th
The 14 World Conference on Earthquake Engineering

October 12-17, 2008, Beijing, Chi .
ctober eijing, China I4JWCEE

SEISMIC OPTIMUM DESIGN FOR THE HIGH-RISE BUILDING WITH
GIRDER TRANSFER FLOOR

1 .2
Gang Li and Hongchao Ning

' Professor, Dept. of Engineering Mechanics, Dalian University of Technology, Dalian, China

2Graduate student, Dept. of Engineering Mechanics, Dalian University of Technology, Dalian, China
Email: ligang@dIlut.edu.cn

ABSTRACT :

This paper proposes an integrated seismic optimum design approach for the high-rise buildings with girder
transfer floor, including topology optimum design of the transfer floor and size optimum design of beams and
columns. First, the girder transfer floor is optimized using the SIMP topology optimization method to obtain the
optimum topological form of the transfer floor. Then the size optimum design of beams and columns is
performed. The initial cost and life cycle cost are employed as the objective function in the seismic design,
respectively. Finally, a numerical example of 23-story high-rise building is calculated, and the results show the
optimum design of minimum life cycle cost is more cost-effective.
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1. INTRODUCTION

The concept of performance based seismic design was proposed in the early 1990s, and has been gradually
accepted by the earthquake engineering profession recently. (SEAOC 1995; FEMA 1996; ATC 1996; Li and
Cheng 2004). The basic thought of PBSD is to design a structure so that it will perform in a specified manner
when subjected to various loading scenarios. Cost-effectiveness criterion is one of the most important principles
in PBSD, which involves not only engineering analysis but also social, economic, political, cultural, ethical and
many other aspects. The aim of cost-effective design is to minimize the life cycle cost of the structure so as to a
good balance between the initial cost and the expected loss in the structural life cycle could be obtained. Thus,
the central issue of cost-effective design is the proper estimation of the structural life cycle cost. The evaluation
of structural life cycle cost, generally including initial cost, the cost of inspection and maintenance and the
expected loss, is the key problem in cost-effective design, and the computation of structural failure probability
in the evaluation of the expected loss may be very costly and time consuming because the limit state function is
usually a highly nonlinear implicit function with respect to the basic design variables, especially for the
complex large-scale structures for dynamic and nonlinear analysis.

Transfer floors are increasingly applied in design of high-rise buildings in recent years due to the complex
shapes and multi-functions of the buildings (Tang 2002; Li et.al 2003). There are generally four forms of
transfer floors, which are girder, plate, truss and box. The girder transfer floors are wide used in high-rise
buildings with the advantages of clear load path and simple structure, etc. However, the transfer girder always
needs a lot of construction materials (concrete and steel), and the “strong-beam-weak-column” design may
occur, which is unfavorable to the seismic design. So this paper tries to solve these problems by optimum
design begin with changing the form of transfer floor.

This paper proposes an integrated seismic optimum design approach for the high-rise buildings with girder
transfer floor, including topology optimum design of the transfer floor and size optimum design of beams and
columns. The initial cost and life cycle cost are employed as the objective function in the seismic design,
respectively. An approximate evaluation of life-cycle cost with fuzzy theory is proposed. Finally, a numerical
example of 23-story high-rise building is calculated.
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2. FORMULATION OF SEISMIC OPTIMUM DESIGN FOR HIGH-RISE BUILDING WITH GIRDER
TRANSFER FLOOR

2.1Topology Optimization Formulation of Transfer Floor

Structural topology optimization is to seek the optimum material distribution of structure by designing the
number, location and shape of holes in a continuum structure under the given constraints and some specific
objectives. Among the three levels of optimization of size, shape and topology, topology optimization is the
most difficult with the most potential benefits.

The SIMP (Solid Isotropic Material with Penalization) method was developed from homogenization method, in
which the dependence of material properties with design variables is expressed in terms of the material density
using a simple ‘power-law’ interpolation to suppress the intermediate values by penalizing the bulk densities
(Bendsge and Sigmund 2003). The material density describing the amount of material in each point of the
domain which can assume values between 0 and 1, and the density of 0 is equal to void and 1 is equal to solid
material. The topology optimization formulation of transfer floor with SIMP method can be written as
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where, X is the vector of design variable, representing the material densities; x°is the design variable of element
(e 1,2,...,N Nisthe number of design variables); Xmax, Xmin are the upper and lower bounds of design variable
(1and 0.001 are taken in this study) C(X) is the objective function of structural compliance; F is the load vector,
U is the displacement matrix, K is the matrix of global stiffness; V(X) is the structural volume with the design
variables of X; V, is the structural volume with the design variables of 1; f is the percentage of material (0.3 is
used in this paper) u®and k° are the element matrix of displacement and stiffness; p is the penalty factor (3 is
taken herein).

