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Non-Prismatic Beam Element for Beams with RBS Connection
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ABSTRACT : This study presents a non-prismatic beam element for modeling the elastic behavior of steel beams, which have
the post-Northridge connections in steel moment frames. The elastic stiffness matrix, including the shear effects for
non-prismatic members with reduced beam section (RBS) connection, is in closed form. A simplified approach is also
suggested, which uses a prismatic beam element to model beams with the RBS connection. This method can estimate
quiteexactly the maximum story drift ratios of frames with the RBS connection. The effects of reduced beam section
conmection on the elastic stiffness of steel moment frames were investigated. The selection of a proper model to account for
deformations at the joint might have a more important role in estimating the maximum story drift ratios of frames with
better accuracy than the RBS cutouts.
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1. General deformation was observed in these connections. Since
the Northridge earthquake, a great deal of research
The widespread damage to welded moment and testing has been conducted to identify better
connections in moment-resisting frames (MRFs) during moment connections for new steel moment frame
the 1994 Northridge carthquake undermined the construction, as well as for vepair or upgrading of
confidence in the ductility of steel special MRFs. The existing steel moment frames. The majority of these
most common failure mode was a brittle fracture in or efforts have combined improvements in welding together
around the complete joint penetration groove weld with modifications to the connection design. The
between the beam flanges and column flange (Youssef modified connection design for special moment frames
et al. 1995). Very little beam plastic employs some type of reinforcement at the connection
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or radius-cut reduction of beam flanges near the
column face in order to force the plastic hinge to occur
away from the beam—column interface, as an accepted
alteration of the pre-Northridge connection (FEMA
2000).

Reducing a beam section will decrease the stiffness
of the beam and will, in turn. affect the elastic and
inelastic behavior of the entire structure, influencing
Although
considerable researches and tests have been completed,

its internal loads and displacements.
some potentially important aspects of the modified
connection have not been thoroughly investigated. One
of these aspects is the effect of reduced beam sections
(RBS) on the elastic stiffness of the frame and the
other is on the dynamic nonlinear behavior of the
frame. One research (Chambers, et. a] 2003) indicated
that about 11 %
resulted from the standard reduction of 40 % flange
width, while Grubbs (1997) showed that the elastic
story drift due to the same flange reduction was

increase in elastic story drift was

increased by about 5 %. Most of researches (Chen, et.
al 1996. Engelhardt, et. al 1996, Grubbs 1997, and
Faggiano, et. al 2003) have suggested that the
reduction in elastic stiffness due to RBS is likely to be
small. Overall, however, very little research appears to
have been done to accurately quantify the reduction in
elastic stiffness of the frame due to RBS. Thus, the
development of an analytical model for non-prismatic
beams with the reduced beam section connection
(RBS), which is fundamental to the quantification of
both the elastic and inelastic performance of structures
which incorporate the non-prismatic beams, and its
application are the subject of this study.

2. General Description

The beam element presented in this paper (RBS
beam element) is applicable to non prismatic members
with the reduced beam section connection (RBS). The
element will model the response of bare steel members
subject to moment, axial force, and shear. It is
intended to represent the clear span portion of beams
in steel moment frames. Elastic shear deformations are

included.

The element has two nodes. The nodes connect to
the global structure and have three degrees of freedom
each, namely translations and rotation in the local
coordinate system, as shown in Figure 1. In the local
coordinate system, if the rigid body motions are
removed. the element can be considered as a simply
supported beam. On the basis of equilibrium, all the
components of local nodal forces R(R1 to R6) can be
computed from the values of relative forces s(sl, s2,
and s3). The transformation from the relative forces s

to the nodal forces R is defined as

Fig 1. Element Relative Forces and Deformations in Local
Coordinate System

where A is the force transformation matrix, which is
well known and can be found in the literature
1968). From
transformation from the local displacements r to the

(Przemieniecki geometry, the

relative deformations v(vl, v2, and v3) is accomplished
by

v = Al.r (2a)

where T ={U,,V,,6,U,,V,,0} (2b)

