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ABSTRACT

This study involved the development of performance requirements
to alleviate thermal distress in é high quality surface coursé for
flexible pavement. The four requiréments determined were for (1)
long term or thermal equilibrium, normal strain or stress, (2)
short term or transient thermal stress, (3)'shear strength and (4) B
peel strength of the pévement—fdundation interface. The shear lag
in the asphaltic concrete was found to increase with increasing
‘thickness of lifts. A time-temperature dependent modulus was used
toréompute stresses so the results were thermoviscoelastic require-
ments. Use of the results will lead to conservative design from the

standpoint of maintaining the structural integrity of the pavement. , -
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CHAPTER I
 INTRODUCTION

1.1 Objectives of Overall Study

High grade flexible pavement éﬁffacingé are usﬁally:déSignédr
for a 20-year life; however, the actual life 1s sometimes less than
the design life due to incalculable variables. Damage to the flex-
ible pavement is primarily a result of distress due to cyclic ther-
mal strains resulting frpm ambient temperature variations, fatigue
due to traffic loads, a fesult of foundation shifts, aging (hard-
ening) of bituminous binders, and instability (shoving, rutting).

This reported work is a part of a continuing research study at the
‘Texas Transportatioh Institute,'spbnsored by the Texas Highway De-
partﬁent and the Bureau of Public Roads.rrThe objectives of the
overall étudy are to: |

1. Determine the performance requirements of the material
negded to serVe as the'cohesive—adhesive waterproof binder for a
first—class, long-life flexible pavement surfaceAcourse,

2,. Develop control tests for use in a specificatiop for a
material that will meet the pérformance requifements in objective

one, and,

. The citations on the following pages follow the style of the
Proceedings of the Association of Asphalt Paving Technologists.
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3. Concurrently with objective number two, search for a co-
hesive material that will meet the requirements of objective number

one.

1.2 Scope of the Reported Research

Some of the considerations necessary for a successful: deter-
mination of the performance requirements of a high quality wearing:.
course on a flexine pavement are given in Fig. 1l.. Because the
conditions of thermal distress have received the least attention in .
the past, work considered in this report is directed mainly toward .
the requirements necessary.to satisfy the thermal environment. -

More specifically, the particular problems covered here are the.
developmentwof the solutions for long term strain distribution in
the pavement due to variable thermal constraint, short term strain .
distribution due to variable temperature of the pavement, required
shear strength of the pavement-foundation interface,. and the re-
quired peel strength of the pavement. <Calculations using the devel-
oped solutions are given.

Osborn (1) has suggested that the problem solving process in-
volves two factors: judgment or the ability to .think logically, and
imagination or the ability to think creatively. The creative prob-
lem solving processes include fact-finding (defining the problem
and collecting data), idea finding (thinking out many ideas), and
solution finding (evaluating and dgciding on whiph ideas to usg).

In regard to fact-finding, it might be noted that nothing could-be
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found in the literature concerning the use of peel strength as a

performance criterion for use in highway design.

1.3 Related Continuing Research

To Bettervunderstandbthe approach to tﬁe overall researchA
objective, aﬁd hbw.the Work reported below fits info the project |
objective, other tasks being concurrenfly pursued will now-be
mentioned.

1. The available constitutive equations and éohversiOn
formulas used in liﬁeaf viscoelasticity afe being reviewed.

This should be.useful since the viscoelastic nature of flexible
pavements is ordinarily neglected in highway design work, and fur-
ther, the use of conversion formulas can greatly reducé the effort
required for tests to determine matgrial pfopefties.

2. Soﬁe of the most sophisticated finite element digital com-
puter routines currently uéed in the aerospace industry have been
obtained. The modification of these routines for thermoviscoelastic
analysis as well as for the analysis of distress due to mechanical
loads 1s being considered.

- 3. The.material property tests‘currently being used by the
solid propellant rqcket motor industry are being reviewed for
appliﬁation in highway design. A>tota1 factorial design of material
é?operty.tests using these new test methods and.a standardized aggré—
gate is being planned. Tests in a partial réplicate design will be

performed using real aggregates for comparative purposes.




4, -The use of gel permeation chromatography for quality
specification of asphalts and assessment of accumulative damage
by aging has been considered, The results of preliminary studies

indicate that this is a feasible approach.




CHAPTER I1ITI

BACKGROUND
2.1 Summary.

From the review of a voluminous amount of research data
(approximately 650 technical papers and reports), several points
of interest emerged, which are summarized as follows:

a. The present state of the art iﬁ pavement design is to a
considerable extent dependent on experience and empirical data.
A truly scientific épproach has not been developed because of the
extremely complex nature of the éroblem.

b. A scientific technology has evolved in the aerospace and
other industries (e.g. rubber, etc.) in recent years and has
been acceler@ted in the solid propellaﬁ£ missile industry, in
particular. This was necessitated by the very rigid demands for
effectiveness and reliability. ﬁecause of ﬁhe similarities be-
tween the material behavior and the structural state of solid pro-
pellant motors and flexible pavéments, an exciting potenfial exists
for transferring rocket motof technology to pavement design with-
out excruciafing financial strain.

¢. Previous researchers apparently have developed large amounts
of data obtained for specifiq conditions without giving full con-
sideration to all of the interactioms between the variables in-

volved. It would therefore seem appropriate to consider a reference




set of material property data using a standard mixtﬁré for com~
parison with real mixtures. Knowing the ratios of material property
data with respect to a standard would enabie a quantitative com~ - |
parison of thé results obfainéd in various laboratories to be
made.

d. From the short-term economical standpoint, asphalts are.
by far the best binder candidates known, bﬁt from tﬁe performance

standpoint bitumens may be inferior because of their delayed effects,

e.g. embrittlement with time, ogidation, etc. Viewing Bigh quality
flexible pavements from the loﬁg—term econpmical point of view;
asphalts may be poor binder candidates because of excessive main-
tenance cbsts. By the use of (a) new désign inndvations, (b)'certéin
compbsite agg?egates in the base course, and (c) modified asphalt

' binders or new. binder materials in the wearing course, flexible-
pavements could undoubtedly be.constructed more economically for
short-term aﬁa long~term servicebwith'an imprbved structﬁral integrity‘

of the pavement.
2.2 General

Asphalt concrete paﬁement usually consisté of ébOu; 6% asphalt
binder byfweight, a stone-aggregate filler, and air voids ﬁhich
usually vary betwéen 3 and 6% of the total mixture vo1ﬁme (2) de-
pending on the design. As a matter of interest, the current annual
prodﬁction of asphalt in the U. S. in about 25 million tons, of

which about 18 million tonms are used in highway and related construc-

tion. The remainder is used for various purposes such as lining




reservoirs, manufacture of roofing, and specialty products.

Recent figures from the U. S. Bureau of Public Roads (3) .show
that in 1965 the road and street mileage in the United States amounted.
to 3,689,666"to§a1-miles, including 1,339,456 mileé of asphaltic
concrete, l15,144 miles of portland cement concrete, 1,321,457 miles .-
of gravel roads,Aand 913,609 miles‘of~earth roads. Approximately
45,000 miles per year of paved roads and streets are added to the
existing network of 1,454,600 miles of pavement. Since wsach new
mile of ‘pavement iS'accompanied.by the consumption of about 50,000 .
additional gallons of motor fuel per year, them at 10 cents tax per
gallon, every new mile of paved road generates approximately $5,000
per year.

