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/Install : Hand tighten, then "snug up” to 10-20 ft-Ib. )
Round1 : Tighten to 20% -30% of Target Torque. )
Round2 : Tighten to 50% -70% of Target Torque.
Round3 : Tighten to 100% of Target Torque.
Round4 : Continue tightening the bolts, but on a rotational
clockwise pattern until no further nut rotation occurs at the
Round 3 Target Torque value.

Round5 : Time permitting, wait a minimum of four hours and
repeat Round 4; this will restore the short-term creep
\_relaxation/embedment losses. )

star
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Bolt Number j
1 2 3 4 5 6 7 8
1.064 | 0.045 | 0.055 | 0.055 | 0.000 | 0.052 | 0.052 | 0.000
1.068 | 1.068 | 0.091 | 0.091 | 0.002 | 0.002 | 0.002 | 0.002
1.090 | 1.091 | 1.109 | 0.120 | 0.000 | 0.006 | 0.000 | 0.006
1.116 | 1.116 | 1.115 | 1.115 | 0.000 | 0.000 | 0.000 | 0.000
1.057 | 1.121 | 1.057 | 1.119 | 0.960 | 0.000 | 0.000 | 0.000
1.061 | 1.061 | 1.061 | 1.062 | 0.962 | 0.962 | 0.000 | 0.000
1.065 | 0.997 | 0.996 | 1.065 | 0.981 | 0.981 | 0.995 | 0.001
1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000 | 1.000

OBolt-up Sequence k
IO || W | DN

045 0000000000000O0O00O0O00O00O0OO0O
Bolt Number j

0 1 2 3 4 D 6 7 8
50 || 53.2 | 53.4 | 554 | 55.8 | 48.0 | 48.1 | 49.8 | 50.0
100 || 104.9 | 105.0 | 107.1 | 107.2 | 97.7 | 97.9 | 99.7 | 100.0
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OO0DoO00obOoboooboooooooobobDbot 200000000 FKFODOOD
gooodoooobbdwddoggd

bolt 30 000

118



Initial State

bolt bolt bolt
2 1 3

Flange

[Gasket_

Tighten bolt 1

bolt bolt
1

F12=0 . F13=0
Fr1=Fi
[ [T __—___—
fu
Tighten bolt 2
bolt
— 0 (B0 =
2 - #_ Fo3=0
Fop=Fi 21
— — — . — - N . N
2 hug
Tighten bolt 3
bolt bolt
——— 5 | 1| bglt
e —
Fnh<F; F21=0 .
= 31 Fag=Fi
—~— — — [ — -  _r __r __ 0
fQZ ful IU3
0830000
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081 0000buoonogobooooobfdoooooooooogooog
Bolt Number j

1121345 ]6]|7]|8

1luy | OO LOLOLO0O0]0

< | 2lupju | 010101071070
% 3 u |uplus|0[0]0]0]0
% 4wy |ug |ug|ug| O 0] 0|0
U; S5lup |us |us|ua|{us| 0 0] 0
E 6| up | ug |us | ug |us | ug| 0 | O
é Tluy | us | us | ug | us | ug | uy | O
8l uy | ug | ug | ug | us | Ug | U7 | ug

bolt 3000 0OODOOOOOOOOOO0OOObot 300 ODO0O0O0OODOOLOOOO
gobodbboodobdbwlwlesO0ODODUOODOO0oOoooooooooon
UoobobboonD s 0F0F;0 0000000000000 ODOODODODO
gboobooooboooobooood

gbooboodosgboobooobuooboooouoobobbboobooon
gbuoboooogoobosiliubooouobibbibtd ww d0ooouoooog
godgbooobobbuoooouobooodoubouooobbbouooonoboo
gdn

8.3 UOOMO

gbbgooobbboobobbobooobboobobboobooobbobo
obooobobooboooooouoobobooob4bbbobbOo0o0obOon
gobboobboos4bodooooooobbooboobobbouoboaono
O0000005%0000000000000000000000000000O0OO
ggdbdooboooououobbboooobbooo 2000000000 18000
goboboboobbobobobobbodoobbobodbboooooobobon
gouboodgbbobobbuodgaibn
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®&LYE
@Q@
O

gs4ddbooboboobooobooboo

1.5

—e— SWG(analysis)
—O0— SWG(experiment)
L —A—— J/S(analysis)

—2— J/S(experiment)
—&— metal(analysis)
N~

1.0H\.—/

F/Fi

Bolt Number

gss bbuooboooboobooono

84 UOOO

84.1 OO OOOOO

gooobobos4b0b0boobboO0ob0o0obb0OoobO FF=101kNODO0OD0OODOO
sOMPalD DO O0O0OO0ODLDDOODLOODLDOOOUOLODLDs OO obouoogn
goodbbbo3smmUbOooooboodboogooobbboooobodgbboon
gogdodoobbobodgbg20bugbbooobbobobobobbobbs4dn
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1.5
—eo— SWG(analysis)

—O0— SWG(experiment)
—&— J/S(analysis)
—2— J/S(experiment)
metal(analysis)

—

1.04

F/F;

0.5

1 2 3 4 5 6 7 8
Bolt-Up Sequence

086 UODDOObolt 10 0ODOODO

oooooooooooooonooodoodn /00000000 /00000
gobobobouobobobobbobbob iobobooobbbuobbooooboooa
OooobooobbooOOobOooooooooobDbDOoOd bolt 10bolt 40D OO0
OO Obolt 50bolt DO UDOOOOOOOODDOO F,OU0000ODOODOOODOO
goboogdboodoobbbooobobooobobobobobobboo
gbouoggobobbbodgoobogugbbbooboouooooobbobodo
godbbobooodoooboo20bodbbobodooooooboonon
gbobgobboobbboobbooobogooboobobboobboouboon
gobbobbgbbobobbbbobbbbooooobobbobobboooboo
gbbobouobdobuoogboboboobbooouoobbbobooaoboooaon
gobog8200000000bb00obbobbooboobboboboboooon
gbogoboboobobobbuooboouoabbdobobbobuoooobobbobobobb
DoboobooobboboooboobobboboboobobbooooD 400
gbobooooobbbobobbobboobobbbbooooobobooboon
gbhuoguoooobobodgobbouobouoooobbooobon
0860 bolt 1DOODODOODODODODOOODOOOOODODODODODODODO
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gooooboobooboooobbbOobbUdO0dObolt 1O00D0ODODOODO bolt 50
bot SUOLDDOOODOOOODOOODOOOOODOOOUODLOOUODOOOOOOOoO
gogboobobbodobboooobbobuooboooobooooooboboobo
ODO0O0b0o0o0oooooooooobbboooobobuoU0boltlObOOOOOn
OO0 bolt20bolt6U bolt7 0 U DD OO OOOOOOODOODOOOOOODOOODDO
0000 bOObbOObOO bolt 300 bolt 40 bolt 50 bolt 80 O OO O O Obolt 10
goooboboooooobbobobooob bot1DOOOOODODODOOODLDDO
gbbbobobooboobogoossgusebonogoboooouoaanbn
gogbotoogbgdbooooouoooobobuobbooobobobon

84.2 OO UOOOOOOUODLOOOODLOO

Os8700D00db00ObobDOOobobOOb0ddboltl0bolt4000DOOODOOO
OooogoboobooboboboOooosooogobboboboobbolt 1DODOOODODO
gooo0* oo"0bbbb0000boobobobobot 200 ObODOO
OO bolt 2000000 Obolt 100DODOODOO0ODLODODOOOODOOOODLDDOO
O0O0O0bo0oOoogooObolt 30 bolt40ODODDOOOOODOOOOOOOODOO
dO0Obolt 3U0O0ODOOOOOOODOOOODO0OOOOO0ODOOODOOODODOlt1
Obolt 30000000 0O0O0OO0ODODLDODLOOODOOODOOOODODOOOOODLDOO
gogd

84.3 UUUOUOLOOUOLODLDOODLO

gsgugbo8ruuooooooobbboooooobbobboooooon
O00O0o0oooooooooo8siddbolt 300 00ODOODOOODOODODO
gooobobobbobooooogboos7bbbobboboboboobobD
gobooggd

gsobgoobbobdouooooubbbboboobbbooouooboboon
1066mmO0 000000000000 "MoamO000000000O0O0O0OODOO0O0O0
gbbbdodoobodooooboouoobobosguuuubobbooboooobo
gboboooboooooobobooouobooboobotbot 1D DODODOO
O0b0ooobobooobodOboelt1DO0O0OOODODbOt200000000OO00O0O
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Initial
State

il | 'I,
j'lg'lrf Jlllj | | \ ':"&
boltl holts olté| P% bolt2

)

O8voOOoob0oooobobooboobobobboobooobooonoano
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gsguuboobbobobouogbobbuoooobobboooobond

OO00OObolt 20000000 bolt 100D0OO0O0DOODOOOOOOODOOOODOO
Oo0000b0bO000b0oooobooboboboobo0ooobDObbolt 20000
googogooobobooboboooobbobooobobooobooboboo
gboogbuooouogbubbooboooboobobooobobobooobod
gboobboboogobboood

844 300L0OU0OLDON

gobobgooogobbilogdgoobooboob 1bobbobobooboooo
gbobobgooobboouoooobouoooobbobbobooooooooon
gobooobooboooobobooooooooboobbooobonDn F=10.1kN
g3gbogooobboooooobbobobbobobboboobooogoo
glrobboodbobobbboubuoobdbpassObOooooooooooOn
UbO000D0pass 10000000 8S000000O030000000O00O000O00O00
O0000000pass30000000000000000 60%0000000000
googoggggsbgg2bobbouuoooboooogobooooboboan
goboobbooooobooobboououoobooboooooooooogn
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N
o

bolt locatio

=
ol

4
T

Contact Pressure [MPa]
o o

0 90 180 270 360
Circumferential Coordinate [deg]

() 000000000000

60
g | ¢
B —— bolt.
s =
o — boit4
2 201 = bolie
8301/ —— polt’7
—_ —— bolt.8
(ol T
815
c
@]
@)
0
0 90 180 270 360

Circumferential Coordinate [deg]
(bhyooDOooooooo

gsyuboobbbobouoobobuoooobbouood

guobobuboboodgboobobbon

85 UOQ

gbooboduboboddooouoboobooboboobobooboboobooooon
goobbodobbodboodoobobbboboobbbbooobobobooon
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15 —e—pass 1(analysis)

