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ASSTRACT

In order to gain a better understanding of the cracking behavior

in containment vessels, eighteen concreËe wall segments reinforced in

two directions vtíth deformed bars was loaded in tension. The segments

varied in amount of concrete cover, bar diameter, reinforcemenË ratio,

and Ëhíckness. As loading progressed, st.rains, crack widths, and crack

spacings r,rere measured.

IÈ was observed that the mechanísm of through-cracking r¡ras depen-

dent. upon the wídth of the member. For smaller widths, through cracks

tended to form from a single 
"nrfr". 

crack. For larger widths, several

surface cracks would join Eo form a single through-crack.

The observed values of the final crack-spacing have been compared

with the values based on equations presented by oËher researchers. Based

on this comparison a siraplified and refined technique Èo estimate the

crack spacing and crack widÈh is presented.
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NOTATÏON AND TERMINOLOGY

a bar spacing

A- average area of concrete having a centroid identical to thatc

of the st.eel reinforcement divided by the number of bars

As - cross-sectional area of reinforcing bars

C - minÍmun concrete cover to the surface of the steel bar

(measured perpendicular to the surface)

Ct empirical constant

db - diameter of the sËeel bar

Ec - modulus of elastícity of concrete

Es modulus of elasticity of steel

ft - induced t.ensile stress ín concrete

f.f tensile strength of concretet
f._- stress in reinforcement prior to crackingsl
f"rr., - stress in reinforcement írnmediately prior to cracking

f", stress in reinforcement at a crack

f=rr", - stress in reinforcement at a crack iurmediately after eracking

fa* tensÍ1e stress in concreÈe at a distance x from the crack

surface

f"* - stress in reinforcement at a disÈance x from the crack

surface

f=n spliË tensile strength of the concrete

f"* - the concrete compression stress at any point x

fa. maxímum tensíle stress in the concrete

9,- - rralmost. lost bond" lengÈh of bar at a given cracko
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9t transfer l-ength

[r, - proposed "almost lost bond" length of bar at a crack based on

Beebyrs expression

L^, proposed I'almosÈ lost bondtr lengËh of bar at a crack based on

Leonhardt t s expression

L - total length over which strain and crack width measurements

were made

Kr rKz,K, . . .K, - empirical constants

N - number of through-the-wall cracks at a given load

n - modular ratio - Es/Ec

P - axía1 load

P., - crackíng load

P= - axial load at the stabiLized crack pattern

S - spacing of cracks at any stage

S* - average crack spacing

Sb - average crack spacing based on Beebyrs Equation

Sf, - average crack spacíng based on LeonhardË rs Equation

t.*n - average crack spacing based on test results

Sb* nodified average crack spacing based on Beebyts Equation

S¡,* - modified crack spacing based on Leonhardt rs Equatíon

È - concrete thickness

% - average crack width

I.Irnb average crack width based on Beebyrs Equation

%f, - average crack t¡idth based on Leonhardt rs Equation

W= m¡xímum crack width

Âf" *"* - maximum reduction in sEeel stress betr,reen two cracks
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ÂL= total elongation of steel betveen Èr¿o cracks

ÂL. - total elongation of concrete between tr.ro cracks

E"* - average strain in the concrete

Ê", straín just before cracking

Ê"* concrete strain at point x

Ð* average gross strain measured over a gauge length which

íncludes several cracks

enìb - average gross strain based on Beebyrs Equation

e*L average gross strain based on Leonhardt rs Equation

Esz - steel sÈraín at a crack

Êr* - steel strain at poínt x

p - reinforcement ratio, A"/4"

U - concreËe bond sËrength

H*"* maximum bond stress

Ux - concrete bond stress at. a dístance x from Ëhe crack surface



CHAPTER 1

INTRODUCTION

1.1 General Introduction

There are Inany ínstances where reinforced concrete componenÈs of

structures are subjected to membrane tensile forces, such as wa1ls of

liquid tanks, walls of nuclear reactor contaínment structures, and silos.

In general, reinforeed concrete belongs to the Èype of structures

r¿hich are assuüed to be cracked under service conditions. This assump-

tion is due to the fact that plain concrete has a comparatively small

f racËure strain in tension and t.heref ore will crack at 1or,¡ sËresses,

l¡hich in turn will affect the general response and usefulness of the

structure.

There are many research reports on crack behavior in reinforced

concreÈe members. However, most of Èhe experimental work has tended Èo

concentrate on Ëhe behavior of members reinforeed in one direction only.

Very little r^rork is avaílable on crack behavÍor of members reinforced in

two directionsrwhich represent mosË of the construction details of any

structure.

Internationally, there Ís remarkably litt1e agreement on design

rneÈhods for predícting crack width and spacing. If forrnulae from differ-

ent nat.ional codes are co¡Dpared, ít is Ín many cases very difficult to

discern any common ground between them. This lack of agreement goes be-

yond the form of the equation used to predict crack width and spacing and

íntroduces the needs for further research.

In generaL, the cracking phenomenon is quiËe complex and depends
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upon, among other things, the loading state, the concrete strength,

diameter of bars, the reinforcement ratío and the concrete cover. At the

same timer most of the previous reports present tests on concrete segmenËs

reinforced in Èwo direcËíons and loaded in tension in one direction.

The t.ested segment.s in this

cut from any structure subjected to

ent design and const.ruction details

of Ëhe various parameters believed

such strucÈures.

study generally represent an element,

pure membrane tensile forces. Differ-

were considered to study the effecr

to affect the cracking behavior for

L.2 Objectives of this Report

The objectives of this ínvest.igation can be summarized as follor¿s:

1) to revier¿ the developmenÈ of the different Èheoríes dealing

with formation'and prediction of cracks in reínforced concrete members

subjected to pure Ëension;

2) to determine experimentally the effects of different parameters

r¡hích are felÈ to have a sígnificant effecÈ on crack patterns, such as

menber thickness, reinforcement ratio and concrete cover;

3) to study the cracking behavior of reinforced concrete member

subjected to Pure tension in the presence of transverse reinforcement.

4) to coupare the experímental daÈa with those obt.ained by other

researchers; and

5) to propose a simplified and refined technique to estínaÈe the

number and widÈh of cracks.
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1.3 Scope of lnvestigation

Eighteen concrete segnents reinforced in tr¿o directions vrith de-

formed steel bars lrere Ëested. The segments were 5", 7" arrd 10" thick,

and 30t'long. All segrnent.s kTere subjecÈed to uniaxial tensile load and

loaded beyond the yield sËrain of the steel. Ihe segments were designed

to provide data on the effect of the concrete cover, member thickness,

bar diameter and reinforcement steel raËio on Èhe cracking behavior.

This report. analyses t,he crack behavior of the segments and pre-

senLs methods to predict the crack spacíngs and widths. Chapter 2 gives

an overview of the published developments of all the theories dealing

with cracks in reinforcsd concrete due to Pure tension. Description,

fabricationrmaterÍal properties, and instrumentation of the segments are

surunarized in Chapter 3. The cracking data for the segment tests is pre-

sented in Chapter 4. TesL results were compared with existing theories

and a proposed siurplified method for predicting crack widths and spacíng

are presented in ChapLer 5. Conclusions, reconmendations and required

research work are presented in Chapter 6.
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CHAPTER 2

LITERATURE REVIEI.I

2.L Introduction

Many experímental and analytical research projects have been

conducted to study Ëhe phenonenon of cracking in reinforced concreEe

members. Most of the results reported are highly variable and dependenÈ

on the testing condítions. So far there is no universal accepted theory

or equation for the prediction of crack widths and spacing.

This chapter will review and discuss the dífferent theories dealing

r+'Iith the initiaÈíon and progression of cracks in reinforced concrete

members subjected to pure axial Èensile forces.

2.2 Forrnation of Cracks

I{hen a reinforced concrete member is subjected Ëo an axial tension

1oad, the concrete and steel can be assumed to act as ¿m integral unit,
provided thaÈ the induced stresses in Èhe concrete are less than its ten-

síle srrengrh ft, Figure 2.L(a).

The tensile strength of the concrete varies along the length of the

bar as shor+n by the top line in Figure 2.1(b).4È poinÈs located some dis-
tance from the ends of the bar the concrete stress wíll be uniform at ft

as shown by Ëhe shaded area in Figure 2.1(b). The steel stress will be

nf¿ where n is the modular ratio, Es/Ec. rhe fírst crack will occur

¡shen the tensíle stress f¡ reaches the Èensile strength of the concrete

in the weakest Part of the bar. At the l-ocation of the crack, the enÈire
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load is resisted by the reinforcenent. crossíng the crack. The stress

distribution in the concreÈe r¿ill Èhen be as shown in Figure 2.L(c).

WiÈhin the transfer length .0¡ the concrete stress will be less than fl.

Because the first crack occurred where the concrete was weakest,

'the load must be increased before another crack can form. This crack v¡i1l

form at the next point where the applied load stress, ft , reaches the

tensile strength f¿. Thís poínt will noË be closer than.ca t,o the first

crack as shot¡n in Figure 2.f(c). Cracks will continue Èo form until the

spacing between all cracks is less than or equal to 29,r. After this

occurs, the tensile stress between t.he cracks v¡íll not reach fLÍ2,11,13].

As a result of this sequence of crack development,, the fÍna1 crack

pattern will consist of cracks wÍth average spacing, sm, in the range

gr a sm . 2L, Q.I)

This exÈreme variabílity in crack spacíng leads t.o an equally ex-

treme variabí1ity in crack uridths.

Once the cracking has reached a final pat.tern (stabilized state)

the average crack width, I,I*, can be calculated as the product of the

average crack spacing, Sm, rnultiplied by the average strai-n, E*, minus

the average sÊrain in Èhe concrete at the level at which cracks are beíng

measured, tsrn, Èhus

Since the strai¡

guently ignored, giving

= sr(e¡- Êc*) (2.2)

the concrete r¡ill tend to be srnall, iÈ is fre-

I^]m

in

l'l* = Sr E* (2.3)
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IurnediaËely prior to cracking, the stress in the steel, f-, n_)

can be compuÈed fron the transformed area as

r¿here p is the reinforcemenÈ ratio, n ís the nodular ratio. The subscript

1 refers to the uncracked state.

The steel stress can be re¡+ritten also as

D
- 

tc.Í
-SlrCf I t

As(1+-:n)

T'
- 'c.tf=--sz rcr As

(2.4)

(2 .s)r-liL'
Sl rCf S Cf

where 8", Ís the concrete strain irnmediately prior Èo cracking.

The subscrípt 2 refers t,o cracked sÈate. Thus irnmediately after

cracking, the stress is

Once Ëhe crack has formed in a tension member, the entire load is

carried by the reinforcement crossíng the crack, giving a stress at the

crack of

t =å-s2 = As Q'6)

A comparison of Equation (2.4) and (2.7) shows Èhar the sreel

stress at a crack will increase suddenly and sharply when the crack forms

as sho¡.¡n in Figure 2.2LLLI. Thus the steel sËress after cracking is
1(1+---) Èimes t.he stress before cracking. This jump in steel stress Ëends

to destroy the bond between the concrete and the adjacent steel bar. For

deformed bars, this loss or weakening of the bond will occur due to in-

ternal cracks extending into the concrete from each deformation lug as

shown in FÍgure 2.3L91.



-7-

2.3 Crack Propagation

As the stresses in concrete íncrease beyond its tensíle strength at

any section, a discontinuity will be ínitiated near t,he reínforcement bar

at thi's section. As a resul-t of thís disconËinuity, the concrete stresses

and sËrain will be altered, causíng loss of bond between the reinforcing

bars and the concreÈe. By increasing the magnitude of the applied load,

the discontinuity will propagate to inítíate a visible loca1 crack. As the

applied stresses contínue Èo íncrease, these 1oca1 cracks will propagate to

foru a crack through Ëhe concrete thickness.

After the formåtion of the first crack, the stresses around the

crack edge will be lower Èhan the concrete strengËh. Further crack growth

could occur only when the applied load increases the concrete stresses to

its tensile strength. Thís Íncrease of stresses will initiate another dis-

continuít.y and form a new crack following the same path described before.

2.4 Cracking Mechanisns

The mechanism of crackíng of axially loaded reinforced concrete mem-

bers j-s suggested in many studies to depend on the bond between the concrete

and steel L219,11'15]. Consider the axially loaded tensíon member in Figure

2.4. The first tr¿o cracks will form aÈ random locatíons where the uniforro

applied stresses exceed the concrete sÈrength. Slip occurs between the

concrete and steel at the crack I-ocations. At the cracks, the concrete is

free from stress and the reinforcing alone carríes the external loads.

