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THE STRENGTH OF LAPPED JOINTS IN REINFORCED CONCRETE COLUMNS 

by J. Cairns, B. $c. 

SUMMARY 

This thesis presents the results of a total of 51 tests on 

full scale columns in which the main reinforcement was lap jointed. 

In order to investigate the contribution of the bearing of the ends 

of the lapped bars to joint strength, several columns. were tested 

with end bearing of bars eliminated, or with bond of bars elim- 

inated within the lap length. Failure of lapped-joints was always 

preceded by extensive splitting of the concrete cover along the 

line of the lapped bars, and usually took place as the-links at the 

ends of the lap yielded, thus illustrating the bursting nature of. 

the bond action of ribbed reinforcing bars. 

At an early stage of the experimental investigation, it was 

realised that using the results of standard cube tests would not 

allow the ultimate strength of lapped joints to be calculated with 

sufficient accuracy. A method was evolved to calculate the stress- 

strain curve for the concrete in the column, and to extrapolate this 

relationship to obtain the ultimate strength of the concrete. 

The results obtained from the experimental investigation 

indicate that both the ultimate strength of a short lapped joint 

confined by links and the net contribution of end bearing to 

ultimate joint strength vary linearly with concrete compressive 

strength. Ultimate bond strength was also found to vary linearly 

with the resistance to splitting of a "push-in" test specimen, and 
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the quantity and positioning of links is shown to influence ultimate 

joint strength. Ultimate bond strength was also found to be influenced 

by the projected rib area/unit length of a bar. 

A theoretical analysis of joint strength, based on the Coulomb- 

Mohr equation of failure, is also presented. The analysis shows 

that joint strength may be regarded as having two components, one 

linearly related to the compressive strength of the concrete, the 

other linearly related to the available resistance to the bursting 

forces produced by bond and end bearing. Theoretically derived 

expressions are shown to be in good agreement with experimental 

results.. 

The results of the theoretical and experimental investigations 

are used to formulate design rules for compression lapped joints. 

A comparison with the requirements of several current codes of. 

practice is made, and t is shown that the requirements of B. S. C. P. 

110: 1972 may be inadequate in certain cases. It is recommended 

that increased links be specified at lapped joints. 
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NOTATION 

Where applicable, the standard symbols of B. B. C. P. 110: 1972(9) 

have been used. 

Ar area of one rib of a ribbed deformed bar projected 

on a plane perpendicular to the bar axis 

Asv area of one leg of link 

c concrete cover to reinforcement 

E secant modulus of elasticity of concrete measured at 
c500 

a strain of 500 x 16-6- 

P ultimate force available to counteract bursting forces 
c 

produced by bond or end bearing of, reinforcing bar 

Fh bursting force produced in one direction by bond of 

ribbed deformed bar 

Ft bursting force produced in one direction by end bearing 

PP2 , forces exerted on one link by each of a pair of lapped 

bars 

fc ultimate compressive strength of concrete in test 

specimen 

fý concrete cylinder compressive strength 

fcf ultimate compressive strength of concrete at height 
gs cj 

'Where strains measured, and through lapped joint 

respectively. 

fc ultimate tensile strength of concrete 
t 

fsc f upper and lower limits of ultimate stress developed 
u, I. 

in compression reinforcement calculated from 

theoretical analysis 

hr height of rib above surface of bar core at any point 

tb length of bar over which bond stresses develop 

it lap length 
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n no. of turns of wire spiral, or no. of links within 

lap 

s' clear spacing between pairs of lapped bars 

a spacing of ties in computer model t 

v velocity of ultrasonic pulse in concrete. 

vj vg velocity of ultrasonic pulse at gauge height, and 
, 

through lapped joint 

V crack width 

z extension 

a inclination of failure wedge and failure cone to bar 

axis 

19 angle of compression cones to bar axis 

b unit cohesion of concrete 

E strain 

cc strain in concrete at ultimate compressive stress 

Eßt strain in concrete at ultimate tensile stress 

angle of internal friction of concrete 

ratio of unloaded to loaded area of concrete block 

angle 

V Poisson's ratio 

angle 

direct stress 

a'n normal stress on failure surface below -a rib or the 

end of a bar 

Cr. bearing stress 

Crr radial stress on bar. from failure wedge below rib 

O't stress on plane through middle of cone below end of 

bar 

8- 



i 

a, ,d major and minor principal stresses 

(yd standard deviation 

shear stress 

shear strength of concrete 

0 diameter of lapped bars 

0c diameter of wire spiral in push-in tests 

-r ratio = F1/ 

F2 

Throughout this thesis, all equations,, are given in S. I. units. 

r 

w 
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." CHAPTER I 

INTRODUCTION 

The design of lapped joints between reinforcing bars in compression 

has received little attention in comparison with the large number of 

investigations conducted on lapped joints between bars in tension, as 

it has been assumed that it can be based on the results of tests on 

tension lapped joints. However, this approach ignores the fact that 

the bearing of the ends of a reinforcing bar in a compression lapped 

joint may transfer a substantial proportion of the force in the bar. 

Compression lapped joints are generally necessary in columns at every 

floor in a multi-storey structure, and are required to develop the 

full design strength of the reinforcement, as they cannot be positioned 

where the stress in the reinforcement is low. Considerable savings 

might therefore be possible if it could be shown that lap-lengths as 

at present specified by building codes could be reduced with safety. 

Research in tension lapped joints has shown the importance of 

the tensile strength of the concrete forming the cover to the. re- 

inforcement in resisting the bursting forces produced by the bond 

action of ribbed reinforcing bars.. The tensile strength of concrete 

in uniaxial tension-is higher than the tensile strength of concrete 

in biaxial tension-compressiont the stress situation which develops 

round reinforcement in compression lapped joints. This will reduce 

bond strength in comparison with tension lapped joints. 
(Only 

two investigations ýý (2) 
have been reported in which 

the contribution of end bearing to the strength of compression 

lapped joints has been examined. Both investigations were of an 

exploratory nature, and it was considered that further study of this 

topic was warranted. The distribution of bond stress within lapped 

joints vas mentioned briefly in both investigations, but no 
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examination was made of its influence on joint strength. Neither 

investigation considered the effect of varying the strength of the 

concrete in the test specimens, and the effect of varying the strength 

of secondary reinforcement was only considered briefly. It was 

considered that all the above factors would have a significant in- 

fluenoe on the ultimate strength of lapped joints, and should be 

considered in design. It was also considered advisable to investigate 

the strength of lapped joints of different lengths in order to for- 

sulate design rules, although this variable had been considered in 

the earlier investigations. 

The main section of the experimental programme in the current 

investigation was conducted on full scale columns. Difficulty was 

encountered in these tests in evaluating the stress developed in the 

reinforcement, as using the. results of concrete cube compression 

tests proved to be unsatisfactory. A method was evolved to calculate 

the stress in the concrete at each load increment from strains 

measured on the surface of the column, and to extrapolate. the stress- 

strain curve to find the ultimate compressive strength of the concrete. 

Results calculated by this method compared favourably with the results 

of a few tests in which strains were measured on the reinforcement. 

The parameters investigated in the main experimental programme were 

concrete strength, positioning and strengti of links, and the con- 

tribution of end bearing. f subsidiary series of 'puslim"in' tests 

was also conducted to examine the influence on bond strength of the 

confining force on a bar, and to compare the bond strength of the 

two types of ribbed bar used in the main experimental programme. 
(3)(4)(5) 

In previous theoretical investigations of bond strength, 

it ban been assumed that the radial bursting stress produced by the 

bond action of ribbed reinforcing bare is proportional to the bond- 
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stress around the bar. A theoretical analysis is presented in this 

thesis, in which it is shown that end bearing strength and bond 

strength of ribbed bars are made up of two components, one due to 

the resistance to the bursting forces produced by bond or end bearing, 

the other related to the compressive strength of the concrete. - This 

theoretical analysis shows good agreement with experimental results. 

Expressions derived from the theoretical analysis were used to 

compare experimental results with the requirements of current codes 

of practice. This indicated that the provisions of B. S. C. P. 110: 1972 

are inadequate for compression lapped joints, and it is recommended 

that they be revised to specify that additional confining reinforce- 

ment must be-provided at the ends of laps in compression lapped 

joints. 

I 
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- CHAPTER 
- 

REVIEW OF LITERATURE 

2.1. Bond : General 

2.1.1. Despite, the large amount of research that has been carried 

out into the bond developed between steel and concrete, few 

investigators have examined the problem of bond. where the. reinforoe- 

ment is in compression. Only two published worker by Pfister and 

Xattook(l) and by. Leonhardt and Teichen(2) deal specifically with 

the effect of, lap length on the strength of lapped joints in re- 

inforced concrete. columns. Both Hajnal-Konyi(6) and. the. 1970 

report of the I. C. I. committee on bond 
(7) 

mention only research . 
with bars in tension, but an earlier 'State of the art' report by 

the same A. C. I. Committee(8) did indicate the need for research 

into compression bond, particularly with large diameter bare. 

The scarcity of published work on bond of bars in compression 

makes it necessary to examine the results of bond tests with bars in 

tension. However, it has been stated that "a complete bibliography 

on bond would comprise many hundreds of items; "(6) and the'1970' 

f. C. I" bond report(7) listed 66 American reference.. 1 oompre- 

hensive review of all published York on bond is therefore outwith 

the scope of a thesis of this nature, and so reference will be made 

only to papers on compression bond and a few major works on tension 

bond. 

2.1.2. B. S. C. P. 11021972(9) defines two typea of bond stress, - 

local bond and anchorage bond. Local, or flexural bond stresses, 

are caused by a changing force in a continuous bar due to a variation 

in moment along a member. Anchorage bond stresses develop the force 

in a bar over the distance between its cut off point, or point of 

zero stress, and a point at which it is required to carry a certain 
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load. A lapped joint is a special case of an anchorage, and-bag 
00 ). 

been described as "two anchorages back to back" by Roberts and Ho 

2.1.3. Roberts(11) has given a good account of the bond action of 

the three main classes of reinforcing bar available in 1968, plain 

round bars, square twisted bars, and hot rolled ribbed deformed 

bars. The main difference between the classes are the amounts of 

enhancement of bond due'to the deformation of the bars, and the 

various modes of failure. Unless a very large amount of cover. or,. 

heavy confining reinforcement is provided round a ribbed bar, it 

will fail by splitting the concrete along the line of the'bar. AA 

plain round bar, on the other hand, will pull straight. out of the- 

concrete, leaving a smooth hole. The behaviour of a square twisted 
. 

bar lies somewhere between the other two, with failure often accom- 

parried by an unscrewing of the bar from the concrete. 

In America, 
. where. only ribbed. bars are now used, the A. C. I. 

committee on, bond(8) reporting in 1966, stated that, although bond 

failure and splitting of the concrete cover are no. t the same thing, 

both must be considered together. In the U. K: Hajnal-Konyi(6) has 

also'streased the importance of the bursting' effect where ribbed 

bars are used. Throughout this review, ribbed bare Only are con- 

sidered, as only they are relevant to the experimental programme 

. reported later in this thesis. 

Despite the fact that most of the 'bond' strength of "a ribbed 

bar is due to bearing of the ribs on concrete, the transfer of 

force-between bar and concrete is still referred to as 'bond'. 

'Bond stress' is defined as the change in load inIa bar divided by 

the surface area of a plain round bar of equivalent diameter to the 

deformed bar over which the change in load takes place. 
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Expressed in mathematical terms, 

. 
oý 

Ost. f 
Ist. n' 

bs -4_fý AN t. rr. 0 4.41 2.1. 
where A fst - change in stress in bar 

= nominal diameter of deformed bar 

and AL = length of bar over which L1 fst takes place. 

2.2. Anchorage Tests. 

2.2.1. In an anchorage test,. a reinforcing bar is pulled out of a 

concrete specimen, load and bar slip usually being recorded. The 

ultimate bond stress is then obtained from eqtn. 2.1, where & fst 

is taken as the maximum stress developed in the bar, and AL is the 

length of bar in bond. The simplest form of anchorage test is a 

straightforward pullout test, as used by Abrams(12) in early 

studies of bond, in which an axially embedded bar is pulled from 

a cube or cylinder of concrete. Snoirden(13) has examined many 

variations based on this principle. 

In many investigations, heavy. binding reinforcement was pro- 

-vided to prevent splitting 
. 
ofthe concrete around a bar. Bond 

-stresses of over 20N/mm2 for a concrete cube-strength of 21DT/mßä 

were recorded by Snowden(13), while Ferguson(14) reported a bond . 

stress'of 2.4N/mm2 fora similar concrete. strength where confining 

reinforcement was not used. Leonhardt(15). has pointed out that 

restraint to splitting of pullout specimens may also be provided 

by the platens of the testing maohine. The values of bond stress 

obtained in teats on specimens with heavy lateral reinforcement 

provide a measure of the physical properties of -a reinforcing bar, 

but should not. be used as the basis of design of structural members, 

where resistance to splitting will be generally considerably lower. 

Results of tests-by Mains 
ý16), 

Bernander7), and Mathey and 
(1 
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Watstein(18), all showed a similar distribution of bond stress along 

a bar embedded in a pullout. specimen. They found that peak bond 

stresses occurred initially at the loaded end of a bar, but that the 

point-of maximum bond. stress tended to move into the specimen as 

failure was approached,. as. indicated in fig. 2.1. Average tiiltimate 

bond stress was found to decrease with increasing bond length by all 

investigators, and-Mains-concluded that a hook takes only a small 

proportion of the load on a ribbed bar in a pullout test. 

_ rpnrfinn 
pond 

'i 

c 

90 

6.0 

4.0 

..,:. 2.0 

Stress 

N/mm2 

C 
v 
E 

b 
1) u d 

'0 

J 

0.0 Lmn 
Bar Axis 

00) Pig. -2.1 Bond stress distribution in pullout teat, -from Mains,, 

Ferguson and Thompson, in a series of beam tests(14)(19) 

confirmed that average ultimate bond stress decreases with increas- 

ing bond length. A reduction from-5.4 N/mm2 to 3.5 N/mm2 was found 

for an increase in bond length from 16 to'48 bar diameters. - In 

most tests, failure was preceded by splitting of the concrete 

cover along the reinforcing bar. Additional concrete cover and the 

13 
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provision of stirrups' around a bar were both found to enhance 

ultimate average bond stress, but bars cast near the top of specimens 

were found to be weaker. Ferguson and Thompson considered that, for 

beams without secondary reinforcement, ultimate average-bond stress 

varied with the square root of"concrete cylinder compressive strength. 

A report of the Dutch organisation for concrete research, the 

C. II. R. 
(3) 

presents the results of 214 tests on eccentric pullout' 

specimens. Sufficient transverse reinforcement to resist-. the shear 

on the specimens was provided. The report concluded that the stress 

developed in a bar varied linearly with the cover-ratio the 

tensile strength of the concrete as determined-by cylinder splitting 

tests, and, in. contrast. tookthe investigations by Ferguson and 

Thompson, with the bond length of the bar. The results, however, 

do show a decrease in ultimate average bond strength for longer 

bond lengths. 

Untrauer and Henry(20) investigated, the: influenoe, of lateral 

pressure on bond strength, by using-a standard pullout teat, but 

with'presaure applied to two opposite faces of cubic test specimens. 

They found that the stress developed"by a bar varied, with the square 

root of the lateral pressure, but, as-the, bare always failed by 

splitting-of the-test specimen, parallel to-the direction of, loading, 

the results were highly dependent on the frictional restraint pro- 

sided by the-steel-platens. However, as Hillsdorfl. Kupfer and 

Rusch(21) have shown, the tensile strength of concrete in biaxial 

tension-compression is lower than the uniaxial tensile strength of 

concrete, and this must also-have affected the resistance to 

Splitting of pullout specimens. 
(22) 

2.2.2. Robs conducted a study into what he termed "the- 

fundamental law of bond. " He used a simple pullout test, with 
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only a short length of bar, corresponding to rib pitch for deformed 

bars, allowed in contact with the concrete, the remainder of the 

bar being debonded. A typical test bar is illustrated in fig. 2.2. 

concrete cube 

k, bond prevented 

detail 

Load 

Fig. 2.2. 'Fundamental bond' test specimen. 

The low radial stresses set up within the concrete with only. one 

rib acting meant that platen restraint was not significant, but 

that there was sufficient lateral-restraint to prevent the-, specimen 

splitting in most cases. various deformation patterns'and-rib 

profiles were investigated, as well as the effect of bar diameter 

and concrete strength. 

Rehm found that the bearing pressure under a rib could be as 

great as twelve times the cube strength of the concrete, and even 

higher values-were recorded for large values of slip. For-the. 

conditions operating in the test, Rehm showed that, if the ratio of 

the clear distance between ribs to rib height was less than seven, 
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the bar failed by the concrete shearing across the surface between 

the tops of the ribs, but that, if the ratio was greater than 10, 

the concrete first failed below the rib in the direction of the 

principal shear stress, the subsequent behaviour depending on 

whether or not the block split. In the first mode, failure started 

when the value of shear stress over the fracture surface was 0.4 - 

0.6 times the cube crushing strength, but the-second type of 

- failure' started ata lower stress. Rehm states that, in other tests 

on bars with many ribs, epalling of the concrete revealed wedges 

of concrete, -with a length. of 5 -ý 7 times the-rib height, adhering 

to-the ribs. 

The cross sectional shape of ribs was found to have little 

effect 'on bond--displacement relationships if the angle ' of''the' rib 

face to the bar axis was-greater than'45°. ' At this-angle the 

friction between steel and concrete was sufficient to prevent 

relative movement, but'with lower angle slip could-take-place. on 

the face of the rib and larger transverse stresses were set up in 

the concrete. The-stress developed by 'a bar was not fouäd to be 

affected by the angle between ribs and bar atis, and Rehm concluded 

that, as long as the projected'area of the"rib was the same, it was 

immaterial whether a bar had annular or crescent shaped ribs. "In" 

contrast to other investigators, he found that bond strength varied 

with concrete compressive strength, but it should be borne in mind 

that these results are based on tests in which failure did not take 

place by splitting of the test specimen.. 

Luts(23), also studied "fundamental" bond, using a 'different 

teat arrangement from Rehm. -He confirmed Rehm'a findings with 

rsgard, to rib face angles; but added that good frictional properties 

were required to prevent slip between rib face and concrete at all 

face angles. 
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Lutz carried out tests on bars with multiple ribs, and found 

that bars with smaller rib spacings and higher. ribs gave better 

load-displacement relationships, but had only slightly improved vlti'Mate 

bond stresses.. His.. tests showed. that lateral reinforcement improved. 

bond strength, the effect increasing with bond length and with bar. 

diameter. (cover xae. *not a variable in these tests). . 
Lateral re- 

inforcement'was found to have little effect on initial longitudinal 

crack width and progress, but did appear to inhibit the later stages 

of cracking, thus increasing bond strength. 

2.3. Tension Lapped Joints. 

2.3.1. Investigations of many of the factors influencing the 

strength of tension lapped joints have been made by Ferguson and 

_Breon(24)'and 
by Roberts and Ho(b0). ; 'Tepfersý4ý has made-a 

particularly comprehensive study of tension lapped. joints. under 

static and pulsäting. loads,. and Orangun, Jirsa and Breen(25), have 

analysed the: results of-several investigators to, produce design 

rules for tension lapped. joints. 

2.3.2. The majority of Ferguson and Breen's(24) test specimens 

did not have confining reinforcement around the lapped joint. 

However, in those tests where stirrups'were provided, an increase 

in joint strength ras. obtained, and the failure of the lapped joint 

was ductile in comparison with the violent failures which took place 

where stirrups were not used. The authors also noted that stirrups 

inhibited the formation of diagonal cracks which formed at the and 

of lapped joints where a bar stopped off near the corner of a beam. 

Ferguson and Breen found that no improvement in. joint strength 

vas obtained by increasing the length of a-lapped joint beyond a 

certain value.. The* middle . 
4rd of. an 800 lap length apparently 

played no part in joint strength.. It was also observed that, 
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immediately prior to failure, the splitting cracks that formed 

longitudinally over lapped bars developed over a smaller proportion 

of the lap length in the longer lapped joints. The authors concluded 

that stresses in lapped bars equalized. near the ends of long lapped 

Joints, leaving little stress differential, and hence low-bond stress, 

in the middle of the lapped joint. 

conducted a series of teats on tension-- 
(2.3.39 

Roberts and Hoýýý 

lapped joints*in which the main variables. were lap length, quantity 

and distribution of link, position-of bars an cast, and amount of 

concrete cover. Only those results applicable to ribbed bars are. -- 

mentioned here. 

Electrical resistance strain gauges were fitted to some. bare to 

examine the variation of steel stress through a-lapped joint. The 

authors found that ' the' distribution of bond'strese along-a bar was 

similar for lap lengths of 22 $ 9-33s , and 44O , bond stresses being 

lox. in the middlejof a lapped-joint and high at-each end. These 

findings support the conclusions reached by Ferguson and Breen(24) on 

bond stress distribution. The results led Roberts and Ho to describe 

a lapped joint as two anchorages 'back to back' and a comparison of 

the results of tests on lapped joints with those on pullout specimens 

showed that. a"single anchorage could be compared with approximately 

40% of the length of a lapped joint. 

leatrical resistance strain gauges were also fitted to links 

in some teats. Roberts and No found thate although links contributed. 

little to joint strength until 1.25 times working load; failure was 

due to yielding of the links at the ends of lapped joints. They 

also observed that links near the centre of a-lapped joint were less 

highly strained than those near the ends. Heavily ribbed bare were 

found to produce greater strains in links. 
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Roberts and Ho found that an increase in concrete cover increased 

joint strength even where links were present, and recorded an increase 

in joint' strength of 30% for an increase in cover from io to 30 . 

They also found that bars cast near the top of a beam were weaker than 

those cast near the bottom, due to a combination of settlement of the 

concrete-below the bars whilst'still plastic, and a reduction in 

concrete strength near the top of a. beam. 

The authors proposed the following expression for the average 

ultimate bond strength of-bottom cast ribbed bars with a cover ratio 

of unity and-a concrete cube strength of 27.5N/mm2. 

fbs = 
(1.86 }0) O-'4.5 f'sv 

{ 

where 
fbs. average ultimate bond stress. 

diameter of lapped-bars. 

iý lap length. 

and- AV= cross sectional area of one leg of link. 

They also recommended that increased links be provided through a 

lapped joint, and that double links be provided at each end, where 

bursting forces 
. 
are greatest. 
(4) 

2.3.4. Tepfera tested over 200 beams with lapped joints under 

static load, and also conducted a number of tests under fatigue oon- 

ditione. The tests covered most of the factors which influence the 

strength of lapped joints. 

Tapfere found that the strength of lapped joints without secondary 

reinforcement increased with the square root of the cube compressive 

strength of the concrete up to a cube strength of about 40N/mm2, but 

that at higher concrete strengths the rate of increase was slower, 

and that at concrete strengths greater than 70N/mm2, joint strength 

began to decrease with increasing concrete strength. Tapfere con- 
. ". 

sidered that the decrease was due to the lower ductility and creep 
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of high strength concretes, which caused bond stresses to be less 

uniformly distributed at ultimate load, and hence caused failure at 

a lower average bond stress. 

Tepfers3yresults showed that increases in concrete cover to the 

reinforcement produced increases in joint strength similar to those 

found by Roberts and Ho('o), and that small diameter bars developed 

higher bond stresses than large diameter for the same cover ratio. 

Ultimate average bond stress was found to decrease with increasing 

lap lengths. Although more heavily ribbed bars were found to develop 

higher bond stresses, the_increase in strength was not. proportional to 

the increase in rib area/unit length of bar, and bars with inclined 

crescent shaped ribs were found to develop the same bond stresses as 

less heavily ribbed bars with annular ribs. 

The influence of secondary reinforcement on joint strength was 

also investigated. Tepfers found. that links improved joint strength, '- 

and that the rate of improvement was greater for larger amounts of 

confining reinforcement, indicating that links tend to take over 

from concrete in resisting bursting force. However, spirals were 

found to be more effective than links in confining reinforcing bars, 

but the presence of spirals did not affect the distribution of bond 

stress within the lapped joint. 

2.3.5. Orangun, Jirsa and BreenJ25) compiled the results of 

several investigations into the strength of lapped joints in tension, 

and used a non-linear regression analysis to develop an expression 

for the-strength of lapped joints of ribbed deformed bars in tension. 

The authors assumed that the component of joint strength, duo to 

the presence of secondary reinforcement was additional to the strength 

of a similar lapped joint without secondary reinforcement. As the 

ultimate tensile strain of concrete is low, secondary reinforcement 
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cannot contribute significantly to joint strength until the concrete 

cover cracks, and the confining force of the concrete itself is lost. 

However, the B. S. C. P. 110: 1972(9) method for the design of reinforced 

concrete members in shear is now based on a similar assumption, and 

there is no reason to believe that-the expression derived by Orangun 

"t al is unsuitable. 

The expression for the ultimate average bond stress of ribbed 

deformed reinforcing bars which they-derived is as follows: -- 

fbi 
.a 

[o. (n1_. i 
0*28C 

4 0 # 0.027nty. ýVy 

SV. 0 2.3. IATCw 
where c= concrete cover to reinforcement 

diameter of lapped bars 

ýý a length of lapped joint 

RS� a cross sectional area of stirrups per pair of 

lapped bare .. 

