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EXECUTIVE SUMMART

The primary objectlve of !hi,s.study was to develop a reflection
cracking analysis and overlay d'ds'ign procedure for use in selecting
appropriate asphalt concrete hot-mix (ACHM) overlay design alternatives
for portland cement concrele (PCC) paveruents in Arkansas. Accordingly, a
summary of the signlficanl aspects and aceomplishments of this study is
provided here.

A review of the literature on the current practices for controlling
reflection cracking indicated that several measures have been 0ried.
Categorically, lhese include the use of 1) treatment,s lo the existing PCC

pavement (e.g., crack filling and sealing, breaklng and seating and sub-
seallng or undersealing), 2) stress or strain relievlng interlayers
(e.g., bond breakers, fabrics and tack or seal coats), 3) cushlon courses'
4) overlay trealment,s (e.g., reinforcement, asphalt spectfications and
additlves), and 5) increased overLay thickness. Many stales and other
agencies have conducted experiments with these different control measures
and have met wlt,h varying degrees of success. Because of the presence of
at leasl two types of distress mechanisms wh.ich can lead to reflectton
cracking and the fact that most of the studies did not include any field
measui'emenLs prior Lo overlay placement as part of their experiment' it
was often imposslble to attribute success or failure to the effectiveness
of lhe control methods or the potential (or lack of polential) in the
original pavement for the development of reflection cracklng. Thus, based
on the literature review, it was concluded that in order to establish a

design procedure for use in Arkansas, it would be necessary to 1)
consider the effects and significance of the different distress mechanisms
which lead lo reflectlon cracking, 4 consider the effectiveness of the
different control methods used in Arkansas wiih respect to the two known
distress mechanisms, and 3) include field measurements of slab movement
for the two distress criteria. The lwo main distress mechanisms
identified were differential vertical movements between adjacent slabs and
the combined effect of temperature drops and thermal related contraetion
of the underlying s1ab.

The field measurements, data colleclion and laboratory testing
descrlbed ln Chapters I and 4 were obbained for use in both calibrallng
lhe new procedure and for providing criteria for the seleetion of
appropriate input data to use afterwards. FieIC measurements consisted
of:

1 data obtained by the University of Arkansas from a specially
instrumented experimental overlay project near Benton, and

2 data collected by AHTD using the Dynaflect and a special strain
gauge apparatus to establish the potential for both differential
vertical and horizontal slab movements in different types of PCC

pavements 1n Arkansas.
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The supplementary data included:, ,

lnformation and survey data obtained by AHTD and the Center for
Transportallon Research (at the Unlversity of Texas) on the
performance of various overlay projects in Arkansas and Texas,
and

data obtained from lhe Naiional Climatic Center on the
dlsLribution of temperature within Arkansas.

LastIy, laboratory testlng of various Arkansas pavement materials
included:

1. thermal coefficient tests on AC and PCC specimens,

2. indlrecb tensile tests for dynamic
specimens, and

and creep modul1 of AC

3. compression tests for staLic elastic moduli of PCC specimens.

The development of the design procedure, presented in Chapt,er 5,
basically consisted of the extensive improvement, modification, and
calibration of a design procedure orlginally developed by ARE lnc for the
Federal Highway Administratlon (Ref. 1). The most significant improvement
in the new procedure is its consideration of fatigue in the two models
based on differential vertical slab movements (shear sbraln model) and
horizontal slab movements (Lensile strain model). The calibration of the
'Lwo models relied heavily on the analysis of all the dala discussed in
Chapiers 3 and 4. The result was a compuLer program called ARKRC-2 which
is eapable of consldering many different types of met,hods for controlling
refleetion cracking, bui ls calibrated only for the methods currently used
in Arkansas, i.€.1 strain-absorbing open-graded base courses, varying
overlay thickness and to some extent, the pLacement of a bond breaker
prtor to overlay placement. The tensile strain model component predicts
the life of a given overlay alternative (in years) corresponding to a 50
percent level of reflection cracking. This value can then be translated
into an overlay age at a different level of reflection cracking specified
by the user. The shear strain model component, on the other hand,
provides crite:'ia for the selection of joints (or cracks) which may
require underseallng or increased overlay thickness to minimize the
potential for differeniial vertical movements after overlay. The latter
uses i8-kip single axle load applications as its fatigue consideration.

Af t,erbhe eompleLion of the computer i zed ARKRC-2 procedure,
stabistical experi:nents were conducted (Chapter 7) on the tensile strain
conponenb model of the program in order to arrive at, dlrect-solution
equatious for predicting overlay iife for bot,h jointed and eontinuous
pavemenf,s in two composite climatic regions in Arkansas. These equations
alor:g uith those derived for the shear strain component modeL were then
translated into design nomographs suit,able for use in the AHTD Hlghway
Design Manual (Appendix D).

1
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Then, in order to demonstrate the new design procedure and to prcvide
some basis for its implementatlon, an example overlay design problem was
prepared uslng field data from I jointed pavement on I-30. These results
are presented in Chapter 8.

Fina11y, conclusions and recommendations about the results of the
study were made and are presented in Chapter 9. The most significant of
the recommendations was that it may be beneficial to combine two or more
reflectton cracking control methods in cases where a great potential for
slab movement is exhibited.
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CHAPTER 1

INTRODUCTION

BACKGROUND

Reflection cracking ls a form of pavement distress ln which a crack

in lhe original pavement propagates to the surface of an overlay or other

form of rehabllltatlon. Small amounts of cracking are not constdered to

be a severe distress manifestation as by itself a crack may not dimlnish

the pavement structural capacity considerably. However, a crack may

permit water to penetrate and undermine lhe support provided by the

underlying layers and the long terms effects of t,his are considered to be

severe. One of the maln benefits of placlng an overlay is bhe seal lt
provides against the intrusion of water, It, is of great importance then,

to insure that premature or excessive reflectlon cracklng does not lolally
destroy this seaI.

Past experience has shown that it is not possible to design aD ov€F-

lay so that reflectlon cracking will be completely eliminated. It is
possible however, to design one so ihat reflectton cracking will be

minimized. Some of the techniques available for mlnimizing reflection
cracking include (in no specific order):

't.

2.

3.

4.

increased overlay thickness,
placement of an intermediate or cushion layer prior to overlay,
placement of a bond breaker,
placement of high tensile strength fabric as a stress relieving
layer,
placement of wire or other type reinforcement along with the
overlay,
pavement undersealing at jolnts (or cracks),
use of softer asphalL or rubber-asphalt in the paving mix, and

pavement breaking prlor to overlay placement.

5

6.

7.
8.
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Several studies of these different preventive techniques have been

conducted in order to determine which are most cost effective.
Unfortunately, because of a lack of planning or the lack of sufflcienl
funds to conduct large enough experiments with adequabe field measurements

both before and after overlay, the results of these studles have been

largely inconclusive about the effectiveness of the different techniques.

Recognlzing this and the need for an adequate englneerlng deslgn
procedure for minimizlng reflection cracking ln the state, the Arkansas

State Hi.ghway and Transportation Department (AHTD) sponsored a Joinf
project with the Unlversity of Arkansas and Austin Research Engineers, Inc

(ARE) to conduct fleld and laboratory experiments on overlay projects in
the state and use the data (along with any other pertinent information) to
develop an analysls and design procedure for evaluating the trade-offs
between different alternatives for minimizing reflecllon cracking in
asphalt concrete overlays. The University of Arkansas was selected for
the project because of its experience in in-site electronic testing, while

ARE, Inc was selected because of its prior experience in developing an

overlay design and reflection cracking analysis procedure for the Federal

Highway Administratlon (Ref. 1).

OBJECTIVE

The overall objective of this study ls to develop a design procedure

and design criteria for use tn the design of Asphalt Concrete Hot Mlx
(ACHM) overlays on Portland Cement Concrete (PCC) pavements in Arkansas.

The intermediate objectives are:

2.

Develop a mathematical model that slmulates the mechanism(s)
producing ref .ectlon cracking'
calibrate the model to predict the performances observed on in-
service pavements, and

Produce a simprified procedure that may be incruded in a design
manual.

1

2
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SCOPE OF STUDY

The final deslgn procedure was planned to be a hand solution method

for lncLusion ln a destgn manual and an albernative compuEer based method

for more sophistlcated analyses. The hand solution method is a simplifi-
cation of fhe latter developed by considering bhe effects of certaln
signlflcant factors while holding the less significant ones constant for
Arkansas conditions.

The accomplishments of these new design procedures will enable the

englneer to develop specifications and techniques that are desirable and

economlcal in the rehablllbation of PCC pavements. Speelal emphasis is
glven to fteld data from instrumented overlay siles in Arkansas to deter-
mine the effects of horizontal and vertical movements of joints and cracks

ln PCC pavements on the performance of an ACHM overlay.

SCOPE OF REPORT

The end product of this study will be a design manual, which will
consist of bables, nomographs, equalions and compuler programs that will
consider both environmental and wheel loadings in the design of ACHM

overlays for PCC pavements. Primary development work in lhis study will
be directed lowards establlshing a better and more complete method for
preventing the occurrence of reflectlon cracks ln asphalt concret€ ov€t-
lays of PCC pavemenls. In order to accomplish !he project objective to
the fullest extent possible, the following tasks were defined and the

accomplishment of each documented in the different chapters of this report:

1. Conduct literature survey (ChapLer 2)

2. Collect data on horizontal and vertical movements of joints and

cracks in PCC pavements, including temperature and wheel load

effects (Chapter 3)

3. Obtain fleld pavemenb samples and conduct laboratory testing to
determine materlal properties (Chapter 4)

3



4. Analyze data and develop design procedure which considers the

effects of wheel loads and environment (Chapter 5)

5. Document use and applicabion of programs (Chapter 6)

6. Develop equatlons, lables and nomographs for use in design of
ACHM overlays on PCC pavements (Chapter 7)

7. Provide implementation examples of design procedure (Chapter 8)

8. Provide conclusions and recommendations about the results of the

study (Chapter 9)

4



CHAPTER 2

REVIEW OF CURRENT PRACTICES FOR CONTROL OF REFLECTION CRACKING

In this chapter, an overview of the current practlces is presented,

followed by a deflnltion of the distress mechanisms. Next, the literature
reviewed in this study is summarlzed.

OVERVIEW

Reflection cracking was recognized as one of the principle forms of
distress in resurfaced pavements ai the 1932 Annual Meeting of ihe Highway

Research Board. Thls led to a great deal of expertmentation of various
techniques for the control of reflection cracking in Ehe 1930rs, 40!s, and

early 50ts. With the advent of the Interstate Highway Program, the
emphasis was on new construction. The obvlous rehabilitation needs in the

late 1960ts and 1970rs included reflection cracking. Thus, at a Horkshop

on Pavement Rehabilltation in 1974, reflection cracking was again
recognized as stilI being a major problem (Ref. 2). Apparenlly, the
problem of minlmizing reflectlon cracktng had not been resolved.

In 1970, the U.S. Department of Transportation, Federal Highway

Administration, initiated the National Experimental and Evaluation Program

(NEEP), Project No. 10, 'rReducing Reflection Cracking in Bituminous
0verlay.tt Until this study in which thirteen states particlpated (Ref.

3), there had been no large scale concentrated nor coordinated research
effort to determine ways of reducing or ideally preventing reflectlon
cracklng from occurring. A recent report by fhe U.S. Army Engineer
Waterways Experiment Station concerning a review of the results of the
NEEP Project No. 10 concluded that frno known treatmenf w111 complebely
preven! the formation of reflection cracks. Some brealments do delay bhe

formation of eracks, while others do nob appear to help at al1rr (Ref. 3).
CIearIy, what works weIl in Virginia may not necessarily work well in
Arkansas, nor Arizona, Florida, or Idaho. Similarly, the solution which

5



1s appllcable for the control of differentlal vertlcal deflectlon Ievels
is not the same solulion that will work well to restrain horizontal
movemenbs created by temperature changes.

The present state of the art for preventlng reflection cracking in
hot-mlx asphalt concrete overlays of PCC pavements is, therefore,
emplrical in nature or based lo a large degree on experience gained from

trlal and error methods used on in-service highways. A deflnifion of
refleetion cracking is contained in Highway Research Boardrs Speclal

Report 113 (Ref.4) which states that rit is the eracking of an overlay
above underLying cracks or joints.rr A more detailed description is that
reflectlon cracks are fractures in an overlay or surface course that are a

'rreflectionrt of the crack or joint pattern in Lhe underlying layer' and

may be either environmentally or traffic induced. Such cracking must be

prevented to retain the structural integrily of the overlay, preclude

water intrusion to the lower layers, and maintain a smooth riding surface.

DEFINING THE DISTRESS MECHANISMS

The two baslc mechanisms leading lo the development of reflectlon
cracklng are 1) horizontal movements of the underlying sIab, and 2)

differential vertical movements across a pavemenL discontinulty ln the

original surface, i.c. joinf or crack (Ref.51 61 7r 8). As stated by

Flnn (Ref. 8), 'ra well-developed and generally accepled description of the

mechanisms and response variables associated wiLh reflection cracklng has

not been establlshed.rr There has been a considerable amount of field
observatlons and theoretical analyses concerning reflection cracking, but

there have not been many controlled projects where sufficient data were

obtalned to accurately determine the effects of factors associated wibh

this type of cracking (Ref. 10). In the following sections, a brief
explanation of the two basic mechAnisms leading to refleetion cracking is
presented.

6



Horizon tal Movements

Differential Vertlcal Movements

Nol only can volume changes in the underlying materials contribute lo
the development of reflection cracking, but repeated traffic loadings
induce, in a flexural way, shear stresses which can cause reflection
cracking (Ref. 9). Traffic loadings produce differential movements at
discontinulties (i.e. joints and cracks) resulting in shear stress concen-

trations in the overlay material at lhe joints (Ref. 43' 44). Therefore,

reflection cracking caused by differentlal vertical deflections is a

shear-fatlgue phenomenon and is dependenl on lhe magnitude of the differ-
ential deflection whlch exists across the joint or crack. The factors
whlch are important in differential deflections are magnitude of 1oad,

amount of load transfer across the joint or crackr the differenlial
subgrade support underneath the slab' and/or the exlstenee of voids.

7

It has been generally accepted that the major cause of reflection
cracktng ls due to horlzontal movements as a result of expansion and con-

tractions of lhe existing PCC slab from temperature and motslure changes.

These cracks usually start to occur within the first year of service and

then accelerate wtth lraffic and the initiation of the first crack (Ref. 2,

10, 11). Because of lhe bond between the overlay and concrete pavement,

the tenslle forces developed from join! movements are transferred to the'

asphalt concrete, bhus lhe asphalt tensile stresses become critical in the

area above the joints (of cracks). This development of reflection cracking

due to envlronmenbal loadlng is dependent upon Ehe magnitude and rate of
tenperature drop, slab length, overlay thlckness, gauge length across lhe
joint, and properties of the resurfaclng material, Hence, these factors
must be lncluded in any model used to evaluate the environmental effects.
Data avallable concernlng asphalb concrete overlays over existing asphalt

concrete also indicate this bo be a problem (Ref. 12,'13, 14, 15). Some

attempts have been made !o measure the magnitudes of Lhese including the

work of Dantin in Arkansas (Ref. 16, 17).



Hence, as was the case prevlously, any model for evaluat'ion should

constder these factors.

SUMMARY OF LITERATURE REVIEWED

A large number of references have been collected and reviewed to
evaluate the current state of the art, for the prevention of refleetion
cracking. A great deal of this information comes from a prevtous study
performed by ARE Inc for the Federal Highway Administration (Ref. 1), a

review prepared by the U.S. Army Engineers l{aterways Experimentation

Statlon (Ref. 3), and the list of references complled by Dantln (Ref. 16).

The extensive reference list in this reporb can be reviewed in more

detal1; however, for the readerts beneflb, the information is summarized

herein. First, the advantages, disadvantages, and concepts are summarized

relative to the dlfferent types of preventative methods used. Even bhough

field experience and some laboratory work has been conducted, solutions to
the problem are only in the early stage of development. This is because

much of the detailed information from fleld studies are lnconclusive due

to the llmited age andlor the amount of data collected. Next, a summary

of experience nationwide is presented in a formaE that the user may apply

to his problem. The third section is a summary of bhe Arkansas

experience.

Preventive Methods Used

The primary objective of any overlay design is to provide a highway

with adequate performance over a maximum useful life with minimum required

maintenance. Asphalf concrete overlays represent the most widely used and

accepted form of roadway resurfacing due to low initial cost, ease of
application and surface characteristics. Therefore, most information
given on preventive methods is concerned with asphaltic concrete overlays'
for whlch reflection cracking is more severe than for PCC overlays.

I



Existing nethods of analysis and desigu of overlays do not consider

the problen of reflection cracking directly. Eowever, several techniques

have been used experimentally for the control. of reflection cracking.
These have varied fron pl.acing a Eat,erial over the crack to prevent
bondiag of the overlay at t,he point, to breaking the pavernent itself into
smaller pieces prior to overLaying. These Lreatmeuts, none of which have

become uaiversally accepted, geuerally fal1 iuto one of the five
classificatioas:

I) Treaheuts to existing PCC pavements,

- Crack filling and sealing

- Breaking and seatiug pavemeut

- Subsealing joints and cracks

Strees or strain relieving interlayers,
- Bond breakers

- Fabrics

- Tack or seal coats

Cushion courses,

Special overlay treattrents,
- Fabric or steel reinforcement

- Asphalt specifications and additives
Increased overlay thickness.

2)

3)

4)

s)

Based on the factors influencing the development of reflection
cracks, it was possible to evaluate the various techniques by considering

hov they should perform with respect to the uechanism causing failure.

Tables 2.L through 2.5 list the advantages, disadvantages, pertinent
cotrments, and some reference sources for each preveatative uethod
revierred. In preveuting these cracks, the treaEment, to be of practical
application' not only should elininate reflection cracks, but should not:
1) reduce the strength, stability, or service Life of t,he overlay of
existing pavenent, 2) add excessive costs, 3) delay construction progress,
nor 4) require special skil.ls, techuigues or equipment (Ref.6r 7).

9



€

+

.)

!

=

.J
6
o4

*

I

o
€
.€

s

ia
oi cs o{

iq!a
9000
o cq!tro>
o ?i o
=a 

u e
,so

' 
o s!

a !!
!o:

=sau*

(

N

!a
r6

z)
t

i

!1
oo

Qd

1u

4>

I{
6q

c(
OL

ets
c {=
9!a
a2*

a

q

AU
!o
od

lq
t

9E;ooo
qc

itr

OJ

,a!

oo:d= >
I

od
tr!o
c€!

L Oi
o qq
=ocq
_li g:
,qn!>Eoc5
* a'-

o
a,
6-

e9

a

n
a

q

o

!
n
o

n

q 
^3!d €

o!o
!o

!i o o
o >!
to!€

l4L
o do,
o Lo,
A utu o

I

o{c{o{:
0aJ
oi (
au9

s! C
&! o

ogq
!d

i{ q

*

!
o6

J
>E
do

z<
I

{<
ta I
i!o

!

:x
E {q!€
a./,

do:
tq

+

uIr4!gna

co
oa
rl

aq,

o o!

OU 
'zi 6

*

q

o

o

!s

t>.in

OQLA

6

,
o
o

{
!

dQ

d
cd

ou
a!

o! !

I

t

i

{6

!BOQ
o

t

{
!
o

10

!

a

!
ox

c
O

€

!

I

)

li

e
t

a!
I

s

o

a

,
!t

!



o

aq
a>

a<

Xi
Dlp!i c
o60

{ EgN
!c !lt
!<.4 4 g
!!: Q O

I9l q oJ > 9 Ai
otc odic, ! J ud
o 40 I o
a cr
! e a < ia

i ? ,D
ios 4& :
€oc otoo
! q q 4i -;!! oa e o

ou x, a >
z a, E u= 4

!ot 6ud

O E* o

94q gq
a !c

.i < O.-!loQu3
i 6i 3: u? g, ol3
- ! E5 0 J
<gqc!?

o
a

o

3

as!tr

=s
I

04
9!t

!d

00(
u6troo9 !i6 a

a qr 3o>3 Iqq
a2! d

I

ooAI
tr

I

0,

e

qo
o63d

{o

90
@>
to
o!
@

q{

oo

oo

oo,o>e

oo !
o rq

o* 6o€oa !*

oo

qd

3s
!>,

o€
a!
4!
600
!s e
oo

r {ooa>
Eqq

{

s

+

j

s

{

s

s

NS

o!
90

xc!q
so
€u0qu
q o6
qO

I

oi tr

!d I
o66
{i a

3 !*
o >s

Li

t f =

AQqo
€ sI

6dca

o! clua
!roc>!q c3co
6 !OaacE
s !^-d ?

co

U

o

0

q

o

o

>o
q!

!!

q

zq

ad
5o

-o
ao

,!6{
6t

> raoqiot

I

0c9:- q

60

oao!

!

a g-

o cu
o oo

o

1!

46

A- o E ^ni o
OaOO.o
h q au s
ox ,o
! 3: C! .
o tr ,! .n ! O a
4- el ct

c:r a L
!{rrJ!
a6d-nq
cv

11

!

o

q

1

o

!

!

n

o

o

!

q

o

I

n

q

q

C

4

n
1.!

F



N

€
€

I

6
e

d:

!o

oa

o6
I>d=iros==

o o*oc,5!< a€
*

,4

9!
J,iN

<,

64

d!ro

90
L€

a6 (
Ii 3

i{ ?

o!
>a c
{! arn c
4= !

t€

gh 66r o4q

Q7 !

o

q! o
>co{
3r0a

oai O

= !! a:r= o, *
q -A ! !
!!! 6
t 13 q
!otrr>s o € 93Jg 2
,ooox

o tlE

:.4 21 >
*a q

Uqcac
*

o>

cc

33

o<ic

ao

!o

q
qc

os
oot

da!

I

o>(qd
oc
,60
=u
!co!Nq
c!9
s=!
q do
6Cu
ti
!ou
!ro

o{

occ
tre;oocON0!t
d >0d3E
={o !! a
tqos
r4 N !
o <a
a! n or€9>
o< c a
= 

na e

o

6a
=

d= o
,p4
ais
L!C
cFo

L2

o
o
2
o
!

6

q

U

o

!
!

I{

I
!

o

J

!

!

J

a
u
k



t

oo! f

o{a4a
> a)t,!?6

6 c'!
a!!0

uaa
qc

e

Sa i I
n l: !

> oo
* o 50

4 a4,
n!a:
> {c6
<vo I

!

co
utJ!ae3

Iq

10

00 a
€o

q,

!o !

co aos IiE !,a !>

Eq: 26
aaq ooU! E E o

l*

o

l!
co,

{o=
a4t

CN

o
>qtr
i{ E

>,:a>e

(
o

!l

ln€]
oa
ae
a\

o

o
o

o
n,
!

qo

6€

6O
€

6
o

€

NN

q

!
o

,

o

i

o
s
o

o

,

:
c

LO O, oe
459q

oor
og9o
>a d

9ca
ol >i
q ,rqqou

a= n
6 q -0

t Ca
i9Q

oo>n

o
q
0
6

o

a

(

€

i

o-

to
o
ou

x3

oa
o
3i

!
ao4! O<=n

ce n
o q€

>o

ad
<i

oq

6
o

q

oo 6
,do!
=d a q
!oaq

aq
!!!:9,1

.a ao6 4

!E!Ai O !-

@

I

6>{
o

ot
90c>

o

!l
o

o!
c

o{

13

o
a

,
o

aa

o
d

o
{
n

s

)

)

f

o

3

0

o

d
F



N

.@€

.€
N

€s

tooJdo

qo
oooqo

o t4i0t!!*
o00sE {qo!

o

o
o

o

c
c

!

o

o

n
o
a

so

{aJ

n!,,6 e
I

-N

{

,

o

to
tso9
ot

i!
a

-a
oqo
auz
!!oqt!
d>a
*

oEo !
<xq
gqq
q:
ieoxcqeo
u2
!!!rc{
!oe
-eil,!oq>a
=oo

6

c

!,
OL
E{

a

o

{
t
L

tr

L4

q

{
o
s

!l

a

I

9

)
)
io
N.)s{

nl

-:l

=l

o

?

o

cl
>l
!l



Summary of Experience Nattonwlde

Past reflection cracking studies for the most part have been of an

empirtcal nature with no concentrated research effort. Studles to

estimate the life expectancy of each treatment have been neglected and

adequate documented data is scarce. A major problem, in general is that

there have not been adequate studies of the existing pavement prlor fo
overlay; to determine existing conditions and to develop an answer to lhe

following questions.

What are the joint/crack movements as a function of temperature?

What are the deflections either side of the joinE/erack
(dlfferential deflection) ?

What are the existing crack patterns?

What are the strengths and thicknesses of existing layers?

No one treatment is a cure for all situations; rather, the reported

crack preventing methods should be integrated into an overlay design'
directly tailored to the nature of distress (Ref. 16). Ftgure 2.1 shows a

flow diagram which Iists each type treatment that could be considered

depending on the existing failure mechanism. The user proceeds downward

ln the chart to isolate the mechanism producing the distress, then one of
several specific treatments may be selected. Figure 2.2 summarizes where

the various lechniques reviewed in ihe literature were used. Note that
every state has used at least one technique while most states have tried
several. Thus, the techniques have been exposed lo a wide variety of
environmental conditions. When using these charts, tt should be kept in
mind that careful evaluation and consideration should be given in
selecting a treatmenL so that other distress mechanisms (rutting,
disintegration, shoving, fatlgue cracking, etc.) do not develop.
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Sumarv of Exoerience in Arkansas

As Figur e 22 and our discussions with AHTD eugineers have indicated,

Arkansas has experience with 1) the use of strain relieving interlayers'
in particular the bond-breaker uaterial knovn as SAUI, stress absorbing

meubraues interlayer, 2) the use of cushiou courses, (including the

asphalt treated open-graded course) and 3) conventional hot nix asphalt

concrete overlays. Table 2.6 shows a listiog of Arkansas highvays where

the various coubinations of cushion courses, SAMI uaterialsr and hot-nix
asphalE concrete overlays have beea used. There were a large number of
sect:.oas coost,ructed in 1978 and of particular significauce were the

experimentaL t,est sectioas located on Eighway 70 and a section on I-30
which has a number of iastruuented overlay rneaeurement devices (Ref. 16)

which were evaluated as a part of this study.

Various Eaterial conbinations and thickuesses have beeu used and

future nonitoring of these sections will provide better infornation uPon

the perfornance of the various types of preventative ueasures inpleuented

in Arkansas. Dantin indicates (Ref. 16) that there is seven years of

experience using a 3-layer systen, where a 3 inch top-size aggregate oPen-

graded course is overlayed with binder and surface courses which has been

1002 effective in eliuinating reflection cracking.

CONCLUSIONS

The review of existing literatute results in several conclusions
which must be considered in the developuent of any procedrrre to aualyze

reflection cracking:

1) Both vertical and horizontal movements must be controlled to
reduce or prevent reflection cracking.
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Table 2.6. Examples of preventative measures which
have been used in Arkansas.

Cushion
Courses

SEress
Relieving
InEerlayer

tlot Mix Asphalt
Concrete
Overlay

Itighway

7L

IH 40

IH 55

US 65

70

70

7A

70

us 67

ITI 30

Section

t6

51

11

19

20

20

20

20

18

22

ASTCSBST CSBCB

*
*

*

OGB SAMI I{,fBC Iir',ISC P}{S

*
*
*
*

*
*
*
g

*
J

*
*
*

*
*

*

L

f,

*
T

*
&*

t ASTCSBS -
CSBCB

OGB

SAMI

H}tsC

HMSC

PMS

Asphalt Treat.ed Crushed Stone Base Course

Crushed SLone Crack Relief Layer

Open Graded Base Course

Stress Absorbing Membrane Interlayer
Hot Mlx Binder Course

[Iot Mix Surface Course

Plant Mix Seal

20



2) Some preventative measures may only be applicable to one of the

two principle distress mechanisms, and bherefore the use of
these solutions as a unj.versal cure-all is highly suspect.

3) There is no subsbitute for detailed measuremenl studies prior to

an overlay and continutng throughout the life of the secbion.

The vast majority of experience ln Arkansas to dale ls of a limited
nature from a time standpoint since many of the techniques which have been

tried have only been in place since 1978. If is hoped that a careful
study will continue to be made of these sections so that available
informatlon can be gained as to how these sections are performing and used

to further calibrate the analysis and destgn procedure developed in thls
study. It is recommended that any or aII future experimental seetions in

Arkansas continue to be fu11y documented to ascertain existing cross-
sectional characteristics prlor to the construclion of any experimental
preventative method. The format and procedures for these measuremenls

should take into account those required by the recommended design
procedure.
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CI1APTER 3

FIELD MEASUREMENTS AND DATA COLLECTION

With the methodology used in developing, calibrating and testing lhe

new design procedure for minimizing reflection cracking in asphalt con-

crete overlays in Arkansas, it was necessary to obtain informaiion of
several different varieties. This chapter discusses the pertinent data

that were colLected and lhe field measurements that were made. Detailed

discusslon of the use and application of this information, however, 1s

presented in the next chaPter.

INSTRUMENTED OVERLAY SITES

Alihough bhe actual project for bhe development of the design proce-

dure began in mld 1980, field data collection began much sooner (in 1977)

through a cooperative effort between the Arkansas Stale Highway and Tran-

sportation Department (AHTD) and lhe University of Arkansas. The selec-
lion and construction of inslrumented overlay sites as well as a conside-

rable amount of the field data collected at the sites has already been

documented by Dantin (Ref. 16). Consequently, only a summary of this
informatlon is presented here.

Two different sections of interstate highway were selected for in-
strumentation prior !o and during overlay construction. 0ne section
conststs of a 9-inch jointed concrete pavement (JCP) on f-30 near Benton,

Arkansas. The oLher sectton consists of an 8-inch continuously reinforced

concrete pavement (CRCP) located on I-40 near Forrest City, Arkansas.

Three different sites were designaled for instrumentation al both the I-30
and I-40 locations. Unfortunately, because of vandalism, Lhe wiring at
all the I-40 (CRCP) sites was destroyed and no data could be collected.

Basically, the instrumentation consisted of a network of Bison strain
sensors plaeed on the surface of the original concrete pavement and within
the different layers of ihe overlay struclures. Their placement within

22



the three different sites (eomprtsing the Lhree overlay structures) is
illustrated in the longitudinal pavement cross sections presented in
Figure 3.1. Flgure 3.2, on the other hand, provldes a plan view of the
pavement showing the sensor locations relative to the original slab joint.

Fleld data for different sensor combinatlons were obtained by

excliing one sensor wlth a certaln amoun! of current and then measuring

the amount of current generated in an adjacenb sensor. Since bhe amount

ofItfeedbackrr current is proportlonal to the distance between the two

sensors, it was possible to determine the spacing between adjacent sensors

aL different points in time. This provided the basis for determining the

movements at the joint, both horlzontally and vertically.

Since the horizontal movements of the concrete slab are almost
entirely attribuiable to changes in temperature, the measurements of
horlzontal slab movement were eonducted for both daily and seasonal

changes in temperature. These measurements were made during the iniLial
AHTD - University of Arkansas study and are therefore documented in detail
in the original Dantin report (Ref.16). Figure 3.3 provides a plot of
the apparent horizontal strain devel-oped in the I-30 t,wo-1ayer overlay
structure at different transverse locations across the outside lane for a

change in environmental conditions occurring between Oetober 5' 1977 and

February 2, 1978. As may be seen in the temperature profile provided in
the lower part of the figure, lhe difference in temperature belween the

two dates is considerable, particularly at fhe interface bebween bhe PCC

slab and the binder course. The strain diagram shown Lras generaled using

the relaLive sensor spacings obtained at the two iemperature extremes.
The dashed lines represent the theoretical tensile strains developed in

the overlay as predicted by a computer program based on the finite element

solution technique. As can be seen, there is relatively good consistency

between Lhe measured strains as well as good agreement between them and

the lheoretical finite element tensile stratn.

23
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Figure 3.3. Horizontal tensile strains across the two-layer
overlaid joint in Ehe JRCP on I-30 near Benton
(after Ref. 16),
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In contrast, Figure 3.4 provides a si.milar plot of the strain
resulLing from the temperature change between Aprll 1 51 1977 and February

2, 1978 for the I-30 one-Iayer overlay sibe. Besides the fact that there

is poor agreement between the theoretical and field values, there is one

other discrepancy with the straln diagram. It lndicates that in spile of
the fact thal there was a drop in temperature durlng that period, a

compressive strain was generated in the overlay' meaning that the

underlylng slabs expanded rather than contracted. The reason for this ls
as yet unexpLained and, unfortunately, the data ln lhis figure represent

the rule rather than the exeeptlon as far as bhe majorlty of bhe data are

coneerned.

Vertical Movements

Unlike the measured horizontal movements, the bulk of the vertical
movement data Here collected after the Dantin studY (Ref. 16).

