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DESIGN PROCEDURE FOR OUT-OF-PLANE RESPONSE CONTROL OF CANTILEVERED RC WALL
CONNECTED BY ROLLER SUPPORTS TO METAL SPATIAL ROOF
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Akiko KISHIDA, Yoshinao KONISHI, Tetsuo YAMASHITA and Koshiro NISHIMURA

Design procedure for out-of-plane response control of a cantilevered RC wall connected by roller supports to metal spatial roof was proposed. This

design procedure is carefully formulated based on Japanese structural engineer’s practice. The design equation is derived from both equivalent linear

approach simulating damping effect and distributed parameter system where a cantilevered RC wall is modeled as single beam or single plate. The

accuracy is validated against numerical simulations of damaged school gymnasia and a shake table testing of 1/2.5-scaled model of school gymnasium.
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2. BYXKRTERINDRC AHEBOBENCEFIERETE
2.1 #BIGEREE, BNERFIIATIT, hERE, TOH)

KEET Fig. | Ot 7 0 —F ¥ — M > TARRFHEZ T 5,
(a) 3 G BH

AREFHEL, BAR S 17y 0 T RC & THEL S h 5 BN SRS O
T U TR RS TR SR Y SO TRIRICHER SN D RC
ZERE(LL T, RC W RPZME, A S0 46m LLF, S &K 15m L F, 7
U—F K25 3 & E TORBRE L O 2 @ HH L 35,
(b)) HWELREHIFATIT

AEHFHEE, RC A FHEOREHANGERIEZ B &+ 5, 0 X
KD — ZR—SRE DT o T — R bl RS LT i R
ERRE, BREZ TAT VT, B0 SIKO Y — 7 S KRR AL w Y
= KRV EE § LA, 700 RC T FIZERE O £ — 2
b M DSBEIRE B — A 2 b MR AR T S 2 L ET D,

w = 6 O M<M, 1)
(c) MR

MR Q)OI E A7 MV S, & A5, RC FFR4UEIE
PR BN L CRE T 2 LB 2, BERROMERHITHY
DR LR SR DT B E Ly, EEERE A CEIITEET S,

Sy =Z-R+Cy-G = 9800-Z'R, (mm/s?)  (2)
Z 2T Z I AR SR, RATIRBYRFELREL, Co 1 REEYER AT J1£RE(Cy
1.0), GIZENIMEE TH 5, AL DA S,=9.8m/s*(=1G) & 72 D,
d) Zofh

R FHEICHE O BENR Y, EA SR GHEAFLYE 1S D25, W
D KD FHI ARG S X FHEE OI20EV, 2R IR DI ER
FHZAREEILELL 2O, Z OMIZMN IS UC P15 2ICHE D,
2.2 HBEFIE UTRF2EBRERTTY —FTOHFFIETH D)
2.2.1 Step 1 (EBELADWEHRE)

PRA A 3R 2 723 K 5 I R R A TR T 5,
2.2.2 Step 2 RC AHZEBOEN - EREEDETOHE)

RC STRFEREIZT U —J K & s OB FAENEE X FF S h T b
LEZ, UBIZZENSONMOGEC - BEAFHET 5, 7 U —FIK
LARANLEAT LEAE 2 JBH® RC HOWIH 2 IRE— A b
L0, LWL R L~ o RC ROWR 2 IRE— A2 b L, %47
DRI HE OB KT — A2 b L, $RAHIC X DHIKER ¢, dhif
FEAREFOMIPEIR T a,19% 3 U= BRI & LCXQ)THET 5,

LO, LY, 1Y = o4l (mm?*) (3)
i EFHO®BY RES, JITROBELESTH D,

Y RC HEOWHH 2 kE— A2 MIXEG)T 1 >OWiH —RE—
AV N INTHET D, 3 @R ERT ORI A S RT 5,

o a0y
c (Il(i) 71§i))(h§i))3 +I§i)(h(i))3

RC FHEZER 2R ET DT E LT, FEOSMITm KT —A
N Loy BOSARBIR KT — A 2 b Ly, HEORERE b, RO
RHEE hy, SO MFHIYE D, & D, 13 (GS)~(10) TEHHE L,
Fig.1 127 7 XV ISEICHT 2RO ESRE ¢ & g, 5 HHLD,

(mm*)  (4)

1.eq = Average of {1} (mm*) (5)
Igey = Average of {1V} (mm*)  (6)
h. = Maximum of {h?} (mm) (7)
he = Average of {7} (mm) (8)
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D, = El.(n+1)/ L (Nmm)  (9)

D, = Elyy / hy (Nmm)  (10)
2SO im 0 1 EOREE, 01X i@ 2 8 OREE, hO=hO+h,0,
nATHFFEZ BRI AEDB VK, ElZ a7 ) — b o 7R,
LIZRC AR RIRDIECTH D,
2.2.3 Step 3 (RC FHFEHOBENICERTE)
(@FFHEEHV L8546

w & M D~KAH TR L, K THRIMSERET 5,
2.066S, / o} (g > 0.409)

= =1.2x mm 11

1=t {1.5663,,/0)3 (g <0.409) (mm) - (11)
7265D.1S,/ (WPa?)  (g>0.409)

M, =M, =rx xieod T e P Nmm 12

1=%n=r {5.5065159"”’&1/(},36()3) (¢ <0.409) (Nmm) - (12)

o, =312¢\|D, L/ (m,h)
@, =11 ELS" [ (m,h2)

(rad/s) (13)
(rad/s) (14)

T2 m, X7V =R EERE L WAl E &, m 1345
OB L(FRPEA S FO2BE &, o, & o JXEA HIREE,

L [T g (=0 5 bW LOTH Y, r 137 T 7 bin s,
(YL 75 L DR AT % AV 5 85 2

Fig.1 lZ/R 9 K 918, RC AR OF/ET VgL, i
SV RS, O AT 5 2 TS NS 5, TR R
£V w b MEMBLT X)) THEINLEZRET D,
2.2.4 Step 4 (Step3 TH () ZFB L EWHFEDORIE)
Design option 1 : sU(D) & ikt % & CHM & UK Hakitd 5,
Design option 2 : ST ) DFE A % 38 L G R B

