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SYNOPSIS

Effect of overlaps on the general behavior of
continuously reinforced concrete pavements and on the formation
of cracks under forces induced by temperature changes was
investigated,

Eighteen slab specimens, 22 ft. long with a 12 x 9
inch cross section, were prepared using air entrained concrete
with an average 28 day strength of about 4800 psi. The lon-
gitudinal reinforcement consisted of two No. 5 bars with a 12
inch overlap at the middle. These specimens were tested under
axial forces simulating temperature drops of varying intensities
and durations at different ages of the concrete,

The first nine tests were conducted with a static load
and all specimens failed at the overlapped region after the forma-
tion of wniform crack pattern throughout the entire length.

In the second group of tests, dynamic loads simulating daily
temperature changes for a period up to one year and more were
applied below the ultimate static capacity of specimens. Pre-
formed cracks were induced at the overlap and at two more sections
in these specimens and it was observed that the crack at the
overlap showed a consistent increase in width while the other
cracks had no consistency under repeated temperature changes.,

These specimens also failed in the vicinity of the ends of

-l=



overlaps.

A theoretical study was made for the overlap behavior,
Failures were explained by the slip and the loss of bond caused
by a crack forming at the lapped section. The theory presented

by B. F. Friberg(l) was revised for overlaps and used as the basis

of an approach in this analysis,



1. INTRODUCTION
1.1 BACKGROUND
Continuously reinforced highway pavements have been
constructed in the last twenty-five years and have shown numerous
advantages over conventional highways in this country(3). Research
programs directéd by various states have resulted in some criteria
éopcerning the design and construction of continuous pavements,
The principal recommendations made as the result of these
investigations can be summarized as follows:
1. Steel reinforcement should be between 0.5%
and 0.7% (0.5% is the most largely accepted
‘percentage).
2. Thickness of pavement should be about 8",
3. Best location of reinforcement is mid-depth
of the pavement,
4, Continuous pavement may be of any length
provided that sufficient reinforcement is
maintained throughout every section,

The continuously reinforced pavement is permitted to

have a series of closely spaced transverse cracks which are

controlled to prevent failures from developing. This behavior
is accomplished by adequate reinforcement, which usually consists

of bar-mats with an overlép at the splices.



Many of the excessive crack openings and eventual
failures on continuous pavements in Pennsylva@ia have been
observed to be at the overlapped sections (#), It has also been
noted that highways in Texas, reinforced with individual bars,
with random overlaps have shown much better performance than
highways constructed with all reinforcement overlapped at a
certain transverse section. These observations have indicated
the importance of overlaps in qontipuous pavements and
recently more attention has been directed to overlap behavior,

The purpose of_this'report is to evaluate and discuss
the results obtaihed in laboratory tests performed to investigate
the effect of overlaps on general behavior of pavements under
temperature variations. Based on the limited number of tests,
tentative recommendations for the overlap of reinforcement are

also discussed,

1.2 GENERAL PAVEMENT BEHAVIOR

The factors to be considered in design of a
continuously reinforced pavement can be discussed in two
separate groups as the internal and external forces,

Internal forces are the result of volume changes caused

by the shrinkage of concrete ‘and the temperature variatioms.



Concrete shrinks with loss of moisture. This process takes
place in three dimensions and causes axial stresses in the
pavement when movement is not permitted,, In the longitudinal
directidn, movement is prevented by the reinforcing steel, and
shrinkage results in tension in the concrete. There is no
resffiétion of the contraction of éoncrete in the transverse
direction, and transverse shrinkage constitutes the major portion
of total shrinkage. Concrete f;@ws from weaker to stronger
sections in the pavement; since the bond is not uniform over
the total length, the flow is always toward fully bonded regions
causing portions of high tensile stresses in concrete surrounding
the reinforcing bar., If these highly stressed portions lie on
the same line on adjacent bars, there will be a plane of weak-
ness where cracks can readily form when the tensile stress
exceeds the tensile strength of the concrete(?)°

| Temperature differentials cause volume changes in both
the concrete and the steel; and the whole pavement tends to
shorten in response to the temperature drops. Since a
continuously reinforced pavement is restrained against kree
contractibn by subgrade friction, shortening can not take place

and tensile stresses are induced in the slab, If these stresses



exceed the tensile strength of concfete, cracks are formed.

A secondary effect of temperatﬁfe is.the formation of warping
stresses due to a temperature gradient between the top and the
bottom of pavement, but this effect cén be superimposed upon
previously described tensile stresses,

A This report covers the effect of temperature drops
which were simulated by applying a tensile forcg to the test
specimens.,

| Effect of shrinkage of specimens at the time of the
tests was negligible compared to the applied temperature drop
and‘was not considered in the calculations,
External forces produced by live loads and subgrade
movements were not included in the investigation because the
behavior of overlaps Qas studied in the very early ages of

the concrete before live loads would be applied.



2. THEORETICAL ANALYSIS N

- 2.1 INTRODUCTION

_‘ An analytical model for the cracked'pavgmentvhas
been proposed by Bengt F. Friberg (!}’ as shown in Fig. 1.
His assumptions are:

1. The steel in the immediate vicinity of the
crack is unbonded,

2. Length of the restrained section is sufficient
for bond to be fully effective outsidefﬁhe
unbonded region.

3, Stress conditions are feversible°

4, Steel and concrete act elastically.

5. Pavement is restrained against movement,

The same basic assumptions will be used iﬁ obtaining
relationShips,between crack width, applied load and'corre8ponding
temperature dﬁpp at the\ove:lappad regions. |

Cbnditions of equilibrium and continuity that Qerer
used in Friberg's analysis aref

1. Forces throughout the system must be in

 equilibrium,
T 2; éteei and concrete strains are compatibie in

the section outside the bond-relieved region,



3. Total change in length due to temperature
variations is counter-balanced by the steel
strains over the total length of the restrained
slab (over length "a''),

Formation of a crack at a section is accompanied by
immediate loss of bond between the steel and the conérete in
that vicinity, and stresses are carried only by the steel over
the béndless length; so the crack width is a direct measure of
total elongation of steel at that section. If the axial stress
distribution over the unbonded length of steel is known, the
corresponding unit strain and the length of bond-relieved steel
can be calculated for every crack'width at every seéction.

Pavement at a cracked sectiéﬁfé;;; the same way as
conventional pull=-out specimens, Stresseé carried only by the
steel at a cracked section are transferred into the concrete
until equal strains exist in both materials some distance away
from the crack. This results in a partially bond-relieved
region on both sides of the crack., Bond‘stfesses in this region
form stress blocks which are assumed to have distribution patterns
similar to the bond-stress blocks in pull-out tests., The transfer
of stress from the steel to the concrete takes place until the

bond stress at the location exceeds the limiting value and the



bond is lost over a greater length. The ends of the partially
unbonded length are similar to the end of steel in pull-out
specimens and crack opening in the pavement is comparable to
slip at the loaded end of conventional bond tests.

