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Eﬂ?5@5MWK§§@M%E@%@m1mk%@%%Kfmé)©ﬁ¢@
fdx Kom*cei%%%%ﬁa@@(ﬁé@ BT 2R0EEERNT, (3.7)
RCFRT L O CEARNBROREOE SO 4 E2 AL L oTRBBE &

T E B,

51




B
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Ae_dx+pydx+pzdx+2(dx>T2<dX>
............ (3.8)
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KT HEx A%~ ( Un, Un) OMICL s TEDY Do

(4eUs) ORI oTEbE L,
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Bl (3.23) RiLLoTEDLE, MELBHBIKEALAROFROL

DX LTEOHERBLIo>T(3.24)ROIOIEDINS,

Pe =2BD*0yje1¢/3 L

............ (3. 23)
e =PeL®/48EI=0,,.14.L°/ 6 ED
6 _ P Pz P P
= = (=€) — el Nz & 3 — 222
............... (3 . 24)

FEBICL LBEFRTERZ6 0 2L LTH->TWEN, M3.14KFRT &
S, FROADLAHAE(3.24) KRNI oTKOOLIAIFBEELFRLL—FKT 5
Brfgbh s, B3.15iE, M3.148ICA,B,C.DTCRLAMNERICET
LU BOEARBEOVWITRT, Chit2onTd D) KRTIHSKEBEL

REL—HT2REIBONL. ChOLOBEREMFHE (2, N4, N6)

WRT N O OHERBFIRBREC L o TEBRHIC T 2BHEBEOH WHIco

WITHE*fT O ENnT E R EEL L,

60




. : .

P/Pe

1.0 ‘ _
(A) J8l
I .
1

> 2BD2 Oyield
Pe= 3L

0 1.0 | 55 T 2.0
y e
B3. 14 hRfrhfEz>0 2WesPIRo (8e=PoL’/48ET=0y;i,1412/6ED)
T I — R R 247 OO B 17 ' :

é’ Pe(ézl.O(Se) )

(3) ,
; < elastic figld ) ~
(B) :
) <>
(C) .............. :
elastic field plastic field
i 1.5Pe (=)
(D ) a5 e
2 analytica lastic field
- solution - . A

. s |

o

Oyield | ~Oyield o 15 moiELOBHHTEEBERORFOEL
(RN <L B3 SIEDNTIR)

61



BELEEZ ) THWEED

3 RITHEEBMEANLT IR
L
Aﬁ%gmﬁﬁ@twmﬁﬁ%ﬁ .....................................................
e DRSS oo
5 050 AR e e

63




T

FETR, 3ERTHLAHHMERTEREI Y, 2EBCF» TR AL —KR
RV, BELHEZ S0 2MMED 3 RTR B AZHENEHRICHL TH
L5,
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OZ:O’ TXZZO’ TyZ:O ........................ (4_1>
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ThH, FERTHERELEHIABLRE > TWEDOT, COREEEOWTIE
(exo yo Txyo) RBBLELLC 2 BEF o
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CRET S, 5o BIFNAEER TS b, xy TELEROEMC 5 5 EE %
Thh, :BMAChKEEEZBTH L, COERRCEF W TELID AL Lug
EL Do
deui = (deuy, devi dewis debxi Aeﬁyi» ﬁe‘gzi>T

............... (4.9)
OpEEfERO x, y, 2 OO0 BEERK P T 2EFHHAEFRL LI > TELR B K
B~ b ) v xEgly & F b
X = Lyc gX s (
T HnT x=(x,y,2)7
gx = (gx gy, gz)7
COBBEEEE< ) v 2 AL Lo Tdenj ddguy WEoTRDOT T ENRTE

%o

deuj = gly - dguj (4.11)
AR LTOp BEEZO .5, t 81O O] BEERICFT2HFMEFIC I oT
fELN ZEREER< Y v 2 2% qgLié 35 &, Og BEFRE Oy BEEXREOD
ROBEZLH<r ) v 2 2 glypid (4 13 ) XK I o TRBDLTERTE S,
pbyg X r—s BECEWTRD bh2EARMWIEEMNE Oy BERCEHT 5185

ZA(u, v.w) CEBRT L ADICHANWLRS,
X = LT e (4.12)
o nT IHLII:HILI']IL_{ .............................. (4.

r =(r,s, t)T

2 mpmemH

BRAOIGNTREBER L TV E0EC 06T, ERERORREZRK
FNT, ROPRLE LORCEHRDOIEAEN Jug, dvg Tx sy KETH1K
OEER EEWRLAMEBRREOMTEDLL, FRELOSOEAN HOHE
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DEMW ExEy OD3IROLZHEARANK I >TEHLT, BEOABREZREOE=E
KR >TBREBUHEZED AL LR I>T, T bOoLHENE, BEZ0848
KT bEGEMAEM deu, 4 %FMEELT, (4.14), (4.15)FK0
IO hHBCEETE L,

dug

: = Np(x,y)-deup + qlig-Nagd(r.s)-4ef

AVO ............... (4 . 14)

AWO = W(X’Y>'Aeuw .............................. (4.15)

1
c CVCjo’V}T, Np’ Aeup’ I[[LH’ Nadd, Aeﬂ) Nw: Aeu%ﬁ (fiu—FVi'/_T_\‘ﬁ'i

YEIDTH A,

pE:

Npidx. yCB+ 21 ROEHE~ 1Y »27 %, Nylix, yk
TH3ROBBM~2 b, Naggid r. siCBI+ % 3 ROBEE~
bY w2z a, pglpldOpBiERE Oy BEROLEHR< Y v 2
2plp W (r.s ), (x, y)ICEF 2HEET TELRL B 2 X 2
OFEf= )y s X ThHD, deup, deuywn de B3 (4.16),

(4.17), (4 18)RNEFRITEHLEREM <RI VAT B,

Aeup:(deui Zeuj deuy devi, devi, devic)T

deuy =(dewi, dewj. dewk, 46, 405, M0z, 4dly,.

A0y, 40yx, Vg4, 40y, 46,007 e (4.17)

Aeﬂ ?(Aﬂx»dﬂ2>T .................................... (4.18)

T T Tdeup &L deuw ek BLAIOE deu EEET 5,

’ : ] Aeu T N PR < 4 .19 )

deuw
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Plane of triangle element

B4. O MNERMERKOLHOEETR (O ) EBEHEMR (Oqp) DM

3. BORMICLoTEXRen( hadBpET L F—
NDNeOTTERL, RBREASAEABLHLTVAREZORT, £ H
BAOONNEe O T TEALT2REEEL 2, BHLHEICE LTw 25 R
é’axold) Tyold: Txyold MAIGTN & doyg, Aoy, dryy, WHEE ey,
dey dixy & T oL, BRe DR DADHEHET I A% — 4 U Ex 5 1%
TOERKLID (4.20) TROFTCLDBTEL, vEBZ e 0T RT,
deU = Sy(9x01ddex+ 0yolddeytTxy01d4T 5y )dV
+%fV(AuXAeX+AayAey+AerAer)dV """"" (4.20)
1R A BRI ATICH A LT e [E N & WA S ICH T BEAE = 5
J?—fééo%ZEm,ﬁ%wﬁ&ﬁgﬁm,mﬁ-é@%%%%w%ﬁw
EBATRLRBDIERKDLNDLIOT, WARN EEABCEF 21595 = »
NE T B, ” |

dex, dey, dryxy BREBREMEZRT 2 EHRNFOHRBMBLS L oK

75




(4.21 )KL osTERDY S,

By =04 L EALT 4 (BLT

_O4u 1 { d4u 04v adw }
2

J4 1 0du.? 04 L, 04w 2
Aéyzayv—i-g{( AL e T

oy
47 adv 0 4u 5Au 0dv 04v O4w 04w
: Xy ox ()y Ox 3y ox dy
.................. ( 4 21 )

CORWCEHEWT 4u dv, dw EH 42 x,5, zfﬁ@ﬁ%%ﬁ‘f‘éé = E T

DT, TORTHHEHKET LIS ATHE*E2L, x,v, 4u, 4v REBEZ0

5]