Y
3. Element Stiffness

The elastic element flexibility relationship 1is
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determined by applying the Castiglianos theorem to the
non-prismatic element shown in Figure 2, as follows:

dv = f,- ds (3a)
dﬁ"—_\ dS3 dS]
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V, = (ds,+ds;)/L
Fig 2. Non-prismatic Beam Element.
where ds(dsl, ds2, and ds3)is the action increment

and fe is the elastic flexibility matrix which includes
the effects of shear, in which

e 0 0
*’Ff\(
f - (gl)dx L(g.l)g s (3b)
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where EA,. GAS and EI, are axial, effective

shear, and flexural rigidity at the arbitrary distance x,
respectively, and € is x/L. By integrating each element
in the flexibility matrix for a beam with RBS shown in

Figure 3, the elastic flexibility matrix fe is converted

as follows:
L ,
— f 0 0
EA']("
L | L 1
f = 0 —f+—f =f+—f
: AN Ry @
L 1 . L | .
0 R
L H}:’ LGA/ Hf” LGA'/

where A= gross area of the cross section: 1=gross
moment of inertia of the cross section: L=beam length.
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Fig 3. Non-prismatic Beam with Reduced Beam Sections.

The integration procedure can be found in the
literature (Chambers 2003). The flexibility coefficients

fiand f; related to the flexure can be expressed as

f,',=/u‘3; [’c +3Le(l~c)+(L—c=21) (;-+zl)"]+

! {7/1 e’ +f'"‘+2RJ)+i:e3+l/'3+2R3(1-~17]j|.q1} (5a)

Lan o

_g% (L = 24Lc + 1) + 813¢” + 6c1+ 407 |+

L) om —of )= er— [ 1= ). (5b)
L_,ZH{A 2R ~ef) [e/ R(l . ﬂ w}

A= R"{y+—1—sin2y+£(siny+z—)}
2 a all,

¥ =

(be)

d=1—4na; v=sin ' (I/R);
=4Rn: R= (rb%+1)/(2rb;); a=r1b;— R;
n=1/12+[(d—t) 2%}, the
flange reduction: b; = beam flange width: ¢t; =
flange thickness: and d = beam depth. The flexibility

coefficient f, related to the axial deformation is

where o = p//3;

radius  of

beam

defined as

29 4] 2 o l1+e,  y
t,= L +Lna y+ 1—a3tan 1_%tan§ (54d)

n,=4t /A B ,=1

where -n,s u,=Rn, and
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a,=u, /B, The form factor for shear of a member

with RBS, f, is define as

A ['x
f~:—L'/ i (5e)
( v

)
where A =A[l—n (V(R’—x%)+d}]. the

area of cross section at the arbitrary distance x;x, =

form factor for shear of the cross section at the
arbitrary distance x. The form factor x, at the

distance x is defined as

X, = -Q—",',HA—,‘)"dA
A L
=2 (1) ) -
2 p.
(S d)
P 2 2. (5f)
1 . .
[—(1—) +£)
Pr
1, 23t° 4 o+ 8. 8t°
[p_,,( 30 i 2+30) 30 )
(- +£)2
Pe

where (), =first moment of the cross sectional area
above the point where the shear stress is desired: /.
= moment of inertia of the cross section: b=

breadth of the cross section at the point where the
shear stress is desired: t=(d/2—1t)/(d/2);

b=t 0[b,~200 R —x*+a )] t,

thickness. It is noted that for prismatic members

beam web

the form factor f, is equal to the form factor
X (=4 -t,))

determined the 3x3 flexibility matrix f,. this matrix

of a cross section. Having

is inverted to obtain a 3x3 stiffness matrix ke .

EA - .

=k 0 0 By oo o

L L u

H s H s H H

k.5 0 - == 0 =k —k
C L Yl. “\,; L S; ’—S; L i L i (6)

B s, H s 0 gk Ek
0 - 3 — 3 L L /" L i
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where k, =1/f,. si = fi+fE/(LPGA), and
s; = i+ FE/(IPGA) .

4. Comparison to Finite Element Analysis

The tip displacements of various cantilever beams
obtained by the RBS beam element were compared to
displacements  obtained by
(FEA). The three following
structural steel shapes were used in the analyses:
W36X150, W30X148, and W24X68. Twelve different

cantilever beams were analyzed. The three different

the average nodal

finite—element analysis

size beams were each modeled for two cases: with and
without the reduced beam section connection. Each
case was then modeled for two different beam lengths
of 15 feet (4.57m) and 20 feet (6.10m). The modeled
cross sections differ slightly from the standard rolled
structural shapes in the fact that those have sharp
corners instead of filleted corners between the flanges
and web. The dimensions of the cutouts (RBS) applied
to various beam sizes modeled are shown in Table 1.

