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SYNOPSIS

This paper presents a general discussion of joints 1n concrete pave-
ments Current design practice, experience, and certain investi-
gational data are briefly reviewed The several fundamental types
of joints are described and discussed with special reference to basic
structural requirements Special emphasis 1s laid upon the rational
design of jomnt details and certan analytical procedures are de-
veloped for the rational detailing of edge bars, ship dowels, tie bars
and other features essential to an adequate functioning of joint edges
Application of theoretical principles of design, with respect to basic
structural requirements, emphasizes apparent widespread inconsist-
encies of current practice as reflected by the widely varying joint de-
tails prescribed by the various states The slip dowel, widely used as
a means of strengthening joint edges and apparently used generally
on some arbitrary basis of selection as to size, length and spacing, 18
analyzed and discussed at length Theoretical analysis thus indi-
cates that many slip-dowel designs, now 1n common use, must neces-
sarily be decidedly 1nefficient 1n serving the structural function which
they are intended to perform

TYPES AND PURPOSES OF JOINTS

Jownts as Related to Pavement Design The external conditions to
which concrele pavements are subjected are numerous and of varying
character Some of these stress-causes induce stresses of a distinctly
locahzed character and are not greatly affected by the lateral dimensions
of the slab, when those dimensions are of the order commonly found 1n
pavements Others, however, are a direct function of slab length or
width.and accordingly their evaluation 1s dependent upon the existence
of slab umts having defimte lateral dimensions Predetermined slab
size 15 thus essential to any rational analysis of the stresses occurring
In concrete pavements, especially those stresses induced by subgrade
friction, since obviously no basis of stress computation can be set up for
this type of external force unless the magnitude of that force, with
respect to any given section of resistance, be fixed by definite slab length
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and width Jomnts of some kind are therefore necessary in order to
estabhsh definite slab umts of predetermined size

It 1s evident that each slab umt must in 1itself be structurally ade-
quate to resist the external forces and conditions to which 1t may be
subjected, and that each unit must also function structurally with 1ts
neighbor 1n such a way as to mamntamn the strength and utility of the
pavement as a whole The structural design of a concrete pavement
thus becomes a problem of attaining satisfactory crack control within
each individual slab umt, and also the provision of joints of suitable
and adequate character to mantain the necessary structural relation-
ship between adjoining slabs

Types of Jornts  Structurally, there are but two basic types of joints
used 1n concrete pavements, (a) the closed or “hinged’” type, and (b)
the open or “free” type Jownts formed by cracks may be included 1n
erther one of these two structural groups, depending upon whether or
not distnbuted reinforcement has been provided in the orgimal design
to maintain cracks as closed jownts, otherwise they will become open
or free joints when adjoimng slab sections contract

Closed or Hinged Type Closed joints are utilized to relieve the slab
of bending stresses but at the same time they are intended to be capable
of resisting shear, a structural action commonly referred to as ‘‘transfer
of load ” As commonly built, joints of this type are no doubt capable
of proniding some resistance to bending moment, due to the fact that
the tie steel used to keep the joint closed, although usually placed at the
center of the slab depth, will tend to act in conjunction with some
compression contact either above or below the tie steel, thus giving
the section some degree of resistance to bending However, experience
has shown that these joints as commonly bwlt, utihzed principally
as center longitudinal joints, possess sufficient flexibility with respect
to bending to give the slab all the relief needed at such sections

The closed or hinged joint, therefore, 1s structurally interpreted as
bemng one which 1s incapable of resisting bending moment but capable
of resisting transverse shear The shear-resisting feature of such
jonts 1s obtained basically by giving the jont a face mterlock of some
kind This interlock may be provided in several ways by a preformed
interlocking ridge and depression formed by the installation of the famil-
1ar and widely used deformed metal plate, or by the use of wooden
strips attached to the side forms, producing a longitudinal indentation
or groove 1n one slab 1nto which the concrete flows when the adjoining
slab 1s subsequently poured, thus forming the necessary tongue and
groove arrangement

The principle of tongue-and-groove interlocking 15 also obtained by
use of the so-called “dummy” or cracked joint This jont 1s essen-
tially no different n structural principle from the preshaped tongue-
and-groove joint as provided by the deformed metal plate The
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difference hes merely 1n the fact that the dummy jomnt, as formed by
subsequent cracking of the lower part of the slab, provides two rough
jagged faces which are capable of nterlocking themselves and are
accordingly shear resistant by virtue of an innumerable number of mini-
ature tongues and grooves, so to speak

Since the basic structural function of the closed jomnt, regardless of
1ts specific form, 18 to be shear resistant, 1t 1s necessary that the faces
of such joints be prevented from separating in order to assure at all
times a close interlock of the tongue and groove formation Tie steel
of some kind must necessarily be provided for ths purpose Such
steel 1s commonly utihized m the form of relatively short mmdividual tie
bars bonded 1n both adjoming slabs and thus acting 1n tension to resist
any forces tending to produce lateral separation of the jomnt faces
These bars are sometimes referred to as dowel bars It seems desirable,
however, to reserve the term “dowell” to apply to another kind of short
individual bars crossing joints and which serve an entirely different
structural function The bars crossing a hinged jomnt, therefore, should
be designated as “tie bars” and not “‘dowels” since they are not intended
to perform any doweling function but are mtended to serve merely to
hold the faces of the jomnt in intimate contact, the tongue and groove
nterlock, and not the tie bars, resisting the shear on the joint

Open or Free Type. The open or free type jomt 1s one wherein pro-
vision 18 made for the free opening and closing of the joint under lateral
movement of adjoining slabs This type 18 used for expansion, con-
traction, and construction jomnts  Obviously, such joints are incapable
of resisting bending moment but they may or may not be shear resistant
When 1t 18 desired to render free joints shear resistant, use 15 made of
shp-dowels, which are relatively short bars extending across the joint,
the dowel bemng mserted 1n a bondless socket 1n one of the slabs, thereby
permitting free opening or closing of the joint as adjoinng slabs shorten
or lengthen due to changes in temperature and moisture content From
a structural standpoint, both contraetion and expansion joints are free
type and must be designed on the hypothesis that joint faces are actu-
ally separated The principles of edge strengthening along contraction
jomts and expansion jomnts are essentially the same, the only difference
being 10 the width of gap to be provided for in either case

Cracks A crack 1s usually a joint of the most undesirable type since
1ts ahgnment and character of formation can not be controlled. Since
cracks are jonts that only potentially exist, protection of pavement
strength, with respect to crack joints, can be accomphished only by
antiaipating crack occurrence and making adequate provision for jomnt
strengthening on the hypothesis that a crack may eventually occur at
the slab’s most critical section,

In view of the strong probability of cracks occurring mn any slab unit,
as a result of the vanable and uncertain conditions to which pavements
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are subjected, 1t 1s frequently considered advisable to utilize steel rein-
forcement of such type and amount as will provide closely-spaced units,
distributed throughout the entire area of each individual slab unit, to
serve as tie members across any crack that may subsequently form a
jomnt 1n the pavement, regardless of what location such a joint may have
or what direction 1t may take As long as the faces of cracked joints
can be held closely together, thereby maintaming secure face interlock,
the high frictional resistance of such faces will assure simultaneous
rather than independent action of the two crack edges and thus render
such jownts structurally as adequate as was the onginal pavement sec-
tion before the crack appeared
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Figures 1 to 6 Types of Pavement Joints

Longitudinal Jounts Formerly, when 16- and 18-foot pavements
were constructed without any longitudinal joint, longitudinal cracking
was very prevalent The well-known Bates Road Test developed the
1dea of building pavements in comparatively narrow widths with the
result that the use of longitudinal joints of some kind 1s now practically
universal  Experience has defimtely shown that where longitudinal
jonts are provided so as to divide the pavement into widths or lanes
of approximately 10 feet, longitudinal cracking 1s practically ehminated

Longitudinal Joints are usually closed jomnts of the tongue-and-groove
or dummy type held together by tie steel in cases where the slab 1s a
two-lane pavement In the case of four-lane pavements, common
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practice consists 1n constructing the pavement as two double lane umts,
the longitudinal joint dividing the two umits usually bémng of the butt
type, the edges of which are designed to act as independent free pave-
ment edges Butt type longitudinal joints are also used sometimes even
1n two-lane pavements when the pavement 18 constructed one lane at a
time This 1s a common procedure mn localities where farly heavy
traffic must be maintamned during construction or in cases where 1t 1s
desirable to keep construction equipment off the sub-grade while the
slab 1s being poured

Transverse Jounts Transverse joints are of three kinds, expansion,
contraction, and construction In the case of pavements having a
definite predetermined arrangement of transverse joints at reasonably
close intervals, the necessity for construction joints seldom arnses, except
\n cases of distinct emergency, normal stopping of the work being timed
to conform with the established slab length

