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Abstract—The objective of this paper is to develop a probabilistic multi-objective optimal design
method for concentrically braced steel frames, including the design earthquake via a dynamic ARMA
(Auto-Regressive Moving Average) model. The features of this design method are: (i) to make it possible
to incorporate inherent uncertain features of design earthquakes into the design process itself through
the dynamic ARMA model, (ii) to provide a simplified design formula for a preliminary design of
concentrically braced steel frames based upon the concept of decomposed stiffness design, and (iii) to
facilitate the formulation of a new probabilistic multi-objective optimal design problem aimed at finding
the design with the minimum level of designer’s dissatisfaction. In this optimal design problem, constraints
and objectives are handled in a unified manner after a feasible design is obtained. Two design examples
are presented to demonstrate the validity of this design method. Finally, the generality and practicality

of the design method are assessed.

1. INTRODUCTION

At present, it is generally agreed that while the state
of analysis of the response of given structures to
deterministic seismic loading is well established, the
state of design of earthquake-resistant structures is
not at the level of advancement comparable to that
of the state of analysis. The earthquake-resistant
design of building structures using optimization con-
cepts is one of the most challenging and complicated
problems facing structural engineers (see [1]). One of
the difficulties arises from the insufficient develop-
ment of reliable and efficient optimization algorithms
or the diversity of formulation of optimization
problems and definition of optimality, which seem to
depend largely on the subjectivity or intuition of each
structural engineer.

Several techniques have been proposed for generat-
ing a population of design earthquakes. Most existing
models for the analysis and simulation of earthquake
ground motions are defined in the continuous time
domain. On the other hand, recent interest has been
increasingly focused on models formulated explicitly
in discrete time. A dynamic ARMA (Auto-Regressive
Moving Average) (2,1) model is adopted in this
paper. One of the principal advantages of using the
dynamic ARMA model is to be able to gain insight
into the inherent variability of seismic structural
response as propagated from the inherent source
of uncertainty attached to the ground motion time
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history. The input motion model for stochastic
earthquake response analysis is extremely important
due to the fact that the source of uncertainty of the
structural response process results mainly from the
earthquake input uncertainty (for example, see [2]).

Among several existing algorithms for decision
making in engineering design environments, the
mathematical programming technique appears to
be the most general method to solve constrained
optimum design problems. Every currently available
mathematical programming algorithm requires the
specification of an initial design. It is well known that
this initial design significantly influences the final
solution and that poor judgment at the preliminary
design stage often results in a greater number of
iteration cycles for design improvement. In develop-
ing a new design method, it is of great importance to
balance the reliability of the method and the amount
of the computational task required for implementing
the design procedure.

It is well known that the interstory drift of a
building frame under seismic loading can be reduced
significantly by using bracing systems (for example,
see [3]). In the case where the bracing system sustains
a fairly large part of the story shear, the nonlinear
behavior of the braced frame is influenced by the non-
linear restoring force characteristics of the bracing
system. It is therefore necessary and desirable to
clarify the nonlinear characteristics of the bracing
system and to control the ratio of the bracing stiffness
to the total story stiffness.

The objectives of this paper are (i) to present a
simplified stiffness-oriented static design method,
called °‘decomposed stiffness design method’, for
concentrically braced steel frames, (ii) to develop a
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dynamic stiffness design method using a dynamic
ARMA model, and (iii) to formulate a new
probabilistic multi-objective optimal design problem.

In this paper, mechanically meaningful quantities,
i.e., story stiffness, girder-to-column stiffness ratio
and ratio of moment-resisting frame stiffness to
the total story stiffness (frame participation ratio),
are adopted as the principal parameters to directly
determine the member size. It is therefore easy to
reflect the designer’s experience and intuition and to
construct an interactive decision making environment
between the designer and a computer. Several frames
designed via this stiffness-oriented design method are
then subjected to three kinds of design disturbances;
to gravity loading alone, to combined gravity and
moderate earthquake loading, and to combined
gravity and severe earthquake loading. Then a general
probabilistic multi-objective optimal design method
is proposed. Step-by-step nonlinear time history
analysis is used in the multi-objective optimal design
method to simulate a complete probabilistic distri-
bution of inelastic peak responses. In spite of the
development of nonlinear random vibration theory,
it seems too difficult to estimate the complete
probabilistic distribution of inelastic peak responses,
which is necessary to quantify the exact reliability of
a structure, without carrying out the inelastic time
history analysis [4-6]. Although the practicality of
this approach may be argued by structural engineers,
practicality is an increasingly relative concept, given
dramatic improvements in computing.

A survey of optimal design methods for building
structures under seismic loading can be found
in{l, 7]. Literature relating directly to the present
research will be referenced in the sequel.

As for the stiffness design method, Nakamura and
Takenaka [8] developed an optimal design method
for overall elastic compliance under static loading
and proposed a closed form optimal design formula.
Nakamura and Takewaki [9] introduced a new system
performance parameter, called system flexibility, for
a nonlinear building frame and formulated a ductility
design method under a simplified dynamic loading
condition. The elastic-response specified design
method for space trusses has been formulated by
Nakamura and Ohsaki[10] also under a simplified
dynamic loading condition.

Several elastic design methods have been proposed
for optimal design of building structures using a fuzzy
concept [11-15). Almost all of these problems have
been solved by utilizing conventional numerical
optimization algorithms except [14].

At the University of California, Berkeley, much
attention has been given to the use of optimization
concepts for the development of rational seismic-
resistant design methods. Multi-objective optimal
design methods under seismic loading have been
developed by Pister and his co-workers [16-24]. It is
of great importance from the standpoint of reliability
that they evaluate inelastic response by using time
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history analysis within the design process itself. Past
works are summarized in [19, 23, 24].

2. DESIGN EARTHQUAKES

2.1. Dynamic ARMA model

Since the reliability of prediction of the probabilistic
distribution of seismic structural response depends on
modeling of the earthquake input motion, it is appar-
ent that the development of a sophisticated model
of design earthquakes is essential to the construction
of a reliable earthquake-resistant design theory for
building structures. A proper model of design earth-
quakes requires appropriate modeling and handling
of several important factors, such as local site
amplification factors, amplitude of motion, duration
of strong shaking, frequency content, etc.

Although it is often the case that uncertainty
associated with one of the factors described above
correlates with that of another factor, uncertainty
of the global ground motion parameters should be
handled independently of uncertainty attached to
the ground motion time history itself. The first type
of uncertainty has to be handled using probabilistic
seismic hazard analysis techniques. On the other
hand, to model the second type of uncertainty, it is
rational to regard ground motion as an outcome from
an underlying stochastic process.

Dual criteria are used in this paper to take into
account the first type of uncertainty based upon the
accepted design philosophy [25,26). Design earth-
quakes with two different levels are then defined
as the moderate earthquake and the severe earth-
quake, respectively. To model the second type of
uncertainty, a dynamic ARMA model is employed
here. The dynamic ARMA model acts as a simulator
for generating a set of artificial earthquake ground
motions statistically similar to the original recorded
earthquake ground motion. The interested reader is
referred to [27-30] for details of this dynamic ARMA
model.

There have been several efforts to simulate earth-
quake ground motions by using ARMA models
[27-29, 31-34]. These research works have clarified
that ARMA models have the potential to successfully
simulate recorded earthquake ground motions.