The nomenclature used here for the layers in flexible pavement .
is given in Fig. 2.  The thickness of the subbase, if this layer is
used in the construction, varies between 6 inches and about.2 feet : -
and the base course usually has similar dimensions. The surface -
treatment or prime coat usually consists Qf the application of about

0.3 gallons of hot ésphalt per square yard, whereas about 0.1 gallons
of hot asphalt per équare yard is applied ip the tack coat. The éeal
coat, usually applied from two to five years after construction and
whenever needed thereafter, consists of between 0.2 and 0.4 gallons
of hot asphalt per square yard followed by a cover of fine aggregate.

Hills and Brien (4) have given an excellént approximate pro-.

cedure for calculating differential temperature ranges to cause

fracture in asphaltic pavement. The limitations of the procedure-
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are that elastic constants instead of viscoelastic constants are used
for the pavement and the boundary conditions are comsidered as end
fixity‘oﬁ the plate and beam analogies. This means that thg pavement-
foundation interface distress wés not considéféﬂ“iﬁ~théif épproximater
analysis:

Monismith and Secors (5) have estimated that the surface
pavement stresses reach peak values of 40 psi and 140 psi déilyrin
the summer and in the winter, respectively, using particular creep
compliance data and a value for the linear coefficient of thermal
expansion of 13 x 10-'6 in./in./°F. However, when the daily
temperatures at the surface of the pavement oscillated between 0
and -40°F, the estimated stress peaked at #bout 3300 psi, which is
considerably above tﬁe maximum ultimate tensilerstrength of asphalt
cohgrete at any temperature. This vividly indicates the exponentiall§
incréasihg aistress with decreasing temperature, i.e. as the glass:

point of the asphalt is approached.

‘2.3 TFactors Affecting Pavement Performance

Hutchinson and Haas (6) have listed somé of the factofs
affecting flexible pavement performance (Fig. 3) and they indicated
that thermal stresses are a major contributing cause of cracking.
They also presented an excellent summary (Fig. 4) of design methods
from judgment in 1900 to current statistical evaluations of field

tests, such as the AASHO tests.
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Fig. 3a. Qualitative Representation of Factors Affecting Flexible Pavement Performance 6).
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Fig. 3b. Qualitative Representation of Factors Affecting Flexible ?aveﬁént Performance (6),
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METHODS FEATURES LIMITATIONS
A METHODS BASED ON ‘'JUDGEMENT' Attempt to prevent failure. Simple (1) No provisions in method for econom-
Examples: Most Can. & U.S. Urban Centers, - and quick in application. Negli~- ic comparisons of pavement type
Ont. Dept. of Hwys. : gible design costs. alternatives (A,B,C,D,E,F,G).
: (2) Weak, subjective link between de-
B METHODS BASED ON SIMPLE STRENGTH TESTS Attempt to prevent failure. Simple sign and performance evaluation
Examples: CBR or Modified CBR Method, equipment & procedings for measur- (A,B,C,D,E,F).
U.S. Corps of Engr., Wyoming. ing subgrade and base properties.
. Empirical correlation with pave- (3) Failure to recognize effect of
. ment thickness. layers (A,B,C).
I .
: . ; (4) Environmental effects accounted
C METHODS BASED ON SOIL FORMULA . Attempt to prevent failure. Simple for in only a very subjective
Examples: Group Index Methods, Can. Fed. s0il classification tests to assign manner (4,B,C,D,E,F).
D.P.W., U.S. F.A.A. Method. mean expected strength values to -
: subgrade. Empirical link with (5) Failure to account for effect of
) pavement thickness. repeated loads on pavement de—
N . ] terioration (A,B,C,D,F).
D METHODS BASED ON TRIAXIAL TEéT Attempt to prevent failure. Test (6) Variations ‘in construction quality
Examples: Kansas Method, Texas Method, values can be uced in stability not adequately accounted for
California Method.' analysis of pavement ‘componénts (4,B,C,D,E,F).
: and subgrade.’ )
n s {7) Failure to recognize progressive-
. J . : : nature of "pavement deterioration
E METHODS BASED ON PLATE BEARING TESﬁ Attempt to prevent failure by by considering onlv failure or
Examples: U.S. Navy Method, Can. D.O.T. limiting deflection. Full-scale non-failure cendition (A,B,C,D,
Method. ' testing of subgrade and pavement E,F).
! structure reaction to load.
! (8) No distinction between static or
; - T moving nature of loads (A,B,C,D).
i F METHODS BASED ON STRUCTURAL ANALYSIS ! i Attempt to control or avoid failure
OF LAYERED SYSTEMS ! mechanisms. Objective analysis to (9) Inadequate recognition of seasons
Examples: Burmister's Method Shell ! predict Stresses .and. straipns at any strength variation of subgrades
:3-Layer. Methed. 1 point in paverént or subgrade. (A,B,C,D,¥%).
’ . . (10) Simulation of in-service material
G METHODS BASED ON STATISTICAL EVALUATION ) i Attempt to measure performance v. behaviour not adeguatelv evalu-
QF PAVEMENT PERFORMANCE ¥ age relations and to control failure ated in.laboratorv testing (A,B,
Examples: Design Equn. from AASHC Test, ‘: ~age by limiting deflections. Full- ) Cc,D,F).
CGRA Design Guide. | scale testing and evaluationm. -
A K i : ‘
1900 1910 1920 1930 1940 1960 1967

Fig. 4, Classification of the Approaches

to Flexible Pavement Design (6).




Prior to the Symposium, "Non-Traffic Load Associated Cracking

of Asphalt Pavements," which appeared in the 1966 AAPT Proceedings,
very little aftention'had been dévoted to the analysis of therﬁal
stress, while hundreds of published ﬁapers were readily available
that described the respondence to wheel loads, dete:mined from lab-
oratgryiandrfield tests agd theoretical prqcedures..AIﬁ the few
instances where thermal distress Qas considered, tﬁé elastic appréacﬂ
was usually used, as outlined b& Hills aﬁd Brién (4).. The elastic
approach is pi‘obably best for preliminary design, bﬁt the thermo-
viscoelastig approach is the natural procedure to use in final
designs. , |

It is not clear how pavemént behavior Caﬁ be adeguatelz des-
cribéd in terms of elastic constants, which has been the past-prac—
tice. The recent work of Schﬁeyer:and Busot (f), and éeqrge (8)
"aemonstrates fhe necgssity'fOr considering the behaviofal character-
iéfiés in terms of rheological constants. The Chéu—Lérew
investigations (9) shéw fhat whiie the maximum stress due to arwheél
load qcéﬁrs when the wheelris direct;y.Onva station, the dispiace;
ments continué to increase for awhilé as the load moves awa& from
the station;

The complexities of material properties, environmental condi-
tions, and type of design mgke“the analysis éf crack.development
quite diffigult. Anderson, Shields, and Dacyszyn (10) show a flow

chart of the various factors and considerations related to crack

15




developmenﬁ (Fig. 5). Zube (11) reports that the most commonly
accepted causes of cracks appearihgriﬁ asphalt pavements are:

a. Shrinkage caused by tempefatﬁrebvariations:ih the asphalt
binder. |

b. Reflection cracks caused by transmission of cracks in the

" base.

c. Cracks caused by expansion and contraction of the founda-
tion.

d. Cracks due to embrittlement of the binder (oxidation,
volatilization, etc.).

