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SUMMARY 

The published results of push tests were analysed statistically 

in order to determine the main parameters that affect the strength 

of stud shear connectors. The results of the statistical analysis 

were used to design a series of seventy-nine push tests. A finite 

element analysis program was developed which allowed for the interaction 

between the tensile and compressive failure of concrete and hence 

predicted the variation in the bearing strength of concrete prisms of 

varying size and with varying amounts of lateral restraint, when 

subjected to concentrated loads. 

A combination of-theoretical and empirical analyses was used to 

determine the load at which the stud broke, the strength of concrete 

prisms which were subjected to patch loads of varying size and eccentricity 

and hence the strength of concrete slabs, the effect of lateral forces 

and transverse reinforcement on the strength of the stud and the slab, 

the-strength of shear connections in which the reinforcement is looped 

around the stud and the load-slip curve for a stud shear connection. 
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xix 

Ac area of concrete prism, lc X ht 
Am transformed area of splitting zone, concrete prism or shear plane 
Ap area of patch load, ba X ha 

Ar cross-sectional area of a group of transverse reinforcement; area 
of reinforcement crossing the shear plane 

As cross-sectional area of the shank of the stud 

Ash area of the shear plane 

Asp area of splitting zone 

Ate cross-sectional area of the weld collar 

ab angle of crack 

ac angle between the local and jlobal co-ordinate systems 

B regression coefficient 

ba width of applied load 

be effective width of slab; diameter of concrete cylinder 

bd effective width of a double strip load; effective width of a group 

bt total width of slab 

C correlation coefficient; concrete split 

eb minimum cover to transverse reinforcement at the bottom of the slab 

Dg elasticity matrix in the global co-ordinate system 

Dl elasticity matrix in the local co-ordinate system 
ds diameter of the shank of the stud; diameter of a reinforcing bar 

dw, w diameter of the weld collar 

Ec isotropic modulus of elasticity of concrete;, tangent modulus of 
elasticity of concrete 

Es modulus of elasticity of steel 

Ex modulus of elasticity of an orthotropic concrete in a direction 
parallel to the x axis 

Ey modulus of elasticity of an orthotropic concrete in h direction 
parallel to the y axis 

e strain 

el longitudinal compressive failure strain of concrete 

et lateral tensile failure strain of concrete 

e. strain in a direction parallel to the x axis 

ey strain in a direction parallel to the y axis 

F normal force 

Fb force in the reinforcement behind the stud 

Ff force in the reinforcement in front of the stud 



Fl lateral tensile force at the e;: nerinental failure load 

F51-i yield strength of reinforcement crossing the shear plane 
Ft yield strength of transverse reinforcement in the splitting zone 

f stress; lateral stress 

fa axial stress 

fb mean bearing stress 

fca cube strength of concrete cured in air 

fcc compressive strength of an unrestrained concrete element, 0.4Ece1 

fct split tensile strength of concrete cured in water 

fcu cube strength of concrete cured in water 

fey cylinder strength of concrete 

ff maximum flexu al stress 

fn lateral global stress; mean lateral stress between strip loads 

fi lateral stress in concrete induced by laterally applied forces 

fM maximum lateral stress induced by concentrated loads 

fmd modulus of rupture strength 

frt mount of transverse reinforcement; percen uzte of transverse 
reinforcement in the slab 

fru ultimate tensile strength of the reinforcement 

fry yield strength of transverse reinforcement 

fuu ultimate tensile strength of the stud 

fsY yield strength of the stud 

ft tensile strcnrth of concrete 

f., stress in direction parallel to the axis 

f.,, stress in direction parallel to the x axis 

fl stress in direction parallel to the Y axis; laterally applied stress 

fy stress in direction parallel to the y axis 

C. modulus of :. hear 

ha depth of patch load 

he thickness of the concrete slab; effective depth of prim 

hf height of failure zone mcn^ured from the flange 

hr height of transverse reinforcement 

hs height of rtu(l; effective lieighl; of stud 

h Jh 
height of shin ý 

lit depth of prism 

h`y height of : weld collar 

Ma change in shear strength with axial load 

K4 tots]. lateral tensile force / lonnitudinnlly applied load 

1e change in the shear strength with the concrete stiffness 

i: f change in the shear strength with the cube strength 
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Kh change in the shear strength with the height of the shank 
K1 change in the shear strength with the length of the slab 
KS mean lateral tensile stress over the splitting zone / maximum 

lateral tensile stre ss 
Ksp ICs/ZCd 

Kw change in the shear strength with the height of the weld collar 

Ily increase in strength due to eccentricity along the Y axis 
KZ increase in strength due to eccentricity along the Z axis 
L reinforcement looped around the stud 
L lateral globj1 force 

I distance from the bearing surface; distance from the discontinuity 
in the shear flow; distance from the ma:: imum lateral stress; 
studs longitudinally spaced 

lb length of slab behind the stud or concentrated load 
lc length of concrete cylinder or prism; length of slab in front of 

the stud or concentrated load 

Ira distance from the bearing surface to the ma,; imui-n lateral tensile 
stress 

lp distance from the centre of the stud to the base of the push 
specimen; effective length of the slab; shear span 

lr distance from the transverse reinforcement to the stud 

is distance from the base of the stud measured along the axis 
of the stud 

lt lateral distance from the line of action of the applied load 

lz length of the splitting zone 

n aggregate interlock factor; number of independent variables 

P concentrated load 

Pa axial load at the base of the stud 

PCP load at which the concrete fails in compression 

Pe experimentally determined maximum shear strength of a stud; 
experimentally determined load; maximum experimental load 

Pca experimentally determined maximum axial load 

Psi, theoretical splitting strength of a single strip load 

Psh maximum theoretical shear strength; shank failure load 

Psp splitting strength of an unreinforced prism / number of studs 
or strip loads 

Psr load at which the slab fails in shear 

Pst theoretical strength of the standard push test 

Pu theoretical or empirical ultimate strcnýth 

Py s tren^; th of a hypothetical strip load in which the force is 
dispersed in the Y direction 
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Pyr load at which the reinforcement fails 

P7 stren; th of a hypothetical strip load in which the force is 
dispersed in the Z direction 

p probability of occurrence 

pfY yield strcnrýth of transverse reinforcement / area of shear plane 

n lonryitudlinal shear flow / h_ 

nXy shear strain 

T2 slab transversely reinforced 

S significance of regression coefficient; shank; failed 

S1 highly significant 
'Il not significant 

probably' significant 

S,, significant 

s sin, ^, ]. c stud 

sc internal diameter of the bend of the looped reinforcement 

: ten r, lin 

Sr lonnituLiinal spacinry of transverse reinforcement 

s lonr; ituclinal spacing of studs or strip loads 

T the number of standard errors that the regression coefficient 
is from zero- 

Txy shear stress; maximum shear stress 

t studs transversely spaced 

t transverse snacinj of studs - 

U unreinforced 

v Poisson's ratio of the isotropic concrete 

vcu ultimate shear s-crcnnth 

vs Poisson's ratio for steel 

v,. Poissons ratio of an orthotropic concrete in a direction parallel 
to the -r, a:: ir. 

vy Poisson': ratio of an, ori; hotropic concrete in a direction parallel 
to the y a:: i^ 

independent variable; ab-scissa of , ̂, 
lobal co-ordinate system 

x abccirca of'local co-ordinate system 

Y dependent variable; ördinate of global co-ordinate system; in a 
direction parallel to the Y a:: i:. 

y ordinate of local co-ordinate system; direction of r. a : imum 
tensile strain; in a direction parallel to the y a:: i: 
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Pyr load at : which the reinforcement fails 

PZ stren; th of a hypothetical. strip load in which the force is 
dispersed in the Z direction 

p probability of occurrence 

pfy yield strcnrth of transverse reinforcement / area of shear plane 

n ion, -itudinal shear flow / h- 
.1 

nxy shear strain 

R slab transversely reinforced 

S significance of regression coefficient; shank failed 

S11 highly significant 

SIl not significant 

probably si^nificant 

Sä significant 

s sin, 71e stuff 

Sc internal diameter of the bend of the looped reinforcement 

;, P slip 

Sr 1onnitudinal spncinry of transverse reinforcement 

s. c. 
longitudinal spacing of studs or strip loads 

T the number of standard errors that the regression coefficient 
is fron zero, - 

Txy shear stress; maximum shear stress 

t studs transversely spaced 

is transverse snacirv of studs 

U unreinforced 

v Poisson', ratio of the isotrooia concrete 

vcu ultimate shear strength 

VS Poisson'-, ratio for steel 

v>. Poissoni ratio of an orthotropic concrete in a direction parallel 
to the axis 

vy Poisson's ratio of an, orthotropic concrete in a direction parallel 
to the y axis 

independent variable; abscissa of global co-ordinate system 

x abscissa of'local co-ordinate system 

Y dependent variable; ördinate of global co-ordinate system; in a 
direction parallel to the Y axis 

y ordinate of local co-ordinate system; direction of maximum 
tensile strain; in a direction parallel to the y axis 
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Chapter One 

INTRODUCTION 

1.1 SCOPE OF INVESTIGATION 

It is standard practice in North, America and Europe to determine the 

properties of stud shear connectors from push tests'of the kind shown in 

Fig. I. I. Fiowever, "these tests have also shown that the ultimate strengths 

are dependant upon several parameters: the thickness of the flange the 

area of the shank of the stud2, 'the height of the stud3'4, the width of 

the slabs, the compressive strength of the concrete2'6, the stiffness of 

the concrete2, the tensile strength of the stud3'7'3, the amount of 

transverse reinforcement5, the position of the studs9 and the constraints 
10 -13ý imposed upon the slab 

The object of this research project Uras to study the behaviour of 

studs in push tests, in order that their load-slip curves could be 

predicted for different values of the above parameters. The behaviour 

of studs in beams has been inferred, but these results have neither been 

confirmed experimentally nor by a theoretical analysis of studs in beams. 

1.2 SEQUENCE OF RESEARCH 

Stud shear connectors fail in four modes: 

1. Failure'of the shank of the stud. 

2. Embedment or pull-out failure. 

3. Splitting of the slab. 

4. Failure of the slab along planes of maximum shear. 

All of these modes are affected by the amount and position of the 

transverse reinforcement. 
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Empirically derived rules for the strength of stud shear connectors 

and the amount of transverse reinforcement are compared in Chapter Two. 

In Chapter Three the results of push tests"are analysed statistically in 

order to determine the prevalence of the different failure modes and the 

main parameters which affect the strength; the results of this analysis 

were used to plan a series of push tests, Chapter Five. The different 

modes of failure were analysed by using a finite element computer program, 

Chapter Four. The effect of shear and axial forces on the shank of the 

stud, Modes 1 and 2, are analysed in Chapter Six and splitting; failure in 

Chapter Seven. The effect of transverse reinforcement and lateral forces 

on the splitting and shank failure loads are determined-in Chapter Eight 

and the effect of concentrations of reinforcement along the plane of 

maximum shear in Chapter Nine. In Chapter Ten, load-slip curves are 

derived which take account of the different methods of failure. 
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Chapter Two 

THE STATE OF THE ART 

2.1 LITERATURE REVIEW 

-3- 

Viest14 reviewed the research from 1920 to. 1958, Teraszkiewicz12 up 

to 1961 and Davies15 from 1940 to 1966. Chapman 16 discussed the behaviour 

of composite sections and shear connectors in. 1964. Iyengar17 wrote a 

comprehensive state of the art, up to. 1977, which included a review of 

literature and also followed the development of design practices through- 

out the world. Present design practices in Great Britain are fully 

covered by Johnson and Buckby18,19 and in the United States of America 

by the Council of Tall Buildings and Urban Habitat 
200 

2.2 STUD SHEAR CONNECTORS 

2.2.1 Empirically determined ultimate strengths 

A comparison is made in Fig. 2.1 of various empirically derived 

rules for the ultimate strength, Pu, of a 19X100mm stud in normal density 

concrete. It is assumed throughout this chapter that the concrete 

cylinder strength is, equal to 851E of-the cube strength, fcu, and that 

the relationship between feu and the modulus of elasticity of concrete, 

Ec, is as given by CP11021. The units of N and mm will be used through- 

out this thesis in equations which are dimensionally incorrect. 

In 1962 Slutter and Driscoll recommended that 3 

Pu = 7i . 1dc. 2fcu°. 5 c A5 f Ju (2.1) 

when feu 4 23 11/mm2,. and hs/ds > 4.2 

or Pu = 16.8hsdsf0u°"5 < nsfsu (2.2) 

when fcu < 23 Tl/mm2 and h. /d < 4.2 J 
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where ds = diameter of the shank of the stud 

As = cross-sectional area 'of the shank of the stud 

fsu = ultimate tensile strength of the'stud 

hs = height of the stud 

It was assumed in CP117: 19658 that there was a linear variation 

between Pu and fcu provided that the yield strength of the stud, fsy, 

was greater than 386 N/mm2 and fou was greater than 404 1d/mm2. 
i 

In 1971 Ollgaard, Slutter and Fisher2 determined that 

Pu '= 1.74Asfcu0.3Ec0.44 (2.3) 

and proposed the following simplified relationship 

Pu = 'O. 46AS(fCUEC)0.5 (2.4) 

with an upper bound to the connector strength at 

(fcüEc)0.5 = 974 

In 1971 Menzies6 suggested that CP117II overestimated the strength' 

and proposed the reduced values given in the Bridge Code7, which uses 

the same recommendation as CP1178 for the strength of the stud material. 

Tn 1975 deVries and Stark22 found that the strength became constant 

at high concrete strengths 

Pu < 0.7Asfsu (2.5) 

The draft European recommendations 
23,1973, 

give the streng e as 

Equ. 2.4 with the upper bound as Equ. 2.5 for studs with h5/d5 > 4.2. 

The range of strengths given by the above relationships is clearly 

shown in Fig. 2.1. It will be shown in Chapters Six, Seven and Eight 

that this is due to the different parameters, Sect. 1.1, and modes of 

failure, Sect. 1.2, of the push tests. 
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2.2.2 Theoretical analyses 

Gogoi24 analysed a stud as a cantilever in an elastic foundation and 

Van Dalen25 assumed it to be pinned at the base. Van Dalen25 used the 

results, Figs. 2.2 and 2.3, to show the ability of a stud to transmit 

increasing shear loads as a plastic hinge is formed around the flange- 

shank interface. The results are compared'in Chapter Six with that of 

a finite element analysis. 

2.3 TRANSVERSE REINFORCEMENT 

A comparison is made in rig. 2.4 of aesign'rules which g-ive the 

ultimate shear strength of"the concrete, vcu, in terms of the strength 

of transverse reinforcement per unit area of shear plane, pfy. It is 

assumed, in the comparison, that fcu = 30 N/mm2 and that there is a 

single roe of studs. -- 

It is stated in CP117: 19658 that the shear strength is dependent 

upon the strength of the concrete and transverse reinforcement 

vcu = 0.233fcu°"5 + pfY (2.6) 

with an upper bound which is dependent on'the strength of the concrete 

vcu O. 623fcu°. 5 (2.7) 

with a further proviso for a minimum amount of reinforcement at the 

bottom of the slab 

pfy' > 0.5pfy (2. a) 

where pfy' is derived from the amount of bottom steel only. 

The shear friction theory proposed by Birkeland26 and Mast 
? 17,1968, 

assumed that the coefficient of friction across a crack in a shear plane 
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was 1.4 and that the normal force across the crack was pfy. 

vcu = l. 4pfy 

when pfy < 0.13fcu" 

(2.9) 

In 1969 Davies23 developed empirical rules which were derived from 

the first appearance of splitting in composite beams. 

vcu .=0.354fcu0.5 + 1.2pfy (2.10) 

In 1969 I1ofbeck, Ibrahim and Mattock29 determined the ultimate shear 

that could be transferred across a cracked plane 

vcu = 1.96 + 0.8pfy (2. U ) 

The first term is the shear strength due to aggregate interlock and 

dowel action and the second due to friction across the plane. They found 

that there was an upper limit to this linear variation which depended 

upon the compressive strength of the concrete, beyond which the shear 

plane acted as-uncracked. 

In 1972 Mattock and Hawkins 30 
proposed a lower bound to Equ. 2.11, 

vcu = 1.38 + 0.8pfy 

with a maximum shear strength of 

vcu = 0.25fcu 

and a minimum amount of reinforcencnt 

pfy > 1.33 IJ/mm2 

(2.12) 

(2.13) 

In 1969 Johnson31932 concluded that CP117 was unduly conservative 

and in 1075 13 
proposed a new ultimate strength design method based on 



-7- 

the work of Mattock and Hawkins, Equs. 2.12 and 2.13. These rules are 

now used in the Bridge Code7, the draft European recommendations23 and 

in the United States of America 20 
and can therefore be considered to 

supersede all previous design rules. They are, however, not applicable 

to regions of high concentrations of reinforcement, i. e. when 

vcu > 0.25fcu, Equ. 2.13. The transfer of shear in these regions is 

analysed in Chapter Nine. 

2.4 DISCUSSION 

It will be shown in the statistical analysis, Chapter 3, that the 

variation due to the experimental error, coefficient of variation of 7.9%, 

is considerably smaller than the variation between each series of experimental 

results, Fig. 2.1; the latter must therefore be due to the different 

parameters and restraints, Sect. 1.1, and modes of failure, Sect. 1.2, 

of the push tests. No attempt has therefore been made to compare each 

series of push tests directly, instead, the results were analysed .* 

statistically as a whole and only parameters which could be quantified 
1 

were included in the analysis, Table 3.1; hence only the results of push 

tests which were fully restrained at the base and made of normal density 

concrete were used. In compiling the list of parameters, it was fpund 

that most research workers only considered as important the compressive 

strength of the concrete and the cross-sectional area of the stud. The 

height of the weld collar was never measured, the tensile strength of 

the concrete and that of the stud and the stiffness of the concrete were 

rarely measured and the transverse reinforcement was seldom fully anchored 

and the amount and position rarely stated; although most of these parameters 

were kept constant during a series of tests the effect they had on the 

magnitude of the strengths could not be determined. The mode of failure 
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was rarely stated posibly because it is difficult to distinguish between 

splitting and shank failure in a laterally reinforced specimen. If 

splitting occurs first then the two sides of the slab are held together 

by the reinforcement and hence the load reduces as the concrete crushes, 

due to the reduced lateral restraint, until the shank breaks; the maximum 

strength is therefore determined by the splitting strength although failure 

would appear to have been caused by the stud breaking. The distinction 

may have been more obvious if the falling branch of the load-slip curve 

had been determined by applying increasing displacements instead of 

applying increasing loads which was the usual procedure. 
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Chapter Three 

A STATISTICAL ANALYSIS OF PUSH TESTS 

3.1 INTRODUCTION 

One hundred and twenty-five push tests have been analysed 

statistically in order to determine the main parameters which affect 

the maximum strength of stud shear connectors. The strengths and 

properties of the push tests are given in Sect. 3.2, a statistical 

computer program is described in Sect. 3.3, and the statistical analysis 

is described in Sect. 3.4. 

3.2 PUSH TESTS 

The statistical analysis was restricted to specimens of the type 

shown in Figs. 1.1,3.1 and 3.2 whose slabs were made from aggre_ate of 

normal density. There was only enough information to describe the 

following parameters of the specimen, Table 3.1. 

Thickness of the concrete slab, hc, (rig. 1.1). 

Effective length of the slab, lp, (Figs. 1.1 and 3.1). 

Effective width of the slab, bc, (Figs. 1.1 and 3.2). !,, 'hen the 

slab was paunched, the effective'width was assumed to be equal to the 

minimum width of the slab. 

Height of the stud, hs, (Fig. 1.1). 

Diameter of the sham: of the stud, ds, (Fig. 1.1). 

Transverse spacing of the studs, t5, (rid;. 1.1). When there were 

single studs, the transverse spacing; was assumed to be equal to zero. 

Cube stren, th of the concrete cured in water, fcu. When the 

cylinder strength of the concrete, fcy, was only given, it was assumed 

that fcu = 1.18fcy. 
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Cube strength of concrete cured in air, fca" 

Split tensile strength of the concrete, fct" 

The above parameters were used as the independent variables in the 

statistical regression analysis; the dependent variable being the maximum 

exp erimental load, Pe. No attempt was made to quantify the amount of 

transverse reinforcement, frt, as it was considered to be dependent 

upon such parameters as the position, strength and anchorage, the values 

of which were indeterminate. Instead, the specimens have been clas . fiel 

as reinforced, R, or unreinforced.. U, and placed in groups in which the 

reinforcement is constant. 

3.3 REGRESSION ANALYSIS COMPUTER PROGRAM 

A computer program has been developed which uses the standard 

mathematical procedures, described by Davies43, to minimize the residual 

variance about the regression. The program functions in three modes: 

multi variable linear regression analysis, curvilinear regression analysis 

and a multi variable curvilinear regression analysis. 

3.3.1 Multi variable linear regression analysis 

The dependent variable, Y. is assumed to be a linear function}of 

several independent variables, X, 

Y= f(X1, X2,...., Xn) (3.1) 

i. e. Y BD + B1X1 + B2X2 +.... + BnXn 

where the regression coefficients are B and n is the number of independent 

variables. The program analyses the data n times, increasing the number 

of independent variables from one to n and including them in the order 

in which they are input, Equ. 3.1. 
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A thorough regression analysis requires that all combinations of. 

the independent variables are tested in order to find the best fit. 

Since this is impracticable, combinations of variables were . tested and 

those which were the . most significant and least related to the other 

independent variables, were used in further combinations to test the 

significance of other variables. 

The significance of a regression coefficient was determined by 

calculating the number of standard errors of the regression coefficient 

from zero, T. The relationship between independent variables, X1 and X2, 

was determined from their correlation coefficient, C X1, X2_/. It was 

assumed that these statistics were not significant, Sn, when the 

probability of occurrence, p, Uras greater than 0.05, that they were 

probably significant, Sp, when p<0.05 and p>0.01, that they were 

significant, Ss, when p<0.01 and p>0.001, and that they were 

highly significant, Sh, when p<0.001. 

3.3.2 Curvilinear regression analysis 

The dependent variable is assumed to be a linear function of powers 

of one independent variable, i. e. 

