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ABSTRACT 

In the past, design and/or rehabilitation of flexible highway pave­

ments were based on a rule of thumb procedure and the accumulated experi­

ence of the highway engineer, with the result that severe break-up was 

a common occurence. Thus, the need for new design methods and improved 

material characterization techniques were frequently stated. Recently 

researchers recognized the fact that the action of traffic on highway 

pavement is a transient one. Consequently, they established a dynamic, 

repeated load testing technique as a tool for the characterization of 

highway materials. 

In this paper, an attempt is made to review some of the available 

literature dealing with dynamic testing and the many variables affecting 

the test output. The subject is presented in seven chapters as outlined 

in Chapter 1. Appendix A is devoted entirely to test procedure as pub­

lished in Special Report 162, Transportation Research Board, National 

Research Council, National Academy of Sciences, Washington, D.C., 1975. 
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CHAPTER 1 

INTRODUCTION 

The complexity and variability of pavement-subgrade materials and their 

interactive mechanism make the design and/or rehabilitation of an existing 

pavement a major problem. Present design methods are empirical and quasi­

rational; they are based on correlation with in-service performance (1, 2, 

3 and 4)*. These design procedures consider only a few material descriptors, 

and cause great difficulties in extrapolating and correlating pavement perfor­

mance under different loading and environmental conditions. Thus, the need 

to develop an approach to material characterization, which recognizes the com­

plexity and variability, not only of the individual pavement components and 

their interaction, but also the conditions that exist throughout the life 

cycle of the pavement system, has been frequently stated (5,6). 

Further, present design of flexible highway pavements has been, for many 

years, based on the accumulated experience of the highway engineer (3), with 

the major design consideration being control of permanent deflection. While 

permanent deflection is one way in which the pavement can fail, there are 

five other modes of distress which must be considered in the design process. 

These modes of distress include: 

1) fatigue, which occurs in the layers of the flexible pavement 

structure, is caused by the repeated bending of the layers 

due to traffic traveling over the pavement surface, 

2) rutting, which is caused by cumulative plastic and shear de-· 

formations in the subgrade and/or base materials as a result 

of load repetitions, 

3) excessive deflection in the base materials due to compaction 

by vehicular loads, 

4) temporary excessive rebound in the subgrade and base materials 

(7) , and 
-{-o/

( ~ ~ d 1.$,· •. c , v n /.
~-"- .. -------"'- ~!) 1 C~._!K{-' ·j'(J. · ( ~ 1A (-' 

,-, ,
L . ; , ,...

1
l <..{I· ·--f '

5) lack of stability in the wearing course~ 

These failure modes are manifestated by an uneven surface and a pavement 

can be considered to have failed functionally when deformation of its com­

ponents are sufficiently large to cause an unacceptable and uneven riding 

surface, or to cause cracking of the surface material (2). 

* Figures in brackets indicate references in the Bibliography 
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In recent years, those in the field of highway design have called 

for a new improved design method, which will deal with all modes of 

distress which can deteriorate flexible pavements. This new method of 

design has often been referred to as the rational design method. It is 

a more realistic approach to design, based on the mechanical properties 

of the roadbed and subgrade materials. Efforts to perfect this method 

of design have been focused in two areas. The first of these is proper 

characterization of the materials. The second, which is based on the 

first, is technique whereby deflections of the pavement may be predicted. 

The characterization of paving materials and subgrades is a complex 

task. Formerly, these materials were characterized by their static be­

havior, i.e., the loads applied to materials being tested were static, 

even though their magnitudes may have been subject to change during the 

test. The California Bearing Ratio (CBR), the Hveem stabilometer, and 

the static triaxial test are representative of this type of test. However, 

the application of stress to pavement materials by moving wheel loads is 

a transient one. A more realistic test procedure to characterize these 

materials should be one in which the loads applied to specimens are also 

transient. The repeated load triaxial test is one such test. Samples of 

soil or paving material are placed in the cell and subjected to confining 

and axial stresses, just as in the static triaxial test. The difference, 

however, is that the application of stresses to the sample in the cell is 

cycled or repeated. The repeated application of axial stress does not 

duplicate applied stresses in the field, but more realistically represents 

the form of stress applied to roadbed materials by traffic. Some of the 

drawbacks involved with this test will be discussed later in this paper. 

Reliable predictive techniques must be available to implement the 

rational design method. Though some of the problems in predicting pave­

ment deflections stem from the difficulties in properly characterizing 

the roadbed materials, still more problems are encountered by trying to 

select an appropriate theory to make this prediction. Recent investiga­

tions employing the transfer function theory seem to have considerable 

success. Baladi (5), using the transfer function theory and the Kelvin­

mass-spring-dashpot model, predicted pavement deflections to within five 

percent (5%), 0.0005 inch, of the measured deflections for nine different 

flexible qighway and runway pavements. 

2 



A new rational design method is sought which deals with the 

mechanics of the pavement materials on a more elemental level. Researchers 

believe a more efficient design may be realized through the association 

of calculated stresses with the mode of failure presented. The development 

of a new design method has been impeded primarily by two aspects of 

analysis: accurate material characterization and reliable pavement de­

flection prediction. The behavior of soils under repeated loading is 

much different from that under static loading. Accurate material 

characterization requires that investigators try to simulate field states 

of stress in testing, or to use full-scale field tests in a rapid non­

destructive manner (3, 8, 9, 10, 11, 12, 13, 14, and 15). 

This paper will deal with efforts by investigators to characterize 

roadbed materials through the use of repeated load triaxial testing. The 

subject will be presented in the following order: 

L Chapter 2 Review of Literature 

2. Chapter 3 The Repeated Load Triaxial Test 
.. 3. Chapter 4 Factors Affecting the Resilient Modulus 

4. Chapter. 5 The Stiffness Modulus of Asphalt Treated Mixes 

5. Chapter 6 Sample Preparation and Test Procedure 

6. Chapter 7 Equipment 

7. Appendix A Test Procedures for Characterizing Dynamic Stress-
Strain Properties of Pavement Materials (Special 
Report 162, Transportation Research Board, National 
Research Council, National Academy of Sciences, 
Washington, D. C., 1975). 
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CHAPTER 2 

REVIEW OF LITERATURE 

In the early stages of development, design and/or rehabilitation of 

a pavement system consisted of rule-of-thumb procedures based on judgment 

and past experience. In the 1920's, the U.S. Bureau of Public Roads* de-

veloped a soil classification system based upon the observed field per­

formance of soils under highway pavements (16). This system, in conjunc­

tion with the accumulated data, helped the highway engineer to correlate 

performance with subgrade types. 

Beginning in the late 1940's engineers were faced with the need to 

predict the performance of pavement systems subjected to greater wheel 

loads and frequencies than they had ever before experienced (3,4,17). 

Thus, a quasi-rational design procedure was introduced in the early 1950's 

(18); however, severe breakup is still a common phenomenon on some flexible 

highways and runways (18,19). 

An important problem which the highway engineer faces today is that 

of providing remedial measures to upgrade existing pavements to meet today's 

traffic loadings and frequencies. This need has led many investigators to 

agree that a closer look at the materials comprising the pavement structure 

is a must. Researchers concerned with fatigue failures recognized the 

need for a testing method which would simulate the action of traffic. 

This was pointed out by Professor A. Cassagrande who wrote (20): 

"Irrespective of the theoretical method of evaluation 
of load tests, there remains the important question 
as to what extent individual static load tests reflect 
the results of thousands of dynamic load repetitions 
under actual traffic. Tests have already indicated 
that various types of soils react differently, and 
that the results of static load tests by no means 
bear a simple relation to pavement behavior." 

Mitry (36) noted the work of many investigators who first began testing 

with repeated loads. In 1947, Campen and Smith (55), McLead (56), Phillippe 

and Hittle (57), and Goetz (58) had all begun investigations of repeated 

load tests on model pavement sections, with the number of load repetitions 

on the order of 10. However, due to several disadvantages of the test 

(time consumption and cost), experimentation with repeated load testing in 

the conventional triaxial cell was soon recognized as a better test. 

* The Bureau of Public Roads is now known as the Federal Highway 
Administration. (3) 
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The cyclic (repeated) plate load tests could only evaluate the soil 

parameters under one set of conditions, namely, those that existed at the 

time of testing. However, critical soil conditions could be reproduced 

in the triaxial cell. This strengthened the practice of material property 

determination in the laboratory. The effects of many different parameters 

such as density, gradation, degree of saturation and others were soon under 

investigation. 

The first efforts in triaxial testing were associated with the eval­

uation of repeated load characteristics of subgrade materials such as clays 

and silts. According to Mitry (36), Barber presented data in 1959, which 

showed that increased fines content in aggregates considerably decreased 

its permeability. The need for drainage time was recognized, due to the 

development of excess pore water pressure upon loading. Seed and Chan (6), 

showed that the resilient modulus of the silts increased as the time of 

duration of the axial load decreased. 

Given the considerable amount of data available from conventional 

static tests, a correlation between dynamic and static test properties was 

sought. Seed et al (6) made a comparison between Young's Modulus as de­

termined by the unconfined compression test and the resilient modulus. 

Figure (2.1) shows that the resilient modulus in all tests was higher than 

the tangent modulus for tests on silty clays. Ahmed and Larew (21) found 

just the opposite. In tests on silts and clays, they determined the 

strength and modulus by conventional tests. They ran repeated load tests 

using 6 different levels of repeated stress which were less than the de­

termined strength. In all cases, the modulus based on the repeated load 

test was less than that for the static test as shown in Figure (2.2). The 

results also show that stiffness and peak strength were less in the repeated 

load case. 

Repeated load tests on poorly graded sand, with a slow cyclic frequency 

to represent loads due to parking were performed by Trollope (59). In 

these tests, he found that the resilient modulus increases with increasing 

dry density (decreasing void ratio) and increasing rate of deformation. 

Hicks (29) and Mitry (36) acknowledged Biarez (60) as the first investigator 

to note a logarithmic relationship between the resilient modulus, ~· and 

the sum of principal stresses, e. In tests on uniform sand, a log-log plot 
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of MR vs. e gave a straight line, which could be expressed by the equation: 

MR = K (2 .1) 

in which K is a constant, and n is an exponent between 0.5 and 0.6. Dunlap 

(61) formulated another relation between the resilient modulus and the tri­

axial stress level as follows: 

= Kl + K2 (or + oe) (2.2)MR 
in which, = the unconfined modulusKl 

= a constantK2 
<1 = the radial stress r 

= the tangential stressae 
Mitry (36) performed many tests on untreated base course material. 

He confirmed the linear relationship, on a log-log scale, between resilient 

modulus and the confining pressure. He expressed the relationship in terms 

of the confining pressure as, 
nMR = Ko3 (2. 3) 

in which, = the confining pressure0"3 
K = a constant 

n = an exponent between 0.5 and 0.7 

He noted the strong effect that the confining pressure has on the resilient 

modulus, one increasing with the other. He also found that the resilient 

modulus for saturated gravel under drained conditions was only slightly 

higher than that for dry specimens, and that the resilient modulus deter­

mined under undrained conditions was nearly the same as that of dry aggregate. 

Seed and others confirmed this in 1967. Coffman (62) showed that the re­

silient modulus increased with increasing frequency of repeated load. 

Morgan (36) conducted tests on uniform sand. He reported that the 

behavior of freely drained saturated sands is only slightly different from 

that of the air-dried sands. Morgan found that the resilient modulus is 

dependent on the magnitude of the deviator stress and confining pressure. 

Also, he found that the resilient Poisson's ratio was unaffected by changes 

in either of the test parameters. 

Haynes and Yoder (26) carried out repeated load triaxial tests on dif­

ferent kinds of coarse aggregate, gravel and crushed stone. They found 

that the resilient modulus decreased with the increasing saturation. The 
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amount of decrease was dependent on the aggregate type; gravel being af­

fected more than the crushed stone. The resilient modulus was found to be 

only slightly affected by gradation. 

Tests made by the Asphalt Institute in 1967 on untreated base course 

materials also showed that the resilient modulus decreased with increasing 

saturation. Hicks (29) cites the findings of Kallas and Riley (63), which 

saw the decrease of K while n remained constant in equation (2.3). In 

tests run by Kasianchuk (64), the build-up of excess pore water pressure 

and a corresponding decrease in effective confining pressure, with an in­

creasing number of load applications was reported. These tests were made 

on saturated sand and appear to be related to the phenomenon of liquefaction. 

Kasianchuk also confirmed the linear relationship between confining pressure 

and resilient modulus. For a comparison of these findings, see Table (2.1). 

In 1962, Seed showed that the resilient modulus of clay was dependent 

on axial stress level. Recognizing this fact, the characterization of the 

subgrade layer becomes very complex. Since the load on the soil varies 

with horizontal and vertical position, the resilient modulus varies through­

out the soil no matter how homogeneous it may be. 

The emphasis of researchers seems to have changed at this point. With 

a great deal of testing having already been done, it was fairly clear how 

many parameters were affecting the resilient response of highway materials. 

It was now a matter of determining which test parameters and conditions were 

most important. Hicks (29) addressed himself to this in work on untreated 

base course materials at the University"of California. He showed that 

stiffness increased (resilient modulus decreased) with increasing confining 

pressure, and was relatively unaffected by the deviator stress. Stiffness 

increased with density, decreasing fines and decreasing saturation. The 

magnitude of the increase in stiffness was dependent on the type of aggre­

gate tested. The resilient Poisson's ratio increased with decreasing con­

fining pressure and increasing deviator stress. These tests were carried 

out in a conventional triaxial cell, with repeated axial stress and sustained 

confining pressure. Axial and radial strains were measured, based on real­

istic stress histories, load duration and frequency, at stress levels ex­

pected in the field. 
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' ' TABLE 2.1 SUMMARY OF THE COEFFICIENTS K1, K2, K1, K2, RELATING MODULUS TO CONFINING PRESSURE 
(Uj) AND TO THE SUM OF THE PRINCIPAL STRESSES (8), {27). 

REFERENCE MATERIAL MR{psi) = K112 MR(psi) = Kl6Kl WATER CONTENT 

Kl K2 K'1 K'2 

-(36) Dry Gravel 7,000 .55 1,900 .61 

(112) Crushed Gravel 13,000 
9,000 

.50 

.50 
-

2,800 
-

.59 
.20 
.07 

(64) Aggregate Base 
Aggregate Subbase 

11,300 
6,310 

.39 

.43 
3,830 
2,900 

.53 

.47 

(63) Aggregate Base 
and Subbase 

10,618 
10,144 
10,019 
8,687 

.45 

.47 

.47 

.50 

.024 

.043 

.063 

.082 

(lq) Aggregate Base 5,400 
2 '100 

.50 

.50 
.027 
.063 



As a result of this work, Hicks and Monismith (28), reported that the 

effects of stress level on the resilient modulus are greater, than those 

for other material parameters such as density, gradation, and saturation, 

which have a lesser importance. Hicks and Monismith also noted a relation­

ship between resilient Poisson's ratio and the principal stress ratio of 

the form, 

(2. 4) 

in which A0, A
1

, etc. are regression constants from a least squares curve 

fitting, and (0 1/0 3) is the principal stress ratio. 

Barksdale and Hicks (23) suggested a relationship between the measured 

plastic strain in a repeated load test and rutting of the surface of a 

flexible pavement. They defined the rut index as "the sum, of the average 
' 

plastic strains occurring in the top and bottom half of the base multiplied 

by a constant 10,000 so as to give a whole number." They stated that the 

rut index can be evaluated from the results of two repeated load triaxial 

tests performed at a confining pressure of 10 psi and deviator stresses of 

35 and 60 psi. However, they acknowledged that a more general approach 

than the rut index must be used to study rutting in pavement structures 

having different geometries and varying base course materials. To this 

erid, it was apparent that a proper material characterization was still 

not in hand. Thus, investigators started looking for other methods to 

determine the stress-strain relationship for asphalt mixes; among these 

methods are the stiffness modulus, the complex and/or dynamic modulus, and 

the dynamic stiffness modulus. 

Nijboer (65) related asphalt mix stiffness to the ratio of Marshall 

stability and Marshall flow value. Terrel et al (47) cited the work of 

other investigators in the correlation of the ultimate tensile strength 

with the resilient modulus. In the estimation of mix stiffness, Heukelom 

and Klomp (69) extended the earlier work of VanderPoel (70,71). They 

presented a semi-empirical equation whereby the volume concentration of 

aggregates is determined. It should be noted that these equations also 

make use of the nomographs presented by Van der Poel. 

The concept of stiffness modulus was first presented by Deacon (68), 

based on the results of repeated load beam flexure tests; however, it was 

Terrel who presented the most noteworthy work in resilient and complex 

modulus determinations in the triaxial cell in 1967 and again in 1972. 
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The most significant of his findings is the linear stress-strain behavior 

of asphalt treated mixes in the range of stresses and temperatures ex­

pected in the field, in contrast to the non-linear behavior of untreated 

soils. Terrel and Awad (47) stressed the continuation of research to de­

velop and refine more realistic test methods, pointing out the failure of 

conventional testing in newer theoretical techniques with adequate material 

parameters. Recently, investigators have recognized that pavement de­

flection is one such technique. Thus, the search was begun for a method 

whereby an accurate pavement deflection can be made. 

In the search for the theoretical basis upon which to predict pave­

ment deflections, Pell and Brown (41) gave further support to linear elas­

tic theory, noting it as the most promising. First, this theory could be 

modified for use with non-linear material properties, such as exhibited by 

cohesive and granular soils, through an iterative process. Second, the 

thickness of the flexible pavement usually insured linear behavior. Inter­

action between layers, which is a function of the layer thickness and 

material composition is as important as the behavior of the materials com­

prising the pavement structure. Furthermore, the use of a linear elastic 

theory may introduce nonpredictible error. To this end, layered elastic 

theory was introduced. Seed et al (44) had limited success in prediction 

of pavement deflection based on layered elastic theory and laboratory de­

termined properties. 

In 1970, Harr introduced the transfer function theory as a method 

whereby pavement parameters could be determined. Ali (72) applied transfer 

function theory to study flexible pavements under laboratory controlled 

conditions. He reported: that "Temperature, surface course thickness, 

and spatial location have their respective influence on the transfer function." 

Boyer and Harr (73) extended transfer function theory to an in-service 

pavement system. They used installed linear variable differential transformers 

(LVDT) gages in the pavement and conducted field tests at Kirtlind Air Force 

Base, New Mexico. They concluded that the characteristics of flexible pave­

ments could be represented by a "time dependent transfer function" (TDT). 

Baladi (5) and Ng-A-Qui (74) successfully predicted pavement deflection of 

various highway and runway sections using the transfer function theory. Also, 

Baladi succeeded in determining pavement parameters that are needed in the 

design and/or rehabilitation of flexible pavement structures. 
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In summary, the effort to develop a new rational design of flexible 

pavements or to modify existing design methods has been concentrated in 

two areas: 1) characterization of roadbed and surface materials, and 2) 

development of a technique whereby an accurate prediction of pavement de­

flection can be achieved. Most researchers agree that the theoretical tech­

niques for prediction of pavement deflections are far more advanced than our 

ability to characterize the paving materials. Indeed, the problem of pre­

dicting pavement response is primarily related to the lack of adequate 

material parameters. Due to the complexity and variability of highway 

materials, and the limitation of our testing ability, much of the work in 

this area has been of little help in changing and improving methods of 

design. However, research has increased our knowledge about the problem; 

the 'different modes of distress and the mechanics behind them have been 

identified; the testing procedure has been improved such that field con­

ditions are now being accurately simulated in the laboratory. Further, 

full-scale field testing is a must in order to modify the laboratory test 

procedures and consequently to check its results. 

13 



CHAPTER 3 
THE REPEATED LOAD TRIAXIAL TEST 

1. INTRODUCTION 

The repeated load triaxial test has been singled out for extensive use 

by researchers for material characterization. There are several reasons 

for this: 

1) it is considered the best test technique due to the 
ease with which investigators can control various 
parameters, 

2) low cost, and 

3) the ability to give relatively accurate estimations of 
material properties for pavement deflection analyses. 

However, as we shall see, the repeated load triaxial test falls short of 

truly representing the real in-situ state of stress for the soil element. 

Before examining the inconsistencies of the state of stress, the repeated 

load triaxial test itself will be considered. 

2. THE TEST 

Triaxial testing is concerned with the determination of the stress­

strain behavior of soils. Cylindrical soil samples are carefully prepared, 

most often to represent the in-situ condition of the soil, and these samples 

are placed in a test chamber or cell. In the cell, the soil sample is sub­

jected to a lateral or radial confining stress, and an axial stress applied 

by a piston to the end of the sample. In conventional triaxial testing, 

the sample is subjected to an axial stress which is maintained and steadily 

increased. Stresses and strains are monitored throughout the test. Repeated 

load testing is much different in several ways. The soil sample in the cell 

is still subjected to a confining stress by pressurizing the air or cell 

fluid in the chamber, but the cell pressure may be pulsated as is the axial 

stress. The axial stress, which in conventional testing is maintained, is 

continuously reapplied to the specimen. This repeated loading of the sample 

is meant to represent the stress pulse felt by a soii element due to moving 

wheel loads on pavements, If the test confining pressure is pulsed, it is 

typically pulsed in sequence with the axial load. Thus, many more test 

parameters require consideration in repeated load testing. Not only must 

values of the axial and confining stresses be specified, but the conditions 

of loading such as load frequency, duration, and number of loadings must 
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also be considered. As might be expected, each of these test parameters 

has an effect on the response of the material. These effects will be dis­

cussed in the next chapter. 

3. STATE OF STRESS 

To illustrate the manner in which the triaxial test fails to truly 

represent the state of stress of a soil element in the pavement structure, 

consider the stresses induced in the element due to the passage of a moving 

wheel load. Figure (3.1) shows that as the wheel moves along the surface 

of the pavement, the orientation of the principal stresses which are ap­

plied to an element in the pavement structure rotates. At an instant when 

the load is directly above the element, the principal stresses are oriented 

horizontally and vertically. Except for this very instant, the major prin­

cipal stress applied to the in-situ element is at all times greater than the 

vertical stress. The triaxial test employs application of principal stresses 

in one orientation only, that of horizontal and vertical, with no possibility 

for reorientation. Due to the fact that the principal stress applied by the 

wheel load rotates as the wheel moves, a shear stress, T, exists on the 

vertical and horizontal planes of the in-situ element. Figure (3.2) illus­

trates the normal and shear stresses exerted on the in-situ element. In 

the figure, the shear stress is zero when the normal stresses are maximum, 

corresponding to the wheel load located directly above a soil element. The 

triaxial test can only represent this condition, since it is incapable of 

applying shear stresses directly to the sample. Deformations of the sample 

are measured only in the directions of the applied normal stresses, giving 

an inaccurate and overestimated measure of permanent deformation. However, 

in relation to the in-situ element, Pell and Brown (41) stated that if the 

soil is considered to be is0tropic, the measured deflection can be considered 

satisfactory. 

In representing the state of stress of an element under the surface 

of a pavement, the triaxial test falls short of a true representation in 

two ways: 

1) the principal stresses on an element in the field rotate, whereas 

the repeated load triaxial test applies them in one orientation 

only, and 

2) because of the rotation of the principal stresses, shear stresses 
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occur on the horizontal and vertical planes of the element 

These shear stresses cannot be applied in triaxial testing. 

No one is certain as to the importance of these drawbacks in material 

characterization, however, it does not appear likely that the repeated load 

triaxial test will be replaced in the near future. Morgan (39) suggested 

the use of direct shear testing to supplement triaxial testing character­

ization, but it is not clear how this would be achieved. Baladi (5) has 

suggested the use of full-scale field tests in conjunction with repeated 

load triaxial tests so as to determine the importance of these shortcomings 

of the triaxial testing. Before looking more closely at the various triaxial 

test parameters, the definition of some terms may be warranted. 

4. RESILIENT PROPERTIES 

In the determination of the most important resilient properties, the 

response of the test specimen is carefully monitored. Axial and radial 

strains and deformations characterize this response. When the sample is 

loaded axially it deforms a certain amount, and upon unloading, a portion 

of this total deformation is recovered. Thus, the total deformation is 

comprised of an elastic or recoverable deformation and a permanent defor­

mation. These deformations lead to the corresponding total, resilient, and 

permanent strains defined by them. The two most important resilient pro­

perties, the modulus of resilient deformation, ~· and resilient Poisson's 

ratio, v , are defined by these strains and the values of the applied
r 

stresses. 

The resilient modulus ~ is defined as follows: 

"1 - "3 "d 
(3.1)MR E E 

a a 

in which, = the deviator stress which is the difterence between the"d 
axial stress, "1' and the radial stress cr

3 

E = the resilient or recoverable axial strain 
a 

This definition applys to a linear elastic, isotropic material under uni­

axial stress. It is valid for cohesive and cohesio,~J.ess soils and has also 

been adopted to characterize asphalt treated mateLi.«o s. Figure (3. 3) shows 

typical recordings of stress and strain taken for a repeated load triaxial 

test, and the resilient modulus determined based on them. 
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The resilient response and ~ for asphalt treated materials are de­

pendent upon many factors. Among these are temperature, mix properties, 

stress level,load duration and frequency. It is.also known that the 

value of the resilient deformation measured is dependent upon load duration. 

Under short stress durations and low temperatures, the asphalt treated 

materials behave almost elastically. However, saturated mixes at high 

temperatures exhibit little or no resilient response, which leads to an 

excessively high and misleading value of ~· Terrel and Awad (48) recog­

nized that ~ was not enough to completely characterize the stiffness or 

quality of a mix. They introduced the modulus of total deformation, MT' 

defined as follows: 

= (3. 2) 

ET 

in which, od = the deviator stress 

ET = the total strain 

They observed that when total strains were used instead of resilient strains, 

the material properties computed were more consistent. Figure (3.4) shows 

a typical recording of stress for an asphalt treated material. 

The resilient Poisson's ratio, v , for isotropic linear elastic mater­
r 

ials under uniaxial stress is defined as follows: 

v = (3.3)
r 

in which, E = the recoverable radial strain 
r 

E = the recoverable axial strain 
a 

This resilient Poisson's ratio and modulus are defined under the condition 

of a constant confining pressure. The most recent investigations have 

been made utilizing a variable confining pressure which pulses with the 

axial load, and more accurately simulates the stress conditions in the 

field. 

With a variable confining pressure, determination of the resilient 

modulus as previously defined would ignore the effects of the pulsed radial 

stress. This change in confining pressure would have an effect on the re­

coverable axial strain, leading to an overestimate of v based on the constant 
r 

confining pressure. Allen and Thompson (22) suggested the use of three 
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dimensional stress-strain relationships: 

1 
€ = (o - 2v o ) (3.4) 

a a r r~ 
1 

€ = [o - v (o + o )] (3. 5)
r a r a r~ 

in which, € = the recoverable axial strain 
a 

€ the recoverable radial strain r 
v = the resilient Poisson's ratio 

r 
0 the axial stress a 
o = the radial stress 

r 
Terrel et al (48) presented the following equations for strain based 

on linear elastic behavior 

(3.6) 

(3. 7) 

in which, B through B are constants determined from linear fitting of the1 4 
experimental data. If er and ea are resilient strains, then B through B1 4 
can be used to determine MR and vr as follows: 

(B2 + B3) 
M 

2 
+ 

2 (3.8)
r 

~ 

3Bl + B4 [ (Bl + B4) - (B2 : B3)J (Bl+ B4) 

(B2 + B3)2 v (3.9) 
r 

~ 

3 (Bl + B4) - (B2 + B3) 

3 

Again, these relationships are based on linear elastic behavior and, there­

fore, may only be applied to materials exhibiting this behavior. 

5. TEST PARAMETERS 

Researchers seek to predict the in-service behavior of the pavement 

structure based on the results of laboratory tests on its components. It 

follows that testing in the lab must be performed in such a manner as to 

simulate the actual field loading and soil conditions. To simulate field 

conditions, realistic values for the various test parameters must be chosen. 

The ranges of stress, temperature, number and duration time of loads, etc., 
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are chosen so that they fall within service conditions. These parameters 

will be discussed in the following subsections. 

5.1 Load Repetitions 

The choice of this parameter for testing is reasonably straight 

forward. One would expect to subject a test specimen to a number of 

loads of the same order as that which we would expect in the field. 

During its lifetime, a typical highway pavement can be subjected to 

anywhere between 100,000 to 1,000,000 or more 18 kip single axle 

loads. Indeed, most repeated load triaxial testing is carried out 

with the number of load applications in the range of 10,000 to 100,000 

repetitions. As will be pointed out later, after a certain number of 

applications, the response of the specimen does not change appreciably. 

This fact, in conjunction with the excessive time required to apply a 

realistic number of loads is the reason that investigators use a 

smaller number of loadings. 

5.2. Deviator Stress 

It will become evident that changes in the stress level to which 

test specimens are subjected will affect the resilient properties to a 

greater extent than changes in any other test condition. The resilient 

modulus may vary as much as several hundred percent in the range of 

stresses encountered in the pavement structure. To determine the 

value of axial load to apply to a specimen, several things must be 

considered. Of primary importance is load intensity in the field. It 

is obvious that the intensity of the vertical load applied diminishes 

with depth, but the level of stress to which an element is subjected 

is also affected by the geometry of the pavement structure. Computer 

programs aid researchers in determining the magnitude of load to 

expect and use for ·testing for a given material at a given depth in 

the roadbed. Figure (3.5) shows the variation of stress with time for 

different depths in the base course for a given vehicle speed and tire 

pressure. Published data such as this aids investigators in choosing 

the appropriate axial stress level. 

