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Abstract

The Effect of the Dogbone Connection

on the Elastic Stiffness of Steel Moment Frames

Kristin Victoria Grubbs, M.S.E.
The University of Texas at Austin, 1997

Supervisor: Michael D. Engelhardt

Developed after the 1994 Northridge Earthquake, the radius-cut reduced
beam section, or the “dogbone” connection, has proved to be a promising
alternative for steel moment frame connections. Although a favored alternative,
some potentially important aspects of the dogbone connection have not been
completed. The effect of the dogbone cutout on the elastic lateral stiffness of a
frame is one of these concepts. The three objectives of this report are: to analyze
the reduction in stiffness of an individual cantilever beam, to develop a simplified
analysis using frame elements, and to analyze the reduction in stiffness of an
overall frame. The information contained in this report will be useful in
determining whether to continue to ignore the effects of the cutout on stiffness or

rather to design taking the reduced stiffness into account.
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Chapter 1: Introduction

During the 1994 Northridge Earthquake, failures of welded beam-column
connections in steel moment resisting frames were prevalent. From this
discovery, a number of improved steel moment connections have been proposed
(SAC, August, 1995). In general, the overall goal in the development of new
connections is to provide ductility in the seismic response, to provide a reliable
performance, and to render an economical solution. Many of the new connections
developed since the Northridge Earthquake have been reinforced with cover
plates, ribs, haunches, side plates, or other devices. An alternative to reinforced
connections, the reduced beam section (RBS) or the “dogbone” connection, has

proved to be a promising alternative for steel moment frames.

The Development of the RBS Connection

From plastic theory, when a member has become fully plastic due to a
bending moment, any attempt to increase the moment causes the member to act
like a plastic hinge. With a plastic hinge present, large rotations are possible
without any significant changes in the resisting moment (Horne & Morris, 1981).
The large rotations signify high ductility in the member. In a strong earthquake,
plastic hinges are intended to form at the beam ends in a steel moment frame.
When the connection is reinforced, the plastic hinges are forced away from the
face of the column which reduces the stress at the connection. By selectively
trimming the flanges of the beams, the stresses tend to develop at these weaker

zones, therefore moving the stresses away from the beam-column connection and



still allowing large rotations at the plastic hinges. These reduced sections of the
beam allow the connection strength to exceed the beam strength without the need
for reinforcing the connection. By moving the stresses away from the beam-to-
column connection, yielding occurs in the reduced section and the potential for

brittle failure at the connection is reduced.

I

Constant Cut Dogbone

I

=
=1

Tapered Cut Dogbone

I

Radius Cut Doabone

Figure 1.1: Typical Dogbone Cutouts

Dogbone type connections have been proposed and tested by a number of
investigators.  Various shape cutouts, as shown in Figure 1.1, have been
investigated. Rea, Clough, and Bouwkamp (1969) employed a constant cut
dogbone at a column base connection. Plumier (1990) appears to have examined

both constant and tapered cut dogbones. Chen and Yeh (1994) conducted a series



of five tests on tapered cut dogbones. All of these investigations preceded the
Northridge Earthquake and demonstrated the potential improvement in
performance possible with dogbone cutouts in the beam.

After the Northridge Earthquake, testing of dogbone connections was
continued with renewed interest. Iwankiw and Carter (1996) tested four large
scale specimens constructed with tapered cut dogbones. These specimens
developed large levels of ductility, although two of the four ultimately developed
fractures at the beam-to-column connections. Zekioglu, et. al, (1997) tested five
large scale specimens with tapered cut dogbones. In addition to the dogbone
cutouts in the beam, the connection was further reinforced with ribs. These
specimens also developed large levels of ductility, but ultimately failed by
fracture of the beam within the dogbone region. The fractures developed at the
minimum section of the tapered cut, apparently due to a stress concentration at the
change in cross-sectional area.

More recently, tests have been conducted on radius-cut dogbones shown in
Figure 1.1 (Engelhardt, et.al, 1996). The radius cut minimizes stress
concentrations within the dogbone region, and has shown excellent performance

in laboratory testing, as described below.

Testing on Radius-Cut Dogbones

A test program conducted at The University of Texas at Austin
(Engelhardt, et. al., 1996) consisted of four large-scale specimens with radius-cut

dogbones. In addition to the dogbone cutouts in the beam, welding and design



improvements were incorporated into the beam-to-column connection to improve
the capabilities of the connection.

Each of the four specimens showed excellent performance with plastic
rotations exceeding 0.03 radians for each specimen, indicating high ductility. At
the point at which testing was stopped, no fractures had developed within the
dogbone region for any of the radius-cut specimens, and no failures occurred at
the beam-to-column connection. Testing was stopped because of testing
equipment limitations, rather than the failure of the specimen. Additional
successful tests of radius-cut dogbones have been conducted by Popov (1996) and
by Tremblay, et. al. (1997).

