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ABSTRACT 

A theoretically sound and practical ~ethod of flexible 
". : 

pavement design re~ains one bf the most needed, though widely 

unappreciated, a~pects of t,ransp'ortation engineering. Pap'ers 

presented a~ The Third International Conference 0.0 the Structura.1 
. . . 

,Design -of Asphalt-Pavements in 1972 greatly increased the aware-. -

ness of design- engineers of the testing problems .involved' til this 
.. '.. .. . 
field. The generated. interest ih rational,' as opposed to empirical, . .. .'. . 

.. .,. 
flexib1e pavement design approaches brought about a pressing need, , . 

. for mater1-~l. cha:racteri~tics for 'use in av~ilab'le theoretical mode1s. 
c-,. 
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, --
Thi,s'1study involved the development of laboratory' equip

ment capab!e of providing values ~f re~ilient ~odulus, ~R' ~nd 

Poisson's r~ti~ v, of asphaltic con~Jete specimens. These 

properties are required a~ input for ela~tic layer analyses' of 

flexible pavement systems. It was recogrMzed that,the developed 

equipment must be capable of providing reliable results at similar 

costs to conventional Marshall or Hveem tests, and should be 

adaptrible to realistically simulate site conditio~s. It is 

considered that the equipmenD described.herein satfsfies these 

condit'fons'. t-, 

.. 

Test results on p.olymeric calibration samples ,compare 

favourably to those ob.tained during previous work on the resilient 

modulus of asphalt mixes. ' The testing program identified tempera

ture, asphalt content and aggregate type as parameters that affect 
• ,j 

~ " I • 

the resilient modul'us. A futur,e phase of this, study iftyor-ves a 

more comprehensive te~ti~g'~rogram in these areas, in add~tion 
, . 

to studying the effects of confining pressure and stress levels on 

.mate'rial properties using equipment suggested' from thi,s initial 
J 

testing pro~ram. 

Comparative design st~dies using availablE theoretical 

methods and generated stiffn~s~ par~meters indjcate possible cost -

sav~ngs, as a result of reduced tbickness requirements for ~avement 
, . 

systems compri$ed,of mixes with ~igher MR values. Conventional 
~ . 

-empirical approache~ do not pemit' similar' thickness reductions 

for higher quality (strength) m.ixes. 
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CHAPTER 1 

INTRODUCJ ION 
" ' 

, The devl1op';"nt of a rat i ona 1 f1 ex i b 1 .. pavement' structura 1 
-

design approach based on fundamental concepts is necessary to deal 

with design situations differing from those previous1y experienced. 

A combination of theoretical methods of analysis, and accurate , 
~ . 

knowledge of the mechanical properties of component materials, must 
, 

replace current empirical methods if efficient designs are to be 

achieved'. New materials with better strength characteristics 

(perfonnance) or heavier', and mare numerous 'vehicles, could lead 

to over-design or under-design respectively~in the future, if roads 

are 'constructed on the,basis of past expertence alone. ,Further, 

the increasing 'cost of cons.fruction materials ,r~Qqires the most, 

efficient utilization of the~e resources. This study is concerned 

with the characterization of asphalt~c concrete mixes, an essential 
, . . 

~ step in the rational approach to flexible pavement design. 
~ 

1. 1 .I?AYEMENT- -STRUtTURES 

A pavement structure is a layered system designed to dis

triQute rep~ated truck axle loadings ~o the subgrade,wJthout perma

nent defonnati ons. There are basi'Ca lly two types of pavement's, rigid: 

and fleXible', A rigid pavement ~tructu';~ usually con\isis of two ' 

la'yers, a portJ~nd cement con~~e~e sla1" and a base 'course~, Figure 

1.1 illustrat'es t~e' rigid concept. j.Q pa~~m~flIt {jesign. Asphaltic 

Iconorete' (flexible) 'pavements"consist: 0'( an' a.sph~lti~ concrete sur-
• I" \ . ,', .< • . , 

face - ' 

cours"'t",{and one or more asph,altic con~r.e.te base cours,es. 
~ / . " : , . 

, . ~ . 
• 0 .. 
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supported by the subgrade. Subbase, or improved subgrade 1ayers,. .. , 
or both, ~re sometimes included in the structure, as ~ndicated tn 

., ( .. ) rJ 

F+gu~e ,1.2. The Obj~ct of the flex~ble' system is to ~tribute 

the applied stres~es 'through layers of , decreasing qu~litf with ~ 

depth. The reduled to the,poinl where 
I 

J I 

the subgrade will support the without damage. Whil~ not 
"'.' 

discussed here, research has indicated'the importance of-
f ,. ~ 

"correct shou 1 der des i,6rl' 

In this study, the stress-strain behaviour. of asphaltic 

concrete mixes is being co~idered, and hence sUDsequent~scussion 
wiJl be res.iJ:.l.e-ted to flexible pavements. The asphaltic concrete 

. 0 
layers of prime lnterest'~ shaded ;n Figure 1.2 . 

1.2 EXISTING ASPHALTIC CONCREtE PAVEMENT DESIGN METHODS 

, 
Developments in pavement'design have generally follow~d 

two discernibYe patterns, either the empirical or the theoretical. 

The empirical methods have sought rationality thr~ugh statistical . 

treatments de~igned to fit the mea~ured data to a curve(s), ~hose 

equation cap ~hen be used as a basis ,for ~redicting be~aviour under\ 

different loading and subgrade conditions. On the other hand, the 

theoretical methods have sought to validate the re~u~ant des)sn 

equations through experimental work. Some pf these ~ems and a 

number of sub-systems are shown 'in Tablel.l. The method.of particular 

concern in this study is Number 1 (a). 

. , 
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4. ,-
TABLE 1.1 J 

BRrt'f~REVIE'W OF Sot~E EXISTING MtTHODS OF PAVEMENT DESIGN(l) 

1. 'Elasticity Methods 
~ -Conrid~rlthe'beh~viour of pavements under working stress 

~onditions when deflections by definition remain proportional to 
• • 

applied loads. Design criteria consist of limiting, stresses or 
strains to value~ establ ished by observations, to be IIsafe li

• Methods 
in this group include: 

(a) Shell Oil .company Method 
(i) The, horizontaJ (radial} te~le ,strain at the 

bottom of the lowest asphalt bound layer must b~ sufflciently small 
( , 

to prevent fatigl:le cr~Gking iFl5,the 'asphalt Jayer. (ii) The vertical 
compressive strain at fh~ su~face of ~he $ubgrad~ must beOmaintained 
sufficiently 'small to prevent permanent deformation. 

(b) Kansas Highway Department Method 
The surface deflection is the criterion for determining 

the adequacy of the design. The effect of the relative stiffness of 
pavement and subgrade materialS,is accounted for by replacing the 

. ~ 

pavement with an lIequi·valent ll thickness of subgrade material. 

2. Empirical and Environmental Methods '. 
-Relate the pavement thickness to some parttcu1~ soil ~d 

en~nmental conditions: 

~ 

(a) Michigan Method 
This method is based on experience, with the design 

criterion being that the pavement section be similar to one which has 
been successful under similar traffic and subg~ade conditions, . 

(b) Canadian Good Roads Association (RTAC) Method 
Based on observing the performance of many existing 

p~vements .. Deflections of the surface must not exceed'a value which is 
a function of the particular area in which the pavement ts constructed. 

\ - ~. 
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TABLE 1:1 Continued 

3. Sem}-Empir;caJ and Statistical Methods 
- Based on information concerning conditions under Wh~h 

pavements of certain composition and strength have experienced per
forman0e failures. They include no theoretical consideration of 
pavement mechanics yet the thickness~s are determined from properties 
of materials as determined by some empirical "strength" test. • 

(a) CBR Method. / Thickness of each overlying 1ayer is empirically 
related to the strength of the material as indicated by CBR tests. 

Relationships between thickness requjred and CBR have been established 
from practical experience. Extensions and modificat;on~ to permit 

, 
treatment of traffic volume, minimum subgrade strengths, etc. vary 
greatly between organizations. 

(b) State of CaliforDia Method 
I Pavement thickness is determined by the requirement 
'), 

that permanent deformation in each layer of the pavement system be 
prevented. The thickness required to accomplish this is a function 
of traffic, and tensile and shear ~trength (stabilometer) character-

~ 

istics of paving materials. 

(c) Other Methods in this Group Includ~: 

The Canadian Department of Transport Method, The 
~ , 

AASHO Interim Guides. and The Asphalt Institute Full Depth Asphalt 
Pavement Design Procedures. 



6. 

1.3 THEORETICAL (RATIqNAL) METHOD 

An essenttal step in any rational flexible pavement design 

approach is the computation of the deformations (strains) and stresses 

at key points in the pavement structure resulting from any anticipate~ 

wheel loadings. (There are a number of methods currently available 

for estimating equivalent axle loads for variable truck loadings.) 
, 

These values are then compared to maximum acceptable levels that 

still give satisfactor~ performance for similar loa~ings over the 

given design life. This is essentially an iterative process with 

the thicknesses and'mix compositions {quality and characteristics 

of 'asphaltic concrete mixes) being adjusted until a'satisfactory 

design results. Obviously, there are many combinations that will 

achieve this and t,he best solution would be that which is most. 

economic from an initial cost," maintenance and salvage viewpoint. 

1.3.1. DISTRESS MECHANISMS 

Once the pavement' is constructed, the factors that govern 

its actual performance are closely t~ed t~ loadings and environment. 

Traffic loadings g~nerate paveme'nt distress through fatigue and plastic 

deformation of materials, and result in cracking and permanent" deformation. 
, , 

The environment' causes deterioration of pavements mainly through 
. ' 

differentia~ settlements of the subgrade resulting in roughness an~ 

cracking of the surface. qbviously, while the anticipated loadings 

ha~~ been cb~sidered during the d~sign s~age, changes, particularly 

a trend to heavier axle ~oadings, will be quickly reflected in poor 



. ~ 

pavement performance. The rational metho9 cnn be used to study 

the effects of 'such changes and allow for remedial measures. It 
t 

is difficult to incorporate environfuental effects (temperature, 

moisture and water table position) in the r~ttonal procedure, 

except to allow for a range of material behaviour during the 

ana lyses. 

7. 

A failure in the pavement system is simple to d€fine since 

the user has a keen perception of poor riding quality. However, for 

pavement design purposes these perceptjons must be related to actual 

distress indicators. 

1.3.2. DISTRESS INDICATORS 

Experience in various countries has indicat~d that there 

are three prin~ipal failure indicators: pe~anent deformations; 

load induced cracking; and thermal cracking. ,In Great Britain, per-

, manent deformation seems to be the one of major concern, but the 

potential also exists for load associated (fatigue) cracking. (~~ 
Fatigue ~racking is the most prevalent indicator of distress in the 

United States. (3) By usJng results from the AASHO road test and 

a'nalysing successful Ontir.io designs, Jung and Phang (4) 'found ,that 

the v,ert i ca 1 defl ect ion at the top of the subgrade was the most 

important indicator of flexible pavement performance for ,this area . 



8. 