O, 1Z%F LC RC #3544, ¥ 0 SUK, BRARERM 2 FF A0 T LR G 2,
(@FFHE ANV 5E

_J10.00D,1,8 , / (H}}) (g >0.409) s
9 {7.5781513‘6”’”& /(B a?) (¢ <0.409) ™) {13)

(b)Y B FLE T NV OF IS AT 2 D 2 55

2233 Step3 (b)D RCHNAMT HIRKX—ATT % QLT 5,
Design option 3 : FEEEHK L — & W - lIER &

B IR 1B OREEL STt ) Qg 1306 B TER Ry
FHRH n, IOKEE ng & ACERIME K, £ 0 (16)~2(19) TEHE T 5,

Q= 1K uto(-0.279R +0.653R 2-0.725R+0.351)/ny (N) (16)
Ry= 061/ up (MEyRIT)  (17)
N (g >0.409) N
”*{nb, (g <0.409) =) (18)
—4 2
. 423 10_4 L (g >0.409) (N/mm)  (19)
7 16.13x10 " m @ (9 <0.409)
(@FFHEEHNL55
U= Ry ugp (mm) (20)
M= max{R; My, M)} (Nmm) (21)
2 2
)= 4798M(q° /) (q>0.409) (Nmm)  (22)
0.248M, (g £0.409)

(b)Y EHLE T NV OFRIIS ST % F O D356
BIR L~V ORI Q0% FE LS E w & M & FHET 5,

0,0 = 1,0, 0m /'S ml N) (23)
i=1

2.2.5 Step 5 (Step 4 THIRERFEHEIRL=158)
A(DEMWET 2HET Q0 (T LTIk & BRI & FF A5 ) E
RATT D0l R LW GE 1T Step | ~FE Y 3K LM & iR D,



——————— Check 1 < & and M < M,
OK

START
Out-of-plane

- - o R i
(STEP1) Design Gym. following Route3 of Japanese building code as usual. <_edﬁ3_51_g£1_ - response

Design criteria : Peak relative displacement of roof supports 1; < Expected sloted length of roof supports o,
Column base moment nearest to y=0.5L M, < Yielding column base moment M,

Seismic Load : Sy=Z* R, Co- G = 9800Z- R, (mm/s?)

v

(STEP2) Compute the following specifications and determine ¢ , g, . ‘

Il(i), 12(1'), [g(/‘):ay o I (mm4) , ]((i)= [l(i)lzti)(h(i))3 / { ( ]l(i)i ]Z(i))(hz(i))3 + Iz(i)(h(i))s } (mm4)
h~=Max {h(i)} (mm) | hy=Average {hz(i)} (mm) | [.~Average {IC(’)} (mm*)

I~Average { 1} (mm?*) | D=EL(n+1)/L (Nmm) | Dy=Elyeq/h; (Nmm)
X .
1 J e g
[g(l) e [g(/) e Ig(ng)
h® LU e e | || || e 1.0
h Arena 0.95
7@ L0 e | e e ) By
. A4 0.9
1 l e n( l
] (mm) ~0.85
a, : Stiffness reduction ratio to yield bending moment based on the AlJ standard 08
Iy : Moment of inertia of each member £': Young’s modulus of concrete -~
¢ : Rate of increase in rigidity due to reinforcement L: RC wall width 0.75 Use r
lceq s Lgeq: Equivalent moment of inertia of column and girder , respectively 0.7/ if there is no column on y = 0.5L. :
. : . . i 3 0.35 0.45 0.4 0.5 2.0 3.0 4.0 5.0
ng : Number of girders 7. : Number of columns y: Column position 0 Widih to Height Ratio /.
v :
1
(STEP3) Compute #; and M;. Select one from the following methods. ‘ ,
Method 1 (Hand calculation). P (rad’s) Method 2 (Numerical simulation).
@,w=312¢,/D:L /(mh, rad/s) || Do stress analysis on the following Frame
] 20668 f0 (g>0.409) (oam) q\D:L [ (mh) Do e amalys on the Tolowing
U 1056684 Jok (q<0.409) =111 EL<" [(mch?)  (radfs) || ’
Pm—yl
7.265D.0Ss [(hiw.?)  (g>0.409) | e (kg) | e
M;=Mp=r x S (Nmm) center Fixed
5.506EL»lém&rSA/(hozwcz) (q < 0409) (kg) (uc{\ffcs& myiTS) | A 1
myy: Total mass of cantilevered RC wall 71.: Column burden mass —L doodoolood “ Fi9= Sm® (N)
Ww,o.: Natural circular frequency /c: The width of the column bearing the weight ble m? my” : Nodal mass

S
¢ NG ] Redesign
_ , , ' (back to STEP1)
(STEP4) Select one from the following design option. ‘ '
Design option 1: Do STEP1 through STEP3 again to satisfy both u; < d; and M; < M, . |—

A

Design option 2: Use reaction force of column base to design RC columns, roof supports and roof members by allowable strength design.
Method 1 (Hand calculationg. Method 2 (Numerical simulation).
0~10.00D.LS; / hiw,> (N) (¢>0.409)  0=7.578EL<"S, [ hiwr(N) (¢<0.409)  O,=Max. of column base shear

Design option 3: Use friction damper to reduce seismic responce of cantilevered RC wall.
Method 1 (Hand calculation).

