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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 unit&i 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 [l]). One of 
the difficulties arises from the insuflicient 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 [4-61. 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 [1,7]. 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 [lo] also under a simplified 
dynamic loading condition. 

Several elastic design methods have been proposed 
for optimal design of building structures using a fuzzy 
concept [1 l-151. 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 [16-241. It is 
of great importance from the standpoint of reliability 
that they evaluate inelastic response by using time 

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 [27-301 for details of this dynamic ARMA 
model. 

There have been several efforts to simulate earth- 
quake ground motions by using ARMA models 
[27-29,31-341. 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. 

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 er 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. 

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 OSg. 

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 

Figure l(a) shows the recorded accelerogram of In this paper, moment of inertia is the primary 
El Centro 1940 (N-S component). On the other hand, section property used for the girder and column 
the accelerogram of an artificial ground motion elements in the simplified design method described 
generated by means of the dynamic ARMA model below. Other element section properties, i.e., radius 
[27,29,30] is plotted in Fig. l(b). Kalman filtering has of gyration and cross-sectional depth, are obtained 
been utilized in estimating the ARMA parameters. from empirical relations derived by Walker [36]. 

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 0.15g. 

1.5 . 
- mean 

Period (see) 

(4 

am 
- mean 

!z - mean&d. 

-4 
.ool .Ol F&d (WC\ 10 loo 

(b) 
Fig. 2. Response spectra for 100 artificial earthquakes (mean value and mean f one standard deviation). 
(a) Acceleration response spectrum (damping ratio = 3%). (b) Displacement response spectrum (damping 

ratio = 3%). 
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(1) 

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 Z < 429 in.4 

d = 1.4710,‘“, 

r = 0.39d’,w 

for columns with Z 2 429 in4 

d = 10.5Z”.w’6, 

for girders, 

r = 0.39d1.04 (2) 

d = 2.6610.*“, 

r = 0.528.920, (3) 

where Z 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 = Z/r* (4) 

MP = a,(Ad/B + 31/2d), (5) 

where A is the cross-sectional area, MP is the fully 
plastic moment, and av 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: 

Z = 0.169A’. 

3.2. Design problem 

(6) 

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 

Fig. 3. Multi-story one-bay braced steel frame. 

UBC code [37]. Let L, 5, and E denote the span 
length, the height ofjth 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 f?,, R, denote the 
angle of rotation of the joint node in thejth floor and 
the angle of member rotation of the column in thejth 
story, respectively. It should be noted that these 
angles represent the deformation under horizontal 
loads alone. In Sets 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, hi, and E, find the moments of 
inertia of girders {ZBj}, those of columns {Zcj} and the 
cross-sectional areas of braces { Abi} of the frame which 
shows the specified response, 9, = 8 and Rj = q& to 
the design lateral loads (Hi} and where the story 
shear forces sustained by the moment-resisting frame 
are specified by [,Qj = pjrQj. The coefficients q, and 
pi 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 Qj in thejth story can be 
expressed as the sum of the shear force QFi sustained 
by the moment-resisting frame and that Q, by the 
bracing system 

Qj = Q, + Qx~. (7) 

Q, and Qr, are expressed as follows in terms of the 
member forces 

QF~ = f WE, + Mi,) (8) 
I 

Q, = 2Nj COS I’] 3 (9) 
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Furthermore, substitution of eqns (12)-(14) into (11) 
provides the following equation 

(I-CjRj 

!f!&,= 

L 
?(3R,-2e,-e,_,) 

I 

(a) Moment-resisting Frame (b) Brace F.kmms 

Fig. 4. Story shear participation. 

