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CYCLIC LOADING TESTS ON STEEL ROOF BEARINGS
AND EFFECTS ON ROOF RESPONSES

Fig 34 A% FEELEY RIFR R BB AN B
Yusuke INABA, Yuki TERAZAWA, Ryota MATSUI,
Tomohiko KUMAGAI and Toru TAKEUCHI

Numerous steel roof bearings in RC gymnasia were damaged at the 2011 Tohoku and 2016 Kumamoto Earthquake, mainly due to the
out-of-plane response of cantilevered RC walls. Although the authors confirmed the longitudinal response reduction effect of the
cantilevered RC walls by friction damper bearings, the transverse response was not examined. In this paper, dynamic loading tests of
a sliding bearing with PTFE sheets, a friction damper bearing, and a rubber sheet bearing are conducted. The response of the RC walls
in the longitudinal and traverse direction is calculated by numerical simulation using bearing hysteresis loops constituted by test

results.
Keywords : Gymnasium, Cantilevered RC Wall, Roof Bearing, Response Evaluation, Cylindrical Lattice Shell
KBRS, RCARAME, SOKH, JGZ&RHME, MfEZ7F AL =L
. F L BB EISADOBURIZ O W TRE L6l 720,

1995 4EP A - WREERESACH E e D, 2011 4E FUL M7 AP REDf
H7E 2, 2016 EREAME BT RC ICFFF S h- sk Ez
HRAR I O (R T & 0 (S EBE AT O 8RB E e BAR SOK L 2SR 5 %
ZFHWERLEWE SN, EREO 1oL LT RC HHAEMKOHK
HAMNEERER SN TS 9, WEEYIITHmIELER DR B
HHEEN, MEDW - Bt Y04l b P HERE O TR
VETHD, R BEETREROMRIRA IS —F, X
Mk 6) CITEEER & v/ — % SURENCHR AT 2 Z & C RC Jr FR2EHE DI
EANSE BRI S, BRI A RBESUE T 2 2 & 2 < ST K
J7 « PR ENL Z FAREPANICMZ D FIENR SN TS, FlXK
AN %2 TRT 5 FiEE LTERELZOMOE NG5 2 A
HE R %2 VIO BUS AT FEZRE L, #x B OKREIEIC
s UEAMEEZER L TS, 72720, PLREHATFmAINCRT 5
HWOFEW RC ZEEDIREICHT 2 MFHCE E - TR Y, RZEHN
ATNZHEF 2 MEREDRFHIAT b Tneny,

2016 4EREA MR TIINTAT H MO H 70 6, BRI OEM B L O
IO E L Abhis, 74 X673 280 RM TR
T 2 IRENE T F A v = VRS R GHES % TR SRR
DK« REIGEBENR & RC AR O HE AMG A ASH R L 7o 4
RISEERATDEEZOND M, L LEKETHLELTND
e 7 T BRBIVAEZRIZE L LTRY, KHEEM ORI E

D OSEEBRMEE T, BT Vo — RV NEFR O 2
Y7 U= MABETTHHEL &b, BLEALZVEOTEEN S
HEERTWS, (S 97 (T B3 nehT vl —Rv
NEFBHOWY 27 U — b TORHBEER L O LELZALEO
JEERA = ARZBL, ZEOERE TISHEMSRE 21T > T\ 5,
T DRER, HIHENE LB 2 VETIET v — AL b O #iiF AR
A F) = R LTI )N HRE S, T v B —Av b od AW/ &
DI/NS WA CTRIEIE FARAET, 7 I —Av hOfFERIZ &
DELENZNVORIRPIEE D Z ERHEIN TN,

DX TH LEAZ VTN RRE S D56 OUHE DR
ELTE, BB UTBEA R OEBEA L b1, HLEALY
Nl E T LY — MCEEMATZEMGINH 5P, L LEELZ L
B U7 B A L =R I A Y — N SR OSBRI
RN R OW T EBRRE RN, B IR L TR,