5.3 Load Wave Form 

As the axially loading piston moves downward to make contact with 

the test specimen, the change of applied load with time must be con-
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sidered. This is typically referred to as the wave form. Figure 

(3.6) shows some of the wave forms used in past investigations. The 

most commonly used stress-pulse for many years was the square wave. 

It was used because analysis of the data was simplified and it was 

a wave form which was easily achieved with pneumatic loading test 

systems used in many laboratory studies. 

Barksdale (24) found that the form of the stress pulse changed 

with depth for in-service loadings. He found that the vertical 

stress pulse varies from a near sinusoidal one near the top of the 

pavement structure to a more nearly triangular pulse in the lower 

portions of the base course. Figure (3.7) shows the variation of 

stress versus time for different depths in the pavement structure. 

Examination of the figure indicates that a triangular or sinusoidal 

wave form may be considered as a good approximation. Terrel and 

Awad (47) were in agreement with these findings. They noted the 

replacement of sinusoidal waves with other wave forms, by researchers, 

for ease in analyses. 

Allen and Thompson (22) also showed the dependence of stress 

wave form upon depth. In agreement with Barksdale and Terrel, they 

described the vertical stress pulse as generally sinusoidal, with a 

sharper peak near the surface, and a flatter top iu deeper portions 

of the base course. Conversely, they claimed that the radial 

stress pulse was more or less a flat-topped sinusoidal shape, which 

became more sharply peaked with depth. For all of their testing, 

a half-sinusoidal wave form was used since this shape is the most 

general for all of the different stress distributions, and because 

i~ can be produced with standard laboratory function generators. 

In work performed by Terrel et al (48) on the effects of 

different wave forms on specimen response, it was found that no 

significant difference was observed in the total and resilient 

strains using either the sinusoidal or triangular wave shapes. 

Also, an equivalent square pulse ~an be used if the same s{ress is 

applied for 33% of the duration of the equivalent sinusoidal pulse, 

or if 66% of the sinusoidal stress is applied for the same duration 

as the sinusoidal pulse. For simplified data analysis, and other 

reasons, they concluded that a square vertical wave form is a 
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reasonable approximation of actual conditions. Considering the 

deficiencies and imperfections of laboratory testing and predictive 

techniques for deformation, the precise wave was of little importance. 

They suggested the use of the sinusoidal wave pulse for all testing, 

which still appears to be the case today. 

5.4. Load Frequency and Duration 

Under actual in-service conditions, the stress pulse applied 

by a moving wheel lasts about 0.01 to 0.1 of a second. This duration 

time is primarily dependent upon the speed of the vehicle and the position 

of the element under consideration within the pavement structure. 

The vehicle speed is inversely related with the load duration. As 

vehicle velocity increases, the duration of loading decreases 

linearly, and as the velocity decreases, the load duration linearly 

increases. It is also known that the load duration time increases 

with depth. For a flexible pavement with 4 inches of surfacing and 

15 inches of base course, Barksdale (24) founq that the time of 

load duration increases by a factor of about 2.7 from surface to 

subgrade. 

As was pointed out earlier, the principal stresses applied to 

the in-situ soil element are always greater than the vertical 

stress applied, except for the case when they are equal, for the 

wheel load located directly above the element. Owing to this fact, 

the duration of the principal stresses applied is also of a larger 

magnitude than the duration of the vertical stress applied, and the 

difference in these two durations increases with depth. Figures 

(3.8) and (3.9) were developed by Barksdale, and give suggested 

load duration times based on different vehicle speeds and depths, 

for both the principal and vertical stress pulses. The question 

arises as to which stress to use, and Barksdale suggests: (1) usc 

the principal stress pulse for determining the dynamic modulus of 

elasticity, since principal stresses are applied in the triaxial cell, 

and (2) use the vertical stress pulse for the investigation of 

plastic properties and rutting, as these are related to the accumu­

lation of vertical strain. 
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Barksdale (24) also reported another finding in his work which 

bears mention here. For conventional flexible pavements, including 

those of deep-strength design, and for spring and summer temperatures, 

the load duration time is not affected by the pavement geometry or 

by layer stiffness and thickness. For engineering considerations, 

the effects of these are negligible. 

In general, most repeated load triaxial tests are performed 

using a load duration of 0.1 second and a frequency of loading of 

20 cycles per minute. 

5.5. Confining Pressure 

Just as the level of axial stress depends on load intensity 

·and depth within the pavement structure, so does the confining or 

lateral pressure. Allen and Thompson (22) used non-linear finite 

element analyses for typical pavement sections to establish con­

fining pressure values. Terrel and Awad (47) used a n-layer com­

puter program to plot the variation of confining pressure as a 

result of moving load. 

Recently, investigators have incorporated varying confining 

pressures which pulse in sequence with the axial load as shown in 

Figure (3.10). However, there is no general agreement as to the 

importance of such variation, since pulsating the confining pressure 

tends to overestimate the resilient properties of the specimen 

being tested. 

6. TYPICAL VALUES OF TEST PARAMETERS 

The various test parameters and criteria for choosing the values of 

test parameters have been presented. Typical values for these parameters 

are: 

Load Frequency: 10 to 30 cpm 
Load Duration: 0.04 to 0.25 seconds 
No. of Repetitions: 10,000 to 100,000 
Confining Pressure 0 to 25 psi 
Deviator Stress: 1 to 70 psi 

311Sample Size: 1.4" X to 4" X 8" 
Load Wave Form: square or sinusoidal 

Table (3.1) lists specific values of these test parameters for past 

investigations, along with the range of resilient modulus values determined. 
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TABLE 3.1 SUMMARY OF LABORATORY TESTS TO EVALUATE THE ELASTIC PROPERTIES OF GRANULAR MATERIALS, (36); 

,.,..,..,.
"""""' 

~ 

! 
=• ~ 
t 
f• 
~ 
~ 

! 
~ s•l 
t 
:= 
: 
i: 
• 

.... r.. :J. Seed and 
C. JL. CJ-.an fl%1} 

a. aa~ \l%1) Joint 
hie:trorz:r ree~~<&rel:: 
project, ru...'"'iue 
:'nivenitT 

C. :la1ver:ity Q:f 
::alif::rrn.1a ;196<:) 

i:. :l. !roll.ope' 
!. -::. Lee, and 
J. Jolcrr'..$ <1962) 

f. "teD.!! :-:-ar~p. 
!::.Ftitut.e, ·•.• ~. 

:r2""~ap (1963) 

Silty SAnd 

ll$F.I.i :x:re-eQUrse :r~at. 

ite'l'iaed grad..atic~,, J/l1 in, m;v.:, 

''" 1. -.rnel 
2, C:usheo:i ~t.oTJe 

i::!f•:11::t. .,;: duratioc. of at.reaa awJ.'1ca­
tJ.ons 

- Z.eree~t o1 fines p&l!Sin!l; ri'200 :ne11i:. 
l!liev-e: 6;.4, 9.1 and ll,St 
-:..ec·ee o!" sat:u-atior;. 70, 35 an:l 1.80% 

l::Uee: ae-;;::reo~a~, fairly rounded -voi:t :at.io 
3/t.• r,ax, si:l:!, ):i: pustne ~on.l::..ni."l;: ;;res~ 
W2X ll'ie~ 

·:ni.fo~. urod: - ~ ,016 i."l.. in 
::l.ia.'llo Sp<.e~r. •J;r.e!ll!!io:.r~ 
~ ,J, i:J., X 5,;. in, X 1.':' in, 

poorly !<l'aden, (<1ry sam) 
{:::arhto')n ,and) 

·")raded :tat.edal - l 1;1, r...o:x. 
si.::e - ,<'!; passin.o;: 112"0 -
1.:. .s., :.:. 21 :·ol"ling "·"· 

5.~1 

- Ir:itial :ry ::e::.s-.l.ty i.loo~e ;;·,.;1 ~ense) 
-?..ate of :J.eio~at.ior, f.rrx:. (1.::0; t.:: .:-·2 
in./mi.'l. 

-!.at.eraJ. pres:!>.ore at :::-or--11t.ant ~tres~ 
_:.-ff..,c;:t r;f" stress 1<:;~1 at. ccnst.. conf. 

.,res.s • 

'>ari"!..i~·:. nf mQ:iull.U!I of resil. .!ef. Vit..'l. 
-~-:,r.!:.c.• p·ess. 

Cor.f. 1'reu1 ~ 
in p.s.i. 

lS.o 

2),<; omd }6,0 

~-').o 

I :?'~, v· and 61' 

i 
:·lean nof'lllal 2en.aa rr= 2,2 
.11.6 lbs,/1::. 

!roc-, 15.0 
~~ "to!..$ 
p.s.i. 

:..--,. 3 ;;.; 
t.a 30 p.s.::... 

Stress level 
va.sva..~ 

)!,,';: M;1 5)..· 
;..t. ::... 

20/=in. 1'or 1/3 sec. 
2 ..in. on, 2 lllino oft 

2C mn. on ?0 lllin. of! 

Sy::lil:: lead - !."l.o; nte ~!: 

de!o~tion i.s "'Ot. 
in:l.1o:at.ed 

C:;-elic load - rate o:f 
dcf"o~t.ic-r, !rOll: ,OOJ to 
,02 1r../"t".l..n.. 

Nwabllr ol 
Lof.d Applieat1or:a 

1)01 !)Q() reps 

Modul.\1.$ o: 
i<e&U.. _..e!c.r.. 

in p.a.1. 

21,300 u.cl. 27,300 
23,200 
2; 000 

}~ 16,650 ':.JP ~ 
Sl..,S'JJ 

Froo:. JS~CCC >4< t.e 95,0C<' 
.,.s,i. 

fran }:,ooc up tc• lb<:,OC<' 
poi 

'-" w 



CHAPTER 4 

FACTORS AFFECTING THE RESILIENT RESPONSE 

1. COHESIVE SOILS 

Unlike other materials which will be discussed, cohesive subgrade 

materials cannot be accurately characterized without great attention being 

given to the preparation of the sample. In determining the resilient para­

meters for clays, the lab samples should be identical in composition to the 

field. This means that water content, density and the structural arrangement 

of the particles (which is controlled by the method of compaction used in pre­

paring the sample) must be identical. In this section the effects of the most 

important soil and test parameters on the repeated load characteristics of clay 

soils will be discussed. 

1.1 Number of Stress Applications 

Silt and clay subgrade materials generally exhibit a stiffening 

behavior with an increasing number of stress applications, N. The total 

deformation of test specimens increases with increasing N, and the re­

silient deformation tends to decrease. Most investigators tend to 

evaluate the resilient properties based on sample response after a 

relatively small number of applications, of the order of 5,000 or 

less, and this can present a misleading picture of the resilient be­

havior. 

In tests on stiff clays, Dehlen (75) found that 1,000 stress 

repetitions were sufficient to condition the sample for testing without 

significantly altering the specimen response. Conditioning the sample 

helps to avoid variations in axial deformations caused by end imper­

fections. He found that once the sample was conditioned, the response 

obtained at a relatively low number of stress applications (N ~ 50 to 100) 

was representative. As long as N-was small, testing at many different 

stress levels was possible, before stiffening behavior became significant. 

With the number of stress applications on the order of 25,000, the test 

specimens stiffen and the response is affected, but at N ~ 100, many 

different stress levels could be applied, and the resilient properties 

at these levels could be determined. Tanimoto and Nishi (46) also 

emphasize the importance of selecting the proper number of stress 
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applications at which to determine resilient properties. 

Seed et al (6) also found that the response of clay samples was 

dependent on the number of stress applications. In general, they found 

that compacted clays develop their greatest resilient deformation when 

N is less than 5000. This resilient deformation was found to decrease 

significantly at N > 100,000. Permanent deformations continued to in­

crease at this number of applications. Figure (4.1) shows the effect 

of Non permanent strain with different levels of stress. Larger stresses 

took fewer load applications to yield excessive permanent strains. 

Some question remains as to what number of stress applications is 

appropriate for the determination of resilient properties. The re­

silient behavior of cohesive soils is only evident at small numbers of 

load application; however, these soils are subjected to many more load 

applications in the field. It appears that the determination of the 

resilient modulus at lower numbers of stress applications is a conserv­

ative measure. It is lowest when resilience is greatest, and increases 

as the sample stiffens at high numbers of load applications. With N 

of the order of that expected in the field, the resilient modulus is 

much greater due to the subsequent stiffening of the soil, meaning in­

creased subgrade support. 

1.2. Thixotropy 

Investigators have found that the response of cohesive soils can 

be greatly influenced by the length of time between preparation and 

testing. The strength increase~ as the time between preparation and 

testing (storage time) increased. However, this effect tends to diminish 

as the number of load applications increased. 

Seed et al (6) found the resilient deformation decreased (the re­

silient modulus increased) as the time between compaction and testing 

increased. This effect could be seen for N < 40,000, but for N > 40,000, 

samples of all different ages began to exhibit the same behavior. For 

a number of load applications of the order of 10, the resilient modulus 

for 1 day and 50 days storage time may differ by as much as 300 or 400%. 

Figure (4.2) shows the effect of different storage times on the resilient 

modulus for a range of number of stress applications. For large value 

of N, the effects of aging are reduced and the same results are ob­

tained for samples tested immediately after compaction as those tested 
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after a period of time. Tanimoto and Nishi (46) also found this to 

be the case, but water content appeared to affect the thixotropic 

strength gain. At water contents far below or well above the 

optimum, they found that storage time had little effect on the 

specimen response. However, at water contents just above optimum 

this effect is much more pronounced. Again, these effects were 

destroyed by high numbers of stress applications. Figure (4.3) 

illustrates this point for a silty clay with an optimum water 

content of about 18 percent. 

The effect of storage time on strength is still uncertain. 

The number of stress applications used in the lab can be developed 

usually within one day, whereas the number of stress applications 

under in-service conditions may take many years to develop. Once 

again, it appears that lab estimates of strength are conservative 

due to the much shorter times involved. 

1.3 Stress Intensity 

In all investigations, the relationship between the resilient 

modulus and the deviator stress is similar. At low stress levels, 

the resilient modulus decreases and the deviator stress increases. 

This is true up to a deviator stress of about 10 psi where the re­

silient modulus is found to be unaffected or increases only slightly 

with further increase in deviator stress. Because of this dependence 

on the deviator stress, it is important that lab tests are conducted 

at stresses which are expected in the field. Figure (4.4) shows the 

decrease in MR as the deviator stress increases from 2 to 10 psi under 

a constant radial pressure. It also shows that Poisson's ratio is 

only slightly affected by changes in the deviator stress. 

For test on silty clays Mitchell et al (35), using 24,000 load 

applications, found that the resilient modulus decreased with increasing 

deviator stress up to 25 psi, above which the resilient modulus in­

creased slightly. Seed et al (6) had also found that the resilient 

modulus decreased rapidly with a variation of 300 to 400 percent as 

the deviator stress increased from 3 to 15 psi. Above this range 

the resilient modulus was observed to increase slightly, as shown 

in Figure (4.5). This means that as the depth of a soil element 
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increases, and the applied deviator stress decreases, there '"ill be 

an increasing resilient modulus with depth, assuming a uniform soil. 

Seed et al (43), using repeated plate load tests, and Tanimoto and 

Nishi (46) have also determined the same relationship. 

1.4. Method of Compaction 

The method of compaction employed during the preparation of a 

cohesive soil test specimen has a profound effect on the particle 

structure and subsequent behavior. Changes in particle structure 

are related to the shear strain induced in the soil by different 

methods of compaction. 

When cohesive soils are compacted to relatively low degrees 

of saturation, the shear strain induced in the soil by any method 

of compaction is not appreciable. Particles assume a random edge 

to face configuration, which is termed a flocculated structure. The 

behavior of these samples at low degrees of saturation is similar, no 

matter what method of compaction is employed (76, 78, 81). 

At higher degrees of saturation, such as those on the wet side 

of the optimum water content, the shear strain induced by various 

compaction methods may vary greatly. As the hammer or tamping foot 

penetrates, the soil tends to heave upward around it. The particles 

tend to align themselves parallel with the surface of shear and with 

one another. Throughout the sample there are local areas where the 

particles are situated predominately parallel to each other, termed 

a dispersed structure (81, 82, 83, 95). 

For high degrees of saturation and a static method of compaction, 

a flocculated structure is retained. Because pressure is applied to 

the entire surface of the soil, no shear strain, which causes the 

dispersed structure, is induced. We can obtain the same flocculated 

structure for a high degree of saturation by soaking the sample. The 

boundary between the higher and lower degree of saturation appears to 

be at a degree of saturation of approximately 85 percent. This closely 

corresponds to the line of optimum water contents. Figure (4.6) shows 

the different particle structures resulting from kneading and static 

compaction at different degrees of saturation. 
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For samples ccmpacted dry of optimum, the resilient behavior 

is essentially the same, regardless of the method of compaction. 

The resilient behavior of samples compacted wet of optimum varies 

greatly, depending upon the compaction method. Flocculated struc­

tures, obtained by static compaction, produce higher values of re­

silient modulus and lower resilient deformations than for the dis­

persed structures obtained by kneading compaction. A comparison of 

the resilient properties is shown in Figure (4.7) for a degree of 

saturation of 95 percent. 

Using the appropriate method of compaction in preparation, it 

is possible to simulate field conditions very closely. Seed et al 

(6) concluded that the particle structures induced by rubber tired 

rollers in the field, and kneading compaction in the lab, were very 

similar, since samples from both exhibited similar properties. Clays 

in the field ate typically compacted dry of optimum and thus retain 

a flocculated structure. To test a critical condition, such as a 

high degree of saturation, the particle structure tested in the lab 

must also possess a flocculated structure. This can be obtained in 

the two ways pointed out above: kneading compaction at a low degree 

of saturation, and subsequent soaking, or static compaction at the 

desired degree of saturation. To soak the former would require a 

great deal of time, whereas static compaction can obtain the re­

quired results in much less time. 

1.5. Compaction Density and Water Content 

All investigators have found that an increasing water content 

at compaction leads to an increase in resilient deformation, and a 

decrease in strength and resilient modulus. For a given compactive 

effort, the resilient deformation is relatively low at water contents 

dry of optimum, but it increases rapidly as the water content at 

compaction exceeds the optimum. Seed et al (6) found that for a 

given dry density, the resilient modulus decreased as the water content 

at compaction increased. The resilient deformations increased with 

the water content. Seed et al (43) and Tanimoto and Nishi (46) re­

ported the same results. Figure (4.8), from Monismith and Finn (38), 

relates the resilient modulus to water content and dry density. It 
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shows the decrease of MR with increasing water content. It also shmvs 

that for a given water content at compaction, as the dry density in­

creases, the resilient modulus also increases, until it levels off 

at the optimum condition, then ~begins to decrease slightly. 

At high degrees of saturation, minor changes in dry density or 

water content have significant effects on the resilient behavior. 

Seed suggested that this is attributable to the marked change which 

can take place in the soil structure at this range. He feels that 

it is desirable to compact samples to a saturation of about 80 percent 

to avoid this and minimize the resilient deformation. One further 

caution is also made. Under field conditions, traffic loading of 

the subgrade soil may tend to densify it, and also reduce the water 

content. Both of these conditions, along with the large number of 

repeated loadings, will lead to higher strength and resilient modulus 

than expected. This is an important consideration in pavement de­

flection predictions. 

Figure (4.9) shows that as the dry density increases, the re­

silience decreases. If two samples are allowed to absorb water to 

a degree of saturation of 90% after compaction at an identically 

lower degree of saturation, the one compacted to a higher density will 

exhibit much less resilience as shown in this figure. Figure (4.10) 

shows that the resilient deformation of samples soaked to a higher 

degree of saturation after being compacted at a low degree of saturation 

is much smaller than those samples compacted by kneading to the same 

final condition. The resilient deformation of samples compacted 

directly to a high degree of saturation may be many times larger than 

those which attain the same degree of saturation by soaking after 

compaction at a lower water content. 

During construction, a subgrade will most often he compacted to 

a degree of saturation of approximately 75 percent. This wou1.d cor­

respond to a flocculated particle structure as stated previously. 

After a long period of time, the subgrade may absorb water with no 

volume change, raising its degree of saturation to about 90 or 95 

percent. It is virtually impossible to reproduce this condition by 

soaking, because the degree of saturation will not be uniform throughout 
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the sample. The exterior portions may be saturated 100 percent, 

while the center may still be only about 80 percent. This is the 

reason static compaction is used for tests on samples with degrees 

of saturation greater than 85 percent. 

1.6. Confining Pressure 

The resilient response of cohesive soils is relatively unaffected 

by changes in cell pressure during the repeated load triaxial test. 

In tests on subgrade soils from a prototype pavement, Hicks (28) re­

ported that the stress-strain relationship is little affected by 

changes in radial stress. This was typical of all samples tested. 

Table (4.1) illustrates these findings. In tests on silty clays, 

for the same repeated load, Tanimoto and Nishi (46) reported that 

the resilient modulus is unaffected by confining pressure, as shown 

in Figure (4.11). Terrel and Awad (47) also reported similar findings. 

1.7. Stress Sequence 

Dehlen (75) studied the effects of stress repetitions and sequence 

on stiff silty clay soil. He found that if 25,000 repetitions were 

applied at each stress level, the sequence in which the stress levels 

were applied had a significant effect on the measured resilient modulus, .~ 

since the sample tended to stiffen due to prior applications of stress. 

However, if only 100 repetitions were applied at each stress level, 

the stress sequence had little effect on the resilient modulus measured, 

provided that the stresses applied were in the range expected under 

a pavement. In both the 100 and 25,000 repetition tests, Poisson's 

ratio was relatively unaffected by stress sequence. 

2. COHESIONLESS SOILS 

The behavior of granular materials found in the base and subbase courses 

of flexible pavements differs greatly from that of fine-grained soils found 

in the subgrade. The factors which affect their behavior are more numerous 

and most of these are related to conditions under which these soils are tested. 

The state of stress during testing. appears to be of much greater importance, 

and the method of sample preparation seems to be of less importance than pre­

viously seen for cohesive soils. In this section, the soil properties and 

triaxial test parameters which significantly affect the response of cohesion­

less soils during testing are discussed. 
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TABLE 4.1 STRESS-STRAIN PAIRS FOR SUBGRADE SAMPLE NO. 2-1, (29). 

Repeated 
Axial 
Stress 

Sustained 
Radi a 1 
Stress 

Axial 
Micro 
Strain 

Radi a 1 
Micro 
Strain 

10.0 3.0 2900.0 1150.0 
8.0 3.0 1850.0 750.0 
5.0 3.0 900.0 362.0 
3.0 3.0 380.0 150.0 

1.0 3.0 85.0 26.0 

10.0 2.0 2700.0 1100.0 
8.0 2.0 1850.0 750.0 
5.0 2.0 975.0 387.0 

3.0 2.0 390.0 150.0 
1.0 2.0 110.0 33.7 

10.0 1.0 2700.0 1100.0 

8.0 1.0 1850.0 750.0 
5.0 1.0 975.0 400.0 

3.0 1.0 430.0 168.7 . 

1.0 1.0 95.0 30.0 
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2.1. Number of Stress Applications 

Although researchers are not in full agreement as to the type of 

effect the number of stress applications has upon the resilient response, 

they are in agreement that the magnitude of this effect is slight. 

Some have found that the resilient modulus increases slightly, while 

still others have observed a decrease in resilient modulus with in­

creasing load applications. Morgan (39) in tests on fine sands, re­

ported that the resilient modulus increases slightly up to about 10,000 

load applications, whereafter it remained constant. Tanimoto and 

Nishi (46) reported similar results, with resilient strain decreasing 

and resilient modulus increasing slightly, with increasing number 

of stress applications. 

Between 100 and 25,000 stress applications, Hicks (29) found 

that the values of both the resilient modulus and Poisson's ratio 

remained fairly constant for dry granular materials. The lower 

limit of this range was raised slightly for partially saturated 

materials, where these properties were constant beyond about 100 

to 300 stress applications. For saturated granular materials, these 

properties are constant up to approximately 1,000 stress applications, 

beyond which the resilient modulus decreases slightly and Poisson's 

ratio increases slightly. Hicks suggested that this is due to the 

build-up of pore water pressure and a corresponding decrease in ef­

fective confining stress. 

Hicks and Monismith (27), and Barksdale and Hicks (23) found that 

approximately 1,000 stress applications will properly condition the 

sample and avoid variations in the axial strain due to end imperfections. 

Once the sample is conditioned, 50 to 100 stress applications can be 

used to properly characterize the resilient response. They also stated 

that one sample can be used in this manner to determine the resilient 

response for many different stress intensities, provided they are in 

the range of those stresses likely to occur in the pavement. The fact 

that one sample can be used to study the resilient response under various 

stress intensities illustrates that a complex stress history has a little 

effect on the resilient response. For saturated granular materials, they 

found that the sample response was subject to change due to the build-up 
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of pore water pressure which causes a reduction in the effective con­

fining stress. This appears to be related to the phenomenon of lique­

faction. Studies showed that the possibility of this occurrence was 

reduced if these samples were conditioned in a drained state. 

Kalcheff and Hicks (31) reported that the number of stress ap­

plications had little affect on the resilient response of granular 

materials. For those samples with complex stress histories, they 

recommended 150 to 200 stress applications to get a good estimate of 

the resilient properties. 

2.2. Stress Intensity 

Once again, researchers have failed to find unanimity on the 

effect the deviator stress on the resilient modulus; however, they 

do agree that the effect (whatever it is) is 'slight. Hicks (29) 

stated that all studies indicate that the resilient modulus is rela-

tively unaffected by the magnitude of the deviator stress. The 

investigations of Trollope (59), Mitchell (35), Kallas and Riley (63) 

and Seed et al (43) all came to this conclusion. Morgan (39) found 

that the resilient modulus decreases and the permanent deformation 

increases with increasing deviator stress, Figure (4.12). Also, he 

reported that for a range in deviator .stress from 20 to 50 psi, Poisson's 

ratio appeard to be constant. 

Hicks (29) found that for lower levels of axial stress, a slight 

softening occurred in the axial strain, whereas at high levels of 

axial stress, the specimens tended to stiffen. A softening pattern 

was always observed for the radial strains. These points are illustrated 

by the data in Table (4.2). Figure (4.13) shows the variation of axial 

and radial strains with axial stress. Hicks also found that Poisson's 

ratio always increased with increasing devi~tor stress or principal 

stress ratio, but this increase appeared to be random. 

Hicks and Monismith (27) reported a slight increase in resilient 

modulus with increasing deviator stress (principal stress ratio), as 

shown in Figure (4.14). Figure (4.15) shows this increase in Poisson's 

ratio with deviator stress. Hicks and Monismith also point out that 

Poisson's ratio can be reasonably approximated by the following equation: 

(4.1) 
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TABLE 4.2 STRESS-STRAIN PAIRS FOR DRY COARSE AGGREGATE SAMPLE, (29). 

REPEATED 
AXIAL 
STRESS 

3S. 
30. 
20. 
1S. 
10. 

3S. 
30. 
20. 
1S. 
10. 

3S. 
30 
20. 
1S. 
10. 
s. 

3S. 
30. 
20. 
1S. 
10. 
s. 

30. 
20. 
1S. 
10. 
s. 
3. 

1S. 
10. 
s. 
3. 

10. 
5. 
3. 

s. 
4. 
3. 

SUSTAINED 
RADIAL 
STRESS 

so. 
so. 
so. 
so. 
so. 
.30. 
30. 
30. 
30. 
30. 

20. 
20. 
20. 
20. 
20. 
20. 

10. 
10. 
10. 
10. 
10. 
10. 

s. 
s. 
s. 
s. 
s. 
s. 
3. 
3. 
3. 
3. 

2. 
2. 
2. 

1. 
1. 
1. 

AXIAL 
MICRO 
STRAIN 

400.0 
337.S 
23S.O 
170.0 
110.0 

sso.o 
47S.O 
32S.O 
24S.O 
160.0 

67S.O 
637.S 
440.0 
33S.O 
20S.O 

82.S 

11SO.O 
1012.S 

712.S 
sso.o 
390.0 
1SO.O 

132S.O 
1062.S 

82S.O 
sso.o 
280.0 
14S.O 

8SO.O 
612.S 
3SO.O 
202.S 

724.0 
43S.O 
27S.O 

487.S 
420.0 
342.0 

RADIAL 
MICRO 
STRAIN 

102.S 
81.2 
4S.O 
23.7 
12.S 

170.0 
14S.O 

82.S 
S2.S 
2S.O 

262.S 
23S.O 
127.S 

78.7 
41.2 

7.S 
\62S.O 

S06.2 
293.7 
19S.O 
130.0 
. 38.7 

1100.0 
687.S 
431.2 
237.S 
97.S 
3S.O 

S62.S 
337.S 
16S.O 

80.0 

580.0 
269.0 
14S.O 

481.2 
381.2 
293.7 
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Barksdale and Hicks (23) in studies on plastic strain in sands 

found that at lower values of deviator stress, the rate of accumulation 

of plastic strain tended to decrease as the number of load applications 

increased. At higher values of deviator stress, the reverse was found 

to be true: the rate of accumulation of plastic strain increased as 

the number of stress applications increased. This is significant in 

studies of rutting in flexible pavements. 