It'is. convenient to consider the design computations in 

two parts:, fatigue crackJng; and permanent deformation.' Design 

methods to prevent failure due to fatigue cracking have been fairly 

well,estab1ished, especially for conditions existing in the United 

States. The object is to limit the strain at the bottom of the 

asphaltic:concrete layer to a value determined from a fatique curve ~ 

relating tensile strain to service life. Finn et al (3) have given 
~ 

a comprehensive summary of this IIfatigue sub-system ll
• 

The determination of permanent deformat"ion is morJ::tomplex 
.to 

and the procedure less' well-defined tban for fatigue cracking. An 
, , 

interim method for dealihg with permanent deformation is to limit 

the ~ertjcal strain at the top of the subgrade. 

1.3.3. AVAILABLE THEORETICAL METHODS OF ANALYSIS 

'\ 
Based on' the distress indicators discus'sed'previously"the 

two critical parameters that need to be calculated in the analysis 
" 

of the,flexible pavement structure are the horizontal strain at the' 

bottom of the lowest asphalt'bound layer and the vertical strain at 
. 

the top of the subgrade, as shown in Figure 1.3. ~he use of ~lastic 

layer:- theory for predicting these v'alues has gained wide acceptance. 

(Fo'r instance, Finn and Hicks (5) have shown that strains measured in 

~ " th'e field are reason~bly ~lose to ~hose computed by. the elastic· 

layer. anplysis). This is 

Otl Company, Chevron Oil 

the general corrcept, adopted by the Shell 
" . 

(6;7 ,8,9) 
Company, Peattie, Jones and 

~ . 

various otQer ~gencies and researchers. The initial step involves 

.. 
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~representing the'rea.l pavement struc~re and lOrldings in a simpler 

form suitable for currently available methods of computer-based 

anarysis. The representation af a typical flexible pavement is 

given' in Fig,ure 1.4. A surrmary of the available methods for the 

elastic analysis of flexible pavements, and their requirements and 
,r_ . 

1 imitations are given in Table 1.2. While the 'cHEVRON, Shell 

BISTRO and Shell BISAR computer programs have been obtained and 
.i • 

developed for use,on the McMaster CDC6400, for reasons given later, 
r' , 

9nly the BISTRO program has been used in th1s study: . 

, 
1.3.4. MATERIAL PRQPERTIES 

It is cl~r from· Table 1.2 that the ,material properties 

of the various layers of a p~vement stru~ture must be known if a 

theoretical analysis using any of the elastic methods descr1bed 
,'J , .' .~ 

ear1ier'is to be undertaken. Some of the currently available 

, methods for highway materials characterization are outlined in 

.fo1,1owing sections. The property of prime concern in thi's 'investi-
1 
( 

\g~tion is the resilient modulus of asphaltic concrete mi~es. . . 

Resilient Modulus of Asphaltic Concr.ete tHxes 

[ 

The s~t iffness (resil i ent modul us) of asphalt i c CQncrete 

mixes hqs been~~o be dependent on )oading time, temperature 

and void content, as well as volume concentration of aggregate in' . . 
the mix. (2) A semi-gr~~hica{ method that has been wjdely used to . ~ , 

predtct mix stiffness. in th'e past is the Shel" Oil Nomograph (10). 
"'--- ' 

~' 
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TABLE 1.2 

METHODS FOR S~RESS-STRAIN ANALYSIS (2) 

OF ASPHALTIC CONCRETE PAVEMENTS 

(a) pata requi'red for analysis of flexible pavement 
structures ~sing linear elastic theory. 

~ , , Radius of loaded area 
LOAD DETAILS ~ 

""-
Contact pressure or total load 

*'Modul'us of Elasticfty, E . II , 
LAYER DETAILS * Poisson's Ratio, v 

, 

.Thi ckness (not requir~d for subgrade) 
0 

~ 

(b) Summary of major methods availabl\e for flexible 
pavement analysis. 

METHOD FOR~1AT U'MIgtIONS 
(' 

Jones Tables and Charts Three l~yer systems, 
v = 0.5 

, 

Peatt'ie 
" 

StresseS and strains 
." only at interfaces on 

t of load 

, Interpolation difficult 

peattie and Jones Tables Three layer.systems; 
/I: v = 0.3'5 

'Surface deflections 
only 

. 

Interpolation difficult ' 
0 

"Interpolation" 'Computer Program Based on Jones' tables , 
'0' 

0 

IICHEt'ROW Computer Program t.QUireS fatrly large· 
1

6 ." mputer . J 0 . . . . ~ . . 
"BISTROjBISAR Il Computer Program R~quireso fairly lar~e 

computer .. o . 
. . . 

* or similar_ prooerties such as l.iR and Dynamic 'J 



. 
This involves the use of a nomograph to first determine the asphalt 

I 

cement stiffness and then an equation toldetenmine the asphaltic 
! 

concrete mix stiffness. A correction factor is applied to mixes 

with high voids content. This procedure reflects the importance of 

asphalt ~ement characteristics, but does not adequately handle the 

total mix properties. 

13 • 

Clearly, the use of laboratory tests on the actual asphaltic 
~ 

concrete mix is the most realistic method for obtaining its stiffness. 

Anticipated loading and environmental conditions at the site should ' 

be reproduced during such tests if the resulting parameters are to 

b~ useful in des1g~. schmidt~11).while working for Chevr~~ Oil in 

California, developed a method for determining the r~silient modulus 

of asphalt _treated mixes that is now used for a range of asphaltic 

mixes. The equipment while expensive, is commercially available, but 

for reasons outlined later was not used in its original form in this 

study. 

Resilient Modulus of the Other Constituent Layer~ 

Though not of direct concern here, the properties of Soil 

and granular materials as ·well as asphalt treated b~ses are required 

for most p~vement analyses'. Investigat.fo'ns have indicated that dy-

namic repeated loading triaxial tests' can /~rovide the necessary design 

parameters for soil s and u,~bound materi a 1 s.. An approximate relation-

\ 

ship (2) that' has been extensively used to det~rmine .the' dynamic " 

modulus of soils and unbound materials is: 
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/ 

I, 

I' / 

MR = 10 x CBR MN/MZ 

'whE/,re: the CBR (Calil~rnia Bearing ,Ration) is in p~r cent. 
; 

I' , 
stre~s-strain properti~s of asphalt treated base mat~rial s. ,Various 

, ( 

other linvestigations/have also focused on this proq'lem.: 

, I 
f"'oisson's Ratio .I 

j 

I ' 

, I 

! 

I , 
I / 

/ 
I 
I 

, . 

Reference to the experimental deteniiriation of Poi'sson' s 
I 

; ~ . 
ratio for asphalt mixes in the literature is s/cant. Although, 

a, range of values for Poisson's ratio betweery 0.3 and 0.5 may be 

assumed without intrpducing larg~ errors in the computed stresses 

.and stnains, on a mote fundamental level, a kno~l~dge of the ~ix~s 
I ( 

Poisson's ratio gives some indication of potential rutting and 
! 

lateral deformation. A simple system for Poisson's ratio determina- I 

tion is presented in this study. 

1.4 PURPOSE -AND SCOPE 
./ 

, 
" 

It would seem that the currently available'techniques for 

rational pavement anal~Sis have progr~ssed, fur.ther than the ability 
, I 

of conventional test methods to provide the required material proper-

ties. Parameters such as resilient modulus, creep modulus, Poisson's 

ratio, etc., are needed to ~escribe the elastic and vis~o-eJastic 

properties of asphaltic c6ncrete mixes." Test methods must be simple 

/ 

1\ 
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I 

/ 

/ 

; 
~ 

,", and sufficie{ltly accurate if a theoretically sound approach inte-
I I 

graiing a complete st~ess and strain analysis with appropriate 
~ ;-" 
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cons~itutive properties ;s to_ replace the present \recipe" solutions 

in routine control and mix designs. , 
Thi s thes; s presents methods f,or the rap; d and accura t.e 

det~nnination lof the, resil ient modulus JIR and Poisson" s ratio v 

of asphalt mixes. The resilient modulus device developed is an ex-

tension of the system suggested by Schmidt. A simple apparatus for 

obtaining Poisson's ratio has also',been developed, but was not used 

in the current study. The effect of asphalt conterlt, aggregate type 

and temperature on the resilient modulus of asphaltic concrete mixes 

was investigated. Comparative studies between thickness designs 

based on mul~il'ayer elastic theory using the BISTRO ,computer pro-. 

gram and stress-strain parameters obtained ;n this $tudy were made. ~ 

/' 

. ' 

) 
,. 



'f 

CHAPTER 2 

THEORETICAL CONSIDERATIONS AND 
EQUIPMENT DEVELOPMENT 

2.1 RESILIFNT MODULUS TEST 

2'. 1 . 1 His'TORY"~_, 
. 

." 

1\ 
/ 

16. 

) 

In 1953~ an indirect test for measuring the tensile strength 

of portland cement concrete was described by Carneiro and BarceHus(13) 

in Brazil~ and independently .by Akazawa(14) in Japan. In this test 
, 

cylinders of portland cement concr~te are crushed by~'ng uni- jr 
formly distr~buted loads across a diameter which results 'n tertsio~ 

, ~ 

along the connecting diametral plane. This test (split-cylinder, 

. test) 'is now widelY"used to determine thPtensile strength of a 

number of construction materials (ASTM C496-7l)(CSA' A.23.~.25). A 

schematic il'lustration of the test is given in Figure 2.1. . , 

2.1.2 THEORETICAL B~5IS 

An ana 1ys i:; or che i nd i rect tens i1 e test f.or a number" of . . 

simplifications has been presented by various res~archers. (15~16) It 
" 

"has been demonstrated~ that a uniform compressive' load appl ied along .. 
,., ." ' 

the vertical diameter of -a thin disc (assuming p'1an~ str~ss) result's 

in a constant horizontal tension across the vertical central s~ction 

(i.e., along the line of the load), Belo~ the yield point, the 

elastic,modu1u5 of a material may be determined if the· deformation 

acr.oss the horizontal diameter is measu'red. 
'. 

Fr~cht(16) gives .expresSi~ns for the stress components 
, 'I 

ax and O'y (Figure 2.2} along the'horiz~ntal s~ction ofvsymmetry f.or 

a dis~ under diametral compression: 

<. 

\ 

o 

" 

L 

>, 
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SPLITTING ALONG LOADED PLANE 

~. 
FIGURE 2.1: THE INDIRECT TENSILE TEST 
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- _. ----:- - *NOT· ALINE LOAD IN .ACTUAl 
TEST (S~e previous figure) 
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FIGURE 2.2: STRESS DISTRI'8UTIONS ON ,( AXIS 
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( 2.1) 

(2.2) 

where ax, 0y = stresses perpendicular and parall~ 
direction of loading, respect~vel ; 

p = applied load; 

t = thickness of cylindrical disc; 

d = diameter of disc; and 

x = distance aloAg horizontal diameter 
from centre of disc. 

Assuming plane stress and ela~tic behaviour, the strain across the a 

horizontal diameter is: v 

€ X = t ( a x - va y ) ( 2 • 3 ) 

where: € = strain a~ss the horizontal diameter; x 
E = Young's modulus; and 

v = Potsson's· ratio~ 

Substituting equations (2.1) and (2.2) into equation (2.3) gi ves:... 

f 4 2 2 j € = ~ (4d v - 16d x) + (1 _ v) 
x Ewtd (d2 + 4~2)2 

(2.4 ) 
, ,.. 

