Evaluation of Ductility Factors for MDOF Systems
in Special Steel Moment Resisting Frames
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ABSTRACT

Ductiluty factor has played an important role in seismic design as it is key component of response modification factor(R). In this stuty, ductility factors(R,, ypor) are
caleulated by multiplying ductility factor for SDOF systems(,) and MDOF modification factors(&,,). Ductility factors(,) for SDOF systems are computed from nonlinear
dynamic analysis undergoing different level of displacement ductiluty demands and period when subjected 1o a large number of recorded earthquake ground motions.  The
MDOF modification factors(R,,) are proposed to account for the MDOF systems, based on previous studies. A total of 108 prototype steel frames are designed to
investigate the ductility factors considering the number of stories(d, 8 and 16-stories), framing system(Perimeter Frames, PF and Distriouted Frames, DF), failure
mechanism(Strong-Column Weak-Beam, SCWB and Weak-Column Strong-Beam, WCSB), soil profiles(Sa, Sc and Se in UBC 1997) and seismic zone tactors{Z=0.075, 0.2
and 04 in UBC 1997). It is shown that the number of stories, failure mechanisms (SCWB, WCSB), and soil profiles have great influence on the ductility factors, however,
the structural system(Perimeter frames, Distributed frames), and seismic zones have no infiuence on the ductility factors.

Key words : special steel moment resisting fromes, ductility factor, response modification factor. MDOF modification factor

1. Introduction frames. The ductility factors for special steel
moment-resisting frames(R, ,pos) are calculated by
It is well known that the response muodification multiplying ductility factor for SDOF systems(R,)

factor takes account for ductility, over-strength, and MDOF modification factors(®,). Ductility

redundancy and damping of the structural systems. factors(R,) are computed for elastic perfectly plastic

However, several researchers, including Project ATC SDOF systems undergoing different level of inelastic

[1] [2] .
197" and 347, have expressed their concerns about deformation and period when subjected to a large

the lack of rationality in the response modification number of recorded earthquake ground motions.

factors currently specified in seismic design codes. Based on the results of regression analysis,

Therefore, it is necessary to re-evaluate the response simplified expressions are proposed to compute the
ductility factors. The MDOF modification factors(2,,)

are also proposed to account for the MDOF systems,

modification factors in seismic design. Ductility
factor has played an important role in seismic

design as it is key component of response modi- based on previous studies. A total of 108 prototype

fication factor(R). steel frames are designed to investigate the ductility

The main objective of this paper is to evaluate the factors considering the number of stories(4, 8 and

ductility factors for special steel moment-resisting 16-stories), framing system(Perimeter Frames, PF and

Distributed Frames, DF), failure mechanism (Strong-
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Evaluation of Ductility Factors for MDOF Systems in Special Steel Moment Resisting Frames

UBC 1997) and seismic zone factors(Z=0.075, (.2 and
04 in UBC 1997). The effects of these design
parameters on ductility factors for special steel

moment resisting frames(R, ;) are investigated.

2. Ductility Factor and Response Modification
Factor

2.1 Components of Response Modification Factor

In the mid-1980s, data from experimental research
at the University of California at Berkeley were
used to develop base shear-roof displacement
relationships for steel braced frames and a draft
formulation for the response modification factor.
Using these data, the Berkeley researchers proposed
splitting R into three factors that account for
contributions from ductility, reserve strength and
viscous damping, as follows :

R=R,R R, 1)

In this expression R, is the ductility factor, R, is
the strength factor, and R, is the damping factor.!!

Recent studies, including those in the companion
Project ATC-34, support a new formulation for R;
that is, a formulation in which R is expressed as the
product of three factors:

R=R, R Ry &

where R, is the period-dependent ductility factor,
R, is the period-dependent strength factor, and #,, is

the redundancy factor."!

2.2 Definition of Ductility Factor

The ductility factor (i.e., the reduction in strength
demand),R,, is defined as the ratio of the elastic

strength demand to the inelastic strength demand,

LS =) 9
y i

where F,u(“: 1) is the lateral strength required to
avoid yielding in the system under a given motion
and F (u=y) is the lateral strength required to
maintain the displacement ductility ratio demand,u,
less than or equal to a pre-determined target ductility
ratio, 4, , under the same ground motion.”"*

Equation (1) can be rewritten as

G, (p=1)
R,= —7——— 4
1" (L (,LL: /L/) ( )
where ¢ (u=1) 1is seismic coefficient (yield

strength divided by the weight of the structure)
required to avoid yielding; and C,(u=yp,) is
minimum seismic coefficient required to control the
displacement ductility demand to y;.