Overall, the radius-cut dogbone has proved in testing to be highly ductile
and reliable. In cost comparisons completed by W&W Steel (Oklahoma City),
the radius-cut dogbone connection also proved to be one of the most economical
alternatives among a number of improved moment connection details (Engelhardt,
et. al, 1996). The successful testing combined with the favorable economics of
the radius-cut dogbone connection make it one of the most promising options for
moment resisting beam-to-column connections. Although a promising
alternative, a few aspects of the dogbone connections have not been completely

investigated, as discussed in the next section.

Objectives of Research

Although considerable research and testing have been completed, some
potentially important aspects of the radius-cut dogbone connection have not been

investigated. One of these aspects is the effect of the dogbone cutout on the



elastic stiffness of the frame. Previous researchers (Plumier 1990, Chen-Yeh
1994, Engelhardt, et.al 1996) have suggested that the reduction in elastic stiffness
is likely to be small. In tests on tapered cut dogbones, Chen-Yeh (1994)
measured a three percent reduction in stiffness resulting from the addition of the
dogbone cutouts. Overall, however, very little research appears to have been done
in the past to accurately quantify the reduction in frame-lateral stiffness that
results from dogbone cutouts in the beams.

Beam sizes in steel moment frames are frequently controlled by code drift
limitations rather than by code strength requirements. Consequently, a reduction
in stiffness due to the use of dogbones could potentially results in the need for
increased member sizes. Accurately quantifying the effect of dogbones on
stiffness is therefore an important issue in the design process. This report will
examine the change in frame elastic stiffness that results from the use of radius-
cut dogbones.

The first objective of this report was to analyze the reduction of stiffness
of an individual cantilever beam. By using finite element analysis, several
cantilever beams of varying size and length were modeled with and without the
radius-cut dogbone connection. The purpose was to examine the stiffness of the
beams with and without the cutout, and to determine if altering the span length
has any effect on the reduction in stiffness.

The next objective was to derive an effective moment of inertia for the
reduced section to permit simplified analysis of beams with radius-cut dogbones.
By using the moment-area method, an effective moment of inertia was derived.

Analysis of several beam sizes with various flange cutout widths were performed.
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A separate member with this reduced moment of inertia can be used for the cutout
region in a frame analysis program.

The final objective of this report was to analyze the effect of the dogbone
connection on the stiffness of an entire frame. By using the previously derived
effective moment of inertia, the frames were modeled with and without the
dogbone cutout. A variety of steel moment frames were analyzed using several

different sizes of dogbone cutouts.



Chapter 2: Finite Element Analysis of Cantilever Beams

The first step in analyzing the effect of the dogbone connection on the
elastic stiffness of a frame was to consider the change in stiffness of isolated
cantilever beams with and without the radius-cut dogbone connection. The
stiffness was examined by observing the changes in displacement obtained by a
finite element analysis. The finite element computer program used was SAP90.

SAP90 is a widely used commercial elastic structural analysis computer
program (Wilson & Habibullah, 1989). SAP90 performs static and dynamic
analysis, and is designed to run on personal computers. The element library
consists of basically four types of elements: frame, shell, asolid, and solid
elements. Model generation options are available for convenience and plotting
capabilities are available to check model geometry. During analysis, the stiffness

method is used to solve for joint displacements, reactions, forces, and stresses.

The Finite Element Models

The three following structural steel shapes were modeled using SAP90:
W36X150, W30X148, and W24X68. Twelve different cantilever beams were
analyzed. The three different size beams were each modeled for two cases: with
and without the radius-cut dogbone connection. Each case was then modeled with
a 15 foot cantilever and a 20 foot cantilever. As shown in Figure 2.1, the modeled
cross sections differ slightly from the standard rolled structural shapes. The basic
dimensions are the same, but the beams were modeled with sharp corners instead

of filleted corners between the flanges and the web.
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Figure 2.1: Beam Cross Sections

The cantilever beams were fixed on one end and a concentrated load was
placed at the tip. This concentrated load was distributed along the height of the
web. The length of the beam was representative of half of an actual moment
frame bay, assuming a point of inflection at mid-span. The 15 foot cantilever
therefore modeled a 30 foot clear span beam, and the 20 foot cantilever modeled a
40 foot clear span beam. The cantilever tip displacements were compared with
and without the dogbone in order to evaluate the change in stiffness of the beam.

The goal of the finite element analysis was not only to examine the effects of the



radius-cut dogbone connection on stiffness, but also to determine if the change in

stiffness was dependent on beam sizes and span lengths.

R
__7
J— /
~
L—_Ix__
a b 4

Figure 2.2: Key Dimensions of the Cutout

When designing the beams with the radius-cut dogbone connection,
dimensions of the dogbone were very important. The dimensions of a typical
radius-cut dogbone were suggested by the authors of the article, “The Dogbone
Connection: Part II,” Modern Steel Construction, August 1996 (Engelhardt, et. al,
1996). Figure 2.2 shows these key dimensions. Values for the cutout dimensions
were recommended based on testing of the radius-cut dogbone and experience
with other connection test programs. The distance “a” is measured from the face
of the column to the start of the dogbone. Values for the distance “a” were
suggested in the range of 50 to 75 percent of the beam flange width. The length

of the cut, “b”, was suggested to be approximately 65 to 85 percent of the beam

depth. The dimensions “a” and “b” should be kept small in order to minimize the
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amplification of moment from the hinge location in the dogbone to the face of the
column. The dimensions must also be large enough to allow the stresses in the
reduced beam flange to spread uniformly over the flange width and to avoid
excessive inelastic strains in the dogbone.

