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THE DEI'ERMINATION OF CRACK PROPAGATION RATES OF 

REFLECTION CRACKING THROUGH ASPHALT SURFAC:m:;s 

T. N. BRCDKER 

ABSTRACT 

A large proportion of the U.K. highway network constructed in the 
1960's and 1970's contains lean concrete roadbase with bituminous 
surfacing. Pavements containing relatively high strength lean concrete 
have rarely required structural rraintenance (thick overlay or recon
struction) but have required rraintenance because of reflection cracking 
where the surfacing cracks above cracks in the lean concrete. The 
tirre of appearance of this cracking is very variable ( 2-20 years) • 

Field observations indicate that roadbase transverse crack spacings 
are often greater than Sm. Refl~_<:tion cracking at these long spacings 
can be caused by therrral .'stresses·; This project identifies 
conditions under which therrral reflection cracking will occur and 
develops a predictive model that allows estimation of the combined 
effect of therrral and traffic stresses. Finite element analyses 
indicate that initial crack developrent is likely to be caused by 
therrral stresses and final cracking will be assisted by traffic 
stresses. 

A temperature model has been developed to determine roadbase daily 
temperature range and surfacing temperature on a mean rronthly basis. 
Therrral reflection cracking is considered to result from daily cycle 
fatigue rather than an extreme low temperature mechanism. A test 
rig has been developed to apply cyclic crack opening movements and 
s:i.rnulative tests have qeen accelerated to 0.1liz by using a "biturren 
stiffness", fatigue criterion.', 

Finite element results, displacements recorded during tests and tensile 
creep tests to determine mix stiffness, enable dc/dN and K1 values 
and rraterial constants (A, n) to be determined. This fracture mechanics 
interpretation of test- results serves as the basis of the predictive 
model for therrral reflection cracking that is consistent with obser
vations from an untrafficked road. 

The combined estimate of therrral and traffic stresses cannot however 
explain reflection cracking at<Sm spacings. This cracking apparently 
initiates at the surface and is probably influenced by other mechanisms. 
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1.0 INTRODUCTION 

THE PROBLEM OF REFLECTION CRACKING 

1.1 Road Construction in the U.K. 

There is a single national design procedure for highway pavement 

construction in the U.K. It has been periodically revie-wed 

(1960/65/70/78/84) 1 •2 •3 • on the basis of the-performance of full

scale experiirental roads at sites throughout the U.K. 

A range of possible materials for pavements are specified
4 

with 

additional quality control for bituminous materials covered by 

British Standards (BS 594/4987)
5

•
6

. 

There are 5 basic types of roadbase material, FIG 1.1 , For each 

roadbase material the design thickness of the various pavement layers 

is detennined by the subgrade CBR and the predicted future traffic 
. . 

to be carried by the road. The normal design period is 20 years 

( 4 0 years for concrete roads ) . 

The future traffic is expressed in millions of Standard Axles (MSA), 

where an approximate 4th po-wer law is used to assess the damaging 

effect of real traffic axle -loadings as an equivalent number of 
1 Standard Axles ( 8175 kg). Recent design thicknesses for 5 MSA and 

50 MSA are illustrated, FIG 1.1 . 

When new roads are constructed, the choice of roadbase type depends 

upon local economic considerations and is thus effectively left to 

the contractor. Concrete roads are rarely used nowadays, probably 

because the 40 year design life
1 

is difficult to justify and also 

because it can be a problem producing an acceptable running surface. 

The exception to this is in urban areas, where the lO"Wer thickness 

and thus reduced excavation requirerrent is useful, as the roost important 

consideration is often to avoid disturbing mains services. 

1 



FIG 1 . 1 

TYPICAL DESIGNS FROM THE 1970 U.K. THICKNESS DESIGN PROCEDURE
1. 

THERE ARE 5 PERMITTED TYPES OF ROADBASE MATERIAL FOR USE IN THE U. K. 

FLEXIBLE PAVEMENTS 

"FULLY FLEXIBLE" 
CONSTRUCTION 

HOT ROLLED WET-MIX OR 
ASPHALT DRY- BOUND 

OR DENSE COMPACTED 
BITUMINOUS GRANULAR 

ROAD BASE ROAD BASE 

"COMPOSITE" 
PAVEMENTS 

LEAN 
CONCRETE OR 

CEMENT-BOUND 
GRANULAR 
ROAD BASE 

CONCRETE PAVEMENTS 

PLAIN OR CONTINUOUSLY 
REINFORCED REINFORCED 

CONCRETE CONCRETE WITH 
SLAB A BITUMINOUS 

PAVEMENT SURFACING 

THICKNESSES FOR CUMULATIVE TRAFFIC 5 MSA ( CBR 5% 
mm 

.90 100 

115 - 135 

THICKNESSES FOR CUMULATIVE 
mm 

100 100 

80 

185 - 230 

260 

TRAFFIC 50 MSA 

.1.00 

- 80 

21 0 

2 

'90 
200 

( CBR 5% ) 

270 
-~.0 . 

240 

~ BITUMINOUS 
L_j MATERIAL 

D OTHER 
ROAD BASE 

~SUB-BASE 



The expected terminal condition
1 

for these designs (after they had 

carried the appropriate traffic) was to be in need of partial 

reconstruction or a major overlay. 

The 1978 review
2 was concerned with a reassessment of the commercial 

traffic to standard axles coversion factors and with the use of cheaper 

"capping layer" material for the lower part of sub-bases that exceed 

lSOrrrn. 

The 1984 review
7 

increases layer thicknesses for most designs by 

10-+-20% but the tenninal condition is now defined as an 85% chance 

of survival. Also proposed layer thlcknesses for HRA and DBM roadbases 

are now equal and the use of granular roadbases is now limited to 

> 20 l'£A Designs. 

1.2 The Influence of Reflection Cracks on the Failure Modes 

of Composite Pavements. 

·This-research is primarily concerned with lean-concrete-roadbase 

flexible pavements, which are the only widely used type of composite 

pavement in the U.K. The deterioration of composite pavements is 

unlike that of the other types of flexible pavement, as it can be 

influenced by transverse cracks in the roadbase. 

Transverse cracking of the roadbase is tmavoidable and results from 

thennal and shrinkage effects whilst the material is curing and the 

tensile strength is not yet fully devel~ped. The transverse cracks 

are in effect "natural" contraction joints and can be considered 

to be present throughout the service life of the pavenent. Wheelpath 

rutting of canposite pavements is usually only serious if longitudinal 

roadbase cracking has occurred. This is most likely to occur at slab 

centres where restrained thermal warping stress is greatest, or at 

the transverse cracks \mere there is lack of load transfer /shock 

loading effects. 

Sympathetic "REFLECTION" cracking of the bituminous surfacing above 

transverse roadbase cracks, can occur by several rrechanisms. The 

reflection cracking process cannot, at present, be quantified but 

3 



it is known that the appearance of reflection =acks at the surface 

tends to limit future life of the paverrent to a further 5 MSA, FIG 
8 1.2 . 

In principle, if the reflection =acks can be effectively sealed, 

then they will not have any adverse effects on the paverrent. 

Unfortunately, the technique used in the U.K. for sealing =acks 

( Overbanding) cannot absorb large rroverrents and the seal is often 

broken within one or two years. Water seepage and possibly frost 

damage at unsealed reflection =acks will reduce both load transfer 

in the roadbase and sub-base support. This will aggravate the develop-

rrent of longitudinal =acking and wheelpath rutting. Also, spalling 

of the surfacing from the crack faces may result in localised early 

failures of the paverrent. 

The original concept of these lean concrete roads was that the roadbase 

strength should be sufficiently high to resist longiti.Xiinal =acking 

and yet low enough to avoid fonning long slabs ( 5m +) where moverrents 

may be too large for the surfacing to resist reflection =acking. 

The current standards4· attempt this by specifying an aggregate-cerrent 

ratio bet~n ( 15: 1+20: 1) by -weight, and limiting the 20 Day =ushing 
2 

strength of cubes canpacted to refusal, to the range of 10+20 MN/m . 

1.3 The Mechanisms of Reflection Cracking 

The various possible rrechanisms by which reflection =acking can 

propagate, have been canprehensively summarised, both in the U.K. 

in 19629 and rrore recently in the U.S.A. in 1980
10

, and so will be 

only briefly summarised here. 

It was considered9 that reflection =acking could be caused by any 

of 5 rrechanisms -

Thermal contraction - horizontal =ack opening 

Traffic loading - vertical shear =ack opening 

Thermal warping 

Settlerrent of roucibu.Ge slabs 

Curing Shrinkage in the roadbase 

4 



FIG 1 . 2 

LIMITING "CRITICAL" LIVES FOR COMPOSITE PAVEMENTS , THAT ARE RELEVANT 
WHEN REFLECTION CRACKS HAVE BEEN PRESENT AT THE SURFACE AND TRAFFICKED 
FOR AT LEAST 5 MSA . 

THE LR833
8 

RELATION BETWEEN STANDARD DEFLECTION AND LIFE FOR 
PAVEMENTS WITH CEMENT BOUND ROADBASES ) 
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- but that thermal and traffic effects were responsible for most 

reflection cracking. 

It was noted that the magnitude of horizontal movements was consistent 
~ 

with unrestrained thermal expansion and that cracking can occur on 

roads with little or no traffic, indicating that thermal stresses 

alone can cause reflection cracking in sare situations. Also the 

severity of cracking on the A4 at Slough was related to traffic induced 

movements between concrete slabs, where these v.ere gr-eater than 

0.015 in (0.38mm) the surfacing deteriorated rapidly at the joints. 

In lean-concrete roads there are also interact ions between thermal 

and traffic effects, i.e. thermal contraction will reduce gr-anular 

interlock between roadbase slabs and this will increase traffic induced 

movements. It is also uncertain whether thermal vrcrrping of slabs 

is restrained by self-weight in all cases. Under upward warping, 

slabs will "rock" more easily, and aggr-avate traffic induced reflection 

cracking. Upward warping, if unrestrained, will increase the thermal 

contraction at ·the upper surface of the roadbase and thus the crack 

opening movements applied to the surfacing. 

Settlement was considered to be unccmron on main roads in the U.K., 

but its effects can be observed on the A30 west of Exeter where 

differential settlement of adjacent slabs of lean concrete has produced 

longitudinal reflection cracks on embankments and oblique reflection 

cracks near cut-fill transitions. 

Curing Shinkage will have negligible effect providing that the surfacing 

is not laid before the concrete is one week old. 

VARIABLES THAT INFLUENCE THE GRCMI'H RA'IE OF REFLECTION CRACKING AND 

THE PERFORMANCE OF CCMPOSI'IE PAVEMENI'S 

1.4 Roadbase Strength - Crack Spacing 

Considerable research effort has been expended in the U.K. 
11 

on full

scale experirrental roads with cement-bound roadbases. The materials 
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used had a wide range of strengths and perfonnance was continuously 

monitored until failure. The Wheatley by-pass (A40) experirrent, 

constructed in 1963, contained 25 sections with cement-bound road 

bases of 3 different strength (3.8, 7.6 & 15.2 MN/m
2 J, 4 aggregate 

types and 4 aggregate gradings. 

By 1976, after carrying traffic estirna.ted at 8 MSA, 4 of the 25 

sections had pennanent deformation of l0-l6mm, but none had failed 

and no significant reflection cracking was observed through the lOOmm 

asphalt surfacing used on this and al.rrost all the other full-scale 

experirrents. 

It was concluded that although the low strength materials had perfonred 

well, there were difficulties in mixing properly with such low cement 

contents (less than 20:1), and this could, in practice, result in 

weak patches and early failures. 

The probabJe explanation for the lack of significant reflection cracking 

at the Wheatley by-pass after 13 years, is that with these low roadbase 

strenj:l:s, the transverse crack spacings are probably less than 5m 

and inter-slab rroverrents have been too small to propagate the reflection 

cracks within this tirre. 

The transverse crack spacing in the roadbase is thought to be a 

significant factor in reflection cracking because long slabs will 

have greater thennal crack-opening rroverrents, and also crack opening 

reduces load transfer between slabs, increasing the traffic induced 

vertical moverrents. Alternatively, short slabs will be more prone 

to rocking under traffic and this will also increase traffic induced 

moverrents, except where the sub-base support is very sound. 

Thus there may be an optimum slab length for resistance to traffic 

induced reflection cracking, but thermal reflection cracking will 

get progressively \vorse with longer slabs. 

12 Research by TAYLOR and WILLIAMS has shown that the roadbase cracking 

is most likely to occur at the lst or 2nd dawn, approxirna.tely 16-+24 
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or 40->-48 hours, after laying. The crack spacing will depend on the 

early life tensile strength of the lean concrete and the temperature 

fall during the night. Laboratory tests perforned on a typical 

high strength lean concrete ( 18-20 MN/m2 
@ 28 DAYS) predicted crack 

spacings that are consistent 'tli th recent ( 1984 I 5 ) crack surveys of 

rre.jor roads in I:evon and Cornwall, TABLE 1.1 . 

TABLE 1. 1. PREDICTED AND OBSERVED CRACK SPACINGS 

CQI1BINATIONS OF TEMPERATURE 2•c 12 - 24 m 
FALL AND CRACK SPACING FOR 3•c 11 - 20 m 
CRACKS FORMED AT 20 HOURS 4•c 9 - 17m 
( 1st NIGHT AFTER LAYING) 5•c 8 - 15 m 

ROAD AND MOST FREQUENT AGE OF SURFACING 
LOCATION OBSERVED ROAD THICKNESS 

CRACK SPACING YEARS (mn} 
(m) 

A30 FINGLE GLEN 17 8 100 

A30 LAUNCESTON 10 8 100 

A30 !DE 17 10 100 

MS WILLAND 7 and 10 10 145 

A38 PLYMPTON 18 15 175 

A30 HONITON 16 and 19 20 100 

The actual frequency distributions of observed crack spacing for 

the most heavily cracked sites are illustrated, FIG 1.3. These crack 
3 11 13 spacings are much greater than the oft-quoted values of 3. 5->-5m ' ' 

but apparent 16->-19m spacings rre.y contain roodba.sc cracks that have 

not reflected. It is also significant that all these roads \\ere 

built before 1976, when the upper strength limit of 20 MN/m2 at 28 

Days was introduced, and so rre.y contain lean concrete of higher 

strengths, which could indeed form actual crack spacings of 16->-19m. 

1. 5 The Crack Resistance of Asphalt Surfacings 

The mix design and thickness of asphalt surfacings have not been 

included as rrajor variables in the U.K. full-scale experimental roads, 

where lOOmn of two-course rolled asphalt has been used almost 

exclusively over cement-bound roadbases. 

8 
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A range of thicknesses of surfacing have been used for major road 

construction since 1970 and these mixes have recently been reviewed3 , 

FIG. 1.4. However, the range of mix design p:nnitted for the 

asphalt surfacing for major roads ( >2.5 MS'\) is restricted to rolled 

asphalt 5 for the wearing course and a choice of DBM6 or rolled asphalt 

for the base course. 

Thus the influence of the asphalt surfacing in controlling reflection 

cracking and other deterioration of composite pavements is still 

not well understood, although it has been observed11 that whereas 

reflection cracks carre through a lOOmn surfacing with a 55% stone 

content wearing course in 5 years, a 30-40% stone content wearing 

course \lla.S intact for rrore than 10 years. 

The increased life of the 30-40% stone wearing course is probably 

due to the higher biturren content ( 7+8% wt rnlx) canpared to 

( 6% wt mix) for the 55% stone wearing course. 

In practice the asphalt surfacing may be embrittJ.ed by hardening 

of the biturren, poor ccrnpaction, or \'later induced "stripping" of 

the asphalt-aggregate bond. Localised defects such as these may 

well be responsible for the variable intensity of reflection 

cracking at different locations on the same section or road. 

Several experirrents were reported in the p:riod prior to 19629 

concerning sp:cial treatments to reduce reflection cracking of 

asphalt surfacings, e.g. -

i. Rubberised biturren in the surfacing 

ii. Bond-breaking strips (felt, paper or sand) 

iii. Sm3.ll or large rresh steel reinforcerrent in the 

surfacing 

iv. Granular layers or crushed rock or gravel 

between the roadbase and surfacing. 

These experirrent:s were unsuccessful in that any possible 

savings by reduction of surfacing thickness fran the lOOmn 

ccmronly used at that tirre, were rrore than offset by the 

additional construction costs. Consequently, the use 

of these sp:cial treatr.ents in the U.K. since 1962, has 

not been widespread. 
10 
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RESEARCH 'ID DATE ( 1984) 

1.6 Summary of Reflection Cracking (U.K.) 

The co-existance of so !MI1y variables 1.n the reflection 

cracking process has made it difficult to ascertain the 

significance. of the various factors at any particular site 

Past research into canposite paverrents in the U.K. has 

concentrated on the mix design of the cement-bound roadbase. 

It is now realised that lean concrete of high flexural 
2 

strength ( 1. 2-+2. 4 MN/m at 28 Days) is necessary to prevent 

longittrlinal cracking of the roadbase and ensure long 

life. This is the basis of the 1984, FIG 1. 4, design 

recommendations of 250mm Roadbase and 200mm Asphalt Surfacing 

for any traffic level greater than 20 MSA. 20 MSA is 

the present upper limit of the design method developed 

from the results of the full-scale experiments. 

The mix design of the B.S. standard asphalt surfacings 

has been evolving for over 50 years, but_ the Sc3Ire ~es . 

have been used over bituminous, granular and cement bound 

roadbases where the stiffness and fracture toughness require

ments are obviously different. Thus there must be sorre 

s::q_:c for developing irrproved fracture toughness mixes. 

The optimum mix design is achieved when the thickness criteria 

for failure by cracking and failure by rutting coincide, 

FIG 1. 5. At present there is considerable differenc:e between 

the two, indicating that current mixes are too brittle for use 

over lean concrete. 

Traffic and Thermal effects are probably both significant in 

fl t - kin The t d . oced 1 • 3 . re ec 10n crac g. curren es1gn pr ure, , 1s 

based on traffic levels alone and so there is a need to investigate 

where thermal stresses are significant ,especiaily with the 

higher strength lean concrete roadbases, which form long slabs 

and may have large daily thermal movements. 

Thermal effects are probably most significant in areas like Devon 

and Cornwall where cornrercial traffic is light. Reflection cracks 

\\ere observed after 5 years on an untrafficked. extension for the 

Camborne by-pass, PLATE 1.1. 
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PLATE 1 1 

" THERMAL " REFLECTION CRACKS ON UNTRAFFICKED SECTION OF ROAD AT 

CAMBORNE IN CORM-JALL 
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1. 7 Assumptions for Simplification of the Analysis of 

Thermal Stresses 

The thermal stresses can be best illustrated by first considering 

the thermal contraction of lean con=ete slabs, and then considering 

the effect of adding a bituminous surfacing. FIG 1. 6. 

Seven assumptions can be rrade to simplify the analysis. The first 

four are surrmarised here and form the limits to the applicability 

of the analysis. 

Assumptions (v) and (vi)· can be clarified once the rragnitooe of 

the:rnal moverrents and the temperature gradients at roadbase depth, 

have been established, [SECTION 2. 4 and 2. 5] . Assumption ( vii) 

can be clarified after analysis of the =ack opening induced stresses 

[SECTION 3.5]. 

( i) Crack opening in the roadbase is the ·result cif therTTal - - ---

contraction of t\-10 adjacent slabs and the analysis is greatly simplified 

when the assumption that adjacent slabs are equal in length is rrade. 

Although a wide variation- of =ack spacings (roadbase strength) 

was observed over the 500-2500m sections surveyed, FIG 1.3, the 

variability of =ack spacing ( roadbase strength) between adjacent 

slabs was much less tham implied by FIG 1.3. 

(ii) Each roadbase slab vr.Lll expand and contract about its centre. 

'Ihis involves the least relative moverrent of surfaces and thus the 

least restraint to moverrent. 

( iii) The roadbase =acks never close canpletely. 'Ihis would 

reduce the size of the cycle of expansion and contraction and produce 

cc:rnpressive stresses in the roadbase. 'Ihis assumption is valid 

for roadbases laid in the surrrrer or for roadbases that undergo 

sorre shrinkage, either during curing or long-term. 

( iv) The bond between the surfacing and the roadbase rerrains 

intact right up to the =acks. If the bituminous emulsion usually 

used, is applied to the specified thickness, then it will tend to 

15 



FIG 1 . 6 

LONGTITUDINAL SEcriONS OF A COMPOSITE PAVEMENT TO ILLUSTRATE THE 
THERMAL CONTRAcriON OF LEAN CONCRETE ROADBASE AND THE " INDUCED " 
STRESSES IN THE ABOVE-CRACK REGION OF THE SURFACING . 

THERMAL CONTRACTION OF 

EACH ROADBASE SLAB 

IS TOWARDS THE 

SLAB CENTRE 

SUB-BASE 

'</ (''J/ 

INDUCED STRESSES IN THE SURFACING 

HORIZONTAL SHEAR 
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yield rather than debond. 

(v) Self-weight restraint of thermal warping is not absolute. 

There \vill still be warping of a small percentage of slab length 

at the s)_ab ends. The assumption that self-weight restrains warping 

is commonly made when calculating maximum possible stresses in the 

design of concrete slab paverrents, because it is a conservative 

assumption. This is not the case with thermal reflection cracking 

because restraint to warping decreases crack opening rroverrents and 

stresses and is thus not a conservative assumption. 

(vi) The high rrodulus of the lean concrete (typically 3 x 1o10
N/m2 ) 

rreans that the effect of sub-base friction in restraining thermal 

contraction of the roadbase slabs, will be alrrost negligible (approx 

1-+5%). 

(vii) The stiffness of the surfacing under 24 hr cyclic loading 

is sufficiently lo1r1 that it is incapable of restraining the thermal 

contraction of the lean concrete and so roadbase crack-opening will 

be independant of the extent of cracking in the surfacing. 

The surfacing will also have small internally generated tensile 

stresses during cooling which \vill tend to assist crack opening. 

These assunptions rrean that thermal stresses can be adequately 

characterised by the daily cycles of horizontal opening and closing 

of the transverse cracks bet\veen the roadbase slabs. 

This cyclic crack opening is unrestrained by the surfacing and produces 

cycles of stress and strain in the above crack region of the surfacing, 

FIG. 1.6, the exact magnitude and distribution of which requires 

finite elerrent analysis. 

The thermal crack-opening bet~r.een two adjacent roadbase slabs can 

be defined as:-

Crack Opening, CO = tcr • w • L . DC (EQN 1) 

~rlhere t:,T = The daily temperature range at the upper surface of 

the roa::ibase (adjusted by a factor, w, to carpensate 

for self-v.eight restraint of warping) . 

17 



L The slab length in the roadbase 

a = The coefficient of therrra.l expansion of the lean concrete. 

A range of quoted values for the coefficient of therrra.l expansion 

of concrete made with a range of aggregates is surrmarised, TABLE 

1.2. 

TABLE 1. 2 THERMAL EXPANSION OF CONCRETE 

TYPE OF COEFFICIENT' OF THERMAL 
AGGREGATE EXPANSION (PER °C) x 10

6 

AIR STORAGE \'lET STORAGE 

DATA F'RCl'1 BONNELL AND HARPER
14 

GRAVEL 13.1 12.2 

QUARTZITE 12.8 12.2 ---

FOAMED SLAG 12.1 9.2 

SANDSTONE 11.7 10.1 

BLAST-FURNACE SLAG 10.6 9.2 

GRANITE 9.5 8.6 

DOLERITE 9.5 8.5 

LIMESTONE 7.4 6.1 

PORTLAND STONE 7.4 6.1 

DATA F'RCl'1 TAYLOR AND WILLIAMS
12 

GRITSTONE 15.7 

THAMES VALLEY GRAVEL 12~13 

LIMESTONE 6.3 

1.8 Research into Thermal Reflection Cracking 

Thermal reflection cracld.ng of bituminous overlays over concrete 

slab paverrents has been the subject of recent research in the U.S.A. 

(the use of canposite cxrstru::tirn fran new is not widespread). 

18 



Several researchers have used finite-elerrentl programs 'to analyse 
-15 16 17 

the stresses in the above crack regions of an overlay ' ' 

and simulative crack opening tests have been carried out on laboratory 

1 .c f . . 18,19 samp es o"- sur acJ.Dg rru.xes 

Sare of this research
17 

•
19 was concerned with the use of asphalt

rubber rrembranes as a tack coat/interlayer between the concrete 

and the surfacing. 

It was found that an asphalt-rubber rrembrane reduced stresses in 

the surfacing under rapid loading (traffic stresses), but gave 

increased stresses when under slow loading· ( thennal effects) because 

the rubber inhibits long tenn viscous yield in asphalt tack coats. 

The most canprehensive research to date has been at TEXAS UNIV. 

where Chang, Lytton and Carpenter15 developed a finite elerrent program 

\v.lth a crack-tip elerrent and determined stress intensity factors 

. . bled ub ul 18 
durJ.Dg crack growth. This ena s sequent test res ts to 

be analysed by the application of fracture mechanics theory. 

Thennal reflection cracking is a fatigue type process because failure 

occurs after many cycles of applied stress-strain. The study of 

fatigue crack growth is part of the theory of fracture mechanics 

which has been developed by:-

GRIFFITH 1928
20 

WESTERGMRD 1939
21 

IRWIN 1957
22 

PARIS et al 1963/5
23

•
24 

The fatigue crack growth rate per cycle (dc/dN) and the crack-tip 

stress intensity factor ( K
1

) , can be related by an equation of the 

form:-

dc/dN =A K
1

n (EQN 2) 

\mere A, n are rraterial constants that express the "fracture 

toughness" of the rraterial. The exponent , n, was observed to be 

approxirrately 4 for crack propagc::tion in elastic rraterials such 

as metals23 • Early fatigue tests on asphaltic concrete at OHIO 

STATE UNIV, reported by Majidzadeh and Ramsarrool5 , indicated that 

19 



a value n = 4 \'ia.S still applicable to visco-elastic materials. 

This conclusion \'laS later rrodified to n = 4-+8 for low load-long 

life fatigue and n= 2 for high load-short life fatigue, \1ith the 

transition point at about 10
4 

Cyc1es26 . 

The theory of visco-elastic fracture mechanics developed by 
27 

Schapecy indicates that n is related to the slo_pe (m} of a 

LcxrLOG plot of cr:eep canpliance (STRAIN/STRESS} vs tirre, and 

predicts that n will be approximately equal to 6 for rrost visco

elastic materials such as asphaltic concrete. 

18 . 
German and Lytton _performed tests on 65 samples representing 10 

different surfacing mixes and 3 ty_pes of fabric interlayers. 

M:Jstly 3" (76rrm} samples ware tested at 2s•c and 0.1hz, and subjected 

to cyclic crack o_pening ( 0. 75-+1. 9rrrn} by steel test platens. 

Crack growth was estimated_ visually_and by ultrasonics in the samples, 

and values of (dc/dN} and K
1 

ware obtained fran the test data and 

used to estimate the material constants A, n. A reasonable correlation 

was fmmd bet~n the experirrental results and Scha_pery' s theory, 

despite the creep compliance of pure bitumen being used to calculate 

n, instead of asphalt concrete mix as in Scha_pery' s original theory
27 

The value of the exponent, n, in the crack grrn"lt:h equation ( EQN 2 } 

is also indicated by the slo_pe of a LcxrLOG plot of cyclic stress 

or strain vs fatigue life for a test series of identical samples. 

If the bulk of the material is linear-visco-elastic then both stress 

and strain in the samples are directly proportional to K
1

. The 

fatigue life is inversely proportional to the crack growth rate 

(dc/dN}, and so the slo_pe of a LOG-LOG plot either stress or strain 

vs fatigue life will be (-1/n}. 

The bulk of published fatigue data for asphaltic surfacing mixes 

prcxiuced LcxrLOG slo_pes of ( -1/4 to -1/6} indicating that n is in 

the range 4-+6 fvr testing at frequencies of about 50hz and temperatures 

of about 10°C 
28

•
29

•
30

. 
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German and Lytton's data
18 

is illustrated, FIG 1.7, and this can 

be interpreted with the aid of a relationship beh.een the thickness 

of surfacing and the fatigue life deternined by Marchand and GoocoloJ
1 

In fact, the increase in life for greater thicknesses of surfacing 

will be more than indicated by FIG 1. 7, because of the greater 

insulation provided by thicker surfacings which reduces daily thennal 

crack opening moverrents. 

German and Lytton' s data shows that for typical Arrerican mixes, 

daily crack - opening moverrents of ( 1-+ 1. 3nm) are necessary to produce 

thennal reflection cracking after 6-+ 18 years ( 2, 200 - 6, 600 Cycles) 

in 100nm surfacings. The richer surfacing mixes used in the U.K. 

rrean that daily crack opening moverrents may not be sufficient to 

produce reflection cracking by thennal stresses alone. 

Recent finite elerrent analyses of cracked composite pavements subjected 

to traffic loading, t-blenaar
32 

indicate that the crack-tip stress 

intensity factors (K1 , ~) are greater when the load is offset rather 

than directly above the crack, which diminishes the value of the 

simulative traffic induced reflection cracking tests in the U.S.A. 17 •33 

that used repeated loading directly above the crack. 

Traffic induced reflection cracking tests that used applied vertical 

displacrrents to one side of the samples, have been perfomed by 

Jirrenez et al
19 

at ARIZONA UNIV. 

An unspecified asphaltic concrete mix was used and pure asphalt 

and asphalt-rubber tack coats were ccxnpared but no significant 

difference could be observed at 2s•c. 
The test data are illustrated, FIG 1. 8, and indicate that the 

differential vertical moverrents at cracks must be less than 0. 2nm 

for a 100nm surfacing to last for millions of load applications. 

Molenaar's analyses
32 

also show that the stress intensity factors 

( K1 , ~ ) increase with crack length for traffic loading. This is 
15 

the opposite to what happens with thermal loading, where analyses 

show that K
1 

decreases with crack length. 

Thus thennal effects are probably more important in the early stages 

of crack growth and traffic effects should be more important in 

the final stages of crack grOwth, especially because of the 4-+Gth 

power reiationship bet-ween the crack growth rate and K1 . 
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1. 9 The Scope of this Project. 

The overall aim of reflection cracking research is to be able to 

design composite pavements that can adequately resist reflection 

cracking for 20 years or longer. 

Alternately, if it is decided that reflection cracking can be 

tolerated, then research will help the planning of surveys to identify 

and seal the cracks. 

The scope of this project is firstly to adapt existing T.R.R.L. 

temperature data to evaluate the 111':1gnittrle of thermal crack-opening 

rrovements that asphalt surfacings are subjected to by the U.K. clil11':1te. 

To detennine the resistance to cracking of U.K. surfacing mixes, 

it is necessary to develop a test rig that performs simulative crack 

opening tests. Test results will indicate the conditions where 

the U.K. clil11':1te can cause or influence reflection cracking. 

Simulative testing can be accelerated fran a 24 hr cycle to O.lhz 

by the use of either a raised temperature or a softer gr-ade of biturren. 

There is evidence to suggest that the influences of test temperature 

and frequency on fatigue life can be combined by the use of a viscosity 

based pararreter such as biturren stiffness, as defined by the Van 
34 

der Poel Naoogr-aph 

Creep canpliance tests and finite elerrent analyses of cracked t1rJO-

course surfacings, are also necessary for interpretation of the 

test results and for the development of a predictive rrodel for thermal 

reflection cracking that can be surmarised by the flowchart, FIG 1.9 

It is apparent that softer gr-ades of biturren will increase the 

reflection cracking fatigue life because it is a controlled-strain 

type process. Creep canpliance tests have the potential for estil11':1tion 

of the decreased rutting resistance of these softer mixes in order 

to confi.J::m their practicality. Thus creep tests should be incltrled · 

in a test progr-am of this sort. 

Reflection cracking is an extrerre case of the importance of the 

fracture toughness properties of asphalt surfacings. A sttrly of 

these properties is, h01r.ever, important for considering fatigue 

of the fully flexible types of pavement, especially where stiffer 

mixes are required to avoid failure by deforl11':1tion. 

24 



FIG 1 . 9 
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2.0 PROCESSING OF TEMPERATURE DATA 

2 . 1 Daily Temperature Cycles/Crack Opening Mbvements 

This chapter presents a summary , SECTION 2.2, of a detailed analysis 

given in the appendix . A surrnary only is incltrled here to !T'aintain 

the balance of the presentation . 

The dilily temperature cycles are rrore likely than the annual 

cycles to be the cause of ther!T'al reflection crack:ing , because 

they are 365 tirres rrore frequent and the stresses have less 

tirre to relax. 

The annual cycle can be interpreted as a rronth- by- rronth variation 

in the rrean temperature of the daily cycle. 

It is the daily temperature cycle in the roadbase that produces 

crack- opening rroverrents, and it is the crack-opening rroverrents 

at the upper surface of the roadbase that are applied to the 

surfacing and !T'aY cause cracking. 

The !T'agnittrle of the daily cycle can be evaluated on an average 

rronthly basis, but the pov-.er law nature of crack growth rreans 

that the few above average cycles -~ have a disproportionate 

da!T'aging effect , for which correction factors can be developed, 

SECTION 2 . 3 . 

Crack-opening moverrents \vill also be affected by restraint of 

ther!T'al warping due to self- weight forces, SEcriON 2. 4 , and 

sub-base friction restraint SEcriON 2.5. 

Self-weight restraint of warping is almost absolute and the 

small percentage of the slab that is unrestrained can be esti!T'ated. 

The actual crack-opening can then be esti!T'ated between upper 

and lov-er bound values . 

The upper bound esti!T'ate of crack opening (warping unrestrained) 

corresponds to the daily cycle of temperature at the upper surface 

of the roadbase. 

The lov-er bound esti!T'ate of crack opening (warping restraint 

absolute) corresponds to the daily cycle of rrean temperature 

for the roadbase depth . This can be evaluated by plotting hourly 

profiles of temperature with depth in the pavement, FIG 2 . 1. 
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FIG 2 . 1 
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No extensive data on terrperature variations in cxxrposite pavements 

is available for U.K. conditions, but extensive data for a 12 month 

period, 1969-70, at several depths in the paverrent, is available 

for full-depth bituminous or concrete paverrents
11 

This bituminous and concrete paverrent data can be used to estimate 

daily terrperature ranges at any depth in a canposite paverrent and 

also hourly terrperature/depth profiles. 

The canposite paverrent "Temperature Model" can be fonnulated for 

each month of the year and for a range of surfacing thicknesses 

frcrn 100 to 200rrm. 

2.2 A Temperature Model for Composite Paverrents 

The information represented by the profiles can be split into 

3 ccrnponents, FIG 2.1, and each component can be separately evaluated 

for a composite paverrent and re-combined. 

The most important Cor.:!POnent is the attenuation of daily temperature 

range with depth and this can be found by considering the "swept 

area" of the profiles which is analogous to the heat gain of the 

paverrent during the daytirre, and this is a combination of surface 

absorption and convection loss effects. 

The variation of rrean paverrent temperature with depth in canposite 

paverrents is found using data frcrn a TRRL survey
35 

that canpared 

rrean terrperatures in bituminous and canposite paverrents. 

The " nonnalised " isochrone distribution is more a function of the 

ti.rre of year than of the paverrent material and so for each month of 

the year 1 an isochrone distribution that resembles that in a bitl.llllirx:>us 

paverrent at depths 0 ~ 1 00 nrn and resembles that in a ooncrete paverrent 

at depths 1 00 ~ 300 nun 1 can be used to " fill in " the profiles for a 

oomposite paverrent 

The developrent of this temperature model is explained in detail 1 

APPENDIX 1 and the results for a 100 nrn surfacing oomposite paverrent 

are surmnarised. 1 TABLE 2 . 1 /2 an:i FIG 2. 2 
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TABLE 2 . 

MEAN MONTHLY TEMPERATURES FOR THE AIR & BITUMINOUS ,CONCRETE AND 

COMPOSITE PAV~ffi~ITS AT DEPTHS 0 TO 300 mm . 

DEPTH JAN FEB MAR 1\PR HAY JUN JUL AUG SEP OCT NOV 

IN AIR TEMPERATURE LONG TERM MEAN 
' CEm'RAL ZOUE 

PAVEMENT 3.0 3.3 5.3 6.2 11.1 14. 3 15.9 15.4 13.7 9.6 6.2 
( mm ) 

BITUMINOUS PAVEMENT TDU'ERATURE 

0 4.8 5.3 6. 3 13.2 16.9 24.4 24.6 21.6 17.9 12.2 6.0 
100 4.7 5.3 6.1 12.4 17.5 23 .I 23.9 20.7 16.6 11.6 7.6 
ISO 4.6 5.3 6.0 12.1 17.0 22.6 23.6 20.5 16.6 11.6 7.7 
250 4.9 5.4 7.9 11.7 16.3 21.6 22.9 20.2 16.9 12. I 6.3 
300 5.1 5.5 7.9 11.5 16.0 21.5 22.6 20.2 17.2 12.5 8.6 

CONCRETE PAVEMENT TEMPERATURE 

0 2.2 2.9 5.5 9.4 13.4 17.6 20.7 19.5 15.4 9.9 5.3 
100 2.3 3.0 5.5 9.2 13.2 17.4 19.1 18.0 15.0 10.1 5.9 
ISO 2.4 3.0 5.5 9.2 I 3.2 17.3 18.9 17.8 15.0 10.2 6.1 
250 2.5 3.2 5.7 9.3 13.2 17.2 19.0 16.2 15.3 10.5 6.3 
300 2.5 3.2 5.6 9.3 13.2 17.2 19.2 18.5 15. 5 10.6 6.4 

DEPTH. IN JAN FEB MAR 1\PR HAY JUN JUL AUG SEP OCT NOV 
PAVEHEIIT 

COMPOSITE PAVEMENT ( 100 111111 SURFACING 
( 111111 ) 

0 3.4 4.0 6.8 11. I 15.9 21.3 22.7 20.6 16.6 10.9 6.5 
100 3.9 4.6 7.2 11.3 16.2 22.0 22.9 20.1 16.2 11.1 7.0 
ISO 4.1 4.6 7. 1 11.1 15.8 21.8 22.9 20 .I 16.1 11.2 7. 3 
250 4.0 4.6 7.1 10.8 15.2 21.1 22.4 20.0 16.3 11.5 7.5 
300 4 .I 4.6 7.1 10.8 15.0 20.9 22.2 20.0 16.4 11.7 7.7 

COMPOSITE PAVEMENT ( !50 111111 SURFACING 

0 3.9 4.4 7.3 11.8 16.8 22.4 23.4 20.9 17.0 11.3 7.0 
100 4.3 4.9 7.6 11.8 16.7 22.6 23.5 20.5 16.5 11. 3 7.3 
150 4.4 4.9 7.6 11.6 16.3 22.3 23. 3 20.3 16.3 11.4 7.4 
250 4.4 4.9 7.4 11.2 15.6 21.6 22.7 20.1 16.6 11.8 7.9 
300 4.5 5.0 7.4 11.0 15.4 21.3 22.4 20.1 16.9 12 .I 6.1 

COMPOSITE PAVEMENT ( 200 mm SURFACING ) 

0 4.2 4.7 7.6 12. 3 17.6 2 3. 2 23.9 21.2 17.3 11.7 7.4 
100 4.5 5.1 7.9 12. I 1 7. 1 22.9 2 3. 7 20.6 16.6 11.5 7.4 
150 4.6 5.1 7.6 11.8 16.7 22.5 2 3. 5 20.5 16.5 11.5 7.6 
250 4.6 5.1 7.6 11.4 15.9 21.7 22.8 20.2 16.7 11.9 8.1 
300 4.8 5.2 7.6 11.2 15.7 21.4 22.6 20.2 17.0 12. 3 8.3 
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TABLE 2 . 2 

MEAN MONTHLY DAILY TEMPERATURE RANGES FOR THE AIR & BITUMINOUS , 
CONCRETE AND COMPOSITE PAVEMENTS AT DEPTHS 0 TO 300 mm . 