3. Ductility Factor for SDOF Systems

3.1 Earthquake Ground Motions and Nonlinear

Analysis

It is necessary to get a number of earthquake
ground motions to evaluate the ductility factors
systematically for SDOF systems. In this study, an
effort was made to consider a relatively large
number of recorded ground motion to study the
effects of the variability of the characteristics of
ground motions on ductility factors. A group of
1,860 ground motions recorded on a wide range of
soil conditions during 47 different earthquakes was
considered. Complete listing of earthquake ground
motions can be found in Kang C. K.(2003).”) All of
the selected records represent free-field conditions,
basement and ground level.

Based on the local site conditions at the recording
station, ground motions were classified into four

groups according to average shear wave velocity, v, ,

as follows.

(a) Site AB (Rock Site) : v, = 760m/s (192 ground

motions)

(b) Site C (Dense Soil) :
(554 ground motions)

(c) Site D (Stiff Soil) : 180m/s < v, < 360 m/s (892
ground motions)

(d) Site E (Soft Soil) : v, < 180m/s (222 ground

motions)

360 m/s < E < 760 m/s

In Fig 1, the distribution of earthquake ground
motions comprising the data-set with regard to
epicentral distance, peak ground acceleration and
site classification are shown. The figures demon-
strate that the data, except site E(soft soil), is
well-distributed with respect to all three parameters,

hence results of analysis will not have significant bias.
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Fig 1 Distribution of earthquake ground motions

Nonlinear time history analysis were carried out
on SDOF systems to compute the ductility factors.
BISPEC™ was used to peform the dynamic analysis.
The following values of target ductilities are selected
for this study : 1l(elastic), 2, 3, 4, 5 and 6. For each
earthquake record and each target ductility, the
inelastic response spectrum are computed for a set
of 60 discrete periods ranging from 0.05 to 3.0
seconds. Considering the large number of records,
ductilities, and periods of vibration and the large
computational effort involved in calculating constant
displacement ductility inelastic spectrum through
iteration, this study is limited to SDOF systems that
have a elastic perfectly plastic behavior and constant
damping coefficient corresponding to a damping
ratio § of 5% based on elastic properties.

3.2 Regression Analysis

The paper resulted in the ductility factor depends
strongly on the target displacement ductility ratio(u)
and period(7). For practical purposes, a simplified
expression is desired to consider the ductility factor
(R,)-displacement ductility ratio(u)-period(7) rela-
tionship for each site condition. A study has been
carried out on all data set to formulate regression

equations representing the ductility factor(®,) for

elasto-plastic SDOF systems with 5% critical dam-
ping. The approximate ductility factor(R,) was
suggested by

R=1+— )

where ¢ is a function of displacement ductility
ratio(n), period(7) and the site condition.

Several forms of the function for ¢ were con-
sidered, and regression analysis was conducted for
each site condition separately in order to fit the
function ¢ to the data obtained from nonlinear
time-history analysis. For each site condition, the
functions ¢ that fit best mean ductility factors and
satisfy the above mentioned conditions were given

as follows.

For site AB(Rock site),

HgH HMeE (¢ H40%) 2004. 12
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A comparison between mean ductility factors
computed for systems subjected to ground motions
recorded on each site condition with those
computed using proposed equations is shown in Fig
2. In these figures, bottom lines present the mean
value minus standard deviation(o). It can be seen
that the use of these simple equations leads to very
good approximations of mean ductility factors due

to inelastic behavior.

4. Ductility Factor for MDOF Systems

4.1 Modifications for MDOF Systems

The ductility factors(R,) previously discussed can

be used for the design of structures which can be
SDOF
However, most structures need to be modeled as

approximately modeled like a system.

multi-degree-of-freedom(MDOF) systems and have a
much more complex behavior than SDOF systems,
particularly in the nonlinear range. Thus, ductility
factor for SDOF systems(R,) need to be modified
for the design of MDOF structures. In this paper,
the MDOF modification factor(®,;) is proposed to
account for the MDOF systems, based on previous

studies(Nassar and Krawinkler”!, Miranda™).