The purpose of transverse joints 1s to establish a defimte slab length
as a means of elminating otherwise excessive stresses due to longitudinal
movement of the pavement resulting from expansion and contraction
Two types of joints are used for this purpose, expansion joints and con-
traction jomnts Various materals are utihzed for expansion jomnt
fillers, such as poured or premolded bitumen, rubber, cork, and other
compressible compounds A new type of jomnt filler 1s being rapidly
developed, known as the air cushion jomt This type of filler consists
essentially of a light weight metal sheet formed in a U-shape, the top
of the U being closed by a V-shaped piece of metal which permits open-
ng and closing of the joint and which serves also as a reservoir to receive
a poured bituminous filler at the pavement surface

Transverse contraction joints are utilized for providing a free joint
only when adjoning slabs contract The contraction joint, therefore,
1s constructed as a closed jomnt, becoming an open or free jont only
when contraction occurs Such joints are generally of the dummy or
cracked type, formed by merely cutting in the pavement surface a
shallow groove extending to a depth of approximately one-third the
thickness of the slab with surface edges rounded to prevent spalling and
having a width of about }-inch to provide the necessary reservoir for
bituminous filler

Transverse joints may thus consist either entirely of expansion joints
or an arrangement of alternate expansion and contraction jomts It 1s
generally considered necessary to provide a total expansion space of at
least 1 inch per 100 lineal feet of pavement and, since the contraction
jomnt 18 fundamentally cheaper than the expansion jomnt, a common
arrangement 1s to provide expansion joints of suitable width at compara-
tively wide intervals and provide one or more intermediate contraction
jomnts to fix slab length and safeguard crack control ~ Expansion joints,
however, should not be spaced at ntervals such as to require joint widths
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exceeding 1 to 1} inches, owing to the difficulty of keeping wide joints
properly filled when maximum opening occurs and the objectionable
feature of exuding of the filler material when minimum opening occurs
Wide joints are furthermore objectionable 1n case 1t 1s desired to dowel
the jomnt, since 1t 1s not economically practical to adequately dowel a
jommt much wider than 1 inch, owing to the high bending and beanng
stresses developed 1n the dowel The spacing of transverse joints
fixes the free length of slab and any arrangement adopted has an impor-
tant influence upon the problem of crack control with respect to each
slab umt

Slab Length The proper spacing of transverse joints 1s largely a
matter of judgment based upon experience The ultimate objective,
15 to accomplish satisfactory crack control, and proper joint spacing
therefore 1nvolves many factors, such as character of aggregate, cunng,
subgrade conditions, reinforcement, and other elements influencing the
normal uncracked length of slab In some localhties conditions are
apparently such as to permit a much wider spacing of transverse joints
than in others, as revealed by extensive surveys of actual pavement
concdition Where transverse joints are practically eliminated, by bemng
used only at very wide spacing, experience has shown that slab lengths,
as developed by cracking, will be extremely erratic This, together
with the fact that slab lengths as estabhished by cracking develop joints
of the most undesirable character, would seem to emphasize the impor-
tance of definitely fixing a reasonably short slab length 1n order to safe-
guard a more dependable behavior of the pavement 1n service  Current
practice n this regard indicates a distinct preference for slab lengths
of from 30 to 60 feet

CURRENT DESIGN PRACTICE

State Highway Standards Current practice with respect to the use
of joints as well as their details of design 1s indicated by a recent survey
of 1932 standards prescribed by the various State Highway Departments
This survey reveals a most striking lack of agreement on the part of
highway designers with respect to joints, not only 1n regard to design
details of the joint 1tself but even as to the basic prineiple of whether
or not predetermined joints are required in concrete pavements How-
ever, those states using practically no transverse joints whatever are
decidedly in the mimonity. In view of the wide vanation 1n joint details,
1t 18 quite evadent that design of the pavement joint 1tself 1s at the
present time based largely upon the use of details arbitranly chosen
without consistent regard to the basic structural pninciples mvolved

Longutudinal Jownts The most outstanding similanty in practice 1s
the almost umiversal use of some type of longitudinal jomnt to divide
pavements into lanes of 9- or 10-foot widths Such joints are used by
all except three states in all concrete pavements.
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The three general types of longitudinal jomt are the butt, the de-
formed metal plate, and the surface groove or dummy. The butt type
1s used exclusively by 23 per cent of the states, the metal plate exclu-
sively by 25 per cent, and the groove by 9 per cent The use of the
butt type 1s limited, of course, to lane-at-a-time paving

Tie bars are used generally through longitudinal joints, only 23 per
cent of the states not using them. Generally those states using no tie
bars employ the umform thickness cross section, use butt joints or
mterior thickened edge Although vanous sizes and spacings of tie
bars are employed, the common arrangement 18 to use %.inch round
bars, 4 feel long and spaced at 5-foot 1tervals

Transverse Jownts ‘Transverse joints are used by all except four
State Highway Departments The spacing of these joints 1= quite
vanable, slabs bemng constructed 1n lengths of from 15 feet to as high as
1000 feet. The most frequently used spacing 1s about 40 feet, thus
length bemng used m 31 per cent of the designs which employ joints
The range of from 30 to 60 feet includes 73 per cent of the joint designs.
Transverse joints are more frequently of the expansion type, although a
few states use the contraction type exclusively, and 36 per ceni use
both the expansion and contraction types at alternate mtervals 1
the slab

Expansion jomnts are generally of the bituminous type, the premolded
being specified by 41 per cent of the staies using expansion joints, the
poured being required by 10 per cent, and either of the two types being
required by 43 per cent Two states permt the use of rubber, cork and
other compounds and several types of’ metal jont are being used to a
hmited extent

Transverse contraction jomts are almost always some form of surface
groove or so-called “dummy” type, but two states permit the use of
the deformed metal plate transversely

Dowels Shp-dowel bars are used through transverse expansion
jomnts m 64 per cent of the expansion joint designs. The size of the
dowel and 1ts spacing in practice are extremely variable, practice vary-
ing from the use of a 3-inch round bar at 36 inches to a $-inch round
bar at 10 mnches The most prevalent arrangement appears to be the
use of 3-inch round bars at about 28-inch spacing

In transverse contraction joint practice, it 1s significant to note that
only 26 per cent of the designs require the use of any dowel bars what-
ever In view of the fact that such joints are subject to opening under
contraction of the slabs, the omission of these dowels 1s not consistent
with expansion joint practice A few of these non-dowel using designs,
require that marginal bars be extended across the joint for a foot or two
and rendered bondless for this length

Jount and Corner Bars  Extra bars adjacent and parallel to transverse
joints are used by seven states Hairpin bent bars, or straight bars
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placed to bisect the corner angle at jomnts, are used by seven states
Such corner and slab-end bars are sometimes used at all transverse
jomnts, and 1n otlter cases only at expansion jonts Several states
strengthen joint corners and slab ends through the use of extra sheets or
mats of remforcing steel

LOADS AND IMPACT

Traffic Loads From the standpoint of joint design, maximum wheel
loads are of primary importance The total weight of vehicular umt
15 not necessarily important smce strength requirements with respect
to the joint are imited by the magmtude of wheel concentration regard-
less of the disposition of the total load on several axles The simulta-
neous apphcation of several wheel loads must, however, be considered
as n the case of two vehicles passing at a joint and 1t may thus be neces-
sary to consider several wheel loads although each would be of the maxi-
mum amount The magmtude of wheel load to be utihzed n joint
design depends upon the maximum load for which the particular pave-
ment 1s designed This varies, but 1n most states 8,000 pounds 1s
established as a legal maximum load hmit and may accordingly be con-
sidered as the maximum load most generally used

Impact Theimpact effect of moving loads 1s not generally considered
of great importance 1n the design of the concrete pavement slab particu-
larly when such loads are applied through pneumatic tires and 1n view
of the rgid evenness requirements now prescribed for practically all
concrete pavements However, at joints 1t would seem adwisable to
give some consideration to impact effect The pavement surface at
jomnts may not always have a common elevation, also the raising of
compressible joint filler may create the condition of a shght height ob-
struction, thereby creating impact effect under moving loads  Investi-
gations have indicated that the effect of impact may be very matenal,
depending upon the height and type of obstruction Tests reported
by Buchanan and Reid (1) indicate that even with pneumatic tires the
impact effect due to an inclined obstruction 1 inch high may be as much
as 150 per cent of the static load

Results of investigations recently conducted by the Ilhnois Depart-
ment of Highways (2) are significant with especial reference to 1impact
effects on joints  One conclusion of this investigation states