The crucial dimension is the depth of the cut, “c”. This depth was chosen
to limit the maximum moment at the face of the column to values in the range of
about 85 to 100 percent of the plastic moment of the beam. This depth of the cut
removed approximately 40 percent of the beam flange width (Engelhardt, et. al,
1996). Based on the equation of a circle, the radius, “R”, of the cut is computed

by the formula:
4t +b°
8c

R 2.1)

The actual dimensions of the cutouts for the various beam sizes modeled
are shown in Table 2.1. In each case, approximately 40 percent of the beam

flange width was removed at the minimum section of the dogbone.

Table 2.1: Dimensions of Models

a b c R

W36X150 | 9”7 | 27”7 | 2.375” | 39.556"

W30X148 | 5”7 | 25" 2" 40.0625”
W24X68 | 5”7 | 16”7 | 1.75” 19.161”

The cantilever beams were modeled by using the eight-noded solid

element or “brick” element. Several trial models were run using different

10



numbers of elements in order to achieve accurate results. Each beam was
modeled without the dogbone with approximately 1000, 2500, and 4000 nodes.
The displacements of each model were compared with displacements found from
the closed form solution which is discussed later in this chapter. By using as
many nodes as possible (SAP90 permits a maximum of 4000 nodes), it was
found that the model provided accurate predictions of displacement with an error
of less than 0.5 percent. Thus, each beam consisted of approximately 4000 nodes
and 1800 elements. As shown in Figure 2.3, 2.4, and 2.5, the meshes of the
models with the dogbones differed slightly. In all of the beams, the nodes were
spaced closer together in and around the cutout region and then increased in
spacing as the distance from the cutout region increased. As a result of the
different dimensions of the cutout among the different beam sizes, the nodal
spacing along the length of the member varied slightly. To accommodate the
changing span lengths, the nodal spacing along the length was altered for the same
size beam. In each model, the flange of the beam was broken up into three
elements across its width with the middle element being the width of the web.

The web consisted of ten elements along its height in between the flanges.

11
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Results

A 260 kip load was distributed across the web at the tip of each beam.
The tip displacements for the nodes across the base of the bottom flange were then

averaged. The average tip displacement of the each beam is shown in Table 2.2.

Table 2.2: Average Displacements (inches)

Displacements Percent
Without Dogbone With Dogbone Reduction
(in) (in) in Stiffness
W36X150
15’ Span 2.076 2.274 8.7
20’ Span 4.763 5.140 7.3
W30X148
15’ Span 2.753 3.016 8.7
20'Span |  6.309 6.801 7.2
W24X68
15’ Span 9.754 10.427 6.5
20’ Span 22.685 23.928 52

By taking the average tip displacements of a beam with and without the
dogbone, the percent reduction in stiffness of the beam was calculated. The
radius-cut dogbone connection resulted in a reduction in stiffness of 5-9 percent
for the beams. The larger beams, W36X150 and W30X148, displayed a slightly
higher reduction in stiffness than the smaller W24X68 beam. The longer spans
tended to show a lower reduction in stiffness than the shorter spans. The reduction

in overall frame stiffness due to the dogbone cutouts in the beams will be less than
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the values shown in Table 2.2, since the beams are only one component of the

frame. This issue will be investigated in Chapter 4.

Verification of Results

In order to evaluate the accuracy of the finite element model, the tip
displacement predicted by the finite element model for the cantilever without a
dogbone cutout was compared to a simplified closed form solution. The closed

form tip displacement was computed as follows:

5
b 3ET
_ PL
T AG
A=A, +A,

where: A, = tip displacement due to bending
A, = tip displacement due to shear
A = total tip displacement
P = tip load
L = length of cantilever
I = moment of inertia
A, = web area

w

E = elastic modulus
G = elastic shear modulus

The results of this simplified closed form solution is shown in Table 2.3,
and is compared to the finite element solution. The difference between the two
solutions is small, typically less than 0.5 percent. This small difference does not
necessarily imply a small error in the finite element model, since the closed form
solution is also approximate. In any event, the close agreement between these

16



solutions suggests that the finite element model is providing accurate estimates of

displacement.
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Chapter 3: Simplified Analysis Using Frame Elements

In Chapter 2, the reduction in elastic stiffness of a cantilever beam
resulting from a dogbone cutout was evaluated by finite element analysis. The
cantilever beam was discretized into a large number of 3-dimensional solid
elements. While this approach can provide accurate results, its usefulness for
analyzing entire frames is limited due to the large number of elements required,
and the extensive effort required in developing the model. Further, this approach
does not lend itself well to routine design office use. Consequently, in this
chapter, a simplified approach will be developed for evaluating the change in
elastic stiffness resulting from dogbone cutouts in the beams of moment frames
subject to lateral loads.