( oc ) 

JI\N f"EB MAR APR HAY JUN JUL AUG SEP OCT NOV DEC 
DEPTH 

IN DAILY RANGE OF AIR TEMPERATURE 

PAVEMEl'rf 4.0 4.6 6.4 8.3 9.5 9.8 9.2 8.8 8.6 7.5 6.0 4.5 
I mm DAILY RANGE OF BITUMINOUS PAVEMEm' TEMPERATURE 

0 2.4 5.8 10.8 15.5 20.3 23.3 19.5 IS.S 11.6 8.0 4.3 2.0 
100 1.3 3.2 6.6 9. 7 12.0 1 3. I 11.2 9.1 7.0 5.0 3.1 1.5 
1SO 1.0 2.4 4.9 7.3 8.8 9.6 8.3 6.8 S.3 3.8 2.5 1.2 
2SO 0.6 1.2 2.4 3. 7 4.6 s. 1 4.5 3.6 2.8 2.0 I.S 0.7 
300 0.4 0.9 1.6 2.5 3. I 3. 6 3.1 2.5 2.0 1.4 1.0 0.5 

DAILY RANGE OF CONCRETE PAVEMENT TEMPERATURE 

0 3.S 4.3 6.6 9.0 11.2 12.2 10.9 9.2 7.5 5.9 4.S 3.5 
100 2.2 2.7 3.9 5.8 7.3 7.7 6.8 5.6 4.4 3.3 2.6 2 .I 
!50 1.8 2 .I 3.1 4.7 s.8 6.1 5.4 4.5 3.5 2.7 2 .I 1.7 
250 1.2 1.4 2.0 3.1 3.7 3.9 3.7 3.2 2.6 2.1 1.6 1.3 
300 1.0 1.2 1.8 2.5 3.0 3. 3 3.2 2.9 2.4 1.9 l.S 1.2 

DEPTH IN JI\N f"EB MAR APR HAY JUN JUL AUG SEP OCT NOV DEC 
PAVEMENT 

I mm ) 
DAILY RANGE . COMPOSITE PAVEMEN!" ( 100 Dllll SURFACING 

0 4.2 6.4 10.0 14.5 19.5 19.8 19.0 IS .2 11.3 7.8 4.9 3.3 
100 2.3 3.5 s.s 9.1 11. s 12.7 10.8 9.0 6.8 4.9 3.S 2.S 
ISO 1.9 2.7 4.3 7.4 9.0 10.1 8.6 7.2 s.s 4.0 2.9 2.0 
2SO 1.3 1.9 2.9 4.8 5.9 6.6 5.9 5.2 4.0 3.1 2.2 1.6 
300 1.0 1.5 2.4 3.9 4.7 5.4 5 .I 4.7 3.8 2.8 2 .I 1.4 

DAILY RANGE . CXlMPOSITE PAVEMEN!" ( 150 mm SURFACING ) 

0 3.7 6.1 9.9 14.4 19.4 19.6 19.2 15.7 11.5 7.9 4.6 2.9 
100 2.0 3.4 6.0 9.1 11.5 12.5 10.9 9.3 6.9 4.9 3.3 2.2 
1SO 1.6 2.5 4.5 6.8 8.3 9.2 8.3 6.9 5.3 3.8 2.7 1.7 
2SO 1.0 1.7 2.9 4.5 5.2 S.9 5.6 4.9 3.9 3.0 2.0 1.3 
300 0.9 1.4 2.6 3.6 4.3 4.9 4.8 4.6 3.6 2.6 1.9 1.2 

DAILY RANGE . COMPOSITE PAVEMEm' ( 200 Dllll SURFACING ) 

0 3.5 6.0 10.0 14.5 19.0 20.0 19.4 16 .I 11.8 8.0 4.4 2.6 
100 1.9 3.3 6.1 9.1 11.2 12.8 11. I 9.5 7 .I 5.0 3. 2 2.0 
150 l.S 2.5 4.S 6.8 8.2 9.4 8.3 7. I S.4 3.8 2.6 1.6 
200 1.0 1.7 3.2 4.9 6.1 6.0 6.0 5.2 3.9 2.6 2. I 1.3 
2SO 0.9 I. 4 2.S 4.1 4.9 4.8 5.0 4.5 3.4 2.6 1.8 1.2 
300 0.7 1.2 2.3 3.3 4.0 4.0 4.3 4.2 3 .I 2.3 1. 7 1.1 
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FIG 2 . 2 

BI-HOURLY TEMPERATURE / . DEPTH PROFILES FOR EIITUHINOUS 1 CONCRETE AND 
COHPOSITE PAVEMENTS 1 ·JANUARY AND APRIL 
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FIG 2 . 2 CONTINUED 

BI- HOURLY TEMPERATURE / DEPTH PROFILES FOR BITUMINOUS 1 CONCRETE AND 
COMPOSITE PAVEMENTS 1 JULY AND OCTOBER . 
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The procedures for estimating composite pavement temperature/depth 

profiles are only approximate, but separate evaluation of the 3 

components does reduce cumulative errors. EI:rors cannot be assessed 

in absolute terms but they must be considerably smaller than the 

differences in temperature range, bet~.~een bituminous and concrete 

pavements, which are approximately -30%. 

The temperature m:xiel is related to rronthly rrean air temperatures 

and daily air temperature ranges, and so can be adapted for any 

site where this type of data concerning air temperatures is available. 

The daily temperature ranges at roadbase depth are consistently 

greater ( 17% JAN -> 86% AUG) than is implied by the results of an 
36 early TRRL survey at Harrrondsworth , that compared temperatures 

in exp:::Jsed and asphalt covered con=ete slabs. 

The site at Harrrondsworth was, h01.1ever, flanked by low buildings 

to the north and an orchard to the south. These will have infloonced 

shadow and shelter from wind at the site. 

The temperature m:xiel des=ibed relates to temperature rreasurerrents 

taken from two sites, located at Alconbury and Long Bemmington on 

Trunk Road Al , that are exp:::Jsed in all direct ions. 

Therefore these recent studies and the earlier work at Harrrondsworth 

are not directly comparable. 

2.3 The 6th P01.1er Effect 

The growth rate of reflected =acking in visco-elastic materials 

is proportional to approximately 6th po1.1er of =ack opening rrove

rrents26•27·32 , and these are linearly related to daily temperature 

ranges. 

Thus the "equivalent crack growth rrean" daily temperature range -vrill 

be the approximate 6th po1.1er rrean of the actual daily temperature 

ranges, and this is about 25% greater than the linear average valoo 

for a one rronth period ( 30 days). 

The difference bet~.~een 6th po~.~er and linear rrean daily terrperature 

ranges can be evaluated for all rronths of the year for concrete 

pavements using the TRRL data11 , and for bituminous pavements for 

four 20 day periods using other TRRL data
36

, TABLE 2.3 
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TABLE 2 . 3 

COMPARISON OF MEAN AND 6TH POWER MEAN DAILY TE!"1PERATURE RANGES 

INDIVIDUAL DAlLY 7EMPERATURE RANGES FOR MONTHLY PERIODS AT DEPTH 
127 mm IN A CONCRETE PAVEME~IT AND FOR 20 DAY PERIODS AT EITHER 
40 mm OR 100 mm IN A BITUMINOUS PAVEMENT ( * ) 

( oc ) 

JAN MAR MAY JUL ·I JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC 
FEB APR JUN AUG 

* 1 1 4 2 
1 2 5 . 2 
2 2 7 0 
2 2 3 2 
3 2 4 3 

3 3 7 6 
2 4 8 5 
2 4 5 6 
3 3 8 3 
2 4 8 3 

3 4 6 3 
3 2 3 1 
1 2 8 2 
2 ' 4 10 2 ' 
2 5 3 3 

3 
3 
1 
1 
1 

1 
3 
4 
1 
1 

2 
1 
2 
2 

2 
1 

4 

3 
3 
3 
3 

4 

4 

3 
2 
1 

3 
3 
2 

5 
8 
2 

2 

1 
1 
0 
2 

2 
2 
2 
2 
2 

2 
5 
7 
7 
4 
4 

* 4 13 
4 14 
8 11 
8 11 
8 7 

8 13 
6 10 
6 11 
7 5 
3 14 

3 14 
5 15 
6 18 
5 17 
4 18 

4 9 
4 11 
5 10 
7 8 
4 9 

4 20 
5 
5 
4 
6 

3 
5 
3 
5 
7 

* 8 6 12 
3 6 15 
7 2 15 
3 5 7 
1 7 9 

5 10 16 
9 12 15 
4 9 10 
5 9 12 
3 9 13 

4 9 7 
5 9 12 
3 9 16 
3 9 14 
3 9 11 

5 
4 
4 

6 
9 

9 
6 
5 
7 
5 

4 
5 
7 
7 

3 
3 

7 16 
8 16 
4 15 
6 
3 

4 
9 
3 
5 
6 

6 
6 
6 
7 
7 

4 

6 
8 
8 
2 

1 
2 
4 
6 
2 

3 
8 
8 
9 
9 

9 
7 

8 
5 
4 

6 
7 

8 
4 
8 

7 
9 
4 
2 
7 
9 

* 7 16 
3 13 
4 13 
5 9 
5 13 

7 15 
7 18 
7 1 2 
4 15 
3 17 

6 17 
6 16 
4 10 
4 13 
3 13 

5 13 
4 16 
4 15 
2 16 
5 

4 

3 
3 
5 
3 

4 
4 
2 
2 
2 
2 

2 
3 
8 
3 
4 

4 
2 
7 
5 
3 

4 

5 
1 
1 
1 

2 
3 
2 
6 
7 

4 
5 
6 
4 

3 

3 
4 
4 
4 
5 

4 

3 
3 
3 
3 

3 
3 
2 
5 
5 

3 
1 
3 
2 
3 

3 
3 
0 
6 
3 

3 
3 
2 
2 
2 

4 

3 
3 
2 
2 

2 2 
3 .3 
2 5 
2 2 
3 3 

1 

2 

2 
3 
1 
2 
2 
1 

2 
4 
1 
2 
2 

2 
2 
4 

3 
2 

2 
2 
3 
2 
2 

2 
2 
2 
1 
2 

1 
1 
2 
3 
1 

1 
2 
2 
0 
0 

4 
3 
2 
2 
2 

3 
2 
1 
1 
2 
1 

MEAN 2.0 2.9 5 . 9 2.9 5.2 12.3 5 . 0 6 . 9 12 . 8 5.9 4 . 2 14.1 3.8 2 . 6 2 .~ 1.8 

6th 
POWER 
MEAN 

RATIO 

AVER-'IG:: 
RATI O FOR 
COI1POSITE 
PAVE:1ENT 

2 . 7 3 . 5 7 . 2 

1.32 1.23 

1. 26 

t. . B 6 . 2 14.7 6 . 6 8 . 3 14. 0 1 -~ :, . 3 1:; . 0 :, . 3 3 . 7 2.5 

I. 41 I . 20 I. 29 I . 09 !.26 l. Oo 1. 36 1. 39 

I . 31 1. 19 I .16 1. 2E 1 . 29 
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The ratio 6th power rrean/linear rrean is a rreasure of clirratic 

variability and appears slightly larger for concrete than bituminous 

paverrents, but this could be due to using 30 not 20 day periods. 

For composite paverrents, the average of these bituminous and concrete 

paverrent values can be used to convert rrean daily temperature 

ranges, TABLE 2. 2, into 6th power rrean values which compensate 

for the increased darraging effect of the few above average daily 

temperature ranges in each month. 

2.4 Warping Restraint Effects 

The rragnitude of the warping restraint factor ( EQN 1) when self

~ight restraint of warping is absolute, is shown, TABLE 2. 4 . 

Actual values will be bet~en 0. 70 and 1. 00. 

This corrparison of upper and lo~r bound estirrates of crack-opening 

moverrents can be rrade for 4 key months where temperature/depth 

profiles have been plotted for a 100rrrn surfacing composite paverrent, 

FIG 2.2. 

I 

I 

TABLE 2.4 Corrparison of upper and 1o~r bound estirrates for 

the daily temperature range that causes crack-opening 

Warping Absolute Absolute Restraint 
Unrestrained Restraint Warping Restraint 

M)NTH 
Factor, w. 

Daily 'I'el'rp I Daily_ Range 
(EQN 1) 

Range at Mean 'Temp' 
Depth 100rrrn Over Depth 

of Roadbase 

JAN 2.3 oc 1.7 oc 0. 74 

APR 9.1 oc 6.5 oc 0.71 

JUL 10.8 oc 7.6 oc 0.70 

OCT I 4.9 oc 3.7 oc 0.76 

A simplified analysis of the shear forces and bending rrorrents 

that ·are generated by thermal warping is illustrated, FIG 2.3. 
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It can be seen from FIG 2. 3 that the bending rrorrents are greatest 

at the slab centres and 'decrease to zero at the slab ends. Thus 

there must be sare unrestrained warping at the slab ends. This 

"slab end curl" is controlled by the build-up of self-weight induced 

· bending rrorrent inward from the slab ends, FIG 2. 3, which is equal 

for any length of slab of a given thickness and density. 

Thus slab end curl is related to temperature gradients but is 

not dependent on slab length. 

The extent of slab end curl can be evaluated by considering the 

approximate limit to self-weight restraint of warping, given by 

the equation 

Thermally Induced 

Lift at Slab Ends 

Self Weight Induced 

Deflection at Slab Ends (EQN 3) 

These self-weight forces are mobilised because the support reaction 
- . -· 

forces become concentrated at the slab centre with upward warping 

or at the slab ends with downward warping. In practice, with 

a non-rigid foundation there will be embedment of these portions 

of the slabs and the full self-weight forces will not be mobilised. 

Equations can be formulated for:-

Thermally Induced Lift 
At Slab Ends 

Slab End Deflection 
For 100% Mobilised 
Self-Weight Forces 

= dT a L2 

8h 

WL4 

128 EI 

where 

dT = Temperature difference across slab, •c 
a = Thermal coefficient of expansion, ·c-1 

h Thickness of slab, m 

L Slab length, m 

w 
E 

I 

Distributed self-weight forces, N/m 

= Youngs rrodulus (lean concrete), N/m2 

4 
2nd moment of area (concrete slab) , m 
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The following "typical values" can be used:-

a = 10-5 ;oc 

E 3 x 10
10 

N/m2 
h 0.2m 

-4 4 
I = 6.67 x 10 m 

W 6,870 N/m (slab + surfacing). 

(EQN 3) now reduces to:-

dT h w 12 

16 EI a 

= 0.4291
2 (EQN 6) 

The temperature difference vs slab length curve, FIG 2.4, is only 

approximate because of the effects of errbedrrent. The slab lengths 

indicated, FIG 2.4, will still have slab-end curl because the full 

self-weight forces are not mobilised. 

The relationship between errbedment and mobilised self-weight forces 

can be· evaluated ·if the shape of the errbedment profile is known. 

Upward thermal curvature produces an errbedment profile of the form 

y = y (u-x
2

), where x = 0 is the slab centre. The effect of those 

"distributed" support forces in reducing the self-weight deflection 

at the slab ends, is expressed in terms of the % errbedment vs % 

mobilised self-weight deflection, FIG.2.5, which is independant 

of slab length. 

The thermal lift deflection and self-weight deflection at points 

along the slab can also be expressed in forms that are independant 

of slab length, FIG 2.6. 

If deflections are equal and opposite at the slab ends, FIG 2.4, 

then the extent of errbedrrent and mobilised self-weight deflection 

can be deduced. 

The interaction of % mobilised self-weight deflection and the thermal 

lift deflection, determines the extent of errbedment, which in turn 

implies the % mobilised self-weight deflection. The equilibrium 

of these quantities is found by using FIG 2. 5 (mobilised self-weight 

deflection = 75% and extent of errbedment = 60%). 
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FIG 2 . 4 

THE LIMITING TEMPERATURE DIFFERENCE FOR SELF-WEIGHT RESTRAINT OF 
UPWARD WARPING IN THE IDEALISED SITUATION WHERE A 200 mm THICK SLAB 
IS SUPPORTED BY A RIGID FOUNDATION . 
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FIG 2 . 5 

THE EFFECT OF EMBEDMENT AT THE SLAB CENTRE AND DISTRIBUTION OF THE 
SUPPORT REACTION FORCES , IN REDUCING THE POTENTIAL SELF-WEIGHT 
INDUCED DEFLECTION AT THE SLAB ENDS . 
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FIG 2 . 6 

THE VARIATION OF THERMAL AND POTENTIAL SELF-WEIGHT INDUCED DEFLECTIONS 
ALONG THE SLAB , AS A % OF THE SLAB END DEFLECTION 

: : ::: : . : . I ~ . : ~ - : . I : . : ,. ---.. . 
100 % I ... , 

THERMALLY , . ... 
. . . . 

INDUCED 50 % I . . . 
LIFT 

I . ' .. 
I • j· ,. . ... . .. 

. .. .,.. -

· :: ~~ - · .. , .. . 

. .. -· ' .. . . . ... I . ....,...... 

~ ~ ~ :. -.r:2..=-:. : : ~ :.. ~--::::. ~ : 
. --· . . . . ·...;,...-"" .. .. - . ' - ·-· i 

0 % 0. J. I 
. I. 1-· . -

L/ 10 L/ 5 L/2 

0 % 
100 % 

MOBILISED 
50 % -·- .........!...-- ·----!--- ... 

SELF-WEIGHT I 

FORCES 
DEFLECTION 100 % 

75 % 
0 % 

MOBILISED 
SELF-WEIGHT 50 % 

FORCES .. I 
DEFLECTION 

100 % • l -

THE INTERACTION OF THERMAL LIFT 
AND 75 % MOBILISED 

SELF-WEIGHT FORCES 
~ 60 % EMBEDMENT 

100 % 

THE EQUILIBRIUM 
PROFILE OF 50 % 

THERMAL LIFT 
AND MOBILISED 

SELF-WEIGHT 
FORCES 

AND 60 % EMBEDMENT 

• •• r 

975% MOBILISED SELF-WEIGHT 
FORCES 

~ EQILIBRIUM . 

-· .. I .. 

I • 

SLAB END CURL 

THE PRECISE EXTENT AND DEPTH OF EMBEDMENT WILL DEPEND 
ON THE STIFFNESS OF THE FOUNDATION , BUT THE 11 CENTROID 11 

OF THE SUPPORT REACTION FORCES WILL NOT MOVE SIGNIFICANTLY. 
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The final embedrrent profile, FIG 2. 6, is different to that in FIG 

2. 5, but its main feature, the concentration of support forces 

near the slab centre, is still valid. 

Thus slab end curl (unrestrained warping) will extend for 40% of 

the slab lengths indicated, FIG 2.4, at relevant temperature 

differences. 

The temperature differences of the UK climate, for the roadbase 

of a 100mm surfacing composite pavement, can be found from the 

hourly temperature profiles, FIG 2. 2, and are surrrnarised, TABLE 

2.5. 

TABLE 2.5 

TEMPERATURE DIFFERENCES ACROSS THE ROADBASE AT THE MAXIMUM AND 
MINIMUM POINTS OF THE DAILY CYCLE AT DEPTH 100mm IN A CQI1POSITE 
PAVEMENT 

M:JNTH I TEMPERATURE ( oc) TIME (hrs) TEMP DIFFERENCE 
l MIN I MAX AT MIN AT MAX AT MIN AT MAX 

JAN I 3.0 - 5.3 07.00 16.00 -0.65 +0.8 
I 

APR I 7.1 - 16.3 06.00 16.00 -2.45 +4.5 I 

I 
JUL I 17.8 - 28.6 I 06.00 17.00 -2.8 +5.1 I I i 

8.9 
I 

07.00 15.00 -1.6 +1.4 OCT I - 13.8 
I 

I 
: 

UPWARD rx:MNWARD 
WARPING WARPING 

-

The temperature differences are greater when warping of the slab 

ends is downward, but the bending marents of the self-Y.'I:light forces 

are also greater, FIG. 2. 3, and so the length of slab end cur 1 

can be considered as about the sarre in both cases. 

The temperature differences of the UK climate are sufficiently 

small, TABLE 2.5, that the slab end curl only constitutes a small 

% of slab length and so the appropriate warping restraint factors, 

TABLE 2. 6, are nearer absolute restraint, TABLE 2. 4, than unrestrained 

warping. 
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TABLE 2. 6 ESTIMATION OF SLAB END CURL 
AND WARPING RESTRAIN!' FACTORS 

I I TEMPERA'IURE SLAB LENGTH EXTENT OF 
I'DNTH DIFFEREOCE WITH 60% SLAB END CURL 

I ACROSS SLAB EMBEr:MENT ( 20% EACH END) 
I FIG 2.4 I 

I oc m m ' I I 

I 
! 

JAN I 0 . 65 1.3 0.26 
I 

APR I 2.45 2 .35 0.47 

JUL 2.8 2.5 0.50 

OCT 1.6 1.9 0.38 
I I 

I 

PROPORTION OF ' SLAB LENGTH (m) 
SLAB LENGTH 

MJNl'H 

I 5 10 15 20 
THAT WILL CURL = 
PROPORTION OF JAN I 0.10 0.05 0.03 0.02 
UNRESTRAINED 

I 

WARPING APR I 0.19 0 .09 0 . 06 0 .05 
I 

JUL I 0.20 0.10 0.07 0.05 I 

OCT 0 . 15 0.08 0.05 0.04 

' APPROPRIATE JAN 0. 77 0.75 0.75 0.75 
WARPING 

APR 0.76 0.74 0 . 73 0.72 
RESTRAIN!' 
FACTOR (w) JUL 0.76 0.73 0. 72 0. 72 

OCT 0.80 0.78 0.77 0.77 
I 

These warping restraint factors, w, are used in conjunction with 

!J.T , the daily temperature rang:- at the upper surface of the roadbase 

in ( EQN 1 ) to calculate cyclic crack opening rroverrents, TABLE 2. 8 . 

(w) values for the other rronths are interpolated. 

2 . 5 Sub-base Friction Restraint Effects 

Sub-base friction forces could restrain the expansion and contraction 

of roadbase slabs and thus affect crack opening. 

This can be evaluated using the average foundation restraint stress 

data11 where the shear stress rises linearly with displacement to a 
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' 3 2 
value of 6 x 10 N/m at 1. 36 rrm, and then remains constant for 

displacerrents greater than 1. 36 rrm. 

A slab end displacerrent of 1. 36 rrm corresponds to crack opening 

of 2. 72 rrm, which will hardly ever occur under U.K. climatic 

conditions and so only the initial rising portion of the restraint 

stress curve need be considered. 

11 
The restraint stress data refers to a 150 rrm slab; for a 300 rrm 

(slab and surfacing) the restraint stress will be doubled to 

approximately (8.8 x 103 N/m2 )/rrm displacement. 

For a long thin slab, these shear stresses on the underside can 

be considered to act as horizontal tensile stresses within the 

slab. These tensile stresses determine the restraint to contraction 

of the slab ends . The ratio -

Restraint ··to ·contraction of slab ends 
(El'JN 6) 

Unrestrained contraction of slab ends 

can be used to determine correction factors for sub-base friction 

restraint effects, TABLE 2.7. 

For a slab of length L, taking 1 m width of pavement and x = 0 

at the slab centre. 

Restraint Stress 
at x 

Tensile Force in Slab 
at x 

Restraint to contraction 
at Slab End 

Unrestrained contraction 
at Slab End 

6 = 8.8 X 10 .~T .•. x 

6 
L/2 

= 8.8 X 10 ~T.« f x.dx 
X 

6 L/2 
8.8 ~-~0 ~T.« fl x.dx dx 

= I:J.T.«.L 
2 
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Restraint 
Ratio 

h = 0.2 m 

(EX.;)N 6) 

E = 3 x 10
10N;m2 

7.33 X 105 2 .:...:...:::..;;-..;.:......::..:_ L 
E.h 

Restraint 
Ratio 

TABLE 2. 7 CORRB:TION FACTORS FOR CRACK OPENING FOR SUBBASE 
FRICTION EFFR'IS 

SLAB LENGTH (m) 5 10 15 20 

RESTRAINT RATIO .003 .012 .027 . 049 

CORRECTION FACTOR 
1.00 0.99 0.97 0.95 FOR CRACK OPENING 

2. 6 The JI.Bgnitude of Crack-Opening MNerrents 

The rragnitude of daily crack-opening cycles -is determined by -

Roadbase slab length 

Roadbase coefficient of thennal expansion 

Thickness of Surfacing 

Jltlnth of the year 

Daily crack opening r:roverrents for a range of conditions are tabulated, 

TABLE 2.8. These values are based on the daily temperature ranges 

at the upper surface of the roadbase, TABLE 2. 2, and have been 

corrected for -

The approx. 6th power rrean effect, TABLE 2. 3 

Warping restraint effects, TABLE 2. 6 

Subbase friction restraint effects, TABLE 2.7 

These horizontal crack-opening rooverrents (1-2 rnn) will be used 

in a program of simulative testing to detennine the resistance 

of U.K. surfacing mixes to thennal reflection cracking. 
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SLAB 

LENGTH 
(m ) 

5 
10 
15 
20 

"'" 0\ 5 
10 
15 
20 

5 
10 
15 
20 

JAN FEB MAR APR MAY JUN JUL AUG SEP ocr NOV DEC 

COMPOSITE PAVEMENT , 100 mm SURFACING 

. 11 .1 7 .27 .45 .52 .57 .48 .40 .34 .25 .1 8 .13 

.22 . 33 .53 .87 1.00 1.09 . 91 . 78 .64 .48 .34 .24 

. 32 . 48 .78 1. 25 1. 45 1. 59 1. 31 1.12 .93 .69 .50 .36 

.42 .63 1.00 1.63 1.87 2.07 1. 71 1. 47 1.22 .90 .65 .47 

COMPOSITE PAVEMENT , 150 mm SURFACING 

.08 . 12 .22 .34 .38 . 41 .37 . 31 .27 .19 . 14 .09 

. 15 .2 4 .43 .65 . 72 .79 .70 . 60 .50 .37 .26 .16 

.22 .34 .64 .96 1.05 1.15 1.01 .86 .72 .54 .39 .24 

.29 .45 .82 1. 22 1. 35 1. 50 1. 31 1.13 .95 .70 .50 .32 

COMPOSITE PAVEMENT , 200 mm SURFACING 

.05 .08 . 16 . 24 . 28 .27 .27 . 23 .20 .14 . 11 .07 

.10 . 16 . 31 .47 .53 .51 . 51 .4 5 .37 .27 .20 .12 

. 14 .23 .45 .69 .77 .75 .73 .65 .53 .39 . 30 .19 

. 18 .30 .58 . 88 .99 .98 .95 .85 .70 .51 .39 .24 
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It is accepted that there will also be a small arrount of warping 

at the slab ends, FIG 2. 6, but this will be of secondary importance 

and can be considered in the conclusions to this project. 

Crack-opening movements could also be estimated for other climates 

by increasing them in direct prop:Jrtion with monthly rrean daily 

air temperature ranges, relative to those shown, TABLE 2.2. 
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3. 0 TEST AND ANALYTICAL l'£l'HO[X)L(X;Y 

3.1 Introcl.uct ion to Sirnulative Testing 

A thorough investigation of the effect of thenral stresses would 

involve heating and cooling sections of C0!11IX>Site paverrent. This · 

approach is impractical because of the tirre involved to make and 

test a sufficiently wide range of materials. 

The simulation of thenrally induced rroverrents (horizontal crack 

opening) in the surfacing is the rrost realistic fonn of testing. 

These reflection cracking fatigue tests can be accelerated from 

a 24 hr. cycle to 0. 1 l1z, SEX:TION 3. 2. 

The results of these "fatigue" tests can be developed into a predictive 

rrodel for thenral reflection cracking by the application of fracture 

rrechanics concepts, SEX:TION 3.3. The fatigue crack growth constants 

(A,n) can be- det-erillii1ed for U.K. type asphalt siirfacirig materials 

with the aid of finite elerrent analyses of the test samples, SEX:TION 3.4, 

that determine stress intensity factors (K
1

) and crack growth rates 

(dc/d.N) throughout each test. 

These material constants (A,n) fonn the basis of a predictive rrodel 

for thermal reflection cracking, in conjunction with the equivalent 

rrean stress intensity factor during crack growth (K
1

) which is 

also evaluated from the finite elerrent results, SEX:TION 3. 4, and 

depends on the value of n. 

A master curve, SEX:TION 3. 4 , enables K1 to be determined and fatigue 

life predicted, for the range of values of crack opening, Effective 

Young's Modulus of the surfacing and thickness of the surfacing 

that are likely to be encountered in the U.K. 

It can also be seen from the loads involved in the finite elerrent 

analyses, SEX:TION 3. 5, that the surfacing will offer negligible 

restraint to crack opening in the roadbase. 
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Ideally, a simulative test rig should apply this constant cyclic 

crack opening to asphalt surfacing samples, throughout each test. 

Ho1.1ever, this is not a serious constraint to testing because 

adequate values of (K1 ) and (dc/dN) for fracture rrechanics analysis, 

can still be obtained with a test rig that does yield slightly 

in the initial stages of each test when the surfacing is uncracked 

and the loads will be very high and indeterminate. 

The simulative testing relates to longitudinal tl'ermal moverrents 

about transverse cracks in the cerrent-bound roadbase layer. 

A longitudinal section of a composite paverrent is shown, FIG 3.1, 

together with the basic design for the simulative test rig. 

Simulative testing is desirable for study of the effects of certain 

rrechanisms associated with reflection cracking. 

(i) The possibility of bond break or yield at the interface 

bet1.1een the asphalt surfacing and the lean roncrete roadbase. 

(ii) The tendency of asphaltic rraterials to multiple cracking 

especially with "applied displacerrent" type loading. 

This effect causes problerrs because the application of 

fracture rrechanics theory to test results is practical 

only when there is a single crack which follows a straight 

path. 

The likelihood of rTiultiple, convoluted cracking rreans that 

empirical testing is necessary for validation of the 

application of fracture rrechanics concepts to reflection 

cracking. 

(iii) The need for later modification of the test regirre to stu:ly 

the combined influence of therrral and traffic moverrents, 

the interaction of which rray not be predictable by any 

other rreans. 
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The slab-end region modelled by "composite" samples with a realistic 

bituminous rrembrane bond, must be at least 1. 8 m to allow bond 

break or yield to develop and yet leave sufficient bond intact 

to prevent an unrepresentative failure by debonding. 

A considerable arrount of material is required for such large 

samples. The undamaged portions of these samples can be re-used 

as short (0. 4 5 m) samples . These short samples will require 

an epoxy resin bond to prevent debonding. 

A comparison of fatigue lives of the two types of samples does 

confirm how representative the short,epoxy resin bonded samples 

are. It is considered that internal shear within the short samples 

has a similar stress relieving effect as yield of the bituminous 

bond in long samples and so both are representative of conditions 

in the road. 

It must be mentioned that the use of bituminous emulsion as a 

curing rrembrane for lean concrete, although widespread, is not 

mandatory. 

The alternatives permitted in the specification 
4 

are an aluminised 

curing compound containing metal flakes, or polythene sheets 

that are subsequently removed. The bond bet~en the lean concrete 

and the surfacing will be less reliable when these treatrrents 

are used, and so the likelihood of thermal reflection cracking 

will be reduced compared to when the bituminous emulsion, BS 434,
38 

is used. 

The test samples model surfacings that are "~ll bonded" to the 

concrete layer, as this is believed to represent the usual situation. 

A surfacing that is not bonded may be more susceptible to other 

types of deterioration and so this is not advisable. 
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3.2 Reasons for Accelerated Testing 

In order to be able to test a range of samples, testing must be 

accelerated from a 24 hr. cycle in the pavement to approxinately 

0.1 Hz with the test rig. 

With an elastic material acceleration of testing presents no problems, 

but with a visco-elastic material some consideration of time and 

temperature is necessary because of stress relaxation effects, 

which become more significant at higher temperatures and slow loading 

rates. 

The -beneficial effects of stress relaxation can be seen from controlled 

strain fatigue tests on a sandsheet mix, Pell 196228 , FIG 3.2. 

An increase in test temperature from 0 -+ 40°C at 25 l1z increases the 

fatigue life by a factor of 1,000 at a strain of 5 x 10-4 . 

-1 5 
A slowing down of test frequency from 10 l1z to 10- l1z would give 

a similar increase in fatigue life, also due to stress relaxation. 

The aim of accelerated testing is to balance the reduced stress 

relaxation at a higher frequency, with increased stress relaxation 

from using a higher test temperature, or a softer grade of biturren. 

The determination of equivalent temperatures for accelerated testing 

is covered in SB:TION 4 . 

3. 3 Fracture flechanics 

An introduction to the fatigue crack growth equation, dc/dN 

is given in SECTION 1.8. 

AKn (EQN 2), 
1 

(EQN 2) is an empirical equation that refers to the phase of steady 

macroscopic crack growth that follows microscopic crack initiation 

and precedes unstable fracture. This is the only relevant phase 

of crack growth with thermal reflection cracking. 

52 



Ul 
w 

TENSILE STRAIN 

FATIGUE LIFE ( CYCLES TO FAILURE 

. . L. __ . - -

10 
7 

:s: 
H '"'1 
:X: ;1:< 

1-3 
;1:< H 
1-30 

!'V~ 
\)1 

t"' 
:::0 H 
N fii 
~ 

Ul 
= 

'"'1 
<::0 
~~ 
H() 
00 
g~ 
~ 

t;lg 
:S:t"' 

~~ '"'1 

~Ul H 
G) 

1-3~ 
~H w 

UlZ 

'"'1 !'V 
~ ;1:< 

1-3 
'1:J H 
ttJ G) 
t"' c 
t"' ttJ 

!'V 
CD I-3 

ttJ 
Ul 
1-3 ,_. H 

\D z 
0"1 G) 
!'V 

0 
'"'1 

;1:< 

Ul 

~ 
Ul 
:::0 
ttJ 
ttJ 
1-3 



The =ack initiation must be alrrost irrrrediate because of the high 

localised stresses when the surfacing is uncracked and it is well 

bonded to the con=ete. Also the unstable fracture will not occur 

until the =ack has reached the very last "threads" of material 

and this will be undetectable. 

Three gearetrical rrodes of =ack growth {opening rrod.e, in-plane 

shear and transverse shear) were defined by Irwin22 Only the 

first {opening mode) is relevant to therrral reflection =acking 

and the =ack tip stresses can be characterised by the opening 

rrod.e stress intensity factor K
1

. 

Irwin
22 

noted that the =ack tip stress field has the same shape 

for all =ack tips regardless of the shape of the aJinpOnent and 

the magnitude of the stresses, i.e. the stresses are inversely 

proportional to rr where r is the distance into the material 

ahead of the =ack tip. Thus acrr lr is a constant and this constant 

is the opening rrod.e stress intensity factor, which has the value K
1 

where -

a (r)/21ir (EQN 7) 

21 
(EQN 7) was developed fran analysis of an infinite sheet ,Westergaard , 

and is only valid for real components in the_ limit as r ~ 0. 

(EQN 7) is also strictly only valid for ideal linear elastic or 

linear visco-elastic materials. Its application to real materials 

where there is usually a small =ack-tip yield zone,is only held to 

be valid if the average stress in the un=acked section of the 

component is less than 80% of the yield stress
39

. 

In general, K1 is determined by plotting a(r)I2ITr vs r ahead of 

the =ack path and extrapolating to r = 0 where the curve should 

level out. 

Structures such as =acked composite pavements require repeated 

finite elerrent analysis with a range of =ack lengths, SEX:TION 3. 4, 
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to determine crack tip stresses (a r) and K
1 

as a function of crack 

length. Once the variation of K
1 

vs crack length is known, the 

material constants A, n can be determined from crack growth rates 

during fatigue tests. 

Even for a linear visco-elastic material, A and n can be expected 

to vary with test conditions of temperature and frequency, although 

there may be regions where n is almost constant. 

Schapery' s original theory of crack growth in linear visco-elastic 

'al 27 1 d . 1 . ial . materJ. s re ates A an n to vJ.sco-e astJ.c mater propertJ.es -

A n 

I 
n=2(1+m) (EQN 9) 

where: am · = tensile strength 

(EX:/N 8) · 

I = an unknown factor between 1 and 2 

v = Poisson's ratio 

D = creep compliarice at .time = 1 second 

r fracture energy per unit area of crack surface produced 

m = slope of a log-log plot of creep compliance vs time 

6+ = period of 1 cycle of loading 

w( +) wave sha.r;:e of the stress intensity factor vs time 

Schapery' s equations ( EQNs 8 & 9 ) have the potential to make fatigue 

testing redundant because A and n are related to the results of 

static tests. However, the creep compliance, fracture energy 

and tensile strength will all vary with time and terrperature and 

so extensive testing would still be necessary. 

. 18 32 
Previous researchers who have investigated Schapery's equatJ.ons, , 

have found the difference between experimental and predicted A values 

to be rarely less than a factor of 10. 
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Scha_pery's equation for n(EQN 9) is probably roore useful, but 

it is only valid for conditions of linear visco-elasticity which 

implies low strains and high fatigue lives. 

Mblenaar
32 

noted that the error factor between experimental and 

theoretical n values was related to the air void content of the 

mix, FIG 3.3. This relationship implied that Scha_pery's equation 

for n was valid for mixes with void contents less than 3%. 

This is ·probably so because mixes with lower % void contents can 

take higher strains before the onset of yield and non-linearity. 

40 
Scha_pery's theory has recently been extended to apply to non-linear 

39 visco-elastic materials, but a different parameter, the J-Integral , 

is required to characterise crack-tip stresses because K1 relates 

to the inverse ;-r stress intensity which only hap_pens with linear 

elasticity or linear visco-elasticity. 

Scha_pery's extended theory will not be necessary for U.K. Type 

rolled asphalt surfacing mixes, because the air voids content 

will be around 3% and Scha_pery' s original equation for n (EX)N 9) 

can be considered to be valid
32 . 

For these mixes where the air void content is 3% or less, tensile 

creep tests and ( EQN 9 ) can be used to determine theoretical n 

values which greatly assist in the evaluation of A which can vary 

dramatically with test conditions (frequency and terrperature). 