“More danger from construction joints and transverse cracks than
from surface variations Sudden loads, which occur when vehicles pass
from one slab to another across a free joint were seen 10 have a
maximum effect equal to static loads 15 times as great as the wheel
loads producing them The Ilinois standard pavement 1s provided
with a -inch round bar along the edge of the slab, which to some degree
relieves the suddenness of the appheation of loads near a corner The
effect of an 8,000-1b (legal imit wheel) load near the center can never
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exceed that of a static load of 12,000 lb , which should be the maximum
possible effect of an 8,000-1b wheel load on Ilhnois pavements ™
Investigations would thus seem to indicate that an impact allowance
of approximately 50 per cent of the static wheel load should generally
be made n designing free-type joints In the case of closed joints, 1t
would hardly seem necessary to make an impact allowance of this
amount In the case of expansion joints some impact allowance 1s
probably desirable  Apparently 50 per cent should be used Regard-
mg the Illnois tests where this amount was observed, the joints, how-
ever, were free joints without adequate dowelng In case dowels
of adequate size and spacing are provided, joint aignment will undoubt-

e
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Figure 7 Types of Tongue-and-Groove Formation

edly be better maintained and under such conditions 1t 1s very probable
that not more than 25 per cent impact allowance would be sufficient

NOTATION

In developing certain formulas, herewith presented as apphcable to
the various features of joint design, the following notation 1s used
W = maximum wheel load (lbs)
P = load-transfer capacity of a single dowel (Ibs )

L = free length or width of slab (feet)

w = average weight of slab (Ibs per sq ft)

h. = exterior-edge thickness of slab (ins)

h. = mternor thickness of slab (ins)

1 = length of tie bar or dowel bar (ins ).

s = spacing of tie bars or dowel bars (ins )

z = maximum width of jomnt (ins )

d = diameter of bars (ins)
A, = cross-sectional area of steel (sq s per ft width)
f. = tensile or bending stress 1n steel (Ibs per sq 1n)
f's = shearing stress 1n steel (Ibs persq )

S = bending stress 1n concrete (Ibs per sq n)

f. = bearing stress on concrete (Ibs per sq 1)
M = bending moment (in -lbs)

¢ = coefficient of subgrade friction
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DESIGN OF CLOSED JOINTS

Swze and Shape of Tongue and Groove Two shapes of interlock for-
mation are commonly used for the preformed tongue-and-groove jont,
indicated as Type A and Type B in Figure 7. Although Type B could
be formed with horizontal bearing surfaces, 1t 18 considered advisable
always to give the surfaces bb’ and cc’ a shght slope 1n order to avoid a
possible tendency for the tongue to bind 1n the groove under the desired
hinge action of the joint In either type, the dimensions ab, be, and cd
must be adequate to prevent shearing off either the tongue or the jaws
of the groove, also the projection bb’ must be sufficient to provide ade-
quate bearing Computation of proper values for these dimensions can
not be readily made, principally because of the uncertainty as to hneal
distribution of concentrated loads apphed to the joint. Tongue and
groove dumensions are therefore usually based upon certain arbitrary
standards which have been found by expernence to give satisfactory
service The following, although not necessarily recommended, may
be taken as typical of satisfactory tongue and groove dimensions now
1N common use

Typrcal Tongue-and-Groove Delarls
(See Figure 7)

Type A Type B

inches inches
Width of groove (bc) 24 or 3 24 or 3
Width of groove (b'c’) 14 or 2
Depth of Groove (bb’) 1 orl} 1

Dimensions ab and cd are approximately equal and vary according to
slab thickness

Size of Dummy Jownt Groove The purpose of the surface groove,
placed 1n a pavement slab to form a dummy type joint, 18 two-fold, (a)
to weaken the slab section sufficiently to cause 1t to rupture along the
ahignment of the groove, and (b) to provide a shallow reservoir for
bituminous material to seal the jont Since the shear resistance or
load-transfer capacity of a dummy jont of the closed type 1s provided
by 1nterlock of 1ts cracked faces, 1t 15 important to conserve as much of
the slab thickness as possible for this purpose by cutting the groove no
deeper than 1s absolutely necessary to assure subsequent rupture of the
section Expenence has shown that a groove depth equal to approxi-
mately one-third the slab thickness 1s sufficient to develop rupture n
hne with the groove, while a groove width of - or 1-inch 1s ample to
hold sufficient filler and to permut satisfactory tooling of the joint edges.

Tie Bars The shear-resisting efficiency of an interlock type of joint
1s dependent, upon keeping the joint tightly closed at all times, hence
some means must be provided to prevent the joint faces from separating
when the adjoining slabs contract. This 1s accomplished by the use of
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steel tension members extending across the joint and which may consist
either of short individual bars or fabricated sheet reinforcement In
the preformed type of interlocked jont, where the tongue and groove
are shaped by means of wood or metal forms, it 15, of course, impossible
to tie the jomnt together by extending a fabricated sheet reinforcement
through the jomnt, and the tie members for such joints must necessarly
consist of individual bars which can be merely inserted through small
holes provided 1 the forms Such members are known as ‘“tie bars”
and their required diameter, length, and spacing should be computed
on a rational basis consistent with the magmtude of force tending to
cause the slabs to separate at the joint.

Under the action of any influence tending to cause the slab units of a
pavement to contract, any joint will tend to open If this relative
movement of slabs at the joint 18 prevented by tie steel extending across
the joint, then the shortening of each slab adjacent to the jomnt must
take place from their free ends toward the joint, rather than from both
ends toward their respective centers, and the tie steel must accordingly
be adequate to actually drag each slab umt on the subgrade The force
of subgrade friction, therefore, constitutes the external force inducing

tension 1n the tie bars Calling £2J the distance from the joint to the

nearest free edge of either slab, the maximum force tending to open the
Lwe
2
to the tensile resistance of the tie bars per foot length of joint, gives the
famihar formula,

joint 1s equal to pounds per foot length of jont Equating this

_ Lwe

A, o, ¢))

This formula thus enables selection of the required diameter and spacing
of bars
The necessary length of tie bar i1s determined by bond, since the length
of embedment 1n each slab must be sufficient to develop 1n bond the
tensile strength of the bar  This required length 1s readily determined
from the bar diameter and the relationship between umt tensile stress
and umt bond stress For a given allowable tensile stress the length
of bar could be made shorter for deformed bars than for plain bars
owing to the higher umit bond permissible with deformed bars How-
ever, 1t is considered good practice to always use the deformed type for
tie bars and Lo make the length of embedment 1n each slab equal to at
least forty diameters The required total length of tie bar may there-
fore be expressed as,
I = 80d 2)
Cracks and Rewnforcement Structurally any crack in a pavement is
a jont, 1t can not be interpreted otherwise Such jonts, can not be
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individually “‘designed ”” If a crack-joint 1s to be prevented from
creating a section of structural weakness in the slab, 1ts progressive
development must be prevented and, in order to accomplhish this, the
crack must be maintained as a permanently closed joint The only
way to mtroduce this feature 1s to incorporate in the orniginal design
some precautionary means whereby the faces of any subsequently formed
crack will be held closely together regardless of when, where or how the
crack may occur Consistency n design, with respect to the strength-
ening of Joint edges as well as the basic principle of crack control, would
thus require the provision of rewforcing members distributed, both
longitudinally and transversely, throughout the entire area of each
slab umt

The purpose and justification of such a design procedure 1s well stated
by Clifford Older (3) 1n a recent comprehensive discussion of crack con-
trol in concrete pavements Mr Older states

“To mmmize the deleterious effect of cracks that may be caused by
conditions not easily evaluated or even anticipated, 1t 1s beheved that
the embedment of a welded mesh having the area of steel in each direc-
tion proportioned to slab dimensions and subgrade friction 1s well worth
1ts cost While embedded steel no doubt promotes other ultimate econ-
omies, 1t 15 beheved that 1ts effect 1n keeping erratic cracks tightly
closed, thus ehminating the evil effect of dirt accumulations and insuring
a high degree of doweling action between adjacent section of roughness
interlock, 1s alone sufficient to justify 1ts use ”’

The basic principle of design with respect to reinforcing steel, intro-
duced for the purpose of protecting joint edges formed by cracks, 1s
the same as that appled above to the design of tie bars By using
formula (1) and calling [ the distance between free transverse joints,
the required sectional area 1n the longitudinal members of the reinforce-
ment 1s obtained Similarly, with I equal to the distance between free
longitudinal joints, the required sectional area 1n the transverse members
of the remnforcement 1s obtained

The spacing of members 1n reinforcement of the distributed type
should be such as to provide small units closely spaced rather than large
units widely spaced With regard to actual spacing of members the
Commttee on Reinforced Concrete Pavements of the American Road
Builders’ Association (4) mn its 1932 report states® “It 1s considered
desirable, therefore, to confine the spacing of main longitudinal members
as closely to 6 inches as possible, and to restrict the spacing of transverse
members to not more than 12 to 16 inches ”

EDGE STRENGTHENING AT FREE JOINTS

General Methods In case free jomnts are not rendered shear resistant,
the edges of such joints become free edges of the pavement, exactly the
same as the exterior longitudinal edge, and must accordingly have com-