., 
The total deformation across the horizontal diameter is found 

by integrating the strain, EX' between the limits ~ d/2: 

(2.5) . -
whe~e A = total deformation across the diameter. Substituting"equatiQn 

" " 

(2.4L'~nt? equ~t;(m . (?,.,5) and int~ratinp yields: 

• >. 

.' . 
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p 

/ t:, = IT {(4fT!) + v-l} (2.6) 

or in terms of E; 

E = P{v + 0.2732) (2.7) 
t6 

Thus the modulus of elasticity E can be calculated if 

values of Poisson's ratio \I, thickness t, and the horizontal defor-

mation 6 across a cylinder for a given vertical load P are known. 

In the case of purely elastic materials equation (2.7) applies for 

both static and dynamic loadings. For asphaltic concrete mixes 

(which are actually non-linear and visco elastic) and short dura

tion loadings, it is usual to adopt the term resilient'modulus MR 

to dicribe the lIappar~nt'" Young's modulus:. The resilient modulus' 
l 

is used i'nterchangeably with Young I s' modul us i n f~-exi bl e pavement 

structural design calculations using finite element or multi-layer 

elastic methods. Thus, for the resilient modulus test: 

\ 

M = P(v + 0.2732) 
R t6 

(2.8) 

where t:, is the maximum lateral deflection and is not 

necessarily ; n phase wi th the load pul se.' Any phase 1 ag aspects 

between the load and deflection pu~ses may be used in a qualitative . . .... 

manner to exami~e potential fatigue resistance, an area·~f interest 

to. be cons; dered "i'h:~fu1!~re research. 
, ' 

'. 

'- ..... ~ .. ~ ~ . -... 
.' 

~;"". t 

...~ ~. , " 

_,1.-; - .~ ... :' ~ - -

- -.' . . " ........ 

........ 

. -~ . ..'.' ~ ," 



I" 

.. 

.. 

..... 

20. 

Equations (2.1 to· (2.8) represent stress conditions for 

? point load on a thin disc. In practice, a loading strip of finite 

width is employed to ensure good load distribution. The stress 

analysis of a circular element subjected to short strip loadings 

has been present~d by Hondros(l7). However, the simplifying 

assumptions of line loading and 'plane stress condi~ions are gener

ally reasonable for the geometries involved. (This aspect of the 

test is beinq considered, in an extension of this study). Experi

mental moduli; values presented in this study are based on .the pre~ 

ceeding theoretical considerations. 

2.1.3. METHOD ADOPTED 

The diametral method for determining resilient modulus 

proposed by Sch(l1idt (11) was adopted for this invesfigati~n. This 

procedure is attract{ve because it is non-destruct; ve, rel at; vely 

si~ple, cheap (with the equipment developed) and uses samples pre

pared 'by the widely used Marshall Method. Consequently, the same 

samples that were used for resilient modulus determinations can be 
• «) 

subjected to Marshall stability and flow tests. This system can, 

a,lso.accommodate cores. from existing pavements so that the important 
, . € . 

i nf) uen'ces of envi ronment can be cons i dered. I twas recogni ze~ that 

there was scope for adopting the system for use in- standard 7 inch 
i' ' 

(178 mm) diame~er'triaxial cells to study the effects of confining 

pressure (lateral stre~sYwhich is a future phase of thi? inyesti

gati~n. In addition, results obtained by thi~ procedure currelate 

well with thOse using direct tension and:compressio~ methods(11). 
~:. ..... .. 

, ~-, 

" 



2.1.4 EQUIPMENT DEVELOPMENT , 
'. 

The resilient modulus device used in this research is based 

on the assembly developed by Schmidt. Significant modifications 

have been made to key aspects of. the system, particularly for the 

determination of the lateral deflection where strain gauges mounted 

on cantilever beams replaced the Stratham UC-3. transducers used by, 

Schmidt. Figures 2.3 and 2.4 show the assembly utilized. Other 

developments of n~te included changes to the yoke (floating collar) 

to facilitate more accurate assembly, and designs for a solid 

state timing circuit and solid state amplifiers. 

The changes presented in the following sectio~s improved 
~ 

the system in terms of ease of assembly, resistance to ,damage and 
I ' 

decreased manufacturing costs. A critical design considerations 

was the potential miniaturization'of the system so that i,t could be 

fitted into available triaxial cells for a future phase of this 

investigation. Also, the proven strain gauge cantilever beams Tor 

measuring deformations were utilized 'during the design and fabri-

cation of a Poisson's ratio determination apparatus. 

2.1.4.1 Loading System 

The loading system developed used controlled time and 

pres,sure air pulses supplied to a diaphragm air cylindc;r 

(Bellofram 0-12) from an electric solen~id valve (..skinner AE-2) 
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FIGURE 2.4: SPECfMEN MOUNTED IN RESILIENT MODULUS DEVICE 
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activated by a solid stat~.timing circuit de~igned for this ap-
, \ 

plication. L~ad pulses were transmitted to'1!he specimen through a 

curved loading strip as indicated in Figure 2.3. The harrow load-
" 

lng strip gives a more uniform loading distribution and is gener-

ally used during diametra1 testing of construction materials. A 

schemati~ diagram of the timing circuit is given in Figure 2.5. 

It consists of an oscillator set at a period of 2.9-seconds, which 

triggers a monostable multivibrator producing a pulse with an ad

justed width of 0.1 seconds.,. The pulse is used to drive light 

emitting diodes which in turn trigger a semiconductor thyristor, 

performi ng the function of an A.C power swi tch. Reasons for us i ng 

this particular load frequency and duration are giveq later in 

this chapter. 

2.1.4.2 Measuring System 

The m~asuring system was designed to determine the magni-.. 
. . 

tUd'es of the,vertical load and the corresponding lateral deflectiol')s. 

(a) Load 

\ A comme:rcially available load cell (Le?ow 66l-l3A ... ll) 

with a capacity of 1500 kg was used to mensure the vertical load . 
. 

Jt is pos'sib;e to ,subsitute an inexpensive "strain'-bolt" type load 

cell in ~he piston ram ~o miniaturize this aspect of the !qui?-
r, 

ment', and further decrease 'the cos ts. 

, . 
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2.1.4.3 lateral Deflection 

'Figure 2.6 shows the device designed to determine the 

lateral deflection. TWQ strain gauges (Micro-Measurements EA-06-

1258Z-350) are mounted on each side 9f the cantilever beam ~nd 
! 

wired in a full bridge'as shown in;Figure 2.6C. Lateral movement 

26. 

of the probe causes compressive strains on one face of the beam and 

tensile strains on the other. 
I 

T-his results in a change in the re-

sistance of each arm of the b~idge circult thus creating a potential 
I ' 

difference. (The full bri~e als9 provides 'temperature compensation). 

This signal is conditio~d by ~he solid state amplifier described 

later in this secti/n, and tilen fed to the recorping system. 
I 

J /.. , 

Two of these gauged cantilever' beams are bolted to a 

floating collar d~sig~e4 to facilitate direct mounting of the 

late~al defle'rion dev/ces on the, speciinens so t--ha-t--they' ride with 

any vertical movement. A set-up holder, described in Appendix IIA", 

en~ure5 t~at the'protes are po~itioned at either end of the hori~ 
zontal diameter. 

The ~ateral deflection devices descrtbed above meet all . . .. 

conditi ons of sensiti.vitY and rel iabi 1 ity required for thi s stu'dy. 
J. 'j ~< . , . 

They are easY,to fabri.cate., i~xpensive, not' t~mperature s.t.is-

'cept4ble a~d',may be 'cali?rated ~ile bol'ted to the f1~~ting cQllar. 
. . 

Because they are small, when waterproQfed, they may be incorporated 

/ 

,. I 

I , 
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into a system for use in avail,able triaxial cells to study the 

effects of confining pressure on resilient modulus, a future phase 

of this inves·tigation. 

2.1.4.4 Recording System 

A system for recording both load pulses and lateral de-

flections on a time base chart is necessary to complete the test 

equipment. Output from the load cell is fed directly to a light

beam oscillographic recorder (S and E 3006). Solid state amplifiers 

as shown in Figure 2.7' were developed to condition signals from the 

lateral deflection monitoring devices. The amplified si,gnals were 

then also recorded on the oscillographic recorder. 

2.1~5 Test Procedure r., 
T~e experimental procedure involves mounting a specimen 

in,the load frame and measuring the lateral deflection re'sulting 

from application of the pulsating load. A schematic representation 

of the experimental set-up is shown in Figure "2.8. Load pulses of 

0.1 se.conds repe<!ted, every 3 seconds we're chosen because this cor

responds to dynami,c traffic loading pa'tterns. at".creepll speed which 

-are ~ost damaging, and has been use~ by other investigators. (11) 

Pauses of three seconds betw~en a,ppl i cations of 1 Dad, permit 

virtually complete visco-elastic recovery of the specimen. Details 

of sample ..preparation and assembly are giveJ'in Appendix liB". 
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'A typical trace obtained from a test on an asphaltic 

concrete specjm~n is shown in Figure 2.9. The resili~nt modulus is .. 
determined by measuring cor~esponding peak load and deformation 

• 
from the recorded trace and substituting into equation 2.9. 

2.9 

where o - = trace value for 1 oadi ng L 
01 = trace value for Gauge 1 

°2 = trace val (rEi~ for Gauge 2 
t = thickness 9f the specimen 

• cL = lead calibration factor 

c, = ca,' i bra ti on factor for strain Gauge 1 
c2 = calibration factor for strair'l Gauge 2 

and ,-I -

\ 
v = Poisson's ratio 

LOAD 

G_ ... A_U_G",:",E _1 ___ .
1
,.....;.... __ ~JYl 01 

~"', --. ~---------"""'"----

/\-1 
GA_UG_E_2 ____ ~ • ~J \~ 1 °2 

~~--------------~--

FIGURE 2.9:' TYPICAL MR TEST T.RACE 

..., . . 
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2.2 POISSON'S RATIO TEST 

Values for Poisson's ratio are need in analyses that use 

elastic layer theory. \4hile assumed values are typically used and 

influences on stress are not large, Poisson's ratio does indicate 

potential later'al confining influences and does modify stress levels. 

Of greater significance to this particu<lar study would be values 'of 

an lIequi va 1 ent pa rameter"* under dynami c load-ing cond; ti ons for vi sco-

elastic materials, This would relate more closely to the real 

situation of traffic loadings on asphaltic concrete pavements. Re

ferences in the literature to the experimental determination of 

Poisson's ratio.or an equivalent parameter are, at best, scant. 

A system for the determination of Poisson's ratio (or 

equivalent) was .developed as part of this study. This involved the 

design of equipment to monitor lateral and axial strains under 

repeated compressive loadings. The required measurements are il

lustrated in Figure 2.10 The values of the relevant parameter \I 

can then be computed on the basis of Equation 2.10. 

Latera 1 Strain _€y - e: Z 
\I = = = 2.10 Axial Strain ex €x 

where: Latera 1 Stra i n = 
Radial Deformation 

Diameter c' 

.. 
.and: Axial Strain - Deformation Over Test Len9th 

, Test length 

\. 
* term~d the dynarnic.Poi~son's r~tio to reflect' the test conditions, 

but recognizing that the 'Poisson's ratio is oot typically considered 
loading depe~dent. 