This fracture rrechanics "approach" enables the prediction of thermal 

reflection cracking fatigue lives, when the variation of K1 with 

crack length is known, by the integral form of ( EQN 2 ) ; 

1 de (EQN 10) 

~ 
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FIG 3 . 3 

THE RATIO BETWEEN EXPERIMENTALLY DETERMINED "n" VALUES AND THEORETICAL 
VALUES PREDICTED BY SCHAPERY'S THEORY , EXPRESSED AS A FUNCTION OF THE 
AIR VOID CONTENT OF THE MIX, 32 

983 MOLENAAR , 1 

RATIO 

4 

3 

2 

1 

"n" THEORETICAL 
"n" EXPERIMENTAL 

• B11 10 

• A115/1 

E
4

15110t 
• A1 15110 

• A 1 2511 
B11511 

• E.t 15 /1 

B315 /1 

B
3

5t 10 

2 3 4 5 6 7 

% AIR VOID CONTENT 

F 5110 

TEST 
REGIME 

°C/ Hz 

8 

KEY TO MIX TYPES AND % ADDED BITUMEN 

A
1 

GRAVEL- SAND ASPHALT , 5% 50PEN 

B
1 

OPEN GRADED ASPHALTIC CONCRETE , 5% 100PEN 

B
3 

OPEN GRADED ASPHALTIC CONCRETE , 5% 50PEN 

E
4 

DENSE GRADED ASPHALTIC CONCRETE , 6 . 4% 100PEN 

F COLD ASPHALT , 7 .5% ( 100PEN + FLUXOIL 
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fatigue life (cycles to failure} 

surfacing thickness 

c = crack length 

In therrral reflection cracking, the surfacing is subjected to cycles 

of crack opening moverrent, which induce cycles of alternating tensile 

and compressive stresses. 

Thus the cycle of K
1 

at a given crack length must alternate from 

+ive to -ive. 

Although the exact rrechanism of crack growth is uncertain, only 

the +ive pulse of K
1 

will be considered to cause cracking. 

3.4 Finite Elerrent Analysis 

Finite elerrent analysis of the test samples is necessary to determine 

K
1 

values during crack growth, for fracture rrechanics analysis of 

test results and prediction of fatigue life. 

The PAF.EX: 75 FINITE ELEMENT PACKAGE, which incorporates a crack-tip 

"rrodule", was used for the analysis. 

The test samples investigated were approximately lOOmm thickness 

of U.K. type rolled asphalt two-course surfacing comprising 60mm 

basecourse + 40mm wearing course. This is representative of the 

more lightly trafficked end of the design spectrum where thermal 

effects are more likely to be significant. 

The finite elerrent model used was a half-sample, with half the actual 

crack opening displacerrent applied to the test platen and "in-plane" 

restraints for the test platen base and the crack plane. 

Six different but related rreshes were used to.rrodel different crack 

lengths, of which three are illustrated, FIG 3. 4. 
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FIG 3 . 4 

THREE EXAMPLES OF THE 11 PAFEC 11 FINITE ELEMENT MESH FOR HALF A 450 mm 
x 95 mm SURFACING SAMPLE BONDED TO 12 mm THICK STEEL PLATES . THE 
DEFORMED SHAPE OF THE SAMPLES IS SHOWN BY THE DOTTED LINES . 

CRACK 
TIP 

CRACK 
TIP 

CRACK 
TIP 

CRACK RATIO ( c/h ) = 0 . 284 

CRACK RATIO ( c / h ) = 0.652 

CRACK RATIO ( c / h ) = 0.926 

' ' 

' ' 
' 

' 

' 
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The basic pararreters for the analysis \~re:-

crack opening cycle, CO = lmm 

thickness of su:::-facing, h = 95rrm 

Effective Youngs M:xiulus (basecourse), EJ3 = 10
8

N;m
2 

The analysis was repeated for three ratios of Effective M:xiulus 

(basecourse : wearing course) i.e. 1:1, 2:1 and 3.5:1. The Effective 

M:xiulus of the basecourse is usually higher because of the lower 

bitumen content. 

Also, the analysis was performed in the plain strain mode with 

v = 0.45, Poisson's ratio has been observed to tend to 0.5 for 
41 

visco-elastic materials at slow loading rates or at high temperatures-

The dimensions of the smallest element at the crack tip were, 0.3mm 

in the basecourse and 0.2rrm in the \vearing course. This was considered 

to give more than sufficient precision, as changing the size of the 

crack tip element from 0. 3rrm to 1. 5rrm gave the sarre value of K
1 

v>ithin 

1%, using the procedure for calculating K
1 

from ( B;)N 7) extrapolated 

to r=O. 

The values of K1 obtained from the analysis are peak-to-peak values 

corresponding to a crack-opening cycle of 1. Orrm. 

The peak positive values of K
1 

can be assumed to be half these values 

because the cycle of applied strain is sinusoidal and this will induce 

a sinusoidal cycle of stress with a time lag, in a visro-elastic 

material. 

The peak positive values of K
1 

can be expressed as K
1 

FIG 3.5. 

f (crack length) , 

FIG 3. 5 is, in effect, a r.aster curve that can be used to determine 

K1 vs c/h for o~hcr situations. 

By virtue of the theory of elasticity, K1 vs c/h, will increase in 

direct proportion to both crack opening and the Effective M:xiulus 
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of the basecourse. 

K
1 

vs c/h, can also be determined for any thickness of surfacing where 

the ratio of basecourse to v.earing course thickness is still 60:40. 

Consider the two surfacing samples, FIG 3.6. 7he stress distribution 

will be identical in both samples when the =ack-opening in SAMPLE 

II is h/95mn. 

The stress intensity factor, K
1

, is related to the crack-tip stress 

field by (EQN 7} -

K
1 

= o ( r} 12Tir as r _,. 0 

In SAMPLE II , o ( r} ~lill occur at a shorter distance from the crack 

tip than in SAMPLE IIbya factor h/95. Thus:-

K
1 

(SAMPLE II} = /~K (SAMPLE I} 
I 95 

1 

When crack opening is equal in both samples:-

K
1 

(SAMPLE II} = ~ K
1 

(SAMPLE I} . 95 
I 95 h 

. = K1 (SAMPLE II} = N K1 (SAMPLE I} 

(EQN 11} 

(EQN 12} 

J:'h115 for surfacings of thickness h(mn}, where crack opening, 

Effective l'bdulus and crack length ratio are the sarre, the value 

of K
1 

in FIG 3.5 is multiplied by I 95/h . 

The use of K
1 

= f(=ack length} for the determination of fatigue 

life (EQN 10} is simplified by defining an equivalent rrean '1 (K1 } 

that gives the sarre fatigue life as the range of K1 vs crack length:-

Nf h 

where f'1 = 
1 
h 
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FIG 3 . 6 

TWO SAMPLES OF DIFFERENT THICKNESSES WITH IDENTICAL STRESS DISTRIBUTIONS 
AT THE SAME CRACK RATIO ( c / h ) . 

SAMPLE I 

t 
95 nun 

> 

~ ~ 

I n I 

4 lmm --. 
CYCLIC CRACK OPENING 

SAMPLE II 

h 
9s mm ---+ 

CYCLIC CRACK OPENING 
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The equivalent K
1 

for a given range of K
1 

vs crack length will 

vary slightly v1ith the actual value of n. Thus K
1 

must be evaluated 

for a range of n ( n=:4 , 6 & 8) and values can then be interp::>lated 

for other values of n . 

Also , K
1 

values have to be evaluated separately for the basecourse 

and \vearing course when a t'li'JO-course surfacing is used . 

31 increrrents of h and nurrerical integration \\~ere used and the results 

are presented in the fonn of a "master curve" , FIG 3. 7 . 

3.5 Consistency of Crack Opening Mbvements 

The final assunption involved in the analysis of therrral stresses , 

SEX:TION 1 . 7, was that the stiffness of the surfacing is sufficiently 

low that it will offer negligible resistance to cyclic crack opening 

in the lean concrete so this will be constant regardless of crack 

length ratio (c/h). 

The forces required to produce crack-opening in an asphaltic surfacing 

v.ere also detennined by the finite elerrent analysis , TABLE 3 .1. 

TABLE 3 . 1 FORCE PER METRE WIDTH, ~ PRO¥E lmn CRACK OPENING 
IN 95rrm SURFACING WHERE £B = 10 N/m AND £BIE~ = 2 . 

CRACK LENGTH FORCE PER METRE 
RATIO (c/h) WIDTH (N) 

0.079 6444 

0 . 283 3843 

0 . 489 2657 

0 . 652 1828 

0 . 789 1268 

0 . 926 960 

These "surfacing restraint" forces can be considered to act over 

the entire length of the concrete slabs . The :forces are generated 

in the slab end regions and so they must act over at least 95- 99% 
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FIG 3 . 7 
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of slab length, so this assumption will only slightly over-estimate 

surfacing restraint effects. 

A restraint ratio (R) similar to that used for sub-base restraint 

effects, SECTION 2. 5, is defined to assist in the calculation:-

R Restraint to contraction of slab ends (mm) 
Unrestrained contraction of slab ends (mm) 

Restrained crack opening is then given by:-

CO RESTRAINED COUNRESTRAINED ( 1: R) 

(EQN 15) 

(EQN 16) 

R(EQN 15) can be evaluated for 0.2m thick roadbase slabs where 

E LEAN CONCRETE = 3 x 10
10 

N/m
2 

and slab length (L) = lOm = 104mm, 

taking lm 'Vlidth of pavement:-

R (Strain in slab x L)/CO 

4 
=R (Force per mm CO x CO x 10 ) /CO 

CSA SLAB x E LEAN CONCRETE 

-6 
= 1.67 x 10 (Force per mm CO) (EQN 17) 

The restrained =ack opening can be evaluated using ( EQN 17) , ( EQN 16) 

and TABLE 3 .1, for a range of values of E3, and is illustrated, 

FIG 3.8. 

The Effective M:xl.ulus of the basecourse (ESJ \~ill rarely exceed 
8 2 2 x 10 N/m , so crack-opening will only vary by 1-+-2% "VIhich is 

negligible. Also =ack-opening will be assisted by small internally 

generated tensile stresses in the surfacing. 
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4. 0 BITUMEN STIFFNESS PS A REDUCED PARAMETER IN 

ACCELERATED TESTING 

4.1 Introduction to Accelerated Testing 

The need for accelerated testing has been surnnarised, SECI'ION 3. 2. 

Accelerated tests can be perforned \ITith equal cyclic =ack opening 

(CO) and equal cyclic bitumen stiffness. 

In these accelerated tests, the mix stiffness and consequently both 

stress and strain \·lill be reproduced. M:lre importantly, fatigue 

crack growth per cycle \·lill also be reJ;:roduced because it is related 

to bitumen stiffness-mix stiffness. 

Thermal reflection cracking resulting from thermal movements in 

cracked cement-bound roadbase, occurs under low frequency loading, 

conditions far removed from those applied in conventional fatigue 

testing to simulate traffic loading. 

LON frequency and/or high temperature produces low stiffness conditions. 

Under these lov1 stiffness conditions, brittle fracture does not 

.happen and crack growth is u. result of severe localised defonm.tion 

at the crack-tip. Fracture or deforrration of the aggregate particles 

is unlikely and so it seems reasonable to expect the crack growth 

rate to be determined by bitumen stiffness. 

This hypothesis is supported by observations of the fracture process 

. b. d b. . . ukel 42 "d d h d . 43 ln ltumen an ltl.llTilnous rru.xes. He om , 1'13] l za e an Herrln 
27 

and Schapery , SEX:TION 4. 2. 

In the determination of cyclic bitumen stiffness, some consideration 

of the non-sinusoidal nature of =ack opening and the te!':'J)erature 

ranges over which it occurs is necessary in order to determine 

monthly 24 hour sinusoidal cycles at constant temperature that produce 

the sarre =ack growth as the actual cycles, SECTION 4 . 3 and 4 . 4 . 
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A limited amount of stress-relaxation data has been published for 

a typical U.K. Hot Rolled Asphalt Basecourse mix44 . This data is 

used, SEJ:TION 4. 3, to compare the cycles of stress produced by 24 

increrrents of crack opening of actual and sinusoidal cycles of equal 

amplitude. 

Typical values for the crack growth constants A,n from the test 

results are used, together with the fracture mechanics criterion 
n of equal rAK1 for the positive increrrents of K1 , which implies 

equal crack growth per cycle, SEJ:TION 4 . 3. 

Mbnthly 24 hour sinusoidal cycles, so defined, can be accelerated 

to approx 0 .1hz by using either a higher temperature or a softer 

grade of bitumen, and the criterion of equal bitumen stiffness defined 
34 by Van der Poel' s rronograph 

The test conditions of bitumen stiffness for two 50 PEN bitumens, 

and equi-stiffness test temperatures for testing with 50 and 200 

PEN bitumen, are determined, SECTION 4.5. 

Bitumen stiffness can be referred to as --a "reduced ·pa.rarreter" for 

fatigue testing because it combines the influences of three variables:-

Test Temperature, Test Frequency and Bitumen Grade. 

4. 2 Observations of the Influence of Bitumen Stiffness in 

the Fracture Process 

The stiffness of bitumen34 
was found by Heukelom42 to be a useful 

indicator of the variation of the tensile strength of bitumen and 

bituminous mixes, FIG 4.1, with test conditions of temperature, 

loading rate and bitumen grade. 

It is the opinion of the author that the same is true for the fatigue 

of bituminous mixes because fatigue and tensile fracture are the 

same process; fracture = fatigue ( NF=l). 

42 Heukelom also reported fatigue tests on pure bitumen, where the 

relationships between both stress and strain and NF could be 

correlated in terms of bitumen stiffness. 

In later vmeel-tracking fatigue tests of bituminous mixes reported 

by van, Dijk~ 5 , fatigue life (NF) vs stress and strain data were 

69 



FI G 4 . 1 

THE RELATIONSHIP BETWEEN THE TENSILE STRENGTH OF BOTH PURE BITUMEN AND 
BITUMEN I AGGREGATE MIXES AND BITUMEN STIFFNESS, HEUKELOM42 ,

1966 
. 
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correlated in terr.s of mix stiffness and total energy dissipated 

during the test. 

When evaluating the fatigue life of a specific mix, either bitumen 

stiffness (SBIT) or mix stiffness (SMIX) can be used to correlate 

\·1ith NF because SMIX *=* SBIT" 

46 
This is evident from the SHELL norrograph , FIG 4 . 2 , which is valid 

7 2 
for any mix for SBIT greater than 10 N/m . 

Creep tests 
4 7

, FIG 4. 3, are required for individual mixes to evaluate 

the SBIT vs SMIX relationship for SBIT lm..er than 10 
7 

N/r:?. 

The 47 . d . . f 1 . se creep.tests were carr~e out~ compress~on or corre at~on 

with a rutting model. 

Creep tests can be carried out in either tension or compression, 

tension is more relevant for application to fracture and fatigue. 

. . 34 42 45 46 
The work of SHELL ~vest~gators ' ' ' , is related to fracture 

and fatigue under rapid loading and moderate to,low temperatures 

corresponding to high bitumen stiffness.-· 

Thermal reflection cracking occurs at much lower levels of bitumen 

stiffness 'Vihere the fracture process is even more likely to be controlled 

by bitumen stiffness, because crack growth is more likely to be 

through the bitumen films. 

The work of M:lj idzadeh and Herrin 
43 

relates to the tensile fracture 

of thin films of bitumen at conditions of low bitumen stiffness 

more relevant to thermal reflection cracking. The basic failure 

mechanism observed by these researchers was hydrostatic failure, 

FIG 4.4. 

This failure mechanism was observed to break down if moderate 

stresses developed during applied loading, leading to fracture by 

tensile rupture and if high stresses developed during loading, 

leading to brittle fracture. These observations of M:ljidzadeh .and 

Herrin are illustrated, FIG 4. 5, in terms of zones of fracture mode 

on a plot of test conditions of bitumen stiffnes (72 PEN BITUMEN; 

PI Uknown; Assumed PI + 0. 35 ) vs the aspect ratio (diameter: thickness) 

of the films. 
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FIG 4 . 2 

THE 11 SHELL 11 NOMOGRAPH RELATING MIX STIFFNESS AND BITUMEN STIFFNESS 
AT HIGH STIFFNESS CONDITIONS , 

1
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FIG 4 . 3 

CREEP TESTS TO RELATE MIX STIFFNESS TO BITUMEN STIFFNESS FOR INDIVIDUAL 

MIXES AT LOW STIFFNESS CONDITIONS , HILLS,BRIEN & VAN DE L004 7 , l 974 . 
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FIG 4 . 4 

THE THREE MODES OF TENSILE FRACTURE OF THIN ( 0 .02 - 2 mm FILMS OF 
BITUMEN ( 72 PEN ) , TESTED AT A RANGE OF TEMPERATURES ( 0 - 4 5 °C ) 
AND LOADING RATES ( 0.005 - 1 in / minute ) , 43 

MAJIDZADEH & HERRIN , 1965 

~ STEEL TEST PLATENS WITH I•IILLED FACES 1 INCH IN DIAMETER 
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FIG 4 . 5 

THE RELATIONSHIP BETWEEN THE MODE OF TENSILE FRACTURE OF THIN FILMS 
OF BITUMEN AND THE TEST CONDITIONS OF BITUMEN STIFFNESS 1 43 

"ADAPTED FROM" MAJIDZADEH & HERRIN 1 1 965. 
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It can be seen from FIG 4.5 that for the low stiffness conditions 

associated with thermal reflection cracking, brittle fracture will 

only occur if the aspect ratio of bituren films within a mix is 

thinner than 300:1. The forrration of such \vide, thin films in bitum

inous mixes is unlikely because of the irregular surfaces of the 

aggregate and the presence of air voids. 

MBjidzadeh and Herrin
43 

observed that ·for non-brittle fracture, 

the peak stress occurs during the early stages of the flow and the 

"classical" intenrolecular fracture only happens much later across 

the thin necked "thread" or "threads" of bituren at a much reduced 

load. This implies that the fracture strength (peak stress) is not 

related to the electrostatic surface energy, but is determined by 

the resistance of films of bitt.nren to transverse contraction and 

necking i.e. bitt.nren stiffness. 

Fatigue crack growth under cyclic loading can be described as the 
... 

repeated fracture of a crack-tip element of material with consequent 

advancement of the crack-tip. Thus fatigue =ack growth and constants 

A,n should also be determined by test conditions of bituren stiffness 

of the individual loading cycles. 

Further evidence that fatigue crack growth is determined by bitt.nren 

stiffness can be deduced from Schaperys equations for A & n (EQNs 

8 & 9). 

I • 27 1 d "al • Schapery s equat1ons re ate A an n to three mater1 propert1es. 

Of these, two have been shown by SHELL investigators to be functions 

of bituren stiffness i.e.:-

Tensile Strength <= 
42 

Creep Compliance = 1/SMIX; SMIX 
s . 46,47 

BIT' 

The third r.E.terial property ( 1:) the fracture surface energy is also 

probably related to bitt.nren stiffness as described below, 

Crack growth in ductile steel has been des=ibed as a rrechanism of 

void coc:tlescence ahead of the crack front
39

, which is analogous 
. 43 

to the tensile rupture, FIG 4.4, observed by MBjidzadeh and HerriD 

in thin films of bitt.nren. 
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Orowan
48 

observed that in the fracture of ductile steel, the plastic 

work portion of fracture surface energy 'WaS three orders of magnitude 

greater than the "free surface" energy portion and so the latter 

could be neglected in this "non-brittle" fracture. 

Thus the fracture surface energy of bituminous mixes should also 

be dominated by the plastic work term which is bitumen stiffness 

related. 

Thus Schapery's theory also implies that A & n can be co=elated 

in terms of test conditions of bitumen stiffness, and so accelerated 

testing is viable. 

4. 3 Temperature Compensation for the Non-Sinusoidal Daily Cycle 

The daily cycles of crack-opening in the roadbase are non-sinusoidal 

and occur over a range of temperatures during the day. 

The simuiative testing ·has to use sinusoidal cycles at constant tem

perature, which must produce the sarre fatigue crack growth as the 

actual cycles. 

The fatigue crack grm'lth per cycle is dependant upon the vave shape 

of the stress intensity factor
27 

which is determined by the vave 

shape of the crack opening cycle. 

Fatigue crack growth per cycle can be evaluated for both the actual 

cycles and sinusoidal cycles at constant temperatures, by considering 

hourly increrrents, TABLES 4 .l/2. The equivalent sinusoidal daily 

cycles produce the sarre crack grov'lth per cycle when the temperature 

is a few oc warmer than the rrean of the actual cycle. 

The daily cycle of paverrent temperature was considered in SECI'ION 2 

, and hourly temperature-depth profiles v.ere plotted for four typical 

rronths for each season of the year, FIG 2. 2, from which daily cycles 

of rrean temperature can be determined for the roadbase and surfacing, 

FIG 4.6. 

The near absolute restraint of thermal warping in the roadbase rreans 

that the crack opening cycle is determined by the cycle of depth

averaged rrean :coadbasc temperature, FIG. 4. 6. 
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FIG 4 . 6 

THE DAILY CYCLES OF SURFACING AND ROAD BASE TEMPERATURE FOR A 100 mm 
SURFACING COMPOSITE PAVEMENT • 

)( ,. )' )' X )( MEAN TEMPERATURE IN THE SURFACING , 0 - 100 mm 

••••• e MEAN TEMPERATURE IN THE ROADBASE , 100 - 300 mm 

TEMPERATURE °C 
I 

. I . . . : :! ... : 

6 

i ' 
2 

18 

16 

14 

12 

10 

8 

6 

12 

30 

28 

26 

24 

22 

20 

18 

16 

14 

i" 10 

8 

6 

JANUARY 

. I 
• I 
. I 

-· I 

I· 

·!-

APRIL 

14 16 18 20 22 24 

I . • 
., I • , 

I . . 

. I 
I 

i ~ .. 

2 4 

. I. ...j ... . 

.. I .I :: -

6 8 10 12 

4---- HOUR OF THE DAY • 

r--~--~~--~~~-----~--;----+--~~~ 

1 ... 
I. 

. : . . i . 1 

_ _J_ - - ----~ 
: . ~ _ I ~ : :· . I · 

OCTOBER 

- - - _L . . - ___ : _ ___ _ 
. . . I 

80 



The comparison of fatigue crack growth per cycle is made here for 

these four months, FIG 4.6, and the folloWing conditions:-

Roadbase slab length (15m), thermal coefficient of expansion (l0- 5;oc) 
and surfacing thickness ( lOOrrm). 

The amplitude of the crack opening cycle has been evaluated, TABLE 

2.8, (January 0.32nm, April 1.25nm, July 1.3lnm & October 0.69rrm) 

and hourly crack-opening increments can be determined from hourly 

variations in the roadbase temperature cycle, FIG 4.6, for each month. 

The relaxation modulus data for a UK Type H.R.A. basecourse mix
44 

can then be used to determine 24 ]Xlint cycles of K1 from these hourly 

"constant rate of strain" crack opening movements, TABLE 4 .1/2. 
- 44 

The relaxation modulus, FIG 4. 7, relates to instantanous applied 

strain with a high initial stress that subsequently relaxes:-

Relaxation 
M:xiulus 

P.M ( t iire , Temp ) 
Residual S::ress (tir.-e, Temp) 

Initial Strain 
(El'.)N 18) 

The effective modulus_ for constant rate of strain type loading is 

greater than the relaxatbn modulUD (El'.)N 18) but is related to it. 

The constant rate of .strain modulus, y, (El'.)N 19) is given by the 

sum of residual stresses from increments of strain equally spaced 

over the preceeding tirre interval:-

( it ) It I RM (tirre,Ternp) dt 
o· 

Where It = the incremental tirre interval. 

(El'.)N 19) 

y(l Hour)' FIG 4.7, was evaluated for a range of t~rutures (2-+-30°C) 

by re-plotting the rela.v..ation modulus data, FIG 4. 7, to a linear 

tirre axis and using the trapezium rule to estimate the value of the 

integral ( El'.)N 19 ) . 

At the end of an hourly interval of constant crack opening movement, 

the magnitude of the crack tip stress intensity factor (K1 ) is 

determined by the finite element results, FIG 3.7, and is a function 
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of the hourly crack opening and the effective rrodulus (y) for a 1 

hour interval, i.e. 

3/2 
K1 = 4.8 (HOURLY COmm) ~ N/mm 

10 
(B,JN 20) 

The quantity K1 (B,JN 20) is the equivalent rrean value for =ack 

propagation in a 100mm single course surfacing (B,JN 13). 

At the lov-er end (2-+-10°C) of the temperature range considered, a 

slight correction to (EQN 20) is necessary to account for additional 

unrelaxed stresses from the previous hourly interval:-

4.8 (HOURLY COmm) ( __L.J (1 + RM (1 HOUR)) 

108 
RM 

0 

N/mm3/2 

(EJ;)N 21) 

where RM = (the relaxation rrodulus at tirre =0) which is difficult 
0 9 2 44 

to rreasure accurately, but was estimated as 4 x 10 N/m . Fortun-

ately the value of (RM ( 1 HOUR)/P-M ) at 2°C and above, is less than 
0 

2% and so the effect of uncertainty in estimating RM 1o1ill be negigible. 
0 

The evaluation of fatigue =ackgrouth for the actual and equivalen-~ 

sinusoidal daily cycles is detailed TABLE 4.1/2. 

The fatigue ·crack growth per cycle is evaluated as the sum of the 

crack growth per increrrent (A
1

Kn) during the hourly increrrents of 

constant loading of the positive pulse of K
1

. 

The crack grm-lt:h constant for 1 hour loading in=errents (A
1

) is 

different to that for the complete cycle (A) because the loading 

tirre is different. Hov-ever crack growth for a cycle split into in=e

rrents is still the sarre because A and A1 are determined by biturren 

stiffness \·lhich compensates for the difference in loading tirre. 

Average values for A
1 

and n, FIG 4. 8, from the test results, FIG 

6.9, are used here to evaluate hourly in=errents of fatigue =ack 

growth ( A
1 

K
1 

n) and fatigue =ack growth per cycle ( AK
1 

n) . 

Fatigue crack growth per cycle is not exactly the sarre for sorre months, 

TABLE 4.1/2. This is be1cause of rounding-off errors in the calculations 

and because the equivalent sinusoidal cycle temperature could only 

be assessed to the nearest 0.1°C. 
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FIG 4 . 8 

THE VARIATION WITH TEMPERATURE OF THE FATIGUE CRACK GROWTH CONSTANT, A1 , 
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The fatigue crack growth per cycle is very sensitive to variations 

in temperature. A1 increases with temperature and K1 decreases. 

The combined variation (A
1
K

1 
n) produces a decrease in crack growth 

rate as temperature rises by a factor of 1. 64 per oc, over the range 

O+l5°C, but "levelling off", FIG 4. 7, above 15°C . 

This factor of 1. 64 per °C relating crack growth rate and temperature 

can be used to detennine temperature corrections for the variation 

of mean daily temperature within each month, SEJ:TION 4.4. 

Values of fatigue crack growth, TABLES 4 .l/2 are meaningful in relative 

terrrs but not in absolute terrrs because they \"Jere obtained by combining 

crack grmlt:h constants from the test mixes with K
1 

values determined 

using relaY~tion rrodulus data from a different mix. 

It is also possible that the cycles of crack-opening r.ovement could 

be of a "stick-slip" nature due to the restraining effects of sub

base friction. This would. result in very uneven cycles of (K
1

) 

and (AK
1 
n) ~~ith- ~p~~ -t~t ~~~d--~ ·.;;ry -ci.iffi~ult to analyse. 

It is probable that the high frequency vibration effects of traffic 

loading\vill helpto overcome friction during thermal contraction 

and so the crack-opening movements can be assurred to occur at constant 
·-

rates over hourly intervals. 

4.4 Temperature Corrections for the Variation of ~an Daily 

Temperature \vithih each MJnth. 

The equivalent temperature for each month of the year is also affected 

by the variation of mean daily temperature within each month. 

The frequency distribution of the individual daily values about the 

monthly mean, TABLE 4. 3, is taken from the variation of median 
11 

("' mea,n) daily temperature at depth 127rrrn in a concrete paverrent, 

This distribution is a measure of climatic variability and is the 

same for all types of paverrent. 

The differences bet~~~.een equivalent monthly temperatures and the rrean 

rronthly values, TABLE 4.3, vary from -0.6°C to-2.4°C. The calculated 

difference for the year taken as a \mole is -1.4°C. 
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It was decided to use the average of -1.4 •c and the calculated monthly 

values , because there \'la.S no clear trend over the year. 

Constant temperatures for a sinusoidal daily cycle have been inter

polated, TABLE 4. 4, for all months of the year by comparing the 

calculated values, TABLE 4. 2, with the monthly rrean ternp:!!:"atures 

for depths 0-100mm in a composite paverrent, TABLE 2.1. 

The interpolated sinusoidal daily cycle temperatures, TABLE 4. 4, 

are then adjusted to compensate for disproportionate damaging effect 

of the few colder than average cycles in each m:nth. 

4.5 Cyclic Conditions of Bitumen Stiffness and Suitable Test 

Temperatures. 

The determination of equivalent temperatures for a sinusoidal daily 

cycle used data from test mixes and a HRA basecourse mix
44

, containing 

bitumen of an average tempernture susceptibility ( PI=O). 

The equivalent temperatili:-es ··TABLE 4:4, only represent srra.ll deviations 

from the rrean monthly paverrent temperatures and so they are reasonable 

as base temperatures for the acceleration of testing of mixes containing 

road bitumens where PI = ( -1 + +1). 

Suitable frequencies and raised temperatures for accelerated testing 

are defined by the criterion of equal bitumen stiffness, as defined 
34 by the Van der Poel Norrograph , FIG 4 . 9. 

Values of bitumen stiffness predicted by the Nomograph have a possible 

error of a factor of hvo, but the accuracy of the t irre-temperature 

shift for a given grade of bitumen ~rould be expected to reduce the 

size of the factor. 

The appropriate loading tirre for sinusoidal cyclic loading to give 

the sarre =ack growth as a pulse of constant loading, depends upon 
n 

the value of the exponent n in the crack grm·lth equation AK
1 

. IVhen 

n = 5 + 6, the positive pulse of a sinusoidal cycle does produce 

the sarre crack growth as a pulse of constant loading at the peak 

stress, of duration 1/ ( 2TI x frequency). So this loading tirre 

convention is appropriate. 
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The test conditions of bitumen stiffness are illustrated, TABLE 4.5, 

for two 50 PEN bitumens. Equi-stiffness temperatures for acclerated 

testing are illustrated for testing with either 50 or 200 PEN bitumen. 

The use of 200 PEN bitumen enables lov.er test temperatures to be 

used. 

Also the repetition of tests with 50 and 200 PEN bitumen at the same 

value of bitumen·stiffness does provide some measure of validation 

of the use of bitumen stiffness as a reduced parameter for fatigue 

testing of specific mixes. 

The simulative reflection cracking fatigue tests can be performed 

on a limited range of mixes at a range of fixed values of crack opening 

and bitumen stiffness. The variation of the crack grouth constants 

{A,n) can then be expressed in terms of bitumen stiffness. 

Fatigue =ack growth can then be evaluated over the range of rronthly 

conditions of crack opening and bitument stiffness, a process analogous 
, . , f , I 49 to the appl1.cat1.on o Miner s Law . 

Miner's Law has been shown to be valid for bituminous material when 

there are no rest periods 5° These daily thermal cycles, although 

slow, are continuous with no rest periods. 
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5. 0 TEST PROCEDURES 

5.1 Asphalt Mix Proportions and Preparation of Test Samples 

Dense impermeable mixes are normally used for two-course surfacings 

in the U.K. 

For major roads designed for traffic levels greater than 2.5 MSA, 

only hot rolled asphalt to BS 594
5 

is ~tted for the wearing course, 

and a choice of hot rolled asphalt to BS 594
5 

and dense bitumen mac

adar:t to BS 4 9876 is pennitted for the basecourse. 

50 PEN bitumen is normally used for thetrt rolled asphalt {HRA) which 

is a gap-graded mix similar to a stone filled sandsheet mix. 

A softer grade of bitumen, usually 100 PEN is used for the dense 

bitumen madacam { DBM) because this type of mix obtains rrore stability 

from it's aggregate grading, and also because DBM type r.ri.xes tend 

.to have higher air void contents and are consequently rrore susceptible 

to bitumen hardening by oxidation. DBM mixes are similar to the 

asphaltic concrete mixes used in the USA and other countries. 

The range of mixes in the test program was limited to hot rolled 

asphalt basecourse and wearing course mixes, made with two bitumen 

grades {50 & 200 PEN) and a range of ncrninal sizes for the coarse 

aggregate { 20, 28 & 40rrm in the basecourse and 14 & 20mn in the wearing 

course). It had been hoped to test a wider range of mixes including 

DBM basecourse but the need to obtain test results for a wide range 

of values of cyclic crack opening and temperature {bitumen stiffness) 

rreant that only a limited range of mixes could be tested. 

The constituents of the test mi..'<es and the mix proportions are surrmarised 

TABLE 5.1. 
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TABLE 5. 1 MIX PROPERTIES AS % WT MIX 

BASECOURSE WEARING COURSE 

CONSTITUENTS MIXES MIXES 

BC BCS WC wcs 

COARSE AGGREGATE 65.0 65.0 30.0 30.0 
MX>RCROF'I' LIMES'IONE 

FINE AGGREGATE, SAND 29.3 29.3 54.8 54.8 
ROCKBEAR QUARTZITE 

LIMES'IONE FILLER - - 7.3 7.3 

50 PEN BITUMEN 
TR&B 56~ oc PI+0.6 5.7 - 7.9 -

200 PEN BITUMEN 
T ··42 1 oc PI + 0.3 - 5.7 -. 

~ 7.9 R&B ':i 

% AIR VOIDS IN 0-+-1 0-+-1 0-+-4 0-+-2 
COMPACTED MIX 

Aggregate grading curves for the test mixes are illustrated, FIG 

5.1, in relation to the specification limits, BS 594 5 • The hot rolled 

asphalt -wearing course mix is the 1973 standard recipe mix lA for 
5 

=ushed rock aggregate 

The biturren content of the -wearing course mixes, TABLE 5 .1, is lo-wer 

than the optimum, 8.3 -+- 9.4%, implied by TRRL wheel tracking test, 

whole mix M:!rshall Tests, and the results from full scale trial surfacings 
51 at the A33 Winchester by Pass , (The Rockbear sand was included 

in trials of rolled asphalt -wearing courses with eight types of fine 

aggregate) . 

The biturren properties, TABLE 5.1, were obtained from lOOcc samples 

of biturren taken immediately before mixing. The aggregate was at 

least l0°C cooler by the tirre the biturren was added to it, and it 

was considered that further hardening of the biturren after the start 

of mixing, would be negligible. 
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FIG 5 . 1 

AGGREGATE GRADING CURVES FOR THE TEST MIXES IN RELATION TO THE SPEC

IFICATION , BS 5945 . 
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For all the 50 PEN and the 200 PEN samples, the required volurre of 

biturren was obtained from t\\10 heated 5 gallon batches, then kept 

in sealed tins at room terrperature until use. This ensured identical 

biturren properties for all samples. 

The void contents of the test mixes, TABLE 5 .1, were detennined from 

the rreasured mix density and the theoretical mix density with zero 

voids, BS 594 6 . 

They are low be=use of the unusual compact ion rrethod used for the 

samples. 

Rolling compaction was not possible becaw:;e a roller of sufficient 

deadweight was not available and so a Kango Harmer with a 75rnn x 

100rnn pre-heated foot was used to compact the test samples. 

The base course and wearing course were laid and compacted over pairs 

of thin concrete plates in a specially designed VoiOoden IIDuld 1800rnn 

_ long x 100rnn wide, FIG 5. 2. 

Equal compactive effort was used for all the test samples. The foot 

of the Kango Harmer was moved around the inside edge of the mould 

in a continuous cyclic motion, for a fixed period of tirre and by 

the sar.e operator. This process was observed to produce a "re-moulding" 

of the asphalt during compaction similar to that which occurs with 

rolling compaction. 

The duration of compaction was approximately equal to the maximum 

tirre available after mixing and spreading the asphalt, before it 

cooled to the minir.\um rolling te:.rnperature ( 30 minutes for the base

course and 15 minutes for the wearing course). 

This compacting tirre was realised to be possibly too long because 

of the low void contents produced, TABLE 5. 1, although no reliable 

data is available for realistic void contents of hot rolled asphalt 

compacted over lean concrete. 

A Hobart mixer with a workable maximum batch size of 0.007Sm
3 was 

used for the test samples. For each batch the required amounts 

of biturren and aggregates \-.Bre heated separately in an oven for 

16 hours at the maximum mixing temperature
6 

The mixer bov1l and 
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mixing hook were also pre-heated in this manner. 
For each sample, two batches were required for the basecourse and 

these were mixed in quick succession and compacted together. Only 

one batch was required for the wearing course and coated chippings 

were added halfway through compaction. All materials were mixed 

until the aggregate was completely and unifonnly covered. In practice 

this took about 8 rrinutes. 

The concrete plates, FIG 5.2, were designed to simulate the fine 

texture of the top 25mn of a lean concrete roadbase and were at least 

7 days old when used. The concrete was a 50/50 mix of grit and 

sand with aggregate/cement ratio of 4:1 and a water/cement ratio 

of 0.575. A high strength r.Ux was required for such thin plates. 

The concrete plates were also reinforced by two 6mn diameter steel 

rods running the length of the plates, supporting a ~ inch square, 

lmn wire rresh that covered the area of the plates. 

A bituminous curing emulsion vms used at the minimum specified rate 

of 0. 5 gal/yd2 38 . The interaction of the residue of this emulsion 

and the hot asphalt during laying, produces a realistic bond in these 

1.8m long samples. 

Seven 1800mn long samples were produced with a range of nominal stone 

sizes in the basecourse and wearing course, TABLE 5.2. 

TABLE 5. 2 NOMINAL STONE SIZES IN THE TEST MIXES 

MIX BITUMEN 1\K)MINAL STONE SIZE mn 
DESIGNATION GRADE 

NUM3ER WEARING COURSE BASECOURSE 
PEN 

1 s 200 14+10 20+14 
-

2 s 200 14+10 28+20 

3 s 200 14+10 40+28 

4• s 200 20+14 28+20 

1 50 14+10 20+14 

2 50 14+10 28+20 

4 50 20+14 28+20 
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A 50 PEN Sample with 40-+-28mn Stone in the basecourse was not produced 

because of difficulties with the larger stones jamning the mixer 

and being ejected. 

These 1, 800r.m samples were tested at room temperature and the undarra.ged 

900mn long portions of surfacing were detached from the cx:m=ete 

plates and re-bonded over a series of four (250 x 200 x 12mm) steel 

plates with 125g of ARALDITE 2005. A further 42 tests \>Jere then 

performed at elevated temperatures with these "half" and "qua...-ter" 

samples. These short epoxy resin bonded samples comprised the bulk 

of the test program. 

5. 2 !:€tails of the· Test Rig 

The test rig was designed around a steel frame that was available 

in the laboratory. 

1. 8m long samples had to be tested at ambient temperatures but samples

shorter than 1.5m could be tested at elevated temperatures with the 

aid of a detachable thermal cabinet, FIG 5.3. 

Air ·is not an ideal medium for temperature control and the test samples 

had to be left for at least 2 hours and often overnight before a 

constant temperature vlaS attained. 

However, the short samples also required 24 hours for the Araldite 

bond to cure and so the curing and pre-heating periods for each sample 

were timed to coincide. 

The test platens were constructed from 3 layers of 25mn thick steel 

plate, which provided a smooth top surface for the attachment of 

samples and enabled the lever-arm mechanism to be bolted through 

from underneath. The lever-arm mechanism transmits the crack-opening 

movements and is illustrated, Fig 5.4. The movements are generated 

by an adjustable eccentric on a flywheel plate, driven by a geared 

down, shunt wound, electric motor. 

