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CHAPTER 1
INTRODUCTION

1.1 Problem Statement
Many highways in eastern Oregon are built with cinder or overlie vol-
canic materials. These highways, when designed using empirical procedures

based upon Hveem Stabilometer resistance values, often do not perform as

expected. In order to more accurately predict pavement 1ife, an analytical
approach based upon multilayer elastic theory (MET) and suitable failure
criteria for pavement structures could be employed.

The analytical approach based upon MET and suitable fajlure criteria
requires a knowledge of the mechanical properties of each component of the
pavement structure under repeated loading test conditions. For untreated
base materials and subgrade soils, repeated load trjaxial test methods have
been extensively employed in the laboratory to obtain mechanical properties
under repeated loading conditions, i.e., resilient properties. In recent
years, the diametral test method has been used to investigate resilient pro-
perties for asphalt concrete mixtures, concrete cement mixtures and open
graded asphalt emulsion mixtures (Adedimila (1975), Evans (1980), Pong
(1981), Clemmons (1979), Hull (1980)). The diametral test method has not
been extensively used to evaluate resilient properties for untreated base
materials and subgrade soils.

1.2 Purpose

The purpose of this study is to: (1) investigate the resilient proper-

ties of unbound volcanic base materials and subgrade soils using both

repeated load triaxial and diametral test systems; (2) compare the resilient



properties of laboratory prepared, unbound base materials and cohesionless
subgrade soils determined with diametral and triaxial test systems; and
(3) compare the thickness design of flexible pavements determined with an
empirical procedure employing Hveem Stabilometer resistance values to the
thickness design based upon an analytical procedure employing MET and resi-
Tient moduli.
1.3 Scope

A general Titerature review of (1) the evaluation of the resilient pro-
perties determined with repeated load triaxial and diametral test methods,
and (2) the thickness design of flexible pavements based on empirical proce-
dures and MET is presented in Chapter 2. The experiment design, including
(1) the overall test program, (2) the test procedure to determine Hveem
Stabilometer resistance value, (3) the test equipment and procedure associ-
ated with repeated load triaxial resilient modulus test, and (4) the test
equipment and procedure associated with the repeated Toad diametral resilient
modulus test are presented in Chapter 3. The test results for each test pro-
gram are summarized in Chapter 4. The application of the test results to
flexible highway pavement thickness design is presented in Chapter 5. Chap-

ter 6 presents the conclusions and recommendations for further study.



CHAPTER 2
LITERATURE REVIEW

Over the years, numerous studies have been conducted to improve pavement
design procedures. Advances have been made in laboratory and field test
techniques, and analytical design procedures. Deacon (1970) 1isted the
material response variables that might be included in evaluation for pavement

design. The major variables, given in Table 2.1, include loading, type of

material, and environment. Table 2.2, following the work developed by Deacon
(1970), shows the wide range of laboratory test configurations which might be
used to evaluate pavement materials as well as untreated base and subgrade
materials. Kennedy, et al (1978) compared some common laboratory test
methods which might be employed to obtain fundamental material properties
(Table 2.3). At present (1981), the repeated load triaxial test method is
the most common Taboratory technique to evaluate the resilient properties of
unbound materials. The repeated load diametral test method is experiencing
increased use to determine resilient modulus and fatigue life of asphalt
concrete mixtures and stabilized materials. A general literature review of
the evaluation of resilient properties determined from repeated load triaxial
and diametral test methods and the thickness design of flexible pavements
determined with empirical procedures based upon Hveem Stabilometer resistance
values and with analytical procedures based upon MET are presented in this
Chapter.
2.1 Repeated Load Triaxial Resilient Modulus Test

There are many types of the repeated load triaxial test systems. Al-
though a triaxial test system may vary from unit to unit, the basic system

should include at least the following features: (1) triaxial cell, (2) Tload-



TABLE 2.1 VARIABLES AFFECTING MATERIAL RESPONSE
(after Deacon, 1970)

I[. LOADING VARIABLES

A.

Stress history (mature of prior loading)

1.
2.

Non-repetitive loading (such as preconsolidation)
Repetitive loading

a. Nature
(1) Simple
(2) Compound
b. Number of repetitive applications

Initial stress state (magnitude and direction of normal and shear stresses)

Incremental loading

IT. MIXTURE VARIABLES

1. Mode of loading
a. Controlled stress (or load)
b. Controlles strain (or deformation)
c. Intermediate modes
2. Intensity (maghitude and direction of incremental normal and shear stresses)
3. Stress path (relation among stresses - both normal and shear - as test progresses)
4. Time path
a. Static
(1) Constant rate of stress (or load)
(2) Constant rate of strain (or deformation)
(3) Creep
(4) Relaxation
b. Dynamic
(1) Impact
(2) Resonance
(3) Other
(a) Sinusoidal (rate of loading is variable)
(b) Pulsating (duration, frequency, and shape of load curve are variables)
5. Type of behavior observed
a. Strength (limiting stresses and strains) E. Construction Process
b. Deformability .
1. Density
6. Homogeneity of stresses 2. Structure
7. Drainage (drained or undrained) 3. Degree of anisotrophy

4. Temperature

A.

Mineral particles

F. Homogeneity

1. Maximum and minimum size III. ENVIRONMENTAL VARIABLES
2. Gradation A. Temperature
3. Shape .
4. Surface texture B. Moisture
S. Angularity C. Alteration of Material
6. Mineralogy Properties
;' gﬁzgz?:d ans 1. Thixotropy
: Y 2. Aging
Binder 3. Curing
1. Type 4. Densification
2, Hardness
3. Quantity
Water
1. Quantity
Voids
1. Quantity
2. Size
3. Shape
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ing system, (3) timing device, and (4) suitable readout equipment for the
type of loading and deformation monitoring devices which are to be incor-
porated. A simple version of the load configuration and the sequence of
loading for a repeated load triaxial test system is shown in Fig. 2.1. The
results from the repeated load triaxial test are expressed in terms of re-

silient modulus, MR’ defined as:

in which, %

€a

cyclic axial deviator stress

]

recoverable axial strain
2.1.1 Theoretical Stress-Time Relationships in Layered Systems

Barksdale (1971) examined the compressive stress pulse times in flexible
pavements for use in the repeated Toad triaxial test. He concluded:(1) the
vertical compressive stress pulse times using either a nonlinear (stress
dependent) or linear elastic model are not significantly different;

(2) triangular or sinusoidal stress pulses could be used in a repeated load
triaxial test; (3) the stress pulse times increased significantly with depth
beneath the pavement surface; (4) the compressive pulse time varies almost
inversely with vehicle speed up to at least a speed of 45 mph; and (5) the
pavement geometry and Tayer properties do not have a significant influence on
the stress pulse times.

Monismith, et al (1973) also investigated stress states and stress-time
relationships for use in the triaxial test. They found: (1) vertical and
horizontal compressive stresses obtained from the multilayered configuration
compare closely with those obtained using two-layer analysis; (2) the dura-

tion of loading for vertical stress depends only on depth and is independent
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of structural characteristics of the pavement materjals (structural effect);
(3) the duration of loading for horizontal stresses depends on both depth and
the structural effect; (4) a square form of load-time relationships should be
employed for vertical stresses near the top of the surface layer and triangu-
lar shape of load-time relationships should be employed for other conditions;
and (5) the temperature effects on the stress-time relationships are small
while the effects on the stress magnitude are significant.
2.1.2 Resilient Properties of Base and Cohesionless Subgrade Materials
Numerous studies have been conducted to evaluate resilient properties of
base and cohesionless subgrade materials using the repeated load triaxial
test method. The stress-dependent characteristics of unbound aggregates are

generally expressed as follows:

_ k
My = k672 (2.2)
or Mg = kq'o, 2 (2.3)
in which O = sum of principal stresses
O, = confining pressure
k],kz,k],k2 = regression constants

Hicks and Monismith (1971) examined factors influencing the resilient proper-
ties of granular materials. They concluded (1) resilient modulus increased
considerably with increasing confining pressure but only slightly with
increasing deviator stress; (2) Poisson's ratio increased with decreasing
confining pressure and with increasing deviator stress; (3) at a given stress

Tevel, the modulus increased with increasing density, increasing particle



angularity or surface roughness, decreasing fine content and decreasing
degree of saturation; and (4) at a given stress level, Poisson's ratio was
influenced slightly by density and decreased as fine content and the degree
of saturation increased.

Clemmons (1979) evaluated the resilient properties of coastal Oregon
marginal aggregates. The effects of stress levels for the four aggqregates teste
have the same trends as those found by Hicks and Monismith. No conclusions

were obtained concerning the effects of water contents and dry densities on

the resilient properties.

Hull, et al (1980) investigated the resilient properties of two eastern
Oregon volcanic aggregates. The effects of stress level agreed with those
previous studies. The regression constant k1 decreased with increasing water
content and the constant k2 increased slightly with increasing water con-
stant. It appears that the variations in regression constants k1 and k2 with
water contents and dry densities should be examined on a individual basis.

Hull, et al (1980) also examined the resilient properties of two cohe-
sionless subgrade soils obtained from eastern Oregon. In general, the
effects of confining pressure are much more pronounced than the effects of
the deviator axial stress on the resilient modulus. The resilient modulus
increased with increasing dry density and with decreasing water content.

2.2 Repeated Load Diametral Test

To date, repeated Toad diametral test systems have not been used exten-

sively to determine the resilient properties of unbound materials.

2.2.1 Theoretical Considerations

10



2.2.1.1 Stress State

A stress state for a disc or cylinder subjected to a diametral compres-
sive 1ine load was obtained by Frocht (1948). Frocht's solution assuming a
linear elastic material may be expressed as follows:

Stresses along the horizontal diameter

2 2
_ 2P d - 4x 2
2
__=2P 4d _
% " Twtd ( d?+ 4x> ) (2.5)
Xy =0
Stress along the vertical diameter
_ 2P
% T Ttd (2.6)
_ =2P 2 + 2 1
Oy Tt ( d-2y d+2y ~d ) (2.7)
T = 0

Xy

in which, t = thickness of specimen

d = diameter of specimen

x = horizontal distance from the center of specimen
y = vertical distance from the center of specimen

P = compressive line load

11



(Note: tensile stresses are positive and compressive stresses are negative,
any consistent set of units may be used in Equations 2.4 to 2.7). Figure 2.2
and 2.3 illustrate the manner in which these stresses vary across the dia-
meter of a test specimen.

In a diametral test, the specimen is subjected to a strip load instead
of a 1ine load. A refinement to account for this was made by Hondros (1959).
Hondros' solutions may be expressed as follows:

Stress along the horizontal diameter

tangential stress: (2.8)
_ _=2P (1-r?/R?) sin 2a -1 , 1-r*/R?
%%x = TWat {1+2r‘cos 2a/R‘+r‘f-ﬁ“+tan ( T+r?/R? ) tanc}
radial stress: (2.9)
— _ 2P (1-r2/R?) sin 2a -1 , 1-r?/R?
Orx = TTat {1+2r‘cos 2a/RZFr /AT - tan ( 1+r?/R% ) tano)

shear stress:

T =0

ro

Stress along the vertical diameter

tangential stress: (2.10)
__2°p (1-r?/R?) sin 2u -1 , 1+r2/R?
%y = Tat  ‘1-2rZcos 2 R4ri/pe ten o ( T:;Téﬁz- ) tena}
radial stress: (2.11)

_ _=2P (1-r?/R?) sin 20 . -1 , 1+r?/R?
Ony mat  '1-2rlcos Ja/RZ+rU/RT T AN ( 1-r?/R? ) tano]

12
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shear stress:

Tg =0

in which, a = projected width of the Toaded section of the rim
t = thickness of specimen
r = radial distance from the center of specimen
R = radius of specimen

20

angle at the origin subtended by the loaded section

of the rim

P = diametral compressive load
(Note: tensile stresses are positive and compressive stresses are negative,
any consistent set of units may be used in Equations 2.8 to 2.11). The nota-
tions for polar stress components in a circular element compressed by two
diametrically opposed short Toading strips is shown in Figure 2.4. Figures
2.5 and 2.6 show the manner in which stresses vary across the diameter. The
major difference between the Tine Toad and strip load case is the stress
along the vertical diameter.

Figure 2.7 indicates that compressive stresses along the vertical dia-
meter are reduced near the Toading area for the strip load case. In
addition, the tensile stresses are changed to compressive stresses at
approximately —%%— from the center for the strip Toad case. Hondros (1959)
also pointed out that the stress states for the case of a strip Toad are
valid for conditions of both plane stress (discs) and plane strain (cylin-
ders).

Wallace and Monismith (1980) examined the stress regimes of stress
dependent materials using a linear finite element program (SAP 4) and an
iterative technique. Figure 2.8 and 2.9 show the comparisons of the stress

variation along the vertical and horizontal diameter for a linear elastic and

15



FIG. 2.4 NOTATION FOR POLAR STRESS COMPONENTS IN A
CIRCULAR ELEMENT COMPRESSED BY DIAMETRICALLY
SHORT STRIP LOADING (after Hendros, 1956)
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a stress dependent specimen (100 mm (4 in.) in diameter, 63 mm (2.5 in.) in
height) subjected to a strip load 330 N (75 1b.), and a strip width of
18.8 mm (0.75 in.).

