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Abstract

Relatively few tests have been conducted to determine the block shear
connection capacity and behaviour of coped steel beams. Furthermore, design
standards are inconsistent in the way they treat this failure mode and may predict
capacities significantly higher than those determined experimentally. To address
these issues, 17 full-scale tests were conducted on coped wide flange beams.
Parameters considered in the study include beam end rotation, end and edge distances,
and bolt layout. Following the laboratory tests, non-linear numerical analyses of five
of these connections was completed. A statistical assessment of current design
standards and three proposed strength models was then completed to determine the
level of safety being provided. It is found that current design standards do not
consistently provide an acceptable level of safety and that the strength of two-line
connections are often over-predicted by a considerable margin. A new equation is

proposed for design that provides both an adequate and consistent level of safety.
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1. Introduction
1.1 Statement of Problem

Block shear is a connection failure mechanism, most commonly associated with
bolted connections, in which a block of material is torn out in a combination of tensile
and shear failures. It can be the governing failure mode for gusset plates, angles, and
coped beams. A beam is coped when a short length of one or both of the flanges has
been removed near the connection to facilitate construction or for compatibility with
adjoining structural members. In coped beams with bolted double-angle header
connections, the removal of the top flange increases the susceptibility of the web to

block shear failure, often making it the governing connection failure mode.

Historically, block shear failure of coped beams has not been well understood.
Due to the relatively small number of full-scale tests completed on coped beams,
capacity equations are largely based on tests of block shear failure of gusset plates,
upon which a significant number of tests have been completed. Although the two
failure mechanisms are similar, there are marked differences. The effects of beam
end rotation and the asymmetric stress distribution on the block that are not present in
typical gusset plates may be influential in the load carrying capacity of coped beams.
Examination of current design standards by Kulak and Grondin (2000, 2001) showed
that none of the strength models currently in use accurately and consistently predicts

block shear failure.

Within the limited number of tests completed on coped beam connections, few
connection parameters have been systematically investigated. These include the
effects of end and edge distances, number of bolt rows and lines, and double coped
specimens. Many other connection parameters exist whose effects need to be
quantified to predict accurately block shear failure, including the effects of bolt
spacing, connection depth, section depth, and bolt diameter. Most importantly, the
effect of beam end rotation needs to be studied as this may adversely affect
connection capacity, a parameter that has not been investigated in previous research.
Furthermore, only linear elastic finite element analyses have been completed on the

topic, even though extensive non-linear material behaviour is expected by the time the

1



connection reaches its capacity. Therefore, a rigorous research program consisting of
both laboratory tests and numerical analyses was required to understand better the

block shear failure mode in coped beams.

1.2 Objectives and Scope

The objective of this work was to examine the behaviour of connections on
coped wide-flange beams and the effect of many connection parameters on that
behaviour. Within this context, existing design equations were to be evaluated to
assess the level of safety currently being provided. This was completed through
laboratory tests, numerical analyses, and statistical examinations of the resistance of
tested connections predicted by existing design standards. Ultimately, a
recommendation of an appropriate design model was made. Each of these items is

briefly discussed below.

Prior to the research described herein, only 19 full-scale coped beam tests had
been completed. Furthermore, as discussed above, few connection parameters had
been examined systematically. Existing design equations are inconsistent in their
ability to predict the capacities of the 19 tests and, in particular, the strength of
two-line connections is often over-predicted. To provide the foundation for a
comprehensive evaluation of the existing design equations, the research program
commenced with 17 laboratory tests. The effects of many connection parameters
were examined including end and edge distances, bolt layout, bolt diameter, and a
double cope (a connection with both the top and bottom flanges removed). The effect
of connection end rotation was also investigated, a parameter that had not been
studied previously. A change in stress distribution may be associated with the
rotation of the connection and this may, in turn, affect the connection capacity and
ductility. This effect needed to be fully examined to define accurately the failure

mechanism. The load vs. deformation response for each connection was recorded.

Following the experimental program, models of five of the connections tested in
the laboratory were analyzed using a general purpose non-linear finite element

program. The connections modelled were chosen to encompass a wide range of



connection parameters. Attempts were made to predict accurately the load vs.
deformation behaviour of these connections as well as the connection load capacity.
Various modelling methods were implemented including different bolt models and
web tearing procedures. The effect of the initial bolt bearing condition, i.e., the
location of the bolts in the holes at the beginning of the test, on initial connection

stiffness was also investigated.