Y= BD + B1X + B2 X2 +.... + BnXn 

The analysis is the same as that of the multi-variable linear 

regression, each power being treated as an independent variable, except 

that the correlation coefficient will always be highly significant. ac 

the powers are directly related. 

3.3.3 Multi-variable curvilinear regression analysis 

The dependent variable is assumed to be a linear function of 

powers of several independent variables, such as 
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Y= BO + 131X1 + 132X12 + 133X13 + 134X2 + 135X22 +....... 

The analysis is similar to that of the curvilinear regression 

analysis except that as each variable is included the significance is 

tested and if it did not reach-a specified value that variable would be 

excluded. 

3.4 STATISTICAL ANALYSIS 

The analysis consisted of determining the significance of the 

independent variables, comparing different types of statistical 

regressions, an analysis of the variance and an analysis of the different 

modes of failure. 

3.4.1 Significance of variables 

The significance of the independent variables was determined by 

analysing different groups of variables as multi-variable linear 

regressions. 

The following relation, which contained the variables which were 

thought to be most important, was first analysed. 

Pe = f(ds, bc, hc, fct, hs) 

when fct had not been measured, Table 3.1, the following empirical 

6 33. 
relationships ' 'were assumed. 

fcu = 1.2fca 

fct = 0.92 + 0.06fcu 

v 
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k 

Three of the recressions which were analyzed are given below. 

Pu = -39 + 8.2ds + 0.054bc + 0.13hc 

T: 12.3 5.0 2.3 

Sh Sh Sp 

Pu = -98 + 7.9ds + 0.052bc + 0.11hc + 4.7fct 

T: 12.0 4.8 2.0 2.2 

Sh Sh Sp SP 

Pu = -100 + 7.7d3 + 0.049bß + 0.08hß + 3.3fct + 0.18h. 

T: 11.4 4.5 1.4 1.4 1.4 

Sh Sh Sn Sn Sn 

C /äs, hc_% = o. 2(Sn) 

C /äs, h/ _ -0.25(SS) 

C/hc, hS-/ = -0.33(Sh) C/fct, hs_/ -0.42(Sh) 

(3.2) 

(3.3) 

(3.4) 

The statistics of Equs. 3.2 and 3.3 showed that there was no 

significant correlation between the independent variables and that 

ds and be were highly significant and he and fct were probably significant. 

The inclusion of hs, Equ. 3.4, was not only found to be not significant 

but caused hc and fct to become not significant, while ds and be remained 

highly significant. It was also found that hs had a highly significant 

correlation with hc and fct. The problem was therefore to determine 

which of the independent variables, fct, he and hs, really caused a 

change in P. There was a significant correlation between d.., and h3 and JJ 

since dJ had already been found to be highly significant it was assumed 

that hs did not have any real effect on Pe. It was therefore concluded 

that the reduction in the significance of hc and fct gras due to their 

correlation with h5, i. e. the properties of the specimens were altered 
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in such a manner that an increase in hs was accompanied by a reduction 

in fct and hc, and that hs was not significant. 

The effect of is and lp was determined from an analysis of the 

following relations. 

Pu, = f(ts, ds, bc, hc, fct, hs)- 

Pu = f(ds, fct, bc, hc, lp) 

It was found that is and lp were not significant in all of the combinations. 

The following relation was analysed in order to determine the 

significance of fcu. 

Pe = f(fcu, ds, bc"hc) 

The result was 

(3.5) 

Pu = -94 + 7.9ds + 0.052bc + 0.12hc + 0.2Gfcu (3. G) 

T: 12.0 4.8 2.1 1.9 

Sh Sh SP Sn 

Residual variance = 406 kN12 

A similar analysis using fct instead of feu, Equ. 3.3, gave a residual 

variance of 402 (kNd)2. A comparison of the residual variances of 

Equs. 3.3 and 3.6 showed that, the difference was not significant. 

The change in the significance of feu with ds was determined by 

analysing Pe = f(fcu) for constant values of ds. 

when ds = 13mm Pu = 55 + 0.033fcu (3.7) 

T: 0.43 

Sn 

whQn ds = 16mm Pu = 31 + 1.34fcu (3.3) 

T; 2.69 

S, 
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when dc = 19mm Pu = 81 + 0.54fcu' (3.9) 

T: 2.09 

Sp 

The results are plotted in Figs. 3.4 to 3.6 with the variations given 

?8 
by the Bridge Code and CP117. The regressions and variations are in 

general agreement, although the scatter can be very large. The results 

are further discussed in Sect. 3.4.4. 

3.4.2 Regression functions 

A comparison has been made of different types of regressions based 

on the four independent variables fcu, ds, be and he, Equ. 3.5. 

3.4.2.1 Multi-variable linear regression 

The scatter of the experimental results about the regression, Equ. 3.6, 

is shown in Fig. 3.3. The lower-bound 90^, ä confidence limit occurs at 

0.65Pu. 

3.4.2.2 Multi-variable curvilinear regression 

The following relation was analysed at two levels of significance. 

Pe = f(d , ds2 ds3"fcul£cu2, fcu3, bc, bc2, bc3, hc"hö "hp ) 

When only variables which were highly significant were included then 

Pu = -41 + 7.6cic + 0.039bc + 2.1 X 10-4bc2 - 0.23 X' 10-6bc3 (3.10' 

Residual variance = 306 icri2 

11 
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when only variables which were significant or highly significant were 

included then 

Pu = -92 + 7.3ds + 2. lfcu - 0.018fcu2 + 0.034bc 

+ 1.9 X 10-4bc2 - 0.22 X 10-6bc3 (3.11) 

Residual variance = 250 ]-112 

A comparison of.. the residual variances in Equs. 3.6 and 3.11 showed the 

improvement to be sl3nificant. The lower-bound 90% confidence limit of, 

Equ. 3.11 occurred at 0.72Pu. 

3.4.2.3 Logarithmic multi-variable linear regression 

The previous regression analyses assumed that the strength 

changed by a constant amount as an independent variable changed. The 

following relation assumes that the strength changes by a constant 

proportion. 

Pe = BO d 11fcuB2bcB317cB4 

The relation, which was analysed in its logarithmic form as a multi- 

variable linear regression, gave the following results. 

Pu = 0.005ds1.5fcu0.13bc0.201.1c0.17 

T: 15.1 2.4 6.5 2.1 

Sh SP Sh Sp 

Residual variance = 339 kN2 

The lower-bound 90%, ö confidence limit occurred at O. G8Pu. A comparison 

with the multi-variable linear regression, Equ. 3.6, showed an. increase 

in the significance of all the variables except hc, which remained the 

same. 
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3.4.3" Analysis of the variance 

The residual variance about the regressions, Sect. 3.4.2, ' can be 

considered'to consist of two components: that due to experimental error 

and that due to the variance between each'series of push tests. The 

latter is therefore-the variance'due to some unaccounted variable. 

3. '4,3.1'-Experimental error 

The experimental error was determined from the residual variance 

within groups-of specimens in which most of the variables were constant; 

the rest of the variables were assumed to vary linearly. ' The follo! ain; 

relations were analysed as multi-variable linear regressions. 

Pe = f(fcu) when hc, bc, frt and d. were constant 

Pe = f(fcu, bc) when hc, frt and ds were constant 

The best estimate of the variance was found to be 50 (Ic")2 which gave 

a coefficient of variation of the experimental error of 7.0%. Since the 

sum of squares of the deviates about a linear regression will always be 

equal to or greater than that about a curvilinear regression, the above 

estimate is an over-estimation of the experimental error. 

3.4.3.2 Distribution of the variance about multi-variable regressions. 

It will now be assumed that the residual variance, which is 

unaccounted for after allowing for the variances due to fcul ds, be, he 

and the experimental error, is primarily due to the variation in the 

-transverse reinforcement between samples. 

" The distribution of variance, Table 3.2, about Pe = f(fcu) at 

constant values'of showed that the variance due to frt increased 

with the diameter of the stud; 13mm studs were. not affected by the 



- 17 - 

I 40 

transverse reinforcement nor by the variations in the size of, the slab, 

be and hc, whereas the variance due to frt for 19mm studs was ten times 

the experimental variance and that due to the size of the slab, be and 

hc, was four times the experimental variance. 

The distribution of variances for the multi-variable linear 

regression, Equ. 3.6, and the multi-variable curvilinear regression, 

Equ. 3.10, is given in Table 3.3. Although the variations between 

Pe and he and fcu were found to be probably significant, their contribution 

to the variance is less than 70% of the total variance. The main effect 

of using a curvilinear regression was to increase the variance due to bc. 

3.4.4 Modes of failure 

The prevalence of'different failurc'modes can be determined from 

the statistical analyses if the following assumptions are made. 

The maximum strength is dependent upon the shear strength of the 

shank of the stud, Psh, i. e. upon its cross-sectional area. Psh i: 

therefore proportional to'ds2. 

The load at which the slab splits, P. p, is dependent upon the effective 

height of the stud, which may be considered to be proportional to ds, and 

the strength of the concrete. Psp is therefore proportional to d3 and fcu" 

The load at which the concrete fails in compression, Pcp, is dependent 

upon the bearing; area of the stud which is itself'- dependent upon the 

effective height and width of the stud. Pcp is therefore proportional 

to dot and fcu" 

3.4.4.1 13mm studs 

Since the concrete strength, tqu. 3.7, was not significant and 

the variance due to be and hc, and frt, Table 3.2, was negligible, it may 
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therefore be assumed that the strength is not dopendcnt upon the transverse 

reinforcement, shape of slab and compressive strength of the concrete. 

This implies that the strength of 13mm studs is not determined by Psp nor 

Pep and must therefore be dependent upon the shear strength of the shank 

of the stud, Psh" 

3.4.4.2 16mm and 19mm studs 

Since Psp is proportional to de, and Psh is proportional to ds2, 

as ds increases, Psp occurs at a lower proportion of Psh. This implies 

that the effect of the concrete strength reduces as ds increases, which 

explains the reduction in the significance of the concrete in Equs. 3.8 

and 3.9. If it is assumed that the load on the transverse reinforcement 

increases rapidly after splitting has occurred, then this would explain 

the increase in the variance attributable to frt, Table 3.2, as ds increases. 

3.5 SUI MARY 

The behaviour of stud shear connectors in push tests can be 

summarized as follows. 

The diameter of the stud and the width of the slab are highly 

significant. The depth of the slab and the strength of the concrete are 

probably significant. The height of the stud, the transverse spacing of 

the studs and the length of the slab arc not significant. The strength 

bears a non-linear relationship with the width of the slab. The effect 

of the transverse reinforcement and the size of the slab increases with 

the diameter of the stud. The coefficient of variation of the experimental 

error is 7.9%. The strength of 13mm studs is independent of the strength 

of the concrete, size of the slab and the transverse reinforcement. The 

strength of 19mm studs is dependent upon the strength of the concrete, 

size of the slab and the transverse reinforcement. % 



Table 3.1 Published results and properties of push tests. 

as 

mm 

Pe 

1: I4 

fca 

* 

fell 

# 

fct 

# 

frt 

* 

bc 

mm 

1p 

mm 

he 

mm 

is 

mm 

hs 

mm 

Ref. 

IIo. 

13 54 67 U 204 330 152 102 101 34 
13 58 56 � n n rº n it n 
13 50 ,G of � 
13 57 56 u n n ,º n n' n 
13 60 35 R 305 254 152 64 102 35 
13 G5 35 Pl n n n º, 57 it 
13 47 35 I', 90 160 200 0 65 5 
13 47 35 It ºº of it it n ,º 
13 51 35 " 125 
13 51 35 
13 58 35 165 
13 50 35 u ,º ,º n � � ºº 
13 40 35 º, 90 
13 40 35 it " 
13 62 42 R 305 305 152 76 102 1 
13 64 38 rº n n n n n n 
13 65 40 of if it n � n ºo 
13 62 42 If " 'º it " if 

13 69 44 n n n n u n n 
13 'G9 3ý "" "" n. .. n n n 
13 71 38 u n u ,r n u n 

13 59 21 1.9 R 300 250 150 39 65 36 
13 159 21 1.9 11 ,º n n u n n 
13 55 20 1.6 n If of 11 n If it 
13 55 20 1.6 It 'I to of 11 to it 
13 57 21 1.7 of It to " of 

13 60 21 1.7 It " it to to if 
13 59 21 1.9 u It it to it ,i it 
13 56 21 1.9 R of if If to it 11 
13 54 44 U 610 572 152 102 102 37 
13 G3 33 R if If 173 If to it 
13 50 27 U 610 330 152 102 51 38 
13 56 

. 
36 to it n it of it it 

13 57 20 to n If It it 75 It 
13 49 30 " It If if It 102 it 
13 54 45 If n of n if n n 

13 48 45 of u If it it of n 

16 67 30 R 400 225 190 90 120 30 
16 63 30 if If It it it n it 
16 71 30 ºº if to n it It � 

16 57 30 of 130 to of If to it 
10 52 30 to of of of of it 

16 50 30 it if It it of n if 

16 102 33 R 305 305 152 76 102 1 
16 109 37 it it to If if it 11 

;' II/nrn2 



Table 3.1 continued. 

d, 

mm 

Pe 
kNJ 

fca 
* 

fcu 
# 

fet 
# 

frt 
# 

be 

mm 

lp 

mm 

he 

mm 

t5 

mm 

Its 

mm 

Ref. 
No. 

16 98 29 " 305 305 152 76 102 1 
16 99 33 tt ºt it tt if if it 
1G 93 32 " it if it it it of 

16 85 44 U 610 572 152 102 102 37 
16 103 33 R " If 178 it " 11 
16 78 25 3.1 U 610 330 152 102 102 33 
16 35 41 tº ºº ºº tt it It ºº 
16 79 39 'ý ýý tt tº ºº tº ºt 
16 33 39 ' n u n n n n n 

19 98 17 22 R 305 250 230 77 102 6 
19 97 17 22 to if to u If n n 
19 97 17 22 of of it " It If 
19 127 51 54 it ºº It ti to it n 
19 127 51 54 If it It n if if tr 

19 127 51 54 of if it ºt if it to 
19 82 67 U 204 330 150 102 101 34 
19 105 67 tº tt of If tt it of 
19 76 56 tt tt to 11 tt is of 
10 39 56 it ºt n n tt n If 
19 125 36 R 305 254" 152 G4 102 35 
19 123 39 R If it of " it it 
19 127 33 of ºt of of tt ºº to 

19 113 25 It ºt it it n if of 
19 119 39 ºr n to n If ºt It 
19 103 35 if of t' of 77 of 
19 111 42 of If of It tt 51 it 

19 125 45 2.0 R 503 356 152 102 75 40 
19 129 46 3.0 n n n n u n n 
19 82 40 1.9 
19 82 40 1.9 n u n tt n n n 

19 160 37 R 406 305 152 102 102 1 
19 159 31 it " It to If 
19 15G 35 n n to n to of to 
19 . 

141 35 º' If it ºt n n If 
19 143 36 it n u it tt ºt n 

19 161 31 If if ºt ºº tt ºº ºt 

"10 145 31 of it it to n n it 
19 149 36 of of tt ºt of if to 

19 172 35 it u it it it it tt 

19 70 '41 40 R 133 229 203 76 102 ý. ý1 
19 77 41 32 if 172 It " to If to 
19 83 0.1 37 of 197 "' ºt . to tt It 

19 87 47 45 it 133 It If " It 

1.9 37 49 47 " 153 n u n n n 
19 90 51 49 " 172 " " " of 

* pl/mm2 



Table 3.1 continued. 

ds 

mm 

Pe 

1: N 

fca 

.. 

fcu 

# 

fct 

# 

frt 

# 

be 

mm 

1p 

mm - 

he 

mm 

is 

mm 

hs 

" mm 

Ref. 

No. 

19 95 53 48 " 197 229 203 76 102 41 
19 100 52 53 " 222 ''1, - it It " it 
19 101 52 49 " 243 it If of if to 
10 59 29 2.6 U 105 550 100 0 75 33 
19 76 32 2.7 º' to of If 11 11 of 
19 81 29 2.6 n it It it u It iI 
19 84 31 2.6 u n to of it n u 
19 81 $ 30 2.6 If It 11 lt If it 
19 78 33 2.7 " 129 It If if If 'I 
19 84 29 2.6 " 151 of it If it 
19 80 29 2.6 " '179 " " it " 
19 84 31 2.7 " 203 " " " 
19 71 31 2.6 " 148 it " 39 it if 
19 64 32 2.7 " 176 of of it 
19 77 35 2.8 of 216 If " to It 
19 73 32 2.7 " 252 " it " of " 
19 60 36 2.9 At 150 to it to of it 
19 90 24 2.3 -R 300 It if 0 " If 
19 68 29 2.5 it to If it 39 if " 
19 131 47 U 610 572 152 102 102 37 
19 144 33 R of it 173 " if " 
19 110 41 R If it 152 of it if 
19 86 39 U 610 330 152 102 51 38 
19 98 22 11 to 11 n n 76 n 
19 103 43 it 11 of n n n u 
19 94 24 of If " of It 102 if 
19 93 29 3.1 if it If 152 " " of 
19 100 31 3.0 " it " it it to " 
10 131 40 to " 152 it 102 " 
19 69 22 1.9 -U 300 330 150 57 75 36 
19 36 22 1.3 " If it of it it it 
19 72 22 1.0 R it if it 39 It of 
10 145 53 R 305 230 152 64 75 42 
19 138 53 it It to It it of 
19 150 55 It " if of it 
10 06 61 n of to If It it if 
19 97 43 if 11 If 11 It It if 
22 143 47 U 610 572 152 102 102 37 
22 167 43 R of " 178 to of u 
22 133 40 R 610 572 152 102 102 38 

* I. 1/mm2 



Table 3.2 Distribution of the residual variance about the function 
Pe = f(fcu) firnen ds is constant. 

Residual variance due to 
(l): ra2 ) 

cls 
(mm) Experimental Slab dimensions frt 

error be and lic 

13 50 3 0 
16 50 53 133 
19 50 193 522 

5. 

Table 3.3 Distribution of the variance about the multi-variable linear 
regression, Equ. 3.6, and the multi-variable curvilinear 
regression, Equ. 3.10. 

Sum of squares (I: I1)2 
bl i V e a ar 

Equ. 3.6 Equ. 3.10 

ds 59,927 61,099 
frt -43 , 440 25,239 
be 9,259 23,993, 
fcu 4,319 8,414 
Iic 1,703 0 

Experimental 
-"5,311, 

" 

Total 124,050 124,050 
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Chapter Four 

A FINITE ELEMENT COMPUTER PROGRAM 

4.1 INTRODUCTION 

A finite element computer program has been developed in order to 

analyse the various failure modes of stud shear connectors. 

The basic routines of the program, are described in Sect. 4.2. The 

procedures which simulate tensile failure of the concrete are described 

in Sect. -4.3, and those which simulate tensile and compressive failure of 

the concrete are described in Sect. 4.4. 

The nomenclature used is. shown in Fig. 4.2. Tensile stresses and 

strains are positive. The line. of action of the main compressive force 

in a specimen will be referred to as the longitudinal direction and it 

will be denoted by the direction of the X axis. The longitudinal direction 

of an element will refer to the direction of the minimum principal stress 

and it will be denoted by the direction of the x axis. ,. 

4.2 BASIC ROUTINES OF THE PROGRAT. 

The finite element analysis program uses the standard two dimensional 

plane stress triangular element, for isotropic materials, as described by 

52 
Zienlciewicz. The flow diagram is shown in Fig. 4.1. 

The rectangular co-ordinates of the grid system, Fig. 4.2, are input 

and from these the program automatically forms and numbers the triangular 

elements and-nodes in the sequence shovm. The isotropic material properties 

and thicknesses are input for each element in numerical order, followed 

by the external constraints,. i. e. loads or displacements, applied to the 

nodes., The material properties of the failed elements and their. failure 

criteria are discussed in Sects. 4.3 and 4.4. 
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The overall stiffness matrix is formed from the isotropic material 

properties and then with the initial constraints solved to give, if 

rea. uired, the standard finite element analysis of an elastic . isotropic 

material, which will be referred to as Mode 1. The first element to fail 

is determined by comparing the principal stresses or strains of each 

element with the specified failure criteria. That element which requires 

the smallest proportional change in tie initial constraints to reach its 

next failure criterion will fail first. The term fail is used to imply 

a change in the material properties, not necessarily a complete 

disintegration or collapse as given by zero stiffness. The internal 

stresses and strains, and external nodal forces and displacements are 

then output, where required, at the constraints at which the element 

failed, by factoring the original analysis by the proportional change 

already calculated. This procedure is possible because the analysis is 

always linearly elastic. The stiffness matrix of the failed element is 

then removed from the overall stiffness matrix. The properties of this 

element are then changed and the new stiffness matrix, derived from the 

new properties, added to the overall stiffness matrix. 

The program repeats 
this 

routine for a specified number of iterations 

or until the specimen has reached a critical state, such as yielding of 

the steel or a large reduction in overall stiffness. 

4.3 TEUSILE STRESS FAILURE OF CONCRETE 

This procedure, which allows the concrete to fail only in tension, 

will be referred to as I-lode 2. 

The procedure uses, with only minor modifications, a method developed 

by Arnaouti''1 which alters the elasticity matrix of an element to allow 

for the development of tensile cracks and the subsequent reduction in 

stiffness. His method assumes that the element cracks when the principal 
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tensile stress reaches a specific value, such as the split tensile strength 

of the concrete. The stiffness across the crack is reduced to zero and 

the shear stiffness reduced by a factor n which allows for the aggregate 

interlock across the crack:, the value of which is determined from 

experimental work. 

A record is kept within the program, in an integer array /CRACK/, 

of the state of failure 6f each', element. The concrete is first assumed 

to be isotropic andihence the elasticity matrix in the global co-ordinate 

system,, Dg, is given by /CRACK/°= 0 

1v0 

Dg = EC v1 0' 

1-v2 00 (1-v) /2 

where Ec = modulus of elasticity of the concrete 

v= Poisson's ratio of the concrete 

When an element cracks, Fig. 4.2, the elasticity matrix in the local 

co-ordinate system, D1, becomes 

/CRACK/ =1 

11 
D1 = Ec 0 

10 

o0 
00 
0 n(1-v)/2 

which is then transformed into the overall co-ordinate system by using the 

standard transformation matrix with äc, the angle between the co-ordinate 

systems. 