{yv : yield strength of-stirrups 

Sv = spacing of stirrups 

and- fc% : concrete cube strength 

2.4. Compression Lapped Joints 

r 

2.4.1.1 study of column strength, conducted. by Richart and Brown(26), 

provides the earliest record of tests on columns with lapped joints in 

main reinforcement. Plain untwisted square bars-with lap lengths of 

20 and 30 bar diameters were used, but the joints were close to the 

top and bottom of the columns, and well confined by secondary rein- 

forcement. Plowman(27) carried out testa in which plain round mild 

ateel. bare were lapped, and found evidence that part of the load in 

the reinforcement was transmitted by the bearing of the end of the 

bar on the concrete. Somerville and Taylor(ýa) ,; examined the effects of 

joggling bars at a lapped joint, and Pfister and Mattock(') invest- 

igated the effect of lap length and type of confining reinforcement 
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on joint strength. Leonhardt and Teichen(2) have also conducted 

tests on columns with lapped joints, to investigate spalling of 

concrete cover due to end bearing of reinforcement. 

2.4.2 Plowman(27) carried out tests on two columns in which plain 

round bars were lap jointed, with, one set of bars joggled. 16cm dia. 

main bars and 4.7mm dia. links were used. * No details of*lap length, 

link spacing or concrete strength are given. Strain readings on the 

bars within the lap were obtained by welding studs, which projected. 

through the concrete cover, to the bars, and using a 2" Dense de- 

mountable mechanical strain gauge to measure strains. A disadvantage 

of this method is that measurements are taken on one aide of a bar 

only, and so misleading results may be obtained if'the load on the 

bar is not purely axial. However, Plowman's results do indicate a 

bearing stress of 50 - 100 N/mm2 on the ends of the joggled bars, 

with lower stresses recorded at the ends of the other bars..,. This 

difference is consistent with Ferguson and Breen's24) findings 
( 

that inside bars are better confined than outside bars. 

2.4.3 Somerville and Taylor(28) tested 5 columns in which main 

reinforcement was joggled, 3 columns also having lapped joints. Two 

lap lengths of 27.5 0 and-34.4 0 were used, and concrete strength 

was approximately 60 N/mm2. -In. each case the columns were considered 

to have performed satisfactorily, and the authors concluded that the 

detailing of secondary reinforcement around joggled bars was not a 

problem. However, cracking and spelling of the concrete just out- 

with the lap was noted prior to failure which Somerville and Taylor 

took to indicate that load was being transferred by the ende of the 

bare to the concrete. Ferguson and Breen(24), however, also noticed 

cracking in a similar position in tension splices, where end bearing 

Cannot occur. 
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Somerville, ' Morris and Clements 
(29) 

in tests on the P. B. column- 

column joint, where large bars were used, noted that tensile stresses 

were set up in the concrete, causing spalling and premature failure. . 
They concluded that this was due to the end bearing of the bars. 

(1) 
2.4.4. Pfister and Mattock tested a total of 15 specimens, 7 of 

which were spirally bound columns of circular cross section, the re- 

mainder being tied columns of rectangular cross section. All specimens 

were 1830mm high, with a maximum slenderness ratio of 7.2. Six 25mu. 

diameter ribbed bare, giving a steel percentage outwith the joint of 

approximately 4.1%, were used in all columns. Secondary reinforcement 

was a spiral of 6mm diameter bars at 38mm pitch in the case of circular 

columns, and ties consisting of 6mm diameter bars at 250mm pitch, which 

were not positioned relative to the lap, were provided in the rect- 

angular columns. All steel had a yield strength of at least 400N/=2, 

and the average concrete strength was 26N/=2. Lap lengths were 

varied from zero to thirty bar diameters, and one column of each type 

was tested without joints. The circular columns were cast vertically. 

and the rectangular columns horizontally. 

Electrical resistance strain gauges were used to determine steel 

strains away from the lap in the rectangular tied columns, but the 

load carried by the main reinforcement in the circular columns was 

estimated by comparison with a test in which reinforcement was not 

jointed. Steel strains had been measured with electrical resistance 

strain gauges on an unjointed column, and it was assumed that steel 

strains away from the lap in a column with main reinforcement jointed 

would be equal to these measured in the unjointed column when both 

columns were subjected to the same load. This method ignores the 

effect of a variation in concrete strength, and will overestimate 

steel stresses once relative movement between steel and concrete 
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takes place. As a result of this procedure their results may be un- 

reliable in the case of short laps, where slipping was found to start 

at a lower percentage of ultimate load. 

Pfister and Mattock-interpreted their results as showing that ultimate 

joint strength was composed of two parts, a constant average bond 

stress of 2.55N/mm2 for both types of column, and an and bearing 

stress of 130N/mm2'and 80N/xa2 for spirally reinforced columns and 

tied columns respectively. Their findings contradict the results of 

studies on pullout and tension splice tests, however, where ultimate 

bond stress has been found to decrease with increasing bond length. 

Two tests, in which the main reinforcement was heat treated to 

produce a steel with a higher limit of proportionality but lower 

yield strength, gave average. bond stresses substantially higher than 

those achieved with untreated bars for lap lengths of 20 and 30 bar 

-diameters. 

Leonhardt and Teichen(2) conducted a series of tests on circular 

columns reinforced with four pairs of lapped bars. The main rein- 

forcemeat consisted of 26mm diameter ribbed cold twisted bars con- 

fined by 5mm diameter links of plain round bar, at a spacing of 200mm" 

Lap lengths of 90 to 37.5 ¢ were investigated, and a concrete cube 

compression strength of approximately 40N/mm2 was used throughout 

the experimental programme, even though columns with lap lengths of 

25 ¢ or more developed their full design strength. Strains measured 

on reinforcing bare indicated that end bearing stresses of up to 

120N/mm2 were achieved, but that end bearing stresses decreased as 

ultimate load was approached. They concluded that the high and 

bearing stresses were due to the strains in the lapped bars trying 

to equalise as close to the end3of the'lapped joint. -as possible, 

and that this could not be combated by increasing lap lengths. An 
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increase in concrete cover to the reinforcement was found to produce 

only a small increase in joint strength, and it was not considered 

practicable to increase cover beyond the maximum of 39mm investigated. 

Leonhardt and Teichen therefore concluded that increased links should 

be provided at both ends of lapped joints, as shown in fig. 2.3" They - 

did find, however, that spalling was*less severe in the case of smaller 

diameter bars, and recommended that extra links need not be provided 

for bars of 14mm diameter or less. 
_ 
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Fig. 2.3 Recommended detailing of secondary reinforcement, around 

compression lapped joints of large diameter reinforcing 
( 

bars, from Leonhardt and Teichen2). 

In one test, Leonhardt and Teichen eliminated end bearing of the 

reinforcement, which resulted in a considerable drop in column strength. 

They found that there was very little increase in joint strength where 
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the ends of bars were cut square with a saw rather than shear cut, 

but there did appear to be an improvement in joint strength where 

lapped joints were staggered longitudina]y. 

The tensile strength of concrete in biaxial tension-compression 

may be considerably weaker than the strength of concrete in uniaxial 

tension. 
(21). 

It is therefore considered likely that, as found by 

Leonhardt and Teichen, the influence of concrete cover on joint 

strength will be lower in the. case of compression lapped joints than 

in the case of tension lapped joints. 

2.5. Find Bearinu 

2.5.1. As has been shown by Leonhardt and Teiohen(2), and by Pfister 

and Mattock1) 
( 

, the bearing of the end of a reinforcing bar on concrete 

can transfer a substantial proportion of the total load developed by 

a bar in a compression lapped joint. Tests on the bearing capacity of 

concrete, such as. those by Hawkins(30) and Hyland and Chen 
(31), 

involve 

a similar stress situation. 

2.5.2. , Hawkins(30) lists the main conclusions reached in several 

investigations as follows. 

1) failure takes place by the pushing out of a cone of concrete 

beneath the loaded area. 

2) the radial pressures exerted by the cone split the block. 

3J the ratio of ultimate bearing strength to concrete compressive 

strength inoreaaee with the ratio, A 
, of the loaded to the 

unloaded area of the block, but the rate of increase is slow 

for large values of A. 

4) the ratio of ultimate bearing. preseure to concrete compressive 

strength is independent of the depth of the block, provided 

that the block is deep enough'to ensure that the formation of 

the failure cone, ia not restricted. 
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Zielinski and Rowe(32) also produced evidence that embedded and 

external anchorages in end zones of prestressed concrete members pro- 

duce similar stress distributions and ultimate loads. 

Hawkins also carried out a large number of tests on concentrically 

and edge loaded concrete blocks, in which the principal variables 

were concrete strength, ratio of loaded to unloaded area, and size of 

test specimens. He derived an approximate theoretical analysis, based 

. on a failure criterion suggested by Cowan 
(33)9 

to estimate the bearing 

strength of concrete blocks, and obtained the following expression - 

{« 
-ITC CL 

where 

and 

ýý - ultimate bearing stress 

ff-IL = concrete cube strength 

A= ratio of unloaded area to loaded area 

K= constant depending on the relationship 

7.4 

between the tensile and compressive strengths 

of the concrete, and the angle of internal 

friction of the concrete, and is usually 

taken to be 4.1. 

Equation 2.4 was found to predict concrete bearing strength satisfactorily 

for values of A less than 40. 

2.5.3. Hyland and Chen(31) have also investigated the bearing 

strength of concrete blocks resting on steel or on P. T. F. E. to reduce 

the effect of platen restraint, or with blocks loaded through punches 

top and bottom. The punches were 38mm or 51mm in diameter, bearing on 

cylinders of 152mm diameter, the concrete strength being approximately 

40N/mm2. 

Cones were found to form beneath the punch in all-but 51mm high 

specimens loaded through a 51mm diameter punch, in which cases . 
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a column of concrete was formed. The authors noted that, although 

there were differences in strain distribution for the different con- 

ditions of test, the ultimate bearing strength of the blocks was 

not influenced. 

Hyland and Chen found that values for the bearing strength of . 

concrete obtained from an expression developed by Chen and Drucker(34) 

from the theory of perfect plasticity did not show good agreement 

with their experimental results. Chen and Druckers expression over- 

estimated the effect of specimen height, and Chen and Hyland con- 

cluded that complete plasticity could not be considered to develop 

in specimens where the ratio of punch diameter to specimen height was 

less than 0.5, or where the ratio of punch diameter to specimen 

diameter was lese than 0.25. 

The following points emerge from a review of the above investigations. 

1 In a compression lapped joint, transfer of force is achieved by 

bearing of the ribs of deformed bars and bearing of the and of 

the bars on the concrete. Both bond and end bearing setup 

tensile stresses in the concrete cover to the reinforcement, 

and-tend to cause splitting of the cover. 

2) Large-diameter bars appear to produoe the most severe bursting 

forces. 

34 A lap length of 25 ý appears to be sufficient to develop the 

ultimate strength of a deformed bar for a concrete compression 

strength of 30N/mm2. 

4) No research has been conducted on the influence of concrete 

strength on the strength of lapped joints in compression. 

5ý The influence of concrete cover is lese significant in com- 

Pression lapped joints than in tension lapped-joints. The 

influence of secondary reinforcement is therefore likely to be 

greater. 
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6ý Joggling of lapped bars does not appear to introduce any 

additional problems. 

2.6 Current Codes of Practice 

The lap lengths required according to the current British(9), 

German 
(35) (36) 

and American , codes of practice and by the 
(3? ) 

Recommendations of the C. E. B., in order to develop the design 

ultimate stress of compression reinforcement with a characteristic 

yield strength of. 410 N/mm2 are shown in table 2.1. In addition to 

these requirements, the British and American codes specify minimum 

lap lengths of 20 O+ 150mm and 300 respectively. Although partial 

safety-factors and factors of safety differ in each code, and 

B. S. C. P. 110: 1972 assumes a lower ultimate stress for compression 

reinforcement than the other codes, the design strength of short 

oolumns is approximately the same for all codes, and the values 

presented in table give a true comparison. 

All the codes allow a proportional reduction in lap length 

where less than the design ultimate stress in a bar is required to 

be developed, subject to a minimum lap length in the range 10 0- 

12 0 in all codes except B. S. C. P. 110: 1972. In B. S. C. P. 110 the 

minimum value of 20 $+ 150= still holds. 

ABLE COMPRESSION LAP LENGTH REQUIREMENTS OF SOME CURRENT 

CnnwS nF PRecPTn1_ 

Lap Length Factor A0 

Required lap length in terms 
of diameter of lapped bar. 

Concrete strength N/mnm2 20 30 40 50 
(9) 

Great Britain-B. S. C. P. 110: 1972 28 22 19 19 
(36) 

U. S. A. - A. M. 318-71 26 21 18- . 16 

Germany -DIN 1045: 1972(35) 31 25 21 18 
(37) C. E. B. Reconmendation 1970 39 30 24 21 
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The design ultimate average bond strength of deformed bars 

varies approximately with the square root of the concrete strength 

in all the codes, this having been found to give. good agreement with 

the results of tests where lateral reinforcement was not used. None 

of the codes allows an increase in bond strength for an increase in 
Cover 

concrete, Aabove the minimum, which is one bar diameter in all cases, 

except where conditions of exposure demand more. The German code, 

DIN 1045, and the C. E. B. Recommendations specify that the design 

ultimate bond stress should be reduced by 50% where reinforcement 

inclined at less than 450 to the vertical is in the top half of the 

section as cast, and the American code specifies a 30% reduction 

where bars are more than 305mm above the bottom of the section. 

The C. E. B. Recommendations allow compression bars to be lap 

jointed at the same position in the length of a member, but the 

German code specifies that lapped joints must be staggered 

longitudinally within the member when the percentage of compression 

reinforcement in the cross section is greater than 3%. The American 

code allows a mä*. xi ºnur of 8% reinforcement at any cross section, 

while B. 3. C. P. 110: 1972 allows a maximum of 10% at lapped joints. 

B. S. C. P. 110: 1972 is the only'code of practice examined which 

does not recognise the bursting effects of the anchorage of de- 

formed reinforcing bars by specifying additional links, or allow- 

ing a reduced lap length for additional links. The German code 

requires at least 3 transverse bars with a minimum diameter of 

0.4 times the-main bar diameter to be provided over 0.3 times the 

lap length at each end of a lapped joint,. with a maximum spacing 

of bars of 4 times the diameter of the main reinforcement, and the 

C. E. B. Recommendations require. transverse reinforcement designed 

on the lattice analogy to be provided to carry the tangential 
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forces set up between a pair of lapped bars. The American code 

allows a reduction of 17% in lap length where links are provided 

with an effective area of 0.0015 h. sj, where h= overall thickness 

of member and sv - spacing of links. 

I& 
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CHAPTER 3 

THEORETICAL STUDY OF THE STRENGTH 

OF LAPPED JOINTS. 

3.1. Review of Theoretical Work on Bond Strength 

large number of tests have established that bond failure of 

lapped joints with ribbed bars takes place by the splitting of the 

concrete cover along the line of the bars. The bond action of ribbed 

bars must therefore set up tensile stress in the concrete. 

Where force is transferred between bar and concrete, shear 

stresses parallel to the bar axis will be set up. Compressive and 

tensile stresses must therefore also be set up. This is shown 

diagrammatically in fig. 3.1. Since the elastic modulus of concrete 

is the same in tension and compression, the Imaginary 'struts' and 

'ties' shown in fig. 3.1 will act at an angle of 450 to the bar-axis. 

At low bond stress, the forces in struts and ties balance, but 

as. bond stress increases, the deformability of the concrete causes 

compression struts to be concentrated close to the bearing area of 

the rib, as shown in fig. 3.2. Elsewhere, a small amount of slip in 

sufficient to destroy adhesion between bar and concrete, and the 

tension ties tend to cause separation of the concrete from the bar. 

The struts, or more correctly, cones of compression, -are then balanced 

by a ring tension in the concrete around the bar, as shown in fig-3-3- 

A crack forms once the tensile capacity of the weakest part of the 

concrete ring is exceeded. 

Goto(38) has published photographs of cracks formed when a 

ribbed bar axially embedded in a long concrete cylinder was pulled 

at both ends. Two different types of cracks were observed, as 

illustrated in fig. 3.4. The primary cracks, perpendicular to the 

bar axis and visible externally, are similar to those observed in 
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Fig* 3.3 Ring tension around bar to resist radial bursting forces. 
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Fig- 3.4 Deformation of concrete around steel reinforcing bar after 

formation of internal cracks (schematic diagram) by Goto(38) 



tests with plain round bars, but the internal cracks, inclined at 

between 450 and 800 to the bar axis, appear only where ribbed bars 

are used. The separation of bar and concrete at points distant from 

the bearing side of the ribs may also be seen in fig. 3.4. 

The formation of the internal cracks is due to the principal 

tensile stress exceeding the tensile strength of the concrete, and so, 

as major and minor principal stresses are perpendicular to each other, 

the cracks form parallel to the direction of the principal compressive 

stress. The angle the compression cones make with the bar axis may 

therefore be deduced. The steepest internal cracks form midway 

between primary cracks, as the direction of the principal stresses is 

influenced by the direct tension carried by the concrete. Near 

primary cracks, where the direct tension in the concrete is lower, 

the internal cracks are inclined at approximately 450 to the bar axis. 

This value indicates that bond stresses produce a radial bursting 

stress at any point of`the same value as the bond stress at that point. 

While Goto'. a results provide confirmation of the concept of 

compression cones balanced by a ring tension, the inclination of the 

compression cones deduced from his photographs may not be applicable 

in other situations, for instance where the concrete around the bars 

is in compression rather than tension. 

3.2. Theoretical studies of the ultimate bond strength of ribbed 

deformed bars where failure is accompanied by splitting of the con- 

crete cover to the reinforcement have been made by the C. II. R. 
(3) 

Ferguson and Krishnaawamy(5), and Tepfers(4) 9 the latter two for 

the case of lapped joints. Tepfers also considered lapped joints 

with secondary reinforcement. 

3.2.1. The earliest attempt at a theoretical analysis of the 

factors involved in bond strength was published in a report of 

- 33 - 



the C. U. R. 
W. 

An expression was derived by equating the bursting 

force produced by one rib of a deformed bar to the resistance to 

splitting of the concrete cover. As indicated in fig. 3.5a the, 

concrete was assumed to behave plastically in tension. Bond strength 

was calculated by assuming the longitudinal force o"v , shown in 

fig. 3.5bß to be proportional to the radial force 6, reducing the 

load carried by each rib to an equivalent bond stress over the bar 

surface, and adding the effect of the shear stress between the ribs 

to give the following expression. 

fbs = (A. F't + B) +C 50000. . Fit 

where 1bs = ultimate bond strength, 

As B and C are experimentally derived 

constants for each bar. 
strength 

Fit ultimate tensileA of concrete 

t =ý concrete cover 

0= diameter of reinforcing bar. 

3.1 

The expression in brackets in equation 3.1 refers to the shear 

stress between the ribs of a deformed bar, the remainder of the right 

hand aide of the equation being the component of bond strength due 

to the bearing of the ribs. 

Values of the conetanta Ä, B and 0 were determined experimentally 

for four'types of deformed reinforcing bars. However, the results 

indicated that most of the bond strength of ribbed bars was due to 

the shear stress between the ribs, and that little load was carried 

by the ribs. This:, is unlikely to be correct, as radial oracka 

formed around the reinforcing bars prior to failure, indicating 

that there were large tensile strains in the concrete around the 

bars. There would therefore be little contact between bar and 

concrete except at the ribs. 

- 34 - 



c. fc t 

c c. ict 

N- c -t- 0j -ý1 2 

a) corner of pullout specimen 

ß-, "-- 

Fb 

-rd;. 

b) Forces exerted-by bar 

Fig. 3.5 Forces on bar in corner of pullout specimen, from 

report of C. U. R. 

3.2.2 Ferguson and Krishnaswamy(5) identified three patterns of 

splitting in lapped joints in beams, as shown in fig. 3.6, and used 

a semi-empirical analysis to relate ultimate average bond strength to 

cover and spacing of pairs of lapped bars. 

Ferguson and Krishnaewamy found that a clear relationship 

existed between the ratio of clear distance between bars to vertical 

cover, s'/c. and the failure patterns shown in fig. 3.6, which 

developed. The 'side split' failure pattern occurred only at ratios 

lower thanl. 75, and V type failures were observed only at s'/o 

ratios greater than 7.5 No failures were recorded in which only 

the corner of the beam spalled. 

In analysing the load capacity of a lapped joint, Ferguson 

and Krishnasramy assumed each bar to have a radial stress component 

equal in magnitude to the uniform average bond stress along the bar, 

and equated the bursting force exerted by the bar to the splitting 
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resistance on a plane through the bar axis, calculated on the 

assumption that the ultimate tensile strength of the concrete'was 

reached simultaneously at all points on the plane. The ratio of 

resisting force s' 
splitting force was plotted against /c and a lower bound obtained. 

This gave the following expression for the lap length required to 

develop a stress of 410 N/mm2 in the reinforcement. 

11 -/". 1960 02 (5+)3.2 
few 

where required lap length 

L= concrete cube compressive strength 

0. = diameter of reinforcing bar 

S= clear spacing between bars 

and C= vertical concrete cover, as shown in fig. 3.6. 
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Fig. 3.6 Splitting around splices from Ferguson and Krishnaswamy(5). 
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3.2.3" Tepfers(4) derived expressions for the bond strength of 

single bars embedded in cylinders of concrete, and for six failure 

patterns found in tests on lapped joints in beams. The influence of 

secondary reinforcement was also considered. 

Tepfers analysed the resistance to splitting of thick concrete 

rings loaded internally by a uniform radial pressure, for the cases 

of the concrete acting elastically and plastically, and showed that, 

if the concrete is considered to behave elastically, radial cracks 

might develop within the concrete ring before its ultimate strength 

was reached, and it then split completely. However, despite having 

stated that concrete is unlikely to be sufficiently plastic to allow 

its ultimate tensile strength to be reached simultaneously every- 

where in the ring, Tepfers based his analysis of the strength of 

lapped joints in beams on that assumption. 

In tests on lapped joints confined by secondary reinforcement, 

it was found that longitudinal cracks appeared over the bars in one 

face of the beams prior, to failure, as shown in fig. 3.7. The stress 

in the'reinforcement crossing cracks was determined by taking momenta 

about the point of contact of the two main bars. It was assumed that, 

where cracks did not appear on the surface of a beam, as in the 

horizontal beam face, in fig. 3.7, the maximum strain in the secondary 

reinforcement was limited to the ultimate tensile strain of the con- 

crate, taken to be 150 x 107 6. This last assumption is inconsistent 

with Tepfers demonstration that cracks can exist in the concrete 

cover without reaching the surface, and is contradicted by Roberts 

and Ho'sýrýý teats, where strains considerably greater than that 

assumed by Tepfers were recorded on both legs of links prior to 

ultimate load. The assumption also means that, for lower values of 

concrete strength and vertical cover cy , failure was considered to 
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take place prior to yielding of the secondary reinforcement. 

Both Ferguson and Krishnaswamy(5) and Tepfers(4) considered 

that the bursting forces produced by the bond action of a ribbed bar 

could be represented by a uniform radial stress equal in magnitude 

to the bond stress around the surface of an equivalent plain round 

bar. However Tepfers has shown that, once internal cracks have 

formed, the magnitude of the radial stress may drop by 30%. 

fsvAsv 
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. ASS 

Fig. 3.7 Forces on corner of a beam where reinforcement is lapped 

after Tepfera(4). 

Tepfers made a two dimensional finite element analysis of the 

interface of a ribbed bar and concrete to investigate the distribution 

of force from the ribs. He found that, at low bond stresses, where 

there is still adhesion between bar and concrete at all. points on the 

bar surface, the direction of the maximum shear stress is parallel 

to the bar axis, and shear stresses are fairly uniform over the rib 

spacing, as shown in fig. 3.8(a). However, once adhesion is broken, 

and there is contact only on the bearing surface of the ribs, the 

direction of the maximum shear stress varies considerably, and the 
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peak value of shear stress, situated at the bearing surface of the 

rib, rises to double the average, as shown in fig. 3.8(b). 
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Pig. 3.8. Tensile and compressive stresses in concrete and direction 

of principal compressive stress on a plane along the tops 
(4) 

of the ribs, from theoretical model used by Tepfers. 

It may also be seen in fig. 3.8. (b) that the angle between the 

bar axis and the direction of the principal compressive stress is 

greatest over the ribs. This is the position at which Coto(38) 

found internalcracka to form around ribbed deformed bars, and may 

indicate that the. inclination of, internal cracks overestimates the 

average inclination of compression bones' to the bar axis, and hence 

the radial stress produced by the bond action of ribbed deformed bars. 
(22) 

Rehm has suggested that a rib will fracture the concrete on 
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which it bears in the direction of what is called the I 
principal'shear 

stress. Tepfers(4) analysis shows that a failure surface parallel to 

the direction of the maximum shear stress and passing through the top 

of a rib would leave a wedge of concrete against the rib similar to 

those observed in tests, as shown in fig. 3.9. If adhesion between bar 

and concrete were not lost, as in the case of strong lateral restraint 

to splitting, the fracture surface would run across'the tops of the ribs. 

Fig. 3.9 Direction of principal compressive stresses around ribbed 

, 
deformed bar in bond, from Tepfers(4), and possible failure 

surface in direction of maximum shear stress... Bond between 

steel and concrete exists only on the bearing faces of the 

ribs. 

3.2.4 Hawkins(30) has made an approximate theoretical analysis of 

the failure of a concrete block loaded through a punch, and has 

obtained good correlation with experimental results. 

Failure of a concrete block loaded through a punch is due to 

the formation of a wedge or cone of material beneath the loaded 
.. 

area, which tends to split the block. 
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Using the Coulomb-Mohr theory of failure, Hawkins related the 

bearing stress on the contact area of the punch to the bursting 

stresses produced in the block by considering the equilibrium of 

the wedge or cone. He then equated bursting forces to the resistance 

to bursting of a block, and obtained an expression of the form 

6i-I +" -�/ý-i 2.4 C 
where 61 = bearing capacity 

K= constant - depending on the properties 

of the concrete 
FCe 

= concrete cube strength 

and A= the ratio of the unloaded to the loaded 

area of the block. 