One of the principal advantages of using the
dynamic ARMA model may be stated as follows.
Since each ground motion sample generated by
means of this dynamic ARMA model belongs to
the same underlying stochastic process, no ground
motion scaling needs to be done and the variability
of the corresponding ground motion and structural
response parameters is an inherent type of variability
attached to the stochastic process of the design
earthquake under consideration. In other words, this
dynamic ARMA model makes it possible to gain
insight into the inherent variability of the seismic
structural response as propagated from the inherent
source of uncertainty attached to the ground motion
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Fig. 1. (a) Recorded accelerogram of El Centro 1940 (N-S

component). (b) Accelerogram of a generated artificial
ground motion.
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time history. Another advantage is that the use of this
dynamic ARMA model facilitates the handling of
temporal change of frequency content of a ground
motion, which has been reported to be one of the
most critical factors to influence the damage indices
of a building (for example, see [29, 35]). The dynamic
ARMA model also makes it possible to proceed
directly and systematically from the analysis of
historical discretized earthquake ground motion
records to the synthesis of artificial discretized
accelerograms with similar statistical properties.
Furthermore, Chang et al. [32] have shown that there
is a one-to-one correspondence between the continu-
ous time model and the discrete time model. They
actually presented a comparison table including
transfer functions, autocorrelation functions and
stability conditions. It is therefore easy to reflect the
meaning of physical parameters in setting ARMA
parameters.

Figure 1(a) shows the recorded accelerogram of
El Centro 1940 (N-S component). On the other hand,
the accelerogram of an artificial ground motion
generated by means of the dynamic ARMA model
[27, 29, 30] is plotted in Fig. 1(b). Kalman filtering has
been utilized in estimating the ARMA parameters.
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Figures 2(a) and (b) graph the mean value and
the mean + one standard deviation of acceleration
response spectra and displacement response spectra,
respectively, corresponding to a damping ratio of
3% for 100 generated artificial ground motions.
The acceleration response spectrum with the level of
mean plus one standard deviation will be used in the
dynamic design method described in Sec. 4.

2.2. Moderate earthquakes

The peak ground acceleration of the original
recorded earthquake ground motion is 0.348g, where
g is the acceleration of gravity, and the mean value
of the peak ground accelerations of 100 generated
artificial earthquakes is 0.353g. In order to construct
a set of design moderate earthquakes, the entire set
of generated ground motions was uniformly scaled so
that the mean value of the peak ground accelerations
was 0.15¢.

2.3. Severe earthquakes

On the other hand, for the purpose of constructing
a set of design severe earthquakes, the entire set of
generated ground motions was uniformly scaled so
that the mean value of the peak ground accelerations
was 0.5g.

3. DECOMPOSED STIFFNESS DESIGN METHOD

In designing a braced steel frame, one of the primary
concerns is how to assign the ratio of the moment-
resisting frame stiffness to the total story stiffness.
In this section a new design method for concentrically
braced steel frames is developed, which allows a
designer to assign the ratio based upon his or her ex-
perience or in accordance with code recommendations.

3.1. Design variables and element parameters

In this paper, moment of inertia is the primary
section property used for the girder and column
elements in the simplified design method described
below. Other element section properties, i.e., radius
of gyration and cross-sectional depth, are obtained
from empirical relations derived by Walker [36).
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Fig. 2. Requnse spectra for 100 artificial earthquakes (mean value and mean + one standard deviation).
(a) Acceleration response spectrum (damping ratio = 3%). (b) Displacement response spectrum (damping
ratio = 3%).
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These relations have been derived from a least-square
fit of data corresponding to the ‘economy’ wide-
flange sections among the American Institute of
Steel Construction standard hot rolled shapes. The
relationships are expressed as follows (in Imperial
units):

for columns with 7 <429 in.*

d=1471°%,
r=0.39d"% )

for columns with 7 >429in.*

d=10.51"%%,

r=0.394"% 2
for girders,

d=2.661"%"

r=0.52d%%, 3)

where 7 is the moment of inertia (section second
moment of area) (in.*), d, the section depth (in.),
and r, the section radius of gyration (in.).

The cross-sectional area and fully plastic moment
can then be computed as follows:

A=1jr @)
M, =a,(4d/8 + 31/2d), )

where A is the cross-sectional area, M, is the fully
plastic moment, and g, is the yield stress.

On the other hand, cross-sectional area is the
primary section property for the bracing elements
and the moment of inertia of a bracing member can
be expressed in terms of the cross-sectional area as
follows:

I=0.1694°. (9]

3.2. Design problem

In Sec. 3, the following design problem is con-
sidered: Given the geometrical parameters concerned
with location of frame nodes and the mechanical
properties of constituent materials, find the moments
of inertia of columns and girders and the cross-
sectional areas of bracing members of the frame
which shows the specified response to a set of static
lateral loads and where the ratio of moment-resisting
frame stiffness to the total story stiffness is specified.

The types of response specification will be classified
in three groups in the following sections.

3.3. One-bay model (original case)

Consider an f-story one-bay braced frame, shown
in Fig. 3, which is subjected to a set of horizontal
design loads {H,} as computed in accordance with the
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Fig. 3. Multi-story one-bay braced steel frame.

UBC code [37]. Let L, h;, and E denote the span
length, the height of jth story and Young’s modulus
of materials consisting of girders, columns and braces,
respectively. These parameters are to be prescribed
throughout the design process. Let 8;, R; denote the
angle of rotation of the joint node in the jth floor and
the angle of member rotation of the column in the jth
story, respectively. It should be noted that these
angles represent the deformation under horizontal
loads alone. In Secs 3 and 4 columns are assumed to
be inextensional. This assumption gives a first-order
approximation of the behavior of a concentrically
braced frame and leads to a relatively good estimate
of the behavior of a low-rise building frame to lateral
loading. Since the design formula derived in this
section is used only as a tool for determining member
size in Sec. 5, this assumption does not create any
problem in the multi-objective optimal design method
described in Sec. 5.

In this section the following design problem is
considered: Given L, 4;, and E, find the moments of
inertia of girders {1}, those of columns {/;} and the
cross-sectional areas of braces {4,,} of the frame which
shows the specified response, ;=8 and R;=¢R, to
the design lateral loads {H;} and where the story
shear forces sustained by the moment-resisting frame
are specified by {;Q; = p,{Q;. The coefficients ¢; and
p; are the prescribed parameters. It should be noted
that this idea is based upon the concept of ‘response
constrained design’ due to Nakamura and his co-
workers (for example, see [38, 39]).

The total story shear force Q; in the jth story can be
expressed as the sum of the shear force Oy sustained
by the moment-resisting frame and that Q,; by the
bracing system

Q=05+ Q- ¥

Qp and Qy, are expressed as follows in terms of the
member forces

2
0=+ (MY + M) ®
d

Qy = 2N;cos v, ®
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Fig. 4. Story shear participation.

(b) Brace Elements

where M{;, M¢;, N; denote the bending moments at
upper and lower ends of the jth column and the axial
force of the bracing member in the jth story, respect-
ively, and y, denotes the angle between the bracing
member and the floor girder in the jth story.

In this paper a new design method called
‘decomposed stiffness design method’ is developed.
The characteristic feature of this method is to treat
the moment-resisting frame and the bracing system
independently. The procedure for deriving the
moments of inertia of columns and girders and
the cross-sectional areas of bracing members will be
presented next.

