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COMBINATORIAL OPTIMIZATION OF LATTICED BLOCKS COMPOSED OF
VARIOUS UNIT SHAPES FOR SEISMIC RETROFIT

W TIRERT, KW AT, R B RORTTY, w oA M kT
Kotaro FUKUSHIMA, Makoto OHSAKI, Tomohiro MIKAMI
and Yuji MIYAZU

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. The performance of shear wall consisting of FRP blocks can be
improved by using unit latticed blocks of various shapes. However, if the shape of latticed blocks is optimized considering the
thickness of each lattice member as continuous variable, the optimal solution has many thin members, which is not practically
appropriate. In this paper; a combinatorial optimization approach is presented for shape optimization of shear wall consisting of unit
blocks of various pre-determined shapes. It is shown in the numerical examples that the performances such as lateral stiffness and

maximum shear force in the existing beam can be improved by optimizing the combination of units.
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2. BEEHLME#BEF IOV IDETIVE

Fig. 1 ® X 5 724 2000mm, #t 1000mm Okt & HERERL O O
TEM DD 72 L MEMRE T ey s (B T 7ry 7)) 254
AKa=v heL, Fig. 21077 L9518, #ilca=a=v b, fitic4=
=y MEfE LIz 16 2= MERE 2 KTET NV EE XD, U,
P& 4000mm, A< 8000mm O EEFFE MO 4 T35 72
DT EMHRE 7y VBEZEELZET VT D, BEFEHILER
fiarys ) —FET—AUEBLEL, BBIUORLZHEMED
Beam-Column % CET /WALT 5, il = — NiZ, FLHEHMENT
7'u 77 LTS OpenSeesWH T 5,

F7my 7k FRP 8 & L, Mt &4 7+ %2 ko
Beam-Column 3 CTET /M bT %, Fig. 1IIFERBERTXTO
OB ELZRLTEY, ZOFNORERBHMZREL CEIEE
FEREEO L=y b7 vy 7 HERT D, BEEE M OFEIT % Table 1
2, W17 ay s Ok (Frame) &#E1-#4 (Lattice) OFEt%
Table 2 {2779, 723, Table 2 T Width (B) 1XZEF /VES HFEDOIE
%, Thickness (7) IZET/VRNFHOES 3T, LITOK#EL
IZBWT, FET 2 FHMOREEL 100 mm & L, FELZRWEE
WO OEEDO7ZDHES 0.1 mm DM A 52 5, FHHFIE12
DREFRCTET MET D728, MR A+ 72 E TR CE 2R
WS, Bl & BICAET LRI T F AEM OB IE, H#iRE
R ERER S L LTH 245 THY, +HIT/hEwn,

Normal Dir.

Tangential Dir.

Normal Dir.

1000 mm.

Tangential Dir.

| 2000 mm. |

Fig. 1 Basic configuration of latticed unit block.

£
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=
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8000mm
Fig. 2 Connection of blocks to existing frame.
Table 1 Specification of existing frame.
Width | Depth Cross: _ Moment of
sectional area inertia of area
B(mm) [ D(mm) A (mm? 7(mm?)
Column 700 700 490000 2.00x10'°
Beam 400 700 280000 1.14x10'°
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Table 2 Specification of latticed block.

. Thick- Cross- Moment of
Width . . .
ness sectional area | inertia of area
B (mm) 7 (mm) A(mm?) I (mm4)
Frame 60 10 600 5.00x10°
. 5.00x1073
Lattice 60 0.1 or 100 6 or 6000 or 5.00%10°
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X Vg 19, FRPYDFE % Table 3 |2, HEEMD T 2 5%
ORI (Fig. 1 2R) Oftk% Fig. 3z, #f5H (Fig. 1
L) OFEA Fig. 3(b)ICRT, 7272 L Fig. 3@k, EA45[E, &
L EMEE T D,
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Table 3 Material properties of concrete, epoxy and FRP.

Tensile Compressive Shear Young’s
strength strength strength modulus
ot (N/mm?) op(N/mm?) o5 (N/mm?) E (N/mm?)
Concrete 2.7 24 4 20000
Epoxy 27 — 10 4000
FRP 335 319 —_ 20000

P (kN) / P (kN)
3 (m)

& (m)

(a) Normal direction (b) Tangential direction
Fig. 3 Material properties of epoxy.
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Fig. 4 Ten types of blocks in unit group 1.
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g NoxEFEMT 2,

Problem 1: ##4 A o s/ MU RTRE:
B EIBIEL - EREHATE V(x) D iR /IML
RIS - KEF ML R(x)= R,
CRRIS G, (X) <0,
Problem 2: 7K F-J5 1) ) O e RALRTRE:
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Problem 3: BETE EARIZE O fie R AW 1) D fie/IME R RE:
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6. MEMRIO YV BEOBRKRELER

Fig. 4loRLiza=y 7 ey /81 2V TELNARED
RE(LERZ T, DIRIORTERRTIE, EFEOMMEE 4 H
g 2720, Bz 5fFe L, BBEEFMEZEIEL D, SR
AR R AR TR W2, SA 12X o TE B D RIS R AR
\ZHKTET D, L7223 > T, Problem 1 CIEHlfS&MATH7-9 5 @D
RIpD T X N fRE R S U Ok 21T 5, Problem 2,3 T
X, Zr X ACERLEZBEIROEZRZS R0EERE 0D,
Problem 1 O w4 FIfR & L, 7% LT 2 BEOEE O]
HMELZEET L, ThEhoORMEICH LT, 5 EOKE{LTHELIL
T D 5 Bl b BN R A LU IR T,
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Table 4 Response of reference model.