—a—pass 2(analysis)
-—a— pass 3(analysis)
—O—pass 1(experiment)
—2— pass 2(experiment)

1.0

Ff/Fi

1 2 3 4 5 6 7 8
Bolt Number

0810 UpassUOUODDUOOOUDLDDODOLDODOOOOOOOLOOOO

gobobooogooobuobobbbodaoo

lL.ggubol1ooogoooboouoobobboobooboobuooooon
gogbobboooooon

2.00000bbodoooobbobooobbuobooboboouoobobooa
goguobuooooobboodobooobooooobn

3. 00 0000000000000 0ooO(1)(2)boboooOoUoUoDoOoooOO
oo

4.00000000000000O00OO00O0OLOOODOOOOODODOObOO0ODO0OO
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190

oottt oong
ooy

9.1 OO

000000000000 00000 ®0000000ooo0o0000oo0ooooo
0000000000000000000000000000000000 6699
gbhodbooooboooboboooobobbooobobooooouoboo
gobodobobooogbuoooabbbbbouobuoobbooboagbooo
gobdbbobooogobbbuobboooooobbboooboooobobobo
00000000000000000000000000000000000a g
gbobobbboobobobbooobooboboobi1obbbbouoobob
gbobodbdoobooooouobobbobobboooobuobobooobobo
gboboogobbboobobbouogoooonoooon

OODOO0OOASMEOOD1IO0O00O0OO0OO0DOOOOOOODOODOODOOOO
00000000 ®0oO0o0000000000000000000000000
ooboboooo0oboboobobbob0oo0obuobobObobb0OU0UUURound 400
gbogogbobooobbobiboobobaobibobubiboboodooooooooon
gbobobobdogouoboobooobbooooobboobboboobboanb
gbobooobboooobobobboobobooobobboobooobooooboo
gobbbobooguboouoabboboboobbboboboooboboobbobo
gboboogobgoood
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/Install : Hand tighten, then "snug up” to 10-20 ft-Ib. )
Round1 : Tighten to 20% -30% of Target Torque. )
Round2 : Tighten to 50% -70% of Target Torque.
Round3 : Tighten to 100% of Target Torque.
Round4 : Continue tightening the bolts, but on a rotational
clockwise pattern until no further nut rotation occurs at the
Round 3 Target Torque value.

Round5 : Time permitting, wait a minimum of four hours and
repeat Round 4; this will restore the short-term creep

\_relaxation/embedment losses. )

star
pattern

091 ASMECOOOOOOOOOODOO

gogogboobobbobboobouooooboboobobobboooobobon
gogbbdoogobouogooobobogooobooboboboboobooboboo
bbb oooobbooobobobooooboouaoooo
gubbubgoobbooogbbbudoobbboooobbooboooboo
gobbbogoobbooooooobuobobbuoooboboboobobobn
gobooobogbboobobobobobbooooboobobobobon Jrl
class 1501b0 300lbO 0O 0O0O0DOOODOODO

9.2 OO0

gogobouoogobobboobobboobobouboobbooobobobon
gogboooggo

9.21 UO0OOOLOOOOOOOO

O000D0O0000000JPIclass 150lb0 class 300lbO0 000000 OOOO0O
0000000 Oclass 1500 1040100 16020in 0 50 0 O class 3000 10 30 60
od14d20mb 6000 0bodoooboboobboobobooogY2bboboon
goguobgoooobbobobbboogoss3gnoubobbooobbobobobob
ggbodouboboooobobobobboooubboboboboobooboa
gugggbubobooboboobobbbboobbooboooboboobbob
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@ [ X

|

|

: \ T o >

| | i |
[ y

. g R \ 16
. = O " R N‘d
Class 150
NS o) B X R Q Y C bolt d Ft

N
1 108 | 345 | 495 | 50.8 | 14.3 18 79.2 | M14 4 16 8.2
4 229 [115.4 | 135 |157.2 | 23.9 33 ]190.5| M16 8 19 |33.2
10 406 |269.5| 305 |323.8] 30.3 49 362 | M24 12 26 | 574
16 595 [ 409 | 457 1469.9 | 36.6 64 |539.8 | M27 16 29 |78.8
20 700 | 511 | 559 |584.2| 43 73 635 | M30 20 32 1944

kN
Class 300 mm] - (kN
(@)

NS B X R Q Y1 C bolt N d Ft
1 124 | 34.5 54 50.8 | 17.6 27 88.9 | M16 4 19 8.2
3 210 90 117 | 127 | 28.5 43 1168.1 | M20 8 22 23.6
6 318 [166.6 | 206 |215.9 | 36.6 52 1269.7 | M20 12 22 35.4

10 444 1269.5| 321 |323.8| 47.8 67 |387.4| M27 16 29 ]43.0

14 585 [358.1| 425 |412.8 | 53.9 76 |514.4 | M30 20 32 | 49.7

20 775 | 511 | 587 |584.2 | 63.5 95 ]685.8 | M33 24 35 78.7

[mm]  [kN]

go20bb0obboboubbbbobbn

gboobobogbouougbboooobbobooboobouboobuoobboooobbo
gobboobobogooobboobuooobobboooobobbbobbobon
guobgobuabbobuoobbboouoogbobbooggboooboabbo
gbubgoooobooobbuoooouoguogoobobboobobbboo
000000000000 0O000oDbOo200GPa0db0Od 03000000
O00Oclass 300Ib 20in D0 00O 0ODOOOOODOOODOOODOODOOOOOOODO
gogbbooggoobbooboobobobobbbbuoobbooobooobg
OO00000D00OO0OOcass300lb 20ind 0000 0O0OO00OODOOOOO0O0ODOOO
gboboobboooobbbbboobn

130



0030000000 (class 300)

0o1ddoggonon
typel typel type2 type3 typed typed

passl [ 0.2 | st | 0.2 | cw | - - - - |10 |st ]| 10| cw
pass2 | 0.6 | st | 0.6 |cw | - - - - |10 |st | 10| cw
pass3 [ 1.0 | st |1.0|cw |[1.0]| st | 1.0 |cw |1.0]|st | 1.0]| cw
passd | 1.0 |cw | 1.0 |cw | 1.0 |cw | 1.0 | cw | 1.0 | st | 1.0 | cw
passb [ 1.0 | cw |10 |cw |10 |cw | 1.0 |cw | 1.0 | st | 1.0 | cw
pass6 | 1.0 | cw |10 |cw |10 |cw | 1.0 |cw | 1.0 | st | 1.0 | cw
pass7 [ 1.0 | cw |10 |cw |10 |cw | 1.0 |cw | 1.0 | st | 1.0 | cw

cw : clockwise pattern sequence

st : star pattern sequence

9.2.2 0U0UOO

09010 ASMEODOOODOOOOODODODODY1000600000000000
00000000000000000 F,OOOOO pass000000000000
0D00000000cewd st00000000000000000000000000
000 Otypel O pass200 0.65,000000000000000000000

0910000 Otype0D ASMEOOOOOOODOOOOD0OO typel O typed 0O
0D00000000000000000O0type20 type30 00000 type0D typel
O passl 0 pass20 0000000000000 typedd types O passlJ 0000 O
00 10040 000000000000000000000 00 type30 types0 OO0
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16-bolts :

star pattern sequence

4-holts :
8-bolts :
12-bolts :

1>3>2>4
1>5>3>7>2>6>4>8

1> 7> 4>10> 2> 8>

5>11> 3> 9> 6>12
1>9>5>13> 3>11> 7>15>
2>10> 6>14> 4>12> 8>16

:1>11> 6>16> 3>13> 8>

18> 5>15>10>20> 2>12>
7>17> 4>14> 9>19

:1>13> 7>19> 4>16>

10>22> 2>14> 8>20>
5>17>11>23> 3>15>
9>21> 6>18>12>24

094 0000000D00DbDbOO0ODOO

gobobooooon

go4bdnbboooubooboooooobbooooonobooobbo

ooobobooobobooboooooobbobbobboboob0o RKOoObobo
guoooooob soMpaO0 D ODDOOOOO0ODODOOOOODLODOOOOOOOOD
ooboooboooooobb /FObbOO0o0obooooobbobobobbobooboo
goodbogoogd

9.3 UUOOooooooogno

gbogooubgbuogbbobbubbobbobuobobboooboboo
gobobobobboboooooobbobo20b0ooobbooobonoooonbo
gobobooooobbooooboon

9.3.1 UUOOO

0000 class 1501b 4in 0 class 300lb 20in 0 0O 0000 OOODOO
class 150lb 4in 00000000000 95() 000000000000 0O0O0OO
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(b) class 3001b 20in 0 O O O

0o9s5000d4d
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O0odo MiedOoOOoog8uouoooobboobobbooobobobobobobo
goboougbgoboobbobgobbdobooboooooobobbbbo
gdd

class 300lb 20in 0 0000000000 95(Mh) 000000000000 11/4—8D
oobogobboboboobobboooug240bgooobooobobobobDbo
gobdobbobuoobbooobboobobboooboobboboobboboan
U0 4mmi 0000000 2mmmUd00ogoogooogoooooooboogn
obooooooboboobbobbuobboboo400bbbooboooooon
gogboboogobbdooobobooooouoooouobboooooboooobo
goobobbboogoooboobiloggobbodboogboobooboa
gbodobuoguoggbouobobooodboobuooobobooobbobb
000000 FROoOsS%O 0000000000

9.3.2 U0OOOOOOO

0 9.60 Oclass 3001b 20m 0000000 O0OO00O0OOOO0O FiO 49.0kNO 98.1kN
gobodgboldtwpeddD0DD0OODODOOO0OODpass10000O0DOOODO
ooobobooooy4bobooobobbobooobUoobDoooooboOo FOO
ooob RpO0000b00b000o0oboboobDboboooobbobobon
gbbuooboodgbodg 2b0000goouaogoobboboobogoboboo
gbooogbooobobobogbbodbobooobooboboobooonooooooa
gboboboddbbdoodooouoobooobbbuooobbbbobboobbo
guobodgbouobogobbbooooobboboobouoouoobobboooon
O F=98.1kNOO0O0O0Oooboboboooboobogo

9.3.3 UOUOOUuoooon

o798 bUpassUUOUDOUDOOODOOODOOOOOOOOODLODODOO
DoobobobobbOoobbDbOobDb o1l typedD typed D DODOODOO
god200dggboodboodbgoobobobboooooobbooboe4bnDd
OO00b0O00bOobobpassOO00OOOoooOo FOOODODDO RKOOODOOOOD
Oooboooog9rD4n0DD00O0O0 pass300 00 980 20n0000OOO

