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12/26/57
THE SIGNIFICANCE OF TRANSVERSYT CRACKES
IN CONTINUOUSLY RLINFORCED CONCRETE PAVEMENTS
by A Crabtres

1. SYNOPSIS
The purpose of this report is to provide a brief back~
ground for further study into the signiflcance of transverse

cracks in continuously reinforced concrete pavements. This.

" presentation provides a chronological review of past research

culminating with present experiments by the Pennsylvanis
Depertment of Highways. The theory of transverse cracks 1s
stated to be the key to design of continuously reinforced conc=
rete highways., Apartial review of the varisbles involved is
made in order to indicate the difficultiss of model studies and
the difficultles of comparison of full size %eat secticns in
different locatlons. A& review is made of the conventional pave-
ment design formula® for transition to a eomparison of recent
formulas pertaining to contihuous pavement. Concluzions are
provided and the possibilities for future resoarch ers stétedo
2. INTRODUCTION

2,1 Purpose and scops in detall, Within this report an attempt

is made, by wey of a brief review of certain developed fecrmulag,

" to indicate that transverse cracks are the key to the design of

continuous or jointless pavement. For each of the formulas se-
lected, references for ccmplete derivatlion and further discus-

glons of theory are provided. These seleocted formules show that
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from the earliest consideration of concrete pavement as a
structure«aubjeet to sxternal loads, enginsers approaehéd the
problem of éavement degign utilizing tho conditioua occuring at
@ithér a formsed or nebtural cracke. Formulas for conventional
pavement are besed on design of critical seciions adjacent to

a formed crack; whereas, current theories regarding jolntloss
pavement provide design formulas concerning actlion of the

pevement at a "natural? erack,

2.2 Historical background. It 1s interesgting to note that the

first construction of jointless pavemen% occured about the same
time that Ds A, Abrams proved that the stréngtp of concrete is
related to the water-cement ratio. (1918-20) Of course the

value cf concrete itsslf was Pécognized at an early date until
todéy MORE CONCRETE IS USED IN CONSTRUCTIGN'THAN_ALL OTHER
MATERIALS COMBINED; yet, thls mejor structural ltem is so com=
pletely governed by such a vastness of variables as %o dely direct
solution in most cases. This situation extsnds to jointless pave-
ment and the only resserch data available has been obtalned by
the observation of full scals fieldvétructures@ Sa; whsn compare
‘ed %0 steel, concrete ia 8 "*airty® material which requlres the
palns taking means of try, try, try again® before the silver
platter of formula can be guarantisd vo the‘prof@asion of
engineerings

2.3 In regard to jointless pavementaza start in the direction

of research was made by Indiana' in 1238, No further research

was atbempbed wnbtlil 1947 when illincie end Now Jorsey realized

the importance of & maintenance fres pavement. By 1951, Texas

4™
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was also convinced and, therefope, selected thils construction
method for & section of the Fort Worth Freeway es Insurance
sgainst maintenance troubles. (Teble 1, SECTION gucontéins a
summery of ressarch iltems considersd)

2.4 Test Progwam in Pennsylvenis, In 1956 Penngylvanisa, coe

operating wilth the Bureau cf Pu@AiC Eoads and the Anerican Iron
and St@el\lnstitute, construeteé a saection of jointless pave=
ment at Yb°k, Ponn, and in 1857 anofper secblon wap corastructed
near Hemburg, Ponne (Highlighﬁs of these projects ars evallsble
on & Fritz Leboratory Yoster)

of ﬁentionable inteiest and directly effecting Fritz Laboratory,
{s the fact that publiciby can be a most vitel factor in the
continusnce of mﬂy ?eaearehg Por instance, no failures have
ogeured on th§ York prcject buu, oven wlthout.traffiq.lbudﬁ Tive

mejor fallures have develcped at the Hamburg sits. This wes of

understandeble concern to the 15 or wore dignitaries whoe visite
ed. the site and with the cracks &t hand could reeach no toncliu~
aicn or explenaticn. Such failures, to understate, wore signi-~

fiecant to eontinﬁation of the resesarch progran @gg «ially since
%he Hamborg pavemend wéé due %o te dpen to the public iu the
next f@w.dayso This projéet Was éiso hiphly publicizéd on the
site asg well as in many.constructien m&gazinqs Including an
important feature im hﬁgin@@fﬁp ¥ews Record. Fortunately for
future ressarch, inv@&nig&tie by core bhoring a Tew davs later

n
revealed that in savery case the unpredicisd cracks were dus ©o

complete lack of reluforcement. This dsflcsncy iz attribulbsd
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3, DESCRIPTION OF TESTS.