It is interesting to note that along the horizontal diameter (1) the
tensile stresses along the inner half diameter for a linear specimen are
approximately twice those for a stress dependent specimen; (2) the compres-
sive stresses for a linear elastic specimen along the outer half diameter are
greater than those for a stress dependent specimen; and (3) the compressive
stresses for a linear elastic specimen along the inner half diameter are
smaller than those for a stress dependent specimen. Therefore, some devia-
tions of diametral resilient modulus for unbound materials computed based on
linear elasticity may be excepted when compared with triaxial resilient modu-
lus for this reason alone.
2.2.1.2 Strain, Deformation, Poisson's Ratio and Young's Modulus

A thin disc subjected to a diametral load can be treated as a two dimen-
sional plane stress problem. The stress-strain relationships for plane
stress problems can be simplified, since o= 0 and, for principal planes,

Txy = 0. Hence,

1
E = em——— -
I (0 IJO'y)

% % (2.12)

Esz( gy = uOy ) (2.13)
Solving for E, and

= el (2.14)
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or

Y
e (2.15)
and
o = —y " ey (2.16)
ES u
or
_ %% T E ey
% - u (2.17)

rearranging terms,

= OJY = ( OJL' x )u
% %
therefore,
. Oy €y = Oy €y
oy €y ~ Oy Ey (2.18)

Equating 2.16 and 2.17, one obtains alternate expressions for Young's modulus

as follows:

21



substituting 2.17 into 2.16

( o -Ee )/ -E €,

u

rearranging terms,

2 = -
ox(u 1) = E(ex+uey)

and

o (1 -u%)

E =
T Ey (2.19)
Substituting 2.16 into 2.17, one obtains
o] 1 - u?
B o= —i : o (2.20)

R
Ey ue,

One may also obtain from Equations 2.4 to 2.7 that, at the center of the

specimen,
y X (2.21)
Substituting Equation 2.21 into Equation 2.18 one obtains

+
St &y (2.22)
Je + €
N X

Equation 2.22 represents an expression for Poisson's ratio in terms of the

strain at the center of the test specimen. Young's modulus in terms of the

22



center strain and diametral load may be obtained by combining Equations 2.4

or 2.5 and 2.20 as follows:

___ 2P (1 -u*)
E = . (2.23)
mdt ( e, tH ay )
/
or
I o= ~6P ( 1 - “2) (2 24)
mdt ( E:y-l-uex) .

A thick cylinder subjected to a diametral Toad can be treated as a two
dimensional plane strain problem. The stress-strain relationship can be

simplified, since €,= 0 and for the principal planes Txy= 0. Hence,

Ex=i%-“—((1-u)cx-uoy) (2.25)

or

1+
€ :———-L 1_ -
7 ((T-wo -wa ) (2.26)
Solving for E,% and “y, one obtains,
« - 1+
Be——te ((1-Wo -no, ) (2.27)
X X y
or
1 +u
L A - -
:, ( (1 -w) o, wo ) (2.28)
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and

U -
X 1= 2 (2.29)
{14 1+ ) 1w
V1 +tywpyo +E
o, = - y (2.30)
b 1 - 2
u

To solve for Poisson's ratio, one can equate 2.27 and 2.28 to obtain:

0 i) e
(ox+0y)(ey-e ) (2.31)

|—|=
X

Equating 2.29 and 2.30, one obtains alternate expressions for Young's
modulus as follows:
substituting 2.30 into 2.29
o (T+u)(1-2y)

O 2.32
ugy+(1-u)ex ( )

or substituting 2.29 into 2.30

- —
. oy( +u) ( TR (2.33)
uex+(1-u)ey

It has been shown that the stress at the center of the specimen,

y X (2.21)

-

then substituting 2.21 into 2.31,

- ( e, t 3 e, )

(2.34)

W
2 ( ey = )
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This represents an alternate expression for Poisson's ratio in terms of the
strain at the center of the test specimen. Young's modulus in terms of the
center strain and diametral load may be obtained by combining equation 2.4 or

2.5 and 2.32 or 2.33 as follows:

: - U -
. “%pt (1 1_()1( 1 )2 H) (2.35)
s 0l ey M Exy
or
b o 6P (1 +¥)(1-2H1) (2.36)
7dt ne, ¥ UT=7) ¢ ‘ '

X Y

If the strains are measured during the test, Poisson's ratio and Young's
modulus can be calculated from Equations 2.22, 2.23 and 2.24 for a disc or
Equations 2.34, 2.35 and 2.36 for a cylinder.

The comparisons of the theoretical strain distribution along the dia-
meter for the case of plane stress and plane strain have been given by
Hondros (1959) and the solution is illustrated in Figure 2.10. Apparently,
the differences of the strains for the case of plane stress and plane strain
are not critical.

If the deformations are measured, the equations which permit the calcu-
Tation of Poisson's ratio and Young's modulus for the case of plane stress
may be derived as follows:

horizontal deformation

Al = fex dx (2.37)
vertical deformation

AV = fey dy (2.38)
recall Equation 2.12

c, =_§:E“_{fi_
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substituting 2.12 into 2.37, one obtains,

S

AH=— ( Iokdx - ufoydx )

and
_ 1

E=5g (Jodx - ufoydx ) (2.39)

similarly, one can obtain,
1
E=— J'Oydy - uJfody ) (2.40)

Poisson's ratio may be derived as follows:

equating 2.39 and 2.40,

L S - uf

T ( foxdx - unydX ) = i ( foydy uJOXdy )
rearranging terms,

! Jo dx - —1_ fody = (——l—- fé dx - S Jo dy )

AH "% AV v T H AT Y AV x Y

therefore,
(1/AH)fokdx - (1/AV)fqydy

M= (78] Jo dx = (1/8V)76,dy

the numerator and denominator are multiplied by V to obtain,

(av/mH) fo dx - fo dy
yo= £ - (2.41)

(AV/aH) foydx - Jody

~ Kennedy, et al (1970, 1972, 1975) carried out integrations of Equations

2.8 to 2.11 using a computer program, MODLAS. Integration of Equations 2.8
to 2.11 provide the formulas which permit the computation of Poisson's ratio
and modulus. For a 100 mm (4 in.) diameter specimen and 12.5 mm (0.5 in.)
wide loading strip, the formulas are given as follows:

instantaneous resilient Poisson's ratio
DR (0.0673) + (~0.8954) (2.42)
DR (-0.2494) + (-0.0156)
instantaneous resilient modulus
M = P ( 0.2692 + u (0.99) ) (2.43)
IR AHY
in which, DR = deformation ratio,
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P = diametral load

H = horizontal deformation

V = vertical deformation

t = thickness of specimen (length of loading strip)

(Note: any consistent set of units may be used in Equations 2.42 and 2.43).
Equations 2.42 and 2.43 may be modified for a plane strain problem based
on the following assumptions:
(1) the specimen is linear elastic, homogeneous and isotropic material;
(2) the stress solutions for a specimen subjected to diametral load are
- valid for both plane stress and plane strainproblems;
(3) the strain solutions for a specimen subjected to diametral load are
valid for both plane stress and plane strain problems;
Based on the assumptions above, Poisson's ratio,u*, for the plane strain
problem can be obtained by transforming Poisson's ratio (u) computed from

equation 2.42 as follows:

_ H
W = 1+ p (2.42.a)

The modulus can be obtained using Poisson's ratio as follows:

My = —te— ( (1 +u% ) (1 - %) 0.2692 + (1 + %) (u*) 0.9974 (2.43b)

2.2.2 Applications to Bound Materials

In recent years, repeated load diametral test systems have experienced
increasing use to determine the resilient properties of asphalt concrete and
admixture stabilized materials. Values of resilient modulus are usually cal-
culated based upon Equation 2.43, and an assumed value for Poisson's ratio.
This is owing to the fact that variations of Poisson's ratio over a theoreti-

cal range of 0.2 to 0.5 only affect resilient modulus by about + 25%.
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Experimental values of Poisson's ratio have not been quoted very often
for the repeated load diametral test. Adedimila and Kennedy (1975) investi-
gated the fatigue and resilient characteristics of asphalt concrete using the
repeated load diametral test. Values of Poisson's ratio ranging from nega-
tive to greater than 0.5 were reported in their studies. The deviations from
the theoretical values of Poisson's ratio are associated with violation of

the assumptions that Equation (2.44) is based upon.

AV = de (2u-1)>0 (2.44)
in which, V0 = initial volume
V.= final volume
e = axial strain
u = Poisson's ratio

These assumptions include (1) materials are homogeneous, isotropic and linear
elastic, and (2) volume change in tension is positive (expansion) while
volume change in compression is negative (contraction). Adedimila and
Kennedy concluded that (1) when there is an internal or external crack, it is
possible to obtain a Poisson's ratio greater than 0.5, and (2) Poisson's

ratio increases with increasing stress applications up to the time associated

with 70 to 80 percent of the fracture life.

Schmidt (1972) compared the resilient moduli of asphalt concrete speci-
mens determined with direct tension, direct compression and diametral test
methods. The direct tension resilient moduli, direct compression resilient
moduli and diametral resilient moduli based upon an assumed Poisson's ratio
of 0.2, 0.35 and 0.5 agreed quite well over the range of comparable stress
states.

Pong (1981) compared the resilient characteristics of asphalt concrete

determined with repeated load triaxial and diametral test methods. Little
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variation of the values of the Poisson's ratio were observed in the triaxial
test. An average value of Poisson's ratio of 0.35 was selected to calculate
the diametral resilient modulus. Based upon linear elasticity, Pong con-
cluded (1) the relationships of the diametral resilient modulus versus com-
pressive stress at the center of the specimen and triaxial resilient modulus
versus deviator stress were in good agreement over the stress range of

275 kPa to 620 kPa (40 psi to 90 psi) and, (2) the relationships of the
diametral tensile strain (center of the specimen) versus average compressive
stress along the horizontal diameter and triaxial compressive axial strain

versus deviator stress are jdentical, the diametral resilient moduli are

about 25% higher than the triaxial resilient moduli over the stress range of
100 kPa to 620 kPa (15 psi to 90 psi).

To date, repeated Toad diametral test systems have not been used to
determine the resilient properties of unbound materials. This is owing pri-
marily to the fact that comparable studies between the resilient properties
determined with the repeated load diametral and other test methods such as
triaxial test have not been made.

From the preceding materials, several considerations associated with the e-
valuation of the resilient properties of unbound materials employing repeated
load diametral test system may be noted and summarized as follows:

(1) To simplify the problem associated with the evaluation of the
resilient properties employing repeated load diametral test systems,
plane stress solutions based upon linear elasticity were used.
Specifically, Equations 2.42 and 2.43 were employed to compute the
resilient modulus and Poisson's ratio. This does not mean to imply

that non-linearity, and heterogeneous characteristics of unbound
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materials do not exist or are not important. In fact, in many
cases it is probable that these characteristics dominate the
response of the test material.

(2) Poisson's ratio should be determined during the test and be
employed to detect the deviation of a test material from an ideal-
ized linear elastic, homogeneous and isotropic material.

(3) The stress states are not well-defined in the repeated Toad diamet-
ral test for unbound materials. The computations employed in the

study were based on Tinear elasticity and do not take nonlinear

characteristics of test material into account. Accordingly. the

comparisons of the resilient modulus test results determined with
diametral test and triaxial test methods may- be examtned in terms of
the deviator compressive stress at the center of the specimen for
the diametral test and deviator compressive stress for the triaxial

test.

2.3 Thickness Design for Flexible Pavements Based on Multilayer Elastic

Theory (MET)

The major development in the thickness design of flexible pavements over
the past 25 years has been the analytical design approach based on MET. The
success of the analytical design approach depends largely on a thorough
understanding of the mechanical characteristics of each component layer of
the pavement structure and the development of suitable failure criteria. A
general Titerature review of thickness design for flexible pavements is pre-

sented in this section.
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2.3.1 Design Model and Stress Analysis

Many researchers and engineers have attempted to provide a comprehensive
and realistic pavement model which results ina design procedure that is both
economical and physically sound. Most of early development of work for flex-
ible pavement structures is based on the assumptions that the materials com-
prising the structure are linear elastic, homogeneous and isotropic, in spite
of the contradiction between these assumptions and actual behavior. The
stress analysis for these simplified pavement models were solved by tabular,

graphical solutions, or computer programs. Solutions in the form of computer

pragrams are very useful and capable of great versatility., Hicks, et al

(1978) considered five computer programs (CHEV5L, CHEVS5L w/iteration (PSAD),
PSAD2A, ELSYM5 and SHELL BISAR) and evaluated their Timitations as well as
their applications to analytical pavement design.
2.3.2 Design Criteria

‘The design approach based on MET Timits distress caused: by fatique crack-
ing at the bottom of asphalt concrete layer and rutting (permanent deforma-
tion) at the surface of the pavement. Investigations of the fatigue pheno-
mena in asphalt concrete pavements have shown that maximum tensile strain is
a good indicator of fatigue phenomena both in the laboratory and in the field
pavement. The fatigue characteristics of asphalt concrete are generally

expressed as follows:

Ne=cC 1 (2.45)
et

in which, Nf number of strain cycles to failure

€t = maximum tensile strain

constants which depend on the mix characteristics

C, m
The relationship between the maximum allowable tensile strain for asphalt

mixes as a function of number of load repetitions to failure developed by
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Santucci (1977) was selected in the study. Investigations of the permanent
deformation phenomena of pavements have shown that the vertical compressive
strain at the top of a subgrade soil Tayer may be adopted as a design cri-
teria. The relationship between allowable vertical compressive subgrade
strain as a function of the number of 80 kN (18 kip) equivalent axle load
applications developed by Monismith and Mclean (1971) was selected in the
study.

2.3.3 Design Systems

The elements of an analytical pavement thickness design system include:
(1) selecting a design model, (2) estimating traffic growth in terms of a
Tegal axle Toad, (3) evaluating the material variables, (4) examining the
environment factors, (5) analyzing pavement structure and, (6) selecting a
suitable failure criteria.

Employing such a system is essentially a trial and error approach. A
flow chart suggested by Monismith (1981) s shown in Figure 2.11. Having
determined the traffic volume, pavement materials and an assumed pavement
section, a test program considering the environment factors and loading con-
ditions are conducted to determine the mechanical properties and distress
characteristics. The results from the laboratory test are employed as input
values for the pavement structure analysis. The results from the structural
analysis are compared to the results from the laboratory distress character-
istics or failure criteria. The thickness of the Tayers are adjusted until
the failure criteria is satisfied.

