Behavior and Modeling of Partially Restrained Beam-Girder Connections
by

Clinton Owen Rex

Dissertation submitted to the Faculty of
The Virginia Polytechnic Institute and State University

in partial fulfillment of the requirements for the degree of
Doctor of Philosophy in Civil Engineering

submitted to Advisory Committee

Qeﬂfﬁw( Jhtoos— Nocha i) 7)), Bpdoes

S. M. Holzer R. M. Barker

QMM Lo

J.R. Lofersk1

W. S. Easterling, Chair

CHARLES E. VIA, JR., DEPARTMENT OF CIVIL ENGINEERING
VIRGINIA POLYTECHNIC INSTITUTE AND STATE UNIVERSITY
BLACKSBURG, VA
December, 1996

Keywords: Steel, Connections, Composite, Partially-Restrained, Semi-Rigid, Beam-
Girder



L -




BEHAVIOR AND MODELING OF PARTIALLY RESTRAINED
BEAM-GIRDER CONNECTIONS
by

Clinton Owen Rex

W. Samuel Easterling, Chairman

Civil Engineering

ABSTRACT

Beams in a typical steel framed floor design are assumed to have pinned supports
for purposes of design. In reality, the connections between the beams and girders in a
steel framed floor system are not pinned. The design bending moments and deflections of
the attached beam could be reduced if the true rotational restraint provided by the beam-
girder connections could be included in the design. The connection rotational restraint is
characterized by the moment-rotation behavior.  Consequently, a method for
approximating the moment-rotation behavior of the beam-girder connection is required
before the beneficial effects of the true connection rotational restraint can be considered in
design.

Experimental and analytical research on the moment-rotation behavior of a specific
type of beam-girder connection is presented in this dissertation. The primary objective of
this research is to develop a component model of the connection that can be used to
approximate the moment-rotation behavior. The component model is based on the
hypothesis that the connection behavior can be modeled as a combination of the
connection component behaviors. The connection components are the fundamental pieces
of the connection such as bolts, shear studs, and welds. In general, the component model
can be very computationally intensive. Consequently, a secondary objective of this

research is to develop a connection model that is simpler to use.



Behavior models for each of the connection components are presented and/or
developed. These models are derived from a combination of existing literature,
experimental and analytical research, and basic mechanics. Next, a method of combining
the component behaviors into a connection model that can be used to approximate the
moment-rotation behavior is developed. Results from experimental research on the
moment-rotation behavior of the beam-girder connection are then used to verify the
model. Finally, a simplified model of the beam-girder connection is developed. This model
is based on the same hypothesis as the component model; however, through a combination
of assumptions, simplifications, and the results of parametric studies the simplified model

becomes far less computationally intensive than the full component model.
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o. = Bolt tension coefficient; Angle of fracture surface in the fillet weld

a = Distance from center of plate to the caliper; Factor for locating center of resistance (0
if weld in compression, 0.345 if weld in tension); also the distance from the weld
line to the centerline of the bolts in a single plate shear connection

A, = Initial cross-sectional area of tensile test specimen

o, = Correction factor for reinforcing bond; angle from geometric bearing stiffness model

o, = Correction factor for loading time period; angle from geometric bearing stiffness
model

o, a4, a3 = Parametric modifiers for the curvature parameter

Ay, = Area of the bolt based on nominal diameter

A = Tensile area of a bolt

Ay = Shear area of a bolt

A .= Effective concrete area in tension

A, = Area of reinforcing steel

A, = Area of the shear stud based on the nominal shear stud diameter

A, = Effective area of weld throat

3 = Steel correction factor

B1, B2, B3, Bs, Bs = Parametric terms used for determining curvature parameter

C, = Tension coefficient for determining slip load

C,, C,, C5 = Constants for parabolic representation of Load-Strain behavior of slab

Cuwy, = Bolt bending stiffness coefficient

Cuwyr = Bolt bearing stiffness coefficient

Cys = Bolt shearing stiffness coefficient

Coi = Plate bearing stiffness coefficient

COV = Coefficient of variation

6 = Deformation
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Stitere = Deformation at failure

dya01 = Deformation at first critical point of reinforced concrete slab behavior
d«ua1 = Deformation at first critical point of shear stud behavior

00 50501 = Stud deformation at a load of 0.5 Qy

A = Deformation; Plate deformation which is defined as the elongation of the hole

A = Normalized deformation
Ay = maximum deformation for a weld with 6 = 0
A, = Reference deformation for Richard Equation

A¢ = Deformation at fracture of fillet weld; Failure deformation (in.)