134



1.5
F;=49.0kN
1.0 Y
L
LL
0.5
analysis
—4&—  experiment 1
—O— experiment 2
0.0 EE—

0 4 8 12 16 20 24
Bolt Number

15
F;=98.1kN
1.0 -0
L
LL
0.5
analysis
—4&—  experiment 1
A —T— experiment 2
0.0 == : S

0 4 8 12 16 20 24
Bolt Number

096 pass 100000000000 (class 300lb 20in, type 4)
U0 OpasslUpass2lpass3Upassb U U U OO OO OUOOOODOOODODOOOOOOO
bbb bobboboooobbooobbob oo obboooUobo

gboogbbboogboobobooobobbbuooboobuoobobooban
gogooboboboogo
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1.25

1.00

FIF

0.50

0.25

0.00

1.25

1.00

FIF

0.50

0.25

0.00

09.70pass000000O0OOOO (class 1501b 4in, M16-8bolts, F;=33.2kN)

94 U0OOO

0.75

analysis experiment
_O_
_A_

pass 1
pass 2
pass 3

3 4 5 6 7

0.75

analysis experiment

_O_
_A_
_D_

pass 1
pass 2
pass 3

94.1 UO0OLDOOOOO

09.9009.100009.1000 type0d typeld typedd types 000000000
00000000000 pass 000000000000 O000000000O0 class
300lb 6in 0 20in0 0000000000000 00C0O000000000 passd00
0000 pass000000O0OO0O0OO0O0OO0OO FOOOOOD FOOODOOOO
00000000000000 FO00000000000000 30MPaOOO0O

3 4 5 6 7

Bolt-Up No.

ODOO0000b0D0O6n000 354kNO20in 000 78.7kNO O OO
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1.5

1.0

FIF

0.5

—@— —O— passl
—A&— —A— pass2
—m— —{1}— pass3
0.0 —— 7 DEIISS5
0 4 12 16 20 24
Bolt-Up No.
1.5
type 5
0] o N NN D =
L-iL—' =
[
0.5 <
analysis experiment
—@— —O— passl
—A&— —A— pass2
—m— —{}— pass3
0.0 L | —¢— 70—, Pasys
0 4 12 16 20 24
Bolt-Up No.

098 Opass0 000000 OOOO (class 3001b 20in, 1 1/4-8UN-24bolts,
F,=78.7kN)

000000000 typeOU pass3UU0 U typedD DO DO OOOODOODOO 30
godbiboodoooobooubuooobuoobobbuooubboddd typeld
typeb D OO0 O6in 000000 boltlObolt2-110bolt120 300 00 U 20in 0 OO
000 boltlO bolt2-230bolt240 30 00D O O0OOOODDOOOOOO 3000000
gbgoboboooboobobuobobooooooobbobbog 1gbbbobo
gbddgooubbooououooobbuoooboobbobbbobobobobog
gogbbodboouoooobbbobboooobbooobo20mboogg
UemUdOOodoboooooboooobboobobbob2mmdbbooboobobogn
gogobobboououbbobiobobouoooououooboobdemygbbgg
gobbobobooogubobboooooobbbobooonboddbemtggg
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1.25
1.00
_0.75}
= bolt numbers
0.50 0 1,47,10
A 25811
0.25[ 0 3,6,9,12
0 00 1 1 1

Pass No.

099 0pass0 00000000 O0OOOOOOOODOOO (class 3001b 6in,
M20-12bolts, F;=35.4kN)
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1.25
typeO

1.00

0.75

FIF

0.50

0.25

0.00

1.25

1.00

0.75

FIF;

0.50

0.25

0.00

1.25

1.00F— 0

0.75[

FIF

bolt numbers
4,7,10,13,16,19,22
,5,8,11,14,17,20,23
,6,9,12,15,18,21,24

0.50

o> o
wmn =

0.25[

0.00

1.25

1.00

0.75

FIF

0.50

0.25

0.00

Pass No.

09.10 O pass00000000000000000000 (class 3001b 20in,
M33-24bolts, F,=78.7kN)
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CIEREINEINE , 6in
1.00 ' [
= 07sf
T osof
025}
0,001 ' ' ' I |
A . 8 12
Bolt Number
CEymtug e 20in
1.00 | | r
Y AnAATA
0.25F ' '/ '/
0.00 NS B — |
0 4 8 12 16 20 24

Bolt Number

09.11 pass 300000000000 (class 300)

000000000000000000000000 G0o0000ooooood
00000000000000000000000000000000000000
0000000000000006n00000 typedO typedD DO OF/FO000 1
0000D0000000000
000000000000000000 typed0O typel 00 Otyped D types0 00
000000000000 00000000000000000000 20n0000
00000000000000 type0d typeld pass300 300000000000
0000000000000000000 015000000000
091100pass300000000000000009.100 typeDOO0O0O0O
000000094000000000000 pass3000000000000000
0 FOOOOOO FROD0O0O00O00000O000O0000911000000000
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092 0pass00O000000O0OO F,/F (class 300)

6in || typeO | typel | type2 | type3 | typed | typed
passl || 0.120 | 0.119 - - 0.644 | 0.641
pass2 || 0.373 | 0.380 - - 0.868 | 0.846
pass3 || 0.701 | 0.706 | 0.644 | 0.641 | 0.952 | 0.935
pass4 || 0.869 | 0.873 | 0.842 | 0.846 | 0.983 | 0.973
passd || 0.945 | 0.947 | 0.934 | 0.935 | 0.994 | 0.988
pass6 || 0.976 | 0.977 | 0.971 | 0.973 | 0.998 | 0.995

20in || typeO | typel | type2 | typed | typed | typed
passl || 0.088 | 0.084 - - 0.406 | 0.446
pass2 || 0.280 | 0.288 - - 0.645 | 0.625
pass3 || 0.525 | 0.545 | 0.461 | 0.446 | 0.767 | 0.748
pass4 || 0.692 | 0.709 | 0.646 | 0.625 | 0.848 | 0.832
passb || 0.797 | 0.815 | 0.762 | 0.748 | 0.901 | 0.889
pass6 || 0.867 | 0.883 | 0.841 | 0.832 | 0.935 | 0.927

I A A A O O O 74 oY
O typedU typed D types U U DO O OODOUOOOOOODOOODOODOOOONO typed
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09300000 F 000

Bolt No. case 1 | case2 | case 3 | case4 | case 5 | case 6
bolt1 1.07 1.02 0.93 0.98 1.04 1.09
bolt2 1.05 1.05 0.91 0.96 0.96 1.02
bolt3 0.91 1.10 1.02 1.06 1.07 1.00
bolt4 1.08 1.07 1.09 1.07 1.01 0.91
boltb 0.97 1.03 1.09 1.08 1.09 0.92
bolt6 0.92 1.05 1.10 1.09 0.91 1.01
bolt7 0.97 1.06 1.07 0.92 1.05 0.94
bolt8 0.98 0.96 0.96 1.00 1.05 1.07
bolt9 1.10 0.96 0.97 0.91 1.09 1.01
bolt10 0.97 0.93 0.98 0.95 0.97 0.90
bolt11 1.01 1.05 0.98 1.04 0.91 1.07
bolt12 0.99 0.93 1.05 0.90 0.92 1.05
bolt13 0.93 1.10 1.05 0.96 0.99 1.08
bolt14 1.04 1.05 0.92 0.97 1.09 0.99
bolt1s 1.01 0.95 0.90 1.04 1.06 1.04
bolt16 1.00 0.99 0.99 1.03 1.08 0.96
bolt17 1.08 0.97 0.93 0.94 1.00 1.05
bolt18 0.94 0.92 0.96 0.95 0.99 0.94
bolt19 1.08 1.02 1.05 0.99 0.95 0.97
bolt20 0.96 0.97 1.06 1.00 0.91 0.96
bolt21 1.09 1.07 1.02 0.98 0.95 1.04
bolt22 1.09 1.00 0.94 1.08 0.99 0.97
bolt23 0.97 1.04 1.06 1.08 1.02 0.92
bolt24 1.08 0.94 0.93 0.95 0.97 0.99
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gobooogo
gogouooooboboogooooggoobbooooobbbobbonobon
gbobgbooobboogooobboobobobboooobbboobboboboo
gbbuogoobboboubobouobuogobboobbbiboboouoobobbn
gbogobbodogobobooooobobobboobboooobbboobon
godbdooogooboobboobobbbobobooboooobooooon
gbboboooboobooobbooobobn

10.2 0OO0O0OO0OOO0OOOooooOn

groogboboobobbooo-bboboobboooooouobobonon
gobgbboooboobooooboobodoobbboooobboooon
gbgobbooobobbobouboobooooobobooboobuoooon
goboobboooboboooobobuooooboobbooboboooooon
0000000000000000000 "MOo000000000NO0Doooon
goddbbodoboboooboobuobuobdobbouooooobbboooobb
goboogbbuogooobouooboobooobobboboobbobobon
godn

ooooobrobobbo0ob0bobOobO0obOoboOoOobOobO OO0 Gasket No.1O
ODOO0DO0O000DoOoOoboDoOor 00D Gasket No20ODOODOOO

10.2.1 OO0 0OO0O0O0OOO0O0OOOO0OO0OOQOOOOObDOooOn

groobobbdodbobooo-boboobobuobonbo
gooodbooooobbdoddbiol 3mm0

000 000 e =126 {exp(19.6c) — 1} (10.1)

153



0.25

75
60
©
% 45
7
8 30
N
15
O z L L L L
0.00 0.02 0.04 0.06 0.08 0.10
Strain
(a)DDDDDDDDDDDDDDD
150 —
17.6=E/E| @Q’O
i O
15.7
120
s | P
= o
7 12.3 N
o 60 —
S T
0p) S
10.0 - w
30 v
0 4
0.00 0.05 0.10 0.15 0.20

Strain
(b) DO OOOOO0O00

glolooobboooo-uoood

154



1.25

1.00
— 0.75
L i 6in (nonlinear)
LEE —o— 6in(linear)

—&—— 20in (nonlinear)
——— 20in(linear)
0.25F mean gasket stress = 30MPa

: 6in : Ft=35.4kN (M20-12bolts)

20in : Ft=78.7kN (M33-24bolts)
1 1 1 1

0.50r

0.00 ———~1—~-
o 1 2 3 4 5 6 7 8

Pass No.
() 00000000000 Ooogo

1.25
1.00
G 0.75F _ _
\E 5 6in (nonlinear)
L 50k —o— 6in(linear)
: —4&—— 20in (nonlinear)
i —2——  20in (linear)
0.25F mean gasket stress = 60MPa
6in : Ft=41.6kN (M20-12bolts)
| | I20in :IFt:113|.3kN (II\/I33-24IboIts)
0.00
0 1 2 3 4 5 6 7 8

Pass No.
(bh)COoOOoooogo

0102 OpassUD0O0OOOOOOODUODOOOOOOOOOODOODOOOOO

000000000 =aexp(fe) +7

Ty
exp(Bey) —exp(Ber)
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4321 x 10* - e* — 17.5 x 10° - % 4+ 28.8 x 107 - &8
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00000000000 00O0000D000DOO0OODOODO00O0DoDDOO0ODOO000n
00000000000 WnstalDODOODOOODOOOOODOODOOOOOODOOD
00000009000 910000 ASMEOOOODOODODInstallOOODODO
Hand tighten, then snug up to 10-20 ft-lb”" 00 00000 0O0OOODOOOOOOOO
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Bolt & Nut| 1980 1296
Flange 1728 1128
Gasket - 120

0 10.7 OOO0OOO0OO class 15001b 6in0

Pass No.