The Coulomb-Mohr theory is not accepted as a general failure 

theory for concrete. Goode and Helmy(39) state that it cannot be 

regarded as such, as the strength of concrete is dependent on the 

intermediate principal stress, which the Coulomb-Mohr theory assumes 

to have no effect. Ojha(40) agrees with this, but adds that there is 

no evidence against it's use in a two dimensional state of stress, 

and Jensen(41) has shown that the intermediate principal stress is 

of no significance in a plane stress or plane strain situation, if 

the intermediate principal stress is perpendicular to that plane. 

However, in bearing tests on concrete blocks, intermediate and 

minor principal stresses will be equal, and therefore the theory 

may be applied in conjunction with the results of triaxial com- 

pression teats. 

Although the bearing of the and of a bar in compreesion. bond is 

obviously a similar problem to that of a punch bearing on a concrete 

block, it may be lees apparent that a ribbed bar fails in bond in a 

similar manner. In all three situations failure is due to a wedge, 

or cone, of concrete splitting the surrounding cover. 

- 41 - 



3.3" Theoretical Approach. 

3.3.1. The traditional concept of bond stress, based on the action 

of plain round bars, is that of a shear stress between bar and con- 

crete. In the case of a ribbed bar, however, the transfer of force 

close to ultimate strength is due almost entirely to the bearing of 

the ribs on the concrete. This is illustrated in Goto's(38) photo- 

graphs, which show the separation of bar and concrete that develops 

away from the ribs. 

The concrete below the ribs is in a state of triaxial compression. 

The bearing pressure of the rib is the major principal stress, and 

the restraint from the surrounding concrete determines the minor 

principal stress. The minor principal stress is the radial component 

of 'bond stress' of deformed bars. 

As stated in section 2.1.3., there are two modes of bond failure 

of deformed bars. In a type 1 failure, shown in fig-3.10a, the con-'' 

crete shears'on a surface along the tops of the ribs, but this mode 

of failure only occurs when splitting of the specimen is prevented 

by strong confining reinforcement. In a type 2 failure, shown in 

fig. 3.10b, the concrete below the rib fails on an inclined plane, 

leaving a wedge of concrete adhering to the rib. Movement along 

the failure plane tends to split the surrounding concrete. 

In most practical situations, there will be insufficient con- 

fining force to prevent splitting of the test specimen, and type I 

failure will not take place. However, the ultimate bond stress for 

this mode of failure may be readily determined experimentally if 

desired. 

Type 2 failures occur when the concrete surrounding the bar 

splits, and any confining reinforcement yields, prior to a type I 

failure. Succeeding sections of this chapter consider only type 2 

failures. 
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a) Type 1 failure b) Type 2 failure 

Fig. 3.10 Modes of failure of ribbed deformed bars in bond. 

3.3.2 A short length of an idealised ribbed deformed bar is shown in 

fig. 3.11. To simplify the analysis a round bar with an annular rib 

has been chosen. The rib has a face angle of 900, and the bar surface 

is assumed to be smooth. 

The stresses in the concrete below the rib of a deformed bar are 

shown in fig. 3.12. If the height of the rib is small in comparison 

with thq radius of the bar, the value of cj4t will also be small, and 

the analysis may be reduced to two dt': mensions. 

According to Ojha(40) and to Jensen(41) the shear strength of con- 

crete in two dimensional problems may be represented by the Coulomb- 

Mohr equation of failure. The shear strength of concrete below a bar 

rib is 

T, _6+ 6ntan0 3.3 

where"i"n = shear strength of concrete 

cohesion of concrete 

6M = normal stress on failure plane 

and e= angle of internal friction of concrete.. 
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Fig. 3.11 Short length of deformed bar with annular ribs. 
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Fig. 3.12 Stresses on concrete wedge below rib. 
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The shear stress on any plane at an angle oc to the direction of 

the major principal stress is 

zlei'03)sin2 
ot 3.4 

where 'r shear stress 

Cy, - major principal stress 

and 63 = minor principal stress 

The normal stress on the same plane is 

6= i(6o+0-3 2(Q', '63)cos2a 3.5 

Equations 3.4 and 3.5 may be represented graphically by a method 

due to Mohr, as. indicated in fig. 3.13. 

T 

Shear 
Stress 

Fig. 3.13 Mohr diagram. 

At failure of the concrete below the rib of a deformed bar, the 

combination of the shear and normal stresses on the failure plane 

must lie on the Mohr failure envelope, given by equation 3.3, and 

on a circle to which the line is tangential, as shown in fig. 3.14. 

The angle between the failure plane and the direction of the major 

principal stress is, from fig. 3.14. 

«= 4 s°- 3.6 

44 

gro 6 a' 
Normal Stress 



Shear 
Stress 

d 
L 

Fig. 3.14 Mohr circle and envelope. 
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Fig. 3.15 Forces on 2- D'Concrete wedge below rib of deformed bar. 
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Consideration of the equilibrium of the wedge of concrete below 

the rib, shown in fig. 3.15, leads to the following expressions. 

For 2V= O 

. a'$ =s cot o( + -4 tan 0. cotoc 
3. 

.7 
For 2H=0 3ý8 ýrCotoc = -S 4 O"n ton0*. 

where crql = bearing pressure of the rib 

(7'r = radial stress on the bar 

and oc = inclination of failure surface to bar axis. 

Combining equations 3.7 and 3.8 to eliminate QMn 9 leads to 

d, c crr. cot oc +26 cotac 3.9 

and the force developed in a reinforcing bar by bearing of the ribs 

will be 

FSC 
LS 

3.10 

where Fs, 
= stress in bar 

Ax s cross sectional area of bar 

Ar = tearing area of one rib 

t6 
= length of bar over which bearing of the ribs 

takes place 

and Sr = spacing of ribs along bar. 

The transfer of force by, the bearing of the ribs of deformed bars 

will, from now on, be referred to as 'bond'. 

The radial stress c, acts over a distance of hr. Cota below the 

rib, and exerts a pressure on the concrete around the bar. The bond 

strength of a bar therefore depends on the force available to resist 

the bursting force produced by the bond action of a deformed bar. 

Fig. 3.16 shows the forces exerted by the radial stress Q. on a 

short length of the bar circumference under one rib. The component 

of force in the x direction is 

d Fh cotoc CO5,4 . 3.11 
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The total bursting force produced by the bar is then 

Fh =ja 6r, hr. cot'oc. %. COý. d)L 
3.12 Sr 2 

_, r I 

where Fh = total bursting force produced by the bar. 

For a bar with annular ribs, evaluation of the integral leads to the 

following expression for the total bursting stress produced by the bar. 

FFA, = 
j hr. cotof. 6r Sr 3.13 

If the force available to resist bursting forces due to bond is 

denoted by P 
,p 

then combining equations 3.9,3.10,3.11, and 

simplifying leads to the following expression for the stress developed 

in a deformed reinforcing bar by bond 

Fý 
+2S. 

ý6 pr 

. COfo( F FS 
CrS h Ast y 3.14 

According to equation 3.14, the bond strength of deformed bars 

is due to two separate factors. One component of bond strength is 

due to the confining force on the bars from the surrounding concrete, 

and it is this component which tends to split the concrete cover to 

the bars. The other component does not cause splitting, and is re- 

lated to the compressive strength of the concrete. 

The values of 6 and E) in equation 3. 3 may be found from the 

results of triaxial compression tests on concrete. The results of 

teats carried out by the author for a concrete with a maximum 

aggregate size of 2.36mmt presented in Appendix At showed that the 

shear strength of concrete under the rib of a deformed bar may be 

taken to be 

'C'c = 0.5 F, 
-ý ö'n tan 32 ý 

3#15 
for bars with a rib height of 3mm, and for the range of concrete 
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strengths and confining pressures considered in this investigation. 

Substituting in equation 3.14 from 3.15 leads to the following ex- 

pression for the stress developed by bond of a ribbed deformed bar 

with annular ribs. 

" 
ýr Sr 7T. 04 3.16 

Equation 3.14 does not apply to bars with crescent shaped ribs, 

for which the integral in equation 3.12 would have to be evaluated 

separately. For the same rib area, the value of the integral will 

be greater for a crescent shaped rib with the maximum rib height at 

., t= 0. A bar with crescent shaped ribs will therefore develop a- 

lower stress than a bar with annular ribs if all other factors are 

held constant. 

e. 0/2. d u 

Fig* 3.16 Radial forces set up on bar circumference. 
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3.3.3" Previous investigators(4)(5)(25) have considered that the 

radial stress produced by bond action of ribbed bars may be represented 

by a uniform radial stress, acting on the surface of a plain 

round bar of equivalent diameter to the deformed bar. The angled may 

be regarded as the angle the compression 'cones' shown in fig. 3.3. 

make with the bar axis. 

The total confining force on the bar is related to F, tan4 by 

the following expression 

Fl = Fi,. tzný6.0. lb 
Fbs is the bond stress on the bar, defined by equation 2.1 

3.17 

Substituting for Fb, in equation 3.17 from equations 3.14 and 2.1 

leads to 

{Q a 

Fc 
fS 

ýb 
J 

_Ar ., 
8 

N ¢"hr s TV. Fr- 

The projected area of an annular rib is 

Ar., = 4 1Iýýý+2hrýý 
- ýý] lT. ý. 'r 

Equation 3.18 then becomes 

cotf = 1.8 j1 + 2.5. lb. ¢. hrl 
Fý. SI 1 

3.18 

For {'ý a93.19 

3.20 

The value of the angle S is dependent on many variables, but, as cot 

cannot be less than 1.8, at its maximum ýB a 29°. This Yalue is 

considerably lower than that obtained by Goto(38), and outwith the 

range of 37 ° to 53° suggested by Orangun, Jirsa and Breen(25). 

3.4. Bearing 
-End 

3.4.1. As mentioned in section 3.2, Hawkins 
(30) 

derived an expression, 

based in part on Coulomb-Mohr failure criteria, for the bearing 

strength of concrete blocks loaded through steel punches. The 

analysis equated the forces on a cone of concrete below the punch 
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to the resistance to splitting of the concrete blocks. An amended 

form of the analysis is presented here. 

Stresses acting on the concrete cone are shown in Fig. 3.17 

cr, 

Pi8.3.17 Stresses on concrete below end of bar. 

By an analysis similar to that presented in section 3.3.2, it can be 

shown that the ultimate bearing strength of the and of a bar on 

concrete is 

6'q, = Q't cot"cr 428 cot or 
where 6ý = bearing stress on concrete 3.21 

Of = compressive stress on section through middle of cone 

= cohesion of concrete 

and aC =45--e- where 9 is the angle of internal friction of 

the concrete. 

The total force on a section through the middle of the cone will be 

Ft = Ct .O cote 3.22 
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If the force available to resist the bursting force produced by the 

cone is denoted by Fc then combining equations 3.21 and 3.22 leads 

to the following expression 

O'v = 
4' 

r+2 
b] cot o< Y 3.23 

Equation 3.23 shows that, as with bond strength of deformed bars, end 

bearing strength is due to two factors, the confining force on the 

cone from the surrounding concrete, and the compressive strength of 

the concrete. 

According to the results of Smee(42) and Richart, Braendtzaeg, 

and Brown(43), for a concrete with a maximum aggregate size of 20mm, 

the values of 5 and 9 to be used in calculation of end bearing 

strength may be taken-to be the same as those used in the calculation 

of bond strength. 

Substituting in equation 3.23 from equation 3.15 leads to the 

following expression for the ultimate bearing strength below the and 

of the bar. 

6v =1 "8 1+ c1 s r, 
3.24 

3.4.2. It may be seen from equations 3.16 and 3.24 that the steel 

stress developed by bond of bars and by the bearing of the end of 

bars depends on the resistance to the bursting forces set up by the 

transfer of load. The ratio of the force developed in a bar by this 

confining force to the confining force itself gives an indication of 

the relative efficiencies of bond and of end bearing in transferring 

load. 

From equation 3.24, setting 6=0, the force developed in a 

bar by end bearing due to a confining force Fc is 

F= '-T O6=I. 8 Tr. Fr 
64 ýe. 3.25 

where Fb - force in bar 

and Orlf = bearing pressure due to confining force. 
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The ratio of bar force to confining force is 

F= 
! "8 7r 

F 
3.26 

From equation 3.16, putting 6= Or the force developed by bond of a 

bar due to a confining force is 

9. F, 
. Ar 

b4 scc 
"hr 3.27 

where fscc 
= stress developed in bar by confining force. 

The ratio of bar force to confining force is 

Fi- - 
Fc O. h 3.28 

Substituting for Ar from equation 3.19 leads to 

Fj /"97T 
3.29 Fr, 

The efficiency of bond of bars with annular ribs is therefore 

the same as the efficiency of end bearing. However, if bars with 

crescent shaped ribs were considered, a lower value of 
F' 

would X. 
- 

be obtained. In this Case, the value of ý. hr in equation 3.28 is 

evaluated from the integral in equation 3.12. For the same rib area, 

a crescent shaped rib produces a greater value of than an 

annular rib, and the efficiency of bond is therefore lowered. 

3.5 Bond of Single Bars Surrounded by a Spiral 

The forces acting on a cylinder of concrete due to the radial 

component of bond stress of a deformed reinforcing bar are shown in 

fig. 3.18. It assumed that the concrete cylinder is cracked long- 

itudinally and all the bursting force set up by the reinforcing bar 

is resisted by a wire spiral around the bar 

Equating the total bursting force set up by the bar to the 

confining force provided by the wire spiral leads to the following 

expression. 
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Fý =2. n"e. ES.. Ast. 3,30 
where n= no. of turns of spiral around the reinforcing bar 

E= strain in wire 

Es = modulus of elasticity of wire 

and , qst = cross sectional area of wire 

If the wire in the spiral yields at the ultimate load developed 

by the bar, then 

Fý= Z n. Ast. fy 3.31 

where Fy 
= yield strength of wire 

Substituting for F0 in equation 3.16 leads to the following. expression 

for the ultimate steel stress developed by the reinforcing bar. 

Ast. FY 
+ Ar 

. 
_"2 fsC q. h Sr 7F. 72 3.32 

Equation 3.32 holds in cases where the wire spiral yields along the 

length. of the bar at the ultimate load developed by the bar, and the 

non-splitting component of bond strength, given by the right hand 

part of the expression in brackets is equation 3.32 is fully mobilised 

along the bar length. 

Es. n. Ast Fc Es. n. Ast 

reinforcing bar 

Fig. 3.18 Forces on concrete cylinder. 
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3.6 Lapped Joints. 

3.6.1 From observations of the formation and growth of cracks in 

test specimens in the current investigation, it can be inferred that 

failure of compression lapped joints is due to yielding of the links 

confining the lapped bars. Strains measured on links in a few test 

specimens support this conclusion. 

Previous analysis of the failure of lapped joints have emphasised 

the importance of the tensile strength of the concrete cover. However, 

the tensile strength of the concrete cover could have made no contribu- 

tion to joint strength in the present series of teats, as cracks along 

the line of the main reinforcement usually extended throughout the 

length of the lapped joint in all column faces at ultimate load. 

Large strains, considerably greater than that at which concrete cracks 

in tension, were measured in both legs of links at the end of lapped 

joints. In the following analysis, it is assumed that all bursting 

forces produced Eby 
the transfer of load between reinforcement and 

concrete are carried by tension in the secondary reinforcement con- 

fining the bars. 

3.6.2 Bars with bond only. A corner of a column is shown in 

fig.. 3.19. As discussed in sections 3.7 and 6.2, bond stresses, and 

hence bursting forces, are not evenly distributed throughout the lap 

length, and so different values of bursting forces are assigned to 

each. Taking moments about point M, on the axis of the link at its 

point of contact with the main bar, and assuming that the bursting 

forces produced by the bars act in the directions shown, leads to the- 

expression 

F. - 
It + F2.0. (/ + -ýE 

)=A, 
r , 2- 742,34,33 

where P1, and P2 are the bursting forces exerted on the link 

by each bar 

and 
Asv. Fr� = ultimate tensile strength of one leg of the link. 
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Putting 

F, _ F2 3.34 

where -G is a coefficient not greater than unity and not less than 

zero, leads to the following expression for the restraining force 

on a bar due to, one link. 

F o"g3. AS�. 
sý (1t0.3I-k) 

ýiý ýýý_ 

G 

3.35 

l) o 

ssvfyv 

Fig. 3.19 Ultimate splitting pattern around lapped bare and forces 

on corner of column. 

As indicated in fig. 3.20 the distribution of bond stress through 

a lapped joint may be considered to lie between two extremes. Where 

bond stresses are-uniformly distributed along the bars within the 

lap length, as shown in fig. 3.20(a), equal bursting forces are set 

up by both bars, and Pý = F2, i. e. y& ==1. Where bond stresses are 

concentrated close to the end of the bars in lapped joint, as shown 

in fig. 3.20(c), one bar will exert no force on a link at the end of 
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the lapped joint, and FI = 0, i. e. -=0. 

The assumption in fig. 3.19 of the directions in which the 

bursting forces act is only correct when F1 = F2. As the value of 

i decreases, the direction of P2 will tend to move closer to the 

horizontal, as indicated in fig 3.21, and equation 3.35 will under- 

estimate the available resistance to the bursting forces. Fig. 3.21 

shows the forces acting on the corner of a column when FI = 0. Taking 

moments about point M, on the axis of the link at its point of con- 

tact with the main bar, leads to the following expression. 

lý 2 

3.36 

For horizontal equilibrium 

Fz. cos E= AM Fyv. 
3.37 ' 

Solving for ý in equations 3.36 and 3.37 leads to a value of 26.5° 7r . -- 

Substituting for 6 in equation 3.37 leads to the following ex- 

pressions s-for the force exerted coach of the pair of lapped bare 

by one link when 'G = 0. 

Fz=! 13 4sv. Fyv 3.38 

F, =03.39 

Prom equation 3.35, the force exerted on each of the pair of 

lapped bars by one link when 56' =1 is given by 

F, = F2 z O"71 Asv. Fyv. 
3.40 

In the above analysis, the influence of aggregate interlock 

across the cracks and the dowel action of the links has been 

neglected, as it is impossible to evaluate their contribution, if 

any. The presence of either will increase the confining force on 

the bars. 
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ý/2) 

Fig. 3.21 Forces on corner of column. ýr =-0 

The total confining force on a bar in a lapped joint may also be 

evaluated for the limits of bond stress distribution illustrated in 

figs. 3.20(a) and 3.20(c). 

Where bond stresses are uniformly distributed throughout the lap 

length, all the links within the lap length act in resisting the 

bursting force exerted by. the lapped bars. The total confining force 

on one bar is then 

Fý = n" Fý = Q"ýI . n. Asv" Fyv 3.41 

where n is the total number of links confining the pair of lapped bars. 

Where bond stresses are concentrated close to the end of each of 

the pair of lapped bars, only the links closest to the ends of the 

lapped joint will act. The confining force on each bar is then 

Fc = 1.13 Asv" Fri 
0 

3.42 
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Equation 3.42 holds where there are two or more links in the lap 

length. If only one link positioned in the middle of the lapped joint 

is present, the confining force on each bar is given by equation 3.41. 

Equations 3.41 and 3.42 may be substituted in equation 3.16 to 

give upper and lower limits for the stress developed by a lapped bar 

for the joint detail used in the current investigation. 

At the upper limit, 

At the lower limit 

FU 
. 

0.71.1 
. 
A5y y 

a 0. hr -} 

Fa. Lb 
nr. 

_7.2 
Sr Tf. 2 e<, 

f 
Y 3.43 

f_ [N3A5v. /yy Fc 
._6 /9r 7.2 

ý< ti FYV 3.44 L$. r rS %T 

When n=1, equation 3.43 applies at both limits. 

3.6.3 Bars with end bearing only. The same joint detail was used 

in tests on bars with and bearing only as in tests with bond only. 

Equations 3.38 and 3.40 are therefore still applicable, but the 

values of -* and n to be used where bars have end bearing only must 

be considered separately. 

As bursting forces due to end bearing are set up only at the 

ends of a lapped joint, only the links at the end of the lap can be 

expected to provide resistance to bursting forces. 

Bursting forces additional to those produced by end bearing are 

/ 

set up by the bond stresses that develop outwith the lap length on 

one bar to transfer force to the end of the other bar, shown in 

fig. 3.22. The value of this bursting force on the links at the 

ends of the lap depends on the distribution of bond stresses outwith 

the lapped joint. If bond stresses are concentrated near the end of 

the'lapped joint, as indicated in fig. 3.22(a), both lapped bars will 
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exert large bursting forces on the link, and the value of rr will 

tend to unity. Where bond stresses are more uniformly distributed 

over a longer length of bar, as shown in fig. 3.22(c), the tlon- 

bursting component of bond stress may carry a higher proportion of 

the force transferred, and the value of ' in the links at the ends 

of the lap will tend to zero. 

As in section 3.6.2, upper and lower limits to the transfer of 

force may be specified. At the upper limit, fr = 0, and the ultimate 

and bearing strength of a bar in found by combining equations 3.24 

and 3.38, which leads to 

ö=1.8 
4'52/sf iv +F 4ý 02 `)4 rY 3.45 

At the lower limit, '-1, and the ultimate end bearing strength 

of a bar is, from equations 3.24 and 3.40. 

2.84Asv"ýv+r f 
3.46 

3.6.4. Although only one joint detail was used in the experimental 

study of joint strength, it is of interest to examine the influence of 

other joint details on joint strength. 

Fig. 3.23 shows one possible detail. The arrangement of bars 

and links complies with the requirements of B. S. C. P. 110: 1972(9)" 

From the results of tests on tension lapped joints, it is expected 

that failure would be preceded by cracking of the concrete on the 

plane through the bar axes, as shown. It is again assumed that 

failure takes place as the links yield, and that at ultimate load 

all resistance to bursting is provided by the links. Different 

values of bursting force are again assigned to each bar of a pair. 

Equating the total bursting force produced by the reinforcing 

bars to the confining force of the secondary reinforcement leads to 

the following expression 
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3(F, +c) 2 A5.3.47 

If we again put F1 = 'yG F2, then equation 3.47 becomes 

ý. _ 
0.67 Asv. Fv 

F2 (1 f1'- 3.48 

The total confining force on a bar with a uniform distribution of 

bond stress, i. e. 1r - 1, is then 

F, c = n. F2 =0 . 33. n. 19sv" Frv 
3.49 

where n- No. of links in lapped-joint. 

This represents a drop of 559 in the confining force on the 

bar compared with equation 3.41. 

ý''ý`Fig. 3.23 Probable splitting pattern for an alternative joint 

detail, and forces acting on column face. 

3.7 Variation of Steel Stress Through a Lauped Joint 

3.7.1 As part of the investigation of the strength of lapped joints, 

a simple computer model was set. up to examine the influence of certain 

parameters on the variation of stress in a reinforcing bar within a 

lapped joint. 

A plane frame structure, -shown in fig. 3.24 was chosen to 

represent a lapped joint. The middle vertical member represents 
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the cross sectional area of concrete in the column, the outside 

vertical members represent the main reinforcement, and the connecting 

members carry the transfer of load between reinforcement and concrete. 

The inclined members may be regarded as the compression 'cones' 

mentioned in section 3.1, and the horizontal members as the ring 

tension around the bars. All three bar conditions used in the 

experimental study were investigated, i. e. bond only, end bearing 

only, and bond and and bearing combined, the appropriate members 

being eliminated from the analysis where-either bond or end bearing 

were eliminated. 

The elastic moduli of the concrete and the reinforcement were 

obtained from test results presented in section 5.2.3 and table 4.3" 

A value of Young's Modulus of"208 kN/mm2 was used for the reinforce- 

went, and the stress-strain relationship for the concrete was taken 

to be 
6+ 4"S. At E 

where 6= stress in N/mm2 

6 strain x 103 

and Fý = ultimate compressive strength of concrete 

in the test specimen 

3.50 

The stiffness of tension ties was found to have little influence 

on the variation of stress in the reinforcement, and a modulus of 

elasticity of 

Ec 4, rF, X º0' 

was used in all cases. 

3.51 

The inclination of the compression struts or 'cones' was derived 

from equations 3.20 and 3.25. Values of tan 10.5 
and tan 10.25 

were 

used for bond and end bearing struts respectively. 
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The cross-sectional area of the vertical members was varied 

according to the steel percentage considered, and both were con- 

sidered to be infinitely stiff in bending. The cross-sectional area 

of the tension ties was calculated by consideration of the area of 

concrete in tension resisting the bursting forces, as shown in 

fig. 3.5(a). This was calculated to be 

Act C. St .. 3.52 

where 
Act 

= cross-sectional area of tie 

Ca minimum concrete cover to bar 

St = spacing of ties in model 

The cross-sectional area of the struts was determined from ex- 

perimental results. Strut areas were chosen to give good agreement 

between computer model results and strains measured on the main re- 

inforcing bars in actual column test specimens. The cross-sectional 

area of 'bond' members vas constant throughout the lap length, and 

was the same whether end bearing was present or not, but the cross- 

sectional area of 'end bearing' members was reduced by 25A where 

both bond and end bearing were present to conform with experimental 

results. The area of the bond struts was equal to the area of the 

reinforcing bar, and the area of the end bearing struts was 4.8 or 

3.6 times the area of the reinforcing bar. Both ties and struts 

were assumed to be pinned at each end. Loads on the vertical 

members were determined by strain compatibility in the column cross- 

section outwith the lapped joint. 

No allowance was made for the presence of secondary reinforce- 

ment, or for slip between concrete and reinforcement. The model 

therefore represents a lapped joint at alow load, before the eon- 

crete cover cracks. At higher loads, the variation of steel stress 

r 
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through a lapped joint will tend to even out, but the qualitative 

effect of the parameters investigated in the following sections will 

be the same as at lower loads. The model is intended to be simple, 

however, and is adequate for the purpose of showing the influence of 

the various parameters. 