In typical design practice, beams and columns are analyzed using one-
dimensional frame elements. In order to use a frame element to model the
dogbone region of the beam, the properties of the element must be modified to
reflect the changes in cross section. The approach that will be taken in this
chapter will be to model the dogbone region with a single prismatic frame
element, i.e., a frame element where the cross sectional properties are constant
along the length of the element. Since the actual cross section varies
continuously along the dogbone, an effective moment of inertia, I, must be
determined for the prismatic beam element that will adequately reflect the
stiffness of the dogbone portion of the beam. The overall approach is illustrated

in Figure 3.1. The portions of the beam outside of the dogbones is modeled as
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usual, i.e., with frame elements using the member’s full moment of inertia, 1.
The dogbone regions, of length b, are modeled with frame elements using a
reduced value of I. The goal of this chapter is to develop recommendations for
choosing values of I, for various depths of cuts. These results will then be used in
Chapter 4 for analyzing entire frames. This approach can be easily implemented
in commercial structural analysis computer programs, and should therefore be

useful in routine design office analysis of moment frames with dogbones.

( )
S [<2o4&

(b) Simplified model of moment frame beam
using prismatic frame elements

Figure 3.1: Simplified Analysis Using Frame Elements

20



In addition to modifying the moment of inertia for the dogbone frame
element, the area should also be reduced. However, in the present study, it is
assumed that the axial forces in the beams are very low, so that the axial stiffness
of the beam has no significant effect on the lateral deflection of the frame.
Consequently, no modifications will be made to the cross-sectional area assigned

to the dogbone element; only the moment of inertia will be modified.

Overview of Analysis Approach

In order to establish values of I, the following approach was taken. A
cantilever beam subject to a tip load was analyzed. The tip deflection was
computed using the moment-area method. With this method, the tip deflection
can simply be computed as the first moment of the area under the M/EI diagram
(i.e., the curvature diagram, taken about the tip).

As a first step, tip deflections were computed for cantilever beams with
dogbone cutouts using exact values for the moment of inertia. The moment of
inertia varies continuously along the length of the dogbone. An expression was
developed for the exact values of moment of inertia at any point along the
dogbone, and this expression was then used to establish the M/EI diagram. This
MV/EI diagram is qualitatively illustrated in Figure 3.2. The tip deflection was
computed as the first moment of the area under the M/EI diagram taken about the
tip, using numerical integration. The M/EI diagram was divided into a number of
small strips along the length of the beam. For each strip, the area of the strip was

computed using the trapezoidal rule. The area of the strip was then multiplied by
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the distance from the center of the strip to the tip of the cantilever. The tip

deflection was then obtained by summing all strips.

\ 4

.Sdggl+a b |

Figure 3.2: M/EI Diagram for Beam Using the Exact I
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As the next step, the same cantilever was analyzed assuming that the
moment of inertia within the dogbone remains constant at a value equal to 1. The
M/EI diagram for this situation is qualitatively illustrated in Figure 3.3. The tip
deflection was then calculated using the numerical integration, as described
above. A value of I was determined so that the computed tip deflection was

identical to the value computed using the exact moment of inertia.
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A\ 7

.5dco|+aI b }

Figure 3.3: M/EI Diagram for Beam with /,

By using this procedure, the effective moment of inertia was derived for
several size beams with varying span lengths. The percentage of flange cutout
and cutout length were varied to assess the effect on the effective moment of

inertia. The results of these derivations are included in the next section.
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Results

The three beam sizes, considered in Chapter 2, each with a 15 foot span
and a 20 foot span were analyzed. The dimensions of the radius-cut dogbone, as
shown previously in Table 2.1, were utilized. For each beam, the cutout is
approximately 40 percent of the flange width. Table 3.1 contains the results of

this derivation, where [ is the original moment of inertia of the beam.

Table 3.1: Results for Dogbones with 40 Percent Cutouts

I I L/

W36X150
15’ Span | 8902.5 | 6964.67 0.782
20" Span | 8902.5 | 6963.9 0.782

W30X148
15’ Span | 6609.15 | 5153.07 0.780
20’ Span | 6609.15 | 5150.52 0.779

W24X68
15’ Span | 1802.12 | 1408.58 0.782
20’ Span | 1802.12 | 1407.98 0.781

By examining the beams with 40 percent cutouts, the ratio of the effective
moment of inertia to the original moment of inertia appeared to be consistent
across all beam sizes and span lengths. For a 40 percent cutout of the flange

width, the ratio, I/I, was approximately 0.78 for all cases. In other words, the
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effective moment of inertia was 78 percent of the original moment of inertia for
all cases. The varying beam sizes and span length seemed to have no effect on
the effective moment of inertia.