0109 0pass0 00000000000 DOOODOOOOO (typell)
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20

o e type 11
A A type 12
|D B type 13

Contact Pressure [MPa]
D
o

" 1 " 1 "
0 90 180 270 360
Circumferential Coordinate [deg]

0 10.10 pass 10 pass 30 pass 7T U UOOOOOOOOOOOOOOOOOO

0000000

70
T = pass 7
=60
o
5 pass 3
8 50 f
(ol I
9 ol pass 1
c )
@] | o A O type 13
O ® A W type 14

30 1 " 1 " 1 "

0 90 180 270 360

Circumferential Coordinate [deg]

0 10.11 pass 10 pass 30 pass 7T U OO OOOOOOO0OODOOOOOOO
goooooo

goodgboboobbboobooboboboobboboboobon
ggbboobobbbuooboooobbobbbouobobobobanobobon
gbbboobdobbooobobbooobbbbbobobbbboooooo
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1.00
~ 0.75
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WL 0.50
0.25
0.00
0 1 2 3 4 5 6 7 8
100%)
star Pass No.
(a) ASMEO O
1.25
1.00F—¢
i 0.75-'
L o050
0.25
OOO 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8
Pass No.
(b) type 14

01012 DpassOU O OO O0O0ODODOOOOOOOOODOOO

000000900000 00040000000000000000000000
O000000000000000000000000JPI class 1500b 6in 0000
0D00000000000O00M360000 1200000000000000000
00000000000000000 10300 1040000000-0000000
0000000000000 0000 FO0000000C000C0O000 60MPall
00000 F=57.1kNOOOOCOD 10.70000000000000000000
0000000003000 Install 0000000000000 O 1080000
000
typellD 000000000
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typel20 bolt30 bolt60 bolt90 bolt120 0.5, 00000000
typel3d bolt30 bolt6 bolt9 bolt120 F,O O OO OOOO

0000000oooboooonD KO bolt 1ODO000ODOOO 7-passO0000OOOO
ooon

U 1090 typellU O OO ODODOO0OOODOO0O0OO0OOOOOLOOOOOOOO
U00passUO0O0OO0O0O0O0ODOO0OO0OODOOODOOODOOO0OODpass4000
0000000000 /RO0O0O0O0O0O0O0DOOOpass 700000 F/F=10000
010%00000000000000000000O00O0000O0O00OOODOOOO0
gooob110.10b00bddtdypassbgogbgooobooobbbn
JoooooboobDbOwpellOODOD0OUO0O0OODO0O0OOOOOOODLDOODODOO
oboobboodbUtype 120type 130 000OO0OLOOOOOOOOOOOOO
JO00bod type 1300 pass 1OUOO0OOOOOOODOO0O0OOO0ODOOOO 10.10
O00OInstalO0 9000000000 400000000000 KROODODODODOO
gdoddbobogbobbotoodobuoodobbboobbbobboobo
U0Otype 130000000000 0O00OO00O0ODOODOO0O0O0O0OODOO0O0ODOOO0O0O
0000 bdbobobbd0400000 bolt30 bolt60 bolt90 bolt120 D OO O O
rOobodooobboolboddoooub ook 00bUOobbbObUoOoOn K
U0obodbnbtype 40000000 10.110 type 130 type 140 pass 10 pass 30
pass 7O OOODDODODO0O0O0O0O0O0OO0ODOOOODOODOO0O00O000Otype 140
U000 pass 1D O000O0OODDODOODODOOODODOODODODOODOODODOO type 14
goobobobobooooobo

OD0ODASMEOOOOOODO type 400000000 1012000000000
ASMEOOOO type 400000000 passO0O00D00O0ODODODOODOOOOODOO
O00D0D0O0OD0O00OASMEDOOOOOOpass 1000000 F,OODODOOOOOO
J000000 910 Round 30000000000 Opass 1000 Round 10 Round
20000000000 Otype 1400 pass 10 00 bolt30 bolt6l] bolt9U bolt12 [0 [
gboobo pOb0000bO00000ooobobD 1ok bboboobbbo
ASMEOOOOO0OOOO0O0OO0O0000 1090000 pass70000 F/F=10000
dbdboobbobouobbdbwpellbogoooooog g
0000 b0o0odbobobobbOoU type 40000passUD 0o
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Element

Bolt & Nut| 5280 3456
Flange 4288 2752
Gasket - 320

01013 00000000 class 6001b 40in[d

01014 0000od

0000000o0oO0o0ooO00oooooooooOO F/FREO00000 1000000
gooboobobbobobobobbobuobooobooobobobobobobobgo
000000000000 DOO0O0ODO00O0D typel40D00OD ASMEDOODODO
gogbboboobobbooboboooogoobbtype 400000000000
gbooooggbobbobouoobbobobobbbobbobooobooboobobbod
oboobooobobooogo
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_ }pass 7
SERTamgRgmanaymtntu, }pass 3

i }pass 1

20

o type 21
A type 22
O type 23

Contact Pressure [MPa]

O L 1 L 1 L 1
0 90 180 270 360

Circumferential Coordinate [deg]

0 10.15 pass 10 pass 30 pass 7T U OO OOOOOOO0OOOOOOOOO
00000000 class 6001b 40in0

10.3.2 InstallO0 OO0 O0O0ODOOOOOO0

gobooboooobboobbobbbboob0UbomstallDODDOOODOO

ooobbooobob ROb00O0DbO00b0b0bbObOO0b00On 10130040 class
600lb 40in D 0000000000000 bOoOOoOM6UOOOnD 3200000
oooboOo 400000 bobooob pOoDObOOoOoboooDog
000 e60MPaO O OODOOOFRK=1606kNOOOODOOOOOOODDDOO 3000
InstalD OO OOOOO

type2lU 000000000

type220 bolt81 bolt160 bolt240 bolt320 F, OO OO ODOODO

type230 bolt4[ bolt81 bolt120 bolt 1611 bolt200 bolt2401 bolt281 bolt32 0 F; U
gogooood
0 10.150 pass I10pass 3Upass 7O LU OO OO OO OO0O0OOOOODOOOOOOO
Uobbobbd0d0d0pass 10 000OOOO0OUOO0O0OODODOO0ODOO0OOU pass
Upass 70O O0OO0O0OOOOOOOODOOOOOOODLOOOLOOOLOOOOnLDO
gguobogbbotboguougbbodooooboboobobuoobbobob
O000Db00b0D0nstal OO OO O0O0OODOODOOODOOOOOOOODOO3200
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01016 D400 Od

oobooooooooo oo 40bbobooooobboo KROoboo
gobobuogoogbooon

104 0O0O0O0O0OO0OOOOOODOOOOO0

gbogboouboboogbobobbooobbooboobobooboooobon
gogooo

gogooboobbodogbodoooboobboboooboooooobbuooboobooo
gooododgbbiligoooboobbooooboobboooobooobooooo
ooogbooobogob oavbbbobbboobbobbobboooooon
goobogd

Install ]l OOODODOODOODOOOOOOOOO 10160009000000000 4
gboddbodoooboboooouboogouoobooboo

Install2 000 OO0 50%00000 100000000

Assembly 0000000000000 DODOOOOOOOOOODOOODODODOO
gboobouoouabgogooon
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class 1501b 3001b
NPS 10in | 16in [ 20in || 6in [ 10in | 14in [ 20in

[Install 2| [0.515 [0.408 [0.402 | [0.463 [0.378 [0.305 [0.291

pass 1 [(0.822 [0.679 10.683 [0.719 [0.618 |0.514 [0.515
pass 2 [(0.942 [0.831 ]0.833 [ ]0.862 0.769 10.648 [0.657
pass 3 [[0.980(0.911 ]0.909 [0.932 10.860 10.743 [0.756
pass 4 [[0.992]0.953 10.949 []0.965 10.915 10.811 [0.826
pass 5 [(0.99710.97510.971 [ [0.981 10.947 10.862 [0.876
pass 6 [[0.999 [0.986 10.983 []0.990 ]0.966 10.898 [0.911
pass 7 | [1.000 {0.992 10.990 [ ]0.995 10.979 10.924 [0.936

()0 000000000000

class 1501b 3001b
NPS 10in | 16in [ 20in || 6in [ 10in | 14in [ 20in

[Install 2| [0.476 [0.408 [0.367 | [0.429 [0.349 [0.287 [0.275

pass 1 [[0.739]0.679 10.627 [ ]0.636 ]0.559 10.471 [0.490
pass 2 [[0.881 [0.831 10.785 []0.769 [0.687 10.592 [0.623
pass 3 [[0.945(0.911 10.874 | 0.852 ]0.775 10.684 [0.718
pass 4 [[0.974 {0.953 10.925 []0.905 |0.837 10.755 [0.788
pass 5 [[0.986(0.97510.955 [0.939 10.881 10.810 [0.840
pass 6 [[0.993 [0.986 10.971 [0.961 [0.913 10.851 [0.879
pass 7 [[0.996 0.992 10.981 | ]0.975 ]0.936 10.881 [0.908

class 6001b 15001b
NPS 6in | 10in | 12in | 20in || 6in | 12in | 20in

[Install 2] [0.420 [0.349 [0.307 [0.283 | [0.412 [0.342 [0.358

pass 1 [[0.610 [0.55410.517 ]0.505 | [0.577 10.525 [0.565
pass 2 [[0.740 [0.684 10.649 |0.639 | 0.704 10.652 [0.701
pass 3 [[0.82710.774 10.743 [0.735 ]110.794 10.746 [0.796
pass 4 [[0.885(0.83810.810 [0.805 ]10.856 10.815 [0.860
pass 5 [(0.923 [0.884 ]0.859 [0.856 ]110.900 10.865 [0.904
pass 6 [(0.949 [0.917 10.895 ]0.891 | {0.930 ]0.902 [0.935
pass 7 [[0.966 {0.941 10.922 ]0.918 | [0.951 ]0.929 |0.955