ARBIFGE C IR 7 1 2 B T B i AR S A 00 IS AR TAT & ks H
Mel, FTEALXLES 60mm 247 5 PTFE If 0 K, BEEEA
LoR—3K, JEE 60mm D= A — bRk A EERICEEL, BrE
T 2R A Fahite L C 2 OIRERME A R 5. OB R A
AW TSR 2 PR E B O SRR AT X 8 7 F 2 & = 1
TN LT fRATE T L 2L L, 45 SRR DS SR I 1030
ISBEN G 2 5 B HRT 5,

TUOOE HURIERAAESLAER KRR - 5 (1)
PO DR KSR - (T
ORISR AR B - R ()
ORI AR MR - (T
ORISR R S - W (1)

Former Grad. Student, Dept. of Arch. and Build. Eng, Tokyo Institute of Technology, M.Eng.
Grad. Student, Dept. of Arch. and Build. Eng., Tokyo Institute of Technology, M.Eng.

Assist. Prof, Dept. of Arch. and Build. Eng., Tokyo Institute of Technology, Dr.Eng.

Assoc. Prof., Dept. of Arch., School of Science and Technology, Meiji University, Dr.Eng.
Prof, Dept. of Arch. and Build Eng,, Tokyo Institute of Technology, Dr.Eng.

— 1129 —



2. BEIRBOBRKLG L VIZERAE
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PERE\NT > I —R b MED 3524 E 99 60mm &4 %, Fig. 1(b)
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BRI LW R — 5T D, &EHE V1% 90kN &
HEL, 0.8°f% L7z 58kN 1B VIR DO BEEE 35, PTFE AR, FEH#
2%y RO SUS.PL (2%t % BRI R AT Z h2h 0.2, 05 FifE 9T
%2 &b BRSO RV Nl 1E 50kN CTEELT 5, Fig. 1(c) =
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24N/mm? LARE L7223, Eﬁﬁ%ﬁﬁ% IRRFHRE L D IR 2o T,

RC AE:WrHi 13 500mmX500mm & L, Ff5i% D25 (SD345), £ AW
AR 1% D10 (SD295A)@70 & L 7=, E/h D Edfiidahif Nk~ 100
mm, 435 100mm @ 180° 7 v 7 & L, FiliiZ HRBRIREE O (PL-
25, SM4Q0A)IZFERVE T IALEHETHEL T 5, 7o BHRBR IR fi o 8
BICITRBRIE ZEB B ICEE T 27200 E BT, NS >
N EEBET D, B AR T N EE S 25mm, &F 60mm @
135° 7 v 7 L5, 7 v H—R/L MERCEHA~OHIAZE S 400mm
@ M20-ABR400 & L, HIALMIDimIZF v &2 41T 5, EV
2 O RIL PLODTEIRIZ Ao, PTFE ¥ Y 3K TlX 270mm
X 420mm, FEERA 18—k Tl 490mm X 420mm &5,
— FOFMEEIR S PLODTEIRIC A, 270mm X 420mm &5,
22 EBEYy bT VT

Fig. 2 (¥Rt Y b7 v T HERT,
HER T L—AICEE L, REHROAKELEMEZHET S 2 & TR
Do T A—F v MIBE M PLOICFAED THEAT 5, HirRITE
JVHZ VT X V) 240mm o m LTS, REICHEEHER T D
SRIELfTE & LT 70kN % PC $il# 2 4t L CRBRIRTERS IS 2, ML+

Table 1
(a) Concrete and mortar

hs

= VN

RRAITREZ LT

Material properties
(b) Reinforcing bars

- 2, | Compressive . 2 Yield Tensile

Unit : (N/mm”) strength Unit : (N/mm”) strength : F | strength
Concrete 30.9 Main rebar (D25, SD345) 393 573
Mortar 41.6 Shear rebar (D10, SD295A) 354 485
Anchor bolt (M20, ABR400) 315.8 455.2
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Fig. 1  Specimens (unit length : mm)
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Fig. 2

Test rig for loading tests of bearings
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#p =Qp /N @
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FTIREEDB Y REL Qn, Fig. 1(b)ITRT 2 DD EEEE R L |k (Bolt
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T Qp & wp TRV IO N BIFV KDV IZHT ThT TR L TW

Angle of PLD

Angle of PLD Horizontal
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Al A e
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of bolt
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Shaking table disp. Shaking table disp.|
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(a) PTFE sliding bearing, friction damper bearing (b) Rubber sheet bearing