BRADBURY—CONCRETE PAVEMENT JOINTS 117

parable strength In case the pavement slab 1s of umform thickness
throughout, no special provision for joint-edge strengthening 1s required,
but, 1n case the interior portion of the slab 1s thinner than the exterior
edges, all free joint edges must be strengthened in some way, 1n order
that the load-carrying capacity of the slab may be consistent through-
out This strengthening 1s accomplhshed by three general methods
(a) thickemng the slab n the vieimty of the jomt similar to that pro-
vided along the exterior longitudinal edge, (b) reinforcing the edge with
steel 1n such manner and amount as will render the moment of resistance
of the thin section at least equal to that of the exterior longitudinal
edge, (c) by the use of steel dowels bridging the open gap of the joint
and thus enabling two edges 1nstead of one to carry the applied loads

Edge Thickening The method of strengthening slab edges along free
jomnts by thickening the section 1s prevalently used for longitudinal
joints and has given most satisfactory results, although the thickening
of slab ends as a means of strengthening transverse joints has not
proved satisfactory and 1s seldom used Edge thickening at transverse
joints introduces not only certain construction objections, such as the
necessity for periodic cross-channehng of the subgrade, but has shown
a pronounced tendency to promote transverse cracking at or near the
section where thickening begins (5) However, 1n any case where 1t 18
desired to strengthen a joint edge by this method, design procedure con-
sists merely 1n giving the joint edge the same thickness and same rate
of reduction as previously designed for the exterior longitudinal edge of
the pavement Required edge thickness 1s thus usually determined by
the familiar approximate formula, .

he = 4/? 3)

which 13 generally considered as being applhcable to transverse as well
as exterior edges

Edge Rewnforcement In the case of thin-center pavements, transverse
joints create slab edges which are thinner than the exterior longitudinal
edges of the pavement One method of strengthening these edges,
without thickening the section or dowehng the joint, 1s to provide edge
bar reinforcement  The problem of design 1n this case 1s to create a rein-
forced concrete section along the joint edge which will have the same
moment of resistance as the plain section along the exterior longitudinal
edge Since, under the action of traffic loads, maximum tension occurs
in the bottom of the slab, the reinforcement should be located as near
the bottom as possible Adequate protection of the steel would require
that 1t be located about 2 inches above the subgrade, hence the depth
to the steel would be (h. — 2) Taking the internal moment arm as
equal to nine-tenths the effective depth, the moment of resistance of the
remforced section, per foot width, would be 09 A,f,(h. — 2) The mo-
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ment of resistance of the plain exterior-edge section, per foot of width,
would be 28k Equating these, the expression for required sectional
area of steel per foot width 1s,
2.2 Sh?
A. - a(hc - 2)

The question next arses as to what width of section requires this
strengthening  Westergaard (6) has shown by theoretical analysis that
the edge moment caused by traffic loads 18 what might be termed a
‘““point moment,” 1ts value duminishing rapidly, both along and normal
to the edge, as the distance from the point of applhcation of the load
increases Moment diagrams developed by Westergaard indicate that
the positive moment decreases to a value equal to half the maximum 1n a

il
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distance of approximately 12 to 15 inches from the joint edge for aver-
age slab thickness and subgrade reaction Teller (10) has found
experimentally that by moving the load a distance of 12 inches 1in from
the edge of the pavement reduced the edge stress approximately 50
per cent It 1s thus evaident that the section requires strengthening for
a width of not more than about 12 inches adjacent to the jont

Another condition to be considered 13 the fact that, since the need
for reinforcement decreases from a maximum requirement of 4, at the
edge to zero at a distance of about one foot from the edge, the average
steel requirement for the 12-inch wadth would be only about half the
maximum edge requirement It would thus seem permissible to actu-
ally use only 50 per cent of A, as determined above and say that the
sectional area of steel, requred to reinforce the necessary 12-inch wadth
adjacent to the jomnt edge, 18

11 8h?

s = fal(hc — 2) (4)

‘
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Except for unusual conditions, 1t 18 generally preferable to utilize this
bottom steel as a single marginal bar, located about 4 inches from the
jont face, mn which case use of formula (4) gives, as the required bar
diameter,

for a round bar,

VETY
i=y/ =D ®)

VETY:
) o

Corner Strengthening The strengthemng of slab corners should be
viewed as a feature of joint design, since corners are created only by the
presence of joints and the question of their adequate strength may 1n-
volve the use of dowels or some other form of localized strengthening
.If the corner 1s formed by the intersection of a longitudinal edge and
the edge of a free undoweled transverse jomnt, the corner must be of
adequate strength to carry ihe full burden of the maximum wheel

for a square bar,

L /2”_.1 $‘_ L

A

—>(‘Q~|<—

Figure 9

load This s generally considered as being concentrated near the apex
of the corner and 1t 1s further assumed that, in the vicmity of the corner,
the subgrade provides very httle if any supporting reaction Under
these assumptions the corner must necessarily act as a cantilever sub-
Jected to negative bending moment producing tension 1n the top fibers
of the slab

The 1deal basis of strengthening a corner would be to reinforce a
localized segment of the corner so that 1t would have adequate strength
to carry the maximum appled load as a beam, even though a diagonal
corner break should occur Assuming that the corner has been ade-
quately designed as a plain concrete section, this condition of having
adequate beam strength after a crack occurs would require provision
of corner remnforcement sufficient to convert the section into a reinforced
section having the same moment of resistance

Consider, as 1n Figure 9, two sections A and B, each having the same
width and thickness, but section A a plain concrete section, and section
B a remnforced section  With the reinforcement located 2 inches below
the top surface of the slab and taking the internal moment arm as nine-
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tenths the effective depth, the moment of resistance of section B 1s
equal to A,f, 09 (h, — 2) Equating this to the moment of resistance
of section A, which 1s equal to 2Sh.2, gives,

22 Sk

= e 6
: fn(he - 2) ( )

It 15 evident that this basis of design will give rather high steel require-
ments, approximately 0 3 to 0 4 square inches per foot width of section
of a mine-inch edge thickness  Consistent with this analysis, this heavy
sectional area of steel would have to be provided across any corner
section and would thus theoretically require an increasing total amount
of steel as the distance of the section from the corner increased Obwi-
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Figures 10 to 13. Methods of Strengthening Slab Corners

ously 1t would be a difficult practical matter to provide this, not to men-
tion the amount of steel required It 1s thus apparent that the strenght-
ening of slab corners by means of localized reinforcement cannot be
determined on any reasonably rational basis of computation with respect
to probable bending moments without establishing some definite limit
as to probable width of critical section and also without encountering
certain practical difficulties in the placing of the required steel
Practical design procedure, with respect to corner strengthenming,
would therefore seem to be to provide a reasonably adequate edge thick-
ness of the plain concrete section to start with and to prevent 1t from
acting as a free independent corner by providing shp-dowels at open
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transverse joints In case additional precautionary strengthening 1s
desired, this may be accomphshed by arbitranly using a moderate
amount of corner steel, positioned either as diagonal or marginal mem-
bers, under the assumption that 1t will serve as a reasonable protection
to the corner against 1solation of the corner segment in case a corner
break actually occurs

Figures 10 to 13 1llustrate various arrangements of corner reinforce-
ment commonly used Arrangements indicated by Figures 10 to 12
have the common objection of poor distribution of steel with respect to
any diagonal corner section To eliminate this objection extra end
sheets of fabricated reinforcement are often used, thus providing a
greater number of small members closely spaced (figure 13) This
arrangement also provides much better protection to the small corner
segment 1tself, thereby increasing 1ts resistance against secondary
breakage

Use of Slip-Dowels The structural function of a dowel 1s to render
a non-interlocking joint shear resistant The doweling member 18 thus
intended to provide a means whereby the two slab edges forming the
joint will deflect simultaneously, rather than independently, under the
action of a load applied on one edge only In performing this function
the dowel enables both slabs instead of one to carry the load and 1s
accordingly referred to as accomphshing “transfer the load” across the
jomt In order to cause equal deflection of adjoiming slab edges, the
necessary load to be transferred by a dowel, or group of dowels, 15 obw1-
ously equal to half the applied load

The dowel, at best, 1s a somewhat questionable means of rendering
joints shear resistant, owing to bending in the dowel 1tself and the largely
uncertain intensity and distribution of 1ts bearing on the concrete
Therefore, 1n the case of joints which are to remain permanently closed,
there 1s no object in using dowels, since such joints can usually be ren-
dered shear resistant in a more definite and effective manner by utihzing
the principle of face interlock such as 1s provided by tied jonts of the
tongue-and-groove or dummy type However, in the case of jonts
where direct face interlock can not be maintained, some mechanical
means of bndging the gap between the faces of the joint must necessanly
be provided if a shear resistant joint 1s desired Some type and arrange-
ment of steel doweling members therefore appears to constitute the only
practical expedient at the disposal of the engineer for accomphshing this
objective

In order that shp-dowels may accomplish any maternal strengthening
of joint edges it 1s essential that the total number of dowel bars be suffi-
cient to effect a transfer across the joint of half the total maximum joint
loading without exceeding the load-transfer capacity of any one dowel
Furthermore, maximum dowel spacing must, in any event, be restricted
so as to accomplish a reduction of at least 50 per cent in the bending
moment induced 1n the loaded edge
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RATIONAL DESIGN OF SLIP-DOWELS