Q4= nKegtto (—0.279R+0.653RA—0.725R4-0.351) /s (N) | Ri=61fuo , w=Rqun(mm) _ M,=max{RiMo, My} (N)
1 (¢>0.409) 423x10%*mm.?  (g>0.409) 4.798Mn /g, (g>0.409)
n :{ N eq= N/m b=

m) (Nmm)
n. (g<0.409) 6.13x10"*m.w.”  (g<0.409) 0.248M)p (g <0.409)

Method 2 (Numerical simulation). Use the following nodal force for /2%,

() O_ 0 s () — (i) ne Qu: Required damper sliding force Ry: Required response reduction rate
F0=8my)"— 0’4" (N) , Qd"=naQamy / Zizlmz ™) n4: Number of roof supports O ;: Equivalent damper sliding force

N NG '
‘ Check w < drand M; < M, }7Redegi-g SmmTmmmmmmsmsmmmmsmsmmsonenes >

¢ OK (back to STEP1)
| (STEPS) Design roof-members and roof supports, considering damper sliding force.
¢ Fig. 1 Flow chart of design procedure for out-of-plane response control of
»( END ) cantilevered RC wall connected by roller supports to metal spatial roof
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3. RCFAHEBOBENCEDEEFE

ARFREHEIT RC AU OIS A 2 R Ic O 5 2 L %
ARSI E LTR Y, & OFIFAN OIS i P RAR S 0 FIHRRE T
BT AL LT BRI R OREYERER & SE M 2SI T L 0 B C & 5.
3.1 FHEZAW-EEFE

FAEEEZ MO EEFE TR, S EREICESE RC F#

Wk A 1 ROBEIE L BORDNFEET ICERL, | RE—F

O HFHAIR T E R & SMAAIE A A S OREREHMT 5,

311 EHABEECE D BRBHEADAZETILOBE
Fig. 2 | T8 e & 42 O T 2 /-, A IR E L I, ST & DB
AR OME = R L X —W, L ERREROMEZ VX —W, 2%

& U C R o f e % F 35 17,
Fig. 277 & 912, RC HHF2UEE i 80 OFEN D 1 ROEIC
BT DA D W, & W3R (Q4), EHRFEEEOWMIE 2 e — A
N LOEE(2S), Wi 403 RQe) L D, £, BRI O
pEAE R X A GR(T)) & BHLIE LOGEIZ T 2 B A < o2
/»TﬁbhéA@ﬁEEmw;bfaﬂTﬁﬁﬁé

Lo (PX)
*Io EI(” 23K EI") o ]m 24
_ JOY OGN
18 = [0) (i; 2(:')(3 )<i> ()3 25)
" =Wy + 57 (1Y)
) (i) 4D ()
51) — Al AZ h (26)

ps(i) = mf(”/ (hc Ac(i)) (27)
Fig. 20T K 512, RC HFFZEME A | BOMIZBH T 58545 T
1%, RKG)~K(S)TRA SN D RC T FFEEME ORI 2 0 L 7= %A
Wit 2 IE—A U B Loy ooy EARTRE S by, (VFRIE L/(140,) THRERL
SNDERMETZTe LT, EEMERO WM D, & D, WIE
1o 128~ (BO) THEAMI -2 P, F iz, BB DL p, 1Z RC
F RS O 2B Bom,, IREE S b, RIRE L £ 0 KGD)TEHET 5,

D, = El,(n+1)/L (28)
Dy = Ely, | by (29)

=J12D,(1-v,) 3%y, =0.04 (30)
pu=mJ(hLt.,) (€2))

3.1.2 HOEFRIRENEREEERARY MLERICE D IGEFHE
[ E S 2 SRR, MW7 2 x i & 9 2 RO 1 R — IR
BEZ T 0 1 B HEERINE 2T (R(32) & VEKE x, REFRE C DI
BRI w)(GR(33) DR TER T, Wil B hiRE i UE(G4) & e D,

1) =wx) Z(T) (32)

w(x)=C,cosax + C,sinax + Cscoshax + Cycoshax (33)
. (i)

Z(T)+wZ(T) =0, dw(f) —a*w(x)=0,a* =~ e (34)

EI(')

ST AN 2 W (I8 5 Si- F R 0im) O TR B SR w (), 8 PR BIL oo,
HIARE Ty — N meey, & — FHIME Kog, SOREFERI AL wi,
FERER A & — A > b M, FERAESN—2 27 O 13 MR TTALIRE)
B 2(=1.875) & 0 X(35)~K(42) CEIFTE 5,

we(x) =+ (cosi.+ coshA.)(sind.x/h.-sinhAx/h.)
- (sinA, + sinhA, )(cosiox/h -coshi.x/h.) (35)

EIY 1 875 EIY E1<
CUCZ[ZJ ﬁ/ Oy P40~ 3.516 (36)

—994 —

| — un

(b) Translation from frame model to equivalent plate model
Fig. 2 Schematic of translation by slab analogies

L= w e/ [ (w(x)) dv=0.189 (%) (37)
Moy = T2p" AP [ (w, (1)) dx = 0.613m, (38)
Kc@q = mceqwcz (39)
une = F(Sulw P Y)we(he)=1.566 (Silew ) (40)
(@)
My, =rx LEID S d %@ _ s 506 EL S (41)
o, dx* | A ‘Uc
(i)
0. = [EOSs V@] g 57g FL S, 42)
[oX dx’ x=0 h @,

FEER A L — TR B & R S 2 A (B E - £ 2 i) O
TR BIEL wo,(x), A FHRTNEL ., HNMIREL I, AR S £ — 2
VN My WX IER TEALAR B3 2,(=3.927) & 0 K(43)~K@6)TH SN D,

Wep(x) = - (€OSA, + coshiey)(cosiepx/h, - coshAgx/h.)

+ (sind, + sinhA.,)(sindgx/h. - sinhAdx/h.) (43)
2 - 2 .
2 (i) [6)
o, =[ %2 EP (3.9 [ Er (a4)
PUh ) NPPAD e N p0AD
h, h 2 o
I, = [0 wy(odx/ [ (w,, () dx=0.0347  (E%0) (45)
2 (i)
My, =rx [ EIO 54 AV OO o6 an B 54 g hugu,,,  (46)
S e W

JEEER 47 2 2= N1 D ST AR 2N g (3 IS ZARIER Ry & 0 K
@DT, FEMEMTE—A 2 b My 33TKD B RVIREEZE TR E

L CRA)THH§ 5, 7 v B —aR /L b AL — Rk — /LI 2 fih

T 536 T, RC #M, 30K, BIREMIC O BMRET D LB XD,
e = Raue (47)
M 4e =Maximum of {R;Mjc, M)y} (48)

E, HH O ORGEYTEAMEIOFELZE L T,
ARANCT AT N3 T g 13K 30%i/NaEAT & 72 D28, Z DA D
FEEVE 3m B O/ Ny b LAY Th 0 RIS E T 0 IE 5,
3.1.3 HMOEHBARSEREEERRY MLKRICE D IRETHE

