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Abstract

In recent years the authors conducted some experiments on seismic response of piping
systems with liquid coupling. The test systems of the former experiments did not include any
active component such as a pump or a valve, and then, they only cons idered rested water and

nvarying boundary conditions of the internal liquid.

However, liquid response in a pipe is strongly affected by changing the boundary condition,
and further, practical conditions, such as water flowing, more or less affect the liquid seismic
response. Among such conditions three points, valve operation, flowing velocity and system
pressure, are mainly considered. To estimate the effects on seismic response resulting from
these factors is important for verification and improvement of the seismic design method in use.

The authors conducted a vibration test of a liquid-filled piping system including active
components by using a large shaking table. In this test, each point above described was

*PRSHREWITEED ** R F I B BB S



B S BRI RO SCAr T e Rl 581545 19924E 3 A

independently examined to understand clearly each unique effect. Thus, three types of tests, that
is, 1) test of the boundary condition effect, 2) test of the flowing velocity effect and 3) test of
the system pressure effect have been conducted.

The main results from these tests are summarized as follows:

1) Valves openings or closing effects liquid resonance characteristics and cause a remark-
able change in the seismic response of a system under sinusoidal and earthquake excitation.
This shows the effect of pipe-liquid dynamic coupling, and is explained by two analytical
methods. One is a simple analogy model of two degree of freedom, and the other is an exact
coupling response analysis method proposed in the authors’ previous paper.

2) The flowing test system generally shows a lower level of response near resonance than
that of the water-resting system. The different response value between a flowing and a resting
system is caused by two factors: flowing velocity and valve opening ratio. Some measured
data, which clearly show an effect of steady state flowing velocity, have been compared with the
analytical result using a simple straight pipe model. As a result, the flowing velocity effect on
seismic response reduction, which is theoretically explained by the non-linear liquid friction
effect, has been recognized.

3) The steady state pressure level in the test system is also an important factor fqr seismic
response estimation. Its effect is much different from those of the other factors formerly
described, that is, strong non-linear behaviours. In a low pressure condition, the non-linear
response of liquid easily occurs and causes an illegal seismic response of the piping structure,
which can not be predicted by the linear analysis method. In a high pressure condition, the same
behaviour occurs at a high level of excitation at which liquid responds over system pressure,
namely, it reaches a negative pressure. The main effects of such a behaviour are hydraulic and
structural shock, like' hammering at a local position, and the damping of vibration through
energy dissipation. Response analysis with these effects is to be studied in the future.

As a summary of the experiments, coupling of pipe and internal liquid in various practical
conditions is considered as one of the important factors to achieve more exact prediction of the
seismic response of a piping system.

‘Key Words : Seismic Response, Piping System, Vibration Coupled with Fluid Motion, Vibra-
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Table 1 Details of the test system
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Table 2 Main fluid conditions for each test
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Table 3 Structural vibration characteristics of an empty condition

Natural Frequency (Hz) Damping Ratio
Prediction Measured (Measured by Half Power Method)
1 7.94 7.9 0.018
2 16.32 16.7 0.009
3 19.71 20.3 0.006
4 20.38 20.9 0.008
5 23.46 21.7 0.008
6 24.37 23.6 0.019
F 4 UKSG T OREN
Table 4 Structural vibration characteristics a liquid-filled condition
Natural Frequency (Hz) Damping Ratio
Prediction Measured (Measured by Half Power Method)
1 6.34 6.3 0.02
2 13.2 12.7 0.015
3 15.8 15.6 0.013
4 16.1 16.2 0.009
) FERME A & OEm Y/ NEnwr — A (FFABCEE, PIFE400kPa) @& %
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Table 5 Liquid column resonance frequency in each valve condition

(predicted values * before test and corrected values after test)

Valve Liquid Length Frequency (Hz)
(C : open)
No. A B L * I case of @ =1000m/s
1 close close 35.4m 8.3 (a=1180m/s) 7.1%
close open 41.0m 5.7 (a=940m/s) 6.1%
3 open open 46.5m 10.1 (a =940m/s) 10.8%
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BERIE R R R USRS A B O M BRI B T 2 FRHEE (B4 HXROEHER)

NN D

FsHS 2L 51, P-8 L P—10THMHICRIFHETHD, Thick 3ENINED
MR~z 2D ER> T, L LIREOBELZ b a> TEELTWE D EEZ S
ns.

(27 (10.1Hz) OHBEZINE VAV IGEOL O EEO EERE K & Bbh, MimEO€—F
WA E LT WS, £z, M28OBEXTAEIIL 2 IRE — F EZEES TRITTANC 3B T
W, FEITIKIEWEEICE->THED, RIERSERDINE L L TELzE—FTR%
<, BE2RE-PFIMHBELTELCTWBENEETHS LEZ SN 5,

3.2 2BRETINCLDERICEESHOHA
3.2.1 2BRETINVEXORERFRR

PAEGRAT M L RO L, BB 1 IRE—F L 1 IRE— R L T iz
ELTWw3bDTHY, ZORICEHT % EHEB L CRERE —HEARCEMEL, 20
EE e L CERICEEFPECTCO 2 bDLMIRT 2 28 Tx 2. UTFTIRIDL S i
RZETCh2 LhmTizcd, EFTVEHEEEFRBEROLRIREZIE L TAH 5.

