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SHAPE OPTIMIZATION OF LATTICED BLOCKS
FOR SEISMIC RETROFIT OF BUILDING FRAMES
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Tomohiro MIKAMI, Makoto OHSAKI and Kotaro FUKUSHIMA

FRP blocks are effectively used for reduction of cost and period of time for seismic retrofit of building frames, because they can be

manufactured in plants and attached to the existing frame easily. However, in the current process of retrofit, the effect of installing

blocks on the forces in the existing frame is not appropriately considered. In this study, a shape optimization approach is presented for

improving mechanical property and reducing the section forces of existing frame members. The existing beams, columns, and the

members in latticed blocks are modeled using beam elements, and the contact between members are evaluated using the penalty

approach. It is shown that various shapes can be generated by solving nonlinear programming problems considering structural

weight of latticed blocks, horizontal stiffness of the frame, and the shear forces of the existing beam.
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Kmf I, B a s U — MEOBAFRMICKR Ty s (B
TN bRbd7ay ) THEAL S 1L 5 MHERE & B 9 5 it = AlisR 1
WCHEB L, MM o0, MRk oACERIN: & 2o W%
HIOBEkE L, MR omnra v 7 O 2 b bk ik o
Bl &2 & %, b FEIC X0 EHT 5,

2. MEMREFIOVIDETIL

Fig. 1 ® X 9 722k 2000mm, #iE 1000mm O Feht & HERERE O Ok
TH SR LMEMERE T 7 ey 7 O KT 7ay 7)) 284K
=y h&L, Fig. 21257378512, #ilc2==y |, fiticd4=2=

WS L7z 8 = Ml F2&E%7w%mﬁ%7wkﬁéo:

n@,wnm%mm A3 4000mm OO BEAFH AL O Ifi 2 A58 5
DD OB 7 0y 7BEEZBE LTV TH D, BFE
ML=y 7 V- ET—AVEBEL, BBLUR%E
Beam-Column ## CTET /ML T 5, F7 vy 7T FRP & L,
AT 2 b & %784 % Beam-Column E# CE T /LT %, BEAF
FHOF LA Table 1 12, 177y 7 OBk LR THM O ILE
Table 2 |Z787, 723, Table 2 ¢ Width (B) €T /LI i M D
i@ %, Thickness (7) IXET/VEHNIHIOES &R,
ETNREOFRME, MO O cy 3R OfF
W2 FmEE, \iE 1 FmEE) E95 (Fig. 2 OAR), £72, L
AR O i St D K AL & [BlERff & [F— & F 5,

7y 7 fR R LU T 7 e 7 A R SR
b, AT 5720, RFAT 4 PEANWEES 0 o
HERCTHET D, 2 2T, O O F 134 Beam-Column
TWHEOMMEHATRD BN E ) LEHEGT 5, T, B
EREICOWT B 7 u 7 Offi S BICHILEERRT, FhEih 8
DERZTHET S, £72, Fig. 2 TOMZDTTMLEOK T 1 v
7 @R E S LX) m— 20 (BlsiLE h) &9 2%, £7-, Fig.
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RS T, W CHREE AT OB I 2 3 5 HEefi
JF1a ) CHBIEAR) IR DBEE LT D,

Table 1 Specification of existing frame.

Cross- Moment of Young's
Width Depth sectional inertia of £
modulus
area area
B D A I E
(mm) (mm) (mm?) (mm?*) (N/mm?)
Column 400 400 160000 2.13x10° 20000
Beam 300 400 120000 1.60%10° 20000
Table 2 Specification of block members.
. Cross- Moment of ,
Width Thick sectional inertia of Young's
ness modulus
area area
B T A 7 E
(mm) (mm) (mm?) (mm?) (N/mm?)
Frame 150 25 1500 1.25%104 20000
300~ 1.0x102~
Latti 1 2~1 2
attice 50 00 15000 1.95x107 0000

