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NOTATION 

A 
c 

cross sectional area of concrete slab within the 
effective width. 

A area of steel member of composite beam. 
s 

A cross sectional area of a stud shear connector 
s c 

A 
sr 

area of reinforcing steel. 

C compressive force in the concrete at ultimate 
moment. 

d = diameter of a stud shear connector, 
s 

Ec = modulus of elasticity for concrete, 

f^ = concrete compressive strength. 

= mean concrete compressive strength. 

f' = SDlitting tensile strength for concrete. 
sp 

F = fabrication factor. 

F = mean fabrication factor. 
m 

F^ = minimum specified tensile strength of stud material. 

F^ = yield strength of steel. 

F = yield strength of steel reinforcement. 

h^ = rib height. 

H = stud height. 
s 

M = material factor. 

M = mean material factor. 
m 

n = number of tests made. 
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ix 

N = number of stud shear connectors. 

P = professional factor. 

P^ = probability of failure. 

P^ = mean professional factor. 

Q = mean load effect. 
m 

Q . = nominal load effects. 
ni 

Qr^b = shear strength of a stud in a rib. 

Q = Q , = shear strength of connector in a solid con-
u sol 

slab. 

R = resistance of a structure. 

R = mean resistance. 
m 

R = nominal resistance. 
n 

T = tensile force in the reinforcement or the steel 
beam at ultimate moment. 

V_, = coefficient of variation of the fabrication factor. 
F 

Vw = coefficient of variation of the material factor, 
M 

Vp = coefficient of variation of the professional factor. 

VQ = coefficient of variation of load effect. 

V = coefficient of variation of the resistance. 
R 

W 
r = width of a rib. 

W = density of concrete, pcf. 
c 

x. = ratio of tested strength to predicted strength of 
individual test. 

a = weighted average, equals 0.55 for 1/3 < V_/V < 3 
— K <-! ~~ 

B = reliability index. 

Y = load factor. 

0 = central safety factor. 



X 

(j) = resistance factor. 

<f> = resistance factor for the ultimate limit state of 
s 

shear failure. 

<J>t = resistance factor for the ultimate limit state of 
tension failure. 

0 = standard deviation. 

CJQ = standard deviation of the load effect. 

a = standard deviation of the resistance. 
R 



ABSTRACT 

This report presents the results of a study to 

determine the resistance factors for stud shear connectors. 

Methods for the determination of the stud capacity 

in both solid concrete slabs, and in slabs on formed steel 

decks are reported. Test data on stud strength are in

cluded; these have been evaluated and compared to the 

nominal stud capacities by means of histograms. The de

termination of the resistance factors was based on the 

Load and Resistance Factor Design (LRFD) principles. A 

4>-value of 0.76 for the shear limit state was found to 

be adequate when used with the <j> of 0.85 for the com

posite beam in flexure. The resistance factor for the ten

sion limit state, 0.94, was found to be appropriate and 

in agreement with other steel elements in tension. 
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CHAPTER 1 

INTRODUCTION 

Structural safety, performance, and cost efficiency 

are the primary concerns of the design engineer. The econ

omy factor, although it varies from one location to another, 

depending upon the availability of manpower and the distance 

between the erection and fabrication sites, nevertheless 

will fluctuate with the desired safety levels. In structures 

^ where high safety factors are used, cost may be of a major 

concern, because it indicates more labor and an increasing 

amount of material, which in certain circumstances may be 

unnecessary. 

For these reasons, and because safety factors are 

primarly based on experience, it is necessary to introduce 

more reliable methods that achieve improved and uniform 

safety levels through mechanistic modeling, and also cover 

material behavior and structural performance. To obtain 

this, the designer must know what governs the strength and 

the behavior of the structure and its elements, and then 

relate it to the design loads to obtain a satisfactory 

product. 

1 
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The strength of a structural member and the load 

effect are both random parameters, since their actual values 

are not known at any given time. Thus, "the safety and per

formance of a structure depend on random variables". 

The strength of a structure is also referred to as 

its resistance, which can be defined in the structural 

behavior context as " the force under which a clearly de

fined limit state is attained" (7). For example, the yield

ing of a member or the excessive deformation of a structure 

will indicate a limit of usefulness that has been exceeded. 

Not all limit states are of the same type, and have there

fore been collectively divided into two classes. Those 

governed by strength are classified as ultimate limit 

states, and the ones governed by stiffness are called serv

iceability limit states. 

This approach to structural safety and behavior, 

where the randomness of strengths and loads have been 

incorporated into the design criteria, established the 

foundation for the Load and Resistance Factor Design (LRFD). 

The LRFD method is intended as an alternate design 

method to the current one used by the American Institute of 

Steel Construction (AISC) for design, fabrication and erec

tion of steel structures (2). Following years of research, 

a new steel design specification has been developed on the 

basis of limit states philosophy, and the AISC has now 

issued a new specification, for structural steel buildings 
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(3) . 

The document is a self-contained specification, in 

that it contains all of the necessary parts of a complete 

design specification. In addition to steel elements, con

siderable attention is also given to composite members. 

Composite beam design is based entirely on ultimate strength 

concepts rather than elastic theory, and for the first time, 

the specification gives provisions for the design of com

posite columns as well. 

Based on LRFD principles, values for the resistance 

factor <{> for composite beams have been adopted from Ref.(6). 

The value of <J> = 0.85 will be applied to the ultimate moment 

capacity of the composite beam, ; the factored strength 

must be larger than or equal to the sum of the moments due 

to factored loads. As for the design of shear connectors, 

the LRFD specification recommends that the shear force to 

be resisted by the connectors to be the smaller of: 

(1) 0.85f'A ; (2) EA F ; and (3) EQ . The total number of 
c c s y n 

connectors that is required to develop full composite ac

tion is set equal to the smallest of the above, divided by 

the nominal strength of one connector. The nominal strength 

used in the LRFD specification is the actual ultimate 

strength of the connector. This new design method does not 

account for the variation in the stud strength, and since 

a failure in the connection is undesirable, this paper will 

determine the resistance factor <f) for stud shear connectors 
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using LRFD principles. This will entail an evaluation of 

stud strength and behavior models, as well as test results 

for shear connectors. Although other types of shear con

nectors are currently permitted for use in construction, 

in practice the studs are the only ones that are utilized. 

The study will therefore deal only with the development of 

resistance factors for stud shear connectors. 



CHAPTER 2 

THE LRFD PHILOSOPHY 

Development of Overall 
Design Criteria 

The Load and Resistance Factor Design method is 

more accurate than the Allowable Stress Design method. The 

latter uses a factor of safety based primarily on experi

ence, without considering the uncertainties involved in 

material properties, loads, and the accuracies in the meth

ods of strengths and load effects determination. How

ever, the LRFD criteria account for the differences between 

various types of structures. It quantifies causes and ef

fects in terms of random variables. Thus, safety in the 

LRFD context is treated on a probabilistic basis. 

The LRFD criteria can be expressed by the following 

general formula, the LRFD basic design equation (4,7): 

i ̂l«ni (1) 

The left side of the inequality represents the 

capacity of the structure or the factored resistance. The 

right side represents the factored load effects or the 

required strength. In this formula, <f> is the "Resistance 
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Factor" and is the nominal strength as given by the 

specification for various limit states. The Y^'s an<i Qni's 

are the "Load Factors" and the load effects, respectively. 

The load effects take the form of axial forces, shear 

forces, and bending or torsional moments obtained by the 

structural analysis. 

When applied to the study of stud shear connectors, 

Rn represents ultimate limit states that define the strength 

characteristics of the studs. When failure of the connector 

occurs by the shearing off of the stud or the crushing of 

the concrete around the stud, the limit state is then the 

ultimate shear strength of the connector, given as 

R = Q = 0.5A v/f'E (3). If tension failure of the stud 
n ^u scv c c 

is the limit state, then R = Q = A F is the equation 
n u sc u 

that governs the nominal strength (3). 

No matter what the limit state is, Eq.(l) says that 

the load effect should not exceed the resistance of the 

member. The resistance factor <p accounts for the uncertain

ties inherent in the determination of the nominal resist

ance, due to random variations in the material properties, 

structural or member geometry, and the accuracy of the 

theory. The load factors account for the random varia

tions of the load, including the effects of load combina

tions . 

In order to determine the values of <)> and R , a 
n 

"First-Order Second Moment" (FOSM) probabilistic design 

procedure will be used (4,7,12). This approach utilizes two 
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statistical parameters, namely, the means and the coeffi

cients of variations of the random variables, to develop 

the statistical properties of strength, load, and safety. 

The safety of a structure depends on the variation 

of R and Q. In the FOSM approach, the two parameters are 

regarded as statistically independent. For most practical 

cases this is a realistic assumption; it also allows for 

a practicable mathematical solution. The variations of R 

and Q are illustrated in Fig.l. 

Structural behavior is satisfactory if Q <_ R, or 

R - Q >_ 0. When the resistance R is less than the load 

effect Q, the structure fails. This is represented by the 

shaded area in Fig.l, and is called the "probability of 

failure", P^, which is expressed as 

Pf = P{(R-Q) £ 0} (2) 

Rearranging the terms, and introducing the natural 

logarithm on both sides of the expression give 

Pf = P{In(R/Q) £ 0} (3) 

The distribution of ln(R/Q) is shown in Fig.2 (12). 

It is seen that for values of R/Q < 1, ln(R/Q) < 0. The 

shaded area in Fig.2 is also a representation of the prob

ability of failure, since ln(R/Q) < 0 in this region. 

In Fig.2, the term 3 is an important parameter in 

the probabilistic design procedure. It is called the 

"Safety" or "Reliability" index. It determines the distance 

from the mean of ln(R/Q) to the point where failure takes 



R and Q 

Figure 1. Probabilistic Distribution of R and Q. 
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place. For high values of 3, the probability of failure 

decreases without ever reaching zero. Thus, 3 represents 

a measure of reliability between various design methods, 

types of members, and types of loading (7). 