2900 & 5 72 2 BB AR E R, Mi— Ki— C R5EE, My— Ko— Co ROSTREEICHIS 3% &
DEEZDH. ROBHABRRZLICASRTVWE LS

M+ (Ci+Co) 31+ (K + Ky — Coyo— Koye = — Miii (3-1)

Moo+ Covot Kove— Cov1— Koy = — Mz id (3-2)

i, BWRHOFKRCED ChE2EET 5, T45bbEE | RIEGIREE S X CBELLICHH
HBILEELT

w® = % L= 2(061:}141 (0)1 = 27Tf1) (3-3)

WA 1 REEREBEEY B L OBELICHYE T 28 LT

w2 — ][5122 §z = 260?5”2 - ((1)2 = 27[fz) (3—4)
251

_ M _

p=a7 (3-5)

L, IREVEL 0 OEHIELFICE 2 2
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u = Ue™, y=Yie™, yo= Yoe'™ ' (3-6)
Y42, SEAOMEEREEE (RERS & OMIHEE2 52 28E2H) 2RO 2R

(0 + pw?— ) + {2 G+ p&w2) (Y, U)
—{pwlt+iQuiwo) (Yo, U) = o’

(3-7)

—{*+7/2&w)} (YL U)
+Hw?— *+i2ew:0) (Y2, U) = & ,
Y%, ZORDPSERBEY, U, Yo UDENEB KD 5505, BMEEOTIIT
FEIE L, RETHEEEREZRT.

(3-8)

3.2.2 ERER~DEH

EETIE, BA 10V UCHYS T 2EEOIMEEREILRD Sh s, B2 (BER)
OB TRENGEMAIEI N T WS, WEOEEES], ERES L CFML YA EHKD
Mhicid, BEficE2 2 &

Kedx = Adp (3-9)

DBIFDH 5. EBTIXApHFSENED, AxETHTH 5. —HETNVTE, dx=n—nk
BHTE%. o TCUTTRR, ERTCHESNLdp (ENCEHEME) & LEIeET v o8
HEn2 (K An—y) B BT 5. %8, IHEEOREERE 1 KT — N OB S8
T 5B, ENICEZRECENERT ZE OV T7EREL, 2 TERANVTH#ER, VT
&M 3 CRAEE LRIUAE) CO7—5 25,

ETFTNOESIYRIZTA(3-3)~(3-5 DEFEHW2 &

2
‘gz_(yl—yz) :Miﬁﬁf;—(%—yz) (3-10)

L%, ZZEDREEEODHETH 3.
UEDEFNVOIGELERT2/95 A —F I £ LD TEE IR LD, o, HIFRTEEE
BUEIE W, %703V 7HEEMIC L D ED 20, iROwEERRRSRE 2D %
w2 2 e TES. LIFEAEZR VD, REEE LT/NEREL=0.012/Mw. £k
NIEE B X OWREOEREICHY T 205 2B T 570113, cERNL ¢ B X W
FERENIEE R B0 DEBERK, ADENLETHL. ZHNIEDWTHEITETREICS &0
EEGIWCRLUIEEH W,
KB, BERD/ST XA —F TIE, BIEOBER%Dead Masst L TEFEICW A, HWHECXIG
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SINHIE D

R6 HEPLBEDTFOY—ICHVE 2 HHEESEREFLOEK

Table 6 Constants of two-degree-of-freedom model used in simple analogical simulation

Valve Elementary System 1 | Elementary System 2 Constant for | Mass
Condi- (Pipe Motion) (Liquid Wave Motion) | SPT18 force | Ratio
u - of unit area
ion : :
Natural Damping | Natural Damping K2,/ A* M2 M1

No. Frequency | Ratio Frequency | Ratio (adjusted) (adjusted)

1 6.3Hz 0.20 8.3Hz 0.01 212kPa/cm 0.1

2 W ) 5.7 Vi 100 0.1

3 Y Vi 10.1 Vi 100 0.03

*ARBBKEEORBMERE, FAK2/ADMEIRIEOM2/MIOMEEMI=1.5 MSEH Lk,

TLHEAE T NVGIRIEOEBIEECOAXIET 2D E L TER /. ZOEBIZLLTO®EY
Thb.