— 1428 —

%ﬁﬁﬁmumom%%%%ﬁmﬁﬁ#%ﬁﬁ%&%%it&%
DIGE %, FERERITERT 2 IEBIE 2 B8 L7z, Al
2% 2 WILIHRIEIRITIZ KL o TRD D, XFEROAKEIF M) DEF
WX o TRAMN 2RO T, HEEOHIVEZFHET 2, fitr=—F
1%, BT 7 v /5 5 Td % OpenSees 'V 2 3%,

1000mm

2000mm |

Fig. 1 Basic configuration of the block.
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Fig. 2 Connection of blocks to existing frame.
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Fig. 3 Master and slave nodes of contact element.
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HTEY, ZOFED 4 4.5 mm T, FHO/NSWETHD, LLEL
D, BRI O VT 455%E 1.0x107 N/m (2, BEfRTTmo~7
VT 4 £ %% 1.0x108 N/m IC#RET 5,

Penetration w (mm) Penetration z (mm)
6 3

1 1

0
1.0 1.0x10% 1.0x107 1.0x10 0.1
Penalty coefficient cy (N/m)

1.0x104 l.Oxlq" . 1.0x10°
Penalty coefficient ¢, (N/m)

(a) Normal direction (b) Tangential direction
Fig. 4 Variations of normal penetration and tangential

displacement difference with respect to penalty coefficients.
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B AT N—TIT D, ZOFMR, BHEOIT 84 ThHhDH, ¥ x
O FIREZ x, =2 mm, EREZ x, =100 mm & L, b x =x,
LholzMiEREsns b0 LT 5,
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BEAF R~ DB DOFREE & U CREE RIS E AW D2 B L,
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KOO FRE A R, , HEREO LIREE Ve &5,

L E

Problem 0: JE#E£ 51

HEEETLLELT, T 70y 70T RTORTFHOE SN LR
EIC—8F DET NValER L, EHMEEL 7y (m3), AKEHMLTT R,
kN)B L OBEA: RS AW 0o kKN ZHE T 5,

Problem 1: i {EFE D /b
H BB SRR Vx) D e/ ME
MRS« KEF KT R(x)=2R,

Problem 2: /K FH [0 F D e Kb
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Problem 3: BEAF L AN G20 5 A/ ) 0D fes M
HAIBIS « BEAF LA G206 508 AT ) O(x) D fe/IMbs
HAISAT © AKFESMKT) R(x)2R,

HIFIGtE - MR V(x)<V,
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7 BEPSHHTRA R O RV RS 70 v 7BEL VR D,
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T, | 7,

XL XL Xy
Design variable x

(b) Non-Linear

Fig. 5 Relations between design variable and thickness of lattice

Xy
Design variable x

(a) Linear
member.
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WIRAiE D A R 7155 O Problem1 O #JHIfi# 2 Appendix (2787,
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2k, ZhZFh 234 RN 2.05 (&> TW5, £7-, BEFE L
MZOHITFE— 2> FORFAMIZ 175.3kN-m TH 5,

Table 3 Result of Problem 0.

Vo (m?) Ry (kN) & (kN)
2.138 319.3 139.7

175.3

123.9

_

Fig. 6 Bending moment of the existing upper beam.(kN-m)
(Solution of Problem 0)

+ Problem 1: ¥k 1AFE D/ IME
JKIEFF AL T R(x)D FIRAEI%, Problem 0 TOf R=319.3 kN X

DA LASWEE LT, R=300.0kN 24 %, ®7255500)
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. W T OAERHME A M OMORK S TRLTCND, 5 fH
DET O THAFIFNIES Tz STl 0, MR Vx)2 5K
H/NE Uy No.5 % Problem 1 DR & 4 5,

Table 4 Result of Problem 1.

Solution No. 7(x) (m?) | R(x)&N) | O(x)(kN)
No.1 0.688 300.0 133.0
No.2 0.694 300.0 133.1
No.3 0.686 300.0 133.0
No.4 0.639 300.0 131.1
No.5 0.622 300.0 132.8

(d). No.4

Fig. 7 Local optimal solutions of Problem 1.
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Fig. 8 Axial forces of block members of solutions of Problem 1.
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Tz oW T, SR & R CHEEIC /e > TV D 2 Edbind,
%72, No.5 OfEDHTFH OB ORKAEIE 71.2 kN ThH v, BEAF
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Table 5 Result of Problem 2.

