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Abstract

In recent years, it has been pointed out mainly by theoretical methods that Jiquid
in a large piping behaves dynamically during earthquakes and a lumped mass model of
liquid would give a non exact piping response in some conditions.

However, there has not been any comparison of theoretical and experimental
results of a real piping system. So, the authors have conducted a large scale shaking
tahle test of a piping model. A test piping system, which is 40 m in length and 254 mm
in inner diameter, was supported by two main and some auxiliary frame structures on
the shaking table. A part of piping system was extended outside of the shaking table,
and supported by uniaxial smooth sliding supports. In this experiment, some test
conditions for internal liquid were considered as the followings,
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1) No water

2) Completely closed and pressurized (with orifice and without orifice)
3) Free surface tank and closed end at both boundaries (ditto)

'4) Free surface tank and pump at both boundaries (ditto)

The experimental results showed that internal liquid behaved dynamically not as
simple lumped mass, especially in pressurized condition, and liquid boundary conditions
gave influence on the system behaviour during strong excitations.

This paper also presents a procedure of the analytical simulation and its applica-
tion to the experimental piping model. The method used is a time domain modal
analysis for piping structure and characteristics method for liguid, and can be easily
applied to large complex pipings. The comparison of the predicted and measured
responses have shown this method to be useful. Furthermore, the comparison of a
lumped mass model with the pressire wave model of liquid is shown in this paper.
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Table]l Test case
Test piping model (40 m)
With orifice Without orifice ::xr:eesrsnjrle
Test | Fluid boundar Test | Fluid
case | condition Y case cor;ditl?g#ndary (max.)
9 77777 No water —_—
D | ClosedClosed | F-1 | Closed-Orifice-Closed | 500kPa |
E—1 ______ Tarqh-_gl_o_fs_gq _____ F-2 Tank-Orifice-Closed
E-2 Tank-Pump F-3 Tank-Orifice-Pump 150 1
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BELEBTALDIC, A S -8V L LLDTHEN, FEIEHTES (10 cm/sec
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LR REMNCTTLELDOBEY TH 2,
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(1) Zf&wk
et N . - N .
EERBUOMRS X OV, #ELOEEEYE 1 wrT,
STTéioizgeszg;gitinn(Valve close) Free end(flange Elate)-
2} tank connection (Valve open) ljclosed condition
2)pump boundary

Capacity=1l.lton

1398

alve and
flexible
hose

)

Structural <0
Anchor Al a

{in main frame 81] ﬂoo

- C??;ter punp
Siide =~ .- 3, 7kw

suppoLf - o.63fon/min
— at 22.5m head

P
’,,?‘e{\ﬁn
\‘\ Plate support (in main frame 52|

>’ ‘., Spring: about 50ton/scm{in axial)

= 12100ton -cm/rad
S ) P (rotation)
-7 Fixed: other direction

Flange plate
" 1) through

- 2)orifice

pummy valve [194kgf)

N
valve ami.

flexible '~
hese ~

Pipe spec,

Carbon steel pipe 10B
Dg=267.4mm  t=6.6mm

E 1 ﬁﬁﬁ Eﬂﬁ%{‘ 5‘:”’ total length=about 40m
Fig. 1 An outline of test piping
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Fig. 2 Measurement points of acceleration
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B3 evy-—ER (TN

Fig. 3 Measurement points of pressure

> I
528 814 eic. : Single straln gauge
820 58 S50 FIR ete, @ Suppart sxial force
50 S3La D-1 rel. : Pipe dilspiacement relative to support

S5C D-2 rel. : Plpe dispiacement relative to support

D-3 abs, : Pipe absciute displacement

4 o —UER (FEixlTE)
Fig. 4 Measurement points of displacement and strain

®2 PHECEBEEINEER

Table 2 Pressure wave velocity by measurement (typical value)

Case Model Velocity (m/sec) () MREE

D 40m C-C 1257 (P 1-P 12) C-C : Closed-Closed Piping
E-1 | 40m T-C 1218 (F 4-P12) T-C : Tank-Closed

E-2 | 40m T-P o T-P : Tank-Pump

F-1 | 40m C-0-C 1106 (P 1-P 12) C-0-C : Closed-Orifice-Closed
F-2 | 40m T-0-C 1107 (P 10-P 12) T~0-C : Tank-Orifice-Closed
F-3 | 40m T-0-P —_ T-0-P : Tank-Orifice-Pump
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Pol] 1£§&t7N,4ﬂ4,ZL:cax;raﬁ:3{;g~¢=43¢L—~¢%=;:7v‘“v“HAX=4.BS

