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Abstract. Structures in seismic regions are designed to dissipate seismic energy input through inelastic
deformations. Structural or component failure occurs when the hysteretic energy demand for a structure or
component subject to an earthquake ground motion (EQGM) exceeds its hysteretic energy dissipation
capacity. This paper presents a study on identifying the hysteretic energy demand and distribution
throughout the height of regular steel moment resisting frames (SMRFs) subject to severe EQGMs. For this
purpose, non-linear dynamic time history (NDTH) analyses were carried out on regular low-, medium-, and
high-rise steel SMRFs. An ensemble of ninety EQGMs recorded on different soil types was used in the
study. The results show that the hysteretic energy demand decreases from the bottom stories to the upper
stories and for high-rise structures, most of the hysteretic energy is dissipated by the bottom stories. The
decrease is quite significant, especially, for medium- and high-rise structures.
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1. Introduction

Structures in seismic regions are designed to dissipate seismic energy input through inelastic deformations.
Structural or component failure occurs when the hysteretic energy demand for a structure or component
subject to an earthquake ground motion (EQGM) exceeds its hysteretic energy dissipation capacity.
Energy input (E)) is partly dissipated by hysteretic energy (Ey) through hysteretic behavior. That is why
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Ey can be used as a seismic design parameter when the damage is expected not to exceed some
specified limits (Bertero and Teran-Gilmore 1994). For certain performance levels, hysteretic energy
can be used as a limiting value in earthquake-resistant design such as drift, ductility, structural damage
and storey drift indices, etc. (Vision-2000 1995, Bertero and Bertero 1999).

Housner (1956) first introduced the energy concept into seismic response of single-degree-of-
freedom (SDOF) systems. The studies on the energy concept have mainly concentrated on SDOF
systems (Zahrah and Hall 1984, Akiyama 1985, Fajfar and Vidic 1989, Kuwamura and Galambos
1989, Uang and Bertero 1990, Bruneau and Wang 1996). However, the inelastic seismic behavior of
multi-degree-of-freedom (MDOF) and SDOF systems may differ dramatically. SDOF systems have
limitations when used to determine the energy values in MDOF systems due to two main reasons: a)
they may underestimate the energy input on high-rise structures due to the contribution of higher
modes, which may become important for earthquake ground motions having high frequency content
(Bertero and Teran-Gilmore 1994); b) hysteretic energy is the main cause of the plastic deformation of
structural members and its distribution depends on the structural systems, which are MDOF systems, as
much as on the ground motion.

Akiyama (1985) developed Housner’s (1956) method and devised an earthquake-resistant design
method which can be applied in a uniform manner to one-story buildings through high-rise buildings.
Kuvamura et al. (1992) studied the prediction of earthquake energy input of damped elastic SDOF
systems from smoothed fourier amplitude spectrum. Their study has shown that the increase in
damping factor results in a more smoothed spectrum in SDOF systems, but smoothing effects due to
higher mode participation is less significant than the smoothing effect due to damping in MDOF
systems due to the predominant first mode participation. Tso et al. (1993) studied equivalent SDOF
systems to estimate the input and hysteretic energy demands on low-rise ductile moment-resisting
buildings. They have concluded that for high-rise ductile moment-resisting buildings, higher modal
responses become significant and the use of equivalent SDOF systems may underestimate the energy
demands on buildings. This is particularly true for earthquake ground motions having relatively high
frequency content, which increases the higher modal contributions. Shen and Akbas (1999) predicted
the energy input in low-, medium-, and high-rise steel moment resisting frames (SMRFs) and proposed
an energy-based earthquake resisting design method. In their study, they made comparisons of the
energy input with the formulas proposed for mainly SDOF systems and concluded that there was a
clear difference between the SDOF and MDOF systems in terms of energy input. Reyes-Salazar and
Haldar (2001a, b) studied analytically the energy dissipation in steel frames with partially restrained
connections subject to earthquake loading. They carried out non-linear dynamic time history analyses
on 1-, 3-, and 8-storey steel frames and found out that partially restrained connections were a major
source of energy dissipation, even though they reduced the overall stiffness of the structure. In another
study by the same authors (2000), they tried to verify the mathematical model using experimental
results, for two loading conditions. They observed that as the connections became stiffer, the less
energy was dissipated by the connection. Choi (2004) investigated the hysteretic energy input
characteristics, plastic rotation distributions, and storey drift ratios on 16-storey high-rise SMRF's with
mass and stiffness irregularities.