The modification factor(R,,) is defined as follows ;

= (10)

/ V_,,, (M = #i) F;,. SDOF
/ Vy MDOF

1
R;L.SDOF F (,u=1

where R, ;500 is the ratio of the lateral yielding
strength required in the MDOF structure to remain
elastic to V, o which is the lateral yielding
strength required in the MDOF structure to avoid
story displacement ductility demands larger than
the maximum tolerable story displacement ductility
ratio u, ; and R, g is equal to the previously
defined R, factor.

Fig 3 shows schematically the modification factor

R,, to account for the MOOF effect.
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Fig 3 X,- v relationship for SDOF and MDOF systemsm

4.2 Previous Studies of MDOF Effects

(1) Nassar and Krawinkler (1991)"

This study was intended to provide some of the
answers needed to assess strength demands for
inelastic MDOF systems for comparison with their
SDOF counterparts. The focus is on a statistical
evaluation of systems that are regular from the
perspective of elastic dynamic behavior. The three
models were used in this studies. The “beam hinge”
(strong-column weak-beam) model, referred to as
SCWB model from here on, represents structures in
which plastic hinges will form on beams only(as
well as supports). The “column hinge” (weak-column
strong-beam) model, referred to as WCSB model
from here on, represents structures in which plastic
hinges will form in columns only. The “weak story”
model, referred to as WS model from here on,
represents structures in which plastic hinges will
form in columns of the first story only. This model
represents the behavior of frames with a strength
(not stiffness) discontinuity in the first story.

The structures with 2, 5, 10, 20, 30 and 40 stories
(story height A=3,600 mm), ranging in period from
T7=0.217 to 2.051 sec, were studied. A bilinear
moment-rotation(M-6) hysteresis model with strain
hardening ratios a=0, 2 and 10% is assumed at each
plastic hinge location.

(2) Miranda (1997)®

In this study, three reinforced-concrete SMRSF 8,
12 and 16 stories were designed according to a
strong-column weak-beam philosophy and were
subjected to three ground motions with a variable
maximum

amplitude  until story  displacement

ductilities of 3, 4 and 5 were produced and until the

buildings remain totally elastic. Ductility factors for
equivalent SDOF models of the buildings under-
going the same levels of displacement ductility
demands when subjected to the same records were
also computed. The equivalent SDOF systems had a
period of vibration equal to the fundamental period
of vibration of the MDOF structures.

4.3 Regression Analysis for RM Factors

In this study, based on the above mentioned pre-
vious studies, the simplified expression is proposed
for modification factor(&,,) to account for the MDOF
effects. Tt is known that the modification factor(%,,)
story  displacement

decreases with increasing

ductility ratio(u) and periods(T). The following
equation is proposed for modification factor(®,,) in
SCWB and WCSB models. In these expressions, the

strain hardening effects are not considered.
(1) SCWB Models

For 7<0.75s, Ry=1 (11)

For 7>0.75s, R,=124XxXEXP{—0.1{ZN(u)+2]7T}

12)
(2) WCSB Models
For T'<02s, Ry=1 13)
For T7>02s, Ry~ —T%% (14)

where T and u are the period and the story

displacement ductility demand in the MDOF
structure, respectively.

Some of the proposed and previous modification
factor(R,,) are shown in Fig 4. As shown in this
figure, proposed equations provide a good esti-

mation of previous studies.

4.4 Estimation of Ductility Factors

In this study, ductility factors for MDOF systems
are estimated by the product of R, and R,, as

follows.

R, ypor= B, X By, (15)

HgH M6z (2 M403) 2004. 12
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Fig 5 Proposed ductility factors for MDOF systems in Site AB(rock site)

(a) Perimeter frame(PF)

(b) Distributed frame(DF)

Fig 6 Prototype structures

where R, is the site-dependent ductility factors
for SDOF system and R, is the structural model
dependent modification factors to account for the
MDOF effects.

The ductility factors for site AB(rock site) in
MDOF systems(R, y;0-) are shown in Fig 5. As
shown in Fig 5, the ductility factors for SCWB
model decrease linearly in T>0.75s range, but on
the other hand, those of WCSB model decrease
dramatically in T>0.2s range.