2.3. Stress Sequence 

One specimen could be used to test the resilient response of sand 

over a wide range of stress levels which could be applied in any order 

without error (27, 31, 22). However, Kalcheff and Hicks (31) reported 

that the measured plastic properties changed considerably as the stress 

sequence varied. 

2.4. Confining Pressure 

There seems to be no question as to the effect of confining 

pressure, in a triaxial cell, upon the resilient modulus. The higher 

the confining pressure, the higher the resilient modulus (23, 29, 38, 

39, 47, and 61). Tests at the Texas Transportation Institute in 1963 

by Dunlap (61) show that the resilient modulus increased by 500% as 

the confining pressure increased from 3 to 30 psi with the largest in­

crease occurring at confining pressures from 1 to 10 psi. Direct re­

lationships, as introduced earlier, were suggested between the resilient 

modulus ~ and either of the confining pressure o3 or the sum of the 

principal stresses, e. 

M (4. 2) 
r 

M ( 4. 3) 
r 

1i hi h K Kl and n d · d b 1n w c , , n are constants eterm1ne y a east squares 

curve fitting method. Figures (4.16), (4.17), (4.18), (4.19), and (4.20) 

show these relationships for sand, dry gravel and base course aggregates. 

Morgan (39) attempted to explain these relationships by the elastic com­

pression of the soil skeleton. He stated that as the confining pressure 

increased, the side portions of the sample would be held more firmly in 

place. Consequently, the soil resilience will be reduced. He also 
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found that at a constant deviator stress, the axial strain decreased 

with increasing confining pressure. However, Poisson's ratio did not 

appear to be related to confining pressure. In contrast to Morgan's 

results, Hicks and Monismith (27) found that Poisson's ratio increased 

as the confining pressure decreased. In all cases, they reported the 

non-linearity of the stress-strain relationship increased as the con­

fining pressure decreased. 

Allen and Thompson (22) have compared results based on triaxial 

testing with a constant confining pressure (CCP), to those with variable 

confining pressure (VCP). They found that the resilient modulus values 

for the CCP tests were slightly higher than those for the VCP. Also, 

the permanent deformation in CCP tests was always greater than that in 

the VCP. Barksdale (23) found that the plastic strain, permanent de-

formation, decreased with increasing confining pressure. Tests associated 

with a current research project, sponsored by the Michigan Department 

of State Highways and Transportation, conducted by Baladi at Michigan 

State University, tend to confirm both results. Results obtained from 

a repeated load triaxial testing with a constant low confining pressure 

tend to be on the conservative side when they are used to study rutting 

in the flexible pavement which is associated with the accumulation of 

plastic strain in the surface and base course layers. 

The least squares equation relating MR to 8 was found to be more 

accurate than that relating MR to confining pressure. Analysis of 

test data revealed higher correlation coefficients and a lower standard 

error for equation (4.3) than for equation (4.2). The explanation for 

this is believed to be that equation (4.3) accounts for all 3 principal 

stresses, whereas equation (4.2) accounts for only 2 principal stresses. 

The constant confining pressure tests tended to overestimate the value 

of Poisson's ratio, which was believed to be attributable to the aniso­

tropic behavior of the material and the increased volume change of the 

sample associated with the CCP test. Figures (4.21) and (4.22) show 

these results for the VCP and CCP tests, respectively. Elastic, iso­

tropic materials cannot have a Poisson's ratio that exceeds 0.5, but 

this is always the case for the CCP test. Allen and Thompson concluded 

that the use of a constant value of Poisson's ratio of 0.35 to 0.4 is 

an adequate representation of this property for pavement deflection 

analyses. 
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2.5. Duration of Stress Application 

Most investigators have concluded that the effect of the duration 

of the stress application on resilient response is negligible. Although 

the resilient modulus tends to increase as the time of load duration 

decreases, this effect is considered insignificant for the range of 

load durations encountered in pavement structures. 

Hicks and Monismith (27) cite the work of Seed and Chan (6), on 

studies of the effect of load duration on the sample response for a 

silty sand. They found that for a decrease in duration from 20 minutes 

to 1/3 second, the resilient modulus increased from 23000 to 27000 psi, 

representing a change of 18 percent. They also showed that total de­

formation of the sample increased, for increases in duration up to 2 

minutes. Hicks and Monismith (27) also confirmed the insignificance of 

load duration of 0.1 to 0.25 seconds. 

Barksdale and Hicks (23) found that the resilient response of 

materials tested was only minimally affected by a variation of load 

duration from 0.04 to 1.0 second. They concluded that the sample 

response is independent 'of the duration of stress application, and 

that any stress pulse duration in the range of those applied to 

the pavement by moving wheel loads may be used in the lab with reason­

able accuracy. 

2.6. Rate of Deformation 

It has been determined that resilient modulus tends to increase 

as the rate of deformation of the sample increases. Trollope (59) found 

that the resilient modulus increased 20 percent, as the rate of deformation 

increased from 0.002 to 0.040 inches per minute. Seed et al (43) re­

ported similar findings. Researchers have concluded that effect of this 

parameter on the resilient response is insignificant, since the change 

in resilient modulus was negligible for such a large range of variation 

in the rate of deformation. 

2.7. Frequency of Load Application 

The effects of varying frequency of load applications also appears 

to be insignificant. Although the resilient modulus has been found to 

both iricrease and decrease with changes in frequency, the magnitude of 
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the change is small. In tests on silty sands, Coffman (62) found that 

the resilient modulus increased with frequency. The increase was on 

the order of 50 to 100 percent, depending upon the water content and 

density of the sample. Tanimoto and Nishi. (46) reported conflicting 

results: the increase of resilient axial strain (decrease of the re­

silient modulus) with increasing frequency of loading. At higher 

numbers of stress repetitions, approximately 30,000, the effect of 

frequency was not discernable. 

Kalcheff and Hicks (31) found that frequency changes had no effect 

on the resilient modulus, for tests on coarse aggregate as illustrated 

in Figure (4.23). They stated that any reasonable frequency of loading 

may be used to determine the resilient characteristics of cohesionless 

soils. 

2.8. Type of Aggregate and Gradation 

It appears that the effects of aggregate type and gradation are 

fairly insignificant in comparison to the effects of stress state. 

However, results of testing in this area are inconclusive and not 

well defined. Haynes and Yoder (26) conducted tests on gravel and 

crushed stone and found that for a given degree of saturation, the 

crushed stone samples exhibited greater total and resilient deformations 

than did the gravel. For both aggregate types, increasing the percent 

of fines passing the #200 sieve had no effect on the resilient modulus. 

The relationship between the resilient modulus and the percent of 

fines is unclear as reported by Hicks and Monismith (27) and Barksdale 

and Hicks (23). For a range of confining pressure from 0 to 10 psi, 

they reported that the resilient modulus for partially crushed aggregate 

decreases, and that of crushed aggregate increases, as the percent of 

fines is increased. The changes in the resilient modulus in these 

cases were slight. Hicks (29) also reported a slight decrease in re­

silient modulus with increasing fines content for the same test data. 

In particular, for equation (4.2), Hicks reported that K decreased 

for partially crushed aggregate and increased for crushed aggregate 

as the fines content of each was increased. In general, K for the 

crushed aggregate was greater than K for the partially crushed aggregate, 

at corresponding relative densities. This too is not clearly defined, 
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but n was found to decrease slightly as percent of fines increased. 

Poisson's, ratio decreased in most cases as fines content increased, and 

it was generally greater for the partially crushed aggregate. All of 

these trends are shown on Table (4.3). 

Barksdale and Hicks (23) reported a significant increase in Rut 

Index and, hence, a tendency to rut as the percent of fines is increased. 

They suggested to minimize rutting in the surface course and to impro~e 

drainage in the base course, that as little fines as practical be used 

in the base course. 

Allen and Thompson (22) also found that aggregate type and gradation 

had minor effects on the resilient response. Although resilient modulus 

values were slightly higher for crushed stone samples as compared to 

gravel, Poisson's ratio was found to vary minimally between materials, 

and they concluded that the effect of material type and gradation were 

far surpassed in importance by the effects of stress level. 

2.9. Void Ratio 

Good agreement has been reached with respect to the effect of 

this parameter upon the resilient response. The resilient modulus 

increases as the void ratio decreases (dry density increases) Poisson's 

ratio is affected slightly, but shows no consistent variation with 

changes in void ratio. 

Trollope (59) noted a 50 percent increase in resilient modulus 

from loose to dense sand samples. Mitry (36) and Hicks (29) found 

that Poisson's ratio decreased slightly as the void ratio decreased. 

However, the effects of density on the resilient modulus were reduced 

by increasing the fines content as shown in Figure (4.24). 

More recently, Barksdale and Hicks (23) found that rutting of the 

surface increases 1 1/2 to 2 times as a result of a decrease in density 

from 100 to 95 percent of ASSHO density during construction. Allen 

and Thompson (22) reconfirmed the established relations between re­

silience and density in their tests with constant and variable confining 

pressures. Resilient modulus increased with decreasing void ratio, and 

Poisson's ratio was not significantly affected. 
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TABLE 4.3 INFLUENCE OF AGGREGATE GRADATION ON RESILIENT PROPERTIES OF GRANULAR BASE MATERIALS, (27). 

Passing # Relative Degree of MR = Kl 
K
32 Mean 

200 Density,% Saturation Kl K2 Poisson's Materials 
% % Ratio 

3 
5 
8 

3 
5 
8 

89.2 
85.5 
86.5 
79.9 
83.8 
81.5 

0 
0 
0 

100 
100 
100 

11 '752 
10,252 
8,939 
9,598 
9,430 
9,063 

.53 

.64 

.61 

.55 

.50 

.52 

0.45 
0.45 
0.34 
0.25 
0.35 
0.25 

Partially 

Crushed 

Aggregate 

3 
5 

10 

89.3 
87.0 
86.0 

0 
0 
0 

12,338 
13,435 
14,672 

.55 

. 56 

.50 

0.41 
0.27 
0.27 

Crushed 

5 
10 

77.2 
77.0 

0 
0 

11,446 
14,313 

.59 

.52 
0.35 
0.23 Aggregate 
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2.10. Degree of Saturation 

The nature of the effect of the degree of saturation upon the 

resilient response of test samples is complex, and the extent of its 

effect appears to be related to many other parameters such as aggregate 

type and test drainage conditions. In general, as the degree of 

saturation increases, so does the resilience, and the resilient modulus 

is reduced. This was determined conclusively by Haynes and Yoder (26). 

For gravel specimens, they reported that as the degree of saturation in­

creased from 70 to 100 percent, the resilient modulus decreased by 50 

percent. For crushed stone, a change of saturation from 70 to 80 percent 

caused a 20 percent decrease in resilient modulus. 

Hicks (29) found that as the degree of saturation increases, 

Poisson's ratio decreases. It was noted in test results that Poisson's 

ratio was always less than 0.5. Theoretically, Poisson's ratio should 

equal 0.5 for undrained test conditions where there is no volume change. 

Since it was not, Hicks concluded that this was due to improperly 

functioning LVDT's or sample inhomogeneity. He concluded that based 

on a total stress analysis, as saturation increased, Poisson's ratio 

decreased, and the resilient modulus was only slightly affected. 

Comparisons of results at a given confining pressure based on ef­

fective stresses indicated that the resilient moduli for saturated 

specimens tested under undrained conditions were approximately the 

same as those determined for dry specimens. Saturated samples tested 

under drained conditions had slightly higher resilient moduli than 

those under undrained conditions. This is believed to be the result 

of pore water pressure build-up in undrained tests. Partially saturated 

samples had the lowest moduli of all as shown in Figure (4.25). 

It was expected that the resilient modulus would continue to de­

crease as saturation increased, but this was not shown by the results. 

Hicks explained that the reason for this inconsistency is related to 

the manner in which the results were compared. The dry and partially 

saturated data were compared on the basis of total stresses whereas 

the dry and saturated data were compared using effective stresses. He 

stated that if all results were compared in terms of total stresses, 

the resilient modulus would steadily decrease as the degree of saturation 
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increases. Tanimoto and Nishi (46) came up with a different ex­

planation. They stated that the reason is due to a decrease in 

friction between soil grains, caused by the presence of an adequate 

amount of water, and possible densification due to repeated loading. 

The build-up of pore water pressure at full saturation may prevent 

soil grain movement during rapid loading, causing a rise in stiffness 

and resilient modulus from the partially saturated to saturated con­

ditions. 

Barksdale and Hicks (23) also found that rutting increased with 

increasing degree of saturation. They pointed out that this emphasizes 

the importance of a high density at compaction and free drainage for 

the base and subbase layers. 

3. ASPHALT TREATED MATERIALS 

In the case of asphalt treated materials, when simulating field 

conditions in the lab for triaxial testing, the most important factors that 

must be considered are temperature and stress level. Temperature is very 

important since asphalt, which typically comprises about 15% by volume of 

an asphalt concrete layer, is a thermoplastic material. Its stress-strain 

characteristics are controlled by temperature. At this point in time, re­

searchers are able to accurately predict temperature and stress throughout an 

asphalt concrete layer. Typical temperature and stress distributions are 

illustrated by Figure (4.26). Since asphalt is also a viscoelastic material, 

the response of asphalt treated materials is time dependent. The rate of 

loading and rest period are also important test parameters. In this section, 

the most significant parameters for repeated load triaxial testing of as­

phalt treated materials will be discussed. 

3.1. Rate of Loading and Rest Period 

The rate of loading and the rest period have no significant effects 

on the resilient modulus of a bituminous mixture for the conditions of 

short stress duration and low temperature (48,40,56). However, at higher 

temperatures when the asphalt treated material is not likely to behave 

in an elastic manner, they become very important. 
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3.2. Temperature 

Terrel and Awad (47) reported that the resilient modulus of 

asphalt treated materials decreases as temperature increases. They 

explain that at low temperatures, the asphalt film which surrounds 

each of the soil grains is stiff enough to behave as a solid. As 

temperature increases, the asphalt becomes less viscous and loses 

its "particle cementing" ability. A loss of stiffness and reduction 

in resilient modulus results. They have also found that Poisson's 

ratio increases with increasing temperature. At low temperatures, 

Poisson's ratio was not influenced by asphalt content or gradation, 

however, at higher temperatures the value of Poisson's ratio had 

much greater scatter, (Figure 4.27). 

3.3. Stress Level and Confining Pressure 

The resilient modulus of asphalt mixes is dependent upon confining 

pressures. The higher the confining pressure, the higher the resilient 

modulus (48). An increase in the confining pressure and asphalt content, 

at a given temperature, will result in a reduction in the axial strain 

as shown in Figures (4.28), (4.29), (4.30), and (4.31). In a variable 

confining pressure test (VCP), the resilient modulus is independent of 

the confining pressure. This is shown in Figures (4.32), and (4.33). 

The dominant non-linear factor in the behavior of bituminous mixes 

is the length of the curing time (48, 29). 

3.4. Asphalt Content and Load Duration 

Examination of Figures (4.34) and (4.35) indicates that the 

axial strain increases as the asphalt content increases. The axial 

strain also increases with increasing load duration (47) as indicated 

in Figures (4.30) and (4.32). 
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CHAPTER 5 

THE STIFFNESS MODULUS OF ASPHALT TREATED MIXES 

1. INTRODUCTION 

In addition to the repeated load triaxial test, the repeated flexure 

test has been also used to determine the resilience characteristics of 

asphalt treated mixes. In this test, beam specimens are repeatedly loaded 

in a symmetrical fashion about their mid-points, and their responses are 

monitored. The stiffness modulus "S", for a given temperature "T" and time 

of loading "t", is given by 

s (T, t) = (J I e: (5.1) 

in which cr = the applied axial stress 

e: the applied axial strain. 

TI1is property can be measured_ directly from the test or it can be estimated 

by several methods. In this chapter, various aspects of repeated flexure 

tests will be discussed. 

2. EQUIPMENT 

Seed et al (44) recognized Deacon (67) for the development of fatigue 

testing equipment, utilizing repeated flexure, for asphalt treated materials. 

Deacon determined the stiffness modulus at particular temperatures and 

times of loading, and found good agreement with values determined by Van der 

Poel's method. 

Mitry (36) performed a significant number of tests using equipment 

similar to that of Deacon. Beam specimens were taken from a model nave-

ment section using a diamond saw. Tile specimens were 14 inches long, 1.5 

inches wide and 1.5 inches thick. During the test, they were simply supported, 

symmetrically loaded about the center at two points, 4 inches apart, and 

subjected to repeated flexure in a temperature controlled chamber with the 

deflection at the center registered by a linear variable differential 

transformer (LVDT). 

3. TEST PROCEDURE AND PARAMETERS 

Like the repeated load triaxial test, attention must be given to the 

various test parameters associated with repeated flexure to insure accurate 
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simulation of field conditions. Consideration must be given to the gradation 

of the aggregate, the density of the mix, the mix temperature, and the 

time of loading. 

Mitry (36) found that a decrease in test temperature from 60 to 45°F 

increased the stiffness modulus by as much as 300 percent. He tested at 

temperatures of 45, 52.5, and 60°F, using a load duration of 0.1 seconds and 

a frequency of 20 cycles per minute. He used 300 load applications in the 

following sequence: thirty repetitions at 100 psi followed by thirty 

repetitions at 125 psi. His specimens were 14 inches long, 1.5 inches wide 

and 1.5 inches thick. 

Two modes of loading have been used in the test, the controlled stress 

and the controlled strain modes. Epps and Monismith (25), based on analyses 

of pavement sections using linear elastic theory, investigated the relation­

ship of pavement thickness and the mode of load application. They found 

that for thin asphalt layers, less than 2 inches, the controlled strain 

mode was representative. For thick asphalt layers, more than 6 inches, they 

found that the controlled stress mode of loading was more appropriate. A 

mixed mode of load application was suggested for a range of asphalt layer 

thicknesses of 2 to 6 inches. Because of the relative ease of testing, and 

the large amount of available data for comparison, Epps and Monismith 

recommended the use of a block or haversine wave form for the pattern of 

stressing in tests using either cantilever or simply supported beams. 

Larger beam sizes, 15 inches long, 3.25 inches in width and 3.5 inches 

in depth, were used for tests conducted by Kallas and Puzinauskas "(32). They 

used approximately 7000 grams of mix material for each beam, which was 

compacted, using a California kneading compactor, in 2 layers, followed by 

the application of a static leveling load at the rate of 0.25 inches per 

minute, see Table (5.1). The tests were conducted using a haversine load 

wave form, a load duration of 0.1 second and a frequency of 12 cycles per 

minute. A load of approximately 10 percent of the magnitude of the 

repeated load was applied to return the beam to its original undeflected 

position and hold it there during the rest period between loads. Finally, 

the test temperatures were 55, 70, and BS°F with ranges of stress of 200 

to 400 psi, 100 to 300 psi, and SO to 200 psi being applied at the given 

temperatures, respectively. On the basis of test results, Kallas and 

Puzinauskas concluded that the variability of test results is reduced when 
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Project 
Location 

Colorado 

Colorado 

Colorado 

Colorado 

Ontario 

California 

Washington 
State Univ. 
Test Track 
Ring 2 

Washington 
State Univ. 
Test Track 
Ring 2 

Laboratory 
Study 

TABLE 5 .1 . SUMMARY OF BEAM COMPACTION PROCEDURES (32) 

Mix 

A.C. 
Surface 

A. C. 
Base 

L.S. 
Sand 
Base 

H.S. 
Sand 
Base 

A.C. 
Surface 

A. T. 
Base 
Sp. 

A.C. 
Surface 

A.C. 
Base 

A.C. 
Asph. A 

Temper-
ature, 
deg F 

140 

140 

140 

140 

230 

230 

230 

230 

230 

1st Layer 

Tamps 

30 

30 

30 

30 

100 
30 

100 
150 

30 

45 

130 

30 

Pres-
sure, 
psi 

200 

200 

200 

200 

50 
200 

50 
100 
200 

200 

100 

200 

2nd Layer 

Tamps 

50 

50 

50 

50 

30 

100 
150 

45 

100 

130 

45 

Pres-
sure, 
psi 

200 

200 

200 

200 

200 

50 
100 
200 

300 

100 

200 

2nd Layer-
Final Static 

Tamps 

50 

50 

50 

50 

90 

45 

.. . 

.. . 

45 

loadPres-
pressure,sure, 

psi psi 

300 400 

400300 

400100 

400100 

400200 

400300 
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the larger beams are used and consequently, less testing is required. Also, 

their test results tend to agree with those obtained from rotating bending 

cantilever fatigue tests. 

4. FACTORS AFFECTING THE FATIGUE RESPONSE 

The variables affecting the fatigue response of asphalt mixes could be 

placed into three categories (25) as listed in Tables (5.2) and (5.3). The 

numbers listed after each variable refer to the Bibliography of reference 

(25). 

Figure (5.1) shows that as temperature decreases the number of load 

applications to failure (fatigue life) increases (30). The stiffness 

modulus of asphalt mixes is also a function of load duration (41). Figure 

(5.2) shows that as the loading time or temperature increases, the stiffness 

modulus decreases. In the range of temperature and load duration encountered 

in the field, the stiffness modulus may vary from 1,000 to 4,000,000 psi. 

This underscores the importance of the stiffness modulus and its accurate 

determination since stresses and strains in the asphalt layer are dependent 

upon the mixture stiffness. 

Generally, as the stiffness modulus increases, the fatigue life of a 

specimen also increases in the controlled stress mode of loading (25). 

However, Santucci and Schmidt (100) indicated that for the controlled strain 

mode of loading, the fatigue life will decrease as the stiffness modulus 

increases. 

Figure (5.3) shows that the fatigue life of an asphalt mix decreases 

as the percentage of air voids increases (42). The amount of air voids 

of an asphalt mix is dependent upon the gradation of the aggregate. Open 

graded aggregates most often lead to a higher air void ratio. than that of 

the well graded aggregates. However, Epps and Monismith (25) concluded 

that aggregate gradation has little influence on fatigue life that cannot 

be explained by differences in air voids or asphalt content. 

5. MIXTURE DESIGN 

Table (5.4) summarizes the effects of mix variables on stiffness 

modulus and fatigue life which can be used as a guide for asphalt mix 

design (25). Hard asphalt cement, and rough, angular, and densely graded 

aggregates should be used in the design of a thick (more than 6 inches) 

asphaltic layer. On the other hand, soft asphalt and smoother more 

rounded aggregates would make a better mixture for thin asphalt layer 
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Table 5.2. LABORATORY TEST VARIABLES AFFECTING FATIGUE BEHAVIOR AS DE­
TERMINED BY CONTROLLED STRESS TESTS, (25) 

Load Variables 

Load History a
simple loading (6, 9, 12, 14, 21, 23 ' 24, 26, 38, 40, 44, 45, 49) 
compound loading (14) 

Rate of Load Application (6, 12, 14, 41, 48) 

Pattern of Stressing 
block (6, 9, 12, 14, 21, 45) 
sinusoidal (23, 24, 44, 48) 
haversine (26) 

Type of Machine 
bean (flexure) 
rotating cantilever (38, 40) 
diaphragm (23, 24) 
cantilevel (44) 

Mixture Variables 

Mixture 
stiffness (21, 40, 44, 45) 
air void content (9, 21, 40, 44) 
asphalt content (6, 9, 21, 23) 

Asphalt 
type (6, 9, 21) 
hardness (6, 9, 12, 21, 40, 44, 45) 

Aggregate 
type (6, 9, 21, 23, 40, 44) 
gradation (6, 9, 21, 40, 44) 

Environmental Variables 

Temperature (6, 9, 23, 24, 38, 40, 44) 

Moisture 

Alteration of Material Properties During service Life (6, 9, 45) 

a)neither controlled stress nor strain 
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TABLE 5.3 LABORATORY TEST VARIABLES AFFECTING FATIGUE BEHAVIOR AS 
DETERMINED BY CONTROLLED STRAIN TESTS, (37). 

Load Variables 

Load History 
simple loading (3, 32, 38) 
compound loading 

Rate of Load Application (3, 38) 

Pattern of stressing 
block (3, 32) 
sinusoidal (38) 
haversine (44, 47) 

Type of Machine 
bean (flexure) (32, 46) 
rotating cantilever (38) 
diaphragm 
cantilever (38) 
torsional (38) 

Mixture Variables 

Mixture 
stiffness (32) 
air void content (32) 
asphalt content (38) 

Asphalt 
type (32) 
hardness (3, 32, 44) 

Aggregate 
type (3, 38, 46) 
graduation (38, 47) 

Environmental Variables 

Temperature (3, 38) 

Moisture 

Alteration of Material Properties During Service Life (32) 
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Number of Load Applications at Failure 

FIGURE 5.1 EQUIVALENT TEMPERATURE VERSUS NUMBER OF LOAD 
APPLICATIONS AT FAILURE, (30). 
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FIGURE 5.2 EFFECT OF TEMPERATURE AND TIME OF LOADING ON THE STIFFNESS 
OF A TYPICAL ASPHALT BASE COURSE MIX, {41). 
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Cycles to Failure 

FIGURE 5.3 EFFECT OF VOID CONTENT ON FATIGUE LIFE OF A GAP GRADED BASE 
COURSE MIX CONTAINING 40/50 PENETRATION BITUMEN, (42). 
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TABLE 5o4 FACTORS AFFECTING THE STIFFNESS AND FATIGUE BEHAVIOR OF ASPHALT CONCRETE MIXTURES, (37) 

On Fatigue Life On Fatigue Life 
in Controlled in Controlled 

Change in On Stress Mode Strain Mode 
Factor Factor Stiffness of Test of Test 

Asphalt penetration 

Asphalt content 

Aggregate type 

Aggregate gradation 

Air void content 

Temperature 

decrease 

increase 

increase rough­
ness and angu­

larity 

open to dense 
graduation 

decrease 

decrease 

increase 

a
increase 

increase 

increase 

increase 

. c 
~ncrease 

increase 

a
increase 

increase 

increase 

increase 

increase 

decrease 

b
increase 

decrease 

ddecrease 

0 d 
~ncr ease 

decrease 

a Reaches optimum at level above that required by stability considerations o 

bNosignificant amount of data; conflicting conditions of increase in stiffness and reduction of strain 
in asphalt make this speculative 0 

c Approaches upper limit at temperature below freezing o 

dN ·of. fdo sJ.gm. J.cant amount o ata 0 



(less than 2 inches). For intermediate thicknesses, an asphalt cement 

of intermediate hardness (85 to 100) should be used with a high asphalt 

content and a well compacted mixture. 
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CHAPTER 6 

TEST RESULTS 

1. INTRODUCTION 

The test results obtained by several investigators will be presented 

in this Chapter along with the physical properties of the materials and 

the conditions of testing. This presentation will include the resilience 

characteristics of various materials tested in repeated load triaxial tests 

or flexural fatigue tests. It is hoped that this presentation will be 

useful for comparison with future test results obtained under similar 

conditions. 

2. REPEATED LOAD TRIAXIAL TESTS 

2.1. Cohesive Soils 

Mitry (36) performed tests on undisturbed cohesive subgrade 

samples taken from beneath a model pavement section. The samples 

description and some of their physical properties, the test conditions, 

and the test results are summarized as follows: 

profile and description ······••o•••••••••••o Figure 6ol 

Atterberg limits ..•.....••.... o. o ••••••••• o o Figure 6.1 

unconfined compressive strength at 2 a rate of strain of 0.058 inches/minute •...• 0.95 kg/em 

California Bearing Ratio ·········••o•o••···· 6.0 

loading frequency o••••••••••o••············· 20 cycles/minute 

load duration .•.•.•. o 0.1 second•••••• 0 •••••••••••••• o • 

strains measured at load repetitions of 1000 

the resilient modulus for various water 
contents •.••..••.••..•.•..•.••.•.. o •••••••• o Table 6.1 

the resilient strain for various water 
contents and axial stresses ·······•••o•••••· Figure 6o2 

Examination of the results indicates that the resilient modulus 

increases as the axial stress decreases. 

Tanimoto and Nishi (46) tested undisturbed cohesive samples 

obtained from the upper and lower portions of the subgrade material 

in the in-service pavement in Kobe City, Japan, using thin walled 

samplers. Their results are summarized as follows: 

material gradation .•.••..•....••.••••••.••. Figure 6.3 

specific gravity ••.•• 0. o . . 2. 640 0 •••••••• 0 • •••• o 

Atterberg limits: 
liquid limit o 35.60 ••••••••••••••••••••••• o 

plastic limit ..•••.••. 0 15.8••••••••••• o o o. 

plasticity index •••••o••o•••••••·•o••• 19.8 
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TABLE 6.1 RESILIENT MODULI OF UNDISTURBED SPECIMENS OF SUBGRADE 
SOIL, (36). 

