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by Gregory L. Kuntz and JoAnn Browning

An investigation to reduce the number of columns that are vulnerable
to yielding in reinforced concrete frames subjected to earthquakes
is described. Simple limit analysis is used to demonstrate that a
reasonable minimum column-girder strength ratio cannot be
defined to eliminate yielding in columns of regular frames. A
method is developed for reducing the number of columns vulnerable
to yielding by applying a strength reduction factor to the girders in
the upper floor levels of the frames. Nonlinear static and dynamic
analyses of 16 reinforced concrete frames demonstrate that drift
can be redistributed over the height of the structure and yielding in
columns can be reduced by using the suggested girder strength
reduction factor. Application is limited by the initial stiffness of the
elements because of the increased drift demands in the top portion
of the frame and by the allowable reduction in girder strength that
will satisfy gravity-load demands.
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RESEARCH SIGNIFICANCE

This study demonstrates that it is not possible to specify a
single column-girder strength ratio to eliminate column
yielding in regular frames during earthquakes. Furthermore,
a minimum strength ratio of 1.2 will likely result in column
yielding between 1/2 and 2/3 of the building height, resulting
in larger story-drift ratios in the lower portion of the frame
where axial loads are largest. At reasonable maximum drifts, this
does not threaten life-safety but influences the total damage
expected for the frame. An alternative is presented that
redistributes drift over the height of the structure by modifying
the strengths of upper-story girders.

INTRODUCTION

As reinforced concrete frames respond to strong ground
motion, it is likely that elements of the frame will have
nonlinear behavior. The elements that yield may experience
large deformations that contribute to increased localized
story deformations in the frame. This is especially true when
columns undergo inelastic deformations, as the drift at the
story with yielding columns may magnify in part caused by
the secondary effects of the axial loads. In addition, it is
Important to minimize the occurrence of yielding in concrete
columns, especially near the base of the frame, because of
difficulties encountered for detailing these elements for
ductile response under high axial loads.

Representative building codes favor a strong-column/
weak-beam philosophy to encourage yielding in the beams
rather than the columns of a frame. ACI International (ACI
Committee 318 2002) requires that the sum of the nominal
moment capacities of the columns at a joint equal or exceed
6/5 times the sum of the moment capacities of the girders
framing into that joint. If yielding in the columns can be
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eliminated, then the building will tend to respond with a stiff
spine and drift will be evenly distributed over the height of
the structure. This leads to smaller story drifts (the relative
drift between two consecutive floor levels) and less subsequent
damage in the lower portion of the frame where columns are
subjected to high axial loads.

With current standards, it is generally expected that some
yielding will occur in columns of the upper stories of buildings,
as demonstrated in numerous shaking table tests of reinforced
concrete frames and corroborated using nonlinear analysis
(that is, Otani and Sozen [1972]; Moehle and Sozen [1978,
1980]; Eberhard and Sozen [1989]; Browning et al. [2000]).
The presence of column yielding as determined in these
experimental and analytical studies has not presented a threat
to the life-safety performance level for the structures. The
question remains, however, as to whether eliminating column
yielding in frames is possible, and how this might affect the
response of regular concrete frames during earthquakes. The
damage expected for reinforced concrete frames can be
reduced if yielding in the columns and story drift ratios (ratio
of story drift to story height) in the lower portion of the
building are reduced. This paper presents the results of a study
to reduce yielding in columns of reinforced concrete frames.