The expression for 3 is given as 

s , (4) 

0ln(R/Q) 

where {ln(R/Q)}m is the mean of the ln(R/Q) distribution, 

and t'ie standard of deviation. 

The evaluation of 3 in Eq.(4) requires the deter

mination of the complete distribution of R and Q. Since 

this may be a difficult task because of the amount of data 

that are needed, another solution uses the principle of 

"Calibration". This is performed by selecting a value for 

3 such that the degrees of reliability in the new and the 

old designs are the same (12). 

In order to develop the resistance factor for stud 

shear connectors, it is necessary to separate the variables 

R and Q. This is achieved by a series of approximations, 

and by using a Taylor series expansion of ln(R/Q) and neg

lecting the higher order terms (4). 

The numerator in Eq.(4) can be rewritten as 

{In(R/Q))m- ln(Rm/Qm) (5) 

and the denominator as 

2 2 

rr 2  ~  R  ^  ~Q 2  .  „2  
In(R/Q) " ̂ 2 + "2 = VR + VQ (6) 

m ^m 
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Equation 4 thus becomes 

In (R /Q ) 
e = (7) 

2 2 
+ V 

R Q 

where R and Q are the mean values of the resistance and 
m m 

the load effects, respectively, and V and V are the 
K ^ 

corresponding coefficients of variation. 

Taking the exponentials of both sides of Eq.(7) and 

rearranging the terms, the following expression defines the 

mean resistance: 

" V"Wvr  +  vo> " m (8) 

where 0 is the "Central Safety Factor" (12). 

The central safety factor combines the uncertainties 

of the resistance and load effects. To determine the re

sistance factor, the two uncertainties can be separated by 

using linear approximation to the square root term (4). 

Consequently: 

Vvr +  vq 2  a ( vR +  V <9) 

where a = 0.55 is a weighted average for the range of 

coefficients of variation of 1/3 < V /V < 3. This covers 
— K v — 

all practical VD/V.-values. K ^ 

Introducing Eq.(9) into Eq.{8): 

R exp(-agV ) = Q exp(agV ) (10) 
m tv m 

or 



12 

From the above two equations, the resistance factor 

becomes 

R 
<J> = jp exp (-afJVR) (11) 

n 

Now that the equation for the resistance factor has 

been established, the mean values of the resistance can be 

related to the nominal ones by using Eq.(ll). The resist

ance factor can be evaluated with a sufficient amount of 

data available on structural resistance and behavior, and 

a clear understanding for these phenomena. 

Resistance of Structural Elements 

It has been shown that the resistance of a struc

ture is a random variable, and that this variation is 

reflected by the resistance factor 4>. The variation arises 

because of the uncertainties in the mechanical properties 

of the material, geometric tolerances, and the accuracy of 

the theory giving the design definition of the member 

strength. 

Consider the shear failure of a stud shear con

nector. The ultimate limit state is reached when the shear 

force in the connector approaches the ultimate strength of 

the stud, given by Q = 0.5A \/f'E , where A is the cross-
u  s c v c c  s c  

sectional area of the stud, based on the manufacturer's 

catalogue, and f^ is the concrete compressive strength, as 

given by the relevant material standard. Since A and f' 
sc c 

are random variables, so is Q . Thus, the mean value of the 



connector strength is a function of the mean values of 

Agc and f^. Similarly, the coefficient of variation of the 

stud strength is a function of the coefficients of varia

tions of the concrete properties and the stud cross-sec

tional area. 

The above procedure is correct if the theoretical 

strength and the tested strength of a stud yield the same 

result. In reality there will be discrepancies, and tests 

have established this fact (6). Therefore, the uncertain

ties associated with going from the theoretical model to 

the actual structure must be accounted for in the design 

procedure . 

The basic resistance equation can thus be written 

as 

R = R MFP (12) 
n 

where R r is the nominal strength (e.g. for the stud 

shear connector), and M, F, and P are random variables 

that reflect the variations of the material properties, 

the dimensions, and the test-to-prediction accuracy, re

spectively. The terms are normally referred to as the 

material factor (M), the fabrication factor (F), and the 

professional factor (P) (4,7,12). When the mean values of 

the random variables are introduced, Eq.(12) becomes 

R «* R M F F (13) 
m n m m m 

and the coefficient of variation of the resistance is 



VR "\/VM +  VF +  VP < i 4 )  

where V„, V_, and V_ are the coefficients of variation of 
Mr r 

M, F, and P, respectively. It is observed that products 

and triple products of the squared coefficients of varia

tion have not been included in Eq.(14), on the premise 

that these terms will be very small (4,7,12). 

The necessary basic LRFD equations for the deter

mination of the resistance factors have now been estab

lished. Chapter 3 will describe the behavior of studs as 

well as the methods of determination of their strengths, 

and the proposed LRFD design method for stud shear con

nectors (3) . 



CHAPTER 3 

METHODS OF DETERMINATION OF STUD STRENGTH 

In composite structures, concrete and steel act 

together to resist loading. The term "composite beam" in 

building and bridge construction is applied to a steel 

section on which a concrete floor or bridge deck has been 

cast, and where some form of shear-transferring bond or 

connection establishes joint or composite action. Composite 

action can be achieved by two approaches: 

1. The steel beam may be completely encased in the 

concrete for fireproofing purposes. In this case, 

longitudinal shear forces created by the applied 

loads are transmitted entirely by bond and friction. 

This is illustrated in Fig.3. 

2. The concrete slab is placed on top of the steel 

beam. The longitudinal shear forces are resisted 

entirely by properly designed mechanical shear 

connectors. 

Today, although the AISC specification (2) permits 

the use of several types of shear connectors, the only 

ones in use are the studs. These studs are available in 

diameters ranging from 1/2 in. to 1 in. and lengths from 

15 
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2 to 8 in.. The most commonly used sizes are 5/8, 3/4, and 

7/8 in. in diameter, and 2 to 4 in. in length. They con

sist of rounded steel bars welded at one end to the steel 

beam flange, while the other end is upset and embedded in 

the concrete slab to prevent the vertical separation of 

the beam from the slab. This is shown in Fig.4. 

The shear connectors must serve the following 

purposes : 

1. Resist all the horizontal shear that occurs at the 

interface of steel and concrete. 

2. Prevent vertical separation of the concrete slab 

and the steel beam. 

3. Provide a ductile connection that will allow for 

the redistribution of connector forces. 

Behavior and Strength 
of Stud Shear Connectors 

The early use of composite construction was main

ly in bridge structures. Semi-empirical formulas were used 

for the evaluation of the useful capacity of various 

mechanical connectors, based on fatigue loading, and by 

placing limitations on the amount of slip between the slab 

and the beam. 

As composite beams became more common in building 

construction, the amount of slip permitted in buildings 

could not be easily determined from elastic theory. In 

1960, a joint ASCE-ACI committee on composite construction 
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recommended that the AASHO (now called AASHTO) semi-empir

ical formulas be retained, but a factor of safety for 

statically loaded members be applied. These new formulas 

were satisfactory from the point of view of structural 

safety, but did not give economical solutions. 

In 1965, Slutter and Driscoll (13) reported the 

results of their investigation on shear connectors 

strengths. In this study, an equation that related the 

connector shear strength to the compressive strength of 

normal-weight concrete was developed. The expression was 

given as 

Qu * 29.41dl\JF~ (15) 

or, in terms of the stud cross-sectional area, Eq.(15) 

becomes 

Q = 37 .45A \/fr (16) 
U  S C V  c  

where, Qu = the ultimate shear strength of the stud (kips), 

d = diameter of the stud (inches), A = cross-sectional 
s s c 

2 
area of the stud (in.), and f^ = specified compressive 

strength of concrete (ksi) . 

Equation 1 is based on limited data from beam 

and pushout tests . The results that are shown in Table 1 

are taken from several sources. Figure 5, which shows stud 

strength versus \J? *c» is based on all of the results that 

are contained in Table 1. 

The expression for stud strength given by Eq.(15) 

is valid for concrete strengths < 4 ksi. The straight 



Table 1. Ultimate strength of stud shear connectors (13). 

Specimen Type Diameter Height Type of Type ofA f^ 
(in. ) (in. ) Test Failure 

u  

(kips) (ksi) 

B6-T2 bent 1/2 2.25 beam D 17.8 3.60 
BIII-T6 bent 1/2 2.25 beam D 16.6 5.56 
B4-T8 bent 1/2 2.25 beam D 16.6 3.60 
B3-T7 bent 1/2 2.25 beam D 15.7 3.60 
B8-T9 headed 1/2 3.00 beam C 15.4 3.34 
2 bent 1/2 2 .25 pushout H 14.5 5.00 
4A headed 1/2 4.00 pushout D 14.4 3.84 
4B headed 1/2 4.00 pushout D 13.9 4.39 
B12-T13 bent 1/2 2 .25 beam D 13.6 3.60 
Bridge bent 1/2 1 .88 beam C 13.4 3.28 
B10-T13 bent 1/2 2.25 beam D 13.2 3.60 
B7-T4 bent 1/2 2.25 beam C 13.0 3.34 
3 bent 1/2 2.25 pushout H 12.9 5.00 
B11-T13 bent 1/2 2.25 beam D 12.8 3.60 
P 5 headed 1/2 3.00 pushout D 12.1 3.60 
P6 headed 1/2 3.00 pushout D 12.1 3.68 
P8 headed 1/2 3.00 pushout D 12.1 3.06 
PI bent 1/2 2.25 pushout D 11.0 3.60 
P4 bent 1/2 2.25 pushout D 10.4 3.60 
5A headed 5/8 3.94 pushout D 23.8 3.79 
5B headed 5/8 3.94 pushout D 22.5 4.25 
6F headed 3/4 5 .00 pushout D 34 .8 4.90 
6B headed 3/4 3.90 pushout D 32.5 4.24 
6A headed 3/4 3 . 90 pushout D 32.0 3.87 
6g headed 3/4 7 .00 pushout D 31.5 4.59 
B9-T10 headed 3/4 3.00 beam B 31.4 3.34 
7H headed 7/8 8 . 50 pushout D 45.0 3.34 

* See Table 2. 



