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Abstract

The effects of motion duration on nonlinear structural response of high-rise, moment resis-
ting frames are studied by subjecting shear beam models of a 10- and a 5-story frame to a
series of synthetic accelerograms, all matching the same NEWMARK/HALL design spectrum. Two
different hysteretic laws are used for the story springs, and calculations are carried out
for target ductiiity values of 2 and 4. Maximum ductilities reached and energy-based damage
indicators (maximum seismically input energy, hysteretically dissipated energy} are evaluated
and correlated with the motion characteristics. A reasonable extrapolative determination of
structural respanse characteristics based on these indicators seems possible.
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1. Introduction

The design of building structures in medium and high seismicity areas under explicit con-
sideration of their elasto-plastic properties has Tong been accepted as a valid design
philosophy as long as total collapse is avoided. Elasto-plastic design methods are, of course,
more involved than linear elastic ones, and, furthermore, loading parameters and structural
details obtain a new significance in conjunction with nonlinear structural response.

Earthquake loading at a site is usually described in terms of expected maximum ground accel-
eration and appropriate linear design response spectra. The range of corresponding expected
earthquake durations is seldom specified, this information being of relatively Tittle im-
portance as long as the structure under consideration is designed to perform in a linear
elastic way under earthquake excitation. However, for structures whose earthquake resistant
design allows for a certain amount of inelastic action under severe ground motions, earth-
quake duration becomes an important parameter. This paper investigates the influence of
strong motion duration on the nonlinear response of, specifically, high-rise, moment-resis-
ting plane frames. For this purpose, three frames (3, 5 and 10 stories high), designed for
ductilities of 2 and 4, were subjected to a series of artificiall accelerograms of different
duration, all of which were compatible with the same NEWMARK/HALL design spectrum. In this
paper, only results for the 5- and 10-story frame are presented.

2. Loading and systems

The NEWMARK/HALL [13} design spectrum for 0.33 g ground acceleration and 2% damping was used
in this study, together with the corresponding inelastic design spectra for ductilities of
p=2 and p =4 (Fig. 1). Four artificial motions of nominally 10, 15, 20 and 25 s dura-
tion were computed, whose response spectra closely match the design spectrum in the period
range of interest between 0.1 and 3 s (Fig. 1). The 20 s-accelerogram is shown in Fig. 1b.

There exist several definitions of "effective earthquake duration®. Some simply refer to
acceleration values staying above a certain level, say 5% of gravity [2]. Other definitions
are based on the HUSIO plot or the ARIAS intensity of the motion [3, 4, 5]. These seem
especially meaningful from an engineering standpoint, since HUSID plots and ARIAS intensi-
ties characterize the energy content of the motion. Values of the ARIAS-intensities and the
durations from 0-90%, resp. 5-95% of the HUSIO plot are summarized in the following table
for the four artificial motions:

Motion I, Sqpu S5.95¢
I /s ] [s] [s]
10 s 13.16 6.7 6.5
15 s 15.68 9.0 9.0
20 s 17.35 11.4 12.4
25 s 20.13 14.8 15.7
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The 5~ and 10-story frames subjected to these motions are depicted in Fig. 2. Given in this
figure are the overall dimensions, the story masses and the story stiffnesses, as calculated
by the expression
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Herein, hi denotes story height, Js’ J and JR u moments of inertia of columns and of
k]

girders in the upper and lower story, 1SR,2nd 1R column and girder lengths, and E is
Young's modulus. The corresponding close coupled shear beam model {story masses attached
only to their neighboring masses by springs whose stiffnesses are given by the above equa-
tion) has been used extensively in this investigation and the resutts reported here have
been computed with such a model. More accurate point hinge member models of the frames have

been employed mostly for checking purposes because of their expensive use,

Natural periods, participation factors and spectral displacements from the inelastic acce-
leration spectra are given in the following table for the first three modes of the 10- and
5-story frame.

Mode Period [s] Particip. Spectral Spectral
factor displ, [cm] displ. [cm]
=2 g =4
$t0-story frame
1 2.305 20.22 20.875 10.438
2 0.809 7.08 7.326 3.663
3 0.495 4,16 4,484 2,242
5-story frame
1 1.453 15.17 13.16 6.58
2 0.53% 5.33 4.81 2.41
3 0.348 2.72 2,50 1.64

Two different hysteretic laws were employed for the nonlinear story springs, namely, the
elastoplastic idealization of Fig. 3a and an origin-oriented, UMEMURA-type law {Fig. 3b).
In contrast to the former, the latter (not overly realistic) model is characterized by its
marked stiffness degradingproperty.