When an element cracks for a second time, its shear strength is 

assumed to reduce by the. fäctor. n-a"ain and ac is taken as the mean of 

the angles of the two cracks. 
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/cr, ACIC/ _2 

000 

Dl = Ec 000 
'2 i-_v 00 n2(1-v)/2 

When a third crack is formed, /CRACK, / = 3, the element is assumed to 

have disintegrated completely, i. e. zero stiffness, and therefore all the 

coefficients of the elasticity matrix are made zero. 

4.4 COMPRESSIVE AND TENSILE FAILURE OF CONCRETE 

This procedure, which allows the concrete to fail, in tension and 

compression, will be referred-to as Ilode 3.1 

An attempt has been made to simulate the compressive failure of 

concrete in a finite element analysis. For this to represent compressive 

failure under all conditions it must at least simulate the behaviour of 

concrete cylinders under standard unia:: ial compressive tests, from which 

the following characteristics have been observed., 

4.4.1 Characteristics to be-simulated 

The specimen44 can be considered-to'be initially linearly elastic. 

Longitudinal cracking develops when the lateral strain is of the 

same order as the tensile strain at failure in modulus of rupture tests ", 

and is accompanied by a reduction in the overall longitudinal stiffness44. 

This is referred to as the discontinuity point of the concrete. _The 

formation of these cracks is described by Baker 49 
and their propagation 

illustrated experimentally by Liw47. 

The specimen continues to resist increasing load and become less 

ntirf up to overall strains in the region 
44v53 

of 2000 to 2500 microstrains. 

The value of this strain would appear to-depend on the 
_gauco 

length over 

which the strain are measurecl44., 
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The failed cpecimen'cxhibitc a type of necking 
44 

. At failure the 

specimen consists of two cones of solid concrete. The cones are surrounded 

by longitudinal strips of concrete, which can be broken awray. by hand, 

and between the cones a small region over which the concrete has totally 

disintegrated. It is clear that concrete cylinders do not fail uniformly. 

4.4.2 Hypothesis for a mechanism of compressive failure 

The following failure mechanism, which is based on two parameters, 

is proposed. 

Longitudinal cracks which start to form at a specific lateral strain, 

et, are shown diagrammatically in Fig. 4.3. - This concertina action causes 

the longitudinal stiffness to appear to reduce more rapidly than the 

lateral stiffness. 

It is important to differentiate between this type of cracking, which 

is caused by tensile strains produced by compressive forces and their 

Poisson effect, and that due to tensile forces. In the latter case, 

when one crack is formed, the stiffness perpendicular to the crack reduces 

to zero and hence the tensile force and its associated strain in the 

uncracked portion of concrete reduces to zero and no further cracks are 

formed. In the former case, the formation of one crack will not reduce 

the lateral strain in the concrete since it is caused by the compressive 

forces and their Poisson effect. In theory an infinite number of cracks 

would form but instead the element is assumed to crack as in Fig. 4.3. 

These cracked elements fail at a specific longitudinal strain el. 

In theory an uncracked element can resist unlimited compressive strains. 

At the specified longitudinal strain the cracked elements can be considered 

to be analogous to columns. They buckle, transferring the load to the 

central core. 

A concrete element is therefore considered to disintegrate completely 
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only when first the lateral tensile strain induced by compressive forces 

reaches a critical value and then the longitudinal compressive strain 

exceeds another critical value. This maybe considered to be a type of 

instability failure. 

4.4.3 Shear modulus and elasticity matrix of orthotropic materials 

Since the mechanism of compressive failure requires the material 

to be orthotropic the elasticity matrix and shear modulus, G, have been 

derived below using the nomenclature and co-ordinate system of Fig. 4.4. 

4.4.3.1 Elasticity matrix of an orthotropic material in plane stress 

e,,,, = fy/Ef - v, fy/Ey 

ey = fy/Ey - vyfx/E;, 

4xy = TYy/G 

hence 

EX 

Dl =1 Eyvy 
1-vyvx L0 

., 

EXvv 0 

Ey 0 

0 G(l-vyv, ) 

4.4.3.2 Shear modulus of an orthotropic material 

The shear modulus of an orthotropic, material is derived below 

by considering the deformation of an element in pure shear, as detailed 

by Timoshenl: oSG. 

tan(%%/4-%y/2) = (l+ey)/(1+ex) 

= (1-vyf 
t/E} +fy/Ey) /(1-v; ýfy/Ey+fY/EÄ) 
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since T; {y = f-. = -fy 

tan(/7/4-q�y/2) _ (1-Txy(1/Ey+v; 
{/Ex))/(1+TXY (1/EX+vx/Ey) 

hence OXy/Txy = B+A-(qxy(B-A))/2 

where A= 1/c y+vy/E, = 

and B= 1/EX+vx/Ey 

since q,, y(B-A)/2 is much less than B+A 

G= 1/(B+A) = ExEy/(Ey(1+vy)+Ex(l+vx)) 

4.4.4 Sequence of failure 

The sequence in which an element can fail and the consequent 

change in its material properties is shown in Firy. 4.5. The failure 

criteria and material properties are derived in Sect. 4.4.5. The direction 

at which an element first fails is used to fix the local co-ordinate 

system of that element; the ordinate being in the direction of the 

maximum principal strain. The possibility of subsequent failures 

occurring in this element are calculated in this direction. 

4.4.4.1 Isotropic element, RACK/ =0 

An element, which is first assumed to have isotropic material 

properties, can fail when either the tensile strength of the concrete, 

ft, or the lateral tensile strain of failure, et, is reached. Because 

the relationship between ft and et, and the longitudinal compressive 

stress, f, {, are not I: nown, Sect. 4.4.5.2, the following conditions of 

failure are assumed. 

When the lateral stress, fy, is compressive then the element fails 

when the lateral strain, ey, reaches et. Othervwise, when fy is tensile, 

the element fails when -vfy/Ec = at, which has the effect of ignoring the 

tensile strain produced by the tensile stress as it would disappear if 
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ft were exceeded. 

The element fails when fy = ft. 

4.4.4.2 A split element, /C1ACK7 =1 

The isotropic element is asst mied 
to 

split into two segments 

when the tensile failure stress is reached. The stiffness across the 

crack, Ey, is therefore reduced to zero and, because the change in the 

Poisson ratio is not knovm, v is also reduced to zero in all failed 

elements. In order to reduce computation time only one tensile stress 

crack is formed in an element. 

Further failure can only occur when the local tensile strain in the 

concrete, -vex, reaches et, i. e. the width of the cracl: is ignored in 

deriving the lateral tensile strain. 

4.4.4.3 Tensile failure strain reached, /GRACE/ =2 

When the lateral strain of failure is reached the stiffness in 

the direction of the compressive stress, Ex, is reduced to 0.4Ec, 

Sect. 4.4.5.3. 

Further failure can occur when either the tensile strength of the 

concrete is reached i. e. fy = ft or when the longitudinal compressive 

strain of failure, el, is reached i. e. e.. = ei. 

4.4.4.4 Tensile failure strain and stress reached, /CRACK/ =3 

The stiffness in the direction of the compreccive force, EX, 

is reduced to 0.4Ec, and across the crack to zero. 

Further failure can only occur when eÄ = el. 

4.4.4.5 Complete disintegration, /CRACK7 =4 

Only elements which have reached their tensile failure strains 
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are assumed to disintegrate completely when the longitudinal compressive 

strain of failure, el, is reached. The stiffness in all directions is 

then reduced to zero. 

4.4.5 Material properties and failure criteria 

The various rraterial properties and failure criteria which are 

required for the finite element analysis are determined below. 

4.4.5.1 Isotropic material properties 

The isotropic modulus of elasticity of the concrete, Ec, is 

assumed to be equal to the tangent modulus, as determined by BS188157. 

The Poisson ratio is assumed to be constant at 0.15, since Anson and 

Newman46 showed that it hardly varied over the range of normal concrete 

mixes. 

4.4.5.2 Tensile strain and stress'failure 

Of the two standard concrete tensile tests in use57, the modulus 

4 
of rupture and the split tensile test, only the modulus of rupture fails 

at a strain caused solely by tensile forces; since in the split tensile 

test, the region of failure is subject to lateral tensile strains which 

are induced by. the longitudinally applied compressive forces. This may 

be the reason why the split tensile strength'is less than the modulus of 

rupture strength, but as the effect has not been quantified experimentally 

the. tensile strain and stress at failure are calculated from the modulus 

of rupture test by using the tangent modulus of the isotropic material. 

4.4.5.3. Orthotropic properties after tensile strain failure 

Unlike splitting, /CI1ACI: / =1 in r ig. 4.5, tensile strain failure, 

/CRACK/ _, 2, can occur when the lateral forces are compressive an well 

as tensile. If it is assiuned that a series of longitudinal cracks are 
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formed which are not continuous, as compared with a split, then the 

lateral stiffness will depend on the lateral forces; compressive lateral 

forces will cause the longitudinal cracks to close and the stiffness to 

increase, whereas, the stiffness when tensile lateral forces are exerted 

will depend on the extent and continuity of the cracks. Furthermore, the 

lateral tensile strength of the concrete will also depend on the extent 

and continuity of the cracks; the reduction in strength is not known but'. 

can be considered to be represented by the split tensile strength as 

opposed to the modulus of rupture strength. Two elements should therefore 

be formed when lateral tensile strain failure occurs, however, in order 

to simplify the program and since the change in the lateral stiffness 

and strength is not known it was assumed that the lateral stiffness and 

strength remained the same after lateral tensile strain failure.. The 

longitudinal stiffness after tensile strain failure was reduced in order 

to represent the secant stiffness of the concrete at the maximum load. 

The theoretical extent of cracking at the discontinuity point of 

Barnard's experimental specimen44 and the development of the central core 

are shown in Fig. 4.7, which uses the nomenclature of Figs. 4.2 and 4.5. 

Only a quarter of the specimen is analysed*as it is symmetrical about its 

centre lines. The program had not then been adapted to allow for the 

tensile stress failure of the concrete. The sudden theoretical reduction 

in the longitudinal stiffness by 60% only causes a gradual reduction in 

the overall stiffness, Fig. 4.6. 

4.4.5.4 Compressive strain failure 

I 

Those elements which had previously reached their tensile' failure 

strain are assumed to disintegrate at a longitudinal compressive strain, 

el, of 0.0035, as used in CP11021 . No attempt was made to simulate the 

gradual failure of concrete since, if the mechanism is as hypothesized, 

it would require a non-linear analysis. Instead, it is assumed that the 

stiffness of the concrete in all directions reduces to zero. 

The theoretical extent of cracking of Barnard's specimen at the maximum 

load, which occurred when the first element disintegrated, is shown in 

Fig. 4.8. Further displacement to the theoretical specimen was 

accompanied by a reduction in the applied load and the formation of a 

band of concrete which had totally disintegrated, Fig. 4.9. The specimen 

collapsed, i. e. the stiffness and hence load reduced to zero, when the 

band had completely formed. A similar effect was observed experimentally 
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by Darnard44. It is apparent, Fig. 4.6, that the strain at which the 

concrete disintegrates is dependent upon the gauge length over which it 

is measured. 

4.4.6 Validation of the hypothesis for compressive failure 

Theoretical variations in strength have been compared with 

experimental variations in order to determine the accuracy of the 

hypothesis for the bompressive failure of concrete. 

It is virtually impossible to simulate the stress distribution and 

constraints of a three dimensional experiment on a two dimensional finite 

element program. Furthermore, the program only allows for tensile strain 

failure in the X-Y plane. The magnitude of these effects are considered 

at the beginning of each section. 

Since it is generally agreed that the present methods of determining 

the strengths and properties of concrete57 are not an absolute measure, 

the finite element programs have been used throughout this thesis to 

determine-only the variations in strength, which are mainly affected by 

the relative change in an independent variable. The theoretical variations 

have therefore been plotted in terms of an absolute strength which can be 

or is determined experimentally. 

All of the analyses, which use Mode 3, assume the followinr, concrete 

44 material properties and failure criteria which were derived from Barnard's 

üpccimcn. 

Failure criteria: 

Tensile strain failure of concrete; et = 143x10-0 

Compressive strain failure of concrete; el = -3500X1 0-0 

Tensile stress failure of concrete; ft= 3.02 i1/mm? 
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Concrete properties: 

/CRACK/ =0 

/CRAG 7x, 7=1 
/CR\CIC% =2 

/CßACI: / =3 

/CRACC/ =4 

S 

EX (I'1/mm2) r ,y (N/mm2) vx vY 

27000 27000 0.15 0.15 

27000 0 0 0" 

10300 27000 0 0 

10800 0 0 0 

0 0 0 0 

4.4.6.1 Triaxial compression tests 

The finite element analysis only,, considers failure in the x-y 

plane, hence 

cy = -vfx/Ec+fy/Lc (4.1) 

A cube of concrete in a triaxial compression test, is subject to stresses 

from three dimensions, hence 

cy = -vfX/EC+fy/EC-vfT/Ec 

since fy = fZ in a,. triaxial-compression test 

cy = -vfx/Ec+fy(1-v)/Ec (4.2) 

Therefore the error in determining the load at which tensile strain 

failure occurs, by using the two dimensional program, is given by vfy/Fc. 

The difference is shown in Figs. 4.10 and 4.11 where fX and fy have been 

plotted in, terms of the compressive strength of an unrestrained clement, 

fee, i. e. 0.4Ecel. 

The experimental results of triaxial compression tests on cylinders 

of concrete by Balmer, Jones and I4cHenry54, and Hobbs, Pomeroy and Ne man 
50 

are shoi-m in Figs. 4.10 and 4.11. In these tests the lateral restraint,, 

fy, was active since it was mzintBined at a constant stress as the 
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longitudinal force, fb, was applied. These results have been compared 

with theoretical analyses in which the lateral forces-were increased in 

proportion to the imposed longitudinal displacements i. e., passive 

resistance. The constraints were the same as in Fig. 4.7. The computer 

program had not been adapted to allow for the tensile stress failure of 

the concrete. A previous analysis, using, node 2, showed that tensile 

stress failure only occurred at extremely high loads, when the load was 

applied as a uniforh displacement, because fX was, fairly uniform and 

hence fy, which is caused by the dispersal of fY, was-very small. 

The results, Figs. 4.10 and 4.11, agree reasonably well at low lateral 

restraints i. e. fy < 0.3fcy but as fy increases they become increasingly 

unconservative and, follow the load at which tensile strain failure first 

occurs in an element, Equ. 4.1. The difference between the finite clement 

analysis and Equ. 4.1 is due to the non uniformity of the stresses within 

the specimen which are caused by the constraints of the platen.. 

There is. a reserve of strength in a specimen when tensile strain 

failure of an element occurs at a compressive strain below the, compressive 

, strain failure, el, and no reserve when it occurs above it. When there is 

a reserve of strength then further cracl: inr; can occur with an increase in 

load and {wie variation, rig. 4.11, is not directly proportional, to Equ. 4.1. 

However, when there is no reserve of strength then the specimen begins 

to disintegrate and hence the load reduces as soon as the tensile strain 

of failure is reached and the variations of Figs. 4.10 and 4.11, are 

directly proportional to Equ. 4.1. The effect of this on the distribution 

of cracks as the specimen begins to collapse is shown in Fig. 4.12; the 

extent of cracking reduces as fy increases. 

An attempt was made to simulate the constraints of a triaxial test 

specimen by applying a load to the centre of the steel platen, Fig. 4.13. 

The actual dimensions of the rig used in the triaxial tests of Balmer, 
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Jones and IIcI-ienry54 are not l. noi-nl although the ý report states that one 

platen was a spherical bearing., The results of an analysis without lateral 

forces, Fig. 4.13, showed that the cracking pattern and the failure load 

were similar to the analysis, Fig. 4.12, in which the specimen was 

displaced uniformly, however, the stresses at'the edges were 1£3% 'less 

than at the centre. The variation in strength, Figs. 4.10 and 4.11, gave 

a much closer correlation with the experimental results; the divergence 

at very high bearin!; stresses may be due to 'the non-linear behaviour of 

the platens. It would therefore appear that the curved' relationship 

betweeni the longitudinal failure load and the lateral restraining forces 

obtained from triaxial experiments may, in some cases, he a property of 

the apparatus and not a material property. 

The theoretical distribution of cracks in a triaxial compression', 

specimen, in which the load is applied to the centre of the-platen, is- 

shown in Fig. 4.14. The combination of the increased longitudinal 

compressive stress at the centre and hence'larger lateral tensile strains 

with the lateral tensile strains 'developed at the centre in order to 

balance the dispersal of the forces, due to the non-uniformity of loading, 

caused failure to initiate at the centre directly under the platen. A 

central core was not formed. °The failed region is remote from the 

laterally applied forces whose effects are further' reduced by-the platen 

stiffness 'arid hence the lateral forces have a smaller effect on the 

increase in bearing strength, Figs. 4.10 and 4.11, than in the theoretical 

specimen-with the uniform displacement. 

, 4.4.6'. 2- Platen restraint 

Since the external lateral forces arc zero, the lateral stresses 

within the'specimen, fy, tend towards zero and hence the combination of 

stresses used in the finite element analysis to determine the load at 
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which the tensile failure strain is reached, Equ. 4.1, are very nearly 

the same as in. the experiments, Equ. 4.2. There is therefore no 

significant error in comparing the two dimensional theoretical analysis 

with the three dimensional experiment. 

The theoretical and experimental, variation, reported by Price45, 

between the mean bearing strength, fb, and the length of the concrete 

cylinder, lc, in terms of its diameter, bc, is shown in Fig. 4.15. 

The constraints on the theoretical specimen are the same as in Fig. 4.7. ' 

The program did not allow for the tensile stress failure of the concrete. 

There appears to be a reasonable agreement between the variations. 

4.4.6.3 Bearing strength of strip loads 

When a specimen is subject to strip loads, Fig. 4.17, the forces 

can be considered to be dispersed only in the X-Y plane and hence the 

specimen would appear to be suitable for a two dimensional finite 

element analysis. The program does not consider the lateral strains in 

the z direction which are given by 

eZ = vfX/Ecvfy/Ec 

as fz is assumed to be zero as there is no dispersal of force in this 

direction. As fy is normally tensile due to the dispersal of the forces, 

ey (Equ. 4.1) will usually be greater than ez and therefore, the error in 

ignoring ez when determining the load at which et is reached may be 

considered to be insignificant. 

The finite element results are compared with the experimental results 

of Niyogi5$ and the empirical variations of Williams59 in Fig. 4.16. The 

Mode 3 program : ras used as it allowed for the tensile stress failure 

caused by the dispersal of the forces. The finite element results are 

plotted in terms of the crushing strength of an unrestrained element, fCe. 
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There is a reasonable agreement between the variations, the finite 

element analysis being conservative at low values of ba/bc. 

4.4.7 Summary 

A two dimensional, plane stress, finite element program has been 

written which allows the concrete to fail in tension and compression. 

Concrete is assumed to fail in tension when the principal tensile stress 

reaches a critical value and to fail in compression when first the lateral 

tensile strain induced by compressive forces reaches a critical value 

and then the longitudinal compressive strain exceeds another critical 

value. 

In order to, remain an elastic analysis the program assumes sudden 

changes in stiffness when various failure criteria are reached. This 

may not occur in practice. However, the procedures predict quite well 

the distribution of cracks, the effect of platen restraint, the triaxial 

strength of concrete cylinders'and the bearing strength under strip loads. 
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Chapter Five 

THE EXPERIMENTAL WORX. 

5.1 INTRODUCTION 

The manufacture, testing procedures, material properties, specimen 

constraints, maximum strengths and failure modes of a series of tests are 

described in this chapter. The results are used, in Chapters Six to Ten, 

either to validate a finite element analysis or to determine empirical 

relationships between two dimensional finite element analyses and the 

three dimensional experiments. 

It was concluded from the literature review, Sect 2.4, and statistical 

analysis, Chapter 3, that the variation between the empirically derived rules, 

Fig. 2.1, was not due to experimental error which was found to be comparativel; 

small but due to the different modes of failure, splitting of the slab and 

failure of the shank of the stud, and the effect upon these of the 

parameters and restraints of the push tests. A series of push tests was. ----- 

therefore devised in order to analyse each of these modes of failure 

separately. 

5.2 MANUFACTURE AND TESTING PROCEDURE 

5.2.1 Push tests 

The flanges of the steel beams were greased and the specimens cast 

in the upright position, Fig. I. I. 

A typical test rig and specimen is shown in Fig. iLl. The slabs 

were bedded to the steel base using dental paste, The spreader beams, 

which were simply supported by the flanges, were butted against the web 

and the ball joint was placed at the centre of the flanges. The load was 

applied by raising the base at a constant rate of 532mn/hour; the cross -head 

being stationary. The slips were measured with dial gauges at the level 

of the studs. The total load was automatically registered on a dial of 

the rig. 

5.2.2 Eccentric strip loads on concrete prisms 

The concrete prisms, Fig. 5.33, were cast in steel moulds. 

The specimen, Fig. 5.33, was tested by using the same procedure 
57 

and rig as used in a split tensile test. 

I 
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5.3 1. TATERIAL PROPERTIES 

5.3.1 Concrete 

5.3.1.1 Mix cle Sign 

The concrete consisted of a normal-density gravel of maximum 

size 14mm, zone 3 sand and Rapid Hardening Portland cement. The 

variation between the cube strength and water/cement ratio is shovm in 

60 
Fig. 5.23. The aggregates were tested according to DS312. 

5.3.1.2 Variation of properties 

The variation between the cube strength of the concrete, feu" 

and the split tensile strength, fct, modulus of rupture strength, fmd, 

modulus of elasticity, Fc, cylinder strength, fcy, and density are given 

in Figs. 5.22,5.24 to 5.26. The cube strengths, split cylinder strengths 

and densities are the mean of three results, the modulus of rupture 

strengths and the cylinder strengths are the mean of two results and the 

modulus of elasticity results are individual results. The materials were 

tested according to DS103157. 

5.3.2 Studs 

The studs were supplied by Crompton Parkinson and welded with 

equipment manufactured by them. 