A = Normalized failure deformation
As, = Deformation at which frictional resistance is considered zero
Ay = Deformation at last key point in multi-linear load-deformation behavior
AS = Change in deformation
Amax = Test deformation at maximum test load
AR = Change in resistance
A, = Deformation at ultimate load of fillet weld
A, = Deformation when a major slip occurs
dy, = Bolt diameter
dvar = Reinforcing bar diameter
dn = Hole diameter
dmi1s = Nominal diameter of a M16 bolt (16mm)
ds = Diameter of the shear stud shank
dgwe = Nominal shear stud diameter
D = Leg size of fillet weld (in.)
D, = Leg size of fillet weld at seat angle
D, = Leg size of fillet weld at shear plate

DCDT = Displacement potentiometer
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g = Strain or strain rate

€1, €2 = Strain values at key points for Load-Strain behavior of slab
g = Concrete tensile cracking strain
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e = Base of natural logarithm

E = Modulus of elasticity for steel, 29,000 ksi

E. = Modulus of elasticity of concrete
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f, = Bearing stress

f. = Concrete stress

f.s = Net section tensile stress

. = Compressive strength of the concrete

f.. = Tensile cracking stress of concrete

F = Bolt tension force

Fi, = Bearing stress

Fexx = Nominal weld electrode strength

Fexa = Electrode strength used for the fillet weld at the seat angle
Fewp = Electrode strength used for the fillet weld at the shear plate
F, = Ultimate tensile stress

F.» = Ultimate stress of the bolt steel

Fusc = Shear stud steel tensile strength

F., = Ultimate shear stress of the bolt steel

F, = Yield stress

F,, = Seat angle steel yield strength

F.. = Seat angle steel tensile strength

F,r = Beam flange steel yield strength

F.+ = Beam flange steel tensile strength

Fy, = Shear plate steel yield strength
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F., = Shear plate steel tensile strength

F,: = Reinforcing steel yield strength

F.. = Reinforcing steel tensile strength

F,« = Beam web steel yield strength

F.« = Beam web steel tensile strength

G = Shear modulus for steel, 11,200 ksi

h = Elastic center of rotation

h, = Height of the deck rib

H = Web bolt load resistance in horizontal direction

H, = Shear stud height after welding

I, = Moment of inertia of the bolt

IC = Instantaneous center of rotation

ICX = X Distance from vertical baseline to the IC

ICY =Y Distance from horizontal baseline to the IC

k = Shear deformation shape correction factor, 4/3 for a circle, 1.2 for a rectangle

k, = Stiffness coefficient to account for edge and bolt spacing

k. = Stiffness coefficient to account for plate thickness

K = Elastic stiftness coefficient for Richard Equation

K, = Parameter in Richard Equation

K, K; = First and second slope associated with key points for Load-Strain behavior of
slab

Ky = Bolt stiffness

Ky = Bearing stiffness

K¢ = Frictional stiffness

Ky = Frictional initial stiffness

Ky, = Frictional final stiffness

K; = Initial stiffness

K. = Initial stiffness of seat angle
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Kisap = Initial stiffness of reinforced composite slab in tension

K = Initial stiffness of web bolt

K, = Plastic stiffness parameter for Richard Equation; also plate stiffness

K,» = Plate bending stiffness; also the plastic stiffness of web bolts

K, = Plate bearing stiffness

K,i = Plate initial stiffness

K, = Plastic stiffness of reinforced slab

K« = Plastic stiffness of shear studs

Kb = Plastic stiffness of reinforced composite slab in tension

K,. = Plate shearing stiffness

K. = Shearing stiffness

A = Regression coefficient for Fisher Equation

L = Distance from the center of the plate to the face of the test rig

L, = Initial length of tensile test specimen

Li, L, Ls = Lengths of reinforcing bar in regions 1, 2, and 3

L., = Horizontal length of the outstanding angle leg

L.. = Vertical distance between the top of the angle and the assumed point of contact
between the angle and the girder web

L. = Clear end distance

L. = End distance

L.; = End distance for plate 1

L., = End distance for plate 2

L. = Effective length of reinforced concrete slab for deformation calculations

L., = Horizontal distance from the bolt centerline to the end of the beam

Lr = Final length of tensile test specimen

Lwo = Length of fillet weld that runs parallel to the load

Lwoo = Length of fillet weld that runs transverse to the load

u = Coefficient of friction



i = Regression coeflicient for Fisher Equation; also coefficient of friction
M, = Moment capacity for Richard Equation

