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ABSTRACT

Increasingly, engineers are designing composite and mixed building sys-
tems of structural steel and reinforced concrete to produce more efficient struc-
tures than either material alone affords. Recent literature has pointed the out
need for design guidelines in several areas related to composite structural sys-
tems. One such area is in detailing of moment connections in composite framed
structures which consist of steel beams and reinforced concrete or composite
columns. Such composite frames have been employed for buildings in the 40 to

70 story height range.

Based on experimental research conducted at The University of Texas,
the design of moment connections between steel beams and reinforced concrete or
composite columns is addressed. An analytic model for calculating joint strength
and design recommendations are developed from test data for composite connec-
tions and design recommendations for structural steel and reinforced concrete
joints. Experimental results are reported for eight 2/3 scale interior composite
joint specimens tested under reverse cyclic loading. Also summarized are results
from nine composite joint specimens tested in an earlier phase of the research.
The aim in the tests is to gain understanding of connection behavior by examin-
ing the influence of various joint details in mobilizing shear capacity of concrete
in the connection. Attention is focussed on formation of internal mechanisms

which transfer load between the steel beam and reinforced concrete.
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CHAPTER 1 - INTRODUCTION

A significant development in the evolution of building design has been
innovative use of composite and mixed construction of structural steel and re-
inforced concrete to achieve greater efficiency than either material alone can
provide. In one sense, mixed systems are not new since structural steel build-
ings have to some extent always incorporated reinforced concrete components.
Recently, however, designers and contractors are pioneering structural systems
which utilize unprecedented interaction of steel and concrete elements. Rapid de-
velopment of these composite structures has created need for research in several
areas to provide better understanding of composite behavior.

One area of needed research is in moment connections (termed com-
posite connections) between steel beams and reinforced concrete or composite
columns. Such connections are an integral part of so called composite framed
structures which have been employed in buildings ranging from 40 to 70 sto-
ries. The composite frame is a system of steel beams and reinforced concrete or

composite columns which carry vertical or horizontal loads through frame action.

This report presents an examination of composite connection behav-
ior based on an experimental research program conducted at the University of
Texas. Two aims of the study are to first, identify the internal mechanisms which
carry loads through the joint, and second, develop design models to calculate the
strength of such mechanisms. These aims lead towards a general goal of devel-
oping guidelines to aid practicing engineers in designing composite connections
with greater certainty. The analysis and recommendations presented are based
primarily on results from an experimental program conducted in two phases. The
first phase includes tests of 9 specimens which have been reported previously by
Sheikh,! and the second phase includes tests of 8 specimens documented herein.

1.1 Composite Framed Structures

In the United States the composite frame has evolved for buildings
where traditionally structural steel moment resisting frames offered a convenient

and cost effective lateral force system. Such buildings, typically in the range of

1
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40 to 70 stories, are designed with perimeter framed tube systems. Substitution
of the steel columns with reinforced concrete or composite columns offers an
attractive alternative since concrete columns are roughly 8 to 11 times more cost
effective® than structural steel columns based on strength and stiffness. This
cost differential results in significant savings for medium and high rise buildings

where columns represent a larger portion of the total structural cost.

Typically, composite framed structures are built by erecting a steel
frame in which light steel erection columns are later encased by reinforced con-
crete columns. As shown in Figs. 1.1a and b the steel erection usually advances
roughly 10 to 12 stories ahead of the concrete columns. This construction se-
quence is an integral ingredient for the economy of such systems as one designer
notes, “Besides the economy of materials, composite structures have the advan-
. tage of speed of construction by allowing a vertical spread of construction activity
so that numerous trades can engage simultaneously in the construction of the
building.”? Further discussion of advantages with composite framed structures
and examples of where they have been used are presented in references 1, 3, 4,
and 5.