+p(gR,+,-28,-8,+,). (16) 
/+I 

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

Rj=qjR (17) 

where A4& M$., Nj denote the bending moments at 
upper and lower ends of thejth column and the axial 
force of the bracing member in thejth story, respect- 
ively, and r, 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 Q0 sustained by the moment-resisting frame is 
prescribed as cjQj (see Fig. 4a), eqn (8) can be reduced 
to 

e, = const. = B (18) 

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

24EIcj 
,:(qj-r)K=PJQj, o’#l) (20) 

-i_‘R=$bQ~h,+p,,,e,,,h,,,), U# 1). (21) 
6EIBj 

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

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

(23) 

Mm=M&+ M$+Iv (11) 

where MB, denotes the bending moment at the 
C=~~jQjh,fPj+‘Qj+,hr.I), ti+ 1) (24) 

member end of the girder in the jth floor. On the 
other hand, the member stiffness matrices provide 
the following relations 

ZBI =j&{c;~l:;!+‘,Qh +pzQh}. (25) 

M+j = y (3Rj - 2ej_, - ej) 

M&=$(3R,-20j-Oj_,) 
I 

(12) 
It should be noted that ICI and la, have been derived 
independently of eqns (20) and (21). This is due to the 
boundary effect. 

In this case, the ratio of Z, to Zci may be expressed 
(13) as follows: 

M,=Fe,, 
'Bj_e-r<pjQjhl+Pj+lQj+th,+t)L 

(14) Z,, r ~/e/h/ 
~3 0' # 1). (26) 
I 

Substitution of eqns (12) and (13) into (10) yields 
Equation (26) indicates that the ratio Za,/Zc, 
approaches cc as r approaches 0 and the ratio I,,/Zc, 

y(2R,-e,_,-e,)=r,Q,. 
approaches 0 as r approaches q,. This characteristic 

(15) provides useful information for specification of B 
I and R. 

ws 41,4-I 
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Bracing system. Since the story shear force Q, 
sustained by the bracing system is prescribed as 
(1 - [,)Q, (see Fig. 4b), eqn (9) can be rewritten as 

2Nj cos rj = (1 - t;i)Q,. (27) 

The member stiffness relation of the bracing system 
yields 

N, = 2EAbjhjCOS’ Yj R, 

J L I’ (28) 

Substitution of eqn (28) into (27) provides the 
following equation 

4EAYhj: ‘OS3 yj = (1 _ cj)Qj. 
(29) 

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

A = L(1 -PjDQj 
bJ 4Ehjqjkos3 y, ’ 

(30) 

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 l]) 

The columns and bracing members in each two 
stories have the same stiffness as shown in Fig. S(b). 
The design variables are now ICI, Z,, I,,, , . . . , ZM, 
Ab,, Ab3. 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; h2 = hl and h4 = h, in this 
example. Since the number of design variables has 
decreased, it is only possible to specify a smaller 

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

e, = 8, (31) 

(R, + Z&)/2 = 4, R (32) 

CR3 + RdP = q3KI (33) 

t;, QI + LQz = PI-&Q, + Qd, (34) 

I3 Q3 + f;4 Q., = pi&Q, + Q.Jv (35) 

where ql, q3, pl, p3 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 

(31) 

+2R,-8)=c,Q, 
I 

y(2RI-28)=i,Q, 
I 

+2R3-28)=[3Q3 
3 

(37) 

(38) 

+2&-2B)=l,Ql. (39) 
3 

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

z 

” 
= P,-&QI + QzM: 

48E(q, - 0.75r)R 

In the same way, Za can be obtained as 

origiicase 

(a) 

z 
CT3 

= p3T(Q3 + Q4)h: 
48E(q3 - r)K ’ 

De@lvarlab1eGluuplng 
c-e 21 

wo 

(41) 

Fig. 5. Grouping of design variables. 
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The equation corresponding to eqn (24) is expressed The angles of member rotation of cohmms can be 

as expressed in terms of Cl-l, by substituting eqns (40) 
and (41) into eqns (36)-(39) 

Is, can be obtained by considering the boundary 
effect 

~SI = 
WP,~(Q, + QdW, - 5r) 

144ErK(q, - 0.7%) . 
(43) 

The angles of member rotation of columns can be 
expressed in terms of c,<, from eqns (32) and (33) for 
response specification and eqns (36)-(39) 

R 

I 
= (2q, - rK QI + O.%Q2 K 

PIP(QI + Qd 
(3 

R2= 
d, Q, + t%, - 0.5r&Q2 R 

P,TCQ, + Qd 
(45) 