31.7.2 Fig. 3.25 shows the variation of stress in the reinforcement 

through a lapped joint for each of the three bar conditions invest.. 

igated, i. e. bond only, end bearing only, and bond and end bearing 

combined. The analysis is made for a 200 lap length, a concrete 

strength of 18 N/mm2, a steel percentage of 3.2%, and for a load of 

2000 kN on the column in each case. 

It may be seen that, where bond of bare was eliminated within 

the lapped joint, over 30% of the total stress. developed by the bars 

was developed by bond outwith the lapped joint. This proportion will 

increase with increasing load on the column. As these bond stresses 

also cause bursting forces, the value of the coefficient * used in 

equation 3.35 to calculate the ultimate bearing strength of the end 

of a bar will be greater than zero. Both the other bar conditions 

develop steel stresses mainly near the and of the bar, indicating 

a low value of sr 
. 

As all the parameters considered in the remainder of this 

section exert a similar influence on the variation of stress along 

a lapped bar whether bond or end'bearing is present or not, results 

are presented only for bars with bond and end bearing combined. 

3.7.3 The variation of steel stress through a 20 bar diameter 

lapped joint with a compression steel percentage of 3.29 is shown 

for various concrete strengths in fig. 3.26. The load on each 

column is that required to develop a steel stress outwith the lap 

of 115 N/mm2. 
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As would be expected, steel stresses vary more evenly with 

weaker and hence less stiff concrete. However, as the contribution 

of end bearing is lower, the load transferred by bond will be greater. 

The value of hr will be greater for weaker concrete. 

3.7.4 The variation OF steel stress through lapped joints with lap 

lengths of 10 and 20 bar diameters is shown in fig. 3.27 for a con- 

crete strength of 18 D1/mm2, a steel percentage of 3.2, %, and a load 

of 2000 kN on the column in each case. 

End bearing stresses are the same for both lap lengths, and 
. oe 

develop about one third of the stress in the reinforcement outwith 

the lapped joint. However, the longer lap length has a less uniform 

variation of steel stress, and hence a more uneven distribution of 

bond stress and a lower value of the coefficient f defined in 

section 3.6. 

3.7.5 The influence of the percentage of compression'reinforcement 

in the cross section of a column is shown in fig. 3.28, for a con- 

crete strength of 18 N/mm2 and a 20 bar diameter lap length. The 

load on each column is that required to develop a stress of 115 N/mm2 

in the reinforcement outwith the lap. A steel percentage of 1% is 

the minimum allowed by B. $. C. P. 110: 1972 in columns where other than 

nominal reinforcement is provided, and 5% is the maximum allowed when 

all reinforcement is lap jointed at the same height. 3.2% was the 

value most commonly used in specimens in the experimental part of 

the investigation. 

For comparison, the variation of the stress in the reinforcement 

through a lapped joint is also shown for steel percentage of 

infinity, i. e. no interaction between steel and concrete. This is 

an approximation to the situation in tension lapped joints, where 

tensile strength of the concrete contributes little to member 
0 
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strength. The line may be considered to represent a tension lapped 

joint with a tensile 'bearing stress' on the end of the bar. 

Fig. 3.28 shows that higher steel percentages produce a more 

even build-up of steel stress in the main columns bars. A steel 

percentage of infinity produces a steel stress variation with the 

value of steel stress in the middle of the lapped joint 50% of the 

value outside. The transfer of force in each half is even, and so 

10- = 1. In comparison, the ratio of steel stresses in the middle of 

a lapped joint to the steel Stress outside are 0.7,0.77 and 0.84 for 

steel percentage of 5%, 3.2% and 1% respectively, indicating success- 

ively lower values of yr 
. However, even if = 1, the total con- 

fining force on a bar will be overestimated by equation 3.41 unless 

the bursting forces produced by the bar are uniformly distributed, 

and all the confining reinforcement yields simultaneously. 

Roberts and Ho(ýO) 
., 

have suggested that a tension lapped joint 

may. %be regarded'as two anchorages "back to back", as shown in fig. 3.29, 

'with each anchorage being half the length of the lapped joint and 

developing approximately half the total stress developed by the lapped 

joint. 

The model analysis showed that the slope of variation of steel 

stress along a lapped bar was always a, minimum in the middle 6f-the 

lap. If Roberts and Ho's(b0) concept is applied to compression 

lapped joints, the two "back to back" anchorages must therefore be 

of the same length, but the relative proportions of the stress 

developed by each anchorage will depend on many factors, such as the 

concrete strength, lap length,. and the percentage of reinforcement 

in the cross section. For a 20 0 lap length, 1% compression rein- 

foroement in the crone section and a concrete strength of 18 N/mm2, 

one anchorage would be required to develop 84% of the total stress 
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developed by the lapped joint, while. the other would only be 

required to develop 166, as shown in. fig. 3.30. It is concluded 

that, although Roberts and Ho's concept might be usefully applied 

to the design of tension lapped joints, it is unsuitable for use 

with compression lapped joints. 

3.8 Design of Experiments 
,. t 

The main experimental study was conducted on full scale columns 

with lapped joints. The primary aim of the initial teat series was 

to investigate the contribution of the bearing of the ends of the 
bars / 

reinforcing, Aoa the concrete to joint strength. In order to examine 

the strength of end bearing both by itself, and in combination with 

bond, some specimens were constructed with the bearing of the ends. 

of the bars eliminated, and others with bond eliminated within the 

lap length. These tests were carried out on specimens, with lap 

lengths of 10,15 and 20 bar diameters, to see if the contribution 

of end bearing was affected by lap length. It had originally been 

intended to investigate longer lap lengths, but as a lap length of, 

20 $ was found to develop a stress close to the yield strength of 

the reinforcement, it was decided that tests with longer lap lengths 

would yield little additional information. The small range of lap 

lengths was instead investigated for a range of other parameters. 

It-was decided to investigate columns with. large diameter 

reinforcing bars, as this was considered to be closest to present 

construction practices. In addition, Leonhardt and Teichen 
(2) 

, and 

Sommerville, Morris and Clements 
(29) 

had found that large diameter 

bare produced the most severe splitting of the concrete where a bar 

was stopped-off, and, as reported by Tepfers(4) and others, larger 

bars have been found to give lower values of bond strength. Columns 

were generally of 400mm. sq. cross section, and were reinforced with 
i 
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four pairs of lapped bars of 25mm, 32mm and 40mm disc, which corres- 

ponds to compression steel percentages of 1.2%, 2.0% and 3.2%. How- 

ever, it was soon realised that, for the reasons outlined in section 

5.2, it was impossible to determine the steel stress developed by a 

lapped joint with sufficient accuracy for the lower, steel percentage. 

The highest steel percentage used in the initial test series was 

therefore used in the remaining test series. 

The concrete cube strength, initially intended to be constant at 

35 N/=2 ranged from 29.7 N, mm2 to 41.8 N/mm2 at time of test in the 

first test series, and so a second test series was set up, in which 

the concrete strength of the specimens was deliberately varied, and 

all other variables were held constant. In this series the strength 

of lapped joints both with and without end bearing was investigated. 

A lap length of 10 bar diameters was used for all but one of the 

specimens in this series. 

A third series examined the influence of secondary reinforcement 

on joint strength. In the two previous series, links were provided 

in what was felt to be the optimum arrangement, and in the third 

test series, the effect of stronger links, weaker links and badly 

positioned links was investigated. 

A cover/bar diameter ratio of 1.25 was used throughout the 

investigation, as it was felt that it was impracticable to increase 

the parameter. 

In addition to the tests on columns with lapped joints, two 

columns were tested with continuous reinforcement, to check the 

accuracy of the method of calculating ultimate bar stress described 

in section 5.2. 

In. all the test aeries, it was considered best to investigate 
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the many variables briefly, and attempt correlation with the pro- 

posed theory, rather than to make large numbers of tests on a few 

variables, with the aim of a statistical analysis. 

A short series of push-in tests was also conducted, to compare 

the bond strength of the two types of reinforcing bar used in the 

main series. 

/ 

4 

, ý, 
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CHAPTER 4 

DESCRIPTION OP EXPERIMENTAL WORK. 

4.1 General Description of Test Specimens. 

Details of the test specimens used in the main experimental 

programme are presented in table 4.1 and in fig. 4.1. 

The joint detail chosen for the lapped joint was unusual, but 

was designed to give a similar column'cross-section above and below 

the lapped joint. This gave the same concrete cover and the same 

confinement by secondary reinforcement to each'bar. Excluding the 

influence of any variation in concrete strength throughout the 

height of a column, the strength of specimens was therefore the same 

above and below the lapped joint. However, the joint detail was not 

one. that could be used in practice, as it would be difficult to 
a 

position the reinforcement accurately. The centre. of the-lap was 

usually at the mid-height of a column, but, where longer laps were 

used, the position of the lap was raised to permit measurement of 

strains outwith the lap. 

In some teats, it was decided to eliminate the bearing of the 

ends of the reinforcing bars on the°concrete. This was achieved by 

gluing cylinders of expanded polystyrene, about 25mm thick and of 

slightly larger diameter than the bar, to the square cut ends of the 

bars before the concrete was cast. 

In other tests, bond between the bars and the concrete was 

eliminated throughout the length of the lap by wrapping each bar 

with. a 5mm thick layer of expanded polystyrene to prevent bearing 

by the bar deformations, and a covering of P. V. C. tape, to provide 

a seal and to protect the polystyrene. At the points where links 

were provided, the bars were not wrapped, but a deformation was 

ground off and the bar surface polished, to minimize bond stresses 
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TABLE 4.1 DETAILS OF REINFORCEMENT 

Main Secondary Lap No. of 
Reinforcement Reinforcement Length Links 

Dia Yield Dia Yield 
in Lap 

Column (mm) Strength (mm) Strength (mm) Notes 
( N/mm2) ( N/mm2 

A 101,25 410* 6 310 0 250 2 

102 to 410* to 310° 500 3 

103 of 410* " 310° 625 4 

104 410* of 310° 500,3 Bond 

105 410* 3100 500 3 E. B. 
i 

111 " 472. 385 250 2 2 

113 to of of 500 3 2 

114 N N N 250,2 Bond. 2 

116 of of it It 500 3 Bond. 2 

201 32 435 8 310° 640 3 

2018 442 390 to 3 

202 435 310 0 3 Bond 

202B of 442 to 390 "3 Bond 

203 of 435 if 310° 3 E. B. 

300 40 445 10 310 -- C 

301 N N N N. 400 2 

302 N N 11 N 600 3 

302B N N N N of, 3 

302C " 415 " 390 to 3. 

303 445 to 310 800,3 
303B N N N M N, 3 

304- of of to 400 2 Bond 

304B to it of 2 Bond 

305 of of It 600 3 Bond 
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ABLE 4.1 Contd. 

Main 
Reinforcement 

Secondary 
Reinforcement 

Lap - 
Length 

No. of 
Links 

Dia Yield Dia Yield in'Lap 
Column (mm) Strength (mm) Strength (mm) Notes 

N mm2 N mm2 

306 40 445 10 310 800 3 Bond 

306B to 415 390 3 Bond 

307 445 310 400 2 E. B. 

a n n a n 600 3 E. B. 

3088 n nf If It a 3 E. B. 

308C 415 390 3 E. B. 

308D If n .. " 3 E. B. 

309 445 If 310 800 3 E. B. 

B 300 415 of 390 C 

301 n n It, 400 2 

301 B It, n_ to If 2 

311 It of of of 2 

321 it of It 2 

331 .. .. .. n a 2 

304 It If n n 2 Bond 

304B n u " It a 2 Bond 

314 2 Bond 

334 It of a " u 2 Bond 

334B n n n "" n 2 Bond 

313 800 3 

C 301 " 8 240 400 2. 

303 a. n n ro G00 3 

311 10 390 400 1 

311B If n n M n I 
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TABLE 4.1 Contd. 

Main 
Reinforcement 

Secondary 
Reinforcement 

Lap 
Length 

No. of 
Links 

Column 
Dia 
(ý) 

Yield 
Strength 

Dia 
(mm) 

Yield 
Strength 

(ý) in Lap 
Notes 

(N/jm2) (N/mm2) 

313 40 415 10 390 800 2 

321 to 400 2 

324 It " " to to 2 

324B of " to " 2 

326 to 0 of 11 800 3 

Notes 

Bond - End bearing of the reinforcement eliminated - see section 4. 

E. B. - Bond eliminated throughout lap length - see section 4. 

C- Column without lap joint. 

2- Type 2 column. 

*- Nominal strength. 

0- Strength of 10mm diameter secondary reinforcement from 

Same source. 
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and to allow the links to act in restraining the main reinforcement. 

4.2 Materials 

4.2.1 The concrete was manufactured from ordinary Portland cement, 

20mm maximum size washed irregular gravel, and washed concreting sand. 

Variations in grading of aggregates caused slight variations in mix 

proportions throughout the tests. Three different mixes were used, 

the weakest having medium workability, and the other two low work- 

ability. Full details of mix proportions and the results of tests 
i 

on standard test specimens are given in Table 4.2. 

4.2.2 Two makes of reinforcing bar, shown in fig. 
, 
4.2, 

, were used 

for the main reinforcement.. Earlier specimens were manufactured. 

with 'Unisteel 410' reinforcement, but manufacture of this type of 

bar ceased 12 months after the start of the experimental investigation. 

It was decided to continue to use hot rolled ribbed deformed bars 

rather than to change to hot rolled cold twisted bars, and 'Hybar' 

reinforcement was chosen as it had a rib pattern similar to that of 

'Unisteel 410'. Both reinforcing bars fulfilled the conditions of 

B. S. C. P. 110; 1972 for type 2 deformed bars. Typical stress-strain 

curves for each, determined from compression tests, are presented 

in fig. 4.3. In those tests where the ends of bars bore on the 

concrete, the 'Unisteel 410' bars had shear out ends. However, as 

'Hybar' reinforcement was obtainable only in 12 m. lengths, bars had 

to be cut to length by saw in the laboratory, and the ends were 

therefore square. Plain round mild steel bars were used for secondary 

reinforcement, with yield strengths ranging from 240 N/mm2 to 390 N/mm2. 

A typical stress-strain curve, determined from a tension test, is 

shown in fig. 4.4. All bars were used 'as delivered', their con- 

dition varying from clean to moderately rusted. Details of reinforce- 

ment used are given in tables 4.1 and 4.3. 
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Typical stress-strain relationships for compression 

reinforcement. 

To calculate the area of a rib above the bar surface, and the 

value. of h,. casA;. dýL (equation 3.12), bars were saw-cut parallel 

to the ribs, and the cut ends photographed. Measurements were then 

scaled off enlargements of the photographs, and numerical integration 

used to compute the required values. The results are given in table 

4.3, along with other details of the reinforcing bars. 
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TABLE 4.2 CONCRETE MIX PROPORTIONS AND STRENGTHS. 

Nix Proportions (By Weight) Age at 
Test* 

Concrete 
Cube- 
Strengths 

Cylinder 
Splitting 
Strengths 

Column Water Cement Sand Aggregate (days) 

(cured wet) 

N/mm2 

(cured dry) 

N/mm2 

A 101 0.56 1.0 1.8 3.6' 17 31.5 2.5 

102 n n u a 16 29.7 2.3 

103 21 34.0 2.3 

104 20 32.8 2.9 

105 2.2 22 32.2. -2.2 

111, " 21 39.5 2.7 

113 " n N N 21 38.0 2.5 

114 " n n n 21 36.0 2.3 

116 " n n n 20 40.2 2.3 

201 1.8 " 17 30.2 2.4 

201B " 
.. 

" 2.2 20 41.8 2.6 

202 22 34.8 2.4 

202B 22 37.7 2.5 

203 " " n n 25 38.0 3.2 

300 n n n n 26 41.2 2.2 

301 21 32.6 2.5 

302 24 32.4' 2.4 

302B 2.2 21 33.8 2.5 

302C 2.8 3.1, 22 41.0 2.8 

303 2.2 3.6 21 31.0 2.6 

303B It º' 20 37.4 2.3 
304 " "" "" "" 22 33.4 2.7 
304B n n n " 22 37.1 2.4 

305 N N e N 23 39.8 2.8 

306 " " " " 23 37.9 2.3 
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TABLE 4.2 contd. 

Mix Proportions (By Weight) Age at 
Test 

Concrete 
. Cube 

Strengths 

Cylinder 
Splitting 
Strengths 

Column Water Cement Sand Aggregate (days) 

(cured wet) 

Nfmm2 

(cured dry) 

N/mm2 

306B 0.56 1.0 2.7* 3.1 22 35.1 2.3 

307 to of 2.2 3.6 22 35.1 2.5 

308 of it 2.2 3.6 21 36.9 2.6 
308B it It 2.2 3.6 22 34.6 2.2 

. 
308C of of 2.6* 3.3* 20 41.0 - 2.6 

308D " It 2.6* 3.3* 17 38.2 2.4, 

309 2.2 3.0 21 31.9 2.3 
B 300 0.80 to 4.0* 4.8* 11 19.1 1.4 

301 to 3.2 4.8 7 14.2 1.3 

301E of -3.6 3.9 6 13.6 1.1 

311 0.62 to 2.4 4.5 6 26.5 2.4 

321 0.56 it 2.2 3.6 5 29.4 2.5 

331 0.56 " 2.2 -3.6 19 37.7 - 
304 0.80 3.8* 4.5* 9 13.9 1.1 

304B 0.80 It 4.0* 4.8* 8 14.7 1.6 

314 0.62 of 3.0* 3.9* 7 15.7 1.4 

334 0.56 to 2.6* 3.3* 20 49.3 
334B 0.56' to 2.6* 3.3* 18 32.6 2.1 
313 0.62 to 3.1 3.4 6 25.2 2.2 

C 301 0.56 to 2.6* 3.3* 22 37.7 2.3 

303 0.56 it 2.6* 3.3* 20 32.4 2.4 
311 0.56 of 2.2 3.6 23 33.4 2.5 
311B 0.56 2.2 3.6 21 34.1 2.4 
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TABLE 4.2 Contd. 

Mix Proportions (By Weight) Age at 
Test- 

Concrete 
Cube 
Strengths 
(cured wet) 

Cylinder 
Splitting 
Strengths 
(cured dry) 

Column Water Cement Sand Aggregate (days) N/mm2 N/mm2 

313 0.56 1.0 2.7* 3.1* 21 37.0 2.3 

321 0.56 2.6* 3.3* 19 31.8 2.2 

324 0.80 3.2 4.8 6 14.7 1.3 

324B 0.80 3.5* 4.5* 7 12.2 1.4 

326 0.62 3.1 3.4 6 21.2 2.0 

Sand and aggregate source Mid Ross quarry, except where marked * 

when Hyndford quarry. 
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TABLE 4.3 DETAILS OF COMPRESSION REINFORCEMENT 

BAR TYPE UNISTEEL 410 HYBAR 

Diameter 25 32 40 25 32 40 
mm 

X-Sect. Area 491 804 1220 491 807 1255 
mm 

Yield Strength 410* 435 445 472 442 415 
N/mm2 

Young's Modulus - 209 - - 207 
kN/mm2 

Rib Area - - 185 - - 220' 
mm 

Rib Spacing 16+ 21+ 26 15+ 19+ 24 
mm) 

2+ + 81 8+ 6 + 6 3 52 3 2 9 .4 (mm2) 

Inclination of Ribs 450 450 450 450 450 450 
to Bar Axis 

* Nominal value 

+ Found by proportion from result for 40mm Diameter Bars. 
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Fig. 4.4 Typical stress-strain relationship for secondary 

reinforcement. 

4 

4.3 Fabrication of Test Specimens 

All columns were cast vertically in the laboratory. The 

aggregates used were surface dry, and the concrete was mixed in a 

pan mixer. Eight batches were required for a 400mm sq. x 2000mm 

high column, and two batches for a 250mm sq. x 1500mm high column. 

Proprietary spacers were used to maintain correct cover during con- 

creting, and the concrete was compacted by internal vibration. 

Formwork, of film faced plywood, was stripped approximately 

24 hours after casting, and the specimen covered with moist hessian 

for at least another 24 hours. Specimens were then stored in the 

laboratory until tested. 

Standard 150mm cubes and cylinders were also cast at the sane 

time as the columns. The cubes were cured in water at a temperature 
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of 2000. and the cylinders were cured alongside the columns in the 

laboratory, until required for testing. Cubes and cylinders were 

tested at the same age as the column 

4.4 Test Procedure. 

A few days before testing, columns were given a coat of thin 

white emulsion paint, so that cracks could be observed more easily 

as the test proceeded. Bold red lines were also painted on all 

column faces to indicate the position of reinforcement within the 

" specimen. 

The columns were loaded in ä 1,000 tonne capacity Losenhausen 

testing machine, which was equipped with a servo-valve controlled 

by feedback from a linear variable displacement transformer, enabling 

column shortening to be used to control loading. The test set-up is 

shown in fig. 4.5. 

A thin layer of plaster was used to bed the column, and set it 
4 

vertical. A theodolite was used to check that the specimen was plumb. 

The top of the column was also bedded in with a thin layer of plaster, 

and lengths of 25mm sq. hollow steel section were bolted across the 

column in both directions, top and bottom, to resist premature 

failure away from the lap. 

Just before the start of a test, the transmission time of an 

ultrasonic pulse between two opposite faces of a column was measured 

at 100mm vertical intervals throughout the column height, using a 

'PUNDIT' digital display tester. This, it was hoped, would give a 

measure of the variation of concrete strength throughout the column 

height, and also provide as estimate of concrete strength. The path 

length of the pulse was measured using calipers, and testing was 

conducted in accordance with B. S. 4408 part 5(44) 9 

I 
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Fig- 4.5 General view of test set-up. 



In order to prevent sudden, explosive failures, columns were 

loaded at-a constant rate of deflection, corresponding to an average 

rate, of strain over, the column height of approximately 1500 x 10 
6/hour. 

This method of loading also allowed the falling branch of the load- 

deflection curve to be followed, 
-and permitted study of the ductility 

of the column. The load on the column was first cycled a few times, 

between zero and 10% of the predicted ultimate load of the column, 

before zero readings were taken, to try to eliminate the small 

concave-up section often found at the start of the load-deflection 

curve for concrete. Whilst still rising, loading was halted at 

200 kN or 250 kN intervals to allow strain readings to be taken, and 

to record crack development. During teats, the bottom platen of the 

testing machine was fixed, but the top platen was free to rotate on 

a spherical seating. 

Loading was stopped once the concrete had cracked sufficiently 

to allow exposure and examination of the bars within the lap.. The 

cones of concrete pushed out by the bearing of the end of the bars 

were recovered where possible, and the angle of the apex of the cone 

measured to obtain an estimate of the angle of internal friction of 

the concrete. 

4.5 Instrumentation 

The overall shortening of the columns was measured by a linear 

variable displacement transformer (L. V. D. T. ), and the output 

monitored continuously on a chart recorder in most tests. The 

tilting of the top platen which ocoured in some tests will, however, 

have affected the results, as indicated in fig. 4.6. 

Demountable mechanical strain gauges, usually of 50.8mm gauge 

length, were used to measure concrete surface strains. Generally 

about 12 gauge points per column were used, but in those tests in 
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which electrical resistance strain gauges were fitted to the 

reinforcement, there were up to-30 gauge points. In all but one 

test, the strains in each face were measured at gauge points out- 

with the lap, to check that the load was being applied axially. In 

most tests, strains within the. lap were measured in one face only. 

top platen 

column 

originOt positions 
shown dotted 

do, 

apparent deflection 
ý. -- -` ----r 

i 
1 
11 

true deflection 
11 
II1 

11 

a. 

]Pig* 4.6 Effect of tilting of top platen. 

Metal foil electrical reaistance'strain gauges were fitted on 

the surface of the main reinforcing bars and links in four columns. 

The areas where the gauges were to be fitted were first filed smooth 

and cleaned, 'and the gauges were glued to the bars-according to 

manufacturer's instructions: The gauges and connections were later 

waterproofed and' sealed with'Araldite: All'gauges were of 6mm gauge 

length, and were mounted in pairs on opposite sides of the bar. 

'Unisteel 410' reinforcement was used in the toots, and so the 

gauges could be fitted with minimal reduction in bar cross section, 

and without interference to the bearing of bar deformations. The 

material with which the gauges were waterproofed had a low modulus 
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of elasticity, and so it was felt that the fitting of gauges would 

have little effect onýbond stress. 

During a test, the output from the electrical resistance strain 

gauges was collected by a multi-channel data-logger, attached to a 

small computer. A direct read-out of strains was therefore readily 

available as the test proceeded. 

4.6 Push-in Test Specimens 

In addition to the main test series described in sections 4.1" 

to 4.5, a small number of tests were conducted on push-in specimens. 

In these tests, reinforcing bars embedded in concrete cylinders and 

surrounded by a wire spiral were loaded in compression, and 'pushed 

into'. the concrete cylinders. Details of the test specimens and the 

method of loading are shown in table44and fig. 4.7. 

Both makes of reinforcing bar used in the main test series were 

used in push-in tests. Details of each type are given in table 4.4" 

Only 40mm diameter bars were used, to ensure that the radial forces 

set up by the bond action would be adequate to split the concrete 

cylinder. Bearing of the ends of the bars was prevented by gluing a 

piece of expanded polystyrene to the ends. The wire used for the 

confining spiral was of 3mm diameter, and had a yield strength of 

450 N/mm2. It was clean and free of rust. The wire was formed into 

a 150mm diameter spiral which fitted neatly into the cylinder mould, 

leaving virtually no concrete cover to the wire. 

The concrete was manufactured with water, cement, sand and 

irregular gravel aggregate in the proportions 0.56 : 1.0 : 2.2 : 3.6 

respectively. The specimens were cured in air in the laboratory. 