Further detail of the test-rig is illustrated by PLATES 5.1 & 5. 2, 

such as the side plates and track clamps which constrain the test 

platens to permit only crack-opening movement and the portal frame 
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PLATE 5 . 1 

APPROX SIDE VIEVl OF TEST RIG WITH DETACHABLE TEMPERATURE CONTROL 

CABINET IN FOREGROUND 

·~ 
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PLATE 5 . 2 

APPROX END VIEW OF TEST RIG TO ILLUSTRATE PORTAL FRAME GAUGES AND 

LEVER ARM MECHANISM 

GAUGES 

B 
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mounted strain gauges that monitor displacements throughout each 

test. 

5. 3 fveasurement of Crack Growth During Testing 

Portal frarre type displacement gauges, FIG 5.5, ~re developed for 

·1 the. ~:s_! p~ogr_~·. These gauges ~re re-usable and generated negligible 

reaction force when measuring cyclic displacements (<lN/mm). 

A single gauge was used to monitor the cyclic crack opening movement 

(CO) applied to the base of the test samples (GAUGE A) and three 

gauges ~re mounted li1 a line on top of the test samples (GAUGES 

B,C & D), PLATES 5.1 & 5.2. 

GAUGES A,B,C & D \-Jere calibrated with the aid of a dial gauge mounted 

on the side of the test rig, P!..h...'"'E 5.1. The gauge outputs ~e ampli

fied and recorded throughout each test, on a u-v type multi-channel 

chart recorder. 

In all tests, the transverse =ack rose up through the central 100mn 

of the samples monitored by GAUGE C. 

The cyclic displacements recorded from GAUGE C increased steadily 

during each test from appro~. 15% CO to approx 100% CO. It was realised 

that the ratio of the displacements recorded from GAUGE C and GAUGE A 

was physically related to the height of the crack front within 

the samples and could be used to determine crack growth rates during 

testing and the failure point of each test. 

The displacement ratio C/A vs crack length curves for a 95mm sample, 

FIG 5.6, ~re determined from the finite element results, SECTION 

3.4. 

5.4 Tensile Creep Tests to Detennine the Effective M:xl.ulus of 

M:!terials during Testing 

The Effective M:xl.ulus (mix stiffness) of both the basecourse and 

the ~aring course, at the test conditions of temperature and frequency 

(bitumen stiffness), had to be ascertained:-
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FIG 5 . 6 

CURVES TO DETERMINE THE CRACK RATIO ( c /h ) OF PARTIALLY CRACKED 
SAMPLES FROM THE RATIO OF THE CYCLIC DISPLACEMENTS AT THE TOP AND 
BASE OF THE SAMPLES , 95 mm SURFACING 
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i) To enable crack growth rates (dc/dN) during testing 

to be determined from, FIG 5.6, 

ii) to enable stress intensity factors (K1 ) during crack 

growth to be determined from, FIG 3.5. 

These experimental values of ( dc/dN) and ( K
1

) enable experimental 

values for fatigue =ack grm.rt:h constants A, n to be determined. 

Hills et al
47 

have shown that the results of =eep tests at different 

temperatures and stress levels, with bitrnen grades, could all be 

combined as plots of SMIX vs SBIT for that specific mix. These plots 

define the Effective M:xiulus ( SMIX) for a range of test conditions 

(SBIT). 

These =eep tests results also enable theoretical values of the crack 

gro ... .rt:h constant n to be determined from Schapery' s Theory
27 

vmere 
·-- -· ·- - ... 

n is related to the slope of a LOG-LOG plot of =eep compliance 

(1/SMIX) vs time. 

Tensile creep tests were performed on pieces approx (100 x· 100 x 

40 )mm that v.~ere cut from samples after testing and had been used 

for void content analysis. The tensile creep test apparatus is 

illustrated, FIG 5.7. 

24 samples of basecourse and wearing course with coated chippings, 

were tested at ambient temperatures (15-l8°C) and stress levels of 

approx 0.1MN/m
2 

and the SMIX vs SBIT curves are illustrated, FIG 

5. 8. These was no discernable difference bei:\'Jeen the 14 and 20mm 

stone size wearing course mixes and the 20, 28 and 40mm stone size. 

basecourse mixes and the rrean curves are illustrated, FIG 5. 9. These 

curves were found to be reasonably consistent, when extrapolated, 

with the SHELL data
46 

for bitumen stiffness 10
7 ~ 109 N/m2 

that is 

valid for all mixes. 
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FIG 5 . 8 

CREEP CURVES DERIVED FROM TESTING 100 x 100 x 40 mm SAMPLES CUT FROM 
THE TEST MIXES AFTER TESTING . 
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The mean curves, FIG 5.9, were replotted as LOG-LOG plots of creep 

compliance vs tiire at a range of temperc:.tures. According to Schapery' s 

Theory
27

, theoretical n values for testing at O.l2Hz are determined 

by the slope of the curves between 0.443 and r 1.33 seconds. 

Creep compliance curves for the wearing course mix with 50 PEN biturren 

are illustrated, FIG 5.10, and the calculation of theoretical n 

values is surrrnarised, TABLE 5. 3. 

110 



FIG 5 . 10 

LOG - LOG PLOTS OF CREEP COMPLIANCE vs TIME,FOR THE WEARING COURSE MIX 
WITH COATED CHIPPINGS,CONTAINING 50 PEN BITUMEN 
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MIX TYPE 
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1 
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6 • 0 TEST RESULTS 

6.1 Observations 

Simulative thermal reflection cracking tests have been performed 

at 0 .12hz and 3 terrperature levels corresponding to 3 levels of biturren 

stiffness for each biturren grade. 

The test results are detailed, TABLE 6.1/2/3/4, and can be used to 

plot fatigue lines, FIG 6.1. 

The 46 test results Were only just sufficient to establish the position 

of the fatigue lines. The slope of the fatigue lines, FIG 6. 1, 

is -(1/n) predicted by creep tests and Schapery's equation, TABLE 

5. 3 , for the wearing course material. 

The scatter of the test data was such that experimental values for 

the slope of fatigue lines could not be determined. This scatter 

of the test data is a combination of inherent scatter and scatter 

due to variations of ±5rrm in sample surfacing thickness and ±3°C 

in test temperature . 

.. M:ljor .problems .were encountered \'/hen the 200 PEN Samples were tested 

at approx 40°(,' TABLE 6.4. The4snlix samples were the first to be 

tested and these \~re observed to slump laterally after approximately 

5000 cycles, but the fatigue lives for these tests could be estimated 

from the crack growth up to 5000 cycles. 

ML~ samples denoted as ls,2s and 3s were tested at higher temperatures 

and an n-SECTION Steel Collar was fitted over the test sample to 

restrain lateral slump during testing. 

'!'his Steel Collar had minimal clearance to either side of the test 

samples and a silicone grease was used to reduce friction. 

Unfortunately the test samples still became stuck to the Steel Collar 

and this appeared to prevent further vertical cracking. Horizontal 

cracking did develop in the basecourse of these samples towards the 

end of the tests, but this was probably caused by the Steel Collar 

and not a realistic effect. 

Five of these tests became stuck bet~en 50 and 5000 cycles and the 

fatigue lives could be estimated from the peaks of the crack growth 

vs cycles curves. The remaining tests became stuck after. 2 -·to 5 ·cycles 
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STONE TEST SAMPLE CYCLIC CRACK TEST TEST CONDITIONS OF FATIGUE LIFE % --.11:>1 
(fj 

SIZE DIMENSIONS OPENING TEMPERATURE BITUMEN STIFF~~SS CRACKED 0 >-'] 

IN lUX ( mm ) ( oc ) ( N I m' ) 
( CYCLES () 

( mm ) 
Ill TESTS 1:l 

TABLE BASE WEARING BASE I~EARING BASE WEARING 
FOR 100 % \HTH NO 

~~ 
5.2 

LEllGTH HEIGHT COURSE COURSE COURSE COURSE COURSE 
CRACKING FAILURE 

COURSE >-'] 
tv(fj .._, 

2 1800 100 0.89 16! 16! 
6 6 

3,400 0 6 2.8x10 2.8x10 () :<1 

100 0.95 
6 6 

1800 1 7 17 2.0x10 2.0x10 3,000 (fj 

. 6 6 ;!n~ 
4 1800 100 0.99 17! 17! 2.4x10 2.4x10 2,400 'd 

of;; 
5 5 (fj 

2 450 95 0.82 0.86 27! 29 4.0x10 3.1x10 51,000 EST 57 ,_. 
"'~ 

5 5 H 

2 900 95 0.89 0.96 26! 27! 4.6x10 3.9x10 3,650 ::C>-'] 

~ N ::C ..... 5 5 ..... 4 450 94 0.93 0.97 25 26! 6.5x10 4.9x10 4' 150 V1 t"' ,. 0 1:>1 

28! 
5 5 

1 450 97 1.05 1.06 .30 3.2x10 2.2x10 4,200 'd 
1:>1 cr. 

5 5 z 
2 450 98 1.01 1.14 26! 27! 4.7x10 4.0x10 3,360 tu 

5 5 H 

4 450 94 1.06 1.14 25! 26! 5.6x10 4.6x10 2,440 >-'] 

5 5 § 
900 93 1. 21 1.28 29! 31 2.8x10 2.2x10 2,600 1:>1 z 

24! 25! 
' 5 5 

~ 4 900 92 1. 22 1. 35 6.8x10 5.6x10 2,220 

27! 
. 5 5 

1,450 i:; 1 450 90 1. 43 1. 52 26 5.1x10 3.8x10 
'd 
!:0 

EST = FATIGUE LIFE ESTIMATED FROM PEAK % CRACKED AT END OF TEST 0 
X 
H 

!;'; 
>-'] 
1:>1 
t"' 
>< 



I, 

"" o-3 
STONE TEST SAMPLE CYCLIC CRACK TEST TEST' CONDITIONS OF FATIGUE LIFE % OM 

Ul 

SIZE DIMENSIONS OPENING TEMPERATURE BITUMEN STIFFNESS CRACKED 0 o-3 
( CYCLES n 

IN rux 
( mm ) 

( mm ) ( oc ) ( N I m' ) IN TESTS 1:l 
'.FOR 100 % \"/ITH NO ~ ~ TABLE HEIGHT ' BASE WEARING BASE WEARING BASE WEARING 

5.2 LENGTH 
COURSE COURSE COURSE COURSE COURSE COURSE 

CRACKING FAILURE o-3 
Ul 

0 
. 5 4 22,000 "] 

2 450 94 1.03 1.07 35 37 .-a 1.1x10 7.9x10 rv:o 

2 450 90 1.25 1. 27 36 38 
: 4 4 p:: Ul 8.9x10 6. 2 x10 2,320 N 

~ 1 1. 34 1. 36 37! 39! 
! 4 "4 

450 99 6.8x10 4.8x10 250,000 EST 77 1:-' 
: 4 4 M 

4 450 91 1. 37 1. 38 41 43! 3.9x10 2.5x10 3,400 Ul 

'• 4 4 :8 
2 900 93 1. 43 1. 50 36! 39 8.3x10 5.4x10 2,050 H o-3 

o-3 6; . 4 4 0:: 
-> 1 900 97 1.60 1.60 38! 41! 5.9x10 3.5x10 14,400 1:-' 

Ul M 
lJ1 . 4 4 0 

4 450 96 1.72 1. 76 39 41! 5.2x10 3.4x10 10,750 'U "' 4 4 M 

4 900 89 1. 75 1.84 40! 43 4.0x10 2.6x10 11 '250 z 

4 4 trJ IV 

1 450 98 1. 86 1. 92 39 41 5.4x10 3.8x10 18' 150 
H 

o-3 

EST = FATIGUE LIFE ESTIMATED FROM % CRACKED AT END OF TEST ~ 
z 
:00 
o-3 

i:; 
'U 
:0 
0 
X 
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STONE TEST SAMPLE CYCLIC CRACK TEST TEST CONDITIONS OF FATIGUE LIFE % 
~~ 

(I) 

SIZE DIMENSIONS OPENING TEMPERATURE BITUMEN STIFF1ffiSS CRACKED 0 >-3 

( CYCLES n 
IN lUX ( nun ) ( oc ) ( N I m' ) Ill TESTS gJ 

( mm ) FOR 100 % 1'/ITH NO §~ TABLE BASE WEARING BASE 1</EARING BASE WEARING 
CRACKING 

5.2 
LENGTH HEIGHT COURSE COURSE 

FAILURE >-3 COURSE COURSE COURSE COURSE NUl 
-J 

5 5 "] 

1s 1800 100 0.96 16! 16! 0 0 2.6x10 2.6x10 30,000 n:o 

4s 1800 100 1.00 17t 17t 
5 5 

25,000 .Ul 1. 9x10 1. 9x10 
~~ 

4 4 
1s 450 95 1.19 1.19 24 25 7.2x10 6.0x10 25,000 of;; 

4 4 (I) 
..... 

3s 450 95 1. 22 1.22 24t 26 6.3~10 4.9x10 30 '900 N::;; 

5 4 H >-3 

4s 450 98 1.20 1.29 2H 22t ::r: >-3 (,'; 1 .1x10 9.1 x10 7,800 N :11 
~ 4 4 N [;; 
~ 2s 450 96 1. 36 1. 36 26 27t 4.9x10 3.7x10 27,600 0 
0'1 0 

3s 900 93 1. 41 1. 41 24t 26 
. 4 4 0'1 6.0x10 4.7x10 18,900 'U 
. 4 4 t'l 

1s 900 93 1.45 1. 49 25 26 3,900 z 5.5x10 4.7x10 w 
. 4 4 tJj 

2 3! 
H 

4s 900 93 1.57 1.67 23 7.9x10 7.1x10 2,600 >-3 
I 4 4 g 

1s 450 96 1. 68 1.68 25 26! 5.6x10 4.4x10 3,660 f;j 
4 4 z 

3s 450 92 1.68 1.68 26 28 4.5x10 3.2x10 22,500 :I' 
. 4 4 >-3 

2s 900 97 1.72 1.72 25! 27 4.8x10 3.7x10 14,950 t;; 
2s 450 1.82 29 

4 4 'U 97 1.85 27 3.8x10 2.6x10 7,800 :0 

4 4 0 

4s 450 93 1. 97 2.05 23! 24t 825 X 7 .1x10 5.9x10 H 

~ 
t'l 
t:-' 
•< 



.t:.>-3 
Ot>:l 

STONE TEST SAMPLE CYCLIC CRACK TEST TEST CONDITIONS OF FATIGUE LIFE % UJ 
0 >-3 

SIZE DIMENSIONS OPENING TEMPERATURE BITUMEN STIFFNESS CRACKED 0 
( CYCLES :u 

IN lUX ( mm l ( oc ) ( N I m' ) IN TESTS t>:l 
( mm ) 

' 
FOR 100 % \"IITH NO ~ ~ TABLE BASE WEARING BASE \~EARING B~E WEARING 
CRACKING LENGTH 'HEIGHT FAILURE >-3 

5.2 COURSE COURSE COURSE COURSE COURSE COURSE UJ 
I 0 

I 3 3 
"J 

900 92 0.96 0.96 381 411 420,000 621 
~a 

4s 4.8~10 3.1x10 EST rv:u 
' 3 3 

90! 
::11 UJ 

4s 450 92 1.52 1. 52 35 37 9.8~10 6.3x10 8,100 EST N 

~ 
92 1.93 341 361 

4 3 
82 t 4s 450 1. 93 1.0x10 7.4x10 26,000 EST ~ 

7 .9Lo
3 3 

UJ 

1s 900 97 1.69 1. 70 36 38 5.8x10 9p0,000 EST 62 ~ 

3 3 
H 

72! 
>-3 >-3 

2s 450 89 1. 75 1. 75 39 41 5.4x10 4.0x10 1 '420 EST ::11 6; ..... I 4 3 
450 95 1. 83 1.83 341 36! "' t"' 

--..) 1s 1. 2x10 8.3x10 3,200 0 t>:l 

3.ox1o
3 3 

0 

3s 900 91 1.84 1.84 43 46 2.0x10 49 '0 (j) 

3 3 
t>:l 

2s 900 91 2.05 2.05 401 43 4.0x10 2.8x10 49 
z 

3 3 
to "'" 

3s 450 93 2.09 411 441 
H 

2.08 3.9x10 2.5x10 1 '600 EST 74 >-3 
' 3 3 

69! ~ 1s 450 97 2.08 2.10 36 38 8.3x10 6.0x10 1 '430 EST 
3 3 

z 
2s 450 94 2 .13 2.14 38t 40t 5.9x10 4.4x10 44 ~ 

6.8x1o
2 2 

3s 450 90 2.25 2.25 55 60 4.0x10 82 i\; 
'0 
::<! 

EST % CRACKED = FATIGUE LIFE ESTIMATED FRO!! PEAK DURING TEST 0 
X 
H s; 
>-3 
t>:l 
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FIG 6 . 1 

"FATIGUE LINES" FOR 95 mm TWO- COURSE SURFACING , DERIVED FROM THE TEST 
RESULTS . 
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and fatigue lives and can only be regarded as tentative. 

The tests \vith no failure point -were usually terminated at 40,000 

cycles ( 4 days testing). The fatigue life could then be estimated 

by comparing the peak of crack growth,with the rredian crack growth 

vs % fatigue life curve for all test samples with that bitumen grade 

at that temperature, FIG 6. 2. The curves for 50 and 200 PEN samples 

tested at 4o•c ~re combined. These 4o•c results "WCre distorted 

. by an approximate 5•c temperature difference bet~n the top and 

bottom of the samples which tended to slow down crack growth in the 

~aring course. 

Of the curves for samples tested at 27•c, \•/here the temperature 

difference bet~en top and bottom of the samples was only 2~·c, only 

those for the 200 PEN samples are truly representative. The results 

for the 50 PEN samples ~e distorted because high loads reduced 

crack opening rroverrents applied by the test rig in the early stages 

of the tests and tQis tended to_ slow_ down crack .grrnvth in .. the base:: 

course. 

The craclc ratio ( c/h) during each test was determined from displacerrents 

in the sample and, FIG. 5,6, which is valid for a sharp-tipped crack 

in an ideal elastic rraterial. At realistic values of crack opening 

a correction is necessary to account for the presence of a yielded 

zone around the crack-tip. 

Just sufficient of the creep tests exhibited non-linearity (dotted 

lines on FIG 5.8:) to establish the rredian yield strain as 0.6% for 

the basecourse mix and 1% for the ~aring course mix. 

These values enabled a correction curve for crack length, FIG 6.3, 

to be plotted for various values of crack opening and an elastic

plastic rraterial. Ho~ver. yield in bituminous rraterials is not 

elastic-plastic but gradual and so the average of uncorrected and 

corrected, FIG 6.3, crack length was considered the best estimate 

and used to plot crack grO\Vth, FIG 6.2. 
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FIG 6 . 3 

CORRECTION CURVES FOR THE CRACK RATIO ( c / h DETERMINED BY THE GAUGE 
DISPLACEMENTS 1 TO ACCOUNT FOR THE INFLUENCE OF A PLASTIC ZONE AT THE 
CRACK TIP . 

95 nun SURFACING 

BASECOURSE YIELD STRAIN = 0 .6 % 
WEARING COURSE YIELD STRAIN = 1 . 0 % 

CYCLIC CRACK OPENING 1 0 . 6 / 0 . 8 / 1.0/ 1. 2 / 1.4/ 1 . 6 / 1.8/ 2 . 0 / 2 . 2 mm 

ACTUAL CRACK RATIO ( c / h ) FOR AN ELASTIC- PLASTIC MATERIAL 
WHERE THE CRACK TIP DETERMINED BY DISPLACEMENTS IS 
THE TIP OF A YIELD ZONE AHEAD OF THE CRACK TIP 
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6.2 Bitumen Stiffness Interpretation of Test Results 

The cyclic conditions of bitumen stiffness for a 24 hour thermal 

cycle w=re evaluated, TABLE 4. 5, for two 50 PEN bitumens that represent 

the probable upper and lower limits of hardness (Softening Point 
1 
Terip•' 

°C) for 50 PEN bitumens recovered from asphalt surfacing after approx

imately 10 years. 

The ranges of bitumen stiffness for thermal reflection cracking fatigue 

are, TABLE 4.5,: 

1.22 X 103 

7.2 X 103 

4 2 
3.4 X 10 N/m for TR&B 58°C 

1.87 x 10
5 

N/m
2 

for ~R&B 66°C 

The mean levels of bitumen stiffness for which test results vJere 

obtained \..ere, TABLE 6.1/2/3/4: 

(5.8 X 103 
• 5.6 X 104 

& 2.2 X 105 ) N/m2 for 200 PEN-

(5.6 X 104 . 4.4 X 105 
& 2.4 X 106 ) N/m2 for 50 PEN. 

A single test was performed with a 200 PEN sample at a bitumen 
3 2 stiffness lo....er than 10 N/m , TABLE 6. 4, but the sample slumped too 

early for the fatigue life to be estimated. Also the temperature 

variations with a sample at such elevated temperatures (55~60°C) 

....ere unrealistic and so no further tests ....ere attempted. 

The variation of thermal reflection cracking fatigue life with test 

conditions of bitumen stiffness is illustrated, FIG 6.4, by plotting 

the intercepts of the fatigue lines, FIG 6. 1, at cyclic crack opening 

= lrrm, versus the mean level of bitumen stiffness for the series of 

tests, TABLES 6.1/2/3/4. 

The virtual coincidence of the data points, FIG 6. 4, for 50 and 200 

PEN samples at bitumen stiffness 5.6 x 104 N/m2 gives some measure 

of validation of this bitumen stiffness "fatigue criterion" for-

testing at different temperatures and presumably at different frequencies. 
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The biturren stiffness "fatigue criterion" is thus valid for biturrens 

of normal temperature susceptibility (PI ~ +0.5) over the range of 

bitumen stiffness 104 ~ 106 N/m2 . 

The variation of fatigue life, FIG 6.4, with bitumen stiffness appears 
4 

to be linear on a 103-10G basis for S > 2 x 10 N/m' with a "kink" 
4 2 

BIT • 
in the line near 2 x 10 N/m which is probably related to the "kink" 

in the creep test curves, FIG 5. 7 I 8, which represents a "~rk 

hardening" mechanism. 

The data point for 50 PEN samples at 17°C lies above the line because 

the test rig was unable to apply constant crack opening movement 

to such stiff samples when only slightly cracked and this increased 

the fatigue life in these 3 tests. 

Also, the virtual collinearity, FIG 6.4, of the test results for 

lon'g bituminous bonded samples at 17°C and short epoxy resin bonded 

samples at 27 & 40°C, indicates that the use of the latter in simulative 

tests is acceptable. 

6.3 Fracture Mechanics Interpretation of Test Results 

The purpose of fracture mechanics analysis of fatigue test results 

is to determine the rraterial constants (A, n) that relate crack growth 

rates (dc/dN) to crack-tip stress intensity factors (K
1

) in the crack 

growth eqn, 

dc/dN A K n 
1 

(B;)N 2) 

The exponent n is evaluated at the slope of a 103-10G plot of dc/dN 

vs K
1 

and the constant A is given by the intercept of dc/dN at K
1 

= 1. 

These fatigue constants (A,n) enable crack growth rates and thus 

fatigue lives to be predicted from K
1 

values determined by finite 

element analyses. 

dc/dN and K1 were evaluated from test results at 6 points in the 

basecourse and 5 points in the wearing course and the pairs of values 
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were plotted to logarithmic. axes, FIG 6.5/6, to determine experimental 

A & n values. 

dc/dN and K
1 

values from sorre of the tests performed were not included. 

Results from the two "stiffest" and the t-wo "softest" tests of 

the three "sucoessful" test series , i.e. tests performed on 

50 PEN Samples at (27 & 40°C) and 200 PEN samples at 27°C, TABLES 

6.1/2/3, were rejected in order to reduce the scatter of data, FIGS 

6.5/6, by only using data from a :!:l~oc temperature band. 

However, all the dc/dN and K1 values that could be evaluated from 

tests with 200 PEN samples at 40°C, were used-,',because in roost of the?e: 

,tests .the crack_did not propagate to the full height, 

The basic fracture mechanics interpretation of the test results FIGS 

6.5/6 produces experimental n values that are 1.25 and 2.1 times 

greater than values predicted by creep tests and Schapery's theory, 

TABLE 5.3. 

However the presence of slight ( 1-+2 oc) temperature differences bet~en 

the top and base of each layer of the test samples will have tended 

to increase these experimental n values and so they are not necessarily 

reliable. 

l\.lso the indirect method by which K
1 

values were calculated, using 

the mean mix stiffness from creep tests, FIGS 5. 8/9, implies that 

these K
1 

values have a possible error of a factor of l. 57 (wearing 

course) and 1. 87 (basecourse). 

This uncertainty in K
1 

is illustrated, FIGS 6. 7/8, and indicates 

that theoretical n values, TABLE 5.3, are reasonable and that n can 

be considered constant over the range of interest . 

(A) values are dependant upon the choice of slope (n value) of the 

line through the data points, FIG 6.5/617/8. The corresponding 

variation of A values, when theoretical n values are tised is illus

trated, FIG 6.9. 

The collinearity of the data points for 50 PEN samples at 40°C and 

200 PEN samples at 27°C, FIGS 6.5/6/7/8 indicates that the variation 

of A with bitumen grade and test conditions, can indeed be considered 

to be a function of bitumen stiffness, FIG 6.9. 
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FIG 6 . 5 

FRACTURE MECHANICS INTERPRETATION OF THE TEST RESULTS , BASECOURSE MIX 
EXPERIMENTAL "n" VALUE = 13 . 3 
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FIG 6 . 6 

FRACTURE MECHANICS INTERPRETATION OF TEST RESULTS , WEARING COURSE MIX 
EXPERIMENTAL "n" VALUE = 8.2 
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FIG 6 . 7 

SCHAPERY ' S THEORY INTERPRETATION OF THE TEST RESULTS 1 BASECOURSE MIX 
THEORETICAL "n" VALUE = 6. 33 
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FIG 6 . 8 

SCHAPERY'S THEORY INTERPRETATION OF TEST RESULTS 1 WEARING COURSE MIX 
THEORETICAL "n" VALUE = 6 .57 
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FIG 6 . 9 

THE RESULTS OF SIMULATIVE TESTS TO DETERMINE FATIGUE CONSTANTS A , n 
FOR THE TEST MIXES . 
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(A) values detennined at the lo~st biturren stiffness level 

(6 x 103 N/m
2

) are only tentative because some of the tests had no 

tendency to fail and so the (A) values obtained represent those tests 

with above average =ack growth rates. Consequently, the tentative 

data point for the ~ing course mix, FIG 6.9, lies above the line. 

The slopes of the LCG A vs LCG SBIT lines, FIG 6. 9, are not equal. 

The steeper slope for the basecourse mix is considered to be lncause 

of this mix's 1~ filler content and greater tendency towards open 

grading which results in proportionally greater =ack growth at low 

stiffness conditions . 

. .. ·- . - ------------------
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7 . 0 A PREDICTIVE MJDEL FOR THERMl>.L REFLEr:TION CRACKING DEVELOPED 

FROM SIMJLATIVE TESTING 

7.1 Introduction 

Observations of reflection cracking at the surface of roads v1ith 

high strength lean con=ete roadbases indicate that the roadbase 

=ack spacing is usually greater than Sm. Reflection =acking at 

long spacings can be caused by thei11'1al rroverrents in the roadbase. 

The first stage of this project was the characterisation of the external 

parameters (roadbase and climate) that determine daily cyclic crack 

opening moverrents in the roadbase and surfacing temperatures (on 

a nonthly basis • This infornation is then combined with material 

testing and finite element results to give the predictive model for 

thei11'1al reflection =acking that \"la.S sl.l!l'T1"a.rised by the flO\oJChart, 

FIG 1. 9 

There are four design parameters in the predictiVe model:-

i) surfacing mix type (basecourse + \'.eJring course) 

ii) state of compact ion (basecourse + -wearing course) 

iii) biturren properties (basecourse + wearing course) 

iv) thickness of surfacing 

the predictive model also requires the determination of the following 

parameters for proposed mixes, by a variety of rrethods 

v) Cyclic bitl.lr.'En stiffness (~IT), SEr:TION 4 

vi) Mix Stiffness ( SMIX or E' ) , SEr:TION 5 

vii) Fatigue constants (A,n), SEr:TION 6 

viii) Stress intensity factor (K
1

), SEr:TION 3 

At present the predictive model can only be used for the mixes tested 

where mix stiffness and fracture properties (v/vi/vii) have been 

evaluated. However thei11'1al reflection =acking fatigue life can 

be predicted for these mixes with a range of biturren properties 

(TR&B' PI) and a range of thkkness of surfacing (100- 200rrrn) 

when there is a 60/40 thickness ratio of basecourse/wearing course. 
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Further investigations to develop procedures for estimating the fatigue 

constants A,n for specified mixes are continuing. Early results 

from these investigations relating the fatigue constants A,n to biturren 

stiffness and void content, have been published 52 

7.2 The External Parameters (Roadbase and Climate) 

The external parameters involved in thermal reflection cracking are: 

Roadbase transverse crack spacing 

Roajbase thermal coefficient of expansion 

M:mthly, daily temperature -range (top of roadbase) 

M:mthly mean temperature in surfacing. 

The first three of these parameters combine to determine daily cyclic 

crack opening moverrents in the roadbase, TABLE 7 .1, that may cause 

thermal reflection cracking of the surfacing above. 
' . . ·-~----~ ------------ ·--- -

The mean temperature in the surfacing is used to determine equivalent 

constant temperatures for each month, for a sinusoidal crack opening 

cycle, '!'ABLE 7. 2. These temperatures define monthly values of bitumen 

stiffness for cyclic loading which, in turn, indicate appropriate 

monthly values for the ct:her material properties in the predictive 

model. 

Roadbase transverse =ack spacing, L 

h b ill . 12 has ha h dbas Researc y Taylor and \\1 1ams shown t t t e roa e transverse 

crack spacing is determined by the roadbase tensile strength, 

coefficient of thermal expansion and temperature fall in the 1st 

or 2nd night after laying. These three factors combine to determine 

a critical slab length of roadbase that will =ack at the centre. 

Hov.ever, slabs only slightly shorter than this =itical slab length 

will not crack and so when all factors are constant, the roadbase 

transverse =ack spacing can still very by a factor of two. 

Tensile strength, thermal coefficient and temperature fall can all 

vary by a factor of two approximately, which indicates that lean 

concrete roadbase crack spacing could possibly vary by a factor of 
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16 at different sites, but only a factor of 4 at specific sites where 

o!1ly the night-tirre temperature fall will vary. 

Crack surveys have been carried out at 6 sites in order to determine 

typical roadbase crack spacings (slab lengths) . These surveys 

indicated that roadbase =ack spacings do vary by a factor of 4 . 

In all, 10. 8Km of carriagevsy \-Jere surveyed of which 6. 2Km contained 

reflection cracks at spacings illustrated by FIG 7.1. 

It \rlaS considered that most of the observed 20m + crack spacings 

probably contained unreflected transverse cracks and so the observed 

frequency distribution, FIG 7.1, \rlaS re-interpreted with 65% of 

the 20m+ spacings taken to be double spacings, ~lhich does give a 

more "norrral" shaped distribui:l.on with a rrean value of 13.5m and 

a 90% scatter band of 5.8 ~ 21.8m which corresponds to the factor 

of 4 expected for sir.lilar roadbases. 

This variability of =ack spacing will be "carried through" the 

analysis of thermal reflection cracking by considering five crack 

spacings that span 90% of the estimated "norrral" roadbase crack spcicirig 

distribution, FIG 7.1, i.e. (5th, 25th, 50th, 75th & 95th% values) 

Roadbase thermal coefficient of expansion, a 

The coefficient of therr.Bl expansion of con=ete made with different 

aggregates vla5 slJITITlarised, TABLE 1. 2, 
12

' 
14

. The 6 sites in I:evon 

\mere crack surveys ~.Ere carried. out contain lean concrete made \'lith 

a range of aggregates: -

A30 Honiton Quartzite 

A30 Ide Lirrestone 

A30 Fingle Glen Lirrestone and Non Cerrentitious Fines 

A30 Launceston Granite 

A38 Plympton Lirrestone + China Clay Sand Fines 

MS lvilland Lirrestone + Quartzite Fines 

-for which, TABLE 1.2, indicates an average value of 9.25 x 10-
6;oc 

for a. This value of a determines the magnitude of cyclic crack 

opening moverrents, TABLE 7.1, produced by the observed roadba<>e crack 

spacing distribution, FIG 7.1. 
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FIG 7 . 1 

FREQUENCY DISTRIBUTIONS OF OBSERVED REFLECTION CRACK SPACINGS AND 
PROBABLE ROADBASE CRACK SPACINGS AT 6 SITES IN DEVON 
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The cyclic =ack opening rroverrents detennined, TABLE 7 .1, are also 

valid for the same % of roadbase crack spacings in lean concrete 

roadbases of similar strength with any value of o 

The rragnitude of cyclic crack opening rroverrents in the roadbase is 

dependant upon roadbase strength but is in fact independant of o. 

This is because for a given roadbase strength the crack spacing \rill 

be inversely proportional to o, but subseCJUcnt cyclic =ack opening 

rrovements are directly proportional to both crack spacing and o, 

and so the influence of o is cancelled out. 

Daily temperature range (top of roadbase) , b.T 

Daily temperature ranges at various depths in composite pavements 

were evaluated, TABLE 2.2, and the daily temperature range at the 

top of the roadbase is slll1T!'arised for 100, 150 & 200mn surfacing, 

TABLE 7.2. 

Mbnthly values for cyclic crack opening rrovements are given by, 

CO = L. o. b.T, ( B:)N 1) but have to be adjusted to compensate for:-

i) self-weight restraint of warping in the roadbase, 

ii) sub-base friction restraint, 

iii) the disproportionate darraging effect of the few 

extreme daily temperature ranges in each rronth. 

Equivalent rrean rronthly values of b.T have been determined, TABLE 

7. 2, that compensate for the above factors. These equivalent rrean 

rronthly values of b.T combine with CJ = 9.25 X 10-6 ;oc and roadbase 

crack spacings, FIG 7. 1, in ( B:)N 1 ) to give the cyclic crack opening 

rroverrents indicated, TABLE 7 .1. 

Mbnthly rrean temperature in the surfacing 

Mbnthly rrean temperatures at various depths in composite pavements 

were evaluated, TABLE 2 .1, and rronthly rrean temperature in the surfacing 

is summarised for 100, 150 & 200mm surfacing, TABLE 7.2. 

In order to be able to relate the results of sirnulative testing using 

.sinusoidal cycles and constant temperatures, equivalent rronthly rrean 
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surfacing temperatures had to be evaluated, TABLE 7:2, that 

compensated for two factors:-

i. actual daily cycles are not sinusoidal and do not 

occur at a constant temperature 

ii. the few colder than average days in each rronth 1 have 

a disproportionate damaging effect. 

The "decaying exponential" type cooling at varying temperature of 

the daily thermal cycles is less severe in terms of fatigue crack 

growth per cycle than a sinusoidal cycle at constant temperature 

especially in winter. 

Fatigue life in a controlled strain type process usually increases 

with temperature and so the actual daily cycles are equivalent to 

sinusoidal cycles at constant temperatures up to 5°C higher than 

the rrean of the actual cycle. 

The disproportionate darraging effects of the few colder than average 

days in each rronth has also been investigated and was found to "drop" 

the equivalent rronthly temperatures by approxirrately 1.4°C. 

Thus equivalent rrean rronthly surfacing temperatures for a sinusoidal 

cycle, TABLE 7.2, are on average slightly higher but less extrerre 

than the rrean values. 

7. 3 The !:€sign Pararreters 

In the design of bituminous surfacings to resist reflection cracking, 

either the mix design or the thickness can be varied. 

The format of this predictive rrodel is that for specified surfacing 

mixes (ba.secourse + wearing course) at a specified state of campaction 

(air void content) the thermal reflection cracking fatigue life will 

be plotted as a function of biturren properties and surfacing thickness. 

Surfacing Mix Type 

The necessary material properties for the predictive rrodel have so 

far only been evaluated for standard hot rolled asphalt (HRA) 
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basecourse and Y.earing course (recipe mix lA) to BS 594 5 . The mix 

proportions and aggregate gradings of these mixes are sl.llT1TI3Iised 

TABLE 5.1, FIG 5.1. 

The use of hot rolled a.Sphalt for the Y.earing course is alirost 

universal but dense bitumen macadam (DBM) TO BS 49876 is probably 

used more frequently that HRA for the basecourse because it is cheaper. 

The material properties of DBM basecourse and other non-standard 

mixes are currently being evaluated at Plymouth Polytechnic in a 

"follow-up" project to this, the results of \vhich will be available 

in the near future. Results from HRA mixes are sufficient to satisfy 

the present need to explain the occurrence of reflection cracking. 

Only then can improved mixes be deve~oped with confidence. 

Air Void Content 

Equal compactive effort was used for all the test samples and this 

produced very low void contents. The void content was calculated 

by comparison of the actual mix density (obtained by \oJeighing in 

air and water) with the theoretical mix density. 

The average air void content of 28 100 xlOO x 40mm pieces cut from 

the test samples was 0.5%. 

It is probable that similarly low void contents are obtained in 

practice in bituminous surfacings over lean concrete because the 

lean concrete acts as a stiff base for compaction. 

The prediction of thermal reflection cracking fatigue life can thus 

only be made for HRA mixes with air void contents of approximately 

1%. 

The possible effect of higher void contents being obtained in practice 

is uncertain because mix stiffness \vould be reduced. Ho¥-ever fatigue 

crack growth at these low stiffness conditions is by void coalescence 

ahead of the crack tip and so it is probable that higher void contents 

\VOuld reduce fatigue life. 
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Bitumen Properties 

The main variable considered in the predictive model is bitumen stiff

ness which is determined by temperature, loading frequency and the 

bitumen properties (TR&B and PI),
34

. 

50 PEN bitumen is normally used in HRA mixes. Typical bitumen 

properties for 50 PEN grade bitumen before mixing have been shown 

to lie within the ranges (TR&B 52~ 56.C) and (PI 0 ~ +0.5). 

The bitumen usually .undergoes sorre oxidation at the mixing plant 

which increases its stiffness53 • 

Oxidation is likely to be greater with wearing course mixes because 

the higher rolling terrperature specified5 rreans that higher mixing 

terrperatures are rrore likely to be used. Also any further oxid

ation after laying, vvould develop from the surface. 

The predictive model \-rill consider 50 PEN bitumen at 3 levels of 

oxidation (25,- 35 and 45 PEN). This represents the range of recovered 

penetration obtained in practice from mixes vlith 50 PEN biturren
53 

Recovered penetration alone (unlike TR&B •c) does give a reasonable 

estimate of bitumen stiffness at 7 ~ 22•c because it is rreasured 

at a similar temperature. Probable canbinations of bitumen properties 

(TR&B , PI) that correspond to 25, 35 and 45 recovered penetration 

are: 

(66·c. +0.58), (62·c. +0.57) & (5a·c. + o.37l 

These bitumen properties are required to determine bitumen stiffness 
34 

from the van der Poel norrograph 

Thickness of surfacing 

The thicknesses of bituminous surfacing in the predictive model are 

not strictly equivalent to those currently in use in the UK. 