Solution No. V(x) (m3) R(x) (kN) O(x) (kN)
No.1 0.700 304.1 133.7
No.2 0.700 302.7 133.1
No.3 0.700 302.0 132.3
No.4 0.700 302.6 134.9
No.5 0.700 299.7 128.4
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Fig. 10 Axial forces of block members of solutions of Problem 2.

- Problem 3: BEfF BN UG A W) O f/Mb

AKETG T R(x)D FIRAE R K O ART Vx) D LIRME I,
Problem 1, 2 &[d Ui, 72405, R,=300.0 kN, V,=0.700 m? %
BHT 5, %7225 5 DO L 015 5725 % Table 6 @ No.1
~No.5 lZR T, #1777y 7 BikE Fig. 1118, #4 & & T4 o
N % Fig. 12 12577, 5 [HO 2T OMETHRE & K OHRIKITIZIES
BTz ENTEY, BEE RIS AR 0x)723/ &0 No.l
% Problem 3 O fifig & 9%,
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ORI A /3 IR L, BEAF BRI AW 2 9 BIICK
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F 1813 EE-oTWN S,

FBEGIRICOWTIE, Winhdh, RO OWmsRE <72
LM H 5, Problem 1 O3l LRI M ~HERE O K144 O Wi ifi
BN FRE L I2o T D, BEFE IIRISE AWM A/ S 0 h o
EEKTT a7 OB M 72 27235 5, £7-, Problem 2
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Table 6 Result of Problem 3.

Solution No. 7(x) (m3) R(x) (kN) | O(x) (kN)
No.1 0.700 300.0 123.1
No.2 0.700 299.9 129.4
No.3 0.700 300.0 123.9
No.4 0.700 300.0 124.5
No.5 0.700 300.0 125.7
No.1’ 0.613 292.1 113.1

ze). i\lo.é

Fig. 11 Local optimal solutions of result of Problem 3.
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| XXX

Fig. 12 Axial forces of block members of solutions of Problem 3.
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Ko TWND T ENBTE D, BHFFMHOMITE—A Y MH%E
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Fig. 13 Force of contact elements of the upper left block. (kN)
(Solution No.1 of Problem 3)

166.3

127.6

_J

Fig. 14 Bending moment of the existing upper beam.(kN-m)
(Solution No.1 of Problem 3)
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vy 7 Btk %& Fig. 1512, fEr#ES % Table 6 @ No.I'lZ7 7,
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Fig. 15 Simplified model of solution No. 1 of Problem 3.
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Table 7 # J O Fig. 16 (2777, &b E & 5 MO R D 7 v
Z BRI Dl LI i R0 O Bl b B E LWRO 2% 7l
T %, REZRICOWTIE, WTIROBEIZEWN TS, foolk+
Mosb7my 785 Lofaa (Fig. 2 OOHIHEIR) L8671 2
HH oW B’ KE e D3 d D, ZOMAIE, B0 S 25
mm DFHICHARTHETH D, TOIBAE LTE, KET VDS
DIFEDRIPEA & <, DIV M CRIRAICHK 7 1w 7 DBHIATE
WX T D AWRIEZ MR T D Z ENFAEETH DL Z ENBEXBND,

Table 7 Optimization results for thick boundary members of

latticed blocks.

Problem No. Vo (m3) Ry (kN) @ kN)

Problem 0-2 2.318 323.5 142.1
Problem 1-2 0.642 300.0 133.6
Problem 2-2 0.700 302.8 134.0
Problem 3-2 0.700 300.0 122.9

B\

(a) Problem 1-2 (b) Problem 2-2 (c) Problem 3-2

Fig. 16 Optimization results for thick boundary members of latticed

blocks.