Table 1. Dimensions of Reduced Beam Sections

Cross Section ) ¢ T . 2l 'r "by
in. {cm) in. {cm) in. (cm)
W36x150 9 (22.86) 27 (68.58) | 2.375 (6.03)
W30x148 5 (12.70) 25 (63.50) 2.0 (5.08)
W24x68 5 (12.70) 16 (40.64) | 1.75 (4.45)

In each case, approximately 40 percent of beam
flange width (r=0.2) was removed at the minimum
section of the cutouts. In the finite element analysis
the beam was discretized into 3600-4080 eight node
hexahedron brick elements for 15 feet beam length and
4800-5440 brick elements for 20 feet beam length to
get as much accurate results as possible. Linear elastic
analyses were conducted with the finite element
software ABAQUS (1996). The modulus of elasticity
was equal to 29,000 ksi (199.9 GPa), and Poison’s
ratio was equal to 0.3. A concentrated load was placed

836 st=zexes =27 Mi16H 65(SH 73F) 20044 128

I



at the tip. This applied tip load was equally
distributed to the beam web element nodes. The tip
displacement obtained from FEA was the average value
of the tip displacements at web element nodes. The
results are presented in Table 2.

Table 2. Comparison of Tip Displacements Obtained by
RBS Beam Element and FEA

Tip Displacement {(cm)

Prismatic Beam Beam with RBS

Model ot y
Close Differ| RBS Differ P
d FEA | ence {Eleme| FEA | ence (%)-
Form (%) | nt (%) ’
W36x150

15" Span | 546 | 5471 0.09 | 593]5.95]0.27] 8407

20" Span |12.44(12.42| 0.11 ]13.33]13.36] 0.20 | 6.99

W30x148

15" Span | 7.25 [ 7.25 1 0.10 | 7.88 | 7.89 | 0.11 | 8.09

20" Span |16.61]16.62] 0.06 |17.80[17.81] 0.07 | 6.71

W24x68

15" Span |25.67]25.68] 0.03 |27.21127.30] 0.33 | 5.94

20" Span |59.70]59.711 0.02 162.55(62.71] 0.26 | 4.78

In order to evaluate the accuracy of the finite
element model, the tip displacements predicted by the
finite element analysis for prismatic cantilever beams
were compared to a simplified closed form solution. The
closed form tip displacement was computed as follows:

Yo Pl
A —_ b ' 1
VIRV YE (7)

where f,= A/A, = A/(d - t,.), the form factor for
shear of a prismatic member: I, = length of cantilever

beam: P=tip load. The difference between the two
solutions is small, typically less than 0.11 percent. The
close agreement between these solutions suggests that
the finite element analysis is providing accurate
estimates of displacements. In order to evaluate the
of the RBS beam
displacements predicted by the RBS beam element for

accuracy element, the tip

cantilever beams with RBS were compared to the
results of the finite element analysis (FEA). By
considering beams of an

equivalent cantilever

RBS 5 E «c ol oigt #5 ¢ B 4

anti-symmetric beam with RBS as shown in Figure 4,
the tip displacement predicted by the RBS beam
element can be computed as follows:

B 2H;}
a= (kij + k) EI (®)

where k; and £, are the stiffness coefficients
obtained from Eg. 6 for an anti-symmetric beam
with beam length of 2[, as shown in Figure 4.

Equivalent
antilever p \

2T Na

M=PJ,
S )
M=Pj, 'rBs A RBS

Fig 4. Equivalent Cantilever Beams.

It is noted that for prismatic members Equation 8 is
reduced to Eq. 7. The difference between the tip
displacements obtained by the RBS beam element and
FEA is small, typically less than 0.33 percent. The
close correlation between these results suggests that
the RBS beam element is providing accurate estimates
of displacements. By comparing the tip displacements
of a beam with and without RBS, the percent reduction
in stiffness of the beam due to RBS was calculated.
The RBS connection with the flange reduction of 40 %
(r=0.2) resulted in a reduction in stiffness of about
5-8 percent for the cantilever beams. The larger beams,
W36X150 and W30X148, displaced a slightly higher
reduction in stiffness than the smaller W24X48 beam.
The longer spans tended to show a lower reduction in
stiffness than the shorter spans. The reduction in
overall frame stiffness due to RBS in the beams will be
investigated later using the RBS beam element.

