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ABSTRACT 

, 
Increased interest in rational ,approaches to flexible 

pavement design, rather than the usual empi!ical methods, 

has brought about an urgent need for a better understanding 

of the material properties involved. In this study, 

laboratory equipment capable of providing reliable measure­

men ts of "the mater ial propert ies for asphal t ic conere te mixes, 

under variable stress and temperature conditions has been 

developed. The basic material properties obtained from 

these measurements are the resilie~t modulus (M
R

) and 

dynamic Poisson's ratio (v), which are the r"equired 

inputs for the elastic analysis of flexible pavem 

structures. 

Tests have indicated that temperature is the main 

param~ter affecting the resilient modulus of asphaltic 

concrete mixes( with deviator stress and confining pres-

sure secondary in effect. Based on tests performed on a 

few samples, the dy'nqmic Poisson's ratio was found to increase 

with temperature from about 0.24 at loge (SO°F) to 

approximately 0.46 at 42°e (l08°F). Confining pressure 

was found to have little or no effect on the dynamic v. 

Analysis using a linear elastic flexible pavement 

computer programme has indicated a significant reduction 

in thi ' by 'ing a mix with 
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a hiqher MR value. This demonstrates the advantage of 
\ 

utilizinq the structural a'nalysis approach to flexible 

pavement design for more efficient use of materials.-
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CHA.PTER 1 

INTRODUCTION 

1.1 Purpose and Scope 

The rational approach to flexible pavement design 

is based on treating the layere0 pavement system as a 

structure, and replacing previous empirical methods bv . 
analytical methods, in which each material's behaviour under 

traffic loadings and environmental influences is considered . 
. 

~his rati?nal approach has been fa~ilitated by the develop-

ment of sophisticated computer ~rogrammes, tU'1icall v by 

large oil comoanies (1~4), which provide solutions for the 

stresses and strains in combined pavement structures, ba!=:ed 

on linear elastic behaviour. These co~~uter orogra~es 

re~uire as basic inputs the elastic ~odulu~, Doisson's 

ratio, and thickness of each layer, including t~e subgrade 

properties. Although asphaltic concrete, and soils forMina 

the subgrade display nonlinear and somelvhat ,time-dependent 

stress-strain characteristics, it is cenerallv considered 
r' 

that linear elastic analysis provides adeauate solutions 

for design purposes (5). While the parameters currently 

u~ilized are based on elastic behaviour, the methods dev-

eloped, and basic data obtained'in this stucy are also - .-' 

applicable to nonlinear approaches. 
f 
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/ 
This study is mainly concerned with the raboratory 

testing of asphaltic concret~ samples to determine their 

resilient modulus (MR), and poisson's ratio (v) (the two 
~ 

I 

.' material properties required as proqramme inputs) under 

conditions representative of the field environMent. These 

field conditions were simulated py tests conducted in a 

special triaxial system developed for this study, under control­
I 
1 

led temperature and pressure levels, for repeated dynamic 

loadings. In simple terms, the resilient Modulus was deter-

mined by means of the diametral tensile test methoo, that 

has been adopted previously to study various materials 

(6-18). \vhile the resilient modulus measurinq device~ 
essentially of the same basic design as that developed by 

Schmidt (6)\ extensive modification~ and additions were ,. 
necessary. Measurement of lateral deformations were based 

on a simple strain gauged cantilever beam techni0ue 

de'veloped by Gonsalves in previous studies at fc1d1aster 

University and extended. in the current studv. 

Measurements of Poisson's"ratio were conducted on 

specimens using a simple direct comrression test techni0ue. 

The deformation measurements were made using the cantiJever 

beam technique developed for the resilient moiulus apparatus. 

Full details on all of the experimental equipment and tech-

niques are given in the followin9 chapters. 

The experimental programme entailed the i-nvestigation 

of the influence of various parameters on the resilient 

modulus and Poisson's ratio, in particular: (1) vertical 
. fib.. 
" 



( stress; (2) confining pressure; and (3) temperature. Pre­

vious studies on as~haltic concrete have indjccted thnt the 

resilient modulus is highly affected by chanqes in tempera-
~ 

ture, and confining pressure (7, 19). The results of these 

tests on various asphaltic concrete mixes are presented 

with an evaluation of the fundamental characteristics 

observed. 

This information is then used to examine some tvpicnl 
~ 

flexible pavement sections using cOMputer oroqra~es to 

determine the sensitivity of designs to material properties. 

It is shown that increased stiffness as given by the resilient 

modulus can be an advantage since pavement 'sections can be 

reduced in design thickness. This should be contrasted 

with empirical methods where the stiffness is not considered. 
OJ 

1.2 Current Methods of F1exible Pavement Oesian 
< 

Flexible pavements consist of one or more base 

courses of suitable granular mateLial, with or without asphalt 

binder, and an asphalitic concrete surfacing (binder course(s) 
I 

and/or surface course) as shown in Figu~ 1.1. They are 

essentially layered systems with little beam strength, and 

-; carry the imposed traffic loads by distributing them through . 
the layers which generally decrease in strength and quality 

with depth. The prime function of the layers is to reduce 

the load intensity to ~ level that may be carrie~ safely 

by the next underlying layer and ultimately by the subgrade. 

There are many methods for flexible pavement design, 

each claiming some "fundamental" criteria as its basis. 

. \ 
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Some of these have been adapted as standard desiqn ~rocedures 

by various agencies, however, many remain as scattered 

information in journals and technical reports. One attempt 

to group all recognized design methods was undertaken by 

the Highway Research Board (HRB, now TRB) in 1966 (20). 

According to this HRB committee, flexible pavement design 

may.be divided into four groups: 

1) Ultimate strength methods; 

2) Semi-empirical and statistical methods;" 

3) Empirical and environmental methods; and 

4) Elasticity methods. 

The ultimate strength methods are based on pavement 

performance at failure. Their main design criterion is that 

the pavement system must possess an adeauate safety factor 

against shear failure. Semi-empirical and statistical 

5 

~ 
methods are based almost exclusively upon accumulated exper-

ience and on assembled design performance information. These 

methods have sought credence through statistical analysis 

of past and existing field test data, using servicibility­

performance concepts. Empirical strength tests, such as the 

Marshall and Hveem methods (21) are frequently used to 

determine the adequacy of mix designs, however, no theoretical 

consideration is given to actual pavement mechanics. The 

empirical and environmental methods are based on the $oil 

characteristics and environmental conditions of the proposed 

site. No highway material properties apart from those needed 

for soil classification, are used for estimating the support 

characteristics of the pavement subgrade. 

\ 
\ 
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Elasticity methods are based on predicti~g the actual 

deformation behaviour of flexible pavements under expected 

working and environmental conditions, using layered elastic 

theories. The basic design procedure involves adjusting 

layer thicknesses and ro~ter~~l~ so that certain limiting values 
" ( • I • 

I 

of stresses or strai~§ (displacements) at designated points 
I 

within t~e pavement ~re not exceeded. A rational design 

system adopts such elasticity methods as part of the 

total design procedure. The rational design concept, developed 

in recent years, has embraced not only the structural aspects, 

but also road performance to user relationships and economic 

considerations. This study is concerned exclusively with the 

structural design aspects of rational syste~s, 

By far the most widely used design procedures today 

are the empirical and semi-empirical methods, which are 

used with some degree of success throughout the world. The 

continued use of such procedures would be auite satisfactory 

if we could be assured that traffic, materials, construction, 

etc. will remain the same. However, conditions are ~ 
constantly changing, the most dramatic example being a trend 

towards much heavier axle loadings for more energy efficient 

and economic commercial transport (22). Rational design 

systems offer the flexibility to consider such c~anges, and , 

there is a growing trend to utilize them for both current 

designs and in management systems for the maintenance of 

~xisting road networks (23). 
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1.3 Flexible Pavement Distress Modes and Indlcators 

Due to material influences, flexible pavement desiqn 

is generally a far more complex pr6blem compared to most con-

crete and steel structural design. Steel and con~rete 

e~hibit material properties that are generally homOqene0US, 

1sotroplc, and relatively stable with time .. On the otl>er 

hand, pavement materials are nonlinear and time-d0pendenl 

at working stress levels, and thelr hehaviour (h~""pends on a 

number of variables such as: temperature; rate and nature 
, 

of loading; density; stress history; and stress state. Unlike 

concrete and steel construction, "servicibility" rather than 

"sudden catastr:.ophic fallure" qoverns pavement des]qn. 

Because of these and other inherent differences, a new struc-

tural design philosophy must be formulated for floxible 

pavements. 

The successful design of a flexible pavement structure 

is measured by its actual performance in the field durinq the 

ex.pected life. In recent years, the performance has been 

evaluated using a servicibility-performance concept, similar 

to that initially developed by Carey and Irick(24). Tl>is 

system assumes that pavements display certain distress modes 

that can be organized into three mai~ cateqories: fracture; 

distortion; and disintegration. In q\fi:neral, disinteqration 

is caused by a reac~ive aggre~te or by poor bondinq between 

aggregate and binder. This is not itself a part of the 

structural design, and while very important d~rinq materials 

selection, will not be included he~e. 

. \ 
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Fracture and distortion manifest themselves in three 

different ways: (1) permanpnt deformation (oistortion 

mode) :<·(2) load induced fatigue cracking (fracture Mode); 

and (3) therMal induced cracking (fracture mode). It should 

be recognized that permanent deformation is also a fatigue 

phenomenon, in the sense that it ctepends on the accuMulation 

of Inelastic_deflections due to repcatect wheel load applications. 

The type and severity of pavement failure is dependent 

on a number of factors, \o/hich includes environmental and 

traffio conditions, as well as the characteristIcs of local 
,.-~ 

construction materials. For example, in the Uniterl Kingdom, 

failure takes place most commonly 1n the f~ of excessive 

permanent deform~tion (rutting). On ~he other hand, in t~e 
I 

United States, loss of servicibilitv is due mainly to fatigue 

cracking. 

1.4 Design Using the Structural Apprpach 

The fundamental structura~ design procedure adopteo 

in this study was first presented by Brown and ~ell (5). 

-~ This method is based on treating the pavement structure as 

a layered elastic system, which may he analyzco using avail-

able computer programmes (1-4). As indicated previously, 

the assumption of linear elastic behaviour is adequate for 

design purposes. This design procedure is similar to a -d~sign method developed by the Shell Oil COMr~ny (25), except 

that resilient moduli values are derived from laboratory 

testing i rather than from the stiffness ,nomograph suggested 

by the Shell method (25, 26). 
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The basis of the Shell nomograph is that mlX properties 

are controlled by the properties of the as~halt binder. The 

asphalt properties, in turn, are functions of origin, hard-
. 

ness (which includes effects due to aging), rate and duration 

of loading, and temperature. This method sugg~sts that the 

stiffness of a~phaltic concrete mixes is Ins~nsitlve to 

aggregate characteristics, and is influenced only by the 

volumetric ratio of asphalt to aggregate. 

Triaxial testing was used in t~ls study In order to 

derive the mix characteristics from act4al measured responses. 

Besides providing an alternate and direct method, the lab-

oratory derived values can be used to evaluate the accuracy 

of the Shell nomograph method. Direct measurements were 

also desirable, since the Shell nomograph method do~s not 

incorporate the influence of confining pressure on the modulus. 

Another advantage of laboratory testing is that samples or • 
cores from existing pavements may be conveniently tested to 

investigate aging effects. 

The structural approach adapted in this study, like 

the Shell method, assumes that the flexible pavement structure 

consists essentially of the three layers: 

1. An asphaltic concrete layer or layers; 

2. A granular unbound layer or layers; and 

3. the subgrade. 

In the case of a full depth asphaltic concrete pavement, 

the granular unbound layer(s) is of course disregarded as 

it is replaced by asphalt cement bound layers. 

, 
\ 
'\ 
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In the structural desiqn method, it is qf"norally con-

sidered that the critical pdvement conditions arc (S): 

1. The horizontal tensile strain at the bottom of the lowest 

asphalt cement bound layer; 

2. The vertical compressive straIn on the surface of the 

subgrade; and 

3. The horizontal tensile stress at the bottom of the 

unbound base. 

The first two crIteria are dIrected towaros the fatIGue 

and permanent deformation failure modes, respectively. 

The third condItion is aimed at preventinq local "OCCOM-

pactlon" and conseauent reduction in the effective stiffness 

of the unbound layer. A typical pavement section, showing 

these critical points is presented In Ffgure 1.2. 

Laboratory derived fatIgue criteriu for the tensile 

strainat the bottom of the asphalt cement bound laver have 

been developed by Pell (27, 28). This is gIven 1n the form 

of the fitted equation: 

where N = number of applications of eouivalent 18 kin s 

(80 kN) load to initiate a fatigue crack. 

( , = maximum j-nduced tensile stra~n. m 

n and k = factors depending on the composition of the 
~ 

asphaltic concrete mix. 

The vertical subgrade strain criter\a can he taken from 

design charts developed by Dormon and Metcal~ (29), usinq 

elastic layered system theory. However, a major criticism of 

,L.'L. ____ '-_ is .1...1.._.<- LLev do 
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age consIderations (30). 
~ 

In the case where a granular unbound laY0r ,is used, 

the horizontal tensile stress design criterion IS that it 

should not exceed 0.5 times the vertical stress plus the 

horizontal overburden pressure. The horizontal overburden 

pressure is the stress induced In the horlzontal direction 

by the weight of the material above the point concerned. (S) 

The full design procedure, as shown In Figure 1.3, 

first entails 

eoulvalent 18 

r~cing the expected truck loadinq data to 

kip ~O kN1 standard axle load applications 

the 

using charts such as in Figure 1.4. The ~ext step Involves 

determining the limiting stresses and strains within the nave-

ment for the 18 kip (80 kN) axle load. Analysis of the pave-

ment structure is carried out using a dual wheel arrangement 

of the 18 kip (80 kN) eauivalent axle loading. The pavement 

is assumed to be statically loaded by two 4,500 lb (20 kN) 

12 

loads. These are uniformly distributed over 4.23 in (lO.7A em) 

radius circular areas, located 17 in (30.5 cm) apart centre 

to centre. 