5.3.2.1 Dimensions of welded studs and their ferrules 

The dimensions, Table 5.1, are each a mean of over twenty 

measurements. An ideal weld was considered to be one in which the 

weld collar was of a uniform depth and fully homogeneous with the shank, 

Fig. 5.10. when the weld collar was not fully homogeneous, Fig. 5.11, 

or not uniform, Fig. 5.9, the mean depth of the weld collar which was 

fully homogeneous was measured. During welding the molten metal must 
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have eroded the inside of the ferrule as the diameter of the weld collar 

gras slightly greater than the internal diameter of the ferrule. However, 

the variation was small; the measurements ranged from 96%o . to 103"0 of the 

mean. The molten metal did not and is not intended to fill the full 

internal depth of the ferrule; this not only caused large variations 

between the depths of weld collars, the measurements ranged from 73% to 

128%" of the mean, but also variations in the depth of the individual 

weld collars, Fig. 5.9. 

5.3.2.2 Strength of welded studs 

The specimens, Fig.. 5.15, were tested by applying an axial 

tensile force through the head of the stud and the flange of the beam. 

The majority of the specimens, Table 5.2, failed along the shank of the 

stud, Fig. 5.15, however, two failed at the weld-collar/shark interface 

at 10801a and 950Z of the mean shank failure load,, The strength of the weld 

material was tested by turning down the collar to 18.5mm, in which case 

the stud failed along the shank, and to 15.1mm (0.79ds), Fig. 5.21. The 

1 

mean axial strengths, Table 5.3, were inversely proportional to the 

diameter of the stud and the strength of the weld collar was 13% stronger 

than the mean axial strength of the stud. It would appear that thl 

flange naterial, which is mild steel, does not reduce the strength of 

the weld. 

5.3.2.3 Coupon tests 

The coupons, which were taken fron the shanks of unwelded'studs, 

were tested according to BS1861. A typical stress-strain relationship 

is shovm in Fig. 5.27. The stren ; tits, Table 5.3, were almost the same 

as those of the welded studs. 
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5.4 UNI ITIFORCED PUSH TESTS 

5.4.1 Specimens' which failed due to 3plittin, 

The studs were still intact after the concrete had split into two. 

5.4.1.1 Single studs 

The details of the specimens are given in Table 5.4. 

The crackinry pattern was the same as in the lightly reinforced 

specimen, Fig. 5.1, 'except that the slab parted about the longitudinal 

crack. at the maximum load. The lateral cracks Leere visible before the 

maximum load was reached and the longitudinal cracks, behind and in front 

of the stud, i. e. the split, which were only visible when or soon after 

the maximum load was reached, spread very rapidly causing, the slab to 

split into two and the load to reduce to zero. 

5.4.1.2 Longitudinally spaced studs 

The details of. the specimens are given in Table S. S. 

The cracking pattern for specimens in which the studs were 

widely spaced is shown in Fi f. 5.3. Splitting occurred, at the maximum 

load, the concrete had disintegrated-in the triangle in front of the 

studs and the lateral cracks were either non-e.; istent or very localized. 

The split was vertical, Fig. 5.4. 

The cracking pattern for specimens in which the studs were closely 

spaced is shown in Fig. 5.5. The slab split, at the maximum load, below 

the bottom stud and above the top stud and be ween the studs the slab 

parted along planes of maximum shear. 

5.4.1.3 Laterally spaced studs I 

The details of the specimen are given in Table 5.6. 

The cracking pattern, Fig. 5.2, was similar to that of a single 
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stud; the lateral cracks formed first and the longitudinal cracks formed 

at the maximum load. 

5.4.1.4 Staggered studs 

The details of-the specimens are given in Table 5.7. 

The slab split below the bottom stud and above the top stud 

at the maximum load. Between the studs, Figs. 5.6 and 5.7, the slab 

parted along the pltnes of maximum shear and the remaining concrete 

showed signs of splitting. When the studs were narrowly spaced, Fig. 5.6, 

the shear planes criss-crossed forming; struts between the studs, and 

when the studs'were widely spaced, Fib;. 5.7, the concrete s41bared along 

longitudinal planes at the outer edges of the studs. 

5.4.2 Soecirnens which failed across the shank 

The details of the specimens are given in Table 5.8. The hoinht 

of the failure zone, hf, was measured at the position at which the stud 

first cracl: ed, Fig. 5.11. 

The studs broke at the weld-collar/shanl: interface, Firs. 5.10 and 

5.11, and had hardly any permanent deformation, Fig. 5.8. The slab 

exhibited only localized failure, rig. 5.17, about the front of the stud; 

the cavity, Fig. 5.17, was probably gouged out by the weld collar as 

the specimen failed. 

5.4.3 Effect of Dace restraint and weld collar 

The detail: of the specimens- are given in Table 5.9. 

The specimens in which the weld collar wa. ̂, removed, Fin. 5.12, 

failed at the flan'; e/shank interface, Fin. 3.13. The : harm; had hardly 

any permanent deformation, Fig. 5.12. 
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Those specimens which did not have the weld collar removed failed 

when the slab split, Fig. 5.14; a"triangle of concrete broke away at the 

front with the usual split behind the stud. 

The extra passive lateral restraint, Fig. 5.30, did not change the 

failure mode but did increase the. strenrths. 

5.5 REINFORCED PUSH TESTS- 

5.5.1 Transverse rbinforcement fully anchored 

The details of the specimens are riven in Table 5.10. 

In most of the specimens the split was visible at the top of the 

slab soon after the-maximum load was reached, and in all of the specimens 

the split was visible along the soffit, Fig. 5.1, when it was exposed at 

the end of the experiment. The strength reduced gradually after the 

maximum load was reached and even when the load had reduced to half the 

maximum load the studs were found to be intact, but they had a large 

permanent deformation. The lateral cracks occurred before the maximum 

load. 

5.5.2 Uniformly diotributed transverse reinforcement 

The details of the specimens are given in Table 5.11. 

The studs broke at the weld-collar/shanI: interface. The node of 

failure is described in Sect. 5.4.2. 

5.5.3 5pccinen:: reinforced nccordinrto the standard push tent of 

the ßri_dre Code? 

The details of the specimens are given in Table 5.12. 

The studs broke at the weld-collar/shah;: interface and the slabs 

showed signs of splitting. 
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5.6 PUSH TESTS WITH REINFORCEIIENT LOOPED AROUTID THE STUD 

The lateral cracks, Figs. 5.13 and 5.19, which occurred first, were 

followed by either the longitudinal crack, Fig. 5.18, which caused the 

concrete cover to the studs to break away, or by wedges of concrete, 

Fi3.5.19, breaking a,. -, ray; both failure mechanisms exposed the stud and 

the transverse reinforcement, rig. 5.20. The reinforcement formed a 

cone of concrete around the studs, which separated from the concrete 

behind it. 

5.6.1 Single studs 

The details of the specimens are , given in Table 5.13. 

The slab split along the centre line of the stud. 

5.6.2 Double studs 

The details of the specimens are given in Table 5.14. 

5.7 ECCCIITRIC STRIP LOADS ON CONCRETE PRIS. '. IS 

The details of the specimens are given in Table 5.15. 

The specimens failed due to splitting. 



Table 5.1 The Wean dimensions of welded studs and their'-ferrules. 

Details: 
The diameter of the weld collar was measured above the notches produced 
by the gas vents. 

Type of stud 22X100 19X100 19X75 13X65 

Height of stud (mm) 100 99'; 75ý 64 
Diameter of shank (mm) 22.18 13.95 18.95 12.76 
Diameter of head (mm) 34.9 29.9 29.0 25.3 
Height of sham: (mm) 83.0 37.3 63.3 56.6 
Diameter of weld collar (mm) 29.0 25.9 25.9 16.8 
Height of weld collar (mm) 6.9 5.0 5.0 3.2 
Internal diameter of ferrule (mm) 27.7 23.4 23.4 16.6 
Internal depth of ferrule (mm) 10.1 0.9 9.9 4.3 

Table 5.2 Tensile tests on welded studs. 

Type of stud Pea 

(1: rd) 

Position of failure zone 

13XG5 81 Along shank 
13X65 82 Along shank 
19x1 00 171 Along shank 
19X100 169 Along shank 
19X100 104 At weld-collar/shank interface 
22X100 223 Along shank 
22X100 229 Along shank 
22X100 215 At weld-collar/shank interface 
19)aQO*1 169 Along shank 
19X100*2 125 In area of reduced diameter 

*1 Weld collar turned down to a diameter of 18.46mm 
*2 "Veld collar turned down to a diameter of 15.06mm 

Table 5.3 The mean strength of the stud material. 

Type of 
Tests on 
welded studs 

Coupons from 
shank 

stud No. of fsll Ito. of fs1t 
specimens (I! /mm2) coupons (IJ/mm2) 

13X65 2 639 
19;: 100 3 620 2 611 

22;: 100 3 576 1 562 
19X100' 1 703 

* Weld collar turned doem to a diameter of 15.06mm. 



Table 5.1 The mean dimensions of welded studs and their ferrules. 

Details: 
The diameter of the weld collar was measured above the notches produced 
by the gas vents. 

Type of stud 22X100 19100 19X75 13X65 

Height of stud (mm) 100 99'ý. 75; 64 
Diameter of shank (mm) 22.18 13.95 18.95 12.76 
Diameter of head (mm) 34.9 29.9 29.9 25.3 
Height of shank (mm) 83.0 37.3 63.3 56.6 
Diameter of weld collar (mm) 29.0 25.9 25.9 16.8 
Height of weld collar (mm) 6.9 5.0 5.0 3.2 
Internal diameter of ferrule (mm) 27.7 23.4 23.4 16.6 
Internal depth of ferrule (mm) 10.1 9.9 9.9 4.3 

Table 5.2 Tensile tests on welded studs. 

Type of stud Pea 

(1: N) 

Position of failure zone 

13XG5 81 Along shank 
13XG5 82 Along sham: 
19X100 171 Along shank 
19X100 169 Along shank 
19X100 184 At weld-collar/shank interface 
22X100 223 Along shank 
22; (100 229 Along shank 
22X100 215 At weld-collar/shank interface 
19)x. 00#1 169 Along shank 
19X100*2 125 In area of reduced diameter 

*1 1: 'eld collar turned down to a diameter of 16.46mm 
*2 ýWeld collar turned down to a diameter of 15.06mm 

Table 5.3 The mean strength of the stud material. 

Type of 
Tests on 
welded studs, 

Coupons from 
sham: 

stud No. of fsu No. of fstt 
specimens (fl/mm2) coupons (PJ/mm2) 

13X65 2 630 
19;; 100 3 620 2 611 
2241100 3 576 1 562 
19x100* 1 703 

* Weld collar turned dom to a diameter of 15.0Gmm. 



Table 5.4 Push testa. Unreinforced slabs with single studs which 
failed due to splitting. 

Details: 
Specimen as in Fig. 1.1, except that a single stud was placed along the 
centre line of the web. lp/bc = 2. lb = 150mm. 

Specimen 
No. 

Typo of 
stud 

fcu 
(11/mm2) 

fct 
(Pl/mm2) 

bc 
(mm) 

he 
(mm) 

Pe 
(kU) 

UCs1 19X75 27 2.4 152 111 57 
UCs2 19X75 31 2.3 252 105 57 
UC s3 19X75 27 2.4 353 102 69 
UCc4 19X1b0 32 2.0 151 131 61 
UCs5. 19X100 32 2.0 190 126 58 
UCsG 191ä. 00 25 2.0 256 126 65 
UCs7 1OX100 25 2.0 299 126 71 
UCs8 19X1 00 37 3.0 300 127 87 
UCs9 19X100 46 3.2 300 123 117 
UCs10 19X1 00 55 3.6 300 128 125 
UCs11 19X100 62 3.3 300 127 130 
UC:. 12 19)100 64 4.3 300 127 131 
UCs13 19X100 32 2.0 330 126 72 
UCs14 19X100 32 2.8 399 126 89 
UC , 15 19" 00 53 3.8 401 170 129 
UCs16 22X100 32 2.3 166 130 65 
UCs17 22X100 31 2.3 220 127 50 
UCsl0 22X100 32 2.3 300 126 94 
UC519 22X100 30 2.5 360 126 85 
UCs20 22X100 30 2.3 309 125 94 
UCs21 13X65 36 3.2 100 90 37 
UCs22 13X65 36 3.2 100 90 33 

%'here U= Unreinforced slab 
C= Concrete split 
s= single stud per slab 

Table 5.5 Push tests. Unreinforced slabs with 1onRitudinally spaced 
studs which failed due to splitting. 

Details: 
Specimen as in rin. 1.1, except that the studs were longitudinally spaced, 
Fig. 5.28 orlon, the centre line of the web. 19=00 studs. be = 300mm. 
he - 127mm. In = 950mm. lb = 50mm. 

Specimen Sr, No. of fcu fct Pe 
no. (mm) studs (It/mm2) (PI/mm2) (klN) 

uc11 GO 6 32 2. G 25 
UC12 100 5 34 2.7 37 
UC13 150 5 28 2.1 43 
UC14 3,00 3 32 2.6 71 

where 1= studs longitudinally --paced 



Table 5.6 Pu3h tests. Unreinforced oiah:, with laterally spaced ctudc 
which failed due to splitting. 

Details: 
Specimen as in Fi ;. 1.1.19;: 100 studs. be = 300mm. he = 127mm. 
lp = 600m. lb = 150mm. 

pccimcn to fcu fct Pc 

110. (mm) (Ii/nm2) (II/mn2) (; zF1) 

UCt1 40 35 2. G CG 
UCt2 100 37 2.9 00 

where t= studs transversely spaced 

Table 5.7 Push test.. Unrcinforced slabs with staj* ; creel studs 
which failed due to splittinn. 

Pethils: 
Specimen as in Fig. 1.1, e;, -cep-,. that the studs were sta cred, Fir. 5.20, 
about the centre line of the web. 6 No. 19; x00 studs. be = 300mm. 
he = 127mm. 11) = 050mm. lb = 50mm. ss = 50mm. 

Socciricn to fcu ct Pe 
tic. (nrl) (I1/mn' (I'/nn2) (ku) 

UCltl 20 35 2.7 23 
UC1t2 20 32 2.7 27 

ITCZt3 40 33 3.0 39 

Table 5.3 Push tents. Unreinforced slabs with single studs which 
failed across the shank. 

Dctai1. i 

Specimen as in Fig;. 1.1, except that a sin^; le stud wan placed alonj the 

centre line of the web. In = 150mm. 

Soccimen 

I10. 

Type of 

stud 

fcu 
(ti/mn? ) 

fct 
(I1/m m2) 

be 
(nm) 

he 
(mm) 

1p 
(M) 

11f 
(nrn) 

PC 
(1: I1) 

U»1 13:: 65 3G 2.3 400 115 450 4.0 51 
U3c2 13X35 3G 2.3 400 115 450 4.3 56 
U533 13. ̀ : 35 23 2.2 400 115 450 - 42 

USc4 13X65 33 2.0 400 115 450 3.0 51 
U3 :5 10.11,100 Gl 3.9 400 175 000 4.9 141 
Uä , 10;: 100 G5 4.0 400 175 555 6.0 169 
U3s7 0: 100 G3 4.0 400 175 555 5,0 15; 3 
U1' ,3 22: 100 60 4.6 400 175 555 - 205 

where = studs failed across the shan!: 



Table 5.0 Push Toots. Effect of the bate restraint and wc1d collar. 

Dctail n: 
Specimen as in Fig. 1.1, except that a: in;; le stud was placed along the 
centre line of the web. 1 No. 19X100 stud. be _ 300mm. he. = 150mm. 
In = 120mm. lb = 200mm. 

Tpccincn 
Iio. 

f 
(11/n 2) 

f t 
(I I/irr') 

PC 
(I: TJ) Type of failure 

UCs23 55. 3.5 153 Concrete failed 
UCs24 55 3.5 172 Concrete failed 
us o 63 3.5 129 Shan% failed 
Ur 10 63' 3.5 153 Sham: failed 

Wed collar renovcd 
r: ctra passive lateral restraint (F!, -,. 5.30) 

Table 5.10 Pu:, 1i tests. Transverse reinforcement fully anchored. 
Slabs split. 

Dc tails: 
Specimen as in Fi, ý. 1.1, c:: ccp t that a rinrylc �tuts placcd a1on.; the 
centre line of the web. Transvcr. ic reinforcement as in 1'i!;. 5.31. 

1 llo. 10;; 100 ctucl. be = 300mm. lie = 127mm. 1p = G00mm. 1b = 150m. m. 
mild ntccl reinforcement. 

Spec men 
IIo. 

Ar 
(mm2) 

No. of 

;; roup^ 

fry 
(II/mm2) 

fru 
(I; /r1: 12) 

1r 
(riri) 

Or 
(mm) 

fcu 
(II/mn2) 

fct 
(I I/mm2) 

cb 
(rjm) 

I'e 
(I; II) 

RC o1 36 1 303 470 119 25 . 2.0 20 63 
RCc2 72 1 303 470 110 30 2.3 20 93 
rCc3 107_ 1 303 470 119 25 2.0 20 77 
RC-4 125 1 331 533 123 32 2.0 20 07 
RCs5 156 1 331 533 115 32 2.0 20 100 
RCoL) 125 1 331 533 110 35 2.0 44 106 

,, C-7 57 1 303 470 2'0 31 2. G 20 03 
^C . S3 23 2 303 470 111) 110 31 2.6 20 07 

flC^9 72 2 303 470 119 110 20 2.5. 20 95 
:; C^10 62 5 3ü1 50's 7G 40 37 3.2 44 103 

where r, = slab reinforced 
Ar= cross-sectional area of a group of transverse reinforcement 



Table 5.11 Pu3h torts. Uniformly distributed transverse reinforcement. 
J 1iuds failed across Chan::. 

Details: 
Specimen as in Fig. 1.1, c:: cc t that a cin!; 1c stud rzc placed along the 
centre line of the web. Transverse reinforcement as in Fig. 5.32. 
10:: 100 stud. bc = 300nm. heý = 127m; i. lp = G00mn. lb = 150mm. 
I-Ii rh yield reinforcement. 

äPecimen Ar lr Sr fcu fct frla cb hf Pc 

To. (Mn`) "º) (nn) (I1/ 2) i11/rº"ý2) (T, /M, 2) (mm) (mm) (1: 11) 

RSsl 50 124 
30 36 2.5 4.4 15 7.2 135 

RSs2 70 24 30 33 2.5 4.4 15 4.9 133 
113c3 - 157 24 33 29 2.6 3.6 15 G. 1 122 
I; Ss4 157 39 G0 20 2.6 3.6 15 7.4 131 
P. S^5 70 24 30 34 2. G 4.3 30 7.5 133 
'; ^; > i 79 24 30 34 2.0 4.3 45 7.0 142 

Table 5.12 Push tests. Specimens reinforced according to We standard 
push test of the Brid;; c Code7. 

1) thi1^. 
Specimen as in I'i. ;. 1.1.19 , 75 �twb . be = 300mm. the = 100mm. 
1ý = 545mme lb = 105mm. 

SpccimÖn r'o. of t� fcu fct fmci Pe 
110. studs (fl'1) (I1/mm2) (Ii/nm2) 2) (1.11) 

rColl 1 0 24 2.0 3.2 00 
C ;1 2 39 29 2.2 3.9 G: 1 



Table 5.13 Push tests. Transverse reinforcement looped around 
a sinc; le stud. 

Details: 
Specimen as in Fin. 3.2, o:: cept that a üin^, le stud was placed along the 

,c= 60mm. centre line of the cweb. 19): 75 stud. fr. I _ -qU PI/runt. r 
? lild steel reinforcement. 

Specimen 
Tie. 

A. 
r 

(ttf12) 

hr 
rý (mm) 

b cb 
(mm) 

p 
(mm) 

1. 
a 

(mm) 

he 
(mm) 

bt 
(mm) 

he 
(mm) 

fcu 
# 

ct 
ib 

fnü 
* 

Pc 
(1: r1) 

L^>1 0 0 15 545 105 100 352 105 20 2.7 4.1 59 
L^2 101 3 15 545 105 100 352 105 32 2.3 3.3 7G 
L:, 3 201 10 15 545 105 100 352 105 20 2.0 3.3 39 

Lc4 302 24 15 545 195 100 351 104 31 2.7 3.9 00 
L, 5 402 1G 15 545 105 100 352 105 310 2.5 3.4 GO 
LsG 101 3 15 545 1J5 1CO 364 129 33 2.9 4.0 73 

Ls7 101 0 15 545 105 100 375 151 29 2.3 3.2 34 

Ls3 101 3 15 545 195 100 339 170 29 2.5 3.9 30 
I,, ') 101 0 15 545 105 100 401 203 31 2.7 3.7 34 
L. ̂. 10 217 1G 25 600 150 125 170 30 20 2. G 3.0 7G 
L^. l1 217 1G 32 600 1 50 125 170 30 23 2.4 3.7 75 

I., 12 217 16 45 300 150 125 170 00 29 2. G 3.0 61 
L:, 13 472 30 13 600 100 12 G 170 30 20 2.4 3.7 100 

(tr/r.,;, 2 ) 

there L= reiniorccr. lent looped around the stud 
Ar = area of reinforccmcnt cro;; inry the plane L-fl, Fir. '. 2 



Table 5.14 Push tests. Transverse reinforcement looped around 
a double stud. 

Details: 
Snecimen an in Pi!;. 3.2.2 No. IOX75 studs. he = 100mm. 1. = 545mm. 
1b = 195mm. ec = GOmm, t; = 30mm. %= 15mm. hr = 3mm. fry, = 330mm. 

Snccincn Ar bt Uc fcu fct rmcl 
Pc 

No. (nm2) (mm) (nt., ) (t1/nn2) (Pd/nm2) (II/nn2) (1N) 

L "cl 0 375 150 33 2.8 3.3 60 

Lt2 101 374 143 31 2.8 3.7 71 
Lt3 101 333 176 32 2.3 P3.7 64 
l, t4 101 403 216 35 2.0 4.3 77 
L't5 101 426 252 32 2.7 4.2 73 

where A. = area of reinforcement crossin, ry the plane F-B, Fig. 3.2 

Tablc 5.15 rcccntric strip load on concrctc prisms. 