The Pennsylvania tests are similar to past projscts of
other hi ghway. departments, except that the Pennsylvenia pro-
- Jects will be accﬁrately observed with the advantagse of con-=
tract strain geging uﬁder the research supervisicn of Ivan J.
Taylor of Fritz FEngineering Laboratory. A notable {featurs of the
teat section 1s fh@ simulated crack as induced or partly formed
by a thin corrugéted ( to preserve aggregate interlock) plate.
Strains are measured at the crack and on esach side by the in-
stallation-of waterproofed SR-4 gages on thq.reinforcing and
Wwithin the concrete pricr to pouringe. Intérnal and sxternal
temperatures are also recorded, (A sketch of the gaged sectién
is contalned on Figure 1, SECTION 9). The pavement sections at
York and Hamburg will be observed for the next ten yearso-

4, THEORECTICAL ANALYSIS,

4.1 Agsumptions and limitations. The theory of transverse cracks
18 the kef to continuéﬁs pgveméntso Actually with the vaét 8x® -
tent of variables involvad, 1t is significant that any single
item can be pointed to a£ allo 0f course official acceptance of
recent formulas and proposals for deslign methods and later re=
duction into codes will nét occur until more test sections are
étudied énd more of the side issues cén be'fqlly explained.
However, the gensral theory may be simplified as follqwsz

Concrete expends and coniracts with changes in temperaturses If

we keep the resulting cracks to a small magnitude-but frqguent'

in occurance, we have setisfied tempeératurs requirsments while

providing:tha advantages of a smooth hiphwey, free-of axpensive

Jeinta, without the danper of joint or crack pumping actions
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Assuming knowledge bf'conventional pavenent, a successivl high-
way depends on an adequatse subgrade and a proper wesring surface.
Tb serrive at any formula for jointless pavement ws should attempt
to name 8ll variables and to understahd to some degree their re-
iation to each other, What are some 6f these variables? A partial
1list of 1tems influencing initial thoughts toward a final design
foﬁmula are 6utlined,below: ‘

VARIABLES
i -

-
r TEMPERATURE
e daiiy

= SUBGRADE
+—— geagonal

— compaction

— - pouring o 'rSTEEL
' — Mol sture
—— getting ‘ ‘ o .
' - type ~— quanity @ LOADS
— type -— welght
- bond ~ — 8peed

T impact

L. frequency

- distribution

The sbove list of items could bs readily expanded and, by a
glance at the number of variables that . could be involved, any
model study would bs questionable. Even comparisonof full
scale pavements_in separats locations would bhe extreﬁaly-
difficult. However, the advantages to be gained has provided
the hlghway resesrch enginecr with the necessary patienco fobr
long time studiss,. (It would seem’phaﬁ the tlime required for

such solutlons could be =zald to be a function of the guantity
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of variables involved).

 .Bond is an important variable to jointless concrete pave=
ment; and researchers in pre°stressed concrete, knowlng of the
importance of bond to their fleld, after yearsa of study have
epparently only approachsd an understending of this item. Today
they muast lean to ??ruls of thumb;? tempered by rules derlived
from observed actlon, The subject of bond is further discusred
in a later section pf this repcrt.

With all this seemingly lack of knowledge,; concrote pave-
ments'héve been successfully desipgned and cqnstruétedg if suc-
céés is not judged on.a strict economic basis. Fortunately, the
nicks in the hard shell-of concrste variableg ere continuing and
are«ﬁecoming progreséively larger in ordsr that pavement thick-
ness may be reduced to an economical minimum. Progress can be
proved byvrevieﬁ of Westérgaard% formules which have been
highly respected for many years. In fact for todays maximum
loads, ten inches of thigkness is acceopted ss a usuasl reouirs-
mont for conventional pavement 1f consistant with Westergaard's
radius cof pressure theory; but jointleés pevement desipners
look forward to slabs of seven inches or even less.