The design IS an iterative process as in~~il~d by the 

flow chart in Figure 1.3, in which the material and tnickness , 
are chosen for each layer, and then analyzed flll the combined . ~ .. 

c 
structure. I f the analysis ind ica tes tha t c~ ... i't i cal s tresse,s 

and strains are exceeded, changes are made in laver thickness 

or materials (or both), until a satisfactory design is 

achieved. Since an array of alternatives are then a~airable 

to the designer, economic considerations can readily be 

incorporated during the selection of the final design. 
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At the present time, the dett'lmination of material properties 
~ 

for the analysis has not kept up with the ability to perform 

the actual computations based on theoretical considerations.-

1.5 Summary of Objectives 

The major purpose of this study 1S to develop an 

economic and reliable testing method for, and to determine, 

the reauired material characteristics (M
R 

and II) for typical 

asphaltic concrete mixes (City of Hamilton snE'ci-fic<"ttions). 

More specifically, the objective is to lnvestJqate the effects 

on 

1. 

2 • 

3. 

MR 0:: 
confining pressure levels (''c'ON); 

diametral stress levels «l
DM

); 

temperature; 

4. asphalt content; and 

5. different aggregate gradation and type. 
.. 

.. 

/ 

I 
The effects of the following on the dynamic Poisson's ratio, 

v, will also be investigated: 

1. confining pressure levels (I'CpN); 

2. temperature; and 

3. different aggregate gradation and type. 

1 '3 

r 

,; 
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!!R = resilient modulus; 

(ld = repeated axial cieviCltor stress; and 

i = resilient strain. 
resil 

Resilient strain is that which is Instantaneouslv recovered 

after removal of the a~plied load. 

Research bv Schmidt (6) has shown t~at the indirect 
~ 

1 q 

tensile test is readily adartClblp for deterMining the r~silient 

modulus of asphaltic concrete mixes. ~his is achieved bv 

applving known repeated loads to the speciMen, and ~easurlng 

the corresponding deformations across the d12Mctcr Dcrren-

dicular to the loading direction. Schmidt (E) develo~ed 

the eouation for ~1R using elastic theory and available 

analytlcal solutions (32, 33). The stresS0S across the diameter 

perpendicular to the loading direction in ~iaurc 2.2 are: 

2 

= 2P Id2 
- 4x2] 

Ox ntd d 2 + -4~ 
(2.1) 

( 2 .2) 

where 0 , 0 = stresses perpendicular and oarallel to x y 

direction of loadinq, respectively; 

P = applied load; 

t = thickness of cylindrical dis6; 

d = diameter of disc; and 

x = distance along horizontal dia~eter froM 

centre of disc. 
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Assuming plane stress and elastic behaviour, lh0 strain 

across the horizontal diameter is: 

· x = H"x - V" y i ( 2 • 3 ) 

where: (x = strain across the horizontal diameter; 

E = Young's modulus; and 

v = Poisson's ratio. 

. . .... 
Substituting eauatlons (2.1) and (2.2) into e0uation (2.) 

gives: 

( 2 • 4 ) 

The total deformation across the horizontal dIameter 

is found by integrating the strain, f , between the limits 
x 

+ d/2: 

( d/2 
t, = \ [ dx 

,l -d/2 x 

". 

(2 .5) 

where A = total deformation across the diameter. Substit-

uting eouation (2.4) into equation (2.5) and integrating 

yields: 

or in terms of E: 

E = P(v '7 0.2732) 
b\ 

(2.6a) 

It should be noted tflat equation (2.6a) \-Jas derived 

using elastic theory, and is applicable for both static and. 

dyn~mic loadings. In the case of viscoelastic ~aterials 

such as asphaltic concrete, deformations are time dependent, 

approaching elastic behaviour for asphaltic concrete if the 
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loading time (pulse) is of short duration. Thus, if the 

repeated loading time is short enough, eauation (2.6a) will 

apply to asphaltic concrete within the hounds of experimental 

measurements (6). The apparent Young's modulus, E, is 

then simply the asphaltic concretets resilient modulus, 

M
R

, discussed earlier: 

P(v + 0.2732) M = R tt\ 
(2. 6b) 

21 

These equatIons are for a point load on a thin disc, which 

corresponds to a line loading alon? a generator of the .. 
cylinder (Figure 2.2). In actual testing, the load is dis-

tributed oVjr an area with an appreciable width throuqh a 
~ 

loading strip to ensure proper load distribution (9-12). 

As shown below by the writer, moduli found by using eouation 

(~.6b), are very clos~ to those based on solutions which 

consider th~ finite width of the loading strip. It should 

also be recognized that actual specimens are of finite lenqth 

so that the assumption of plane stress is also an approxImation, 

but very reasonable for the geometries involved (8). 

The stress analysis of a circular element subjected to 

short strip loadings has been given by Hondros (8). Body 

forces are assumed negligible and the stress distributions 

for plane stress (disc) and plane strain (cylinder) are 

identical: 

2P [(1_r
2
/R

2
) sin 2u 

nat 2 2 4 4 _ 1 + (2r /R ) (cos 2 rt ) + ( r /R ) 

(2.7) 
./ 



2P 
(1 = - --Ox nat 

( 2. 8) 

where the subscript x denotes values on the hori2ont~1 

diameter. The orientation of these stresses in polar co-

ordinates, and deflnltions of the terms involved are' qiven 

1n Figure 2.3. 

Assumlryg plane stress and elastic behaviour as in the 

prev ious case, the expression for! across tho hor i zan ta I x 

diameter is the same as equation (2.3): 

(? • 3a) 

substituting equations (2.7) ann (2.8) Into (2.3<1) 

yields: 

( = x 
2P 

!TatE 
O-r-2 /R2) sin 2 x -------(1+ \' 

1 + (2 l / R 
2

) (co s 2, d + ( r 4 / R 
4 ) 

2 2 
_tan-1«(I-r/R) 

O+r2/R2) 
tand(l-v) 1 

I 
(2.9). 

The total lateral deformation is thus given by Inteq-

rating the strain, 'x' between the limits + R: 

{\ = \ Rr dr 
-R x 

(2.10) 

Substituting equation (2.9) into (2.10), completing the 

integration and solving for E, results In: 

where 

. E = ~ (l+v) (2 x DELA) - (I-v) (2 x Df:LB)] 
natll 

(2.11) 
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• 
( R 2 ) 

2'1 dr 
DELA "" \ (l-r/H-) Sln 

10 1+(2r/IR2 ) cos 2'1 + --, ~4l~~4) 
(2.12) 

\: 2 2 
DELB 

-1 (1- r /R ) 
tan <I) d r = tan (-

(1+r2/R2) 
<2.13) 

Due to the relatIvely complex nature of the Integrand, 

equation (2.11) is written in the above form, which is amenable 

to numerical 1nteqratlon. Numeric-.=l1 Inteqrat Ion of DELA, . 

and DELB, is performed by sett1ng dr as a constant, varyIng 

r from zero to R (by constant 1ncrements), and then summlng 

all corresponding incremental values. A simple computer 

prograMme to perform this tedIous summatIon process is 

presented in APPENDIX A. 

The resilient modulus equipment developed for this study 

utilized loading strIpS which were 3/4 in (1.q1 ern) wide 

(ie a = 3/4 in). Use of thIS equipment for te<->t jnq stand;nd 
;r 

asphaltlc concrete Marshall brIquettes, 'meaSUrInQ 4 inches ( 

(10.16 em) in diameter (ie R = 2 in) gIves values of Df-LA 

and DELB of 0.37061 and 0.21500 respectively. Substituting 

these values into eauation (2.11) yields: 

MR ::: t~ (0.99416v + 0.26417) (2.11a) 

In the event that field cores (3.8 Inches (9.65 ern) in 

diameter) from existing pavements are ,tested, the above 

values are 0.37013 and 0.21510, and from equation (2.11); .' 
P 

MR ::: t ( 0 . 99 3 5 3 v. + o. 2631 9 ) (2.11b) 

........ 

By substituting a value of v for asphaltic concrete of 

0.35 into equations (2.Gb) and (2.11a), a comparison of the 

difference in theoretical results between the two loading 



methods is made: 
# 

(0.35 + 0.2732) ,.- O.621~p 

t,'\ 

distributed load, MR 
p = t~ (0.99416 x 0.35 + 0.26417) 

O.6120P = t \ 

The difference is only about 1.8 percent. Tris is of f~v­

/~;u~ble conscouence, SInce the loa.(hng strIpS may not alwa~!s 
/' 

provIde Ideal, uniformly distributed loads, due to slight 

irregularities In some asphaltic concret~ sr0clmens. Also, 

conSidering the l~its of experimental accuracy, no serious 

error '15 caused by assuming either of the two treorctical 

derivations. 

Due to the application of vertical loads across a dia-

meter of the specimen, the xheory for tre d0termlnation of 

vertical stresses is more complex than for dIrect tenslle 

or compression tests. The total compressive stress a10nq the 

horizontal dia!Tlcter of the spe"ci'men can be found by SUStlt-

uting values of DELA and DELB into eauation (2.Q) and 

dividing by the specimen radius, R, to obtain the a~ragc: 

4 in diameter, average o 
(IX 

-7P 10.37061 + 0.21500) = roat x -----2-:0 -

p = - 0.24854 t C2.8a) 

3.8 in diameter, average n 
Ox 

In tilis study, the average 0 t1 as , x 
to as the diametral stress, 0 DM · 

for all eouations throughout this 

= -2P x (0.17013 + 0.21510) 
nat 1.9 

= -0.26145 ~ (2.8b) 

described above is referred 

The sign convention adapted 

sturly assiqns peaaeive 

values for compressive stresses. Since this convention 

is awkward for discussion, only absolute 

25 



stress val~es are presented In the text and are toKen as 

compressive, unless otherwis0 stated. 

2.2 Poisson's Ratio by Direct Compression Tests 

To date, the experimental determination of Poisson's 

ratio, v, for asphaltic concrete mixes has not received 

enough attention to warrant confIdent use of commonlv 

assumed values during pavement design. The qeneral practice 

has been to assume a value of ~ between 0.30-to 0.50, without 

considering effects such as stress levels and tc~peratures. 

A few researchers (II, 12, 15) have reported experimental 

val ues of \. using the d iametra 1 method. However, they have 

also indicated that there is need for more rescorcb in this 

area as the reliability of the test Me~hods is not adeauate 

and the reauired eouipment is not readily availahle. 

A simple and reliable direct method for findinq v 

by conventional repeated loading compression tests was dev-

eloped as part of this study. By definition, ~oisson's' 

ratio is the ratio of the strain in the lateral direction to 
I 

the straIn In the axial direction: 

(: r LATERAL STRAIN (2.12) v ;= ..:t.. = z = - AXIAL STRAIN 
£ c 

x X i 

The required measurements are the axial and radial' 

deformations of 4 in (10.16 cm) diameter by 8 in (20.32 em) 

long specimens, as indicated in F~gure 2.4. The axial 

deformation is measured over a known length, x, between 
, 

variable points A and B (Figure 2.4), while the radial deflec-

tions are measured across the 4 in (10.16 em) diameter. 
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, 
From these readings the axial and lateral strnins, rospcc-

tively, may be calculated: 

AXIAL STRAIN = AXIAL DEFORHATION OVER AB 
x (2.13) 

LATERAL STRAIN = RADIAL DEFO~1ATION 
4 in 

(2.1;1) 

All measurements are taken under repeated 100<1ing conditions, 

using the same freauency and duration as for the resillent 

modulus measurements. Details of the apparatus developed 

for the Poisson's ratio test are given in the next chapter. 

For field cores having a diameter, 0, eaual to 3.R in (9.65 em), 

the denominator in equation (2.14) is 3.8 in (9.65 cm). 

2.3 Parameters for Test Programme 

2.3.1 Vertical and Horizontol Stress Levels for Testinq 

To reiterate, a major aim of this stuelv h'as to 

simulate the expected field stress conditions due to traffic 

loa~in.gs. Besides prov iding more real istic val ues for pavement 

design, such stress levels would"ensure that specimens were 

not tested to destruction, or at levels whic~ would produce 

excessive permanent deformation. For verticol and horjzontal 
-

stress levels (nv and 0h,respectively) in pave~ents, a brief 

study using various analytica~ techniaues 

to determine appropriate values to be used. r nge of stress 

values must be selected as the stress intensity s de~endent 

on the thickness ,and J?roperties ""Of the layers constitutrhg 

the pavement structure, none. of which are known at this 

stage. 

Since the critical area under consideratio~ within the 

asphaltic concrete is at the bottom of the layer, it is 

" 

, , 
I 

:t , 
J 

i 
.j, 
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only natural that testing should attempt to dVplicate str0ss 

levels at this point. However, linear elastic analyses indicate 

that tensile horizontal str~sses, 'coN/develop at the hottom 

of the asphaltic concrete l~yer which cannot he simulated 

in the triaxial cell (which can only apply compressive 

confining stresses). This does not present a problem in 

the upper half of the asphaltic concrete layer since hor-

izontal stresses in this region are compressive. Brown (34) 

presents a possible solution to this problem from a mathe-

matical point of view .. , However, this method suggests 

applying tensile vertical stresses to the specimen, which is 

no~ permitted in the indirect tensile test. r~orris (30) 

uses a " s imulative statistically-based approach", however, 

he concludes that this method also provides unrealistic 

conditions. He also states that there is no testing 

technique available at the present ti~e nor in tre forc-
. 

seeable future which is capable of reproducing the desired 

stress patterns simultaneously. 

In vi~w of the foregoing observations, the writer 

adopts a method whereby horizontal stresse~are calculated 

at different depths within an asphalt pavement of infinite 

depth. Although this procedure provides solutions that 

are idealized, the philoS9Ph~ is to ob~ain a range of positive 

horizontal stress values to investigate the influence of 

confining pressure on both MR and v. 