Crack width is edual to the relative elongation and
relative movement between concrete and steel in that region,
If slip can not take place the full width of the crack cor=
responds ehtirely,to the summation of strains over a certain
length of steel on both sides of the crack. The total length of

this unbonded steel is designated with the letter ''¢".
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'NOMENCLATURE

Distance between two adJacent cracks_

Concrete area at the section

:Total steel area at the section

Length of the bonded region

A constant in the equation of a parabola defining the

"~ axial stress, distribution in steel near a crack

i

Partially bonded length '

Unbonded length

c1 +'ey |
Approximate ¢, neglecting the effect of c1

Approximate c, neglecting the effect of c9

_Modulus offElaSticity of concrete

Modulus ofiElastioity‘of steel

= Relative 28-day strengthlof‘concrete-in different sets

:Totaltchange in iength of the main test specimens under

applied load

‘Steel ratio = AS/A

Applied axial load o

'Crack~w1dth

Temperature drop (°F)"

-Coeff1c1ent of thermal expanSLOn of concrete

Coeffic1ent of thermal expansion of steel :

@ = a =6 x 1076 in/in/°F
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ea
%

A A -Q

'q_

Slip ratib,;(SIip/crack width)

Unit strain |

Total slip at the overlap

Unit stress im the partially bonded steel near a crack
Steel stress in bondéd region |

Concrete stress. in bonded region

= Stress in completely unbonded steel



' 2.3 DEVELOPMENT OF EQUATIONS —

Relation between Cfack5wgdth'andjﬁnbonded Length

Cfack fprmation is accémpanied by the loss of bond
beﬁweén‘the two maéerials”fésﬁlting iﬁ.aféertain length of
‘steel partialf; or completely anondgd on both sides of the
- crack, Relations between the crack width and the corre8pondipg

unbonded length are developed below.,

a) General
In a restrained slab, crack width is equal to the

total elongation of unbonded éteel in that vicinity.

- |
q = ofg ds  e=g~ 4 =-EJ; ?o'ds (1)

o
"G" is a variable over the length ¢, It reaches its
maximgm level at completely unbonded sections and is reduced
to its_minimﬁm value at sections where bond -is fully effective.
It hés been ébéerved‘in pull-bﬁt ﬁeSts that bond resisténce is
first developed near the loaded end of the bar and progresses
toward portions away from that end. Thus the point of maximum
bond stress moves away from the loaded end as the applied load
increases., This results in an unbonded portion near the loaded
end followed by a partial bond which in turn is followed by a

fully bonded region further away from the loaded gndgz% . It



will be assumed in our calculations that the axial stress in
the steel‘follows a parabolic distribution in partially bonded
regions and its value becomeé equal to G, which is practically
zero, where bond is fully effective,

b) Sections away from the overlap (No slip).

At a section away from the overlap, crack width is a
function of only steel strains since slip can not be expected.
Axial stresses on the steel at such a section will be assumed
to be distributed as shown in Fig. 2. The crack width can be

expressed as:

-k [6as - L | 22
q =g Gds—ESAS C2+3Asc£|

N EZ"‘%‘ 1] @)

Eq. (2) can not be directly applied unless more
information is available about cj;, the length of partially
bonded steel, For practical purposes however, either a constant
or a parabolic stress distribution can be assumed over the total
length c.

For a constant stress distribution, referring to

Fig. 3; crack width is given as



Therefore c' = 1-8-8 - - (2a)
The calculated value for c' is a little less than the actual c,
For a parabolic stress distribution over the total

length, as shown in Fig. 4; the qrack width becomes

A

in which c" = cp + é} ¢y
The calculated value for c" is a little higher than the
actual c.

Note that Eq. 2a approaches the correct value when
;he actual c is long and Eq. 2b approaches the correct value for
cracks having short c distances. Thus;approximation 2a should

be used for larger crack openings, 2b for smaller crack openings.

(c) Sections at the overlap (slip present)

As the maximum intensity of bond stress travels nearly
the full length of a pull-out specimen, slip takes place between
the concrete and the steel, This differential slip does not

immediately result in failure because the deformations on the
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bar are brought into bearing and a bond resistance is developed
by this 1lug action(z).

Overlaps are comparable to pull-out specimens as
explained before, A crack opening at the overlap is therefore
partly due to the slip of the unloaded end and partly due to
the elongatibn of unbonded steel as shown in Fig, 5. The
eduation for crack width is therefore,

L

C
Ods
Eg o

q=5%+
or

1 C
E:-ojsds =q -€ | (3)

The distance ''¢" is fixed for a crack forming at the

end of an overlap because the section should fail as soon as
a length equal to overlap loses bond on each side of the crack.
Since the overlap length is 12 inches in our test specimens, the
fixed c length will always be taken as 24 inches for such cracks,
Final measurements of the crack widths were taken just
prior to failure in all specimens., It is assumed that the bond
between the steel and the concrete was only due to the lug
action at that time, A slip had taken place but the specimen
had not failed because of the resistance offered by the deforma-
tions on the bar. Failure occurred under a slightly higher

load sufficient to overcome the lug resistance, Axial stress
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distribution for this condition is assumed to be parabolic

for the entire overlap length, the possibility of a completely
unbonded region being neglected., This approximation is believed
to be justified because of the limited length of the overlap

as explained for Eq. 2b., From Fig., 6;
c'c

-5 = &
1-%= 5 5 4)
6I= P = = -Z-» P C
substituting y. vy q ﬁ' 3T RS Es (4a)
16P
= ", - o e
For ¢ =24"; q - & W
g, slip can be calculated from Eq. 4b as
- q - —LSE.
5= a AgEg
For Ag = 0,62 in?, Eg = 30 x 100 psi
€=q - 0.86 x 10-3 P (5)

in which q and % are in inches and P in kips,

"§" could be a function of a number of variables such
as the concrete strength, stress in the steel, diameter of the
bar, embedment length, and the stress distribution. In the
tests performed, the ratio of the calculated'@ to the observed
q was computed and was found to be between 50% and 70% in 8 cases
out of 10, as shown in Table 19, Based on this observation, it

was assumed that g, the initial slip is a function of crack width.,



-17-

&= Fq (6)

where B is the ratio — SLip
crack width

A value of 60% was used for B for all specimens in
fufther calculations,

The crack near the end of the overlap usually had a
considerable width at its forﬁation:, from then on it always
showed a consigtent but slow increase rather than an abrupt
change, This behavior can be explained by assuming the initial
slip to occur as soon as the crack forms, Therefore, according
to this assumption Eq. (6) will always be valid at the overlap
since slip will always accompany the crack,

Temperature-Load-Crack relations...

Expressions for stresses in the steel and the concrete
caused by temperature changes are developed, and the relation
between the crack width and the corresponding temperature drop
is estabjished below.