This paper presents a study on identifying the hysteretic energy distribution throughout the height
of regular steel moment resisting frames (SMRFs) subject to severe EQGMs. For this purpose, non-
linear dynamic time history (NDTH) analyses were carried out on regular low-, medium-, and high-rise
steel SMRFs. EQGMs used in this study were recorded on different soil types. The results are presented
in terms of the hysteretic energy distribution with respect to the soil type and earthquake intensity.
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2. Energy response of inelastic systems

The energy input into an inelastic system due to an EQGM is dissipated by both viscous damping and
yielding. The following energy terms can be defined by integrating the equation of motion as follows
(Chopra 2000):

lj[mii(t)du + ]'cz'l(t)du + ]'fs(u, u)du = —T]mi?g(t)du €))

where m is the mass; c is the viscous damping coefficient, f; is the restoring force (for a linear elastic
system f; = ku, k = rigidity), u is the relative displacement of the mass relative to the ground, u, is the
earthquake ground motion displacement. The right side of Eq. (1) represents the seismic energy input,
E;, to the structure. E(¢) is defined as the work done by the effective seismic force (the mass times
ground acceleration) over the structural deformation.

E(t) = f_[milg(t)du )
0
The first term on the left side of Eq. (1) is the kinetic energy, E;. Ex(?) is proportional to relative velocities

of masses at time ¢, which is only related to the instant response of the structure at time ¢ and can be
found by multiplying half of the mass with its motion relative to the ground as follows:

(8]

E (f) = ujmiz(z)du = }mu(r)du = ”% 3)

The second term on the left side of Eq. (1) is the damping energy, Ep. Ep(?) is physically interpreted as
the energy dissipated by the viscous damping of the system and a cumulative quantity, ever increasing
with the time during the vibration.

Ep(t) = j Folt)du = "jcu(t)du (4)

The third term on the left side of Eq. (1) is the sum of the hysteretic energy, £, and the elastic strain
energy, E.. E(?) is an instant quantity depending on the current elastic deformation level at time ¢.

D) = T (%)

where £ is the initial stiffness of the system. Ex(¢) is a cumulative quantity over the plastic deformation
throughout the entire duration of the vibration, and will be zero if the structure remains elastic.

Ent) = [ fiu, iy~ E,(1) ©)

Ej includes the inelastic deformation of structural members and is directly related to the cyclic deformation
capacity of structural components. In an elastic response, £y is equal to zero, whereas E, is negligible
compared to Ej in an inelastic response. At any instant time ¢, £, and E, can be computed from Egs. (3)
and (5), respectively. Thus, the energy response terms of a non-linear system can be written as:
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Fig. 1 Energy response terms

Et) + Ep(t) + EL1) + Ex(f) = E(?) (7

If Eq. (7) were considered as a design equation (demand < capacity), the four terms on the left-hand
side of Eq. (7) could be considered as energy response of the structure (capacity) and the term on the
right-hand side as energy input (demand). Fig. 1 shows a typical energy response of a non-linear system.
The instant kinetic energy and elastic strain energy consist of relatively small portion of the £, at any
time during the vibration and vanish at the end of the vibration. The Ep and Ejy, therefore, are major
contributors for dissipating the £;. Thus, £, and E, are negligible in an inelastic response and Eq. (7)
can be practically written as:

Ep+Ey=E; )

For a given structure and EQGM, the quantities in Eq. (8) at the end of the EQGM can be determined
and the distribution of hysteretic energy throughout the structure can be evaluated.