Tabb, BWIEDILE 2, WIESENHEHOBEREFHFICXL NS KEIGE LEEDE —
F (F05E 1K) ORERENC L > CEFS N2 BFREREE (WEoEF AT AR
WD BB E DFHEFIC % 2) 109 TE2 3 &, %EDVH® 5 Dead MassicHiS T 2
HABEERERCEDTEZ ZLEND L. ft-> THIR (INI11988) TR LI DOE 2
i, bbb, BELSEOEEE 1 RTCEE TRy, FEEER L OER L LELTTO
RTERES 2T DES AR EITS 2 Lch 3. ZOAIXK290 & 3 5RO
BETNVERVDLOICELCTHWAEETHS. -7, HMODOEF LTI, HEErEST
BRRIIEEREEIGEIC L O RTRIERER2RR L Tw 20, WERMEEECED &
TH T %Dead Mass& L TORIHIGIA - Twigws. (BEROBIRFEE T, WO Z LS 0%,
RrhEgeDTERTLHEICKR > TWw3).

BX30~3513 LA EDEEE - TNV T EETOWRED EEREEE A vT 2 EEE T
DIVEEHEL L, ERIGEMREEE LD Th 5, AR 2 B 5E 7L CEENIC
MEATE B Z L 03b» 3,

3.3 HWEREMIRIC K 2 ERICEEENCRET 2 ERER

ATTE LTRGBS O SEREISUI7.3~ S Hz Th 5 7272, /L TEME 2 Tk &
&m%%ﬁb,m@%#?@m§&®ﬁﬁﬁﬁ%EEMt.E%@%%#T@ﬁﬁémﬁﬁ



BRBIF MR E R #1545 199293 A

DB LV ZDIBEARTZ "V THS. _

BI37~451% 3 DDV T RMETOMBEIMRIC & 2 IEES & CEHOIGE 2 EH, <7
— AN MBI UMEE-EISFE—NTHRLDDTH L. NV TERBIZ & BIRE
DERIZ, 3FBREEICELTVD. BHAREVIGEER LIV TEME 2 OBE, ERIC X
D ELE B & CEHOIRIEENET . SHz 24 U, s BB O SRS IC & 0 JIRREE 24
CTwa. fE-C, HERICE N2 SHIREINSVBEZNE, L3RG TOREDOESR
bELST2bDC B ENEZHNA.

3.4 HEEINRC & 2 ERICEEH ORI ECEBT

FENTE 7V 2 [H46127RF. 2 2 TlE, FIED IV 7 EMAIC & 2 BHIEE D= R1EEE
INERENTIC X > THBATE 2 2 L2 s, BimEEBiER (NI1988) b7z D TH Y,
IR TR 2 R L - ik t BIERDE - VT F VU Y A R A G, HEHREA
PICB 2 ER PR L 2PCRETEIC LV ERBT 2D THS. I I CREERIEY
Zr, EEYOLREL TV LD THEEREEKET 2.

ETNDINT A= L LTI, BEORTERDOMIC, ZRERE, Ko 7ESHOMS
WOWTEAEEZE W, 7V F 7V EICOWTIE, PBRERBERE—-RNZ2ELCRNES
B HI RS 2 AN L 72, AR O FE T3 1%, BRI & OB A EERET L7 BR, a =
1180m/s (N7 1) BEWa=9%40m/s OSV75MHE2, 3) & L7

ui®$&m;5%%ﬁ%%%ﬁw7%#f£ﬁtmﬁbt@@ﬁuuwwfﬁé.%ﬁ
BREEBIIIZITNIGT 2 2 &, W7 ORI LA IEEDERYFHETE S Z L3bhr 5.
SHEE, P Lo U LD & 5 I ENEEETH 5. WEHOHTO, TRIHRC &
2 FEHENFIMLIS0m/sTH > 7283, TOEIZ NNV TEE 1 (BEOWESEY 72E 720D
BEOBESH L IZITHBELTWE,

—7, NVTEE2, 30BHE WHERAEY FEEREES) ZHOIEHER» 5> AT
IR VECENEERETH S 2 E0NFEL oh, MBI X 2 I0EORS T L300 & 5 2{E
WENEESEE o7, %8, "VTEEL1L2TR7VvFY7TVEORERES (REWRE
WEH® 5E5) BE—TH2. oTRYTEFUBE LS ERWEETRIFED (X7 XA =¥
(ESTERE £ 723 BFEEMRS) RV DEREZELCTwE b e Ebh s, BHEEHFR
BrET 328 RNIL, BHFERIBIUVENEERETD 228, KREBROBG IR > 7O
BUERIR DM, K> 7HNOMBOBE LS X 2ENEEREDETHNER LTELHN
%.
KETFNVERASTDMET NV E LICGHEDIREEREL L, NV 7R 3 OFEBRIER & L
72 b DBRES0TH 2. FEEKD/INE VL TR 3 DFAEIZDME 7T & B FEfIANFIZ S
BRE522Z0bir?d. 28, DMETF LV TREARZERICESZ 2D CENICEIZE
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Table 7 Eigen frequency and damping value analytical model for time history response

HE W
" @ EF oL 0 M OE R B M ;;;iif”
# DME 7L D4 R SERTERE 7L % -
(B EETN) (Semi-lumped mass model) e
1 6.34Hz 7.63 0.025
2 13.16 15.79 0.02
3 15.78 16.06 0.005
4 16.05 18.35 0.005
5 18.35 20.78 . 0.005
6 19.71 21.15 0.005
7 23.74 23.75 0.005
8 25.40 25.49 0.005
9 27.55 28.83 0.005
10 29.49 30.52 0.005
11 29.90 30.75 0.005
12 30.96 33.08 0.005
13 32.14 33.29 0.005
14 39.41 40.30 0.005
15 40.26 40.78 0.005

* EHRIGEEEADOEFT MO HEIZ DWW T IS (NI1988% ) 12X 3

HE .