5. Parametric Study

A change of the reduction in stiffness coefficients due
to variation of the cut dimensions is presented in

Txsts =27 M6 63(EA 735) 204 128 837
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Figure 5. A W36x150 beam is modeled to have reduced
beam sections as shown in Figure 3. The dimensions of
a typical reduced beam section were suggested by
FEMA 350 (FEMA 2000). The distance “c”, which is
measured from the face of the column to the start of
RBS. was suggested in the range of 0.5bs to 0.750,
and the length of the cut, "2l", was suggested to be
approximately 65 to 85 percent of the beam depth. The
values of the flange reduction factor 7", which is the
ratio of maximum depth of cut to flange width, were
suggested in the range of 0.2 to 0.25. Using the limit
values of the recommended ranges for the cut
dimensions, the effects of variation of the cut
dimensions on the reduction in stiffness coefficients are
investigated.

Figure 5(a) presents the results of changes in the
ratio of the distance "¢” to flange width 5 ;. The beam
length of 30 feet (9.1m=10d) was used. As the
distance ‘¢” increases, the reduction in k; and £

decreases. The location of the cut has no effect on the
Three different
dimensions of the cut were used as follows: 1) 1/d
=0.325 and r=0.2: 2) 1/d=0.425 and r=0.2; 3) I/d
=0.325 and r=0.25. From the comparison of the

results for the three different dimensions of the cut, it

axial ~ stiffness coefficient % ,.

can be seen that the increase of 25 percent in the
flange reduction factor “r" has larger effects on the
reduction in % ; and 4, than the increase of 30
percent in the cut length "2,

Figure 5(b) presents the results of changes in the
ratio of the half of the cut length 7" to beam depth d.

As the cut length "2I" increases, the reduction in
stiffness coefficients &, £, and 4, increases.
Three different pairs of parameters r" and "L" were
used as follows: 1) 7=0.2 and L/d=15. 2) r=0.25
and L/d=15; 3) r=0.2 and Z/d=10. From the
comparison of the results for the three different pairs

of the parameters, it can be seen that for the
suggested range on ‘1" of 0.325d to 0.425d, the increase

of 25 percent in the flange reduction factor “r" has the

similar effects on the reduction in % and & as the
decrease of 33 percent in the beam length "L,

Figure 5(c) presents the results of changes in the
flange reduction factor “r". The beam length of 30 feet
was used. As the flange reduction factor 7" increases,
the reduction in stiffness coefficients %, &, and
k , increases. Three different pairs of parameters "¢’
and ‘T" were used as follows: 1) ¢/b; =0.75 and 1/d
=0.425: 2) ¢/b;=0.75 and 1/d=0.325: 3) ¢/b;=05
and 1/d=0.325. From the comparison of the results
for the three different pairs of the parameters, it can
be seen that the increase of 30 percent in the cut
length "2l" has much larger effects on the reduction in
k; and Fk jthan the decrease of 33 percent in the
distance ¢’

Figure 5(d) presents the results of changes in the
ratio of the beam length L to its depth d. As the beam

length L

coefficients % ;, £, and &, decreases. Two different

increases, the reduction in stiffness

dimensions of the cut were used as follows: 1) ¢/by
=0.5, 1/d=0.425, and r=0.25: 2) ¢/by =0.75, 1/d
=0.325, and r=0.2. The first dimension provides the
largest reduction in stiffness among the various cut
dimensions satisfying the recommended ranges of
parameters, and the second one gives the smallest
reduction in stiffness. From the comparison of the
results for the two different dimensions of the cut, it
can be seen that the first dimension provides 8.7,
54, and 1.5 % larger reduction in k&, &, and
% ,. respectively, for the beam length of Z=30 feet
than the second one.

In general, the beam flange reduction factor 7~
has the largest effects on the reduction in stiffness,
and the beam length is the second to the largest.