The predictive model is based on finite elerrent analyses with a 60/40 

thickness ratio of basecourse wearing course, \'ihilst in practice 

a 40mn wearing course is invariably used and the remaining thickness 
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is made up of basecourse mix or basecourse and roadbase mix for 

surfacings thicker than 160rrrn. 

7.~ Material Properties and Stress Intensity Factors 

Bitumen Stiffness 

This is the first material property that has to be evaluated for 

the predictive rrodel. It also serves to detennine appropriate values 

for mix stiffness (SMIX) and the fatigue constants A,n. 

Bitumen stiffness for cyclic loading is determined according to the 

convention, loading tirre = l/2ITf (where f = frequency). For 24 hourly 

cyclic loading the appropriate loading tirre is 13,751 seconds. 

Bitumen stiffness determined by the nomograph34 is illustrated, FIG 

7.2, for oxidised 50 PEN bitumen (recovered penetrations 25, 35 and 

45) and the equivalent sinusoidal cycle temperatures, TABLE 7 .1. 

Mix Stiffness 

The relationship between mix stiffness and bitumen stiffness can 
47 be detennined from creep tests 

The relationship is not necessarily the same in compression and 

tension. It is the mix stiffness in tension that is of interest 

here· because 1 cracking occurs during the tensile half of the loading 

pulse. The SMIX - SBIT relationships for the HRA mixes, FIG 7. 3, 

were determined from tensile creep tests on araldite end-bonded, 

lOO x 100 x 40rrrn samples at stress levels of approximately 0.1 M-l/m2 • 

Fatigue Constants A, n 

The crack-tip stress intensity factor (K1 ) and the fatigue crack 

growth per cycle (dc/dN) are related by the equation- dc/dN = ~ 

( WN 2 ) - where A, n are the fatigue constants. 

The fatigue constants for the HRA mixes were determined from simulative 

thermal reflection cracking fatigue tests. n values \'llere found to 

be approximately constant over the range of interest and A values 

were found to vary with bitumen stiffness. 
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FIG 7 . 2 

CYCLIC BITUMEN STIFFNESS FOR 50 PEN BITUMEN AT 3 LEVELS OF OXIDATION , 

AFTER VAN DER POEL34 
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FIG 7 . 3 

•THE RESULTS OF TENSILE CREEP TESTS TO DETERMINE MIX STIFFNESS AS A 
FUNCTION OF BITUMEN STIFFNESS . 
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Values for n predicted by Schapery's Theory27 and creep tests, v.~ere 
considered to be acceptable. These n values and the corresponding 

variations of A V~ith biturren stiffness are illustrated, FIG 6.9, 

for HRA mixes. A values, FIG 6. 9, V.~ere calculated from regression 

analysis of 300 data points of crack growth rate ( dc/dN} and stress 

intensity factor (K1}, obtained from 26 of the 42 tests perforrred. 

Some test results had to be rejected because of inadequate temper

ature (biturren stiffness} control. 

Cyclic displacements astride the crack path at the top and base of 

the samples were monitored continuously and used to determine crack 

length and thus (dc/dN} by comparison with finite element analysis 

of partially cracked samples. 

Crack-Tip Stress Intensity Factors, (K1 }, (K1 } 

Crack-Tip Stress Intensity Factors (K1 } for evaluation of fatigue 

constants (A,n}, have been calculated, FIG 3.5, using a finite element 

model of half a 450mm.-long labOratory- -sample bOnded to 12mm thick 

steel plates. The 2D mesh used 100 + 180 elements ( 8 nodes per element} 

loaded in the applied displacement & plane strain modes. 

Fatigue Life (Nf} is given by integrating (EQN 2}:-

where h 

h 
Nf = J 

0 

1 

AKn 
1 

de 

surfacing layer thickness 

and c = height of crack within surfacing. 

(EQN 10} 

K1 is a function of the crack length (c/h}, FIG 3.5, and the prediction 

of fatigue life is greatly simplified by defining an equivalent mean 

K1 (K1 } such that 

Nf = (EQN 13} 
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A "master curve" of K1 has been developed, FIG 7.4, to determine 

both K:1 (basecourse) and K:1 (v.earing course). K
1 

varies slightly 

with n and K1 values have to be interpolated, FIG 7.4, between 

n = 4,6,8. 

7.5 Prediction of Thermal Reflection Cracking 

Thermal reflection cracking fatigue life, NF,(EQN 13) has to be 

evaluated separately for the basecourse and the VJearing course. NF 

is evaluated for each rronth of the year and the equivalent annual 

NF is determined from the 12 rronthly values by Miner's Law
49

:-

NF (_l_ (-1 1 1 Jrl + + ....... 
12 NF1 NF2 NF12 

Equivalent annual values of NF have been evaluated for 

hot rolled asphalt basecourse and VJearing course mixes 

following parameters:-

Bitumen (25, 35 & 45 PEN) Recovered Penetration 

_Surfac~g Thickness (100, 150 & 200)mm 

BS Standard 

with the 

Roadbase Crack Spacing (5.8, 10.4, 13.5, 16.9 & 21.8)m 

5 

The evaluation of NF is illustrated, TABLE 7. 3, for 25 PEN bitumen, 

lOOmn surfacing and 13. Sm roadbase =ack spacing (the 50% value of 

the "estimated normal" roadbase =ack spacing distribution, FIG 

7.1 The variation of NF with bitumen oxidation, surfacing thickness 

and roadbase crack spacing is illustrated, FIG 7.5. 

These results, FIG 7. 5, predict that the roadbase =ack spacing has 

to be at least 21.8m for thermal stresses to crack through a 90-lOOmn 

surfacing in less than 20 Years. 

Thermal reflection cracks have been observed on an untrafficked 

extension to a By-pass at Camborne in Cornwall. The road was constructed 

in 1975 and 3 reflection cracks VJere observed on the lOOm untrafficked 

sect ion in 1982. 
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FIG 7 . 4 
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TABLE 7 . 3 . 

THE EVALUATION OF EQUIVALENT ANNUAL FATIGUE LIFE f NF~ FOR 100 mm 
SURFACING , OXIDISED BITffi1EN ( 25 PEN ) & 13 . 5m ROADBASE TRANSV~~SE 
CRACK SPACING 
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B/ C B/ C B/C B/ C 

JAN 172 1.60 1. 45 .27 1.09 2.05E-7 110760000 121 500 000 .000 000 01 
2 . 32 1.72 1.8 E-7 10760000 

F"EB 187 1. 65 1. 47 . 41 1. 70 1.8 E-7 6804000 7 617 000 .000 000 13 
2.42 2.74 1. 25E-7 813000 

MAR 138 1. 38 1. 45 .65 2.26 3.8 E-7 496000 552 000 .000 001 81 
2 . 00 3.57 3.4 E-7 56000 

APR 75 .96 l. 46 1.04 2.51 2.2 E- 6 43000 46 100 . 000 021 69 
1. 40 4.00 3.0 E- 6 3090 

MAY 25 .50 1.46 1. 21 1. 53 4.5 E-5 54400 55 500 .000 018 02 
.73 2.44 2.0 E-4 1060 

JUN 8 .27 1. 44 1.32 .90 1.0 E-3 81100 81 600 .000 012 55 
.39 1. 42 1.3 E-2 500 

JtJL 7 .25 1. 48 1.09 .70 1.48E-3 292000 293 000 . 000 003 41 
.37 1.11 2.3 E-2 1350 

AUG 9 .28 1. 43 .94 .66 9.5 E- 4 672000 676 500 .000 001 48 
.40 1.03 1.1 E-2 4500 

SEP 16 .39 1. 46 .79 .78 1.7 E- 4 1190000 1 205 000 .000 000 83 
.57 1.24 1.0 E-3 15400 

OC"I' 44 .70 1. 46 .58 1.03 9.5 E-6 3470000 3 590 000 .000 000 28 
1.02 1.63 2.3 E-5 118000 

NOV 121 l. 29 1.44 .42 1. 36 5.5 E-7 9650000 10 520 000 .000 000 10 
1.86 2.15 5.4 E-7 874000 

DEC 144 1.40 l. 46 .29 1.03 3.4 E-7 96900000 105 100 000 .000 000 01 
2.04 1.63 3.3 E-7 8250000 

MINERS LAW EQUIVALENT ANNUAL FATIGUE LIFE ( NF ) I 199 000 .000 005 03 

JAN 172 . 72 SINGLE COMBINATIONS 

OF BITUMEN STIFFNESS 

APR 75 • 83 AND CYCLIC CRACK OPENING 

OC"I' 44 .90 THAT 1\RE EQUIVALENT TO 

THE 12 MONTHLY PAIRS 

JUL 7 1.16 OF VALUES 
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FIG 7 . 5 

THE VARIATION OF THERMAL REFLECTION CRACKING FATIGUE LIFE WITH 
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These reflection cracks \vere not sufficiently regular for the roadbase 

transverse crack spacings to be deduced. Spacings may be equal to 

the 33m observed and are J.jj;:eJ.y to be greater than the 23m indicated 

by FIG 7. 5 to cause thermal reflection cracking after 7 years with 

the 9~ surfacing used at this site. 

A limited number of simulative tests have been performed with mixes 

other than standard HRA basecourse and \-.ear ing course, TABLE 8. 1. 

Two test results \-.Bre obtained for surfacing samples with DBM base-

course and HRA \"learing course (incorporating crushed rock fine aggregate), 

that \-.ere cut from the road at Carnborne. These test results indicated 

that fatigue life for the surfacing at Carnborne is lo\"ler than that 

for standard mixes, FIG 7. 5, by a factor of 2. This reduces the. 

required crack spacing, to cause thermal reflection cracking after 

7 years, from 23m to 20.5m. 

These observations at Camborne do·~-~1:(_~~-i~a~e this predictive 

model for thermal reflection cracking fatigue life. Ho\"lever, obser

vations of reflection cracking on trafficked roads at spacings much 

10\"ler than 20m indicate that this roadbase thermal crack opening 

mechanism does.not provide an adequate predictive model for all 

reflection cracking and other mechanisms must also be considered, 

i.e.: 

i. traffic stresses, 

ii. thermal warping, 

iii. shrinkage of roadbc.se or surfacing 

iv. settlement. 

Simulative testing and prediction of thermal reflection cracking 

can also be greatly simplified by the use of equivalent annual values 

of biturren stiffness and cyclic crack opening, TABLE 7. 3. These 

produce the same fatigue life (with standard mixes) as the 12 monthly 

combinations of biturren stiffness and cyclic crack opening. 

This research project is to be continued and the test rig, FIG 5. 3 I 4 , 

is to be developed to apply a combined simulation of thermal and 

150 



traffic stresses to surfacing samples. 

The use of equivalent annual values of bitumen stiffness and crack 

opening,to simulate thermal stresses in these tests, will eliminate 

the need for further simulative testing at a range of rronthly values 

of bitumen stiffness, FIG 7.2, which was one of the rrost time

consuming aspects of this project. 
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8. 0 SlJMII1.liRY AND REX::OMMENDATIONS FDR FURTHER WORK 

8.1 Mix Design 

A large ntmlber of s.i.mulative tests have been performed on 90-lOOrrm 

two-course surfacing samples containing UK type hot rolled asphalt 

mixes with standard bitumen contents (7.9% wt mix in ·the wearing 

course and 5. 7% wt mix in the basecourse) and low void contents of 

approximately 1%. 

Simulative tests were performed at a range of values of cyclic crack 

opening (CO) and; bitumen \stiffness (SBIT) and the rredian fatigue 

life for all tests is illustrated as a function of CO and SBIT' 

;FIG 6.4 and FIG 6.1. · 

A slight influence of the nominal stone size on fatigue life viaS 

apparent from test results. Test samples containing 20rrm or 40rrm 

coarse aggregate in the basecourse gave fatigue lives 25% longer 

than the average and test samples containing 28mn coarse aggregate 

in the basecourse gave fatigue lives 20% shorter than the average. 

Also, this· NF vs (CO & SBIT) relationship for standard mixes enabled 

the relative fatigue life for other mixes to be determined from s.i.mul

ative testing at any value of (CO & SBIT) by comparison with FIG 

6.4. 

14 s.i.mulative tests have been performed• with :other mixes, mainly 

to investigate whether the alternative DBM basecourse mix
6 

•·•ill 

influence thermal reflection cracking fatigue life, but also to 

investigate the effects of high and low filler contents or crushed 

rock fine aggregate, in the HRA wearing· course. The tests used ( 450 

x 100 x lOO )mn samples of two-course surfacing ( 60rrm basecourse 

+ 40rrm wearing course) bonded with epoxy resin to steel plates. 

The sarre rrethod of compact ion \"la.S used, FIG 5. 2, and this again 

resulted in very low void contents. The results of these "mix design" 

tests are summarised, TABLE 8.1, and the following observations 

have been made:-
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tll < Gl MIX TYPE CYCLIC WEARING FATIGUE N FOR 95 mm RELATIVE FATIGUE H 

~~ F >-3 .. 
CRACK COURSE * LIFE , NF STANDARD MIX LIFE FOR MIX §! 0 >-3 

WEARING BASE OPENING BITUl1EN 1:<:1- CH 
CORRECTED AT THE SAME FOR GEOMETRIC 2! oo<: 

COURSE COURSE STIFFNESS tl 1:<:1 
(mm ) FOR 95 mm CRACK OPENING EACH ~lEAN VALUE Ultll 

~;; >-33: 
SURFACING . AND BITill1EN TEST FOR MIX H 

N /m' ::;jtll >-3 
STIFFNESS ~~ ~tl 

x10
5 ~8 

;ll(ii 
LOW FILLER 0.99 5.9 1,900 7,400 0.26 

t;;~ 
~t-' 

CONTENT HRA 5 ~ ~ WITH 7 % 
DBM 0.99 4.8 x10 380 9,400 0.04 1:<:1 

x10
5 0.55 §a H (/) 

PASSING 751l!D 1.63 2.3 830 825 1.01 2! 
G1 "l 

1.55 6.9 x10 
5 

2, 720 320 8.5 gJ ~ 0 
8 ~ 

x10
5 >-3~ ~(/) 

~ _. STANDARD HRA 0.89 7.3 7,020 11,600 0.61 ~>< 1:<:1 ~ U1 
w WITH 9 % DBM 

x10
5 0.92 c Ul:t> f;; 0.93 7.3 12,000 8,700 1. 38 HUl n 

PASSING 751l!D 2! 1:<:1 H 
Ul z 

x10
5 >-3 G1 00 

1. 32 5.8 470 1, 130 0.42 Ea~ Ul 
HIGH FILLER 

x10
5 0 :::;: 

CONTENT HRA 1.22 7 .1 405 1,490 0. 27 ~ H 
DBH t<:l'l:l >-3 

WITH 11 % 
x10

5 0.56 !;;~ :r: 
PASSING 751l!D 

1. 36 8.3 675 625 1.08 H tl 

x10
5 Ztll tll 

1. 34 8.7 504 635 0. 79 G)H :;: 
>-3 

5 
12,800 0.04 

8~ ~ V HIGH FILLER 0.99 3.7 x10 510 ~2! 1:<:1 

CONTENT HRA 5 0.18 n 
DBM 0.99 5.5 x10 6,860 8,000 0.86 ~~ 

0 
WITH 13 % 53 
PASSING 751l!D Ul 

x10
5 Ul 1:<:1 

0.78 1.6 24,700 159,000 0.15 0 Ul 
CRUSHED ROCK 

DBM 
x10

5 0.47 >-3 
~ 3.2 21,000 14,400 1.45 :r: FINES HRA 1.00 1:<:1 



i. The use of the alternative DBM basecourse mix does 

not appear to reduce fatigue life significantly. 

ii The 9% filler content used in the standard HRA wearing 

course mix appears to be the opt:imum. 

iii. The use of crushed rock fine aggregate in the HRA 

wearing course a~pears to reduce fatigue life by a factor 

of two approx.i.rratel y. · 

These observations of relative fatigue lives are still only tentative 

because tests were performed at bitumen stiffness conditions slightly 

outside the range at which therrral reflection cracking usually occurs, 

FIG 7.2, and also there was considerable scatter, in the relative 

fatigue life, betv.een tests. M:lre tests are probably necessc:rry to 

obtain precise values of relative fatigue life for these mixes. 

The influences of 3 mix parameters:-

i. Bitumen grade and oxidation (Bitumen Stiffness) 

ii. Nominal stone size in mix. 

iii. Aggregate surface area (Filler content or Crushed 

Rock Fines) . 

- on therrral reflection cracking fatigue life have thus been determined. 

It is proposed thatfurther s:imulative testing will concentrate upon 

the rerraining mix parameters:-

i. Bitumen Content 

ii. Air Void Content 

iii. Mix additives and interlayers. 

The predictive rrodel, FIG 7. 5, indicates that for the:aral stresses 

alone to cause reflection cracking of standard two-course HRA surfacing 

within 20 Years, roadbase crack spacings would have to be:-

23. 3m + for a lOOrrm surfacing 

& 4lm + for a 150rrm surfacing. 
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The mix design options considered , FIG 7. 5 , TABLE 8. 1 , indicate 

that in extreme cases ( mixes containing high filler o::>ntent, , crushed 

rock fines and heavily oxidised wearing course bitumen , 15 PEN ) the 

fatigue life could be reduced by a factor of 1 0 which changes the =ack 

spacings where thermal reflection cracking will occur to -

16.4 m + for a 100 mm surfacing 

& 29 m + for a 150 mm surfacing . 

The observed and "estimated normal" distributions of roadbase crack 

spacing, FIG 7 .1, indicate that the following percentages of roadbase 

crack spacings are greater than the above values:-

Between 29 and 43% are greater than 16.4m 

Between 4 and 14% are greater than 23.3m 

Betv.een 0 and 4% are greater than 29m 

Betv.een 0 and 0% are greater than 41m. 

This indicates that thermal reflection cracking is unlikely to occur 

with a 150mm surfacing, but will occur within 20 years with a lOOmm 

surfacing at-

betv.een 4% and 14% of roadbase transverse cracks with standard 

two-course HRA surfacing 

and betv.een 29% and 43% of roadbase transverse cracks in 

extreme cases of bittle surfacing. 

8.2 The Combined Effect of Thermal and Traffic Stresses 

The survey of reflection =acking indicated 452 transverse cracks 

in 10.8Km which represents 57% reflection cracking (assuming average 

roadbase crack spacing = 13.5) after approximately 10 years. 

The predictive model can be re-interpreted to give a combined estimate 

of thermal and traffic stresses that does correspond more closely 

with observed levels of reflection cracking. 

The failure point can be re-defined as when thermal stresses ·have 

cracked through the basecourse and began to crack the v.earing course, 

i.e. when the surfacing is =acked to 70% thickness. (The surfacing 

would then be sufficiently v.eakened for traffic stresses to rapidly 

=ack the rem3.ining 30%) • 155 



This combination of cracking occurs because of the different patterns 

of development of the crack-tip stress intensity factor with crack 

growth -

Thermal Stresses, K
1 

decreases with crack growth ~ rapid 

crack growth in the basecourse and slow crack growth in the 

"V.earing course. 

Traffic Stresses, K
1 

increases with crack growth32 ~ slow 

crack growth in the basecourse and rapid crack growth in the 

"V.earing course. 

These opposing trends of K
1 

with crack length for therrral and traffic 

stresses indicate that the basecourse is rrost likely to be cracked 

by the:rm3.l stresses and the "V.earing course is rrost likely to be cracked 

by traffic stresses. 

The median line of % cracked vs % fatigue life expired for test results, 

FIG 6. 2, indicates that the surfacing is 70% cracked after approxim

ately 7~% fatigue life expired. 

This reduces the fatigue lives FIG 7.5, by a factor of 13.3 and indicates 

that the following roadbase crack spacings will cause reflection 

cracking within 10 years:-

18.6m+ for 100mm standard HRA surfacing 

12.9m+ for 100mm extreme brittle surfacing 

3lm + for 150mm standard HRA surfacing 

23.5m+ for 150mm extreme brittle surfacing 

The observed and "estimated no:rm3.l" distributions of roadbase crack 

spacing, FIG 7.1, indicate that reflection cracking by combined the:rm3.l 

and traffic stresses will occur within 10 years at the following 

percentages of roadbase transverse cracks:-

Bet"V.een 18 and 33% with 100nm Standard HRA surfacing 

Bet"V.een 55 and 61% with 100mm Extreme brittle surfacing 

Bet"V.een 0 and 2% with 150mm Standard HRA surfacing 

Bet"V.een 4 and 14% with 150mm Extreme brittle surfacing. 
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This modified predictive model for' the combined effect of thermal 

and traffic stresses does predict levels of reflection cracking 

for lOOmn surfacing that correspond reasonably well with observations. 

However, the model still cannot explain substantial observed levels 

of reflection cracking with 150-175mm surfacings54 , nor the 39+45% 

of observed reflection cracking that occurs at spacings less than 

12. 9m. 

This project is to be continued and further sirnulative tests will 

apply a combined simulation of thermal and traffic stresses to asphalt 

surfacing samples. 

Results from these tests will indicate whether a combination of thermal 

crack opening and traffic induced differential vertical movements 

are sufficient to explain all reflection cracking, or whether additional 

rrechanisms still have to be considered. 

8.3 Surface Crack Initiation 

Sorre indication of the presence of additional rrechanisms causing 

reflection cracking is evident from cores taken at surface transverse 
54 cracks on the M4 M:ltorway 

These cores often reveal a crack in the lean concrete roadbase and 

the v.earing course but no crack in the intervening layer ( s). These 

reflection cracks are considered to initiate at the surface and appear 

to be caused by a rrechanism un-related to the thermal and traffic 

rrechanisms considered here where cracks propagate upvrcrrds from the 

roadbase layer. 

These surface cracks on the M4 did tend to occur at short spacings 

such as 4 + Sm where the predictive model, FIG 7.5, indicates that 

thermal stresses would only slightly crack the basecourse, and so 

these observations of uncracked basecourse layers are consistent 

with the predictive model. 

Also, it is apparent that if reflection cracks are present in the 

wearing course only then they will not require sealing and so v1ill 
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not constitute as serious a maintenance problem as complete reflection 

cracks. 

There are a range of possible rrechanisms that can produce surface 

initiation of reflection cracks. 

i. Upward thermal warping of slab ends. 

ii. Thermal contraction of the surfacing with minimal 

thermal rroverrent at underlying roadbase cracks. 

iii. Environrrental oxidation of the v.earing course at the 

surface. 

iv. Overall shrinkage of the v.earing course, possibly 

by absorption of bitumen into the aggregate. 

v. A combination of a very stiff v.earing course laid over 

an unusually soft DBM basecourse. This would tend 

to concentrate thermal and traffic stresses in the 

very stiff v.earing course. 

This surface crack initiation could possibly be related to the thermal 

crack opening rrechanism considered here because some surface cracking 

vla.S observed in the simulative tests perforrred. 

After the initial upwardly propagating reflection crack had reached 

approx 60% surfacing thickness, then surface cracking tended to occur 

to either side of the upwardly propagating crack. 

This "secondary" surface cracking was also observed in similar simul

ative testing at Texas University
55 

and Vla.S terrred the "Hinge" effect. 

In simulative testing these "secondary" cracks increase the ability 

of the surfacing to absorb horizontal strains and this tends to 

increase the tirre required for the initial upwardly propagating crack 

to reach the surface. Hov.ever once the upwardly propagating crack 

reaches the surface, the "secondary" cracks tend to heal and disappear. 

It Vla.S also observed in simulative tests that the reflection cracks 

tended to heal at the compressive end of each cycle to the extent 

that at the end of each test considerable force Vla.S required to 

separate the two "broken" halves of each sample. 
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In actual paverrents, debris at the surface would accumulate in the 

"secondary" surface =acks and this would prevent them from healing. 

Also, this surface debris 'iJOuld not accumulate in upwardly propagating 

basecourse =acks and these would still tend to heal at the compressive 

end of each cycle. Thus cores taken at reflection cracks may not 

give a true indication of the extent of =acking in the basecourse, 

especially because reflection =acks tend to follow the films of 

bitumen within the mix and the traces of healed =acks would be 

disguised by the blackness of the bitumen. 
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9.0 CONCLUSIONS 

9.1 The Occurrence of Reflection Cracking 

9.1.1 A large prop::>rtion of roads constructed in the UK contain 

a lean concrete roadbase. This prop::>rtion has been declining from 

75% in 1960/3 to 50% in 1971 and 24% in 1975. The increased thick

nes of roadbase and surfacing for composite pavements in the 1984 

Review (LR1132) indicate that this decline is likely to continue. 

9.1.2 The existence of many possible mechanisms for cracking of 

lean concrete roadbases and reflection cracking of surfacings above, 

has led to uncertainty concerning the performance of composite 

pavements which is responsible for the increased thickness recommend

ations in LR 1132. 

9 .1. 3 Composite pavements containing relatively high strength lean 

concrete have rarely required full-depth reconstruction. High 

strength lean concrete is thus desirable but may produce long roadbase 

slabs that are likely to cause thermally induced reflection cracking 

in the surfacing. 

9.1.4 A survey of reflection cracking at 6 sites in Devon with 

90-175rrrn bituminous surfacing, indicated 452 transverse cracks in 

10.8Km of carriageway. These cracks varied in severity from ~ to 

2 l&Je widths and the average age of the roads at the time of the 

survey was 10 years. 

9.1.5 The survey of reflection cracking indicated spacings between 

3 and 30m and an estimated distribution of roadbase crack spacings 

was found to have a mean value of 13. 5m and a 90% scatter-band of 

5.8m to 21.8m. 

9.1.6 The roadbase transverse crack spacing is related to its tensile 

strength and thermal coefficient of expansion and the temperature 

fall in the days after laying. The variability of these factors 

can easily account for the factor of 4 in the 90% scatter band of 

estimated roadbase crack spacings. 
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9 .1. 7 The rrean roadbase crack spacing, 13. Sm, indicates that the 

observed frequency of reflection cracking was 57% after 10 years. 

The survey was, however, biased towards more heavily cracked sites 

and so the overall incidence of reflection cracking is likely to 

be less than this. 

9. 1. 8 Reflect ion cracks can be sealed by aSOmn wide x 3nm thick 

film of rubberised asphalt ·(overbanding) but often the entire \\earing 

course is planed off and replaced or occasionally strips of surfacing 

300mn either side of the transverse cracks are broken out and replaced. 

9. 1. 9 The survey of :eflection cracking indicated a large range of 

roadbase crack spacings, but adjacent slabs tend to be of similar 

length and regular spacings of reflection cracks have been observed 

to extend for over lOO!Tl with both 4-+Sm and 16+20m crack spacings, 

indicating that the latter are probably true roadbase crack spacings. 

9.2 Assessrrent of Temperature~ and Thermal Mbverrents 

9.2.1 The lack of comprehensive temperature data for composite pave

rrents in the UK clim3te has required the developTent of a temperature 

model for composite paverrents using temperature data from full depth 

bituminous and concrete paverrents. 

9. 2. 2. Daily temperature ranges in composite paverrents closely 

resemble those in bituminous paverrents because the absorption 

effect of the bituminous surfacing is the sarre. Daily temp

erature ranges at roadbase depth are greater in composite 

paverrents because of the relatively higher thermal conductivity 

of the lean concrete. 

9.2.3 Daily temperature ranges in composite paverrents determined 

from this temperature model are greater than implied by the results 

of a 1955 TRRL survey, but are still considered to be reasonable 

because the earlier surveyrelated to a site that was both sheltered 

and shaded to the North and South. 
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9.2.4 The temperature model indicates that the temperature gradients 

across a 200mm lean concrete roadbase are unlikely to exceed (3•c 

rrean rronthly value, 5•c extrerre value) during the night-tirre upward 

vvarping and (5•c rrean rronthly VCI.lue, a•c extrerre value) during the 

day-tirre downvvard vvarping. These values indicate that self-weight 

restraint to vvarping of lean concrete roadbases will be alrrost 

absolute and vvarping will be restricted to the end ~ rretre of roadbase 

slabs which is not considered sufficient to require modelling. 

9.2.5 This near-absolute restraint of thermal vvarping indicates 

that thermal stresses can be adequately modelled by cyclic crack

opening in the roadbase and. that daily cyclic crack opening rroverrents 

are closely related to the daily cycles of depth-averaged rrean road

base temperature. 

9.2.6 Thermal reflection cracking is considered to result from a 

daily cycle fatigue rrechanism, based on daily crack opening rroverrepts 

in the roadbase, rather than an extrerre low temperature rrechanism, 

based on annual cycles of rroverrent. 

The late springtirre is the critical period for thermal reflection 

cracking with 36% of crack growth occurring in April, 87% of crack 

grovlt:h occurring in (April, M3.y and June) and 95% of crack growth 

occurring in (M3.rch, April, M3.y, June and July). 

9 . 2 . 7 M3.an and "Equivalent M3.an" values have been evaluated for 
- -- .. 

each rronth of the year for both daily cyclic crack opening rroverrents I 

in the roa:ibase and the temperature in the surfacing. 

These indicate the magnitude of thermal rroverrents that the surfacing 

must resist and its "brittleness". 

9.3 Simulative Testing and Fracture M3.chanics Analysis 

9. 3 .1 A test rig has been developed to perform "controlled strain 

type" cyclic crack opening fatigue tests on asphalt surfacing samples 

lOOmm wide and up to 2m long, although tests can only be performed 

at controlled"ter.peratures on samples up to 1.5m long. 

162 



9.3.2 The effect of acceleration of testing from a 24 hr cycle to 

0.12 hz with a visco-elastic material,can be accounted for by the 

use of either a higher temperature or a softer grade of bitumen that 

results in the same test conditions of bitumen stiffness. 

9.3.3 This "bitumen stiffness" fatigue =iterion whereby bitumen 

stiffness accounts for the influence of test temperature, test 

frequency and bitumen grade on fatigue life, is apparent from the 

work of SHELL researchers and is confirmed by test results at low 

stiffness conditions between 104 and 106 N/m2 where the predominant 

failUre mechanism is flow in the bitumen. 

9.3.4 Over 60 simulative thermal reflection =acking fatigue tests 

have been performed with the test rig at fixed values of cyclic crack 

opening and bitumen stiffness. At higher stiffness conditions 

( > 105 N/rr2 ) the test rig was unable to apply constant cyclic crack 

opening in the early stages of tests, but adequate values of dc/dN 

and K1 could still be obtained from these -tests for fracture mechanics 

analysis of test results. 

9.3.5 Finite element analyses of partially =acked samples have 

been performed and the results combined with -

i. Displacement in the samples recorded during testing 

to determine =ack length and thus dc/dN during testing. 

ii. Tensile =eep test results to determine mix stiffness 

and thus K1 during testing. 

9.3.6 The fracturerrechanics;analysis of test results uses experimental 

dc/dN and K1 values to determine material constants A and n. ( n) 

values between 6-+7 implied by Schapery's Theory and the results 

of tensile =eep tests \\ere found to be reasonable for these low 

void content mixes. The corresponding variations of A when these 

n values were used were expressed as functions of bitumen stiffness. 
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9.3. 7 The finite elerrent analyses also enabled a "rm.ster curve" 

of equivalent rrean K1 (K1 ) during crack growth to be plotted. A 

predictive model for thermal reflection cracking has been developed 

that uses 1<1 , A & n to determine fatigue life (NF) for a given thick

ness of bituminous surfacing (h) for each of the 12 rronthly combin

ations of cyclic crack opening and bitumen stiffness. 

Miner's Law is then used to determine the equivalent annual NF from 

the 12 "rronthly" N values 
F 

9.3.8 Miner's Law is considered to be valid in cases such as this 

because the cycles of rroverrent are continuous with no rest periods. 

Miner's Law is in effect an early formulation of fracture rrechanics 

where the quantity ( 1/NF) the net damage per cycle, is analogous 

to (dc/dN) the crack growth per cycle, in Paris' Law. 

9.3.9 A large number of tests were perforrred with standard HRA two

course surfacing samples and the variation of fatigue life (NF) with 

cyclic crack opening (CO) and bitumen stiffness (SBIT) has been 

evaluated. This enables equivalent annual combinations of CO and 

SBIT to be determined for any SBIT valUP, such that NF = equivalent 

annual NF. 

These equivalent annual combinations of CO and SBIT greatly simplify 

further testing to determine the relative fatigue life for other 

mixes and the effect of a combined simulation of thermal and traffic 

stresses. 

9.3.10 The experirrental fatigue life for the test samples was subject 

to considerable scatter but this is not considered to be significant 

in the prediction of reflection cracking because each lane width 

of surfacing is equivalent to forty 100rrm wide test samples in parallel. 

9.4 The Influence of Thermal Stresses in Reflection Cracking 

9.4.1 Therr.al reflection cracking fatigue life has been evaluated 

as a function of roadbase crack spacing, surfacing thickness and 

bitumen oxidation for standard HRA surfacing mixes. Tests to 
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determine relative fatigue life were also performed on surfacings 

with DBM basecourse and a range of filler contents or =ushed rock 

fine aggregate in the wearing course. Results indicate that extrerre 

cases of brittle surfacing could reduce thermal reflection cracking 

fatigue life by a factor of 10. 

9.4.2 These results indicate that thermal reflection cracking within 

10 years \'lill only occur at longer than average roadbase ·crack 

spacings, i.e. 

i. 23.3 ..,. 16. 4m for 100rrm thickness of (standard HR!\ ..,. 

extrerrely brittle,) surfacing. This corresponds to 9 ..,. 36% 

of roadbase =ack spacings. 

ii. 41 ..,. 2 9m for 150rnn thickness of ( standard HRA ..,. 

extrerrely brittle l surfacing. This corresponds to 0 ..,. 2% 

of roadbase crack spacings. 

9.4.3 These predictions for thermal reflection cracking are consistent 

with observations of reflection =acks in a 100rnn surfacing on an 

untrafficked section of road at Camborne where the roadbase crack 

spacing could not be precisely determined. Thermal reflection cracking 

of surfacings thicker than 150rnn is not likely to occur under the 

UK climate and this has not been observed. 

9.4.4 It is probable that factors not evaluated in this project 

such as, ( i l the unrestrained warping of the end ~ metre of roadbase 

:slabs, ( ii) the effect of high air void contents \'lhich may occur 

in the road (but were not produced in test samples ) , ( iii ) the presence 

of moisture and fine grit in the road, will reduce thermal reflection 

=acking fatigue life, but not sufficiently to account for the dis

=epancy between predicted and observed levels of reflection =acking. 

9. 4. 5 Finite elerrent analyses- indicate that .the basecourse is more 

likely to be cracked by thermal stresses and the vvearing course is 

more likely to be =acked by traffic stresses. The predictive model 

for thermal reflection =acking can be modified by defining the failure 
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point as when the surfacing is 70% =acked. (It can be asst.DTed that· 

the remainder of the wearing course is rapidly cracked by traffic 

stresses). 

9.4.6 This "rrodified" rrodel however, implies that the relative 

significance of thermal and traffic stresses is constant regardless 

of roadbase =ack spacing. Consequently, this "thermal + traffic" 

rrodel can predict levels of reflection cracking for lOOmm surfacing 

that are consistent with observations, but still cannot explain 

observed reflection =acking with 150-175mm surfacing and also 

reflection =acking at short crack spacings down to 4 -> 5m, where 

the relative significance of thermal and traffic stresses is different. 

9.4.7 It is apparent that a combination of thermal and traffic 

stresses are responsible for the bulk of reflection cracking. Further 

simulative tests are to be performed with a combination of thermal 

and traffic stresses. This combined simulation is considered to 

be necessary because traffic stresses alone may have difficulty in 

initiating _ ;r-eflection cracking. 

9.4.8 SOrre indication of the possible influence of other rrechanisms 

is evident from observations of reflection cracking in the wearing 

course only that does not appear to be related to the thermal and 

traffic rrechanisms considered here. 

Sorre surface =ack initiation was observed in the simulative tests 

and this was considered to be of secondary importance to cracking 

initiating in the basecourse, although this may not be so in the 

actual paverrent because of the effect of debris which may accumulate 

in surface =acks. 

9.4.9 The following tentative conclusions ·can be stated concerning 

reflection =acking fatigue life (factors that in=rease fatigue 

life under thermal stresses may reduce fatigue life under traffic 

stresses). 

166 



i. The most significant variable is the roadbase transverse 

crack spacing which is related to its early-life tensile 

strength. The probable range of 90% of roadbase crack 

spacings varies bet~r.Ben 5. 8m and 21. 8m which corresponds 

to a variation in fatigue life of a factor of 3300. 

ii. The second most significant variable is the surfacing 

thickness. In=easing the surfacing thickness 

fran 90rrrn to 175mn will in=ease fatigue life by 

a factor of 550. 

iii. The least significant variable that has been quanti

fied at present is the bitumen stiffness. The usual 

range of oxidation of 50 PEN bitumen from 45 to 25 

PEN will only reduce fatigue life by a factor of 2.7, 

with most of this reduction occurring bet~r.Ben 35 and 

25 PEN. 

It is therefore concluded that bitumen softer than 45 PEN may not 

increase fatigue life with HRA mixes, but that bitumen oxidised 

beyond 25 PEN may reduce fatigue life considerably. 
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APPENDIX 

l\ TEI'IPERATURE MODEL FOR COI-~POSITE PAVEMENTS 

:This appendix describes a method of using measurements of the annual and 

daily cycle of pavement temperature from Full-Depth BITUMINOUS and 

CONCRETE Pavements, to estimate Temperature Variations in COMPOSITE 

Pavements. These are required for calculation of Thermal Stresses 

and thus of the likelihood of REFLECTION CRACKING resulting from this 

mechanism, at various times of the year. 

The BITUMINOUS and CONCRETE Pavement Data is used to plot P.OURLY 

TEMP PROFILES. These are compared in order to deduce the relative 

Thermal Properties of the 2 materials. 

The information represented by the profiles can be broken down into 

3 Independent Components. The relevant values of each of these 

components can be estimated for COI'IPOSITE Pavements and re-combined 

to give HOURLY TEMP PROFILES from which the relevant Temperature 

Variations for calculating Thermal Stresses can be found. 
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l, INTRODUCTION 

1.1 The Temperature Model for COMPOSITE Pavements 

In view of the innate unpredictability of the U. K. climate, the 

following is considered to be a reasonable representation of the 

annual and daily variations of Pavement Temperature for a given 

depth in the pavement -

TEtU' °C 
DAILY TEMPERATURE 

~.llGE 

CYCLES 

llltt!W+ft+++lfr ... ,..,_ __ _ MUPT 

FEB MAR APR ~.AY JUN JUL AUG SE? ocr NOV DEC 

whereby the year is split into 12 "Monthly" Periods, over 

which 

i) Mean Daily Pavement Temperature is constant and thus equal 

to Mean Monthly Pavement Temperature (MMPT) 

ii)The "RANGE" of the Daily Cycle is also constant and equal 

to the linear average value for that month. This may under

estimate the effect of extremes of DAILY TEMP RANGE, in which 

case it could be expressed as a statistical distribution with 

a mean and standard deviation which may vary from month to month. 