Table 2. Descriptions of types of failures in Table 1. 

Letter Designation Description 

B Failure to carry additional load. 

C Crushing of concrete slab. 

D Fracture of connectors above weld. 

H Fracture in base metal of the steel 

beam along the weld. 
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Figure 5. Ultimate Strength of Stud Shear Connectors 
(13) . 
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line in Fig.5 was taken as the upper limit of pushout test 

results, because the only mode of failure of connector in 

beams was the fracture of the stud (13). Figure 5 indicates 

that beam tests yielded higher values for stud strength. 

This is due to friction between the concrete slab and the 

beam, and the redistribution of the connector forces. 

In the case of pushout tests, the value of in 

Table 1 represents the ultimate load on the specimen, di

vided by the number of connectors. In the beam tests, 

represents the apparent connector force. This force was 

determined by dividing the apparent compressive force in 

the concrete slab by the number of shear connectors in the 

shear span. The apparent compressive force was determined 

from a curve of compressive force versus applied bending 

moment derived from elastic theoretical considerations, 

using the assumption that an adequate number of shear 

connectors was provided in the member (13). 

The shear connection is said to be "adequate" if 

the sum of the ultimate strengths of the shear connectors 

in the shear span is equal to or greater than the maximum 

compressive force in the slab at the section of maximum 

moment. The term "inadequate" refers to a connection in 

which the sum of the ultimate strengths of shear connectors 

is less than the maximum compressive force in the slab (13). 

The effect of a weak or "inadequate" shear con

nection on the ultimate capacity of the composite section 
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is shown in Fig.6. This curve shows the maximum test mo

ment, divided by the theoretical ultimate moment, M , as 
u 

the ordinate, and the sum of the ultimate strengths of the 

shear connectors, £Qu» divided by the compressive force in 

the slab, C, as abscissa (13). 

Figure 6 indicates that in members where EQ^/C >_1 .0, 

the full theoretical moment is attained. 

The investigation by Slutter and Driscoll was based 

on limited data obtained from various sources. It did not 

account for the difference between normal-weight and light

weight concrete. For these reasons, more controlled tests 

were needed to determine a better expression for stud 

strength. 

The investigation by Ollgaard et al. (11) that 

determined the stud capacity in lightweight and normal-

weight concrete, was based entirely on pushout specimens. 

Because the connector force cannot be measured directly in 

a beam test, investigators have used pushout tests to 

evaluate connector properties. This testing technique 

yields an experimental load-slip curve and an average meas

ured value of stud strength. 

The test program (11) proceeded after the controlled 

variables had been selected. These were the concrete com

pressive strength,f', its splitting tensile strength, f1 , 
c s p 

the modulus of elasticity, Ec, and the concrete density, 

W . The concrete properties were determined from standard 
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Figure 6. Relationship Between Shear Connector Strength 
and Moment Capacity (13). 
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control tests. Also considered were the stud diameter, the 

type of aggregate, and the number of connectors per slab. 

A total of 48 pushout specimens were tested. Most 

of these had four connectors embedded in each slab, as seen 

in Fig.7. Several specimens had two connectors in each 

slab, placed at mid height. The test specimens were di

vided into sixteen groups of three specimens each, as 

indicated in Table 3. The shear connectors were provided 

from the same lot of steel, with average ultimate tensile 

strengths of 70.9 ksi (3/4 in. connectors), and 70.2 ksi 

(7/8 in. connectors). 

The slip between the slabs and the beam was meas

ured; some results are shown in Fig.8. It is seen that 

normal-weight and lightweight concrete both exhibit ine

lastic deformation before failure. This took place after 

a considerable amount of deformation, followed by a de

crease in the load. The specimens failed by the shearing 

off of the stud connectors, or by the crushing of the con

crete in the region around the stud. 

Two types of behavior were observed; these have 

been illustrated in Figs.9 and 10. In one, the studs were 

sheared off the steel beam and remained embedded in the 

concrete slab. Figure 9 shows that the gaps between the 

slab and the studs are not equal. This indicates that the 

redistribution of the loads on the connectors is not 

uniform, which means that the connectors are not loaded 
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Figure 7. Pushout Specimen (11). 



Table 3. Pushout results and average concrete properties (11) 

Specimen Average Connector f' f' WE Stud 
Ultimate Loads (kips) (kaJ} (k^) (p°£) (^t) Diam. 

v x n • ) 
Spec.No.1 Spec.No.2 Spec.No.3 

A 29 .3 32.5 30.6 5 .08 0.51 148. 1 3740 3/4 
LA 24.5 26.5 24.7 3.64 0.43 147.6 3510 3/4 
SA 19.5 20.8 19.9 4.01 0.43 147.4 3580 5/8 
B 27.4 25.4 25.4 4 . 78 0.47 140.5 3180 3/4 
LB 18.3 18.1 17.3 2.67 0.32 138.6 2190 3/4 
SB 18.2 16.9 18.8 4.03 0.46 142.6 3170 5/8 
2B* 26. 1 25.5 25.0 4 . 78 0.47 140.5 3180 3/4 
c-** 19.9 21.3 21.0 4.69 0.24 89 . 1 1510 3/4 
C 21.6 21 . 5 22 . 2 4.28 0.35 108 . 2 2060 3/4 
D-** 24. 1 23.0 22.7 4 . 72 0.32 99 . 2 2430 3/4 
D 21.6 23.3 24.4 4.92 0 . 36 113.4 2530 3/4 
E-** 19.6 19.2 17.8 3.60 0.30 97.7 1840 3/4 
E 23 . 1 22 . 5 21.6 4 . 30 0.37 111.1 2190 3/4 
LE 18.7 19.5 19.7 3.22 0.32 111.4 1880 3/4 
SE 15 . 7 15 . 7 17.0 4.00 0 .33 112.3 2060 5/8 
2E* 21.2 23. 1 22.7 4 .40 0.39 111.1 2210 3/4 

* Series with two connectors. 
** Specimens with lightweight aggregate and fines. 
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Figure 9. Sheared Off Studs (11) . 

Figure 10. Stud and Concrete Fa ilure (11). 
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equally at ultimate load. 

In the second mode of behavior, the concrete around 

the stud failed. Figure 10 shows that the lower connectors 

were pulled out of the slab, together with a wedge of 

concrete. The same wedge shape was observed in both light

weight and normal-weight specimens . Some specimens exhibited 

both types of behavior; an example is given in Fig.10. 

The two specimens that used only one row of con

nectors failed by the shearing of the studs. None of these 

exhibited concrete failure, because the slab force was 

smaller and the distance from the stud to the slab edge 

was greater. However, the stud shear capacities were sim

ilar to those that were obtained in the other tests. 

In order to determine the state of stud deformation 

and type of failure, two specimens were sawed longitudinally 

through the slab and the connectors. The cross section for 

normal-weight and lightweight concrete specimens are shown 

in Figs.11 and 12. respectively. These two were loaded to 

their ultimate load,.but loading stopped when unloading 

started to occur ( i.e. to prevent separation). 

The two specimens exhibited the same concrete crack 

pattern near the heads of the studs. However, the cracks 

near the upper studs propagated in a vertical direction 

toward the free end of the slab. At the lower studs, the 

cracks made about 45 degree angles with the surface of the 

beam flange. 



Figure 11. Crack Propagation and Stud Deformation 
in Normal-Weight Concrete (11). 

Figure 12. Crack Propagation and Stud Deformation 
in Lightweight Concrete (11). 
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The stud deformations were different in both spec

imens. In the normal-weight concrete, the stud rotated 

under the load. This is indicated by the curvature of the 

stud in Fig.11; showing greater concrete restraint to 

stud deformation. In the lightweight concrete specimen, 

the stud deformed nearly without bending. However, in both 

types of concrete the studs rotated through large angles 

near the welds. This indicates that the concrete controls 

the shear strength of the stud. 

In order to obtain a better comparison of stud 

strengths, the connector ultimate loads in Table 3 were 

divided by their corresponding cross-sectional areas, 

(Qu/Agc). This demonstrated that in specimens with identi

cal concrete properties (e.g. LA vs. SA, B vs. SB, and 

C vs. SE), the average ultimate capacity was proportional 

to its cross-sectional area. 

To determine an expression for the stud strength, 

the average shear strength of the connectors was evaluated 

in comparison with the various concrete properties. The 

results are presented in Figs.13 through 16. 

All four figures indicate a tendency for a decrease 

in the connector shear strength when the concrete proper

ties also decrease. Figure 13, which correlates the shear 

strength with the concrete compressive strength f^, shows 

no trend for concrete strengths between 3.5 and 5.0 ksi 

for either normal-weight or lightweight concrete. 
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The data points for lightweight concrete in Fig,14 

show no trend for stud strength variation with a variation 

in the concrete tensile strength. Figure 15 compares the 

stud strength with the concrete density, and no clear 

influence can be found for either type of concrete. 

Figure 16 shows the relationship between the stud 

shear strength and the modulus of elasticity of concrete 

E£. There is evidence that the shear strength is linearly 

correlated to the value of E^, with both types of concrete. 

Figures 13 to 16 indicate that the stud shear 

strength is related to the concrete properties. In order 

to establish a mathematical relationship between these 

variables, the least squares fit method was used. 

The general equation for stud shear strength was 

chosen as 

Q /A = e.f'a. f' b.E C.W d (1?) 

u sc c sp c c 

where f', f' , E , and W are the concrete properties. The 
c sp c c 

exponents a,b,c, d, and the coefficient e are unknown 

quantities that will be determined from the least squares 

fit. All 48 pushout test results were used in the analysis. 