2.2 Size Optimization Formulation of Beams and Columns

Structural size optimization is to find the size of structural members to optimize the objective function (such as
cost, structural properties, life-cycle-cost, etc.) under some constraints, given the structural topology and shape.
The size optimization formulation of beams and columns with the minimum initial cost is

Flnd : X ={X1,X2|---|Xn}T
Min: V(X)=;A(Xi)l 2.2)
St g;(X)<0 (j=12,..,m)

Xt<X < xY



th
The 14 World Conference on Earthquake Engineering
October 12-17, 2008, Beijing, China

14 WUCEE
aagadsainra

where, X is the vector of design variable, representing the size of beams and columns; V(X) is the objective
function of structural volume; g;(X) is the constraint, referring to axial compression ratio of columns, story drift,
etc. X" and X" are the lower and upper bounds of the design variable, respectively.

The size optimization formulation with minimum life cycle cost can be stated as

Find ' X :{X11X2|-"lxn}T

Min: C, =C, +C,
] (2.3)
St g;(X)<0 (j=12..,m)
X< X <xY

where, C, is the initial cost and Ck is the expected loss during the life cycle.

Thus, the sketch flow chart of structural optimization in this paper is shown in Figure 1.

Initial structure

A 4
Topology optimization of transfer floor

Size optimization of members

A A
Minimum Minimum
Initial cost Life cycle cost

Figure 1 Sketch flow chart of structural optimization

3. EVALUATION OF LIFE CYCLE COST WITH FUZZY THEORY

The structural expected loss during its life cycle under the earthquake with failure probability is expressed as
Cpp =2 e (1NP(1) =2 [ C(B)P(B; | DIP(I) (3.9)
I I i

where | is the earthquake intensity, B is the structural damage level, P(l) is the occurrence probability of the
earthquake intensity I; Ly(I) is damage loss caused by the earthquake intensity I, evaluated with probability
theory; P(B;|l)is the occurrence probability of damage level B; caused by earthquake intensity I; C(B;) is the loss
value when damage level B; occurs, including direct loss and indirect loss.

As pointed out previously, the calculation of P(B;|l) is always time consuming because the limit state function is
usually a highly nonlinear implicit function with respect to the basic design variables for practical problems.
Therefore, we proposed to use the fuzzy theory to evaluate the expected loss (Li and Cheng 2004), and the
fuzzy set of damage levels are defined as follows
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B ={B.,B,,B;,B,, B} (3:2)

Our task is to determine the membership function of the damage caused by the story-drift ratio to the fuzzy set
of damage levels

w5 (X) =Lty (X), 2 (X), 45 (X), 44 (X), 145 (X) 3 (33)

Therefore, the structural life-cycle expected loss based on the fuzzy theory can be evaluated by
Ce =2 L (NP(1) =X [ .C(B)u5(B | NIP(1) (34)
[ T

where L¢(I) is the damage loss caused by the earthquake intensity I, evaluated with fuzzy theory; ﬂg(Bi 1) is
the membership function to the damage level B;, caused by the story-drift ratio under the earthquake intensity I.

It should be noted that the failure probability P(B;|l) and the membership function ,U.g(Bi | 1) are different in

concept, although both of them are the real number within the region [0,1]. Probability is a kind of
measurement for the stochastic uncertainty, in which the events involved that may occur in the future are well
defined. The value of probability from O to 1 demonstrates the degree of possibility at which the event may
occur. The membership function is a key concept in the fuzzy theory, in which the more-or-less type set rather
than the conventional yes-or-no type set is studied. Both of the failure probability and the membership function
can describe the degree of damage caused by a specific story-drift ratio from different views. The former gives
the occurrence probability of the five damage levels, and the latter gives the degree of membership of the five
damage levels, both of which can be employed to evaluate the expected loss.

How to choose a proper membership function is the key problem in the evaluation of the expected loss with
fuzzy theory. The power function and normal function are employed as membership functions in this paper.

A method to estimate the damage was proposed (Li and Cheng 2004), in which the story-drift ratio is used to
evaluate the structural damage level. Five damage levels are defined, which are roughly intact, slightly
damaged, moderately damaged, severely damaged and collapsed. The structures are classified as four types,
ST-1, ST-2, ST-3 and ST-4 according to their importance (ST-1 is the most important and ST-4 is the less) (GBJ,
2001).The relations between the damage levels and structural story-drift ratio, direct loss, and the ratio of
structural indirect loss to direct loss for different types of buildings, as shown in Table 1 and 2.