5. Application of Special Steel Moment Resisting
Frames

5.1 Design of Prototype Structures

A series of prototype steel frames are designed to

investigate the ductility factors. Each frame is
designed and detailed in accordance with minimum
UBC standards(Uniform Building Code, 1997)" and
LRFD (Load and Resistance Factor Design, American
Institute of Steel Structures, 1994).1°

The frames are 4, 8 and 16 stories tall and are
symmetric and regular with the floor plan and
geometry as illustrated in Fig 6. All structures have
a 3-bay by 4-bay plan with bay dimensions of 7,315
mm by 7,315 mm. The story height is 5486 mm for
the bottom story and 3,658 mm for all others. Only
behavior in the 3-bay direction is investigated.
Models are developed based on the 1997 UBC code
for two structural framing systems: perimeter
frame(PF) and distributed frame(DF). For the
perimeter frame(PF) model, the lateral loads are
resisted entirely by the perimeter frames. For the

18 SrEX|AIRSE =2
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distributed frame(DF) model, the lateral loads are
resisted by all frames in the 3-bay direction. The
dead load is 4.8 kN/m* on all levels. The design live
load is 2.4 kN/m? for the floors and 1.2kN/m? on the
roof.

Research has historically focused on beam hinge,
that is,
frames, because they have great ductility than

strong-column weak-beam(SCWB)  steel

column hinge, that is, weak-column strong-beam
(WCSB) frames. The SCWB joints, one of the
following relationships shall be satisfied for special
moment resisting frames and are assured by
Uniform Building Code(UBC 1997).

ZZ(F,~P,/4,)
24 F,

> 1.0 (16)

L2z(F,~P,/A)
V,dy H/ (H— d,)

> 1.0 (17)

where

A= Gross area of a column

P,= Required axial strength in the column(in
compression) >0

F,= Specified minimum yield strength of a beam

F, = Specified minimum yield strength of a column

4

Z= Plastic section modulus of a column

Plastic section modulus of a beam

V,= Nominal strength of the panel zone

d,= Average overall depth of beams framing into
the connection

H= Average of the story heights above and below
the joint

However, it is sometimes uneconomical or im-
practical to obtain SCWB behavior at every joint.
Consequently, the Uniform Building Code(UBC 1997)
and the National Earthquake Hazard Reduction
Program(NEHRP 1997)""! permit the use of WCSB
joints under specific conditions. In any of the
following cases, the strength of the joint need not
satisfy Eq. (16) or (17).

¢ Columns with P, <0.3F, A,.

e Columns in any story that has a ratio of
design shear strength to design force 50%
greater than the story above.

e Any column not included in the design to

resist the required seismic shears, but included

in the design to resist axial overturning forces.

A basic SCWB steel frame with all joints except
the top story satisfying the SCWB provisions(Eq,
16), a basic WCSB steel frame with all joints
satisfying exception 8.6.a of 1997 UBC paragraph 2211,
4 (columns withP, < 0.3F

g e

A,) and several alternative
frames are designed for each of the three building
heights.

A total of 108 frames are designed for the

following permutations:

e Structures with 4, 8 and 16 stories.

e SCWB and WCSB failure mechanisms.

® Perimeter frames(PF) and Distributed frames(DF).

e Site categories with §,, S, and 5.

e Seismic zone factors with Z=0.075(Z1), 0.2(Z2B)
and 0.4(Z4).

5.2 Evaluation of Displacement Ductility Ratio( 1)

The ductility ratios(u) can be computed at the
system, story, and element levels. At the system and
story levels, the ductility ratio is normally expressed
in terms of the displacement ductility ratio. For the
purposes of this study, displacement ductility ratio
at the system level is used to determine the ductility
factor.

Nonlinear static analysis(also termed pushover
analysis) was used to estimate the displacement
ductility ratio(n). The nonlinear static analysis of
these frames has been accomplished with the
DRAIN-2D+ computer program(Keh-Chyuan Tsai
and Jeng-Wei Li, 1994)." The DRAIN-2D+ beam-
column element(element 2) with 1% strain hard-
ening is the primary element used in these analyses.
Panel zone yielding and deformation are not
considered. Further, the stiffness and resistance of
the slab are not included. The procedure used to
estimate the strength of a building is straight-
forward, but requires the analyst to select a limiting
state of response. Typical limiting responses include
maximum interstory drift and maximum plastic
hinge rotation. There is no strict story drift limit for
steel frames. Practical drift limit for Life Safety and
Collapse Prevention performance might be 0.02 and
0.04, respectively(FEMA 274, 1997)." In this study,

Mg HeE (8 HM40%) 2004. 12
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the drift limit is assumed 0.04 at any story.