1.2 Composite Connection

1.2.1 Description. This report addresses the design and behavior
of composite connections configured as interior joints in frames subjected to
lateral loading. Figure 1.2a shows the classic deflected shape of such a frame in
which the member force distribution is characterized by inflection points near
the midpoint of the beams and columns with the maximum moments occurring
at the connection. In Fig. 1.2b an interior joint is extracted from the frame and
shown with the resulting beam and column forces acting at the connection. As
shown, the steel beam is continuous through the concrete column. Where used
the embedded steel erection column offers only a minimal strength contribution
to the concrete column owing to their relative sizes, however, as will be discussed
the column offers a significant benefit locally at the connection. While this
study directly addresses interior planar cruciform connections, the results can be
applied to other conﬁgurdtions such as exterior, corner, and three dimensional
joints.
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The primary function of connections such as that shown in Fig. 1.2b is
to transfer large unbalanced moments between the beams and columns. Proper
connection design should insure satisfactory response of the structure under both
service and ultimate conditions. At service loads the joint should have adequate
stiffness so as to limit wind and earthquake induced drifts to acceptable levels.
The connection must also resist ultimate design loads at reasonable deformation
levels. The ultimate connection design forces may be factored service loads as
in the case of wind loading, or forces associated with hinging of adjacent beams
which provide an upper bound on connection forces for inelastic seismic response.
Joint deformations should be controlled at ultimate loads to prevent excessive
building drift which could lead to lateral instability.

1.2.2 Current Practice. The current state of practice for design

of composite beam-column joints relies heavily on individual designer’s judg-
ment based on existing information and specifications for structural steel and
reinforced concrete connections. Owing to traditional separation of research
and specifications for structural steel and reinforced concrete, established design
guidelines for composite structures have not evolved in a systematic fashion. In
the United States there has been little if any published research directly address-
ing the composite connection. The closest applicable research and standards
are those addressing embedded steel shapes used as brackets in precast concrete
construction. In Phase I of this project Sheikh® presented research and speci-
fications pertinent to composite beam-column joints. Sheikh’s review includes

references from the United States, Japan and Australia.

In Japan a type of composite construction called Steel Reinforced Con-
crete (SRC) has been popular for many years and has generated considerable
research on composite connections. In addition, the Architectural Institute of
Japan (AIJ) has published SRC design standards which include recommendations
for composite connections. However, due to several basic differences between the
evolution of composite systems in the U.S. and Japan, much of the Japanese
work is not directly applicable to the composite connections addressed in this
report.
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SRC structures gained in popularity in Japan after the 1923 Kanto
earthquake by providing enhanced ductility of reinforced concrete frames in low
and medium rise structures.® Traditional SRC structures consist of framed sys-
tems where both the steel beams and columns are encased by concrete. Early
SRC structures in Japan were similar to schemes for reinforced concrete built in
the U.S. during the early 1900’s where built-up open web structural steel mem-
bers served as the primary reinforcement in concrete. More recently, Japanese
SRC structures are evolving to resemble U.S. composite systems where rolled col-
umn shapes are encased in concrete and steel beams remain unencased. However,
due to its emphasis on ductility the ALJ standard places the following restriction

on the minimum moment capacity of the embedded column:’

05 M, <M, <20M, (1.1)

Here M, and M, are the moment capacities of the steel beam and column re-
spectively. This requirement is contrary to U.S. practice where the steel column
is small relative to the steel beam and the reinforced concrete provides most of

the column capacity.

1.2.3 Internal Mechanisms. The two basic modes of failure ob-

served in composite connections are joint shear failure and compressive crushing
or bearing failure. Fig. 1.3a indicates the deformation associated with joint shear
failure. As will be described throughout this report, an important distinction
regarding shear failure in composite connections is that several different mecha-
nisms resist shear in different regions of the connection. The different zones do
not deform equally and hence their contribution to the capacity varies depending
on the joint detailing used. Figure 1.3b shows the compression or bearing failure,
evidenced by concrete crushing and gaps opening against the beam flanges.

Figures 1.4a through 1.4c show the three basic mechanisms which re-
sist joint shear. In visualizing joint shear mechanisms it is useful to consider
their role in preventing horizontal movement of the beam flanges which tend to
push through the joint due to the axial flange forces shown. These flange forces
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are simply the horizontal force couple equivalent to the applied beam moment

adjacent to the connection.

In Fig. 1.4a the steel web panel resists joint shear in a similar manner
as joint panels in structural steel connections. One complication in composite
joints is evaluation of the effective web panel width, jh, which is determined by
the location of the vertical bearing force resultant.

Figures 1.4b and ¢ show two means by which concrete carries joint
shear forces. In Fig. 1.4b a single diagonal compression strut forms between the
beam flanges through bearing against the vertical stiffener plates shown. This
strut model is similar to that currently viewed in U.S. practice as the primary
joint shear mechanism in reinforced concrete joints.? Figure 1.4c shows the com-
pression field or truss mechanism where a system of diagonal compression struts
and horizontal tension ties carry shear through the joint. This mechanism is
similar to that for modeling shear in reinforced concrete members. Also, con-
trary to current U.S. practice, the compression field model is viewed by some
researchers® and specification committees as the primary shear mechanism in
reinforced concrete joints. In the composite connection each of these two mecha-
nisms, the compression strut and compression field, carry joint shear in different

regions of the connection.