1.2 The Relationship between AIR AND PAVEMENT Temperature 

The BITUMINOUS and CONCRETE Pavement Data relates to separate 

sites at Alconbury and Long Bennington, both of which lie within 

the Central Zone of the U.K. but ambient air temperatures are 

slightly different. In order to be able to compare • them directly, 

both sets of Data can be corrected to correspond to Long-Term Mean 

Air- Temperatures for the ·central zone using a method similar to 
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that developed by CRONEY (1) which involves establishing a graphical 

relationship between Mean Monthly Air and Pavement Temperatures over 

the Annual Cycle, 

This relationship can also be used to estimate MMPTs from Met Office 

Mean Monthly Air Temperatures elsewhere in the U.K. In this manner, 

the Temperature Model can be applied to any site in the U.K., although 

for extreme regions, some correction of DAILY TEMP RANGES may be 

necessary, based or, either 'i cloud cover, wind speed or hours of 

sunshine. 

1.3 HOURLY TEMP PROFILES 

The Temperature Model is based on "Characteristic Monthly" Hourly 

Temp Profiles produced by combining the Daily Cycle of Pavement 

Temperature at 3 Depths, i.e. A, B and C. 

The lines on the profile are ISOCHRONES (lines of equal time, in 

hours), 

The Experimental Data ·used is that referred to by CRONEY (1) 

Chapter 10. It relates to the period 1969/70 which is an 

average year insofar as it is not remembered for either a hot 

summer or a severe winter. 

The original Data could only be obtained for BITUMINOUS 

Pavement Temperatures, and so comparable HOURLY TEMP PROFILES 

can only be plotted for the months APR/JUL/OCT/JAN. These 

months are however, key points in the annual cycle and so 

information for other months can be interpolated with a 

reasonable expectation of accuracy. 

Also, the Data for some of these months is not very representative 

in terms of the magnitude of DAILY TEMP RANGE and the MMPT 

at various depths in the pavement. The Annual Variation of 

these quantities was investigated by graphing and re-tabulation, 

and more representative "AVERAGE YEAR" values obtained and 

used to adjust the Data before using it to plot HOURLY TEMP 

PROFILES. 
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1.4 Components of the HOURLY TEMP PROFILES 

MMPT and DAILY TEI-iP RANGE are both functions of depth in the 

pavement. Relevant Monthly Values for COMPOSITE Pavements can 

be determinec from 

i) Data from LR138 {4) which describes a comparison of 

temperature durations in FULL-DEPTH BITUMINOUS and COMPOSITE 

BITUMINOUS/LEAN CONCRETE Pavements. 

ii) The Attenuation of DAILY TEMP RANGE with depth in the 

material, combined with a HEAT BALANCE EQN which relates the 

"swept area" of the HOURLY TEMP PROFILES to the HEAT GAIN of 

the pavement .material during the daytime. 

When MMPT and DAILY TEMP RANGE are eliminated from the HOURLY TEMP 

PRO.FILES 1 the remaining component can be referred to as the, 

ISOCHRONE DISTRIBUTION {lDJ, defined by-

ID {depth, time) TEMP {depth, time) - MMPT {depth) 

DAILY TEMP RANGE {depth) 

where TEMP {depth, time) are the Individual Hourly Readings of 

Pavement Temperature. 

The ISOCHRONE DISTRIBUTION is a temperature independent measure 

of the pavement's response to a varying HEAT INPUT at the surface 

due to the absorption of solar radiation. Its shape will vary 

from month to month because the duration of the heating period 

varies over the year, from c 6hrs in WINTER to c 12hrs in S~WER. 

The ISOCHRONE DISTRIBUTION for a COMPOSITE Pavement can be 

estimated by combining that for the top lOOmm of a BITUMINOUS 

Pavement with that for depths> lOOmm in a CONCRETE Pavement. 

Differences between the position of ISOCHRONES in the 2 sections, 

at the Interface, can be relaxed with depth by considering the 

Response to Heating of a COMPOSITE Pavement, and how it differs 

from that of FULL-DEPTH BITUMINOUS and CONCRETE Pavements. 
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This method of independently matching ~~PT and DAILY TEMP RANGE 

reduces the effect of errors introduc ed by this form o f matching 

ISOCHRONES, on the resulting COMPOS I TE Paveme nt HOUR LY TEMP 

PROFI LES , b y e nsur 1ng hat they arP ~ccurate in terms o f size and 

s hape . 

The Procedure f o r Deduc ing COMPOSITE Pav e me nt HOURLY TEMP PROFILES 

can be summari sed b y a f lowchart _ 

BITUHI NOUS PAVEHEl'IT 
EXPERIMEI'ITAL DATA 

ANNUAL DAILY CYCLE -
VARIATION -

PAVEMENT 
MMPT & DAILY TEMPERATURE 
TEMPERATURE AT 3 DEPTHS FOR 
RANGE AT 3 

J AN, APR , JUL, OCT 
DEPTHS 

ADJUSTMENT OF DATA 

1 
REPRESENTATIVE , 

AVERAGE YEAR , HOURLY 
TEMP/ DEPTH PROFILES 

ISOCHRONE DISTRIBUTIONS 
FOR JAN ,APR , JUL & OCT 

CONCRETE PAV~~ENT 
EXPERIMENTAL DATA 

ANNUAL DAILY CYCLE -
VARIATION -

PAVEMENT 
TEMPERATURE MMPT & DAILY 

TEMPERATURE AT 3 DEPTHS FOR 
RANGE AT 3 

J AN , APR , JUL I OCT 
DEPTHS 

ADJUS TMENT OF DATA 

l 
RE PRESENTATIVE I 

ERAGE YEAR , HOURLY 
EMP / DEPTH PROFILES 

AV 
T 

ISOCHRO NE DISTRIBUTIONS 
AN 1 APR 1 JUL & OCT FOR J 

J' ~ 
COMPA-t{ISON OF MATCHING OF I SOCHRONES AT 

BETWEEN THE 
SURFACING 

VALUES FOR BITUMINOUS . THE INTERFACE 
& CONCRETE PAVEMENTS ROADBASE AND 

1r 
COMPOSITE PAVEMENT 

MMPT & DAILY TEMPERATURE 
RANGE AT SEVERAL DEPTHS 

COMPOSITE PAVEMENT 
HOURLY TEMP / DEPTH PROFILES 

FOR ALL MONTHS 

COMPOSITE PAVEMENT 
TEMPERATURE VARIATIONS 

AND THERMAL STRESSES 
FOR ALL MONTHS 
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COMPOS ITE PAVEMENT 
NE DISTRIBUTIONS 

1 APR,JUL & OCT 
ISOCHRO 
FOR JAN 

RPOLATION INTE 
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2 Tabulation of the Daily Cycle of Pavement Te mp 

The Daily Cyc le of Pavement Temp can be determined from Hourly 

Readings of Temperature at 3 depths in the Pavement. 

2 .1 BITUMINOUS PAVEMENT Data 

For the BITUMINOUS Pavement, the Original Exper imental Data was 

obtained from TRRL (2) 

Mean Temperatures for each Hourly Interval of the Day could be 

calcula ted for all months of the year and fo r depths of 19,38, 

102, 203 , and 356 mm in the pavement, but only the D~ta for 

JAN/APR/JUL and OCTOBER and for depths of 19 , 102 and 356 mm 

was used , APPENDIX A . 

2 .2 CONCRETE PAV EMENT DATA 

CONCRETE Pavement Data , The Original Experimental Data could 

not be found and so the Hourly Temp Readings (Fig . 10.12) were 

photocopied from CRONEY (1). 
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Fig. 10.12. Temp«ature distributioa through 254-mm coocrete slab at four time$ of year. 
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A grid was drawn on the figures and the Temperatures were estimated 
0 

to the nearest 0 , 1 C for each hour of the day , 

It was noted that, because the curves represent hourly readings 

from a particular day rather than mean hourly readings over a 

whole month , i .e . -

The temperatures at hours , h =O and h=24 were not always th e same, 

varying by up to 4°c . 

This represents a general cooling o.f the pavement over the day in 

question , and can be corrected for by "levelling" the curves. 

A Correctiun Factor -

0 h 6 -----. '\1 18 '24 

T 12 - h 

24 

has been subtracted from each 

Tabulated Hourly Reading of 

Temperature , APPENDIX A 

2 . 3 Observations from the Tabulated Daily Cycle, 

The Maximum and Minimum Temperatures of The Dai ly Cycle have been 

highlighted in Heavy Type . 

It was noticed that , apart from the main peak of pavement Temperature 

which occurs at mid-afternoon at the surface and at early evening at 

lower depths , the Daily Cycle for some months appears to have 

subsidiary peaks during the early hours of the morning . 

i . e. at 03/04 . 00 hrs for the BITUMINOUS Pavement in J~NUARY 

and at 05/06.00 hrs for the CONCRETE Pavement in OCTOBER. 

These peaks are only evident in the upper layers of the pavement 

and are probably due to some night-time temperature inversion 
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phenomena, in the air, 

For the purposes of estimating the Daily Range of Pavement Temperature, 

only the daytime peak that results from solar radiation will be used. 

The Temperature Ranges at the various depths in BITUMINOUS and CONCRETE 

Pavements were compared. 

2.4 comparison of Daily Temp Ranges and Mean Pavement Temps 

-
- TABULATED 

Daily Temperature Ranges at Depths 
DATA 

MONTH 
BITUMINOUS Pavement CONCRETE Pavec.1ent 

19 mm 102 mm 356 mm 0 mm 127 mm 254 mm 

JAi~ 1.3 1.0 0.5 5.8 2.7 1.4 

APR 17.0 11.2 1.2 8.4 4.9 3.0 

JUL 16.8 10,8 2.0 11.1 6.6 4.0 

OCT 8.2 5.7 1.3 3.1 1.6 1.0 

The Temperature Ranges for some of the months r.o not seem very 

representative. 

i.e. with BITUMINOUS Pavement; OCT Range >~ JAN Range 

but with CONCRETE Pavement; JAN Range > OCT Range 

All 



Also, (time averaged) Mean Pavement Temperatures for the Tabulated 

Data were compared, 

Mean Pavement Temperatures at Depths (o C) MMPT 

MONTH 
BITUMINOUS Pavement CONCRETE Pavement 

19 mm 102 mm 356 mm Omm 127 mm ~54 mm 

JAN 5.5 5.4 6.1 4.1 4.6 I 5.0 

APR 12.8 12.0 I 10.5 8.1 7.8 I 8.2 
' I 

JUL 25.9 25.1 23.5 22.6 23.1 I 23.6 

OCT 14.8 14.4 14.8 10,9 10.9 11.1 

The Monthly Mean Pavement Temperatures (MMPTs) are not constant 

for all depths in the Pavement, but can vary across the full 

thickness of the Pavement by up to -

with CONCRETE Pavements and 

with BITUMINOUS Pavements 

Average Year Values can be found, for the variation of Daily 

Temp Range and MMPT with depth in the pavement. 

These values can be used as a check on the representativity of the 

Tabulated Data, which can then be adjusted before being used to 

plot HOURLY TEMP PROFILES, that are representative of the 

Average Year. 

2.5 The Variation over the Average Year of Daily Temp Range 

BITUMINOUS PAVEMENTS, Daily Temp Ranges at depths for all months 

of the Year, can be found from the MAX and MIN values· of the Monthly 

Mean Temperatures for each Hourly Interval of the day (2). 

CONCRETE PAVEMENTS, the MAX and MIN Pavement 

each day of the Year can be estimated to the 

Temperatures for 
0 

nearest 1 C from 

fig. 10.11 p.327 (1). The combination of c30 readings per month 
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can be used to give r easonable average values of Daily Temp Range 

to the nearest 0 , 1° c, in view of the tediou s method of calculating 

this , The Data for MAY and AUGUST was omitted . TABLE 2 

The Data for each Mont hly Interval was then graphed and re- tabulated 

to give a more even p r ogression from month to month which corresponds 

to the variation over the Average Year. FIG.2 . 1 

This , Average Year , Mean Monthly , variacion of Temperature Range 

with Depth was then p l otted to enable the Temperature Range at 

al l depths to be fou nd by in terpolation . FIG.2 . 2. 
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TABLE 2 

AIR ,BITUMINOUS,AND CONCRETE PAVEMENT , DAILY TEMPERATURE RANGES 
AT VARIOUS DEPTHS ( °C ) . 

MEAN MONTHLY VALUES OBTAINED FROM THE ORIGINAL DATA ( 1) (2) . 

MONTH AIR BITUMINOUS PAVEMENT CONCRETE PAVEMENT 
TEMPERATURE DAILY RANGE AT DEPTHS DAILY RANGE AT DEPTHS 
DAILY RANGE 19 mm I 102 IDID I 356 mm 0 mm 1127 mm [254 IDID 

JAN 4.5 1.3 1.0 0.5 3.5 2.0 1.2 
FEB 5.9 7.7 5.3 0.9 5.8 2.9 1.6 
MAR 5.3 7.9 5.3 0.65 4.8 2.9 1.7 
APR 8.3 17.0 11.2 1.2 9.0 5.2 3.0 
MAY 15.4 9.7 2.0 
JUN 21.1 13.0 2. 3 12.2 6.9 3.9 

JUL 16.8 10.8 2.0 10.8 5.9 3.6 
AUG 13.5 8.4 1.5 
SEP 8.5 11.5 7.2 1.2 7.3 3.8 2.5 
OCT 7.5 8.2 5.7 1.3 5.4 2.6 1.9 
NOV 6.3 3.7 3.1 0.7 5.4 2.7 1.8 
DEC 3.9 2. 1 1.4 0.3 3.4 1.8 1.3 

"AVERAGE YEAR" VALUES OBTAINED BY GRAPHING AND RE-TABULATION OF THE 
DATA ( FIG 2.1 ) 

JAN 4.0 2.1 1.3 0.4 3.5 2.0 1.2 
FEB 4.6 5.2 3.2 0.6 4.3 2.4 1.4 
MAR 6.4 9.9 6.5 0.95 6.6 3.5 2.0 
APR 8.3 14.3 9.6 1.4 9.0 5.2 3.0 
MAY 9.8 18.4 11.9 1.9 11.2 6.5 3.7 

-- JUN 10.5 21.1 13.0 2.3 12.2 6.8 3.9 

JUL 10.4 17.6 11. 1 2.0 10.9 6.0 3.7 
AUG 9.7 14.1 9.0 1.65 9.2 4.9 3.2 
SEP 8.6 10.6 6.9 1.3 7.5 3.9 2.6 
OCT 7.5 7.3 4.9 0.95 5.9 2.9 2 .1 
NOV 6.0 4.0 3.1 0.6 4.5 2.3 1.6 
DEC 4.5 1.9 1.5 0.4 3.5 1.9 1.3 
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FIG 2 . 2 

THE VARIATION OF DAILY TEMPERATURE RANGE WITH DEPTH IN THE 
PAVEMENT ( AVERAGE YEAR , MEAN MONTHLY VALUES ) . 
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3 The Variation over the Average Year of MEAN and ''MEDIAN''Pavement 

Temperatures 

The determination of the Annual Variation of MMPT for BITUMINOUS 

and CONCRETE Pavements is not quite as straightforward as for 

Daily Temp Range. 

3.1 The Use of Monthly Values for"MEDIAN''Pavement Temp 

MMPTs for all months of the year can only be found for BITUMINOUS 

Pavements, but "MEDIAN"- Pavement Temperatures can be found for all 

months of the year for both __ 

BITUMINOUS PAVEMENTS, from the Original Data (2) 

and CONCRETE PAVEMENTS, from the MAX and MIN Pavement Temperatures 

in fig. 10.11 p.327 (1) 

thus it was decided to investigate the Annual Variation over the 

Average Year in terms of"MEDIAN"pavement temperatures. 

A relationship can then be developed to convert individual monthly 

values from~MEDIAN"to MEAN temperatures. 

3.2 Plotting of the Annual Variation of"Median"Pavement Temp 

The Variation in"Median"Pavement temperature can be plotted over 

each month of the year by relating it to Met-Office "Mean" air 

temperatures estimated for the site (2), which are in fact the 

average of MAX and MIN Temperature and thus"Median"rather than 

mean air temperatures. 

n u 
For both BITUMINOUS and CONCRETE Pavements, the MEDIAN Pavement 

Temperatures at 3 depths were Tabulated, TABLE 3.1 

The Difference between"Median'' Pavement and Air Temperature 

was then calculated, and plotted over the 12 monthly intervals 
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TABLE 3 . 1 

"MEDIAN", ( MAX + MIN ) /2 , AIR .& PAVEMENT TEMPERATURES AT VARIOUS 
DEPTHS AND ( PAVEMENT - AIR ) TEMPERATURE DIFFERENCES ( °C ) . 

BITUMINOUS PAVEMENT 
AIR & PAVEMENT TEMP- ( PAVEMENT-AIR ) ( PAVEMENT-AIR ) 

MONTH ERATURES AT DEPTHS TEMPERATURE DIFF' TEMPERATURE DIFF' 
AIR 19mm 102mm 356mm 19mm 102mm 356mm 19mm 102mm 356mm 

JAN 3.6 5.55 5.30 6.15 1. 95 1. 70 2.55 1.7 1.5 1.9 
FEB 3.2 5.95 5.25 5.35 2.75 2.05 2.15 2.4 1.9 1.9 
MAR 3.4 6.10 5.35 4.75 2.70 1. 95 1. 35 3.6 2.8 2.2 
APR 7.6 14.10 12.40 10.50 6.50 4. 80 2. 90 5.6 4.3 2.9 
MAY 12.0 19.30 17.95 15.95 7.30 5.95 3.95 8.1 6.5 4.4 
JUN 13.8 24.25 22.80 20.55 10.45 9.00 6.75 10.1 9.0 6.7 

JUL 17.4 26.70 25.60 23.60 9.30 8.20 6.20 9.3 8.2 6.2 
AUG 16.4 22.85 21.40 20.55 6.40 5.00 4.15 6.8 5.5 4.6 
SEP 14.3 19.65 18.30 17.70 5.35 4.00 3.40 4.6 3.2 3.5 
ocr 13.1 15.90 14.85 14.85 2.80 1. 75 1. 75 2.8 1.8 2.8 
NOV 5.7 7.50 6.85 8.75 1.80 1.15 3.05 1.8. 1.3 2.4 
DEC 3. 1 4.55 4.40 5.65 1.45 1.30 2.55 1.5 1.2 2.1 

CONCRETE PAVEMENT 
AIR & PAVEMENT TEMP- ( PAVEMENT-AIR ) ( PAVEMENT-AIR ) 

MONTH ERATURES AT DEPTHS TEMPERATURE DIFF' TEMPERATURE DIFF' 
AIR Omm 127mrn 254mm Omm 127mm 254mm Omm 127mm 254mm -

JAN 3.5 2.7 2.8 2.8 -0.8 -0.7 -0.7 -0.9 -0.8 -0.7 
FEB 2.1 1.7 1.5 1.6 -0.4 -0.6 -0.5 -0.4 -0.5 -0.4 
MAR 2.3 2.6 2.4 2.5 0.3 0. 1 0.2 0.3 0.0 0.1 
APR 7.0 8.4 7.6 7.9 1.4 0.6 0.9 1.3 0.8 1.0 
MAY 2.4 2.0 1.9 
JUN 14.2 17.8 17. 1 17.0 3.6 2.9 2.8 3.6 2.9 2.8 

JUL 17.3 22.0 20.3 20.4 4.7 3.0 3.1 4.7 2.9 3.1 
AUG 4.0 2.2 2.6 
SEP 13.7 15.1 14.7 15.0 1.4 1.0 1.3 1.6 1.1 1.3 
ocr 12.2 12.5 12.4 12.6 0.3 0.2 0.4 0.0 0. 1 0.4 
NOV 5.0 4.0 4.5 4.8 -1.0 -0.5 -0.2 -1.0 -0.5 -0.2 
DEC 2.7 1.6 1.8 2 .1 -1.1 -0.9 -0.6 -1.1 -0.8 -0.6 

* 

* 

* "AVERAGE YEAR" VALUES OBTAINED BY GRAPHING & RE-TABULATION (FIG 3.1) 
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of the year. 

Best- fit curves were then drawn to repres ent the variat~on of thi s 

quantity over the Average Year , FIG.3.l, and the Data was re- tabulated 

TABLE 3 . 1. 

These "Average Year" values of the Difference between "Median"Pavement 

and Air Temperatures can be combined with -

MET OFFICE Long Term "MEDIAN" Air Temperatures for The Central zone 

of the u. K. ( l) 

to give "MEDIAN11 Pavement Temperatures for BITUMINOUS and CONCRETE 

Pavements , that both correspond to the same ambient air temperatures. 

TABLE 3. 2 

3 . 3 The Relationship between MEAN and"MEDIAN"temperatures 

0 

The Difference between MEAN and"MEDIAN''temperatures arises from the 

fact that the duration of the Hump in the Daily Cycle is not always 

equal to ~ of the wavelength, and varies from month to month. 

The Duration of the Hump in the Daily Cyc le 

"MEDIAN" 

MEA!'l MEAN 
MEAN 

6 12 18 24 0 6 12 18 24 0 6 12 18 

WINTER SPRIHG & AUTUM1~ SU!1."1ER 
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TABLE 3 o 2 

"AVERAGE YEAR", "MEDIAN" PAVEMENT TEMPERATURES ( °C ) o 

UK CENTRAL ZONE BITUMINOUS PAVEMENT CONCRETE PAVEMENT 
MONTH LONG TERM MEAN TEMPERATURES AT DEPTHS TEMPERATURES AT DEPTHS 

AIR TEMPERATURE 19mm I 1 02rwn I 3 56mm Omm ll27rwn l254mm 

JAN 303 5o0 4o8 502 204 2o5 206 
FEB 307 6o1 5o6 5o6 3o3 3o2 303 
MAR 5o7 9o3 8o5 709 600 5o7 5o8 
APR 8o5 14 0 1 12o8 11.4 9o8 9o3 905 
MAY 11.3 19o4 1708 1507 1307 13o3 13o2 
JUN 14o4 2409 23 0 4 21.1 18 oO 1703 17 0 2 

JUL 1600 25o3 24o2 2202 2007 18o9 1 9 0 1 
AUG 15o6 2204 21.1 20 02. 1906 1708 18o2 
SEP 14o0 18o6 1702 17o5 1506 15 0 1 1503 
OCT 1002 13o0 12o0 13o0 1002 10o3 10o6 
NOV 6o6 8o4 709 9o0 506 6 o1 6o4 
DEC 405 6o0 507 6o6 3o4 3o7 3o9 
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The Daily Range of Pavement Temperature also varies considerably 

from month to month, which makes it difficult to consider the 

variation of (MEDIAN-MEAN) Temperatures in absolute terms, however 

a reasonable relationship should exist between -

(MEDIAN-MEAN) TEMPERATURE as % DAILY RANGE, and The Duration of 

the HUMP (TEMP~MEDIAN); hours. 

Sample values for these quantities can be found for both BITUMINOUS 

and CONCRETE Pavements, from the TABULATED DAILY CYCLE 1 APPENDIX A , 

The data from periods With a subsidiary peak in the night-time was not 

. •i '' used as it was difficult to decide on representatLve values for MEDIAN 

TEMPERATURE and the Daily Temp Range. 

The Sample Data was Tabulated, TABLE 3.3 and plotted on a graph to 

illustrate the relat.ionship. _FIG 3. 2. 

The best-fit lines were obtained by Linear Regression, performed_ 

separately on the BITUMINOUS and CONCRETE pavement Data Points, with 

the following results. 

Intercept Slope Correlation coeff 

BITUMINOUS 11.930 hrs - 0.336 0.885 

CONCRETE 11.959 hrs - 0.343 o. 976 

These two lines are almost coincident and can be combined as a single 

relationship to give values of (MEDIAN ·_ MEAN) Temp as % Daily Range 

for both BITUMINOUS and CONCRETE Pavements. 

(MEDIAN - MEAN) DAILY RANGE 

( 
11.945 H ) 

0.340 x lOO - - - - - - - _( ~ 1) 

where His the Duration of the Hump,(Temp > MED),in hours. 

A22 



TABLE 3 . 3 

SAMPLE DATA FOR COMPARISON OF -

THE DIFFERENCE BETWEEN "MEDIAN" AND MEAN TEMPERATURES AND THE DURATION 
OF THE HUMP ( TEMP> "MEDIAN" ) IN THE DAILY CYCLE 

"MEDIAN" MEAN "MEDIAN" DAILY "MEDIAN" TIME AT TIME AT HUMP 
MONTH TEMP' TEMP' -MEAN TEMP' - MEAN "MEDIAN" "MEDIAN" ( H ) 

oc oc TEMP' oc RANGE AS % TEMP' IN TEMP' IN HOURS 
oc RANGE MORNING EVENING 

19 liiJlJ DEPTH IN BITUMINOUS PAVEMENT 

APR 1 4. 1 12.8 1.3 17.0 7.6 09,24 1 9' 12 9.8 
JUL 26.7 2 s.. 9 0.8 16.8 4.8 09,48 20,00 10.2 
OCT 15.9 14.8 1.1 8.2 1 3. 4 10,30 18' 30 8.0 

102 liiJlJ DEPTH IN BITUMINOUS PAVEMENT 

APR 12.4 12.0 0.4 11 . 2 3.6 10,48 21,48 11.0 
JUL 25.6 25.1 0.5 10.8 4.6 11 '36 21 '24 9.8 
OCT 14.85 14.4 0.45 5.7 7.9 11 ' 12 20' 18 9. 1 

356 liiJlJ DEPTH IN BITUMINOUS PAVEMENT 

JAN 6. 15 6.1 0.05 0.5 10.0 17,00 00,30 7.5 
APR 10.5 10.5 0.0 1 . 2 - 15,50 04 '10 12.3 
JUL 23.6 23.5 0.1 2.0 5.0 17,30 04 '50 11. 3 
OCT 14.85 14.8 0.05 I . 3 4.0 17,24 03,06 9.7 

0 mm DEPTH IN CONCRETE PAVR~ENT 

JAN 4.8 4. I 0.7 5.8 12.0 11 ,45 19,00 7.2 
APR 8.5 8.1 0.4 8.4 4.8 09,45 20' 18 10.5 
JUL 22.75 22.6 0.15 11. 1 I . 4 09,24 20,54 11.5 

127 mm DEPTH IN CONCRETE PAVEMENT 

JAN 4.8 4.6 0.2 2.7 7.0 12,45 22,21 9.6 
APR 8.0 7.8 0.2 4.9 4.0 11 '42 22,24 10.7 
JUL 23.1 2 3.1 0.0 6.6 0.0 11 '40 23,50 12.2 

254 mm DEPTH IN CONCRETE PAVEMENT 

JAN 

I 
5.0 5.0 0.0 1.4 0.0 14,00 02,00 12.0 

APR 8.3 8.2 0.1 3.0 3.3 13,36 00,30 10.9 
JUL 

I 
23.5 23.6 -0.1 4.0 -2.5 13,48 02,00 12.2 

OCT 11.2 11. 1 0.1 1 . 0 10.0 13,00 22,00 9.0 

AIR TEMPERATURE 

JAN 

I 
5.0 4.3 0.7 

I 
8.0 8.8 11 '21 20,33 9.2 

APR 7.2 6.4 0. 8- 7. 1 11. 3 09,40 20' 16 10.6 
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FIG 3 • 2 

THE VARIATION OF ( "MEDIAN " - MEAN 
THE SHAPE OF THE DAILY CYCLE 
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3.4 Correction from"MEDIAN"to MEAN temperatures 

Values for H can be found for all months of the Year for 

BITUMINOUS Pavements(2) and for the months JAN/APR/JUL/OCT for 

CONCRETE Pavements(l). Again, the data can be graphed and re

tabulated to make it more representative of the Average Year. 

FIG 3.3 and TABLE 3.4. 

Equation 3.~ above can now be used to give corresponding values of 

(MEDIAN - MEAN) Temperature for the Average Year, which can be used 

to correct Average Year MEDIAN Temperacures (TABLE 3.2) to MEAN 

temperatures, TI\BLE 3.5. 

3.5 Comparison of MMPT for BITUMINOUS and CONCRETE Pavements 

The BITUMINOUS and CONCRETE Data was recorded at different depths 

in the pavement. In order to make a direct comparison the Variation 

of MMPT with depth must be plotted and re-tabulated for both BITUMINOUS 

and CONCRETE PAVEMENTS at specified depths i.e. -

0/100/150/250/300 mm FIG 3.4 and TABLE 3.5 
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·TABLE 3 . 4 

THE DETERMINATION OF "AVERAGE YEAR" VALUES FOR THE DURATION OF THE 
HUMP ( H ) IN THE DAILY CYCLE AND ( "MEDIAN" - MEAN ) TEMPERATURE 
DIFFERENCES . 

BITUMINOUS PAVEMENT CORRESPONDING 
DURATION OF H,HOURS "AVERAGE YEAR" VALUES "MEDIAN - MEAN 

MONTH AT VARIOUS DEPTHS FOR ( H*) AT DEP'l'HS- TEMP' DIFFERENCES 
19nun 102mm 356mrn 19nun 102mrn 356mrn 19mm 102mrn 356mm 

JAN 10.5 18.5 7.5 7.1 8.5 10.0 0.3 0.1 0 
FEB 7.0 8.7 17.0 7.6 9.0 10.3 0.7 0.3 0 
MAR 8.2 9.3 9.5 8.4 9.6 10.7 1.0 0.4 0 
APR 9.8 11.0 12.5 9.4 10.5 11.3 1.1 0.4 0 
MAY 9.7 10.6 8.5 10.2 11.0 11.6 0.9 0.3 0 
JUN 10.8 11.5 11.0 10.5 11.2 11.7 0.9 0.3 0 

JUL 10.2 9.8 11.5 10.2 10.9 11.5 0.9 0.3 0 
AUG 9.3 10. 1 15.0 9.4 10.3 11.1 1.1 0.4 0 
SEP 8.6 9.9 7.5 8.5 9.6 10.7 1.1 0.5 0 
OCT 8.0 9. 1 10.0 7.7 9.1 10.3 0.9 0.4 0 
NOV 6.3 8.5 13.0 7.2 8.6 10.0 0.6 0.3 0 
DEC 6.6 10.5 6.0 7.0 8.4 9.8 0.3 0.2 0 

CONCRETE PAVEMENT CORRESPONDING 
DURATION OF H ' HOURS "AVERAGE YEAR" VALUES ''MEDIAN - MEAN 

MONTH AT VARIOUS DEPTHS FOR ( H*) AT DEPTHS- TEMP' DIFFERENCES 
AIR Omm 127mrn 254mm AIR Omrn 127mrn 254mm AIR Omrn 127mrn 254mm 

JAN 9.2 7.3 9.6 12.0 9.0 8.7 9.6 10.0 0.3 0 .. 3 0.1 0.1 
FEB 9.2 9.0 9.7 10.1 0.4 0.4 0.2 0.1 
MAR 9.8 9.6 10.2 10.6 0.4 0.5 0.2 0. 1 

---APR 10.6 10.5-10.7 10.9 10.6 10.4 10.9 11.2 0.3 0.4 0.2 - 0.1 
MAY 11.2 11.0 11.5 11.7 0.2 0.3 0.1 0 
JUN 11.6 11.4 11.9 12. 1 0.1 0.2 0 0 

JUL 11.5 12.2 12.2 11.7 11.5 12.0 12.2 0.1 0.1 0 0 
AUG 11.4 11.2 11.7 12.0 0.2 0.2 0 0 
SEP 10.8 10.6 11.1 11.5 0.3 0.3 0.1 0 
OCT 9.8 11.0 10.5 9.0 10.2 9.9 10.5 10.9 0.4 0.4 0.1 0. 1 
NOV 9.6 9.2 10.0 10.4 0.4 0.4 0.1 0.1 
DEC 9.1 8.8 9.7 10.1 0.4 0.3 0.1 0.1 

* "AVERAGE YEAR" VALUES FOR H OBTAINED BY GRAPHING & RE-TABULATION 
FIG 3 . 3 ) 
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TABLE 3 5 

"AVERAGE YEAR" MEAN PAVEMENT & AIR TEMPERATURES DETERMINED USING 
"MEDIAN"- MEAN TEMPERATURE DIFFERENCES ( TABLE 3 4 ) 

DEPTH 
IN THE 

PAVEMENT 

19mm 
102mm 
356IDID 

Omm 
127mm 
254mm 

MONTH OF THE YEAR j 
JAN 1 FEB 1 MAR 1 APR 1 MAY 1 JUN 1 JUL 1 AUG 1 SEP 1 ocr 1 NOV 1 DEC 1 

BITUMINOUS PAVEMENT 

4.7 
4.7 
5.2 

5.4 8.3 13.0 18.5 24.0 
5.3 8.1 12.4 17.5 23.1 
5.6 7.9 11.4 15.7 21.1 

24.4 21.3 17.5 12.1 
23.9 20.7 16.7 11.6 
22.2 20.2 17.5 13.0 

"/.8 5.7 
7.6 5.5 

9.0 6.6 

CONCRETE PAVEMENT 

2.1 2.9 5.5 9.4 13.4 17.8 
2.4 3.0 5.5 9.1 13.2 17.3 
2.5 3.2 5.7 9.4 13.2 17.2 

20.6 19.4 15.3 9.8 5.2 3.1 
18.9 17.8 15.0 10.2 6.0 3.6 
19.1 18.2 15.3 10.5 6.3 3.8 

AIR TEMPERATURE 

3.0 3.3 5.3 8.2 11.1 14.3 15.9 15.4 13.7 9.8 6.2 4.1 

MEAN ·PAVEMENT TEMPERATURES AT REGULAR DEPTHS OBTAINED BY GRAPHING AND 
RE-TABULATION ( FIG 3 • 4 ) • 

Omm 
100mm 
i 5olnin 
250mm 
300IIllll 

o·mm 
·100mm· 
150mm 
250mm 
300mm 

BITUMINOUS PAVEMENT 

4.8 5.3 
4.7 5.3 
4·;·8 .. 5 .3" 
4.9 5.4 
5.1 5. 5 

8.3 13.2 18.9 24.4 
8.1 12.4 17.5 23.1 

-s·:o-· I:f~i -17 .o 2i.6 
7.9 11.7 16.3 21.8 
7.9 11.5 16.0 21.5 

24.6 
23.9 
23.6 
22.9 
22.6 

21.6 
20.7 
20.5 
20.2 
20.2 

17.9 12.2 
16.8 11.6 
16.6 11.6 
16.9 12.1 
17.2 12.5 

CONCRETE PAVEMENT 

2.2 2.9 5.5 
2~3 3.0 5.5 

2.4 3.0 5.5 
2.5 3.2 5.7 
2.5 3.2 5.8 

9.4 13.4 17.8 
9.2 13.2 17.4 
9.2 13.2 17.3 
9.3 13.2 17.2 
9.3 13.2 17.2 
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20.7 19.5 15.4 9.9 
19.1 18.0 15.0 10.1 
18.9 17.8 15.0 10.2 
19.0 18.2 15.3 10.5 
19.2 18.5 15.5 10.6 

8.0 
7.6 
7.7 
8.3 
8.6 

5.3 
5.9 
6.1 
6.3 
6.4 

5.8 
5.5 
5.6 
6.0 
6.3 

3.1 
3.6 
3.7 
3.8 
3.9 
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4 HOURLY TEMP PROFILES 

4.1 Adjustment of Tabulated Data 

The Average Year Values of Daily Temp Range and MMPT can now be 

used to adjust the Tabulated Daily Cycle of Pavement Temperature 

at 3 Depths in B-ITUMINOUS and CONCRETE Pavements, APPENDIX A . 

A Table of correction differences for MMPT and correction factors 

for Daily Temp Range was drawn up,TABLE 4.1, to correct the Tabulated 

Data as it was plotted to g"i"ve the HOURLY TE:-IP PROFILES, APPENDIX B, 

except for the JANUARY Data for BITUMINOUS Pavements __ 

For each of the \VINTER MONTHS (NOV - MAR) , the Daily Cycle of Pave

ment Temperature at a depth of 19 mm was plotted
1
(2). FIG 4.1 

It can be seen that the Data for JANUARY is not very representative 

of.the WINTER MONTHS in terms of the Shape of the cycle as it includes 

a subsidiary peak during the nightime which· is even greater than that 

·"in the daytime. 

In view of this, it was decided to replace the JANUARY DATA (for all 

3 Depths) by the mean of the DEC~~BER and FEBRUARY DATA, with the 

amplitude of each reduced to JANUARY levels before averaging, because 

the peaks and troughs of the 2 curves did not coincide exactly, the 

amplitude of the resulting DEC/FEB mean data still had to be adjusted 

slightly in order to correspond to Average Year Values for JANUARY. 
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TABLE 4 o 1 

ADJUSTMENT OF THE DAILY CYCLE OF PAVEMENT TEMPERATURE TO CORRESPOND 
TO AN "AVERAGE YEAR" o 

MEAN MONTHLY PAVEMENT TEMPERATURE : THESE DIFFERENCES MUST BE ADDED TO 
EACH TEMPERATURE READING OF THE TABULATED DAILY CYCLE , APPENDIX A , SO 
THAT MMPT'S WILL CORRESPOND TO "AVERAGE YEAR" VALUES o 

MEAN TEMPERATURE FOR "AVERAGE YEAR" MEAN 
MONTH TABULATED DAILY CYCLE PAVEMENT TEMPERATURE DIFFERENCE 

AT DEPTHS (mm ) ( TABLE 3 5 ) oc 

BITUMINOUS PAVEMENT 
19mm 102mm 356nnn 19mm 102mm 356nnn 19nnn 102mm 356mm 

JAN 5o5 504 6o1 4o7 4o7 5o2 -Oo8 -Oo7 -009 
APR 12o8 12o0 10o5 13 oO 1204 11.4 Oo2 Oo4 Oo9 
JUL 25o9 25 01 23o5 24o4 23o9 2202 -1.5 -1.2 -1.3 
OCT 14o8 14o4 14o8 12o1 11.6 13 oO -207 -208 -1.8 

CONCRETE PAVEMENT 
Omm 127nnn 254nnn Omm 127mm 254nnn Omm 127mm 254mm 

JAN 4o1 4o6 5o0 2 0 1 2o4 2o5 -200 -202 -205 
APR 8o1 7o8 8o2 9o4 9 0 1 9o4 1.3 1.3 1.2 
JUL 22o6 23o1 23o6 20o6 18o9 19 0 1 -200 -4o2 -4o5 
OCT 10o9 10o9 11.1 9o8 1002 10o5 -1.1 -Oo7 -Oo6 

-----

DAILY YEMPERATURE RANGE : THE DEVIATION OF EACH TEMPERATURE READING OF 
THE TABULATED DAILY CYCLE , APPENDIX A , MUST BE INCREASED BY THIS 
FACTOR , SO THAT DAILY TEMP' RANGES WILL CORRESPOND TO THE "AVERAGE YEAR" 
VALUES o 

DAILY TEMP' RANGE FOR "AVERAGE YEAR" VALUE 
CORRECTION 

MONTH TABULATED DAILY CYCLE FOR DAILY TEMPERATURE 
FACTOR 

AT DEPTHS ( mm ) RANGE ( TABLE 2 ) 

BITUMINOUS PAVEMENT 
19mm 102mm 356nnn 19mm 102nnn 356nnn 19mm 102mm 356mm 

JAN 1.3 1.0 Oo5 2 0 1 1.3 004 1.62 1. 30 0 0 80 
APR 17o0 11.2 1.2 14o3 9o6 1.4 Oo84 0.86 1.17 
JUL 16o8 10o8 2.0 17o6 11.1 2.0 1.05 1.03 1.00 
OCT 8.2 5o7 1.3 703 4o9 0.9 Oo89 0.86 Oo73 

CONCRETE PAVEMENT 
Omm 127nnn 254mm Omm 127mm 254mm Omm 127mm 254mm 

JAN 5o8 207 1.4 3.5 2.0 1.2 0.60 0.74 0.86 
APR 8o4 4o9 3.0 9.0 5.2 3.0 1.07 1.06 1.00 
JUL 11.1 6.6 4.0 10o9 6.0 3.7 Oo98 Oo91 0.93 
OCT 3.1 1.6 1.0 5o9 2o9 2.1 1.69 1. 61 2.10 
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FIG 4 • 1 

THE DAILY CYCLE OF PAVEMENT TEMPERATURE DURING THE WINTER MONTHS 

AT DEPTH 
1 

19 mm 1 IN A BITUMINOUS PAVEMENT • 
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4.2 Plotting of HOURLY TEMP PROFILES 

The Hourly Temp Profiles were plotted as a series of best-fit curves 

for the adjusted Tabulated Data with the aid of the following 

assumptions. 

i) there is a smooth progression of the shape of the hourly curve 

(Isochrone) from each hour to the next. 

ii) The Area on the profile represents Heat Stored in the pavement, 

there should be a smooth progression of the change in stored Heat 

in the pavement from hour to hour, i.e. of the area between subsequent 

Isochrones. 

