels were also considered for the A-3 and A-2-4
soils, respectively. The avail abl e nunber of data points on
each variable for the A-3 and A-2-4 soils was presented in
Table 6.1. The final data popul ation was determ ned based on

the sel ected paraneters.

6.4 STATISTICAL ANALYSIS TooL

The nmultiple regression analyses were perfornmed using
the statistical software, Mnitab Release 14, to correlate
the physical properties of the soils wth the resilient
nmodul us. To identify the inportant paraneters, the stepw se
regression analyses were performed for the purpose of
identifying a useful subset of the predictors. The Mnitab
provides three comonly used procedures: standard stepw se

regression (adds and renoves variables), forward selection
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(adds vari abl es), and backwar d el imnation (renmoves
vari abl es) . The backward nethod with the criteria of «
equals to 0.1 was chosen to obtain the predictors.

Three stepwi se anal yses were perfornmed to find the nost
significant predictors. The proposed predictors were used to
start the regression analysis. The regression anal yses were
performed until the best results showed. The final selected
vari ables (parameters) for the nultiple regression analysis
are presented in Table 6.2. Results show that the noisture
content had the nost significant influence on the resilient
nmodul us, while the dry unit weight had the |east significant
influence on the resilient nodul us. The detailed analysis

may be found in Appendi x E

6.5 RESILIENT MoDULUS PREDI CTI ON MoDEL

In the nultiple regression nodel, if the nodel
coefficient of determnation is closer to 1, the form of the
response and predictors can be changed to reciprocal value,
| ogarithm value, or others. The selection of nmultiple
regression equation form basically followed the nodel
proposed by Zhang (2004). The variables were selected
according to the inportance of the influence factors which
were indicated by the stepwise analysis results and the

anal ysis findings in Section 5.5.
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From the laboratory resilient nodulus test results,
different resilient nodulus values were obtained for each
soil according to different conditions. The | ogarithm val ue
of the full-length resilient nodulus under the stress state
of 2 psi confining stress and 6 psi deviator stress was
chosen as the nodel responses. After the regression nodel
was devel oped, the usability of the nodel was then checked
through the analysis of variance F-test. A detailed theory
of the F-test can be seen in Appendi x E.

The devel opnent processes of the regression nodels are

di scussed in the foll ow ng sections.

6.5.1 Devel opnent of Prediction Mddel for A-3 Soils

From the stepwi se analysis (see Appendix E, Table E. 1),
the noisture content and perneability were found to be the
nmost inportant factors for the A-3 soils. The first trial of
the regression analysis (see Appendix E, Table E. 2) wused
those two paraneters as the predictors. The regression
analysis showed an R-square value of 24.4% which is
relatively | ow and considered to be failed.

By incorporating nore predictors, the R-square value may
be increased. The second trial added four nore predictors,
i.e., the percent of fines, coefficient of curvature (C),

uniformty coefficient (C), and dry unit weight, which are
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relatively easy to obtain in the |aboratory. The results
showed an R-square value of 50.0% and an F-value of 2.67 (see
Appendi x E, Table E. 3). The required F value to reject the
nul | hypothesis based on the alpha value of 0.05 is 2.7413
The F-value of 2.67 of the nbdel was too |low to reject the
nul | hypot hesi s. Thus, this nodel was considered to be
fail ed again.

By further adding and renoving predictors from the
initially selected eight paranmeters, the final regression
nodel (see Appendix E, Table E 4) was based on the properties

of coefficient of curvature (C), noisture content, and

pernmeability. The regression equation is shown as foll ows:
In(M,)=9.5+0.161C, - 0.0123w+ 71.4k (6.2)
Wer e,
M, - Resilient nodulus in psi, at 2 psi confining
pressure
C = Coefficient of curvature
& = Qptinmumgravinetric noisture content in percentage
(0~100) as determ ned by AASHTO T-99
k = Coefficient of perneability in cm sec

This nodel had an R-square value of 47.3% and an F val ue of
5.68, which is greater than the required F value with the
al pha of 0.05 [F(0.05, 3,19)=3.1274], and is considered to be

a statistically useful nodel.
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6.5.2 Devel opnent of Prediction Mddel for A-2-4 Soils

From the stepw se analysis (see Appendix E, Table E. 5),
the noisture content, coefficient of curvature (&),
uniformty coefficient (G), and percent of clay were found to
be the nost inportant factors for the A-2-4 soils. The first
trial (see Appendix E, Table E.6) used those four paraneters
as the predictors. The regression analysis showed an R-
square value of 51.4% and the F value of 8.47, which is
greater than the required F value with the alpha of 0.05
[ F( 0. 05, 4, 30) =2. 6896] . This nodel is considered to be a
statistically useful one.

By incorporating nore predictors, the R-square value can
be further increased. Since the properties of the percent of
fines and dry unit weight are usually available, these two
paranmeters were added in the second trial (see Appendix E,
Table E.7) to check the R-square val ue. The results showed
an R-square value of 51.7% and an F value of 5. 35. | t
resulted in a slight inprovenent (0.3% on the R-square, but
with a nmch nore significant decrease of the F value.
Therefore, it appeared that the first trial should be
considered to be a suitable nodel for the A-2-4 Soils. The

regression equation is shown as foll ows:
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In(M,)=9.87-0.0593C, +0.0118C, —0.0414w+ 0.0337Clay

(6.3)
Wer e,
M, = Resilient nodulus in psi, at 2 psi confining
pressure
C = Coefficient of curvature
G = Uniformty coefficient
w = Optimum gravinetric noisture content in
per cent age (0~100) as determ ned by AASHTO T-99
Clay = Percent of clay content (0~100)

6.5.3 Devel opnment of Prediction Mdel for A-3 and A-2-4 Soils

From the stepwi se analysis (see Appendix E, Table E. 8),
the noisture content, coefficient of curvature (&),
uniformty coefficient (G), and LBR were found to be the nost
inportant factors for the A-3 and A-2-4 soils. The first
trial (see Appendix E, Table E.9) used those four paraneters
as the predictors. The regression analysis showed an R-
square value of 36.0% which is relatively low and is
considered to be failed.

By incorporating nore predictors, the R-square value can
be further increased. The second trial (see Appendix E,
Table E.10) involved all eight paraneters. The results
showed an R-square value of 52.5% and an F value of 5.25
Since the F value was not high enough, another trial was

taken. The third trial (see Appendix E, Table E. 11) adopted
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the predictors used in both the A-3 and A-2-4 prediction
nmodel s. The results showed an R-square value of 51.4% and an
F value of 8.67. The required F value for rejecting the nul

hypot hesis based on the 0.05 alpha value is 2.4495, i.e.,
F(0. 05, 5, 40) =2. 4495. This nodel gave a much higher F val ue
with about 1% decrease on the R-square value, and should be
considered to be a suitable nodel for the A-3 and A-2-4

granul ar soils. The regression equation is shown as foll ows:

In(M,)=9.76 -0.0602C, +0.121C, —0.0297w+ 0.0303Clay + 6.7k

(6.4)
Wer e,
M, = Resilient modulus in psi, at 2 psi confining
pressure
C = Coefficient of curvature
G = Uniformty coefficient
[/ —_

= Optinmumgravinetric noisture content in

per cent age (0~100) as determ ned by AASHTO T-99
Clay = Percent of clay content (0~100)
k = Coefficient of perneability in cnisec

A summary of the developed resilient nodulus prediction

nmodel s is presented in Table 6. 3.

6. 6 PERFORVANCE OF PREDI CTI ON MODELS

The proposed prediction nodels were exam ned to eval uate

t he perfornmance. Figure 6.1, Figure 6.2, and Figure 6.3 are
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showmn to illustrate the conparisons between the neasured
| aboratory resilient nodulus and predicted resilient nodulus
values for the three proposed nodels. Figure 6.4, Figure
6.5, and Figure 6.6 are shown to denonstrate the ratios of
the predicted resilient nodulus over the nmeasured |aboratory
resilient nodulus value versus the neasured |aboratory
resilient nodulus for the three proposed nodels. The
resilient nodulus ratios versus the noisture content are
shown in Figure 6.7, Figure 6.8, and Figure 6.9 for the three
proposed nodel s. From the data shown in these figures, nost
of the ratios of the predicted resilient nodulus over the
| aboratory neasured resilient nodulus were within the ranges
from 0.8 to 1.2, which neant that the wusability of the

proposed regression nodels wuld obtain a reasonably
predicted resilient nodulus value within =+ 20% error. To

achieve a 90% confidence level, the predicted resilient
nmodul us should have a 20% reduction to conpensate for the

regression errors.
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Table 6.1 Summary of Data Points for Evaluating Resilient Modulus Regression Model

Variable Description Data Points for A-3 Data Points for A-2-4
Fines. % Percentage passing No. 200 sieve 67 69
Clay, % Percentage of clay 21 53
MC, % Moisture content of the test specimen 111 105
DUW, pcf Dry unit weight of the test specimen 111 105
LBR Lime Rock Bearing Ratio 107 91
Cc Coefficient of Curvature 44 43
Cu Uniformity Coefficient 44 43
Perm, cm/sec |Permeability in 7 psi confining pressure 30 67
Table 6.2 Predictors for Regression Models
A-3 Soils A-2-4 Soils A-3 and A-2-4 Soils
Variable Initial Final Initial Final Initial Final
Proposed Selected Proposed Selected Proposed Selected
Fines, %
Clay, %
MC, % X X X
DUW, pcf
LBR
Cc X
Cu
Perm, cm/sec X X

129




Table 6.3 Summary of Developed Resilient Modulus Prediction Models

Soil Type Multiple Regression Model

A-3 In(M,)=9.5+0.161C, —0.0123 w+ 71 .4k

A-2-4 In(M,)=9.87 —0.0593 C, +0.0118 C, —0.0414 e+ 0.0337 Clay
A-3, A-2-4

In(M,) =9.76 —0.0602 C, +0.121C, —0.0297 cw+ 0.0303 Clay + 6.7k

M = Resilient modulus in psi, at 2 psi confining pressure
C . = Coefficient of Curvature

C, = Uniformity Coefficient

o = Gravimetric moisture content in percentage (0~100)
Clay = Percent of Clay (0~100)

k = Coefficient of Permeability in cm/sec
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Predicted MR vs Laboratory MR
(23 Data Points for A-3 Soils)
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Figure 6.1 Predicted Resilient Modulus versus Lab Measured Resilient Modulus for A-3 Soils