! 
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, - . 
2.2.1 EQUIPMENT 

figure 2.11-sh9wS the device developed for Poisson's ratio 

determinations. The system is designed to fit into a 7 inch (178 mm) 

diameter standard triaxial cell for studying the effects of confining 

pressures. It uses 8 inch (203 mm) by 4 inch (102 mm) diameter 

cylindrical specimens to minimize end restraint influences. 

The central ring (CollarC) in Figure 2.1.0 used to measure 

the lateral deformation. It is spring mounted directly on the speci

men to avoid restraining 'radial deformation and to allow it to ride with 

with vertical movements. The axial deformation is measured by the 

Qut~r rtn~s (C01Tars A and B). The adjustable rods on Collar Ballow 

the measur~ment of axial deformations over various sections of the 

cylindrical specjmerrs. 

The operation of the device involves the measurement of 

axial and corresponding lateral deformations resultin.g from the 
. 

application of ,compressive lpads along the axis of the cylindrical 

specime~s. The axial deformation in monitored by the average relative 
, ~. 

, -..:.. 

deflection of the strain gauge beams mounted on Collar A and the probe 

rods on Collar B. The lateral deformation is measured directly by 

~~e strain gauge beams mOunted' on oppo'site sides of Ring C, a's shown 

in Figure 2.10. The strain gauge cantilever beams used in this system 

are simi lar: to those developed for the r.esil ient modu'l us ,device. 

( 
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2.3 COMMENTS 

While Schmidt(ll)'developed equipment for the determination 

of resilient modulus. it ;s relatively expensive and not suitable for' 

use in a triaxial cell. The equipment used for this stu~ile 

similar, is based on readily available laboratory components and is 

small enough to fit into a standard 7 inch (178 mm) Idiameter triaxial 

cell. The potential problems involved in miniturizing and water

proofing the lateral deflection measuring system used by Schmidt were 

considered so great that the lateral defle~tion devices described 

earlier were designed and fabricated. Other advantages of the adopted 
, -

system were given earlier. Difficulties with electrical noise pick-up 
'. 

were experienced when an eJectricall~ powered mechanic~l timer was 

used to produce the required ~oQd pulses. This problem '~as solved 
/ . 

by designin~~the solid state timing circuit to perform this function, 

and solid state'~mplifiers to condition the signa)s from the de

flection de,vfcef' The end resul.t was.a cheap, s'imple and reliable 

assembly for the determination of resilient modulus. 

It was recognized that the lateral deflection device developed 

for use in the resilient m~dulus apparatus was' eminentiy suitable tor', 
, . q 

incor~oration into a system for the dynamic measurement of Poisson 1 s 

ratio. Such a system, capable of being fitted into a standard -7' inch 

(178 11111)' diameter 'triaxial cell, was designed and bu,Ht, but not used 

in the "'current study. 

/ 

I . 
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'While the timer circuits a,nd solid state amplifiers des

cribed here performed satisfactorily, it was recognized that s4mpler 

and more efficient designs could be developed. ,This problem 5s pre

sently being studied, and improved designs will be inco~porated in 

equipment used in future phases of this investigation. 

" 

'. 
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" 
CHAPTER 3 

r TEST RESULTS 

3. 1 GENERAL 

The program of inves,tigation outlined in Ch'apter 1 was 

undertaken using the apparatus described in Chapter 2. This chapter 

reports the results of the experimental work and evaluates the 

accuracy and relevance of the accumulated data. Assumptions made, 

and reason? for making them are stated in the appropriate poi~ts in 

the chapter. As a prelude to the presentation of the experimental . . 
findings, c~rrent mix design procedures and the relevance of M~ de-

I ' 
terminations in mix, design are briefly discussed below. 

, 

3.2 MIX DESIGN STUDIES 

, 
Results from the Marshall and Hveem stabilom~ter asphalt 

mix design procedures (Figure 3. l)are widely used,to obtain optimum 

asphaltic concrete mix designs based on the air voids concept. The 

specific design procedures are given in references such as the Asphalt 

Institute Manual Series 2, Mix Design Methods for AS'phalt Cone'rete 

(18), an.d will not be detailed here. The aim is to produce economic 

mixes that yield the required de~ign properties indicated in Table 

~. 1. Both procedures at best yield information on stability (shear 

~trenyth) and flow (flexibility) at, failure and allo~ the optimum ' . .' . ., 
asphalt content to be determined for various air void' requirements. , 

.,~. 
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TABLE 3. 1 

FACTORS IMPORTANT IN OBTAINING SATISFACTORY PERFORMANCE 

FROM DENSE-GRADED ASPHALTIC CONCRETE PAVEMENTS (19) 

. 
DESIRABLE 

PROPERTIES 

Stability 
of mix 

MODE OF 
FAILURE 

Distortiont 
rutting or" 
shoving 

I 

DESIRED C~ARACTERISTIC IN 
PARTICULAR ELEMENT 

ASPHALT 

High vis
cosity 

MINERAL 
- AGGREGATE 

Rough particle 
surfaces-angu
lar or ~ubical' 
shape 

MIX 
PROPORTIONS 

Low asphalt and v 
contents; High pe 
centage of fines 
(passing 1/100 si 

f-------~-------t_---- - - -- --~-- -'-- --- - --------------
Resista'nce Fracture High vis- Not subject to High asphalt cont 
to fatigue in flexure eosity for stripping 
failure pavements 

Resistance Fracture 
to low in tension 
tell]perature 
crac~ing 

Resistance 
to aging 

Resistance 
to raveling 
or strip
ping 

Fracture or 
disintegra
tion 

Dis'integra
tion', as
phalt-ag- . 
gregate 
bond broken 

thicker 
tb"'n 6"· • x·' low~vis-' 
c.osity for 
pavements 
2" and 
thinner 

Low vis:.. 0 

cosity 

Low vis~o- Not subject to 
sity, re- stripping 
sistant to 
aging 

Suitable 
surface, 
charge 

Not subject to 
stripping 

High asphalt conterr4 
low void content 

High asphal t content, 
low void content 

High asphalt content 

, . 

----- -- ----, ---f-------+-----------r-----------/ 
Imperviou~ We'akening to -- .. < No't subj ect. to, High asphalt content, 
ness to wa- 4nderlying stripping high percentage of 

, ter and'air layers - or fines (passing #200 
: 

Skid }:'e
sistance 

. . 

disintegra- sieve)" 
tion or in-
stability of 
pavement 

Surface be
comes sliCk 

.I 
I 

'I 

Rough surface~, 
resistant to 
polishing,' not 
subjec't to 
s t_rip~i.nR . 

j 

Low asphalt content 
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Gradation~ air voids, VMA* stability and flow are all closely spec

ified by agencies such as The City of Hamilton and The. Ontario Ministry 

of Transportation and Communications. The general specifications for 
, 

The City of Hamilton, which are similar , to those used throughout 

Ontario are outlined on Table 3.2 (20). It should be noted that no 

capacity or fatigue resistance is made 

in these specifications. 

t
load 

, , 

*voids in the mineral aggregate 

Head 0/ Ifsltng mach,ne 

( a ) ( b ) 

1/~llo suIt 

Manually oper aled 
screw-type pump 

FIGURE 3. I SCHEMATIC DIAGRAMS FOR STABILJTY TESTING 
OF ASPHALTIC CONCRETE S~ECIMENS. 

( 0) MARSHALL ( b ) . HVE'EM 

(After Reference 19) 
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Prop'erty of 
Laboratory 

Com~acted Mixture 

~ TABLE 3.2 
CITY OF HAMILTON - PHYSrCA'L REQUIREMENTS FOR MIXTURES. (20) 

, HM3 
HM·1' I HM3-

Fine 
HM5 Type 

A 
Type 

B 
Type. 

C 
Type 
o 

Mar~hall Stability 120Q I 12'00 [. 1200 I -SUO 500 500 500 I 
Obs: at l400 F} Min'. i Min. I Min. 1 ~in. Min. Min. Min., 

Typ.e 
E 

500 
Min. 

Steel 
Slag 

3500 
Min. 

Flow' Ina~x (Units 17-1:6 I. . 7-16 7-16' 7-12 7-12 I 7-12 l~ '7-12 I 8-16 ' 
or ~Cl:Jll: lnch) I ~ , _ ~ Ml n. . I I 

% • ~Oid~ in c~mpacted I l' I' ..! 1 
Mmeral Aggregate, 16'. 18 14 18- 18- 18- 18- 18- 20 i 
allowing for absorb- Min'

1 
Min. l. Min. 25 25 .25 25 25 Min. I 

ed asphalt. _ I 
J I 

% -Air Voids * J J,,5 . 2-4 . 3-6 2-8 2-8 2-8 2-6 I 2-8 3-5 1 

% AS'Pha!; Bir:lder 15-;0 I 5-10' 4-9 7-0- 8.5- 6.0- I 7.5- 'I 6.0:- I 5-7 
I Content . I 8.5 15.5 to.O i ,10.0 I 10.0 I 

I I I ! 
% .Asbestos 1. 5-

2.0 

% Rubber Content *** 5.0-
10.0 

* 

** 

*** 

The per cent air voids shall be as required by the City, within 
.this ran~e,~or the conditions existing at the particular location. 

Asphalt B~d~ontent is the weight of cutback asphalt, asphalt 
emulsion or asphalt cement incorporated into the mix, expressed as 
a percentage by weight of the total mix. 

Rubber Content is the weight of reclaimed rubber incorporated into 
the mix, expressed as a percentage of the total weight of asphalt 
cement and rubber solids in the mix. 

\.. ' ..... ".j ~ 
"""-'~ 

"" 

~ 
N 
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The currently employed mix design methods t although re-
I 

q~ired for stability and air voids control are really not directly 

related to the structural design aspects of the pavement system. If a 

rational design method is to be achieved, present procedures must be 

combined with tests of the resilient modulus type which yield parameters 

that more directly reflect structural and fatigue resistance criteria. 

In the following sections the results of resilient modulus 

tests on Lucite using the developed equipment are compared to those re-
\, 

ported by Schmidt.Experimental MR values fora wide range of asphaltic con-

crete mixes under various temperature conditions are also reported. 

3.3. COMPARISON OF' MEASURED MR VALUES· FOR LUCI TE AND RESULTS 
REPORT BY SCHMIDT . 

The resilient mo~~lus MR for Lucite was de~ermined using the 

apparatus and method previ~uslY described. Sp~cimens were subjected to a 
v 

range of repeated dynamic loadings and values computed using the mea-
¢ 

sured.diametral deformations and a Poisson's ratio of 0.36 (Schmidt). 

Experimental values, together with those reported by Schmidt for a simi-
• i 

lar material are shown in'Figure 3.2. The measured values compare 

favorably to the modulus suppl ied by ,the manu'fact~rer '(650 ksi @ 23°C). 

\ 

It is noted that measured values for resilient modulus appear to be 

generally lower for tests conducted at higher di~metral stress le'vels. 