Moment -resisting frame. Since the story shear
force Qy; sustained by the moment-resisting frame is
prescribed as {; 0, (see Fig. 4a), eqn (8) can be reduced
to

2
F(M‘C’,+M’5j)=Cij. (10)

J

The moment equilibrium equation at the joint node
in the jth floor provides

My=M¢{+ Mg\, (11)
where My, denotes the bending moment at the
member end of the girder in the jth floor. On the
other hand, the member stiffness matrices provide
the following relations

2E.

y

M= h“’(3Rj—2e,_l—9,) (12)
J
2EI,

MY = hC'(3R,—20,—oj_,) (13)
¢l
6EI

My = L"fe,. 14

Substitution of eqns (12) and (13) into (10) yields

12EI,
T QR =61~ 0)=(,0,.
J

(15)

CAS 41/4—1

Furthermore, substitution of eqns (12)—(14) into (11)
provides the following equation

6EI 2EI,
—Lﬂej=—rq(3k,.—2e,—o,_,)

7

2EI,
+ 43R,

+1 —'20j—ej+l)- (16)

Jj+1

In this paper the following response specification is
initially adopted to simplify the design procedure

R=gqR an
6, =const. =8 (18)
Cj = sz (19)

If the ratio of 8 to R is denoted by r, substitution
of eqns (17)-(19) into (15) and (16) furnishes the
following expressions

2EI,
hi

6EI
LBIrR=§(ijjhj+pj+le+lhj+l)’ G#D. @1

(@-nR=pl0, (G#1) (20)

The moments of inertia of columns and girders may
then be obtained from eqns (20) and (21) as follows:

TO,h?
q=§%%%%§,0¢n 22)
5
_ nl0h
fer = 24E(g, — 0.57)R @3
L7 .
IBj=m(ijjhj+pj+le+lhj+l)’ G#1) (49
PR S K Tl A SR W @5)
BT 24ErR |(3¢, — 1.5r) 11T T 2RI

It should be noted that I, and I, have been derived
independently of eqns (20) and (21). This is due to the
boundary effect.

In this case, the ratio of Iy to I; may be expressed
as follows:

Iy _4-r (ijjhj+pj+1Qj+lhj+l)£
Ig r POk by’

(G #1). (26)

Equation (26) indicates that the ratio I/l
approaches co as r approaches 0 and the ratio /I
approaches 0 as r approaches g;. This characteristic
provides useful information for specification of 3
and R.
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Bracing system. Since the story shear force Qy,
sustained by the bracing system is prescribed as
(1 —{))Q, (see Fig. 4b), eqn (9) can be rewritten as

2N;cosy; = (1 —{)Q;. 2n
The member stiffness relation of the bracing system
yields

2EA,;h;cos? y,
N’:——y_l-j,ii R, (28)
Substitution of eqn (28) into (27) provides the
following equation

4EAyh;R;cos® y;

L =(1-{)9;

(29)

The cross-sectional area 4,; of the bracing member
can be obtained by substituting eqns (17) and (19)
into (29)

Ay= MZ)_QJ_ . (30)
4Eh;q; R cos’ y,

In typical structural design practice, it may be
preferable to assign the same stiffness to a group of
members. This requirement results from convenience
in construction and/or economics. As a simple
example, a four-story one-bay braced frame is
considered here and two cases are dealt with. It
should be noted that although only the essence of
the formulation is shown here, the extension of the
present formulation to frames with a different number
of stories is straightforward.

3.4. One-bay model (design variable grouping [case 1])

The columns and bracing members in each two
stories have the same stiffness as shown in Fig. 5(b).
The design variables are now I, Iy, I, ..., Ipy,
Ay, Aps. In this case it is assumed that the stories
with the same moment of inertia of columns (and the
same cross-sectional area of bracing members) have
a common story height; h, =h, and h, = bh; in this
example. Since the number of design variables has
decreased, it is only possible to specify a smaller

VAN
I “ﬁ=§!! 1 I
Icz‘l la

Ic1 A1 Il
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number of response parameters. The following re-
sponse specification is employed here as an example

6,=75, 31

(R, + R,)2=¢,R, (32)

(R, + R)2=¢,k, (33)
L1+ 602 =p Q2+ Q) (34
{05+ L@ =psT(Q25 + Q) (3%

where ¢,, ¢;, p,, p, are the prescribed parameters.
Equations (34) and (35) mean that the moment-
resisting frame participation ratio in story shear
forces is specified, with the story shear forces acting
as weighting coefficients.

Moment -resisting frame. Equations corresponding
to eqns (15) can be written as follows after substituting
@3n

12,‘;’“ QR -B)=1,0, (36)
R =) = 10, &)
12}',‘2’“ @R, ~ ) =0,0, (38)
2 CR- ) =10 (39)

The moment of inertia of columns I, can be obtained
by summing up eqns (36) and (37) and substituting
eqns (32) and (34) for response specification into the
resulting equation

_ L@+ Qo)

loy=————.
' 48E(q, —0.757)R “0)
In the same way, I, can be obtained as
pU(Qs + Q)h
— e ——— 41
S 48E(g,—r)R “n
Ip4
Ic A
. s
Ie| /A
Ig2
Ic Ay

Is1

Ie /Ab\

Design Variable Grouping  Design Variable Grouping
{Case 1] {Case 2]

@ ®

©

Fig. 5. Grouping of design variables.
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Iy= 24ER((ijhf+c/+1QJ+lhj+l)a G#1). 42

I, can be obtained by considering the boundary
effect

thplZ(Ql + Q,)(69, —
144ErR(q, — 0.75r)

5r)
Iy =

43)

The angles of member rotation of columns can be
expressed in terms of {,—{, from eqns (32) and (33) for

st eaabld 2 IS O 1L 4 1TOR] O

response specification and eqns (36)—(39)

(2, — @, +0.5r(, G,
= R 44
=" ne+o @0
{0+ (2, —0.5r)(, 0,
4
h==""tereyr * @
(g5 —1r)305 +rl4Q,
h==x0+o0 * “6)
7C3Q3+(2‘13—’)C4Q4R @7

P;‘»UJJ +@,)

Bracing system. The equations corresponding to
eqns (29) can be expressed as follows:

L —¢t)0
\+ 51/x1

Ay R = Ak o0y, (48)
Ay Ry = {;—I(;—hl_c—izsz—% (49)
Ay Ry = %h,_c%sz_% (50)
AR = %1"32%% (51)

The cross-sectional area A,; of the first- and second-
story bracing members can be obtained by summing
up two eqns (48) and (49) and substituting eqns (32)
and (34) for response specification into the resulting
equation

(52)

-_—n.
T Fi%
12}

8q, REh, cos®

In the same way, the cross-sectional area A,; of
the third- and fourth-story bracing members can be
obtained as

4, - L@ +0)1-pD
3=

8¢5 REh, cos® y,

(53)

693

The angles of member rotation of columns can be
expressed in terms of {,~{, by substituting eqns (40)
and (41) into eqns (36)—(39)

2q,(1 - {,)RQ,

S L Lk 2 N 54
k= +a1-rD 9
R= 200 —LIRO (59)

W T+ 22U —1%)
R = 2q3(1 - C3)RQ3 156\
T+ Q)1 —pD) N
R, 2= t0RO -
T @+ 000 p:t)

A set of simultaneous equations for {;-{, can be
constructed by equating eqns (44)-(47) and (54)-

I8 Tha salutian to the agnatione can bhe exnrecced

\~J7j. ALV SGauticn ¢ Ine FHURUVILS Vil Uv Sapivooss

as follows:

49,0, —r(1 —p. D@ + G)IA T
= 58
“= T -wa-ahie, 8
l,= (40,0, - 2r(1 = p,D)(Q, + @)}Pi T (59)

2 {49, - 3r(1 - p. 130,

{2¢:0, — r(1 = p,1)(Qs + Q)}psT
b= - p D0, €0
= 24,0, — r(1 = p1)(Qs + Qu)}psT 61)
” 2{g; —r(1 - p,0)}Q, R

These expressions of {;—{, have to be substituted into
eqn (42) to obtain the final form of I.