R, 2, i wdBHEEHLTESRIRCET 30 EL Tna,

2EWNRN LI, ARBXEFTI2HIERANEEHORY HiT,

[RE
it

P
i

THEAF —wBOEMO2RERNTRLT LD L, AEC T 2BE

R
X

i)
i
(
9;‘,9

WTh, BASEROMBZRUBEERL L TWbro, IDNEHFEEED

i}
P
5]

IR Lo THRbDLDE L, L2oT(4.20)RXOBHELF 15—~ OHE Vft_
LT, B4.100 45U, 44U KSR AB1BELA P —EERZDO TT NTE
3 A0, R2IBCDODWTHEDO 2 RIBKET 28 4.0, 80 EE LT,
4,U, OHEEET 2, RBCHERN /7o L, FREC AN &

Stress Ao
v
Ao i | —8eUs
AOI J
Opld: ~—beUs
AeUl =~
' Str
N , €o1d 8new ain
Aet éAE:]I
Ae
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MAOPEREDBHERIN 5 E TIEEE (iteration) 25 90T, ¢ o3
WU EOEZAB Larbith LABRER, EELE LIRAKKRESN 5,
UEtd i, BRelhk{bibhdBapEsrrx— 40Ul (4.22)
ROLOWEDT C EpiTE B,

AeU: AeU1 -+ AeUz + AeUs .2 2)

TORCEHENWT LUy, 4eU,, U BHUTOIOC LT kB T B,
04 04 04 ;Odu

deUs = /v 0x01d- % +°yold By +7"Xyold (6:: ) dv

=S4T a1 AV e (4.23)

e ldep B (4.2)RE2ANWT(4.24)RTRINLELDT

& 5o
04u )
0x
g
4eq= aAyV ?
04v |, O4u
5% oy |
Oduq Ot )
0x o0x*®
— 94vg OFwy N
0dvy , 04u, . 0wy
Ox ! dy axdy J
04 04 04
Aebz "fv xold 5 2 { ( dxu) +( dXV) -+ ( dW) }
04 04 04w.?
+ yoldz{(ayu> +< V) +(dy) {
dd4u 04u O4v O4v 04w Odw
+r i bdv
. xyold "1 75y dy 0x Oy dx Oy
............... ( 4 25 )

Y 0du 0dv  04v Osw aAW)
2 v 0x ay 0x ay ox ay
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- ~ (04u

9x0ld Txyold O 0 ° ° Ox

d4u

TXyOld Uyold (o] [0} 0 (o] ay

Odv

0 0 0x0ld Txyold 0 0 0%
\64\7 v

0 0 Txyold %yold 0 ° dy

o 0 4w

o 0 0 9x0ld  Tyxyold | ox

0 0 0 0 Txyold %yold S

~ Xyo yO - \,ay')
............ (4.26)

COFIBCENT, BRAEMOBASEC MITLERIK I 5REFHOL L % &
"L, TAThOBRELFTRELOBETAEL (4.27) RIEFTHI~ b

) v 27 AS8EMNBLM4eU. E(4.28) RLLoTEDT T ENTE B,

[ Sx Sxy 0 0 0 o
Sxy Sy 0 0 0 0
0 0 Sx Sxy © 0
S = 0 0 Sxy Sy 0 0 - (4.27)
0 0 0 0 Sy Sxy
. o 0 0 0 Sxy Sy

7R L, Sx Sy Syy W TRFRT IO KGN REFALES LTHELA S
LD TH B,

Sx =/t9x0ld dt

Sy =/ t0%y0l1d At

Sxy =/t 9xyold dt

AUz:fAAl,lT'S'AU’U AA e, (4.28)

T T Ay BT IR T du, OBEHTH B,
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L1 04u o4v , . 84v  04u .
A6U3 V—Z—‘fVAGX-H’f’ Aoy_aTT A‘xy (_6}:—“}" ay )d'\

1 cT
"z'fVALI.D.Agl AV eeeitieeiiaeaes (4 .29>

(1.26) RICEBLT, —RICRMAEORERBEE R o HX TEES
DT OsRERET BB, ENEGIcET 5 20, O 04y 0dv
X y X y
D2ROBPHEHLTNE, LrL, AWTHE, HEEPCREMILTTHELN
BEBHOBNEBI L LT 2%, fe LTRENOEMLTS A 4u, 4v
COWT Yy REROEEERT 5,

ChEZRLTWAAYL, BHELTOBEEORBELHRI T ERTE S,

4 BZeOBETFYy 2R KEBARANS hbef in

BAZEMBE N, Naqq , Ne® x XU y KB 3 2 REBIZIC L 5T ey & 40’
i deu & defekEEL LTHEDLIN, REOPR EoALBMBEORNN K%
BwT, 4eUs, 4U,, 4UsIE (4.23),(4.28),(4.29) X2 HERL T A LK
Lo, deu,def ©2RERICIo>TRKDLE T ENTE B,

46Uy AEAZERCBE LTI ROFELIBE>TWwD0T, FERS *Tok
FERIE(4.30)RKOLOCTLEHETENRTE B,

4eU, = fy detag)q dV

:(AeuT,AeﬂT)gefin} ........................ (4.30)
ebin
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deUz , AU @D EMICBE LT 2 ROBEL IR >Tnwb0T, BEES %
Toa@ERE(4.31)0LOCFEDATENRTE L,
, ! 1 T
40, + 4eUs :%fAAUcT)' s-uOdA-i-EfVAeI-D-Ae dv

deu

=5 (deu" 4o fT) - K- e

} ......... (4_31)

FER & Lf, WABREN deur LCBEBBORERBOE S 4ot L o
TEReD R (bLIEAETFIAF - 4,0 (4 .32) R IoTELTC
EBTE B,

46U= 40U+ 4oUs+ 46U

- T T fi 1 T deu
= Cdew™ defP) o1 g (deu® 87D K10

............ (4.32)

8. HEBEMXTREIFTE ‘

HECENZFELC L >T, BAOHBOA DI BLELZRZORIME~ ) v 7 =
P eKEHRANNZ P Mefinsebingkw s L5 TE, Oy & Ofko B
i?%%ﬁm,dﬁwh%memn@fm OEAELEDLTEL DL ELI Y, 2
HTHENARESFHEO S T, BELEO SR IH BB KT ERE, 2E

Ne—HRKEmICZToTITO T & TE B,
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4+ 4 ERE & DB D - o D HAE R E

FTHERTAVWDLIILLEL I ST, HA41KRLAHREECE T 28B0MEY
KREFME e BEBITICL o THECCEXTRET D B,
FEBORIEOOIC, ROBMBIELERE, WidHE, REREMCA
TEERLHBEEEME, SrENACEET 2RBUHEES IR E LT
SHEOBEBENT T, JHELAMAE (10, v13) KRLTH B,
thickness = 1.0 cm

E = 2100 t/cm?
J = 0.316

A

B4. 11 SHBTEESDBHLELREROKT D BRI

9 /18 /.21 /36 45"/ 547 /63 127/ 81
!
6.25 g
1 8 80
" s ,
7 79
" /
N
6 78
5 77
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4 76
3 75
2 74
7
62 h\uo\le 28 \J37 46 \[55 \164 \}73
P O O B P
~
100/2 en ——————————t

R4, 12 MBKRHEEANTT 4 O %R UL E 7L

HBEREFCEL T, ZFCBHESLEBROEL F2LELALOT
HHOT, TTTHBELTORIELDODWTRNSL C LIEEB L, BHESE L L&
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LT, ERERPBEXR T2 OINEEOREMHBEL O W THERTZT W, &

79

ay
oy

BEBACBAIEREN4. 11KRT IS, SHHEWMEZ O 5, B
PEECEEEINAZET 1o, 1AOEI100m@PEFHERTH S,
(HEg—Drx &R )

PEBTANHEGZRANATELE2E0 1 /4 TDO2WTTWw, BEZHE %2 K412
KRT L OKFTH . BUEMITHEREH413~4.15 CRT,

B413 UAOMHTEOKRE I LHHPROPELZNOBERZRLADIDOTS D
Levy IC X 5T “Sguare Plate Clamped Bdges under Normal Pres—
sure Producing Large Deflection” TR740-Natinal Aévisory
for Aeronautics, 1942 KEFEINTWILIEFERO7 — ) 2B EzRVAE
WL EEC—HLTWnD, BHROMWEREIBE/IELML (B ) BITIC I 528
BERLTVWE M, FROADIDBWED 3B R DL, KREMEHICLHE
EBANEEFTIC L 2O 6 HOMERERL 9B L2 RLT D,

Bl4 14 UBHPROXRER SCEAFTIILNEOEIEZRLAIOTS
5. MFra, bEXThThBINEMEERL, ¢, dAREHELRL TR,
alc, bl dAMHMOBIFERCEREEC—HLAREHFREL Th b2,
.;%%ﬁk§<ﬁémﬁm,%h%hﬁoﬁﬁ%%ﬁb,%iﬁ&Olt/ﬁ%
BLABREIRECIZIRIENBREE LTI L85, BERCEELTHWS
SIRID B BAEMBICENS EBBIC NI, FREMAIREO 3 FRK %2 5
1/ 85 CRBCENDD, M4 15 CEEHRBOL(L SEMEHERK
LoTET. COMEMFRRLABRERIT/ROZEICL Y, FERORKRE
B AREELD,
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86




5 .