Structural Requirements  As utihized 1n joints of the free type, dowels,
although serving as stiff rigid members to resist shear, must not offer
any resistance to the lateral movement of adjoiming slabs  This restre-
tion makes 1t necessary to render the dowels bondless 1n at least one of
the slabs which they connect and, in the case of expansion joints, to
provide also a smtable clearance pocket at the bondless end of each bar
in order to prevent any thrust against the end of the dowel when the
jomt closes Obwviously the shp feature of the dowel 1s essential to 1ts
proper functioning  The end-clearance feature, as required at expansion
joints, 18, however, not required at contraction joints

End clearance pockets are obtained by encasing one end of the dowel
n a tight-fitting tube, the closed end of which 1s held away from the
end of the bar during construction to provide the necessary end pocket
in the concrete

In doweling a pavement joint by means of a series of individual steel
bars, design procedure, comprses determunation of the required diame-
ter, length and spacing of bars as influenced by the magnitude of maxi-

==

Figure 14

mum wheel load for which the pavement 1s designed Three conditions
of stress must be investigated, (a) transverse shear on the bar, (b)
bending in the bar, and (¢) bearing of the bar on the concrete

External Forces Consider first that part of the bar extending across
the joint opening ° Asin Figure 14, this umt 1s acted upon by the shear-
ing forces P and the two moments M, and M; Equhbrium of the unit
requires the condition that M; + M, = Pz If the bar has the same
condition of embedment 1n each slab, then this fact, together with the
other conditions of symmetry, would justify the assumption that M, =
M;. The appropnateness of this assumption, however, 1s dependent
upon the method used in rendering one end of the bar bondless If this
18 accomplished by the use of a long encasing tube extending to the face
of the joint, 1t 18 very probable that the bar would not be securely fixed
at that face, a condition tending to create a smaller moment than at the
other face where a greater degree of fixedness exists By using merely a
short capping tube to obtain end clearance and breaking the bond by
pamnting and oiling, a method now generally considered as the best
practice, embedment conditions in the vieimty of the joint faces would
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be substantially the same in both slabs and the most reasonable assump-
tion as to relative moment values would be M, = M, Assuming this
condition to exist and caling M, the bending moment at either face of
the joint, we obtain

Pz
M1—7

It 1s next necessary to investigate the magmtude and distribution of
pressure on the embedded parts of the bar These portions of the bar
may be considered as bemng tightly surrounded by a matenal of yrelding
character and therefore offering resistance to either positive or negative
deflection of the bar According to an analysis developed by Timo-
shenko (7) for somewhat similar conditions, the general expression for
deflection of the bar, if the bar has infimte length, gives, when plotted,
a wave-curve having gradually dimmshing amphtude as the distance
from the apphed load increases  Assuming that the supporting medium
1s an elastic matenal, 1t would follow that the intensity of pressure on
the bar at any pont 1s proportional to the deflection at that pomnt, and
the intensity of pressure would therefore vary in accordance with a wave-
curve having similar charactenstics Both the length and amplitude
wave are functions of the relative stiffness of bar and foundation This
factor of course involves the section modulus of the bar, 1ts modulus
of elasticaity, and a quantity representing a property of the foundation
material which may be termed the “modulus of foundation reaction ”

In attempting to apply the Timoshenko analysis to the case of a
dowel bar, 1t 1s apparent that certain practical considerations introduce
elements of some uncertainty First, we must deal with a bar of fimite
rather than infimte length However, 1n view of the marked decrease
In pressure 1ntensity as the distance from the joint face increases, the
effect of this departure from the theory would no doubt be relatively
unimportant  Secondly, the foundation modulus for concrete, under
the condition of a load apphed by a small bar embedded in a thin slab
which 18 1itself supported by a yielding material having still different
elastic, properties, 18 not readily susceptible of evaluation Notwith-
standing these uncertainties, the Timoshenko analysis appears useful
as a means of indicating a very probable relationship between pressure
intensities at various points along a dowel bar and, with certain shght
modifications, leads to the assumption of what appears to be a very prob-
able pressure diagram which, with certain approximations, permits of
analysis by simple principles of statics

According to Timoshenko, the pressure diagram on half the bar has,
in the vieimty of the apphed load, approximately the properties indi-
cated n Figure 15 Considering the length of bar covered by the first
ful cycle of positive and negative pressure, 1t 1s observed that positive
pressure occurs over approximately the first four-tenths of each embed-



124 HIGHWAY RESEARCH BOARD

ded length, negative pressure over the remaining six-tenths, and that
the maximum 1ntensity of negative pressure 1s only about 4 2 per cent,
of the maximum positive pressure It 1s also observed that the intensi-
ties of both positive and negative pressures correspond very closely to
straight-hne distmbutions as indicated 1n Figure 15 by the supertmposed
dotted-line diagram

Evidently pressures existing beyond the distance X are extremely
small and, for all practical purposes, their effect may be neglected If
we thus impose the condition that half the bar length shall be approxi-

Relative Pressure
Values

Distance  Pressure

from Load Intenmty

0 1 000 p
1X 793 X
XM e X057
3X 177 ' X
4X 024 : —
5X - 035 1 y
6X — 042 /4
77X -—-00 £ 4
8X - 016 p
9X - 005 L Y,
1 0X 0 000 /

Figure 15 Distribution of Pressure on Embedded Bar of Infinite Length Caused
by Load Applied at End. (According to Timoshenko)

£ £
5

R
;W\

N
S

-t

)/
>
L~

//
//
- §44

Figure 16. External Forces Acting on Embedded End of Dowel Bar

mately equal to the length covered by the first positive and negative
pressure cycles, then, the general charactenstics of the pressure diagram
for one embedded end of the dowel might be assumed to be 1n general
accord with the curve of Figure 15 The question then anses as to what
practical effect, if any, this finite length of bar will have upon the char-
actenstics of the pressure curve as represented by Figure 15

It 1s probable that, by breaking the infinite continuity of the bar,
a shght negative pressure might even exist at the end of the bar due to
a tendency to “kick-up” so to speak With dowel lengths of the order
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generally used and 1n view of the relatively small intensity of negative
pressure, any end pressure would necessarily be very small and of shght
practical significance It appears reasonable, therefore, to assume that
the point where the pressure changes from positive to negative 1s located
at a distance from the joint face equal to {wo-tenths of the embedded
length Thus, as in Figure 16, one side of the bar may be removed and
the remaining embedded portion considered as a bar acted upon at one

end by the shear P and the couple %? and reactions of variable intensity
distnbuted as shown
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Figure 17. Moments and Shears on Dowel Bars

Consuiermg the pressure distributed as in Figure 16, and callng R,
the resultant of positive or upward pressure, and R, the resultant of
negative or downward pressure, we have,

_[dd _
R, = 10 and R, =

The condition ZM = 0 gives,

_5P(l+752)
30d
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and the condition ZV = 0 gives,

;o BPUE152)
¢ = 2Pd

Moments and Shears. Obwiously the maximum shear occurs at the
face of the jomnt and 1s equal to P. Zero shear occurs at a distance z
from the joint face when,

x=£_l1/1 /U+752)

5 25Y 0 F152)
l

or, for average ratios of 2/, very nearly, z = 10°

Using this approximate position of zero shear, maximum bending
moment 1n the bar 1s,

_7TP(1+882)

M oee 146

Load-Transfer Capacity. In developing the following expressions for
load-transfer capacity, as hmited by varous conditions of stress, the
dowel 18, 1n each case, assumed to be a round bar, since this 1s the shape
universally used for dowel bars.

Equating the shearing resistance of the bar to P, the load-transfer
capacity, as imted by shear on the bar, 18,

P = 0.785d%’, (7

Equating the moment of resistance of the bar to the maximum bending
moment, the load-transfer capacity, as hmited by bending in the bar, 1s,

a2y,
P=0xss9 (®)

Transposing the above expression for f,, the load-transfer capacity,
as hmited by bearing on the concrete, 18,

_ fpd
P=50+159 .