2.4 Empirical Thickness Design of Flexible Pavements Based on Hveem

Stabilometer "R" Value

The empirical design method based on Hveem stabilometer resistance value

has been used by the Oregon Department of Transportation since 1951. This
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method is essentially the same procedure as used by the California Department
of Transportation with modifications for Oregon's soil conditions, traffic
and environment. Aggregate base materials and subgrade soils are tested for
exudation pressure, expansion pressure and Hveem stabilometer "R" value. For
those materials containing less than 90% passing the 6 mm (No. 4) sieve, a
2070 kPa (300 psi) exudation pressure design "R" value used for the thickness
design of pavements. For other materials, a design "R" value is selected at
the "wet side" water content corresponding to 95% maximum dry density (T-99).
The exudation pressure in this instance may vary from 340 kPa to 1030 kPa
(50 to 150 psi).

Having determined the design "R" value and traffic volume, the required
total structural thickness in terms of the equivalent crushed base aggregate

thickness is obtained from:

CBE = 0.03546 ( TC ) ( 100 - R ) (2.46)

in which, CBE = an equivalent thickness for various materials
complying with the Standard Specifications and

Special Provisions required by 0ODOT

TC Traffic coefficient

"R" = Hveem stabilometer resistance value
The actual thickness of each layer to use in the design is determined by the
use of appropriate substitution ratios to transform the CBE to the materials
employed in the construction phase (see Table 5.2).

A provision which requires minimum thickness for various traffic volumes
based on the construction, maintenance and under-design considerations is

employed by the Oregon Department of Transportation and is referred to in the

0DOT flexible pavement design procedure (see Figure 5.1).
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CHAPTER 3
EXPERIMENT DESIGN

3.1 Test Program

The test program undertaken in the study for untreated volcanic cinder
base materials and cohesionless subgrade soils is shown in Figure 3.1. The
program consists of five major phases as follows:

(1) determination of material index properties,
(2) test specimen preparation,

4

)
)

(3) Hveem stabilometer resistance value tests,

(4) repeated load diametral resilient modulus test,
)

(5) repeated load triaxial resilient modulus test.

The Hveem stabilometer resistance value test consists of two subphases.
The flow chart for each subphase is shown in Figure 3.2 and 3.3. The terms
"Wet specimen" and "Dry specimen" are defined according to the exudation
pressure test results. Specifically, those specimens which have exudation
pressures less than 5500 kPa (800psi) are defined as "Wet specimen", and
those specimens which have exudation pressures higher than 5500 kPa (800 psi)
are defined as "Dry specimen”.

Normally, the "Dry specimen" is excluded from the Standard Hveem stabi-
Tometer resistance value test; however, in an attempt to correlate "R" value
to resilient modulus over a wide range of water contents and dry densities
the "Dry specimen" is included in the "R" value tests.

To evaluate the sensitivity of "R" value to dry density, the "R" value
tests for the "Dry specimen" were conducted employing two different proce-
dures. One group of specimens were subjected to 5500 kPa (800 psi) axial

pressure whereas for the other group of specimens, the exudation pressure
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Material Index Property Tests
1. Mechancial Sieve Analysis —
2. Standard Proctor Compaction -
3. Specific Gravity

l

Test Specimen Preparation
1. Gradation Adjustment
2. Water Content Control

"R" Value Test
1. Wet Specimen
2. Dry Specimen
2.1 800 psi Exudation Pressure
2.2 Exudation Pressure Test Omitted

Resilient Modulus Test
1. Triaxial Resilient Modulus Test
2. Diametral Resilient Modulus Test

FIG 3.1 FLOW CHART OF TEST PROGRAM
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Kneading Compaction

Measure Thickness

|

Subjected to 800 psi Axial Pressure

Measure Thickness

Expansion Pressure Test

"R" Value Test

FIG. 3.2 "R" VALUE TEST FOR "DRY SPECIMEN" -

SUBJECTED _TQ 800 PSI AXTAL PRESSURE
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Kneading Compaction

Y

Measure Thickness

Expansion Pressure Test

i

"R" Value Test

FIG 3.3 "R" VALUE TEST FOR "DRY SPECIMEN" -
EXUDATION PRESSURE TEST OMITTED
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phase was omitted. Therefore, dry densities (and "R" values) for these two
groups of test specimens were substantially different. A1l wet tests were
conducted in accordance with standard ODOT procedures (0ODOT test method

No. 105). In addition to the test results developed in this project for the
base and subgrade materials considered, index and-"R"-valuetests were pre- - - — —

viously conducted at the ODOT test laboratories. The results from the ODOT
test program are given in Appendix C.
3.2 Material Index Properties

The volcanic cinder base materials and subgrade soils tested in this
project were obtained from two Tocations in Deschutes County, Oregon, as
shown in Figure 3.4. Two cinder base materials were tested in the study,
specifically, a well-graded gray cinder aggregate and a rather poorly-graded
red cinder aggregate both classified as A-1-a (AASHTO). Two subgrade soils
were also tested. They were classified as A-2-4 (AASHTO). The grain size
distribution for each material is shown in Figure 3.5 to 3.8.

The specific gravities ranged from 1.89 to 2.69 for the materials con-
sidered as indicated in Table 3.1. It is interesting to note that a low
value of specific gravity for gray cinder aggregate was obtained. This is
owing to the fact that the cinder aggregate is very porous, therefore, a
Tonger soaking period may be required to obtain a bulk specific gravity
(saturated surface dry basis). The specific gravity test results from ODOT
ranged from 2.60 to 2.75.

The results of the Standard Proctor Compaction test for two subgrade
soils are shown in Figure 3.9 and 3.10. The maximum dry density and optimum
water content for the McKenzie subgrade soil are about 1750 kg/m3 (109 pcf)
and 15.5%, respectively,and the test results from ODOT are about 1570 kg/rﬁ3

(98 pcf) and 17.5%, respectively. The maximum dry density and optimum water

39



S =t McKENZIE
HIGHWAY

DESCHUTES COUNTY
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Note: Study Loeations are cirecled

FIG. 3.4 LOCATION MAP - FREMONT AND MCKENZIE HIGHWAY
STUDY LOCATIONS (after Hull et al, 1980)
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FIG. 3.5 GRADATION ANALYSIS - MCKENZIE SUBGRADE SOIL
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Classification:
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FIG. 3.6 GRADATION ANALYSIS - FREMONT SUBGRADE SOIL
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A-1-a (AASHTO)

1 1
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FIG. 3.7 GRADATION ANALYSIS ~ GRAY CINDER BASE
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GW (Unified)
A-1-a (AASHTO)

I

37.5

| t 1
9.5 2.36 0.6 0315 0.638 0.0095

Sieve Opening, mm

FIG. 3.8 GRADATION ANALYSIS - RED CINDER BASE
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Table 3.1 SPECIFIC GRAVITY OF TEST MATERIALS

Fremont McKenzie Gray Red
Subgrade Subgrade Cinder Cinder
Specific Gravity 2.53 2.55 1.89 2.69

Note: Only materials passing 6 mm No. 4 sieve was used in the
specific gravity test.
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content for the Fremont subgrade soil are about 1400 kg/m3 (87.5 pcf) and
28%, respectively,and the test results from ODOT are about 1300 kg/m3
(81 pcf) and 26%, respectively.
3.3 Specimen Preparation
— — —3.3.1 Gradation Adjustment

The gradations of the materials as received are given in Table 3.2.
Before a material can be tested the gradation must be adjusted (ODOT Test
Method 108-74). Only the materials passing the 19 mm (3/4 in.) sieve are
used in the "R" value tests, as well as the resilient modulus tests. The
adjusted specimen gradations for each material are given in Table 3.3.
3.3.2 MWater Content and Dry Density

Specimens for the "R" value test were prepared at water contents above
and below the optimum water content determined from the Standard Proctor
Compaction test. The specimens were compacted with a kneading compactor.
Specimens for the modulus tests were prepared at water contents and dry den-
sities determined from the "R" value test and were compacted with a 24.5 N
(5.5 1b) compaction hammer,

In all tests, the water contents were controlled by drying the batched
sample in an oven at 100°C for 6 to 12 hours. One half to two-thirds of the
required water was added and the samples were placed in a covered container
with an identification ticket and stored in a humidity room for another 6 to
12_hours.. . Before_compaction, the_amount of water necessary to_reach the
desired water content was added and mixed thoroughly.

The detailed test procedure for the sample batching and specimen prepar-

ation for the "R" value test is given in ODOT Test Method 108-74.
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Table 3.2 GRAIN SIZE ANALYSIS AS RECEIVED
McKenzie Fremont Gray Red
Subgrade Subgrade Cinder Cinder
Sieve Size % Passing % Passing % Passing % Passing
25 mm
(1 in.) 97.9 100 100 100
— 19 mm
(3/4 in.) 97.0 100 99.0 99.2
12.5 mm
(1/2 in.) 93.3 100 96.3 83.6
9.5 mm
(3/8 in.) 89.3 99.5 88.2 64.3
6.3 mm
(1/4 in.) 87.2 98.1 80.1 50.3
4.75 mm
(No. 4) 85.1 96.9 69.1 45,5
2.36 mm
(No. 8) 80.2 91.4 34.9 25.2
.425 mm
(No. 40) 59.1 50.3 2.4 9.9
.250 mm
(No. 60) 47 .4 31.6 0.9 7.6
.075 mm
(No. 200) 34,7 17.0 0.1 2.9
Table 3.3 GRAIN SIZE ADJUSTED FOR "R" VALUE AND RESILIENT
MODULUS TEST
McKenzie Fremont Gray Red
Subgrade Subgrade Cinder Cinder
Sieve Size % Retained % Retained % Retained % Retained
12.5 mm
(1/2 in.) 3.8 0 2.7 15.7
9.5 mm
(3/8 _in.) 4.2 0.5 8.1 19.5
6.3 mm
(1/4 in.) 2.1 1.4 8.1 8.0
4.75 mm
(No. 4) 2.2 1.2 11.1 10.9
Passing I
4,75 mm 87.7 96.9 70.0 45.9
(No. 4)
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3.4 Test Equipment and Procedures

This section briefly describes the test equipment and procedures for the
repeated load triaxial and diametral modulus tests and the Hveem stabilometer
"R" value test.

3.4.1 Repeated Load Triaxial Resilient Modulus Test

The repeated load triaxial test system employed in the study is shown 1in
Figure 3.11. The electro-pneumatic repeated Toad test system is capable of
testing with a load pulse over a range of frequencies from 0.5 to 7.0 Hz and
a duration range from 0.02 to 1.0 sec. A repeated load duration of 0.1 sec
and Toad frequency of 0.5 Hz was chosen in the study.

The test specimens, 100 mm (4 in.) in diameter by 250 mm (10 in.) 1in
height, were enclosed in rubber membranes. The repeated load was measured
with a 4450 N (1000 1b) load cell. The vertical deformations were measured
with two Linear Variable Differential Transformers (LVDT's). The voltage
output from the load cell and LVDT's were input to a two channel strip chart
recorder. The specimens were preconditioned with 1200 load repetitions of a
deviator axial stress of 69 kpa (10 psi) and a confining pressure of 28 kpa
(4 psi) before resilient modulus tests were conducted. Four confining pres-
sures (14 kpa (2 psi), 28 kPa (4 psi), 42 kpa (6 psi) and 55 kPa (8 psi)) and
three deviator stress levels (29 kPa (4.2 psi), 41 kpa (6.0 psi) and 58 kPa
(8.4 psi)) were used for the subgrade soils in the study. Seven confining
pressures (14 kPa (2 psi), 28 kPa (4 psi), 35 kPa (5 psi), 42 kPa (6 psi),

55 kPa (8 psi), 69 kPa (10 psi), 138 kPa (20 psi)) and six axial deviator

stress levels (29 kPa (4.2 psi), 41 kPa (6.0 psi), 58 kPa (8.4 psi), 104 kPa
(15.1 psi), 209 kPa (30.3 psi), and 407 kPa (59 psi)) were used in the study
for the cinder aggregates. The test procedures employed are essentially the

same as used in previous studies (Filz (1978), Clemmons (1979)).
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3.4.2 Repeated Load Diametral Resilient Modulus Test

The repeated Toad diametral test system used in the study is essentially
the same as the system employed by Evans (1980) with some modifications to
measure the vertical deformation (see Figure 3.12). The electro-pneumatic
repeated load test system is capable of testing with a load pulse over a
range of frequencies from 0.5 to 7 Hz and a duration from 0.02 to 1.0 sec. A
cyclic load duration of 0.1 sec and a load frequency of 0.5 Hz were used in
the study.

The test specimens were compacted with a 24.5 N (5.5 1b) compaction
hammer. The compacted specimens were transferred to a split mold (as shown
in Figure 3.13). The specimen was enclosed between two aluminum plates, two
teflon sheets and a rubber membrane (as shown in Figure 3.14). A vacuum was
applied to confine the specimen. The specimens were preconditioned with 1200
Toad repetitions of a 116 N (26.2 1b) deviator diametral load and confining
pressure of 28 kPa (4 psi).

The repeated load was measured with a 4450 N (1000 1b) load cell. The
horizontal deformations were measured with two + 0.25mm (+ 0.01 in.) Statham
UC-3 transducers. The vertical deformations were measured with a + 6.35 mm
(0.25 in.) Schaevitz GCA-121-250 gage head LVDT. The voltage output from the
Toad cell, transducer and LVDT were input to a Hewlett-Packard two channel
strip chart recorder. A close-up of the test system is shown in Figure 3.15.