3. Identifying hysteretic energy demand in steel moment resisting frames
3.1. Nonlinear dynamic history analyses

Energy response analyses through NDTH analyses were carried out on three steel buildings with
3-, 9-, and 20-stories. These buildings were designed for gravity, wind, and seismic loads as part of the
SAC Steel Project and represent typical low-, medium-, and high-rise steel buildings (Ohtori ef al.
2000). The structural system for all buildings consisted of steel moment resisting perimeter frames and
interior simply connected frames for gravity, i.e., lateral loads were carried by the perimeter frames.
The elevation of the perimeter frames to carry lateral loads are given in Fig. 2.

The frames were modeled by DRAIN-2DX (Prakash ef al. 1993). The two-dimensional models of the
frames were built for NDTH analyses. Beam-column elements were used in the analyses and inelastic
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effects were assigned to plastic hinges at the member ends. The bilinear inelastic behavior was assumed
with a strain hardening of 5% of the initial stiffness in all elements. A stable cyclic deformation was
assumed. Mass was assumed to be lumped at the joints. Damping ratio was assumed to be 5%. Since
either of the mass- or stiffness-proportional dampings provides the same damping ratios for higher
modes, Rayleigh damping was used in the analyses. Rayleigh damping expresses the damping matrix
as a linear combination of mass and stiffness matrices (Chopra 2000). In practice, the modes i and j are
chosen in such a way that higher modes will result in somewhat close damping ratios and contribute to
the response. In this study, Rayleigh damping with the first and third, second and fourth, and third and
sixth natural frequencies for the 3-, 9-, and 20-storey frames, respectively, was used in the analyses. P-M
(axial load-moment) interaction relation, suggested by AISC-LRFD (1999), was used as yielding surface
of column elements. Beams were modeled as flexural elements. The panel zone effect was neglected in
the analyses, but large deformation (P-A) effect was considered on the analyses of 9- and 20-storey
frames. The seismic masses of the buildings were 2950 t, 9000 t, and 11100 t for 3-, 9-, and 20-storey
buildings, respectively. The first natural periods of the 3-, 9-, and 20-storey frames were 1.0109 sec,
2.2862 sec, and 3.7863 sec, respectively. For NDTH analyses, an ensemble of 90 EQGMs recorded on
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four different soil types (Tpe 4, B, C and D) were used in the study. Soil types in which shear velocities
(Vy) are bigger than 750 m/sec, between 360-750 m/sec, 180-360 m/sec and less than 180 m/sec, are
defined as Type A, B, C and D (http://peer.berkeley.edu/smcat/sites.html), respectively. The EQGMs were
grouped with respect to the soil type as Type A&B, Type C and Type D each having 30 records making a
total of 90. Detailed information about the EQGMs can be found at Sari (2003). The EQGMs were
recorded during 20 earthquakes from all over the world (Imperial Valley 1979, Loma Prieta 1989, Kobe
1995, Kocaeli 1999, Chi-Chi 1999, etc.). The peak ground accelerations (PGAs) are varying between
0.01 and 0.69 g, where g is acceleration due to gravity. The closest distances for the records vary from
0.3 to 217 km. The site classes and corresponding shear wave velocities refer to over the top 30 m of the
soil layer. The PGA of the EQGMs was scaled to 0.4 g, 0.6 g, and 0.8 g to investigate the frames’ seismic
responses under severe EQGMs. The normalized response spectra of the EQGMs are given in Fig. 3.
Each frame was subjected to the EQGM:s in each soil type group. A total of 810 NDTH analyses were
carried out.

3.2. Results and discussion

The results obtained from the NDTH analyses were presented in the form of the distribution of the
hysteretic energy demand throughout the height of the frames with respect to soil type and EQ intensity.
Ewill be mostly dissipated by the steel beams in a code-designed building considering strong column-
weak beam requirement. Strong column-weak beam requirement was observed to be strictly imposed to
avoid early inelastic deformation in the columns in the design of the frames. The results of the £
demand only on the beams (Ey peams) and on the beams + columns (Ey peams+commns) at the storey levels
are given in Figs. 4, 5, and 6 for 3-, 9-, and 20-storey frames, respectively. In the Figs., the £y demands
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at the storey levels represent the mean of the 30 NDTH analyses results for the specific soil type.