After establishing that the effective moment of inertia was essentially
identical for all beam sizes and span lengths for the 40 percent cutout, the
percentage of cutout of the flange width was modified. Table 3.2 shows the
results of these modifications. The dimensions, a and b, were kept the same, but
the cutout depth, ¢, was changed in order to obtain certain percentages of cutout.
A range of 10-50 percent of the flange width was cutout and the effective
moment of inertia was determined for each case. The ratio, 1/7, is shown for each

casc.
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Table 3.2: I/I for Various Cutouts

10% 20% 30% 40% 50%
Cutout Cutout Cutout Cutout Cutout
W36X150
15’ Span 0.9471 0.8930 0.8373 0.7820 0.7204
20’ Span 0.9471 0.8929 0.8373 0.7820 0.7203
W30X148
15’ Span 0.9482 0.8936 0.8260 0.7797 0.7076
20’ Span 0.9478 0.8932 0.8257 0.7793 0.7072
W24X68
15’ Span 0.9471 0.8914 0.8340 0.7816 0.7134
20’ Span 0.9467 0.8911 0.8338 0.7813 0.7131

Reaffirming prior results, the effective moments of inertia remain nearly
constant for all beam sizes and span lengths for the same percentage of flange
width cutout. The ratios, I/I, were approximately 0.95, 0.89, 0.83, 0.78, and 0.71
for the 10, 20, 30, 40, and 50 percent cutouts, respectively. Also, the effective
moment of inertia decreases as the percentage of cutout of the flange width
increases.

The effect of the variation of the cutout length on I, was also investigated.

The length of the cutout, b, was increased by 50 percent. The percentage of cutout
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was also varied. The ratios, I/1, after the increase in the cutout length are shown in

Table 3.3.

Table 3.3: 1/I for Various Cutouts - Dogbone Length Increased by 50

Percent
10% 20% 30% 40% 50%
Cutout Cutout Cutout Cutout Cutout
W36X150
15’ Span 0.9475 0.8937 0.8386 0.7843 0.7232
20’ Span 0.9474 0.8936 0.8385 0.7840 0.7229
W30X148
15’ Span 0.9486 0.8944 0.8275 0.7816 0.7104
20’ Span 0.9481 0.8939 0.8270 0.7811 0.7099
W24X68
15’ Span 0.9477 0.8926 0.8361 0.7844 0.7176
20’ Span 0.9473 0.8922 0.8357 0.7840 0.7172

When comparing Table 3.2 and Table 3.3, the results are nearly identical.
The increase in the cutout length had no significant effect on the effective moment
of inertia. For the same cutout percentage, the ratio of effective moment of inertia
to the original moment of inertia remains the same for different beam sizes and

span lengths.
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In summary, the results of these derivations are consistent and
encouraging. The effective moment of inertia decreased with an increase in the
amount cut out of the flange. For the same size cutout, the ratio of the effective
moment of inertia to the original moment of inertia was nearly constant of
regardless of the beam size, span length, or length of cutout. Table 3.4 contains

an average I /I from all of the derivations.

Table 3.4: Summary of Results

Average

I

10% Cutout 0.948
20% Cutout 0.893
30% Cutout 0.833
40% Cutout 0.782

50% Cutout 0.715
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Figure 3.4: Plot of 1 /I vs. Flange Cutout

A plot of the results in Table 3.4 is shown in Figure 3.4. The relationship
between the effective moment of inertia and the percent of the flange cutout was
almost linear. With this graph, an effective moment of inertia can be
approximated for any beam size, span length, or length of cutout. By performing
linear regression for the data in Table 3.4, the following equation results for

estimating I /I
1, 100—-057|%cutout|
I 100

(3.1)

For example, for a 30 percent cutout, Equation 3.1 gives I /I equal to 0.829.

An approximation of the effective moment of inertia can be useful when
modeling a beam or a frame. With the depth of the cutout known, the effective
moment of inertia can be computed from the information taken from Figure 3.4 or
from Equation 3.1. As discussed earlier and shown in Figure 3.1, a separate

member the length of the cutout can be created with this effective moment of
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inertia. The frame analysis included in the next chapter used this modeling
technique along with the results from this section in order to analyze the effects of

the radius-cut dogbone connection on the stiffness of a frame.

Comparison with Finite Element Results

In order to evaluate the results from Table 3.4 and Equation 3.1, a
cantilever beam was analyzed assuming the moment of inertia within the dogbone
region remained constant at a value equal to /, and the results compared to those
from the finite element analysis. The cantilever beams were modeled in SAP90
with a separate member for the cutout region with 40 percent of the beam flange
width removed. Table 3.5 includes the displacements in inches of the simplified

analysis using frame elements and the finite element analysis.
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Table 3.5: Comparison of Tip Displacements: Simplified Analysis Using
Frame Elements vs. Finite Element Analysis

Simplified Analysis Using | Finite Element Analysis
Frame Elements (inches) (inches)
W36X150
15’ Span 2.256 2.274
20’ Span 5.142 5.140
W30X148
15" Span 2.994 3.016
20’ Span 6.766 6.801
W24X68
15" Span 10.259 10.427
20’ Span 23.585 23.928

The difference between the simplified analysis using frame elements and
the finite element analysis is small, less than 2 percent for all cases. The effective
moments of inertia found from Table 3.5 or Equation 3.1 proved to be accurate
and reliable. When modeling a beam or frame with the dogbone connection, the
simplified analysis using frame elements is an accurate alternative to a finite
element analysis and does not require an extensive effort, unlike a finite element

analysis.
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Chapter 4: Frame Analysis

In this chapter, a number of complete steel moment frames, both with and
without dogbone cutouts in the beams, will be analyzed for their deflection
response under lateral loading. A variety of frame sizes and configurations, as
well as a variety of dogbone cutout sizes are examined. The frames are modeled
on SAP90 using conventional frame elements. The dogbone regions of the beams
are modeled using the effective moment of inertia derived in Chapter 3. The
purpose of these analyses is to evaluate the effect of the dogbone cutouts on

lateral frame stiffness for a wide range of conditions.