4 MAFRGIHBEICEICER 2HE

EEOHE R TIIREDIREIZ 75 > b 72 EOEERESIC L DB L R EEH L T2,
ATEIDOKEL, BATTHREL T3 X RBIBREICH 2 2 L b2 Runds, —RIcizd
FETHERL T2, RETIE IO K S RMELTES L G ROMBIGSIcS 2 228
ZDWT, AT & 2 FEB L OFEBRERIC L 2 5HEIC DO TR 2. B EES (/111988
RE) WCIANRIRFLBEEATES O L D B REREORE RO L CEATE 2 ES L
WO RICERT 4. EEWELEE N O FEIIRENO HIRIFIE I K2 D » X TE LN
0 (1979) DMFEL H 2. ZDKRA > MIREEBOIEREETH Y, FRETLZOEZ S
LSS CTHEBICEMEICERT 2. &6, MEREOBEEINT L b FED A TR <,
RRCBE L Je VT RO, Ry FEEEEROFENE 2 5, KEETIRIALIT
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DONTHRBRERO IR ECE L /2.

4.1 RERCBIBERE
B, TS ROREEE, BRERL E2BELTEDONTWEY, KE, —&77 > b
B EOBHBEIIUTOL I REEINT WS (HAKEES1980, HEEFIZA1982).

LIKIEEAKER 0.5~1 m/s

Bk A% 1 ~2.5m/s
THNHAERE 1 ~3 m/s
KIIFEEEAE 2 ~5 m/s
KIFBEICE (EIJEEB L UEK[ELS)

KEKBCE 2.5~5 m/s
F D 0.5~3 m/s
WAty AE 3 ~5 m/s

%72, EFHEE (BWROBRKEEZEO®BE) CBWTIE, FRbDELTUTOLI K
S>TW5h,

FHEAR 6 ~ 7m/s (D =300~500cm)
HIEER% 1.5~11m/s (D =300~600cm)
BEEAR 2 ~ 8m/s (D =250~600cm)
BEEEAR 1.5~ 8m/s (D =250~600cm)

RER LR 2 ~ 8m/s (D =300~600cm)

Ll b%s% 2z, BENRELTEOMEREICESET 2 4 D0REREDA —5 — 2BHET
LELATDESTHS.

EEACRERE 1000 m/s
TE 5 PR 0~10m/s
HEI X 2EEISEEE 0~ 1m/s
HEIC X % ZEILR 0~ 1m/s

D L 512, HEMERIC L 2ERE 20 5 KEERER T, I O HiZRmEHE
BOEEEE (100~1000m/s) MSTAIGEICHET 2EER/ XTI A—FD—DILZ 5D, I
ITIEIDRITIFIIBE AL L.

Vi & fE S IRETEER T3, TR 10m/sTEE £ TOBERMBEZ LS, BIAOEEE T VDH
12D LR AmM/SEETHERIERF E OERNHETPICEHN L DT

AEER T DA, 0~4m/s



INTHE D>

ERECE RS R RS OMBIEREMIC B S 2 IRRES (B4R REROREBHER)

L7z,

4.2 EEEFINICLDEE

TRDHEZTHET 2 720 OEAZEF NV L LCHEH (NI1985) DEEE 71 & 48
DETNEMGS. ZOFE, FEEHESBRERORER: L, MEOFE), WE, i
BORMDH 20, RSO0 TERMEROKS B L CHBROZEIRSHE 2 & h,
TOME L TERLOMEEBLUTO L5 w52 on 2. (MU, BE 0 3T RHEROHEE
&, N7 1 B&REE, NFERLIHMBIC X 2EHRBLET, 27U TORCRAEEE A
BN T 2R EEE Z T b))

D1(x) = plox) + po(x) (4-1)
oi(x) = v(x)+ volx) (4-2)
Yi=Y+ o (4-3)

LA, p(x), v(x) %D (x) 2 B8 L TRT)

BASTIZTRED A1 & 2R S L UHBO A0 X 2 LB BAEE T F L OBEIZ 5L T
AR LIbDTH . IR T, MEOEBIIEBE LI CETILOLE2, BB~
DIRA, FHIFHEEIC & 2 EBRIHT 25740 A 7213608 & i3 o EET 3
bOEEZL, -T, AR, MHECB)2 (WBICL2) TETH, LTEHEOBER
REEELAV. COLIRETVRYEINCESH Y 2 2005, BEELRICH T 2 FEDBE
AT FHES 2 BE 1, BMr oML R ET L L EbRS.