&. High shear susceptibility dfﬁﬁhe binder resulting in con=

traction cracls.

2.4 Thermal Environment

Dodd (12) has summarized the latest revision of Army Regulation
705-15, Operation of Material under Extreme Conditions'of Environ~
ment, in the form of climatic categories. The daily variation efi-
temperature in category 5 is approxdmately a sine wave with a mini-
mum of 70°F at 0500 hours and a maximum of 110°F at 1400 hours. The
relative humidity also approximates a sine wave, but with about 10
hours phase lag, i.e. a minimum of 20% at 1300 hours and a maximum
of 85% at 0400 hours.

In the WASHO Road Test (13) the distribution of daily air tem-

perature vs time was a sinusoidal mode with the peak occurring about
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1500 hours.” Typical extremes and ranges of temperature at the pave-
ment surface were |
124-65=60°F/day in July; 37-22=15°F/day in January.

A heat transfer analysis was performed hy Monismith, Secor, and
Secor (5) to find the:temperature at depths in the pavement of 4 in.:
"and 8 in. when the temperatufe of the pavement surface varied in a -
sine éycle over one day with the extremes at O and -40°F., The tem~
perature lag of‘course increases as the depth increases, to wit, if
at 12 hours from the begihning of the cycle the surface'temperature
is an extreme of 440°F, then the pavement at a 4 in. depth reaches
an extremum of ¥6°F in 19 hours. Summarily, the maximum déily tem—
perature differences wére32~5§F‘and36¢5?F for 4 iﬁ. and 8 in. depths,
respectively. |

During his study of the migratioﬁ of moisture in clay, Moore
(14) collected sdme significant temperature data. It was determined
that in College Station, Texas, thevaverage daily change in tempera-
ture at the pavement edge was about 20°F, the average change throﬁgh
the pavementvwas about 10°F, and thé maximum seasoﬁal variation of
the pavement surface at the centerline of the street was from about
55°F in the first part of Januafy to about 110°F in the latter part
of July.

The most compfehensive data found in the literature concerning
pavement temperature distribution during and immediately after the
application of the pavement to the roédbed was in the work by Beagle

(15). He determined the time-temperature-depth topology during and
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after the constrdctiqn'of 12-, 15~, and 18-in. lifts (Figs. 6
and 7). Styrafoam was stapled to the subgrade before laying the
mix, Which because ef this insulation resulted in ‘a.much higher
compaction at the bottom than would have beenrattaihable.other-
wise, While notAmentioned in Beagle's paper, the efyrafeam pro-
bably acted as a thermal floater fer‘preventing cracks et~the,
paveﬁent—foundation.

Bright, Steed Steele, and Justice (16) obtained cool down
temperature data during the application of a wearing course at mix
temperatures of 225 and.345 F (Fig. 8). In their first set of
experiments the struc;ure consisted of 4.5fin. thick bitgminous
concrete course over a gravel base, which.was covered with a 1.5-
in. binder codrse fellowed by a 1-in. surface codrse. The structure
was the same in their seeond set of expe:imenfs except that the
4,5~in, thick bituminous concrefe had been laid over an old 5-in.
thick concrete-pavement.

Kallas (17) determined the continuous temperature distribu—
tion at various depths in a 12-in. 1ift.in Maryland. In the month
of Jpne the surface ;emperature varied daily between about 76 and
138°F whereas the tehﬁeratufe at the 12-in. depth ranged from 85 to
95°F (Fig. 9). | | |

Johnson- (18) has provided e mep of the U. S.vshowing the
agdual depth of frost penetfation (Fig. 10). Minnesota with.over

60 in. has the highest penetration while Texas has a range from 0 in

19
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the Rio Grande.Valley to é maximum of about 12 in. in the Panhandie.
If often appears that an asphaltic concrete pavement behaves
erratically, i.e. cracks in one location aﬁd doéén't in another. .
One of the many contributing reasons forlﬁhis diépgrity ¢ould be
differences in rate of rainfall. A sudden rainfall on a very h§t
day could produce considerable transient thermal stress in the pave-

ment, i.e. a thermal shock loading.

2.5 Mechanically Induced Distress

A schematic of wheel‘load response is'shown in Fig. 11.
Monismith, Secor, and Blackmer (19) have given the strain-time
fungtiénals for a 15-kip load at 4 and 20 mph (Figs. 12 and 13).
The rat?o of maximum compressive to maximum tensile strain in the
pavement surface was about 4 for both speeds, with'é cycle period
of abqut 1.8 sec. for 4 mph and 0.4 sec..forb20 mph.

Papazian and Baker (20) stated that for the same loadihg and
subgrade, the pavement stresses in flexible surfaces are greater
than in equal thickness'of more rigid asphaltic concrete pavements
(Fig. l4a,bj. This is probably trde in most situations but observe
the deflection patterns in Fig. l@c,d. If.the pavement is rela-
tively soft an& the foundation is relatively rigid, the pavement is
essentially in pure compréssipn rather than flexure, hence small
defleqtioqs and small stresses occur (Fig. l4c) Which is contrary

to the preceding generality. Another exception might be the
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placement of a‘stiff pavement on a very soft foundation, i.e.
Fig,. l4d.

In a comnected system such as a flexible pavement with base
and foundation, large surface deflections do not mnecessarily indi-
cate high.strains:in the'pavemént because of the.resilience of
the underlying structure. Actually, the induced pavement strain
is a function of the radius of curvature which is a function of
the second differential of the deflected surface.

Using a model analogy (Fig. 15a), Ekse (21) ﬁas determined the
pressure distribution at the pavement-foundation interface for
varioﬁs thiéknesses of asphaltic concrete (Fig. 15b). The inter-
face pressure decreases aﬁd the radius of curvature iﬁcreases con~
éiderabiy with increasing pavement thickness.

From Benkelman Beam data obtained on the WASHO Road Test (iB),
typical deflection profiles were obtained for 18-kip single axle
loads (Fig. 16) and 40 kip tandem axle loads (Fig. 17). 1In these
tgstsAthe deflection basin extended about 38 in. aﬁead and about
63 in. béhiﬁdrthe wheel on a single axle. The basin extended about )
42 in. ahead -and about 113 in. behind the tandem wheels. It should
be noted here, however, that Dunlap and Stark (22) found that the
defiéction basin, with a 9-kip wheel load, was over 16 feet wide
in 50% of the cases -they studied.
| Yoder's work (23) gives some insight concerning the effect of

asphaltic concrete temperature on wheel load deflections. With a
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lS—kip single'axle load on a 4—in.vlift, theraverage normalized
deflection of the'dual wheels Véried almost linearly from 0.0025
in./kip at 50°F to about 0.0013 in./kip at 10°F (Fig. 18).

