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- 6_f01»v".SUHDXARY.' CONCLUSIONS AND RECOMMENDATIONS = = - -

. e

T 6 1 Summary

k Thls 1nvest1gatlon was almed prlmarlly at ach1ev1ng a

Sw

e

B rbetter understandlng of the 1nfluence of the-dlfferent
. ,..; 2

]deSLgn parameters on the desxgn llfe of conventlonal asphalt f‘
"uconcrete pavements. The study also 1ncluded an: evaluatlon |
of the potentlal appllcablllty of a’ mechanlstlcally-based
B deSLgn procedure toidlfferent cllmatlc reglons.
From the review of the llteratﬂte, currently auallable
ttheoretlcally—based design procedures for flexlble pavements
"’tcon51st of two parts-l an analytlcal part and an: emplrlcal
- one... The analytlcal part lnvolves u51ng the elastlc or
v1scoe1ast1c materlals 1nput to determlne the pavement ’n'v’
mechanlcal responses under the prevalllng load and

i

C
env1ronmental condltlons. ~The emplrlcal part then
. S

.. correlates thls 1nformatlon to the amount and extent of- the

structural dlstress 1nduced in order to achleve a better f

-

' understandlng of the overall pavement performanCe.
- In all mechanlstlc emplrlcal de31qn models postulated,
.jcracklng of the. asphalt layer due to. fa§1QU1ng and/or sub~
Zero temperature effects, aqd ruttlng accumulated w1thin the‘

‘dlfferent pavement layers, “were recognlzed as approprlate

*
'crlterla goveﬁnlng the deSLgn. L1m1t1ng the amount of

"stresses and/or stralns 1nduced 1n the pavement system under

'.the prevalllng loadlng dbndltlons, constltutes the basu%;ﬁpr

) o o
these criteria. T R Y
- S . N S C



Desplte -the potentlal use of mechanlstlc emplrlcal )

de51gn procedures, the 1mplementatlon bf such technlques is .

o

stlll under evaluatlon by many hlghWay departments. Thls is SRR

‘¢

e

prlmarlly due to the dlfflcultles encountered in obtalnlng

prec15e estlmates of some of the 1nput parameters needed for
~N L \~ :;
such methods.v Among these; parameters is the estlmatlon of

the actual trafflc to be ant1c1pated to use the pavement

fac111ty durlng 1ts des;gn llfe,nand the evaluatlon of the

i

subgrade re5111ent characterlstlcs.b
Tﬁe Asphalt Instltute de51gn method was selected as the
seml—mechanlstlc modgl to achleve the objectlves of this |
1nvestlgatlon.i Two separate studles were made u51ng thlsz
procedure. In the first study, a pavement sectlon of known
performance hlstory located wlthln a prlmary hlghway 1n
central Alberta was analyzed using - the Asphalt Instltute

. L] . X
computer program DAMA.. Subsequently a. comparlson of the S

predlcted and actual pavement life was made whlch revealed
reasonable agreement. Thls phase satlsfled the flrst

objectlve of evaluatlng the potentlal appllcabllltyaof the

deSLgn procedure for 1mplementatlon to other geographlc

FR— areas. . l);;l_;,

2

The second study 1nvolv€d conductlng a parametrlc
‘ evaluatlon of the. dlfferent deéﬁgn 1nputs to. 1dent1fy and
quantlfy the effects of such factors on the pavement des1gn

\

llfe. The same pavementhﬁtructure 1ncluded 1n the flrst
»

<

study was used agaln. .'!
AN

Fractlonal factorzal ex.

*imental design techniques



R - dsz.p :-t 27”ilf_fl” ﬁ: ‘:EIFQ.:TVf}t;T:ﬁhE;: i ;aslﬁfjﬁbiifid
.were used in the SLmulatlon to 1solate and 1dent1fy ‘the most
51gn1f1cant factors that 1nfluence the deSLgn llfe. Six

factors evolved £rom thls phase, namely: - T .

subgrade re81llent modulus
'itmean annual air temperature of the partlcular

-cllmatlc reglon

v-'tlre pressure . - -

rA.. )

\
- percent a1r v01ds in the asphalt conorete layer

- percent_bltumen used in asphalt J‘ncrete layer

-}guality_of aggregate material used in base and
"-"A~v ._’ .
subbasehlayers. -
The first four factors whlch fvolved from phase ‘one of
¢

the parametrlc study were chosen for 1nclu31on in the second

phase whlih comprlsed the sen91t1v1ty analy51s.' In thls T

part, the 1ndiv1dual and lnteractlve 1nf1uences of the

de51gn parameters on the de81gn llfe were. quantlfied._
' From the lnvestlgatlon,ialthough 1t ?bpears that
mechanlstlc emplrlcal technlques are potentlal tools for
~“’desrgn1ng and evaﬂuatlng aSphalt pavement structures,

prec1se estimatlon of . the lnput parameterp to be used 1n'

such procedures is 1nd18pep31ble for obtalnlng reallstlc

. design alternatlves. R \‘

.

- 8. 2 Conc1u81ons S e
The follow1ng conclu51ons can be dlsclosed from the

.

results;ofuthls 1nvestlgat1on:,

. '
>



. The Asphalt Instltute method appears to have

2

2.

203
,,,,, N .
potentlal to reasonably predlct the structural

performance of both 1n—serv1qi and newly constructed

asphalt COncrete pavements under Albertan condltlons
L 3 :

| provlded that approprlate deslgn 1nputsna;¢ _.T['

available. -

| .
The most significant«factors_that'influence the
pavement»design'life are:

¢ - . . N -

- subgrade resilient modulus, EéG.

- mean annual a1r temperature of the cllmatlc reglon

in wthh the pavement structure is 31tuated MAAT
é'percentbvolume of air voids contalnedzln the
asphalt concretevlayer,lvv |
- t1re pressure'of the’ wheel load system, TP -
It has also been 1dent1f1ed that the percent volume
of - bltumen contafhed in. the aSphalt concrete layer,

and. the quallty of aggregate used 1n base and

subbase layers may also 1nfluence the deSLgn life. l;

_However&&ihese latter two factors are more T 1

controlled by the mlx.de51gn requlrements.»”

3.

Of ‘the . four factors consxdered in the sen51t1v1ty
analy51s, a varlatlon in the subgrade modulus has
~ the most pronounced effect on the deSLgn life

espec1ally at low levels of the design parameter.b



A ’ y ’\_?'v_ B -..;:‘. .

. v

-

4 Changes in the volume of a1r voxds and tlre pressures“,°
. vhave approxlmately equal 1nfluence on the desxgn’:‘

next 1n order to the effect of

Changing t ”subgrade-modulus. - '_ﬁr

, - : S
- 5. The change in deSLgn llfe resultlng from a change ln—— - .

any of the de51gn parameters 1s not only dependent
on the change 1nduced in that facﬁor, but also? on

'the magnltude of d4l other factors.
S

. /’,/ . » . . . . : ‘ .
6. Longer design 1ife was obtained for the same
structure when placed‘infa hotter climate.

BN -7
o

7 The fallure mode was found to be controlled by the . %*1
'type of support prov1ded by the subgrade 1ayer.: H
Excg%srye ruttlng 1s assoc1ated w1th weak subgrades'
whlle strong subgrades w1ll 1nd1cate the %ode of
-fallure to be one of\fatlgue cracklng.. f‘

>

6.3‘Recommendat$ons

1, The reasonable agreement which resulted between : - f
o predlcted and observed performance of the pavement
nsectlon usedﬂ}n the case study is. indlcatlve of the‘
L.

’potential ap911Cab111ty of the deslgn method to

"Albertan cond;tlons. However, further veriflcatlon




general conclusxon can be drawn in thls regard.

.o

)

. . : p . .
: In u51ng - the de51gn procedure to obtaln a reallstlc .

_ . - . Cooly

-estlmatlon of the ant1c1pated deSLgn llfe of a’ :

-certaln pavement structure, the stochastlc nature of

;the 31gn1f1cant deSLgn parameters should be

7/

reallzed. Thls means that- estlmatlon of the
\4 .

'magnltudes of the dlffercnt 51gn1f1cant de51gn

t; parameters as well ‘as the rellablllby of such

,ﬂejydmatlons must be taken lnto conSLderatlon.

<

’ Among the four design parameters.conSidered rn,the '

sen31t1v1ty analy515,‘t1re pressure, voLume of air

'v01ds and subgrade modulus are factors that ‘can be

e}

_ controlled through proper mix and constructlon'

\- : 4
procedures and adequate load enforcement ‘
strategles.' However, the" lnfluence of the mean

1 9

annual a1r temperature of the cllmatlcal reglme for ,:

whlch the pavement structure was to be desxgned is

IR I

‘not a controllable factor and care should be

exerc1sed when deSLgnlng or analy21ng a pavement

'lstructure under different cllmat1C'cond1tlons.

P . - . . * < v
i e . . SN A

In constructlng asphalt concrete pavements, spec1al

regard should be made to achleve and malntaln ‘the

hlghest pOSSlble subgrade strength 51nce such factor
e )



P L}

v appears to’ge the most 1nf1uent1al 1n affectlng the f

.: deSLgn 11fe., Also proper cautlon should be

exerc15ed to adequately compact the asphalt concrete

layer to reduce the volume of a1r v01ds and thus to

prov1de for max1mum res15tance agalnst fatlgue

1 : o . s

cracking,

n“5. The Asphalt Instltute de31gn procedure can be

1ncorporated 1n the Alberta pavement management
-system as a tool for estlmatlng the remalnlng llfe ‘

of 1n—serv1ce pavements and thus a1d in establlshlng

)’the requ1red malntenance and rehabllltatlon needs,"

C et ‘. .L.‘
6. Further research examlnlng the mechanlsm(s)

:governlng permanent deformatlon w1th1n the asphalt

“éoncrete layer ;s needed to. check candldate de31gns.

selected by the deSLgn procedure. o

. '- ° P 7 ) T
7. Further. research is requlred to examlne the effects

i .

of seasonal varlatlons of the subgrade strength on

/..

pavement de51gn;llfe. R '} ; f o L

. LI - : 7

*

8. Further research is also needed to quantltatlvely

»correlate the structural aspects of pavement deslgn

-

~to the overall performance of asphalt concrete

4

I'pa‘vem‘en'l;s.g I “f;; S e '\;

/‘
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.. an elastlc multl layered system.~ Any pavement stru_‘

’composed of asphalt concrete (AC), asphalt emuls1on.

. W
A , N . Lo :
A. 1 Introductlon and-Deflnltlon of Terms \\ R dv‘jigfﬂ

Program DAMA is a. computer program developed bystheféggu

Asphalt Instltute to analyze and de51gn asphalt‘cancrét

-

pavements. The program con51der§ the pavement s;f
. S\ :

-

y

%
ntreated aggregate materlals (AdG), and subgrade 30119 (SG)

can be analyzed by DAMA prov1ded that the maxlmum numBers of

1aygrs does not exceed flve. Lol -. . o R

In general terms, DAMA utlllzes the Chevron N—layer

'program, developed by Chevron Research Corporatlon,<to

obtaln the requlred fl;stlc solutlons w1th1n any pavement

structure under either sxngle or dual wheel loadlng

condltlons. The e mechanlstlc responses are then related to

’user-defmned deformatlon and fatlgue—cracklng dlstress

o

crlter*on to compute the damage 1nduced w1thln the pavement

'structuretand cénsequently determlnes the pavement design

: (or rémalnlng) llfe. ;

In analy21ng a glven pavement sectlon,,DAMA utlllzes

several lnput parameters. Such 1nputs 1nc1ude materlals o

'*propertles‘ envxronmental and trafflc ‘inputs, and twovuaeri

'deflned dlstress cr1ter1a. leferent materials inputs

pertalning to the 1nd1v1dual constltuent materials are . :

_ respettlvely. ;y

used. %? generar descrlptlon of all lnputs together with the»

program odtputs w1ll be glven 1n Sectlons A 3 and ‘A, 4

]

° . ; . K

[

Because program DAMA analyzes a given pavement -f.,*‘
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“A.2 How Program DAMA Works .

209

P’ ~

-

1structure, 1t ls not a de51gn program per se. 'HoweVer,-‘

structural de51gns can bé obtalned by performlng a fhétorlal -
analy315 on a set ,of pavement structures..

The follow1ng steps descrlbe how the program works-f»;,u

-[Step.lz‘ DAMA utlllzes the Chevron N-layer subroutlne, and

-'materlals, and env1ronmental 1nputs to. compute the

mechanlcal responésg &f stress, straln,,and

dlsplacement 1nduced-1n the pavement system<by
: trafflc loadlngs. Thls is done for each month S

w1th1n a typlcal calendar year td’ account for -

changes 1n modu11 values of all layers brought

_about by temperature, curlng (AE), freeze-thaw and

o

m01sture condltlons.\_

. a

-.Step 2&' Crltlcal stralns developed on a monthly baSlS are

then used to predlct the repetltlons to fallure\

<

’

(Nf) ‘for .each month and for each dlstress type by
using the apprOprlate damage equatlon. For Ag and
‘AE layers the pr1nc1pal ten51le straln (et) at the,

bottom of each layeruls used for the damage

computatlon, whereas for SG soils the vertlcal
compre551ve straln at :he tOp of the sungrade layer

is used..

J

Stepv3£v Unit damages are calculated for each month and for

each'diStress type. ‘The unlt,damage due to a.

SLngle 1oad repetltlon 1s 4 = l/Nf.b Monthly damage

RS



'ﬂ”%;; ‘ for each . dlstress mode lS the product Of the un1t

fdamage and average monthly traffic volume 1n

.ESAL s.

| Stepf4: The total damages for the dlfferent layers and atd
ST R s
A the d1fferent rad1a1 pomnts (at centre of one tlre,

edge of one tlre, m1d p01nt between two tzres) are

.atcumulated month by month to determlne the yearly

‘.

o

rcumulatlve damage. When an. AE layer ex13ts, the.
damage computatlon lS done for 12 months beyond the.
zvftlme of cure. A | | s
_:Stepts;: The program \ssumes the yearly cumulative{damage‘
| E for the last 12-month analys1s perlod. evolved fromv.
, ‘'step 4 above, to be the same’ for all future years
'-ungal a damage of 1. 0 (or 100%) ‘is reached. U51ng
f,thls assumptlon, the layer that flrst attalns a
S total’ damage of 1.0 controls the de51gn311fe of the
pavement structure., -
A{3 DAHA Input Data
As mentloned prev1ously, the 1nput data needed by the
program DAMA - to analyze a certaln pavement structure, coversn‘t
ba w1de range of materlals, trafflc,‘enVLronmental and‘user-
deflned dlstress 1nputs. Flgure A. l shows ‘a typ1cal input
data sheet. Follow1ng is a descrlptlon of each of the input

parameters contained in Flg. A.l:



‘ . : ; e
1. INopT,'Nsﬁs, STRESS (311) o |
INOPT " Thls varlable is- used to lnltlate or end an 1nput

< { ‘

flle. A zero value w1ll termlnate a runstream ‘and
’ . . \
1 w1ll 1n!t1ate a rdnstream. SR o S
. . ‘ .
w"i

NSUB: Thls parameter refers to the number of subgrade ‘
I Jm, R .

ers w1th1n the pavement structure. A maxfmumi
)

er'dﬁ subgrade layers is four. ¢

. U ;ﬁwt
STRESS&‘ ThiSLVarlable 1s used to elther prlnt or. suppress
| | the prlntlng of stresé and étraln values that are.
| not routlnely prlnted. :X‘value ‘of zero will \
suppress the prlntlng of these stresses and
stralns, whlle any lnteger value w1ll cause those

responses to be. prlnted.,' R "'. . 'r\\\\

T T - . ) : . o

2. TITLE (20A4)
This is the heading of-the problem._ Up.to 80
alphanumerics'oan be used to'define:the_speCifio

problem.'

&

3. NS 'MOPEN, MCURE, MTRAFF (ars, 110)

.NS: ' Indlcates the number of layers in the pavement
) t

-structure.‘vMaxlmum NS=5, 1nclud1ng the
subgrade (S)
‘MOPEN: '%o\}h at which the roadway is opened to traff1c.b>

. For: example, 7 vindicates that the pavement has ‘been-

a

opened to trafflc in i:i¥ \ .
. ' ) ' v
- MCURE:  Cure time of AE lay'er months be‘fore the road is



‘opened to trafflc.- The value of MQURE ls greater 4

,’than O and less than the total cure tlme needed for

. r.

~the AE layer to attaln full strengﬁh (normally

' o . e - '.
months) s ’ R : ’

‘ MTRAFF. : S the average monthly trafflc expressed in terms

Lo ‘5 o§ equlvalent 51ngle axle loads (ESAL s)
Ry - r g . .

-a

4. WGT PSI, SD (3F ;Q 0)

'WGT- Refers to load per - sxngle wheel, 1b.
BSI: ’ #Is the contact pressure, p51
'"SD:F“"‘ Is thedcenter to center dlstance between dual
tires, in. "] i
N
. ‘ & - o S
'S5 ATEMP (I), I = 12 (12F 5 1) . : o

Thls is the mean monthly air temperatures from

”January>to December, °F.

e : . : 3 . S . - . t

6. ETEMP (I), I =1, 12 (12F 5., 1)

These are the pavement temperatures at: wh1ch the AC

A
' and AE moduli are evaluated. ETEMP shall ‘cover thea'
'-.;g ' expected pavement temperature’range. A
relatlonshlp relatlng a1r and—pavement temperatures-'
"1s used to obtaln such - range. - "f - o 5t¥
) L -'.-..\‘-‘ ’k v - ‘. ‘ 3 .v - ‘ ) R

(I), 9200 (1). FR (1), U(I), (211, 8F8. 2) (Subscrlpt 1

9

denotes layer,numbers)

\ -



. MCODE:

. ME:

_;HH:,

S Thls 1s

';‘;
R
;%'
AR

Vs
. TCURE: -
o

¢

' 3 for AGG and‘;)for*SG.

...prov1ded

1nputs. iif'

,fvertlcally downward dlrectlon.f"

layers.vl,‘ :y“ f'3;'

'Is the.asphalt'viScosity @ 70°F (21°C), 10°

@

I

This~inaicates‘material code. l.for.AE.32:forva!:h

‘he materlal ‘modulus code.i.ForfAC;.if L

fME 0, th_, temperature modulus values must be

S ¢ RN

s - 1nput. 'If ME l (for AC also) then the

'program uses the temperature-modulus dedeloped by

gthe Asphalt Instltute to compute such: values. ME O

should be used for AE, AGG, and SG materlals 51ncel

e

ifE—values of such materlals are: always prov1ded as

e

. o . R
v -

@e the P01SSOn S, ratlo. -Typical-values'are.0:35‘
for AE AC, and AGG,'and 0. 45 for SG.’7

Indlcates the layer thlckness, "in Omlt for

subgrade layer 51nce lt is aSSUmedelnflnlte 1n the

\

NG

’*De51gnates the total cure tlme in months (1nclud1ng/

2
equal to zero for AC layer._

MCURE) : TCURE is glvé% only for AE layer, and 15\/

wThlS is the percent volume of a1r v01ds in elther
‘3€the AC -or AE layer

Is the percent volume of bltumen in AC or. AE

i L€

18 the percent aggregate pas51ng #200 51eve, (80

um) . ThlS parameter is prov1ded for AC layer only.i

'.Indicates the-expected loadlng frequency, Hz. It

isﬁp vided for AC”layer only.

.



’ 'N‘,oiite.: :

o

E p01ses. It is also prov1ded for AC layer only

..

- Only VV and VB are prov1ded for AE layer and AC

layer w1th ME—O. For AC layer w1th ME= 0,
prov1de all 1tems from Vy to U,
b For AGG-. 1ayer only MCODE ME‘ v and H are.

prov1ded.

p

"c; For SG layer only MCODE, ME, and V are prov1ded.

d. Card 7 lS requlred for each layer from the top

e

1ayer to the_bottom.

'"-8 EI (I J), J 1”12 (8F 10. 0/4}? 10. 0)

) These are the 12 modu11 values prov1ded for - each4'

' materlal quallty vaiues (Kl) for AGG layer are

layer dependlng on the type of materlal._ l2

o -

modulus values are prov1ded for AC layer w1th

- ME= o, Not appllcable for AC layer w1th ME l.;,127

lnltldl modulus values at 12 ETEMP values before

!

cure are prov1ded for AE layer. 12 monthly

-

provrded,; 12 monthly modulus values for SG 1ayer

'are provided. All the aforementtoned modu11 values y

are from Jan ary to December._
N .

<

'9 EF . (1 J),°T =1, 12 (8F 10, O/4F 10.0)

~

These are the flnal modulus values prov1ded for AEQ

layer from January to December.' They are not

"33ppllcable foryany.other;layer{

T~



.

‘_:]_I'jrva;kk/.z;} Q&;;fléisf;
-”Note: -'Cardsb7, 8 “and 9_are>required asaa‘sﬁt for each
.;Mlayer:fromglayer’l‘tolNS;

——+t8< FO, Fi; F2, F3, F4, F5 (6F 10:0)

—

These are the coeff1c1ents for fatlgue damage
' model.' Thls card (10) is requlred for each AC and

AE layer w1th1n the pavement structure being.

analyzed.-‘

: 11+ SDFG, SDF1 (2E 10. 5)
o These are ‘the coeff1c1ents of the deformatlon
damage model for subgrades.- Note that, although pi'
ﬂ. there may exlst more than one subgrade, thls card d
is prov1ded only. once.
= e o .
12. The,finalwcard‘should set INOPT to zero,as Qell as5NSUB
" and STRESS. o | |
A |
7 >
ItAshould be noted that,‘the numbers and letters
between the brackets in each of the input cards descrlbed
~above, denotes the format of the FORTRAN wrlte statement

-

o used to’ 1nput the spec1f1c oarameter.
A.4 Format of Program Output
The: general descr:ptlon of program DAMA output 1s .
' explalned brlefly in the follow1ng paragraphs.

The flrst page of the program output, EOIIOW1ng the '



b
general _ te, cont 1ns the input 1nformat10n pertalnlng to.

'_che proposed pavement désxgn, the curlng cogdltlons, monthly

“Falr temperatures, and trafflc and load c&'d;tions.'.

'v

- AJ‘

'Computatlonal poxnts are calculated from load data.

Materlals modulus values are prlnted next. Asphalt T

v

——~eencrete modull are elther Calculated from the mlx

propertles ‘or 1nput dlrectly as mentloned prev1ously..-
!,,, 3 .

Modull for asphalt emu151on mlxes are 1nput lnlelduallX§§

*The progr%m then 1nterpola§§s theseamodull at thelrequlred

\rd'

ETEMP temperaturé Values. The monthly Kl’values for _' f'

‘ \. v L.
o, ~n; :
Ve

a@@tegate %aterlals and the subgrade modulus values may also

~ be 1npnt as constanﬁS'br varled to reflect seasonal changes.‘

‘_0

- Damage models are shown onvlhe follow1ng output

\
-

pages. These models are’ calculated ublng the fatlgue and

permanent deformatlon equatlons and coeffiCLents that are:

v R . . -:.‘

f‘1HEUt bY the user. ~ 'f'_’ " ;.,” :

,7

When the str%ss optlon is selezted ’stress and strain

,'.values are prlnted next. These are vertlcal,.radlal, shear
\ :

o and bulk stressea\and radlal straln and deflectlon values

o
B fOr’each,radial”dlstanca\agd depbh under one load for each

IR

%

month.

Adl

: “";p_

. B : . g ., . :
' . v' . e ; o . A,

Subsequent pages summarlze the comblned structural ;‘»,id
responses for the dual-wheel loadlng. These responsep :
1nc1ude surface deflectlon, DZ, tenszle\;kraln at*® bottom of

‘asphalt (or emu151f1ed asphalt) layer, ET, . and compresslve_jh_
straln at top of subgrade layer, EC.; Damage gactors ‘

calculated uslng these responsea and the damage equations
A S ﬁ.ﬁ'ﬁ e . )

r

s F i



are then prlnted forveach month. ﬁhen an- AE layer exlsts, .-”5
fthese damage factors are calculated for 12 months plus the :
curlng tlme in months. ----- In the absence of AE layers, the
damage factors are calculated \r 12 months only

The flnal output is the design llfe for a cumulatlve‘
"damage factor of 1~0. ThlS llfe is based on thevcumulatlve
a:damage calculated for the last 12 month perlod.. De51gn life
”1s expressed both in years,‘at the spec1f1ed average monthly-7f
'load appllcatlon rate, and as total repetltlons of the 1nput
wheel load ‘expressed ‘in terms of equ1valent SLngle axle load
t‘applicatlons (ESAL’ s) | |

~An example 1llustrat1ng the use of program DAMA for a

hlghway problem will be'aescrlbed next.

A.S Example Problem p

- Thls example, shown 1n Table A. 1 and A. 2, 1llustrates ,
[ .

33;the use of program DAMA to predlct the de51gn llfe of a

.conventlonal flex1ble pavement structure._ The analy51s is -
'made for a pavement cross sectlon con51st1ng of 102 mm-thlck

(4 1n ) asphalt concrete layer, underlaln by Sl mm-thlck (2

'emu131f1ed layer and a 306 mm—thlck aggregate

in.yiaSphaﬁ
.4 base layerw_'yhls structure is rest;ng on ‘a subgrade 5011 of =

-7
relatlvely low strength (normal resri}ent modulus of 7500

'lsg_‘,h _‘,-4., K

'psl) Thlcknesses and Poxé/bn 8. ratlo fo%;these materlals
f" . é.‘ :r"

are presented on the flrst page of Table A.2. A 51x—month

cure perlod 1s assumed for the asphalt emulSLOn layer.‘

Tra ic is expected to start lmmedlately after constructlon,



o

PrALRLy M

_.ln July. .‘;‘ p_ . ':-"_' j;?:.'u_,f'h
- Page oné of Table A.2 also coS%alns the mean monthly ;ff'f
Cair temperatures. Thls 1nput 1nformatlon is used‘ln :
.calculatlng pavement tgmperatures, and lS taken 1nto’-
-consxderatlon in maklng the seasonal varlatlons (elther '
‘treductlon Keo) ol 1ncrease) in aggregate K1 values and subgradef !
xmodull.v Pavement temperatures derlved from’ mean monthly alr }
'temperatures are al\o used to compute ‘the asphalt concrete‘ |
- modull. Ll_ s '
- Load lnput lnformatlon are also showndln page-one of )
Table A, 2. Two 20 kN (4500 lb) 31ngle wheel - loads» ‘spaced
343 mm (13. 5 ‘in.)” apart, "are used.. Contact pressujes are
483 kPa (70.0 p31).. The.115 mm (4 52 1n ). radius of loadlng

and the computatlonal pObntS are 1,2 lated by the progrgm

and llsted at the bottom of page one of Table A. 2.: A
?

_Thls lS also reproduced on page one of Table A 2.

’,

The temperature-modulus relatlonship for the asphalt
"concrete was calculated uslng mlx and asphalt properties and
the equat1Qn descrlbed earller (Eq. 3 6) The 1nput

parameters and the resultlng modull values are prlnted on’

. page é@pfof Table A 2

F

’c__ Also shown on page two of»Table A 2 are the 1n1t1a1 and,_.

5

flnal modul;'for the asphalt emulslon layer.h.

Monthly K1 values and‘subgrade modull are shown on page

. two and. three of Table A. 2.- The variations 1n Kl values : _ﬂ?

“')

greflect the dependency of such parameter on variations 1n

An average of 2000 ESAL S. per month has been 1nput. o .

© -

. r



REE S

/

bulk stress brought about by temperature effects on asphalt

s

'c0ncrete modu11 and variatlon 1n subgrade modu11 that are'ﬁ'

Tspec1f1ed as lnput. g;;f

I;' ‘The . varlatlons in subgrade modull.lndlcate the‘effect

1 of seasonal free21ng and thaw1ng of the subgrade layer and/
the accompanled increase or reductlon 1n the subgrade

strength.'

-

and . four of Table A 2.

Results of program computatlons are summarlzed on pages

r through'nlne of Table A.2. Pages four to six. contaln'

S

mohthly structural responses. These responses 1nc1ude_
calculated pavement temperatures, asphalt concrete and

asphalt emu151on modull at the glven pavement temperatures,

[y

tcalculated aggregate modull,'and subgrade modu11 for each

‘month and locatlon under the dual wheels. /Also shown)are

,

fsurface deflectlons, ten51le stralns at\bottom of both
vasphalt concrete and emulSLfled asphalt mlxture, and

‘vertafal compress1on strains at top of subgrade layer. 5

. > 4
Results of damage calculatrons based on these strudtural
.

responses are g;ven on pages seven to nlne for each month,

' ach layer and each locatlon under the wheel loads.

The output of structural responses and monthly damages‘

7z

can be useful in’ answerlng questlons llke what month is the’
ost severe for accumulatlng fatlgue and/or permanent ‘
deformation damages? The structural*response output can'

}also be used to show the effect of reduced subgrade modu11

4

)

- 219 "-.:'v

. Equatlons for fallure crlterla are shown on’ pages three'



'f values on. stralns and - deflectlons. S e »-]? jﬁ_
The last page‘ff Table A 2 contalns the flnal output of

e program DAMA Thls output is the predlcted de51gn llfe of
. . T\t

: the\bayement sectlon.- SRR ,Lif

; In thls example,,the predlcted sé?grade deformatloh N
'11fe of 7 4 years is’ found to begghe/éontrolllng de91gn
llfe. Predlcted fatlgue 11ves for asphalt concrete layer
.(1100 2 years) and asphalt emn131f1ed layer (8 7 years) are

also llsted but do not control the de31gn llfe. ‘The Rrogram

R4

>',Ta%io prlnts the de51gn llves in terms of" the ESAL s .‘» : é%i
-'repetltlons requlred to produce the spec1f1c mode of

fallure.,.'
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107

lo.‘
110
11
112
13
14
119
‘116

. Lo - .
. v < = N
“' N .w '
. : 3
PR - » ¥
. i
. B .
v ol
’ Q
A‘IV'J .
L@ -
,,, .
R . .
. a - -
> f -
EXAMPLE PROBLEM
) e
e ' S n
LAYER AND MATERIAL PROPERTIES
T LAvER MATERIAL POISSON'S THICKNESS
NUMBER TYPE "RATIO " (IN)
t 1 ASPH. CONC. ‘0.38 ‘4.00
“. 2. asPH. g, 0.38 2.00 ;
3 AGGREGATE. 0.38 $.00
. .susGR. SOIL 0.48 N
“f N .
: ‘”‘ . ) L. |
' " fyring cono e
; PENED . MONTHS. CURED
. " BEFORE OPENING
s | o
St YU o
“' , 2 ;.."”'_. X
‘ TRAFFIC CONDITION : ’
"NUMBER OF REPETITIONS PER MONTH 3000
ENVIRONMENTAL CONOITIONS o -

. COMPUTAT]
COMPUTATI

- LOADPER TIRE

» : CONTACT. PRESSURE

» RADIUS OF LOAD
: LOAD $PACING

(U!AN mmmv_unfum:nruku; QEG. F).

" LOAD CONFIGURATION ANO' COMPUTATIONAL POINTS

'UAN.© FEB. MAR. APRIL MAY ' JUNE wULY AUG.  SEPT. OCT  NOV. OEC.

L4085 42,2 49.2 99.5 . €7.4 4.4 773 76.%5 70.6 €0.2 20.0 41.2

"4500. U®S

© 12,80 1IN

L POINT 1
L POINT 2

COMPUTATIONA

\ . .

-

v

INt 3

7Q.00 PSI
4.52 IN

X e 0.0 IN (CENTER OF ONE TIRE)
X = 4.52.IN (EDGE OF ONE TIRE) - | :
X.o €,785 IN (MIDPOINT OF TWO TIRES). -

‘¢

’

fK -(;

-;jTable A.2 6utput‘for7

éxample'problem;




L 117
1"e:
119
120
121
122
129
124
128
126
127
128
129
130
1231
132
133
134
138
13¢
137

138
139 .

140
141
142 .

4. -

144
148
148
147
148
149
180
151
192

- 193

194
198
156
187 -
158
189
160
181
162
163
184
168
166
187
1e
1

170

171

72 -

173
174 -

LETPN
s

z

MOOULT CONDITIONS

ASPHALT . STABILIZED .LAVER

LAYER

NuMBER.

t

MODULUS PARAMETERS: NUe 1.800. 'P200= 5.8 FREQ=10.0HZ VVe 5.0 VvB=11.0
' ‘ Lo R . : S

ASPHALT STABILIZED Lgvzn
i e

LAYER
NUMBER
3

MATERTAL
TYPE

ASPH. CONC.

s

MATERIAL
TYPE- .

AGGREGATE

. POINTY

TEMP.
NUMBER
S »
o v 40.0
2 0.0
3 $8.0
B . 60.0
5 . €5.0
[ 70.0
7 7%5.0
[ 80:0
‘9 - 88.0°
10 920.0
1 95.0
12 100.0

. A 3
. LAYER mireriat  Froint TEWP.
‘NUMBER TYPE NUMBER  (DEG) -F)
2

| ASPH, ML,

"UNTREATED GRANULAR BASE/SUBBASE"

s 40j0

-2 [¢]

3 s5.0

4 60.0

5 6.0

3 70.0

T 7%0
8 80.0.
9 85.0
10 . 80.0 -

1. 9%.0
Bia 100.0°

MONTH K1

FACTOR
JAN, 12000.
Fes 34000.
MAR 36000 .
APRIL -3000.
MAY 52%50.
JUNE - 7300
JuLY 9750

Table A.2 Continued

> - MOOULUS €T
(D£a. 'F) - (PSI)

1653384 .
1238306 .
1051518
- 881873
730867
$98480.
484356 .
387486
. 308471 ..
239678
185399 .
141779,

\

MODULUS  EI

(pS1)

MODULUS EF
“(psl)

MODULUS EF -
(rps1) -

.'::;213‘:‘:



TR - . b
. y k . g
% .
4 . o
R S - I
. - < \
178 - . N CAve. 12000. T

K F S . . sen v 12000. e

77 . o 12000. ) o :

178 . . Lo . C Nov ; 12000, - . K

179, o - ogC. 12000 N : .

180 1 ! : nooulx couonxous

198 ! . . o ' .

182 . L :

183 . SUBGRADE LAYER = - =~ . : . : PR .

184 o RSO - A ’ - o
(7] R LAYER : MATERIAL =~ MONTH f} uonul.us P . :

186 . _NUMBER TvPE ) (ps). - ) ) -
187 : EEY B susGr. soIL . . . R ) -
188 ) . . . - . :
189 S S JAN. . 7800.
190" L o ’ FEB. . | 287%0.
191 . C T MAR; 50000. .

.o192 i . : o - APRIL . -31%0, . -

S993 . i : MAY 4237. L . . )
194 : B . WJUNE T 8328, S -
198 R : iy oo 64v2. ‘ . . . T -

196 o - : AUG. . 7%00. ) : N
497 . ¥ , S .~ SEPT, 7500:

198 ' - : T o ocT. - 7800.
199 . . : - NOV. 7%00. . .

200 a A . DEC.” . 7300. .
20 . . o : . -,
102 R o R
206 - 1 L DAMAGE  MOOELS. ‘ .

207 : : . C . .

209, FATIGUE DAMAGE NF = (FO) * (F1) = (10°°M) * (ET)e=(-F2) * (MOD)**(~FI} & ' .
210 . T . . e ) . Co : LT .
211 © WHERE . el ' : S 3
212 : ; : o . ) : L
213 . NP IS LOAD REPETITIONS TO FAILURE .
214 - oo FO. 1S OISTRESS .TO PERFORMANCE FACTOR .

L : ' 100 M xs MIX uc*ron (M= n-(vu/(vswv)-rs)

216 S :
-1k R . VV IS VOLUME OF VOIOS IN ASPHALT MIX (neuczm) . o
218 L . VB s vov.uu: OF BITUMEN IN ASPHALT MIX (PERCENT)
R 1) : L :
« . 220 ET IS T!NS!L STRAIN. m ASPHALT LAYER

221 . MOO 1S MODULUS OF ASPMALT

--222 . K5, F2 AND F3 ARE COEFFICIENTS OF (AB FATIGUE EQUATION
223 - o GIVEN BY  NF = Fi © ET**(-F2) « MOD**(-F3)}"

224 . : L ) ] R
228 : ) ) : oo S :

226 .- : : : \“\1 S :

227 - Y © . PARAMETERS OF LAvER 4 L . ) . ¥4

. 228 L oo

" 229 T k0. ucoouo: Y e 4:250:-0: £2 . :nuouos . F3 « . 88400€+00 \

1230 L )

231 L F4 o, 48400£+01 ls *.80000€+00° VB = n oo v e . 8.00 |
232 :

o ~UL
) -
O
.
L) -
IR



,;v ,hv '1? :' i- ;; ;5.: ;' 1  ;:_,' : 1:'1 L ‘2::5,-

. . )

b 233 .. - oo S - . i B
234 FINAL FATIGUE EQUATION: NFs.77393E-01%(ET)**(-.32910E401)"MOD " *(-.85400E+00)

238 ’ ' S L S

¢ o Y
237 . PARAMETERS OF LAYER 2

229 ] FO =.1B400E+02 F1i «.43250E-02 F2 «.32910E+Qp FJ = 83400400
241 : F4 .48400E+01 F3 = .GOOOCE+00 VB « 9.00 YV 800

24 - : N o Lo - ) .
244 " FINAL FATIGUE EQUATION: NFw.13201E-Q1>(ET)®*(-. 32910E+01)°MQD*~(~.85400£+00) . o
248 - . . . : . : i

247 B - ] v : o, e '
249 'OEFORMATION DAMAGE ~ NF » DO + ECe*(-D1) - C - Lo
. . . X s . . .
281 : WHERE

.23 . .. NF 1S LOAD REPETITIONS TO FAILURE
294 * DO AND D1 ARE COEFFICIENTS FOR SUBGRAOE DEFDHHATION “ODEL
/8 -« . EC lS VERTICAL COMPRESS!VE STRAIN AT TOP OF SUBGHADE LAYER(S)

87 S L - e
ass . : oo‘-.|assoz-oc, DY .44770E+01

26t v S ‘seess MONTHLY STRUCTURAL RESPONSE “e=e*
263 - o : ' e ———
268 - B ' ' TYPES OF STRUCTURAL RESPONSES

267 ' ‘02 VERTICAL DEFORMATION AT THE TOP OF LAYER (IN)
288 : €T TENSILE STRAIN AT THE BOTTGM OF LAYER (IN/IN) . «
269 C - EC .COMPRESSIVE STRAIN AT THE TOP OF ‘LAYER(IN/IN) .