The Frame Models

Four frames were modeled using SAP90. These frames were from actual
buildings affected by the Northridge Earthquake and were included in an
investigation conducted by the SAC Joint Venture (December, 1995). The frames
analyzed varied in story height and number of bays in order to cover a wide range
of frames. Frame 1, as shown in Figure 4.1, was a one bay, seven story frame.
Frame 2 was a three bay, four story frame and is shown in Figure 4.2. Frame 3
was a four bay, eighteen story frame and is shown in Figure 4.3. Lastly, Frame 4,
shown in Figure 4.4, was a three bay, two story frame. The dimensions and

member sizes for these frames are reported by SAC (December, 1995).
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Figure 4.1: Frame 1
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Figure 4.3: Frame 3
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The frames were basically modeled by placing nodes at every joint. The
beams were modeled similar to Figure 3.1. A separate member with the effective
moment of inertia was included for the cutout region. The members of the frames
not in the cutout region were taken from the AISC database of SAP90 where their
section properties were automatically recovered.

Rigid end offsets were used at the beam-to-column connection to
approximate the joint region. Rigid end offsets are the distances from the nodes
to the faces of the supports, as shown in Figure 4.5. They are used because the
dimensions of a structural member can be large enough to effect the stiffness of a
frame. An analysis based upon centerline to centerline geometry, in general,
overestimates the deflections. There are no member bending and shear
deformations within the rigid offset lengths and all member forces are output at
the outer ends of the rigid offsets or the face of the supports (Wilson &
Habibullah, 1990). As recommended by the SAP90 User’s Manual (Wilson &
Habibullah, 1990), the length of the rigid zone was taken to be 50 percent of the
actual joint dimension. This reduced length of the rigid zone accounts

approximately for deformations within the joint region.
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Figure 4.5: Rigid End Offsets (Wilson & Habibullah, 1990)

Following the guidelines established and previously discussed in Chapter
2, the key dimensions of the cutouts, shown in Figure 2.2, for each member size
were determined. For each member, “a”, the distance from the face of the
column to the start of the dogbone, was taken as 75 percent of the flange width.
The dimension “b”, the length of the cutout, was configured at 85 percent of the
beam depth. The cutout depth, “c”, was varied. Each frame was analyzed with
10, 40, and 50 percent of the flange width cutout, where the percent cutout equals
2¢/b, times 100. For each beam size, Table 3.4 was used to calculate an effective
moment of inertia for the corresponding percent cutout of the flange. As shown
in Figure 4.6, the placement of the nodes in order to satisfy the dimensions of the

cutouts and the rigid end offsets was crucial. One node was placed at the beam
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and column centerlines. Another node was placed at a distance equal to half of
the column depth plus “a” away from this node. From this node, another node
was placed at a distance “b” away. The distance “b” is the length of the cutout
and this member represents the cutout region. The cutout region has the
calculated effective moment of inertia corresponding to the cutout percentage. In

all cases, dogbone cutouts were added to both ends of all beams.

4 22222

Figure 4.6: The Frame Model Dimensions
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Results

Each frame was analyzed for two load cases: a constant lateral load of 10
kips and a triangular lateral load of 10 kips. As shown in Figure 4.7(a), for the
constant load case, a concentrated load of 10 kips was placed laterally at each
beam-to-column joint. For the triangular load case shown in Figure 4.7(b), a
concentrated load of 10 kips was placed at the joint at the roof and then
distributed triangularly along the story height. The total amount of load varied for
each frame because of the different story heights. Since the change in stiffness
caused by the dogbone cutouts is of interest here, the actual magnitude of the

lateral load is irrelevant.

10k > 10k >
10k > 75k —>
10k > 5k —>»
10k > 25k >
laad laad laad laad
(a) Constant Lateral Load Case (b) Triangular Lateral Load Case

Figure 4.7: Two Loading Cases
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As mentioned previously, building codes typically limit interstory drift,
and therefore the examination of the maximum interstory drifts is crucial. The
maximum interstory drift ratio and the roof displacement were examined for each
frame. The interstory drift ratio was computed by taking the relative displacement
for each story and dividing it by the story height. The maximum interstory drift
ratio was found by comparing the interstory drift ratios of each story for a
particular frame. The roof displacement was simply the total lateral displacement
at the roof.

The results for Frame 1, Frame 2, Frame 3, and Frame 4 are shown in
Table 4.1, Table 4.2, Table 4.3, and Table 4.4, respectively. The displacements

are in inches and the maximum interstory drift is represented by a percentage.
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Table 4.1: Results of Frame 1 Analysis

Constant Loading | Triangular Loading

Roof Displacement

Without Cutout 2.151 in. 1.644 in.

10% Cutout 2.169 in. 1.658 in.