Yoder also found that 207% of the surface déflection could be
felt at a déﬁth of about Gvfeet (Fig. 19). Hveem (24) reportéd
foundation disturbances down to 18 feet due to pavement loads, but
indicated that only‘the'top 9 feet should be'quite adequate for
deflection correlations.’ |

Finn (25) presented a éusey of nine different methods that
have be;n coﬁmonly used for detefmining pavement deflections in
fiel&:tests.‘ The expected accuracy ofrfhe instfumentatithis ndt
better thaﬁ 0.001 in. for most of the reported methods.

Itakura and Suggwara (26) have found that tﬂe impact energy of
tire chains reach 7 to 15 ft-1b when vehicles run ét speeds of

25 mph and thereby cause considerable immediate démage to highways.
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CHAPTER III

THE ENERGY METHOD OF APPLIED MECHANICS

From the theory of elasticity, assuming that the material is
homogeneous and isotropic, the equations for normal strain, € , in

terms of the displacements, ¥ , V , and w , are:
= 3 = 3V
&= W fy=5q Ep = W (3.1a, b, c)

if the displacements are small. The equations for shear strain, ¥ »

in terms of displacement are:

y’“‘= %4% ) Y™ %%-»%:_:_ ,Y_“:%\é *'3;'%", (3.1d, 4, £)

In a cartesian co-ordinate system, the normal strain functionals are:

- o _
“QET MR -as (3.2a)

and similarily for %y, €3 , where E is Young's modulus. The

shear strain functionals are

= Txa (3.2b, c, d)
G e
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Solving eq. 3.2a for the stresses:

o MBe | Ee
(eamdi=2u) ALY

(3933)
and similarly for 0"3" , 0;
where e = g‘ ¥ ‘:\ + E’% (3.3b)

The strain energy density, ; s 1is

F’Z ["i WEX"'J{."‘;‘jY’tg] (3.4a)

BT 1Y
Consider the relation for shear modulus,
€
21+ )

G =

(3.4b)

Substituting eqs. 3.3 and 3.4b into eq. 3.4a gives the relation

= B[ """"'.'."'-‘-:\ 3.4
vl v ISR PR TCAER WA wB) IR

Using eqs. 3.1 and 3.3b in eq. 3.4c, the strain energy density in

texrms of the displacements is

- >
\g “10aml "”#(} 37,*5‘3 +(h) *( 3)
, 2 o, 1 (3.5)
A RRIE AL ARETS T A |
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In the case of plane strain,

W = Ju 4+ IW = Y 4 W =O v
32 32 ox 3% y S (3.6a)

and in the case of plane stress,

(3.6b)

The strain energy density for plane stress is
= E 11 ib.t sz ) 2o
; z(am){l-,«[( ) “'(5-:,)-*'2/435‘-‘; %ﬂ*- —2-.(%‘;‘;--\-?5,!“) } (3.6¢)
1f the boundary forceé exiét, the potential, [\ , is
P=(fav -2 §pann (3.7

where 4 is the pressure, A is the area on which 4 acts, and

 is a generalized co-ordinate.

If a change of temperature occurs without thermal restraint,

'!P:SF&V —251"‘" SA -f-S;’f‘QV (3.8)

wherec?( = strain energy density due to thermal contraction.
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If thermal restraints act on the system
P=(§av “ZS"M&‘QA + (o ay '-'-S’/ékv e

where AB is thermal constraint energy density. The procedure to
obtain a solution then is as follows. The displacements are assumed
in terms of the generalized co-ordinates, using'continuous functions
(polynominals,'Fourier series, etc.). The continuous functions are
then operated on per eq. 3.1 and the results subétituted in eq. 3.5;
Next, eq. 3.5 is operated on by variational calculus for as many
times as there are unknown conétants'invthe coﬁtihuous functions and
each differential equation is set to zero to effect the minimum po-

tential, i.e.

1P = %SFCC‘.) =0

3¢ (3.10)

The solution of the simultaneous eduations gives the best answer in
terms of given constraints, i.e: the exact solution is obtained
when an infinite number of terms are used. However, judicious
choice of functional form can give say 95% of the correct answer
with only a few terms. This procedure can be used in 1ineaf
thermoviscoelésticity by the use of a time-temperature varying
modulus, but it then becomes nécessary to fepeat‘the procedure suf-
ficient times to approximate the delayed effects by step functions

if the time of loading is not brief.
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CHAPTER 1V

. AN APPROXIMATE ENERGY SOLUTION FOR THERMAL DISTRESS

-For design'purpéses it will ﬁé gonvenieﬂt to havé an approximate
solution for calculating the amoﬁnt of thermal strain due to uniform
. temperature changes. One ofrthe poésible‘states of thermal strain is
| deﬁictédrécheﬁgtically ianié; 20. The energy‘methoa fér obgainiﬁg
a first approximation is explained as follows:

Assume that the structural integrity of the bond between the
asphaltic concrete and the foundation is maintained during and aftef
a uniform reduction in the temperature at every point in the pavément
and its foundation, and assume that the modulus of the_foundation,E‘;,

is very large with respect to the modulus of the pavement, Ep(t ,T) i.e.
Eg | - (4.1)

The situation after the temperafure ‘reduction is illustrated in Fig. 20c.

The right hand generalized co-ofdinate system given in Fig. 20a
will be used. The pavement is symmetrical about the plane¥e 0.
Half the width of the highway is W and the pavement thickness is W .

Thé thermal problem can be transformed into an equivalent mechan-
ical problem to simplify the analysis. ‘This igs done by first letting
the foundation:and the pavemént freely contract, Fig. 20b, as if there
Weré no iﬁterface bond. Then pull the pavement at 2 #H over to the
edge of the roadbed,ﬁntil compatibility of displacements between the
foundation and the pavement exists over 2= H,’*‘th W, as indicated

in Fig. 20c.
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From the nomenclature in Fig. 20, note that the horizontal
thermal displacement of the foundation, d;, for the case of no bond, is

A= otp W AT (4.2a)

where o is the linear coefficient of thermal expansion and AT is
the change in temperature. &T 1s positive for a reduction in
temperature. The horizontal thermal deflection of the pavement,

dp , for the case of no bond, is

‘Q‘P = Q(fWAT ' - : : - (4.2b)

Thus, the differential expansion, ﬂl , for the case of no bond, is

&= (et IWaT = A+ d, (4.3a, b)

and by definition, .Qs = Q‘ - J‘t © (4.3¢0)

where 695 is the deformation of shear lag and 0e.t is the deformation

at the top surface of the pavement. | |
Assuming a par;bolic distribution of pavement deformation, W ,

in the 2 direction at x=W ,

A -2 : _ ' .
dw,2)= A +o.2 - (4.4a)

k3




and since

Awmwy =4, , o= A (holib, c)
and eq. 4.4a becomes

Atw,2) =8, + Ja-dp > (4.4d)

“‘l-

Using eq. 4.3c¢c in eq. 4.4d gives

+ -‘-0-‘; z (4.52)

| g?(w,a) = (sl = o IWAT — 4, T

Since the pavement is symmetrical about % =0, assume a para-
bolic distribution of deformation along X , with zero deformation

at ¥X=0 , to wit:

w(x) = a,x* , ' (4.5b)
and since
wiw,3) = A (w,2) (4.5¢)

then

o

_ (o=t ywar - J, +GE 2

&y

(4.5d)

i _ %
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and therefore
(sto-()AT a2 VoL (VLR
Wx,2) ={ — e+ 'QS[('G;T() wt X @

The pavement being in plane strain in the X2 plane gives the

boundary conditions:

Oz =23 4+

Y 33 ; = ?S‘;': v (4.7a)

Note that under these conditions, o'g # o, . Since the aspect
ratio of the pavement is so small, neglect the influence of the

w contractions ‘in the approximate analysis, i.e.

