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ABSTRACT

The behavior of coped beams with various coping details was
examined by conducting a theoretical parametric study using the
elastic and inelastic finite element programs BASP and ABAQUS. The
design models and recommendations for different types of coped
connections (top, bottom and double coped) are made according to the
behavior and results of the analytical studies. In addition to
yielding, coped beams can fail in two distinet instability modes,
lateral-torsional buckling over the span and local web buckling at
the cope region. Cope length, cope depth and span length were found
to have a significant influence on the buckling capacity.

Simple interaction equations, which utilize the individual
lateral buckling capacities of the coped region and the uncoped
length, were developed for design of 1lateral bueckling of top
(compression) flange coped beams and double coped beams. Copes on
the bottom (tension) flange reduced the lateral buckling capacity 10
percent of the uncoped case. A plate buckling model was developed to
check for web buckling in compression flange coped beams and a
lateral buckling model was adopted for web buckling in double flange
coped beams.

A series of sixteen full scale tests, 14 rolled sections and
two plate girders, was used to check the reliability of the design
recommendations. Six of the tests considered lateral-torsional

buckling. The remainder were for local web buckling. The test
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results indicate that the proposed design recommendations for both
lateral-torsional buckling and local web buckling give conservative
and reasonable results.

Various types of reinforcement at the cope region were
studied to determine their effectiveness in improving the strength of

coped beams.
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CHAPTER 1
INTRODUCTION

1.1 General

In steel construction beam flanges must often be coped to
provide enough clearance for the supports when the framing beams are
at the same elevation as the main girders or when the bottom flanges
of intersecting beams are held to the same elevation for
architectural purposes. The framing beams must be notched out at the
top or bottom as shown in Fig. 1.1 to prevent interference with the
flanges of the main girders. Generally, the notches will extend into
the web of the framing beams. Such a cutout is called a cope, block
or cut. Throughout this study, it is referred to as the cope. The
copes can be at the top (compression), the bottom (tension), or both
flanges in combination with the various types of simple shear
connections as shown in Fig. 1.1. Simply supported end conditions
are usually assumed in the design of the coped beam connections.

The generalized behavior of a simple supported uncoped steel
beam can be expressed by the moment-deflection relationship shown in
Fig. 1.2. Experimentally, the beam ultimately fails by some types of
instability, namely lateral-torsional buckling, local plate buckling
of the compression flange, or web buckling. If the laterally
unbraced length and the width-thickness ratios of the plate elements
of the cross section are sufficiently small, buckling can be
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curtailed until maximum stress at the extreme fiber reaches the yield
strength at the yield moment, My, (neglecting residual stresses) and
possibly the fully plastic moment, Mp [1]. 1In such cases, yielding
controls the design of the beams. The design of most laterally
supported uncoped rolled beams is controlled by yielding at the point
of maximum moment.

In the beams with copes, special attention must be given to
the coped region. The strength and torsional stiffness at the coped
section are reduced so that buckling, both local and lateral, as well
as yielding can be affected as discussed by Milek [2]. Due to the
discontinuity of the flange and web at the coped corner, high stress
concentration could occur at this location depending upon the cope
profile at the corner. Thus, the conventional Mc/I and VQ/It calcu-
lations for bending and shear stresses respectively may not give the
actual stress distributions at the coped region. High stress concen-
tration could cause localized yield at the coped corner which might
cause the beam to fail in inelastic local web buckling. For thin
webs in laterally supported beams, failure could occur by elastic
local web buckling at the coped region since the coped region is not
stiffened by the flanges. Theoretically, the buckling load can be
much lower than the yielding stress. Copes can also affect the
lateral-torsional buckling strength. The basic theoretical formulas
for lateral-torsional buckling of pinned end beams derived by
Timoshenko [3] upon which current design specifications are based

assume that the flanges at the ends of the beam are restrained



against lateral movement. However, when a laterally unsupported beam
has copes at the connections, the lateral end restraint would be
decreased since movement at the end of the flange is not positively
prevented. The effectiveness of the restraint depends upon the
torsional strength and stiffness of the coped section. The lateral-
torsional buckling strength of the coped beams would be less than
that predicted by current theoretical formulas. In addition to the
above considerations, special attention must also be focused on
failure by tensile rupture at the corner of the coped region. Most
grades of steel possess sufficient ductility; a fracture failure
generally does not occur prior to a buckling type failure for a beam.
However, it is possible for tension zone fracture failure to ocecur
due to high stress concentration at the corner of the coped region.
There is one published study on the effect of copes in
lateral torsional buckling. Du Plessis [3] tested four laterally
unsupported beams which failed in lateral-torsional buckling. All
beams had a W10x21 section with a 158-in. span length. Beam 1 had no
copes in the flange, beams 2 and 4 had copes in the top flange only,
and beam 3 had double-flange copes. A cope length of 6-in. and a
cope depth of 1-3/8 in. were adopted for all three coped beams., The
test beams framed into girders at each end using single end plate
shear connections. The 3/8-in. connection plates were welded to the
web of the test beam in beams 3 and 4. In beams 1 and 2, the end
plate extended below the bottom flange and was fillet-welded to the
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flange also. In all cases, the end plates were bolted to the support
girders. Two series of tests were done on these four test beams, one
with midspan loading and the other loading at 13.75 in. from the end
of the beam (hereinafter called notch loading). The results of the
tests showed that the buckling capacities were reduced up to 34
percent for midspan loading and 77 percent for notch loading compared
to the uncoped beam. The critical loads of beam 2 were more than 30
percent higher than beam 4 due to the difference in connection
detail. The double coped beam (beam 3) had lower buckling load, 6
percent in midspan loading and 23 percent in notch loading, compared
to the top flange coped beam (beam 4). The results show the impor-
tance of the coping details, connection restraints and loading condi-
tions on the buckling capacities of a coped beam. However, his study
is not general enough to develop design recommendations.

There is also some recent research which has focused on the
connection behavior at copes [4,5,6] but relatively little data was
developed concerning the structural behavior at the cope itself.
These studies focused on fracture at the minimum section at the bolt
locations and all beams were laterally supported., In some of the
connection tests, however, failure initiated in the web at the end of
the cope rather than at the connection. Figure 1.3 shows that local
web buckling occurred in the coped region. Some unpublished beam
failures have also occurred in practice with three distinet failure

modes observed as discussed above, lateral-torsional buckling of the
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beam, local web buckling in the compression zone, and crack initia-
tion at the cope in the tension region [8].

In order to provide more information about the behavior of
coped beams, an elastic analysis was performed on a W10x22 section by
the finite element program BASP [13]. The sample elastic shear and
bending stress distribution given in Fig. 1.4 shows very significaht
deviations from the simple design assumptions, Mec/I and V/hotw, close
to the cope. Both bending stresses and shear stresses are high at
the cope even for the coarse 1-in. mesh size used in this example.
The local bending stress concentration factor (SCF) is 1.7 in this
case with a 90° cope profile. A few inches away from the end of the
cope, simple bending and shear theory was quite satisfactory,

The general influence of the copes on the three failure
modes is summarized below.

a, Lateral-torsional buckling: The compression flange of a

laterally unsupported beam without copes takes the shape of
a half sine curve when buckling occurs as shown by the
dashed line in Fig. 1.5. When the top flange is coped,
cross section distortion causes increased lateral displace-
ments near the ends of the beams, thus reducing the lateral
buckling capacity. The reduction of the buckling loads can
be as high as 77 percent of the uncoped beam lateral
buckling capacities, according to du Plessis's [3] test

results,
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Local web buckling: When the top flange is laterally

supported, the coped beam can "fail" at the reduced section
due to yielding from shear and bending stresses or from
elastic local web buckling, First yielding is generally
localized so deformations might not be large enough to
curtail the usefulness of the beam. As yielding spreads,
however, failure due to inelastic web buckling occurs since
the yielding will reduce the stiffness of the web in the
coped region. In the case of long copes or thin web plate
girders, a beam could fail by elastic local web buckling at
the coped portion, Therefore, the maximum shear and bending
capacity of a coped section is controlled by elastic or
inelastic local web buckling which is a function of the cope
length, cope depth and the beam depth to web thickness ratio

of the beam.

Fracture: The discontinuity of the cross section at the

cope causes a stress concentration at this location; an SCF
= 1.7 was calculated in the example shown in Fig. 1.4b,
However, the very local stress concentration factor at the
reentrant corner can be much higher depending on the cope
profile at the corner. The American Institute of Steel
Construction (AISC) suggests a minimum radius of 1/2 in.
[9]. High SCF can cause problems of fatigue due to cyclic
stresses and/or brittle fracture if tensile stresses are

present at the cope, as shown in Fig. 1.6.
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Fig. 1.6 Typical Crack Configuration for Coped Beams
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where

The fracture and fatigue problems can usually be controlled
by properly detailing to the cope profile in tensile regions, so this
behavior will not be considered herein. Only problems related to

compressive stresses will be studied.

1.2 Present Practice

Both the 1978 AISC Specification [10] and the Structural
Stability Research Council (SSRC) Guide [11] contain provisions for
designers to calculate the lateral-torsional buckling moment for I-
beams. The design recommendations in various specifications have

basically come from the following elastic solution:

MLTB = (Cb T /Lb)JEIyGJ + EZIYCWTT“?/LbZ (1.1)

Cp = 1.75 + 1.05 Mgp/Myg + 0.3 (Mgp/Myg)? < 2.3 (1.1a)

and L, is the unbraced length. Gy is a modification factor for
different loading conditions. Cb = 1.0 for uniform moment. Cb in
Eq. (1.1a) is for a linear moment diagram where the moments are
maximum at the ends of the unbraced length. Cb for other cases are
found elsewhere [11]. The other terms are defined in the
nomenclature. No reduction is made in any of the specifications to
account for the presence of the coping. As mentioned in section 1.1

and as will be seen later, the effect of coping could be very
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significant depending upon the cross section of beams, the coping
detail and the span length,
For local web buckling, the 8th Edition of the AISC Manual

of Steel Construction [9] states on p. 4-167,

Unusually long and deep copes and blocks, or blocks in beams
with thin webs, may materially affect the capacity of the beam.
Such beams must be investigated for both shear and moment at
lines A and C [Fig. 1.4]1 and, when necessary, adequate rein-
forcement provided.

In the AISC manual Structural Steel Detailing [12] examples of coped

beam connections are provided. According to the design recommenda-
tions in Chapter 9 of the Detailing Manual, yielding due to bending
moment at the coped section is checked using the reduced cross-
sectional properties at the cope and neglecting stress concentra-
tions. The éhear capacity is determined by the standard AISC proce-
dure, area of remaining web times the allowable shear stress: Vallow
= hotw(O.qu), where hy is the feduced beam depth in the coped region
(Fig. 1.7). This procedure would only be valid for stocky webs where
buckling would not be important. For thin webs where buckling is a
consideration, some engineers have developed design procedures for
coped beams which closely follow the buckling recommendation for tees
given in Appendix C of the AISC Specification.

The elastic plate buckling formula upon which Appendix C is
based has been derived as

W2 E

F =k (1.2)
o 12 (1-v2) (/)2
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where k is a plate buckling coefficient which depends on the types of
loading, edge conditions and length to width ratio, and b/t is the
width to thickness ratio [3]. The k values in Appendix C assume a
long rectangular plate (length > width) with uniform compression
along the length of the plate with two simply supported edges at both
sides of the length and one free edge parallel to loading as shown in
Fig. 1.7(b). For the fourth edge pinned, the plate buckling coef-
ficient k is 0,425 and for a fixed condition, k = 1.277.

In Appendix C, the allowable bending stress, Fp = 0.6 Fy Qg
where Qg 1s a reduction factor adopted to consider the different edge
conditions so that yielding, inelastic buckling and elastic buckling
are handled by one factor. k = 1.277 (fixed) was used to obtain the
limiting b/t ratio for stems of tees in Appendix C where Qg = 1.0
(yielding) and for elastic plate buckling, k = 0.7 (between simple
support and fixed) is used to calculate the Qg. Linear interpreta-
tion is applied to obtain Qg for the inelastic range. No post-
buckling strength is considered in the provisions for stems of tees.
To apply the Appendix C design approach to the coped beams, the
distance from the neutral axis of the coped section to the top fiber
of the cope is taken as the width of the plate, b, as shown in Fig.
1.7, and Qg for stems of tees in Appendix C is applied accordingly to
determine the strength of the coped region.

These two design procedures, based on the AISC Detailing
Manual and on Appendix C of the AISC Specification, are summarized in

Fig. 1.7 for top coped beams. Hereinafter, these two approaches are
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identified simply by Detailing Manual and Appendix C; design examples
using them are given in Appendix A of this report.

Comparing the stress distribution of the coped beam as given
in Fig. 1.4 with those used in the two design methods in Fig. 1.7
show a number of inconsistencies. First of all, in Fig. 1.4, both
bending and shear stresses produce high stress concentration at the
corner of copes which are not considered in design. It is necessary
to investigate the effect of the stress concentration factor and the
interaction of bending and shear stresses at the coped region. In
addition, the high stress concentration probably will cause localized
yielding at the corner of copes which can reduce the lateral
stiffness of the web. Furthermore, the AISC Appendix C approach
which neglects the bending stress gradient and stress variation from
the beam end to the cope can produce a very conservative solution.
Besides, if the cope length ¢ is smaller than beam depth, the plate
buckling coefficient k (based on an infinitely long plate) could be
increased significantly depending on the length to width ratio which
will also give conservative results. However, both design methods
neglect the cope depth effects which will decrease the lateral
restraint at the corner of the cope and probably will produce

unconservative results, especially when the copes are deep.

1.3 Purpose and Scope

It can be seen from the above discussion that there is

little research, both theoretical and experimental, on the topic of
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coped beam design. Therefore, a research project sponsored by AISC
was initiated to investigate the behavior of coped beams and to
provide practical design recommendations for both lateral-torsional
buckling and local web buckling, The research program developed to
fulfill this purpose is primarily theoretical with some experiments
conducted to verify the design recommendations. Parametric studies
were conducted to establish the effect of cope length, cope depth and
web thickness on elastic and inelastic local web buckling and elastic
lateral buckling. Cope lengths up to two times the beam depth and
cope depths up to one-half the beam depth were considered. The span-
depth ratio was also evaluated for lateral buckling. Pinned end
conditions, both in-plane and out-of-plane, were used to develop
conservative design recommendations. Various stiffener arrangements
at the cope were studied to determine their effectiveness in
improving buckling strength.

Sixteen full size beams, 14 rolled sections and 2 plate
girders, were tested for comparison with the theoretical results.
Experiments by others were also used. Six of the tests considered
lateral buckling; the remainder were for local web buckling at the

cope.

Because two distinct problems were addressed for coped
beams, namely lateral buckling and local web buckling, the results
for both of these phenomena are presented separately. Chapters 2

through 7 deal with lateral-torsional buckling while web buckling at

18



.the cope 1is treated in Chapters 8 through 12. The theoretical
soclution te both problems made extensive use of two computer
programs: BASP, originally written by H. U, Akay and C. P. Johnson at
The University of Texas [13] for buckling analysis, and ABAQUS,
written by Hibbit and Karlsson, Inc. [14] for in-plane inelastic
analysis. More details about the analysis techniques are given in

Chapters 2 and 8, respectively.
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LATERAL-TORSIONAL BUCKLING
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CHAPTER 2
TOP FLANGE COPED BEAMS

In this chapter the design models for top (compression)
flange coped beams are developed based on the behavior and results
from a preliminary computer analysis. Further investigations and
developments of the theories are given in Sec. 2.5 and final designA

recommendations are summarized.

2.1 Analysis Program

The computer program BASP, originally written by H. U. Akay
and C, P, Johnson at The University of Texas, was used, which
provides a general solution for the buckling analysis of plates
having stiffener elements placed symmetrically about the plates. 1In
the analysis, the web of an I-shaped section represents the plate
while flanges are treated as stiffener elements. The web is
idealized by two-dimensional finite elements while the flanges are
idealized by conventional one-dimensional elements (Fig. 2.1).

The problems solved by this program are treated as a linear-~
elastic buckling problem. The yield strength of the material was
assumed to be the upper limit for the material. The solution con-
siders cross-section distortion as well as local buckling of the
plates and torsional buckling of the stiffeners. The typical buckled

shape of a 20-ft uncoped W16x26 section with lateral supports only at
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the ends is shown in Fig. 2.2 where the horizontal axis is the length
of the beam. Inverse iteration is used in this program to solve the
resulting eigenvalue problem for the smallest load causing buckling.
More details about the computer program BASP are given in Ref. 13.

A W16x26 section which has a d/t, = 62.8 was used in this
study. This rolled section has one of the most slender webs, so it
was felt the results would be conservative for other rolled sections.
The loading arrangement is shown in Fig. 2.2, Vertical web stif-
feners were placed at the load position to prevent local buckling or
eliminate the effects of cross-section distortion due to the concen-
trated load. Similar cope details were used at both ends so the beam
would be symmetrical about midspan. This simplified the number of
cases that needed to be studied and the results will be conservative

if the two end details are different.