Fig. 200 R T IRE R AR E L & &, A BIFPERER O B i
REN AT RE)TEEND, T— FREE wxp)ER(33) & R
BEDEJ7 I IRBI S wx) & w) DR E LT (50)THR T,

ngjf 2(Dy+2D, );;2+D ayf pu/qu;i 0

wx.y) = wx)w(y) (50)

49)



22U Doty #hiEN D o s SR, D, 1 x EhiE D o sk

P, DX v,D=(v.D)), DylLxy mOHNEABRINETSH S,
Rayleigh-Ritz 5 X 0 wx,) 23 1~3 RE— ROFREED 1| KkiEA

KENTEREND & &, TOREREARY P {cHE, HEFAENOR

F UV VRV F — LT R L X — A S E Lo A MR
o T D EESEEAG)LVRE S,
w(x,p) = cwi(xp)Feawa(x )+ esws(x,y) (51)

“ (D|+2D ) ot D a‘tw}my
2D ax“ D, &% D, o @2:{0}
pw,, [J v ) oy " old
ERICF AL 2T 2 REDEAG2)ICRALTRY My
Wy EFITT D L, RERER e~ [T 2 RIRESL F ARG SN
Do TNEMLS & 0 lZMAT, WRWL LhAZBET 56%%0b & b, 5
JitkE D/DGER ORI E b F 2 DNWCBT 25 ¢ & ¢, BMEOND
D, IR ATHN RO & 72 D12 O ARFIX Fig. 3 £ LTH X 5,
SR ANV B (I - B P ) O TR BIEE wu(x) & waly), A IR
I @, FAREL D, E— NER my, T— RRIE K., SR
KIZENE o, AEBIEBHEF T — 2 > & Mgy, FEHESS—22 T O, 1%

Wt ALIREN L 2,(=4.730) & 0 K (53)~(61) TEHHAEATE 5
wy(x) = + (cosd.+ coshl.)(sindx/h.~sinhAx/h,.)

(52)

- (sin/. + sinhZ.)(cosA.x/h.-coshA.x/h.) (53)
wy(¥) = + (cosi,, - coshi,,)(cosd,y/L-coshi,y/L)
(sin/L1 + sinh/lw)(sin) W/ L-sinhA, /L) (54)
w,=b-c-— =
P s Ga=bo (55)
r,= jo f0< w(x, y)dxdy / jo jo‘ (w(x, )2 dxdy =0.00278  (FE#X) (56)
T2p ey [ [ (w(x, ) drdy = 0.423m,, (57)
Koy = Mo (58)
oy = LSl 2 )W(he, 0.50)= 2.066 (S, (59)
My, = rx I,D,1, 54 2(x.0) = rx7265 2 51 (60)
wu o, v=0,05L e @,
0, = 1,0, S48 =100 54 ®1)
ww o’ x.9=0,0.5L h. o,

JEPE 2 X — TN B 2 R S 5 54 (B E - B ) O
FEIRBIEL wyp(x), AT FIHREN L ., BVRAREL 1, FERER NS £ —
A b My, 1E3(54) & K (62)~3(65) TE =N B

Wyp(X) = - (COSAe, + coshAy,)(coSAgx/he-coshAgx/h.)

+ (sind, + sinhA,)(sindex/he-sinhA,x/h.) (62)
7T2 D.Y
®,,=b,-c, ? e (63)
L,y = [ [ wle )y £, ) (w(x, )Y dydx =0.000509  (E20)  (64)
2

M, =rx T, D, 4 M = 4.798[1J My, (65)

wwp o’ x,y=0,0.5L 9p

PR 4 1 75— N B 00 SRR 2L s, VI IR Ry 0 3K
(66)T, FEBIERHITE— A > b My, SR S 2 kB S FIR &

Lfﬁ(m)ﬁ%ﬁ“é T U A — R k3 R — LS B i

T 25 E1E, RCHEM, 30K, BAREMIC Qe WMRET HLEZXD
Uiaw = Rattiow (66)
M, =Maximum of {R.,Mo,., M.} (67)

3.1.4 BHEWMOBBFMDOEZED T
me = mylJL 7> & ¥ &M ST N D L wioe/ugo,, 15 7(68) TH
Ehd, ZOWN1.0 E7RD%MEL be=g=0409 THY, ¢=0.409
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Fig. 3 Parameter relationships of plate model
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Fig. 4 Evaluating additional damping ratio by friction damper
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Fig. 6 Schematic of method 2 by numerical frame model
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T DISE DS RN, ¢>0.409 TIIHEDIGE 258 KEEM & 72 5
7o, ARERFHE ¢=0.409 & FIEOHE T OB E T 5,

Uiy = 5.974b°c* —  q=bc=0.409  (wpSup, = 1.0) (68)
3.1.5 HMRMALEICEDCEES U A—DOREEFHNED KRB

Fig. 4 [IZEMBAEORIE 2 R, it ) Q DB S v R — % £}
U755 1 B R OSMAINE K, SRBEEE &, 1320(69) & X
(70)CTFE L, R DOEAMIE L ey, 1 FEERIMEE X0 LT D) TR 2,

Keq I(eq+ Qd/ulo (69)
£ = 1 E, _ 2 [ (70)
“ 4 O‘Schulz() {1+ 0y /(K gti)} Kegttio
—141+48
by = (71)

JERER & L = DA N & B JE LTS A ) T, & ISR R AR HL
Dy X 0 BN ERIE RAFA(T2) TR END 2,
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&:%(QrzﬁgLQﬁpr+éiqq 72)
T, 1+25(hy + b)) K0

B2 721 T H Qul(Kequio) 5 L TR(69)~2(72) % 20 B BRAFF L
TRD7= RyIE Fig. 5 ®il v Th v, ZHEALBRUIN(TI)E R D,
OQil(Kogitio) = - 0.279R + 0.653R7 - 0.725R,+ 0.351 (73)
3.1.6 ABEROEHLAEMRARE A -HN4 M (LLEA)

