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On the self-equilibrated stress fields and couple stress fields in Linear Theory of Elasticity
(Proceedings of Symposium on Applied Mechanics)

FoB s (EUE) N 2 R%E - )
Shigeki TOSU, Mukogawa Women’s University
E-mail: tosu@mukogawa-u.ac.jp

The Cauchy stress field, a symmetric tensor field, ensures couple equilibrium on a sub-body, but it is

indeterminate with respect to external force fields because it contains self-equilibrated stress components that

exist in the absence of external loading. Eliminating these components renders the stress field unique relative to

the external forces, and the traction field also becomes unique. The resulting stress field admits scalar and vector

potentials, but maintaining couple equilibrium on a sub-body requires the existence of couple stresses. Thus,

eliminating self-equilibrated stresses while excluding couple stresses is incompatible.

1. $REUTIESR
3 kIt Buclid ZEH] Fo> BRIk % 5 60 2 #PE(R B 723,
SN BIZET L, BRI 5 L &, Wik
71+ K177 vector %5 { f(%)dV,(£)dS}, x€B, E€oB %,
{fx)av = f(%)dV, 1(&)dS ={(£)dS}. x€B, E€oB &
WEFRR L, AL vector xk u(x) =x—x 91U, T
GO ) - PR UL T 72 5.

/ f(x)dV+/ 1(&)dS =0 (1)
x€B £€oB

/ (x+ux) X f(x)dV +/ (E+u®)xt(&dS=0
x€B £eoB

(2)
ZokE, EiiGux) L4155 (f(x)dV, t(E)dS) IR
SRR L 2 0, BORAHR VWS NEEE 72 %

T T, BB X OGRS ETUE, 9
FRTUTE {u(x) X f(x), u(€) x (&)} 1T 2 WMvhEE L THER
HIs T, BBULHk B &5 9 OB, Fraf/ NEN F R D76
Thd. UL, B energy (u(x) - f(x)dV, u(é) - t(€)dS})
B2 R INEE U RS T, BRSO AR 0.

RBRME S X, A 135 N3G e ) - 18 ) i,
i B R B b ARz L 2EHE S L, (2T

/ xX f(x)dV + EXHEIS =0 (3)

x€EB

£eaB
En. DFEY, AN, BEEO L - FIHRGE, B
LA B LD vector 5 CTH Y, Mig(#a0iz, B ELTH
115, ABISEHE & BT 5. BiBux) b, S5 L
BIBARZ AT B L0 vector 5 & & 9 HEAEE L S 2 5.
2. YT EEMEOAES FH

MR L B O IR, Mok & — % i 2 90 % i
ZTND. EOWMZ AN EEIE, INJIIZHEK Y isotopic 7>
DWW BN REREEL, WRATTIUTPIENMREICE LT 2%
P& F 2 5. isotopic 7REETE &I, Fl- < B 2, Wi,
1) Z AT HMERIZHLA F T B 22 TS 2 R T D T
ThY, WNERED IS JEE - HE - Kigd 2 WIEA O
- BAZA TR, EIL, EROELNE, BIHN
EREEDN BT - RT A E Uz hRd bR 5.

BRPEIR B A IERICIR 0 Z5TF L, BEEGEIB & 722 %
LE, B @(x): x €B > % =x+u(x) € BORFTHNC HIH
F IR FIRE & 72 BT, ZEAT vector B u(x) 13 C T,
Wit 2 AL tensor B3 J (%) = V @ u(x), ZETEAIN tensor
B F(x) =V Q @x)=1+J(x) BTEE L (WELO—M 725

BT JT(x), Fi(x)), FRZMELARTERbRun.
det(F(x)) =1+e(x)+adj(J(x)) :I+det(J(x)) >0  (4)
B, e(x)=V-ux), ox)=Vxulx) &BE, M tensor
B e(x), BEftensor e &I NIE, Jx)IZ T

Jx)=ex)I/3+w(x)e/2+£(x) (5)
DX ICHEAZSIRERD . Tx) DR s, @R0Tke S
1L, @(x) DRPFTAYELSTE & 7] & {R4F (orientation preserving)
ISSPIRFESND.

—77, ux) R C2Hk72 S, T Poisson SFRERDFKILO.

