
 
 
 
 

 
STRUCTURAL OPTIMIZATION OF SUPPORTING STRUCTURE OF SCHOOL GYMNASIUM WITH  

STEEL ROOF FOR SEISMIC RESPONSE REDUCTION OF BEARING REACTION FORCES 
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An optimization method is proposed for stiffness design of RC columns of a school gymnasium to reduce the interaction forces at bearings 
between the steel roof and supporting structure under seismic motions. The objective function is the maximum force at the connections, 
which is evaluated using the response spectrum approach. Constraints are given for the total weight and the interstory drift angles of 
columns. The sizes of columns are optimized using simulated annealing. It is shown in the numerical examples that the maximum 
interaction force is drastically reduced to about half of the reference model through optimization.  
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Column Size (mm) Beam Size (mm) 

RC: C1 
(1 10, A) 

700 900 
RC: G82 

(2F) 
700 750 

RC: C2 
(10, B) 

650 800 
RC: G83 

(3F) 
700 750 

RC: C3 
(10, C) 

500 0 
Steel: sG1 

(Roof) 
H-700 300 13 24 

RC: C4 
(1, B) 

650 800 
Steel: sB 

(Roof) 
H-200 100 5.5 8 

RC: C5 
(1, C) 

500 0 
Steel: sV 

(Roof) 
L-65 65 6 
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2 350 mm 700 mm

226.7 kN/mm2 0.2, 24 kN/m3

2.05 105 N/mm2 0.3, 78.5 kN/m3

1.0 kN/m2, 0.5 kN/m2 1.0 
kN/m2

9.8 m/sec2 RC

 

12
1457 1 2

2 x , 
y

1 2 2% h

3

hF h  

SRSS

h 20 10
Newmark ( =1/4)

0.01  
C1 C5 1200 mm

400, 450, 500, 450, 500 mm
W 1

1/800 1 T 0.8 sec 4 No. 
1 10 10 ( x , y ) No. 2, 3, 

9, 10 C2, C3, C4, C5
C1  

t t

T

 

 

 

Case As 85.2 53.7 53.7 53.7 

Case Af 85.2 51.4 52.8 52.0 

Case Bf 89.5 54.6 68.4 57.2 

Case Cs 78.1 53.7 53.7 53.7 

─ 63 ─

初校構造系　767号�



 C1 C2 C3 C4 C5 

 900 800 700 800 700 

Case As 950 450 500 450 500 

Case Af 975 450 575 450 500 

Case Bf 975 500 500 450 625 

Case Cs 975 450 500 450 500 

 

 
 Optimal 

Tx Ty Tx Ty 
Case As 0.601 0.465 0.692 0.508 
Case Af 0.601 0.465 0.671 0.499 
Case Bf 0.602 0.745 0.661 0.748 
Case Cs 0.603 0.747 0.677 0.751 

 

x , y

x

y

x , y y

x

x y x y

x y x y

y
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Ref. model Optimal solution (Case As) Optimal solution (Case Af) 
Order T xM  yM  

zM  Order T xM  yM  
zM  Order T xM  yM  

zM  

1 0.60 73.9  0.0  0.3  1 0.69 79.5 0.0 0.0 1 0.67 79.2 0.0 0.0 
2 0.60 3.2  0.0  6.8  2 0.59 0.0 0.0 7.1 2 0.59 0.0 0.0 7.0 
3 0.46 0.0  68.6  0.0  3 0.51 0.0 42.5 0.0 3 0.50 0.0 39.3 0.0 
8 0.28 5.3 0.0 0.0 6 0.40 0.0 24.1 0.0 6 0.39 0.0 20.0 0.0 

10 0.25 0.0 0.0 1.0 10 0.25 0.0 0.0 1.0 10 0.25 0.0 0.0 1.0 
12 0.23 0.0 24.0 0.0 14 0.22 0.0 13.5 0.0 15 0.22 0.0 27.9 0.0 
27 0.15 0.0 0.0 1.5 31 0.15 0.0 0.0 2.0 31 0.14 0.0 0.0 2.1 
34 0.13 11.6 0.0 0.0 32 0.14 2.5 0.0 0.0 32 0.14 1.8 0.0 0.0 
40 0.12 0.0 1.3 0.0 39 0.13 5.6 0.0 0.0 39 0.13 7.9 0.0 0.0 

Ref. model Optimal solution 
Order T xM  yM  

zM  Order T xM  yM  
zM  

1 0.75 0.0 11.9 0.4 2 0.66 79.1 0.0 0.0 
2 0.60 76.5 0.0 0.0 3 0.59 0.0 1.2 6.7 
3 0.60 0.3 1.6 6.7 4 0.46 0.0 25.2 0.0 
4 0.42 0.0 54.1 0.0 7 0.37 0.0 24.1 0.0 

12 0.25 0.0 0.1 0.7 9 0.29 1.6 0.0 0.0 
15 0.22 0.0 20.3 0.0 11 0.25 0.0 0.1 0.9 
29 0.15 0.0 0.0 1.7 17 0.22 0.0 24.0 0.0 
35 0.13 6.4 0.1 0.0 32 0.14 0.0 0.0 2.2 
36 0.13 5.6 0.1 0.0 40 0.13 6.8 0.0 0.0 