2.2 Scope and Limitation

The lateral-torsional buckling formula, Eq. (1.1), is based
on elastic behavior. This assumption allows simple mathematical
solutions, but excludes the consideration of inelastiec buckling of
beams. However, as discussed in Ref. 1, when yielding is confined to
a zone close to a lateral support, the theoretical inelastic solution
deviates very little from the elastic solution almost up to a maximum

moment equal to M the plastic bending moment. A typical situation

p!
would be a simple beam with a concentrated load at midspan where the

load peint, which is the point of maximum moment is also a brace
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point. Since load points usually act as brace points, yielding at
the load p&int will not significantly affect lateral buckling.
Therefore, in this study inelastic effects on lateral torsional
buckling of coped beams were not considered.

The end restraints, both in-plane and out-of-plane, caused
by the connection material such as web clip angles were not
considered in developing design models in order to obtain
conservative design recommendations. However, the effects of end
restraint are discussed briefly in the Chapter 6. In addition, the
effects of local flange and web buckling were eliminated by the use
of stiffeners at the positions where local buckling might occur.

As mentioned in Chapter 1, only coped beams with a cope
length less than twice the beam depth (C < 2d) and with a cope depth
less than one-half the beam depth (d, £ d/2) will be considered in

this study.

2.3 Preliminary Studies

Two beams as shown in Figs. 2.3 and 2.4 were analyzed. 1In
each case the cope details were identical, 8 in. long and 1.5 in,
deep, but two span lengths, 5 ft and 30 ft, were used. The main
differences between the two cases is the ratio of coped length to
span length (26 percent and 3 percent for L = 5 ft and 30 ft,
respectively) and the ratio of warping term to the torsion term in

Eq.(1.1), EC,T2/GJL,2, of the W16x26 section which is 14.9 and 0.41
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for the 5 ft and 30 ft spans, respectively. These ranges cover most
design conditions.

The buckled shape and buckling load for the two cases, which
are shown in Figs. 2.3 and 2.4, provide many important
characteristics of top-flange coped beams. The buckled shape of the
20-ft long uncoped beam shown in Fig. 2.2 should be used for
comparison.

For the short beam it is obvious that the buckling capacity
is controlled by the coped (tee) section. The uncoped (I) section
simply deflects by rigid body motion. Severe cross-section
distortion occurs in the coped region. The elastic buckling load,
PBASP = 32.7 kips, is much less than the theoretical elastic
buckling load, Py g = 544 kips, for the uncoped beam, calculated by
Eq. (1.1). Also, the theoretical load at first yielding at the edge
of the cope using Fy = 50 ksi is 102 kips which indicates that
lateral buckling will occur before yielding in this short beam.

The beam with a span L = 30 ft shown in Fig. 2.4} behaves like
the uncoped beam shown in Fig. 2.2 and the buckling load Ppasp
reaches 90 percent of Pprp given by Eq. (1.1). In other words, the
buckling capacity of Beam 2 is controlled mainly by the uncoped

section although coping does decrease the buckling load,

2.4 Proposed Design Model

As discussed above, the buckling capacity of the short beam

is controlled mainly by the capacity of the coped (tee) section since
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the full section remains relatively straight in the buckled position.
For long span beams, the buckling capacity of the uncoped region is
smaller than that for the coped portion, if the two regions are
treated as separate buckling problems, Based on these observations
and some trials, a preliminary design model for teop flange coped
beams was developed assuming the buckling capacity of coped beams is
the interaction of the lateral buckling capacity of the coped region
(tee section) with span 2c¢c and the uncoped region (I-section) with
span L as shown in Fig. 2.5. For simplicity, the span of the
"uncoped" region is chosen as L rather than (L - 2¢). In accordance
with this design model, the interactive design formula is proposed as

follows:

1/PTee + 1/PLTB = 1/PCI" (2.1)

where Pr,o 1s the buckling load of the coped region and can be

calculated by using the following equations from Ref. 15.

m \[ TY 2 Ty,
Moo = 5 JELGI W1+ (—2) + 2 (2.2)
ee 2C y 2 2
where
B EI
Y = x Y (2.2a)
m GJ
2¢c
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where y is the distance between the neutral axis and the extreme
fiber of the flange. For the P, rg calculation, Eq. (1.1) is used and
Ly and Cy, are defined in Eq. (1.1). For Case 1, the span length is 5
ft. Equation (2.1) yields Por = 34.8 kips, which is about 6 percent
higher than the BASP prediction. For Case 2, the span length is 30
ft. Equation (2.1) gives Por = 4.0 kips, which is 3 percent lower
than the BASP prediction. There is good correlation between the BASP
solutions and the design interaction equation (Eq. (2.1)) for the two
cases above. Further parametric studies with different cope details,
loads and braces will be investigated in order to apply the model to

more general design conditions.

2.5 Parametric Studies

The proposed design model in Sec. 2.4 was developed by a
beam with single load at centroid of mid-span, laterally unsupported
along the entire span, and coped with a single detail at both ends of
the unbraced span. While it was expected that this case would

probably cover the most important variables, there are other
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practical bracing conditions and cope details that need to be
considered before the design recommendations can be used with
confidence.

Three parameters, span length, cope length and cope depth,
were studied to check and modify the design recommendations proposed
in Seec. 2.4, Two bracing conditions, with (Fig. 2.6) and without
(Fig. 2.2) brace at the load positions were studied with each of the
three parameters to cover most of the practical design conditions.
Figure 2.6 shows the typical buckled shape for a 20 ft uncoped W16x26
section with a brace at the load position.

2.5.1 Variation of Span Length. The span length was varied

from 5 ft to 30 ft in which the ratio of the warping term to the
torsion term in Eq. (1.1) ranges between 0.41 to 59.6. A single
coping detail (C = 8 in. and d, = 1.5 in.) was adopted for this
study. The BASP results for the two bracing conditions are compared
with the proposed design equation (Eq. (2.1)) in Figs. 2.7 and 2.8,
respectively. The loads at yielding of the coped and uncoped regions
with Gr. 50 material are also shown in the figures for comparison.
The load to cause jielding at the cope, Py at cope = 102 kips, is
constant for the two cases since the cope length is not varied. The
top flange buckled shapes in which the span lengths and deflection
shapes have been normalized are shown in Fig. 2.9.

Figure 2.7 shows that Eq. (2.1) gives results very close to
the theoretical buckling solutions generated by BASP, It confirmed

that the buckling capacity of coped beams can be treated as a
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combination of the capacity of the coped section (PTee) and the
capacity of the uncoped section (PLTB) defined by Eq. (2.1).
However, when a lateral brace is present at midspan as shown in Fig,
2.8, Eq. (2.1) gives very conservative results compared with BASP
solutions. The main reason is that in this case the unbraced span
(Lb) has coping at one end only which will decrease the effects of
the coped region and increase the buckling load. Equation (2.3), as
follows, is proposed to reduce the interactive effects of the coped

and uncoped regions for a
1/(Ppee)? + /(P pp)2 = 1/(Pg)2 (2.3)

beam with coping only at one end of unbraced span. The differences
between Eq. (2.3) and BASP solutions are shown in Fig. 2.8. The BASP
solutions for short beams when Pp., 1s dominate (L < 10 ft in Fig.
2.8) are higher than the Eq. (2.3) results because Pp., is calculated
assuming uniform moment along the unbraced length, 2c, whereas Pgpgp
considered the actual moment diagram. No moment gradient coeffi-
cient, Cp» is available for tee sections.

It should be noted that in Figs. 2.7 and 2.8, the buckling
loads of the coped beams are smaller than the yielding of the beams.
In other words, coped beams will buckle elastically even for very
short spans. This can be easily understood from Fig. 2.9, which
shows that lateral buckling is controlled by the coped region for

short beams and is relatively independent of the span length.
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2.5.2 Variation of Cope Length. The cope length was varied

from O to 32 in. to check the proposed design formulas (Egs. (2.1)
and (2.3)). The coped depth = 1.5 in. and span length = 20 ft were
chosen for this study. The BASP solutions of both cases are compared
with the proposed design equations in Figs. 2.10 and 2.11,
respectively. The yielding of the coped and uncoped region using Gr.
50 material are also shown. In Fig. 2.10, the yield load of the
coped region (Py at cope) is off the graph. It can be seen in Fig.
2.11.  The buckled shapes of the top flange for the two bracing cases
are shown in Fig. 2.12. |

In Fig. 2.10, Eq. (2.1) gives reasonable solutions compared
with PBASP' For the second brace case, Eq. (2.3) gives better
results compared with Ppagp while Eq. (2.1) yields conservative
results. When the 20 ft span is unbraced (Case 1), lateral buckling
takes place before yielding. For Case 2 with a brace at midspan,
yielding controls when the cope length is < T in. or 6 percent of the
unbraced length of 10 ft. For longer copes, buckling controls.

2.5.3 Variation of Coped Depth. The cope depth was varied

from 0 to 7.5 in. to check the proposed design equations for
situations in which the beam is coped up to one half of beam depth.
A cope length = 8 in. and span length = 20 ft were used for this
study. The BASP solutions of both cases are compared with Egs. (2.1)
and (2.3) in Figs. 2.13 and 2.14, respectively. Since all the

buckling loads are smaller than the yield load for Gr. 50 material,
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the yield loads of the coped and uncoped regions are not shown in the
figures.

In Figs. 2.13 and 2.14, both Eqs. (2.1) and (2.3),
respectively, become unconservative as coped depth increases. This
is due to an inadequate model for the calculation of Pprp and PTee as
indicated by the lateral deflections of the cross section at A for
two brace conditioné shown in Fig. 2.15. Due to lack of lateral
restraint at coped depth position A, the top flange tends to tip over
at the coped region which decreases the buckling load of the uncoped
region, This movement creates a lateral force on the coped (tee)
region that will also decrease the buckling capacity of the coped
region. The buckled shapes of the top flange for both brace cases
are shown in Fig. 2.16. In Fig. 2.15, the lateral deflections of
Case 2 have the same shape for the three different coped depths
because the maximum lateral deflection for all three cope depths
occurs at the A position and the lateral deflections are normalized.
However, Figs. 2.14 and 2.16b show that the buckling capacities and
the top flange buckled shapes are affected by coped depth. In order
to use Egs. (ZJ) and (2.3), modification must be made for calcu-
lating PLTB and PTee to account the effects of coped depth.

2.5.3.1 Modification of P;qp. Two models as shown in

Fig. 2.17 were developed for the two bracing cases to account for
cross section distortion as cope depth increases. The results are

compared with the BASP solutions in Fig. 2.18.
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In Fig. 2.17, the top flange of the beams was modeled as a
column with lateral restraints at both ends. The lateral restraint
is represented by a spring stiffness, B(a = (E/4) (tw3)/(d02), which is
established by assuming cantilever action of the web plate above the
cope line with length, dc, and an effective plate width also chosen
as d, as shown in Fig. 2.17(a). B e implies that for deep copes and
thin webs, the lateral buckling loads of coped beams will decrease
very rapidly. To further simplify the column analogy, the rigid body
models as shown in Figs. 2.17(b) and (c) are used. 1In Fig. 2.17(b),
By = (4 Etfbf3)/L3 is the stiffness of the flange and Pgq 1s the
equivalent axial force which causes the buckling of the top flange of
the beam. The maximum axial force (¥p) in the top flange at midspan
can be approximated by dividing the applied moment by the beam depth.

In the P calculation, the 1/2 factor in Figs. 2.17(b) and (c)

eq
accounts for the linear variation in flange force due to the applied
moment gradient. The 4/3 factor in Fig. 2.17(b) was obtained by
calculating the buckling load of Model 1 with Be = ®and comparing
the result with the BASP solution for the case of uniform moment.
Thus, the 4/3 factor is a correction which is primarily due to the
difference between the straight line buckling shape of the model and
the sine curve shape of the actual beam. In the case 1 model which
has no bracing at load point, the buckling lpad calculated by the
model includes both lateral buckling of the top flange and the

tipping effect of the unrestrained cope depth. The critical buckling

load P'LTB is = 4 M'LTB/L where
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M'ytg = 2p . d = 3/2 P d

eq *

Cutting the structure at point B in Fig. 2.17(b) and M gives

Peq -.A'= Be . Ae . L/2

Summation of vertical forces gives

Bo - %p =28 - e
therefore
Defining

n = By/Be

and noting that

gives A=((n + 2)/n) Ae
Therefore,

Ag = (n/(n+2))A
Substituting (b) into (a) gives

Peq = (n/(n+2)) . B . L/2

and
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Mg = (3/16) (n/(n+2)) ELd ((£,3)/(dZ)) (2.4)
where n = Bp/Be = (16 tp bf3 dg )/(L3tw3) (2.4a)

In the case 2 model which has bracing at the load point, the
buckling load from the model only considers the tipping effects.
Thus, an interactive equation is used to calculate the final buckling

load P"LTB:

1/P"LTB = 1/PTIP + 1/PLTB (2-5)

where PTIP = 4 MTIP/L is the buckling load calculated by the case 2

model and

MTIP =Zp.d=2Peq.d=2<BeLb>-d
(2.6)

= (1/2) E Lpd (£,3/d,2)

Equation (1.1) is used to calculate Pi1p and Ly and Cp are defined in
Eq. (1.1). The results calculated by Egs. (2.4) and (2.5) for the
two bracing cases with W16x26 sections are compared with the BASP
solutions in Fig, 2.18. The simple analytic models show very good
agreement with the exact BASP solution. In order to investigate the
tipping effect for thin web members and further check the reliability
of the design model, Bracing Case 1, with web thickness reduced from
0.25 to 0.10 in. for a W shape with the same flange and beam depth as
a W16x26 section, was studied by varying the cope depth dc' The

results shown in Fig. 2.18 indicate that the tipping effect reduces
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the lateral buckling capacity of thin web members up to 65 percent of

the uncoped lateral buckling capacity with d, = d/2. Again, the

simple analytic model gives good correlation with the BASP solutions.

2.5.3.2 Modification of Pree A5 ft long short beam

with stiffeners at A position which minimizes the effects of lateral
torsional buckling and tipping due to coped depth as shown in Fig.
2.19 was analyzed by using BASP program. The results are plotted in
Fig. 2.19. As expected, increases in the cope depth will decrease
the capacity of coped region significantly. A simple approximation

is used to modify Prge for cope depth effects as follows:
P'Tee = Prge (1 = 1.5 dg/d) (2.6)

where Ppee 1s the tee-section capacity calculated by Eq. (2.2). The
modified tee section capacity P'Tee is shown in Fig. 2.19 for com=-
parison. Equation (2.6) has the same shape as the BASP results but
due to the conservative assumption of the tee section bueckling load
in Eq. (2.2), both Case 1 and Case 2 results are much higher than
P'Tee-

Using the modified P'{rp, P" g and P'y.. in Egs. (2.1) and
(2.3), the results of both cases are plotted in Figs. 2.20 and 2.21,
respectively. Again, after using the cope depth modification for
Py rp and Ppoes Egs. (2.1) and (2.3) work fairly well for cases 1 and

2, respectively.
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2.6 Proposed Design Recommendations

The interaction equations (Egs. (2.1) and (2.3)) are
recommended for top flange coped beams. Equation (2.1) is used when
the copes are at both ends of the unbraced span and Eq. (2.3) is
applied to the unbraced span with the copes at one end of the
unbraced span only.

In order to consider the effects of cope depth, according to
Figs. 2.13, 2.14, 2.20, and 2.21, modified Py rg and PTee expressions
(Egs. (2.4) to (2.6)) are recommended for the copes at both ends of
the unbraced span when d, > 0.2d and for the copes at one end of the
unbraced span when d, > 0.1d. Otherwise, Eq. (1.1) and Eq. (2.3) are
used to calculate the Pirp and Ppo.. Since all the studies used the
W16x%26 section (d/t,, = 62.5), Eq. (1.1) might produce unconservative
results for thin web plate girders due to the cope depth tipping
effects as discussed in Sec, 2.5.3.1. Thus, for thin web plate
girders (h/t,, > 60.0), modified Py rp and Py (Egs. (2.4) to (2.6))
are recommended for all cope depths.

The summary of the design recommendations along with

examples will be given in Chapter 7.
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CHAPTER 3
BOTTOM FLANGE COPED BEAMS

In this chapter a design method for bottom (tension) flange
coped beams is developed baéed on the behavior and results from a
parametric study presented in Sec, 3.2. The same analysis program
BASP and a W16x26 section were used in this study as described in the

previous chapter,

3.1 Preliminary Studies

Two 20-ft beams with different coped lengths at the bottom
flange were assumed to cover the important effects of copes on
lateral stability. The buckling loads and buckling shapes for coped
lengths of 8 in. and 24 in. are shown in Figs. 3.1 and 3.2,
respectively. Comparing these results with those shown in Fig. 2.2
for an uncoped beam indicates the buckling shapes of the compression
flanges are almost identical, even though cross-section distortion
occurs at the coped region. The buckling loads of the two coped
beams, 10.6 kips and 10.0 kips, for cope lengths of 8 in. and 24 in,
respectively, indicate the cope length is not too important (PBASP =
11.4 kips for the uncoped beam). The beam coped to 24 in. showed a
reduction in buckling load of only 10 percent compared to the uncoped

beam, as expected, since the coped flange is in tension.
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Although the reduction of buckling capacity dﬁe to bottom
flange copes is not as significant as top flange copes, the cross-
section distortion in the coped region does decrease the torsional
rigidity of the beams. The degree of reduction depends upon the
coping details, Thus, further parametric studies were undertaken to
investigate the reduction of the lateral buckling capacity due to

bottom copes.