272 . " STRUCTURAL RESPONSES "

a1 . PVT. ;ZDULUS RESP . . S COMPUTATIONAL POINTS oL -
276 . MON L TEMP «(PSI)  TYPE - CENTER . .EDGE. MID. PT. }
217 . . . cecetcvmmeneenae e
27s . "9t - 220117. DT 0.3018E-010.3044E-010.301IE-01
279 91 1220117, ET  0.2136E-030.2029E-030. 1920€-03
280 88 93812. €T 0.3398€-030.3609€-030.3545E-03
281 © 28093, S .
202 ) 6412, EC  0.8242€-030.8738E-030.8750E-02. ‘ oo
283 . o : .. . : . . -
204 L . . ‘ .
288 (] 233970. DZ. 0.2980E-010.2567E-010.2538E-01
288 90 233870. ET 0. 1441E-030. 136 1£-020. 1280€-03
287 87 148110, €T 0.2901E-030.2898E-030.2842E-03
288 34248, . o - : .
200 7%00. EC 0.6808E-030:7301€-030. 7307€-03 :
290 o . . '

- -
WM » -

EAWR -

Table A.2 Continued T

N R



291

292 -

29
294
298

299

‘314.

Jts

. 316

317
318

319
320

a2t

322

323

- 324
J2% -

J28
327

328 -

329

33t

332

333
334

338 -

236
337

338 .

38

240"
J491 .

J42
42

Em

348

347
348

i

voewoo
WM -

8

YW

Arare
5 W - -

NN~
*N - -

rrasra
WK =

aaone’
BN - -

-

LY Y VY

TR

» ol A = -

83
83
a0

T
kA

s8
87

48
a8
48

47
- 47
a7

49
49
a9

58
S8
£

70
Y

79

229393,
329393,

243834

32334,
7%00.

370960.
$70980.
415044,

- 30163,
7%00.

n‘asib;

913538,
679431,

28227..

7%00.

1291318,
1291318,
1019787
2683:.
%0

1322717.

1322717, -

1087937
28727

7800.

1247737,

1247737, .

- 992%92.
72336
187%0. -

. 944873,
944973

727987,

125483 .

$0000 .

591399
591399,
471883,
€997,
2150.

T 393367,

o2
e

€

EC

0z

e
€«

.02

EY

€C

D2
|34
€T

1

‘0T
ET .

e

02
€T
[1+4

02
€T
({4

02

(38
e

oz -

0.23!7!-010.2520!-010‘2!06!'0'
0. 1078E-030 . 1044E-030. 998 1€-04

0.25|GE-0?Q.2537I'030.2‘9'!‘03
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.-3‘adequaoy

B 1 Exlstlng Pavement

g

2330

The pavement cross sectlon selected for the caseg study

vfls a test sectlon w1th1n the Prlmary ﬁlghway 2 located in

'central Alberta.

'pavement structure-
100 mm of 16 000

.50 mm of 20 000

course (1964—

50 mm of 20,000
1965) ’
~"_2so'mm'of 40 ooo

v

1965)

‘ Fleld condltlon surveys 1n 1982 by Alberta Research
Council, and: Atperta“rraﬁ 90f€&£1bn
'ruttlndf;ln thﬁ onder of” 20535 mm, é& ste’

,<boundar1es of the northbound dlr%ctl

pm top51ze

pm top51ze
<

1965)

pm topsize.

pm tOpSlze

A%

PR

sectlon from Xm 2 4 to km 14.4.°

j’lnltlatlon of cold mllllng and recycllng'of a. dlstance of

s

Acé'(1965-1966)

asphalt stablllzed base .

T .gﬁ‘»', . o
granular base%4,urse (1964--

PR

4

1

Thls test sectlon was constructed durlng

-

'the perlod of 1964 1966 and has the follow1ng ex1st1ng

granulariba§e”90urse (l964?

RE ’0&

ghowedgghat severe

| &thln the".

on of Qh roadwayfﬁ

Thls nece351tated the 3

.

14, 97 kq.of this hlghway sectlon to- restore 1ts structural

Slnce the performance history q; ghe afdgégﬁntloned

%
b

fw

hhlghway sectlon has been known for about 16 years 1 e. from_

1966-1982, it-is con51dered approprlate to utlllze such

“llnformatlon and program DAMA of ‘the- Asphalt Instltute to '

-

¥

LI

.analyze that pavement section and check themappllcablllty of

the Asphalt Instltute de51gn methodology to Albertan

O

-

8,
ﬁg

T

e



./.

condltldns.'” e R

.‘:;.v "In the followlng sectlons, Ehe'information pertai ing'
to the roadway sectlon that has bee//%sed as 1nputs gj!

program DAMA is presented.

- ) .>' .

B. 2 Trafflc Input o :,,7' SRR SRR

cove

The trafflc data needed as lnput for the analy81s v

<

flnclude the average monthly ESAL s per deslgn lane, tlre
‘;pressure of the wheel load system, and the spacmng between
",the dual tlres of the wheel load system: from the pavement
1nventory data base prepared by Alberta Research Couneil
'dally ESAL s for prlmary and secondary hlghways can be
fobtalnfd.r USng such lnformatlon, the dlstrlbutlon of the
RS :
dally ESAL 's ‘for hlghway control sectlon 2: 28 ‘was obtalned ;f'

- * for the perlod 1966 1982. Because there/has been a trend of.d
‘lncreaSLng ESAL ‘s per day d@rlng thls period,Jthree | .;;'f\;"f“
:‘dlfferent average dally ESAL s were selected as - reallstlc (3.

‘"festlmates of the trafflc that used the pavement fac111ty |
‘during ltS service llfe. These averages ‘are cogﬁerted toi’

monthly average ESAL E per deslgn lane and used in the
_iﬁbanaly91s.‘ Thls 1nformat10n is . contalned in- Table B 1.;
.7¢§': Other trafflc characterlstlcs llke the tlre pressure

,.and distance between'the dual;wheels

e*also selectedgbased=, B

P ~

~on 1nformatlon obtalned by prlvate co ”unication_With

. - B

Chrlstxson of the Alberta Reseanch Counc11.~ Typical»values_»“J‘
: T - 4

_for such traffic parameters are shown 1n Table B.2. % -

7



-

'sectlon that are

'-paper presente

B.3 Env1ronmenta1 Input f‘l,‘; AR ;/;a,;l\E\\

: Two env1ronmental anuts pertalnlng to the roadway

Jused ln the analy51s were obtalned frOm a_;‘

/ by Shlelds et al. (Reference 2 in Chapter 4)

~\

_1n the 1969 Conventlon of the Canadlan Good Roads

Aésoc1atlon. "These are the mean monthly alr temperature-

4 .

.proflle and depth of frost penetratlon w1th1n the subgrade_.

”5011 measured during the perlod 1966- 1968 ‘at the roadway

'sectlon."‘7 ’ ‘”~_' '”j- »

. ')‘

: The mean Tonthly air temperatures shown in Table B.3,:

are used to reflect th% 1nfluence of such paramegfr on the

K

'modul values of the dlfferent pavement materlals. . "‘ ~,
u

rthermore, the dlfferent perlods characterlzlng the

»seasonalgvarlatldns 1n subgrade re8111ent modull brought

Y N
R

‘vabout by - freez1ng and,thawlng cycles are obtalned from. the .

»edepth of frost penetratlon lnformatlon contalned in Flg.

‘B l.' From such 1nformatlon lt was’ found that freeze starts <'

: »
,month perlod of recovery “to: attaﬁ the normal modulus aga;{rz,
. o - . r}‘ : ot .

v . B M
: - - e .
e g S Y e
a-,aé"o- ’ ﬁ ) . o N
Sy - ¢ Ry - ‘ o B . B f L
« i ol .

‘o. o0 l - Q’S

asphalt concrete layer.‘. . R PO

'ln Qctober and‘last up to 4 months.' Thls is then followed

.-l

“by a crltlcal th " perlod of one month and a subsequent 4

2

~

B.4 Materlalsainput

All materlals'inputslsged ;in the analysxs a;e;-afé
Vi o H g : A”' e
1nformat10n found in Refirences;Z -5 of Chapter 4, and

PR

_presented in Tabl\i B 4 Fo B.6. -d : ST ..-,,7' _;

(S

Table B. 4 contalns the 1nfor31atlon perynlng “to th%

.. . ¥ . o -

o



N | | Lo : ‘ S
'Table B.sthoWSfthe information dealing with the
hraggregate base layer.'t;‘

Table Eﬁﬁ presents the lnputs regardlng the subgrade

.,

"5011 layer.‘.

It is worth mentlonlng that 51nce the 2 1n.-th1ck

?asphalt bound layer is’ not actually an asphalt concrete

Ry T | R /

layeg then 1t is- assumed to ‘be actlng llke an addltlonai 2

in. agg{egate base layer. In other words, the pavement
I '

sectlon is. con51dered as belng comprlsed of a. 4 1n. asphalt
concrete layer underlaln by a 14 1n. aggregate base layer,
Also from Ehe depth of frost penetratlon 1nformatlon

. ’

'contalned 1n Flg. B l, both aggregate base and subgrade }ﬁ
’;1ayers were aSSLgned dlfferent monthly modull values.- TheSe {
modu11 were based on a freeze perlod of 4 months (November,
..December, January, February), a crlthal.thaw perlod of@@ne ‘,

month (March),.a recovery peri 'jonths (April, May.,

'June, July), and a perlod of 3 months (August, September,

/- :

‘ October) of normal modulus value. :
' oy |
’<B 5 Analysas
*
. Seven runs of program DAMA were made u31ng dlfferentgf
values for monthly ESAL 8. per deslgn 1ane,_volume of alr“_
: v01ds, and t1re pressures. These three parameters were - B

- varled to reflect the changes wﬁich occurred in such R

v b

o
.varlables durlng the serv1ce llfe of the pavement and thus
',‘prov1de a reallstlczéstlmate of the predlcted design llfe of
'the pavement sectlon.. The values of ESAL s VV s, ‘and | tire
.‘6' : ' . .

M . ’ " R . : ‘ o



'_‘Run 1:

,

;-pressures (TP) used in the seven- runs are as. followse“

Gives the damage accumulated Wlthln the flrst-é‘

o months after COnstructlon. ESAL = 5400; VV»='8,3%;5

~Run 2:

" Run 3:

Run .5: °

ls.o%;.Tp 80 psi

Run 4:

v

.T?t= 80 psi j U‘;‘
nGives the damage accumulated between month 7 and

"~ month 12 after. constructlon. 'ESAL = 6@00 VV =

%

' Gives-the damage accumulated between mohth 13 and’ 18

.74

'after.constructlon. vESAL = 6800; VV =,2.8%;.T?.; 80:”

ﬁsi::';'f o -\;f

GiveeVthe'accumulatedldamagelwithin,the:period of

- month 19 to month 24 after constructlon.' ESAL =

eeobf-vv #'2;5%;‘Tp‘= 80 psi.

Gives the damage accumulated within the thlrd yearvl

"f' of serv1ce. ESAL = 6800 VV =-2.3§}'T? = 80 psi.

Run- 6:

aiter constructldg.v ESAL =\6800; VW o= 2.2%

lees the typlcal yearly damage for years 4 to 8

(E2 2&1 8]/2) TP = 80 psi.
blees the typlcal yearly&%amage for years 9 to 16
1after‘construction. ,ESAL‘é'12500;‘VV = 1.8%; TP =

- 95 psi. S _ Lo - S

Note that in all aforementloned runs, all otherdinputs |

‘are kept constant (except for ESAL s, VV s and TP s)

The results of the analy51s and the computatlon of the'

predlcted de31gn 11fe are mentloned elsewhere (spec1f1cally

_speaking, in Ch .
: P?fjlng in a?tTr S . \\ ’//>



ﬂTabla B. l Computatlon ‘of. the averdge monthly ESAL s per
Fa desxgn lane - Hwy 2: 28 )
'_w; . o
The follow1ng 1nformat10n was obtained fron the pavement
) 1nventory data base - compressed veESLOn 1. 6.
vear [f ::", ‘Cumulative Dally ESAL's
- . (one direction - two lanes)

1966 - 272
o Tiees’ . - 858,
s o 971 e T 1709
’ S 1 ¥ £ | 2332 -
St 1974’ .. . . . 2756 '
1976 . L *3799-f"r=.i'.s'
19770 S 4589 L
1979 I S . .. 5839 R A
S £-1- [ K o e4aed . T
o oeez o g TBML g

S e , 'The follow1ng average monthly ESAL s/de51gn lane Were
B selected for the analy51s.

uYearv L Average Monthly FSAL s/Des1gn Lane

| 196@ ,f7' - (272x0. ss*xzao**)/lz
- 2756x0.85x280 1
For 1966-74 e ) x 13 = 6800<

7M' 814-2756)x0.85x260 _ 1,500 1 -
For 19Y5 -82 . . S vf 12500

5400

310 85 is the factor usea Qp get the average dally ESAL s .
”dper desxgn lane.pw , ol

280 is the perlod, in. days. ‘during whlch the pavement L
structure Wlll be. mostly susceptlble to the damage )
lnduced by trafflc. _

_3, ‘ . o -



\ Qabiefh.z'
o R sectlon - Hwy 23 28

¢

AR

. );J

238

'Other trafflc characterlstlcs of the ' roadway

] SpaClng
is 34 3 cm (13.5 im.)

between the dual tlres of the wheel load system

‘Tire pressure ‘values selected for the analy51s are:

Table B.3

'\

Perlodi_t-vﬂ.v _ Tire Pressure (p31)
1966-74 . 80
. 1975-82 - .7 95

o

Mean monthly oAr temperature proflle measured '
at. the roadway sectlon durlng the perlod 1966~
1968 v .

Y

.

Jan

Feb Mar Apr May Juq’?ng. Aug Sep Ost  Nov  Dec-
. e v ' ) .

15

20

1

20 30 60 80 80 70 60 45 25 20 -




0' % volume of v01

after

‘,after
~after

“after

after
after
arter

,constructlon
6 months of service

12
18
24
36
48

months

months

months

months
fmonths

-of

of

of

of

7,.
(vv)

a

service
service
service

services 4 -
of »

service

LI volume of bltumen (VB)* -
fraction pasSLng the 80 um

e 3

‘agg. -

sieve (P200) : o
e asphalt v1sc051ty @ 21° C (70 B 901ses)

(U

)**

. Afrequency of load appllcatlon (FR)***

6 . .

L

kK Compdted from

U

where;,

70°F, 106 poises

Pen (@ 77 F)-

Kk Assumed,ffequency.

129508.2 Pen77oF ;

Bow oo sonoun

-2.1939 .

NN NN ;D

‘, oncrete layer 1nput - Hwy 2 28

mﬁ@mqu.}_

'12.85

/10.0 Hz

Based'On‘S.Z bitﬁmen éontenﬁ'per 100 1b of dry -agg.

138 dmm -



.;Table~B;5t.Aggregatéfbase 1ayer input)é Hwy-2;28ﬁ

.781nce the aggregate materlal was founJQto possess % good
dralnage potentlallty (from.soill clas51f1catlon),_then a
Kl value of 12000 ls selectedf R .

- -

VfMlnlmum Kl value (1n March, he cr1t1cal thaw month) is. =32
_*O 25 X, 12000 3000 L _ o '—~‘ , S

Maximum Kl value (frozen subgrade support) 1s (300/100)
'x 12000 = 36000 . : . ,

vThe monthfy dlstrlbutlon of Kl u ed ln the analy51s (1 e.
1n all. runs) is as fOIIOWﬁ’(x 10: ) ,

-

P

.. Jan Feb Mar Apr May Jun \J}ul .Aug Sep ot Nov Dec .

30}0 36 O 3 O S 25 7 5 9. 25~J/é 0 12 a 12, .0 12.0 18 0 24 0

4




740000 20000 5000 1250 315 80 - L.L. P.L. .

¥

subgrade 5011- -

'Table_B;G Subgrade layer 1nputs - Hwy 2 28 *»
R d#«:‘ Co

-From 1nformatlon pértalnlng to"the roadway sectlon (Ref.
"2 in Chapter 4), the follow1ng are the propertles of the

"~ Sieve Analy51s — . Atterbgrg  Pil.
(sieve sizes in um) ‘ X Limits =~ -

3

100 100 98.5 97.6 92.0 56.1 31.3 14.8 °16.5

%

51ng equatlon B. 1, then the GI of the subgrade 5011

. W

"From the above 1nformatlon, the Group Index (GI) ls'

calculated using. equatlon B.l below: _ o N

: VA o B S
GI. = 0.24 + o OOSac + o 01bd , - C(Ba1) v

'

where, a

,_Ilf

L3 paSSLng the 80 pum sieve greater than 35% and
not exceeding 75%,; expressed -as ‘a p051t1ve o
- whole number (0-40). Ctene
‘b = § passing the 80 um sieve greater than 15% and
-~ *not exceeding 558%, expressed as a. p051t10e I
whole. number (0-40). f“}g .
c = the portlon of the. numerlcal quuld le;t Je Ty
greater than 40 and not excéeding 60%, .j-:g“;w,
© expressed as a positive whole number_  (0- -20) . .
d = the portion of the numerical plasticity’ 1nde-,¢j
'~ greater than 10 and not. ‘exceeding '30%, 2
expressed as a whole number (O3 -20).

GISG é-O 2(21) + 0. 005(21)(0) + 0 01(40)(7) 7

From '1978- TRB correlatlon chart, shown 1n;Flg. B.2, the
'CBR was found to be ~ 7. - 0

L3

The Mr(SG) ‘was then calculated u31ng the relatlon

| M= 1500 CBR _ o —rla' g - (ma2)
e Mr(SG),— 1500 x 7 50000‘psi. e,
‘ - M 4 (B3)
r(cr1t1cal thaw) = rct X r(SG) ‘-‘¢ o : j

where r., is the reductlon factor and = 0.44 for MAAT of j

, 60 F (tﬁe climatic regime in which Hwy,2,28 is situated)

e r(crltlcal thaw) = 0.44 x 10500 = 4620. psi v:t.cfﬁ
(9 L .'/.'A';;‘.

r(frozen subgrade) = 50900 psi , _-,' A?-“il.'.d7 I T
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Table B.6 Céntm&ﬁed
)

i /‘ : zgm»

l’ . .
.’ .24

The monthly dlstrlbutlon of g:l‘;e SUbgrade modull :Ls as .

follows. . IR g S
_ T v ,,.ﬁ’ é;-‘

~...Jah - Feb, a Apr - May “June

" aovzs| so000 ¢ 4620 _ ‘579 €972 8148

Jul Aug 4 Sept . oct Nov Dec

932/}#09“/ 10500 10500 '10'5_00_;-' %0375 , 30250

"/,.

) v

,,j-&,/
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SOIL SUPPORT VALUE (Ssv)
8. m Q
| of)|— —+ 100
1 1104
ilo
Hr
125
130 -
- : - 135
—~—T ' ' - —1—- 140"
. . I 1
— : : : 1150
B - S B e e 185,
: : : +— 160 -
ies
I70
178
182
1190
200
215

2 4 6. 8 I 10 I 12" 14 . 16 I8 20
-4t GROUP INDEX (60 ~|

: - L_M_ *_‘&" R

) AASHTO Clasies A-1, -2 8 A-BMe below 0. SSVe6 ¢IO K+200+.
o f Usuol rongc of AASHTO Clouu . : , [

3¢ 5-172 Lb. hommor, 12 drop, 4 oncrn, 45 blovu pcr loyor, compocted‘
at optimum momuro as. dcurmmcd by AASHTO T-99.
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MODULUS OF SUBGRADE REACTION (K}, pgi

CALIFORNIA BEARING RATIO (CBR)--3
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Fig. B.2 Correlation chart for subgrade Stf?99t§_'
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FACTOMXAL ANALYSIS OF FACTORS AFFECTING
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'.1nputs 1s selected for 1nclu510n ln the analysls. The

247

c.1 General B T

. In thls appendlx, the statlstlcal technlque used to
: 1dent1fy the 31gn1flcant de51gn parameters that 1nfluence

the predlctlon of pavement de51gn life is presented along

o

w1th a descrlptlon of the analy51s performed andlthe results

AN
evolved from that analySLS. _
. _ -

} The technlque used in 1solat1ng and 1dent1fy1ng the

~

'slgnlflcant deslgn parameters is named fractlonal factor1a1

de51gn.‘ 051ng this technlque, the 1nvestlgator usually
'selects a flxed number of "levels for each of a. number of -~

variables (or factors) and then runs experlments w1th all_'

p0551ble comblnatlons.
Because the - Asphalt Institute mechanlstlc emplrlcal

' model tested by the author ln thls 1nvestlgatlon already

Cu

_ex1sts,'the statlstlcal technlque descrlbed above is used
ﬂmerely to check the sensxt1v1ty of the model output to small-
'fchanges in the factors used as 1nputs to the model.-,Thls

odel, .which, took the form of a computer program (DAMA),

®

-;utlllzes several 1nput parameters to predlct the de51gn llfe

.of a spec1f1c pavement structure. A set of gome of: these.-,

N et

_specxflc factors chosen wereqselected because of the“mapy Jh_s"

avallable research results that 1nd1cate thelr probable

P

'_potentlal 1nfluences on pavement de31gn llfe.- h 351;,}f{5vfﬁfl

S, ."”

.Ce 2 Formulatlon of the Factor1a1 Analysls

L A set of -8 factors is selected for 1ncluslon Lnfthe7f: f_gt

»

S o PR T
RN ~. Lo A



e

ialysls. These factors are: L L
k: - SR I
l. Tlre pressure of the Wheel load system (TP) '
2. Mean Annual Air Temperature of the geographlcal

S
reglon 1n whlch the pavement structure is analyzed

¢

3. Percent volume of air" v01ds in the asphalt concrete
- ;-tlayer (VV).A

4.;Percent,volume:of}bitumen_in,the‘asphalt concrite

'»layer (VB) . i;; 3:.” " - _Td“,- . z S
5-vExpected frequency of trafflc load appllcatlon in Hz.
(£).

o
Piart

?6;\Type of.bltumen used expreSsed 1n terms of the’ o
.asphalt absolute v1sc051ty at 21°C
.l(“70 °F, lO6 p01ses) |
jv‘7.‘Qua11ty of aggregate materlals used in. the pase and
| gsubbase layers of the pavement system (K )
vgélRe3111ent modulus of the subgrade layer (ESG)
Two levels for each of these factors are cﬁoséh“fcf_gﬁe_
.fanalySLS and are showd’an Table C. l.' Because of~the;manyff’
"runs, 28 runs, that w111 be needed to perform theﬁanalysisl
':lufor the whole factorlal, only a 1/16 fractlon of the o
‘factorlal 1s analyzed., o o
W1th the above conslderatlons-ln hand,‘the analy51s.ls

"p;reduced ‘to a 2§V4 fractlonal factorlal desxgn. The ry' ;

'.'.'_-;-

fli,resolution IV deslgn was selected based on the assumptlon

h,,»that all three- and other hlgher order 1nteractions ‘are. not
A . SRS T e .
:,".‘ﬂ . ‘ . . "



2497
Q§e-h L : :“:fl‘f_ .
of 1mportance and can be neglected.; This'assumption,was.'~

vl
4

.Jl. decrease the number of computer runs needed for the

factorlal analy31s,."“ .

- 2. obtaln only the main. effects whlch will 1ater be

sed as’ 1nd1cators ‘of ‘the. 51gn1f1cant factors to beb

';.[in?IUded 1h the sen51t;vlty.analysls phase of the_' ’
‘..ihuestigaiion{_ _ h". R "QHJ D
fable C. 2 shows the deSLgn matrlx for - the fractlonal
.factorlal analy51s.‘ Thls matrlx was formulated as follows
| 1. A full 24 de81gn was wrltten for the flrst four
| variables lf”24l3vand 4:(TP,‘MAAT, v and VB,
. ..respectlvely) | | -
a2.‘The four generators of the fractlonal factorlal,
nahelf f | | 5
e ' R ' 7 A :
,§,=.234 R
regae i T
| 8 = L - o _ . : g ‘
»'are used_

other four factors 5, 6, 7 and g (£, nn Kl,'and ESG

respectlvely) : f' ’1 2 ;?

.3. The" columns of signs for the Lnteractlons 12, 13,
14, 15, '16‘"17 and 18 are obtained by multlplying

the 81gns of the 1nd1v1dual columns.. For example, ffﬂ"
o o
_column 12 1s,obta1ned by multlplylng column 1 w1th 2

-



and so,forth.v

s

| 4 The column des1gnated "De51gn Llfe

P

f;,‘

: output obtalned from the- ana1y51s.

.contains’ the

This-output“is

expressed in terms of elther fatlgue (F) or .

permanent deformatlon (D) llfe in years.

,'",

- Note that in the deslgn matrix shown 'in Table C 2,451

-

plus s1gn 1nd1cates a hlgh level of the factor, whereas a’“b”

-mlnus 51gn 1nd1cates a low level.

'J
L

caiCuIated using the method of

iﬁ\M
llnear regre551on analysms, u51 g

' 1

" Ce3 Calculatlon of Maln and Other Effects

3

-

b ' .
The ma1n and two-factor lnteractlon effects are

astvsquares.

.

A multlple

was. performed on the 16 varlables contalned in Table c.2.

From the results of thlsaanaly51s shown in Table'C 3, the

Iv

_9.fQILOW1ng effectszwere obtained.

. Lg >

© Ly + A2435+47+58

8

7

e

v-,;Effect“

. 2(-50}95”

.2(;11,4)
' 2(-51.7)
©2(28.5)
2(-3.5)
' 3(a.8)

'2(16%4)

- 2(53 3)

| fz(z 4)

Id

M oA N WM I

o

--61 8

'-22 8

-103 4

IDAS‘StatiStical Packager



A@f

Ly, » 13+25+¢48467 . 2(28.4) =56.8 .
Lyg 1ah27438456 . 2(-48.5) = ~97.0 .. . -
’ . L0 R ) .{ w\» . . g . ':7 . B .__" e
Ly ».15+23+46+478 | - 2(14.6) = 29.2
Lyg + 16+28+37+45 ""l',f,2“i3~9) ='-27.8
Ly * 17+24+36+58:', ! 2(-4, 9) = —9{3;. .
Lis, +.18+26+34+57_ 0 2(-30. 2) =,a§o;4

”Thesereffects are then plotted on ar half—normal
probablllty plot, shown in Flg. C. l.‘ Thls plot 1s use& to
separate the slgnlflcant effects from thﬁse resultlng from

L ; v ‘
random varlatlon about the mean." . '

-~

From the half—normal plot,‘lt appears that all factors
are’slgnlflcant.‘ However, effects LS’ L6' le and L17 were'
heicluded SinCe thelr'magnltudes are relatlvely small_
dcompared to the other effects.' This wasdcoasidered
s.necessary to® enable estlmatlng the standard error of the
effects whlch w1lr be used to judge the s1gn1f1cance of the
hvarloms‘varlab}es._ Using the four effects L5, Lg., le and__
L£7) the'standard error of_the effect ;s_calculated as

‘ './-.
follows:

‘/2 [ (negligible effeCt)z]
Y no. of negligible effects

e ; o B ‘i .
| | ‘ ‘]117;0)2 + (9.6)% + (4.8)% + (-9.8)%}

~~ SE (effect) (c.1

f/v,- SE (effect)



héve. 51gn1f1cant 1nf1uence on the pavement de31gn llfe..
& .

;These factors are:.

1 Mean Annual Alr Temperature (MAAT)

ié. Subgrade re5111ent modulus (ESG) o 'p . e
.‘3.'Volume-of air’voids( 3 (VV) o o

4, Volume of bltumen, %~(VE) |
E 5.‘T1re pressure (TP) |
6. Quallty of aggregate materlal used in the base and

. subbase layers of the payement structure (Kl)
On the other hand, the type of asphalt used and/or

x,frequency of load-applicatlon has shownpvery.llttleyor no

v effect on pavement de51gn llfa.' ~Qk_ .'i. ;'L’ o

u_ Due to the constraxnts mentloned ‘earlier in Chapter 5, :
only MAAT, TP, - ESG' and VV were chosen to be lncluded 1n the
,'parametrlc evaluatlon part of the 1nvest1gatlon.; The t.vfﬂ
‘-detalls of thls part of the study together w;th the results

evolved are dlscussed elsewhere. T L ua' T e

’ . . w o o G . )
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e 255,
Table C.3 ' MIDAS output:- . <
S . e . ._ . L y RS
L : S .
<REG~OPTIONS=MEANZERO VAR=16:1,2.3.4,5.6,7,8,9,10.11,12%13,14,15.>
r ’ . ‘ : Te . ’ . B . > e - )
I o .
" 'LEAST SQUARES REGRESSION - - -
: . N oA
B ' P T . v
" ANALYSIS QF VARIANCE OF 16.V16 N= 16 ouT OF 16 .
" SOURCE -~ 'DF_ SUM SQRS _MEAN SOR  F=STAT " SIGNIF
: N ) LV N N . ) \ .’,;': .::‘ s ) )
REGRESSION . = - -.15 19556 +6 13038. .23846 - U845 . i
ERROR . . 1 .54674. 54674, R MR :
TOTAL . - = 16 '.25024 +6 o
. OPT: MEANZER0,7R;SQR-1.OOOOO SE= 233.83
VARIABLE PARTIAL . COEFF ~ STD ERROR™ ‘T-STAT ~SIGNIF = . =«
1.v1¢ . .,-.46784" ~-30.944 " 58.456. ~ -.52935 - ..690t
. 2.v2 % CY_l1g1s1 f11.406 | '98.456 = -.19512 7 .8773
ava. .- .-,66236 %-51.681 . :58.456  -.88410  .5391
4.v4, o ©.43816 28.494 © ' 58.456 . 48744 LT143
. &.y§. . . -.06051 =-3,5437 . 58.456  -.60622 -1 .9615. - .,
6.V6 . - e .08173 '4.7937 ° . 58.456 ' 82006 -1 .9479, *
S LINT .27, 16.406 - 58.456- . . .28066  .8258 :
. g8 . . .67364 . 53.281 - . 58.456 ° .91147 .5295
- 101 S 104092 23937 - 58.456 .. 40949 -1 .9739 . .
L 10:V10 .. ;43754 - 28.444 . 5B.456 - - .48658 - . .7117
41.vi4 - -.63818 -48.456 : . 658.456 . -.82893 ' 5594 .
12.V12. ;- .34280 . 14.631 - '58.456, . .25029 .8438
Yo13.v13 _-.23104 -13.881 . 58.456 -.23746 . .8516"
S14.vid4 .. ,-.0B427 .-4.9437 . 58.456  -.B4572 -1 .9463
48.v15 - . ' -.45952 -30.244 . 56-.456  -.51737 6960
,' R



ﬂVThé,hypotheéis’toﬂbectested here is -

SRIP

Hg SR ; o
R O.v-(i'é.‘one—sided test)'

: , N effect
) versusfu HI :

effect

fiThe table below contalns the ‘estimates- of the effects ,
; together w1th thelr standard errors and t-Statlsth.‘f:

K

y -

" Factor - Estimated effect + SE(effect) . tcalc

np. ot -6L.8 £7.7 ot '8.03
Ly _-22 8 %°7. 2 T T 2496
Ly . . . -103.4.% 7.7 “‘o“,nv- .0 13.43
Ly 810 7. T 740 0
. "Lg :;v‘g 7.0 £ 7.7 . 0.91*
L Eg .- T 9.6 £7.7 0 1. 25*[
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ABSTRACT
Mechanlstlc emplrlcal thlckness des1gn methodologles..

_ for flex1bla pavemepts have galned w1de popularlty 1n recent B

o ’years. Thls is come from the facts that Ehey can more .

Y

tratlonally represent the pavemfnt structure and. they have"

more flexibil .ty in 1ncorporat1ng new materlals and/or'

.‘_

: analytlcal techniquesi}h deSLgnlng or evaluatlng pavement fﬂj~
w‘svstems. This 1nvest1gatlon almed at evaluatlng the"

fappllcablllty of one of these theoretlcally-based de31gn"

4procedures, and achieving a better unders&andlng of the W»:i

.

f\influence of the various deSLgn parameters on the serv1ce
11fe of asphalt concxete pavements. The Asphalt Instltute
deSLgn procedure deveroped between 1977 1981 was. Che method
_ selected for thls 1nvest1gatlon.. “ ., ' |

The studj was separated 1nto two dlstlnct’phqses. Inp_
: phase I, a pavement sectlon located in central ALberta wasf

usea to valldate*the appllcabllity of the de51gn procedurei}

to Albertan condltlons. Phase II was a mope detalled :;

g; .'._;

1nvestlgatlon deallng w1th a parametrlc evaluatxdh of the
varlous desxgn parameters. In thls phase,‘a set of deslgn
jfactors was analyzed to obtaln quantltative measures of the

>

influence of each of . these factors on’ the pavement deslgn fﬁ

llfe.v
Results from phase I lndlcated good potentials for

1mplement1ng the de51gn method 1n Alberta. However,‘Sane.'
0 < 4 s
only one pavement sectlon is 1nvolved in this phase, it is

recommended that further verlflcatlon is deeded before

G

Y oY



. A . . K e
'ygehgral conc1u31on can be drawn wlth respect “to that regard..
-~ » .

@ Phase II 1dent1f1ed four factor to behmostly

V;81gn1f1cant in affectlng the pave’ent de519n llfe., These'

‘factors are the subgrade modulus, mean annual air
htemperature of the cllmatl a1 reglon 1n whlch the payement

B structure ls 51thated, percent volume of air.. v01ds in the
. o Nt . [
;asphalt concrete mlx, and the t1re pressure of the wheel

»x-l

:}f'load system.v Other factors appedr to have llttle or no

) . L .
.

'effect on pavement de51gn llfe.

«

b
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IR . 4y 1.0 INTRODUCTION o

1 General .

T For the past three decades, a COnsiderable-amount of
»'research has been drrected towaro developlnq more ratlonal _<:
_procedures for deSLgnlng and evaluatlng asphalt pavement

structures.' The need . for developlng such procedures has

. < -a -
'

been substantlated largely by ‘the depletlon of quallty

‘.

_aggregate, the 1ncrea51ng cost of- asphalt'cement,'the
1ntroductlon“of new vehlcles with different than usual axle
:\loads,and'tLretpressures,'and the effeCtgyeAuse.cf the |
‘.fpavement»facllity without-thepneedvfof:performiné-maﬁor
maintenanceiactivities at short time‘intervals..)¢ .
Wlth developments 1n'both analeis'techniques‘and-
materlals testlng procedures of the past‘25 years, severalh
mathematlcal models haVe been poséllated that correlate the
pavement mechanlcal responses to loadlng w1th the’ dlfferent.
dlstress modes deemed respon51ble for unacceptable pavement :

' performance._'

Among “the many avallable mechanlstlcally—based de51gn

. .
r

methodologles, those that are based on- the class1cal elastlc
theory.recelved most attentlon.‘ Thls is prlmarlly due to

. two facts: (a) the 51mp11c1ty lnvolved in u51ng such -
procedures,_and ‘(b) the reasonable rellablllty of such

~f procedures in predlctlng the actual pavement response to
“rloadupf |

However, since all aspects of pavement de51gn 1nvolve,'



‘-;evaluate the

an < s

.Nlnherent varlatlons that cannot be measured adequately or

A

'preuicted‘1* the determlnlstlc sense,'a parametrlc

. evaluatign of - such aspects of any of the aforementloned £
. - -
de51gn procedures constltute an 1mportant conslderatlon that

.. warrant furtHer research.,,,. :

2

S AT T ‘ [

N

,1 2 Purpose and Objectlves of the Investlgatlon

urpose of the 1nvestlgatlon was to

The overall

fal use-of a-mechanlstlc—emplrlcal
B ]

thlckness desi%t

vigocedure for asphalt concrete. pavements
T under extreme cllmatologlcal condltlons. Spec1flcally

speaklng,_the objectlves were: o
:*,'l;' fo valldate the appllcablilty of the mechanlstlc-

emplrlc;l de519n approach to predlct pavement

-response to load under typloiliAloertan conditlons.

2. 'To ldentlfy the - 51gn1f1cant des1gn parameters that

llnfluence the deSLgn thlckness reoulrements.
133':To quantlfy the 1nd1v1dual and/or 1nteract1ve
effects. of such . factors on the pavement de81gn
life. e, . B f J
L : , . »

f;4;‘>To provxde guldellnes for future 1mplementatlon of

_hthe deslgn procedure #n Alberta.