2 BT EZ 320 5 i R ORI 2 a Al 2U(74) £ (T5) £ 9%,
wo={SHOELD)} {2myOh 2+ my® b\ @Bk 1y @)} (74)
M= S, {my®h. + m;h, O} (75)
JER S L = B BT DG AE, R LSt ) ngQq % FEE Y $
ne CELUE LT2AE 1 AT DX 23—l 1 (na/n)Qa % B 87T Smy?
M LBIWTR(74) & RIS EFHFRT 5, 7272 L, Mio 1 un 235K(76)
D% TR E T 5, RAUTAERRE S Mm S 0.75H(H 138 R), &
H0.02H &35 1 HRHEROKEERTHY, ¥ 3—MtI138K
TRAPIE S RVIREEZRT, ZOHEEIRLESTEN%IEO LB
D Z OO ITHEL Y BEKFHM & 72 5 72 DR FHEICKIR L T,
ua=(0.02H/21)%(8.4/0.75)(30/LYY(LA2-2 Ly +y)=2.5x 10 H2S,/n>  (76)
3.2 BHETILOHMISHBNZAV-EEFE
3.2.1 BHETIOBEAELHRNNORESE

Fig. 6 |\ RC T FZUEDEHE T NV OME LRI, HHET LT
1%, 7 U —F RV ORI EE SR, SEAALRANEE, N
Erm—7 =R L, S 2 KT — A 2 N RR R
KT o, 2T U5, M4 E 2 A L fia g mIls 4k
OyATONRE S, 25 UCHRET 2, SRR wo 1ZRIE L~
NROE—7 e L, FEEMT T — A 2 b My 13T R % A
WD BB Y LN — e BT DAL, S 10 B A L Tt ) naQ
Z i VB S mp O CE AT S LS ) 0,0% = LI, e
L, MplE Rato= ua (FA(76)D & & % TIRE &35,

i =n,0,(m 1 3 my") a7
RFEITHHOE VAN ERTERWEAICbETTE, &
FEM OWr AR S [FIRFHCAT ) 2 &N TE D RBFHEELIVEND,

4. WRABEOIARETILOBZEGERTZ RO - ZAMREE
4.1 BIEMITHE

B SR B R DO SLART T /L OREZN RIS AT 2 -V C 3 O T
HEO TG % el ST+ 5, Fig. 7 (2B 7V Ll %, RC HHF
R DFAFECIT Table 112739, SFREMIE, 2016 FREAMHIGEC
THTE RC R4 0O 21 07 A T SN2 N A B IRIR & 7e o 72
A EEE(Fig.7(a)(c)) &, 2011 A= HAL G AFPEM IR |2 C 32 RC
F RS ORAT T MRS I AMSE N E e ERIN L Ao o7z N (KB
(Fig.70)(d)Th D, EHHLLERIBAFETHY, AKRBEEIL3 RS
MW ERT U —F W, NKREIIZ 2N EXT U —FHETH D,
FEMN 2 RSOk 8) & STk 14)ITFR T, B S B LR
HRTHWMITET LV TH Y, RETH Y SOREEE L7 5%
ET VLS VRSO RS LR E T VR BT D, FF
IZ RC B I EIRRIE 2 WA L7z 1 e RESZE TET T 5,
JEER S X — XMt ) O WIHIRITE 100kN/mm, 2 YRl 0.0001
HYAVE Bilinear B 2 5% 95, Fig. 8 (2 A7 HUGRE) D NI 5 i 245 A
AU S AERT, AN 2.1 HiEQ) ORI X2 b
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Roller ~ Friction — Truss Pin support Roller  Friction  Truss
support damper  Elastic Elastic support  damper  Elastic

A:ut

Inpu direction
direction RCD Teol
eam & column
. fon RC wall
‘}CI wall T RC beam & column Degraduation bilinear Elastic
astic Degraduation bilinear (b) Model N
(a) Model A Cantilevered RC wall

Cantilevered RC wall
RG2 RG3 | RG4 RG4 RG4 RG4 RGS5 RG2
gyl g e e g
5.8 1| [4c2 [[ac2 [jac3 aca [jac3 |laca e |lac24c2
|| 146211462 |14G2 |14G3 ||4G4 |4G2 | 4G2 ||4Ga) | 1
4.1) 1| ez |pea |33 [es |pes [pes e (B33t 4.
kI S e | e e e e
3.8]
(m)| 605858 ]58|58|58]58]54 (m) 6.5 | 65160165 | 65|
(c) Elevation of model A X9 (d) Elevation of model N
Fig. 7 Schematic image of the actual damaged gymnasia
Table 1 Member specifications of cantilevered RC walls
(a) Model A (b) Model N
Section | Mc | My Section | M. | M,

(mm) | (KNm)[(kNm)| - (mm) | (Nm)| (kNm)
3C2 |1000x700| 454 | 902 10.22

55

ay Ay

C2(2F) ] 900x700] 237 | 472 ]0.28
3C3 11000700 425 11053 1024~ — C1002F) [650x650] 173 | 545 [0.33
4C2 11000x700, 371 { 669 10.28 C9QF) [650x700] 210 | 790 [0.34

4C3 1000x700] 372 | 673 ]0.28
4C4 11000x700| 374 | 677 [0.28
4G2-4{1000x600[ 274 | 296 ]0.26
RG2-§1000x5000 227 | 226 ]0.25

C2(M2F) |900x700| 225 | 436 [0.27
CI0(M2F) | 650x650| 154 | 492 ]0.43
CO9(M2F) | 650x400| 64 304 [0.74
G8A(M2F) | 750x350] 43 91 10.59
G8(M2F) |750x350| 43 91 ]0.55
G8A(RF) |750x620| 132 | 176 ]0.43

1 G8(RF) |750x620( 132 176 10.40
7,=0.03
10k ‘
8L ! v %
% VR
E 6 Design Spectrum A
N El Centro W -
@ 4t -—-—-— Hachinohe : &m T
"""""" JMA Kobe =
2 - Kumamoto
ffffff Taft
0 I i
0.1 0.5 2.5 3

1.5
. Natural period (s)
Fig. 8 Acceleration response spectra
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—RIIRE 2RDWRIL 3%) T 5, 7283, WEZIREIGEMAT T,
RC ## ORI 23 P BRIk 92 & liiF £ — 2 > MSENEETHIC
25T, LARRITAENIGE ORI & AN A L L T D,
4.2 BRBESEBRITHEREO DN & MG & O LR