Standard test specimens were cast at the. same time as the push-in 

specimens, and cured under water until required for testing. 
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Pig. 4.7 Push-in specimen. 

The push-in specimens were tested in a 900 kN Olsen screw type 

testing machine, and were loaded to failure in approximately five 

minutes. A typical load-deflection curve is shown in fig. 4.13. 

Under test, the load on push-in specimens rose steeply to a first 

peak, then dropped sharply, as longitudinal cracks formed in the 

cylinder. With further bar movement, the load rose to a second 

maximum, then dropped slowly, as crack widths and bar slips increased 

rapidly. In only a few tests did, the wire spiral break, although 

bar-concrete slips of 15= were usually reached. 

The results of these tests are presented in table 4.4. 
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TABLE 4.. RESULTS OF PUSH-IN TESTS ON 40mm DIAMETER BARS. 

Concrete 
Cube Strength 

No, of Turns 
in Spiral 

Steel Stress 
N/mm2 

Test No. Nl=2 lot Peak 2nd Peak Bar Type 

U1 42.7' 5 165 137 Unisteel 410 

3 146 104 

U2 -35.1 4 159 126- " 

4 116 121 

U3 35.5 9 110 162 

6 ? 137 

5 107 124 " 

4 113 118 

H1 36.7 7 143 157 " Hybar 

7 146 168 to 

4 143 157 " 

4 147 137 " 
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CHAPTER 5 
PRESENTATION OF TEST RESULTS 

5.1 Joint Behaviour 

As was expected from observations of the failure of tension 

lapped joints, failure of compression lapped joints was preceded 

by extensive splitting of the concrete cover along the line of the 

reinforcement. Column behaviour beyond ultimate load was not 

ductile, but complete failure was always preceded by extensive 

cracking. 

Typical load-deflection curves for reinforced concrete columns 

with and without lapped joints arge shown in fig. 5.1. The relative 

values of deflections are not significant, as tilting of the top platen 

during tests may have affected deflection measurements. Of the two 

columns with higher strength concretes, failure was more sudden in 

the case of the column with a 100 lapped joint than in the case of 

the column with continuous reinforcement. The much more rapid drop 

in load capacity in the cases of the columns with lapped joints was 

due to the reduction in steel stress after failure of the lapped 

joint, and subsequent spalling of the corners of the column. However, 

the column with weaker concrete produced by far the most ductile 

failure, despite presence of the lapped joint. 

Cracking developed slightly differently with each of the three 

bar conditions used in teat specimens, i. e. bond and end bearing 

combined, bond eliminated and end bearing eliminated. First cracks 

always developed at the ends of a lap, cracks forming where there 

was least cover to the discontinued bar. . 
However,. in the case of 

bars with end bearing eliminated, cracks then developed mainly within 

the lap, whereas cracks started to extend in both directions with the 

other two conditions, but only in the case of bars with bond eliminated 
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Fig 5.1 Typical load deflection curves for columns with continuous 

reinforcement and lapped joints. 

i 

u 

A302B A306 A308B 
N=4310 kN N=5460 kN . N; 3920 kN 

Bond and End Bond only End Bearing 
Bearing only 

Fig S. 2 Typical crack patterns at ultimate load - the numbers on the 

drawings indicate the load in kN at which the cracks reached 

these points. 



did cracks regularly appear in both column faces adjacent to a bar 

cutoff before cracks extended throughout the lap. Cracks frequently 

extended throughout the lap length at ultimate load, particularly 

with shorter lapped joints. In some tests, horizontal cracks were 

observed at corners of a column near the ends of a lap close to 

ultimate load. Typical crack formations for each bar condition are 

shown in fig. 5.2. 

First cracks were observed by the unassisted eye at between 47% 

and 87% of the ultimate load of a column. However, despite this 

wide range and the differences in crack development with different 

bar conditions, subsequent widening of cracks was similar in all 

tests. When first observed, cracks were about 0.02mm wide, and, 

with continued loading, increased slowly to around 0.05mm. Close 

to ultimate load, the rate of increase was much faster, and cracks 

up to 0.5mm wide were found at ultimate load. Cracks did not narrow 

appreciably on deloading immediately after ultimate load, and if 

loading was continued beyond the ultimate load of the column, crack 

width continued to increase rapidly until the corner of the column 

spalled. The pattern of crack behaviour and the size of cracks 

observed indicated that the secondary reinforcement around the lap 

joint yielded as the joint failed. 

Surface strains perpendicular to the bar axis were measured 

over a discontinued bar at the end of the lap in most tests, and 

the measurements were plotted against column load. Plots generally 

showed a sudden change of slope at strains of 50 x 10 
6 

to 200 x 1076 , 
the range of strain in which concrete could be expected to crack. 

(21) 

The change of slope, which always occurred at a lower load than the 

first visually observed crack, is considered to -represent the for- 

mation of the first splitting crack. Fig. 5.3 shows a typical load- 

lateral strain curve for a gauge location over the end of a bar, 
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and for one outwith the lapped joint. The results of column cracking 

loads determined from concrete strains are presented in table 5.2. 

On exposure of the reinforcing bars after a test, wedges of con- 

crete were found adhering to the bearing surface of the ribs as shown 

in fig. 5.4. These wedges did not form on ribs at a distance of more 

than 150mm from the end of a lapped joint. The wedges were more 

noticeable on 'Unisteel 410' reinforcement, probably due to its 

steeper rib face angle. Apart from the tests in which bond between 

reinforcement and concrete was eliminated, the only tests in which 

these wedges were not found on both sides of the bars were the tests 

in series 'C' in which double stirrups were used. In these tests, 

the concrete was sheared on a surface along the tops of the ribs on 

the side of the bar facing the centre of the column, producing the 

type I failure described in section 3.3. 

Figure 5.4 also shows concrete confined under the corners of the 

links within the lap length. The reinforcement detail used allowed 

the links to serve in restraining the corner of the column from spalling 

in addition to restraining the main reinforcement. 

Cones of concrete were punched out in the columns by the bearing 

of'the ends of reinforcing bars on the concrete. It was usually 

possible to recover about four cones intact from each column, and to 

measure their dimensions. 

The cones were usually slightly skewedt with the steeper slope 

facing the centre of the column. The inclination of the shallower 

slope was calculated, from which the angle of internal friction of 

the concrete could be derived by equation 3.6. The results are 

presented in table 5.2. Up to 10mm relative displacement between 

bare developed by completion of a test, and there was usually a gap 

of 1- 2mm between the end of a bar and the concrete cone when all 

load was removed from the column. 
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TABLE 5.1 RESULTS OF TESTS ON COLUMNS I N SERIES 'A'. 

Strength of Cracking Concrete Ultimate Steel Stress 
Concrete in Load Load at Load of at Ultimate 
Specimen Ultimate Column Load 

Column No N/mm2 kN kN kN N/mk2 Notes 

A101 14.1 - 2260 2960 359 

102 16.7 - 2670 3180 259 

103 20.0 - 3200 3900 359 

104 17.6 - 2820 3420 307 

105 18.8 - 3010 3460 230 

111 20.2 - 1270 2000 371 

113 20.3 - 1280 1990 362 

114 13.8 - 870 1260 199 

116 21.8 - 1370 1880 260 

201 15.3 1750 2430 3860 443 

201B 21.0 1600 3340 4800 454 

202 17.2 1600 2720 4160 448 2 

202B 20.9 1700 3320 4250 288 

203 23.7 2000 3770 4350 181 

300 26.3 - 4130 6310 447 

301 22.5 2250 3530 5160 332 

302 16.9 2300 2650 >090 315 

302B 17.0 2300 2670 4310 336 

302C 21.6 2600 3390 5400 400 

303 21.2 2200 3330 4750 291 3 

303B 22.0" 2800 3450 5460 412 4 

304 18.2 - 2860 4290 294 

304B 18.5 1800 2900 4120 249 2 

305, 26.0 3000 4080 5500 291 

306 21.2 2500 3330 5460 435 It 2 
306B 17.9 2150 2810 4510 348 
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TABLE 5.1 contd. 

Column No 

Strength of 
Concrete in 
Specimen 

N/mm2 

Cracking 
Load 

kN 

Concrete 
Load at 
Ultimate 

kN 

Ultimate 
Load of 
Column 

kN 

Steel Stress 
at Ultimate 
Load 

N/mm2 Notes 

307 21.3 1400 3350- 4440 223 

308 20.9 1200 3280 4260 201 

308B 18.1 - 2840 3920 221 

308C 23.0 1600 3600 4400 159 1 

308D 21.4 1250 3360 4720 271 

309 15.7 900 2460 3350 181 
i 

RESULTS OF TESTS ON COLUM NS IN SERIES 'B' AND 'Co. 

B300 14.6 - 2290 4350 410 

301 6.8 1050 1060 1900 167 

301B 7.6 1070 1190 2190 - 198 

311 16.2 2050 2540 3830 256 

321 17.5 2600 2750 4390 311 

331 22.9 3000 3600 5500 378 

304 4.8 850 750 1740 196 2 

304B 7.0 800 1100 1980 175 

314 10.8 1500 1700 2720 204 

334 25.8' 2100 4050 5550 299 

334B 18.3 1500 2870 4080 240 

313 13.6 2300 2140 4390 449 

C301 17.7 2150 2780 4160 275 

303 20.1 2350 3160 5100 387 

311 18.7 2020 2940 3990 210 

311B 23.7 2050 3720 4600 175 

313 22.2 1650 3490 5310 363 
321 19.1 2500 3000 4710 341 
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TABLE 5.1 Contd. 

Strength of Cracking Concrete Ultimate Steel Stress 
Concrete in Load Load at Load of at Ultimate 
Specimen Ultimate Column Load 

Column No N/mm2 kN kN kN N/mm2 Notes 

324 6.7 1080 1050 1920 173 

324B 7.6 1090 1190 2150 191 

326 11.6 2100 1820 3980 430 

NOTES i 

1 Concrete cube strength used to compute results. 

2 Some polystyrenes came loose from ends of bars during casting. 

End bearing was therefore present. 

3 Column failed at top, not within lapped joint 

4 From measured strains on reinforcement. 
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TABLE 5.2. DETAILS OF CONES PUNCHB)OCTBY END BEARING OF BARS. 

Column 

Slope of 
Cone 

pK 

Angle of 
Internal 
Friction 

9 

B301 32° 26° 

B301B 32 26° 

C324 28° 34 0 

C324B 28° 34 0 

B311 20° 50 0 

B321 25 0 40 0 

B331 24° 42° 

A301 21° 48° 

A111 24° 42° 

C311 20° 50° 

C301 24° 42° 

A302 25° 40° 

B313 27° 36° 

C326 24° 42° 

C303 25° 40 ° 

Slope of Angle of 
Cone Internal 

Friction 

Column pc 0 

A307 19 53 

A308 23° 440 

A203 21° 480 
I 

(b) Columns with end bearing only. 

(a) Columns with bond and 

end bearing. 
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5.2 Analysis of Test-Result - 

5.2.1 The design of axially loaded short columns is generally 

based on the formula 

N= 1" l9c .+ 
Fsc " fist 5.1 

where N= ultimate load capacity of the column 

F, = compressive strength of concrete in the column 

usually taken to be 0.67 times the cube compressive strength or 

0.85 times the cylinder compressive strength. 

At= net cross sectional area of concrete 

FY = ultimate steel stress in compression 

and Au =area of main reinforcement. 

It is therefore logical to determine the steel stress in a short 

column-in which the main reinforcement is jointed by commuting 

equation 5.1 to give 

Fu - Ac - A', 5.2 

However, the earliest teat results, when analysed on the 

conventional assumption that 

F, = 0.67FLu - 5.3 

produced some negative values for FS,, indicating that equation 5.3 

overestimated the strength of the concrete in the test specimens. 

Differences in manner and rate of loading are known to affect 

the ultimate strength of concrete. According to McHenry and 

Shideler's results 
(45). 

loading concrete compression specimens over 

periods of from 30 to 240 minutes causes failure to take place at 

about 86% of the. ultimate strength of specimens loaded at the more 

usual rate of 12 N/mm2/min. This value, was confirmed by a small 

number of tests by the author, details of which are presented in 

table 5.3. It therefore appears that the factor associated with con- 

crete cube strength in these tests should be closer to 0.86 x 0.67=0.58 
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TABLE 5.3 STRENGTH OF CONCRETE CUBES LOADED AT DIFFERENT RATES 

1 2 

Strength of Strength of 
24 

Cubes Loaded at Cubes Loaded 
Standard Rate over Period of 
of 15 N/mm2/min 90 - 110 minx. 

Nýmm2 N/mm2 

41.4 35.6 

40.3 35.1 

41.4 35.2 

40.0 36.0 

Average of 
Four Results 40.8 35.5 0.87 

lk 

N 
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As the cross sectional area of steel compared with concrete is 

small in a reinforced concrete column, equation 5.2 is very sensitive 

to a change in the value of fc. This creates problems as outlined 

above, and also with regard to the scatter of concrete cube results. 

It was felt that the results of concrete cube tests could not be con- 

sidered to give results better than ± 15%, i. es within 
± 3N/mm2 for a 

20N/mm concrete. An error of this magnitude in concrete strength 2 

would produce an error of 
± 93.6N/mm2 in steel stress with a steel 

percentage of 3.2iß, the highest and most commonly used value in this 

{ investigation. Unless huge number of tests were to be made, a more 

accurate method of determining steel stresses was required. 

Fitting electrical resistance strain gauges to each reinforcing 

bar was considered, but rejected on the grounds of inconvenience, 

delay and expense. Instead, they were used in only four tests, and 

these results, as well as the results of tests on columns with con- 

tinuous reinforcement, were used to develop a method for determining 

the strength of the concrete in the specimens. 

5.2.2. As mentioned in section 4.5, strains were measured outwith 

the lapped joint on each column face, to check that load was being 

applied axially. In most tests, the gauge points were a sufficient 

distance from the end of. the lap for there to be little slip between 

bar and concrete at that point, except close to ultimate load. The 

average surface strain on the column faces and the average of the 

strains on the four reinforcing bars should therefore be equal, until, 

the column is close to its ultimate load. 

To check the validity of this assumption, a comparison was made 

between surface strains and strains measured with electrical resistance 

gauges on the reinforcement. Columns A301 and A304B each had one 

reinforcing bar fitted with electrical resistance strain gauges, and 
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measured strains were in complete agreement up to loads of 4,000kN 

and 3,250kN respectively, or about 80% of ultimate load in each case. 

Results from column A308B, which had four bars gauged, did not show 

such good agreement, but surface strains measured on one face were 

almost 50% greater than the average of the other three faces. If 

the measurements on this face are discounted as being unrepresentative, 

then steel strains agree well with the measurements on the remaining 

three faces up to a load of 3,250kN or 80% of ultimate load. With 

column A303B, agreement between surface strains and reinforcement 

strains was poor. It is believed that this is attributable to the 

proximity of the gauge points to the end of the lap, as the distance 

of 200mm, half the overall width of the column, may not have been 

sufficient to allow stresses to "even out". In later tests with 20ý 

lap lengths, the position of the lapped joint within the column was 

raised to allow room for strains to be measured beneath the lapped 

joint. 

From the above, it was concluded that the assumption of equal 

average surface strains and average reinforcement strains was 

justified. The proportion of column load carried by the reinforcing 

bars could therefore be deduced from measured surface strains and the 

stress-strain relationship of the reinforcement, and the stress in 

the concrete at the gauge height could then be found at any load 

lower than 80% of ultimate load by taking the difference between the 

total load carried by the column and the proportion taken by the 

reinforcement, and dividing by the net cross sectional area of concrete. 

Fig* 5.5 shows points calculated in this way for column £300, a 

column with continuous reinforcement. Using the method of least 

squares, it was found that a parabola provided-an excellent fit to 

the experimental results. If it is assumed that the stress-strain 
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curve for concrete is parabolic, it may be generally represented 

by the following expression 

'i=AEG + BE +C 
where Q' = concrete stress 

E= concrete strain 

5.4 

and A, B and 0 are constants depending on the strength of the 

concrete. 

The experimental curve will pass close to the origin and so 

C will be negligible. Equation 5.4 may therefore be rewritten 

6=AE'+$E . 5.5 

The secant modulus of elasticity of the concrete may be 

calculated from the experimental results by the following expression 

Ed =E5.6 
Substituting fore from equation 5.5 in equation 5.6 leads to 

E, = AE +8 5.7 

which is the equation of a straight line. The constants A and B 

may be evaluated by calculating Eat various strains from experi- 

mental results, and fitting a straight line to these points. 
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Fig. 5.5 Stress-strain relationship. Col. A 300. 

-96-. 

iuuu 2000 3000 
Strain x10-6 



A typical E, vs. E plot, for column B 321, is shown in fig. 5.6. 

Although points do not fit well at lower strains, there is good fit 

to a straight line at strains greater than 250 x 10 
6 

To find the ultimate strength of . the concrete, equation 5.5 is 

differentiated to give 

do' 2AE *E 5.8 dC 
When 6 is a maximum, 

k=0, 
and so the strain at which 

maximum stress occurs, 6 max, is given by 

Ex="5.9 

The ultimate strength of the concrete is obtained by substituting 

E max for E in equation 5.5, which leads to 

Fc _-45.10 

where Fý 
= the strength of the concrete in the specimen. 

The steel stress developed by a lapped joint may then be 

calculated byeinserting the value of F. found in this way in 

equation 5.2. 
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Pig- 5.6 Relationship between secant modulu3 of elasticity and strain, 
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5.2.3. As eight batches of concrete were required for each 400mm 

square x 2000mm column, it'was inevitable that there would be some 

variation of concrete strength throughout the height of columns. 

Ultrasonic pulse velocity measurements were taken to measure variations, 

and to attempt to correct the value of Fc found at the gauging height 

for any difference in concrete strength between the joint region and 

the height at which strain measurements were taken. 

The velocity of an ultrasonic pulse in concrete is directly re- 

lated to the dynamic modulus of elasticity of concrete, rather than 

to its strength. The relationship is given by the expression 

' IfY (1-2v) E, = 1,000 Y-V (1 -v 5.11 

Where F,, dynamic modulus of elasticity 

Y= specific gravity of concrete 

ý/ = ultrasonic pulse velocity 

and y= Poisson's ratio for concrete found to be 

approximately, 0.24 in dynamic tests. 
(46) 

(4? ) 
According to Takabayashi's results , the ratio of dynamic 

modulus of elasticity to static modulus of elasticity measured as 

the secant modulus at 15% of ultimate compressive stress is almost 

constant for concrete strengths greater than 15 N/mm2, at about 1.30. 

Using the results obtained from the U. Pt. V. and the modulus tests 

on columns, static modulus of elasticity was plotted against ultra- 

sonic pulse velocity, fig. 5.7. The static modulus of elasticity 

is the secant modulus measured at a strain of 500 x 10 
6, 

a value 

chosen as being sufficiently far from zero strain for any inaccuracies 

in initial strain readings to have little effect, but low enough for 

there to be negligible slip between reinforcement and concrete. 
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Unfortunately the wide scatter of U. P. V. results makes the method 

unsuitable for accurate determination of modulus of elasticity, but 

many of the factors which caused the scatter, auch as type of 

aggregate, curing methods and age at testing, were identical in each 

individual column. It is therefore considered that a variation in 

ultrasonic pulse velocity in a column will represent a variation in 

the modulus of elasticity of the concrete. 

The "best fit" line in fig. 5.7 is 

Eý 
soo 

0-93 V 2-3 
5.12 

where E. 
roo== static modulus of elasticity, measured at a 

strain of 500 x 1076. 

The results shown in fig. 5.7 are approximately 30% lower than 

would be expected from equation 5.11. and, Takabayaahi's(47) results, 

but in both equation 5.11 and 5.12 the modulus of elasticity of 

concrete varies with approximately the square of ultrasonic pulse 

velocity. As Scottish aggregates tend to have low elastic moduli, 

and, according to Philleo(48), the modulus of elasticity of concrete 

determined from pulse velocity methods is more strongly influenced 

than the static modulus by the modulus of elasticity of the aggregate, 

the relationship suggested by Takabayashi may be low in the present 

case. 

Values of Eq. were also plotted against concrete strength, 

fig.. 5.8. Only a limited number of results, in which the same 

aggregate and mix proportions were used, have been shown. The results 

show that modulus of elasticity varies with the square root of con- 

crete strength. From equation 5"3, Ec =8 when E=0, and so $ is 

the initial tangent modulus, which varies with the square root of 
Fc 

9 equation 5.10. As E max is approximately constant for all 
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concrete strengths, it then follows from equation 5.9 that A is 

proportional to B for all concrete strengths, and so the general 

form of the relationship between E,, and fý still hold when E, is 

measured at a non-zero strain. 

Combining the results of fig. 5.7 and fig. 5.8 gives 

F, = 2. ö. V46 5.13 

The equipment used, to measure the transit time of ultrasonic 

pulses was guaranteed accurate to within + 1%, and the path length 

was measured accurately. On those columns where there was a difference 

of more than 1% of ultrasonic pulse velocity between pulse, velocities 

measured at the gauge height and throughout the lap joint, the strength 

of the concrete at the gauge height, calculated from equation 5.10, 

was adjusted by equation 5.14 

i ^$ 8' 4 5.14 

where concrete strength throughout lap joint 

FCC, = concrete strength at gauge height 

V* = average pulse velocity throughout lap joint 

Vt= average pulse velocity at gauge height 

The value of fýý, was then used in equation 5.2 to calculate the 

steel stress developed by the lap joint. 

The value of the index in equation 5.14 was changed from that 

in equation 5.13 for ease in use, as the change does not greatly 

influence results. 

The value of the index used in equation 5.14 is the same as 

would be obtained if'the results of equation 5.11 and fig. 5.8 

were combined. 

Sample calculations of the strength of a lapped joint using 

the method described above are presented in Appendix C. 
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5.2.4" A comparison of results calculated from equation 5.2 using 

concrete cube strengths with a factor of 0.56, and using the value 

of "insitu" strength calculated from equations 5.10 and 5.14 is 

given in table 5.4 for columns where electrical resistance strain 

gauges were fitted to the bars, or where the reinforcement was not 

lap jointed. The average of all four surface strain readings was 

used in each case to calculate the constants A and B. Also shown 

in table 5.4 are the steel stresses at ultimate load derived from 

measured strains on bars, or the yield strength of the reinforcement 

where bars were continuous. It may be seen that the proposed method 

compares favourably with the results from measured steel strains 

except in the case of column A 303B, but that results obtained from 

concrete cube strength were up to 100 N/mm2 out. 

It was concluded that, in most cases, the proposed method 

offered the best means available of calculating the steel stress 

developed by a lap joint. 

With a few tests, however, results calculated by the proposed 

method were obviously in error. In some cases, such as column A 303B, 

results were above the yield strength of the steel, or indicated 

higher steel strains at ultimate load than were measured on the 

column face, while in others it was impossible to fit a reliable 

straight line to the graph of E. i. E. 

Under these circumstances, concrete cube strengths were used 

to determine steel stresses at ultimate load, but such tests were 

usually replicated, to. remove any possibility of doubt. 

As stated in section 5.2, there was doubt as to what factor 

should be applied to concrete cube strengths in equation 5.2. To 

investigate this, the values of concrete strength derived from 
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equation 5.10 which were considered to be satisfactory were plotted 

against concrete cube strength for each column, fig. 5.9. This 

shows that over 90% of the points lie within 16% of the line 

Fe 
= 056 Fca 

5.15 

which agrees well with the relationship predicted from McHenry and 

Shideler's(45) results. 

10 

30 
Strength of 
Concrete in 
Specimen 

20 
tc 

N/mm2 

10 

0 
0 

Fig. 5.9 Relationship between strength of concrete in specimen 

and concrete cube strength. 
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TABLE COMPARISON OF STEEL STRESS AT ULTIMATE LOAD DERIVED 

BY VARIOUS METHODS. 

Steel Stress at Ultimate Load (N/mm2) 

Method Using Method Measured 
Strains on Using Strains or 
Column Faces 0.56 FcA Yield Stress 

Column No. and U. P. V. Comments 

A 300 447 551 445 No lapped joint 

B 300 410 532 415 No lapped joint 

A 301 332 470 316 

A 303B 582 445 412 Gauges close to 
end of lap 

A 304B 249 176 245 

1 308B 221 180 207 
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CHAPTER 6 

DISCUSSION OF TEST RESULTS 

6.1 I. nnlroduction 

In this discussion, the ultimate strength of a lapped joint is 

presented in terms of the steel stress developed by a joint, rather 

than as a uniform average bond, stress over the surface of the bar 

within the lapped joint. Load. transmitted by bearing of the and of 

a bar would give an inflated value of 'bond' stress, and the contribu- 

tion of end bearing would appear different in lapped joints of 

different. lengths, even if its value were the same. The term 'bond' 

refers only to the transfer of force by bearing of the ribs of de- 

formed bars, and 'bond stress' is defined by equation 2.1. 

The influence of the steel percentage in a column cross section 

on the accuracy of the calculation of ultimate joint strength has 

been discussed in section 5.2. Columns A 101 to A 105 had a steel 

percentage of only 1.20, and it is considered that the accuracy of 

these results is low. They are therefore omitted in this discussion 

of test results. 

Unfortunately, it was not possible to obtain the same type of 

reinforcement throughout the duration of the experimental programme. 

Differences in bar deformations and the strength of secondary re- 

inforcement meant that-results of tests in series 'A' were'not al- 

ways directly comparable with each other and accounts for the 

replication of certain tests. In analysing the ultimate strength 

of lapped joints, each type of reinforcement is considered separately. 

The effect of. certain other differences between the two types 

of main reinforcement used in test specimens should be small, however. 

Leonhardt and Teichen 
(2) 

state that there is little difference in 

joint strength between bars with ends shear cut and ends cut square 
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with a saw, and although the stress-strain curve of reinforcement 

has been found to influence joint strength(1), the difference between 

the two types of bars used in this investigation was small. 