Predicted MR vs Laboratory MR
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Figure 6.2 Predicted Resilient Modulus versus Lab Measured Resilient Modulus for A-2-4 Soils

131



Predicted MR vs Laboratory MR
(48 Data Points for A-3 and A-2-4 Soils)
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Figure 6.3 Predicted Resilient Modulus versus Lab Measured Resilient Modulus for A-3 and A-2-4
Soils
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Figure 6.4 Ratio of Predicted MR over Lab MR versus Lab MR for the A-3 Soils
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Ratio (Predicted MR/ Lab MR) vs Lab MR
(38 Data Points for A-2-4 Soils)
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Figure 6.5 Ratio of Predicted MR over Lab MR versus Lab MR for the A-2-4 Soils

Ratio (Predicted MR/ Lab MR) vs Lab MR
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Figure 6.6 Ratio of Predicted MR over Lab MR versus Lab MR for the A-3 and A-2-4 Soils
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Ratio (Predicted MR/ Lab MR) vs Moisture Content
(23 Data Points for A-3 Soils)
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Figure 6.7 Ratio of Predicted MR over Lab MR versus Moisture Content for the A-3 Soils

Ratio (Predicted MR/ Lab MR) vs Moisture Content
(38 Data Points for A-2-4 Soils)
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Figure 6.8 Ratio of Predicted MR over Lab MR versus Moisture Content for the A-2-4 Soils
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Ratio (Predicted MR/ Lab MR)

Ratio (Predicted MR/ Lab MR) vs Moisture Content

(48 Data Points for A-3 and A-2-4 Soils)
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CHAPTER 7
SUMVARY, CONCLUSI ONS, AND RECOMVENDATI ONS

7.1 SUWARY

The primary objective of this research study was to
popul ate and enhance the previously developed resilient
nodul us database with additional resilient test data for the
purpose of establishing resilient nodulus nodels based on
basic material physical properties in Florida. To achieve
the objective, 25 subgrade naterials were collected for
testing fromthe FDOT district offices around the state. The
basi ¢ physical properties of the soil materials were tested
and characterized by the State Materials Ofice. The
subgrade materials were transported to the laboratory in
Tal | ahassee where 168 resilient nodulus tests were perforned
using the AASHTO T307-99 test procedure. Al of the test
data concerning the basic engineering properties and the
resilient nodulus test results were stored in an enhanced
dat abase using M crosoft Access.

Two databases were presented for this study. One was
the existing database “Soillab.mlb” wth tw additional
resilient nodulus tables. The other one was an enhanced
dat abase “MRAnal yzer.ndb” that included integration and

anal ysis functions enbedded in the database to give the users
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an easier way to keep track of the data. More tables were
al so devel oped in the database for analysis. 1In addition to
popul ating and developing the database, a conprehensive
literature review was conducted to evaluate the resilient
nmodul us of granul ar subgrade materi al s.

The resilient nodulus test results were anal yzed using a
statistical approach (Mnitab statistical software) to
evaluate the effect of soil physical properties on the
resilient nodulus. The multiple regression analyses were
performed to find the optinmum resilient nodulus prediction
nmodel s based on the various soil types, test nethods, and
other test conditions. The resilient nodul us val ues obtained
from the prediction nodels were generally within a range of
+/- 20% of the |aboratory neasured resilient nodul us val ues.
The research findings from this study could be adopted for
future inplenentation of the nechanistic-enpirical pavenent

design in Florida.

7.2 CONCLUSI ONS

Based upon the analyses and findings of this research

study, the conclusions are drawn and summari zed as foll ows:
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Twenty five soil nmaterials were collected for resilient
nmodul us testing. A total of 168 resilient nodulus tests
were performed in the laboratory for this study.

Two databases were presented in this study. One was
“soillab. mdb” that included existing database tables
updated with newy perforned test data. The other one
was “MRAnal yzer.nmdb” that contained additional tables to
incorporate the integration and analysis functions. Both
dat abases were saved in a CD-R and submtted to the FDOT
for future inplenentation of the nechanistic-enpirical
pavenent design.

The resilient nodulus test data for the A3, A-2-4, and
A-2-6 soils using the T292-91l and T307-99 test
procedures were selected for further analysis, which
included a total of 276 data points with 152 sets from
the T307-99 test and 124 sets fromthe T292-91l test.

The overall resilient nodulus values varied wthin a
range from 7,368 psi to 26,110 psi wth an average
resilient nodul us val ue of 14,241 psi.

The resilient nodulus test results showed that the
physi cal properties of a soil material such as water
content, dry unit weight, and LBR have nore significant
effects on the resilient nodulus of the A-2-4 soils than

on the A-3 soils.
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10.

11.

The resilient nmodulus for the A-2-4 soils increased with
an increase in the percent of fines and clay content.
The effect of the percent fines and clay content on the
resilient nmodulus of the A-3 soils was not significant.

No significant correlations were found between resilient
nodul us and the coefficient of curvature (C), uniformty
coefficient (C), and perneability due to the limted data
poi nts.

The perneability data showed a strong correlation between
the perneability value and the percent of fines and clay
content. The perneability value decreased wth an
increase in the percent of fines, the percent of clay
content and the dry unit weight.

The Poisson’s ratio values were recorded in the raw
output data file as well as in the M5 Access database.
The Poisson’s ratio was found to be unstable for the sane
sanple in a test.

An evaluation of the resilient nodulus data was perforned
using the prediction nodel developed by Zhang (2004).
The results showed that 80% of the |aboratory neasured
resilient nodulus values were within +/- 3,000 psi of the
predicted resilient nodulus values from Zhang' s nodel .
Three prediction nodels were proposed based on the

resilient nodulus test results. The prediction nodels
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7.

3

had an average R-square value of 50% and F value of 7.2.
An average of 20% reduction should be applied to the
predi ct ed resilient nodul us val ues for practi cal

appl i cations.

RECOMVENDATI ONS

The m ssing properties of the tested materials using the
T292-911 test nethod should be recovered for a better
interpretation of the prediction nodel analysis.

For sandy soils, the static conpaction or gyratory
conpaction should be wused to achieve the optinum
conpacted condition.

More resilient nodulus test data should be collected and
integrated into the database. A thorough exam nation of
the test data qualification and reliability should be
performed to ensure the data quality. This should
include all the soil material properties information and
the test conditions.

The resilient modul us  test pr ocedur es should be
standardized to obtain nore reliable and repeatable
resilient nodulus test results. This includes unified
resilient nodulus test equi pnent, software configuration,
sanple preparation nethod, and the |aboratory test

envi ronnent .

140



5. The prediction nodels developed in this study would only
be practical in estimating resilient nodulus values for
the soils simlar to those being used to develop the

predi ction regression equations.
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APPENDI X A
SUWARY OF RESI LI ENT MODULUS TEST DATA FI LES
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Table A.1 MR Test File Name Index
Test File Name Index (1)

FDOT District FDOT Lab. # Location FSU Sample ID FSU Test # File Name

1 21981-S Farth Sotirce FSnn1 A1 MR-01-FSNN1A1 xis
1 21981-S Earth Source ES001 B1 MR-01-ES001B1.xIs
1 21981-S Earth Source ES001 D1 MR-01-ES001D1.xIs
1 21981-S Earth Source ES001 E1 MR-01-ES001E1.xIs
1 21906-S Polk Masaic Mine MMO001 A1 MR-01-MMO001A1.xIs
1 21906-S Polk Masaic Mine MMO001 B1 MR-01-MMO001B1.xIs
1 21906-S Polk Masaic Mine MMO001 D1 MR-01-MMO001D1.xIs
1 21906-S Polk Masaic Mine MMO001 E1 MR-01-MMO001E1.xIs
1 21980-S SMR Pit SMR001 A1 MR-01-SMR001A1.xIs
1 21980-S SMR Pit SMRO001 B1 MR-01-SMR001B1.xIs
1 21980-S SMR Pit SMR001 C1 MR-01-SMR001C1.xls
1 21980-S SMR Pit SMR001 D1 MR-01-SMR001D1.xls
2 21982-S Blue Rock Pit BR001 A1 MR-02-BR0O01A1.xIs
2 21982-S Blue Rock Pit BR001 B2 MR-02-BR001B2.xIs
2 21982-S Blue Rock Pit BR001 D1 MR-02-BR001D1.xIs
2 21982-S Blue Rock Pit BR001 E1 MR-02-BRO01E1.xIs
2 21982-S Blue Rock Pit BR001 F1 MR-02-BRO01F1.xIs
2 21982-S Blue Rock Pit BR001 G1 MR-02-BR001G1.xIs
2 21671~3 Branch BH001 C1 MR-02-BH001C1.xIs
2 21671~3 Branch BH001 D2 MR-02-BH001D2.xIs
2 21671~3 Branch BH001 E1 MR-02-BHO01E1.xIs
2 21671~3 Branch BH001 F1 MR-02-BHO01F1.xIs
2 21671~3 Branch BH001 G1 MR-02-BH001G1.xIs
2 21671~3 Branch BH001 H1 MR-02-BHO01H1.xIs
2 21668~70 Iron Bridge 1B001 C1 MR-02-IB001C1.xls
2 21668~70 Iron Bridge 1B001 D1 MR-02-I1B001D1.xls
2 21668~70 Iron Bridge 1B001 E1 MR-02-IB001E1.xIs
2 21668~70 Iron Bridge 1B001 F1 MR-02-IB001F1.xls
2 21984-S Osteen 0S001 A1 MR-02-OS001A1.xIs
2 21984-S Osteen 0S001 B1 MR-02-OS001B1.xIs
2 21984-S Osteen 0S001 C1 MR-02-OS001C1.xIs
2 21984-S Osteen 0S001 D1 MR-02-OS001D1.xIs
2 21665~7 Spring Cemetery SC001 C1 MR-02-SC001C1.xls
2 21665~7 Spring Cemetery SCO001 D2 MR-02-SC001D2.xls
2 21665~7 Spring Cemetery SC001 E1 MR-02-SC001E2.xIs
2 21665~7 Spring Cemetery SC001 F1 MR-02-SC001F2.xls
2 21157 US 90 21157 A1 21157s1.xIs