Tensile stress is present in Èhe concrete between the cracks as shown in

Figure 2.4(b). The magnitude and distribution of bond stress between the

cracks det.ermine the dÍstributlon of tensile stress in the steel and con-
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creËe betr¡een Ëhe cracks as shor"m in Figure 2.4(c).

The classical mechanism for cracking of reinforced concrete members

is based on the assumption Èhat the tensíIe stresses in concrete are uni-

form and the bond stresses exist along Èhe reínforcement. The analysis of

the limitíng crack spacing and maxímum crack v¿idËh is based on the condi-

tion that the uniform tensile stress in the concreterdoes not again exceed

Ëhe tensile sËrengÈh.

The dísËance S between existing cracks shown in Figure 2.4 ís

assumed to be Èwice the limíting mÍnimum crack spacing. AÈ a distance x

from the crack surface, fa* represents the tensile stress ín the concrete

due to the force that has been transmitted by the bond stresses.

where A. is Èhe concrete area, and U* is the bond stress at a distance x

from the crack, and dO is the dÍameter of the steel bar.

The steel sËress f=* tt the same section in Ëerus of the applied

force P can be expressed as

td. x_ "D atr* = 4J u" u" ,

o

D
f=--f'Sx-Â -'tx t

"s

(2.8)

(2.e)

where A" is Èhe reinforcement steel area.

The tensile stress Ín the concrete r.rill reach its maximum value at

x = S/2 at r,rhich a new crack r¡ill be formed. At this location the bond

sËress fs almost zeto fot a considerable portion of the member located be-

tween cracks and the tensí1e concrete stress is constant.

As cracking Progresses, the spacing of the cracks becomes smaller,

reaching íts limiting va1ue. The maximum stress in the unbroken portion
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of the concrete as the minimum spacíng approaches íts tensil-e strength ft

which could be obtaíned frorn Equation (2.8) by substiÈutíng for x = S/2,

Many assumptions have been made concerníng the distribution of bond

by various ínvestígat.ors [11]. If the bond stress at any distance x

a crack is assumed to be a funcËion of the maxímum bond stress U and

0 = x/S, Ëhen a general- sol-ution may be found for Equation (2.10) as

follows:

Td- s/2tr=Ë I Þ*d*'
o

(2 .10)

STTeSS

from

of

(2 . 11)

U* = Uf (x/S¡ = uf (0)

then

U*dx=

on (2.11)

f(0)d0 = uSKb .

By substituting

one can obtain:

(2.10) and solving for the length S,

$=
1TA d f'cbt

Lu
(2.r2)

where K6 ís function of the surface characteristícs of the reinforcement

steel. The values of L is 0.5 for smooth bars and 1.0 for deformed bars.

Irrhen the i-ength S ís just suffícient Èo form a ner^r crack, the

minimum spacíng S/2 ís obtaíned. Any distance less than S is not suffic-

ient to form a ner.¡ crack, thus the observed limiting crack spacing will

range from S/2 to S.

2.4.L Bond Slip Theories

One of the earliest approaches for cracking phenornena in reinforced

concrete members was conducted by Sa1Ígar (1936). He assumed that the

r/2
,tl

o

into

s/

I
o

Equati
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\^ridth and spacing of cracks are principally controlled by the bond failure

beÊween the concrete and Èhe reÍnforcement steel.

Saligar [15] assumed that the force P, transferred by bond in a

given length 9a ís:

P = K u ftid \9"t'nax ' b' t'

where the average bond stress is expressed as

mum bond stress !*"*. The surface area over

perimeter rd. times the transfer length. The'b
length required to raise the concrete stress

Thus

(2.l-3)

a constant Kt Eimes Èhe maxi-

whích this acts is the

transfer length .Q,a is the

Èo the tensile strengÈh fr.

and

If it is assumed

splitting of the

where Ku is obtained

sections remain plane

P = A f I
ct

f I = K u (rd )lt l'max b' t

that l-1*"* is related

concrete,

dh
lt=KsË

Thus the average crack spacing Srn

Sm=Kq

(2.]-4)

replacing I/4Kt wiÈh K
2

(2.1s)

co ff , since bond failure involves

(2.L6)

can be expressed

(2.L7 )

This calculation assumes that plane

during and after loading.

A
c

rù214
Substituting the reinforcement ratio p = -5 and

^c
gr_ves

f¿

lhrax

5
p

lt=Kz

experimentally.

in the concrete,

db

p
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= f"*/E,

-11-

The total change in length from halfway beËween two cracks to half-

way between the next tvro cracks is equal to the elongation of Èhe steel

^L^
Þ

t

tx

( 2. 18)

Thís change in length is partially accounEed for by the crack width I^I

and partíally by Èhe elongation of the concrete ÂL

sI
ÂL. = J e.* dx (2.I9)

-o

where E.x = Èhe concrete straín at any point

= f.*/E.
Thus,

W=AL=-ÂL"

ors
r

" 
=J ,r=*- e.*)dx . (2.20)

From Figure 2.4, equilíbrium requíres that:

^f 
A = f . Asst'cc

f. = Àf-;D (2.2t)

nrhere fa. is the maximum tensile stress in the concrete, Èhus the concreÈe

elongaËion AL. can be expressed as:

sr
ÂL" =J e"* dx

o

eel sËrain at any poin

ç
aL" =F.S.C, ,

"c
(2.22)

where C, is a constant relating the area of the concreÈe sÈress diagram ín

Figure 2.4.



Sírnilarly

Ct = 2/3 for parabolic diagran

= L/2 for tríangular diagram

^? _fse.S Afs.S.Ct---=---s Es Es '

and the crack r¿idth ís:

,,_ f=r.S 
^fs.S.Cr 

p.Afs.S.Cr.n
'- E" - E" - Es

or

rr - 
S ,." - E-r's2 - ^fs 

c, (1+ nn) J e.z4)
Þ

The major unknowns here are 
^fs,s 

and c1. Reis et al. [r3] review a

number of attempts to solve this expression.

2.4.2 Redistribution of Concrete Stress

-r2-

(2.23)

Broms has proposed a cracking mechanism based on an elasticity

analysis of eoncrete sÈresses [4,5].

hrhen a tension member was subjected to axial tension force as shov¡n

ín Fígure 2.5(a), the crack spacing at the 1evel of the reinforcement was

observed to decrease rapidly with increasing applied load. After the

axial stress in the reinforcemenË had reached a certain critical va1ue,

the spacing of the vísibl-e cracks remaíned approximately constanE. The

resulÈing minimum crack spacing can be predícted frorn the stress redisËri-

bution thaÈ takes place at the formation of tensile cracks. This redistri-

buÈion can be calculated analyticall-y by assuming that,:

a) The concrete aurrounding the reinforcement behaves as a reason-

ably elastic uaterial;

b) The tensile force r¡hích is transferred gradually frorn the
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reinforcement to the concrete can be replaced by a line 1oad.

High calculat.ed values of the axial tensile stress will be present

within an area located inside a circle between two adjacent Pre-existing

cracks. Outside this stress circle, very snall tensile stresses wíl1 be

present as illustrated in Figure 2.5(b). ItIhen the maximum tensile stress

within any stress circle exceeds the tensile crack sÈrength of the con-

crete, a nevr tensile crack develops. This tensile crack will spread

laterally unÈi1 the average tensile stress at the root of the crack de-

creases to a value smaller than the tensile strength of the concrete. For

a member reinforced with a single reinforcing bar, the length of this new

tensile crack will be governed by the diameter of the circle inscribed be-

tvreen two adjacent pre-existing cracks, and thus, by the crack spacing. If

the dianeter of the inscribed circle ís equal to or larger than the Ëotal

widÈh of the member as shor^¡n ín Figure 2.6(a), then the ner.r crack wíll

traverse the total section of the member. Such a crack is defined as a

prinary crack. If the diameter of the inscribed circle is less than the

toËal lridËh as shown in Figure 2.6(b), then the new crack (which forms

halfway beËween two exÍsting primary cracks) wíll extend over only part

of the total member width. Thís crack is defined as a secondary crack.

Therefore, as crackíng proceeds, the lengÈh of subsequent cracks l¡ill de-

crease in proporÈíon to Èhe crack spacing as shov¿n in Figure 2.6(c). The

length of Èhe new cracks which develop in a member reinforced wiËh several

bars will depend on the spacing of the individual bars and on the priroary

crack spaeing. In the case ¡vhen the primary crack spacing Ís larger Èhan

Èhe spacing of the reinforcement, Figure 2.7(a), Èhe indivídual stress

circles corresponding to each reinforcing bar overl-ap, and as a result,
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the tensile cracks which develop at each individual bar join into a

single crack whÍch extends over part or all of the width of the member.

The new tensile crack wíll extend to Ëhe unloaded vertical sídes of the

member (and wíIl become a primary crack) if the stress círc1e correspon-

ding to the bar is l-ocated closest to the side of the mernber, Figure 2.7

(b). This condition occurs when primary crack spacing Í-s larger than

twice Èhe thickness of the side cover. I^Ihen the primary crack spacing is

less than twice the concrete cover, Figure 2.7(b). then the new tensil-e

crack will noÈ reach the surface of the ¡oe¡ober and will become a second-

ary crack. The preceding analysis suggesËs that the absolute minimum

visible crack spacing will be equal to the distance frour the surface to

the cent.er of the bar located closest to Èhe surface of the member. Thus,

iÈ is suggested that the Èheoret.ical minimum crack spacing will be equal

to the thíckness of the eoncrete cover measured from the center of the

reinforcing bar located closest to the considered face. Broms suggest.s

that the crack spacing will vary betr¡een the theoretical minimum crack

spacing and twice this value wiÈh average minimum spacing equal to lt

time the concret€cover as defined above. Thus the average crack spacing

S ís siven bv
m

So, = KuC .

where Ku ranges from L to 2 as given in Equation (2.1).

2.4.3 Localized Bond Failure

A very different. theory of crack spacing was advanced by Y. Goto

et al. t9]. Goto assuued no slip of the bars. Tnternal cracks will be

forrned behind the ribs of the deforrnable steel bars as shown in Figure 2.3
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They concluded Èhat the formation of these internal cracks is consider-

ably influenced by the surface of the reinforcement bars. After the

formation of these internal cracks, the axial tensile force on the con-

crete is carried by the uncracked shell of the concrete section. The

small concrete teeth will resíst the interlocking forces by flexural re-

sistance. This resistance decreases with increasing the length of these

small bond cracks. As one or two of the bar lugs lose their resisting

strength, ahnost no bond length wÍ1l extend equally each way from Ëhe

crack as shor¡n ín Figure 2.3.

"almosÈ lost bond" length [11].

This length ís defined by Leonhardt as

2.4.4 Localized Bond Slip Theories

Thís theory represents realístically the actual behavior of cracks

in reínforced concrete members. It combines most of Èhe previously dis-

cussed t.heories. There is defínitely some movement of the bar relative

to the concrete, due to slip or the internal cracks. At the same Èíme,

iÈ is also true thaE the bond wíll spread out roughly within a 45 degree

cone and becoue uniform where this cone reaches the edges of the prism as

was suggested by Broms t4] and shown in Figure 2.8.

Ferry-Borges 17l expressed the minimum crack spacing as the sum

of Equations (2.17) and (2.25) wÍth the approPrÍate consÈanÈs:

dÌ.
S*=KuC+KuË. (2.26)

I.Ielch and Janjua [17] assumed the crack spacing was Ehe sum of the un-

bonded length adjacent to Ëhe crack due to internal cracking, plus Èhe

transfer length, LE, whích hras taken equal to C. Allowing for variations

in the spacing of Ëhe cracks, they expressed Èhe crack minimum spacing for
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deformed bars as:

Sm = l.5C + 5db (2.27)

Leonhardt in L976 [11] showed that when the concrete stress, due

to Ehe applied 1oad, reaches the tensile strength the concrete starts to

crack and the tensile force which lras carried by the concreËe must sud-

denly be taken over by Ëhe rei¡rforcing bars, causing a jump of stresses

in the steel' see Figure 2.2. The magnitude of Ëhis stress increase is

gíven by:

where Âf=, is the change in steel stress and p is the reinforcement

ratio. If this sudden increase in steel stress is large enough, some

bond-slip can occur and the crack fornation is likely t,o be a combj-nation

of bond-slip and internal cracking.