6.2 General Behaviour of La pped Joints 

In all the tests on columns with lapped joints, extensive long- 

itudinal cracking developed over the lapped bars prior to the column 

reaching its ultimate load. This type of cracking was not observed 

in tests on specimens where there were no lapped joints in the re- 

inforcement. Cracking developed with all three bar conditions 

used, viz. bond and end bearing, bond alone, and end bearing alone 

although there were differences in crack formation and development 

with each condition, as described in section 5.1. Both bond and end 

bearing therefore produce bursting forces which tend to crack the 

concrete cover to the reinforcement. 

The mode of failure of lapped joints in this investigation was 

similar to the 'face and side split' failure described by Ferguson 
(5) 

and Krishnaswamy, Figs. 3.6 and 6.1. Cracks first appeared on 

the column face at point 'a' in fig. 6.1, where'large tensile strains 

were recorded. At point 'E' tensile strains rose slowly at first 

with increasing column load, but then dropped back, even becoming 

compressive in some cases, before rising rapidly-as cracks developed. 

Large strains were measured on both legs of links, with slightly 

higher strains recorded at point 'D' than at point The decrease 

in tensile strains on the surface of'a column at point 'E' must there- 

fore have been due. to rotation of the corner of the column as a crack 

developed outwards from the reinforcement at point 'FI towards point 'E. '. 

Complete failure of lapped joints was accompanied by spalling 

of the concrete cover to the reinforcement, first at the corners of 

the column and later across the face. Concrete generally apalled 
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over a distance of between 6, and 10 times the main bar diameter 

above and below the lapped joints. However, there was no evidence 

that cracks extended between pairs of lapped bars at ultimate load, 

as in fig. 3.6, and it is felt that the spalling of the colunn faces 

was due to the outwards movement of the reinforcing bars after 

ultimate load was reached, thus causing the yielded links to pull 

the face of the column away from the core, as. shown in fig. 6.2. 

E 

rotation 
of corner of 

column 

F 
E 

Bar'. B' 

c. D 

Bar 'A 

C 

Fig. 6.1 Development-of longitudinal cracks around reinforcement. 

a 

ýý ýý' ý" ý. ý 
ýý 

\ ýý_ i 

formation of crack - 
between lapped bars 

Fig. 6.2 Forces on column face. 

outwards movement 
of bars (original 
position shown 
dotted) ýý "" 

.-`"; 

forces from link 
on column face 
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Fig. 6.3 shows the distribution of bond stress through a 200 

lapped joint for a bar with bond and end bearing present. Bond 

stresses were calculated from strains measured on reinforcing bars 

by means of equation 2.1. When compared with tensile strains 

measured perpendicular to the bar axis on the surface of the column, 

shown in fig. 6.4, it may be seen that the two are related, both 

being high at the end of the bar, dropping to a minimum near the 

middle of the lapped joint, and starting to rise slowly towards the 

other end of the joint, but that the ratio of maximum to minimum 

values is considerably greater in the case of tensile strains 

measured on the surface of the column. However, the distribution 

of tensile strains over a bar on the surface of a column does reflect 

to a certain extent the distribution of bond stress along that bar. 

The bursting forces produced by the adjacent lapped bar will 

also influence the transverse tensile strains in the concrete, but, 

according to equation"3.33, it would be expected that the bursting 

forces set up by bar 'A', shown in fig. 6.1, would have a greater 

influence on strains measured at point C than the bursting forces 

set up by bar 'B' 

The distribution of transverse tensile strains on the surface 

of a column at approximately 85% of ultimate load are shown in 

fig. 6.5 for lapped joints where bars had end bearing only, bond 

only, and bond and end bearing combined. Where end bearing of the 

bars was not permitted, the peak tensile strain was measured within 

the lapped joint, unlike the other two bar conditions, where the 

peak tensile strain occurred outwith the lapped joint. The bar 

with bond and end bearing combined showed the most even distribution 

of tensile strains, and the bar with end bearing only produced a 
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very high strain over the end of the bar, but very low values were 

measured in the middle of the lapped joint. Fig. 6.5 therefore 

reflects what would have been expected for each bar condition, with 

the largest tensile strains occurring where transfer of force was 

greatest. 

Fb 

Bar V 

Tensile Strain in Concrete x10-6 

500 1000 

2000 kN 4000 kN 4500kN -- Column 
Load 

0 

1 114 

1ýý2ý 4 

BarW 
distance 

from end of 
Bar 'A' 

Fig. 6.4 Distribution of transverse tensile strains in concrete 

in 20 0 lapped joint - bare with bond and end bearing. 

Transverse tensile strains were always found to be greatest 

near the point where a bar was discontinued, indicating that the 

greatest transfer of force took place in that region. However, 

transverse tensile strains in the same column face were always low 

at the opposite end of the lapped joint, from which it may be in. 

(erred that, unlike tension lapped joints, where bond stresses are 
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high at both ends of a lapped joint, bond stresses in a compression 

lapped joint are only high near the end of a bar. Higher strains 

were measured at point 'D' in fig. 6.1, on the leg of a link adjacent 

to the end of a bar, then at point 'F' on the other leg, confirming 

that the greatest transfer of force takes place near the end of a bar 

in a compression lapped joint. The bond stress distribution shown 

in fig. 6.3 also supports this, conclusion. 

The difference in the distribution of bond stress along a bar 

between compression and tension lapped joints is due to the interaction 

of concrete and reinforcement which occurs in compression lapped joints. 

The resistance moment of a reinforced concrete member subjected 

to bonding is given by the following expression 

f1st 
. 

Fsf. Z 6.1 

where M= moment to which member is subjected ,. 
Ast = area of tension reinforcement 
Fit 

- tensile stress in reinforcement 

and 2= lever arm between tension steel and oentroid 

of compression. 

In most beam seotiona, doubling the area of reinforcement, as 

at a tension lapped joint, causes a relatively small change in the 

position of the neutral axis of the section, and hence a smaller, 

change in the lever arm. The stress in the reinforcement in the 

middle of a lapped joint therefore tends to a value of half the 

stress in the reinforcement outwith the lapped joint. 

The strength of an axially loaded short column is given by the 

following expression 
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N= F, P, + FScASý 
6.2 

where N= load on column 

FC 
= compressive stress in concrete 

A= cross sectional area of concrete 

Fu 
= compressive stress in reinforcement 

Aw = cross sectional area of compression reinforcement. 

Equation 6.2 may also be written 

AS, 6-3 
where Fc 

= secant modulus of elasticity of concrete at a 

strain 6 

6= strain on column cross section 

and ES = modulus of elasticity of reinforcement. 

In this case, doubling the area of reinforcement causes the strain on 

the cross section to drop to a value which will always be greater 

than 50% of the value outwith the lapped joint, precise values depending 

on the percentage of reinforcement in the column cross section and the 

moduli of elasticity of the steel and the concrete. This point is 

illustrated in fig. 3.2v., where the tension case corresponds to a 

steel percentage of so . As the stress in the reinforcement in the 

middle of a compression lapped joint tends to a value greater than 

half its value outside, the greater part of the transfer of force to 

a bar will take place in the half of the lap nearer to the end. 

fs mentioned above, the longitudinal compressive strain in the 

concrete in a column is lower in the middle of a lapped joint than 

it is outwith the lapped joint. Fig. 6.6 shows the variation of 

longitudinal strain on the centre line of a column face throi. gh a 

20 ý lapped joint at several column loads. The ratio of minimum 

to maximum strains is always greater than 0.5, and decreases with 
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increasing load on the column. The secant modulus of elasticity 

of concrete decreases with increasing strain, as may be seen from 

fig. 5.6, and equation 6.3 confirms that a lower modulus of elasticity 

should cause a greater reduction in strain at the section where the 

area of reinforcement is doubled. 

The earliest flexural cracks to appear as a tension lapped 

joint is loaded form perpendicular to the bar axis at the ends, of 

the lapped joint 
(24), 

and are due to the rapid change in strain 

across the discontinuity created by the stopping off of the reinforce- 

ment. All transfer of force between lapped bars must therefore take 

place within the lap length. 

Fig. 6.3 shows that this is not the case in compression lapped 

joints, and. that bond stresses were present in this case over a 

distance of up to 4j beyond the end of the lapped joint for bars 

with bond-and end bearing present. The results of strains measured 

on reinforcement, presented in Appendix B, show that the strain in 

the reinforcement increased outwith the lapped joint with all the 

bar, conditions investigated. In calculating average bond stresses, 

it is assumed that bond stresses develop over a length of bar of 

2.5 0 longer than the lap length. 

Despite extensive splitting of the concrete cover to the rein- 

foroement, in no test did a corner of a column apall until the coluon 

was well beyond its ultimate load. Fig. 6.1 shows that, with the 

Joint detail used, there was a apace between the links confining 

the lapped bare and the lapped bars at the corners of the links. 

Ai has been shown in section 3.2, the radial component of bond strew 

exerts a force on the concrete cover to the reinforcement, trying to 

push it outwards. In the lapped joints examined in the present 

Veatigation, this sets up shear stress on planes on either side of 
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the links to resist the outwards movement of the corner of the column, 

as shown in fig. 6.7. The vertical compressive stress in the concrete 

will greatly enhance the shear strength of the concrete on a plane 

perpendicular to the direction of the compressive stress. Failure 

takes place on inclined surfaces above and below the links, where the 

principal tensile stress in the concrete exceeds the tensile strength 

of the concrete. The failure surface is shown diagrammatically by 

the dotted line in fig. 6.7, and in fig. 5.4. 

failure surface 

horizontal crack 

shear stresse 
on either side 

of links 

longitudinal crack 

radial bursting 
forces 

_'` Asv'fyv 

hnd of tapped bar 

Fig. 6.7 Forces on corner of column. 
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Between links, the corner of a column acts as a vertical pre- 

stressed beam, loaded on one side by-the radial component of bond 

stress. In addition, the ends of the prestressed beam will effec- 

tively be held fixed in position and direction at the point to which 

cracks extend outwith the lapped joint. Any outwards movement of the 

corner of a column therefore causes restraining moments to be set up 

in the prestressed beam. As has been shown above, the maximum trans- 

verse tensile strain, and hence the maximum outwards movement of the 

corner of the column, occurs at the end of a lapped joint, and so 

horizontal tensile stresses may develop in the outer edge of the corner 

of a column, causing the horizontal cracks observed at the ends of 

lapped joints in some tests. 

It is extremely difficult to evaluate the forces that could be 

mobilised to resist spalling of the corner of a column, due to the 

complex state of stress in the concrete confined by links and un- 

certainty of crack lengths. However, it does seem likely that other 

joint details, where less concrete is confined between links and 

lapped bars, would provide lower resistance to spalling of the con- 

crete cover. In such cases, bond strength might be reduced on one 

side of a bar. 

After the failure of the lapped joints, which was accompanied 

by an outwards movement of the corners of the columns, causing shear 

failure of the concrete confined under the links and of the 

"prestressed beam" at a distance outwith the lapped joint, complete 

failure took place by crushing of the concrete within the lapped 

joint. 
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6.3 Effect of Bar Deformations 

As stated in section 6.1*, two types of ribbed deformed bars 

were used in tests on lapped joints. Although both had crescent 

shaped ribs inclined at the same angle to the bar axis, there were 

differences in rib spacing and in the area of each rib above the 

core of the bar. Details of the bar profiles are given in table 4.3" 

A comparison of results of tests with each type of reinforcement 

showed that 'Hybar' reinforcement produced consistently higher results. 

However, no firm conclusion could be reached, as-stronger secondary 

reinforcement was also used in these tests. This also has an in- 

fluence on joint strength, and is discussed in section 6.7. 

To investigate the effect of bar deformations on bond strength, 

a small number of push-in tests were conducted, as described in 

section 4.6. In fig. 6.8 the maximum stress developed by a rein- 

forcing bar once the concrete cylinder had cracked is plotted against 

the resistance to splitting of the specimen, given in terms of the 

number of turns of wire in the confining spiral. The 'best fit' straight 

line to the results for the 'Unisteel 410' reinforcement is also shown. 

Fig. 6.8 shows that the 'Hybar' reinforcement, which had the 

higher projected rib area per unit length of bar of the two types of 

reinforcement, developed stresses an average of 22 N/mm2 higher than 

'Unisteel 410' reinforcement, equivalent to a difference of 0.8'N/mm2 

in average bond stress. Investigations conducted by Clark(49) and 

Tepfers(4) have also shown that more heavily ribbed bars develop 

higher bond stresses. 

6.4 Contribution of End Bearing 

Results of tests on lapped joints of varying lengths are shown 

in table 6.1 for specimens with end bearing only, bond only, and bond 

and end bearing combined. Only results of tests on specimens with 
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'Unisteel 410' reinforcement are included, and no correction has 

been made for differences in concrete strength. The results pre- 

sented in table 6.1 show that the strength of lapped joints where 

bond and end bearing were present is less than the sum of the 

strengths, of lapped joints with bond only 'and with end bearing only. 

Fig. 6.9 shows the relationship between the stress developed by 

a 10 ý lapped joint and the strength of the concrete in the specimen. 

The results shown are for specimens with 'Hybar' reinforcement. Two 

'best fit' straight lines are also shown, one for specimens with 

bond and end bearing of the bare present, the other for specimens 

with bond only. The projection of both lines intercept the steel 

stress axis at approximately the same value, but the line for columns 

without end bearing has a flatter slope. The difference between the 

lines is the net contribution of end bearing to joint strength, and 

is approximately 80 N/mm2 for a concrete strength of 20. N/mm2. 

TABLE 6.1 RESULTS OF INVESTIGATION ON CONTRIBUTION OF END BEARING 

TO JOINT STRENGTH)SPECIMENS WITH 'UNISTEEL 410' REINFORCEMENT. 

Stress Developed By L apped. Joint 
NIMM 2 

Bar 
Diameter Lap Length 

Bar Condition mm 100 15 20J 

Bond and and bearing 32 443 

40 332 >3159336 291* 430 

Bond only 32 288 

40 249 291 

End Bearing only 32 180 

40 223 201 221 181 

* Failed outwith lapped joint. 
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Bond stresses and the stress . in the steel close to the end of 

a lapped bar due to end bearing calculated from strains measured on 

the main reinforcing bars within the lap length are shown in table 6.2, 

and it may be seen that stresses due to end bearing were substantially 

lower where bond was also present. However, bond strength also 

appears to be reduced where end bearing is present, as the bond 

stresses developed in column A 304B where end bearing of reinforce- 

ment was eliminated were as high as those developed in columns with 

bond and end bearing present, despite the concrete strength being 

15% lower. 

TABLE 6.2 BOND STRESS AND END BEARING STRESS CALCULATED FROM 

STRAINS MEASURED ON REINFORCEMENT. 

Strains Percentage Avera e Bond Stress Stress in Max Stress 
Measured of 

ýmm2 
Bar 10mm Recorded 

at load Ultimate Distance from end from end 10mm from 
of Load,, of bar and of Bar 

during 
Column kN 2.5$ 5¢ 100 200 Loading 

A 301 5000 97 - 6.4 5.2 - 67 90 

A 303B 5250 96 6.6 6.3 5.2 3.2 77 77 

A 304B 4000 97 6.7 6.1 5.2 - 

A 308B 3750 96 ---- 102 110 

Observations of crack behaviour have shown that both bond and 

end bearing set up tensile stresses in the concrete cover to the 

reinforcement, and that, close to the ultimate load of a column, all 

resistance to the bursting forces is provided by the secondary rein- 

forcement confining the lapped bars. If the same total resistance to 

bursting is present, in this case the same strength of secondary 

reinforcement, the force available to resist each is lower where 
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both are present, and the strength of the combination is lower than the Sol' 

of the strength of each part separately. The fact that the strength of 

bond or end bearing individually is lower than the strength of the 

combination also suggests that the strength of lapped joints is not 

proportional to the available resistance to bursting, as has been 

assumed by the reports of Tepfers(4), and the C. U. R. 
(3)p 

and 
(5) 

Ferguson and Krishnaswamy. 

Fig. 6.10 shows the variation of longitudinal strain in the steel 

near the end of a reinforcing bar with. column load. The strain in the 

bar is a measure of the bearing stress on the end of the bar. Fig. 6.10 

shows that, in column A 301, end bearing reached a maximum at 90% of 

the ultimate load of the column, but had dropped-to 65% of its max- 

imum value by the time ultimate load was reached. Leonhardt and 

Teichen's(2) tests produced similar results. It appears that either 

the maximum values of bond and end bearing occur at different values 

of bar-concrete slip, 4or that, as the ultimate strength of a lapped 

joint is approached, increases in bond stress take a larger propor- 

tion of the available resistance to bursting. 

As mentioned in section 4.3, cones punched out by end bearing of 

bars were often recovered, and the angle at the apex of the cone 

measured, from which the angle of internal friction of the concrete 

could be calculated by equation 3.6. The values of the angle of 

internal friction calculated in this way are plotted against concrete 

strength in fig. 6.11. 

Triaxial compression tests by the author and others 
(42) (43) 

have shown that the angle of internal friction of concrete decreases 

with increasing cell pressures. Fig. 6.11 shows that the angle of 

internal friction calculated from the dimensions of the concrete 

cones increased with increasing concrete strength, which shows, 
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according to Coulomb-Mohr theory, that the restraining force on cones 

is lower at higher concrete strengths. However, as tests with bond 

eliminated also produced higher values of the angle of internal friction 

of concrete, it is most unlikely that this is correct. The author has 

been unable to find any explanation for the variations in the value 

of e, although it is possible that the shape of the cones was in- 

fluenced by the shear stress on either side of the link at the end of 

the lapped joint,. mentioned in section 6.2 

6.5 Influence of Concrete Strength 

6.5.1 Fig. 6.9 shows the influence of concrete strength on the stress 

developed by a 10 y6 lapped joint for bars with bond and end bearing 

combined and bars with bond only. The 'best fit' lines for both bar 

conditions show a linear variation of joint strength with concrete 

strength. 

To allow corrections to be made for variations in concrete 

strength, it is assumed that the relationships between joint strength 

and concrete strength for 10 ¢ lapped joints can be represented by 

the following expressions for 6 N/mm1 < F< < 26 N/mina 

For bars-with bond only 

Fsc = 110 + 7"S Fc 6.4 

For bars with bond and end bearing combined 

fit _- 110 + 11.2sFc. 6.5 
A change in concrete strength is therefore considered to cause a 

change of 7.5. G F. in the ultimate stress developed in a bar by bond, 

and a change of 3.75"I F. in the ultimate stress developed in a bar 

by end bearing. The results presented later in figs. 6.14 and 6.15, 

and discussed in section 6.6, indicate concrete strength has little 

influence on the stress developed by 20O lap lengths. As there is 

- 118 -1 



insufficient data to determine the influence of concrete strength on 

the strength of 15 0 lapped joints, corrections for concrete strength 

are only made to the results of test specimens with a lap length 

of 106. The corrections are assumed to be applicable to lapped 

joints with 'Hybar' reinforcement. For 'Unisteel 410' reinforcement, 

the factors associated with concrete strength in equations 6.4 and 

6.5 are reduced to 6.7 and 10.45 respectively, in accordance with the 

results of the push-in tests. 

The limited number of tests conducted on specimens with bond 

of bars eliminated do not allow any evaluation of the influence of 

concrete strength on joint strength to be made for that condition, 

but there are indications that joint strength decreases with concrete 

strength. 

As the concrete cover to the reinforcement was extensively split 

along the line of the reinforcement at ultimate load in all the tests, 
"4 

the increase in joint strength due to an increase in the strength of 

the concrete in a specimen cannot be attributed to an increase in the 

confining force on a bar. It appears that both bond strength and end 

bearing strength are composed of two separate contributions, one due 

to the confinement of the bars by secondary reinforcement, and the 

other related to the compressive strength of the concrete in the 

specimen. The latter contribution does not exert bursting forces 

on the surrounding concrete. The lower joint strengths obtained 

when bond or end bearing were eliminated can therefore be explained 

by the absence of the non-bursting component of whichever bar con- 

dition was- , eliminated. 

The results of the push-in tests, shown is fig. 6.8, indicated 

that bond strength varied linearly with confining force, but that 
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there was also a constant contribution of 85 N/mm2, equivalent to 

an average bond stress of 3.1 N/mm2, to the stress developed by 

'Unisteel 410' reinforcement. The value of bond stress would be 

approximately 3.9 N/mm2 for 'Hybar' reinforcement. As in tests on 

lapped joints, the concrete cover to the reinforcement in push-in 

tests was cracked ->' at ultimate load, and this contribution to bond 

strength could not be attributed to the resistance to bursting of 

the cylinder. 

The relationship between cube compressive strength and cylinder 

compressive strength is usually taken to be 

F= o- 1F CU cu 6.7 

where .= cylinder compression strength 

FcLL = cube oompression strength. 

From equation 6.7 and table 4.4, the strength of concrete in 

push-in specimens was approximately 0.78 x 36 = 28.1 N/mm2. Prom 

equation 6.4, a concrete strength of 28.1 N/mm2 would be expected 

to contribute 7.5 x 28.1 = 211 N/mm2 to the stress developed by bond 

only in 100 lapped joint. Assuming a bond length of (10 + 2.5)$ 

that is equivalent to an average bond stress of 4.2 Nl=20 which 

agrees well with the results of the push-in teats on 'Hybar' 

reinforcement. 

6.5.2 The influence of concrete strength on load at which long-- 

itudinal cracks were-first detected in the concrete over the rein- 

forcing bars was also examined. Cracks were detected as described 

in section 5.1. 

The load at which cracks were first detected is plotted against 

concrete strength in fig. 6.12. The results are for 10 ý lapped 

joints with bond and end bearing of bars present, and for both types 

of reinforcement. Pig. 6.12 shows that the load at which cracks 
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first developed was roughly proportional to the strength of the 

concrete in the specimen. However, if the strain in the reinforce- 

ment at first cracking, taken to be the average strain on the column 

outwith the lapped joint, is plotted against concrete strength, as 

shown in fig. 6.13, a curve results, with the strain in the rein- 

forcement at first cracking proportional to F, 04 
.A similar curve 

results for lapped joints in which end bearing of bars was eliminated. 

The curves obtained in fig. 6.13 are of a similar form to the 

square root expression that has been found to represent the relation- 

ship between the ultimate strength of a tension lapped joint without 

secondary reinforcement and the compressive strength of the concrete 

in the member, and indicates that the formation of the first cracks - 

over the reinforcing bars is controlled by the tensile strength of 

the concrete. 

As the strain in the reinforcement at a given load is affected 

by the modulus of elasticity of the concrete in the test specimen, 

which varies with the square root of concrete strength, as shown in 

fig. 5.8, the load at which cracks first form is approximately pro- 

portional to concrete compressive strength. 

6*6 ffect of Lap Length 

The range of lap lengths tested in the present investigation 

was small, due to the fact that 20 $ lapped joints, the longest 

tested, developed stresses close to the yield strength of the rein- 

forcement, and so stresses developed by longer lapped joints would 

have been limited by the yield strength of the reinforcement. Lap 

lengths shorter than 10 0 were felt to be too short and too imprac- 

ticable to be worthwhile investigating. The experimental programme 

was therefore designed to investigate a small range of lap lengths 

with oontrolled variations of other parameters. The results, % 
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corrected to a concrete strength of 20 N/mm2 by the method described 

in section 6.5.1, are plotted in fig. 6.14. The compressive strength 

of the concrete in the specimens lay within the range 16 NIMM 2 to 

23.7 N/mm2" Where tests were replicated, the average of the results 

is plotted. The results of three of Pfister and Mattook'a(1) tests 

on tied columns are also plotted. 

With the exception of the results of tests on specimens with 

bond of bars eliminated, all but one of the lines in fig. 6.14 have 

a similar slope, corresponding to an average bond stress of 2.6 N/mm2. 

Projections of the lines to zero lap length intercept the steel stress 

axis at values between 240 N/mm2 and 35 N/mm2. 

The line shown dotted in fig. 6.14, represents, the results of 

tests in which end bearing of bars was eliminated. The line has a 

slope similar to that of bars with bond and end bearing present, and 

intercepts the steel stress axis at zero lap length at a value of 

130 N/mm2. 

As discussed in section 6.2, a lapped joint in compression 

develops most of the stress in the reinforcement near the end of a 

lapped bar. The stress which develops on an additional length of 

lapped joint will therefore be relatively low, as may be seen from 

a comparison of strains in the reinforcement in 100 and 200 lapped 

joints, shown in figs. B. 1 and B. 2. Pfister and Mattock(s) assumed 

that the stress on the end of a bar would be half the value of the 

stress developed by a lapped joint with zero lap length, and that 

this value could be found by linear extrapolation of results of tests 

on specimens with lap lengths of 50 to 30 qi . The validity of this 

assumption must be questioned, however, in the light of results pre- 

sented here. 
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Fig. 6.14 Relationship between ultimate joint strength and lap 

length - results of present investigation corrected 
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The strength of lapped joints with bond of bars eliminated de- 

creases slightly with increasing lap length, according to fig. 6.14. 

The reduction in strength is. small, but it may be that the corrections 

to the strength of lapped joints described in section 6.5.1 are not 

applicable to the results of tests where bond of the bars was elim- 

inated. 

Fig. 6.15 shows the variation of joint strength with lap length 

for columns with concrete strengths of between 7 N/mn2 and 14 N/inn2. 

The results are corrected to a concrete strength of 12 N/mm2 by the 

method described in section 6.5. 

The lines in fig. 6.15 slope more steeply than those shown in 

fig. 6.14, and the slopes correspond to an average bond stress of 
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approximately 3.8 N/mm2, but the intercept with the steel stress 

axis at zero lap length is only 50 N/mm. Although'10 $ lapped joints 2 

develop a lower stress with weaker concretes, as shown in fig. 6.9, 

20 0 lapped joints develop stresses as high as those obtained with' 

stronger concretes. 