2 21159 US 90 21159 B1 21159s2a.xls

2 21157 US 90 21157 B1 21157s2.xIs

2 21158 US 90 21158 A1 21158s1.xIs

2 21158 US 90 21158 B1 21158s2.xIs

2 21159 US 90 21159 A1 21159s1.xIs

2 21983-S Watson Pit WT001 A1 MR-02-WTO001A1.xls
2 21983-S Watson Pit WTO001 B1 MR-02-WTO001B1.xls
2 21983-S Watson Pit WTO001 D1 MR-02-WT001D1.xls
2 21983-S Watson Pit WT001 E1 MR-02-WTO01E1.Xls
3 21851-S Airport AP001 C1 MR-03-AP001C1.xIs
3 21851-S Airport AP001 D1 MR-03-AP001D1.xIs
3 21851-S Airport AP001 E3 MR-03-AP001E3.xIs
3 21851-S Airport AP001 F1 MR-03-AP001F1.xls
3 21851-S Airport AP001 G1 MR-03-AP001G1.xIs
3 21851-S Airport AP001 H1 MR-03-AP001H1.xIs
3 21851-S Airport AP001 11 MR-03-AP00111.xIs
3 21851-S Airport AP001 J1 MR-03-AP001J1.xIs
3 21851-S Airport AP001 K3 MR-03-AP001K3.xIs
3 21851-S Airport AP001 L1 MR-03-AP001L1.xls
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Table A.1 MR Test File Name Index (Continued)
Test File Name Index (2)

FDOT District FDOT Lab. # Location FSU Sample ID FSU Test # File Name

3 21897-S RallFarm 15-20 Comh RFNN? A5 MR-N3-RFNN2AS xis
3 21897-S BallFarm 15-20 Comb. BF002 B3 MR-03-BF002B3.xIs
3 21897-S BallFarm 15-20 Comb. BF002 C1 MR-03-BF002C1.xIs
3 21897-S BallFarm 15-20 Comb. BF002 D1 MR-03-BF002D1.xIs
3 21897-S BallFarm 15-20 Comb. BF002 E1 MR-03-BF002E1.xIs
3 21897-S BallFarm 15-20 Comb. BF002 F1 MR-03-BF002F1.xls
3 21897-S BallFarm 15-20 Comb. BF002 G1 MR-03-BF002G1.xIs
3 21897-S BallFarm 15-20 Comb. BF002 H1 MR-03-BF002H1.xIs
3 21881-S BallFarm 1-6 Comb. BF001 A1 MR-03-BF001A1.xls
3 21881-S BallFarm 1-6 Comb. BF001 B5 MR-03-BF001B5.xIs
3 21881-S BallFarm 1-6 Comb. BF001 C1 MR-03-BF001C1.xIs
3 21881-S BallFarm 1-6 Comb. BF001 D1 MR-03-BF001D1.xIs
3 21881-S BallFarm 1-6 Comb. BF001 F1 MR-03-BF001F1.xls
3 21881-S BallFarm 1-6 Comb. BF001 G1 MR-03-BF001G1.xIs
3 21881-S BallFarm 1-6 Comb. BF001 H1 MR-03-BF001H1.xIs
3 21881-S BallFarm 1-6 Comb. BF001 11 MR-03-BF001I1.xls
3 21852-S Fairfield FFO001 A1 MR-03-FF001A1.xls
3 21852-S Fairfield FFO0O01 B1 MR-03-FF001B1.xls
3 21852-S Fairfield FFO001 C1 MR-03-FF001C1.xIs
3 21852-S Fairfield FFO0O01 D2 MR-03-FF001D2.xIs
3 21852-S Fairfield FFO0O01 D3 MR-03-FF001D3.xIs
3 21852-S Fairfield FFO0O01 E1 MR-03-FF001E1.xls
3 21852-S Fairfield FFO0O01 F1 MR-03-FF001F1.xls
3 21852-S Fairfield FFO0O01 G1 MR-03-FF001G1.xIs
3 21852-S Fairfield FFO001 H1 MR-03-FF001H1.xIs
3 Shelfer Rd. Shelfer Rd. Pit LS001 A1 MR-03-LS001A1.xls
3 Shelfer Rd. Shelfer Rd. Pit LS001 A2 MR-03-LS001A2.xls
3 Shelfer Rd. Shelfer Rd. Pit LS001 B1 MR-03-LS001B1.xls
3 Shelfer Rd. Shelfer Rd. Pit LS001 B2 MR-03-LS001B2.xls
3 Shelfer Rd. Shelfer Rd. Pit LS001 B3 MR-03-LS001B3.xls
3 Shelfer Rd. Shelfer Rd. Pit LS001 B4 MR-03-LS001B4.xls
3 21383 SR 83 Watson 21383 A1 21383s1.xIs

3 21387 SR 83 Watson 21387 A1 21387s1.xIs

3 21383 SR 83 Watson 21383 B1 21383s2.xIs

3 21384 SR 83 Watson 21384 A1 21384s1.xIs

3 21384 SR 83 Watson 21384 B1 21384s2.xIs

3 21385 SR 83 Watson 21385 A1 21385s1.xIs

3 21385 SR 83 Watson 21385 B1 21385s2.xIs

3 21386 SR 83 Watson 21386 A1 21386s1.xIs

3 21386 SR 83 Watson 21386 B1 21386s2b.xIs

3 21387 SR 83 Watson 21387 B1 21387s2.xIs

3 21388 SR 83 Watson 21388 A1 21388s1.xIs

3 21388 SR 83 Watson 21388 B1 21388s2.xIs

3 21389 SR 83 Watson 21389 A1 21389s1d.xIs

3 21389 SR 83 Watson 21389 B1 21389s2.xIs

3 21390 SR 83 Watson 21390 A1 21390s1.xIs

3 21390 SR 83 Watson 21390 B1 21390s2a.xls

3 21391 SR 83 Watson 21391 A1 21391s1.xIs

3 21391 SR 83 Watson 21391 B1 21391s2.xIs

4 21989-S SR 15 SR1501 A1 MR-04-SR1501A1.xIs
4 21989-S SR 15 SR1501 B1 MR-04-SR1501C1.xIs
4 21989-S SR 15 SR1501 C1 MR-04-SR1501D1.xIs
4 21989-S SR 15 SR1501 D1 MR-04-SR1501B1.xIs
4 21990-S SR 60 SR6001 A1 MR-04-SR6001A1.xIs
4 21990-S SR 60 SR6001 B1 MR-04-SR6001B1.xIs
4 21990-S SR 60 SR6001 D1 MR-04-SR6001D1.xIs
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Table A.1 MR Test File Name Index (Continued)
Test File Name Index (3)

FDOT District FDOT Lab. # Location FSU Sample ID FSU Test # File Name

4 21990-S SR 60 SR6001 E1 MR-04-SR6001E1.xls
4 21991-S SR 80 SR8001 A1 MR-04-SR8001A1.xls
4 21991-S SR 80 SR8001 B1 MR-04-SR8001B1.xls
4 21991-S SR 80 SR8001 Cc2 MR-04-SR8001C1.xls
4 21991-S SR 80 SR8001 D1 MR-04-SR8001D1.xls
5 21887-S UFRES # 1 UF001 A1 MR-05-UF001A1.xIs
5 21887-S UFRES # 1 UF001 A2 MR-05-UF001A2.xIs
5 21887-S UFRES # 1 UF001 A3 MR-05-UF001A3.xIs
5 21887-S UFRES # 1 UF001 B1 MR-05-UF001B1.xIs
5 21887-S UFRES # 1 UF001 E1 MR-05-UF001E1.xIs
5 21887-S UFRES # 1 UF001 F1 MR-05-UF001F1.xls
5 21887-S UFRES # 1 UF001 G1 MR-05-UF001G1.xIs
5 21887-S UFRES # 1 UF001 HA1 MR-05-UF001H1.xls
5 21887-S UFRES # 1 UF001 11 MR-05-UF00111.xIs
5 21887-S UFRES # 1 UF001 J1 MR-05-UF001J1.xls
5 21888-S UFRES # 2 UF002 A1 MR-05-UF002A1.xIs
5 21888-S UFRES # 2 UF002 B1 MR-05-UF002B1.xIs
5 21888-S UFRES # 2 UF002 E1 MR-05-UF002E1.xIs
5 21888-S UFRES # 2 UF002 F1 MR-05-UF002F1.xls
5 21888-S UFRES # 2 UF002 G1 MR-05-UF002G1.xIs
5 21888-S UFRES # 2 UF002 HA1 MR-05-UF002H1.xls
5 21888-S UFRES # 2 UF002 11 MR-05-UF00211.xIs
5 21888-S UFRES # 2 UF002 J1 MR-05-UF002J1.xls
5 21889-S UFRES # 3 UF003 A1 MR-05-UF003A1.xIs
5 21889-S UFRES # 3 UF003 B1 MR-05-UF003B1.xIs
5 21889-S UFRES # 3 UF003 C1 MR-05-UF003C1.xls
5 21889-S UFRES # 3 UF003 E1 MR-05-UF003E1.xIs
5 21889-S UFRES # 3 UF003 F1 MR-05-UF003F1.xls
5 21889-S UFRES # 3 UF003 G1 MR-05-UF003G1.xIs
5 21889-S UFRES # 3 UF003 HA1 MR-05-UFOHO3H1.xls
5 21889-S UFRES # 3 UF003 11 MR-05-UF00311.xIs
5 21889-S UFRES # 3 UF003 J1 MR-05-UF003J1.xls
6 21994-S MIC Project MIC001 A1 MR-06-MIC001A1.xls
6 21994-S MIC Project MIC001 B2 MR-06-MIC001B2.xls
6 21994-S MIC Project MIC001 D1 MR-06-MIC001D1.xls
6 21994-S MIC Project MIC001 E1 MR-06-MIC001E1.xls
6 21992-S SR 826/NW 36 SR82601 A1 MR-06-SR82601A1.xls
6 21992-S SR 826/NW 36 SR82601 B1 MR-06-SR82601B1.xls
6 21992-S SR 826/NW 36 SR82601 C1 MR-06-SR82601C1.xls
6 21992-S SR 826/NW 36 SR82601 D1 MR-06-SR82601D1.xls
6 21993-S SR 826/NW 8 SR82602 A1 MR-06-SR82602A1.xls
6 21993-S SR 826/NW 8 SR82602 B1 MR-06-SR82602B1 .xIs
6 21993-S SR 826/NW 8 SR82602 D1 MR-06-SR82602D1.xls
6 21993-S SR 826/NW 8 SR82602 E1 MR-06-SR82602E1 .xIs
7 21905-S Hills. CR39 CR3901 A1 MR-07-CR3901A1.xls
7 21905-S Hills. CR39 CR3901 B1 MR-07-CR3901B1.xls
7 21905-S Hills. CR39 CR3901 C1 MR-07-CR3901C1.xIs
7 21905-S Hills. CR39 CR3901 D1 MR-07-CR3901D1.xIs
7 21910-S Shelly Lake SL001 A1 MR-07-SL001A1.Xls
7 21910-S Shelly Lake SL001 B1 MR-07-SL001B1.xls
7 21910-S Shelly Lake SL001 C1 MR-07-SL001C1.xls
7 21910-S Shelly Lake SL001 D1 MR-07-SL001D1.xls
7 21909-S us 19 US1901 A1 MR-07-US1901A1.xls
7 21909-S us 19 US1901 B1 MR-07-US1901B1.xXls
7 21909-S us 19 US1901 C1 MR-07-US1901C1.xls
7 21909-S us 19 US1901 D1 MR-07-US1901D1.xls
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Step 1: Open MRAnalyzer.mdb, click “Open” on the security warning dialog.