Fig. 3  Measuring points
Table 2 Loading protocol (dynamic loading test)
Amplitude (mm) Frequency (Hz) Cycle
+10/+20/ +30/ +40 Quasi static (0.05) 4
+10/ +20 0.5/1.0/2.0 10
+30/ +40 0.5/1.0 10

=
o}
S
Ny
S

, Strength degrades at this displacement

+90kN---
"+60mm"';"'+70mm - = 80mm. - —

+30kN

-+ 120kN-- -~
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i
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S
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Horizontal load (kN)
o

120

Horizontal displacement (mm)
o

)
=}

Cycle : Cycle ‘
(a) Load control (b) Displacement control

Fig. 4 Example of loading protocol (ultimate loading test)

S o

120852030 2010 0 10 20 30 40 50
Relative displacement (mm)

(a) Amplitude = 10, 20 mm

120852030 2010 0 10 20 30 40 50
Relative displacement (mm)

(b) Amplitude = £30, £40 mm

Fig. 5 Results of dynamic loading test (PTFE sliding bearing, f=0.5Hz)
Table 3 Results of dynamic loading test (PTFE sliding bearing)
Anmplitude Frequency Slip shear force Q, (kN) o =Qp/N¢

(mm) (H2) Start End Start End
Quasi static 7.1 7.5 0.10 0.10

+10 0.5 9.7 10.0 0.13 0.14

- 1.0 11.0 123 0.15 0.18

2.0 11.0 125 0.15 0.18

Quasi static 7.5 9.3 0.10 0.13

+20 0.5 10.0 12.2 0.14 0.19

- 1.0 112 145 0.15 0.19

2.0 11.2 145 0.16 0.20

Quasi static 7.1 10.0 0.10 0.15

+30 0.5 10.0 14.0 0.13 0.20

1.0 10.0 14.0 0.14 0.20

+40 Quasi static 6.0 11.0 0.08 0.14

. 0.5 10.0 150 013 0.20

%, ZTHITET Figl IR T X D ISKENMARLEDR Y H SO
WiNC LY PLOAEIES 5 2 & T Y mIC/EA 3 2 E#E 5 238800
L, &HIZPTFE # b PLO & LB T PTFE RO M543 SUS.PL
Bl o0, KEMESEMLZTZDEEZLND, &5ICED
BNRKREL o2l Qp, pp XX EH T HEHMICH D, LivL,
W0 B OL BRI 11~16kN /NS WEPHIZ & & F 0, iR, 18
BFUTHL S FIRREBEITIEHERR & o T 5,
312 EEF /NI

Fig. 6 12143 L THEEIEL 0.5Hz /K E-PLOF R 2507 B %
Table 4 |ZHRIE, HREHEL & FHH ST BER A X —30UK O D fif
Qn, BEHE Sy ROfTEM 1 OBRZTRT, WYE Qrllid PTFE
EOWE Y FE S E A TWD, Fig. 6 £ 0 P LS 5#I 60kN OF—
LD Y T Qu AR 7212120 80N D5 "B DR V) #fE Qu lTEE L,
F 72 Table 4 225 SRR, IWREVEUZIL S THE B & B OV fifE
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DB SNz, SOICWELLE —BEOWEL iy 2 05 RETHD
DITHT L, 5 BEOMEN up 13 0.7 BEICEL TW5, Fig. 712 PL
OElERf, PLOKFFAR N RFLIE %2 773, Fig. 6 3 L ) Table 4 &
D AREE, REEICHLS FIHE LA O BB MfEICYIV Bb D
F TOEN 5o 1% 5~6mm FEETH Y, T4 Fig. 7 (BT PL
OAPTR L i & W5 A 522 [ElER L& 5 £ COMIEN &
RIET D, TSI PTFE 1§ Y 30K & RIBRIC £ 9 ACEH oM AHLE
DY D SR LTNDZ LT PLOMEEEL, PLOD AR
D ENCAER T 2JEME D OB, BEESTA L R oo, 61
PTFE #z72\ > LEE{ER < > R (Friction pad)f4#0> SUS.PL ~D 5| /17>
DIZORMNY, KEWMESEM Lo EZ x5, LUT Tl
HIERCWE Y HICERT 2 EMAOBENEZME L, #lé LTHIER
20mm, IREEL 0.5HZ DA D Qu, Qe HH L T2 5,
BB 0 W E Qu (X EKEATIOPIK LI BIT 2180 WET
HY, PLOIFFEIEL TELTAEICHVIRES 8> TWnD, 22T
X PLOD MR IC L DR EE O EFIXE BT, R ITEE Y F
[ZOWTIESCHE 6)dk Y un=0.5, PTFE #IC>WTit Table 3 LY
=014 & T %, FHHIE X 0 Prik L R oo BEERER AV - o il )1
Nb:=41kN, Np,=40kN, $REfFHEIX N=75.1kN TH D DT, 1§V fif
Qmmﬁm;DSLWN&ﬁD,mm4m%¢ﬁﬁ@2mm,ﬁﬁﬁ
0.5Hz (251 5 FH S 172 Qu D1E 55.0kN & s isd %,
Qu :ﬂfl(Nm + sz)"‘/‘mNc =51.0kN 4
BB TE QulXif> TV ARP OBV HRETHY, PLOD
R BIEE STV D, Qe 2RI BRI L7 v I fE