Equation 17 was linearized by using logarithmic trans

formation. The 15 combinations of the concrete properties 

were used as independent variables, and the results of 
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the regression analyses are given in Table 4 (11). 

The first four models were considered for further 

evaluation, since they had the highest correlation coef

ficients. All models had about the same fit. Model 1, 

which had the highest coefficient of correlation, con

sidered all of the concrete properties. Models 3 and 4 

ignored the concrete tensile strength; they provided about 

the same coefficient of correlation. The density which 

was considered in model 3 can be eliminated, since both 

models 3 and 4 gave the same coefficient of correlation. 

Thus, model 4 which incorporated only the compressive 

strength and the modulus of elasticity was found to pro

vide the best and least complicated estimate of the stud 

shear strength in both normal-weight and lightweight con

crete. For this case, Eq.(17) becomes 

Q /A = 1.106 f ,0,3 E0-4 (18) 
u sc c c 

Equation 18 is plotted in Fig.17. In order to have 

simpler exponents, the values of a = 0.3, and c = 0.44 

were each rounded to 0.5. The coefficient of correlation 

of model 4 decreased by less than 2% as a result of this. 

The dashe"d" line in Fig. 18 is the least squares fit 

of the test data when both exponents were rounded to 0.5. 

The solid line was obtained by forcing the dashed line to 

pass through the origin. 

The expression for the stud shear strength is 

given by Eq.(19), where the rounded-off exponents have 
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Table 4. Results of regression analyses using logarithmic 
transformations (11). 

General Model : Q /A = ef 
u s c 

•a f'b EC Wd 

c sp c c 

Ob tained Exponents Coefficient 
o f 

Correlation 
Model 
Number a b c d 

Coefficient 
o f 

Correlation 
Model 
Number 

0.435 -0.229 0.395 0.306 0.90 1 
0 .325 -0.148 0.527 - 0.89 2 
0 .334 - 0.385 0.0902 0.89 3 
0 . 304 - 0.439 - 0.89 4 
0.640 -0.211 - 0.887 0.87 5 
0.542 - - 0.675 0.86 6 

- - 0.706 -0.413 0.85 7 
- 0.019 0.698 -0.418 0.85 8 
- -0.041 0.509 - 0.83 9 
- - 0.484 - 0.83 10 

0.301 0.470 - - 0 .75 11 
- 0.389 - 0.244 0.70 12 
- 0.551 - - 0.68 13 
- - - 0.612 0.64 14 

0.469 • 
— 

— 0.50 15 



40 

60 

40 

20 

Qu , „ . 0J _ 

Stud «•*'••• 
Diameter Light- Normal 

(in.) Weight Weight 

A 

20 40 60 
o.s .0.44 

Figure 17. Connector Strength Vs. Concrete _ 
Strength and Modulus of Elastic
ity (Correlation with Model 4) (11). 



41 

60 I V* 
A -O 

Si 
CKSl) 

40 

o ® JtP 'o 

Coocrtft 

20 

Stud 
Dtomtter LlgM - Normal 

(in.) WtigM Weight 

5/8 
3M 

A 

e 

A 

_L _L 
30 60 90 120 150 

v^eT • KS| 

-Figure 18. Connector Strength Vs. Concrete -
Strength and Modulus of Elastic
ity (Effect of Rounding the Expo
nents ) (11). 



42 

been used: 

Q /A = 0. 5\/f' E (19) 
U SC V c c 

The modulus of elasticity of the concrete is given by the 

following formula (1) 

33W1"5 (1000 f')°'5 

E _ c c (20) 

c  1000  

where W is the unit weight of concrete (pcf). 
c 

The results of Ollgaard et al. were compared with 

other data. The comparison of earlier studies with model 

4 and Eq.(19) is shown in Fig.19, indicating reasonable 

agreement. The coefficient of correlation for all test 

results was reduced to 0.72. 

According to the AISC specification for Load and 

Resistance Factor Design for Structural Steel Buildings 

(3), the shear strength of a stud connector must be less 

than or equal to its tensile strength. Equation 19 there

fore is expanded to consider the tensile limit state as 

well: 

Q /A = 0. 5\/f' E < F (21) 
u sc V c c — u 

where Fu is the minimum specified tensile strength of the 

stud material, or approximately 65 ksi (5). 

Figure 19 indicates that the upper limit of the 

strength of a connector is reached when - 135. This 

corresponds to a value of Q /A - 65 ksi, which is the 
r u sc 

ultimate tensile strength of the connector. 
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A large amount of composite construction also uses 

slabs on formed steel deck. This has become the most 

common floor system in high rise steel frame structures. 

Composite action between the steel beam and the concrete 

slab is developed by means of shear connectors welded 

through the deck to the beam flange, as shown in Fig.20. 

Stud shear connectors in concrete slabs on formed 

steel decks were found to have lower shear capacity than 

studs in solid slabs (8). In 1967, a study by Robinson 

showed that for high, narrow ribs the shear capacity of 

the connector is a function of the rib geometry, and is 

substantially less than the capacity of connectors embed

ded in a composite beam with a solid slab. The volume of 

concrete in the rib is not sufficient to develop the 

ultimate strength of the shear connector. However, this 

study indicated that for ribs less than 1.5 in. in height 

and at least 2 in. wide, the shear connector capacity is 

unaf fected. 

In 1970, Fisher evaluated previous investigations 

and proposed a new model for the shear capacity of studs 

in steel deck ribs. The expression was given as follows: 

"rib " A(1T> «Bol i Qsol (22) 

r 

where 

Qrik = shear strength of connector in a rib. 

A = numerical coefficient (0.5 for beams) 



45 

uip Steel 
Deck 

nn 

Figure 20. Slab on Formed Steel Deck (Ribs Perpendicular 
to the Steel Beam). 
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= average rib width. 

h^ = height of the rib. 

Qgo^= shear connector capacity in a solid slab. 

The number and types of variables in Eq.(22) were 

such that additional studies would be needed. A research 

program therefore was initiated at Lehigh University in 

1971, involving 17 full scale beam tests (8). These tests 

were supplemented by 58 beam test results reported by 

other investigators (8). The Lehigh tests used steel beams 

with lightweight concrete slabs, cast on formed steel 

deck, an'4 connected by 3/4 in. stud shear connectors. The 

variables considered were the yield strength of steel 

beam, the geometry of the deck, and the degree of inter

action (partial shear connection). The specimens had rel

atively wide slabs, equal to 16 times the full thickness 

of the slab, including rib height, plus the width of the 

steel beam flange. 

The failure surface initiated as a shear cone 

around the connector and penetrated through the slab to 

the top of the rib. From there, it propagated through the 

rib along a path of least resistance to a natural termi

nation (see Figure 21). In these specimens, the connectors 

exhibited ductile behavior, which permitted redistribution 

of forces through the slab. 

In narrow slabs, the failure surface is smaller, 

which causes the total shearing of the rib, as indicated 



47 

F i g_u r e 2 1 . Punch-Through Fa i 1 u r e ( 8 ) • ·· 

FigtU"e 22. Horizontal Rib Cracking (8)-:-
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in Fig.22. The connectors do not exhibit ductile behavior, 

because the slab fails before the connector load reaches 

its ultimate capacity, and therefore load redistribution 

amongst the connectors does not occur. Thus, the connect

ion fails prematurely, resulting in a weaker connection. 

The modes of failure described above indicate that 

the geometry of the rib influences the shear capacity of 

the connec tor. 

In order to determine the variables that cause 

the studs in steel deck ribs to have lower capacity than 

those in a solid slab, the investigators at Lehigh Uni

versity (8) compared the Ultimate test-to-predicted moment 

capacities of all individual beam test results to the 

various variables (i.e. degree of partial shear connection 

V^/V^. rib height h^, rib slope, steel beam yield strength, 

and the depth of stud embedment H - h ). 
s r 

The predicted moment capacity of the test beams 

was determined by using the reduced connector capacity 

given by Eq.(22) and the model suggested by Slutter and 

Driscoll (13). However, the slab force was assumed to act 

at the centroid of the solid portion of the slab above the 

top of the of the ribs, and not at the center of the con

crete stress block. The comparison indicated that several 

beams with very low degrees of partial shear connection 

can obtain their predicted capacity. Similarly, rib slope 

and yield strength of the steel beam did not appreciably 
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affect the beam capacity. 

One variable that was found to affect the beam 

capacity was the height of the rib (see Figure 23). How

ever, for rib heights of 3 in. the connector model defined 

by Eq.(22) is inadequate, and is slightly conservative 

for rib heights of 1.5 in.. The plot shows that the rib 

width-to-height ratio, wr/^r> as well as the depth of 

embedment, Hg - h^, are major variables. 

This initial investigation of the model given by 

Eq.(22) led to its modification. Besides the rib width-

to-height ratio, the height of the rib and the embedment 

of the connector were also considered. These were reflec

ted by the following relationship 

Qrib - °*6(V^)(r) QS0l < Q , (23> 
h h — sol 
r r 

where Hg is the height of the stud, and the other coef

ficients are as defined in Eq.(22). 

The model given by Eq.(23) ignores the differences 

between one or two connectors in a rib, because the test 

program limited the number of studs per rib to two con

nectors. After additional tests were available, all test 

data were reevaluated. The variation in connector capacity 

was found to be affected by the number of connectors in a 

rib. This resulted in the improved expression 

0.85 H -h w 

<ir> «..i i i..i <"> 
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where N is the number of studs per rib. 

Figure 24 shows the test data replotted for the 

ultimate theoretical moment, determined by using Eq.(24), 

and the model suggested by Slutter and Driscoll (13).The 

graph indicates a good correlation. Equations 23 and 24 

yield the same results when the number of studs in a rib 

is limited to two, as 0.85/ \ f l  - 0.6. 

Equation (24) provides a reasonable prediction of 

connector capacity when the number of studs in a rib 

varies . 