H |
W | _7 , o '%_; S o

- Using the bounda:y;con@igiopsvpf egs. 4,7a,‘c, the strain

energy denéity from eq. 3.5 reduces to:

Femml () + 5 (3% ]

Performing the indicated operations on eq. 4.6 and substituting in

eq. 4.8a gives
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}= zﬁm)i‘:; X (d v 4 [:("‘“) _1] ) }
4-(“/*) { - fw::)f} ) e

where “9% = of o of ' (4.8c)
k= °‘r ot |

#

peal ) B

(4.9a)

=..§.. =% &614.31‘ R T g 7 i
H-» -y Sf{h( v: 'Q"'*) + T:f éﬁ:i }hh

Taking the first variation of eq. 4.9a with respect té ﬂs s

wH_ 2.
{3 S UGSV IR

. .\,x & i 3a (4.9b)
v :

Performing the integration gives the result,

m«mn +8& t\‘v + ____A_n._(z)w,ﬂ (4.90)
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Solving for J; ’

8 - Od AT W "
o f + ‘_...& (3)% (4.9d)

The deformation, W , at any point can now be found by substituting

eq. 4.9d in eci. 4.6:

. war [ 106 AT > 2
u(x,i)-—-.{a‘;" +[;' e -“-_3:_ - W—;]} X" (4.10a)
| .9%*\‘_2:(%)%_ (wu) |

Using the operator Ex = oW (4.10b)

pmpaie

%

gives the lateral strain at any point:

¥,2) = 2X o AT
o e g

From eq. 4.10c the maximum thermal strain in the top surface of the

pavement is

. % ' .
- AN

and the maximum thermal strain at the pavement-foundation interface

is

€ (W,H) = 2% AT

(4.11b)




The _factor of two in this last equatioﬁ is é result of the
paraﬁ.olicAaS'sumption of the deformation in the ¥ direétion ranging
from zero at the centerline to a maximum at the pavement edge.
The implication here is that the deformation in the foundation
véries likewise as thie pavement stretches or contracts, wﬁich is

| a reasonable proposition.
The strain in the direction parrallel to the highway centerline

(see Fig. 20) is constant in the X% 2 plane and has a value of

= x AT
€y ' (4.12)

Using eqs. 4.10c and 4.12 in the three dimensional stress—-strain

relation (eq. 3.3a):

o B TR AT (g oW 2+ Zp
6x (t,T,"aZ)”-w:m-z,a gWIH( “'“z*‘f:;ﬁ‘m”z —‘?-‘) "a

where E(t ,T) is the time—temperatﬁre dependent viscoelaéfic modulus.

It can be shown that stresses calculated from eq. 4.13 are

tensile if the following conditions are met:

AT > 0

A -2 '
w3 (522)

In practical cases all three conditions will be satisfied.
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The detérmined'biaxial state of stress points out the need for
the biaxialvstripvtest,(ZZ),for ascertaining the biaxial tensile
viscoelastic modulus‘and the bia#ial tensilé failure strength of
mixtures. |

Conéidef now the half-pavement shown in Fig. 20d. The founda-
tion shearing resistance;'1'§ , acting on the bottom surface 6f.£he‘
pavément, is mobilized by the contraction of the.pavement. Its
value is>zero at the center, where the horizontal displacement is
zero, and is probably a maximum at the edge, where the horizontal
displacemept is a maximum. As a first approximation, it is assumed

that T{ is a linear function of ¥, that is

’T; = CY¥ . (4.14)

where ¢ 1is a constant to be determined from equilibrium conditionms.

For_equilibrium,
H n - w
;5,‘ (t ,T, o, Z ) dZ = 5 T‘F d‘x . (4.15)
o . 5 .

By putting eqs. 4.13 (with ¥=0) and 4.14 in eq. 4.15, inte-
grating between the limits shown, and sdlving the resulting equation
for & , one obtains thé following expression for fhe shear stress,

’TiF:
_2E(,T)p& ATH
' (lep )(\-—2}4)\42- : (4.16)
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Thus, the maximum value of the shear stress acting on the bottom

surface of the pavement is

oy, 2E(LTIAR ATH
T Lax) («p)i-2p) W (4.17)

The finite element method would have been used in the thermal
analysis since it is convenient to use for the state of plain
strain; however, with the relation between the variables unkﬁown,
a computer run would befrequired‘each time a change in any of the
variables is considered. At best tﬁe determiﬁed relaﬁions might be
sensed after the development of numerous paramétric curves from a
multitude of computer runs. On thé other hand, the use of the finite
element method is considerably more éfficient than the energy method

for those problems which are one time affairs.
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CHAPTER V

THERMAL DISTRESS WITH VARIABLE TEMPERATURE

5.1 Distribucion of_Np:mal Stress’andvsﬁ:gih

in the Asphaltic Comecrete Layer

Alexander (2) &eVeloped perhaps the most comprehensive data
now available for the mechanical respondence of a commonly used
asphaltic concrete. He pérforméd creép, relaxation,'and constant
strain rate tests on uniaxial specimens in tension and compression
at various temperatures and load levels. Using the concept of time-
temperature shift factors, Alexander's data for compliance and mod=
ulus were reduced and the results are given in Fig. 21 and 22.

The equation for the modulus is

E.(‘l:,'f) = (2.5x10% ) (_ﬁ_ )ﬁo"ﬁo (5.1a)

- .
where time, t , is in seconds, and the modulus has units of psi.
Approximating the curve for the master shift factors by a straight

line gives the relation
| o o :r |
2y = (9.1 x105) (0.845 ) (5.1b)

where the shift factor, %, , is a numeric and the temperature, T ,

is in °F.
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Egqs. 5.la, b can be combined to give

- 0.370

E@,T)= (z;f;xw" )Y“ .*_:_. - = ] (5.1c)
, LQ@uxio®>(ogns™> 1 |
or, in functional form:
BER,T) = [ t ] (5.1d)

Suppose a pavement and its foundation to be at a uniform initial

temperatﬁre,TL . Some time later, after a reduction in air tempera-

ture, the temperature distribution in the pavement is assumed to

be curvilinear’,‘ as indicated in Fig. 23, varying from a minimum value

ofTU at the top, to a maximum value of7—L at the bottom, while

the temperature in the foundation remains at its initial Value,TL_ .
The asgumed temperature ciistribg_t_ion i%. the pavement is giﬁren by

Th) =T, *T %,

(5.2a)

where —:TT: TL -‘"TU

The change in temperature from the initial value at any point

in the pavement is- AT = 7;_ - T@)
= AT =T (1-2)

(5.2b)




N
\\
r-/.j"
<

= y2
- T(y)= T+ T2

Fig. 23. Schematic of Non-uniform Temperature Distribution in the

Flexible Pavement.
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If the foundation is considered rigid, the thermal strain in

the pavemént is
| &?AT

or using eq. 5.2d

%(Lé)zo('?(\.- 9 )

T
. H*
For a biaxial stress condition

oyt = EET) €4)

then using eq. 5.1d, the thermoviscoelastic stress is

'O"(u,'t,'l’)-.:c,(t * T (l-— ﬁH_:_)

C;":[.T { -

5.2 Shear Distress at the Pavement Foundation-Interface

The sum, P , of the tensile forces acting on the plane;

(5.3a).