IDEE, EHRMEMBANPFEICHEEL T2 L xDRER (2L L TIEEHIEE
) LT, FEREREEE ST TORME Y 0.

M+ Cy1+ Kyi = — Mii + A{p:(L)— p1(0)} + F (4-4)

%%:>~%%%—§%wwd~%ga (4-5)

apl . 2@ -

TR A (4-6)
L

Flz%ﬁDpf/o- w| o1 | dx (4-7)

P THAEE AR 1S 2 A 2 E 2 T 3.
HEANDZRETIE, pr=p0, ni=wk%D, FREFED R VR AE R FLRIES
B D EOp Ot =000,/ 0t =0TH B 55, LK (4-5), (4-6) 13RO E R IREERGR BT 2.

o ox zz)ZM|5°| (4-8)
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0= —pa 22 - (4-9)

F7r, 20k ZOEEOEIIEEHOFAEEC X 2HEMDLTHY, yi=
yi= =073, %7, EEHEWICLZREEROETIE

_1 L
Fo—@ﬂ'Dpf‘/o‘ vo| vo|dx i (4-10)

LD, ZheEELTREDEERETOERR L LT
Kyo = A{po(L)— po(0)} + Fo (4-11)

BESND. MIBEROREDOINE2ED 2R U-D) K INs DEFREBTORARKZAT S
L, B L ZRENEDOKERIINT 22

M3 +Cy + Ky = — Mii + A{p(L)— p(0)} + F (4-12)

i _
F=F1——Fo:%7erf[: {vr] v1|— vo| vol}dx (4-13)

—77, WEOEEIREERRN (A-8), (4-9) 2K (4-5), (4-6)CHWV3 LHIEEIC L % HFIG
ZorEEICE T 3R

ov 1 0p f

——a—t—: —-FW—T{ZA‘U”“UO' l}gl}—jf—ii (4-14)
L N (4-15)

285, R 1D~ B BHEC L NEREED 2HRATH L. Tho DX TERNR
EOFEBRWEEL L 272 0 v vl v KOBBN T B, MEEREORALZTS &

~2-%vll vl = R, ’2452/0‘ | = Ruvo
(4-16)
wéfD—wl | ~2%vo| vo| = R(v1i— o) = Rv

Y730, BRIl TT EEFEIE R R o T, EETICH T 3 KEIE IR EE D IERR
BiickERT 20w 5.

BB, B L L2ENSMOEED, MEERs 256 (EHE T 7T VO TORA,
T EDESIRAROE T ERER Y TH BN 7 DEJJCRET 258X E) EZS



AR IOE R R R A O MR IEFHTIC BT 2 iRie®E (B4 H MAROIRENEER)

INTHE 2

ne, ZOGEOEFRROFEIZ2RIZLDTHLDTIITREEL V. kB, E
121979 1%, ESIRENO HIRIBIE D FETIC B\ T 2 OFEMIBIEE 7 — U Tk & 0 B
WKHD P> T b, 22 TRHBICENEAOHEB & W IE»S, L DBBELZBIToD
D RBHRVICE ED 5,

Tabb, ERROMEKFEZHEAL TEEE TV OIRENDOHE TN FHEiT 2
L, TEREEFEIE

G(v, vo) = (v+ vo)lv+ vo| — ol | (4-17)
L2555 >0, lvl>|v] &3 2 UTOREBRICERETE 3.
G'(v, vo) = 2000 (4-18)
ZOIMPOBEEHEFRA»SHMTE 2. $hbb, L2 othz &5 &

G(v, vo)

_ ; 1, v B
o o —1+Slgn(v)2| OI (4-19)

Uy

ZZiZsign(v) 1iZ v DFETH 3. ZORDSFRIFITTOWIRE TIE 2 O PUIE 2 703, H
BIIAEE v DA —F—1oATo > 1Im/sTIRIZIEZ Y TH % £ W2 3, R0 (4-18)
REAT 2 L FEOIRETER4-12) ~ 4-15) 1385 (/N111985) DOERER L 2 0fiIc 13
W CTRIREEIE I X 2 IR R EoE

R = (2w) (4-20)

ELEEICHET 2. ZOMREIC & 2 I0EHERNSE R MEOSIE 2T UICERL T
5 L2 5, iR & WPURBOBGR & BRI O E AES = 0.0308 &2 DLW TSR L7z,
EXTREFREITER TR T 210> T 508, IRERERIRITBICARNS L5
W, HEBIENC IR S v, 20, TRIDE OEREBICHEN A EETEE s 10 B W TIEPTRE
RUHBE T MBEED 15 E L THATH AT ER WD TH L.