Vux)=gx)=V-J(x)=V- F(x) (6)
J(x) = u(x) WHEH & 20, MFEKRB OJRA O e Bloxtd
% Cesiaro DZEN G RIEED TN —EHTH D202,

u(x)=u(rk)=u(0)+k-/rJ(sk)ds for Vk € S! ]
0

RERTV - J(x) =0 Z2HEFR L, TN 721X 572200,
Jx)=VxJx)=VXxFx)=-V-e-Jx)=0 (8)

2% Y., Saint- Venant DEH A HFEX TlE <, L%
iz SRER b2, BRI 0,(0u,) = 0;(0u;) fori#j &
T2 DT, WMo DNARF #5414 - Young D EFE - Schwarz
D AR & HIRIEN D, B B (A £ 7= B4R
iz, MEZEs TCie(s) CB LRI THE, CORE
B ovector BT /() = AMs) €S? T, CITHMEERIZHEN
C:é(s)=@(c(s) =c)+u(cls) TEBT L. EROH
FEPAHEAR C AR & 2 him A2 11, 1S C =0l & 34T,
C _LDZENT vector B3 u (e (s)) OG5y OJEEIFES7 1, Stokes 0
EHEY, TERD.

}z{ As)- J(c(s))ds =/ J(x)dS=0 - J(x)=0 (9

c(s)eC

x€ll

J(x) =070, FEORE CITKSTHEREIEFEE R,
IO MR C LA T, WA BICHIAE N AR D
HARIEA MR C 23, KIRAVIZ BRI - Hair D LA\ 2 & A RGE
LTV, @x): x — X IERBAICHHA L IZE52 T, CHH
MR L LT LB E 20V, BAmCIE, ¢ bt
BAMIHR &L 5 2 5 DT, ambient isotopic 72 &I & HiE 2.

ZDEE, Jx):ie=0BIW®Jx):I=04kb, T

V.e(x)=2/3)Vex) —(1/2) VX o(x) (10)
AV =g(x)=V - J(x)=Ve(x) — VXo(x) 1)
V-ox)=0 ve(x):I=0 (12)

DET D, ZDOEY (e(x), o(x)} 1%, WX EE2AL,
SERBEFILIEHRTH Y, AL vector Y5 u(x) DML 72 BSE
Bl —&L, WEMEEZEZ2V. 10, ) =0%E0%k
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B9, H7ETE tensor ¥ £ (x) 1T {e(x), @ (x)} IZTEE L. A
{(Vex), VxoX)} BWETHRBMOEL THL L ERT.
Navier-Cauchy OEB) FFEXD 6, i 2 8 RN
é(x) = cp V2e(x), @(x)=cgVm(x) (13)
b, B (e(x), @(x)} DFYE energy 26T 5 2 & 2R
3. B EzFﬁiﬁfijﬁ
AR ICIE 2, S5 (f(x), tOYITH L, IST)
tensor ¥ o (x) 75 TFE L, 52 R BA i 0B O 1EHR vector % v (€)
ET5 L%, TROPM R AR,
—f(x)=V-0(x) in B>x (14)
t)=v() - o) on B¢ (15)
IEEMERIME tensor 2 C & L, #5Hlo(x) = C:e(x) DIFTE
EUCETIUE, (1) 152 E 72 3 AFIE— BB & Kirchhoff (X
ﬁj%ﬁ L7z 2873 i tensor #S &9 5 e(x)=S: a(x) N
JE P EMERERRHI)TH D | Stokes HIFEIT D L D ICSIHIE
,\J RS, CHIFET D EIERER. Fiz, Beltraml
DWBEGMEXYT3Y, 1 &) =000 o(x) =01TE T2,
1. (13)JE75: 3 BN O HFER & Neumann 8557 54 &
EEIE, o) D9 or 6 ERITILET, HIRNELRD.
1415z E £ D B COFAl (self- equilibrated) Jis /185 & 1%
TREW 7235 6 (x) # 0 T, Kirchhoff 235 )5 —E D
WHEGE TR W, B D 2 RO B0,
V-6(x)=0in Box, v(£)-6(£)=0 on 0B ¢ (16)
IHNEHPERT D 7-0121%, TRABELZRITR 5720,
Vxo(x)=0 in Box, v(§)Xxoc(E)=0on 0B2E& (17)
—77, o(x) X567 E FERIZ, W72 tensor 3% o (x) &
ToHLE, TROEIITELRNHRHERD.
c(x)=px)I/34+q(x)-€/2+0c(x)
where p(x) =0(x):I, q(x) =0(x):€ (18)
EoT, (Vxo®):ie=0BLT0(Vxox):I=0XLD,
V-ox)=Q2/3)Vpx)—(1/2)Vxq(x)
L=fxX)=Vp(x)-Vxqx), V-q(x)=0in Box (19
HIZ, (vO)x6(©)ie=0BLT (v(O)x06(&)):I=0LD,
v(E)-6(&)=2/3)p@EvE) -1/2)v(E) xq(&)
L&) =p&vE) —v(E) xq(d),
v(§)-q&)=0on B3¢ (20)
DEKALD, 1HE) - (p(&), (&)} D—EIBER, TR b,
p&)=v(&)-t&), q&)=v(E)Xt(&) on B>E (21)
ZoEE, 195303 vector 5 f(x) © Helmholtz 73 fiF= & 732
Rz —& L, QUL vectort (&) DELAZSMERL /0%,
(19-Q0=Z&7= L, 7 potential 2 & & E 2 5 {p(x), g(x)}
WX, A1 {f(x), tE} TR L—ERTH Y (Friedreichs 43
fi#), (&) < {p(&), q&)} LA DR LS.
2B, WAEDEF tensor H o (x) =67 (x) . g(x) =
T 5725, W-0520F, TR« hydrostatique " IZ)FT 5.
—f(x)=Vp(x) in Box, t(&)=p)v(§) on 0B >¢ (22)
£ 5T, &SI tensor BZyOAREM, IS B 2 S 8y
DOHERR & RIS % OHERRIZ, ML, W27,
4. {BIEHi5
T 135 D3 AL vector 5 u(x) %25 U5 F CTIZHMEIR B IZAL
THFEU X, {f(x), (&)} & ulx) PR T, 19-020X
BESL T, TRERD, i energy & L TIRFEIND.
Up=2] f@- dV+%/ (&) u(®)dsS