P-10 7 VAW G Ao e e Tt S S — s MA Y =6 B8

P-9 EAW OSSPt B e ST WA =S, 1

P-8 -——Uﬁ-ﬁgﬂ# e A e e e TS T

P-5 YV 7T "\]V g HAK =4, 00

P-4 ‘Mf“f&f“\/\ft,~f*“‘“f\’¥‘Jva\,\.ﬂ""“f’“ﬂchﬂAx=4.59

P-1 \Ur’ﬁ\LV\, oo L A= MAK =6, 95

0.5 0.7 " G KkPa
SEC

5 BEENENEOEGE (P-1206 P-12 ~0FHEE 1270 m/sec)
Fig. 5 Typical measurement of pressure wave propagation
(Abeut 1270 m/sec from P-12 to P-1, model D)
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MODEL D Close—-Close(Int .Press=350QkPa) [

S00 TGAL
o M
-500 MAX=510 MIN=~455
MODEL E-1 Tank-Close (Max Head=20kPa) l

500 TGRL

-500

500 —GAL

-500

500 GAL

-500 MAX=483 MIN=-407
MODEL F-2 Tank-Orifice-Close(20kPa) J
500 TGAL
0
-500
MCODEL F-3
500 +GAL
0
-500
MCDEL C No Water I
500 —GAL

S
MAX =526 MIN=-484

M6 BEHAMEERY (ZREEETORBRE~OANLE, THIEE 7V & A
Fig. 6 Main part of shaking table acceleration waves for comparison of
liquid boundary effects (Random wave excitation)
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MODEL D Close—Close(Int.Press=500kPa) I

300KPA
0
-300
MCDEL E-1 Tank-Close(Max Head=20kPa) |
300 TKPR
0
-300 MRX=213 MIN=-80
MODEL E-2 Tank-Pump (Max head=150kPa)
Z00-TKPA
0
~300 MAX=211 MIN=-124
MODEIL, F-1 Close-Qrifice-Close{500kPa) I
200 KPR
o
-300 MAX=284 MIN=-252
MODEL F-2 Tank-0Orifice—-Close{20kPa) I
300 KPR :
N PO RS A DRSS ARy WY
SEC
-300+ MAX=48 MIN=-48 i
MODEL F-3 Tank-0rifice—Pump(150kPa) | §
300 KPR ;
0+ n

SEC
~300 — MAX=143 MIN=-79

FM7 ERGEEFLECKTIEENTEGOBRILE (FHP-1, v 8 aEAMD
Fig. 7 Comparison of liquid dynamic effects on pipe seismic response
(Pressure P-1, random wave excitation)

o ¥, F V74 AFROENCE, SATRTLLY, IHEV A CXBELENLS
Rithats, £FAE-1, 2TIRREDH P-1 RHKs v 7 BRI A EcR AT bhTED,
ELCEBIBRRINRDELATHHY, EECHEEHRIMETEIOMEND, BET
FVIERL TR, 2O, HOL 5Ky~ IMEVWSENENTHEEL TV 2,
RBRIFH ()74 AEL) TOENLE (P-1 OEEME (ZoBEREX208
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DF—g AW, FRBHTOANIERHEMEETHD) YA DTHL, B kil
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EFAE 2 AEL TV AR EL TRE -7 2B EAESERTVH L5 THS, 15.2Hz
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FoDD 15 Hz DY — 7 RBEROBNEET I A0 E V25,

POINT. P-3 HAX RESPONSE~2.57%58 RT 15.23MI PAINT« ARBX MRX RESPONSEw?,3012 RT 15,23IKHI

Il 0 §:3 f

4o M =y = 4
YA N

.,_-,-.._-:,.‘:,.;.f

AKP. RESPONSE

v 1w ., .
w : . FeRaE 4 Wgmmoo- L J'_('" X
2 ; Kt~ - - - mm e R LA S
= e R, A QURNT h, AR e mmm . Rl
* reo L %\w.lt\"ﬂu TR ~180 el W VT
.0 | 190.0
t
t

ARP. RESPANSE

o
W
g i
3 1
\ ! i ;
1
2 MODEL E-2 | | MODEL E-2 | :
£ ) _': ; :
S14,5 fpe-----nm-a- ERLEEEE LT R 5.0 fm-we=--m=--- e demmmn e
1 1 i
a 1 ' |
z i 1 1
& I |
b \A.M ¢ !
g 10 20 30 ¢ 16 20 10
FREQUENCY{HI} FREQUENCTY (HZ!}