Fig. 9 (TR FHE T /b O SR e KA RE 2N 53 A O Fig AT o S %
T 2.1 FIRQ)OFF ML 27 R VAL S L 7= B T
b, E— 7 KA N wo IIATARIC &0 SEAMEIZ 6 LT 20%1E 5
DL, TNMRRFFHEOX(A)DLAEHE 1.2 ORIWTH 5,

Fig. 10 \ZEEE X L 8—(iit ) Qu— fRHTAE RBILR & 7”37, [AIK(a)l
AT KD, SUKERE — 7 e KABKI BN w1d Qp O EFHCHEWEF
TR 2, —J, FROICRT X 51Z, RC JTRZEHE O HEE G
AL Qf D BT UCTREAIT T 5, 2k Q0 B35
& RC FrRFAUEDINNL U CREIAMNG AT 2 IRED S, 2Rk s —



Table 2 Specifications used in the response evaluation of Section 4.

(a) Specification of equivalent beam model or equivalent plate model

vodel| L | e [ he | E Teeq Tgeg | 1™ | Du D, ow | o | Tw | Te | | mw | me
2 c d
(nm) | ) | o) | )| gont) | o) | gty | Nom) | o) | | rads) | (ads) | © | ) ke | (ko
A |45810] 9850 | 5750 | 21682 |1 668E+10|1.121E+10|1.674E+10{6.315E+10[4.225E+10[0.409 | 1.576 | 12.19 | 10.16 | 0.52 [0.62 | 7 | 6 |331834| 45465
F.=21
N [32000]12600| 7055 | (N/mm?) | 5-962E+09|6.484E+09|5.784E+09|2.020E+10| 1.993E+10{0.617 [ 1.682 | 8.24 | 4.95 |0.76 | 127 | 4 | 7 |176464 | 31577
(b) Member specification of model A (¢) Member specification of model N
Coordinate | 7, | h,") | Section Iy LY ," Ig(” Coordinate | ;% | #,") | Section 1y " 5, Ig(”
4 ay | & 4 4 4 4 ay | & 4 4 4
x(mm) | (mm) | (mm) | mmxmm) | ) () | ) | ) x (mm) | (mm) | (mm) | (Mm<mm) | (') (mm) | @mm) | (mm)
3C3] 5960 1000x700 | 5.83.E+10]0.24] 1.17] 1.63.E10 CI10___6500 | 4570 650%650 | 1.49E+10 [0.33 [1.20 | 5.88.E+09
30311710 1000x700 | 5.83.E+10|0.24| 1.17] 1.63.E+10 913000 | 4570 700%650 | 1.86E+10 [0.34 [1.27 | 8.08.E+09
3C3| 17460 1000x700 | 5.83.E+100.24] 1.17] 1.64.E+10 9| 19000 | 4570 700%650 | 1.86E+10 [0.34 [1.27 | 8.08.E+09 -
3C3| 23210 | 4100 1000x700 | 5.83.E+10|0.24| 17| L6AEF10| - C10[_25500 | 4570 650%650 | 1.49E+10 [0.33 [1.20 | 5.88.E+09
303 28960 1000x700 | 5.83.E+100.24| 1.17] 1.63.E+10 C10__ 6500 6080 | 650650 | 1.49E+10 [0.43 [1.20 7.63.E+09
3C3| 34710 1000x700 | 5.83.E+10]0.24] 1.17] 1.64.E10 9| 13000 3030 | 400650 | 3.47E+09 [0.74 [1.24 3.19.E+09
3C3| 40460 1000x700 | 5.83.E+10]0.24] 1.17] 1.63.E10 C9[ 19000 8030 | 400x650 | 3.47E+09 [0.74 [1.24 3.19.E+09
4C2[ 5960 1000700 | 5.83.E+10]0.28] 111 1.82.E+10 C10__25500 6080 | 650650 | 1.49E+10 [0.43 [1.20 7.63.E+09
4C3[ 11710 1000700 | 5.83.E+10] 028 111 1.83.E+10 G8A 6080 | 620750 | 1.49E+10 [0.43 [1.07 6.84.E+09
4C4| 17460 1000700 | 5.83.E+10]0.28] 111 1.83.E110 < 3030 | 620x750 | 1.49E+10 [0.41 [1.07 6.54.E+00
203 23210 - | 5750 [1000%700 | 5.83.E+10]0.28 .11 1.83.E+10 G8 8030 | 620750 | 1.49E+10 [0.38 [1.07 6.07.E+09
2C4[ 28960 1000%700 | 5.83.E100.28 111 1.83.E+10 G| 8030 | 620750 | 1.49E+10 [0.38 [1.07 ) 6.07.E+09
4C3| 34710 1000x700 | 5.83.E+100.28[1.11 1.83.E+10 G8| 8030 | 620x750 | 1.49E+10 ]0.41(1.07 6.54.E+09
4C2[ 40460 1000<700 | 5.83.51100.28] .11 1.82.E+10 GgA 6080 | 620750 | 1.49E+10 [0.43 [1.07 6.84.E+09
RG 1000x500 | 4.17.E+100.27] 1.06 1.20.E+10 200 100 ‘ ‘ ‘ ‘
RG3| 1000x500 [4.17.E+10[0.25]1.06 LI1.E+10 s Average of peak response (143mm) e Average of peak response (281 mm)
RG4| 1000x500 | 4.17.E+10]0.25| 1.06 TILEF10 E [ttt £ [Py A S N
RG] i 1000x500 | 4.17.6-100.25] 1.06 i LILE+10 =150 1 Yo Tt 2500 1 —T 12 7\\ IMA Kobe
RG4| 1000x500 [4.17.E+10]0.25[1.06 LILE10 5 - Al Contro 5 [ fant Kummamoto
RGA| 1000500 | 4.17.6+10 [ 0.25] 1.06 LILED0 5 g/ﬁffk 5 Hachinohe—g 7N
RG] 1000%500 | 4.17.E+10]0.25]1.06 TILE(I0 2100 / \ 2500 W
o [=% i i
RG2 1000x500 | 4.17.E+10]0.25] 1.06 10.E110 g ‘ 2 3
= / JMA Kobe 3 %"‘ﬁ \é\
-E 50 / Kumamoto E 100 El Cenlrok
. s =
IR CHEINEE T DIRREICBAT T 2720 Th D, ZHDBEEEL R = =
BT £ — A > b DR IERIC FIRA R BT 5 / 4 5 N,