R 
3 

= Ch - r)L Q3 + 44 Q4 R 
psS(Q3 + Q4) 

w 

R =rC3Q3+t2q3-r&Q4R 
4 

p3TCQs + Q4) . 
(47) 

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

R, = 2q, (I- C, >KQ, 
(Q, + QdU --P,Q 

R, = 2~0 - r;,>RQz 
(Q, + QdCl -P,D 

%,(l - C3>RQ3 

R3 = (Q3 + Q,>Cl -p30 

2q3U - C4lRQ4 

R”=(Q3+Q4,(l -p3P) 

04 

(55) 

(56) 

(57) 

A set of simultaneous equations for C,_C4 can be 
constructed by equating eqns (44)-(47) and (54)- 
(57). The solution to the equations can be expressed 
as follows: 

{I = kI QI - r(l - PID(Q, + Qz)IPIS 
&I - 341 -P,D~))Q, 

(58) 

T2 = hQ2 - 241 -PID(QI + Q~IPIP 
&I - 341 -P,D}Q~ 

t5g) 

(;3 = @z, Q, - r(l -p30(Q3 + Q4>}p3s 

%3 - r(l -p3n)Q3 
tw 

A 

*’ 

R _ U1 -C,>Q, 

’ - 4Eh, cos3 y, 
(48) 

C=~%3Q4-r(l -p3D(Q3+Q4)lp3T, t6lj 

%3 - r(l -p3nlQ4 

A R = W - L)Q2 

These expressions of [,_C4 have to be substituted into 

*’ 2 4Eh, cos’ y, 
(49) eqn (42) to obtain the final form of IW. 

3.5. One-bay model (design variable grouping [case 21) 

A R = U1 - 3dQs 
b3 3 4Eh3cos3y3 (50) 

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 

A R /(I -C4)Q4 Fig. 5c). To derive analytical expressions, it is assumed 

b3 4 4Eh, cos’ y, ’ (51) that all the stories have a common story height. The 
design variables are now Ic, I,, , . . . , Zac, Ab. In this 

The cross-sectional area Ab, of the first- and second- case the following response specification is possible 

story bracing members can be obtained by summing 
up two eqns (48) and (49) and substituting eqns (32) e, = 8, (62) 
and (34) for response specification into the resulting 
equation (R, + R2 + R, + R4Y4 = R, (63) 

A 

bl 
= UQI + QN -P,D 

Sq, J&h, cos3 y1 * 
(52) LQ,+LQ,+I;,Q3+hQ4 

In the same way, the cross-sectional area Ab3 of 
= S(Q, + Q2 + Q3 + Q4). WI 

the third- and fourth-story bracing members can be The moment of inertia of columns Zc can be ob- 
obtained as tained by summing up the equations corresponding 

A _ UQ, + QN -he) 

to eqns (36)-(39) and applying the conditions, eqns 

b3 - 8q,mh, cos3 y3 ’ 
(53) (63) and (64). The moments of inertia of girders, Z& 

(j # 1) and I,, , can be derived in almost the same 
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(M-t-resisting Flame 1 

Fig. 6. Subassemblage model representation of a moment- 
resisting frame. 

manner as in [23]. Furthermore RI-R, and g,-& can 
be obtained from the horizontal equilibrium equa- 
tions corresponding to eqns (36X39), the expression 
for Zc and eqn (63). 

3.6. multi-bag 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, hj, 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 stiffness 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 STlFFNESS 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 bwed on the 
dynamic characteristics of the design earthquakes 
and the structure. The SRSS (Square Root of Sum 

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: 

where 4’) is the parti~pation factor of the rth mode; 
T,, rth natural perk& S,, (T, ii), acceleration response 
spectrum; h,, rth damping ratio; m,, mass at ith floor 
level; $y), ith component of rth eigenvector; and nr, 
number of adopted modes. In eqn (65), the accelera- 
tion response spectrum S,(T; h) 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 (3, r,n is specified, the moments of inertia of 
columns and girders and the cross-sectional areas of 
bracing members are determined. 