Water Content Axial Stress Resilient Axial Resilient 
(%) (psi) Strain Modulus (psi) 

24.6 1.00 0.00024 4,150 

25.0 1.72 0.00044 3,900 

23.4 3.45 0.00104 3,300 

24.2 5.20 0.00162 3,200 
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standard AASHO compaction: 
optimum water content (%) ..................... 17.6 

2maximum dry density . . • • • • • • . . . . . • . • . • . . . . . . • . . 1. 7 5 kg/ em 

natural water content (%): 
upper layer • • . . . • • . • . • . . • • • • • . • • . . • . • . • • . • . . . . 25. 5 
lower layer . . . • . • . . . . • . • • . • • . . . . . . . • • . . . . . . • . • 28. 5 

unconfined compressive strength: 
2 upper layer ...••.••••.••.••.•••••...•.•.•....• 1. 20 kg/cm
2lower layer .•..••••••....•••••••.••...•.•..... 0.80 kg/em 

California Bearing Ratio •••.••.•..•..••..........•. 2.0 

loading frequency •.•..••.•••••...•..•••......•...•. 20 cycles/minute 

load duration ...•..•.......••.•.•••••....••........ 0.1 second 

properties determined at load repetitions of .•.••.. 30,000 

resilient modulus ••.••..••.••..••.••...•••..•....•• Figure 6.4 

2.2. Cohesionless Soils 

Haynes and Yoder (26) performed tests on crushed limestone and 

gravel materials. The crushed limestone was well graded with sharp 

angular grains and 11.5 percent passing the #200 sieve, its ma~imum 

dry density was 139 pcf. Tests were run with a density of 141 pcf. 

The gravel was uncrushed and well graded with 9.1 percent passing 

#200 sieve. The test conditions and results are summarized as 

follows: 

load frequency .•.....•..•••••...•.....•.•..•....•.. 40 cycles/minute 

load duration ••...••.••••....••..••••...•.•..•..... 0. 04 second 

confining pressure • . . . . . . • . • • • • • . . . . . . • • . • • . . . . . • . . 25 psi 

deviator stress • . . • . . • • • • • • • . • . • • • • • • • • . . . . . . . . • • . • 70 psi 

the deflection history for various water 
contents and degrees of saturation: 

gravel . • . . • • • . • . . . . . . • • • . . . . . . . . . . . . . . • . . • . . . . Figure 6. 5 
crushed limestone •........•...•..•..........•. Figure 6.6 

the rebound for various water contents 
and degrees of saturation: 

gravel ......•.••....•.•••.•.........•.•••.•... Figure 6. 7 
crushed limestone •••••.•...•..•.•.•.•.......•• Figure 6.8 

Mitry (36) tested a Monterey sand with a specific gravity of 2.72 

and a CBR value of 21.5, and a Pleasanton gravel with a specific 

gravity of 2.70 and a CBR value of 103. All tests were run on dry 

materials. The results are summarized as follows: 

load frequency • • . • . • . . . . . . . . • • • . • • • . • • • . . • . . . . . . . . . 20 cycles/minute 

load duration .••••.•••.••••••••.•••.••••..••••..... 0.1 second 
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FIGURE 6.4 VARIATION OF RESILIENT MODULUS WITH DEVIATOR STRESS 
FOR UNDISTURBED SUBGRADE MATERIAL, (46). 
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grain size distribution ............................ Table 6. 2 

resilience characteristics: 
Monterey sand ...••.••.......•..•.......•...... Table 6. 3 
Pleasanton gravel ............................. Table 6.4 

resilient modulus and confining pressure: 
Monterey sand .. .. .. .. .. .. .. .. .. .. .. .. .. • .. .. .. Figure 6. 9 
Pleasanton gravel .....•.••••••........•.•....• Figure 6.10 

Mitry found that these materials exhibited a linear relationship 

between confining pressure, cr3 , and resilient modulus, ~· given 

earlier by equation (2.3). The value of the constants of the equation 

are illustrated in Figures (6.9) and (6.10) for the Monterey sand 

and the Pleasanton gravel, respectively. 

Partially crushed and crushed aggregates were tested by Hicks 

(27), the test results are summarized as follows: 

sample gradations Table 6.5 

load frequency . , .••..••• , •..••••.•••..••.••..•••... 20 cycles/minute 

load duration ...................................... 0.1 second 

principal stresses and their relation to the 
resilient modulus, and the mean values of 
Poisson's ratio for various levels of saturation .•• Tables 6.6 

6.7 
6.8 

Kalcheff and Hicks (31) tested four different aggregates whose 

gradation and properties are given in Table (6.9). They used stress 

sequences that are listed in Table (6.10) along with the resilient 

modulus values. Their tests were run at a load frequency of 30 cycles 

per minute and a load duration of 0.1 second. The relationship between 

the confining pressure and the resilient modulus is given in Table 

(6.11). 

Well graded crushed limestone and siliceous gravels and a blend 

of the two were tested by Allen and Thompson (22). All specimens 

were prepared at the same gradation and three different levels of 

density. The test conditions and results are summarized as follows: 

density and saturation ............................. Table 6.12 

load frequency ...•.••.....•••••••..•..•......••••.• 20 cycles/minute 

load duration .. , , ••••..• , , , , • • • . . . . • • . . • . • . • • . . . . . • 0.15 second 

sequence of stress conditions •.••.•••.•••........•• Table 6.13 

for each stress level, the material properties 
were determined after load repetitions of ..•.••.••• 100 cycles 
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TABLE 6.2 GRAIN SIZE DISTRIBUTION OF MONTEREY SAND 
AND PLEASANTON GRAVEL, (36). 

Sieve Number 
or Opening 

Monterey Sand 
(Field Test I) 
Percent Passing 

Gravel (Kaiser Randum)
(Field Test II)
Percent Passing 

3/4" 98 
1/2" 83 
3/8" 65 

4 55 
8 44.5 

16 100 24 

30 55 16 
50 9 9.5 
100 1 5.5 

200 3 

Specific
Gravity 2.72 2.70 
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TABLE 6.3 RESULTS OF REPEATED LOAD TRIAXIAL TESTS ON MONTEREY SAND, (36). 

Specimen
Number 

Dry Density
(pcf) 

o; 
(psi) 

<ri 
cf"3 . 

<13 
(psi) 

<1d 
(psi) 

Resilient Axial 
Strain (%) 

Resilient Modulus 
(psi) 

1 100.0 60 1.5 40 20 0.045 44,500 
2 101.5 60 2.0 30 30 0.078 39,600 
3 102.0 60 2.5 24 36 0.091 39,600 
4 99.5 60 3.5 17 43 0.119 36,100 
5 102.0 45 1.5 30 15 0.038 39,500 
6 100.0 45 2.0 22.5 22.5 0.058 38,800 
7 100.0 45 2.5 18 27 0.073 36,600 
8 100.5 45 3.5 13 32 0.093 34,800 
9 100.0 30 1.5 20 10 0.029 35,000 

10 101.5 30 2.0 15 15 0.053 28,300 
11 100.0 30 2.5 12 18 0.054 33,200 
12 100.0 30 3.5 8.5 21.5 0.079 27,400 
13 101.0 15 1.5 10 5 0.078 27,500 
14 101.5 15 2.0 7.5 7.5 0.031 24,200 
15 101.7 15 2.5 6 9 0.039 24,100 
16 102.5 15 3.5 4.3 1 0. 2 0.045 22,200 
17 100.0 5 1.5 3.33 1.67 0. 010 17,100 



TABLE 6.4 RESULTS OF REPEATED LOAD TRIAXIAL TESTS ON PLEASANTON GRAVEL, (36). 

Specimen
Number 

Dry 
Density (psf) 

a; 
(psi) 

0]
--
UJ 

OJ 
(psi) 

I CTd 
(psi) 

Resilient Axial 
Strain a 
(%) 

Resilient 
Modulus 
(osi) 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

139.0 
138.5 
138.5 
139.0 
139.0 
140.0 
140.5 
137.0 
137.2 
139.0 
138.0 
140.0 
138.5 
139.2 
138.5 
138.5 
137.2 
137.5 
137.0 

5 
5 
5 

10 
10 
10 
10 
20 
20 
20 
30 
30 
30 
45 
45 
45 
6() 
60 
80 

1.5 
3.0 
5.0 
1. 5 
3.0 
5.0 

10.0 
1.5 
3.0 
5.0 
1.5 
3.0 
5.0 
1.5 
3.0 
5:o 
1.5 
5.0 
1.5 

3.33 
1.67 
1.00 
6.66 
3.33 
2.00 
1.00 

13.33 
6.66 
4.00 

20.00 
Fl. 00 
6.00 

30.00 
15.00 
9.00 

40.0() 
12.00 
53.30 

1.67 
3.33 
4.00 
3.33 
6.67 
8.00 
9.00 
6.67 

13.33 
16.00 
10.00 
20.00 
24.00 
15.00 
30.00 
36.00 
20.00 
48.00 
26.70 

0.0128 
0.0364 
0.0635 
0.0206 
0.0473 
0.0775 
0.1290 
0.0240 
0. 0720 
0.0925 
0.0320 
0.0790 
0.1280 
0.0350 
0.1020 
0.4420 
0.0450 
0.1480 
0.0510 

13,050 
9,150 
6,300 

16,200 
14 '1 00 
10,300 b 
6,960 

27,700 
18,400 
17,300 
31 ,200 
25,400 
18,700 
43,400 
29,200 
25,300 
44,500 
32,500 
51,700 

a At 10,000 load repetitions.
b Modulus determined at 500 repetitions: specimen failed at about 1,000 repetitions. 
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TABLE 6.5 GRAIN SIZE DISTRIBUTIONS OF AGGREGATE USED IN LABORATORY INVESTIGATION, (27). 

Percent Passing 
Crushed AqgregateSieve Partially Crushed Agqreqate

Size Coarse Medium Fine Medium FineCoarse 

3/4 in. 100 100 100 
. 

95 95 95 
l/2 in. 83 83 81 8183 81 

68 703/8 in. 68 68 70 70 
47# 4 45 45 45 47 47 

.8 36 36 37 37 3736 
28 28 3016 28 30 30 

30 19 21 2119 19 21 
16 12 16.550 11 13 9 

6.5100 5 7.5 11.5 4 13 
3.3 8.2 2.8 5 10200 5 



TABLE 6.6 SUMMARY OF MEAN POISSON'S RATIO AND CONSTANTS K1; K2 AND K1', K2' RELATING 
RESILIENT MODULUS TO CONFINING PRESSURE (OJ) AND TO THE SUM OF PRINCIPAL 
STRESSES (&) FOR DRY TEST SERIES, (27). 

e K2'- a: K r1eanMr - Kl 3 2 Mr = Kl' 
Poisson'sAggregate % Passing Relative K , K ,K2Kl 1Type 2200 Density(%) Ratio * 

2,156 0.50+. 7174.5 8,036 .60 
3,977 0.453 89.2 .53 . 6111 '752 

96.4 13.644 .53 4,119. .63 0.47 

10,252 2,780 .73 0.45Partially 85.5 .645 
3,289 0.32Crushed 100.2 .59 .6711 '157 

2,4477,962 .66 0.4959. 1 .57 
2,543 .68 0.4573.0 9,006 .578 
2,427 0.3486.5 8,939 . 61 . 71 

4,368 .60 0.413 89.3 12,338 .55 
3,103 0.35.62 .70100.3 10,806 

3,572 .66 0.3577.2 11 ,446 .59 
4,340 .63 0.27.56Crushed 5 87.0 13,435

91.3. 4,949 .60 0.3014,874 . 51 

5,017 0.23.5777.0 14,313 .5210 
5,049 .57 0.2714,672 .5086.0 

* Average of values at 0]/0j of 2.0 and 5.0. 



TABLE 6.7 SUMMARY OF MEAN POISSON'S RATIO AND CONSTANTS K1, K2 AND K1', K2' RELATING 
RESILIENT MODULUS TO CONFIN~NG PRESSURE (Oj) AND TO THE SUM OF PRINCIPAL 
STRESSES (8) FOR PARTIALLY SATURATED TEST SERIES, {27). 

AC!greCjate
Type 

%Passin<~ 
200 

Relative 
Density{%) 

Deqree of 
Saturation(%) 

KMr = K1 Oj 2 Mr = Kl' e ~I Mean 
Poisson's 
Ratio *Kl K2 K I 

1 
K I

2 

3 80.7 65 6,786 .59 2,033 .68 0.25 
89.5 67 10,418 .54 3,343 .62 0.34 

89.5 68 6,937 . 57 2,068 .66 0.39 
Partially 5 102.0 85 7,119 .62 2,039 .70 0.45 
Crushed 107.0 90 9,795 .56 3,122 .64 0.38 

8 82.8 75 5,204 .64 1,608 . 71 0.50+ 
92.9 83 7,302 .62 1,901 .73 0.42 

3 86.1 70 8,818 .57 2,714 .65 0.29 
104.0 74 9,821 . 57 2,710 .68 0.25 

78.2 76 7,833 .58 2,351 .66 0.35 
Crushed 5 78.8 74 8,563 .56 2,589 .65 0.34 

87.3 81 9,032 .58 2,678 .66 0.22 

10 91.8 94 7,759 .57 2,231 .67 0.45 
98.0 92 9,863 .55 3,038 .64 0.45 

* Avera(je of values at Oi/Oj of 2.0 and 5.0. 

I 



TABLE 6.8 SUMMARY OF MEAN POISSON'S RATIO AND CONSTANTS K1, K2 AND K1', K2' RELATING 
RESILIENT MODULUS TO CONFINING PRESSURE (OJ) AND TO THE SUM OF PRINCIPAL 
STRESSES (9) FOR SATURATED TEST SERIES, (27). 

M = K 0: K2 M = K '6 K2' Meanr 1r 1 3Aggregate Poisson's% Passing Relative K ' K 'KlType ~ 1200 Density(%) 2 Ratio * 
9,598 .55 2,681 .67 0.2579.9 

3,278 0.203 88.7 10,396 .54 .63 
3,616 0.3390.1 10,771 .50 .60 

2,481 0.36Partially 74.2 8,080 .54 .65 
Crushed 9,430 .50 3,208 . 59 0.3583.85 

9,801 2,612 0.3495.0 .58 . 71 

.52 2,967 0.258 81.5 9,063 .62 
92.0 12,015 .49 4,068 0.25.58 

* Average values at OllaJ of 2.0 and 5.0. 
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TABLE 6.9 PHYSICAL PROPERTIES OF MATERIALS TESTED, (31). 

Material Source A B c D 
·Identification Penna. 2A Subbase AASHO Base Md. DGA Base Va. 21A Base 

1.5" X 0 1. 5" X 0 ]"X 0 1" X 0 
Grey Dolomitic White Do1 omiti c Grey Si 1 i ceous Diabase 

Description
Sieve Size Total Percent Passin~ the Sieve Indicated*
1.5"- --- 100 ------- -Hfo- ~----------
1. 0" 97 89 100 100 
3/4" 82 82 88 88 
3/8" 43 64 63 64 
No. 4 30 49 47 51 
No. 30 11 23 17 20 
No. 200 5.6 12.6 7.7 9.0 

iP~ci_fi_c_Gr_a~i!Y_ 
bulk dry 2.80 2.68 2.72 2. 91 
apparent 2.85 2.79 2.74 3.00 

~b~_ory!_i.Q_n..!..! 0.6 1. 5 0.3 0.8 

Los Angeles Abrasion Loss, ASTM Cl31 
%Wear 22 23 20 15 

Moisture Density Tests, ASTM Dl557 Method 0 (plus 3/4" removed)
Qp!_i!!!u!!! !1oi_s!_ur_e_ 5. 0 5.4 5.5 6.0 
!1a~i!!!_U!!! Q_e!!_si.ty,_ps._f_ 144. 0 144.2 144.0 152.5 
~oli.Q.s..!..! 82.5 83.5 85.0 84.0 

*Gradation after Compaction (Wet Sieving). 
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1'\) 
1'\) 

TABLE 6.10 EFFECT OF STRESS. SEQUENCE ON RESILIENT MODULUS, (31 ) . 

Material: Source A, Penna. 2A Subbase, (144 pcf) 
Test Conditions: Partially Saturated 

Load Duration: 0.10 sec. 
Rate of Application: 30 Cycles per minute 

Confining Pressure Resilient Modulus, Mr, 1,000 psi 
Deviator Stress 
------~-

#1 #2 #3 #4 Average 
2/6
2/10
2/4 
2/6 

c* 25 
30 
20 
26 

a 30 
30 
23 
28 

a 30 
30 
23 
28 

c 27 28 
30 
22 
27 

5/15 
5/25 
5/10
5/15 

a 46 
49 
38 
40 

b 45 
48 
36 
42 

b 48 
48 
37 
39 

b 41 45 
48 
37 
41 

20/60
20/80 
20/40
20/60 

b 116 
127 

97 
105 

c 114 
116 

92 
104 

c 104 a 103 

d 122 

109 
121 

94 
110 

*The Order of Test Sequence Was a, b, c, d. 



TABLE 6.11 SUMMARY OF CONSTANTS K, C, K', nAND n' FOR THREE OF THE AGGREGATES TESTED, (31). 

Aggregate 
Source 

Density
%of ASTM D 1557 

* nMr = K (Oj) + C 

K n C** 

M = K'r 
K' 

' (9)n 

n' 

A 99.8 
93.9 

23,000 
20,000 

0.458 
0.476 

23,000 
20,000 

9,400 
9,000 

0.486 
0.463 

c 

D 
I 

99.9 
94.2 

100.9 
95.4 

22,000 
22,000 

13,300 
13,000 

0.498 
0.490 

0.608 
0.592 

22,000 
22,000 

15,000 
14,000 

7,300 
7,300 

4,200 
4,000 

0.549 
0.541 

0.642 
0.625 

* The equation Mr = K ((J"'3)n + C is suggested in place of Mr = K (Oj)n because Mr +0 when 
Gj = 0. The limits for these constants are as follows: 

K = 0 for 0'"3< 1 C = 0 for Oj 1!! 1 

** In this investigation, C was determined on specimens at 03 = 0 and a;j =a; = 5 psi. 
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N 
-!:> 

Specimen 

HD-1 
MD-1 
LD-1 
HD-2 
MD-2 
LD-2 
HD-3 
MD-3 
LD-3 

TABLE 6.12 

Material 

Crushed Stone 
Crushed Stone 
Crushed Stone 
Gravel 
Gravel 
Gravel 
Blend 
Blend 
Blend 

TEST SPECIMEN DATA, 

Material 

138.0 High 
134.0 Intermediate 
130.0 Low 
139.4 High 
134.0 Intermediate 
131.0 Low 
139.5 High 
134.5 Intermediate 
131.0 Low 

(22). 

Moisture 
(percent) 

5.7 
6.3 
7.0 
6.3 
6.5 
6.7 
6.3 
6.8 
7.2 

Saturation 
(percent) 

78 
73 
70 
82 
74 
69 
88 
78 
74 



TABLE 6.13 TEST SCHEDULE DATA, (22). 
-

Stress Level (osi) Confinin~ 
Pressure1--<:13 Cfj a;!Oj 

2 8 4 Variable 
2 12 6 Variable 
2 16 8 Vari ab1e 
2 8 4 Constant 
2 12 6 Constant 
2 16 8 Constant 
5 10 2 Constant 
5 15 3 Constant 
5 25 5 Constant 
5 35 7 Constant 
5 45 9 Constant 
5 10 2 Variable 
5 15 3 Variable 
5 25 5 Variable 
5 35 7 Variable 
5 45 9 Variable 
8 12 1.5 Variable 
8 24 3 Variable 
8 40 5 Variable 
8 56 7 Variable 
8 12 1.5 Constant 
8 24 3 Constant 
8 40 5 Constant 
8 56 7 Constant 

11 22 2 Constant 
11 44 4 Constant 
11 66 6 Constant 
11 22 2 Variable 
11 44 4 Variable 
11 66 6 Variable 
15 25 1.6 Variable 
15 45 3 Variable 
15 60 4 Vari ab 1e 
15 75 5 Variable 
15 25 1.6 Constant 
15 45 3 Constant 
15 60 4 Constant 
15 70 4.7 Constant 

1........._._. 

Note: All stress levels were applied for 100 repetitions.
One pulse duration of 0.15 seconds was used. 
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the regression equation constants •.•.•.•.•.•...•.•. Table 6.14 

the regression equation constants for the 
resilient Poisson's ratio, equation (2.4) •..•...•.. Table 6.15 

Based on the test results, Allen and Thompson concluded that the 

regression equation with 8 , the sum of principal stresses, was found 

to be more accurate in relating 8 to the resilient modulus than the 

one relating confining pressure to the resilient modulus. 

2.3. Asphalt Treated Materials 

Terrel and Awad (47) conducted tests on asphalt treated materials. 

They used an asphalt binder having 85 - 100 penetration asphalt cement, 

and tested three different asphalt contents: 2.5, 3.5, and 4.5 

percent. Table (6.16) provides a listing of the results of tests 

made on this binder. Three different gradations of a pit run gravel 

were also used for testing, the test results and the sample conditions 

are summarized as follows: 

gradations ..•.•••..••. , .••.••.•.•••.•••...••..•...• Table 6.17 

specific gravity • • . . . . . . . • . . • • • • • • • • . • • . . . • • . . . . . . . 2. 65 

specimens were conditioned, for all possible 
states of stress, at a load repetition of •.•••.... 50 cycles 

load frequency 20 cycles/minute• 0 •• 0 0 • 0 0 0 ••••• 0 ••• 0 •• 0 0 •••••• 0 •••••• 

load durations 0.1 and 1.0 seconds 

the constants of equations (3.6) and (3.7) .•••.••.• Tables 6.18 
6.19 
6.20 

the modulus of total deformation •••••••••..•..••..• Tables 6.21 
6.22 
6.23 

the variation of resilient modulus for 
different asphalt contents ....•••••••.•..•....•.... Figures 6.11 

6.12 
6.13 

The dashed lines in Figures (6.11), (6.12), and (6.13) represent 

values determined by the Heukelom and Klomp method (69). The solid 

lines in the figures represent values that were determined by a curve 

fitting technique using the following equation: 
2 2 4 1.414 (%air)log 10~ = 6.8203-2.9944(10-6)(a/c) (T) -1.1927(10- )(T)- (T) 

in which, (a/c) = the asphalt content in percent by weight 

T = the temperature in degrees Fahrenheit 

% air = the percent of air voids by volume. 
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TABLE 6.14 REGRESSION EQUATION CONSTANTS FOR RESILIENT MODULUS FROM PRIMARY TEST DATA, (22). 

Model: Mr = f(9) Model: Mr = f(Oj) 

StandardCorrelationa CorrelationType of Standard 
ErrorEQuation CoefficientSpecimen Test Coefficient ErrorEQuat.ion 

0.669b 6,33818 0100:3 
0•28VCP 6,6359°· 40 0.930 3,144HD-1 

' > 

0.794a. 7,014VCPMD-1 1,7939°· 70 0.992 1,463 8,556<1j0· 57 

0.819a 6,227LD-1 VCP 2,0582,1136°· 66 0.982 8,410<JJ0· 57 

19 0.515c 5,338VCP 7,7669°· 32 0.767 3,996HD-2 18,480cr:t 

0.664b 3,89715 7380::3
0· 25VCP 6,9956°· 33 0.906 2,202MD-2 

, > 

0.78la 5,4732,033VCP 1,6139°· 69 0.973 7,924Cij0· 51LD-2 

0.832a 5,6382,035 18,951CT'3°· 35VCP 6,8916°· 45 0.980HD-3 

0.841a 2,890MD-3 VCP 7,7256°· 33 0.981 1,042 15,806Cij0·26 

0.498c14,516CT3°· 24 5,6483,367LD-3 VCP 4,5626°· 43 0.856 



TABLE 6.14 CONTINUED 

Model: Mr = f(9) Model: Mr = f(<J3) 

StandardCorrelationa CorrelationType of Standard 
Specimen Equation Coefficient ErrorTest Equation Coefficient Error 

0.845a2,3769°· 69 7,896HD-1 CCP 0.997 1,149 12,454Gj0· 55 

0.872a4,9289°· 46 1,950 4,115MD-1 CCP 0.973 14,254<lj0· 39 

0.909aLD-1 CCP 3,0839°· 59 3,132 4,8130.962 11 , 0680j0·53 

0.803a4,5969°· 50 8,063 7,157HD-2 CCP 0.741 11 '128CJ3°· 54 

0.838aMD-2 8,0169°· 31 3,247CCP 0.803 3,551 14,729Clj0· 31 

0.916a 3,641LD-2 2,8499°· 56 4,289CCP 0.882 8,5170j0· 55 

0.922a5,9899°· 48 4,542HD-3 CCP 0.932 4,254 l6,433<1j0· 45 

0.873c 3,471MD-3 CCP 6,4599°· 37 3,9770.829 l3,3790j0· 37 

-
0.914a2,9669°· 60 4,260LD-3 CCP 0.882 4,962 9,0790j0· 53 

a Significant at 0( = 0. 001. b Significant at <X= 0.01. c Si!lnificant at ex= 0.05. 



TABLE 6.15 REGRESSION EQUATION CONSTANTS FOR RESILIENT POISSON'S RATIO FROM PRIMARY TEST DATA, (22). 
2 3

Vy.=Ao+Al (Uj/Oj') + A2 (IT.j/ "j') + A3 (CT]/ "j) 

Specimen 
Type of 

Test Ao Al A2 A3 
Correlation 
Coefficient 

Standard 
Error 

HD-1 VCP 0.62 -0.19 0.040 -0.0020 0.907a 0.026 
MD-1 VCP 0.47 -0.07 0.020 -0.0010 0.838: 0.045 
LD-1 VCP 0.60 -0.14 0.020 -0.0007 0.88\ 0.036 
HD-2 VCP -0.12 0.45 -0.090 0.0050 0.645a 0.085 
MD-2 VCP 0.46 0. 01 -0.010 0.0020 0.889 0.026 
LD-2 VCP 0. 70 -0.22 0.040 -0.0020 0.925a 0.027 
HD-3 VCP 0.49 0.01 -0.010 0.0010 0.766a 0.037 
MD-3 VCP 0.50 -0.02 -0.003 0.0006 0.56lc 0.048 
LD-3 VCP 0.52 -0.07 0.006 0.0002 0.840a 0.026 
HD-1 CCP -0.17 0.30 -0.040 0.0020 0.895: 0.047 
MD-1 CCP 0.29 0.12 -0.010 0.0006 0.746a 0.060 
LD-1 CCP -0.01 0.28 -0.040 0.0020 0.723d 0.096 
HD-2 CCP -0.14 0.46 -0.060 0.0030 0.429b 0.208 
MD-2 CCP 0.95 -0.22 0.040 -0.0020 0.654 0.144 
LD-2 CCP -0.04 0.32 -0.050 0.0030 0.953a 0.056 
HD-3 CCP -0.16 0.37 -0.050 0.0030 0.868a 0.073 
MD-3 CCP -0.02 0.27 -0.030 0. 0010 0.828a 0. 091 
LD-3 CCP -0.09 0.36 -0.050 0.0030 0.729a 0.121 

a Significant at = 0.001. b Significant at = 0.01. c Significant at = 0.02. 
d Significant at = 0.1. 



TABLE 6.16 TEST RESULTS ON ASPHALT CEMENT, (47). 

Test Result 

Specific Gravity (ASTM 070) 
Penetration (ASTM 05) 
Recovered Penetration (ASTM) 
Flash Point (ASTM 093) 
R &B Softening Pt. (ASTM 036) 
Ductility (ASTM 0113) 

0.990 
88 dmm 
67 dmm 
480°F 
108°F 
100 + em 
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TABLE 6.17 GRADATION OF THE AGGREGATE, (47). 

Sieve Fine Individual 
Cumulative %Retained Note 
%Passing 

3/4" 100 0 
l/2" 100 0 F 
l/4" 78 22 I 
#10 57 21 N 
#40 32 25 E 
#200 9 23 

-#200 0 9 

3/4" 100 0 M 
1/2" 83 16 I 
l/4" 61 23 D 
#10 36 25 D 
#40 18 18 L 
#200 8 10 E 

-#200 0 8 

3/4" 100 0 c 
l/2" 56 44 0 
l/4" 40 16 A 
#10 22 18 R 
#40 8 14 s 
#200 2 E6 
~#200 20 
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TABLE 6.18 SUMMARY OF RESILIENT MODULUS TESTS FOR 0.1 AND 1.0 SECOND 
STRESS DURATIONS ON SAMPLES OF FINE GRADATION, (47). 