Consequently, they will be discussed here 1n slighfly greater detail.

Basically, these vertlcal movements represent the deflection of a

given point in the pavement as a load travels over it. Depending on the

sensor combinatlon, these deflections can represenE the vertical movement

of the slab surface relative to a stationary point (extensometer reading)

or the vertical movement wlthin a given layer (e.9., bhe open-graded
course or the binder course in the three-layer overlay structure). Thus,

it can be determined whlch are the prlnclpal components of the total
surface deflection.

In order to be able to examine bhe effects of load magnitude and

vehicle speed, several measurements were made at the three different
overlay sites on I-30 near Benton, Arkansas. Five different vehicles were

used and deflectlon data were obtained for five dlfferent approximate
vehicle speeds of 5, 20, 30, 55 and 70 mph. The dlfferent vehicles and

their approximate axle loads are as follows:
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2.

3.

4.

full size automoblle: front axle - 1.6 klps, rear axLe - 1.6

kips;
smaIl truck: front axle - 2.6 kips, rear axle - 5.2 klps;
medium truck: front axle - 5 Eo 7 klps, rear axl.e 14-21 kips;
three axle-tandem drive truck: front axle - 8 kips, rear drive
axles - 35 kips; 

,

tractor semi-traller: front axle - 7 klps, tandem drive axles -
32-35 klps, tandem tralLer axles - J2 to 37 kips.

5

Figure 3.5 provides an example of one of the better deflectlon versus

time plots generated from the experiment. It represents the deflection of
the PCC slab surface in a two-Iayer overlay structure durlng the passage

of the tractor semi-trailer at a speed of 7 mph. Unfortunately, there
were also many plots generated, such as that shown in Figure 3.6, ln which
rnoisetr that existed within the system during recording resulted in a

significantly distorted deflection profile. Most of the plols obtained,

however, seemed to be less distorbed than this one.

Besldes the maximum deflection measurements obtained from the in-silu
coil sensors, deflection baslns were also obtained at the overlay surface

using the five geophones (spaced at 1-foot intervals) of the Dynaflect
deflectlon measurlng devise. These measurements were made at and around

the t,wo and three layer instrumenied overlay sites on I-30 near Benton.

Because of the small number of deflection values obtalned, lt is possible

to present these data (in its entirety) in this report. Figures 3.7 and

3.8 presenb these data for bhe two and three layer sltes' respeetively.

NON-OVERLAYED RIGID PAVEMENTS

Since the relaiive magnitudes of both vertical and horizontal con-

crete movements prior to overlay placement are indicative of the potential
for movements after overlay and since these after overlay movements repre-
sent bhe main distress mechanisms for the development of reflection crack-
ing, it was necessary to obtain some actual pre-overlay movement data from

29
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typtcal concrete pavemenis in Arkansas. These data were obtalned by AHTD

using methods simitar lo 1f not exactly the same as those which are

recommended in the new design procedure. Once again for discussion pur-

poses, these movement data is broken down into two categories, horizontal

slab movements and verttcal slab movements at the jolnt.

Horizontal Movements

As mentioned previously, horizontal movements of a concrete slab are

almost entirely related to thermal contraction and expansion which occur

during changes in temperature. Accordingly, a procedure was developed for
measurlng the movement of a slab along one to three dal1y temperature
cycles. In this procedure, holes were drilled in specific locations of
the concrete s}ab, brass bolts inserted and securely embedded with epoxy.

The head of the brass bolts then served as the reference points for
measurements of slab movement.

Flgure 3.9 provldes a diagram showing the locations of these brass

bolts relative to the joint between two slabs. Using this pattern, it is
possible to obtaln the change in joint width at two transverse locations

along the joint,, A-B and C-D. Furthermore, with bolt E on the shoulder,
it ls possible to determlne if one slab 1s movlng more or less than the

one adjacent to lt.

Two non-overlayed jointed pavements vrere also prepared to obtain
these measurements of horizontal slab movemenb. Both joinfed pavements

are located on I-30 near Benton. One had a 26-foot joini spacing, and the

other, is the same type of JRCP underlying bhe instrumented overlay sites,
i.e., 45-foot slabs with 1S-foot warplng jolnts. In the case of the 26-
foot JCP, data were obtained from slx consecutive joints. For the 45-foot

slabs, ten consecutive joinbs (counbing bhe warplng jolnts) were outfitted
and measured. The data obtained from the measurements on these two
sections are presented in Tables 3.1 and 3.2, respectively.
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Figure 1.10 provides a typical example of one of the slab movement

versus pavement surface temperature plots obtained from the 26-foot JCP.

Likewise, Figure 1.11 provides an example plot for the 45-foot JRCP (wlth

the 15-foot warping jolnts). In both graphs, data from both the interlor
and edge reference points (interior: A-B, edge: C-D) are plotted to deter-
mine if there is any difference bebween the movements at each location.

Inspection of the two figures lndicates that measurements of slab

movement on the 26-fooL JCP (Figure 3.10) are quite consistent and can be

considered useful for both analysis and design purposes. The lypical slab

movement plof for the 45-foot JRCP (Figure 3.11), however, is very
tnconsistent and probably inadequate for analysis. The reason for the

scatter in this plot 1s probably because the measurements were taken over

an extended period of time rather than within a two or three day cycIe.

Vertieal Movements

Once again, the use of vertical movements here refers to pavement

deflection. In lhis case, however, they are taken directly on the surface

of the concrete uslng the Dynaflect (as they will be for use in the

recommended design procedure). The purpose of the measurements is to
determine load transfer across the joint between two slabs. The magnitude

of the load transfer, then, glves an indication of the shear forces that
will be carried by the overlay.

The deflect,ion data was obtained from the same two jointed pavements

from which lhe horizontal slab movements were obtained, i.€.e lhe 26-foot
JCP and the 45-foot JRCP (with 1S-foot warping joints) on I-30 near

Benton, Arkansas. The measurements were made at two locations, a! bhe

joint and ab midslab for a series of sIabs. For the deflection
measurements made at the joint, it was necessary to position the load
wheels and the number 1 geophone of the Dynaflect on the upstream side of
t,he joinl, detach the number 2 geophone and place it on the downstream

side of the joinl directly across from geophone number 1. The difference
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between lhe deflections obtained from the two geophones' then, is
indicatlve of the load transfer at that jolnt.

The deflection measurements for both bhe 26-fooE and 45-foof JRCP

were obtained at two different times during the year, at the same loca-
tions. one perlod, was durlng the spring (15 Apr' 81) and the other during

the summer ('ll Aug. 81). Figures 3.12 and 3.13 represeni the deflection
proflles of the 26-foof JCP during these two respective pertods. Like-
wise, Flgures 3.14 and 3.15 represent the defleetion profiles for the 45-

foot JRCP during !hese two periods. A quick inspection shows lhaf the

deflections for both pavements are conslderably higher during the spring.

OVERLAY PERFORMANCE DATA

In order to provide a basis for calibrating the new overlay design

procedure, it was necessary to obtain some actual field dala on both the

structure and performance of different overlayed pavements. Thanks to the

efforts of AHTD and the Center for Transportallon Research (CTR) at the

University of Texas (Ref. 66) ln bolh obtainlng historic data and

surveying pavements in their present condition, a considerable amount of
data were collected. AHTD provided data from seven different overlay
projecls, whlle CTR was able to provide data from three overlay projects

in Texas,

Arkansas Daba

A summary of the perlinent data obbained from the seven Arkansas

projects is presented in Table 3.3. Specific descrtptions of these
projects provided by AHTD are as follows:

1. Highway 71, Section 16, in I{ashinglon County was first built in
1931. The o1d 9'r-6"-9tr JRCP (edge-centerline-edge thickness) was jointed

every 50 feef. We have no idea of what the base or subbase material is
composed. In 1966, this section was first overlayed wit,h 6 inches of,
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what was then caI1ed, asphalt !reated crushed stone base course (this
ASTCSBC is not our crack relief layer, but has a considerable amount of
voids), J inches of blnder and 1-3ttl inches of surface. The section was

overlayed again in 1968 with 3/4 inches of a sand-asphalt overlay when the

skid numbers of the surface became unacceptably 1ow.

2. I-40, Section 51, Log Mile 262, in Sl. Francis County was built
ln 1968. The 8-inch CRCP was placed over a gravel base of approxlmately

12 Lo 1 8 inches. The subgrade was classlfied as an A-7 material. The

sectlon was overlayed ln 1978 with 3 lnches of CSBCB (crack relief layer)r
4 lnches of HMBC (binder) a 1-1,/2 inches of HMSC (surface). Conslderable

ruttlng occurred in this section during the next year. Therefore, the top

2 inches lras mllled off ln 1979 and 1-1/2 inches of surface was applied
with a 1/2 inch plant mlx seal course.

3. I-55, Section 11, in Crittenden County was constructed in 1959.

The 9 lnch JRCP was jointed every 45 feet with a warplng joint every 15

feet. The subbase material thickness ranged from 6 to 12 inches of select

material. The section was overlayed during September and 0ctober 1978

with 3 inches of CSBCB' 5 inches of HMBC, 1-1l2 inches of HMSC, and 1/2

inches of plant mix seal.

4. U.S. 65, north of McGehee in Desha County, was construcled in
1939 with the 9n-6n-9't JRCP (edge-centerline-edge thlckness) with 50 foot
slabs. The base or subbase material and thickness are unknown. The

pavemenl was overlayed with 2-1/2 inches of HMBC and 1-112 inches of HMSC

ln 1962. The section was again overlayed ln 1978 with 3 inches of CSBCBC,

2 inches of HMBC, 1-1/2 inches of HMSC, and 1 /2 inch planb mix seal.

5. Highway 70 was orlginally constructed as a rr9'r-6rr-9ntr JRCP and

was overlayed in 1957 with 2 inches of ACHM. This section was agatn

overlayed in September of 1978 as part of a demonstration projecl. This

project consisted of demonstrating several different melhods of relieving
reflection cracking. Although the study primarily focused on the use of
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low modulus stress absorbing membrane interlayers (SAMI), the project also

evaluated a smaller size crack relief layer and a control sectlon (the

gradation appears in the attachments). Four sections of the demonstration
project were surveyed for reflection cracking data; bhese sections
include:

1. 1-1/2 lnches of surface

2. 2 lnches of 0GBC (open graded base course)r 1-1/2 lnches of
ACHM

3. 2 inches of 0GBC, 1/2 Lnch SAMI, 1-1/2 lnches of ACHM

4. 1/2 Lnch SAMI, 1-1/2 lnches ACHM

6. U.S. 67, Section 18, in Lawrence County near Alicia was

constructed in 1952 with 10 inches JRCPat 50 foo! lntervals; however,

the actual spacing may differ from the plans ln this instance. The

concrete was placed over 6 lnches of select material (SM-1). The soil
log for this job showed a subgrade elassiflcation as an A-7-6. In 1978,

the section was overlayed with 3 inches of CSBCBC, 2-3ttl inches of
ACHMBC, 1-1/2 inches of ACHMSC and 1/2 inches of plant mlx seal.

7. The project on I-30 ln Saline County is the one which contains
the three instrumented overlay sites near Benton, Arkansas. The orlglnal
9 ineh JRCP with the 45-foot joint spaclng (and 1S-foof sawed warping
joints) was constructed ln 1959. The Arkansas Mix 0verlay (4 inch open

graded course, 4 lnch blnder course, 1-1 /2 inch surface course and 1/2
inch plant mix seal) was constructed durlng the period between May and

October, 1977.

The overlay performance data obtained from Texas are presented in
Table 3.4. A11 of the data are from sectlons of I-45 between Houston and

Dal1as. Though each origlnal pavement ls dlfferenb in nature, all were

constructed using the same type of subbase and concrete coarse aggregate

47
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bype. The 15-foot JCP with an 11-inch slab was overlayed with 3-inches of
ACHM and exhibifed almost 100 percent reflection cracking in about half a

year. The 61.5-foot JRCP with the 10-inch PCC slabs was overlayed using
the Arkansas Mix Design procedure and exhiblted approximately 15 percent

reflection cracking in slightly more than one year. The CRC pavement

shown in Table 3.4 (Nos.3a and 3b) represents the experimental CRCP

sections constructed in 1960 and 6'l whlch have been monitored continuously
over the years. The overlay sections shown were approximately 6 years old
al bhe lime they were last surveyed.

ARKANSAS TEMPERATURE DISTRIBUTION DATA

Recognizing that daily temperature changes are an integral part of
the development of refleetlon cracklng in asphalt concrete overlays, 1t
became lmportant that some type of temperature distribution data for the
state of Arkansas be obtained for use in the sludy. Accordingly, the
National Climatic Center (Ref. 65) was contracted to provide certain
specific data.

BasicalIy, the NCC was instructed to go through lts historic
temperature data and for any weather station in a given elimatlc station,
obtain the following:

For each day of each available year, determine the maximum

temperature drop (i.e., subtract the maximum temperature from
minimum temperature observed during that day) and based upon the

magnitude, assign that day to a particular temperature drop class
of a frequency distribution. The temperature drop classes should

be: o-1ooF, 11-2ooF, 2'l-300F, 31-400F, 41-500F, 61-f 00F and

above 71oF. Then, after lhis is done for each year considered,
determine bhe average number of days per year for each

temperature drop class.

1

49



For each day of each avallable year' subtract the minimum

teraperature from 50oF and once again, assign fhaf day to a

particular temperature drop class of a frequency distribution
(!,he lemperaLure drop classes are the same as above). If the

minlmum temperature is not below 50oF, then that day should not

be counted. FlnalIy, as before, the average number of days per

year for each temperature drop class is determined.

Tables 3.5 and 3.6 respecllvely represent the resulis of 1) and 2) above

for Alum Fork, a town in.one of Arkansasr nine elimatic reglons. As can

be seen, the data for this station (as well as that from the other eight)

covers a period of seven years' 19?4 through 1980' summarles of the

complete data seb on Arkansas temperature distribution are presented ln

Tables 3.7 and 3.8. Figure 3.16 provides a map of Arkansas showlng the

nine different climatic regions and the localions of each of bhe

representati.ve climatlc stations.

2
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CHAPTER 4

FIELD SAMPLING AND LABORATORY TESTING

This chapter summarizes the results of ihe laboratory testlng
conducted by Austin Testing Engineers Inc, on the asphal! and concrete

core sanples selected and taken by bhe Arkansas Sbate Hlghway and

Transportatlon Department (AHTD). The results of these tests are used to

both callbrate the new overlay destgn procedure and provlde a basis for
the selection of approprlate design criterla.

SAMPLING PROGRAM

The materials that were tested were bastcally obtained during two

different periods by AHTD. In the lnilial sampling perlod (Apri1 7-9r
1981), cores were obtained from the different instrumented overlay sites
on I-30 near Benton, Arkansas and on I-40 near Forrest City, Arkansas. In
the second sampling period (April 24-May 6, 1981), cores were taken from

several different concrete pavements across the state in an attempt to
obtain a sampling of the different concrete coarse aggregate types used in
the slate.

Table 4.1 provides information on the locatlon and description of
each sample obtained from the instrumented overlay sites. The total
number of these samples baken is twelve, since there are three different
lnstrumented sites on both the I-30 (Benton) and I-40 (Forrest City)
sections, and since two cores (bore holes) were taken at eaeh slte. Note

that the three sites at each location correspond to different overlay
cross-sections. It should also be noted that gravel makes up the coarse

aggregate type used in all lhe PCC samples.

As for the fourteen core samples obtained durlng lhe second sampling

period, an inventory of their locations and descriptions is presented in
Table 4.2.
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Table 4.1. Inventory of pavement. saoples taken from instruuented overlay
sites on I-30 and I-40.

Bore
Hole

Date of Location/
Boring Idenrifieation

Material
Descr ipt. j-on

B-l 4/718L

B-2 417 /8L

B-3 417 /8L

B-4 417 l8L

B-s 418/8L

B-6 418/8L

B-7 4lel8L

B-8 4 /e /8L

I-30 westbound lane
1sE sensor locati-on
Boring nearest sensors
Benton

I-30 westbound lane
Ist sensor location
Boring farthest from sensors
BenEon

I-30 westbound lane
Closest to overLay end
Boring nearest, sensors
Benton

I-30 I'Iestbound lane
Closest Eo overLay end
Boring closest to seusors
Bent,on

I-30 Eastbound lane
MiLe narker lL8
Boring closest to sensors
Beaton

r-30 Eastbound lane
Mile marker 118
Borirtg farthest from seasors
Benton

I-40 Widener Exit 247
Inside eastbound lane
Inside hole - farthest fron

sensor s

I-40 1^Iidener Exit 247
Inslde eastbound lane
Boring closest. to sensors

7" AC

1N" Open Graded Agg. w/binder
8" PCC

6" Granular Base
Reddish bror.in silty clay

7" AC

lk" Open Graded Agg. w/binder
9" PCC

6" Granular Base
Reddish brown sl1ty clay

5Ir" Ac
11'r PCC

6" GranuLar Base
Reddish brown silty clay

5lt" Ac
Lok" PCc
6" Granular Base
Reddish bror.rn silty clay

2\" AC

102" PCC

6" Granular Base
Reddish browo si1-ty clay

zr4t' Ac
Lot" Pcc
6" GranuLar Base
Reddish brown silty clay

7" AC

4!" Opea Graded Agg. w/binder
g%" Pcc
5t' Granular Base
Brown clay

7',t LC
41" Opeu Graded Agg. w/binder
8,1" PCC
6t' Granular Base
Brown clay
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Table 4.1. (cont.) Inventory of pavement samples taken from instrumented
overlay si-tes on I-3rI-aruL I --40.

Bore
Hole

Date of
Boring

Locat ion/
Identificat ion

I'Iat er ia1
Description

B-9 4lL0/8L

B-10 4/L0l8L

B-1r 4lL3/8L.

B-12 4lL3l8L

I-40 Exit 260 eastbound
Right side of inside lane
Shell lake

I-40 Exit 260 eastbound
Left side of inside lane
Shell lake

I-40 inside lane
= i.tL 265
Right core hole

I-40 inside lane
= ttl 265
Left core hole

6'' AC

8,t" PCC

6" Granular Base
Browa clay

5'' AC

8t" PCC

6tt Granular Base
Brown clay

3/8" Chip Seal
1,r" Ac
8k" PCC

Bror^in clay

3/8" Chip Seal
l,r" AC

81.4,r pCC

6ri" CTS

Brorm clay
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Table 4.2. Inventory of Arkansas PCC core samPles.

3.

4.

5.

6.

7.

8.

9.

Date of
Boring

1. 4124/8L

2. 4/2418L

Location
Slab

Thickness

9 LlZ h.

9 L/4 in.

9 in.

9 in.

8 5/8 in.

8 3/8 in.

10 t/4 in.

7 Ll2 Lr..

7 L/2 Lrt.

PCC Coarse
Aggregate Type

Dolomlte

Dolomite

Li-mestone

LimesLone

Sandstone

Sandstone

Sandstone

Gravel

Gravel

4/28/8L

4128/BL

5 /518L

s ls l8L

5 /618L

5 / 6l8L

s /6 /8L

East Be1t, LitEle Rock
Sta. 452+00 - 452+30

East Belt, LiEtle Rock
Sta. 452+00 - 452+50

Ilwy 63 bypass @ Wi1low Rd., SB

,tr{wy 63 bypass G Willow Rd.

Hwy 71, Springdale

Hwy 71, Springdale

I-40, MIl-104, EB rest stop

I-40, MM-104, EB rest stop

I-40, MIl-8, Truck weight
station parking

I-40, MM-8, Truck weight
station parking

I-30, EB, Iog mile 99
(east of Malvern)

I-30, EB, 1og mile 99
(east of Malvern)

I-30, WB, 1og mile 23

I-30, trnlB, 1og mile 23

11 in. Syeni.te

L0 314 Ln. Syenite

10. s /6/8t r0 1/4 in. Sandstone

9 L/2 Lr.. Gravel

9 L/4 in. Gravel

11.

L2.

13.

L4.
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TESTING PROGRAM

After all the cores were togged and examined, those from the overlay

sites were further dlvided lnto indivldual specimens using a diamond saw.

SelecLed specimens were then tested for thermal coefflcient and then for

dynamlc modulus, creep moduJ.us, and Lensile strength uslng bhe indlrect
tenstle apparatus.

The fourteen other concrete core sanples from around the state were

also tested in the laboratoryr but 1n thls case, only for thermal
coefflcient and compressive strength.

The resulls of all the testing is presented next, beginning with
thermal coefflcient (AC and PCC), continuing with the indirect tenslle
lest results for dynamic modulus (AC and PCC), creep modulus (AC only) and

tensile strength (PCC only), and ending with the PCC compression tests.

THERMAL COEFFICIENT TESTS

The thermal related shrinkage or shrinkage potential of a pavement

malerial is believed to be a primary contributor to the developmenb of
reflectlon cracking in asphalt concrete overlays on PCC pavements. The

thermal coefflclent (whlch is also referred to as the coefficient of
thermal expansion) is a property of a given material which ls indicative
of its potential for contracting with a drop in bemperature.

Since the new reflection cracklng analysis and overlay design
procedure calls for speci.fic values of thermal coefficient for the

dlfferent pavement layers, it was considered essential t,hat bhermal

coefficient tesbs be conducbed on commonly used pavement materials in
Arkansas. The materials !ested include specimens of the binder/surface

course used in fhe AHTD Overlay Mlx Deslgn as well as several PCC samples

having dlfferent types of coarse aggregate. Because of the different
thicknesses of the samptes, however, it was necessary to use two different
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test procedures for estlmating thermal coefficient. Both procedures,

however, are based on the folloulng equation for calculatlng bhermal

coefficient.
{Lr- L; / L,

0
TT

1 2

where: o : lhermal coefflclent (in./Ln./oF)

t1 = sample gage lengLh at high temperature (inches),
Z2 = "".rle 

gage length at low temperature (inches)'

T1 = high temperature (oF), and

T2 = low temPerature (oF).

Thinner samples, such as the asphalt concrete overlay specimens,

requlred the use of a micrometer to measure changes in Sage length (1n

this case, diamet,er) with changes ln temperature. These measurements were

made in two orthogonal directions across the specimen (see Figure 4.1).

0n the other hand, the thick core samples, such as lhose taken from a

thick layer (e.g., PCC slab)' Lrere measured using a Berry straln gage at
three locations around the perimeter of the sample (see Figure 4.2). This

procedure was more desirable since the Berry strain gage had the same

precision as the micrometer (0.0001rt), but was capable of measuring over a

much longer gage length.

Micrometer Results

The results of testing using the micrometer to determine thermal
coefficient are presented in Table 4.3. All samples shown are from the
instrumented overlay sites near Benton and Forrest City. PCC samles were

heaLed to 185oF in an oven and then cooled to 25oF in a freezer to achieve

bhe greatest preclsion. AC samples were not oven-heated, however, to
avoid the effects of viscoelasticlty. Unfortunately, due to problems with
obtaining perpendicular faces on the samples after sawing, only four
asphalt concrete (AC) and four portland cement concrete (PCC) were tested.
AIso, because of some sample disturbances during testing, some of the
measurements along fhe b-b axis were not available.
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Core Sample

InstrumenE
Precision
0.0001"

Figure 4. I. Illustration of thermal coefficient determining
usi.ng tnicromet,er.
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Figure 4.2.

Core Sample

Illustration of therual coeffieienE determination
using Berry strain gauge.
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Besides using the Berry strain gauge to measure sample gage lengths,

a more rlgorous tes! procedure was used for bhe determinalion of the

thermal coefficients of the remaining 14 concrete cores. This was

accomplished by measurlng the gage lengbhs of each sample at four

different times along a lemperature cycle. The sample was flrsL measured

at room temperature (RT1), then it was placed in an oven for 24 hours and

measured again at approxlmately 140oF (0T). Then, lt was allowed to cool

Finally, it was placed in a refrigerator and cooled to near freezing
temperabure (CT) and measured for the last time. The measurements

recorded represented an average of 3 readings at each temperature.

Four separate thermal coefficienls were then determined for four

dlfferent periods of the cycle, RT2 to 0T, 0T lo RT2, RT2 to CT, and 0T to

CT. These results are presented in Table 4.4. (NoLe: RT1=f6.goF'

0T=14OoF, RT2=7/oFr and CT=l2oF for specimens 1, 5, 6, 7, and 8.

RT1=78.50F, 0T=145oF, RT2=f/oF, and cr=35oF for speeimens 2,3,4, 9' 10'

11, 12, 13, and 14).

In order 1,o combine these data 1ogically and reduce lhe effect of
poor measurements, a weighted average thermal coefflcient was determined

for each side of each specimen (also shown in Table 4.4). This was done

by assignlng weighting values of 2, 1 ' 1, and 4 (respectively) bo the

thermal coefflcients determined forn the different parts of the temperature

cyc1e.

Examination of these tes! results indicate that i.n spite of the

efforts to achieve good preeision, there is stil1 some error in the test
procedure. However, the results do provide a good basis for the selection
of appropriate design values for concrete thermal coefficient.
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INDIRECT TENSILE TESTS

The indirect tensile test ls a relalively new test procedure whereby

tension ls induced into a core speclmen indirectly so that its properties

along the tensile axis can be determined. Flgure 4.1 provides a schematic

diagram of the test apparatus. The lest procedure is documented by

Kennedy and Anagnos (Ref. 67) and is presently being incorporated into
ASTM Sfandards. The procedure used 1n this study to determine the dynamic

moduli of the asphalt concrete and portland cement concrete speclmens is
exactly the same as that under ASTM consideration, however, a vartation
of the test was used bo determine the creep moduli for the asphalt con-

crete materials.

Dynamic Modu1i

Four asphalt concreie specimens from the lnstrumented overlay sites
near Benton were tested for dynamic modulus under r.epetitlve load

conditions. The results of these tests for the four speclmens (one of
which was Lested along two perpendicular axes) are presented 1n Figure
4.4. Note that the moduli were determined for different levels of applied

stress in order to determine the sensitlvity.

As can be seen, all but one of the specimens had a dynamic modulus in
the range of 1501000 to 4001000 psi at a temperature of approxlmabely 78-

80oF (room temperature). The No. 7 specimen, seeming unusually stiff, had

an elasttc modulus of between 700r000 and 900'000 psi.

In order to determine the creep modulus of the pavement materials
considered (onIy AC specimens from the I-30 instrumented overlay sites
near Benton were tested), it was necessary to modify the indirect tensile
lest procedure. Instead of applying a repefitive dynamic load as in fhe
previous tests, a constant load was applied and the time dependent
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Figure 4.3. Schemat,ic diagram of indirect tensile tesE'
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deformallon of the sample was reeorded. These time dependent strains were

then translated into bhe correspondlng creep modulus depending on lhe

applied stress 1evel.

The same four samples tested for dynamic modulus were used in these

lests to determlne their creep modull. The samples hrere iested at either

a 30 psi or 60 psi applied load. One sample was tested at both stress

levels. The results of these tests are presented in Fl8ure 4.5.

The samples seemingly exhibited a wide range in resistance to creep

deformation. It 1s believed that the samples exhibiting the greater

resistance (1.e., specimen numbers 1 and 7) are more or less typical of
the values that ean be expected in the fleld.

COMPRESSION TESTS

Since it was not possible to aecurately determine lhe dynamic moduLus

of the concrete samples using the indirect lensile apparatus' it became

necessary to use the results of compression testing to estimate the

modulus values. (Fortunately, the 14 concrete cores representlng the

different coarse aggregate types used around the slate were not sawed for

lndirect bensile testing when the problem was discovered).

Basically, estimates of the concrete elastic moduli were determined

by first determining the compressive strength of each cylinder-core (using

standard compression test load ce11). Then, the American Concrete

Ins0iLute (ACI) equation, which correlates compressive strength to elastic
modulus, was used to calculate the corresponding concrete elastic modulus.

The ACI equation (Ref. 68) for normal weight concrete ls as follows:

Ec = 57000 (f'c)0.5

The results of ihese compression tests are presented in Table 4.5.

Note that since ratio of the heighi of the speci.men bo the diameter (h/D)
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Table 4.5. Results of concrete compression tesEs on 14 pavement
cores representing the different aggregate types used
in Arkansas.

*Note: The diaDeter, D, for aI1 specioens was 4.02 inches

Course
Agg!egate

TYPe

iaople
No.

HelghE,
tr (1n)

Ratio*
h/D

l,lax.
Load,
P(rb)

Coupressive
S ErengEh,
f'" (psi)

Concrece Elastlc
Yodulus

E. (tsl)

Sye}llEe I
2

0
8

11
l0

2.7
2.7

55,500
67,000

5160
5280

a.oe x 109
4.14 x 100

DoloEl.te 3
4

o(
9.3

2.4
2.3

69,000
72,500

5440
5 710

a.zo x Lo9
4.30 x 10o

Linestone

Sandstone

5

6

9.0
9.0

aa

1a
500
000

7t
66

5630
5200

a.27 x Lo6.

4.11 x I0o

7

8

9

i0

5
4
1
1

8.
8.

10.
10.

2.L
2.t
2.6
2.6

000
500
000
500

53
42
94
93

41s0
3350
1 4tO
7370

3.5s x Io9
3.29 x ro9
4.90 x i09
4.89 x 10o

Gravel - A 11
L2

9.5
9.3

2.4
2.3

90,000
82,500

7100
5s00

a.8o x 109
4.59 x I0o

Gravel - B l3
L4

7,5
7.5

1.9
1.9

53,000
55,000

4180
5120

3.68 x 109
4.07 x I0o
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ls almost two or greater, no adjustment to bhe compressive strengths was

necessary. Furthermore, note that based upon these test results, there is
not any reason to believe that there ls a significant difference between

the elastic moduli of '14 different concrete samples.

SUMMARY

The purpose of this chapter was to summarize the field sampllng and

laboratory testing conducted on hlghway materials in Arkansas. The

results are used to calibrate the new reflection cracklng analysis and

overlay deslgn procedure developed as a part of lhis sbudy for AHTD. The

resulls are aLso used to provlde appropriate design crtteria to the user

for the analysis of prospective overlay designs.
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CHAPTER 5

DEVELOPMENT OF ARKANSAS REFLECTION CRACKING ANALYSIS

AND OVERLAY DESIGN PROGRAM

The primary objectj.ve of lhis study hras to develop a procedure

capable of analyzing the potentlal for reflection cracking ln an asphalt

eoncrete overlay placed on an existing concrete pavement, thereby provi-
ding criteria for the selection of the most cosl effective overlay
strategy. The procedure was to be geared to condittons and current AHTD

(Arkansas State Highway and Transportalion Department) design pracEices.

Based upon a review of the available literature on the practical design of
asphalt concrete overlays for the prevention of reflectlon cracking, a

design and analysis procedure (developed originally by ARE Inc) was selec-
ted for modlfication, calibration and adaptation in Arkansas. This chap-

ter discusses lhe original procedure and the improvemenls made as a part

of ihis study.

ORIGINAL ANALYSIS AND DESIGN PROCEDURE

The original reflection cracking analysis and overlay design method

was developed in 1977 for the Federal Hlghway Admlnistration (Ref. 1, 70).

The main component of the original procedure was a computer program

entitled RFLCR-1. Some mlnor coding errors were detected and correcbed as

a part of this study. This resulted in the second version of the program,

RFLCR-2, which is conceptually identical to RFLCR-1. The general RFLCR

methodology forms the basis for the new program, ARKRC-2, developed for
Arkansas.

There are two main distress mechantsms which lead to reflection
cracking. The first is due to the effects of thermal contraction of the
overlay and the temperature-drop relat,ed movements of the underlying s1ab.

The second is due to differentlal vertical movements which occur as a load

moves across a joint or crack in the original pavement. These two distress
mechanisms are illustrated in Figure 5.1. Note thal the lemperature-drop
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relaled movements induce horizontat tensile strains in the overlay (as

shown ln Figure 5.1a) while differential vertical movements induce

verfical shear strains in the overlay (as shown in Figure 5.1b). In order

to minimize refleciion cracking, the objective is to keep these two

critical strains below some allowab1e 1eveI. The RFLCR-2 computer program

uses several user-specified design values and the results of field obser-

vations of slab movements to predict these critical strains. A flowchart
of bhe basic components of the program are shown in Figure 5.2 and are

sequentially numbered by a Roman numeral.

Block I summarizes the collecbion and input of data required by lhe

program. Blocks II through V summarize the method for predicling the

horizontal tensile strain developed in an overlay when the underlying slab

undergoes a severe temperature drop.

More specifically, block II summarizes the characlerization of the

horizontal movement of the existing slab for a change in temperature.
Figure 5.3 provides an illustration of the movement along the slab for a

glven drop tn the temperature. Note that maximum movement occurs at the

crack or joint and zero movement at mid-sIab. Figure 5.4 (part a) shows

how the joinf (or crack) width changes when changing from a high lo a low

temperature. Part b shows how this change in joint (crack) width is
translated lnto a slab end movement. Part c, then, shows how this end

movemeni is used to estimate the restraint coefficient, beta ( B ), which

is indicative of the slabrs movemenL relative to unrestrained thermal
contraction. The result is a mathematical expression for the movement

along the entire slab.