Ref. model Optimal solution 
Order T xM  yM  

zM  Order T xM  yM  
zM  

1 0.75 0.0 23.1 0.0 1 0.75 0.0 17.7 0.0 
3 0.60 76.6 0.0 0.0 3 0.68 79.2 0.0 0.0 
4 0.59 0.1 0.0 6.3 4 0.58 0.0 0.0 6.5 
6 0.37 0.0 44.8 0.0 8 0.36 0.0 30.5 0.0 

11 0.29 4.9 0.0 0.0 10 0.30 1.4 0.0 0.0 
13 0.25 0.0 0.0 0.9 12 0.25 0.0 0.0 1.0 
19 0.22 0.0 15.2 0.0 20 0.21 0.0 13.5 0.0 
31 0.15 0.0 0.0 1.8 34 0.15 0.0 0.0 2.2 
37 0.13 11.8 0.0 0.0 35 0.14 2.6 0.0 0.0 
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Strong 
motion 

No. 

Case As, Case Af Case Bf Case Cs 

Ref.model Optimal sol. 
(Case As) 

Optimal sol. 
(Case Af) 

Ref.model Optimal sol. Ref.model Optimal sol. 

1 83.2 55.0 55.7 116.5 71.2 81.0 57.2 
2 93.9 64.3 73.2 109.0 92.9 93.3 61.6 
3 93.1 71.4 74.7 90.6 74.3 89.9 56.6 
4 96.9 57.8 63.4 115.7 74.2 84.0 61.1 
5 89.6 72.9 66.5 93.0 67.4 91.2 69.9 
6 87.0 67.6 61.9 92.2 62.9 71.8 59.6 
7 97.8 79.0 84.4 95.6 74.7 96.5 62.5 
8 90.1 73.0 64.6 111.3 63.8 80.3 67.8 
9 119.9 68.5 63.5 92.2 92.8 77.4 59.5 

10 109.4 62.9 64.1 108.7 72.1 66.9 57.2 
Min. 83.2 55.0 55.7 90.6 62.9 66.9 56.6 
Max. 119.9 79.0 84.4 116.5 92.9 96.5 69.9 
Ave. 96.1 67.2 67.2 102.5 74.6 83.2 61.3 

 

Case As, Case Af Case Bf Case Cs 

Ref.model Optimal sol. 
(Case As) 

Optimal sol. 
(Case Af) 

Ref.model Optimal sol. Ref.model Optimal sol. 

x y x y x y x y x y X y x y 
Min. 677.2 320.8 639.9 290.6 598.0 286.5 676.9 378.3 578.1 339.7 684.6 533.1 635.2 439.5 
Max. 1028 461.3 899.2 401.8 880.5 393.3 1031 501.7 856.0 508.0 1054 694.4 889.4 626.8 
Ave. 874.7 369.4 760.0 358.6 716.2 327.8 874.1 446.1 713.6 417.7 891.2 608.8 728.9 559.4 

x x

y y

y

y

RC
1 RC
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Fracture around the connections between the roof and the columns in the supporting wall of a long-span structure was reported 

as a key issue in the recent earthquake disasters in Japan. A school gymnasium needs highest-level seismic resistance, because it 

is used as a shelter when in the event of earthquake disaster. Especially for a lightweight steel roof supported by stiff RC structure, 

deformation concentrates around the connections. Accordingly, slip occurs at the pin/roller supports, and the steel members near 

the support exhibit plastic buckling and fracture. This kind of damage may be due to vibration of cantilever columns in the gable 

wall as reported in previous studies. Therefore, it can be prevented by designing the roof and supporting structure simultaneously 

so that a global vibration mode dominates against seismic motions. However, most of studies focused on the characteristics of 

seismic response of school gymnasium or the method for seismic design, and few studies have focused on the design to reduce the 

seismic response of the connections of the steel roof. The second author proposed an optimization approach to design of the 

supporting columns of a long-span arch to reduce the responses of the arch. It has been shown that flexibility rather than stiffness 

of the columns reduces the response of upper arch especially in the normal direction of the arch.  

In this study, we propose an optimization method for stiffness design of RC columns of a school gymnasium to reduce the interaction 

forces between the steel roof and supporting structure under seismic motions. The objective function is the maximum force at the 

connections, which is evaluated using the SRSS method for the seismic motions corresponding to the specified acceleration 

response spectrum. Constraints are given for the total weight and the interstory drift angles of columns. The sizes of columns are 

optimized using simulated annealing (SA).  

It is shown in the numerical examples that the maximum interaction force is drastically reduced to about half of the reference 

model through optimization. The property of optimal solution to reduce the interaction force is investigated in detail from the mode 

shapes, natural periods, and effective mass ratios. It is shown that the depths of the RC columns of the frame in the longitudinal 

direction increases while the depth of the columns in the transverse direction decreases. As a result, the shear stiffness of the 

longitudinal frame is increased, the vibration mode of the top of the frame in the transverse direction is suppressed, and the 

maximum shear force of the bearing is reduced. Furthermore, the accuracy of SRSS estimation is confirmed by the time-history 

analysis against 10 artificial ground motions compatible to the design response spectrum. It is shown that the maximum 

interaction forces of optimal solutions using SRSS method is smaller than the average of the time-history analysis due to the 

difference of the damping factor between the dominant mode and the target value for generating the artificial ground motions. 

Besides, the results of the time-history analysis also show that the maximum shear force of the bearing is reduced due to the 

suppression of the dominant vibration mode. 
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