With spring stiffness known, both models are completely defined by a single parameter, eg.
the maximum elastic displacement Xa1 - Their simplicity facilitates comparisons of response
parameters and their use was further motivated by the fact that their energy dissipation
characteristics are totally different, with the elastoplastic model dissipating roughly

twice as much work as the origin-oriented idealization.
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The story spring maximum elastic displacements were computed as RMS-values of the corres-
ponding relative story displacements, the latter having been calculated with standard modal
spectral analysis using the inelastic displacement spectral ordinates mentioned eariier.
Results for the two frames are summarized below:

10-story frame 5-story frame
X1 fcm] Xe [cm]
Story | w=2| u=4 p=21{ p=4
1 3.7 1.88 4.52 2.27
2 37N 1.85 3,76 1.88
3 3.62 1.81 4.32 2.18
4 3.52 1.77 3.44 1.72
5 3.40 1.70 2.72 1.41
6 3,23 1.62 - -
7 3.00 1.51 - -
8 2.70 1.36 - -
9 2.26 1.14 - -
10 1.44 0.75 - -

This inelastic response spectrum approach for determining the strengths of the story springs
has also been utilized for designing the frame members prior to their representation in the
point hinge member model. However, since no direct relationship can be established between
the hysteretic Taws used for the story springs in the shear beam model and the hysteretic
law for the inelastic springs of the single-component beam idealization in the member model,
only shear beam results are reported here.

3. Results

Time histories of interesting response parameters were computed by standard Direct Integra-
tion in the time domain (NEWMARX g-vy-method). Apart from displacement time histories, a
number of damage indicators were calculated, among them ductilities and energy quantities.

Maximum attained ductilities for the storvsprings are summarized in Table I and graphically
shown in Figs. 4 and 5 for the 10- and the 5-story frame, respectively. As was to be ex-
pected, maximum ductility valtues vary for the different motions, but no clear, overall
pattern is apparent.

As important damage indicators, time histories of the different energy components were also
evaluated. The total seismic work absorbed by the building is equal to the sum of kinetic
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energy, elastically stored energy, emergy dissipated by viscous damping, and, finally,
hysteretically dissipated energy. Fig. 6 shows a typical time-history plot for these work

. components. A stiffness-proportional modal damping value of 2% critical for the ground mode

was assumed in all cases. Two energy quantities are of special importance: The maximum input

seismic energy (point A in Fig. 6) and the total amount of hysteretically dissipated energy

{see Fig. 6}. Table Il summarizes these work quantities for all cases here considered.

For the elastoplastic hysteretic model, a good correlation between motion duration and these
energy quantities is observed for both ductilities (Fig. 7 and 8). Far the less realistic
origin-oriented UMEMURA-type model, correlations are however less satisfactory (Fig. 9 and
10). In all cases, ARIAS intensity values of the accelerograms were employed as motion
characteristics rather than durations themselves, because of marked improvement in the
caorrelations.

To conclude, energy based damage indicators appear to be the best choice for assessing the
effects of strong motion duration on nonlinear earthquake response. Relationships between
member level damage parameters and such energy quantities are currently being investigated
and results so far suggest that their reasonable extrapolative determination for a certain
range of motion durations is possible.
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Table I: Max. ductilities

