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Abstract

This research focused on the hysteretic anargy performance of 12 steel moment-resisting frames, which ware intentionally deslgned by three
types of design philosophies, strength control design, strength and drift controt design, and strang~column and weak-heam control design. The
energy performances of three designs were discussed in view of strength increase effect, stiffness increase effect, and strong-column and
weak-beam effects. The mean hysteretic energy of the 12 basic systems were statically processed and compared to that of
single-degree-of-freedom systems. Hysteretic energy was not always increased with an increase of strength and stiffness in the steel
moment-resisting frames. Hysteretic anargy between strong-column and weak-beam design and drift control design with the same stiffness
was not sensitive each other for these types of mid+ises of steel moment-resisting frames.
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1. INTRODUCTION

For many years earthquake engineers have tried to find
out better parameters to express the potential damage of
buildings (Housner, 1956; Berg & Thomaides, 1960; Arias,
1969; Fajfar & Fischinger, 1990; Uang & Bertero, 1990;
Schneider et al., 1993). One of the ways to prevent the
potential damages of buildings due to earthquakes is to
understand the hysteretic energy (Ey) of a structural system
(Iwan & Gates, 1979). In this research, the E, of different
structural systems was discussed. The seismic design
philosophy for usual building structures relies strongly on
Ey. The energy to a structure subjected to ground motions
is dissipated in part by inelastic deformation (E,) and
partially by viscous damping energy which represents
miscellancons damping effects other than E;,

The energy can be expressed as:

mu+cu+ f(u,u) = —mu, (1)

_[:mz}(:)du + j cult)du+ I: (4, 0)dhe = —_[:mﬁ,z (t)du

For any structure, total energy (E) must be equal to
total internal energy (E.) supplied. It can be represented as
Eou = Ein. Internal energy consists of Kinetic energy (Ey),
strain energy (E;), damping energy (Ep), and E,,.

Housner (1956) expressed the above relationship as Eg,
=E, + E;+ Ep + E,.

Hitherto, a few investigations have been carried out on
the E, of structure. Zarah and Hall (1982) and Akiyama
{1985} have found out the proportion of energy dissipated
by yielding increases with an decrease of viscous damping
and the decrease of the displacement ductility of a

structural system. Based on their observations it is apparent
that the E, is a function of damping and strength rather
than ductility. However, Kuwamura and Galambos (1989)
insisted that the E; was depended on viscous
damping and accumulative ductility. It has been known
that the strength of structural systems affects the E,, (Choi,
1998, 2000).

Vidic et al. (1991) proposed to draw a strength effect
using single-degree-of-freedom (SDOF) systems. They
explored the E, using parameters such as initial stiffness
(period), strength, and hysteretic behavior and ground
motions. In their research, the ratio, hysteretic
energy/total energy, was used to evaluate the influence of
strength. They found out the increase of strength decreases
the Ey The stiffness-proportional damping and SDOF
systems were used to draw the strength effects. Based on
these investigations, both the strength effects and damping
effects are crucial to the E; and both mass-proportional
and stiffness-proportional dampings are important to
understand the E, However, in our study, Rayleigh
damping was used to simplify the structure. The
elasto-plastic model was used in the analysis. Many of
current observations focused on SDOF systems. However,
it is not clear whether the interpretation of E, between
SDOF systems and mult-degree-of-freedom (MDOF)
systems is similar or not (Leger & Dussault, 1992).
Therefore authors tried to observe the influence of strength
using MDOF systems. For the strength study based on E,,
the 12 steel MDOF systems were designed to compare
different strength effects. The basic structure of this
study was technically modified to explore strength effect
of MDOF systems. Based on 12 steel moment frames
using five earthquake ground motions, the empirical E,
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Table . Characteristics of Earthquake Ground Motions

