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Abstract

In order to assess the dynamic response and stability of a piping system during
multi-support excitation, two phase seismic tests have been conducted. The first phase
test had been performed to apply modern design methodologies and its main results
already have been reported. The second phase test have been held to qualify the pip-
ing stability during strong earthquakes. In this test, the effect of internal surface
cracks on the piping stability have been investigated. This paper reports the results
of these tests, which are:

1} Dynamic response by 4 inputs excitation and comparison with analysis.

2} Dynamic failure of piping systems {with defect and without initial defect)
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A Summary of Test Results
Modet Crack Pres. Input Result
No. {inner) (MPa) {muiti phase}
A-1 nothing 0.5.15 | Sine Dynamic response
B-1 3 K2 15 Sie 8 Hz, 10 sec Leak at 4th excitation”
75% depth (Repeat) | Pressure down = 3 MPa
B-2 ditto 15 Earthqg. S2M6.5 Leak at Sth excitation”
{Repeat) | Pressure down = 10 MPa
C-1 360° 15 Sine 8 Hz, 10sec | Break at 4th excitation
50% depth {Repeat)
Cc-2 ditto 15 Earthq. S2M6.5 Break at Tth excitation®
(Repeat}
A-2 nothing 15 Sine 8 Hz, 10sec Leak at 13th excitation’
{Repeat) | {Eibow failure)

‘Input level was raised at 2nd and 9th excitation.
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Table 1 Characteristics of pipe material
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Yield Point Ultimate Strength Sm

Mpa (kgf/mm%)| MPa (kgf/mm2) |MPa  (kgf/ma®)
oy .

343 (35) 495 (50.5) 165  (16.8)
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Table 2 Main specification of test system

®2 EBEEBEOMAK

Type 'Multiple shaking

' table system
Exciting direction'One horizontal
Number of shaking :4

tables .

Control ‘Electro~hydraulic
Shaking force y10ton. f each
Displacenent imax.30cm p-p
Velocity ‘max.20cm/s

' simultaneocusly
Shaking wave :Sine,Random,

1 Earthgquake
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Table 3 Main peak frequencies of transfer function and damping value for
each test conditicn

£33 FRBENBTOEERROVY — 2B X (Half PowerikiZ L 8%

#)

P:internal pressure {(Mpa)

Peak fregquency (Hz)

Case Case Case Case Case Case
A-1 A-1 A-1 B-2 B-2 c-2
{P=0) {P=5 ) (P=15 } | (P=15 ) |(P=0 }|[{(P=15 )}
l1stExc. after|IstExc.
leak
1 4.83 5.06 £.74 4,83 4.8 4.79
2 6.8 6.77 6.69 6.86 6.83 .83
3 8.0 8.11 8.17 8.3 8.15 8.25
4 10.54 10.4 10.4 10.54 10.49 10.54
5 11.17 11.29 11.46 11.14 11.08 11.1
6| 12.11 12.34 12.45 12.2 12.0 12.1
71 13.09 13.0 13.09 13.17 13.11 13.2
8| 15.4 i5.46 15.28 13.62 14.94 13.67
9 16.2 15.97 16.17 16.31 15.82 14.9¢%
10 23.89 23.97 24.0 23.94 23.68 24.12
11 26.07 26.3 26.53 26.23 26.17 26.17
12 28.2 28.37 28.37 28.29 27.97 28.32
13 28.178 29.14 29.66 28.83 29.4 28.9
14 31.74 31.29 31.74 31.59 30.0 31.6
15| 32.54 31.70 32.17 32.66 31.4 32.8
Measured damping ratio (h)
Case Case Case Case Case Case
A-1 A-1 A-1 B-2 B-2 Cc-2
{P=0) (P=9% ) (P=15 )| (P=15 )| (P=0 ) [{(P=15 )
‘ 1stExc. after|listExc.
leak
1{0.0385 |0.0112 |0.0268 (0.0325 [0.0208 |0.0268
210.0105 (0.0135 (0.0137 {0.018 0.0231 [(0.0168
3(0.0171 |0.0176 [0.0191 {0.0223 [0.0289 [0.0226
410.0046 {0.0052 |0.0066 [0.0073 (0.0044 |0.0027
5{0.0018 |0.0041 |0.0052 {0.0038 }0.009 0.0051
6/0.0038 |0.0037 [0.0025 |0.0152 |0.0074 (0.014
7|0.0013 |0.0042 |0.0020 |0.0022 {0.0085 |(0.0022
810.0065 |0.0085 [0.0026 |0.0042 (10.0019 (0.0021
9{0.0081 |(0.0048 |0.0142 |0.0061 [0.0108 ;0.0048
10|/0.00686 |0.0041 {0.0025 |0.0048 [0.0014 [0.0024
11{0.06015 |0.001i6 }0.0033 |0.0016 |0.0043 |0.0038
1210.0018 |(0.0029 |0.0021 0.002 0.0026 (G.001
13(0.0015 |(0.0016 |0.0014 [0Q.0049 |0.0018 |0.003
14|10.0029 (0.0026 0.0038 |0.0032 0.0019 (0.0054
15/0.0017 |0.0018 0.0013 [0.0022 g.0027 |10.0Q0026
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DFEEVHEREBRRICAVAAN (LRVERED) ThHo.
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Table 4 Analytical eigen values and damping ratios for simulation