Figs. 4, 5, and 6 clearly show the difference between the Ey peums and Ex peams+cotumns- For PGA=0.4 g,
0.6 g, and 0.8 g, almost all the £y was dissipated by the beams for any soil type for the 3- and 9-storey
frames. The difference at the first storey was due to the Ey being dissipated through the base of the
frames (Figs. 4(a) through (i) and Figs. 5(a) through (i)). However, for the 20-storey frame, the Ey
demand also occurred significantly at the columns for PGA=0.4 g, 0.6 g, and 0.8 g.

Table 1 shows the Ey peums 10 En peams-cotumns Tatio by at each storey of the 3-storey frame. The lowest
Ey beams t0 Ex peams+conmns Tatio was 0.66 on Type D for PGA=0.8 g at the first storey. This ratio was in
the range of 0.66 and 0.89 at the first storey and tended to decrease as the EQ intensity increased. At the
second and third stories, this ratio was almost equal to 1.00, meaning that there was no £ demand by
the columns of those stories and all the £ was dissipated by the beams. In overall, this ratio varied
from 0.83 to 0.94 for the 3-storey frame. This should not let misinterpret the results, because for the
3-storey frame, only the base of the first storey columns dissipated the £}, and the columns at the other
stories did not go beyond elastic range. This ratio was the highest for 7Tipe C, while it was the lowest for
Type D for any EQ intensity.
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Table 1 Ey peams ! E beams+conmns fOr the 3-storey frame

Storey PGA=04g¢g PGA=0.6¢g PGA=0.8 g

Level Type A&B Type C Type D Type A&B Type C Type D Type A&B Type C Type D
1 0.85 0.89 0.80 0.74 0.81 0.72 0.68 0.73 0.66
2 0.99 1.00 0.99 1.00 1.00 0.99 1.00 1.00 0.99
3 0.99 1.00 0.98 1.00 1.00 0.99 1.00 1.00 0.99

Frame 0.92 0.94 0.89 0.86 091 0.85 0.84 0.87 0.83

Table 2 EH,beams / EHbeum.ercnlumn.v for the 9-St01’ey frame

Storey PGA=04g PGA=0.6 g PGA=0.8 g

Level Type A&B Type C Type D Type A&B Type C Type D Type A&B Type C Type D
1 0.96 0.90 0.84 0.83 0.86 0.80 0.71 0.83 0.77
2 0.98 0.94 0.97 0.99 0.97 0.99 1.00 0.98 0.99
3 0.99 0.95 0.98 0.99 0.98 0.99 1.00 0.99 0.99
4 0.98 0.96 0.98 0.99 0.98 0.99 0.99 0.99 1.00
5 0.96 0.93 0.97 0.98 0.97 0.99 0.98 0.98 0.99
6 0.97 091 0.97 0.98 0.96 0.98 0.98 0.98 0.98
7 0.98 0.96 0.98 0.99 0.98 0.99 0.99 0.99 0.99
8 0.99 0.98 0.99 0.99 0.99 0.99 0.99 1.00 1.00
9 0.92 0.93 0.96 0.95 0.98 0.98 0.98 0.99 0.99

Frame 0.98 0.94 0.95 0.95 0.96 0.95 0.92 0.96 0.94

Table 2 shows the Eppeams 10 Eppeams+conmns Tatio at each storey of the 9-storey frame. The lowest
Ex beams 10 Ex peams-+cotumns Tatio was 0.71 on Type A&B for PGA=0.8 g at the first storey and tended to
decrease at the first storey as the EQ intensity increased. However, this ratio tended to increase at the
other stories as the EQ intensity increased. At the other stories, this ratio varied from 0.91 to 1.00, i.e.,
only a small portion of the £y was dissipated by the columns at the other stories. In overall, this ratio
was in the range of 0.92 and 0.98 for the 9-storey frame. As in the case of the 3-storey frame, this
should not let misinterpret the results, because for the 9-storey frame as well, the base of the first storey
columns dissipated most of the £j;. This ratio was the highest for Hpe A&B for PGA=0.4 g, while it
was the lowest for Type D. However, for PGA=0.6 g and 0.8 g, it was the highest at the first storey for
Type C and the lowest for Type A&B. At the other stories, there was no significant difference for
PGA =0.6 g and 0.8 g. For PGA = 0.4 g, this ratio was approximately only a few percent lower for
Type C than for Tipe A&B and D.