(a) Genefal

The condition of equilibrium and continuity are
applied as follows:
1., Forces throughout the system are in equilibrium,
GgAg + G A; = c'AS
OspAct+ O Ac = O'pA,
or pOs+ G¢ = G'p @)



where

-~

o aq.af

2. Strains in

bonded section,

I

I

where E

(e}

1
w

A

& &
monon o

(o nll s

3. The change

=18~

Stress in bonded steel.

Stress in bonded concrete,

Stress in completely unbonded steel = P/Ag
Steel ratio = Ag/A,

steel and concrete are compatible in the

b - &c (AT)b = E b - as (AT)b (8)
_ S .

Modulus of Elasticity of concrete,
Modulus of Elasticity of steel.

Therm., Expansion Coefficient of concrete.
Therm. Expansion Coefficient of steel,
Temperature change.

Fully bonded length,

in length caused by temperature varia-

tions is counter balanced by the strains in steel over the length

of the restrained slab,

8}
-2 b + =
ES ES

C
Ods - a (AT) as =0 9)
O .

where a = length of a restrained portion of
the slab, i.e. the average distance
between adjacent cracks,

)

Stress in the partially bonded steel,

On the basis of the assumption that a parabolic axial

stress distribution exists on the partially bonded steel, the

following relation can be established between O and G'.

Referring to Fig. 7;




C=0'=s P/Ag (Lla)
c C
-l L x L+ =2
for 5 _x__+ 5
G-0'-p g% for -?-zli-ésté+-c—2-
where B is a constant.
- C1
2
c
Thus Og = G- B -Z”-
Therefore, B = ( G- Gy) “’42’"
; (o4
1
B =i - 4
| As s &
1
4 P
for 4 ~0, B =
s ’ Agc2
1
P - - c
therefore C=G- 4, x for - ?-l-éx <+ = (11b)
Asci 2 2

Substituting lla and 11lb into Eq. 9 and using the

proper limits; G. ’ : :
, --~‘-=&-:’»b+G Eg—c1+c2]=-a(AT)OB=O (12)

Esg Eg
Note that the second term in Eq. 12 is equal to q given
in Eq. 2 and the discussion for that equation is also valid here,
When the total c¢ is short (when the crack is small), c, vanishes;

when ¢ is long (when crack is large), c; becomes negligible,

(b) Sections away from the overlap

For sections away from the overlap, neglecting cj in



Eq. 12 and considering G = 0s = @; the solution of the

simultaneous Eqs., 7, 8 and 12 gives:

1 a (AT) Eg (pn + 1)
o= bpn + ¢ %;;E+ 1) (13)

Note: G' is also equal to P/Ag

s bpn + ¢ (pn + 1) ¥ (4
o ‘
Oc = 2 AL) X Eg D % (15)
bpn + ¢ (pn + 1) v
— B,__,,,_BL_,.n +.c/a e,
AT = Eq?x pn + 1 L (16)

This is the case solved by Friberg(l)°

Note that the second approximation for c gives the
same result in Eq. 16, If cy, is considered negligible, the
term in brackets in equation 12 is reduced to 2/3 c1 where cj

approaches to c¢'" given by Eq. 2b, making

e =2 3 AsEsqg _ AgEs g
37T T 3

This expression is exactly the same as c' given by
Eq. 2a and used as ¢ in Eq. 16,

(c) Sections at the overlap;

Using the same assumption as before, considering the

parabolic stress distribution with a value approximately equal



to zero at the unloaded end and a value equal to P/Ag at the

loaded end of the overlap, Eq. 12 takes the form

G S G" 2 l

where the second term is identical with q -% (Eq. 4)
Solving Eqs. 7, 8 and l2a simultaneously, the

following expressions are obtained for cracks at the overlap,

0g = & (AT) apn E; :
bpn + £ c (pn+l) a7
6, .2 () @p Eg
bpn & (pndl) (18)

| G'_ & (AT) o EL(nn-i-l_)
bpn + -‘g— c (pn+l)

]

Since Q= %%50-— (q -%) f£from Eq. 4‘.

Equating the two expressions for 6" to each other,

and substituting b = a - c,

(20)

Using %= 0.6q and ¢ = 24" for our speciﬁmens,' Eq. 20
takes the following form: |

q pn +(8/2) (2-pn)
Loo pn + 1

AT = (215
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The equivalent temperature drop that would have the
.same effect as the applied load will be calculated for every
.crack at every load level, Eqs. 16 and 21 will be used for
the calculatiohs outside the overlap'and at the overlap
fésfectively@ Average of AT's for all cracks will be taken
and referred t§'as'the theoretical value of the temperature

drop‘cogxgsponding to the applied load.
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3. TEST PROGRAM

3.1 INTRODUCTION

The specimens were essentially the same as those
~used in previous research at Lehigh University(6)o Eighteen
22 ft., long specimens were cast with the cross section shown
in Fig., 8. 1In addition to testing these 18 main specimens,
auxiliary tests were performed to determine the tensile and
compressive strength and the modulus of elasticity of the
concrete,

The air temperature in the laboratory was always
about 80°F through the test period and the influence of

variation of air temperature was neglected in the calculations,

3.2 MATERIALS USED

Hard Grade No. 5 deformed bars made from ASTM A432-59T
steel were used as the reinforcement., The average yield strength
was about 65,000 psi, No. 3 deformed bars were used as anchors
at the end sections of main sPecimens for gripping the concrete
during tensioning operation. No, 2 stirrups were placed around
these anchor bars in order to reduce the probability of undesirable
cracks at the ends. Physical properties of the steel are shown

in Table 1,



Six pours of concrete were made, each pour being
sufficient for three specimens. The twenty eight day
compteésive strength of the batches varied between 3700
and 5400 psi,

Ready-mix concrete was used which had a 620:1070:1940
by weight mix, with aﬁ air éntrained cement., Water was added
in the laboratory in amounts varying between 20 and 25 gallons
per cubic yafd of concrete, depending on the moisture content
of aggregate and sand, which resulted in slumps from 1 3/4 to

4 inches. The maximum size of the course aggregate was 1 inch.

3.3 MAIN TESTS

Specimens 22 ft., long, 9 1/2 inches thick and 12
inches wide were poured on a 1/2 inch thick rubber mat resting
on 3/4 inch plywood forms. A sheet of tarred paper wés placed
between the rubber mat and the concrete for the purpose of
reducing base friction to a minimum. The concrete was placed
and exposed to the air with no special curing employed.