The Resulting Profiles,APPENDIX ~are somewhat idealised in that they 
. . . 

assume this smooth build-up of Heat in the pavement during the day, 

whilst in reality, Intermittant Cloud Cover and a Cooling Breeze 

would result in a stepped build up at the surface, becoming smoother 

at greater depths. 

Thus the changes in the Thermal Stresses in the Pavement may be 

significantly more rapid at times, than implied by the Profiles, and 

this may affect the degree of stress relief by creep in Bituminous 

Materials. 
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4.3 Observations from Hourly Temp Profiles 

When the BITUMINOUS and CONCRETE Hourly Temp Profiles are plotted 

adjacent to each other it can be seen that for all months, at depths 

of c350mm, the Temperature Range is greater with CONCRETE Pavements. 

At the surface however, the Temperature Range is greater with 

BITUMINOUS Pavements for the months APR/JUL and OCT. 

This indicates that the attenuation of Temperature Range with depth 

is significantly greater with BITUMINOUS Pavements. The comparison 

can be extended to all months by considering the variation of Temp 

Range with Depth, FIG 2.2, from which the attenuation of Temperature 

Range with Depth can be found for all months. TABLE 4.2 

It can be seen that Temperature Ranges are Greater with CONCRETE 

for the following months at Depths -

0 200 mm 

250 mm 

300 mm 

JAN, DEC 

JAN, FEB, NOV, DEC 

JAN, FEB, MAR, JUL, AUG, SEP, OCT, NOV, DEC 

This Temperature Range is due to a combination of Surface Absorption 

of Solar Energy and Heat Transfer between the air and the pavement 

surface. The Surface Absorption is almost certainly greater at all 

times with BITUMINOUS PAVEMENTS, thus Heat Transfer effects must be 

significant in the Winter months in order to explain the greater 

ranges in CONCRETE at all depths during DEC, JAN. 

The greater temp range in CONCRETE at lower depths during most of 

the year is a result of the greater attenuation of Temp Range with 

depth in BITUMINOUS Pavements which implies that thermal conductivity 

is lower for BITUMINOUS than for CONCRETE materials. 

4.4 Thermal Conductivity 

This conclusion that Thermal Conductivity is lower for BITUMINOUS 
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TABLE 4 2 

"AVERAGE YEAR " DAILY TEMPERATURE RANGES AT REGULAR DEPTHS I OBTAI NED 
BY GRAPHING AND RETABULATION ( FIG 2 2 ) , AND THE ATTENUATION OF 
DAILY TEMPERATURE RANGE WITH DEPTH . 

DAILY TEMPERATURE RANGE ( oc ) 

DEPTH MONTH OF THE YEAR 
IN THE 

JAN I FEB I MAR I APR I MAY I JUN I JUL I AUG I SEP I OCT I NOV I DEC PAVEMENT 

BITUMINOUS PAVEMENT 

Omm 2.4 5.8 10 . 8 15 . 5 20.3 23.3 19.5 15.5 11.6 8.0 4.3 2.0 
50mm 1.8 4.4 8 . 5 12.4 15.7 17.7 14 . 9 12.0 9.1 6.3 3 . 6 1.7 

100mm 1.3 3 . 2 6 . 6 9 . 7 12.0 13.1 11.2 9.1 7.0 5.0 3.1 1.5 
150mm 1.0 2.4 4 . 9 7.3 8.8 9.6 8.3 6.8 5.3 3.8 2.5 1.2 
200mm 0 . 7 1.7 3.5 5.3 6.5 7.1 6.1 5.0 3.8 2.8 2.0 1.0 
250mm 0 . 6 1.2 2.4 3.7 4.6 5.1 4.5 3.6 2.8 2 . 0 1.5 0.7 
300mm 0.4 0.9 1.6 2.5 3.1 3.6 3.1 2.5 2.0 1.4 1.0 0.5 

CONCRETE PAVEMENT 

Omm 3.5* 4.3 6 . 6 9.0 11.2 12.2 10 . 9 9.2 7 . 5 5.9 4.5* 3 . 5* 
50mm 2.8* 3.5 5 . 1 7.2 9.1 9 . 7 8.6 7.2 5 . 8 4.3 3.4 2. 8* 

100mm 2 . 2* 2.7 3.9 5 . 8 7.3 7.7 6.8 5.6 4.4 3.3 2.6 2 . 1* 
150mm 1.8* 2.1 3.1 4.7 5.8 6.1 5.4 4 . 5 3.5 2 . 7 2.1 1. 7* 
200mm 1 . 4* 1.7 2 . 5 3.8 4.6 4.9 4.4 3.7 3.0 2.3 1.8 1. 4* 
250mm 1.2* 1. 4* 2 . 0 3 . 1 3.7 3.9 3.7 3 . 2 2.6 2.1 * 1. 6* 1. 3* 
300mm 1.0* 1.2* 1. 8* 2.5 3.0 3.3 3.2* 2 . 9* 2.4* 1. 9* 1. 5* 1.2* 

THE ATTENUATION OF DAILY TEMPERATURE RANGE WITH DEPTH IN THE PAVEMENT 
( % RANGE AT THE SURFACE ) 

BITUMINOUS PAVEMENT 

50 mm 75 76 79 80 77 76 77 77 78 79 84 85 
100mm 54 55 61 63 59 64 57 59 60 63 72 75 
150mm 42 41 45 47 43 47 43 44 46 47 58 60 
200mm 29 29 32 34 32 30 31 32 33 35 47 50 
250mm 25 21 22 24 23 22 23 23 24 25 35 35 
300mm 17 16 15 16 1.5 18 16 16 17 18 23 25 

CONCRETE PAVEMENT 

50mm 80 81 77 80 81 80 79 78 77 73 76 80 
100mm 63 63 59 64 65 63 62 61 59 56 58 60 
150mm 51 49 47 52 52 50 50 49 47 46 47 49 
200mm 40 40 38 42 41 40 40 40 40 39 40 40 
250mm 34 33 30 34 33 32 34 35 35 36 36 37 
300mm 29 28 27 28 27 27 29 32 32 32 33 34 

* DAILY TEMPERATURE RANGE GREATER IN CONCRETE PAVEMENT THAN IN 
BITUMINOUS PAVEMENT 
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Materials is in contrast to values quoted by some reference 

works ( 3) 

i.e. 

& 

0.84 

0.54 

- 0 
Btu/ (hr)(ft£)( F)(ft) 

Btu/ (hr) ( ft 2
) (°F) (ft) 

for BITUMINOUS concrete 

for PORTLAND CEMENT concrete 

However , there are several factors which could influence the 

thermal conductivity of PAVE~ENT MATERIALS i.e . 

l) The comparatively, much lower thermal conductivity of Air 

(0.014) will mean that the presence of even a small volume fraction 

of air voids, if inconveniently orientated with respect to HEAT. FLOW, 

could significantly influence the bulk value for the material , i. e . -

by being effectively in Series , rather than in Parallel with the 

Pavement Material . 

AIR VOIDS 

IN PARALLEL 

Heat 
Flow 

AIR VOIDS 

IN SERIES 

This is likely to happen with Vertical Heat Flow in Materials 

Compacted Horizontally by Rolling . 

2) The Bitumen/Aspha l t will undergo significant changes in state 

over the normal climatic range of temperature and this must also 

affect its Thermal Conductivity. 
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These factors will make it difficult to determine reliable 

experimental values for the Thermal Conductivity of Pavement 

Materials, which incidentally, adds justification to the use of 

an empirical Temperature Model based on Actual measurements, 

rather than a mathematically derived one using Surface Absorption 

Coefficients and Thermal Conductivity. 

There are also other observations from the HOURLY TEMP PROFILES; 

such as the more pronounced "bunching" of the Isochrones for 

BITUMINOUS Pavements during the nightime, despite the greater 

Temperature Gradients across the Pavement which indicate greater 

Insulation Properties, and thus lower thermal conductivity for 

BITUMINOUS Materials. 

4.5 Deducing COMPOSITE Pavement Hourly Temp Profiles 

The main assumption to be used in deducing Hourly Temp Profiles 

for composite pavements is that Temperature Gradients are similar 

at all hours of the day -

(i) In the Surfacing Layer 

of a COMPOSITE pavement 

(ii) In the Roadbase Layer 

of a COMPOSITE pavement 

& 

& 

In the Surfacing Layer 

of a BITUMINOUS Pavement 

In the Roadbase Layer 

of a CONCRETE Pavement 

Thus, the HOURLY TEMP PROFILE for a COMPOSITE Pavement, comprising 

lOO mm BITUMINOUS Surfacing and c 200 mm LEAN CONCRETE Roadbase, 

can be crudely approximated by combining that for 0 - lOO mm 

BITUMINOUS Pavement with that for lOO mm + CONCRETE Pavement. 
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PROFILE FOR DEPTHS 0 - 100 mm IN A 

6 

100 

200 

-. I 
I 

300 

DEPTH I N THE 
PA VEMEl'IT ( mm 

PAVEMENT 

t 
INTERFACE 

It c an be seen 

that there is 

a broad general 

agreement between 

the trends of the 

Isochrones either 

side of the 

interface. 

PROFI LE FOR ~EPTHS 
100 - 350 l"!li!l U! A 
CONCRETE PAVE~E~IT 

TSE "CRUDE" COMPOSITE PAVE~>iENT 
BI-HOURLY TE~ERATURE / DEPTH 

PROFILE FOR APRIL 

In order to maintain continuity at a depth of lOO mm, both sections 

of this crude profile will have to be adjusted. 

i) The upper and lower sections will have to be expanded/ contracted 

laterally so that the Tempe rature Range at lOO mm will be equal in 

both . 

ii ) Even then, the position of Individual Isochrones within the 

profiles may have to be adjusted in order to match the two halves 

at the Interface . 

This adjustment can best be done by splitting the I nformation 

contained in tne profiles ~nto 3 Components. 
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Variation: MMPT Variation: TEMP ISOCHRONE 

with Depth 
+ 

RANGE with Depth + 
DISTRIBUTION 

(Deviation from 

MMPT as % RANGE 

The relevant values of each component for COMPOSITE Pavements can then 

be deduced independently, by COMPARING/MATCHING the BITUMINOUS x CONCRETE 

pavement data. 

The 3 Components can then be re-combined to give HOURLY TEMP PROFILES 

for COMPOSITE Pavements. 

5 Matching of ISOCHRONE DISTRIBUTIONS 

The ISOCHRONE DISTRIBUTION is also a function of depth in the 

pavement, x, and the hour of the day, h. 

For the purposes of calculating the ISOCHRONE DISTRIBUTIONS, the 

relevant sections of the APR/JUL/OCT/JAN HOURLY TEMP PROFILES were 

retabulated, in terms of the Deviation of each Hourly Temp Reading 

from the ~1PT at a Depth of lOO mm. i.e. 

At Depths, 0/50/100 mm for BITU!HNOUS Pavements 

& At Depths, 100/150/300 mm for CONCRETE Pavements 

The MMPTs for the retabulated data at these depths were then 

calculated, also in terms of the Deviation from the i1MPT at lOO mm. 

5.1 Comparison of BITUMINOUS and CONCRETE ID's 

The ID's were calculated using each hourly Temp Reading T(x, h) 

and the equation. 

ID(x, h) 

(-

T(x, h) 

Daily Temp 

Ml-1PTx~ 
Range x } 
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These two sections of the BITUMINOUS and CONCRETE Pavement ID's 

together comprise the crude (unmatched ) COMPOSITE Pavement ID. 

They are Tabulated together for each month JAN/ APR/ JUL/ OCT, 

APPENDIX C , so as to illustrate the magnitude of the difference 

at the interface (DI) that must be resolved by matching. 

5 . 2 Thermal ~roperties of Pavement Materials 

The knowledge of relative thermal properties of Pavement Materials 

can now b~ used to formulate a Hypothesis for matching the upper 

and lower sections of the Isochrone Distribution. 

Consider the 3 types of Pavement Warming up during the morning from 

the ideal ised situation of Zero Temperature Gradient across the 

pavement at Dawn. 

BITUMINOUS COMPOSITE 

HEAT 
HEAT LOSS 

HEAT LOSS 

HIGH Surface Absorption HIGH-Surface Absorption 

LOW Surface Conductivity LOW Surface Conductivity 

LOW BASE Conductivity HIGH Base Conductivity 
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CONCRETE 

H~T HEAT LOSS 

LOW Surface Absorption 

HIGH Surface Conductivity 

HIGH Base Conductivity 



5.3 Comparisons of Thermal Behaviour of Pavements 

i) COMPOSITE and BITUMINOUS : The Surface Absorption is the 

same, but HEAT CONDUCTION through to the lower layers is more 

rapid with COMPOSITE Pavements, resulting in lower surface 

temperatures and thus less HEAT LOSS to the air. This in turn, 

implies a greater HEAT GAIN for the Pavement which implies greater 

temperature gradients across the surfacing to generate this greater 

HEAT FLOW. 

ii ) COMPOSITE and CONCRETE : The COMPOSITE pavement has greater 

Surface Heat Absorption, some of the excess will be lost as greater 

HEAT LOSS to the air but the bulk will remain in the pavement 

implying; greater Temperature Gradients and Pavement Temperatures 

at all depths. 

i.e. for both layers of a COMPOSITE Pavement, both Temperature 

Gradients and Layer Extremity Temperatures will differ slightly 

from the values for full-depth construction with the component 

materials. 

5. 4 Hypothesis for Matching ISOCHRONES 

The "mid-day" Temperature Profiles from this warming of the 

Pavement can be compared directly. 

MID-DAY 
TEMP PROFILES 

COMPOSITE 
BITUMINOUS 
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The following hypothesis was deduced, where the following proportions 

of the Difference at the Interface (DI) are used as correction factors 

to give ID camp from ID bit and ID cone, at the various depths in 

the pavement. 

Depth in 
ID comp = Pavement 

0 mm I ID I bit - 0. 25 DI 
I 

50 mm I 
I 

ID bit - 0. 375 DI 
I 

lOO mm i ID bit - 0.5 DI 
,_ ___________ 

-----------------------------------------------
" or ID cone + 0.5 DI 

150 mm ID cone + 0.44 DI 

300 mm ID cone + 0. 25 DI 

whereby the difference is resolved as -

25% BITUMINOUS Layer TEMP GRADIENT Adjustment 

+ 25% 

+ 25% CONCRETE 

+ 25% " 

SURFACE TEMP 

TEMP GRADIENT 

BASE TEMP 

It can be seen from 5.3 that the difference will be a mixture of 

these four quantities. The exact proportions are difficult to 

define and so a 25/25/25/25 split was decided on as the best 

approximation. 

These differences in terms of °C are small anyway and so errors 

introduced by this assumption will be even smaller. 

5.5 INTERPOLATION OF IDs for the other months 

This, and the subsequent conversion of IDs into COMPOSITE PAVEMENT 

Hourly Temp Profiles is best done by a computer program. 
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6 COMPOSITE Pavement M~PT's 

COMPOSITE Pavement MMPT's for all months of the year and for 

depths of 0/50/100/150 x 300 mm, need to be ascertained as part 

of the procedure for converting the ISOCHRONE DISTRIBUTIONS (ID) 

back into HOURLY TEMP PROFILES. 

It is the variation of MMPT with Depth that is responsible for the 

"TWIST" in the tail of the Hourly Temp Profiles, which significantly 

influences Temp Gradients in the Roadbase Layer. 

6. 1 The LRl38 C0~1PARISON 

From 1961-6, an experiment was conducted at TRRL to investigate the 

Duration of Temperature Levels throughout the year in both 

FULL-DEPTH (14") BITUMINOUS Pavements, and 

COMPOSITE (4":10") BITUMINOUS/LEAN CONCRETE Pavements 

at a variety of Depths in the Pavement. The report of this 

experiment(LR138)was published in 1968. (4) 

Unfortunately, from the way in which the Data is grouped for 

publishing, it is only possible to ascertain the mean pavement 

temperature at depths for -

i) The SUMMER PERIOD (JUN, JUL & AUG) 

ii) The REST OF THE YEAR. TABLE 6.1 

The DIFFERENCE between BITUMINOUS and COMPOSITE Mean Pavement 

Temperatures can be ascertained for these 2 Periods by plotting 

the Data as a function of Depth in the Pavement. Fig. 6.1 
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TABLE 6 . 1 

LR 138 DATA COMPOSITE PAVEMENT MEAN TEMPERATURES AT DEPTHS . 

NuMBER OF DAYS PER YEAR WHEN PAVEMENT TEMPERATURE WAS WITHIN THE 
FOLLOWING INTERVALS ( MEAN OF 5 YEARS 1961-5 ) 

TEMPERATURE FULL - DEPTH COMPOSITE 
INTERVAL BITUMINOUS PAVEMENT PAVEMENT 

oc 38mm 102mm 254mm 38mm 102mm 229mm 

-5 0 10 5! 2 12 5! 3 
0 5 48 49! 42 59! 53 52! 
5 10 76 75! 84! 75! 82! 88! 

10 15 58 59 62! 55! 58! 58! 
15 20 59! 57! 61 63 57 56! 
20 25 51 59! 74 49 59 69! 
25 30 29! 33! 33 27 32 30 
30 35 17 16! 5 15! 14 6! 
35 40 8! 6 t 5! 3 ! -40 45 6 1 2! ' 45 so 2 t ! 

MEAN ANNUAL PAVEMENT 
15.35 15.15 14.65 14.15 14.40 14.00 

TEMPERATURE ° C 

NUMBER OF DAYS IN JUNE , JULY & AUGUST WHEN PAVEMENT TEMPERATURE WAS 
WITHIN THE FOLLOWING INTERVALS ( MEAN OF 5 YEARS 1961-5 ) 

.. TEMPERATURE FULL - DEPTH COMPOSITE 
INTERVAL BITUMINOUS PAVEMENT PAVEMENT 

oc 38mm 102mm 254mm 38mm 102mm 229mm 

10 15 H ! ' 1! t ' 15 20 19t 1St 10 24 16! 13! 
20 25 29 34 49! 30 37 46 
25 30 18 22t 25! 18 23 24 
30 35 11 12 4! 10! 10! 5! 
35 40 S! 5 4 2! ' 40 45 4 1 2 t 
45 so 1! ' 

MEAN SUMMER PAVEMENT 
25.7 25.3 23.8 24.3 24.5 23.7 

TEMPERATURE °C 

MEAN PAVEMENT TEMP-
ERATURE FOR THE REST 11.9 11.75 11.6 10.75 11.0 10.8 
OF THE YEAR °C 
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FIG 6 . 1 

THE DIFFERENCES BETWEEN MEAN PAVEMENT TEMPERATURES AT VARIOUS DEPTHS 
IN BITill1INOUS AND COMPOSITE PAVEMENTS . 

22 .5 

9.5 

23 

MEAN PAVEMENT TEMPERATURE FOR THE SUMMER MONTHS , °C 
( JUNE , JULY & AUGUST ) 

23 . 5 24 24 . 5 

COMPOSITE 

25 25 . 5 

BITUMINOUS 
PAVEMENT 

26 
0 

50 

100 
DEPTH IN THE 

PAVEMENT ( mm 
150 

200 

250 

300 

MEAN PAVEMENT TEMPERATURE FOR THE REST OF THE YEAR , °C 
( SEP , OCT, NOV , DEC , JAN , FEB , MAR , APR & MAY ) 

10 10 . 5 

COMPOSITE 
PAVEt1ENT 

11 11.5 12 12.5 

BITUMINOUS 
PAVEMENT 
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If values for this DIFFERENCE could be found for individuai 

months of the year, then COMPOSITE PAVEMENT MMPT's could be 

estimated by correction from BITUMINOUS PAVEMENT MMPT's. 

The Deviation of COMPOSITE MMPT's from the values for BITUMINOUS 

Pavements, will follow a similar trend over the year to the 

Deviation of CONCRETE MMPT's from the BITUMINOUS values, as both 

are due to the presence of CONCRETE in the Pavement. 

Thus (BITUMINOUS - CONCRETE) MMPT DIFFERENCES, reduced such that 

their mean value over the relevant period is equal to the 

(BITUMINOUS - COMPOSITE) DIFFERENCE from the LRl38 Comparison, 

can be used as estimated (BITUMINOUS - COMPOSITE) MMPT DIFFERENCES. 

6.2 (BITUMINOUS-CONCRETE) MMPT DIFFERENCES 

These can be-calculated for depths of 0/100/150,-250 and 300 mm in 

the pavement, for all months of the year, from the Average Year Mean 

Pavement Temperatures in TABLE 3.2. 

For each depth in the pavement, the mean value for the SUMMER and 

REST OF THE YEAR periods was calculated and compared to the relevant 

(BITUMINOUS-COMPOSITE) DIFFERENCE from FIG. 6.1, to give a reduction 

factor for estimating monthly (BITUMINOUS-COMPOSITE) DIFFERENCES for 

that period. TABLE 6.2. 

6.3 Estimated COMPOSITE Pavement MMPT's 

The estimated (BITUMINOUS-COMPOSITE) MMPT DIFFERENCES can be 

combined with the Average Year MMPT's for BITUMINOUS PAVEMENTS in 

TABLE 3.2 to give Average Year COMPOSITE PAVEMEifT MMPT's. TABLE 6.3 

A graph was plotted to illustrate the Annual Variation of COMPOSITE 

PAVEMENT MMPT with depth, and also to enable the COMPOSITE PAVEMENT 

MMPT at a depth of 50 mm to be obtained by interpolation. FIG. 6.2 

For most months, the peak of MMPT with depth occurs at c lOO mm, 

this is consistent with the expected build-up of stored heat underneath 

the LOW-CONDUCTIVITY BITUMINOUS LAYER. 
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TABLE 6 2 

USE OF THE ANNUAL TREND OF ( BITUMINOUS - CONCRETE ) MMPT DIFFERENCES 
TO ESTIMATE THE ANNUAL TREND OF ( BITUMINOUS - COMPOSITE ) MMPT 
DIFFERENCES AND THUS COMPOSITE PAVEMENT MMPT'S 

THE SUMMER PERIOD 

( BITUMINOUS - CONCRETE ) JUN 
MMPT DIFFERENCES °C JUL 

AUG 
MEAN VALUE FOR SUMMER PERIOD 

( BITUMINOUS - COMPOSITE ) 
MMPT DIFFERENCE °C 

REDUCTION FACTOR 

ESTIMATED JUN 
( BITUMINOUS - CCMPOSITE) JUL 

MMPT DIFFERENCES °C AUG 

THE REST OF THE YEAR 

( BITUMINOUS - CONCRETE ) SEP 
MMPT DIFFERENCES °C OCT 

NOV 
DEC 
JAN 
FEB 
MAR 

APR 
MAY 

MEAN VALUE FOR REST OF THE YEAR 

( BITUMINOUS - COMPOSITE ) 
MMPT DIFFERENCE °C 

REDUCTION FACTOR 

ESTIMATED SEP 
( BITUMINOUS - COMPOSITE) OCT 

MMPT DIFFERENCES °C NOV 
DEC 
JAN 
FEB 
MAR 

APR 
MAY 

DEPTH IN THE PAVEMENT 
Omm 1 OOmm 150mm 2 50mm 300mm 

6. 6 5. 7 
4.0 4.7 
2.1 2. 6 
4.25 4.35 

2.0 0.8 

0. 470 0.184 

3.1 1.0 
1. 9 0. 9 
1.0 0.5 

5.4 
4.6 
2.6 
4.20 

0.55 

0.131 

0.7 
0.6 
0.3 

DEPTH IN THE PAVEMENT 

4.4 
3.7 
2.0 
3.35 

0.35 

0.104 

0.5 
0.4 
0.2 

4.0 
3.2 
1.7 
2.95 

0. 30 

0.102 

0.4 
0.3 
0.2 

Omm 100mm 150mm 250mrn 300mm ____. 
2.5 1.7 
2.3 1.5 
2.7 1.8 
"2.7 2.0 
2.6 2.4 
2.4 2.3 
2.8 2.5 
3. 8 3. 2 

-5. 5 4. 3 
3.05 2.40 

1.65 0.75 

0.540 0.313 

1.3 0.5 
1.2 0.5 
1.5 0.6 
1.5 0.6 
1.4 0.8 
1.3 0.7 
1.5 0.8 
2.1 1.0 
3.0 1.3 
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1.6 1.5 
1.3 1.5 
1.5 1.9 
1.8 2.1 
2.3 2.4 
2.3 2.2 
2.4 2.2 
2.9 2.2 
3. 8 3.1 
2.20 2.10 

0.70 0.75 

0.318 0.357 

0.5 0.5 
0.4 0.5 
0.5 0. 7 
0.6 0. 7 
0.7 .0.9 
0.7 0.8 
0.8 0.8 
0.9 0.8 
1.2 1.1 

1.5 
1.8 
2.1 
2.3 
2.6 
2.3 
2.1 
2.0 
2.8 
2.15 

0.80 

0.372 

0.6 
0.7 
0.8 
0.9 
1.0 
0.9 
0.8 
0.7 
1.0 



FIG 6 . 2 

ESTIMATED COMPOSITE PAVEMENT MEAN MONTHLY PAVEMENT TEMPERATURES AT 
VARIOUS DEPTHS . 

FEB 
JAN 

5 

MAR APR 

- 300mm 

10 

TEMPERATURE 

TABLE 6 3 

"AVERAGE YEAR" COMPOSITE PAVEMENT MMPT'S 

DEPTH 
MONTH OF THE YEAR 

MAY JUN 

15 20 

AT REGULAR DEPTHS 

IN THE 
JAN I FEB I MAR I APR I MAY I JUN I JUL I AUG I SEP I OCT I NOV I DEC PAVEMENT 

Omm 3.4 4.0 6 . 8 11.1 15.9 21.3 22.7 20 .6 16.6 10 . 9 6.5 4 . 3 
50mm 3 . 8 4.4 7.1 11. 4 16 . 2 21.8 22 . 9 20.3 16 . 4 11. 0 6.8 4 . 7 

100mm 3 . 9 4.6 7 . 2 11.3 16. 1 22 . 0 22 . 9 20.1 16.2 11.1 7.0 4 . 9 
150mm 4 . 1 4 .6 7.1 11.1 15 . 7 21. 8 22.9 20.1 16 .1 11. 2 7.3 4.9 
250mm 4.0 4. 6 7. 1 10.8 15 . 1 21. 1 22 . 4 20 . 0 16.3 11.5 7.5 5.2 
300mm 4. 1 4. 6 7 .1 10. 8 14 .9 20.9 22 . 2 20 . 0 16.4 11.7 7 .7 5.3 
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7 COMPOSITE PAVEMENT Daily Temp Ranges 

The Variation of Daily Temp Range with depth must be found for 

all months of the Year, for use in converting the COMPOSITE PAVEMENT 

ISOCHRONE DISTRIBUTIONS back into HOURLY TEMP PROFILES. 

100 r.un DAILY 
TE!U'ER.ATURE 

RAJ'JGE 

200 Illill 

TEMPERATURE 
PROFILE 

300 rr.n 
ENVELOPE 

The Variation of Daily Temp Range with depth is the "envelope" 

of the HOURLY TEMP PROFILE shown by the dotted line on the figure 

above. 

The Variation of COMPOSITE PAVEMENT Daily Temp Ranges with depth 

can thus be found by considering COMPOSITE PAVEMENT TEMP PROFILE 

ENVELOPES, which are defined by -

i) ENVELOPE SHAPE , The attenuation of Temp Range with depth. 

ii) ENVELOPE AREA , This represents the change in STORED HEAT 

of a unit coloumn of the Pavement Material. 

7.1 COMPOSITE PAVEMENT ENVELOPE SHAPE 

The Attenuation of Temperature Range with depth is determined by 

the Thermal Conductivity and Heat Storage capacity of the material 

and is thus a material property. 
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The HeaL Stcrage capacities of BITUMINOUS ar.d ~ONCRETF Mac~c i ctls 

are similar and so any significant differe nce in the Attenuation 

will be due to differing Thermal conductivities . 

Thus, Composite Pavement Enve lope Shape C MI b e estimaLed from The 

AttenuaLion of Temperature Range 

i) for Bituminous Pavements for depths 0 - lOO mm 

ii ) for Concrete Pavements for depths lOO - 300T mm 

Envelope Shapes 

BITUMINOUS CONCRETE .COMPOSITE 

300 mm 

The Attenuation has already been calculated for both BITUMINOUS 

and CONCRETE Pavements i n terms of %Range at the Surface, TABLE 4. 2 

The Attenuation for CONCRETE Pavements from a depth of lOO mm can be 

re-calculated from thi s and used to calculate COMPOSITE PAVEMENT 

ENVELOPE SHAPE in terms of % Range at the Surface. TABLE 7 . 1 

7.2 COMPOSITE PAVEMENT ENVELOPE AREA 

The ENVELOPE AREA is analogous to t he HEAT GAIN of the Pavement 

Materia l during the Wctrming Part o f the Daily Cycle , which can be 

found by considering the Heat Balance eqn for unit coloumn of t h e 

Pavement Material -
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TABLE 7 o 1 

COMPOSITE PAVEMENT TEMPERATURE PROFILE ENVELOPE "SHAPE" IN TERMS OF 

THE ATTENUATION OF DAILY TEMPERATURE RANGE WITH DEPTH IN THE PAVEMENT 

DEPTH 
DAILY TEMPERAURE RANGE AT DEPTHS AS A % THE SURFACE VALUE 

IN THE MONTH OF THE YEAR 
PAVEMENT 

JAN I FEB I MAR I APR I MAY I JUN I JUL I AUG I SEP I OCT I NOV I DEC 

Omm 100 100 100 100 100 100 100 100 100 100 100 100 
50mm 75 76 79 80 77 76 77 77 78 79 84 85 

lOOI!liD 54 55 61 63 59 64 57 59 60 63 72 75 
150mm 44 43 48 51 46 51 45 47 48 51 58 61 
200I!liD 35 35 39 42 37 41 37 39 41 44 50 50 
250mm 30 29 31 33 30 33 31 34 35 39 45 46 
300I!liD 24 24 28 27 24 27 27 31 33 36 42 43 

TABLE 7 0 2 

HEAT GAIN OF THE PAVEMENT MATERIAL DURING THE DAYTIME , DETERMINED 
FROM THE SWEPT AREA OF THE TEMPERATURE I DEPTH PROFILES 

HEAT GAIN AREA VOLUMETRIC HEAT ( 3) HEAT GAIN PER m' 

MONTH 
ON THE PROFILE OF THE PAVEMENT PAVEMENT SURFACE 

m 0 °C 
Btu 

Btu I m' m' oc 

BITUMINOUS JAN Oo295 1427 421 
PAVEMENT APR 2 olOO 1427 2997 . . 

JUL 2o405 1427 3432 
OCT 1ol58 1427 1653 

CONCRETE JAN Oo593 1529 907 
PAVEMENT APR 1 0 558 1529 2382 

JUL 1o805 1529 2760 
OCT 1o045 1529 1598 

TABLE 7 0 3 

USE OF THE TOTAL ENVELOPE AREA TO A DEPTH OF 300 mm TO ESTIMATE THE 

HEAT GAIN AREA FOR ALL MONTHS OF THE YEAR 

MONTH 

JAN 
FEB 

MAR 
APR 

MAY 

JUN 

JUL 
AUG 
SEP 

OCT 
NOV 

DEC 

BITUMINOUS PAVEMENT 
AREA ( m o °C ) 

ENVELOPEIHEAT GAINJRATIO 
., ACT' EST' I 

o340 
o813 

1o 605 
2o370 
2o965 
3o302 

o295 1.15 
0713 

1o408 
2o100 1ol3 

2o601 
2o847 

2o8l4 2o405 1.17 
20275 2o0l3 
1 0 7 40 1 0 582 
1.230 1.158 1.06 

0767 0704 
o368 o329 

CONCRETE PAVEMENT 
AREA ( m 0 °C ) 

.I HEAT GAIN I 
ENVELOPE! ACT' EST' IRATIO 

o583 0593 Oo98 
0708 

1o040 
1 0 518 
lo 880 
2o003 

lo BOO 
lo5l3 
1. 213 

o930 
o725 
o583 

o722 
lo065 

1 0 558 0 0 97 
1. 914 
2o025 

lo805 loOO 
1 0 574 
1 0 310 

1.045 Oo89 
0787 
o6l3 

COMPOSITE 

PAVEMENT 

RATIO 

1 o07* 
10 06* 
1 o06* 
1 o05* 
1o06* 
lo07* 

loOS* 
lo05* 
1.01 * 
Oo98* 
1o00* 
lo04* 

* COMPOSITE PAVEMENT ESTIMATED VALUES ARE THE AVERAGE OF THOSE 
FOR BITUMINOUS AND CONCRETE PAVEMENTS 
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SURFACE HEAT 
ABSOR:'TIOI-: FROM 
SOLAR RADIATION 

HEAT GJI..IN 

OF THE PAVEMENT 
l1ATERIAL 

+ 

HEAT LOSS TO 
THE AIR BY 

COtiDUCTION & 

CONVECTION 

THE HEAT BAJ..ANCE EOUATIOll PER m2 PAVE!-1EtJT SURFACE 

SOLAR 
RADIATION 

MORNING 

TE:'1:?EP .A TURE / DEPTH 

PROFILE --+ 

HEAT LOSS 
TO THE AIR 

INTO THE PAVEME~~ 

HEAT GAHJ OF THE 
PAVE."1EIIT l·1ATERIAL 

DURIHG THE DAY-TH1E 

-IVE HEAT GAIN AT GREATEP. DEPTHS 

THIS CANNOT EASILY BE QUANTIFIED 
A.."'D IS IGNORED Hl THIS ANALYSIS 

for a COMPOSITE ( BITUMINOUS/LEA!~ CONCRETE) Pavement. The SURFACE 

HEAT ABSORPTION will be the same as for a BITUMINOUS Pavement, but 

The HEAT LOSS to the air will be different, ( 5 .:) ) , HEAT GAIN for 
, 

COMPOSITE pavements can be found if the HEAT LOSS term in the 

equation can be determined, i.e. , by solving the equation. 

7.3 Solving the Heat Balance Eqn 

The only Term that can be found directly is the HEAT GAIN for 

BITUMINOUS and CONCRETE Pavements , from the Hourly Temp Profiles 

for JAN/APR/JUL/OCT , and from the ENVELOPE AREAS to a depth of 

300 mm for all months. 

A 52 



( 

The SURFACE HEAT ABSORPTION for BITUMINOUS and CONCRETE Pavements 

can be expressed as a ratio, and The HEAT LOSS can be related to 

the DIFFERENCE between PAVEMENT SURFACE and AIR TEMPERATURES. 

The equation can be solved simultaneously for BITUMINOUS and 

CONCRETE pavements to determine these quantities. 

7.4 HEAT GAIN of the Pavement Material 

THE HEAT GAIN AREA IS 
APPROXIr1ATELY EQUAL TO 
THE ENVELOPE AREA TO 
A DEPTH OF 300 mm . 

On a Typical HOURLY TEMP PROFILE , there will be Two Pairs of 

ISOCHRONES (Morning and Evening) between which the HEAT GAIN of 

the upper and lower sections of the Pavement is equal and opposite. 

These times (usually 06- 07, and 16- 17 hrs) represent turning 

points in the daily cycle of heating and cooling of the bulk of the 

pavement. 

The enclosed area on the profile represents the HEAT GAIN o f the 

PAVEMENT, in terms of the heat stored in a unit colUlU1 of pavement 

material . 

The HEAT GAIN was estimated in this manner using 50 mm Layers and 

the Trapezium Rule on the Hourly Temp Profiles for both BITUHINOUS 
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and CONCRETE Pavements for the months JAN/APR/JUL/OCT. TABLE 7.2 

It can be seen from the Typical Hourly Temp Profile that the HEAT 

GAIN AREA is not exactly equal to the ENVELOPE AREA, but it can be 

approximated by, the ENVELOPE AREA to a depth of 300 mm. 

The ENVELOPE AREA to 300 mm can be found from the Attenuation of 

Temp Range, TABLE 4.2, again using 50 mm Layers and the Trapezium 

Rule. 

For those months (JAN/APR/JUL/OCT) where both are known, correction 

factors can be found to correct ENVELOPE AREA 300 mm to the HEAT 

GAIN AREA. TABLE 7.3 

The correction factors do not vary much from month to month. Values 

for the other months can be interpolated -and -used--to correct ·the· 

ENVELOPE AREA: 300 mm. Thus HEAT GAIN of the Pavement can be found 

for all months. 

7.5 HEAT LOSS to the Air from the Pavement Surface 

This will be by a combination of CONDUCTION and CONVECTION, both 

of which are dependant on the Temperature Difference between the 

air and the Surface. (The evaporation of moisture may also be 

significant, but this is an intermittant factor and therefore 

difficult to quantify). 

From Fig. 10.12 CRONEY it can be seen that Pavement Surface 

Temperature and Air Temperature follow almost exactly the same 

Hourly Variation. 
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After Fig. 10.12 CRONEY THE DAILY THERMAL CYCLE 

0 hrs THE 
\vAP.MING 

PERIOD 

24 hrs 

PAVEMENT 
SURI'ACE 
TE.MPERATURE 

AIR 
TEMPERATURE 

The Mean Difference for the Warming Period is very similar to 

· that for · the rest of the ·Daily- Cycle and thus to that for the 

complete Daily Cycle. 

Mean Monthly Values of Mean Daily Air and Pavement Surface 

Temperature have already been evaluated, from which the Difference 

can be found, for each of the 3 Pavement Types. The HEAT LOSS from 

the Pavement Surface to the Air can be assumed to be proportional 

to this Difference. TABLE 7.4 

i.e. HEAT LOSS = A (DIFF °C) 

7 . 6 Surface Heat Absorption, A 

The Surface Heat Absorption for Bituminous and Concrete Surfaces 

will vary considerably over ' the year, but for any particular month, 

the ratio of the two is likely to be constant. 

let 8 = the ratio A cone A bit 

+ A cone = S.A bit 
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TABLE 7 . 4 

PAVEMENT SURFACE - AIR TEMPERATURE DIFFERENCES FOR DETERMINATION OF 
PAVEMENT HEAT LOSS TO THE AIR DURING THE WARMING PERIOD . 