JH 5 A 11 OISR R L s odii A o8N, PTFE Mk, BEE
2y ROMER SUS.PL (25| - 03D Z & & B K qnf B O HE Nk
ZERTOIVENDD, HEMELVEY @#@@Jﬁ%ﬁnﬁw L iVal

lim;%m,Mfwm,%pﬁiﬁNFMWNT%é SR ERR R
BIAE NS &, Fig. 8 ISR HIREM o Il T B JEME S 43 A
CEVIEMAEFE LR, PTFER THEIC im94wN&F®
JEMEDBER L CWizeBZE 2 b b, —J7, PTFE #k, EE#E/ Xy K
DA SUS.PL B - 23035 72 2 21T K 2 /K A B oD H i B % B
FRECEIE T 5 2 & LV, RIS Table 4 128§ T HRIE 20mm, 1%
B 0.5Hz 2B HFHI S 72 Qe OfE 80.0kN & Ri(5)& W\ T
PTFE iR, FE#E /R v ROMEILEZWH T2 &, ZNZ 1 4p,=0.3~0.4,
up=06~05REF TCEH L TWLEXLND,

Quz =12 (Nyy + sz)"’ﬂpch' (5)
72720 25 @ PLODEHRIZHE 5 LR 133K ER ORERLRS 7 1
A= a VKFT 28BN, 500 ERHRFNPLETSH
%o

FEY L 8= H K TIE Table 2 ISR 7 0 79 MM Z TH
FE T HR0E 40mm OBHEA R EIT 72 & 2 A, BB 1.0Hz Ok
T PLODEHERIZ RN R D i E Y 115kN R IZHIAN L, RC #5IC
OOEINDE UToio s, Z 0% T IRIE 10mm OWEFFRIHENT 217 - 72,
RC EB S O-OEII 7= B O EHAOFE T I 33 1T 5 7K FoTm7 B -PLOFHE 28517 B8
&% Fig. 9(a-1)i2, 7 > B —RL Ml SRR % (b-1)12 7, Fig.
9(b-1) & Y RC FOOVEIILATH: TT > A — R b i) 28 873 i
WZ END, EAXANRC LENPOLPWEELTT 1 —AL MC
HKENDIREL, T A—HR bOFAKIINZL D RC#HBEIRL
M LIS e e B2 b D, 7eds, U 19) CRRES L
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(a) Amplitude = £10, +20 mm (b) Amplitude = +30, £40 mm
Fig. 6 Results of dynamic loading test
(friction damper bearing, f=0.5Hz)

Table 4 Results of dynamic Ioading test (friction damper bearing)