No. gir;md Component Dl;m ¢ Ugo e iy Geology
ion /s s $
El Centro . .
g g g § 4.4
EQ1 May 18, 1940 SO00E 10.8 0.3489 3345 0.55 24.46 Stiff Seil
Taft
£Q2 1952 N21E 122 0.1556 15.6% 0.70 28.84 Rock
Parkfield . .
EQ3 June 27, 1966 N&5E 9.8 0.4891 78.08 0.68 6.44 Stiff Soil
Qlympia .
EQ4 NOo4wW 11.4 0.1647 2141 1.20 21.64 -
Q April 13, 1949
Northridge .
EQS Jan. 17, 1994 New-360 10.2 0.5963 56.9 0.68 5.50 Alluvium

function was provided.
2. MODELING

2.1 Design of Earthquake Level

To examine the characteristics of selected
earthquake ground motions, response spectrum analysis
was performed using the SPECEQ program (Nigam &
Jennings, 1968). Even though damping effect is important
for the observation of E,, the Rayleigh damping of 2% was
adopted in this study. Generally, higher modes are effective
on E,, in nonlinear analysis.

In our study, the first and third modes were used
because preliminary mode analysis showed that the higher
E, resulted from that mode combination. Two design
earthquake levels (DEQL) of 0.3g (DEQL I) and 0.6g
(DEQL 1I) were used. To perform the proposed energy
sengitivity studies, nonlinear time history analysis was
used for the MDOF systems.

A total of five ground motions was used and scaled to
the targeted peak ground accelerations (PGA) which were
the DEQL I and DEQL II. Five ground motions were
carefully selected by considering alluvium soil conditions
from western areas. The detailed characteristics of ground
motions are shown in Table I. The plots of the time history
and the normalized response of earthquake ground motions
are shown in Fig. | and 2. The notations for modeling are
shown in Table 2.

2.2 Loading Assumptions of MDOF System

To perform nonlinear dynamic analysis, the
DRAIN-2DX program (Powell et al., 1993) was used in
this study. The plastic hinges were assumed to occur at the
ends of an element. No nigid zone was considered and the
beam-column element (type 02) was used in the program.
The nominal yield strengths of beam and column were
assumed by 24.82 and 34.47 kN/cm®, respectively. Dead
load and live load for roof were 0.2873 N/cm® and 0.1436
‘Nfem?, and those for floor were 0.4309 N/em® and 0.3352
N/em?, respectively. The relative energy was used to
define the work done by equivalent force (mass multiplied

by the ground acceleration) on the equivalent fixed based
system.  The rigid body transiation on the structure was
not considered in this study. The straining hardening by
2% was used for the MDOF systems. The Raleigh
damping considering the first and the third modes was used
for MDOF systems.

2.3 Design of Basic Systems with Three Design
Philosophies

The steel moment perimeter frames in two- and six-story
were designed with different design concepts. The overall
schedules of modeting for MDOF systems is shown in
Table 3. Three design philosophies called the basic
systerns were strength control (S), strength and drift
control (SD), and strong-column and weak-beam control
(SDS).

Table 2. Descriptions of Modeling {SDS).
Name Notation Name Notation
El Centro EQ1 2-story-SCWB-3 span 2SDS3

Taft EQ2 | 2-story -strength-6 span 286
Parkfield EQ3 2-story-drift-6 span 25D6
Olympia EQ4 2-story-SCWB-6 span 28DS6
New Hall EQS5 6-story —strength-3 span 653

Strength design S &-story-drifi-3 span 65D3

Drift design SD 6-story-SCWB-3 span 6SDS3

SCWB design SDS 6-story —strength-6 span 6S6

Modified SD MSD 6-story-drift-6 span 6SD6

2-story 3-span 2-38p 6-story-SCWB-6 span 6SDS6

2-story 6-span | 2-6SP |Design Earthquake Level 1| DEQL I

6-story 3-span 6-38P | Design Earthquake Level 2| DEQL 1L

6-story 6-span | 6-68P
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Fig. 1 Time histories of El Centro (EQ 1) and Northridge (EQ
$) earthquake
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Fig. 2 Response spectrum of earthquake ground motion
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Fig. 3 Plan view of SMRF in perimeter

The load resistant factor design (LRFD) method and the
equivalent fateral force method by uniform building code-
1997(UBC-97) were used to design the basic systems. The
plan view of the MDOF system is shown in Fig. 3. The
beam and column schedules in 3-span (3-SP) and 6-span
(6-SP) of steel moment perimeter frames are shown in
Table 4, S, 6, and 7. The UBC-97 was used to determine
the design base shear (V) of the frames. In the design of
the steel moment resisting frames, the 3-SP of the plan
view was designed first, Next, the direction of 6-SP in plan
view was designed. The exterior columns from the design
of the 3-SP were not changed in the authors’ design of the
6-SP. The design S means that the strength controls the
design where both the drift limitation of UBC-97 Code and
SDS condition was not observed. It was designed only to
consider the strength at given condition. Therefore, the
plastic hinges occurred at any place of beams and columns

(Fig. 4a and 5a).