Length of Dowels Companson of formulas (8) and (9) indicates that,
on this basis of analysis, increase 1n dowel length increases 1its load-
transfer capacity in bearing but decreases 1ts capacity in bending By
equating equations (8) and (9), the limiting dowel length, for equal
capacity in both beanng and bending, 1s

_ %7, /U+152)
I'M/fc (I +88%2) (10)
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or, for average ratios of z/l, approximately

l=d1/§f' (102)

The length I, thus determined, 1s the total embedded length . The
actual length of dowel bar 1s equal to  + 2

Spacing of Dowels. If the ends of two slabs are adequately doweled
together, then each slab end, taken as a whole, will in effect, have to
carry only half the total of any system of loads that might be simul-
taneously applied at the jomnt, even though they all be appled at
the edge of one slab only If there were no intervemng free spaces
between the doweling members, then the maximum bending moment
produced m the edge of the loaded slab would be only half as much as
1t would be 1if 1t did not receive any assistance from the other slab
However, when dowelng 1s provided by individual bars, spaced at
certain 1ntervals across the slab width, there are intervening spaces
between dowels in which the loaded slab edge must necessarily act as
an 1ndependent edge for loads apphed between the dowels

The bending moment produced by a concentrated load applied at the
edge of a pavement slab 15 a maximum directly under the load and de-
creases very rapidly as the distance from the load increases. Wester-
gaard (6, 8) has shown theoretically that the moment 18 approximately
half the maximum at a distance of only 9 to 15 inches from the load,
depending upon the thickness of slab and modulus of subgrade reaction
Therefore, 1f dowels are placed more than 18 to 30 inches apart they are
meffective 1n providing the desired 50 per cent moment reduction 1n the
slab edge when 2 load 1s placed midway between dowels, regardless of
the load-transfer capacity of the dowels themselves For the case of a
seven-inch slab and moderately soft subgrade conditions (¢ = 50),
Westergaard (8) shows that dowel spacing should not exceed approxi-
mately 24 inches  For stiffer subgrade conditions maximum permassible
spacing would be even less (about 18 inches with k& = 200) It 1s
therefore evident that a reasonably close spacing of dowels, probably
not more than 24 inches 1n any case, 1s absolutely necessary if dowels
are to be expected to contnbute any appreciable reduction 1n the edge
stress occurring at free joints

This maximum hmitation 1n spacing 1s entirely separate and apart
from any spacing requirements as may be determined by the load-trans-
fer capacity of the dowels themselves It sumply means that, regardless
of the size of dowels used, the slab edge, insofar as the effect of concen-
trated edge loading 18 concerned, will function as a free edge 1f dowels
are not spaced close enough together to fall well within the zone of posi-
tive stress as caused by a concentrated load applied on one edge midway
between dowels This phase of dowel spacing, of course, has no sigmfi-
cance 1n the case of slabs of umform thickness or even 1n thin-center slabs
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where other means of edge strengthening, such as a bottom edge bar, is
employed, It 15, however, of prime importance in the case of thin-
center slabs where full dependence for edge strengthening 1s placed
upon the dowels

Another and wholly independent phase of dowel spacing 1s the maxi-
mum permssible spacing as determined by the load-transfer capacity of
a single dowel Obviously, all the dowels 1n the full pavement width
must be capable of transferring half the total of all maximum wheel
loads that can be simultaneously apphed at the joint The total
number of dowels must therefore be at least equal to half the sum of
all loads apphed to the joint divided by the load-transfer capacity of a
single dowel, and actual spacing at any pont thus depends upon the
distnbution of the apphed loads as among the several dowels

In the case of a two-lane pavement the maximum condition for load
concentration at the joint would occur with two passing vehicles of the
heaviest allowable wheel load type Thus 1t would be possible to stmul-
taneously concentrate four maximum wheel loads at the jont These
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loads would necessarily be appled 1n pairs, the loads of each pair having
a fixed spacing of approximately 5 feet Two conditions of relative
placement are suggested as in Figure 18, (a) each vehicle traveling as
close to the edge of the pavement as possible, and (b) each travelng
close to the center, say with a clearance of 2 5 feet between 1nside wheels
Considering the slab end as a whole the general character of deflection
produced by each load would be as mndicated by dotted lines 1n figure
18 (6,8) By the principle of superposition 1t 1s seen that case (a) would
give a fairly uniform distribution of two-wheel loads over a pavement
width of approximately eight feet, and case (b) a fairly unifform distribu-
tion of four wheel loads over 2 wadth of approximately 16 feet For the
case of an 18-foot or even a 20-foot pavement, this would indicate that
under maximum joint loading the end of the slab would have a reasona-
bly uniform deflection across 1ts entire width and 1t would therefore be
reasonable to assume two wheel loads as umformly distributed across a
lane width  Accordingly, the apphed load per inch length of a joint

w
would be 0 pounds for a ten-foot lane and 50 pounds for a nine-foot
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lane, half of which, n either case, must be transferred across the jont

by the dowels
Calling s the spacing of dowels 1 inches and P the load-transfer

capacity of a single dowel, we have

for 20-ft pavements,

s = %1? (11)
for 18-ft pavements,
s= 8L (11a)

Allowable Unat Stresses  In applying rational stress analysis to dowels
there appears to be no estabhshed precedent as to approprate allowable
working stresses While the same fundamental considerations, that
pertain to the selection of a proper working stress for any material of
known strength, no doubt apply, still certain conditions, pecuhar to the
dowel, suggest the possibihty of some departure from customary concep-
tions of working stress hmitations In the case of bending in a dowel
bar, for instance, should the same unit stress restriction be apphed as
n the case of direct tension? According the common practice, this
would establish a working stress of approximately 20,000 pounds per
square inch for bars of intermediate grade steel. If this stress 1s safe
for direct tension, under which every fiber of the cross section 18 stressed
to the maximum, certainly 1t would seem unduly conservative for the
case of bending whereby only the extreme fibers are stressed to the maxi-
mum, and especially so 1n the case of a circular cross section wherein
only one fiber on either side of the bar 1s stressed to the theoretical
maximum Even from the standpoint of stress in the compression side
there can be no great concern, since a dowel, although a relatively slender
member, 18 securely restrained against buckling 1n any direction

These conditions, which would appear to be favorable to the use of a
somewhat higher fiber stress in bending than 1n direct tension, are how-
ever somewhat offset by the fact that immediate reversal of stress accom-
panies every application of the maximum bending stress 1n the case of
a dowel bar Considering the fatigue limit of common steels under
reversal of stress as being about 75 per cent of the yield pont, 1t would
appear that 1n the case of dowels the allowable unit extreme-fiber stress
could be taken at approximately 75 per cent of the yield pownt for the
particular grade of steel used This would correspond to an allowable
unmt stress for bending 1n dowels of approximately 30,000 pounds per
square inch for intermediate grade, and approximately 40,000 pounds
per square inch for hard grade steel

Umt beanng of the bar on the concrete should be conservatively
limited 1n order to prevent undue crushing of the concrete at the face of
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the joint where the stress 1s 2 maximum Some shght surface spalling
will undoubtedly occur 1n any case, but the intensity of bearing stress
decreases very rapidly as the distance from the face of the joint increases
and, even with a fairly high computed intensity at the extreme edge,
the effective maximum intensity over an appreciable area would be
matenally less than the maximum computed value In other words,
at the extreme edge, the bar would tend to seat 1tself over a small width
and, once this condition were established, 1t would seem that no pro-
gressive crushing of the concrete would develop 1if the computed maxi-
mum unit stress 1s held within reasonable hmits

Allowable umt compressive stress on the extreme fiber, in the case of
concrete beams 1n building work, 1s usually prescribed as 40 per cent
of the 28-day compressive strength of the concrete The quahty of
concrete commonly used 1 pavements will, 1n general, develop 28-day
compressive strengths of from 3,000 to 4,000 pounds per square inch
On the basis of 40 per cent, this would correspond to an allowable umt
bearing stress of from 1200 to 1600 pounds per square inch It would

%9 ¢ of dowe/
£9  2|{a " £d
2 Y Z
! [

W'

f
Surface oF s/kab -J 6
Figure 19

thus appear that, in designing dowels, a unit bearing stress of approxi-
mately 1200 pounds per square inch could be utihzed 1n almost any case
In the case of concrete that may be considerably better than the average,
the allowable bearing stress could probably be increased to 1500 pounds
per square inch or even more

Requared Concrete Covering for Dowel Bars Dowel bars must be
located a sufficient distance from both the top and bottom surfaces of
the slab to afford adequate protection against breaking through the
concrete under the “prymng”’ or “lever-like” action of the dowel  For the
case of dowels placed at the center of the slab, as 1s common practice,
this requirement establishes a lmiting maximum diameter of dowel bar
permissible 1n a slab of given thickness

The amount of force per unit length of bar tending to tear out a seg-
ment of concrete either above or below the dowel 1s equal to the umt
bearing pressure times the diameter of the bar This 1s a maximum at
the face of the joint and decreases as the distance from the joint face
increases. Consider, as 1n Figure 19, the segment abb’a’ taken at the
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face of the joint and having a thickness of one inch  Neglecting shear
on the vertical face of the segment, the vertical force f.d apphed by
the dowel, 1s resisted by the resultant stresses on the sections ab and a’d’
Assuming conditions of symmetry with respect to the two inchned sec-
tions of resistance, the resultant stress on each section 1s equal to — f”
This force may be resolved into two components, N normal to and
causing tension on the section and T tangential to and causing shear
Owing to the relatively low tensile strength of concrete, tension on the
section 1s the hmiting case Thus we have

d cos ¢

fod cos ¢
N = 2

and the area of section ab (1 inch wide) 1s

D
sin ¢

Aab =

Calling f; the umt tension on section ab, we have

fi = N _ fdsm ¢ cos ¢
T Aw 2D

Maximum unit tensile stress thus occurs when sin ¢ cos ¢ 1s a maximum,
or when ¢ = 45°, and for this value of ¢, the product sin ¢ cos ¢ has a
numerical value of 050 Therefore we have, for maximum tensile
stress 1n the concrete,