Block IIl of Figure 5.2 summarizes the part of the process where lhe

slope of the friclion force versus slab movement curve for the existing
pavement is determlned. This step is required in order to determine the

influence slab-base friction after overlay. Figure 5.5 provides an illus-
trat,ion of the process for the simplest case, a jointed slab with no steel
reinforcement. Decreases in slab temperature result in a potenlial for
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RPLCR Couputer Program

Analysis of reflection cracklng in overlays of PCC Pavement

Read lnput data.

Charact,erLze horLzonEal Eoveoeots of existing Paveoent
for an observed change in pavement temPerature.

Dete:mine slope of friction force-slab movenent curve
by assr.:oing equilibrir:m of forces ln existing Pavenent.

Vary the restaint/IDovetreat relationshlp for the o<istlng
pavenent (after overlay) until slab-base frLction force
bal-ances other external forces (i.e. statlc equilibrium
1s achl.eved) .

Compute ua:rlor.m tensile straln ln overlay. Also compute
other crltical resPonses ln structure for comparison
with constraints

Use measured values of load transfer to predict ma:ci.mum

vertlcal shear straln in overlaY.

Prlat output.

STOP

I

II

III

IV

VI

v

VII

Floschart of the maJor coaponents of the reflection cracklng
analysis program, R-FLCR.

Figure 5.2 .
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high tenp. joint width, w,

A

ha1 f-s Iab
.Da E

e. 1ow t,emp. joint width,w,

a) observed high and 1ow EemperaEure joint (or crack) widths

'b 4., o o
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. o,

a
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q.

b) slab end rnoveutenr due to. drop in teuperature (AT = T, - Tr):
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c

x-Bxt
B

l

distance from centerline of slab, x

c) solve for restraint coefficient, B, in slab Bovelnent relationship
uslng x = !, Ax = Ax, and cc - concrete thermal coefficlent

Characterlzatioa of horizontal slab troveneots from observed
field xoeasureuenEs.
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slab conbraction. Slab-base frictlon acts as', a. restraint to contraction'
however, thereby inducing concrete forces which reach a maximum at mid-

sIab. Since 1i is necessary to maintain static equilibrium, these con-
crete forces must balance the frictional forces at any point along the

slab. Consequently, in a free body diagram of a half-slab, the concrete

force at midslab must equal the total frictional force applied on the

undersi.de. (For a crack condition in reinforced pavements, steel forces

must also be included in the free body diagram). Since the frictional
force at any poinl along this slab is dependent upon the slab movement, an

inlegratlon of t,he restraint/movement relationship, (shown in the lower
part of the figure), is necessary to determine lhe total frlctional force
acting on the sIab. Unfortunat,ely, a complication is introduced al the
point of concrete sliding, si.nce from this point to the slab end there is
1ittle increase in frictional force. Once equllibrium is achieved, how-

ever, il is then possible to calculafe the sloper rrlr of t,he frictional
force versus slab movement relationship. This slope is then adjusted for
the increase in overburden which occurs afler overlay and used to estimate
the iolal frictlon force acting for a given condilion after overlay.

Referring once again bo Figure 5.2, the nex! major component of the
RFLCR-2 program is contained withln Block IV. In this part of the pro-
cess, the program attempts to balance bhe forces whlch are generated due

to temperature drops lhat occur after overlay. Slnce the magnilude of
bhese forces is hlghly dependent upon concrete movement, stalic
equilibri.um is achieved by varying the restraint/movement relationship.
Some of the forces which are affected by varying the reslraint/movement
relationship are shown in Figure 5.6. The most significant forces which

affect the equilibrium process are those which occur in the original PCC

pavement. As shown in Flgure 5,6, equilibrium is achieved by varying the

after overlay reslraint coefficlent, B* un!il these forces balance.

After equilibrium is achieved, the force, Foc, which is carried by

the overlay (at the joint or erack) is used to compute the maximum tensile
strainr eg, generated in the overlay at the joint. This calculation
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(illustrated in Figure 5.7) along with the'calculatton of the other
crilical responses, maximum concrete stress and maximum steel stress at

the erack, is what is summarized by Block V of the flowchart ln Flgure

5.2.

Block VI of Figure 5.2 summarizes the use of field deflecbion

measurements ai joints (or cracks) to calculate load transfer, Lt' This

value 1s then used to estimate the maxlmum vertieal shear strainry r ih
the overlay just above the joinl. Figure 5.8 lllustrates this part of the

procedure. It, is important to note thaf the shear strain is very sensitive

to dlfferential vertical movements between lhe two adjacent slabs and may

be lhe governlng design factor for low values of load transfer.

The last major eomponent of the flowchart summarizes the RFLCR output

and its interpretation (Block VII in Flgure 5.2). Like the collection and

input of data for the program (Block II), ihis is discussed in great

detall in the FHWA report and will not be discussed here.

This concludes the general description of the second version of
reflection cracking analysis program, RFLCR-2, and its procedure for
predicting the critical overlay strains conducive to refleetion cracking.

Appendix A, however, provides a detailed illustrative flowchart of the
program with further description of the actual iterative processes. It
should be noted that there are some changes in notation (from the original
FHWA report) which were made in order to aid in lnterpretation.

ARKRC: ARKANSAS REFLECTION CRACKING PROGRAM

This section discusses all the improvements that were made to the

original RFLCR-2 computer program in order to develop the new ARKRC-2

program which comprises the main componenl of the new Arkansas reflection
cracking analysis and overlay design procedure. These improvements fal1

under the following headings:
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deflection load

Lt 1

a) calcuLation of the
f ield measurements

ay, - aY,,
-rrU_r

I

fraction of
of vertical

aYu

load transfer, L
motion.

Ay
L

fromT'

design axle Ioad,
(width, LW)

Lo

shear
strain,

overlay

where:LD(1 -h)
^( -z

Lw

(t + uo) ,"- 
:::*ay 

Poisson's
oo

DE

b) ealculation for aaxlorn shear strain resulting froro different,ial
vertlcal motion at Joint.

Flgure 5,8. Illustratlon of Ehe procedure for calculating the maximrm
shear strain in an overlay due to poor load transfer across
a Jolnt (or crack).
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1

2

3

4

5

New restraint/movemenb relationship,
Effect of intermediale 1ayer,

Fatigue damage model,

Development of tensile strain fatlgue equation, and

Improved shear strain model.

The first four apply to the improvements made after considerlng lhe
effects of temperature changes and the thermal related horizontal slab
movements. The last improvement applies t,o the effect,s of differential
vertical movements between adjacent slabs.

New Restraint/Movement Relationship

The restraint/movement relabionship (bela function) is used in the

reflection cracking program to define the temperature drop related
movement at any point along a concrete sIab. This relatlonship plays a

slgnificant role in the program in thal the iterative force balance
(equilibrium) process used depends on the movement profile defined by the

funclion for different values of the restraint coefficieni, beta ( B ).

The function used in the original RFLCR-1 (and RFLCR-2) reflection
cracking program(s) naa t,he following form:

AX= o".AT(x-BxB)

where: de = concrete thermal coefficient (in/in/oF),
6T = temperature change (oF),
x = longitudinal point along slab measured from eenter-

line or midpoint of slab (in), and

B = restraint eoefficient (beta), and

Ax = movement at point x (in.)

The range of beta is from zero to one. A zero value implies that slab
movement is unrestrained and a value of beta equal to one means thai fhe
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slab is completely restrained against thermal movements. Flgure 5.9

provides a simple illustration of the effect of varying restraint on the

forces acting on a concrete slab as it contracts due to a temperature
drop. Increased restraint or a higher value of beta results in high

lensile forces in the concrete at midslab (Fcm) and Iow frictional forces

(F1g) on ihe underside of the slab. Conversely, decreased restraint or a

lower value of beta results in low concrete forces at midslab and hlgher

friclional forces between lhe concrete and base layer due to higher rela-
tive movements between the two. This inter-relationship between movement

and opposing forces provides the basis for the more complex equilibrium
process used to solve overlayed pavements.

Alt,hough the original beta function seems to provide reasonable

results, there are some problems wiih it. One is that it has inconsi.stent

units. Another is that its form results in excessive ilerations by the
program before equilibrium is achieved. Lastly, and more importantly, its
form does not accurately model actual slab movements under semi-restrained
condltions. The equation predicts higher movements near midslab than are

observed in the field. This, in turn, results in higher estimates of the

frictional forces aeting on the slab.

In order to remedy these problems, then, another equation with a

slightly dlfferent form was developed and incorporated into the ARKRC-2

program:

Ax oc AT (1-B)'x

where all the variables are lhe same as before except, f, , the half-Iengt,h
of the slab (lnehes) has been introduced. This new equalion has greater

curvature and therefore, predicis equal or less movement all along the

sIab.

Figure 5.10 provides a normalized plot for comparlng the two fun-
ctions. The vertical axis represents slab movement which has been normal-

(., B
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ized relative to the maximum thermal movemenl t,hat can occur at the slab
end for unrestrained conditions. The horizontal axis represents normal-

ized distance along the slab. Nofe lhat an additional advantage to Lhe

new function is that a certain amount of restraint corresponds to only one

value of beta, regardless of slab length.

Effect of Intermediate Layer

The primary purpose of lhe intermediate layer is to reduce tensile
strains in an asphalt concrete overlay which develop as a result of fhe
lemperature related horizontal movements of the underlying concrete slab.
Unfortunately, the models used in t,he origi.nal RFLCR programs did not
adequately consider the effects a low stiffness intermediate layer (e.g.

the Arkansas open-graded course) has on reducing lhese tensile strains.
Basically, the RFLCR programs do not consider the abllity of such an

intermediate layer to absorb some of these slab thermal movements before

they reach the overlay. Although this inherent assumpt,ion 1s conserva-
tive, il was consi.dered necessary lo analyze the effects in more detail in
this st,udy since the open-graded course is frequenlly used in Arkansas as

a deterrent to reflection cracking.

In order to be able to adequately predict, lhe effects of an interme-
diale layer on reducing overlay tenslle stratn then, it was necessary lo
develop an equation which considered the primary characteristics of the
layer (i.e. thickness and creep modulus). After considering allernative
mefhods for developing this funclion, il was decided that the only practi-
cal means was the combined use of a finite element programs and regression
analyses. The finibe element computer program, SOLID SAP (Ref. 75), was

selected because of the success experienced in using it for many other
pavement analysis problems.

Figure 5.11 illustrates the difference between the maximum tenslle
strain, emax, developed in the intermediate layer and the strain that is
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transferred Co the overlay, t OV. The equation used to estimate, t OV i"
of the form:

tov = ftl' max
e

where

of lhe
E2).

f11 (fhe inbermediat,e layer strain
layer thickness (THOV and TH2) and

reducbion factor) is a function
the layer creep moduli (EOV and

The equation for f11 was the result of a step-wise linear regression
analysis of several SOLID SAP solutions. The two-dimensional finite-
element overlay model used to generate the solutions 1s illustrated in
Figure 5.12. The node load diagram shown is representative of bhe loading
applied to the intermedlate layer due to the thermal contraction of lhe
sIab. This loading was translaled into equivalent node loads in order to
generate the SOLID SAP solutions.

Several S0LID SAP runs were made in which values of the critical
factors were in the following range:

Asphalt concrete overlay thickness, TH0V: 1.5 - 6.5 inches
Asphalt concrete overlay creep modulus, EOV: 20,000 - 751000 psi.

Intermediate layer thickness, TH2: 2.A - 6.0 inches
Intermediate layer creep modulus, E2z 51000 - 10r000 psi

The equation for f11 that resulted from the regression analysis of lhis
dala is as follows:

1n(f111 = +5.9223 -0.5oT42.1n(TH2) -5.5061. [ 1n(EoV)/1n(E2) ]

-0.52215. [ 1n (THOV) . 1n (EOV) / 1n(E2) )

After the development of ihis equation, it was recognized that it was

also necessary to consider the effecl of strain reduction on both the
inlermediate layer and overlay forces calcul-ated and used in the ARKRC-2

1)

2)

3)

4)
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fOV = 0.3362 + 0.3021' 1n(9-THoV)

[Note: If THOV greater than 9 inches, then f6y = 0J.

The straln at lhe top of the overlay could then be calculated using the
following equation:

tTop 
= fov' 0v

Final1y, in order to estimate the forces acting in these layers under a

given temperature drop, a model was developed which integrates the tensile
strain distribut,ion function between the top and bottom of each 1ayer. (A

Iog-Iinear relationship was used to define eaeh layerrs distribution of
strain between the maxlmum at t,he bottom and minimum at lhe !op). If is
important to note that the effects of strain reduction were considered to
apply only to the strains developed due to underlying slab movemenls.

They do not apply to each layerrs thermal component of strain, since these
are directly related to the temperature of the layer and not bhe movement

of the sIab.

Fatigue Damage Model

It has been pointed out thal the tensile strains which induce reflec-
tion cracking come about as the result of bolh direct thermal stresses and

the temperature drop relabed movements of the underlying slab. Since the
purpose of the procedure is to provide criteria for the selction of long-
lasting overlay deslgn allernatives and since these tensile strains are

cyclic in nature, the reflection cracking which develops in the overlay

computer programts iterative force balance (equilibrium) process. Conse-

quenlly, a second equation was developed using the same finite-element
program (SOLID SAP) solutlons to estimale the ratio, fgyr of the strain at

the top of the overlay (ETOP) to the maximum overlay strain (sOV). The

resulting equation for fOV is as follows:
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must be attributed to faiigue or the accumulation of damage brought about

by cyclic loadlng. Because of this, it was considered essential that the

fatigue damage concept be incorporated into bhe ARKRC-2 analysis and

deslgn procedure.

The consideration of fatigue for a constant cyclic loadlng condition

is very slmple. A smalI complication is introduced, however, when the

effecls of a variable cyclic load (such as lhat resulllng from varying

low-lemperature drops) are considered. This consideration of variable
load effects requires the assumption that Mlnerrs linear damage hypothesis

is applicable to bhe analysis of fatigue in flexible overlays. Thls is
not a bad assumption and has, indeed, been used in several other problems

dealing with the analysis and design of highway pavements.

Aslde from the ARKRC program improvements already discussed, the

modifications required to lncorporate the new fatigure model were minimal.

The basic iterative force balance (or equilibrlum) process ls stilI used

to estimate the maximum tensile strain in the overlay under the maximum

temperature drop conditions. New computer code was added, however, to
allow the compulatlon of bhe lesser tensile strains which are developed

under less severe temperature drop conditions. Addiilonally, a new sub-

routine (calIed OVLIFE) was incorporabed into the program to convert lhese

stralns into an estimated overlay life (in years).

Information on the distrlbution of daily temperature drops for
Arkansas was obtained from the National Climatic Center (see Chapter 3).

This information was collected from a seven year period (1974 - 1980) for
both the maximum daily temperature drop and the difference between 5OoF

and the minimum daily temperature. The latber data were obtained because

a study conducted at the Texas Transportation Institute (Ref.72) indi-
cated thaf the primary temperature relaled damage suffered by asphalt
concrete occurs when the temperature i.s below 50oF. The results of the

fatigue equation development (discussed later) verified this observation
for conditlons in Arkansas, and thereforer 50oF was selecled as a
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reference temperature for calculating the overlay tensile strains.
Inspection of the Arkansas temperature data shows lhat the dlfferences
between 50oF and the daily minimum temperature are divlded into 10 degree

frequency ranges (classes) which identify the average number of days

during the year that the temperature drops a certain magnitude below 50oF.

The total number of days from each range (cIass) for a given region i.s

never equal to the total number of days in a year (365) since days in
which the temperature stays above 50oF are not counted. The seven

temperature drops and corresponding minimum temperature frequency ranges
(elasses) considered are as follows:

Range of
Temperature Drop

(oF)

Range of
Mlnimum Temperature

(oF)

Average Temperature

Drop Below 50oF

1.

2.

3.

4.

5.

6.
.7

1

11

21

31

41

51

61

49

39

29

19

9

-1
-11

5

15

25

35

45

55

65

to
to
to
to
to
to
to

10

20

30

40

50

60

TO

to 40

to 30

to 20

to 10

to0
to -10
to -20

The average temperature drops (below 50oF) shown are used by t,he program

to estimate the corresponding overlay tensile strains. For the procedure

used by the program, it i.s assumed lhat, each layer of the pavement (i.e.,
AC overlay, intermediate layer and original PCC slab) undergoes this same

average temperature drop. Although this is not always true, it is a

conservative assumption.

After these tensile strains ( E f)i are determined for each average
temperature drop, a fatigue rela!ion (disc.ussed in the next seclion of
this chapter) is used to estimate the allowable number of cycles, (N1)i,

of a given strain bhe overlay can carry before it cracks. Nexi, the
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incremental damage, dl, accrued each year by each given strain Ievel is
determlned using the following equation:

ni
di = 

-
(N1)1

where: o1 = aveFage number of days during the year in whieh the overlay

is subjected to a gtven slrain level (et):.'

Note: Slnce each slrain 1eveI corresponds to a particular

average temperature drop, ni can be determined from the Arkansas

temperature disbribution data discussed previously.

Next, the yearly damage due to each individual strain level is
accumulated according to Minerrs hypothesis:

ni
D=

1-, di
i=1 (Nt)i

where D represenfs the total damage experienced by the overlay during the

course of one year.

Since by deflnition, rrfailure'r occurs when D 1s equal to 1.0, the

number of years, y1r the overlay will last can finally be determlned using

the following simple equatlon:

YT 1.0/D

This leaves only one detall to be discussed about the new procedure,

the development of a fatigue relation used to estimate the a1lowab1e

number of cycles, (NT)i, of each overlay strain level.

7 7

1.-,
i=1
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Development o f rensile strain Fatigue Equation

Because of the need to predict the occurrence of reflection cracking

using the fat,igue approach, lt was necessary to develop a tensile strain
fatigue equabion compatible with the ARKRC analysis model. This was

accomplished by calibrating the ARKRC-2 program based on the field
performance of overlays in Arkansas and Texas. As discussed in Chapter 3,

AHTD conducted the surveys and provided the data on the performance of ten

separate overlay sections in Arkansas (Table 3.3), while the University of
Texasf Center for Transporbation Research provlded dala on four overlay
sections 1n Texas (Table 3.4). Unfortunately, because of one or a

eombination of reasons, eight of bhe ten Arkansas sections could not be

considered in the calibration process, which is why it was necessary to
use lhe available data from Texas. Seclion 1 could not be considered
because the type of subbase was not known and neilher was the age of the

overlay. Sectlon 2 was not considered because it exhibited no reflection
cracking. Section 4 could not be considered because of an unknown subbase

type and the presence of multiple overlays. Sections 5a' 5b, 5c and 5d

were nol considered because of an unknown subbase lype and the presence of
multiple overlays. Furlhermore, the presence of cracks in sections 5a and

5d and the use of an unknown widt,h SAMI (stress-absorbing membrane

interlayer) in sections 5c and 5d made the data from lhese sections
questionable. Seciion 6 was not considered because of the lack of survey

data on cracking in the original PCC pavement prior to overlay. This lefb
only two Arkansas JRCP seclions (No. 3 and No. 7 in Tab1e 3.3) and the
four Texas sections (bwo CRCP, one JCP and one JRCP wi[h the Arkansas mix

design overlay) left for use in developing the fatigue equation and

callbraling bhe ARKRC-2 program.

Faligue equations for asphalt concrete tensile strain are generally
of the form:

NT = "1te1)a2

where a1 and a2 represent calibratlon (or regression) coefficients and N1
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and e T are as defined previously. Shahln and McCullough (Ref. 76)

conducted a study for the prediction of 1ow-temperature and thermal-
fatigue cracking in flexlble pavements whlch provided a basis for initial
callbratlon. They indlcated that the coefficients a1 and a2 are dependent

upon the modulus of the asphalt concrete. Figure 5.13 shows thelr faiigue

curves corresponding io extreme values of asphalt concrete modulus' EAC.

Log-linear interpola!ion waS recommended to estlmate a1 and a2 for Eng

values between these extremes.

In order to calibrate the program, then, it was necessary to
determine the appropriate lnpul values for each section, define the

fatigue coefficlents and then see how weLl ihe program predicted the

observed reflection cracking. Appendix B summarizes bhe input data used

in the calibration process. (These data were selected based mostly on

criteria provlded in the Userrs Manual presented in Chapter 6).

As a final step before the lterative calibration procedure, it was

necessary lo define a common basis for the overlay performance data.
Consequently, the age of each overlay sectlon when it exhibited 50 percent

reflection cracking was estimated using a relationship which assumes that
lhe distribution of reflection cracking is log-normalIy distributed:

y5O = y/SDz

where: Y5O = overlay age at 50 percent reflection cracking (years),
y = overlay age at ttme of survey (years),

SD = standard devlation of log-normal distributlon (our experience

with fatigue relatlonships indicates loglgSD = 0'20), and

z = standard normal variate (in this case z depends on the
percentage of reflection cracking actually observed in
overlay sectlon).

With lhese conversions, several trial and error ilerations were conducled

where the fatigue coefficienls were assumed, the program run on each
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seetion and the resul!s
equation thal
(Ref. 76).

was not too

The result was a tensile faligue
from the Shahin-McCullough equaLion

ex am ined.
d ifferent

Baslcally, it was determlned that the fatlgue eoefficientr 41, was

sti1l dependent upon the creep modulus of the overlayr but somewha!

different from the value estimated by the Shahin-McCullough equation. Ort

the other hand, the remaining fatigue coefftcient, aZ, which represents

the slope of the line was determined to be relatively independent of the

overlay modulus, but almost identi.cal to the value predicted by the

Shahln-McCullough equation for the range of overlay moduli considered.
The fatigue coefficlents are as follows:

a2 = -J.fO

a1 = 8.072 x 1o-4 lggY;-1'118

where: EOV = asphalt concrete overlay creep modulus, psi.

Table 5.1 shows the comparlson be0ween lhe actual overlay age, yt at

the time of the survey and the vaIue, Y, predicted by the procedure. Also

shown is the Y5g to Y5g comparison, wher" Y5O represents the number of
years predicted by the program to 50 percent refleetion cracking. Note

bhat the comparisons are excellent for aII but one of the sections (Texas

3a). It was not eonsidered worthwhile to sacrifice the accuracy of
prediction for the five other sections when the rfoutlying" section (a 6-
year o1d 2-1/2 inch overlay wiLh less than 5 percent reflection cracklng)
appeared to be performing much belter than can normally be expected.

Improved Shear SLrain Model

In the development of the original shear strain model (Ref. 1), some

simplifying assumplions were made in order to estimate the overlay shear

strain. These assumptions are acceptable, given that the resultant shear
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strain need only be compared against some minimum allowabIe stratn
criteria. They are not considered acceptable, however, in the more

rigorous mebhod required for the Arkansas design procedure.

The primary lmprovement made in the shear straln model was in the
estimation of the maxlmum shear strain given the applied load and joint
(crack) deflectlons made prior to overlay. The new improvement recognizes
some theoretical boundary conditions which result 1n a higher maxtmum

overlay shear strain than that determined by assuming lhat the shear

strain 1s dlstributed evenly throughout the overlay. Thls new improvement

will be discussed within the reformulated model presented ln the following
paragraphs.

Since overlay shear stresses develop primarily as a result of
differential vertical movements al jolnts (or cracks) between adjacenl
slabs, lt is important that some field measurements be made prior to
overlay to characterize this disLress mechanism. The best way to do this
1s: for a number of joints (or cracks) within a given design secLion,
load one side of the joint and measure bhe deflection on both the loaded

and unloaded sides. A light Ioad is desirable so that the differential
deflections measured will simulate those after overlay.

The Dynaflect deflection device is welL suited for this measurement

and is recommended for use ln Arkansas. Figure 5.14 provides an

illustration of the loeation of the Dynaflecb load and geophones requlred
to give bhe loaded and unloaded deflection values, w, and wu. Note that
in order to have geophones 1 and 2 so close together, it ts necessary to
unstrap geophone 2 from its support and manually position it dlrectly
across t,he joint from geophone 1.

Wtth these deflection values, it is possible to estimate the amount

of shear force, Vo, thal will be carried by the overlay layers. This can

be illustrated with the aid of Figure 5.15. The deflections wU and wu on

either side of a joint due to a load P (Figure 5.15a) can be si.mulated by
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-Ii_
geophone //1

Figure 5.14.

Dynaflect Load

(upst,ream sj.de of joint)

geophone //2

joint or crack

direction of traffic

Illustration of Dynaflect deflection load and
geophone configuration for deEerruining required
deflection values.

w\, u

original PCC slab
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subgrade

a) illustratj-on of actual uechanism of load transfer

P I 2tI-

subgrade

b)

Figure 5.15. Load transfer diagrams.
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model showing effective forces P, and ?r, which resulE
ln identical deflecEi.ons

a
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b
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two forees, P1 and PZ, acbing separately (Flgure 5.15b). From the
Westergaard theory (Ref. 73) and slab bheory, we know that the magnitude

of a slabts deflection is directly proportional to the load applied,
therefore:

P1 wl

P2

Since lhe fotal force which causes the deflect,ion on both sides, P, is
equal t,o P1 + P2 and since the shear force after overlay Ve, is equal to
P1 - P2, the equation can be rearranged to solve for Vo:

This equation represents a significant change from the equation used in

the original procedure (1.e., Vo = P ' *0 /wu) which did not recognize that
both wU and waare the result of the total load, P.

The next step in the determination of the maximum shear strain is to
estimale the shear moduli of the overlay layer(s). This ls accomplished

uslng the following equation:

G:
2(1 + u )

where: G = shear modulusr. psi (GOV for overlay, G2 for
intermediate 1ayer,

E = design dynamic modulus of the layer during critical
Lemperature condilions, psi, and

u = Poissonrs ratlo for the layer (0.30 recommended for

w u
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ACHM overlay, 0.35 for open-graded course lntermedlate
layer) .

These shear moduli are then used to determine an effective overlay

thickness, De3

D" = THOV + TH2

where THOV and TH? are the thicknesses (in inches) of overlay and

intermediate layers' respectively.

Next, the maximum shear stress in the overlay layers is determined

using the improved procedure pointed out earlier. If a section' A-A, is
taken out of the oveLay in the region where the shear force acts, then the

dislribution of shear stress along that seetion will be as illustrated in

Figure 5.16. The general equation below defines lhe shear stress ab any

location along the face:

T =-

where: T = shear stress, Psi
V = shear force, 1b.

Q = first moment of the area above (or be1ow, depending

on the position of the neutral axls) the location
where strain desired, in.3

I = moment of inertia, 1n.4, and

b = width of section, in.

Note that for equilibrium of a smalI element taken at the top (or bottom)

of the section, the shear stress must be zero. (The original assumption

hl

VQ

Ib
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of an equal distribution of shear stress violates lhis boundary

condition ) .

A simplification of this equation can be used to estimate the maximum

shear stress at the neutral axis cross-section.

3V

Tmax 
=

where: V = Vq, overlay shear forcel 1b.1

! = width of the section, in. (for purposes of the overlay shear

calculations, this value should be fhe wldth of the region of
shear, which is approximately 25 inches for dual tired axle),

and

h = height of cross-section, in. (or the effective cverlay

thickness, De, for overlay shear calculations)'

Note that this equation represents a 50 percent inerease in maximum shear

stress over the original method which estimat,ed the average shear stress..

Next, the maximum shear slrain in the overlay Y 6y, is determined

using the following equation:

"ov
Yov =

Gov

where: rOV = tmax, the maximum shear stress in lhe overlay, psi' and

GOV = overlaY shear modulus, Psl.

FinaIly, the overlay life for a given shear strain should be

determined using a fatigue-lype relationship based on asphalt shear

strain. Unfortunately, the available literature did not provide a

relatlonship whieh could be used effectively ln the model. Therefore, it

2bh
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was necessary bo adapt the overlay tensile strain equatlon (developed in
this study) to consider the effects of shear strain. This was

accomplished using known relationships bebween tensile and shear stresses

in the lndirect lensile test and between normal and shear moduli:

1 = 2. 6T = z.EDV. eT (Ref.67)

GOV = EDV/[2.(1 +uOV)] (Ref.74)

where. ugy = Poissonrs ratio for overlay.

Thus, overlay tensile strain can be converted to shear strain using the
fo11owlng equation:

ey = \gy/ [4(1 + uOV)]

Then, when lhis is substituted into the tensile straln fafigue equation
and rearranged to solve for allowab1e overlay shear strain, the result is
the following equation which assumes a value of 0.30 for Poissonrs ratio
of the overlay material:

yov = 0.7587.(EDV)-0,3022' (N11-0.2703

where: N1 = DTN18r the design 18-kip equivalent slngle axle
applications that will be carried by the overlay prior to
the development of reflection cracking, and

EDV = dynamic modulus of the overlay material, psi.

Thls sect,lon has thus far described the logical development of the
reformulated shear strain model. The design model incorporaLed int,o the

ARKRC-2 program is based on the same concepts, but is formulated i.n

reverse order. The user specifies a design 18-kip ESAL traffie and a

possible overlay strategy and the program back-calculates a critical
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deflection factor, Fw. This facfor can bhen be used to slngle out the
joints (or cracks) which are particularly damaging and may require
structural malntenance to reduce lts pobential for generatlng reflection
cracking after overlay. Thus, 1f the F, value for a glven joint (crack)

calculated using the equation:

'L - w(r

Fw

wr, *'u

is greater than the criLical F, determlned by the ARKRC-2 program, then it
is probably neeessary to underseal that joint or crack prlor to placing
lhe overlay. This 1s discussed in further detail in the ARKRC-2 Userrs

Manual (see Chapter 6).

SUMMARY

This chapter has discussed the origlnal reflection cracking program

(RFLCR) developed for lhe FHWA (Ref. 1) and the modifications made as a

part of this sludy bo improve and calibrate the procedure for use in
Arkansas. The improvements are both design and analysis oriented and have

been lncorporated into the new version of the program, now called ARKRC-2.

A llsting of this program is provided in Appendix E. The next chapter,
the ARKRC-2 Userrs Manual, dlscusses the use of the new procedure for the

analysis and design of asphalt concrete overlays.
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CHAPTER 6

ARKRC-2 USERIS MANUAL

A program has been developed for the analysis of refleclion cracking

ln asphalt concrete overlays of existing Portland Cement Concrete pave-

ments in Arkansas. This program (ARKRC-2) is intended to ald the Arkansas

State Highway and Transportation Department (AHTD) in lhe design and

selection of overlay strategies which minimize the occurrence of future

overlay reflectlve cracking. The manual presented here provides all the
documentation necessary for operating the new program, including a de-

tailed input guide, a discussion of the use and meaning of all data and

input variables, and a discussion of how to inlerpret the program output.

ARKRC-2 PROGRAM

ARKRC-2 was developed wit,h t,he aid of a Radio Shack TRS-80 Model II
Minicomputer. It has, however, been checked and examined thoroughly
according to ANSII standards to insure transportability to other compuler

systems. The program is written in Fortran IV computer language and is
the result of an extensive study for the modification, improvement and

calibration of lhe original RFLCR-'l program developed under the sponsor-

ship of the Federal Highway Administ,ration (Ref. 1). This new program is
intended for direct, application by AHTD for Arkansas conditions.

COLLECTION OF FIELD DATA

The lnibial step of the analysis and design procedure is lhe co1lec-
tion of the field data necessary for characterizing the exist,ing pavement.

The olher categories of dala required by the program are covered Iater
under the heading of Data Selection.

In the ARKRC procedure, the adequacy of a given overlay strategy to
withstand reflec!ion cracking is establishea based on two types of failure
crit,eria: overlay shear strain and overlay tensile strain. Shear strains
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are basically the,result of the poteniial for differentlal vertical Dov€-

ments between adjacent slabs underlylng fhe overlay. Tenslle strains, on

the other hand, are the result of thermal stresses and horlzontal move-

ments of the underlying slab. Because bhese two types of distress mecha-

nisms are both associated with the existing concrete pavement, it is
possible to eslimate the amount of influence they will have (on the deve-

lopment of reflection cracking) by making some fle1d measuremenbs of
concrete movement prior lo overlay placement.

For the case of the vertical shear strain criteria, it 1s necessary

to obtain deflection measurements at several joints (of a JCP or JRCP) or

cracks (of a CRCP) in the existing pavement. The requlred measurements

can be obtained easily using lhe AHTD Dynaflect.

Figure 6.1 illustrates the recommended posltioning of the Dynaflect

and its geophones wlthin lhe lane and with respect to the jolnt or crack.

Note t,hat the deflection measurements are taken in bhe outside wheelpath

of the outslde lane. Note also that the load wheels and geophone no. 1

are located on the upstream side of the joint while geophone no. 2 must be

delached from the mountlng bar and placed on the downstream slde of bhe

joint, directly across from geophone no. 1. Readings from the other
geophones may be recorded, but are not required. Henceforth, bhe deflec-
tions from geophones 1 and 2 (when ln lhis configuration) will be desig-

nated as wL (loaded side) and wu (unloaded side), respeetively.