All-materials were tested-with—three confining—pressures (28,4155 kPa
(4, 6, 8 psi)) and five diametral load levels (12, 16, 31, 47, 59 kPa (26,
35, 69, 104, 130 1b)).

The use of aluminum plates and teflon sheets in the repeated load dia-
metral Toad test system violates the assumption that Equations 2.42 and 2.43

are based upon. These equations are valid only for two dimensional problems
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Fig. 3.12 Repeated Load Diametral Test System
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Fig. 3.13 Split Mold Used in Diametral Resilient
Modulus Test

Fig. 3.14 Membrane, Aluminum Plates and Teflon Sheets
Used in Diametral Resilient Modulus Test
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P

b) Side View

Fig. 3.15 Close-Up of Repeated Load Diametral Test System
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(plane stress). The force applied to mount the horizontal transducer yoke on
the bounding plane of the specimen and the stresses on the bounding plane
induced by the repeated diametral load undoubtedly would reduce the deforma-
tions measured and may be treated as a plane strain problem.

A preliminary test program was conducted to examine the effect of the

transducer ;6ke, ;ubber membranes, aluminum plates and teflon sheets on the
measured vertical and horizontal deformations. A hard rubber specimen was
used in the study. The test results indicate: (1) the use of the transducer
yoke apparently has little influence on the measurement of vertical deforma-
tion, (2) the use of aluminum plates, teflon sheets and rubber membranes
apparently reduces the vertical deformation measured but has little influence
on the measurement of horizontal deformation, and (3) the resilient moduli
associated with higher values of vertical deformation are about 10% to 25%
Tower than those associated with lower values of vertical deformation (refer
to Appendix A).

Based upon these test results, it seems reasonable to conclude that the
violations associated with simplifying the repeated load diametral test sys-
tems employed in the study to two dimensional problems will lead to slightly
higher values of resilient modulus and higher values of Poisson's ratio.
However, at present, it appears reasonable to adopt this test system for

evaluation of resilient properties of unbound materials.

3.4.3—Hveem-Stabilometer ResistanceValueTest
This section briefly describes the test procedures for the "R" value
test. Additional details may be found in the following references: 0DOT

Test Method 105-72 (1978), AASHTO T190-74 (1978), and California Test Method

No. 301-F (1971). The procedure employed in the study is as follows:
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(1)

Prepare and Compact Specimen - A cylindrical specimen 100 mm

(4 in.) in diameter and 64 mm (2.5 in.) in height is prepared at
the desired water content. Normally, four water contents are used
for a complete test. The specimens are compacted with a tamping-
foot kneading compactor.

Test for Exudation Pressure - The compacted specimen is compressed
in a standard mold until water exudes from the specimen. The water
closes several electric circuits wired in parallel through the base
plate of the exudation measuring device. The exudation pressure is
the pressure associated with five of the six circuits closed.

Test for Expansion Pressure - After the exudation pressure test is
complete, the specimen is subjected to the expansion pressure test.
A perforated brass plate is placed on the specimen and the specimen
is covered with 200 m1 (200 CC) of water and allowed to stand for
16 to 20 hours. The expansion of the specimen during this period
is measured with a dial gage.

Stabilometer Resistance Value Test - After the expansion pressure
test is complete, the specimen is placed in the stabilometer. The
vertical pressure is applied slowly at a speed of 1.3 mm/min.

(0.05 in./min.) until it reaches 1120 kpa (160 psi). The horizon-
tal pressure developed is read immediately. The vertical pressure
is—reduced-to 550 kPa (80 psi) and the horizontal pressureis
reduced to 34 kPa (5 psi) with the displacement pump. Finally, the
turns of the displacement pump required to bring the horizontal

pressure to 690 kPa (100 psi) are determined.
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The resistance value of the material is computed from the following

expression:
R = 100 - 100 (3.1)
(2.5/D) ((P,/P, ) - 1) +1
vi'h
in which, R = Hveem stabilometer resistance value
PV = vertical pressure in psi, 1100 kpa (160 psi)
Ph = horizontal pressure in psi at Pv = 1100 kPa (160 psi)

turns of the displacement pump to increase pressure
from 34 kPa to 69 kPa (5 to 100 psi)
The "R" value test equipments employed in the study is shown in Figure

3.16.
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CHAPTER 4
TEST RESULTS

4.1 Hveem Stabilometer Resistance Value Test Results

The "R" value test results presented in this section include: (1) com-
parisons of the "R" values for the "Dry specimen" (refer to section 3.1},

(2) the "R" value test results over a range of water contents for each mater-
ial, and (3) the determination of the design "R" value for each material.
4.1.1 Comparison of the "R" Value Test Results for the "Dry Specimen"

Tables 4.1 and 4.2 present the test results for the materials investi-
gated in the study. Two McKenzie subgrade soils at water contents of 9.0%
and 13.0% were tested. The inital dry densities1 are about 70 kg/m3 (4.5
pcf) (w/c = 9.0%) and 40 kg/m3 (2.7 pcf)(w/c = 13.0%) less than the final dry
densitiesz. The "R" values associated with the initial dry densities are
about 7.5 (w/c = 9.0%) and 6.3 (w/c = 13.0%) less than those associated with
the final dry densities. Two Fremont subgrade soil specimens at water con-
tents of 10% and 20% were tested. The initial dry densities are about
70 kg/m3 (4.4 pcf) and 60 kg/m3 (3.9 pcf)(w/c = 10% and 20% respectively)
Tess than the final dry densities. The "R" values associated with the ini-
tial dry densities are about 7.0 (w/c = 10%) and 6.0 (w/c = 20%) less than

those associated with the final dry densities.

1 Initial dry density is the density gssociated with the specimen

thickness measured after kneading compaction.

2 Final dry density is the density -associated with the specimen-

—————————————thicknress—measuredaftertheexudation pressuretest———————————————————————————————

57



Table 4.1 "R" VALUE TEST RESULTS FOR THE SUBGRADE SOILS

Watel tontent 9.0 | 13.0 | 16.5 | 17.0 | 18.2 | 19.
o (1)
g D D 1 1
o ry Density 100.6 105.3
;§ (pcf) 105'92 108. 62 106.1 103.1 101.0 98.
Bt Exudation Pressure -- --
N (psi) +800 +800 138.7 183.0 94.0 0.
%% 3 3
= npn 72 75

R" Value 79.54 824 66 64 63 59

Wate?%gonte"t 0.0 | 20.0 | 25.0 | 26.4 | 29.7 | 31.
'§ Dry Density g1l 821 84 82 81 80
5 (pcf) 862 862
=
» Exudation Pressure -- -
= (psi) +800 +800 606 480 14,3 0.
o
5 | o 763 | 793 o
i R" Value 834 g54 84 81 67

1 psi = 6.9 kPa, 1 pcf =.16 0 kN/m3

Note: 1 Dry density is calculated based on the thickness of the
specimen measured after the kneading compaction.

2 Dry density is calculated based on the thickness of the
specimen measured after the exudation pressure test.

3 "R" value is corrected based on the thickness of the
specimen measured after the kneading compaction.

4  "R" value is corrected based on the thickness of the
specimen measured after the exudation pressure test.

58




TABLE 4.2 "R" VALUE TEST RESULTS FOR CINDER BASE MATERIALS

Watezygontent 10.0 32.6 36.9 41.1 50.0 55.0
3 (]
& : a0 32 i i
" ”P¥(222§1*¥ - | 495 | 519 | 49.8 | 45.3 | 45.1
Q
O
= :
.~ Exudat1?gs?§essure +866 788 676 557 484 0
<
S~ 73¢C
5 "R" Value 84d 80 80 77 79 73
Wate?7§°“te"t 15.0 | 17.3 | 19.1 | 20.0 | 20.9 | 25.0
A - a
f: Dry(3§2§1ty ?Zb 68 69 69 68 67
.
QD
© 1 -
£ EX“dat‘?gsﬁgeSS“”e 300 | 298.4 | 115.4 | 119.4 | 119.4 | 16
(8]
©
< ’ 73S
= "R" Value 75d 72 75 73 72 72

1 psi = 6.9 kPa, 1 pcf =,16 0 kN/m3

Note: a Dry density is calculated based on the thickness of
the specimen measured after the kneading compaction.

b Dry density is calculated based on the thickness of
the specimen measured after the exudation pressure
test.

¢ "R" value is corrected based on the thickness of the
specimen measured after the kneading compaction.

d "R" value is corrected based on the thickness of the
specimen measured after the exudation pressure test.
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One Gray cinder base specimen at a water content of 10% was tested. The
initial dry density is 120 kg/m3 (7.5 pcf) less than the final dry density.
The "R" value associated with the initial dry density is about 11.0 less than
that associated with the final dry density. One Red cinder base specimen at

a water content of 15% was tested. The initial dry density is about 80 kg/m3

(4.8 pcf) less than the final dry density. The "R" value associated with the
final dry density is about 3.3 less than that associated with the initial dry
density. Obviously, the dry densities and "R" values for those specimens
subjected to 5500 kPa (800 psi) axial pressure were higher than those speci-
mens which omitted the exudation pressure test.

4.1.2 "R" Value Test Results Over a Range of Water Contents

The "R" value test results over a range of water contents for each
material are given in Tables 4.1 and 4.2. Eight McKenzie subgrade soil
specimens were tested at water contents ranging from 9% to 19%. The "R"
value test results range from 59 to 82. Eight Fremont subgrade soil
specimens were tested at water contents ranging from 10% to 31%. The "R"
value test results range from 63 to 85. Seven Gray cinder base specimens at
water contents ranging from 10% to 55% were tested. The "R" value test
results range from 73 to 80. Seven Red cinder base specimens at water
contents ranging from 15% to 25% were tested. The "R" value test results
range from 72 to 78.

Figures 4.1 to 4.4 demonstrate- the sensitivity of-the "R"- value—to—the-
water content and dry density. Generally speaking, the "R" value increases
with increasing dry density and decreases with increasing water content. The
0DOT "R" value test results are summarized in Appendix C. Four McKenzie sub-
grade soil specimens were tested at water contents ranging from 19.2% to

24.5%. The "R" value test results range from 66 to 80. Four Fremont subgrade
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Number Within Bracket: Exudation Pressure,
" psi
88 Number Without Bracket: "R" Value
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FIG. 4.1 "R" VALUE TEST RESULTS - FREMONT SUBGRADE SOILS
(+800) Number Within Bracket:
108 |- Exudation Pressure, psi
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w 106 L "R Value
3 73 (+800) 66 (238)
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2 102 =
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6 10 14 18 22 26
Water Content, %

FIG. 4.2 "R" VALUE TEST RESULTS - MCKENZIE SUBGRADE SOILS
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soil specimens were tested at water contents ranging from 24.1% to 32.1%.
The "R" value test results range from 72 to 85. Four McKenzie base specimens
were tested at water contents ranging from 15.7% to 19.8%. The "R" value
test results range from 77 to 87. Four Fremont base specimens were tested at

water contents ranging from 10.7% to 15.8%. The "R" value test results range

from 67 to 80.
4.1.3 Determination of the Design "R" Value for Each Material
The determination of the design "R" value based on the ODOT flexible
pavement design procedure is as follows:
(1) The "R" value at 2100 kPa (300 psi) exudation pressure is selected
as the design value for soils containing less than 90% passing the
6 mm (No. 4) sieve.

(2) The design "R" value for other soils is the value at the "wet side"
water content corresponding to 95% maximum dry density determined
from the standard Proctor compaction test (T-99).

The design "R" value for each material is listed in Table 4.3. It
should be noted that a design "R" value for the Fremont subgrade soils was
selected at 2100 kPa (300 psi) exudation pressure even though it contains
more than 95% passing 6 mm (No. 4) sieve materials. This is owing to the
fact that the specimen which had 95% maximum dry density according to the
Proctor compaction test result corresponds approximately to a water content
of 33.5%. At this water content the material is too wet to conduct the "R"
value test. The criteria described above are applicable to cohesive soils.
A11 other materials met the first requirement; hence, the design "R" values
are determined at an exudation pressure of 2070 kPa (300 psi).

The design "R" values for each material based on ODOT "R" value test

results are also summarized in Appendix C. These design "R" values are
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TABLE 4.3 Design "R" Values for Test Materials

Fremont McKenzie Gray Red
Subgrade Subgrade Cinder Cinder

Design "R" Value 77 68 77 73
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determined based on the criteria associated with an exudation pressure of
2100 kPa (300 psi). The design "R" values determined by ODOT for McKenzie
base and subgrade soil are 70 and 70, respectively. The design "R" values
for Fremont base aggregate is 86 and for subgrade soil is 70.

4.2 Resilient Modulus Test Results

The resilient moduli determined with the repeated load triaxial and dia-
metral test systems are presented in this section. Also included is (1) an
examination of the change of water content before and after the modulus test,
and (2) an interpretation of the test results, including the influence of the
stress level and of water content and dry density.

4.2.1 Change of Water Content of Test Specimen

The water content of the test specimens measured before and after the
modulus test are summarized in Tables 4.4 to 4.7. The water contents and dry
densities for the "dry" subgrade soil specimens (refer to section 3.1) do not
change significantly in both the triaxial and diametral test. However, for
the "wet" specimens (refer to section 3.1), the differences of water content
in the diametral test are more pronounced than in the triaxial test. The
major water Toss is due to the suction associated with the vacuum used to
apply the confining pressure. The application of vacuum pressure removed
water from the specimen; however, the water removed is the free water (water
retained in the pores and channels or the surface of the particle) and not
the held water. Some highly saturated subgrade specimens were prepared, how-
ever, the specimens apparently liguefied at the base during.cyclic loading
Apparently, the triaxial resilient modulus test system employed in the study
is net suitable for highly saturated cohesionless soils.