Table 3. Schedule of Basic Systems

% | gomm | T [V | Gom puabover iy
1 283 094 | 025 Beam and column
2 25D3 082 | 0.27 Column
3 28DS3 068 | 0.45 Beam and column
4 286 092 | 6.26 Beam and column
S 28D6 082 | 026 Column
6 28DS6 0.74 | 038 Beam and column
7 683 201 0.13 Beam and column
8 6SD3 1.48 0.15 Column
9 65DS3 1.41 0.23 Beartn and colutnn

10 686 1.87  0.14 Beam and column
11 63D6 1.38 | 0.15 Column
12 6SDS6 141 | 022 Beam ang column

Table 4. Beam and Column Schedule for 3 Spans of 2-Story

S SD SDS
S| Beam Column | Beam Column pBleam
W360x26
2 |wasoxral ~iagx | Welox| w3sox179 [weiox

x179% 17113 oo | i kw3aox1s
(W360x91) (W360x91) ( W

W360x26
1 |Weloxt1| w3s0x179 | W760x | W360x179 [W760x
3 |ow3eoxony| 173 [ (W360x91)| 173 (WS%]xIG

*( )isexterior column.

Table 5. Beam and Column Schedule for 6 Spans of 2-Story

Sto s : $D SDS

™ Besm Column Beam Column | Beam Columm
W360x

5 | waeox [ WEIO%  [wacox] w3sox101 | wasox| 62
78 | wssbeony| 74 | (WIBROD)| "7 fw3gnie
W360x

L | Welox [ wasoxio1 |w7eox| waeox1ot |welox| 162
& |(Waeonon)f "147 | (W360R9T)| "82 " (Wagluls

The design of SD frame means that both the strength
and drift limitations are considered for frame SD. In the
design of the frame SD, the beam sections for each floor
was arbitrarily increased after the design of frame S.
Therefore, the plastic hinges occurred in the columns (Fig.
4b and 5b). In this design, the drift limitation due to lateral
forces was observed. The drift limitation & / 4 for
current UBC-97 was by 3.36% for these design cases. In
the design of frame SDS, the strong column-weak beam
regulation by LRFD was observed. The drift limitation of
UBC-97 was also kept. The plastic hinges occurred at the
ends of beams. The plastic hinges of columns were smaller
than those of beams (Fig. 4¢ and 5¢). The similar patterns
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of plastic hinges were acquired from the 6-story frames.
The plastic hinge patterns of 6-story frames were omitted.
The MDOF systems were subjected to the five earthquake
ground motions at two levels of intensities by DEQL I
(0.3g) and DEQL 1I (0.6g). In the study the peak ground
" accelerations of each ground motion were vary. Thus, the
authors scaled earthquakes to two levels of intensities to
investigate the energy input at an target intensity.

Table 6. Beam and Column Schedule for 3 Spans of 6-Story

S SD SDS

Beam Column Beam  Column Beam  Column
W360x122 3620)(12 2
X
6 |W460x74 (W360%79) W760x147 (W360x7 W619x82 (wg.g?’“

Story

W360x12 1W336 26
5 |W610x11 W360x122 | W1000x69] 2x W840x17 2x
3 (W360x79) 3 {W360x7 3 (W360x1

9)
WI80x17 X
9 |wsdox17{ 2
(Wiex1| 6 . |(w3sox2
621 6)
W3EOXTT X
9 |wozoxxa] 2
w3601 | 8 [(W30x2
W360x28 X
2 |wozox23) )
(wisox2| 8 |(W360x2
16 87
X X

2 |wozex23| 1
wisoxz| 8 J(W360x2
1] £7)