This possible trend will be investigated in a future phase of this re~. 

search program. 
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3.4 INFLUENCE OF ASP~ALT CONTENT AND AGGREGATE T:PE ON MR 

•• ~ 

The resilient modulus of specimens conforming to the City 

of Hamilton HM1, HM3, HM5 and. steel slag specifications with a range 

of asphalt contents from 3 to 9 per cent were determined using the re

silient modulus device. Details of aggregate gradations and asphalt 

cement properties are,~ in Appendix "C". Results of these 

tests are presented in the summary Table 3.3 ~nd Figure 3.4. T~e 

va 1 ues rePo.rted for each mi x type .and. aspha 1 t cement content are 
...... _--_. 

~ean values of two tests performed at right angles on each of three 

speeimens per type. Peak loads of 25, 50 and 100. pounds we~e applied 

to test speciments, at 230 C with no significant differences in the. 

~omputed MR values. Lower peak loads (25 and 50 pounds) were used at 

380 C to minimize the possibility of permanent deformation. Asphaltic 

concrete stiffness greatly increases at lower temperatures. ~onse

quently, higher peak loads (100 and 200 pounds) were used for tests con-. 
ducted at OOC. Poisson's ratio was assumed to -be 0.35.,' Differences 

b.etween actua 1 and assum~d va 1 ues for thi s parameter under the gi ven , 

test conditions could inf~uenc~P-.i.O- 10 p~ cent over 

thp temp~rature range- considered. ,The evaluation of Poisson's ra~io 

over representative temperature ranges is an area to be considered~n 
future research. Individual test results were comp~~d on the basis 

. . ' 

of average values taken from S repeated axial load pulses. Vari~tions 

of approximately ±S per cent wer.e typical .in the individual values t a 

significant portion of which could be attributed ~o ,electrical noise 

pick-up,in the ~ignal traces. 

. I 
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PER CENT 

TABLE 3:3 

SUMMARY OF TEST RESULTS 

MARSHAl.L PER cnn 
MIX TYPE ASPHALT CONTENT STABILITY! FLOW AIR VOIDS 

HM3 3 1275 8.6 13.5 
1----

;" 

", 5 2215 10.2 7.8 
I--

6 2710 '10.5 3.4 
------ --- ---- ~ 

7 "i' ia04 12.6 2.4 , 
--- -_. 

.P" ~ 

9 .'581 17: 2 , 0.8 
, 

~~ . ~ 
" , " 

. 
'HM1 5 ,,2303 11.1 5.7 

......:...-..-------
6 2423 12.7 _ ,.! :j.1 

-- -- .-- --- - ---- ... --
- ~ 7 '1204, 16.5 ,2" .1 , . 

. .-
, .' 

HMl> 4 2240 , lO.l 5.8 
t -

: - .... . 
5 ',2580 11.5 4.2 

• ' I . .. --- -- - , 
" .. 

6 1430 13.6 . 1.8 , . . . . . ' , 

Steel . . , 
oft' 

5590 ,16.-5 4 .. 0 
. 

S1ag(OH)\ 4 . , 
," . -, 

t1~.2 , 5 5350 ., 19.3 
" . t I , ~ 

6. :' .3,4'30 23.1 ·1,.6 . 
" 

...... ~ :- ~ ... 

Steel ; ; 
'-to .. ' . r - .. 

Slag(B~F) , 5 5':370 19.1 .. " :5 . ,,' .. 
------- ~ .. _ .. _.,. -----. . 

'~ -, 
, "'6 ',;3675 21.i 3-:'7 . , , ..... - ~ 

: , 
" .' ~'-.. ' 

~, . .' 

OoC 

2191 

2258, 

2101 

1906 

,1583 
-

2270 

2105 

19~ 

1880 

189-0 .. ... ". 

1580 

, . 
2803 

--
2799.: . . . ' 
,!l42'~ 

" 

, . 
• . , " ~ -~ 

' , ' ..... ~ 
: 

----

46. 

MR (ksi) 

23°C 380~;, 

305 65 

340 Q,O 

250 48 

170 --
60 --

~ 

" 

330 62 

190 41 

nSO. -- .. 
~'!.~ 

" , 

150 --
, 

('145 
. , 

" . ....... , . , 
" . 

120 -- . . . 

450 107 
': f " 

~:80 ,450 , 

340 --
. , . 

480 --
. r'" 

360 -- ; .. ' .. ~;::. .' ., .... . 
: 

: 

~ '" .' 
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, 
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',0 • 

...:.: .... . ' . ~\ 
.. ~: , 

" , 
•. :?'-.. ~"., -'~ 

~ . " .. 
, ........ -
, ' 

",;I-
t ~I' • 

•• " ;&. 
•• ,,¥-'11, 

" 



, '. 
~, . 

," 

. 
~;- - . 

" 

.. ' " 

, ... ) 
.f' , • 

• 1_ • . 

u 
o 
tt'l 
N 

--- . ,-

800 -1--- ,', 
.,' 

47. 

: 

700 4---'~ ----+-- ----t--------'I___~-----'I___---___1f__---____1 
~. 

009/,~----r---+-----·----+-----+------.--+-----+--.-------+ 

.-!. 
500 

400 ~~--.-"--- ---,-- - --:-+---~.,__~+_----+_----+_---___i 

, ,. 
~ 

300 '~' ~---r_----_;r_~~~~~~----~--------~----~~ 

~"r., . 
,'. """ 

. 
" , 

.~. '. .. 

... 
~ 200+------~~----r-~----~~~~~~~----~~----~ 

" 
(I) 

;:) .,.,.- ,. .. , 
..J 
;:) 

0 . . 
0 
~ 

;':' .' . , 
- . " .-

.. " , ·"c·,,"'" J,' -_ •. _--". " . -'.."--+---------'r-------I 
,e .:. " 

UJ " 

-' .J' 

~ 
UJ 

, ,0: 

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

". .. . 
.. « I. 

~ , 

J' :. ~ ... .. ·t • 
~"." .... 

3 " 
,.' 

. 
~ , . , 

", 

.. ,. 

. ' .. . . 

> I . , 

.... 

.. ," 

.... '. ' 

. 

.. ~ 

, . 

.. .. 

L . " 
~ 

" .' 0 

X 

6 

, ,," r ...... < ....... , ASP HALT C 0 ~ T -E N ~ "( per c ~ n t ) 

. FIG 3,:3 

E G E N 0 

STEEL, SLAG (OH) 

STEEL SLAG (~O,F) 

HM 3 

HMI 

HM 5-
(\1=0.35) 

7 8 

. ',,-':iNFLUE'NcE' 'SF.. AS~HAi..T CONTENT ON ReSILIENT MODULUS 
"'.. :,0' . ' OF AS.PHAlTiC CONCRETE MfXES . . . ,; 

~. 

9 



.. 

Figure 3.3 indicates optimum MR values in the 4 to 6 per 

cent range of asphalt cement content. In general, the opti~um 

asphalt cement.content values for standard HM type mixes werp. higher 

than for the heavier steel slag aggregate specimens. This appears 

reas.onable since material properties are more likely to be controlled 

by volumetric asphalt cement to aggregate.ratios than weight ratios . 
...t 

It is recognized that different levels of absorption by different 

aggregates will influence this relationship. The recorded MR values 

for ste'el slag specimens are significantly higher than those obtained 

for the' HM type mixes. Test results for HMl and HM3 indfcate s·imila·r 

r~silient modulii, The influence of aggregate type on MR wi)l be 

further examined in a f!Jture ph,ase of this investigation. 

Trends reflected in ~igure 3.1 are in general agreement 

with previous research on the dependence of~MR values on asphalt 

content (11). The highest MR for each mix type tends to be at. a 

somewhaF lower asphalt c~ment content than that for tne corresponding 

optimum Mars~a~l sahility. 

, 3.5 INFLUE~CE OF TEMPERATURE ON MR 

Ma,terial properties used as input in rational pavement 

. design systems must' be generated under conditions that simulate . " 

.. anticipatJd fiel~ conditions,. 

I . ( \ 

Th; s section discusses, the effects of 

, \ 



. j 

a reasonable range of temperature on the MR of HM type ~s well as 

steel slag mixes. Tests were performed at thre~ discrete temper-
. 0 0) 0 (0) 0 a atures,. a C (32 F , 23 C 73 F 'and 38 C (100 F). The samples were 

prepared for testing by enclosing them in two individua1y sealed 

plastic bags and placing the~ in. the appropriate temperature con

trolled environment. A refrigerator an9 two thermostat controlled 

water baths were used to provide the required temperature conditions. 

S,ampl es were conditioned for a min.imum of eight hours and testing 

was started within two minutes after· removal from the temperature 
-

controlled environment. If set-up times ·in excess of two minutes 

were experienced that test was aborted and the sample reconditioned. 

The results are listed in Table 3.3·and the variati~ns of exper~. \ 

mental MR values (or HM3 and steel slag mixes are shown in F'igures 3.4 

and3.5. An assumed valueforPoisson's l"atioofO.3Swasusedinthe cdm-
\ 

putations',\'/hich can influence the results by up to 10 per cent as ex-

plained previously. 

Results of these tests es~ablishes·temperature as the 

Pftrameter with the greatest influence of resilient modulus. A·· 

rev;-ew of the experimental findings indicates that. the stiffness 

of steel slag and HM3 mixes are affected in a similar manner by 

changes in temperature. At higher temperatu~es the relationship 

between MR and temperature approaches linearity on a semilog plot . 

. Similar results have been reported by Schmidt (21). This suggests 

the possibility of predicti~g MR values for different ~emperatures 

'. 
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on the basis of measured values at selected discrete temperatures. 

However, it is considered'that a 'much wider testing program must 

be undertaken to establish such a relationship. Figure 3.5 suggests 

that the stiffness of asphalt~c concrete mixes with higher asphalt 

contents is more susceptible to temperature variation. A com-

'p~ehensive testing program is planned for a future phase of this 

investigation to study these apparent trends. Further J the relative 

susceptibility to t~mperature changes of Qsphalt emulsion mixes will 

be cOl)sidered. 

3.6 CONCLUDING REMARKS 

The reliability of the test system was established by 

compari.ng generated st.iffness values for Lucite samples to those 

reported earlier ~11). The r.esults of the testing program identify 
/ 

temperature, asphalt content and aggregate type as the key para-
. . 

mete~s·that a~fect the measured ~R value~. Further testing is 

needed to completely es~ablish these trends . 
.. ·r· .... 

/ 

(' 
" 
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4. GENERAL 

CHAPTER 4 

INF~vtNCE OF MATERIAL CHARACT£RISTICS~N 
~EMENT DESIGNS BY ~HE RATIONAL METHOD 

This chapter establishes the impJrta~ce of the general theme 

of this study within the rational pavement design framewo~k. A typical 

~esign process ;s outlined, and a comparative study using multi-layer

elastic theory is undertaken to det~rmine thickness requirements for 
~ 

asphaltic,concrete pavements of varying layer coefficients (elastic 

pro~ertfes) under identical loading and subgrade conditionS'. Input 
. . 

data for the design examples presented are obtained fr.om ~he exper-

imental findings of this ~t~dy~and ~esults reported by other researchers. 

4.1 DESIGN PROCESS 

The rationaJ approach to flexible pavement design is' baSed 

on the use of analytical techniques to determine the response of ' 

constituent. layers of the pavement system under representative traffic 
- . 