1 3 Scope of the Investlgatlon {;/;Bj~_ S
-7 The scope of the 1nvestlgatlon limited to.
conventlonal asphalt concrete pavements 31tuated under o

.

elther extreme hot or cold cllmatlc env1ronment.

s
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Of the many avallable theoretlcally—based solutlons for

——

predlctlng pavement responses 1n layered systems, only the,:

computer program DAMA dEVeloped by tge Asphalt Instltute was .

used. . ' ﬂ', ) _’v v‘ o~ ‘ A_” s el ', Z._ "jd
For all phases of the 1nvest1gatlon, only one paVement

)l Lo
sectlon W1th1n the prlmary hlghway 2 located in central’ '_ \

~J

Qﬁ

Alberta'wag 1ncluded. Attempts were ‘made to utlllze all the

@
avalfable 1nformatlon pertalnlng to the ‘pavement section

o WUSHRS

under conSLderatlon to. prov1de the inputs needed for. the
-y .
. e o : :
computer progr“ 'DAMA ©
‘vc.‘ ] * : : L
Slx 51gn1fr&ent de51gn parameters were ldentlfled whlch -

1nfluence de51gn llfe.l These factors ‘are: %tlre pressure of
'wheel load system, percent volume of voxds in asphalt.

- concrete mlx, subgrade re5111ent modulus,‘mean annual air
&
temperature of the partlcular reglme where the structure is

situated, percent volume of bltumen, and aggregate quallty

-

factor Kl. Only the flrst four of these factors wene-
.1ncluded in the paramqﬂgac study.{ Thls was found necessary

'to reduce the large number of computer Tuns needed if all

factors were to be conSLdered.

c

1.4 Organlzatlon of the Thesls

-

ThlS study is divided into 6 chapters and 3. appendlces.

The Introductlon, tOgether w1th the purpose,“‘
vobjectlves,iscope, and organlzatlon of the the51s is

-gpresented in Chapter 1.

In Chapter 2, a crltlcal rev1ew of the llteratufe‘.



dealing~wiﬁh’mechaniSticéemp_ri al design methodologies is ™

described. . :' : . N R 'f:“‘

The Asphalt Instltute thlckness de51gn procedure ls
§ summarlzed 1n Chapter 3. Appendlx A contalns~a general'

rlptlon of program DAMA 1nput and output formats

'_ther w1th ‘some . examples 1llustrat1ng how the program can»
be used for analyz1ng a. specxfr; pavement cross sectlon.

Chapter 4 descrlbes ths procedure used in ana1y21ng an

R
in central Alberta., %hegresults evolved from thls study are
\

also presented and dlscuésed._ Materlals,'env1ronmental, and

.

ex1$t1ng pavement sectlon w1th1n a prlmary hlghway lociLedf'

trafflc 1nputs .used in the: analysis of the case study—are

contalned in Appendlx B.

f

Chapter - 5 is entlrely devoted to the. preséntatlon and

-

dlscu531on of the results of the parametrlc study. Thls

”-chapter contalns both phases of the sen51t1v1ty analy51s.

- \l‘u

in the flrst part of this chapter a. general descrlptlon ofﬁ
¥ P v - . o
7

the: procedure used 1n screenlng out the 51gn1f1cant de51gn‘

parameters affectlng ths thlckness des1gn requlrements»ls

L4

glven; The results of thls analy51s are then presented and

dlscussed. The second phase of t e sen51t1v1ty ana1y81s
deallng w1th the parametrlc‘evaluat'on of the. 1nd1v1dual
sxgnlflcant ﬁactors is descrlbed in the second part of thls
chapter.‘oAppendlx C contains the detalled lnformatlon
pertalnlng to the screenlng analy51s part of the parametrlp
; study. In thls Appendlx, the detalls'of the statlstical

technlque used for ldentlfylng the slgnlflcant deslgn :



parameters affectlng de51gn llfe are glven.
T

| Chapter 6 presents the summary and major conclu51ons oﬁ

5thls 1nvestlgation. Thls chapter also contalns the ' T,i‘

recommendatlons evolved from the results of the study



. /,-..

-2. o LITERATURE REVIEW ou HECHANISTIC-EMPIRICAL
T T ys{cm METHODOLOGIES |

/’\

s

ei 2 1 General
| is chapter rev1ews the llterature deallng wrth the
‘_jde 21opment of mechanlstlc pavement des1gn methodologles ‘and -
'_1s d1v1ded 1nto three major sectlons.v~The flrst sect1on
'm'rev1ews ‘the currently avallable mechanlstlc models that useht
‘analytlcally-based ‘!thods for the structural des1gn of
-'asphalt pavements. Th? ‘second and thlrd sectlons rev1ew the

'1nput varlables and de51gn crlterla commonly used ln such

| . v o
deslgnaprOCedures. T S e

;2 2 Mechanlstlc D6819n Models »~: ‘ y';v""._rllf
Pavements are con31dered extremely compllcated phy31cal

systems that 1nvolve 1nteractlons of a large number of

d complex and lnterrelated factors. Therefore, a sys%gmatlc

. and loglcal approach must be ﬁollowed in- developlng a‘

fratlonal and generally appllcable method for pavement
des1gn.: Such an approach had been the concern of many .

| ,Jnvestlgators partlcularly durlng the past three decadesr

| The efforts of all those researchers had gfen directed
toward developlng a: mechanlstlc ba91s for: designlng and
evaluatlng pavement structures. Many theoretlcally Based

fde51gn methodologles utlllzlng llnear-elastlc, nbn-llnear-‘?

- elastlc,‘and v1scoelast1c layered system theories were:

developed and are currently under evaluatlon by major



“‘hlghway organlzatlons for potentlal future use (1)
| ,A A mechanlstlc pavement de51gn methodology 1s an
tapproach whereby the response of a pavement system is
.postulated to be closely related to the mechanlstlc 3
'responses.of stresses, stralns and dlsplacements 1nduced in.
.the paVement under trafflc loadlngs and/or envlronmental
'_influences._:Such an approach follows a framework llke that'
lshown ianig:2;l;. Essentlally‘ the thldkness de51gn |
”,involves the selectlon of a pavement structure in which aﬁ"
approprlate comB*haETon of materlals and layer thlcknesses
is chosen to mltlgate the varlous forms of dlstress 1ndused
’ ln‘the pavement from trafflc and env1ronmental related '
\\factors. ‘Such: a methodology has been 1ncorporated into
dlfferent de51gn formats‘lncludlng- (a); de51gn charts llke
| those developed by Shell researchers (2 3 4) ‘and the Asphalt
_Instltute (5 6); (b)',computer solutlons like the DAMA .
‘f’program (6) or the use ‘of tha BISAR program (7); (c)Q andk
catalogues of de51gn llke the one developed by NITRR of
»South Afrlca (8) or the one'. developed by LCPC of France
'(9) However, 31nce all these de51gn models lnvolve an

¢

‘emplrlcal part, they are usually referred to as mechanlstlc- :

(9

femplrlcal procedures (10).

The merlts ofcgdoptlng a mechanlstlc emplrlcal de51gn :
'approach over an emplrlcal one cag.be v1ewed as threefold.
Flrst,‘a mechanlstlcally-based approach permlts &he
_effectlve and expedltlous utlllzatlon of ex15t1ng materlalS'f

and the 1ncorporatnon of new materlal! 1nto the de31gn



'process., Second, it relates ‘the pavement prlme responses

vunder load to the dlstress de51gn cr1ter1a ln a- ratlonal and
'appllcable manner._ Thlrd the* de51gn of new pavements under.
_dlfferent sets of loadlng and/or env1ronmental condltlons |

.can be achleved u51ng mechanlstlc methodologles whereas »
: vdlfflcultles and-erroneous deSLgns-may arlse upon

extrapolatlng emplrlcal deSLgn correlatlons beyond the

condltlons for whlch those “were orlglnally developed.y The;e‘

v -
)
are, however,.a number of pltfalls 1nvolved ln uSLng ’

theoretlcal technlques. ..Such pltfalls 1n ude input data
'vrellablllty, a tendency'to bllndly use computer programs as
"black boxes" w1th c0mplete trust ln the results, and a lack
hof apprec1atlon of the sen51t1v1ty of the' deSLgn factors.
Thus whlle mechanlstlc analy51s prov1des a very powerful,>"
;potential tool for maklng pavement Ee31gn more . fundamental
,1nvnature, Mhe dlsadvantages*should clearly be recognlzed.‘
:v.2;2;lf Layered System’Analysis

| Pavements are conSLdered by many de81géers as multl-

layered systems: that can .be analyzed u51ng the pr1nc1ples of

- P3
.

i
cOntlnuum mechanlcs._ Strlctly speaklng, there are three

ke

factors that must be consldered 1n predlctlng the response
of multl-layered pavement systems- these are: (a) the
1stress—stra1n behav1or of the mater1als, (b) the lnltial and

-boundary conditlons of the problem[ and (c} the partlal

.

, dlfferentlal equatlons thatagovern the problem.

Utillzatlon of the pr1nc1ples of contlnuum mechanics



.t

has evolved three ba31c system approaphes for the de51gn of
aéphalt pavements. Those are: {a) llnear and non-llnear
elastic mult1 layered systems, (b)' flnlte—element. |
approaches, and (c) v1scoelast1c approaches. Detalled
dlscu551on on ‘the prlnc1ples and llmltagions of each of

» these modéls w1ll be pursued 1n the follow1ng chtlons. ;

T2.2.2° Llnear Elastlc Models b |
_The response of pavement systems to wheel loadlngs has
been of 1nterest since 1926 when Westergaard (ll) used o
elastlc layered theory to predlct the. response of rlgld.
pavements., Flg. 2 2 1llustrates the general concept of a_
' multllayered elastlc system‘“ In order to 51mpllfy the
analytlcal solutlon for pavement systems, the follow1ng
‘ assumptlons were made by the several 1nvestlgators who' h-.
adopted the elastlc approach- . |
_lf» Each 1ayer acts as a contlnuous, isotropic,
homogeneous, llnearly elastic medium inflnite in
the horlzontal extent‘r R
2. ‘The surface loadlng can be represented by a‘h
uniformly dlstrlbuted vertlcal stress actlng over a
@ :
c1rcular area.
i3. .The 1nterface condltlons between the layers can be“
representedﬁas either perfectly smooth or perfectly
rough. ' |

4. ,Each layer 1s contlnuously supported by the layer

s
-

beneath.A



. . . o o ) o g .

| 5; Inertlal forces are negllglble.

- -

6. ’beformatlons throughout the system areqsmall.
7. ;Temperature effects are negllglble.v-’ S ,:j,

8. _Materlals pertles remain constant 1. €. tlme‘

'_"effects are ny gllglble.,. o

* These assumptlons constltute the ba51s as well as the'j xyf;
l&mltatlons of the elastlc layered system approach.. |

. In the multllayered elastlc approach, pavement
lstructures were con51dered as composed of one ot more layers':
restlng on a semi- 1nf1n1te homogeneous elastlc mass.. o

BouSSLnesq (12) was the f}&st to formulate solutlons

’ for stresses 1nduced ln .a semi= 1nf1n1te, homogeneous, B
‘1sotrop1c, elastlc solid due to a vertlcal load applled at
the surface.' ThlS solutlon was extended to the case of load
;yunlformly dlstrlbuted over any. f1n1te area by Love (13)
Partlcular soiutlons have. been reported by many other~;ywm
-1nvestlgators.(14 5,16). e }?{t.p - l:' .

| Although Burmlster s work (17 18) provxded analytlcal
'express10ns for stresses and dQsplaceménts 1n two-and hree-.fl
'layer systems, Fox (19) and Acum and Fox (20) produced the
: -

fert extens1ve tﬁbular summary of normgl and radlal
| stresses 1n three-layer system at the lntersectlon of the .h
f plate axis w1th thetlayer 1nterfaces. Jones (21) and
'lPeattle (22) subsequently expanded these golutlons to a much
' w1der range “of solutlon parameters..?: |
Work of all thosé authors,together wzth the work of
‘emany others (23 24) have evolved comprehensive tables and

H”i;.*#‘;)’-, : e - ) W



>charts of 1nfluence values for the solutlons of 2— ‘3;, and

‘;v4-mult1 layered systems subjected to unlform clrcular

.loadlngs. ~Unfortunately, worklng w1th such de51gn charts 1s‘
“ca tedlous job even for a 3- layered system, and the |
development of such'charts for 4— or more Layered systems is
;not practlcal., Rather, computer programs for pavement
analys1s that aTe based on the class1cal elastlc theory
comprlsed an attractlve alternatlve, and many have been set
”;UP and 1mplemented suoessfully by research departments of
- ‘many highway organlzatlons, FEE |
S ) L o
$2.2.3 F1n1te-E1ement Approach ‘ R
'The E}J;te element method, as compared.to the claSSLCal p
elastlc layered approach, offers the capablllty of more |
Areallstlcally‘modelllng the pavement structure.g In contrast

_to the cla351cal elastlc approach,‘hhe flnlte element

approach con51ders the pavemenﬂisystem‘as composed of a
¢

" - large number of grld elements.. Each of: theSe elements can

be glven 1ndependent anlsotroplc materlal propertles, and
the layers need not be . 1nf1n1te ln w1dth. In addltion,

solutlons of the flnlte element formulatlon for stresses,

stralns, and dlsplacements are. obtalned for each element in.

~

the grld, whereas for the’ classlcal elastlc approach, such

. A

tquantltles must be calculated 1nd1v1dually at each de51red _

pOlnt. . *
) Usually modelllng a pavement structure accordlng to the .

' flnlte element method ls done by approxlmatlng the pavement
. o /; -



o

:hsystem problem as one of axlal symmetry, Snd a cyllndrlcal

'_coordlnate system.represented by r, 9, and z 1s used. Ai,'idf

'f;vlayered pavement struc‘!re may then be 1dea11zed as an
lassemblage df flnlte number of dlscrete trlangular or
‘rectangular rlng shaped elements as those shown 1n

*:lFlg 2. 3.' Each adjacent element 1n the system comes close

2 )

”together at a common p01nt and ‘'is 1nterconnected by

’

'.frlctlonless plns called nodes.

The structural stlffness propertles f'each elementfcan

"be determlned by the appllcatlon of the energy prlnc1ples,'
as. stated by Zlenklewlez and Cheung (25) u51ng an .
appr0pr1ate dlsplacement functlon and the usual elastlc
~relatlonj for stresses, stralns,,and dlsplacements.;

| The major dlsadvantage of. the)flnlte-element method asff:
compared to the clas51cal elastlc approach 1s the complex1ty
of the analys1s and the 1ncreased COSt of computer txme

involved;

3

' 2 2.4 leltatlons of ‘The Layered Theory
oth the classrcal and the flnlteaelement theorles have
'certaln 11m1tatlons whlch must not be overlooked. Some of
these llmltatlons can be llsted as:. : ;,: t".,”h’ B
1. Normally pavements structures are modelled as :
| axlsymmetglc sollds. Thls means that both load and B
B pavement geometrlcs are symmetrlcal about a common

.}: o centerllne. Unfortunately, the effects of wheel

Floads applled close to a crack or pavement edge can:

- H - v

e R S ey



'(Eoduli values to be a331gned to, the dlffexeht

'-appllcatlon in a routlne de31gn methpd‘

Neglectlng the effects of v1bratlons i% alsb

not be analyzed by such - methods./ Avsolution to the-
problem of ax15ymmetry assumptlon was suggested by
_Pichumanl (26) who used'an extended 2-d1men31onal

»

flnlte—element program that had the capablllty of

‘}modelllng pavement structrues when the load is~

applled close to the pavément edge. - But the trade- 7

off w1th that program is thac it requlres too much -

R

'computer tlme to be sultable for general

I

“‘Another llmltatlon 1s the negllgence ofﬂthe

1nert1al forces wlthln the pavement system.v'The

-,

1nert1al force 1s the - force on a small element

caused by a dynamlc loadlng equal to the mass of7

&> W

the element tlmes the accelenatlon. q'}&

o

o v

llmltatlon of the elastlc approach._ @lthough°}

, SN vy
@ 5
an assumptlon 1s not a bad one- for cohesive 50,#

yet for cohesLonless materlals compgcted

9'. ¢ . o o—

’relatlvely lower den31t1e5v

Y e

may 1ead to den31f1catlon that Quld cays

.3

' and changes ln,materlal propectles.y"_“ "

'I

Another ma]or llmltatlon of the c1a331cal

-.M

methodology is the selectlon ofothe approgriate

K QA

materlals compr151ng the pavement stuctur&f?fﬂ

P,

moduli values were found to be functlon V
"pu

T

°

BN . . . - Kt Ly P
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-Due to varlatlons in the stress states()the dynamicfmodulii

: values also vary w1th both depth -and- laterak>pos1tlon in j . ;

[

each layer.- Therefore, aSSLinng a 81ngle modull value to lﬁ?ﬁ

'1ncorrect and can only be done as an approx1matlon

The llmltatlons llsted above can, however, be de

" with more flex1bly by u51ng certaln advanced flnlte-el
hprograms. But as mentloned before, the,trade- ff w1ll be
the hlgh computer time costs 6£ runnlng such programs.j
Another attractive alternatlve suggested by many

'1nvest;gators llke chks (27) and KaSLanchuk (28) for )
solv1ng the problem of aSSLgnlng approprlate modull values
'for the’ dlfferent pav1ng materlals conSLdered uslng a non~e
linear,iteratlve elastlc %F;ered solutlon to represent the ‘v
3 behav1or of these materlals.; In thls approach, the base@and ip
"subgrade‘layers were d1v1ded 1nto several flctltlous layers.
lfor better accuracy., Then within each of these layers, av _i‘
‘modulus valgf that is dependent on the average stress statedb
~ that exlst= 1n the v{c1n1ty beneath the wheel loadlngs is. |
a351gned to that layer. This modulus is then used for the.
computatlon\of stresses whlch are subsequently utllized to
obtaln a new modulus.‘ The process is repeated until the :
.a;sumed value of the modulus ig’ w1th1n 5 percent of the TT |
calculated one.f.prf;‘_..l,f ,l ';' N |
A thlrd alternatlve that mlght overcome the whole

:problem o% the elast;c approach limitations is" to use a

>v1scoelast1c analytlcal model for deslgning asphalt concrete

R S . R o



pavbments; Albrief descriptiOn'of»such an.approachVWill'be

TGy

outllned 1n the next sectlon.
2.2. 5 VLscoelastlc Hodels

For a number of years, several researcherslhave f
‘recognlzed that the constltuent materlals of a pavement.
system have tlme dependent stress-straln propentles due to
vconsolldatlon and creep (29,30). Those time effects have
been neglected by the elaszlc layered approach ‘which
reasonably assumes that the_j?ads are applled
'lnstantaneously to the pavements.’eHowever,'under condltlons
of statlc loadlng, whlch may approxlmate the case for ’
lvehlcles moving with low speeds, time effects can no longer
be neglected and a more reallstlc representatlon of the
paVement component materlals can be obtalned by - adoptlng a
v13coelast1c layered model.» Such models were based on the
‘hypotheSLS that certaln materlals under“load behave 11ke,
_v1scous flulds i.e. due to a constant load with respect tq

time, a time —dependent deformatlon results.,fi' L As

In order to 81mp11fy the mathematlcal dlfflcultlES'

assoc1ated with the solutlons of the v1scoelast1c models,\\ :

‘llnear viscoelast1c1ty was assumed by many researchers who -
used that. approach. :In those solutions, the tlme 1s

- con51dered as a third varlable in the " extended Hooke s

- lawrQ The constantsg however, are a:sumed to be lndependent
'of tlme, lOad stress,‘and straln." t.', o

In the llnear VLScoelastlc approach single discretehk



vy
v

f models7ofisprings'and dashpats in.segdes and/or in parallel
-were uséd to .characterize the viscoelastic material

beﬁav1or.
The solutlons of llnear v1scoelast1c models were made

.(xpossible by the formulatlon of the correspondence pr1nc1ple

J

'flrst developed by Lee" (31) in 1955 for lsotr0p1c medla. , :

‘Thls pr1nc1ple was later extended by B{ot (32) to 1nclude
anlsotrop1c~med1a. 051ng thls prlnc1ple, all time varylng
:quantltbes were replaced by. thelr Laplace transformed

equléalents to obtaln an assocrated elastlc problem whlch

~ can then be solved -and transformed back, u51ng the 1nverse‘
‘Laplace transformatlon solutlon to obtaln the requ1red

,_v1scoelast1c solutron.,“ - .
: & . , ' ' ' IR

Many investlgaterS'have attempted to'validate the
' v15coelast1c approach for. pred1ct1ng pavement performance.
_Worth mentlonrﬁg among these are the efforts reported by

Barksdale and Leonard (33), Monlsmlth and Secor (34), and

.

1Kenls (35).

2

lee the elastlc layered approach,'severalfcomputef

-

programs that use. the v1scoelast1c pr1nc1ple were developed
and rmplemented for.usevby many hlghway research- v

o\ '
organizations. An example of such programs is the VESYS

structural subsystem of the Federal nghway Admlnlstratlon4

s

.‘(35) Several versions of this program, that can use either'

[
,elastlc or v19coelast1c mater1als 1nput to predlct the

.

o performance of a pavement in terms of 1ts present

servxceablllty 1ndex(PSI), are’ avallable.:

oo



‘approaches gave reasonably good predlctlons of deflectlons,

g practlcal stand p01nt, in estlmatlng actual pavement o

oo
N

P

"2 2.6 Hodel Selectlon :"‘j'lgi .*Qﬁy‘ S

Ps

Several studles .by. many workers llke Burmlster (36),

» Barksdale and Leonards (33) Brown and Pell (37),'and-Kenlsv

set al (38) have shown that each of the above descrlbed

A 4

'

’stresses and stralns rn multl layered pavement systems..'

-

'Theregore.,gnyﬂof these approaches cah be used to. adequately

The selectlon of a model to be used should depend on,

5,
N

whether there are any beneflts‘galved 1nruslng_a more
tsophlstlcated approach. Furthermore;ﬁxhe elastlc layered

'approach has proved to be worklng adequately, from a;

response to load, and in predlctlng actual pavement

—"v

' performance. Therefore, the empha51s in thls study w1ll be

placed‘on using a multl-layered elastlc model and no.furth\r

discussion of the other models-Will be mentioned;

'2 3- Deslgn Input

%ﬁk deSLgn 1nput varlables needeu for use in a s

e .

_mechan;stlc deslgn methodology can be llsted ;n six

_categories: traffic, envikonment, materials

characterization, construction, structural, and
maintenance.f'The construction, structural, and maintenance,

1nputs are €\6Le that are usually controlled by the des1gner

or the pavement management team and that ba51cally affect

»
. \
\



. N X S0 . T
; . - o o

L

thé‘load carrylng capaclty of the pavement as’ de51gned,.’

constructed, and modlfled in serv1ce. Trafflc and

- 3 vl

env1ronmental varlables are those that ba51cally 1mpose a : fd

O

'*load on. the pavement structure, whereas matedlals varlables

are those that characterlze the pavement response to load.

_Another 1mportant concept is’ that of varlablllty. All

-~ ~

aspects of pkvement d931gn 1nvolve 1nherent varlatlons that

“can not be mepsured adequately or’ predlcted 1n the lf'

_ determlnlstlc sense (39,40). Becausé of thls, exact‘f

'Adetermlnatron of trafflc to be carrled by the pavement
: . ™

structure at any,tlmeadurlng its serv1ce llfe 1s not

possxble, nor 1s 1t pOSSlble to predlct prec15ely the

'prevalllng env1ronmental condltlons. Therefore, pavement :

X ¢

de31gn subsystems must con51der the stochastlc varlatlons of
I

inputs, models gand model coeff1c1ents to predlct a des1gn
in terms of the requ1red levels of rellablllty. ';

. For the purposes of thls study only trafflc,

env1ronmental, and materlals varlables w1ll ‘be rev1ewed T
other 1nputs i.el constructlon, structural,»and malntenance
‘w1ll not" be dlscussed _any - further. '_ - | B S
2 3 1 Traff1c Varlables : | .

Trafflc data is essential for 1nvestment programmlng 'i\\t

°

.'and’de51gn purposes. It is also requlred for certaln' e

Y

4aspects of constructlon and malntenance functlons._ '
- .

Traffﬂc varlables 1nclude all those related to the

;vehlcle loads applted to the pavement. Such variables.

[



[}

lnclude total vehlcle load, wheel load, 1re pressure,‘Wheel,~-

19

or gear conflguratlon, lateral dlstrlbutlon of the wheel’

loads, number of appllcatlon of wheel loads, lane and_ o

dlrectlonal wheel load dlshrlbutlons, sequence of load ~

M

appllcatlon of the various types, "load type, and varlablllty

of trafflé

. -
Although evaluatlon of the actual amount of trafflc

'

that.may use the de91gn fac111ty at any t1me is dlfflcult,
yet the problem can Stlll be tackled in any of the follow1ng_
ways as p01nted out by Hudson (41) and many others.,ia“

(a)epeslgn the pavements for the worst expected load

_ QDndltlonS.:
! 3 e 3

(b) Equate loads to equlvalent load appllcatlons of a

g base load. . if;. |
(c) Predlct trafflc patterns and run ‘a de31gn analy51s'
R '\for the ‘spectrum of load,condlt;ons to be'
. ) R I N SR : .

encountered.

£

'2'3‘1 1 vGeneral Approaches Used - for Trafflc Input

Estlmatlon‘

'.f | Hlstorlcally, two trendsiwere:followed in estimating

trafflc loadlngs for pavement de51gn purposes.f Those

generally encompassed- (a) the dlrect analy51s of the attdalf'

mlxéd trafflc loads encountered, and (b) the lntroductlon of

the equlvalent axle load concept whlch lnvolve convertlng

all mlxed trafflc into equlvalent load appllcatlons of a’

ft

_standard sxngle axle;load.



c be encountered durlng the pavement serv1ce llfe, was

. The approach*of'analyzing'thevactualfmixéd traffic'to'-“

'vsuccessfully employed by Monlsmlth et al (42) 1n the ‘course

r_.ofvthslr study of the asphalt mlxtures behav1or in repeated

flerure,'_This method, however,,had two bas1c llmltatlons.3,
;(a) flrst, the tedlous computatlonal ef%orts‘to be. S
1encountered in the analy51s,_and (b) second, the detailedu;l
_level of 1nformatlon requlred regardlng trafflc pattern .
,dlstrlbutlons. o R | |

The second and more attractlve approach followed by :

‘,many 1nvestlgators and hlghw‘. departments, was based on theA
'concept of convertlng all mlxed trafflc loads 1nto an
‘ qulvalent number of a standard axle load appllcatlons,;
Hflusually taken as 80 kN (18000 1b ) SLngle axle load

"(ESAL) . The baSls for load equ1valency can elther be:~y

- calculated or measured stress,‘straln, or deflectlon at some'
p01nt in the pavement structure, or- equal condltlons of.
dlstress and 10ss of serv1ceab111ty.‘h

The load equlvalency concept 1mplles that an’ axle load

is always a multlple or, fractlon of the equlvalent sxngle-l‘
haxle'base load for all 51tuatlons. Strlctly speaklng, thls
h is not true because equlvalency varles w1th*zach part;cular

comblnatlon of pavement iayer thlcknesses,,layer propertles,;‘
, and loads.~ 'For many deslgns, however, these varlations are

not exce531vely 1arge, and for all practlcal purposes they
- .A

can reasonably be lgnored ' espec1ally, in v1ew of- the large .

errors usually encountered 1n forecastlng trafflc.



Tradltlonally,convertlng mlxed trafflc 19;6/equ1valent
E akle load appllcattons is usually acc0mpllshed by the use of T
lthe apprOprlate equxvalency factors.‘ The use of slph
‘ factors to represent the effect of trafflc on the
: deterloratlng serv1ceab111ty of both flexlble and rlgld
‘ pavements was flrst lntroduced durlng the analy51s of ‘the -
TAASHO Road Test pro;ect in l960.f The deflnltlon of these
factors, as: stated by the AASHO commlttee on pavement deSLgn
(43) ls"the number of appllcatlons of an 18000 1b 51ngle—»'
axle load requlred to produce the same effect on the'
;fserv1ceab111ty of a pavement as one appllcatlon of a
:partlcular axle load" . | o
' Scrlvener et al (44) later expanded the use of the
.dAASHO load equ1va1ence factors to 1nclude mlxed trafflc
based on- the assumptlon that the order of accumulatlon of o
'trafflc 1s 1mmater1al to the flnal accumulated damage |
A

1nduced in the pavement. Thls assumptlon, although strfEtly _

fnot true, was found to be reasonably valld for "well mlxed“ :

traff1 that usually could be expected to be encountered
. durlng the serv1ce 11fe of any pavement structure.

| Detailed appllcatlons of the concept of the load
equlvalency in handllng trafflc 1np ts were descrlbed by
many authors in the llterature.7 Th Asphalt Instltute (45)f
‘for. example, has developed Load equlva nce’ factors for: .
'convertlng measured axle loads (from yelght_ 55
‘surveys) 1nto equlvalent number ‘of an 18000 lb 51ngle axle

”load applications. '
. ] ) ) . : N



;groups- passenger cars, Single-unit’vehicle'“and multlple--

:-dLstrlbuted to the design lane.. The ba51c equatlon‘

";TheVQalues of the constants cl'~°27 c3 vary

'vipavementvtype and h;ghway,c;assrflcatlon.

Another method for convertlng mlxed trafflc lnto :

"°7f3})é§”;7

ESAL s, as descrlbed by Van Tll et al (46) in NCHRP report-v“-

128, 1nvd&ved c1a551fy1ng the trafflc 1nto three ba31c"

r . e ,

un1t vehlcles. A welghted equlvalenpe factor for each
fcvehlcle type is then used to convert to equlvalent axle

*lO&dSb The equlvalent axle loads for each type is then

P

¥

vdescrlblng thlsqls,_'

ce T -
v - Lo - -
: b

AR o ) X 4

&

7P,’=_%vof passenger cars ADT ln deslgn lane,'

s

S -=1g'of slngle—unlts ADT in. the desxgn lane, and -

L

u.=3 of multlple-unlts ADT in the deéagn lanea

Lo ’ ¢

epend;ng-on~\

© | ESAL #'DP [{gyPC -P)+( o#BU .S)+(EyMU .U) Y/ r0®  <#(2.1)

e g T | o y
.where, DP =rdesign-§e?i9de_Yéarsf E ;;;;:' L*f :"# ¢
: | éii=.EoHStant‘%og sassenéeﬁ cars,?v -
. c£¥= constant for slngle units,_ L 2
, . SRS AT
cg3 = constant for multlple unlts, ':; “d'?‘ ;f rlL#y_
;P¢;= total passenger cars ADT (two dlrectlong) for
T wmdegsnperiod, 0 ¢ =
;; '.§U = total 81ngle unlts ADT (two dlrectlons) for ehe
) : ‘deSLgn perlod,i o ‘;v7,wAdf' ;f';f :- ? '
VV‘MUH=:totalamult1pl -unlts ADT . #two dlrecﬁlons) for'?
e | '-.‘rthe de31gn pej!od, f{ h~: ‘f-ﬁ-' %‘:iii
: R | | qu .



-

A ba51c llmltatlon of this method 1s that, if the axle;-
» 5
_load dlstrlbutlon changes, the predlctlons could be .
‘substantlally erroneous.

In addltlon to the, prev10us method mentloned “Van- Tll

~

et al (46) also descrlbed some other six methods that_
tlllze loadometer data and certaln equlvalence factors for

: convertlng mixed trafflc into equ1valent axle loads.:

\
X

Derdeyn (47) also 5uggested a: procedure whereby mlxed

7‘_traff1c 1s converted 1nto equ1valent axle- load appllcatlons.’

by u51ng the percent trucks in the ADT and the axle
. # - _
dlstrlbutlon ‘of traffic patterns as supplled by loadometer
. » .
lnformatlon. .

The Shell method ‘for pavement desxgn (2) uses another
approach for estlmatlng trafflc 1nput. In thls approach,
the conver51on from other axle loads (L) ‘is made by
";calculatlng the equ1valent number (n) of the standard 18000-
~ Ib-load appllcatlons from,

-

n = 2.4 x 1078 4 7 : T (2.2)

where L 1s in kN.

Many other hlghway organlzatlons and reseach
N
ve used, more - or less, 31m11ar technlques for

illndlvlduals ?

dlstrlbutlons.‘ *#.f

The appllcablllty of the equnvaleﬁce &actors approach

&

\for estlmatlng trafflc lnput for de51gn was verlfled by many

»



.f" S
' _lnvestlgators llke Deécon (48) ' Moreover, thls technlque

was proved to satlsfactorlly estlmate the trafflc effects on'“

pavements as deplcted by the observed performance of many

in-service pavements. fy, ' 7,” . -

Sy . o . . . -

f

2 3.1. 2 Canadlan Approaches to Trafflc Input Estlmatlon'
- Most Canadlan agenc;es have well establlshed procedures,

- for estlmatlng trafflc volumes and obtalnlng vehicle o fv L

- classlfloatlon co\ntsk and for- measurlng axle loads at
\ o
» elther flxed or portable weigh-scale 51tes.‘ To get better

11formatlon, some agenc1es have even conducted "welghlng—ln-

L

otlon "'measurements for axle loads 1nclud1ng the\" Vlatec

- Axle Welght Analyzer " 1n Ontarlo, and the Saskatchewan and

>

New Brunsw1ck methods 149)

“

All Canadlan hlghway departmentn%fgt legal llmlts on o

PR . 1]
vehlcle welghts and dlmenslons. A major study that almed at (

| decrgaSLng the degree oﬁ non unlformlty 1n vehlcles welghts
and dlmenslons among the dlfferent prov1nces, ahdp
lnvestlgatlng the 1ssues related to the 1mpact of heavy | ‘

‘1veh1c1es on pavement structures, was launched 1n 1984 |
(50).' Thls study used the concept of the ‘Load Equlvalency

Factor mentrpned earlier for evaluatlng the relatlve y

a

damaglng effects of the wgrlous axle load conflguratlons"

usually encountered on Canadlan hlghways. JThe results of
thls study showed good correlatlons with those developed forf

the AASHO Road Test (43).° 0
e Another anestlgatlon that almed_at establishlng

he il



“tgprrelatlons between ESAL ‘and other trafflc 1nfo¢matlon, was

:",the one conducted by Shlelds (Sl), and descrlbed in detall

flln a technlcal report publlshed.ln 1974 by the nghway &'
‘{Rlver Englneerlng D1v1510n of the Alberta Research e
Cbunc11. In thls study,.an attempt was made to relate the
total dally SLngle axle loads’ to the annual average dally
, trafflc (AADT) and the number “of heavy trucks observed.
Such relatlons were set to descrlbe the pattern of trafflc'
loads usually encountered in heav11y loaded lanes w1th1n'
AAloerta hlghways.~”' - . o - .

A further 1nslght look to the Alberta Transportatlon :
Hi hway Department procedure for estlmatlng trafflc 1nput in

ter : of equlvalent axle loads, will further be. pursued in-

chabter four. :7

2 3.2 Materlals Characterlzatlon
;d' An important part for. the development of a mechanlstlc

desxgn procedure for flex1ble pavements, is the adequate

- characterlzatlon of the constltuent materlals in the context

. of the part they play in the pavement structure.

This; characterlzatron usually takes the form of

determlnlng the elastlc constants, and fallure crlterla that

.need be used as deSLgn inputs to compute crltlcal stresses

. and stralns.p The acceptablllty of these mechanlcal'
responses may then be assessed in terms of the ant1c1pated
‘o' . . .

life of the pavement structure.'

For all pav1ng materlals, namely, asphalt bound



‘
‘.

materlals, cement bound materlals, untreated granular
. c .
materlals, and subgrade cohe51ve 50115, the characterlzatlon .
ls usually obtalned by estlmatlng the elastlc modulus, E, o

and the P01sson s: raé!o, N, for each of the constltuent

(,materlals in. questlon. Accordlng to the theory of

S

Avelast1c1€y\\determlnatlon of these constéﬁgi is sufflclent o

_ to fully . descrlbe the materlals response-ﬁb load.
| R L \.f/'“
_2 3 2.1 Dynamlc Propert1es of Pavement Mater1als

A

The evaantlon of the aforementloned constants i.e. E-

and v is not an easy: task as 1t flrst appears. Thls is-

_prlmgzlly due to the fact that those factors are
s1gn1f1cantly dependent on the stress state that exlstS'
'Tw1th1n each layer of the pavement system. Therefore, the
lproble of selectlng an . approprlate 1nd1v1dua1 value to
represent each of these.constants for any layer is extemely'f.“
-dlfflcult. However, several lnvestlgators have suggested
,many ways through whlch such determlnatlons can. be achleved‘

" to represent the response of each pavement layer to trafflc.'

~

loads 1th reasonable accuracy.

, The approaches currently avallable for obtalnlng f

R . :

representatlve modull values for the dlfferent materlals
W

‘w1th1n the pavement system, can be llsted as’ folfSQEK\NJ

¢
1. Laboratoﬁy testlngj This 1s usually done through repeated
: /

: trlaxlal or other dynamlc-type testlngs. In these te?ts,

) the re3111ent modulus (for untreated granular and cohesive e

~

1

materlals) or asphalt dynamlc stlffness (for asphaltqbound
: , : : .



:,-materlals) 1s obtalned from the ratlo of the max1mum ax1al

repetltlve stress to the recoverable ax1a1 straln. Thls can

\
.

be’ descrlbed mathematlcally as, _ it_“

M =.dd/§r R o (2e3)

‘W

where, M re51llent modulus,v

o4 max. repetltlve axlal stress, and

Er‘= recoverable ax1a1 straln.

U51ng a dynamlc rather than a statlc test 11ke the one just

_descrlbed, 1s»essent1al to reallstlcally 51mulate the ‘actual

stress condltlons that expected to be found in the fleld

.»’ ._»_\ L

. .This method is- the most preferred for determlnlng the modu11

L.