Objective

The objective of this paper is to demonstrate the effectiveness
of a general required column-girder strength ratio as is currently
used in ACI 318-02 (ACI Committee 318 2002) for reducing the
likelihood of yielding in columns. An initial analysis is
conducted using simple limit analysis of regular reinforced
concrete frames to determine the minimum strength ratio
required to eliminate column yielding. Possible locations of
column yielding also are identified for a minimum strength
ratio of 1:2. Localized strength modifications to girders and
columns are then investigated to reduce yielding of columns
in the middle portion of the frame. An expression is suggested
for reducing the girder strengths in the upper portion of regular
concrete frames based on the results of a parametric study
of 235 frames. The expression is evaluated using static and
dynamic nonlinear analysis with a suite of eight earthquake
records and 16 regular concrete frames. The effectiveness of
using the suggested expression to improve frame performance
during response to strong ground motion is presented in terms of
the modified yield mechanism identified for the frames, and
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Fig. 1—Possible sway mechanisms for regular frames.
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Fig. 2—Minimum « required for structural mechanism.

the modified distribution of drift and story drift ratios over
the heights of the frames.

Investigation of column yielding in regular
reinforced concrete frames

The premise of reducing inelastic demands in columns using
a strength-based relationship is developed by first exploring the
conditions that may lead to the formation of plastic hinges in
columns. A simple and convenient method for estimating yield
locations in a frame subjected to lateral loads is to determine
the controlling sway mechanism using limit analysis. The
procedure requires several simplifying assumptions including
the selection of a particular distribution of lateral loads,
concentration of all element deformations at yield locations,
and the limitation of the flexural capacities of all elements
to the prescribed yield capacity. Even considering these
assumptions, limit analysis provides a reasonable estimate of
yield locations at minimal analytical cost.

Consider a set of reinforced concrete frames having four
6.1 m (20 ft.) bays and ranging from four to 16 stories in two-
story increments. For the purpose of this demonstration, the
girders for all frames were assumed to have a total depth of
61 cm (24 in.) and the columns were square with 61 cm
(24 in.) dimensions. A strength relationship was defined between
columns and girders in a frame by the ratio o where

o = —<le - moment capacity of top story, exterior column
M average moment capacity of girders

(1)

The girder capacities were assumed to be uniform throughout
the frame. The flexural capacities of the girders and columns
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were adjusted by varying the amount of steel in the members.
The longitudinal steel in the column remained constant with
story height; therefore, the only variation in column flexural
strength was an increase from the top story to the base due
to the increasing axial load. An assumed uniform load of
7.66 kPa (160 1b/ft?) considered effective on the frame dur-
ing an earthquake was used to determine the axial load for
each column. Element yield capacities were calculated using
the nominal moment capacity from moment-curvature analy-
sis. The concrete compressive strength was 27.6 MPa (4000 psi)
and the compressive stress-strain relationship was defined using
the model provided by Hognestad (1951). The steel was as-
sumed to behave elastic-plastic with a yield stress of 414 MPa
(60 ksi). The girder and column dimensions were selected
so that the value of a could be varied while maintaining
levels of reinforcement within the allowable ranges provided
in ACI 318-02 (ACI Committee 318 2002).

For each frame considered, the value of a was varied and the
controlling yield mechanism for the frame was determined
using a load distribution that increased linearly with increasing
building height. An increase in o was accomplished by
increasing the reinforcement in the columns. The load
distribution used for the limit analysis affects the calculation
of the controlling mechanism for the frame, and may be
uniform, linearly increasing with height. in the shape of the
fundamental mode of vibration for the structure, or a
combination of mode shapes. The locations of column hinges
may vary by one or two stories according to the selected
distribution of loads. For regular frames of low- to moderate-
height, a linear or first-mode approximation is usually
adequate to estimate the behavior of the frame under earth-
quake excitation. A linear load distribution was used in
the analyses unless otherwise noted.

All probable yield mechanisms were considered in the
analysis, with the typical controlling mechanisms shown in
Fig. 1. A structural mechanism (Fig. 1(c)) is the preferred
mechanism for a frame because yielding in the columns is
limited to the base and distortions are distributed relatively
evenly over the entire height of the frame. For each frame. a
value of o required to ensure that the structural mechanism
was the controlling mechanism was determined and plotted
in Fig. 2. Two items of interest are noted from the figure: 1) The
minimum criterion of & = 1.2 is not sufficient to ensure that the
structural mechanism will control with any frame: and 2) The
value of o required to form the structural mechanism increases
with increasing number of stories. This value ranged from 1.8 for
a four-story frame to nearly four for the 16-story frame.