Amplitude | Frequency | Qg -Q)| Qre -Q,) | %
(mm) Hy | @y |40 /(Nb1+ Ng)| ) | = /(Nb1+ Nyo)| ()
Quasi static| 60.0 0.56 70.0 0.56 32
+10 0.5 60.0 0.53 80.0 0.63 4.1
- 1.0 60.0 0.52 80.0 0.62 5.2
2.0 60.0 0.52 80.0 0.62 45
Quasi static| 55.0 0.55 70.0 0.62 4.1
420 55.0 0.52 80.0 0.70 5.1
- 1.0 55.0 0.51 80.0 0.69 5.1
2.0 50.0 0.44 80.0 0.69 5.7
Quasi static| 50.0 0.53 62.0 0.58 4.1
+30 0.5 60.0 0.62 80.0 0.75 5.2
1.0 60.0 0.62 75.0 0.70 5.1
Quasi static| 50.0 0.59 62.0 0.60 43
+40 0.5 47.0 0.49 77.0 0.72 6.3
1.0 45.0 0.46 70.0 0.64 5.8
+40 Quasi static| 50.0 0.59 79.0 0.79 38
(2nd) 0.5 70.0 0.81 105.0 1.03 6.5
1.0 75.0 0.89 115.0 1.15 6.8
20— — 0.002
E 15|98 PLL 0.001 _
10 é’ Variables Values
E 5 -0.001% N (kN) 715
80 -0.002 3 H (kN) 80.0
2 -5 00035 M=N.h (kN.mm) | 13080
£-10L, -0.004F e=M/N . (mm) 182.4
15 i...]-0.005~ D (mm) 340
!3:_2{?L 1;3 V! 1‘4 Rilg\tlve dlspl 0.006 d (mm) 290
Time (s) d (mm) 50
Fig. 7 Time history of relative disp. D/6+d /3 (mm) 73.3
and angle of PLOD (=0. 5Hz) x=e-D/2 (mm) 124
d x/d 0.043
// p 0.0079
, X /d 0.62
/ Xy (mm) 179.8
‘ T (kN) 225
/// /////////// N =N +T (kN) 94.1

(a) Forces acting on upper jig (b) PTFE under PL(D (c) Calculation of N¢'
Fig. 8 Calculation of N,' (friction damper bearing)

150 ————— 50—
Lo s RC-crack : 115kN (1) Deformation of anchor bolt
Y e e = 100} siding of friction pad
< < ;
< 50 < 50
< <
° °
i ERNE
o o
S 50| S -50|---
S S A
T-100 T-100f --(3) Deformation
R of anchor bolt ;
-150 — ; . - - -150, .
-50-40-30-20-10 0 10 20 30 40 50 -50 40 30 20 lO 0 10 20 30 40 50

Relative displacement (mm) Relative displacement (mm)
(a-1) Amplitude = £40 mm, f=1.0Hz (a-2) Amplitude = £10 mm, Quasi static
(a) Horizontal load - Relative disp. relationship

Yield sfrengfh : 82.lkN 90 Yiéld étrength f82.ikN

Axial force (kN)
fol
~
o
T T[T T T 1T T T

2 4 6 8 10 12 14 10 20 30 40 50 60 70 80 O
Time (s) Time (s)

(b-1) Amplitude = +40 mm, f=1.0Hz (b-2) Amplitude = +10 mm, Quasi static
(b) Axial force of anchor bolt
Fig. 9 Results of dynamic loading test when RC cracked
(friction damper bearing)
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Fig. 10 Mechanism of slip hysteresis curve (friction damper bearing)
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Fig. 11 Results of dynamic loading test
(rubber sheet bearing, f=0.5Hz)

Table 5 Energy for 1 loop
(rubber sheet bearing)

Energy for 1 loop (KNmm)
+10mm| £20mm| +£30mm| +40mm|
Quasi static| 149.3 | 490.2 | 1123.3| 1961.2

0.5Hz 222.1 | 787.3 | 1703.7 3114.3

1.0Hz 2225 | 791.4 | 1708.6 | 3100.5

1205y 7010 0 To 20 30 40 50 |_20Hz | 2688 [ 9346
Relative displacement (mm)