TEMP- RESILIENTCOEFFICIENTGRADA- ASPHALT PERCENT PERCENT ERA- MODULUS- POISSON'S 
TION CONTENT VOIDS AIR TURE B1 B2 B3 B4 PSI RATIO 

FINE 2.25 15.37 13.71 25 .600 -.070 -.752 1.112 1.007E+06 .276FINE 2.25 15.37 13.71 45 1.000 -.212 -1.100 1.530 1.017E+06 .445FINE 2.25 15.37 13.71 70 1. 700 -.490 -4.600 4.000 3.127E+05 •53(..
FINE 2.25 15.37 13.71 90 4.360 -1.475 -4.800 5.450 2.531E+05 .52~FINE 2.37 11.70 7.18 25 .440 -.105 -.185 .300 2.390E+06 .231FINE 2.37 11.70 7.18 45 .450 -.118 -.320 .528 1. 779E+06 .260
FINE 2.37 11.70 7.18 70 .870 -.354 -.825 .980 8.917E+05 .350
FINE 2.37 11.70 7.18 90 2.350 -.900 -1.900 3.270 4.392E+05 .410FINE 2.46 9.46 1.97 .14225 -.060 -.160 .268 4.138E+06 .303
FINE 2.46 9.46 1.97 45 .220 -.123 -.200 .406 2.726E+06 .294
FINE 2.46 9.46 1.97 .68070 -.445 -.910 1.020 9.295E+05 .420
FINE 2.46 9.46 1.97 90 1.720 -1.410 -3.400 3.370 3.513E+05 .563 

FINE 2.25 15.37 13.71 25 .780 -.105 -.900 1.410 7.921E+05 .265
FINE 2.25 15.37 13.71 45 1.390 -.344 -1.910 2.320 5. 778E+05 .434
FINE 2.25 15.37 13.71 70 3.800 -1.140 -6.800 7.080 1.900E+05 .503
FINE 2.25 15.37 13.71 90 9.800 -3.130 -9.750 10.400 1.291E+05 .554
FINE 2.37 11.70 7.18 25 .440 -.134 -.208 .370 2.165E+06 .247
FINE 2.37 11.70 7.18 45 .450 -.172 -.430 .735 1.443E+06 .290
FINE 2.37 11.70 7.18 70 1. 700 -.795 -1.900 2.140 5.350E+05 .481 
FINE 2.37 11.70 7.18 90 6.200 -2.670 -5.500 8.270 1. 787E+05 .487
FINE 2.46 9.46 1.97 25 .182 -.097 -.185 .325 3.328E+06 .313 
FINE 2.46 9.46 1.97 .27045 -.207 -.500 .625 1. 769E+06 .417 
FINE 2.46 9.46 1.97 70 1.550 -1.170 -1.450 2.270 5.415E+05 .473 
FINE 2.46 9.46 1.97 90 5.900 -4.120 -8.400 8.840 1.437E+05 .600 



TABLE 6.19. SUMMARY OF RESILIENT MODULUS TESTS FOR 0.1 AND 1.0 SECOND 
STRESS DURATIONS ON SAMPLES OF MEDIUM GRADATION , (47) . 

TEMP- RESILIENT
COEFFICIENT POISSON'S 

TION 
MODULUSASPHALT PERCENT ERA-GRADA- PERCENT 

PSI RATIO 

MEDIUM 

B4B3AIR B1 B2CONTENT VOIDS TURE 

2.36 9.9412.69 25 .332 -.068 -. 385 .720 1. 663E+06 .251
MEDIUM 2.36 12.69 9.94 1.058E+06 .19545 -.104 -.450 1.050.655
MEDIUM 2.36 .•. 42712.69 9.594E+059.94 70 1.100 -.264 -1.070 1.540 
MEDIUM 2.36 12.69 .2804.096E+059.94 90 3.4801. 720 -.450 -1.600 
MEDIUM 2.49 .2898. 71 4.687E+062.43 25 .240.125 -.085 -.100 
MEDIUM 2.49 .3018. 71 3.474E+062.43 45 -.170 .356.133 -.090 

~ MEDIUM 2.49 .429w 8. 71 1.435E+062.43 70 .840.255 -.256 -.640 w MEDIUM 2.49 5.186E+05 .5128. 71 2.43 90 1.440 -2.000 2.430-.960 
MEDIUM 2.50 .2403.266E+069.32 .2841.03 25 .255 -.070 -.150 
MEDIUM 2.50 .3389.32 2.506E+061.03 45 .288.375 -.200 -.205 
MEDIUM 2.50 .5349.32 6.459E+051.03 70 -1.520 2.0201.250 -.960 
MEDIUM 2.50 1.098E+05 .6059.32 12.1001.03 90 4.600 -5.830 -10.700 

MEDIUM 2.36 .250 
MEDIUM 

1.287E+0612.69 .8409.94 25 .520 -.092 -.490 
2.36 .17012.69 9.151E+059.94 .600 1.40045 -.450-.107 

MEDIUM 2.36 .306 
MEDIUM 

12.69 5.572E+059.94 2.36070 1.680 -1.200-.448 
2.36 2.499E+05 .36312.69 6.0009.94 90 3.550 -1.060 -3.300 

MEDIUM 2.49 .5003.363E+068. 71 2.43 25 .266.180 -.086 -.360 
MEDIUM 2.49 2;092E+06 .326 
MEDIUM 

8. 71 2.43 .49045 .310 -.338-.130 
2.49 .481 

MEDIUM 
8.71 1.880 5.545E+052.43 70 -1.880.860 -. 720 

2. 49 .576 
MEDIUM 

8.71 1.999E+052.43 90 -5.650 6.6004.520 -3.000 
2.50 .296 

MEDIUM 
2.683E+069.32 1.03 25 .275 -.235 .360-.096 

2.50 .309 
MEDIUM 

1.105E+069. 32 .880-.4501.03 45 .650 -.390 
.823 

MEDIUM 
2.50 1.435E+059.32 9.200 7.8001.03 70 -4.100 -13.100 

.6862.50 2.713E+049.32 48.2501.03 90 30.200 -36.300 -39.500 ' 



TABLE 6.20. SUMMARY OF RESILIENT MODULUS TESTS FOR 0.1 AND 1.0 SECOND 
STRESS DURATIONS ON SAMPLES OF COARSE GRADATION, (47). 

RESILIENTTEMP- COEFFICIENT POISSON'SMODULUSASPHALT PERCENT ERA-GRADA- PERCENT 
RATIOPSIB4B2B1 B3TION CONTENT VOIDS AIR TURE 

.1912.653E+06-.130 .362-.086COARSE • 320 9.2112.80 252.41 

.2131.249E+061.000COARSE -.372.431 -.14012.802.41 9.21 45 

.2716.978E+051.530-.682.947 -.485COARSE 2.41 12.80 9.21 70 

.3423.892E+054.120-1.7852.140 -.850COARSE 2.41 12.80 9.21 90 

.2622.946E+06.390-.085 -.132.200COARSE 252.43 12.99 5.79 

.2992.169E+06.384-.124 -.290.400COARSE 2.43 12.99 5.79 45 

.2957.646E+051.480.750 -.384 -. 773COARSE 2.43 12.99 5.79 70 

.6033.630E+053.500-1.610 -3.3702.350COARSE 902.43 12.99 5.79 

.2333.106E+06.265-.100.304 -.125COARSE 252.47 12.42 3.50 

.3792.125E+06.522-.361.241 -.174COARSE 12.42 452.47 3.50 

.6921.280 9.987E+05-1.4461.030 -.632COARSE 2.47 12.42 3.50 70 

.7051.241E+0510.320-5.(}50 -12.0005.110COARSE 12.42 902.47 3.50 

.2292.022E+06.460-.239.416 -.100COARSE 12.80 9.21 252.41 

.2329.597E+051.200-.176 -.550.642COARSE 9.21 452.41 12.80 

.4243.153E+054.170-1.580 -2.4502.830COARSE 12.80 9.21 702.41 

.4572.441E+056.120-4.000-1.6204.200COARSE 2.41 12.80 9.21 90 

.2312. 377E+06.444-.192.300 -.100COARSE 252.43 12.99 5. 79 

.3831.600E+06.562-.222 -.496.449COARSE 452.43 12.99 5. 79 

.3613.540E+053.830-2.0401.800 -1.020COARSE 2.43 12.99 5. 79 70 

.6431.305E+0510.100-10.100-4.6707. 300 COARSE 902.43 12.99 5.79 
• 241 2.457E+06-.181 .344-.113.372COARSE 252.47 12.42 3.50 
.4541.180E+06.900-.781-.374.410COARSE 452.47 12.42 3.50 
.5413.417E+053.620-2.810-1.9401.650COARSE 2.47 12.42 3.50 70 
.6352.201E+0454.000-59.70028.000 -26.900COARSE 3.50 902.47 12.42 



SUMMARY OF MODULUS OF TOTAL DEFORMATIONS FOR 0.1 AND 1.0TABLE 6.21. 
SECOND STRESS DURATIONS ON SA}WLES OF FINE GRADATION, (47). 

MODULUSTEMP- COEFFICIENT POISSON'SOF TOTALPERCENT ERA-PERCENTASPHALTGRAD- RATIODEFORMATIONSB4B3B2B1TUREAIRVOIDSCONTENTATION 

FINE 13.71 25 .6002.25 15.37 -.070 -. 752 1.112 1.007E+06 .276
FINE 2.25 15.37 13.71 1.00045 -.212 -1.250 1.550 6.585E+05 .321
FINE 2.25 15.37 13.71 70 2.160 -.520 -5.330 5.200 2.148E+o5 .419
FINE 4.9602.25 15.37 13.71 90 -1.735 -5.500 6.250 1.468E+05 .354
FINE .44011.70 7.18 252.37 -.105 -.185 .300 2.390E+06 .231
FINE 7.18 45 .4502.37 11.70 -.118 -.320 .528 1. 779E+06 .260
FINE 7.182.37 11.70 70 1.020 -.380 -.920 1.030 8.054E+05 .349

2.600FINE 7.18 902.37 11.70 -1.140 -2.250 3.670 2.703E+05 .305
FINE .1422.46 9.46 1.97 25 -.060 -.160 .258 4.138E+06 .303
FINE 1.97 .2202.46 9.46 45 -.123 -.200 .420 2.675E+06 .288

.810FINE 2.46 9.46 1.97 70 -.675 -1.160 1.255 7 .472E+05 .457
2.4201.97 90FINE 2.46 9.46 -1.840 -3.630 3.900 2.456E+05 .448 

.7802.25 15.37 13.71 25FINE -.105 -.900 1.410 7.921E+05 .265
1.51013.71 45FINE 2.25 15.37 -.376 -2.000 2.400 4.254E+05 .337

2.25 13.71 70 4.320FINE 15.37 -1.290 -10.000 9.000 1.171E+05 .441
11.5002.25 15.37 13.71 90FINE -4.030 -10.500 11.301 7.235E+04 .350

2.37 25 .440FINE 11.70 7.18 -.134 -.208 .370 2.165E+06 .247 
2.37 7.18 .45011.70 45FINE -.180 -.430 .760 1.415E+06 .288 
2.37 7.18 70 2.040FINE 11.70 -.915 -2.350 2.370 3.637E+05 • 396 

7.18FINE 2.37 11.70 90 7.900 -3.330 -7.100 9. 750 9.467E+04 .329
.1821.97 25FINE 2.46 9.46 -.097 -.185 .325 3.328E+o6 .313 
.2929.46 1.972.46 45FINE -.223 -.500 .650 1.691E+06 .407

2.4001.972.46 9.46 70FINE -1.800 -3.000 3.220 2. 770E+05 .443
8.6009.46FINE 2.46 1.97 90 -6.630 -12.000 11.401 7.631E+04 .474 



TABLE 6. 22. SUMMARY OF MODULUS OF TOTAL DEFORMATIONS FOR 0.1 AND 1 1 0 
SECOND STRESS DURATIONS ON SAMPLES OF MEDIUM GRADATION ! (47}, 

TEMP- MODULUS OFCOEFFICIENTGRAD- ASPHALT PERCENT PERCENT ERA- TOTAL POISSON'S
ATION CONTENT VOIDS AIR TURE B1 B2 B3 B4 DEFORMATIONS RATIO 

MEDIUM 2.36 12.69 259.94 .332 -.068 -.385 .720 1.663E+06 .251MEDIUM 2.36 12.69 9.94 45 .655 -.104 -.450 1.050 1.058E+06 .195
MEDIUM 2.36 12.69 9.94 70 1.100 -.264 -1.075 1.580 6.397E+05 .286
MEDIUM 2.36 12.69 9.94 90 1.850 -.465 -1.700 3.650 3.215E+05 .232
MEDIUM 2.49 8. 71 2.43 25 .125 -.085 -.100 .240 4.687E+06 .289
MEDIUM 2.49 8.71 2.43 45 .133 -.090 -.180 .370 3.373E+06 .304
MEDIUM 2.49 8. 71 2.43 70 .285 -.256 -.660 .860 1.379E+06 .421
MEDIUM 8. 712.49 2.43 90 1.550 -1.090 -2.300 2.620 3. 774E+05 .426
MEDIUM 2.50 9.32 1.03 25 .255 -.070 -.185 .284 3.205E+06 .272
MEDIUM 2.50 9.32 1:03 45 .420 -.208 -.300 .320 2.199E+06 .372
MEDIUM 2.50 9.32 1.03 70 1.380 -1.070 -2.000 2.200 4.345E+05 .445
MEDIUM 2.50 9.32 1.03 90 5.500 -6.500 -14.400 16.600 6.881E+04 .479 

MEDIUM 2.36 12.69 259.94 .520 -.092 -.490 .840 1.287E+06 .250
MEDIUM 2.36 12.69 9:94 45 .600 -.107 -.470 1.440 8.959E+05 .172
MEDIUM 2.36 12.69 9.94 70 1. 750 -.460 -1.300 2.400 4.222E+05 .248
MEDIUM 2.36 12.69 9.94 90 3.900 -1.150 -4.200 6.600 1.628E+05 .290
MEDIUM 2.49 .180 .8.71 252.43 -.086 -.360 .266 3.363E+06 .500
MEDIUM 2.49 8. 71 2.43 45 .350 -.134 -.380 .500 1.958E+06 .336
MEDIUM 2.49 8.71 2.43 70 1.000 -.748 -2.000 2.000 5 .107E+05 .468
MEDIUM 2.49 8.71 2.43 90 5.100 -3.450 -6.650 7.370 1.263E+05 .425 
MEDIUM 2.50 9.32 251.03 .275 -.096 -.250 .370 2.630E+06 .303
l1EDIUM 2.50 9.32 1.03 45 .690 -.446 -.700 .960 9.843E+05 .376 
MEDIUM 2.50 9.32 1.03 70 9.500 -4.160 -13.900 8.350 8.379E+04 .504
MEDIUM 2.50 9.32 1.03 90 31.500 -37.300 -46.500 52.600 1.785E+04 .499 



TABLE 6.23. SUMMARY OF MODULUS OF TOTAL DEFORMATIONS FOR 0.1 AND 1.0 
SECOND STRESS DURATIONS ON SAMPLES OF COARSE GRADATION, (47). 

MODULUSTEMP- COEFFICIENT POISSON'SOF TOTALGRADA- ASPHALT PERCENT PERCENT ERA-
RATIODEFORMATIONSB2 B3 B4VOIDS TURE B1TION CONTENT AIR 

COARSE 2.41 12.80 9.21 25 .320 -.086 -.130 .362 2. 653E+06 .191
COARSE 2.41 12.80 9.21 45 .431 -.140 -.372 1.000 1.249E+06 .213
COARSE 2.41 12.80 9.21 70 .947 -.520 -.870 1.580 6.688E+o5 .310
COARSE 2.41 12.80 9.21 2.03090 -.923 -1.910 4.310 2. 746E+o5 .259
COARSE 2.43 12.99 5. 79 25 .200 -.085 -.270 .390 2.824E+06 .334
COARSE 2.43 12.99 455.79 .400 -.124 -.290 .384 2.169E+06 .299
COARSE 2.43 12.99 5. 79 70 1.073 -.400 -.821 1.615 6.462E+o5 .263
COARSE 2.43 12.99 5. 79 90 2.810 -1.910 -5.230 4.070 2.160E+o5 .514
COARSE 2.47 12.42 3.50 25 .304 -.125 -.100 .265 3.106E+06 .233
COARSE 12.422.47 .3253.50 45 -.174 -.395 .522 1.929E+06 .366
COARSE 2.47 12.42 3.50 70 1.084 -.780 -1.730 1.630 5.633E+o5 .471
COARSE 2.47 12.42 3.50 90 5.110 -5.490 -12.400 11.800 8.744E+04 .521 

COARSE 2.41 12.80 9.21 25 .416 -.100 -.205 .460 2.046E+o6 .208
COARSE 2.41 12.80 9.21 45 .642 -.189 -.565 1.250 9.331E+o5 .235
COARSE 2.41 12.80 9.21 2.83070 -1.670 -2.240 4.260 2.383E+o5 .311
COARSE 2.41 12.80 5.4209.21 90 -2.050 -5.420 7.620 1.288E+o5 • 321 
COARSE 2.43 12.99 .3005.79 25 -.100 -.192 .444 2. 377E+o6 .231
COARSE 2.43 12.99 .5225.79 45 -.236 -.496 .576 1.490E+o6 .364 
COARSE 2.43 12.99 2.2905.79 70 -1.160 -3.310 4.360 2.457E+o5 .366
COARSE 2.43 12.99 7.8505. 79 90 -5.430 -13.800 11.901 7.645E+04 .490
COARSE 2.47 12.42 25 .3723.50 -.113 -.181 .344 2.457E+06 .241 
COARSE 2.47 12.42 3.50 45 .574 -.375 -.853 .970 1.022E+06 .422 
COARSE 2.47 12.42 3.1503.50 70 -2.670 -6.460 5.380 1. 728E+05 .526 
COARSE 2.47 12.42 28.8003.50 90 -28.000 -61.600 57.300 1. 725E+04 .515 
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It should be noted that the best agreement between the different methods 

occurred at low asphalt contents. 

3. FLEXURAL FATIGUE TEST ON ASPHALT TREATED MATERIALS 

Mitry (36) performed beam flexure tests on asphalt concrete specimens 

taken from the surface layer of a model pavement section. The sample con­

ditions and the test results are summarized as follows: 

average density of the mix ..•.•.•...•..••..•. 145 pcf 

specimens consisted of penetration asphalt 
cement of • . . . • • • • • . . . . . . • . • • • . • • • . . • . . • • . • . • • 85 - 100 

beam dimensions ••••..•.••.••••••.•.....••..•. 14 inches long 
1. 5 inches wide 
1. 5 inches deep 

test temperatures ............................ 45, 52.5, and 600 F 

load frequency ••••..•••..••..••...•...•...••• 20 cycles/minute 

load duration •...•••..••..•••..••..••..••..•• 0.1 second 

applied stress sequence .••..••..••...•...•..• 30 cycles at 100 psi 
30 cycles at 125 psi 
30 cycles at 100 psi 

until fracture 

the stiffness modulus values for different 
temperatures ..••.•.••.•••..•••..•.•..••••••.. Table 6. 24 

Kallas and Puzinauskas (32) tested larger numbers of different mixes 

(see Table 6.25) at a temperature of 70°F, with the exception of the laboratory 

study mix which was also tested at 55 and 85°F. Stresses ranged from 200 to 

400 psi for tests at SS°F, from 100 to 300 psi for tests at 70°F, and from 

SO to 200 psi for tests at 85°F. The asphalt beams were 15 inches long, 

3.5 inches deep, and 3.25 inches in width. The load frequency was 12 

cycles per minute and its duration was 0.1 second. Table (6.26) provides a 

list of the flexural test data including values of the stiffness modulus, 

and number of cycles to fracture for each of the mixes tested. 

A relationship, least squares regression equation, was found between 

the initial bending strain, £, and the number of cycles to fracture, Nf. 

This relationship is such 

Nf = Kl (l/£)nl (6.1) 

in which, K = constant dependent on the mix1 
n = the slope of the regression line on a logarithmic scale plot.1 
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TABLE 6.24 VARIATIONS OF STIFFNESS MODULUS WITH TEMPERATURE OF ASPHALT CONCRETE BEAM SPECIMENS, (36). 

Temperature of 
Testing, in °F 45 52.5 60 

Specimen No. Stiffness Modulus, (psi) 

1 

2 

3 

4 

550,000 

376,500 

367,500 

374,000 

358,500 

260,000 

254,000 

220,000 

209,000 

151,700 

143,000 

111,500 

Average 414,500 273.100 153,800 



TABLE 6.25 PROPERTIES OF MIXTURES, ASPHALTS, AND· AGGREGATES, (32). 

Project Mix Asphalt Asphalt Asphalt Viscosity Specifig Gravity of Aggregatea 
Location Content Penetration 60"F 140"F Bulk Apparent 

(%) n•F ,dnnn Poises poises Coarse Fine Coarse Fine 

Colorado A.c. 6 3Surface 5.6 57 19.lxl0 2.84xl0 2.617 2.588 2.658 2.662 
A.c. 
Base 5.6 57 19.1 2.84 2.593 2.588 2.646 2.640 

H. S. 
Sand Base 8.0 57 19.1 2.84 2.601 2.648 

L.s. 
Sand Base 8.6 57 19.1 2.84 2.605 2.647 

Ontario A.C. 
Surface 5.7 84 7.85 1. 76 3.166 2.652 3.202 2. 727 

California A.C. 
Base 5.2 65 11.3 2.50 2.607 2.581 2.678 2.686 

A.T. 
Base-Sp. 5.7 65 11.3 2.50 2.526 2.540 2.674 2.672 

Washington A.C. 
State Univ. Surface 5.2 90 5.25 1.22 2.884 2.651 3.018 2.781 

Test Track- A.T. 
Ring 2 Base 3.0 59 16.0 2.68 2. 713 2.669 2. 723 2.638 

Lab. Study A.C. 
Asph. A 6.0 84 7.2 2.67 2.691 2.654 2.763 2.710 

a Determined by ASTM test methods Cl27 and Cl28. 
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TABLE 6.26 FLEXURAL FATIGUE DATA FOR ASPHALT PAVING MIXES? (32), 

Initial 
Initial 

Test 
AirBulkFracture Stiffness 

Specific
Temper-

Voids,Strain, 
Gravity 

Life,Stress, Modulus,Project ature 
%Jl in. /in.psi psiLocation Mix deg F Nf 

2.287 5.2 
Surface 

70 278 1.27 X 105Colorado A.C. 218510 
2.293 4.8 

228 
254 1.15 2198390 

5.2 
197 

2.2851985460 1.14 
2.290 5.0 

185 
1463840 1.34 

2.290 5.0 
165 

1110 1.60 1155 
2.292 4.9 

5.1 
4275 2.87 573 

2.289 
5.2 

2.227320 615137 
2.285 

5.2 
2.7817580 459115 

2.285127500 2873.1591 
5.070Colorado A.C. 2.278 

Base 
510 1.23 X 105255 2083 

4.72.17 2.283 
4.5 

925 1120243 
1.49 2.287 

4.7 
875217 1454 

2.41 2.282 
2.09 

3140189 786 
4.92.280 

2.47 
4115 806168 

4.92.280 
2.76 

6010 590144 
4.7 

3.26 
2.28330625 432119 

4.82.281 
5 

89970 27596 
6752.83 X 10 5.Q 

Sand 
Colorado L.S. 70 2.20020040191 

4213.45 6.1 
Base 

2.21164900144 
2613.78 6.12.211 

5 
43980099 

6792.95 X 10Colorado H.S. 70 8.8 
Sand 

2.13310450200 
3363.00 7.4 

Base 
2.169263600101 



TABLE 6.26 CONTINUED 

Test Initial 
Temper- Air 

Project 
BulkFracture Stiffness Initial 

Voids,Strain, SpecificStress, Life,ature Modulus, 
Gravitypsi ll in./in. %psiLocation Mix deg F Nf 

Ontario A.C. 70 1.12 X 105 2445 2.489 4.3 
Surface 

462274 
24651.04 4.3 

237 
2.489255 769 

1828 4.0 
212 

1.30 2.4961345 
1365 4.0 
1210 

1.55 2.4992715 
4.3 

966 
1.67 2.491200 2505 

4.1 
868 

1.80 2.494174 7015 
3.72.504 

710 
1.72150 17050 

4.21. 74 2.492 
538 

16965124 
4.11.82 2.414 

5 
14438198 

16.4California A.T. 70 0.97 X 10 3152 2.009 
Base-Sp. 

35306 
15.826131.09 2.025 

2995 
75294 

16.00.83 2.020 
2101 

100265 
15.61.11 2.028 

2296 
340233 

16.00.83 2.016 
1273 

294190 
16.01.23 2.019 

1089 
970152 

16.51.15 2.005 
1.18 

1630125 
873 16.12.017 

5 
3573103 

8.22.2180.75 X 10 3508 
Base 

California A. C. 70 269265 
7.92.22720851.38 

1732 
169287 

7.62.2341.41 
1725 

328244 
8.52.2101.28 

1459 
332222 

8.32.2171.36 
1.88 

891199 
8.52.2109531820 

856 
179 

7.72.2301.80 
649 

3335154 
8.42.2131.95 
9.0 

10675127 
2.2015542.0223700112 



Figures (6.14) through (6.18) illustrate this relationship for several 

different mixes. Figure (6.19) shows that the slope of the regression line, 

n in equation (6.1), is dependent upon the test temperature. The values1 
of the constants K and n

1 
, their estimated standard error, and the

1 
correlation coefficients for different mixes are listed in Table (6.27). 

A similar relationship was also noted between bending stresses, o, and Nf 

Nf = K (l/o)n2 (6.2)2 

in which, K = constant dependent on the mix2 
= the slope of the regression line on a logarithmic scale plot.n2 

Figures (6.20) and (6.21) show this relation and its dependence upon the 

test temperature. Table (6.28) provides a list of values of the constants 

K and n along with the estimated standard error and the correlation2 2 
coefficients. 
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FIGURE 6.14 STRAIN-FRACTURE LIFE FATIGUE RESULTS FOR CALIFORNIA 
ASPHALT CONCRETE AND ASPHALT TREATED BASE MIXES, (32). 
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FIGURE 6.15 STRAIN-FRACTURE LIFE FATIGUE RESULTS FOR COLORADO 
ASPHALT CONCRETE BASE AND SURFACE MIXES, {32). 
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FIGURE 6.16 STRAIN-FRACTURE LIFE FATIGUE RESULTS FOR ONTARIO 
ASPHALT CONCRETE SURFACE MIX, (32). 
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FIGURE 6.17 STRAIN-FRACTURE LIFE FATIGUE RESULTS FOR WASHINGTON 
STATE UNIVERSITY TEST TRACK ASPHALT CONCRETE SURFACE 
AND ASPHALT TREATED MIXES, (32). 
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FIGURE 6.18 STRAIN~FRACTURE LIFE FATIGUE RESULTS FOR COLORADO 
ASPHALT CONCRETE AND LOW STABILITY SAND ASPHALT 
BASE MIXES, (32). 
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FIGURE 6.19 STRAIN-FRACTURE LIFE FATIGUE RESULTS FOR VARIOUS 
TEMPERATURES FOR LABORATORY STUDY OF ASPHALT 
CONCRETE MIX, (32). 
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TABLE 6.27 CONSTANTS, CORRELATION COEFFICIENTS, AND STANDARD DEVIATION 
ERRORS FOR LEAST SQUARES REGRESSION Nf = (1/e)n FOR ASPHALTK1
PAVING MIXES, (32). 

Number Temper- Standard 
Project of Constant, Constant,ature, Correlation Deviation 

Location SpecimensMix deg F Coefficient ErrorKl nl 

Colorado A. C.. 2.73 X 10-7 

Surface 2.73 X 10-7 3.2570 0.91 0.529 

Colorado A.C. 2.01 10-5 

Base 2.01 
X 

X 10-5 2.698 70 0.98 0.18 

Colorado L. S. 
Sand 

-7Base 3.25 0.1370 8.97 X 10 0.993 

Colorado H.S. 
Sand 
Base 2.82 X 10-ll2 70 4.60 .... .... 

Ontario A.C. 
Surface 3.27 0.219 70 1.37 X 10-6 

0.97 

California A.T. 
Base-Sp. 3.158 70 8.19 X 10-7 0.190.97 

California A.C. 
Base 2. 721.66 X 10-5 0.299 70 0.93 

Washington A.C. 
-5 2.50State Univ. Surface 6 6.52 X 10 0.13 

Test Track-
Ring 2 

70 0.98 



TABLE 6.27 CONTINUED 

Number Temper- Standard 
Project of ature, Constant, Constant, Correlation Deviation 

Location Mix Specimens deg F Coefficient Error 

Washington 

K1 nl 

A.T. 
-9State Univ. Base 3.582.52 X 10 0.32 

Test Track-
Ring 2 

Laboratory 

9 70 0.93 

A.C. 
-9Study Asph. A 2.32 X 10 3.99 0.26 

Laboratory 

9 55 0.92 

A.C. 
Study Asph. A 4.00 X 10-9 3.08 0.97 0.24 

Laboratory 

9 70 

A.C. 
Study Asph. A 3.45 0.96 0.35 

Combined 

8 85 1.40 X 10-6 

2.66 0.78 0.5858 1. 70 X 10-5
70 

.aNf - dependent var1able 

bAll A.C. and A.T. surface and base mixes except L.S. and H.S. sand bases, and A.C. 
laboratory study mixes. 
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FIGURE 6.20 STRESS-FRACTURE LIFE FATIGUE RESULTS FOR CALIFORNIA 
ASPHALT CONCRETE AND ASPHALT TREATED BASE MIXES,
(32). 

Load Applications to Fracture, Nf 

FIGURE 6.21 STRESS-FRACTURE LIFE FATIGUE RESULTS FOR VARIOUS 
TEMPERATURES FOR LABORATORY STUDY OF ASPHALT 
CONCRETE MIX. (32). 
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TABLE 6.28 CONSTANTS, CORRELATION COEFFICIENTS, AND STANDARD DEVIATION 
ERRORS FOR LEAST SQUARES REGRESSION EQUATION Nf = (1/~)nK2FOR ASPHALT PAVING MIXES, (32). 