3.2 Parametric Studies

Two bracing conditions, with and without a brace at the load
position, and three parameters, span length, cope length and cope
depth, were studied to develop the design recommendations for bottom
flange coped beams. Only coped beams with a cope length less than
twice the beam depth (c £ 2d) and with a cope depth less than one-
half the beam depth (d; £ d/2) were considered in this study. The
analyzed results, Ppasp., are compared to the lateral buckling
capacity of the uncoped beam, P rp» @nd summarized in Tables 3.1 to
3.3. In Table 3.1, Py 7p was calculated by Eq. (1.1) and in Tables
3.2 and 3.3. Pprg was obtained by BASP for proper comparison. For a
span length = 5 ft, the BASP solutions are much lower than Eq. (1.1)
(uncoped beams) as shown in Table 3.1. The reason is that the short
Span causes the coped beams to fail in a combination of web flexural
and shear buckling instead of the lateral buckling as Eq. (1.1)
predicts. Thus, these two cases were not included in the comparison.

The buckling loads shown in the tables are elastic lateral buckling
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TABLE 3.1 Variation of Span Length (W16x26 Section with
¢ =8 in. and d, = 1.5 in.)

w/o bracing w/bracing
at load position at load position
Span length, .
ft 5 15 30 5 15 30
Py, kips 128 2.7 21.3 128 h2,7 21.3
Pirp, kips 544 24,7 4.54 2754 108.5 16.0
Pppsps kips 338.7% 21.6 4,12 T4O* 99.0 15.95
PBASP/PLTB 0.62% 0.87 0.91 0.27% 0.91 0.98

¥ The beam failed in a combination of flexural and shear buckling
of the web,

TABLE 3.2 Variation of Cope Length (W16x26 Section
with d, = 1.5 in, and L = 20 ft;
Py = 32.0 kips)

w/0 bracing w/bracing
at load position at load position
Cope Length
(¢, in. 4 16 32 y 16 32
PLTp» Kips 11.43 11.43 11.43 49,4 4o.u g,y
Peasps kips  10.95 10.24 9.95 47.5 45,0 44,3
PBASP/PLTB 0.95 0.90 0.87 0.96 0.91 0.90

61



TABLE 3.3 Variation of Cope Depth (W16x26 Section with
¢ =8 in, and L = 20 ft; Py = 32.0 kips)

w/o braecing
at load position

w/bracing
at load position

Cope Depth
(dy), in.

PLTB’ kips
Pepsps kips

PRasp/PLTB

1.5 4.0 7.5
11.43 11,43 11,43
10.63 10.28 9.8
0.93 0.90 0.86

1.5 4.0 7.5
49.4 49.4 4o.4
46.1 45,1 43.9
0.93 0.91 0.89
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loads. Inelastic lateral buckling is beyond the scope of this study.
The yielding of the cross-section is assumed to be the upper limit of
the beam capacity. The yielding loads, Py, of the beams with Gr. 50
material are also listed in the tables for comparison.

Tables 3.7 to 3.3 show that under the wide range of beam
variables that there is a relatively small reduction of buckling
capacity for bottom (tension) flange coped beams compared with
compression flange coped beams. The reductions range from 0 to 14

percent for varied parameters.

3.3 Proposed Design Recommendations

The parametric study in Sec. 3.2 shows that the bottom cope
details reduced the buckling load slightly and wide variations in
parameters show almost no change. Therefore, for design it is
recommended that a 10 percent reduction of the lateral buckling
capacity calculated by Egq. (1.1) be applied to all the bottom
(tension) flange coped beams since Tables 3.1 through 3.3 show

reductions no greater than 14%.
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CHAPTER 4

DOUBLE FLANGE COPED BEAMS

4.1 Preliminary Studies

Two 20-ft simply-supported W16x26 beams with 8-in. and 24~
in. cope lengths on both flanges were used to study the effects of
double copes. Figures 4.1 and 4.2 show the buckling loads and
buckled shapes of both cases. Beam 1, with 8-in. long copes, buckled
at a load of 9.1 kips, which is 79 percent of the buckling load of
the uncoped beam (Fig. 2.2). However, Beam 2, with a 24-in. coped
length, showed severe cross-section distortion at the coped (rectan-
gular) section, and the uncoped (I) section simply rotated due to
buckling of the coped region. The copes reduced the buckling

capacity of Beam 2 to 32 percent of the uncoped case.

4,2 Proposed Design Model

The behavior of double-coped beams is similar to that found
in beams with only the compression flange coped (Chapter 2).
However, for double-coped beams, the coped region has a rectangular
cross-section which gives a much smaller buckling load compared to
the tee section. Therefore, the reduction in buckling strength of
the beam will be much larger for double~-coped beams if the buckling
is controlled by the coped region. The preliminary design model of
double-coped beams proposed accordingly is shown in Fig. 4.3. The

interaction of the buckling load of the rectangular section in the
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coped region and the I-section over uncoped region is given by
VPRec + 1/PLTB = 1/PCY‘ (4.1)

PRec is the buckling load of the coped region which can be calculated

from the following equation for critical buckling moment.
MRee = (/L) EIyGJ (4.2)

where L is taken as 2c, For the Pirp calculation, Eq. (1.1) is used.
The two cases given in Figs. 4.1 and 4.2 were used to check the
proposed design model, Eq. (4.1). Case 1 with 8-in. copes in both
flanges yields Pop = 8.5 kips, which is 7 percent lower than the BASP
prediction. Case 2 with 24-in. copes predicts Pcr = 2.58 kips, which
is 42 percent lower than the BASP solutions.

For the first case, Eq. (4.1) gives a fairly good result
compared with the BASP solution; however, Eq. (4.1) underestimates
the buckling load of Case 2 by 42 percent compared with the BASP
result. The reason for this conservative solution is due to the
conservative approach of Eq. (4.2) which assumes uniform moment along

the entire span of 2¢.

4.3 Parametric Studies

As discussed in Chapter 2, two bracing conditions, with and
without brace at the load position, and three parameters, span
length, cope length and cope depth, were studied to check and modify

the design recommendations proposed above. For practical reasons,

68



only coped beams with a cope length less than twice the beam depth (c
< 2d) and with a cope depth less than one-fifth the beam depth (dg £
0.2d) were considered in this study. |

4.3.1 Variation of Span Length. The span length was varied
from 5 ft to 30 ft and a coping detail with C = 8 in. and de = 1.5
in. on both flanges was adopted for this study. The BASP results for
the two bracing cases along with Eq. (4.1) solutions are plotted in
Figs. 4.4 and 4.5, respectively.

As in top flange coped beams, Eq. (4.1) gives results very
close to the BASP predictions for the case without a brace at the
load position. However, when there is a brace at the load position,
Fig. 4.5 shows that Eq. (4.1) results in a very conservative solution
since only one end of unbraced span is coped in this case. Thus, Eq.
(4.3), as follows, is proposed to reduce the interactive effects
between the coped and uncoped region for a beam with coping only at

one end of unbraced span.
2 2 - 2
1/PReC + 1/PLTB = 1/Pcr. (4-3)

The results of Eq. (4.3) shown in Fig. 4.5 give better agreement with
BASP than results from Eq. (4.1). However, since Eq. (4.2)
conservatively neglects moment gradient in the coped region, Eq.
(4.3) underestimates the buckling loads for short beams which are

controlled mainly by coped region buckling capacity.
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Yielding of the cross-section with Gr. 50 material is not
shown in figures since it is much higher than the buckling loads of
the studied cases.

4.3.2 Variation of Cope Length. The cope length was varied

from 0 to 32 in. to check Egs. (4.1) and (4.3) for both bracing
conditions. A cope depth = 1.5 in. and span length = 20 ft were used
in this study. The calculated results compared with BASP results are
shown in Figs. 4.6 and 4.7, respectively.

In Fig. 4.6, Eq. (4.1) gives reasonable solutions compared
with the BASP results and in Fig. 4.7, Eq. (4.3) shows better
agreement with BASP solutions for the Case 2 bracing conditions.
Except for the Case 2 condition with a cope length smaller than 6
in., which will be controlled by yielding of the cross-section as
shown in Fig. 4.7, the coped beams in this study failed in elastic
lateral buckling.

4.3.3 Variation of Cope Depth. The cope depth was varied

up to 0.2d to check Egs. (4.1) and (4.3) for both bracing conditions.
A cope length = 8 in. and span length = 20 ft were adopted throughout
this study. The theoretical results obtained from BASP are compared
with calculated results (Eqs. (4.1) and (4.3)) and shown in Figs. 4.8
and 4.9.

Equation (4.1) shows very good agreement with BASP solutions
for the case 1 condition (no bracing at the load position) in Fig.
4.8. However, Eq. (4.3) gives results slightly higher than BASP

solutions for the cope depth larger than 1.2 in. for the brace case 2
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Double Flange Coped Beams
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(Fig. 4.9) due to the tipping effects caused by deep copes as
discussed in Sec. 2.5.3. Nevertheless, since there is a cope depth
limit of 0.2d in double coped beams, the tipping effects are much
less significant than top flange coped beams with a d, £ 0.5d. For
design purposes, the tipping effects due to cope depth can be

neglected in this case.

4.4 Proposed Design Recommendations

The interaction equations (Eqs. (4.1) and (4.3)) are recom-
mended for double flange coped beams. Equation (4.1) is used when
the copes at both ends of the unbraced span and Eq. (4.3) is applied
to the unbraced span with the cope at one end of the span only. The
summary of the design recommendations along with the design examples

are given in Chapter 7.
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CHAPTER 5

TEST PROGRAM AND RESULTS

Six tests were conducted on top (compression) flange coped
beams to check the reliability of the BASP program and proposed

design recommendations.

5.1 Test Specimens

A single length of W12x14 section with a nominal yield
strength of 50 ksi was used for six elastic lateral-torsional
buckling tests. The specified and measured coping details are given
in Fig. 5.1. Test LTB1 has no cope and is used for comparison.
Tests LTB2 to LTBY4 have the same cope depth but different cope
lengths, and, conversely, tests LTB5 and LTB6 have the same cope
length but different cope depths. The measured section properties of
the W12x14 are as follows: be = 3.972 in., tp = 0.239 in., t, =
0.212 in., d = 11.884 in. Based on these dimensions, the following
section properties were calculated: A = 4,317 in.2, Iy = 90.6 in.u,
Iy = 2.51 in.u, J= 0.072 in.u. The average static yield strengths
of two tensile coupons cut from the flanges and from the webs are
57.4 ksi and 55.3 ksi, respectively. ,
In order to minimize the end restraints so a conservative

pinned-end condition is approached, a shear end-plate connection was

used in the tests as shown in Fig. 5.1. The end plates were 10 gage
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material (t = 0.1335 in.). An 8 in. gage distance and a 3-in. spacing
were used for the four bolts. To further reduce in-plane and lateral
end restraint, the end plate and supporting column were separated by
placing two washers between them at each bolt location. This has the
effect of minimizing connection stiffness resulting from prying
action. Standard 13/16 in, diameter holes for 3/4-A325 bolts were
used. The fillet weld size is 1/8 in. using E60 electrodes. Turn-
of-nut tightening method was used to provide the bolt tension

required by 1978 AISC specification,

5.2 Test Setup

The test arrangement shown schematically in Fig. 5.2 was
designed to apply determinate forces to the test connection. For
simplicity, the beam was loaded upside down. A reaction floor and
wall system served as the loading frame. A photograph of the test
setup is shown in Fig. 5.3. The stub column to which a test
connection was bolted consisted of a W10x89 section with 13/16 in.
bolt holes. The stub was bolted to the vertical reaction wall.

Load was applied to the test beam, 114.3 in. from the face
of end plate connection, by a 60 ton’hydraulic ram. A 50 kip load
cell centered underneath the ram measured the applied load. The
hydraulic pressure was also monitored to provide a second indication
of load. The load position was chosen to produce elastic buckling of
the test span while minimizing the restraint of the adjacent span. A

roller assembly was placed between the bottom flange of the test beam
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and load ram so that longitudinal movement was permitted. A
schematic and photo of the loading system are shown in Figs. 5.4 and
5.5, respectively.

A 10 kip tension load cell was located 108.9 in. from the
center of the load ram. The load cell was connected to the test beam
and floor beam by a bracket arrangement with pinned end connectors
which allowed longitudinal movement of test beam as shown in Figs.
5.6 and 5.7.

The test beam was supported laterally at the load and
reaction positions by out-of-plane bracing systems as shown in Figs.
5.4 and 5.6. Adjustable brace plates with slotted holes prevented
lateral movement but allowed vertical movement of the beam. Two
floor beams were tied onto the reaction floor to support the out-of-
plane bracing and to connect the reaction load cell as shown in Fig.
5.2. An additional adjustable stop was placed near the mid-span of
test span (Fig. 5.2) to prevent large lateral movement which would
cause yielding on the compression flange. The maximum lateral move-

ment allowed at the adjustable stop position was about 3/4 in.

5.3 Instrumentation

The hydraulic ram was controlled with a hand pump. The
magnitude of the applied load was determined by the calibrated 50 kip
load cell and verified by two pressure transducers, one linked to a
strain indicator and a second connected to an x-y plotter. A

pressure gage also served as a further check on the pressure to the
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ram. The far-end reaction was established by a calibrated 10 kip
load cell. With this arrangement the moment and shear at the end
plate connection could be determined by statics.

Six dial gages with 0.001 in. interval were used to measure
the in-plane deflection and an inclinometer capable of measuring an
angle change of 0.00003 radians was used to measure the rotation of
the connection. Figure 5.8 shows the arrangement of the in-plane
deflection instrumentation,

The out-of-plane deflection instrumentation was arranged as
shown in Fig. 5.9. A string was stretched parallel to the beam and a
scale with graduations to 0.002 in. was placed perpendicular to the
string at eight locations along the length of the compression flange
to measure the lateral movement. A potentiometer was also placed’at
location A in Fig. 5.9 so that an x-y plotter could monitor the load-
lateral deflection response., An inclinometer placed 7 in., away from
the potentiometer near the mid-span of the test span was used to
measure the twist of the compression flange.

The test beam was whitewashed in order to detect any

unexpected yielding.

5.4 General Test Procedure

The test procedure was generally the same for all tests.
Prior to each test, the dimensions of the cross section, coping
details and end plate connection were carefully measured using a

micrometer. Before applying load to the test beam, first loading
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stage data was taken as the self-weight of the beam which was
Supported by the connection and the far-end reaction,

Loading was applied in inecrements so that the data points
along the load-deflection curve would be nearly equally spaced, The
solid lines in Fig. 5.10 show a typical load-lateral deflection curve
monitored by the X-y plotter. Since a hand pump was used, the load-
ing between increments gives a wave-like appearance, each wave repre-
senting onevstroke of the hand pump. When the desired load level was
reached, pumping stopped and the load dropped to a stable (statice)
level after a few minutes. A solid dot indicates the static load at
each increment. The test was terminated when the applied load
reached at least 85 percent of the buckling load determined by
Southwell's method [16]1 in order to avoid yielding due to large
lateral deflection. After completion of each test, the test beam was
rotated (there was a connection fabricated on both ends of the beam)

or further coped in place, and a new test was conducted,

5.5 Moment-Rotation Characteristics of the Connections

Four tests as shown in Fig. 5.11 were peformed on beams with
the same size end plate connection as used in tests LTB1 to LTB6
(Fig. 5.1) to obtain the in-plane and out-of-plane moment~rotation
characteristics of connections. Results of the tests are shown in
Figs. 5.12 and 5.14, The behavior is represented by a plot of beam
moment, which was determined as the product of the dead weight times

the distance from the connection face to the centerline of the load,
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versus connection rotation obtained from the inclinometer reading.

Since the beam end moment twists the shear end plate, an
elastiec torsion analysis of the end plate with two extreme end
conditions (warping prevented and free to warp) as shown in Fig.
5.13(¢) was performed. When washers were used the top and bottom of
the end plate (points A and B) were free to rotate without contacting
the framing column as shown in Fig. 5.13(a). Without washers, the
bottom of the end plate makes contact with the column and the connec-—
tion rotates about point B in Fig. 5.13(b). However, probably due to
lack of full contact at the bottom of the end plate (point B), the
analyzed results are higher than the test results for Test 1 (without
washers) as shown in Fig. 5.12. The experimental results of Test 2
(with washers) are located between the two extreme analyzed cases as
shown in Fig. 5.13(c) but are closer to the "free to warp" case. The
slope of the unloading curve is very close to the "free-to-warp"
case. The stiffness of the connections without washers between the
end plate and the supporting column is about 2.5 to 3.5 times larger
than the connections with washers.

The experimental out-of-plane moment-rotation characteris-
tics of the connections show that both cases (with and without
washers between the end plate and the supporting column) give almost
the same curve. This may be due to lack of full contact between the
plate and column when washers were omitted. An elastic flexural
analysis with pinned end conditions as shown in Fig. 5.15 was used

for comparison, and the results are plotted in Fig. 5.14. The
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theoretical results are slightly higher than the test results. The
theoretical results are probably higher due to the assumption that
the beam is rigid between the end plate and the point at which the
rotation is measured.

Both the torsion and the flexural analyses give a good
indication of the in-plane and out-of-plane moment-rotation

characteristics of the end plate connection.

5.6 Test Results

An examination of the reduced test data showed that a plot
of applied load versus average deflection at the load point or
rotation measured by the inclinometer gave the best representation of
in-plane behavior and a plot of applied load versus critical lateral
deflection reading or flange twist afforded the best description of
the buckling phenomena of the test beams.