Although stresses'are due to moving wheel loads, the 

general practice has been to calculate stresses for areas 

directly beneath a stitic wheel loading: ~his loading is 

:f 

i 
; 

I 
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assumed to be due to the standard IS kip (80 kN) axle load 

in either single or dual wh~el configurations. In both 

cases, it is assumed that SO psi (551.6 kPa) tirc prc!=;surcs· 

are appropriate. 

For the determination of stresses in the asphalt 

bound layer(s), the granular base and subbase layers are 

excluded. This is felt justified since actual pavement 

geometry is unknown at this stage, furthermore, Ive are 

interested only in rough estimates of stress IRvels for 

testing. Although flexible pavement construction normally 

includes more than one layer of asphaltic concrete material, 

only a single layer (base layer) is considered for stress 

level determinations. This apprciximation is conside~ed 

adequate, since the base layer constitute~ the main struc-

tU'ra 1 component of the flex ibi e pliVe'l1en ts. 

The assumed properties of the asphaltic concrete layer 

are: 0.35 and 250 ksi (1.Q24 GPa) for) and M
R

, respectively. 

These are typical HM-5 asphalt mix (City of llafTlilton) values -
at room temperature, as determined during the course of the 

study. Subgrade properties are assumed to be similar to those 
l4 

of the Brarnpton Test Road (IS), and are taken as: 0.43 and 

20 ksi (137.9 MPa) for v and M
R

, respectively. 

As a first approximation and upper bound of both vertical 

and radial stresses at various depths below the pavement sur­

face (Figure 2.5), the modified Boussineso eauations (35) 

were used: 

(2.15) 
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FIGURE 2·5 - SINGLE WHEEL LOADINGS FOR BOUSSINESQ 

AND CHEVRON CALCULATIONS 

-
z (Iv f1h 

(ins) r/z (ps i) (ps i) 
-. 1-- -

0 m -80.0 -68.0 

2 2.99 -77.5 -35.0 

4 1. 50 -66.3 -14.8 

6 1.00 -51. 6 - 5.7 

8 0.75 -38.9 - 2.1 

10 ~ 0.60 -29.4 - 0.6 

12 0.50 -22.6 0 
. 

14 0.43 -17.8 () 

16 0.37 -14.2 0 
~ 

18 0.33 -11. 6 0 

TABLE 2.1: STRESS DISTRIBUTIONS FOR 

BOUSSINESQ ANALYSIS 



where (lv' 0h = vertical and horizontal stress, respectively, 

below the centre line of loading; 

a = radius of loaded area (5.98 in (15.20 em» 

for single wheel configuration; 

z = vertical depth below surface: ~nd 

a o = tire pressure at surface (80 psi (551.6 kPa». 

The results using eauations (2.15) and (2.16) for n 
V 

and 0 h for depths up to 18 in (45.72 em) Jre presented 

in" Table 2.1. Since the asphaltic concr~te in full depth 

asp~alt pavements is normally between 4 to 18 inches (10.16 

to 45.72 em) in thickness, it can be inferred from ~able 2.1 

that vertical stress values, ,1 , varv from ahout 11 to 65 psi v • 

(76 to 448 kPa); and horizontal stresses, n b , vary from 0 

to about 15 psi (0 to 103 kPa). However, these values for 

0v' are questionable due to certain basic assumptions in t~e 

Boussinesq theory, particularly that the continuum is homo-

geneous, when it is in fact a layered structure of various 

materials. 

" The second method of examining appropriate stress levels 

for -testing involved the use of the CHBVRON N-LAY~R computer 

programme (1). A major advantage of this method over the 

Boussinesq SOlu~i~ is that the progra~~e treats the structure 

as a layered system, and influences du'~ to the moduli (E and 

.' v) of each layer are accounted for. Table 2.2 shows the 

analysis of several typical full depth structures (i.e. 

12 



~ 

Depth 0" at bottom of (Jh at 
I z asphalt layer infin 
(ft) (psi) layer 

4 -36.5 

6 -22.1 

8 -14.6 

10 -10.3 

12 - 7.6 

14 - 5.8 

16 - 4.5 

18 - 3.6 

TABLE 2.2: STRESS DISTRIBUTIONS FOR 

CHEVRON COMPUTER ANALYSIS 

depth z in 

ite asphalt 
(ps i) 

-16.4 

- 7.0 

- 3. 1 

- 1. 5 

- 0.8 

- 0.5 

- 0.2 

- 0.1 

• 

( 

i 
J 
-' 
t 
I , 



-two layers, including subgradc), usinq the CIIT:'lRON programme. 

The same single wheel load as in the Boussincs0 method 

was used (Figure 2.5), and the upper pavement laver thick-

ness was varied from 4 to 18 inches (10.16 to &5.72 cm) for 

vertical stress determinations. The results (Table 2.2) 

show that the vertical stresses vary from about 4 to 37 psi 

(28 to 255 kPa) at the bottom of the asphalt layer. Cal-

culation of horizontal stresses, assuming an infinite 

aspha 1 tic concrete cont inuum, CJ i ves va 1 ues of <1 rang ing 
h 

from approximately 0.1 to 16 psi (0 to 110 k~a). 

A third method of stress levels determination was made 

usinq th~ BISTRO computer programme (2). An additional 

feature of this programme is its ability to analyze pavement 

structures loaded by multi-wheel configurations. Using a 

dual wheel loading, as shown in Figure 2.6, the same pavement 

structures as in the previous metp.od were analyzed and presented 

in Table 2.3. The results indicate that a vuries from 
v -approximately 3 to 27 psi (21 to 186 kPa), and "h ranges 

from about 0.5 to 14 psi (3 to 97 kPa). 

A comparison of the three techniques shows that the 

Boussinesq method does indeed provide an upper bound for 

o. As expected, due to the assumption of a homogeneous v t 

continuum for the horizontal stress levels, values of ~h by 

all three methods were in very close agreement.. For this 

study, the solutions provided by BISTRO were taken as tre 

limiting stresses. 

substituting the maximum allowable value of 0v (27 psi 

.. 

(186 kPa) into equation (2.8a), 'the maximum allowable diametral j 

,~ 
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FIGURE 2·6 - DUAL WHEEL LOADING FQR 'BISTRO' 

CALCULATIONS 

J 
--~----

(l at bottom of Averaqe Ph at dep-th z v 
asphalt layer jn infinite aSPhalt 

Depth (I=si) (ps i. ) 
z Under 1 t of 2 Under 1 i of 2 

(ft) 'tJheel "'lheels ~'1hee 1 ~'ll1ee 1 S 

4 -26.6 -21. 6 -10.0 -13.7 

6 -16.3 -15.1 - 4.8 -

8 -11.0 -10,! 9 - 2.9 -
I 

10 - 7.9 - 8.2 - 2. 0 -

12 - 6.0 - 6.3 - 1.5 -
14 - 4.7 - 5.0 

\ 

- 1.0 -
16 - 3.8 - 4.0 - 0.7 -
18 - 3.1 - 3.3 - 0.5 -

TABLE 2.3: STRESS DISTRIBUTIONS FOR 'BISTRO' 

COMPUTER ANALYSIS 

8.2 

4.Q 

3.0 

1.8 

1.2 

0.7 

0.4 

-

layer 

I 

~ 
• ! 



load is found for the typical 2.5 in thick specimen: 

27 psi = 0.24854 2.~ in 

/' 

i~ P = 271.6 Ibs. 

2.3.2 Pulse Time for Repeated Loadin~ 

As previously indicated, due to the viscoelastic 

nature of flexible pavement materials, load induced deform-

ations are time dependent. The behaviour of such material~ 

is approximately elastic, provided that th .. e loading time is 

short enough so that viscous effects are small. For this 

reason, consideration of repeated loadinq time and freouencv 

for testing is of primary importance if the elastic eouations 

are to be used with any confidence. 

Brown (36) indicates that the loading time should be 

based on the average stress pulses for the vertical, radial 

and tangential directions. Also, there is no uniaue loading 

time for asphaltic materials in situ, .as the pulse is depend-

ent on various factors including tne depth of the point con­
I 

cerned. An attempt to define th~ loa~ing time to be used 1n 

dynamic triaxial testing of asphaltic materials pas been 

described by Barksdale (37). This method applies only to 

vertical stresses, however, it is based on a combination of 

theory and experimental observations. The results of this 

development have been presented in the form of curves relating 

loading time to de~or various vehicle~speeds. These 

curves were replotted by Brown (36) (Figure 2.7a) based on 

the loading time definition: 

I 
t = 2nf (2 •. 17) 

f 
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where t = loading time; and 
~ 

f = frequency of the sinusoidally appllcd strcss. 

Figure 2.7a also shows corr0cted curves to provide mean loading 

times for 'the asphaltic concrete layers. These were derived 

by taking the loading times at half the depth from 

Barksdale's curves. Figure 2.7b shows the relationship 

between mean loading time and thickness of asphaltiC concrete 

layer for various vehicle speeds (36). 

For this study, a load duration of 0.1 sec at a frenuency 

of 20 cycles per minute was chosen, since tbis is the loading 

adopted by Schmidt~nd other researchers (6, 7, 38-40). Also 

a load duration of 0.1 sec is roughly the same as that obtained 

with the Benkleman beam deflection test (41, 42). Although 

a loading time of 0.1 sec corresponds to a speed of only 

about 5 mph (8 km/h), this is representative of creep speeds 

which are more critical to design. Analysis indicates that 

a time of loading of 0.05 secs approximates the actual time 

of loading in the field when a truck passes over the road 

at about 60 mph (96:6 km/h). The preceding values were 

obtained from Figure 2.7b assuming a typical 12 in (30.5 cm) 

asphaltic concrete layer. The 2.9 sec dwell time hetween 

repeated loadings permits substantially complete visco-

elastic recovery of the specimen. 

2.3.3 Pulse Shapes for Repeated Loading 

Research on the pulse shapes to simulate mov~ng 

wheel loads for Use in triaxial testing has been reported by 

Barksdale (37). Based on linear elastic finite element studies, 

he reported that the load induced pulse shapes varied from 

i . 



< 

approximately sinusoidal at the surface, to more nearly 

triangular at depths below approximately the middle of the 

base. 

For this study, only approximately sinusoidal shaped 

pulses were employed for tes~lng. This was felt justified 

~ 

in view ~f the deficiencies of the triaxial test. However, 

future research using similar equipment should focus on 

investIgatlng the effects of using three wIdely different 

waveforms during testing: triangular; sinusoIdal: and 

square. These tests should provide some gUIdance as to 

the variations caused by differences in pulse shapes for 

both indirect tensile and direct compression tests. 

2.3.4 Temperature Levels for Testin2 

Research by many individuals (7, 18) has 

indicated that the major parameter affecting the resilIent 

modulus of the asphaltic concrete mixes is temperature. 

For the indirect tensile test, Schmidt (7) indicates that 

an approximately inverse linear relationship exists between 

lo910M
R 

and temperature, between 0 and sooc. Poisson's ratio 

is thought to increase towards the upper limit of 0.5 as the 

temperature~ncreases, although the actual dynamic v vs 

temperature relationship is not known. For this study, a 

temperature range of about 10 to sooe is used since these 

3q 

levels are easily attained with the developed laboratory equip-
t 

mente Furthermore, typical pavement temperatures during the -

critical spring thaw and early summer period? are included 

in this range. Details of the laboratory ,equipment will be 

presented in the next chapcer. 
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CHAPTER 3 

TEST EQUIPMENT AND PROCEDURES 

3.1 Apparatus Development 

3.1.1 General Layout 

The laboratory eauipment developeq for this pro­

ject is basically an advanced version of the apparatus dev­

eloped for previous resilient modulus studies by Gonsalves. 

This previous ~ork at McMaster University was concerned 

mainly with the development of the resilient modulus and 

Poisson's ratio measuring devices for inv~stiquting material 

properties under uniaxial, unconfined stress conditions. This 

study, was directed towards the refining of both of the 

above d,evices so that they were able to be Mounted within 

a standard 7 in diameter triaxial cell. In addition, the 

triaxial cell was modified so that the temperci'ture of .-the 

cell could be accurately con-trolled and a confining 

pressure app+ied in a static or dynamic fashion. A schematic 

of the ~eneral testing layout is shown in Figure 3.1. 

The schematic shows that there are five main parts 

to the eauipment: 

1) the triaxial cell containing the appropriate measuring 

devices; 
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2) the oil supply syste~; 

3) the temperature control systemi 

4) the load/p.ressure-application control (including ttming) 

system; and 

5) data acauisition and monitoring system. 
~ 

1\ photograph shm'ling the general arrangement ~the total 

system is presented in Figure 3.2. 

3.1.2 Resilient l!odulus l-1easurin9 Device 

For the determination of the resilient modulus, 

!1R, the concept of measurinq the lateral neflection of dia-> 
<" 

metrally loaded specimens, as proposed by Schmidt (6) was 

ado~ted. Significant modifications ~ad to be Made to Schmidt's 

design since it was necessary to fit the measuring device 

into the triaxial cell. A major change was t~e usc of full 

bridge strain gauges Mounted bn spring steel cantilever bea~s 
, 

to measure the horizontal diametral deflection of t~e speci-

men as shown in Figure 3.3. These replaced the Statham 

(UC-3) transducers used by Schmidt, which would have heen 

too bulky to fit into the cell (and are extremely expensive). 

Details of a typical strain gauge deflection beam, along 

with the electrical wiring diagram, are given in Piqure B.l of 

APPENDIX B. 

Another significant change,was the redesign of the mea­

suring collar and mounting cradle svstem ':Jhich facilitated 

easier set-up and mounting of the specimen pxior to testing. 

The need for this was apparent in the early s.tage~ o~ dev­

elopment, since the positioning and constant readjustment of 

" the spe~imen (which posed no major pro~lems to earlier open 
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systems) would not be possible once the asse~bled c~uipMent 

was inside the triaxial cell. Much time was spent in this 

aspect of the design, in order to preserve tbe "free floatfng 

collar" concept necessary tn obtain realistic results. 

