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Ductility Demand Estimation Methods at Structural System Level for
Seismic Design of Structures

Dong-Guen Lee" , Chung-Bang Yun? and Jong-Keol Song”

ABSTRACT

The ductility demand for seismic design of a single degree of structure or an individual
structural member can be determined easily. However, there is no established method to
determine the ductility demand for a structural system. The object of this paper is to develop a
method for the estimation of the ductility demand for structural systems, in which the inelastic
behavior can be taken into account properly. The validity of the proposed method has been
examined for several cases with different structures and different earthquake excitations. The
method is also compared with two alternative methods.

1. INTRODUCTION

The current state of practice for earthquake resistant design of building structures may be well
represented by the Uniform Building Code(UBC).™ In the UBC method, the design
earthquake load is computed based on the specified elastic response spectrum. Then, it is
reduced by applying the response modification factor R, which is related to the ductility
capacity of structure. Proper earthquake resistant design requires that the ductility capacity of
the structure exceeds the ductility demand imposed by the design -earthquake load. The
ductility capacity may be determined experimentally. However, the ductility demand may be
determined from the analysis of the inelastic behavior of the structure. Although the ductility
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demands for a single degree of freedom(SDOF) system and an individual structural member
can be determined easily, it is not quite clean how to determine the ductility demand for a
whole structural system.

The existing methods for the ductility estimation of multistory structures such as Q-
model™ are based on an equivalent SDOF equation derived from the multi-degree of freedom
(MDOF) structure "2H¢! I those methods, at first, the linear and nonlinear characteristics of
the SDOF system are evaluated by the inelastic static analysis of the MDOF system. Then, the
inelastic behavior of the MDOF structure subjected to an earthquake excitation is
approximately obtained by the inelastic dynamic analysis of the SDOF system. Since the
inelastic behavior of the MDOF structure obtained by the above methods is hardly accurate,
the estimation of the ductility demand can not be expected to be reasonable. Owing to the fast
development of computer technology, the accurate inelastic behavior of the MDOF structure
can be easily computed. Hence, the ductility demand may be estimated more properly, if the
inelastic behavior obtained by the inelastic dynamic analysis of the MDOF structure is utilized.
From this background, two methods for ductility demand estimation at structural system level
are proposed in this study. The proposed methods are compared with the existing method such

as Q-model.
2. DEFINITIONS OF DUCTILITY

In general, two definitions of ductility demand are accepted for the estimation of inelastic
deformations. They are displacement ductility # for a SDOF system and rotation ductility 24
for a bilinear element of a multistory frame. Displacement ductility is evaluated from the ratio

of the maximum displacement v . to the yield displacement Uy, as;

_Ymax (1)

Rotation ductility is evaluated from the ratio of the maximum rotation at the end of a member
to the yield rotation. Because the inelastic flexural deformation of a beam is assumed to be
concentrated at the ends of the beam, plastic rotations occur at the plastic hinges that form at
both ends of a beam. Therefore, rotation ductility can be written as ;

- Omax @

%

in which, B pmax and 6 represent the maximum and the yield rotations at the end of the member.
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3. ESTIMATION METHODS FOR DUCTILITY DEMAND

In earthquake resistance design procedures, the ductility demand is customarily defined based
on a SDOF equation as
mii(t) + cu(t) + R@(t)) = -m# g (1) (3)
Hence, the ductility demand for seismic design of a multistory frame can be effectively
estimated, if an equivalent SDOF equation is derived for the MDOF system. The equation of
motion of a multistory frame subjected to earthquake excitation can be obtained as
(MK} +[CHEO} +REO)} = {MIBE () )
where {x(r)} is the relative story displacement vector to the ground, [M] is the diagonal mass
matrix, [C] is the damping matrix, and {R(x(f))}is the restoring force vector. Assuming the
structure behaves approximately as
{x(0)) = {Fhu(n) (5)
where {¥} is a vector that describes the deflected shape of the multistory frame, and u(f) is
the displacement of the equivalent SDOF system, an equivalent SDOF equation can be derived
from Eq. (4) as
mii(t) + cu(t) + R@u(®)) = - Lk g (t) (6)

where m = (£} [M1(®}, ¢ = #3TIC1P3, Ry = (23T (R(uey, and L= 3! 105
By normalizing {¥} as