Table 3 shows the Ey peams t0 En peams+conmns Tatio at each storey of the 20-storey frame. The smallest
Ey beams 10 En peams-cotumns Tatio was 0.02 for Type C for PGA = 0.4 g at the twentieth storey. This ratio
tends to increase as the soil softens. This ratio tended to decrease as the storey level increased, i.e., the
columns participated the dissipation of the £} far too much at the upper stories compared to bottom
stories. However, most of the £ was dissipated at the bottom stories. Since, this is only a ratio and does
not give any clue as to the magnitude of the Ep peums OF Err peams-+commns, this ratio’s being high at the upper
storey levels should be meaningful if the £ demands were compared only relatively. This ratio varied
from 0.49 and 0.73 at the first storey. It tended to decrease as the EQ intensity increased at the first
storey, but to increase at the others stories. This ratio was in the range of 0.02 and 0.83 at the other
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Table 3 Eppeans / EH beams+columns Tor the 20-storey frame

Storey PGA=04 g PGA=0.6 g PGA=0.8 g

Level Type A&B Type C Type D Type A&B Type C Type D Type A&B Type C Type D
1 0.73 0.49 0.68 0.64 0.55 0.67 0.58 0.55 0.61
2 0.82 0.22 0.78 0.83 0.34 0.79 0.82 0.40 0.79
3 0.28 0.17 0.78 0.43 0.29 0.79 0.51 0.36 0.79
4 0.22 0.13 0.66 0.37 0.25 0.68 0.45 0.32 0.69
5 0.16 0.10 0.62 0.30 0.19 0.65 0.39 0.25 0.67
6 0.16 0.10 0.58 0.27 0.16 0.64 0.37 0.22 0.66
7 0.18 0.12 0.55 0.30 0.15 0.62 0.38 0.20 0.63
8 0.26 0.12 0.58 0.36 0.16 0.64 0.40 0.20 0.65
9 0.36 0.10 0.62 0.45 0.15 0.67 0.47 0.19 0.68
10 0.45 0.08 0.64 0.51 0.14 0.69 0.52 0.19 0.68
11 0.45 0.09 0.60 0.50 0.14 0.59 0.51 0.20 0.57
12 0.44 0.07 0.58 0.49 0.15 0.54 0.53 0.25 0.52
13 0.41 0.05 0.53 0.48 0.16 0.51 0.54 0.32 0.49
14 0.32 0.07 0.33 0.48 0.24 0.38 0.54 0.38 0.39
15 0.28 0.10 0.33 0.47 0.29 0.35 0.57 0.40 0.39
16 0.30 0.10 0.37 0.52 0.30 0.35 0.62 0.39 0.36
17 0.38 0.22 0.37 0.56 0.38 0.36 0.61 0.38 0.35
18 0.38 0.23 0.38 0.55 0.39 0.39 0.59 0.34 0.36
19 0.31 0.28 0.27 0.35 0.30 0.25 0.39 0.25 0.22
20 0.27 0.02 0.18 0.33 0.11 0.15 0.31 0.19 0.18

Frame 0.43 0.20 0.65 0.50 0.30 0.66 0.53 0.35 0.65

stories, i.e., a significant portion of the £ was dissipated by the columns at the other stories. In overall,
this ratio varied from 0.20 to 0.66 for the 20-storey frame. It was clear from Table 3 to say that the
columns in the 20-storey frame exceeded the elastic range and dissipated a significant portion of the £y
for any soil type and EQ intensity.