Details of the final design of the resilient Modulus mea-

suring device, including the mounting cradle, are shown 

in Figure 3.3. 

Setting U~ specimen in tHe Apparatus 

Setting up of a specimen is preceedcd bv securing the 

four alignment pins in the holes proviced, and nositioninq 

·the 3/16 in (0.476 cm) spacers between the collar and the 

cradle (Figure 3.3). The sample is then placed over the 

lower loading strip, taking care to ensure that it is properly 

seated and centered on the strip. Next, the bottom centering 

screws are adJ'usted, and tightened just enouqh that t~e 
, ~ 

briqu~tte (test specimen) is held snugly in place. T~ese 

screws are necessary to stop sliding of the saM~le during 

the set-up period, or unavoidable tilting of the triaxial 

cell. The centering screws on the collar arc next adjusted, 

and tightened two at a time (both screws directlv across frOM 

each other), such that no movement of the briouette is ob-

served during the sequence. The latter screws sho~ld be 

moderately tight, but not overly tight as to cause an" restric-

tion of lateral deformation of the bri0uette. 

The strain gauge screws are then rotated inwards, until 

they are just touching the sample, and then rotated clockwise 

by another half-turn. The final step before placing the appar-

atus in the triaxial cell is to remove the alignment pins, 



and then the spacers, to allnw free Movenen t of the measud n9 

collar. A photograph showing a briouette in position is 

given in Figure 3.4. 

3.1.3 Poisson's Ratio Measuring Device 

The Poisson's ratio measuring device, in contrast 

to the resilient modulus a~paratus, useg 8 in (20.3 cm) hiq~, 

4 in (10.2 cm) diameter, cylindrical specimens, ratrer than 

the conventional 2-1/2 in (6.4 cm) thick 4 in (10.2 em) 

diaMeter Marshall briouettes. Triaxial size specimens were 

used, since it is anticipated that future researcr will focus 

on the use of specimens prepared by kneadinq cOM~action for 

both resilient modulus and Poisson's ratio determinations; 

larger size specimens genera1lv result in less scatter of 

experimental results; and most iMportant, 0nd restraint 

influences tend to be Minimized, rarticularlv ~jth lenqth 

to diameter ratios greater than two. In test~ conducted ~ith 

this "Poisson's ratio equipment", compressive loads (static 

or repeated) are applied vertically along the axis of tre 

cylindrical specimen. The resulting. vertical deformations 

are measured parallel to the loade,d axis, and the lateral 

deformations across the specimen diameter, from which the 

vertical and horizontal strains, respectively are calculated. 

To the writer's knowledge, this is the first experimental 

apparatus that ha~ been specifically develope~ to determine 

the Poisson's ratio of asphaltic concretes for various tem-

peratures, confining pressures and repeated loadings. 

Figure 3.5 shows the main features of tris arpar.a~us, 

which consists essentially of two measuring collars, A and C: 
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and a third collar, B, for Rllpporting tl1e two adjustable 

vertical rods. Collar B ha~ also been made adjustable, so 

that the vertical derormations may be measured over any con-

venient length or section of the cylinder. The operation 

of this device is best explained with reference to Figure 3.5. 

Compressive loads applied along the axis of the cylindrical 

~ sample cause A and B to move closer together, producing a 

deflection in both cantilever strain gauge beams mounted on 

ring A. The average deflection, as measured by the gauges, 

should reflect t~e average relative movement between collars 

A and S, from which the vertical strain is determined. The 

horizontal deforMation, on the other hand, is measured 

directly by the strain gauge beams, mounted on opposite sides 

of ring C as shown in Figure 3.5. Bv using this "floatinq 

collar" system, end effects (i.e. the restraining of lateral 

deformation of the sample by tpe loading ca~s) and measuring 

device restraints:.~are v\irtually eliminated. Also, thic;; 

technique assures that movements, due to slight rocking of 

the sample, are not measured. 'The strain gauae deflection 

beams used with this device are the same as those used in the 

indirect tension resilient modulus test as detailed in Figure 8.1 

APPENDIX B, and this provides great flexibility in the design 

of the system and monitoring,equipment. ~ 

Setting Up Specimens in the AEparatus 

Prior to mounting the triaxial specimen in the apparatus, 

the sample is checked to ensure that it stands perfectly 

upright, and the bottom of the specimen is sanded if necessary. 



\ 

" 

After the sealing procedure (described in followina sections) 

is performed, the specimen is then placed in position on the 

base of the triaxial cell, and electrical tape is placed 

around the sample at the expected locations of collars A 

and B. This is to prevent the securing screws ('~hich hold 

the collars to the sample) from piercing the sealing ~em-

brane. The collars are then located, one at a time (starting 

from collar B), with the aid of spacers to ensure that 

they are as level as possible. Securing screws are hand 

tightened only, but mu~t be tightened enough so tpat dif-

ferential movement of collar and sample (i.e. slip) does 

not occur. The cantilever strain gauge heam screws are 

then adjusted in the same manner described prevjously for 

the resilient modulus apparatus. ryue to the variable 

posi tions of collars A and B, the average distance bet\'leen 

the securing screws on these Gollars must b~ Measured for 

vertical strain calCulation~ A photograph shot'ling a 

in position is given in FigUr~.6. 

3.1.4 Temperature Control 

specimen 

Accurate control-and maintenance of teMperature 

was a vital aspect in the development of the eouipment. 

Figure 3.7 shows the main features of the hardware used for 

controlling the temperature of the specimens during testing. 

Basically, the system consists of t~o parts: 1) a teMperature 

control tath for maintaining the desired temperature; and 

2) a coil of copper tubing built into the triaxial cell, for 

conducting heat to the oil in the 'cell. The principle of 

this design, is to control the temperature of the cell indirectly 

( 
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by circulating a liquid (water) from the bath through the 

conducting coil (glycol can be circulated for working at 

low teMperatures). 

Heating of the temperature bath was achieved through 

the use of an adjUstabl~E E12 constant temperature 

circulator. By trial and error,)the correct settings on 

the circulator were determined for the corresponding desired 

temperature levels in the triaxidl cell. This was a necessary 

step since the temperature of the oil in the triaxial cell 

never attains the same level as that Ot the bath due to 

various heat losses. ~ 

Cooling of the temperature bath was achieved bv simply 
\ 

adding ic~trom a freezer (approximately - 3SoC) to the bath. 

Again, a temperature gradient was inev i table, hO\.,eve~e 
, \ 

triaxial cell attained equilibrium at about 90 e, depenJin_ 
// 

on the laboratory ambient which ,was generally maintained at . 
20 + 20 C. Al though a temperature of less than 90 c "'las never 

attained (or required for the current study) ~ using this 

method, glycol could be added to the system and then cir­

culated from the bath through a second coil placed in a 

freezer. Control of the much lower temperatures involved 

would then be achieved by controlling the setting on the 

freezer. 

A major consideration in the tempeI;ature control system " 

was the yhoice of a suitable fluid for use in the triaxial 

cell. It was obvious that a fluid was necessary, in order 

to conduqt heat and maintain temperature levels, and also 

to alloW for the application of confining pressures to the 

specimen. Some of the desired fluid properties are: 



1) must not conduct electricity; 

2) non-corrosive to any material used in t~e triaxial cell; 

3) adequately transparent; 

4) good conductor of heat; and 

5) readily available and inexpensive. 

Of all the fluids considered, o~ly silicone oil and 

a special heat conducting oil (petroleum base) proved feasible 

The silicone oil was rejected since it is expensive and has 

an undesirable penetrating power. ~eat conducting oil 

satisfies;':y of the above conclitions, and was l.ocally avail­

able at low cost. However, a major drawback to the use of 

any petroleum ba~e oil is that it attacks asppalt. The 

problem ~as readily solved by heat sealing the resilient 
.... ~ . 

modulus specim~ns. in plastic bags (described Iftter)A which 

was also a necessary step in order to apply confining 

pressures. Fo~ the larger size triaxial specimens, sealing 

was achieved ~y the use of conventional rubber membranes. 

3.1.5 Confining Pressure Control 

Development of a simple pressure control system 

for' applying pulsating confining pressures tQ asphaltic 

concrete specimens was required. This was achieved using the 

equiprnent·shown in Figure 3.~ cons~ng eS$entzally of the 

following components: 

1) air pressure reservoir tank; .. 
2) electrically tkig9~red ai~ valve; 

.' 

3) bellofram separating th'e air/oil interface; ana 
~ 

4) solid state timer for triggering the air valve., 
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The timer was adjusted to open the valve for one-tenth 

of a second, twenty times per minute. ~ithin the open inter­

val, air f~ reservoir flews to the flexible Bellofram, 

thereby transferring pressure to the oil in the triaxial 

cell: -As anticipated, there was appreciable "inertia" 

in the system, preventing f~ll pressur~ response in the 

triaxial cell. This inertia, besides depending on the 

dimensions of the apparatus (i.e. compliance) is also a 

function of the viscosity of the oil which is temperature 

dependent. For this reason, it was necessary to monitor 

the actual pulsating pressure within the cell, using a 

pressure transducer (Statham model PA208~C-100-350, a strain 

( 

gauge .type) located at the ·toy, of the triaxial cell.' Control 

of peak pressures in the triaxial cell was obtained by 

adjusting the pressure of the reservoir tank. The circuit 

diagram of the pulse' timer is given in APPENDIX B. This 

timer was especially designed to minimize any electrical 

noise that would interfere with signal monitoring and involves 

solid, .J3~ate circuits rather than typical relay circuits. 

From the initial timer design, a rat~er sophisticated 

printed circuit model has been developed by R. ~interle 

for the resilient modulus studies. 

3.l!6 Axi~l Load Control 

1\xi~il loads for· indirect tensile <resilient. 

modulus) or direct compression tests a~e produced by. the air 
" 

an~ pist~n SySt~~1 as shown in Figure 3.9. 

,system consists of the fol1o~ing com~Qnents: 

.. 1) air" pJre"s$ure" reservoir . tank; 

... 

• 
Basic~lly; the 



FIGURE 3. 9: AXIAL LOAD CONTROL SYSTEM. 



2) electrically triggered air valve; 

3) 2-1/2 in diameter (nominal) BIMBA air piston; and 

4) solid state timer for activating the air valve. 

This eouipment is quite similar in principle and' 

operation to the previously discussed confining pressure 

control system. The timer, adjusted to the same 1/10 sec. 

duration, and 20 cycles per minute, triggers the valve which 

allows air to activate the piston. However, the axial load 

systeM uses a sOMewhat specialized timer that is triggered 

by the timer used in the latiral pressure eouipnent. The 

purpose of this triggering is to provide an adjustable lag, 

so that both vertical load and confining pressure Hpeak" 

at the same instant. Tryis technique effectively compensates 

for any lag in developing full confining pres'sure for each 

load repetition. 

The axial load level is controlled by adjusti~g the 

pressure of the reservoir tank in a similar way to the 

previous system. Except for the timing seouence, both 

loading sys~ems are completely independent of each other, 

usi~g separate air pres~ure reservoir tanks. ~his allows 

adjustment of pressure levels to obtain .any co~bination of 

ve~tical stress and confining conditions for testing. 

The electronics design of f·he phase-lag timer used for 

this eauipment is given in Figure B. 2, APPP,"'JOIX B. 

3.l.7 Monitoring and" Recording of Out~ut Signals 

Determination of material properties using both 

the resilient modulus and Poisson's rat~o devices require 

~ccura~e mea$urement~: 

'. 



1) - . . --, 

2) confininq pressure; 

3) strain gauge outputs from the cantilever beams monitoring 

deformation at designated points under the applied 

stress system; and 

4) sample temperature. 

These measure~ents are explained further in the following 

sections. 

1. Axial Load 

Due to the appreciable friction bet,.;een the vertical 
"t, 

ram and the close fitting top seal of the triaxial apparatus 

(Figure 3.10), it was 'found necessary to monitor axial loads 

from within the cell (i.e. below the top seal) to obtain 

accurate load readings. This was accomplished b~ usin~ a 

bolt-type strain 'gauge, load cell (4,SOO lb. capacity), 

mounted within the piston ram (Figure 3.10). P.lectrical leads 

from the load cell were then locateti \-1ithin the hollow piston 

and brought out above, the top seal" allm"ing complete free­

dom of movement of the piston. ~lthough their size is 

small enough for this pa~icu~ar'set-up, bolt type strain 

gauges generally lack in monitoring sensitivity. Thus, it 

was found necessary to amplify the output signal prior to­

recording. Details of the amplifyer used are given in a 

la ter sec,tion. 

2. confining Pressure 

As previously discussed in 3.1.5, due to co~pliance, 

and temperature' ~ffects, accurate dete~mination of applied 
t 

confining pressures was essential. Confining pressures 
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(cell pressures) were measured using a STATBk~ (PA208TC-lOO-

3S0) pressure transducer, mounted on the top of the triaxial 

cell. For the 100 psia range transducer used, the direct 

output Signals'we~ enough for the monitoring equip­

ment so that no arnplific~tion was needed in this ca~~. 

3. Strain Gauge Output 

Output signals from the strain gauge cantilever beams 

on .both the re~ilient modulus and Poisson's ratio devices 

were found to be relatively low and had to be amplified 

before recording. Depending on the magnitude of t~e deform-

ations. being measured, the strain gauge signals were fed into 

the amplifyer channel that provided the most suitable gain. 

4. Specimen Temperature 

The use of a mercury thermometer for measuring the 

specimen temperatures was found to be impractical due to 

physical constraints of the triaxial cell. Furthermore, • • sinc~ confining pressures were to be applied, this ruled out 

the possibility of placing any glass thermometer inside the 

cell.' For this reason, a solid state, temperature probe 

system was developed especially fo~ the triaxial apparatus. 