As the beam flange reduction or the cut length
increases, the reduction in stiffness increases. As
the beam length or the parameter ‘¢’ increases, the
reduction in stiffness decreases. The parameter ‘¢’

has negligible effects on the reduction in stiffness.
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Fig 5. Effect of Cut Dimensions on the Reduction in Stiffness Coefficients.

The effect of the cuts on the reduction in

lateral stiffness of one story-one bay frames is
presented in Figure 6. The results were
obtained Dby using center to center line

dimensions of the frames. The lateral stiffness
k, of the frames is defined as the ratio of

lateral roof load to lateral roof displacement as
shown in the inlet of Figure 6 Various
W-shape sections., which are efficient in beam
applications, are applied to beams of the
frames to investigate the effect of the cuts on
the reduction in stiffness of various size

c/b;=0.5 1/d=0.425,
and r=0.25 for the dimensions of the cuts were

beams. The values of

Txots =28 M6 62(8W 73%) 2004 12¥

selected to produce the possible largest
reduction in the lateral stiffness that a set of
values within the recommended ranges of the
cut dimensions produce. The typical beam length
of L=30 feet was applied to the frames. The
dimensions of columns were determined from the
ratio of beam flexural stiffness to column flexural
stiffness that made the reduction in lateral stiffness
of the frame due to the cuts the largest as compared
to the lateral stiffness of the corresponding frames
without the cuts. The same size of cross section and
the same length were applied to all columns. From

Figure 6, it can be seen that as the weight per unit

839
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length of W sections increases for the same beam
depth or the depth of W sections increases for the
same weight per unit length, the reduction in lateral
stiffness increases. In general, the greater the depth
and the weight per unit length, the larger the
reduction in lateral stiffness.

554 b 0.5 ld 0.425 r=025 e
L =30'=9.1m .

o
=3
N
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»
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Reduction in Lateral Stiffness l\/ %)

N
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Weight Per Unit Length of W Section

Fig 6. Reduction in Lateral Stiffness of One Story-One
Bay Frame Due to RBS

To investigate the effect of the cuts on the form
factor for shear f,, the difference between the form
factors for W36X150 beams with and without RBS is
presented in Figure 7. Also shown in this figure are
obtained by
applying the above two different form factors to
W36X150 beams with RBS. The values of parameters
for the dimensions of the cuts were the same as
those used above. For the beam length of L=30
feet, the difference between the form factors is 0.18
%. and the differences for % ;, &, ,

the differences between stiffnesses

and £k, are

0.02% ,001% .and 0.002 % , respectively. As
the beam length increases, these differences

decrease. The difference between the form factors is
very small, and the differences for the stiffnesses
are much smaller. Practically, the form factor for a
prismatic beam can be applied to the corresponding
size beam with RBS with negligible error.

0.40

Beam section : W36X 150

0359 1d=0.425, ¢/b=0.75, r=0.25

0.30 4
0.25 4

0.20 . ~k;

005"

Ditference in stiffness (%)

0.10 L=304(9.1m)

0.08

— {0 e
0.00 ——= /<f;==:::q:::t::ﬁ:;—a1=AT;;;séil—rr e
6 ] 10 12 i4 16 18 20 22

Lid

Fig 7. Effect of the Cuts on Form Factor for Shear

The effect of the cuts on the reduction in lateral
stiffness of eight different frames is presented in
Figure 8. The number of stories and bays was
varied to investigate the effect of the cuts on the
reduction in lateral stiffness of various size frames.
The values of parameters for the dimensions of the
cuts were the same as those used above. The
dimensions of columns were determined from the
ratio of beam flexural stiffness to column flexural
stiffness that made the reduction in lateral stiffness
the largest as for the above case. The same size of
cross section was applied to all beams of each
frame. The two different structural steel shapes
W36X150 and W24X68 were used for beams. For all
columns of each frame., the same size of cross
section and the same length were also used. From
Figure 8, it can be seen that the reduction in
lateral stiffness is not much changed regardless of
the number of bays. As the number of stories
increases, the reduction in lateral stiffness increases
at a decreasing rate. For the same length of beams,
W36X150 beams produce larger reduction in lateral
stiffness than W24X68 beams as for the previous
case, and the difference between the results for the
two different size beams increases as the number of
stories increases.
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6. Simplified Approach

While the finite element approach can provide
accurate results. its usefulness for analyzing entire
frames is limited due to the computational
efficiency, and the extensive effort required in
developing the model. Further, this approach does
not lend itself well to routine design office use. If it

is allowed to input stiffness coefficients %, &,
and k; in commercial structural analysis computer
programs. the developed element can be easily
implemented in them. However, it is not usual for
the computer programs. Consequently, a simplified
approach will be developed for evaluating the
change in elastic stiffness resulting from reduced
beam sections in the beams of moment frames
subjected to lateral loads.