M. = Ultimate moment capacity of connection

n = Curvature parameter for Richard Equation

N. = Number of bolts attaching the seat angle to the beam flange

Nbars = Number of reinforcing bars

N, = Number of shear studs per deck rib

Niwds = Number of effective shear studs

N.. = Number of bolts in the web

P = Tensile test load

P, = Strength of weld loaded at 6 =0

Py, P, P; = Loads in regions 1, 2, and 3 of a reinforcing bar

P. = Horizontal bolt pitch of seat angle bolts

POT = Displacement potentiometer

Pa = Strength of weld loaded at angle 6

PR = Partially Restrained

Pq.p1 = Load resistance at first critical point of reinforced concrete slab behavior
P = Load resistance at first critical point of shear stud behavior

P,, = Vertical bolt pitch

0 = Angle of load with respect to the longitudinal axis of a fillet weld

Q = Shear stud load

Qbase = Basic shear stud strength for a weak position stud

Q.1 = The strength for a single shear stud

R = Resistance; Load

p = Weld deformation ratio

Ry = Reference load for Richard Equation

R; = Reference load for Richard Equation

Rj, Ry, R;, Ry = Load values at key points for Load-Strain behavior of slab
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R¢ = Slip load

Ri.« = Resistance at last key point in multi-linear load-deformation behavior
R, = Nominal strength

R,» = Bolt strength

R = Nominal strength of web bolt in the horizontal direction
R., = Plate strength

R,p1 = Strength of plate 1

Rz = Strength of plate 2

Rusiab = Composite slab strength

R, = Nominal strength of web bolt in the vertical direction
R, = Reference load for Richard Equation

R.. = Intercept of K, with ordinate axis

Riransition = TTansition load

Ry = Maximum test load

S = Bolt spacing

So = Distance from the girder centerline to the nearest shear stud on the beam
Svar = Reinforcing bar spacing

SR = Strength ratio of plate strength over bolt strength

SRF = Stud reduction factor used to account for metal decking
S«wa = Shear stud spacing parallel to the beam

ST = Displacement potentiometer

1 = Regression coefficient for Fisher Equation

t = Thickness of main plates

t’ = Thickness of lap plates

t; = Thickness of the thinner of two plates in a lap plate connection
t, = Thickness of the thicker of two plates in a lap plate connection
t. = Seat angle thickness

tr = Bottom beam flange thickness
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t, = Plate thickness

t, = Shear plate thickness

t, = Beam web thickness

V = Web bolt load resistance in vertical direction

V. = Ultimate shear capacity of connection

W, = Seat angle width

w, = Unit weight of concrete

W, = Shear plate width

w, = Width of the deck rib

V., ¥,, Vs, W4 = Parametric ratios used for determining the curvature parameter
Yy, = Distance from the top of the seat angle to the center of the bottom bolt
Y .on = Total depth of composite slab

Y; = Vertical distance from web bolt j to top of seat angle

Y, = Vertical distance from top of seat angle to centerline of reinforcing steel
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1. Introduction

Three changes in steel design over the last 30-40 years have allowed engineers to
design longer beam spans in steel framed floors. First, composite steel-concrete floor
system technology has developed which allows designers to use the synergy of tying the
two floor components (the beam and the concrete slab) together to span longer distances.
Second, the plastic section analysis and design procedures found in the AISC Load and
Resistance Factor Design Specification (Load and 1986) has allowed an additional
increase in span length for the same section over AISC Allowable Stress Design
(Specification for 1989) procedures. Third, high strength steel, particularly A572Gr50
steel, is becoming more readily available and at a cost comparable with A36 steel.

As the beam designs become longer and shallower serviceability design criteria
such as floor deflection and vibration are, in many cases, controlling the beam design
(Zandonini, 1989). Currently most beams in steel framed floor systems are designed with
the assumption that the beam end connections can be treated as simple supports. In
reality, no connection behaves as a simple support. Each type of connection possesses
some degree of rotational restraint. If this restraint is included in the beam design then
both beam design moments and deflections are reduced and an overall improvement in the
structural efficiency is achieved.

Before the true rotational restraint of beam connections can be included in the
design there has to be a way of calculating (i.e. modeling) the connection moment-rotation
behavior. This behavior determines the degree of continuity that can be achieved in the
floor system. Connections with relatively small moment resistance result in a
discontinuous floor system while connections with relatively high moment resistance result
in a floor system that is nearly continuous. In terms of reducing design moments and
deflections, a continuous floor system is the best situation. However, the connection
details required to ensure full moment restraint are complex and expensive compared to

simple connections. Using connections with moment resistance that lies somewhere



between these two extremes results in a floor that is between a discontinuous and
continuous system. The connection details required to achieve partial continuity can be
very simple and economical while still providing a significant amount of rotational
restraint. This type of connection was previously termed a “semi-rigid” connection. More
recently, these connections are called “partially-restrained” (PR) connections.