™
A

=™
I
IS
]

or

D=4d (g'f,) (12)

In practice, f, should be mited to about one-twelfth f, Substitut-
1ng fo = 12f, in the above expression for D we have

D =3d (12a)

This would 1ndicate that the center of a dowel bar should 1n general
be located at least three bar diameters from the nearest slab surface,
or, when located at the center of the slab section, the diameter of a dowel
bar should not exceed one-sixth the thickness of the slab
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NumericAL ExaMpLE oF DoweL DEesigN

G1veN CoNDITIONS
Pavement Wadth, 20 ft
Slab Length, 40 ft (3" expansion joints @ 80 ft , dummy contraction joints
@ 80 ft, alternating with expansion joints)
Mazimum Wheel Load, 8000 lbs
Impact Allowance; 25%,
Allowable Stresses,
f« = 30,000 1bs per 8q in (bending)
Je = 1,200 lbs per gq 1n
CoMPUTATIONS
Assume 80-degree temperature range below temperature at time of con-
struction
z = 754 (0000055 X 80 X 40 X 12) = 96”

207, 20 X 30000
- Dfe _ g 4/ B X300 _ oo ug
l=d 1/7 1/ 1200

Using " round bars
l=224X 75=168"
Actual dowel length =1 4+ z = 178"
2d3f, 2 X 75% X 30000
= = = 1000
(14+88) 168+(88X 96) *
120P 120 X 1000

Use §” round, 18” long, spaced 12” (say 20 dowels)
Using §” round bars

Same procedure requires,

3” round, 21”7 long, spaced 16” (say 14 dowels)
Using 1”7 round bars

Same procedure requires,

1”7 round, 24” long, spaced 23” (say 10 dowels)

ComparaTIvE Costs

Unat costs

Dowel cost, 3¢ per Ib (delivered, oiled ready to place)

Cost to place, 10¢ per dowel (including end cap)
Cost per Jownt

$” round, dowels, 20 X 225% @ 3¢ = 81 55

placing, 20 @ 10¢ = 200 $335
3" round, dowels, 14 X 360 % @ 3¢ = 81 50

placing, 14 @ 10¢ = 140 $290
1” round, dowels, 10 X 5 35% @ 3¢ = 81 60

placng, 10 @  10¢= 100 5260

Ty p‘Lcal Present Dowel Design
” round, 30” long, spaced 32”

Cost per joint

dowels, 8 X 375 @ 3¢ =8 90

placing, 8 @ 10¢=_8 8170

IncrEasED CosT
40-ft slab length gives 132 joints per mile
Improved Design 132 @ $2 60 = $343 per mile
Typical Present Deaxgn 132@ 170 = 224 per mle
i+ Increased Cost $119 per mile

D
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SUMMARY CONCLUSION

Edge and Corner Sirengthening Edges of free type joints may be
strengthened by, (a) thickening the edge sufficiently to be adequate,
without marginal steel, as a free independent pavement edge, (b) by
reinforeing the joint edge with bottom tensional steel, and (¢) by the
use of slip dowels

(a) Edge thickening, although applicable in structural prineiple to
either longitudinal or transverse joints, has proved feasible and satis-
factory when applied to longitudinal joints but has not proved satisfac-
tory for transverse joints because of a marked tendency to promote
transverse cracking at or near the section where thickening begins

(b) Edge strengtheming of transverse joints by means of tensional
steel 1s practical and satisfactory The procedure m applymng this
method consists essentially in considering the joint edge to be a beam
approximately 12 inches wide requiring remnforcement sufficient to
render 1ts moment of resistance equal to that of an equivalent width
of the unremforced longitudinal edge section Consistency of analysis
on this basis would require that such steel be located 1n the bottom of
the slab, except 1n the vieimty of the exterior corners as formed by the
jomnt where corner strengthening would require 1ts location 1n the top
of the slab

(¢) When full rehance 1s placed upon slip-dowels as a means of
strengthening joint edges, they should be consistently proportioned as
to size and spacing on the basis of their load-transfer capacity as hmited
by safe bending 1n the dowel or by 1its bearing on the concrete Maxi-
mum dowel spacing must also be hmited 1n such a way as to effect a
proper reduction of the bending moment 1n the loaded edge of the jont,
this hmitation as {0 maximum spacing being independent of that
required for adequate transfer of load across the joint

Slip Dowels The general purpose of shp dowels as utilized in concrete
pavements 1s to enable the two edges formed by an open joint to deflect
simultaneously rather than independently as traffic loads pass over the
jomnt In performing this function two edges instead of one will carry
the loads apphed at a jomnt and each joint edge will accordingly be
stronger than 1t would be 1f 1t were compelled to carry the apphed loads
without assistance from the other edge It 1s fully realized that this
doweling of slab edges across an appreciable gap, by means of steel
members of comparatively small diameter and having relatively wide
spacing, 1s by no means an 1deal structural condition

If strengthening of the joint edge were the only objective, dowels
could be dispensed with and more desirable methods of edge strengthen-
ing employed, but the strengthening of joint edges at an open joint
unfortunately 1s only a part of the problem If 1t 1s desired, as1t should
be, to maintain an equal surface elevation on both sides of the joint at
all times, then some mechanical connection between the joint faces
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must be provided Thus 1t may be concluded that some mechamcal
means of bridging the gap between the faces of an open joint 1s desirable,
not only with respect to the actual structural strength of the joint edges,
but also as a means of maintaining at all times an even surface elevation
at the jommt Dowels appear to be the simplest means at the disposal
of the highway engineer for accomphshing this objective

Current practice in the use of dowels indicates very clearly that the
selection of dowel details has been and now 1s pretty much a hit-and-
muss procedure  Certain tests, although limited 1n scope and character,
have indicated that many of the dowel arrangements now commonly
used are practically useless from the standpoint of their truely intended
purpose This 1s indicated rather vividly by the Slack Tests (9) which
showed that 2-inch round bars spaced 32 inches apart and crossing a
1anch expansion joint were only about 13 per cent efficient in doing what
they really were supposed to do With very few exceptions this par-
ticular dowel arrangement can be taken as typical of dowel details now
1N common use

These test results are closely substantiated by apphcation of the
rational analysis herewith suggested This analysis leads to the general
conclusion that the 2-inch dowel 1s practically useless as a load-transfer
medium unless spaced at very close intervals, probably 8 to 10 inches
This suggests the possible necessity of discontinuing the use of the now
popular 2-inch dowel and resorting to the use of §-inch or even 1-inch
bars Furthermore, the analysis, herewith suggested, indicates that
an unnecessanly long length of dowel bar serves no useful purpose and
may even contribute to high bending stresses, 1if the assumptions as
to pressure distribution are reasonably correct Recourse to shorter
length, larger diameter, and or closer spacing thus appears to be the
logical basis of approach 1n attempting to render the dowel more effec-
tive 1n serving the structural purpose for which 1t 1s intended

The rational stress analysis of dowels, as herewith suggested, consti-
tutes merely an effort to depart from the present arbitrary basis of
deciding as to what the diameter and spacing of dowels should be, and
attempt to apply some form of rational analysis of dowel requirements
There 1s no reason why test data, similar to the results shown by the
Slack Tests and others, made upon existing dowel arrangements which
have been arbitranly selected, should reflect necessarly upon the dowel
as a useful and serviceable instrument for accomplishing a certamn de-
sired structural function 1 connection with the action of pavement
jomts In passing judgment upon the structural merit of the dowel,
1t would, therefore, seem that hasty conclusions as to 1ts efficiency should
not be based upon random test data or upon the behavior of obviously
madequate designs Such data, instead of serving to discredit the
dowel 1tself, should 1nspire an effort on the part of highway engineers to
improve the standards of dowel design, a precedure which can undoubt-
edly be approached on some basis of rational computation
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Rational vs Arbatrary Design  The conditions to which pavement
slabs are subjected are, of course, numerous and 1n some respects ex-
tremely complex and uncertain, thus rendering them difficult of evalua-
tion However, with the aid of conservalive and appropnate assump-
tions reasonable and highly probable stress values may be determned
by computation

Stress values thus determined, although they may be questionable as
to their exact degree of accuracy, will nevertheless serve as consistent
mdications of stress possibilities and as such may be utihzed numerically
as an orderly basis for proportioning jont details consistent with the
use of matenadls of known strength. Ths, of course, involves the use
of certain empirical factors and basic assumptions but this necessity
15 not alone peculiar to the structural features of a concrete pavement,
1t 18, 1n greater or lesser degree, necessary 1n the design of any structure
that the engineer 1s called upon to build Many of the important struc-
tural details of the concrete pavement slab are amenable to the applica-
tion of certain recogmzed basic principles of structural design and a
more umversal application of those principles will undoubtedly result
In a greater uniformity of practice, a more consistent proportioming of
slab details, and a general betterment of design standards.
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DISCUSSION
ON
JOINTS IN CONCRETE PAVEMENTS