X

Security Warning

Cpening "L \MRProjecth20060704WR Analyzeriwarking. mdb"

This file may not be safe if it contains code that was intended to harm your
Computer,
Do you want to open this file or cancel the operation?

T el | en | woremnfo

2

Step 2: After the opening, both the database main window and the Main Switchboard are displayed.
Minimize the database main window.

:@;MRAnalyzer : Database (Access 2000 file for... EL;‘[XJ
[ H open & Design Apew | X | 2 - S5
Ohjects oY gryTolMRTestAlavgs Main Switchboard
o Taples | ¥ gryTHOMRTestT307CH 1' _ =
E 51 qryTolhang ‘ Main Switchboard
— EHEISE| |5 qryThlzhangError
Forms 51 gryzhang &
@ Reports | 5 gryZhangAtGood100)
%3 Pages £ gryZhangAtGoodopt! __] View Test Data
2 Macros g glzfezr:alngsummary J Analyze Test Data
#2 Modues | | = queryio __| Test Data Report
Groups & Queryil | user Manual
52 & _ | Exit

Step 3: Click on the main switchboard functions to go to the desired sub-forms. Click on “Exit” will
exit the database.

Main Switchboard

L View Test Data
_] Analyze Test Data
_| Test Data Report
__| Iser Manual

| Evit
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View MR Test Data : You can view the resilient modulus test data by clicking on the “View Test
Data” on the main switchboard. Then you can either go to the T307 or T292/T294 test data. By
clicking on the “Return to Main Switchboard” will lead you to the Main Switchboard.

B view MR Test Data |

View MR Test Data

View MR Test T307 Data
__| view MR Test T292/T294 Data
J Return to Main Switchboard

View MR Test T307 Data : The first data will show on the opening. You can click the “first”, “’next”,
“previous”, and the “last” button to access the data. You can also click the “find record” to find the
specific data you select on the combo box.

EE tbIMRTestT307

Resilient Modulus Test T307 - 99 14 | 4 ‘ > | bl ‘ SeamplelD
[Ustaol ~
SamplelD : US1901 FDOT Lab #: 21909-5 District 7 Testho
Soil Type  [A3 Cc [ 108 Opt Moisture Content (%) n1zd | B 4
% Pass #200 | 47 Cu | 245  Max Dry UnitWeight (ocf) 107.7 )
% Clay | 35 Pl LBR 24 and
Permeahility at 7 psi confining pressure (om/sec) | 0.000305
» TestNo BE1 K1 | 3028.2 K2 | n.g2z2 K12R2 09603
TestDate 124242005 Avg MB at 2psi Confining Pressure 1302812
CompactionhC 12.4 MR at 11 psi Bulk Stress 13462.91
CompactionDUW 1053 Useful data Data at Optimurm Condition
Remarks
MR Test T307 Data | MFvs Bulk Stress | MF vs Confining Pressure
ConfStress | MaxfwialStress | ContactStress | ResilientStrain | ME |
nd g 2031462 01762877 8.463737E-05 21919.00
| 6 3.972195 0.3333251 0.0001615509 2252461
| 6 5.805867 0.4386225 0.0002335924 23362.26
| 6 7717945 0.669348 0.000302051 23266.46
| 6 9.940608 0.3490341 0.0003843147 23630
| 4 1.990567 0.1753807 0.0001036514 16706.71
| 4 3.945652 0.3511685 0.0002076423 17310.36
| 4 5.834133 0.4723644 0.0002954774 18146, 12
| 4 7.836493 0.596639 0.0003822165 18941.63
| 4 10.0717 0.8206596 0.0004683675 19751.68
| 2 201799 0.1804632 0.0001599533 11487.9
| 2 3.965461 0.3733126 0.000239348 1237424
| 2 5.830359 0.5200897 0.0003853179 13804.89
| 2 7.800308 0.7213575 0.0004993454 14177.35
2 0.874005 09046127 0.00067 45883 1329623
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View MR Test T307 Data : The “MR vs Bulk Stress” can be found in the Tabbed Pane.
EE 1bIMRTestT307 4

o [ o] [

[Ustant
SamplelD : US1901 FDOT Lab#: 21909-S  District 7 Tastho
Soil Type  [A-3 Ce [ 108 Opt Moisture Content(%) [ 0124 | [F] &
% Pass #200 | 47 Cu [ 245  Max Dry UnitWeight(pcfi [ 1077 )
%Cay | 35 P | LBR 2 | g
Permeahility at 7 psi confining pressure (cm/fsec) | 0.000305

b

Testho Bl K1 | joze2 K2 | ne222  KIZRZ 0.9603
(TestDate 127242005 Ay MR at Zpsi Confining Fressure 1302812

CormpactionhC 124 WP at 11 psi Bulk Stress 1346291
CompactionDUMW 105.3 Useful data Data at Optimum Candition
Femarks

MF Test T307 Data | MR vs Bulk Stress | BiR vs Confining Pressure

MR V¥.5. Bulk Stress Sample US1901 ,Test Mo, BL
100000
4
+*
10000 +
y = 27570 8%
R? = 0.8852
1000 ‘ ‘ ‘
1 10 100
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View MR Test T307 Data : Same as the “MR vs Confining Pressure”.

Resilient Modulus Test T307 -99 [T ‘ . | > ‘ b ‘ SamplelD
VTS
SamplelD : US1901 FDOT Lab#: 21909-S  District 7 TesiNo
Soil Type  [A3 Ce [ 108 Opt Moisture Cantent (34) 01z | [B1 3
% Pass #200 | 47 Cu | 245  Max Dry Unit'Weight (och 107.7
Find
%Cley | 35 Pl | LBR 22 | Recard
Fermealility at 7 psi confining pressure (cm/sec) | 0.000305
¥ Tesitia |E K1 | EEE v 06222 KizRz 0.8603
TestDate 124242005 Ay MR at 2psi Confining Pressure 1302812
CompactionhC 124 MF at 11 psi Bulk Stress 1346291
CompactionDLWy 1053 Useful data, Diata at Optimum Caondition
Remarks
R Test T307 Data | MR vs Bulk Stress | MRwvs CanirMPTsssure
MR V5. Confining Pressure Sample US1901 ,Test Mo, B1
100000
L&
¥
10000 |
¥ = 9043 6" 1
R’ =0.9385
1000
1 10
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View MR Test T292/T294 Data : Follow the same procedure to get to the T292/T294 MR Test data.
No Regression Figures available for the T292/T294 Data

EE tbIMRTestT307

Resilient Modulus Test T202/T204 S IKNILN IR S

|Lew 3
SamplelD : 13302 Structure Layer: District TestHo
Soil Type | Cc | Opt. Moisture Cantent (%) ,W Insitu-ve|
% Pass #200 | cu | Max. Dry UnitWeight (pcf) [ 1032
% Clay | Pl LER [ &
Fermeability at 7 psi confining pressure (cm/sec) |

»
Testho Al CompactedhC 12
TestDate CompactedDILUW 101.4

Ay MR at 2psi Confining Pressure (psi) 11787.74 Useful data Data at Opt. Condition

Femarks
ConfPressure | Awiallosd | DeviatorStress |  MiddleMR | FullMR
> | 15 84,10665 6.691257 58.90916 37.5269
] 15 121698 9.631907 60.99048 31.31464
N 15 184.4308 14.67272 62.27329 32.33637
] 10 58.04462 4639446 47.73148 23.63202
] 10 £4,09975 6.690708 47.98260 23.63283
] 10 1218738 9.695392 48.70416 24,5991
] 10 184.7099 14.69493 51.26672 27.15105
] 5 33.67575 2679135 33.49966 15.96226
N 5 58,9688 4693414 34.83632 16.01851
] 5 84.14112 £.693999 35.56517 16.68565
] 5 1217773 9.695214 37.52273 18.04406
] 2 33.76537 2.696265 23.75797 10.34151
] 2 58.85501 4692317 26.68574 12.05992
2 84,1032 £.690082 27.24195 12.46179
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Analyze Test data: Click on the “Analyze Test Data” will lead you to the following sub form
B= Analyze Test Data

7 Resilient Modulus
_| Permeability
_| Return to Main SwitchBoard

Analyze MR Test Data: Clicking on the correlation you would like to see will lead you to the
correlation figures

EEl Analyze MR Test Data

g R ws Percent of Passing Sieve No. 200
_| MR vs Percent of Clay

_| MR w5 Co

_| MR vs Cu

_| MR vs Plastic Index

_| MR vs Moisture Content

__| MR vs Dry Unit Weight

| MRvs LBR

_| MR vs Permeability

_| Return to previous page

B frmMRvsSV200150 : Form
Resilient Modulus V.S. % Passing Sieve No. 200
(150 Individual MR Tests @ 2 Confining Pressure, Opt, Condition)
0 10 20 20
T292 T307 Classification
- . A2
. m A-Z-6
B + 43
Q *
. | ]
5 20000 H
=] .
18 * o, - i’ - *
[ ] .
= 15000 ot t P -
= * +f te W
e * ) - '}{
p ¢ 4 «*" 3 g
= ey 1
o 3 . =
10000 1 Tt e I.
9000 4 .
2000 4 *
6] 10 20 30
Percent Passing Sieve No. 200, %o
Panel variable: TestMethod
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Analyze Permeability Data :Click on the “Permeability” button on the “Analyze Test Data” form will

Permeability vs Passing Sieve Mo, 200
J mrmeablllty ws Dry Unit WWelght

J Permeability vs Percent of Clay

J Fermeability vs Cu

J Fermeability vs Cc

J Permeability vs P

J Return to previous page

Permeability, cm/sec

0.0100000 5
—a— Design High Water Program
— B - MR Test Database Program
0.0010000 4 =
0.0001000 4
[ ]
s *
0.0000100 1 " b
n T =
n R
0.0000010 1 . ks
e~
]
0.0000001 T T T T T T
10 15 20 25 30 35

Percent Passing Sieve No. 200 , 9o
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Test Data Report: There are two default reports in the database. However, the database
administrator can add more reports anytime if needed.