8 3-ondEASRtOREOEFHNEN B9 3-ooREERA&FEOBEOETINEE
GILECEEK DEECENE

Fig. 8 Comparison of pressure response Fig.9 Comparison of acceleration response

functions for three liguid conditions functions for three liquid conditions
(kPa/Gal) (Gal/Gal)
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-7, HEHNERVEETT (EEE) TRENGREBEAPHES L 0 AR5 LR,
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MCDEL D Close~Close{Int.Press=500kPa) l
1500 TGaL

-1500 MAX=1674 MIN=~1737 |
MODEL E-1 Tank-Close (Max Head=20kPa) | §
1500 ;

0 o

-1500 MAX=1207 MIN=-936 §
MODEL E~2 Tank-Pump (Max head=150kPa) | §
1500 TGAL g

0 p

-1500 WAX<1514 MIN=-1044 |
MODEL F-1 Close-Orifice—Close {506kPa) | :
1500 TCAL ;

‘s

~1500 MAX=1313 MIN=-1478
MODEL F-2 Tank-Orifice—Close{20kPa) | :
1500 GAL :
o w é
-1500 MAX=1077 MIN=-1053 :
MODEL F-3 Tank-0rifice-Pump(150kPa) j
1500 —GAL

-150C MAX=1249 MIN=-1143
MADEL C No Water J
1500 +GAL

SEC
MAX=511 MIN=-B75

B 10 BRWMEHREGCXFLIEETORBEERY MEEALZ
Fig. 10 Comparison of liquid dynamic effects on pipe seismic response
(Acceleration A 10 Z, random wave excitation)
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Fig. 11 Comparison of liquid dynamic effects on pipe seismic response
(Relative displacement D-2, random wave excitation)
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Fig. 12 Maximum values of pressure response for typical liquid conditions
(Random wave excitation, 6 sec, without orifice)
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Fig. 13 Maximum values of acceleration response for typical liquid conditions
(Random wave excitation, 6 sec, without orifice)
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Fig. 14 Compatison of pressure response of pipings with and without orifice
{Closed boundary condition, random wave excitation)
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Fig. 15 Acceleration response of pipings with and without orifice
{Closed boundary condition, random wave excitation, 6 sec)
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Fig. 16 Displacement response for various liquid condition
(Random wave excitation, 6 sec)
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Fig. 17 Comparison of pipe strain response by earthquake wave excitation
(Peak acceleration of excitation=about 2100 Gal)
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Fig. 18 Response waves of elbow strain S 4 LA for three liquid conditions
(Earthquake wave excitation ; peak acceleration of excitation= 2100 Gal)
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Fig. 13 Abnormal response of pressure gauge diaphragm due to negative pressure
(Earthquake wave excitation and same liquid condition as model D)
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Fig. 20 Flow of coupled seismic response calculation
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Hass of reaction frame {Mg=15tonf)

Equivalent stiffness at support {10, 5tanf/cm}

Equivalent stiffness at support {Stonf/cm)

Equivalent stiffness of support friction (ftonf/cm)}

Axial stiffness of plate suppart (50tonf/ca)

Equivalent vertical stiffress of sliding support (1.5, 10, 10tonf/cm)
Rotation stiffness of reaction frame S1 (4.70x104, 3, 35x10%ton. &/rad)
Rotation stiffness of reaction frame 82 (5,65x104, 5. 45x104ton.m/rad}
Rotation stiffness of of plate support {1.21x10%,1,21x1062ton. n/rad)

21 HmEETOMTE
Fig. 21 Analytical model of test piping system
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Fig. 22 Input waves for simulation and power spectra
{Shaking table acceleration)
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(2) MEEILE DL

B 25 R TORBEHBELYMERLE TCHEL L0 TH S, TROBE LA,

B3 BRzFAOEEER I CEEHECB e — S A HEE

Table 3 Eigen value of analytical models and damping for simulations

Natura! frequenc Damping for
{Hz caleulation

Wholly Semi- ar

a":ter Lt‘:(]gtsied L%?S%Ed mgter m%f:i

1 §.23 6.70 7.39 0.09 0.09

2 10.02 7.74 7.91 0.1 0.1
3 11.16 8.77 5.62 0.06 0.06
4 11.80 10.75 11.44 0.05 0.03
5 13.87 11.50 11.55 0.05 0.03
& 16.77 13.56 13.61 0.01 .03
7 17.46 14 .41 15.24 0.05 0.02
8 19.38 15.24 16.18 0.01 0.02
9 22.15 16,67 17.26 Q.02 0.05
10 23.83 16,93 17.51 0,02 0.05
11 25.35 18.91 19.68 0.02 0.02
12 27 .44 20.14 22.59 0.02 0.02
13 33.61 24 85 24.85 0.02 0.02
14 34.35 25.31 28.02 0.02 0.02
15 40.41 27 .67 28.46 0.02 0.02
16 40,94 27.88 31.25 0.02 0.02
17 43.63 31.25 33.40 0,02 0.02
18 48.05 33.04 33.82 0.02 0.02
19 51.6 36.69 36.69 0,02 Q.02
20 66.21 45,37 49.07 0.02 0.02