B4 BEETLOEEES L CICEERICECCRERE

Order Freq. h
(Hz) (%)

1 4.44 3
2 7.16 2
3 8.08 2
4 10. 8¢ 1
5 13.12 1
6 13.48 1
7 17.00 1
8 17.98 1
9 19.84 1
10 23.25 1
11 24.45 1
12 28.24 1
13 31.12 1
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Table 5 A summary of dynamie failure test

®5 RHEEBRSE (A 1IHEHEEER)

BW: 75492 rl*iiif ATk o
A-1] mL | 0,50, [50kg/cm? it N W EEMN
i 4.4
B—1 (3" %2 150 kglfem® TS FHiEAMEFCRA
#0.75¢ B Kz . 108 | REET 230kefZE
B-2 " ” M 85 MORES NN

52M6.5 WHEETF100ke R

c-1 2R " EX#E W 4 Einda by o R
0,501 8 Hz. 108 | M¥

c-2 “ * B # 7 BREES R
SeM6.5 | M

A-12 L ” EEH %1 JEghERc I

8 Hz. 108 | FERRMMIKE

#) B-1, C~1, A-20 | IREREHEREMETSH S,

12, 799 2R OBRENEERFNES -V 0 BEORE LT 7. ZOEOENE
P CBEMIZET, S5IE-A L P2BHTAIIRVDPDEGVBLETH S, £F

WEOEEEZEHTALE IMPallF TH 20T, BESEOMLEIZHIS+BEROLEH
REZHAHADOLEZ OGNS, BIZ, HFEHTIEMEBRIIA - TAHEE, WENIENE
BEREXEAVAILENH LA, REBOWE, ¥Y—VSAHLESBARnMEICELSL
FoHUYIE S EPREIC L M EMA TS, HBIRES 3 4 3MPal3 Skef/mm)) L FTh -
O THIERITTESEEIC D s b D EZ NS, DEDHTERE L, AEESSHG
ELELLABIIHEERORXSCE -2 L PEFEELAE. ZOLILTEBLAE-A Y
FOBEHEERZZ2 1AL, EFAMB—1, 2OBELIHIFMTHE, kB, HLY-
THEEB LML OEEMEIZRA2 0 — 3 0MPa (2 — 3kef/mm?) BETH o
FT, RHETILE SIS EEMTE—A S P (LR 2855 0 7E~OREELE 2 72
BTFTid, 79 20@ Mz 57—VSALSBALYHLAE—AY rOFEHE YT 5
FEIERLAE -2 b ET A, F, MIERAFMBAC, ETFTHEOBTLH Y, LI
EhCBEHLAMYE-A M2 1oLl FmMTO 1 0%#EETHE, (HE
BIE T, BFROY—s3H0, TREINKELRLTVA), IO, REHETHI
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Table 8 An cutline of shaking and response in dynamic failure test

6 RAEBREOMEEFIGEORE

(SINUSQIDAL EXCITATIOIN)

Model Excit.

No. No.

B-1 Ist
2nd
3rd
4th

C-1 1st
2nd
3rd
4th

A-2 1st
2nd
3rd
4th
S5th
6th
7th
8th
g9th

10th
11th
12th
13th

(EARTHQUAKE EXCITATIOIN)

Model Excit.

Ne. No.