Becausé the in-plane behavior was similar, only one typical
test, LTB4, will be shown and discussed here. Figures 5.16(a) and
5.16(b) show the plot of load versus in-plane deflection and load
versus in-plane end rotation, respectively. When the load got close
to the buckling capacity, the plots became nonlinear even though the
test was still in the elastic range. The non-linear elastic response
can be seen in the unloading portion of the x-y plot given in Fig.
5.10.

The plots of load versus lateral deflection and flange twist

are shown in Figs. 5.17 and 5.18. The results of six tests were
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divided into two groups. Tests LTB2 to LTBY4 which were tests with
the same cope depth but varied cope length are plotted in Fig. 5.17
and tests LTB3, LTB5, and LTB6 which were tests with the same cope
length but varied cope depth are shown in Fig. 5.18. The results of
the uncoped beam, LTB1, are also plotted in the four figures for
comparison. Both the load versus deflection and the load versus
twist curves give very similar behavior. In order to avoid yielding
the test beam, the specimen was not loaded to maximum for all six
tests. However, it can be seen from Figs. 5.17 and 5.18 that the
maximum loads attained were very close to the ultimate loads. The
normalized buckled shapes of the compression flange of the six tests
are shown in Fig. 5.19. The buckled shapes are similar to those
developed theoretically in the previous chapters. For long and deep
copes, the test beam was simply rotating out-of-plane at the coped
region and the capacity of the beam was controlled by the coped
region.

While it is possible to calculate the end moment using
statics and the measured load and measured end reaction as described
inlSection 5.3, this approach proved unsatisfactory. A very small
error in the load and/or reaction affects the end moment
significantly. Since errors in measurement are inevitable, a wide
variation in calculated end moment was determined. Therefore, the
in-plane end moment of each test was obtained by using the moment-
rotation characteristic curve in Fig. 5.12 with the measured end

rotation. The end moment was converted to an eccentricity "e" by
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dividing it by the reaction at the connection. The average e of each
test presented in Table 5.1 is relatively small so that a pinned end
was closely approximated. The eccentricity was fairly constant

throughout the loading history of each test and the value was consis—

tent for all six tests.

TABLE 5.1 Average In-Plane Eccentricity "en

Test No. LTB1 LTB2 LTB3 LTBY4 LTB5 LTB6

e (in.) 0.30 0.27 0.31 0.31 0.33 0.31

5.7 Analysis of Test Results

When a column or beam is expected to buckle in the elastic
range, it is possible to get an accurate estimate of the experimental
buckling load without testing the structure to failure by plotting
the measured load and out-of-plane deformation in a particular
manner. Three different plotting techniques developed by Southwell,
Lundquist and Meck [16,17,18] were used to estimate the experimental
elastic buckling loads. However, the results of all three methods
gave almost the same results, so only the Southwell results will be
shown here. In a Southwell plot lateral deflection (or twist)
divided by the load is plotted against the same lateral deformation.
In an ideal situation, the data points fall on a straight line whose

slope is related to actual buckling load. Two typical Southwell
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plots of Test LTB4 are shown in Fig. 5.20(a) and (b) using two
different measured deformations, lateral deflection and twist,
respectively. The critical buckling load Pcr was determined by a
straight line passing through these data points using the least
squares method. Generally, initial data points were not considered
in obtaining P,,. due to the effects of small initial restraints of
the test setup and experimental error whose effects were more
pronounced at small values of load and deflection. The critical
loads determined by using lateral deflection or twist for Test LTBY4
give almost the same Pop: However, when coped depth increases,
localized distortion at the coped region effects flange twist data

which increases the differences between P obtained from the two

er
test data. Thus, the lateral deflection data was used to determine
the P,,. given in Table 5.2 since this data are considered more reli-
able. The highest measured test loads are also given in the table,
For reliable Southwell estimates, it is generally suggested that the
actual maximum test loads reach levels at least 70 percent of Pcr
[19]. In this test program, Pnax reached at least 87 percent of Pops

In order to check the reliability of the BASP program and
the design recommendations proposed in Chapter 2, two computer models
as shown in Fig. 5.21 were used. One is the design model which
assumes that the coping details and unbraced length are symmetric
about the load, defined as (PDesign)BASP' thus eliminating any

restraint of adjacent spans which is the usual design assumption.

The other is the test model which includes self-weight of the test
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TABLE 5.2 Lateral Torsional Buckling Test Results

Test No. LTB1 LTB2 LTB3 LTBY LTB5 LTB6

€, in. 0 6 12 18 12 12

d,, in. 0 1 1 1 2 3

Pops kips 15.27 14,20 13.15 11.08 11.95 11.86
Prox/Por 0.89 0.99  0.98  0.94 0.91 0.87
Por/PRASP .15 1.1 .17 1.23 114 1.20
Por/PDesign .27 1.33 1.60 1.74 1.72 1.88
Pcr/(PDesign)BASP 1.23 1.33 1.67 1.83 1.66 1.77
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beam, in-plane and out-of-plane end restraint and actual span length
of the test beam. The beam dead weight is shown upward in Fig. 5.21
because the beams were tested upside down as described earlier. The
buckling load of the second model is defined as PBASP' The results
of two computer models, (PDesign)BASP and Pgagps and the design
recommendation, PDesigh' divided by P,. estimated by the Southwell
plotting technique are summarized in Table 5.2. The buckled shapes
of the compression flange of the Ppgpgp solutions are plotted in Fig.
5.22 for comparison with the test results (Figs. 5.19). Both the BASP
results and the test results yield very similar buckled shapes.

The results in Table 5.2 show that both P, and P, are 10
to 20 percent higher than Pppgp. This can be attributed to the
restraints at the far end reaction and the load, the friction of the
bracing systems and the post buckling capacity of the beams.
Comparing the design recommendation, PDesign' to Ppasp shows that
PDesign gives very conservative results, especially when cope length
and cope depth are large. The reason is that PDesign was developed
assuming no restraint from adjacent spans. PDesign agrees fairly
well with (PDesign)BASP which also has no end restraint.

In summary, both the BASP solutions and the design
recommendations give conservative but reasonable results compared
with the test results. The buckled shapes developed by BASP also

compare favorably with the shapes measured in the experiments.
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CHAPTER 6

REINFORCEMENT AND OTHER DETAILS

6.1 Reinforcement

The BASP solutions indicate that coping the compression
flange will decrease the lateral buckling capacity of beams
significantly. In some instances the reduction can be more than 90%
of the uncoped buckling capacity as discussed in previous chapters.
Instead of increasing the beam size so the desired moment capacity
can be developed, it may be practical to reinforce the coped area
with stiffeners. The purpose of this section is to study the
influence of two types of reinforcing detail. The behavior of the
reinforced top and double flange coped beams are similar, so only the
results of top flange coped beams will be shown and discussed.

A simply supported beam, loaded and braced laterally at
mid-span as shown in Fig. 6.1 was chosen for this study. A W16x26
section and a span length = 20 ft were used throughout this
investigation. Two types of reinforcement as shown in Fig. 6.1 were
studied and the BASP program was used to determine the buckling
loads. Doubler plate reinforcement was not considered in this
lateral buckling study. The reason is that the lateral buckling
strength of coped beams is not only a function of cope length and
cope depth, but also the function of span length which will create an

infinite variety of situations. The purpose of reinforcement is to
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increase the testraints of the coped region and the effectiveness of
the restraint depends upon the torsional strength and stiffness of
the coped section. Tee sections are not as effective as wide flange
sections in torsional stiffness.

In Fig. 6.2, an extreme cope length, ¢ = 2d, was used so the
results could be safely applied to smaller cope lengths. The cope
depth and the length of stiffener (Lg) were varied to investigate the
behavior of two types of reinforcements as shown in Fig. 6.1. Figure
6.2 shows that Type B reinforcement is more efficient than Type A
reinforcement, especially when cope depths are large. This can be
explained by the tipping effect of the top flange at the end of the
cope as discussed in Section 2.5.3. In both reinforcing details, the
buckling loads are very low compared with uncoped beams when Lp = 0.
This can be attributed to web crippling at the termination of the
horizontal stiffener. When LR increases, the web crippling is elimi-
nated by distributing the concentrated load along the stiffener
length Lp. The results show that Ly > c¢/3 will be sufficient to
eliminate the web crippling problem. Only Type B reinforcement with
Lg = c/3 was adopted for further study since the Type A detail is not
very effective except for very small d,..

A parametric study with cope length and cope depth varied
from 0 to 2d and 0 to d/2, respectively, was undertaken and the
results are shown in Fig. 6.3. An unreinforced beam with an 8 in.
cope length and varied cope depth is shown dashed in Fig. 6.3 for

comparison. The results show that the reinforcement can increase the

b
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buckling load significantly. In fact, when cope length or cope depth
is small, say ¢ < d/2 or d, < 0.2d, the buckling capacity of coped
beams with Type B reinforcement can almost reach the original uncoped
buckling capacity. However, when cope length and cope depth are
increased beyond these limits, the buckling load of reinforced coped
beams cannot reach the uncoped buckling load. For design purposes,
the lateral buckling loads of the unbraced spans (10 ft in this
study) calculated by using the section properties of the reinforced
section R as shown in Fig. 6.3 instead of the uncoped section was
found to give conservative results. Figure 6.3 shows that the buck-
ling loads calculated by the reinforced section R can be used as the
lower bound for long and deep coped beéms.

In summary, Type B reinforcing details with Ly > e/3 is
recommended for top and double flange coped beams. No reduction of
lateral buckling capacity is needed for the reinforced coped beams if
the cope length is smaller than half the beam depth (¢ < d/2) or the
cope depth is smaller than 0.2 of beam depth (dg £ 0.2d).
Conversely, when ¢ > d/2 and d, > 0.2d, the reinforced section R is
used to calculate the lateral buckling capacity as shown by heavy
solid line in Fig. 6.3. For bottom flange coped beams, Type A
reinforcing details with Lg > dg is recommended and no reduction of

lateral buckling capacity is needed for the reinforced coped beams.
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6.2 Effects of End Restraint

Though most designers treat coped beam connections as
n"simple" (zero moment), the connection does possess a certain amount
of rotational rigidity that may influence the capacity of coped
beams. A top flange coped W16x26 beam was used to study the effects
of both in-plane and out-of-plane end restraint and the results are
shown in Fig. 6.4 and Fig. 6.5, respectively.

In Fig. 6.4, ¢ = 32 in. and dc = 1.5 in. were used to study
the effects of in-plane end restraint. The in-plane end restraint,
e, will increase the buckling capacity significahtly because the end
moment will decrease the maximum applied bending stress at the end of
the cope. However, Fig. 6.4 shows that it is unconservative to use
the distance between inflection points as the span length L. When e
= ¢, there is still a 20 percent reduction compared to the uncoped
beam buckling cpacity as shown in the figure. For bottom and double
coped beams, the end moment will produce compression in the bottom
which tends to decrease the buckling capacity of the coped region.

A beam fixed out-of-plane means warping is prevented. The
buckling strength of a coped beam with and without full warping
restraint is compared in Fig. 6.5. The out-of-plane end restraint
will increase the buckling capacity of coped beams as expected, but
only by about 20 percent. Since the out-of-plane end restraint
depends upon the web to restrain the uncoped region, it is not as

efficient as in-plane end restraint.
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CHAPTER 7T
SUMMARY, RECOMMENDATIONS AND DESIGN EXAMPLES

7.1 Summary

The lateral torsional buckling capacity of coped beams has
been investigated by a parametric theoretical study and tests. The
theoretical analysis considered parameters such as cope length, cope
depth, span length, and end restraints, of top (compression), bottom
(tension) and double flange coped beams. Web reinforcing details
have also been studied for different copes. Six tests on a W12x14
beam with different top flange coping details were used to check the
reliability of the theoretical results. The following is a summary
of the findings.

1. Top (compression) flange coped beams: the lateral
buckling capacity of the beams is controlled by the interaction of
the coped (tee) and the uncoped (I) section. In other words, if
copes are small, the behavior of coped beams is similar to uncoped
beams. Coﬁversely. if copes are long and deep, the capacity of coped
beams is controlled by coped region and the uncoped region simply
buckles with rigid body motion. An unbraced length with copes at
both ends has less capacity than the same length with only one end
coped as represented by Egs. (2.2) and (2.3), respectively.

2. Bottom (tension) flange coped beams: the cross section

distortion at the coped region causes a reduction of buckling capacity.
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However, the effects of bottom flange copes are much less than top
and double flange copes.

3. Double flange coped beams: the behavior of double
flange coped beams is similar to top flange coped beams except the
coped section of double coped beams is a rectangular section.

4, End restraints from connections and reinforcement can
increase the buckling capacity of coped beams significantly.

5. The theoretical results give conservative but reasonable
results compared with test results. The conservatism is due to
neglecting of the restraints from adjacent spans and restraint pro-

vided by the test fixtures.

7.2 Design Recommendations

In order to apply the previous recommendations to more
general design conditions, critical moments instead of critical loads
are used in the final design equations below to account for various
loading arrangements. The design recommendations for lateral tor-
sional buckling of coped beams are applicable to copes with a length
less than twice the beam depth (¢ < 2d) and with a depth less than
one-half the beam depth (d, < d/2) (for double copes do £ 0.2d in
each flange). Equations (1) to (6) below are used to define the

nomenclature used in the final design equations as follows:

_ ‘, 2 2, 2
Migg = (Cp m/Ly) VEI,GI + E2I.C, T2/Ly (1

where Cy is a bending coefficient depending upon the loading

conditions under consideration; Cp = 1.0 for uniform moment

119



and Cy = 1.75 + 1.05 Mgp/Myg + 0.3 (Mgu/Myg)2 < 2.3 for
linear moment diagram. For other loading cases, C, can be

found in the SSRC Guide [11].

Mg = (3/16)(n/(n+2)) E Ly d (,,3/d,2) (2)
where n = (16tgbp3ds2) / (Ly3t,3) (2a)
where Myip = (1/2) ELpd (t,3/de3) (3a)
Mpee = (T/2e)¥ EL/GJ [/ 1+ (Thy g/2)2 +TY /2] (%)
where ¥ p = (By/2¢) VEL,/GJ (4a)
oo 4 4 (4b)
B. = - [ — w - . (T : b
% - [ | [ (o=~ y) (o - t)]
p.o
3
£ bt
- £ £ ‘¢ _ t. 2
-GG -—=) [ == +b.t S
M'ree = Mee (1 = 1.5 do/d) | (5)
Mpeo = (/2¢)V E1,GJ (6)

(COMPRESSION) FLANGE COPED BEAMS:

Copes at both ends

1/MLTB + 1/((Lb/20) MTee) = 1/MCI”

for rolled sections and d, £ 0.2d
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1M gg + 1/((Lp/2¢) M'7ee) = 1/Mgp
for thin web members (h/t, > 60.0

or d, > 0.2d)

b. Copes at one end only

17U p)2 + 1/((Lyp/e) Mpee)? = 1/Mg, 2

for rolled sections and do < 0.1d

1700 pg)? + 1/((Lp/e) M'pee)? = 1/M 2
for thin web members (I/t, > 60.0

or d, > 0.1d)

2. BOTTOM (TENSION) FLANGE COPED BEAMS: a 10 percent reduction of

ljateral torsional buckling capacity of uncoped beams (Eq. (1)) is

used for all bottom flange coped beams.

Mer = 0.9 x Myrp

3. DOUBLE FLANGE COPED BEAMS:

a. Copes at both ends

1/MLTB = 1/((Lb/20) MRec) = T/Mcr

b. Copes at one end only

170 7p)2 + 1/((Ly/e) Mpee)2 = /Mg ?
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4,

WEB REINFORCEMENT:

a. Top and double coped beams:

Top Flange Coped Beams

STIFFENERS

(®) | A

If ¢ £ d/2 or dg < 0.2d, no reduction of capacity required

for reinforced beams.

If ¢ > d/2 and d, > 0.2d, the cross section properties in

zone R should be used in the LTB formulas along with the

Double Flange Coped Beams

STIFFENERS

®

total unbraced length L, (not 2c).

b. Bottom flange coped beams:

Lg=d¢

slly

\ STIFFENER

N —

\,J

Lg=C/a

u

No reduction is required for reinforced beams.
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7.3 Design Examples

Test LTB6 is used to illustrate the design procedure of top
and bottom flange coped beams. Test LTB3 with the same bottom flange
copes as top flange copes was used for a design example of double
flange coped beams.

In the following example problems, it is assumed that P is a
factored ultimate load. For allowable stress design where P is a
service load, a factor of safety of 1.67 is recommended so that

Paliow = Pop/1.67.
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Illustrative Example 1

Top (Compression) Flange Coped Beam--Test LTB6

< ~
oty =
A c
le N
[ " 1
/708.9 114 .3
12"
h
-F 348"
0212"
11.284" Z /
. 0.239" - e
N -y W/2X/4 )':7-773";
= il
J—
3.972"
= 4,317in2 A = 2,748in2
_ o4 - sl
Iy = 90.6in Iy = 22.62in
- .4 - .
Iy = 2.51in Iy = 1.26in
J = 0.072in" J = 0.045in"
c. = 84.6 in6
w

Crltlcal span BC, cope at one end of unbraced span only.