Dctnils: 
Specimen as in Fig. 5.33.1ic = 15Onra. b11 = 150nm. lc = 300mn. 

ba/bc = 0.12. "f=2.9 I1/mr1' . 

Specimen be/bt PC 

io. (I: U) 

UC1 1 168 
UC2 0.325 156 
UC3 0.639 123 
UC4 0.483 110 

UC5 0.280 69 
0 

rnccrc Pe = the mean of three tc3t 
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Appendix: 5.1 Push tests. Tests on 13', G5 studs at Warwick University 

. by Dur:: hardtG' and Funr and I: inryG3 

Details: 
apecimcn as in rig. 1.1. bc = 300mm. he = 150mm. 1n = 250mm. 
1b = 210mm. 13: 05 studs. Funr; and 'King used concrete with a maximum 
ar re^, atc size of 10mm whereas Burkhardt used a meximum a;; rcgatc size 
of 10mm. nccimcns lir; htly reinforced according to the Bridge Code7. 
Studs failed along the sham: 

I 

; necimen 
No. 

Ref. 
No. 

No. of 
studs 

t; 
(rari) 

ICU 
(t1/nn2) 

fct 
(11/ran-) 

e 
(1: 11) 

1; S:, 7 62 1 47 - 77 
P. Sr, ̂  62 1 44 - 44 
:: 339 62 1 42 - 54 

P, So10 G2 1 Go G3 
P. Szi l 62 1 43 - 72 

R3t1 63 2 30 21 1.0 59 
;3c? G3 2 30 21 1.0 50 

3 G3 2 39 20 1. G 55 

R3t4 63 2 30 20 1.0 55> 
fl3'-, > 63 2 39 21 1.7 57 
;! )t5 63 2 30 11-1 1.7 GO 

G3 2 30 21 1.9 50 
fl t0 G0 2 39 21 1.9 5G 
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Chapter Six 

FAILURE OF THE SIIATIIC OF THE STUD 

6.1 INTRODUCTION 

The maximum load that a stud can transmit into a slab which does not 

split, . 
fail along planes of maximum shear nor allow the stud to pull out, 

is, determined in tliis chapter. 

The finite element model is described in Sect. 6.2. This model is 

used to determine the distribution of force, about the stud, Sect. G. 3, 

and the change in the strength of a stud when the parameters of the 

push test are altered, Sect. 6.4. The results are used to determine the 

maximum strength of studs, Sect. G. S. 

6.2. FINITE ELE. 'clENT MODEL 

6.2.1 The standard push test 

6.2.1.1 Dimensions 

The proportions of the stud, Fig. 6.1, were based upon the 

mean dimensions of 13X65 studs, Table 5.1; these proportions also closely 

resemble those of a 19X100 stud. The length and stiffness of the slab, 

6.2, wore arbitrary values. 

. ach rectangle of the finite element model represents two triangleo, 

as shown in rig. G. 3. The thickness of the elements in front of the- 

stud were increased uniformly in order to represent the dispersal of the 

applied force into the concrete. The angle of dispersal was derived 

from Sect. 7.5.1.1. The shank and the weld collar were assumed to be 

square. 

Q 
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6.2.1.2 Material properties 

A . "ode 2 analysis, Sect. 4.3, showed that the concrete at the 

bad: of the stud and adjacent to the weld collar cracked at very low 

loads and that this crack quickly progressed along; the shame to the head; 

the stud was in fact separating from the concrete behind it. These 

elements were therefore given zero stiffness, Fi;. 6.3. 

In order to represent the reduction in stiffness due to the high 

stresses. at the base of the shank at failure, the stiffness of the elements 

below line F-F, Fig. 6.3, was halved. 

6.2.1.3 Constraints r 

The constraints are shown in Fir. 6.3; the nomenclature is 

given in Fig. 4.2. The specimen x-ras loaded by applying a uniform 

displacement to the nodes along the boundary fl-C. The flange/slab interface, 

A-B, was free to slide. The base, which was fixed at D, was allowed to 

e; cpand along D -E. 

6.3 ELASTIC DISTfIDUTIOU OF FORCES 

The ',. ode 1 analysis, Sect. 4.2, was used to analyse the standard 

specimen, sect. 6.2.1. The distributions of forces, which were developed 

when a 100 I'll shear force was applied to a 19000 stud, should only be 

considered as a qualitative representation of the forces, as the two 

dimensional Mode 1 analysis is a very crude representation of the three 

dimensional problem. 

The forces which are e;: erteil on the stud, Fir. G. 4, can be considered 

to consist of: the shear force, the axial force and the bending moment 

at the base of the stud, the normal force perpendicular to the shank, 

the frictional force alon" the front of the sham]:, and the embedment 

force applied to the head of the stud. 
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The axial compressive force which is caused by the lateral restraint 

imposed upon the base of the concrete slab, Fig. 6.5, is almost equal to 

the horizontal restraining force at the base of the slab. 

The longitudinal displacement of the stud pulls the head of the 

stud down and rotates it in an anti-clockwise direction, Fig. 6.6, 

causing larger embedment forces at the back of the head than in the front. 

These forces, in turn, cause a shear deformation in the concrete, rig. 6.6. 

If these forces were large enough, "cracking would start at the back of 

the stud and propagate all the way round, producing a conical type of 

failure in the concrete, which is often referred to as embedment failure. 

This phenomenon has been shown experimentally by Ollgaard, Slutter and 

Fisher 

6.3.1 Stud without a weld collar 

6.3.1.1 Stud displaced longitudinally 

The resultant of the external forces and the distribution of 

the internal forces are shown in Fig.. 6.4. The bending moments and 

shear forces are at a maximum at the base of the stud and the axial load 

changes from compression at the base to tension at the head. The 

frictional force is usually much smaller than the normal force, Fig. 6.7, 

and so is unlikely to be limited by the coefficient of friction at the 

shank/concrete interface. 

The distribution of the shear forces and bending moments in the 

finite element analysis, Fig. 6.4, is similar to that of Gogoi's24 

theoretical analysis, Figs. 2.2 and 2.3, about the bottom of the stud. 

The difference in the variations about the top is mainly because the 

finite element analysis allows the shank of the stud to separate from the 

concrete in front of the stud in this region and because of the embedment 

forces. 

1. 



-4J- 

6.3.1.2 Stud displaced longitudinally and vertically 

The effect of applying a vertical downward displacement-of 

30% of the longitudinal displacement can be seen by comparing Figs. 6.4 

and 6.3. The vertical displacement increases the a:: ial force, tension 

being positive, and reduces the frictional force; the combined effect is 

to increase the embedment forces particularly at the bacl; of the stud. 

The moment at the base is hardly changed as its main contributor, the 

normal force, is not affected by the vertical displacement. The negative 

moments are increased by the embedment forces. The reversal in the 

direcIvion of the frictional force, Fig. G. 7, ' causes the position of the 

ma;; imum axial tensile force to change from the top of the stud to the 

bottom, Fig. 6.0. 

6.3.1.3 Failure 

A 'beam' analysis has been uied to determine the probable causes 

of failure, although it is realized that the stress distribution-- arc 

affected by the Proximity of the applied loads and stress concentrations 

caused by abrupt chanhec in the dimonc3ions. 

The maximum flexural tensile stress, rig. 6.10, occurs at the front 

of the stud at the sham: /flange interface. The effect of the vertical 

displacement was to increase the axial stress to only 91-of the flexural 

stress* it would therefore appear that failure of a stud without a weld 

collar is predominantly a-flexural failure. 

6.3.2 Stud with a weld collar 

6.3.2.1 Stud displaced longitudinally 

The effect of the weld collar can be seen by comparing Pi 3.3.4 

and 6.13. Since most of 'the normal force is now resisted by the weld 

collar, its rc3ua. tc1nt is nearer the flange and hence the bcndinry moment 

1 

is reduced. The normal stresses, rig. 0.15, arc smaller than those of 
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a stud without a weld collar because the bearing surface of the weld 

collar is greater than that of the equivalent height of shank. 

6.3.2.2 Stud displaced longitudinally and vertically 

The effect, Fig. 6.14, is similar to that of a stud without a 

weld collar, Sect. 6.3.1.2. 

6.3.2.3 Failure 1 

The stresses at the weld-collar/flan;; e interface, Fig. 6.11, 

and at the weld-collar/shank interface, Fig. 6.12, can be compared with 

those of a stud withot a weld collar, rig. 6.10. It is apparent that 

the weld collar substantially reduces tlhe, mas: inum stresses in all cases. 

At the tiweld-collar/fla. nrc interface the flc,; ural , area ea' choar 

stresses and axial stresses are smaller because of the larger cross- 

sectional area of the weld collar. The flc: cural stresses are also 

smaller because of the reduction in the moment, Sect. G. 3.2.1. 

At the weld-co11ar/shan3: interface the flexural ctre: 3se3 and chcar 

stresses are smaller because most of. the normal force is resisted below 

the interface by the weld collar. Ilolrever, the a>; ial otrcJJ i r, not 

significantly reduced and is now approximately the sane size as the 

other stresses. 

G. 4 PAflA1ETRIC STUDY 

The parametric study of Sect. 6.4.1 was conducted by analysing 

variations of the standard push test, Sect. G. 2.1, using the Mode 2 

program, which does not allow the concrete to fail, in compression. The 

effect of compressive failure teas determines empirically in Sect. 6.4.2. 

The shear connection was assumed to have reached its maximum strength 

v'11cn the mtu; imum ;; tress in the stud reached the ultimate tensile strength 
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of a 19X100 stud, Table 5.3. The ma imum stress always occurred in the 

failure zone, Fin. 6.3. The concrete was assumed to split when the 

maximum stress reached 3.9 N/mm2. Splitting was restricted to the concrete 

below the line F-F, Fig. 6.3, in order to prevent embedment failure. 

6.4.1 Theoretically derived variations 

One parameter of the standard push test was altered at a time. 

The variation in tha theoretical strength is given as a proportion of 

the theoretical strength of the standard push test. 

6.4.1.1 Tensile strength of the concrete 

The cracl: in; pattern, at the maximum load, when a longitudinal 

displacement was applied to the standard push-test specimen is shown in 

Fin. 6.21. The cracks, which started and propagated from the elements 

immediately above the veld collar, are shown as individual crakes but 

they probably join to form a series of longitudinal struts which eventually 

fail by buc%ling; this method of concrete failure, i. e. spalling, can be 

soon in Fig. 5.17. A reduction in the tensile strength of the concrete 

of 72c,, Fig. 6.22, increased the amount of cracking but only reduced 

the maximum load by less than 21. '). 

6.4.1.2 iIatcrial stiffness 

As the stiffness of the concrete increases, in relation to the 

stiffness of the stud, the level of the resultant of the normal force, 

Fib;. G. 4, falls and hence-the forces at the interfaces reduce causing 

the stud to fail at a higher shear load, Fig. 6.16. The variation of the 

finite element analysis is compared with the empirical variation of 

011nzard, Sluttcr and Fisher 
2, Equ. 2.3, by plotting the variation of 

the empirical rules about the point I: e =1 and I; e/); s = 0.115. The 
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variations have a good agreement. 

It can be derived from ritt. 6.16 that the 157; reduction in stren^th 

of studs in iir; htwei;; ht concrete of a density greater than 1400 k, g/m3, 

which is rc; luirecl by the Bridge Code7, becomes unconcervative when the 

density is lees than 1940 1: g/n3, if tho relationship betvreen the density 

and stiffness of concrete given by CP11021 is used. 

6.4.1.3 Voids and 'dense inclusions 

A void or an inclusion in the concrete has the . -, acne effect as 

varying the material stiffnesses, Sect. 6.4.1.2, except that the variation 

is now localized. 

A void along the bearing surface of the weld collar, Fig. 0.23, 

reduced the ctren, *th of the standard specimen by 201,, '. A 10mm inclucion, 

of the came stiffness as the stud, incrcased the ctrcngth of a 13XG! 3 

stud in the standard specimen by 23;.,, w, rricn it was placed at the soffit 

of the slab, Fir. G. 24, and by only 0.4,5 when it was placed at the sale 

distance fror the sham:, but with 15r, -im cover; a 1Jmm inclusion increased 

the strength by 32; 5. The theoretical re cults have been conparod with 

the experimental results of studs which failed a1on,, -r 
the shard:, Fi;;. 6.27; 

the rannc is similar. The e:: nerimental recultc, Fi;. G. 27, include those 

of Appendix: 5.1 and those of 'Table 3.1 in Which 'she slab was aider tlian 

200nn, -since it will be shown in Chapter 7 thOt these trere unlii: cly to 

, alit. 

It would appear that the strength is hir; hly dependent ux, on te 

oroý)crtics of the concrete in the immediate vicinity of the weld collar; 

had compaction and chin ; es in the position of the individual a^, ̂ , rcgate 

particles can alter the strength substantially. This may' c:: plain why 

02 
the range of Burkhardt's results, 70°; to 122. ' of the moan, is much 

r 
0ý1; ý to 105; 'S, in Appendix 5.1. ; rea Ler than those of rune and Kin^`' 3 



- 49 - 

Burkhardt used a maximum aggregate size of 19mm whereas Fung and King 

used a maximum aggregate size of 10mm. The difficulty of compacting 19mm 

aggregates around the weld collars of 13X65 studs may have caused the 

lower range of Burkhardt's results whereas the larger aggregate size 

would cause the higher range. 

6.4.1.4 Height of the shank 

The variation found in the finite element analysis, Fig. 6.17, 

compares reasonably yell with the empirically derived rules of the 

Draft European Recommendations23, considering that the proportional change 

is small and hence would be difficult to determine experimentally. The 

lower strengths of Slutter and Driscoll3, at low values of hsh/ds, is 

probably because their specimens failed due to embedment failure whereas 

the finite-element analysis does not allow this to occur. The Bridge 

Code? assures a difference in strength between a 19X75 and a 19X100 stud 

of 13°x, which agrees well with the 10% difference given by the finite 

element analysis. 
i 

6.4.1.5 Height of the weld collar 

The theoretical variation, Fig. 6.13, is compared with the 

experimental results in Sect. 6.4.2.2. The extent of cracking of a'stud 

without a weld collar at the, naxinum load, Fig. 6.25, is less than'that 
t 

of the standard specimen, Fig. 6.2 1, partly-because of the lower strength 

and partly because the weld collar acts as a crack inducer by causing 

high stress concentrations. The effect of this on the distribution of 

the normal force about the weld collar is shown in Fig. 6.15. 

The optimum height of the weld collar of the standard stud, Fig. G. 1, 

i. e. the height at which failure occurs. simultaneously at the two 

interfaces, can be calculated from Fig. 6.18. The strength of the 
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weld-collar/flange interface is proportional to 0.59A, yf'su, where 0.59 is 

;: ý, 1 at h,,! /d. = 0, Fig. 6.18, At, = Area of weld collar and f' ,u is the 

ultimate tensile strength of the weld material. The strength of the 

shank/weld-collar interface is proportional to KWAsf u. Since f''sel. 13fsu, 

Sect. 5.3.2.2, the interfaces fail :, inultaneously iahen I: 
ýý = 1.19 i. e. 

h,. l = 0.35ds. 

6.4.1.6 Length of the slab 

The theoretical strength increases as the length of the slab 

reduces, Fig. 6.19, because the axial compressive load, caused-by the 
, 

lateral restraint at the base, Sect. 6.3, also increases, Fig. 6.31, 

and hence reduces the tensile stresses at the interfaces. Furthermore, 

the deformation of the concrete reduces because of the proximity of the 

base and hence becomes apparently stiffer. 

It may be more appropriate to assume that the base is fully fixed, 

Fig. 6.19, as the slab is unlikely to rotate about D, Fig. 6.3, when the 

stud is close to the base. The variations converge when lp > 20ds. 
I 

When the base of a push-test specimen is allowed to slide, the 

slab rotates about the studs forming compressive forces across the 

flange/slab interface above the stud. These forces are balanced bj an 

axial tensile force at the base of the stud which acts over the interfaces 

of the studs causing the strength to reduce. The theoretical axial 
1 

compressive force in a push test, in which lp_= 45ds and the base was 

partly, -restrained, was 9% of the shear load and when the base was 

allowed to slide, the force changed to an axial tensile force pof, 3°% of 

the shear load; the effect of which was to reduce the shear strength by 

11°ß. r I"Iainstone and I-Ienzie10 showed experimentally that the strengths of 

studs tested in slabs which were free to slide were consistently about 

10, E belotwr the stxendths given in CP117II. 
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6.4.1.7 l4:: ia1 loads 

The variation in strength when an axial displacement as 'well as 

a longitudinal displacement is applied is shown in Fib;. 6.32, The effect 

of tensile cracking is shown by the difference bet-acon the It ode 1 and 

dodo 2'analyse, 3. The sudden reduction in the strength between the points 

A and B is caused by the complete disintegration of the concrete around 

the weld collar, Fig. 6.26, and hence the variation follows the theoretical 

variation when a void is assumed to be adjacent to the bearing surface of 

the weld collar. The load at which the concrete starts to disintegrate, 

point A, is dependent upon the tensile strength of the concrete, Fig. G. 29. 

If it is assumed that the longitudinal cracks which occur around the 

geld collar, Fig. 6.21, eliminate the frictional force at the weld collar, 

Fig. G. 14, then the axial force can be considered to be alhoot uniform 

a1on,? the sham:, in contrast' to the normal force which reduces rapidly. 

The axial force has therefore an increasin^1y greater effect than the 

nörnal force on the shanI: /weld-collar interface as the heir; lit of the 

weld collar increases. This is confirmed by the theoretical initial 

rate of reduction in strength, the clone at D, Fir,. 6.32, which increase:, 

an the hei, ht of the weld collar increases, rii. 6.20. 

The theoretical variation , for the standard specinen with and 

without a weld collar, Firn. 6.29 and G. 30, form a lower hound to the 

empirical rules of IIc.. Iackin, Slutter and Fisher 13, 
which arc used in the 

2: 3 
Draft European lecomnendationn , and to the desirn rules of the tridrº, e 

Code. ilcilac3: in's rules were derived from tests on studs without well 

collars for which they appear to give a slightly better correlation with 

the finite element analysis. The ,J ridge Code, which only considers the 

otren'th of the sham: of the stud, az ums that its stren-th reduces 

r 
accordin to Von 2lises yield criterion, a:, recommended by Van Dalen ''. 
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G. 4.2 Empirically derived variations 

As the nmzimuri shear strength of a stud shear connector, P. 
'11, 

iý 

assumed to occur when the shank reaches its ultimate strength, fSu, it 

will be assumed that Pch is proportional to the ctrcn; th of the shank, 

A fý , and therefore the strength of a stit-1 in a push specimen is given by 

by 
P= Asfsu; e1. : 1i1: ý 

j. ll. a 
(G 

. 1) 
3h 

where the theoretical variations of he, 1,11, Kw, K1 and I: a have been 

determined in Sect. 6.4.1 and Kf is the variation due to the compressive 

strength of the concrete. 

6.4.2.1 Compressive strength of the concrete 

The variation caused by chances in the compressive stren;; th of 

the concrete, ", f, was determined from the experimental results of 

Tables 5.3 and 5.11 in which the depth of the failure zone, hf., was 

measured, by assuming Pch = Pe in Equ. 6.1. The empirical variation, 

line A-A in Fig. 6.20, has a coefficient of variation of 7.5; 5 which is 

close to the -statistically derived coefficient of variation of the 

experimental error, Sect. 3.4.3.1, of 7. J;,. An analysis of all the 

results of the tests which failed alon7 the shank, Tables 5.8 and 5.11 

and those of Funr and Kino; in Appendix; 5.1, nave the line 3-fl when the 

hcirrht of the weld collar was assumed to be 0.25d, and the line C-C 

when the height of the weld collar was assumed to be the mean hei! -, ht of 

the measured failure zones, 0.33d.. The results of run; and King were 

included bccauoc they used the sane typo of a'-rer; ates and cement and 

hence their concrete had the same material variation, an in Sect. 5.3. 

The theoretical variation, A-A, agrees closely with the empirical variation 

0 
of Ollf; aard` at al, which has been plotted through the intercept of the 

lines A-A and C-C, and it is probably conservative to extrapolate it 

dormwards as it falls below the line C-C. 
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The failure mechanise is similar to that caused by variations in 

the material stiffness, Sect. G. 4.1.2. When the concrete fails its 

stiffness reduces causing, the resultant of the normal force . to rise and 

hence increases the stresses at the stud interfaces. Slabs of wea-: 

concrete will therefore start to fail at lower loads than those of 

stronger concrete and hence the maximum load will be less. 

6.4.2.2 ; feirht of the weld collar 

The thcorctical variation caused by change, in the height of 

the acid collar, Klr, is compared with the experimental variation in 

Fir. 6.13. The experimental values of K., were determined from the test 

results of Tables 5.8 and 5.11, in which the depth of the failure zone 

was measured, and specimen U, sO, Table 5.9, by assuming Pch = Pe in 

rou. 6.1 and deriving .f from line C-C in Fin. 6.20. This is a feasible 

method of comparison since the line C-C was not derived from the 

individual ilei,; lits- of the failure zones. The variations have a 

reasonable agreement; the scatter may be partly due to the difficulty 

in measurin the height of the failure zone. 

6.5 ',, IAXII IUi i STREIICTI I 

The na:: imum strength of a stud in a push test, Equ. 6.1, is compared 

with empirically derived rules in Sect. G. 5.1 and is used to determine 

tentative design rules in Sect. G. 5.2. 

6.5.1 Strength of a stud in a push test 

6.5.1.1 to upper bound to the m1;; imum strcn^th 

The fo1lowins*, propcrtic ; may lie connidbred to define an upper 

bound to the strength of a stud in a push test. 

The base of the s1zb is fully fi:: Cd; "a =1 in Fin. 3.20. 
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The height of the weld collar is equal to or greater than the 

optimum height of 0.35ds, Sect. 6.4.1.5; Kw = 1.19 in Fig. 6.18. 

The stiffness of the concrete varies according to the upper range 

given by CP1102, Fig. 5.26. 

The strength and stiffness of the stud are the same as those used 

in this research project; fsu = 620 N/rangy, Table 5.3, and E. = 227 kN/mn2, 

Fig. 5.27. 