(Note)
Wholly lumped mass: conventional model of liquid
liquid mass = dead mass for all pipe motions
Semi-lumped mass: a model for coupled response calculation in this paper
liquid mass = neglected for axial and torsional motion
= dead mass for pipe lateral motion
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Fig. 23 Comparison of predicted and measured response
{Case of no water piping)
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P wave velocity a=1290m/sec
Time step At=0.00081sec
Divide step Axstm

(D=column number 3] =Divided number

¢losed end
{&nchor)

Closed end
(Free end)

B4 HBOTEEFR T A-4

Fig. 24 Divided fluid column number and calculation parameter for fluid response
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DENEEDEREML14.7T~1THz TEAED A7 L Aisd, P-10 LIATH 14.THz 28
HBLTwad, HERFBOR 7 b gROHMCEIOR V1S NGERKETSHE, B
2Tt 7 = AR 7 M ADEEERTRT, (ok, MO8 LS RLAGEERE TREED Y —
ZWR1B.2He il E7e T3 8, Ruv—a~xs L ADERESEIhI VP LEWEZARY —
FEELCTVD, ZHIZAT—RA227 P ADBRE, ANEORBRMEYRBTECE, TR T
CLICHREBREMBEORE, FIOo7 v 2BNROBEI I AN VAAnRIEL T
WHBDTHRERBEND LT s sicidb0EEBbhb), P-10 CiEFNE%y, B
ED1kRe—FTHBTHz #F (EEORECY VZHOCECRENEE) SEMST &
THD, BEEIPI ., ChRIHEFRCOVWTLRBTHS, P-10 AT ERY b
SEDBBILECTHER-TWAHEDEELZLRE, —F, BETROm EEDREE 1290
m/sec MO BERIC | ADOEELBEZLBED | MEBRRBELFE TS L4 16.1 Hz L85,
T, MREBARZ P A LFOSHREARC L - TELLIDE VLD, bhALEY
M L OLHHMOBME LR CHLECRE L CHELERE (1 KROBE R 80 Hz)
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Fig. 25 Comparison of predicted and measured acceleration
(Case of pressurized piping)
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Fig. 26 Comparison of predicted and measured pressure response
{Case of pressuized piping)
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. Il
B
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27 HERIUVERTOENEED ST - AT b
Fig. 27 Power specira of pressure response of figure 26
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(1) ENEoEELEEOLEIT2WT

ERBEOEEN LTI EEEERLI - TRV ELL I LRI {HbhTW2, s
T, IOEENRL-BEE, ERTEOREL L TETIREEOMERE, AN LORE
EbhdnlBmHT~XEMEBERD—2TH L,

TITE, MEEFTOLEGLIALEET, EHEOEERGYELTLETERITR -1,
29 RFoERETHEL, EREX I ¥ Deadmass EF A L AT EEL IR TRLE,
FEHEOEES 1300 m/sec DB SREREE V- OTEHA S TOLEIERECIZE—
BLTw3, ENEOEENTEL-BE, IWEEV PRI EbSA (Al0Z &) LizEA
EEHLREVWANDSE, Z0EFLOEEIILRINCATEEEES 1300, 1200, 1100 m/
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Ex. (Experiment)
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Fig. 28 Comparison of predicted and measured displacement
(Case of pressurized piping)
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Fig. 29 Calculated acceleration and displacement response for various value of
pressure wave velocity
{Other conditions are same as the experimental model D)
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Fig. 30 Calculated pressure response for various value of pressure wave velocity
{Other conditions are same as the experimental model D)
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Fig. 31 Calculated pressure response for various value of support stiffness
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Fig. 32 Calculated acceleration and displacement response for various value of
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Fig. 34 Comparison of power spectra of pipe displacement response by coupled

model, dead mass model and experiment
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Fig. 35 Comparison of power spectra of pipe acceleration response by coupled model,
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