2 x€B £€0B

=%/ (p(x)e(x) +q(x) - @(x)) dV:/ W (x)dV (23)
xeB xeB

Lo T, TAD Hooke DIEHIRAL D,

R LANEEER

B2OEIGANFEY VR U L/ B68EIERGANFHER

e(x) =x"! p(x) where x > 0,
o(x)=N'q(x) where A>0, V- -w(x)=V-q(x)=0(24)
BFRUL T & 22 o T, Ml ﬁ;lﬁlif:%é U722 & RFET 5.

2/ q(x)dV:Z?»/ o(x)dV =0 (25)
xeB x€B

I REICHE W, LR O8I Bp C B OB H 0B, -
(2 HE- 1 traction vector 35 ¢($)d.S, m(£)dS on 0Bp 3 ¢
DIFAEL, WO ER By RICIERT 28605 L Pl 2 &
TAUL, TR,

f(x)dV+/ t()ds =0 (26)
x€Bp L€dBp
/ x X f(x)dV + / (Ext@)+m())dS =0 27)
x€Bp {€dBp
Zo & E, R E R TR TIE, 26 AT
1) =p)v(E)—v()*xq({) on 0Bp>¢ (28)

FIT, FTADBPLHZRBHIE, (25)- QN A2,
qgx)=Vxm(x), V-m(x)=0in B> x (29)
m(§)=-2v(§)Xm({) on 0Bp >,

m&)=m)=0on 0B ¢ (30)

2 q(x)dV + m()dS =0 (31)

x€Bp {€Bp
%{ii}% u(x) % J&IR vector ik u () & EIR vector SRk
2R L, &R vector %S %EAL,WWLE}Z u(x)&?’g
Eﬁﬂﬁﬂﬁk u () IZHfRT 5 &, TRERD.
e(x)=V- u(x) o(x) = w(x)+a) (x),
0y(x) =V Xuy(x), 0,(x)=Vxu 0 (%)(32)
ok, (28~ (30Wkoto(23 KON DD T,
2W(x) = p(x)e(x) + q(x) - 0y(x) + m(x) - f(x)
where f(x) =V x@,(x) = —Vu,(x), V-f(x)=0 (33)
DAL DD T, T Hooke DIEHINNE LT 5.
@ (x) =1"'q(x), B(x)=p"'m(x) where A, p>0 (34)
LT, BN (p(x), q(x), m(x)} iﬁﬁﬁfé?r%{e(x) o(x)}
DE M % PREE L, Poisson HFFEFG)DIERIPEIZHK D, IS
F185 m(x) DIEFHED u, (x) DI SN E CPIRARFET 5.
5. £&8
b BRI, MG IS GRS O
MR RBERZELS Z T, USHE— 0% - (B
B—oEY) BN—EITYH, ERRERD, MRIEHIERILAK
NLT2 72\ Cauchy OIS N5E, @IS 152 HEFT5 2 & T,
KT tensor 5 & 720, NEVERZTeDS, A OIS E

PRI, BOKESIRT 5. BAlb, ISHSOREED
S LRSS OPEFRIL, AR L, WSLLRV. £ 2

T, BOTVEIS ISRy &5 £ 2R WIS I & ARSI A

3L, BAEMRR 2R LTz, (7238, Cosserat .2 DG 77

B2~ b B OIS 5 2 SR T R AR AT 5. )
[ 712 F=vector)| = [fEHT 7] “F=scalar] & 5 2 ML, &5