Standard 
Project 

Number Temper-
Deviation 

Location 
of Constant Correlationature, Constant, 

ErrorCoefficientSpecimens deg FMixes n2K2 

Colorado A.C. 18 0.400.953.90 X 10 6.8770Surface 9 

Colorado A.C. 15 0.145.11 0.991.02 X 10Base 8 70 

Colorado L. S. 
Sand 14 0.054.68 0.999.04 X 1070Base 3 

H.S. 
Sand 

Colorado 

1014 ....... . 7.07 X 4. 71702Base 

Ontario A.C. 
1015 0.155.16 0.992.08 X70Surface 9 

California A.T. 11 0.160.983.8470 2.08 X 10Base-Sp. 8 

A.C.California 15 0.105.29 0.9970 1.36 X 10Base 9 

Washington A.C. 14 0.120.98 
Test Track-
Ring 2 

5.217.53 X 10706State Univ. Surface 



TABLE 6. 28 CONTINUED 

Project 
Location Mixes 

Number 
of 

Specimens 

Temper 
ature, 

deg F 
Constant, 

K2 
Constant 

n2 
Correlation 
Coefficient 

Standard 
Deviation 

Error 

Washington 
State Univ. 

A.T. 
Surface 6 70 

157.88 X 10 5.93 0.94 0.31 
Test Track-
Ring 2 

Laboratory 
Study 

A.C. 
Asph. A 9 55 

20 I
8.51 X 10 6.89 0.94 0.22 

Laboratory 
Study 

A.C. 
Asph. A 9 70 

176.52 X 10 6.17 1.00 0.07 

Laboratory 
Study 

A. C. 
Asph. A 9 85 10151.91 X 5.50 0.98 0.26 

Combined 58 70 10154.28 X 5.55 0.86 0.47 

~f = dependent variables. 

bAll A.C. and A.T. surface and base mixes except L.S. and H.S. sand base, and A.C. 
laboratory study mixes. 



CHAPTER 7 

SAMPLE PREPARATION, TEST PROCEDURES AND EQUIPMENT 

1. SAMPLE PREPARATION 

A vast number of methods have been employed by researchers for the 

preparation of specimens for triaxial testing. A number of them are 

presented here, but these in no way are meant to represent the best or 

recommended way of sample preparation. Indeed, the number of sample 

preparation methods is as many as the various forms of apparatus in which 

samples are tested. 

Two different methods were noted for the compaction of fine-grained 

soils: one using static compaction, the other employs a dynamic compaction 

method. Ahmed and Larew (21) conducted tests on silty clays and used a 

method of static compaction as previously employed by Leonarda in 1955. 

Soil cakes were prepared in steel molds which were 3.5 inches in height and 

20 inches in diameter. The soil in these molds were compacted with a static 

load, then specimens were obtained and sealed in aluminum foil and wax 

before testing. Tanimoto and Nishi (46) used the CBR compaction apparatus 

for the preparation of silty clay ·soils which they tested. The specimens 

were made by compacting 5 equal layers with 10 blows of the CBR hammer per 

layer. The samples were compacted to a low degree of saturation so as to 

retain the desired flocculated particle structure. 

Impact and vibration techniques are most often used for compaction of 

more coarsely grained soils. Haynes and Yoder (26) and Mitry (36) employed 

impact methods for tests conducted on sands. Haynes and Yoder used a 5.5 lbs 

hammer falling 12 inches but did not specify layer numbers or sample size. 

Mitry compacted his sand specimens in 12 equal layers. The final sample 

size was 6.5 inches in height and 3.8 inches in diameter. To insure a 

more uniform sample density, the number of blows to each layer was increased 

as each was added, the first layer receiving 3 blows, and second layer 

4 blows, and so on. 

Hicks (27) employed 3 different methods to achieve 3 different degrees 

of saturation. For dry specimens, vibration compaction was used. The soil 

was placed in layers into a split mold, 3.19 inches in diameter and 8 inches 

in height. Vibrations were induced by the insertion of an air hammer which 

reacted against the rigid cap placed on the soil surface. All layers were 
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vibrated for 15 seconds. Partially saturated samples were prepared in 

the same manner, with the only exception being the addition and thorough 

mixing of water with oven-dried materials just prior to compaction. 

Saturated samples likewise were compacted using vibration techniques. 

Once completed, the samples were mounted in the cell, and de-aired water 

was allowed to percolate up through the sample, such that it took 30 

minutes to fill the cell. Once the air was removed, the sample was placed 

under a vacuum all night. Back pressure techniques were also used to 

insure complete saturation. 

Mitry (36) found the use of the air hammer unsatisfactory for course 

aggregates. Initially, an air hammer was used, but this lead to the 

crushing of soil grains and punctures in the membrane which encased the 

sample during testing. Alternatively, the soils were placed in steel molds 

and vibrated on a shaking table. The specimens were compacted in 2 equal 

layers, with each being vibrated for 15 seconds. A 15 lbs. weight was 

placed on top during the vibration. 

Allen and Thompson (22) prepared specimens of coarse aggregate on the 

triaxial chamber base plate by impact methods. They were formed using a 

6 inch diameter and 12 inch tall split mold. The hammer had a striking 

face 2 inches in diamter, weighed 10 lbs. and dropped 18 inches. The 

specimens were encased in 2 latex membranes to prevent leakage, which 

proved successful. 

The most complete description of the preparation of asphalt treated 

materials is given by Terrel et al (47). These specimens were prepared 

using a mechanical mixer and the Triaxial Institute kneading compactor. 

First, the asphalt and aggregate were heated to 300
0 

F and mixed mechanically. 

This mix cured for 15 hours at 1400 F, and was then placed in plastic bags 

for storage at room temperature until compaction. The samples were 

compacted in 3 layers, with the bottom layer receiving 130 tamps, the 

middle 140, and the top layer getting 150 tamps at 500 psi. After this, 

the compacted specimens were placed in the oven at 140°F for 90 minutes. 

A static pressure of 1000 psi was then applied to the samples at the rate 

of 0.05 inches per minute, followed by storage in plastic bags at 40°F 

until testing. 

Hicks (27) obtained specimens of asphalt treated materials from model 

pavement sections using a diamond core barrel of 4 inches in diameter. These 
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samples were trimmed to a height of 8 inches before the installation of 

strain gages. These gages were 2.S inches long and were bonded near the 

middle of the sample. Two were oriented axially at opposite sides, and two 

were placed circumferentially, also at opposite sides. 

Seed et al (43) conclude that even though estimates must be made for 

the void ratio, degree of saturation and density expected in the field, 

these can be duplicated with good accuracy in the laboratory. The 

selection of a representative stress condition still remains as the major 

problem in materials characterization. 

2. TEST PROCEDURE 

Van Til et al (SO) have suggested the following procedure for the 

resilient modulus test: 

2 .1. Apparatus 

a) Loading Piston. 

b) Triaxial cell of suitable size. 

c) Cyclic air supply. 
-· d) An LVDT suitably mounted for measuring the deformation 

due to the applied load. 

e) Controller to regulate speed of testing at frequences up 
3 cps. 

f) Load cell. 

g) Recording equipments. 

h) Rubber membranes. 

i) 0-rings of suitable sizes. 

2.2. Procedure 

a) Measure and record weight and height of specimen. 

b) Place suitable membrane around specimen. 

c) Secure membrane to top and base caps with 0-rings. 

d) Place specimen with membrane in triaxial cell. 

e) Apply predesignated confining pressure. 

f) Apply the cyclic stress as desired. 

g) Record applied load and deflection at the following number 
cycles: 10, SO, SOO, 1000, 2000, SOOO, 10,000, 20,000. 

2.3. Calculations 

From the data reported calculate the following: 

a) Damping coefficient. 
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b) Resilient mpdulus. 

c) Poisson's ratio. 

For testing the resilient response of a single specimen of 

granular material at several different stresses, Kalcheff and Hicks 

(31) suggested the following sequence of stresses: 

crl crl - a3 

2 psi 6 psi 

5 15 

10 30 

20 60 

2 6 

0 5 

They have recommended a load duration time of 0.1 seconds and a frequency 

of 30 cycles per minute. Readings should be taken once the number of 

load applications at each stress condition reaches 150 to 200. 

The Transportation Research Board has published a manual which 

outlines test preprations and procedures for various roadbed materials. 

Released in 1975, Special Report No. 162, entitled "Test Procedures 

for Characterizing Dynamic Stress-Strain Properties of Pavement 

Materials," includes specimen preparation processes, and testing 

procedures for all types of materials. Because of its value, it is 

presented in its entirety as Appendix A. 

3. TEST EQUIPMENT 

Very complex equipment systems have evolved for the characterization 

of roadbed materials. Among the components of these systems are the triaxial 

cell, the load application and control systems, the measurement and data 

acquisition systems and, in the case of asphalt mix testing, the temperature 

control systems. Investigators have witnessed the ever-increasing use of 

pneumatic loading systems first described by Seed and Fead in ASTM Special 

Technical Publication No. 154, 1959. The proving ring has been replaced 

by the load cell, and the strain gage by the LVDT. As an aid to future 

investigations, a description of some of the equipment systems used, with 

emphasis upon those components noted above, follows. 

The loading system employed by Seed et al (43) is shown in Figure (7.1). 

This system operated by compressed air in separate tanks at the required 

pressure for the seating and peak applied loads. Using a 3-way solenoid 
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valve, the appropriate pneumatic pressure was supplied through a bellofram 

seal to oil above the main piston. A ball-bushing guide was used to reduce 

friction and a neoprene rolling diaphragm to prevent loss of oil. The 

peak load applied to the specimen was varied by regulating the air pressure, 

as recorded by the pressure gage. Loads up to 5 kips could be obtained 

with this system. 

A pneumatic loading system was also used by Hicks (29). Axial and 

radial deformations were measured with LVDT's. Dual LVDT's were clamped 

onto each specimen outside the membrane to measure the radial strain at 

the quarter points and the axial strains over the middle 4 inches. Air 

was used as the cell "fluid", as the presence of the LVDT's and load cell 

inside the chamber ruled out the use of water. The circumferential clamps 

were held in place by light springs instead of rigid screws to permit free 

movement. Horizontal LVDT's were mounted on the clamps to measure the 

radial strain. Two Sanbron 595 DT 100 LVDT's were mounted between the 

clamps to measure the axial strain. A DC powered Serta model 200 pressure 

-· transducer was used in all tests. The pressure monitoring system is showh 

in Figure (7.2). 

Terrel and Awad (47) conducted tests on asphalt mixes for the Washington 

State Highway Department. The axial loads were applied to test specimens 

by a closed-loop servo-hydraulic system made by MTS, with the following 

features: 

1. stress or strain controlled loading 
2. 12 kip capacity 
3. a hydraulic power supply capable of 20 gpm 

at 300 psi 
4. maximum stroke of 5 inches 
5. frequency range of 0.001 to 1100 cps 
6. 12 loading modes 

The axial load was monitored by a load cell which was fixed to the upper 

side of the test specimen, inside the triaxial cell, to eliminate the 

effects of piston friction. This set-up is shown in Figure (7.3). 

Figure (7.4) shows the system used to pulse the chamber pressure. 

The pressure is kept in two tanks (o and 6cr ). The pressure o is
3 3 3 

equivalent to the in-situ lateral pressure and alternatively applied with 

6a 3 , which corresponds to the total lateral pressure during the load pulse. 

The triaxial cell provides continuous circulation of oil at a constant 

temperature, under the required pressure. The cell is shown in Figure (7.5). 
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This was accomplished by having the entire temperature control system under 

the same pressure. The heating tank, and the triaxial cell were equipped 

with belloframs, connected to two pressure reservoirs which provide two 

levels of pressure, static and pulsating. 

The temperature control system used by Terrel and Awad is shown in 

Figure (7.6). It is a closed-loop system. The refrigerator and heating 

units. worked opposite or ea_c_h other to maintain a. consfai:lt temp-erature in the. 

tank. A centrifugal pump circulate.d the oil through the triaxial cell, 

where the temperature was 111easured by 3 sensors located- at differen-t-elevations.--­

The refrigerator and heat are activated by a thermostat to maintain a 

constant temperature. The temperature control system consisted of these 

items: 

1. One H.P. Copelametic refrigeration unit using an 
R-12 refrigerant. 

2. 4000 watt calrod merchant heater 
3. Thermae power controller 6000, model 030. 

Slippage between the rubber membrane and the specimen, and variations 

in output due to the circulating oil ruled out the use of LVDT's. Instead, 

two axial and two circumferential strain gages were used. SR4, A-1, wire 

gages, 0.75 inches long and M.M. EA-13-19CDK foil gages, 2 inches long 

proved satisfactory, though the 2 inch long gages were later selected for 

used. Other components of this system include: 

1. A digital voltmeter, model 251-A 
2. Tektronix - 564 memo-oscilloscope with 3A6 vertical 

amplifier and type 2B67 time base. 
3. Dixson Southern 10-212 light beam ultra-violet 

oscilloscope recorder. 
4. Daytronic 3000 carrier amplifier with type 93 input 

module and type P output module. 
5. Daytronic 870 data module. 

Allen and Thompson (22) performed tests in which the triaxial chamber 

confining pressure was varied simultaneously with the axial load. This 

was done using a closed-loop testing system. Axial stress was applied 

through a hydraulic actuated piston. The chamber pressure was varied using 

a hydraulic actuated piston which reacted directly upon the chamber fluid, 

which in this case was water. Program input was provided by two function 

generators, one to the axial load, and one to the chamber pressure. Two. 

were necessary to allow for the slight delay in the confining pressure 

pulse. This delay was caused by chamber fluid compression and friction 
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losses in the line. By delaying the axial load, it was possible to apply 

both pulses simultaneously. 

The axial load was monitored by a load cell mounted on the test frame 

above the chamber. The chamber pressure was monitored by a pressure 

transducer located at the chamber base. Axial deformations were measured 

over the central half of the specimen by two optical trackers. Radial 

deformations were measured by sensors (4 inch diameter disk shaped coils of 

wire) that were mounted at midheight of the specimen and held in place by 

a 2 inch wide rubber strip. A dial gage mounted on top of the chamber, 

and an LVDT on the actuator of the test frame were used to measure non­

recoverable and resilient deformations. All stress and deformation data 

were recorded on an S-track oscillograph printer. 

Morris and Haas (40) also employed an electrohydraulic closed-loop 

system for tests on asphalt mix specimens. Clear, additive free, mineral 

oil was used as the chamber fluid. Rubber membranes and 0-rings were used 

to seal the specimen. Axial and lateral pressure systems consisted of 

hydraulic actuators and servovalves fed by a 70 gal/min, 300 psi hydraulic 

power supply. The axially loading actuator was 1-1/2 inches in diameter 

and had a 3 kip capacity. 

The axial and lateral actuator systems were regulated independently 

by means of two servocontrollers. These compare the desired (command) 

and measured (feedback) load level signals, and produce an error signal 

which causes the actuator to stroke in the direction which reduces the 

error. Feedback signals for the axial and lateral pressures are obtained 

by a loadcell and a pressure transducer, respectively. The load cell is 

located inside the triaxial cell below the specimen to ensure that piston 

friction does not affect the load measurement. 

Just as Allen and Thompson had found, Morris and Haas saw that the 

confining pressure pulse was delayed when the axial and lateral pulses 

were triggered together, so the axial pulse was delayed such that a 

simultaneous application of axial and lateral stress was obtained. 

The temperature of the surrounding oil was maintained within ±0.5°F 

of desired values. This temperature control system consisted of 3 

components: 

1. Chromel heating element 
2. Iron-constantin thermocouple 
3. Indicating thermocouple controller 
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FOREWORD 

The purpose of this document is to compile for the highway engineer and researcher 
the dynamic testing procedures for evaluating the resilient moduli of highway materi­
als that have been found to give reasonable results. It is hoped that such a document 
will encourage the eventual establishment of standard test procedures for use by re­
searchers and practicing engineers. The use of standardized test procedures would 
permit the direct comparison of experimental test results obtained by various research 
organizations. 

Some of the various test methods described in this report may give considerably dif­
ferent results. No attempt is made to recommend the most appropriate test method 
for specific conditions. Caution therefore should be exercised in selecting appropri­
ate test methods for characterizing in the laboratory the material properties repre­
sentative of field conditions. 

This report was written as a part of the activities of the Transportation Research 
Board's Committee on Strengib and Deformation Characteristics of Pavement Sections. 
Jolm A. Deacon, who was at the time committee chairman, appointed a subcommittee 
cochaired by Eugene L. Skok, Jr., and Bernard F. Kallas to prepare this report. The 
report was completed under the committee chairmanship of Richard D. Barksdale. The 
report was written by Bernard F. Kallas, CarlL. Monismith, Eugene L. Skok, Jr., 
Q. L. Robnett, Richard D. Barksdale, Thomas W. Kennedy, and Kamran Majidzadeh 
and was edited by Richard D. Barksdale. Other committee members helped review 
this document and assisted in its development. Appreciation is extended also toW. M. 
Sangster, Director of the School of Civil Engineering, Georgia Institute of Technology, 
for the financial support necessary for the preparation of most of the figures. 



INTRODUCTION 

During the past 10 to 15 years, people have shown considerable interest in the use of 
various elastic and viscoelastic layered system theories to predict the physical re­
sponse of structural pavement sections. Use of such models has become more common 
because, by using modern high-speed digital computers, one can rapidly solve more 
complicated layered pavement system models than one could in the past. When an elas­
tic layered theory is used to predict pavement response, one must either evaluate ex­
perimentally or estimate the modulus of elasticity and Poisson's ratio of each layer in 
the system. Therefore, the problem. of determining the critical conditions for design 
and the pertinent material properties for each layer still remains. 

The stress-strain properties of materials used in highway construction can vary 
greatly because of a number of factors includlng stress state, pulse rate and duration, 

-· temperature, degree of saturation, density, age, and method of testing. A variety of 
different methods for evaluating the dynamic material properties of pavement materi­
als have been developed in recent years by a number of researchers. A review of 
many of the testing procedures for evaluating the modulus of elasticity and Poisson's 
ratio of highway materials and an extensive list of references have been presented else­
where (1). 

Because of the wide variation in measured material properties that can occur with 
variations in test conditions and procedures, procedures should be specified and de­
scribed carefully when one presents and uses the test results. Standardized test pro­
cedures are especially desirable if the test results are to be used by several different 
agencies. The purpose of this document is to present several acceptable methods cur­
rently being used for determining the stress-strain properties of pavement materials 
for use in elastic layered theories. 

The laboratory testing techniques given in this Special Report include both the test 
procedure and a description of sample preparation and the type of equipment that is 
necessary to perform the tests. Testing procedures are given for determining the 
dynamic modulus of elasticity by using the following tests: (a) repeated load triaxial 
test, (b) complex modulus test, (c) flexural bending test, (d) indirect tensile test, and 
(e) resonant column method. In addition, a simplified, approximate test procedure is 
given for determining the dynamic modulus for cohesive soils. The procedures pre­
sented should be considered as somewhat standardized; eventually, after some modifi­
cations, it is hoped that these procedures can be developed into standard test methods 
for determining the elastic modulus and Poisson's ratio for use with layered theories. 
This Special Report also defines some of the problems involved in the dynamic testing 
of highway materials and suggests methods of sample preparation and test procedures 
that tend to minimize these problems. 
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FUNDAMENTAl CONSIDERATIONS 

Proper evaluation of pavement material properties requires careful consideration of 
many factors including (a) magnitude, speed, . and nature of traffic loading; (b) short­
and long-term environmental conditions; (c) construction variables; and (d) nature of 
materials being tested (stabilized, cohesive, granular). That the test should simulate 
as closely a.s practical in situ environmental conditions and the stress state occurring 
under the action of the moving (or static) wheel loads is the basic philosophy that should 
be used in evaluating material properties. Considerable judgment must be used in es­
timatillg the overall long-term environmental effects such as degree of saturation and 
density of pavement materials. Work should be done according to degree of saturation 
rather than moisture content because the former appears to be a more basic variable, 

Under field service conditions, variation in the dynamic modulus and, to a lesser 
extent, Poisson's ratio that is due to changes in environmental factors such as degree 
of saturation and temperature can have significant effects on the overall performance 
of the pavement. Even though reasonably accurate values of the dynamic modulus of 
pavement materials may be obtained in the laboratory under carefully controlled con­
ditions, extreme care must be exercised in incorporating these data into mechanistic 
design procedures. 

SELECTION OF STRESS PULSE 

When a wheel load moves past an element of material located within the pavement sys­
tem, the element is subjected to a simultaneous buildup in both the major and minor 
principal stresses. Currently, for routine laboratory testing, only the major princi­
pal stress (axial stress in a triaxial test) needs to be varied if care is taken in select­
ing the confining pressure. The actual stress pulse applied by a moving wheel load is 
close to half sine in shape. Preliminary results, however, indicate that triangular, 
sinusoidal, and half sine pulses all can be used to simulate actual in situ stress pro­
vided care is taken in selecting the magnitude and duration of the pulse. For conven­
tional flexible pavement structures and spring and summer temperatures, the duration 
of the stress pulse varies primarily with element location on point of loading and with 
vehicle speed. The data shown in Figure 1 are suggested as a practical guide for use 
in selecting the duration of the stress pulse that should be used in performing a dynamic 
laboratory test. 

DYNAMIC MODULI 

For moderate stress levels, the elastic response of most subgrade soils, unstabi­
lized granular materials, and stabilized materials becomes relatively constant after 
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Figure 1. Variation of equivalent vertical stress pulse time with vehicle velocity and depth @. 
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approximately 100 to 200 load repetitions. Studies also indicate that a single test spec­
imen usually can be used to characterize the nonlinear elastic response of most paving 
materials. This can be accomplished with 1 specimen by determining the elastic 
bounce at several different confining pressures and deviator stresses, or tempera­
ture in the case of asphalt concrete, provided care is exercised to,, increase gradually 
the severity of the stress level. 

For triaxial testing, results indicate that, when the dynamic modulus is greater tban 
about 15,000 lbf/in. 2 (103 500 kPa), special measuring clamps or special optical track­
ing equipment should be attached to the specimen to eliminate end effects and slop in 
the system. Clamps suitable for use on cylindrical specimens will be described in 
another section of this Special Report. 

A specimen tested in a triaxial cell probably should be tested with the drainage 
valves leading to the inside of the specimen open because of the conditions of a mate­
rial sample beneath pavement subjected to many load repetitions. In determining dy­
namic modulus when only 100 to 200 load applications are to be applied, the metbod of 
drainage probably will not have a significant effect on the resultant dynamic modulus 
in most instances. If the test is performed over a period of days and drainage is per­
mitted, then the specimen may dry out and become hard because of the development of 
significant amounts of capillary tension. 

POISSON'S RATIO 

Because of problems associated with reliable measurements of Poisson's ratio and 
because the response of pavement is relatively insensitive to reasonable variations in 
this parameter, estimated values of Poisson's ratio can be used at this time as an en­
gineering approximation for the mechanistic design procedure. Typical ranges in tbe 
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variation of Poisson's ratio have been found to be as follows: 

Material Poisson's Ratio 

Asphalt concrete 0.25 to 0.35 
Unstabilized granular subgrades, 

subbases, and bases 0.30 to 0.40 
Silty subgrades 0.35 to 0.45 
Clay subgrades 0.40 to 0.50 
Soil cement 0.10 to 0.25 

If Poisson's ratio is to be measured, measuring clamps that fit around the cylindri­
cal triaxial specimen can be used. 

INFLUENCE OF TYPE OF MATERIAL 

One should carefully consider the type of material when selecting both the test method 
and test conditions such as stress level. For unbound cohesive and granular materials, 

· either the repeated load triaxial test or the complex modulus test is well suited for 
evaluating elastic properties. 

In general, the dynamic modulus of cohesive soils decreases rapidly with increas­
ing magnitude of repeated axial stress up to a point; then it increases at a greatly re­
duced rate. For some types of soils, dynamic modulus is relatively unaffected by 
small changes in confining pressure. The effect of confining pressure on the dynamic 
modulus appears to become greater as clay content decreases or the material becomes 
stiffer. Numerous studies of the dynamic modulus of sands, gravels, and crushed 
stones have shown that the dynamic modulus significantly Increases with increases in 
confining pressure and is only slightly affected by reasonable variations in the magni­
tude of the repeated axial stress. 

Results of dynamic triaxial tests have indicated that temperature and rate or fre­
quency of loading have a significant effect on the stiffness of asphalt-bound materials. 
Asphalt content, type of asphalt, air voids, aggregate grading, and type of aggregate 
have a considerably smaller effect on stiffness. The dynamic modulus determined 
from flexural and indirect tensile tests has been found to be as small as half the value 
determined from triaxial tests. Probably the actual in situ modulus for asphalt con­
crete Is somewhere between the values determined from flexural and triaxial tests. 

Repeated load tests performed on cylindrical specimens of cement-bound materials 
have shown that the dynamic modulus cif soil cement decreases with increases in con­
fining pressure. Furthermore, laboratory results indicate that the dynamic modulus 
measured by using the triaxial test may be as much as 10 times greater than that ob­
tained in repeated flexural tests. Results of the flexural tests probably should be used 
for stabilized materials in layered theories because this test more closely simulates 
conditions of bending, which occurs in very stiff base layers. Also, because of crack­
ing with time in cement-treated and asphalt concrete bases, the effective modulus will 
tend to decrease significantly over time. 

[-. 



SPECIMEN PREPARATION AND 
COMPACTION PROCESSES 

To obtain specimens that are representative of field conditions, one must use great 
care in preparing, handling, and storing the test specimens. Furthermore, use of 
different materials and different methods of compaction in the field will require the 
use of varying compaction techniques in the laboratory. This section will describe 
methods that can be used to prepare cohesive soils, granular soils, and asphalt con­
crete for laboratory use. Typical equipment required is as follows: 

1. Compaction apparatus; 
2. Loading equipment [static machine with a 10- to 30-ton (9- to 27-Mg) capacity, 

kneading compactor for cohesive soils and stabilized materials, and vibratory com­
pactor for granular soils); 

3. Calipers, micrometer gauge, and steel rule [calibrated to 0.01 in. (0.254 mm)]; 
4. Rubber membranes from 0.01 to 0.025 in. (0.254 to 0.635 mm) in thickness; 
5. Rubber 0-rings; 
6. Vacuum source with bubble chamber and regulator; 
7. Membrane stretcher; 
8. Scales; 
9. Weighing pans; and 

10. Porous stones. 

COMPACTED COHESIVE SPECIMENS 

The resilient character of compacted clays is dependent on the structure imparted to 
the soil particles by the compaction process. (The unified soil classification system 
is used to define a clay soil.) Laboratory compaction processes must be selected in 
accordance with the expected field compaction conditions. Auy compaction process 
that causes shearing deformation in a clay soil having a degree of saturation greater 
than 80 percent results in a dispersed (or parallel) clay structure. Clays with a dis­
persed structure exhibit greater deformation than would the same soil with a floccu­
lated (random) structure tested under identical conditions. Some general criteria can 
be used to guide selection of the appropriate compaction conditions for clay soils. 

1. If the field compaction conditions will be at a water content corresponding to 
less than 80 percent of the saturation water content and the in-service water content 
is expected to remain less than the 80 percent saturation value, then any of the stan­
dard impact, gyratory, kneading, or static procedures may be used to simulate the 
in-service condition. 

2. If the field compaction will be at a water content corresponding to greater than 
80 percent of tbe saturation water content and the in-service water content is expected 
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to remain greater than the 80 percent saturation value, then the compaction process 
must be of the shearing type. That is, an impact, gyratory, or kneading process must 
be used to simulate the dispersed structure in service. 

3. If the field compaction conditions will be at a water content corresponding to 
less than 80 percent of the saturation water content and the in-service conditions are 
expected to result in a degree of saturation greater than 80 percent, then static com­
paction must be used to simulate the flocculated structure in service. 

In Figure 2, resilient modulus is shown as isograms on a chart of dry density ver­
sus water content. The form shown in Figure 2 has general application to compacted 
clay soils and may be used to guide the selection of a test program. 

1. If the range of compaction conditions and the range of in-service conditions are 
known, select an appropriate laboratory compaction method. Prepare and test samples 
at dry densities and water contents within the in-service range such as that shown in 
Figure 2. 

2. If the service conditions are not well defined, then prepare and test specimen 
over a substantial range of dry densities and water contents. Display the results as 
shown in Figure 2 and use the resilient modulus in conjunction with other properties 
such as rutting and swelling to select the range of field placement conditions. 

Specimen Size 

The diameter of the specimen to be tested is determined by a lower bound of approxi­
mately 2.5 in. (63.5 mm) or by 4 to 5 times the maximum size of particle in the ma­
terial. This lower bound represents a minimum size that can be expected to provide 
a reaSonable representation of the larger mass of material in a pavement. Specimen• 
length should not be less than 2 times the diameter. 

Moisture-Density Relationship 

Four steps should be followed to determine moisture-density relationship. 