Motion 10s 15s 20s 25s
Ductitity 2 L 2 4 2 4 2 4
Hyst~-model [ el.pt. [UMEM| el.pl. [UMEM.| el.pl. lUMEM, el. p. |UMEM] el pl. [UMEM| el. pl. [UMEM.| el. pl. |UMEM, el. pl. JUMEM.
10-story frame
Story
i 1.06 [ t.13 | 2.16 | 6,19 1.09 | 1.06 2.1 7.26 | 115 1119 | 2,39 [7.20 1.27 | .90 | 2.60 | 5.45
2 1,13 1.22 | 2.80 | 5.28 1.19] 1.07 1.89 | 5.64 | 1.28 | 1.52 | 1.76 |6.31 1.36 1 2,00 § .87 | 4.69
k! 1.251°'%.34 | 2.16 | 4,82 1.44 [ 1.1 1.70 | 4.62 | 1,55 [ 1.84 | 2.2 5.14 1.56 | 1.97 { 2,17 [ 4.30
4 1.46 | 1.45 | 2.79 | 4.70 1.86 | 1.07 2,48 § 3.47 | 1,92 | 1.76 | 2.50 14,65 1.82 | 1.76 | 2.62 | 4.67
5 1.92 | 2.17 | 3.61 | 4.65 1.66 | 1.63 3.30 § 3.48 | 1,82 | 2.18 | 2.86 |3.97 1.83 | 2.23 | 3.01 {6.08
B 2,17 | 2.95 | 3.11 | 4.17 1.67 1 3.16 2,76 | 2.81 [ 1.23 | 3.02 |2.37 |3.6% 1.26 | 3.15 | 2.55 | 7.09
7 2.07 1 2,30 | 2.98 | 3.52 2.21 3.7 2.54 | 2.20 ] 2.07 | 3,63 | 2.42 |[3.19 1.90 | 3.64 | 2,32 | 6.63
8 1,62 1 1.64 | 2.30 | 2.28 1.92 1 2.24 3.25 | 2.06 | 1.88 |2.12 | 2.93 [2,% 1.82 | 2,36 | 2.93 |4.52
9 1131 1,13 218 | 1.2 1.36 | 1.13 2.74 | 1.35 | 1,34 (1,02 |2.39 [1.41 1.4 [ 1.12 | 2.28 {2.06
10 1.0 1.0 1.43 | 1.0 1.01 | 1.0 1.4 | 1.0 1.04 1.0 1.36 |1.01 1.06 [ 1.0 1.33 }1.03
5-story frame
Story
4 1.33 | 1,14 | 5,32 | 6,67 1.79 11.29 l4.801 5.61 1,85 (1.22 |4.57 |[5.03 2.1 [ 1,07 [4.78 |4.70
2 2.02 § 1.57 [ 3.40 [5.75 .49 |1.66 |2.76 4.88 1.53 (1.73 |3.22 |4.73 1.73 [ 1.77 [ 3.86 {7.38
3 2,35 | 2,15 1 4,11 |5.38 2.02 {2.27 |5.51 4.00 1.92 (2,35 |5.67 {3.38 1.89 | 2.56 | 5.25 |65.44
q 1.95 | 2.16 | 4.50 | 1.69 1.71 | 1.49 (4,47 2.96 1,69 [1.65 14,08 {2.43 1.82 {1.84 {3.52 [2.35
5 1.91 | 1,62 | 1.74 | 1.12 1.563 |1.07 |2.08 1.20 1.687 |1.12 (1,76 11.19 1.55 11.22 1 1.63 |1.18
Table IT: Enerqy quantities
Motion 10s 155 20s 25s
Ductility 2 4 2 4 2 4 2 IA
Hyst-model | el. pl. |UMEM, el.pl. IUMEM. el.pl. [UMEM/ el. pl. [UMEM] el pl. IUMEM, el pl, {UMEM| el. pl. [UMEM, el. pl. [UMEM.
max. energy
input 318.5 |286.6 | 289.8 | 227.7 361.0 |346.3 |305.7 |268.3 | 369.0 | 408.8 [ 307.4 (287.8 [390.3 |[552.7 | 339.2 | 370.3
2 [khm)
=
E‘Hystereti-
=
o cally
= dissipated |122.0 | 50.9 | 202.4| 71.4 |148.8 | 51.7 1212.8 | 64.7 | 159.8 | 76.3|212.7 | 76.3 |170.5 | 97,1 | 224.7 ! 83.3
energy
[khm]
max, energy
input 254.5 [186.9 | 216.9 [ 146.0 | 243,3 [§72,0 [ 231.6 1126.7 | 272.6 | 176.9 | 271.4 [1563.7 |378.7 {182.5 | 326.5 | 237.0
g [kNm]
e
fia
> Rystereti-
[=]
< cally
" dissipated [133.56 | 29.6 | 167.8{ 44,6 | 135.56 | 27.9 (171.9 | 37.0 } 137.3 | 29.5|202.1 | 32.9 {184,2 | 30.7 i 246.5 | 43.2
energy
[kNm)
e 272 K &/2
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