B MR Test Data Report

MR Test Data Report

Table Relationship
_| Fermeability Summary Table
_| Return to Main Switchboard

¥ Relationships for MRAnalyzerWorking

MR Analyzer DataBase Table Relationship
Aug, 2008

1
0

Mase
T
franny

T

1
i

e
Tcnic
Tl 1

i

qryPerm

Permeability Test Result Sunmary There are total 25 Tests
Sampk D FIOTLabMo.  Passing Seve Mo 200031 Compacted UW (pef) vt Dearee OF Sutustion3)  Permeabiltylemiseel  Testhmproach
e 12 omos parel
savars a0 o pausl
a2 2 om0 raiel
P n ool ranel

oot 218812 na 12z s 00000 15 rarel
srmt 2115 2 125 @ [y rarel
srme 215 28 1183 [ 0 oot rarel
oot zeEnaten 2 1z @ ommwrie s
a0t 2m23 s 1055 om0t ranel
= 2112 8 13 oamosi? rarel
Fram 21525 En =3 El onmooies rarel
Bm zesaien a e ® o nmomss raiel
iy . 1 Bl mssa constntrean
Lsoot 210 " 121z 0 oot ranel
wemi 2mis s 1z omonz rarel
swot zwesaies 1524 165 E oz rarel
srennt 2105 103 e omais raiel
Frn " s & umms sl
srIoa s i & umms costnttea
semmz 1S 2 s oamotas ranel
vroot 21805 an 1s 2 oomnsa rarel
vrz 2105 ns 1o i ooz rarel
v 2195 2 1155 s oomota rarel
ustson 21095 u 1ms & s s
oo 21mes 2z 1051 omese rarel
Tiveasy 1105 B0 T o1
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Database User Manual : Database user manual can be found in the application by clicking on the
“UserManual” button on the Main Switchborad.

The following windows are the Table list, Quary list, Form list, and the Report list in the database.

157

Objects & PasteErrors A tbizhang Objects T
3 Tables & Sheetl H tblzhangl 3 Tables = grylo
= O Shest2 O tblzhang-1 = grysnalysis1
QUS| | o suitchboard Ttems O tbizhang-2 5 queries | -3 rvaukstress
= Forms O tMT180ProctorData = tblzhang-3 = Forms 1t arvchang
i@ Reports A thl4T180ProctorTest O thizhangatGood- 100 8 Reports A gryFormTeManAmalysis1
“3 Pages O thldToSProctorData O  tbizhangAtGSoodOpt-53 - & qryLownrz
) = thi4T9SProctorTest 3 thizhangError H Pages v "
2 MaTes | 9 yeTimoProctor BRTest 2 Macros JT quMaF .
< Modules O thisTeSProctorl BRTest & Modules JE:' gxP:rfnna Hmmary
Groups A thlaASHTOClass = - Real
| 3@ tolaasHTOCssDef Groups drymermeestion
b Favorit..| | o A trerbergTest = e = gryR2sV200
A thiCountyDistrict = qryRZSVZOIOfl
= thMain Sl gryRegression
O thMainAvgAtopt g | -1
A thiMancoodData &t gryThiManAopt
3 tbiMaterial = gryTbMarnT292T307
& thMaterialsummary Gt gryThIMRTestAlAvgATDpT
= thIMRTestal 1 gryTOIMRTestT3070pt
A thMRTestAlAvgATOpE =Y gryTbizhang
O thIvMRTestT292T294 =Y gryTblZhangError
A thIMRTestT252T294backup oY gryZhang
H  thIMRTestT232T29404ata ot gryZhangAtGood100
O thMRTestT307 ot gryZhangAtGoodOptss
O thMRTestT307_1 F gryzhangsummary
O thMRTestT307Backup = Queryl
O thiMRTestT3070ata S Querylz
A tblvRTestTI07PRData S Queryz
O thloptProctor & Query3
O thlPermTest & Query4
m 5 Querys
O thlsievesnalysisTest = Querys
d  tblSuctionData = Query7
g EEHCUOHTGSt = Querys
Iser
O thlvworker F Querys
— f—
Objects & Formi = frmiewMRTestT307-1 Objects @ Relatonships for MRARAzerworking
3 Tables = frmDialogBox 1 MR Anatyzer 3 Tables @ [ n
5 FmEnterMRTestT307
v s = fmMan thirain subform S Quertes
= Forms || &= frMana tHIMRTestT292T 294 0ata sUbfor = Forms
@ Reports | |2 fmMRANalyzerHelp HIMRTestT307Data subform @ Reports
L Pages == frmMRyYsCC150 [ Pages
E frmvRvsccre
2 MEres || frnvRyscLAY1S0 2 Macros
L Modules | | S frmRysCLAYTS & Modules
E FmMRvsCU150
STEE E frmvRvscuze Gmups_
b Favert | | o2 fveyvsDUWSO ) R
E frmvRvsDUW2E7
EH FmMRvsDUWTS
E frmvRvsLBR150
E FmMRvsLBR7S
E frmMRysMC150
EH FmMRvsMC287
E frmMRysMC7o
E FmMRvsPERM150
E frmMRysPERMTS
E FmMRvsPILS0
E frmMRvsPI7S
E FmMRvsSY200150
B frmMRysSY 20073
= FmPERMvsCC
5 frmPERMyvsCLAY
= FmPERMvsCU
E frmPERMyvsDUW
E fFmPERMysPI
5 frmPERMysSY200
E frmTbiMainAnalysis1
& frmviewMRTest307
E frmviewMR TestBySamplelD
EH frmviewMRTestT292T254
B frmviewMRTestT307



MRAnalyzer.mdb Database Table List

Switchboard Items
tbl4 T 180ProctorData
tbl4T180ProctorTest
tbl4T99ProctorData
tbl4T99ProctorTest
tbl6 T 180ProctorLBRTest
tblI6T99ProctorLBRTest
tblIAASHTOCIass
tbIAASHTOCIassDef
tblAtterbergTest
tbICountyDistrict
tbIMain
tbIMainAvgAtOpt
tbIMainGoodData
tbIMaterial
tbIMaterialSummary
tbIMRTestAll
tbIMRTestAllAvgAtOpt
tbIMRTestT292T294
tbIMRTestT292T294Data
tbIMRTestT307
tbIMRTestT307_1
tbIMRTestT307Data
tbIMRTestT307PRData
tblOptProctor
tbIPermTest
tblSieveAnalysisTest
tblSuctionData
tblSuctionTest

tblUser

tbIWorker

Main switchboard data

4 inch modified proctor test data

4 inch maodified proctor test

4 inch standard proctor test data

4 inch standard proctor test

6 inch modified proctor test

6 inch standard proctor test

AASHTO soil type class

AASHTO soil type class definition

Atterberg test data

County and district table

349 MR test data with material properties summary table
Average MR test data with material properties summary table at optimum condition
Valid MR test data with material properties summary table
Basic material information

Material engineering properties summary table

MR test data including T307, T292, and 294

Average MR test data including T307, T292, and t294 at optimum condition
T292 and T294 MR test summary

T292 and T294 MR test data

T307 MR test summary

T307 MR test summary with additional information

T307 MR test data

T307 Poisson’s Ration test data

Proctor data at optimum condition

Permeability test summary

Sieve analysis test data

Suction test data

Suction test summary

User information

Worker information
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Anonmaly Type 1

A regression analysis was conducted on the data from
each of the 349 selected tests to determne the statistica
paraneters for the relationship between stress states and
resilient nodul us. The k; and k, coefficients were obtained
from Equation 2.2 and the corresponding R-square value was
al so determ ned. The ks, ks coefficients and the
corresponding R-square value could also be found from
Equation 2. 3. It was noted that sone tests had |lower R-
square val ues. The specinens with a |lower R-square value
between the bulk stress and resilient nodulus usually had a
hi gher stiffness than the other specinens. The R-square
values of the bulk stress versus resilient nodulus for the
BFOO1, BF002, and BHOOl1 soils are less than 0.5, and the
three soils were all very stiff when conpacted at the optinum
condition. Those data were renoved from further analysis.

Anonmal y Type 2

In the beginning of the testing program observation
showed that the R-square values of the confining pressure
versus resilient nodulus were extrenely |ow, and the
resilient nodulus values remained the sane regardless of the
change of the <confining pressure. Subsequently, an air
| eakage from the triaxial cell was observed and then fixed

The test data using the incorrect confining pressures were
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flagged as the anomaly Type 2. 21 tests were excluded from
further analysis due to the anomaly Type 2.

Anonmaly Type 3

The nmeasured deformations from tests on the OS001,
SL001, and WO001 sandy soils were observed to exceed the
designed |imts during the |ast one or tw test sequences due
to a low stiffness. The sandy soils all contain very |ow
percentage of fines passing the No. 200 sieve (less than 49%.
The data fromthose tests were flagged as the anomaly Type 3,
but were still considered as qualified data for further
anal ysi s.

Anonaly Type 4

A couple of specinens were tested nore than once in the
| abor at ory. The specinens that were not tested at the first
tinme were flagged as the anomaly Type 4. The speci nens were
subject to further consolidation and becane harder than they
were at the first tine. Those data were excluded from
further analysis.