Water loss for the Red cinder base materials was observed during the
compaction and modulus test. The major water loss is due to the high perme-
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TABLE 4.4 Comparison of Water Content and Dry Density of Triaxial
and Diametral Resilient Modulus Tests - Fremont Sub-
grade Soil Specimens

Sample No. A-Dry B-Dry C-Wet
Initial Water Content Triaxial 10.3 20.8 26.8
() Diametral 10-0 26-0 268

Final Water Content Triaxial 9.8 19.9 26.7
(%) Diametral 9.6 20.2 22.0
Initial Dry Density  Triaxial 81.8 82.1 83.1
(pcf) Diametral 81.0 82.1 82.9

1 pef = 16.0 kg/m3

TABLE 4.5 Comparison of Water Content and Dry Density of Triaxial
and Diametral Resilient Modulus Tests - McKenzie Sub-
grade Soil Specimens

Sample No. A-Dry B-Dry C-Wet
Initial Water Content Triaxial 8.5 12.9 16.0
(%) Diametral 9.0 13.0 16.5

Final Water Content  Triaxial 9.0 12.0 15.8
(%) Diametral 8.9 12.9 14.7
Initial Dry Demsity  Triaxial 100.7 106.3 105.7
(pcf) Diametral 100.2 106.5 105.7

1 pcf = 16.0 kg/m°
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TABLE 4.6 Comparison of Water Content and Dry Density of Triaxial
and Diametral Resilient Modulus Tests - Gray Cinder Base

Sample No. A-Dry B-Dry C-Wet
Initial Water Content Triaxial 10.9 32.4 9.5
B¢
Diametral 10.0 32.5 50.0
Final Water Content Triaxial .9.9 32.2 47,2
(%)
Diametral 10.9 32.7 9.8
Initial Dry Density Triaxial 44,9 49.4 43.7
(pef)
Diametral 440 48,9 42.8

3
1pef= 16.0 kg/m

TABLE 4.7 Comparison of Water Content and Dry Density of Triaxial
and Diametral Resilient Modulus Tests - Red Cinder Base

Sample No. A-Dry B-Dry C-Wet
Initial Water Conmtent  Triaxial 15.0 20.7 26.1

(%)
Diametral 15.0 20.0 25.0
Final Water Content Triaxial 13.2 14.7 25.6

(%)
Diametral 14.3 18.9 20.9
Initial Dry Density Triaxial 68,1 70.9 67.8

-  ApePy

Diametral 67.5 69.5 67.0

1pef= 16.0 kg/m>
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ability of the coarse materials. No significant water losses were observed
during the test for the Gray cinder base material. This is owing to the fact
that the Gray cinder base materials are very porous. The water added before
compaction appeared to be completely absorbed in the particles.

The dry density of the test specimens were not measured after the modu-
Tus test and were assumed equal to the initial dry density. Therefore, the
following presentations concerning the influence of water content and dry
density on resilient modulus and correlations between the triaxial and diame-
tral resilient modulus are based on the initial water content and dry density
values.

4.2.2 Interpretation of the Resilient Modulus Test Results

The triaxial resilient modulus test results are generally expressed in
terms of the sum of the principal stresses for untreated aggregate materials.
The advantages of expressing the test results in this form include: (1) em-
phasizing the importance of accounting for the variation of the stress states
within the base layer of asphalt concrete pavements, and (2) providing a sim-
plified basis to examine factors which may affect the resilient modulus for
the materials considered. The disadvantages of this expression include (1)
neglecting the importance of the effect of the principal stress ratio on the
resilient modulus, and (2) increasing the difficulty associated with the com-
parisons between the triaxial and diametral resilient modulus.

In the diametral resilient modulus test, the deviator stresses are not
distributed uniformly either along the vertical or horizontal diameter of the
test specimen. Equations 2.42 and 2.43 employed in the study to compute
resilient modulus and Poisson's ratio are based upon Tinear elasticity for an
idealized material. The values of resilient modulus and Poisson's ratio

should be constant for a homogeneous, isotropic and linear elastic material.
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However, the values of resilient modulus and Poisson's ratio for unbound
materials would not be constant owing, in part, to the nonlinear and hetero-
geneous properties associated with unbound materials. Based on this fact,
it is suggested that the diametral test results should be termed "Equivalent"
diametral resilient modulus and "Equivalent" diametral Poisson's ratio to
emphasize that these values are determined and computed based upon Tinear
elasticity and do not take into account nonlinear and heterogeneous prop-
erties associated with unbound materials.

The comparisons between resilient moduli determined with triaxial and
diametral test systems may be examined assuming (1) the initial states of
stress of the test specimens are identical both in the triaxial and diametral
test systems, and (2) the states of biaxial deviator stress of the diametral
test specimen do not affect the resilient modulus and Poisson's ratio, i.e.,
assuming the diametral test specimen is an idealized homogeneous, isotropic
and linear etastic material. Based upon these assumptions, the comparisons
between triaxial resilient modulus and diametral resilient modulus may be
examined in terms of comparable states of stress. Specifically, the triaxial
test results are plotted in terms of the axial compressive deviator stress,
and the diametral test results are plotted in terms of the compressive devi-
ator stress at the center of test specimen.

4.2.3 Influence of the Stress Level
4.2.3.17 Triaxial Resilient Modulus Test Results
The effect of the axial deviator stress and confining pressure on the

resilient modulus for two subgrade soil specimens and two cinder base mater-

increased considerably with increasing confining pressure but only slightly

with increasing axial compressive deviator stress.
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The effect of sum of the principal stresses on resilient modulus for two
cinder base materials is shown in Figures 4.17 and 4.18. As shown, modulus
increases greatly with increasing sum of the principal stresses.
4.2.3.2 Diametral Resilient Modulus Test Results

The effect of the deviator compressive stress at the center of the
specimen and confining vacuum pressure on the resilient modulus for the four
test materials are also shown in Figures 4.5 to 4.16. The effect is about
the same as for the triaxial test results. In general, the resilient mod-
ulus increased considerably with increasing confining pressure but only
slightly with increasing deviator compressive stress.

The diametral resilient moduli based on equations 2.42.a and 2.43.a for
a plane strain problem are presented in Appendix B. The effect of the devia-
tor compressive stress at the center of the specimen and confining pressure
on the resilient modulus associated with the plane strain condition are shown
in Figures B.1 to B.12. 1In general, the resilient modulus increased with
increasing confining pressure but decreased with increasing deviator compres-
sive stress (increasing diametral load or increasing deviator tensile
stress).

4.2.4 Influence of Water Content and Dry Density
4,2.4.1 Triaxial Resilient Modulus Test Results

The effect of water content on the resilient modulus for the four test
materials are shown in Table 4.8 and Figures 4.19 to 4.22. The effect of dry
density on the resilient modulus for the four test materials are shown in
Tables 4.9. In general, the resilient modulus decreases with increasing
water content at constant value of confining pressure and axial deviator
stress. It appears that water content is the major factor influencing the

triaxial resilient modulus for the subgrade soils.
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TABLE 4.8 EFFECT OF WATER

CONTENT ON TRIAXTAL RESILIENT MODULUS

Confining Pressure

(psi) 4 6 8
Water Content (%) |10.3 20.8 26.8 | 10.3 20.8 26.8 | 10.3 20.8 26.8
gl 2 |z
£ B8 | 42 | 9.9 6.9 6.8 [ 12.8 9.4 9.1 | 15.6 12.7 11.6
2 286~
a Pvo | ud
o] BS|88159 | 99 7.4 7.2 124 9.6 9.1 | 15.7 12.4 11.5
gl 4Z|8
85l 2 1|3
g |= 8.4 |10.6 8.0 8.1 | 13.1 9.9 10.2 | 16.5 12.7 12.5
Water Content (%)| 8.5 12.9 16.0 | 8.5 12.9 16.0 | 8.5 12.9 16.0
EIEERE
§) Er k) 4e2 [15.2 13.0 10,7 | 18.5 16.1 12,6 | 22,2 20.6 15.1
| E8185 5.9 [14.8 13.1 11.0 | 17.9 16.9 13.4 | 21.1 19.7 16.0
Bl 4|8
gl 2 |5
2 8 |9 8.4 [15.1 13.0 11.6 | 18.2 16.1 14.1 | 21.1 20.8 16.1
=
Water Content (%) 10.9 32.4 49.5 | 10.9 32.4 49.5 | 10.9 32.4 49.5
5 |a
B8 |42 | 7.9 10.5 11.6 [ 10.9 13.6 15.3 | 141 18.8 21.1
5| 28|68~
g oo |y
B ES[88 5.9 | 8.7 1.8 12.0 [ 11.2 13.9 15.8 | 14.8 18.1 19.7
S| 4z |y
ol I~ I
<§ 8 |8 8.4 | 9.6 13.0 12.5 | 12.1 16.5 16.1 | 15.0 19.9 19.9
Water Content (%) 15.0 20.7 26.1 | 15.0 20.7 26.1 | 15.0 20.7 26.1
§ 2
89 | & 4e2 |13.0 13.1 16.3 | 17.6 18.3 20.6 | 17.6 25.6 24.4
& = Ula
S| E8 (88
B 8382059 |14.1 12,9 17.9 | 17.6 18,4 21.9 | 19.7 24.6 27.4
o] ]~ [+
AR
S| & 8.4 |15.3 15.5 20.1 | 18.4 20.6 23.8 | 20.3 26.9 29.1

1psi=6.89kPa, 1pef= 16.0 kg/m3
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TABLE 4.9 EFFECT OF DRY DENSITY ON TRIAXTAL RESILIENT MODULUS

Confining Pressure

4 6 8
(psi)
Dry Density (pef)| 82.0 83.1 83.1 82.0 83.1 83.1 82.0 83.1 83.1
-
bo| 3 2 b2 | 6.9 9.9 6.8 9.4 12.8 9.1 | 12.7 15.6 11.6
Ne)
3|8 q |8
Ble 2l a8 59 | 7.4 9.9 7.2 9.6 12.4 9.1 | 12.4 15.7 11.5
S8 8| 3L
pld 2|y
& i ~ g 8.4 | 8.0 10.6 8.1 9.9 13.1 10.2 | 12.7 16.5 12.5
[a
Dry Density (pef) [100.7 105.7 106.3 | 100.7 105.7 106.3 | 100.7 105.7 106.3
[N}
o)
gog @ he2 | 15.2 10,7 13.0 | 18.5 12.6 16.1 | 22.2 15.1 20.6
A8 5| A
= —
- & ‘ﬁa 5,9 | 14.8 11.0 13.1 | 17.9 13.4 16,9 | 21.1 16,0 19.7
g18 8 | 3L .
Mlid 2|
= |w § 8.4 | 15.1 11.6 13.0 | 18.2 14.1 16.1 | 21.1 16,1 20.8
[0]
o't
Dry Density (pef) | 43.7 44.9 49.4 | 43.7 449 49.4 | 43.7 449 49.4
Q
w
A é a | 4.2 [ 11.6 7.9 10.5 | 15.3 10.9 13.6 | 21.1 141 18.8
818 5 |5
"g = u |t~
SFle 2 ad| 59 [12.0 8.7 11.8 | 15.8 11.2 13.9 | 19.7 14.8 18.1
|18 8 |3&
19219
I B Ea § 8.4 | 12.5 9.6 13.0 | 16.1 12.1 16.5 | 19.9 15.0 19.9
Q
[a'ad
Dry Density (pef) | 67.8 68.1 70.9 67.8 68.1 70.9 67.8 68.1 70.9
% 9]
ZRE ® 4e2 [ 16,3 13,0 13.1 | 20.6 17.6 18.3 | 244 17.6 25.6
BlE ~ |8
e Eom v R
A1 P22 59 {179 141 12.9 | 21.9 17.6 18.4 | 27.4 19.7 246
21d 2 |4
o~ |d 8.4 |20.1 15.3 15.5 | 23.8 18.4 20.6 | 29.1 20.3 26.9
2 la |

1psi=6.89kPa, Ipef= 16.0 kg/m> o




The effect of water content or dry density on the resilient modulus for
the cinder base material is not well defined as shown in Tables 4.8 and 4.9.
An alternative expression of the resilient modulus in terms of the sum of the
principal stresses could be employed as shown in Figures 4.17 and 4.18. The

regression consant k1 increased with increasing water content and k2

increased with increasing dry density.
4.2.4.2 Diametral Resilient Modulus Test Results

The effect of water content and dry density on the resilient modulus for
the four test materials is shown in Table 4.10, Figures 4.23 to 4.26 and
Table 4.11. It is difficult to draw conclusions based on the limited data
set. However, it is interesting to note: (1) the range of the subgrade
soils resilient moduli are greater than the range of the cinder base resi-
Tient moduli, and (2) the vacuum confining pressure plays an important role
in the investigation of the effect of water content and dry density on the
diametral resilient modulus.
4.3 Comparison Between Triaxial and Diametral Resilient Modulus

The resilient modulus and Poisson's ratio for a homogeneous, isotropic,
Tinear elastic material, whether determined with a triaxjal test system or
determined with a diametral test system should be identical. Soils are gen-
erally recognized as highly nonlinear, anisotropic, heterogenous material.
The diametral Toading response will undoubtedlv differ from the triaxial
loading response owing to these factors alone.