Design Approaches 
for Stud Shear Connectors 

Stud shear connectors are designed by considering 

the ultimate capacity of the composite beam. The concept 

of ultimate strength design involves reaching the ultimate 

strength of all or part of the concrete slab, as well as 

yielding the steel beam cross section in the positive 

moment region (9). This method is especially useful with 

composite members, because it resolves the difficulties 

associated with the minimum shear connector requirement. 

When the composite section reaches its ultimate 

capacity, a fully plastic state of stress can be assumed 

for both concrete and steel, as shown in Fig. 25. In the 

positive moment region a concrete stress of 0.85f^ is 

assumed to be uniformly distributed over the compression 

zone of the effective width of the slab. The compressive 
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force in the concrete is resisted by a tensile force in 

the steel section, which produces yielding in all steel 

fibers. Equilibrium is thereby maintained for the forces 

above and below the plastic neutral axis (9). The tensile 

strength of the concrete is neglected. 

The stress distribution at ultimate load for a 

positive moment is shown in Fig.25. Figure (25a) corre

sponds to the case when the concrete slab is adequate to 

resist the total compressive force at ultimate load. In 

this case, the plastic neutral axis (PNA) is in the concrete 

slab. Figure (25b) corresponds to the case when the con

crete slab is not large enough to resist the total com

pressive force at ultimate moment. This causes the plastic 

neutral axis to be located inside the steel beam cross 

section. For most cases Fig. (25a) will govern; in the rare 

instances when Fig.(25b) controls, the plastic neutral 

axis usually lies within the flange of the steel beam. 

When the shear connectors are ductile enough, it 

will be possible to use the ultimate strength of the 

connectors as a design value. As in riveted and bolted 

connections, this ductility allows for redistribution of 

the load among the individual connectors, and at failure 

it can be assumed that all connectors carry equal loads, 

regardless of the shear diagram for the member (see Figure 

26). Because of the load redistribution between connectors, 

it is possible to determine the shear connector require-
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Figure 26. Horizontal Shear Variation at the Interface 
Between the Slab and the Steel Beam. 
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ments at ultimate moment for composite members based upon 

the ultimate strength of shear connectors. 

As was shown in Fig.25, the maximum compressive 

force in the concrete at ultimate moment is 0.85f'A . In 
c c 

order to establish equilibrium of forces in the slab, the 

concrete compressive force must be resisted by the sum 

of the ultimate strength values of the shear connectors. 

The number of shear connectors required to develop the 

ultimate moment of the composite beam is 

0 . 85f ' A 
N = —=• (25) 

^u 

In the rare instances when the steel beam is fully 

yielded before the concrete slab reaches its ultimate 

(i.e. 0.85f^Ac), the number of shear connectors required 

to develop the ultimate moment of the composite beam is 

IA F 
N = —£ (26) 

^u 

The AISC, Load and Resistance Factor Design 

specification (3), requires the minimum number of shear 

connectors to be located on each side of the point of 

maximum bending moment and the adjacent point of zero 

moment to be at least 

C 
N = — (27) 

where C is the smaller of ZA F ; 0.8 5 f * ; or EQ (3,6). 
s y c u 
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In the negative moment region, the stress distri

bution at ultimate load is as shown in Fig.27. A tensile 

stress equal to the yield stress of the reinforcing steel, 

is assumed to act in the longitudinal reinforcing 

steel within the effective width of the concrete slab. The 

tensile strength of the concrete is neglected. The tensile 

force in the steel reinforcement is resisted by a com

pressive force in the steel beam, which produces yielding 

in all fibers, with compression below and tension above 

the plastic neutral axis. In this case, the composite 

flexural strength is limited by either the plastic 

strength of the reinforcing steel or the shear connector 

strengths in the negative moment region (9). 

Because of the ductility of the shear connectors, 

load redistribution will occur. At failure, it can be 

assumed that all connectors carry equal loads regardless 

of the shear diagram for the member. 

Equilibrium in the concrete slab requires that the 

tensile force in the steel reinforcement be less than or 

equal to the total capacity of the connectors. The LRFD 

specification requires the number of shear connectors 

needed between the point of maximum negative moment and 

the point of zero moment on either side to be 

n = ~~jr"~ (28) 
u 

where T is the smaller of A F and EQ (3,9). 
sr yr ^u 
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The use of partial interaction (or partial shear 

connection) is permitted by the AISC specification (2,3). 

The term "partially composite beam" indicates a section 

in which the sum of the shear connector capacities, £QU> 

is less than the compressive force in the concrete slab 

(or tensile force in the steel beam) in the maximum 

positive moment region. 

In a partially composite beam, the shear strength 

of the connectors governs the flexural strength of the 

member (3). The sum of the shear connectors capacities 

must be greater than one fourth the value of the concrete 

compressive force (6). In other words, the degree of 

interaction cannot be less than 25%, due to concerns for 

slip and other serviceability considerations. 

When concrete slabs are placed on formed steel 

deck, the number of shear connectors that is required 

between the section of maximum positive or negative bend

ing moment and the adjacent points of zero moment, is the 

total horizontal shear from the ultimate stress distri

bution, divided by the strength of one connector. 

When deck ribs are perpendicular to the steel beam, 

only the concrete above the ribs is included in Eq.(25). 

In addition, the shear strength of each stud in a rib is 

subject to the following reduction factor (3,8,9): 

n oc w H -h 
<Ll£2.(_X_) (_§ -) < i.o (29) 

\IT h h 
v r r 
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where N, w^ , h^ , and Hg are as defined previously. 

When the deck ribs are parallel to the steel beam, 

the full concrete area, including the ribs, is used in 

Eq.(25). The shear strength of a stud will be the value 

given by Eq.(l?), except that when wr/hr is less than 1.5, 

the value from Eq.(19) must be multiplied by the reduction 

factor (3,9) : 

w H 
0.6 (-£-)( - 1.0) <_ 1.0 (30) 

h h 
r r 

The preceeding material has documented the various 

limit states for stud shear connectors, which are given 

by Eq.(21). The study will now consider the actual 

strengths of studs, as obtained from experimental proce

dure, and evaluate them with a view towards developing 

resistance factors. 



CHAPTER 4 

EVALUATION OF TEST RESULTS 

In chapter 2, it was determined that the resist

ance (= strength) of a structural member is a random 

variable. This variation arises because of the uncertain

ties in the mechanical properties of the material, geo

metric tolerances, and the accuracy of the theory giving 

the design definition of the member strength. The varia

tion of the latter is reflected by the resistance factor, 

given in chapter 2 as 

R 
<f> = -jp~ exp (-a$VR) (31) 

n 

where R is the mean resistance of the structural member, 
m 

R is the nominal resistance, a is a numerical factor 
n 

equal 0.55, 3 is the reliability index, and V is the 
K 

coefficient of variation of the resistance, expressed as 

\ - Vv« + VF + VP (32) 

where V , V , and V are the coefficients of variation of 
Mr r 

the mechanical properties, the geometric tolerances, and 

the test-to-prediction accuracy, respectively. 

The probabilistic approach on which the LRFD 
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philosophy is based, and which was detailed in chapter 2, 

will be applied here to determine the resistance factors 

for stud shear connectors. Like other structural members, 

the resistance factor can be evaluated if sufficient 

statistical data are available on the materials and 

members that control its strength.Thus , in this case 

information is needed both for the concrete and the steel 

(of the stud), as well as for the geometric and strength 

equation data. For example, the compressive strength of 

the concrete influences the strength of the shear con

nection: it was found to be a function of the concrete 

properties f^ and (see Eq.(21) in Chapter 3). 

The resistance of a structural member was defined 

previously as "the force under which a clearly defined 

limit state is attained" (7). In some cases, this actually 

means the attainment of more than one limit state. For 

instance , the limit states for stud shear connectors are 

defined by the ultimate shear and the ultimate tensile 

capacities of the connector. Specifically, these are 

given by the shear fracture of the stud or the crushing 

of the concrete slab (= shear limit state), and the 

tensile failure of the connector (= tension limit state). 

The nominal resistance R for stud shear connectors is 
n 

thus the ultimate capacity given by 

Q 
u (33) 
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The physical interpretation of Eq.(33) can best 

be seen in Fig.19. The figure compares test data from 

several investigations on stud shear strength, and the 

theoretical results given by the left side of Eq.(33). It 

is indicated that when the value of ̂ fis equal to or 

higher than 130, the data tend to plot along a horizontal 

line. The most logical explanation for this is that when 

the value of \/T ̂Ec approaches 130, the shear stress in the 

connector, Qu/A » approaches 65 ksi, which is the mini

mum specified tensile strength of the connector (5). 

At this level of stress, the shear limit state ceases to 

govern the behavior of the stud. Rather, the limit state 

becomes the tensile one. 

In Chapter 3, one of the modes of failure of 

connectors was the crushing of the concrete around the 

stud. This was used in the development of Eq.(33). When 

normal-weight concrete with a value of higher than 

130 is used, crushing of the concrete slab will be more 

difficult to attain, because of higher concrete strength, 

and the stud will fail by tension. 

As a result of the above findings, it is seen 

that it is necessary to determine two resistance factors 

for stud shear connectors, namely, one that is associated 

with the ultimate limit state of shear, and the other for 

the limit state of tension. 

The nominal resistance of a stud in shear is given 
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by 

R = Q = 0.5A \/f ' E (34) 
n u  s c v c c  

and for a stud in tension 

R = Q = A F (35) 
n u sc u 

For the limit state of shear, indicated by Eq.(34), 

the strength of the connector is a function of the con

crete compressive strength, f^, and the modulus of elas

ticity, E^ . Since Ec can be estimated fairly well by the 

ACI equation ( 1) : 

E = 33W1,5 

c c 
(36) 

where W is the unit weight of concrete. The shear 
c 

strength of the connector will be a function of f^ only, 

as long as the variation characteristics of W£ (coeffi

cient of variation, specifically) are the same for all 

types of concrete. Thus, it is assumed that the coeffi

cient of variation of the unit weight is the same, whether 

the concrete is normal-weight or lightweight. Limited data 

appear to support this observation. 