(b wm -
/ (0 i -
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EEANLZEREFI2ELCRNAELHEFA—TH 2256, T TR, B4
OEF o, BEBRROBREE, MBELRBELEOHMIKEWT, EHOEKELE S
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1. EERERRLBAEM~2 brOESE

HRECE> T—HB2MERKT 3 O2BHC>WT, B5 . 2@KEET L 9K,
%Ei@ﬁﬁ@ﬁ%ﬁéﬂmm$ﬁﬁ%%ﬁb,Aﬁ%ﬁﬁ&bf,B%K@
Wex IR EET L, AGOWE ECEFROENICIEW gy #, gz #@rE
FT5. COEBBRO; (gx,gy,gz) BHEEWOLEHCEnD LT, KE
DEFRERZTH 5,
BREZ~ODUEIES . 20k 9, BEEBLK4ELE~NLL O LR
EHECRE TS £40HACDODWT gx,gy,gz5iMOEAL, gx,gy.g2
ey oREELEEN TN, gui,gvi,gwi,gbxi,glyi,glzi &35, C
NLEFUBACDODNTEAENMNS dgui, dgvi, dgwi, dgbxi, 4gbyi Aglzi
ERBFETHo COBPEME TN TOHRALOWTES L0 %, 2KER

R T DELEMNI P LV Agut TET 5.
dgu = ( Agu'f Aguz ......... AguTi ......... AguTn)T ............... (5.1)

rAgui\
dgvi
dgwi
Agui - { s ............... (5'2>

dgbxi

dgbyi

\ dgbzi}
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2. WOERZHOWEBOLSOBEERRO] OEE
ABELEPNTHRNA L SR, £EFTECRAREXOERLEMNOBE LB D
ARBIC, —RICHREHBEOMTER cRL T OICELAL TN EEUEK:
Bnt, HEROEMEZMET L, COBIEBEHIES . 2R TEHEERK
DWTHBETH Y, MORBRLEBBEEERz I AZVWO T, TAFhoBE
HICDOWTRIICHRY:, TOEERY, 4BLABR2FERI Y BBERERL
LTOp(r,s,t) TEHT S,

BEHBLEE L A HEBHOREMRE T 4811 ,48,1 ELTNTOBRE

KONWTZORERBFES IV N7 bl % (5.3 )KXIKLoTES

T 5,
48 = ( 487, ABTy e ABT ] cereenen 4BTm )T e (5.3)
77x L,
4811
461 = { } ............... ( 5 . 4 )
46 2i »
MRERBROBRTH Y, HHEEONEL, BHOES HH0 A%
BTEx2bNR B,
3. =B EREEZROEERLBOTHROTESE

FRAICE TR, ANESTTERL, BERIE o7l M <5
S LA =R BEROEE TRLT,
ExOSBYMBERRE, EHEOMELO s HALELTERSE L, cO=
ARMER e FbT BBEBRE Oy(x,y,2) EEET B, COBEFRICH b
CHAORALZM NI b 4 dent BHEL B,

deu = ( deui deuj” deuk™)T e (5.5)

v 7L (deui
devi
. dewi
deui = <deﬁxi ............... (5.6)

Aeﬁyi

\debzi
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4, BReDiKbADEHSETrLF— 414U

BAZMUC L >TER c O DAAMAPET 4 n % — 4eUld 4 B~ 5
(4.32)KIcIbFEbIcLsrcs sz,

efin

dell = (deu™, depT)- {

ebin de f

1 deun
+?(Aeu7‘,deﬂT)'eK-

S. HEUEXTERBITE

WAZMIC L o TER e #72C bABBMBE T 54 % — 2eU(5. 7)5 %+~
TOBELDONWTHEAT AL LN L o TRBERDO AL DL AT x5 0 =
—AU%X@%C&%T%éQC@%E@%,4%?ﬁ&ﬁ£§%%%%ﬁ&
7P v OR\E Oy EER2L50] BERCERLAZSTEELE W, O
BICL > THREBE EMOBREBEL OET AE LS T AH A0 RS T A EE
TERRTIDOOEEZoTERDLINLAD, ZHOEGEKE Y BT C L5 TE
Ao Jl, T—AY POREDL, CORBEHALE A THONZ } ABEBK
ZoTkbh, NOPE L EBERKOVWTHT I OCENR T AL T,
@%Kﬁtbhéo(s.s)mﬁ?AU%%mT,zﬁwém1ﬁNﬁ~ﬁ
RICHE N, WEBERCAET L2 ERLIINAOOH S % EE L 2 EEEH 0O
SRTLHBUEREBINEITOC EnTE B,

fin 1 dgu
4U = ( AguT A.BT>'E §+ (AguT AﬂT)'K-{ }
bin] 2 48

ViR
fin = Zefin

binzfebin ............... (5.9)
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5.3 HMERAALTAEBESHE . SHCETIE L - EBE %o
— L RRARIZ S
%%Tm,1%3ﬁ%kmfﬁNﬁ%%%%ﬁ®%f”ﬂKﬁof,3§K
BN EEOERE, 5F2HICRNZNER % C CRELEEH % B
MTrA00EBEANT, BHEWRBEE+HEHE I ¢ CHESEEHMO 3 RTH
BUHERLEVENMZTT O D OBBCOWTHL S,
BATERORE ZLE, 2BRAENALOLFABETH L, BIK, REHKO
ZeHICEEST AHEBR, BHHA L, WEEHRIOFTNLEFRICES 2 BEZ L,

MECHBZERROEE, BB LREERPOELROFETH 2,
gXx

‘ )
7 plate elements in boundary

/ e " (v=0.0,elastic)

A0y,

eam
elements

R5. 3 GHERSREREMOCEIBEDHOTF L

l. 2G6EZRors

FEHTHIXOBEBRRBM 2EBITTELEL WL AeY, 2EKEEHO(gx,
gy,gz) E5 . 2IKEFEVWTRLAL S, HEIKFFTIC gx BixEEL, gy
W, gz MizWmHONEARACEET 5, CORBRBHEMHEL LREEMICD

WTHBTARBEABRER TS5,
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2, ﬁﬂﬂﬂ\@%vth
WHBIACRANLERE3BLAXAZI OBV, B8+ EX HARIKHE <
MM BRCHE L TENT 2 ED L, 2REERCFTLIHAOBALEM~ 2 ¢
Aabuld (5. 10) KICRFTLIINEHEALDONT 7T HLOESLRH 2 LK D

NI PATE DL,

dbu = (dbu, 4dbu, e Abui ......... dbun ) seneneeseesee (5.10)