. . 
and environmental conditi.dns. - Calculated stresses and strains at key, 

. 
points in the-system are compared to maximum allowable values to 

I • , • 
I ~ a . ' 

determine the adequacy of the design. ~t .is essentially an iterative 
Q 

proc,edure where ; nit i ales t ima tes of 1 ayer thicknesses and mater:j.a 1 s . " . 
used are modified unti.1 'a structurally,.sound and econ9mic design . . 
is produced. F.igure 4.1 is a flow diagram which outljnes the-design: 

, .( 22) 
process. 

/ , 

.' 
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4.1.1 TRAFFIC AND ENVIRONMENTAL CONSIDERATIONS 

The number and magnitude of wheel loads expected in the 

design life of a pavement are of extreme importance in design. The 

equivalence factors derived from the AASHO road tests have been ~x-

.. 
tensively used to reduce mixed traffic loadings to an equivalent 

number of s~andard 18 kip (80 KN) axle loads. However, use of this 

technique requires a knowledge of the expected axle load spectum, 

especially at the heavy erd, since these loads have the greatest in-

fluence on pavement performanC&. Typical specta for common road 
. ~ 

types are available in most developed countries. Hopefully, the 

utilization of portable axle w~ight analysers will result in readily 

available traffic information fo'r most design situations. ' 

i(' 

Environm~ntal conditions ~ignifiCa~influence the per

formance of pavement structures. However, it is difficult to in

corp'orate e,nvironmental effects into the rational flex~ble pavemen~ 

design process. The current strategy is to'establish the pertinent 

lay~r coefficients for conditions existing when the pavement struct~re 
. , :. : 

is at its weakest. These conditions are typicallJ tdantified during 

field test programs such as the Brampton Road Te$t(23~ undertaken 
I " ." 

by the Ministry of Transportation and Communications. 

(I 

. , .. 

. , 
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4.1.2 ANALYTICAL TECHNIQUES 

The available methods for the structural analysis of 
. . 

flexible pavements include elastic, visa-elastic and finite element 

approaches, It is recognized that asphaltic concretes and unbound 

soils exhibit non-linear qnd somewhat time dependent stress-strain 

characteristics. The more compl~x visco-elastic theories, and finite 

~lement mefhods of a~alysis are capable ~f dealing with situations that 

cannot be directly considered by linear elastic theory, However, it 

has been demonstrated that the linear elas~c analysis' provides ade

quate solutions for most rational flexible pavement design purposes(22) 

Further, the current state of the art does not justify the use of 
, " 

the more sophisticated theories. 

, 

The iterative type of approach to problem solving. out

iined in the ratfOnal design proc~ss (Figure 4.1) lends itself to 

solution by. computer. 

this purpose (6,7), 

A number of programs have been developed for . , 

The BISTRO computer progr3m, a powerful and 

flexible system, and one which had been adapted for the use of the 
o 

McMaster .CDC 6400 was used in this stud~, The requ.i red input para-

meters are given in Ta~le 4.1. 

'. 
, , 
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No. 

·1 

2 

3 

, 4 

5 

TABLE 4,.1 

'REQUIRED INPUT FOR STRUCTURAL ANALYSIS OF 
FLEXIBLE PAVEMENTS USING THE BISTRO COMPUTER PROGRAM 

-

Detail 

Number of layers 

Modulus of Elasticity and Poisson1s Ratio 
(or equivalent)and thickness of each layer 

. Number of circular uniformly distributed 
loads 

- ---_ ......... _----

- Contact pressure, radius and co-ordinates 
of the centre of each load 

Stresses, strains and deflections re-quired. 
------- - - ~- -~ -- - - - ----- -

6 Number of positions where results are 
required. ' 

-------~-- - - -- ------ -- -
7 Layer number and co-ordinates of each 

position. 

'1 

4.1.3. MATER"'?AtS CHARACTERIZAT ION' 

S7. 

Realisti~ values of the relevant material properties must 
~l 

be generated if the rational approach to fle~ible.pavement design is 

to be used. Furt~er, test equipment must be inexpensive, and rea.dilY 

available to small materials tes~ing laboratories before general us~ r 

, ,\' r 
by all levels of the road building industry can be expected. This . , 

research program focussed on the materials characterization aspects 
() , 

of rational design, with particular empha~is on asphaltic contrete 
I. 

/ 
~. 

,\ 
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mixes. The current state-of knowledge, together with research 

needs 'and trends have been d i SC~SSfd in Chapter 1. 

4.1.4 DESIGN CRITERIA j 

58 . 

Critical levels of stress and strain in flexible pavement 

structures under working conditions have been investigated by various 

agencies and researchers. The question of interaction'between 

l~yers is impbrtant in this context since a given level of stress or 

strain, while ~ot being critical to ,the material in that particular 

layer, may result in failure at some other point iry ~he struc~ 

With the current state of knowledge, the following criteria were 

judged suitable for this study:-

(1) Tensile strain at the bottom of the lowest asphalt 

cement bound layer; and 

(2) Vertical str~;n at_t~e top of the subgrade. 

Brown and Pell(24) have demonstrated that pavement failure 
" 

through cracking re$ults if the tensile strain at the botto~ of the 

lowest asphalt cement boun~ layer is ~reater than some'limiting 
L 

value. This value is a lunction of temperature, number of load ap-

plica,tions and resilient modulus. The limiting tensile, strain 

criterion·used .in this study is that developed by.Sh~ll Oil 
. (25) Researchers . _ l 

," 

.. 



~ The importance of the second criterion is intlicated,by the 

very purpose of pavement design, i.e., the ,prevention of excessive 

deformation of the subgrade under traffic loadings. It ;5 l;k~ly 

that permissible compressive strain in the subgrade is a function of 

soil stiffness. However, research and associated findings in the 

~amentals of soil behaviour. hfv'e not advanced far enough Ito allow 

permissible limits of strain to be established on the basis of soil 

stiffness alone. Consequently, the'Shell Oi1 design c~ite~ion {25~ 
ba§ed on correlations between proveNR.designs, results from 

AASHO road tests, and work by Dormo,n a~d, t~etca 1 f have ~ been adopted 

\ for this study., 
\ 
l 

\ 
~2 DESIGN EXAMPLE 

STATEMENT OF PROBLEM 
. . ~ 

A theoretic?l analysis using elastic layer theory was 
~ 

undertaken to compare thickne5'~ requirements for paver:nent structure"S 

composed ,of asphaltic concrete m;'~s wi.th different ma"t:erial pro

perties. The example outlined is made fo~ a number of simplifications 

si~ce the pur~ose is simply' to project possible results that can-be 
J 

expected from ,a more sophistic'ated analY~is. General d'4cussions on 
. , 

the key aspects of the...,design procedu're' have been presented ·in. the 

preceed i ng sec ti oDs .. 

• j .~ •• . " 

. . 
.... 

• 0 

. ' . 

" 

. , 
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' . 
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Conditio,ns assumed for design are as follows: 

,( 1) Load Detai 1s: ' --./ 

T,ime pressure: 80 psi (550 KPa) \ / 
,. . 

Radius of loaded· area: 4.2 ins. '(107 mm) 

Centre to centre distance 
of adjacent \"heels: 12 in (305 mm) 

(2) Traffic Details: 

! ~ •• 

'Number of Standarti:18,000 lb (80 kN) 
a~le load applications over design life: 106 

" (3) Failure Criteria: 
J, 

A11o\,Iab.1e tensile strain at bottom of 1m'/est 
a~~ha1t cement-bound layer: 1 :4S'x 1D-4 

Allowable compressive strain
4
at the top 

of the subgrade: 6,50 x )0· 

(4) Pavement layer Thickness and Material PrDperties: 

Pavement No. . .layer Thickness ins(mm) , ksi(KPa) v(assumed) 
f' 

1 HM3 .2.5 (63.5) 25~{l725) 0:35 
HMS To be determined 150' 1035) 0:35 

, Granular 15 (381) , 50 345) 0.30 . ' Subgrade N/A 20 138} OA3 
0 . I 

2 " . "Steel 51 ag To be" determined . 3~~ (2250). 0;35 
; , Granular . : 15 (381)" 5 (345) 0.30 

5ubgrade , .N/A 20 ( 138) O,A3 
. 

• 

, . . 
.- -, 

, r 
... I.'". 

..f" . . 

'. . 
'. 



As indicated in an ear,lier section, the allowable strain~' 

for design purposes are based on values. repor1;ed by Shell Oil(25") 
/ 

Resilient modulus values for the asphaltic concrete layers are 

estimates from test results conducted at 23 0 e, and reported in the 
. 

previous chapter. It;s recognized that the weakest condition of 

the pavement structure occur,s at somewhat higher termperatures 

(-30oe). However~ the values used are considered adequate for the 

purposes of this study. The resilient modulus of the subgrade is 
(23) 

based on results from the Brampton Road Test while that for the 

unbound granular material was computed from the following relation

ship suggested by Brown and Pell(2): 
/ 

MR = 2.5 MR 
Granular Subgrade 

4.2.2 RESULTS OF COMPUTERIZED ANALYSIS 

The pavement structures, with loading conditions as 

specified in the preceeding section, were analysed using the ~ISTRO 

computer program. Initial esttmates of layer thicknesses for steel 

slag and HM-5 asphaltic concrete were modified until acceptable 
1 

designs were produced. The results of the analyses are as follows: 



.. ~ 

. 

~ 

'-' r·-....· 
i 

TARLE 4.2 ·RESULTS ('IF" CQt1PUTERIZED STRESS-STRAIN ANALYSES 

• t1ax imum Strains Pavement 
--- ~--

Iteration Thickness 
No. No. Layer i.ns· (mm) Allowable COl1!2.uted 

• 
. .. E: * h 

E: y + 
. 

HM-3 2. S . ( 63 . S) . . 1 1.47xlO-4 HM-S 2.5 (63.5) 
Unbound Granular, lS.O (381) 

<ll-4 ' . Subgrade '0= ~ 2.43x 
2 HM'-3 . 2.5 (63.S) . £'10-4 \ . 1 , , HM-5· 3.5 (88.9) 

Unbound Granular 15.0 (381) :. l, Subgrad.e 0.0 2.20xlO 
, 

;J HM-3 2.S {63.5} -4 . . H~1-5 3.0 (76.2) 1.35xlO 
UnBoltng Granular 15.0 (381) , -4 Subgrade ?"" 2.31xl0 

. 

. 
1 . Steel Slag 3.5 (88. g') 1.54xlO-4 

Unbound Granular lS.0 (381) 
-4 Subgrade o.a • 2.74xlO 

2 Steel Slag 4 . 5 (114. 3') 1.29xlO-4 
. , Unbound Granular l?O (381) 2 Subgrade -4 .' 0.0 2.S8xlO . , . 

1.4lxlO-4 : 3 Steel Slag 4.0 (101.6) . 
- - Unbound Granular 15.0 (381) , 

-4 Subgrade boO 2.43xlO . 

£h * - horizontal strain at bottom of lowest' asphalt cement bound -layer 
'£'1/ + - vertical strain at th~ top of the 'su~grade 

.e:h * t:.y + 

1 . 4Sx 10 -=4 

6.SxN-4 

-4 1 .45x 10' 

6.5x10 -4 

1.45xl0 -4 

4 ' 6.5xlO- ! 