40% Cutout 2.240 in. 1.713 in.

50% Cutout 2.276 in. 1.741 in.
Interstory Drift Ratio

Without Cutout 0.250 % 0.200 %

10% Cutout 0.253 % 0.201 %

40% Cutout 0.261 % 0.208 %

50% Cutout 0.266 % 0.211 %

Table 4.2: Results of Frame 2 Analysis

Constant Loading | Triangular Loading

Roof Displacement

Without Cutout 0.387 in. 0.299 in.

10% Cutout 0.391 in. 0.302 in.

40% Cutout 0.405 in. 0.314 in.

50% Cutout 0.413 in. 0.320 in.
Interstory Drift Ratio

Without Cutout 0.079 % 0.058 %

10% Cutout 0.080 % 0.059 %

40% Cutout 0.083 % 0.061 %

50% Cutout 0.084 % 0.062 %
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Table 4.3: Results of Frame 3 Analysis

Constant Loading | Triangular Loading

Roof Displacemen

Without Cutout 2.532 in. 1.818 in.

10% Cutout 2.556 in. 1.835 in.

40% Cutout 2.640 in. 1.896 in.

50% Cutout 2.683 in. 1.927 in.
Interstory Drift Ratio

Without Cutout 0.121 % 0.080 %

10% Cutout 0.123 % 0.081 %

40% Cutout 0.127 % 0.084 %

50% Cutout 0.130 % 0.085 %

Table 4.4: Results of Frame 4 Analysis

Constant Loading | Triangular Loading

Roof Displacement

Without Cutout 0.161 in. 0.139 in.

10% Cutout 0.162 in. 0.140 in.

40% Cutout 0.167 in. 0.144 in.

50% Cutout 0.169 in. 0.146 in.
Interstory Drift Ratio

Without Cutout 0.055 % 0.050 %

10% Cutout 0.055 % 0.050 %

40% Cutout 0.057 % 0.052 %

50% Cutout 0.058 % 0.052 %
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The results shown in Tables 4.3 and 4.4 show that the roof displacements
and the maximum interstory drift ratios increased as the percentage of flange
cutout increased, as expected. The constant loading case displacements and
interstory drift ratios were higher than the triangular loading case. This was
expected because the triangular load had overall less lateral load than the constant
loading.

By taking the roof displacements and the maximum interstory drifts, the
change in stiffness of the overall frame was calculated for both those parameters.
Tables 4.5, 4.6, 4.7, 4.8 include the percent change in stiffness based on roof
displacements and on maximum interstory drift ratio for Frame 1, Frame 2, Frame

3, and Frame 4, respectively.
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Table 4.5: Change in Stiffness Resulting From Dogbone - Frame 1

Constant Loading | Triangular Loading
Change in Stiffness based on
Roof Displacements
10% Cutout 0.82 % 0.83 %
40% Cutout 4.10 % 4.16 %
50% Cutout 5.79 % 5.87 %
Change in Stiffness based on
Max. Interstory Drift Ratio
10% Cutout 0.88 % 0.79 %
40% Cutout 4.42 % 3.97 %
50% Cutout 6.24 % 5.61 %

Table 4.6: Change in Stiffness Resulting From Dogbone - Frame 2

Constant Loading

Triangular Loading

Change in Stiffness based on
Roof Displacements

10% Cutout

40% Cutout

50% Cutout

Change in Stiffness based on
Max. Interstory Drift Ratio
10% Cutout
40% Cutout
50% Cutout

0.94 %
4.72 %
6.66 %

0.96 %
4.80 %
6.77 %

0.97 %
4.87 %
6.69 %

0.97 %
4.84 %
6.83 %
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Table 4.7: Change in Stiffness Resulting From Dogbone - Frame 3

Constant Loading | Triangular Loading
Change in Stiffness based on
Roof Displacements
10% Cutout 0.97 % 097 %
40% Cutout 4.29 % 4.29 %
50% Cutout 6.01 % 6.01 %
Change in Stiffness based on
Max. Interstory Drift Ratio
10% Cutout 1.26 % 1.24 %
40% Cutout 5.09 % 5.02 %
50% Cutout 7.06 % 6.96 %

Table 4.8: Change in Stiffness Resulting From Dogbone - Frame 4

Constant Loading [ Triangular Loading
Change in Stiffness based on
Roof Displacements
10% Cutout 0.68 % 0.70 %
40% Cutout 342 % 3.50 %
50% Cutout 4.81 % 4.92 %
Change in Stiffness based on
Max. Interstory Drift Ratio
10% Cutout 0.82% 0.81 %
40% Cutout 411 % 4.05 %
50% Cutout 5.79 % 5.70 %
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For the same size cutout, the reduction in stiffness across all frame types
and loading cases was very similar based upon the roof displacements or the
maximum interstory drift ratios. When 10 percent of the flange width was cutout,
the reduction in stiffness was approximately 1 percent for Frame 1, 2, 3, and 4 for
both loading cases. The reduction in stiffness ranged from 4 to 5 percent for the
standard size cutout of 40 percent. Finally, for the largest cutout of 50 percent,
the reduction in stiffness of the overall frame was 5 to 7 percent.