‘ values for pavement materlals Sane 1t closely 51mulates
.actual pavement condltlons. A dlsadvantage qf thls method,
as’ compared to ‘other procedures, is the hlgh/Zost of the
apparatus to be used ln such'tests, |

2. In-51tu modulus determlnatlon., This-is-usuallyjf S

"accombllshed by u51ng e1ther short wave propagatlon
technlques or surface deflectlon measurement methods. »Thez
former technlque ba51cally con515ts of generatlng steady- |
.state stress waves 1nto a pavement structure,,and then a-

relatlonshlp between the modulus and the wave: veloc1ty is .

bused for obtalnlng the modulus. On the otber hand the

surface deflectlon method 1nvolves measurlng the deflectlon

-_under a prescrlbed set of loadlng condltlons which w1ll

<

.later be used in an iterative procedure for determlnlng the

'
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o modulus. L P

Ll ﬂ‘ Both technrques prov1de estlmates of the

'.;,n’-‘.'. BRI
4 )

DA

y
s

values, however, modulm determlned by the short wave 'J
. - Q . N - - :

propagatlon technlques must. be adjusted before they can belf‘

.used as 1nput in mechanlstlc de51gn procedures.' Thls lS_::&;

“

prlmarlly due to the 16% stress levels 1nvolved 1n the test
method whlch yleld unreallstlcal hlgh modull values (52)

'3 Emplrlcal correlag}ons- Certaln emplrlcal relatlons have

been developed by several 1nvestlgators ln an effort to
\ :
relate the re5111ent modulus of untreated granular a d

f cohesrve materlals to more ea51ly measured parameters llka

the CBR and R—value of such materlals._‘Other correlatlons,
, . -~&.»4 < e . .

, llke the one descrlbed by Heukelom and¢Klomp (53),‘attempted

hed

to relate the asphalt dynamlc st} fness'to the ba51c mlx

parameters.,

on ‘the other hand, a fairfamoun ﬁ‘.gkquledge o# the

\0

ranges.w1th1n whlch P01sson s ratlos.of the:dlfferent pav1ng
materlals fall, 1s also avallable.
| . A brlef dlSCuSSlon ‘of the characterlzatlon of theA“f:p
1nd1v1d§€l pav1ng materlal w111 now follow.
2.3.2. 2 Asphalt Bound Materlals
The re8111ent characterlstlcs of asphalt bound
:materlals were found to be hlghf; dependent on the m1x

’

emperature and rate of loadlng. . . .

'n—~situ> moduli

-

f

Extensive 1nvestrgat10ns con31der1ng both lnfluences of .

temperature and loadlng tlmes ‘on. asphalt stlffnesses, have f~'

. DAV - e 4
. : R SEREIN
~
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, v _ .
been conducted by many reseachers, and procedures to permlt

measurement or estlmatlon of elastlc behav1our for

l R

partlcular tlmes and rate of loadlngs were establlshed.
.€$3.ﬁ Van der Poel (54) was perhaps the first to prov1de a =

.-s;mple ba515 for the determlnatlon of such

o .
_characterlstlcs. From extens1ve tests on a serles of

23

materials, he showed thatrthe stlffness of asphaltlé

concrete is a function of the volume of concentratlon of the
. " *

aggregate, aS'well,as-the’stlffneSS of.thewbltumen itself.

v [ -

He proposed a nomographlcvprocedure whereby the asphaIt
' concrete stlffness ‘can be determlned from a knowledge of the

.-

penetratlon ‘and softenlng#p01nt of the asphalt as- 1t ex1stsv:'

#?in the mlxture, and the volume concentratlon of the
| aggregate. Later,,Heukelom and Klomp (53) rev1sed the Van "
der Poel procedure iﬂ detalls Snd ;uggested that the asphalt
mix stlffness can better be determlned from the following.
. expressxon,» o

Smix/Spit) = [1 +(2.5/n) X(Cv/l-év)]“ (2.4

" where, .S_:

mix _mlxture‘stlffness,

Spit ='bitumen stiffness, : |
- c, "é volume of agg;/(volume'of‘agg.+ volume QSf  *
. ChLeEE e

.

bit.), and ‘ SRR
'n . = 0.83 log (4x10 )/Sblt
A correctlon in the volume cdncentratlon of, aggregate tg be

used for mixes w1th v01d contents greater than 3 percent,

1

29



takes the form, .~ = \(\) SRR o

o S T S T« E
= (Cy/1eaE) = (2.8)

‘ modlfled volume concentratlon of aggregate,'
- T,
or1g1nal volume concentratlon of aggregate,

[ )
P

AH = difference;between airvvoid contentvand 3.7
percent, expressed as dec1mal.,
Other 1nvestlgators have suggested more dlrect
‘_procedures for measurlng *he lnfluence of rate of loadlng on”
stiffness of spec1f1c materlals through tens1on,w“
c0mpre551on,“and flexural testlng Monlsmlth et al - T
5S, 56) for example, perfomed creep and relaxatlon tests and
‘ have demonstrated that asphaltlc concrete zan be con51dered
as linear v1scoelast1c materlal whose stlffness can. be
| determlned from creep compllance,‘or relaxatlon modulus as.a.
functlon of t1me and temperaturetl‘.;n
Papa21an (57) and Pagen %58) have used . a4complex
: modulus to define the time of'loadlnguand temperatureAf
dependency of asphaltlc concrete.-
Pell and Cooper (59) have also descrlh\ala stlffness
“machine vhlch can be,ased for measurlng the flexural

stlffness of asphalt materlals.

N The Asphalt Instltute (6) has develqped an equétlon

P

whereln the effects of time of loadlng, temperature, and mix

@

characterlstlcs were 1ncorporated to determlne the dynamlc



modulus of asphalt concretéﬁ&aterlals. L

Other studles showed thaﬁﬁ

_'stress dependent, but such effect is still relatlvely small

- compared to, the effects of temperature,

mix characterlstlcs. ’ 'p . = co 'qgﬁ

m

Ed

LN

| "As has been desribed a'vast‘amount of hnowledgéfis
currently avallable for estlmatlng asphalt concrete

tlffnesses from elther dlrect measurements, or-emp;rical

correlatlons with other factors; 3

.’4

: 2 3 2. 3 Cement—treated Materlals,‘

k4 ‘-"\Y B o . . . . . 1,

& - . . . ) . C :}-
@

" The elastlc modulus of cementltlous base l@yers can
readlly be measured in the laboratory u51ng, for example,

dynamlc bendlng tests on bars cut from the pavement.

However, there 1s some doubt whether thls modulus W1ll be

'4:truly represéntatlve of the modulus of the materlal in 51tu,

h1ch w1ll most llkely exhibit shrlnkage cracks. Moreover,

0

e-asphalt-Stiffness'is.also 2

tlme.of loadlng, andv ,f

results from repeated’trlaXLal tests such as those reported'jyf

by Mltchell and Chen (60) and Wang (61), have shown that

modu11 values for 501l—cement decrease w1th lncrea51ng,

conflnlng pressure. Also anotherustudy (62) indicated that

the modu11 values obtained by tr1ax1al testlng are 10 tlmeS"

'greater ‘than what mlght be obtalned from flexural testlng.

Therefore, and due to all the abéve conSLderatlons, careful
interpretation of the laboratory results'concerning_‘
cementitious materlals moduli values, is essential before

sudﬁ‘ve}ues can be lncorporated in a design procedure.

[ o : : -



&

-5011 (62 63, 64)

o

'j'mUCh attentlon as the modulus value. HoWever, walues'- j ,”51

50115.

“The Shell method for pavement de51gn (2) used typlcal

1

modull values(5x106-107 kN/mz), to represent sand—cement’
P01sson S ratLo, on the other hand dld not recelve as

between 0.1 and 0. 2 were found to be adequate for such

L
..;‘

~

materlals.--»"»‘ s

N ) . :» .
2 3 2. 4 Untreated Granular Materlals -

The behav1our of untreated granular materlals usually

used as bas s and sub bases Wlthln the pavement structures,‘

was found ‘to be 51gn1f1cantly affected by the degree of

vconflnement i. e. functlon of the conflnlng pressure ln the

.

Thg tests usually used for characterlzlng these

‘materlals, dlffer 1n the method of applylng the conflnlng

: pressure. Ba51cally,‘such tests can be d1v1ded into. ‘the

,follow1ng categorxés (64):

1. Tr1ax1al compre551on repeat!gkload testsvwithe

elther constant or varylng cell pressures.v

Al 8 s

2. Repeated-load tests performed 1n the Hveem

Re31110meter.

: o B N S ) s
3. Tests whereln the spec1mens are compacted and

tested in hollow rlgld cyllnders in the absence of

any conflnlng pressure.

-

Several expresslons have been proposed by many

1nvestlgators to descrlbe the non-llnear behavxour of



«

granularjmaterials;-,These, in general, can-be categorized = .

as follows- i e o
S _ﬂ;
E‘l.ﬁ Re51llent modulus as a functlon of‘the sum of the

_ R _ , 1_

P pr1nc1pal stresses (64),

_' : TA, : o A . . - o . . 9
LM = ke T _(2;.,6)

'l Where,a'Mf'ﬁ;reSilieut moaulus'of elastlz

N

52//f\;\;, ,. . _  9 = sum of" pr1nc1pal stresses/;

conventlonal tr1ax1al ce; l), aﬁd

= cl+203 in.

7

‘X & n = experlmentally determ'

constants.-
' Y .

2;-.Re51llent modulus as a functlon/ the conflnlng

r
where, 03' .s.conflnlng pressure, ‘and
K, & nj = experlmentally determlned
"ﬂqb» .‘»cons;antSaL;
' 3.-'Resilient'ﬁ6ﬁulus;as a function cf the meanfndrmal

_stress,p, and deviator stress, dd[(GS),l*'

: ‘ : 'J ‘ . B
‘Mr ?_f(Pi‘Ud) . . : l' E .
x'@ . ‘ . i "._A L

(Ul + 263)/31 and_ B

where,_‘ p
dds= (CI ;'63)!

A'description_of the factCrs_iufluencing the granular

(2.8) |

s



*'materials'

'(64), can be llsted as follows.’

Y.

'resilient'modulif as‘reporged.by_Seed:et'al-\

A

Duration. pf stress appllcatlon and rate of

'?,,deformatlon. The results of tr1ax1al repeated

Y

‘1oad1ng tests by Seed and Chen (66) _have shown

'_.that thls factor is- of - relatlvely small lnfluence

-on the magnltude of the re5111ent modulus.'

Frequency of load appllcatlon. Coffman 8- results

(65) lndlcated that the hlgher the freﬁuency the N

'fhlgher w1ll be the modulus.f Increases in the .'

. ‘moduli’ values ranged from 50 to. lOO percent

5resulted, dependlng on. sample water content and dry

den51ty.

Type of aggregate and percentage of - materlal

'paSSLng the 80 um 51eve' Studles by Haynes and

I

-Yoder (68) have 1nd1cated that the 1nfluence of

such factors 1s of minor 1m rtance (approxlmately
: t v

changlng the modulus value by about 20 percent)

i

h'Degree of saturatlon- Same 1nvestlgatlons by Haynes ;

_and Yoder (68) also 1nd1cated that, 1ncrea31ng the

' gravel degree of saturatlon from 70 percent to 100

rd

';bpercent w111 decrease the re8111ent modulus by

'n

ne-half 1ts orlglnal value.~ ﬂf

:'hVOld ratlo- The effecﬂ of dlfferent in1t1a1 voxd

ratlos of the granular materyals, has also been S

'lnvestlgated. However, such effect seems to

<d1m1nlsh completely when the 3011 sample had first



s ,'.T.”

v

‘.

chonditloned by applylng several hundred repetltlons

of the test load before actually startlng the test..d

6. lConflnlng pressure° All tests in whlch the effect\

of . conflnlng pressure was 1nvestlgated, showed the
.large 1nfluence that thls factor had on the
_re5111ent modulus.. Studles by the Texas Transport
Instlfute (69) 1nd;cated that the modulus value

' 'could lncrease by as much as 500 percent upon ,'?l?

;1ncrea51ng ‘the conflnlng pressure “from 3 ‘to 30 p51.’

| 7. Stress level° Trollope et al. (70) concluded that
ffthe re9111ent modulus is 1ndependent of the ax1al
stress level so long as that stress does not . cause

_exce551ve plastlc deformatlon.

>

Desplte the large spectrum of the above factors that

»;', -

tend’ to 1nfluence the modulus value of granular materlals,:a

>

reasonable estlmate of an effectlve value can. readlly be

obtalned 1f careful s1mulat10n of the actual fi
‘condrtlons, and the hlgh degree of dependency of ‘the modulus
;phnconflnlng pnessure, were observed.

:' - '< D¢ . e e S

Followmng the non—llnear dependency of the resxllent

ot

s

,‘,modulus of gggnuél materlals on the stress state, Ka51anchuk o

'(28), extended the Chevron 5- layer computer program to'

1nclude non-llnear, 1teratlve ‘elastic layered solutlons.. In
r o

,hls approach, the granular base and sub-base layers has

ro

further been subd1v1ded ;nto eeveral‘flctltlous layers, and

.a modulus value that Ls dependent on the average stress

e state thatﬁexlstj;}

- L
. _‘-a “’ EA .
o - o

the v1c1n1ty beneath the wheel loadlngs,_;



re

is ass1gned to each of these sub-layers.»

’_solutlon ls then perﬁormed by,cqmputer program untll the

;

;dlfference between the ass1gned and actual modull Values kg

.-.. Ly

jw1th1n 5 percent, under the presczﬁbed loadlng condltlons.ptg

An alternatlve approach followed by other deSLgn

"procedures (2 6) that caters for the granular materlalsA

- “
kS

__ . ) : . , /

An~iteﬂatiyé

z}i‘-

‘
I3

PSS

dependency on the stress state, con31ders theqre5111ent 'g.’g:

L%, l

;i

modulus of such materlals as belng a functlon of some of the

parameters of the other pavement materlals.’

such an approach can- be found lh the ShelI method of de51gp

‘-:_,(.2)

An example of S

vv

ere;n, the granular material modulus 1s detefmlned by,
‘an expression of the fqrma,f[ - ;'1 f'?f ,; :f‘ .ﬁ o
. NG v . . \’ . : . Lo ‘!- R . ,'f,._.__ ’
Ep =k Egqn . T <2-9>
S o f .
where, E_ = resxllent modulus of granuﬁer aner,,A ;
‘Egup = re51llent modulus of subgrade layer and A
k f= 0 2(h )'45 w1th h2 as the granular layer ffi ,:;
o thlckness ln mm,.and k is appllcable in the
: ._g,’"'.‘. - * )
Jrange 2 < k < 4. PO S ::. R “
4 4 .~ : ‘ ); ‘
Another

de31gn procedure ghat uses a sxmllar approach fa'

1n descrlblng the granular layer modulus ' 18 the one,#hat

g Tnstltute suggest (6)

L e

‘,detall an chaptef three. J;" . e;t

Thls approach w111 be

Asgfar as the P01sSon s ratlo of the granul%r materlals f?

.

ls concerned, 1nvest1gatlonsqhave shown that such :atlo is*

apparently related to the prtncxpal stress-ratio (al/a3),

e N
CAER SN t

B



(27) f. .

=

2.3.2. 5 Coheslve Subgrade 50115 - vgf ' IR

4 - All studles of the non-llnear response of clays have.

lndlcated that the reslllent modulus of such.materlals in .

- the dlrectlon of an’ applled stress, decreases as that stress

is- 1ncreased and is llttle affected by the transverse

stresses (64 71)

v} , . , N
: Several 1nvest1gators ‘have shown that the re5111ent

1

modulus of‘ébhe31ve materlals can be descrlbed as‘avfunction”

on

: of the dev1ator stress, ln the form. »

T T 1 S Y . S
: \c o o . e o
M. = A _( PO | (2.10)

dev1ator stress ( 01 - 03)‘

- where, dd'.
N ey
TR Y o

’;3 &%3_f = reslllent modulus of cohe51ve 5011, and
A& B'= experlmentally determlned constants.-

*yurther,‘exten51ve studles reported by Seed et al (64),“

Vo

"‘on a’ w1de range of SOLl types and condltlons,:revealed the

5. folLGW1ng ba51c factors that 1nfluence the re31llent modulus
. ¢ : B .
v ofip”he31ve materlals. '

. » Nug?er of stress appllcatlons- ReSilient moduli

0
Lo | . "'

oL

-

appllcatlons seem to glve a mlsleadlng p1cture of

the actual re51llence characterlstlcs of the clayey |

Ry -

50115 due to the stress condltlonlng effect.' Such

5
an effectrcan be»elxmlnated by estlmatlng theA

2

T,

S S H

determlned under relatlvely small number of stress »f g



‘f'appllcatlons.

2.

.vmodulus value after a large number ‘of Stressifzj”a"

Aglng As the tlme between compactaon and modulus',f

-.‘testlng 1ncreases, reSLllen€ odulus ‘was found torjf“.'

-

e ulncrease, spec1aliy at lower numheQ;of stressv

appllcatlons.. After a large numberlof:stress.'v

‘:appllcatrone, such an effectJSeems-to,diminish

rapldly and essentlally same results were obtalned

.for spec1mens tested 1mmed1ately after compactlon

as - for specimens tested after a delay '"7'1'ﬁr,]'

. Stress inten81tx Changlng the stress level, was

~ CR
found to s19n1f1cantly affect the modulus value.

'Increa81ng stress 1nten31ty, was found to,

- con31derably decrease the modulus value.:s

i}

iMethod of compactlon.~ compactlon meth9ds that

223

Vproduce dlspersed structures ln SOlls, tend to

-produce lower modull values. Also 1nCreaslng

'r‘degree of saturaﬁlon at tlme of compactlon, tend to'T

Most‘of ;he adverse influences of the above mentioned;,f;'

"decrease the re8111ent modulus.j

5

Changes in water content and den31ty after'f”’

compactlon. Onésne,hand, 1ncrea91ng "the water
dcontent of cohi?ive 50115 after compactlon, seems .

to have adverse effects on the modulus value,

’
i <

"whereas 1ncreased den31ty tend to produce

.‘r

:‘benef1c1a1 lnfluences on the other hand.v

N
factors on the7reslllent modu11 of cohe91ve materlals, ‘can,

‘e

- . - e B . o : . .

BRI
.

H



. ‘be’ catered for by careful preparatlon and condltlonlng of B
'vthe spec1mens to be used 1n the tests., Moreover, 51mu1at1ng‘”~
'the actual condltlons to" ‘be: encountered in the fleld 1s

essent1a1 for obtalnlng reallstlc representatlve modull

values fbr these materlals. : ‘ , :

In an ;ttempt to. avoxd the cost and technical

complex1t1es usually 1nvolved 1n dynamlc—type testlng, some

lnvestlgators developed procedures whereby the re3111ent -

r‘modulus of subgrade 501ls could be obtalned from emplrlcal

correlatlons w;th more ea51ly measured parameters 11ke “the 1. . .-

Y»CBR ,and R—value of these 50113. An example ofgﬁ h
) 5' n‘f’ -

‘ F ' o =
-relatlons .can readlly be found in the Shell method of de51gn
(2) In thls method, the re5111ent modulus of the'subgrade

is related to. the CBR value by the expre551on~f
, <

® v

R bau("’ L.

hfwa » . . ,, , .
. B _ bl 1 b U“ fi
-’,- . : . _ '

. ‘ g , : _
‘It is lmportant hSJéver, to5noEé that duﬁh %oé§f1c1ent can

(psrl,,ilsoo CBRM b ,v_ ‘f o (2an

R %, . iy %
'vary from 0.5 to 2 0 tlmes that amount* "--ﬁﬁ;

Another example relatlng the re5111ent modulus of
- 5

l’cohe51ve subgrade materlals to the R-value were orlglnally

L
TR Qi

derlved from data collected durlng the San D@bgoﬁtounty
8.
Pl #

‘Experlmental_Base PrOJect-(72). Thls relatxanqﬁhybtook the
- S e Ty e
form: ' L .

S M, (psi) = 1155 + 555 R . . . . (2.12)

3



'P01sson s ratlo for such materlals is concerned,

'repr€53ntat1ve values in the range 0 35 to O 5 were reported

.-

In applylng any of the above descrlbed emplrlcal

- correlatlens,,extreme cautaon should be exerclsed s1nce the

. S

<scattér in.the data from whlch4trese»were;orlganallyv:

~

developed, is'great.

‘As far as the part deal1ng-w1th t://pstimationof the
e

by many lnvestlgators. '

Y

To conclude this sectlon, extensive.studies by’severalv'

- 1nvestlgators on the materlals responses to trafflc

_loadlngs, make lt pOSSlble to 1ncorporate the approprlate

.materlal 1nputs requlred for pavement de51gn purposes.
8

B 1nputs suéh as the geologlcal 5011 condltlons, oxygen and

-

: 2 3 3 Env1ronmenta1 Factors \-[" S

Env1ronmental varlables can lnclude a w1de varlety of

;-alr that surround the pavement structure/ and mOLsture and
k4

temperature condltlons that exist w1th1n and around thev']

'.pavement. Among those,_m01sture and temperature condltlons !

, represent the most slgnlflcant factors that 1nflw§!ce

’“pavement response to- loads.. R wj;

'
N

The effects of both moxsture and temperature varlatlons

dh pavements, can be viewed through thelr 1nf1uences on the
<)

o propertles of the constltuent materials., Such envxronmental

:varlatlons tend to change §he strength of the pavement "fij__'

"materlals so that 1ts resxstance to traffxc 1nducem stresses‘t

1s altered. Moreover, there is much evidence that Pave*ents



'“~k'§i&'i533 S f
‘are- deterlorated by env1ronmental factors in the absence of

trafflc varlables.~ Thré can be concelved through the fact
}

.that temperature and moxsture varlatlons, among other
' environmental var;’blesivcan produce 1nternal stresses in‘ o

the pavement mat rlals whlch may become exce551ve and ‘
b3 . i ot

ultlmately lead to structural fallure.'

, . .
Therefore, conSLderatlon of the effects oé such factors--

.

“'in 1nfluenc1ng the load—carrylng capac1ty of asphalt'
" . .
fpavements, is an 1mportant aspect 1n any mechanlstlc de51gn

procedure.

2. 3 3 1 M01sture Varlaplon Effects T -Vd o

The presence ofgm01sture and lts cycllc varlgtlons
“.wlthln the pavement structures can produce .one or’ more of
.:the folIOW1ng effects.J o

1. vComblnatlon of water and sunllght can lead to the

.; o r
oxldatlon of*the asphalt concrete 1ayer, and

ntherefore'change the layer re51stance to traffic'

and/or other env1ronmental factors.~
5 " 0\ ]
. 2. Undef gub—zero surface temperature condltlons,
free21ng and consequent thawxng occur. vSuch

iy

end to uce the subgrade 5011

’condltlons w;ll'

modulug value durlng tbe sf

Y o

erthance the ‘damage a‘nduced by trafflc'.

. : - T e .

3..,Instab111ty may ocqur under exce331ve pore-water _”

_pressures that develop in the soil due to 1ncreased

a
» ~



“a

: moistpre,‘and_thus»lead toﬁbase‘and'slope stabilityg_wﬁ'

4. U nde51rable volume changes may occur in certaln o

50115,_e.g.' expan51ve clays, under unstable
_moxsture condltlons.-
‘5.‘_Molsture4§ond1tlon varlatlons may also 1nduce

LY

- 1nternal stresses w1th1n the pavement gtructure»
s 4 - w
R whlch may become exce351ve and eventually produce

istructural fallure. '.,_'m S | - va
Fbr the - purposes of 1ncorporat1ng m01sture condltlons

’as 1nput varlables in any mechanlstlc desagn procedure, both,’

effects of free21ng and thawlng, and stresses 1nduced by

'5011 suctlon potentlals present in the mater1a1 had to be

ilnvestlgated.. Studles by Croney et al (73)- and Marek and -

, Dempsey (74) empha51zed the. 1mportance of con81der1ng such'_

effects 1n pavement de519n. The comblned effect of both @@

. moisture and sub-zero temperature condltlons on’. pavement

AN

"materlals,'w1ll be to lncrease the1 to w1thstand

) dlstress accumulatlon whlle in tfe w1hter tlme, and to

reduce such ablllty while 1n the sprlng tlme. To take such
effects lnto con31deratlon, both Shell (2) and the Asphalt
‘_Instltuab (6) used dlfferent subgrade modu11 values to

represenb a typ1cal year perlod 1n thelr de31gn methods.jlb -

3;, ‘ Another alternatlve 1n 1ncorpofat1ng molsture varlatlon

3

: effects in pavement deslgn,.ls tngvaluate the soil suction'

[ S

Fpotentlal under the pavement. A great dea) of work has been

' gdone w1th that concept&5but most of 1t 18 related to the o
S S ' ‘



. gpuedlctlon of swell or shrlnkage and not dlrectly'to the:

-predlctlon of 1nduced stresses._ Measurlng dev1ces have been

accurately measure the SOll suCtlon potentlal

3_developed to\

of a 5011, but no attempt appears to pe made to. relate that

to pavement dlstress.
i ‘d"'. A;,‘- .
Because m01sture cycllng is seasonal and not a dally

»changeﬂﬁmOLSture varlatlons do not lmpose the. large number
"of repeated stresses that.’ temperature varlatlons dd/
- Therefore, the major concern w1th m01sture varlatlons 1s to
h cater for its comblned 1nfluence w1th sub zero temperature

N

';-condltlons ‘in changlng the materlals properties through

freezing and thaw1ng,cyclesg;

2@.4 .2 Temperature Var1at10n Effects |

' Of all env1ronmental factors, temperature 1s the
eaSLest to estlmate and use.ln a mechanlstlc de51gn"
procedure. Therefore, many de31gn-procedures have
1ncorporated the env1ronmental 1nfluences on.pavement
thlckness desxgn requlrements ln terms of adjustment factors

g fbased on- temperature dlstrlbutlon qﬁ&hln the pavement

sbructure."
~ @

ﬁffects of temperature condltlons on pavement

‘structures are twofold. The flrst, manlfest 1tself 1n terms_x

of the temperature 1nduced stresses due to seaSonally as
A
well as dally temperature variations. = The second, iis the

. AR ¥
1mp11c1t temperature 1nfluence in changlng materials.

?

~ ‘ s . C
propertles,-and thus'cau31ng,var1atlons in the pavemernt-

\



co

A v ’ . . : SR L
materlals responses ﬁo trafflc loadlngs. ,Theseief ects.’
A

iA .
coupled by the 1nteractlon effect of the sub-zero sur aceg

2R . ,

: temperature condltlons and m01sture present w1th1n the B Y
"‘x-." .

e pavement structdre, lead to further reductlon in the

pavement system ablllty to w1thstand trafch loadlngs whlle

-

cin, the sprlng tlme due to reduced subgrade strength under ;,“:

thaw1ng condltlons. .
'g_H The stresses usually 1nduced w1th1n the paVement.--

structure as a result of varylng temperature condltlons.,are

s o
elther ten51le (or compre551ve) stresses due to seasonal ¢

‘”varlatlons, or. bendlng stresses due to dlurnal temperature
'_ s 3 %
varlatlons.' The effects of these stresses in prod0c1ng

e
e ,;f

%i temperature assoc1ated cracks were studled by many

fg; 1nvestlgators. wOrth mentlonlng among these, is the work

reported by Monlsmfth and Secor (56), and Haas et al (75) on

4  thlckness design regLLrements,\several approaches have been
'y

| _taken to the problem of predlctlng approprlate temperature_

xxnputs to be 1ncluded in pavement deslgn metﬁbﬂologles.j 7Lh?;"
Hudson (41) summarlzed the approaches adopted by the.‘
’dlffereﬁt 1nvestlgators as follows-

é;;?fl“ﬁ54 The appllcatlon of reglonal or env1ronmental

bl B

'k:'jjﬁ . factors to adjust the de91gn th§%kness. A

W, fDeveloang design procedures that w1ll relate to a Y

m‘ K A
S L general cllmatlc arta Where an annual cycle of N
. w : .temperature,'freezlng,vand 80 on will be about the



~same from year to year(thls approach 1s llke the'

one. developed by Haas et al (75) in descrlblng low
a7 .

,temperature cracklng phenomenon)

3,'.Develop1ng temperature predlctlon models’whereby
the temperature proflle and hlstory of a partlcular
pavement are’ predlcted based on avallable veather S
data. | |
Shahln and McCullough (76), have deve10ped a model for
Ipredlctlng dally temperature cycllng durlng an average'
year. ‘In this model, heat transfer concepts were used to_
develop a set of equatlons whereby the temperature proflle .
' w1th1n the pavement system can be obtalned from the daily;
,vmean air temperature, and §61ar radlatlon 1nputsl _-§¢‘
Monismlth and ‘Secor (56), developed a technlque for
predlctlng pavement temperature d;strbutlons'based on the

]

‘heat- conductlon equatlon.a Other models that used
meterologlcal data and are based on the heat- transfer'theory
are also developed and descrlbed by Chrlstlson (77),?and
Robinson (78).7 These models utlllzed a rlnlte dlfference
tedhnlque, avallable meterologlcal 1nputs, and the thermal
:propertles of the pavement materlals to predlct the
temperature dlstrlbutlons w1th1n the pavement system,'

4 To evaluate the appllcablllty of any of the above
mentloned, or otherwlse models, or to develop emplrlcal
temperature models, requlres ‘a knowlegge of the real ‘

temperature gradlent present 1n a. pavement. From- exten81ve

temperature measurements reported by Kallas in 1966 (79),
ER ‘ : TN

I S
’



. . . e

P

2. 4 De31gn Cr1ter1a

S

As mentloned earller, the: second stage in materlal

s
i

Ucharacterlzatlon w1ll be to set up the. approprlate desxgnlng
crlterla that deflne the stages of llfe of the pavement -
sructure at whlch major malntenance and/or rehabllltatlon‘

~fact1v1t1es are requlred for the pavement sysﬁem to contlnue.

'.to perform adequately(ynder the prevalllng serv1ce J

condltlons.‘ |

Man¥_de519n_cxlter;g_have been proposed by the
~_d1fferent de51gn methodologles. Among these, is theA

_crlterlon that llmlts low—temperature cracklng 1n areas that-
iare'subjected’to‘sub—zero temperature,condltlons. Other‘
cr1ter1a like fatlgue cracklng, permanent deformatlon, and

qpavement surface d151ntegratlon can be found in other deSLgn

f_ procedures.t T R | ‘»l . ? ,

. L //_\,/—s\
For the objectlves of thls study, only the faklgue
cracklng,'and pg\manent deformatlon cr;terla used ln the

' Asphalt Instltute thlckness deslgn method (6), w1ll be

_conSLdered.

'2 4.1 §at1que Subsystem &h'_‘ _: ;f ;l:g”*é'

'. ~ Many studles have revealed the unllkelihood of properly



«7de51gned pavement to‘;all under a 51ngle.axle load
’appllcatlon.; Rather; fatlgue cracklng of stablllzed
':materlals frequently occurs as a, result of repeated bendlng“v
‘gdue to a large number of 1oad repetltlons applxed to. tﬂe “;?li

paveme,anu. ‘.‘ L ) ) : o . - v . ‘ ‘,

‘/_’.. : <o, . : - X .

“ ) ) o . . .

T2 4.1.1 Deflnltlon of Terms and Types of Fatlgue Testlng
Fatlgue has been deflned by Monlsmlth and DEacon (80),.
. ‘as" the pnenoménon o?“rracture under repeated or fluctuatlng -
“stress hav1ng a max1mum value !Lnerally less than the
_tenFlle strength ot the materlal" _ However, “in practlce and
1n laboratory testlng, fatlgue fallure is loosely deflned as

‘the pOLnt at whlch the materlal or spec1men ceases to

\ .
perform 1n a satlsfactory manner under the prescrlbed .
L . .

.loadlng condltlons. The fallure or end pOlnt in a fatlgue
_test[have been deflned by .- 1nvest1gators in many dlfferent
":waysr- It" may be the p01nt correspondlng to complete o 5l
fracture of the test spec1men, the point ag whlch a crack is
i - .

'vfirsﬁ observed,‘or the point at whrch.the stlffness or. other

property,of the specimen has been reduced byfavspecific:_' B

oamount from its o iginal value. . The choice is often
. o - "‘
ng on the method of tesﬁlng used.

arbitrary depen
Fatigue l'fe,‘N or Ng, ‘is deflned as. the accumulated
number of load appllcatlons necessary to cause fallure, and
vflt is generally a functlon of the manner in- whlch fallure 1s
deflned.,*f |

3

‘ The fatlgue behav1our of an asphalt concrete spec1men

<



nSubjected to repeated loadlng, prlmarlly depends on- the

v

cload, env1ronmental, and specxmen varlables (80) Loadlng

. condltlon refers - to the partlcular set of values that load

and env1ronmental varlables assume . for a partlcular load

3

appllcatlon.“ Slmple loadlng occurs when loadlng condltlons

premaln unchanged throughout the fatlgue test, whereas nes

'.compound loadlng refers to the cases under whlch loédlng

-condltlons vary throughbut the fatlgue test.‘

A}

p Fatlgue tests are usually conducted under elther ’
controlled stress mode (loadlng ln the: form of an applled
alternatlng stress of constant amplltude), or controlled
.straln mode (loadlnéyln the form of an applled alternatlng | e
:‘;straln or deflettlon of constant amplltude) The mode of 'f_}

'fnloadlng was found to 31gn1f1cantly affect the laboratory

—

determlned fatigue llfe. - To compensate for such an effect,‘ ,¥
'Monlsmlth and Deacon (80), have lntroduced the concept of
the mode factor deflned as, i

<

= (a]-- Isl)/CIal + [81)

_where; jA[ and |B| are the percentage changes 1n stress‘anq'* al
. ,"‘ ' . . P f 0
.strain,}respectlvely, for an arbltrary but flxed percentage

~:reductlon in stlffness A;i:fﬂV o ;,.f_ }ﬁ- 5‘-;9
Followlng the concept of the mode factor,-fatlgue tests
'conducted under’ controlled stress mode 1 e. ME = -l, were

found to closely efgulate the condltlons for thlck asphalt

layers (>6 in. ), whereas tests under controlled straln mode J'

/‘ ‘.



ths'nCe they gave a more. cop ervative estimate of - -the de51gn

9

L0
.(),'

’
7

-layersu(<2 1n*)".,;;

J'.w‘

_L.e{'vMFyill were found to be sultagke fﬂ% thln asphalt

/( !i"’ ¥

_,,-.'
)

[P
g

For lntermedlate th;cknesses,zsome form- of testlng

c ’ -

'between these two extremes would sﬁractly be appr0pr1ate.;’

. 4.
e ' i

':However, and from an englneerlng|y;ew p01nt, controlled

.;, . R iy

s

ystress tests would seem mo§§05en51ble for theSe thlcknesses.

P3

’;-

llfe

"}§j‘ A varlety of fatlgué testlng methods that have been

BRI A ,ﬁ O
'/& ’ 4

L lg9

performed by several 1nvestlgators,'were crltlcally rev1ewed

by Pell (81) To datg} most of the results have been

'a obtalned from hénd1ng or flexure tests on rebtangular

% j 5
; o 9 o
spec;mens tbéged as 51mply supported beams, trape201dal-

» S Y
f" .

shapeupspec1mens tested as cantllevers. or spec1mens hav1ng

e N

’ ‘a7c1rcular cross- sectlon W1th varylng dlameter testedwas

-2

T’rotatlng cahtllevers. Cyllndrlcal and rectangular spec1méhs

el

/

“also been ada

@ R R
:are 1ncrea51ngly belng used under dlrect un1ax1al(ten51on-.-

a compre331on) loadlng, and under trlaxlal states of stress.

Plate and tor51onal spec1mens have - also been used to obtain

"for repetltlve loadlng. - 'dﬂf

| -’

‘r2.4.l 2 Presentation of'Laboratory Fatigue'lest7Results

It ‘was found that, there is always a con51derable

scatter in the’ results of any laboratory fatlgue testlng of

ldentlcal spec1mens. Th1s is: usually explalned as. due tO'

‘N*blaxlal stress condltlons, and the lndlrect ten51le J-st'has

T

the 1nherent 1nhomogene1ty of the materlal tested as well as‘



~the unav01dable varlatlons that resulted from specxmen

preparatlons. Thls means that fatlgue,llfe must be L
- »,‘ .

conSLdered 4in a statlstlcal manner, and strlctly as only a"

‘dlstrlbutlon of 1nd1v1dual values. It is: thus usually

assumed that fatlgue behav1our of laboratoryﬂtested

'asphaltlc concrete spec1mens, can be expressed.as a
logarl mic normal dltrlbutlon of fatlgue llves at a
fpartlcular loadlng condltlon. An 1nvestlgatlon conducted byﬁ‘
Pell and Taylor (82) justlfled the use. of such relat;on, and:~:
- an equatlon of the follow1ng form 1s proposed for controlledf-
'stress‘tests: . | |

+h
It

'mean-service life'Obtainediatgparticular R

loadlng condltlons.f:

RN

:ofu' = amplltude of*applled tens1le stress,'and

'k andra; coeff1c1ents that could be determlned by

=
.g.v.

‘ llnear regre531on analy31s;»,
'_A slmllar relatlonebut onétln terms of applled tensxle‘
straln 13 also postulated for controllig straln tests. R
A sllghtly dlfferent form fOf@}aboratory fatlgue llfeown
,pestlmatlon, has been suggested by other 1nvestigators.b An
‘example of such form, 1s the one”proposed by Flnn et al
v(83 84) wherexn the fatlgue llfe is related to both the

| amplltude of the repeated tensxle straln, and the asphalt s

'concrete stlffness, by an- equatlon of the form- rf'?"



o

~——

repeated applled ten51le straln to. fallure, ’

E #_asphalt mlxture stlffness,-and
‘a,b, < = experlmentally determlnd coeff1c1ents.

There 1s no agreement between the many 1nvest1gators as

‘A P ) N

' to the ‘use of a unlversal equatlon to completely descrlbe

the fatlgue behav;our of asphalt concrete mlxes. -Rather,y;

' many relatlons,'of erﬁher of the forms mentloned above,'were‘

'»;postulated to descrlbe the performance of these mlxes; A

5poss1ble reason that preven%ed the development of such'a .