The analysis was repeated using linear and uniform lateral
load patterns to determine the controlling mechanism for
each frame using a minimum value of a = 1.2 Eq. (1). which
is similar to the requirements defined in ACI 318-02 (ACI
Committee 318 2002)

M ZQZM 2)

cJ 5 RJ

where XM ; is the sum of the flexural strengths of all columns
framing into a joint, and M is the sum of the flexural
strengths of all girders framing into that joint. The controlling
mechanism was determined for each frame and the location of
column yielding above the base is shown in Fig. 3. Column
yielding occurred at approximately 1/2 to 2/3 the building
height for a uniform load and linear load distribution. respectively.
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From this simple initial study, it is evident that there is a strong
likelihood that plastic hinges will form in the columns of
regular reinforced concrete frames. In addition, there is not a
simple strength-based relationship similar to Eq. (2) that
ensures a structural mechanism would control the response
of all of the frames considered.

Instead of globally increasing o over the entire frame
(which will affect the strengths of all columns in a frame),
alternative strategies were investigated for ensuring that the
structural mechanism controls. The controlling mechanism
is determined by the limiting value of base shear required to
form a sway mechanism in the frame. This shear is primarily
based on the strengths of the members and the locations of
the plastic hinges in the mechanism. Although the rigid
lengths of the elements are included in the calculation, they
have only a minor effect in the calculated limiting base shear.
For this reason, only strength-based solutions were investigated
for altering the controlling mechanism for the frame. Although
the stiffness of the frame is critical for controlling the total
drift expected for the frame, the locations of initial yielding
in the frame are primarily affected by the distribution of
strength. It should be noted that the degree of inelasticity
experienced in the columns of the frame can be reduced by
proportioning the frame elements of the structure to limit the
total expected drift.

Two options were investigated for improving the controlling
mechanism of the frames: 1) increasing column strengths at
specific story levels; and 2) decreasing girder strengths at
specific story levels. The frames previously described with
o = 1.2 were analyzed using limit analysis to investigate
the effectiveness of the two options. For the first option,
the locations and levels of strength increase in the columns
required to form a structural mechanism were highly variable.
As the column strengths are increased, the total shear required
to form intermediate mechanisms also is increased, and
the total shear required to form the structural mechanism is
largely unaffected. For the structural mechanism to control,
all of the intermediate mechanisms must have associated
total shear forces greater than the total shear force required to
form the structural mechanism. This was accomplished by
increasing the column strengths at locations in the frames
from 10% of the total height to the top level (Fig. 4). The
required factors for the column strengths varied from 3/2
at the stories near the bottom and top to almost 4 at stories
near 2/3 the building height.

The second option, decreasing girder strengths at specific
floor levels, is more convenient. By decreasing the girder
strengths in the upper floor levels of a frame by a selected
factor, the total shear force required to form the structural
mechanism decreases, whereas the total shear forces required to
form the intermediate mechanisms remain unchanged. With
aproper combination of number of floor levels and reduction
constant 1/R, for girder strength, the structural mechanism
becomes the controlling mechanism for the frame as shown
in Fig. 5. The numbers of floor levels at the top of the
structure with reduced girder strengths are indicated in
Fig. 5 next to the data points. Generally, the number of floor
levels with reduced girder strength represented the top 40%
of the frame, and the average required reduction constant
was approximately 2.2. This option can only be applied to
the extent that strength requirements for gravity load demands
allow a reduction in girder strength. If no reduction is
possible, then the columns of the frame may be repropor-
tioned to increase the overall strength ratio as well as decrease
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Fig. 3—Location of column yielding for minimum o = 1.2.
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Fig. 5—Reduction of girder strength (1/R factor) required
for structural mechanism.

the total deformation demands expected for the structure.
The second option, decreasing girder strengths at specific
floor levels, was selected for further investigation because it
is simpler to apply and it modifies the strengths of fewer
elements in the frame.