3EDOFE T L NTRER Ol &2 7R 7, Table2 123 &
OFVEFIEICHZERFCER T, KT NLRHA (2L IS B ARAT

5 B I, Beam model (34812 545 < FFAHifiE(3.1.2 H), Plate model

TIMIZ FE S < FFMfE(3.1.3 TH), Numerical frame model X5 #E€ 7 /v

Fig. 11 12

DFENTI(3.2 HH), Simplest static (X FFR D 7= b A AKX O FHAMi1(3.1.6
IH)Cd %, Simplest static 13— %12 & < Fn & fe b 3RS B 72 ) F7

BDT=DIHNKTH DN, myummm%#i5m,%mﬂmﬁﬁ
IRF 2 PR S 25 AR AT S (NLRHA) 22 2 i KREI L TR 0, Z o ik
fmnﬂmﬁokKé:Iﬁﬁﬁwm@ﬁ%%< 7y Simplest
static Z ARFEFHEICEL Lo 7RIV CTH 5, Simplest static &k
NRTC, MBE IR O FEAME(Beam model, Plate model)ld NLRHA & X
< HKIET %, A KERE DO RC T FFZEH§1L, Table 2(2)(b)IZR T & 9 (T,
KRB DO FFMD2 DD 13/ SN Fe 8, O FEM 5 (Beam model) T
NLRHA #4312t 2 5D, 72385, HOFHIEL, RCHOWE 2 1
JBH & 2 J8H CEH LT iu, £ o RCHOWIH 2 KE—A 2 b

BB L CISE R T X %72, Simplest Static & [7] %5 (2 i f# )
OEEE R IEL D, 7272, Table2(a)(o)llRT X 912, NEKE
gD X 5 R K E OB TR DD, AFEFE 11T HH g
AT D RC FRZETIX, 00 HBoORHTiE(Beam model) 30K
WRFEM & 72V, RC ZOMIM:ZE 5 [E L 72K O 7l 1% (Plate model)
J5A8 NLRHA EPIERNERL< 725, 20X 91 RC A FIEHEDDE It
L/h.<° RC #E & RC ZOMIMEL D/DAZ L > T, RCHDFHLIET T

I3 RC Fr 2 OMEINEE 2R A ENRNW T2, RHEHED Fit
FOFHFETIE, BEROFHIEEMAGRAL TS, —F5, &

T TV DG 1T iE (Numerical frame model)id RC i Fr284% 05 ¢
IZE B9, 18V LIKDIR(Q,=0kN)D NLRHA ZH5E R <HZ D, K

Ort —N 0,
X1 X2 X3 X4 X5 X6 X7 X8 X9 1

2 34 6
(a) Model A (b) Model N
Fig.9 Relative displacement response (NLRHA, no damper model)
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F|g 10 NLRHA results consnderlng friction dampers
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Fig.11 Comparison of response evaluations and average of NLRHAs

FEEES O BIE T & 5 i )5 8 5 (Equivalent lateral force
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RC T4 O BIBIE 721 T/ <, BAR b T 2 ORI i 8 00 8 e po20d, 64, 604, 6004,
R UL RRAEZ AR L > TH Y, ARLTIE 3 EOMAT Supportstand " Roller N I 7
OB LB RGO H T 5. BRI SR TR ST ui :
A ORI E EFM X TIT > T\ D,

Fig. 12 \Z#BRIKSIAIK %, Photo 1 12 v N7 v 7%, Fig. 13
FEAR SN O W 0 SORFEM 2 R T, AR A (KRB Y0 12,5
M N CH Y, TU—F R~V LY EGBEE 4 BEE R )
D RC FEZEME 1 ARV EEBO Y AT A T ZARBAIIH L, 18
P % KB 5 72 O O HEEE6.21ton) & BRLFFEE A TE L TV D,
RC T FRAMEOFEIL 3 fE & 4 BESEIZIE 280mmxH\ > 400mm (=55 12-
D13, #fh - HIE S DI0O@110mm)TH ¥, 1L 4 FE2NE 400mmx
4 600mm (A 4-D13, #i# - & (X 5 D10@110mm, JE#% 3-D13), 1640
R FE23E 600mmx VY 600mm (5 5-DI13, #5 - HI1E 5 Fig.12 Testing setup of 1/2. 5 scaled gymnasium specimen
DI0@110mm, MG 3-DI3)TH Y, 7o h—Ki b Eo LT%@A N A
(2B 9 % FERE R 30E 800mmx -ty 550mm (£ 75 8-D22, H#if - &1
56 DIO@II0mm) Tdh 5, EBIR DO VAT L T AEM T 42
D=34.0mm, #HJZ =2.3mm O [FEEHE (STK400)Z M12 DALk THE
% 85mm DO FEHEK ) — K L BE Lo BRIk TH D, b Wi 125
TEOHA THESTD 12,5 OUEfRlsFik & LTWwW5b, Fig. 13 1277 L9
2, WY HRITEHL—AEESE18mm THY, 4 KD MI6 T H
—ARN R EX TNy PTRIERIZEFIN TN D, BEEY L —

RF Grider:
600x600 5-D13

i

I
I
I
I
I
I
I
400x600 4-D13 :
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1640
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3F(F.L.) Grider: m_m
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Photo 1 Testlng setup Fig. 13 Detailed drawmgs of roof support

VI SRAMENZ U CTRARA E 2> D ARSE Lfiﬂm’rp]\f“% LA 800, 250
ELTHBY, BEEMITIR 13RI L TH D, EBRTIHE, BES < %Zﬁﬁ@ - S =003
o0 =~

— O, BT QITEET LR M b RT A =2 L LT, 2 200 { fh R g 150 M'
ok, RIS E &R0, REIIHEOFMEG.1.2 H) g_mg 'W’ w&v NWW PRI 1 %10@ r'j
ERFFERO T DA AKB1.6 B)YD AT 5, ggg V ! §mm =