Drift Vo Ry Qo oo No

angle (m*) (kN) (kN) (N/mm?) (kN)
1/200 1.62 3282 489 52 208
1/100 1.62 4134 921 118 258

X

N

XX

A

X

(b) axial force for 1/200

(c) axial force for 1/100

Fig. 5 Reference model.
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Fig. 6 Horizontal reaction force of reference model and frame

model without block.
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Do, OfEE 175N/mm2 TH v, FRP OEMERED 1/2 RETH
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(a) local optimal solutions for 1/200 (b) axial force for 1/200

(d) axial force for 1/100
Fig. 7 Optimal shapes and axial forces of Problem 1 (Group 1).

(c) local optimal solutions for 1/100

Table 5 Result of Problem 1 (Group 1).

Driftangle | V(m® | RN) | QN) | omaeN/mm?) | Noax (kN)
1/200 2299 400 104 303
1/100 3063 628 175 396

SAZ K DR b D REFE % fea8 9 2 7212, 104 = 10000 fi D fiF %
KB Lo AE R, BRIZR AN 1/100 rad & 1/200 rad O 57 O
AT Table 5 DN RINFEM THDH Z L AR TS/, UTFo=
=y h 7y ZREE21225VWTH, Problem 1 OfE) Kkt fig €&
HZ L EMER LI, L3> 7T, Problem 2,3 I22OWTHAT v/
$ 50 O SAIZ ko CRGlfiRERD 5,

UTFCryT2=y h7ry 71, 20 Problem 1~3 ® 5 [
RTORITIZONWT, SA TOREENE B2 AT » 74 % Table
6 1R Y, ZI°C, -] BEBEMIFONRNSTZZLERLTH
%, Table 6 1V, £2TOMEICENT, 5EIORTONTNIT,
21 A7 v FUNTREMBIEOLNL TS Z EBbrd, LR T,
AT v 7L 50 THATH Y, EHEHEN 10 DT, KRETOME
FrEl#E, 5 EORITEIT - 7235 (B0x10 + 1) x5 = 2505 TH 5,

Table 6 Number of steps to obtain optimal solution.

Trial
Unit Drift 1 2 3 4 5
Group Problem angle
1/200 5 5 10 | 29 | 15
! 1/100 18 11 6 15 4
1/200 8 19 4 6 27
! 2 1/100 5 11 8 - 5
1/200 3 4 3 1 -
’ 1/100 23 11| 29 | 12 | 22
1/200 4 10 - - 6
! 1/100 16 - - - -
1/200 5 2 12 5 -
2 2
1/100 - 6 - 6 7
1/200 - 20 | 21 | - -
’ 1/100 - - 7 - -

- Problem 2 K511 ) i RALRTRE)

Problem 1 T b V7= el i OEF (A5 (0.473 m3, 0.398 m3) X
D 10%KEVME (0.520 m3, 0.438 m3) % Ik ARE Wx) D ERfE
Vo & L2358 OfaE i 4 Table 7127, £72, KL THS
LIz % Fig. 8(a),(@IZ, #lh ) Dt % Fig. 8(b) (DIZRT,

Table 7 & 0, FE¥EET VTR L, EREZEF A% (1/200 rad, 1/100
rad) & L7236 TR AR 113(72.7%, 74.5%) Td », Problem 1
DFRHEFEL DD LRE W, MHEFOMIE LR Z A L TR T
b, EDFER, Problem 1 Df#EH 5 Problem 2 O fi#E~D K 71 DOEINN
(%, Problem 1 DfEMD(3.7%, 0.5%) T ¥, Problem 1, 2 DOfiF|Z
THIEEERITIRNLE VR D, Thbb, ML KTEHRKT
Z L= RA7BRICHY, VOLERESHSWIE RO TFREANEY
252 H51aUE, Problem 1 & 2 DWW RAMNTSH LW,

Table 7 Result of Problem 2 (Group 1).

Drift angle | V(m?®) O(KN) | omax(N/mm?) | Npax (KN)
1/200 0.517 427 94 292
1/100 0.434 583 284 336

(a) local optimal solutions for 1/200 (b) axial force for 1/200

(d) axial force for 1/100
Fig.8 Optimal shapes and axial forces of Problem 2 (Group 1).