Based on experimental results, Leonhardt assumes the length of the

almost lost bond region .0o as:

f-Âr==¡l '

E
L -^ ^-lo = -äî d¡(f=r,", io p"i)

ç

= 
--ftg 

% 
(f 

"r, cr in tq/n¡n2) ,

(2.28)

(2.2e)

where dO is the diarneter of Èhe reinforcement and f=rrcr is the stress in

the steel at the crack iur¡nedíate1y after cracking. To account for the

bond-slip, Figure 2.9 shon¡s thaÈ the bond stress U musÈ have a peak

close to the crack on both sides of the crack. The curve shape decreases

followíng an e-function, to the point ¡shere the tensile sÈrains of steel

and concrete are equal again. This length of active bond stress is called

the transfer length .Qa and 1s given by:

ßt = K.(C,a) + 0.1 (þ , (2.30)
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where K.(c'a) ís representing spreading-out length considering cover (c)

and bar spacing (a). It is Ehe length in which sËresses spread. out from

the crack. It may be assumed:

K6(C,a) = 1.2 C f.or a < 2C

K.(C,a) = I.2 {c+tf¡ f.or a < 2C

a < l4d,

or

with

By increasing Èhe load new cracks will be initiated up to a cerÈain load

stage at which the number of cracks does not increase. This ís the so-called

stabilízed crack Pattern with some cracks havirrg Ëhe minimum possible val-ue

for the average crack spacing, S*, whích is given by:

r*=å Lo*Lr,

and the average crack r^¡idÈh I^l* is given by:

(2.3r)

w*=loEsz*[tE*' (2.32)

where E=, is the steel strain due Èo tr, tr the cracked secÈion, e* is
the average gross straín, measured over the cracks regarding concrete con-

tribution within the transfer length, whích can be found by tests only.

similarly, Beeby suggests a value for Ëhe raínimum crack spacing

gíven by:
d.sm=1.33c+0.08t' (2.33)

Beeby Í2131 showed that the mechanism of ínternal failure in Èhe cases of

two specimens reinforced with plain and deformed bars are different, being

prinarily slip where plain bars are used and priurarily inÈernal cracking

where deformed bars are used. This difference in behavior makes little

effect to the crack widths in general. However, iÈ seems likely



-18-

Èhat there ís some minímum effective steel percentage below which plain

bars will- lead to much larger cracks. Studíes by Base [1] and others in-

dicate that Èhe type of reinforcement used did not sígnificantly affect

the measured crack spacíng; for plain bars Ëhe value of S* wíIl be about

20 percenÈ larger than those for deformed bars, with correspondingly

larger crack r.ridths.

The crack widths based on the bond slip theories differ prímarily

in the way in which em are defined.

l^leIch and Janjua [17] proposed an equation for computing the mean

strains given by:

(2.34)

nf i.
The term 3 ksi is approxirnately equal t" ; and is approximately the

average stress in the concrete stress diagrarn in Figure 2.4.

For a meuiber loaded in axial tension Beeby [1] predicted the

average crack widÈh wiÈh S^ given by Equatísn (2.33) and a term for e*

given as:

f -3ksiêô
Lm = -----F--

D^

El Ert rs2 rcr
ç=F "s2 "t Es fsz p

And W* = So, E* (2.36)

Leonhardt [11] has presented a detailed procedure for compuEing the

meån sËrains. Figure 2.9 is a load deformatíon diagram for an axially loaded

reinforced concrete prism. The steel alone would develop strains emz

corresponding to the dashed 1ine. The average gross strain over the en-

tire length is e*. The difference beËween e* and e", is referred to as



concrete tension 'rstiffening". If the cracking straÍr of the concrete

E_ is ignored as being very small, e can be approximated by:-cr m
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(2.38)

(2.39)

(2.37)

2.4 .5 EE>irical RelationshÍps

The following are some other research projects which were con-

ducted to study the behavior of cracks in reinforced concrete members.

2.4.5.L Kaar and Mattock [10]

The study indicated that the bar spacing and concrete area around

the reinforcerDent steel represents E\{o urajor variables in cracking be-

havior in reínforced concrete members. They proposed two empirical

forrm¡lae for the maximuu crack wídth W= at the leveI of reinforcement as

f ollor¿s:

EIo^
e = e_^ ¡r-i9?:cr¡21ms2-t=,

ws = 0,067 fn"t",

ws = o .LLs !4f s2

where A. ís the average area of concreÈe having a centroid identical to

that of the steel reinforcenenE divided by the number of bars.

2.4.5.2 gercely_el$_!ggz_L9l_

Gergely and Lutz statistically studied all available beam test re-

sults and concluded:

a) Steel stress v¡as the most importanÈ variable;

b) 0Ëher importanÈ variables are the effective area around the

bar, A.rand the side or bottom cover, C;

c) Íhe bar díarneter dO was noÈ a major variable.
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Based on Èheir statistical analysis, they proposed:

I^I" (at leve1 of steel)

= 0.0e1 /<r*uy¡ .(f=r-5 ksi)x10-3in. (2.40)

2.4. s.3 !!g9ie:_Þy_8j99_l_U

Early studies by Base in England concluded:

a) Different types of reinforcenenÈ did not shor^¡ much difference

among the ueasured crack widths; those having plain bars showed about 20

percent wider average crack widths than those reinforced with deformed

bars. This difference was smaller than the ratio of the bond strengths

of p1aín and deformed bars.

b) Other variables being constant, changes in bar díameter did

not shovr any effecÈ on cracking.

c) Spacing and r¿idths of cracks were found to be dírectly prop-

ortional Èo Èhe distance of the surface to the nearest longitudinal bar.

d) Crack width was also proportional to the measured surface

strain aË the level where the cracks v¡ere measured.

Thus the suggested relaËion was:

Ç=KrCe*

where I^I* = the average crack width, e*

1evel where crack width is required, C

crack l¡idth Ís measured to the surface

andKs is a consÈant. For deformed bars,

(2.4L)

= the gross surface strain at the

= the distance of the point where

of the nearest longitudinal bar,

Kr= 1.67 for average crack width.
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2.5 Effect of Transverse Reínforcement on Crack Behavior

Most of the experimental- programs to date have used specimens

reínforced in one dírection onl-y. rn practice, however, most concrete

structures are reinforced Ín at ]-east two directions. A nunber of in-

vestígators have observed a sÈrong correlation between Èhe spacing of

reinforcement Parallel to the cracks and the spacing of the cracks them-

selves.

Beeby concluded that transverse bars such as stirrups in beams

have some influence on crack spacing, but that this influence is only

effective where Ëhe stírrup spacing and the expected crack spacing are

sinilar.

Nawy [1-2] has shown a strong relationship between crack spacing

and the spacÍng of perpendícular bars.

PrelimÍnary results from Èests recently conducted (not yet pub-

lished) at the CemenÈ and Concrete Association on large elements subjec-

ted to pure tension, indicate that there is a tendency for cracks to

form in the vicínity of the transverse bars. However, the acÈual number

of urajor cracks, and hence their width, has been largely unaffected by

them.

Recently, the results obËaíned by Dr. Regan at the po1_ytechnic

of central London on concreËe gravity platforms shows that the transverse

sËee1 had a dominant influence on the dístribution and size of the cracks.

It is very clear that there are cases where the transverse steel

can domínate the phenornenon of cracks in reinforced concrete; however, to

pin down the exacÈ conditÍons under ¡¡hÍch this occurs, further research

is requíred. Research Èo thís end is currenËly in progress at the

University of ManiËoba.
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CHAPTER 3

EXPERIMENTAL PROGRAM

3.1 Introductíon

The purpose of the segment tesËs was to obtain data on load-defor-

matÍon resPonse, crack initiation, and propagation Ëhat is representative

of that whích could occur in concrete struct.ures reinforced in two dir-

ectÍons, and subjected to axía1 tensile stresses.

The segrnents r¡/ere reinforced in Èwo dírections and subjected to

axíal tensile forces in one dírectíon. The load transfer to the segments

hlas accomplished by pulling on the reinforcing bars which r¡ere exËended

beyond the edges of the segments.

One of the rnain objectives of this study ís to develop analytical

teehniques whích would permit the prediction of crack response of a rein-

forced concrete structure subjected Ëo pure tensile stresses. Various

parameters !/ere considered ín the test program to perurit general evalua-

tÍon of the analytical technique.

In most of the exísËing theory for predicting the crack widÈh and

crack spacing ín reinforeed concreËe, Èhe major parameters are the con-

crete cover over the reinforcing bars, bar diameters and the bar spacing.

To ascertain the effects of these quantities, Ëhe bar size and spacing

and concrete thickness, as well as concrete cover, were varied. TL¡e

Percentage of reinforcement used in the segments was chosen so thaË a ful1

crack PatÈern can be developed before yielding of the reÍnforcemenË trans-

nitting the load Ëo the concrete.
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3.2 Major Varíabl-es in the Test program

A total of 18 reinforced concrete segments are included in this

tesË Program. All specimens rgere reinforced in two directions with

deformed bars. Transverse reinforcement was provided by MlO bars spaced at

at 3" centre to cent.re on both faces. Longitudinal reinforcement was

spaced aÈ 3tt centre to centre and extended 11" beyond each end of the

specimen as shol¡n in Figure 3.1.

The summary of the major variables for each segnent is given in

Table (3.f). These parameters were varied as follo¡¿s:

Concrete cover: - L/2,, ar.d 3/4',

Bar diaroerer: - 0.375" (/13 bar) to 0.75,, (116 bar)

Reinforcemenr ratio: - 0.0145 to 0.0295

Specirnen r¡idth: - 5r' to 10t'

In Table (3.f¡ each specimen r¡as labelled as follows:

The first letÈer referred to the nature of the applíed forces. In this

testing Program' all segments vrere subjected to axial tensíon loads and

the letter rrTtt was used. The niddle mark number referred to the width and

reinforcement ratio of the specinen. Finally, the last letter referred

to the concrete cover thickness. The letter "4" represented rf2r, of con-

crete cover, r*¡hile ttBttrepresented 3/4,,.

3.3 FabricaËion of Test Specinens

I'Iooden forms r¿ere used to fabricate all the test segments. Because

of the unÍqueness of the specimen configuration, ft s¡as required to rnodify

the formvlork for each segment. The ínÍtíal desígn of the formwork ís shonrn
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in Figure 3.2. This fornwas used to cast specimens T1A and TlB. The

plywood form was constructed Eo fit around segment edges. Eíght circular

holes were drílled ín the form at the specimenrs shorÈ ends to a1low the

longitudínal reinforcement to extend out.side the formwork. Prior Èo con-

cretíng, tI¡ro coats of water resisËant sealanË and varnish were applíed to

prevent swelling and permiË re-use of the forms. In describing the seg-

ments in this report, the word ttfacettrefers Ëo the 30t'x 12tt surfaces.

The word "edge" refers to surface through which the reinforcement extends.

After casting the first two specimens, the forms Írere reoriented to sit

on edge, rat.her Èhan on a face, Figure 3.3, to obÈain two parallel smooth

faces. To sirnplify removal of Èhe forms, inner surfaces were coated with

forn oil before casting. C-clamps vrere used to prevenÈ bowing of the

sides due to Èhe lateral pressures exerted by the freshly-poured concrete.

To achieve the proper alignment of the reinforcement protruded be-

yond the forrmrork, rubber stoppers were used Èo seal the end holes,

(see Figure 3.4).These rubber stoppers prevented leakage during casting and

sinplified the disassembly of the form. To drill the rubber stoppers to

the rÍght bar dÍarneters, Èhey were cooled to a tenperature of 200'F ín an

alcohol- solution.

Since the load-defornatíon response of concrete in Èension is one

of the objectives in thÍs sËudy, the steel sErain was also measured using

mechanical strain gauges. Prior to casting, 1/4" diameter plugs \^rere

welded to the reinforcing bars. These plugs were just long enough to

reach the surface of the forms and were enclosed in a rubber tube wíttr !/2"

out.side diameter. AfËer Ëhe concrete had hardened Èhis tube was removed

leaving a L/8" gap around the plug so that if the reinforcement moved
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relative to the concrete during Èesting, the plug would noË bear on the

concrete. Stainless steel Demic locating discs trere mounted on the ends

of the plugs.

Prior to concreting, the longitudínal and transverse reinforcements

Lrere Èied together and mounted in Ëhe form, Figure 3.2.

Two types of vibration were used during castÍng of the specimens.

The larger vibrators rrere used between the two layers of reinforcement,

while the smaller vÍbrator r¡¡as used between Ëhe rebars and the form,¡ork.

In addiÈion, the sides of the forms r¡rere pounded r,¡ith a plastic malleÈ to

remove air voids along the form walls. Upon completion of vibration, the

concrete in the forms was tronelled smooth.

After casting, Èhe specimens were left

one hour, Èhen placed in a curing room for 7

curing time, the specimens were removed from

wj.Eh wet burlap and remained in Èhe "air-dry"

bef ore t.esting.

3.4 MaÈerial Properties

3.4.L

3.4.L.L

Concrete

Concrete Mix Data

All concrete used in

strengÈh of 6000 psi and was

batch ¡¿as 3.0 cu. ft., r^rhich

the following quantíties:

to dry in open air for about

days. Following this 7-day

the curing room and eovered

stage an additional 21 days

Ehe wall segment tests had a nominal design

mixed in the laboratory. The volume of each

is the capacity of the mixer, and contained

Water

Ceuent (type 1 Porland Cenent)

35

70

Ibs.

lbs.
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Sand

3/8" gravel

- 141 lbs.