() DOOOOO00O00

0 1017 O passOD OO0 OOOOOOO

class 300lb 10in D 0D O0O0O0O0OO0OOODOOOOOODO0ODOOOOODOObOOO
goobooobobbooooooobooobobooobooeokNODDODODOO
0900000000000000000 1/09~1.10000001.1x% 60kN=66kN
gobboooboooboorooooboobobbo0ooboOn cass 3001b 10in
gogoboobbobbogbobbbboooooo oooboooubU pass6b OO

169



O0b0ooooboobebbUObObODOb0O0ObDOODOODO0OnOdelass 300Ib 10in
OO0oboOole00b0bob0o0oboDOoo0OOoU 10160000 bolt 4, bolt 8, bolt 12,
bolt 1600000 66kNOUO DO OO Install 100000 O33KNO O ODOOO bolt 1
OO000000 100000000000 Install 200000 066kNO DO OOOO bolt
1000000060000 00000O0O0 AssemblyOOd

gbobobboobooobooobbobooobbooobbbooogoooo
gobobgobubogobbboobbboodoonobboobobbuoooon
guobbuoogbbobooogbobbouooobooboobbbooooboon
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ooooooobooboobobobooooobooboo0 pKpOUboooboooo b
ooobboobogd e1vogoooobbboboobOod E=500MPal 00
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gdobodddbpassgobooooobogbbboooooooooo
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gooobboboobbooooooboboobboboobobobuoboobo
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10.5 OO

gbobobboooboobooobbooobbbobooobbboboobo
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goboobobdodbobooooobboooobboboobobobboo
gbodboobobbooobobbooobbbbuoobobooboobob
gobooodgobobobbooooooobon

2.000000b000bbobobodbbobooobobuobbobbUooo
gogobbooobobbooobuooboobbboooooo

. U0obboboobb0ob0obUboboDbobDt mstallODODOOODODOOO
sgotboooobb4000ubooobbobobbooobooobobo
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gogobdooobuoooooboboobbooouobbuoooboboboboon
4. 0000000000000 b0bOOOOO0ODO0OO0O0OOoOooUUoOoDOD
ggbobbbobobooobobobooan
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00000 100000000000000000000000000000000
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00O0000000000000000000000000000000000000
00000000000000000000000000000000000000
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00000000000000000000000000000000000000
0000000000 ®O00000000000000000onoooonoon
0000000000000 000000000000000000000000O0
0000o0o0ooooooon
0000000000000000000000000000000000000
00000000000000000000000040000000000000
00000000000000000000000000000000000000
0000000000000 0000000000000000000000000
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goobbbbdogobboouoobobbbbooooobobo1boooobo
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ggouboobobobbuoooboboobuooguobbuoobooobboogobbn
goooboodoboobbooboooobooboboobOongJrr class300 1b
O0D0200m0000000000D0DO0O0O SS400000000D0000OO0DODOO
ggbboobboooob20b0obabgobd

11.2 000000 0OO0O0O0O0O0O0O00O0

gogogbogsubodubooboobbboooduoboboooooobooon
gbobboobbooboobbobobbuoooobbuooooobbooobbobon
goobobooboooboooo4bbobbobboboooobooooboobo

11.2.1 0000

gogbdoobdoooboooboboboboobbbobbooobbobobbboo
gobbobuogobbdgbboobbboboobuobuoobobbooooooo
gogobbuobobogbbbooooboobobbbooobbooooooo
googdbboobbdboodoob 1tigog3spbooooobooboboobon
godoboobbooodgon
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oo bobooooobobobbouoboooooobo
ooooobbooooooooooooooobbo0 /FOoboboooboobo
gib«000gf
bolt 10000
bolt 1DO0ODOOOOOOODOOODDOOObot 1DOD0DOO0O0 wUDDOOOODO
ggbbbbooodogboobooobbboooobogan

bolt 20 000
bolt 10 00O w0 OOOOOOObolt 20000000 0OODOOOOOOODOOObolt
Juggbobbduobgodagod
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Preliminary Calculation

bolt bolt bolt
. 2 | 1 | 3

Flange Ft Ft Ft
~— “Gasket - - I’U - - I_U - - I'U - -
Tighten bolt 1
bolt bolt
2 [ [boﬂ ’ 3
F L1 F
12 13
F11
A I R S I S R
I
Tighten bolt 2
bolt
bolt 3
m 1 F23
F2o F21
___ _ — _ — I_U — — I,U — — — — —
Tighten bolt 3
| bgn bin bgn
F32:F1 F312Ft F33:Ft
f““fa“fa“{a_h

glll gogbdododboobooooboooooooooooboon
ggbbooooobbouooooo
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glll godoobooboooobooooooooouooboooo
gobooboooboogbgodgoon

Bolt Number j

1]2]3[afs5]6]7]8
1lalololololololo
<l2lalalo]o]loloflolo
Si3lalalalolofo]o]o
Slalalalalalololo]o
<§5faaaaa000
Tl6|lajalalua|ujal0]|0
gl rjejujuafulafolulo
8 ulul|u

bolt 30 000
Oooood.bot 3000000 OODOODODOOODOOOODOODDbelt 30000

gboboooobobdewbbbbodboboobbobbboooooooooon
D00ooooboboboooooobooon PO O 0000

goguobbogogsgboubouoobbobobooooobbobbbboobob
gboodgogoboooob nniggoguoobuoobbboooobouoboboon
gogboooboboogobbuodboooobooobbbooobobbon
gubbooaoo

gogbobbooobobobuogbobooobboooobobbbooobbo
googobbdoogbobooodoog

11.2.2 QJO0O0OO

OO000oO0o0o0DbOooooobOOoobOoboooonboOooJIs B 223800 00 40KO
gogbosobbbodbobooobooooouoboooobboobboobonL 8
OC0g81(bh)0OODODODOUOOODUODDODOODODDODOOOUOU0UUOoOLODODDOOOOOO
ggsguobuogugobbooog
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0112 00000000000000000000D0DO00000O00O0
Bolt Number j

1 2 3 4 5 6 7 8
1.381 | 0.701 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
2.831 | 2.836 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
2.493 | 2.499 | 0.705 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
1.805 | 1.811 | 1.807 | 1.863 | 0.000 | 0.000 | 0.000 | 0.000
1.323 | 1.923 | 1.350 | 1.962 | 0.948 | 0.000 | 0.000 | 0.000
1.397 | 1.380 | 1.417 | 1.431 | 1.030 | 1.059 | 0.000 | 0.000
1.498 | 0.897 | 0.932 | 1.530 | 1.026 | 1.043 | 0.938 | 0.000
0.961 | 0.972 | 1.007 | 0.992 | 1.022 | 1.039 | 1.024 | 1.052
(F, = 10.1kN)

OBolt-up Sequence k
||| O x| W N

1.5

—O— experimentl
—4&—— experiment2

0 0 1 1 1 1 1 1
1 2 3 4 5 6 7 8

Bolt Number

U112 gboouougoubooguboooobboboboboobboo
gobbgbboobobooboo

11.2.3 0UO0OOOOOOO

OOooooOooooooobo F/OlakNOooooooobooooooonoo
gboooobuollt2bgbobboobobougoboouogbobdgbgo
oooooo /ROo0boboboboooooobbooob 11200 n1gooobooo
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VY ww W |

©
S 45 :
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2
»n 30 —— bolt.1
o \\ —— bolt.2
a I —=— bolt.3
5 o AN
g1 SE e
C — 0 .
e —e— polt.8
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Circumferential Coordinate [deg]

Ul1ll3 ggbboguogboobbuogogbobobooobbobooobbbbogo

goooboobbobbgugubbuobogsbubdbououboooobuobbboon
0000000 1000000000 0000000D0 % 0000000000
ggboouboobobbuooogbobubbiobouoooooobbbunooonon
gogbbdoobodobuoooooobboobbooobboobbbobooboboo
gogbbobboogobbooobbuoboboo 11200000 0ooouooon
g200boboougboobobbobbogoobboboodobobooboobon
00 000000 FOOODO0O0ODO0O00000O0000O0000000 10%0
goobdgbggsuuobuoooooboboooonoobooobbboooobooobn
gogobooooobbdoogd

11.24 ODO0OO0OOO0OO0OOOOOO

Ull3ubououougoooboubboobobooobboobbobodgon
gbooooboboboboobobbooooboboobobobot4bobboooonDO
ggbbobboobbuooobdobboobuoobooboboobooobooobo
O0o0 1120400000000 botl400000ODODODODOOOODOODODO
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U115 0b000000000o0boogoon

Oob0 FOob20000000000000000000O0O0O0O0O0O0O0ODOODO
ooboooobbooobobobbboboboboooooooobooboooon
gboboobgooboobobobobbbboon

11.3 U00otoobgbobggboobbuboboond

O000b00o00bo0ooooobooooonnoonoonD JPI class 3001b 20in
OOooobbo0oooboboogooooss4ooboogobooooboboooDboO
gobbouodbuoouoooubooboboobobobbuibd SmmAdO
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—o— solid-metal flat gasket
—a—— compressed asbestos sheet gasket

0 4 8 12 16 20 24
Bolt Number

Ulle ddobobooodoboobogooouooooooboo

gob11400boobobooboboboobbbobonsbbbouooooobg
goouoboboogoobobbooboobobobobb1in400b0oooon11s
gogdoobobooonbon

oopbobo /pO49.0kNOC0OD00O0O00ODDOOOODOO0OODOODOODOOO
gbboobbubb nnedooubobd1llsgudooboobobouoann
oooooo0o0 FfOo00000 Fodoooooooooooooooooooao
gboobbgobooobobbbooubbooouoooooooobbog’bbod
gogbbuoobobiobuoboodgili208sgubboooubbuabobogood
gobooouogbobdobobooubooobbbooboobobobooboboon
gogbooboooooooobbooobbobooobbbuoobbboooon
ggbbbuoggoobooobbuooogoboobboobbobboooobo
gopoboboboobobooogobboooobbuoooobobboooobo
godbbobobobdoobooouoobuobbiooooboboooooboboobo
gobbboobooooobbbouooobbbouoobb
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Initial State(—%j r%j (%boﬁ ’