ks, Bk CDNINE219897% &) TIRRBER LA COER & T IZ BN & < —8 L 728,
TR =0ThH Y, ELORX»SG(v,v) =v|lv] L7225, v BEIZ/INSWEROT
BTC B O MR 2B L CHEREEOEREDE VAL RL T2 LR 5.
TUEBIGE IS 2 2 28X, DL EOERD S BB ERER DR EEREOL D L /s 5
2, MHREEELZ N7 A—5 E LTEEE T VORRINEEELEN T2 530 L5 Th
%, Z2ZTa=1190m/s, f=0.03x L, D N7 2 —5 3Bk (NI111985) L [EIkEE L7z,
DD 5, BFUHEE CHEE I 3 2 KEEIPPRE <, MEENIARESL RS 20
L BIREOEHFNI LD /INE 25T B WS HEAD S L 5.
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%%, M3 TEFEWME v’ 0 H 2 Wid/NE WIBER, D £ 5 ICEEZEHEDIEREH T2
EHL T2 DI EERIRARL D RESHEHS LT3,

4.3 EKERRERCEE

EER TS 1 m/s~ 4 m/sORRFEICREL T, Ry 78R (X BONES £
VRIS LI . WEOZER, V7 B COMERFHELITo7 OV T AR
WIREE) . B THE OSV7HE) BERZS L, WRECHT2EARGLEIELRL LK
Bh. Db, BIGEZEICH L TE Y FELERFORE R KD, HERRF L L7z,

BN IERHE A A — 7 HHRIC & BI0E2RETT 5. K54~5913& € — NI s 2 EH s
SbDEE R B 2720, EEINES L ENIEE %, FHE 4 m/sO/ )V 7 BIEFMA T O
B (¥ FAEER) BLOBIEE Ry 7EIRR) CTHELELDTHS. ZORRMPD,
SREENT IFZTEIC L D INEIMET T2 2 EBHERTE 3 (BIERD 2 IRE— FIEDINEAS
YCRFERD AHRRRAE ). Lrl, ZOBEIINENK X 25 HIRATIICIFIZR
ERNTWS I Ldbind., —F, HERBHLER (2L Eb s, EANZIRE
BN L THB OB BT R w2 D,

IEEHBICNS WEBNERE L T2 0, REMERELZSORE L Ebhd (K602
T REROENICERER L, RENEZEIL TW35).

ED> 5, HERISEL ~VBNEL B> Twb 1R (6.2Hz) B8 X U8R (25.2Hz) *
— RDINERE 2 3, ZOINEREREHERFICOVTALLOBEITHS. ZORDIGE
OEENL, FREOMIZ, BREGOLEFHEEL Tw5. RO X 512, WEORE X IV
TOHELEETTo> TS (EIEE)., 20k, FAROLKHET, R 7EERFOINER/E
2B 500N62THL. ZOMIETEZRED NV IHEOADEELERL TR, LWL 5.
IO S, 8WE—F (A4X) TRV THEOBERSGEL L TOREWNS I EPD
Wh. DD, WEROFELRLFHEE LTAXERAWS., ZOE-FOIGEE, FE
Bex 1 & L CHEROINESER2EH L, FROBEEE 7L OBHT L B L 72 6 D63 T
HZ. T2~ 3mTRREND L, B EOHER & ERER CIRIEE—DEESHERE TS
%.

ZOE DI ERWECE DL IBEIL, HHAAMXITEWEIEFEEP -4 2 bHENTED (M
59), MAEOEELEELTELTHS EwE 5, FHIEAAXTO (R X 2) BB EREET
ME%, IEREINESHRD oA L > HEILE L TRT EX64DEY TH 2.

B, 1IRE—FOIRETIZ, K 7 EHERNS, EICED S TINEDETHA SN L0,
CHERTER L ERKEOEED M, By SEEEHEOEE LS bDOLEZSNLD

WE, Tl 4 m/sD/3 0V 7T, R EERRE L IREEROHEERICE 2 B L7z O
D65 TH 2. WEITHE, BAGEMEE L ICIZIZEFOEEFHZRL T»5. BRI (5
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* Table 8 Adjusted valve opening ratios for the used flowing velocities

RETLH v 7 BAE
(m/s) (V7 ERERE, 32080 = 4B)
A B C
1 32 3 3
2 32 5.5 5.5
3 32 13 13
4 32 32 24

H) WEEHEIEBRTRY > (o THRER) DR
FE BRI L & 2 EHIE (100kPa) 123 5E
L7-.
DEE6.3HzD) HB S 238 £ T, BIRNSR & 7B RO BRSNS & D
LRbn A, —MENCIIHBRIGE T 2 MEOEE /NS WL TE 5, 5T,
TG DFHIl &2 Z 2 TIT S BRI T, BERCTRELL LS REBREE 0 & LcHIER
LT E2EALTIVwb Db s,

5 AEORELEEORE

AFEGTE () OBMBMLIEGBES T, WHEREL b2 5, ROBENELS
BWSE, RENC X 2 HEOETINE b LB ES CAEEBICA S 2 L BT OEERRER
iz & DHEES A |

BI6613/ NV 79 1 TRENER 0 & Lz (¥ > 7 FEEBR HE L 400kPadBE D X
A =7 IHRIC X 5 ENREHMBOK TH 2. MEOERIZ, RENEBHETIEZL, Filk
DISEPEEHEBICAZDEIDICL > THRE->TWE DB S, NE0DEHER,
FERREEEN L L 2 12D WA —THEOFEIC L 2 E— NMROZEDEFICHAT LS. 4
6600 — 7 IRENVBUTUT T OSBRI O ol 2 K672 ¥, FENE 0 DBE I EICE DA
BIOITE ZRLTWwa Tk, ZAUCKVIERBEIMEELCTWE Z E8bh 3. K68, 69
FRBRCIEEISE DSBS DI TH .