It 1s recommended fhat the deflections be obtained during a period

representative of bhe base supporl conditlons after overlay. In other
words, measurements should not be made during spring thaw or after a

significant rainfall since the overlay will act as moisture sealant and

help improve load lransfer conditions during these wet periods. Late

spring, summer and autumn are probably the best times to obtain these

deflection measurements.
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In order to achieve good reliability in the results, it is also
important lo obtaln a good sample of deflection measurements. The number

of measurements recommended is dependent upon the spacing between the
joints (or cracks) and the possibllity of the use of some type of under-
sealant to improve poor load transfer areas.

For the case of jolnted concrete pavements (JCP or JRCP)' it 1s

desirable to obtain neasurements at every consLructlon joint. This 1s

especially true if an undersealant is being considered, since certain
criteria will be provided Later for the seLection of which joints lo
underseal. If an underseaLant is not considered and fhe joint spaclng ls
less bhan 25 feel, il is probably adequate to obtain measurements at every

other joint, so long as there are not any apparent problems with joint
pumping.

For the case of continuously relnforced concrete pavemenls (CRCP), it
is recommended that the deflection measurements be obtained for a series
of 3 to 5 cracks at approximate 20O-foot intervals. 100-foot tntervals
are recommended 1f an undersealant is to be considered in areas where

pumping is observed.

After the data has been recorded, processing should begin by

computlng the defleetton factor, Fw, for each ioint (or crack) using the

followlng equatlon:

9"

where: w : deflection on loaded side of joint and

= deflection on unloaded side
9"

This dala
computer.

reduction is probably best accomplished wilh the aid of a

After the data are reduced, il is then useful to prepare a

w
n

w

Fw

u

w u
+w

w
u
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longitudinal profile plot of F* versus distaace along the toadway for
later analysis.

SIab Eorizontal Movements

In order to predict the effects of cyclic tenperature changes, it is
necessary t.o collect treasurements of slab moveroeot as a function of pave-

trent tenperature. The recoornended procedure for doing this is to instalI
netal reference points on both sides of several joints (or cracks) ia the

existing PCC pavement, and t,hen Eeasure the spacing between these points
(using a Berry St,rain Gauge) over a range of pavement tenperaLure. In
order to avoid some of the other external effects, it is recommended that
these rneasurements be obtained at the rate of 5 different temperatures per

day (nin. 30oF range) for a minimum of 2 consecutive days.

The installation procedure recently used by AHTD to obtain these
measurenents rras to first drill holes on both sides of a joint (crack) and

securely glue brass bolts int,o these holes to act as reference points.
The bolts had tiny drilled holes on their heads which funct,ioned as seats

for the Berry Strain Gauge. Figure 6.2 provides an illustration of the
placernent of these brass bolt,s. Note that the bolts are placed out of the

wheelpaths (preferably 12-18 inches from the paveoent edge) to nininize
wheel load disturbance.

Like the deflection ueasureuents, it is iuportaut to obtain a good

sanple of horizontal uovenent data froro several joints (or cracks) in the
existing PCC paveuent. Unfortunatelye it is not as easy or as safe to
obtain horizontal uovement data. Consequeatly, it is up to the user or
highway engineer to deterroine Ehe nuuber of joints (or cracks) which
should be ueasured. It should be recognized, however, thaE t,he procedure

ca11s for the joint (crack) EoveEeBt occurring over a drop in air
temperature, and the uore locaEions that are ueasuredr the uore 1ikely it
is that joints (or cracks) with a high reflection cracking potential will
be considered. For continuously reinforced concrete paveoentsr the
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measurements must be made in areas which exhibif the average crack spacing

for the overlay design section.

Table 6.1 provides a sample form for collection of fhe hori.zontal
movement data from a single join! (crack). The grid at the bottom of the

table is provlded to al1ow the user to plot the dala after it has been

recorded. These plots will be used later as aid in selecting design

movement data.

DATA SELECTION

This sectlon describesr ln detail, the selection of appropriate
values for use in the ARKRC-2 computer program for analyzlng an asphalt
concrete overlay deslgn for Arkansas conditlons. A gulde for coding the

data for input into bhe ARKRC-2 program is provided in Appendix B. The

variable descriptions used ln the input guide are very brief, however, and

should only be used after the user becomes familiar with the detalled
discussion provided here in the Userrs Manual.

The inputs to the program have been divlded into eight different
categories:

1. Problem description,
2. Exlsting eoncrete Pavementt

3. Existtng pavement reinforcement,
4. Existing pavement movement characterlzation,
5. Asphalt concrete overlay characteristics,
6. Intermediate layer characteristlcs,
7. Design traffic, and

8. Yearly frequency of minimum temperatures.

The order shown is also the same as the order or the input data cards
required by lhe program. The individual variables have been assigned a

keyword name (shown in capitals) for ease of discussion and identification
of the input, guide.
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Table 6.1. Sanple form for collecting horizontal movement data.

REFLECTION CRACKING ANALYSIS DATA

HORIZOIITAL SI.AB },IOVn{M{TS

Proj ec E:
Iocation:
Joint/crack }lo.
Slab Lengths:

Recorder
Upstream side Downstream side

lleasureuent
Ilumber

Date Time -of
Day

Pavement
Tem3erature

Joint/Crack
widrh

(inches)
I
2

3

4

5

6

7

8

9

IO

11

L2

l3
L4

15

(0

0,

rJ

il

.:e

I
U
]J

t{
o

FJ

Pavernent Temperatur", oF

I

I
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Problem Descriptioq

This category of data basically refers to a descrlption of the
problem. IPROB deflnes the number of the problem while PRODES represents

descripbive information provided by fhe user about the problem. This
should include the project location, the 11mits, the date, the userts
initials and any other relevant information.

2. Existing Concrete Pavement

This category represents the characteristics and,/or properlies of the

existing concrete pavement.

2.1 PVTYPE ldentlfies t,he

jointed (JCP), jointed reinforced
concreLe pavement.

existing pavement type, either plain
(JRCP) or continuously reinforced (CRCP)

2.2 UC refers to the condition of the existing concrete pavement,

elther cracked (C) or uncracked (U). CRC pavements should always be

considered cracked, while jointed pavements should be considered uncracked

unless most of the slabs exhibit, transverse cracking.

2.3 SPACE defines the spaeing between the jolnts of a jointed
pavemenb or the average spacing between the cracks of a continuous
pavement, If CRCP, then lhe average crack spacing can be determined by

counting the number of cracks in a section of the highway of known length
and then dividing the section length by the number of cracks. rt is
important to note that this information is used in conjuncti.on with the
horizontal movement dala which should have been recorded from areas which
exhibited the average joint or crack spacing.

2.4 THC is the variable that defines the thickness (in inches) of
lhe concrete slab. In eases where the thickness of the slab varies
transversely across the width of the pavement, bhe value lhat should be
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2.5 EC deflnes the elastic modulus (ln psl) of the existing concrete

under long berm loadlng (creep) conditions. Thls creep modulus is
generally signlfleantly lower than an elastic modulus determined under

short term or dynamlc loadlng condltions. Nev111e (Ref. 69) conducted

tests that indicate that the elastic modulus under creep conditions is
approxlmately 80 percent of the modulus determlned under short term

loading condltlons for concrebes with a compresslve strength greater than

3000 psi.

Based on these results, the following procedure is reeommended for
estlmabing the concrete creep modulus for use in the ARKRC-2 procedure.

Obtain several 4-inch diameter cores of the concrete ln the existing

pavement and determlne their compressive strength, g'r" (in psi)' using the

standard compresslon test (ASTM C 116-60T). Next, estimate the average

elastic modulus of the concrete core specimens using the ACI formula (Ref.

68):

Ec = 57ooo (frc)0.5

Then, eslimate the creep modulus, EC, by rnultiplying the average elaslic

modulus, Ec, by 0.80 (or 80 percent) or by using this equation:

EC = 45'600 (ftg;0'5

Alternatively, if it is not possible to obtain pavement cores for
testing, Table 6.2 nay be used to obtain an approximate estimate of the
concrete creep modulus. This t,ab1e ts based on lests of concrete from

121

input is the thickness near the pavement edge, where the measurements of
horizontal slab movement are made. Ib 1s desirable bo use a thickness
determined from averaging the depfh of several'cores. However, as-bullt
plan thlcknesses are adequate for specifying THC slnce the resulbs of the

procedure are not very sensltive to slab thickness.
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different highway pavements in Arkansas having different types of coarse

aggregate.

2.6 ALFC is the variable which represents the thermal coefflcient of

bhe existing concret" ,'nrtnToF). Its value can be estimated from

concrete cores obtained from the exlsting pavemenE (in the same manner

discussed in Chapter 4). If PCC cores are not available, lhen the

estimate can be based on the thermal coefficient informatlon provided in

Table 6.2, especiatly if the user knows that the concrele eoarse aggregate

used in his pavement is the same as that used at the locations shown in

the table. Also, ti is useful to point out that there ls an inverse
relationship between the elastic modulus and bhermal coefficlent of the

concrete, as exhibited in Table 6.2. In other words, as the modulus of
the concrete lncreases, its thermal coefficient decreases.

2.T DENSC represents the densiby or unil welght (in pcf) of the

existing concrete and is used to account for the effecl of the increased

overlay overburden on the friction between the base layer and the slab. A

value of 145 pcf is recommended for normal weight concrete.

2.8 DS idenflfles the point on a slab-base friction force versus

movement curve where sliding occurs. (This ls the polnt where the slab-

base frictional force due to relative movement at the interface becomes

almost constant, regardless of the amount of additional movement). Some

criteria for the selection of an appropriate value based on the type of
base or subbase material underlying the slab is provided in Tab1e 6.3. In

cases where the subbase or base material is unknown, it is recommended

that a lower value of DS be used ( 0.02 inches)' since this is more

conservative for design purposes.

3 Existing Pavement Reinforcement

This category represents the characteristics and properties of the

longiludinal reinforcing steel in the existing concrete pavemenl.
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Table 6.3. Movement betlreen the concrete slab and
underlylng layer at which sliding or
constant fri.ction force occurs (Ref. 70).

Ma teria 1

Polyethylene Sheeting

Granular Subbasel

Sand

Sand Asphalt
Plastic Soill
Sands tone

Li.mestone

Gravel

t*oi"Eure 
dependent

0 .02

0.25

0.05

0.02

0 ,0s

0.02

0.2s

0.25

t24

Movement at
Sliding. inches



This data is required only if fhe existlng pavement is a CRCP or if the

Iongitudinal reinforcement is continuous across the jolnts where the

crltical concrete movements occur. An example is a pavement which has

contlnuous steel and joints sawed ai regular i.ntervals.

For the case of the 45-foot JRC pavements (with 15-fooi sawed warplng

joints) used in Arkansas, the critical jolnts are the constructlon joints
which do not have any reinforclng steel across them. Therefore, these
pavements should be considered as 1f they did noE have any reinforcement.

3.1 BARD deflnes the diameter of the longltudina)- reinforcing bars
(ln inches) used in the existing pavement. Agaln, this applles only to
the relnforcement whlch 1s conttnuous across the joint under
consideratlon.

3.2 BARS refers to the average interlor spacing (ln inches) between

the longitudinal reinforctng bars.

3.3 ES defines the elastic modulus (in psi) of fhe
relnforcemenl. The program assumes a default value of 30 milllon
ES 1s undefined.

steel
psi if

3.4 ALFS defines lhe thermal coefflclent of the steel reinforcement
(inl1nloF). TabIe 6.4 provides some criteria for the selection of ALFS

based on the type of steel.

3.5 SMU is the variable which deflnes the bonding stress (in psi)
between the concrete and steel. Two equatlons are recommended (Ref. 70)

for calculatlng this value. The first is for the case when cracking in
the existing pavement is primarily thermal and/or shrinkage related:

fgxTHCx12
SMU

12 x SPACE

2

x BARD
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Table 6.4. Thermal coefficients for different
types of steel (after Ref. 70).

Types of Steel

S teel
S teel
S teel
S teel

( 1020)

( lo40)

( 1080)

(18Cr-8N: stainless)

Thermal- Coefficient
(ro-6in/inlor)

6

6

6

5

5

3

0

0

t26



which reduces to:
fg x THC

SMU = 0.637 x

where: fg= concrete tenslle strength (ln psl) as determined in
accordance with ASTM C-496-71.

AI1 other variables are as deftned previously.

If, on the other hand, there is a signiftcant amount of fatigue
cracking ln the existing concrete pavement, Chen the bondlng stress should

be determined using the second equation:

9.5 (ft";0.5
SMU

BARD

where: fl
^c = compressive strength of concrete (in psi) determined in

accordance with ASTM C 116-60T.

4

This category covers bhe lnformatlon that ls used to characterize the
thermally related horizontal movements of the exi.sting concrete pavement.

The collection of the field data required here was discussed previously.

Thereforer the discussion here will assume that these data have already

been collected.

For each joint (or crack) measured and recorded in the form shown in
Table 6.1, the user should determine slope of the itbest-fii'r straight llne
through the data. Based upon inspection of the slope values for each

line, the user should select a data set or sertes of data sets for use in
analyzing the potential for refleetion cracking in the sectton
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characterized by the data set(s). This means lhat for some overlay
projects, it may be necessary to identify and design different overlay
sections. In selecting these seetions, the user should recognize thal
those having the highest slope values will have the greatest potential for
reflection cracking (at least from the standpoint of bensile strain). The

user should note too, that the slope value is the most important
characteristic of the data and bhat it is not necessary to separate
sections whlch have approximately the same slope but different intercepts.

For each design section, then, the user should seLect two coordinates
which deflne the itbest-fittt line through the data. This information can

then be used as input into the ARKRC procedure for characterizing the
horizontal movement of the existing concrete pavement.

4.1 TH represents the temperature axls coordinate or abscissa (in
oF) of the selecled point on the best fit line having the higher
temperature.

4.2 qg
ordinate (in
temperalure.

represents the joint (crack) width axis coordinate or
inches) of the best fll Iine corresponding to the high

4.3 TL represents the temperature axis coordinate (in oF) of Ehe

selected point on the best fit line having the low temperature.

4.4 WL represents the joint (crack) width axis coordinate (in
i.nches) of the best fit line corresponding to the 1ow temperalure.

4.5 T1 is a variable which identifies lhe minimum temperature that
ihe existing concrele pavement has experienced since its construction.
The variation of this variabte for conditions in Arkansas has very little
effect on the results of the design procedure; therefore, it, is
recommended that a vaLue of OoF be used for all problems.
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5 Asphalt Concrele Overlay Characterlstlcs

The purpose of this category of data is to deflne the properties and

characteristlcs of the asphalb concrete overlay in a particular design
alternatlve.

5.1 THOV defines the thickness (in inches) of the asphalt concrete
overlay and represents one of the facbors bhat can be varied in the

selection of an adequate deslgn for minlmizing refleclion cracking. THOV

should consist of the combined thickness of all blnder and surface courses

whieh are considered to increase ihe load carrying capacity of the
pavement structure. This varlable should not include the thickness of any

intermediate or strain-absorblng layers (such as an open-graded course).

It is recommended that THOV only be considered a factor in the
overlay deslgn if the thermal related tensile strains are predicted to be

a probable cause of premature cracking. Although lncreased overlay
thickness is somewhat effective in reducing shear strain, it is
recommended that it not be considered a factor for the case of shear

strain criteria because of the availability of more cost effective
methods, such as undersealing, for reducing excessive overlay shear
strains. This will be dlscussed later in the Userrs Manual.

5,2 EOV is the variable used to define the effective creep modulus

of the combined asphalt concrete binder and surface overlay layers. If
the indirect tensile test apparatus is available, it ls recommended that
the value of EOV be determined usi,ng the procedure descrtbed in the
section on laboratory testing provided ln this report (Chapter 4). It is
probably best to run these tests on core samples from overlay sections
already constructed wlfh the same mix design, however, it is also
acceptable to conduct the tests on laboratory compacted samples. The

temperature at which the tesL is conducted should be based upon the
location of the overlay site. Table 6.5 and Flgure 6.3 should provide the

necessary criteria for selecting t,he approprlate test temperature. Since

129



Table 6.5. Design asphalL concrete mix test temperatures
for the nine different regions of Arkansas.

Recommended Test Temperatures*Arkaneas
Region

South - West

South - Central
South - EasE

West - Central
Central
East - Central
North - lrles t
North - Central
North - East

oF

34

35

36

34

35

35

32

32

33

o
C

1.1

1.6

2.3

0.9

t.4
t.4
0.0

-0.2
0.7

* Weighted average teoperature of days in which temperature dropped

below 50or.
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the creep modulus is dependent upon load magnitude loading time, il is
recommended that the long lerm indirec! tensile test be run at an indirect
bensile stress of 30 psi for a perlod of 3 hours or until the creep
modulus stops decreasing significantly.

An alternative procedure for esttmating EOV cal1s for the user to
conduct two different laboratory Lests on the asphalt bitumen that w111 be

used in the overlay mix. The tests are known as the Ring and Ball
Softening Point Test (ASTM D 36) and the Standard Penetrat,lon Test (ASTM D

5). The ring and ball softening poinl temperature, TR&3, the penetration
value, PEN, and the penetration test temperature, T, are then used along

with Figure 6.4 to estimate the asphalt penetration index, PI.

Next, it is necessary to determlne the stiffness of the asphalt
bitumen at the design temperature, TDES, for the particular region in
Arkansas. (TDES can be delermined from Lhe table of lest temperatures
presented in TabIe 6.5). The stiffness modulus of the asphall bitumen,

Sac, can then be determined with the aid of the Heukelom and Klomp

nomograph presented in Figure 6.5. 0nce again, a loading time of J hours

(10r800 seconds) ts recommended in estimating 569.

The last step of the alternative method is to estimate the overlay
creep modulus, EOV, as lhe stiffness modulus of the asphalt mix, Sy11r
under the same asphalt bilumen loading time and temperature conditions.

This can be done by estimating Cvr the volume concentratlon of the
aggregate in the mix and then using the nomograph presented in Figure 6.6.

Noie that to use thls nomograph, the units of Sss (estimated from Figure

6.5) must be converled from kglcm? Eo psi by multiplying by 14.223. Also
note thab percentage of air voids was assumed to be approximately 3

percent in order to generate the curves. If the actual air voids that
wiIl be pesent in the mix is signiflcantly greater, then the following
correction factor developed by Van Draat and Sommer (Ref. 71) may be

applied to determine an adjusted Cv value: ''
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Cy

Cv(new)

1+H

wheres H = actual fraction of air voids in the mi.x minus 0.03.

The new C, value can lhen be used in the nomograph in Figure 6.6.

5.3 EDV represents the dynamic modulus of the asphalt concrete
overlay to be used in the analysis of overlay shear strain. This value is
generally 1n the range of 400,000 to 800r000 psi for condttions in
Arkansas but maybe as hlgh as 21000r000 psi for dense mixes conlaining
stiff asphalts. High values can also be expected for areas which

experience sustalned cool temperatures.

It is recommended that EDV be determined using lhe same alternative
test procedure used for estimating EOV, which requires the Ring and Ball
Softening Point Test (ASTM D 36) and the Standard Penetration Test (ASTM D

5). The only differences are thaf the determination of EDV requires a

shorter loading t,ime (1 second recommended), and the use of higher design

temperature, Tpggr corresponding to the year round average temperature for
the region.

5.4 ALFV is the variable which represents the lhermal coefflcient
(in/Ln/oF) of lhe asphalt concrete. This value ean be determlned with a

micrometer and 4-lnch diameter core (from an overlay having the same

asphalt concrete mlx design) using a thermal coefficient test procedure

similar to that described in the section on labroatory testing (Chapter 4)

presented in this report.

If thermal coefficient tests cannot be performed, then a value of
14.0 x t0-6 inlinloF ls suggested based on bhe tests performed on the

asphalt concrete speclmens obtained from the overlay on I-30 near Benlon,

Arkansas.
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5.5 DENS0V refers bo ihe denslty or unit weighf (in
asphalt concrete overlay. The magnitude of this value

signiflcant, therefore a value of 140 pcf is recommended.

pcf) of the
is not very

5.6 OVBS defines the overlay to exlsting concrete surface bond-slip
stress (in psl). In the case where an iniermediate or strain-absorbing
layer will be used, however, OVBS defines the bond-sllp stress between the

intermediate layer and the concrete surface. Table 6.6 provldes some

criterta for the seleetion of an approprlate value for OVBS. A value of
250 psi was used in the calibratlon of the program and is recommended for
pavements whlch are not transversely grooved or roto-mi11ed prior to
overlay constructlon. For the lalter condltions, a value of 1000 psi is
suggested.

5,7 BBW is the variable which defines the width (ln feet in the

longitudlnal direction) of a bond breaker placed over the existing jolnt
(or crack) prior to overlay. This bond breaker is assumed to be a thin
layer of material which will keep the bond from forming between the

overlay and existing concrete surface. Because of fhis bond separalion,

then, there is an increased overlay gauge length over which the strains
induced by underlylng slab movements can occur.

Conceptually, bond breakers should be very cost effective.
Unfortunately, they are not always as efficient as intended. Some

materials such as plastic sheeting may be too thin and pliable such lhat
they rnay allow some surface bearing to occur between the two layers,
thereby resulting in greater strains ln the overlay. Although there is no

such thing as an ideal bond breaker which is completely frictionless, it
is recommended that the user strive to use a material which will allow as

much relative movement as possible.
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l

Table 6.6. Recommended Values of Asphaltic
Overlay Bonding Stress (Ref. 70).

Conaiti"n .f fxlstln Average Bond Stress, psi

Smooth; polished surface; no exposed
coarse aggregate

Rough; same as for smooth surface but
some of the as-constructed Eexture remains;
sma11 aoount of coarse aggregate exposed

Very rough; worn surface with exposed
coarse aggregate; contains agSregate
popout; contains surface texture

Jagged; grooves present; numberous
aggregate popouts; coarse aggt egate
highly exposed

50

500

i 200

semi-infini te
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6. Internediate Laver Characteristics

An internediate layer represents a Eaterial of certain thickness
placed prior to overlay to help uiniuize reflection crackiag brought about

by uuderlying slab movements. The layer is rlifferent fron a bond breaker

layer in that it is designed to internally absorb some of the underlyiag
sl.ab movements before they reach the overlay layers. It is not very
effectrve in reduciug reflection crackiog brought about by poor load
transfer across joiuts or cracks.

In Arkansas, the rnost coumonly used type of internediate layer is an

opea-graded course with low asphalt content (approxinately 3 percent) and

with roughly 98 percent of the agglegate particles in the ratrge of 3/8 to
2 Ll2 inches (68 precetrt greater than L Ll2 inches). When placed and

compacted properly, it can be very effective, however, it is possible that
in cases where there is considerable heavy truck traffic and/or poor

conpactLon of the opeo-graded course, there cau be probleos with excessive

rutting.

6.1 TE2 is the variable which defines the thickness (in inches) of
the interuediate layer thaE will be placed prior to overLay (tttZ equals

zero if ao intermediate layer). In the analytical method incorporated
into the ARKRC-2 prograu, TE2 cau have a large effect on the critical
tensile strain developed iu the asphalt, concrete overlay, particularly if
the creep nodulus (discussed next) is 1ow. The strain-absorbing open-

graded course used in Arkansas is such a roaterial, however, iE does have

its thickness linits. It can not be Less than 3 inches since sone of the

aggregat.e particles are as large as 2 1/2 inches. AIsor because of the
rutting and compaction probtems discussed earlier, the open-graded course

thickness should not be greater than 5 or 6 iaches. Consequently, if the

user intends to use sone other type of interroediate layer, care should be

Eaken to iosure Lhat its possible thickness linits are cousidered.
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6.2 E2 defines the creep modulus (in psi) of lhe lntermediabe layer.
In general, this value should range between 3000 and 12000 psi for a true
strain-absorbing layer.

Because of its loosely bound nature, it is very difficult Eo

determine the creep modulus of the Arkansas open-graded material in the

same way that it was determined for the overlay materlal. Consequenlly, a

value of 5000 psi (which was used in the program calibration) 1s

recommended for use in design. A higher value of creep modulus should be

used if a similar type open-graded material 1s used which has a greater
density due to smaller size aggregates and fewer voids.

6.3 ED2 represents the dynamic modulus (in psi) of the intermediate
layer to be used in the analysis of vertical shear sLrain criteria.
Because an inbermediate layer is designed to absorb horizontal movements

of the underlying s1ab, it is relatively lneffective in reducing the

reflection cracking associated with poor load transfer at joints or
cracks, Consequently, a value of 20r000 psi is recommended for the

standard open-graded base course used in Arkansas.

For an intermediate layer material which is capable of carrying shear

strains (i.e., materlals which have much fewer voids than the Arkansas

open-grade course), however, it is recommended that ED2 be determined
using bhe same procedure as that recommended for EDV (variable 5.3).

6.4 ALF2 defines the coefficient of thermal expansion for the

intermediate layer. A value of 20 x 10-6 Ln/in/oF is recommended for the

open-graded course materlal used in Arkansas. The use of some other
intermediate layer material requires either a laboratory or some other
field type determination of ALF2.

6.5 DENS2 is a variable whieh defines the density or unit weight (in
pcf) of the intermediate layer material. Its variation (wilhin practical
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limibs) is also relatively inslgnificant, therefore a value of 120 pcf is
recommended for the Arkansas open-graded eourse materlal.

7. Design Traffie

Only one variable, DTN18, is required for this category of data.

DTN 1 8 represents the design 1 8-kip equivalent single axle load
appllcations (ESAL) before the overlay reaches a certain 1evel of
refleetion cracking tnherent in the vertlcal shear strain criteria.
Conseguently, lt ls recommended that the user estimate DTN18 as the number

of 1$-kip ESAL that can be expecled in the design lane ln the overlay
dlrection for the design period. Subsequently, t,he ARKRC-2 program wilI
generate a critlcal deflpciion factor whlch can be used in conjunction
with the deflection factor plots (discussed in the previous section on the

Colleetion of Fleld Daba) to determine which joints (cracks) have load
transfer problems. Based on this, it is recommended that the user design

the overlay for bhe horizontal tenslle strain criteri.a and then improve

the condition of the poor performing joints (cracks) by undersealing lhem.

This category of data is required in order to define the primary
climatic factors (i.e. 1ow temperature drops) which result in reflection
cracking in asphalt concrete overlays on portland cement conerete
pavements. Research at the Texas Transportation Institute (Ref. T2)

showed that asphalt concrete is particular susceptible to cracking at

temperatures below 50oF. For this reason, 50oF was used as a reference

lemperature for developing and callbrating t,he ARKRC-2 program for
Arkansas condilions. Thus, it is necessary for the user to provide
information on the yearly frequency of these cribical low temperatures.

DAyi represents an array of variables which define the average number of

days per year (frequency) ln which the minimum dally temperature fal1s
into a certain frequency range. Table 6.7 provides criteria for the
selection of appropriate DAIi values for the nine different ctimali.c

'l 41
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regions in Arkansas. For example, for the Central Region, DAY1 = 57, DAY2

= 61, DAY3 = 361 DAY4 = 111 DAY5 = 2, DAY6 = 0 and DAYT = 0.

INTERPRETATION OF ARKRC-2 OUTPUT

Afler the ARKRC-2 program is executed wiLh appropriate data, ib will
generate a two-page print out for each problem considered. The first page

and a half eonsists of an echo-print of the lnput data. The last half-
page confains the crltieal shear and tensile strain criteria. It is
important for the user to recognize that the overlay life projected using

the two criteria will not necessarily be the actual life of the overlay.
There may be other distress mechanisms which are not conside red by the

ARKRC procedure (such as ruttins) which mav cause the overlay to rfailr
sooner. This is a very important point since in some cases the ARKRC

procedure may predi.ct an overlay life of 15 or more years when
practically' the overlay w111 have a considerably shorter life expecEancy.

The implication of such a long predicted life ls that the overlay has been

deslgned such that reflection cracking will be minimized.

Of Ehe critical shear strain criteria, the maximum deflection factor
is the most important as il can be used to detect joints with poor load
lransfer that can cause premature reflection cracking in the overlay
design being considered. If this maximum deflection facfor is plotted on

the graph of field deflection factor (Fw) versus distance along the
roadway dlscussed earlier in the section on Collection of Field Data),
then the poor performing zones which may requi.re undersealing w111 appear
as any point or series of point,s whieh exceed the horlzontal line defined
by bhe ARKRC-Z maximum deflection factor. This ls illustrated in Figure
6.7 for example measurements from a 5O-foot jointed pavement. Based on

this, the joints between 1000 and 1350 feet should be undersealed prior to
overlay placemenl.
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Tensile Strain Criteria

Like t,he shear strain model, the model used for tensile sbrain 1s

based on a fatigue type analysis. However, it is different in that the
loading is separated inlo different categories and not combined into
equivalent loading such as the 18-kip equivalent slngle axle load appli-
cations. The model was reformulated this way in order to account for the

increased damage suffered by bhe overlay at lower temperatures. Because

of this, it is possible to consider bhe differences ln the distribution of
temperature between different climatic regions. The ARKRC-2 output (for
the tensile strain criteria) contains a table which shows the yearly
damage inflicted by the different Ievels and frequency of minimum daily
temperalure. The cumulative damage of these is expressed as the total
yearly damage in the ARKRC-2 output. The reciprocal of this total yearly
damager then, represents the number of years after the overlay is
constructed before it will reach bhe failure criterla (50 percent
reflection cracking).

If ihe user is interested in estlmating when different Ievels of
refleclion cracking will be reached, then bhe folowing procedure may be

appl ied :

1. SeIect the leveI of reflection cracking considered as a limit.
This will range anywhere from 5 lo 991.

2. Use Table 6.8 to determine the z-value corresponding to lhe
selected reflecbion cracklng 1evel.

3. SoIve for the number of years, Y, corresponding to the desired
level of reflection cracking using the following formula:

y=1.5952*y5O

where: Y5o = number of years before 50[ reflection craeking is reached
(from ARKRC-2 output)
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Table 5.8. z-values corresponding to different 1eve1s of
reflection cracking.

Percent
Reflec tion
Cracking

z-values

t

5

10

15

20

25

30

35

40

45

50

55

60

65

70

75

80

85

90

95

99

-2 .330

-1.645

-L.282

-1.037

-0 .84 I
4.674
-0.524

-0.385

-0.253
-0.L26
0 .000

0.L26

0.253

0 .385

0.524

0.674

0.84r
1.037

L.282

L.645

2. 330
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It should be pointed out bhat ihe accuracy of bhis prediction decreases

for very high or very 1ow leveIs of refleeiion cracking.

SUMMARY

This chapter has provided detailed discussion on the use, applicatlon
and interpretation of the ARKRC-2 reflectlon cracking analysis and overlay
deslgn procedure. The procedure calls for the analysis and overlay design

to be based on two crlteria, 1) overlay shear straln resuLtlng from the
potenlial for differential vertical movement between adjacent slabs at a

joint or crack and 2) overlay tensile strain resulting from thermal
stresses and temperature related horizontal movements of the underlying
slab. Based on the field measurements and laboratory testing, the
analysis of the above two criteria and the possible use of different
melhods for minimizing reflection cracking, the user should be able to
select the one which 1s most cost effective.

In order to help incorporate lhe new ARKRC-2 procedure lnto AHTD

practlce, an implementation example uras prepared and is presented in
Chapter 8. This chapter may also be helpful to the user if he has any

difficulties with the procedure as discussed previously.
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CHAPTER 7

DEVELOPMENT OF OVERLAY DESIGN NOMOGRAPHS

As a supplement to the ARKRC-2 computer program' nomographs have been

developed as an aid in the design of asphalt concrete overlays for condi-

lions in Arkansas. This chapler diseusses the development of these nomog-

raphs for both the tensile and shear strain crileria, while Appendix D

discusses their application and use in an asphalt concrete overlay design

procedure. Appendix D is designed to 'rsland alonerrt therefore it IIlsYr in
some cases, repeat some of the information provlded here.

NOMOGRAPHS BASED ON OVERLAY TENSILE STRAIN CRITERIA

In order to develop a nomograph, it is first necessary to have a

deterministic equation which provides a direct solution. Unfort,unately'

because of the ilerative procedure followed by the ARKRC-2 program to
solve for the critical tensile strains in the overlay, it is not possible

to derive an equation which can provide an exact solution for all the

factors considered by the program. For thls reason, il is necessary to
use several analytical and statistical techniques to arrive at approxim:ite

equations which can then be converted inlo nomographs. The followlng is a

summary of the procedure used to develop equations and nomographs for the

overlay tensile strain criterta:

1 select the condiiions to be covered by each equation,

selecb the mathematical model and the desired inference space

for eaeh equat,ion ,
select the signlficant constant factors whi.ch are to be

considered for each equation,
select the appropriate constant values to use for less
significant faetors,
selec! appropriate high, medium and 1ow levels for the
significant factors seleeted,
select the fractional factorial experiment design for generaling

2.