Fig. 12 Results of dynamic loading test
(rubber sheet bearing, vertical load=70kN)
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Fig. 13 Results of ultimate loading test (PTFE sliding bearing)
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Shear Steel roof 2GL| 750350 | 498x2 | 358 | 18265
spring 2 s3 2G2| 600300 | 422x0 | 6.31 | 17772
Pin T D% 3 163 | EW | t =150 674%0 - 24683
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ji11c2/] \1G2 Ry
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1c1A 161 | S2 | guis | 432417 | 235 | 205000
Fig. 16 Numerical model s3 Hffzo:lfo 443418 | 235 | 205000
16 : : - -
Yoqal S S i Table 7 Comparison with
512 . ; B I experiment (rubber sheet bearing)
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g 101 Ampl Energy for 1 loop Max reaction
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S 6|4 Experiment | Experiment
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Fig. 15 Result of ultimate
loading test (rubber sheet bearing)

Table 6 Dimensions and properties

Photo 3 Rubber sheet bearing
during ultimate loading test

Mem| Section [Converted| oy E
ber | (mm) | CHS (mm) | (nymmd) | (N/mi)
1C1| 650%800 | 936x463 5.21 23943
1C2| 650x500 | 652x108 | 7.20 24436
1C3| 650x500 | 652x108 | 5.52 19500
1G1 [ 750x350 498x2 3.67 17031
1G2 | 750%350 498x2 3.67 17031
1G3| 750x620 759x%9 1.90 23943
2C1| 900x700 | 901x100 | 4.46 24436
2C2 | 900x700 | 901x100 | 2.59 23202
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Fig. 18 Modeling of hysteresis curve of bearings
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1. Introduction
A large number of steel roof bearings in RC gymnasia were damaged at the 2011 Tohoku Earthquake and 2016 Kumamoto Earthquake,
mainly due to the out-of-plane response of cantilevered RC walls. In this paper, a PTFE sliding bearing, a friction damper bearing and a
rubber sheet bearing with thick leveling mortar are fabricated and dynamic loading tests are carried out. Using the experimental results,
the response of the RC walls under not only longitudinal input ground motions, but also transverse direction is confirmed by numerical
simulations.
2. Specimens and experimental methods
A PTFE sliding bearing, a friction damper bearing and a rubber sheet bearing are fabricated with 0.8 times scale. Mortar thickness of
PTFE sliding bearing and friction damper bearing is 60 mm, more than three times of anchor bolt diameter, and rubber sheet thickness is
also 60 mm. Vertical load evaluating roof weight is set on the top of the specimens by H-section jigs and PC bars. First, dynamic loading
tests are carried out by applying sine waves with various amplitudes and frequencies, followed by ultimate loading tests.
3. Results of dynamic loading tests and ultimate loading tests
From dynamic loading tests, PTFE sliding bearing slipped at 13 kN. Friction damper bearing showed two-stage sliding yield strength
due to the rotation of base plate. Rubber sheet bearing showed stable hysteresis curve by sliding and shear deformation under 70 kN
vertical load. When sliding yield strength of friction damper bearing exceeded the ultimate strength of RC parts during dynamic loading
tests, RC parts cracked. From ultimate loading tests, RC parts of all bearings cracked at the horizontal force less than the ultimate
strength defined in AlJ recommendation. After fracture of RC part, strength of bearings increased again by tensile action of anchor bolts.
4. Verification of response reduction effects of bearings
Hysteresis curves of PTFE sliding bearing and friction damper bearing are modeled by bi-linear model and that of rubber sheet bearing
are modeled by powered expression and Masing rule. Effective response reduction effects of friction damper and rubber sheet bearing
were verified by numerical simulations of steel roof bearings supported by RC substructures.
5. Conclusions
1) Sliding yield strength of PTFE sliding bearing was about 13 kN and that of friction damper bearing is about 80 kN in the 0.8 times
scale models, and hysteresis curves of them showed rigid-plastic relationships even though mortar thickness is 60 mm. In addition,
sliding yield strength 80 kN included the strength rise by 33 % by rotation of base plate.
2) Rubber sheet bearing showed stable hysteresis curve under 70 kN vertical load under high axial pressure, however, slippage limited
the maximum shear force especially under low axial pressure.
3) When relative displacement exceeds the limit of loose hole or sliding yield strength of friction damper bearing exceeds the ultimate
strength of RC parts, RC anchorage of all bearings cracked at the horizontal force less than the ultimate strength defined in AlJ
recommendation.

4) Effective response reduction effects of friction damper bearing and rubber sheet bearing are verified by numerical simulations.
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