A positive feature of this system was that the miniature 

transistor probe could be placed between the measuring collars 

close to the specimen. Comparisons of temperatures monitored, 

and using a probe implapted in the specimens, permitted 

determinations of times to temperature ;equilibrium. The 

design of this temperature probe circuitry is given in Figure 8.4, 

APPENDIX B. 

\ 



5. Data Acquisition Equipment _ 

A photograph of the data acquisition systemqs given 

in Figure 3.11, showing the five major components: 

1) a 5-channel amplifyer/balancer unit; 

2) a 6-channel light beam (SE3006) oscillographic recorder: 

3) HEWLETT PACKARD (6204B) DC power supply units; 
o 

4) a digital voltmeter (FLUKE aOOOA); and 

5) a separate amplifier for the temperature probe. 

The signal amplifier/balancer unit is used for boosting 

low level signals to a level that will give readily measurable 

light beam deflections on the oscillographic strip recorder. 

In addition to this, the unit is equipped for balancing of 
• 

the amplified signals to prevent damage to the strip recorder 

by over shooting. 

Much difficulty was encountered in the design of a 

sUi:able amplifie~ystem. One major proble~ was the presence 

of electrical n~se, which at one stage produced greater 

light beam deflections than the actual output signals. 

Difficulty was also experienced due to interaction between 

channels, which besides causing incorrect measurements, 

made balancing impossible. There was also the proble~ of 

,obtaining adequate balancing ra~ge, and at the same time, 

having a fine enough adjustment on the potentiometers~ The 

amplifier system eventually developed for this project is 

v~rtually noi~eless ~ith excellent balancing capabilities. 

It is also free of channel interaction;'despite the fact 
v 

that a conunon 12 volt pO\'1er source was used for all f·ive , . 
, 

channels. Details of the el~etrical design of t.his amplifier . 

are given in Figure B. 3, ·APPENDIX B. 
" 
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The light beam oscillographic recorder used records 

analogue data by printing directly on light sensitive strip 

paper, and produces ita own grid wi~h 0.2 cm divisions. 

Measurements were made for each channel by counting the 

number of divisions created by a recorded deflection,. and 

then multiplying the result by the appropr~ate calibration 

constant. 

Three HEWL~TT PACKAqO power units were used for driving 

the data acauisition system. Two of the units were combined 

to produce a ~ 6 volt supply for the amplifiers. In addition 

to the stra.in gauge cantilever beams, both the load cell 

and the temperature probe a~plifier were also driven from this 

combined power source. The 'third unit was used to provide 

a 7 volt supply for the pressure transducer. 

The digital voltmeter provided a convenient and accurate 
¥ 

readout display for balancing voltages from t~e amplifier 

system. It was also used to monitor temperatures in 

conjunction with the temperature prohe eouipment. 

3.2 Calibration of Equipment 

.A fundamental consideration quring the development .. 
of any equipment for mat~rials testing is the accurate and 

simple calibration of all measuring devices. Before~any 

measurements during testing could be made, the following 

components (already discussed in 3.1.7) had to be calibrated: 
.. 

1) all strain gauge cantilever beqms; 

2) the load celli 

3) the pressure transducer:. and 

4) the teroper~ture probe, 

'\ 
. I 

, 
1 • I 

I 
.\ 
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For this investigation, channels 1, 2 and 3 on the 

amplifier system were set to a gain of about 3, and channels 

4 and 5 were turned to the maximum gain of 10. These settings 

were found to be approximately the amplifications reouired 

for tfie test programme, and were not changed during the 

'course of this study. 

1. Strain Gauge Cantilever Bea~s 

'Figure 3.12 shows the necessary special eouipment 

used for calibrating the strain gauge cantilever beams on 

the resiiient modulus collar. The micrometer screw is 

adjusted so that it just touches the screw on the cantilever 

beam, and the initial reading on the micrometer is taken. 

Next, connecting strain gauge number 1 to amplifier channel 
~ 

1, the output is balanced, using the digital voltmeter (DVM). 

Oscillographic recorder channel l'is then connected to 

amplifier channel I, and the beam adjusted (by turning the 

galvanometer, located at the top of the oscillographic 

recorder) to about the 1 cm mark on the 9rid. After running 

a short s~rip of paper to record this initial position, 

the micrometer is then carefully rotated until the light 

beam on the oscillographic recorder is deflected to about 

the 14 crn grid mark. This is again recorded by running 

a short strip of paper from the oscillograph, after which 

the second reading on th~ micrometer is taken. The light 
, 

beam is agaih adjusted to approximately the 1 cm mark, 

this time however, the balancing potentiometer on the amplifier 

unit is used. The process' is repeated ,about fifteen times, 

from which a graph ot,rnicrometer deflection (inches) and 

I 
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galvanometer deflection (divisions) is plotted, giving the 

calibration factor for cantile~er beam number 1 on amplifier 

channell. The same procedure is then performed for canti-

lever beam number 2 us?ng amplifier channel 2 and oscillo­

graph channel 2. 

If more amplification is needed, say for cantilever 

beam 1, the calibration is performed using amplifIer channel 

4 with recorder channell. Measurements are alw~s per­

formed, using the sa~e cantilever beam, aMplifier and channel 

number combination that was used for calibration. Besides 

avoiding confusion, this systematic approach avoids dif-

ferences in calibration due to different sensitivity of 

various combinations. The same basic operation \~as conducted 

for the Poisson's ratio measuring collars. 

2. Load Cell 

Calibration of the load cell is performed in a 

standard WYKEHAM FARRANCE (T57) loading frame of the type 

used for soil testing. The piston containing the load cell 

~s removed from the triaxial apparatus, 'and mounted verticallv 

in the loading frame against a 500 lb. capacity proving 
\ 

ring. The idea is to load the system (connected in series), 
• 

so that the oscillographic recorder ga~vanometer deflections 

can be equated to proving ring deflections, from which the 

load calibration constant is determined. ~he.procedure of 

~easuring gQlvanometer deflections is bqsically the same as 

in the case of the strain gauges. 

3. pressure Transducer 
J 

CalIbration of the pressure transducer is perfor-med 

~he tn~ se~ up as in a l~r . 1 • 

• 



./ 
no dynamic loads are applied and the air line connections 

are rearranged to bypass the electrical valve in the con-

fini~ pressure system. In so doing, static pressures may 
. 
be applied to the cell dir~ctly from the pressure tank fitted 

with an accurate pres-sure gauge. Due to the applicatio,n of 

static pressures, the reservoir tank and triaxial cell 

must cQme to equilibrium at the same pressure. 

connecting the outlet leads from the transducer to 

the oscillographic recorder, the,relationship between pres-

sure gauge readings and galvanometer deflection may be 

determined. 

4. Temperature Probe 
"€I 

The temperature probe system was designed for use 

\'lith a digital voltmeter (DVM). The probe itself is 

actually a small transistor that is sensitive to temperature 

chang,es, which are read as millivolts on the DVM. Calibration 

is performed by taping the probe to an ac~urate mercury 

ther,momoter (O.lo~ divisions), ahd then placing both in 
. 

various temperature baths from approximately OoC to SOoC . 
. 

Fro~ this, a graph of millivolt readings and corresponding 

temperature readings is drawn, providing the necessary cal­
I 

ibration chart for the temperature probe. 

3.3 Sample P'reparation 

Asphaltic, concrete specimens that w~ 
" ~ .. t • ' 

resilient modulus inves~igation were prepared aqco 
, " 

'Marshall' 'method (21). 

(10.2. em) in diame'ter 

. -
The resultin~ briquette.s ,"ere 4 :t.ahes 

by ~pproxit:nately 2-1/2, inches ,(6.4 em} 

in.. thickneSs. Ho~ever~ the'pdissonts~ratio test nequired 

" 

t' 
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., . 
specim,ens approximately thtee~times as thick (A inches, 

. 
20.3·om) • 

.. a.- i~ 
In this ~.tudy, the· latter specimens \'le~~ con~en-. .. ..-.. 

iently produced by' qementing three ~tarshall bricruettes . . 

together, using emulsified asphal.t as the bO'nding agent. 
, 

Poisson r s ratio tests 'Were then performe<:l on the middle, 

briquette of this combination, takirt~ advanta~e of the 
... 

adjustable position of the measuring collars. In the next 
" 

phase of the study, full size triaxial ~pecimens prep,red . 
" 

wi th a knead:i,ng compactor "lill be considered. 

Be;fore insEttion into the triaxial cell,. it ",'as ~ 
'/J . . 

necessary'to provide adequate protection of the specimen 

fram tne heat transfer oil. This was a critical step, since 

oil readily attacks ~~pfialtic concrete. Various methods of 

sealing the specimen "1ere investigated, howevt;r, only h~at 
, 

seating in plastic bags.proved successful for the resilient -modulus- ,spec itnens • 
., 

'Prior to the sealing process, the specimen was g~~en 
..... ~, ... 'i ....... 

• • I • 

a thorough thiQ coating of emulsified asphalt to provide a 
4-

sticky bond with' the plastic bag: 'Thi,s was an' essential ~ . . 
proced-ute to exclude ttlr pockets at critical poines where . - . . -. . 

monitoring equipment is atta.ched. The specimen ,.,.as tl}en al-
• 

lOll1ed to dry for oh,e hout;',' and 'then car.efully praced in~~de 
~.. .., ..,..'" J ;.I 

the plast~c b~g t ~it~, the specime~ IS, axis p~,~!'~n~icui;;~'~:':~o 
I' • 

'the bottom of the plastic bag. A commercial h¢at sealer .. 
. ",. . ., . --

was then used to 'se~l the open eQd ,of the 

pos~~.to~ the' specime~., A-t'ter, cutting 

ba9 .. as. cl?~e as PI- ' 

a -piI).hole~in a 

corner oi the, plas't'ic 
• 

~ a ' 1.' 

bag I,: any air was then drawn 0':l't us~n9 

.,".,' 'C'the' . :', . 
(. 

.4 
I 

I 
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" withdrawing as much air as ',possible, the open cornerwas 
. ' ~ 4!0 

fi~~lly p~nched close,' and Quickly heat sealed. . .. 
Sealed,specimens were left at least 24 hours, and then 

inspected prIor to testing. If there was any indication 

of air getting 'into the bag, the plastic was removed, and 

~he sealing process repeated. Plastic ~a9s 0.004 inches 
\t 

thick (0.01 em) were found to be adequate for the above 

procedure. Tpe 8 in. high (20.3 em) triaxial size specimens 

were sealed in the conventional "soil mechanics" U!anner 

using rubber membranes. 

3 :·4 Equipment Operation 

Having performed the necessary mounting procedures 

described in 3.1.2 or 3.1.3, the specimen is ~laced inside 
. . 
the triaxial 'cell, which is then positioned under the loading . . 

.' 
piston in the loading frame. All 'necessary external conne,ctions 

are then made as shown in Figure'3.l3. 

Next, the triaxial cell ts filled with oil by opening 

the oil irile~v.a1ve" and applying a ,vacuum (7 to 10 in Hg) , ' 

to 'the. oil overflow-chamber. When oil begins tQ enter this 
/ 

'overflow chamber, the vacuum ho'se is disconnected, and the 
-. ~. fi' 

oii i?l~ va~ve is closed., The va,lve at the overflow chall\ber 

'is le,ft open to allow for volumetric changes of the 'oil 

within the cell during t~mperature changes betwe~n load 

a,pplications .. 

" l~ater (or glycol) is th~n cir'culated through the cOr)duct-
'. 

.' . 
ing coil in ,the'triaxial cell from the temperature bath. 

~ (I • ..' .. " ' 

T~iS .i~ allowe~' to' ci:tcu!ate d6ring' t~e ent.ire cour,se of the 
' . 

.'experiment to stab~+~~e ,y,he oil temperature for each desir'ed, 

- .' 
" 
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measurement level .. 

~he oscillographic recorder is then turned on, and the 

reauired channels are adjusted approximately to their resp­

ective positions on the strip chart grid. ,All electric~l 

signal devices from the triaxial apparatus are then con­

nected to their designated amplifier channels (if necessary), 

and balanced with the DV~. Connections are then made to 

the oscillographic recorder, and the galvanometers are again 

adjusted so that the light beams are placed at convenient 

grid locations. 

The timers are then turned on, and the gressure reser­

voirs supplying both, the confining pressure and axial piston 

systems are a4ju~ted to the reouired levels. These adjusted 

levels are determined by the magnitude of the light beam 

deflections, but should be within t~e levels snecified in 
. 

2.3.1. If necessary, adjustment of the pressure laa eouip-

'ment is made so that both load cell and pressure transducer 

ou.tputs 11peaklt at the same instant. During the aJ:\llication 

of confining pressures, the-oil overflow valve is closed. 

However, the valve must be ~eopened befor~ 'qhanging cell 

temperatures to avoid damage to the .triaxial appa'ratus .. 

It is evident from" the pro,cedures outlined in this 

chapt;.er that considerable time i's reouired in the preparation' 

and testing'o~ slsecirn~ns using the triaxial e0uiproent. In 

order to lessen ,the work ~~ad, it was found ",.J to conven lEUl t 
.,'-... 

\ 

test .on~ specimen ,f:r;~m each m.ix d~siqn usinq the triq.~dal . 

ecruipment, .~nd to' test the,t;emaining specimens in the '~simple" 

, •. 
resilient modulus' apparat.~s devel.oped by Gonsal,ves. These 

il • 
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tested at ambient conditions and were found to correlate . 
well with the specimen tested in the tria~i~- apparatus under 

the same teml;lerature and stress conditions. The "simple" 

apparatus measures the resilient modulus under unconfined 

stress conditions only, however, this provides a auick and 

easy method of ensuring that the specimen tested in the 

triaxial ~pparatus is not "one of a kind". Measurement of 

the resilient moduli at different temperat.ure"s, using the 

"simple" apparatbs, may be achieved by storing the specimen 

at the appropriate temperature level (using a temperature 

controlled oven or refrigerator) for at least three hours. 