MONTH OF THE YEAR 

MEAN JAN I FEB I MAR l APR I MAY I JUN JUL J AUG J SEP I ocr I Nov I DEC 

AIR TEMP' 3 . 0 3 . 3 5 . 3 8 . 2 11.1 14 . 3 15 . 9 15 . 4 13 . 7 9 . 8 6 . 2 4 . 1 

BITUMINOUS 
1. 8 2 . 0 3 . 0 5 . 0 7.8 10 .1 8 .7 6 . 2 4 . 2 2 . 4 1. 8 1. 7 PAVEMENT 

CONCRETE 
- 0 . 8 - 0 . 4 0 . 2 1. 2 2 . 3 3 . 5 4 . 8 4 . 1 1.7 0 .1 - 0 . 9 -1.0 PAVEMENT 

COMPOSITE 
0 . 4 0 . 7 1. 5 2 . 9 4 . 8 7 . 0 6 . 8 5 . 2 2 . 9 1.1 0 . 3 0 . 2 PAVEMENT 

TABLE 7 . 5 

THE HEAT BALANCE EQUATION FOR BITUMINOUS AND CONCRETE PAVEMENTS FOR 
EACH MONTH OF THE YEAR ( Btu I m2 PAVEMENT SURFACE ) 

I MONTH BITUMINOUS PAVEMENT CONCRETE PAVEMENT I 
JAN 421 = A1 - 1. 8 ~ 907 = J3.Al + 0 . 8 ~ 
FEB 10 17 = A2 - 2 . 0 ~ 11 04 = J3.A2 + 0 . 4 A 
MAR 2009 = A3 - 3 . 0 A 1628 = f3.A3 - 0 . 2 ~ 
APR 2997 = A4 - 5 . 0 ~ 2382 = J3.A4 - 1. 2 \ 
MAY 371 2 = AS - 7 .8 ~ 2927 = J3.A5 - 2 . 3 ~ 
JUN 4063 = A6 - 10 . 1 ~ 3096 = l3.A6 - 3 . 5 A 

JUL 3432 = A7 - 8 . 7 ~ 2760 = J3.A7 - 4 . 8 A. 
AUG 2873 = AB - 6 . 2 \ 2407 = J3.A8 - 4.1 ~ 
SEP 2258 = A9 - 4 .2 ~ 2003 = J3. A9 - 1. 7 ~ 
ocr 1653 = Al O - 2 . 4 \ 1598 = J3.A1 0 - 0 . 1 ~ 
NOV 1005 = All - 1. 8 A 1203 = J3. All + 0 . 9 ~ 
DEC 469 = Al2 - 1.7 \ 937 = f3.Al 2 + 1. 0 ~ 

Al -+ A1 2 = BITUMINOUS SURFACE HEAT ABSORPTION FOR EACH MONTH 

TABLE 7 . 6 

CORRESPONDING PAIRS OF VALUES FOR \ AND J3 FOR EACH MONTH , FOR GRAPHICAL 
SOLUTION OF THE HEAT BALANCE EQUATION . 

MONTH 
VALUES OF }.. ( Btu I m2 I °C ) FOR GIVEN j3 

J3 = 0 . 9 I J3 = 0 . 8 I 13 = 0 . 7 I J3 = 0 . 6 I J3 = 0 . 5 

JAN 218 255 297 348 410 
FEB 86 145 217 308 425 
MAR - 72 9 11 7 264 480 
APR -96 -6 123 324 680 
MAY -88 -11 104 294 670 
JUN -100 -33 70 257 687 

JUL -105 6 257 1346 -2982 
AUG -1 21 126 1649 -1 797 - 970 
SEP -14 11 8 341 790 2185 
OCT 54 152 279 452 701 
NOV 11 8 170 23 1 30 3 389 
DEC 203 238 278 325 380 
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The Values of Heat Gain, Heat Loss and Surface Heat Absorption 

can now be used to formulate 24 examples of the Heat Balance Eqn, 

TABLE 7.5 for both BITUMINOUS and CONCRETE Pavements for all 12 

months of the year. 

For each month, The BITUMINOUS and CONCRETE Pavement equations 

can be combined as equations in B and A. These 12 equations can 

be "SOLVED" simultaneously by plotting them as curves on a graph 

of A vs 8. 

It was known that the probable value of 8 was in the range 0.5 ~ 

0.9 and so values of A were calculated corresponding to 

8 = 0.5/0.6/0.7/0.8/0.9, TABLE 7.6, and used for plotting the 

equations, FIG. 7.1. 

Each .. equation .on .. FIG.--7.-1 -is only- an-approximation for the actual 

relationship for that month, therefore each intersection of lines 

represents an estimate for Average Annual Values of A and 8. 

All visible intersections were marked on FIG. 7.1 and the best 

"General Solution" was estimated as 

8 0.675, 250 

These values are the best Year-Round estimates for 8, the relative 

surface Heat Absorption of CONCRETE and BITUMINOUS Surfaces, and 

for A, the ratio of Heat Loss to the Air during the daytime to the 

mean Pavement Surface - Air Temperature Difference, in Btu/°C. 

7.7 The Surface Heat Absorption for a BITUMINOUS SURFACING 

The First Stage in using the HEAT BALANCE EQN to calculate 

COMPOSITE PAVEMENT HEAT GAIN is to calculate the Heat Absorption 

for BITUMINOUS SURFACING. 

This can be done in two ways, for all months -
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FIG 7 • 1 

GRAPHICAL SOLUTION OF THE HEAT BALANCE EQUATION IN TERMS OF " & ~ • 

"' 

IDEAL 
THEORETICAL 

400 

300 

200 

(Btu/ m2 
) / oc 

100 

0 

1. 0 0.9 0 . 8 0.7 0.6 0.5 0.4 
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i) using BITUMINOUS PAVEMENT HEnT GAIN (TABLE 7.3) 

and A 

ii) using CONCRETE PAVEMENT HEAT GAIN (TABLE 7.3) 

and A and S. TABLE 7.7 

The Average Values for BITUMINOUS Surface HEAT ABSORPTION can 

now be combined with values for 

COMPOSITE Pavement HEAT LOSS to air, to give 

COMPOSITE Pavement HEAT GAIN and thus, 

COMPOSITE Pavement ENVELOPE AREA, to 300 mm 

BITUMINOUS 
Surface 
HEAT 

ABSORPTION 

COMPOSITE 
Pavement 

HEAT LOSS 
to AIR 

COMPOSITE 
Pavement 
HEAT GAIN 

L....._ Corr 
~Factors~ 

TABLE 7.8 

COMPOSITE 
PAVEMENT 
ENVELOPE 
AREA 

* The HEAT GAIN for a composite pavement is almost exactly divided 

between the BITUMINOUS Material and the LEAN CONCRETE. Thus a Value 

for Volumetric Heat, equal to the average for BITUMINOUS and CONCRETE 

has been used. 

(1427 + 1529) /2 = 1478 

7.8 ENVELOPE AREA~ TEMP RANGES at Depths 

ENVELOPE SHAPE , in terms of Attenuation of Temperature Range with 

depth, can be used to relate -

ENVELOPE AREA to 300 mm, to the Temperature Range at the Surface, 

from which the Temperature Range at all depths can be found. 

considering Envelope Shape, with a 1°C Range at the Surface 

The Attenuation with depth to 300 mm can be summed using the Trapezium 

Rule to give, for each month of the Year -

0 
ENVELOPE AREA per 1 C range at the Surface. TABLE 7.9 
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TABLE 7 . 7 

DETERMINATION OF BITUMINOUS SURFACE HEAT ABSORPTION An FROM THE HEAT 
BALANCE EQUATIONS FOR BOTH BITUMINOUS AND COMPOSITE PAVEMENTS . 

BITUMINOUS PAVEMENT CONCRETE PAVEMENT 
MONTH ( Btu I m' ) ( Btu I m' ) 

HEAT SURFACE HEAT HEAT SURFACE HEAT 
GAIN - AIR LOSS GAIN - AIR LOSS An 

TEMP' TO 
An TEMP' f'l. An TO 

DIFF °C AIR DIFF °C AIR 
( ~=0.67S ) 

JAN 421 1.8 4SO 870 907 -0.8 -200 710 10SO 
FEB 1017 2.0 soo 1S20 1104 -0.4 -100 1000 1480 
MAR 2009 3.0 7SO 2760 1628 0.2 so 1680 2490 
APR 2997 s.o 12SO 42SO 2382 1.2 300 2680 3970 
MAY 3712 7.8 19SO S660 2927 2.3 S7S 3SOO S190 
JUN 4063 10. 1 2S2S 6S90 3096 3.S 87S 3970 S880 

JUL 3432 8. 7 217S S610 2760 4.8 1200 3960 S870 
AUG 2873 6.2 1SSO 4420 2407 4.1 102S 3430 S080 
SEP 22S8 4.2 10SO 3310 2003 1.7 42S 2430 3600 
OCT 16S3 2.4 600 22SO 1S98 0.1 2S 1620 2400 
NOV 100S 1.8 4SO 14SS 1203 -0.9 -22S 980 14SO 
DEC 469 1.7 42S 894 937 -1.0 -2SO 690 1020 

TABLE 7 . 8 
- -

DETERMINATION OF COMPOSITE PAVEMENT HEAT GAIN AREA AND COMPOSITE 
PAVEMENT TEMPERATURE PROFILE "ENVELOPE AREA" TO A DEPTH OF 300mm 

SURFACE SURFACE HEAT VOLUMETRIC 
HEAT RATIO 

COMPOSITE 

MONTH 
HEAT ABS' -AIR LOSS HEAT HEAT OF GAIN TABLE 

PAVEMENT 
TABLE 7. 7 TEMP'- TO THE GAIN PAVEMENT 7.3 

ENVELOPE 
MEAN VALUE DIFF °C Btu lm3 °C 

AREA 
AREA300mm AIR 

JAN 960 0.4 100 860 1478 .S82 1.07 .623 
FEB 1SOO 0.7 17S 132S 1478 .896 1.06 .9SO 
MAR 2620 l.S 37S 224S 1478 1.S20 1.06 1. 610 
APR 4110 2.9 72S 338S 1478 2.290 l.OS 2.40S 
MAY S420 4.8 1200 4220 1478 2.8SS 1.06 3.02S 
JUN 6240 7.0 17SO 4490 1478 3.040 1.07 3.2SO 

JUL S470 6.8 1700 4040 1478 2.733 1.08 2.9SO 
AUG 47SO S.2 1300 34SO 1478 2. 334 l.OS 2.4SO 
SEP 34SO 2.9 72S 272S 1478 1. 844 1. 01 1.860 
OCT 2330 1.1 27S 20SS 1478 1.390 0.98 1. 3SS 
NOV 14SO 0.3 7S 137S 1478 .930 1.00 .930 
DEC 960 0.2 so 910 1478 .616 1.04 .640 
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The values of COMPOSITE PAVEMENT ENVELOPE AREA for each wonth 

can now be divided by this factor to give the corresponding 

range at the Surface, the attenuation of range with depth, 

TABLE 7.1, for each month can then be used to give -

Daily Temp Ranges at Depths for all months of the Year. TABLE 7.9 

7.9 CONCLUSION 

The !1ean tlonthly Pavement Tem:oeratures , Isochrone Distributions 

and Daily Temperature Ranc:es have now been evaluated for various 

depths in a 100 mm surfacin~ Com?osite Pavement and can be used 

to determine Composite Pavement Hourlv Temperature I Depth Profiles 

The same method can also be used to determine liourly Temperature I 

Depth ?ro~iles for 150 anc 200 mm surfacinc: Composite Pavements . 

Hourly Tem:oerature I Depth profiles for a 100 mm surfacing Com:oosite 

Tl'.BLE 7 . 9 

COMPOSITE PAVEMENT DAILY TEl'IPERATtmE RJI .. NGES AT DE?TP.S 0 - 300 mm . 

MONTH ENVELOPE AREA ENVELOPE JI_IU:A CO!-I:OOSITE PJI.VE."''E:IT DJ'.ILY 
TO :JEPT?. 300mn PEP. 1 °C R!C:lGE TE:!PERl'.TtmE RANGES P..T 

1\T TriE SURFACE VA..'UOUS DEPTI-:S ( oc ) 

m' oc m' Omm 50 mm 100mm 150m."l 250= 300!1ll!l 

JAN . 623 . 1500 4 .15 3. 10 2.25 1.85 1. 25 1.00 
rEB .950 .1500 6.35 4 .so 3.50 2.70 1. 85 1. 50 
:11\R 1. 610 .1610 10.0 7.60 5.50 4.30 2.90 2.40 
APR 2.405 .1663 14.5 11.6 9.10 7.40 4.75 3. 90 
MAY 3.025 .1555 19.5 15.0 11.5 8.95 5.85 4.65 
JUN 3.250 .1643 19.8 15.0 12.7 10. 1 6.55 5.35 

JUL 2.950 .1553 19.0 14.6 10.8 8.55 5.90 5. 10 
AUG 2.450 .1608 15.2 11.7 9.00 7.15 5.20 4.70 
SEP 1. 860 .1642 11.3 8.85 6.80 5.45 3.95 3.75 -OCT 1. 355 .1732 7.80 6.15 4.90 4.00 3.05 2.80 
NOV .930 .1900 4.90 4.10 3.50 2.85 2.20 2.05 
DEC .640 . 1945 3.30 2.80 2.45 2.00 1.55 1.40 

The difference between Bituminous Pavement and Concrete Pavement 

Hourly Temperature/Depth Profiles , APPENDIX B , is only a few °C 

and so the accuracy of interpolated data for Composite Pavements 

will be of the order of 1°C . 

A61 



REFERENCES 

1. CRONEY, D ; The Design and Performance of Road Pavements. 

TRRL, Hl1SO, 1977. 

2. FORSGATE, J.A. ; Tables of Temperature Frequency Distributions 

in Flexible Road Favements. Unpublished Report, TRRL, 1971. 

3. KREBS, R.D. & WALKER, R.D. Highway Materials. McGraw-Hill, 1971. 

4. GALLO\oiAY, J .W. ; Temperature Durations at various depths in 

Bituminous Roads. RRL Report LR138. 1968. 

A62 



APPENDIX A 

BITUMINOUS PAVEMENT EXPERIMENTAL TEMPERATURE DATA , MEAN MONTHLY 
TEMPERATURES FOR EACH HOURLY INTERVAL OF THE DAY AT 3 DEPTHS IN THE 
PAVEMENT ( mm ) • 

TEMPERATURE ( oc ) 
HOUR 

JANUARY APRIL JULY OCTOBER 
19 102 356 19 102 356 19 102 356 19 102 356 

0- 1 5. 7* 5.5* 6.2 7.0 9.3 10.9 21.2 22.6 24.6 12.6 13.6 15.5 
1- 2 6.0* 5.6* 6.1 6.3 8.9 10.9 20.1 22.3 24.2 12.6 13.3 15.2 
2- 3 6. 3* 5. 6* 6.0 6.2 8.7 10.8 19.2 21.8 24.1 12.2 1 3. 1 15.1 
3- 4 6. 4* 5. 7* 6.0 6. 1 8.1 10.7 18.8 21.7 23.8 11.9 12.9 14.7 
4- 5 6 .1* 5. 5* 6.0 5.9 7.5 10.4 18.3 20.4 23.7 11.9 12.5 14.6 
5- 6 5. 6* 5.4* 5.9 5.6 7.2 10.4 18.3 20.5 23.4 11.8 12.3 14.7 

6- 7 5 .1* 5.3* 6.0 5.8 6.8 10.3 18.5 20.2 23.2 11.8 12.0 14.6 
7- 8 4. 8* 5.2* 5.9 7.5 7.2 10.1 20.6 20.8 23. 1 11.9 12 .1 14.4 
8- 9 4.7 5.0* 6.0 10.6 8.6 10.0 22.9 21.5 22.9 12.4 12.2 14.3 
9-10 4.9 4.8 5.9 14.4 10.0 9.9 25.6 22.6 22.7 13.8 12.9 14.3 

10-11" 5.0 5.2 5.9 ·16. 8 11.7 9.9 29.1 24.0 22.6 15.9 14. 1 14.3 
11-12 5.4 5.3 6.0 19.4 13.7 9.9 31.9 25.3 22.8 17.7 15.2 14.2 

12-13 5.6 5.5 5.9 20.3 15.0 9.9 33.5 27.6 22.9 19.4 16.1 14.3 
13-14 5.9 5.5 5.9 21.4 16.3 10.1 34.8 29.1 22.7 20.0 17.1 14.4 
14-15 6.0 5.7 6.0 22.6 17.0 10.3 35.1 30.0 22.8 20.0 17.7 14.4 
15-16 6.0 5.8 6.0 22.4 17.8 10.5 35.1 30.5 23.1 19.8 17.6 14.4 
16-17 5.8 5.7 6.1 18.5 18.0 10.6 33.9 31.0 23.2 18.2 17.2 14.5 
17-18., 5.4 ._ 5. 6 '· 6. 2 17.8 -17.3 10.8 32.3 30.8 23.6 16.7 16.3 14.9 

18-19 
19-20 
20-21 
21-22 
22-23 
23-24 

5.0 5.6 6.2 15.5 16.2 10.9 30.3 29.8 24.1 15.9 15.9 15.3 
5.1 * 5.4 6.3 13.6 14.6 11.0 27.9 28.4 24.2 14.9 15.4 15.4 
5.1* 5.4 6.3 12.0 14.0 10.9 25.4 27.2 24.2 14.0 14.7 15.4 
5.2* 5.3 6.3 10.4 12.8 11.1 23.7 25.5 24.4 13.4 14.1 15.3 
5. 3*. 5.4* 6.2 9.6 11.5 11.1 22.7 24.5 24.1 13.1 14.0 15.3 
5.4* 5.5* 6.4 9.0 10.7 10.8 21.5 23.9 24.2 12.8 13.8 15.2 

* SUBSIDIARY PEAK IN CYCLE , PROBABLY RELATED TO THE MOVEMENT 

OF "WARM FRONTS" IN THE ATMOSPHERE • 
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APPENDIX A CONTINUED 

CONCRETE PAVEMENT EXPERIMENTAL TEMPERATURE DATA , HOURLY TEMPERATURES 
AT 3 DEPTHS IN THE PAVEMENT ( nun ) FOR SELECTED DAYS FROM FOUR MONTHS 
OF THE YEAR • 

' 

TEMPERATURE ( oc ) 

HOUR 
JANUARY APRIL JULY OCTOBER 

0 127 254 0 127 254 0 127 254 0 127 254 

0 3.5 4.5 5.1 5.3 7.2 8.4 20.0 23.0 24.4 9.4 10.2 10.9 
1 3.3 4.5 5.1 5.0 6.9 8.2 19.3 22.3 24.0 9.4 10.1 10.8 
2 3.0 4.4 5.0 4.8 6 .. 5 7.9 18.1 21.7 23.5 9.3 10.1 10.8 
3 2.2 4.2 4.8 4.7 6.2 7.5 17.7 21.3 23.0 9.4* 10.2* 10.8 
4 2.0 3.8 4.7 4.5 5.9 7.4 17.4 20.8 22.8 9.8* 10.4* 10.8 
5 1.9 3.6 4.6 4.3 5.7 7.2 17.2 20.5 22.4 9.8* 10.5* 10.8 
6 2.1 3.4 4.4 4.5 5.5 7.0 17.5 20.1 22 .I 9.9* 10. 57 10.8 

7 2.4 3.5 4.3 4.9 5.5 6.8 18.7 19.8 21.8 9.8* 10.4* 10.8 
8 2.6 3.6 4.3 5.5 5.6 6.8 20.5 20.0 21.5 9.7 10.3 10.8 
9 2.8 3.5 4.4 7.0 5.9 6.8 22.1 20.6 21.6 10.4 10.4 10.7 

10 3.7 3.8 4.5 9.0 6.7 6.9 23.9 21.7 21.9 11.0 10.6 10.7 
11 4.2 4.2 4.6 10.2 7.5 7.2 24.8 22.7 22.4 11.3 10.8 10.8 
12 5.0 4.5 4.7 11. 1 8.2 7.5 25.0 23.3 22.7 11.7 11.0 10.9 

13 6.1 4.9 4.9 12.1 8.9 8.0 26.8 23.9 23.1 12.8 11.3 11.2 
14 7.2 5.4 5.0 12.7 9.6 8.5 27.3 24.7 23.6 12.7 11.8 11.3 
15 7.7 6.0 5.3 12.5 10. 1 8.8 28.3 25.3 24.1 12.5 11.9 11.5 
16 6.8 6.1 5.6 12.5 10.3 9.1 28.1 25.9 24.6 12.4 11.9 11.6 
17 . 6.0 5.9 5.7 12.0 10. 4"" 9.5- "28."1 26."3""25.0" - 12. 1. - 11.8 "11 .7 
18 5.3 5.6 5.7 11.0 10.3 9.7 27.1 26.4 25.2 12.0 11.7 11.7 

19 4.8 5.4 5.6 10.1 10.0 9.8 25.9 26.2 25.4 11.8 11.6 11.6 
20 4.6 5.1 5.6 8.8 9.5 9.7 24.2 25.6 25.4 11.6 11.5 11.6 
21 4.1 5.0 5.5 7.8 9.0 9.5 22; 7 25.1 25.5 11.2 11.3 11.5 
22 - 3. 9 4.9 5.4 7;0 8.3 9.2 21.8 24.4 25.2 10.9 11.1 11.2 
23 3.6 4.6 5.2 6.3 7.6 8.8 20.9 23.6 24.9 10. 1 10.9 11.1 
24 3.5 4.5 5. 1 5.3 7.2 8.4 20.0 23.0 24.4 9.4 10.2 10.9 

* SUBSIDIARY PEAK IN CYCLE , PROBABLY RELATED TO THE MOVEMENT OF 
A "WARM FRONT" IN THE ATMOSPHERE • 
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APPENDIX C 

ISOCHRONE DISTRIBUTIONS FOR 0-100 mm DEPTH IN A BITUMINOUS PAVEMENT 
AND 100-300 mm DEPTH IN A CONCRETE PAVEMENT, FOR ESTIMATION OF THE 
ISOCHRONE DISTRIBUTION AT DEPTHS 0-300 mm IN A COMPOSITE PAVEMENT . 

JANUARY ( % DAILY RANGE ) 

BITUMINOUS CONCRETE DIFFERENCE "MATCHED" DISTRIBUTION 
HOUR PAVEMENT PAVEMENT AT THE FOR COMPOSITE PAVEMENT 

0 50 100 100 150 300 INTERFACE o 1 5o 1 1 oo 1 1 5o 1 3oo 

0 -26 -20 -15 -4 0 17 -11 -23 -16 -10 -5 14 
1 -28 -23 -19 -9 -5 9 -10 -26 -19 -14 -9 6 
2 -28 -26 -22 -16 -11 4 -6 -27 -24 -19 -14 2 
3 -30 -29 -26 -22 -19 -4 -4 -29 -27 -24 -21 -5 
4 -33 -31 -30 -31 -27 -13 1 -33 -31 -30 -27 -13 
5 -33 -31 -33 -38 -38 -22 5 -34 -33 -35 -36 -23 
6 -33 -34 -37 -42 -43 -35 5 -34 -36 -39 -41 -36 

7 -30 -34 -37 -40 -46 -48 3 -31 -35 -39 -45 -4 7 
8 -28 -31 -41 -40 -43 --52 -1 -28- -31 -40 -43 -52 
9 -24 -29 -37 -33 -41 -48 -4 -23 -27 -35 -42 -49 

10 -15 -20 -26 -24 -30 -39 -2 -15 -19 -25 -31 -39 
11 9 0 -7 -11 -19 -30 4 8 -1 -9 -17 -29 
12 39 20 7 2 -5 -26 5 38 18 4 -3 -25 

13 61 43 26 18 8 -18 8 59 40 22 11 -16 
14 67 57 44 36 24 -9 8 65 54 40 27 -7 
15 65 66. 56. 58 43 . -- 9 -2 -- -. 65. 67. ·--57- -· 42 9-
16 52 60 59 58 54 35 1 52 60 59 54 35 
17 33 46 48 44 46 48 4 32 44 46 48 49 
18 17 29 37 33 41 48 4 16 27 35 43 49 

19 7 17 26 27 32 48 -1 7 17 26 32 48 
20 -2 9 15 18 24 43 -3 -1 10 16 23 42 
21 -9 0 7 11 19 39 -4 -8 1 9 18 38 
22 -15 -9 0 7 14 35 -7 -13 -6 3 11 33 
23 -22 -14 .C7 2 8 26 -9 -20 -11 -3 4 24 
24 -26 -20 -15 -4 0 17 -11 -23 -16 -10 -5 14 
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APPENDIX C CONTINUED 

ISOCHRONE DISTRIBUTIONS FOR 0-100 mm DEPTH IN A BITUMINOUS PAVEMENT 
AND 100-300 mm DEPTH IN A CONCRETE PAVEMENT , FOR ESTIMATION OF THE 
ISOCHRONE DISTRIBUTION AT DEPTHS 0-300 mm IN A COMPOSITE PAVEMENT . 

APRIL ( % DAILY RANGE ) 

HOUR 
BITUMINOUS CONCRETE DIFFERENCE "MATCHED" DISTRIBUTION 

PAVEMENT PAVEMENT AT THE FOR COMPOSITE PAVEMENT 
0 50 100 100 150 300 INTERFACE o I 5o 1 1oo J 15o 1 3oo 

0 -30 -25 -19 -18 -10 21 -1 -30 -25 -18 -10 21 
1 -36 -32 -27 -23 -16 13 -4 -35 -30 -25 -18 12 
2 -37 -36 -32 -28 -22 2 -4 -36 -34 -30 -24 1 
3 -39 -38 -36 -34. -30 -11 -2 -38 -37 -35 -31 -12 
4 -40 -40 -40 -39 -36 -19 -1 -40 -40 -39 -36 -19 
5 -41 -42 -43 -43 -41 -26 0 -41 -42 -43 -41 -26 
6 -42 -44 -45 -47 -46 -32 2 -42 -44 -46 -45 -31 

7 -35 -40 -45 -46 ·-48 -43 1 -35 -40 -45 -48 -43 
8 -19 -28 -37 -42 -46 -45 5 -20 -30 -39 -44 -44 
9 8 -12 -25 -34 -40 -47 9 6 -15 -29 -36 -45 

10 24 6 -11 -17 -27 -47 6 22 4 -14 -24 -45 
11 35 23 6 -1 -11 -45 5 34 21 2 -9 '-44 
12 46 35 21 14 3 -36 7 44 32 17 6 -34 

13 52 45 32 28 18 -23 4 51 43 30 20 -22 
14 56 51 43 42 32 -2 1 56 51 42 32 -2 

-~ -15 -- ss_ -- 56- . ..49. 5L 41 - 9 -2 58 57 50 40 8 
16 42 51 55 53 48 21 2 41 50 54 49 21 
17 28 40 52 52 52 36 0 28 40 52 52 36 
18 19 31 43 47 52 47 -4 20 32 45 50 46 

19 7 19 31 39 48 53 -8 9 22 35 44 51 
2_0 -4 9 21 27 38 53 -6 -2 11 24 35 51 
21 -12 -1 11 17 29 51 -6 -10 1 14 26 49 
22 -19 -9 1 4 15 45 -3 -18 -8 2 14 44 
23 -24 -17 -9 -8 1 34 -1 -24 -17 -8 1 34 
24 -30 -25 -19 -18 -10 21 -1 -30 -25 -18 -10 21 
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APPENDIX C CONTINUED 

ISOCHRONE DISTRIBUTIONS FOR 0-100 mm DEPTH IN A BITUMINOUS PAVEMENT 
AND 100-300 mm DEPTH IN A CONCRETE PAVEMENT , FOR ESTIMATION OF THE 
ISOCHRONE DISTRIBUTION AT DEPTHS 0-300 mm IN A COMPOSITE PAVEMENT . 

JULY ( % DAILY RANGE ) 

HOUR 
BITUMINOUS CONCRETE DIFFERENCE "MATCHED" DISTRIBUTION 

PAVEMENT PAVEMENT AT THE FOR COMPOSITE PAVEMENT 
0 50 100 100 150 300 INTERFACE o I 5o 1 1oo 1 15o 1 3oo 

0 -28 -23 -17 -7 2 28 -10 -25 -19 -12 -2 25 
1 -33 -29 -24 -16 -8 17 -8 -31 -26 -20 -11 15 
2 -37 -33 -29 -25 -16 9 -4 -36 -31 -27 -18 8 
3 -40 -38 -34 -32 -24 -2 -2 -40 -37 -33 -25 -2 
4 -44 -42 -38 -38 -32 -12 0 -44 -42 -38 -32 -12 
5 -45 -46 -43 -43 -39 -22 0 -45 -46 -43 -39 -22 
6 -44 -46 -46 -47 -45 -29 1 -44 -46 -46 -45 -29 

7 -37 -40 -43 -48 -52 -38 5 -38 -42 -45 -50 -37 
8 -22 -29 -36 -43 -50 -45 7 -24 -32 -39 -47 -43 
9 -3 -18 -28 -34 -42 -48 6 -4 -20 -31 -39 -46 

10 15 -2 -15 -18 -27 -45 3 14 -3 -16 -26 -44 
11 34 16 -4 -4 -13 -35 0 34 16 -4 -13 -35 
12 44 32 14 7 -3 -28 7 42 29 10 0 -26 

13 52 44 31 17 8 20 14 48 39 24 14 -16 
14 54 50 42 30 20 -9 12 51 45 36 25 -6 
15 55 54 49 37 -29 ... ··2 - ,. -12 52-· 49 . - --43- --34 --5-
16 49 54 54 46 39 12 8 47 51 50 42 14 
17 40 48 54 50 45 23 4 39 46 52 47 24 
18 29 38 48 52 48 31 -4 30 39 50 47 30 

19 16 25 37 45 47 38 -8 18 28 41 43 36 
20 0 11 24 32 40 -46 -8 2 14 28 36 44 
21 -12 -1 11 23_ 33 52 -12 -9 3 17 28 49 
22 -18 -11 -1 14 24 48 -15 -14 -5 6 17 44 
23 -24 -18 -9 4 14 38 -13 -21 -13 -2 8 35 
24 -28 -23 -17 -7 2 28 -10 -25 -19 -12 -2 25 
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APPENDIX C CONTINUED 

ISOCHRONE DISTRIBUTIONS FOR 0-100 mm DEPTH IN A BITUMINOUS PAVEMENT 
AND 100-300 mm DEPTH IN A CONCRETE PAVEMENT , FOR ESTIMATION OF THE 
ISOCHRONE DISTRIBUTION AT DEPTHS 0-300 mm IN A COMPOSITE PAVEMENT . 

OCTOBER ( % DAILY RANGE ) 

HOUR 
BITUMINOUS CONCRETE DIFFERENCE "MATCHED" DISTRIBUTION 

PAVEMENT PAVEMENT AT THE FOR COMPOSITE PAVEMENT 
0 50 100 100 150 300 INTERFACE o I 5o 1 100 1 150 1 3oo 

0 -27 -21 -15 -14 -10 17 -1 -27 -21 -14 -10 17 
1 -29 -23 -18 -24 -20 3 6 -30 -25 -21 -17 4 
2 -31 -26 -22 -32 -29 -8 10 -33 -30 -27 -25 -5 
3 -32 -29 -27 -38 -37 -19 11 -35 -33 -32 -32 -16 
4 -35 -31 -30 -42 -42 -28 12 -38 -35 -36 -37 -25 
5 -36 -33 -34 -46 -46 -33 12 -39 -37 -40 -41 -28 
6 -36 -35 -38 -48 -49 -39 10 -38 -39 -43 -45 -36 

7 -35 -36 -42 -46 -49 -42 4 -36 -38 -44 -47 -41 
8 -30 -33 -41 -37 -39 -44 -4 -29 -32 -39 -41 -45 
9 -16 -25 -33 -23 -27 -42 -10 -13 -21 -28 -31 -44 

10 7 -8 -16 -10 -19 -42 -6 8 -6 -13 -22 -43. 
11 32 14 4 -1 -10 -39 5 31 12 1 -8 -38 
12 52 33 22 11 2 -31 11 49 29 16 7 -28 

13 63 52 39 25 15 -17 14 59 47 32 21 -13 
14 64 60 53 42 32 0 11 61 56 47 37 3 

·15 - 59 .. 64- .. 58- 52 - 44 22 6 57 62 55 47 23 
16 49 53 53 52 51 36 1 49 53 52 51 36 
17 30 36 41 48 49 47 -7 32 39 44 46 45 
18 16 22 31 42 46 53 -11 19 26 36 41 50 

19 4 12 20 37 41 56 -17 8 18 28 33 52 
20 -7 2 10 30 36 56 -20 -2 9 20 27 51 
21 -15 -8 -1 20 27 50 -21 -10 0 9 18 45 
22 -21 -14 -7 8 15 42 -15 -17 -8 0 8 38 
23 -24 -17 -11 -3 3 31 -8 -26 -14 -7 -1 29 
24 -27 -21 -15 -14 -10 17 -1 -27 -21 -14 -10 17 
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APPENDIX D 

COMPOSITE PAVEMENT HOURLY TEMPERATURE / DEPTH PROFILES 1 DEDUCED FROM 
BITUMINOUS 1 CONCRETE AND COMPOSITE PAVEMENT TEMPERATURES . 

TEMPERATURE ( oc ) 

JANUARY APRIL 
HOUR Omm 50mm 100mm 150mm 300mm Omm SOmm 100mm 150mm 300mm 

0 2.45 3.30 3.65 4.00 4.25 6.75 8.55 9.65 10.4 11.7 
1 2.30 3.25 3.60 3.95 4.15 6.00 7.95 9.00 9.75 11.3 
2 2.25 3.10 3.45 3.85 4.10 5.90 7.50 8.55 9.30 10.8 
3 2.20 3.00 3.35 3.70 4.05 5.60 7.15 8.10 8.80 10.3 
4 2.00 2.85 3.20 3.60 3.95 5.30 6.80 7.75 8.45 10.0 
5 1. 95 2.80 3.10 3.45 3.85 5.15 6.60 7.40 8.05 9.75 
6 1. 95 2.70 3.00 3.35 3.75 5.00 6.35 7.10 7.75 9.55 

7 2.10- 2.75 3.00 3.25 3.65 6.00 6.80 7.20 7.55 9.05 
8 2.25 2.85 3.00 3.30 3.60 8.20 7.95 7.75 7.85 9.00 
9 2.45 3.00 3.10 3.30 3.60 12.0 9.70 8.65 8.45 8.95 

10 2.75 3.25 3.35 3.50 3.70 14.3 11.9 10.0 9.30 8.95 
11 3.75 3.75 3.70 3. 80 3.80 16.0 13.8 ' 11.5 10.4 9.00 
12 5.00 4.35 4.00 4.05 3.85 17.5 15.1 12.8 11.5 9.40 

13 5.85 -s.oo 4.40 4.30 3.95 18.5 16.3 14.0 12.6 9.90 
14 6.15 5.45 4.80 4. 60 4.05 19.2 17.3 15.1 13.5 10.7 
15 6.15 5.80 5.20 4.90 4.20 19.5 17.9 15.8 14.1 11.1 
16 5.60 5.60 5.25 5.10 4.45 17.0 17. 1 16.2 14.7 11.7 
17 4.75 5.10 4.95 5.00 4.60 15.2 16.0 16.0 14.9 12.3 
18 4.05- 4.60, 4.70 -.-4.90,-4-,60- -.-14.0,-.-15-.1- --15.4--14.8 -12,7- -

19 3.70 4.30 4.50 4.70 4.60 12.4 13.9 14.5 14.4 12.9 
20 3.35 4.10 4.25 4.55 4.50 10.8 12.7 13.5 13.7 12.9 
21 3.05 3.85 4.10 4.45 4.50 9.65 11.5 12.6 13.0 12.8 
22 2.85 3.60 3.95 4.30 4.45 8.50 10.5 11.5 12.1 12.6 
23 2. 55_ 3.45 3.85 - 4.15 4.35 --7 .. 60 -9.,45 10.6 11.2 12.2 
24 2.45 3.30 3.65 4.00 4.25 6.75 8.55 9.65 10.4 11.7 
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APPENDIX D CONTINUED 

COMPOSITE PAVEMENT HOURLY TEMPERATURE / DEPTH PROFILES , DEDUCED FROM 
BITUMINOUS , CONCRETE AND COMPOSITE PAVEMENT TEMPERATURES . 

TEMPERATURE ( oc ) 

HOUR 
JULY OCTOBER 

Omm 50 mm 100mm 150mm 300mm Omm 50mm 100mm 150mm 300llllll 

0 17.8 20.0 21.6 22.7 23.5 8.80 9.70 10.4 10.8 12.2 
1 16.6 19.0 20.7 21.9 23.0 8.55 9.50 10.1 10.5 11.8 
2 15.6 18.2 20.0 21.3 22.6 8.35 9.15 9.75 10.2 11.6 
3 14.9 17.3 19.3 20.7 22.1 8.15 9.00 9.50 9.90 11.2 
4 14.1 16.6 18.7 20.1 21.6 7.95 8.85 9.30 9.70 11.0 
5 13.9 16.0 18.2 19.5 21.0 7.85 8.75 9.10 9.55 10.9 
6 14.1 16.0 17.8 18.9 20.6 7.95 8.65 8.95 9.35 10.7 

7 15.3 16.6 17.9 18.5 20.2 8.10 8.70 8.90 9.30 10.5 
8 18.0 18. 1 18.6 18.8 19.9 8.65 9.05 9.15 9.55 10.4 
9 21.9 19.9 19.5 19.5 19.7 9.90 9.70 9.70 9.95 10.4 

10 .. 25.4 22.4 . 21 .1 20.7 19.8 11.5 10.6 10.5 10.3 10.5 
11 29.4 25.3 22.5 21.8 20.3 13.3 11.7 11.1 10.9 10.6 
12 30.9 27.3 24.0 22.9 20.8 14.7 12.8 11.9 11.5 10.9 

13 32.1 28.8 25.5 24.1 21.3 15.5 13.9 12.7 12.1 11.3 
14 32.7 29.7 26.9 25.1 21.9 15.7 14.4 13.4 12.7 11.8 
15 32.9 30.3 27.6 25.9 22.5 15.3 14.8 13.8 13.1 12.4 
16 31.9 30.6 28.4 26.6 23.0 14.7 14.2 13.7 13.3 12.7 
17 30.3 29.8 28.6 27.0 23.5 13.4 13.4 13.3 13.1 13.0 
18 28.6 28.8 28.4 27.0 23.8 12.4 12.6 12.9 12.9 13.1 

19 26.2 27.1 27.4 26.7 24.1 11.5 12.1 12.5 12.5 13.2 
20 23.1 25.0 26.0 26.0 24.6 10.7 11.5 12 .1 12.3 13.2 
21 20.9 23.4 24.8 25.4 24.8 10.1 11.0 11.5 11.9 13.0 
22 20.0 22.1 23.6 24.4 24.6 9.55 10.5 11. 1 11.5 12.8 
23 18.6 20.9 22.7 23.6 24.1 8.90 10.1 10.8 11.2 12.5 
24 17.8 20.0 21.6 22.7 23.5 8.80 9.70 10.4 10.8 12.2 

AD2 