Experimental test results and example calculations for the diametral

resilient modulus and Poisson's ratio computed based on equations 2.42 and

2.43 are given in Appendix B. According to the information given iﬂ_Agpen- -

dix B, it is interesting to note that for the plane stress case:

(1) Poisson's ratio varies from -0.007 to 1.52 for subgrade soils, and from
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TABLE 4.10 EFFECT OF WATER CONTENT ON DIAMETRAL RESILIENT 4ODULUS

Confining Pressure ~ 4 6 8
{psi)
Water Content (%) 10,3 20.8 26,8 10.3 20.8 26.8 10.3 20.8 26.8
v 26,2 15.0 12.6 12.8 + 17.4 14.2 13.4  19.6 15,9 14.2
e 9]
2125 |32 Y 15.4 12.3 13.8 17.0 13.8 14.8 19.3 15.5 14.9
a | 23
A, —~
£ | P 5 69.2 15.5 12.7 15.0 18.2 14.2 16,0 20.3 16.2 16.6
e} (&) 2 ~
s |42 g~
FolET |3 103.8 1644 12,9 15,7 18.5 12.9 16.6 20.5 16.4 17.0
Q a
a4
129.8 16.6 13.5 16.7 19.0 15.2 17.9 21.3 17.1 18.4
Water Content (%) 8.5 12,9 16,0 8.5 12.9 16.0 8.5 12.9 16.0
. 26.2 23.4 13.8 10.4 25.7 15.4 10.8 28.4 16.8 11.2
° n
© 3
B |3 E 34,6 | 22,9 14.8 10.2  25.4 16,1 10.2  27.4 16.9 10.8
= O o
w = w
o |2 S | B a | 69-2 | 21.7 153 1.3 245 16.4 12.0 26,8 17.6 12.8
g 8§88 |84
§ |42 g~
2 |9 |8 103.8 22,1 14ah 13,5 241 15,5 14.0 26,5 16.7 14.5
= Q j=)
[a'
129.8 21.9 1445 145 25,4 15.4 15.3  27.5 16.3 16.3
Water Content (%) 10.9 32,4 49.5 109 32.4 49.5 10.9 32.4 49.5
. 26.2 1.8 12,9 12.2 13,6 145 14.2 148 16,5 16.0
w
w
'ﬁ 35 g 3446 12,3 11.4 1244 13.7 12,9 13.8  15.1 14.7 15.9
(0] o wn
o Q
= —
A gg FAC) 69.2 9.1 14.5 10,7 11,1 16,1 12,2 12,7 17.3 1344
> — [0)
g 147 | s 103.8 13.3 15.4 1.0 15.4 17.1 12,7 17.1 18.8 13.8
(4] o]
Q
&= 129.8 13.3 16,8 11.8  15.4 18.0 13.1  16.9 19.5 14.4
Water Content (%) 15.0 20.7 26.1 15.0 20.7 26.1 15.0 20.7 26.1
26.2 16.1 22.7 13.8 17.9 26.3 16.9 19.2 29.6 19.8
[0
m
& g~ | o 34.6 17.7 22.6 14.8 18.7 25.8 17.8 20.6 28.5 20.7
Bl =g |2 | 892 15.6 23.6 14,9 16,9 26.7 18.1 18.3 30.1 21.7
S| es | B3
e - B B eER 1604—23ed—15:6— 16,926,918+ 18,3294 21:0——
o o]
[} A
& 129.8 17.2 24.4 17.1 18,2 27.3 19.2 18.9 29.9 21.9

1psi=6,89kPa, 11b=4.450
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TABLE 4.11 EFFECT OF DRY DENSITY ON DIAMETRAL RESILIENT MODULUS

Confining Pressure 4 6 8
{psi)
Dry Density (pef) 82.1 82.9 83.1 82,1 82.9 83.1 82,1 82.9 83.1
26.2 | 12,6 12.8 15.0 14.2 13.4 17.4 15.9 14.2 19.6
g |2 5
£ |3 g 34,6 | 12.3 13.8 15.4  13.8 14.8 17.0 15.5 14.9 19.3
Fs) S ~ |
=] = A
2 |8 B Ea | 692 | 127 150 155 142 16,0 18.2 16.2 16.6 20.3
g8 |4 8|82
s |9 2| 9 103.8 | 12,9 15.7 16.4  12.9 16,6 18,5 16.4 17.0 20.5
Fxy 2 A
129.8 | 13.5 16.7 16.6  15.2 17.9 19.0 17.1 18.4 21.3
Dry Density (pef) 100.2 105.7 106.5 100.2 105.7 106.5 100.2 105.7 106.5
26.2 [ 23,4 10.4 13.8 25.7 10.8 15.4 28.4 11.2 16.8
g |2 -
T I g 346 | 22,9 10.2 14.8 25,4 °10.2 16,1 27.4 10.8 16.9
Q Q 9]
= = Q,
Z 2 8 Ejé 69.2 | R1.7 11.3 15.3 24,5 12.0 16,4 26.8 12.8 17.6
S| . — Q
§ g R 103.8 | 221 13.5 14eh 2401 14.0 15.5 26.5 14.5 16.7
ClN: &
129.8 | 21,9 14.5 145 25.4 15.3 15.4 27.5 16.3 16.3
Dry Density (pef) 42.8 44e0 48.9  42.8 44,0 48.9 42.8 44.0 48.9
26,2 | 12.2 11.8 12.9 14,2 13.6 14.5 16,0 14.8 16.5
0
2 |3 5
i3 5| % 34,6 | 12,4 12.3 11.4 13.8 13.7 12.9 15.9 15.1 14.7
g e o 8ol 692 | 107 91 145 12.2 11.4 16.1 1344 12.7 17,3
418 8|23 .
. |3 | & 103.8 | 11.0 13.3 15.4 12,7 15.4 17.1 13.8 17.1 18.8
[ 7] o
5 | & = =
129.8 [ 11.8 13.3 16.8 13.1 15.4 18.0 14.4 16.9 19.5
Dry Density (pef) 67.0 67.5 69.5 67.0 67.5 69.0 67.0 67.5 69.0
26.2 | 13.8 16,1 22.7 16,9 17.9 26.3 19.8 19.2 29.6
o
0] 2]
A3 |- 34.6 | 14.8 17.7 22.6 17.8 18.7 25.8 20.7 20.6 28.5
15 o o Q
[ e} (%] —
g = 2 = | 69.2 15,6 1644 23.4 18,1 16.9 26.9 21.0 18.3 29.4
S v 3 g3
[} o 2
214 <] 8 103.8 | 14.9 15,6 23,6 18,1 16:9—26:7—21:7—18:3—30+1
= @ o
@ (]
= 129.8 | 17,1 17.2 24.4  19.2 18.2 27.3 21.9 18.9 29.9

1psi=6.89kPa, 11b=4.45H, 1pcfs, 16,0 kg/m3

82




ed)6 9=1Sd] ‘(gq{g92) lm:ummo._ BN LIWNYIA ed%E°9=1sd] “(9[82) NOII1=0HO7 THAL3WEIA

TJI0S 30HHDENS uHNzuv_U:_ ;| SNINAOW INIITIS3Y 1105 30HYOENS LNOW3¥d -~ SNINAOW INIITISIN
TEYL3NUIO NO LNILINOD ¥3iBM 40 1203443 $2°b°9Id HAL3IWHIO NO IN3LINOD ¥3luM 40 .ﬁuu.“_h_u E2°p°OId
% “IN3INOD ¥3LtM X “INIINGD ¥IluM |
8e - 8z P a1 ae 52 82 s1 a1 s
| O D A | “ T 1T 1T 71 H T 1T 1771 — | A R | |—|—| 1.1 1 1~ — TP ¥ 1T X I— | . L L — L LI L] m LI ELL m L m

_ -
18d p = JUNSSIud ONINIANGD *

isd g = JUNSSIUd ININIINGD % =81
1sd § = JUNSSINd ONINIANOD *

a1

1 st

a2 ez

18d b = 3UNSSHU ININIANOD *
}sd 9 = 3NS5 ONINIANOD *
isd B = UNSSTUS ONINIINOD *

I . | IJ_J._[HJ_J._L_L...L‘.J._.LJ_..J,_J__L_J._m

i3d 221 ‘dW ‘SNINDOW IN3IIISIN
isd gEA1 ‘MW ‘SNINAOW LNIIISIM

g2

|

n

N
_,__l]l_ij_l_ll_l_l_]l]lllllli

8e




®d%6°9=18d] ‘(q]92) zw:TmmOJ 5 L3WEIA
35HE ¥30NID O34 - SNINOOW LINIIIS3Y

TBALIWEIO NO INIINOD ¥3LEM 40 103443 92°5°914

% "INIINOD d3lbM

156 b = JUNSSING ONINIANOD *
1sd 9 = 3UNSSINJ ONINIINOD *
tsd § = FUNSS3Nd ONINIINOD *

st

—cz

1sd gpA1 ‘¥W ‘SNINGOW INIITISIN

Bd¥6°9=1sd] (q{92) NIII=0H0T THILIWGIA

ASHE ¥3ONID AHYD - SNINQOW LN3INIS3

THELIWEIO NO INILNOD ¥3lbM 40 193443 S2°4°9Id

% ‘INIINOD ¥3L1tM

S8 Bs S @ S€ B s2 82 S oI s
-._._._uﬁl.m_._—__.____-__H_______ﬁﬁ__.ﬁ__da—u____ »___lm
_ .
81
T —
i S - o
=3 m
“M. WW fLw st 4
T - r
= =4
.
| oz 2
1 B
dmm_m
= | =t
1 @
_ —ee
| 1 3
d —se o
180 b = RNSSIAd ONINIANOD * = m
1sd 9 = FANSSIHA OININIINOD * ]
tsd @ = RNSSINA INININOD * —Jer »
immv
—es
.
-1

=1

84



0.06 to 1.78 for cinder base materials, (2) Poisson's ratio decreased with
increasing confining pressure or with decreasing diametral load, (3) a Tow
Poisson's ratio is associated with low diametral load while a high Poisson's
ratio is associated with high diametral Toad, and (4) while there are

substantial variations for Poisson's ratio, calculated resilient moduli based

on—the computed Poisson's ratio over the diametral toad range of 110 N to 578
N (26 1b to 130 1b) do not vary significantly. For the plane strain case

1) Poisson's ratio varies from -0.007 to 0.62 for the subgrade soils, and

from 0.07 to 0.59 for the cinder base materials, (2) Poisson's ratio

decreases slightly with increasing confining pressure, and (3) Poisson's

ratio increases with increasing diametral load. Apparently, the plane strain

solutions (re. Appendix B) give more reasonable values for Poisson's ratio

than plane stress solutions. The deviations of values of Poisson's ratio

from the theoretical upper Timit may indicate the test specimens dilate when

subjected to high levels of diametral Toading.

The stress regimes within each layer comprising the pavement structure
subjected to traffic loading are very complicated. The theoretical analysis
indicates the subgrade soils in a full-depth pavement or an aggregate base
Tayer in a conventional pavement structure may be subjected to lateral ten-
sile stress. The question is thus raised as to how unbound materials such as
those investigated in the study are able to exhibit a positive modulus value
when subjected to lateral tensile stress.

Apparently, if the initial confining stress at the point considered
within the pavement structure is greater than the lateral tensile stress in-

duced by traffic Toading, the material will not fail and may be characterized

using a diametral test system. Undoubtedly, there are some discrepencies

associated with the diametral system employed in the study and the working
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formula to calculate the resilient modulus and Poisson's ratio. The equa-
tions which permit the calculations of resilient modulus and Poisson's ratio
should be modified to incorporate the nonlinearity and heterogeneous
characteristics of unbound materials.

The comparisons between resilient moduli determined with triaxial and

diametral-test system-as-discussed-in-section4.2.2 may be examinedin-terms —

of comparable states of stress. Specifically, the triaxial test results are
plotted in terms of the axial compressive deviator stress, and the diametral
test results are plotted in terms of the compressive deviator stress at the
center of the test specimen. The comparison between resilient moduli deter-
mined with triaxial and diametral test system presented in this section are
the diametral resilient modulus computed based on equations 2.42 and 2.43
(associated with the plane stress problem). The comparison between triaxial
resilient moduli and diametral resilient moduli computed based on equations
2.42a and 2.43a (associated with the plane strain problem) are given in
Appendix B.

Figures 4.5 to 4.10 present a comparison between diametral and triaxial
resilient moduli for subgrade soils. The resilient moduli ratio (diametral/
triaxial) of Fremont subgrade soil for comparable states of stress vary from
1.26 to 1.83. The resilient modulus ratio (diametral/triaxial) of McKenzie
subgrade soil for comparable states of stress varjes from 0.74 to 1.06. In
general, the resilient modulus ratio increased with decreasing confining
pressure and was slightly affected by deviator compressive stress. It should
be noted that the effects of confining pressure on diametral moduli decreased

with increasing water content but the effects of confining pressure on triax-

ial moduli are consistent over the range of water content and dry density

considered.
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Figures 4.11 to 4.16 present a comparison between diametral and triaxial
resilient moduli for cinder base materials. The resilient modulus ratio
(diametral/triaxial) for comparable states of stress vary from 0.89 to 1.44
for Gray cinder and 0.79 to 1.74 for Red cinder. In general, the resilient

modulus ratio increased with decreasing confining pressure and was slightly

affected by deviator compressive-stress—in—the-range—from—27/—kPa—to-62—kPa—(4

to 9 psi). The effects of confining pressure are consistent for both diame-
tral and triaxial moduli over the range of water content and dry density con-
sidered.

Apparently, it is not possible to establish general correlation factors
between resilient modulus determined with diametral or triaxial test system.
The differences between triaxial and diametral resilient moduli for compara-
ble states of stress were + 80%. The comparisons between triaxial resilient
modulus and diametral resilient modulus indicate the effects of initial
states of stress are consistent for both diametral and triaxial moduli over
the range of water content and dry density considered. Quantitatively, the
effects of initial states of stress on triaxial resilient moduli are greater
than diametral resilient moduli. This is owing to the differences associated
with the application of the confining pressure. The effects of deviator com-
pressive stress for both triaxial resilient modulus and diametral resilient
modulus are not significant at least for the range of stress levels consid-
ered. The values of Poisson's ratio were not measured in the triaxial test,
therefore, no comparisons between triaxial Poisson's ratio and diametral
Poisson's ratio could be made.