Mr R B Gage, New Jersey Highway Department, The Ledge Type of
Transverse Joont Most of the concrete pavements constructed in New
Jersey since 1922 have longitudinal and transverse jomnts The slabs
are generally 10 feet wide and 35 feet long

The transverse joint openings are generally from one-half to five-
eighths 1nch 1n width, the jomnt filler being of the premoulded type
All transverse joints are reinforced, contamning from 6 to 12 dowels,
20 to 30 inches long The top of each joint was originally sealed with
a hot hquid bitumen and re-sealed 1n the same manner at frequent
intervals after construction A serious effort has been made to keep
all joints so sealed that water will not pass through them into or on
the subgrade

This type of transverse joint has not been very satisfactory for
several reasons

In localities where the vertical dramnage of the subgrade 1s poor and
the pavement subject to considerable heavy truck travel, one end of
each slab is soon forced below grade The more 1mpervious and
denser the subgrade, the quicker and more pronounced the displace-
ment Water soon collects beneath this end of the slab, which accel-
erates displacement

The front of each slab 1 the direction of traffic 1s the end subjected
to the greatest impact and load This end 1s slowly forced out of
ahignment as the surface of the subgrade beneath 1t 13 lowered by erosion,
consohdation or compression Since the elasticity of the concrete
prevents the slabs from remamng at the maximum depressed posi-
tion, a narrow opening 1s soon formed between the bottom of the
slab and the surface of the subgrade This opening soon fills with
water that 1s held mn place by the shoulders and 1mperviousness of the
subgrade The churning action of the slab caused by traffic, soon
makes a mud out of the surface of the subgrade, some of which mixed
with water, 1s forced to the surface through the joints or along the edges
of the slab, each time a heavy load passes over 1t As the opening
beneath the slab 1s thus gradually deepened and lengthened, a cor-
responding settling of the slab takes place  Objectionable bumps which
lower the nding properties of the pavement are soon formed at each
jont The supporting power of the subgrade being thus reduced,
a transverse crack will sooner or later appear from three to ten feet
from the jomnt

Fortunately, only the front end of each slab 18 thus depressed When
a load 1s applied progressively along a slab, httle deflection apparently
takes place 1n the rear end of the slab, but when the entire weight of a
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heawvily loaded truck travelling at 25 to 30 miles per hour 1s suddenly
transferred across a joint to the adjacent slab, the front end of this slab
1s forced out of ahgnment This end of a slab may be forced from } to
1 1inch below grade within one year after construction, depending upon
the character of the subgrade, density of traffic, and drainage conditions

Dowels are of little value 1n preventing such displacement, they are
either bent or openings worn 1n the concrete around them of sufficient
size to permit displacement In some cases both of these conditions
have been observed at a given joint

The difference 1n the behavior of the ends of adjacent slabs at a given
jomt 1s remarkable The end of one may be floating 1n a sea of mud,
yet the subgrade beneath the ad)acent slab end remains perfectly dry
and stable Openings made on the edges of adjacent slabs have shown
these conditions The rear end.of a slab i1s very seldom, if ever, forced
below grade This end 1s not only able to carry 1ts own weight plus the
load applied by traffic, but also the load apphed through and by the
dowels when the end of the adjacent slab 1s forced below grade This
added load 1s frequently sufficient to bend 122 imch dowels without
affecting the stability or elevation of the rear end of the adjacent slab

The surveys made of concrete pavements where the slabs have gotten
out of alignment 1ndicate that the rear ends of the slabs in the direction
of traffic do not need any additional support to keep this end of the
slab at the required elevation This end of the slab 1s seldom, if ever,
depressed regardless of the density and type of travel or character of
subgrade

In New Jersey there 1s a considerable area where the subgrade 1s a
sandy loam, the vertical drainage of which, was thought sufficient to
prevent the accumulation of surface waters With hghter traffic such
subgrades would, no doubt, give satisfactory service but such 1s not the
case with the present type of traffic Consequently, the type of joint
to use and drainage system to install to ehminate these adverse condi-
tions, has become a very serious problem

The dowel type of joint appears to be of hittle value 1n keeping ad-
jacent slab ends correctly orientated Other types of transverse joints
have been developed and tried out Many of these appear efficient but
are quite costly The type of joint shown on Figures 1, 2, 3 appears
to be both efficient and 1nexpensive, the cost being about the same as
that of the dowel type of joint This new type has now been 1 use for
over a year m a locahity where the subgrade 1s a decomposed red shale
with very poor vertical dramnage and has been subjected to a daily
traffic of 2,000 trucks and 20,000 passenger cars To date they have
given very good service and have kept the adjacent slab ends in the
required position Other slabs constructed at the same time 1n the
immediate vicinity where the dowel type of joint was used, have shown
a considerable amount of displacement
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The ments of this type of joint depends upon the following factors

1 The rear ends of the slabs are able to carry part of the loads of the
front ends of the adjacent slabs
w 2 Since the total bitumen contaned 1n this joint 1s only that needed
to seal 1t, the volume of bitumen required 1s small compared to that
used 1n the ordinary joint, consequently, any longitudinal movement
of the slabs will change the elevation of the bituminous seal but very
httle This reduces to a mimmum the usual joint impact due to the
accumulation of excess bitumen at the surface of the joint opemng

FRONT VIEW
X

S S SS N

SECT/ION X X ’

Figure 1. Metal Form for Holding Joint Filler and Forming Partition Walls

3 Unless the rear ends of the slabs are forced below the required
elevation, the ad)jacent ends of the slabs at a given joint cannot get out
of ahgnment

This joint can be given additional strength by reinforeing 1t, but to
date no conditions have developed to indicate that such reinforcement
1s needed

Figure 1 shows the metal form used to hold the joint filler in place as
well as to form the partition walls for the supporting shelf of concrete

Figure 2 shows the complete joint installed on the subgrade ready for
the placing of the adjacent concrete

Figure 3 shows the finished joint 1n place with the top seal coat of
bitumen applied
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The metal form shown 1n Figure 1 1s made from a single sheet of 22 or
24 gauge galvamzed steel and can be made m almost any convenient
length. When a pavement 1s constructed in lanes or with a center
jomnt, this metal form can easily be made of such a length as to equal
the width of the slabs The projections F are about 3 nch wide and
long and are only intended to hold the jomnt filler in place. Projections
G are triangular barbs that help to hold the jomnt filler J. F. in position
These are stamped out of the joint form 1tself and are generally spaced
from 24 to 36 inches apart, depending upon the ngidity of the jownt filler

The jomt filler J. F. can be a corrugated paper or a premoulded
bituminous mastic, however, the premoulded bituminous mastie should
not be used 1n the top half of the joint unless ample space 1s left 1n the

- Favement Jurface

Fig. 2 Fig. 3
Figure 2. Joint Installed on Subgrade Ready for Concreting
Figure 3. Finished Joint

top to take care of the reduced volume opening during the expansion of
the concrete A premoulded bituminous mastic 18 not recommended
for use mm this portion of the jont.

This jomnt 1s very easy to prepare and install. The strips of joint
filler J F are inserted mn the metal form as shown in Figure 2. The
jont 1s then placed on the subgrade and the anchoring pins A P driven
through the openings A P O (Figure 1).

This anchoring pin contains a sleeve H which holds the top of the
metal form ngidly 1n place, while the bottom portion of the joint filler
J F 1s held 1n the required position by both the anchoring pin 4. P
and the vertical projection of the metal form E. The width of the
vertical projection of the metal form, designated as E, can be increased
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or decreased according to the thickness of the metal and the stiffness of
jomt filler Usually ths projection should extend down about one-
quarter of the thickness of the pavement The projecting shelf desig-
nated as D 1s usually placed in the center of the pavement and the top of
the metal form at B should be not less than one inch below the surface
of the pavement.

This joint 18 sealed by both the metal form and the bituminous cap-
ping, smee the metal form 1s anchored i the concrete at A and sealed
on the surface D and the bituminous seal C S. (Figure 3) further seals
the jomnt by adhering to the adjacent concrete

It 1s to be noted that there 1s very little bitumen used as the cap
seal 1n this jomnt, consequently, the usual movement n the pavement
slabs during expansion and contraction will change the volume of this
bitumen but very httle, therefore, the bitumen will not be pushed up
and form a bump in hot weather nor a depression m cold weather,
requiring the jonts to be re-poured late 1n the Fall.

In passing judmgent on the ments of this type of jont, the fact
should not be overlooked that the rear ends of the slabs in the direction
of traffic of pavements ten years old or more have not been forced out of
alignment regardless of subgrade conditions, type or character of traffic.