The statistical data for the concrete compressive 

strength that were used by Galambos (6) will also be used 

here, namely: 

(f') = 1 .1 7f * 
cm c 

and 
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where the mean concrete compressive strength, 

and Vrl is the coefficient of variation of f'. f c 
c 

175-test results on the stud shear strength are 

given in Ref,(6). These are summarized in Table 5, and in 

Fig.28 in the form of a histogram. The ratio of test 

capacity to predicted connector shear strength, as deter

mined from Eq.(33), is the basis for the histogram. In 

Table 5, the actual concrete compressive strengths and 

moduli of elasticity have been used to determine the 

nominal capacities of the connectors. 

From the histogram in Fig.28, certain statistical 

parameters can be calculated as follows: 

n 
{Test/Prediction} = Z x./n (37) 

m . , l i= 1 

where x^ is the ratio of the tested strength to the pre

dicted strength of the individual test, and n is the total 

number of the tests made. The mean test-to-prediction 

ratio for stud shear connectors in shear is computed to 

be : 

(Test/Prediction) = 1.015 
m 

The standard deviation of the test-to-prediction 

ratio is found as 

0 
P 

SxJ 31541 .76 
183.53 -

o =0.137 
P 

and its coefficient of variation becomes 



Table 5. Shear strength of stud shear connectors. 
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Specimen Stud Test f ' E Predicted Test 
Diam. Ultimate 

c 
(ksi) 

c 
(ksi) 

Ultimate Pred . 
(in.) Load 

(kip) 

c 
(ksi) 

c 
(ksi) 

Load 

4A 0.500 14.4 3 .84 3140 10.78 1.336 
4B 0.500 13.9 4.39 3360 11.92 1.166 
5A 0.625 23.8 3.79 3110 16.65 1.429 
5B 0.625 22.5 4.25 3310 18.19 1.237 
6 A 0.750 32.0 3.87 3150 24 .39 1.312 
6 B 0.750 32 . 5 4 . 24 3300 26.13 1 . 244 
6D 0.750 25 . 2 3.94 3180 24 .73 1.019 
6F 0 .750 34.8 4.90 3540 28.72 1.212 
6G 0.750 31.5 4 .59 3440 27.76 1.135 
7H 0.875 45.0 3.44 2970 30.39 1.481 
7K 0.875 37 .6 5.34 3700 39.08 0.962 
7M 0.875 29 .8 3 .00 2780 27.46 1 .085 
8A 1 .000 42.0 3.76 3110 42.47 0.989 
8B 1 . 000 45.0 4 .23 3300 46.40 0.970 
P 5 0.500 12 . 7 3.60 3040 10.27 1 .237 
P 6 0.500 12.1 3 . 68 3070 10.44 1.159 
P 8 0.500 12 . 1 3.06 2800 9 .09 1.331 
6-1 0.750 28 . 8 5 .14 3630 28.72 1 .003 
3-4 0.750 29.9 5 .17 3640 28.72 1 .041 
7-10 0.750 29 .8 5.58 3790 28.72 1.038 
2-5 0.750 31.2 5.74 3850 28.72 1 .086 
11-8 0.750 28 .3 4.91 3550 28.72 0.985 
9-12 0.750 29.4 4 .95 3570 28.72 1 .024 
18-15 0.750 28.5 5.48 3760 28.72 0.992 
17-14 0.750 29.0 4.72 3490 28.35 1 .023 
13-16 0.750 30.6 5 . 23 3670 28.72 1 .065 
19-22 0.750 31 .5 4.98 3580 28.72 1.097 
21-24 0.750 31.5 5.23 3670 28.72 1.097 

20-23 0.750 30 .0 4.28 3320 26.33 1.139 

N4B4A2 0.500 11.2 3.91 3600 11.65 0.961 

N4B4B2 0.500 12.5 5.21 4140 12.76 0.980 

N4B4A3 0.500 12.8 4 .13 4120 12.76 1 .003 

N4B4A4 0.500 12.2 5.42 4510 12.76 0.956 

N4B4B4 0.500 10.8 6.55 4120 12.76 0.846 

N4B4C4 0.500 13.0 6.55 4120 12.76 1.018 

N4B4D4 0. 500 11.1 4.30 3910 12.73 0.872 
N5B4A4 0.625 19 . 2 6 .00 4510 19.94 0.963 

N5B4B4 0.625 17 . 7 5.60 4080 19.94 0 .888 

N5B4C4 0.625 18.7 5 .60 4080 19.94 0.938 

N5B4D4 0.625 17.5 3.57 3540 17.24 1.015 
N6B4A3 0.750 22.0 3.29 3140 22.45 0.980 

N6B4B3 0.750 24.2 6.23 4140 28 .72 0.843 

N6B4A4 0.750 29.4 5.86 4880 28.72 1 .024 

N6B4B4 0.750 21 . 1 3.42 3330 23.57 0.895 
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Table 5. Continued 

Specimen Stud 
Diam. 
(in. ) 

Test 
Ultimate 

Load 
(kip) 

f ' 
c 

(ksi) 

E 
c 

(ksi) 

Predicted 
Ult imate 
Load 
(kip) 

Test 
Pred . 

N7B4A4 0.875 32.2 5.86 4880 39.08 0.824 
1 0.500 11.9 6.09 2750 12.70 0.937 
11 0 . 500 12.0 6.29 2800 12.76 0 .940 
111 0.500 11.8 6 . 39 2820 12.76 0.925 
L4B4A2 0 .500 9.2 4 . 27 1900 8.84 1 .041 
L4B4B2 0 .500 8.1 4 .59 2040 9 .50 0 .85 3 
L4B4C4 0 .500 11.9 4.94 2180 10.19 1.168 
L4B4D4 0.500 13.1 7.74 2330 12.76 1.027 
L4B4E4 0.500 12,4 8.08 2640 12.76 0.972 
L4B4F4 0.500 12.4 8.08 2640 12.76 0.972 
L4B4G4 0.500 10 . 7 3.04 1690 7.04 1.520 
L5B4A4 0.625 18.0 5 . 52 2310 17.32 1 .039 
L5B4B4 0.625 18.0 5.52 2310 17.32 1 .039 
L5B4C4 0.625 16.2 4.94 2180 15.92 1.018 
L5B4D4 0.625 16.5 4 . 72 2160 15.49 1.065 
L5B4E2 . 5 0.625 14.7 3.00 1960 11.76 1 .250 
L5B4E2 . 5 0.625 15.6 3.00 1960 11.76 1.327 
L5B4G4 0.625 13.2 3.53 1810 12.26 1.077 
L5B4H2. 5 0.625 14.1 4.03 1850 13.25 1.064 
L6B4A3 0 .750 16.4 3.57 1870 18.05 0.909 
L6B4B3 0 .750 17.2 5.05 1980 22.09 0.779 
L6B4A4 0.750 19 . 3 5.05 2070 22.58 0.855 
L6B4B4 0 .750 16.3 4 .76 2480 24.00 0.679 
L6B4C4 0.750 17.5 5 . 14 2070 22.78 0 .768 
L6B4D4 0.750 22.5 5.26 2150 23.49 0.958 
L6B4E4 0.750 23 .6 5 . 26 2150 23.49 1 .005 
L6B4H4 0 .750 17.4 3 .75 1790 18.10 0.961 
L7B4A4 0.875 27.9 5.14 2070 31.01 0.900 
L7B4B4 0.875 25.0 6.11 2320 35 .80 0.698 
L7B4C4 0.875 24 .8 4.36 2300 30.11 0.824 
L7B4D4 0.875 26 . 7 4 . 26 2300 30.11 0.887 
L7B4E4 0.875 25.2 4.36 2300 30 . 11 0.837 
L7B4F4 0.875 27.8 4. 19 2750 32 .27 0.861 
L7B4G4 0.875 27.8 4. 19 2750 32.27 0.861 
PI 0.750 18.7 4.43 2080 21 .20 0 . 882 
P 2 0.750 20. 1 4.43 2080 21 .20 0.948 
P 3 0 .750 19.0 4.43 2080 21 .20 0.896 
1 0.500 11.3 5.06 2510 11 .06 1 .022 
2 0.500 11.9 5.06 2510 11.06 1 .076 
3 0.500 11.8 5.06 2510 11.06 1 .067 
A1 0.750 22.0 4 . 14 2170 20.94 1.051 
A2 0.750 22.0 4.19 2170 21.06 1 .045 
A3 0.750 20.9 4.35 2170 21.46 0.974 

3 1 -A 0. 750 16.5 3.24 1883 17.25 0.957 
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Table 5. Continued 

Specimen Stud Test f ' E Predicted Test 
Diara. 
(in. ) 

Ultimate 
Load 
(kip) 

c 
(ksi) 

c 
(ksi) 

Ultimate 
Load 
(kip) 

Pred . 