Fig. 7. Flow diagram for dynamic stiffness design method 
using ARMA model. 
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It should be noted further that the validity of the 
SRSS technique is just&d 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-ORJRCTWE 
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) 

I column end moment ) < Colgra 

x Column yield moment (67) 

I girder end moment I < Girgra 

x Girder yield moment (68) 

Igirder 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 loadr (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 

I column end moment I max ovel time < Colyld 

x Column yield moment (70) 

Wb) 17.3&w 17.3tw3) 

i 1 i 
’ a6 

Fig. 8. 
gravity 

(aa) ModenteEvthquskeLuadlas *e=wl.-m 

(b) (cl 
Three limit states. (a) Limit state 1 (under gravity loads alone). (b) Limit state 2 (under combined 
r and moderate earthquake loading). (c) Limit state 3 (under combined gravity and severe 

earthquake loading). 
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1 girder end moment 1, oyQ tims -z Giryld 

x Girder yield moment (71) 

{brace axial force f_ OycT tiw -X Brayid 

x Brace yield axial force. (72) 

Non-structural damage, such 11s cracking of glass 
and plaster, will be controlled by setting the following 
constraint 

within the intervab [gOin.“, 25OOin.41 and [So in.‘, 
45OOin.q. Brace element cross-sectional areas are 
constrained to he within the intervaI j0.5 in.t, 10 in.“]. 
If some of the moments of inertia and cross-sectional 
areas obtained using the dynamic stiffness design 
method am out of the intervals, the corresponding 
lower or upwr bounds described before are adopted 
in the multi-objective optimal &sign method. 

5.5. Response simulation model and method 

lstoty driftI,, owr tie < Drift x Story height. (73) 

Furthermore, the damage of equipment attached to 
floors will be controls by the following ~q~r~ent 

The genera1 purpose structural analysis program 
DRAIN-2D 1411 is used to compute the structural 
response for each limit state. 

[absolute fioor accelerationl,, o.,sr + 

-z 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, 

5.3. Consttaints under comBtied gravity and severe 
entree bad9 (limit state 3) 

According to the accepted design p~~o~phy, 
structural collapse should he avoided under severe 
earthquake loading (see Fig. 8~). The following con- 
straint is chosen to control the overail behavior of the 
frame 

The beam and cohmm ekanents are bare wide fiange 
sections and are modeled using lump-pl~ti~ty 
parailel~m~n~t elements in DRAIN3D. These 
sections are assumed to be compact and sufhciently 
restrained so that later& and local buckling faihues 
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 fmite size 
of the heam-colmn joints was disregarded, as were 
panel zone deformations. Moreover, the yield stress 
ov was set to 36 ksi, Young’s modulus E to 29,000 ksi 
and the strain-h~dening ratio to 0.05. For the 
columns, geometric non~nea~ti~ were taken into 
account and an AISC-based axial force versus 
bending moment interaction yield condition 1423 was 
used. The balancing points are (M/M,, N/N,) = 
(1.0,~.15),(-1.0,0.15),(1.0, -0.15),(-1.0, -0.15). 

lframe swayl,, OycI limc c 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 defo~ation. For this purpose, the fol- 
lowing unstrung are imposed to keep the stru~t~ai 
damage within an allowable range 

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 
criti&l stress which is computed according 
following formula 131 

to the 

Pa) 

coiumn end accumulated plastic hinge rotation 

ductihty < Colduc (76) 
in which 

girder end accumulated plastic hinge rotation 
(80) 

ductility < Girduc (77) 

brace accumulated plastic extension axial A 
force 

ductility < Braduc. (78) 

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

* 
axial deformation 

5.4. Box constraints 

Box constraints are introduced so that the girder Fig. 9. Axial force-&al deformation relationship of a 

and column moments of inertia are constrained to he bracing member (DRAIN-2D). 
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Geometric nonlinearities were taken into account. 
The yield stress by was set to 36 ksi, Young’s modulus 
E to 29,000 ksi 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 = 4w + B[Kl (81) 

where [Cl, [Ml, and [fl are a damping matrix, a mass 
matrix, and an initial stiffness matrix, respectively, 
and a, jI represent the following values 

(g2a) 

j=L 
WI +w2 

(g2b) 

q, 02 are the first and second natural circular 
frequencies and 1 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. 
[19-211. 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 (g3a) 

l%iSdiSflibUtiOlliS~b$incdfromnspoaae 

% 
fur 100 &&ial gmund m&m 

Fig. 10. Relationship of the probabilistic distribution of 
peak responses to the [Good, Bad] response values and 

evaluation of performance dissatisfaction level. 