Table 1 Relations of story-drift ratio, damage levels and structural direct loss

Roughly Slightly Moderate | Severely
Damage level intact damaged damaged | damaged Collapsed
Story-drift ratio| 0~0.0.2% |0.0.2%~0.4%|0.4%~0.8%| 0.8%~2% 2%~
Direct loss (Co) 0.02 0.10 0.30 0.70 1.00

Table 2 Ratio of indirect loss to direct loss under different damage levels
for different types of building structures

Damage Roughly Slightly Moderate Severely Collapsed
level intact damaged damaged damaged
ST-1 0.0 0.0 1.0~10.0 10.0~50.0 | 50.0~200.0
ST-2 0.0 0.0 0.5~1.0 3.0~6.0 8.0~20.0
ST-3 0.0 0.0 0.5 2.0 6.0
ST-4 0.0 0.0 0.2 1.0 2.0
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The earthquake intensity in China has the probability distribution of extreme type Ill, and three earthquake
levels are used in the Chinese seismic design code, minor, moderate and severe earthquakes (GBJ 2001). The
intensity of the minor earthquake is defined as the intensity with the exceeding probability of 63.2% for the
design period 50 years, the basic intensity with the exceeding probability of 10% and the intensity of severe
earthquake with the exceeding probability of 2~3%. In general, the basic intensity is 1.55 degree higher than
that of the minor earthquake, and 1 degree lower than that of the severe earthquake. Thus, according to our
computational results, the occurrence probability of the intensity of minor, moderate and severe earthquakes for

the design period 50 years, P (I),P(l,,),P(l, ), can be determined approximately as follows,

P(l,)=70%. P(l,)=255%, P(l,)=4.5% (3.5)

4. NUMERICAL EXAMPLE

A 23-story, 74m high RC frame, with the girder transfer floor of 2m high located above the third story, is
optimized, as shown in Fig. 2. For story 1-3, the distance between columns is 10m and the story height is 4m.
For other stories, the distance between columns is 5m and the story height is 3m. The member size and material
of the structure are listed in Table 3. The site of type Il and the intensity of 7 are considered. In the size
optimization, the allowable axial compression ratio is 0.8, and the allowable story drift is 1/550. The cost of
reinforced concrete is taken as 1300 Yuan/m®,
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Fig.2 23-story RC frame with girder transfer floor

Table 3 Material and size of the Structure

Column beam
story - -
Size (mm) concrete Size (mm) concrete
1 3 1400*1400 C40 800*350 C30
4 5 1200*1200 C40 700*250 C30
6 13 700*700 C35 700*250 C30
14 23 500*500 C35 700*250 C30
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4.1 Topology Optimization of Transfer Floor

2D model is used to perform the topology optimization of the girder transfer floor. We take 1/3 part of the
girder transfer floor for optimization design due to the periodic property of the structure, based on which the
optimum topology of the transfer floor can be integrated. Considering the practical situation and construction
requirements, the final optimum topology of the transfer floor is converted to truss-type from beam-type, shown
in Figure 3.

Figure 3 Topology optimization of the girder transfer floor

4.2 Size Optimization of Beams and Columns

Table 4 is the optimum results of some columns. Figure 4 shows the iteration history of size optimization of
minimum initial cost and minimum life cycle cost, respectively. Figure 5 shows the comparison of the story
drift of the 3D structure, in which curve-A corresponds to the structure of minimum initial cost design, curve-B
and curve-C to minimum life cycle cost design with the membership function of power function and normal
function respectively. Figure 6 gives the comparison of the life cycle cost of the different optimum designs. The
follow observations can be obtained:

1) The optimum results of both minimum initial cost design and minimum life cycle cost design can satisfy
the requirements of seismic performance, such as axial compression ratio, story drift, etc.

2) For the initial cost (blue bar in Fig.6 of the RC volume), the optimum design of minimum initial cost
can obtain the most benefit, reducing the RC volume of the initial design by 10.98%. The optimum design of
minimum life cycle cost can reduce the RC volume of the initial design by 7.21% and 9.08%, with the
membership function of power function and normal function, respectively.

3) For the life cycle cost, the optimum design of minimum life cycle cost is more cost-effective. Compared
to the minimum initial cost design, the life cycle cost is reduced by 655.8 and 777.8 thousand yuan after the
minimum life cycle cost design with the power function and normal function, respectively, covering the
percentage of 4.9% and 5.5% of the total lifecycle cost.
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Table 4 Optimum results of some columns
Bi (mm) | B, (mm) | B (mm) | Bg(mm) | Bo(mm) | Bio(mMm)

Initial 1400 800 1200 500 700 700

Min. initial cost | 1000 800 900 450 700 600
Min. (power) | 44, 800 1000 500 700 600
life cycle cost

Min. (normal)

1300 800 1000 450 700 550

life cycle cost
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Figure 5 Story drift of Structure Figure 6 Comparison of life cycle cost

5. CONCLUSION

This paper proposes an integrated seismic optimum design approach for the high-rise buildings with girder
transfer floor, including topology optimum design of the transfer floor and size optimum design of beams and
columns. The initial cost and life cycle cost are employed as the objective function in the seismic design,
respectively. The results show that the optimum design of minimum life cycle cost is more cost-effective.
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