For the 3-storey frame, the highest £y s, demand occurred for Type D. For PGA=0.4 g, there was
no significant difference in Ey jeums for Type A&B and C. However, the increase in £y was 35% for Type
D with respect to Type A&B and C (Figs. 4(a), (b), and (c)). For PGA=0.8 g, the E}; p.....s increased about
10% and 20% for Type C and Type D with respect to Type A&B (Figs. 4(g), (h), and (i)). When PGA
was scaled from 0.4 g to 0.8 g, the E} p..ns demands increased approximately 5 times for all soil types.
The highest increase was at the roof level (6.5 times) (Fig. 4).

For the 9-storey frame, the highest £, 04, demand occurred for 7ype A&B, while the lowest occurred
for Type C. For PGA=0.4 g, the E} peums demand increased about 3.9 and 1.58 times for Type A&B with
respect to Type C and Type D at the roof level, while it increased 5.3 and 2.5 times at the first storey
level (Figs. 5(a), (b), and (c)). For PGA=0.8 g, the increase for Type A&B was only about 1.3 and 1.4
times at the roof level, while it was 4.3 and 2.3 times at the first storey level (Figs. 5(g), (h), and (i)).
When PGA was scaled from 0.4 g to 0.8 g, the E}; peums demands increased about 4.8, 5.7, and 5.3 times
at the roof level for Type A&B, C, and D, respectively, while it increased about 5.1, 14.8, and 5.73
times at the first storey level.
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For 20-story frame, the highest Ey pe.ms demand occurred for Type D, while the lowest occurred for
Bype C. For PGA=0.4 g, the E}; peans demand increased about 1.3 and 47 times for Type D with respect
to ype A&B and Type C at the roof level, while it increased 1.1 and 2.3 times at the first storey level
(Figs. 6(a), (b), and (¢)). For PGA=0.8 g, the E} jcums demand decreased about 10% for Type D with
respect to Type A&B and Type C, while it increased about 1.3 times at the roof level. At the first storey
level, the Ey pems demand increased about 1.02 and 1.5 times for Type D with respect to Type A&B and
Type C (Figs. 6(g), (h), and (i)). When PGA was scaled from 0.4 g to 0.8 g, the Ey peums demands
increased about 4.6, 6.4, and 4.3 times at the first storey level for Tipes A&B, C, and D, respectively,
while it increased about 4.7, 100.0, and 3.2 times at the roof level. The increase of 47 and 100 times on
Type C for PGA=0.4 g and 0.8 g, respectively, should not mislead due to their being so small.

4. Conclusions

This study has attempted to identify the hysteretic energy distribution throughout the height of regular
steel moment resisting frames with respect to soil type and EQ intensity. The main conclusions
obtained from this study and some recommendations for further studies are summarized below.

(1) Hysteretic energy is not a constant value and depends significantly on the properties of the

structure and on the EQGM properties.

(2) Hysteretic energy demand decreases from the bottom stories to the upper stories. The decrease is
quite significant, especially, for medium- and high-rise structures.

(3) Soil type and earthquake intensity have significant effects on the hysteretic energy input to the
structure. For low-rise and high-rise structures used in this study (3- and 20-storey frames), the
highest hysteretic energy demand occurred on soft soils (7ype D). However, for the medium-rise
structure (9-storey frame), the highest hysteretic energy demand occurred on Type A&B.

(4) For 9- and 20-storey frames, there was almost no £y demand at the roof levels at all.

(5) Hysteretic energy demands might get higher values at the middle stories with respect to the
nearby up and bottom stories.

(6) Non-linear dynamic time history analysis is used in this study. However, it is necessary to develop
simpler methods for predicting the hysteretic energy demand in SDOF systems to be used in
performance-based earthquake resistant design.

(7) This study is carried out on regular steel moment resisting frames. The variation of hysteretic
energy for structures with different configurations should be further studied.

(8) If the hysteretic energy is estimated by some means, then this energy can be dissipated through the
height of the structure approximately.

(9) Knowing the hysteretic energy demand is not enough to design a structure or component, the
hysteretic energy dissipation capacity should also be known.
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