The specimen is then removed Quickly from the temperature 

controlled environment and tested in the device. The entire 

operation of mounting and testing each specimen takes only 

about 90 seconds. For this reason, errors due to changes 

in temperature will be small. 

To ensure that both the "simpl~" and triaxial resilient 

modulus devices pro~ided reliable measurements, a lucite 

sample similar to that used by Schmidt ( 6) was tested in 

both devices and the results were compared to Schmidt's 
, , 

results. Both devices produced results which we~e consistent 

with each other, and were found to be within 5 percent of 

Schmidt's results under simila~ conditions. The accuracy 

. at the triaxial device was also checked by calculating the 

resilient modu,li, from t~c measured responses from the Poisson 
. . 

ratio device l and comparing these to the results found by 

using the ipdirect tensile test unae~ ~he same conditions. 
, . 

Again, the resilient modulus ap'?etermined by both triaxial 
, " 
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Followlng the procedures outlined in this chapter, 

it is a straight forwarn process to obtain the measur~ments 
o 

giving the MR or ~ fQr any asphaltic concrete mix. In the 

next chapter, the experimental fir.dings for measurement of 

specific asphaltic concrete mix~~ are detailed •. 

\ 

, . 

I' 

~ 

- '. 

\ 
I 

~ 

1 
! 

, 
i 
I 

I 
~ 



, , CHAPTER 4 

EXPERIMENTAL FINDINGS. 

4.1 Asphalt Mix Designs for Test Programme 

Laboratory testing for both re~ilient modulus and 

Poisson's ratio determinations was performed on typical 

asphaltic'concrete mixes meeting the City of Hamilton 
. 

specifications. Both laboratory and field prepared (i.e. 

plant mix) specimens were used for this study in order to 

obtain a comparison bet'oIeen moduli for specimens from both 

mix designs examined were sources. The a~~haltic concrete 

(1) H~1-3; (2) H~ (3) steel slag (open hearth, OH-STELCa) 

and .(4) type C. These designations refer to the gradation 

of the a9g~egate component having to meet certain limits as 
J ' 

specified by the City of Hamilton. These gradation specification 

limits and physical requirements, along with the actual grad­

'ations and Marshall test results of the mixes examined, 

. are given t~ Tables C.1 to C. 5 of APPEND,IX C. For all lab- ' 

ora,tory'mixes, a ,-single asphalt; cement grade, (85/100 

\ penetration) ,was used, which was obtai~d exclu~ively ,from. 
\ . 

the Gulf .Oil.company 'in Clarkson. 

The .tehting programme focused mainly 'on#investigating . 
" eristics using various -percentages of asphqlt 

- -~R 
cernen~ (typically 5 'to" 7 Per;:aent) in the ~:i.xes. For' a~l .. 

.. 



Average Resilient Modulus 
As~phal t Sample Diarootral M (ks i ) 1 

Mix Specimen Content Temp. Stress Me~ri -RStd .- Dev. " ~- --

Design No. (% by wt) °C (psi) x S Range 

-100 5 10.42- 131 4.0 126-134 

100 5 19.06 117 ' 0.5 117-118 

100 5 22.49 1~ " 0.5 108.109 

102 6 10.87 107 1.6 105-108 

102 6 ¢ 15.62 101 0.5 101-102 . 
M \.0 

I 102 6 N 20.00 94 1.7 93- 96 :E: :x: 
103 7 11.51 95 1.7 93- 96 

103 7 15.53 93 0.4 92- 93 

103 7 19.40 91 0.6 90- 91 

300 5 14.88 737 18.5 711-755 
" 

300 5 21.58 689 8.9 678-694 
j 

300 . 5 26.09 656 12.0 641-669 

300 I 5 29.93 617 4.5 615-627 

302 5.5 14.40 469 9. 1 452-:-477 

302 5.5 21.27 436 7.1 426-445 
.--. . rt: , 0 302 25'.43 419 8. 1 409-434 (.,) 5.5 
-I .-
w 302 5.5 '~. .., 30.12 399 6.6 391-408 I-
(I') ... , 

304 6 13.87 438 5.7 -433-447 ::c . 
0 ........ 

304 6 .-- 20.60 411 '10.4 399-427 . 
c..o 0\ . c;( 304 6 ..- ' 24.91 385 6:6 375 .. 394 .aJ 
Vl 

-I 304 6 2,8.83 275 6.8 366-382 
UJ w 306 . 6.5 . 13.69 299 o 7. 1 290-309 I-
(I') 

306 . 6.5 .20.26 280 3.9 274-285 ... . , 
306. ' 6.5 24.79 . 'f", 269 5.6 262-275 

, '..4 ' 
306, 6.5 28.95 262 S.D' 

'" 
256-2.67 

1: 8 :r::~dings ·were taken for each dianetial streps level 

TABLE 4.1: RESILIENT MODULI OF HM-3 AND STEEL 
SLAG (OH-STELCO) MJXES FOR VARIOUS 
DIAMETRALSTRESS LEVELS 

\ , . 
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• 

mined by the use of a linear regression analysis by the 

method of least squares. The method i5 ba\ed on the general 

equation for a straight line: 

where 

and' 

,,,here 

y=mx+c 

EXy _ ~Xl:Y 
n, 

m = 
2 (}:x) 2 

EX -­n 

-c = y - mx 
- T.V 
Y =­. n 

I:X 
X =-n 

n = number of paired observations 

An advantage of using this method is that a 

the coefficient of determination (r2), may 

is defined by the relationship: 

2 
·r 

= [r.Xy :.: ::EX;?] 2 

[z:x2 - (S~) 2J ~i - (:r:.~) ~l 

\ 

(4. I) 

\ (4.2) 
, 

~ \ 

\ 
\ 
\ 

\(4.3) 
\ 

~4. 4) 
\ 

\ 
\ 

(4 ~) 
\ 

\ 
\ 

\ 
\ 

third value t 

be found. This 

(4.6) 

The value of r2 lies between 0 and 1 and will indicate how 

\ , 

cl6sely the eauation'fits *he experimental data. _ The closer 

r2 is to 1; the better/th~ fit. Th;;~ecessary 4ata inputs 
• 

are paired values of x and y, or in ~ur. specific case, cor-

o resJ;>0nding value of diametral stress lev:el (a~M)' and 

mean MR' respectively. 
, . 

The results using equations (4.1) to '(4.6), are summarized 

in Table~4.2r and are obs~rved to fit the straight line 

equations ,rea~onablv well., However, it should be noted 
...~ . 

that the above relationships become Meaning~es,;; a's the 'diametral 
'* ' 

'f 

1 
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Asphalt ( 
Mix Specimen Content Sample m c 

2 Design No. (% by wt) Temp. ksi/psi ksi r 
~, . 

100 5 -0.1686 149.91 0.99 
M 

102 6 
'<:!' 

-0.1370 I • 122.29 0.99 
~ . ltl 
:r: N 

~03 7 -0.0496 100.84 1.00 
! 

300 5 -0.8293 856.03 0.99 -(90 
~u 3.01 5.5 -0.4803 532.11 1.00 ..:1..:1 .-t 
U)~ 

.. • 
8 304 6 1- 0\ -0.4593 49B.83 O~~ 99 ..:1m .-t 

~I 
fJ4.:r: 

306 6.5 -0.2630 331.31 0.99 ~c 
00- , . 

TABLE 4.2; FITTED STRAIGHT LINE EQUATIONS 
FOR HM-3 AND STEEL SLAG (OH-STELCO) 
MIXES . 

. " 



". 

stress level approaches zero. Fiqur~ 4.1 gives a graphical 

pr~sentation of the MR-diametral stress level relationship for 

both types of specimens tested. 

4.3 p.ffect of Varying Temperature on MR 

The results obtained in this study relating the 

dependence of MR on temperature are presented in grap~ical 

form (MR against temperature) in Figures 4.2 through 4.7. 

Resilient moduli used in these figures are mean value~ taken 

from a number of axial load pulses for each temperature at 

zero confining pressure. ~ Although not strictly correct, Pois-

son's ratio for all calculations was assumed to be a constant 

of 0.35. The observed curves are in agreement \~ith previous 
> 

research on this temperature dependence (6, 29), and confirm 

the fact that temperature is the main variable influencing 

the MR. The curveS are seen to follow a certain character­

istic pattern for laboratory prepared samples, and this is 

particularly notice~ble in th~ case of the steel slag , 

specimens. For each mix type, differences are due mainly 

to v~rtical shjfting of the curves. for different asphalt 

contents. For field specimens from asphalt~lants that 
. 

were co~pacted in the labora~ory, often after reheating, a 

straig~t li~e was.observed to provide the best fit in most 

cases. This phenomenon is probably due to slight hardening 
~ , , 

of the asphalt binder as these sa.I1lples \-Iere' reheated before 

being cqmpacted'into .briquettes. Consequently, all HM-5 

specimens that were p~epared from field mixes were found to 

display a straight line pattern an the semi-log plot. 
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Another typical cnaracteris1 ic of re~eated specimens,as 

anticipated,is that they displayed greater Mq values than 

the freshly prepared specimens. 

As previously indicaten, in order to compare the 

characteristics due to different agqregnte materials, steel 
. 

slag was graded to approximate the median of the HM-3 

specifications. Figure 4.2 shows that steel slag asphaltic 

concrete mixes produced higher resilient moduli throuq~out 

the temperature range (10 to 50°C) for 5 ann 7~ asnhalt 

cement content compared to regular HH-3 mi~ (l imf:?stone 

aggregate) at the same asphalt contents. However, for 6~ 

aS9halt cement, regular aggregate was found to have hiqhe~ 

MR values at temperatures above lfoC. This ~henomenon is 

probably due to differences in optimum asphalt contents. It 

should be pointed out that HM-3 usinq steel slRa is about 

1.32 times as dense as regular mixes (Table C.2), and thus 

contains 32% more asphalt per unit volume at the same asphalt , 
"- '-~- -

content. 

It is logical that material properties should be con~ 

trolled by volumetric proportions of asphalt to agqregate. 

In this respect, 5% asphalt in HM-3 (steel slag) mixes should 

be eouralent to 6.6% asphalt in regular HM-3 mix. HONever, 

as inQ{cated by Figure 4.2, 5~ asphalt ceMent content for 

steel slag mixes had much higher MR values than any cOMbination 

for regular mixes. These results seem to indicate that the 

Shell nomograph method is only approximate, as aq9regate , 

characteristics do contribute significantly to the modulus 

of the total mix. This accentuates the need for materials 



" 

characterization if reliablp numhcrs are to he emnloyed 

in flexible pavement structural design methods. 

Figure 4.3 shows the ~R-temrerature relat~hip for 

unadjusted gradation.open hearth steel slag (STCLCO) asphalt 

concrete mixes. The curves for the laboratory ~aled') 
mixes, ranging from 5 to 6-1/2% asphalt cement content 

.-/' 
give a good indication of the effects of using dlff~rent 

, 
asphalt cement contents. However, the results show onlv 

r-
fair correlation with the field plant mixes compacted in the 

'" -€;, 
labora tory, for the same aggrega te qrada t Ion: AJ so inc 1 ude(l 

in t,his figure are resul ts from tests conducted on an aged 

steel slag specimen (1 year old), which was taken from a~ 

existing pavement. As indicated-by the curve, the'temperctture 

iJ'susce.ptibility for the aged sample \-7a5 'verv different from 

that of freshlv made samples. . - This shows tre importance of 
• 

. , considering agi6g effects on asphaltic concrete if prooer 

eyaluation of existing pavements is to be made. Thi s high-

~ -lights another fertile area for future re~earcD. --~ 

Figures 4.4 to 4.ft give the ~R-temperature relationsDips 

. 3 - '- - 1 for tYr~cal HM- , Hl-1- 5 and type c mlxes, n~spect 1 ve y. In 
, 

general, it is seen that field plant mixes comp?cted in the 

laboratory, especially in the case of HM-5, qave hiqber 

resilient moduli values than l~boratory prepared mixes As 

previously indicated, ~his is due to hardening 6f the asphalt 

binder, as the field plant mixes were subjected to various 

levels of reheating prior to being compacted into briauettes. 

Figure 4.7 gives a comparison of the MR-temperature relation­

ship for laboratory prepared HM-3, HM-5, and unadjusted steel 

I 

• 



, 

slag (OH-STELCO) aspha 1 tic concrete mixes at tlsphal t c(>men t 

contents close to that of the optimum Marshall (if'siqn (as 

used in the field). A typical series of calcula~ns for 
, 

~ ~ 
(" 

MR values \!hder different tpmperature and stress conditions 
~:r 

is presented in Table C.7 (APPENDIX C). 

4.4 Effect of Varying Confining Pressure on MR 
___ ~ ________ ~ __________ J' __ 

Figures 4.8 and 4.9 are plots of MR against thp 

dimensionless rat~o, , for Hf'.1- 3 and unad ;usted 

steel slag (OH-STELCO) laboratory asphaltic concrete mixes 

at different temperatures. This dimensionl:es~tio was' 

chosen since, as expected, the effect of pulsating confining 

pressure was'found to depend on the di~tral stress level 

• 
which was applied simultaneously with the confining pressure. 

This effect is shown in Figure 4.10, which gives the plot 

of MR against actual pulsating confining pres5ure, "CON' for , 
di f fereht (orn -'''C(lf\j) stress level s on sample No. 45 (HM- 5 fie 1d 

mix). Figures 4.8 and 4.9 are presented in order to sum-

marize experimental measurements in 1raphical form. However, 

due to the crowded appearance of these figures, it is dif-

ficult to make any cle9I observations from them, apart 

from the closely parallel, linear relati~nship on the semi-

log scale. 
I 

In order to compare the effects of pulsating cO~ining 

pressure on different mix desi~ns at the same asphalt content 

for HH-3, 

HM-3 (stee~ slag), HM-5, and unadjusted steel slag (OH-STELCO) 

were made on t~m~ graph, as shown in Figure 4.!1. The 
, 

figure shows that the resilient moduli of different asphaltic 
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concrete mixes are affected to diirerent ext~ts ~hen 
subjected to similar confining pressures. 