D = Resp - Good 
Bad - Good 

othefise 9 @W 

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 l(a). Gravity loads alone constraint parameters 
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Table l(b). Combined gravity and moderate earthquake loading constraint parameters 

I Value I lkacrintinn 1 

, 

( 

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

(p.hr.: 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 

P,= 

Mbcoldu - 1) + n,(bgirdu - 1) + n,(bbradu - 1)] ’ 

(84) 

where bcoldu ( = 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,, 
nwnber of specified cross sections of columns ( = 16 
in the case of a four-story one-bay frame); nb, number 
of specified cross sections of girders ( = 12); nX, 
number of bracing members (= 8); ePcir column 
accumulated plastic hinge rotation corresponding to 
16% exceedance probability; 6rCi, column yield rota- 
tion (anti-symmetric double curvature deformation); 
ePbl, girder accumulated plastic hinge rotation corre- 
sponding to 16% exceedance probability; Or&, girder 
yield rotation (anti-s~et~c double curvature de- 
formation); qR., brace annular plastic extension 
corresponding to 16% exceedance probability; and 
qrr, brace yield extension. 

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

D= 
gplast - P, 

gplast - bplast (85) 

where bplast ( = 0.0) is the bad value of accumulated 
piastic 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 b~Iding frame which needs a 
relatively larger safety factor, he or she may employ 
a reiatively smaller vahre of gplast (Fig. I la). Other- 
wise, he or she may employ a relatively larger value 
of gplast close to 1.0 (Fig. 11 b). 

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 5 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 
~ffi~ult from the ~mpu~tion~ point of view to 
employ moments of inertia and cross-sectional areas 
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0.0 n 
bpw 
(0.0) L$? . 

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 5 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 1. 

It should be noted that only the dynamic stiffness 
design introduced in Sec. 4 is considered in this 
section. Therefore, once the three parameters 8, r, 
and 3 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 3, r, and p 
which minimize the maximum dissatisfaction level, 
max Di, under the condition that all the dissatis- 
faction levels of the constraints are smaller than 1.0. 
The values of Di 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 pk (k=l,..., 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 5 are denoted here by x, , x2, and x3, respectively. 
The dissatisfaction level derivatives with respect to the 
design parameters can be evaluated by the following 
finite difference procedure 

apk P~(~,+~,,x~,x~)-P~(x~,x~,x~) 
ax,= Ax, 

(864 

ap, P~(x,,x,+~,,x,)-P,(x,,x,,x,) 
ax,= A-% 

@W 

ap, ~~(x,,x,,x,+Ax,)-~,(x,,x,,x,) 
ax,= A-% 

. @W 

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

N: itwatkm eyde number 

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 ++,,/a~~, ap,/ax, have the same sign in either of 
i = 1,2,3, then we can improve the maximum 
dissatisfaction level. 

(ii) If ap,,,/ax,, dp,/CJx, have the opposite sign for all 
xis, 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 (also 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 7, 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 5 implies design modification resulting 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 5 when the 
present design has an undesirable story stiffness or an 
undesirable moment-resisting participation ratio in 
story shear forces. 

Response spec_acattoo ( 

R r, c 

Des&n Story Shear Forces (al”) 

Story Shear Forces 

Artificial Ground 
;z by ARMA 

Response Simulation 
for lluee Limit states 

No 

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 = 15 ft and 
hi=lOft(i=l,... ,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 l] 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 = OAO), site coefficients 
S = 1.2 (type S,), importance factor Z = 1.0, factor 
dependent on type of structural systems R, = 8.0. 
An initial design is obtained by specifying the design 
parameters (R =O.OOlS rad, r = 0.7, r= 0.10, q, = 
0.8, q3 = l.O,p, = 1.0,~~ = 1.0) for the mean plus one 
standard deviation acceleration response spectrum 
described in Sec. 2.1. The damping ratio in every 

-I 
0 1 2 3 4 

kmation Number 

Fig. 14. Dissatisfaction level vs iteration number in multi- 
objective optimal design (design example 1: design variable 

grouping [case 11). 