Tencountered in lnterpolatlng fatlgue results that werevj

ro

';general equatlon, lles malnly in the dlfflcultles

™

"obtalned by dlfferent testlng procedures on dlfferent mixes.

[ o o L . . . )
» - SN

2.4.1. 3 Factors Affectlng Fatlgue Behav1our ’

Due to the con51derable experlmental efforts lnvolved

in developlng a fatlgue equatlon of the form descrlbed

above, attempts were made by - several 1nvestlgators to relate

) he fatlgue behav1our of asphalt concrete to easlly measured

mix parameters 11ke, for example, the volume of the asphalt j<.

, -

;_blnder, volume of alr v01ds ln the mlx, etCa' The major

f,factor 1nfluenc1ng the fatlgue behav1our of asphalt concrete"

\

.mlxes, is the asphalt dynapacvmojulus usually referred to as

4t e

the asphalt stlffness. {Tjﬁtly, all mlx factors that

lnfluence the stlffness w111"1n turn lnfluence the fatlgue

@




=

were °btalned- - ,,‘ft‘x:ﬁ-' L

. From an;exten51ve experlmental study conducted by Pell
.

~and Cooper (59) and another work by Klrk (85), the folloWLng

'flndlngs concernlng the effects of both m1x parameters and

test varlablesqog fatlgue performance of asphalt concrete,
' : Ao

R CERF o ' R : 2
”1-luv Blnder content ‘was found to: be a prlmary factor'
o -~ @
‘1nfluencang fatlgue performance pn the basls of
_ A R

applled dgnamlc straln, longer 11ves belng obtalned

for a. glven straln when the relatlve volume of

e

blnder 1s lncreased. However, thls relatlon was,

"found to be valld up to-a certaln optlmum blnder

‘.

_-content volume after wh1ch addltlonal 1ncrease 1n

.

"blnder content have ‘no 1nfluence 1n further

i
ol

'1ncrea51ng the fatlgue llfe.L,A }
-225f:The effect of the alr void . volgme content was: found .
l to be dependent to some extent Qn the volume of
‘ b1nder coy ent.r Therefore,'comblnlng both effects p‘
in terms of/one parameter was fodhd to be more
a'adequately representatlve .of both the 1nd1v1dual }
and 1nteractlon effects of these f@ctors. Thls ;f
fparameter, 1n most cases, was chosen to be the

ratlo of the blnder volume content t-

“

the sum of

‘vthe blnder and a1r volds volume conteh 3

w [

3. fBlnder type was also concluded to be of signlflcant

oo

7 :'Alnfluence on fatlgue performance.v Longer lives o

7were obtalned When a. blnder hav1ng a h;gher rlng



: «Q . v .
and ball softenlng p01nt temperature is used. B

v

4avaggregate type and gradlng was. found to only

.

lnfluence the fatlgue performance on %he ba51s of
.applled dynamlc strain lnsofar as they lnfluence
“the relatlve blnder»content of the m1x.'

',5;:-The effect of addlng flller to a mlx was concluded
dto lncrease the dyngmlc stlffness of the mlx, but

, . , ,

no- apprec1able 1mprovement in fatlgue behav10ur was

Al

. 'obtalned if the relatlve blnder content remalned
S Fo :
Lo ' constant.‘ . o

6. The results obtalned from tr1ax1al fatlgue testhg
‘;-j by Pell and Cooper (59) 1nd1cated that, the fatlgue .
‘performance on the ba51s of applled dynamlc straln
'of hot roLled asphalt mixes, 1s 1ndependent of the5f‘h

”effects of both conflnlng stress and temperature;f
v'However, this conclu31on was. found to apply only
: ,over a llmlted temperature range for certaln types:
pof testlng.‘_. ‘
In.v1ew of the above.descrlbed mir and test varlahlesnt'h;*
”jeffects on fatlgue behav1our of asphalt concrete‘mlxtures,‘fki”

several attempts were made to develop emplrlcal

-

,correlatlonS- relatlng such factOrs to the predictlon of

laboratory fatlgue performance.: An example of such .j ;:Aiw*j
% : NS d{ ( N“:o‘»\‘

COrrelatlons, is. the one developed by Pell and Cooper (59),*.;@
v 40‘ ?

: .'that take the form: . S T FE L

1ogNg (,210-4)= 4+13 log Vg + 6.95 1og Tgey = '11.13 - (2.16) "7,



: g Y ‘: »
'~; =dthe fatlgue llfe expressed as the number of
,tensrle straln appllcatlons of amplltude 10 4
':vrequlred to produce fallure,'” '

: VB'_”=Tvolume ?f blnder content percent, and o

TRsB =h'rJ.ng and ball softenlng p01nt temperature, °C. o

3

2.4.1. 4 Fatlgue Llfe Estlmatlon of Pavement Structures N X

. v
, Estlmatlng the damage accumulated w;thln the actua%

“pavement structure du° to fatlgulng of asphalt stablllzed

materlals, has been the prlme goal of many 1nvestlgators.

o Deacon (48}, Terrel (86), an Flnn et al (83), have utlllzed

~ﬁ;best be 1llustrated as follows. let dIJ be the. damage

“ftrinduced 1n the pavement by one appllcatlon of the 1th load

v

t‘the well known Mlnor s hypothe51s of llnear summatlon of

cycles ratlo to estlmate the damage 1nduced in the pavement

e

by the fatlgue dlstress subsystem.. Thls hypotheers assumes

:vthat the. damage 1nduced in the pavement due to fatlgue under
Ltdifferent sets of loadlng and env1ronmental condltlons, can;,’
..be summed up cumulatlvely untll a damage of 100 pemcent (or"

al 0) 1s obtalned at whlch the pavement is con31dered to haVe

..a, .

falled._

The procedure followed by those 1nvestlgators, u91ng

M:Lnor s rule, :Ln estlmatlns the fatlgue de31gn lJ.fe, can

l

'7L'cond1tlon whlle the pavement is 1n the Jth physical (or.n',:~7
nVﬁienv1ronmental) state, then let NlJ denotes the number of

frepetltlons of that load under that physlcal state whlch



will?cause_failure,Vthen'
agy= gy el AT

for an eff1c1ent pavement i, e. one‘in whiCh the”total

,cumulatlve damage, D, =1. 0 at the end of the deSLgn llfe.

' Now 1n order to obtaln the total cumulatlve damage, thls

_unlt damage 1s then multlplled by the actual number of BN

‘appllcatlons, s

‘-
of the ith load condltlon at the ]th

,13'
pphys1cal state i.e. f' S : o .ufé
D=1 £d;yn5s= 2 I (ny /Nlj o (2a8)

Sij Tij

Estlmatlng the values of both nlJ and NlJ for any pavement

structure is thus an essentlal step toward predlctlng the -

'fatlgue desxgn llfe of that fac111ty.., 5;?

Determlnlng nlj is not a dlfflcult problem. and can .

sually be accompllshed by analy21ng the exlstlng and

8

.progected trafflc data to yleld estlmates of/}he traff c

&

may not be so cruc1al to the overall performance as some,ﬂf

uant1c1pated to use the fac111ty durlng its de51gn llfe.'

15 that is solely based'

on laboratory fatlgue‘test“results does not appear to/glve a

g

reallstlc representatlon”of the actual pavement performance

: On the other hand, estlmatlng N.

under the prescrlbed dlstress mode. The reaspn behlnd thls;

lles 1n ‘the fact that, the 1n1t1al occurrence of cracklng

o

-acceptable level generally 1nd1cat1ve of a pendlng perlod of

N",.
S



::accumulated deterloratlon.,:Based on thls concept‘
_techntque was suggested by some lnvestlgators whereby the—
-fallure crlterla governlng the fatlgue performance of
~b1tum1nous pavements, can be‘obtalned through the
_-appllcatlon of approprlate Shlft factors to the laboratory
;developed fatlgue relatlons.,' |

| ' FoIIowlng the shlft factor approach, Finn and
h_assoc1ates (83 84) developed the follow1ng relatlons, fron_

i laboratory fatlgue data prov1ded by Monlsmlth et .al (42), to

represent the fatlgue subsystem-

. ',
'E

155947 - 3.291 log(et/lo 6y. v

- B

S
1og_Nf(<10%vcracking)
- | - o. 854 log(E/103), oL (2 19)_7

’and_.'

(»45% cracking) 16 oes -»3 291 log(et/lO 6)

-

log

1

- -,0.854 1og(E/1o3), o (2.200

where the percentage crac ng refers to'the amount of -

. q 'a 14 )

cracklng 1n ‘the wheel pat ggrea.‘ Those relatlons were
u 8%




2. ﬂ 2 Permanent Deformatlon Subsystem .

Permanent deformatlon in the wheel path 1s consldered a.

',major ‘source thqt contrlbute to the deterloratlng behav1our

of asphaltlc concrete pavements._ The" accumulated water in

such depresslons prov1de the opportunlty for both

hydroplanlnc and 1c1ng effects to con51derably reduce the

road safet'-. Therefore, 1nclu51on of such a crlter'f

essential for the adequacy of any deslgn procedure that alms

at 1rproved road serv1ceab111ty and safety

' Among the many struCtural, economlcal,‘and safety oot

‘con81deratlons ln developbég predlctlve models for permanent'

F

7

' deformatlon, are the follow1ng- TR”-*?' S e

Introductlon of new heavy vehlcles w1th dlfferent

?than usual axle loads and tire pressurest
‘4Usage of softer asphalt grades to prevent premature

and low temperature cracklng, nd at the same time

1

.}prov1de reSLStance agalnst permanent deformatlon.

“Ellmlnatlon of hazardous hydroplanlng and 1c1ng

effects when water accumulates ln such depress10ns.

. Effectlve use of the pavement fac111ty w1thout the

need of performlng %ajor malntenance actrv1t1es at

'short tlme 1ntervals.

“The factors mentloned necessxtate the development of

appropriate permanent deformatlon designing crlterlon that

¢

w1ll help reduc1ng, if'not eliminating.completely,“

such

dlverSe effects-on pavement performance.




-

‘flrst step toward formulatlng the predlctlve mmdels that

R AN T
. '_ R é“ L o ,. . . - i
govern the phenomenon. ' :

mfyf ..‘,

Morrls (8]@ deflned the permanﬁ'

-’

"deform&tlon as th’“\
Alongltudlnég depre351ons orl"fhts“ that develap 1n the ‘wheel .
£

path due to each appllcatlon of a wheel 1oad. Barksdale

Jﬁﬁllarly deflned the phenomenon as one Qf progre551ve

-Haas et al (89), also deflned the permanent deformatlon as‘I
"the pr1nc1pal mode of dlstress that manlfeet 1tself as,
'Vpermanent 10ngltud1nal deformatlons along the wheel path aslv
a result of wheel ‘load appllcatlons )

The magnltude and rate at which permanent deformatzon
'g@Curs depend On the type of materlals used 1n the various
1ayers, degree of compactlon, loadlng, and envlronmental‘
’condltlons. |

Two major mechanlsms contrlbute to Perm&nent
deformatlon. Those are: flrst, den51f1cat10m that result

f Rt

from 1nadequate c0mpact10n of pavement materLals,,and >
"second, plastlc ‘shear deformatlon that reflth the pavement”
response under dlfferent trafflc and env1ronmental

. condltlons. ~Thesge: two mechanlsms contffbutE\rn—varyIng

. degrees to ruttlng in all the pavement layers and the T .

hsubgrade. »'1 o s'

’



- 2.4.2. 2 Factors Affﬁ 1ng Permanent Deformatlon
Factors resp@g gﬂe of,,and 1nfluenc1ng, permanent

”deformatlon can 8@ grouped lato tfefflc related and

Lo b ("‘m‘&
materlal relatedq Mgny 1nvestlgatéﬁs llke Monlsmlth (90)

“‘and Haas . et al (&9)2 have summarlzed such factors as

follows: T e T .

* 44 1» . .. . : - N

_Trafflcbrelated varlaoles 1nclude the. number ‘and

i

magnltude of load repetltlons,nthe %rafflc

.a

L B . .
;comp051tlon, the lateral placemenmﬁof axles, the

'fvehlcle sPeed. and the t%re 1“f1atl°n pressures-

,,«‘,

12?'7Mater1al~related variables affectlng permanent

e deformatlon lnclude, the temperature related

rheologlcal prOpertles of. bltumenous Iayers, the'

-

.‘nature of aggregates, the mlx de31gn' and thd o
deformatlon characterlstlcs of both unbound.
granular layer and the subgrade whlch may vary’wlth

. the m01sture content.p |

Tradlt1ona}l;.‘traff1c—related factors were controlled

.

fthrough the use of load enforcement strategles whlch 11m1t

e

lthe axle loads and/or-gross vehlcle weights,}of the trafflc'
that use the fac111ty, durlng the perlod where the subgrade;ﬁV
're51stance to traffic is reduced. on ‘the other hand, |
materlal-related factors Were controlled, ln early designt
methods, by spec1fy1ng a mlnlmum thlckness and/or mlnlmum
"CBR valueS'for the pavement layers._ Also_spec1f1catlons of"
”vx30031ty and Marshall 1ndex propertles were used as means

3

1for controlllng the asPhalt laYer ruttlng.

e "4 .
;! -



2.4. 2. 3 Permanent Deformataon Models e

The attempts made by the-several 1nvest1gators that

Lo

;studled the permanent deformatlon, followed two ba51c

-approaches in- modelllng the phenomenon. The first,_ B

s

°

<con31dered llmltlng the amount of ruttlng wnlle the second,f'

»trled predlctlng 1ts magnltude as a«functlon of the factors o

affectlng 1ts manlfestatlon.

<
a

Early systematlc observatlons of ruttlng were obtalned

T4
‘at the AAShO Road Test (43) The analy51s of these results

¢

1nd1cated that most of the ruttlng observed was pflmarlly

-due to plastlc shear deformatlon whlch was in. turn found toa

o

be season dependent.?‘ ‘ "" N

Shell researchers in 1962, srefthe”flrst to nresent a

mechanlstlcally-based de51gn procedure whereln.'
S

. fcopslderatlons for ellmlnatlng ruttlng were . lncorporateds

Follow1ng that approach, Dormon and Metcalf (91) developed a
rut>11m1t1ng crlterlon 1n the form of relatlonshlps between
the vertlcal compre331ve straln at ‘the top of the subgrade-

7

}ayer and the number of trafflc load applloatlons. Howevery
‘such an approach does not lnclude prov1sxon for ruttlng
formatlon as a result of den81f1catlon and/or shear Q"
deformatlon that take,place in the other layers above the

.subgrade. o ;ﬁf,,. l'hﬁ o A'j.t-' ;T' ‘:_'Th
Durlng the rate 1960 s and the early 1970 8, . renewed

1nterest in the problem of ruttlng arose, possxb}y as a

e result of the trend toWard thxcker asphalt deslgns and e

' lncreased blnderfcontenth Furthermore, rapldly increasing

.



P

‘,,r

'trafflc Tsads called for the need for predfgtlve, rather

fthan llmltlng, models for ruttlng.l Thus most of the ruttlng

ktmodels that were developea durlng thls rer*od followed the ’

5

_“'so called "Tayer straln " app*oach The baslc 1dea behlnd_
N . .
' chls approach was flrst 1ntroduced by Romaln \92) -The¥

~method involves. cnree major steps. Flrst7 the pavement '

w

.”_layers are d1v1ded 1nto sublayers w1th lesser tn}cknesses,"

+ -

and the stress state wlthln each layer ‘is determlned

) assumlng llnear or non anear elastlc behav1our; ’Second,

leathematlcal form, thls car be expressed as~.'J

.Vand.-"fh- #fthlckness of layer i.

'temperature,,densrty,'etc. are establlshed. ~F1nally,-the R

-~

\relatlonshlps of plastlc straln in each sublayer as. a

gt N -l‘f. .

functlon of. the stress state,\number of load appllcatlons,‘

L~

;contrlbutlon of the varlous sublayers to plastlc straln are

\

'summed to yleld the total vertlcal plastlc deformatlon.,,In’,':

. o
3

et

.(2;_21')'_

_*;:ba

C

g

Thls con ept galned popularlty between the many

';dlnvestlgators that tackled the’ ruttlng problem, and later

B
e

}‘several models were postulated based on - that approach.

-

Barksdale (93) used tﬁe agproach to compare-the oeh viour . of

L

' varlous base. materlals w1th respect to ruttlng._ He utlllzed'¥7

B _ v .

W -.

?the plastlc straln relatlonshlp proposed by Duncanwet al

R AN

L



o Brampton Road Test prOJect. B
. Y

:'='_permanent deformatlon. , 1e'~”_,_ ﬂf‘ﬁ,hlﬁ

[a s )/(kc3 )] .

ep'=t_11-(cl )(l 51n¢)Rf/(2c c°s¢+2°3sln¢5l -(2r?2)

-

~u;$1|et‘ S

- Qhéré, ep - plastlo stra;n,'u"
- ;cii& qj 1major and mlnor prrnc1pa1 Stress,
._k,&‘n’ ‘tﬂconstants 1nterpreted as the lntercept and
| - f"_slope of the logarlthmlc relationshlp
‘;'_‘b ;'between the modulus ofbe1ast1c1tv and the
‘ conflnlng pressure, l‘jfv‘j |

“"Rf _:fU = asymptotlc value of dev1ator1c stress, and
& ¢ s'effectlve shear strength parameters.' -.'d
Morrlsxet al (95), proposed a "layer-straln model iﬁ

/
. wherelngthe plastlc deformatlon characterlstics of the

-.asphaltlc layer were related to the stress state,-: jﬁ{' T
I A : Ce
_-temperature, and number of load repetitlons. u51ng repeated

3

tr1ax1al téstlng and statlstlcal analySLs technlques., The

fadequacy of thls model was tested by comparlng predicted and

measured rut depths of full depth asphalt sectlons from the

‘.

Meyer etzal (96) expanded the prev1ously descrlbed rut

-

h%predlctlon model developed by Morrls et al. to lnclude the

f{contrlbutlon of the unbound granular base layers to

¢

'y

o



Glaessen et al (2) proposed an lmproved Shell de31gn

method whereln the flnal thlckness de51gn satafylng the =

; llmltlng criterla for vertlcal c0mpre551ve straln at the top

_ of the subgrade. should be checked for permanent deformatlon

anUS layers.

' al (83) also descrlbed a technlque whereby a -
g i
d$?%k$tlst1cal procedure utlllzlng observed ruttlng performance

of 1n-serv1jg,pavement was used to develop,a -model: that

o

minlmlzes pavement rutting.

A major dlsadvantage of the above descrlbed models

N

v whlch are based on the: elast1c1ty theory, is that such
models can not reproduce the condltlon of the rldge that
usually forms adjacent to the gut due to the shear

dlsplacement of the materlal under theIWheel path. Thls

"

dlfflculty was accounted for by the efforts of many other

lnvestlgators that developed pred1ct1ve ruttlng m@dels that

were ‘based on v1scoe1ast1c rather than elastlc behav10ur.

o

e

_ Haas et al (89) conducted a comprehen51ve llterature rev1ewf.i

Lo
whereln the effOrts of many of those researchers were g'

-

"* descrlbedr

- Recent developments in. formulatlng permanent

.

deformatlon models in the early 1980 s, with few exceptlons,u

. followedlﬁhé two basxc approaches descrlbed earller- i.e.
. . o r”.“ t" .

either 1nd1rectly llmltlng or dlrectly predlctlng ruttlng..

The ba51c notlon of 1nd1rectly llmltlng ruttrpg by

.

l1m1t1ng the subgrade compresslve straln,_was further

extended to anlude surface deflect1on crlterlon.' Roberts
G - L

- - ..



Qet al. (97) used llmltlng bg}h the subgrade compressiv”h
Y v e tr :
;straln crlterlon and the surface deflectlbn crlterlon as the _
P R B s A._.;“v,”'_‘ . .' ._».‘:3."
»basls for a deformablllty @jStem. P RN VUL A

~ c - " “ oL ’o -._L .
T - ;vnv'ixtgf
4 Other 51mp11f1ed models were . proposed wherein'the SRR S
'nfplastlc straln 1s related to the elastlc straln aﬁd the :[,gff,-'

¢

_”number of 1oad appllcatlons (98) '”r- -f «',@j'

S oo o
In 1982, renewed 1nterest in- degsloplng ruttlng models

" thak were based on: the performance of 1n—serv4%g'pavements,

B were further pursued. Lytton et al (99) have developed a

rut depth predlctlon model that was based on fleld » o R
observatlons from some 400 Texas 51tes. N S B
. i

To conclude thls part, a considerable body of j t‘ ”kh
1nformagkon ls(now avallable fér explalning, and m1n1m121ng.
" the. permanent deformatlon phenomenon. However, the .s'jfl“'f ¢
.sultablllty of such lnformatlon to effectlvely 1mproVe the

_actual pavement performance, stlll remalns the subject of'

'further research.act1v1t1es.-“

:2 5 Summary T o p.; a i'i.p 3 - ERR
echanlstlcallyebased deSLgn procedures constltute the'-
_most ratlonal way for desxgnlng flexlble pavements.a
"However,bthe pltfalls 1nvolved 1n theee procedures must
’{»clearly be . recognlzed and mlnlmlzed. Avallability and
:'rflaablllty of 1nput data, and a lack of knowledge
iconcernlng the senslt1v1ty of the deslgn factors are_among

the drawbacks of such des;gn procedures.fifﬁ‘

Currently avaxlable mechanistlc-emplrlcal methodologies N



’ con51st of two parts. an analqu
one. The analYtlcal part utlllzes elastlc or- v1scoe1astic-“'
=-mater1als lnguts to determlne the pavement mechanlcal

‘tresponses under the prevalllng load and env1ronmental

fcondltlons. The emplrlcal part then correlates thls
o o
rlnformatlon with. the amount and extent of’ the structural

¢

. dlstress 1nduced to achleve a better understandlng of the
,/overall pavement performance.v ; |
.leferent models for descrlblng the pavement system
'nresponse to load are avallable.- Among these, the approach G
Cbased on the c1a531ca1 elastlc theory constltutes the most

»cost effectlve from the computatlonal stand p01nt. In
addltlon,'elastl%ﬂmodels have been verlfled to glve a .

’ . '*g‘ o .
'reasonably good 1nd1catlon of the overall structural B

El - e -»‘ e

'i;:response of the pavement system to loadlng. ”y’ . T

Q ) ‘..1;",__,»,

Cracklng of the asphalt 1ayer due to fatigulng and/or
~sub—zero temperature effects, and ruttlng 1nduced 1n the
.dlfferent pavement layers,/%Qe recognlzed as approprlate f
cr£§§>1a gOVernlng the de51gn._ L1m1t1ng the amount of j'{
stresses and/or stralns 1nduced 1n the pavement*structure
f.“funder the prevalllng loadlng condltlons, constltutes the'

L

'ﬁba51s”f9rzthe§e'crlterLa;1

o es T

‘and an .empirical =~ 1

o~
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3.1 General - S o RN -
ThlS chapter is. concerned w1th the rev1s1on of'the

development of the current (1981) Asphalt Instltute_

thlckness de51gn procedure for asphalt concrete pavements.

*Flrstly, an hlstorlcal rev1ew of the varlous edltlons of the

thlckness de51gn manual and the ba51c relatlonshlps upon -

wthh these Were orlglnally basedyw1ll be presented

4

A
qecondly,'the development of the new mechanlstlc procedure

)A

' and “the ba51c input., parameters needed for' the thlckness»\

design-wrll.be dl'cussed,ln deta;l. -
LT Y ey
3.2 Hlstorlcal Background o %

Startlng in 1956‘ The Asphalt Instltute publlshed a set
v - 1
of thlckness de51gn relatlonshlps 1n ‘which . the total

“pavement thlckness was related to the’ trafflc compos1tlon,

vde51gn wheel load subgwade support/$ﬁlue Callfornla

\

,Bearlng Ratlo, CBR, Stabllometer R—value or Plate Load Test

&

»

value) and the amount of asphalt concrete base used above

, 4
’ certaln mlnlmums.* The last ‘edition of - the Thlckness DeSLgn

Manual in whlch those reIatlonshlps were used was the 51xth
/ S - o

publlshed in 1962 (1).

The 1956 62 desmgn Lelatlonshlps 1ncluded in ‘the flrst

'
throngh the slxtb edltlons of ‘the: Thackness De51gn Manual

were based 1n part, on the concept that the total thickness

%
SN,

of cover Qver any layer should be suff1c1ent to prevent
: ' S
. ' : . SRR Y

4 A - Y

. . B . N . . i . ) ‘.-A-‘H

o



] materlal. Thls

A3

.“:

shear fallu}a 1n that layer,'and that the cover thlckness
B

was not affected q& the characterystlcs of the overlylng

\ W ’q'_‘. o . .

S

for dlfferent trafflc clas51f1catlons, mlnlmum thlckness

requlrements, and the perm1s51on of substltutlons of lesser .

“

_»heaxy, hsavy, médlum and llght trafflc.Aﬁk

"tthknesses of asphalt concréte base for porthns of

" . "o\>

.1.

Che VN

B

g:anular base."

- . ‘-In

The basxc deslgﬂ curve u51ng the above descrlbed

concept was further modlfled’by prov151on.f h?t

. 3 ‘ L
concept has the approx1mate formula (L) R 73?143 :
N | ot . . ‘,»_ . - . o . X \* ' .

| R -
w0 o L - . o _
T ='tota1 thickness of the cover over thé»Subgrade,,*““"
_ in., and " | . s
. ~| N X ) K . -;. . . o ’ ~: ;“é‘:
L = slngle axle 1oad lb; R e K '

" ke : - '
The e@fect of trafflc was also 1ncorporated in the de51gnv
— T
<

f?Jn 1063, an exten51ve rev151on of the 51xth edltlon of
by : —
e e

rrthe Thlckness De51gn Manual was completed and a seventh

egltlon was 1ssued. The rev1sxons 1nc1uded new thlckness

-de51gn relatlonshlps,_a%d addltlonal or revxsed

.
9

hrecommendatlons on subgrade sttength evaluatlon, subgrade

compactlon,vstagq,constructlon,_methods for maklng economlc
0 Lt !

'comparlsons,‘dralnage,'frost and many other de51gn details.

U

chart by claSsifylng the trafflc lnto&fourmcategorles- veryi y

. J"_



The new de51gn relatlonshlps 1ncluded ln the seventh..

editlon (2), were developed largely on the ba51s of observed

“h performance from the AASHO Roed Test, together wlth

1nformatlon from the WASHO Road Test\ Brltlsh test roads,

'and comparssons w1th then'—_ex15t1ng design procedures of

.

‘the U S./Corps of Englneers and state agencges (3 4, 5) ay

]

-

The steps used ln der1v1ng the mathematlcal
x,,‘ . s

Uu‘relatlonshlps 1ncluded Ln the seventh edltlon were
summarlzed by Shook (5) as follows- Flrst,,data from the

AASHO Road Testtwere analyzed to;¢rov1dé.the’ba51c

relatlonshlp between pavement de51gn and the number and -

}ﬁ welght of axle loads applled to the pavement.: Second meansﬁg'

- ,‘-\ o™ “ n.

re developed to extrapolate these equatlons to subgrade

050115 other than that encountered at the test road slte..1<;

JY’ngrd, mathematlcal re&rrangemént of the équatlons, ko .,
L o
permlt determlnatlon of egulvalent axle load factors’ was

“made to’ enable appllcatlon of the desmgn method to trafflc

ERN

con51st1ng of mlxtures of axle loads of dlfferent welghts.

Flnally,-the equatlons were put 1nto a convenlent form and

plotted for use as, th%ckness des1gn charts.'

'h In 1969, ‘an elgnth ‘edition of the Thickness De51gn ' -
. .
- Manual was 1SSued ngch 1ncorporated rev151ons w1th regard

[N

to procedures for estlmatlng equlvalent axle loads w1th new<,

\ .

thlckness de51gn charts. Thls e;ghth edition: reflected-some_

.
changes from the seventh edltlon- however'-the ba51c.
thickness de51gn nelatlonshlp, remalned unchanged

e . _‘ o . . -

A

@/fb_';



Procedure

>

.reylslon for tHb sake of bypa%ﬁk?&“ﬁﬁg'”

"\'Zf'.if'.“".".f"\
Qa0
cons1dered de31rable tO’e11m1n§§g 'ix?
- v BEEPY S\ AEE S
M&? Rt
equlvalenCLes Ln the new dﬁ 1 qug '
P 4 !J.J
Bt

.for estimatrng\gﬁ\\ .‘EJ; W
| R A

'~appl}ca510ns of th

N I

In 1977 the Asphalt Instltut

utlllzed. A méchanlstlc proqg%qﬁéu,
'. e ;L ‘,t-\'?

——

1mposed by eméﬁr;gé} ﬁ?oe%gurgs-

ol

. ‘.-4.\‘ PR N
‘/,". 4 :
N v

A major merOVement 1né hggﬁipt

; -ﬁhlckdéss De51gn Manual%MS—F%%ﬁ&‘ i s?;nblu51on of
9%

\—ﬂ\ %
structural perfOrmance charac&ﬁr

\

\(q -

N

_as the dlstress crlteria Lndi

N
-

of the de51gned pgcement. ‘
gt

One other useful featur
. '\A

Y ‘.!5i?
& s’

is the 1ncorporatlon of 1mprgg

slngle—axle loads.t i':"
oY ‘0].

truck type. dlstrlbu
yp S 'vﬁ\%
‘wf

: ?\f-."’f e
for the esbamatlo Gﬁfﬁ’ ; xle 1oad
) o

ed'to use the fac111ty

&
‘}:

1&4’?
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durlng 1ts de51gn llﬁe.vdi”cf;};-. . /g.T'Ngnf

1
A,

Durlng the development stages of the new de51gn 3x»?

~ . 2 .

procedure 1ncluded in the n&ngh edltlon?of MS l, a computer

—

'"f.referred to as the DAMA program, comprlseduthe analytlcal

[

program-utlllzlng an elastlc pavement mgdél was developed by

i

W1tczak (6%.p hlS computer program ;whlch wlll later be

Coid e,

tool used ﬁqr producxng the de51gn charts 1ncldfed 1n the 2 K;;Q

Manual.u '.Qu*~ ) ST ,:;”f'ii‘il

It is. also worth mentlonlng that the crlterla used for R

“,'b'. s

both fatlgue cracklng and permanent deformatlon are based on
EEN

;emplrlcal data.r The fatlgue cracklng predlctlon lS baé@d on

7rutt1ng Ls based on fleld observatlons of pavements ‘in’

v

data taken from the AASHO Road Test Qbservatlons (7) and

.

L . S

S , .
" _Callfornla.- Thus,-the dlstress crlterla 1s 1n fact a

" . /

)

| . . J
proqedure (6), the pavement is c0n51dered*as a multl layered

! \
Lo\

.Iélastlc model. The materlals ln each of the layers are;

R

‘. “‘.fh{ \‘ L
‘ atla\"

N .
i . -‘.1\

'..\ "I“‘&

equavaient BQ.kN (18000 lb) 51ngle axle load applled to the

Ve

(4500 lb) on each'plate 1s used correspondlng to an 80 'kN

\/-.
[N

'.‘\._ \,

f_wg .



: -aggregate Dase layer is consi

]

‘pressure. -

-

The deSLgn procedure can. be used to de51gn both full—

V'depth and cO_rg’entlonal aqphaL Paveme“ts- For f“ll depth

% . a2

f‘asphalt pavements the wvavement 1s regarded as. a; three layer

a - -

.syst?/, whereaf a conv p”flona§avement Wlth untreated

red a four- layer system as

deplcted in. Flg. 3.1
Following the assumntaon of an elastlc multi- layered
pavement,systeml all laywers apar:‘from.the'subgrade\are

assumed lnflnlte in extent in _he horlzontal dlrectlon. .on
- i & : .

’the other haﬁd——the suhgxﬁue layer 1s assumed to be 1nf1nrte

C e
E]

- .in both the vertlcally downward and horlzontal ‘directions.
'Furthermore, full contlnulty 1.e.’full frlctlon is assumed
at all 1nterfaces between each of the layers. ;

Loads at the pavement surface are con51dered

responSLble for produc1ng two’ stralns which are belleved
_ e

'crltlcal for deSLgn purposes. These are~ (l) the hOleOh al

s

'ten51le straln, Et' on the under51de of each asphalt bound
~layer, elther asphalt concréte or emu151f1ed asphalt
treated,'and (2r the vertlcal"compreSSLV&.straln, gv{'at the .
:top of the subgrade. layer. B ' ‘wﬁf

Exceedlng the maxlmum horlzontal ten51le straln, Et'
whlch the asphalt treated 1ayer can accommodate w1£l resulg
in excessive fatlgue cracklng On the other 1ﬂnd4 1f the

vertlcal compre531ve straln,'e is excessive, permanent

v’

'deformatlon w1ll result at the pavement surface due to

.

-



B Ya ‘ S o
N‘ This relationship was JiMEEKed from laborator

'TOVérstre551ng the subgrade.f ExceSSivedefon::7lon lnhthe

SO R
L d

o ‘ . .

.

- w.
treated layers 1s expected td be controlled llmlts om :

.'materlals propertles and adequate constructlon procedures.

To cater for the above descrlbed dlstress subsystems,

‘fﬁ.two de51gn crxterla, one for fatlgue cragklng and the other

for permanent deformatlony_wcrc selected by the Asphalt E

. N
" Ins 1 ute to be 1ncorporated in the de51gnﬁprocedure.,'
‘ . : l. fr ST e .
The fatlgue crlterlon utlllzed was the one developed by
Flnn,'et al (7),:for NCHRP pro;ect 1- lOB.-:ThehﬂA'-\v,f '
relatlonshlp, expressed 1n logarlthmlc form, 1s-'d N Q!t )
s /""é' L S
% . .log N = 16.086 - 3.291 1og ’(,_e-ﬁ/l.Oféj-il'
. L e e
N Dyl s |
- e : - 0.854 log {|E*|, 107}~ - - (3.2a)
: S - % dg'il jf,)_ ‘»ff:.. - B
. . . (
» . .
~or . . .
o ) o ‘
ﬁ‘-? S L : 1. -f -3 -3. 291 -0. 854 - 3 o
A . §, = 18.4 (4.32 x 10 st 1E: | '] (3.2b)
! R
_whére R S L .
Ne = number of load applications. to cracking
s - K N v
T tefsile strair in asphalt layer, mm/mm,

(in./in.)

dynamic stiffness, MPa kpsi?

- {E*|.='asphalt mixture.

" fatigue data

Mptesented by Monlsmlt' “{8), and adjdste to‘provide

M
an- lndlcatlon of approx1$a&ely~20 percent or greater fatlgue

K



e e
Ay w :

R
cracking (baSed on.total-payementjarea) in selected sections
. . - v . X : i
: of the AA?HO Road Test. . o

To, reflect the effect of both air volds content and )

dasphalt content on fatlgue performance, the correctlon

factor C has been developed and 1ncorporated in equatlon 3.2 *
-a ve. Thls correctlon factor, C, 1is expressed-’ - ' JM
e T T ;- P ’ . : PR .
-‘mathematicallyvas: ) R : oo ._.\\\
10M . . . (3.3)
2 . o )
: L ¢ b _ o). & o ,
Moo= 4.84 (G- —0:69) : o o (3.4)
. v b . e : ) Lt . , ;
Vp volume of asphalt, percent, and '
Cee e k ',‘ ' ‘-' )
Vvﬁ= volumeqof alr v01ds, percent" o,
MThe term M ‘was obtalned from laboratgry fatlgue data
developed by Pelg and COOper (99 and Epps (10)
The Second de51gn crlterlon selected by the Asphalt S f
-t . 3 }'

' -Instltute to limit the vertlcal compre551ve straln ab tﬂe

A
top of‘the subgrade layer, takes the,form:.

- e
: _ . 3 o ' o :
N = 1.365 g 1072 (744770 (3.5)
. L wy - o .,\. : o .
- : - ‘y . L . L L
Cwhere Lt~ e -
N = numbet of load applications to produce excessive
. ;- - - . . . .o
rutting
£ ='verticak;compreesive strain at the top of subgrade
0 dayer w0
= _ ) V JEUR - .
» : > N - 'f"'n'l
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“-This crlterLOn ‘was: obtalned from analy51s of pavements

v'deslgned by the Callfornla procedure ahd analysed us1ng the
[ .
Chevron method (ll)u W1th thls crlterlon, so long as éood\\

: 'y
_compactlon of the pavexent components is. obtalned and the_,

asphalt mix is weTﬂ de51gned \Jytflng should not ex?ged f‘ o

wn

_approflmately 13 ﬁ?(‘.u?ln., for the de51gn trafflc.rv

' However, if such condltnbns were not met an~ovéreSti‘ation4

~ of- the de51gn llfe of the pavement system wlll result.

K

. -

345 Materials Charactefization S . o PN

' In the developmentrof the de51gn procedure, all

o pavememt materlals were characterlzed Jby a modulus of i

‘elastlclty (qually called dynamlc modulus for. asphalt ,Tl

- .

mixes, or reSLllent modulus for- untreated granular and ~ 3
subgrade 30115), E, and a P01sson S'ratLo, Q.H 6pec1f;c
values were selected based on extensive - testlng and

\I o » . . ‘ »
-experlence; . . i// DT a Coa I a

M : . ) . . P

' 3.5. 1 Asphalt Concrete Modu11

-

rller, the asphalt dynamlc stlffness,

As poxnted out

! ‘* . : £

}E'], is- strongly d_ endent on the mlxetemperature. ‘To

sxmulate the effegts of temperature ‘as 1t changes throughﬁ
3

the year, a’ typlval dlstrlbution of mean monthly’ air

(/ .
temperatures (MMATO characterlzlng the s ecific reglon for_

)whlch the pavement f\?illty was to be .desighed, was used as
Y

‘one . of the. 1nput ‘parameters for the computer program DAMA.

e ' In- the orlglnal,development ‘of the de51gn procedure,f

v ¢
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three sets of env1ronmental condltlo(g were selected to

represent the range uf conditlons to whlch‘the manual should
’apply (12): 7 - )
B e
. ' L : ' T - S : ) .
‘Medn Annuaerir 7 Frost . - ~ “Asphalt

.