,... 

4.5 Effect of Varying Temperature on Dynamic v 

The relationship between dynamic Poisson!s ratio 

and temperature for HM-3 and steel s~9~(OH-STELeO) ~ a 
asphaltic concrete mixes, containing 5% asphalt cement each, . 

is presented in Figure 4.12. Due to the limited time allotted 

for this study, results from only two specimens were'obtained, 

although a great deal of time was spent in perfecting the 

equipment, and also in deve~oping techniaues for obtaining 

reliable measurements. However, results from both samples 
.. 

were in reasonable agreement (despite the difference in· 

materials), showing that v varies from about 0.24 at looe 

(50~F) to 0.46 at approximately 42°C (108°P). 

4.6 Effect of Varying Co~fining Pressure on Dynamic v 

Investlgation of~he influence of confining pres­

sure on the dynamic Poisson's ratio was carried out for a 

steel slag (OH-STELCO) asphaltic concrete mix, containing 

5% asphalt cement. From this test, it was observed that 
~I 

by increasing the confining pressure, there was very little 

increase in v, and for all practical purpose, this influence 

could be assumed to be negligible. However, more tests' are 

required in order to confirm this observation. A typical 

series of calculations for determining v under different 
. . 

conf ining pressures 1S given in Table C .8 (APPENDIX e ) . 

These experimental results carr pe readily incorporated 

into linear elastic flexible pavement analysis computer , 

\ 
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'J 
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I 

1 

I 



96 
.r' 

t' 

I 
I 

\ 
0 HM-3 LAB MIX SAMPLE NO 100 5 ~AC J 
[J STEEL SLAG lOH- STELCO) LAB MIX f 0·6 - SAMPLE NO 300 5 % AC 

f 

. / 
II 

-

0·5 -

'?o 0 

~ 
. 

I- <> 

0" / ~ { \, 
ex: 0·4 ' 

.1/) 

. 'E('", . Z 
0 > ( ""EM~RA-N£ I/) kJ I/) // LEAKc..D ABOVE 

~ / THI5 A;)'NT 

0'3 !-
~ 

c/' u -.~ 

\ 
'< 

Z ->-
0 

0·2 -
" ~ 

~ 

0·1 
~ 

r-- f 
j 
) 

-
.. 

a 1 J ~. I 1 J f I I I 

0 '9 10 20 30 40 50 60 

TEMPERATURE t"C) "i 

-. FIGURE 4. 12 ~ RELATIONSHIP aETWEF.N DYNAMIC P()ISSON'~ ,t 
.... RATIO AND T~MPF.~,TURE . 

,I 
" ~ 

I 

1 



97 . 
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progr~mmes in order to study material influences ~n optimization 

of design. In the next chapter the use of typical values of 

asphaltic concrete MR and v is examined to demonstrate the 

advantages of utilizing the structural analysis approach 

to flexible p~ment design. 

\ 

, 
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CHAPTER 5 

7 

INFLUENCE OF ASPHALTIC CONCRETE MR and \I ON 

RATIONAL FLEXIBLE PAVEMENT DESIGNS 

5.1 Preliminary Design Considerations 
I 

In this chapter, two representative flexible pave-

ment structures are examined in order to determine the dif-

ference in thickness of the asphaltic concrete layer(s), wh~ch 

might result from employing different mixes. In order to 

provide realistic numbers, the environmental and subgrade 

conditions of the Ontario Ministry -of Transportation and 

Communication Brampton Test Road (l9) are adopted. For 

design purposes, it is convenient to determine a single 

temperature to represent the effect of seasonal temperature 
. 

variations, and this is taken when the combined pavement 

stru~ture is at its weakest condition. 
'q 

This condition for 

the Brampton Test Road has been shown to occur in June, 

where the mean maximum air temperature is 21.1oC (70°F) 

and the pavement surface temperature is 29.4°C (85°C) (19). 
f 

Assuming a total asphaltic concrete thickness of about 6 ins. 
<J -

(15.24 cm}'J the temperature at mid depth is estimated to be 

29°C (84°F) from Figure 5.1 . 

. ~ F~r this example, two pavement structures are examined: 

I) a pavement consisting of a wearing course (HM-3) 2-1/2 ins. 

1 

1 , 
I 
4 

1 
'j , 
l 
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(6.35 em) thick; an asphalt base course (HM-5) of thick-

ness to be determined: and a gra.nula(sUbbase, 20 ins. 

(50.80 em) thick; and \ 

2) a pavement consisting of a full depth ste~l slag 
~ 

asphaltic concrete course of thickness to be determined; 

and a granular base course, 20 in. (50.80 em) thick. 

Other necessary input data and assumptions are as follows: 

&.,100 
" 

Load: Two 4,500 lb. (20 kN) circular loads of radius 4.23 in. 

(l0.74 em), spaced 12 in. (30.5 em) apart, centre to 

centre. This is representative of the dual tires on 
1 

the standard 18 kip (80 kN) axle~ 

Traffic: Assume 106 accumulated 18 kip standard axle loads 

over a design period of 20 years. 

Subgrade: MR = 20,O~0 psi (137.9 MN/m2) (Brampton Test Road 

(19»;, 

v = 0.43 (Brampton Test Road (19». 

Unbound Granular Layer: MR = 2.5 x MR for subgrade (5); 

v = 0.3 ( 5) • 

sphaltic Concrete Layer(s) : 

MR = 200,000 psi (1379 MN/m2) for HH-3 

= 130,000 psi (896 MN/m2) for HH-5 

= 240,000 psi (1655 MN/m2) for steel slag 

v == 0.41 

The above values for asphaltic concrete were estimated from 

the results of the previous chapter. These results are 

representative of typical MR values at 29°C (84°F~ for the 

optimum l-1arshall design of the asphal tic concrete mixes as 
• 

determined from laboratory prepared specimens. These values 



are obvi~sly somewhat less than those from the field that 

were subjected to various temperature levels. The value for 

v was estimated from Figure 4.12 for 29 Q C (84°F), and was 

assumed to be the same for all three mixes. o 

5.2 Limiting Stress and Strain Conditions 

5.2.1 Tensile Strain at Bottom of Lowest Asphalt Cement 

Bound Layer 

The fatigue criteria for the tensile strain at 

the bottom of the lm'lest asphal t cement bo~nd layer, as . . 
discussed in Chapter 1\ is dependent on the mix variables. 

These mix variables indlude aggregate type and grading, as­
I .--

phalt cement type and content, degree of mix compaction, 
-"' ........ 

and percentage of air voids (27, 28). Clearly, it is almost 

impossible to obtain t:e fatigue strain crite~ia ~-parti-
r ~\ Q 

cular mix, in view of the numerqus combinations of t'he 
, I 

above variables. Also, due to \he deficiencies of the ~ab-
, 

oratory fatigue tests conducted to date, little has beeh 

~:o correlate laboratory results to the actual field 

behaviour of pavements (30). However, until better design 

limits are developed, laboratory derived criteria must be 

tJsed. 
1 

\ Res~arch by Pell and Brown (27) has indicated that the 
, 

,jwo factors which appear to be of primary importance to 

flexible pavement fatigue are binder content and voids 

content. For mixes with similar as~lt cement contents, the 

aggregate type and asphalt cement grade have a negligible 

effect on the strain-life relationship. In view of the above 

observations, the limiting strain criterion for a~phaltic 
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,concrete, with voids between 3 to 5% was interpolated from 

results given by Pell and Brown (27). For a fatigue life 

of 106 applications of the standard 18 kip (80 kN) axle 

load, a tensile strain, (h' of 10- 4 was found to be appropriate. 

Thts ~alue is in close agreement with the limiting strain 

at 10 6 load repetitions from results due to Monis~ith (43). 

5.2.2 Compressive Strain at Top of the Subgrade 

The permissible vertical compressive stralns 

at the top of the ffi±qrade dre the maximum values to which 

the subgrade can be subjected without significant permanent 

deformation occurring. In the absence of any fundamental 

or laboratory data, the criteri~ developed by Dormon and 

Metcalf (29) has been adopted for this study. Based on this' 

method, the limi~ng compressive strain in the subgrade, 'z' 

for 10 6 standard axle load applications, 'was found to be 

-4 6.5 x 10 . "1 

l' 

)~.2.3 Horizontal Tensile Stress at the Bottom of 

\_ the Unbound Layer 
\ 

As indicated in Chapter 1, the tensile stress 

at the bottom of the unbound base or subbase layer, 0h' is 
"-- '\ 

restricted to a maximum value of 0.5 times the vertical stress 
~' plus the horizontal overburden pressure at the point con-

cerned. The horizontal overburden pressure is assumed to 
• 

be'equal to the vertical overburden pressure (ie k =1) 
. 0 

for compacted granular material. The vertical stress is 

determined a~ong with the induced strains at the designated 

pOi?ts using the BISTRO computer programme. --

.' 

• 



5.3 Computer Runs Comparinq Designs for Various Mixes 

Several runs were made, using the BISTRO computer 

programme, in order to determine the optimum asphalt layer 

thicknesses of the two pavement structures cited above. The 

final designs are summarized in Table 5.1, from which it 

is seen that a saving of 1-1/2 in. (3.81 cm) of asphaltic 

concrete is obtained by the second design, using a ~aterial 

of higher HR' 

This example serves to demonstrate the economic 
.. 

advantage of utilizing the structural analysis approach 

to flexible pavement design. This is contrasted with 

empirical methods which do not allow for the optimization 

of design for more efficient use of materials. 

) 
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Pavement 
Structure -

1 

2 -I 
" 

I 

Design Computed 
., Thickness Stress or Stress or 
Layer Material ins. (cm) Strain Value Strain Value -..... , 

surfacing HM-3 2.5 ( 6.35) :1 -- --
base HM-5 5.5 (13.97) -4 -4 

€; = 10 ( = 0.96 x 10 h . h 

subbase crushed 20 (50.80) a = 3.67 PSl. ~ = 2.89.psi 
stone 

h "h 

,. -4 -4 subgrade cohesive 00 €; =-6:5xlO t. = -1.38 x 10 
soil z z 

I 
I 
I 
I 

-4 r -4 
surfacing steel 6.5 (16.51) £ h = 10 ;: h = 1.00 x 10 

slag 

base crushed 20 (50.80) I 0 h = 3.65 psi ~ = 3.06 psi 
stone 

'h 
I 

subgrade I co~esive I -4 -4 
00 €: =-6.5xlO <: = -1.47 ~ 10 

z z . j SOlI 

-I 1 I : 
I ~/ 

TABLE 5.1: FINAL ANALYSIS FOR HYPOTHETICAL DESIGN 
EXAMPLES 
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CHAPTER 6 

CONCLUSIONS 

Laboratory eauipment capable of provldlnq rellable 

measurements of material propertles for asphaltic concrete 
./ 

mlxes, under varlable stress and temperature conditlon~ ha~ 

been developed. The basic materlal properties obtalned bv 

these measurements are the resilient modulus (~~R) and 

dynamic Poisson's ratio (v), which are necessary inputs for 

the elastic analysis of flexible pavement structures. Due 

to the variable traffic and environmental condltions to 

Z~ich pavements are subjected, it wa~ necessary to'investigate 

these effects on the material properties. 
t 

Tests conducted on asphaltic concrete mlxes, using the 

diametral tension resilient modulus test method, have indicated 

temperature to be the main parameter affectinq the resilien0 . -

modulus. For asphaltic concrete, a desrease of 10°C (l8°F) 

was found to cause increases in MR of more than three times 

the original value. The temperature susceptibility of any 

particular mix is dependent on the asphalt cement content, 

aggregate gradation, and actual aggregate emploved. In 

addition, aging or hardening of the asphalt cement plays an· 

important role in the MR-temperature relationship. Reheating 
'\ 

of asphaltic concrete samples taken from the field (in order 
. . 

to make Marshall specimens) causes significant hardening, 
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reflected by unusually high resilIent modulI. 

Changes in dlametral stl-ess level (uslnq the dIdJ11etral 

tension method) affects the resillcnt modulus to a Moderate 

degree, depending on the mix variables, and possibly the 

specimen temperature. This relatIonshIp between resIlIent 

modu,us and j]ametral stress level IS arproxI!l1<1tely Inverse and 

J 

lln¢ar. Pulsatlnq conflnlnq prcssure~ also affect the resIlient 
/ 

m~ulus as determined by the dlametral tenslon resIlient 

modulus test method. The resillent modulus Increases 

approximately logarithmically WIth increasina Dulsatinq 

confining pressure, wlth approximately the same slope, 

regardless of temperature. The results seem to indIcate that 

different mix designs are affected to dIfferent extents 

when subjected to similar confInIng pressures. 

~he dynamIC Poisson's ratio Increases \~ith temperature 

from about 0.24 at 10°C (50 0 P) to approximatcl v 0.46 at 

42°C (108°F). This Observation IS based on tests conducted 

on only two specimens, however, the re~ults are conSIstent 

with the expected behaviour of asphaltic concrete under 

static loading conditions. Confining pressure is foune to 

have little or no effect on the dynamic v, based on the 

results of tests conducted on one specimen. However, this 

will have to be verified by more tests in the future. 

Although the experimental work reported in t~is study 

relates only to asphaltic concrete Mixes, tests were also 

conducted on lime stabilized materials with very promisina ---- -
results. Indeed, the dynamic testing using the developed 

equipment is not restricted to asphaltic concrete materials 



J 

may bc exam1,Ed, provided that proper sampllnq and freezIng 

techn1ques are employed. ThIS is a possihle conSlClcratlo.,p 

for future phases of thIS continulnq research. Future 

research should also focus on testIng asphaltic concrete 
" 

cores from existIng pavement structures to examine the aqlno 

effects on both resflient modulus and dyn~mic Poisson's 
• 

ratio. It IS also requlred that sIm1lar technloues be pxtended 

to obt~In samples from pav~ments constructed from emulsified 

asphalts. It 1S ant1cIpated th~t future studIes w1lI Include 

the InvpstIqatIon of fatIgue effects USlnq the samc, or a 

Sllghtlv modifled version of the eauipment. In additIon, 

the trIaxial apparatus w1ll be transferred ovpr to the ~TS 

" system to examIne the effects of uSInq preClse servo 

~ontrolled loadings of different waveforms. 