In addition, a few specinmens were disturbed when subject
to high stress states and ended up wth unexpected higher
resilient nodulus val ues. The unusual high resilient nodul
were elimnated fromthe regression anal ysis.

Anonmaly Type 5
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There were at least four tests perfornmed on each type of
soil . Addi ti onal tests were conducted to ensure the
repeatability if any anomaly was found within those tests.
The test data that were not repeatable were flagged as the
anomaly Type 5 and were not included for the calculation of
t he average resilient nodul us.

Anonaly Type 6

During the resilient nodulus test, the contact | oads
were varied for sonme soils at the beginning of the test
procedure. Sone contact |oads were apparently nuch higher
than the normal ones, which should be about 70 to 80 |Ibs.
This could happen due to different conditions of the specinen
contact surface, specinen stiffness, and nachine noises.
This could definitely affect the resilient nodulus results
and should be noted for the test. The anomaly was noted as
Type 6.

Anonmal y Type 7

The noisture content and the dry density of sone
speci nens were found to be outside the range specified in the
T307-99 test procedure after the test. The resilient nodul us
data obtained in the condition outside of the optinmm range
using the AASHTO T-99 were marked as anomaly Type 7 and

should be noted for the test.

162



Anonaly Type 8

There were other factors contributing to the anonalies
of the test results. Any other anomalies that were not
categorized in the above designated types were marked as the
anomaly Type 8, such as leaks occurring in the nenbrane
during the test, different stress states used in the test
program than required by the test protocol, test specinens
that began to fail or exhibit disturbance at the higher
stress states, LVDT clanps that began to nove or nove
suddenly because of vibrations during the |oading sequences,
and LVDTs that began to drift during the testing sequences or

becanme restricted due to friction in the neasurenent system
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APPENDI X E
MULTI PLE REGRESSI ON ANALYSI S
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E.1 Multiple Regression Mddels in Applications

Most  practi cal applications of regression analysis
utilize nodels that are nore conplex than the sinple
straight-line nodel. Probabilistic nodels that include nore
than one independent variable are called nultiple regression

nodel s. The general form of these nodels is
y=PBytBx, + Byxy o+ fix, tE (E. 1)
The dependent variable y is now witten as a function of

B A S

k independent vari ables, The random error termis

added to nmake the nodel probabilistic rather t han

determnistic. The value of the coefficient /Zdeternines t he

X

contribution of the independent variable i, and ﬁois the y-

intercept. The coefficients Bos By By are wusually unknown
because they represent population paraneters(MC ave et al,

2000) (St at Sof t, 1984- 2003) .

The symbols ***2>Ycnmy represent higher-order terms for
gquantitative predictors or terns that represent qualitative
predi ctors.

The steps used to develop the nmultiple regression node

are simlar to those used for the sinple regressi on nodel.
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Step 1. Hypothesize the determnistic conponent of the

nodel. This conponent relates the nean, E(y), to the

i ndependent variables **2»>%% _ This involves the choice of
t he i ndependent variables to be included in the nodel.

Step 2. Use the sanple data to estimate the unknown

nodel paraneters Bo: By By in the nodel.

Step 3. Specify the probability distribution of the
random error term ¢, and estimate the standard deviation of
this distribution, 9.

Step 4. Check that the assunptions on ¢ are satisfied,
and make nodel nodifications if necessary.

Step 5. Statistically evaluate the usefulness of the
nodel .

Step 6. Wien satisfied that the nodel is useful, use it

for prediction, estimation, and other purposes.

E.2 The first-order node

A nodel that includes only terns for quantitative
i ndependent variables, called a first-order nodel, IS
described in the follow ng section. Note that the first-

order nodel does not include any higher-order terns.
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E() =B, + Bix, + f,x, +..+ Bx, (E. 2)

where **2Yigre all quantitative variables that are not
functions of other independent vari ables.

The nmethod of fitting first-order nodels and multiple
regression nodels, in general, is identical to that of
fitting the sinple straight-line nodels : the nethod of |east

squares. That is, we choose the estinated nodel

y= :éo +:31x1 +'-~+:3ka (E. 3)

that m nim zes

SSE:Z(y—);)Z (E. 4)

As in the case of the sinple linear nodel, the sanple

esti nat es Bos By By are obtained as a solution to a set of

si mul t aneous |inear equations.

First of all, as is evident in the nane, multiple |inear
regression, it 1is assuned that the relationship between
variables 1is linear. In practice this assunption can
virtual ly never be confirned, fortunately, mul tiple

regression procedures are not greatly affected by mnor
deviations from this assunption. However, as a rule it is
prudent to always look at a bivariate scatterplot of the
variables of interest. If curvature in the relationships is

evident, one may consider either transformng the vari ables,
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or explicitly allowng for nonlinear conponents(MC ave et
al, 2000) (Stat Soft, 1984-2003).

The primary difference between fitting the sinple and
multiple regression nodels is conputational difficulty. The

(k+1) simultaneous |inear equations that nust be solved to

find the (k+1) estimated coefficients PoP-Biare difficult
(sonmetines nearly inpossible) to solve with a calculator.
Consequently, we resort to the use of conputer software such

as M nitab, SAS, SPSS, etc.

E. 3 Assunptions for Random Error ¢

Xyees Xy,
)

For any given set of values of Yo t he random error

€ has a nornmal probability distribution with a nean equal to

. 2
0 and a variance equal to 7,
The random errors are independent (in a probabilistic

sense).

We will use the estimator of 9 both to check the utility
of the nodel and to provide a neasure of reliability of

predictions and estimtes when the nodel is used for those

. . 2
purposes. Thus, we can see that the estimation of 7 plays an
i nport ant part in the devel opnent of a regression

nmodel (McCl ave et al, 2000)(Stat Soft, 1984-2003).
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Estimator of O for a mul tiple regression nodel

i ndependent variables is

2

SSE SSE

§°= =
n— Number of estimated [f parameters n—(k +1)

E. 4 I nferences about the 'Bpar aneters

| nferences about the individual

are obtai ned using either

hypot hesi s.

wth Kk

(E. 5)

'Bparameters in a nodel

a confidence interval or a test of

Test of an | ndividual Parameter Coefficient
in the Multiple Regression Mdel

One-Tai |l ed Test Two- Tai | ed Test
H,:B =0 H,:B =0
H,:B <0orH,:pB >0] H,:B %0

Test Statistic: tZ'B/
S .
B

Rej ecti on region: Rej ecti on region:

t<-t
a 1>,
lort>t, when H,: 3, > 0]

A

ﬁi ita/zs

Where t,and tﬂyare based on n-(k+1)degrees of
2

freedom and
n= Nunber of observations

k+1= Nunmber of pSparaneters in the nodel

1000=a)% confidence interval for a A paranmeter is

F (MO ave et al, 2000).
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E.5 Checking the Overall Uility of a Mde

Conducting a t-test on each /3paraneter in a nodel is not
the best way to determne whether the overall nodel is
contributing information for the prediction of y. If we were
to conduct a series of t-tests to determne whether the
i ndependent variables are contributing to the predictive
rel ati onship, we would be very likely to make one or nore
errors in deciding which ternms to retain in the nodel and
which to exclude. In multiple regression nodels for which a
| arge nunber of independent variables are being considered,
conducting a series of t-tests may include a |arge nunber of
insignificant variables and exclude sone useful ones. If we
want to test the utility of a multiple regression nodel, we

wll need a global test (one that enconpasses all the

P paraneters). W would also like to find sone statistica

quantity that neasures how well the nodel fits the data.

W use the multiple regression equivalent of r* . the

coefficient of determnation for the straight-line nodel. The

mul ti ple coefficient of determ nation, R’ is defined as

_SSE _SS,, =~ SSE _ Explained var iability
SS SS Total variability

Yy Yy

R* =1

(E. 6)

Just as for the sinple |inear nodel, Rzrepresents t he

fraction of the sanple variation of the y val ues (nmeasured by
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53, ) that is explained by the |east squares prediction

equation. Thus, R*=0 inplies a conplete lack of fit of the

nodel to the data and R°=linplies a perfect fit with the

nmodel passing through every data point. In general, the
| arger the val ue of R’ the better the nodel fits the data.

A large value of <chonputed from the sanple data does
not necessarily nean that the nodel provides a good fit to

all of the data points in the population. W wll always

obtain a perfect fit (Rz:l) to a set of n data points if the

nodel contains exactly n paraneters. Consequently, if we want

to use the value of R’as a nmeasure of how useful the node

will be for the prediction of y, it should be based on a
sanpl e that contains substantially nore data points than the
nunber of paraneters in the nodel. Mst authors reconmend
that one should have at least 10 to 20 tines as nany
observations (cases, respondents) as one has variables,
otherwi se the estinmates of the regression |ine are probably
very unstable and unlikely to be replicated if one were to do

t he study over.

Despite its wutility, R s only a sanple statistic.
Therefore, it is dangerous to judge the gl obal useful ness of

t he nodel based solely on these values. A better nethod is to
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conduct a test of hypothesis involving all the lgparameters

(except '30) in a nodel.

Testing d obal Useful ness of the Mdel: The
Anal ysis of Variance F-Test

Hy:B=8,==p5=0
H, : At least one (B, # 0

Test Statistic:

_ (SS,, —SSE)/ k _ R*/k _ Mean Square (Model)
SSE/[n—(k+1)] (1-R*)/[n—(k+1)] Mean Square (Error)

VWere nis the sanple size and kis the nunber of
terms in the nodel.

Rej ection region: F>F,, with knunmerator degrees

of freedom and [n-(k+1)]denom nator degrees of

freedom
A rejection of the null hypothesis Hy:B=p==5=0 i,
t he gl obal F-test | eads to t he concl usi on [With

1000 =a)% confi dence] that the rmodel is statistically useful.