3.

4.

5

6.
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7

observations t

generate observatlons for each required treatment combinalion,

screen data and remove any treatment comblnation which has an

observation outside the desired inferencespace of each equation.

conduct a sums of squares type analysis to determine significant
main effects and Lwo-factor interactions to use in each model,

conducb a regression analysis and generate the coefficients for
each equation, and

prepare nomographs.

8.

9

10.

11.

These steps are discussed next in greater detail.

Se1ect Cond ibions for Equatlons

Because of the large amount of effort required to generate a single
equation and corresponding nomograph, iL was necessary to limit the number

developedr yet still provide for most of the design conditions that may be

encountered. Accordingly, four equations (and nomographs) were developed'

two for continuously reinforced concrete pavements (CRCP) and two for
plain jointed or jointed reinforced concreEe pavements (JCP or JRCP). The

equa0ions were designed to cover two of five composite regions in
Arkansas. The first (Region B) represents a combination of the central,
east-central and south-central regions of Arkansas. The second (Region D)

represents the comblned north-west and north-east regions. The five
composile regions (A through E) are illustrated in Figure 7.1 The regions
were combined based on an equation of the yearly temperature distributions
in the original nine climatic regions (see Chapter 3). Therefore, the
yearly temperature distribution in each composiLe region represents the
average of the yearly t,emperature distributions of the original climatic
regions thab were combined.

A review of bhe temperature distributions for each composite region

shows that Reglons A has the mildest climate (as far as the development of
reflection cracking is concerned), while Reglon E has the most severe.
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Thus, with the selection of Regions B and D for developing the design

equations and nomographs; overlays 1n Region A can be conservatively
designed using the Region B nomograph. Furthermore, overlays for Reglon C

can be designed by interpolating between the results of deslgns for both

Regions B and D. Region E can be designed by applylng a factor of safety

to the overlay designed uslng the Region D nomograph.

Alt,hough this may seem lo cover most of the bases for overlay design,

it should be recognized bhat there are other assumptions made later which

may still limit the application of the equations and nomographs.

Since the ARKRC-2 program predicts the life of the overlaY (ln

years), lt was decided that overlay life, YT, would be the dependent

varlable 1n the mathematical model for the equations. Additionally'
experience with the program indicated that a log-transform of Y1 would

provide a more precise model. Consequently, the selected model ts as

follows:

1n(I1) = bo + b1x1 + b2c2 + b3x3 + + bnxp

+ b11x1x1 + bt2x1x2 + b13x1x3 + + blpxlxn

+ b22x2x2 + b23x2x3 + ... + b2px2xp

+ b33x3x3 + ... + b3y1x3xn

where the xrs represent the selected significant factors (independenL

varibles) and the bts represent the coefficients bo each term in the

model.

. Since highway pavements, in general, are never designed to last more

than 30 years, an inference space of 0.5 to 30 years was selected for
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screenlng bhe observations. It should be recognized, however, that an

asphal! concrete overlay placed over a PCC pavement will generally last
much less than 20 years, because of reflection cracking or the development

of some other type of distress (e.g. rutting, loss of skid resistance,
etc. ) .

Significant Factors

For jolnted concrete pavements, six significant factors (independent

vartables) were selected:

1.

2.

3.

4.

5.

6.

joint spacing (SPACE),

slab thickness (THPCC),

concrete movement at slidlng (DS),

restraint coefficient (BP),

overlay thickness (THOV), and

intermediate layer thickness (TH2).

crack spacing (SPACE),

restraint coefficient (BP),

overlay thickness (THOV), and

inbermediate layer thickness (TH2).

Although there are other faciors (such as concrete thermal coefficient and

creep modulus) whlch can significanbly affeet the results, bhey were not

included because it was determined that their variation (observed in
laboralory tests or field data) was not as significant. A1so, one of bhe

design parameters lhat can be considered by the ARKRC-2 program, bond

breaker width, was not considered significant here because of its limitd
use by AHTD.

For continuously relnforced concrete pavement, only four significanl
factors were selected:

1.

2.

3.

4.
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Slab thickness was not considered because most CRC pavements in Arkansas

are 8 inches thick. Movement at sliding was not included since experience

showed that it was not significant for CRC pavements. Once again, other
factors were not considered because of their apparent sma1l variation in
Arkansas.

It should be pointed out, however, that the restraint coefficient
used for both pavement types, is dependent upon the measured slab movement

over a change in temperature (i.e., the slope of the movement versus
temperature curve).

Appropr iate Values for Less Sicnlfi.cant Factors

Table 7.1 presents the selected values for the less signiftcant
factors used in developlng lhe JCPlJRCP and CRCP equations. Both the
creep modulus and thermal coefficient of t,he concrete in the existing
pavement were selected based on an average of the laboratory test results.
No steel reinforement was used for the jolnled pavements since they are

considered unrelnforced. The steel reinforcement characteristics used for
the CRC pavements, on lhe other hand, are based on the standard AHTD

design for CRCP. As can be seen, the overlay creep modulus is dependent
upon the region. The values were selected based on a weighted average
temperature (during lhe critical below 50oF days) and the properties of
the asphalt concrete overlay at the instrumented overlay sites on I-30
near Benton, Arkansas. The rest of values presented in Table 7.1 were

selected based on the recommendations provided in lhe ARKRC-2 Userts

Manual (Chapter 6).

Finally, the composite frequency days for the average below 5OoF

temperature drop classes in both regions are presented ln Table 7.2.
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TabLe 7.2. Frequency days (per year) for the different
temperature drop classes in Arkansasr composite
Regions B and D.

Average
Temperature
Drop Below

50c)F

5oF

150F

250F

350F

45oF

55oF

650tr'

Frequency Days Per year

Region B Region D

58

60

39

T7

7

2

0

56

65

36

L2

I
0

o

1s5



Tables 7.3 and f.4 presenb the selected levels of the significant
factors for t,he jointed and CRC pavements' respectively. Note that the

leve1s are spaced at equal intervals to al1ow the use of orthogonal
polynomials in the sums of squares analysis.

Si.nce there are six factors, each at three 1eve1s, for t,he JCPlJRCP

experiments, the total number of computer solutions that are required for

a full factorial is 36 or 729. This represents a number that is more than

required for the mathematical model selected. Therefore, a one-third
replicate or one-third fractional factorial experlment design recommended

by Connor and Zelen (Ref. 78) was used to define the appropriate trealment

combinations. This resulted in 243 observations and a corresponding
number of computer runs.

Sinee only four factors (or independent variables) were selected for
the CRCP equations, a full factorial would require only 34 or 81 program

runs lo generate the observations. Although a ful1 factorial is not

required by Ehe mathemalical model, 81 program solutions were not

considered prohibitive and the ful1 factorial experiment design was

selected

Generate 0bservations

The observations required for each of the four equations were

generated by running the ARKRC-2 program for each required treatment
combination. The data for each equation were then stored in the computer

for later analysis.
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Table 7.3. Levels of significant factors used for developing
JCP/JRCP equations and nomographs.

Table 7.4. Levels of significant factors used for develpoing CRCP

equations and nomographs.

FACTOR

LeveIs

Low I'Iedium High

1

2

3

Joint spacing, SPACE (ft.)
SIab thickness, ffiC (in.)
Concrete movement at

sliding, DS (in.)
Restraint coefficient, BP

Overlay thickness, TIIOV (in.)
Internediate layer

thickness, T'Llz (in.)

4

5

6

10

8

0.01

0.1

1.0

0.0

35

10

0. 13

0.4

3.5

3.0

60

L2

0.25

0,7

6.0

6.0

FACTOR
Levels

Low Medium High

1. Crack spacing, SPACE (ft.)

2. Restraint coeffieient, BP

3. Overlay thickness, IHOV.(in.)

4. IntermediaEe layer
thi-ckness , Tt72 (in. )

3

0

1

I

0

0 0

6

0

J

4

5

3 0

9

0

6

7

0

6 0
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Data Screening

The data analysls process was initlated by first screening all the

observations generated for each equat,lon. Then, those whlch had a

predicted overlay llfe, YT, outside the selected inference space (0.5 to

3O years) were removed from data. This resulted in 147 remalning

observallons for Region B - JCPIJRCP equation, 145 for the Region D -
JCPIJRCP equation, 52 for the Region B-CRCP equation and 58 for the Reglon

D-CRCP equation.

This part of the data analysis process was conducted to determine
which lerms in the mathematical model explain most of the variation. This

was carried out using a program called SUMSQ2 (Ref. 79).

As it turns out, two of the factors originally thought to be signifl-
cant for joi.nted pavements were found to explain very little of the

variation observed in the data. Therefore, they, along with many other
insignificant 2-factor lnteractions, were removed from conslderation in
the mathematical model. The terms whtch remained in the model turned out

to be the same for all four equations: BP (restraint coefflcient), SPACE

(joint or crack spacing), SPACE2T TH2 (intermediate layer thickness),
TH22, THOV (overlay thickness) and THOV2.

Regression Analyses

The purpose of the regression analyses is to debermine the
coefficient (bts) of the significant terms left in the mathematical model.

This was carried out a computer program called STEP-01 (Ref. 80) which
performs a step-wise type linear regression analysis. Tab1e 7.5 presents

the results of this step for the four different design equations. Reca1l

that lhe equations are designed to predict the natural log of the overlay
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llfe in years, therefore the actual overlay I1fe, YT, must be calculated

using the following relation:

Y1

where S represents the summation of the intercept, bo, and all the terms

(bfs times xrs) in bhe equafion. The BP (beta) lerm in the equation is
calculated using the observed slab movement, A C' over a range in

temperature, AT, for a given joint or crack spacing, SPACE:

AclAT
BP=1-

6.10-5.sPAC

This relatlonshlp 1s applicable to the use of all four of fhe equations

developed.

As a final note on the information provided in Table 7.5, it
should be recognized that although each equatlon has a relatively high

coefficient of determination kZ are atl greater than 0.97), their
accuracy of prediction (in comparison with fhe ARKRC-2 predictions) is
somewhat less lhan may be apparent. Basically, the average error is abouL

20 percent for each equation. This means that if lhe ARKRC-2 program

predicts an overlay life of ten years, the appropriale regression equation

would, on the average, be off by two years.

Develop Nomographs

Standard principles of nomography were used to develop the nomographs

from the four equations presented in Table 7.5. rn order to avoid

repetitlon, they are presented only in Appendix D of this report.

es
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NOMOGRAPHS BASED ON OVERLAY SHEAR STRAIN CRITERIA

Unlike the equations developed for the overlay tensile strain
criteria, bhe equalions for shear strain criteria are deterministic and

can easlly be converted into a form suitable for developing nomographs.

The last section of Chapter 5 described the improved shear strain model,

consequently, its development wiIl not be presented here. By making

appropriate substitutions into the various equations that were developed,

however, an expression for the maximum allowable deflectlon factor, Fr,
can be derived:

Fw = 7.123 x ro-3' Yov. (EDv.THov + 0.963.ED2.TH2)

where four of the five input variables are as defined and used in other
sections of this report:

EDV = overlay dynamic modulus r psi,
THOV = overlay thickness, inches,

ED2 = intermedlate layer dynamic modulus, inches, and

THz = intermediate layer thickness, inches.

The remaining input variable, allowable overlay shear strain (V gy), must

be determi.ned using the fatigue relationship which was also discussed in
the last sectj.on of Chapter 5:

Yov = 0.7587.(gpv)-o'3022'(orute)-'02703

where: DTN18 = design 18-kip equivalent single axle load applications.

It should be pointed out that both of these equations assume that
Poissonts ratio for the overlay maferial is 0.30. Futhermore, the first
equation assumes 18-kip single axle loading and that Poissonts ratlo for
the intermediate layer is 0.35.
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Thus, wiih the nomographs developed from the above two equations (see

Appendix D), the user should be able lo estimate the allowable deflectlon

factor (Fw) to use in judglng whether or not a given joint needs

undersealing. (This is discussed in both Chapier 6 and Appendix D).

SUMMARY

This chapter discussed the procedure followed in developing the

necessary equations required to generate lhe nomographs. Conslderable

effort and the use of advanced statistical bechniques were required to
develop the equations for bhe overlay bensile strain criterla. Because of
the nabure of the shear strain model, however, the equations required for
generating the nomographs for overlay the shear strain criteria were

derived much easier. St,andard techniques of nomography were used to
t,ranslate these equations into nomographs. Appendix D presents these

nomographs and discusses thelr use and application in overlay design.
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CHAPTER 8

IMPLEMENTATION EXAMPLE

The purpose of lhls chapter is to help illustrate the new reflection
cracking analysis and overlay design procedure (ARKRC-2) and to provide an

inilial basis for its lmplementation into AHTD practice. Accordingly' a

section of highway pavement in Arkansas t/as selected and the new procedure

applied (according go the Userts Manual presented 1n Chapter 6) to
determine an optimum overlay design alternative. By followlng the

recommended procedure step-by-step, this example appllcation should also

help to answer any questions the user may have about the use of the
procedure.

PROJECT LOCATION

The project selecled for this implementaEion example was one for
which AHTD had collected field measurements of slab movement during the

course of the study. The project is basically a plain jointed concrete
pavement with a 26-fooL joint spacing and is located on a section of I-30

near BenLon, Arkansas.

FIELD DATA COLLECTION

The two t,ypes of field data required by the design procedure are

joint (or crack) deflection measurements and field measurements of slab

movement with changes in temperature. These data and a discussion of
their collection are presented in Chapter 3.

The deflection data were obtained by AHTD using the Dynaflecl
defleciion measuring device. AIthough, not required by the procedure,

these data were obtained during two different seasons of lhe year, spring
and summer (see Figures 3.12 and 3.13). The effect of temperature and

moisiure are readily appareni when comparing these data and provide an

lnterestlng test for the shear strain component of the design procedure.
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The slab horizontal movement data were collected on this jointed
concrete pavement for a series of six joints over a range in pavement

temperature from 25oF to 12OoF (see Tab1e 3.'l). It should be pointed out

here, however, that lt is nol nornally necessary to obtain the dala to the

extent shown in Chapter 3; slab edge movements over a shorter perlod of
time would have been adequate for the purposes of the design procedure.

After tabulating the data, the joint movements from midslab (interiQr) and

from lhe slab edge were plotted versus pavement temperature for each jolnt
according to the recommended procedure. Figure 3.10 provided an example

of one of these joint, movement versus pavement temperature plols.

PAVEMENT CHARACTERIZATION AND OVERLAY DESIGN DATA

In order to determine the optimum overlay allernative for this
project using the ARKRC-2 program, it is necessary to select appropriate

values for all the input data required by the program. Unfortunately' as

may often be the case in cerbain design situations, it was not possible to

obtain pavement samples and conduct all the desired laboratory tests.
Consequently, it hras necessary to make some assumptions about the
properties of the dlfferent materials. These assumptions were prlmarily
based on the results of the testlng that was conducted in bhis study on

pavemenl materials from other locations in Arkansas. The remaining input

data were selected based on recommendations provided j.n lhe Userrs Manual

(Chapter 6). Table 8.1 summarizes the data that were held constant in the

analysis. The table also shows which design variables were considered,

although it does not show their magnitudes (bhese are presented later in

the results of the analysis).

Existing Concrete Pavement

EC (concrete creep modulus) has a value of 3.4 x 106 psi, which

represents 80 percent of a static elastic modulus value of 4.2 x 106 psi.

This seemed to be the average value of the elastic moduli determined for
the different types of concrete used in Arkansas (see Chapter 4).
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VARIABLE DESCRIPTION
VARIASLE

NA}.IE

VALUE
USED

Existing .Concrete PavemenE

TYPe
Condition
Joint spacing, ft.
SLab thickness, in..,
Concret,e creeP modulus, psi
Concrete thermal coefficient,
Unit weight of concrete, pcf
l,Iovement at sliding, in.

in. /in. /oF

PVTYPE

UC

SPACE
THC

EC

ALFC
DENSC

DS

JCP
llUlt

26
l0

3 .4x106
'7.5x1f6

145
.02

EXISTING PAVEMENT REINFORCEI,IENT'(none)

Existing Pavement Movement Characterization
Iiigh Temperature, oF - '

Joint width at.higii teoperature, in.
Low temperaEure,: oE

Joint ridth:at. low temperature, in.
Minimum temperature observed, oF

11{

WH

TL
-vfl

T1

84
.0650

34
.1700

0

Asphalt Concrete Overlay Characteristics
thickness (binder * surface), in.
Creep modulus, psi
Dynamic modulus, psi
Thermal coefficienE, in./in./oF
Unit weight, pcf
l,Iaxinrru bond stress, psi
Bond breaker width, ft

TI{OV
EOV

EDV

ALI,v
DENSOV

OVBS

BBW

var.*
29,000

6 14, 000 -

14x10-6
140
250

var.*

Int.ermediate Layer Characteristics
Ttrickness, in.
Creep uodulus, psi
Dynamj.c modulus, psi
thermal coef ficient, in./ln./oF
Unit weight, pcf

T112

E2
Ffr2

ALF2
DENS2

var. *
5,000

20, 000_
-h20x10 "

L20

Design Traffic, 18-kip ESAL DTNl8 10x106

*design variable, see Table 8.2
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The ALFC value (concrete thermal coefflcient) used was 7.5 x 10-6

Ln/Ln/oF. Even though thls value is well within the range of the values

determined from laboratory testing of bhe Arkansas PCC samples, it
represents a value t,hat is signiflcantly higher than that of the concrete

used at the instrumented overlay sltes nearby. It was necessary to use

this vatue however, after it was determined that the horizontal movements

measured at the site were considerably larger than the theoretical thermal

movement of a slab with a lower concrete thermal coefficlent of say, 6.0 x

tO-6 inZ:.n/o|. Unfortunately, this high value of ALFC precluded the use

of the design tensile strain nomographs (Appendlx D), which assume a value

5.0 x to-6 inlin/oF.

l,lork on developing the nomographs (chapter 7) lndicated fhaL DS

(concrete movement at sliding) did not have a significanb affect on the

procedure, consequently, a conservative value of 0.02 inches was used for

design.

Existlng Pavement Reinforcement

Since the project consists of plain JCP, there are no steel reinfor-
cing bars across the joinls. Therefore, all existing pavement reinforce-
ment parameters required by ARKRC-2 procedure were set to zero.

Existing Pavement Movement Characterization

The selection of values for the existing pavement movement

characterization were based on an analysis of the field horizontal
movement data discussed previously. The movement versus lemperature slope

values were determined for each of the slx joints measured. Inspection of
the slope values showed lhat Joint 5 (see Figure 3.10) had the steepest

slope (-O.OO21 inloF) and, therefore, the greatest potential for slab

movement. Consequently, t,wo coordinates of the trbes!-fitrr line through

the data in Figure 3.10 were used to define the TH, WH' TL and WL values.
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AsphaI t Concrete Overlay Characteristics

In order to design the overlay, it was necessary to assume that its
properlles would be the same as that of lhe overlay constructed on the 45-

foot JRCP on I-30 nearby (i.e., where bhe instrumented overlay sites are

locabed). Appendix B described the estimation of all bhese values excepl

overlay dynamic modulus, EDV. Basically, this value was determined in the

same way that the creep modulus, EOV, was. The same penetration index (PI

= -1.0) and Ring and Ball Softening Polnt Temperature (T16g = 51.8oC) were

applied to the Heukelom and KIomp nomograph (Chapter 6) along with an

assumed year round average temperature of 60oF (15.60C) and dynamic

Ioadlng time of one second. This resulted in a dynamic modulus or mix

stiffness of 614'000 psl.

All the intermediate layer characterislics were selected based on the

recommendations provided in lhe Userrs Manual for an open-graded course.

Design Traffic

In order to insure that the development of distress in lhe overlay

will not be related to excessive differenlial vertical movements at the

joints between adjacent sIabs, a value of DTN18 (18-kip equivalent single

axle load traffic) of 10 million was used for design.

Yearly Frequencv of Critical Minimum Temperatures

Since this project is located in the Central region of Arkansas. The

recommended frequency days for the different classes of temperature drop

below 50oF are (according lo Table 6.7: DAYl = $f, DAY2 = 61, DAY3 = 36,

DAY4 = 1 1, DAY5 = 2, DAY6 = 0, and DAYT = 0.
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ARKRC-2 SOLUTIONS

In generating possible solutions for this example, three design

factors were considered, overlay thickness, W, intermediate layer
(open-graded course) thickness, W, and bond breaker width' BBW. Three

levels of open-graded course thickness (TH2 equal 0, 4 and 5 inches) and

lwo levels of bond breaker width (BBW equal 0 and 1 foot) t ere considered.

Although wide bond breakers are theoretically very effective at reducing

overlay tensile strains developed from slab movements, they can result in
severe trpop-outsrt of unbonded secti.ons. For this reason, the maximum bond

breaker width considered was one foot.

For the combinations of TH2 and BBW considered, four levels of
overlay ihickness (THOV equat 3, 4r 5 and 6 inches) were run. Figure 8.1

provides an illustration of the ARKRC-2 output for the first problem. The

rest of the results are summarized in Table 8.2. Recall that, Y1 is the
predicted life of the overlay (in years) before 50 percent reflection
cracking can be expected. Also recall that Fh, is the maximum allowable

deflection factor to use in establishing whebher or not a certain joint,
needs undersealing or whether increased overlay thickness is required.

ANALYSIS OF RESULTS

Inspection of the results presented in Table 8.2 shows, first of all,
that the standard Arkansas Mix Design (4-inch open-graded course, 6-inch
overlay) can only be expected to last approximately three and a half years

before the overlay will exhibit 50 percent reflection cracking. This is
not surprlsing as the field measurements indicated a large potential for
horizontal slab movement.

Further lnspection of the table shows that, by themselves, the

varying thickness open-graded course and the placement of a l-foot wide

strip of bond breaker over the joints are not effective in minimizing
reflection cracking. However, when used in combination, a marked increase
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ARKRC ARKANSAS REFLECTION CRACKING
DESIGN PROGRAM - VERSION 2.0

ANALYSIS AND OVERLAY
- NOVEI'IBER 1981

)BLEM 1 DESCRIPTION
ARKRC2 EXAMPLE PROBLEM,

PAGE 1

JCP
UN CRACKED

26.00
10.00

3400000.
.00000750

145.0
.0200

0.000
0.000

30000000.
0.00000000

0.

84.0
.0650000

34.0
.1700000

0.0

3.00
29000.

614000.
.00001400

i40.0
250.
0.00

4 .00
5000.

20000.
.00002000

120.0

10000000.

26.TT JCP ON I-30 NEAR BENTON ARKANSAS

&J- &J JJJE

* INPUT VARIABLES *
.L4+J&+ I& }J+J JJ&J. J..L&

EXISTING CONCRETE PAVEMENT
TYPE
CONDITION
JOINT SPACING, FT
SLAB TII ICKNE S S , IN .
c0NCRETE CREEP MoDULUS, PSI
CONCRETE THERMAL COEFFICIENT,
uNrT I,IETGHT 0F C0NCRETE, PCF
MOVEMENT AT SLIDING, IN

IN/ IN/ F

EXISTING PAVEMENT REINFORCEMENT
BAR DIAMETER, IN.
BAR SPACING, IN.
ELASTIC MODULUS OF STEEL, PSI
THERMAL COEFFICIENT OF STEEL,
MAXIUUtl B0ND STRESS, PSI

IN/ IN/ T

EXISTING PAVEMENT MOVE}IENT CIIARACTERIZATION
EIGI{ TE}IPERATURE, DEGREES F
JOINT/CRACK I,IIDTH AT HIGH TEMPERATURE,
LOW TEMPERATURE, DEGREES F

JOINT/CRACK WIDTH AT LOW TEMPERATURE,
MINIMUM TEMPERATURE OBSERVED, DEGREES

IN.

IN.
F

ASPHALT CONCRETE OVERLAY CHARACTERISTICS
TiTICKNESS (nrn0nn + SURFACE), rN.
CREEP MODULUS, PSI
DYNAMIC MODULUS, PSI
TEERMAL COEFFICIENT, IN/ IN/F
UNIT WEIGITT, PCF
MAXIMUM BOND STRESS, PSI
BoND BREAKER WIDTIl, FT .

INTERMEDIATE LAYER CHARACTERISTICS
TIIICKNESS, IN.
CREEP MODULUS, PSI
DYNAMIC MODULUS, PSI
TI1ERMAL COEFFICIENT , IN/ IN/ F

UNIT WEIGHT, PCF

DESIGN TRAFFIC (TA-TTP ESAL)

Figure 8.1. Example pri.nt-out of ARKRC-2 program for first problem of
overlay design for 26-foot JCP in Arkansas.
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ARKRC ARKANSAS REFLECTION CRACKING
DESIGN PROGRAM - VERSION 2.0

ANALYSIS AND OVERLAY
- NOVEMBER 1981

PROBLEM 1 DESCRIPTION
ARKRC2 EXAMPLE PR0BLEM, 26-FT JCP ON I-30 NEAR BENTON ARKANSAS

PAGE 2

YEARLY FREQUENCY OF CRITICAL MINIMUM TEUPERATURES

TEMP.
CLAS S

MINIMUM
IEUPERATURE

RANGE (nrc r)

NO. OF
DAYS PER

YEAR

1

2

3

4
5
6

7

+49
+3 9
+29
+19
+9

1

-11

TO
TO
TO
TO
TO
TO
TO

+40
+30
+20
+10

0

-10
-20

57.
61.
36.
11.
2.
0.
0.

* ARKRC OUTPUT *
-r-$J-i-J-J&eJ & +& S-LJ.J

BETA VALUES
BEFORE OVERLAY
AFTER OVERLAY (UNNONOSO REGION)
AFTER OVERLAY (NOUOTO REGION)

DESIGN SHEAR STRAIN CRITERIA
MAXIMUM OVERLAY SHEAR STRAIN
MAXIMUM DEFLECTION FACTOR

FATIGUE LIFE (TSNSTLN STRAIN CRITERIA)

.L0256

.17089

.20 43 9

.000173
.237

NO. OF OVERLAY
DAYS PER TENSILE STRAIN

YEAR ( IN/ IN)

ALLOWABLE
FAT I GUE

CYCLES
YEARLY
DAMAGE

.0016

.1025

.4003

.4248

.r957

57.
61.
36.
11.

L.

.0003878

.0011635

.0019391

.0027 L 47

.0034904

34681 .
595.
90.
26.
10.

TOTAL YEARLY DAMAGE L.L249

NO. OF YEARS BEFORE FAILURE CRITERIA IS REACHED

Figure 8.1. (continued) Example print-out of ARKRC-2 program for
first problem of overlay design for 26-foot JCP in Arkansas.
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1n overlay life is observed. In fact, use of the l-foot bond breaker with
minimum leveIs of both open-graded course thickness and overlay thickness
(i.e., Problem No.13: BBW = 1 foot, TH2 = 4 inches, and THOV = 3 inches)
resuLts in a projected life of about 26 years before 50 percent reflection
cracking or about 12 years prior to 5 percent cracking (based on z value

equal to -1.645 as discussed in the ARKRC-2 Userrs Manual). This is an

interesting outcome of the research used to develop this procedure' as the

combined use of a bond breaker with an open-graded course has rarely been

tried. Arkansas overlay performance Section 5C (see Tabre 3.3) on Highway

70 provides an example of a 2-inch OGBC, O.5-inch SAMI and a 1.5-inch ACHM

experimental section which seems to have performed well during its 3 years

of service, as it exhibits no reflection cracking (compared to 100

percent cracking in Sections 5a and 5d and 1 5 percent in Section 5b) .

The allowabIe defelction factor, Fw, calculated by the ARKRC-2

program for the recommended optimum design alternative (Problem No. 13) ls
0.24. (Tne determination of ihis value is also illusbrated in the

nomographs based on shear strain ln Appendix D). Thus, when plotted on the

graph of field deflectlon factors, (Figure 8.2) it can be seen that none

of the joinis would need underseallng since their summer deflection
factors are all below the a1lowable. If, on the other hand, the values
during spring were used as criterla, aI1 would need undersealing (or

increased overlay ihickness). Spring deflection factors are not

recommended however, since they represent a short term conditlon whose

moisture environment will be somewhat improved by the placement of the

overlay.

SUMMARY

The purpose of this chapter was to provi.de an example problem which

can be used to demonstrate and help implement the new ARKRC reflection
cracking analysis and overlay design procedure in Arkansas. A 26-foot
jointed concrete pavement on I-30 near Benton (for which field measurement

data were available) was selected and the procedure followed until an
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optimum overlay design alternative was derived. The results indicated
that the opbimum overlay deslgn alternalive consisted of a comblnation of
two reflection cracking conlrol methods: 1) the placement of a 1-foot
bond breaker layer over each joint, and 2) the use of a 4-inch open-graded

base course (Arkansas mix). Both of these would be placed prlor to the

placement of a 3-inch ACHM overlay (surface plus binder courses).

Thls rrtwo-prongedr recommendation (which may have been extended to
three had any of the joints required undersealing) is atypical of current

methods of reflection cracking control and may represent a significant
breakthrough in this area.
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CHAPTER 9

CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

Based upon the final outcome of this research efforl, a reflection
cracking analysis and asphalt concrete overlay design procedure for rigld
pavements in the State of Arkansas, the following conclusions can be made:

The development of overlay reflection cracking can be considered

t,o be primarily the result, of two failure mechanisms'

differential vertical slab movements as well as the envlronmental

stresses resulting from temperature drops and thermal related
slab movements.

2. It is very imporfant to characterize the potential for slab

movements ln the design process by maklng field measurements of
both vertical and horizontal slab movements.

3 It is possi.ble bo go from a highly analytical and computerized

deslgn procedure to a much more simplified set of equations and

deslgn charts (nomographs) so long as certain assumptions and

conditlons are recognized.

The use of a single method to control or limit the development of
reflection cracking may not be sufficient for pavements which

exhibit a great potential for movemenl. For these, it may be

necessary to combine two or even three control methods (e.9.,

open graded course, bond breaker and undersealing) in order to
achieve the desired overlay performance.

Since the development of the analysis and design procedure has only
recently been completed, it is difficult at this time to make any other

4
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conclusions relative to how it will perform. However, the procedure does

represent a significant advancement in the design to control refleetion
cracking and its extensive use should ultimabely provide a basis for
further eonclusions about lts adequacy.

RECOMMENDATIONS

Several areas of further work were recognlzed afEer the completlon of
the ARKRC analysis and design procedure. Mosl of these would be of
additional benefit t,o the design procedure ullimately lncorporated into
the AHTD Highway Deslgn Manual. The others may be considered more long-
range type work which will provlde a basis for verifying and/or re-
calibrating the procedure.

In order to more exactly determlne the signiftcance of the input
variables, it is recommended that a sensitivity analysis of the

ARKRC-2 program be conducted. This would ultlmately allow the
user to put more emphasis on input data which has a great
influence on the results and less emphasis on that data which is
less significanl.

2. Since it was determined that the combined use of a bond breaker

layer and open-graded base course is effective in reducing
overlay strains, tt is recommended that more overlay design

charts (nomographs) be developed to include the possible use of a

bond breaker.

3 Additionally, since nomographs were only developed for the two

primary composite regions 1n Arkansas, it may be desirable to
develop more for the three regions not considered.

4. Since il was necessary to adapt the tensile strain fatigue
equation developed in this study to a separate equation for shear

strain fatigue, it is recommended that a study be conducted to
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verify or modify the model so that accurate criteria can be

provided for bhe selection of joints or cracks requiring
undersealing or inereased overlay thickness.

5. Because of the importance of the concrete thermal coefficient and

lhe leveI of effort required for its determination, it is
recommended that a more exEensive field sampling and thermal
coefflcient testing projecl be conducted. This would provide the

design engineer wlth a means of selectlng appropriate values of
thermal coefficient based soleIy on bhe type and source of the

coarse aggregate used in the concrete.

6. Flnal1y, for any project constructed using the new design
procedure, it is recommended fhal a program of periodic surveys

be conducted in order to monitor lhe performance of these
projects and to provide feedback on the adequacy of the procedure

as well as a basis for re-callbration. Also' for selected
projects, it would also be beneficial to instrument several
jolnts (or cracks) uslng the University of Arkansas method (but

wlth fewer sensors per location and more locations) and obtain
more data on slab movements after overlay.
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APPENDIX A

DETA]LED FLOWCHART OF THE RFLCR-2 PROGRAM

This appendix provides a detailed and illust,rative flowchart of the
reflection cracking analysis program, RFLCR-2. This version i.s basically
the same as the first version of the program, RFLCR-1 (Ref 1r 70), but
with some improvements which were made to correct obvious coding errors.
The lnformaEion contained within the detailed flowchart was summarlzed by

the flowchart presented in Figure 5.2 (Chapter 5).