Reinforcement consisted of two No. 5 deformed bars at
mid-height providing a steel ratio of 0.54%. Length of the end
anchors varied between 12 to 18 inches with stirrups placed

at 4 inch intervals. At the fixed end of specimens; the
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reinforcing bars and the end anchors were connected to a
channel‘fasténed to the floor by two 3 inch diameter round
studs, At the moving end, the fixed channel bore against
mechanical jacks which, in turn, rested against a movable
- channel, Five one .inch round rods were used for connecting
the ends of each specimen to the channels,

- Dynamometers were placed at both ends of the specimens
for measuring the total tensile force applied. Figs, 9 and 10
show the fixed and moving ends respectively. Fig, 1l is a
close-up of dynamometers., Total length change was measured
at every load increase in each test. In the first three
specimens, this was done by stretching an invar wire between
the two ends and measuring the movément of its end with the use
of a dial gage placed on the fixed end side of the wire; in the
other specimens a dial gage was placed at each end and their
differences were taken at every load intervlal° These end
gages rested égainst a small plate welded to a 4 inches high
bar embedded in the concrete about 6 inches from the end of
specimen. . The dial gage is shown in Fig., 12,

Reinforcing bars were placed into the forms with a

12 inch overlap at the middle as shown in Fig. 13. They were

bolted to the end fixtures of each specimen on both ends,
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Overlaps always extended 6 inches to both sides of the mid-
section, Fig. 14 shows the general test set-up.

Crack widths were measured with an optical device
(Fig. 15) and an average width was obtained from 3 to 5 readings‘
taken on the top and two sides at each crack., In the last six
specimens, a Whittemore gage was also used at three Sections
(Fig. 16). A fairly uniform crack pattern was observed over the
entire length, Within three feet of the ends, cracks usually
formed at the bottom of the specimen, but did not reach the
top. These cracks were believed to be caused by end fixture
effects and were disregarded,

The specimens were giQen numbers from I to XVIII
and grouped in six sets designated with letters from A to F.

The first twelve specimens, I to XII, were loaded
separately with static tensile forces épplied to the moving
end by 50-ton capacity jacks., For loading the middle specimen,
both jacks were used simultaneously at the same loading rate,
The connecting rods on the other two specimens were loosened to
prevent them from being loaded. For loading a side specimen the
near jack was used, a 1 inch round bar was placed as a fulcrum
near‘the opposite jack and again the connecting rods of the

other two specimens were loosened,



Specimens I to IX (Sets A to C) were loaded until
failure, At every crack formation during the course of the
test; loading was stopped; total load, total change in length
and the widths and locations of all cracks were measured,

Iﬁ Set D; P.,., the load at which the first crack
would form, was calculated for different ages of concrete, and

OoSP'

specimens X; XI, XII were loaded with 0,3P crd

er? 0.7P .
respectively. Loading was started when the age of concrete
was 8 hours and was continued for 28 hours at 4 hour intervals,
After the age of concrete was 36 hours, a continuous load

was applied to each specimen up to failure, Crack, load and
length measurements were taken the same way as was done in
sets A, B, C.

In specimens XIII to XVIII (Sets, E,F) three sections
were intentionally made weaker (midpoint and 5 ft, from each
end in Set E, end of overlap and 5 f£t, from each end in Set F)
by inserting a metal plate at those sections before the concrete
was poured, Specimens were loaded statically until the cracks
were formed at the weakened sections and then a dynamic load
was applied by means of a hydraulic jack and a timing device

which regulated loading and unloading time, Fig. 17 shows the

load control unit and the timer., A complete cycle of loading
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and unloading took four minutes, Variation of the load was
recorded using a static strain indicator, an amplifier and
a strip chart recorder as shown in Fig, 18,

Specimen XIII failed as soon as thé dynamic loading
was started, Specimen XIV was subjected to the cracking load
for 200 cycles, then the load was increased up to failure,
Cracking load was applied to specimen XV for 30 cyclesﬂ/then
it was increased to a level a little lower than F ., where
P,1t 1s the load which would cause failure if applied statically,
After applying the new load 9 cycles, the specimen failed,

Specimen XVI was subjected to a load equal to 75% of
Py1¢- After 22 cycles under that load, two cracks were formed
in addition to three preformed cracks. When the test was
stopped at the end of 365 cycles, the specimen was very near
the point of failure., It was completely failed later under a
slightly higher load,

Specimen XVII was loaded at 84.4% of P,;, for 2881
cycles., Load was then increased to a level slightly below the
ultimate and failure was obtained at the end of 14 cycles
under the new load.

| Specimen XVIII was subjected to 94% of P,j¢ and

failed at the end of 251 cycles,



Crack widths were measured at 4 to 5 hour intervals
in all dynamic tests. Cracks at the mid-section showed a
consistent increase through the course of the test while the
other cracks had an inconsistent change (sometimes increasing,
sometimes decreasing). Failure was always at the end of the
overlapped region,

Test data are presented in Tables 3 to 1l8. Figs 19
to 24 show the crack pattern and failure details after the tests

were completed,

3.4 AUXILIARY TESTS

(a) Tension tests on concrete,

Direct information on the tensile strength of concrete
is not readily available becguse of its very limited use,
However, it is important in continuously reinforced highway
pavements because the amount of steel reduired is determined
from the concrete tensile strength, A higher steel percentage
is needed as the tensile strength of concrete is increased,

Two tension specimens were tested for every batch
of concrete after the specimens were exposed to ailr for 7 days,

The test set up was prepared as shown in Fig. 25, A
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46 x Zd x 3/4 inch plywood base plate resting on five 3/4 inch
thick supports was placed between two stud columns which were
fixed to floor by means of 3 inch round studs. Test specimens

" 44 inches long, 10 x 6 inches in area with a reduced cross
section of 6 x 6 inches at the middle, were poured on a 1/2
inch thick rubber mat. A layer of tarred paper was placed
between the concrete and the fubbef mat to reduce base friction
as much as possible.

A threaded one inch round steel rod was placed into
the concrete at both gnds of each specimen at mid-height.

One of the bars was fixed at the stud column. A tubular
dynamometer and a hydraulic jack were placed on the other bar
for loading the specimen,

A manually operated hydraulic jack was used for the
'application of the load which was measured by indicators connected
to the SR-4 gages on the dynamometer, Figso 26 and 27 show
tension tests. Failure was always at the reduced cross section
as shown in Fig. 27.

(b) Compression tests on concrete

Standard 6 x 12 inch cylinders were used in compression
tests. Fifteen cylinders were prepared for each set; 3 of them

were cured in moist room for 28 days and modulus of elasticity



. tests Qere performed at the end of thaﬁ period. Three

| cylinderé weré tested aftgr'being exposed té.air for 7 aays
to.qbtéin the7-day combressive’strength'corresponding.to the.'

tensiie séiength obtained from tension tests performed at the

'same‘ti@eg The remaining 9 cylinders Qgre'air,dried‘and tested.

}‘féf‘COmpreSSive.stﬁenéth aﬁd.moaulus of elasticity of the

concrete at the time of the féilure of thé main specimens,

Results of all auxiliéry tests are shown in Table 2,



4, TEST RESULTS

Concrete properties shown in Table 2 were obtained
from the auxiliary tests performed on the 7th and 28th days\
after the test specimens were cast. hEach figure is the average
of 2 or 3 tests., The relative concrete strength, férel given
in the last column is an index for comparing relative strength
éf concrete used in each set.