2 7 - k  0.750 18.3 3.79 1574 17.06 1 .073 
3 A-A 0.750 19.1 3 . 5 A 1676 17.01 1.123 
A2-A 0.750 16.3 3.73 1839 18.29 0.891 
AO-A 0.750 18.3 3 . 5 A 1690 17 .09 1.071 
30-A 0.750 17.5 3 . A 2 1523 15.94 1 .098 
38-A 0.750 17.5 2.97 1827 16.27 1.076 
31-B1-1 0.750 20.0 4.41 2592 23.62 0 . 8 A 7 
31-B-2 0.750 18 .A 3.77 2520 21.53 0.855 

37-B 0.750 21.3 3.71 2466 21.13 1 . 008 

34-B 0.750 17 . 5 2.99 1562 15.10 1 .159 
A 2-B 0.750 22.8 3.97 2328 21 .24 1.073 

38-B 0.750 20.0 3.52 1878 17.96 1 . 11 A 

30-C 0.750 17.3 3.36 1756 16.97 1.019 
38-C 0.750 21.9 3.68 1589 16.89 1.297 
36-C-l 0.750 19.0 4.38 2026 20.81 0.913 

36-C-2 0.750 20 .4 3.47 209 A 18.83 1 .083 

TB3A 0.750 20. A 4.80 2610 24.72 0.825 

TB3B 0.750 19.5 4.80 2610 24 .72 0.789 
AA+1 0.750 29.3 5.35 3770 28.72 1 .020 

AA+2 0.750 32.5 5 .20 3850 28.72 1. 132 

AA+3 0.750 30.6 4 .69 3600 28.72 1 .066 

AA+4 0.750 27 . 5 4.17 3570 26.94 1.021 

BB+1 0.750 27 . A 4.78 3177 27.21 1 . 007 

BB+2 0.750 25 .A 4 .78 3177 27.21 0.933 

BB+3 0.750 25. A 4.78 3177 27.21 0.933 

CC-1 0.750 19.9 4.67 1695 19.65 1.013 

CC-2 0 .750 21.3 4.69 1505 18.56 1 . 1 A8 

CC-3 0.750 21.0 4.72 1315 17.40 1.207 

CC+1 0.750 21.6 4.11 2050 20.27 1 .066 

CC+2 0.750 21.5 4.27 2063 20*74 1 .037 
CC+3 0.750 22 . 2 4.44 2075 21.21 1 .0A7 

DD-1 0.750 2 A . 1 4.76 2320 23.21 1 .038 

DD-2 0. 750 23.0 4.72 2 A 3 3 23.68 0.971 

DD-3 0.750 22 . 7 4.69 25A5 24. 13 0 . 9 A 1 

DD+1 0.750 21.6 4.68 2390 23.36 0.925 

DD+2 0.750 23.3 4.92 2530 2 A . 6 A 0. 9A6 

DD+3 0.750 2 A . A 5.16 2670 25.93 0 . 9 A 1 

EE-1 0.750 19 . 6 4.11 1970 19.89 0.985 

EE-2 0.750 19.2 3.60 1840 17.98 1.068 

EE-3 0.750 17.8 3.08 1710 16 .OA 1.110 

EE+1 0.750 23. 1 4.44 2177 21.72 1 .06A 

EE+2 0. 750 22.5 4.30 2189 21 .A3 1.050 

EE+3 0.750 21.6 4.15 2200 21.11 1 .023 

EE+4 0. 750 21 .5 3.86 1880 18.82 1 . 1A2 
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Table 5. Continued 

Specimen Stud Test f' E Predicted Test 
Diam. Ultimate /,C.s Ultimate Pred 
(in.) Load <ksl> (ksl> Load 

(kip) (kip) 

FF+1 0.750 19 .4 4.48 1998 20.91 0.928 
FF+2 0.750 21 .0 4.57 1997 21.11 0.995 
FF+3 0.750 18 . 3 4.66 1997 21.31 0.859 
2BB+1 0 .750 26 . 1 4 .78 3177 27.21 0.959 
2BB+2 0.750 25 .5 4.78 3177 27.21 0.937 
2BB+3 0.750 25 . 0 4.78 3177 27.21 0.919 
2EE+1 0.750 21 i 2 4.54 2240 22.28 0.951 
2EE + 2 0.750 23 . 1 4.40 2208 21.77 1 .062 
2EE+3 0.750 22 . 7 4.25 2177 21 .25 1 .068 
B+1 0.750 22 .8 4.78 3177 27.21 0.838 
B+2 0 . 750 18 . 7 4.78 3177 27.21 0 . 687 
B+3 0 .750 21 .6 4.78 3177 27.21 0.794 
B+4 0. 750 18 .2 4.03 3170 24.96 0.729 
B+5 0.750 20 .5 4.03 3170 24 .96 0 .822 
B+6 0.750 19 .6 4.03 3170 24.96 0.785 
E+1 0.750 18 . 7 4.06 2045 20.14 0 .929 
E+2 0.750 18 . 7 4.06 2045 20.14 0 .929 
E+3 0.750 17 . 7 4.06 2045 20.14 0.879 
E+4 0.750 19 .3 4 .04 2098 20.33 0 .950 
E+5 0. 750 19 .4 4.04 2098 20.33 0.954 
E+6 0.750 20 .3 4.04 2098 20.33 0.999 
PE+1 0.750 20 .5 4 .27 1900 19.91 1 .030 
PE+2 0.750 20 .2 4.27 1900 19.91 1.015 
PE+3 0.750 21 .5 4.27 1900 19.91 1 .080 
LAA+1 0.750 24 .5 3.67 3435 24.80 0 .988 
LAA+2 0.750 26 .5 3.67 3508 25.08 1 .057 
LAA+3 0.750 24 . 7 3.68 3580 25.34 0.975 
LBB+1 0.750 18 .3 2.67 2190 16.90 1 . 082 
LBB+2 0.750 18 . 1 2.67 2190 16.90 1.071 
LBB+3 0.750 17 .3 2.67 2190 16.90 1 .024 
LEE+1 0.750 18 .7 3.35 1885 17.56 1 .065 
LEE+2 0.750 19 .5 3.22 1879 17.19 1 . 135 
LEE+3 0.750 19 .7 3.09 1873 16.80 1 .173 
SAA+1 0.625 19 .5 3.74 3435 17.38 1.122 
SAA+2 0.625 20 .8 4.02 3584 18.41 1 .130 
SAA+3 0.625 19 .9 4.30 3733 19.43 1 .024 
SBB+1 0.625 18 .2 4.03 3170 17.33 1 .050 
SBB+2 0.625 16 .9 4 .03 3170 17.33 0.975 
SBB+3 0.625 18 .8 4.03 3170 17.33 1 .085 

SEE+1 0.625 15 .7 3.91 2010 13.59 1 .155 
SEE+2 0.625 15 .7 4 .00 2055 13.91 1.129 

SEE+3 0.625 17 .0 4 .10 2100 14.23 1.195 
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v = gP 0-137 
p P 1.015 

m 

V = 0.135 
P 

Equation (34) was developed by Ollgaard (11). He 

reported that 48 pushout specimens were tested, the 

results of which formed the basis for the expression for 

the stud shear strength. Table 5 indicates that the num

ber of tests that were conducted was actually 68, given 

as the last 68 data sets in Table 5. No explanation for 

this discrepancy is given, which may have affected the 

expression given by Eq.(34), since close to 30% of the 

test results were not considered. 

For the limit state of tension failure of the 

connector, the capacity of the stud is a function of the 

tensile strength of the steel, F , and the cross-sectiona1 

area, Agc (see Eq.(35)). Data on the stud tensile strength 

are given by Slutter and Driscoll (13). A total of 25 

tensile tests were made, dealing with connectors ranging 

in diameter from 1/2 in. to 7/8 in., and most of the 

1/2 in. diameter type. The results are given in Table 6, 

and in the form of a histogram in Fig.29. 

The information in Table 6 indicates the need for 

more tests on stud tensile strength, in particular to 

obtain more results for other stud diameters. Therefore, 

the resistance factor for the ultimate limit state of 

tension failure of the connector will be based on a 
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Table 6. Tensile strength of stud shear connectors (13). 

Specimen Type Diameter Tested Predicted Test 
(in.) Strength Strength Pred. 

(ksi) 

4A headed 0.500 70.2 65 1.08 

4B headed 0.500 70.8 65 1 .09 

P 5 headed 0.500 66.8 65 1 .03 

P 6 headed 0.500 66.8 65 1 . 03 

P 3 headed 0 .500 67 .7 65 1 . 04 

PI bent 0.500 66 .8 65 1.03 

PA bent 0.500 66.8 65 1 .03 

5A headed 0.625 68.0 65 1 .05 

5 B headed 0.625 63 . 3 65 0 .97 

6F headed 0.750 71.7 65 1 . 10 

6B headed 0.750 70.4 65 1 .08 

6 A headed 0 . 750 69 . 9 65 1.07 

6G headed 0 .750 73 . 2 65 1.13 

7H headed 0.875 82 . 2 65 1 .26 

B3 bent 0.500 66 .8 65 1 .03 

B4 bent 0.500 66 .8 65 1 . 03 

B6 bent 0.500 66.8 65 1 .03 

B7 bent 0.500 66 .9 65 1 .03 

B9 headed 0.750 75.8 65 1.17 

BIO bent 0.500 66.9 65 1 . 03 

Bll bent 0 .500 66 .9 65 1 . 03 

B12 bent 0.500 66 .9 65 1 .03 

B1 3 bent 0.500 66.9 65 1 .03 

Bridge bent 0.500 70.3 65 1 .08 

Bridge headed 0.750 70.9 65 1 .09 
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Figure 29. Distribution of Tested to Predicted Tensile Connec
tor Capacity. 
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limited set of data. On the other hand, the LRFD model 

allows for a continual updating of the factors, should 

significant results become available. 

From the histogram in Fig.29, the mean test-to-

prediction ratio of all individual tests is 

(Test/Prediction) = 1.063 
m 

the standard deviation is 

a = 0.062 
P 

and the coefficient of variation is given by 

0.062 
p 1.063 

V = 0.058 
P 

The above mean test-to-prediction ratio is a 

conservative value, because the majority of the tested 

studs were 1/2 in. in diameter. Table 6 and Ref.(ll) 

indicate that the smaller diameter connectors have lower 

tested tensile strength. This leads to a lower mean value. 



CHAPTER 5 

DETERMINATION OF THE RESISTANCE FACTORS 

Since stud shear connectors possess two ultimate 

limit states, it is necessary to determine a resistance 

factor for each of them. These limit states were deter

mined in Chapter 3 as: 

(1) For the shear failure of the stud: 

Q = 0.5A v/f 'E (38) 
U scy c c 

(2) For the tension failure of the stud: 

Q = A F (39) 
u sc u 

Shear Ultimate Limit State 

The resistance factor is given by the equation 

R 
<J> = exp(-agVR) (40) 

n 

where a = 0.55, and 6 = 3.0. 