The detailed flowchart is divlded into three main routines, RFLCR,

BNDOV, and VERTM for ease of discussion. The main routine, RFLCR,

performs the task of lnputting data and printing the results. Its more

important tasks, however, are the characterizatlon of lhe existing pave-

ment and the control of the other two branches of the program. 0f the
other two routines, the second, BNDOV, handles the part of the process for
predicting bhe maximum overlay tensile strain while the fhird, VERTM,

handles Lhe part of lhe process for predicting the maximum overlay shear

strain.

As mentioned earlier, this is the main routine and its flrst task
shown ln Block 1 is the reading and prlnting of the input data.

Block 2 shows how the restraint coefficien!, B, is determined using

the restraint/movement relationship, half of the slab length, L, the
concrete thermal coefficienL, o", and field measurements of slab end

movements, A*g, under observed changes in temperature, A1. The resbraLnE/
movement relationship (wlth known B) can then be used to define the
concrete movement, Ax, ab any polnt along the s1ab. Note, however, that
problems will be encountered in determinlng l, if the measured movement,
Axnr is greater than that accounted for by thermal motion
(.Axu = o,". lTc g).

RFLCR Rouline
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Block 3, whlch 1s shown as a diamond, represents a fork in the flow
of the program. If the amount of longitudinal steel, As, in the existing
pavement 1s zero, then the pavement will be characterized as a plain
joinLed pavement (JCP). If the amount of steel ls grealer than ze?o, then

the pavement wil be characterized as a continuous pavement (CRCP) and flow
is transferred to Block 8. Note that if the longitudinal steel is not

continuous across a joini, bhen if does not provide any restrainl and the

existing pavement should be characterlzed as a plaln JCP by specifying A"

equal to zero.

Block 4 beglns the branch on characterization of a plain JCP. It
illustrates how the maximum concrete force, Fcmax, at midslab can be

computed from the observed temperature change, A T, the measured concrete
end movement, Axur slab thickness, Dc, half-slab length, [, concrete
stiffness, Ec, and thermal eoefficient, *c. Note tha! F"r", is actually a

change in the force at midslab due to the change in temperature. Note

also that here and throughout the program, a 12-inch (1 foot) unit widlh
of concrete is used for the ealculations.

Block 5 illustrates how t,he locatlon, x"1i{r of the concrete movement

at sliding, A*rlid, is determined using the restraint/movement
rerationship. Block 5 also illustrates t,he significance of xslid.
Between bhis point and bhe slab end, the friction force per unit
length remains constant even though conrete movement continues to
increase.

Block 6 shows how the slope, m, of the friction force-s1ab movement

curve can be determined. Since the friction force is dependent on the
slab movement, an integration with respect to x is required to determine
the total friction force applied to the underside of lhe slab. The

integral is only valid up to the point of sIidi.ng, however, since the
friction force per unit length remains constanb beyond that point. Ap,

then, represents the area under the restraint/movement curve which may be

used lo calculabe the slope of the friction force-slab movement curve.
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Nole also t,hat, for static equilibrium, the maximum concrete force, Fc,r"*r
ai midslab must be equivalent to the total friction force, FF.

Block 7 shows how the concrete and steel stresses at midslab are
computed. Recognize that these stresses are due only to the measured

change tn temperature. Note that since the area of steel, A", was defined

to be zero, the steel stress ls equal to zero.

As shown by the flowchart, flow is transferred from Block 7 to Block

22, since the characberization of the existing plaln JCP is complete.
Block 8 then, begins bhe characterization of an existing CRCP.

In Block 8, lhe slab end movement, Axg, is first determined using the

restraint/movement relationship and the maximum temperabure drop, AT1.

This temperature drop (which 1s the difference between the high
temperature corresponding to measured high bemperature joinf width and the
mlnimum temperature the pavement has experienced) is used since it would

have produced the maximum length of bond-s1ip regi.on between the steel and

concrete.

Block 10 is the first block in an iterative loop where the current
estimate of the slippage point, xslip, is used to predict the movement at
slippage, A*sllp. The ultimabe objecbive of lhe iterative process is to
obtain an xslip such that equilibrium of forces in the exisllng PCC will
be achieved.

Block 11 shows how the total force, F"o, in the steel at the crack is
computed for the maximum temperature drop, AT1. Note that the gauge

length over which the strain in the steel occurs includes the slippage.
Note also that F"" is a total force in the steel and not a change in steel
force due to the change in temperature.

In block 12, the amount of bond force, U, transferred between the
steel and concrete is computed using the user-defined value of the
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concrete to steel bond stress and the surface area of steel in the bond-
slip zone.

In block 13, the force in the steel, Fss, at xslip, the force in the
concrete, Fcs, at xslip and the LotaI frlctlonal forcer Ffs' beyond the
slippage point are computed. Note that F"" 1s simply the difference
between the force in the steel, F"", at the crack and the bond slip force,
U, transferred to the conreEe. AIso note that F""r is simply a functlon
of the strain a xslip. For equilibrium then, Fg, must be the difference
between F"" and U.

Block 14 shows how this frictional force applied to the underside of
the slab in the bond sllp region ts translated into a sloper lnr of the
frictlon curve. The method of calculaLlon is simtlar to that shown in
Block 6 except that the forces occur over a short element near the end of
the sIab.

Block 15 shows the equations used to compute the forces in the steel,
F""t, at the crack and in the eoncrete, Fort, ab midslab which correspond
to the high temperature joint width. These are the folces in the existing
pavement prior to the temperature drop.

Block 16 shows how the forces at mldslab, in the concrete (F"r) and

1n the steel (Fsm) are computed for the maximum temperature drop
conditlons.

Block 1f, then, illustrates how the total friction force Fggr applied
to the underside of slab can be computed given the restraint/movement
function, the initial location, xslid, of sliding between the concrete and

base, and the slope, m, of the friction force-sIab movement curve.
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Block 18 summarizes all the forces which are acting on the half-sIab
model of t,he existing pavement after the maximum temperature drop. The

unbalanced force, Fu, is the sum of all these forces in the x-direction.
For stattc equillbrium, F, should be equal lo zero, but the program does
allow some tolerance in the iteration process. Therefore, in block 1p, if
bhe F, is less lhan the allowable unbalance, then equilibrium is achieved
and fLow is transferred to Block 21. rf, on the other hand, Fu is greater
than t,he allowab1e, then flow ls transferred to Block 20, where xslip, the
lnit,ial location of slippage beEween concrete and steel 1s adjusted and

another iteration is inlt,iated back at Block 10.

Once static equillbrium is achleved (in a CRC existing pavement),
then lhe maximum concrete and steel stresses experienced by the pavement

for the maximum temperature-drop conditions can be computed. This
completes the characterization of an exisling CRCP.

In Block 22' the program branches to the bonded overlay routine,
BNDOV' where calculatlons are made for condilions afler overlay. Note

that it is assumed bhab the overlay 1s ab least partially bonded to the
existing pavement since the solution to the unbonded overlay case is
triviar. (RFLCR can handle the unbonded overray case; it is just, not
shown in this flowchart.) In BNDOV, the maximum horlzontal bensile
strains developed in the overlay (due to underlying horizontal slab
movements) are computed. Upon return from BNDOV, flow continues with
Block 23.

In Block 23, the program branches to t,he VERTM routine where overlay
vertical shear strains are computed. These shear strains are due to
differential vertlcal movement,s which occur ln the underelying pavement as

an axle load moves across a joint or crack. Upon return from VERTM, flow
continues with Block 24.
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Block 24, then, summarizes the printing of bhe results of the

reflection cracking analysis. Block 25 represents the completion of the

analysis for a single problem.

BNDOV Routine

Block 26 beglns Lhe bonded overlay routlne' BNDOV.

earller ln Block 22, lt ts assumed that the overlay is at
bonded.

As polnted out

least partially

The first slgniflcant task performed by the routine (shown in block

27), Ls to calculate the slope, oo, of the friction force-slab movement

curve for the overlayed structure. This is done by adjusting the slope, m

determined for the existing or original pavenent structure. The slope is
increased by the ratio of the new overburden to the old overburden. Note

that this adjustment is only performed if required by the user, since

there is some uncertainty ln adjusting by bhis ratlo.

Blocks 28 and 29 show how the forces in the steel, F""t, at the

crack and in the concrete, F"rt, at midslab are computed for the hlgh
temperature joint width condition during the observation of slab

movements. These calculations were previously performed in Block 15' but

must be performed again for use in BNDOV.

Block 30 represents a fork ln the flow of the program where flow ls
transferred to Block 41 if no bond breaker is to be considered. If' on

the other hand, a bond breaker will be considered, flow is transferred to

Block 31.

In Block 11, an estimate is made of the restraint coefficient, Bs,

for bhe unbonded portlon of the overlay. In the iterative process that
follows, Bs, will be determined for the case of a completely unbonded
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overlay. After fl, i" determined then, it is assumed that it can be used

to estlmate concrete movement in the unbonded portion of a pavement which

is not entirely unbonded.

BIock 32 illustrates how the concrete movements Axl, and x"1iO (at
slab end and at the lnilial point of sllppage, respectively) are computed

for the totally unbonded overlay. Note bhat the restrainL/movement
relationship and the current estimate og Bu are used and note also that
the movement depends on a user-deflned design concrele temperature drop,
AL-.

c

. Block 33 shows how Lhe total eoncrete force, Fcm, at midslab ls
conputed using the calculaled end movement, AxU , and the design concrete
temperature-drop, ATc.

Block 34 shows how the new location of the inibial point of concrete

slidingr xslidr ls computed for the current estimate of Bu and the known

value for the movement at slidln8, Axslid. Note that the restraint/move-
ment relationshi.p must be rearranged to solve for xsIid.

Block 35 illustrates how the total friction force, FfT, is computed

for the unbonded overlay case. The calculation is slmilar to that
illustrated in block 17 except that 1) this is for the unbonded overlay
case and 2) bhe adjusted slope, Bo, of the friction curve is used. The

shaded area' Aft, represents the tnt,egral of the restraint/movement
functton (up fo the point of slippage) plus the rectangular area between

!,and xsli, and under Axslid.

Block 36 shows how the force, F"r, in the steel aE midslab is
computed ustng lhe design concrete temperature-drop, ATo.

Block 37 illustrates how the force, Fss, in t,he steel al the crack is
computed for the design concrete temperature-drop, ffi". Note that the
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gauge length over which the steel strain occurs includes the bond-sIip
region.

Block 38 provides an illustration of the forees acting in the

origi.nal concrete pavement. Since the overlay is totally unbonded, no

forces are transferred between it and the orlginal concrete, consequently,

overlay forces are not constdered in the equilibrium process. X F re-
presents the summation of the forces which are considered.

Block 39 represents a fork 1n the flow of the program where if X E is
less than the tolerance, then equilibrium is achieved, Bu is deLermlned
and flow is transferred to Block 41. If, on the other hand, XF is
greater than the tolerance, the Bu is adjusted (Bloek 40) and flow ls
transferred back to Block 30 for another iteration.

In Block 41, an initial estimate is made of the restraint
coefficlent, B B, for lhe bonded portion of the overlay. I g is then used

as the focus (iteration factor) towards reaching equilibrtum in which the

overlay is elther ful1y or at least partially bonded to the existing
concrete pavement.

Block 42 represents the lnltlal lterative step towards reaching
equilibrium in bhe pavement structure in which the overlay is either ful1y
or partially bonded. Block 42 illustrates the determination of the
concrete movement at the edge of the bond breaker (if there is one) for
the design concrete temperature-drop, ATo.

Block 43 illust,rates how the concrete movement, Axsltp, is computed

at the initlal point of slippage between the steel and concrete. Since

the concrele movement at this point is dependent upon its location with
respect to the bond breaker, two equations are required. The first is for
movement in the bonded overlay region while the second is for movement in
the unbonded overlay region. .
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Block 44 illustrates how the force, Fcm, ln the concrete at midslab,
fhe force, Fsm, in the steel at mldslab and the force, Fsc, in the steel
at lhe crack and also shows how they are computed from the information
generabed prevlously.

Block 45 provides an lllustration of how the total frictlon force,
Fgg, is computed using the restaint/movement relationship, the movement at
sliding, Axs1id, and the adjusted slope, ilo, of the frlction curve. The

met,hod is the same as t,hat used earlier.

Block 46 represents a fork in Lhe flowchart where if ful1 frlction
exists in bhe bonded overlay zone, then flow is t,ransferred to Block 53.
If slippage can occur between the overlay and existing surface, then flow
continues with Block 47.

Block 47 shows how the force, FUZ, which is transferred to the
overlay through the bond-sllp region, is computed. Note t,haf it is simply
the foree which is not balanced by the other forees acting in the exlsting
concrete pavement.

Block 48 illustrates the region of bond-s1ip belween the overlay and

existing concrete. It also shows how t,he lengih of the bond-slip region,
xUZ, is computed. Note that the user-defined value for the overlay to
concrete bond stressr oocr is used in the calculation. Note also that t,he

12-inch unit width also comes lnto the calculation.

Bloek 4p represents another fork in the flow of the program. If the
length, xUZ' over which overlay slippage occurs is negative or greater
than the length, xB, which ls bonded t,o the existing pavement, then B g is
adjusted (as shown in Block 50) and flow ls bransferred back to Block 42.

If xg2 is greater than zero but less than xgr then flow is transfemed to
Block 51.
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Block 51 shows the calculation of the length' xBZ, in the bonded

region where there is fu1l friction between the overlay and the existing
concrete surfaee. Note that this region occurs near midslab where there

ls less potential for differential relative movements between the overlay
and concrete.

Bloek 52 illustrates the loeation of this fuI1-friction region and

the force, FUZ, acting 1n the bond-sIip reglon. Block 52 al.so shows the
calculation of the concrefe movement, AxBZ, at the edge of t,he full-
friction bonded reglon.

Block 53 represents another fork in the flow of lhe program where if
an intermediate or cushion layer is placed along with the overlay, then
flow is t,ransferred to Block 57, If an intermediate layer is not placed

along wilh lhe overlay, then flow conlinues with Block 54.

Since no int,ermediate layer 1s considered in this limb of the
flowchart, Block 54 shows that its forces, both at midslab and at the
crack, are set equal to zero.

Block 55 shows how the force For, in the overlay at mldslab ls
calculated. Note that Fo, is a function of the conerete force at midslab,
Fcm, the difference bebween the overlay and concrete thermal coeffictenls,

oo and dsr 8nd fhe difference between the deslgn temperature change, ATo

and AT", for both layers.

Block 56 shows how the force, Fo", in the overlay at the crack is
computed. Note that bhe equation used depends on whether or not slippage

occurs in the bonded region of the overlay. From here, flow is
transferred to Block 60 (to skip fhe branch where an intermediate layer is
considered).

Block 57 represents the beginning of the branch where the
placement of an intermediate or cushion layer (along with the overlay) is
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considered. Block 57 shows how the force, F2., in the intermedlate layer
at midslab is computed. It ls important to reallze that the presence of
this layer has no eifect on the previous methods of calculaiion which
ignored it.

Block 58 shows how the force, F2c, in the intermediate layer at
the crack is computed. Once again, this force is dependent upon whet,her

or not slippage occurs in the bond region, which in turn means that two
equations are requlred.

Block 59 shows how the forces in the ovelay at midslab, Foro,

at the crack, Foc, are computed given tha! an lntermediate layer
placed along w"ith the overlay.

and

was

Block 60 shows how forces ln the overlay reinforcemenb (if it
exists) are computed. The program considers overlay reinforcement ln an

attempt to account for any type of wire mesh or fabric tlpe relnforcement
which may be used tn bhe overlay. Like the presence of an intermediate
layer, the presence of overlay reinforcement has no effect on the previous

methods of calculation which ignored lt.

Block 61 provides an illustratlon of all the posslble forces which

are considered by the RFLCR-2 program. Fu , then, represents the
summation of all these forces (or the unbalanced forces).

In Block 62, a test 1s made to see if Fu is below the allowable
unbalanced force (tolerance). If not, Bg is adjusted (B1ock 63) and flow
is transferred back to Block 42 for another lberat,ion. If Fu is less than

the allowable unbalanced force, then equillbrium is achteved and flow is
transferred bo Block 64.

In Block 64, the equabions for calculating t,he critical pavement

responses are shown. These responses include the horizontal tensile
strain in the overlay at lhe crack (or Soint), the maximum steel stress
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in the existing reinforcement, the strain in the intermediate layer at the
crack and the strain in the overlay reinforcement at the crack.

Block 65 summarizes t,he end of the BNDOV routine and the return of
control to lhe main roubine, RFLCR.

VERTM Routine

Block 66 begins t,he overlay vertical shear strain routine, VERTM.

Block 67 illustrates how the load transfer, L1r at a joint (or
crack) is computed. Basically the deflection load is placed on one side
of the joint whlle deflectlon measurements are made on both sides. Load

transfer, then, is ratio of the deflectlon on the unloaded side to the
defleclion on the loaded side.

BIock 68 shows how Po, the shear force that must be carrled by fhe
overlay, 1s compubed using the load transfer, L1r and half of the design
axle load, Lp.

Block 69 illustrates how the amount of overlay reinforcement, the
intermediate layer thickness and the overlay thickness are translated into
an effecEive thickness of overray, D", for shear strain calcurations.

Block 70 illustrates how the overlay shear stress, ro, is computed
given the effective overlay thickness, D"r the shear force, Por that must

be carried by the overlay and the widt,h, LW, over which the shear force is
spread.
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RFLCR

Read and Princ .Inputs

So1ve for B (restraint coefflcient) using:

ax = ccat [* - e*BlLJ
where: Ax = Axg (measured deforuatloo),

dc = concrete thenoal eoefficient,
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DeEerroine maximum concrete force (at nidslab)
under restraint conditions:
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Determine s1ope, m, of friction curve:
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Compute bond force Eransfe!, U, between steel
and concrete in region of sIiP'

U = ocB ( n, db.r) . (r,-' xsiip)

where:
oCB - concret'e to steel bond st'ress'

n - nr:mber of steel bars per foot wtdth of
coacrete, and

fidb". = preri-meter of steel bar'
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Far + S L
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Determine sloPe, I[, of friction curve:
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Compute. forces in conerete, F"r, ttd sEeel, F

at roidslab afuer maximum temPerature drop:
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Adjust location of sllppage bet$een steel- and
concrete, x , Ehen iterate.

Compute concreEe and steel stresses before over-
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\-

Characterization of existilB Pavement couplete'
Assuroe overlay is at least partlally bonded
(since unbonded solutj-on is trivial);

CA]"L BNDOV

Characterize vertical shear strains due to axle
load; CALL VERTH

Print ResuIEs

STOP

t(L)
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Adjust slope of frictlon cu::ve to account for in-
crease in overburden after overlay.
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overlay thickness,
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where: m =

Compute, force in steel at crack, F"l, at measured

high tenperature:
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Calculate shear stress, To, in overlay:
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APPENDIX B

SELECTION OF DATA FOR ARKRC-2 CALIBRATION

Six different overlay seclions, two from Arkansas and four from

Texas, were selected for developing a new iensile straln fatigue equalion

and calibrating the new ARKRC-2 computer program. Ihis appendix discusses

the seleclion of the pertinent input data required for each of the

sections. These data are discussed in bhe same general order as that
presented in the ARKRC-2 Userts Manual (Chapter 6).

EXISTING CONCRETE PAVEMENT CHARACTERISTICS

The inpul data selected to charactertze the existlng concrete slab'
its reinforcement and its potential for horizontal movement is summarized

in Table B.1. The data from the first two eategories was obtained from

construction plans, records, prior knowledge and from criteria provided in
bhe Userfs Manual. For the latter category, however, it was not possible

to obtain slab horizonlal movement data according to the procedure

recommended in the Userrs Manual. In lhis case, it was necessary to use a

computer program ca11ed VCARCS (Volume Change Analysis of Reinforced
Concrebe Slabs) to estimate the amount of movement a slab would undergo

during a given temperature change and for a given slab-base frlction force
versus movement curve (which is dependent on subbase type). This program

was run on each Arkansas and Texas calibration section since no pre-
overlay movement data were avallable.

OVERLAI AND INTERMEDIATE LAYER CHARACTERISTICS

A summary of the properties used for both the asphalt concrete
overlay and intermediate layer (i.e., open-graded course) for the six
calibration sections is presented ln Table* B.2. Once again, most of these

data are based on construction plans and informabion provided in the
Userfs Manual. It should be pointed out, however, that tt was necessary
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to use a rrcurve-fittingtt technique ln order to estimate overlay creep

moduli for the recommended temperabure conditions. This was accomplished

by first determlnlng appropriate Penetration Index (PI) values, Ring and

BaII Softening Point Temperatures (Tjgg) and volume concentration of
aggregate (Cv) values whieh resulbed in arfHeukelom and Klomp" creep
modulus versus load time curve similar to that shown for AC specimen no. 7

(in Figure 4.5). This sample appeared to be the most representabive of
the characlerlstics of an overlay in the fieId. Thus' lt was then
possible to estimate the value of the overlay creep modulus at a

temperature lower than that used in the laboratory test (as recommended in
Table 6.5) and at a longer load rate (6 hours). The PI' TR&B and Cv

values for specimen no. 7 which fil the laboratory curve almost exactly
w€re -'1.0r 51.8oC and 0.89, respectively.

It should be noled also, bhat although dynamic modulus values for the

overlay and intermediate layer are shown in Table B.2, they have no effect
on overlay tensile strain and are therefore inconsequenlial to the

calibration of the tensile strain component of the ARKRC-2 program.

YEARLY FREQUENCY OF CRIT]CAL MINIMUI,I TEMPERATURES

Table B.l summarizes the yearly frequency of minimum temperature data

required by the program. The data for the Arkansas sections was obtai.ned

from Table 3.8 while the data for the Texas sections was obiained from a

similar table for Texas provided by fhe National Climatic Center. The

reason all the Texas section have the same yearly frequency is because

they all lie in the same cllmatic region.
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Table 8.3. Yearly frequency(in days) of critical
minimum temperatures for six
calibration sections.

Range of
llj-nimum

Daily Temp
(oF)

Arkansas Sections Texas
Sec tions

(a11)

3 7

49

39

29

19

9

-1

-1r

to
to
to

EO

to
to
to

40

30

20

l0
0

-10

-20

56

72

36

L2

1

0

0

57

61

35

ll
2

0

0

50

43

L7

2

0

0

0
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A?PENDIX C

ARKANSAS REFLECTION CRACKING ANALYSIS AND OVERLAY DESIGN PROGRAM

GUIDE FOR DATA INPUT

This appendix provides the necessary input data instructions for
operating the ARKRC-2 program. The user should refer to the Userrs Manual
(Chapler 6) for criteria on the selection of appropriate data.

Two data input forms have been provided. The long form is presented
first and is the required form of the first problem of every run. A short
form is provided to allow bhe user to change overlay design
characteristics (on successive problens) for a given design section
without having to repeatedly inpui the data that remains constant.
Figure C.1 provides an illustration of both the long and short data forms.

It shoutd be noled that Itrealtt variables can be placed anywhere in
the available fleId, but musl be punched with a decimal poinl. Interger
numbers, on bhe other hand, should be right justified in their field and
punched wit,houb the decimal point. Alphanumeric variables allow the use
of any combination of numbers and/or letters in available field.

Input Data Long Form

Card No. 1:

IPROB
PRODES

Card No. 2:

Problem Description

= Problem number, inleger, Co1. 1-4,
= Problem descriptlon' alphanumeric,

right justify.
CoI. 5-80.

Existing Concrete Pavement

Pavement type, alphanumeric, CoI. 1-4.
x JCPrr - plain jolnted concrete pavement.
ttJRCPtt - jointed reinforced concrete pavement.
rrCRCPtr - continuously reinforced concrete pavement.
Pavement condition, alphanumeric, Col. 5.
rur _ uncracked.
rrcr _ cracked.
Joint (or crack) spacing (feet), real, CoI. 11-20.
Concrete slab ihickness (inches), real, CoI. 21-30.
Creep modulus of concrete (psi), rea1, Col. 31-40.
Concrete thermal coefficient (inlin/oF), real, CoI. 41-50.
Concrete density or unit weight (pcf), real, Col. 51-60.
Concrete slab movemenl at sliding (inches), rea1, Co1.61-
70.

Card No. 3: Existlng Pavement Reinforcement.

PVTYPE =

UC=

SPACE =
THC =EC=
ALFC =
DENSC =DS=

BARD
BARS

ES
ALFS

= Longitudinal bar diameter (inches), real, Col. 11-20.
= Longitudinal bar spacing (lnches), real, CoI. 21-30.
= Sleel elastic modulus (psi), rea1, CoI. 31-40.
= Sleel thermal coefficient (inlin/oF), reaI, Col. 41-50.
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SMU = Sleel to concrete bonding stress (psi), real, CoI. 51-60.

Card No. 4: Existing Pavement Movement Characterization.

TH = High temperature (oF), rea1, CoI. 11-20.
WH = Joint (crack) width at high temperature (inches), reaI, Col.

2 1 _30.
TL = Low temperature (oF), reaI, CoI. 31-40.
WL = Joint (crack) width a! low temperature (inches), realrCol'

4 1 -50.
T1 = Minimum temperature observed (oF)' real, CoI. 51-60-

Card No. 5: Asphalt Concrete Overlay Characteristics.

THOV = Overlay thickness (inches), real, Col. 11-20.
EOV = Overlay creep modulus (psi), real, Col. 21-30.
EDV = Overlay dynamic modulus (psi), rea1, CoI. 31-40.
ALFV = Overlay thermal coefflclent (in,/ln/oF), real, Col. 41-50.
DENSOV = Overlay density or unit weight (pcf), reaI, Col. 51-60.
OVBS = Overlay to concrete surface bond-slip stress (psi)r r€31r

Co1.61-70.
BBW = Bond breaker width (feet), real, Co1. 71-80.

Card No. 6: Intermediate Layer Characteristics.

TH2
E2
ED2
AT.F2

DENS2

Card No. 7:

DTN1 8

Card No. 8:

DAY 
1

DAY2

DAY3

DAy4

DAY5

DAY6

Intermediate layer thickness (lnches), rea1, Col.11-20.
Intermediate layer creep modulus (psi), real, Co1. 21-30.
Intermediate layer dynarnic modulus (psi), real, CoI. 31-40.
Intermediate layer thermal coefficient (inlin,/oF), rea1,
Co1. 41-50.
Intermediabe layer density or unit weight (pcf), reaI, CoI.
5 1 -60.

Design Traffic.

= Deslgn 18-kip single axle wheel Ioads, real, CoI. 11-20.

Yearly Frequency of Minimum Temperatures.

= Average number of days during the year in which the minimum
temperature is belween 40 and 49oF, rea1, Col. 11-20.

= Average number of days during the year in which the minimum
lemperature is between 30 and 39oF, rea1, CoI. 21-30.

= Average number of days during the year in which the minimum
temperature is between 20 and 29oF' real, Col. 31-40'

= Average number of days during the year in which the minimum
tempErature is betw6en 10 aia 19oF, real, co1.41-50.

= Average number of days during the year in which the minimum
temperature is between 0 and 9oF, rea1, Co1. 51-60.

= Average number of days during lhe year in which the minimum
temperalure is between -10 and -1oF, real, CoI. 61-70.
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DAYT = Average number of days during the year in which lhe minimum
temperature is beiween -20 and -11oF, real, CoI. 71-80.

Card No. 9: Instruclion Card.

APS = Instruction code for next problem, alphanumeric, CoI.

= rrALL rt - Use input data long form for next problem.
= xPARTil - Use lnput data short form for next problem.
- trSTOPx - No more problems, stop execution.

1 -4.

Input, Dat,a Short Form

In cases where only the design variables are being changed, it is not
necessary for the user to input all the data for each problem (it is stilI
required for lhe first problem of each run). This short two-card form may
be used bo change any one or combination of design variables while keeping
the rest of the data from the preeedlng problem constant.

Card No. 1: Short Form for Design Variables.

IPROB
E0v
THOV

TH2
BBW

DTN18

= Problem number, inleger, CoI. 6-10, rlght, just,ify.
= Overlay creep modulus (psi), rea1, CoI. 11-20.
= 0verlay thickness (inches), real, Co1. 21-30.
= Intermediate layer thickness (inches), rea1, Co1. 31-40.
= Bond breaker width (feet), rea1, Co1 41-50.
= Design 18-klp single axle wheel loads, rea1, Co1.51-60.

Card No.2: Instruction Card (same as card no.9 in long form).
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APPENDIX D

ASPHALT CONCRETE OVERLAY DESIGN PROCEDURE

USING DESIGN CHARTS

This appendix describes the use of a sinplified design procedure for
asphalt concrete overlays on rigid pavetrents in Arkansas. Because of its
importance, the prinary enphasis of Ehe design procedure is the control of
overlay ref lection cracking.

This procedure is different from t,hat presented in Chapter 6, in that
the cooputerized portion of the process is replaced by design charts and

noaographs. These design charts were developed based on a stat.istical
analysis of the computer prograrD (ARKRC-2) aud are capable of accurately
considering several of the factors and conditions associated viEh asphalt
concrete overlays io the State of Arkansas. They do, bowever, have their
limitations and constraints (beyond those of Ehe ARKRC-2 program) which
must, be recognized before they can be properly applied. Therefore, in
order to allow the user to deteruine if t,he design chart procedure is
applicable to his conditions, the prirnary consEraints of the nonographs

will be discussed first.

CONSTRAINTS OF DESIGN CEART PROCEDURE

1. Figure D.l provides a nap of the Stat,e of Arkansas and its five
colDPosite climatic regions. The nonographs presented herein are limited
to Regions B and D. However, recognizing that RegionA has the mildest
clinate and Region E t.he most severe, it is possible to conservatively
design for Region A (using the Region B design nonographs) and for P.egion

C (using interpolaEion between the results of the Region B and Region D

nomographs).

2.

nodu 1 us

Although

The nomographs are based on a portland cement concrete creep
of 3.4 x 106 psi aaci a thermal coeff icient 5.0 x 10-6 psi.
inporEanE, the former is representative of most Eypes of concreEe
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used for any gravel coarse aggregates or for most sandstones.

3. For CRC pavements, the nonographs apply only to the standard CRCP

cross-section used in Arkansas (8-inch slab with No.5 bars at 6.25-inch
centers).

For cases where an intermediate 1a er is used, the nomographs

are only applicable to those wbich have the properties and characterist.ics
of the standard Arkansas Mix open-graded base course (OGnC). It is not

t,he same asconservative to assuue that the properties of a denser oix are

the standard OGBC.

Although other assuuptions were made in order to develop the
nomographs and design charts (see Chapter 7), tbey are less liniting than

those presented above.

COLLECTIOII OF FIELD DATA

In this design procedure, the adequacy of a given overlay strateg,y to

nithstand reflection cracking is established based on two types of failure
cri.teria: overlay shear strain aud overlay tensile strain. Shear strains
are basically the result of the potenEial for differential vertical
raovements between adjacent slabs uuderlying the overlay. Tensile strains,
on t.he other hand, are the result of thermal st!eEses and horizontal
moveEents of the underlyiug s1ab. Because these two Eypes of distress
mechanisms are both associated rith the existing concrete paveuent,, it is
possible to est.inate the amount of influence they will have (on the
developnent of reflection cracking) by naking some field rqeasurenents of
concrete Eovement prior to overlay placenent.

232

used in Arkansas and cao be assumed for most cases with relatively Iittle
error. Thermal coefficient, on the other hand, is more significant aud

the nomographs can only be accurately applied to concrete which contains a

Syenite coarse aggregate. They can, however, be applied conservatively Eo

rnost Dolonite aud linestone coarse aggregates. The nomographs cannot be



Def tec t ioa Measurenents

For the case of the vertical shear strain criteria, it is necessary
to obtain deflection ueasurement,s a! several joints (of a JCP or JRCP) or
cracks (of a CRCP) ia Lhe existing paveroent,. the required measuretrenEs

can be obEained easily using the AHTD Dynaflect.

Figure D.2 illustrates the recomnended positioaing of the Dyuaflect
and its geophones within the lane and with respect to the joint or crack.
Note that the deflection treasureuents are taken in the outside nrheelpath

of the outside lane. llote also that the load vheels and geophone no. I
are located on the upstream side of the joint, while geophone no.2 must
be detached fron the nounting bar and placed on the downstreau side of the
joint, direct,ly across froro geophone no. 1. Readings frour the other
geophones aay be recorded, but are not required. Henceforth, the
deflections from geophones I and 2 (when in this configuration) will be

designated as rl4 (loaded side) and wr, (unloaded side), respectively.

It is recoxomended that the deflections be obtained during a period
representative of the base support conditions after overlay. In other
words' Eeasurenents should noE be made duriug spring thaw or after a

significant rainfall since the overlay will act as moisture sealant and

help improve load t,ransfer conditions during these wet periods. Late
springr sumner and autuan are probably the best times to obtain these
def lect ion measureuent s.