In typical design practice, beams and columns are
analyzed using one-dimensional frame elements. The
simplified approach will be to model beams with the
RBS connection by employing a prismatic beam
element. In order to model beams with the RBS

using a prismatic beam element, the properties of

the element must be modified to reflect the changes
in cross section. In this approach, an effective
moment of inertia [, is determined from equating

the moment rotation relation of the idealized beam

RBS 1Z2%E = Hol oigh #8 ¢l & 22

ojn

(Figure 9b) to that of the real beam with reduced
beam sections (Figure 9a) while assuming the
distribution of earthquake induced moments as an
anti-symmetric condition. The effective moment of

inertia 1. can be obtained as follows:

k, +k,
=1
) 6

{a) Real Beam with Reduced Beam Sections
3 6EI.

(b) Idealized Beam with Effective Moment of Inertia
Fig 9. dealization of Beams with Reduced Beam Sections.

The procedure of the simplified approach is as
follows: 1) for given beam dimensions and RBS
dimensions, the stiffness coefficients £, and k&
are determined from Egs. 5 and 6. 2) using the
resulting stiffness coefficients % ; and 4, an
effective moment of inertia 1, for the idealized
beam can be determined from Eq. 9.

A change of the effective moment of inertia due to
variation of RBS dimensions is presented in Figure
10. The structural steel shape W36X150 was used
for beams. From this figure it can be seen that the
flange reduction factor " and the beam length L
have larger effects on the change of the effective
moment of inertia than the cut length "20" and the
distance "¢” as in the parametric study. As the
beam flange reduction or the cut length increases,
the effective moment of inertia 1. decreases. As
the beam length 'L" or the parameter ‘¢’ decreases,

the effective moment of inertia 1. decreases. The

Fxas =27 M6 63(EA 735) 2004 128 841
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parameter ¢ has negligible effects on the change of
the effective moment of inertia. In general, the
effective moment of inertia I. is influenced most
by the beam flange reduction factor r" and the

beam length L.
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Fig 10. Change of Effective Moment of Inertia Due to
Variation of Cut Dimensions

The effective moment of inertias of idealized
beams are presented in Figures 11 and 12 for
various W-shape sections, which are efficient in

beam applications. The beam flange reduction of
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Effective Moment of Inertia of Various Beam
Sections for Beam Length of L=30

Fig 11.

40 %
figures.

and 50 % 1is applied to obtain these
The values of ¢/b;=0.5 and 1/d =0.425

were selected to produce the smallest effective
moment of inertia that a pair of values within the

842 st=z7=sts| =27 Mi6d 63(EH 733

recommended results for the typical beam length
of 30 feet are shown in Figure 11 and for the beam
length of 20 feet in Figure 12. From Figure 11, it
can be seen that as the weight per unit length of W
the depth of W
increases, the effective moment of inertia decreases
with little fluctuation. The effective moment of
inertia for the flange reduction of 50 % (r=0.25) is
about 2 to 5 % smaller than that for the flange
reduction of 40 % (r=0.2) as the weight per unit
length increases. The values of effective moment of
inertia for the flange reduction 40 % and 50 % are
within the range of 0.885] to 0.9441 and 0.8451 to
0.9261, respectively. From Figure 12, it can be seen

sections increases or sections

that the values of effective moment of inertia for
the beam length of 20 feet are within the range of
0.858] to 0.9231 for the flange reduction 40 % and
0.8111 to 0.898[ for the flange reduction 50 %.
Since the effective moment of inertias of various
W-beam sections for a given flange reduction are
within the narrow range, the effective moment of
inertia of 1.=0.861 for the flange reduction of 40

% or 1.=0.811 for the flange reduction of 50 %

will produce the conservative results with some
error for various W-beam sections with the beam
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Fig 12. Effective Moment of Inertia of Various Beam
Sections for Beam Length of L=20"

length of 20 feet, and for various W-beam sections
with the beam length of 30 feet the effective

moment, of inertia of I .,=0.88] for the flange

) 20044 1249



reduction of 40 % However, it is suggested that the
exact effective moment of inertia should be applied
to the simplified approach because the simplified
approach has some inherent error and the exact one
can be easily obtained from Eq. 9 or Figures 11 and
12 with little effort.