L86 lbs.

I^Iater cemenË ratio by weight - 0.50

Only one batch was required to cast a segment and the accompanying

test cylinders. The water/cement ratl-o had originally been set at 0.54 Íor
specimens T1A and T1B. However, 8" slump was observed. Thus, the water/

cemenL ratio r¡as reduced to 0.5 for the remaining specimens.

3 . 4 . L . 2 I glgle !g _ggep_rg::'_y9 _el g_Igtsi I 9_s_! rgtg!þ
I.Iith each segmenÈ, six standard 6" x L2" cylÍnders r¡rere cast to

determine concrete sÈrength. These cylinders r¡rere cured in the laboratory

ín the same manner as the segmenËs and were loaded at the same tÍme as the

corresPonding segment was tested. Three of these cylinders were test.ed in

compression and the remaining three nere used ín split cylinder tensile

tesÈs. The results of these tests are sumnarized in Table (l.Z¡. Since

Èhe courpressive cylinder tests were performed at time of the segment test
and were cured with the segmenÈ, the values of compressíve strength, f¿

are not so much a measure of the potential of the concrete uíxr but rather

of the compressive strength of Èhe concrete in the segment at the time of

test ing.

3.4.2 Reinforcing Sreel

The reinforcemenÈ used in the segroent tests consisted of hot rolled

deformed bars conforrning to CSA G3o.L2-72. All bars of the same size

come from the same heaÈ at the tirne of rolling. For each specimen, rein-

forcemenÈ for each side was cuÈ from a single length of rebar. The remain-

der fron each length ¡¡as t.ested ln tension to deÈermÍne yield stress,

ultirnate sÈress, and modulus of el-asticity. The sauples were tesÈed in a
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60'000 lb. Baldwin universal testing machine. All speclmens showed the

Èypícal ductile behavíor and well defined yield poinÈ. The results of
these test.s are summarized in Table (3.3).

Several tests were performed on one set of reinforceDent to deter-

mine r,¡hether the f/{r' sfuds welded to the rebar had any effecÈ on the

tensile strengÈh. The effect, if any, was negligible.

3.5 Testíng Apparatus and procedure:

3.5.1 Loading Apparatus

During testÍng of the segments, the loads were applíed using a

600'000 lb. capacíty unÍversal tesÈing machine. Load was transnÍtted be-

tr'Ieen the rams and Ëhe specimen using specially desígned end fitrings as

shown in Figure 3.5. A closeup vÍew of Èhe end fitting is given in
Figure 3,6 Load was transmítted t,o each reinforcing bar by a threaded

bar welded to the rebar and screwed onto the load ce11s attached Èo the

end fitting. The end fitting was very rigid to achieve uniformity of

loads from the nachíne to each load cell. IÈ r,ras constructed out of four
one-inch steel plates, as shown in Figure 3.6. Heavy steel p1aÈes were

used as brackets Ëo suPPort the load cells. The brackeÈs vüere also provided

lríth a set of adjusting bolts to align the specímen in the testing machíne,

(see Figure 3.6). The load ce1l r¡as built by attaching four elecÈric re-
sístance strain gauges to a high strength bo1t. The bolt head was machined

to support a threaded socket, as shown in Figure 3.7. Each reinforcing

bar exÊending fron Èhe two sides of the seguenË r¡as welded to a threaded

bar whích was threaded to the load cell socket. After testiag, the segment

rras renoved by sawíng approximateLy Ll4r' off the threaded bar. The hole

in each threaded bar was re-drill-ed to match the larger-sized reinforcíng
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bars for the other specimens.

Ihe l-oad ce1l sockeÈ was used to adjust Èhe load transferred to each

reinforcfng bar to provide uníformity of forces applied to Ëhe segment. The

load cell bolt nut u¡as also machined to act as a universal joint and provide

proper seating.

3.5.2 Testing Procedure

A typical test for one segment Ëook approximately three days to set

up in Ëhe loading apparaÈus, one day to perform actual tests and half a day

to dismanÈle. Set-up included aligning the segment in the rnachine, attach-

ing instrumentation and connecËing and adjusting the reinforcing bars Èo

loading devices.

The protruding ends of each reínforcíng bar were welded to a Ëhreaded

end bar which later could be threaded to Ëhe indivídual load cel1. The

specimen was lifted into place with the aid of a pivoting claurp mounted in

a hydraulic jack. Once the specimen was in position, the top and Èhen the

boËtom load cells llere screwed onËo the threaded ends. The bottom ce1ls

remained loose so Èhat the specimen hras essentíall-y suspended from the top.

AÈ this time, two plumb bobs were hung from Èhe sídes of each specimen. The

adjusÈable bolts in the end fitting vrere used to provide proper alignment

of the specimen and match Èhe centre-line of the specimen ¡,¿ith the plurnb

bob.

An initial load of 1000 lbs. was used to provide proper seaÈing of

the load cells. The load was Èhen increased by increuenÈs of 1600 1bs.

which is equivalent t,o 200 lbs. in each reinforcíng bar. The unifornity of

loads in each reinforcing bar was achieved by tightening and loosening the

socket of the load cells. The procedure was repeaËed until .the loads r*rere
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v¡ithin 10 percent of the initíal theoretical distríbution of the load,

in each bar.

Frequently the specimen was mounted, aligned, and balanced the day

before Èhe actual testing. If this was the case, some final adjustnent Íras

usually required just prior to testíng.

After balancing of the loads, testing of the specÍmen started by

applying an initíal load of 3000 lbs. to insure proper seating of the

segment.. this load was consídered the "zerot'load condit.ion for the test.

Ihe test began by obtaining ínitial readings of all load, strain, and de-

formation gauges. The load was then applied in increments of 5000 |bs.

which was deemed to be appropriate Èo produce sufficient data. A complete

Èest generally took from eight to ten hours with each load 1evel requiring

frorn Èhirty to forty minutes. The rnajoriÈy of Ëhís time was spent marking

cracks and measuring their widths, in addition to reading Ëhe mechanical

strai.n gauges.

At each load increment, the load was held constant while Èhe mech-

anical strain gauges were taken and recorded. The loads in each rebar were

recorded by the daËa acquísítion system. hrhen the first crack appeared, an

additional seÈ of load and strain readings hrere taken. As we1l, crack

widths hrere measured using a mícroscope, both along the centre-line of

the specimen and directly above one of the mídd1e rebars. I.Iídth of all sub-

sequent. cracks hTere measured for each íncrement. The crack patterns hrere

marked and numbered at the end of each increment, so that the cracking

sequence could be photographed for future reference. Testing was termin-

ated when the load approached the predicted ultimaËe poinÈ,in order to avoid

damage to the insÈrumentation. The specimen was then unloaded and the

final crack pattern was noted.
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3.6 Instrumentatíon and Data Processing

3.6.1 Introduction

For each segmenÈ, approximately sixty measurements r¡rere recorded at

each load level. These measuremenÈs r^rere of such quantities as 1oad.s,

st.rains, elongations and crack widths. The loads and LVDT (linear variable

differential transformer) readings r¿ere t.aken electronically using the

data acquísition system in the laboratory. The other readings, such as

mechanical strain gauges and crack widths, vrere read and recorded manually,

but irnnediately following a test these readings were input t.o computer

files for reduction and processíng. This section contains a descript.íon of

the measuring devices and their locaËions, along r¿ith a brÍef discussion of

prelimínary reduction of Èhe data.

3 ,6 .2 Data Acquisition _system

The data logging equipmenË in the laboratory provides excitation to

the electric resistance sËrain gauges and LVDTts, and converts the outputs

to voltage readings in digital fonnat. These data logging devices \¡rere

monitored by means of a Hev¡1ett-Packard D.A.S. 9825 data acquisition unit.

This unít has a central processor core the size of 14 K words and has been

expanded recenËly to 64 K words.

In general, the systen will take the reading from each channel, con-

verÈ it to digíEa1 signal and record the result on a magnetic cassette tape

cartridge for future use.

3.6.3 Measureurent of Applíed Loads

Íhe vertical load applied to the segment by Èhe Baldwín nachine was

measured by differenËial pressure transducers contained in the machine.
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The load cells were used to measure the forces in each of the reinforcing

bars. Following each test the forces applied to Èhe segment as measured

by the Baldr^rín machÍne was compared to those obtained by summing up the

forces in the reinforcing bars. rn every case, the two measurements

agreed to within 2 percenÈ.

3.6.4 Measurement of Strains

Values of strain were obtained using both LVDTts and hand-held

urechanícal gauges. The location of the LVDTts and Èhe Demic points for

the mechanical strain gauges are given in Figure 3.g. The LVDT

readings r¡ere read and stored using the Hewlett-Packard data acquísj.tion

system. Readings from the mechaníca1 gauges are the change in length be-

Ëween trlro targets.

Concrete straíns were obÈained using special urachined stainless

steel discs glued Èo Èhe concreËe surface at. 8" spacings. The steel

st.rain were obtaíned by gluing the same discs on the end of Ëhe plugs as

descríbed in (3.3). The mechanical gauge was manufactured by I^i.K. Mays

& sons, united Kingdom, Model No. 1255, and has a dial sensitive ro

0.0001 in. f'or the remainder of this report, values of straín obtained

with the mechanical extensoneter are referred to as Demic readings. SÍnce

the distance between Demic points was ínÍtially 8 ínches, Èhe strain for

a particular reading was obtained by divíding the change in length as

measured by the dial gauge, AL, by thÍs length.

To obtaín a representative strain in the concrete fron the Demic

readings for load greater than Èhat required to cause cracking, it ís nec-

essary to use Èhe average value, instead of the individuar ones.
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3.6.5 Crack Measurements

Tr¡o lines were rnarked on the segment surface to measure the cracks.

One line was located dÍrectly over a reinforcing bar and Ëhe other rnidway

beÈween Ëwo adjacenÈ bars. The width of all cracks crossing these lines

r¡tas measured using a 50-power microscope. The eyepiece of the nicroscope

contained a reticule l¡íth 0.02 run divisions. The microscope was Eounted

on a frame attached Èo the lower crosshead of the tesËing machine, (see

Figure 3.9). The microscope frame was equípped wiÈh two variable electric

drill motors whích could rapidly move the microscope horizontally and ver-

Èically. Hand cranks were used for Ëhe finer adjusÈments.

In all cases' initíal cracking occurred during Èhe applícation of

a load increment. The presence of cracks fol1owíng a given load increment.

was determined by examíning the surface using an illuminated 5-power magni-

fying g1ass.
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CHAPTER 4

TEST RESI]LTS

4.L OrganízaÈion of Presentatíon of Results

This chapter summarízes the observation and test result.s for each

of the 18 segments considered in this report.

A summary of the major variables for each segmenÈ is given in Table

(3.f¡. Tabulat.Íons and plots of measured loads, sÈrains and crack r¡idth

for all the other specimens are gÍven in Appendix A, which is printed as

Vol. II of this report.

To illustrate the use of Appendix A, it i-s proposed t.o use segment

T3A ín this chapÈer as an example for Ëhe typical test, dat.a obtained for

all other segments presented in Appendix A. Thus, the test. daÈa for seg-

nent T3A will be examined in detail in Section 4.3. The plots showing the

relationships between load, strains obtained using mechanical gauges, LVDTTs

and crack widËh are gíven in Appendix B, which is printed as vol. rrr. The

code numbering of the tables ín Appendix A v¡ill follow the same code

numbering presented for segment T3A. The code number of each table con-

sists of five digits, Ëhe first three digíts corresponding to the nunber

of the segmenÈ and the last two digíts to the table number. For example,

T3A.T1 is the first table for segment T3A. This system ís extended to the

nurrbering of the fígures in Appendix B by replacing the fourth digit, T,

r.tÍth P, which refers to the plot number. All strains reported are average

strains based on readings taken in Èhe uriddle 24" port.ion of Èhe specimen.

The reasons for this and the rnethods of averaging are presented in Section

4.2. The developrnent of cracks during Èestíng was generally observed be-
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separaÈe sheet for

load increment for

DurÍng testing, an inítial preload equal to 5"/" of the predicËed

yield load was applied to facilítate alignment of the system and then

further loading was applied. The loads reported in this chapter and in
the varíous figures and tables include this preload.

4.2 Crack Spacing and Crac& l¡Iidth Measurement

4.2.L Method and Location of Measurement

To remove effects of the load transfer zone from the strain data,

average st.rains were computed for the centre 24" region of face A of each

specimen. The location of the cracks crossing the two vertical Iínes on

face A were plotÈed. The cracks were numbered to show the sequence of

formatíon. The technique used in reducing the crack r¡idth and crack spac-

ing data is illustrated below using Figure 4.L as an example.