@ IMIE) = (1 I M
the earthquake load coefficient L in Eq. (6) becomes equal to m. Then, Eq. (6) becomes
identical to Eq. (3), which is for a SDOF system subjected to an earthquake excitation.
By premultiplying {‘F}T [M] on Eq. (5) and using Eq. (7), the equivalent SDOF u(t) of Eq.
(6) can be evaluated as

T [ M) {x0)

u(t) = ———r——— (8)

e

For a MDOF structure subjected to inelastic deformation, an equivalent SDOF u(f) can be
evaluated using the instantaneous inelastic structural response {x(f)}as the shape vector
{¥}in Eq. (8) as

ey MY}

u(t) = ——————— ®)
x(0} [MI{
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Then, the ductility demand can be estimated from the relationship between #(#) and the base
shear V(1) of the MDOF structure. In this study, the method of the ductility demand estimation
using Eq. (9) is refered as Method L.

Alternatively, the ductility demand may be estimated by using an existing Q-model,"”!
which is based on the inelastic response obtained using an equivalent SDOF equation. In this
method, the linear characteristics of the SDOF system, i.e., mass, damping coefficient and
stiffness, are obtained using the elastic deflection of the MDOF system under a monotonically
increasing static load with a triangular profile and using Eq. (5) and Eq. (7). Then, the
nonlinear characteristics, i.e., the strain hardening ratio and the yield force, are determined
from the relationship between u(#) and the base shear V,(?) obtained by the inelastic static
analysis of the MDOF structure. The ductility demand for the SDOF system subjected to
earthquake excitation is evaluated by the inelastic dynamic analysis of the SDOF system. In this
study, the method using an inelastic dynamic response of the equivalent SDOF system is
refered as Method I

Finally, the third method is proposed as follows. At first, a floor is determined, which can
reasonably represent the inelastic behavior of the structural system. Then, the ductility demand
may be estimated from the relationship between the floor displacement and the dynamic base
shear. In this study, the representative floor is determined from the elastic deflections due to
three kinds of lateral static load profiles frequently used in seismic design of structures as
shown Fig. 1a. If the deflected shapes are normalized using Eq. (7), it is very interesting to
notice that three deflection shapes become very alike as in Fig. 1. Based on the results, the
representative floor is selected as the one corresponding to the story displacement being equal
to 1. Then, the height of the floor is approximately obtained as 70 % of the structure height.
The method based on the floor displacement at 70 % of the structure height is refered as
Method 111

4. EXAMPLE ANALYSIS

Three example structures are constructed based on the UBC standards(1988). They are 3, 8,
and 20-story frames, and each structure has 3 bays as illustrated in Fig. 2. The story height is
18 ft (5.49 m) for the bottom story and 12 ft (3.66 m) for all others. The seismic design loads
are computed for UBC Seismic Zone 4 with a soil factor of 1.2 and an importance factor of
1.0. The member sizes of the strong-column weak-beam(SCWB) and weak-column strong-
beam(WCSB) frames are provided in Table 1 with the member identities given in Fig. 2. The
fundamental periods are computed as 0.48 and 0.47 sec for 3-story SCWB and WCSB frames.
They are 1.17 and 1.16 sec for 8-story frames, and 2.77 and 2.97 sec for 20-story frames.
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Three earthquake records are selected for this study: EW record measured in Mexico City on
September 19, 1985; N10E record in Llolleo, Chile, on March 3, 1985; NS record in El
Centro, California, on May 18, 1940. The maximum rotational ductility demands at story levels
for 8-story frames subjected to Mexico City earthquake are shown in Fig. 3. Force-
displacement relationships obtained for 8-story frames by three ductility demand estimation
methods are shown in Figs. 4 and 5. The ductility demands at structural system level are shown
in Table 2. From Fig. 3, it can be observed that the ductility demand at story level has a broad
range. Hence, it is required to determine the ductility demand representing the structural
system, which will be used to determine the response modification factor and the earthquake
load for structural design. From the Table 2, it can be observed that results of Methods I and
III are nearly the same. Also, the results by Method II are slightly different from the above
two.