Data taken during the main tests are presented in
Tables 3-18. The sketch at the top of each table shows the
sequence of the cracks that extended to the top of the slab
prior to failure, Widths of the cracks under various loads
are shown in tabular form.b Temperature given under each load
is the corresponding temperature drop that would have caused the
same effect as the applied axial load as calculated from data
by the formulas developed in chapter 2,

Temperature drop corresponding to each load was also
calculated from the total length change in specimens. \Difﬁerencg
between the readings of dial gages on the two ends indicated
the‘tptal change in the leﬁgth of the specimen at every load
level., Average strain in the specimen was calculated from this

length change and the strain was converted intc the corresponding
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temperature drop, assuming a coefficient of thermai expansion 4
equal to 6 x 1079in/in/°F for the specimen, In table 20, these
temperature changes were listed together with the AT values.
calculated from the equations developed in Chapter 2. In
specimens II, III, XIIL, XV and XVII; the total length change
could not be measured and the corresponding temperature drop
could not be computed., |
The data from Table 20 are plotted in Figs. 28 to 30

to show the“relaﬁion of age of pavement to the temperature drop
to cause failure, These graphs also compare the two methods
for finding AT. As seen in all cases the two Values‘for AT
are reasonably close to each other. Figs., 28 and 30.show the
effect of time on the failure of pavements. The general trend
under all loading conditions was that in the early age of the
concrete a relatively low temperature was sufficient to cause
failure.

| If failure did not occur at overlap during a critical
period in the beginning, then overlap became less critical for
the remaining life of the specimens. The critical time was
about 5 days in our dynamic tests. The graph in Fig. 30
has a steep slope up to the point where the age of concrete

is 4 - 5 days; from then on it has a very smooth curve, almost
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a constant temperature. Practically the same temperature
drop was required for the failure of a specimen at the end of
14 days-as another specimen in about 5 days.,

Wwidth of the crack at the overlap increased continuously

- until failure in specimens less than 5 days old. In specimen

XVII, however, the increase stopped twice and restarted after a
short time. Each time, the width of the crack at the overlap
attained more or less the same limiting value and did not inérease
any further, This is an indication that the most critical time

for“theaéverlaps is the early days of pavement life. As the

-concrete gains its maximum strength overlaps act similar to other

sections.

Fig. 31 presents a comparison of different loading

.conditions. The effect of differences in the concrete quality

of specimens was eliminated by introducing the index férél
i.nt:othe‘curveso

The curve representing dynamic loading is more or less
parallel to the static loading curve with a difference of about

1 1/2 days at every load level. The graph indicates that a

pavement under the influence of a large number of temperature

- variations will fail at the overlap, at a much lower temperature
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difference than a paQement'subjected tofa small n@ﬁber of variaééons
at the same age., A significant point'ié‘that thé curve for Set

D is between the static and dynamic teSt‘cﬁrveso' A combination

of static and dynamic loads was used in testing Set D specimens

and even a small amount of dynamicz loading has shown its effect

- by placing the curvé in between the other two cases,

In Tables 16 to 18, the caléulated temperature &rops
are also listed at various cycles under repeated load with a
constant maximum value for specimens XVI, XVII‘and XVIII.

The results show that a repeated constant stress produces

the equivalent effect on the general pavement behavior as an
increasing temperature differential. Total length changés
rather than the stresses are involved in the evaluation of
temperature variations. In the laboratory tests, a constant
stress does not correspond to a constant temperature change,

but a constant change in the length always represents a constant
temperature differential.

In the actual pavements, a temperature change causing
high stresses in the beginning.would_result in lower sttesses
later.-—This‘is due to the bondless rggion géttiﬁg longer after
each crack formation. The change in length due to temperature

‘differentials will be counter-balanced by strains over a greater




length,,requiring‘lower unit strains, and in turn, causing
lower stresses as the pavement gets older,

The data showing the effect of cycling on tﬁe
correspondiﬁg temperatufe drop were plottéd in Figs. 32

and 33 fesPectively°



5, CONCLUSIONS

Interpretation of results is limited by the few
.tests,perfprmed, but the general conclusions drawn from the
 investigation céq.be‘summaiizéd as follows:

1, Initial random éracks‘are distributed fairly
uniform over the total length of pavement. They have a tendency
to’ form at- about equal intervals, and they may also form at the
ends of the overlagped reglons.

2. A éracﬁwat the overlap is likely to deVelop into
failure while cracks aﬁ other sections are not apt to cause the
pavement to fail. Therefore, the ends of the overlaps constitute
weak sections in continuousL& reinforced pavements,

. 3. Mechanism of failure is by the ioss of bond

at cracked section, As soon as a crack forms, bond between
Steel‘andfconcrete is lost over a certain distance on both
sides of the crack. This bondless section could be quite long
without causing failure‘at sections outside the overléps, but if
the crack is near the overlap and if the bondless section extends“
over the entire length of overlap, then failure is immediate.

. &4, Overlap failures are originated in the early‘ages
of pavement. If a crack doés not occui at the dverlap during

the first 4-5 days, it is not as likely that_the failure will



ever occur, After the initial critical period of time, overlaps
act similar to the other sections,

5, A pavement subjected to mild but frequent
temperature variations is more likely to fail than a pavement -
under the action of seldom but more severe temperature variations.

6. In order to be able to predict crack widths and
failures the yield point of the steel should not be exceeded,

7. The axial stresses caused by a temperature change
are higher in the early ages of the pavement in comparison with
the stresses caused by the same change at a later age.

8. The following two methods are suggested for the
elimination of overlap failures:

a) Increasing the overlap lengths, so that greater
temperature variations wiil be necessary to relieve the bond
over that length, |

b) Placing overlaps at random, rather than at the
same section. This will eliminate the cumulative weakening

effect of all overlaps at a section the most likely to fail.

Further investigation is necessary to obtailn more
fqﬁghtuacive results and to make rational design suggestions

concerning the overlaps., The following subjects need to be




givénISpecial étudy under static gﬁd repeated loads:

1, Formation and distribution of bond stresses

at overlapéa - | o | |

. 2, Effect of randém séacing-pf;overlaps and' 
increased length at overlaps. This stﬁdy will help to.make
design methods more effective and will prove or &isprove the
suggestions listed as item 8 in Conclusions.

3. An investigation for stecl stresses @xwﬁedihg the
yield point, This might give valuable information about the
exact behavior of overlaps which can not be predicted beyond
the yield level of steel with the available methods?