4 |W6S0x12| W360x179 [W1000x88|
s |(W360x162] 3

3 W760x13| W360x17
4

9 |[W1000x88
(W360x162) 3

5 | W760x14| W360x262 {W1000x88
7 |(W360x216)] 3

| |W760x17| W360x262 [W1000x88
3 [(W360x216)] 3

Table 7. Beam and Column Schedule for 6 Spans of 6-Story

S SD SDs

Story Beam Column Beam Column | Beam Column

WISHK10 WIERTE
(W360x79 (W360x16
WIE0xT0 WIR0xTE
W360x79 (W360x16
WTB0RTS TTE0X26
(W360x16 (W50x21
WIORTE W3elxT5
(W360x16 (W360x21
W360x17 WIbIXZ6
(wsgole (W3620x28
6) 7
3?2)0:@1 WIEDRTE
(W3E021 (W360x28

6 | wasoxs0 W%gg;%g)‘. W460x60 W460x74

W360x101 W9290x28

W610x12
s | weroxez L W3E0%I01) 5

W360%x162 W9290x28

WE80x12
4 | Wé10x101 (W360%162) >

3 | ws1ox101 W360x162 W92‘§)x28

W760x14
(W360x162) 7

W360x179 [W920x28
2 | we10x113 A

W760x16
(W360x216) 1

1 | welox14o | W360x179 W1220x7

W760x16
(W360%216) 1

*( ) isexterior column, AISC

2.4 Design of Modified System (MSD)

Pushover technique was used to match frame SD to
frame SDS based on the base shear coefficient (V/W) and
the natural period of a system. The masses of the SD
frames for the 2-story (28D3 and 28D6) and 6-story (65D3
and 6SD6) in both directions were decreased or increased
to match the period to that of SDS frame.

(b)

(@)

bbb &

Fig.4 Plastic mechanisms of 2S3, 2SD3, and 2SDS3 designs by pushover af

u=12

# ﬁ }27 b4
(a)
h)

PO A

#

D
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Fig.5 Plastic mechanisms of 256, 28D6, and 2SDS6 by pushoverat
u=1.2.

The M, was increased gradually until the strength and
slope reached the same V/W of the frame SDS. Then, the
modified basic system (MSD) was constructed by the
modification above.

Due to the modification, the masses of 6MSD3 and
6MSD6 were 17.5635 (kN/cmvsec’) and  19.8504
(kKN/cm/sec?), respectively. The masses of 2MSD3 and
IMSD6 were 4.0291 kN/cm/sec” and 4.7576 kN/cm/sec?,
respectively. Note that the original masses of the 2-story
and the 6-story were 5.8672 kN/cm/sec’ and 19.0879
kN/cm/sec?, respectively. Therefore, the masses were
controlled to match the period of SD to the one of SDS,
and the M, was changed to match the frame SDS. After
the set-up of the MSD, the frame MSD was compared with
the basic systems of 2SDS3, 2SDS6, 6SDS3, and 6SDS6.
The static pushover method was introduced to acquire the
same maximum base shear coefficient (V/W) and period
(T) through the modification. Therefore, the basic
structural characteristics of the two systems (MSD and
SDS) were the same V/W. Thus, the design concepts were
different from each other; the MSD frames were WCSB
systems and the SDS frames were SCWB systems.

The steps are summarized as follows:

(1) Reduce or increase the weights at each floor by the
same ratio. If T, reaches the target period, stop the
reducing or increasing the weight (W).

(2) Increase the nominal yield strength F, of beams and
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columns proportionally until the yield shear force reaches
the target yield shear force of frame SDS.

(3) Finally, pushover analysis is carried out to see the
ratio V/W to roof deformation. After the modiftcations, the
pushover results of all basic systems are shown in Fig. 6.

0.5
0.4 il
0.3
> 0.2 286
0.1 - - JSDss  ><Designmutio
0 L = 9MSD-3 \
0 3 6 9 12 15

Roof displacement, in.

Fig. 6 Pushover analysis results of basic systems

3. RESULTS AND DISCUSSION

3.1 Effects of Stiffness and Strength Increase
(S versus SDS)

From the pushover analysis, the frame SDS had higher
strength and stiffness compared (o the frame S (Fig. 6). It
is believed that the E, decreased with an increase of
strength in a SDOF system for short and longer periods.
However, for the medium periods between 0.5 sec and 1.0
sec., the E, was increased with an increase of design
strength coefficients (Fig. 7).