3.5. One-bay model (design variable grouping [case 2])

Consider an alternative case where all the columns
have the same moment of inertia and all the bracing
members have the same cross-sectional area (see
Fig. 5¢). To derive analytical expressions, it is assumed
that all the stories have a common story height. The

design variables are now I, Iy, ..., Ig, 4,. In this
case the following response speciﬁcation is possible

6,=7, (62)
(R,+R,+ R+ R)/A=R, (63)

L0+ 00+ {05+ L0,
=UQ, + @+ Q:+ Q). (69

The moment of inertia of columns I, can be ob-

taimadd tha anu ohn-m ~

ainea u] ouuumu5 up wic ¢qua nding

SEVLAD wntwycuwug
to eqns (36)-(39) and applying the conditions, egns
(63) and (64). The moments of inertia of girders, Iy,
(j #1) and I, can be derived in almost the same
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Fig. 6. Subassemblage model representation of a moment-
resisting frame.

manner as in [23]. Furthermore R~R, and {,—{, can
be obtained from the horizontal equilibrium equa-
tions corresponding to egns (36)39), the expression
for I and eqn (63).

3.6. Multi-bay model

Consider an f-story subassemblage model, shown
in Fig. 6, which may be regarded as a part of a
multi-bay frame. Let L, #;, and E denote the pre-
scribed distance between the two roller supports at
the same floor level, the prescribed story height of
the jth story and Young’s modulus of constituent
materials, respectively.

The governing equilibrium equations are the
same as those for a one-bay frame model except that
the member-end bending moments in columns are
doubled. Therefore the stiffness of each column has
to be twice that of a one-bay frame model. It should
be noted here that the story shear forces divided by
the number of bays have to be employed as those
applied to the subassemblage model.

To extend the design formula for a subassemblage
model to that for a multi-bay model, it is straight-
forward to adopt the following transformation pro-
cedure. The interior columns of the multi-bay frame
are to have the same stifiness as those of the sub-
assemblage model. On the other hand, the exterior
columns of the former frame are to have half the
stiffness of the columns of the latter frame. As for
girders, it is reasonable to assign the stiffnesses so
that the girders of the former frame have the same
equivalent stiffnesses as those of the latter frame
where ‘equivalent stiffness’ means moment of inertia
of a member divided by its length.

4. DECOMPOSED STIFFNESS DESIGN METHOD
FOR DYNAMIC LOADING

In Sec. 3, a design formula was proposed for
equivalent static lateral loads. To make this design
formula more effective under dynamic loading, the
design lateral loads need to be evaluated based on the
dynamic characteristics of the design earthquakes
and the structure. The SRSS (Square Root of Sum
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of the Squares) procedure provides an estimate for
evaluating the mean peak responses of an elastic
structure to a set of earthquake ground motions.
In this paper, an iterative procedure is employed to
find the design which exhibits the specified mean peak
responses to the design moderate earthquakes. The
flow diagram for this dynamic design method is
shown in Fig. 7. As indicated in Fig. 7, the design
lateral loads in the UBC code are adopted only in the
first iteration cycle. This is because the member
stiffnesses of a frame have to be specified in utilizing
the SRSS procedure and the story shear forces
evaluated by the SRSS method are available from the
second design cycle.

The mean peak story shear forces are calculated
using the SRSS procedure as follows:

Ar | 27342
Qf =[Z {V(’)SA(T,; hr) z m£¢§’)} ] s (65)

-] imj

where v is the participation factor of the rth mode;
T,, rth natural period; S,(T’; #), acceleration response
spectrum; A,, rth damping ratio; m;, mass at ith floor
level; ¢{?, ith component of rth eigenvector; and n;,
number of adopted modes. In eqn (65), the accelera-
tion response spectrum S,(T’; k) is to be constructed
from a set of earthquakes generated by the dynamic
ARMA model.

This design method incorporating the dynamic
evaluation procedure of design forces into the stiffness-
oriented static design formula will be called the
‘dynamic stiffness design method’ and the frame
designed by this dynamic stiffness design method
will be called the ‘dynamic stiffness design’ in the
sequel. It is important to note that once a parameter
set (R, r,0) is specified, the moments of inertia of
columns and girders and the cross-sectional areas of
bracing members are determined.

Response Specification
Kr3

X e 1

lmigns:oryswrom {Q™) f—

i Design Formula r_—"'—"i

Determination of
Member Size

by ARMA Hodel

Fig. 7. Flow diagram for dynamic stifiness design method
using ARMA model.
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It should be noted further that the validity of the
SRSS technique is justified only when applied for an
earthquake input motion process that is stationary
and Gaussian [40]. Since the set of moderate earth-
quakes generated here has nonstationary character-
istics, the mean peak response of the frame designed
based on this method may not satisfy the require-
ment. However, the procedure used here only pro-
vides an initial approximation for determining the
member size of the frame, which is to be designed by
a more general design procedure based upon the
sensitivity concept in the multi-objective optimal
design problem presented in the next section. It
should be noted that there is no reliable technique
available to estimate the mean peak response of an
elastic structure to a set of design earthquakes with
nonstationary characteristics, except by carrying out
time history analysis.

5. PROBABILISTIC MULTI-OBJECTIVE
OPTIMAL DESIGN METHOD

At present, there is a general consensus in structural
design practice that an earthquake-resistant structure
should:

(a) resist minor earthquakes without damage;

(b) resist moderate earthquakes without structural
damage, but possibly with limited non-structural
damage;

(c) resist severe earthquakes without collapse, but
possibly with limited structural damage.

This criterion is often referred to as the ‘accepted
design philosophy’ [25, 26]. In this section a new
probabilistic multi-objective optimal design method
is developed based upon this criterion.

5.1. Constraints under gravity loads alone (limit
state 1)

Constraints on the response of the frame under
gravity loads alone (see Fig. 8a) are imposed to insure
structural integrity and functionality. The constraints
may be expressed as follows:

|column axial force| < Colax

x Column axial yield force (66)

|column end moment| < Colgra

x Column yield moment (67)

|girder end moment| < Girgra

x Girder yield moment (68)

| girder midspan deflection under gravity load|

< Girdef x Girder span. (69)

Colax, Colgra, Girgra, and Girdef in eqns
(66)—(69) represent the [Good, Bad] pair for each
response. The detailed description of such parameters
will be given in Sec. 5.6.

5.2. Constraints under combined gravity and moderate
earthquake loads (limit state 2)

The accepted design philosophy suggests that
structural damage should be avoided under moderate
earthquake loading (see Fig. 8b). This requirement
may be satisfied by imposing the following constraints

|column end moment| .y over ime < Colyld

x Column yield moment (70)

18(kips) 17.3(kips) 17.3(kips)
9 9 86 86 86 86
< e
(@) Moderate Earthquake Loading Severe Earthquake Loading
(b) (©)

Fig. 8. Three limit states. (a) Limit state 1 (under gravity loads alone). (b) Limit state 2 (under combined
gravity and moderate earthquake loading). (c) Limit state 3 (under combined gravity and severe
earthquake loading).
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|girder end moment |, ove ume < Giryld

x Girder yield moment (71)

{brace axial force|py, over ume < Brayld

x Brace yield axial force. (72)

Non-structural damage, such as cracking of glass
and plaster, will be controlled by setting the following
constraint

Istory drift], .. ove; ume < Drift x Story height. (73)

Furthermore, the damage of equipment attached to
floors will be controlled by the following requirement

labsolute floor acceleration|y,, sver time

< Accel x Acceleration of gravity. (74)

Colyld, Giryld, Brayld, Drift, and Accel represent
the [Good, Bad] pair for each response. The explan-
ation of such parameters will be given in Sec. 5.6.

3.3. Constraints under combined gravity and severe
earthquake loads (limit state 3)

According to the accepted design philosophy,
structural collapse should be avoided under severe
earthquake loading (see Fig. 8¢). The following con-
straint is chosen to control the overall behavior of the
frame
[frame swWay|,., over ume < SWay x Frame height. (75)

On the other hand, some structural damage is
allowable during severe earthquake loading. The
extent of the damage will be controlled by limiting
the member deformation. For this purpose, the fol-
lowing constraints are imposed to keep the structural
damage within an allowable range

column end accumulated plastic hinge rotation

ductility < Colduc  (76)
girder end accumulated plastic hinge rotation

ductility < Girduc  (77)
brace accumulated plastic extension

ductility < Braduc. (78)

Sway, Colduc, Girduc, and Braduc represent
the [Good, Bad] pairs for this limit state. These
parameters will also be explained in Sec. 5.6.