4, Bond=-slip relations at overlaps.
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‘TABLE 1 - PHYSICAL PROPERTIES OF STEEL BARS

Desigﬁgf: ion Sggg J".img'rllls Yield (g;:}.:jerlgth Tensileng?):ength
No. 5 IAto I1I 62500 115,000
 Mo. 5 IV to XII 65000 105,900
No. 5 XIII to XVIII 65300 106,300
No. 3 I'Qo vi 80000 137,600
No. 3 VII to XVIIL 76900 113,000

55\'["7-



TABLE 2 - PROPERTIES OF CONCRETE )

Set |Specimens i%-gsi ' £ - psi Eczg é06 pSit $¥?mp *Relative f!
-day) | 7-day 28-day ay (in) 28-day
A |1-11I 378 | 3490 5054 | 3.92 1 3/4 1.36
B |Iv-vI 167 | 3553 | 4780 3.84 3 1/4 1.28
¢ |vir-ix 228 3667 4333 3.63 21/2 1.16
D |x-x11 283 4033 | 5728 4.18 2 1/8 1.54
E |xtIz-xv | 265 3025 3722 4,45 4 1.00
F |XVI-XVIII| 39 4623 5400 3.97 2 1/2 1.45
Average 286 3732 | 4836 4.00

% Based on the 28-day fg of Set E.
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TABLE 3 - CRACK WIDTHS - SPECIMEN I --

Moving End Fixed End

& 14 8 3

o' 2" 4" 6" 8" 10" 12' W' 16' 18' 20' .22

Location of Cracks

P-kips| 22,3 | 24,25} 24.25|25.8 |27.8
AT-°F | 28.4 | 35.7 |52.1 |64.3 |77.7

*
2 14 14 14 14 14
o 3 ’ 10 10 10 10
[\}]
'§ 4 16 16 16
z
x| 6 16 16
@
3 7 | 28
8 4

% Crack widths in 1073 inches
P = Applied tensile load
AT = Calculated temperature change to produce

the same effect as the applied load.
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- TABLE 4 ~ CRACK WIDTHS - SPECIMEN II

Moving'End'

44~

% Crack widths in lOf? iﬁcheé

- P = Applied tensile load

"AIz Calculated temperature change to p:gduéev

 the same effect as the applied load,

‘ ' Fixed End
- E sy 8 100 9l 7l 5|
S2' 4t 6t 8" 100 i2' 14° 16 18'  20' 22
| - Location of Cracks
pkips| 21.2 | 21,7 | 26,5 |24.8 |28.1 |29.4 [30.7
AT-°F | 26.6 |32  |58.8 |94 |121  |128.1 |147.6
3 12 | 22 | 22 | 22 22
40 9 |16 |16 | 25 | 25 | 25 25
|5 9 | 19 22 | 22 22 24
| H '
g.y 1 12 | 20 |22 | 22 22
[ . : 15 |25 | 25 35
Rl 9 24 |26 | 35
OfF 7 .
10 20 25
11 15
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TABLE 5 - CRACK WIDTHS - SPECIMEN ILI

Moving End

Fixed End

' 8] (5

Y 3% 719

0' 2* 4' &' 8 10'

12'  14' 16' 18' 20' 22°

Location of Cracks

B-kips 25.5 |30.8
AT-°F | 33.6 |169.9
1 | 35
3 18 33
8]
. 2l s 25
3
Sl 45
9
sl 7 50
U N
8 35

% Crack widths in 10”3 inches

P = Applied tensile load

AT= Calculated temperature change

to produce the same effect as

the applied load,




TABLE 6 - CRACK WIDTHS® - SPECIMEN IV

Moving End

e

G

1]

7

Fixed End‘.lﬁ

lel 4! 6! 8ﬂ lol

12’

14!

Location of Cracks

P-kips| 7.5 | 8.7 | 9.5

AT-°F [22.5 |29 29.8

g 1| 17 21 24

"D .

§ 3] 1 | 10 | 10

<

d 6 5 5

3 -
7 6 6

*Crack widths in 10~3 inches

P = Applied tensile load

18’

AT = Calculated temperature change

to produce the same effect

as the applied load.

22"




TABLE 7 - CRACK WIDTHE - SPECIMEN V

Moving End Fixed End'
A 10 5, 8 1|
o' 2' 4 6' 8' 10" 12' ' 14' 16’

Location of Cracks

p-kips | 8 10.5 |12.3 |14.3
AT=°F | 13.5 |31.2 |6l.6 |86.1
1 5 11 20 20
4 10 15 15
by
§ 5 23 23
“l 7 5 5
"]
3
9 8 10 10
Q
10 14

* Crack widths in 10™3 inches

P

Applied tensile load

AT

Calculated temperature change
to produce the same effect

as the applied load

18" 20" 22'



TABLE 8 - CRACK WIDTHS* - SPECIMEN VI

Moving End Fixed End

L le b o s 1

02" 4 e 8" 10' 12" 14' 16’ 18" 20" 22

Location of Cracks

P-kips| 15 17 | 19.3 |20 [20.2 |21.6 [23.5
laT-°F | 12,5 | 21.4 | 53.6 | 56.8 | 68.5 | 80.5 179.7
[l el s | s | s 8 | 8 20 | 20
9 2 10 |18 |18 |18 | 18 18
51 4 | s 8 | 8 8 8
4 . , : 4 :
§ s B R ) 12 12
"l 6 | - 12 12 | 15 23
7 | | 15 15 15

% Crack widths in 1073 inches

P

]

Applied tensile load

AT :Calculated_temperature change to produce

the same effect as the applied load



TABLE 9 - CRACK WIDTHS - SPECIMEN VII

Moving End - | Fixed End
T 2 ¥ 1 .
o' 2' 4 6' 8' 10' 12' 14' 16' 18" 20*' 22'
Location of Cracks
p-kips | 9.8 | 9.9 | 11.1 | 13.4
AT-°F |22.7 [24.6 | 35.2 | 56,2
2 | 14 14 | 14 | 23
4l 5 5 5 10
5
3l 6 9 14
5| 7 8 13
o
H
©l 10
14 4

1l

P

AT

%* Ctack widths in 10=3 inches

Applied tensile load

Calculated temperature'change

to produce the same effect

as the applied load,




Moving End

TABLE 10 - CRACK WIDTHS' - SPECIMEN VIII

«50-

S Fixed End -
h 2] s 5( 6 4§ 7| 13 g
0" ‘21 4! ‘6' e 8' lo! lzi : 14! i 16! ' 18' 208 22&
Location of Cracks
P-kips) 11,7 [ 11,9 | 12 [333 Ji135 [15.7 | 36 16,3
AT-°F | 13,6 | 22.6 | 39.7| 45.7 | 54.6 | 74,6 | 77.7185.3 |
2 6 6 6 6 6 6 6 6
3 2 2 2 2 2 2 2 2
s 4 11 1L |1 |13 | 13 13 | 13
£
3 s 13 20 25 25 25 | 25
'§ 6 12 12 | 20
]
O 7 10 10 | 10 10 10
8 5 | s 5 | 10
12 17 | 22

*Crack widths in 10~3 inches

P

AT

Applied tensile load

the same effect as the'applied load,

Calculated temperature change to pfoduce~



TABLE 11 - CRACK WIDTHS* - SPECIMEN IX

-51-

Moving End ' 3 Fixed End

3) o] of 1o w9 B

o' 2' 4" 6" 8" 10' 12' 14' 16" 18

Location of Cracks

p-kips| 15 [16,4 | 18,1 | 18,7
at-or | 41.1|77.7 | 91.3 | 98.3
s | 1 11 11 11
4 | 20 20 20 20
3 6 3 3 3 3
g7 |2 23 28 28
< 9 13 15 15
g 0 | 10 23 32
13 N 1 1

% Crack widths in 10~3 inches

P

il

Applied tensile load
AT

- u

Calculated temperature change
to pfoduce the same effect

as the applied load.