I 
I 

-4 1 
1.45x10 I 

I 

6.5xlO -4 I 
1.4SxlO-4 

-
·6.5x10 -4 

1.45xlO-4 

6.5xl0 -4 

O"l 
N 



A review of these results indicates total asphaltic 

concrete thickness requirements of 5.5 inches (139.7 mm) a,nd 
, , 

63. 

4.0 inche~ {lOl.6 mm)for,HM type and Steel Slag mixes respectively, 

to produce satisfactory designs. Although a' detailed economic 

evaluation was not undertaken,the reduction of l~ inches (38.1 mm) 

in thickness requirements is likely to result in significant savings. 

Thus, if pavements are designed on the basis of the rational struct

ural apPt'pach, cost economies may be realized if asphaltic concretes 

with greater strength properties are used. Conventional empirical 

methods, in contrast, do not allow the better strength character

istics of particular types of asphaltic c~ncretes to be reflected 

in reduced pavement thicknesses. 

, , . 

.... . ~ 
• 

'.' 

/ 
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CHAP1"ER 5 . 

CONCLUSIONS AND COMMENTS OF FUTURE WORK 

A prototype resili~nt modulus device based on the diametral 

method, has been designed, fabricated and subjected to laboratory 

evaluation. The proven deflection measuring elements used in the 
. . 

resilient modulus system were subsequently incorporated jn the devel-

opment of 1 aboratory equ.ipment for tne determination of "dynamic 
o • 

Poisson's ratio": The values of these material properties under 

operating conditions are of importance in the elastic analysis of 

flexi~"e pavement systems . 

. 
The experimental work identified temperature, asphalt cement 

content, and aggregate type as variables that significantly influence 

the resil ient mpdul us of asphal tic concrete mi·xes. Diametr:a 1 stress 

levels may also affect the measured values. 

Further research emanating from this 'initial·phase includes: 

(l) The study'of confining press~r~ effecfs on the mate~al 
. . 

'. properties of concern. ·This will establish. the adequacy of the,pl"e- '. 
. . 

. sent unconfined system in routine mix desi~n and constlalction control 

programs: 

, 

(2) The 'inv~stigation of "ag:ing" effec~s- by carrying out . . ..' . 
tests on cores· taken' from existing pavements.. 1n additio'n to aiding . . 

'. 
: 

.. 



.. 

" 

, 
the prediction of future behaviour of new pavem~nts, this will permit 

the evaluation of existing systems and provide design data for possible 

Qverlays. 

(3) The testing of materials other than asphalt c~ment -

treated specimens (e,g., lime-stabilized materials and portland cement 

concrete), In the case of portland ~ement concrete, one possiqle 

application is in the field of computer-based pile.drivipg analyses 

by the wave equation method, where the determination of 6 values for 

~ concrete piles under~riving conditions are 01 interest. 

(4) Refinements to the system whjch will include improve

ments to the electronics and provisions to study the effects of 

various loading patterns. 
. , 

Much of thi s work is currently in progress at the Con.struction 
~ ~j 

Materials Laboratory at Mdlast~r University, under the direction of . '. 

~ ',1-. Lee (26) and J. ,J: Emery . 

.-

" .. . , 

.' , 
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APPENDIX "A" 

SET -UP HOLDER 

The set-up holder shown below ensures that the cantilever 

strain gauge beams are centrally located with respect to the speci

men. Th~ edges of the floating collar a~e groved "to fit snugly over 

the holder at a fixed distance above the guide strip at the base of 

the holder. If sampl'es smaller than the usual 4 inch diameter are used 

then the guide strip is shimmed until the strain gauge probes are on 
, , 

opposite sides of the horizontal diametir o~' the specimen. Lateral 

a 1; gnment ; s achi eved by cente'rin~h specimen on the base guide 
, \ -. , 

strips an~ matching ,set-up lines on the floating collar and holder . 

... 

Set~Up Holder 
Floating Collar 

Retaining Screws 

Specimen 
. ,Cant i 1 ever· Stra'i n 

Gauge Beam , 
~~ 

FIGURE,Al: SEJ~UP HOLDER-

. , . 
, " 

, , 
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APPENDIX liB" 

SAMPLE PREPARATION AND ASSEMBLY 

Laboratory samples for testing are made using the Marshall 

Met:11Od. The r~inistry of Transportation and Communications procedures 
, 

for compacting the Marshall Briquettes were followed during the cur-
• 

rent study. 

Specimens for testing are marked along vertical and hori-

zontal diameters, put into two individually sealed plastic bags and 

placed into the appropriate temperature controlled environment. A· 

stabilizatjon period of at leasi'a hours is allowed before testing. 

, Prior to testing, the floating collar i.s placed. on the set

up holder and the retaining screws and strain gauge beam probes re

tracted. The specimen is then qotSkly re~oved from plastic bags, 
. . 

placed in tne holder, aligned, and fastened to the floating collar·by 
'" ..: 

\ ' 

tightening the re~inJng s,crews. ihe specimen and attached floating 
. 

collar are then transf~rred to the loading frame, holding only the 

specimen. The top loading strip is aS,sembled and the angnment 
\ r • 0> 

verified with the bubble level. The strain' gau,ge probes are rotated 

inwards until they just touch the specimen, then turned for ,a further , , .... ' " 

one"half rotation. ~ photograph of the assembed apparatus is shown 

in Figure B.l. 
I 

, , 

\ , 

, \ 

.. 
'. 
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, Load Cell 

Specimen 

BubbJ e 
level 

Bottom Guide 
o St~iP'---I~~; 

72. 

Air Cyl inder 

, Top Loading 
Strip 

l~_- Floating Collar 

Bottom Loading 
~lr--H-- S tr i p 

I:.l,l.....l"""":'--+.-H--Set-Up Holder 

o 

('(,' 
. ""1 
J j 

"... 

.J' 
( 
\ 

F~GURE ',S. 1'; ASSEMBLED SPEfIME~ 
, i 

-~ . . o 

. , 
. ' 

" 
.. ' 

", 
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APPENDIX IIC" 

/' PROPERTIES OF ASPI-IAL'T 9EMENT AND t4IXES r---- , 
ASPHALT CEMENT 

I") 

Type i 
{ 

Ductility at 77°F {em) 
r 

Flash F (c.fe~land 
7~en Cup) 

Penetrati"Un, 1009, 
5 sec, 71°'F 
. I 

I 
Ductj1iiY'Of Residue 
@ 77 F!( ems) 

" Ret~~/ed Penetratipn 
@ 77vrr: . . . 

Ki n,erhati Co Vi scos i tYi 
cSt- @ 275 F 

I 
• J 

I, 
" I 

/' 
. " "\" 

" 

\ 

85/10.0 Penetration 

Min. 100 

500 

86 100 

/ 
I 

Results of Marshall ~e?ts performed on typical samples 
" I ~ 

73. 

t • 

of/mixes used during the experimental work are shown on the f~llowing 

pages. 
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1!IW.Jt:C'I' NMIf.: " R Qeterminati ons 

• I 

I.OCAI'ION HEI'I.;{I.~CI:; -McMaster Uni.versity IMTI.:November, 1975. 

sur'irtAI~Y ur W\I~jllJ\LL I L.YI VALUL~ ._-----_.------ \ 

\ 

TYP[ OF MIX: HM-3 (3%-AC): 
----'"- ,-------- --- ---- ---- ----------, 

Test Values Requirements 

Voids (%) 

F 1 0\'1 ('. 01 " ) 

, j. Corree ted 
Stability (lb.) 

V:r:1.A.O;) 

. Bu·lk S.G. 

Asphalt content(~) 

-------
13.5. 

8.6 

1275 

19.6 

'144.3 

3.1 

/ 

\ 

2 - 4 
~' 

7 - 16 

? 

1200 Min. 

18 Min. 

'- --;-.. _--------' 
--'-------------------------,-----, 

EXTRACTION 
1~----------------------~~----7~~ 

GRADING: % PASSING 

SIEVE SlZE ." SAMPLE 'SPEC I FI CAT ION 
.0 -----.- - ----.- --'~----i 

----------{ 

.. -,- ~ 

- - ~ .. ., ..... "-.. .. - ~.' ~ 

- . ... . ~ ... " 



'. 

.. 

I'IHl.IL!:'!' NMII.: MR, Determinations 

LOC/YIIQN IU.I·I.HLNCI:;· McMaster University Ili\://:: November 1975 

SUI'JrIAHY ur 1'1A1~SH/\U ll!>·r VAU.Jl~ 

TYPE OF MIX: HM-3 (5%) 
--------- --- --------.--------, 

Test Values Requirements 
------ -------1 -------- ------_.--j 

Voids (1) 

F 1 0\'1 (. 0 1 " ) 

Corrected 
Stability (lb.)' 

V • /-1. 1\ . 0; ) 

Bulk S.G. 

7.8 

10.2 

2215 

19.5 

150.1 

Asphalt content(l) 4.9 
. . 

2 - 4 

7 - 16 

1200 min. 

18 min. 

" 

_________ ___ __ ,. _________ ._ •• __ . _______ -J 

--- --~-- ------------ - - - ... _._--------, 
EXTRACTION 

\ 

(lRADING: % PASS'ING 
1---------,-+------

SIEVE SIZE o SAMPLE SPECIFICATION 
---- -. - - .- ------ -------- ----_._---------j 
I 1-1/2" 

! 1" 

. 
----- - -_.- -----------i 

----------- '---. -- - - -, - -- -. - ---------1 
3/4" v 1-----_._----- ---'-' -.- --+----------~ 

t----~-~~:~----------- l 
3/8" ----100'--- - 100 -

t---.-..... ----'---~-___; 
~o..:._ ~ (3~~6"L __ . . ___ .. _8~_ • ..?__ ·. ____ . __ lL~~.~__:__I 
___ ~~:.... .. 8 .. ___ ... _ .... ____ .M2 __ .. _ 50 -. 
__ •. N!?: .. 16:_ .. ___ .. ___ J.L~_ .. ____ -";:'---:---1 

No. 30 30.7 .--- --- ----t--- - --.----.---~ 

No. 50· 11. 9 5 - 20 
f----- Ho-. 180---:- ----·5:3'--· -
---No::2ob-~-. ---------3':"5-.- -: n '. 
----~-------- ~~-.------t 

ASPHALT 
CONTENT 4.9 

-, 

. . 

" 

L __________ '.4 ___ _ 
-~ -.,.. -. . . ... - - -, -----., 

.'·REMARKS: Good Coating - Mix Meaium 
----- ---------------~----~----~~:~ .. --~.~.~.!~.-. 

..... ..,' :.... ... - 1 ,. .. . "'. 
. : i .,: 

-- • ., .,' • • • .. • • .. ... ... ~ .. ': .!. ... ' 

____ ··_·_· __ • __ • ...... ·i,~ ~- . 
• 

-----..,...,------- ----



" 

" 

, " 

,'. 

DI\TI.: November 1975 

. 

.-

SUHI·1ARY ur NAR!:>Uf\LL ll:' r VAlIJL:; 
.- ------_ ........ _--- .. 

• 
TYPE OF. MIX: HM-3 (6% AC) 

---_. __ . __ . --.----.--- ---------.. 