B-2 ist
2nd
drd
4th
5th

c-2 1st
2nd
3rd
4th
Sth
6th
7th

(note) 1.Sinusoidal excitation

2.Earthquake excitaticn

*Increasing occured at leakage
**%Greater than the value of model B-1 or C-1

Table displacement Table
acc.
Act1D 2D 3D 4D VT2X
{mm} (mm) (om) (mm) (Gal)
2.96 2.59 2.29 2.55 1460
5.08 4.77 4.40 4.78 2469
4.86 4.56 4,35 4.71 2265
4.69 4.50 4.40 4.73 2233
3.19 2.61 2.35 2.50 1401
,5.01 4.66 4.61 4.75 2341
4,70 4.43 4.47 4.79 2212
5.34 4.58 4.73 4.75 2417
2.98 2.67 2.36 2.42 1399
4.83 4.55 4.81 4.77 2357
5.85 4.46 4.656 4.68 2261
5.30 4.50 4.68 4.74 2237
5.22 4.42 4.64 4.62 2233
5.29 4.48 4.46 4.70 2262
5.42 4.52 4.54 4.65 2260
5.48 4.52 4.51 4,77 2254
7.28 7.42 7.94 8.26 2991
7.31 7.33 7.80 8.36 2946
7.32 7.39 7.95 &.29 2988
7.32 7.43 7.95 8.37 2999
7.55 7.24 7.90 8.26 2791
Table displacement Table
acc.
Actlp 20 30 4D VT2X
(mm} {(mm) (mm) {mm) (Gal)
19.37 11.52 6.51 6.90 3445
19.37 11.55 6.45 6.95 3529
19.45 11.59 6.48 6.95 3503
19.61 11.63 6.47 6.98 3441
19,57 11.66 6.37 6.98 3467
20.00 11.79 6.53 6.99 3265
20.06 11.68 6.48 6.96 3299
20.11 11.75 6.43 7.02 3272
20,16 11.72 6.41 7.02 3284
20.09 11.84 6.46 7.06 3277
20.11 11.78 6.49 7.07 3238
19.98 11.86 6,50 7.25 3247

Level 4.3%,8.6%,17.2%(A-2)
Phase ST1,2=0%;ST3,4=180°

Pipe
acc.
AGX
(Gal}
2835
6244
6507
6534

2853
6037
6297
6485
Kk
3965
6321
6314
6192
6313
6260
6259
6409
7568
7429
7539
7527
7358

Pipe
acce.
ABX

(Gal)
6084
6317
6203
6369
6426

6354
6580
6706
6747
6799
6672
6045

52 floor waves, multiple input
Level 24-16-8-8%
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B, BEMLERS (REMVE 3B LTes. 4, B-2 TizBHs B -1
SNETLARETHEHLAZZEX ) dhhd, FEOMBIRR s SbeELLE, B -
1DEGEER RS 7 v s OBBIZITWET, /4B — 2 2 KBMEET CoEMRiE
EWSOTHFZEHHESINL, €752 F 0 SEECHETLHEY) BB
FIEHR 7 T2 2 BTN LDRRMAEL, TLEMTLOEOBMEA L THE,
M37~40R7T» 7ENEELMETE—A Y bORBBRLTARMLRLDIIDTRL
LOTHL, INHOMTE FUHMEOCECHMES YO, T4ib, fEMErLOR
HEETHBLTRLTWS, B—1E:B-2RLALNLHBIATORRAFY A
N TEILELTVAN, FF2 9T 4 »FIZLABEBBRAETMESRE-Tnd, IR
HLT, F0C— 1 3EFOREL - 74 b WESEQETFOENHE»HE L, &
MEHEII WA o, 7, C— 2SRRI VA — TR0 E L 2ATS AT LA
F-=A v bOgkERS

4, 42 3RO FHETER L2 7 » 7HiEEs— 2 v PEAWOHESS TR LE
LDTHL, ZOFIZE—-A X MEO~1200kN.cm® 5 0545, FTEENT - A~
MEE1IHA A% ] (BEIP—PHIIEH S 20} ELTHT L LELDTHE. &
B, s b A5BG, MEMESSEREIEEICEL I TORE RV B-2 &
C—2BIUB-1LC—-1@EMLHLIER—DhHTERLTE, B—1, C-
1 DETERWHOE - 7 WD OEELENR 4.3 %LAXL) 22200 THY, HHO
HITRZRSHFTOEBL TR EELILRE, bhAD, HENREOY -V SC1 —80
ﬁﬁuc—lfzooxwﬁﬁa,B*11500ﬁ700xm%kﬁt,&@Ewyk
DT HEBETE LTk, mﬁWﬁﬁHUB—za‘—l%m&&& B—1@MKas
FoE-— AL ORHPELTPIIEGNEICHS, C— 1T, B-14&0 27 » 28O%
h%*#ﬁ<,ﬁi@%n_xbﬁﬂénfw&awxa