Parametric analysis

A parametric analysis was performed using limit analysis to
determine the required strength-reduction factor for the upper-
story girders of regular frames that will ensure the structural
mechanism is the controlling mechanism. The parameters used
in the analysis included: number of stories Ny =4, 8, 12, 16;
number of bays N}, = 4, 6; square column dimension &, where

Pmax
h, = }C——}CT (3)
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and ¢ = 0.2, 0.3, 0.4; column reinforcement ratio p = 1, 2, 3,
and 4%; initial o = | to 4 (as applicable for given element
proportions); and the fraction of floor levels with reduced
girder strength 3 = 0 to 0.5 where

B number of floor levels with reduced Mx
- N

5

B

The remaining parameters (bay width = 6.1 m [20 ft], story
height =3.0m [10 ft], " = 27.6 MPa [4000 psi], and a linear
load distribution) were not varied. Using these parameters, a
combination of variables was determined that would provide
a relationship for the required girder reduction factor. Figure 6
shows the required R, for all frames plotted against the
determined parameter function

N,-N,-Jp-h,.

(N,,+l)+[3~oc2

Parameter function =

(4)

where the units for 4 is cm and p, 3, and o are dimensionless
fractions. By reducing the girder strengths by a factor I/R, at
the floor levels in the upper portion of a frame (defined as a
fraction of the total frame height ), a structural mechanism
controlled and yielding of the columns was limited to the
base. There is a linear increasing trend in the data beginning
with a value of R, equal to 1 and increasing to a value of
approximately 3. The upper-bound line representing this
trend may be expressed

N, N, Jp-h,

Ry= 14—t NP ey o (5)
(N, +1) B o
NN, Jph,

Ro=1+—3 " Lh,in.

7-(N,+1)-B-o

with all parameters previously defined. A reasonable maximum
value of R, to be used is 3. It is important to emphasize that
the expression represents an upper-bound solution, so that if
a lower value of R, is used because of gravity load demands,
it remains likely tf!at the inelastic response of the columns
will be reduced or eliminated.
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Nonlinear analysis of frames with reduced girder
strengths in upper floors

The preceding analysis and development of Eq. (5) is
based on limit analysis of simple frames. To examine the
effects of using the equation to modify the strength of girders
in a wider variety of frame structures, nonlinear static and
dynamic analyses of 16 notional frames was completed. The
frames were modified using Eq. (5) to reduce girder strengths
in the upper floor levels. The nonlinear analyses were
conducted to determine whether yielding in the columns
could be reduced, and, if possible, the effects of this reduction
on the behavior of the frames subjected to earthquake motion.
The parameters used to proportion the frames included N
=4, 8,12, 16; span length = 6.1 and 9.1 m (20 and 30 ft.);
and square column dimension &, with ¢ = 0.2, 0.35. In addition,
all frames had four bays, 3.0 m (10 ft.) story heights, and
p = 0.02. The compressive strength of the concrete was
assumed to be 27.6 MPa (4000 psi) and the yield stress in
the steel was assumed to be 414 MPa (60 ksi).

The proportioning technique used to dimension the columns
(Eq. (3)) was selected to represent a range of frames in regions
of high seismicity. The axial load ratios defined using ¢
represent conditions close to the balance load condition (¢ =
0.35) and nearly half that load condition (¢ = 0.2). It has been
shown that columns proportioned to have axial load ratios
below the balance condition tend to have higher drift limits
than those proportioned at or above the balance load condition
(Matamoros and Sozen 2003; Park, Priestley, and Gill 1982).
Although lateral loads are not explicitly considered in the design
of the frames, the resulting column dimensions and reinforce-
ment ratios are reasonable for frames in regions of high seismic
demand. Girder dimensions were also selected to represent
typical frame dimensions in regions of high seismicity.
Other simplifications, including uniform longitudinal steel
in the elements, were necessary to facilitate the study of a
large number of hypothetical frames.