(5.3b)

(5.4a)

(5.4b)

in the pavement must equal the sum of the shear forces acting on the

undersurface of the pavement. Then,

- |
P = Sa-c.&,t;)n,t

[]
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Substituting eqs. 5.2c and 5.4b into e‘q. 5.5a gives

) Ca = ' —Cy T y?
P - Cl-,t' D"T . < . * J“.Fs Yy : -
st (TR s | e
3 Cy (i=A) 5

The integration can be simplified by the use of a particular

series expansion, which in functional form is to wit:

o = I—\-\(Lv\a. +(1<1Ma.3 +(><',Q~.a.> 4 e ' (5.5¢)
2! g A
. Ca  wn
Let B"" “1. c"(.’z—?) (5.5d)
3 Cy (1=~ )
b B - CL—? ,&‘ C‘* (5»53)

then eq. 5.5b becomes

> YRl

o byt y\2 ol ¢ LT
P=B§[‘+bi—+l_ﬁ1 +(%‘i)+..i}[c~‘;j} Ly (5.6a)
AT TE >

Performing the integration and substituting the limits gives

3oL ;
',\"T -3 )+

(5.6b)




which .can be simplified to

| b“ .
.Pz -2-38-'-’-'-‘ + 28BH Z n‘/(‘-}'hz‘t- 5“*3) A_(S'.6c.) .

n=\
U31ng eqs. 5.5d and 5 5e in 5.6c gives the explicit relation:

oy 2HeA%x T L e, TImc)™ )
Pl,T) = W  ATTARSEwS - [ (5.78)

(

As in the case of a uniform reduction in temperature prev1ously
treated (Chapter IV), shear stresses ’T} » acting. on the bottom of
the pavement resist its contraction. Again, it is assumed that the

distribution of’rk is linear that is,
T -

where € 1is to be determined from the equilibrium condition,

S Tpdx = fexax
o - o

fhus; ”p
2
¢= Gi
and - 7
e 2P .
'T',; = 3 X (5.7b)

It follows that the maximum value of the shear stress acting on the

bottom surface of the pavement is
T; (MAx) = - , (5.7¢)

where fj is given by eq. 5.7a.

5.3 Peel Distress

From a search of the literature it did not appear that the sub-
ject of peel has received attention in regard to asphaltic concrete

highway studies. A schematic of the peel mechanism‘is shown by the
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PAVEMENT

ROAD BED

A. CONDITION IMMEDIATELY AFTER
SPREADING

PAVEMENT

ROAD BED
B. CONDITION AFTER COOLDOWN

PAVEMENT

ROAD BED

-C. PEEL FAILURE -

PAVEMENT

'ROAD BED

D. DISINTEGRATION

Fig. 24. Progression of Peel Mechanism.
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exaggerated displacement in Fig. 24. It is of interest that the
strip back test (ASTM D903-49) is commonly’use& in the field of solid , ¢
propellant motor'désign for assessment of debonding between the pro-
pellant and the éase. ' The climbing drum test (ASTM D1718-60T)
modified by using a drum of very 1arge radius miéht possibly serve the
pavement designer. This is because the peel angle occurring during
a debond failure beéause of thermal diétréés must be very small
because of the tarev(dea@ weight) of the pavement. Mqunas (28) has
given an elastic analysis of thé peéi fésts. |

As a vividvillustratioﬁ of peellféilure, it is worth recalling
the "show an& téil" demonstrations popuiar when the epoxys first be-
came commercially available (circa l948)¢ In those tests>two>stee1
blocks having a one sqﬁare inch cross section were bonded together with
a thin (0.005 in.) film of epoxy. Oné block was connecfed to a chain
tied around an automobile. Whilé the film would stand the direct stress

of several tons, without a normal load on the film the two blocks

could be pryed apart with a screwdriver causing a peel failure due

to application of only a few‘poﬁnds.

It seems probable that precisely the same sort of thing is
happening to flexible pavements. Here, however, the damage is accen-
tﬁated because after the thermal distress causes the initial peel oxr
debond, the respondence of the pavement due to mechanical load becomes
more severe. Once the Crack has propagated through the pavement, the
pavement first separates and then disintegrates quite rapidly. A
rather extreme example of separation is Shdwn in Fig. 25.

The moment, M , caused by the nonlinear thermal strain dis-

tribution can be expressed as
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Fig. 25 Separation Due to Foundation Shift

*
(Frontage Road near New Braunfels)

*
Photograph courtesy of E. R. Hargett, Texas Transportation
Institute.




“ G ax
™= § Y o Cy ity Ly (5. 8a)

Carrying through with the indicated operation in the same manner

as in the preceding section gives the result
me it [ 4+ b(h-D)+ & (t-3)+ B2 (4= )= | o)

which can be simplified to

b (5.8¢)

e BUE , gH? v
il (n243n+2)

v =

NE

or in explicit form to

WA T)= 6t 0 TH? L (—eTF &
’ ' L+y (CeaTluey) | (5.0
(-4 )

& - S (T.-F 2 -
153‘ c"‘ & T) "ne r"((n1+3”+2>

Since this moment was calculated from a base line at the top
surface éf the pavement, the efféctive moment arm 1is at'a distance
of three-fourths of the pavement depth. The moment felt by. the
interface:is thergfore one~third the moment calculated, i.e.

miE, ™ = m <3t.'r2

(5.9b)
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Using the free body diagram shown in Fig. 23, the total peel moment,
M is

]

b 3

M TY = m(t,T) — p 8

et

A

el

(5:9¢)




CHAPTER VI

DISCUSSION OF RESULTS

6.1 General

In the discussion to follow; the following typical material

properties and data will be used.

" - 0570
£ T)= 3 \
E?(t;r) - (2 5K '0 ) (Z‘T) P’[

-
a, = (Quxi’)(o.945 )

’Z‘? = 0.4
-~ v
- . ~Gb n,
o{r = 1 X10 in-SF

W= 6 £

1)

1‘36 Pc'f

/O

(from Fig. 21)

(from Fig. 22)

(6.1a)
(6.1b)
(6.1c)
(611d)
(6.1e)
(6.lf).

(6.1g)

The coefficient of thermal expansion for the asphaltic concrete is

taken from the data givenAby Monismith, Secor and Secor (3). They

- found that for a particular asphaltic concrete having a density of

152 pcf, the coefficient was linear over the range of -10 to 70°F.
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More precisely, they gave the equation

i
"N

| Y
oLy =(1.8 + o.oT Y 16) T (6.1h)

where T 1is the temperature in °F. The width chosen is one-half of

the usual width of a traffic lane.