1. Establish the moisture-density relationship for the soil according to 1 of the 
following procedures: (a) ASTM D1557-AASHO T-180, (b) ASTM D698-AASHO T-99, 
(c) California 216F, or (d) some other standard method. Prepare a graph showing dry 
density and water content as described in the standard procedure chosen. 

2. Determine the specific gravity of the soil according to the appropriate proce­
dure (ASTM D 854 or California 209A). 

3. Use the data obtained in steps 1 and 2 to determine 100 percent and 80 percent 
of saturation at various densities. Place this information on the graph drawn in step 
1; that is, draw a 100 percent and an 80 percent saturation line. 

4. Select the densities, water contents, and compaction method to be used to pre­
pare specimen. 

Preparation of Soil for Compaction 

Ten steps should be followed to prepare soil for compaction. 

1. Determine the water content W 1 percent of the soil (if other than oven-dried 
material is to be used). 

2. Determine the volume V, of the compacted specimen to be prepared. For 
other than static compaction methods, the height of the compacted specimen must be 
greater than that required for resilience testing to allow for trimming of the specimen 
ends. An excess of 0.5 in. (13 mm) generally will be adequate. 
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3. Determine the sample weight of the oven-dried soil W, and water w. required 
to obtain the desired dry density y, and water content W percent as follows: 

W, in pounds = y, in pounds per cubic foot x V, in cubic feet 

W, in grams = W, in pounds x 453 

W, in pounds = y, in pounds per cubic foot x W P~;~ent 

w. in grams = W, in pounds x 453 

4. Determine the sample weight of other than oven-dried soil (W,) required to 
obtain W,. An additional amount of approximately 500 g should be allowed, and the ex­
cess should be used to determine the water content at the time of compaction. 

W, in grams = {W, in grams+ 500) ( 1 + fo~) 

5. Determine the weight of water (W•• ) required to increase the weight from the 
existing (W,.) to the desired (W,) . 

• 

w,. in grams= (w, + 5oo)(foo) 

6. Determine the wet weight of soil (W.,,) to be compacted. 

. _ ( W percent)Wwet 111 grams - Ws X 1 + lOO 

7. Place the mass of soil determined in step 3 into a mixing pan. 
8. Add the water to the soil in small amounts and mix thoroughly after each addi­

tion. 
9. Place the mixture in a plastic bag. Seal the bag and knead the soil with the 

fingers to obtain uniform dispersion of water throughout the soil. The mixture should 
be stored in the plastic bag in an atmosphere of 75 percent relative humidity for 12 to 
24 h. Ensure a complete seal by using 2 or more bags. 

10. After mixing and storage, weigh the wet soil and bag to the nearest gram and 
record this value on a form for compacted clays as shown in Figure 3. 

Compaction by Impact or Kneading Methods 

Specimens prepared in standard molds associated with impact or kneading methods 
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Figure 2. Result of resilence tests on compacted clays. 
variation of dry density with water content. 
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Figure 3. Sample data recording form for compacted clays. 
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(ASTM D1557, ASTM D698, California 216F, Harvard miniature compaction, or 
California or Triaxial Institute kneading compaction) may not be of the correct dimen­
sions for direct use in resilience testing. However, molds of the correct dimensions 
can be obtained, and the methods can be adapted to the new mold sizes. This generally 
will require adjustments in the number of compacted layers or the number of tamps per 
layer or both. Large compacted specimens can be prepared and the correct size 
trimmed from these. 

1. Establish the number of layers N to be used to compact the soil. Determine 
the weight of wet soil required per layer W,. 

w 
WL in grams ::::: Net 

2. Place the mass of soil determined in step 1 in the mold. Compact according to 
the standard procedure. Scarify the surface of the layer. 

3. Repeat step 2. 
4. After compaction, use approximately 200 g of the remaining wet soil to deter­

mine water content. 
·5. Carefully remove the specimen from the mold. Trim the ends to provide plane 

surfaces. 
6. Weigh the specimen to the nearest gram. Determine the average height and 

diameter to. the nearest 0.01 in. (0.254 mm). Record these values on a form for com­
pacted clays as shown in Figure 3. 

The specimen iS now ready for resilience testing. If there will be a delay of more 
than a few minutes before beginning the resilience testing, the specimen should be care­
fully wrapped in plastic to prevent evaporation. Note that fine-grained cohesive soils 
compacted wet of optimum (especially when a dispersed structure is developed) exhibit 
thixotropic strength gains with time. The limited data reported in the literature (2) in­
dicate that a curing period of 1 to 7 days (depending on the soil) is usually sufficient to 
minimize the thixotropic strength gain effects on the resilient modulus. Limited results 
also indicate that a few hundred "conditioning" stress applications may be sufficient to 
eliminate or minimize this effect when the specimens are immediately tested after 
preparation. 

Compaction by Static Loading 

In the absence of standard methods for static compaction, the following procedure may 
be used. The process is one of compacting a known weight of wet soil to a volume that 
is fixed by the configuration of the mold assembly. A typical mold assembly for the 
preparation of a specimen with a 2.8-in. (71.12-mm) diameter and 6-in. (152.4-mm) 
height by using 3 layers is shown in Figure 4. To meet specific needs, equipment of 
differing size and number of layers can be developed. 

1. Establish the number of layers N to be used to compact the soil. Determine 
the weight of wet soil per layer. 

WL in grams= 
wNot 

2. Place 1 of the loading rams into the sample mold. 
3. Place the mass of soil determined in step 1 in the sample mold. Use a spatula 
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Figure 4. Apparatus for compaction by static loading. 
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to draw the soil away from the edge of the mold and form a slight moWld in the center. 
4. Insert the second loading ram and place the assembly in the loading machine. 

Apply a small load. Adjust the mold so that it rests equidistant between the CLAMPS of 
the loading rams. Soil pressures developed by the initial loading will serve to hold the 
mold in place. By having both loading rams reach the 0-volume change positions si­
multaneously, one can obtain more Wliform layer densities. 

5. Slowly increase the load Wltil the loading ram caps rest firmly against the 
mold. Hold the load at or near the maximum load for a period of time. The rate of 
loading and load duration depend on the amoWlt of soil rebound. The slower the rate 
of loading is and the longer the load is held, the less the rebound is. 

6. Decrease the load to 0 and remove the assembly from the loading machine. 
7. Remove a loading ram. Scarify the surface of the compacted layer, put the 

correct weight of soil for a second layer in place, and adjust the soil as in step 3. Add 
a spacer ring and insert the loading ram. 

8. Invert the assembly and repeat step 7. 
9. Place the assembly in the loading machine. Load slowly while holding the load 

at or near maximum when the spacer disk firmly contacts the mold. 
10. Repeat steps 6, 7, 8, and 9 as required. 
11. Use approximately 200 g of the remaining soil for a measurement of water con­

tent. 
12. Place the extruder ram into the sample mold and force the specimen out of 

the sample mold into the extruder mold. 
13. Use the extruder mold to carefully slide the compacted specimen onto a glass 

plate. 
14. Determine the weight of the compacted specimen to the nearest gram. Measure 

the height and diameter to the nearest 0.1 in. (2.54 mm). Record these values on a 
form for compacted clays as shown in Figure 3. 

The specimen is now ready for resilience testing. If there will be a delay of more 
than a few minutes before beginning the resilience testing, the specimen should be care­
fully wrapped in plastic to prevent evaporation. (Refer to the note on thixotropic ef­
fects given after step 7 under compaction by impact or kneading methods.) 
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COMPACTED GRANULAR SPECIMENS 

Of particular concern in the preparation of granular soil specimens is the extent to 
which these materials can be handled (in removing them from a mold and transporting 
and placing them in the triaxial cell). Granular soils that exhibit sufficient cohesion 
to permit handling can be prepared by the methods described for compacted clay soils; 
however, it is generally not necessary to consider soil structure effects. The excep­
tion is some silts that also may exhibit strength properties that are dependent on com­
paction conditions. 

This section contains some items that can be applied generally to compacted granu­
lar soils, but this section mainly is directed to compaction of materials that cannot be 
bandled between compaction and testing. 

Specimen Size 

The diameter of the specimen to be tested is determined by a lower bound of approxi­
mately 2.5 in. {63.5 mm) or by 4 to 5 times the maximum size of particle in the mate­
rial. This lower bound represents a minimum size that can be expected to provide a 
reasonable representation of the larger mass of material in a pavement. 

Specimen length should not be less than 2 times the diameter. 

Moisture-Density Relationship 

Four steps should be followed to determine moisture-density relationship. 

1. Establish the moisture-density relationship for the soil according to 1 of the 
following procedures: {a) ASTM D 1557-AASHO T-180, {b) ASTM D698-AASHO T-99, 
(c) California 216F, or {d) some other standard method. Prepare a graph of dry den­
sity and water content. 

2. Determine the specific gravity of the soil by using 1 of the following procedures: 
(a) ASTM D854, (b) ASTM C 127, (c) California 206D, {d) California 207D, or (e) some 
other standard. 

3. Use the data from steps 1 and 2 to determine 100 percent of saturation at vari­
ous densities. Draw the curve for 100 percent saturation on the graph drawn in step 1. 

4. Select the densities and water contents at which specimens are to be prepared. 
These usually will consist of several values covering the expected in-service range. 
Note that material that has a moderately high permeability and is to be tested at 100 
percent saturation generally is prepared in an oven-dried or air-dried state and satu­
rated by back-pressure techniques or capillary saturation. 

Preparation of Soil for Compaction 

Cohesionless granular materials are compacted most readily by use of a split mold 
mounted on the base of the triaxial cell as shown in Figure 5. Compaction forces are 
generated by a vibrator, such as a small, hand-operated air hammer. Nineteen steps 
should be followed to prepare soil for compaction. 

1. Determine the water content {W1 percent) of the soil {if other than oven-dried 
material is to be used). 

2. Tighten the sample base into place on the triaxial cell base. It is essential that 
an airtight seal be developed. 

3. Place the porous stone plus the sample cap on the sample base. (Two stones 
are required for saturated specimens, but generally only the lower stone would be used 
for tests at lower water contents unless drainage from both ends is desired.) Deter­
mine the height of base, cap, and stone to the nearest 0.01 in. {0.254 mm), and record 
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this value on a form for granular soils as shown in Figure 6. 
4. Remove the sample cap and upper porous stone. Measure the thickness of the 

rubber membrane with a micrometer gauge. Record this value on a form for granular 
soils as shown in Figure 6. 

5. Place the rubber membrane over the sample hase and lower porous stone. Fix 
the membrane in place with an 0-ring seal. 

6. Place the split-mold sample former around the sample base and draw the rub­
ber membrane up through the mold. Tighten the split mold firmly into place. Exer­
cise care to avoid pinching the membrane. 

7. Stretch the membrane tightly over the rim of the mold. Apply a vacuum to the 
mold to remove all membrane wrinkles. The membrane now should fit smoothly around 
the inside perimeter of the mold. The vacuum is maintained throughout the compaction 
procedure. 

8. Use calipers to determine to the nearest 0.01 in. (0.254 mm) the inside diam­
eter of the membrane-lined mold. Determine to the nearest 0.01 in. (0.254 mm) the 
distance from the top of the porous stone to the rim of the mold. 

9. Determine the volume of specimen to be prepared. The diameter of the speci­
men is the diameter determined in step 8, and the height is a value less than that deter­
mined in step 8 but at least 2 times the diameter. 

10. Determine the weight of material that must be compacted into the volume deter­
mined in step 9 to obtain the desired density and water content. (The section on pre­
paring clay soils for compaction contains further information on this.) 

11. Determine the number of layers to be used for compaction. Normally, layer 
depths will be 1 to 1.5 in. (25.4 to 38.1 mm). Determine the weight of soil required 
for each layer and the thickness of each layer. 

12. Place the required mass of soil into a mixing pan. (Allow approximately 300 g 
more than required for compaction; the excess is to be used for determining the water 
content.) Add the required amount of water and mix thoroughly. 

13. Determine the weight of wet soil plus water and record on a form for granular 
soils as shown in Figure 6. 

14. Place the amount of wet soil required for 1layer into the mold. Exercise care 
to avoid spillage. Use a spatula to draw the material away from the edge of the mold 
and form a small mound at the center of the mold. 

15. Insert the vibrator head and vibrate the soil until the distance from the surface 
of the compacted layer to the rim of the mold is equal to the distance measured in step 
8 minus the thickness of the lift determined in step 11. This may require removal and 
reinsertion of the vibrator head several times until experience is obtained in gauging 
the required vibration time. 

16. Repeat steps 14 and 15 for each new lift. The measured distance from the sur­
face of the compacted layer to the rim of the mold is successively reduced by the thick­
ness of each new lift from step 11. The final surface should be a smooth, horizontal 
plane. 

17. When compaction is completed, observe the weight of the mixing pan plus ex­
cess soil and record it on a form for granular soils as shown in Figure 6. The weight 
determined in step 13 less the weight observed now is the weight of wet soil incorpo­
rated in the specimens. Use approximately 200 g of the excess material to determine 
water content. 

18. Place the porous stone and sample cap on the surface of the specimen. Roll 
the rubber membrane off the rim of the mold and over the sample cap. If the sample 
cap projects above the rim of the mold, the membrane should be sealed tightly against 
the cap with an 0-ring seal. If it does not, the seal can be applied later. 

19. Disconnect the vacuum supply from the mold. Place the entire assembly on the 
loading machine in preparation for resilience testing. 

COMPACTED CYLINDRICAL ASPHALT CONCRETE SPECIMENS 

This method, which is similar to that which is to be published as an ASTM test method, 
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Figure 5. Apparatus for vibratory compaction of granular materials. 
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covers the preparation of cylindrical specimens 4 in. (101.6 mm) in diameter and ap­
proximately 8 in. (203.2 mm) high of bituminous paving mixture suitable for comple.x 
and resilient modulus tests. The method is intended for dense-graded bituminous con­
crete mixtures containing aggregate up to 1 in.. (25.4 mm) ma..ximum size. 

Test Specimens 

Prepare 3900 g of the bituminous mixture as specified by ASTM D 1560. 

Apparatus 

An apparatus should be used tbat meets the specifications given by ASTM D 1561 ex­
cept tbat steel molding cylinders with 0.25-in. (6.35-mm) wall thickness, 4-in. (101.6-
mm) inside diameter, and 10-in. (254-mm) height should be used. 

Procedure 

Three steps should be followed for determining compaction temperature, moldiug spec­
imens, and applying static load. 

1. Use tbe compaction temperature for bituminous mixtures as specified by ASTM 
D 1561. 

2. Heat the compaction mold to tbe temperature specified in step 1. Place the 
compaction mold in position in tbe mold holder and insert a paper disk 4 in. (101.6 
mm) in diameter to cover tbe baseplate of tM mold holder. Weigh out half tbe required 
amount of bituminous mixture for 1 specimen at the specified temperature and place 
uniformly in tbe insulated feeder trough, which has been preheated to the compaction 
temperature for tbe mixture. By means of the variable transformer that controls the 
heater, maintain a sufficiently hot compactor foot to prevent the mixture from adher­
ing to it. By means of a paddle of suitable dimensions to fit tbe cross section of the 
trough, push 30 approximately equal portions of tbe mixture continuously and uniformly 
into the mold while applying 30 tamping blows at a pressure of 250 lbf/in. 2 (1725 kPa). 
Immediately place tbe remaining half of the mixture uniformly in tbe feeder trough. 
Push 30 approximately equal portions of tbe mixture continuously and uniformly into 
tbe mold while applying 30 tamping blows at pressure of 250 lbf/in.' (1725 kPa). If 
sandy or unstable material is involved and tbere is undue movement of the mixture 
under tbe compactor foot, reduce the compaction temperature and compactor foot pres­
sure until kneading compaction can be accomplished. 

3. Immediately after compaction with tbe California kneading compactor, apply a 
static load to tbe specimen by using a compression testing machine. Apply the load by 
the double plunger method in which metal followers are employed as free-fitting plun­
gers on tbe top and bottom of the specimen. Apply tbe load on the specimen at a rate 
of 0.05 in./min (0.021 mm/s) until an applied pressure of 1,000 lbf/in.' (6900 kPa) is 
reached. Release the load immediately. After the compacted specimen has cooled to 
the point at which it will not deform on handling, remove it from the mold. Place the 
specimen on a smootb flat surface and allow it to cool to room temperature. The cy­
lindrical sample will have approximately the same bulk specific gravity as specimens 
prepared according to ASTM D 1559 and ASTM D 1561. 

COMPACTED ASPHALT CONCRETE BEAM SPECIMENS 

This method, which is similar to that which is to be published as an ASTM test metbod, 
covers the preparation of beam specimens of bituminous paving mixture suitable for 
flexural modulus and flexural fatigue tests. The metbod is intended for dense-graded 
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bituminous concrete mixtures containing aggregate up to 1.5 in. (38.1 mm) maximum 
size. 

Test Specimens 

The beam test specimens should have a rectangular cross section of 3.25 in. (82. 5 mm) 
by approximately 3.5 in. (88.9 mm) and a length of 15 in. (381 mm). Prepare approxi­
mately 7000 g of the bituminous mixture as specified by ASTM D 1560. 

Apparatus 

The apparatus shall be as specified by ASTM D 1561 except that the compactor shall be 
equipped with a specially modified compaction mold assembly and tamping foot as 
shown in Figure 7. 

Procedure 

Three steps should be followed for determining compaction temperature, molding spec­
imens, and applying static load. 

1. Use the compaction temperature for bituminous mixtures as specified by ASTM 
D 1561. 

2. Heat the compaction mold to the compaction temperature specified in step 1. 
Place the mold on the sliding base assembly of the California kneading compactor and 
place a paper that is 3.25 in. (82.5 mm) wide and 15 in. (381 mm) long on the mold 
baseplate. Weigh out half of the required amount of bituminous mixture for 1 specimen 

and place it in the compaction mold in a 
layer of uniform thiclmess. By means of 
the variable transformer that controls 

Figure 7. California kneading compactor equipped the heater, maintain a sufficiently hot 
with modified tamping foot and compaction mold compactor foot to prevent the mixture 
assembly. from adhering to it. When applying tamp­

ing blows to the mixture, turn the base 
assembly table hand wheel %revolution 
to move the mold laterally 0.75 in. (19 
mm) after each tamping blow. Apply 20 
tamping blows at a foot pressure of 200 
lbf/in. 2 (1380 kPa). Place the remaining 
half of the bituminous mixture in the com­
paction mold in a layer of uniform thick-' 
ness. Apply 45 tamping blows at a foot 
pressure of 200 lbf/in.2 (1380 kPa). Ap­
ply the final 45 tamping blows at a foot 
pressure of 300 lbf/in. 2 (2070 kPa). If 
sand or unstable material is involved and 
there is undue movement of the mixture 
under the compactor foot, reduce the 
compaction temperature and compactor 
foot pressure until kneading compaction 
can be accomplished. 

3. Immediately after compaction in 
the California kneading compactor, place 
the leveling bar on top of the specimen. 
By means of a compression testing ma­
chine, apply a static load on the specimen 
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at the rate of0.05 ln./min (0.021 mm/s) Wltil an applied pressure of 1,000 lbf/in.' 
(6900 kPa) is reached. Release the load immediately. After the compacted specimen 
has cooled sufficiently so that It will not deform on handling, remove it from the mold. 
Place the specimen on a smooth fiat surface and allow it to cool to room temperature. 
The beam specimens have approximately the same bulk specific gravity as specimens 
prepared according to ASTM D 1559 and ASTM D 1561. 



RESILIENCE TESTING OF UNSTABIUZED SOilS 

The objective of this method is to define the resilient characteristics of untreated gran­
ular and cohesive soils for conditions that represent a reasonable simulation of the in 
situ state of stress in pavements subjected to moving wheel loads. Procedures de­
scribed define resilient character in a triaxial state of stress when pressure in the 
triaxial chamber acts as a static all-around stress and when a repeated axial devi-
ator stress of fixed magnitude, frequency, and load duration is applied to the soil from 
a force generator located outside the triaxial chamber. A simplified approximate pro­
cedure. for testing unstabilized cohesive soils will be presented in another section of 
this Special Report. The notations used in this section are as follows: 

"' = total axial stress applied to the cylindrical specimen, 
"' = total radial stress applied to the cylindrical specimen, 
crs = confining pressure for the triaxial test, 
"' ="' - crs = deviator stress (repeated axial stress for the procedure), 
(, = total axial strain due to cr,, 
( s = total radial strain due to cr,, 
~Rl = recovered axial strain, 
E'ns = recovered radial strain, 

M, =~ =resilient modulus, 
(Rl 
(

vR = -M =resilient Poisson's ratio, 
(Rl 

a = "' + 2cr, = cr, + 3cr, = sum of the principal stresses in the triaxial state of 
stress, 

cr,/crs = principal stress ratio, 

"' = 1 -?(~ri';s) =unit weight of dry soU, 
"• =unit weight of water, 
G = specific gravity of soil, 
W = water content of soU, 
S = degree of saturation, and 

e = ~ y, - 1 = void ratio. 

Load duration is the time interval the sample is subjected to a stress deviator. Cycle 
duration is the time interval between successive applications of a stress deviator. 

17 
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TEST EQUIPMENT 

Triaxial Test Cell 

A triaxial cell suitable for use in resilience testing of soils is shown in Figure 8. This 
equipment is similar to most standard cells except that it is somewhat larger to facil­
itate the internally mounted load and deformation measuring equipment and has addi­
tional outlets for the electrical leads from the measuring devices. For the type of 
equipment shown in Figure 8, air would be used as the cell fluid. 

The external loading source may be any device capable of providing a variable load 
of fixed cycle and load duration. The device can range from simple cam and switch 
control of static weights or air pistons to closed loop electrohydraulic systems. A 
load duration of 0.1 s and a cycle duration of 3 s have been found to be satisfactory for 
many applications. 

Deformation Measurement 

Deformation-measuring equipment consists of linear variable differential transformers 
(L VDTs) attached to the soil specimen by a pair of clamps. Four L VDTs are used; 2 
are for the measurement of axial deformation, and 2 are for the measurement of hori­
zontal or radial deformation. The clamps and LVDTs are shown in position on a soil 
specimen in Figure 8. Details of the clamps are shown in Figure 9. Load is measured 
by placing a load cell between the sample cap and the loading piston as shown in Fig­
ure 8. 

Use of the type of measuring equipment that has just been described offers several 
advantages. 

1. It is not necessary to reference deformations to the equipment that deforms dur­
ing loading. 

2. The effect of end-cap restraint on soil response is virtually eliminated. 
3. The horizontally mounted LVDTs permit the measurement of the resilient 

Poisson effect. 
4. Any effect of piston friction is eliminated by measuring loads at the caps of the 

sample. 

It is necessary to maintain suitable recording equipment in addition to the measur­
ing devices. It is desirable to have simultaneous recording of load and deformations. 
The number of recording channels can be reduced by wiring the leads from the LVDTs 
so that only the average signal from each pair is recorded. By introducing switching 
and balancing units, one can use a single-channel recorder. Use of a single-channel 
recorder, however, will not permit the making of simultaneous recordings. 

RESILIENCE TESTING OF COHESIVE SOILS 

Test Method 

Twenty steps make up the test method for resilience testing of cohesive soils. 

1. Place the triaxial cell base assembly on the platform of the loading machine. 
Tighten the sample base firmly to obtain an airtight seal. 

2. Close the valve on tbe vacuum lead to the sample cap. (This line is not required 
for testing clays; closing the valve will prevent loss of air from the chamber during 
testing.) 

3. Carefully place the specimen on the sample base. {Porous stones are not 
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Figure 8. Apparatus for resilience testing r-------- CELL PRESSURE INLET 
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Figure 9. Clamps for holding linear variable differential transformers in measuring axial 
deformation and diameter change. 
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necessary for testing clay soils unless a drained condition is desired.) 
4. Place the sample cap on the specimen. 
5. Stretch a membrane tightly over the interior surface of the membrane stretcher. 

Slip the stretched membrane carefully over the specimen. Roll the membrane off the 
stretcher onto the sample base and cap. Remove the stretcher. Place 0-ring seals 
around the base and cap. 

6. CoiUlect the vacuum-saturation line to the vacuum source through the medium 
of a bubble chamber [a vacuum of 5 to 10 lbf/in. 2 (34.5 to 69 kPa) generally is adequate] . 
If bubbles are absent, an airtight seal has been obtained. If bubbles are present, check 
for leakage caused by poor connections, holes in the membrane, or imperfect seals at 
the cap and base. The existence of an airtight seal ensures that the membrane will 
remain firmly in contact with the specimen. This is essential for use of the clamp­
mounted L VDTs. Leakage through holes in the membrane can frequently be eliminated 
by coating the surface of the membrane with a rubber latex or by using a second mem­
brane. 

7. When leakage has been eliminated, discoiUlect the vacuum supply. 
8. Extend the lower LVDT clamp and slide it carefully down over the specimen to 

approximately the lower quarter point of the specimen. 
9. Repeat step 8 for the upper clamp and place it at the upper quarter point. En­

sure that both clamps lie in horizontal planes. 
10. Connect the LVDTs to the recording unit and balance the recording bridges. 

This will require recorder adjustments and adjustment of the LVDT stems. When a 
recording bridge balance has been obtained, determine to the nearest 0.01 in. (0.254 
mm) the vertical spacing between the LVDT clamps and record this value on a form 
for compacted clays as shown in Figure 3. 

11. Place the triaxial chamber into position. Set the load cell in place on the 
sample cap. 

12. Place the cover plate on the chamber. Insert the loading piston and obtain a 
firm connection with the load cell. 

13. Tighten the tie rods firmly. 
14. Slide the assembled apparatus into position under the axial loading device. 

Bring the loading device to a position where it nearly contacts the loading position. 

The resilient properties of compacted clays are affected only slightly by the mag­
nitude of the confining pressure. For most applications, the effect of confining pres­
sure can be disregarded. For silty soils, however, the effect of confining pressure 
is much greater. The confining pressure used should approximate the expected in situ 
horizontal stresses. These generally will be on the order of 1 to 5 lbf/in.2 (6.9 to 34.5 
kPa). A chamber pressure of 3 lbf/in.' (20. 7 kPa) would be a reasonable value for 
most testing. Resilient properties of cohesive soils are greatly dependent on the mag­
nitude of the deviator stress (repeated axial stress). It is, therefore, necessary to 
conduct the test for a range in deviator stress values. For example, test at 0.5, 1.0, 
2.0, 3.0, 4.0, 5.0, 7.5, 10, and 151bf/in.' (3.45, 6.9, 13.8, 20.7, 27.6, 34.5, 51.75, 
69, and 103.5 kPa). 

15. CoiUlect the chamber pressure supply line and apply confining pressure (equal 
to chamber pressure). 

16. Rebalance the recording bridges for the L VDTs and balance the load-cell re­
cording bridge. 

17. Begin the test by applying 200 repetitions of a deviator stress of approximately 
1lbf/in. 2 (6.9 kPa) and then 200 repetitions each at 3, 5, 7.5, and 10 lbf/in. (20.7, 34.5, 
51.75, and 69 kPa). The foregoing stress sequence constitutes sample conditioning, 
that is, the elimination of the effects of the interval between compaction and loading 
and the elimination of the effects of initial loading versus reloading. 

18. Decrease the deviator load to the lowest value to be used. Apply 200 repeti­
tions of load and record both the horizontal and vertical recovered deformations at or 
near the 200th repetition. [The deformation measured by the horizontal L VDTs is 
approximately twice the actual deformation on the diameter because of the locations 



of the hinge and the LVDT (Figure 9).] 
19. Increase the deviator load and record deformations as in step 18. Repeat over 

the range of deviator stresses to be used. 
20. At the completion of the loading, reduce the chamber pressure to 0. Remove 

the chamber L VDTs and load cell. Use the entire specimen for determining water con­
tent. 

Calculations and Presentation of Results 

The results of resilience tests can be presented in a summary table such as that given 
in a form for compacted clays as shown in Figure 3. The results also can be presented 
graphically as shown in Figure 10. A form similar to that of Figure 10 may be used 
to display the resilient Poisson's ratio. 

RESILIENCE TESTING OF GRANULAR SOILS 

Test Method 

A number of steps make up the test method for resilience testing of granular soils. 

1. Connect the vacuum-satnration inlet to a vacuum source and apply 5 to 10 
lbf/in.2 (34.5 to 69 kPa) of vacuum through the medium of a bubble chamber. The 
vacuum serves a dual purpose in testing granular material. It serves to detect leak­
age and to impart a stress-induced rigidity to the material to prevent collapse when 
the sample mold is removed. This vacuum supply is maintained until step 9. 

• 2. Carefully remove the sample mold. Seal the membrane to the sample cap if 
this has not been done. Determine to the nearest 0.1 in. (2.54 mm) the height of speci­
men plus cap and base and the diameter of the specimen plus membrane. Record these 
values on a form for granular soils as shown in Figure 6. 

3. Observe the presence or absence of air bubbles in the bubble chamber. Elim­
inate system leakage by using methods previously described for compacted clays. 

4. When leakage has been eliminated, place the LVDT clamps on the specimen 
and balance the recorder bridges as described previously for clay soils. 

5. Connect the vacuum inlet line to the sample cap if the specimen is to be tested 
in a saturated state. If the specimen is not to be tested in a saturated state, this line 
is not connected and is sealed to prevent loss of air from the chamber. 