It is recognized that the true strength contribution from the
frame components will influence the distribution of yielding
in the frame. The strength of a component is affected by
many factors, including the actual material properties,
contribution of slab reinforcement, variable reinforcement
ratios, and the effective girder flange. Selection of element
dimensions will affect not only the strengths but also the
rotational demands on the elements. For the purposes of this
study, the calculated column and girder strengths were assumed
to represent the existing strengths of elements for the given
range of frame structures. Strength gain in the elements past
the yield condition is facilitated using a constant post-yield
slope in the moment-curvature relationship described in
the following section. Other variations in element
strength due to the factors listed previously are topics for
other investigations.

Unmodified frames

To proportion the frames, column dimensions of the four-
and eight-story frames were assumed to be constant over the
height and were selected using Eq. (3). The column dimensions
were reduced at midheight of the 12- and 16-story frames using
Eq. (3). Total girder depths were set equal to 1/10 the span
length. The girders were T-shaped elements. When selecting
the dimensions of the girders, the effective flange width could
be defined as narrow as the width of the girder or as wide as the
distance between girders. Flange widths for the proportioned
girders were selected considering the impact on the overall
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Table 1—Girder strength reduction factor Rg used for analyzed frames

Bay width, | Frame period, | No. of stories G M, kN-m No. of floor levels My, reg> KN-m
No. stories m (ft) s used in Eq. (5) |Eq. 3)|  (k-ft) a with reduced M, B R, (k-ft)
6.1 (20) 0.66 4 0.35 | 296 (218) | 0.54 2 0.500 L 172 (127)
p 9.1 (30) 0.38 4 0.35 | 1082(798) | 0.61 2 0.500 1.9" 584 (431)
6.1 (20) 0.48 4 020 | 296 (218) | 1.15 2 0.500 .4 207 (153)
9.1 (30) 0.29 4 0.20 | 1082(798) | 1.25 2 0.500 1.4 751 (554)
6.1 (20) 0.87 8 035 | 296(218) | 1.57 3 0.375 1.6 182 (134)
¢ 9.1 (30) 0.55 8 035 | 1082(798) | 1.54 3 0.375 1.8 599 (442)
6.1 (20) 0.71 8 0.20 | 296(218) | 3.47 3 0.375 1.2 258 (190)
9.1 (30) 0.47 8 0.20 | 1082(798) | 3.11 3 0.375 1.2 887 (654)
6.1 (20) 1.21 6 035 | 296(218) | 1.15 4 0.333 7 172 (127)
v 9.1 (30) 091 6 0.35 | 1082(798) | 1.00 4 0.333 1.9% 584 (431)
6.1 (20) 1.01 6 020 | 296 (218) | 2.11 4 0.333 1.3 224 (165)
9.1 (30) 0.78 6 0.20 | 1082(798) | 2.22 4 0.333 1.3 805 (594)
6.1 (20) 1.48 8 035 | 296 (218) | 1.57 6 0.375 1.6 182 (134)
" 9.1 (30) 1.13 8 0.35 | 1082(798) | 1.54 6 0.375 1.8 599 (442)
6.1 (20) 1.27 8 0.20 | 296 (218) | 3.47 6 0.375 1.2 258 (190)
9.1 (30) 1.00 8 0.20 | 1082(798) | 3.11 6 0.375 152 887 (654)

“Girder strength reduction limited by requirements for gravity loads.

frame stiffness so as to allow reasonable drift response to
strong ground motion. The effective flanges were defined
using a 45-degree projection from the girder base to the base of
a 15 cm (6 in.) slab. The width of the base of the girder was
assumed to be equal to 1/2 the total depth. The resulting frames
represent a range of typical existing frames with calculated
periods shown in Table 1.