H70I3RENEEZEZ THIRBEIHR 21T, 1KET— F OFREIRE O A E % gL 72
YOTHD. BENEICL 5ERIE, COHGLATEHEEEL-LOTHS. MILIEFE
RICENSEDOHE TH 5. I OHMIBEIRIERIC & 2 I0EOWHE %, FENE 0 8 L U400kPa
DEE TR LI DOBK2TH 2. WNIE0DHEC, EHBES L UN%h & S8IEEHD
FCEE 1KE— FOIGE (ASX) OREMIFIENTHWS Z Lbhs, —f, BEDE
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WOREN #RFET 254 (A8Y, A4X) TIHHMICHE 0 DBEIGENRE > TWnb.
ZNIZENIEEOIMIEER I & D £ 2 BIREIBES MEE DK E — K 2R T 254
BHHZEERLTNWED,

FiEnBEEBICAY, ICEE2ETSE3 0L 2 53R, BEROT7 oy —TE2
&, INEDHERE (B EEICAY, BB ALVF—OHEBE Lo TREEZLSC
EMTED. ZOLIRAEEOREE, 2L L TORECIHERSRE E U TERALE S,
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Photo.1 General view of test system on the shaking table
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Fig. 2  Schematic diagram of three types’ of valve opening/closing conditions
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Fig. 3 Structural vibration mode by analysis in case of an empty condition
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Fig. 4 Measured response curves by sinusoidal excitation in case of an empty condition
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Fig. 5 Structural vibration mode by measurement in case of an empty condition
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Fig. 6 Measured response curves by sinusoidal excitation in a liquid-filled condition
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Fig. 8 Structural vibration mode by measurement in the case of a liquid-filled condition
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Fig. 9 Typical measurement of pressure wave propagation in a piping system excited by
striking at the elbow position near the pressure gauge, P-13 (case of 400 kPa internal

pressure)
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Fig. 10 Coupled response curve of 1st mode vibration of the pipe and liquid

(Case of valve condition No.1)
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Fig. 11 Acceleration response waves near lst coupled resonance frequency, 5.9Hz

(Valve condition No. 1)
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Fig. 12 Pressure response waves near 1st coupled resonance frequency 5.9Hz
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Fig. 13 Pressure response magnification factors at coupled resonances
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Fig. 14 Distribution mode of acceleration and pressure response at 1st coupled resonance

frequency, 5.9Hz
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Pipe Figure )
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Fig. 15 Distribution mode of acceleration and pressure response at 2nd coupled resonance

frequency, 8.8Hz
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Fig. 16 Coupled response curve of 1st mode vibration of pipe and liquid

(Case of valve condition No. 2)
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Fig. 17 Acceleration response waves near lst coupled resonance frequency, 5.4Hz

(Valve condition No. 2)
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Distribution mode of acceleration and pressure response at lst coupled resonance

frequency, 5.4Hz
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Fig. 21 Distribution mode of acceleration and pressure response at 2nd coupled resonance

frequency, 7.3Hz
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(Valve condition No. 3)
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Fig. 24 Pressure response waves near Ist coupled resonance frequency, 6.3Hz
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Pipe Figure )
Pipe Deformation Mode (Acceleration)
= iquid Pressure Distribution (at same time)

6.30 Hz

(Normal Phase View)

(Inverse Phase View)
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Fig. 26 Distribution mode of acceleration and pressure response at 1st resonance frequency, 6.3

Hz (1st structural resonance with liquid mass)
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Pipe Figure ]
Pipe Deformation Mode (Acceleration)
= Liquid Pressure Distribution (at same time)

10.10 Hz
(Normal Phase View)
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Fig. 27 Distribution mode of acceleration and pressure response at 2nd resonance frequency,

10.1 Hz (liquid resonance)
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Pipe Figure _
Pipe Deformation Mode (Acceleration)
= Liquid Pressure Distribution (at same time)

12.60 Hz

(Normal Phase View)

e, (Inverse Phase View)
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Fig. 28 Distribution mode of acceleration and pressure response at lst resonance frequency,

12.6Hz (2nd structural resonance with liquid mass)
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Fig. 29 Two degree of freedom model for analogical explanation of a coupled response of the

pipe structure and liquid
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Fig. 30 Response characteristics of each component mass-spring system in the two degree of

freedom model (for the case of valve condition No. 1)
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Fig. 31 Comparison of experiment and calulated responses by the two degree of freedom model