In order t,o achieve good reliability in the results, it is also
importaut to obtain a good sample of Ceflectiou oeasureurents. The number

of measureEents reconltrended is dependeBt upon the spacing between the
joints (or cracks) and the possibility of the use of sone type of
undersealant to improve poor load transfer areas.

For the case of jointed concrete pavements (JCP or JE,Cp), iE is
desirable to obtain rneasurements at every construction joiat. This is
esPecially true if an undersealanE is being coasidered, since certain
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crit,eria will be provided later for the selection of wbich joints to
underseal. If an undersealant is not considered and the joint spacing is
less than 25 feet, it is probably adequate to obtaiu treasuretneot,s at every

other joint, so long as there are not any apparent problems with joint
prmping.

For the case of con,tinuously reinforced concrete paveuent,s (GX.CP), it
is recommended that the deflection Beasurenents be obtained for a series
of 3 to 5 cracks at approxinate 200-foot intervals. 100-foot intervals
are recommended if an undersealant is to be considered in areas where

ptmping is observed.

After the data has been recorded, processing should begin by

comput,ing the def lect,ioo factor, Fw, for each joint (or crack) using the

following equation:

Fr=
wt-wu
w, * w,1

where:
w[ = deflection on loaded side of joint. and

w11 = deflection on unloaded side.

This data reduction is probably best accomplished with the aid of a

couputer. After the data are reduced, it is then useful to prepare a

longitudinal prof ile plot of Flir versus distaace along the roadway for
later analysis.

SLab llorizontal Movements

In order to predict the effects of cyclic temperature changes, it is
necessary to collect ueasureuents of slab loovenent as a function of pave-

Eent temperature. The recommended procedure for doing this is to install
metal reference points on both sides of several joints (or cracks) in the
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existing PCC pavement, and then measure the spacing between t,hese points
(using a Berry St,rain Gauge) over a range of pavement tetrPerature. In

order to avoid some of the other external effects, it is recommended that

these measurenents be obtained at the rate of 5 different temPeratures Per

day (nin. 30oF range) for a nininum of 2 consecutive days.

The instalLation procedure receatly used by AETD to obtain these

Beasuregerrts rras to first drill holes on bot,h sides of a joiut (crack) and

securely glue brass bolts into tbese holes to act as reference PoinLs.

The bolts had tiny drilled holes on their heads which functioned as seats

for the Berry Strain Gauge. Figure D.3 provides an iLlustration of the

placenent of these brass bolts. Note that the bolts should be placed out

of rhe wheelpaths (preferably I2-18 inches frou the pavenent edge) to

nininize wheel load disturbance.

Like the deflection measuremen!s, it is inportant to obtain a good

sample of horizontal novement data from several joints (or cracks) in the

existing PCC pavement. Unfortunately, it is not as easy or as safe to

obtain horizontal moveoent data. Consequently, it is up to the user or

highway engineer to determine the number of joints (or cracks) which

should be measured. It should be recognLzed, howeverr that the procedure

calls for the joint (crack) moveEent occurring over a drop in air
tepperature, and the uore locations that are measuredr the nore likely it
is that joints (or cracks) with a high reflection cracking potential will
be considered. For continuousLy reinforced concrete Pavemerts, the

rneasureoents must be uade in areas which exhibit the average crack spacing

for the overlay design section.

Table D.l provides a sanple form for collection of Ehe horizont,al

Eovegent data fron a single joint (crack). The grid at the botton of the

table is provided to aIlow the use! to plot the data after it has been

recorded. These plots will be used later as aid in selecting design

mov@eot data.
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Table D.1. Sarople form for collectlng horizontal movement data

REFLECTION CRACKING AI{ALYSIS DATA

IIORIZONTAL SI.AB MOVB{ffTS

Proj ec t:
Iocation:
Joint/crack llo.
Slab Lengths:

Recorder

o
o
o

!

Je
o
d
F

c.)

F)

Upstream side Downstream side

PavemenE Temperature,
238

l"leasureoent
Number

Date Time -of
Day

Pavement
Tem3erature

F

Joint/Crack
I^Iidth

( inches )

1

3

4

5

5

7

8

9

10

i1
L2

I3
L4

15

I

oF

2



DATA SELECTION

This section describes, in detail, the select,ion of appropriate
values for the renaining input data required by the design charts. They

are named according to their label.s used on each nonograph.

1. For each joint (or crack) measured and recorded in the form shown

in Table D.l, the user should determine sIope, AC/ATof the "best-fit"
straight line through the data. Based upon inspection of tbe slope values
for each line, the user should select a data seE or series of data sets
for use in analyzing the potential for reflecEion cracking in the section
characterized by the data set(s). This tneans that for some overlay
projects, it may be Becessary to ideatify and design different overlay
sections' In selecting these sections, the user should recognize that
tbose having the highest slope values will have Ehe greatest poteatial for
reflection cracking (at least frou the staodpoint of tensile strain). The

u6er should Eote too, that the slope value is Ehe trost important
characteristic of t,he data and that it is not, necessary to separate
sections which have approximately the same slope but different intercepts.
Also, because of the inverse relationship betneen joint (crack) vidth and

teEPerature, AC/AT should always have a negative value.

2. SPACE defines tbe spacing between the joints of a jointed
pavetrent or the average spacing betrceen the cracks of a continuous

Pavement.. If Ebe existing pavenent is CRCP, Ehen the average crack
spacing can be deterained by counting the nuuber of cracks in a secEion of

the bighway of known length and then dividing tbe section length by the
number of cracks. It is important to note that this inforoation is used

in conjuuction viLh the horizontal moveueut data which should have been

recorded from areas which exhibited the average joint or crack spacing.

3. THOV defiues the thickness (in incbes) of the asphalt coacrete
overlay and represents one of the fact,ors that can be varied in the
selectioo of an adequate design for nininizing reflect,ion cracking. TllOV

shoulC consist of the conbined thickness of all binder and surface courses
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vhich are considered to increase the load carrying capacity of the
iable sbould not include the thickness of anypaveaent structure.

intermediate or str ain-absorbing layers (such as an ad cour s e

It is recommended that TH0V only be coasidered a fact,or in the
overlay design if the Ehermal related tensile st,raios are predicted to be

a probable cause of premature cracking. Although increased overlay
thickness is very effective in reducing shear sErain, it is recommended

thaE more cost effective EeEhods for iuproving load transferr such as

uudersealing, be considered in reducing excessive overlay shear strains.

4. EDV represents the dynauric modulus of the asphalt concrete overlay
to be used in the analysis of overlay shear strain. This value is
geaerally in the range of 400r000 to 800r000 psi for conditions in
Arkansas but may be as high as 210001000 psi for dense mixes containing
stiff asphalts. High values can also be expected for areas which
experience sustained cool teBperatures.

The recomnended procedure for estimating EDV cal1s for the user to
conduct two differeaE laboratory tests on the asphalt bitumen that will be

used in the overlay mix. The tests are known as the Ring and Ball
Softeniug Point Test (ASTM D 36) and the Srandard Penetratiou Test (nStu 0

5). The ring and ball softening point Eemperature, TR&3, Ehe penetration
value, PW, and the penetration test Lemperature, T, are then used along

with Figure D.4 to estiuate the asphalt penetration index, PI.

Iiext, it is necessary to determine tbe stiffness of the asphalt
bituuren at the design t.eEperature, TDES, corresponding to the average year

round Eemperature at the project location. The stiffness modulus of the

asphalt bitumen, S"", can then be detersrined with the aid of the lleukelou

and Klomp nooograph presented in Figure D.5. A loading tiure of I second

is recommended in estinating Su".

The last step of the alternative rnethod is Eo estimat,e tbe overlay
dynamic oodulus, EDV, as the stiffness modulus of the asphalt oix, Smix'
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ASPHALT BITUMEN STIFFNESS MODULUS r Sq6, kglcmz
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Nomograph for predicEing the stiffness modulus of
asphaltic bitumens, after Heukelorn and Klomp (Ref. 70).
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Figure D-5

242

x,



under the same asphalt biturnen loading tirne and t,euperature conditions.
This can be done by estimatiog Cv, the voluoe concentration of the
aggregate io the nix and then using the oonograpb presented in Figure D.6.

liote that to use this uonograph, the units of S.. (estinated frour Figure
D.5) r.ust be converted fron kg/cr2 to psi by uultiplying by 14.223. Also
note that perceotage of air voids was assumed to be approxiuately 3

Pelcent in order to generate the curves. If the actual air voids that
wi1lbe present in the nix is significantly greater, Ehen the following
correction factor may be applied to determine an adjusted c, value:

C., (new) cv

1+H

where:

H actual. fraction of air voids in Che mix miaus 0.03.

The new C, value can then be used ia the sa&e nomograph presented in
Figure D.6.

5. TH2 is the variable which defiues the thickness (in inches) of
the interoediate layer t,hat will be placed prior to overlay (ttiz e qual s

zeto if no interrqediate layer). An interEediate layer represents a

traterial of certain thickness placed prior to overlay to help urininize
reflection cracking brought about by underlying slab oovements. The layer
is different fron a bond breaker layer in t,hat ie is designed Eo

internally absorb some of the underlying slab uovetrents before they reach

the overlay layers. It is not very effective in reducing reflection
cracking brought about by poor load t,ransfer across joints or cracks.

rn this procedure, TE2 can have a large effect on the critical
teusile strain developed in the asphalt concrete overlay, particutarly if
the creep uodulus of the layer is low.,.The strain-absorbing open-graded
course used in Arkansas is such a material, but it does have it.s thickness
limits. rE caa not be less Ehan 3 inches since some of the aggregate
Particles are as large as 2 ll2 inches. Also, because of possible rutting
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and conpaction problems, Ehe open-graded course thickness should not be

gleater than 5 or 6 incbes. Consequently, if the user int.ends to use soue

other type of internediate layer, care should be taken to insure thaE its
possible thickaess Iimits are considered.

6. @ represetrts the dynauic modulus (in psi) of the intermediate
layer to be used in the analysis of vertical shear strain criteria.
Because aa int,ermediate layer is designed to absorb horizoatal movements

of the uaderlyiog slab, it is relatively ineffective in reducing the
reflectioa cracking associated with poor load Eransfer aE joiots or
cracks. Consequently, a value of 201000 psi is recommended for the
standard open-graded base course used in Arkansas.

For aa int,ernediate layer naterial which is capable of carrying shear

strains (i.e., materials which have much fewer voids than the Arkansas

oPerr-8,rade course), however, it is recotnmended that ED2 be deterurined
using the same procedure as that recommended for EDV.

7. DTN18 repre6ents the design l8-kip equivalent single axle load
applications (nSei,) before the overlay reaches a certain level of
reflection crackiag inherent in the vertical shear strain criteria.
Consequently, it is recommended Ehat the user estiroate DTN18 as the nuober

of l8-kip ESAL that can be expected in the design lane in Ehe overlay
direction for Ehe desiga period. Subsequently, the nomographs wiII
ptovide a crit,ical deflection factor shich can be used in conjunction with
the deflection factor plots (discussed in the previous section on the
Collection of Field Data) to deternine which joints (cracks) have load
transfer problems. Based on t.his, it is recounended that the user design

the overlay for the horizontal tensile strain criteria and Eher iurprove

the condition of the poor perforrring joints (cracks) by underseating theu

or if necessary, by providing increased overlay thickness.
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USE OF DESIGN CIIARTS

After all the dat,a have been obtained, the following simple design
chart procedure may be used to arrive at a suicable overlay design
alternative.

1 Select the appropriate nornograph frorn Figures D.7 through D.l0 for
the pavement type and Arkansas region considered.

3

2. Using the choseo nornograph, try different overlay and interurediate
layer thickness conbinations (TH0V and Tl{2) until an optimuu design

alternative (for tensile strain criteria) is reached.

l.Iith the overlay dynauic uodulus, EDV, and the design traffic, DTNl8,

use Figure D.11 to estinate the allorrable overlay shear strain.

4. l.Iith Ehe trial design (from tensile strain criteria), use Ehe

allowable overlay shear strain to deternrine the allowab1e deflection
factor frour Figure D.12.

Drav a horizontal line on the longitudinal plot of deflect,iou factor
indicating the level of the a1losab1e deflection factor (as

illustrated in Figure D.13). If inspection shows that a point or
series of points exceeds Ehe allowable deflection factor, Ehen it is
necessary to either underseal those joints or use an increased
overlay thickness. The design for the latter uay be acconplished by

re-using Figure D.l2 with various increased levels of overlay
thickness, TIIOV.

Desisn for Differeut Levels of Reflection Crackine

If the user is interested in est-imating when.different leve1s of
reflection cracking will be reached (based on tensile strain criteria),
the following procedure may be applied:

5
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l.

3

Select the level of reflection cracking considered as a limit. This

will range anywhere from 5 to 99 percent.

Use Table D.2 to determine the z-value corresponding to the selected

reflection cracking leve1.

Solve for the number of years, Y' corresPonding to the desired level

of reflection cracking, using the following fornula:

Y = 1.5852 = Y5O

vhere:
Y50 = nuuber of years before 50 percent reflection cracking is

reached (as deterrnined frora noroographs).

It should be pointed out tbat the accuracy of this prediction is decreased

for very high or very low levels of reflection cracking.
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Table D. 2. z-values corresponding ro different levels of
reflection cracking.

Pereent.
RefIec tion
Cracking

I

5

IO

l5

20

25

30

35

40

45

50

55

60

65

70

75

BO

85

90

95

99

z-values

-2.330

-L.645

-L "282
-1.037

-0 .84 r

4.674
-0.524

-0 " 385

-0.253

-0"125

0 .000

0.126

4.253

0 .385

0.524

0.674

0 .841

1 .037

L.282

1 .645

2.330
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APPENDIX E

ARKRC-2 PROGRAM LISTING



ccc

c
c

c
c

PROGRAM ARKRC2 (INPUT, OUTPUT' TAPES=INPUT, TAPE2=OUTPUT)

ARKRC - ARKANSAS REFLECTION CRACKING ANALYSIS AI{D OVERLAY
DESIGN PROGRAM - VERSION 2.0 - NOVEMBER 1981

AUSTIN RESEARCH ENGINEERS, INC.
UNIVENSITY OF ARKANSAS
ARKANSAS STATE HIGHdAY AND TRANSPORTATION DEPARTMENT

cot{},toN /ALPHA/ IpRoB, pRoDES( 1g), PVTIPE(2), oVTYPE(2), oVRTYP(3)
COMMON /APS/ APS
coMMot{ / SHAR/ EC, THC, DENSC, ALFC, ES, AS, SSrG, SHU, ALFS, BARD, BARS,

1 E 2 |TH?,DENS2, ALF2, EOV, THoV, DENSOV,ALFV T oVBS,
2 ER, AR, A[.FR

cot'{MoN /DESN/ xBB, T't, NTMP, DTC(7), DTV(7), DT2(7), DAY(7)
ccD,tMoN /iluMBER/ EAC, EAS, EA2, EAV, EAB, DToBS, DTOHE, DCoBS, SI GMU, FAC, XL
coMMoN /oBs/ sPAcE, ICRAK, WH, WL, TH, TL, DS, rFSLP
coMMoN /ouT1l BP, AP, XM, XS, STLSB, CSB

coMHoN /ouTz/ BU, AVl, BB, AVz
CoMMoN /VERT/ DLoAD,WLoAD,EDV, ED2,EDB, DTN18,OVMU,T!{OMU, RFMU

COMMON/BB/BBVI
COiIHON / TO / TN, IOUT
DATA STOP / 4HSTOP /

1 CALL RCIN
CALL PRIVCR
IF (AS .GT. O.) GO TO 2
CALL CHABJ
GOTO3

2 CALL CHARC

3 CONTINUE
IFLAG = 0
CALL BNDOV (IFLAG)
IF (IFLAG .EQ. O) GO TO 6
rF (TFLAG .CT. 0) 1{RrTE(IoUT,60) rFUtG

60 FORHAT (/5X,35HBNDOV FAILED TO CONVERGE IN SECTION,I3
1 /5X,2?HPRoCEEDING T0 NEXT PRoBLEM.)
IF (APS .EQ. STOP) GO TO 99
GOTOl

6 CONTINUE
8 CALL VERTM

CALL OVLIFE
CALL RCOUT

IF (APS .EQ. STOP) GO TO 99
GOTOl

99 STOP

END
BLOCK DATA
coMHoN /ALPHA/ TPROB, PRoDES(19), PWYPE(2), oWYPE(2), oVRTYP(3)
COMMON /APS/ APS
cch,tHoN / I0 / IN, IOUT
coMMoN /coNsT/ coN(10)
coMMoN /oBs/ sPAcE, ICRAK, WH, WL, TH, TL, DS, IFSLP
COMMON / VERT / DLOAD, WL0AD, EDV, EDz' EDR, DTN'l 8, OVMU' TIIIOMU, RFMU

CoMMoN /DESN/ XBB, T1, NTMP, DTC(7), DTV(7), DT2(7 ), DAy(7)
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coMMoN /FATCON/ A1, A2, 81, 82
DATAIPROB/O/
DATA APS / 4HALL /

coN / 12., gro. /
DTC / 5., 15., 25.,
DTV / 5., 15.t 25.,
DTz / 5., 15.r 25.;
DAY / 7rO. /
ICRAK, SPACE / 0, 0.

35.,
35.,
35. ,

45
q5

45

.t

.t

.t

ot
.t
.t

65. /
65. /
65. /

DLoAD, WLoAD / gOO0., 25.
ovMU, T1{0MU, RFMU / 0.30,
AlrA2rB1rB2 / 1., -3.70,
PRODES /19*1H /I PWYPE,
OVRTYP /3*1H /
IN, IoUT / 8, ? /

DATA

DATA

DATA
DATA

DATA
DATA

DATA
DATA
DATA
DATA
DATA
DATA

55
55
55

lor
0 35, 0.25 /

-0.2703 /
OWYPE /4'1H /

END
SUBROUTINE RCIN

RCIN - REFLECTION CRACKING INPUT ROUTINE

coMHoN /ALPHA/ IPRoB, PRoDES(19), pVTypE(2), oVTYPE(2), oVRTYP(3)
COMMON /APS/ APS
col"tMoN / 9HAR/ Ec, THC, DENSC, ALFC, ES, AS, SSIG, SMU, ALFS, BARD, BARS,

1 E 2rTH2, DENS2, ALFz, EoV, THOV, DENSoV, ALFV,oVBS,
? ER,AR,ALFR

coMMoN /CoNST/ CoN(10)
CoMMoN /DESN/ XBB, T1, ilTl,tP, DTC(7), DTV(7), DT2(7), DAI(7)
COHMON /NI.JMBER/ EAC, EAS, EAz, EAV, EAR, DTOBS, DTONE, DCOBS, SI GMU, FAC, XL
coMHoN /oBs/ sPAcE, ICRAK, WH, trL, TH, TL, DS, rFSLP
coMMoN /VERT/ DLoAD,WLoAD,EDV,ED2TEDR,DTNl 8,oVMU, TlilOMU, RFMU

cs,tMoN /FATCoN/ A1, A2, 81, 82
COMMON/BB/BBW
coMr.toN / Io / TN, IouT
DATA PART / IIHPART /
DATAU/1HU/

STATEHENT FUNCTION FOR ESTIMATING FATIGUE EQUATION INTERCEPT
C0EF1( E ) = 8.072E-4 r ( E )rr(-'1.118)

CHECK FoR LONG OR SHORT FORM 0F DATA, MUST BE LoNG FoR
FIRST PROBLEM
IF (APS .EQ. PART) GO TO 80

LONG FORM

READ PROBLEM NO. AND DESCRIPTION
READ (IN,100) TPROB, PRODES

FoRMAT(I4,19A4)

READ PAVEMENT TYPE, MODULUS, U/C, JOINT/CRACK SPACING, SLAB
THICKNESS, CREEP MODULUS, DENSITY AND MOVEMENT AI SLIDING
READ(IN, 1 10) pwypE( 1 ),UC,SPACE,THC,EC,ALFC,DENSC,DS
FoRHAT( A4,A1,5X,6F10.0)
ICRAK = 1 CRACKED PAVEMENT
ICRAK = 2 JOINTED OR UNCRACKED PAVEMENT

cc

c
c

c
c
c

c
C

1

c
c
c

III

00

011

c
C
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c
c

ICRAK = 1

IF (UC .EQ. U) ICRAK=2

READ BAR DIAMETER, BAR SPACING, ELASTIC MODULUS, THERMAL COEF.
OF STEEL REINF. AND MAX. STEEL TO CONCRETE BONDING STRESS
READ(IN,120) BARD, BARS, ES, ALFS, SMU

FORMAT( 10X,5F1 0.0)
IF (ES .LE. 0.) ES=30000000.
CALCULATE AREA AND PERIMETER OF STEEL PER FOOT WIDTH
AS=0.
SSIG = 0.
IF (BARS .LE. 0.) G0 T0 30
AS = !,425*(BARDI12)/BARS
SSIG. = 37.699IBARD/BARS

30 CoNTINUE

READ MOVEMENT CHARACTERISTICS 0F oRIGINAL PAVEMENT, HI TEMP.,
HIGH TEMP. JOINT WIDTH, L0 TEMP. AND LolrEST TEMPERATURE oBSERVED
READ (It{, 130) TH,ilH,TL,WL,T1
FoRMAT( 1oX,7F1o.o)

READ OVERLAY TYPE, THICKNESS, CREEP MODULUS, DYNAHIC MoDULUS,
DENSITY, MAX. BONDING STRESS AND BOND BREAKER WIDTH
READ( IN, 150 ) THOV, EOV, EDV,AIF'.V, DENSOVT0VBS,BB'u[
FORHAT ( 10X,7F't0.0)

OVERLAY REINFORCEMENT NOT USED IN ARKANSAS (DO NOT READ)

ER = 0.0
ALFR = 0.0
AR = 0.0
READ OVERLAY REINFORCEMENT PROPERTIES (TYPE, ELASTIC MODULUS,
THERMAL COEFF., AREA, ALLOTABLE STRAIN)
READ(rN, 160) oVRTYP,ERrALF"R,AR

160 FoRMAT( 2A4.A2,4F10.0)

READ INTERMEDIATE IJTYER THICKNESS, CREEP MODULUS, DYNAMIC
MoDULUS, THERI{AL CoEF. AND DENSITY
READ(IN, 1 80) TH2, E2,ED2,ALF2, DENSz,SLPSW
FoRMAT( 10X,7F'10.0)
IFSLP = 1

IF (SLPSW .cT. 0.) IFSLP = 0

c
c
c

120

c

180

130
c
c
c

150
c
c
c

c
c
C

c
c
c

c

c
c

READ 18-KIP ESAL DESIGN TRAFFIC
READ(rN,180) DTN18

READ YEARLY FREQUENCY OF MINIMUM DAILY TEMPERATURES
READ ( I N, 'I 80 ) DAY
DO 60 I=2rT
NTMP = I-1IF (DAY(I) .LE. O.) GO TO 70

60 CONTINUE
NTMP = /

70 CONTINUE
FoRMAT( 1 X, 10X, 7F 1 0. 0)190
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PROGRAM CALCULATIONS
XL = 0.5TSPACETCON(1)
XBB = BBI.ITC0N('l )r0.5
IF (XBB .GT. XL) XBB=XL
DC0BS = 0.5r(l{L-i{H)
DTOBS = TH-TL
SIGMU = SMUISSIG
DTONE = TH-T'I
EAC = ECTTHC*C0N(1) '
EAV = EOV*THOVICON(1)
EA2 = E2iTH2*CON(1)
EAR = ER*AB
EAS = ESrAS
EDR = ER

c0 T0 g0

DATA SHORT FORM

READ PROBLEM ilo., OVERLAY CREEP MODULUS, OVERLAY THICKNESS,
INTERMEDIATE LAYER THICKNESS, BOND BREAKER WIDTH AND DESIGN

TRAFFIC
80 READ(IN,200) IPRoB,EoV,THoVTTH2,BBWTDTN18

FORMAT( 5X,r5,7F1 o.o)
XBB = BB'd*CON(1)r0.5
IF (XBB .GT. XL) XBB=XL
EAV = EOVTTHOVTCON(1)

90 CONTINUE
ESTIMATE FATIGUE EQUATION INTERCEPTS
A1 = COEFI( EOV )
81 = 4.r(1.+OWU) r (COEFl( EDV ))rr(-B2)
ESTIMATE FACTOR FOR INCREASING FRICTION CURVE SLOPE AFTER OVERLAY
FAC = 1. + (DENSOVTTHOV + DENS2TTH2)/(DENSCTTHC)

READ ALLIPART/STOP FOR NEXT PROBLEM

READ (IN,3OO) APS
FORMAT( A4)
RETURN

END
SUBROUTINE PRIVCR

PRIVCR - PRINT INPUT VARIABLES FOR REFLECTION CRACKING PROGRAM

DIMENSION CRAK(2),CRJT(2, 2)
coMt'toN /ALPHA/ rPRoB, PRODES( 1g), PWYPE(2), oVTYPE(2), oVRTYP(3)
COMMON / CHAR/ EC, THC, DENSC,ALFC, ES, AS, SSIG, SMU, ALFS, BARD, BARS,
I E 2rTH2, DENSz, ALFz, EOV, THOV, DENSoV, ALFV,oVBS,
2 ER,AR,ALFR

CoMMoN /DESN/ XBB, T1, NTMP, DTC(7), DTV(7). DT2(7 ), DAY(7)
COMMON /OBS/ SPACE, ICRAK, WH, WL, TH, TL, DS, IFSLP
COI,|HON /VERT / DLOADTWL0AD, EDV, EDz, EDR, DTN 1 8, OVHU, TI,IOMU, RFMU

COMMON/BB/BBW
coMMoN / IO / IN, IOUT
DATA CRAK / 2H ,2HUN /
DATA CRJT / 4HCRAC,lHK,

1 4HJorN, lHT /

200

c
C

c
c

c

c

c

c

300

cc
c
c
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c
c

DATAISW/O/

WRITE COVER PAGE ON FIRST CALL TO PRIVCR ONLY

IF (IS'r{.N8.0) cO TO 10
IF (IPROB .LT. O) GO TO 10
WRITE(IOUT,90O)

900 FoRMAT( 1H1 /////////////////
o
,l

2

3
4

5
6

7
I
9
1

2
3
4
5

21X,37HARKANSAS REFLECTION CRACKING ANALYSIS
/21X,31H AND OVERLAY DESIGT{ PROGRAII/ / / / / /
/18X,43H A

/ 1 8X,4
/18X,4
/ 1 8X,4
/ 18X,4
/18X,4
/18X,4
/ 18X,4

AA
A

A
AAAA

3H
3HA
3HA
?HAA

RRRR

R

R

R

RRRR KK K

RKK
RKK
RK K

K RRRRR cccc
c

cccc

R

R

R

R

R

R

R

R

K

KK
KK
KK

RR
RR
RR
RRRRR

RR
RR
RR

c
c
c
c3HA

3HA

3HA

A

A

A

c

/ / / / / / /3qx, 1 lHVERSION 2.0
/33X,1 3HNoVEMBER 1981
/ / /24X,31HAUSTIN RESEARCH ENGINEERS, rNC.
/ ?SX,22HUNIVERSITY OF ARKANSAS
/1IX,52HARKANSAS STATE HIGHWAY AND TRANSPORTATION DEPARTMENT

ISI.I = 1

10 URITE (IOUT,1000)
1000 FoRMAT (1H1///5X,

1 5THARKRC - ARKANSAS REFLECTION CRACKING ANALYSIS AND OVERLA!/'X,
2 52H DESIGN PROGRAM - VERSION 2.0 - NOVEHBER 1981 )

.i.rRITE (IOUT, 1010) IPROB, PRODES
1010 FoRMAT (/'X,8HPRoBLEM,r3, 12H DESCRIpTrON,3gX,6HPAGE',t

1 /5X,19A4/
2 /33X,19( 1H*) /33X, 'tgHr INPUT VARIABLES */33X,19( 1H*) )

wRrTE(rouT, 1020) pvTypE( 1 ), CRAK(rcRAK), (CRJT(J,TCRAK) ,J=1,2),
1 SPACE, THC, EC, ALFC, DENSC, DS

1O2O FORMAT (/9X,26HEXISTING CONCRETE PAVEMENT

1 /15X,4HTYPE,5oX,A4
2 /15X, gHCONDITION, 4OX,A2,7HCRACKED
3 /15X,A4,A1,12H SPACTNG, FT,31X,F10.2
4 /15X, I9HSLAB THTCKNESS, rN.,29X,F10.2
5 /15X,27HCoNCRETE CREEP MoDULUS, PSr,21X,F10.0
6 /15X,37HCONCRETE THERMAL COEFFICIENT, IN/IN/F, 11X,F'I0.8
7 /15X,28HUNrT WETGHT OF CONCRETE, PCF,20X,F10.1
8 /15X,23HMoVEMENT AT SLIDING, IN,25X,F10.4)

WRITE (IOUT, lO3O) BARD, BARS, ES, ALFS, SMU

1O3O FORMAT(/9X, 3lHEXIST]NG PAVEHENT REINFORCEMENT
1 /15X, 17HBAR DIAMETER, IN.,31XrF10.3
2 /1 5X,1 6HBAR SPACTNG, rN. ,32X,F1 0.3
3 /'.l5x,29HELASTIC MODULUS 0F STEEL, pSI, 19X,F10.0
4 /15X,37HTHERMAL COEFFICIENT OF STEEL, IN/IN/F,11X,F'IO.B
5 /15X,24HMAXIl'tUM BoND STRESS, pSI,24X,F10.0)

c
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wRrrE (rour, 1040) THr}{HrTLrl{LrT1
1O4O FORI'IAT (/?X,43HEXISTING PAVEMENT MOVEHENT CHARACTERIZATION

2 /15X,27HHrGH TEMPERATURE, DEGREES F,21X,F10. 1

3 /15X,42HJorNT/CRACK WrDTH AT HrGH TE|,tPERATURE, rN.,6X,F10.7
4 /15X,26HL0i{ TEHPERATURE, DEGREES F,22X,F10.1
5 /15X,41HJOINT/CRACK !,IIDTH AT L0'r, TEMPERATURE, IN.,7X'F10.7
6 /15X,3gHMINIMUM TEMPERATURE OBSERVED, DEGREES F,9X,F10.1)

wRrTE (rouT, 1060) THov, Eov, EDv, ALFV, DENSoV, OVBS, BBld

1060 FORMAT(/gX,4OHASPHALT CONCRETE OVERLAY CHARACTERISTICS,
1 /15X,33HTHICKNESS (BINDER + SURFACE)r IN.,15X,F10.2,
2 /15X,18HCREEP MODULUS, PSr,30X,F10.0
3 /15X,20HDYNAMrC MoDULUS, PSr,28X,F10.0
4 /15X,28HTHERMAL CoEFFTCIENT, IN/rN/F,20X,F10.8
5 /15X, l6HUNrT !{ErGHT, PCF,32X,F10. 1

6 /15X,24HMAXIMUM BoND STRESS, PSI,24X,F10.0
7 /15X,23HB0ND BREAKER i.IIDTH, FT.,25X,F10.2)

WRITE (roUT,1070) THz, 82, ED2, ALF2, DENS2
1O7O FORMAT (/gX,34HINTERMEDIATE LAYER CHARACTERISTICS,

1 /15X, l4HTHICKNESS, IN.,34XrF10.2
2' /15X,18HCREEP MODULUS, PSI,3OX,F1O.0
3 /15X,20HDYNAMrC MODULUS, PSr,28X,F10.0
4 /15X,28HTHERHAL CoEFFTCTENT, IN,/rN,/F,20X,F10.8
5 /1 5X, l6HUNIT WETGHT, PCF,32X,F10. 1 )

l.,RrTE (rour, 1075) DTN18
1075 FORMAT (/9X,28HDESIGN TRAFFIC (18.KIP ESAL),26X,F10.0)

I/fRITE (IOUT,1000)

wRrTE (rouT, 1080) TPRoB,PRoDES
't080 FoRMAT (/5X,8HPRoBLEM,r3,',l2H DESCRTPTToN,39X,6HPAGE 2

1 /5X,19A4)

WRITE (IOUT, 1090) (DAY(I),I=1,7)
1C9O FORMAT( /9X,5OHYEARLY FREQUENCY OF CRITICAL MINIMUM TEMPERATURES

//15X,30H MTNIMUM N0. 0F
/15X,3OHTEHP. TEMPERATURE DAYS PER

/15X,3OHCLASS RANGE (DEG F) YEAR

/ 15X,3oH----
/15X,20H 1

/15X,20H 2
/]5x,20H 3
/15X,20H 4

/ 15X,20H 5
/15X,20H 6
/15X,20H 7

RETURN
END
SUBROUTINE RCOUT

c

c

c

c

c

1

2
3
4

5

7
8

9
0
1

2

+29

+49
+39

+19
+9
-'l
-1'r

T0 +40 ,
T0 +30 ,
T0 +20 ,
TO +10 ,
T0 0,
T0 -10 ,
T0 -20 ,

F8.0,
F8.0,
F8.0,
F8.0,
F8.0,
F8.0,
F8.0)

cc
C

c
RCOUT . OUTPUT ROUTINE FOR REFLECTION CRACKING PROGRAM

CoMMoN /DESN/ XBB, T'.l, NTMP, DTC(7), DTV(7), DT?Q ), DAy(7)
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COMMON