. Strain measurements ¡^rere made in the 24,, regíon between Dernic poínts.

The crack widÈh and spacing reporÈed are referred to this space.

For cracks near the end of the measuring zone, such as crack (7) in
Figure 4.1, only a portion of the crack widËh lsas assumed t.o result from

strains in the measuring zorle. IË was assumed that sÈrains occurring in

Ëhe zone extending fron halfway between cracks (7) and (8) to halfr.ray be-

tween cracks (7) and (5) would contribute to the width of crack (7). This

total- I^ridth is x inches of which x, inches falls within the length over

which strain was measured. Therefore, in computing the total width of
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cracks related Èo sÈrain in the 24" measuring zones, (xr/x) times the

width of crack (7) was included. Thus, the total width of cracks related

to strains was calculated by adding Èhe width of

xr Y,
Ë I,17 + I,I2 + I^I3 + I^I1 + l^I5 + I^16 + + I.l4

v

i.e. ToËal crack width = I l.Ii
i=1

The resulting width r,¡ill be referred to as the "total crack width"

or IW.

The term LW/L, where L was Ëhe total length considered in computing

XW (in Èhis case,24"),is referred to as the "average crack straínrl

The number ofcracks, N, in the measuring zone, in this case, is:

tq=a+5+Lxy

This number wÍ1l be referred Ëo as the "Èota1 number of cracks". The

"average spacing" is computed as L/N. Finally, the average crack width

is II,I/N.

4.3 Specimen T3A

Ihe summary of the major variables for Ëhis specimen is given in

Table 3.1. In descríbing the specimen in this chapter, "face A" refers

Èo the 30" x 12" surface where the rnícroscope was rnounted. The word "edge"

refers to the surface Èhrough which the reinforcement exÈends.

T\,¡o l-ines were drawn along the centreline of the specimen and

directly above one of the rniddle rebars on face A. Widths of all subse-

guent cracks were measured along these two l-ines. During testing, a

Hewlett-Packard D.A.S. h¡as used to record the total applied load, the
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loads ín individual load cells, and the gross strain measured by the

L.V.D.T. rs. DaËa v¡ere stored during tesËing on cassette tape cartridges

and retrieved 1aÈer in tabulaËed form.

After mounting the t.est specimen, a nominal load of 1,000 lbs. r,¡as

applied. The load level was then increased by 11600 lbs., corresponding

ídeally to 200 lbs. in each bar. The acÈual l-oad in each bar was monitored

by the data acquisition system. Any varíation between the acÈual loads

and the "idealr' loads r¡üere compensat.ed for by slightly tighteníng or

loosening the load cells to achieve uniformiËy of load. This procedure

was rePeaÊed unËil Èhe acÈual loads were within 10 percent of the ideal,

and the sum of Èhe loads in the top 8 ce1ls was r¿ithin 5 percent of the

sum of boÈtom cells. The specimen was then considered to be adequately

balanced. An initial load of 31000 1bs. was applied to the specimen to

seal the loading apparatus. This load vras arbit.rarily chosen as the "zero"

load. The load hTas then increased by an increment of 5,000 or 10,000 lbs.,

deened appropriaÈe to produce a sufficient quantity of data before yield-

ing of the reinforcement occurred. SËrains were measured with t¡¿o types

of apparatus; a hand-held Denic gauge and Linear Variable Displacement

Transducers (L.V.D.T. 's) .

The L.V.D.T. rs measured the gross strain over the entire length of

the specimen. At each íncrement, the load was held constant while Demic

readings r.rere taken and recorded. At the same time, the data acquisition

sysËem recorded the Èota1 load measured by Èhe loading machine, the rebar

loads measured by the load cells, and the gross straÍns measured by the

L.V.D.T. ts.

At a load of 28.40 kips the first cracks were observed and an addi-
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tíonal set of load and strain readings were taken. Crack widths were

roeasured using t,he uícroscope, both along the centreline of the specimen

and direcÈly above one of the niddle rebars. The crack patterns were marked

and numbered at the end of each increment so that the erackÍng sequence

could be photographed for future reference, see Figure T3A.Pl. This pro-

cedure v¡as rePeated for each incremen! and continued until the load app-

roached the predícted yield point. The load incremenÈ was then halved., in

order to gain a better undersËanding of Ëhe cracking behavior as yielding

of the rebars occurred.lhe specimen was then unloaded and phoÈographs were

taken of the final crack pattern. As mentíoned in Section 4.1, data for

specímen T3A are presented in tabulated form in Tables T3A.Tl through

T3A. T6 .

Table T3A.T1 summarízes the major variables for segmenE T3A. The

initíal load, first crack load and the yield load, which was obtained from

the tesÈ' are presented in the last line of this table. Table T3A.T2 shor¡s

the concrete strain on boÈh lines at face A of the specimen based on read-

ings recorded by hand-held mechanical gauge duríng each load increment.

Table T3A.T3 shows the average concrete strain based on readings recorded

by hand-he1d rnechanical strain gauge on t\,ro lines, one on the rebar and one

beÈween rebars. The average of the strain for these tr¿o lines is also given

in column 4. The average concrete strain based on L.V.D.T. readings on tvro

sides of the specimen is given in columns 5 and 6, while the average of these

two sides are presented in the last column.

Table T3A.T4 shows the steel strain on trro lines located over the in-

side rebars based on readings recorded by hand-held mechanical gauges during

each load increment. Table T3A.T5 shows Èhe average steel strain on Èv/o 1ines.

The average of the strain f or these Èr^ro lines is also given in Coluurn 4.
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Table T3A.T6 sho¡¡s the Èotal crack width measured on two lines in

face A which were locaËed on rebars and between rebars as expl-ained ín

ChapÈer 3; the fourÈh colurrr of the table represents Èhe average total

crack r¿idth for both lines. Colurnns 5 and 6 shows the average crack widÈh

on each line and column 7 gíves the average crack width for both lines.

Figures 13A.P2 and T3A.P3 shows plots for load vs concrete strains

for speciroen T3A. Typically, Èhe section (top, míddle, or bottom) in r¿hich

Èhe first crack appeared underwent slightly larger straíns throughout the

loadíng. Figure T3A.P4 compares concrete strains measured by Demics mounted

directly above and between the longitudínal reinforcement. The average

sËrains are virtually identical. Figure T3A.P5 and T3A.P6, on the other

hand, compare steel strains measured along each of the thro cenÈral rebars.

In general, strains measured at differenÈ locat.ions along the rebar remained

equal. Figure T3A.P7 shor¿s a plot of the average steel strain along one

line in comparison with those along the other line. Again, the two values

are virtually identical, indícating a balanced loading at Èhe ends of the

specimen. Figure T3A.P8 shows load vs gross strain as measured by each

L.V.D.T. Once again there was good correlation between the sÈrains on the

two sides of the specimen. This indicates that the specímen was aligned

properly r¿ith little or-no eccentricity.

Final1y, Figures T3A.P9 and T3A.P10 compare the gross sËrain to the

average sÈeel strain, and the average concrete strain respecEively. The

correlatíon betv¡een each pair of values is reasonably good. However, the

gross strain at any load level is consistently lor¿er than eiÈher Ëhe

average steel or average concrete strain. This observation was typical

for each specimen. This can be explained as follows:
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Theoret.ically, the sÈress in the centre at each end of the

specimen Ís essentíally zero, íncreasíng to some uniform value Èowards

the cenËre of the specímen. Therefore, the average strain at the ends

should be l-ower in comparison Èo the strains in the cenEral portion. The

distance over which Èhe load is transferred to Èhe concrete is known as

the transfer length. Since the gauge length of the L.V.D.T. rs includes

the entire transfer length, r.rhile the Deroic gauge lengths do not, it

seems reasonable Ëhat the strains measured by Èhe L.V.D.T. rs shoutd be

consistently 1ower, as \ras the case.

Each load-strain curve has a similar characteristic shape. Before

rhe first crack occurs, the relationship 1s linear. AË crackíng, however,

the sudden redistribution in sËress results in a discontinuity in the

load-strain curve, which is clearly indicated by Èhe gradual decrease of

the slope of the load-strain relation figures T3A.P2 through T34.P10.

This irnplies that the jurnp in steel sÈress Af, becomes less and less for

each successive crack formaÈíon.
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CHAPTER 5

DISCUSSION OF RXSI]LTS

5.1 Introduct ion

VarÍous procedures for computíng crack widÈh and spacing rrüere pre-

sented in Chapter 2. In general, these theoríes índicate that the average

crack ¡ridth can be computed if the average spacing and average straÍns

are knov¡n. These two quantÍtíes are dÍscussed in SectÍons 5.2 and 5.3.

The overall procedure used to calculate crack width is given in SecËion

5.8, where ít is compared with tesË data.

5.2 Crack Spacing and Sequence of Formation

In Section 2.4 several proeedures for estiroating the crack spacing

were discussed. These relate the average spacing Ëo the ratio of bar dia-

meter, dL, to the reinforcement ratio, p, and the minimum cover to thelf-

surface of the bar, C, where the cracks are observed. The two values of

the concrete cover considered in thís test program ürere 0.50 inches and

0.75 ínches.

A total of 18 specimens reinforced in two directíons ï,üere tested.

Ïhe specimens utere divided ínÈo three groups ¡¿ith dífferent concrete thick-
ness of 5t', 7" and 10". The sequence of crack formation for the first two

grouPs with snaller concrete cover was almosË Ëhe same, but it was differenÈ

for the grouP with larger concreÈe thickness. The development of cracks

in specirnen T2A, as an example for the first tr^ro groups, and specimen TgA as

an example for the 10f' group, will be described in this section. The crack

development in speclmen T2A was typical of oËher specÍmens frour the first
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two grouPs. Specimen T2Awas axially loaded and at a load of 40 kÍps the

first cracks developed in a horizontal direction. The fírst through crack

was roughly in the uriddle of the specimen and coincided with the location

of the transverse steel bar. The second crack was roughly midway beËween

Èhe bottom edge of the specimen and the first crack and coincided with one

of the transverse bars. The third crack r,¡as locaÈed between the first crack

and the Èop edge of the specimen and coíncided with one of the transverse

steel bars. As the load increased, nevr cracks developed between the ex-

isting cracks. Figures 5.1 and 5.2 shows the sequence of crack formation

for specinen T2A. Horizontal cracks have formed at almost every transverse

bar.

Specímen T8A was axially loaded and at a load of 32 kÍps the first

surface cracks developed. As the load increased, more surface cracks de-

veloped. The first Èhrough crack developed at a load of. 96 kips and

it was roughly in the rniddle of the specimen and coi-ncided with the loca-

tion of a transverse steel bar. The second and third cracks were located

on both sídes of the first crack. hlith an íncrease in the 1oad, Èhe

through cracks divided near Èhe surface to form Ër¿o surface cracks formíng

what ís known as Èhe "fork actionrr[11]. Figures 5.3 and 5.4 indicate the

locaÈion of the surface cracks coinciding approximately !¿ith the location

of the transverse rebars. From the same figures it is apparent Èhat the

Èhrough cracks in the stabilized crack pattern coincided with the location

of every second transverse bar. In summary, this group of specimens

tended to have more surface cracks and fewer through cracks than the speci-

mèns in the first two groups.

It was observed that for all the specimens Ëhe average crack...
, :. , ... 

.r..'i-
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sPacing decreases as tnore cracks form and the final crack pattern in

reached aÈ an average gross sÈraín e* ranging from 0.0009 to 0.0013. rn

the analysís that follows, it will be assumed that the crack pattern has

reached its fínal stage when e* equals 0.0011.

5.3 Effect of Variables on Crack Spacing

The effect of concrete cover, concrete thickness and percentage of
steel on craek width and crack spacing were ínvestígated. As described in
Chapter 3, all the specimens were subjected to uniaxial tensíle forces and

loaded beyond the yield sÈrain of the steel.

lwo thicknesses were used for the concrete cover:0.5 ínches and

0.75 inches. For each concrete cover, nine segments v¡ere tested. In each

grouP of nine, three subgroups of three segments were tested wíth indí-

vidual values for the steel ratios. For each steel ratio subgroup, three

dífferent thícknesses of the concrete were investigated using one segment

each. These paraneters are shown ín detaí1 ín Table (3.f).