At DEQL I, the E; decreased with an increase of base
shear coefficient (V/W) for the 2-6SP, 6-3SP, 6-6SP under
EQ 1 (Fig. 8). This behavior wel supported the general
recognition that the Ey to a system having high strength
was smaller than that of a system having lower strength
(V/W). This result is explained in Fig. 9 where the E; of
frame SDS are clearly smaller than that of S for all frames
at EQ 5, the level of DEQL 1.

However, somewhat different results came out when the
intensity of ground motion increased from DEQL 1 to
DEQL II. The E, increased with the increase of strength
and stiffness for the frames of 2-38P and 2-6SP at EQ 1,
DEQL II (Fig. 10). In other word, the E; of frame SDS is
greater than that of frame S at EQ 1, DEQL II. In the
case of EQ 5 at DEQL II, the E; of frame SDS was greater
than that of frame S for every frame. The E; of frame SDS
increased about from 22% to 52% for EQ 5, DEQL I (Fig.
11). These increases resulted from the increase of the
ground motion intensity and the increase of the periods of
frames. The increase of E, for 2-story frames was also
contributed from the change of periods ranging from 0.68
sec to 0.94 sec in the first mode. It was also found out that
the E, of these ranges increased with an increase of V/W
for SDOF systems (Choi, 1998)
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Fig.7 Modeeffectson  Ey, 6SDS, DEQL It
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86000 ®SDS

2-38P 2-6SP 6-3SP 6-65P

Fig. 8 Eh/m with EQ 1, DEQL §

2-38P 2-65P 6-35P 6-65P

Fig. ¢ EWm with EQ S, DEQL |

A

2.35P 2-6SP 6-3SP 6-63P

Fig. 10 Elm with EQ |, DEQL Il

2-3SP 2-6SP 6-33P 6-65P

Fig.11  Elm with EQ 5, DEQL II
Therefore, the authors conclude that the Ej is not always
decreased but it can increase due to the increase of both
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strength and stiffness. The E, of frame SDS compared to
frame S was not only smaller at lower intensity but also
greater at higher intensity. Therefore, it is considered that
the Ey, is decreased when the intensity level is low, on the
other hand, the E, is dramatically increased with both the
stiffness increase and period change. Thus, the increases of
stiffness and strength of a frame can be contributed from
the intensity of ground motion and the period change.

3.2 Strength Increase with the Same Stiffness
(SD versus SDS)

From the pushover analysis, the stiffness of the frame
6SDS3 and 6SD3 were the same and the frame SDS had
shorter period than that of frame SD (Fig. 6). The frame
68DS6 and 6SD6 had the same situation. The effects of
strength increase with the same stiffness on E, were
investigated based on the pushover analysis for 6-story
frames (Fig. 8 to Fig. 11).

At the intensity level of DEQL I, the E, of the SDS
frames was smaller than that of SD frames except 2-3SP
during EQ 1 and 5 (Fig. 8 to 9). The E, of frame 6SDS was
smaller than that of SD frames at DEQL L. It is believed
that the reason of less E;, of frame SDS than that of frame
SD is from the contribution of higher base shear coefficient
(V/W). The seismic performance was increased by the
increase of ductility in a system.

On the other hand, the E, of frames was changed when
the intensity of ground motion was increased from DEQL I
to DEQL 1I. At EQ 1 with DEQL II, the E, of 2-3SP and
2-6SP was increased with an increase of strength without
any change of initial stiffness. At EQ 5 with DEQL II, the
E;, of the frames was increased with an increase of strength
without any change of initial stiffness. The E, decreased
with the increase of strength at both DEQL I and II (Fig. 9
and 10). Thus, the E, with higher strength at the same
stiffness condition was smaller than that of lower strength
except EQ 5, DEQL II in this study. It is believed that the
less E, is contributed from the increased strength (V/W) of
a global system.