6. Results and Discussion

6.1 Evaluation of Ductility Factor(22, )

The ductility factors for MDOF systems, 2 .0
are evaluated by the product of R, and R,, factor

as follows.
B, vpor= R, Ry (18)

where, R, is the site dependent ductility factor
for SDOF system, and R,, is the structural model
dependent modification factor to account for the
MDOF effects.

For example, the ductility factor(®, o) for a
16-story SCWB distributed frames(DF) is estimated
as follows, where soil profile is Sc and seismic zone
factor is 0.2(No.42 in Table 1).

From nonlinear static analysis, the displacement
ductility ratio(u) is 2.47, and period(T) is 1.847 sec.

7 1.847 |
PR SR A 5. (R 19
=1+ 105 - 207 (19)

where the function ¢ is computed by Eq. (7) for

Site C as follows.

. 1 0.83 T
©T 819Ny p-1
_ 1 L 083X 1847

8+ 9 (LN2.47) 247—1

(20)

The modification factor(®,,) to account for the
MDOF effects is calculated from Eq. (12) as follows.
Ry, = 124 <EXP{—0.1[LN(u) +2] T}
= 1.24 X EXP{—0.1[LN(2.47) +2] x 1.847 }= 0.725

(21)

The ductility factor for the example frame(Z&, ,;0r)

is computed as follows.

The ductility factor(#,) for SDOF system is
calculated by Eq. (5) as follows. R, smor= R, X Ry=2.67x0.725= 1.94 (22)
Table 1 Ductility Factor for Prototype Structures
o a1 b [ 0 |20 e o [0 ] 0 [
1 4-5a-0.075 2.38 28 4-53-0.075 2.84 55 4-5a-0.075 1.44 82 4-Sa-0.075 1.45
2 8-5a-0.075 2.36 29 8-Sa-0.075 2.48 5 8-5a-0.075 1.30 83 8-5a-0.075 1.08
3 16-Sa-0.075 1.69 30 | 16-5a-0.075 1.97 57 | 16-Sa-0.075 1.00 84 16-Sa-0.075 1.00
4 4-Sa-0.2 3.08 31 4-Sa-0.2 2.85 58 4-5a-0.2 1.51 85 4-Sa-0.2 1.46
5 8-5a-0.2 2.50 32 8-Sa-0.2 248 59 8-Sa-0.2 1.26 86 8-Sa-0.2 1.08
6 16-Sa-0.2 1.85 33 16-Sa-0.2 1.98 60 16-Sa-0.2 1.00 87 16-Sa-0.2 1.00
7 4-Sa-04 2.57 34 4-Sa-04 2.85 61 4-Sa-04 1.53 88 4-Sa-04 1.46
8 8-Sa-0.4 2.9 35 8-Sa-04 253 62 8-Sa-04 1.20 89 8-5a-04 112
9 16-Sa-04 248 36 16-Sa-0.4 1.87 63 16-Sa-0.4 1.13 D0 16-Sa-0.4 1.00
10 4-5¢-0.075 2.64 37 4-5¢-0.075 297 64 4-5¢-0.075 1.55 91 4-Sc-0.075 1.53
H 8-5¢-0.075 249 38 8-5c-0.075 2.62 65 8-Sc-0.075 1.24 92 8-Sc-0.075 1.12
12 | 16-Sc-0.075 1.92 39 | 16-Sc-0.075 2.09 66 | 16-Sc0.075 1.00 B 16-Sc-0.075 1.00
13 4-S¢-0.2 2.68 40 4-Sc-0.2 2.97 67 4-Sc-0.2 1.74 94 4-Sc0.2 1.53
14 8-Sc-0.2 273 4 8-Sc-0.2 2.67 68 8-S¢-0.2 121 95 8-Sc-0.2 1.19
15 16-Sc-0.2 2.36 42 16-Sc-0.2 194 69 16-Sc-0.2 1.00 9% 16-Sc-0.2 1.00
16 4-Sc-04 2.56 43 4-5c-04 2.59 70 4-Sc-0.4 1.68 97 4-5¢-04 1.61
17 8-Sc-0.4 2.57 44 8-Sc-0.4 2.44 I 8-Sc-0.4 1.38 98 8-Sc-04 1.15
18 16-Sc-0.4 241 45 16-Sc-0.4 2.01 72 16-Sc-0.4 1.00 9 16-Sc-04 1.03
19 4-5e-0.075 212 46 4-5e-0.075 2.54 73 4-Se-0.075 143 100 4-Se-0.075 1.38
20 8-5e-0.075 2.28 47 8-5¢-0.075 2.36 74 8-Se-0.075 1.20 101 8-5e-0.075 1
21 16-5e-0.075 1.84 48 | 16-Se-0.075 1.93 75 | 16-Se-0.075 1.00 102 | 16-Se-0.075 1.00
22 4-Se-0.2 246 49 4-5e-0.2 2.21 76 4-5e-02 1.48 103 4-Se-02 1.4
23 8-Se-0.2 222 50 8-Se-0.2 2.32 77 8-Se-0.2 1.26 104 8-Se-0.2 113
24 16-Se-0.2 2.40 51 16-Se-0.2 1.76 78 16-Se-0.2 1.06 105 16-Se-02 1.02
25 4-Se-0.4 2.52 52 4-Se-04 2.15 79 4-Se-0.4 1.52 106 4-Se04 1.44
26 8-Se-04 203 53 8-Se-04 2.25 80 8-Se-0.4 1.27 107 8-Se-0.4 1.16
27 16-Se-04 2.52 4 16-Se-04 2.23 81 16-Se-04 1.00 108 16-Se-0.4 1.00