5.3.1 Effect of Concrete Cover

Two groups of nine identícal specímens with different concrete

cover, c, of 0.5 ínches and 0.75 inches vrere investigated. Table (5.1)

comPares the averag. 
"t""k 

spacing at the stabilized crack pattern for the

tr'Jo grouPs and índicates that concrete cover thíckness has only a slighË

effect on the average crack spacing. Fígure 5.5 shows the change in

average crack spacíng as a function of Èhe average gross straín, Em, for

two specímen with different concrete cover, which was typical for all the

specimens. The fÍgure also Lndícates ÈhaÈ the average spacÍng decreases as

the strain increases and the final crack pattern is reached at gross strain,
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Ê*, egual 0.001-1. Although this variable has only a little effect on the

average crack spacing, the varíation of concreËe cover in the test program

rdas not suffícient for conclusions regarding the effect of this parameter

to be drawn. Further research is required to study the effecË of the con-

cret.e cover on crack behavior.

5.3.2 EffecË of Concrete Thíckness

Three grouPs of specímens wíth different concrete thicknesses 5",

7" and L0" r¿ere Èested. Table (5.1) indicates that for specimens having

the same percentage of steel, p, and constanË concrete cover, C, increasing

the concrete thickness, Ë, results in an increase in the average erack

spacing at. the stabilized crack pattern. Figure 5.6 shows the change in

the average crack spacing as a function of the gross strâinr E*r for three

specimens having Ëhe same percentage of steel and concrete cover with

different concrete thicknesses, which was Ëypical for all the specimens.

5.3.3 Effect of Steel natio (p)

The tested specímens !ùere divíded into three groups, each group

consisting of six specímens having the same sËeel râtio, p. Figure 5.7

shows the change in average crack spacing as a function of the average

gross strain, E*r for three specimens having the same dimension and con-

stant concrete cover. The figure indicates Èhat for consËant concreËe

thickness, t, and constant concrete cover, C, increasing the steel ratio,

P' aPPears to have an insígnificant effect on the average crack spacing

at the final- crack pattern. However, referring to Equations (2.17) and

(2.26), the effect of reínforced steel ratio p should be included in a

raÈÍo of the bar diameter, d,/p.
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5.3.4 Effect of Transverse Reinforcement

All the 18 specínens were reinforced transversely by ll3 bars spaced

aÈ 3r'. There is litt1e certainty as to what effect Èransverse reinforcement.

¡¿ill have on crack width and spacing. However, Beeby suggests thaÈ spacers

could acÈ as crack inducers and as a result cracks will only form over bars

if they were going to form close to that position anyi.ray. The crack spac-

ings aÈ the final pattern for all the 18 specímens are given in Table (5.2).

Table (5.2) clearly shows that for all the specimens with thicknes-

ses of 5" and 7" the average crack spacing was always close to the spacing

of the transverse bars. This observation supports Beebyts expectation. How-

ever' for a 10" concrete Ëhickness the average crack spacing was almosË

double Èhe spacing of transverse steel bars.

Further research will be required to study the effect of the trans-

verse steel on Ëhe crack behavior. Research ís nor¿ being undertaken on

this question at the University of Manitoba.

5.4 Comparíson of Computed and Measured Crack Spacings

The average crack spacing was calculated usíng Ër,¡o of the expres-

sions discussed in Chapter 2.

using Beebyrs formula, Equation (2.33), and Leonhardtts formula,

Equation (2.31), Èhe crack spacings qrere computed and then compared ¡¡ith

the results from Ëhe test. lhis comparison with observed results facili-

tates an evaluat.ion and suiÈab1e nodification of existing theories of

crack formation.
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5.4.1 Comparison of Measured and CompuÈed Crack Spacing

Based on Beebyrs Expression

Based on Equation (2.33), the average crack spacíng at the final

crack pat.tern rsas calculated and compared t¡ith the test results, see

Table (5.3). Figure 5.8 illustrates the comparison between the ratio of

Beebyts computed values to the experímental results SO/S.*'. as a function

of bar diameËer divided by steel percentage (d5/n). The comparison sug-

gests an underesÈimation of the average crack spacing by Beeby since the

average ratio beËween the computed and measured values is about 702.

5.4.2 Comparíson of Measured and Computed Crack Spacíng

Based on Leonhardtts Expression

Based on Leonhardtts EquaÈion (2.31) Èhe average crack spacing was

calculated and given in Table (5.3), where the ratios beÈr¿een Ëhe computed

and measured values are shown in the final column. Table (5.4) illus-

trates the information required for computing the crack spacing values

based on EquaÈion (2.31) where

E-Pcr!s1rcr Aa*ú=

in r.¡hich P., = cracking load for the given specimen and,

- Pcr
r-
s2 rcr As

and the almost no bond llngth U" = !# .

Figure 5.9 clearly indicates ÈhaÈ the spacing based on Leonhardt

gives values close to the test results, since the average value of the

ratÍo between predÍcted and measured values is 1.13, from which it nay be
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predictíon

Èhat
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-46-

the Leonhardt expression provides less discrepancy in the

crack spacings.

5.5 Proposed Modifications of Crack Spacing predíction

The comparison betvreen the computed and measured crack spacing in

Section 5.4 índicaÈes that Beebyrs prediction always underestinates the

crack spacíng. At the same time predicÈion by Leonhardt usually slightly

overstimates the crack spacing. A rnodifícation should be r¡ade in both

expressions in order to achíeve .easier and more accuraÈe predictions.

5.5.1 Modíficatíon Based on Beebyrs Equations

It ís proposed Èo rnodify Beebyrs equation by includíng Ëhe almost

no bond length, introduced by Leonhardt in order to reduce the discrepancy

between the values predicted by Beeby and the observed values. Since

Beebyrs predíction ís always underestimating Ehe crack spacing, an aËtempË

will be rnade to use the difference between the measured and calculated

value to propose an addítional term to Beebyts equation.

By subtracËing Ëhe values of crack spacíng predicted by Beeby frorn

the experirnentar val-ues a length 1, is obtained equal to l/2 g*, (see

Figure 5.10, Table 5.5)' Thís 9*, Ís an equival-enË term to Ëhe almost no

bond length proposed by Leonhardr, Equation (2.29). Fígure 5.11 shows

the relation betureen l,^, and the bar díameterr fo, which relationship

leads to an expression for the prediction of go,r.

This expression in turn leads to a new equatÍon for predicting the crack



spacing aË the final crack pattern.

S*b = L/2 9Ãr * 9-¡ ,

where l,*, is the length of the modified almost losË bond length

Equation (5.f) and 9¡ is the transfer 1ength proposed by Beebyrs
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(s.2)

given ín

(s. ¡)
d_

r=1.33c+0.08+.
Table 5.6 shows the calculation for the average crack spacing s¡¡5, based

on the proposed expression (5.2).

5.5.2 Modifícation Based on Leonhardtts Equation

Although LeonhardÈts expression is more appropriate in t.he present

applícation than Beebyrs, some uodificaËion is proposed to refine Í¡s

predíctive ability and redefine Èhe 1,o expression in terms of the section

properties instead of the steel stress leve1. According to Leonhardtts

Equation (2.31),

S* = 1/2 Lo + 9,,

Leonhardtts expression for the almost no bond length ís
E
lot 

^-9o = ff d5 , (f=r,"r in psi)

Leonhardt. predícted that the value of go could vary from 2 to 4 tímes

the bar díameter dO.

Figure 5.12 shows Ëhe average value of g.o/d is 3.13, which agrees

with Leonhardtrs predíction for 1,o. It is also noted that g, /d decreases

with increasing d5 (bar diameter), whích means that Èhe length of the

tralmost lost'r bond in general decreases with increasing bar diameËer. An

atÈenPt is made using the experiurental resulÈs Èo develop a relation

which predicrs more reliably the "almost losËrr bond lengÈh. At the saure
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tÍme, this relation ís formulated more sinply, because it is not a func_

tion of sËress level in Èhe steel, as used by Leonhardt, but a dírect

function of the secÈíon properties.

From the test resulËs, one can relate the stress after the fírst

crack, f 
=r,", 

to t,he bar diameter, % (see Figure 5.13). Using the

least square method, resulting in the following equation for the urodified

almost last bond lengÈh, \nz;
1.3U='"rnz do '2
b

Equat,ion (5.3) gives a simpler and more reliable rnet.hod for calculating

Ëhe length of the rralmost lost'r bond at the stab 1J,ízed crack pattern.

Thus, the roodified expression for the average crack spacing, s*l r¿il1 be

as follows:
S,oL = l/2 9.m2 +

where

[r = 1.2 C + 0.1

and 0_^ is given in Equation (5.3).
m2

(s.¿)

5.6 comparison of Measured and computed crack spacing Based

on the Proposed Modification

The average crack spacing at the stabilized crack pattern for the

eighteen specirnens were calculated using the proposed Equations (5.2) and

(5.4). These predicted spacings are compared r¿ith Èhe measured spacing

from the tesË.

5.6.1 Comparison of Measured and Computed Crack Spacíng
Based on Equarion (5.2)

Based on Equation (5.2) the average crack spacing at Èhe stabilized

crack Pattern were calcul-ated for the 18 specirnens and compared wÍth the

experÍuental results.

trc'

d.lf
p
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Figure 5.14 shows the ratio between the predícted crack spacing and the

measured values.

The average value of the predicted crack spacing, based on

EquaËion (s.z¡, ís 97% of the average of Èhe measured values, as shor^m

in Figure 5.L4. l.lhile the resul-t appears good and gíves accurate predÍc-

Ëíon for this particular test program, it ís recommended that more exten-

sive programs should be conducÈed to test the general applicability of

the proposed expression, using a wider selectj.on of parameters.

5.6.2 Comparíson of Measured and CompuËed Creck Spacings

Based on Equation (5.4)

Based on the proposed Equatíon (5.4) the average crack spacíng at

the stabíIized crack pattern ¡¡ere calculated for che eighteen specimens,

and compared wíth the experimental results. Table 5.7 shows the ratio

betv¡een the predícËed values and the experimental_ values

The average value of the predicted crack spacíng based on Equation

(5.4) ís 1.12 tímes Èhe average of the measured values, as shoum ín Fígure

5. l_5.

Based on the previous comparisons beÈween the measured crack

spacíng values and the values predicted, using Equation (5.2) and (5.4),

ít is obvious that Equation (5.2) predicts with the same degree of accuracy

the average crack spacing at the final crack paÈtern.

5.7 Comparíson of Conpúted and Measured Crack l{idths

The average crack widths at the final crack patÈern for all eight-

een specimens rrtere calculated using two of the expressions discussed in

chapter 2, based on Leonhardt's Equation (2.32) and Beeby's Equation



-50-

(2.36). The calculaËed values hlere compared wíth Ëhe measured values.

5.7.L Comparison of Measured and Computed Crack l^lidth
Based on Leonhardtfs Expression

The average crack widths for all eighteen specimens were calcu-

lated based on LeonhardÈ's Equation (2.32). The calculated values and

the measured values are given in Table 5.8. The average gross strain for

each specimen tras calculated at the final crack pattern using Leonhardtts

expression for eo,

fot 
^- ^€m = Es2 (r - (Ë, )') ,

where the steel strain was calculated using

- -P=-s2 As ,

where P= is the corresponding load at the final crack pattern. The com-

parison between the calculated values and the measured values are given

in the last column of Table 5.8 as a ratio w*r./w.*p. The high values for

these ratios, averaging 2.38 as shown in Figure 5.16 suggest very clearly

an overestirnation of the average crack widËh resulting from the use of

Leonhardt ts expression.

5.7 .2 Comparison of Meqsured and Computed Crack i{idth
Based on Beebyts Expressíon

Similarly the measured crack widÈh at Ëhe final crack pattern for

all eighteen specimens rtere coupared vríth the calculated values based on

Beeby's Equation (2.36). Table 5.9 íllustrates Èhe information required

for computing the crack widËhs values based on Equation (2.36). The

average gross 6train' em rJas calculated for each specimen at the final
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crack pattern using Leonhardtts expression as follows:

f.t f
c = c - 

E s2'cr
"m ,s2 E" f=, p ,

where fj was esÈimated as sixty percent of the split st.rength of thet
concreËe, fsp 16,L4,16].

The calculated crack widÈhs for all eighteen specimens were com-

pared to the measured values as ratio, w*b/w.*p and are shov¡n in Table

5.10. These results r¿ere also plotted in Figure 5.17 whích clearly in-

dicates an average value of 1.16.

Based on these results, one can confidently conclude that Beebyts

expression can be used Èo evaluaÈe adequately the average crack width at

the final crack pattern. However, iÈ is important at this stage to in-

dicaÈe that the crack spacing was based on the oríginal Beebyrs Equation

(2.35) which as previously discussed in Section 5.4.1 always underesÈi-

mates the measured crack spacing by about 30 percent.