The laboratory tests from this research program were combined with those of
others to examine critically the existing design standards for conservativeness and
consistency in capacity prediction. Additionally, the level of safety being provided by
each standard was evaluated. Three new design equations are presented and
compared with existing strength models. For each design method, the level of safety
being provided was evaluated through the determination of the associated safety
index. The resistance factor needed to provide the target level of safety commonly
used for connections in the development of steel design standards was also evaluated.
Based on the accumulated experimental, numerical, and statistical work, a design

equation is recommended for predicting the block shear capacity of coped beams.

An additional series of tests was completed to examine the behaviour of single-
angle connections with slotted holes and without plate washers. Using the same test
apparatus as that used in the block shear tests, five connections were tested to failure
to investigate the pull-out failure model, wherein the bolt head or nut pulls through
the deformed bolt holes without fracturing either of the connection elements. No
research has been completed to ensure that this failure mode does, in fact, occur,

when the restraining effect of plate washers is not present.

1.3 Organization of Thesis

The thesis is separated into six chapters. Chapter 2 reviews research previously
completed on block shear failure of coped steel beams, summarizing and discussing
the major findings from each of the research programs. Capacity equations proposed
by others for the general case of block shear are presented, as are the equations

prescribed by current design standards from North America, Europe, and Japan. The



laboratory research program is discussed in Chapter 3. Details of the test specimens,
material properties, test apparatus, instrumentation, and test procedure are presented.
Test results are shown in the form of connection load vs. deformation curves and
briefly discussed. Chapter 4 outlines the models examined in the non-linear finite
element analyses. The material model used for each analysis is described and the
analysis procedure is summarized. Load vs. deformation curves are presented for
each analysis and compared to the associated laboratory test results. The results of
the laboratory tests and numerical analyses are discussed in Chapter 5. The effects of
the connection parameters studied are quantified and the numerical results are
interpreted. A critical analysis of the design standards listed in Chapter 2 is presented
and three new design models are introduced. Finally, a summary of the work
completed is given in Chapter 6 and conclusions about the behaviour of coped beam
connections are drawn. Recommendations for future research are made and a new
design equation is recommended. The test procedure and results of the single-angle,

slotted hole connection tests are presented in Appendix A.



2. Literature Review
2.1 Introduction

Historically, block shear failure of coped beams has not been well understood.
Testing and analysis of these connections is limited and, as such, capacity equations
have been largely based on the results of research on block shear failure of gusset
plates. Although the two failure mechanisms are similar, there are marked differences
including the effect of beam end rotation and the asymmetric stress distribution on the
block. These factors are not present in gusset plates and may be influential in the load
carrying capacity of coped beams. Prior to the experimental program reported herein,
only 19 laboratory tests and nine numerical analyses had been completed. A review
of this work and of the block shear capacity equations currently being used in the

design of coped beams follows.

2.2 Laboratory Tests and Numerical Analyses

Birkemoe and Gilmor (1978) first identified block shear failure in coped beams.
The authors tested one coped beam and one uncoped beam as part of a study on
double-angle beam-to-column connections. These tests were prompted largely by a
significant increase in allowable bolt bearing stresses in the standards of the day (e.g.,
CAN/CSA-S16-74), making certain connections more susceptible to failure by block
shear. The three-bolt, single-line connections were identical but for a 150 mm long
cope and fabricated on the same CAN/CSA-G40.21 grade 300W W460x67 beam.
Each connection was loaded to its ultimate capacity in a nearly pure shear condition
resulting in little beam end rotation. Inspection of the coped specimen after the tests
revealed that the tension face had necked and cracked and the web had locally
buckled at the cope. The ultimate capacity of the coped connection was 24% lower
than that of the uncoped connection, and it was recognized that new design equations
were required to account for this reduction. The authors suggested that the block
shear strength be the sum of the shear resistance acting over the shear area and the

tensile resistance acting over the tension area, but gave no definitive equation.

Yura et al. (1982) carried out research on wide-flange beams supported by

double-angle connections, some of which incorporated slotted holes. Of the nine tests



completed, three were coped beams that failed in block shear. As with the work of
Birkemoe and Gilmor, the connections were tested predominantly in shear, with little
beam end rotation. The tests were all single-line connections on ASTM grade A36
W460x89 beams and the variables were end distance and slot length. An increase in
end distance from 25 mm to 50 mm resulted in a 16% increase in capacity, and a
connection with 48 mm x 21 mm slots showed a 16% reduction in capacity over one

with 21 mm round holes. No recommendations on capacity prediction were reported.