Research into PR beam-girder connections began at Virginia Tech (VT) in the
spring of 1993. This research was conducted as part of a larger research program that has
the main objective of developing innovative floor designs. The objective of the research
on PR beam-girder connections was to develop a connection model for a particular type of
bare steel and composite beam-girder connection. The details for the proposed PR beam-
girder connection are discussed in the following section.

A bare steel PR connection is a connection that provides rotational restraint
through the steel details of the connection such as bolts, welds, plates, and angles. A
composite PR connection is a connection that combines the strength of the steel
connection details with the strength of the composite floor slab to develop rotational
restraint. It is important that any connection model be able to approximate the moment-
rotation behavior of both bare steel and composite PR beam-girder connections. This is
primarily because the majority of composite beams are built using un-shored construction
techniques. Consequently, connections associated with these beams will be subject to two
distinct stages of loading. First, before the concrete hardens, the bare steel connection
provides the only rotational resistance to the beam end. This is a very important loading
stage for composite beams and being able to model the bare steel connection in this stage
of loading provides a significant potential for economy. Second, after the concrete
hardens, the composite slab helps provide the rotational restraint for all subsequently

applied loads.



1.1 Proposed PR Beam-Girder Connection

Before the moment-rotation behavior of a beam-girder connection can be
investigated the primary details of the connection have to be known. In choosing the
details of the beam-girder connection, used in this study, the following were considered:

e The bare steel connection is to provide enough rotational restraint to significantly
improve the design of the steel beam during the construction loading stages.

e The subsequent composite connection must have sufficient ductility to allow proper
moment redistribution required for the development of a plastic collapse mechanism.

e The cost of labor is proportionally much higher than the cost of materials.
Consequently, the connection details must be simple so that fabrication and erection
efforts are not significantly increased compared to current practice.

e If the connection is to be readily accepted into practice the connection details should
be similar to current details.

e Erection tolerances must be accommodated.

Currently, the three most commonly used beam-girder connections are double
angle, single plate (shear tab), and single angle connections. Of these three connections
the single plate connection was considered to be the best. First, double angle connections
were not considered because of safety considerations. Next, when comparing a single
angle connection to a single plate connection it is clear that the single angle connection
would be inherently more flexible than the single plate connection because of angle
flexure.

Prior to the current study, four PR connections were evaluated by conducting full
scale tests (Rex, 1994). The four connections are shown in Figure 1. The first connection
is a typical single plate connection. The next three connections represent modifications to
the first in an attempt to improve the rotational resistance of both the bare steel and the
composite connections. The testing procedure used for each of these connections

provided information about both the bare steel and composite connections.



Based on the results of the preliminary investigation and discussions with an
advisory group made up of a design engineer, steel fabricator, and steel erector the details
of the proposed connection were chosen as shown in Figure 2. The reader will note that
these details are similar to the details of Connection #2 from the preliminary investigation.
The details can be broken into two major groups: details associated with the steel

connection and details associated with the composite slab.

CONNECTION #1 CONNECTION #2
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CONNECTION #3 CONNECTION #4
LI/ L~
| xl Py IJ. 4]
e e
W18x40 W18x40
W24x55 W24x55

Figure 1 Preliminary Beam-Girder Connections

The steel connection consists of a typical single plate shear connection and an un-
stiffened seat angle connection. There were basically two reasons for choosing the steel
connection details of Connection #2. First, based on the results of first four PR
connection tests, it was determined that the bottom flange of the beam had to be restrained
to provide increased stability of the flange and to provide a bare steel connection with
sufficient rotational restraint to improve beam design during the construction loading
stage. This consideration eliminated Connection #1. Second, the only connection element

that carries the vertical shear in both Connections #3 and #4 is the seat angle. The current



method for designing un-stiffened seat angles for shear (Manual of, 1993) did not seem
applicable to these connection configurations because of differences in how load is
introduced into the seat angle; and, development of a new method was beyond the scope
of the current research. This consideration eliminated Connections #3 and #4.

The composite slab consists of #4 Grade 60 reinforcing steel, round headed shear
studs, composite steel decking, and concrete. The reinforcing steel is specifically given as
#4 Grade 60 for two primary reasons:

e All experimental tests of composite connections, composite slabs, and reinforcing steel
conducted at VT (in conjunction with this research) have used #4 Grade 60 bars

e The #4 bar is believed to be an effective size for reinforcing thin composite slabs

Round headed shear studs were chosen because they are the most common type of shear

connector used today. Composite steel decking was included because most steel framed

floor systems use a composite steel deck. The direction of the decking was chosen to be

consistent with the typical direction of the steel deck with respect to filler beams.

#4 Grade 60 Reinforcing Steel

Composite Deck
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Figure 2 Details of Proposed Beam-Girder Connection








































































































































































































































