5. CONCLUDING REMARKS

A method for the estimation of the ductility demand at structural system level is proposed. By
this method the inelastic behavior of the structure can be more properly considered than the
conventional method using dynamic analysis on an equivalent SDOF system. Numerical
example studies on 3 different multi-story frames indicate that the estimated ductility demands
by two methods based on the inelastic response of the MDOF systems are very similar. Also,
those based on the inelastic response of the equivalent SDOF systems are slightly different. For
better estimation, Method I which is based on the inelastic response of the MDOF systems can
be used.
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Fig. 1. Distribution of lateral static loads and the normalized deformed shape
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Fig. 2. Geometries of Example Structure : (a) Plan,
(b) Three-Story Elevation; (c) Eight-story Elevation,
(d) 20-Story Elevation

Column Identification

Table 1. Member Sizes

Member Three-story Frames Eight-Story Frames 20-Story Frames

Identifier WCSB SCWB WCSB SCWB WCSB SCWB
€3] @ 3 4 &) ©) (O]

(a) Interior Columns
C10 - - - - W14X74 W27X84
Cc9 - - - - W14X90 W27X102
C8 - - - - W14X109 W30X116
Cc7 - - - - W14X132 W30X132
C6 - - - - W14X145 W36X135
CS - - - - W14X159 W36X150
C4 - - WI18X40 | W24X55 | W14X176 W36X160
C3 - - W18X60 W24X84 W14X193 W36X170
Cc2 W14X43 | W14Xe8 | Wi8X76 | W24X94 | W14X211 W36X182
Cl W14X68 W14X99 W21X122 | W24X131 | W14X283 W36X232
(b) Exterior Columns
C10 - - - - W14X53 W14X74
c9 - - - - W14X68 W14X90
Cc8 - - - - W14X82 W14X109
Cc7 - - - - W14X99 W14X120
C6 - - - - W14X109 W14X132
Cs - - - - W14X120 W14X145
C4 - - W14X43 W14X48 W14X132 W14X159
C3 - - W14X48 W14X74 W14X145 W14X176
C2 W14X30 W14X48 W14X61 W14X90 W14X176 W14X193
Cl W14X53 W14X68 W14X82 W14X99 W14X193 Wi4X211
(c) Girders

B10 - - - - W24X76 W24X62
B9 - - - - W27X94 W24X63
B8 - - - - W27X94 W24X76
B7 - - - - W30X108 W24X76
B6 - - - - W30X124 W27X84
BS - - - - W30X124 W27X84
B4 - - W24X68 | W18X40 | W30X132 W27X9%4
B3 - - W24X76 | W21X50 | W30X132 W27X9%4
B2 WI8X50 | Wi18X40 | W24X68 | W24X55 | W30X173 W27X102
Bl W27X84 W18X55 W24X103 | W24X68 W30X173 W27X102
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Fig. 3. Maximum Rotational Ductility Demands at Story Levels for 8-Story Frames Subjected
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Fig. 4. Force-Displacement Relationships for SCWB8 Frame Subjected to Mexico City
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Fig. 5. Force-Displacement Relationships for WCSB8 Frame Subjected to Mexico City
Earthquake.
Table 2. Ductility Demands at Structural System Level
Frame El Centro Chile Mezxico
ID Method | Method | Method || Method | Method | Method || Method | Method | Method
1 11 11 1 11 111 1 J1 111

3.8 4.5

4.2

2.5

1.9

9.8 10.6
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