LBGR LAz LS A, SBY—YOEESLELIZY T v 2 BT A L MDA
ERENG S T Z8E GME) ETORKAIEHE (SHEIE) FHEELALOPET T
B5H, HEs 7 o o BOMBENE - 0BERTER LA AR AEDLOH

Table 7 Nominal axial stress at outer surface of cracked section estimated
from measured bending moment (max = 1150kN.cm) and internal
pressure

£7 RAE-ALVMEAESGEE LT v VBN ETO®EY B

|

INT, PRES.| BENDING
$ So |5=81#8y ] 878,
M0 CRACK| 59 wra | 219 278 1.7
B-1.2 68 290 358
€-1,2 115 404 519
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27y CEERIZLLZESC N E LTHRIBL, ZolIZREBETHLA, 75 9 7 DES
ey, IOBMIEHELENELIRE 2T, o TUEHEFHEZ DL,
B— 2 CIAHEBHRIILIAEFERAETOBEN L — 21K, C— 1, 2TREEOLLDOH
DTE Iy 2 YA A MRORITEMEGBAEBIIA-TwESEbRE, B—1T%, I
REFZN A 7 NDE— 2T, UF A - IR TEERICRREIZ SN, 75 7D
RIZCLLVEWHBRARRIIA S ODOLELLRE. 27 » 7400 E LIBEI, W
DE—Ar FASERLAESOIHELEEISRLE. ZOhs, FHLAHE (£~
FRAHE) LB Ty v A EVEBASIE 17 BETH Y, EHBRRLE LT
HZBETHL I Eathd b,
{5) Limit load analysis @8 M
77y 2w B CEEROEBRO--ZHNFIRZ
1) RN RBINEDRM (799 70230 734 T A5 EBTERHELH5)
3) 77y ZENIVER T H B E O
N BTy OFRERITS Sl Limit load analysis
THh ERBEOBFOHEET) ITHERELLTICELRTWLIDTERER VT
N RS CELURETHEL. 27 s OBEBLEERTTCOWTHEHERDHELYE T
OTHREBRHFTH LA, TITERERAEBIIHT2HB0EMFREE LT Limit load
analysis BB L TA 5.

BB L3, BEEREEINOOr T 7 (/v F) FHPLIF 20T 1 #7285
ECEITTET KRG 770284 L, F0OBRET 7« 7 OETERIIIEE L,
HEEBIIW T, EHRICHE L0 LELLONL, RTIRLALIIIEDT— 2R
oW THREDY - 7 {FETITEMBMMII A - T/t EB L LN A, o TRME
T 12 Limit load analysis (2 & 0 WBEICEME T A 2 Lt llbh b, 22T, BEEO
B H R EE O M AV & L Limit load analysis @ —2 & LT, Net Section Stress Fai-
ture Criterion ¥ BH L T& %, I HIEMEOINGERFE P2l E s UCTHEAET 20
HETRF OB DL 0 A & e LTHETEL RO 60 THS, JOFERECAT L
ADES LB CER SR TWA LI THELL, 2T, #1OHRERS T EHY
TR CAZ b, THRBZS » 735w (75 70&f 2T LD
L WERARILA8D +AFRNEITTER .

SHEAE LTI, W(IMRESNTLIH, L{(HLATVWELDD—D2L LTETR
OREGN&ICE AR E B/ (Hasegawaetal. 1 98 3, B[, 1984},

(REE—AL )

A< m— 8 OREFIRT

ML =20 ,R% {1—x%) sinf+ 2R (2sinf, —sin8) (1)

6 (1-—)() T o T—4 ﬂ'Rpr
= + - 2
By 5o 5 fo, {2)

BLzr— 0 ORETRT
My = 2R%t {{1—x) o, ,+ 0, sinf, (3)
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_ z _ _ Rer
ﬁL_ (l—x) O'Ef+ﬂp {(1 X) Uef Zt] (4)
N N
o, =0,— (g,—06y} X, x=d/t (5)

IO, Ty rHMEOBERYETLE-A VYIRS ADLDOTHE.
T HEEL, BUEESBORETE IOV THERIIAEHFS 2 6R Ty
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Fig. 42 Histgram of bending moment at crack section (model C-1,2)
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