4,2 Development, With the remainder of this report; the refer-

ences provided, and & wealthy sponsor, establishment of an
ultimate design»formula or procedure may bs possible., For a
better understanding of the.significance of transverass cracks,
certain formulas and'theoriea of highway engineers have been
selected and are discusséd balow 1n the order in which the were

developed,
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Clifford Older of Tllinois is coﬁsidePed to be ﬁhe first
engineer to design conventional concrete pavements on the baslia
thaﬁ they could'be‘analyzed as a structure to resist certain
léads° His theory considered that the critical sactlon fo?
design occured at formed load transfer jolnts or cracks and

also provided for thinner sections away from Joints or oedges.

(3 yoz E/‘ OZ

W = Joard 0z = Cormcreite Stress

Older's edge depth formulac

It is significant to ncte thét the sarliest formula for con-
ventional pavement?considered load trensfer by the steel across"
~ a formed cracks. In continuous pavement steél continues to trans-
-fer load but the transfer is madé across a natural crack at the
seme time providing & dusl purpose of keeping the crack small

"in & longltudinal direction.

Ho Mo WQstergaard made stress studiss at three criticsal
points within convenﬁional pavement. Hig theory is based on a
radius of relative stiffness between the slab and the subgrads.

Westergaard's gtiffness radius formula:

Tty

_ ] e d?
[ 72 (r-a%) k
£, = prodoles of mé?sﬁ'ci?‘jv o = dep”h
e E O@SSPNS oMo &s modilys of sobgrade
| o PeIEF 1O

The significance of this approach is that the most critical

section occurs a point adjecent to the sdoe of a2 formeod cracks
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The next step in understanding and in transition from conventional
pavement to continuous pavement deslgn would be to analyze the
simlilarities of psast research.as'made by Indian;., T1llinois,

New Jersey, Californla, Texas, and Pennsylvania. The results
common to all states are as follows:

-1 Resistance to pumping ection and hence pumping failure 1s a
function of crack width.

2. Crack interval and crack wldth is depsndent on ths amount

of steel.

B Temperature.influence is of much greater 1mpoftance than

previously considered,

The abovs conclusibns are inline or vise versa with B. F.
Fribergs temperature crack theory which assumes a fully re-

~ streined slab without consideration of wheel loads.

Friberg's percent steel formula: £
: o = -
. L E

s ® stzel modolus

P . . o -
ot elashicity ; ¢ 2 steel stress ; e = coefl of axpansion
T = tempirature Q,hc\lnﬁe '

E. = concrere modolus oF @ldscﬁci%mia £

A sketch of the theorectlcal slab with o magnified crack is
provided below end is applicable to the theories of Fribsrg

and Yerlici: .
/ﬁm@ﬁ end | steel -
3 !
2
(Lma&.r@.‘%‘@ £7-» (_{,r@ck

NN

SO SN NN



A. Crabtree .CE 400 , 12/26/57

Next in chronological consideration, i3 Prof, William Zuk
who provides a'theory that the pavement is subject -to concentrat-
od loads.gnd may be treated és a beam on an élastic foundation

but without consideration of toraion or temperature.

Zuk's pavement thickness formula: : 4 V%
4,520 Ec ©
s 3 3 s
('gﬁ) b CK"%‘ Ka'%' K'g\)
bearack interval e = % steel
K, = elas+tic subcirmo\e, modulus :
Ko = w restraining modulus of adjac,em‘% S@Ce

Kg = @cicire.%a:u"\’e. interlock modulus
Ee = Qoncvrete modolus of <la s-%-&c.'\%-t‘j

~ In general agreement with Friberg but with an approach
based on 1limiting the crack width to ‘a sn&ll magnitude for con-
tinuity is the soon to be published Lehigh formula of Yoriici

and Ensy.