6.2 Equilibrium Thermal Digtress

For a 12 in. 1lift and a 50°F ambient temperature difference,

the shear lag deformation computed from eq. 4.9d is

] o, -G\,
1’3 _2o(ox0 _ N50) _ o.00021 in

[6€2) 4 GCI2) ~ (6.2a)
elz) 2 ‘

and the differential displacement is

‘49‘ = Clox10”® ) 6)(12)(50) = 0.036 in.

(6.2b)
If the 1lift was only 2 in., thick,
’ Pan o O\ e,
‘95 = ”zo(como )(59)(12), = 0.014 in.
te€i2) . 0.2 (3Xe)(2) (6.2¢)

and the differential displacement is the same.
This calculation shows that the thermal displacement of the
wearing course is 617 and 997 of the displacement at the pavement-

foundation interface for 12 in. and 2 in. lifts, respectively.
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Therefore, the thicker the pavement 1lift, the less stringent will -
be the thermal strain requirement of the wearing course.
Using eq. 4.10c, the thermal strain at any point in a 4 in.

lift with a 50°F ambient temperature change, for example, is

(x2)= 2x (lo")(s‘o){c + -2.‘.‘!:2___) 2 } .
&t =z (.mm e st (6.29)

The maximum strain in the wearing course is

€ (W,0) = 2(16*)(50) {l - —20(4%) — 1= Wixe® (g0
16 (4*)+ (12%)

and the maximum strain at the pavement-foundation interface is

E (W,R) = .7-(/0-’)(5'0) = /000 x/o-‘ ;'-s- (6.2£)

From the preceding results and using eq. 4.13, the maximum

stresses in the wearing course and at the interface are

= EQ.T)(0.4) {g}w)(‘ + %i) + 0.5 g(w,u}} (6.2g)

1.4 (0.2)
U; t,71) = (273 Xla“l) E(¢,7) wearing course (6.2h)
o i@,T1)= (2%.6 XIo'-") E{&, 1) interface (6.21)
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Assuming the final temperature is 20°F and one hour is required

to reach thermal equilibrium,

a = (%Ileo‘)(o.-.Ms‘zo) = 6.51 x10% (6.2%)

E(t,T) = (2.5x0% ) 3600 ) = 17.0x so* psi (6.2k)
——-—?ﬂ ot —3 - | 0 5/ .
6.5/x10%, * g

which gives

0p (t,T) = H6o P

wearing course (6.21)

1

:G; ('b,'l’-) 496 psi interface . : (6.2m)
* Summarily, fbr the given conditions the pavement will crack if
the material does not have a biaxial ultimate tensile strain allow=-

‘able greater than about 1000 x 10_6 in./in. and a biaxial ultimate

tensile stress allowable greater.than about 500 psi. Because of the
contiﬁuing stress relaxation, i.e. decreasing modulus with time, use
of this stress criteria for computing seasonal thermal stress will
then be conservative. The'required strain allowable will not be
conservative unless a suitable safety factor is used to account for

unusual situations as well as for thermal fatigue.
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6.3 Transient Thermal Distress

By considering the foundation to be rigid, and a transient
thermal state of 20°F at the wearing surface and 70°F at the inter-
face, from eq. 5.3b the strain as a function of depth into the

pavement is

E(g) = (l«éxm“’)(b‘o)(l— 5—;_ ) - (6.3a)

or 700 x 10-.6 in./in. at the wearing course. If the change of

ambient temperature occurred in 30 minutes,

(6.3b)
E@,7) = z 5x10 ][ (& 00 , T 22x10" psi
(9.0x10° )o.9¥5%°)
The stress is then
“ -6 ,
ot T) = (“"'I“___ i(zoo""’ ) = 256 psi (6.3¢)

The above calculations show that the stresses are considerably
greater when the pavement is in thermal equilibrium compared to the
transient state. Also, the stresses will be more severe for de-
creasing ambient temperatures than for increasing ambient tempera-
tures. This is because of the fact that the pavement is cbntinually
relaxing. If the pavement is relaxed at some temperature and then

the temperature decreases, tensile strains and stresses result. 1If
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the pavement is in a relaxed statevand then the temperature in-
creases, compressive strains and stresses resuli. éince the ten-
sile strength of bituminous coﬁcrete is considerably less than

‘ the compressive strength, decreasing temperatures cause the most

damage.

6.4 Shear State at the Pavement-Foundation Interface

If the temperatures of the wearing course and the pavement-~
foundation interface are 70 and 20°F, respectively, the pavement
is 4 in. thick, and the time is 30 minutes, thé constants given by

eq. 5.5 are

p= (500t 18005 7 i Yo)

70 ~20(6.370) ,

22 - = 87.5 (6.4a)
(2.1x10%)  (0.8%%) (1-0.4)

and

b = 0.370(50) on (0.8¥5) = —3.0] (6.4b)

From eq. 5.6c, the shear force is

N n

P= 2 (27.5)(4) + 1-(87.5‘)(4)2 (-3.01)
l K "
3 £ n]Chn+5n+3)

= /30 b (6.40)

and the shear stress is then

T = 2P — 2 X130 _ g o (6.4d)




The equations show that the shear stress increases in direct

proportion to the thickneés of 1if£. From sirength of materials 
theory, the stresses in the wearing course éna throughdﬁé the paveﬂ-
ment thickness will iﬁcrease severél& if thé iﬁteifaée has”failéd
locally in shgar. Further, since the transientVétété‘of'paréboiic
teméerature distribution was assumed in the development of the
relations, the interface shear stress will be on the order of one
and one-half times greater than that just calcu;ated when the thermal

equilibrium state is reached at low temperatures.

6.5 Debond by Peel Mechanism

If again the femperatures of the wearing course and the pave-
ment-foundation interface are 70 and 20°F, respectively, the pave-
ment is 4 in. thick, and the time 15'30 minu;eé,>the constants al-
ready computed can be used to calculafe'thé peel momént; i.e. 1if

B = 87.5 and b = 3.01, then the reference moment from eq. 5.8¢

is
_ (6.4e)
W (t,T) = mt) | 375() S _(3.01) = 159 in-lb.
4 2z  Lnlh*3nt2) '
o n=y
The peel moment is therefore
L] . 6.4f
m(t,T): -3-3= 53 in.-lb. (6.4£)
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The peel moment is a maximum of 53 in.-1b at the pavement

eﬁge and decreases tb a minimum at the lane centerline due to the
pavement weight. - The peei requirement is important because, as

» shown schemAtically'in Fig. 24, énce the pavement debonds, the
propensity for loss of structural iﬁtegrity'due to mechanical loads
becomes aécéﬁtuated.; An_gdgerdebond Would a1low>the_accumulatiop
of a thin film of water, which by the pumping acfion‘ofzwheel loads
would lead to a local foundation washout. Loss ofAlocalized found-

ation support would then result in an acqelerated faﬁigue failure.