COWBEMICL T, MEBLPW R CDLORABESET 5 0% — 4pU

L HSEIRLA(3.22)%BALT, SEEERCERT AL EICL D (5

12 )YRTELbED,

apU = sbu”-bfin + 5 abu”"-bK-dbu e, (5.12)
TR L

bfin = geTTgﬁin

bK = Z'eTT-eK-eT - B (5.13)

eTIHEH O EFHFRER LEREEO T < b ) v 7R, e XM
BERERL, b@?&TGﬁﬁ%?ﬁ?%%Lkﬁﬁéﬁi%ﬂ??o

3 MBEBHOEF AL
MEBEBACHALEBES . 2B~ A b DEB ., £ L, BHIESH
&@%%%ﬁﬁﬁﬁwkmf,HTKﬁ&éliﬁﬁEnﬁﬁ ST T REAT &

_béotﬂ@,ﬁﬂ%%%%?%ﬂﬁéﬁﬁ?%%w—&%K%MéF%ﬁ@

Wi E Zﬂbﬁmj&mﬁﬁﬁx#& METEESZERTS Jcbz HME
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L S B O REREOMIC 2 FEeMIT 510 I DB FEAlT
» 5,

45 . 3KmLTe5IoC, RBEMETOBICE, WEZEHBATET 2
wféﬁﬁ@ﬁé%,$%,W®%%ﬁ%%%b?ﬁb%%%&%i%héﬁ
TIDVIBRORILKTRELE,, CONPOEZFREEBOER 254
B EMEERPOHNOEERS EEL L, COBMBAOBELODWTHE, £7
y Yy X¥n l LTEML, BHEROERELGFRANEENKIDL S
s %,

TEERDPOEKEBRRCE T 2HA0BHEM~N2 + v Apﬁ%< 5.1 )
WEh (5. 14)ROIIHISELCEL, COBPEMT L o THEERS % <

DAAPEAEZAALF L (5. 8)RWCIDH (5.16)RDILoOCFTbT T

EMTE B,
Apu = (Apul APUQ ......... ApLH ......... Apun) ............... (5 1 4)
7oL dgui )
dgvi
dgwi
dpui = g (5.15)
dglxi
dgbyi
\4gbzi)
pfin 1 4dpu :
4pU = (4puT 48T )- }+ (4puT 487) - pK- } (5.16)
. 2
bin 48

7oL pfin,pK i (5 . 8 )ICAWA fin, KEWIGLTWw D,

WESLBH EOBESIBOLRFWTE, ZEHOEREAFEIN, DOEZEHSE
SR 220 TR bRV, 5 . 4 KRF L9 ICEABAICET 5 RIS
DboTyb2HRAECHPBHOMBOBHE ( THA ) L hEwoT, WHE
%0)\%%&0)%5}%&%%%&@%%@%5}%&@1 REEEGL L o TEDLT T &M
TEhid, EVwOET »2BETHTENTE D,

B LB ERLOBEAERE A KCRNSLH, TORBOABIT(5.16)
KOBAPEU N7 b2 dpur BEEBAC 0005 3O dgpu Ebbbini

O dppu WHITTEL, (5.16) R&*ZE b3,
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pes

plate element .

beam
element
5. 4 BHIEELRBEDERS

gpfin

1
4pU = (4gpuT4ppuT4fT) - |ppfiny + ) (dgpuT4ppuT4BT)pK

bin )
4gpu
Appu ............... (5 17)
48

4. BEEBELCH»2WMEEOHNAOHEATM~NS ML 4gpu 2 EHESED

IHERDE MDA EMAN S b dghulC L2 THRHT/oHD Tk

BELELCHAMEROAMAOEAE 2 b+ dgpu £F LELICS 2
ﬁﬁ%ﬁ@%%@%ﬁ@%ﬁ%ﬁ&ibWA@uK;of%b?ﬁb@g@%
Fro, COMBRNHZSHHEL B NARNELE ST T EE, £
%éﬁ@ﬁOMgmgy@z)ﬂﬁmﬁbf,zﬁ,@%%EUfm%yC@
WOETHOESE cx #, EFROEAICE S, ZHEICEDBR b0 & F—
DHET, COERMEOEATEL cy,cz BEBHEEL L TEET 5.
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Agezpm

Agwp

Ag eyp < Agllp

=

of point P in global Pley)cz) AcexBf

coordinate system Aceyp‘ﬁdﬁ> y Nﬁ Acup A\
hcBazp f,f P
3 \¥ _ )

~

A,ACWB \ , = Pom
A\ 5
Agbzp ' éﬁAcVB/.‘
* Y ACGyBl/
AgWB /AgeXB gy > ‘
AgeyB& AgUB I’

Ao / ‘
gVB .
B !b/ I 7,
P4 7 t

incremental displacements

of point B in global / plane of
. 4 4 connection
coordinate system ’ 7/
(' / at deformed
./ﬁ// state
¥ ‘ (i-1 step)

\
incremental displacements ;

of point B and P in moving
coordinate system (cX,cY,cZ)

B5. 5 {&ATLEOHROMEEERICS ISR RO

EBlo TBMTAEATLEICE - BRSO TR B

(cx,cy,cz) EBRROZEZE#HO EHEZRRO] (gx,gy,g2z) KEITEHH
A
MERE TN, cxICDNnT Ax, ex,vx,cy KDWT Ay, py, vy, cz KD
WTaz,pz,vze 5 5E, CLOLEARBEBRELCR ) 2 BHOLHKRE, B

EEEOME), BEORELLRKO AL ENTE B,
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Chr=<t ) v 22xTEbL, ALTHET S,

gx cX
gy = A - CY Sy e ( 5.18 )
gz cz
L Ax Ay Az
A e 1754 ry pzl e (5 . 19)

vy vy vz

WICERHLFTE(5.20)KDOLITEDbE S,
cx gx
cy = A*‘l.gy ............... (5_20)
cz gz
e L Ax o opx vy
A‘_l_': /]T: )y ;zy yy ............... (5 21)

Az pz vz

(5.17T)ROEFHELPFPNTRNALLIC, WEEOHAORTZOELSE
Lt sHEOBAEM L % dgpuy TEDL, BRECLTES . 5 KR
TIOWR, TOEAELELHL2BEMOBAOBALEM N2 bk 4gbuy TFED
T ChOLEMBELIEEREERO, CET2BH4LEMTH S,

T T T T i
dgpu = (Agpul dgpus e dgpui e Agpuc) ......... (5, 2:2>

KL dgui

dgvi
dgwi
Agpui:~< ............... (5_23)
dgbxi
dglyi
Ldgﬁzi

RFEcHEARLOREZSEHNOBRAEE TR T
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dgub
dgvb
dgwb
dgbu = dgbxb \ (5.24)
dgbyhb
dgbzb

A%%%ab

BRFODEBHOBARAOT THESE I 2 mHEOHATHD &%

N

e
(5.23)3K, (5.24) RN IoTEBINLHESE, BHESOHAD
EHEREO (gx, gy, gz) KR LWAER <2 + & dgpu, dgbu 1 ( 5 .
20 )QEBRZEH~ M)y 2 24T EBRBZEEY, (cx,cy,cz) FEE
RIS BESEAMNNZ b r depu,dchbu ELTEHAINR L,
depui = A7'- dgpui e (5.25)
debu = A~'- dgbu e (5.26)
decpui,dcbuy IWMBLIBEEELDL2HAD (ex,cy,cz) BERCE
THBPEG~27 brThY, | AOBEEEY (cyi,czi) &L, bARES
RKDHHHL, BHOIRTERIKE R, COMECX VEHET 0o L322+, B

BERO i FROBHEM 2 brdepui ld (5.27) RIKI T dcbu T &

S>TEDLTEBTE B,

. . de
dcpui = dcub — cyi-4dcbzb + czi+dcbyb — wi-4
dx b
depvi = devb — czi-dcelxb
dcpwi = dcwb + cyi-d4clxb
............... (5_27)
\ depbxi = 4cbOxb
de
depfyi = dcbyb — cyi-4
P Y ’ dx b
de
depbzi = dcbzb — czi-4
P dx b
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TV w2 AL LI oTEERFPTE (5. 28 )AL b,

depui = Ci-dcbu e (5.28)
7z L B ) o 0 czi —cyi ——wi7
) ] o —czi o 0 o
Ci=1lo o ! cyi 0 0 o
o 0 ) ] o 0 o
o o 0 o ] o —cyi
Lo o 0 0 ) | —czi’
............... (5"29)

(5.28) NOHFKZzBEEM L EMBEZO TN TOHALDNWTE L
(5.30)xxBoh b,

dcpu = C - 4dcbu (5.30)