Fig- 3.26 shows that a weaker concrete produces a more uniform 

distribution of bond stress, and failure of a lapped joint is there- 

fore less likely to be due to a peak bond stress. Im addition, any 

links in the middle of a lapped joint are likely to be better 

utilized. A further factor is that weaker concretes fail at higher 

strains, and this will also encourage a more uniform distribution of 

bond stress. As shown in fig. 5.1, the failure of speoimens of weak 

concrete was much more ductile than the failure of specimens of 

higher strength concretes. 

t 
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Fig. 6.15 Relationship between ultimate joint strength and lap 

length - results corrected to Fc 
= 12 N/mm. 2 
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6.7 Influence of Secondary Reinforcement 

At the ultimate strength of a lapped joint, cracks usually 

extended through the length of the lapped joint in both faces 

adjacent to pairs of lapped bars. Resistance to the bursting forces 

produced by transfer of force between bars must therefore be provided 

almost entirely by secondary reinforcement crossing the cracks. 

From observations of the growth of crack widths, it could be 

inferred that failure of lapped joints took place as the links con- 

fining the lapped bars exceeded their yield. strength. This is con- 

firmed in fig. 6.16, which shows strains measured on links at 

various positions within the specimens. The strain at which links 

reached their yield strength was found to be 1500 x 10-6. As may 

be seen from fig. 6.16, failure of lapped joints took place as the 

strain in the link at the and of a lapped joint exceeded the yield 

strain of the steel. 

Strains measured on a link in the middle of a 20j lapped joint 

were only slightly greater than strains'measured on links outwith 

the lapped joints. As shown in figs. 6.4 and 6.5, transverse tensile 

strains measured on the faces of the columns over the lapped bars 

were also found to be low in the middle-of a 200 lapped joint. From 

fig. 6.3 it can be seen that bond stresses were present throughout 

the lap length, but were lower in the middle of the lapped joint 

than at the end of the bar. It appears that the bond stresses in 

the middle of the lapped joint were insufficient to set up significant 

bursting forces Yin the concrete. As bond stresses of Ord of the 

maximum value of bond stress measured in the lapped joint developed 

in the middle of the lapped joint, it follows from the above'that the 

non-bursting component of bond stress is mobilised before the bursting 

component, and that the bursting component of bond stress is mobilised 
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over a, relatively small proportion of the lapped joint shown in fig. 6.3. 

The limited mobilisation of the bursting component of bond strength 

causes failure to take place at the ends of the lapped joints, without 

the links in the middle of the lapped joints being fully utilised. The 

increase in joint strength with lap length is therefore largely due to 

an increase in the non-bursting component-of joint strength, with little 

increase due to the bursting component of joint strength. This is 

reflected in the low slopes of the lines in fig. 6.14, and explains 

the non-zero intercept found for bars with -end bearlin9 

eliminated. The non-bursting component of bond strength for a concrete 

strength of 20 N/mm2 is,, from equations 6.4 and 2.1. 

fbs 
_ 

_"s F_ 
.- ___-Y 210 

_' 3'0 N/, nma 6.8 
4. lb 4(10-#2-5) 

The value of bond stress found from equation 6.8 is slightly greater 

than the average value of bond stress of 2.6 N/mm2 found from fig. 6.14 

for the difference bet teen 10ý and 200 lapped joints. 

Plots of joint strength against lap length showed steeper slopes 

for weaker concretes, as shown in fig. 6.15. As discussed in the 

previous section, bond stresses are more uniformly distributed with 

weaker concretes, and links away from the ends of lapped joints will 

be more highly strained. In this case, the increase in joint strength 

with lap length is due to an increase in both the bursting and non- 

bursting components of joint strength. 

The results of the short series of push-in tests, presented in 

fig. 6.8, indicated that ultimate bond strength varies linearly with 

confining force, A number of teats were also conducted on lapped 

joints to'examine the influence of secondary reinforcement. The 

results, corrected to a concrete strength of 20 N/mm2 by the method 

described in section 6.5.1, are presented in table 6.3 There is a 
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fairly large difference between the results of two similar tests, 

but their average is used in the discussion. 'Normal' links used 

in this investigation were quarter of the main bar diameter, and at 

a spacing of 10 times the main bar diameter, to comply with the 

requirements of B. S. C. P. 110: 1972, but their yield strength was con- 

siderably greater than the characteristic yield strength usually 

assumed for plain round mild steel reinforcing bars. 
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Fig. 6.16 Strains measured on links. 
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x106 

2000 

It may be-seen from table 6.3 that, although a decrease in the 

amount of secondary reinforcement confining the lapped bars produced 

a drop in joint strength, an increase above the 'normal' amount did 

not produce a corresponding rise in joint strength. The specimens 

with increased links were the only ones in which bars sheared the 
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concrete along a surface across the tops of the bar ribs, producing 

the type 1 failure described in section 3.3" As concluded by Orangun, 

Jirsa and Breen, increasing the amount of secondary reinforcement 
(25) 

above a certain value produces no increase in joint strength. 

TABLE 6.3 INFLUENCE OF SECONDARY REINFORCEMENT ON JOINT STRENGTH - 

SPECIMENS WITH 'HAR' REINFORCEMENT. 

10 Lap Length 200 Lap Len gth 

Secondary Reinforcement 
No. of 
links A f, 

Steel 
stress at 

No. of 
links Ash 

Steel 
stress at 

within O"L ultimate within 0<< ultimate 1 
Diameter 

(mm) 
Yield strength 

N/mm2 
lapped 
joint N/mm2 N/mm2 

lapped 
joint N/x.. ý N/mm2 

8 240 2 1.5 300 3 1.13 386 

10 387 1 1.9 221,133 2 1.9 325 

10 387 2* 3.8 335 3* 2.8 449 

10 387 4 7.6 351 5 4.8 430 

ib 

*- 'Normal' links. 

Of the specimens with reduced links, two of the test; specimens 

had weaker links positioned. in the same way as 'normal' links, and 

three had a reduced number of links of the same strength as normal 

links. In the latter case, links were positioned away from the ends 

of the lapped joints, as shown. in fig. 4.1. Although all specimens 

with reduced links were weaker than those with normal links, those 

with the reduced number of links showed the greater drop in joint 

strength, despite the reduction in the total strength of links being 

smaller. Fig. 6.17 shows that larger tensile strains were recorded 

on a column face over the end of a bar where there were no links at 

the end of a lapped joint. The greater reduction in joint strength 

where links were not positioned at the ends of the lapped joint is 
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probably due to the leverage obtained on the link by the bursting 

forces near the end of the bars, as indicated in fig. 6.18(a) and (b). 

A greater outwards movement of the end of the bar will be required 

to develop the same force in the-link for the case shown in fig. 6.18(a). 

Obviously links are best positioned at the ends of lapped joints, 

where their strength may be mobilised to confine the lapped bars 

most quickly. 
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0 

Fig. 6.17 Transverse strains over ends of bars - effect of 

positioning of links. 
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CHAPTER 7 

COMPARISON WITH THEORETICAL ANALYSIS 

7.1 Introduction 

In sections 3.3 to 3.6, expressions were derived for the 

ultimate stress developed by deformed reinforcing bars in push-in 

specimens and in lapped joints. The analysis showed that bond strength 

and end bearing strength were each made up of two components, one 

related to the compressive strength of the concrete around a bar, 

and the other related to force available to resist the radial forces 

exerted by bond or end bearing of the reinforcement. The latter 

component tends to split the concrete cover along the line of rein- 

forcement in test specimens. 

The theoretical analysis is therefore in agreement in principle 

with the conclusions reached in chapter 6. 

7.2 Push-in Tests 

The stress developed by a ribbed deformed bar in a push-in test 

calculated from equation 3-32* is plotted against the strength of the 

confining spiral in fig. 7.1. Equation 3.32 is evaluated using the 

dimensions obtained for 40mm diameter 'Uninteel 410' reinforcement, 

presented in table 4.3. Results obtained from push-in tests on 40mm 

diameter 'Unisteel 410' reinforcement are also shown in fig. 7.1. 

Fig- 7.1 shows that equation 3.32. greatly overestimates the stress 

developed in a bar in push-in specimens. However, theoretical and 

'beat 
. fit', experimental lines do intercept the steel stress axis at 

zero confining force at approximately the same value. It therefore 

appears that the theoretical analysis estimates the non-bursting 
,, } 

component of bond strength accurately, but overestimates the influence 

of the confining spiral. 

The wire used for the confining spiral in the experimental 
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investigation was smooth and clean, and little concrete cover was 

provided to the spiral in the test specimens. During tests, cracks 

usually appeared over the wire on the surface of the concrete cylinder, 

indicating that there was slip between the concrete and the wire, 

and that the strain in the wire would be fairly even at all points 

in the spiral. Another reason for concluding that slip must have 

taken place between reinforcement and concrete is that the wire spiral 

rarely broke, even when wide cracks developed. The total extension of 

one turn of the wire spiral is therefore 

x= 71. oc. 6 ?. t 

where X= total extension of one turn of spiral 

Oc a spiral diameter = cylinder diameter m 150mm 

and E= strain in wire 

Cracks in the push-in specimens usually formed at three positions 

as shown in fig. 7.2 and hence the width of each crack will be 

WeX_ %g 7T. ýý 
.E 7.2 

Hence, as shown in fig. 7.3, the relative movement between bar and 

concrete will be 

4aZ cot p( _ ýt 
.6. cot 0c 7-3 

Evaluating equation 7.3 for a value of oc of 290, found from 

equations 3.6 and 3.15, and an average wire strain of 0.0015, a value 

lower than the strain at which the wire yields, gives the relative 

movement between bar and concrete as 0.21mm. 

In testa on the bearing strength of concrete blocks, Meyerhof(50) 

found that a 32mm diameter punch developed on ultimate bearing stress 

similar to that under a rib in the push-in teats at a deflection of 

approximately 0.3mm. As the maximum height of the ribs of the rein- 

forcing bare used in the push-in tests was 3mm, it must be concluded 
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that the wire spiral did not yield until the ultimate load of 

push-in specimens had. been passed. 

bar rib 

W/2 --- 

failure W/2 cOta 
surface 

Fig. 7.3 Bar - concrete slip. 

The restraint to splitting of the specimens from the platen 

of the testing machine may also have influenced the results of the 

push-in tests. However, Hyland and Chen(31) found that the ultimate 

bearing capacity of concrete blocks was not influenced significantly 

by varying degrees of platen restraint,. and it is considered that 

platen restraint will have little influence on the ultimate strength 

of pusi"in specimens. 

The results of push-in tests showed that the specimens with 

'Hybar' reinforcement developed stresses an average of 22N/mm2 

higher than the specimens with 'Unisteel 410' reinforcement. 

Evaluating equation 3.32 for the dimensions of 'Hybar' and 'Uniateel 

410' reinforcement shows a difference of 22N/mm2 in the stress 

developed by each bar over a bond length of 275=. Equation 3.32 

therefore shows excellent agreement with experimental results in 

this respect. The difference in bond strength between bars is due 

to an increase in the non-bursting component of bond strength with 

the more heavily ribbed 'Hybar' reinforcement. 
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In tests on tension lapped joints, Tepfers(4) found that bars 

with annular ribs developed the same joint strength as bars with 

inclined crescent shaped ribs, even though the projected rib area 

unit length of the bar with annular ribs was half that of the bar 

with crescent shaped ribs. As stated above, equation 3.32 shows that 

an increase in the projected rib area/unit length of bar produces 

an increase in the ultimate bond strength of a bar. In section 3.39 

it was also shown that bars with crescent shaped ribs would be ex- 

pected to develop lower stresses than bars with annular ribs, for the 

same confining force. As Tepfers experimental results were mainly 

for tension lapped joints without secondary reinforcement, a quanti- 

tative evaluation is impossible, but it may be seen that the theoret- 

ical analysis is consistent with Tepfers' results. 

7.3" Lapped Joints 

7.3.1 Bars with bond only. In section 3.6, expressions were 

derived for the ultimate stress developed by lapped joints with bars 

with bond only. Upper and lower limits, given by equations 3.43 and 

3.44, were derived for joint strength for the joint detail used in 

the experimental investigation. 

The strength of 10 0 lapped joints, calculated from equation 3.43 

and 3.44, is plotted against concrete strength in fig. 7.4. Equations 

3.43 and 3.44 are evaluated for the dimensions of 'Hybar' reinforce- 

ment, and for links of one quarter of the diameter of the main rein- 

forcement with a yield strength of 387N/mm2. It is assumed that the 

non--bursting component of joint strength acts over a length of 12.55 ' 

for the reasons outlined in section 6.2. The results of tests on 106 

lapped joints with 'Hybar' reinforcement and end bearing of bars 

eliminated are also shown in fig. 7.4. 
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Pig. 7.4 Comparison of theoretical analysis and experimental 

results for ultimate strength of lapped joints with 

end bearing eliminated. 

All the experimental points lie within the limits of-joint 

strength calculated from equations 3.43 and 3.44. The 'beat fit' 

line to the experimental results is approximately parallel to the 

upper and lower limits, and it is concluded, that the theoretical 

analysis gives a good representation of the behaviour of short 

lapped joints with varying concrete strength. 

In table 7.1, the strength of lapped joints calculated from 

equations 3.43 and 3.44 are compared with the experimental results 

for columns in which end bearing of reinforcement was eliminated. 

In two cases of 20 0 lapped joints, both equation 3.43 and equation 

3.44 overestimate the strength of the lapped joint. This may 
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TABLZ 7.1 LAPPED JOINTS - BARS WITHOUT END BEARING. 

Column No 

Lap 
Length 
Factor 

tj 
0 

Upper Limit 
of Joint 
Strength 
Calculated 
From Eqtn. 

3.43 -F 

N/m m2 

Lower Limit 
of Joint 
Strength 
Calculated 
From Eqtn. 

3.44-FuL 

NIm mt 

Experimentally 
Determined 
Joint Strength 

sý 
F. " 

Fsý 

F. 
L 

B 304 B 10 189 161- 175 0.93 1.09 

314 10 215 186 204 0.95 1.10 

334 10 313 283 299 0.96 1.06 

334 B,... 
. 
10 275 234 240 0.87 1.03 

A 304 B 10 207 184 . 249 1.20 1.35 

305 15 354 275 291 0.82 1.06 

306 B 20 415+ 322 348 0.84 1.08 

202 B 20 435+ 361 288 0.66 0.80 

114 . 10 237 207 199 0.84 0.96 

116 20 472+ 376 260 0.55 0.69 

averages 0.86 1 . 02 
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indicate that the assumption of the non-bursting component of bond 

stress being fully developed throughout the bond length is in error. 

However, there are insufficient results to justify any conclusion. 

7.3.2. Bars with end bearing only. In section 3.6, expressions were 

derived for the ultimate bearing strength of the end of a reinforcing 

bar for the joint detail used in the experimental part of the invest- 

igation. As in the case of specimens with end bearing eliminated, 

expressions were derived for upper and lower limits of end bearing 

stress. 

From equations 3.45 and 3.46, the upper and lower limits for the 

ultimate end bearing strength of bars in column A 308B are 134N/mm2 

and 110N/mm2 respectively. Strains measured on reinforcement in 

column A 308B showed that the ultimate end bearing strength of bars 

varies from 98N/mm2 to 112N/mm2, with an average strength of 107N/mm2. 

These values show good agreement with the lower limit of bearing 

strength calculated from equation 3.46. 

The ratio of the bearing stress of the end of a lapped bar to 

the stress in the reinforcement outwith the lapped joint decreases 

with increasing column load, but cannot be less than 0.5 when the 

end bearing stress is a maximum, as if the. ratio falls to a lower 

value, the total load carried by the steel within the lapped joint 

will be less than the load carried by the steel outwith the lapped 

joint, which must represent failure of the lap. Strains measured 

on reinforcement, in column A 308B showed that, at the maximum value 

of end bearing stress, the ratio varied from 0.52 to 0.55. The 

latter value is therefore used in calculating the lower limit of 

joint strength, and a value of 0.5 is used in calculating the upper 

limit of joint strength. From equations 3.45 and 3.46, this leads 
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to the following expressions for upper and lower limits to 

Upper limit: 

-3.6ý `_ + F'] <Fý, 7.4 7 
Lower limit: 

fxý- I"Sv- =3"24[7-tFý, 
Fy 

7.5 

The upper limit and lower limit of joint strength calculated 

from equations 7.4 and 7.5 for each test specimen in which bond of 

reinforcement was prevented are compared with the experimental 

results in table 7.2. The lower limit. given by equation 7.5, is in 

good agreement with test results. 

7.3.3 Bars with bond and end bearing. As stated in the introduction 

to this chapter, the theoretical analysis of the bond strength and the 

bearing strength of deformed reinforcing bars derived in chapter 3 

showed that the strength of each depended on the force available 

from secondary reinforcement to balance the bursting forces that each 

produced. Consequently, if the same amount of secondary reinforce- 

ment is present, the strength of the combination of bond and end 

bearing will be less than the sum of the strengths of bond and end 

bearing individually. The theoretical analysis also showed that 

bond and end bearing have a component which does not produce bursting 

forces, and so the strength of the combination of bond and end bearing 

will be greater than the strength of either bond or end bearing 

individually. The theoretical analysis is therefore in agreement 

with the conclusions reached in chapter 6. 

The greatest difficulty in a theoretical analysis of the strength 

of lapped joints of bars with bond and end bearing present lies in 

apportioning the available resistance to bursting to each. As shown 

in section 3.4.2, the force transferred to a bar by the bursting 
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TABLE 7_2 STRENGTH OF LAPPED JOINTS - BARS WITHOUT BOND 

Upper Limit Lower Limit Experimentally 
Lap of Joint of Joint Determined 
Length Strength Strength Joint Strength 
Factor Calculated 

From Eqtn. 
Calculated 
From Eqtn. 

Fsý F5y 

3.45 3.46 f F 

Column No 
[j fu 

LL 
Fsc 

L 
Fsc ICa ug 

N/rnrn' NlmW Nlmrnl 

A 307 10 299 210 223 0.75 1.06 

308 15 299 209 201 0.67 0.96 

308 B 15 288 200 221 0.77 1.11 

308 C 15 365 249 159 0.44* 0.64* 

308 D 15 355 247 271 0.76 1.12 

309 20 282 192 181 0.64 0.94 

203 20 312 219 181 0.58 0.83 

Average 0.70 1.00 

* Results determined from cube strength - omitted from average of 

results. 
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component is greater for and bearing than for bond of bars with 

crescent shaped ribs for the same bursting force. The relative 

proportions of the total bursting force-produced by bond and by end 

bearing will therefore affect the stress developed by a bar. 

Analysis of the. strength of a lapped joint with bars having" 

bond and end bearing may be considered as the sum of three parts- 

1) the strength of an equivalent lapped joint with bars with end 

bearing eliminated. 

2) the component of end bearing due to the unit cohesion of the 

concrete, i. e. the non-bursting component. 

3) an additional component due to the greater efficiency of and 

bearing in transferring force. 

The contribution of (3) will depend on many factors, such as 

concrete strength, steel percentage, lap length, strength and 

positioning of links, etc. The many variables preclude an accurate 

assessment of the contribution to joint strength. However, the 

contribution is not likely to bei large. The difference between 

the end bearing stress at ultimate load calculated from strains 

measured on reinforcement in columns A 301 and A 303B and the non- 

bursting component of end bearing calculated from equation 3.46 has 

an average. of only . 23N/mm2. Evaluating equation 3.26 and equation 

3.28 for the dimensions of 'Hybar' and 'Unisteel' reinforcement 

shows that the additional component of joint strength due to the 

bearing of the end of a bar will be approximately 25% of the'buräting 

component of end bearing. The contribution of (3) will therefore be 

small, and is neglected in the succeeding analysis. 

From equation 3.23, the non-bursting component of end bearing 

stress is 

ýU = cot of /"8Fc 
76 

-139- 



In section 7.3.2, it was shown that, in the case of bars with 

/ 

bond of reinforcement within the lapped joint eliminated, between 

80% and 100% of the total force transmitted by end bearing of a bar 

at ultimate load was transferred to the adjacent bar. Assuming that 

the average of the above two values may be used in the case of lapped 

joints where bond and end bearing are present, leads to the following 

expression for the stress developed in a lapped joint by the non- 

bursting component of end bearing strength. 

Fu = 3.42 Fý 
?. 7 

This is in good agreement with the net contribution of end 

bearing to the stress developed by a 10$ lapped joint, found from 

the difference between equations 6.4 and 6.5 to be 

Fs(. = 3"7s" Fc 
7.8 

The value of F,, from equation 7.7 may therefore be added to the 

right hand side of egiations 3.43 and 3.44 to obtain expressions 

for the stress developed by lapped joints with bond and end bearing 

of bars. 

At the upper limit 

[o: n. 
Asy. 

ri +c 
LIL 

. ti -=2+3-4zFýýF 7.9 Sr r Tr 

At the lower limit 

F o"g3 AIV Frg 
4 F, 

. lb Ar . 3.2 3.42Fc Fy SC LrO. %r Sr Y 

The upper and lower limits of joint strength, calculated from 

equations 7.9 and 7.10 for each specimen with bond and end bearing 

of bars present, are compared with the experimental results in 

table 7.3.. 

The results presented in table 7.3 show that the upper limit 

of joint strength, calculated from equation 7.9, gives a reasonable 
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representation of the strength of lapped joints with 'normal' links 

and with links of reduced strength. Both equations 7.9 and 7.10 

overestimate the stress developed by a lapped joint when links are 

not positioned close to the ends of the joint, as in the cases of 

columns C 311, C 311B and C 313. The equations also overestimate 

the strength of columns C 321, C 324 and C 324B, where type 1 failures 

occurred due to the additional links provided in these specimens. 

Excluding the results of the above six columns and column C 326, 

which also had additional links, the average value of the ratio 
We 

in column 4 of table 7.3 is 0.98, and the average value of the ratio 
F% 

in column 5 is 1.13. The standard deviation of the results 
uC 

is 0.126 and 0.173 respectively. 

The good agreement shown between the upper limit of joint 

strength, calculated from equation 7.9, and the experimental results 

indicates that a value of-6-close to unity is reasonable. The 

additional contribution to joint strength of the bursting component 

of end bearing was also neglected in the analysis, which would cause 

equations 7.9 and 7.10 to tend to underestimate the stresses developed, 

and hence to overestimate the ratios of the experimental to the 

theoretical results. 
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TABLE 7.3 STRENGTH OF LAPPED JOINTS - BARS WITH BOND AND END BEARING 

Upper Limit Lower Limit 
Lap of Joint of Joint Experimentally 
Length Strength Strength Determined 
Factor Calculated Calculated Joint 

Fý fsý 

Column From Eqtn. From Eqtn. Strength Eýý Fug Notes 
No. lt 7.9- Fx, 7.10 f F3C 

4 N/mm 2 x/MM2 N/mm2 

A111 10 348 319 371 1.07 1.16 

113 20 472+ 425 362 0.77 0.85 

201 20 361 282 443 1.23 1.57 

201B 20 442+ 431 454 1.03 1.05 

301 10 304 281 332 1.09 1.18 

302 15 347 268 >315 0.91 1.17 

302B 15 348 268 336 0.97 1.25 

3020 15 415+ 388 397 0.96 1.02 

303 20 436 357 291 -- 

303B 20 445+ 369 412 0.93 1.12 

B301 10 212 182 167 0.79 0.92 

301B 10 220 190 198 0.90 1.04 

311 10 305 276 256 0.84 0.93 

321 10 319 289 311 0.97 1.08 

331 10 372 342 378 1.02 1.10 

313 20 415+ 322 449 1.08 1.39 

0301 10 234 223 275 1.18 1.23 3 

303 20 393 352 387 0.98 1.10 3 

311 10 259 259 210 0.81 0.81 1 

311B 10 309 309 175 0.57 0.57 1 

313 20 415+ 415+ 363 0.87 0.87 1' 

321 10 415+ 415+ 341 0.82 0.82 2 
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TABLE 7.3 Contd. 

Upper Limit Lower Limit 
ap of Joint of Joint Experimental]. 

Length 
actor 

Strength 
Calculated 

Strength 
Calculated 

Determined 
Joint 

f5c c 
r/ 

Col From Eqtn. From Eqtn. Strength f 
No. IL 7.9 -Fe 7.10 - Fx Fsc scQ Notes 

N/mm2 
L 

N/m2 N/=2 

324 10 355 296 173 0.49 0.58 2 

324B 10 363 305 191 0.53 0.63 2 

326 20 415+ 406 430 1.04 1.06 2 

+- yield strength of reinforcement 

*- column failed outwith lapped joint 

Notes 1- no links at ends of lapped joint 

2- double links at ends of lapped joint - type 1 failure 

3- 'weaker liz ks 
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CHAPTER 8 

COMPARISON WITH EXISTING DESIGN RULES. 

8.1 Introduction 

The design of compression lapped joints may often be critical to 

the strength of o structure. Failure of a column in a multi-storey 

structure is potentially much more serious than failure of a flexural 

member. Compression lapped joints usually have to be designed to 

develop the full design strength of the reinforcement, as, unlike 

tension lapped joints, they cannot be positioned where stress in the 

reinforcement is low. 

Although cracking was observed in all test specimens prior to 

ultimate load, the associated deformations would not be great enough 

to cause signs of distress in decorative cladding, and it is not con- 

sidered that signs of impending failure would be noticed. In most 

tests in'this investigation, but particularly those with higher 

strength concretes, the load capacity of a column dropped rapidly 

after ultimate load. Despite the fact that failure of the lapped 

joints takes place by yielding of the links confining the lapped bars, 

failure of compression lapped joints in reinforced concrete columns 

must be regarded as a compression failure, and an adequate-factor of 

safety must be used in their design. The cost of additional lap 

length is low compared with the potential cost of failure. 