Bolt Preload = f2

Flange
_ Gasket|
Tighten boltﬁ%T f%j
bolt % bolt
bolt
fll—f10+Af1
_ _ _ _ _ _ _ _ _ _ _ Y
Tighten bolt 2
bolt
| 2
foo=f1+Af>
Y-V N
Tighten bolt 3
(Final State)
boIt ..
ff:fzg f f13 f f33—f32+Af3

011730000000 b00bobooooobooooooboon
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114 UO0OO0O0OOOOOO

ggbboooooobuobobobbobooobboboooobbobooooboonn
ggbbooooboobuoooubbouoooobobobbibobboooobon
gobobooobbboboboooouooooobboooboobboooobbobo
000000000000000000000000 &88gooooooooong
ggboboogobouooboobbogobobobbooobbboobobobb

{Fo} + [A[{AF} = {Fy} (11.1)
gbbn000000000DO0O0
4] = 0000000000 O0O000 (nxn)
{(AF} = D0000O00D00000O00 (nx1)
(F;} = 0000000000000 (nx1)
{Fo} = OpassO0000000O00O (nx1)

UO0O0OpassU0 100000000000 0O000 pass 10 pass 2000000 10

go2000000000 1-passll 2-passU0 0000 100200000000000
gbboodo1ll.7roboggb sbgbboobooouboboobooboobon

00000000o0oo0o0odo (11.)oooouooooooooooooo

0 Afi /
{FO} = g ) {AF} = Af2 ) {Ff} = 2f (11'2)
9 Afs {

DDDDfZQDAfinZfDDDDDDDDDiDDDDDpaSSDDDDDDDDDDD
Ooboo0oo0o0o0 oooobooooooooooOooooooonOO 11,700 f; 00
b yj0bboodooooug .o obobobobuoubooobon
000000 {F}001.7000000000000000O00O0O0OOOOO0O
gobogdobbgogod

{(FY ={fu fo fsu} (11.3)

00000000000D0000000 [A|l00D006, 00000000000

_ Jij — fig-y
a;j = Af, (11.4)
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a; 0000 j00000000000D0000Af,000000040000000
00000000[40000000000000 ;0000 Af;000000000
000000000000000000000000 11.7000000000001
0000000 3000000000000000000000000000000
000000 {AF}0000 [Aj00000000 (11.1)0 {F}000000000
0000000 {F}00000000 [A000000000000000 {F}00
00000000000000000000000{AF}00000000000

{AF} =[A] ({F} - {Fo}) (11.5)
000000 {AF}00000000000000000 (1150000 {AF}00
00000000000000000000000[40000000000000
00000000000 11.700000000000000000 {K}00000
00000000000000
Bibel00020000000000000000000000000000000
0oo Gess)gnopo00000 (11.1)00 pass 00000000 {RYOOOD
00000000000000000000000000000000000000
00000000000000000000000000000000000000
00000000000000000

11.56 O0OO0O0O0OO0OO0O0O0O0O

goboogbobbbooooobobobbbomubbbO0O0o0oboboogoboo
gbboobobobbdooboobboobobobooobbbogd

(1) 0 1170000000000 00O00ODOOOOO000OO0OOOOOOOOOOO
00000000 Opass (m—1)0000000 passmO0000 {F}0O0
O0OpassmO 0000000000000 0OO0COCO{F}O00ODOO0OOO
000000000 00000 {F}={F}000000000000O00O0DODOO
00 /RO0000D000O0O000O0O0O O

(2) 000000000000 0OO0O00O0OO0O (11400000000 OOooODDO
0000 [A|000000oooo o
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3 —o— step1(initial)
—e— stepl(final) FENé
—a— step2(initial le:%( )
—— step2 flnal 3
- | —0o— step3(initia F%( )
L 2 —=—step3(final) P
[T A\
LL
—
&
!
0

0 4 8 12 16 20 24
Bolt Number

glls gogoobbibstepb00boboboooobooonoobogn
O0ooooooooooon b F=49.0kNO

(3) 00000 [A00 (115 0000000000000 {AF}00000 O

(4) (3)0000 {AF}000000000000000000000000000
000{fR}0000000000000000000 O

(5) ()0 000000000000 ODO0O0ODOODOOD KLOOOOSK%OOOOoOo
000000000000 0000{F}0passmO00000000O0OOO
rooobooooobobbooooboobobobobooobboboboouooooobo
00 FRO0D000D0000000000 5%000000000(@)00 ()00
good o

gbobodmibooooboboboodbbodbobobooboob1oooga

0000 passO0 1000 {F}O0000O0O0OOOOOO

11.6 10000000O0000O0O0OO0OOO0OO0OO0OO0

11.6.1 0UO0OO0OOOOOO0OOO

glsgogooooboboodoooobboboooooobbbo /00004
ooooo F,000oo3oooooooooooooobogooooooognn
oooobooooooboboboo FodokNOODObooboobobboooooo
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011.3000000000000000000000000000000
000 F,/F, (F,=49.0kN)

ggboobobobo

boltl | 2.259 || bolt7 | 1.783 || bolt13 | 1.253 || bolt19 | 1.023
bolt2 | 2.207 || bolt8 | 1.754 || bolt14 | 1.252 || bolt20 | 1.023
bolt3 | 2.153 || bolt9 | 1.342 || boltld | 1.245 || bolt21 | 1.004
bolt4 | 2.132 || bolt10 | 1.341 || bolt16 | 1.243 || bolt22 | 1.004
bolth | 1.818 || bolt1l | 1.344 | bolt17 | 1.030 || bolt23 | 1.000
bolt6 | 1.809 || bolt12 | 1.319 || bolt18 | 1.029 || bolt24 | 1.000

gogobdgoooooboboogoo

boltl | 2.793 || bolt7 | 2.296 | bolt13 | 1.376 || bolt19 | 1.002
bolt2 | 2.752 || bolt8 | 2.294 || bolt14 | 1.375 || bolt20 | 1.002
bolt3 | 2.948 || bolt9 | 1.434 || bolt15 | 1.389 || bolt21 | 1.001
bolt4 | 2.944 || bolt10 | 1.434 || bolt16 | 1.389 || bolt22 | 1.001
bolth | 2.152 || bolt1l | 1.452 || bolt17 | 1.002 || bolt23 | 1.000
bolt6 | 2.145 || bolt12 | 1.452 || bolt18 | 1.002 || bolt24 | 1.000

UgbooboobobooooduibibdUsteplOODDOOOO 10000step 300
gbouogbobodgbbooobobobo3sgbbbuouooobbbooooooobgn
0000000000000 11.8000000000000 O step3(initial) 0 OO O
gobobobbbobuodoboobooooobobobonouoobboob 113002
ooboboboobboooobobbobbbobooobL pFOO0O0LbO0n
ooobo1ngboob RFOo0bO0o0bobobo0oooooboooooobboo
Freegpooooboobobboooooboobooboboobobbbooooooooon
Joooog 223902948, 0000000

Ull3gugbboogbguoobouboboo1isubbbboguodoooo
gbobboogobbboobooboobbbotoooobobooobbbbo200
000000000000 00000000 1s%00000000009600000
goobobbbbuooboooobbooobbobboobbobooboogo
gdodouobuooobuooboooobboboobbbooboboouoboan
good
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1.0 W]
T
T
0.5
—2—— experiment 1
—LO— experiment 2
0.0 1 1 1 1 1 1 1 1 1 1 1
0 4 8 12 16 20 24
Bolt Number
() JOO0DOO0DOO0O0
15
g
T
0.5
—2—— experiment 1
—LO— experiment 2
0.0 1 1 1 1 1 1 1 1 1 1 1

0 4 8 12 16 20 24
Bolt Number

(h)oOooOooDoDoooooooo

gl gooobogbobbubbobobouoboobooobon
00000000000 000000 (F,=49.0kN)

11.6.2 DUOU0OOOOO0OOOOO

10b0booooooboaooogboboobobbbbd11.3godoagn
godob pO0b000ODbODbOOO0bODbbOO0O00bo0o0o0boobLo0oobooon
gogobuobobooogbooo 1irobobbooobbboooooboanon
gbobodub nn3gugobbooooubooobobboobuobobboogon
gggboooogoooubbobbouoooobobuoooooobbuooobobh
gb0ob0obOobooooooboobuoobbogdbotloboboboobonoOoO
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‘© —o0— holt4 —e— holtl6
o —4&— polt8§ —2— Dbolt20
= —O— boltl2—=— holt24
(]
5 50¢
7)) [
(7]
Q
a
= 25
o
c
(@]
O 0 L L
0 90 180 270 360

Circumferential Coordinate [deg]

glrioogoobobobbobbbbbibboooooobooobood
Jo0obUOoboOodnF=49.0kNO

gbobdobbbdoooobbboobiboobobbboooobobouooboon
gbobobooooooboouoboobboobboooobobbooobobobooa
gbbouggoobboobbboooooobobuoooobbooooboon
gboobuobobobobdobouboobbbobooobboobobboo

11.7 OO0 dguodobooooboogooooooud
oooood

gbobougolgbobobuoboobooboobobbboooogoboo
goboobobooobob FpOo2030bo0boobooboouobbboooog
goobbodobgobbbooobooobboboobbboobbobboooon
guogbuoogoubboooooobooobboooboobbboabbobbb
guz2ibobodugboboooobuobboooobboubooboboogn

11.7.1 0O0O0O0O

Bibel 0D 020000000000000000000O0O00O00000 G%83)gQ0
gboboogbobuooggobboooobboooobbooooobboobooaon
gboobobobobpassODOOoooooooooboobonb0 /FOO0ODO
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0114 20000000000000000000000 pass200000
0000000000000 F/F, (F,=49.0kN)