Overall, these results indicate that the reduction in lateral frame stiffness
resulting from the addition of dogbone cutouts in the beams is generally quite
small. From a design perspective, this reduction in stiffness could be dealt with in
several different ways. One option for a designer is to explicitly model the
dogbone regions through the addition of separate frame elements, as was done in
this chapter. By using the effective moment of inertia derived in Chapter 3 for the
dogbone frame elements, the reduction in lateral stiffness of the frame due to the
dogbones will be accurately predicted in the computer analysis of the frame.
While this approach provides accurate results, it requires increased modeling
effort. An alternative approach to avoid explicitly modeling the dogbone regions
would be to run a conventional frame analysis without the dogbones, and simply
adjust the results based on the data generated in this chapter. For example, if
dogbones are used with 40 percent flange removal, the results of this study
suggest that on average, interstory drift ratios increase approximately 4 percent
over a broad range of frame configurations and heights. Thus, the interstory drifts
predicted by a frame analysis without modeling of the dogbones could then
simply be increased by 4 percent. While this approach is not as accurate, it
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simplifies the computer modeling effort, and probably results in sufficient
accuracy for design purposes. As a final option, a designer may consider the
reduction in stiffness due to the dogbones to be negligible, and simply ignore this
effect in the frame analysis and design. This, of course, is a matter of engineering

judgment,
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Chapter 5: Summary and Design Recommendations

Summary

The radius-cut dogbone connection has received considerable attention
recently as an alternative for seismic-resistant steel moment frame connections.
The dogbone connection has shown promising performance in previous research
and testing in the areas of ductility and strength. It also appears to be an
economical alternative based on recent cost studies. An area which has not been
adequately investigated, however, is the reduction in elastic lateral frame stiffness
caused by the use of the dogbone connection. The investigation of the frame
lateral stiffness is important because code mandated drift limitations normally
control the beam sizes. The reduction in stiffness of the frame due to the dogbone
connection could increase the member sizes needed in a frame. In this report, the
evaluation of the elastic lateral stiffness of steel moment frames with dogbone
connections was completed in three steps: finite element analysis of cantilever
beams, simplified analysis using frame elements, and a series of complete frame
analyses.

The finite element modeling examined three different size individual
cantilever beams with differing span lengths in order to determine the effect of the
dogbone connection on the stiffness. With a 40 percent cutout of the flange
width, the individual cantilever models showed a slight reduction in stiffness with
the dogbone connection. The longer span showed a lower reduction in stiffness

than the shorter span. The reduction in stiffness of the individual cantilever
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beams ranged from 5 to 9 percent across all beam sizes and span lengths. The
results of the finite element analysis were verified by a simplified closed form
solution.

Since a finite element analysis of a beam with a dogbone cutout requires
extensive effort, a simplified approach was developed in order to analyze a beam
or a frame. The approach allows the dogbone region to be modeled as a single
prismatic frame element with an effective moment of inertia, I. The effective
moment of inertia was found as a percentage of the original moment of inertia of
the beam. This permits calculating effective moments of inertia for any size
beam. It was concluded that the cutout length and the span length has virtually no
effect on the effective moment of inertia. As the cutout depth was increased, the
effective moment of inertia decreased. For a 10, 20, 30, 40, and 50 percent cutout
of the flange width, the ratio of the effective moment of inertia to the original
moment of inertia was 0.95, 0.89, 0.83, 0.78, and 0.72, respectively. An equation
was developed in order to compute the effective moment of inertia for any cutout
size. In order to evaluate the simplified approach using frame elements, the
results of this approach were compared to the finite element analysis results. The
simplified approach using frame elements is quicker, less tedious, and more
practical for design office use than the finite element analysis, but still provides
reliable and accurate results.

In order to investigate the effect of the dogbone connection on the overall
frame stiffness, a series of frame analyses were performed on several moment
frames of varying heights and configurations. These analyses used frame elements

with a reduced I, to model the dogbone region of the beams. The roof
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displacement and maximum interstory drift ratio was evaluated for different frame
types with different sizes of dogbone cutouts in the beams. For a small 10 percent
cutout of the flange width, the stiffness of the entire frame was reduced by about 1
percent. By using the standard cutout of 40 percent, there was a 4 to 5 percent
reduction in stiffness for all frame types. Finally, for the largest cutout of 50

percent, the reduction in stiffness was from 5 to 7 percent.

Design Recommendations

After examining and analyzing the radius-cut dogbone connection, a
small, but apparent, reduction in the elastic lateral stiffness of the overall frame
resulted. The question is whether this reduction can be ignored or must be
considered in the design. Basically, this is a matter of engineering judgment. If
one feels that the reduction is small enough to be negligible, the conclusion would
be to ignore the effects of the dogbone connection on the elastic drift calculations.
Another option would be to take into account the small stiffness change by
adjusting computed drift after a frame analysis without dogbone connections is
completed. Finally, the last option is to design the frame taking into account the
reduction in stiffness caused by the dogbone connection by modeling the dogbone
regions with additional frame elements. A structural analysis program would

accurately predict the reduction in lateral stiffness.
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