Shortly thereafter, Ricles and Yura (1983) completed eight additional double-
angle connection tests. Of these, seven were coped beams and all had two lines of
bolts on ASTM grade A36 W460x89 beams. The major variables were end and edge
distance, slot length, and number of holes. All connections failed in block shear and
the web buckled at the cope in four of the specimens. The results indicated that
increasing the end distance from 25 mm to 50 mm increased capacity by 10%, while
the same increase in edge distance increased capacity by 18% to 37% leading to the
conclusion that edge distance has a greater effect on capacity than does end distance.
A connection with 49 mm x 21 mm slotted holes had a 9% lower capacity than one
with 21 mm round holes. Tests of two-line connections showed that capacity is not
affected by the number of bolt holes on the shear face, indicating that the shear
component of the resistance is likely developed over the gross section rather than the
net section. The authors suggested that more three- and four-bolt pattern connections

be tested to fully understand this effect.

Following the full-scale tests, Ricles and Yura (1983) analyzed nine two-
dimensional linear elastic finite element models. The authors modelled eight two-line
specimens, similar to those from their laboratory program, as well as one single-line
configuration. The models consisted of the entire beam as well as the double-angle
connections and were loaded to 445 kN. Elastic stress distributions along the shear
and tension faces of the connections were plotted and analyzed. In general, for two-
line connections, the shear stress distribution was found to be nearly constant. Along
the tension face, the normal stress distribution was found to be nearly linear for

connections with minimum edge distance, varying from a maximum at the beam edge



to a value close to zero at the furthest bolt line. For connections with a larger edge
distance, the stress distribution can be approximated as bi-linear, with the maximum
stress occurring near the first line of holes. The authors proposed the following

capacity equation based on the calculated stress distributions and test observations:
P=0.5A,F,+0.6A _F [2-1]

where:

P is the ultimate connection capacity (kN),
Ap 1s the net tension area (mmz),

F, is the tensile strength (MPa),

Agy is the gross shear area (mmz), and

F, is the yield strength (MPa).

Equation 2-1 implies that the connection capacity is the sum of a triangular normal
stress block on the net area of the tension face and shear yielding on the gross shear
area. The authors suggest that this is appropriate for connections with minimum edge
distance and conservative for larger edge distances. The equation produces
reasonable predictions when compared to the full-scale tests completed by Ricles and

Yura.

Aalberg and Larsen (2000) tested eight coped beam specimens—four each with
single and double copes. Welded I-shaped beams were fabricated using normal and
high strength steel plates (Grades S355 and Weldox 700, respectively) for the webs
with three connection configurations. The tests utilized a double shear tab connection
in which two plates were welded to the reaction column and bolted to the beam. A
short shear span was used, minimizing beam end rotation, and the specimens were
loaded until both the tension and shear faces had ruptured. The data showed that the
onset of failure occurred at a similar displacement in all cases, irrespective of the steel
strength (vertical displacement of the top flange at the cope was measured). The

authors compared the results to Canadian, American, and European standards and



showed that, in general, the design standards are inconsistent in their predictions of

connection capacity. No comment on the adequacy of these equations is made.

2.3 Capacity Equations

Several authors have critically examined block shear capacity prediction
equations. Hardash and Bjorhovde (1985) completed the first such analysis and,
although their work was specific to gusset plates, the results can be applied to block
shear in general. It was found that if the stress on the tension face at the connection
capacity is assumed to be the material tensile strength and to act over the net area,
then the shear stress can be assumed to act on the gross area with an average
magnitude, Fe, that lies between the yield and tensile strengths. The authors found
that Feg varies linearly with connection length. A regression curve was fit to the
laboratory data to quantify this relationship and an equation was proposed. The
authors suggest that the connection capacity be the sum of the ultimate strength acting
over the net tension area and the effective shear strength acting over the gross shear
area. Although this work is not derived based on coped beam tests, a similar method

could be applied to coped beams to derive a capacity equation.

Cunningham et al. (1995) examined the effects of block aspect ratio and
in-plane eccentricity by studying experimental data from the literature. It was found
that neither of these factors affects the tension component of the resistance, but both
have a significant effect on the shear component. However, for connections with a
high aspect ratio (i.e., An/An > 5.0, where A, is the net shear area (mmz)), these may
have no effect on the ultimate strength. Most single-line coped beam connections
with minimum edge distance have a block aspect ratio greater than five, while two-
line connections tend to have smaller aspect ratios. The authors, therefore, note the
need for more tests of connections with high block aspect ratios. They also conclude
that the shear rupture constant of 0.6 may not accurately predict the shear contribution
of the connection capacity. This supports the similar conclusion made by Hardash

and Bjorhovde (1985).