The value of the reliability index, (3, has been 

chosen as 3.0 for several reasons: 

1. In beams, stud ductility allows for load redis

tribution, leading to a higher strength connec

tion . 
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2. In composite beams, a failure in the connection 

does not lead to the immediate collapse of the 

structure. This differs from connectors in steel 

connections (e.g. bolts, rivets, and welds), for 

which the reliability index has been chosen as 

4.5 (10), with the purpose of avoiding a connec

tion failure, since this may give a sudden failure 

of all or part of the structure. 

3. The stress distribution in the slab of a pushout 

specimen causes slabs to peel away from the steel 

beam at the top of the specimen. This causes 

higher shear stresses to be concentrated at the 

top studs near the free end of the slab, and 

leads to premature stud failure. 

4. The eccentricity of loading that can occur in 

pushout specimens often results in low values of 

the average ultimate strength per connector (13). 

5. Tests by Slutter and Driscoll (13) have shown 

that specimens with a low degree of shear connec

tion are capable of reaching their ultimate 

capacity before failure in the connection. 

6. Slutter and Driscoll also observed that beam tests 

give higher average stud strength than pushout 

tests. 

Since the express ion for the stud shear strength 

based on pushout tests, and because of the above rea
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sons, the nominal stud resistance in shear, as given by 

Eq.(38), has an additional margin of resistance. This 

indicates that the reliability index for shear connectors 

need not be as high as that for steel connections. 

It was determined previously that the magnitude 

of 3 is tied to the probability of failure, P^. Since the 

complete distribution of R and Q are not known, the pro

bability of failure can only be a relative measure of the 

performance of the structure. It is also desirable that 

3 be chosen as a constant value for the structure and all 

its elements, so that the probability of failure will be 

the same throughout, regardless of the individual varia

bilities of strengths and loads (A). 

The reliability index for shear connectors will 

therefore be taken as 3.0, the same as that for the com

posite beam itself (6). 

The nominal resistance of a stud in shear is given 

by Eq . (38) , (Q ) = R = 0 . 5A \/f * E 
u n  n  s c v c c  

where ^ ^ 0 
33(W ) (lOOOf') 

E = £ £ (41) 
C  1000  

and where = 145 pcf equal the dry unit weight of nor-

mal-weight concrete. It will be assumed that stud strength 

is not affected by the variation in the concrete density 

as long as it is normal-weight. 

Substituting Eq.(41) into Eq.(38) leads to 
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33(145)1*5(1000f')0,5 

(Q ) = R = 0.5A { 1-777777 - } 
u n n sc 1000 

f.°-5 (42) 
c 

or 

(Q ) = R = 21.3A f'0>75 (43) 
u n n sc c 

Equation (43) is the final form of the stud no

minal strength. It can be seen that the stud capacity is 

dependent on the variation in the stud cross-sectional 

area, and on the variation in the concrete compressive 

strength . 

Galambos (6) gives an average concrete compressive 

strength of (f *) = 1 . 17 f * , and the coefficient of varia-
c m c 

tion of f' is Vr, = 0.22. 
c f 1 

c 
The geometrical properties of steel members are 

specified with certain tolerances, but the mean values 

are normally equal to the nominal data (4). At the same 

time, good quality control leads to a fairly small degree 

of variability in cross-sectional dimensions. The follow

ing data are used for F (fabrication factor): 

F  = 1 . 0  
in 

Vjr = 0.05 

As for the professional factor, Fig.28 of Chapter 

4 indicates a good correlation between theory and test 

results for stud shear strength. However, the tested 

strength tends to be slightly higher than the theoretical 
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one. The data to be used are: 

P =1.015 
m 

Vp = 0.135 

The general equation for the mean resistance is 

R = R M F P (44) 
m n m m m 

From Eqs. (43) and (44) and the data for M,F, and P, the 

mean resistance is 

(Q ) = R =(21.3A f,0,75)(1.17)°*75(1.0) 
u  m  m  s e e  

(1.015) 

i.e. R = 24.32A f' " " (45) 
m sc c 

R = 24.32A f'0-75 

m  s e c  

Thus, the ratio of the mean-to-nominal resitance is 

R 24.32A f'0*75 

m _ s c c 
R  ~ 0 1  c , 0 . 7 5  
n 21.3A f 

sc c 

R 

IT * '-142 

n 

The coefficient of variation of the resistance is 

VR '̂ M + VF + VP (46) 

The variability of the material properties, (V^,), must 
c 

now accomodate for the exponent of f', (0.75). This may 
c 

be written as (6) : 

OQ /8f') 

VM * "f°-7 5  
* (Q ) V < 4 7 )  

c u m c 

where a is the symbol for the standard deviation. 
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{(24.32)(0.75)A f'"°*25} 

VM - V " ~ 
24.32A f°-75 

sc c 

{ (0.22) (1 . 17f')} 
c 

VM = Vf0-75 = 0.193 
c 

Substituting the value of into Eq.(46) leads to 

VR = \J( 0. 193)2 + (0 . 05 ) 2 + (0 . 135) 2 

VD = 0.241 
K 

The value of d) = <t> , for the shear limit state 
s 

for stud shear connectors is obtained from Eq.(40): 

<t> = 1.142 exp{-(0. 55) (3.0) (0.241)} 
s 

which gives 

cf> =0.76 
s 

Tension Ultimate Limit State 

The nominal resistance of a stud in tension is 

R = A F (48) 
n sc u 

From Eq.(48), it can be seen that the stud capac

ity depends on the cross-sectional area of the stud and 

the stud tensile strength. 

The same data for F will be used as in the pre

vious case 

F  = 1 . 0  
m 
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The material factor H, given as the ratio of 

measured ultimate tensile stress to specified minimum 

tensile strength is (7) 

M  = 1 . 1 0  
m 

v M  =  0 . 1 1  

The data for the professional factor, P, is ob

tained from Fig.29: 

P  = 1 . 0 6 3  
m 

Vp = 0.058 

The coefficient of variation of the resistance is 

v = \/v2 + V2 + V2 
R V M F P 

VR =y(Q.ll)2 + ( 0 . 0 5 ) 2 + (0 . 058) 2 

VD = 0.134 
R 

The mean resistance of a stud in tension may be 

written as 

R = R M F P 
m n m m m 

R = R (1 . 10) (1 .0) (1 .063) = 1 . 169R 
m n n 

With the value of B taken as 3.0, the resistance factor 

for a stud in tension is 

<J> = 1.169 exp{-(0.55) (3.0) (0.134)} 

cpt = 0.94 
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Discussion of <}>-Values 

It is recalled that the value of the reliability 

index has a considerable effect on the values of <}> , In 

this study, the value of the resistance factor for the 

shear limit state was determined to be 0.76, with $ = 3.0. 

If the reliability index were to be increased to 4.5, as 

in bolted or riveted connections, the (f-value would be 

0.63. However, the value 0.76 is in agreement with the 

values of (j> that have been found for members governed by 

the limit state of shear failure. 

In Table 5, some of the values of the predicted 

shear capacity of the studs as reported by Galambos (6) 

have been changed. The reason is that the predicted 

capacity was based on the left hand side of Eq.(33), 

without investigating whether or not the tensile strength, 

given by the right side of Eq.(33), had been exceeded. 
* 

By definition, the stud strength is the smaller of 

0.5A \/f' E , and A F . Therefore, some values for the 
s c V c c sc u 

predicted strength in Table 5 differ from those given 

by Galambos, because they account for both limit states. 

The value of the resistance factor for the limit 

state of ultimate tensile strength of the stud is found 

to be in agreement with other (J>-values for steel members 

in tension. For example, for high strength bolts (ASTM 

A490 and A.4 90), the resistance factors in tension, ex

cluding the prying action, were found to be 0.97 and 0.94, 

respectively (10)• 



CHAPTER 6 

SUMMARY AND CONCLUSIONS 

This report presents a study to develop the re

sistance factors for stud shear connectors in composite 

beams. The study has been based on the principles of 

LRFD. Data from previous work on material properties, as 

well as comparisons between predicted and experimental 

ultimate strengths reported in the literature, have been 

used to derive the values of the resistance factors. • 

The following conclusions may be drawn from this 

s tudy: 

1. The capacity of stud shear connectors embedded 

# 

in solid slab concrete, may be determined from 

the following expression: 

Q = 0.5A \lf 'E < A F 
u scV c c — sc u 

2. The strength of a stud shear connector is gov

erned by (a) the limit state of shear and (b) the 

limit state of tension. The equation for Qu covers 

both cases. 

3. The capacity of stud shear connectors in the ribs 

of a composite beam with formed steel deck may 
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be determined from the equation above, with the 

following reduction factor applied to Q^: 

The predicted capacity of a stud in shear, and its 

fleeted by the mean test-to-prediction value of 

1.015. As for the average tensile strength of a 

stud, this was found to be slightly higher than 

the theoretical value. 

For design purposes, the minimum number of stud 

* 

shear connectors to be placed between the point 

of maximum positive or negative moment,and the 

adjacent point of zero moment is given as 

where C is the smaller of: (1) 0.85f'A ; (2) A F , 
c c s y 

for positive moment, and C = AgrF f°r negative 

moment, where A is the area of the reinforcement 
sr 

in the negative moment region within the effective 

slab width, and F is the yield stress of the 

reinforcement. 

(J) = <J>s = 0.76 when Qu is governed by the shear 

strength, and <J) = <J>t = 0.94 when is governed by 

the tensile strength. 

-> <ir> i 1 

r 

w 

tested value are in good agreement. This is re-
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7. It is evident that the value of <J> of 0,85 which 

is to be applied to the flexural strength of the 

composite beam does not account for all sources 

of strength uncertainty that are associated with 

the shear connection. The above values ( conc

lusion # 6) of the resistance factors are there

fore recommended for design. 
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