RELCE Ci 22 THBI c MEELTHELAL (6cxT)O~ 1Y

VIXT@Z)D

c o= . 1 (5.351)

(5.30)X%ZEMAWTdcpu,dcub 2BFE ST & TERLDOT, TOR
OB (5.25), (5.26)REMATHE LD dgpu % dgub I X
2T (5.32)ROIOIXNELTTENTE B,

dgpu = pTb - dgbu e (5.32)
Vi

pTb = pa - C - A=' e (5.33)
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I

pd = | (5. 34)

4
HElororkm L (ELRLEER<IY) v 22pToaAnA T LYo THE
BOBATELOGAOEAL L BHOBBOFACEALMEFH—O KA %
Bl TERDTCEBTE, JUCEN 2 HEIC X > TR & B O — kBT &

TR EHBTE B,

5. #B# HRBEBEO—FILBENE

LICHENZ L SN ESHLOBBEOHAB I EL L BHO BT O & R
BOEMOBRANC L >TEDLT CENTELDLL (5.17) KR LAREED
b4t ABEOaEFAF — 4pUE(5.32) XOLH~<+ Yy 2 22HBnT
(5.35 )ROIOSWECTENRTE S,

gpfin
1
4pU = (4gpuTdppuT4p®)-{ppfinp+— (dgpu” dppu”4p7)-pK-

bin
dgpu gpf’in ' Agbﬁ
1 b
dppup= (dgbuTdppu”48T)-{ppfin +—2—(AgbuTAppuTAﬁT)-pK- Appu
48 bin ' 4B
............... (5.35)
e’ L
gpf’in = pTg - gpfin (5.36)
T
pTh O pTh - O
N pK = CpKe T e (5.37)
[O I] [ 0 I ,

LA EOESMUANOHRAOBHECROREIORN <

l'\]) YIZ’GgDZDQ
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m.3mﬁ@A@mgmh@ﬁﬁ@ﬁ%@%ﬁ%ﬁ@mﬁt%ﬁm~&b
Twnb7zd, (5.12)KTRLABHOALS DA IE LI AH~ LNt DT &
HATE, (5.38)RNWCERTIOCLEH, BHZTMK I oTh{bs b
ﬁ§11w¥~%ﬁbéC&ﬁT§éo
4U = 4bU + 4pU
(bpfin

. - _ 1 : A .
= (4bu” 4dppu” 487)- ppfin +7(JburdppuTAﬁT>'pr'

bin
4dbu
Appup e (5.38)
48
et L
bpfin = bfin + gpfin e (5.40)
bpK = bK + pK O (5.41)

(5.38)RIoTHIANABAEZ 44 % —% AT, 2BILBE~7—i
BT EERBA 1T C L oT, MEE 2B TAMBELY EBHIC

ETF AL LA BBER M e — L TRITT 220 TE B,
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- 4 — AL EEARIEER DAREL DD /- 8 D BB FE B

AETE, B EREEO —FILBIEROKRIEORLL I, HESEFHEZO
BERMEZAE LT, 3EONNEHLOWTHERBT 2T, BRELOR
Fx179,

BEHT=T » 3B 5 . 6 KARTLOCHEBRFRE T, FELBERE

EiAMIC 12451, SBEIFMIC 42611, R LN FAIKC 8389t em® 3BIEON T %

HRE
E = 2100 tm? z
&
G = 810 tum® 'Y]ﬁc"‘
VT TR 4 == 1 s = =
A = 1198 cm? o J
r=1.32cm 1.0cm
Asy= 900 cm? i/ -
28.5cm 1T
Asz= 285 cm? 30cm v
Iy = 20400 en?
iz = 6750 cm?
Jt = 77 cmt 1.5cm
.y — L .
Cm =1371%108cmb ——t T | - =
|
4 'iOIcm |
load case 1 Fz=12.45t "
1 ! 2
) 7 - —>X
. | -
I e
228.8cm
load case 2. Fy*4.261t s y
-
(4] ' N
- J — - "—____‘_—:___._ T b " S e ! X
B —228.8cm -
load case 3 - My=83.89tcm .
1 : : :
an
\Jz ' X
I
o - — 228.8cm =

5. 6 #HEOFEESY HHIEMAKR
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RREROERICEL 5,

KB EREANL2c0ET vk ®s5 . TEFRST, ARBTKEHROL
Thbh, TXTOLUBIPEXTVEHRIEDCHREL, cfzBEAELT
ITRNTOEBRDP e RCRBERZOMTZEHICE L CLEEES 5,

BRKEWTHMA-BERBEBCOM%Z 5 . 3 KRNALEBRICL T,
Wﬁ%ﬁ,%b%%@ﬁﬁ&wﬁ%#fﬁéiéoA~Bﬁm%méﬁﬁ%i
1 0E%, B-CHORBEEOHSEET ET 7538471 35, va

76 T13ORELTE, BEREOREIE 77 Y HFNT, 3.7 5mX

S

PERZAK | —

K——Top flange plate

Sem, Yz 7

EHrni,

4.7 5emX 5em

N

TH b, Beam elements '
BWEOH A /\ B| .
SCDONTE R o T12.767 T 12,764 -
= = . . : 14
4+ 20_,}_"__4_"_?_"_1{_20___4_"_{__"4_,. .
2 oIS 100 63.8 [——Bottom )
ok+*%* ) Web plate flange plate
5. 8 KFET, ' ‘
Top flange plate 13.75 4.4 // 2
Lo o yd Vd
ORI I e v v P
30—t - S L e
IR D EFIT I >
I SN
- 413.75 ~
DT B .
/Trlangle plate elements
EHEL, L oate JONE Z
e - : 28.5—— - g - t
Vol (@7 T NN
TEHLTwiLZ 275 NN AN N
_ iar l*‘-j lements
,.(L‘ L Tw : . ‘ ) Triangle p C"L,;e e
’ Bottom flange plate 13.75 {7 AV {% P
1 ) AL o
%, : Tw v . s
N - . N " -
) -3 w - -
T N
3.75_ AN
541!%::%94-%"1u‘|n1nln>;n_‘|}_n;§$
65

KO, 7 BHMERLRRFEZAGCHEMABROJMERTTT L
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A case 1 4l A

X
T G 2 &
3EI, As:& £2
: 452 ¢S = e
2,456 2288 12,45 = 1.2cm | ‘ T .
~ 3x21box 20400 + 28.5 x 810 L _MJ_“J u % X
= (. 1ag 112.45ton
ase 2 B
: . 2cm
G = pg> . _pf NS
AT Asy & ' 1E(“‘\ IR
= (205%™ 12.45ton i
)} — I\
cose 3
‘ M l.ZCm
= Y < ]
B = S Ccosh A0 =1) Tamh A0 ~sink 10 +2¢ § | B = =
_ { &3x -3
l_'?E: = 4655~
g, = 8283 12.45ton
A 1046 ; A
Y<—¥x
= o0.0801 rad.

Ty : ' v
- E I S — S \
Qem Pt [ ] | B — ] By
S Bt N e T —— =X
T : , emETeessEa! 83.89%tcm s st
~ $4.261ton o
o _ | o o B Z | .
T TT N —— T R
X —>> :wa_ N
=& . 83.89tcm bl ESNES S

AN
AVANANINGN

v ~oun ‘-uﬂ .
483.89tem XTI TR RN

i
> : ,\///; 0.08rad.
. 2cmlf =
3 %m‘ TN\83.89tcm
-l || X

4.26ltpn i

.
SRR B T Bt

case 2 FITHIRin

. case 3 f “#iii-— T
X5, 8 SHOWEICLDHEIRE v o
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5.