Yerlici's formula for percent stesl: 'Q
&

P‘E‘i

£, = o, TE,
‘{:{5 @HOWGEDM “fr‘a,ns'sicz. stress of 3%’@3@%
KX = thermal coed. of Q:{pan:»OROlh

Eg'ﬁ mo&'uwé @{? Qi'a‘é‘%ic.h‘%‘l.s Qor s%-@,zl
T = maximum Temperature Q_%an%z

The method of deslgn soon to be published by Yerlici and Eney

is consider@é to be of considerable impcrtance since 1t 1s based
directly on the theory of continuous pavement, is simple.in
derivation and adaptaticon and therefore most likely %o be

accepted by the hichway engineering profeseion. It is the first
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simples and direct procedure for design of continuous pavement
and its importance caﬁ not bve over‘emphasizedo

Y, Jo Shieh of Lehigh has proposed a rigorous mathmati-
cael analysis beyond the attemps of Profs Zuk. This involved
an anal&sis of a‘section between cracks as a plate on an
elastic foundation.{As a practical reduction to the work in-
volved, Shieh suggests consldering the entlre pavemént es an
infinlte or semi-infinite orthotropic plate oﬁ an elastic founda~
tion by abplicgtionlof the methcds employed within the theory
of plates and shells, Detalls for solution remaln,

4,3 Consideration of Bond. Bsfore concluding this report or be-=

fore summarizing the work of the enginéers dlscussed in this
‘report, & few statements should be made on the importance of
bond to pavement design. The crack of consideration in all of
the above formulas could not occur without loss bf bond betweén
the conrete and steel. The bond loss is not only within the
crack width but continues for = variable distance and in an un=
gertaiﬁ variation into the conerete adjacent to the crack. Con-
ventional pavement designers did not considsr beamor plate
action snd hence.had no concern or knowledge of bonds importance.
Friberg assumed full bond except at the crack. Zuk agssumes bond
concentrated at the first transverse rod. Yerlici's approach

is an improvement but still incoﬁplete since he implies that
the user of his formula should éeleét an unbonded length beyond
the crack and this length muat then be incorporated into the .-
the design formula., Details of Shieh's method remain to be de-=

velopeds

10
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In personal consideration of this item no futher conclusion
could be reachoed without extending the scopes Qf éhis feports.
However, therels no hesitation in stating:thét more defailed
study should be given to the extent to which bond should be con=
sidered beyond the results of pavement deéigners to date. It

is interesting to note that the state of Virginia plans future
studies and tests undsr the direction of Prof., Zuk which wil}
inciude additional consideration of bonde But even without field
tests, current 1iterature includes a wealth of material both
American and foriegn which may proviée further clues to the
treatmenf of thig factor for jointless pavement. Of espeéial
consideration would be the influence of bond as reported in

Rene Walther's Ultimate Strength of Conventional and Pre-Stressed

Conerete as well as Usbar dile Bganspruchung der Schbafmierung

von Eisenbetonbalkeén which remains for personal translation at

a more opportune time, Local regources would bs the information

+

within the pre-stressed concrete research files of G. A, Dinsmore

and P. L. Doutsch. Additionally, Contribution a l'etude de

l'a&herénce des fers d'armature au beton which extensively'conQ
siders'bénd undervmany pull out conditions and includes a
fascihating idea and report on the 1nstailation of strain gages
within the steel bar by removal of the bars interior without
sffecting the results o the test on bond.
S, DISCUSSION CF THEQRIES

The theories developed by engineers indspendently concerned
with highways seem %o eastablish a trend which can be progressively

and roughly outlined as follows:
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O0lder: Concrete pavemen® as an engincering structurc subject to
traffic loads with reduction in section permitted beyond
the formed crack or edge.

Wostergaard: lMost critical section occurs adjacent to formed
crack when pavement is subject to traffic loads;

Friberg: Continuous pavement may be considered as a fully re-
strained slab and reinforced on the basis of conditions
occuring &t a naturally or temperaturé cracked section.

Zuk: Contlnuous pavemenf subject to wheel loads may be considered.
as a beam_betwéen cracks supported by an elastic foundas .
tion, Torslon nor temperature considered;

Yerlici: Pavement conslderesd as a fully réstrained slab subjeét
to temperature change which may be reinforced'td‘brovide
a limiting erack width. |

Shieh: To considér sléb es anistropic plate on an elastic
foundation or &s an infinite or semi=infinite orthotropie

! ~ plate strip on an slastic foundation.

The slx methods above may be devided into three separate classes

as foilows:

1, Conveﬁﬁional pavementa (Older and Vestergaard) which do not

take témperature_into consideration'anélonly analyze on the basis

of local stiffness. |

24 Beam or plate action (Zuk and Shieh) which;dc not orovide for

ths influence of tsmpersture éa proved by curreﬁt resoarch,

3. Tempereture formulas 'iFriberg and Yerlici) which do.not

mathmatically account fer wheel loadings and inherent stiffness.