5.4. Box constraints

Box constraints are introduced so that the girder
and column moments of inertia are constrained to lie
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within the intervals [80in.%, 2500in."] and [50in.*,
4500in.']. Brace element cross-sectional areas are
constrained to lie within the interval [0.5in.%, 10in.%.
If some of the moments of inertia and cross-sectional
areas obtained using the dynamic stiffness design
method are out of the intervals, the corresponding
lower or upper bounds described before are adopted
in the multi-objective optimal design method.

5.5. Response simulation model and method

The general purpose structural analysis program
DRAIN-2D [41] is used to compute the structural
response for each limit state,

The beam and column elements are bare wide flange
sections and are modeled using lumped-plasticity
parallel-component elements in DRAIN-2D. These
sections are assumed to be compact and sufficiently
restrained so that lateral and local buckling failures
are delayed until after the development of required
plastic hinge rotations. Shearing deformation and
out-of-plane deformations were not considered in
order to simplify the analysis. Likewise, the finite size
of the beam~column joints was disregarded, as were
panel zone deformations. Moreover, the yield stress
o, was set to 36 ksi, Young’s modulus E to 29,000 ksi
and the strain-hardening ratio to 0.05. For the
columns, geometric nonlinearities were taken into
account and an AISC-based axial force versus
bending moment interaction yield condition [42] was
used. The balancing points are (M/M,, N/N,)=
(1.0,0.15), (—1.0,0.15), (1.0, —0.15), (- 1.0, ~0.15).

The bracing members are modeled using truss
elements in DRAIN-2D (see Fig. 9). This element
exhibits hysteretic behavior in tension only. In
compression the element is assumed to buckle at the
critical stress which is computed according to the
following formula [3]

7 kL
Teg = W for Cc < T (793)
kLry kL
acxzay[l _§ - c{? ] for —<C ()
in which
2
C.= \/(2” E ) (80)
0}’
axial
force

>
ﬁ axial deformation

Fig. 9. Axial force—axial deformation relationship of a
bracing member (DRAIN-2D).
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Geometric nonlinearities were taken into account.
The yield stress o, was set to 36 ksi, Young’s modulus
E to 29,000ksi and the strain-hardening ratio to
0.005.

The Rayleigh damping model with 3% damping in
the first and second modes was assumed with addi-
tional damping during large amplitude motions taken
into account by including the material’s hysteretic
behavior in nonlinear time history analysis. The
damping matrix adopted here is expressed as follows:

[Cl=a[M] + BIK] 8D
where [C], [M], and [K] are a damping matrix, 2 mass
matrix, and an initial stiffness matrix, respectively,
and «, B represent the following values

oy = 0 822)
w, + W,
24
= 82b
R (82b)

w,,w, are the first and second natural circular
frequencies and A is the damping ratio in the first and
second modes.

Finally, a Newmark’s step-by-step integration
scheme was used with the parameters set to give
constant acceleration with no numerical damping.
Each time history analysis had 4000 time steps of
0.01 sec.

5.6. Description of dissatisfaction level for constraints

Almost all of the constraints imposed within usual
structural design practice have the following charac-
teristics: The bounding value specifying the response
performance is ‘soft’, and not always clear. It there-
fore seems reasonable to define an interval for each
constraint [43, 44]. In this paper [Good, Bad] pairs
are used to represent a designer’s dissatisfaction level
following Nye [43], Nye and Tits [44] and Austin et al.
[19-21]. Recently this approach has been discussed
for engineering design environments (for example,
see [45]). If the response value corresponding to the
specified exceedance probability is denoted by Resp,
then the corresponding dissatisfaction level D is
defined as follows:

D=0,

if Resp < Good (83a)
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Fig. 10. Relationship of the probabilistic distribution of
peak responses to the [Good, Bad] response values and
evaluation of performance dissatisfaction level.

_ Resp — Good

~ Bad — Good (83b)

otherwise,

where Good and Bad are the good and bad values of
the response under consideration. The relationship
of the probabilistic distribution of peak responses to
the [Good, Bad] response values and the procedure
for evaluation of performance dissatisfaction level are
illustrated in Fig. 10. The [Good, Bad] pair for each
constraint is shown in Table 1. A detailed explanation
of these [Good, Bad] response values is given in [19].

5.7. Definition of accumulated plastic deformation
ductility ratio

Although the total volume of a frame is often used
as a convenient index measuring the initial cost of the
frame, it seems quite difficult to define a [Good, Bad)
pair for the total volume. This is because a structural
engineer usually employs this parameter as a relative
index and picks up a better design among several
design candidates according to this index. In addi-
tion, it is questionable whether the total volume or
total cost could be used as an appropriate index in a
structure consisting of members with different load-
carrying systems, such as braced frames. For this
reason, another indicator is introduced in this paper

Table 1(a). Gravity loads alone constraint parameters

Parameter Value Description
Good_Colax 0.5 Good ity column axial force factor
~Pad_Colax 0.6 m—pvt;' column axial Torce factor
Good_Col 0.6 ﬁmy column yield factor
Bad_Colgra 0.3 t;msﬂwity column yield factor

% % 0.6 vity gi yield tactor

0.3 gra - !
Bad_Girdel
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Table 1(b). Combined gravity and moderate earthquake loading constraint parameters

~ Parameter Value Description
Good_Drift 0.003" | Good maximum moderate story drift
] [0.008 | Bad maximum moderate story anit
Good_Accel 0.7 1 Good maximum moderate floor acceleration in gs
Bad_Accel 1.4 | Bad maximum momm!;‘_
Good_Colyld 0.85 | Good moderate column yield factor
— Bad_Colvid 1.10 | Bad moderate column yield factor
Good_Oiryld 0.90 | Good moderate yield factor
— Bad_Grryld 1.10 | Bad moderate vield factor
rayld 0.90 | Good moderate brace yield factor
Bad_Brayld 1.10 | Bad moderate brace yield factor

Table 1(c). Combined gravity and severe earthquake loading constraint parameters

‘ Parameter Value Description
Good_Sway 0.014 Good overall sway
_Sway 0.020 d overall sway
Good_Colduc 3.0 Good column accumulated p.h.r. ductility
Bad_Coiduc 4.0 Bad column accumulated p.h.t. ductlﬁfy
Good_Girduc 4.0 Good &1 accumuiated p.h.r.
"Bad_Girduc 6.0 Bad girder accumulated p.h.r. ductility
Good_Braduc 2.0 Good brace accumulated plastic extension ductill
Bad_Braduc 30 Bad brace accumulated p%&'i extension ductiity

(p.h.r.: plastic hinge rotation)

to encourage the structural engineer to look for a
design with smaller total volume. This concept is
based on the accepted design philosophy according to
which, from the standpoint of cost, limited inelastic
response is allowed and desired under severe earth-
quakes. In this paper the following accumulated
plastic deformation ductility ratio P, is newly defined
and used as an index to measure the ratio of the total
amount of accumulated plastic deformation in a
frame under severe earthquake loading to the sum of
member capacities

& O | @ Opyi | & 'h’i]
[El Oyei igx By igl Ny
[n.(bcoldu — 1) + n,(bgirdu — 1) + n, (bbradu — 1)]’
(84)

where beoldu (=4.0) is the bad value of column
accumulated plastic hinge rotation ductility; bgirdu
(=6.0), bad value of girder accumulated plastic
hinge rotation ductility; bbradu (= 4.0), bad value
of brace accumulated plastic extension ductility; n,,
number of specified cross sections of columns (= 16
in the case of a four-story one-bay frame); n,, number
of specified cross sections of girders (= 12); n,,
number of bracing members (=8); 6;,;, column
accumulated plastic hinge rotation corresponding to
16% exceedance probability; 8,,, column yield rota-
tion (anti-symmetric double curvature deformation);
024, girder accumulated plastic hinge rotation corre-
sponding to 16% exceedance probability; 8, girder
yield rotation {(anti-symmetric double curvature de-
formation); 1, brace accumulated plastic extension
corresponding to 16% exceedance probability; and
1y, brace yield extension.