(Valve condition No. 1)
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Fig. 32 Response characteristics of each component mass-spring system in the two degree of

freedom model (for the case of valve condition No. 2)
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Fig. 34 Response characteristics of each component mass-spring system in the two degree of

freedom model (for the case of valve condition No. 3)
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Fig. 35 Comparison of experiment and calulated responses by the two degree of

freedom model (Valve condition No.3)
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Fig. 36 Acceleration waves and their response spectra of the shaking table excited

by an artificial earthquake motion in each test case of the valve condition
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Fig. 37 Pipe acceleration and pressure response waves by the earthquake wave
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Fig. 38 Power spectra of response waves of Fig.37
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Fig. 39 Distributed acceleration and pressure responses at a time of maximum

value of A8X by earthquake excitation (case of valve condition No.1)
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Fig. 40 Pipe acceleration and pressure response waves by earthquake wave

excitation (case of valve condition No.2)
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Fig. 41 Power spectra of response waves of Fig.40
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value of A8X by earthquake excitation (case of valve condition No.3)
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Fig. 43 7 Pipe acceleration and pressure response waves by earthquake wave

excitation (case of valve condition No.3)
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value of A8X by earthquake excitation (case of valve condition No.3)
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Fig. 47 Comparison of time histories by experiment and coupled response analysis
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Closed at both ends for transient flow by earthquake excitation
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Fig. 52 Resistance coeific:ent R by liquid friction depending on steady state flow

velocity, Vo (D:inner diameter, £=0.03 : Darcy-Weisbach’s friction coefficient)



BRI E R R O S ORI I B 3 2 fFgeindy®E (B 4 3 SR

’.a? 100 T

Q

(2]

¥

o Pressure at Pipe End

g

3

250 +

B,

g

<

Q

Q

=]

[

=)

(=}

3]

M o : : { : : : = r % -

0 1 2 3 4 5 6 7 8 9 10

Steady State Flow Velocity (m/s)
(b) FEWAREIORRICEREE

= 50 T

2]

g

[

)

K Pipe Acceleration

5

(=

=

225 t

g

Q

Q

=

<

<

2

[

o : : : ; . = i : : a

0 1 2 3 4 5 6 7 8 9 10
Steady State Flow Velocity (m/s)
(a) FUENIEE OIIRIGEEE
53 EEET TV OER R & EHIRIGE R
ATEA52 0D 78 H HLa 12 i3 2 FAFEIRIR TR S 2 A L 2 B E O IEEEE, =51

D87 A—5 28R (/NI111985) E[EREE L7z,

Fig. 53 Relations between steady state velolcity and magnification factors of the

straight pipe model at resonance (Same parameters as Ogawa8) are used.)

(a) Pipe acceleration

(b) Pressure at pipe end

NHIESE



B R BT SERr A se R 551545 19924E 3 A

gh 180 Point= A8X Max=23.1 at 6.1Hz Water Rested Condition

P E “ﬁ#“%az:.¢{% \\$

A ; PRI aat " N ,

['5) 0 -‘: = :;*r* WE ":lﬁ\ , o

2 ' RANDNEA s

= . Nt :' :

~ -180 SR I

§ 0.0

2

o=t

2.

8 150+

%

5]

o

=

..

g

< 0.0 : : = ;
0.0 10.0 15.0 20.0 25.0 30.0

Frequency (Hz)

) Point= A8X Max=18.2 at 6.2Hz Water Flowing Condition

2 180 : M e ad " W R PR 5 ‘

i o RO \

Ry ;“%;%}$:'£%* é

2 SRR SN I '

,_g ' % - N ’*%4»

A~ 180 . R ..

5 30.0 : : : :

5

g

g

=

a.

s T £ s e

[

[<B]

o

=

=

a, . :

5 0.0 : Y ——
0.0 10.0 15.0 20.0 25.0 30.0

Frequency (Hz)

X54 IEsxinEigiontd 2 Mk ttorEs (FE 1 KIEfE T — FE8E058)
W A m/sONNVTERESMBTD, Ry 7EER (F) 8L OMELR (L) OREhE
D .
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(measured acceleration at a dominant point of 1st structural resonance)
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Comparison of acceleration response curves in pressurized (400kPa) and

non-pressurized conditions resulting from sinusoidal excitation
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Fig. 69 Comparison of acceleration response waves near resonance in pressurized

(400kPa) and non-pressurized conditions by sinusoidal excitation
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® Response Acceleration A8X by Earthq. wave (Valve Condition No.1)
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Fig. 70 Relations between the pipe acceleration response of the 1st mode and the

level of internal pressure of the test system for three valve conditions
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® Response Pressure P-8 by Earthq. wave (Valve Condition No.1)
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Fig. 71 Relations between the typical pressure response and the level of

internal pressure of the test system for three valve conditions
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Fig. 72 Comparison of the seismic response waves in pressurized (400kPa) and

non-pressurized conditions (valve condition: No.2)