4.4 Correlations Between "R" Value and Resilient Modulus

As shown in Table 4.12, no distinct relationships between "R" value and

resilient modulus could be found over the range of material conditions con-
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TABLE 4.12 COMPARISON OF "R" VALUE AND RESILIENT MODULUS

Sample No. A-Dry B-Dry C-Wet
o |"R" Value 76 79 81
B
§ Priaxial-Resilient—— ———
+; Modulus (1000 psi) 9.9 6.9 6.8
(=]

(o]
=
[g Diametral Resilient
Modulus (1000 psi) 15.3 12.6 12.8
I ["R" Value 72 75 66
g
&
¢&a |Triaxial Resilient
2 |Modulus (1000 psi) 15.2 13.0 10.7
N
g
*S |Diametral Resilient
=
Modulus (1000 psi) 234 13.8 10,4
o |"R" Value 73 80 79
[}
&
8 |[Triaxial Resilient
g
g [Modulus (1000 psi) 7.9 10.5 1.6
o
>
@ |Diametral Resilient
S
Modulus (1000 psi) 1.8 12.9 12.2
"R" Value 69 €9 7
1))
m
A4 Triaxial Resilient
,§ Modulus (1000 psi) 13.0 13.1 16.3
3
« |Piametral Resilient
& |Modulus (1000 psi) 16.1 22.7 13.8

Note: 1 Triaxial resilient modulus values are associated with a confining
pressure of 28 kPa (4 psi) and a deviator stress of 29 kPa (4.2 psi)
2 Diametral resilient modulus values are associated with a confining
pressure of 28 kPa (4 psi) and a deviator compressive stress at

the center of specimen of 35 kPa (5 psi)
88



sidered. This is owing to the substantial differences between the nature of
each test method with respect to the stress levels, the confinement of the
test specimen, the geometry of the test specimen and the rate of loading.
Although, the correlation factors between "R" value and resilient modulus

could not be found, the "R" values for all the materials tested in the study

and previous works done by Hull, et-al (1980) indicate very strong materials,

which should be equivalent to good quality aggregates.
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CHAPTER 5
FLEXIBLE PAVEMENT THICKNESS DESIGN IMPLICATIONS

The purpose of this chapter is to present a comparison between a flexi-

ble pavement designed with (1) the ODOT procedure, and (2) the MET pro-

Cedure and—the test data genet ated T the project.

5.1 Hveem Stabilometer Resistance Value Design Method

Flexible pavement thickness based on Hveem stabilometer "R" values may

be computed from:
CBE = 0.03546 (TC) (100-R) (5.1)
in which, CBE (crushed base equivalent): an equivalent thickness for various
materials complying with the Standard Specifications and Spe-
cial Provisions required by ODOT.
TC (traffic coefficient): TC = 1.3 (EWL)®"11? or
TC = 1.746 (EAL)O-T1?
EWL is an average 22 kN (5 kip) equivalent wheel load and EAL
is an average 80 kN (18 kip) equivalent axle load. Since the
failure criteria employed in the analytical pavement thickness
design is related to the EAL, the TC in terms of a 80 kN
(18 kip) EAL is adopted in the study.
R: Hveem stabilometer value
Fig-—5+1—-shows—the—relationships—between—CBE;-TC-and—R-over—the—range-of——————
TC from 5 to 16 (EAL from 104 to 108) and "R" values ranging from 30 to 60.

The materials investigated in the study had "R" values ranging from 55 to 80,

indicating very strong materials.

A provision required minimum thickness based on the construction, main-

tenance and under-design problems for various traffic volumes is employed by
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ODOT. The provision required minimum thickness for the TC's and EAL's
selected in the study are illustrated in Figure 5.1. If a pavement is
designed based upon the "R" values of the materials investigated in the
study, resulting thickness is less than the minimum. For example, given
TC = 15.7, and the design "R" value of 68 for McKenzie Subgrade soils, the
bl IF o452 (178 r——EBE—F —

thickness required associated with TC = 15.7 is 750 mm (29.5 in.) CBE; hence

the minimum requirements control in all cases.
5.2 Analytical Pavement Thickness Design-Based on-Multilayer Elastic

Theory (MET)

The stresses and strains in the pavement structure under traffic loads
may be determined using available computer algorithms based on MET. Hull, et
al (1980) employed computer program PSAD2A to analyze the stresses, strains
and deflections in the pavement structure under traffic loads. The predicted
surface deflections caused by an 80 kN (18000 1b) single axle load compared
favorable with the average measured Benkleman beam deflections.

Two computer programs, ELSYM5 and PSAD2A, were employed in the study to
determine the critical elastic strains under a dual wheel load (80 kN (18
kip) axle load and 550 kPa (80 psi) tire pressure. ELSYM5 was used to
analyze a two-layer or full-depth pavement structure. PSAD2A was employed to
analyze a conventional pavement structure (AC surface layer plus untreated
aggregate-base-and subgrade-soils). PSAD2A-accounts—for the stress=dependent - —
characteristics of untreated base materials.

In the two-layer pavement structure analysis, a constant modulus and

Poisson's ratio were assumed for each layer. Moduli values of 275,600 kPa

(40,000 psi) and 2,067,000 kPa (300,000 psi) and Poisson's ratio equal to

0.35 were selected for the asphalt concrete layer. Four values of resilient

92



moduli (34,400, 51,700, 69,000 and 17,200 kPa (5,000, 7,500, 10,000 and
25,000 psi)) and two values of Poisson's ratio (0.1 and 0.4) were selected
for the subgrade soils (see Figure 5.2).

Two critical elastic strains are used to determine the design pavement

thickness. The tensile strain at the bottom of the AC layer must be Tess

The allowable value of tensile strain suggested by Santucci (1977) is shown
in Figure 5.3. Further, the vertical strain at the surface of subgrade layer
must-be-lessthan-an-allowable value to minimize pavement surface rutting. -
The allowable value of vertical subgrade strain suggested by Monismith and
Mclean (1971) is shown in Figure 5.4,

Three locations in the pavement structure are checked for critical
strains as shown in Figure 5.5: (1) midway between the tires, (2) directly
beneath one of the tires, and (3) under the edge of one of the tires. The
greatest strain value obtained at three locations is used in the design pro-
cedure.

The results of the computer analysis allow design charts to be con-
structed, as shown in Figures 5.6 to 5.13. Two conclusions can be drawn from
the charts as follows: (1) the tensile strain increases with decreasing
stiffness of AC Tayer and with decreasing modulus of subgrade soil layer, and

(2) the vertical subgrade strain increases with decreasing stiffness of AC

-layer and with-decreasing—modulus-of-subgrade soil-layer: -The—influence-of —-

Poisson's ratio for the subgrade soil Tayer on the tensile strain and on the
vertical subgrade strain are opposite, that is, the tensile strain decreases

with increasing Poisson's ratio, while the vertical subgrade strain increases

with decreasing Poisson's ratio of subgrade soil layer (see Figures 5.14 to
5.17).
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4500 1b 4500 1b
(20 kxN) (20 kN)

Tire Pressure 80 psi (560 kPa)

Asphalt Concrete E;= 40000 and 300000 psi

T (275800 and 2068000 kPa)

tTEAVarlablegf P1= 0.35

INR

Subgrade Soil 5000, 7500, 10000 and 25000 psi

E.=
£ (34500, 51700, 69000 and 172400 kPa)

F2= 0.1 and 0.4

FIG. 5.2 FULL-DEPTH PAVEMENT STRUCTURE, LOADING CONDITIONS
. AND MATERTAT, PROPERTIES
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4500 1b 4500 1b
(20 kN) (20 kN)

Tire Pressure=80 psi (560 kPa)

Asphalt Concrete

é 1, —-—m +~.—€t 4---61_-,

/N/Q €y €y €y

Subgrade Soil

FIG. 5.5 LOCATIONS OF MAXIMUM HORIZONTAL TENSILE (€ t)
AND VERTICAL COMPRESSIVE SUBGRADE (€ v) STRAINS
IN FULL-DEPTH PAVEMENT STRUCTURE
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Eight analyses were performed using the program PSAD2A for a conven-
tional pavement structure (AC surface layer plus untreated base aggregate
and subgrade soil. A pavement section consisting of a 229 mm (9 inch surface
asphalt concrete layer, 229 mm (9 inch) aggregate base and subgrade soil was
selected. This section is equivalent to the minimum requirement 689 mm (27
inch) CBE associated with a TC = 12 (EAL = 107). Each analysis was per-
formed assuming a constant value of modulus 275,600 kPa (40,000 psi) or
2,067,000 kPa (300,000 psi) and Poisson's ratio 0.35 for the asphalt con-
crete layer. A stress-dependent modulus obtained from the repeated load
triaxial test was assigned to the aggregate base layer and a constant value
of Poisson's ratio 0.2. A constant value of modulus 34,500 kPa (5,000 psi)
and Poisson's ratio 0.4 was selected for the subgrade soil layer (see
Figure 5.18). The loading configuration is the same as that used in a fulil-
depth pavement structure analysis. Two critical strains were examined: (1)
maximum tensile strain at the bottom of the surface asphalt concrete layer,
and (2) the vertical subgrade strain at the top of the subgrade layer.

Table 5.1 Tists the results for each analysis. It is interesting to
note that although the stress-dependent characteristics of aggregate base
materials are different in the "dry" and "wet" conditions, the critical
strains obtained for a specific aggregate base are not substantially differ-
ent, at least for the range of modulus ratio, depth of surface asphalt con-
crete layer considered. -

5.3 Comparison of Pavement Thickness Design Based on Multilayer Elastic

Theory and "R" Value

Comparison of pavement thickness design based on the MET and failure

criteria presented in section 5.2 and thickness design based on the "R" value

may be made assuming the composite asphalt structure, such as an asphalt con-
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FIG. 5.18 CONVENTIONAL PAVEMENT STRUCTURE, LOADING
CONDITIONS AND MATERTAL PROPERTIES
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crete mix in the surface over a treated base plus untreated aggregate base,
can be transformed to a full-depth pavement structure. The transformation to
a full-depth pavement structure requires the use of appropriate substitution
ratios employed by the 0DOT (see Table 5.2).

The differences between the two design methods following this approach
are illustrated in Figure 5.19 and 5.20. In general, a full-depth pavement
section design based on MET associated with the Tow stiffness asphalt con-
crete surface layer (275,600 kPa (40,000 psi)) results in thicknesses greater
than the minimum thickness associated with the "R" value design method. The
thickness based on MET associated with the high modulus asphalt concrete sur-
face layer (2,067,000 kPa (300,000 psi)) is thinner than the minimum thick-
ness associated with "R" value design method.

5.4 Comparisons of Thickness Design Based on MET with Material Proper-

ties Determined with Repeated Load Triaxial Test System to Diametral

Test System

The initial confining pressure within a pavement structure increased
with increasing depth and unit weight of the materials above the point in a
pavement structure considered. Normally, the initially confining pressure
may not be as high as 28 kPa (4 psi), and are not equal in three Cartesian
directions. The deviator stresses within each layer comprising the pavement
structure subjected to traffic loading are very complicated. The computer
analysis indicates—the—subgrade—soils—in—a—full=depth-pavement-structureor——
the aggregate base layer in a conventional pavement structure may be sub-
jected to Tateral tensile deviator stresses. The question is thus raised as

to how unbound materials such as those investigated in the study are able to

exhibit a positive modulus value when subjected to lateral tensile deviator

stress.
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TABLE 5.2 CRUSHED BASE EQUIVALENT FACTORS

1.0 in. Asphalt Concrete Wearing Surface & Base

1.0 in. Cement Treated Base

1.0 in, Plant Mix Bituminous Base

1.0 in, Emulsion Treated Wearing Surface & Base

1.0 in. 0il Mat

1.0 in. Aggregate Subbase

2.0
1.8
1.8
1.8
1.1
0.8

in, Aggregate Base
in. Aggregate Base
in, Aggregate Base
in. Aggregate Base
in. Aggregate Base
in. Aggregate Base

iinch=25./mm
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Apparently, if the initial confining pressure at the point considered
within the pavement structure is greater than the lateral tensile deviator
stress jnduced by traffic loading, the materials may not fail and be charac-
terized using a diametral test system.

Undoubtedly, either the repeated load triaxial test systems or the dia-
metral test systems employed in the study have their advantages and disadvan-
tages with respect to simulating the actual states of stress within the
pavement structure.

The Taboratory test results discussed in Chapter 4 indicate the _
resilient properties of noncohesive subgrade soils, either determined with
triaxial test systems or diametral test systems, depend largely on the initial
confining pressure. The "Equivalent" diametral resilient moduli of subgrade
soils are in the range of 71,600 to 161,000 kPa (10,400 to 23,400 psi) or 0.9
to 1.8 times the triaxial resilient moduli, and the "Equivalent" diametral
Poisson's ratio are in the range of 0.02 to 0.17 at a confining pressure of
28 kPa (4 psi) and diametral Toad levels of 116 N to 154 N (26 to 34.6 1b).

The resilient properties of cinder base materials undoubtedly are highly
stress-dependent. The diametral test results demonstrate the effect of ini-
tial confining pressure on the resilient modulus but do not reflect the
influence of sum of the principal stress as that in the triaxial test
results. The "Equivalent" diametral resilient moduli of cinder base mater-
ials are in the range of 81,300 to 156,000 kPa (11,800 to 22,700 psi) or 0.8
to 1.7 times the triaxial resilient moduli, and the "Equivalent" diametral
Poisson's ratio are in the range of 0.07 to 0.28 at a confining pressure of

28 kPa (4 Eij) and diametral load levels of 116 N to 154 N (26 to 34.6 1b).