6. Determine to the nearest 0.01 in. (0.254 mm) the spacing between the LVDT 
clamps and record this value. 

7. Place the load cell on the sample cap, assemble the remainder of the cell, 
and tighten the tie rods firmly. Slide the assembly under the axial loading assembly. 

8. Connect the chamber pressure supply line and apply a pressure of 5 lbf/in. 2 

(34.5 kPa). 
9. Remove the vacuum supply from the vacuum-saturation inlet and open this line 

to the atmosphere. 

If the specimen is to be satnrated before testing, steps 10 through 13 are required. 
If the specimen is not to be satnrated before testing, the test continues with step 14. 

10. Connect the vacuum supply to the vacuum inlet (at top of specimen) and connect 
the vacuum-satnration inlet to a source of deaired, distilled water. 

11. Apply a vacuum of 2 to 3 lbf/in. 2 (13.8 to 20.7 kPa), open the water supply 
vaive, and allow water to be drawn slowly upward through the sample. 

12. Continue to flush water through the system to remove all entrapped air. To 
evaluate the presence or absence of air from the sample requires that one observe 
pore pressures. When all air has been eliminated, an increase in chamber pressure 
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Figure 10. Result of resilience tests on compacted clays, typical 
variation in resilient modulus with deviator stress. 

'\ Note: 1 lbf/in.2 ~ 6.9 kPa. 
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Figure 11. Results of resilience tests on granular soils, 
regression constants. 
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Figure 12. 
void ratio. 

Results of resilience tests on granular soils, 
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Figure 13. Results of resilience tests on granular soils, 
axial stress and confining pressure. 
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(with valves to the water supply and vacuum supply closed) will result in an equal in­
crease in pore pressure. (in view of the wide variety of pore-pressure measuring de­
vices, no attempt will be made in this report to describe a procedure.) 

13. increase the chamber pressure to 10 lbf/in. 2 (69 kPa); apply a 5-lbf/in.2 (34.5-
kPa) back pressure to the water supply while closing the vacuum inlet valve. The ef­
fective confining pressure [ 5 lbf/in. 2 (34.5 kPa)] on the specimen is now equal to the 
chamber pressure [10 lbf/in. 2 (69 kPa)] minus the back pressure [5lbf/in.2 (34.5 kPa)J. 

14. Rebalance the recorder bridges to the load cell and L VDTs. 
15. Select the range of stresses at which the test is to be performed. 

The resilient modulus of granular soils is dependent on the magnitude of the confin­
ing pressure and nearly independent of the magnitude of the repeated axial stress. The 
resilient Poisson's ratio is largely dependent on the principal stress ratio. Therefore, 
it is necessary to test granular materials over a range of confining and axial stresses. 
(The confining pressure is equal to the chamber pressure for dry and wet specimens 
and is equal to the chamber pressure less the back pressure for saturated specimens.) 
A suggested stress range for confining pressures is 1, 3, 5, 7.5, 10, 15, and 20 lbf/in.2 

(6.9, 20.7, 34.5, 51.7, 69, 103.5, and 138 kPa). At each confining pressure, test at 5 
values of deviator stress corresponding to multiples (1, 2, 3, 4, 5) of the cell pressure. 

16. Before beginning to record deformations, apply a series of conditioning stresses 
to the material to eliminate initial loading effects. The greatest amount of volume 
change occurs during the application of the conditioning stresses. Simulation of field 
conditions suggests that drainage of saturated samples be permitted during the applica­
tion of these loads but that the test loading (beginning with step 20) be conducted in an 
undrained state. 

17. Set the axial load generator to apply a deviator stress of 10 lbf/in.2 (69 kPa) 
(that is, a stress ratio equal to 3). Activate the load generator and apply 200 repeti­
tions of this load. Stop the loading. 

18. Set the axial load generator to apply a deviator stress of 25 lbf/in. 2 (172.5 kPa) 
(that is, a stress ratio equal to 6). Activate the load generator and apply 200 repeti­
tions of this load. Stop the loading. 

19. Repeat step 18 while maintaining a stress ratio equal to 6 by using the follow­
ing order and magnitude of confining pressures: 10, 20, 10, 5, 3, and 1lbf/in.2 (69, 
138, 69, 34.5, 20.7, and 6.9 kPa). · 

20. Begin the recorded test by using a confining pressure of 1lbf/in.' (69 kPa) and 
an equal value of devil!-tor stress. Record the resilient deformations after 200 repeti­
tions. increase the deviator stress to twice the confining pressure and record the re­
silient deformations after 200 repetitions. Repeat until a deviator stress of 5 times 
the confining pressure is reached (stress ratio of 6). 

21. Repeat step 20 for each value of confining pressure. 
22. When the test is completed, decrease the back pressure to 0, reduce the cham­

ber pressure to 0, and dismantle the cell. Remove the L VDT clamps and so forth. Re­
move the soil specimen and use the entire amount of soil to determine the water content. 

Calculations and Presentations of Results 

Calculations can be performed by using the tabular arrangement from a form for gran­
ular soils as shown in Figure 6. 

Individual test results and series are most readily presented in graphical form, 
such as that shown in Figure 11. Plotting the regression constants of Figure 11 versus 
void ratio as shown in Figure 12 provides a convenient means of interpolating for par­
ticular field conditions. 

Materials such as fine sands, silts, and those with only small amounts of clay may 
display properties somewhat different than those shown in Figure 11, which demon­
strates their dependence on both cell pressure and deviator stress. Graphical displays 
such as those shown in Figure 13 would then be more appropriate. 



COMPlEX MODUlUS TESTING 
OF PAVEMENT MATERIAlS 

Laboratory procedures are discussed below for determining the complex modulus of 
paving materials for conditions that represent a reasonable simulation of the in situ 
state of stress in pavements subjected to moving wheel loads. This test can be per­
formed tnside a triaxial cell at appropriate conttnuing pressures. 

TEST EQUIPMENT 

Loading and Load Measurement Equipment 

An electrohydraulic testtng system With a proper function generator capable of gener­
ating a sine or half sine function at frequencies between 1 to 20 cycles/s is suitable for 
complex modulus testing. However, a much less expensive eccentric-cam mechanical 
testing system also can be used to apply a sinusoidal loading to the specimen. Any re­
cording device that can follow the output from the testing system can be used for re­
cording the load and deformation to which the specimen is subjected. 

A sample cap as shown in Figure 14 is required to transfer the load to the sample 
as well as to help tn the measurement of axial deformation. Clamps such as those 
shown in Figures 8 and 9 also can be used to eliminate end effects in stiff materials. 

Deformation Measurement Equipment 

An LVDT attached to a suitable support (Figure 15) can be used for measurement of 
sample deformations. Leg A or leg B or both leg A and leg B of this support can be 
used for clamping with the testing machine platform (Figure 16). Figure 17 shows a 
complex modulus test apparatus. 

A fast-responding 2-channel recorder capable of recording load on one channel and 
deformations on another channel is preferable so that load and deformation may be re­
corded simultaneously. 

Additional Equipment 

Additional equipment necessary for complex modulus testing includes the following: 

1. Scales; 
2. Weighing pans; 
3. Mixer; 
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Figure 14. Sample cap for Figure 15. Linear variable differential transformer 
complex modulus test.. support for complex modulus test. 
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Figure 18. Sample data recording form for complex modulus testing. 
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4. Compaction apparatus; 
5. Calipers, micrometer gauge, and steel rule calibrated to 0.01 in. (0.254 mm); 

and 
6. Thermometer. 

COMPACTION 

The laboratory compaction process for specimens should be selected in accordance 
with the expected field compaction conditions as discussed in the section on specimen 
preparation and compaction processes. 

SPECIMEN SIZE 

Specimen length should not be less than 2 times the diameter. Minimum diameter of 
the specimen should not be less than 4 times the maximum size of aggregate used in 
the mix as recommended in ASTM standards. Specimens 2.75 in. (69.8 mm) in diam­
eter and 5.5 in. (139.7 mm) high are recommended for all mixes having maximum 
size aggregates tess than 0.5 in. (12. 7 mm). For methods of preparing the specimens, 
refer to the section on specimen preparation and compaction processes. 

COMPLEX MODULUS TESTING 

Fifteen steps make up the test method for complex modulus testing. 

1. Mark the center of the load axis on the loading machine platform. Mark 8 ra­-· dial lines passing through this center so that they are equally spaced at 45-deg inter­
vals. Number these radial lines from 1 to 8. 

2. Carefully place the specimen on the platform of the loading machine and center 
it. 

3. Place the sample cap on the specimen and center it. Place a ball bearing be­
tween the loading pist.m and this cap. 

4. Place the LVDT with its support over position number 1 as marked on the plat­
form so that the tip T (Figure 15) of LVDT touches the cap on the specimen but so that 
the LVDT support does not touch any part of the specimen (Figure 16). 

5. Adjust the height of the LVDT with the help of screwS (Figure 15) so that it is 
close to null position. Balance the recording pen according to the procedure specified 
for the recorder operation. 

6. Apply a small load [say, 1lb (0.45 kg)] on the sample to take care of any ma­
chine instability during testiog. 

7. Select an appropriate fr.equency of loading as discussed under fundamental con­
siderations. 

8. Increase the cyclic load on the sample to the desired level and apply 100 cycles. 
(A separate experiment should be performed to establish the linearity range for the 
specimen. The load level is to be selected so that it is always below the limit for the 
upper point in linear range.) 

9. Record the load and deformation on the sample and record the frequency of 
loading on the form. 

10. Increase the frequency of loading to the next desired value and record the re­
sponse. Repeat this procedure by increasing the frequency each time until all the fre­
quencies have been tested. 

11. Move the LVDT to the next position and repeat steps 4 through 10, but there is 
no need to apply the load for 100 cycles as specified in step 8. 

12. Make readings for all 8 positions marked on the platform. The observations 
and results may be recorded conveniently in a table such as that shown in Figure 18. 

13. Calculate the complex modulus E* shown in the last column of the sample form 
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shown in Figure 18 as follows: 

* _average axial dynamic deformation of the sample in 8 positions 
< - height of the sample 

0'* ; maximum axial dynamic load on the sample 
area of sample top 

0'*
E* ;*< 

14. Use special care for field samples to get the top and bottom on a plane at a 
right angle to the loading axis. Cap with a suitable material if the surfaces are not 
parallel. 

15. Plot the results on an E* versus frequency graph. 



FLEXURAl MODUlUS TESTING 
OF STABIUZED MATERIAlS 

Laboratory procedures for the determination of flexural modulus of bituminous paving 
layers containing aggregate with maximum sizes up to 1.5 in. (38.1 mm) are described 
in this section. The flexural modulus of a simply supported beam specimen subjected 
to 2 symmetrical concentrated loads applied near the center is determined during the 

·controlled-stress mode of flexural fatigue testing. The flexural modulus is determined 
immediately after 200 load applications and is a measure of the initial stiffness of the 
bituminous paving. 

The extreme-fiber stress a, extreme-fiber strain <, and flexural stiffness modulus 
E, of simply supported beam specimens subjected to the 2-point loading that produces 
uniaxial bending stresses are calculated by the following formulas: 

_ 3aP 
(J 

- bt' 

12td 
• ~ (3t2 - 4a2) 

E Pa(3t2 
- 4a') 

' - 48Id 

where 

a ~ 0.5 (reaction span length - 4) in inches (millimeters), 
P ~ dynamic load applied to deflect beam upward in pounds (kilograms), 
b ~ specimen width in inches (millimeters), 
t ~ specimen depth in inches (millimeters), 
d ~dynamic deflection of beam center in inches (millimeters), 
t ~ reaction span length in inches (millimeters), and 
I ~ specimen moment of inertia in inches• (m4

). 

TEST EQUIPMENT 

The repeated flexure apparatus is shown in Figure 19 • It ace ommodates beam speci­
mens 15 in. (381 mm) long with widths and depths that do not exceed 3 in. (76.2 mm). 
A 3,000-lb-capacity (1350-kg-capacity) dynamic testing system capable of applying 
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Figure 19. Repeated flexure apparatus for tasting stabilized materials. 

KEY: 

1. REACTION CLAMP 
2. LOAD CLAMP 
3. RESTRAINER 
4. SPECIMEN 
5. LOADING ROD 
6. STOP NUTS 
1. LOAD BAR 
a. PISTON ROD 
9. THOMPSON BALL BUSHING 

10. LVDT HOLDER 
11. LVDT 

repeated tension-compression loads in the form of sine or half sine waves of 0.1-s 
duration and rest periods of about 4 to 9 times the load duration provides suitable load­
ing for flexural modulus determinations during flexural fatigue tests. Both pneumatic 
and electrohydraulic testing systems have been found to be suitable for this type of 
testing. The 2-point loading produces an apprOKimately constant bending moment over 
the center 4 in. (101.6 mm) of a 15-in.-long (381-mm-long) beam specimen with widths 
and depths not exceeding 3 in. (76.2 mm). A sufficient load, apprOKimately 10 percent 
of which will deflect the beam upward, is applied in the opposite direction, which forces 
the beam to return to its original horizontal position and holds it at the position during 
the rest period. Adjustable stop nuts installed on the flexure apparatus loading rod 
prevent the beam from bending below the initial horizontal position during the rest pe­
riod. 

The dynamic deflection of beam center is measured with an LVDT. A Shaevitz 100 
MHR is an LVDT that has been found suitable. The L VDT core is attached to a nut 
bonded with epOKy cement to the center of the specimen. Outputs of the L VDT and the 
load cell of the electrohydraulic testing machine through which loads are applied and 
controlled are fed to any suitable recorder. The repeated flexure apparatus is enclosed 
in a controlled-temperature cabinet capable of controlling temperatures within 0.5 F 
(0.28 C). A Missimer Model-100 x 500-CO, plug-in temperature conditioner has been 
found to provide suitable temperature control. 

SPECIMEN PREPARATION 

Beam specimens 15 in. (381 mm) long, 3.5 in. (88.9 mm) deep, and 3.25 in. (82.5 mm) 
wide are prepared according to ASTM D 3202 or the asphalt concrete beam preparation 
method described under the specimen preparation and compaction processes section of 
this Special Report. If there is undue movement of the mixture under the compactor 
foot during beam compaction, then temperature, foot pressure, and number of tamping 
blows should be reduced. Similar modifications to compaction procedures should be 
made if specimens with less density are desired. A diamond blade masonry saw Is 
used to cut test specimens 3 in. (76.2 mm) or slightly less deep and 3 in. (76.2 mm) 
or slightly less wide from the 15-in.-long (381-mm-long) beams. Specimens with suit­
able dimensions also may be cut from pavement samples. The widths and depths of 
the specimens are measured to the nearest 0.01 in. (0.254 mm) at the center and at 2 
in. (50.8 mm) on both sides from the center. Mean values are determined and· used for 
subsequent calculations. 



31 

TEST PROCEDURES 

The repeated flexure apparatus loading clamps are adjusted to the same level as the 
reaction clamps. The specimen is clamped in the fixture by using a jig to position the 
centers of the 2 loading clamps 2 in. (50.8 mm) from the center of the beam and to po­
sition centers of the 2 reaction clamps 6.5 in. (165.1 mm) from beam center. Double 
layers of Teflon sheets are placed between tbe specimen and the loading clamps to re­
duce friction and longitudinal restraint caused by the clamps. 

After the beam has reached the desired test temperature, repeated loads are ap­
plied. The duration of a load application is 0.1 s; the rest period between loads is 
0.4 s. The applied load should be that which produces an extreme-fiber stress level 
suitable for flexural-fatigue tests. For fatigue tests on typical bituminous concrete 
paving, the following ranges of extreme-fiber stress levels are suggested: 

1. 55 F (12. 78 C) and 150 to 400 lbf/in.Z (1035 to 2760 kPa), 
2. 70 F (21.11 C) and 75 to 300 lbf/in.2 (517.5 to 2070 kPa), and 
3. 85 F (29.44 C) and 35 to 200 lbf/in.' (241.5 to 1380 kPa). 

The beam center-point deflection and applied dynamic load are measured immediately 
after 200 load applications for calculation of <, a, and E,. 

The flexural modulus may be determined for other extreme-fiber stress levels and 
.for other temperatures. The described apparatus and procedures have been found suit­
able for flexural modulus tests at temperatures ranging from 40 to 100 F (4.44 to 37.78 
C) and for extreme fiber levels up to 400 lbf/in.' (2760 kPa). The extreme-fiber stress 
level for flexural modulus tests at anY temperature should not exceed that which causes 
specimen fracture before at least 1,000 loads are applied . 

• PRESENTATION OF RESULTS 

The report of flexural stiffness modulus test results should include the fullowing: 

1. Density of test specimens; 
2. Length, width, and depth of specimens; 
3. Number of load applications if other than 200; 
4. Specimen temperature; 
5. cr; 
6. (; and 
7. E,. 

E, is strongly dependent on temperature and also quite dependent on stress. This 
behavior may be shown graphically by plotting E, versus a for each test temperature. 



INDIRECT TENSILE TEST 

Procedures for the determination of Poisson's ratio v, modulus of elasticity E, and 
tensile strength S, of pavement materials by using the indirect tensile test are de­
scribed in this section. The indirect tensile test involves loading a cylindrical speci­
men with compressive loads that act parallel to and along the vertical diametrical 
plane as shown in Figure 20. To distribute the load and maintain a constant loading 
area, the compressive load is applied through a 0.5-in.-wide (12.7-mm-wide) steel 
loading strip that is curved at the interface with the specimen and has a radius equal 
to that of the specimen. 

This loading configuration develops a 'relatively uniform tensile stress perpendicu­
lar to the direction of the applied load and along the vertical diametrical plane that 
ultimately causes the specimen to fail by splitting or rupturing along the vertical di­
ameter (Figure 21). By measuring the applied load at failure and by continuously mon­
itoring the loads and the horizontal and vertical deformations of the specimen, one can 
estimate S1 , u, and E. 

TEST EQUIPMENT 

The basic testing apparatus includes a loading system and a means of measuring the 
applied loads, horizontal deformations of the specimens, and vertical deformations of 
the specimens. 

The loading system consists of loading equipment, a loading device, and loading 
strips. The external load can be supplied by any loading system that can apply com­
pressive loads preferably at a prescribed loading rate. Ideally, a closed loop electro­
hydraulic system should be used to accurately control the loading rate. A relatively 
high deformation rate should be used to simulate rapidly applied pavement loadings. 
A deformation rate of 2 in./min (0.84 mm/s) has been used although difficulties with 
measuring and recording loads and deformations have been experienced. 

Some type of loading device should be used to ensure that the loading platens and 
strips remain parallel during the test. A loading device that has proved to be satis­
factory is a modified, commercially available die set with upper and lower platens 
constrained to remain parallel during the test. Mounted on the upper and lower pla­
tens are 0.5-in.-wide (12.7-mm-wide) steel loading strips with a curved loading sur­
face whose radius of curvature is equal to the radius of the specimen. 

DEFORMATION- AND LOAD-MEASURING EQUIPMENT 

Preferably, the load should be measured by a load cell to obtain electrical readouts 
that can be recorded continuously. Horizontal deformations of the specimens are 
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Figure 20. Cylindrical splitting Figure 21. Cylindrical splitting 
test specimen with compres­ test specimen failing under 
sive load being applied. compressive load. 

measured by using a device basically consisting of 2 cantilevered arms with attached 
strain gauges. Deformation of the specimen or deflection of the arms at points of con­
tact with the specimen has been calibrated with the output from the strain gauges 
mounted on the arms. 

Vertical deformations are measured by a direct-current LVDT. The LVDT also 
can be used to control the vertical deformation rate during the test by providing an 
electrical signal related to the relative movements of the upper and lower platens if 
a closed-loop electrohydraulic load system is used. 

SPECIMEN PREPARATION-· 
Cylindrical laboratory specimens or field cores can be tested. However, care should 
be exercised to ensure that the specimen does not have significant surface irregulari­
ties that will interfere with the proper seating contact between the specimen and the 
loading strips. The maximum size of the specimen is limited by the clearance in the 
loading device. The largest diameter specimen that can be tested in the device is ap­
proximately 6 in. (152.4 mm). 

TEST PROCEDURE 

Six steps make up the indirect tensile test procedure. 

1. Determine the height and diameter of the specimen. 
2. Carefully center the specimen on the lower loading strip. 
3. Slowly lower the upper platen until light contact is made between the specimen 

and the upper loading strip. 
4. Place the horizontal deformation measuring device with light contact between 

the arms and the specimen. 
5. Load the specimen at a constant deformation rate. 
6. Record the load versus horizontal deformation and load versus vertical defor­

mation. 

CALCULATION OF TENSILE PROPERTIES 

The theoretical relationships used in calculating E, v, and S, are complex and require 
integration of various mathematical functions. However, by assuming a specimen di­
ameter, one can make the required integrations and simplify the relationships. These 
simplified relationships for calculating E, v, s,, and total tensile strain at failure <r for 
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4-in.-diameter (101.6-mm-diameter) and 6-in.-diameter (152.4-mm-diameter) speci­
mens with a 0.5-in.-wide (12.7-mm-wide) curved loading strip are as follows (1 in. 
= 25.4 mm; 1lbf/in.2 = 6.9 kPa): 

Tensile Property 4-m.-Diameter Specimen 6-bl.-Diameter Specimen 

s,, lbf/in.2 0.156 P;n 0.105 ph.'" 

0.0673DR- 0,8954 0 .04524DR - 0.6804v 
-0 .2494DR - 0.0 156 -0 .16648DR - 0.00694 

E, lbf/in.2 ~ [ 0.9976v + 0.2692) ~ [0.9990v + 0.2712] 

., X [0.1185v + 0.03896] X [0.0793v + 0.0263] 
" o.2494v + o.o673 '' 0.1665v + 0.0452 

where 

P,., = total load at failure in pounds (kilograms), 
h = height of specimen in inches (millimeters), 

DR = deformation ratio¥, =the slope of line of best fit between vertical deforma­

tion Yr and the corresponding horizontal deformation Xr up to Pfau, 

S" = horizontal tangent modulus :, = the slope of the line of best fit between load 

P and Xr for loads up to P,,,. 

It is recommended that the line of best fit be determined by the least squares method. 



TESTING FOR SHEAR MODULUS AND DAMPING 
OF SOILS BY THE RESONANT COLUMN METHOD 

The resonant column method of testing has been described in detail elsewhere (3). 
This method covers the determination of the shear modulus and damping capacitY of 
cylindrical specimens of soils either in undisturbed or remolded conditions by vibra­
tion by means of the resonant column technique. The vibration apparatus and speci­
men may be enclosed in a triaxial chamber and subjected to an all-around pressure 
and axial load. The test is considered nondestructive when the strain amplitude caused 
by vibration is less than about w-• in./in. (mm/mm). Thus many measurements may 
be made on the same specimen for various states of confining pressure. Because the 
modulus of pavement materials is strain {and stress) dependent, the materials should 
be tested at strain levels similar to those existing in the pavement. 

A resonant column is defined as a cylindrical specimen or column of soil attached-· to a rigid pedestal of sufficient inertia to make the motion of the attached end of the 
specimen essentially 0 during vibration of the specimen. An apparatus is attached to 
produce sinusoidal excitation and measure the vibration amplitude of the end of the 
specimen. The frequency of excitation is adjusted to produce resonance of the system 
(column), which is composed of the specimen and the attached excitation apparatus. 
The system resonant frequency in this test is the frequency at which the sinusoidal 
excitation force is in phase with the velocity of the vibration end of the specimen. For 
low damping, it is permissible to assume that this frequency will correspond to a value 
that produces maximum amplitude of displacement. The dynamic shear modulus and 
damping capacity can be calculated from the results of the resonant column test. The 
shear modulus is assumed to be the elastic shear modulus of a uniform, linearly elas­
tic specimen of the same mass, density, and dimensions as the soil specimen used in 
the resonant column test. The modulus of elasticity E is determined 

E = 2G{l + v) 

where 

G = dynamic shear modulus, and 
v = dynamic Poisson's ratio. 

When using this method, one should remember that the E of paving materials is 
significantly influenced by the strain amplitude at which the test is performed. There­
fore, a strain amplitude should be used that is representative of what the specimen will 
be subjected to in the field. 
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SIMPLIFIED TEST METHOD FOR DETERMINING 
THE RESILIENT MODULUS OF COHESIVE SOILS 

The simplified test method described in this chapter is similar to the method for co­
hesive soils described in the section on resilience testing of nnstabilized soils. This 
simplified method is part of a production-type resilience testing procedure that has 
been developed for and used extensively with fine-grained cohesive soils. A more 
complete description of the simplified testing procedure is given elsewhere (4). 

In gene-ral, the procedure consists of preparing sets of at least three 2-in:--ctiameter 
(50.8-mm-diameter) by 4-in.-high (101.6-mm-high) cylindrical specimens hy using a 
miniature kneading compactor. The· specimen sets are prepared at moisture and den­
sity conditions representative of expected field conditions and then are tested by using 
the simplified method. 

The method takes advantage of the simplicity, ease of testing, and minimal equip­
ment requirements normally associated with an unconfined compression-type repeated 
load test (i.e., 0'3 = 0). Because no confining pressure is required, a triaxial cell is 
not needed. 

JustifiCation for not using a confining pressure during the testing of cohesive soils 
lies in the fact that (a) the magnitude of confining pressure normally encountered in a 
subgrade is typically in the range of 1 to 5 lbf/in. (6.9 to 34.5 kPa) and (b) the effect 
of small magnitudes of confining pressure on the resilient response of fine-grained 
cohesive soils is very slight and typically is less than "between specimen" testing 
variability. 

An additional advantage inherent in the simplified method is the use of an LVDT 
mounted in line with the longitudinal axis of the test specimen, which eliminates the 
need for mounting deformation measuring equipment on the specimen. It is important 
that the L VDT be mounted in this position because of the effect that eccentricity has if 
the L VDT is mounted to the side. A schematic diagram of the mounting position of the 
LVDT and the resilience testing equipment is shown in Figure 22. 

As indicated in the section on fundamental considerations, something such as LVDT 
clamps or optical tracking equipment should be used for deformation measurement if 
the resilient modulus is greater than about 15,000 lbf/in.' (103 500 kPa). However, for 
fine-grained cohesive soils, the axially mounted L VDT is satisfactory provided a suf­
ficiently rigid machine is used. 

It is suggested that at least 3 specimens be tested for a given set of variables and 
that the results be averag-ed. The reason for this is that "between specimen" vari­
ability for typical laboratory resilient testing is substantial (typical coefficients of 
variation of 10 to 15 percent or higher are not Wlcommon for cohesive soils and this 
type of test); thus the results from 1 specimen may be substantially different from the 
average of the results from a number of specimens. 
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Figure 22. Repeated load tasting apparatus for simplified resilient modulus test. 
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SIMPLIFIED TEST METHOD 

Ten steps make up the simplified test method. 

1. Carefully place the specimen on the loading base. 
2. Carefully place the loading cap on top of the specimen. 
3. Stretch a rubber membrane tightly over the interior surface of a membrane 

stretcher. Carefully slip the stretched membrane over the specimen. Roll the mem­
brane off the stretcher onto the base and cap. Remove the stretcher. Place 0-ring 
seals or rubber bands around the base and cap. (The purpose of the membrane is to 
prevent loss of moisture during the test.) 

4. Place the membrane-encapsulated specimen into position in the loading machine 
as shown in Figure 22. A steel ball beariug is placed between the top loading cap and 
the axial loading device. It is important to obtain proper alignment of the specimen 
and axial loading device to minimize eccentricities. 

Resilient properties of cohesive soils are greatly dependent on the magnitude of the 
deviator stress (total repeated axial stress iu this case). It is therefore necessary to 
conduct the test over a range of deviator stress values, for example: 3, 5, 7 .5, 10, 15 
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lbf/in. 2 (20.7, 34.5, 51.75, 69, 103.5 kPa) and possibly higher values. 
A conditioning phase is used to properly seat the loading cap and base and eliminate 

or minimize initial loading effects. 

5. Condition the specimen with 1,000 applications (load duration of 0.060 s and 
cycle duration of 3 s) of an axial stress equal to about 7 lbf/in.' (48.3 kPa) followed by 
20 applications each of an axial stress of 3, 5, 7.5, 10, and 15 lbf/in.' (20.7, 34.5, 51.'15, 
69, and 103.5 kPa). (Observe permanent axial deformation during the latter stages of 
the conditioning phase. If appreciable permanent deformation starts to accumulate, 
then eliminate the higher values of axial conditioning stress from the conditioning 
phase.) 

6. Decrease the deviator stress to about 3 lbf/in. 2 (20.7 kPa). 
7. Apply approximately 10 to 20 deviator stress applications and record the resil-

ient axial. deformation. 
8. increase the axial stress level incrementally about 3 lbf/in.' (20.7 kPa). 
9. Repeat step 7. 

10. Repeat step 8 and step 7 until the desired upper value of axial stress is reached. 
Ao upper value of at least 20 to 25 lbf/in. 2 (138 to 172.5 kPa) is recommended. 

CALCULATIONS AND PRESENTATION OF RESULTS 

·The results of the resilience test can be presented in the form of a summary table or 
graphically as in Figures 2 and 10. 
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