6.6 Implications of the Results

While this work was primarilyrcdnce#ned with thermal distress,
and although the effects from mechanical loads and tﬁerﬁal loads
might be considered separately in the analysis, the final design
must consider fhe combined 1oading‘cbnditions. The principal
components Qf‘the induced distress are:

a. The whole field mechanical stresses in the system due to
wheel loads is analogous to a'uniformly supported plate'with a
concentrated load. This loading'gives flexural stresses which coﬁld
be viewed as compressive at the top surface of the pavement' and ténsile
at the bottom surface.

'b. The local effects.of stressAccnéentration due to wheell
load are tensile longitudinal stresses at the pavement surface and
at the bottom surface, with the magnitude greater at the top

surface.
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c. The worst case of thermal distress is for decréasing
transient ambient temperature. In this situation the thErmal*
stresses at the surface and at the pavement-foundation interface
are tensile; with the magnitude greater at the top surface.

Superposition of the pfeceding stresses shows that the ther-

mal stress tends to decrease the stress due to mechanical load

"in the wearing course, whereas the thermal stress aggravates the

mechanical stress at the pavement-foundation interface. This in-

‘dicates that pavement cracks must often originate at the pavement-

foundation interface and then propagate up through the wearing

course, which is in contradistinction to a common assumption that

pavement cracks always originate at the surfacde of the pavement.
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CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS
7.1 Conclusions

1. Equations were developed for finding the thermoviscoeléstic
strains and stresses in the éavemeﬁt‘forieither isofhermal'conditions
or transient tgmperature diétributions.

2. The pavement will crack due to thermal changes alone if

the material allowables are not greater than those calculated from.

the given equations. (See equations 4.10c, 4.13, 5.4b.)

3. Seasonal changes in temperature cause greater distress
fhan transient changes.

4. Decreasing ambient temperatures are considerably more dam~
aging to the pavement than increasing. ambient temperatures.

5. Due to the shear lag the thermal distress is greatef at
the pavement—foundaﬁioﬁ iﬁterfaqe théprin the wearing ;ourse.

6. Ihevthermal shear lgg isvsignificantrin relatively thick
pavements and negiigible in thin lifts.

7. An equation ( 5.7b ) was developed for determining the re-

.quired thermoviscoelastic shear stress at the pavement-foundation

interface. The allowable wheel load capacity of the pavemént is
reduced if the interface fails in shear,_which-will result in cracks
being initiated at the intérface.

8. An equatioﬁ ('5;9c ) was developed for defermining the re-

quired thermoviscoélastip peel strength. The loss of structural
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integrity from the peel standpoint will lead to rapid deterioration
of a flexible pavement with cracks being initiéted at the surface
course.

9. The pombined distress due to wheel loads and thermal stress
(or strain) is greater aﬁ the interface ana smaller inrtherwearing
course, éompared to each effect taken singiy, therebf causing most
pavement cracks to originate at the interfacerand propagate upwawvd

through the wearing course.

7.2 Recommendations

1. 1It‘has}béen noted that the energy approach or classical
methods provide insight concerning the relative iﬁportaﬁce of the
various parameters when it is possible and feasible to use these
methods. The finite element routines provide a mefhdd for more
géneral'analysis and it is recommended that a comprehensive thermo-
viscoelastic master pfogram be'deveioped wherein thé finite element
technique is used in subroutines. Such a program could be conveniently
used for parametric analyéis of partially failedbpavements, i.e.
assessment of strain distributions of pavements contaiﬁing hairline
cracks,

2. 'Because of the problems associated with comparison of experi-
mental results on asphaltic concfete, it is believed that material :f
properties might be better defined in terms of‘a "standard'mixture."

A s£andard mixture may be defined as one compesed of an aggregate of

given size and grading and particles of uniform shape and surface texture
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mixed with an adhesive binder of reasonable availability. The

binder should possess what are considered to be desirable rheological
properties and good resistance to hardening when exposed to environ-
mental factors such as heat, air and éolar radiatibn. The aggregate
particles could be glass spheres, thereby eliminating variables in
the miktﬁre_quaSed by particle shape, surface texture and chemical
nature of the solid surface presented to the Einder.

3. The solid proéellant rocket motor industry has an extensive
number of standard material property tests that are well proven and
used routinely for quantitative evaluation. If is strongly recom-
mended that these various standard tests (26) be used for determining
the ﬁaterial properties of the sfandard mixture ana real mixtures
of asphaltic concrete. o

| ‘4. To .demonstrate the reduction of therﬁél stress by replacing
some_of the aggregate with crushed glass, it is suggested thaf modél
analogs in biaxial thermal stress be used to experimentally determine
guidelines, followed by field implementation.

5. It is recommended that modél anaiogs in biaxial thermal
stress bé used to demonstrate the feasibility.of thermél strain re-
lief by the uée of sand-asphalt grid of plastic foam at the simu-
lated pavement-foundation interface, followed by field implementation.

6. To show the efficiency of selective dewetting, it is recom-
mended that the stresses and strains be determined in a centrally
loaded, asphaltic concrete flexure beam where the outer layer on

the tensile side has either a dewetting agent on the aggregate or
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dirty aggrégate, followed by field implementation.

7. Tt is recommended that models be constructed, using the
beam analogy, to quantitatively assess the benefit of construction
with plastic scrim in the wearing course. Using "standard mixtures,"
with and without scrim, the strain distributions could be éccurately
determined witﬁ the Moire method or the Saﬁdman method (birefringent

coating technique).
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NOMENCLATURE

Variable

‘area

time~temperature shift factor

.constant

displacement

Young's modulus
€X+ey+ez

function

modulus of rigidity, ET%xﬁT
depth of flexible pavement
rtotal moment

shear moment

index

force

pressure

EP/Ef

temperature

T. - T

L u
time

displacements in x,y,z directions,

respectively
generalized displacement
volume

half width of highway lane
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Typical
-~ Units

s 2
in.”

numeric

in.
psi

in./in.

psi
in.
in.-1b
in.-1b
numeric
ib

psi
numeric
°F

°F

sec

in.

in.
in.

in.




Typical , 5

Symbol | , . Varisble - _ ' , Units
b | geﬁ'eralized coordinates in.
Q linear coefficient of thermal. expénsion , in./iﬁ.-—°F
a ap - Q£ : . in./in/-°F
/3 - thermal constraint energy density - ‘ in.--lb/in.3
Y shear strain | R réd |
AT temperature difference °F R
H Poisson's ratio ) numeric
| E strain energy densitry‘ S in.-~lb/in.3 -
3 | g strain energy . in.-1b
P poteptial . in.-1b
‘ P density 7 o pef
! o normal stress | : psi
v shear stress o psi
c7~ thermal strain énergy density - . o in.—lb/:in_.3 : e
Subscripts “
P pavement
£ foundation
] t top
} s shear lag
d differential
u upper
1 lower
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Abbreviations

AAPT
AASHO
ASTM
HRB
ICRPG
THD
TTI

WASHO

Association of Asphalt Paving Technologists
American Association of State Higlway Officials

American Society for Testing and Materials

" Highway Research Board

Interagency Chemical Rocket Propulsion Group

" Texas Highway Department

Texas Transportation Institute

Western Association of State Highway Officials
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