The stud is placed at a distance of 20ds from the base; K1 =1 in 

Fig. 6.19. 

6.5.1.2 A lower bound to the maximum strength 

The following properties may be considered to define a lower 

bound to the strength of a 
. 

stud in a push test. 

The base of the slab is allowed to slide and hence the shear connection 

is 11% weaker than in a slab which is prevented from sliding, Sect. 6.4.1.6; 

Ka = 0.89. There is not a weld collar; K,, l = 0.59. 

mm2 The ultimate tensile strength of the stud material is 500 N/; 
1 

this is the characteristic strength as given by the Bridge Code . The 

failure strength is therefore 13141% greater, Sect. 5.3.2.2. 

The stiffness of the stud is the same as those used in this rlsearch 

project; ES= 227 kN/mr2, Fig. 5.27. 

The stiffness of the concrete varies according to the lower range 

2 
given by CP110; Fig. 5.26. 

The stud is placed, at a distance of 20ds from the base; Ki =1 in 

Fig. 6.19. 

6.5.1.3 A comparison with enpiriöally derived rules 

The upper and lover bounds, which were derived in the previous 

sections, have been compared with empirically derived rules for the 
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strength of 19X100 studs, Fig. 2.1. : he bounds clearly encompass the 

empirical rules. 

6.5.2 Design rules 

6.5.2.1 Derivation of rules 

As the behaviour of the studs in composite beams is not 1-. noom, 

the following properties and assumptions may be considered only to be a 

guide in determining the maximum strength of scuds in beams. 

There is no axial load at the base of the stud;. I'. a = 0.93 in 

Fig. 6.29. 

Since the change in strength with the length of the slab, Kl, is 

caused by the induced axial loads, Sect. 6.4.1.6, the assumption, that the 

axial load is zero means the strength is now independent of the length 

of the slab. Furthermore, since Ka = 0.93 was derived fron a specimen 

in which 1p = 20ds, K1 =1 in Equ. 6.1. 

The height of the weld collar is 0.25ds, which is the mean of 

several measurements, Table 5.1; I: jj =1 in Fig. 6.19. 

The madimun strength of a stud in a beam is therefore given by 

Psh = 0.93AsfsuKei' fl, h 6.2) 

6.5.2.2 Conparison with design rules 

The strength of a stud in a bean, Eau. 6.2, is compared in 

Fig. 2.1 with the present design rules for the strength of 19X100 studs, 

for the case when f su = 620 tr/nr, 2, the strength of the studs used in 

this research project, and for the case when feu = 500 P1/run2, the 

characteristic strength of studs as stipulated by the Bridge Code7. It 

was assumed that the stiffness of the concrete varied according 

Wean as given by CP110-", Fig. 5.26, and that the stiffness of the stud 
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material was 220 1: I1/nn '. Thcrc is a reasonable c: ýrccnent ibettirecn the 

strengths. 

The Bridge Code? requires that the strength is reduced by 15; * when 

the studs arc embedded in lightweiPht concrete. IIowever, the variation 

due to the otiffnes; of the concrete, Kc, automatically allows for the 

reduction in strenrth for studs embedded in linhtvcir; ht concrete. 
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Fig. 6.1 Dimensions of the standard stud. 

0.115I's 
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standard stud 
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Chapter Seven 

SPLITTING OF CONCRETE SLABS. 

7.1 INTRODUCTION 

Splitting occurs in push tests, Sect. 5.4.1, in composite L-beams33, 

Fig. 5.16, and has been observed in composite T-beams by Davies 28 

and Barnard. Davies' empirical rules for transverse '6 6 
Chapman 0 Adekola4 

65 

reinforcement, Equ. 2.10,. were derived from the splitting strength of 

concrete slabs. 

In order. to determine the splitting strength: of composite beams, the 

simpler problem of, concrete prisms subjected, to concentrated loads was 

analysed first; the finite element model is. described in Sect. 7.2, 

the propagation of the tensile cracks and the distribution of stresses 

are described in Sect. 7.3, and. the load at which a concrete prism first 

splits is, determined empirically in, Sect. 7.4 and theoretically in 

Sect. 7.5. The. results are used in Sect. 7.6 to determine the splitting 

strength of composite slabs. 

7.2 FINITE ELEMENT MODEL 

The finite element computer programs were used to analyse specimens 

in which the load was applied uniformly over the full depth of the 

concrete, Fig. 4.17. The theoretical assumptions which are, made in an 

analysis of this type of specimen are discussed in Sect. 4.4.6.3. 

A typical finite element model is shown in Fig. 7.1; the nomenclature 

is given in Fig. 4.2. Each element was divided into two triangles as 

shown. The specimen, wls loaded by applying a uniform displacement. to the 

nodes over a width equal to that of, the applied load. 
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7.3 MODE 2 FINITE ELEMENT ANALYSIS 

A Mode 2 Analysis, Sect. 4.3, 'was used to obtain a qualitative 

representation of the distribution of the tensile cracks, Sect. 7.3.1, 

and their effect on the stress distribution, Sect.. 7.3.2. The load was 

applied either to the surface of the prism, Fig. 7.3, or within the 

specimen, Fig. 7.2. 

7.3.1 The distribution of the tensile cracks 

The distribution of the tensile cracks at the load at which 

splitting occurred is shown in Figs. 7.2 to 7.4. When the load was 

applied to the surface of the 'prism, the cracks 'formed in two regions, 

Fig. 7.3. In the region of large lateral tensile stresses and very small 

shear stresses, the cracks formed in line with the applied load and 

therefore joined to form a continuous crack which is often referred to as 

a split. In the region of small lateral tensile stresses and very large 

shear stresses, the cracks were inclined to the line of the applied load; 

these are referred to as shear cracks. 

The application of a load within a prism, Fig. 7.2, caused large 

longitudinal tensile forces which formed the 'lateral' crack. The 

application of a longitudinal force to the prism, which was equal to ten 

times the concentrated force, suppressed the formation of the lateral 

and shear cracks, Fig. '7.4. 

The split, lateral cracks and shear cracks are shown in Figs. 5.1 

and 5.2. 

7.3.2 The distribution of the lateral stresses 

When a concentrated load was applied to the surface of a prism, 

Fig. 7.3, the dispersal of the force Caused lateral tensile forces which 

were balanced by the large lateral compressive forces adjacent to the 

load, rig. 7.5. 
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When the load was applied within a prism, rig. 7.2, a lateral 

compressive force was also induced behind the load, Fig. 7.6. As the 

lateral crack was formed, the lateral compressive force behind the load 

reduced, Fig. 7.6, until, at the point at which splitting was about to 

start, the lateral force-behind the load became tensile so that the 

prism split in front of and behind the load, Figs. 5.1,5.2 and 5.14. 

7.4 AN EMPIRICAL 1! NALYSIS OF SPLITTING 

The strength of concrete prisms subjected to patch loads was 

determined from an analysis of tliyoai's experimental results58. Niyogi 

applied concentric strip loads, Fig. 4.17, concentric patch loads, 

Fig. 7.23, and eccentric patch loads, Fig. 7.24, to prisms of varying 

dimensions. The procedure used in the tests was similar to that of 

determining the cube strength of concrete. 

7.4.1 An empirical analysis of concentric strip loads- 

Some of the empirical analyses are shown in Fig. 7.25. The strength 

of the prism is dependent upon the length of the specimen and the width 

of the applied load and since the linear regressions appeared to have a 

common intercept at ba/bc = 0.0625 and Ksp = 1.47 the results were plotted 

through this intercept in Fig. 7.11. The scatter about these empirical 

rules, Fig. 7.11, is shown in Fig. 7.26; the mean is 1, as Pe and Pu were 

derived from the same population, the slope is not significant and the 

coefficient of variation is similar to that of split tensile tests, 

Fib. 5.22. The empirical rules were derived from experiments in which 

0.0625-< ba/bc< 0.5. 
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7.4.2 An empirical analysis of concentric patch loads 

7.4.2.1 Ilypothetical failure load 

Let Py be the splitting load of a hypothetical strip of width 

ba and depth hc, Fig. 7.30, and PZ be the splitting load of a hypothetical 

strip of width ha and depth bc, where ba/bc is less than ha/hc and therefore 

Py-is less than P. It will be assumed that the inverse of the strength 

of a prism which is subjected to a concentric patch load is the sum of the 

inverse of the strengths of the prism when subjected to the hypothetical 

strip loads i. e. ' 

1 
= P+ Pu y 

(7.1) 
PZ 

7.4.2.2 Comparison of the hypothetical failure load with experimental 

results 

Niyogi's experimental results from cubes subjected to concentric 

patch loads are compared in Fig. 7.27 with the hypothetical failure loads, 

which were derived from the empirical strengths of his specimens which 

were subjected to strip loads, lc /bc =1 in Fig. 7.11. The mean, Fig. 7.27, 

is 1.01, the regression is not significant and the coefficient of variation 

is close to that obtained from concentric strip loads, Fig. 7.26. 

Wheen and Rogers68 tested concrete prisms which were subjected to 

concentrated loads that were applied through the anchor plates of post 

tensioned members. They had realized that the base constraint could have 

a large effect on the strength and so reduced it to a minimum in their 

tests. Their results have therefore been compared with the hypothetical 

load in Fig. 7.28 by deriving the failure loads of the hypothetical strips 

from the results of a finite element analysis, lc/bc = 10 in. Fig. 7.11, 

the derivation of which is given in Sect. 7.5.1.1. The mean, Fig. 7.28, 
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is 1.02, the regression is not significant and the coefficient of 

variation is close to that obtained from concentric strip loads, Fig. 7.26. 

Williams' experimental results 
59 for prisms of length be and 2.33bo 

are compared in Fig. 7.29 with the hypothetical failure loads, which were 

derived from the empirical strengths of Niyogi's strip loads, Fig. 7.11. 

The mean is 0.93, the regression is not significant and the scatter is 

much larger than can be attributed to the measurements of the split 

tensile strength. ' 

The hypothetical failure load, Equ. 7.1, gives a reasonable prediction 

of the strength of a patch load, which disperses the force in three 

dimensions, from the strength of concentric strip loads, which disperse 

the force in two dimensions, when 0.016 < Ap/Ac < 0.33; the mode of 

failure probably changes from being predominantly tensile to compressive 

beyond this range, Figs. 7.27 and 7.29. The results have been validated 

experimentally for 0.063 < ba/bc < 0.5, where ba/bc < ha/hc, Fig. 7.30. 

7.4.2.3 Comparison of the hypothetical failure load with 

empirical results 

The bearing strength at the hypothetical failure loads for 

concentric patch loads are plotted in Fig. 7.34 for the cases when 

lc = be and lc = lObc in Fig. 7.11. The derivation of the latter is 

discussed in Sect. 7.5.1.1. It is assumed that fcu = 13fct. The 

variations agree reasonably well with Williams, empirical rjiles59, 

however Guyon's rules69 appear to underestimate the change in the strength. 

7.4.3 An empirical analysis of eccentric patch loads 

The failure load, Equ. 7.1, underestimated the strength for 

eccentric patch loads, Fig. 7.24, when applied to Niyogi's experimental 

results for uni-axial and bi-axial eccentric loads on cubes, Fig. 7.31. 
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The mean is 1.15, the regression is not significant. Niyogi58 had also 

noted this increase in strength. 

7.4.3.1 Eccentric strip loads 

The increase in the strength of prisms subjected to eccentric 

strip loads, Fig. 5.33, over those of concentric strip loads, Fig. 4.17, 

was determined experimentally, Sect. 5.7, for specimens in which ba/bc=0.12 

and lc > 2bc. The experimental results, Fig. 7.32, were plotted in terms 

of the theoretical strength of a strip load,, Equ. 7.3. or Fig. 7.11, acting 

over a prism of width bc, Fig. 5.33; to eliminate any. error in determining 
the tensile strength of the concrete all the results were factored by 

Psp/Pe of Specimen UC1 since this specimen was concentrically loaded. 

7.4.3.2 Eccentric patch loads 

In order to allow for eccentric loads, Equ. 7.1 becomes 

11 (7.2) 
Pu KYPY KZPZ 

The factor Ky allows for the increase in the strength of the hypothetical 

strip of width ba/bc, Fig. 7.30, and KZ the increase in the strength of 

the hypothetical strip of width ha/hc, - i. e. bc/bt = he/ht in Fig. 7.32. 

It is possible that the variation in Fig. 7.32 is only applicable when 

ba/bc = 0.12, because this value remained constant in the experimental 

tests, however, the application of this variation in Equ. 7.2 gave a better 

correlation between the experimental and empirical results, 'Fig. 7.33, 

than that of Equ. 7.1, Fig. 7.31. The mean, Fig. 7.33, is 1.04, the 

regression is not significant and the scatter similar to that obtained 

from concentric strip loads, Fig. 7.26. 

7.5 MODE 1 FINITE ELEMENT ANALYSIS 

A Mode 1 Analysis, sect. 4.2, was used to determine the load at 

which splitting first occurred in prisms subjected to strip loads. 
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7.5.1 Concentric strip loads applied to the surface of a prism 

The finite element model is shown in Fig. 7.1. 

7.5.1.1. Distribution of the lateral tensile stresses along, the 

line of action of the applied load 

The length of the splitting zone, lz in Fig. 7.5, is equal to 

1.75bc. The position of the maximum lateral tensile stress, lm in 

Fig. 7.5, is dependent upon the width, of the applied load, Fig. 7.9. 

The variation, of the total lateral tensile force as a proportion of the 

applied load, Kd, is shown in Fig. 7.10. The parameter Kd can be 

considered to represent half the tangent of the angle of dispersal of the 

concentrated load into the prism. The variation of the mean lateral stress 

over the splitting zone as a proportion of, the maximum lateral stress, 

Ks, is shown in Fig. 7.10. The parameter K. can be considered, to represent 

the shape of the distribution. 

The load at which splitting starts, Psp, is therefore 

Pop = 1.75bchcf j1C. (7.3) 

, where Ksp = Ks/Kd 

The v; triation is shovm in Fig. 7.11. 

7.5.1.2 Distribution of the lateral tensile stresses along the 

edge of the applied load 

Along planes parallel to the line of action of the applied load, 

the length of the splitting zone, LL, and the shape of the distribution, 

Ks, remain constant, but the lateral force, Kd, reduces as lt increases, 

Fig. 7.5. Therefore, the maximum lateral stress along the edge, which is 

inversely proportional to the magnitude of the line C-C in rig. 7.12, is 
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usually smaller than along the line of action of the applied load, line 

A-A. However, the maximum lateral stress along the edge is greater than 

along the line of action of the applied load when ba/bc > 0., 58 because 

the higher stresses at the edge of a uniformly displaced patch, Fig. 7.13, 

have a greater effect when the dispersal of the force is small. 

Ajcomparison of the strength of the prism along the line of action. 

of the applied load, line A -A in Fig. 7.12, and along the edge of the 

applied load, line 3-B, `shows that shear failure occurs when ba/bc > 0.41. 

The difference bettimen the lateral stress, line C-C, and the principal 

stress, line B-B, along the edge of the applied load is due to the high 

shear stresses in this failure zone. The strength of a prism is therefore 

given by the lower bound to the curves A-A and B-B. - The formation of 

two lön£; itudinal cracks along the planes of maximum shear, when the 

width of the specimen is reduced, has been shown experimentally by Plum67; 

the cracking pattern is similar to that in rig. 5.2.1 

7.5.1.3 Comparison with experimental results 

The theoretical variations of Ks, Kd, Ks, and 1n, 'Figs. 7.9 to 

7.11, 'agree reasonably well with those of a photo-elastic analysis which 

were used by Leonhardt 66 in his design recommendations`for the anchorage 

zone of-post tensioned members. 

The effect of the base restraint on the distribution of the lateral 

stresses, Fig. 7.8, causes the strength to increase as the length of the 

specimen reduces, as shovm by the empirical analysis of NiyoZils results 
53 

Fig. 7.11. The theoretical distribution remained constant when lc was 

greater than 3bc. It was assumed in the empirical analysis that the 

tensile strength of the concrete, ft in Ecru. 7.3, was equal to the split 

tensile strength; because the mechanism of failure in the split cylinder 



- 65 - 

test, Sect. 4.4.5.2, is similar to that of a strip load on a prism. 

Williams' empirical rule59, Fig. 7.12, which was derived from the 

analysis of patch loads on concrete prisms, would appear to underestimate 

the strength of prisms subjected to'strip loads. 

7.5.1.4 The effect of compressive failure 

The Mode 1 Analysis of concentric strip loads on unreinforced 

prisms, Fig. 7.11, is compared in Fig. 4.16 with a Mode 3 Analysis, which 

allowed for tensile and compressive failure, by assuming that feu = 13fct" 

Failure is dominated by the compressive strength of the concrete as 

opposed to the tensile strength at low values of ba/bc, where the length 

of the splitting zone, 1.75bc, is large in comparison with the width of 

the applied load and hence the lateral tensile stresses are relatively 

small in comparison with the bearing stress, and at high values of ba/bc, 

where the dispersal of the force is small, ICd in Fig, 7.10, and hence the 

lateral tensile stresses are small in comparison with the bearing stress. 

The two failure modes are interrelated because the split or shear cracks 

reduce the lateral restraint to the concrete under the load and hence 

reduce. its compressive failure strength. 

Prisms which are prevented from separating along a split by lateral 

reinforcement will always fail because of the compressive failure of the 

concrete under the load which is induced by the reduction of the lateral 

restraint due to the split. 

7.5.2 Double , trip loads applied to the surface of a prism 

The finite element model is shown in Fig. 7.14. The load per 

strip load at which the prism failed, Psp in Fig. 7.15, was plotted in 

terms of the failure load of an individual patch, Ps., which was derived 

from Equ. 7.3. When be = bt, both strip loads lie along the centre line 
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of the prism, Fig. 7.14, and hence the failure load is equal to that of 

a single strip i. e. Psp = 0.5Psg. The case when be 0.5bt is equivalent 

to two individual prisms of width be and hence the failure load of the 

prism is almost equal to the sum of the failure loads of the strips 

i. e. Psp -> Psg. The theoretical strength of the prism, Equ. '7.3, when 

subjected to a strip load of width bd, Fig. 7.14, is plotted in Fig. 7.15. 

It would appear that the double strip load can be considered to act as a 

single load when be/bt > 0.65 and that Psp > PS, when be/bt < 0.75. 

7.5.3 Longitudinal spacing of strip loads 

The distribution of the lateral stresses in a slab which is 

subjected to longitudinally spaced strip loads consists of the local 

distribution between the strip loads, Fig. 7.16, plus the global distribution, 

Fig. 7.17, which is the mean lateral stress between the strip'loads. The 

distribution in Fig. 7.16'is a superimposition of the individual stress 

distributions, Fig. 7.6. When a uniform longitudinal shear flow is 

applied to a slab, which is equivalent to a concentrated load on a beam, 

the global distribution, Fig. 7.17, consists of a region (A) of high 

lateral tensile stresses which is adjacent to the point of shear reversal, 

a region (ß) of zero lateral stress, and a region (C) of predominantly 

high lateral compressive stresses. 

7.5.3.1 The region of zero mean lateral stresses 

In Region B, the lateral stresses in front of and behind the 

load, Fig. 7.6, are unaffected by the ends of the shear span and hence 

the distribution of the lateral compressive and tensile' stresses is uniform, 

which causes the global stress to be zero. The lateral tensile stress is 

reduced by the superimposition of the lateral compressive stresses and 

hence the splitting strength of the slab increases as the spacing of the 
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studs is reduced and the width of the slab increased, rig. 7.18. The 

increase in the maximum shear flow is shown in Fig. 7.19. 

Since the beneficial effect of the lateral compressive stress behind 

the load is depencion t upon the cracking behind the load, Fig. 7. G, which is 

dependent upon the longitudinal compressive load, Sect. 7.3.1, which is 

dependent upon the position of the load in the slab, and the dispersal of 

the load-into the slab,. a conservative design would be to assume that the 

maximum strip load that can be applied to a slab is the load at which the 

slab splits when subjected to a single strip load, Equ. 7.3. 

7.5.3.2 The region of a discontinuity in the shear flow 

A uniform shear, flow was simulated by applying equal loads to 

the nodes along the centre line of a prism in which the X-grid was 

uniformly spaced, Fig. 7.1. The global distribution of the lateral 

stresses, Fig. 7.20, consists of two regions. In Region D, the lateral 

tensile stresses in front of a load are reduced by the superimposition 

of the lateral compressive stresses behind the loads which are closer to 

the discontinuity, also the total lateral compressive force reduces whilst 

the total lateral tensile force increases as the discontinuity is approached. 

This causes a peak stress to be reached in front of the discontinuity, 

where the-lateral compressive forces are zero. The effect of the very 

large lateral compressive forces, in front of a load, Fig. 7.5, on the 

splitting strength of ,a slab can be ignored as they extend over a very 

short-length. - The stresses in Region E, Fig. 7.20, consist of the 

superimposition of the lateral tensile forces in front of the loads. 

The lateral tensile force which is induced by a concentrated load, 

p, is equal to KdP, Sect. 7.5.1.1. Therefore, the maximum mean lateral 

stress, between applied load; fm, in a region of zero lateral compressive 

force jr, given by. 
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fm = Kdq (7.4) 

If lZ/ss is large then the superimposition of the lateral tensile stresses 

in Region D, Fig. 7.20, will cause the distribution to be uniform and 

hence the peak stress will be equal to Kdq. It would appear, Fig. 7.20, 

that Kd = 0.22; the coarse grid system made the point shear loads appear 

as patches of width O. lbc, Fig. 7.10. The lateral global force, L., on 

either side of a discontinuity, Fig. 7.20, is the same, extends'over a 

distance of 1.4bc from the discontinuity' and is given by 

L9 = 0.25KdPbc/ss (7.5) 

When a shear force is acting away from a discontinuity, the 

distribution of the lateral compressive forces in the region of zero 

shear flow is the same as the distribution of the lateral tensile forces, 

Fig. 7.22. The maximum stress can therefore be calculated at asudden 

change in the shear flow; for example, fm = Kd(gl-q2) at point A in 

Fig. 7.35 and fm = Kd(g2+q3) at point B. This-analysis is only applicable 

when the shear flow is uniform and the slab extends a distance of 1.4bc 

on either side of' the change in the shear flow. It is therefore not. 

applicable at the ends of a slab, Fig. 7.17, where the lateral forces 

cannot develop fully. The overall stress distribution in this region 

consists of the superimposition of individual stress distributions which 

lie between those of a load applied to the surface of a prism, Fig. 7.5, 

and those of a fully embedded load, rig. 7.6. 