Based on Èhe previous discussion, it ís obvious that there is no

real necessity to strive after further methodological refj-nements in the

prediction of average crack widths, and that Beebyts met,hod can be

recommended strongly.
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6. Si]MMARY AND CONCLUSIONS

The following observations and conclusions were drawn from the

cracking behaviour ín the wall segment tests:

1) The initial induced cracks r.rere extended through the concrete seg-

ment. The spacing of such cracks ís affected prÍmarily by the spacing

of the transverse reinforcement steel. For segments with 5'r and 7"

concreÈe thicknesses the average crack spacÍng !üas approxmately equal

to the spacing of the transverse bars. However, for segment with 10"

concrete thickness the average crack spacing was almost double Èhe

spacing of transverse steel bars

2) The number of Èhrough-the-wall cracks íncreases as the straín in-

creases. A fully developed pattern of through-the-wall cracks is

reached at a sÉrain approxirnately equal to 0.0011.

3) hhen the through-the-wall cracking is fully developed, subsequenÈ

loading causes surface cracks which penetraÈe roughly as far as the

surface layer of reinforcemenE.

4) The concrete cover has only a slight effect on the average crack

spacing, however, the variation of concrete cover in the tesË pro-

grârn \ras not sufficient for conclusions regarding Èhe effect of this

paramet.er to be drau¡n.

Increasing Èhe concrete Èhickness, t, results in an increase in the

average crack spacing at Èhe stabilized crack pattern and more sur-

face cracks.

6) A new expression for the "almost lost bond'r length (Equation (5.3))

is proposed, based on the comparison beÈween the measured crack

s)



-53-

spacíng l¡iÈh Èhose calculated using Leonhardt expression. The pro-

posed expression íntroduce simpler and more reliable method for

calculating Èhe length of the 'ralmost lost bond" at the stabilízed

crack pattern in Èerms of the secÈion properties, Ínstead of the

sËee1 stress level.

7) Leonhardt's expression (Equation (2.31)) provídes less discrepancy

in the Prediction of the average crack spacing at the final crack

pattern.

8) Beeby's expression (Eguation (2.33)) underestimates the average crack

spacing at Ëhe final crack pattern by about 302.

9) A new expressíon for predícting the average crack spacing aË the

final crack pattern (Equation (5.2)) is proposed, based on the com-

parison beÈvleen Èhe measured crack spacing with those calculated

using Beebyts Equation (2.33). The average value of the predicted

crack spacing, based on the new equation, ís 97"/. of the average

crack spacing of the measured values, which represent a reliable

and accurate prediction for the average crack spacíng at the final

crack pat.tern.

10) Leonhardtts predictíon for the average crack width at the stabilized

crack paÈtern (Equation (2.32)) is highly conservative, since the

ratio beÈween t.he measured values and those calculated by Loenhardt

suggesËs an overesËimation of the average crack width by about more

than double.

11) Beeby's expression (Equation (2.36)) for predicting Èhe average crack

wídth at Èhe final crack pattern can be adeuqately used to evaluate

the average crack width at the fÍnal crack paÈtern.
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CONCRETE

covER (c)
l-n

0.5

STEEL
RATIO

(p)

0 .014 7

CONCRETE

THICKNESS
(t) 1n

0.0207

0.75

5.0
7.0

10.0

0 .0294

SPECIMEN
NIJMBER

5.0
7.0

10 .0

0 .01¿17

T1A
T4A
T7A

5.0
7.0

10 .0

4.0207

X-SECTION
AREA
in2

T2p^
T5A
T8A

5.0
7.0

10.0

o.0294

60 .0
84.0

110 .0

T3A
T6A
T9A

5.0
7.0

10.0'

REINF. BAR
SIZE

60.0
77 .O

t_20.0

TABLE 3.1 OVERVIEI^I OF VARTABLES CONSIDERED IN SEGMENT TESTS

T1B
T4B
T7B

5.0
7.0

10.0

s5 .0
84.0

120.0

ll3
Ml0
ll4

T28
T5B
TBB

A
s

1n2

60.0
84 .0

110 .0

l'{10
ll4
Ml5

T3B
T6B
T9B

0 .88
L.24
1 .60

60.0
77 .O

120 .0

ll4
l'{15
ll6

L.24
1.60
2.48

55. 0
84.0

120.0

lt3
Ml0
ll4

1.60
2.48
3.52

Ml0
lt4
l.{15

0.88
L.24
1. 60

ll4
Ì'115

lt6

L.24
1.60
2.48

1.60
2.48
3.52

IlJl
o\
I
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SPECIMEN
NIJMBER

COMP. STRENGTH SPLIT TENSILE
fr STRENGTH, f=n

(psi) (psi)
f //TEc'

MODI]LUS

OF

ELASTICITY

x 103 psíE"

TlA

TlB

T2A

T2B

T3A

T38

T4A

T4B

T5A

T5B

T6A

T6B

T7A

T7B

18A

T8B

T9A

T9B

7600

7 480

8510

7360

7330

7220

8380

7320

7280

7260

8080

8510

7 440

7320

8900

8910

8750

8410

610

610

610

630

560

610

660

680

480

550

690

700

570

720

750

720

7r0

700

6.997

7.053

6.6L2

7 .343

6.540

7.r78

7 .209

7 .947

5.672

6.454

7 .588

7.588

6.608

8 .415

7 .949

7 .627

7 .590

7.633

4650

4530

47 20

4800

4970

4640

4930

4930

4 550

4680

5070

5020

4590

4600

5170

5070

4990

sl_60

TABLE 3.2 CONCRETE COMPRESSIVE AND TENSILE STRENGTH
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SPECIMEN
NUMBER

BAR SIZE
d¡

YIELD
STRENGTH

fsy
(psi)

I]LTIMATE
STRENGTH

f.
SU

(psi)

MAXIMI]M MODI]LUS OF

ELONGATION ELASTICITY
E

s
% (ksi)

T1A

TlB

12A

T28

T3A

T3B

T4A

T4B

T5A

T5B

T6A

T6B

T7A

T7B

T8A

T8B

T9A

T9B

lÍ3

ll3

I'fl0

Ml0

lt4

ll4

1,110

Ml0

ll4

ll4

r"fl5

1115

#4

lf4

I'1I5

M15

ll6

ll6

61800

63150

52500

52950

54300

54500

52300

53050

53950

53850

55900

53750

s4150

53850

s4200

54000

62250

64200

87400

88200

78950

79600

88100

89050

79200

79100

87500

88530

88750

89200

87850

87700

89600

893s0

108850

111250

23.5

22.8

18.5

20.5

17.0

L7.3

L7.5

18.3

19 .0

18.8

17.0

17.0

18.5

19.0

l-8 .5

t7.3

13.5

10.8

33400

29750

26000

26400

26900

29950

25050

26600

26800

28450

25950

25950

28800

273s0

26600

27600

26850

26550

TABLE 3.3 REINFORCING STEEL PROPERTIES
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AVERAGE CRACK SPACING

STEEL RATIO

(p)
CONC. THICKNESS

t(in)
GROUP A

C = 0.50 in
GROUP B

C = 0.75 in

5.00 3 .15 3.20

0.0147 7.00 3 .51 3 .50

10.00 6.00 6 .00

5 .00 3.25 3.35

0.0207

0.0294

7 .00 3 .70 3.77

10 .00

5 .00

5.70

3 .88

6.00

3.24

7.00 3.70 3 .80

10.00

TABLE 5.1 EFFECT

SPACING

OF CONCRETE COVER ON THE AVERAGE CRACK

AT THE STASILIZED CRACK PATTERN

4 .80 5 .30
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CONCRETE

THICKNESS
t

SPECIMEN
NIJì{BER

Sexp
(in)

5 .0" TIA 3 .15

T1B 3.20

T2A 3.25

128 3.35

3.88

T38 3.24

7.0" T4A 3 .51

T4B 3 .50

3.70

T5B 3.7 7

3 .70

T6B 3 .80

10.0" T7A

6.05

6 .00

4.80

5.30

TABLE 5.2 AVERAGE CRACK SPACING AT THE FINAI CRACK PATTERN
FOR ALL THE SPECIMn{S

6.0

6.0T7B

T8A

T9A
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SPECIMEN
NM{BER

d6/n S¡ S
exp S. /SÞ exp S- /SL exp

S,

TlA 25.50 2.70 3.15 0. 857 4.57 1.450

T2A 21.50 2.38 3.25 0.7 32 4.02 r.236

T3A r7.00 2.03 3 .88 o.523 3 .60 0.928

14A 30. 30 3 .09 3 .51 0. 880 4.87 1.387

T5A 24.r5 2.60 3.70 o.702 4.39 1. 186

T6A 2r.40 2.38 3.70 0.643 4.01 1.084

T7A 34 .00 3.39 6 .00 0. 565 5.67 0.945

T8A 30.40 3 .10 6 .0s 0.5L2 4.84 0.800

T9A 25.50 2.70 4 .80 0.562 4.4r 0. 919

TlB 25.50 3 .04 3.20 0.950 4.81 1.503

T2B 2L.50 2.7 2 3 .35 0.811 4.23 L.263

T38 17.00 2.36 3.24 0.7 28 3.67 1. 133

T4B 30. 30 3.42 3 .50 0.977 5.20 r. 486

T58 24.r5 2.93 3.77 0.777 4.66 L.236

T6B 2L.40 2.7L 3 .80 o.7L3 4.23 1.1r3

T7B 34.00 3.72 6 .00 0.620 5.70 0.950

T8B 30.40 3.43 6 .00 o.57.2 5.03 0. 838

T98 25.50 3.O4 5.30 o.573 4.72 0.890

TABLE 5.3 COMPAÌISON BETI^IEEN MEASURED AND COMPUTED CRACK
SPACING BASED ON BOTH LEONHARDT AND BEEBY



Sp. No. As

T1A
T1B

T2A
T2B

0 .88
0 .88

T3A
T3B

L.24
r.24

0.0147
0.0147

T4A
T4B

d¡

1.60
1.60

o.0207
o.0207

T5A
T5B

0.375
il

L.24
L.24

0 .0291
0.0291

T6A
T6B

o.445
ll

1.60
I .60

7.18
6.57

0 .0148
0.0148

c

T7A
T7B

0.500
il

2.48
2.48

5 .5r_
5.50

0.0207
0 .0207

0 .50
0.7s

T8A
TBB

0.445
tt

Pcr

1.60
1 .60

s.4L
6.45

0 .029s
0 .0295

0 .50
0.75

25 .00
27 .80

T9A
T9B

0 .500
lt

EI. sl,cr

2.48
2,48

5 .08
5.L4

0 .0145
0.0145

0 .50
0 .75

27.60
29.70

0.630
It

2.700
2.78

3,52
3.52

5 .89
5.08

0 .0206
0.0206

0 .50
0.75

r*À
Pn

28.40
25.00

0 .500
il

2.27
2,44

5.L2
5.L7

0.0293
0 .0293

0 .50
o.75

10.49
11.37

27.80
35.00

0 .63
il

2.4r
2.47

f s2 ,c,

6.27
5.94

0.50
0.75

9.78
9.79

32.50
37 .50

0 .75
It

1.56
1.99

28.4L
31 .59

5.r4
5.44

TABLE 5.4 AVERAGE CRACK SPACTNG BASED 0N EQUATION (2.31)

0 .50
o.75

7 .35
6.32

37.50
41.00

2.2L
2.62

22.25
23.95

5.39
5.r4

0 .50
0.75

L4.33
14 .18

L.64
L.82

42.50
37 .50

1 .98
2.I9

r.7.75
L5.62

[.