P=

Then, the dissatisfaction level of this accumulated
plastic deformation ductility ratio is defined as
follows:

gplast — P,
D=
gplast — bplast ®5)

where bplast ( = 0.0) is the bad value of accumulated
plastic deformation ductility ratio (this value 0.0
indicates completely elastic response under severe
earthquakes) and gplast ( = 0.2) is the good value of
accumulated plastic deformation ductility ratio (this
value depends strongly on a designer’s subjectivity
regarding the concept of safety).

This definition of dissatisfaction level for accumu-
lated plastic deformation ductility ratio corresponds
to the aim of accepted design philosophy. The par-
ameter bplast = 0.0 means that it is unfavorable to
resist severe earthquakes completely elastically. On
the other hand, the parameter gplast depends on a
designer’s subjectivity,. When a structural designer
desires to design a building frame which needs a
relatively larger safety factor, he or she may employ
a relatively smaller value of gplast (Fig. 11a). Other-
wise, he or she may employ a relatively larger value
of gplast close to 1.0 (Fig. 11b).

5.8. Design variables and optimal design problem

While the moments of inertia and cross-sectional
areas were taken as design variables in Sec. 3, three
parameters R, r, and { defined in Sec. 3.3 are
employed as design variables in this section. The
choice is influenced by the fact that since there are
many members in a practical building frame, it is
difficult from the computational point of view to
employ moments of inertia and cross-sectional areas
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Fig. 11. Dissatisfaction level for accumulated plastic deformation ductility ratio.

of members as design variables even after reducing
the number of design variables by grouping. Another
reason results from the intention of the authors to try
to incorporate the designer’s experience and intuition
into the design process as much as possible. Since
the design variables R, r, and 7 have definite, mechan-
ically meaningful characteristics described before, it is
easy to reflect the designer’s experience and intuition
in terms of R, r, and T.

It should be noted that only the dynamic stiffness
design introduced in Sec. 4 is considered in this
section. Therefore, once the three parameters R, 7,
and T are determined, the moments of inertia and
plastic moments of girders and columns and the cross-
sectional areas of bracing members are obtained
from the dynamic stiffness design method presented
in Sec. 4. One of the reasons to use the dynamic
stiffness design method is to avoid the so-called
whipping phenomenon which is difficult to control by
imposing the design constraints employed in typical
mathematical programming problems.

In this section, the following min—max problem
is considered: Find the design variables R, r, and T
which minimize the maximum dissatisfaction level,
max D;, under the condition that all the dissatis-
faction levels of the constraints are smaller than 1.0.
The values of D, represent the dissatisfaction levels
of the constraints and of the accumulated plastic
deformation ductility ratio.

5.9. Procedure for improving the dissatisfaction level

The dissatisfaction level for each constraint and that
for accumulated plastic deformation ductility ratio
can be evaluated by carrying out response simu-
lations for the three limit states. It should be noted
that a series of time history analyses is performed
both for 100 moderate earthquake ground motions
and for 100 severe earthquake ground motions to
obtain probabilistic distributions of peak responses.
It is possible to regard the design constraints as the
design objectives after all of the dissatisfaction levels
associated with the design constraints are smaller
than 1.0, i.e., a feasible design has been obtained. It
may therefore be said that the problem stated in the
previous section is a multi-objective optimal design
problem. In this section the improvement procedure
for dissatisfaction levels is explained.

Let p, (k=1,...,n) denote the dissatisfaction
levels of the epsilon-active constraints (including

accumulated plastic deformation ductility ratio). For
simplicity of expression, the design parameters R, r,
and { are denoted here by x,, x,, and x;, respectively.
The dissatisfaction level derivatives with respect to the
design parameters can be evaluated by the following
finite difference procedure

%_:pk(xl + Axy, Xz, X3) — (X1, X3, X3)

86
0x, Ax, (862)
Opr  pe(xy, X+ Axy, X3) — pi(xy, X5, %3)
—= 86b
6x2 sz ( )
apk=pk(xl’x2:x3+Ax3) _pk(xl’xbxs). (86¢)

0x, Ax,

For simplicity of expression, consider the case
where there exist only two epsilon-active constraints.
Let p,, and p, denote the dissatisfaction levels of the
epsilon-active constraints. Figure 12(a) shows the

Pan(X1, X2, Q

Pa(x1, X2, X3)
Pa(X1+AK1, X2, X3)
Pan(X1+4X1, X2, X3)

Dissatisfaction Level

cax >

Xt

(a)

N: iteration cycle number

Dissatisfaction Level

[P UG T S

«°

o

Fig. 12. Procedure for improving the dissatisfaction level.

(a) Conceptual diagram of first-order sensitivities of the

epsilon active dissatisfaction levels. (b) Typical example of
the transition of the maximum dissatisfaction level.
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conceptual diagram of the first-order sensitivities of
the epsilon-active dissatisfaction levels and Fig. 12(b)
illustrates a typical example of the transition of the
maximum dissatisfaction level. Now the optimality
criteria may be stated as follows:

(i) If op,/0x,, dp,/dx; have the same sign in either of
i=1,2,3, then we can improve the maximum
dissatisfaction level.

(ii) If dp,,/0x,, Op,/0x; have the opposite sign for all
x;s, then we have reached one of the optimum
designs (Pareto optimal).

It is straightforward to extend these criteria to
the case where several constraints are epsilon-active.
Furthermore, it is of great importance to note that
the optimal design described above can be interpreted
as a special kind of Pareto optimal in the sense that
only the epsilon-active constraints (aiso objectives in
a feasible region) satisfy the requirement of Pareto
optimal.

It is apparent that there exist many paths to one
of the Pareto optimal solutions. The judgment should
be made by each structural engineer as to which path
to take. Some engineers may make a decision based
on their experience and other engineers based on their
intuition. Then, the proposed design method brings
structural engineers useful information. If the maxi-

mum dissatisfaction level can be improved by R,
r, and T, an engineer may adopt an improvement
procedure based upon the following information:
(i) The improvement by means of R implies design
modification resulting in the change of story stiffness
with the girder-to-column stiffness or strength ratio
and the moment-resisting frame participation ratio in
story shear forces almost constant. (ii) The improve-
ment by means of r implies design modification
resulting in the change of girder-to-column stiffness
or strength ratio with each story stiffness and the
moment-resisting frame participation ratio in story
shear forces almost constant. (iii) The improvement
by means of { implies design modification resuiting in
the change of moment-resisting frame participation
ratio in story shear forces with each story stiffness
and the girder-to-column stiffness or strength ratio
almost constant. Thus, this design method provides
the designer with mechanically meaningful informa-
tion. For example, if an engineer makes an evaluation
such that the present design has an undesirable
girder-to-column stiffness or strength ratio, he or she
may adopt an improvement via r. A similar procedure
is applicable to the improvement via R or { when the
present design has an undesirable story stiffness or an
undesirable moment-resisting participation ratio in
story shear forces.