Y]

' Temperature»(MAhT)-, , Effects . dug/ _Grades
S ' S S T e . - S ‘
L, < 7°C (45°F) .. Yes: . AC-5, AC-10. -+ - ’

15.5°C (60°F) . apossible = 4 ac- W, hct 20

,< ¥

N c (75° F)o . . No. .. ' ac- 20, " ac- 40 77
] . . ’ ..

V3

: . ; [}
. 8 ) i . . by
Mean Annual Alr Tem erature‘EMAAT) was \used to/

. '\-4. : o
characterlze the env1r0nmental condltlons appllcable to each

¢ . -
L

’reglon, and the characterlstlcs o% ‘the mater}als were T .

selected accordlngly.l However only deSLgn charts for the

“15.5° C. condltlon were enclosed in “the manual _ , e
- N ' ﬁ:’,‘" ‘ ‘ e B )
The asph“lt v1sc051t1es assoc1ated with each of the o \
- N Q:‘ - B
three temperature reglmes used in deve&oplng the de51gn

charts were seleeﬁgdﬂas representatlve of. Bractlces in’ such

- specific reglons.' In'the colder reglens (<7 C) soften e

-

aspﬁﬁlt grades have been recommended to be used (AC 5 or
R -
AC- 10) ;n order to mlnlmlze thermal stre@sesﬂthCh may lead

to transverse cracklng. On the other hand harder asphalt
N t
grades have been u;ed in warmer reglons (> 24 C) in order

5]

to llmi} the permanent deformatlon and 1mprove re51stance to

EERN " . : . -

FL
- - v ’ o
- : : \
R

Although it is .not. necessary to know the asphalﬁ S 3
¢ : . . -

mlxture stlffness to- use the manual de31gn charts dlrectby, f“'

fatlgue cracklng..» : , : o R

. 1
- - a

' : . - N : R .
. : . .
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- it lS cru01al to hawe tempe*afure modulus data to use the
- eomputer proqram DAMA‘ .or to have other 1nput data that can
 be used to genera@e temperature modulus relatlonshlps. Inf'
the latter case, the‘Asphalt Instltute proposed the
T _ ‘
following relatlonshlp;
‘Log }E | = 5.553833 + 0.028829
Z70.03476(v,) + 0.070377 (n .
o o - 70%F, 10" - .
+ O;OOOOOST[tY(l'3+O'%9825 logf) p 0.5]
N o P : _ac -
L Y ' '
. : _ ' ‘ Ois
— ' -0t 00189 [ (1 3+O 49825 log f) 1 1 ]
. : P J . _‘v: . . £-°
+ 0 931757'(—445————3 e (3.6
ST TR0, 02774) | S
" whore, }
lE | = = dynamic modulus (stiffness) of,asphalt
[‘concrete, p51 (kRa/G 8948),, S

_?200h = peraent aggregate paSSLng #200 51eve,

£ . = freguency of loadlng,-Hz,’

vl .= % air voids - .

<
I

'“”70§F,10§ = ahsolute viseosity’at 7Q‘F,“Roises bq 105'

Pac ‘= asphalt content, $ by welght of mix, and
Tt .= asphalt COnCrete'temperature, °F (l 8° C +
| VI PR

88 .
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. c y .
to estlmate n7o F, 106' then. the follow1ng relatlonshlp'%ay 7(.'

be used o ' -

N e = 29508 2 pen7§01939n' TR - W )
709F, 10’ - L R

Where,{" * L -;* g;'
94 u " - -

pen77 F asphalt.penetratlon at 77° F, dmm.

The value.of P.c may be estlmated as follows-

Pac & 0.483Vp.’ - . (3.8)
. or C | | - .l . . p ) ﬁ —l .. . ’ - o
or . o , e f ey 0
Pac =‘0543§Vb'o ' . o - R a(3-9)f‘

" where, a o ; '
Vpe = effective volume'of aspnalt,-%; defined as the

] total asphalt content mlnus the quantlty 1ost by
- N ;

absorptlon 1nto the aggregate partlcles

i

w % total volume of asphalt.
o _ .

\Y

‘Equatlons (3. 6) to (3 9) were derxVed by regres51on
andﬂy51s of actual test data.. Comparlsons of measured and
:predlcted values forv| *I from 41 different mixes tested at v
three. dlfferent temperatures of 4. 4 c, 2&@1 C,. and 37.8°C, .
:.and under three dlfferent load frequenc1es of l, 4 and 16 Hz
shoded good correlatlon 1nd1catLve of the SUltablllty of

»such equatlons to reasonably estlma*e the modulus value

Y
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(12).' "2',_ t‘: . f”ﬁh; . | "“, ~

In addltlon to belng used to: generate temperature'
'modulus data for preparlng de51gn charts, eq. (3. 6) can also

-~ O -

.b;iused (w1cﬁ"Ehe £y M‘DAMA) to study the effects'pf the h

mixture propet;es on thq'tWLCkness de81gn requ1rements.
Wlth fegard t~ the: R01sson s ratlo; the Asphalt

vInstltute suggests that a value of 0. 35 is to Je used for

.asphalt mlxes.,-

3.5.2 Asphalt Emulsion Mixes
The asphalt emulslon mix, stlffness relatlonshlps were

based on aata developed by Chevron Research Comoany (11) for'
-i32 different.mixes ;ested at. 23 c (73 F) and 38°C (lOO F)
 The analy51s of these data lead to the 1dent1f1catlon of

three dlfferent ﬂ&x categorles ter cd in the deSLgn manual
'_as Types I, II, and III
“Since the asphalt emulslon mlxes develop greater

:modulus value after _some tlme ‘is past after the

T~

constructlon, data for those ‘materials ‘in the uncured
(1n}t1al) state together w1th some ‘measure of the rate of
develOpment of the uodulus to the cured value are

requlred.‘ Follow1ng the method developed by the Chevron
hesearch_¢omgany (ll);va temperature—modulus relatlonshlp of

o .
~the form:

E’I‘,t B ET,f}— (ET £ ET{i)(RFt) : _ '(3510)_



modulus—Ptvtempefature T and any t1me t

T, f fmodulus at fullyhtured state at temperature T

O]
Il

'E’ -'=Jmodul§s in uncuredf(initial;.state at

~‘ . tempetatUre”T'h | |
'th-.=,redactlon factor representlng the amOunt of cure
.*"li"d at tlme (t) and deflned as shown in Fld 3 2 for
. ga 6- month cure perlod SRR . .

is adopted b the Asphalt Instltute to obtaln the modulus

,value.for;su materlals.

Further'ore, all emu151on mlxes were assumed to have a
.maximum.stiffness,of.s X 196 psi at 3?9 C ( 20 F):ln‘the

fully cured state'and'a;minimum of 50,000 p51 in theluncured“

state.

~

2 Also, an analys1s conducted by the Asphalt Instltute
dlsclosed that longer cure perlods > 6 monthsﬁ have no .
‘ _51gnlf1cant 1nfluence on thlckness requlrements- thus a>6—
month curlng period was selected and used in developlng the
manual deSLgn charts.4 vv,“>v“ o L
The fatlgue response for each of the asphalt emu151on
mlxes were. assumed to be the same as those contalnlng ;

-

' asphalt concrete.

v

A P01sson s'%atlo value of 0.35 1s also adopted for

asphalt emu151ons.

3.5. 3 Untreated Granulat Materlals

A

From among the many avallable relatlons that exist, the

‘



Asphalt Institute selected the follow1ng one to be used for

obtalnlng the untreated qranular materlals modulushmnamely

N

M=k, 8° n | L U (3al)
r - 1 . : . i R
‘Whe..r:e,_' SR ) : . . R . o - . B , R
. . : P . . ’ : : - R o C
\ My .='re5111ent modulus of untreated aggregate layer .
‘ 8. = first stress 1nvar1ent whlch equals the sum of '

- . ]
: SRYEE .

the pr1nc1ple stresses, and

‘:kl,kz evexperlmentally determlned constants for each

| a,aggregate materlal type.' | :v o ' ?»,
From an naly51s of the avallable data; (ln the U;Sf
.Customary Unlts) Lkz was set. equal ;b~o 5 and kl was : ijf
selected to be 1n the range 8000 to f?OOO when Grls o
‘expressed in ps1p

The direct use of eq. 3. ll'above in a layered elastic
analysls requlres an lteratlve type of solutlon. ‘To:avoldb

‘this. complex1ty in the program DAMA, an lndlrect predlctlve"

~equation. (13) has beed utlllzed:

79y, =93, 94 : _
E g, = M, = g, (hy ) (hy ')(El I sg)(Kl ) (3.12)
n
where,
go,f..;, Is 2 regression constants with the following
‘ ~values:
g, = 10.447 © = gy = 0.139 .
g, = 0.471 g4 = 0.287

»



vffsubgrade modulus, p51;; B

thlckness of untreated agqregate layer, in.

hif’= asphalt layer (total)*thlckness, 1n.'s

TEi' = modulus of the asphalt layer, p51. o ff'
eWhen two different asphalt stablllzed layers: are preStnt4 
v(With;ﬁil El and h2, E2), the equlvalent modulus of _ the
cembﬁeed asphalt layers with thlckness of. (hl +. h2) is given
by: ' o
< '

. _ (3.13)
le 2 ) v - e

El eq_.:_=
The use of the_indirect;predlctlve equation (eq. 3.12)
‘in.the program DAMA is reported to prbduce essentially the
same subgrade compressive strain as If the iterative

proc dure were used

Materlal quallty for the untreated aqqregate layer is
!

r presented byfthe input factor Kl (K2 = 0.5 lS always

assumed) whlc w1ll assume hl&%er values for better quallty

Q..
aggregatesf
- Yy A : . ' -

_As far as Poisson's ratio goes,'a‘value_of 0.40 is .

usually assi ned to these materials.

e D o B ,

For



»>

subgrade modulus, rather the subgrade modull values_

N 8

i~ \~v.' o - .

-~

3 i

@etermlned by either dynamlc testlng or any other means are

used dlrectly as 1nput in the program DAMA.

-r‘

: é4: .

To get a reallstlc value representatlve of the subgrade

modulus to be used in the de51gn process, careful 51m ation:

of the Ln 51tu fleld condltlons is requ1red.»'Th1s is

™

strlctly true due to the fact. that the subgrade modulus is a .

Fi

fuggtlon of- both type and degree of compactlon as: well/;gf

the stress state that exlsts w1th1n the subgrade layer. As

'an example, flocculated and dlspersed 5011 structures-behave

-y

dlfferently under the same condltlons of dry den51ty and

water content.. Also 1ncrea51ng ‘the applled stress tends to

3

significantly dacrease the subgrade modulus-value.4

To obtain the subgrade modulus from laboratory dynamlc

'testlng, the Asphalt Instltute recommended that six’ to elght

tests be performed for each 5011 type w1th an absolute

number of tests (6-8 tests) refer to a spec1f1c condftlon_of

‘the sample whlch wlll usually be the prevalllng in-situ

condltlons of dry denslty,'water content and stress state.

The procedure then used to select theude51gn reSLllent

o

subgrade modulus from the test results, can be outllned asv

follows (6)

(1)

(2)

,

Arrange all test values in- numerlcal order.g

For each change in test value, beglnnlng W1th the

lowest vatue, oompute the percentage of the total

number of valueS'that is equal to, or greater than.

-,mlnlmum of flvevrecommended. It must be emphaSLZed that the
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| ,(3)'
(4)

Al subgrade strength'value at the 60 percent (for ESAL of

"1 4;or &bss), 75, percent (ESAL betweiﬁ lO 'and 10 ), . or
'Ug\

3

deslgn subgrade strength value.

" An. example 1llustrat1ng these steps is deplcted ind qu.A3.3.

* Relatlonshlps between the subgrade modulus and ;; N

conventlonal pavement de51gn 5011 tests lﬁke the CBR and the

‘ R—value have also been 1ncluded in the manual/as a

substltute for determlnlng the subgrade modulus. These
R
\relatlonshlps are based on correlatlons WLth elther fleld or

ﬂ

laboratory stlffness measurements.’ Accordlngly, cautlon’//;

. must,berexercised when-using'such correlations for
estimating the subgrade'modulus'since the'valuesvthuS“

l_'v 1 — - l

’ obtalned are approx1mate and ark subjected to varlatlons
within téﬁ limlts establlshed by the-correlatlons.
The relatlonshlp betwen res1llent modulus and CBR Ls'

that establlshed by Shell (14) and used in thelr deSLgr'

procedure.. Thls relatlonshlp takes the form S

i )
i

10.3 CBR _(MPa) . ksl

.
r . My =1500°CBR  (psi) - . = (3.14D)

) kY ,‘ ’ : . . .
It should be noted that My values’determined from such
relatlon can. vary- from 0 5 to 2 0 times that amount.,

Moreover, avallable data have 1ndlcated that the above

/



,lgequations‘providefbetterfrésults at values of.bBR less than

;’Jkabout 20

.

\ : The relatlonshlps between Ehe res111ent modulus and R--
L v Y ‘

value were developed orlglnally from data collected .on the’ ) :

B B

'

San Dlego County Experlmental Base Progect (15) Two

\>

'relatlonshlps were developed among whlch the follow1ng is"

the-qne adopted by the Asphalt Instltute in 1ts des1cn

- B —

'procedure:. :
M'rf(M.Pa)~'=-7.9'6v+v3.83 (R) ~ (3.15a)
or . M. (psi) = 1155 + 555 R . (3.15p) -

——

As with the My ~CBR’ relatlonshlp, the Mw-R¥value relationship

also glves approx1mate subgrade’ modull values whlch must . be

used with caution in the'design process.

v 3 6 Env1ronmental Conslderatlons

—.

The effects of both temperature and- m01sture varlatlons

on pavement'materials propertlesl ‘were 1ncorporated in the:'

~

MS- l de51gn procedures.
. a - .
The effectq of - temperature varlatlons on the dynamlc~

modulus of asphalt concrete and emu151f1ed asphalt mlxtures

’were accounted for by the utlllzatlon of approprlate

:modulus temperature relatlonshlps descrlbed earlier in

sectlons 3.5: 2 and 3.5.3.

—

4! Studles summarlzed by Wltczak (16) indicate that4

T e,

pavement temperatures can‘be'estlmated»from air



temperatures, using the following relationship:.

‘The ‘mean monthly pavement ‘temperatures obtalned u51ng,a_

0

b

Qmonthly dynamlc modu11 to be. used fo

-

PSRN N 34 o ~
MMPT = MMAT [1 R G 4)] (Z + ﬂ 6 (3,1'6)7 )
- _where,v L .
" : N - '.. ‘. ‘ . . . . \-" .
MMPT = 'mean monthly pavement temperature,v°F ' -
MMAT‘: mein\monthly alr temperature, 3F, andi-’:_p -
[ . o ' - -
‘ .Z o= depth below pavement surface,_ln.

[}

-

eq 3. 16 were then used as 1nput 1p the approprlate
temperature modulus relatlonshlp to\&htaln the values of the

elther the asphalt

concrete or emu151f1ed asphalt layers. o

‘The comblned effect of both mOLSture and sub- zero air

wtemperatures on the subgrade and untreated granular\base and

B subbase layers were also compensated for by u51ng an

1ncreased modulus value to represent the freezlng perlod and
a reduced modulus value to represent the‘thaw perlod..

' To enable the aSSlgnment-of approprlate subgrade e
're5111ent modull to be used under temperaturelreglmes which
include free21ng conditions, a schematlc dlaqram like the
one shown in Flg. 3.4 was used to reflect the subgrade -

modulus varlatlons throughout the year. U51ng this

approach, a maximum subgrade modulus value :of 50000 p51 was

-usually used to represeut the frozen subgrade condltlon oo

- whereas a “educed (or mlnlmum) subgrade modulus representlng

_the;thaw'condltlon was given by the eXpre531on..a

-«



~

o

s

*«where,
BEREE :

‘.}"

E

ts
Te T

Ens

Tables 3;r

parameters

'

MAAT = 7 c-

. . . o~
thaw (reduced) subgrade modulus,‘

~

thaw.reductlon factor, and o R ‘\

normal subgrade modﬁlus.

.and 3. 2 contaln a summary of the varlous

shown schematlcally in Flg 3‘3~for the

(45° F).and lS 5 C (60 F) conditions whlle Tables

3.3 and 3. 4 show examples of the actual subgrade stlffness

r

' <{ues to be used in the computatlons (12) -

e

A 51m11ar procedure was used to adjust he modular

values for the untreated granular sectlons. In this »

. S . e

instance, the'value of’Kl (egq. 3.11) was 1ncreased-by a

- factor of 300 percent for the. frozen condlthn and reduced””

durlng sprlng thaw to a leveI of .25 percent .of “the unfrozen.

,value for condltlons thab have frost. ‘Table 3.5’(l2)-

.oontalns a summary of the month&y Ky values used for MAAT of

!

7°C (45 F)_and rS.S,C\(6O F). The value of K2 was'

N malntalned constant ‘at 0.5.

Seasonal reductlons in the granular layer are not

unusual;‘ Flnn and Shook (3) found it necessary to make such

) adjustment

in the granular layer in order to properly match

X

y measurements of deflectlon on the AASHO Road Test.

ﬁddltlonal justlflcatlon for reduced granular material

. moduli come from the relatlvely poor dralnage

e, ean

I'd
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'characteristics_during_thevspringrthaw7period.

3 7 Trafflc Ana1y51s ;"{' . L e ""-f:Jw

Thls sectlon descrlbes the methods for determlnlng
- {

: approprlate trafflc lhput parameters to ‘be used for the

structural de51gn of the- de51red p nt fac111ty

" Of prlmary c0ncern.are thé number and welghts of: thej'

" el ’1’” ‘\
axle loads expected to Lekd

~

led to the pavement durlng a

given: perlod of - t:Lme."~

A -.“"“

The. trafﬂlc analys1s procedure used in the Ms-1 de81qn

s

) manual 1ncorporates the converSLOn of all mlxed trafflc 1nto

”equlvalent numbers of an 80 kN (18000 lb) 51ngle axle load

‘»appllcatlons (ESAL).  Conversion of the mlxed trafflc 1nto
ESAL s is obtarned by the use- of approprlet load-

.3 '
equlvalency factors.‘ These factors were taken/from AASHO

Interlm Gulde (l7);and were based on data from the AASHO

N

’Road‘Test.;

3 7.1 Trafflc Volume Estlmates

?' The trafflc analy51s procedures used in the desxgn
. -

.manual requ1re that estlmates be obtalned of the number of

vehlcles of.d;fferent.types, such as passenqer—cars, buses,

1

, slngle~un1t trtcks, “and multlple—nnlt trucks different
types expected to use the proposed fac111ty i>xgjustments
are then made to that volume to reflect both the relatlve

'

proportlon of the trucks to be expected 1n the des1gn lane

_and the ant1c1pated future trafflc growth
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' S 2L

3.7, 2 Estlmatlng ESAL s ' R

The terms llsted below are ldentlfled by the deslcn
K4

JERSSSENY

_'manual as the/ ones to be used for éstlmatlng the ESAL's: ’

—_——

z» expected to be applled to the pavement structure durlng its .

' design- llfe (6): )“' S } S o
- Truck Factor - The number of equ1valent 80 kN (18000

. 3 S
v \..1b) 51ngle—axle load«appllcatlons contrlbuted by one
o A ’

passage of a: vehlcle. .

- Load Equ}valency actor - The number of equivalent

n‘l- -

80‘kN (180®O lb) s¥ngle-axle load appllcatlons

' e

contrlbuted by one passage“of an axle. FQ
..~ Number of Vehlcles - Total number of vehicles = :°

.V- =

42 S 1nvolved. _ ‘ ,'~
,ﬂ ) N ] ‘ L {} :r ; » 1 .
i : ESAL is calculated by.multiplying the number of

.vehicles in eaCh'Qeight Class by the appropriate Truck

-Factor'(TF) and. obtalnlng the Sum of the products'

. ESAL =z (No. of vehlcles in each welght class x. TF) (3.718)
. R \

ThevTruck Factors are determined from axle—weight data‘using

Load Equ1valency Factors. This is usuaLly done'by
.3

multlplylng the number o‘.ayles in each welght class by thev v
approprlate Load Equlvalency Factor and d1v1d11g the sum of .

the products by the total nurber of vehlcles 1nvolved
{ °
(No. of raxles x Load'Equivalency Factor)
' number of .vehicles

T =
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t‘g,v .

r

Load equ1valency factors used 1n eq 3.re-above’Were
~based orlglnal/y on data collected durlng the AASHO Road

'-Test- the procedure used for. calculatlng Truck Factors 1s
s S
best 1llusb§_ved by the example’ taken from the deSLgn manual

,and shvwn i 1g. 3.5. S ' LT
S - T
3. 7 3 Parkways and Shoulders p
Re51dent1al streets whlch carry relatlvely high, almost
S L3
100 percent llght trafflc must bejﬂe51gned to- w1thstand not

only such trafflc but also occa51oﬁal heavy trafflc, such as

,SQOWplows, maintenance trucks, ready—mlxedxconcrete:trucks,‘
' buses, and garbage trucks. The MS 1 design manual-

recommends that a reallstlc estlmate of the future trafflt,
. L 9 ‘o
nlncludlnq the occaSLOnal heavy trafflc like the speclal

. types of trucks used durlng cqnstructlon, be made, or else

minimum,thickness recommendatlons'should be-malntalned.

For parKWays that are restricted to- buses and llght

: automoblles, experlence showed that deslgn ESALs calculated
¥ »
only for hlgh volumes of llght axles often results 1n_

»pavements that are too thin. Therefore,rwhe heavy truck

L

trafflc represents not more-. than 2 percent, -a reasonable

estlmate of the deSLgn.£SAL/Qan be- obtalned by multlplylng

total trafflc, 1nclud1ng automoblles, trucks, and buses by a -

truck factor of O. 06. - "

" The manual also: recommends that for: mlnlmum protectlon
v .

'agalnst damaglng effects of occaSLOhal heavy vehlcles, the

1] deSLgn ESAL for shoulders should be equal to or greater than

\
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“2,;ercentuof,the_design ESAL for'the design lane:.

Lo

3. 8 Computer Program DAMA
o S The computer program DAMA was developed at the
UnlverSLty of Maryland by Wltczak (18) to prov1de the"

Acomputatlonal ba51s for developlng the structural de51gn

charts 1ncluded in the ASphalt Instltute s MS -1 ma“ual.

S
Essentlally, the program is used to analyze multl layered

)“ elastlc pavement structures by cumulatlve damage technlques

for a’ 51ngle or dual wheel load system.- Because program h "‘§

»

DAMA analyzes a g1Ven pavement cross sectlon structure, 1t'

aN

1s ‘not a de51gn program per se. However, structural deSLgns

can ea51ly be obtalned by analy21ng a factorlal set of

Y

pavement structures (i.e. multlple DAMA runs)

ujw'f: In the developmental stage of program DAMA_gtwo

v}separate ver51onstere formulated ; One vers1on utlllzes.the
'“Shell BISAR elastlc layered stress“straln dlsplacement i
program (called DAMA BISAR) whlle the second version usese’
the Chevron N la’er program as the theoretlcal layered }
system (called DAMA- CHEV) .Because of the dlfferences
between the BISAR and. the Chevron N- layer programs,»the
WleXLblllty of each ver51on of the: DAMA program to handle’
fvarlous wheel load conflguratlons and layer Lnterface degree

)

of frlctlon depends upon the theoretlcal stress program used
o - ®N S N
as a subroutine. 'in Table_3.6 someMof the dlfferencesi

arized)}"

N R . o S L .
- betyeen the two ver51ons.of;the_DAMA program a

w8
R



In v1ew of the cost per run for each ver51on of the
e

program DAMA coupled w1th practlcal con51deratlons, the.

‘_DAMA—CHEV program ‘was select@d ‘as. the major analytlcal

ﬂsource used for the development of the-desig~n curves

'/.

_and crltlcal straln values .at specifled computatlonal p01nt5'

€ . .
Lgcluded ln .the MS l manual.v oL /A

The DAMA program routlnely prlnts selected deflectlon

~

along each crltlcal lnterface. A crltlcal 1nterface laf

deflned as one where an aspha‘l stablllzed materlal lles

: above it or as one under whlch ap nntreated aggregate or

subgrade layer lles. These crltlcal 1nterfaces‘?re'

| automatzcally determlned w1th1n DAMA and 1t 1@ not necessary

S

7

ﬁor“the user to deflne’them._‘
P L - . e K

3. 8.1 Program Restrlctlons and Flexiblllty

In- the development of the DAMA program, some

o "ly“.b_rhu 'd~‘ i_ T . 'l ) ;Vb._'.f : 103

-~

restrlctlons were 1ntroduced to account for cost . ' R

conSLderatlons. The ma]or restrlctlons‘of DAMA (CHEV)\are.

that it is llmlted to analy21ng up to a flve layer pavementv

“vsystem (four pavement layers plus subgrade) "In addltlon, a

_maximun of one granular layer may be used but ltS locatlon

N

must be directly above‘the subgrade. Flnally,_an aaphalt

‘stablllzed layer ‘must be the top pavement layer (1 e. the

1 .
program cannot analyze a granular surfaced pavement

structure) . . N

Y
Addltlonal restrlctlons that apply to DAMA—CHFV is that

only a 51ngle or dual wheel load system can be analyzed.

T



lJWhlle DAMA CHEV prlmarlly uses a dual wheel load as 1nput 'a»‘

gSlngle wheel ‘load analySLS can easxly be obtarned by u51ng a

: ——

"1large dual spac1ng to 51mulate damage due to a 51ngle wheel
N on - the other hand the most 1mportant advantage of
‘t prOgram DAMA lles in lts flex1b111ty to analyze pavement
'systems subjected to monthly varlatlons in materlal

'propertles relatlve to user- deflned deformatlon and fatlgue

,cracklng dlstress crlterla. Both fatlgue cracklng of each

-asphalt stablllzed layer and the subgrade deformatlon are

. .
"examlned on the baSlS of monthly cumulatlve damage
‘concepts.. Damage computed on a monthly ba51s for -a glven
monthly trafflc repetltlon 1nput value is then accumulated
;up to a; damage of lOO percent for each dlstress mode. lhe_
d€319n 11fe and number pf load” repetltlons to fallure are -
lsummarlzed for cracklng and‘deformatlon ‘and the governlng
layer for the de51gn 51tuatlon is noted. o |

.
3‘8.2‘Material'and“DistressgInput for ProgravaAMA')”
 As mentioned’previously, the'major advantages‘of.
* ' D

program DAMA llelln 1ts capablllty to 1ncorporate user-
defined materlals and dlstress relatlonshlps w1th1n a ”v' -
monthly cumulatlve»damage sghemg, For asphalt concrete
~layers, the user has‘the:ootion of dlrectlyrlnput.laboratory'
:moduli responSes for various design'frequencles,and’
‘temperatures ofia(specific mig-or utilize the regression
, equation (eq. 3.6)° developed by the ﬂsphalt Instltute.

A ) v » ’
Forvasphalt emu151on3'exhlbit1qy a curlng effect w1th
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.tlme upon modulus,\an expOnentlal cure law.ls.used
Requlred 1nput by the user 1nvolves notlng the ‘cure tlme,
-the time constructlon was completed and the time | the'
pavement was opened to trafflc. Thls allows for the monthly
damage computatlons to be conducted over a perlod of 12
hmonths plus the tlme (in months) requlred by the emulslon :
layer to cure whlle open to trafflc. . _-!
s For obtalnlng granular layer modulus wh1ch 1s assumed
3lto be. stress. dependent the program DAMA uses an lndlrect
:ﬁequatlon d veloped by W1tczak and Smlth (13) to'avoi - the

sl Ay

wuneedjfor the hlghly repetltLVe trlal and error’ 1terat1ve

:w/

/

. . .
olutlons. he equatlon take the form descrlbed earlier by
eq. (3 12) ' Thus in using program DAMA,vone need only

deflne the monthly estlmate of Ky (to model variations in

. : [ .
‘ ,m01sture or p0551ble frost effects) as addltlonal input for

4

_'the aranular layer eva{uatlon.‘
‘ {

As w1th the case w1th materlals propertles, program

‘w

“DAMA also- prov1des for the maximum 1n ‘user flex1blllty for

»1ncorporat1ng dlfferent coeff1c1ents for both fatlgue and

_ subgrade dEformatlon relatlonshlps..'
. _ . p
Flnally,_a general descrlptlon of the program DAMA
y KA
~ input and output-formats-togethsr with an lllustratlve'

“example are shown in Appendix A.

3.9 Ver1f1cat1on and Implementatlon of the Deslgn Procedure

\ v

Attempts were made by €he Asphalt Instltqte research

- staff to verify»the use of;the des;gn procedure. pTo.achleve»,

R

]
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<

R

that, a study was completed that compared the thlé%nesses

prPdlCted bJ’use of the manual MS-1 to thlcknesses obtalned

- 1 -

from actual in-service pavement sectlons.. Over 400

‘Lnd1v1dual pavement sectlons were included in the study
. @‘ , .
From the results of the the study, the des1gn concept

is said to agree extremely well with observed pavement %

‘peformance.n - SR ; - o
However,'although the above is a- p051t1ve factor for

the de51gn approach the deSLgn methodolog, appears to be.

more conservatlve for some SLtuatlons than for others. For-

'example, the_present MS- 1 de51gn curves in thelr present

form, will always favor the use of thlck asphalt layers and

mlnlmal granular base or subbase layers, partlcularly for .

high- trafflc situations (12). )

Thus, although there appears toe be a good pptentlal for'v

1apply1ng the design procedure on a routlne deslgn bas1s, yet

a parametrlc evaluatlon of the varlous dé51gn input ,: R

~
P

parameters 1s requ1red before attemptlng to generallze the {

appllcablllty of the de51gn procedure to all geocraphgc

areas.» Furthermore,,untll,now there Ls ‘no practlcal

r
lmplementatlon of the de51g %Jrocedure reported anywhere in

. the llterature that the author is aware of.

3.10 Summary
, The'review of the Asphalt Institute-mechanistic method

of pavement de51gn ‘has dlsclosed that.p~

Al
1. The 1nclu51on of structural performance characterlstlcs



l:Ln terms of controlllng fatlgue cracklng and exce531ve

permanent deformatlon fac1lltates the preventlon of te

exce551ve phy51cal dlstress and the retention of adequate

.o

“"“ridlng‘quallty'for the des ife of the pavemént

-‘Gtructure.

—_—

2. The utlllzatlon of avallable research results deallng

~with’ materlals characterlzatlon enables the effectlve ‘use

"o iethe dlfferent pav1ng materlals.il
T use of mechanlstlc procedures along w1th fleld

experledce (emplrlcal) has made it p0551ble to. evaluate~ y

more accurately the seasonal lnfluence of temperature on'
'the propertles of asphalt concrete, and the loss of

‘strength of unstablllzed materlals and subgrades durlng

 the spring thaw perlod.

4. The flex1b111ty of the program DAMA to 1ncorporate
dlfferent user deflned materlal and dlstress
% S
»relat10nsh1ps~w1th1n‘h monthly cumulatlve damage scheme,

glves an 1nd1cation of the potentlal adapatablllty of the'

- .

’.deSLgn methodology to other geographléal reglons.
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(b) 'V'Pavements with granular bage | |
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3.1 Pavement Model (Courtesy of the Asphalt Institute) .
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Example:, Determlne De51gn Subgrade Re51llent MOdLlUS for
the. Condltlons leen Below

_Condltlons
145 6

1. DeSLgn Trafflc ESAL = lO4 10 and lO

2. Results of 8 tests produced the follow1ng subgradei_ S

resilient modull values:
.40.5, 45.3, 59.0, 78.2, 80.0, 85.0, 90.3L 109.2;MPa

',Procedure

1. Arrange test values in descendlng]order start1ng,w1th
‘ the blggESt value, . i.e. . 3

3 \-_\ EAICHI

. 109.2, 99.3, 85.0, 80.0, 78.2, 59.0, 45.3, 40.5 -
2. Calculate percentlle values equal to ar- greater than L
‘as - follows: ; : b ‘ . :
Test Values*' — # Equal‘Tdﬁor 3 E&ualuTe‘er9 )
. : Greater .Than. .- _"Greater'Than“-
109.2 1 (1/8)100%12.5 I
©90.3 . T2 — (2/8)100=2% .Qg" * -
" 85.0 '3 (3/8)100=37+5 7, o
%80.0 - g (4/8)100=50.0°, , *?
78.2 5. 2 ‘(5/8)100 6745 2
59.0 - » IR (6/8)100=7510 i<ftf2
) 45.3 o 7 (7/8 )-100= 87;5 fﬁ
—  40.5 8 i

- 8L (8/8)100=10Q . "

3. Plbt test ‘values vs perceﬁtwéQUal to or greater?i%aﬂﬂ{

* &a

4.'From the plot-read the ‘subgrade resllrent moduli*“ ’4v
~values at 60%, 75% and 87.5% to repges _thg deglgpn‘
,subgrade strength values for the 107, lO and; 107 .

ESAL's respectlvely v o . T .‘sﬁ_

ot g e

* hypothetical teét'yaIUes'
Fig. 3.3 Determlnatlon of DeSLgn Subgrade Resilient’ Modulus
Co from Test Results )



Frozen Sut_xjiade Modulus

© Normal Subgrade Modulus

Thaw (Reduced! Subgrade
Modulus

v
i

N

3.4 . Subgrade.modulus variations. throughout a typical
year; for.'the conditions where freeze-thaw occurs
‘{Courtesy of the Asphalt Institute) :

3

Month Thaw Started

erc Suned(/
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Month

12 Manghs et} '
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o
4 &
. - .04
R .
N .
~3
. &
§ “No. ot T losd . '
‘A‘I. Load Group Axies Per’ Equivatency EAL
. 1000 Factor & :
. l.
kN —_— (100016} ! Vehicles® {Table IV-4) (Cot. (2) X Co D”,
) It B - 14 -
Single Axies ) VR g
<1335 <3 . 604 " D.0002 ‘ 0.1
13.35- 3115 (3-7n .- 587 0.005 .. 28
1115 356 t71-8 T 140 0.027. . 38 . e
356 - 5.4 -1 8-12) - 493 008 L 429 . :
5347 -71.2 {12-18) . 154 0360 1 . 55.4
71.2°- 80.0. " (16-18) 75 - 0.796 : 59.7
80.0 - 89.0° .- - {18-20} 33’ _ 124 - ) 40.9
89.0 - .97.8° 120-22) 5 1.83 . . 92" .
97.8 -106.8 (22-24) - 2 258 oo 52 :
106.8 -115.6 (24-26) T 353 35.
115.6 -133.5 . - {26-30) o - 5.39 - , 54.
5 S ' 1
~ Tandem Axles - : ) E - - -
. o<«.r - (<6} 7 I 0.010 02
267 - 534 {6-12) 227 0.010 ’ 2.3
.53.4 - 80.0 (12-18) i 62, " 0.036 : 5.8
80.0 -106.8 118-24) 108 o 0148 o . 16.0
1068 -1335 - (24-30 ) 140 - 04260 . 59.6
1335 -142.3 . (30-32) - 58 0.753 - 43.7 /
142.3 -151.2 {32-34) 25 © 09N o 243
151.2 -160.0 . {34:36), 6 1.23° : T4
_160.0 <1690 - (36-38) 3 1.53 : 86
169.0 -178.0° 138-40) BE 1.88 . L 1.9
178.0 -187.0 - (40-42) 1 2.29 23.
187.0 -195.7 . {42-44) 1 2.75 : - 2.8
195.7 -204.5 {44-46) ) “3.27 : 33
2045 -222.4 {46-50) 1o 417 . 4.2
>2224 50} v 5.2 o 5.2 -
{Use 2268 (5)))
' ‘ L EAL 4125 T
Truck Factor = EALNehicle - il2.511000 =0.41 '
“Most U.S. truck weight and truck count data are reported in (emﬁ of 1000 vehiclewunits. This conven- M
tion is retained here for convenience in uting state Truck Weight Study reports for traffic analysis.
’ - B

e

Fié..3.5 Truck féchr-computations fgr,a typical U.S.
' interstate rural highway (Clurtesy of the
Asphalt Institute) ‘



Table 311 Condltlons used to~represent frost effects on
: ‘ subgrade (s.I. unlts) (Courtesy of the Asphalt
Insﬁltute) ) ;
~ © MAAT E, . - Egg »rt Ets Teo ATg ATqy AT .. &Tq
;aC__ .MPa ~MPa = %. MPa - . mo. , mo. ~mo.” mo.
. 7 31.0 344.7 20 6.2 .Dec . 4 1 5 .2
'82.7 344.7 50 41.4 Dec 4 1 5« 2
'155.1 344.7 70 108.9 Dec 4 7 1. 5.0 2
B —. ] » . . - . i i ) * g
15.5 31.0 -344.7 30 - 9.3 Jan ' 2m 1 4 5
82.7 3_44-.7-[7__605 496 Jan- 2 1 - 4 5 T
155.1 344.7 80 124.1 Jan 2 1 4 5
' Tabig_3.2 Conditions’ usedvtb represent‘frost,effeCts on -
4 subgrade (U.S.gCustomary Units) (Courtesy of the
‘Asphalt Institute). o : .
Ens  EBgs Tt Brs - Tro ATe ATop AT OTH
. °F ‘psi “psi % psi S MQe ... MO. mo. ~mo. B
( T : . - .
45 4,500 ¥50,000. 20  900. Dec 4 1 5 2
12,000 50,000° 50 6,000 Dec. 4 1 5 2
e 22,500 50,000 70 15,800 Dec 4 1 5 .2
‘60 4,500 50,000 30 1,350 Jan 2 1 .4 5
12,000 50,000 60 . 7,200 Jan 2. 1 4 5 ([
22,500 50,000 80 18,000 Jan 2 1 4 5 .