000000000 (Fy/F=0.50)

boltl | 2.034 | bolt7 | 1.867 [ bolt13 | 1.302 | bolt19 [ 1.005
bolt2 | 2.033 | bolt8 | 1.865 || bolt14 | 1.301 | bolt20 | 1.004
bolt3 | 2.026 | bolt9 | 1.402 || bolt15 | 1.277 || bolt21 | 0.993
boltd | 2.024 || bolt10 | 1.400 | bolt16 | 1.275 || bolt22 | 0.992
bolts | 1.903 | bolt11 | 1.381 || bolt17 | 1.014 || bolt23 | 0.985
bolt6 | 1.900 | bolt12 | 1.379 || bolt18 | 1.013 || bolt24 | 0.985

000000000 (Fy/F=0.75)

bolt1 | 1.528 | bolt7 [ 1.496 | bolt13 | 1.253 || bolt19 | 1.037
bolt2 | 1.528 || bolt8 | 1.496 || bolt14 | 1.253 | bolt20 | 1.037
bolt3 | 1.523 || bolt9 | 1.281 | bolt15 | 1.247 || bolt21 | 1.029
bolt4 | 1.523 | bolt10 | 1.280 || bolt16 | 1.247 || bolt22 | 1.029
bolt5 | 1.502 | bolt1l | 1.275 | bolt17 | 1.043 || bolt23 | 1.027
bolt6 | 1.501 | bolt12 | 1.275 || bolt18 | 1.043 | bolt24 | 1.027

00000000000 O0O0O0O0 (Fy/F=0.50)
boltl | 2.459 || bolt7 | 2.194 || bolt13 | 1.352 || bolt19 | 0.991
bolt2 | 2.453 || bolt8 | 2.193 || bolt14 | 1.345 || bolt20 | 0.991
bolt3 | 2.530 || bolt9 | 1.403 || bolt15 | 1.358 || bolt21 | 0.996
bolt4 | 2.507 || bolt10 | 1.395 || bolt16 | 1.365 || bolt22 | 0.991
boltb | 2.122 || bolt1l | 1.417 || bolt17 | 0.992 || bolt23 | 0.992
bolt6 | 2.104 || bolt12 | 1.410 || bolt18 | 0.986 | bolt24 | 0.999

00000000000 O0O0O0O0 (Fy/F=0.75)

boltl | 1.855 || bolt7 | 1.866 || bolt13 | 1.310 || bolt19 | 0.973
bolt2 | 1.855 || bolt8 | 1.865 || bolt14 | 1.308 || bolt20 | 0.974
bolt3 | 1.862 || bolt9 | 1.345 || boltld | 1.318 || bolt21 | 0.974
bolt4 | 1.863 || bolt10 | 1.343 || bolt16 | 1.320 || bolt22 | 0.974
boltb | 1.871 || bolt1l | 1.350 || bolt17 | 0.974 || bolt23 | 0.974
bolt6 | 1.871 || bolt12 | 1.351 || bolt18 | 0.970 | bolt24 | 0.976

0 pass0 00000 pass00000000000 FOFONO FAON0 /0000
000 pass k0 OOO0ODOD0O000 FFOO pass0 00000000 FF'O00000
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0000 Ff=F'0000000000 FFO0000000000000 F,O005
O0000000000000000000000 pass000000000 passd00
00000000000 000000000000000000000000000
O00000000000000000000000000 passO000 passO0000
0o0Oooooooooo

11.7.2 2000000000000000000O0O0O0O0O0O

gbobbo2000000b0b0O00000bOoboboOoobbobDOoOn FOd 49.0kN
O0D0FRO000pass200000 F,O0O Fo/F,0 0500700000000 114
O0F/F,0 05007000000 pass20000000000000000CO0
O0000F/F=05007000000000000000 F0000000OO
000000000 1130000 10000000000000000 90%00 70%0
0000000000 F/F=050000000000000000 050000
gbogooboboooboobbot i3 b1oooouoboooooooDo
gooooood

gobboobuouubgobobbbbouobbooooooo2bbooboon
godbdoodooobobooobuoboboobooooooboboonon

11.7.3 U000 oooooooon

0000 FO9KIKNOD OO passD DO ODOO0OOOOOOODODOO 1.5F00
gbobodgbbodguoubbtpassiuoboogoooooooobood 11500
OpassO0O0DO0OO0O0OO0O0OOODOOO Fr000000000000O0O0O00O0
OooooooboofFgoob0 1/R0b00000ooboobobnooooon
gobobobdobboobboobbbooooubboobooboobb3b0o
U400 passO OO0 OOO0OOOOOOOOOO

OOoo0o 11,0000 ogoooobooboobooooobongn F=98.1kNDO
gbododdbobdpasstOogbbbooobooobobobboboubbo
gbdgboboboooobboobbooobb nnedobbUubOUdd passl
gbooogoboogooobooobboobbobooooboobbboooooobooo
U0pass 3000000000000 0O0O0ODOOpass40 000000000000
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0115 000000 pass00000000O0OOOOOO FM™* (F,=98.1kN)

oooooobooo
pass 1 pass 2 pass 3
Fy F} F? F? F} | F’=F,
0.0 49.0 49.0 78.5 78.5 | 98.1[kN]
Fmer=1.130F; | F"**=1.438F} || F"**=1.423F;
bolt1l bolt1l bolt1l

oooooobboooooooo
pass 1 pass 2 pass 3 pass 4

Fy F} F? F? F} F? Fy | F'=F,

0.0 49.0 49.0 68.6 68.6 83.4 83.4 | 98.1[kN]

Fmar=1474F, || F"**=1.342F, | F/"**=1.312F}, || F"**=1.466F;
bolt3 bolt3 bolt6 bolt6

0116 ODOO0O0O0O0O9S1kKNDDOODOODDODOD passUO 0o
gobogn

Ooo0ooooon
pass 1 | pass 2 | pass 3 | pass 4 | pass 5 | pass 6
91.4 40.3 18.7 8.8 4.1 1.9

Oo0opooooooboooo
pass 1 | pass 2 | pass 3 | pass 4 | pass 5 | pass 6
97.9 61.2 34.6 19.5 11.0 6.3

[%]

0 18.7%0 195%0 000000000000 00000O0O00O 1150000000
U0 passOUUOOUOOOOOOOOODOODO
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O11.7 pass 2000000000000 0OOOOOOOOOOOOOO0OO

goooooooon

boltl | 1.345 || bolt7 | 1.258 || bolt13 | 1.087 || bolt19 | 0.998
bolt2 | 1.333 || bolt8 | 1.259 | bolt14 | 1.084 || bolt20 | 0.998
bolt3 | 1.318 || bolt9 | 1.127 || bolt15 | 1.081 || bolt21 | 0.992
bolt4 | 1.312 || bolt10 | 1.119 || bolt16 | 1.083 || bolt22 | 0.990
bolth | 1.287 || bolt1l | 1.106 || bolt17 | 1.005 || bolt23 | 0.999
bolt6 | 1.276 || bolt12 | 1.104 || bolt18 | 1.003 || bolt24 | 0.997

gogobdgoooooboboogoo

boltl | 1.460 || bolt7 | 1.466 || bolt13 | 1.123 || bolt19 | 1.004
bolt2 | 1.452 || bolt8 | 1.468 || bolt14 | 1.121 || bolt20 | 1.004
bolt3 | 1.491 || bolt9 | 1.135 || boltld | 1.126 || bolt21 | 1.002
bolt4 | 1.488 || bolt10 | 1.133 || bolt16 | 1.127 || bolt22 | 1.002
bolth | 1.428 || bolt1l | 1.152 || bolt17 | 1.007 || bolt23 | 1.001
bolt6 | 1.422 || bolt12 | 1.151 || bolt18 | 1.007 || bolt24 | 1.001

11.8 0OU00O0O0OO0O0OO0OO0OO

gbobogooboooooobooobobbooobobboooobobooboo
gboboooobodooibbboobbobD 2-pass0D0O0O0OO0O0OOOOODOO
gbobodtbdibUpass 1000 DODO0O0OODOOO0OOODODOOOOOO0OODODOO
gbobobogbyeluubbouoobuooboboboobibd pass200D00
goodgbobobbogoobbbbibUbpass20000000000O0O00OOODOO
oooogboogobobobgobobbobboooobooooobr3goon
o000 /ROKIkNODDODOO0O0O0ooooobobooog 18/ 000b00040n
pass 2000 0000O0O0O0OOODOOOOOpass 1HOOOOOOOOOOOO
oobooOlsm/R00boboobbobbbboobobooobbosbuooobon
bOdbbddbUpass20 0000000000 DOOOOOOOOOOO20000
gobobobboodgdbpass200 00000000 n7yobboogn
gobobbbbbdodbdoubooddipasslUUODO0O0OOOODOOOODOO
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0.5 — e analysis
—A— experimentl
00 h . . . . T lexptlarim?ntz
0 4 8 12 16 20 24
Bolt Number
(a) ogoooogooo
2.0

1 — analysis
—A— experimentl
—0O— experiment2
1 1 1 1 1

0 4 8 12 16 20 24
Bolt Number

() DDODDOOODO0OOOOoOOoOoOoo

01111 Doooodbogoooooboboboobbobbboonon
OO0 pass0 000000000 O0OOO (F;=98.1kN)

U0 15K 00000pass 20000000000 DOOOOO0O0ODLODOODOODLDOO
gbgoboobbobbboobobobuobobooobobbobobobuooobon
ob0dbO0Opass 1UOODOODODOOOOOO 13/,000000
O1l7000pass 2000000000 DO0DOODOOOO0ODOODOO0O KO 1500
gboboobooobdg2udogubbooobuoogbbbouoboobogod
gboogobobbdobbbb1tiigdbuoooouaboooooobobbooonbg
UpassUOOOOOODOOOODOOOODOOOO0OOODOOOO0ODODOOOUOU pass 2
0000000000000 0000000000000000000000 10%0
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goboboooobbbbbooobboobodobbibbUpass2000000
gobdbbbubgodobooobobbobooobboouooobobbobon
goooogooon

11.9 OO

gbobobbooobboooboooobboboobobobboooobboooobbo
gbooogg

lLoobboubgoobbooobbboooooobbooobobooooao
gogboboogoooboboobbobboobooobobbbboobbbobobbobo
gobdbbobbodooobooobooobobobooobboooboa
gooo

2.0Juudobobodoooobbboooobboobooobbobbbooo
gogobobboogoooboouoooobbuooouboboooobobod
gobobobooboboboobobbooobbobbon

. 100ogbogbooboboboooob bbb oooobobobbobon
gobboobobuobooooobboooboobbobbboooonoo
000000000 15%0000000000000