R {
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Fig. 13. Flow diagram for probabilistic multi-objective optimal design method.
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It should be noted finally that it is guaranteed in
this design algorithm that once a feasible design is
obtained, which requires the maximum dissatisfaction
level of the design constraints to be smaller than 1.0,
each successive design is also feasible and has a lower
maximum dissatisfaction level. The flow diagram
of the probabilistic multi-objective optimal design
method is shown in Fig. 13.

5.10. Design examples

Design example 1. Consider a four-story one-bay
concentrically braced steel frame shown in Fig. 8.
The span length and story height are L = 15ft and
h=10ft i=1,...,4). This frame is assumed to be
one of many similar frames spaced at 20 ft centers in
a three-dimensional structure. Applied gravity loads
are shown in Fig. 8(a). The frame’s geometry, masses
and boundary conditions are fixed throughout the
design process. Each frame is modeled as a two-
dimensional structure with its masses lumped at the
nodes. The first-story column bases are assumed to be
fixed and torsional effects are ignored in the design.

Frame loads are composed of dead and live gravity
loads plus lateral seismic loading (see Fig. 8). Wind,
snow and vertical ground accelerations are neglected
for simplicity. Nominal dead and live gravity loads
are 80 and 40 psf, respectively, on all floors and the
roof, and are modeled deterministically. For the limit
state defined by gravity loads alone, loads consist of
the structure’s dead load plus the nominal live load.
When an earthquake occurs, however, the nominal
live load is multiplied by a reduction factor of 0.88 to
approximate the mean lifetime value. In order to pre-
vent bracing members from buckling under gravity
loads, an initial tensile force of 11.25 kips has been
introduced in every bracing member.

The design example corresponding to the design
varaible grouping [case 1] is considered here. In
utilizing the UBC code in the first iteration cycle,
the following design conditions are adopted; seismic
zone 4 (seismic zone factor Z = 0.40), site coefficients
S =1.2 (type S,), importance factor I = 1.0, factor
dependent on type of structural systems R, =8.0.
An initial design is obtained by specifying the design
parameters (R =0.0015rad, r =0.7, T=0.10, ¢, =
0.8, g; = 1.0, p, = 1.0, p; = 1.0) for the mean plus one
standard deviation acceleration response spectrum
described in Sec. 2.1. The damping ratio in every

constraint 1: (sccumulstod tension
IR [¢ plastic ex ductility in 3rd story brace #1)

(accumulated plastic extension in 3rd brace #2)
constraint 3: (accumulated plastic deformation tym:o;“y
1.0
09 ] ~—a— Constraint 1
< ] —e— Constraint2
> 08 G Constraint 3
= 0.7 1
E 0.6
g 0.5 1
2 041
E 0.3 ‘\//'/
& 021
0.1 7
0.0 v T v
0 1 2 3 4

Iteration Number

Fig. 14. Dissatisfaction level vs iteration number in multi-
objective optimal design (design example 1: design variable
grouping [case 1]).

mode is assumed to have a constant value of 0.03 in
the dynamic stiffness design method. The mean plus
one standard deviation acceleration response spectrum
is adopted here because the design method developed
in Secs 5.6-5.9 is based on a reliability concept and
this mean plus one standard deviation acceleration
response spectrum is consistent with this concept.

Figure 14 shows dissatisfaction levels of constraints
and accumulated plastic deformation ductility ratio
for the initial design. The maximum dissatisfaction
level is associated with the constraint on accumulated
plastic extension ductility in the third story bracing
member and with the accumulated plastic deform-
ation ductility ratio. Table 2 presents the sensitivities
of the dissatisfaction levels of epsilon-active con-
straints and the dissatisfaction level of accumulated
plastic deformation ductility ratio with respect to
design parameters evaluated at the initial design. It
can be predicted from Table 2 that the reduction of
the maximum dissatisfaction level will be successfully
performed either by increasing the design parameter
r or by decreasing 7.

Figure 14 also illustrates the dissatisfaction levels
vs iteration number. Improvement of dissatisfaction
levels has been performed by reducing T to 0.06 in the
second iteration cycle. Then, further improvement
has been made by increasing R to 0.00155 rad. After
the third iteration, a solution to the min—max prob-
lem was obtained. It can be observed from Fig. 14
that improvement of the maximum dissatisfaction

Table 2. Sensitivity of dissatisfaction levels of epsilon-active constraints with respect to
design parameters (design example 1: initial design)

Description Dissat(i[s)faction aD/ox, aD/ox, 3D/ox 5
)

Accumulated plastic
extension ductility 1180 -1.2 6.4
(3rd story brace) 0.506
Accumulated plastic
deformation ductility 0.604 -770 -0.98 0.84
ratio

(x1=R, xo=r, xa=£)
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Table 3. Sensitivity of dissatisfaction levels of epsilon-active constraints with respect to
design parameters (design example 1: optimal design)

“Deseription Dissat(ig)action ax; aD/ax, aDidx 3
Accumulated plastic
extension ductility 0.476 2800 -0.06* -1.6
(3rd story brace)
Accumulated plastic
deformation ductility 0.500 -1040 -0.58+* 2.4
ratio

(x4=R, xa=t, x3=0)

{* Although this sensitivity means that the maximum dissatisfaction leve! can be improved

by increasing the parameter r, the increase of r does not necessarily i

it. Thisis

because the moment of inertia of the second floor girder is close to the lower bound of the
box constraint and further development of plastic deformation can not be expected.)

level associated with the constraint on accumulated
plastic extension ductility in the third story bracing
member cannot be performed without violating the
requirement on accumulated plastic deformation
ductility ratio at the final design.

Table 3 shows the sensitivities of the epsilon-active
dissatisfaction levels with respect to design parameters

evaluated at the final design. Although the sensitivity
with respect to r means that the maximum dissatis-
faction level can be improved by increasing the
parameter r, the increase of r does not necessarily
improve it. This is because the moment of inertia of
the second floor girder is close to the lower bound of
the box constraint and further development of plastic
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Fig. 15. (a) Moment of inertia vs iteration number (design example 1). (b) Plastic moment vs iteration
number (design example 1). (c) Brace cross-sectional area vs iteration number (design example 1).
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deformation can not be expected. Therefore the final
design can be regarded as an optimal design. The
accumulated plastic hinge rotation ductilities of the
first, second, third, and fourth floor girders corre-
sponding to 16% exceedance probability are (2.13,
2.96, 2.43, 0.0), respectively. In addition, the accumu-
lated plastic extension ductilities of the first, second,
third, and fourth story bracing members correspond-
ing to 16% exceedance probability are (0.0, 0.0, 2.95,
1.70), respectively.

The moment of inertia vs iteration number and the
plastic moment vs iteration number for the girders
and columns are plotted in Figs 15(a), (b). The cross-
sectional area vs iteration number for the bracing
members is plotted in Fig. 15(c). It can be clearly
observed from Figs 15(a)—(c) that the parameter {
controls the moment-resisting frame participation
ratio just as the parameter R controls the story stiff-
ness. The fundamental periods of the initial design
and the optimal design are 0.322 and 0.329 sec,
respectively.

Design example 2. Consider again the same model
as shown in Fig. 8. In order to treat the case where
brace slenderness ratio is relatively small, a frame
corresponding to the case where there is a lateral-
load resisting core in a five-bay frame in which the
bays, except the core, sustain only gravity loads is
considered. Gravity loads are identical to those of
the previous example, but concentrated masses at
the nodes are multiplied by a factor of five when
considering motion in the horizontal direction.