Since %E = 0.266 > 0.1, and h/t, = 53.8 < 60

Therefore, Eq (3) and Eq. (5) are used

Eq. (1) Mp7p = Cp Lgvfx GJ + E2L, C 7 /Lp2 = gy5k”

Eq. (1a) Cb = 1.75 was used for the critical span BC.
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. Eq. (3a) MTip= E/2Lbd(tw3/dc2) = 18793.6
Bq. (3) 1/M1T§

Eq. (4b) Bx ~

Il

3
[bf tf/‘iz +b

k"‘ 72

/&

_ K="
= 1/MTip + 1/MLTB____>MLTﬁ = 649.7
@/ e/ @ D - G-eptT - Get/2)

LG - /DM + 27 - e

==7.004
=(B /2CVEI /GJ = - - .
Bq. ha) Yo =3 /2GYELJGT = -2.437 (6=11600 ksi was used)
= I BT T 2
Eq. &) Mree —(U/ZC)J EIYGJ (/1 + (MYm/2)" + TYm/2)
Eq. G) Mg, = (1-1.5 dz/d) = 44065
) Tee M;I‘ee ' ¢ .
Therefore 1 1 1 Ll 1
B- Lb Tee cr
= k-"1
> M _ = 352.5

kips

2/108.9) .(M, /114.3)= 6.32

T



Illustrative Example 2

Bottom (Tension) Flange Coped Beam--same coping details, span length
and section properties as Illustrative Example 1 except the
copes are in the bottom flange,

Ly = 114.3", C =-12", d, = 3.16"

i

From Example 1— 5 My 7p = 673'K.;

o

10% reduction —— 3 M, = 0.9 M Tp = 606‘,_Ak.

223.2 cr - | 10,9 kips

Por = 708.9 * Tiz.3
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Double Flange Coped Beam--same coping details,

Illustrative Example 3

span length and

section properties as Test LTB3 except the copes are in both

flanges

11.884"

A= 4.317 i
I = 90.6
X

I =2,51
y

J = 0,072
C_ = 84,6
W

as shown below.

P
k- % %
A B C
le sle ]
e 1089 na.3/
i< 12”7 7\],
=‘~._==.=t -—JL. 1.170
J f_
0.212" /_, 2504
" WI2X14
D-.lz_sq i ”
- | | 19
3.‘772"I
1n2 A= 2,015 in2
in4 Ix = 15.17 in4
in4 Iy = 00,0075 in4
inZlL J=0,03 in4
. 6
in

Critical span EE, cope abt one end of unbraced span only.
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14

. =673 i
Eq. (1) MLTB 73 (Z;:;pizsr))rew.ous two

k-"l

T
Bg. 6) M = G- '\/EIyGJ=36.2

1 1 . 1
+ 7= T

( % (L, ) M
e g,

k_ll
> MCY_ = 306.9

P = 223.2 Mcr =,5 5Okips
cr 108.9 114.3 S S|
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7.4 Future Research

Further research should be conducted on the lateral-

torsional buckling of coped beams for the following conditions:

1.

Study the buckling capacity of tee sections and rectangular
sections which include the effects of moment gradient, coped
depth and load position.

Investigate the moment-rotation characteristics of other
types of connections and study their effects on lateral
buckling capacity of the coped beams.

Investigate the effects of adjacent restraining span. Test
results show that adjacent restraining spans will increase
the buckling capacity of coped beams significantly,
especially when copes are long and deep.

Study the post-buckling behavior of coped beams.

Extend the investigation to inelastic buckling of coped
beams, especially when the load point is not braced.
Investigate the effectiveness of the connection clip angles
in reinforcing the web, especially for the rolled sections.
Some experimental studies to verify the recommended
reinforcement details for improving the lateral-torsional
buckling capacity of coped beams are necessary. Also, a few
experiments should be used to check the theoretical buckling

solutions of double coped and bottom coped beams.
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Part II

LOCAL WEB BUCKLING
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CHAPTER 8

TOP FLANGE COPED BEAMS

In Section 1.2, some discrepancies between actual behavior
and current practice related to local web buckling of coped beams
were discussed. The purpose of the following chapters is to
investigate the web buckling behavior of beams with different coping
details and to develop reasonable and conservative design models and

recommendations.

8.1 Analysis Program

The computer program BASP as described in Sectin 2.1 was
used to determine elastic web buckling loads. For inelastic buck-
ling, a plastic bifurcation buckling analysis was used. The proce-
dure for determining the buckling load is as follows. At some trial
loading, the stress state is calculated and bending stiffness [KB]
and geometric stiffness [Kgl are computed based on these stresses.
The eigenvalue equation [KB]{A} = - [Kgl{A} is then solved and the
lowest eigenvalue obtained. IfXx = 1, the trial loading is the
critical one. If the Ais greater (less) than one, the trail loading
is less (greater) than the buckling load. Thus, the load is incre~
mented or decremented and the procedure is repeated until)l = 1. The
general computer program ABAQUS written by Hibbit and Karlsson, Inc.

[14] was used to compute the in-plane stresses by using tri-linear
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isotropic material properties [20] as shown in Fig. 8.1(a) and the
bi-linear material properties [21] as shown in Fig. 8.1(b) was used
in the bifurcation buckling analysis. The value of tangent modulus,
Ep =500 ksi, was estimated from the tensile coupon tests discussed in

Chapter 10.

8.2 Scope and Simplified Computer Model

The local web buckling of coped beams in which the
compression flange 1s braced laterally was considered in this study.
Bracing systems other than a continuously braced compression flange
were not considered in developing design provisions. However, a
brief discussion of other bracing systems can be found in Chapter 11.
In addition, only top (compression) and double flange coped beams
were studied since bottom (tension) flange coped beams could not have
local web buckling if no end moment is presented.

For practical purposes, only beams with a coped length less
than twice the beam depth (¢ < 2d) and with a coped depth less than
one-half the beam depth (d, < d/2) (for double coped beams, d, < d/5)
Wwill be considered. These same limitations were used in the lateral
buckling study presented previously. End restraints of the connec-
tion are not included in the design model in order to obtain éonser-
vative results. However, the effects of end restraint are discussed
in Chapter 11.

The simplified web-buckling model shown in Fig. 8.2 con-

sisting of a short piece of the end of a beam in which the compres-
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(a) Stress-Strain Curve for In-plane Analysis

]
YT 1 T Est= 500%S
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! |
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(b) Stress-Strain Curve for Buckling Analysis
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Fig. 8.1 Stress-Strain Curves of the Material
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L > 2d(or 2c)

Fig. 8.2 Simplified Loecal Web Buckling Model
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sion flange was not permitted to move laterally (flange braced at the
cope) was used throughout this study. The grid used in the finite
element model varied from problem to problem, depending on the cope
detail and beam size, so computational effort could be accurate yet
economical. For a particular problem, the element grid was refined
keeping the element aspect ratioc constant. The difference in buck-
ling loads was negligible. Some preliminary analysis showed that
this simplified model (Fig. 8.2) in which L > 2d or 2¢, whichever is
larger, gives a very good approximation for local buckling of full
length beams while greatly reducing the computational effort. The
difference between analysis on full length beams and the short com-

puter model was about 2 ~ 5%.

8.3 Elastic Local Web Buckling Analysis

A W16x26 beam with a 1.5 in. cope depth and three cope
lengths which varied between d/2 to 2d was analyzed to study the
behavior of elastic local web buckling of top-flange coped beams.
The buckled shapes and results of three different coped lengths are
shown in Figs. 8.3 through 8.5 which provide many important
structural characteristics. The cross-section buckled shape at the
maximum lateral deflection positions in the coped region is also
plotted in the figures. The approximate buckling lines and the
buckling orientation are also shown in the figures.

Since the neutral axis of the cross section is very close to

the bottom flange in the coped region, the cross section deflection
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Fig. 8.4 Buckled Shapes - Case 2 with ¢ = 16in.
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shapes in Figs. 8.3 through 8.5 show very little lateral movement but
signficant twist near the bottom flange. This suggests that a plate
buckling model in which the top edge is free and simple supports are
assumed at the bottom flange, the end of the beam and a vertical line
at the end of the cope as shown in Fig. 8.6 might accurately predict
the buckling load. A triangular load distribution is used at the
right end to approximate the bending stress distribution as shown in
Fig. 8.6. At the node points, bending stresses were input to provide
a linear distribution of stress for a zero moment at the left end and
the maximum moment at the right end. The bending stresses were
applied as the input data to eliminate the possible effect of shear
stresses. However, the buckled shape from the pléte buckling model
in Fig. 8.6 shows significant deviation from the shapes given in
Figs. 8.3, 8.4 and 8.5, especially for small cope lengths. The
critical end reactions based on the BASP solutions for beams with the
three cope lengths and the simple plate buckling model are given in
Table 8.1. The comparison shows the plate buckling model overesti-
mates the buckling loads of short coped beams (¢ < d) and underesti-
mates the buckling loads of beams with long cope (¢ > d). The
discrepancies between the actual behavior of coped beams and the

plate buckling model are discussed below.
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TABLE 8.1 Buckling Loads for Coped Beams
and the Plate Model.

Critical End Reactions (kips)

Cope Length (in.)

8 16 32
BASP 90.2k 29.6k 9,36k
Plate Model 142 .9k 24 .6k 6.16k

8.3.1 Effect of Stress Concentration. The bending stress

distributions at the cope line of the three cases studied are plotted
in Fig. 8.7 along with Mc/I calculated values. The two discontinuous
Mc/I solutions shown for each case are caused by the different
section properties on both sides of section A-A. The stress
distributions in Fig. 8.7 were determined using a 1.5 in. x 1.6 in.
finite element mesh size. The SCF at the cope, the BASP solution
divided by the Mc/I solution using I of the coped section, gets
smaller as the cope length increases. Also, as the cope length
increases, the stress concentration effect is limited to a small
length at the end of the cope. For the short cope length, Case 1,
the actual stresses are significantly greater than the Me/I stresses
all along the cope length. Thus, the effect of stress concentration
decreases if the cope length increases, not only due to the magnitude

of SCF but also the extent of stress concentration.
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8.3.2 Effect of Shear Stress. Figure 1.2 shows that both

bending stresses and shear stresses are high at the cope. Therefore,
it may be unconservative to neglect the shear effect on local web
buckling., If shear stresses dominate the buckling behavior, the
buckle should be oriented at about a 45 degree angle from a vertical
line. If bending stresses cause the web to buckle, the buckling line
should be vertical. Since the buckling load decreases as the cope
length increases, the effect of shear stresses on local web buckling
should also decrease when cope length increases. This can be seen in
Figs. 8.3 through 8.5 where the angle of the buckling line approach a
vertical orientation as the coped length increases which implies a
decreasing shear effect,.

8.3.3 Effect of Cope Depth. Normalized buckled shapes at

the top (cope line) for the three cases studied and free edge
deflected shape of the plate model are plotted in Fig. 8.8. It shows
that the shorter the cope length, the larger the lateral movement at
the coped corner. This implies that cope depth will have a greater
influence for the copes that are short., To study this influence, a
simple model was examined as shown in Fig. 8.9 in which the coped
corner is restrained laterally by a spring. The spring stiffness was
established by assuming cantilever action of the web plate above the

cope, d,, with a plate length also chosen as d, as shown in Fig.

8.9(b). The spring constant for a cope depth of 1.5 in. is 50

~kip/in. for a web thickness of 0.25 in.
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The plate model was analyzed to study the effect of cope
depth and the results are shown in Fig. 8.10. The reduction in
buckling load due to increases in cope depth is greater for short
cope lengths (c¢/hg = 1.0) than for long cope lengths (c¢/hy = 2.0). 1In
either case, however, the effect of cope depth does not appear to be
very significant since changing de from 1.5 in. to 7.5 in. (almost
d/2) in the W16x26 section results in a reduction of 4 percent for

¢/hy = 2.0 and 17 percent for c/h, = 1.0.

8.3.4 Effect of Rotational Restraint. The buckled shapes

at section D-D in Fig. 8.8 show that there is some rotational
restraint of the uncoped region which will increase the buckling
capacity of the plate model. A simple plate model as shown in Fig.
8.11, in which the line A-A is restrained out-of-plane by uniform
rotational springs, was used to study the effect of rotational
restraint. When the rotational restraint @szw(fixed out-of-plane
rotational restraint), the buckling loads of the short plate show a
larger relative increase than the long plate (1.76 vs. 2,48 for the
short and long, respectively). However, when K¢is small (say < 50
k-in./rad./in.), the relative differences between buckling loads for
various plate lengths are small. Since the rotational restraint
depends upon the thickness of the web and the magnitude of the cope
depth, the buckling shapes in Fig. 8.8 show that the rotational
restraints are small for coped beams, Besides, a uniform rotational
restraint and fixed lateral movement at the line A-A are conservative

assumptions. Therefore, as shown in Fig. 8.11, the effect of
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rotational restraint on buckling of coped beams is not as much as
shown by the plate model and the relative increase in buckling load
for the coped beams with various coped lengths is similar when Kgbis
small,

The discussion above shows that the SCF, shear and cope
depth will decrease the buckling capacity of coped beams, especially
when cope length is short, and the rotational restraint will increase
the buckling capacity. This explains why the simple plate model in
Fig. 8.5 will predict higher buckling loads than the actual buckling
loads for short coped beams and lower loads for long copes, Modifi-
cation of the plate model will be made according to a parametric

study undertaken in Section 8.5.

8.4 Inelastic Local Web Buckling Analysis

The elastic bending stress distribution discussed in Section
8.3.1 (Fig. 8.7) shows a high stress concentration factor at the
coped region for top flange coped beams. The high stresses cause
localized yielding at the coped region which will reduce the
stiffness of the web and force the beams to buckle in the inelastic
range as discussed in Chapter 1. The purpose of this section is to
determine whether localized yielding at the coped region will affect
the beam capacity. Before failure can occur by inelastic buckling,
the maximum Mc/I stress calculation in the coped region may reach the

yield strength which is also a structural limit for design.
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A W10x22 section with ¢ = 9 in., d, = 1.5 in., and Fy = 50
ksi (Fig. 8.12) was analyzed for in-plane stresses using the ABAQUS
program and an eigenvalue analysis as described in Sectio 8.1 was
then performed . For this problem, the critical end reaction was
found to be 30.0 kips. The elastic critical load for this same
problem is 94.1 kips indicating a 68 percent reduction in buckling
capacity due to inelastic action. The in-plane plastic stress
distributions are given in Fig. 8.12 for the critical buckling load
of 30 kips. Yielding spreads from the top of the cope to a distance
0.13d below the top. Strain hardening develops at the corner which
gives a maximum stress of 51 ksi. The elastic stress
distributions,Mc/I and V/hotw values with 30 kips 1oad,are also shown
in the figure, The localized yielding at the coped region reduces
the stress concentration and forces the actual stress distribution
closer to the Me/I and V/hgty calculations in the coped region. The
plastic shear stress distribution at line A is different from VQ/It
distribution but similar to average shear stress distribution
(V/hotw) except at the top of the cope. The discontinuity at the
coped corner region produces high bending and shear stresses which
causes localized yield as shown by the shaded zone in Fig. 8.13. As
yielding spreads, the beam fails in inelastic local web buckling at R
= 30 kips. The buckled shape shows that the maximum displacement
occurs much closer to the cope corner than that developed for elastic

buckling (see Fig. 8.3).

150



<

o
]
Q
—
>

N
ras

W|0x 22

i

PLASTIC SHEAR STRESSES

T <" 2 ELASTIC |
PLASTIC
ho [} V
! %“ o tw
|
O l T T . 0

20 30

®

T T T T T T T T T T T
5‘0 (ksi) 10 20 30 40 50 60 7O

Fy ©
Fig. 8.12 Plastic Stress Distributions at Coped Region

151



.5“‘ . % A
2" / 5

311 R
Localized Yielding Zone

WIOx 22

J

1.00

a.50

; :
00 3.00 6. 00 sfr 0o 12. 00 15.0
< >| {inches)

-0. 50

NORMALTZED LATERAL DELFLECTIGNS
0. 00

-1.00

Fig. 8.13 Buckled Shape of Inelastic Local Web Buckling

152



It is common practice to check for yielding in bending and
shear in the coped region neglecting stress concentrations. For this
problem, the Mc/I stress Will reach the yielding stress when the
reaction is 26.7 kips. Since this load is less than the inelastic
web buckling load, yielding controls. By studying other cases it was
found that the yield load using Me/I and V/hgt, to calculate stresses
always provided a lower bound when compared to the inelastic web
buckling solutions. Therefore, for design, checking yielding will

give a lower bound to the inelastic local web buckling solutions.

8.5 Proposed Design Recommendations

The objective of this research project was to develop
relatively simple, conservative design procedures to handle buckling
in coped regions. It is apparent from the discussion in the previous
sections that the problem is very complex and the number of variables
that affect the buckling strength is quite large. Closed form solu-
tions did not appear practical so it was decided to try using a
classical plate buckling solution which would be altered by factors
representing the principal variables such as cope length and cope
depth.

The basic plate model to be used in the design method is
given in Fig. 8.14, the plate buckling coefficient k given by the
solid line was obtained from the Japanese Column Research Council

Handbook [22] and further expanded and checked by BASP solutions.
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Using curve fitting techniques the plate buckling coefficient can be

given by

~
"

2.2 (hy/e)1+65  for e/ny ¢ 1.0

(8.1)

or k

2.2 (hy/c) for e/h > 1.0

The solution in Fig. 8.14 dées not consider important variables such
as stress concentration, shear stress, cope depth, and moment
variation from the beam end to the end of the cope. It was found
that all these factors could be considered by a single adjustment

factor, f, to the basic solution as shown below.