4.000000000000DODOOOOOOObOODOObOObbOODbOoObLbOOn
oboodbodgtbpassO 0o oboogoooonoobooobobobodn
goobbbobdouoboobiboobobbbboo 1su0obbboon
goddoboobobobobbo3boo40bbbuobbobboooooon
gobooano

s.utuguobooobbobobluougoobbobboobobobooboo
gbobbooogboboobbbbod 2-pass0goooooobogo
gogoogooooooooo
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1120

g dootdbobobodtdnod

12.1 0O0O0OO

gbobooooobbbobobbboobooooobooboboobuoooooon
gbbogbboooouooooooobboboboouooooooooboobooooobo
googobuobgbouoobbobbboboooobbbbbbobboooobo
gogbobboodboouboobouoobobobooobooboboobobn
gobobbdooobobodobuooobobotooobboboobobbuoooaa
gooobbodgboobbbbbbbbbobboooooboobooobobobbn
gobodgboboobbbobbbobobobobobboouooouoobbobobon
ggoboooooooboboboobobooobouoboboobobooooon
gogbbobbouodgbobbooooobbouoobbobboobooabooon
gogdobobbbbouobooubuoboobbobuobobbooooouooouooon
gobodoooboodbboooobooboboobobooobbobbboobobo
gubogbbobooooboobobobobobooooobooooobobboo
0 (102)

gbobbboouoobboouoooboobooobbboooouoobuoobn
gogoubobgoouobboooobbooooobbboboooobbogbon
JPI class 1501b 0 class 300lb0 00 0000000 ODOODODDOOODOOOOOODO
gooodgboobooooooon
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12.2 OO0 0OOOOOOOOOO0OOO

gbobgoogsgbobobooooouobooboobbboboooooboobo
guobbbooouougbooobobuoouooobobobboobooboobn

12.2.1 0000000

O0DO00boboobOo0obobOobOoobOodg JPI class 150Ib O class 3001b O O
J0b0000bo0obbO0obb0OouobOdddelass 1500 104010016020in0 5000
class 3000 103060100 14020in0 6000 O 0O0O00O0OO0OOOOOODOODOO
gooogoubboe200b00do

12.2.2 0000

0121000 30000000000 obboouobooooboobbobbogan
goodbbobooogoubbbooboobodooooooboboboboooan
guobggobogdgoodi12i1obbobudbodgbooobbuoogboooogn
O0f;0bolt jO0O0O0OO0OObolt:0000000000O0O0O0O0O0O0O0O0OO
gouobobouooogbooboobbooboooobobooobbbuooad
gooo
goooooboguooboobibobobogobobobooboboobooboooo
OO0 /RrO000000000O0DODOODOODOO0O000b0b0b00«wb0o0on
bolt 100000
bolt 20 bolt 30D OO «wOOOOOOODODbolt 10 o000 O0OOO0OOODODODO

goooobobObolt 10000 oobOobObbOOOODbODODObDODDODOODO
gboobuoooobgo

bolt 200000

bolt 10 bolt 300 OO0 OOOOOOObolt 20 « 00 O0OODOOOOOOOOOOO

bot 2000000000 OOODODOODODOOODLDOOOOOOODODODOn

bolt 300000

bolt 10 bolt 200000000 O0O0OOOO
gbbogobdbuooobobuooobboobbobobobobabodon
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Initial State

bolt bolt bolt
2 1 3

Flange

Gasket

Service Condition (uniform preloads)

‘ Ft Ft Ft ‘

—_ e ] I I e e e N
zu u u
Removing bg't
bolt 1
bolt bolt
2 e~ 3
, f1,=0 \| : ,
‘ fo1>Fy f31>Ft ‘
] - 4 . _ — __ ] - N
HY Y
Removing bg" bg't
bolt 2 —
f22:0 f12—0 , 1 jF , ‘
32~
__C __________________ - N
1y
Remov|n bolt bolt bolt
bolt 3 ) 2 ! 3
f23:O f13:O f33:0
;= = = D

U121 000000000o0boobo0d
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gbgguooboobbooboobboobobboobbobboboubbobbo
gutbouboubboudgboboboobobobbouobbboooobbboo
gobdoobbboogbobbooobbobbboboooobbobooobboobon
googbobuoooobogggobobuobobooooobbooooboboo

12.2.3 0000

obooooob0o RpOobooboobobbobbD aoMPaD OO0 DOOODOO
gogo2biubgbuonoooobbuoobboobboobuoboboboonobn 9
oobobooob 4000000 10000Db0O00OO0ODbODOO 2000000
gbobooobobbobobbooby4bbobboobobonouooboo
gobobobbobbooooooobbooobooo

12.3 0O0OOO

12.3.1 000 O0Oogd

U 1220 00000000000000 10000000000 000000400
gogbodouodgoboobooboobuoubboobbooobbbboooon
godgbbboodbodoo4bbo0gboboooooouobe4tnbbonb
gbooobooobooboobooboobbobb0 FrFODOO0O0D KOODDOOOODDODOo
Uboooobooo24000b00bb00bbDOccass300000 20m00000onn
gobboooobobobboboobbbbobdoboboooobuooooobooooa
OOobO0oO0b0oDbli0o0o0bo0ob0oobOoboboobooobooobDdbolt100O0oDO
Oo0obooooboboboboooooooboobbooboobobbobobbdbolt
10000000000 2000000000030%00000000000000
gooobbobobbooobooobboooobob400booboboooonoog
goobooobboddgbooobbbooboooboobbobbboboobboobo
OO00OO00b0bO0O0ob0oobO0odbolt24a00000O0O0OobOoobbbOODOn
ooobobooooobo2bboboooobooooobo Roooooo
gobboooogd
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FIF¢

0 4 8 12 16 20 24
Bolt No.
3 .
clockwise pattern —e— bolt1

—4&— bolt4
—®— polt 8
—O0— bolt 12
—— bolt 16

bolt 20

0 4 8 12 16 20 24
Bolt No.

FIF¢

0122 0000000000000 00O000O0O0O0O0O0O0 (class 3001b 20in)

012300 124000000 class 1500 class 3000 0000000000000
Doboboboooobooobbobbbobuoboby R 0ooobooooob
goboboooboobbob0oobuoboobbbo0o0ooU b Fr,0ooo
0o /RpOd000obobbobboboobob00 mimbboboboobboooo
Ooo0ooooobooboboooboooooboooDooboObelt10ODOOODO
000030%0000000000000000000D00DODOOOOOOOO0O
goooboon k.  0ooobobobobobooogoobobooooooboboogoo
gobobobuoooboboboobobbboobbobo40bbobbbooobobo
gogboboooobboboooooboboodoobobuoobobbbooobo
00000 1240000 class 3001b 20in 00 000000 KO 27000000
O00O0C0 classOO0O0ODDOOODOOODOOO0OO0ODODODOOODOODOODOD
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2.5 nominal size star pattern
[ @ —e— 1
—AN— 4
20F —=— 10
—©0— 16
- —A— 20
WL 1.5fF
x i
£
o 1.0
0.5
0.0 »
0 4 8 12 16 20
Removing Sequence
2.5 -
| clockwise pattern
nominal size
2.0r —e— 1
—A— 4
—a— 10
— —O0— 16
W 15F —&— 20
X
£
o 1.0
0.5r
0.0 —— : : :
0 4 8 12 16 20

Removing Sequence

0123 0000000000000000000000000000O0O (class 150)

gbooooo

12.3.2 0O0OO0O0OO0OO0O0OOO

O00b0oboO00o00obobooboooo9bboboOon JPI class 3001b 00O O 20in O
gogbbdoboobboooooboobooooooboobobobboooooooo
gbboouogbboboouoobobuobobboboobobobbbbbobobbbo
D000 1200000000000 000O0000000D0O0O0OO Fa.000
gobogdggz20boobbbobbobbob0obobooobob 20000000
opoboobooooobooboo nn4bbooboboooooobboouobobn
gbogbbodgbobbooooobbuooooboboobbooobbbobobobobb
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3'0_ nominal size star ttern
2.5F
— 2.0
&L s y W
> jo= f
®©1.5F Vi
f i =
1.0F*%
! X & \‘ L X\
0.0 ~— . |
0 4 8 12 16 20 24
Removing Sequence
3.0 , —
L clockwise pattern nominal size
—e— 1
2.5F —4&— 3
_._
—0— 10
~ 2.0F —a— 14
L —0— 20
>
© 1.5F
LLE i
1.01%
0.5-\‘\K\‘\J\\XK%
0.0H——¢——*"+— : —d
4 8 12 16 20 2

Removing Sequence

0124 00000000000000000000000000O00O00O0O (class 300)

3

class 300lb 20in

Fmax/Ft

analysis
—4——  experiment 1
—O— experiment 2
0 . 1 . 1 . 1 . 1 . Yy

0 4 8 12 16 20 24

Removing Sequence

gi2500000ddddobobbooobodoooouououooaua
goboouogoon
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(ee]
o

star pattern —=e— Doltl

»
o

I
o

Contact Pressure [MPa]

270
Circumferential Coordinate [deg]

80 [—=— polil -
) boii3 clockwise pattern
- —=—  bolt
—o—  bolt7
——  polt9

Contact Pressure [MPa]
N
o

180 360
Circumferential Coordinate [deg]

U126 J000000O0DOOO0OOLOO0OOOLOOODOOOO0OOODODOO0OO0
00000 (class 3001b 6in)

gbboboobuogoouobobooobbooooboobobiboon
12.3.3 UDUOO0Ooooooobood

gbobobbooooboooooboooobbbbooobbobuoobobobo
gooobooboboboobgobobbooouoboboobbobobooooboon
gbobooodgb1zeuboooobbobbooooobbooboboobobb
gboboodoboddobouooobbobobooooobboboobo2on
O000000000O class300lb6in0 000000 0O0O0OO0OOOOO0OO 2000
Ooooooboboooooboodb 4KrMPaD D000 boooooooD
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class 300lb 20in

—O— star pattern (passl)
—e— star pattern (pass2)
0.5 —=2— clockwise pattern (passi)
—A— clockwise pattern (pass2)

0.0 M B B R BN B
0 4 8 12 16 20 24

Removing Sequence

gl12.7200000000oo0ooodoboobooboobboobod
gobobbbooooboboooon

goboboobboobboobobbobuoobobbbobbbobooubooon
gooooobooboobooooooooosoMPa DO OODOOOOOOO
googobooobobogbbbobooboouo 12400booobobLOon
KOO 170000000000 OO0ODDODObDODODOODDbDObDDbDOObDOODOD
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