5

BHWEORI A EEE L. #BELENEZ 5 U3 HEHEEMO
3 RIT BB KL T BUE R AR5

KECTHENREBERELZRBWDC EICIE b, MTIFIET 535 28T EE
CHHMEEOERDR L ZR L AXTEOMBLEN, THETHT L0 TED.
E#HHhs20, @EL#AATs -2 200 5BEOCHEREAE, ERK
HETHT Iy vORBEERSE + FE L WHEN.
BMELBTE -2 b EBAMNE ST ARBEERET DERICE S % 5
THRET S, 77 VORBEREL, TOROM NET 280 FEIT.
BNy 272 4O BBRLHATE~- A PEBAMDEITHEEO
ZPBICELT, a7 ¢ 7 5y vORHEBREOERDREL2 ZE L ARE2E
E LT OB
BELMNL 5 G DBHICONT, WOEEL L 8BH 2L ToME L%,
FTOERBROBHCE L APEBLRENHIAEHIC, WITERE > BIEEDE
AR E ER L BT

ME, TCd4Perlias, MEEEMELZEBRLTVWLEME, TOE
BHOWHFICL - THET S I 2BAEANOBEL I LU T, ERRER
KX - THRPRECET I 9 AFEBCOWTE, BLAFORMELXRERIC
Lo TEHBTMIKHRENLZ L8 TE 2,

AECTE, THET, BHEBFCL o T Tar, BELBNE I T HE
HOEREMEOMACKELL T, O04FORTER S AELERECFEK
Kbhh, 22 ), BH L COERAZ: AREREREEBICELS L T
BT, BRELENEZT2HEMTHORBUERERFENTLTS .

BHTOXNER &3 2EHE, 59 (a), (DWFRTIoK2FTHD, &b

KHEEMBEOMER76 00 HMEHBH T 5 5,
Model ~A GBHRE O HOBELOHEL +AICHER L Tw 2 ER HH
W4 (H-200X200X9X15, L=3066cm) T® b, Mode 1—B xR
RETO D ORELOHRICEEEL VI Z2EBERCERI N SERNHEED
M (H-300X300X6X10, L=4576cm) THhbo

COMPTHANERERAS L 2L o+ okesEn, BELESELITS
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LORREIL2RD AL IO THDH. B, JISKITHEIR, —BICE
WHENTWO HEMETmeE, O 2@2 BT 54200, B510KEKEEOR
LIEOBG, V=7 e 7 5y YORBEORK, 75y voBLrRECBRK, v
= 7O ERBOBERKRICDATHRT

5 1ICE, Model—A, BIDWT, Wi, Wieke—2>1, #E
b, 725y, v 70REL BR#H, RPLRCEHOEE RIS —5

RICLTRT o
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K force-X
- m C=-—> gX

H i 30660

gz

SCALE = 1/2
B5. 9 (a) Model—ADER .
WHE SRR O - OIRELIIR 2+ ICHEL TS
HIEZ3M ek ( H —200x200%9x 15, L = 306.60m)
<B/2tf=6. 67, (D—21tf) /ty=18. 9>
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fdfce—X

(—T > gX

457 .6cm

gZ

- 30cm

AN, A e A A b e 0 b s Boooeanoam
R N O Y N IR AR AN SititeriitIes ke \ VR AOUOAA OO 000D

, l0f6cﬁ
30cm: =

m5. 9 ()

|
Model - B DJEIA ,
SIS AT O 1 b DRI HIR I E W IR & 15 D
HIZIRERH ( H — 300x300x6x 10, L = 457.60m)
<B/2tf=15. 0, (D-2tf) /tv=46. 7>

SCALE = 1/2
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» JIS * JIS

B5. 10 JISKRESNTWSEEHBIROIA &
Model — A, Model— B OBMIZIAD

109

o0 —; — 25 -
o : ; 7 o
e o o~
Y
, // / 30
E o : 7z
400 / P
/ -// 25 //“\—‘Z
b | /] Model-B {300x300x6x10 Model-A (200x200x9x15) x5/
=300 = ; 20 \ 4
Ve / A t£(mm)
~ {mm) !/ 5 1
/ Molde -A {200x200x9x15) ty 15 7 }3 7]
e L8 .
200 4 5 ]IT - Pl ! £
c / « | ¥ === - Tt
- ]
% 10 NG ]
HEE H e Model-B 1
£ 100 I3 i n i
/ S0 } 5 — -
7 r—j:_ﬁtf' 7 f
b— R
/4 i__bg,.q. . ]
0 1 il i 3 [ rl
0 ' 5 10 15 20 25
0 200 400 H(mm) BQ 800 1000 »0 o £ ()
(a) #W(B) &R (H or D) (b)) 7SUTIRE (UF) &9 x 7HRIE (tw)
: o JIS tw
™ b=8/2 — I s * JIS
o35 -—x:'{;,—_:sz 25 et ! ‘ —
a7 ! — . o
=== H B 5
; el - - iy
* \“ﬁl_ 20: < ‘(’&Z/&\
— > R e B RN o,
: — —ttf o . ] b — bt ~ / \\-\ i
25 b—{B—:: T w //\QZ B —+ // '
/7 \fi /
LN R/ v ~°\ ,
Model-A (200x200x9x15) - 15
;20 : Z - f/
t¢(mm) : A L Eulmm) b yode1-A (200x200x015) 7 €\
i ™ g 4\5;3 )\ . \e\\’wxh—
15 be) ‘ol“( \ 4
~ Y
1 n by £
10 Vi bt ]
< . &
<o M Model-B (300x300x6x10) O
b ) 4 - 5 [Model-8 (300x300x6x10
5 ~ %
7 1
7 v
A\l
0 0O 200 400 600 800 0
0 100 ZOO.B(mm)' 300 40.0 500 H(mm) 100
(¢c) 73TORE (tf) L@ (B) (dYy Dx7WE (tw) &8 (H or D)




Fh. 1 BERTTETIORN, MEICET SEEE
BHETNL Model — A Model — B
EmER (mm) H —200x200x9x15 H — 300x300x6x10
ik A (cm2 ) 75. 30 76. 80
REFROA A" (om2 ) 76. 65 77. 40
# D . (mm) 200 300
] B (mm) 200 300
I 7B v (mm) 9 6
7SUVESR tf (mm) 15 10
Iv (cnd ) 5513 13718
B (Y-Y) Zy (cm3 ) 551 915
iv  (cm) 8. 557 13. 36
I "y (omd ) 5619 13840
BE(Y-Y) Z7y (cmé ) 562 923
BREZOM i"y (cm) 8. 562 13. 37
1z (om) 2001 4501
& (Z7-2) Zz (cm) 200 300
iz {(cm) 5.155 7. 655
[ 72 (cmd ) 2001 4501
B (Z2-27) Z7z (cu3) 200 300
REROM i"z (om) 5.110 7.625
BHE L (cm) 306. 6 457. 6
ARl Ay (LAT Ty 35. 8 34. 2
Az (L1 "2 60. 0 60. 0
A4S —-BENE Ney (ton ) 1239 1370
Ne =m2EI/L Nez (ton ) 441, 2 445. 5
BREHE yield (t ~cm2 ) 2. 4 2. 4
iR A Nyield (ton ) 184. 0 185. 8
BREGATE Uyield (cm) 0. 350 0. 523
FEEHE (BE) Oa (t on2 ) 1. 30 1. 30
BRIEHICRT BH 0. 542 0. 542
FEEH (RE) Na (ton ) 99. 6 100. 6
HEMOBHALY (RE) ba (cm) 0.190 0. 283
SBGAE (BH) Oa(t Jcn? ) 1. 95 - 1.95
BRIEACH TS 0.813 0.813
HEaH (EE) Na (ton ) 149. 5 150. 9
HERNBSHRER (8E) Sa (o) 0. 285 0. 425
75U IERER B/ 2tf 6. 67 15. 0
Y1 TEER D/ tw 22. 2 50. 0
(D—2tw) /tw 18. 9 46. 7
IS5V TOEELOHE
MRt R B 2tf 15. 5
Wi REHES B/ 2tf 10. 0
BERER%E B, 2tf 9.0
517 OEEROHRB
- FSCh g ki (D-21tf) /tw 47. 8
A Y D/ tw 45. 0
BEREREEY  (D-2tf) /tw 43. 2
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1L HEMBY ORERTET L

Model ~AWXDWTEHEH 511, Model —BIC2WT L 51 2 ICEERIFTO
kb@%fwk%%?o@%ﬁﬁﬁ%@%%&bf%ﬁ%fﬁ«gK7iyy
WHAIC Y, v = FTICFTIC G2 2 FHT 5o