However, statistically “useful” does not necessarily nean
“best”. Another nodel may prove even nore useful in terns of
providing nore reliable estimtes and predictions. This
global F-test is usually regarded as a test that the nodel
must pass to nerit further consideration (MC ave et al,

2000) .
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E.6 Multiple Regression Analysis Results
Table E. 1 Stepwise Regression Analysis for A-3 soils

Stepwise Regression: In(Mr) versus Matreial Properties
(Cn 109 A-3 Soils)

Backward elimination. Alpha-to-Remove: 0.1

Response is lniMr) on 7 predictors, with N = 23

Hicases with missing observations) = 86 N{all cases) = 10%

Step 1 z 3 1 5 &
Constant 7.7320 7.730 7.548 7.638 8.777 2,699
ZievelNoZOD -0.017 -0.017 -0.017 -0.017

T-Value -0.51 -0.923 -0. 97 -1.03

PF-Value 0.el17 0.365 0.345 0.319

[als] -0.ao

T-WValue -0.00

F-WValue 1.000

2 -0.007 -0.oav -0.005

T-Value -0.0%7 -0.12 -0.10

P-Value 0.949 0.509 0.923

AT180LER 0.o0003 0.0003

T-Value 0.0& 0.10

P-Value 0.350 0.3%22

Permeabhility 47 47 44 42 43 49
T-Value 0.44 1.07 1.353 1.63 1.686 1.88
P-Value 0.&ae7 0,301 0.184 0.121 0.113 o.o07s
Compactlontc -0.01z8 -0.01z8 -0.01Z2%9 -0.01z8 -0.01Z5 -0.0140
T-Value -1.49 -1.354 -1.&0 -1.64 -1.4a0 -1.77
PF-Value 0.154 0,143 0,122 0,118 0,125 0,022
CompactlonDU 0.0191 0.01921 0.0209 0.0Z00 0.0084

T-Value 0.74 o.77 1.27 1.57 1.43

P-Value 0.469 0.453 0.220 0.134 0.1a8

3 0.05915 0.0885 0.0859 0.0835 0.0836 0.0858
R-8q 50.01 s50.01 49,97 49,95 47 .02 41.31
R-8g{ad]) Za. 68 31.26 35.268 38.82 38. 668 35.44
Mallows C-p 8.0 6.0 4.0 Z.0 0.3 0.éa
FPRERS 0.317508 0.z70844 0.242351 0.12078e& 0.1835%01 0.1%1161
P-3gipred) 0.0o0 o.oo 3.4Z2 Z23.97 Z26.72 Z23.82
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Table E. 2 Multiple Regression Analysis for A-3 soils (1st trial)

Regression Analysis: In(Mr) versus Material Properties

(Cn 109 A-3 Soils)

The regression eguation is

In(Mr) = 9,65 - 0.0115 CompactionM® + 22.7 Permeabhility

30 cases used, 79 cases contaln missing wvalues

Predictor Coef SE Coetf
Constant 9.69374 0.088ZE
CompactionM? -0,.01154% 0.007139
Permeability 22.689 10.3&

T E
11Z.43 0.000
-1.62 0.117

Z.12 0.037

5 = 0.114807 C R-8g = 24.4% O R-agfadi) = 15.8%

PRE33 = 0.497329 B-3gipred) = 0.00%

Analysis of Variance

dource oF 233 M3 F =
Regression Z 0.1148Z 0.05741 4.3e 0.0Z3
Besidual Error 27 0.35588 0.01318

Total 29 0.47063

dource DF deq 38

Compactionhd 1 0.051&8&
Fermeability 1 0.0831e

Unusual Chservations

Ohs CompactionMC 1ni{Mr) Fit
T 15.0 92,3733 9.6457

3E Fit PResidual
0.0541 -0.2704

3t Resid
-Z.67R

R denotes an obserwvation with a large standardized residual.
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Table E. 3 Multiple Regression Analysis for A-3 soils (2nd trial)

Regression Analysis: In(Mr) versus Material Properties

(On 109 A-2 Soils)

The regression eguation is

In{Mr) = 7.64 - 0.0128 CompactionMc - 0.0103 CU - 0.0157 SieveNoZOO

+ 49,9 Permeability + 0.0159%8 CompactionDUW + 0,027 o

23 cases used, 86 cases contain missing values

Predicstor Coef 2E Coef T =
Constant T7.638 Z2.082 F3.67 0.002
Compactiondd -0.012840 O0.008304 -1.55 0.14Z2
ou -0.010z29 0.0262Y -0.1Z 0O.207
diewveNoZ00 -0.01565 0.02e01 -0.680 0O.556
Permeability 43.87 82.60 0.56 0.585
mepactiDnDUW 0.01584 0.02255 0.82 0.392
oc 0.0z273 0.3e74 o0.07  0.%4Z2

2 = 0.08858618 RB-8g = 50.0% F-8giad]y) = 31.2%
EREZZ = 0.Z7208Z F-ogqipred) = 0.00%

Analysis of Variance

dource DF aa Ma F F
Regression & 0.1zZ5450 0.02Z0%08 Z.&7 D0.055
Residual Error 16 0.12549%1 0.007843

Total 22 D0.Z50541

dource DF deq 33

Compactlonkd 1 0.077&654

o 1 0.0236Z24

SieveNoZO0D 1 0.003217

Fermeability 1 0.008883

CompactionDU 1 0.01198%9

oo 1 0.000043

Unusual Chservations

Chs CompactionM? 1n(Mr) Fit 8B Fit EResidual St Resid
37 1z2.0 9.68338 2.4938 0.05%0 0.1401 2.12R

R denotes an ohservation with a large standardized residual.
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Table E. 4 Multiple Regression Analysis for A-3 soils (3rd trial)

Regression Analysis: In{Mr) versus Material Properties

(On 109 A-3 Boils)

The regression equation 1s
lonfMzy = 9.50 + 0161 CC - 00123 CompactionMC + 71.4 Permeability

23 cases nsed, 26 cases contain wmissing valnes

Predictor Coef
Constant 9.4971

0.1615
CompactionlC -0.012314
Permeability 71.36

SE Coef T
01710 55,52
0.1103 1.46

0.0077s6  -1.38
2062 2.41

P
0.000
0.139
0.130
0.026

5 o= 0.0834603 C B-5q = 47.3% O R-5qiadj) = 38.9%

PRESS = 0.191724

bnalvsis of Variance

B-Sqipred) = 23.60%

Source DF R M3
Fegression 3 0.118595

Besidual Errar 19 0.132347 0.006966
Total 22 0.250241

Sonrce DF Seq aa

cc 1 0.000560
CompactionMC 1 0077617
Permeability 1 0040418

F P

0.039532 5.68 0.006
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Table E. 5 Stepwise Regression Analysis for A-2-4 soils

Stepwise Regression: In(Mr) versus Material properties
(On 103 A-2-4 Solks)

Backward elimination. Alpha-to-Remove: 0.1

Response i1s 1ln(Mr) on 8 predictors, with N = 37

M{cases with missing ohservations) = 66 N{all cases) = 103
Btep 1 z2 3 4 5
Constant 8.191 9.425 Q.51%F Q.737 2.871
SieveNozO0 0.011a 0.0073 0.005&

T-Value 0.6z 0.e7 0.ea0

P-Value 0,341 0.3508 0.a3535

o -0.061 -0.033 -0.048 -0.037 -0.05%9
T-Value -1.5Z -1.8%8 -2.08 -3.23 -3.46
P-Value 0.141 0.o070 0.046 o.o03 0.00z
o 0.0104 0.o0057 o.o0021 0.0110 o.0118
T-Value 1.77 1.85 1.89 .18 3.63
F-Value n.o87 0.0745 0.0a8 o.o03 o.001
GT180LER -0.0047 -0.0015

T-Value -0.38 -0.3Z2

P-Value 0.704 0.750

Permeabhility 1328 945 7835 358

T-Value o.7s 0.3a 0. 3= .77

P-Value 0.43a 0.35% 0.365 0.445
Compactiontd -0.043 -0.044 -0.041 -0.040 -0.041
T-Value -2 .5E -2 .h4 -3.10 -3.07% -3.27
F-Value n.ola 0.o013 o.o04 o.o04 0.o003
CompactlonDUW 0.00%9

T-Value 0D.28

E-Value o.778

Clay 0.161 0.0%1 0.05% 0.048 0.034
T-Value 0. &0 o.81 1.33 2.01 2.04
P-Value 0.555 0.42%2 0.0&3 0.053 0.0a0
3 0.177 0.174 o.171 0.1le9 0.1la8
R 3g 53.21 53.08 52.91 52.35 51.43
RB-Sgiad]) 32.85 41.75 43.49 44, a7 45.36
Mallows C-p 2.0 7.1 5.2 3.5 2.1
FRE3E 1.534588 1.432Z22 1.362835 1.321985 1.29851
F-3g(pred) 17.16 23,245 26,97 29,27 20,32
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Table E. 6 Multiple Regression Analysis for A-2-4 soils (1st trial)

Regression Analysis: In(Mr) versusMaterial properties
(On 103 A-2-4 Soiis)

The regression equation 13
Ini{Mry = 9.87 - 0.0593 oo + 0.0118 <oU - 0.0414 CompactionMd
+ 0.0337 Clay

37 cases used, 66 cases contaln missing wvalues

Predictor Coef 3E Coef T E
Constant 2.8710 0.1ee0 592.47 0.000
oc -0.05%929 Q.01712 -2.46 0.002
o 0.011845 0.003Z@65 Jd.63 0.001
CompactionMs -0.04141 o.01z2e8 -3.27 0.003
Clay 0.03367 0.01e54 .04 0.030

g =0.168299 CR-8g = 51.4% O R-Sg(adj) = 45.4%
PRESS = 1.29651 B-Sgilpred) = 30.52%

Analysis of Variance

dource DF 33 M3 F IS
Regression 4 0.25%7e 0.235%4 3.47 0.000
Besidual Error 32 0.50638 0.0EZB832

Total 36 1.8&615

dource DF deq 93

oo 1 0.1205%&

cu 1 0.37449

CompactlonMd 1 0.27684

Clay 1 0.11747

Unusual Chservations

COhs o 1n (M) Fit &E Fit PResidual &t Resid
27 5.1 2.0340 2.4170 0.0323 -0.32630 —Z.E22R
86 58.3 10.130s 2.7404 0.0754 0.320:2 2.59R
28 58.3 9.32B54 9.7021 0.0771 -0.2177 -Z.1z2R

E denotes an obhservation with a large standardized residual.
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Table E. 7 Multiple Regression Analysis for A-2-4 soils (2nd trial)

Regression Analysis: In(Mr) versus Material Properties
(On 103 A-2-4 Soils)