Although further research IS required on the triaxial 
\ 

apparatus, it lS clear from the results of thIS study ~hat 

the "simple" unconfined apparatus developed In earller 

studies is qUIte adeouate fdf c~mmercial use. 
" ~ ,-" 

In the de~ign 

of this eoulpment, the policy of keeping cost to a mInimum 

was strictly adhered to) In VIew of tpe current trend towards 
... 

the ratIonal approach to flexible pavement design, it IS hoped 

that the "simple" apparatus, or similar relati~ely inexpen'slve 
IS 

equipment WIll be made readily avaIlable to small laboratories 

" specializing in materials testing. 
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GRADAT I ON FOR MI XES ('t- 1',15S 1 nq) 

~speclmen 
- - --

~ No. 
Sleve~ 

, 
" SIze HH-3 

(Tyler) 100-101 102-103 104-10') 33-35 69-71 Spec. 
~- --- --

3/8 100 100 100 100 100 100 

4 84. 3 84. 3 84. 3 85.4 88.2 75-100 
, 

8 65.3 65. 3 6S.3 60.2 S6.7 SO- 80 

Ih 52.0 52.0 '>2.0 39.4 - - - -
30 33. 1 1 3 . 1 13. 1 27.2 -- --
50 13.6 13.6 1 3. fi 19. ') 16.4 5- 20 

100 5.3 5. 3 5.3 13. 3 -- --
200 2.-9 2.9 2.9 5.5 4.5 0- 5 

v---
~-

, 
Property 

of Physical CharacterIstIcs 
t-tixture 

~-----

Harshall 
Stability 

(1 bs) 2203 2106 1754 4403 2081 12nO mIn. 

Flow • 
Index • 
(0.01") 10.19 10.46 10.55 17 15.94 7 - 16 

VHA 
... (% Vol) -- -- -- 17 -- 18 min. 

Density ........ (lb/cu 
ft) 152.7 150.7 147.0 152.0 149.5 --

Voids 
(% Vol) 1.8 2.4 3. 4 2.5 1.4 2 - 4 

% AC 5 6 7 6 :3 7.9 5 - 10 

I 
TABLE C.l: GRADATION AND PHYSICAL PROPERTIES 

OF HM-3 MIXES 
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GRADATION FOR tlIXES 0, Passlnq) 

~ecimen 
------ ---.---

'" No. 
Sleve '" 

Slze ~ HM-3 , 

(Tyler) -"" 200-201 202-20) 204-20') SpeC'. 

3/8 100 100 100 100 

4 80.7 80.7 RO.7 75-}()fl 

R 65.~· 6'1.0 6S.() 50- Rfl 

16 41.2 41.2 41.2 --
30 25.4 25.4 25.4 --
SO 12.5 12.5 12.5 5- 20 . 

100 8.5 8.5 8.5 --
200 3.9 3.9 3.9 O- S 

--

. Property 
of Physical CharacterIstIcs 

MIxture 

Marshall "-

stabllity 
(lbs) 4633 4040 2780 12()O mIn. -. 

Flow 
Index1l (0.01 ) 12.73 16.85 15.20 7- 16 

VMA 
(% Vol) 21. 7 21.6 22.9 18 mIn. 

DensIty 
(lb/cu. 

ft. ) 193.8 196.6 195.6 --

Voids \. 
(% Vol) 6.8 3.4 1.8 2- 4 

% AC 5 6 7 5- 10 

. 
TABLE C.2: GRADATION AND PHYSICAL PROPERTIES 

OF HM-3 (STEEL SLAG) MIXES 



Gradat~on for Mixes (% Pass1ng) 

"'" 
Specimen 

No. 
Sieve 
Size . 

(Tyler) 300-301 302-303 304-305 306-307 308-309 I 27- 29 

. 
1/2 97.7 . 97.7 97.7 97.7 97.4 98.3 
3/8 89.9 89.9 89.9 89.9 89.7 79.7 

4 65.2 65.2 65.2 65.2 65. 3 --
8 45.1 45.1 45.1 45.1 44.3 53.3 

16 30.8 30.8 30.8 30.8 31. 1 32.2 
30 21.3 21.3 21.3 21. 3 22.3 19.7 
50 16.3 16.3 16. 3 16. 3 15.6 11.6 

100 11. 5 11. 5 11. 5 11.5 11.0 7.2 
200 6.2 6.2 6.2 6.2 7.0 4.9 

Property ! 
of I .". Physical Characterlstics 

Mixture ! 

Marshall 5360 4417 3430 2900 4000 
Stability 

(lbs) 

Flow Index 19.25 19.29 23.10 24.55 \j 22 
( 0," 0 I" ) 

-' 

VMA -- -- -- -- 20.9 
(% Vol) 

Density 189.2 189.7 187.7 184.7 184 
(lb/cu.ft.) 

Voids 3.1 2.4 1.6 1.2 3.4 
(% Vol) 

% AC. 5 5.5 6 6.5 6.2 

TABLE C.3: GRADATION AND PHYSICAL PROPERTIES OF STEEL SLAG 
(OH-STELCO) MIXES 

• " - ~ ......... _ "- -.V' --~~ -* .... , ...... " ~ _'h.~ _____ ___ ....... 

Steel 
Slag 
Spec. 

100 
98-100 
75- 95 
55- 80 
35- 60 
20- 45 
10- 30 

5- 15 
0- 10 

3500 min. 

8- 16 

20 min. 

--

3- 5 

5- 7 
, 

,. 

I 
1 

I-' 

IV 
\..oJ 



.... 

Specimen 
No. 

Sieve 
Size 

(Tyler) 

1 
3/4 
5/8 
1/2 
3/8 

4 
8 

16 
30 
50 

100 
200 

Property 
of 

Mixture -

~ 
Marshall 
Stability 

(lbs) 

Flow Index 
(0 .• 01") 

VMA 
(% Vol) 

Density 
(lb/cu. ft.) 

Voids 
(% Vol) 

% AC 

Gradation for Mixes (% Passing) ~ 

<l ~ 

0 

HM-5 
4-6 15-17 18-20 45-4·7 51-53 400-401 Spec 

100 -- -- -- 100 100 
92.6 -- -- 99.4 98.8 97.4 90-100 
81. 3 - -- -- -- -- 92.0 --. 65.8 -- -- -- -- 77.0 --, 
58.3 -- -- 64.9 72.3 62.9 60-80 
51. 5 ~ 51.3 53.4 50.4 35-65 -- --
44.9 -- -- 39.8 37.0 "1':' 45.6 20-50 
37.2 -- -- -- 8. 5 37.6 --
26.1 -- -- -- -- 23.9 --
13.1 --

" 
-- 11. 3 ~ -- 9.8 3-20 

7.7 -- -- -- :t--- -- 3.8 --~ 

4.8 . -- -- 4.9 3.7. 2.0 2- 8 

,. 

Physical Characteristics 

2915 3513 4400 3600 3012 3082 1280 min. 

16.24 14.5 i 15 18 13.1 13.3 8-16 

1-. . 
14.6 -- IS 16 14.6 16.3 20 mln. 

155.4 152.0 ' 152.3 155 152 149.8 --
2.2 1.6 2.8 1.3 3.4 4.4 3- 5 

5.0 5.2 5.2 6.3 4.8 5.0 5- 7 
-. ~---- ---.--.-.~--- -- - .. -- - -,~-.. ~.-.- -- ----- --

TABLE C.4: GRADATION AND PHYSICAL PROPERTIES OF HM-5 MIXES 

-,~ 

..... 
'" A 



Specimen 
No. 

Sieve 
Size 

(Tyler) 

1/2 

3/8 

4 

8 

16 

30 

50 

100 

200 

~rbperty 
of 

Mixture 

Gradation for Mixes (% Passing) 

10-12 

-

Type c.. 
Spec. 

100 

98-100 

75- 95 
/ 

..55- 80 

35- 60 

20- 45 

10- 30 

5- 15 

0- 10 

( 
I 

Physical-Characteristics 

f 

Marshall 
Stability 

(lbs) 

1685 ~oo min. 

~ 

Flow Index 
(0.01") 

VMA 
(% Vol) 

Density 
(lb/cu. ft) 

9.88 7-12 

18-25 

Voids 6.2 2-8 
(% Vol)' 

% AC 6.6 6-10 

TABLE C.S: PHYSICAL PROPERTIES OF 

TYPE C MIX 

• 

'j 
, 

-

I 



Mix 
Design 

HM-3 

HM-3 
(steel 
slag) 

Steel . 
Slag 
(OH-

STELCO) 

r 
------- 1\ 

HM-5 . 

Type C 
I 

.. 
... 

Asphalt 
Specimen Content Tests Performed 

No. Source (% by wt) MR 1) 

w ~ 
s:: (]) 

So..I C Itl 0 ~ C 
::l 0 0 0r-i ::l 0 
+J or-( 1-1 C z~ +J0r-i 
rtS4-> 0 Itl+' 
So..I Itl 0r-i Cor-( ~ Itl 
(]) 0r-i +J u~ (])0r-i 
o..~rat!l tJ Itl p,..~ 
E Itl ~or-i :>- E Itl 
(]):>-"'"'S-l (]):>-
E-l Q}1tl E-l 

E:>-
ra . ..-/ 
Q 

100,101 Lab 5 x x x x 

102,103 Lab 6 x x x 

104,105 Lab 7 x x x 

33-35 Field 6.3 x 

69-71 7.9 x 

200,201 Lab 5 - x x 
202,203 /Lab 6 x 
204,205 Lab 7 x 

300,301 Lab 5 x x x x 
302,303 Lab 5.5 , x x x 
304,305 Lab 6 x x x 
306,307 Lab 6.5 x x x 

308-1; Field 1 5.7 x 
27- Field 6.2 x 

4- 6 . Field 5.0 x 
15- 17 Field 5.2 x 
18- 20 Field 5.2 x 
45- 47 Field 6.3 

~ 
x 

51- 53 Field 4.8 x 
400-401 Lab 5.0 x . . 

. ... 
11>- 12 Field 6.6 x 

TABLE C.6: TESTING PROGRAMME FOR VARIOGS 
ASPHALT MIXES 

s:: 
0 

0r-i 

:z~ 
c:,..( 
u~ 

b ttl 
:>-

x 

126 



Temp. 
{OC) 

0 . 
0:2' 
N 

. 
I 

SAMPLE THICKNESS, t = 2.33 in. 

Vertical Ram Load Confining Pressure 
Ga.LVO Converted Ga1vo Converted 

Deflection Load Deflection Pressure 
(divs. ) (lbs) (divs.) (psi) 

18.7 110 .'2 0 0 

18.9 111. 4 0 0 . 

18.5 109.0 0 0 
.;' 

18.0 1(t6.1 2.4 0.99 

18.4 108.4 2.4 0.99 

18.4 .10B.4 2.4 0.99 
... 

18.0 106.1 3.5 1. 45 

IB.O 106.1 3.5 ~ 1. 45 

18.0 106.1 3.5 1.45 
• 

P (lbs) 
[0.99416v + 0.26417] M = 

R t[ (15
1

) (C
1

) + {o2) (C
2
)] 

Strain Gauges Assumed 
Poisson's Resilient 6 1 6 2 Ratio Modulus 

(divs.) (divs.) v MR(ksi) 

I 

21. 8 16.R 437 

23.3 17.5 41B 

22.4 16.6 429 

19.5 15.0 471 , 
19.1 15.2 If) • 484 

M . 
19.B 15.0 0 47B 

1B.7 14.6 488 

18.8 14.5 48B 

18.7 14.7 487 
___________ J. __ ~ _____ ~--- --- ---! 

where C
1 

= 1.69 x 10- 6 ins/div 

C
2 

= 1.75 x 10- 6 ins/div 

TABLE C.7: TYPICAL CALCULATIONS FOR FINDING MR 

\ 

.... 
!\.) 

-....J 



TEMPERATURE = 23.6°C 

DIAMETER OF SPECIMEN, D = 4 in. 

AVERAGE DISTANCE BETlieEN COLLARS A & B, x = 4.07 in. 

GALVANOMETER DEFLECTIONS (Divisions) 
< 

Deviator Confining Strairl Gauges 

Load Pressure Axial Deformation Radial Deformation 
p 

°1 °2 °3 c4 
-, 

aCON .... ~ 
L ...". 

; 

47.1 0 20.5 44.7 6.5 ./s. 
47.1 0 20.3 44.6 6.4 

~~ 
4.1 

47.1 0 20.2 44.5 6.1 3.9 

47.1 7.7 20.5 45.2 6.1 3.5 

47.1 7.6 20.5 45.0 6.1 3.5 

47.1 7.7 20.5 45.0 6.3 3.6 
L-. ____ ~_~ - ~-------~~------ - ------ ------~ --- --- ---------- -~ 

v = 
(6 ) (C ) 2x ] 

(o3) (C 3 ) + 4 4] f{, ) (C ) + (6
2

) (C
2

) 
[ ~ '-1 1 

TABLE C.8: TYPICAL CALCULATIONS FOR .,. 
FINDING \) 

. 

Converted Converted 
Deviator Confining Poisson's 

Load Pressure Ratio 
P(lbs) ([ (psi) v 

CON 

277.5 0 0.36 

277.5 0 0.36 

277.5 0 0.35 

277.5 3.19 0.33 

277.5 3.15 O. 33 

277.5 3.15 0.34 
~l -_ ... _-_ .. _- - --------

where C
1 

= 7.22 x 10- 6 ins/div 

1; 

C2 = 5.61 x 10- 6 ins/div 

C
3 

= 7.16 x 10- 6 ins/div 

C
4 

= 6.14 x 10- 6 ins/div 