3.3 Effect of Different Design Philosophies
(SDS and MSD)

In this section, the E, differences between the strength
and drift control design (SD) and the strong-column and
weak beam design (SDS) were investigated. The frame SD
was modified to MSD o have the same structural
properties in terms of structural period (T) and base shear
coefficient (V/W). The 6MSD3 and 6MSD6 frames were
modified from the frames of 6SD3 and 6SD6 respectively
to match the period and base shear coefficient (V/W) to
6SDS3 and 6SDS6 frames. The natural period and V/W
were the same as the ones of the 6SDS frames and the

differences of the two were the plastic mechanism. The
plastic hinges of frame MSD were mainly observed at
columns. The plastic hinges of SDS frames accurred at the
beams and columns.

At DEQL 1, all frames were not sensitive to the total E,
and the total E, to the five earthquakes. The differences on
E; and Ej, between two systems were about 5% that was not
significant for the nonlinear time history analysis. For the
example of EQ 1, E/m was 2754 (cm/s)’ for the 6SDS6
frames and 2812(cm/s)” for the 6MSD6 frame., The E,/m
was 54.32 (co/s)” for the frame 6SDS6 and 54.77 (cn/s)
for the frame 6MSD6 under EQ 1 (Fig. 12). These patterns
were also appeared in the other ground motions. The
average differences in Ey/m and E,/m were small by 3.1%
and 5%, respectively. At EQ 5, DEQL I, the E;, was the
same between the two systems as shown in Fig. 13, There
were negligible differences for 6-3SP and 6-6SP during
EQ 5, DEQL L
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% MSDs

g BMSD
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2-38P 2.48P 63ISP 6459
Fig. 12 Eym of SDS vs. MSD, EQ 1, DEQL. |
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10008 MSDS

WMSD
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Fig. 13. Eb/m of SDS and MSD, BQ 5, DEQL II

At DEQL I, most of the frames showed small
difference in E;. The differences between 6SDS and 6MSD
frames on E; ranged from 0.1% to 24%, which means the
difference of E, for two frames is negligible with the
increase of the intensity from DEQL I to DEQL II (Fig. 14
and Fig. 15). In the cases of EQ 4 and EQ 5, there were
no significant differences on the energy demand between
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two plastic mechanisms where the differences were ranged
from 0.2 to 2.7%.

30000

@sDSs

25000
WMSD

o 20000 |
< (5000 +
10000

5000

0

2-35P 2-65P 6-3SP 6-65P
Fig. 14 EW/m of SDS and MSD, EQ 1, DEQL I
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There was negligible E, in beams because 6MSD6
frame was designed for the strength and drift (strong-beam
and weak-column). Therefore, the E, of columns was
bigger than that of beam. In the observation of the E,
distribution over the floors, the damage of frame MSD
concentrated on a weak member. Thus, frame SDS is much
beneficial for seismic design to avoid the damage
concentration at specific spot of members.

Conclusively, the E, differences among various design
philosophies were quite small. In the cases of EQ 1, 2 and
3, there were some differences ranging from 0.1 to 24% for
both E; and E; that may be negligible. In this observation,
the Ey difference around 20% is assumed negligible. In
case of negligible difference of Ey for SDS and MSD
frames, one can see some advantage of 6SDS6 from the E;,
distribution over the floor. The E, distribution over the
floor of 6MSD6 frame, especially at the lower and upper
floor, was increased to have more plastic deformation. The
65DS frame showed better performance than the 6MSD
frame in sharing the structural resistance to external forces.

3.4 Energy Expectation of Steel Moment-Resisting
Frames

The mean E, of MDOF systems are summarized in Fig.
16 and 17. The five earthquakes were summed and
averaged to get the E; and E; in mean energy. The energy
demands for the SDOF systems were quoted from the
previous paper (Choi (1998) to compare with the results of
MDOF system using the five ground motions, The second
order of polynomial plot was used for the approximation of

mean E, for both SDOF and MDOF systems. In the E,
observation of SDOF systems, the base shear coefficient,
n was used to explore the variation of yielding base shear,
V,. The base shear coefficient is the ratio of design base
shear, V, to the yielding base shear, V,. The base shear
coefficient decreases with an increase of the yielding base
shear coefficient. In this observation, the two base shear
coefficients of 0.1 and 0.4 were used because the two
values were comparable to the strength of the MDOF
systems.