JE—

B



A S

. - " i/
C -.f I L ;;“
Table 3.3 Subgrade moduli used in DAMA program for MAATV of 7°C and ©
15.5 °C (Ss.I. umts) (Courtesy of ‘theAsphalt Institute)
’_’__ - ) ' - - S { -
MAAT E . ' : Subgrade Modulus (by rronth) -~ MPa
_c°c MPa--Dec Jan ‘Feb ‘Mar. Apr May Jun Jul Aug Sep. Oct Nov
7 31.0 31 \ﬁg ige 267 345 6." 1 26l 21 26 31 31
82,7 83 Zl4$ 279 345 50 58 66 74 83 83
155.1 155 297 345‘ ’ 109 .118 128 ‘137 146 155 155
\1? ’ * L . .. .
. TR ) Y X .
.31’188 8&% 9 15. 20 26 3l< 31 31 31
58 66 74 . 83 83 83 83
155 155 155 55"

15.5 31.6 31
7 §2.7 83 83 214 345 50
155.1 155 155 264 345 124 132 140 148 .

—3
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- Table 3.6 vaference between DAMA (BISAR) and DAMA (CHEV)
- L (eourtesy of the Aspbalt Instltute) ‘ o

. .

Variable =~ . DAMA}(BISAR) e DAMA (CHEV) |

NUmbetfef Dbéds~nf' - Up to lO : ’”'." % | Slngle or Dual Wheel

an

.TY§es of Loads ' ; ”,Vertlcal and Horlzontal Vertical Load Only

:.POSltlon of Damage : Up to Five. P051t10ns ' . - Three PoéitiQnS' -
'Calculatlon R e(User Selected) e " (Prefixed) ¥

Interface Friction Frlctlonless Sllp to ° . - Full Friction Only’
o . Full Friction - | IR o s
‘Executive Time* ‘ o S : _
Full Depth 'AC . 130 Sec. . 40 Sec.
Granular Base - ;i 160 Sec. I 45 Sec.
Full Depth AE = 7° "220 Sec. .. ..~ 55 Sec.

P 1 . L - PN o 8 el
o A L oe e . A S ,
.. * ppproximate CPU time by WIVAC 1108 system at.the University of
Maryland.  « S DR A o

1 v . e
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performance data usually avallable from(the Alberta

4.1 General_'

_~4.0 ALBERTA HIGHWAY 2:28 - A CASE STUDY

. '..‘a 3

¢ B * ’D -J-

In this cha ter a~Sel<€ted pavement sectlon frowvh

prlmary hlghway n central

the computer program DAMA developed by the Asphalt

lberta will be analysed u51ng

S Instltute,

Thls part of the 1nvest1 ation is conducted prlmarlly
‘1

~to evaluate the pqtentlal applrcabllltv of the Asphalt

Instltute de51gp,methodology to predlct structural

v
4

o . o . .-s

p@rformance characwerlst1c5wof conventlonal asphaltlc,

pavements‘Mn&%r Albert@n condltlons
Tﬁe spec1f1c pavement sect;on selected for - the study
SA 4’ ‘s ~}
was chosen because of the avallabllity of squ1c1ent

performance data.- Be31des the struétural geémetrlc,.aﬁd_

<
3

Transportatlon PaVement Informatlon,and Needs System KPlNS)

‘ J

regardlng any pavement sectkoa w1th the prlmary hlghway
. : J t

:netwofk 1n Alberta (l) detalled performance 1nformatlon'-

pertarnlng to the speclflc pavement sectLon selected i's also

~

“
avaxlable»ln the 11terature (2 5) Thls lnformatlon w1ll

later prov1de for the opportunlty of c0mpar1ng predlcted and

measured structural pefformance characterlstlcs.l ’
,
. . . < k h

4 2 Thé EXIStlng Pavement

v 1 4

The control. sectlon 2: 28 w1th1n the Prlmary nghway 2

is a four lane lelded pavement faclllty located 1n central

R ; : e ' ;
R . . -
"

‘19 9,

R

ﬁ

D
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.‘Alberta between highway 53-west'of'Ponoka and the'junction'r
< ’ ~ ' :

dw1th hlghway 13 at Br1ghtv1ew,va dlstance of 31. 67 km. The’

cross sectlon generally conSLSted of a 7. 32 m w1de asphalt :

RN e

concrete pavement (ACP) Wlth 2 95 m of out51de “and 1. 6J md'

.

" inside ACP shoulder, shown-ln Flgure 4.1. A'20 m w1de_'

'depressed median separates the northbound and southbound

'directions. Thls sectlon of" the highway was constructed in .

.'the perlod ‘of 1964-1966 and has the follow1ng existing l
pavement structure (4.5)-
100 mm Of 16 ‘000 um topsize ACP (1965-1966)
50 mm of 20 000 pm topsrze'asphalt:stabiliZéd base
"_course (1 964 1965)
50 mm-of 20 000 pm_topsi;e‘granular:base‘course-
(1964-1965) | -

-250mmm:of 40'000,pm topsize granular base'COUrse'

(1964- 1965) - T
:‘;vDurlng the constructlon of the 100 mm ACP surface-
mlayer; three 200-300 penetratlon grade asphalt cements
representlng major suppllers of‘asphalts in- the prov1ncev
. were used. These three asphalt sources represented hrgh

low,'and lntermedlate v1sc051ty materlals as measured at

.60 c (140 F). A test locatlon with uniform topographLCv

B rellef was’ selected whérf

e

all three soqrces would ad301n.

~

At this locatlon (km 9.01 north of kthe junctlon WIth hlghway

.c;" "ri'..-'v, Ko 3
53), the low v1scosxty asphalt materlal occupled the &J:”
£ e '

Qnorthbound roadway whlle the other two: sources adJOLned at .

_ R ,
thlS p01nt on the southbound roadway as shown in Fig. 4. 2.

-



This hlghway carrles heavy commercxal and recreatlonal

trafflc throughout the year. In 1981 sectlon 2 28 of thlS o

'hlghway was estlmated to be carrylng an Average Annual Dallyf'

-Trafflc (AADT) of 11 OOO w1th 20 Dercent trucks.,

Fleld condltlon surveys showeq\that severe ruttlng, ln
:the order of.’ 20 25 i, ex1sted w1thtn the b&undarles of the
roadway secthn where the low vlscoswty asphalt materlal‘was

used. ThlS nece551tated the 1n1t1atlon of cold mllllng and

\ 5

recycllng of a dlstance of I4 97\$m of the outer northbound’.

lane durlng the summer and fall ofsl982 (4 5)

In the next sectlons, materla]s, enVLronmental and

.

‘trafflc 1nputs pertalnlng to the roadway sectlon Wlll be'

rev1ewed and a subsequent structural analy51s u51ng the DAMA‘
' C ? . ;
7program of the Asphalt Instltdte W1ll be conducted

;,;7%; ‘ _r:'qg%gf‘ !.ﬁ

4. 3 Materlals and Env1ronmental Inputs

. e

121

"In this settlon,.the propertlés of the varlous pavement jf‘

«

’ materlals and the env1ronmental consideratlons pertalnlng to

the roadway sectlon selected for~the case study WLll be
rev1ewed,3_» o D o T

‘
',‘\ P

4. 3 1 Materlals Input vl o L
" "é"\r

i

(a) Asphalt Concreﬁ%» : “,g. .2,,w”’ Co.
Detalled 1nformatlon regardlng the des;gn andv e
o Tt . — .
- constructlon of ‘the hL@hway sectlon 2: 28 has been reported

R
as a part of an earller 1nvestlgatlon dlrected towards

,evaluatlng the. varmablllty of the asphalts used and thelrvlv

) L 3



. conSLderable de

'\:

"'\/\-f\f)”'i, AP RVRY Stale

suhSeouent.behaviour inaserviceh(Z),ghIn.this Study”an:ir,:;~'u
exten51ve testlng program was’ conducted to determlne the - -
'aSphalt rheologlcal propertles. Table 4. 1 contalns }“
' summary of the aggregate gradatlon together w1th some of the
mix characterlstlcs pertalnlng to the low v1sc051ty )
materlal . ; |
’Changeslln ‘the. asphalt propertles and mix
-hcharacterﬁptlcs with time for all asphalt sources used in
.7the constructlon of the hlghway sectlon under con51deratlon
were reported by Shlelds et al (2), and Anderson and .
Shields (3).V The most 1mportant change reported that’ mlght

significantly fluencqvthe pavement performance, is the

ification'Whichdoccurred within‘the‘section
where the low v150031ty materlal had been used. Thisu |
dens1f1q?tlon reduced the air v01ds content from an 1n1t1al
value - of 8 3 percent to 1.7 percent, shown in Flgure 4 3

From the 1nformatlon contalned 1n Table 4. 1 and Flg.
4.3, the resxllent modulus of the asphalt concrete layer was
estlmated. The procedure used-for obtalnlng such modulus
along w1th other 1nformatlon concernlng the estlmatlon of _. °

modnll of other mater;als, env1ronmental and trafflc 1nputs

used in the analysis‘are‘contained in Appendlx B.

Rl

Granular BaSe and - Subgrade Materlals

A

P

prior to thewcommencement of” pav1ng, é“d@tailed
subsurface and base course testlng was carried out to

»determine the'propertles of both the subgrade and base



' course layers.p Table-4 2 summarizes the. major properties
‘ tIpertalnlng to these two mater*als for the northbound roadway

From the 1nformatlon contalned in Table 4. 2 and other

e

-1nformatlon found in the llterature (2), the subgrade can be

_'cta551f1ed asa CL 5011 con51st1ng prlmarlly of alluvxum and‘

medium plast1c1ty tllls, with the former predomlnatlng

o

T
Such subgrad vas found to possess a medium tO(hlgh frost

susceptlblllty and a detlved CBR value of 7. ﬁhe estlmatlon
of the subgrade re51llent modulus from corrwfatlons‘between
r:'such modulus aqﬁ the CBR value is - descrlbed in Appendlx B 4.
| “Also’ from Table 4 .2, the base course is mostly gravel -
whlch makes such materlal possess good dralnage potentlals

'and ‘can thus be cla531f1ed as a good quallty aggregate

materlal. A Kl value for ‘such materlal 1s also selected and:a

enclosed in Append1x»B.4.

‘4 '3.2 Env1ronmental Con31derat10ns
‘Since the roadway sectlon selected for the analys15
lies: in an area where sub-zero air temperature condltlons

»prevall for a long perlod throughout a typlcal year,

- con51deratlons must be glven to free21ng and subsequent

thawlng of the ﬁpbgrade soil - and the lnfluence of that on

subgradz(modulus. ‘ g ﬂ. o , s ’;\L\\Ji

F 4.4 shows selected temperatures wlthln and around:
‘the pavement structure for the perlod 1966-1968 as reported

by . Shlel s et al. (2). USLng the lnformatlon contalned in

Al
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(9

thls plot, the mean - monthly a1r temperatures characterlzlng
- ,

the reglon were determlned and used' as input “for, program
1 ' » -
DAMA to, reflect the 1nfluence of pavement temperature on the

dynamlc modulus of asphalt concrete. Also, the month at
_whlch free21ng of the subgrade started and the duratlons_of
" the various'freezing.and thawing perlods werefdetermlned-and7

'dsed,in'the‘anaiysis'by'ass;gning‘the.appropriate subgrade

modulus value pertaining to each month.

%

4.4 Traffic Ahalysis’
In thisISection, a&review ofvthe procedures employed_hy

: élberta Transportatlon for. estlmatlng the traffic B - .

‘ant1c1pated to use the pavement fac1llty durlng 1ts de51gn

"life will be presented.' | ‘

-~ In addltlon, the speclflc trafflc 1nput characterlstlcs'

'pertainlng-to the“hlghway control_sectlon 2;28'w111 be

_ , - : 1
" summarized. : _

4. 4 1 Alberta Transportatlon Procedure for Estlmatlng ESAL's
The traffic analysxs procedure used in the prov1nge
1nvolves the conver51on of all- mlxed trafflc into equlvalent

number of an 80 kN slngle-axle load appllcatlons (ESAL s).
ThlS procedure can be outllned as follows (6,7, 8):
(1) Trafflc volumes - (expressed as AADT) are flrst genz rated'
- with informatlon avallable from the -98 pefmanent welgh-
3ca1e.sites-distributedjthroughout‘the province. QFhis

”is further supplementedrbyptraffic‘dataIObtained

<)
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annually from approximately*444.short term portable
tmachine.counts andvabout‘599iannual'coveragercounts.

'(2) Adjustments are- then Jade to Ehe AADT volume to reflec@
| _both the relatiy broportlon of‘the trucks to be
._expected'in the deslgn lane arid the ahtlclpated future
trafflc growth. e ‘HQ- ”‘;--1, - f' <
(3) The percentage truck tE?fflc thus obtalned is then
o broken up into. 51ngle unit trucks (SUT) and tractor
= traller comblnatlons'(TTC) | |

1(4) ESAL is then calculated by multlplylng the number of

'vehlcles‘in each” truck class by the apprOprlate truck-

]

factor (?E%”and%dbtazn;nﬁ the sum of ‘the’ products,.

g,
a2 - -

ESAL = I (No. of vehicles in each-truck cl¥

a

Truck factors'are-determined'from axle—weight dang?m
-y

u51ng load equlvagency factors derlved from the AASHO 'k:
equatloni Calculating>a truck factor is usually done by
»multlplylng the.number of" axles 1n each truck class by the
approprlate load equ1valency factor and d1v1d1ng the sum of
the- products by the total number of vehlcles lnvolved
' Truck factors of 0.56 and 1.37 are currently in use for
'respectlvely~convert1ng 51ngle unit trucks,‘and tractor
traller comblnatlons 1nto EéAL s. |

- A major llmltatlon of the abovefdescrlbed procedure;
involves the uncertalntles usually encountered in estlmatlng

,the”percentage truCk‘traffic expected to use the pavement

T~
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~’facility.' However, much of the risk can'be eliminated by

applying'appropriate afety factors to the calculated‘-

~,ESAL's. @3_

@

' 4.4.2 Roadway Section fwaffic Input

Following the traffic Analy51s procedure descrlbed . 2

"ab0ve,‘the Traffio Information Se‘ 'ces;Unlt of Albertav

Transportatlon publlshes an. annual tatistids report
'summarlzlng the ESAL's dlstrlbutlon w ‘hln the prlmary and
%@@agkher hlghways in the prov1nce. Uslng the 1nformatlon
contalned ‘in such reports (7,8, 9),‘the dally ESAL s:‘
pertalnlngaho the hlghway control seCtlon 2 28 were
§5 "converted to average ESAL's per month pe; de51gn lane.l \
| Because the ESAL s dlstrlbutlonﬁvarred tﬁ;oughout the in-

serv1ce years of the pavement sectlon, dlfferent "average

ESAL s per month per deSLgn lane were used 1n the

rnalYSlS- The‘follow;ng values are the ones sed to

'djay roximate thedactual ESAL’SHdiStribUtion medsured
thr

ghout the 16 years the pavement spent in serv1ce before_l

the major rehabllltatlon took place in 1982.

| Year RN __AVerage ESAL/Month/Design Lane»'
1966_-‘ | - 5400 - -
(Year‘Hwy:opened'to.traffic) | |
‘79f_71 . 1974 R : © 6800 -
(8 years after construotion) | |

. 1982 S 12500
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tp

‘(Year Hmy'recycled)" ' - : ‘( ’§

‘ otﬁé?”@féffie characterlstlcs 1nclude an average.tlre
-pressure'ot 80 psi for the flrst 8 years after constructlon,
b and 95° p51 for the,next 8 years and untll 1982 ~These
.values ‘were selected based on 1nformatlon obtalned from

'AlbertahResearchUCounc1l_(6).' o ' ‘<

~.

- : . o ., ' ' .
4.5 Analysis of the Pavement Section Using Computer Program

DAMA

A summary of the deSLgn lnput data related to the

-

pavement section under aon51deratlon together with the
]

'reSultg"ob{'lned from the analy51s w1ll be presented here.

- o
4 5.1 Pavement Sectlon De51gn Inputs
In the course of the analySLS, the asphalt bound base

'layer was assumed to be actlng as an addltlonal 50 mm of

‘granular base layer. Thls layer was stablllzed u51ng an’
3 :
MC-250 or MC- 800 cutback and had an average re51dual asphalt )

content of 4. 4% based on tests prior to constructxon 1n 1966
-

(2)., Slnce this layer couLd not be con51dered as an asphalt
concrete layer sub]ected to fatlgue damage, it was lncluded
in the thlckness of the granular base layer. Thuf the

pavement sectlon analyzed was v1ewed as belng composed of a ©

100 mm~-thick asphalt concrete layer underlaln by a 350 mm-'

Y

thick granular base. layer." » | nx, S ;

. -

Also and ‘as p01nted out earller, all materlals,

B ',
R (W
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~environmental, and traffic inputs'GSedJEQQ the analysiSJage

"qus. 4 3 and 4.4, and are- shown in Appendlx B.

C128°

based on lnformatlon contalned in Tables 4;1__

Furthermdre,*it'was considered essentlal-to'inCOrpora e
dlfferent alr v01ds volumes in the analy51s to take into
account the rapLd den51f1catlon effects that were observed

\>' @

to’ occur durlng the early life of the pavement sectlon as=. . we

‘ shown in Flg 4.3. = . "l . , i I > J
- . ‘ >q4_A o ;‘ o . » L : o "’_:-‘.
4.5.2 Results of the Analy51s ' N o A4

-~

+«

~aggregate base material to reflect the influencefof"sub-Zero“
. , . . . e :

v Seven runs were made u51ng the computer program DAMA to

'analyze the pavement sectlon. In these runs, only three

”

input parameters were varied, namely, the average number of -
&

ESAL s. per month, the percent air v018s content, 'and the

‘( .

t1re pressure exerted by the dual wheel load system on the-
d:-.

pavement structure. Varlatlons in thesé parameters .were

v :

considered to acecount . for the rapid densificationfthat was
! . ~ ’ .;» - . . :

observed to occur ‘during the early life of the, pavement’

al .

Cwe .o

facility, . and the postulated ahnq@r increase in tire

inflation pressures. . ' %

+

In- all runs, different subgrade“moduli galues were '

-~

a551gned to each month to account for' the varlatloms in

subgrade strength brought about by free21ng and thaw1ng

N

effects; A similar approach was ‘also adopted f&r’the

iy

Y

Cair temperatur%}on'the base'layer'drainage,characteristicsu

, ¥ o . . .
Tables 4.3fa) to 4.3(g) contain ra sufimary of #the’ T



' analyses results in’ terms of the percent cumulatlve damage
| . : : 4
1nduced 1n the pavement structure durlng 1ts de51gn llfe..

1 ’J ﬁ-

;_ Tables 4 3(a) through 4. 3(d) represent tne damage

™

N \ L
';Z accumulated w1th1n each 6 month tlme for a perlod of tw0»

years after the" road had been opened to trafflc whlle Table
4-3 ( e) represents the damage accumurated durlng the thlrd

year.» The damages summarlzed 1h Tables 4 3(f) and 4 3(g)

& ‘f'«‘

4 represent the typlcal yearly damage values used for s m_A

obtalnlng the cumulatlve damage “for" years 4 to 8 and years 9

to 16 respectively
S |
U51ng the procedure dlscussed above,.the analysls

ylelded 19 yeaﬁ"of serv1ce llfe before the pavement sectlon

‘was considered to have falled due‘to excessive ruttlng.' The »
computation of the service life is .depicted ih Fig. 4.5.

T

4.5, 3‘D15CUS510n of ‘the’ éesults
: $
AnaIYSlS of the results contalned in Tables 4 3( )
:glthrough 4, 3(g) 1nd1cates that ‘the pavement is !c%culated to
'fall in about 19 years of servace due to the manlfestatLOn |
- of excessive permanent deforMatlon resultlng from .
overstreSSLng the subgrade layer.r o L% %E? ' n.:f
It should also be noted that most of the damage lnduced |
- occurs durlng the sprlng tlme when the subgrade strength 1s
hdrastlcal‘y reduced due to thaw1ng effects. 'On,the other
'hand negllglble damage accumulates durlng the w1nter whlch

is 1nd1cat1ve of the benef1c1al eﬁfects brought about by the

free21ng of the,subgrade-f;ﬂ
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hnotherAconcluslon éﬁiéheCAnrﬁé'afawhAffom'thélanalysish:
is- that the fatlgue cracklng mode -of . failure appears to
éepresent no problem 51nce more’ than ll X: lO6 ESAL s‘are.
lrequlred to- accumulate before serlous.cracklng starts to R :
.*Edevelop, 75 t;p“_g;_ @"" Lo *;i.,{}.,_ - . :”l '-:'7 3l' ‘ié
) | - - RN P T
i'_4.6>Comparison’of bbServed and ?redicted Performance
Durlnq the sprlng of 1982, the C1v11 Englneerlng'

_Department of the Alberta Research CounCLl conducted a’

2:28 from km 2. 4 to k. 14 4 and is presented in Table 4/
"Thls survey as well as others performed by Alberta f”i’;_
7mransportatlon (5) recorded excessive, permanent deformatlon

" averaglng 20 25.mm and up to 40.mm to occur w1th1n‘the outer
v‘and inner wheel paths of the outer lane.-:Fig. 4 6 shows | &5\5
ﬁthls condltlon prlor to the rehabllltatlon made 1n‘l932'by

,cold mllllng and recycllnédthe outer- lane followedrby
;overlaylng the entlre cross- sectlon.' Flg. 4 7 shows the
‘cross sectlon after it has been overlald - L;

Comparlng the observed and- predlcted performance ‘of the

"2/readway sectlon, program DAMA appears to reasonably predlct,fﬂ
the

pavement serv1ce life. From the results of the JRRS
analy51s, the predlcted serv1ce llfe of 19 yearg is only

about 3 years longer than the actual observed llfe of that

"\

»pavement sectlon. Thls is not unusual partlcularly in view

-
“

of the fact that preCLSe estlmates of the number of ESAL' s

,per month and the subgrade res111ent modulus are not



'available. ThlS mlqht have further been substantlated by

the fact that program ‘DAMA predlcts only the amount of
permanent deformatlon resultlng from over§tress1ng the .

vsubgrade w1thout regard to the addltlonal amount of ruttlng

”resultlng from the denslflcatlon of the asphalt surface
' ‘layer. Thls dens1f1catlon could amount to an excess of 6 mm -
for the lOO mm asphalt concrete layer resultlng from the
rreduCtion.ln‘alr-VOLds-content,from_8.3.percent to below‘2.2 o
"percent as shown.in Fig;A4Q3f' = l' C_ . .

<2

.4 7 Summary ‘of Case Study

The flndlngs from thlS study can be summarlzed as

follows:

‘1. The Asphalt Institute method appears‘to have potential in‘

reasonably predlttlng the. performance of both . in- serv1ce

Mand newly constructed asphalt concrete pavements under

Tr

Albertan condltlons prov1ded that approprlate de51gn

+

‘inputs.are ava;lable;n
2. The calculated deSLgn life is found to be 19 years as’

S

'7compared to an actual observed llfe of ‘16 years. Thls,
dlscrepancy between the mechanlstlc evaluatlon and actual
behav1our was belleved to be’ brought about by

QLa) dlfflcultles encountered in prec15ely estlmatlnq the

’

average ESAL S per month for the de51gn perlod

-

(b) the addltlonal ruttlng, whlch is not accounted for in

131 o
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. 0 .
' the analy51s, that mlght have occurred due to’ the

. \
consolidation and shear of ‘the upper asphalt concrete

.layerf

. -_"

(c)_impreCLSe estimation of some of the materlals

.properties, espeCially the reSLlience charactefistics‘

of the subgrade layer- and
(d).changes‘in’materials properties that might have
’occurred due ‘to. aging of the asphalt concrete 1ayer
A'and diScontinUity brought about by exce531ve “low |

»

temperaturé cracking

)-“

Excessive permanent deformation 1n the subgrade layer s f‘

‘found to be the distress mode controlling the pavement

) design life,_’This.agrees reasonably well~w1th the . -
- observed performance of the roadway section.

.’The,rapid'densification which occurred within the

asphaltic concrete layer during the early life of the

Jv

‘ éduced the 1nit1al air v01ds content and

. - ..'114 i L 4" A /
.prov1ded for a fatrgue life of more than 75 years.‘

Lo * .'ixt‘: ¢ .\
3 I B
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- . D _
v K T . T - :
Period =+ ' Fatigue Damage . 'Permanent
oo T S L L Deformation
: : () - Damage (%)

lst year = 2.944+2;703=§.647 1'141+2 317=3‘458'
. 2nd year - : 0.205+0. 699=0. .904 N 0. 645+3 120=3.765
©3rd year . . . 1x0. 761=0, 761 - lx3 575=3. 575

$en-8th yedr 5xo.621;3.105 L 5x3J592=17.51

Y GOR=T6th year = - - 8x1.263=10.104 8x6.466=51.728
' Total damage at the ©  -20.521 - 1 80.036
end of 16 years . T : S
Percent damage - B 79.479%"‘ - : .:19.964‘

remalnlng

N o -
. 79,479
L Extra years needed to reach ioos fatlgue damage = i
1.263
= 62.9 years . ‘

.
TN

. ’Extra years needed to reach 100% permanent deformatlon

_ 19.964 _ D
_damage. 6.466 = 3.08 years . .

. t'.Pavement serv1ce llfe based on fatlgue = 78 Years

K 'Pavement service llfe based on” permanent deformatlon l%ég
_years" ~ _ o : ) R

bR

&
. ) . o
"o T
R : L T " o N N
. e . 4 .. - .

Fig: 4.5 Computation of pavement serviceclife _
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-

Permanent deformatlon althln the outer and 1nner
wheel paths of the Outer lane - quhway SeCthQ

2 28

"

4,7 Overlaid roadwa&jsection - Highway 2:28 ;;} .

Fig. ¢

Y



Table 4. l(e) Summary of the gradatlon and mix’ :

characterlstlcs of ‘the asphalt concrete

Gfadatlon_ ‘;A v: _— . _Mix Cheraoterietios

“Sieve size  Ava. & | | |
pm. Pes31ng
120,000 w0 QAsphalt.oonteot* o % SR 5'.;4
5,000 - 50" % Demsity  ka/n’ :3_13%'55-7' -
i,géo o 54;? o Stabiiiity o N "'59"1"6
"3';1_5 . 14 . Air voids o 3 | ‘3".'9_'
80 o 6; - : V.M.A. T '%“' 14l
I . voids filled with | s 72,5
asphalt ' S

L Fow - _mmo 2.1

~ * Asphalt absolute viscosity @ 21°C, poises x 10°® = 0.60"

o -

Table 4.1(b)  Summary of asphalt concrete propertles before
- “and .after constructlon

Condition L ':vBitumeanohtenti ‘Air Voids '
As DeSLgned o -, . ‘-'5,41//, 3.9 .

- As Constructed S 5.2 . .8.3
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Table 4. 2 Swrmry of subgrade and base eourse- propertles for lughway =
2: 28 northbound X 2.4-14.4" (1966)
, Deséription Sieve Analysis - -Atterberg = P.I.
C (sieve sizes in um) Limits -
= 40000 20000 5000 1250 /315 - 80~ L.L. P.L.
Subgrade 100 00  98.5:97.6 92.0° 56.1  31.3 14.8  16.5
- Layer . i : g «
‘Granular 46.2 35.9 16.0 7.7  20.8 15.6, - 5:2.
Bas"e‘ . s ’ ' %




Table 4. 3(a) Monthly damage famLthe perlod October 1965
, - March 1966 - - : v SR
K n,_ff' <7 - Max. Monthly.Damage,(percent)*
. Year - . Month - e - Fatigue . . Rutting-
1985 <. Qct. . . 0.806 .‘ 204159
oo 0 Nowel -~ 0.213 2 0.010 &+
 .Dec. . C0.111 , 0.002
©.Jan. 0.066 : . . 0.001-
'Feb. o .. .0.047 . -0.000
.. March .. .i.1.701 Y 0.969
imé perlod ‘cumulative”’ damaqe v 2.944 - »V 1.141 i

54Q0 A '8.3% Tire pressure = 80 psi .

{Tabie~4“§(b)1 Monthly damage for the period- Aprll 1966 —'1” o
i uy/:ﬂxf' September 1966 o

S o ﬂax, Monthly Damage (percent)
Year ‘i~ . i:Montht o ‘ Fatlgue ‘Rutting
1966 . .. April . 0.392 0.592
ChTiE oL oMdy o 0.839 . 0.011
Sah 0w ‘June. i 0.494 - 0.771
P e e guly e T 0.265 - 0.367.
coL ”f‘wﬁAug..f' Lo . 0.362 , . 0.318 -
IR S Ygept. . 0.351 . 0.2%8
6 mo: perlod cumulatlve damage s 2. 703 C>~) 24317

* ESAL/month'ﬁ 6800 yvb= 5. 0%.r Tlre pressure = 80 psi

; o ‘@'“T v

Table 4 3(c) Monthly damage for the perlod October 1966-¥
"7 +iMarch 19671

‘. Lo .* Max. Monthly Damage (percent)*
Yaar oo Month ' Fatigue - . Rutting
19 A 0ctl <7 0.069 . . 0.141
- = Noy - _ R 0.017 - 0.009
. & pée. .+ 04009+ . 0.002
1967 o an. © 0.006 ’ 0,501
- ¥, Feb. 0.004 ¥ 0:000
: '},,d ‘March 0,100 - - 0.492 .
6 mo perlod Cumulatlve damage 0.205 = ' 0.645

* ESAL/month = 6WMD0 ; vv = 2.8% ; Tire pressure.= 80 psi

1417
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Table 4.3(d) Monthly damage for the perlod Aprll 1967-

September 1967 o : )
_ e R Max. Monthly Damage (percent)*
_ Year ‘- Month - : " Fatigue Ruttlng
1967 . tpril ' 0.081 . *0.531.
‘ May o 04200 o —0‘965
. June S . 0.147 e J.738
o guly - 0.083 - *  0.354
M Aug. - | 0.100.° % . 0.299
: Sept. . .0.088 o -.0.233
6 mo. period cumulative damage 0.699 S 3.120 ¢

7f.ESAL/mOnth = 6800 ; vv = 2.5% ; Tire pressure = 80 psi

" Table 4.3(ef Monthly ‘damage induced durlng the. thlrd year
: : after constructlon.* - :

Max Monthly Damage (percent)*

Year Month } Fatl © Rutting
R9H7 Oct. 040 o;r 7 0.136

' ~ Nov. - 10.012 . 0.008 -

g ~ Dec. . - 0.007 ' . 0.002"

1968 Jan. L _ 0.004 . 0.00I ¢ ¢

’ Feb. . 0.003 3 - 0.000 -
March = = .0.069 - 0.450
April - o .. 0.070 : 0.410

May ' 0.¥75 \ 0.953 °
June - - .o131 -~ 0.735
July .. . 0.974 "7 0.352
Aug. : ‘ . 0.088 0.297
~ . Sept. : 0.078 0.231
" 12 mo. period cumulative damage 0.0961 - . . 3.575

% ESAL/month = 6800 ; vv = 2.3% ; Tire pressure = 80 psi

K] »
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- 2 o "f‘.gvf bly Damage. (percent )*
Year ~ Month ‘ B Ruttlng
1968 " Oct. .132
- Nov.. ‘b 008
X - Dec. 0.002
1969 “Jan. " 0.001
‘ Feb. 0.000
. ‘Maréh 0.427
- April M 393
May 0,935
- June 0.730
July 0.351 "
: ) - Aug.; 0.295
. sept. 63 - 0.228"
12 mo. period cumulative damage . 0.621 -3.502%
* ESAL/month = 6800 ; vv = 2.0% ; Tire pressure = 80 psi

Q

Table 4f§(g) Monthly damage lnduced durlnq the nigmth year
' ‘ after constructlon , ﬁ

Max. Monthly Damage (percent)*

Year. - Month . : Fatlgue _ Ruttlng
1974 . Oct. 0.076 . 0.245 .
’ Nov. 0.019 ‘ ©.0.015
Dec. 0.010 0.004
1975 " Jan. 0.006 . 0.001
. Feb. . 0.005 ).001 "
‘ March 0.095 . 0.765 "
April. 0.099 " 0.710-.
May 0.275 1.727
June 0.249 1.367
_ July . - 0.145 : “0.657 .
z Aug., _ .. .0.156 . 0.550 §
Sept. . 0.128 - .\ 0.424 . {
12 mo. period -cumulative damage = 1.263- . 6.466

* ESAL/month = 12500 ; vv = 1.8% ; Tire pressure = 95 psi
¢ : ‘ . : : '

[ ] ™~
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‘Table 4. .4.¢ - Qummary of rut depths for hlghway 2: 28. Y

" Horthbound from km 2.4 to.km 14.4 (From Alberta
Research_Coqnc1l Survey .data on May 2nd, 1982)

LI

Inner Lane .. ‘Outer -Lane®

km to km oWP IWP

'19:7V(4.1) - 20.4 {3;5)1

6.4-8.4

2002 (2.6)

18.5 (1.6}

: '29,'(3 2)

20
21.8..

23,

{é'(g.éif.

(2;7)Ava

1 (4.4)

8.4-10.4

10.4-12.4 ©20.5 (3.8) © 23.2 (4.8)

12.4-14.4 " 6.6 (1.0) 1709 (3.1) 21.2 (3.5) -

" % One standard devratlonv

o rod

, Measurements at 0. 16 km frequency, all w/ps with 6 ftilong

J T. Chrlstlson
. S o S . Civil Englneerlng Dept.v
oo = S o Alberta’ Research Counc1l

©°
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5.0 'PARAMETRIC7STUDYQOFLFACTQRS7AFFECTING PA&ﬁM%N?}LiFE
. R T T T A K2

5 1 Introductlon 'ﬁffifj ; ;fx,/ﬂ
- ' Among the several avallable mechanlstlcafly based e
. o . .’i . ..
de51gn methods, the Asphalt Instltute thld&ngss de51gn
"v\o(

o procedure (l,2f‘was chosen to accompllsh the objectlves of

%

thls study thls deslgn procedure; the pavement is.

’v‘ "<sb‘_u-"‘1" l

‘conslderedoas a multL-layered elastlc system w1th the

»materials 1n eachuof these layers belng characterlzed by a

o:~

&, Loads
f%g gn the Surface of the pavement ate con51dered respon51ble

ié@Afor prodncang two stralnﬁfﬁhlch are belleved crltlcal for
: . oy ' v.,'u" . » & ) E
u'deS1gn phrposes. ‘A,compuge% program, DAMA, was used to

'uuo/

T relatb‘%hese mech?nlstlc responses to the amount of

7

cumulatlve damage 1nduced w1th1n the pavement structure in

¢ - ‘ R ". - J
: ;he form of fatlgue cracklng and/or exce551ve permanent_f
S e Co A : : BT
e deformac$on (2,3)~ . o - e . AR
The lnvestlgatlon was conducted to achleve three

@, 5

P I

S objeat1Ves.' Flrst, to ldentlfy the 51gn1f1cant factors that

lnf#ydhde%ﬂhe de51gn thlckness requlrements. Second to~

'”\iantlfy the 1nd1v1dual q@'

7r 1nteract1ve effects of such ke
;Egctorr on the ravement deslgn llre._ And thqu; to prov1de
‘guldellnes fcr. future 1mplementatlon of the de51gn '
1 procedure. o
- Slnce program DAMA analyzes”a glvenlpavement cross—
'sectlon structure and thus not ‘a deSLgn program per se, a
'rpavement:test section of known performance hlstory, located

e 146



in central Alberta,'was selected for the purposes of the : e

.
4
PR

'_ study (4 5 6). Thls test section con51sted of a, k02 mm—dﬂ'

thlck asphalt concrete layer followed by a 51 mm—thlck

‘asphalt bound layer and a 306 mm-— thlck aggregate base layer

r

‘restlng on an alluv1um subgrade w1th medlum plast1c1ty'
The study is comprlse@gpf two phases.‘ In the flrst

'phase, ‘a 5creeh1ng analy51s us1ng statlstlcal technlquesﬁ(7)‘~-;
“i " - ]

was used to ldentlfy and 1solate the factors that are ' '

 considered to 51gn1f1cantly affect pavement de51gn llfe.

w ot

‘The second/phase consxsted of conductlng a sen51t1v1ty
'analySLS for the 51gn1f1cant factors to. enable quantlfylng

thelr individual and 1nteract1ve 1nfluences on the desfbn‘;“

. : . . - . PO - o : . ' # . Co ..f.“
Llfeo » - - ': r' ' - SRR "

. o o »
In the following' sections, ‘the details and'findings s

i

from both phases of the lnvestlgatlon w1ll be descrlbed

I . e -
B a0

5.2 Major Factors Influenc1ng DeSLgn Thlckness Requ;rements_f
This sectlon descrlbes the screenlng analysms

‘performed, using'program DAMA, to,lsolate‘the 51gn1ficant

v ’ ‘ , e, e . N .
factors that affect the de51gn‘thachness requlnementsb

5.2.1 Screenlng Analy81s - SR .
o t.P s
_ Among the very many lnput de51gn parameters that
'"program AMA utlllzes 1n calculatlng the de81gn llfe of a
certaln pavement structure, the follow1ng ‘are the ones that
have been selected for 1nclu31on in the screenlng analySLS.'