(c) local optimal solutions for 1/100

- Problem 3 (BEfF LA R AT 7 i /IMERT )

HRGMELE LTEZA2KEFAKA RO TFRIE RS 1L,
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M EAR 7 v v 7 BEOTR %2 Fig. 9(a),(0l2, #l/ O i Fig.
9(D),(DIZRT,

B b ORGSR, W ERIL28.8%, 26.7%)TH Y, KEFHKH
AEHE(69.9%, 61.1%) TH D, £72, Nopo OIEIE, FEETTLO
(1.44 1%, 1.73 5 Th %,

BEFF AR OB R Wi i, FEEET L 0(81.8%, 55.6%)IZ1MK
TLTWAA, 1/200 rad Tl Problem 1 2> 523 T,
L7ziioC, ERZORREAE AL, BEZEFARKE VLK
B EN KR E L R DHMEMICH Y, 1/100 rad TIX, HHAERE 30%
DUTICIER L CBEfF BB R E AW % 45 %IRERBCE 5 L9
PRTHEAETR T 1 v 7 BERIR R DTz,
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Table 8 Result of Problem 3 (Group 1).

Drift angle R (kN)

Gmax (N/mm?) | Npax (kKN)

1/200 0.466 2294 299

(b) axial force for 1/200

(a) local optimal solutions for 1/200

(d) axial force for 1/100
Fig. 9 Optimal shapes and axial forces of Problem 3 (Group 1).

(c) local optimal solutions for 1/100
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Tuy s PERENLEAICH D Z L AR TS, £, AKX
X0, EhEFSICABEL TRV MRS 5 2 ERbns,

FIT, 2=y hTuy s 1 OFREZELT, BHEREN
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B, b EEY, HMERAFRERRY S, #EfFEEE RS
LT LEHEMET D, Y OLFEEOKF T vy 71X, MR
INSTAET T a7 LEEFRETH O, EA R A —E DL R L,
KEFEMR N Emodsnr L2 BlET 5, UL EOF#HTHELLE 10
o7 ry s QK 2=y b7 ry 27§ 2) )% Fig. 10 12
KT, 2=y b7 a v 7 #E 2 E2HVT, BHE Problem 1~3 O i@k
179,

A

Fig.10 Ten types of blocks in unit group 2.
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Table 9

Result of Problem 1 (Group 2).

Driftangle | V(m) | R(N) | O(KN) | Gpox (N/mm?) | Nyw(kN)
2326 390 101 309
2898 580 199 446

(a) local optimal solutions for 1/200 (b) axial force for 1/200

(d) axial force for 1/100

Optimal shapes and axial forces of Problem 1 (Group 2).

(¢) local optimal solutions for 1/100
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Table 10 Result of Problem 2 (Group 2).

Drift angle 0O (kN) o(N/mm?) | Npax(kN)
1/200 398 106 278
523 247 456

(a) local optimal solutions for 1/200 (b) axial force for 1/200
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(c) local optimal solutions for 1/100 (d) axial force for 1/100

Fig.12 Optimal shapes and axial forces of Problem 2 (Group 2).
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Table 11 Result of Problem 3 (Group 2).

Drift angle | V(m®) | R(kN)

Q(kN)

cmax(N/mmz) Nmax(kN)

1/200 0.500 2385 151 284

1/100 0.368 2587 231 478
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(a) local optimal solutions for 1/200 (b) axial force for 1/200

(d) axial force for 1/100
Fig.13 Optimal shapes and axial forces of Problem 3 (Group 2).

(c) local optimal solutions for 1/100
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Seismic performance of an existing building frame can be improved using various devices such as shear walls, shear dampers,
buckling restrained brace, base isolator, etc. If we construct shear walls using latticed blocks, we can have much ventilation and
transparency compared with the solid walls. In our previous study, we presented a nonlinear programming approach to optimize the
topology of latticed blocks to maximize the horizontal stiffness, and also to minimize the increase of shear force in the existing
beam. However, it has been found that very thin members exist in the optimal solutions, if the thicknesses of members are
considered as continuous variables.

In this study, a combinatorial optimization approach is presented for topology design of a latticed shear wall. The existing beams
and columns, as well as the lattice members in blocks, are modeled using beam elements. The connections between the latticed
blocks as well as those between the blocks and existing members are modeled using the zero-length bi-linear elastic elements.

The response against forced shear deformation is evaluated through an incremental geometrically and materially nonlinear
analysis. The types of unit blocks that can be selected are given in view of the results of optimization using the nonlinear
programming approach. A heuristic approach called simulated annealing is used for optimizing combination of unit blocks.

The following three problems are solved:

1. Minimization of structural volume under constraints on horizontal stiffness and stress.
2. Maximization of horizontal stiffness under constraints on structural volume and stress.
3. Minimization of shear force of the upper beam under constraints on horizontal stiffness, structural volume, and maximum

stress of lattice members.

It is confirmed through numerical examples that various optimal combinations of latticed blocks can be generated using the
proposed approach. A latticed shear wall with small structural volume can be found through combinatorial optimization while
maintaining the horizontal stiffness and limiting the additional force in the existing frame members. Appropriate choice of types of

units that can be selected is important to obtain mechanically efficient latticed shear walls.

(2016 42 3 A 2 HIsfa 88, 2016 427 H 11 HERME)
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