Because the E; from MDOF systems generally differs
from the one of SDOF systems, the E}, from SDOF system
can be used with proper modification factor. The plots of
SDOF systems were employed to grasp the range of
disperse of the MDOF system to the SDOF system in
terms of mean E;. The variations of the mean E, under
DEQL I and II are shown in Fig. 16 and 17. Fig. 16 and
17 show two important meanings. First, the E, of both
systems decreases with the increase of the periods. In other
word, the E; of both systems increases with the increase of
base shear coefficient (V/W). However, the E; of short
period systems for SDOF systems is sensitive. Second, the
mean E, of MDOF systemns can be approximated from
these figures. They explain the expectation of the mean E;
at the different design earthquake levels (DEQLs). The
empirical equation could be drawn using the linear
interpolation from the results;

Ejm=a (@ xT+ B (a), 0.5<T<20 )
f o
]

Fig. 16 Normalized mean hysteretic energy using §
earthquekes, DEQL 1

Since the results shows linear relationship between
parameters such as mass, E;, and T, a linear equation can
be set up corresponding to E;/m and T.

The function @ (a) can be obtained from the curve of
DEQL I and its equation can be expressed as @ (a)= @ pa
+ay The function f (a) can be obtained from another E;,
dissipation curve at DEQL II and its equation can be
expressed as B (a) = Boa + B, The constant, a, is
variable which can be expressed in terms of gravity
acceleration. By the empirical calculation the following
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constants are recommended; @, = -2957, @, =550, B¢=
9610, and B (= -2010.

09 05 Lo 15 20 s 0
Pevied, T, &
Fig. 17 Normalized mcan hysteretic cnergy wsing 5 carthquakes,
DEQLI

These constants are calculated by 2 = 0.3 and 0.6 where
they represent DEQL I and DEQL 11, respectively. In
other word, they represent the peak ground acceleration of
0.3g and 0.6g. The negative signs represent the negative
slope that the mean E,, dissipation is decreasing with the
increase of the periods (Fig. 16 and 17). Since the
periods of the examined MDOF systems are between 0.5
sec and 2.0 sec, the general equation is valid only in the
limited regions. The formula can be used for the rough
expectation of steel moment-resisting frames within the
earthquake intensity levels, DEQL I and DEQL Ii. The
total Ey dissipation of MDOF systems increased with the
decrease of the period of the structures.

4, CONCLUSION

Various tasks were carried out to examine the energy
characteristics for the steel moment-resisting frames and
the following results could be drawn. The E, dissipation
decreased with an increase of stiffness and strength for
lower and longer period structures with the peak ground
acceleration (PGA) of 0.3g. However, this was not always
true for the medium period regions under the PGA of 0.6g
in both SDOF and MDOF systems. The E; of MDOF
systems increased when the stiffness and strength were
increased at the increase of the PGA. The increase rate was
ranged between 22% and 52% in case of Northridge
Earthquake (EQ 5) with the PGA, 0.6g.

In the investigation of the effects of strength increase
with the same stiffness, the E, of strong column-weak
beam control structure showed smailer E,, than the one of
daft control structure at 0.3g. However, the result was
reversed when the intensity level of ground motion was
increased from 0.3g to 0.6g except the Northridge
earthquake. Thus, the strength increase has an effect to
increase the E, during the increased earthquake ground

motions. In the E, observation of the drift control structure
and strong column-weak beam control structure, the E,
between two design philosophies were negligibly smali.
The maximum difference in the six story three span
structure model was 24%. The expectation of the mean E,
can be obtained from the suggested equation or by using
the plot of the steel moment resisting.

This research, however, has following limitations, In the
observation of the modified system, even though structural
period and the yield shear force were the same, the
structural mass was changed. In this research, only 5
earthquake ground motions were applied to get the
empirical equation that was the function of mass and
period. Thus, further investigations for the use of the
proposed equation are necessary.
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Notations
g Viscous Damping
Ep Damping Energy
E, Energy Input
E; Hysteretic Energy Input
Ex Kinetic Energy
Se  Pseudo-acceleration
S,y  Pseudo-velocity
ip Strong Ground Motion Duration
T Fundamental Period
T,  Predominant Ground Motion Period
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