COMMON

COMMON

COMMON

COMMON

CC[,{HON

/sHsTRN/ GAMoV, GAM2, GAi,tR

/TENSTR/ EPSOV(7), EPS2(7), EPSR(7)
/auT1/ BP, AP, XM, XS, STLSB, CSB

/ouTz/ BU, AV1, BB, AV2
/OUT3/ FATL(7), YRDAM(7), YRDTOT, YRTLIF,
/ ro / rN, rouT

c

't000

C

WRITE ( roUT, 1 000 )
FORMAT( / / /33X,16(1Hr)/33X, 16H* ARKRC oUTPUT *,/33X,16(1Hr) )

HRITE(roUT,1110) BP, BU, BB

1 ',t 1o FoRHAT( / /9X,1 lHBETA VALUES
1 /15X, 14HBEFoRE OVEBLAY,34X,F10.5
2 /15X,31HAFTER 0VERLAY (UNBoNDED REGToN), 17X,F10.5
3 /15X,29HAFTER oVEnLAY (BoNDED REGToN), 19X,F10.5)
WRITE(rOUT, 1 120) GAMoV, FW

1 120 FoRMAT(/9X,28HDESIGN SHEAR STRAIN CRITERIA
1 /15X,28HMAXIMUM OVERLAY SHEAR STRAIN,2OX,F'I0.6
2 /15X,25HMAXIMIX'{ DEFLECTIoN FACTOR,23X,F10.3)
t{RITE ( I0UT, 1 200 ) ( I, DAY ( I )' EPSOV ( I )' FATL ( I )' YRDAM( I ) I I ='l' NTMP)

12OO FORMAT(/9X,38HFATIGUE LIFE (TENSILE STRAIN CRITERIA)
1 //15X,42H N0. 0F oVERLAY ALLoWABLE
2 /15X,52HTEMP. DAYS PER TENSILE STRAIN FATIGUE YEARLY

3 /15X,52HCLASS YEAR (IN/IN) CYCLES DAHAGE
4 /15X,52H----
57 ( /15Xrr3rF1 0.0r5XrF10. 7rF'l 3.0,F1 1.4) )
WRITE(IOUT, 1210) YRD(OT, YRTLIF

1210 FoRMAT(61X,6( 1H-) /33X,20HT0TAL YEARLY DAHAGE,F14.4
1 //15X,47HN0. OF YEARS BEFORE FATLURE CRTTERTA rS REACHED,F11.1)

RETURN
END

SUBROUTINE CHARJ
ccccccccc
C CHARJ - CHARACTERIZES PLAIN JOINTED CONCRETE PAVEMENT
ccccccccc

coMMoN / 9HAR/ EC, THC, DENSC, ALFC, ES, AS, SSIG, SMU, ALFS, BARD, BARS,
1 E?rTH?|DENS2,ALF2, EOVTTHoV, DENSOVTALS'VroVBS,
2 gR, AR, ALF"R

CoMMoN /NUMBER/ EAC, EAS, EA2, EAV, EAR, DTOBS, DTONE, DCoBS, SIGMU, FAC, XL
COMMON /OBS/ SPACE, ICRAK, WH, WL, TH, TL, DS, IFSLP
CoMMoN /ouTl/ Bp, Ap, xH, xs, STLSB, CSB

CoMMoN /CoNST/ CoN(10)
ETA = ALFC*DTOBS
XS = 0.0
BP = BETA(DCOBS, XL, ETA)
IF (BP .LE. 1.) GO TO 4
WRITE (roUT,100)

100 FoRHAT(//5X,46H*rr INPUT DATA ERROR RESULTING IN BETA GREATER
1 9H THAN 1.0/5r,2lg*r* CHECK MoVEMENT DATA )

STOP
4 IF (BP .GT. O.) GO TO 5

HRITE (IoUT,200)
200 FoRMAT(//5r,Algrrr INPUT DATA ERROR RESULTING IN BETA LESS

1 9H THAN 1.1;5X,q7HITT PCC THERMAL COEFICIENT PROBABLY TOO LOW OR

2 /5)i.,27'rl*x* INCORRECT MOVEMENT DATA )

FW
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STOP

5 CONTINUE
FC :EACI(ETA-DCOBS/XL)
AP=XL
IF (DCOBS .GT. DS) AP = ASOLN(ETA'DS'BP'XL)
CONINT:ET$ ( 1. -BP) /XLrrBP
TERM = CONINT r APrr(BP+2.)/(BP+2.) + DSr(XL-AP)
)G{ : FCITERM

c Nq{ HAVE BETA, A, AND M (SLOPE) FOR CHARACTERIZATION 0F PLArN JCP.
CSB = FCl(THCTCON(1))
STLSB = 0.

c tlRrTE(2,2) ETATBp,XL,Ap,DS,FCTTHC,CoNTNT,TERM,CSB
2 FoRMAT( 10H CHARJ ,10E12.4)

RETURN

END
SUBROUTINE CHARC

cccccccccccc
C CHARC - CHARACTERIZES REINFORCED CONCRETE PAVEMENT

cccccccccccc
DIHENSION XT( 1O), DF( 1O)
REAL INTERP
co.tMoN / cH R/ Ec, THC, DENSC, ALFC, ES, AS, SSrG, SMU, ALFS, BARD, BARS,
1 E 2rTH2) DENSz, AtF2, EoV, THOV, DENSoV, ALFV,oVBS,
2 ER,AR, AIf R

coMMoN /coNST/ CoN(10)
CoMHoN /N UMBER/ EAC, EAS, EA2, EAV, EAR, DToBS, DToNE, DCoBS, STGMU, FAC, XL
coMMoN loBs/ sPAcE, rcRAK, WH, l.IL, TH, TL, DS, rFSLP
CoMMoN /ouT1/ BP, AP, X!.t, XS, STLSB, CSB

coMMoN / LO / IN, IoUT
DATA TEST /50./
DATA MAX /'IOl

ccccccccccc
C STATEMENT FUNCTIONS FOR OFT-REPEATED CODE.
ccccccccccc

ABEA(X' B) = X*r (B+2. ) / (B+2.)
DELFN (ETA'B'X'XL) = ETATXT( 1.-B)r(X/XL)rrB
ETA = ALFCTDTOBS
BP = BETA (DC0BS'XL,ETA)
IF (BP .LE. 1.) GO TO q

wRrTE (IoUT,100)
100 FoRMAT(//5r,46Hrrr INPUT DATA ERRoR RESULTING IN BETA GREATER

1 gH THAN 1.0/5Xt23H*rr CHECK MoVEMENT DATA )
STOP

4 IF (BP .GT. O.) GO TO 5
t{RrTE (rouT,2oo)

200 FoRMAT(//5r,4lgrrr INPUT DATA ERRoR RESULTING IN BETA LESS
1 gH THAN 1.O/5X,47Hrrr PCC THERHAL COEFICIENT PROBABLY T0O LoU 0R
2 /5rrz?Hilr INCoRRECT MoVEMENT DATA )

STOP
5 CONTINUE

C DTONE - MAXIMUM TEMPERATURE CHANGE PVT HAS UNDERGONE BEFORE OVERLAY.
ETASl = ALFSTDTONE
ETACl = ALFCTDTONE
FACT=(1.-BP)/XLIIBP
I=0
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c

c
10

21

30

c

c
40

c

c
50

1

c
60

c

DlXL = DELFN(ETAC1'BP'XL'XL)
'iJ'l = D1XL +WHr0.5
INITIAL ESTIHATE OF XS.
XS = XL - SQRT(l{IIEAS/SIGMU)
ITERATE ON XS FOR FORCE BAI.ANCE.
DlXS = DELFN(ETAC 1,8P, XS' XL)
TERH =(DIXS + 0.5IWH) /(XL - XS + 0.5tWH)
FSC=EASI(ETAS1+TERM)
U : SIGMU*(XL-XS)
FSXS:FSC-U
FCXS = EACI(FSXS/EAS + ETAC1 - ETASI)
FIS=FCXS-U
Q=0.
IF (DS .GT. DIXS) GO TO 21
XM = FIS,/(DSI(XL-XS) )
AP = ASOLN(ETAC1, DS, BP, XL)
co T0 30
AP=XL
IF (DS .LT. DIXL) AP = ASOLN(ETAC1' DS' BP, XL)
Q = ETACITFACTI(AREA(AP,BP) - AREA(XS,BP)) + DS*(XL-AP)
XM = FIS/Q
CONTINUE
FSCDTZ = . lr$fflrgAs/ ( XL-XS+g. 5*HH )
FCBDTZ = FSCDTZ,/( 1. + EAS/EAC)
TERM = FCBDTZ
FCB = EACI(ETACI - DIXL/XL) + TERM

FSB = EASI(FCB/EAC + ETAS1 - ETACI)
FI = Xl'F(ETACITFACTIAREA(AP,BP) + DSr(XL-AP) )
DELF=FSB+FCB-FI-FSC
I=I+1
XT(I) = XS
DF(I) = DELF
IF (ABS(DET) .LT. TEST) GO TO 60
IF (I .GE. MAX) GO TO 50
IF (I .GT. 1) GO TO 40
SECOND VALUE OF XS.
DELX = AMINl (0.1rXS, 0. 1r(XL-XS) )
)G = XS - SIGN(DELX'DELF)
GO TO 10
INTERPOLATE IN FUNCTION XS(DELF) FOR DELF = 0. FOR NEXT ESTIMATE oF XS.
XSINT = INTERP(0.r DF' XT'I)
XS = XSINT
LIMIT XS IN CASE OF EXTRAPOLATION.
IF (XS .LE. 0.) XS = .05rXL
IF (XS .GT. XL) XS = .99rXL
G0 T0 10
TOO MANY ITERATIONS.
WRITE (IOUT,1) MAX

FORMAT(35H ITERATI0NS IN CHARC EXCEEDED MAX =,Ir1'6H ABORT)
CALL EXIT
SUCCESS.

CONTINUE
CSB = FCB/(THCTCON(1))
STLSB = FSC/AS
l{RrTE ( 2, 2) ETAC 1, BP, XS, XL, AP, FACT, D 1 XL, D 1XS, Q, Fr
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C I{RITE(2,3) FSC,FSXS,FCXS,FIS,FSCDTZ,FCBDTZ,FCB,FSB,CSB,STLSB
2 FORMAT(10H CHARC ,'t0812,4)
3 FoRMAT(10H ,10E12.4)

RETURI{
END
SUBROUTINE BNDOV (IFLAG)

cccccccccccc
C BNDOV - BONDED OVERLAY ANALYSIS ROUTINE

ccccccccccc
C SAME ROUTINE FOR JCP At'lD CRCP. JCP IF AREA(STEEL)=0.
c

DIMENSION XT(50), DF(50)
DIMENSION IWRDT(2), IURDMA(2)
REAL INTERP
cfiMoN /CHAR/ EC,THC,DENSC,ALFC, ES,AST SSIG,SMU,ALFS, BARD,BARS,
1 E 2,TH2, DENS2, ALF2, EOV, THOV, DENSoV, ALFV,oVBS,
2 ER,AR,ALFR

coHMoN /CoNST/ CoN(10)
cfiMoN /DESN/ XBB, T1, NTMP, DTC(?), DTV(7), DT2(7), DAy(7)
CoMMoN /N UHBER/ EAC, EAS, EAz, EAV, EAR, DToBS, DToNE, DCoBS, SI Gll U, FAC, XL
coYMot{ /oBs/ sPAcE, ICRAK, WH, trl, TH, TL, DS, IFSLP
coMMoN /ouT1/ BP, AP, XM, XS, STLSB, CSB
c&tMoil /ouTz/ BU, AVl, BB, AVz
CoMMoN /FATCoN/ A1, A2, 81, 82
CO},IMON /TENSTR/ EPSOV(7), EPS2(7), EPSR(7)
coMMoN / IO / IN, IoUT
coMuoN /ALPflA/ rPRoB, PRODES(19), PWYPE(2), OWYPE(2), OVRTYP(3)
DATA CRCP / 4HCRCP /
DATA TEST/ 20. / , t{AX/ 50 /
DATA MAXT / 50 /
DATA KLIM / 50 /
DATA II'IRDT / 4HTOTA' 1HL /
DATA IWRDMA / 4HMAJo, lHR /

cccccccccc
C STATEMENT FUNCTIOilS
cccccccccc

DELF'N(ETA,BTXTXL) = ETATXT( 1.-B)r(X/XL)*tB
AREA(X,B) = Xrr(B+2.) /(B+2.)

ccccccccccccccccccccccccc
C FINST SOLVE PROBLEM UNDER MAX TEMP DROP CONDITIONS
ccccccccccccccccccccccccc

ETA = ALFCTDTC(NTMP)
ETA2 = ALF2*DT2(NTMP)
ETAV = ALFVTDTV(NTMP)
ETAR = ALFRTDTV(NTMP)
ETAS = ALF'STDTC(NTMP)
D0 15 I=1,10
XT(I ) = 0.

15 DF(I) = 0.
FACTOR = FAC
XMOV = XIITFACTOR

C FORCE TERMS FOR ZERO TEMP DIFF.
FSCDTZ = .lIIIlIf,AS/(XL-XS+0.5rHH)
FCBDTZ = FSCDTZ/(1. + EAS/EAC)
TERM = FCBDTZ
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C Ir SLOPE OF FRICTION CURVE NOT ADJUSTED FOR INCREASED OVERBURDEN
C THEN

BU=BP
IF (FACTOR .LE. 1.) GO TO 90
I=0

C ASSIJME BETA FOR UNBONDED PORTION.
BU = AMIN1( 1.15r8P, 0.96 )

C ITERATE ON BETA (BU) FOR FORCE BALANCE.
'10 DC = DELFN(ETA,BU,XL'XL)

DCXS = DELFN(ETA,BU,XS, XL)
FCB = EACr(ETA-DC/XL)
FCB=FCB+TERM
AV1 = XL
IF (DS .LT. DC) AV1 = ASOLN(ETA, DS, BU, XL)
FACTU= ( 1. -BU) /XLrrBU
FI = XMOV*(ETATFACTU*AREA(AV1,BU) + DSr(XL-AV'l))
FSB = EASI(FCB/EAC + DTC(NTMP)I(ALFS - ALFC))
FSC = EAS*(ETAS + (DCXS + O.5ri,IH) /(XL + 0.5rWH - XS))
FLHS=FCB+FSB
FRHS=FI+FSC
DEI,F=FLHS-FRHS
I=I+1
DF(I) = DELF
XT(I) = BU
IF (ABS(DEI-F) .LT. TEST) cO TO g0

IF (I .GE. MAX) GO TO 60
IF (I .GT. 1) GO TO 20

C SECOND ESTIHATE FOR BU.
IF (DELF .cT. 0.) BU=0.95rBU
IF (DELF .LT. 0.) BU=1.05r8U
IF (BU .GT. 1.0) BU=0.99
G0 TO 10

C INTERPOLATE IN BU(DELF) FOR DELF=0. FOR NEXT ESTIMATE.
20 BU = INTERP (0., DF' XT, I)

C LIMIT BU IN CASE OF EXTRAPOLATION.
IF (BU .GE. 1.) BU = 1. - (0.1;**1
IF (BU.LE. O.) BU = 0.lilI
G0 TO 10

C TOO MANT ITERATIONS.
60 WRITE ( IOUT, 1 ) $TRDI'IA, MAX, DELF, DELF

1 FORMAT(1X'A4'A1'35H ITEflATIONS IN BNDOV EXCEEDED MAX :I4'6H ABORT
t / 7H DELF= ,812.4r5H XZ= ,E12.4)

c SET IFLAG=1 TO INDICATE FAILURE HERE.
IFLAG = 1

RETURN

C SUCCESS

90 CONTINUE
c WRITE(2r2) ETATETA2TETAV,ETAS,EASTEAC,BUTTERM,AVl
2 FORHAT(10HBNDOV ,10E12.4)

C WRITE(z,3) FSCDTZ,FCBDTZ,DC,DCXS,FCB,FI,FSB,FSC,FLHS,FRHS
3 FoRMAT(1OH UNBoUND ,10E12.4)

DO 95 I=1,10
XI(I) = 0.

95 DF(I) = 0.
l OO CONTII{UE
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c ASSI.'ME BETA (BONDED)

BB:BU
KNT=0
XB=XL-XBB
IT=0

I=0
IBB=-1
DELF=-1.

IF (DELF.GT.0. .AND. IBB.EQ.-1) IBB:1
DCXB = DELFN(ETA, BB, XB, XL)
IT = IT+1
IF (IT .gI. HAXT) GO TO 999
DCXS = DELS'N(ETA' BB' XS' XL)
CALL CLCXLE (DCXB, ETA, BU, XBB, XL, )GE )
XSE = 0.
AV2E = 0.
AREAB = 0.
FACTUE = 0.
XBE = 0.
AREAU = 0.
IF (XS.LE.XB) GO TO 115
XSE : )6-XI+XLE
DCXS=DELFN(ETA, BU' XSE, XLE)
CONTINUE
FCB = EACI(ETA - DCXB/XB) + TERM

FSB = EASr(FCB/EAC + ETAS - ETA)
FSC = EASI(ETAS + (DCXS + 0.5rUH) /(XL + 0.5rWH - XS))
AV2 = AS0LN (ETA' DS' BB, XL)
IF (AV2.6I.XL) AVZ=XL
FACTB : ( '1. -BB) /XLrrBB
IF (AVz .GT. XB) GO TO 120
FI = Xy0VI(ETAIFACTBIAREA(AV2,BB) + DS*(:C.-AV2))
GO TO 124
CONTINUE
AV2E = ASOLN(ETA, DS ,BU' XLE)
IF (AVZE .GT. XLE) AV2E=XLE
AV2=AV2E+XL-XLE
IF (AV2 .GT. XL) AV2 = XL
AREAB = FACTB I AREA(XB,BB)
FACTUE = (1. - BU) / XLETTBU
XBE=XB-XL+XLE
AREAU = FACTUE r (AREA(AV2ETBU) _ AREA(XBETBU))
FI = XMOV r (ETA 

'(AREAB+AREAU) 
+ DSI(XL-AV2))

CONTINUE
IF (oVBS .EQ. 0.) GO TO 126
UZ=FCB+FSB-FI-FSC
XZ = UZ/ (OVBSTC0N(1 ))
lll RITE ( 2, 4 ) BB, DC XB, XLE, XSE, DC XS, FCB, FSB, FSC, FACTB, F r, AV2, AVzE,

I AREAB,AREAU,XBE, UZ, XZ

D=XL-XBB
rF ( xz .GT. 0.) G0 To 125
ZJQ=.003
IF (PWYPE(1 ).NE.CRCP) ZJQ=.012
BB=BB+ZJQ
KNT = KNT+'I

110

115

120

1?4

c
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IF (KNT .LT. KLIH) GO TO 110
WRITE (IOUT,5) KLIM

5 FORMAT(/2'tH KNT EXCEEDS LIMIT OF,I4)
C SET IFLAC=2 TO INDICATE FAILURE IN THIS SECTION.

IFUIG = 2
RETURN

125XZP=D-XZ
DCXZP = DELFN(ETA, BB, XZP, XL)

126 CONTINUE
STRATO = 0.0001
IF (THOV .GE. 9.) GO TO 123
STRATO = 0.1021*AL0c(9.-THOV) + 0.3362

123 CoNTTNUE
ARO = (STRATO-1.)/ALOG(STRATO)
IF (TH2 .GT. O.) GO TO 127
F2B = 0.
F2C = 0.
FOB = EAVI(ETAV + AROI(FCB/EAC-ETA) )

C IF (OVBS.LE. O. .AND. XBB.LE. O.), THEN ASSUME.25.IN SLIP ZONE
STRNM = DCXB/O.25
STRN2M = 0.0

c
IF (OVBS .LE. 0. .AND. XBB.GT.0.) STRNM = DCXB/XBB
IF (OVBS .GT. 0.) STRNM = DCXZP/(XZ+XBB)
FOC = EAVi(ETAV + AROTSTRNM)
co T0 128

127 CONTINUE
ETERM = ALOG(EOV)/AL0G(E2)
XSTRT2 = 5.9223 -0.50742*AL0G(TH2) -5.5061IETERM+ -o.52215IALOG(TH0V;*g'1tt*
STRAT2 = EXP( XSTRT2 )
AR2 = (STRAT2-1.)/ALOG(STRAT2)
F2B = EA2r(ETA2 + ARzr(FCts/EAC-ETA) )
STRN2M = DCXB/O.25
IF (OVBS .LE. 0. .AllD. XBB.GT.0.) STRN2M = DCXB/XBB
IF (OVBS .GT. 0.) STRN2M = DCXZPI(XZ+XBB)
F2C = EA2r(ETA2 + ARZTSTRN2H)
STRNM = STRATZTSTRNZM
FOC = EAV*(ETAV + AROTSTRNM)
STRNMB = STRAT2T(FCB/EAC-ETA)
FOB = EAV*(ETAV + AROISTRN}{B)

128 CONTINUE
FRB = EARI(FOB/EAV + ETAR - ETAV)
FRC = EAR*(FOC/EAV + ETAR - ETAV)
FLHS = FCB + F2B + FOB + FRB + FSB
FRHS = FI + F2C + FOC + FRC + FSC
DELF=FLHS-FRHS

C l,lRITE(2,4) XZP,DCXZP,F2B,F2C,FOB,FOC,FRB,FRC,FLHS,FRHS,DELF
q FoRUAT(10H BoUND ,10E12.4)

I=I+1
DF(I) = DELF
xT(I) = BB
IF (ABS(DELF) .LT. TEST .AND. XZ.LE.D) GO TO 170
IF (I .GE. MAX) GO TO 160
ZJQ=.003
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IF (PWYPE(1).NE.CRCP) ZJQ=.012
IF (IBB.EQ.-1 ) BB=BB+ZJQ
IF (IBB.EQ.1) BB= INTERP(0.,DF(I-1), tr(I-1)' 2)
G0 TO 'l '10

C TOO MANY ITERATIONS
160 WRITE (IoUT, 1 ) ITRDMA,HAX,DELFTXZ

C SET IFLAG=2 T0 INDICATE FAILURE IN THIS SECTIOI{.
IFLAG = 2
RETURN

C SUCCESS.
170 CONTINUE

EPSOV(NTMP) = STRNM + ETAV

EPS2(NTMP) = STRNZ'! + ETA2
EPSB(NTMP) = 0.
IF (EAR .cT. 1.) EPSR(NTMP) = FRC/EAR

ccccccccccccccccccc
C NOI{ SOLVE FOR STRAINS DURING OTHER DESIGN TEMP DROP CONDITIONS

ccccccccccccccccccc
rF (NTMP .LE. 1) GO TO 3oo
NT1 = NTMP-1
DO 250 ITMP=1,NT1
ETA = AFCTDTC(ITMP)
ETAS = ALFSTDTC(ITHP)
ETA2 = ALF2TDT2(ITHP)
ETAV = ALFVTDTV(ITMP)
ETAR = AUFRTDTV(ITMP)
DCXB = DELFN( ETA' BB, XB' )G )
IF (XZP .LT. 0.) XZP=O.
DCXZP = DELFN( ETAI BB, XZ?, XL )
rF (TH2 .GT. 0.) GO T0 200
STRN2M = 0.0
STRNM = DC\B/0.25
IF (OVBS.LE. 0. .AND. XBB.GT. 0.) STRNM = DCXB/XBB
IF (OVBS .GT. 0.) STRNT'I = DCXZP/ (XZ+XBB)
GO TO 210

2OO CONTINUE
STRN2M = DCXB/0.25
IF (OVBS .LE. 0. .AilD. XBB .GT. 0.) STRN2M = DC)G/XBB
IF (0VBS .GT. 0.) STRN2M = DCXZP/ (XZ+XtsB)

STRNM = STRAT2TSTRN2M
210 CONTIT{UE

FRC = EARI(FOC/EAV + ETAR - ETAV)
c

EPSOV(ITMP) = STR

EPS2(ITMP) : STRN
EPSR(ITMP) = 0.
IF (EAR .GT. 1.) .

250 CONTINUE
tIRTTE (2,4) EPSoV
wRrrE (2,4) EPS2
wRrTE (2,4) EPSR

EPSR ( ITMP) =FRC/ EAR

3OO CONTINUE

RETURN

999 l{RrTE (rOUT, 1) TWRDT, MAXT, DELF, XZ

NM + ETAV
2M + ETA2

c
c
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SET IFLAG=2 TO I}IDICATE FAILURE IN THIS SECTION.
IFLAG = 2
RETURN

END
SUBROUTINE VERTM

C0MHoN / CHAR/ EC, THC, DENSC, ALFC, ES, AS, SSIG, SMU, ALFS, BARD, BARS,
1 E 2,TH2, DENS2, ALF2, EoV, THoV, DENSoV, ALFV,oVBS,
2 ER,ARTALFR

CoMMoN /VERT / DLOAD,WLoAD, EDV, ED2r EDR TDTN't grOWU,TWot"tU, RFMU

coMMoN /SHSTRN/ GAMOV, GAH2, GAMR

coa,tHoN /FATcoN/ A1, A2, 81, 82
COMMON /OUT3/ FATL(7), YRDAM(7), YRDTOT, YRTLIF, FW

CoMMoN /coNST/ CoN(10)

IF (EDV.GT. O. .AND. DTN18.GT. O.) GO TO 10
GAMOV = 0.
FH=0.
GAHR = 0.
GAM2 = 0.
RETURI{
CONTINUE
MAXIMIJU ALLOWABLE OUERLAY SHEAR STRAII{
GAMOV = 81r(DTN18)rrB2
SHEAR MODULI
GOV = EDU / (2.r( 1.+OVI{U) )
G2 = EDZ/ (2.r(1.+filOMU))
GR = ER/(2.r( 1.+RFMU) )
EFFECTIVE OVERLAY THICKNESS
THEF = THOV + TH2*GZ/3OV + (AR/CON( 1 ) )rcR/coV
MAXIMIJM OVERLAT SHEAR STRESS
TAUOV = GAMOVTGOV
MAXIMT'H OVERLAI SHEAR FORCE
VO = 0. 666TTTAUOVTTHEFTWL0AD
MAXIMUH ALLOT{ABLE DEFLECTION FACTOR
FW : VOIDLOAD
RETURN

END
SUBROUTINE OVLIFE

OVLIFE . ESTIMATE LIFE OF OVERLAY

coHMoN /FATCON/ A1, A2, 81, 82
CoMMoN /SHSTRN/ GAMoV, GAM2, GAMR
COI"IMON /TENSTR/ EPSOV(7 ) , EPS2(7 ) , EPSR (7 )
CoMMoN /DESN/ XBB, T1, NTMP, DTC(7), DTV(7), DT2(7), DAy(7)
CoMMoN /ou't3/ FATL(7), YRDAM(7), YRDToT, YRTLIF, Fht

FATIG(C1,C?,STRN) = C1r( STRN )rrC2
wRrTE(2,99) A1,A2

LIFE OF OVERLAY . TENSILE STRAIN CRITERIA
YRDTOT : 0.
D0 20 I=lrNTMP
FATL(I) = FATIG( A1, A2, EPSOV(I) )
YRDAM(I) = DAY(I)/FATL(I)

c

10
c

c

c

c

c

cc
c
c

c

c

c
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YRDTOT s YRDT0T + IRDAM(I)
C }JRITE(2,99) FATL(I), YRDAM(I), YRDTOT

20 CONTINUE
YRTLIF = 1./YRDTOT

99 FoRMAT(1oH oVLTFE ,10E12.4)
RETURN

END
FUNCTIoN BETA (DEL, XL, ETA)

ccccccccccccc
C BETA . SOLVE FOR RESTRAINT COEFFICIENT (BETA)
C DEL = SLAB END MOVEMENT
C XL : HALF-SI-AB LENgfH
C ETA = CONCRETE THERMAL COEFFICIEI'IT
C T OBSERVED TEMPERATURE DROP

cccccccccccccc
BETA = 1. - DEL/ (ETATXL)
RETURN
END

FUNCTIoN ASoLN(ETA, DEL, BETA, XL )
cccccccccccccc
C ASOLN - SOLVE FOR LOCATION OF A GIVEN MOVEMENT ALONG SLAB
C ETA = THEBMAL C0EF. r TEMP. DSOP

C DEL = MOVEMENT AT DESIRED LOCATION
C XL = HALF SLAB LENCTH
C BETA = RESTRAINT COEFFICIENT
cccccccccccccc

IF (BETA.GE.1.) GO TO 10
TOP=DELIXLTIBETA
BOT=ETAr(1.-BETA)
EX=1./(BETA+1.)
ASoLN = (ToP/BoT)rrEX
RETURN

1O CONTINUE
C FULL RESTRAINT, NO SLIDING

ASOLN=XL
RETURN

END
REAL FUNCTION INTERP (XR, X, F, N)
DIMENSION X(N), F(N)
IF (N .GT. 2) GO TO 10
FI = F(1) + (XR-x(1))I(F(2)-F(1))/(x(z)-x(1))
c0 T0 gg

10 CALL oRDER (X, F, N)
C ORDER PLACES X AND F IN ORDER OF INCREASING X.

IB=1
rF (N .EQ. 3) G0 T0 30
DO 15 I=2,N
IX=I
IF (X(I) .GT. XR) GO TO 20

15 CONTINUE
20 IF ((XR-X(IX-1)) .LT. (x(IX)-xR)) IX = IX - 1

IB=IX-1
IF (IB .LT. 1) IB = 1

IF (IB .GT. (N-2)) IB = N-2
FI = PARAB (XR, X(IB), F(IB))30
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99 INTERP = FI
RETURN

END
suBRouTrNE oRDER (X, F, N)
DIMENSION X(N), F(N)
D0 20 J=2,N
I = J-1
XS = X(J)
FS=F( J)

10 rF (xs .cE. x(r)) G0 T0 15

X(I+1) = X(I)
F(I+1) = F(I)
I=I-1
IF (I .GT. O) GO TO 10

15 X(I+1) : XS

F(I+1) = FS
20 CONTINUE

RETURN

END
FUNCTIoN PARAB (XB, X, F)
DTMENSIoN X(3), F(3)
XL.= X(2) - x( 1)
xu=x(3)_x(2)
D=XL*XUI(X(3)-X(1))
P1 = XL*(F(3)-F(2))
P2 = XU*(F(2)-F(1))
S1 = P1*XL+P2*XU
52=P1-P2
T=XR-X(2)
PARAB =F(2)+ (S1 +S2*T)rTlD
RETURN
END
SUBROUTINE CLCXLE (DCXB,ETA,BU,XBB,XL,XLE)
REAL X(2),Y(2),YI(6),INTERP
DATA YI / 0. , .2, .4, .6, .8, ,gggg /

cccccccccccc
C STATEMENT FUNCTIONS
cccccccccccc

F( Z ) =-DCXB+ETA* ( 1 .-BU) *Z* (1 .-XBB/Z) ** ( BU+1 . )
c wRrTE(2r2) DCXB,ETA,BU,XBBTXL
2 FORMAT( 10H CLCXLE ,6E12.4)

Y( 1 ) =XBB
x( 1 ) =_DCXB
DO 10 I=2,6
I( 2 ) =XBB+YI ( I ) r ( XL-XBB)
S=Y( 2)
X(2):F(S)
rF ( x(1),LT.0. .AND. X(2).GT.0. ) G0 T0 14
x(1)=x(2)
Y(1)=Y(2)

1O CONTINUE
)GE = XBB + .99995*(XL-XBB)

c wRrTE(2,3) XLE

3 FORMAT(48H SUBROUTINE CLCXLE ALL FUNCTION VALUES ARE ZERO
* / 10H XLE= ,E12.4)
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RETURN

1 4 II=0
15 CONTINUE

II=II+'l
ZY = INTERP(0.,Xrl12)
ZX = F(ZY)
IF (II.LT.1OO) GO TO 25

c wRrrE('1,400) x(1),Y(1),x(2),Y(2),Zl
c0 T0 50

4OO FORMAT(16H .IOO ITERATIONS /25H SEE SUBROUTINE CLCXLE
r 60Hx('1) Y( 1) X(2) Y(2)
r 5E14.6)

25 rF (ZX .GE. o.) G0 To 30
X(1)=ZX
Y(1)=ZY
c0 T0 35

30 rF(zx.EQ.0.) G0 T0 50
x(2) =zxy(l)=Zy

35 YY=ABS(Y( 1 )-Y(2) )

IF (YY.GT.O.O1) GO TO 15

XLE= (Y( 1 )+Y( 2)) /2.
RETURN

50 XLE=ZI
RETURN

END

/9X,
zt /,
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