Model ~AICDWTHHmREADT8m (75 vo L 2@mor sfE),
Mode l=BILO TR ZOFREAD130m (75> v L 2D 8 74 )
PARWBREICL - THEIL, *OMOES % 3 R ITHEBIKEHERO 0
ODHEMBRCE o THEFT %o

PERTE, £2F0oZHodHEzEEL, 8513, 514 KR+ X 5 ICH
WO RREEICIHFELHT L0 2BEREFEEREL T, 2460 L2 kon
THI9. COMR, BRA/HEITME=F 44, 57 2KO=AEHEERL, 10
ROBHBZE T2 L2EOBSEMOROBEHBHBALO 7 7 L HBLO
1332 LRMENOHERBORERM (F, ., £,) 780MELT1I407
%%
AENECHEEEENELZCHER L L TWE0 T, EENE & EERO
ZReRD DL OICEFERNEZBRTVwEZ V. SOkY, EFIO L 5 % FEE
PR OICBB AP A BT o 52 THITHEL L TEFS
O TEZDZ W, ST JIIS3192-1977 [#HEEEREOHRK,
Tk, BEERSIUXTOHTE] oF4 [HEHOMRRIUSTEHEE | ©
“@ﬁb”Komf@ﬂﬁmﬁ%%éﬁwOOmmMT@%@KGmT@Eé@
0.2%, HHEIN300mmE T2 H$OLDODNTHEEIDLL SOl »
HBELTWD I LE28BRLT, BHOLEQ0LL S OMEMt2 b & 5% CE
Fizo Do FPRE L v OEX F 513, 514 KRT LOIRHHBEZOL

Ao ( o X, oY VEEELZEETHI LI D, kXL, ABRKEZICY -
THEIL =7 b3 HEA I ER EE 2 %7 o

\

SR (v 2E) B = 2100 Y2
- A DT o AR G = 810t/
BEARIDHE ineld = 2.4 t/cmz
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©5. 18 (5) Model— ADZIPRE no.5 _
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5. 18 (6) Model—ADRIGRE no.6
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5. 18 (8) Model—ADOZEINE no.8

Fx=34.53ton U=0.020cm Fx/Py=0.1889 U/Uy=0.1142
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®5. 18 (9) Model—ADEIRE no.9
Fx=98.33ton U=0.200cm Fx/Py=0.5378 U/Uy=1.1416
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M5. 18 (10) Model~ADZERE no. 10
Fx=78.50ton U=0.445cm Fx/Py=0.4293 U/Uy=2.5400
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B5. 18 (11) Model—-ADZERIRE no. 11

Fx=60.65ton U=0.745cm Fx/Py=0.3317 U/Uy=4.2523
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©5. 19 (1) Model—BOZIFRE no.1

Fx=115.66ton U=0.415cm Fx/Py=0.6275 U/Uy=1.5870
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5. 19 (4)
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K5. 19 (6) Model-BOZEHRE no,6
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®5. 19 (7) Model-BOEPRE no.7
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K5. 19 (9) Model-BOEBIKRE no.9
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M5. 19 (10) Model— BOZIRE no.10
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Py = Area x Yield-stress
uy = Yield-stress x Length / Young's modulus
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2.7. Large Deflections of Buckled Bars (The Elastica).» In the dis-
cussions of the preceding articles of this chapter it was found that the
deflection of a'bar was indeterminate at the erit-
T ical load. This indicated that at the critical
y— ' ; load the bar could have any value of deflection,
2 provided the deflection remained small. This
AN conclusion is reached because of the nature of
/ the differential equations which were used for
calculating the critical loads, These equations
. were based upon the approximate expression
Bl d*y/dz? for the curvature of the buckled bar.
If the exact expression for curvature is used,
A there will be no indefiniteness in the value of
the defiection. The shape of the elastic curve,
' when found from the exact differential equation,
Tia. 2-28 is called the elastica.?

Let us begin by considering the slender rod
shown in Tig. 2-28, fixed at the base and free at the upper end. . If the
load P is taken somewhat larger than the critical value [Eq. (2-4)], a large
deflection of the bar is produeced. Taking the coordinate axes as shown
in the figure and measuring the distance s along the axis of the bar from
the origin 0, we find that the exact expression for the eurvature of the bar
is d6/ds. Since the bending moment in the bar is equal to the fiexural

~, XO

7 Ya T

rigidity times the curvature, the exact differential equation of the deflec-

tion curve is

dé
Eld—; = --Py (a)

As in our previous discussions, the change in length of the column due to
compression will be neglected.!
Difierentiating Eq. (a) with respect to s and using the relation

dy

i sin §
. dg .
we obtain Er T = = —Psin g . &)

Thus the differential equation of the deflection curve is of the same form
as the differential equation for the oscillations of & pendulum. In the
equation for the pendulum the quantity E is replaced by the moment of
inertia of the pendulum with respect to the axis of rotation, s is replaced
by the time, and P by the weight of the pendulum multiplied by the dis-
tance of the center of gravity from the axis of rotation. This analogy
between the deformation of a slender rod loaded only at its ends and the
rotation of a rigid body about a fixed point was dlscovered by Kirchhoff?
and is known as Kirchhoff’s dynamical analogy.

In solving Eq. (b), we begin by multiplying both sides by df and inte-

grating, 80 that
d26 do -
/ds2dsds— ~k /sm&d@

where k? = P/EI . This equation can be expressed in the form

1 d [do\? _ .
—2-/33(375‘) ds = kZ/sxnﬁ.de

and upor integrating we obtain

1/de\* _ .,
§<E§) =k*cos b+ C

where C is a constant of integration which is determined from the con-
ditions at the upper end of the bar. At the upper end we have dg/ds = 0,
since the bending moment is zero, and also 8 = «. These conditions give

= —klcosa
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T 2k*(cos 6 —~ cos a)

or %:ik\/?\/cosﬁ—c%a

Since df/ds is always negative, as seen from Fig, 2-28, the positive sign
will be dropped from this equation. Solving for ds gives

b4
and therefore (‘Zf)

df
kv/2+/cos 6 — cos o

and the total length of the bar, after the limits of integration are inter-
changed, is

fds—f kacosﬂ—-cos::

1 pe a -
T2k /.,a . .0 ©
0 ,\sm -2"‘SID§

This integral can be simplified by using the notation p = sin (a/2) and
by introducing a new variable ¢ in such a manner that

ds = —

sing=psin¢=singsin¢ (d)

It is seen from these relations that when 8 varies from 0 to «, the quantity
sin ¢ varies from 0 to 1; hence ¢ varies irom 0 to #/2. We also find from
Eq. (d), by dlﬁ'erentxatxon that

a6 = 2p cos ¢ do - 2p cos ¢ do
cos (8/2) V1 = pisint ¢

Substituting in Eq. (c) and noting that

/‘2‘3_‘25=
\,sm2 sin’y = peos ¢ o

1 [ dé 1, ..
l _ e~ e ——————— el — K
i e - KO @
The integral appearing in Eq. (g) is known as a complete elliptic integral
of the first kind and is designated by K(p). The value of the integral K
depends only on p and is tabulated numerically, for various values of
? = sin «/2, in many engineering handbooks, With such a table availa-

(e)

we obtaln

ble, the value of p (émd hence the value of the angle « at the top of the
bar) can be found readily for any value of the load P.

In Table 2-4 are given values of the ratio P/P. for various values of
the angle a.

. TaBLE 2-4, LOAD-DEFLECTION DATA FOR A BUckLED BaR (Fic. 2-28)

a 0°| 20° | 40° | 60° | 80° | 100° | 120° 140° 160° 176°

P/P; | 111.015]1.063|1.152|1.293]1.518|1.884 2.541 4 029 9.116
o/l 110.97010.88110.7410.560]0.349|0.123 | ~(.107 | —0.340| —0.577
ya/l 010.2200.422|0.593 {0.719|0.792 | 0.803 0.7501 0 625 0.421

In calculating defléctions of the bar we note that

sin 6 df
k+/24/cos 6 — cos a
Then the total deflection of the top of the bar in the horizontal direction

(Fig. 2-28) is
1 [« sin 6 d6
s = 57 h
Yo =2k [, Van )3 — sint 62 (*f

dy = sin §ds = —
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From Eq. (d) we have sin 6/2 = p sin ¢ and therefore
cosg =4/1= p?sin? ¢
Using the relation sin § = 2(sin 6/2) (cos 6/2), we now find that

8in 6 = 2psin ¢ /1 — plsin’ ¢ @

Substifauting expressions (e), (f), and (3) into Eq. (h) and changing

the limits accordingly, we obtain
PIFy

/2

B ya=%? /sin¢d¢=-2}7p (3)
. Jo

AN Thus the deflection of the bar can be
calculated by first selecting a value
of a (or p), then determining % (and
hence P) from Eq. (9), and finally find-
ing y. from Eq. (7). For example,
again taking o = 60° and p = i, we
have kI = K(1) = 1.686 and

] ult
Fie. 2-29 :

a=0° =000
=20 Ys = 1_656 = (.5931

40°

Numerical results obtained in this way
for various values of « are given in the
last line of Table 2-4.