In the following section, the ultimate limit state philosophy 

of B. S. C. P. 1100972(9) is used to formulate design rules for com. 

pression lapped joints from results obtained in the experimental 

investigation and from the theoretical analysis of joint strength. 

8.2 The influence of the positioning of links on joint strength 

was discussed in section 6.7. The results of the experimental 

investigation showed that there was a considerable reduction in. joint 
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strength when links were not positioned close to the ends of a lapped 

joint. It is therefore recommended that links be provided at both ends 

of lapped joints. 

In section 7.3.3 it was shown that equation 7.6 gave a good 

representation of the strength of compression lapped joints in which 

links were provided at both ends of the lapped joint. The mean of the 

ratio of joint strength determined experimentally to joint strength 

calculated from equation 7.6 was 0.98, and the standard deviation of 

the results was 0.126. The characteristic joint strength below which 

not more than 5% of results fall is therefore 

FF- x"64 = o. 7ýF sc sýMe mit d týWn. 7.6 8.1. 

where 
Fxý 

= value below which not more than 511'of of results fall 

= mean of results u wýtsn 

dd = standard deviation of results 

and 
Fs1 

"t�7.6= 
joint strength calculated from equation 7.6. 

B. S. C. P. 110: 1972 requires that partial safety factors of 1.5 and 

1.15 be applied to the ultimate strength of concrete and reinforcement 

yielding in tension respectively. Inserting the partial safety factors 

in equation 7.6, and allowing for the difference between characteristic 

and mean values, leads to the following expression. 

... 0.77 0.31. n. Ably 
+f 

1b] A, 
. 
7.2 

, 
3.42 Fc 

x ! "! S. ý. hr 1"S. sr n: IT 8.2 

Simplifying equation 8.2 leads to 

0.47 n. Asv. Fyv 
, 0"SI f_. (` 4,.. 7.2 

+ 1.74 f 
k. 0. hr Sr 0r `' 8.3 

Equation 8.3 is presented in terms of the compressive strength 

of the concrete in the test specimen. To convert equation 8.3 to 

concrete cube strength, it is assumed that the relationship between 

concrete cube strength and 'in-situ' concrete strength is given by 

I 
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Fý = 0.6 7 Feu. 5.3 

where f, = 'in=situ' concrete strength 

and Fckt = characteristic concrete cube compressive strength. 

The partial safety factor of 1.5 on concrete strength incorpor- 

ated in equation 8.3 allows for the reduction in strength of concrete 

subjected to long term loading, which accounts for the difference in 

the factors associated with concrete cube strength in equations5.3 

and 5.15. 

Equation 8.3 applies only to the joint detail used in the current 

investigation, and shown in figs. 4.1 and 3.19. As was shown in 

3.6.4, the confining force on the lapped bars may be reduced to 45% 

of the value used in equation 8.3 where the joint detail shown in 

fig. 3.23 is used. 

Allowing for the difference in joint details, and putting 

equation 8.3 in terms of concrete cube strength, leads to 

0.45 v 0-47n. . 4s., Fry 
+ 0"G? " o. 3f Ftu.. (6 A,. 7-2 

t 0. (, 7 1.; P4 
cw 

f 
u, ý. tir Sr rr" 8.4 

simplifying equation 8.4 leads to 

0 2I n. Asy &+0.34 Few. 6 Ar. 7.2 + I. 1 
hr sr 

cu 8.5 

B. S. C. P. 110: 1972 requires ribbed deformed bars to have a mean 

area of ribs above the core of a bar projected on a plane normal to 

the axis of the bar of not less than 0.15 c. s. m r?, where 9S is the 

nominal diameter of the bar and Sr is the spacing of the rib along 

the bar axis. Assuming that the proportions of rib area to 
4 

hr cosec, dfound for ' Hybar' reinforcement are generally applic- 

able to bars with crescent shaped ribs, then 

O-h, cczsýa.. dý.. _ ý. hr _ 9k . 0"I5"c. Sr - 0.0( . 4.0. S,. 8.6 

Substituting for the above in equation 8.5 leads to the 
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following expression for the design stress developed by a ribbed 

reinforcing bar. 

Fu 0.34 
[3ý? 8 n A, v" 

Fv+0.34 Fcw ý6 
+ 1.17 Fcu. 

8.7 

For the design of lapped joints, it is necessary to find the 

lap length required to develop a certain stress in the reinforcement. 

Solving equation 8.5 for lap length leads to the following expression. 
16, F. - 1"lß f )2. q4 - 3"2B n. As,, " v 

244 2"S Few 
I. 1 n. Asv" Frv 844 

_ý. 5.8.8 1.17 
02 

From B. S. C. P. 110: 1972, the design strength of compression 

reinforcement at the ultimate limit state is 

. 
Fx = 

fYF 
e. 9 

2000 
For a steel with a characteristic yield strength of 410 N/mm2, 

the design stress of the reinforcement is 303 N/mm2. 

The characteristic yield strength of plain round mild steel 

reinforcement, the type generally used for links, is usually taken 

to be 250 N/mm2. B. S. C. P. 110: 1972 
(9) 

specifies that the diameter 

of links must be at least one quarter of the diameter of the main 

reinforcing bars, and links must be spaced at not more than 12 times 

the diameter of the main bar. 

Substituting for Fse. and Asv" Fyv in equation 9.9 leads to 

Lt [303 
- 1.1 Fca - 13. Tin j 1*64 

- 1.5 0 FC. 
w 

8.10 

The value of n, the number of links in the lap length, is 

12.0 8.11 

the value obtained from equation 8.11 being rounded up to the 

next Whole number. The design lap length for ribbed deformed bars 

may then be calculated by substituting for n in equation 8.10. 
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Values of 
'ý 

obtained from equation 8.10 for various concrete 

strengths are presented in table 8.1. The values obtained are con- 

siderably greater than the lap lengths specified by B. S. C. P. 110: 1972, 

shown in table 2.1, suggesting that the Code rules are unsafe for 

this case. 

The German code of practice, DIN 1045(35), specifies that 

3 links of at least 0.4 times the diameter of the lapped bars must 

be provided at both ends of lappod joints. Substituting in equation 8.8 
I-W 

for Fsc 
= 303 N/mm2, Fyv 

= 250 N/mm2 and Asv = 0.04n'. ý , and putting 

n=6, leads to the following expression for the design lap length 

of bars* with crescent shaped ribs and a projected rib area of 

0.15 $. Sr mm2 8.64 
Eý = [303 - hl": FFw - 20fcw. - Z"S 

. 
C96-1.17 

u. 
ý864 

_2$ 
8.12 

Few 
obtained from equation 8.12 for various concrete Values of 0 

strengths are also presented in table 8.1. The values obtained are 

lower than the lap lengths specified by DIN 1054, particularly at 

higher concrete strengths. The comparison indicates that. the re- 

quirements of DIN 1045 for compression lapped joints are quito 

adequate. 

The Recommendations of the C. E. B. 
(37) 

is vague about the amount 

of confining reinforcement to be provided at lapped joints, and so a 

comparison with the proposed design rules is not possible. 

The linke used in specimens in the current investigation were 

always of plain round mild steel reinforcement. However, in the 

United States, links are generally of hot rolled ribbed bars, and it 

is therefore considered that a comparison of the proposed design 

rules with the requirements of the current American code of practice(36) 

could not be justified without further research. 
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TABLE 80, DESIGN LAP LENGTHS BASED ON REQUIREMENTS FOR 

SECONDARY REINFORCEMENT OF CURRENT CODES OF PRACTICE. 

Lap Length 4 YO 

Secondary Reinforcement Characteristic Cube Strength N/mm2 

to Comply with - 20 30 40 

B. S. C. P. 110: 1972(4) 78 55 42 
(Equation 8.10) 

DIN 1045 
(35) 

29 15 9 
(Equation 8.12) 

In the majority of current codes of practice, the design strength 

of compression reinforcement at the ultimate limit state is taken to 

be the yield strength of the reinforcement, and is not as given in 

equation 8.9. However, differences in partial safety factors for 

loads and for materials generally result in the design load of a 

column being approximately the same. 

Removing partial safety factors for materials from equation 8.10 

leads to the following expression. 
ýý 

_ 
[Fu 

- 1"5-x 1.17 Fca. 
- I"lc, r 13"5n' 

9.64 
fcu. - 2"S 

ýFsý 
- 

1"7S fcw 
- IS" sn 1S ý6 

- ; 'S J Fcw 8.13 

Evaluating equation 8.13 for Fx = 410 N/mm2 and 
few 

= 30 N/mra21, 

and substituting for n from equation 8.11, gives a value of lap length 

of 52 0, a value close to that obtained from equation 8.10. 

Removing partial safety factors for materials from equation 8.12 

leads to the following expression. 

l1 
= Ilse. - 1-75F�, - 239 ] 5- 2-50 Few 

8.14 
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Evaluating equation 8.14 for fs(. = 410 N/mm2 and 30 N/mm2 

gives a value ofj of 21, a value 40o greater than that obtained from 

equation 8.12, but still less than the requirements of D. I. N. 1045" 

Although the choice of design method does influence the lap 

length required by the design rules derived in this chapter, in both 

cases the requirements of the German code(35) of practice appear to be 

adequate, but the requirements of B. S. C. P. 110: 1972(9) appear to be 

unsafe. 
'9' 

Although the requirements of B. S. C. P. 110: 1972 appear to be 

inadequate, no failures of compression lapped joints have been re- 

corded in structures designed to this code. However, as B. S. C. P. 110: 1972 

was published only 34 years ago, few structures that were designed to 

its specifications will be in full use. The previous British code of 

practice B. S. C. P. 114: 1969(51), was not based on ultimate limit state 

philosophy, and so direct comparisons are difficult, but, partly 

because B. S. C. P. 114: 1969 did not allow higher bond stresses for 

ribbed deformed bars than for square twisted bars, and partly because 

it did not allow high strength bars to be utilised as efficiently as 

B. S. C. P. 110: 1972, approximately 30% greater lap lengths were required 

by the earlier code. The requirements for secondary reinforcement 

were also more severe in the earlier code, with every compression bar 

near a column face having to be adequately confined by links. 

Another factor that will reduce the probability of failure is 

that ribbed reinforcing bars generally have a greater projected rib 

area than the minimum of 0.15j., specified for Type 2 (ribbed) 

deformed bars in B. S. C. P. 110: 1972. The only ribbed reinforcement 

with a projected rib area as low as this that the author is aware of 

is the Swedish Ks 40 reinforcement, which has annular ribs. As 

discussed in sections 3.3 and 7.2, it would be expected that bars 
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with annular ribs would develop higher stresses than bars with 

crescent shaped ribs, if all other factors were held constant. 

However, as mentioned in section 6.2, joint strength might 

decrease if the concrete cover to the reinforcement was less securely 

held by links than was the case in the present investigation, and the 

theoretical analysis discussed in section 3.7 indicated that lower 

percentages of reinforcement might have an adverse effect on joint 

strength. 

Despite the fact that no failures of compression lapped joints 

designed'to comply with B. S. C. P. 110: 1972 have been recorded, it is 

considered advisible that increased links should be provided at 

compression lapped joints, as is required by DI N'1045- It is, 

considered that the best design solution is that which will use the 

same links as are required outwith the lapped joint. Plain round 

mild steel bars are preferred; for accuracy of positioning of rein- 
. 

forcement, as the inside, radius of the links'will equal the diameter 

of the main reinforcement., 

Solving equation 8.10 for n9 the number'of links in the lap 

length, gives the following expression. 

n. 0.074 
[363 

- 1-17 fcu - 
F« rjf2, s1 

8 64 1 91 
) 

8.15 

Table 8.2 shows the number of links required to develop the 

ultimate design strength of compression reinforcement with a yield 

strength of 410 N/mm2 in the lap lengths specified by B. S. C. P. 110s1972, 

calculated from equation 8.15 for the joint detail shown in fig. 8.1. 

The number of links required is large, and the spacing of links 

would have to be small to accommodate the required number. However, 

it is possible to increase link spacing by placing links in pairs, 

as shown in fig. 8.1, but the density of secondary reinforcement in 
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the column core must not be such that it would impede the flow of 

concrete during casting, and prevent proper compaction. Sufficient 

space must also be left to allow the insertion of an internal vibrator. 

An alternative method of increasing link spacing would be to bundle 

links. 

For lapped joints other than that considered here, with three 

pairs of lapped bars, a different number of links will be required. 

The bottom line of table 8.2 gives the number of links required in the 

lap length for each pair of lapped bars in one face of a column. (The 

value given in the bottom line of table 8.2 may be less than one third 

of the value in the second from bottom line, as values in that line 

were rounded up to the nearest whole number). Any detail which 

complies with the requirements of B. S. C. P. 110: 1972(9) may be used, but 

the number of links confining the corner bars must be at least the 

value given in the bottom line of table 8.2. It is also necessary 

to distribute the links within the lapped joint in such a way that 

they are concentrated close to the ends of the lapped joint, say by 

positioning at least one third of the required number of links within 

a distance of 15% of the lap length from both ends of the lapped 

joint as shown in fig. 8.2. 

Fig. 8.1 Suggested joint detail. 
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TABLE 8_2_ NO. OF LINKS REQUIRED TO DEVELOP ULTIMATE DESIGN STRENGTH 

OF COMPRESSION REINFORCEMENT WITH LAP LENGTHS SPECIFIED 

IN B. S. C. P. 110: 1972 - 
Fy = 410 N/mm2. 

Concrete Grade 

20 25 30 40 

Lap Lengths Specified in 

B. S. C. P. 110: 1972(9) 28 25 22 19 

No. of Links Required for. 

Joint Detail Shown in Fig. 3.23 16 15 14 12 

Min. No. of Links Required per Pair 

of Lapped Bars in One Column Face 5.2 4.9 4.6 4.0 

r 
r 
U, 
_ 

I 

0 

T 

U, ' 
a 

Fig. 8.2 Recommended distribution of links in lapped joint. 
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gHOrER q 
CONCLUSIONS AND RECOMMENDATIONS 

9.1 The following conclusions can be drawn from the investigation 

reported in this thesis. 

1) Force is transferred between deformed bars in compression 

lapped joints by bond stresses on the circumference of the reinforcing 

bars and also by bearing of the ends of the bars. The ultimate strength 

of bond and of end bearing is dependent on the resistance available 

to counteract the bursting forces exerted by both effects on the 

surrounding concrete, and also on the compressive strength of the 

concrete. Bond strength also depends on the dimensions of the ribs 

of the reinforcing bars. 

2) The positioning of secondary reinforcement within a compression 

lapped joint influences the strength of the joint. Failure to provide 

links close to the ends of lapped joints was found to weaken the joint. 

3) For the joint detail used in the current investigation and the 

range of parameters investigated, the ultimate strength of compression 

lapped joints in which bond and end bearing of bars were present could 

be predicted to within 
± 21% with 95% confidence by the following 

expression 

__ 
0"?, n. Asv. fv +ýýt+ý'Sýý 

ýý Ar. 7 
i+3.42 

FY 

for Links of plain round mild steel rotnFprcement, 
7 *9 

This expression applies only when failure takes place by yielding 

of the secondary reinforcement confining the lapped bare due to the 

outwards movement of the lapped bars along the inclined failure 

surface below the ribs of the bars. Equation 7.9 overestimates the 

strength of specimens in which links are not provided close to the 

ends of the lapped joint. Equation 7.9 and the ultimate limit state. 

philosophy of B. S. C. P. 110t1972 were used to develop the following 
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expression for the design lap length of compression lapped joints. 

[= AJV" Fy, º 
8'64 

- 2"S 
_ 

ýx 
- /47 Fcw 

02 FC 8 8" 

4) The requirements of B. S. C. P. 110: 1972 do not appear to provide 

an adequate factor of safety against failure of compression lapped 

joints. To ensure the safety of the lap lengths specified by the 

Code, it is recommended that increased links be provided at com- 

pression lapped joints as specified below, and that the links should 

be distributed so that. at least one third of the links required are 

positioned within a distance of 15% of the lap length from both ends 

of the lapped joint. The detailing of the lapped joint should also 

comply with the current requirements of B. S. C. P. 110: 1972. 

Concrete Grade 20 25 30 40 

Min. No. of Links Required /Pair 

of Lapped Bars in Any Column Face 5.2 4.9 4.6 4.0 

9.2 It is recommended that research be undertaken in the 

following areas. 

1) The strength of different joint details. It is anticipated 

that an experimental investigation would be fairly short, as it is 

believed that some of the parameters which have a strong influence 

on the strength of tension lapped joints, such as spacing of lapped 

bars and cover to reinforcement, would have little influence on the 

strength of compression lapped joints. 

2) The influence of rib dimensions of deformed reinforcing bars 

on joint strength. Most of the data available at present relates to 

specimens in which heavy confining reinforcement was provided to 

prevent failure by splitting of the specimens. It is suggested that 
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the push-in specimens described in this thesis might be suitable 

for an examination of the influence of rib dimensions where specimens 

may fail by splitting. 

3) The strength of lapped joints confined by links of ribbed 

deformed reinforcing bars. 

4) The strength of compression lapped joints in flexural members. 

5) The strength of compression lapped joints under fluctuating 

loads. 

r 

1 
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APPENDIX A 

'RESULTS OF TRIAXIAL COMPRESSION TESTS 

A short series of triaxial tests on mortar specimens was con- 

ducted to determine the angle of internal friction to be used in 

theoretical calculations of bond strength. A total of 18 tests were 

conducted on specimens of two different strengths. 

Cylindrical specimens 76.2mm high by 38.1mm diameter were 

chosen to fit a standard triaxial cell. The maximum grain size to 

be used in the mortar was determined from an analysis of the sand in 

the wedges of concrete which adhered to the bearing of ribs after 

joint failure. It was found that a maximum grain size of 1.18mm was 

reasonable, and only sand passing this sieve size was used in the 

manufacture of specimens. A water/cement ratio of 0.6 and a sand/ 

cement ratio of 2.5 were selected to give a mix of suitable work- 

ability and strength.. The specimens were compacted by vibration, 

and cured in air in the laboratory. Tests were conducted at ages 

of between 10 and 23 days. 

Prior to testing the ends of the specimens were smoothed by 

grinding, and the circumference covered with a layer of 'Plasticine' 

to prevent puncturing of the impervious membrane. 

Tests were carried out in a brass triaxial cell with a 38.1mm 

diameter piston, with specimens in a dry condition. The cell 

pressure was supplied from a small reservoir of oil held under con- 

stant pressure, which was maintained by intermittent pumping. 

Deviator stress was applied by a 50 tonne screw type testing machine, 

and loading to failure took between two and five minutes. During 

teats, one end of the specimen was open to the atmosphere, to ensure 

that pore pressures did not affect results. 
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The results of these tests are presented in table A. 1, and 

Mohr circles and envelopes for both mortar strengths are shown in 

fig. A. I. The envelopes are curved, with a unit cohesion of 

approximately 0.25 times the unconfined cylinder strength, and an 

initial value of the angle of internal friction of 43°. 

From known values of link strength, rib height, etc., equations 

3.5 and 3: 13 can be used to show that normal stresses at failure will 

be in the range of 20 N/mm2 to 50 N/mm2. 

If the equation of the chord to the Mohr envelope between 

normal stresses of 20 N/mm2 and 40 N/mm2 is used to estimate the 

shear strength of the mortar, then 

'r =0+ do tan 32 

for tests 1 to 3, and 

0.41 F, +montan32° 

for teats 4 to 6, where 

shear strength of mortar 

Fý a unconfined cylinder strength 

and ýn = normal stress on the-failure plane. 

The average of these expressions is therefore used in 

theoretical calculations of bond strength, equation 3.15 

-r =0"S F` + Q-,, tan 32D 

. 4, 

A. 1 

A. 2 

305 

- -165- 



TABLE A. RESULTS OF TRIAXIAL COMPRESSION TESTS ON MORTAR. 

Cell Deviator Cell Deviator 
Test No. Pressure Stress Test No. Pressure Stress 

N/mm2 Nfmm2 N/mm2 N/mm2 

0 12.7 0 20.8 

1 6.9 46.2 4 2.8 38.6 

13.8 66.0 6.9 55.7 

0 13.2 0 21.9 

2 6.9 46.5 5 5.5 44.6 

13.8 71.5 9.7 61.0 

0 12.2 0 23.0 

3 2.8. 24.5 6 6.9 57.9 

6.9 44.4 11 1 12.4 77.0 

., 
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APPENDIX B 

STRAINS MEASURED ON REINFORCING BARS 
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Fig. B. 1. Strains in lapped bars - Column A 301. Bars with bond 

and end bearing. 
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Fig. B. 2. Strains in lapped bars - Column A 303B. 

Bars with bond and end bearing. 
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Fig. B. 3 Strains in lapped bars - Column A 304B. Bars with Bond only. 
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APPENDIX C 

SPECIMEN CALCULATIONS FORA TYPICAL COLUMN (COL. A 302C)- 

The actual cross sectional areas of reinforcement and concrete 

were used in calculations of. joint strength. For column A 302C, 

these were 

nett cross sectional area of concrete - at gauge height - 159,004m2 

- at ends of lapped joint - 

157,000mm 2 

cross sectional area of reinforcement - 5,020mm2 

The Young's modulus of the reinforcing steel was 207 kN/mm2. 

Strains measured outwith the lapped joint on each column face are 

shown for-various load increments up to 80% of ultimate load in 

table C. 1, columns 2-5, and their average is shown in column 6. The 

load carried by the reinforcing bars is-calculated from the properties 

of the reinforcement and the average strain in the column, column 79 

and is subtracted frort the total load on the column to give the load 

carried by the conorete, column 8. Dividing the load carried by the 

concrete by the cross sectional area of concrete at the gauge height 

and the average strain in the column gives the secant modulus of 

elasticity of the concrete, shown in column 9 of table Q. 1. 

Values of secant modulus are then plotted against strain, as 

shown in fig. C. 1, and a straight line fitted to the points to 

evaluate the coefficients in the stress-strain relationship. The 

equation of the 'beat fit' straight line in fig. C. 1 is 

Ec _- - 6'I. ExId'+23.6 x 10ý N/mo! C. 1 

Multiplying both aides of equation C. 1 by E leads to the following 

expression for the stress-strain relationship of the concrete in 

the teat specimen 

ar _10'6 N/Mo^ C. 2 
- 168 .. 

... 



TABLE 0.1 CALCULATION OF SECANT MODULUS OF ELASTICITY OF CONCRETE 

FROM STRAINS MEASURED ON COLUMN A 302C 

Column 
Load 

Measured Strains X106 Steel 
Load 

Concrete 
Load 

Secant 
Modulus 

kN 1 2 3 4 Average kN kN kN/mm2 

500 100 120 100 100 105 110 390 23.4 

1000 220 250 220 220 227 240 760 21.1 

1500 320 370 350 320 340 350 1150 21.3 

2000 450 500 470 450 467 490 1510 20.3 

2500 570 620 620 550 590 610 1890 20.1 

3000 750 750 770 650 730 760 2240 19.3 

3500 900 950 950 850 887 920 2580 18.3 

4000 1070 1070 1100 1000 1060 1100 2900 17.2 

4500' 1270 1250 1270 1170 1240 1290 3210 16.3 

- 169 - 



From equation 5.10, the ultimate strength of the concrete is 

then 
(23.6) F 

Q, 3 C7 46= 
22.8 Nl. nºý' 

The values of ultrasonic pulse velocity measured at the gauge 

height and through the lapped joint were 4.10 kn/sec. and 4.05 1cm/sec. 

respectively. From equation 5.14, the strength of the concrete 

through the lapped joint is 

2 Fc _ 22.9 (4 ýý' 
= 21-7Nlo"m 

C"4 

The. ultimate load of the column was 5400 0, and the stress 

developed in the reinforcement is given by equation 5.2 

r S400x1o3 - 21.7 it Ic', ooo 3q7 N/rnrn* rsc = 5,020 - C. 5 

Expressions for the upper and lower limits of joint strength 

derived from the theoretical analysis are given by equations 3.43 

and 3.44. .. 

In column A 302C, there were a total of 3 linke of 10mm 

diameter with a yield strength of 387 N/mm2, arranged as shown in 

fig. 4.1.40mm diameter 'Hybar' reinforcement was used in this 

column, and the rib dimensions are as given in table 4.3" The 

length of the lapped joint was 600mm, or 15 times the diameter of 

the main reinforcement, and it is assumed that bond stresses develop 

over a distance of 2.5 ý more than the lap length. The strength of 

the concrete in the specimen was as given above. 

The upper limit to joint strength is, from equation 3.43 

0"71 r3x ?ds, r 397,4 
. 
2-14", 700 220 x7.2 f 3.42 x 2i"7 Fsý w' 94 24 rr. 1600 

= 4Qý N/rsm2 
This is greater than the yield strength of the reinforcement, 
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which was 415 N/mm2 and the yield strength is therefore taken to be 

the upper limit of joint strength in this case. The ratio of the 

-experimental result to the joint strength calculated from equation 

3.43 is 
Fx 

=3=0.96 F, 
ýý 4sC. 7 

The lower limit to joint strength is, from equation 3.44 
0.43 x-4 8"5x 387 + 21. x700 220 x 7.2 + 3.42k 21.7 uc - 94. 

. 24 7r. 1600 

= 36 9 N/m m2 C. 8 

The ratio of the experimental result to the joint strength 

calculated from equation 3.44 is 

Fsý 
_ 

397 
_ I. 08 g u` 

C. 9 

I 

e'º 

2 Secant 
Modulus 

of 
Elasticity 

kN/mm2 

1' 

V 

Pig. C. 1 Secant modulus of elasticity vs. strain in concrete 

Column A 302 C. 
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