12
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These theories and research into the subject of jointless
pavément indicate that we are dealing with a continuoué,
cracked, reinforced concrete slab subject to dynamic loads
and resting on soil of non-uniform resistance, It is also true
that the megnitudes of crack specing, impact, modulugs of elasti-
city, moment of inertia, and foundation modulus ére not reli-
able factorse. However, any of the above theories'is an aeid %o
at least a qualltative understanding of pavement behevior and
would provide &n approximate answer to the problem of pavement
design,
6o SUMMARY AND CbNCLUSIONS

In final review of this subject and the three classes of
design formulas covered in this report, the stﬁtement can be
made that none of the approachss to date can be congidered as
a finsl answer? Therefore, further regearch is needsd and in a
direction which would effectiveiy combine the temperature influ~
ence (Yerlici) with plate action (Shieh) and with the not yet
considered dynamic.action of loads,

_ With personal license, the trend of development reported
in BEGTION 5 may be extended to include fubure developments
which would be'ﬂeduction of thickness based on consideration
of temperature and limited by observation of traffic requirements
as provided by field reseafcho Such reduction will reach the
point whereby external wheel lpads_will be of -equal importance
or negessity for consideration. The mathmatical posesibility
exlsts fer ahalysis as an anistropic plate'on an elastic
feoundetion in combination with reinforcoment for temperature

requiremencs in order %o provide a limited crack width.

13
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Other challenées are sﬁch refinements as (1) location of re-
inforcement within the slab for the  most effective thicke
ness &n&lwith éoﬁtinuous cycles of temperature; (2) minimiza?
tion of subgrade preparation; (3) most economical combinstion
when both (1) and (2) are considersd toge. ther. Most important
and eventualiya sngineers must reducé_mathmatical theories
providing en economical design into usable computer, tabular,

or formula methods for reédy consumption by highway
engineprso | |

The guiding hsnd of Federal funds will be responsible
for more research and current allocations to highway departments
requiro that a certain percentage must be spent on research. As
a result Virginia under Prof. Zuk will stﬁdy slabs restraihed.
by anchor keys or 1ugs as well as the influence of bond by maine
taining ccnstant stesl area while varying perimeter; The state
of Maryland has also spproached Lehigh to measure strains in
experimentallsections. North Carolinavhas‘iﬁitiated plans for
experimentetion on continuous hichways. The Highw&y Research
Boardgén organization of interessted pabties, continues to be a
sounding board and Zuk's theory will soon be discussed at a
meéting.in Washington. This meeting will be attended by Taylorg.
Yerlicl, and Shish of Lehigh University.

Future proposals for tesﬁs at_Fritz Lab may consist of the
testing and deVelopmgnt of indoor slabs inorder %o verify the
optimum width theory, or verificetion of Shieh's concept of
an orthotropic pl te'on an elastie foundationo Small, butvperhaps
s¢cnisi ant, tests could indicate the iniluence of bond on crack
width, Difficult and expensive teosts would consist of laboratory

gimulation of temperature and dynamic conditions in ordsr to

1):
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measuré eppropriate influences.

A'storehquse of possibilities exist upon.the application of
computers to the mathmatical concepts of Zuk and Shieh, Egpecially
since the final.and reguired cages, curves, gnd tables that must
be established for_all.conmrte strengths, subgrades, and steesl .

variebles.

(Final note: The formula and systems reported herein should
not be utilized without referesnce to more complste dstails and
dicussions as may be obtainsd by referenced to those articles

contéained in SLECTION 8)
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STCTION 9

Table of Research Items Considered by State

YEAR
1938
1C47
1047
1947

1951

Highway

STATE

Indiana

Tllinois

Dspeartments

ITEMS

Veried percentage of reinforcing steel
for observation of crack resulis

Varied percentage of reinforcing stsel,

. yeild points, and pavement thickness

‘New Jersey

California

Teoxas

High percentage of reinforcing stesl with
high yeild points in order to study crack
width and changes in length

Varied reinfloreing strength to study
movement, atralns, temperature influence,
cracks, roughness, and condition

Not a research projsct but obszerved for
general itemse

Tabls 1
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