ﬂz E

2
For =k ———  (t /h )% | (8.2)
¢ 12(1-y%) W O©

but not more than Fy, where k is given by Eq. (8.1) and f is defined

by
f=2c/d for ¢/d < 1.0
(8.3)

]
1]

1+ e¢/d  for e¢/d > 1.0

For é satisfactory design, the maximum Mc/I stress in the coped
region must be less than the buckling stress given by Eq. (8.2).
Further discussion of the development of the f factor is given below.

The calculated top fiber bending stress varies linearly from
zero at the end of the beam to a maximum ;t the cope corner as shown
in Fig. 8.15. This problem was solved and the critical stress, Ogp2s

was compared with results given in Fig. 8.14, O op. The ratio
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Gcrzb or given in Fig. 8.15 was found to be almost a constant of 2.0
for the three different aspect ratios, c/ho, of 1.0, 2.0 and 3.0
considered. Thus, the moment gradient could be handled directly by
changing the coefficient 2.2 in Eq. (8.1) to 4.4. However, since the
moment gradie‘nt effect was found to be a constant, it was decided to
include it in the f factor.

The value for f given in Eq. (8.3) was developed from the
solutions to the three basic cases given in Section 8.3 The BASP
results from these three cases were equated to Eq. (8.2), the value
of f was calculated and the results plotted in Fig. 8.16 by the open
circles as a function of c¢/d. A conservative bilinear expression for
f given by Eq. (8.3) was fit to these results. A conservative
approximation was used for c¢/d < 2.0 to account for the reduction
that could occur because of cope depth. Recall that in Section 8.3,
Fig. 8.9, reduction up to approximately 20 percent might be expected
if cope depths approached d/2.

To check the reliability of Egs. (8.2) and (8.3), BASP
solutions were developed for the cases shown in Figs. 8.17 and 8.18
and the results compared to the design recommendations. In Fig.
8.17, cope length is varied for two different web thicknesses, 0.25
in. and 0.10 in., and a 1.5 in. deep cope for a W shape with the same
flange and beam depth as a W16x26 section. The results indicate that
the design recommendations are conservative for d/tW ratios between
62.8 and 157.0. In Fig. 8.18, the cope depth is varied for the same

two sections (tw = 0.25 in. and 0.10 in.), with a constant cope
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length of 13.5 in. The design equations are very close to the BASP
results for deep copes (large d,/d) but are about 20 percent
conservative for shallow copes. Thus, for a wide range of
parameters, the design recommendation gives results close to the
theoretical buckling solutions generated by BASP.

In addition to the design buckling equations given by Egs.
(8.2) and (8.3), the maximum Mc/I and V/h t, stresses must also be
compared to the yield stress which will be a lower bound to inelastic
local web buckling. To give some indication when yielding controls
the design, the results from Eq. (8.2) are plotted in Fig. 8.19 for
different d/tw ratios, various c¢/d and a hy, = d (only the top flange
missing). Since almost all rolled W sections have d/t, < 60, the
cope lengths must be greater than the depth of the section for steel
with Fy = 36 ksi for buckling to occur before yielding. As the yield
stress increases, the cope detail becbmes more susceptible to web
buckling. If d/ty is less than 42 and e¢/d < 2.0, then buckling need
not be checked; yielding will control. For built up sections like
plate girders with thin webs, web buckling is much more likely to
control for common cope lengths. For d/tw = 150 and a cope length

equal to 0.2d, the buckling stress will be less than 0.5 Fy for A36

steel (Fy = 36 ksi).
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CHAPTER 9

DOUBLE FLANGE COPED BEAMS

9.1 General
The same computer programs and simplified model as described
in Sections 8.1 and 8.2 were used to study beams with both flanges

coped. Beams with a coped length less than twice the beam depth (¢ <

e

2d) and with a coped depth less than one-fifth the beam depth (dg
d/5) symmetrically on both flanges were considered. As in the study
of top flange coped beams, the effects of end restraints were not
included in the design model in order to obtain conservative results.

In Section 8.4 it was found that yield loads using Me/I and
V/hotw to calculate stresses always provided a lower bound when
compared to the inelastic local web buckling solution of top flange
coped beams. As will be seen later, the effects of stress
concentration of double flange coped beams are much less than top
flange coped beams. Thus, it is convenient and conservative to use
the same criteria as top flange coped beams for inelastic local web
buckling of double flange coped beams. Therefore, only elastic local
web buckling analysis of double flange coped beams will be studied in

this chapter.
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9.2 Elastic Local Web Buckling Analysis

A W16x26 beam with a 1.5 in. cope depth and three cope
lengths which varied between d/2 to 2d on both flanges were analyzed
to study the behavior of elastic local web buckling of double coped
beams. The buckling shapes and results of three different cope
lengths are plotted in Figs. 9.1 to 9.3. The buckled shapes show
that a significant lateral movement of the bottom of the web (tension
side) occurs. This is different from the buckled shapes developed
for beams with top flange copes where no significant movement
occurred at the bottom flange. For top flange copes, treating the
web as a plate with simply supported boundaries along the bottom and
two vertical sides and a free boundary along the top correlated with
actual behavior. But this model cannot represent buckling of double
flange coped beams since both the top and bottom of the web move
laterally. Also, the neutral axis of the coped region is located at
mid-depth.

The buckled shapes giveh in Figs. 9.1 to 9.3 suggest that
the web buckling can be modeled as a lateral-torsional buckling
problem of a rectangular section with span ¢ and a moment diagram as
shown in Fig. 9.4. The critical buckling moment of simply supported
rectangular section beam is

Mop = Cp (T /kge) VEIYGJ (9.1)
where Cp, is the moment gradient coefficient and ky is an effective
length factor that reflects the out of plane restraint conditions at

the two ends of the span. Cp = 1.75 for the case of linear moment
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diagram with zero moment at one end and Mcr at the other end. The
critical end reactions based on BASP solutions for the three cases
studied and the lateral buckling model (Eq. (9.1)) are given in Table
9.1. The comparison shows that the ratios of BASP solutions and Eaq.
(9.1) are almost the same for the three different cope lengths if
Cp/ky is taken as a constant, This implies that the effects of
stress concentration, shear stress, cope depth and rotational
restraint are almost the same for different cope lengths. This can
be explained by the bending stress distributions of the cases studied
as shown in Fig. 9.5. The same finite element mesh size as used for
top flange cope beams was used in this analysis. It shows that the
SCF at the cope (1.03 to 1.16) is significantly decreased compared to
the SCF in top flange coped beams (1.33 to 1.89--see Fig. 8.7).
Therefore, the effect of the stress concentrations are smaller in
double coped beams as compared to top coped beams. For double
flange coped beams all these effects can be considered in a single
adjustment factor, fy, to the basic formula, Eq. (9.1), which is

developed later.

9.3 Discussion of the Proposed Design Models

The lateral buckling model (Fig. 9.4) gives good indication
of the buckling load of double coped beams. If the moment gradient
coefficient Cp is included in the adjustment factor, fg4, which
accounts for the effects of SCF, shear stress, coped depth and

rotational restraints, the design formula can be written as
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TABLE 9.1 Comparison of BASP Solutions with
Lateral Torsional Buckling Model

Critical End Reactions (kips)

Coped Length (in.)

8 16 32
BASP 82.0 21.2 5.18
Eq. (9.1) 29.5 Cp/kg 7.38 Cp/kg 1.84% Cp/kg
BASP/Eq. (9.1) 2.78/(Cb/kd) 2.87/(Cy/kq) 2.81/(Cp/ky)

169



sueeg podop a8ueg oTqnoq 103 sur] padoy dol 1B SUOTINGTIAIST(Q SSIALS Jurpusg

{ sayauy) e 2 >
_ 00 g% 00 *0b 00 "2€ 00 %2 0091 00°8 00°0Q,
i 1 i 1 L L
M — — — w
—
[ ¥)]
g0’ = 438 O
=4l
A:_Nmuov ¢ 8sp)y (2)

LN

(=]

o

. 2 o
00 "8¥ 00 0¥ 1 00 *¢¢ 00 °¥e 00 91 00°8 00°q,
1 1 1 ] i i

— \ m_
[ T)]
vo 1 = 435 L0
=3

Ln

(491=0) 2 @03 (a)

oo

€6 "8T4

( sayauy)

00 ‘2€ Ao.vm
1 i

(y8=0) + 30D (D) |

H\US_ —_——————

dsve

N
cad ¥
o4
e
(=] H
o

170



Mor = fg (m/ ) ELGJ | (9.2)

Equation (9.2) can be further simplified by substituting Iy = (1/12)

hotwg’ J=(01/3) hotw3 and G = E/2.6, to become
My = £q (TTE hoty3)/9.67 c (9.3

In addition, Fgp = Mgy hg/2Iy and Iy = (1/12) ho3t,, Eq. (9.3) can be

rewritten in terms of critical bending stresses,

Fop = 0.62 TE (t,°/c hy) f4 (9.4)

Equation (9.4) is similar to Eq. (8.2) (plate buckling model) of top
flange coped beams.

To further study the relationship between the plate buckling
and the lateral buckling design models, the critical load of a double
coped beam is calculated by Egs. (8.2) and (9.4), and the ratio of

these two equations is

1]

Eq. (8.2)/Eq. (9.4) £/ £y for e¢/hg > 1.0

(9.5)

Eq. (8.2)/Eq. (9.4) = (ho/e)%:65 (£/£4) for o/hy < 1.0

Equation (9.5) shows that when e¢/h, > 1.0, the only difference

between the two design models is the adjustment factors f and fgy.
The adjustment factor f is a function of cope length, but f‘d almost
remains constant for different cope lengths., In other words, the

buckling capacities of top flange coped beams are affected by cope
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length more than the double cope beams are. When c/ho < 1.0, the
differences between the two design models are not only the adjustment
factors, but also the ratio of h,/c. The reason is that when the
cope length decreases, the plate buckling coefficient k, which is a
function of hy/c, in Eq. (8.2) increases very fast (Fig. 8.14).
Although the two design models (plate buckling model for
top flange coped beams and lateral buckling model for double coped
beams) used for coped beams appear to have very different
foundations, the principal variables in the design equations are the

same in both cases.

9.4 Proposed Design Recommendations

The basic web lateral buckling model with an adjustment
factor, fg,» (Eq. (9.4)) is recommended as the design method for
double flange coped beams. It was found that for various coping
details, the adjustment factor, fqs to the basic Eq. (9.4) could be

taken as

fd = 305 - 7-5 (dc/d) (9-6)

For design the maximum Mc/I stress in the coped region is compared to
Eq. (9.4). Further discussion of the development of the fj factor is
given below.

The value of fy given in Eq. (9.6) was developed from
solutions for a W16x26 beam with a constant cope length (8 in.) and

various cope depths (0 ~ 0.2d) on both flanges. The BASP results of
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these cases were equated to Eq. (9.4), the value of fq was calculated
and the results plotted in Fig. 9.6 by solid line as a function of
do/d. A conservative linear expression for fy given by Eq. (9.6) was
fit to these results. Figure 9.6 shows that fq decreases as cope
depth increases.

To check the reliability of Egs. (9.4) and (9.6), BASP
solutions were developed for the cope geometries studied in Section
9.2 (varied cope length) and above (varied cope depth) but with a web
thickness ty = 0.1 in. (d/ty = 157). The results are compared with
solutions for t, = 0.25 in. and Eq. (9.6) and are summarized in
Tables 9.2 and 9.3, respectively. The comparison shows that the
design equations (Egs. (9.4) and (9.6)) give conservative results
which are close to the theoretical buckling solutions obtained by
BASP,

In addition to the design buckling equations, Egs. (9.4) and
(9.6), the maximum Me/I and V/hgt,, stresses must also be checked with
the yield stress which is close to inelastic local web buckling.
These same yielding criteria were used in top flange coped beams.
The results from Eq. (9.4) with a d, = 0.1d, but different d/t
ratios and various c¢/d are plotted in Fig. 9.7 to give some
indication when yielding controls. Figures 9.7 and 8.19 for top
flange coped beams show a lot of similarity., In fact, the same
design rules mentioned in Section 8.5 can be applied to double coped
beams. For example, for all rolled W sections with ¢ < d and Fy = 36

ksi, or sections with d/t < 42 and ¢/d < 2.0, the buckling need not
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TABLE 9.2 Double Flange Coped Beams-~Variation of

Cope Length

Cope Length (in.) 8 16
t, = 0.1 in, 2.89 2.92

fq (BASP)
ty = 0.25 in.  2.78 2.87

TABLE 9.3 Double Flange Coped Beams--Variation of Cope Depth

Cope Depth (in.) 0.5 1.5 2.5 3.5
t, = 0.1 in. 3.54 2.89 2.57 2.31
f4q (BASP)
ty = 0.25 in. 3.38 2.78 2.39 2.13
fq (Eq. (9.6) 3.26 2.78 2.30 1.83
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be checked; yielding controls. For thin web plate girders, local web
buckling is much more likely to control for common cope lengths., It
should be noticed that, for thin web plate girders, the buckling
stress for c¢/d £ 1.0 of double coped beams is higher than top flange
coped beams. This is due to the difference in section properties of
the coped region and the different adjustment factors for the two

types of coped beams.
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CHAPTER 10

TEST PROGRAM AND RESULTS

10.1 Test Specimens

4 total of ten tests were performed to study local web
buckling in top (compression) flange coped beams. No tests were
conducted on beams with double copes. The specified connection
details can be seen in Fig. 10.1 and actual measured coping details
are listed in Tables 10.2 and 10.3 later. The first five connections,
labeled W1, W2, W3, RB18A, and RB12A, deal with the problem of
inelastic local web buckling. These five tests were designed to
study shear and flexural inelastic web buckling and the effects of
end restraints., The remaining five connections were designed to fail
by elastic local web buckling. The principal parameters considered
in preparing these test specimens were cope length, cope depth, ratio
of cope length to beam depth and elastic shear web buckling effects.
Tests W1 through W3 have welded clip angle connections and the other
seven tests have end plate shear connections. The connections were
designed to carry the ultimate buckling load only.

A1l test specimens were fabricated with one connection
detail at each end of the beams. The test beams for tests W1 through
W3 and RB18A are 10 ft long W18x35 sections with A36 material. Tests
RB12A through RB12D were fabricated from 12 ft long W12x14 sections

with A572 Gr. 50 material. The test beam for tests PB26A and 26B was
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a 13.7 ft long piate girder with h = 26 in., h/tw = 197 and Gr. 50
material. The measured section properties and the tensile coupon
tests results from the specimens are summarized in Table 10.1.

In order to minimize the end restraints, an 8 in. vertical
bolt line distance (see Fig. 10.1) was used and and washers were
placed between the end plate and supporting column in tests RB124,
RB12D, PB26A and PB26B. The other connections had a 5.5 in. vertical
bolt line distance and no washers. In tests W1, W2 and W3, 15/16 in.
diameter holes for 7/8-A325 bolts were used and 13/16 in. diameter
holes for 3/4-A325 bolts were used for other tests. Minimum weld
size was used for all test connections as shown in Fig. 10.1. The
turn-of-nut tightening method was used to provide the bolt tension

required by 1978 AISC Specification.

10.2 Test Setup

The test arrangement shown schematically in Fig. 10.2 is
similar to the lateral-torsional buckling test setup (Fig. 5.2) which
allowed the application of determinate forces to the test connection.
However, the out-of-plane braces were designed to prevent lateral-
torsional buckling; thus, the bracing systems were ndt located
exactly at load and reaction positions. Also, there was an extra
brace at the end of the copes to prevent the compression flange from
moving laterally. Except for test PB26B, the load position was
chosen not only to produce failure in the coped region but also to

minimize the effect of the load itself on the stress distribution in
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TABLE 10,1 Material and Section Properties

Tensile Coupon Test Results

Flange Flange Web Web : Strain
Test Static Static Static Static Hardening
Specimens Yield Ultimate Yield Ultimate Modulus
(ksi) (ksi) (ksi) (ksi) (Est.) (ksi)
Tests Wi-W4 37.6 60.3 39.4 62.3 Flange 504
RB18A Web 580
Tests RB124, 54.9 78.7 57.3 79.7 Flange 502
RB12D Web 468
Tests RB12B, 57.4 80.2 55.3 T7.7 Flange 510
TB12C Web 530
Tests PB264, 57.0 79.2 59.4 66.7 e
PB26B —-—
Measured Section Properties
Beam Flange Flange Web
Test Depth Width Thickness Thickness
Specimens d (in.) by (in.) te (in.) t,, (in.)
Tests W1-W4,
RB18A 17.85 6.00 0.439 0.304
Tests RB12A,
RB12D 11.88 3.97 0.239 0.212
Tests RB12B,
RB12C 11.96 4.00 0.239 0.217
Tests PB26A,

PB26B 26.50 6.00 0.181 0.132
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the coped region. The distance from the load position to the face of
the Supporting column is summarized in Fig. 10.2. The end reaction
was 108.5 in, from the face of supporting column for all tests except
Test PB26B in which the distance was 157 in. The reason that Test
PB26B was different from the others was because it was designed to
fail in elastic shear web buckling instead of local flexural web
buckling. Channel sections or 2xY4 wood stiffeners were bolted or
clamped to both sides of the web at the ram and the reaction
locations to prevent web crippling., A photograph of the test setup
is shown in Fig. 10.3.