7. FED
ARHFZE TR DN RIZLLTOMY Th 5,

OF7my ZICERSND S S ERFEEDHBMIEREZ BN
B LIRSS A TR Z FAT T2 2 &ICk by, 2heh
DRFTERMITE L CTRil7etk 7 1y 7 BEDTRIR DM H I D,

@ OB T I A GG D BRI, & & Mo B A FERRIE &
LT, bBRAE & R ERAED [ 72 5 & D& kA O I 4 3t /N3 AT 5
HIZEICE ST, Dl nEM ORGEIREZRD D Z LBWEETH
Do &<IT, MMAREEZ BB E LT/METH 2 LIk,
HNERES D 20 NMBE A TG D Z LR TE D,

OAFEEZH VDL Z LT, K17 a7 ORIMEEZT RS LN LikE
{LE2EY, BEFEHASDOEEIZONT S ZE LB 17
vy JRBEDOK T 1y 7 Ol LA REE L 72 B,

@4 th, BEAFEM & OBEAERAM ORMIPESCHD K & 70 & D565 %,
FIRICEILZHDIZ LTV Z &Ik Y, KFECIVESNT
o7y 7 OFGEBRA LY EZHANR DI EBZ26N5,



BE Xk

1) B, KRS, AR, SRR, WDEA, BEEZE R
xR ¥ A b7 ry s 2OV ERERE TEOBE, BAREERRS
SEATREEAAEAE, C-2, pp.139-140, 1998.

2)  ZWUUR, SRHAEA, FHEBNEE, HMEE, ARG RPC Ty
Ze O T A R TR BT 2 EBRAOAFZE, A AREEE TS RSk s
W4, C-2, pp.559-560, 2005.

3) R, ARMBE=, EEECE, WBEZE, KHAW, B FRP
71y 7 & TR RE TIEOBSE, 0 2, AARBEFSKESFIN
AL, C-2, pp.631-632, 2004

4)  SFNFRIEF, AHRRR T, Dk E, wERER, MTRE—, FneE o
L3 v A MR 2 O T BEFE RS OMEMTRIE, T0 1, AARREYS

REPIREAAE, C-2, pp.583-584, 1997.

5) M. Ohsaki: Optimization of Finite Dimensional Structures, CRC
Press, 2010.

6) M. Ohsaki: Local and global searches of approximate optimal
designs of regular frames, Int. J. Numer. Meth. Engng., Vol. 67 pp.
132-147, 2006.

) IEBHEEL, PREER, RE O KEREHEEE Wi T — A
U ORGE N - VERGGHE, AR SRS R SCE, No. 485, pp.
117-125, 1996.7

8)  WHEIEA, UG, bAZE— TEBEERIEICEES < SR EE Lo i
BT IR SR TS, HORER S i SRR 4, No. 586, pp. 957100, 2004.12

9) M. Ohsaki and T. Nakajima: Optimization of link member of
eccentrically braced frames for maximum energy dissipation, J. Constr.
Steel Res., Vol. 75, pp. 38-44, 2012.

10)  HRERINEHL, CKIR A, MR BN ABREREMAT & B ANFIEICLLEA
VRS & o /R — D fcif b, A AKREL SSRGS SCEE, Vol. 78, No. 689,
pp. 1247-1252, 2013.7

1) EHRH, FH R, FHEA—  EHOMHEREETEEZ WY v
BEREORIZL, AAREFASNIE Rim X4, No. 597, pp. 63-68, 2005.11

12)  BEFIERHML, AEE MU ONLAR AL TR A O T B R AR O AR,
A AL S R U, No. 619, pp. 73-79, 2007.9

13) AARBIEIN T2 - R RE R LB MMM 2 5-, )4,
1994.

14)  Open System for Earthquake Engineering Simulation (Open Sees),
PEERC, UCB, 2006. (http://opensees.brekeley.edu/) (£ 2015.6.1)

15) ~ W. Murray, P. Gill and M. Saunders: User’s Guide for SNOPT
Version 7: software for Lange-Scale Nonlinear Programming. Stanford
Business Software Inc., 2008.

16) M. Ohsaki, T. Nakajima, J. Fujiwara, F. Takeda: Configuration
optimization of clamping members of frame-supported membrane
structures, Engineering Structure, Vol. 33, pp. 3620-3627, 2011.