7.5.3.3 The region'of a'rever$al in the shear flow 

The lateral-tensile stresses in Region A, Fig. 7.17, can be 

considered to be uniform when be/s. 7, Fig. 7.21. The distribution, 

Fig. 7.21, is affected by the distance of the concentrated load from the 
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point of shear reversal, Fig. 7.7, and by the longitudinal spacing of the 

loads, Fig. 7.21. As the position of the load approaches the point of 

shear reversal, Fig. 7.7, the lateral tensile stresses become more uniform 

and as the longitudinal spacing reduces, the distribution becomes more 

uniform because of the superimposition of the stresses. 

When the studs are closely spaced, the global' distribution of the 

lateral stresses, Fig. 7.22, consists of the superimposition of the 

stresses due to the loads on either side of the point of shear reversal, 

Fig. 7.20, and hence when the shear flows are opposite, equal and uniform, 

the global lateral force, Lg, on both sides of the point of shear reversal 

and the maximum tensile stress, fm, are given by 

Lg = KdPbc/ss (7.6) 

fm = 2Kdq (7.7) 

The difference between the distribution of the mean lateral tensile stress 

and the global stress, Fig. 7.22, is due to the beneficial effect of the 

lateral compressive stresses behind the loads. - 

The accumulation of the lateral tensile stresses at the point of 

shear reversal reduces the strength of the slab,, the effect of whi. 6h is 

shown in Fig. 7.18. 

7.6 ANALYSIS OF THE SPLITTING STRENGTH OF COMPOSITE SLABS 

The empirical'analysis, Sect. 7.4, the finite element analysis, 

Sect. 7.5, and the push tests, Sect. 5.4,1, 'are used to determine the 

load that a stud has to exert in order to cause the slab to split. 

The splitting, strength of the slab of a push test was proportional 

to the split tensile strength of the concrete, Fig. 7.3 6. 
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7.6.1 The effective height of a stud 

The results of the analysis of patch loads are not directly 

applicable to studs because the longitudinal displacement of the shank 

of a stud is not uniform and hence the distribution of the bearing stresses, 

Fig. 6.1 5, is not the same as that of a patch load, Fig. 7.13. The 

experimental results have therefore been used to determine the size of 

an equivalent patch load which causes the same failure load as the stud. 

The width of the patch load is assumed to be equal to the diameter of the 

shank of the stud; it is therefore only required to determine the 

equivalent length of the patch i. e, the effective height of the stud.. 

7.6.1.1 An analysis of slabs with single studs 

The push tests, Sect. 5.4.1.1, were analysed as concentric 

patch loads, Fig. 7.37, by using Equs. 7.1 and 7.3 with the restrictions 

given in Sect. 7.4.2.2. 

The failure load, Pu in Equ. 7.1, oras equal to 2Pe, Table 5.4. The 

strength of the equivalent strip, Fig. 7.30, of width ha was determined 

from pZ = 1.75hcbcfctt sp. Since the dispersal of the force in the 

Z direction is dependent upon the axial load in the stud, Kd %(Pa/PsI), 

Sect. 7.5.1.1, where Pa/Psh was determined from Figs. 6.19 and 6.31. This 

value of Kd gras used to deternine 1La/ho from rig. 7.10 and therefore Ksp 

in Fig. 7.11, using the Mode 1 Analysis as le/hc was large. The strength 
i 

of the equivalent strip of width ba, Fig. 7.30, was determined from 

py = 1.75bchcfctKsp, where Ksp was determined, from the empirical 

variations of Fig. 7.11, for ds/bc. Equation 7.1 was therefore solved to 

determine ha, Fig. 7.30, which is equal to twice the effective height of 

a stud. 
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7.6.1.2 An analysis of slabs with longitudinally spaced studs 

The push tests of Sect. 5.4.1.2 were first analysed on the 

Mode 1 program in order to determine the distribution of the shear forces 

on the studs; the finite element model was similar to Fig. 5.28. These 

forces were then applied as patch loads to a ITode 1 analysis of the plan 

of the slab, as described in Sect. 7.5.3.2, the dimensions and properties 

of which are given in Table 5.5. The effective height of a stud was 

therefore equal to the depth of the patch load which gave the same failure 

load as the experim©rztal. load. No allowance was made for the dispersal 

of the force in three dimensions as the initial Hode 1 analysis showed 

that the axial forces were much smaller than those induced in slabs with 

single studs. 

7.6.1.3 The effective height 

The mean of the experimentally derived effective heights, 

Fig. 7.38, is 1.87ds, the regression is not significant and the coefficient 

of variation, 16.6%, is much greater than that which can be attributed to 

determining the split tensile strength of the concrete, Fig. 5.22. Part 

of the scatter may be attributed to the variation in the depth of the 

weld collar. The experimental loads, Fig. 7.38, were plotted in"terms of 

their theoretical shank failure loads, Equ. G. 1. 

The effect of allowing for the dispersal of the force in three 

dimensions, Sect. 7.6.1.1, was to reduce the effective height by 

approximately 179. 

7.6.2 Slabs with a single stud 

The maximum load that a stud can apply to a slab, PSp, can be 

derived from Equ. 7.3, when there is no axial load at the base of the 

stud, since he = 1.87ds. 
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Psp = 3.28bcd, fctKsp (7. a) 

The distribution of the lateral tensile stresses along a longitudinal 

plane through the axis of the stud is the same as the distribution of the 

normal force, Fig. 6.15, because 1d, Ks and lZ are constant along planes 

parallel to the soffit of the slab. These lateral tensile forces near 

the soffit of the slab must be balanced by lateral compressive forces 

near the top, a fact vzliich was deduced and measured experimentally by 

Davies2II. 

7.6.3 Slabs with double studs 

The experimental'loads at which double studs caused slabs to split 

are plotted in Fig. 7.15 as a proportion of double the theoretical 

splitting load of a single stud. The method of determining the theoretical 

strength is described in Sect. 7.6.1.1. The total width, bt, of the' 

specimens in Table 5.14, ' which'were eccentrically loaded, was assumed in 

Fig. 7.15 to be twice the distance from the centre line of the studs to 

the nearest edge of the slab. The total width of Teraszkiewicz's specimens41 

was'assumed to be-equal to the width of the haunch and the tensile strength 

of his concrete was assumed to have the same relationship with the cube 

strenjth as shown in Fig. 5.22. ' The experimental variations arc similar 

to the theoretical variations, Fig. '7.15, which were'determined in 

Sect. 7.5.2, however, they do not show the theoretical reduction in 

strength for low values of bc/bt. The experimental results from Table 5.14 

are higher than the theoretical results probably because of the eccentricity 

of loading, the effect of which is discussed in Sect. 7.4.3. 

The hypothesis that double studs can be analysed as a single patch 

load, Sect. 7.5.2, has been proved-experimentally for all practical values 

of be/bt, Fig, 7.15. The theory could probably be extended to include 
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groups of studs, in which there are more than two longitudinal rows, which 

would be analysed as longitudinally distributed patches of a width equal 

to the maximum lateral extremities of the studs, bd in Fig. 7.14. 

7.6.4 Longitudinally spaced studs 

7.6.4.1 Discontinuity of the shear flow 

The strengtPs from push tests with longitudinally spaced studs, 

Table 5.5, and staggered studs, Table 5.7, have been compared with the 

theoretical strengths of Equ. 7.4 in Fig. 7.39. The effective width of 

the staggered studs was assumed to be equal to (ts + ds), Sect 7.6.3. 

The line in Fig. 7.39 gras plotted through the mean of the results, point 

B, and through the theoretical strength of a single stud, Equ. 7.8, point 

A. The variation is probably not linear but does indicate that the lateral 

tensile stress distribution can be considered to be uniform, and hence 

Equ. 7.4 is applicable, when be/ss > 4, i. e. Pe/Psp is greater than 1. 

which is confirmed by the theoretical analysis of Fig. 7.21. 

A composite T-beam can therefore be defined as a beam in which the 

lateral stress distribution at a change in the shear flow can be considered. 

to be uniform i. e. ss - be/4. The converse is applicable to L-beams. 

7.6.4.2 Reversal in the shear flow in composite T-beans 

The theoretical analysis, Equ. 7.7p assumed that the shear flow 
1 

was uniform between the loads on a bean and changed abruptly at the load. 

however, experimental tests by Chapman and Balakrishna35 showed that the 

shear flow was not uniform between loads and reduced gradually at the 

loads. The effect of the latter would be to increase the splitting 

strength of a slab. 

Davies 
28 tested composite T-beams with varying amounts of transverse 

reinforcenent. The application of Equ. 7.7 to his most lightly reinforced 

beam showed that splitting occurred at approximately half the load at 



- 74 - 

which it first became visible. The shear flow was determined by assuming 

that the beam was elastic and did not slip across the flange/slab' 

interface. 

When a single stationary concentrated load is applied to a composite 

T-beam with transverse reinforcement the split is probably restricted to 

a small length adjacent to the load, because the maximum stress reduces 

rapidly from its peak, Fig. 7.22, and hence the longitudinal shear strength 

and ultimate strength of. the. beam. are only slightly reduced. The load at. 

which splitting occurs, as derived from Equ. 7.4, is therefore a lower 

bound to the ultimate strength of a beam. However, if the concentrated 

load was moved along the length of the beam the peak stress would act 

over a much larger length and it may be expected that the ultimate load 

would tend towards the load at which splitting first occurred. 
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Chapter Eight 

THE EFFECT OF LATERAL RESTRAIIUTS 

8.1 IIJTRODUCTION 

A Mode 3 Analysis, Sect. 4.4, was used to determine the variation 

of the shank failure 'load of a stud and the splitting strength of a slab 

when active and passive lateral restraints were imposed on a slab. The 

theoretical results are compared with experimental results in Sect. 8.3 

in order to determine design rules, Sect. 8.4. The finite element model 

was the 'same as that described in Sects. 7.2 and 4.4. G. 3. 

8.2 MODE 3 FINITE ELEMENT ANALYSIS 

8.2.1 The progression of the failure of the concrete 

The nomenclature is described in Fig. 4.5. 

-t 

8.2. l. 1 Laterally unreinforced'specimens 

The extent of the failure of the concrete'at the maximum load 

and at the failure load, which is the load at which the theoretical 

resistance of the concrete slab against'the applied load reduced to zero, 

is'shown in rig. 8.1. The concrete first disintegrated along the shear 

plane and the load continued to increase until the concrete below the 

patch started to disintegrate. The experimental' failure of the slab, 

Fib;. 5.17, can be considered to be an'accumulation of the theoretical 

two dimensional failures, Figs. 8.1 and 6.21. 

J3.2.1.2 Laterally reinforced specimens 

The transverse reinforcement, Fig. 8.2, was uniformly spaced. 

The failure of the concrete progressed in the same way as in an unreinforced 
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slab, Fig. 3.1. The axial stress in the reinforcement remained low 

until the maximum load was reached when the concrete- below the patch 

started to disintegrate. The load was then transferred directly through 

the cone of the concrete beneath the patch to the transverse reinforcement 

and hence the axial load in the reinforcement increased very rapidly. 

The strength of laterally reinforced specimens may therefore be expected 

to reduce gradually as the reinforcement yields; the rate of reduction 

would depend on theastrength of the reinforcement. 

8.2.2 Variation in the transverse reinforcement 

The effect of--the transverse reinforcement on the bearing strength 

at the maximum load is shown in Fig. 3.3. ""The bearing strength for the 

slab without-transverse reinforcement, fb', which has been shown to be 

dependent upon the width of the applied load in Fig. 4.16, gras increased 

in proportion-to the increase in the transformed area of"the prism,. 

Am/Ac. It would appear that the maximum strength is dependent upon the 

total lateral stiffness of the reinforced-prism; the difference in-the 

theoretical-results, A in Fig. 8.3, was probably because the reinforcement 

was placed at discrete positions in the finite element analysis. 

The axial strain in the reinforcement at the maximum load was 

approximately twice the tensile strain of failure of the concrete, 

Sect. 4.4.5.2. Therefore, at the. maximum load the reinforcement requires 

only a relatively short anchorage length, however, it may be required to 

increase the anchorage length as the reduction in the strength after 

failure,. Sect. 8.2.1.2, is dependent upon the strength of the transverse 

rcinforccment. 

8.2.3 Variation in laterally applied forces 

The theoretical effect of applying an external uniform lateral 
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tensile force to a laterally reinforced and unreinforced prism is shown 

in Fig. 8.4. The-lateral force was maintained at a constant proportion 

of the applied longitudinal load during the finite element analysis. The 

strengths were plotted as a proportion of the theoretical strength of, the 

prism without external lateral forces, P'. The lateral force was plotted 

in terms of the stress which it applied to the concrete, fl, which was 

determined from the transformed section, and as a proportion of the 

assumed tensile strength of the concrete,, ft. 

The reduction inýthe strength of the prism without external lateral 

forces is initially directly proportional to the external lateral stress 

which is applied to the concrete, line A-A, and reaches a lower bound, 

line B-B, which is independent of the external lateral force. The bearing 

stress at the lower bound was-equal to the theoretical strength of a 

laterally unrestrained element of concrete, fCe, and therefore the 

proportional reduction in the strength at the lower bound is given by 

fCe/fb from Fig. 4.16 and is therefore also dependent upon the dimensions 

of the applied-load. When the load is dispersed in three dimensions, 

the lower bound, -which can be derived from Fig. -7.34, can be as little 

as one-seventh of P'. 

8.3 THE ANALYSIS OF. THE PUSH TESTS 

8.3.1 Variation in, the strength of the transverse reinforcement 

The transverse reinforcement in the push tests, Table 5.10, was 

welded to angles, Sect. 5.5.1,. so that the full tensile strength could 

be achieved if required. All'the-specimens split-at the'maximun load and 

failed when the shank, of the stud broke. The shear strengths, Fig. 8.5, 

were plotted in terms of"the theoretical splitting strength, Sect. 7.6.1.1, 

and the yield strengths of the transverse reinforcement within the splitting 

zones were plotted as a proportion of the total lateral tensile force 
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which is equal to PeI: d' Sect. 7.5.1.1. 

The maximum strengths did not increase beyond the splitting strengths 

even when the yield strength of the transverse reinforcement, was more than 

four times the induced lateral tensile force. It would therefore appear 

that placing transverse reinforcement across the splitting zone in order 

to maintain equilibrium after splitting has occurred,, as postulated by 

Leonhardt66, _cannot 
increase the strength above that of the splitting 

strength because the concrete crushes as soon as splitting occurs when 

the strain in the reinforcement is much smaller than its yield strain. 

8.3.2 Variation in the stiffness of the transverse reinforcement 

The variation between the experimental failure loads and the 

stiffness of the transverse reinforcement is shown in Fig. 3.6. - The 

experimental failure loads were plotted as a proportion of the theoretical 

splittthg loads, Sect. 7.6.1.1; the results from Table 5.11, in which the 

shank of the stud failed at the maximum load, are therefore a lower bound 

to the-increase in the splitting strength of the slab. In determining the 

proportion of the transverse reinforcement. it was assumed that the 

reinforcement acted within the splitting zone of the slab, the area within 

a , distance of 1.87ds from. the soffit and 1.75bc from the stud, even when 

the reinforcement was placed outside this zone as in Specimens RSsS and 

RSs6. When there was only a single group of reinforcement, Table 5.10, 

it was assumed that it acted over a length 21r, Fig. 5.31, which therefore 

gives an overestimate of the amount of transverse reinforcement. The 

theoretical variation, rig. 8.6, was obtained by assuming that the 

splitting strength increased in proportion to'the increase in the area of the 

transformed section, Sect. 802.2. 

The assumption that the reinforcement acted within the splitting 

zone appears to give a Conocrvative'estimate of the increase in the 
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strength, Fig. 8.6; further experimental wont is required to determine 

the effective depth over which the reinforcement acts and its variation 

with the cover to the transverse reinforcement. 

8.3.3 Lateral compressive forces 

The application of an external lateral compressive force to the 

slab, Fig. 5.30, increased the load at which the concrete failed by 121%, 

and increased the load at which the shame failed by 193x, Table 5.9. The 

results, which can only be considered as qualitative-as the lateral force 

was not measured, show that the strength of the stud and the strength of 

the slab are both affected by lateral forces. 

8.4 DESIGN RULES. 

8.4.1 The strength of the stud 

It was shown in Sect. 6.4.2.1 that the strength of the shank is 

dependent upon the compressive strength of the concrete. Since lateral 

tensile forces reduce the compressive strength, Sect. 8.2.3, and since 

the compressive forces are very large, Fig. G. 15, a conservative design 

would be to assume that the shank failure load, Pu, reduced at the same 

rate as the compressive strength, line A-A in Fig. 8.4. 

Pu = Pshýl-ifs/fýý)) (8.1) 

where Psh is derived from Equs. 6.1 or 6.2 and f9 is the global lateral 

tensile stress between studs. It will be shown in Sect. 10.3 that the 

lower bound to the strength is dependent upon the slip. It may be more 

appropriate to assume that the compressive strength of the concrete is 

reduced by the factor (1-fl/ft) and hence to reduce the factor Kf in 

Fi;. 6.20. However, this has tobe validated experimentally. 

The converse of the above is applicable to lateral compressive 
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forces, however, it would be a conservative design to ignore this increase. 

8.4.2 The strength of the slab 

The change in the splitting strength of the slab is directly 

proportional to the lateral stress in the splitting zone which is induced 

by the external lateral forces. Hence the strength, Pu, is given by 

Pu = Psp(1-(fL/fct))(AM/Asp) (a. 2) 

where Psp is determined from Equs, 7.4 or 7.8; Asp is the area of the 

splitting zone and Am is the transformed area of the splitting zone. 

The above equation applies to lateral tensile and compressive forces. 
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Chapter Nine 
11 

REINFORCEMENT LOOPED AROUND A SINGLE STUD 

9.1 INTRODUCTION 

When studs are placed close to the edge of a slab the transverse 

reinforcement can be fully anchored by looping the reinforcement around 

the studs, Fig. 3.2. 

The design rules? for the transverse reinforcement, which were 

derived by Johnson31 from the experimental work of t"Iatt6ck29 '30 and 

results of'tests on-composite beams, are only applicable to shear planes 

in which'the amount of transverse reinforcement is"relatively small. 

The push tests have therefore been compared with Mattock's experimental 

work, Sect. 9.2, in order to determine whether the design rules? are 

applicable when the reinforcement is looped around the stud. A ,. 'ode 3 

Analysis was used to determine the variation in the strength of the slab 

and the stud, 'Sect. 9.3, when the amount and position of the transverse 

reinforcement was altered; the results were used in Sect. 9.4 to determine 

design rules. 

9.2 COMPARISON WITH MATTOCK'S EXPERIMENTAL WORK 

9.2.1 Mattock's experimental work 

The specimen, Fig. 9.1, was of a uniform depth, hc, and the length 

of the shear plane was the same as the width of the specimen, bc. Mattock 

tested"specimens in which the shear plane was either initially cracked 

or uncracked. The results are given in terns of the mean shear stress 

across the shear plane at the maximum löad, vcu - Pe/bchc, and the mean 

yield strength of the transverse reinforcement which crossed the shear 

plane, pfy = Fsh/bchc. The mean stresses in the shear plane are shown 
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in Fig. 0.7; pfy is the compressive force on the concrete which is exerted 

by the reinforcement. 

9.2.1.1 Enpirical analyses 

The results of Mattock's tests in which the shear plane was 

initially uncracked, Fig. 9.3, were used to construct the failure 

envelope, Fig. 9.2, from which was derived the line A-A in Fig. 9.3. 

When pfy <5 N/mm2 Failure occurred in planes subjected to shear and 

tension, quadrant A in'Fi-. 9.2, and when p fy:: -5 P1/mm2 failure occurred 

in planes subjected to shear and compression, quadrant B. 

The design rules in the Bridge Code? were developed from the 

strengths of Mattock's specimens in which the shear plane was initially 

cracked, line E-E in Fig. 9.3. The derivation of these design rules has 

been discussed in Sect. 2.3. 

9.2.1.2 Theoretical analyses 

If it is assumed that the lateral force that is exerted by the 

transverse reinforcement on the shear plane, Fig. 9.7, can be ignored 

prior to cracking, then the angle at which the specimen first cracks, 

ab in Fig. 9.9, can be determined from the construction of the Mohr's 

circle in Fig. 9.4. It was noted by Idattock29 that a series of diagonal 

cracks formed struts of concrete across the shear piano. The distribution 

of the stresses within these struts is shown. in Fig. J. J. It was assumed 

that the shear force could"be transferred across the crack by the granular 

interlock and that the stress normal to the crack was either zero or 

compressive; the latter case has not been considered any further as the 

problem would then revert to that of an uncracked specimen. The strength 

of the transverse reinforcement that is required to maintain equilibrium 

when a specimen has cracked, Fig. 9.9, can therefore be determined from 
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the construction of the, Mohr's circle, Circle 1 in Fig. 9.5, from which 

pfy = 0.85vCu (9.1) 

If the crack occurred at 45°, Circle 2, then it would be. required that 

pfy = vcu. The theoretical results give in general a lower bound to the 

experimental results, Fig. 9.3. 

An alternative method of analysis would be to assume that failure 

occurred when the tensile strength of the concrete was reached. The 

strength of the transverse reinforcement can therefore be determined 

from the construction. of the Mohr's circle in Fig. 9.6. 

pfy = vcu2/(vcu+ft)-ft X9.2) 

The result, line D-D in Fig. 9.3, has been compared with that from 

Idattock's failure envelope, line A-A, by assuming ft = 2.4 TI/mm2, 

Fig. 9.2. The variations have a close agreement when the concrete fails 

in shear and tension, Sect. 9.2.1.1, and diverge when the concrete fails 

in shear and compression, because Equ. 9.2 does not allow for the 

compressive failure of the concrete. 