20"

22"
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’ o % ,
. TABLE 12 - CRACK WIDTHS - SPECIMEN X

- Moving End - - ' ) Fixed End

9) 2) 4y m] s} e

o' 2'° &' &' -8 10" 12' 14' 16' 18" 20" 22

~Location of Cracks

P-kips] 26 |26.3 | 26.6 | 28.3 | 30.8
AT-°F | 26,8 172.2 | 72.4-| 72.6 |156.5
| 2| 20 | 30 30 | 30 | a1
4 6 6 | 6 | 28
g s 14 | 32 32 45
871 | |
xf 6 - ] o 7
| A - |
3 2 R o | ' %; 18
111 o | | 70

‘% Crack widths in 10-3 inches

p

Applied tensile load

i

AT Célculated temperature chaﬁge to prgduce'

the same effect as the applied load,



TABLE 13 - CRACK WIDTHS - SPECIMEN XI:

“jMoving End | | i Fixed End
2] 1 4 o 7 8

o' 2 4" ' &' 10" 12' 14' 16" 18' 20' 22

Location of Cracks

P-kips) 31,5 | 31.7 | 32.6 35 35,1 | 36,4
AT=-°F | 59.8 | 8L.7 [L58.4 | 145 156.8 [L69.5

1| 20 30 50 50 | 50 | 50

i 2 | 12 20 25 25 | 25 | 25

3 4 10 14, A 44 | 50
.~M

gl 7| 25 25 | 25
&

8 | 5 5 | 12

9 | 13 | 13

* Crack widths in 1073 inches

P

]

Applied tensile load

i

AT

{

Calculated temperature change to produce

the same effect as the applied load,
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TABLE 14 - CRACK WIDTHS® - SPECIMEN XII

Moving End . | Fixed Ind
T " B BT N

0! 2' 4! 6' 8' 10' 12' 14' 1s' 18' 20" 22°

Location of Cracks

P-kips| 26.6 27,2 | 33.5 | 33.9

AT-°F | 61.4 |72.7 |111.2 |153.4
1 15 15
wl 3| 40 55 90 90
_§ a 30 | 95
x| 5 10 10 10
4l s 40 45
10 | | 10

% Crack widths in 10=3 inches

P Applied tensile load

1

AT = Calculated temperature change to

produce the same effect as the

applied load,



-55
TABLE 15 - CRACK WIDTHS' - SPECIMENS XIV AND XV

Mbving End : __Fixed
| ‘ 2§ 1 3 - ;.>i

o' 2' 4 6' 8 10"  12' 14' 16' 18' 20' 22

Location of Cracks = Specimen X1V

50 2 6 31 1\ 7) 44
f0' 2" 4 6 8" 10 12' 14" 16" 18' 20" 22!
Location of Cracks - Specimen XV 7

SPECIMEN XIV "  SPECIMEN XV
P-kips 15 15 P-kips | 25
Age-Hrs) 33 | 47 | Age-Hrd 53
aT-°F | 53.4 | 53.8 T-°F §92.9

1 1| 19 | 16 1 | 15

s |

| 2 18 18 2 | 20
g g

3 .3 18 | 21 :E? 3 5

4 4 5

6 | 10

7 | 30

* Crack widths in 1073 inches
P = Applied tensile load
AT = Calculated temperature change to produce

the same effect as the applied load.



TABLE 16 - CRACK WIDTHS - SPECIMEN XVI

Fiked End

| Moving End | '
| 3] sy 1 4 2
o' 2 4§ 8 10" 12' 14' 16' 18' 20
| Lécation §f C:acks- | |
p-kips| 24 | 24 | 24 2 | 2 | 2
cycles| 1 | 22 | 140 | 306 | 350 | 365
| Age Hrg 46 48 : 55 06 69 76
ar-°F | 43.8| 98.5|122.1| 116 |120.5 1302
1|25 |25 | 32 | s |4 |50
8| 2 5 7 9 10 8 8
2l 3] as |25 | a5 |4z | a0 |4
'fg 4 33 | a5 | as | 47 | a0
s 3% | 35 | 20 | 24 | 28

* Crack widths in 1073 inches

P

AT

Applied tensile load

the same effect as the applied load,

Calculated temperature change to produce

22




| TABLE 17 - CRACK WIDIHS® - SPECIMEN XVIL -57-

Moving End — , - —Fi :
s{ 31 7/ 1|6 4) 2 a}

S0 2t 4 6! 8" 10" 12'  14' 16" 18' 20" 22
' Location of Cracks

P-kips | 27 27 | 27 7z7f | 27 | 27 21 27
Cycles | 1 68 | 121 | 230 | 323 | 365 | 365 | 460

' ' 97 100 | 167 | 174

| | 96,51 1001 91,2/ 022

1| 23 | s0 | o33 | a3 | s | s | 27 | 30

z:' 9| 12 | 18 | 20 | 20 | 25 | 23 | 20

3 31 | 32 38 | 40 | 40 | 35 | 38 | 38

4 30 | 30 | 39 | 41 | 40 | s | 35 | 38
p-kips | 27 | 27 | 27 27 | 27 | 27 | 27 | 27

cycles | 641 | 676 | 722 | 805 | 995 | 1138 | 1345 | 1419

|Age-Hrs| 186 | 189 | 192 | 198 | 211 | 221 | 235 | 240
AT-°F | 92,4 | 96.2 | 97.8 | 103.9( 110.5 124.9| 137 [125.2

1 36 | 37 | 40 | 40 | 45 | 48 | 49 | a9
3"2 20 | 23 | 20 | 20 | 23 | 20 23 | 20
83 | 40 | 35 | 3 | 35 | 40 | 40 |-39 | 40
g'"a 35 | 40 | 40 | 50 | s0 | 4 | so | s0
5l s f | 30 | 35 | 25




TABLE 17 continued,

P-kips | 27 27 27 27 | 35

loyeles |2247 2879 | 2879 | 2881 | 2895
Age-Hrs| 291 | 308 3321 335 | _336

At-°F | 136.4| 142.6] 130.7] 117.7 | 153

1 | 49 50 | 45 | 45 | 16

2 | oav {o2s | owo | o2s | os0

o 3 ] a0 | @ AT A 48

8l 4 | 50 | so | so | 45| 45

; 5 | 35 35 50 |15 | 40

i 70

7 | s

8 | ] 30

* Crack widths in 1073 inches
P = Applied tensile load
AT = Calculated temperature change to produce

the same effect as the applied load




TABLE 18 - CRACK WIDTHS® - SPECIMEN XVIIL

Méviﬁg.End": Coe | .
] R B

0t 2' 4t e' 8" 10" 12' 14" 16' 18' 20" 22

Fixed End .