7. Frame Analysis

In order to examine the effects of the RBS

cutouts on lateral frame stiffness for a wide
range of conditions, static analyses were
conducted for three different steel moment

frames: three-story four-bay, nine-story five-bay,
and twenty-story five-bay frames. The design of
the frames was to conform to the provisions of
UBC 1994 (ICBO 1994) and FEMA 267(FEMA
1995). Details and dimensions of the frames are
shown in Figure 13 and further information can
in the literature (Gupta and
1999). The lateral loading is
distributed triangularly along the story height as

also be found

Krawinkler

shown in Figure 13. Since the change in stiffness

caused by the RBS cutouts is of interest in this

study, the total magnitude of the lateral loading

is irrelevant. The three different frames were
each modeled for two cases’ with and without
the RBS cutouts. The beam flange reductions of
40 % and 50 % were applied to frames with the

RBS cutouts. The values of ¢/b; = 0.5 and 1/
= (.425 were used for the beams with the RBS
cutouts. The beams with the RBS cutouts were
modeled by both the RBS beam element and the
simplified The three
different models were then applied to each case

approach. following
to describe the behavior of the beam-to-column
joint region. The first model (CTC) is based on
center-to-center line dimensions of frames. The
second one (REO) uses 50 percent rigid end
offsets, which models 50 percent of the actual
links to
approximately for deformations within the joint

joint  dimension as rigid account

region. The last model (PZ) employs a panel zone
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(c) 20 story- b bay frame
Fig 13. Model Frames

element with the rotational elastic stiffness equal
to G-d. .t -d/(I—d/h) to describe the

behavior of the joint, in which d. =  column
depth: f.. = column web thickness: d = bheam
depth: h = column height. The total forty five

frame models were analyzed.

The percent increases in the maximum story drift
and the roof displacement for 3-story, 9-story, and
Table 3. The

maximum story drift ratio is the maximum value

20~story frames are presented in

Txsts =27 Mi6H 65(EA 735) 20044 128 843
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among the story drift ratios of each story for a
particular frame. For the same size cutout, there
appears to be few, if any, consistent trends in how
the variation of the reduction in lateral stiffness is
related to the type of frames. When 50 percent of
the flange width is cutout, the increase in maximum
story drift ranges from 6.7 to 7.5 percent, from 7.1
to 7.9 percent, and from 6.2 to 8.1 percent for CTC,
REO, and PZ models, respectively. For the cutout of
40 percent, the increase in maximum story drift is
4.9 to 5.5 percent, 5.2 to 5.7 percent, and 4.5 to
CTC, REO, and PZ models,

respectively. As far as the increase in the roof

59 percent for

displacement is concerned, the increase for the
cutout of 50 % is 7 to 9 percent, 7.5 to 9 percent,
models, respectively. For the cutout of 40 percent,
and 6.1 to 7.3 percent for CTC, REO, and PZ the
increase in the roof displacement is 5.2 to 6.6
percent, 5.5 to 6.6 percent, and 4.3 to 5.3 percent
for CTC, REO, and PZ models, respectively. In

Table 3. Increases in Maximum Story Drift and Roof
Displacement

Increase in Maximum Story Drift (%)

RBS Element Simplified Approach
Model | CTC| REO PZ CTC | REO PZ
3 story
50% cut | 7.32 | 7.86 6.22 7.32 7.87 6.23

40% cut | 5.35 ] 5,74 4.54 5.3b 5.75 4.56
9 story
50% cut 1 6.69| 7.14 6.36 6.70 7.15 6.37

40% cut [4.88 | 5.21 464 | 4.89 5.21 4.65

20 story
50% cut | 7.47 | 7.50 8.11 7.48 7.51 8.11

40% cut | 5.50 ] 5.52 5.93 5.50 5.52 5.93

Increase in Roof Displacement (%)