0.50
0.75

r.34
L.45

32.00
34 .00

9.20
8.94

3.75
3.90

2.2r
l_ .86

22.42
28.22

sr,

I .36
L.20

40 .00
50.00

7.62
7 .55

3.35
3.50

4.57
4.81

I.23
1 .38

20.3I
23.44

12.00
L2.6L

1.35
I.7L

2.92
3.07

4.O2
4.23

1.55
l- .86

L5,T2
16 .53

LO.44
9.92

1.56
1.80

4.20 4.87
4.35 5.20

3 .60
3.67

26.s6
23.44

L.37
1.50

7 .33
7 .64

3 .61
3.76

L2.90
L3.7L

2.04
1.80

3.33
3.48

4.39
4.66

11.36
]-4.20

L.T7
r,24

4.65
4 .80

4.01
4.23

1 .31
1 .63

4.26
4.4r

5.67
5.70

3.76
3. 91

4.84
5.03

4.4r
4.72

I
o\
@
I



SPECIMEN CONCRETE
NN,IBER COVER (C)

(ln)
TlA
T2A
T3A
T4A
T5A
T6A
T7A
T8A
T%

BAR
DIAMETER A= REINFORCED

% RArro
(1n) p

0.50

TlB
T2B 0.75',
T3B
T4B
T5B
T6B
T7B
T88

____ 12Þ_

0.375 0.BB 0.0L47
0.445 L.24 0 .0207

0 .445 t.24 0.0147
0.
0.63 2.48 0 .0294

0 .63 2.48 0 .0207

0 .500 1 .60 0 .0294

0.75

0.375 0.88 0.0147
0.445 L.24 O .0207 O .gg7

I .33C

(1n)

0 .500 I .60 0 .0299

0.500 1.60 0.0207o:63m
0.630 2.48 v.0207

3.52 0.0294

0 .665

do/o

L.24 0.0147

0 . 750 3.52 0 .0294

21 .50 2 .38 3 .25 0 .87
25.s0 2.70 3.15 0.45

st : TtlE MINIMUM CRACK SPACING BASED ON BEEBY'S nqUAttOll
Sb = 1.33C + 0.08 d'/l

S"*pt TtlE MINIMIIM CRACK SPACING BASED oN oUR TEST RESIILTS

l=S.*n-SO

VAIUE OF THE ''ALMOST LOST BOND'' LENGTH BASED ON BEEBY' NqUITTOIITABLE 5.5

sb t.*o t
(ín) (in) (in)

34.00 3.39 6.00 2.6L
30.40 3.10 6.05 2.95

17.00 2.36 3.24 0.88

24 .L5 2.93 3.77 0 . 84

.30 3.42 3.50 0.08

-30

I
o\
\o
I
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SPECIMEN
NIN,IBER

Lt [*t
CALCI]LATED

Snìb

TEST RESI]LTS
s"*p

TlA

T2A

T3A

T4A

T5A

T6A

T7A

T8A

T9A

T1B

T2B

T38

T4B

T5B

T6B

T7B

T8B

T9B

2.70

2.38

2.03

3 .09

2.60

2.38

3.39

3.10

2.70

3 .04

2.72

2.36

3.42

2.93

2.7L

3.72

3.43

3.04

L.02

L.78

2.37

1. 78

2.37

3.78

2.37

3. 78

5.07

L.02

r.78

2.37

1. 78

2.37

3.78

2.37

3.78

5.07

3.2L

3.59

3.2L

3 .98

3.78

4.27

4 .57

4.99

5.23

3 .55

3.61

3.54

4.3r

4.tt

4.60

4.90

5.32

5 .60

3.15

3.25

3.88

3.51

3.70

3.70

6 .00

6 .05

4 .80

3.20

3. 35

3.24

3.50

3.77

3.80

6 .00

6.00

5.30

TA3LE 5.6 AVERAGE CRACK SPACTNG BASED ON EQUATIoN (5.2)
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SPECIMEN
NUMBER \/n .q,r Lmz

S-
ml. t.* s*r,/s.*p

TlA

T2A

T3A

T4A

T5A

T6A

17A

T8A

T9A

T1B

T2B

T3B

T4B

T5B

T6B

T7B

T8B

T9B

25.50

21.50

17 .00

30 .30

24.L5

2L.40

34 .00

30.40

25.50

25.50

21.50

17 .00

30 .30

24.L5

2L.40

3.40

30.40

2.55

3.75

3 .35

2.92

4.20

3.61

3. 33

4.65

4.26

3.7 6

3.90

3.50

3 .07

4.35

3.76

3.48

4 .80

4.4r

3.91

1.593

1.528

L.493

r.528

r.493

L.426

L.493

r.426

L.377

1 .593

r.528

t.493

r.528

L.493

r.426

r.493

L.426

L.377

4.546

4.LLí

3.666

4.964

4.356

4.043

5.396

4.973

4.448

4.696

4.264

3 .816

5.il_4

4.506

4.L93

5.546

5.r23

4.598

3.15 L.443

3.25 L.26s

3.88 0 .945

3.51 r.4L4

3.70 L.L77

3.70 L.092

6.00 0.899

6.05 0.821

4 .80 0.926

3.20 L.467

3.35 L.272

3.24 L.r77

3.50 r.46r

3.77 1.19s

3.80 1.103

6 .00 0 .924

6.00 0.8s3

s.30 0.867

TABLE 5.7 COMPARISON BETI,JEEN MEASURED AND COMPUTED CRACK
sPACrNc BASED ON EQUATION 5.4
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tilfff** 
,uî;", 

e' x 10-3 err, x to-3 I.rI* x 1o-3 w"*n x 10-3 r,r*¡foexp

T1A

T18

T2A

128

T3A

T3B

T4A

T4B

T5A

T5B

T6A

T6B

17A

T7B

T8A

T8B

T9A

T98

40.0

45.O

50 .0

50.0

55.0

55 .0

55 .0

60 .0

62.5

60 .0

82.5

78 .5

65 .0

67 .5

80 .0

82.O

140.0

110 .0

1.3609

1. 7188

I .5508

r.527 3

L .277I

L.1477

L.7706

1 .8190

L.457 s

1 .3181

t.28L9

L.2L97

1 .410s

L.5425

L.2t27

L.L979

r.48L2

L.L770

4.645

7.TL3

6.435

5.674

4.473

4.r73

6.82L

8.330

6.LLz

5.392

s.L42

4.9L6

6.632

7 .894

5.7s8

s.859

7.055

5.s92

2.L87

3.407

r.77 2

3.206

L.7 44

2.559

3.248

3 .631

T.94L

2.608

1 .909

2.3L3

2.2L5

3.7L2

L.7 82

2.953

3 .037

2.657

2.L2

2.09

3 .63

r.77

2.56

1. 63

2.10

Ito

3.r4

2.06

2.69

2.L2

2.99

2.r2

3.23

1.98

2.32

2.LO

o.64636

1.0628

1 .0786

0.9885

0.9370

0 .9107

I .1023

1 .2000

r.0634

0 .8031

1 .0170

0.8870

0.8076

1.0663

1 .0187

0.9919

1.3603

o.9397

TABLE 5,8 COMPARISON BETI,TIEEN MEASURED
WIDTH BASED ON LEONHARDTIS

AND COMPUTED CRACK
EX?RESSION
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SPECTMEN 
Â

NI]MBER ..S -? -âes2xI0 - enbxl0' Sg -aI,J* x I0 "P=

T1A

T18

T2A

T28

T3A

T38

T4A

T4B

T5A

T5B

T6A

T68

T7A

T7B

T8A

T8B

T9A

T98

1.3609

1.7188

1. s508

L.5273

L.2778

r.L477

r.7706

1. 8190

L.457 5

1.3181

L.28L9

L.2t97

1.4105

L.5425

r.2L27

L.L97 9

t.48L2

r.L770

0.88 40.0

0.88 4s.O

L.24 50. 0

L.24 50.0

1.60 55.0

1.60 55.0

L.24 55.0

r.24 60.0

1.60 62.5

1.60 60.0

2.48 82.50

2.48 78.50

1.60 65.0

1 .60 67 .s

2.48 80.0

2.48 82.O

3 .52 140.0

3 .52 110.0

0.00147

.00147 0

0.02070

0.02070

0.02910

0.02910

0.01480

0.01480

0.02070

0.02070

0.029s0

0.02950

0.01450

0.01450

0.02060

0.02060

0.02930

0. 02930

0.79131

L.r7 460

1.15580

1.11080

r.0237 0

0 .94 680

L.L3220

L.24830

1.09640

0.90925

1.05320

0.94992

0.81960

1.00280

0.93150

0 .91690

1.34100

0 .95190

2.70 2,1365

3.04 3.s710

2.38 2.7509

2.72 3.0154

2.03 2.07 8r

2.36 2.2340

3.09 3.4980

3.42 4.2690

2.60 2.8500

2.93 2.6640

2.38 2.5060

2.7L 2.57 4,0

3.39 2.7780

3.72 3.7304

3.10 2.8879

3.43 3 .1450

2.70 3.62L0

3.04 2.8940

TASLE 5,9 AVERAGE CRACK WIDTIT AT FINAL CRACK PATTERN
BASED ON BEEBY'S Ð(PRESSION
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SPECI},fEN
NIJMBER

-3
wrnb x 10 w.*p * 1o ür./I.1rnD exp

-3

TlA

T18

T2A

T2B

T3A

T38

?4A

T48

T5A

T5B

T6A

T68

T7A

T7B

T8A

T8B

T9A

T98

2.L36

3.57l-

2.7 5r

3.015

2.078

2.234

3.498

4.269

2 .850

2.664

2.506

2.57 4

2.778

3.730

2 .888

3.r45

3.62r

2.894

2.L87

3.407

r.772

3.206

L.7 44

2.559

3.248

3 .631

L.94L

2 .608

1.909

2.3L3

2.2L5

3.7L2

L.782

2.953

3.037

2.657

0.97

1.05

1.55

0.94

1.19

0 .87

1.07

L.L7

1.46

7.02

1.31

1. 11

I.25

1. 00

r.62

1. 06

1 .19

1.08

TASLE 5.10 COMPARISON BETWEEN

CRACK I¡IIDTHS BASED
}TEASURED AND CO}ÍPUÎED
ON BEEBYIS EXPRESSION
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(a)Prism

(b) Variation of Tensile Strength and Stress Along Prism

(c)Tensile Stresses after First Crack

(d) Tensile Stresses afler Three Cracks

2nd Crack

Figure 2.1 Cracking of an Axially Loaded Prism
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J
O
E
O
rú
CD
Cî)

E
U)

E
U)

Load, P

Fí-gure 2.2 Jump in Steel Stress at Cracking

f.' (Eq 2.6)

"Stress Jump"

Ítqr, lãq 2'71
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l,o = Region of Almost Lost Bond

Figure 2.3 Int,ernal Cracks aL Bar Deformations
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pr¡mory crocks

(o) bond stress

concrete tensiie stress

steel tensile stress

Stresses in Concrete and Steel in a Cracked prisn

(b)

(c)

Figure 2.4
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high oxiol tensí[e

s t ress

very smoll tensile

st ress

(q) (b)

P

Fígure 2.5 Bromrs SËress

P

Circle Method
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Primory tensile
crock

Seconciory tensile

crqck

(c)

Mechanism of Tensíon Cracking (menber

reinforced with single bar)

(b)

Fígure 2.6
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PRIMARY
TENSILE
CRACK

SECONDÁ,RY
TENSILE
CRACK
( FIRST
ORDER )

Figure 2.7 Mechanism of Tension Crackíng
(rnember reinforced with several bars)
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/4s"

Figure 2.8 Spread of Tensile Stresses

Adjacent to a Crack
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lst c rock 2nd crock ,l-b-+

W'I
\

P

f,

_+_ s ___+

It

of ter Jst
c rqck

Figure 2.9 Stresses in Concrete and Steel in a

Under Axial Tension

Ac = b'h

-af 
ter 2nd crock

n.tt
'of terlst crock

f ter 2nd crock

o@
f.t = f.t

R.C. Prism

),)
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NOTE' SPECIMENS ARE
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Figure 3.2 Inítial Design of the Forru¡rrork

Figure 3.3 Load Cell
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Figure 3.4 Testíng Machine
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LOAD CELL BRACKET

WASHER / SPACER

STRA]N GAUGES

LOAD CELL SOCKET

THREADED END

STEEL REBAR

DEMIC POINT

REINFORCED CONCRETE
SPECIMEN

Figure 3.5 Specimen and Apparatus
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MODIFIED NUT

CIRCULAR ATìCED SEAT
WASHER SPÂCER

MODIFIED BOLT

SITE OF STRAIN GAUGE

CIRCULAR ARCED SEAT

LOAD CELL SOCKET

THREADED SECTION

SCALE¡ t:t

Fígure 3.7 Section Through Load CeI1
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Figure 3.8 Positions of

LVDT GLUED TO
CONCRETE HERE

DEMIC POINT
ON CONCRETE

DEMIC POINT
ON REBAR

LVDT

GLUE

and LVDTTs

Iz.slz.sl

Demic Points
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Figure 3.9 Microscope and Frame
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TRANSVERSE STEEL

L0AD ( kips )

28.1

30.0

3s.0

10.0

45.0

50.0

55.0

60.0

65.0

70.0

75.0

80.0

85.0

89.0

Figure T3A.Pl Sequence of Crack Formation
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Figure 13A.PZ Load-Concrete STrain, Demic
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-97-

oÞ
e

Þo

o
Èr{j¿

d
o
È¡

SPEC ] MEN NO. T3Ê

LOÊD V5. STEEL STBÊI I.J5

STEEL DEl'1IC LINE ONE

o ToP

A HIDDLE

+ B0ïT0H

0. r0

S train

Load-Stee1 Strains, Demic on Line
One for Segment T3A

Figure T3A.p5
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FÍgure T3A.P6 Load-Steel Strains, Demic on Line Two
for Segment T3A
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Strain x lO-t
Figure T3A.P8 Load-Gross Strain
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