An average amount of steel was selected for the girders
and columns, using column reinforcement ratios of 2%,
negative reinforcement ratios in the girders of 1%, and positive
reinforcement ratios in the girders of 0.75%. The contribution of
slab steel within the selected effective flange width was not
considered for strength calculations. The strength of the
girders and columns were checked to be adequate for factored
gravity loads (Kuntz and Browning 2001).

Nonlinear analysis was completed using the program
LARZ (Saiidi and Sozen 1979a,b; Lopez 1988), which has
provided reasonable results for modeling the behavior of
reinforced concrete frames in experimental studies
(Eberhard and Sozen 1989; Lopez 1988; Lepage 1997) and
existing buildings (Browning et al. 2000; Betancourt and
Browning 2002). The elements were modeled using a
trilinear relationship between moment and curvature, with
the corner points defined by cracking, yielding, and ultimate
moment conditions. Concrete properties were defined using
the relationship described by Hognestad (1951) with a
limiting compressive strain of 0.004, and the steel was
assumed to have elastic-plastic behavior. Yield moments
were defined as the nominal moment capacity for the
member, as determined using‘ moment-curvature analysis.
The ultimate moment for each member was defined to
provide a constant postyield slope equal to 1% of the secant
slope to yield.

The hysteretic behavior of the elements was defined using
the model provided by Takeda, Sozen, and Nielsen (1970)
with an unloading slope coefficient of 0.4. Viscous damping
in the system was defined using a coefficient of damping
equal to 0.02. Second-order effects (P-A) also were
considered in the analyses.
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Modified frames

Equation (5) was used to modify the girder strengths so
that yielding would be unlikely to occur in the columns
during response to strong ground motion. A value of 3, which
defines the fraction of floor levels at the top of the building
with reduced girder strengths, must be selected to calculate
areasonable girder-reduction factor. Because Eq. (5) was
developed considering frames with columns having uniform
dimensions over the height, Rg calculated for the 12- and 16-
story frames was derived using an effective number of floor
levels equal to the number of floor levels from the top of the
building to the point where the stiffness has changed. The
girder strengths were reduced by dividing the unmodified
strength by Rg. In all cases, the maximum R, was limited by
the girder strength required to resist factored gravity loads.
Yet, because the expression for R, represents an upper-bound
solution, it was anticipated that the nonlinear response of the
frames would still improve using the limited reduction factors.
The values of R, used for the frames and key strength properties
are shown in Tgable 1.

RESULTS

The notional frames were analyzed with nonlinear static
analysis to determine the effects of using the reduction factor
on frame strength and distribution of yielding. A linear load
distribution was used in the analysis. Table 2 indicates the
location of column yielding calculated in the unmodified and
modified frames. In all cases, column yielding was eliminated
above the base of the frame when the upper-story girder
strengths were modified using 1/R,. Figure 7 shows the base
shear-roof drift relationship for four of the frames. The base
shear strengths of the frames were reduced slightly but
represent adequate strength values for reinforced concrete
frames. The general shapes of the force-displacement curves
are similar for the unmodified and modified frames.

Nonlinear dynamic analysis was completed for all of the
frames using a suite of eight unscaled ground motions to
determine how yielding in the frames was altered during
an earthquake event. The selected earthquakes are described
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in Table 3 and represent a variety of site conditions,
magnitudes, and frequency content (Kuntz and Browning 2001).
Displacement response spectra calculated for the selected
records are shown in Fig. 8.