Models for evaluating the second mode of failure, joint bearing, are
shown in Figs. 1.5a and b. Figure 1.5a shows regions of high concrete bearing
stresses which develop against the flanges as the beam tends to rotate within
the column. Stresses develop against both flanges (top and bottom), although as
shown in Fig. 1.5a, stresses outside the beam depth are greater. Concrete bearing
capacity is assessed using an equivalent rectangular stress block similar to that
used for compressive flexural stresses in concrete members. Figure 1.5b indicates
how vertical joint reinforcement strengthens the concrete bearing region and also
transfers tension directly into the column. Such reinforcement typically consists
of reinforcing bars attached to the beam using a welded or other mechanical
detail.
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1.2.4 Steel Details. The primary experimental test variable involves
changing the structural steel details to assess their influence on the connection
strength. Figures 1.6 through 1.8 show several steel details considered in this
study. In general, these details enhance joint capacity by mobilizing a greater
region of concrete to carry joint shear. As described previously, concrete partic-
ipation is achieved through steel elements which bear against the concrete and

restrain horizontal beam flange movement through the joint.

Figure 1.6 shows several configurations of stiffener plates which may
be used to mobilize concrete between the beam flanges. In one case stiffener
plates are located at the column face and are referred to as Face Bearing Plates
(FBP). In an alternate case, the stiffeners are inset to a location which lines up
with the flanges of a steel erection column. Stiffeners in this location are referred
to as Web Stiffener Plates (WSP). Referring to the section view in Fig. 1.6,
the stiffener plate widths may be smaller or larger than the beam flange width
which influences the region of concrete mobilized. Also, as shown in the figure
the plates may be split for easier fabrication.

Figure 1.7 shows two details which mobilize concrete outside the beam
depth. The extended FBP detail forms in a sense a haunched beam at the
connection. The steel column acts as inset extended FBPs which through bearing
transfer beam flange forces into concrete above and below the beam. The steel
column detail is probably one of the most common details owing to the column’s

role in the composite frame erection sequence described previously.

Finally, Fig. 1.8 shows a welded shear stud detail which offers another
means of transferring load from the beam flange into the concrete. The welded
studs offer an economical and convenient detail since a typical steel beam will
already have studs attached along its length in order to develop composite action
with the floor slab.

1.3 Summary of Phase I

1.3.1 General. The research presented in this report is a continuation

of a project begun at the University of Texas by Sheikh.! The experimental tests
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and conclusions reported by Sheikh comprise Phase I of the work while this
report comprises Phase II. The main objective in Phase I was to gain general
understanding of the composite connection behavior and identify the primary
modes of failure which govern its strength. In particular, tests conducted in
Phase I were designed to evaluate FBP effectiveness in mobilizing the concrete
compression strut mechanism. In both Phase I and Phase II tests the primary
experimental variable involved changing the structural steel details to identify
internal force mechanisms which form in the joint. In Phase I, Sheikh presents
a design model to calculate the joint capacity and outlines various detailing

recommendations.

1.3.2 Phase I: Experimental Program. The Phase I experimen-

tal program consisted of nine 1/2 and 2/3 scale test specimens which modeled
planar cruciform connections such as shown previously in Fig. 1.2b. A summary
of the Phase I tests and results is presented in Appendix A1 of this report. The
first two of the nine tests were 1/2 scale specimens which served as a pilot study
to evaluate the potential strength increase provided by the FBP detail. In the
pilot specimens addition of FBPs increased connection strength by roughly 40%
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above the plain steel beam. Based on these tests, seven 2/3 scale specimens
were designed to isolate different modes of failure in the connection and eval-
uate parameters affecting the FBP contribution. In Phase I, testing consisted
of monotonically loading specimens to failure first in one direction followed by
loading in the reverse direction. Loads were applied to simulate connection forces
shown in Fig. 1.2b.

1.3.3 Phase I: Conclusions. The primary conclusion from Phase

I is that FBP details increase joint shear capacity significantly by mobilizing
concrete in the joint region. Various configurations of FBPs resulted in strength
gains of 70% to 190% above the plain steel beam. Specific information regarding
the relative strength increases is given by Sheikh. Also, in Chapter 3 of this
report comparison of