Location of Cracks

-kips | 30 30

Cycles | -1 ZSlv

~ 'Age-Hrs | 101 107

aT-cF | 109.1 | 145

1 | 10 2

2 3 28

ar ‘3 .50. 60

gl 4 | 50 21

2l 5 22 | 20
[3) C

7 | 25

* Crack WidthsAin'iO‘3 inches

P: = Appiied tensile ldéd"’

Af'é Calcglated'temperature change
to produce the same effect

~as the applied load,



TABLE 19 - "B" SLIP RATIO

2 B | Bape 2P
Specimen :3:1:?;13 (KiP Tasks a %ESC f= Lx100
(10-3 1n) ps) (1073 in) (10°3 in) d
I 32 27.8 | 23,9 8.1 25.3
II 25 30,7 25,4 0,4
III 45 30,8 25.5 19,5 43,39 -
IV 24 9.5 8.2 15,8 65,9%
- i
VI -
ViI 27 13.4 11.5 15,5 57.3%
VIII 30 16.3 14 16 53.3%
IX -
X 70 30.8 25,5 b4y, 5 63.6%
XI -
XII 95 33.9 29,1 65.9 69@4%'
XIII .
XIV -
xv -
XVI 50 24 20,6 29.4 58, 8%
| xviz 86 35 30,1 55,9 65 . 0%
XVIII 72 30 25,8 46,2 64.1%

Note: ¢ = 24", Ay = 0.62 in2. Eg = 30 x 105 psi were used,



TABLE <0 ~ CORRESPONDING TEMPERATURE DROPS

IMMEDLIATELY

BEFORE TATITRE OF SPECIMENS

. hours

14

Age of Concrete - Hrs | AT from| Theoretical AT
Specimen Bezinni prior to Al AT taheor’y
: eginning i
of test Failure Crel Z
1 20 hours 21 hours 61°F 77.7°F 57.2
11 30 hours 31.5 hrs - 147 .6°F 108.5
I1L 40 hours 41 hours - 169.9°F 1é5
IV 8 hours 9 hours | 30°F 29,8°F 23,2
v 12 hours 13 hours 3°F 86eléF 48.2
VI 16 hours 17 hours J8°F 79.7°F 62.3
VIL 8 hours 8.5 hrs L49°F 56,2°F 48,5
VIII 10 hours 11 hours 79.5°F 85.3°F 73.7
IX 1% hours 13 hours 91L°F 9893°F 84.8
X 8 hours 37.5 hrs { L31°F 156.5°F 102
X1 8 hours 40 hours | L45°F 169.5°F 110
X1l 8 hours 39.5 brs ) 1557F 153.4°F 99.5
XIII 24 hours 5 hours | - - -
XLV 26 hours 47 nours ? 33°F 53.8°F 53.8
XV 50 hours 53 hours 3 - 92.9°F 9.9
XVL 46 hours 70 hours | 135°F L30.2°F% 892.9
XVII 73 hours | 14 days | 153°F 105.7
XVIIL 101 L09 houxs | 149°F L5 °F 100
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FIG. | FULLY RESTRAINED CRACKED PAVEMENT
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FIG. 2 THE ASSUMED AXIAL STRESS DISTRIBUTION
IN THE STEEL AT A CRACKED REGION
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FIG. 3 CONSTANT STRESS DISTRIBUTION FOR THE STEEL
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FIG.4 PARABOLIC STRESS DISTRIBUTION FOR THE STEEL



FIG. 5 SLIP AT THE OVERLAP

FIG. 6 ASSUMED AXIAL STRESS DISTRIBUTION IN THE STEEL
AT OVERLAP
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FIG. 7 STEEL STRESSES IN THE UNBONDED AND THE PARTIALLY
BONDED SECTIONS NEAR A CRACK



FIG. 8 CROSS
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SECTION OF MAIN TEST SPECIMENS



FIG. 9 - FIXED-END OF TEST SPECIMENS

FIG. 10 - MOVING-END OF TEST SPECIMENS




FIG. 11 - DYNAMOMETERS IN PLACE

FIG. 12 - END FIXTURE FOR MEASURING TOTAL CHANGE IN LENGTH



FIG. 14 - GENERAL TEST SET-UP
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FIG. 15 - CRACK WIDTH MEASUREMENTS WITH OPTICAL DEVICE
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FIG. 16 - CRACK WIDTH MEASUREMENTS WITH WHITTEMORE GAGE




FIG. 17 - TIMER AND LOAD CONTROL UNIT FOR DYNAMIC TESTS
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FIG. 18 - STRAIN MEASUREMENTS IN DYNAMIC TESTS
(STRIP CHART RECORDER, AMPLIFIER, STATIC STRAIN INDICATOR)




- CRACK SEQUENCE IN SET A
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FIG. 19B - FAILURE OF SPECIMENS I,II,IIL (SET A)
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FIG. 20A - CRACK SEQUENCE IN SET B
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FIG. 20B - FAILURE OF SPECIMENS IV,V,VI (SET B)




FIG. 21A - CRACK SEQUENCE IN SET C
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FIG. 21B - FAILURE OF SPECIMEN VII (SET C)
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FIG, 21C - FAILURE OF SPECIMEN VIII (SET C)

FIG. 21D - FAILURE OF SPECIMEN IX (SET C)
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' FIG. 22A - CRACK SEQUENCE IN SET D
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FIG. 22B - FAILURE OF SPECIMEN X (SET D)
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FIG, 22D - FAILURE

FIG., 22C - FAILURE OF SPECIMEN XI (SET D)
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OF SPECIMEN XII (SET D)
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FIG. 23A - CRACK SEQUENCE IN SET E

FIG 23B - FAILURE OF SPECIMEN XIII (SET E)
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' FIG. 24A - CRACK SEQUENCE IN SET F
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" 'FIG. 24B - FAILURE OF SPECIMEN XVI (SET F)
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FIG. 24C - FAILURE OF SPECIMEN XVII (SET F)
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N FIG. 24D - FATLURE OF SPECIMEN XVIII (SET F)
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. 25 - TENSION SPECIMENS
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26 - TENSION SPECIMEN IN TEST BED

TYPICAL FAILURE OF TENSION SPECIMENS
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FIG.28 — AT vs. AGE OF THE SPEGIMENS FOR
STATIC TESTS -SETS A,B,C
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FIG.29 — AT vs. AGE PRIOR TO FAILURE FOR
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FIG.32 — EFFECT OF CYCLING ON EQUIVALENT
TEMP. CHANGE UNDER GCONSTANT AXIAL LOAD
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FIG.33 - EFFECT OF CYCLING ON EQUIVALENT
TEMP. CHANGE UNDER CONSTANT AXIAL LOAD
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