9.2.2 Push tests 

The specimens, Fig. 3.2 had one stud. In order to determine the 

stress distributions the problem was idealised to the configuration of 

Fig. 9.10. The area of the shear plane,. Ash, is not knotivn. The mean 

stresses in the shear plane are shown in Fig. 9.8. 

9.2.2.1 Empirical analyses 

The variation in strength, line A'-A' in Fig. 9.3, was determined 

from Mattock's failure envelope, Fig. 9.2, by the construction of the 

Mohr's circles in Fig. 9.15; failure always occurred in planes subjected 

. ý_. ý 
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to shear and tension, quadrant A in Fig. 9.15. 

The transverse reinforcement was the only variable that was 

deliberately altered in Specimens LS1 to LS5 and LS13, Table, 5.13. The 

stresses in these specimens are plotted in Fig. 9.11. If it is assumed 

that point A, Fsh = 60 W, is equivalent to ft = 2.4 N/mm2, Fig. 9.2, 

then Ash = 25,000mm2 and hence the strength of the push-test specimens 

can be plotted in Fig. 9.3. The variation is similar to that determined 

from Mattock's failure envelope, line A'-A', for low values of'pfy. 

9.2.2.2 Theoretical analyses 

The theoretical analyses of Mattock's specimens, Sect. 9.2.1.2, 

was applied to the Mean stresses in the push tests, rig. 9.8. The angle 

at which a crack first occurred was 450, Fig. 9.12, and the strength of 

the reinforcement that was required to maintain equilibrium, Fig. 9.13, 

was equal to twice the shear strength, line B'-B' in rig. 9.3. 

pfy = 2vcu (9.3) 

When the tensile strength of the concrete determined failure, Fig. 9.14, 

the variation in strength was-given by line D'-D', 'Fig.. 9.3. 

pfy - Vcu 
2 /ft-ft (9.4) 

The variation has a-good agreement with the experimental results of the 

push tests and the empirical results, line A'-A', because failure was 

shown to be predominantly a shear/tension failure, Sect. 9.2.2.1; the 

effects of which are allowed for in Equ. 9.4. 

9.2.3 Comparison of results 

The experimental, empirical and theoretical results are compared 

in Fig. 9.3. In all cases, whether the stren3th of the reinforcement 
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was determined from the angle of the initial crack or the tensile strength 

of the concrete or the failure envelope derived from Mattock's results, 

the push tests required approximately twice as much reinforcement as 

Mattock's specimens to withstand the same shear force, because the 

longitudinal 'compressive force present in Mattock's specimens was riot 

present in the push tests, 'Figs. 9.7 and 9.8. The design rule in the 

Bridge Code? which was based upon Equ. 2.11, line E=E, also overestimates 

the strength of the'shear connection. Mattock's work is therefore not 

directly applicable to push tests in which the reinforcement is looped 

around the stud. 

9.3 I. 10DE 3 FINITE ELEMENT ANALYSIS 

9.3.1 Shank failure 

The finite element model in rig. 9.1G was used to study the effect 

of varying the position of the transverse reinforcement, distances 1t and 

oo, on the shank failure load of a stud, "Equ. '6'. 1. The model was analysed 

on the Node 3 program, Sect. 4.4, the properties of the concrete are 

described in Sect. 4.4.6, the nomenclature for the constraints is given 

in Fig. 4.2 and the grid system was similar to that of Fig., G. 3. 

The loads at-which the maximum principal stress in'the steel 

exceeded the ultimate tensile strength of the stud and the loads at which 

the concrete between the applied displacement and the shank of the stud, 

Fig. 9.10, first' disintegrated are plotted in Fig. 9.17 for various levels 

of reinforcement and for two lengths of the shear plane. It is theoretically 

possible for the shank failure load of the stud to be exceeded when the 

reinforcement is concentrated at the base of the stud. 
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9.3.2 Slab failure 

The finite element model is shovm in Fig. 9.18. The properties 

of the concrete are described in Sect. 4.4.6 and the nomenclature for 

the restraints are given in Fig. 4.2. The patch was displaced 

longitudinally and the concrete was assumed to have split previously 

along the line of action of the applied load. 

The distributions of the failure of the concrete when the concrete 

began to disintegrate and when the reinforcement is assumed to have 

reached its yield strength are shown in Figs. 9.18 and 9.19. The concrete 

first disintegrated along the plane of maximum shear and then along the 

bearing surface of the reinforcement. Prior to the concrete failing, 

the axial force in the reinforcement behind the applied load, Fb in 

Fig. 9.10, was tensile whilst the axial force in front, Ff, was compressive. 

As the concrete failed, Ff became tensile. The extent of the redistribution 

of the forces depended upon the amount of reinforcement; for example, at 

the load at which the concrete began to disintegrate, Ff = 0.65Fb when 

Ar/Ash = 0.13 and Ff = 1.02Fb when Ar/Ash = 0.27. 

The mean bearing stress at the patch when the concrete first failed 

in tension, when the reinforcement yielded and when the concrete began 

to disintegrate are shown in Fig. 9.20 for various amounts of reinforcement. 

The results are compared with the strength of laterally reinforced concrete 

prises, Sect. 8.2.1.2. The reinforcement is required to maintain 

equilibrium as soon as the concrete cracks because the specimen is not 

symmetrical. Therefore the strength of the shear connection is dependent 

upon the strength of the reinforcement and the shear strength of the slab. 

The load at which the reinforcement fails, Pyr in Fig. 9.21, and 

the slab fails in shear, Psr in Fig. 9.22, can be given in terms of the 

shank failure load, Psh, if it is assumed that the point A in Fig. 9.20 

is equivalent to PS}1. 
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9.4 APIALYSIS OF PUSH TESTS 

9.4.1 Slab failure 

The strengths of specimens LS1 to LS5 and LS13, in which the 

amount of reinforcement was varied, are plotted in Fig. 9.23 in terms of 

the theoretical shank failure load, Equ. 6.1. The results have been 

compared with the theoretical strengths, Pyr in Fig. 9.21 and Psr in 

Fig. 9.22 by assuming that Ash = 0.5sc2 and fCe = fcy. The experimental 

strengths at low proportions of reinforcement are greater than the 

theoretical strengths because these specimens failed due to splitting, 

9.4.2 Shank failure 

The strengths of the push-test specimens in Table 5.13 were 

compared with the theoretical splitting strength of the slab, Equ. 7.2, 

and the theoretical slab strength, the lower value of Pyr and Psr. 'then 

Pe -"Psp and Pe was less than the theoretical slab strength, Specimens LS4, 

LS5 and LS10 to LS13, it was assumed that the strength was determined by 

the strength of the stud. The results are plotted in Fir;. 9.17 in terms 

of the theoretical shank failure load, Equ. 6.1; it was assumed that 

lt = cb + hr/2. The design rule, which was plotted as a lower bound to 

the experimental results excluding Specimen LS5, has the same variation 

as line A-A, as se = 3d, in the push tests, and assumes an upper bound 

at Psh. 

9.4.3 ßearin7 failure 

When sc was changed from ads to 4.5ds, Fig. 9.17, the concrete 

failed earlier because of the reduction in the lateral restraint imposed 

upon the concrete, at position A in Fig. 9.10, by the shank and the 

reinforcement. Until further experimental and theoretical evidence is 

available it would be good design practice to ensure that 
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hr > 0.39(sß-ds), (9.5) 

since this is the minimum depth of reinforcement in the specimens in 

which Pe > Pep, Specimens LS10 to LS12. 

If it is assumed that Fb = Ff, Fig. 9.10, when the reinforcement 

yields, then the mean bearing stress within the loop, position B, is 

equal to Fsh/schr. If it is assumed that Specimen LS5 failed prematurely, 

Figs. 9.3,9.17 and 9.23, because the concrete failed within the loop 

then until further evidence is available it would be good design practice 

to ensure that 

hr > Fsh/3.5fcusc i6.6ý.... 

which was derived from the maximum experimental bearing stress, 

Specimen LS4. 

9.4.4 Comparison of results 
J 

The experimental strengths, the results in Table 5.13 excluding 

LS5, are compared with the theoretical strengths in Fig. 9.24. The 

theoretical strength was the lesser of the stud strength, Fig. 9.17, 

and the slab strength. The slab-strength was, determined fron Pep, JPoy and 

Psrr which were derived from Equ. 7.2, Figs. 9.21 and 9.22, bearing in mind 

that the minimum. strength of the slab is Psp. The- theoretical rules appear 

to give a lower bound to the strength; the mean of the dependent variable 

is 1.12 and the coefficient of variation 10.6%. 

The variation in Figs. 9.21 and 9.22 were derived from a theoretical 

to give a lower bound to the strength; the mean of the dependent variable 

is 1.12 and the coefficient of variation 10.6%. 

analysis in which sc 3ds. It may be expected that Ash is proportional to 

hrsc, however, the assumption that Ash was proportional to sc2, Sect. 9.4.1, 

means that the reinforcement, derived from Figs. 9.21 and 9.22, increases 

more rapidly than is required when sc increases. Therefore the variations 

in Figs. 9.21 and 9.22 are probably conservative when sc % 3ds. 
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Chapter Ten 

VARIATION IN THE STIFFNESS 

10.1 INTRODUCTION 

The maximum stiffness of a stud shear connector at a particular 

slip is given by the load-slip curve of a connection in which the stud 

fails. This curvo, iwhich will be referred to as the basic curve, is 

derived statistically in Sect. 10.2 and the effect of splitting on the 

curve is discussed in Sect. 10.3. 

10.2 THE BASIC LOAD-SLIP CURVE 

10.2.1 Experimental data 

The load-slip curves of the push tests in, Tables 5.4,5.6,5.8, 

5.10,5.11,5.12 and those of Fung and King in Appendix 5.1 were used 

in the statistical analysis. As it was shoe-m in Sect. 6.4.1.3 that the 

strength of 13mm studs Varies more than that of 19mm and 22mm studs, 

because of the'size of the weld. collar in relation to that of the aggregate 

particles, the experimental data was analysed as two groups; those with 

13mm studs and those without. 

10.2.2 Statistical analysis 

A linear regression analysis was used to determine the variation 

of the slip with the cube strength, an example of which is shown in 

Fig. 10.1, at different proportions of the sham; failure load. The slip 

used in the regression analysis, sp, was the mean of the slip at both 

sides of the push specimen, Fig. 1.1,, at the same load, and the shank 

failure load was either the maximum strength of the specimen when the 

studs failed or the theoretical load, Equ. 6.1, when the slab split. 
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When the slab split the falling branch of the load-slip curve, which 

always occurred immediately after splitting, was not included in this 

analysis. 

10.2.3 Results 

The results of the statistical analyses of the two groups of data, 

which are given in Tables 10.1 and 10.2 and which are also shown 

graphically in Fig. 110.2, can be used to construct the load-slip curves 

for various concrete strengths, Fig. 10.3. ' The results of the analyses 

which did not include 13mm studs, Table 10.1, have a smaller scatter than 

those which did, Table 10.2, and therefore give'a truer representation 

of the load-slip curve. However, the results of the analyses which 

included 13mm studs, Table 10.2, are applicable over a wider range of 

concrete strengths and also predict a lower maximum slip and hence may 

be preferred for design purposes. 

The scatter of the slips, Fig;. 10.1, which is represented by the 

standard deviation in Table 10.1 and the horizontal distance between the 

confidence limits in Fig. 10.3 is fairly constant as the load increases. 

The significance of the regression, which is a measure of the dependence 

of the slip on the cube strength, is initially not significant, Table 10.1, 

but increases as the load increases. The results of unloading, Fig. 10.4, 

show that most of the deflection is permanent, even at low loads. It 

would therefore appear that the scatter of the slip is caused by the 

failure of the concrete at the initial stages of loading and is independent 

of the compressive strength of the concrete. Probable causes could be 

the deterioration of the concrete duo to the high stress concentrations 

which are developed by the weld collar, Sect. 6.4.1.5, bad compaction of 

the concrete around the weld collar, Sect. 6.4.1.3; and the position of 

the aggregate particles close to the weld collar, Sect. 6.4.1.3. 

f. 
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It may be more appropriate to assume that the stiffness of the shear 

connection is dependent upon the stiffness of the concrete. Since the 

relationship between the cube strength and the stiffness of the concrete 

used in these tests is known, Fig. 5.26, the slip can be written in terms 

of the stiffness of the concrete: 

sp/ds = A+B(G. 38EC-137) (10.1) 

where the coefficients A and B are given in Tables 10.1 and 10.2 for 

different values of P/Psh, and Ec is measured in J: PJ/mm?. The stiffness 

of the concrete used in these tests ranged from 21 kN/mm2 to 32 irr/mm2. 

The slip at failure can be assumed to be that when the strength has 

reduced to 0.95Pr. 21, because in only approximately half of the specimens 

which had reached their maximum load could the --lip be measured when the 

load had reached this value, Tables 10.1 and 10.2. 

10.3 TIIE EFFECT OF SPLITTING 

The change in the stiffness of the transversely reinforced slabs, 

Table 5.10, after they had split is shown in rin. 10.5; none of the 

specimens had failed at the end of the experiment. 

It would appear that the design rule for the reduction in the strength 

of the stud when the slab splits, Equ. 3.1, is very conservative because 

of the large variation in the distribution of the normal force, Fig. 6.15, 

which causes a gradual failure of the concrete and the ability of the stud 

to redistribute the loads as the concrete fails. Ideally the strength 

should be determined from the distribution of the slip along the beam. 

Alternatively it may be assumed that the studs within a portion of the 

slab which has split must be able to develop the same maximum slip as 

the studs in the other regions. This maximum slip varies from 0.40ds to 

0.31ds, P/Psh = 0.95 in Fig. 10.2, and hence the strength reduces to 

0.51Psh to 0.64Psh; Fig. 10.5. 

t, 



Table 10.1 Regression analysis of the load-slip curves of 19mm and 
22mm stud shear connections. 

p/psh sn/d. (10-2) (-10-4) S No. S. D. 

0.1 0.015 2.22 2.02 Sn 42 0.013 

0.2 0.026 3.95 3.69 Sn 42 0.018 

0.3 0.034 5.23 4.76 Sn 42 0.021 

0.4 0.042 6.26 5.53 Sn 41 0.023 

0.5 0.052 7.95 7.26 Sp 40 0.026 

0.6 0.065 10.21 9.53 Ss 37 0.027 

0.7 0.079 11.99 10.15 Sp 31 0.030 

0.8 0.097 14.31 10.84 Sp 25 0.025 

0.85 0.103 13.82 7.23 Sp 22 0.021 

0.9 0.128 15.61 7.03 Sn 18 0.025 

0.95 0.169 22.29 11.93 Sn 11 0.030 

0.99 0.241 31.87 16.95 Sp 10 0.033 

1.00 0.276 37.14 20.83 So 10 0.029 

1.00 0.291 40.56 25.06 Sh 10 0.030 

0.99 0.321 47.50 35.62 Sh 9 0.035 

0.95 0.384 45.28 17.78 Sn 5 0.048 

where sp = mean slip 

Sp/ds =A+ Bfcu 

fcu is measured in N/runt 

No. = number of experimental results 

S. D. = Standard deviation 

I 



Table 10.2 Regression analysis of the load-slip curves of 13mm, 
19mm and 22mn stud shear connections. 

P/Psh sp/dp (10-2) (-10-4) S No. S. D. 

0.1 0.013 1.26 -0.03 Sn 53 0.014 

0.2 0.023 2.46 0.44 Sn 53 0.021 

0.3 0.032 3.58 1.21 Sn 53 0.023 

0.4 0.040 4.80 2.37 Sn 52 0.025 

0.5 0.051 6.70 4.60 Sn 51 0.027 

0.6 0.065 9.11 7.29 Sp 48 0.029 

0.7 0.031 11.31 8.34 Sp 42 0.031 

0.8 0.103 14.54 11.44 Ss 36 0.031 

0.85 0.118 16.16 12.19 Ss 33 0.030 

0.9 0.140 18.80 13.96 SS 29 0.034 

0.95 0.180 26.06 14.59 Sp 22 0.041 

0.99 0.239 27.90 11.53 Sn 21 0.047 

1.00 0.269 31.01 11.97 Sn 21 0.050 

1.00 0.288 34.40 16.27 Sp 21 0.049 

0.99 0.309 37.61 19.87 Sp 19 0.057 

0.95 0.340 36.04 6.70 Sn 13 0.067 

where sp = mean slip 

sp/ds =A+ Bfcu 

feu is measured in N/mm 2 

No. = number of experimental results 

S. D. = Standard deviation 
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Chapter Eleven 

CONCLUSIONS 

1 1.1 INTRODUCTION 

A method has been developed of determining the load-slip curves of 

stud shear connectors in T-beams, L-beams and haunched beams, where the 

number and position of the studs, amount and position of the transverse 

reinforcement, lateral moments and longitudinal shear flows 'are varied, 

when either the stud breaks or the slab splits. Another method has been 

developed of determining the strength of the shear connection in L-beams 

where the transverse reinforcement is looped around the stud. Both 

methods are applicable to concretes of all types. 

11.2 LOAD-SLIP CURVES 

The load-slip curve of a stud shear connection, Fig. 10.3, is 

dependent upon the load at which the stud breaks, the diameter of the 

stud, ds, and the stiffness of the concrete, Equ. 10.1. The reduction 

in the strength of the shear connection after the slab has split is 

dependent upon the slip, Fig. 10.5; a conservative estimate would le to 

assume that the strength of the shear connection reduced to a half of the 

maximum strength of the stud at the theoretical maximum slip of the 

stud, Equ. 10.1. 

11.3 THE HAXILNT"I STRENGTH OF A STUD IPI A BEAN 

A stud fails when the principal stress at the weld-collar/shank interfacc 

or the yield-collar/flange interface reaches the ultimate tensile strength 

of the stud. The stresses in these zones is mainly caused by the 'normal 

force, Fig. 6.14, the distribution of which, Fig. 6.15, is dependent 
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upon the stiffness of the concrete, the stiffness of the stud and the 

height of the weld collar. The stiffness of the concrete is affected by 

voids,, inclusions and the compressive failure of the concrete in front 

of the stud and the stiffness of the stud is dependent upon the height 

of the shank. The load at-which a stud breaks is therefore dependent 

upon the area of the shank, the ultimate tensile strength of the stud, 

the stiffness and compressive strength of the concrete and the height of 

the stud, Equ. 6.2. ' 

11.4 THE LOAD AT 'iIIICII A BEAM SPLITS 

When a stud applies a load to a concrete slab the dispersal of the 

force is balanced by the lateral tensile force in front of the stud, 

Fig. 7.5, which causes the slab to split when the stress reaches the 

split-tensile strength of the concrete. The longitudinal force that the 

J 
stud applies to the slab, rig. 6.1 b, is not uniform because the stud is 

fle:: ible and therefore the distribution of the lateral forces varies over 

the. depth of the slab. However, it was found, Sect. 7.6.1, that an 

equivalent-strip load, Fig. 4.17, of depth 1.87ds grave the same splitting 

load as the stud. The splitting strength of composite slabs is therefore 

derived from the strength of concrete prisms of depth 1.87ds which are 

subjected to strip loads. 

When a single group of studs applies a load within a slab, rip,. 7.6, 

lateral. tensile and compressive forces are developed in front of and 

behind the group; these extend a distance of 1.4bc on either side of 

the group, where be is the width of the slab, and are of equal but 

opposite magnitude. The maximum lateral tensile stress is dependent 

upon the longitudinally applied force, the total width over which the 

studs are spaced. and the width of the slab, Equ. 7.3. 

r 
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When a slab supports concentrated loads, Fig. 7.35, the distribution 

of the lateral stresses between the groups of studs, Fig. 7.16, is 

composed of the superimposition of the lateral stresses-developed by the 

individual groups, Fig. 7.6, and therefore varies along the beam. 

In the region of the slab which is further than a longitudinal distance 

of 1.4bc from the applied point loads the total lateral force between 

the groups, Fig. 7.16, is zero because the lateral forces which are 

developed by the individual groups of studs are unaffected by the change 

in the shear flow and therefore are uniformly distributed: The lateral 

tensile stresses are reduced by the superimposition of the lateral 

compressive forces and hence the strength of the slab increases as the 

spacing of the studs reduce, Fig. 7.18. The minimum strength is therefore 

the strength of the slab when 'subjected to a single group of studs, 

Equ. 7.3. 

In the region of the slab within 1.4bc from the applied point load 

the distribution of the lateral forces of the individual groups is not 

uniform and hence the mean lateral force between the groups is not zero. 

The maximum lateral stress, which occurs under the applied load, can be 

determined from the shear flow on either side of the applied load, 

Sect. 7.5.3.2. In longitudinal sagging regions of the beam the stress 

is tensile and therefore the splitting strength reduces as shown in 

Fig. 7.18. In hogging regions the stress is compressive. 

Lateral forces which are not induced by the studs, such as occur 

when the slab is subjected to transverse moments, directly affect the 

stresses in the concrete and hence the splitting strength, Equ. 8.2. 

The additional lateral stiffness that transverse reinforcement provides 

reduces the lateral stresses in the concrete and hence increases the 

splitting; strength, Equ. 8.2. 

t 
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1.1-5 THE STREPIGTIi OF SIIEAR CONNECTIONS III 11JUICn TILE REIIIFOfCEbtErIT 

IS LOOPED AROUND THE STUD 

It was found, Sect. 9.2, that the desi_n rules for transverse 

reinforcement in the Bridge Code? are not directly applicable to shear 

Connections in composite L-beams in which the reinforcement is looped 

around the stud. 

The maximum strength of the shear connection is dependent upon six 

modes of failure. Compressive failure of the concrete in front of the 

stud, position A in Fig. 9.10, and along the bend of the reinforcement, 

position B, can be prevented by providing a minimum depth of reinforcement, 

Lulus. 9.5 and 9.6. The splitting strength of the slab can be determined 

from raus. 7.4 and 7.8. The strength of the connection after splitting 

is dependent upon the strength of the reinforcement and the shear strength 

of the slab, Figs. 9.21 and 9.22. The strength of the stud is dependent 

upon the level of the reinforcement, Fin. 9.17. 
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