The regression equation is
In(Mr) = 10.2 - 0.0429 CowmpactionMd + 0.0369 Clay + 0.0123 CU - 0.0616 OC
- 0.00165 8SiewvelNoZOO - 0.0027 CompactionDlW

37 cases used, 66 cases contain missing values

Predictor Coef SE Coef T F
Constant 10.213 1.374 T7.43  0.000
CDmpactiDnMC -0.042%90 0.01&887 -2.54 0.01&
Clay 0.036%1 0.01s7a 1.87 0.07Z
o 0.012294 (0.003555 3.46 0.00Z
oo -0.06l1l64 0.0186a -3.30 0.002
SievelNoZ0O0 -0.001s48 O0O.005170 -0.32 0.752
CompactlonDUW -0.00272 0.01147 -0.24 0.814

g =0.173380 CR-8gq = 51.7%) PR-dqfadj) = 42.0%
PRESS = 1.41542 F-Sg(pred) = 24.15%

Analysis of Variance

dource LF aa M3 F F

Regression & 0.96433 0.1e07Z2 5.35 0.001

Residual Error 30 0.%018Z 0.03006

Total 36 1.8e66l5

dource LOF deq 38

Compactlonc 1 D0.464Z20

Clay 1 0.07493

cu 1 0.0808%7

co 1 0.33376

8ieveloz00 1 0.00287

CompactlonDUW 1 0.00170

Unusual Ohserwvations

Ohs Compactiondd 1n(Mr) Fit 8E Fit PResidual 3t Resid
27 12.0d 2.0540 2.3%41 0.0727 -0.3401 -2.Z1R
Ba l0.8 10.1306 S5.7403 0.0778 0.3203 Z.5ZR
3= 11.7 9.3854 5.7028 0.0800 -0.3174 -Z.06R

R denotes an observation with a large standardized residual.
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Table E. 8 Stepwise Regression Analysis for A-3 and A-2-4 soils

Stepwise Regression: In(Mr) versus Material Properties
(On 211 A-3 and A-2-4 Scils)

Backward elimination. &lpha-to-Remove: 0.1

Response 1s ln{Mr) on 8 predictors, with N = 47

Nicases with missing observations) = 164 N{all =ases) = Z11
dtep 1 z 3 4 =)
Constant 10.007 2.820 9.817 9.881 9.865
gieveNaoZO0O -0.0034 -0.0034 -0.0034 -0.0047

T-Value -0.78 -0.78 -0.7%2 -1.31

P-Value 0.441 0.43%9 0.436 o.127

[wle: -0.051 -0.053 -0.055 -0.057 -0.055
T-Value -1.71 -2.E2E -3.66 -4.08 -3.93
P-Value 0.0%24 0.03Z o.001 o.ooo 0.oo00
cu 0.0106 o.0108 0.0111 0.0117 0.0114
T-YValue Z.08 2,03 d.24 4,25 4,12
P-Value 0.045 0.01& o.ooo 0.ooo a.oon
Clay -0.013 -0.00&

T-YValue -0.14 -0.0%

P-Value 0.886 0.9%926

AT180LEBR 0.0023% 0.001%5 0.001s8 0.001&0 0O.00118
T-Value 0.48 0.6a5 2.27 2.21 1.80
P-Value 0.634 0.523 o.0z9 0.033 0.079
Permeabhility 45 37 29

T-Value 0.37 0.40 0.&3

P-Value 0.710 0.634 0.534

Compactlonhd -0.0Z268 -0.0265 -0.026% -0.028Z -0.0315
T-YValue -Z.47 -Z.37 -2.87 -3.12 -3.58
P-Value 0.01a 0.014 0.00& o.ooz o.001
CompactlionDUW -0.00z2

T-YValue -0.11

P-Value 0.91%

a 0.1aZ2 0.1a0 0.158 0.156 0.158
R—-dqg 52 .5E 52.51 52.4%9 52.03 50.0Z
B-Sqgad]) 4z 5Z 43,98 45,37 45,18 45.26
Mallows C-p 2.0 7.0 5.0 3.4 3.0
FRESS 1.56058 1.45737 1.42126 1.4072e 1.41381
R-8gipred) £25.36 30,30 3z2.03 32.70 3z2.38
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Table E. 9 Multiple Regression Analysis for A-3 and A-2-4 soils (1st trial)

Regression Analysis: In(Mr) versus Material Properties
(On 211 A-2 and A-2-4 Sois)

The regression equation is
In(Mr) = 9.81 - 0.0224 CompactionM? + 0.01Z0 <07 - 0.0584 <C
+ 0.000747 &T120LER

81 cases used, 130 cases contaln missing values

Predictor Coef 2E Coef T =
Constant 9.81332 0.0%a%  101.47 0.000
CompactionM® -0.0Z2400 0.007253 -3.0% 0.003
(adi} o.01z20z9 0.0025%a 4,632 0.000
o -0.05841 0.01319 -4.43 0.000
6T1280LER o.0007470  0.0005157 1.45 0.15Z

5 = 0.155593 (R-8g = 36.0%) R-agladi) = 3Z.6%

FREA3 = Z.23137 F-8gipred) = ZZ.38%

Analysis of Variance

dource DF fa g Ma F F
REegression 4 1.03486 0.25871 10.s9 0.000
Residual Error 7é& 1.8398% 0.024=21

Total B0 2.87475

dource DF deq 33

Compactlonhc 1 0.44s03

U 1 0.10483

(a]a: 1 0.43321

GT180LER 1 0.05079

Unusual Chservations

bbs Compactlondc 1niMr) Fit &E Fit Residual &St Resid
43 1z.0 9.0540 9.4778 0.0Z17 -0.4Z38 -Z.73R
1lez 12.1 9.1%64 9.,53045 0.0ZE1L -0.30821 -Z.00R
1led 1z.4 9.,15937 9,.5320Z 0.0Z1Z -0.3Ze66 -Z2.1ZR
17a 7.8 9.62877 9,814 0.071°% -0.1237 -0.93 X
172 10.2 10,1208 9.7423 0.065%6 0.2BZ3 Z2.75RXE
120 10.4 9.39770 9.7575 0.08825 0.21%96 l.58 X
121 11.2 9.6114 9.7286 0.062°%9 -0.1273 -0.%9Z X
12z 11.7 9.32854 .7281 0.0703 -0.3427 -Z2.47RE
200 1Z2.3 9.3558 .2687 0.0637 0.2871 Z2.0ZR

R denotes an observation with a large standardized residual.
¥ denotes an observation whose ¥ walue gives it large influence.
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Table E. 10 Multiple Regression Analysis for A-3 and A-2-4 soils (2nd trial)

Regression Analysis: In{Mr) versus Material Properties
(COn 211 A-3 and A-2-4 Soils)

ffhe regression equation is
lnMr) = 9.96 - 0.0602 CC + 0.0121 CU - 0.0297 CowpactionMC + 0.0303 Claw
+ 6.7 Permeability

47 cases nsed, 164 cases contain missing valnes

Fredictor Coef SE Coef T F
Constant 9. 7600 0.1339 71.79 0.000
Cc -0.06018  0.01607  -3.74 0.001
] 0.012097 0.003074  3.94 0,000
CompactionMC -0.029744 0.000230 -3.22 0.002
Claw 0.0303>  0.01470  2.06 0.045
Permeability 6.75 36.92  0.1% 0.856

S5 = 0.157438 CR-5¢ = 51.4% D R-5qiadi) = 45.5%

FPREZS = 1.42330 R-3q(pred) = 31.93%

bnalvsis of Variance

Source IF e M3 F F
Regression 5 1.07469 0.21494 2.67 0.000
Residoal Error 41 1.01625 0.02479

Total 46 2.02094

Sonrce IDF  Seq 33

ce 1 0.11379

Cu 1 0.54083

CompactionMC 1 0.31029

Clay 1 0.10891

Fermeabhility 1 0.00083

Unusual Observations

Obs CC oM} Fit &SE Fit Residual St Resid

49 5.1 9.0540 9.4290 0.034%  -0.3730 -2.44R
179 58.3 10,1306 9.7449 0.0705 0.3856 2.T4R
182 58.3 9.38534 9.7182 0.0714  -0.3328 -2.37R

FE denotes an observation with a large standardized residual.
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Table E. 11 Multiple Regression Analysis for A-3 and A-2-4 soils (3rd trial)

Regression Analysis: In(Mr) versus SieveNo200, CU, ...

The regression equation ts

InMr) = 10,0 - 000342 SieveloZ00 + 00106 CU - 0.0016 CompactionDU
- 0.013Z Clay + 45 Parmeahility 4+ 0.00239 6TIS0LER
- 0.0268 CompactionMC - 0.0309 CC

47 cases nsed, 164 cases contain missing values

Fredictor Coef  3E Coef T F

Constant 10007 1.624 5.94 0.000

SievaloZ00 0003412 0.004393 -0.78 0.441

Cl 0.010552 0.005024 Z.08 0.045

Compact1onDUW -0.00161 o.o1441 -0.11 0.912

Claw -0.01319  0.09131 -0.14 0,886

Ferneability 45.2 1209 037 0.710

GTIS0OLER 0.002391  0.004974 0.48 0,634

CaompactionMC -0.02681 0.ologs -2.47 0.018

cc -0.05088 0 0.,02972 -1.71 0,095

S =0.161634 C R-53¢ = 52.5% O R-Sqiad;) = 42.3%

FRESS = 1.568058  R-Sgipred) = 25.36%

bnalvsis of Variance

Sonrce DF 33 M3 F F

Regression 2 1.09217 0.13727 5.25 0.000

Residunal Error 38 0.99Z77 0.02613

Tatal 46 Z.09024

Source DF  Seq 35

SieveloZ00 1 0.11361

Cl 1 0.14358

Compact1onDI 1 0.10762

Claw 1 0.01515

Permeability 1 021072

6TIS0LER 1 0.27515

CompactiondC 1 0.15575

cc 1 0.07653

Unuswal Observations

Obs SieveloZ00 IniMr) Fit SE Fit BResidual 5t Resid
49 4.0 00340 9.4136 0.0740 -0.3616 -2.502R
179 14.0 10,1306 9.7472 0.0724 0.3834 2.65E
182 4.0 9.3854 97237 0.0736 -0.3383 -2.35R

R denotes an ohservation with a large standardized residual.
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