RBS Element Simplified Approach

Model |CTC| REO PZ CTC | REO PZ
3 story
50% cut |7.061 749 | 6.06 | 7.07 | 749 | 6.07
40% cut | 5.16| 547 | 443 | 517 | 5.47 | 443
9 story
50% cut | 8.13] 868 | 7.29 | 8.14 | 8.68 7.29
40% cut | 5.92] 6.32 | 530 | 592 | 6.32 | 5.31
20 story
50% cut |9.00] 9.04 | 7.02 | 9.01 9.04 | 7.03
40% cut | 6.59] 662 | 514 | 659 | 6.62 | 514

Frame

Frame

oo
_—
—_~
ro
H
0
4
B
o
Jon
i
Ao
A

general, the REO model
reduction in the lateral stiffness of frames and the
PZ model provides the smallest one.

produces the largest

In Table 4, the maximum story drift ratios and
the roof displacements, which are normalized to the
result of CTC model for frames without RBS, are
shown. From this table, it can be seen that the
results of CTC model for frames without RBS
cutouts are much larger for all frame types than
those of REO model for frames with the flange
reduction of 50 %, and are larger for high story
frames than those of PZ model for frames with the
flange reduction of 50 %. The results of PZ model
for frames with the 40 percent flange reduction are
larger than those of REO model for frames with the
flange reduction of 50 %. From this fact, it should
be noted that the selection of proper model to
account for deformations at the
havethan the RBS cutouts.
larger influence on the lateral stiffness of frames

joint might

Figure 14. shows the comparison of maximum
story drift ratios obtained by both the RBS beam
element and the simplified approach. From this
figure and Table 3, it can be seen that there is

Table 4. Maximum Story Drift Ratio and Roof
Displacement Normalized to CTC Model of Frame
without RBS

Maximum Story Drift Ratio

With 50 % With 40 %
reduction reduction
Model |CTC{ REO | PZ | CTC | REO| PZ | CTC | REO | PZ

Frame | Without RBS

3 story] 1 [0.880(0.981|1.073|0.950) 1.042 | 1.053 | 0.931 | 1.026

9 story] 1 [0.865]0.893|1.067|0.926]0.949 | 1.049 [ 0.910 | 0.934

20 Ll 0.858 | 0.870 | 1.075 | 0.923 | 0.941 | 1.055 | 0.906 | 0.922
story

Roof Displacement
With 50 % With 40 %
reduction reduction
Model |CTC| REO | PZ | CTC | REO| PZ | CTC | REO| PZ

Frame | Without RBS

3 storyl 1 10.899(1.002(1.07110.966 1.063(1.052 0,948 | 1.047

9 story! 1 |0.868[0.956|1.081|0.943(1.026|1.059|0.923 | 1.007

20

1 [0.85110.916] 1.091|0.928 [ 0.980 | 1.066 | 0.907 | 0.963
story

| M6 635(85d 73%) 20044 128



little difference between the results obtained by the
two methods. Therefore. it is suggested that the
simplified approach. which uses a prismatic beam
element to model beams with the RBS cutouts, can
be used as a useful tool to estimate quite exactly
the maximum story drift ratios of frames with the
RBS cutouts.
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Fig 14. Comparison of Story Drift Ratios Obtained by RBS
Beam Element and Simplified Approach

8. Conclusion

This paper presents the formulation for a
non-prismatic beam element to model steel beams
with reduced beam section (RBS) connection. The
element can be used to investigate the effects of the
post-Northridge connections on seismic behavior of
steel moment frames. [t employs the closed-form

elastic stiffness matrix  including elastic shear

effects. A simplified approach is also suggested,
which uses a prismatic beam element to model
beams with the RBS connection. This method can
estimate quite exactly the maximum story drift
ratios of frames with the RBS connection with little
effort.  The
connection on the elastic stiffness of steel moment
frames were investigated. When 50 percent of the
flange width is cutout, the increase in maximum
story drift ranges from 6 to 8 percent. For the

effects  of reduced beam section

cutout of 40 percent, the increase in maximum story

RBS AR E 2= 2ol of

e
oin

B ol 2 24
drift is 4.5 to 6 percent. It should be also noted
that the selection of proper model to account for
deformations at the joint might have more important
role in estimating the maximum story drift ratios of
frames correctly than the RBS cutouts.
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