‘1. Tlre pressure of the wheel load system (TP)

,
£



- . ., .. . B . - e
]

'élufpercent'volume of bltumen ‘in the asphalt concrete

© layer (VB) S |

:_'ffgjf;'Percent volume_of.alr v01 sS~in the aspharticcncrete
layer (VV) | | ' - | |

'i‘4._ Expected frequency of . trafflc lcad appllcatlonvln Hz'
. N |

”5{5.Type of bltumen used expressed as the asphalt’

‘abSOlute v15c051ty ‘at 21 C (”70 F, 106 p01ses)-

- 6. Mean Annual Alr Température of the geographlcal
vreglon in whlch thekpave;ent structure is analyzed

(MAAT)

_7.‘dQuallty f aggr ate'materialsjuseduin-the base and

'fsubbase layer of the pavement system (Ky)e ‘
FISQuVRe51llent modulus of the subgradellayer (ESG)
.These‘factors were selected because of the many avallable
’.reseach”results which Indlcate'thelrvprobable pctential
1nfluences dn'pavement de51gn llfe.
In order to 1solate the most slgn1f1cant’factors that
-affect the pavement de51gn llfe,,a 2 level fractlonal -',‘g

factorlal de51gn was performed on. the above mentloned

_factors.- The levels chosen for each ‘factor were selected as

follows: 'IA.V4' TR .
| v"‘FaCt'or\. - Level. 1 ~'Let7el 2.
70 '
, VB o
AAY) 3 N
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Y . o ;
: h S CREES T ,
1"70 106 pcnses o 05 : N S - (x10 ‘p01ses)/_
| MAAT T T S
:“f;_éﬁl‘ [\‘\/// 8000 . ‘129091g ";lﬁf)'
. Bgg 4500 . 22500 (psi)
: e ,

- B . R
o

‘The details of the analysistare explained in Appendik C.
. - o R e ) : o . . ' .

v . ‘
. L Coa

5 2.2 Flndlngs ‘ f; “ R :.'fir' S e
L B Y S

The fractlonal factorlalgﬁatlstlcal technlque used 1n

i

the-screenlng analy51s,has dlsclosed-the followlng ,

51qn1f1cant factors.
4 1 Mean Annual Alr Temperature (MAAT)
;2,f Subgrade're5111ent modulus (ESG)'- ,.3“>%.
3. Volume of air. v01ds, %,(VV)f” |
g4.‘ Volume of bltumen, % (vB).
5. T1re pressure (TP) o . ,;' ‘!h fs;\;'
6. Quallty of aggregate materlal to be used 1n %ase or'

subbase layers (Kl) 'é? ﬁ“ . ‘ _ )

“on ‘the other hand, changlng the’ asphalt “type’ and/or'

frequency of. load appllcatlon has shown llttle or no. effect

E

“on the pavement deSLgn life. * . E R

5.3 Sen51t1v1ty Analy31s o T S SN
Hav1ng 1solated the SLgnlflcant lnput parameters that ‘D

1nfluence the estlmatlon of the pavement de51gn llfe. the’

/
o

next step 1nvolved conductlng a sensxt1v1ty analy51s for."’

'thOSe factors to quantlfy thelr 1nd1v1dual and/or
-~ .
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1nteract1ve effects ‘on the de51gn llfe. X - R

BT
Only four out of the s1x slgnlflcant factors evolved

Lt

from the screenlng analys1s were selected for 1nclu51on ln'

fl

the sen51t1v1ty analys1s._‘These‘are. (a) tire. pressure,v(b)

. volume of alr VOldS' (c) subgrade re51llent modulus-'and (a)
the mean annual alr temperature of the cllmacelc reglon ln . ﬁ';
which the. pavement fac1llty was,SLtuatedfﬁ\The other two. |
factors,_namely, olume of bltumen used in the asphalt
concrete layer "and the Kl factor, were excluded from the o
analy51s because of two reasons. . Flrst -to decrease the
number of computer runs requ1red for the analySLS. And
‘second to account for other constralnts 1mposed by mix and f
other deSLgn regu1rements on these factors.__In otHer words B
o these later two factors are usually controlled by proper mlr
.de51gn procedures whlch are not expected to vary largely 1n' ‘
vpractlce.pti_

Thevsen51t1v1ty analy31s descrlbed.hereln con51sts?bf\: fd
determlplng ‘the- change 1n the dependent varlable (pavement
desxgn'llfe, DL) resultlng from a unlt change 'in an
1ndependent de51gn parameter (TP Vv'»ESG' or’ MAAT)

The change in DL resultlng from an assumed error ln the
estlmatlon of any of the three des1gn parameters conSLdered
\'lfer TP, VV and ESG’ were computed at. thr%F levels for each
parameter and at three levels of error magnltude. The\~
dlfferent levels of the de31gn parameters selected were’

e : ,

v based on. practlcal con51deratlons. The tlre pressure levels

selected were meant to 1nclude the current ranges W1th1n"’;

5

\



ameter fall. The'volnme'of'air voids'levels.'

v

.keflect the degree of quallty control

malntalned durlng constructlon., For example, a low volume

; ’of -air v01ds lnd;cates a- proper degree of compactlon belng

whereas a hlgh level 1nd1cates a poor .

'fejk' The subgrade res111ent modull values selected

indicate pOor, medlum,.and good,support-condltlons as'
Lo ° - .. E el . - - M g T. . .

represeénted by the, 4500 psi, 12000 psi, and 22500 psi levels

. respectlvely. The magnitudes of each parameter'considered'

are given in factorlal form 1n Tables 5. l and 5. 2 for the.
'two cllmatological reglons cdnsldered The three levels of

'error selected for each of the three deSLgn paramebers are

- . . %
N T e

hshown in Table 5 3.

.

stng the program DAMA the design life.of the selected el

pavement sectlon ‘at each comblnatlon of de51gn parameters-

glven iy Tables 5 1. and 5 2 was obtalned. These datarwere,
‘ then plotted on graphs to show the- resultant change in DL
‘caused by an 1nduced error in each parameter. The percent ,n

;change in the de51gn llfe was computed as follows- .

oL, .. - poL.] , R . ,
N T TV Sl LN S5
S S "DL. o A A e
. - where, - |
wff ;Ei" = percent change‘in the des;gn llfe (DL) due,ﬁ"”
Q*Fr 74,,¢_,jupw'hﬂy to a- varlatlon ln the desrgn parameter 1-
f “ l"“ " . ‘~'l'v‘.'_ L B ll . .
IR ﬁ\iDEiv o= de51gn llfe for the factor1al~'3 lndlcates
2 v _.x,...'.t;,"

B T S block of factorlal listed in Tables 5.1 and
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o

.[Dﬁ(j,i:;; eldeSLgn llfe for factorlal block J wrth anh.'

IR ‘assumed error iA ln parameter 1;' ol

.-A‘posltlvekvalue of Ej lndlcates a resultant 1ncrease in the

._pavement de51gn llfe, whereas‘a negatlve value 1nd1cates a-
decrease,~" | |

»

5.4 Presentatlon of Results *f,‘,' - o o R

The percentage change 1n DL was. calculated for’ each of

fthe 27 factorlal cells at the 1nd1cated errors in- tlre

'pressure (TP), volume of alr v01ds (VV), and subgrade

Ar

re5111ent modulus (h«ﬁ){ Thls was . accompllshed for the two
"cllmatlc reglons con51dered i.e. MAAT of 7°¢C and 29 C., zﬁt
:each cell of the two factorlals, 19 1ndependent solutlox

were made, one at the actual value plus 51x each at the plus

-

and minus varlatlons about the three parameters, “for- a total -

gof 1026 solutlons.a

- The results of the sen51t1v1ty analy51s are oresented

I3

" in tabular and graphlcal forms.» In the tabular form the
percent change in DL resultlng from 1nduced varlatlons in
.any of the. de51gn parameters 1s shown in Tables 5. 4 to

,- o .
5 21. It should be noted thatgpaposltlve value 1nd10atés an-

-lncrease in the DL, whereas a mlnus sign’ (=) 1nd1cates a‘ a

7

decrease.

The graphlcal presentatlon 1s another form of'\~dv
. ¥
1llustrat1ng the percent lncrease or decrease in DL as a

ifunctlon of Varlatlons in the desmgn parameters.- Thls is:

._,/,

Qs

PR

A



. ‘shQWnSin Figs. 5.1 to.5.18. Infthese figures; a plus sign’

between the bracket's indicates a pOSitive variation in the
7de5ignvparameter, whereas'a’minus'sign indicates a negative

_varlatlon.
_ A detalled dlscuss10n of the effect of each of the
deslgn parameters on DL w1ll now - follow.

¥

5 4 l Cold Cllmatlc Reglon (MAAT 7° C)

. . . .

e ; The percentage 1ncrease (or decrease) in. DL resultlng
from subsequent changes Ih ‘the des1gn parameters when the
f pavement structure was placed in & cold env1ronment, will be

: ' L% N
- presented here. - S Co

' 5 4.1. l Effect of Changlng Tlre Pressure
The percentage change 1n DL resultlng from varlatlons
-1n the tire pressure (TP) 1s shown in: Flgs. 5 l through 5. 3
iy

,and Tables 5 4 to 5. 6 The, results show that -an 1ncrease 1n
v
',the tlre pressure w1ll result lQ aoékcrease in- the deSLgn
) :, ,T\ .
</ llfe and vice versa. ~For exampley bt %a pavement were

deslgned for a TP of 70 psi (Wlth ESG{;
and a subsequent check lndlcated TP i znual 90»p51 (an

. b WO .
error in TP_of 20.p31), the reductlon =&\3L would be about'

amount and rate of propagation of fatlgue<giffk1ng in the
' asphalt concrete layers and hence reduce the de51gn llfe of

the pavement system. On the other hand, once fatlgue cracks_



havc been developed, a further reductlon in the capablllty

o

;rc‘ the asphalt concrete layer to dlstrlbute the load w1ll
hg{result which will lead~tj_rapid’fallure due_to“overstresslng
the subgrade layer. ” ‘ | | | B

Tte results, also 1\d1cate that .a plus or minus error in .
TP has a different effect on DL, and.that underestlmatlng'
the value of the tir pressure at any level w1ll result in a.
larqger change f? the de51gn llfe than if the tlre pressure-p
‘was overcftlmated Moreover, for a gluen error -in TPAhthe
,percentage change in DL 1ncreases a/lihe magnltude ofL%P
:Odecreases. The dev1atlon from thls trend at 1ntermed1ate
levels ‘of FS;'ls belleved to be due to changes in fallure
mode from belng one of fatlgue to one of permanent p
>deformatlon or vice versa.’ |
From the’information contained in Fig's; 5.1 through

N5.3, 1t lS also. ev1dent that at all levels of TP, the -

o - b

percentage change in DL that results from an error - in TP is
dependent upon _both the subgrade re51llent modulus and the
volume of air v01ds in the asphalt concrete layer.'“However,

such interaction effects are more‘pronounced'at ;ntermedlate

_:levels of}VV and Egq.

5¢4.1;2-EffeCt of Changing Volume of Air Voids
-M;‘ The'percentage change in DL‘resulting from errors in

.the'volufne of alr voids is shown in Figs. 5.4 to_,'5;6. and 4
'Tables 5. 7 to 5. 9 'At all levels, the change ié posltiue if v

VV is underestlmated and negatlve if VV is overestlmated.

v
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I'
hlgh lQVels of subgrade modulus where the chang

- g‘f‘p A v e
equaily dependent upoE?both de51gn parameters.~'

QW n DL is

St

The results also indlcate that a plus or - mlnus\
) o
varlatlon 1n VV has a- dlfferent effect on DL,vw1th tHe minus

Variatigns prod ng larger changes (or 1ncreases) in the

W

de51gn llfe.’fiuch an observation~is found to be more

pronounced at hlgher levels of subgrade re5111ent modulus.
In most cases, the change in DL 1nduced by an error in

VV 'is found to be greater at low levels of VU i.e. at 3 and B

5%.‘ Thls1tends to support the argument that well compacted

fmlxes at 3% and 5% alr v01ds could be expected to 1ncrease

the design léfe cons1derably.

5.4.1.3 Effect of Changlng Subgrade Re9111ent Modulus
iy -
"#he effect of changrng the subgrade re3111ent modulus,

'ESG' on the deSLgn life 1is deplcfed in Flgs.AS 7 to 5. 9 and

Tables 5. 10 to 5. 12 The change 1s found ko be negatlve if ¢

'ESG is underestlmated and p051t1ve 1f it is overestlmated
This can readily be explalned,by the fact that lower

usuﬁﬁrade modu11 values tend to enhance the amount of damage
/-

‘ accumulated w1th1n the pavement structure in _he_form of

'exces51ve ruttlng and hence prov1de for- premature structural

: .fallure. :

t%g The results show that the change in- DL due tq a change

-
LI
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‘in ESG is agaln dependent on, t less dependent on TP. -

. ‘:\:é. 3 *("’? . p_‘ RS .
It is also reoognlzed ~in moS{ :cases,. thatﬁa.plus varlatlon

b é '59;,#

'lin.ESG 1s more serious in affeﬁgln %he percentwchange in DL

'than a: mlnus garlatlon. Th;slﬂs found to be trué°ln all

cases espec1ally at low lev;KE of the de51gn parameter;’L

;

Thig can“be llluStrated by the follow1ng example, % from Flg

i+ 4.‘

5. 8(c), the percentage change Ln DL due to . a 20% lncrease in
hv" N wﬁ'q
,qﬁ subgrade modulus of, 4500 p51 is found to be 750%, v&!ﬁ%as

“ 8

for he same structure under the same condltldhs, a 20%

reductlon in’ the subgrade modulus value 1s"found to produce

'“only 80% change 1n DL. In other words, the effect of a: 20%

llncrease in a subgrade modulus of 4500 p31 ls found to bé*ln

the order of 9 times greater than the effect of ‘an equalr
." ot '" ot

'H‘detTEaSﬁiéf .

_5 4. 2 Hot Cllmatlc Reglon (MAAT 29 Cc) - ‘f '.A{ﬂﬁ L -
The:results of changlng I‘re pressure, volume of alr :

'“volds, and subgrade re51llent modulus on the deSLgn llfe of

“the same pavement structure placed in. a hot cllmate

.

‘ﬂ:characterlzed by a mean annual air temperature of :29°C w1ll

be'presented 1njthe follow1ng sectlons.

5.4.2.1 Effect of Changlng Tire Pressure

\ ~The percentage change in DL due to an 1nduced error in
TP under the hot cllmatlcal reglme 1s shown in Flgs. 5.10 to-d
5.12 and Tables 5.13 to 5.15. The change LS agaln pos1t1ve
for a. decrease in TP. and negatlve for an 1hcrease in TP.

oW

s’



,The percent change in DL due to a change in TP is found o
s /o

=]

to depend largely on the level of bvoth subgrade res1l ent

modulus and volume of air v01ds. Unlike- the case when the .

'LStructure is belng placed in a cold env1ronment,,the‘_'
1nteractlon effects of both ESG and VV w1th TP ln‘affectlng

the deslgn llfe are found to be very pronounced at all

'-levels of the de51gn parameters. In other words,\the effect

.of TP}ls not only a functlon_oi Vv and ESGébut also of the_;s

“mean annual air temperature of the particular regime®in e

which‘the”structure.is situated. o -

'~ The effect of underestimating TP appeared tofbe:more
inferntial'in»changing’the‘design life than if the tire:
pressure was overestimated. o .

5.4.2.2 Effect of Changlng Volume of Alr Vords

The change 1n DL due to a. varlatlon in VV is deplcted

in'Figs. 5. 13 to 5.15 and Tables.S l6 to 5. 18 The general
v trend observed before under the cold cllmatlc reglme ls

a
3

galn 1dent1ca1 w1th a p051t1ve change ‘in DL for a decrease

7

in VV and a. negatlve one for an anrease 1n VV However,
Ty
under ‘the hot cllmate less change in DL is observed to occur

due to an lnduced varlatlon~1n Vv.

'
\

At all levels, a plus or minus varlatlon in VV 1is
observed to produce a dlfferent percent Spange in the deSLgn
llfe.. S SR L Hgm_\ <

3 .

: The results also 1nd1cate that the percentage change 1n

DL is not only dependent on. the amount of varlatlon lnduced

»



'ln A but is also dependent on’ the levels Of - the othesb ]Tg
PR .

deSLgn parameters, namely, subgrade modulus, mean annual ‘air

4

temperature and tlre pressure‘

- It 1s also found that, at both low and hlgh levels of
‘ subgrade modulus, the change 1n DL due to an error 1n VV 1s'

‘more pronounced at low levels of vV than at hlgh Levels.'

- However,.at 1ntermed1ate levels of subg{adi modulus, th i
results are;inconclus;veu." Lo

NEE S ) . _ e,

5. 4 2 3 Efrect of Changlng Subgrade Res111ent Modulus

~

The results of changlng ESG on the DL are shown 1n
'Flgs. 5.16 to 5 18 and Tables 5 19 and 5 21. From these

results, slmllar trends as those descrlbed 1n sect]on
s . C Co ' ST -

5 4. l 3 are’ observed

.“ : ..;- .

Furthermore,'the effect of lncrea51ng the subgrade

vmo&ulus by 20% or ‘more on the de51gn llfe is more recognlzed

s
N .

at lower levels oﬂ.parameters..d‘

It'is also notlced that, except at hlgh levels of TP e

~and VV the chan' DL due toyan 1nduced change in ESG 15'*'

1ndependent of the-othﬁrrde51gn parameters. However,'the_f -',;

sen51t1v1ty of ‘the deélfn ll fe. to changes in the subgrade

v modulus is greatlyainflueﬁcedmby the'mean annualfalr
temperature of thegcllmatologlcal reglon in whlch the _:

pavement'structurefls plaped. =ﬂ*_tf".' | .
T A R A oo
" ) ~.39 1

S

5 5 General Dlscu351on of the. Results R
"Qf the four de51gn parametera con51dered “an errorpina
. , 'R S

L]

QR
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Qf'the estlmatlon of the subgrade re5111ent modulus has the'

levels of the de51gn parameter.

.l

‘_volume of air VOldS and the tire pressure, although the two

"lfhave approx1mately equal 1nfluence at almost all levels of ’

\ «
. - @

‘ the parameters. .
The effect of the env1ronmental condltlons in terms of
. . £ N 9
'the mean annual alr temperature of the partlcular reglme, 1s
. . B

&

'.more dlfflcult to quantlfy. However,~such an effect was -5

'jfound Zo: SLgnlflcantly 1nEQuence the percentage change 1n
{the de51gn llfe 1nduced by varlatlons in the other de51gnVl
.parameters. "For: example, for a pavement strutture beldg

pplaced in ‘a hot cllmate under the condltlons of 4500 psx

-« .

»subgrade modulus, 70 p51 tlre pressure, and 3% air v01ds,f

.the change in- the de51gn llfe due’ to .an: error of 20% 1ncrase
‘, ’ ‘v‘?
L in the subgrade modulus w1lL be 330% Now if the same J
. o r . ‘
'structure was placed iR a colder cllmate under *he same

°cond1t10ns, the percent change in :the de51gn llfe w1ll be
St A

- 730, Thls means that the senslt1v1ty of the pavement de51gn

’ -x .

‘e . ""x.

: -lafe to change due tohan error in estlmatlng ESG has

Fa

flncreased by more than twofold for the same structure when
placed under‘the two extreme cllmates.
‘ If has alio been’observed tiat changes ln DL due to = S
5pchanges ‘in any of the de51gn parameters follow the general '

'ftrends deplcted in Flgs. 5 19 and. 5 20. Dev1at10ns from

ijthese general trends occurrlng at 1ntermed¢ate levels of ESG
: NG

“are: shown in Flgs. 5 19(a) and (b)_and 5. 20(a) and (b)
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' Thls dev1atlon is belleved to be brought about by changes in

the fallure mode from belng one of fatlgue to one of

permanent deformatlon or vice versa.

- For’ weak pavements, as- characterlzed by a low subgrade.

» .

modulus of 4500 p51, in cold cllmates, the de51gn llfe is

very sen51t1ve to changes in the mean annual a?r temperature

G

q at all lesala&of the de51gn parameters and less sen51st1ve
to.changes in alr v01ds content and tlre pressures. '

For well POmpacted subgrades of medlum strength tire
T f .
pressure has lLttle effect on DL at '3% air v01ds.' However,

1

at S% air v01d the 1nfluence of 1ncrea51ng the tire

pressure is’ very much pronounced under both hot and cold

climates., At VV of ll%, de51gn llfe 1s affeady low but tlre

pressure changes are f°l+_more at hlgh temperatures.
For strong subgrades, the effect of 1ncrea51ng the tire
‘:; . .
pressure 1s found to apprec1ably reduce the de51gn llfe at ‘

© both 3% and-S% “air v01ds, and in both hot and cold

‘climates. At 11% air volds,,however,'the;effect,of
increasing'the tire pressure;ls much lessipronounced,fbr
. hmbOﬁh’dlea%iC reglmes. T TR

From the above dlscuss1on and the results of the main

factorlals contalned in Tables 5. l and 5. 2, -and'shown 1n

-

are expected for the same pavement structure when placed in

a hotter cllmate. Thls tends to support the argument that

the seasonal changes in. the subgrade modulus in areas

A

exper1enc1ng freezlng and thaw1ng effects w1ll have more

L



'thexamount of damage accumulated withln the pavement durlng,

¢

. R ,;( L ’ ? T ‘
adverse effects on the overall perform‘pce of the pavement' DR
. .r.) e

. [

structure, and that the 1ncreased subgrade strength whlle 1n jt

-the winter tlme is not benef1c1al endggh to compensate fbr

3

."
'y . . H e

.

the spring perlod when the subgrade modulus is at a mlnlmum

' - o : . o .
value. S o ' -.Q( : : : R :' .

It is- also ev1dent that the subgrade suppoﬂl‘value,

'-expressed in terms of subgrade modulus, is -the key factor in

-_controlllng the fallure mode.[ Poor subgrades w1ll tend to

1

'-force the mode of fallure to be one of permanent

deformatlon, Whlle pavements supported by stronger subgrades

will most 11kelv fiﬁl due to exce851ve fatlgue cracklng

a,-‘
-J
=

5. 6 Summary of the Parametrlc Study S
.The SLgnlflcance study was conducted to accompllsh the‘

‘ollow1hg‘object1ves~;'-; . “_'L,yi ﬂp‘f o 7A1,‘_ fJ

l. To 1dent1fy the 51§n1f1cant‘factors that lnfluence
the de51gn thlckness requlrements.

??;‘ To quantlfy the 1nd1v1dpal and/or 1nteract1ve

'.‘effects of such factors on the de51gn llfe\of

flex1ble pavement structures.

v

3;4 To prov1de guldellnes for futuﬁe lmplementatlon of o

"the structural de51gn procedure used in the study.‘
Two phases of the study were completed A sCreening
analySLS c0mprlsed the flrst phase Whlch dlsclosed the_

follow1ng smgnlflcant factors-~;



\the dlfferent de51gn paramete;s that were concluded

‘ 1._'Suhgrade.resilient modulus}'ESG;
;_‘ 2 Mean annual Lair temperature of the‘cllmatlc reglono
'f: in: whlch the péVement structure was placed, MAAT.
3. pPercent volume of air v01ds contalned in thev~
‘asphalt concrete layer, VVH;"' llau )
'ﬁé. ”Tlre pressure of the wheel load system, TP.
5{ pPercent volume of bftumen contalned ln the asphaltr;v.,h

_concrete layer, VB;
”6,' Quallty of aggregatg materlals used in base and

subbase layers of the pavement system, Kl

"Only the flrst four factors were’ selected for- 1nclu51on in-

the second phase of the study - .
' D S
. ,.2 o T -

o The second phase of, the lnvestlgatlon con51sted of

~

.conductlng a- sen51t1v1ty analy51s‘to.quant1fy the effects of

SLgnlflcant from the screenlng analys1s Thls part of the

- R ’
'.‘,l. ,,Of the

study revealedczif followrng facts-" (\Q,f __f,.

our deSLgn parameters cons1d°red, a

L

varlatlon 1n the subgrade modulus has the most

1

R

pronounced effect on the de51gn llfe espec1ally at (lg
.“lOW‘leV°1S of the de51gn parameter. |
2.0, Changes in’ the volume of alr v01ds and t1re

.pressure have approx1mately equal 1nflu ce. on the

de51gn llfe, and come second in order to he1ef§ect

: ’of changlng the sdbgrade modulus.‘

3. The change in the de51gn llfe resultlng fromta

- . '! . .
- L ‘o : : : S -
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e

”change 1nduced in’ anv<of the des1gn parameters.lsﬂ
~not_ only dependent on the: change in that factor, 7
but also on the’ levels of all other factors.,vno 'lv?;
p"4._lLonger de51gn llfe was. obtalned for the samet f_fv'leé
| ”;structure when placed 1n a hotter cllmate.

S.thhg fallure mode was found to be controll%ﬂ by the.‘;f
_subgradeamodulus value." Exce551ve permanent
xdeformatlon fallure w111 result as a consequence of.
'construct ng the.pavement over a weak fubgrade
whlle ar strong subgrade w1ll resuft in the” mode of

fallure.belng one of_fatlgue:cracklng. TV"’/

P

In conclu51on, the s1gn1f1cance study achleved its

'objectlves, and served well to p01nt out some of the areas

.t

whlch needed further research tc better understand thei

: 1nfluence of the various parameters that affect the de51gn-f-

llfe of flewlble pavements. .

d



Subgrade ‘A' Volume of T Tiré?PreSSuré, Tp'(péi)” .~”
‘Modulus: Air Voids ———— T —
Egg (psi) W (%) 70 . %0 . 120

30 -0.493% 0.476*

.

4560 5 T o,381% 0.367%

11 0.220%  0l220%" 0.220%:

T3 2.012%% 0 L2.06*% L 2.01%% -
12000 - 5. o UL.T9%x g C1asEe 0 1.05%%

IR T o S B CQ o
LT3 9.40%x L 6.77%% T 4.80*%

o 3.07%% 2.18%% - 1.53%%
R g | cﬁei%}gf' 0.220%% © 0.140%*

* number of load“répetitions} ESAL"s ‘x 10

5
6 . . J'»A.

** . number of load rjgetitions, ESAL's x 10

T & - C ~

, , R
Table 5.1 Factorial for Sensitivity Apalysis in Terms-df'
' \Qigs(PreSSure,.Volume of Air Voids,. Subgrade ' .
 Moddlus} for Flexible Pavements in a Cold Climate
. ."(MMT'=_.7'°C) : C ' o L
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Rk e

;1\:; N

-

T Sﬁbgradév_
. Modulus - ’
Egg (pst)

“‘Vblume of-
" Alr Voids

. 'Tire ‘Pressure, TP (psi)
A8 70 L

; 90- 120

a2l 19* .2:12?;,~

AR P N ..».. N _1< (R BN

s % LQ*7 2 05*_}]*

. 3 -: : ;."‘4’ 2 68** ' . .\_“_-,.vz.‘. 58‘** '

2 60**.f;fll2?5Qf*';ﬂ

s BuLaR iaowel o h.asee,

B S IR DO S 96**‘”".1.0?92**/f7

"t * " pumber
:*f"number

I\{

Table 5.2

_;[v_i.;'ﬁ__<;;- ju<:wﬁ‘
of. loadarepetltlons, ESAL 'S, $'s 10
of léadbrepetltlons,;ESAL s.X lO

5

'Faétorlal for Sen51t1v1ty Analy51s 1n Terms of -,
Tire- Pressure,
.Modulus,

" Volurie "of. Adr Voxds, Subgrade
for Flex1ble Pavemen%s ‘in a Hot- Cllmate

 (MAAT = 297 c) . S e

Cg i\- 4'! . s L L‘. v‘ : _}
Tt o L B 2R

" 2.06%

S ‘.74
T 0.279%%

o

7165

L1,90%
TR

e .
S L.80*

2.50%%

P

no;43**;-““



o

~ Design ' Levels of Factor = %'Erréﬁé;séiected
Parameter SR | DR L

=7

1 (psi) o, 70, 90,,120 - .:10,°# 20, & 40

W) s 3, 5,11 o+ 6, % 12.5, #25
Egg (psi) -+ 4500, 12000, 225007 S E 1, x5, +20
'sg (psid o 4 12000, 22300: .~ o7, 1o ® 20

<

 Table 5.3 Factors Levels and Pefdent Errors Used in the
Sensitivity;Analysis : o SR

Ce-
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.TabIe 5.4 Percent Change in DeSLgn Llfe Due to Variations in Tlre‘
t ' Pressure at ESG of 4500 psi and MAAT of 7°C-

M‘f" f'*vv(%)
3. L . |

Ps

% “{psi) 70 90 120 - 70 90 120 70 %0 120

.+~ Variation

~in TP

10 48 0.0 00 00 =63 0.0 0.0 ‘0.0 0.0
40 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

20 . 4.8 0.0 0.0 0.0 -6.3 0.0 0.0 0.0 0.0

o

20 "7 0.0 0.0 0.0 0.0 0.0 00 0.0 0.0 - 0.
a0 4.8 00 0g€ 0.0 -6.3 0.0 0.0 0.0 0.0

40 - 0.0 5.0 0.0 0.0 00 0.0 0.0 0.0 . 0.0

"Table 5. .5 Percent Change in Des1gn Life Due to Varlatlons in Tire
: ' Pressure at’E of 12000 psi and MAAT of 7 C-

H

- vv(%) Lo
S 3. - BN S

. . TP Level . X ' - S . o -
§ . (psi) 70' 90 120 70 90 120. 70. 90 120
Varlatlon Co ' o ' - o ‘

~in TP

10 ‘.f. | 0.8 -o._s-"-'o'.‘:a | -0.'9‘;6‘.11'1‘—‘4.4 9.8 6.9 5.0
-0 1.0 0.7 04 0.9 71 4.6 11.0 a6 __s.o‘.'
20 e -0.9 0.5 7.0 Qi_i_ae- 8.3 -17.1 -12.1 -'-7.5'
20 a2 13 0 21 sz 9.9 " 22.0- 17 2 125
a0 - _' - ';,—2',.{3 'fl».s ‘é,l.b ' “—'1.9.3. '-20“7 -14.9 =-29.3 —22 41‘\15 o M

e

.40 . . 5.2 2.9 1.6 5.2 238 225» 415 41l 27’5 £

~J |



Table S 6 Percent Change in De51gn Llfe Due to Varlatlons ‘in Tlre
- Pressure at ESG of 22500 psi and MAAT of 7° C

W (%) . _
. 3 ) 5 - 11
s TP Level ‘ o _ : - L
% (psi) 70 90 120 . 70 9 120 70 .90 120
in TP '
0w 8.8 -6.5 -4.5 -9.1 -6.7 -4.7 =10.0 -6.7 -5.0
10 106 7.5 5.0 110 7.8 5.2 12.3 9.0 6.7
20 -1€.2 -12.2 -8.5 ~-16.8 -12.7 -9.0 --18.5 -13.5 -10.0
=20 . 189 16.3 10.6 21.1 16.9 1. 0 27.7 191 13.3
40 -27.9 -21.7 -15.6 -28 8 -22.3 ~16.2 -31.5 -23.6 -18.3

-0 368" 38.8 23.9 39.9 40 5 24.8 50.0 46.1 28.3 -

Table 5.7 Percent Change in Design Life Due to Varlatlons in VOlume of
Air VOlds at BSG of 4500 psi and MAAT of 7°C ' :

Tire Pressure (psi)

v

70 - %0 120
3 (% 3 5 11 3. 5 11 - 3 5 11
Variation ST : R o
in W S B
6.0  .-9.5 -6.3 0.0 -5.0 -6.3 0.0 -5.0 -6.7 0.0
60 4 8 6.3 0.0 10.0 6.3 0.0 50 6.7 0.0 e
12.5 -14.3 -12 5 0.0 -30.0 -12.5 0.0 =15.0 -13.3- 0.0
-12.5 . . 9.5 12,5 11.1 15.0 12.5 1l.1 15.0 13.3 1.1
25.00 . =23.8 -25.0. 0.0 - 20.0 25.0° 0.0. 25.0 20.0 0.0

-25.0 ©, 28.6° 31.3 1l.1 30.0 25.0 11.0 30.0 33.3 11.1 ' =
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vTable 5.8 Percerrt Cnange in Design Llfe Due to Varlatlons in Volume of
Alr Voids at E’SG of 12000 ps:. and MAAT of 7°C '

 Ti¥2' Pressure (psi)

70 - o 90 120
- VV Level s S : B
% () 3 s . 11 .3 5 .11 - 3 s 1
Variation . - - o :
inw u
6.0 24,1 -13.9 -13.4 -4.1 -22.0 -13.8 4.1 -22.2 212.5
6.0, 44 41 15.9 44 253 17.2 4.4 30.3 17.5
12.5 8.0 -31.8 -24.4 - -8.0 -38.4 =24.1 -10.2 -39.0 -25.0.
-12.5 8.9 8.6.35.4. 9.1 30.6 36.2 9.1 72.5 37.5
25.0 ~15.3 -55.9 -41.5 -20.6 -60.4 -43.1 -47.9 —61.0 -42.5

.19.0 18.0 89.0 19.1 42.1 91.4

19.2 92.0 95.0

. Percent Glange in De519n Life Due to Varlatlons in Volume of
. Alr Voids at ESG of 22500 p51 and” MAAT of 7° C '

co - . Tlre‘Pressure_ (psS"'
\ 70 90y 120
W Le .: . . . . . )
3 ( 5 11 3.5 11 3 5 11
Varlatlon
6.8 -21.7 -13.1 -26.5 -21.9 -13.5 -26.7 -22.2 -13.3
.4 16.2 38.6 20.7 16.9 39.1 30.2 16.7
7 -37.9 =23.8 =45.Q -38.3 -24.7 =-45.4 -38.7 -25.0
-12.5 94.8 6§.7 35.4  96.0 70.7-.37.1  97.4 71.9 36.7
25.0 - —67.4 ~59. 6=~4l 5 —67.8 -60.1 -41.6 =68.2 -60.7 -43.3
-25.0 © 186.1 206.7 §7.7 284.2 210.5.91.0 326.4 214.5 93.3
) A ’ . '
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Table 5. lO Percent  Change in De51gﬂ Life Due to Varlatloqs in the .
Subgrade Modulus at W of 3% and MAAT of 7°C '

Tire Pressure'(p51)

i 70 . 90 120
Eg; Level - S SRR o
3 (psi). 4500 12000 22500 4500 12000%22500  4500--12000 22960
Variation o B s : : -
: m’EIqG . . .
1 9.5 5.4 0.4 15.0 -5.5 0.4 15.0 5.5 0.4
. . _‘ B ’ l,’ ) . I3
A1 9.5 %6.2 0.6 -5.0 -6.2 -0.5 -10.0 6.2 0.5
5 - 810 29, 4521 850 29.5° 2.0 .85.0 29.4 1.9
-5 —30 1 -28.3 -2.9 -35.0 -28. 2 21 -40.0 -28.2 -2.5
20 . . 723.816l.2 8.2 745. o 159.8. 758 725.0 92.2 7.3
220 =95.2-77.3 -11.4 _-_95.0 77.3-10.7 -95.0 <77.2 9.9

Table 5. ll -Percent Change in D951gn Llfe Due to Varlatlons in the
Subgrade Modulus at VV of 5% -MAAT of 7°C

~

 Tire Pressure (p51) :
70 % 120

Level . . 3 ' ) “ -
S%o T (ps1) 4500 12000 225000 4500 12000 22500 4500 - 12000 22500
" Variation S L PR

_in Eg,
'  1: T 125 5.5 0.3 13.3' 0.9 0.3
‘,-1' o 6.3 6.4 -0.6 -6.7 =1.1 -0.6 "
5 87.5 15.6 2.1 . 93.3 4.4' 1.7
.5 -37.5-28.9 2.9 -37.5 -14.4¢f2-.8 33.3--5.3 2.5
20 ©781.3 32.0 8.3 756.3 18.4 7.8 800.0 16.7 7.2
0 - -93.8 —;7'8;-2'—11'.6 ~93.8 -73.7 —10;9 —93 3 -64. 2 -10.2
o S S ' o T - s
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' Table' 5 12 Percent Chaqge in Design: Lafe Due to Varlatlons in the -
Subgrade Modulus at W of 11% and MAAT of 7 C '

Tire Pressure (psi)

~ 70

-88.9 -26.8 ~12.3 -88.9 -24.1 -11.2

o 90 120
TR teel . -
3 (psi) 4500 12000 27500 - 4500 12000 22500 4500 12000 22500
) ‘Varratlon, S ' C ' oL
 InBy -
1\ 111 1.2 0.8 111 L7, 1.1 111 2.5 0.0,
S 0.0 -1.2 =0.8 0.0 -l.7 -0.0 0.0 -0.0 0.0
5 66.7 4.9 2.3 . 66.7:.5.2 2.2 6.7 5.0 1.7
= 0.0 -6.1 -3.1 0.0 -5.2 ,-2.2 0.0 -5.0 -1.7
20 544.4 20.7 8.5 366.7 19.0 9.0 233.3 20.0 "8.3

-88.9"322.5 -10.0 -

.‘Table 5.13 Percent ‘Change in De51gn Llfe Due to Varlatlons in Tlre
Pressure at’ ESG of 4500 p51 and MART of 29°C

,-W_(%) ,
. _ 3 5 ; 11 ' %
TP Level o v . :
K (psi) 70 90 1200 70 © 90 120 70~ 90 120
~ Variation - ' i .
.in TP 5
10 ~1.1 0.0 “0.0 .- -1.1 0.6 0.0 -1.3 0.0 -b;n“z""
-10 1.1 1.1 0. 1.1 1.2 0.0 1.3 1.3 0. 2
20 L0 -l <12 2.3 L2 L2 2.5 -1.3 -16.9
-20_ . 22 23 0.0 2.3 1.2 _1.2 . 2.5 ¥.3 2.0
40 . -3.3 -2.3 -1.2 -3.4 -1.2 -1.2 -3.8 -6.5 -28.8
-40 6.6 3.4 1.2 5.7 3.5 1.2 6.3 3.9 28.8
. ‘ \