In general, the degree of inelastic response in columns
above the base for the modified frames was reduced in the
dynamic analyses by using the girder strength reduction
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Table 2—Controlling mechanism for static analysis

Controlling Location of
mechanism | column yielding |Controlling
unmodified unmodified | mechanism
No. |Bay width,| ¢, frames (all frames, % modified
stories| m (ft) |(Eq.(3))| intermediate) | building height | frames
6.1 (20) 0.35 2nd story 50.00 Structural
9.1(30) | 035 | 3rd story 7500 | Structural
4 610) | 020 | 3rdstory 75.00 Structural
9.1(30) | 020 | 3rdstory 500 | Structural
6.1 (20) 0.35 Sth story 62.50 Structural
9.1(30) | 035 | 6thstory 75.00 T Structural
8 1761200 | 020 | 7thstory 87.50 | Structural
9.1(30) | 020 | 7thstory 8750 J}}mcluralr
6.1(20) | 0.35 8th story 66.67 | Structural
9.1(30) | 035 | 8thstory 66.67 Structural
12 6120) | 020 | 9thstory 75.00 Structural
9.1(30) | 020 | 10th story 83.33 Structural
6.1(20) | 035 | 1lthstory 68.75 Structural
9.1(30) | 035 | 11thstory 6875 | Structural
16 61 @0) [ 020 | 12 story 75.00 Structural
9.1 (30) 0.20 13th story 81.25 Structural

Table 3—Earthquakes used for dynamic analysis
of frames

Station Date Earthquake TLPGA. g T(‘nmponcm
. 1 |
El Centro (Ele) | /1871940 | 'mPenal ¥alley. | o35 | Ns
Kobe (Kob) | 171771995 | Hyogo-Ken- g3 1 g
) Nanbu, Japan | | o
Llolleo (Llo) 3/3/1985 Llolleo, Chile | 0.71 NI10E
LLoma Prieta : . ‘ =
ol am) 10/18/1989 |Loma Prieta, (’ahf.}‘ 0.37 } NS
Nahinni _ i .
(verson) (Nah) 12/23/1985 | Nahinni, Canada | 098 | NS
Sendai (Sen) | /1271978 | Miyagi-Ken-Oki |56 1 g
apan |
Tarzana (Tar) 1/17/1994 | Northridge. Calif. | 099 | NS
Erzincan (Erz) | 3/13/1992 | Erzincan. Turkey I 0.48 EW

factor. Yield mechanisms did not form for any of the frames
that were modified using R,,. The changes in average maximum
column rotational ductilities (average maximum rotational
ductility calculated using the eight earthquake records) are
shown in Fig. 9. The rotational ductility is defined as the
maximum calculated rotation divided by the rotation associated
with yielding of the column. A positive change in the figure
indicates a decrease in calculated ductility. The overall
change in maximum column ductility ranged from an increase
of nearly 15% for one 12-story frame to a decrease of over
20% for a four-story frame. For the bottom halves of the
frames, the change in column ductility ranged from an increase
of approximately 5% for a 16-story frame to a 35% decrease for
a four-story frame.

Nonlinear behavior occurred in all of the girders of the
modified frames in lieu of occurring in approximately 2/3 of
the girders and the columns of a single floor for the unmodified
frames. As a result, the deformations are distributed over the
entire building height as compared with approximately 2/3
the building height for the unmodified frames. Figure 10
shows the displacement profile at the maximum roof drift for
four of the frames when subjected to the earthquakes that
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caused the maximum, median, and minimum drift response.
The figure shows the unmodified and modified building
responses. The displaced profiles of the modified frames
generally appear to have less drift in the bottom portion of the
frame and increased drift near the top as compared with the
unmodified frames. The modification is more pronounced for
the frames subjected to larger maximum roof drifts. Figure 11
shows the maximum story drift ratios for four of the unmodified
and modified frames with average values for all earthquakes
indicated by vertical bars. The distribution of drift tends to
change from a maximum average value occurring near the base
to a more even distribution of story drift. Even with this shift,
the maximum story drift ratios do not exceed 2% in a majority
of the cases. For the cases with large story drift ratios, general
stiffening of the building using larger column and girder sections
is recommended to limit the total amount of drift experienced by
the frame as described below.