[Appendix]
A1 RIHEOD AR

% Problem OHJIMEA ML T DM FHOES (1) ZED HXE!
BEE X = (xp, o x)DERRTEE, —HESLERr (0<r <1) ZHWVE
A (A1) 12k D, v, —BRELE O > — FIZIX, 4 problem, #
WG = LI R D2 BE LT D,

x,=x, 4 (v —x,), (i=1,...,84) A-1)

Fig. A-1 (2 Problem1 @ 5 SO JHifiE 279,

9 D

X

VN

XX
X

),

%
PIX
5
5

A’z

IXIX]
5

XX

XIXD]
X
0020

XN D TAXA
X
X

X
4
, 0303 , 2 N A
XXX X XPINDIXTV
, XX , I EOZ0Z0Z0Z0Z0%0N
%030.'4 XD XM X
\ XIAXIX . | ADIXIXIXAN

(a). No.1 (b). No.2 (c). No.3

(d). No.4 (e). No.5
Fig. A-1 Initial solutions of Problem 1.

— 1433 —



SHAPE OPTIMIZATION OF LATTICED BLOCKS
FOR SEISMIC RETROFIT OF BUILDING FRAMES

Tomohiro MIKAMI*, Makoto OHSAKI** and Kotaro FUKUSHIMA ***

* Grad. Stud., Dept. of Architecture, Graduated School of Eng., Hiroshima University, M.Eng.
Structural Eng. Dept., Osaka Head Office, Obayashi Corporation
** Prof, Dept. of Architecture, Graduated School of Eng., Hiroshima University, Dr.Eng.
(Currently, Prof. Dept. of Architecture and Architectural Engineering, Graduated School of Eng. Kyoto University, Japan)
*** Grad. Stud., Dept. of Architecture, Graduated School of Eng., Hiroshima University

Various methods have been developed, including passive dampers and base isolation, for seismic retrofit of building
frames. Among them, installation of earthquake-resistant walls to the existing frame is an efficient approach in view
of business continuity of an office building. If we construct walls using latticed blocks, we can have much ventilation
and transparency compared with the solid walls. However, in the conventional latticed blocks, shapes of members
and openings are fixed, and the interaction between the blocks and existing frames is not appropriately incorporated
in the process of seismic retrofit.

In this paper, precast latticed blocks are utilized for seismic retrofit of RC building frames. The shapes (topology
and stiffness) of the blocks are optimized under various constraints. The total structural volume, the horizontal force
under specified interstory drift angle, and shear force of the existing beam are considered in the objective function
and constraints.

The seismic resistant wall is constructed by assembling eight latticed blocks, which have the size 1000 x 2000
(mm). The conventional ground structure method is used; i.e., the locations of nodes and members that can exist are
specified, and the thicknesses of lattice members of the block are optimized, while keeping the widths constant. Note
that the width and thickness of the boundary members of each block have specified values to prevent removal of such
members. A frame analysis program called OpenSees is used for static response analysis.

The lattice members of eight units are classified into m groups to preserve symmetry conditions with respect to
the center lines in horizontal and vertical directions. The design variables are thicknesses of members in m groups,
and their upper and lower bounds are 100 and 2 (mm), respectively. The members corresponding to the lower-bound
thickness after optimization are to be removed. The standard model consists of the lattice members that have
thicknesses equal to their upper bounds; accordingly, it has the maximum structural volume. Optimization library
called SNOPT Ver.7 is used for optimization. Optimization technique is the sequential quadratic programming, and
the sensitivity coefficients are computed using finite difference approach.

It is shown in the numerical examples that various shapes can be found using the proposed method, and the story
stiffness is effectively improved, while reducing negative effect on the existing frame members. Assigning nonlinear
relation between the thicknesses for calculating the structural volume and axial stiffness is very effective for
reducing the number of members with intermediate thickness; thus, we can obtain a realistic optimal solutions.

As a result of optimization, the total structural volume is reduced to 33% of the standard model, while keeping the
horizontal force 94% of the standard model. The shear force of the upper beam is reduced to 88% of the standard
model; i.e., the reduction ratio is smaller than that of the horizontal force. If we compare the results with the existing
frame without latticed wall, the increase ratio of the horizontal reaction force is 2.20, while keeping the ratio for

shear force of the beam only 1.81.
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