The design example corresponding to the design
variable grouping [case 1] is considered here again.
An initial design is obtained by specifying the design
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Fig. 16. Dissatisfaction level vs iteration number in multi-
objective optimal design (design example 2: design variable
grouping [case 1]).

parameters (R =0.0015rad, r =0.7, T=1025, ¢, =
0.8, g, = 1.0, p, = 1.0, p, = 1.0) for the mean plus one
standard deviation acceleration response spectrum
described in Sec. 2.1

Figure 16 shows dissatisfaction levels of constraints
and accumulated plastic deformation ductility ratio
for the initial design. The maximum dissatisfaction
level is associated with the accumulated plastic
deformation ductility ratio. Table 4 presents the
sensitivities of the dissatisfaction level of accumulated
plastic deformation ductility ratio with respect to
design parameters evaluated at the initial design. It
can be predicted from Table 4 that the reduction of
the maximum dissatisfaction level will be successfully
performed either by increasing the design parameter
R, by increasing r or by increasing T.

Table 4. Sensitivity of dissatisfaction levels of epsilon-active constraints with respect to
design parameters (design example 2: initial design)

Description

Dissat(ils)f)ﬂction aD/ox, aDVdx aD/dx3
Accumulated plastic
deformation ductility 0.778 -4.84 -0.68 -0.540
ratio .

(x1=R, xp=t, X3=(:.)

Table 5. Sensitivity of dissatisfaction levels of epsilon-active constraints with respect to
design parameters (design example 2: optimal design)

Description Dissat(ils)i;actﬁm aDox, aD/dx aD/3x5
Accumulated plastic
hinge rotation ductility 0.302 9152 6.04 4.12
(3rd floor girder)
Accumulated plastic
inge rotation ductility 0.310 9394 6.19 -5.64
(4th floor girder)
Accumulated plastic
extension ductility 0.231 -30.3 -2.10 -0.953
3rd story brace
c
:gmmaﬁon ductility 0.313 -6758 -2.72 -0.800
o

(x:=R, xo=r, x3={)
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Fig. 17. (a) Moment of inertia vs iteration number (design example 2). (b) Plastic moment vs iteration
number (design example 2). (c) Brace cross-sectional area vs iteration number (design example 2).

Figure 16 also illustrates the dissatisfaction levels
vs iteration number. Improvement of the maximum
dissatisfaction level has been made by increasing R to
0.001633 rad. After the second iteration, an approxi-
mate solution to the min—max problem was obtained.
It can be observed from Fig. 16 that improvement of
the maximum dissatisfaction level associated with the
constraints on accumulated plastic extension ductility
in the third story bracing member and on accum-
ulated plastic hinge rotation ductility in the third
and fourth floor girders cannot be obtained without
violating the requirement on accumulated plastic
deformation ductility ratio at the final design.

Table S shows the sensitivities of the epsilon-active
dissatisfaction levels with respect to design parameters
evaluated at the final design. It can be found from
Table 5 that the final design satisfies the condition
for optimality described in Sec. 5.9. Furthermore,
the accumulated plastic hinge rotation ductilities of

the first, second, third, and fourth floor girders
corresponding to 16% exceedance probability are
(0.0, 1.30, 4.60, 4.62), respectively. In addition, the
accumulated plastic extension ductilities of the first,
second, third, and fourth story bracing members
corresponding to 16% exceedance probability are
(1.06, 1.52, 2.46, 1.55), respectively.

The moment of inertia vs iteration number and the
plastic moment vs iteration number for the girders
and columns are plotted in Figs 17(a), (b). The cross-
sectional area vs iteration number for the bracing
members is plotted in Fig. 17(c). It can be observed
from Figs 17(a)—(c) that the initial design adopted
here is close to the optimal design from the stand-
point of member size. This demonstrates that the
dynamic stiffness design method can provide a fairly
good initial design if the design parameters are appro-
priately chosen based upon designer’s experience
and/or some other information. Nevertheless the
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dissatisfaction level of accumulated plastic deform-
ation ductility ratio shows high sensitivity to a small
change of member size. This is because a relatively
smal! value of gplast has been adopted in this
example. The fundamental periods of the initial
design and the optimal design are 0.322 and 0.339 sec,
respectively.

6. SUMMARY AND CONCLUSIONS

The objectives of this paper are (i) to present a
simplified stiffness design method, called ‘decomposed
stiffness design method’, for concentrically braced
steel frames under seismic loading and (ii) to propose
a probabilistic multi-objective optimal design method
aimed at finding a satisfactory design with the least
dissatisfaction level under multiple design conditions.

A design process has been described, which first
utilizes a stiffness-oriented static design method to
determine the member size of a frame showing the
specified response to static lateral loading. The main
feature of this design method is to deal with the
moment-resisting frame and the bracing system inde-
pendently. This initial design is then examined by a
dynamic design procedure which employs a dynamic
ARMA model as a simulator for design earthquakes
and utilizes the SRSS procedure. A probabilistic
multi-objective optimal design method for concen-
trically braced steel frames is then introduced to
formulate a general seismic-resistant design problem
taking into account the probabilistic response char-
acteristics due to uncertainty of design earthquakes.
Two design examples were presented to demonstrate
the validity of this design method.

The characteristic features of this investigation
may be summarized as follows:

1. The practicality and reliability of this multi-
objective optimal design method are guaranteed
because all the constraints for three limit states,
which are defined based upon the accepted design
philosophy, are taken into account.

2. It is guaranteed in this multi-objective optimiz-
ation algorithm that once a feasible design is obtained,
which requires a dissatisfaction level for each design
constraint to be smaller than 1.0, each successive
design is also feasible and has a lower maximum
dissatisfaction level. Therefore the designer can stop
at any stage within the feasible region, depending
upon the computational resources available for the
design.

3. Probabilistic evaluation of the seismic response
of a concentrically braced steel frame is reliable
because of the use of a dynamic ARMA model as a
simulator of design earthquakes and the use of in-
elastic time history analysis within the design process
itself rather than as a check at the final stage.

4. The accumulated plastic deformation ductility
ratio introduced in this paper can better reflect the
aim of the accepted design philosophy than the
minimum volume criterion.
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5. The present comprehensive design procedure
includes three design phases, i.e., the stiffness design
method for equivalent static lateral loading, the
dynamic design method using the design response
spectra constructed from a set of artificial earth-
quakes generated by a dynamic ARMA model,
and the probabilistic multi-objective optimal design
method. Therefore, this design procedure can be
utilized not only as a tool for providing a good initial
design following usual structural design practice but
also as an efficient structural design algorithm.

6. The design procedure has the flexibility to be
able to incorporate other types of design constraints
and design objectives.

7. The techaique of handling of design constraints
can reflect a structural designer’s objectives more
appropriately than the usual deterministic technique
adopting rigid constraint boundaries. Moreover, a
multi-objective optimization problem can be formu-
lated according to the structural designer’s intention.
This formulation regarding the design constraints as
the design objectives is a new type of formulation of
multi-objective optimal design problems.

8. The present stiffness-oriented design formula
employs mechanically meaningful parameters as
principal design parameters, i.e., story stiffness,
girder-to-column stiffness ratio and ratio of moment-
resisting frame stiffness to the total story stiffness
(frame participation ratio). Therefore, it is relatively
easy to reflect the designer’s intuition and/or experi-
ence in using this design formula. This facilitates the
development of an interactive environment between
the designer and a computer.

It may be said that the proposed probabilistic
multi-objective optimal design method can play
an important role in providing the designer with
an interactive decision making environment. Such an
environment cannot be provided by a blackbox
including only a mathematical programming algor-
ithm. It should be remarked finally that this multi-
objective optimal design method can readily be
extended to the case where the site under consider-
ation is faced with several different active faults and
it is possible to regard all or some of them as the
design earthquakes. In this case, it seems reasonable
to generate a population of artificial ground motions
for each design earthquake by means of this dynamic
ARMA model and to deal with the constraints
for each design earthquake as independent design
constraints. Then the dissatisfaction levels for each
design earthquake could be evaluated in a common
graph.
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