Voids (;~) 

Flo\,1 (. 01" ) 

Correc ted .
Stability (lb·,) 

V • 1·1. A • ( 1. ) 

Bu.lk S.G. 

'Asphali con~ent{%) 

Test Values 
------

3.4 

10.5 

2710 

17.7 

149.8 

6 •. 0( /' 

.' 

Requirements 

2 - 4 

7 - 16 

1200 min. 
. 

la.min. 

1...-___ " ____ _ ___ -. ___ . ___ ., ___ --.-_-.J 

-----
EXTRACTION 

GRADING: % PASSING 
.0 

'--.----
SIEVE SiZE i SAMPLE S PE C I FI CATWN ,-

- ---_ ..... - ----._-- -_ .. _-- ---- - -- ---
1-1/211 · . . . 

1" 
_._- ---_ . . 

- -----).- - -.-..... -
3/411 

-' f------.. 
5~8t1 .. . . _. a __ .. __ 

1/2u 
-

3/8" -----, 100 , 100 -Ne. ·4 (3t161~) ,- , 83.8 _. _____ ~~..: 100 --------- --~-- --_.--
~(). 8 . ' _u •• - '_ .65.-1- ___ .&0 .; 80 -=----
No .. le6 ' • f.t '. 51 6·' . . 

, :-.-'---,--.-~- -----' _.!-.----...... --- .. ~--", . ,- -,' ?!:..~ .' ' -, . ,No. '30 ::. ;,' . . ~-' . ., -.:. ,"' . TZ.·4 . : . '>tio. 50:·'· ,: ,- 5" ·/~O • ___ ~_..J ... . . " . ~; '5-'4" , . ,No., -100'.,. ~ .. • ,~ ,~ '" - ... 11. • r - " 
< .. t 

3.~ 
. ~ 

. -'N~2!)0 .,,~ . · .' , ,- ,- 0 - 5 .. '" . . 
-, 'ASPHl\("I: f,: ,.~. 

. -.. . 
p,.{J " . . . . . 

. 'CorttElfr: . ~. :', : • . - r • 

~;,. 
:. ~#- " 

", -; \: '.: ";..~I ~ .... U .... . ~ "( " .' . ~-,. . . : 

, . 

• 

:r-~""-" ~ -- .. .......-...------~---- ... .. - -". ,- --- ---->-,- -"- , - ,-' ...........--- ~ . . .' -,~ -- ~- --- ........ ~. - - - -. - .. 
,. .. ' .... 
,': . . , ' 

~ .. ' ~, 

',' . ., 
, . 

, , ' 
.' . 

", .. 
l -



\ 

. . . -

!'IW.1I CT Ni\~JI.: r~R Determi nat; ons 

McMaster University DATI:: " November ,1975 

( '-
SUf.ltlAI~Y or ~lf\/~)Hr\LL llsr VALlJlJ 

TYPE OF "lIX: HN-3 (7% AC) 
--' - ----, ----- --- ---,--------. 

Voids (?) 

F10\,1 (. 01 " ) 

Correc tdd 
Stability (lb.) 

V. 1-1. A • 0; ) 

Bulk 5.G. 

. 
Test Values Requirements 

------l-------·~ 

2.4 2 - 4 

12.6 ' q - 16 

180~ 1200 m~n. 

18.7 . 18 min. 

Asphalt content(t) 

146.9 

7.0 
-'---.,. .. ---------~ 

--- --------:------. -------------y--.-7'-, 
EXTRACn ON . 

-------.---------~ 
P1SSIN_G _._ -----.I 

. . 
GRADING: % 

SIEVE SIZE SAMPLE SPEClfI CATION-
.-._--- - --.- -' · - ._. __ .. ---_. --.:--- .-~. ---.----~ 

_.- ---.----~ 
_. .---- .-------l 

1-1/2" 
. 1" --~ 

---------- .. ------ - - -. 

---~-------.----~ 

I 
3/4" . ---_.- ---_._._. 
5/8" 
1/2" 

-,,------

3/8" 
__ ...0-- ___ • ~_:-.-~ __ ----.:--"----I . No. ·4 (3/1V'f--:-' 

f-=---- ,-------~ ---_ .... - .. _-
No. 8 

1----- -_ ........ --
t{o. 16 . . _ .. -.. .. -. - . 

. __ No_..: ;10 __ . 
. No .. 50 -i~o-:-100-~- -. 

---"'-' No. 200 -1--._---------
ASPHALT . 

, 
j CONTENt, 

. - . _. 

. 
....... ·4. -- - . ~. ----~.------ .. 

• - I 

'. -----------.. --- .-.~"-----I . , , 

---- -:..- -' '---.-"----.),...:--~ , . 
--· 

" 

-~---- ; 

I-~ t 

· . 
, 

.. -. :.._.::....-:-.l~-

~. ' . 
j • . ~ 

. ... 
", . 

, . 

. , . 
. , . 

-. . 
.. ... 

.. ~ ~ . 



/ I'IHJ,IECI' NAt-II'.: .-' MR Dete~min.ati ons 

10 A r MtMaster University , C T ON HEFLHENCI:: DATI;: November, 1975 ------- -
'1 

~UI-1HAHY or HI\R~lIr\LL llJ r VALUl:' 

TYPE OF MIX: HM-3 (9% AC) 
--.----.-------.--------. 

, Test Values - Ragui rements • --- ----------f 
Voids (%) 0.8 2 - 4 

F 1 0\'1 (. 01" ) '17.2 7 - 16 

'/ 
Corrected 581 
Stability'(lb.} -1200 min. 

V..t'1.A. (%) I 21.4 18 mi n., . 

Ilulk S.Q. 144.1 

Asphalt content(%) 8 •. 9 

'-----'---~--- -:------.-.--..I-.~- .. ~ 
, ---_. ---_._-----..... 

EXTRACTION 

GRADING: % PA'SSING 

SAMPLE' SPECIFICATION 
----- ~- - .... -.,._ . ......,.. .. __ .---..... --_ .. --,--'"-------t 

" 
/ " 

. ( . -.-. 

'\ .. , , ,\..' .. ' 

. ' '\ . 
' .. 

. . --. 



.; 

/ 

, , 

I'I{(J.JECT. NMII:: 
- MR Determi~ations 

. 
LOt!\ I I ON I~LFI.IU:NCI;: McMaster University 

SUI·1/·1ARY or ~l!\J~~!II\LL 1LS I VALlJL~ 

TYPE OF MIX: HM-1 (6% AC) 

~ IlATI;: 'November ~ 1975 

------- ------------.------,--------. 
/ 

Test Values Requirements 
------- ---- --

Voids (k) . 3.1 3 - 5 

/ . 
F 1 0\'1> (. 01 11 j 12 . .7 7 - 16 

Corrected '0 

2423 1200 min .. S ta b 11 ity (1 b. ) 

V.f>1.A. (I.; ) 17.6 16 min. 

(3·u 1 k . 5 • G • 149.9 

Asphalt content(~) 6.1 

._-- - ~ ------
-----------------_._-----------

~xTAACTrOti 
1--->-------------_·_--------1 

GRADING: % PASSING 
~-------~------,-----~-~--.--------~ 

SIEVE SlZE '. SAMPLE SPEPFICAT,lON ____ . ..... _ ~_A . ______ . _____ .~_. _~_ ..... _--J;;::.. ____ ---I 

1-1/2" .: 
'--~1~1i--~,-~--_i-~ 
1----,..;....------1---- - - -' 

. '. 



~ - , - M Detenm nati ons 
I'HO.J ECT NAME: R 

LOCATI~N REFJ:lWNCE: McMaster University 1)1\'/"1; : November, 1975 . 

, . 
SUr'lNARY OF WWSHI\LL 11:.5 f VALulJ 

HPE OF t·1l X: HM-5 (5% AC) 
,----------_. -------- ---,-------, 

Test Values Requirements 
....-----1------'-- ---------l . 

Voids (%) 4.3 3 '- 6 

Flow (.01") 11.5. 7 - 16 

I 

Corrected 
, Stabil i ty (l b. ) 

1200 min. 

V.M.A. (%)' 14 min. 

. ·I3ulk S.G .. 153.7' 

¢ ,--_As_p._ha_l_t_· c_o_~~~_n t~~_)_ _ __ 5_. O _____ L.~ ______ "--1 

-----_._---------------, 
EXTRACTION 

I------~--------~·---------------------~ 
If 
I . GRADING: % PASSING 

~ ~----~-------------~ 
. SAMP~E . SPEcr FI CATION 

-:-------.-- ~ -.--.----::. _.---_. ----... _- -----.--I 



.. -

MR PIHl.JI.CI NM1E: 

'McMaster University DJ\TI: : Novemb'er, 1975 

SUHr'll\1~Y or 1-1f\1~~HALL 1 [~r VALUL~ --- ------- - ,---.'. ..-.:-~-

TYPE OF j'IIX: Steel Slag (OH) ~% AG 
-------.-------------..,.---~--~ 

------,---

Voids (k) 

Flow (.01") 
I 

Correc ted. \ 
SLability (lb.) 

V • 1·1. J\ • ( Z ) 

Oul,k S.G. 

-A-sphtl 11. content (Aq 
I 

Test Values 
----

3.2 

19.3 

5350 

18.1 

188.3 

5.0 

,Requi rements 

3 - 5 

8 - 16 

3500 min. 

20 mi n •. 

_____ ..... ____________ - . .1..-.-:-____ -.:....-__ 1... ____ ---------' 

-----, .. _._._,--_. __ ._---_. -_. ----,-----.,..--.. 
EXTRACTION 

1------,- ----.--------~-_I 

GRADING:: % PASSING 
1----------..---,-'-' -_. --"-----f--- . ii 

SIEVE SIZE SA~PlE' SPECIFICATION 
.------ ... - ~""P-" - .... - --- ~- ..... __ -- ... ---~ ... -- .- ... - ..... -_--4. 



:, 

I'~W.II;C'l' NM,IE: 
MR Determinations 

LOCATION HI:I'I.RLNCI:: McMaster University. NOvember, 1975 
,,~/ 

SUI'!r,l!\ln UF tl!\RSIlALL r Lj r VALlJl:" ----_ ... -._-- _ ..... - -
ivrE OF MIX: Steel Sl~~ (BOF) 5% AC 
---~.~- -------------, 

Test Values * , Requirements 
t-------- __ -" ___ 1 __ -.- -------.- -- -------"-'-.~ 

Voids p:) 

F 1 0\'1 (.01") 

I 
Corrected 

" Stabili~y (,lb. ~ 

V.r~.A. 0:) 

l3u 1 k S. G.\ 

Asphalt content(~J 

------'-

4.5 

19. 1 

5370 

1.9.2 

184.7 

5.0 

3 - 5 

8 - 16· 

3500 min. 

20 min. 

_________ , ___ -J 

____ . ___________ ~ ____ . -L _________ -, 

EX'TRACT'I atl 
1---------.---------------+---1 

GRADING: % PASSING j 
1--------,--.---,-...-,----------.--------,..--*-.( 

SIEVE SIZE· SAMPLE SPEC I F I CATION 
... _----.---- ------ .--. -- --~--_l 

1-1/2," 

.. 
. ,... " 