Kulak and Grondin (2000, 2001) examined capacity equations from Canadian,
American, Buropean, and Japanese design standards. It was found that, in general, the
equations predicted ultimate loads for gusset plates relatively accurately but were
inconsistent in the predictions for coped beams. The authors suggest that the single
shear plane present in coped beams creates a rotation of the block and results in a
non-uniform stress distribution, an effect that may reduce the connection capacity.
On this basis, the authors suggest a reduction factor of 0.5 for the tension
contribution, as proposed previously by Ricles and Yura (Equation 2-1), to account

for this.

2.4 Design Standards

The block shear capacity equation for coped beams in the previous edition of
the Canadian standard, CAN/CSA-S16.1-94 (CSA, 1994), assumes that the ultimate
tensile strength of the net tension area and the ultimate shear strength of the net shear

area can be reached simultaneously:

P =0.850(A,F, +0.6A F.) [2-2]

nv-u

where:

P, is the factored ultimate connection capacity (kN), and

¢ is the resistance factor.

The equation combines a resistance factor, ¢, equal to 0.90 with a further reduction of
0.85. This additional factor reduces the probability of failure to an acceptable level
for connections. However, it was shown by Kulak and Grondin (2001) that this

equation can overestimate capacity by as much as 50%.

Based on the recommendations of Kulak and Grondin (2001), the most recently
published edition of the Canadian standard, CSA-S16-01 (CSA, 2001), provides two
equations wherein the contribution of the tension area to the connection capacity is

reduced by one-half:



P. = ¢(0.5A F, +0.6A_F ) [2-3]

gy

E) [2-4]

nv-u

P. = 9(0.5A F, +0.6A

The standard states that the lesser of the two equations should be used as the
connection capacity. This first equation assumes that when the connection reaches its
capacity, the net tension area has a non-uniform stress distribution with a mean stress
of 0.5F, and the gross shear area is at the shear yield stress, while the second
equation limits the shear contribution to rupture of the net shear area. The resistance
factor, ¢, remains as 0.90, but the reduction factor of 0.85, present in the 1994
standard, is not present in this edition. This equation results in more conservative and

consistent predictions of capacity than provided by Equation 2-2.

The American standard, AISC LRFD 1999 (AISC, 1999), utilizes two
equations, the use of which is dependent on the relative ultimate strengths of the

tension and shear net areas of the connection:

for A F, 20.6A F,:

P = ®(A,F, +0.6AF) < §(A,F +0.6A,F) [2-5]

v u

for A F, <0.6A F,:

P, = ®(A,F, +0.6A,F)<®A,F, +0.6A F) [2-6]

nv-u
where:
. . 2
Ag is the gross tension area (mm”).

The combination of ultimate stress on the net tension area and yielding on the gross
shear area is logical (Equation 2-5), but the qualifying statement effectively precludes
it from being used; in coped beams, the ultimate strength of the tension area is often
much smaller than that of the shear area. Equation 2-6 combines yielding on the gross
tension area and rupture of the net shear area, which seems unlikely and is not
supported by laboratory test observations. In both equations, the capacity is limited

by rupture of both the tension and shear net areas. The standard employs a resistance
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factor of 0.75, which is comparable to the combined factor used in CAN/CSA-S16.1~
94.

Eurocode 3 ENV 1993-1-1 (ECS, 1992) utilizes a series of equations for the
capacity prediction of block shear in coped beams. When the equations are
combined, a single equation can be derived:

1 1 1
—=w(L, ~kd,)E, +—=A_F [2-7]

o YMO(JE NG

where:

Yo is the partial safety factor,

w is the web thickness (mm),

L is the gross tension length (mm),
k is the tension area coefficient, and

dy is the bolt hole diameter (mm).

The equation combines shear yielding acting over the gross shear area with a reduced
normal stress acting over the tension area. The factor k is assigned the value of 0.5
for one-line connections and 2.5 for two-line connections. This results in using the
net tension area for one-line connections but is a smaller area for two-line

connections. The justification for this and for the reduction of the normal stress by
1/ 3 is unknown. The partial safety factor, Ympo, is given as 1.1, resulting in a

resistance factor similar to that used in CSA-S16-01.

The Architectural Institute of Japan’s Standard for Limit States Design of
Structures (Draft) (AIl, 1990) provides a procedure that is, theoretically, more
conservative than any of the others presented. It combines tensile and shear stresses

acting over net areas in two equations for unfactored resistance presented below:

P=A_F + —l—AnVFy [2-8]

V3
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1
P = AmFy + fAnvFu [2'9]
The lesser of the two equations is to be taken as the block shear capacity. Although

there is little support in the literature for the combination of yield stresses acting over

net areas, the equations provide a theoretically conservative estimate of capacity.