AGw S BAMR T 5 EBROFIFH T, REIG Lo 0 & 15 -800

2 4 .6 10 12 001 02 04 06 08
0 SEBOAR SN & ) & G 5o I EE IO EE B © Tlmz (s) o TI\{Iatural period (s)
. . » N . L Time histor esponse spectrum
W2, B0 STKEOMIEN T L — Y —BAL 5 CEEFHNT 5, ! ‘ SF(;gy_14 Input waves
EiE 0 K E BIREEBREOE VTIKOM T & 9720, K Table 3 Summary of testing results
EERTIE, BRI T AV AT A T REM O AGES—Y Test | Damping ratio |Slip load ACC.SpectI‘UI;lvalue Relative displacement
i3 & 3B RTHE) DS B V8 0 S D) A LTz, No. %) [Qa(kN)| 4 (ms) wi (mm)
) - 1 (100%) 2.16 32.26 16.56 13.90

Fig. 14 \ZHRE) & O A TR E O RFZI R & JRE AT hL & 2 (50%) 2.88 32.88 8.77 2.70
e e o , 3 (715%) 2.28 47.70 12.87 3.53
3% DIGE AT MV ERT, ANJEIE, 2016 4£4 A 16 HD 4(50%) >l 279 .40 10.90
REAHIR AR OHIERNE 7 — # SIS Rl G 2 E L, FaiDE 5 (50%) 2.98 8.97 8.68 13.97

T N . . R Table 4 Specifications used in the response evaluation of Section 5

AEARAT 2 A Z FEBRIBAT IS B A0 B R 2 At U, I L e 2 1.5 (a) Member specification
BELELOET Y —FE L UL OISR SR &+ 5, KT 1| 1| Section| 1o | 4 Lo "
X, 2 OIGETEEIRIERGE 100% L E% L CRIEZ Z (LS TRn (mm)| (mm)| (@m) | mm*) | (mm*) | (mm*)
Do HEANORIRITIE, RBREO A BRI EEL, SBREERET Column (3F)| 1640 | - [400x280| 1.49E+09[0.24 [1.18 [4.14E+08| -

. . Column (4F)| - |2300]400x280| 1.49E+09[0.23 | 1.18 - |4.03E+08
572D O+ 5y R 2R T T D, (b) Specification of equivalent beam model and simplest static method
5.2 %%ﬁ‘&*%c‘:%%‘fﬁ;’i&wttﬁs‘a E M me m ma

2.
Table 3 | (CBIR T B EBRE R AR, MR OB LT HED (Nmm) | ') | ke) | (o) | (ke)
NHBIITA ) 4 AT > R LT, DD T Tl

~O-Testing result ||
—A-Simplest static
~@-Beam model
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%
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BISTRIOM ER BRI D IRE Lz, TR FEOFHI AW
DNGREIGE AT N EIIRT & L OMEE FE A HFHE L,
[MZ21Z RC A FRAUE 0 JE 3] & I3 D Z il L T %, No.l~4 i3
JEER S X —HRDFERTH Y, NoSIXIBY ZKDFERTH D, 72
721, EBROI Y i HE Qq TR & L /X —721F T < SURS RO EEE
NaeEhTBY, FEEOES 0,2 ZET 5, HAR R RE
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Test No.
TEBIER O BN T o [ QI ERDRKIEDOTHTH S, Fig.15 Comparison of response evaluations and testing results
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Table A1 Comparison of the maximum floor accelerations.

Maximum acceleration (m/sz)
El Centro | Hachinohe | JIMA Kobe | Kumamoto | Taft | Average
G.L. 537 5.52 4.94 7.06 6.08 | 5.80
AQBFL)| 5.9 5.33 6.08 5.84 6.08 | 5.87
NQ@FL)| 548 6.39 5.43 5.79 571 5.76
A/G.L. 1.12 0.97 1.23 0.83 1.00 1.03
N/G.L. 1.02 1.16 1.10 0.82 0.94 | 1.01
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In steel roof gymnasiums with RC substructures, out-of-plane response of cantilevered RC walls are
predominant during seismic responses, which triggers sequential damages of structural or non-structural
components. Detailed regulations have been not included in the current Japanese building code yet even though
Gymnasium is used as a shelter in disaster. In this paper, a design procedure for out-of-plane response control of
a cantilevered RC wall connected by roller supports to metal spatial roof was proposed. While many researchers
proposed response evaluation methods for cantilevered RC walls, those methods are too complicated to be
implemented in the actual design process. Therefore, the proposed design procedure is carefully formulated based
on Japanese structural engineer’s practice. The design equation is derived from both equivalent linear approach
simulating damping effect and continuum mechanics where a cantilevered RC wall is modeled as single beam or
single plate. In Section 2, the detailed design procedure (the scope, the design criteria, the seismic load and the
actual design process) is carefully explained for engineers. In Section 3, the derivation process from the response
evaluation to the design equations is explained. Both single beam and single plate are modeled as secant bending
stiffness of RC members yielding. In Section 4, the response evaluation values are compared with the numerical
simulation results of the actual damage gymnasia. In Section 5, the response evaluation values are compared
with a shake table testing of 1/2.5-scaled model of school gymnasium. In summary, the following results were
obtained:

1) Both of single beam model and single plate model are more accurate than simplest formulas of cantilevered
beam against non-linear response history analysis results of the actual damaged gymnasia. The single beam
model is suitable for a cantilevered RC wall where span is long and the bending stiffness of beam is negligible.
The single plate model is suitable for a cantilevered RC wall where span is short and the bending stiffness of
beam is not negligible. Threshold value is 0.409 of the coefficient ¢ determined by both width-to-height ratio
L/ h: and bending stiffness ratio D,/ Dx.

2) The static stress analysis results of numerical frame model composed of only the cantilevered RC wall was
corresponding to the non-linear response history analysis results of the damaged gymnasia with no friction
dampers.

3) The response evaluation results of the single beam model was corresponding with error 10mm to 15mm to the
shake table testing results.

4) The response evaluation results of the simplest static formula of a cantilevered beam were too conservative

compared with the others, and may produce uneconomical design.
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