20 e=X|EEstE =2y
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Evaluation of Ductility Factors for MDOF Systems in Special Steel Moment Resisting Frames

The ductility factors(R, yp0r) for all of the pro-
totype structures are provided in Table 1.

6.2 Effects of Design Parameters

Table 1 provide the ductility factor of prototype
structures for all of the SCWB and WCSB models.
Some of the effect of different design philosophy on
ductility factors for prototype structures is shown in
Fig 7 with the number of stories, seismic zone
factors and soil profiles. The following observations

can be seen from Fig 7 :

* The ductility factors for prototype structures
decrease with increasing the number of stories,
irrespective of the SCWB and WCSB models.

For SCWB models, this trends may be
attributed to modification factor(®,,) which
decreases with the number of
stories and displacement ductility ratio. For
WCSB models, to add to modification factor

(R,;), this trends may be attributed to the fact

increasing

that displacement ductility ratio( n) decreases
with increasing the number of stories.

The ductility factors for WCSB models are
significantly than of SCWB
models, regardless of perimeter and distributed

lower those

frames.

There are no appreciable difference in ductility
factors for perimeter and distributed frames,
regardless of SCWB and WCSB models.
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Evaluation of Ductility Factors for MDOF Systems in Special Steel Moment Resisting Frames

Some of the variations of ductility factors with
changes of soil profile are illustrated in Fig 8. As
shown in these figures, the soil profiles have great
influence on the ductility factors although there are
no general trends.

Some of the variations of ductility factors with the
change of seismic zone factors are presented in Fig
9. As shown in these figures, the seismic zones have

no influence on the ductility factor.

7. Conclusions

The primary purpose of this study was to
evaluate the ductility factor for special steel moment
resisting frames. The ductility factors for special steel
moment-resisting frames(R, ;) were calculated by
multiplying ductility factor for SDOF systems(R,)
and MDOF modification factors(&,). The following
conclusions can be drawn from the results of this

study.

e The number of stories, failure mechanisms
(SCWB, WCSB), and soil profiles have great
influence on the ductility factors for special
stee] moment resisting frames.

e However, the structural system(Perimeter frame,
Distributed frames), and seismic zones have no
influence on the ductility factors for special
steel moment resisting frames.

» The response modification factor(R) is intended,
in part, to account for the ductility of the
framing systems. Given that ductility factor is
a key component of response modification
factor(R), response modification factor(R) should
be dependent on design parameters such as
number of stories, failure mechanisms(SCWB,
WCSB), and soil profiles.
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