The arrangement of the loading system was tﬁe same as for
the lateral-torsional buckling tests (Figs. 5.4 and 5.5). However,
30 ton, 60 ton and 200 ton hydraulic rams were used in these tests.
As for the reaction system, the same arrangement as shown in Figs.
5.6 and 5.7 was used with 10 kip or 100 kip load cells depending on
the test beam capacity. Figures 10,4 and 10.5 are photographs of the
200 ton loading system and the 100 kip reaction system, respectively.

The test beams were prevented from lateral movement in the
vicinity of the load, reaction and end of cope positions by an out-
of-plane bracing system as shown in Fig. 10.6, which is similar to
that used in the lateral buckling tests. However, if the coped
length of the test beam was smaller than 12 in., a bracing system as
shown in Fig. 10.7 was used to control lateral movement of the

compression flange near the cope.
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10.3 Instrumentation

The magnitude of the applied load was determined by two
pressure transducers, one linked to a strain indicator and a second
connected to an X-Y plotter. When the 30 ton ram was used, a load
cell checked the load measured by the pressure transducer. No load
cell was used with the other rams since there was good correlation
between the loads determined from the pressure readings and the load
cell., The far-end reaction was determined from the calibrated load
cell,

The in-plane deflection measureménts were exactly the same
as those wused in the lateral-torsional buckling tests (Fig. 5.8),
six dial gages and one inclinometer. In addition, a potentiometer
monitored by an X-Y plotter measured the vertical movement at the
load position. Web deflections were measured for all beams except
W1, W2 and W3 with the apparatus shown in Fig. 10.8 using 0.001 in.
dial gages.

Except in Test W1, strain gages with a gage length of 0.32
in. were spaced equally along the line A as shown in Fig. 10.9 to
study the stress distribution at the copes. In Test RB12D, two extra
pairs of strain gages were attached at lines B and C to check the
stress distribution away from the copes. Gages were placed at both
sides of the web. The rectangular rosette gages were used at the
corner of the copes to provide further information at the copes. All
strain gages, except rosette gages, were oriented parallel to the

longitudinal axis of the test beams. The rectangular rosette gages
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were oriented so that one gage was at 45 degrees to the test beam
longitudinal axis and two other gages were parallel and vertical.
The test beams were whitewashed from the connection to the

load position to detect the formation of yield lines.

10.4 General Test Procedure

The test procedure was similar to that described for the
lateral-torsional buckling tests except the tests were terminated

when the maximum load was reached and unloading occurrred.

10.5 Test Results

Loads, deflections, rotations and strain gage readings were
reduced from the recorded data. Examination of these test data
showed that reaction at the connection versus average deflection at
the load position curves, final buckled shapes (out-of=plane
deflection), and stress distribution curves gave very important
characteristics of the failure due to local web buckling.

In each reaction versus deflection curves, the reaction
determined by Eq. (8.2) for web buckling or for yielding, whichever
controls, is plotted on the figures for comparison. The symbol Rvy
indicates shear yielding of the web and Ry denotes flexural yielding.
It should be noted that these recommended values for design are
smaller than the BASP exact solutions which will be discussed in the
next section.

The results of the tests are divided into four groups. The

inelastic local web buckling will be discussed first, followed by
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elastic local web buckling. Photographs of the test specimens are
included in the discussions.

10.5.1 1Inelastic Local Web Buckling--Shear Yielding (Tests

W1, W2). Tests W1 and W2 were designed to fail in local web buckling
after shear yielding occurred in the coped sections. The reaction
versus deflection curves are shown in Fig. 10.10. Photographs of the
test beams are shown in Fig. 10.11. Figure 10.12 shows the bending
stress distributions at line A of Test W2, measured by the strain
gages.,

Figure 10.10 shows that the shear yielding criterion
predicts beam capacity fairly well. As expected, due to the larger
cope length of Test W2 which would increase the bending stress at the
coped region, Test W2 had slightly less buckling capacity and post
buckling strength than Test W1. However, both tests showed that even
with a thicker web at the coped region due to the presence of the
clip angles, the web had little capacity after the whole coped region
reaching shear yield. The buckling occurred very suddenly after the
coped regions were severely yielded as shown in Fig. 10.11. Figure
10.17 also shows that clip angles will affect the stress distribution
of the coped region as confirmed by the bending stress distribution
given in Fig. 10.12. Two load stages are plotted in Fig. 10.12. One
is in the elastic range and the other is in the inelastic range., The
stress distributions are different from Fig. 8.15 because of the clip

angles.
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10.5.2 Inelastic Local Web Buckling--Flexural Yielding

(Tests W3, RB18A, RB12A). Tests W3, RB18A and RB12A were used to

check the bending stress yield criterion. Test RB12A with washers
between the end plate and supporting column was designed to minimize
the end restraint effects. The reaction versus deflection curves,
buckling shapes, photographs and stress distributions are shown in
Figs. 10.13 through 10.16, respectively. Due to the sudden
occurrence of the buckling, the maximum loads in the reaction versus
deflection curves (Fig. 10.13) were estimated from the recorded X-Y
plots.

Tests W3 and RB18A gave higher maximum loads than predicted
by the bending stress yield criterion while Test RB12A showed fairly
good comparison. The differences occur because of in-plane and out-
of-plane end restraint effects. In Test W3, welded clip angles
provided both in-plane and out-of-plane end restraints. The measured
end moment divided by the end reaction gave an equivalent end
eccentricity of 3.9 in. before the beam failed in web buckling.
Since the flexural yielding was localized, restraint provided by the
clip angles increased the buckling load. In Test RB18A, though the
end plate connection reduces the out-of-plane end restraint
significantly, test results show very large in-plane end restraint (e
= 8 in. before failure) which reduces the stress level at the coped
region and eventually increased the buckling capacity. In Test

RB12A, the end plate connection was carefully designed to minimize
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the in-plane end restraint; thus, the test results agree fairly well
with the flexural yield stress criterion.

Normalized buckled shapes in Fig. 10.14 are similar to those
developed by BASP solutions as discussed in Sec. 8.4. The angle of
the buckling line is related to the magnitude of shear effects. The
data show that Test RB12A has higher shear effects than RB18A.

Figures 10,15 and 10.16 show that the clip angle connection
affected the web stress distribution of Test W3 as discussed in Tests
W1 and W2. However, the measured distributions at line A (Fig.
10.16) of Tests RB18A and RB12A did not appear to be affected by the
end plate connections. Two load stages for each test in Fig. 10.16
were chosen as elastic and inelastic loading stages.

10.5.3 Elastic Local Web Buckling--Rolled Sections (Tests

RB12B, 12C, 12D). Three W12x14 test beams with different coping

details were designed to fail in the elastic local web buckling
range. Figures 10,17 through 10.21 give the reaction versus
deflection curves, buckling shapes, photographs and stress
distributions of Tests RB12B, RB12C and RB12D. All three tests
yielded very similar results. The reaction versus deflection curves
(Fig. 10.17) show that the test beams behave linearly before reaching
the buckling load and have very little post-buckling strength.
Equation (8.2), because of the approximations in its development,
predicted conservative solutions for all three tests. A more exact

analysis will be discussed in the next section.
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From Fig. 10.18 it is easy to see the effects of shear and
cope depth, For short cope lengths which give the highest reaction,
the inclination of the buckling line is almost Y45 degrees whereas the
line is vertical in Fig. 10.18(c) for the longest cope. The buckled
shapes are very similar to the BASP solutions as discussed in Chapter
8 and will be further compared in the next section. Due to the
similarity of the buckled shapes, only one photograph taken from Test
RB12C is shown in Fig. 10.19.

Figure 10.20 shows that the stress distributions at line A
are similar to typical elastic bending stress distributions as shown
in Fig. 1.2, In order to provide further information, two extra sets
of strain gages were placed at lines B and C for Test RB12D. The
results in Fig. 10.21 show that the stress distributions at lines B
and C are almost linear. In other words, the streés distribution
away from the coped region follows the Mc/I distribution which
confirms the theoretical study.

10.5.4 Elastic Local Web Buckling--Plate Girders (Tests

PB26A and 26B)., Due to the depth/thickness limitation of rolled

sections, two tests were performed on thin web plate girders which
allowed the beams to fail in elastic local web buckling for ¢ < d/2.
Test PB26A with ¢ = d/2 was used to check Eq. (8.2). Test PB26B was
designed to fail in elastic shear web buckling away from the copes
instead of failing in local web buckling. The purpose of this test

is to study the influence of elastic shear web buckling on local web
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buckling capacity. The test results are shown in Fig. 10.22 through
10.25.

Figure 10.22 shows that Eq. (8.2) and the shear buckling
formula give very conservative solutions for both tests. There are
two major reasons. One is the conservative approach of Eq. (8.2)
which has already been discussed. The other is the actual stress
distribution as shown in Fig. 10.25. 1In order to reduce the effects
of end restraint, a very thin and small end plate was used in the
connections, Since the ratio of the cope length to the beam depth is
small in these two tests, the bending stress distribution at line A
(Fig. 10.25) was drastically changed from the typical bending stress
distribution (Fig. 1.2). One extra set of strain gages was used in
Test PB26B (Fig. 10.25) to provide further information on stresses in
the coped region. Figure 10.25 indicates that the neutral axis for
the actual stress distributions is very close to the top of the cope
which reduces the compression area of the coped region and increases
the buckling loads significantly. Test results show that Test PB26A
failed by elastic local web buckling as expected. The non-linear
reaction versus deflection curve of Test PB26A in Fig. 10.22 is due
to a thin web with large initial out-of-flatness that caused one side
of extreme fiber of web to reach yield at early load stages.
Nevertheless, the localized yielding did not affect the maximum
buckling capacity.

The buckled shapes of Test PB26B (Fig. 10.23) show that the

failure mode is a combination of shear and local web buckling. When
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the reaction reached the shear buckling capacity, the shear panel
developed tension field action which provide post-buckling strength,
Finally, the reaction reached the buckling capacity of the coped
region and failed in combination of shear and local web buckling
modes. The flaking whitewash on the web gives a very good

indication of the final failure mode (Fig. 10.24).

10.6 Discussion of Test Results

The summary of the inelastic and elastic local web buckling
test results are shown in Tables 10.2 and 10.3 respectively. The
results from four more tests labeled 10-4, 10-7, 18-14, and 18-15
which failed by inelastic local web buckling that were taken from
another research project are also given in Table 10.2. The
connection details and load-deflection curves of these later four
tests are summarized in Appendix B. Web yielding strength and actual
measured coping details of each test are listed in the tables. The
highest measured test reactions, Rp.y, discussed in Section 10.5 are
used for primary comparison,

The reactions which cause theoretical first yield in
bending, Ry, and shear, Rvy’ are listed in Table 10.2, and the design
recommendation, RDesign’ which is underlined, is the lower value of
these two reactions. In order to further check the reliability of
the analysis programs and the design recommendation, RDesign' two
computer analyses were done on models from each of the specimens that

failed by flexural yielding. One analysis used the design model
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which assumes no end restraints in coped connections and the buckling
load obtained is defined as (RDesign)ABAQus- The other used the test
model which included the in-plane (end moment) end retraint
calculated from actual test results. The end moment taken from the
load stage before buckling was converted to an eccentricity "e" by
dividing it by the reaction at the connection. The eccentricity "e"
of each test was used in the analysis and listed in Table 10.2. Out-
of-plane restraint was not included in the analysis. However, a
thicker web was used for bolted or welded connections in determining
the critical reaction. The buckling reaction of the second model is
defined as RABAQUS‘ Since the entire web cross section is assumed to
reach yield when shear yielding controls, the analysis was not
performed for tests that failed in shear yielding or where the
maximum load was within 15 percent of the shear yielding reaction.
The current design method, based on Appendix C of the AISC
Specification, is also presented in Table 10.2 for comparison., It
should be noted that the AISC Detailing Manual design approach which
is not shown in Table 10.2 yields the same‘results as RDesign for
inelastic local web buckling. The buckled shapes of the top coped
line of the Rpppqus solutions along with test results for Test RB12A
are plotted in Fig. 10.26. The results from both analyses and the
test results yield very similar buckled shaﬁes.

In Table 10.2, both the shear and bending yield criteria
give conservative solutions compared to the test results. When shear

yielding controls, the predictions are close to the maximum reaction
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recorded with an average ratio of test over design recommendation
equal to 1.07. The good correlation is due to the fact that after
the entire coped region reached shear yield, there was little post-
buckling strength regardless of the types of connection., It also
indicates that the localized yielding due to stress concentration
will not reduce the inelastic local web buckling strength. The
accuracy of the design recommendation for cases when bending yield
controls depends on the magnitude of the end restraints. In-plane
end restraint will reduce the bending stress at the copes and out-of-
plane restraint will increase the buckling capacity of the coped
region. In addition, the bending yield stresses are more localized,
thus providing more opportunity for redistribution which can be seen
from the stress distributions shown in Fig. 10.16. Thus, the bending
yield criterion always yielded conservative results with an average
Rnax/Rpesign = 1.245 and a range of 1.07 - 1.,48. However, Rpegign
agrees fairly well with (Rpesign)ABAQUS which also has no end
restraints. Rppaqugs which included eccentricity, shows good
correlation with the test results Ryayx- AS expected, Appendix C's
design approach gives very conservative results, especially when the
cope length is long.

Table 10.3 summarizes the results of tests where failure
occurred by elastic local web buckling. The same definitions given
in Table 10.2 are used in Table 10,3 except (RDesign)BASP and Rpasp

are both determined by the elastic buckling program BASP and RDesign
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is calculated by Eq. (8.2). The coped line buckled shapes of Test
RB12C are compared with Rppgp results in Fig. 10.27, which shows very
similar buckled shapes.

Due to the conservative nature of Eq. (8.2), RDesign’ the
web buckling model as shown in Fig. 8.1 was analyzed using the BASP
program to obtain exact solutions for comparison. For the rolled
section fests, (RDesign)BASP gives reasonable and conservative
solutions. The conservative results can be contributed to the end
restraints of the connections. Rpgpgp» Which included eccentricity,
shows better agreement with the test results. As discussed in
Section 10.5, the BASP solutions yield very conservative results for
the two plate girder tests. The major reason is due to the fact that
the short end plate connections cause the neutral axis for the
actual stress distributions to be close to the top of the cope, not
the bottom flange, which increases the post-buckling strength of the
test beams significantly. However, the BASP solutions always give
conservative results. The AISC Detailing Manual design approach
gives very good results for the rolled section tests because the
buckling loads of all three tests are very close to the yield loads.
For thin web plate girders, the AISC Detailing Manual approach gives
very unconservative solutions., Again, Appendix C's design method
underestimates the ultimate capacity of the coped beams. It should
be noted that for coped beams with the same cope length, Appendix C's
approach yields higher buckling loads as the cope gets deeper as

shown for Tests RB12C and RB12D.
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CHAPTER 11

REINFORCEMENT AND OTHER DETAILS

11.1 Reinforcement

Coping can cause local web buckling and decrease the
capacity of beams significantly especiélly for the long and deep
copes and the thin web plate girders. The capacity can be increased
by using a thicker web. In some instances this may be expensive, so
it may be more practical to reinforce the web to increase the
capacity at the cope. The purpose of this section is to develop
recommendations for various types of reinforcing details that can
control web buckling. Because the behavior of the reinforced top and
double flange coped beams are similar, only the top flange coped beam
results will be shown and discussed.

Three types of reinforcement as shown in Fig. 11.1 were
chosen in this study. Type A uses a horizontal stiffener at the top
of the cope, Type B is similar to Type A but has a vertical stiffener
at the end of the cope and Type C uses doubler plates. The BASP
program was used to determine the buckling loads. A W16x26 section
with maximum top flange copes (¢ = 2d, dg = d/2) is used to
illustrate the behavior of Type A reinforcement. Cope line buckling
shapes for three different length stiffeners (Fig. 11.2) show that
the concentrated load in the stiffeners cause a web crippling type

failure and the reinforcing stiffeners deflect in a rigid-body
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motion. However, the longer the stiffener is, the higher the
buckling load. If the Lp > d, (see Fig. 11.1), the web crippling
load of a W16x26 section are higher than the yielding load of the
reinforced section R with Gr. 50 material as shown in Fig., 11.3. In
other words, for rolled sections, it is safe to use type A
reinforcement with Ly > dg since yielding will control the capacity
of beams., However, for thin web plate girders, type A reinforcement
will yield very low web crippling loads. Thus, for thin web plate
girders (d/t, > 60), type B reinforcement is recommended.