To compare thickness designs based on MET and material properties deter-
mined with the repeated load triaxial test system and diametral test system.
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an average resilient modulus ratio (diametral/triaxial) and lower diametral
Poisson's ratio are used. The Poisson's ratio in the triaxial test was not
measured, therefore an assumed value of 0.4 was selected for the subgrade
soils and 0.2 was selected for the cinder base materials.

For the full-depth pavement structure, the design thickness associated
with higher values of diametral resilient modulus and lower values of
Poisson's ratio was approximately equivalent to that associated with Tower
values of triaxial resilient modulus and higher values of Poisson's ratio.

For example, given TC = 12, asphalt concrete stiffness of 2,067,000 kPa
(300,000 psi) and Poisson's ratio of 0.35, the design thickness for a subgrade
modulus value of 34,000 kPa (5,000 psi) and Poisson's ratio, 0.4, is 376 mm
(14.8 in.), and for the subgrade modulus value of 69,000 kPa (10,000 psi). and
Poisson's ratio, 0.1, is 330 mm (13 in.). Given TC = 12, asphalt concrete
stiffness, 275,000 kPa (40,000 psi), and Poisson's ratio, 0.35, the design
asphalt concrete thickness for a subgrade modulus value of 34,000 kPa (5,000
psi) and Poisson's ratio, 0.4, is 800 mm (31.5 in.). For subgrade modulus
value of 69,000 kPa (10,000 psi), the design asphalt concrete thickness is

762 mm (30 dn.).

To compare the differences of the pavement thickness design between the
resilient properties of cinder base materials determined with repeated load
triaxial test systems to diametral test systems, a pavement thickness of
686 mm (27 1in.) CBE associated with the TC = 12 was assumed. The computer
analysis for the conventional pavement structure using triaxial resilient
modului (see Table 5.1) indicates the two critical strains do not vary signifi-

cantly over the material properties considered. Since the relationship

between diametral resilient modulus and sum of principal stresses cannot be

obtained, the comparison can only be made based on the modulus ratio (diame-
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tral/triaxial) as discussed in previous sections. For example, given an
asphalt concrete stiffness of 2,067,000 kPa (300,000 psi), Poisson's ratio,
0.35, subgrade modulus, 34,000 kPa (5,000 psi), Poisson's ratio, 0.4, average
aggregate base modulus, 48,000 kPa (7,000 psi), Poisson's ratio, 0.2, the
critical tensile strain is 227 microunit, and the critical subgrade vertical
strain is 478 microunit. With an average aggregate base modulus, 23,000 kPa
(3,300 psi) Poisson's ratio, 0.2 and other conditions keep constant, the
critical tensile strain is 249 microunit, and the critical subgrade vertical
strain is 403 microunit.

The pavement thickness design based on MET apparently is affected by the
material properties, the failure criteria selected and the design traffic
volume expected. The vertical subgrade strain controls the pavement thickness
design over the range of material properties considered in the study (see
Table 5.3). It may be expected that the tensile strain at the bottom of
asphalt concrete layer would control the thickness design with increasing
subgrade resilient modulus or thickness and stiffness of asphalt concrete
layer. Santucci (1977) indicated that the Timiting vertical subgrade strain
criteria selected in his study was developed for asphalt concrete mixes with
stiffness of about 1,722,000 kPa (250,000 psi) or less. For asphalt con-
crete mixes with moduli greater than 1,722,000 kPa (250,000 psi), a value
of asphalt concrete stiffness of 1,722,000 kPa (250,000 psi).should be used in
the design. Yoder and Witczak (1975) indicate that it is “important to-use a
value of asphalt concrete stiffness, Poisson's ratio and assumed aggregate
base to subgrade soil modulus ratio identical to those associated with the

development of the limiting vertical subgrade strain criteria. Hull, et al

(1980) indicate: that the failure criteria based on the limiting vertical

subgrade strain may not be appropriate for a thin oil mat surface layer which
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has Tow stiffness value overlying volcanic cinder base and noncohesive sub-
grade soils such as the McKenzie Highway pavement structure investigated in
the study. It is possible that the materials investigated in the study can
sustain substantial vertical subgrade strain without permanent deformation.
The 1imiting vertical subgrade strain criteria for a thin surface asphalt
concrete which has Tow stiffness value overlying the highly resilient mater-

jals investigated in the study should be developed in the future.
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CHAPTER 6
CONCLUSIONS AND RECOMMENDATIONS

With the Tlaboratory data set developed in the study and discussions
presented in previous chapters, several conclusions and recommendations were
made.

6.1 Conclusions

(1) The Hveem stabilometer resistance value test results for cinder
base materials and cohesionless subgrade soils investigated in the study
are greater than 65 indicating these materials, when characterized in terms
of "R" value, should be equivalent to a good quality aggregate base or sub-
base.

(2) No distinct relationships between "R" value and triaxial or diame-
tral resilient modulus could be found. This is owing to the substantial dif-
ferences between the nature of each test method with respect to the stress
Tevels, the confinement of the test specimen, the geometry of test specimen
and the rate of Toading.

(3) The triaxial resilient modulus test results obtained in the study
demonstrate the stress-dependent characteristics associated with cinder base
materials and the significant effect of the confining pressure on the resi-
lTient modulus associated with cohesionless subgrade soils.

——--—— - —(4)—-The -diametral- test -system-employed-in—the studyoffers-great—
potential in providing information associated with the response of unbound
materials subjected to lateral tensile deviator stresses induced by traffic

loading. The test results indicate, however, the materials considered in

the test program deviate from an idealized linear elastic, homogeneous,

isotropic material. Further, slight errors are introduces by simplifying
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the diametral test system to a two dimensional problem.

(5) The limiting vertical subgrade strain criteria selected in the
study may not be appropriate for a thin asphalt concrete surface layer
(which has Tow stiffness value) overlying the highly resilient materials
such as those investigated in the study. It is possible that the materials
investigated in the study can sustain substantial vertical subgrade strain
without permanent deformation.

6.2 Recommendations

Recommendations for further research include:

(1) The diametral test systems may be modified to satisfy the
boundary conditions for a two dimensional problem and the equations which
permit the calculations of resilient modulus and Poisson's ratio should be
modified to incorporate the nonlinearity and heterogeneous characteristics
of unbound materials.

(2) The failure criterion based on limiting vertical subgrade strain
may not be appropriate for a thin surface asphalt concrete layer which has
low stiffness value overlying the highly resilient materials. A failure
criteria based on Timiting vertical subgrade strain should be developed for
the use of volcanic cinder base and cohesionless subgrade soils.

(3) Non-traffic associated distress of pavement structures, including
frost action and precipitation deserve further studying for the highway in

- —— --—eastern-Oregon.-
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APPENDIX A
ADEQUACY OF DIAMETRAL TEST SYSTEM

The objective of this initial phase of investigation was to evaluate the
effect of the transducer yoke, rubber membrane and aluminum plates on the
measured vertical and horizontal deformations.

A 100 mm (4 in.) diameter, 64 mm (2.5 in.) in height hard rubber speci-
men was chosen as the test material. A rubber membrane was cut out and
sealed with cellophane tape in the regions where vertical and horizontal
deformations were measured. Therefore, the deformations measured did not
reflect deformations in the rubber membrane.

The test program, as shown in Fig. A.l, includes five test series:

(1) the specimen was tested without the rubber membrane and transducer yoke,
and vertical deformations were measured (V1), (2) with the transducer yoke on
the horizontal (H2) and vertical (V2) deformation were measured, (3) with the
specimen enclosed with rubber membrane, aluminum plate and teflon sheets, the
horizontal (H3) and vertical (V3) deformation were measured, (4) with trans-
ducer yoke removed and the vertical deformation (V4) was measured, (5) with
the rubber membrane, aluminum plates and teflon sheets removed the vertical
(V5) deformation was measured.

The test results are shown in Tables A.1 and A.2. Some conclusions may
be drawn from these data sets: (1) the use of transducer yoke apparently has
Tittle influence on the measurement of vertical deformation, (2) the use of
aluminum plates, teflon sheets and rubber membranes apparently reduced the

vertical deformg;jon measured but has little jnf]uence on the measurement of

horizontal deformation, and (3) however, the resilient moduli associated

with higher values of vertical deformation are about 10% to 25% Tower than
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1

Without Membrane

Without Membrane Without Yoke

With Yoke

3
Without Membrane

With Membrane
Without Yoke

With Yoke

4
With Membrane

Without Yoke

g FIG. A.1 TEST PROGRAM
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those associated with lower values of vertical deformation.

Based on these test results, it seems reasonable to conclude that the
diametral test system employed in the study will lead to slightly higher
values of resilient modulus and Poisson's ratio due to interaction between
the end plates and test specimen. However, at present, it appears reasonable
to adopt this test system for evaluation of resilient properties of unbound

materials.
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APPENDIX B
DIAMETRAL TEST RESULTS

This appendix presents the experimental test results and example calcu-
lations for the diametral resilient modulus and Poisson's ratio.

The vertical diametral load was measured with a strainsert load cell.
Horizontal deformations were measured with two horizontal transducer. Verti-
cal deformations were measured with a gage head LVDT. The voltage output
from the load cell, transducers and LVDT were input to a Hewlett-Packard two
channel strip chart recorder. A1l measurement devices should be calibrated
to determine the calibration factors. The actual loads and deformations were
determined multiplying the reading of strip chart recorder by the calibration
factors. It should be noted that the vertical deformations should be cor-
rected by a linear relationship factor which depends on the geometry rela-
tionship between the pivot and the position where the vertical deformation
LVDT was placed. The Poisson's ratio was computed by the equation 2.42. The
resilient modulus was computed by the equation 2.43.

For example, the calibration factors of each measurement device fis
determined as follows:

Load cell - 3.87 N/mm (0.87 1b/mm) at sensitivity = 0.1

Horizontal transducer 1 - 168 x 10'6 mm/mm (6.62 microinch/mm)
at sensitivity = 1.0

Horizontal transducer 2 - 175 x 10—6 mm/mm (6.88 microinch/mm)
at sensitivity = 1.0

Vertical deformation LVDT - 6350 x 107 mm/mm (250 microinch/mm)

at sensitivity = 1.0

the readings from the strip chart recorder are as follows:

N 4



Load cell - 30.0 mm

Horizontal transducer 1 - 22.5 mm

Horizontal transducer 2 - 27.0 mm

Vertical deformation LVDT - 19.5 mm
the actual load and deformations are determined multiplying the readings of
strip chart recorder by the calibration factors as follows:

Load - 116 N (26.2 1b)

6 mm (335 microinch)

Total horizontal deformations - 8500 x 10~
Vertical deformation - 0.124 mm (4900 microinch) x 0.5556 (geometry
factor) = 0.069 mm (2710 microinch)
The diametral Poisson's ratio and resilient modulus when computed according
to the equations 2.42 and 2.43 are as follows:
Poisson's ratio - 0.1725
Resilient modulus - 95,000 kPa (13,800 psi).
The diametral Poisson's ratio and resilient modulus where computed according
to the equations 2.42.a and 2.43.a are as follows:
Poisson's ratio - 0.149
Resilient Modulus - 93,500 kPa (13,600 psi)
Tables B.1 through B.12 present the diametral test results for all
of the materials considered in the study. Figures B.1 through B.12 show

a comparison of the triaxial to the diametral resilient moduli for all of

--the-materials-considered-in-the study.
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APPENDIX C
SUMMARY OF ODOT TEST RESULTS

This appendix summarizes the test data previously conducted at the ODOT
test laboratories. These test results include: (1) gradation analysis,

(2) specific gravity, (3) Standard Proctor Compaction test, and (4) "R" value
test.

The gradation for each material are shown in Figures C.1 to C.4. The
Fremont base course was classified as A-1-b (AASHTO). The McKenzie base
course was classified as A-1-a (AASHT0). Two subgrade soils were classified
as A-2-4 (AASHTO).

The specific gravity for the Fremont base course is 2.73. The specific
gravity for the McKenzie base course is 2.75. The specific gravity for the
Fremont subgrade soil is 2.60. The specific gravity for the McKenzie sub-
grade soil is 2.65.

The Standard Proctor Compaction test results are shown in Figures C.5 to
C.8. The optimum water content and maximum dry density for the Fremont base
course are 10% and 19 kN/m3 (119 pcf). The optimum water content and maxi-
mum dry density for the McKenzie base course are 12% and 1360 kg/m3 (85 pcf).
The optimum water content and maximum dry density for the Fremont subgrade
soil are 26.5% and 13.0 kN/m3 (81.5 pcf). The optimum water content and max-
imum dry density for the McKenzie subgrade soil are 18% and 1570 kg/m3
(98 pcf).

The "R" value test results are summarized in Table C.1. The design "R"

values determined at an exudation pressure of 2067 kPa (300 psi) for the Fre-

mont base course and subgrade soil are 70 and 77. The design "R" values

determined at an exudation pressure of 2067 kPa (300 psi) for the McKenzie

~ base course and subgrade soil are 86 and 70.
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FIG. C.1 GRADATION ANALYSIS - FREMONT CINDER BASE
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FIG. C.2 GRADATION ANALYSIS - FREMONT SUBGRADE SOIL
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FIG. C.4 GRADATION ANALYSIS - MCKENZIE SUBGRADE SOIL
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TABLE C.1 0DOT "R" VALUES TEST RESULTS

Water Content Dry Density Exudation

Location . Pressure "R" Value
In Percent in pecf . :

() (2) (3y  inps (5)
Fremont 24 .1 82.3 85
Subgrade 25.6 81.1 80
Soil 27.8 79.3 79

32.1 76.1 72
Fremont 10.7 119.4 80
Base 11.4 119.7 77
Aggregate 12.8 116.1 72
McKenzie 19.2 97.0 80
Subgrade 20.6 95.3 75
Soil 22.1 92.5 73
McKenzie 15,7 87.6 87
Base 17.0 84.5 85
Aggregate 18.4 88.0 79

19.8 86.0 7
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