2.5 Summary

It has been shown (Kulak and Grondin, 2000, 2001) that existing design
standards overestimate the capacity of many of the tests described above. The
relatively small number of laboratory tests and numerical analyses makes it difficult
to define a method that closely reflects the true behaviour of these connections. Many
important connection variables have been considered in the experiments completed
prior to the research presented herein, but some important factors have not yet been
investigated. For example, the effect of beam end rotation on coped beam connection
capacity was not studied in previous research. Given the limited data available, it is
clear that more laboratory tests and a finite element study that includes non-linear
effects are required. Analysis of current design equations for block shear of coped
beams shows that in many cases an adequate level of safety is not being provided.
Furthermore, the level of safety is not consistent among the various connection
configurations studied. With further testing and an improved understanding of the

connection behaviour, an appropriate level of safety can be provided.
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3. Experimental Program
3.1 Introduction

In order to expand the available experimental database for block shear failure of
coped steel beams, tests were completed on 17 full-scale connections. The test
program includes parameters that have not been investigated prior to this research
including the effect of beam end rotation arising from flexural deformations, bolt
diameter, and section depth. Other parameters that have been investigated previously,
such as end and edge distance and number of lines of bolts, were also examined. A
summary of the connection properties, the test set-up, including instrumentation, and
the test procedure follows. Load vs. deformation plots are also presented for each
test. The experimental results were used to validate a non-linear finite element model
for predicting block shear behaviour, as well as to assess the adequacy of current
capacity equations. A discussion of the test results, the numerical analyses, and

existing design equations is presented in Chapter 5.

3.2 Description of Test Specimens

Nine wide-flange beams of two sizes—eight W410x46 and one W310x60—
were provided for the experimental program by Supreme Steel Ltd. of Edmonton,
Alberta. Each beam was 3.6 m long with test connections fabricated at both ends. A
two-character alphanumeric identifier was assigned to each connection as follows: the
beams were each designated by a letter (A through J, excluding I) and each
connection was designated by a number (1 or 2). As such, two W310x60 connections
and 15 W410x46 connections (only one end of beam F was used) were tested.
Beams A through G were sandblasted to remove surface rust, while beams H and J
were not cleaned. Nominal dimensions for the 17 connections are shown in Figure
3-1. The top flange cope dimensions were fixed for all connections, with the cope
length extending 50 mm past the line of bolts furthest from the beam end and the cope
depth extending to 25 mm below the bottom of the top flange. Only beam D2 had the
bottom flange coped as well. All bolt holes were punched and of standard size.
As-built connection and beam dimensions are listed in Tables 3-1 and 3-2,

respectively. Table 3-1 also depicts how “end” and “edge” distance, as well as
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“rows” and “lines” of bolts, have been defined herein. To facilitate the interpretation
of the test results, a list of tests in which only one parameter was varied is shown in
Table 3-3. Nominal values of each parameter under examination are specified in the

table.

Three series of tests were completed to investigate the effect of connection end
rotation on block shear capacity and behaviour. The first series was completed on
three identical single-line, four-bolt connections, each with a different applied end
rotation: 0° 2° and 3.5°. This connection configuration represents a typical
single-line connection in which the connection depth is a significant portion of the
section depth remaining after coping—in this case, approximately 75%. The no
rotation case was carried out as a baseline test to be compared with research
previously completed. The intermediate rotation, 2°, was chosen to represent a
rotation that might be expected in a real structure. The final case, a large rotation of
3.5° was chosen to represent an extreme magnitude of rotation. This was determined
to be near the upper limit of reasonable deformations and could occur in a long beam
that is heavily loaded. The second series of tests in which only end rotation was
varied used the same three rotation magnitudes. In this case, the connections had a
single-line, three-bolt configuration, and the connection depth was only 50% of the
section depth at the cope. The final end rotation series was completed on two-line,
six-bolt connections and only two rotations were examined: 0° and 2°. This series
investigated the effect of end rotation on a typical heavy, two-line connection. The
largest rotation magnitude was excluded because such connections usually occur on
shorter, heavily loaded beams for which flexural deformations are relatively small.
Early results (i.e., end rotation series one) indicated that end rotation likely did not
affect these connections significantly and, therefore, all tests in which end rotation
was not a parameter were completed with no applied end rotation. In these cases, the

beam reaction support was not lowered during the test.

A series of tests was completed to determine over which area the shear stresses
develop on the block: gross shear area or net shear area. This was completed by

comparing tests B2 and C1, which had identical net tension areas and net shear areas,
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