In Type B reinforcement, a vertical stiffener is added to
prevent rigid body motion of the horizontal stiffener. If LR = 0 for
type B reinforcement, even though the rigid body motion is prevented
by the vertical stiffener (assuming that the horizontal stiffener is
welded to the vertical stiffener), the concentrated load in the
horizontal stiffener may cause web crippling as shown in Fig. 11.4
since the horizontal stiffener acts like a flange which will develop
buckling stress. Thus, it is necessary to check the web for
crippling using standard AISC formulas. The stress in the stiffener
can be calculated using Me/I where M is the maximum moment at the
stiffener at line A-~A, the end of the cope. The bending force would
be the stiffener stress times the area of the flange. When
stiffeners are required, Lg 2 ¢/3 in type B reinforcement will be

sufficient as discussed in Chapter 6.
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The behavior of type C reinforcement is similar to type A
reinforcement but the web crippling load is higher since the
concentrated load of type A reinforcement is distributed vertically
along the thicker web at the termination of the doubler plate.
Thus, it is safe to use type C reinforcement for rolled sections as
long as Ly > de- In order to reach the yielding load of the coped
section, the required doubler plate thickness, td, is equal to ty
obtained from Eq. (8.2) (Eq. (9.4) for double copes) by using Fop =
Fy = For(ty) where For(t,) is calculated by Eq. (8.2) or Ea. (9.4)
using t, = web thickness.

In summary, type A and C reinforcing details with LR > dg
are recommended for rolled sections and type B reinforcement with Ly
> ce/3 1s recommended for thin web members (d/tw > 60.0)., If Lg=0
in type B reinforcement it is necessary to check web erippling using
standard AISC formulas. In addition, for all three types of

reinforcement, it is necessary to check the material yielding of the

reinforced section.

11.2 Effects of End Restraint

A top flange coped W16x26 beam with dc = 1.5 in. and various
cope lengths was used to study the effects of end restraint., The
results of both in-plane and out-of-plane end restraint are shown in
Figs. 11.5 and 11.6, respectively.

The results show that the in-plane restraint will increase

the buckling load significantly because the end moment will decrease
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the maximum bending stress at the end of copes. If the end moment
produces an eccentricity of d/U4 (4 in. for the W16x26 section) the
buckling load will increase about 10%. Since the inflection point is
not truly/a brace point, the buckling load is lower than that
assuming the inflection point as a brace point as shown in Fig. 11.5.
As expected, the effects of out-of-plane end restraint are not as
significant as in-plane end restraint. The reason is that the out-
of-plane end restraint is at the end where the web bending stresses
are zero. Thus, for longer coped length, where the maximum bending
stress in the web plate is far removed from the fixed boundary, the
effects of out-of-plane end restraint are decreased.

In double coped beams, end moments will produce compression
in the bottom and the top of the web. Since the bottom compression
Wwill also tend to twist the web, the end moment will not improve the

buckling load as significantly as in top flange coped beams.

11.3 Other Bracing Situations

The proposed design recommendations are derived based on the
assumption that the compression flange is laterally braced at the end
of the cope. In many practical applications, such as that shown in
Fig. 11.7, there is no lateral support at this location. The purpose
of this section is to investigate this bracing situation and check
the validity of the design recommendations.

A W16x26 section with ¢ = 8 in. and d, = 1.5 in. and the

approximate web-buckling model as shown in Fig. 11.7 was used in this
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study. If the right end of the web-buckling model is free to warp
(torsionally pinned out-of-plane) which is equivalent to Ly >> lp»
(Fig. 11.7) the actual buckling load is 18.9 kips and the buckled
shape is shown in Fig. 11.8. When the flange was braced at the cope,
the eritical load was 90.2 kips as given in Fig. 8.3. The buckled
shape in Fig. 11.8 shows that the coped region behaves like the
lateral-torsional buckling case as discussed in Chapter 2 and the
buckling load calculated by the design recommendations in Chapter 2
is 18.6 kips which is 1.6 percent less than BASP solution. If
warping is prevented at the fixed end of the web-buckling model which
represents an adjacent unbraced span Lb that is very small, the
results in Fig. 11.9 show that the reduction in capacity is
proportional to 1y (distance from end of cope to bracing point).
However, if 1 is relatively small (say 24 in. in this case), the
reduction due to the unbraced length 1, is negligible. Besides, the
study shows the reduction of capacity 1s not only a function of 1y
but also the function of local web buckling capacity. In other
words, the smaller the local web buckling capacity is as calculated
by Eq. (8.2), the smaller the reduction in buckling capacity caused
by unbraced length lye

Therefore, if the adjacent unbraced span is very long, the
lateral-torsional buckling approach as discussed in Part I is
reéommended. If the distance between bracing points is small and the

length 1y is relatively small, say < 2d, or the buckling load of span

245



RAL DELFLECTIONS

NORMALIZED LATE

-0. 50 . 00 0. 50 1.00

-1.00

Rep = 18.9K1P3 |

4.,,_1___,\
1 __i___u_— — A
’ —B
,,j.———T—————‘r .
3 _JL_ '-—-C
R X , x
W16 x 26 «— free to warp
X X
) N
24“
-
- ] "
< 6. 00 12.00 18. 00 24.00 30. 00
{inches)
Fig. 11.8 Buckled Shape of Web Buckling Model with Free to Warp

End Conditions

246



anrl_proce ot_gnd of cope

h 24

90. aa

0o

.

BP. 00

KIPS

45. 00

REACTIAGN R,

3?. 00

Wi6x 26 — warping
prevented

a0

15.
i

Ly

. 00

%. 00 15. 00 30.00  45. 00 60. 00 75. 00
UNBRACE LENGTH 1, , INCHES

Fig. 11.9 Effect of Unbraced Length 1

b with Warping Prevented-
End Conditions :

247



length 1y is much higher than local web buckling capacity (Eq.

(8.2)), the local web buckling approach is recommended.
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CHAPTER 12

SUMMARY, RECOMMENDATIONS AND DESIGN EXAMPLES

12.1 Summary

The theoretical study of 1local web buckling of coped beams

was discussed in Chapters 8 and 9 and the design recommendations were

proposed accordingly. Ten tests with various cross sections and

coping details were used to check the reliability of the theoretical

results.

Four other tests from another research project were also

used for comparison. In summary, the research showed that:

1.

Bottom (tension) flange coped beams will not fail in local
web buckling. Thus, only top (compression) flange coped or
double coped beams require consideration of local web
buckling failure.

Localized yielding due to stress concentration will not
significantly affect the buckling capacity of coped beams.
Conventional Me/I, V/h,t, calculations against bending and
shear yielding of coped region provide a conservative
approach for checking inelastic local web buckling for both
top and double flange coped beams.

For elastic local web buckling, the behavior of top and
double flange coped beams can be predicted by plate and
lateral buckling models, respectively. However, due to the

stress and restraint complexities in the coped region, an
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adjustment factor is needed to correlate the theoretical
buckling loads to approximate models.

4., The magnitude of the SCF depends upon the coping details.
The longer the cope length, the lower the SCF. Top flange
coped beams have much higher SCF than double flange coped
beams. Since the stress concentration effect is limited to
a small length at the end of the cope, the effect of stress
concentration decreases if the cope length increases.

5. Local web buckling of coped beams can be prevented by
reinforcing the coped region. However, some caution is
needed against web crippling and for reinforcing against
local web buckling for thin web members.

6. End restraints of connections can increase the local web
buckling capacity of coped beams.

7. The theoretical results give conservative but reasonable
results compared with the test results. .The conservative
results can be contributed to the end restraints and post-

buckling strength of coped beams.

12.2 Design Recommendations

The recommendations for local web buckling of coped beams
are applicable to copes with a length less than twice the beam depth
(¢ < 2d) and with a depth less than one half the beam depth (d, <

d/2) (d, < 0.2d in each flange for double copes). The
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recommendations are summarized below; a factor of safety must be
applied to these formulas when used in design.

1. Top (Compression) Flange Coped Beams:

2

. /b )2 kE < F
For = —— (t,/h,) = F
12(1-v7)
where k = 2.2 (hy/e)1+85  for e/hy < 1.0
k = 2.2 (hp/e) for ¢/hg 2 1.0
and f=2c/d for ¢/d < 1.0
£f=14+c¢/d for ¢/d > 1.0

F, = R/hgty £ 0.577 Fy = Fyy
2. Double Flange Coped Beams:
Fop = 0.62 TE(t,2/chy)fq < Fy
where

305 - 7-5 (dc/d)

h
[«}
11

"
<
1

= R/hgty < 0.577 Fy
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3. Reinforcements:

Types of reinforcement

DOUBLER PLATE STIFFENER ' STIFFENERS

7 T I elpa] |

LRa C/3

AZ?% < 3 Y
N / A

(A) | (B) )

Double Flange Coped Beams

Type (A) and (B) reinforcing details with Lp > d, are
recommended for all rolled sections (/t < 60.0).

Type (C) reinforecing detail with Lg > ¢/3 is recommended for
thin web plate girders (h/t, > 60.0).

No reduction is needed for reinforced members. However, it
is necessary to checkrthe yielding and buckling capacity of
reinforced sections. The design recommendations as summarized above
can be used to check the local web buckling capacity of reinforced

sections of type (A) reinforcement.

12.3 Design Examples

The cope details given for Tests W3, RB12C, and PB26B are

used to illustrate the design procedure of coped beams. Examples are
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also shown for double flange coped beams which have the same detail
top and bottom.

In the following example problem, it is assumed that P is a
factored ultimate load. For allowable stress design where P is a
service load, a factor of safety of 1.67 is recommended so that

Fallow = Fer/1.67. For yielding Fy, = 0.6 Fy and (Fallow)v = 0.35 Fy.
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Illustrative Example 1

Inelastic Local Web Buckling--Test W-3
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b) Double Flange Coped:

Local Web Buckling
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Illustrative Example 2

Elastic Local Web Buckling (Rolled Sections)--Test RB12C
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b) Double Flange Coped:

Local Web Buckling
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Illustrative Example 3

Elastic Local Web Buckling (Plate Girders)--Test PB26B
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12.4 Future Research

Special attention should be placed on the local web buckling
of coped beams in the following areas:

1. Effect of cope depth to reduce the differences between
design recommendations and theoretical BASP solutions (see
Fig. 8.18).

2. Effects of end restraint of various types of connections on
the local web buckling capacity of coped beams.

3. Post-buckling capacity of coped beams, especially for thin
web plate girders.

4, More experimental studies on different coping details and
reinforcements to control local web buckling of coped beams
are necessary, especially for double flange coped beams and

thin web plate girders.
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APPENDIX A
DESIGN EXAMPLES OF CURRENT DESIGN METHODS FOR LOCAL WEB BUCKLING

The same design example as used in the Illustrative Example
2 of Chapter 12 is used to illustrate the current design methods for
the'local web buckling of coped beams.

It should be noted that the Appendix C design approach
yields a higher buckling load of double flange coped beams than the

buckling load of top flange coped beams.
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Illustrative Example
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APPENDIX B

CONNECTION DETAILS AND LOAD-DEFLECTION CURVES
OF FOUR OTHER TESTS

Four unpublished tests failed in inelastic local web
buckling were done by Ricles and Yura in an AISC research project,
Web Shear Connection tests. The connection details can be seen in
Fig. B.1. The first two connections, labeled 10-4 and 10~7, are clip
angle bolted connections and the test beams are 10 ft long W10x22
sections with A36 mate.rial. Tests 18-14 and 18-15 are clip angle
welded connections and the test beams are 10 ft long W18x60 sections
also with A36 material. The summary of material and section
properties of test beams are listed in Table B.1. The reaction vs.
deflection at load point curves and maximum reactions are shown in

Fig. B.2.
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TABLE B.1

Material and Section Properties

Tensile Coupon Test Results

Flange Flange Web Web
Test Static Static Static Static
Specimens Yield Ultimate Yield Ultimate
(ksi) (ksi) (ksi) (ksi)
Tests 10-U 40,37 57.79 50.31 64,14
107
Tests 18-14 33.94 57.01 36.55 58.00
18-15
Measured Section Properties
Beam Flange Flange Web
Test Depth Width Thickness Thickness
Specimens d (in.) by (in.) te (in.) ty (in.)
Tests 10-4
10-7 9.92 5.70 0.360 0.251
Tests 18-14
18-15 18.19 7.47 0.685 0.423
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Fallow

(Fallow)v

FCl"

NOTATION

Cross-sectional area (in.2)

Bending coefficient depending upon loading conditions
Warping constant for a section (in.0)

Modulus of elasticity of steel (29,000 ksi)

Modulus of strain hardening of steel (ksi)

Allowable stress permitted in a coped beam (ksi)
Allowable shear stress permitted in a coped beam (ksi)
Critical bending stress in a coped beam (ksi)

Critical shear stress in a coped beam (ksi)

Yield stress of steel (ksi)

Shear modulus of elasticity of steel (11,200 ksi)
Moment of inertia of a section (in.*)

Moment of inertia of a section

Moment of inertia of a section about the y-y axis (in.

Torsional constant of a cross-section (in.})
Lateral spring constant (kip/in.)

Rotational spring constant (k-in./rad)

Span length (ft)

Unbraced length (ft)

Reinforcing length (ft)

Lateral torsional buckling of a beam

Moment (kip-in.)
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about the x-x axis (in.u)
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MLTB

M'LTB

M"; 1B

MRec
MTee

M'Tee

MTip

My

P

Ppasp
Pcr'

(Pcr)uncope

PDesign

NOTATION (continued)

Elastic lateral torsional buckling moment of an
uncoped beam (kip-in.)

Elastic lateral torsional buckling moment of an
uncoped beam with brace 1 modified by the tipping
effect (kip-in.)
Elastic lateral-torsional buckling moment of an
uncoped beam with brace 2 modified by the tipping
effect (kip-in.)

Larger moment at the end of an unbraced length (kip-
in.)

Smaller moment at the end of an unbraced length (kip-
in.)

Plastic moment (kip-in.)

Elastic lateral torsional buckling moment of a
rectangular section beam (kip-in.)

Elastic lateral torsional buckling moment of a tee
section beam (kip-in.)

Critical moment of the elastic lateral torsional
buckling of a tee section beam modified by the tip-
ping effect (kip~in.)

Critical moment due to tipping effect (kip-in.)
Yield moment (kip-in.)

Load (kip)

Critical load solved by BASP (kips)

Critical load of a coped beam (kips)

Critical load of an uncoped beam (kips)

Critical load calculated by design recommendations
(kips)
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NOTATION (CONTINUED)

(PDesign)BASP Critical load solved by BASP without considering any

Peq

PLTB

P'yr

P'iTR

max

PRrec
PTee

P'Tee

®

RaBAQus
Rpasp

RC!"

Design

restraint (kips)
Equivalent axial force in column analogy model (kips)

Elastic lateral torsional bueckling load of an
uncoped beam (kips)

Elastic lateral torsional buckling load of an uncoped
beam with brace 1 modified by the tipping effect
(kips)

Elastic lateral-torsional buckling load of an uncoped
beam with brace 2 modified by the tipping effect

(kips)
Maximum experimental load (kips)

Elastic lateral torsional buckling 1load of a
rectangular section beam (kips)

Elastic lateral torsional buckling 1load of a tee
section beam modified by the tipping effect (kips)

Elastic lateral torsional buckling load of a tee
section beam modified by the tipping effect (kips)

Critical load due to tipping effeet (kips)
Yield load (kips)
Static moment of area (in.3)

Axial stress reduction factor where width-thickness ratio'
of unstiffened elements exceeds limiting value

Reaction (kips)

Reinforced section

Critical reaction solved by ABAQUS (kips)

Critical reaction solved by BASP (kips)

Critical reaction (kips)

Critical reaction calculated by design recommendations (kips)
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NOTATION (continued)

(RDesign)ABAQUS Crit?cal.reaction solved by A?AQUS without
considering end restraints (kips)

(RDesign)BASP Crit?calireaction solvg§ by BASP without
i considering end restraints (kips)

Maximum experimental reaction (kips)

max
Ry Critical reaction due to the elastic shear buckling
(kips)

Ryy Shear yield reaction (kips)

Ry Yield reaction (kips)

SCF Stress concentration factor

v Shear force (kips)

Vallow Allowable shear force (kips)

a- Clear distance between transverse stiffeners (in.)

b Distance between neutral axis of reduced section
' and top coped line = hy = ¥y (in.)

be Flange width of rolled beam or plate girder (in.)

c Cope length (in.)

d Depth of a beam (in.)

de Cope depth (in.)

e Eccentricity due to in-plane end moment (in.)

f Adjustment factor of plate buckling model

fy Computed bending stress (ksi)

f4 Adjustment factor of lateral buckling model

£, Computed shear stress (ksi)

h ' Clear distance between flanges of a beam or girder

(in.)
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NOTATION (continued)

Depth of a beam at coped region =d - d, (in.)

Plate buckling coefficient

Effective length factor of lateral buckling model

Coefficient relating elastic shear buckling strength of a plate

Distance

Unbraced length from end of cope to the adjacent brace point
(in.)

Ratio of flange stiffness (Bb) to lateral spring stiffness (Bg)

Unit flange force due to moment (kip/in.)

Monosymmetric parameter of tee section lateral torsional
buckling

‘Thickness (in.)

Doubler plate reinforcing thickness (in.)
Flange thickness (in.)

Stiffener thickness (in.)

Web thickness (in.)

Distance between the neutral axis of reduced section and extreme
fiber of flange (in.)

Defined in Eq. (2.2b) (in.)

Flange stiffness (kip/in.)

Lateral spring stiffness due to cope depth
Critical buckling stress of a plate (ksi)
Yield strain of steel (in./in.)

Poisson's ratio of steel = 0.3

Deflection (in.)
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NOTATION (continued)

Out-of-plane rotation (rad)
In-plane rotation (rad)
Lateral bracing

Lateral and torsional bracing
Free edge

Simply supported edge
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