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 Sets 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 r. 

Figure 14 also illustrates the dissatisfaction levels 
vs iteration number. Improvement of dissatisfaction 
levels has been performed by reducing 7 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) 

(x1=, xpr, xg=Q 



Table 3, Sensitivity of dissatisfaction levels of epsih-active constraints with respect to 
design parameters (design example 1: optimal design) 

_ 
(xrd, xz=r, x3=6) 

(* Attbugb this sensitivity means that the maximum dissatisfaction level can be impmvad 
by~gtheparameterr,~ein~~ofrdoesnotnecesgariyimpnweit. ‘IBisis 
because the moment of inertia of the second flaar girder is close to th lower bound of the 
box constraint and furtha dwehpment of plastic deformah can not be expa~W.) 

level associated with the constraint on accumulated evaluated at the final design. Although the sensitivity 
plastic extension ductility in the third story bracing with respect to r means that the maximum dissatis- 
member cannot be performed without violating the faction level can be improved by increasing the 
requirement on accumulated plastic deformation parameter r, the increase of r does not necessarily 
ductility ratio at the final design. improve it. This is because the moment of inertia of 

Table 3 shows the sensitivities of the epsilon-active the second floor girder is close to the lower bound of 
di~a~sf~~on leveh with respect to design parameters the box constraint and further development of plastic 

00 
,-, 1st and 2nd story columns 
- 3rd and 4th stq columns 
-- Istfloorgirder 
--c-_ 2ndflcJorgkler 
- 3rdflocfgirder 
--cr_ 4thfloagirder 
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-b- 4thflcagirder 
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Fig. 15. (a) Moment of inertia vs iteration number (design example 1). (b) Plastic moment vs iteration 
number (design example I). (c) Brace cross-sectional area vs iteration number (design example 1). 
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deformation can not be expected. Therefore the fmal 
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 (O,O, 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 p 
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 set, 
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 l] is considered here again. 
An initial design is obtained by specifying the design 

cautnint1 

-t2 

Gxlduint3 
CauariMI 

0.0 -: 
, I 

0 I 2 3 

Iteration Number 

Fig. 16. Dissatisfaction level vs iteration number in multi- 
objective optimal design (design example 2: design variable 

grouping [case I]). 

parameters (3 = 0.0015 rad, r = 0.7, r= 0.25, q1 = 
0.8, q3 = 1.0, pi = 1.0, p3 = 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 
K, by increasing r or by increasing r. 

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

Description Dtssatlsfactlon 
(D) 

aDlax, aDlax 2 aDlax 

Accumulated plastic 
deformation ductility 0.778 -4.84 -0.68 -0.540 

Table 5. ~nsiti~ty of dissatisfaction levels of epsilon-active const~ints with respect to 
design parameters (design example 2: optimal design) 
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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 5 shows the sensitivities of the epsilon-active 
dis~tisf~tion 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 



optimal design of seismic-resistant frames 705 

dissatisfaction level of accumulated plastic deform- 
ation ductility ratio shows high sensitivity to a small 
change of member size. This is because a relatively 
small value of gplast has been adopted in this 
example. The funbamt?ntal periods of the initial 
design and the optimal design are 0.322 and 0.338 set, 
respectively. 

6. SUMMARY AND CONCLUSIONS 

The objectives of this paper are (i) to present a 
shnplifled stiEness design method, called ‘decomposed 
stiffness design method’, for concentrically braced 
steel frames under seismic loading and (ii) to propose 
a probabilistic multi-abjective 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. 

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 arrifieial 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 ~e~bi~ty to be 
able to incorporate other types of design constraints 
and design objectives. 

7, The technique of handling of design constraints 
can reflect a structural designer’s objectives more 
appr~p~ately than the usual deterministic technique 
adopting rigid constraint boundaries. Moreover, a 
multi-obj~~ve 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 m~h~i~ally 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 faoed 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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