The general stiffness of the frame is a factor that contributes
to the effectiveness of using R, to improve the nonlinear
response of the frames. The drift profiles of the frames with
larger column sections (¢ = 0.20) were generally less affected
by the modification of upper-story girder strengths than the
drift profiles of frames with smaller column sections (¢ = 0.35)
and having the same girder sections (Kuntz and Browning
2001). This is likely due to the larger initial values of o,
indicating that the columns are already much stronger than
the girders, associated with the unmodified frames. Yet, the
frames with more slender columns tend to have higher
maximum roof drifts due to a combination of the adjusted
drift profile in the upper portion of the frame (as shown in
Fig. 9) and the increased flexibility of the frame. With regard
to girder stiffness, frames proportioned to have girder
strengths that are similar to gravity load demands cannot
benefit from using reduced girder strength in the upper
floor levels. These limitations are minimized by slightly
increasing the proportions of the columns and girders in
the frame. By increasing the dimensions of all elements,
two things are accomplished: 1) the general stiffness of the
frame is increased to limit the total drift as well as element
rotational demands; and 2) the girder strengths are increased

Unmodified Frames ~Modified Frames

to allow for a reduction in reinforcement in the upper portions
of the frame as determined using Eq. (5).

SUMMARY AND CONCLUSIONS
The results of this study indicate that yielding in the columns
of regular reinforced concrete frames cannot be eliminated with
a single reasonable minimum strength ratio between columns
and girders framing into a joint. Using simple limit analysis
to determine the controlling mechanisms for a number of
frames, the minimum required strength ratio to encourage a
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Fig. 10—Displacement profile from dynamic analysis at
maximum roof drift for 30 ft. bays and c = 0.35.
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structural mechanism for the frame is found to increase with
increasing number of stories. By requiring a minimum
strength ratio of 1.2, the location of column yielding for the
controlling yield mechanism will be between 1/2 and 2/3 of
the total height of the building. This implies that a large
portion of the drift experienced by the building during response
to strong ground motion will be concentrated in the lower
portion of the building, leading to increased story drift ratios
(and damage) in locations of larger axial loads.

A structural mechanism can become the controlling
mechanism for regular frame structures by increasing the
ratio of column to girder strengths in specific regions of the
frame. If the column strengths are increased, this modification
must occur over 80% of the top portion of the frame. A better
option is to decrease the girder strengths by approximately
50% in the top 40% of the frame, which will usually cause
the structural mechanism to become the controlling mechanism
for the frame. Equation (5) may be used to estimate the required
reduction factor for a given frame configuration.

The general stiffness of the frame can limit the applicability
of Eq. (5) for regular concrete frames. Decreasing the girder
strengths will generally lead to lower story drift ratios in the
bottom half of the frame and increased story drift ratios in the
upper half. The girder reduction factor cannot be applied for
frames with estimated story drift ratios that exceed allowable
drift limits and for frames with girder strengths that are similar to
gravity load demands. For these frames, the girder and column
dimensions should be slightly increased while maintaining the
previous reinforcement ratios. In this way, the strength reduction
factor can be applied to improve the distribution of drift over the
height of the frame without violating the criteria for tolerable
drift response and gravity load demands.
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NOTATION
fraction used to size columns based on P, and f/
compressive strength of concrete
acceleration of gravity
square column dimension
flexural strength of column framing into joint
flexural strength of top-story, exterior column
flexural strength of top-story girder
flexural strength of girder framing into joint
reduced girder flexural strength
number of bays
number of stories
peak ground acceleration
Foir maximum axial load on columns
2 strength reduction factor for girders in upper B fraction of building
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o = ratio of flexural strength of top story, exterior column to average
girder strength

B = fraction of total number of floor levels with reduced girder strength

p = column reinforcement ratio
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