8ot The relation between the defiection
Y and the load P is shown graphically

1o . in Fig. 2-29 by the curve AB. The

curve is tangent {o the horizontal line

/_\ P = P, at point 4 where the deflec-
’ 120~ tionis zero.  Thus the increase in the

load P, corresponding to a small incre-
ment of defiection, is a small quantity
140° of second order. This explains why
the deflection was found to be indefi-
nite in magnitude when the approxi-
160° mate expression for curvature was

Z

-~ used. It should be noted that the
a=176° ] curve AB can be used only up to the
Fra. 230 proportional limit of the material.

Beyond this limit the resistance of the
bar to bending diminishes and a curve similar to that indicated by the
dotted line BC is obtained.

The coordinate distanc'e zs (Fig. 2-28) can be calculated in a similar
way, and the result is .

C 2 [ :
:z:a-—-—/ V1 - p?sin?¢dé — 1
k Jo :
2 a
=T E(p) —1 *)

where E(p) is the complete elliptic tniegral of the second kind. Numerical
results obtained from this equation are given in Table 2-4.

The coordinates of intermediate points along the deflection curve can
be calculated also, using elliptic integrals. The shapes of the deflection
curves for various values of « are given in F ig. 2-30. It is apparent that
a slight increase of the load above the critical value is suficient to produce
a large deflection of the bar.!
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SQUARE PLATE WITH CLAMPED EDGES UNDER NORMAL PRESSURE

'PRODUCING LARGE DEFLECTIONS

By SaMuEL LevYy

. SUMMARY .~ .. L .o

A theoretical analysis is given jor the siresses and
defiections of a square plate with clamped edges under
normal pressure producing large deflections. - Vaiues of
the bending siress and membrane siress-at the center of the
plate and at the midpoint of the edge are given for center
deflections up o 1.9 times the plate thickness. The shape
of the deflected surface is given for low pressures and for
the kighest pressure considered. . Convergence of the
solution is considered and it is estimated that the possible
error is less than 2 percent. The results are compared

sith the only premous epprozimate anelysis known o
the author and agree wnihin 5 percent. . They are also
shown to compare favorably with the known ezact solutions
Jor the long rectangular plate and the circular plate.

INTRODUCTION

An exact solution for the smsii deflections of a pizte
“with clamped edges was given by Hencky in reference 1
and an approximete solution for lerge deflections was
presented by ey in reference 2. In a previous paper
(reference 3) there is presented a solution of the
fundamental von Kdrmsn large-deflection equations for
8 simply supported rectznguler plate under combined
edge compression and latersl loading.-

In the present paper & theoretical analysxs is given
for the stresses and deflections of & square plate under
normeal pressure producing large deflections.  The edge
supports are assumed to clamp the plate rigidly against
rotetions and displacements normal to the edge but to
permit displacements parzallel to the edge. - The analysis
replaces the edge bending moments by an equivalent
pressure distribution and then’ applies the general
solution for the simply supported rectangular plate.
The results for smsll deflections obtained by the
anelysis agree exactly with those of Hencky and for
large deflections differ by less than 5 percent from the

"approximate solution of Way.

The work was carried on with the ﬁnancxal assistance
of the National Advisory Committee for Aeronautics.
Acknowledgement is made to the Bureau of Aeronsutics,
Navy Department, for its cooperation in & program of
tests of rectangular plates under normal pressure that
furnished the background for the preparation of -this -
paper. The author is grateful for the assistance -of
members of the Engineering,Mechanics Section of the
National Bureau of. Standards, particulerly that of
Dr. Walter Ramberg and Mr. Semuel Greenmean. ..

" FUNDAMENTAL EQUATIONS -

* ° sYmBOLS

v
BERRERE

A
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£ S a = i

: qum: L-—Unllurm nurmxl pwure on a clamped squars ﬁht.a.

Consuier an Lmtm.]lv ﬁat squa.re plate of umform
thxckness (fig.'1) and let .
@ length of sides.
- "k thickness.
p .normal pressure, assumed umiorm
w normal displacement of points of mxddle
surface. .
E Young's modulus.
" g Poisson’s ratio.
D= I flexural rigidity of plate.
L 12—
z,y coordinate axes lying along edoes of plate with
their origin at one corner,

RELATION BETWEE\' STRESS FUNCTION F, DEFLECTION o, AND
PRESSURE COEFFICIENTS py..

Since the edge moments‘ m; and m, have been re-
placed by the auxiliary pressure distribution p.(z,y)
(equation (7)), the gemeral solution for -the simply
supported rectangular plate given in reference 1 may
be applied. "This solution was derived in terms of
Fourier series from the von Kérmén equations (refer-
ence 6). The form of von Kirmin's equations used is
that given on page 343 of reference 4.

FF, , OF Q'F >3__9_’_g)@
o+ 25y ET—EKawu o= oy

. Ofw lw a*w P . 11

ot 2ewep oD )
h(OF Ow O E‘l"__g___a'p L’“’)
T? oy or ozt 0yF  0xQy 0zdy

For the squere plate the general solution d°sc*wes the
deflection by the Fourier series, :



E E Winp S 7—n~— sin —Wy (12)

me=1, 3.,5 eem=l, 3.-...
- ,

2 Fourt ter ser 1es Drevxouslv ngen Ln

the 1 pressure bxf
equation (9).

polvnommls R S Rt

L ' - (1%)

_ oI, G, T Yy
F_..2 R cos - 2

L m=m0,2, 4. .m0, 2 4.,

SOLUTXOV OF EQUATIONS

VALUES OF DEFLECTION COEFFIC':." T5 we.. AND EGGE MOMENT
COEFFICIENTS k. N

- The method of obts.lmnD ‘the required values of the
denectlon coefficients. wn ., and the edge moment

wyy .
cocfficients k, consists of assuming values for l/zl and
u. 3 Wiz ’

(
thén solvmcf for Eh* h s

shuks ks oL by
successive appronmatlon from’ the simultaneous equa~
tions m table 1 and equations (10) and (21) These
calculat.xons have been made for 10 values of i

The correspondmv values ‘of the first 36 deﬁechon

&nd of the first five moment coefficients

coeﬁicxents

k, are gwen in tablc 3 and table 4, respectwelv The
error arising from the use of only the first 22 terms in
the equations in tablc 1 will be considered in a later

sectmn

CENTER DEFLECTION

From equation (12) the center deflection is

. Z—(— 1) :‘P W p (23)

m=l3, 5 =13, 5, ...

Weenser =

The center deflection was obtained by substituting the
values of wn . from table 3 in equation (23) with the

results given in table 5 and figure 3. Figure 3 shows
that the deflection pressure curve deviates increasingly
from & straight line with increasing deflection. The
deviation exceeds 10 percent for deﬁectlons exceeding
about one-half of the plate thickness.
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SHAPE OF DEFLECTED SURFACE

The Jateral defiection of the plate is obtained by
substituting the deflection coefficients wm.» (table 3)

This calculation hes been made

in equation (1‘7)
ne r=a/2 for very small defiections

slong the center Ii
‘m<<1 and for the highest deﬁectlon czleulated
Bemter 1,902 with the results given in figure 4. It is
w
apparent that, as the center deflection incresses under
increesing normsl pressure, catensa tensions become
P

apprecizble and the inflection pomb is shifted toward
the edges of the plate.
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