W TS A=t I ) = TRErE=fE R R 1, T

M=t (N—-EIE) =) & 5 5 R EREM L T\ D

S35 3K
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Study on Directivity and Beam Forming Capability of Photo Acoustically
Generated Ultrasonic Waves
(Proceedings of Symposium on Applied Mechanics)

00 0O0OOoOoOoOoDoOooooooooo 00 O0O00O0ooOoOoOooboooooDo
00 DOOoOOoboooooobo
Kazushi KIMOTO, Okayama University
Shin-nosuke ICHIMIZU, Okayama University
Takahiro SAITO, Gunnma University
E-mail: kimoto@okayama-u.ac.jp

Photo acoustic (PA) ultrasonic generation has several advantages over conventional piezoelectric transducers.
In the context of ultrasonic flaw detection, a notable potential advantage is the ability to excite ultrasonic
beams from curved surfaces. To explore this possibility, directivity characteristics of photo acoustically
generated ultrasonic beam are investigated in this study, using a sample with partially curved surface. It is
found as a result that the PA generated ultrasonic beam deflects to the direction perpendicular to the surface
where the beam is generated. Also shown is that the 6dB beam width is as broad as 30 to 40 degrees. It
can thus be expected that the PA method is amenable for phased array beam forming for sub-surface flaw

OABHEEATIARER BANFEESR

detection.
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Fig.2 Samples for the ultrasonic measurements
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Fig.4 Directivity of the photo acoustically generated ul-

trasonic P-wave.
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Comparisons of the classical and quantum mechanics approaches
to point-like scatterers (Proceedings of Symposium on Applied Mechanics)

RO CRECERERY: - AEREL T2£)
Terumi TOUHEI, Tokyo University of Science
E-mail: ttouhei@rs.tus.ac.jp

The interaction effects of point-like scatterers is investigated in mathematical methods for the quantum and
classical mechanics. We address the renormalization theory used in the quantum mechanics and observe that
renormalization of coupling constant is also required in classical mechanics regime. We prove the strong
convergence of the operator for the Dirac-type scatterers to the free Hamiltonian in the classical mechanics,
where the interaction effects of the Dirac-type scatterers are disappeared. We observe that the Foldy algebraic
equation in the classical mechanics regime remains valid in this limit process.

1. kLI

BB 2 BB, BT OFEEDHERE I
ELTHREO s, EHZEIZEIL T observable & LT
HOHEEMEPEF XN S, — 7T, HHAFETOREG,
BHEG T Y O EI R ERMMT 5 X h, HEGOERRI
MERACHERRTH L Z P2V EeEINSG—HT, &
FHD X 5 12hhDH D 6 H ORI EFH X N 2 DI TIER
W, BT RO OIS RERICHEDLS T, Hilll
MCTEEGEZW S BERYE T TOHER DG & FE L
TRIGEDRHBH. 25 LEKT, BTFme limT, *
NEFNEAINTEZHEOBR L Z0EREERT S Z
LIREBELPDBEEZONS. AT, ZoOREICET
B2V ODPDERDRA Y MZERT 5.

2. WEELROARRCEFRHISO77O—-F
ARG TIX, XD Dirac BELAIC & 2 BELHEZE X 5.

N
(<8 = Y maw?s(r = ra) = K2)p(r) = (= rr) (1)
a=1
dHH A S OFEG THER IOV THRRIUR, pidHE
EEORENE LTOREKRENMNET 5. £/, o ZAIRBIEL,
a WIEELIRZ A3 5 72D OFET Z T TIHEELIR ORI
N YLTW3. 7 mew? X coupling constant, &(-) 1
Dirac D 7L X R r 3B bL, rp & IEELIFEICE
BN T 27-DORBEONE, AZZTI7STY, k&
WHOEMTH 5.

TR, ZorEREK-sT, RTFWTIEREDLS
BRIEDEDNTV222MBlT 2. BFmTOMMmT
3 p BETOFEOHREREEBBEME L THABR .
R (1) 12BN 3 Dirac type DRELIE (R 7 > ¥ ) 13 Fermi
pseudo potntial? ORE Y U TEFESINS. F7z 2581,
() WWHNAERHZE DM

N -1
(—A - N ma@s(r ~ra) - kz) )
a=1

WBERBTERVWEES L THS. ZOMBEERMRRT 57
®IZ coupling constant m ,w? % FEF (renormalization) § %
ZEDBRMETHD. XHIZ, T O renormalization TH 5 4L
7={EF 33 observable ¥ L CHOHSMENEFINS. R
NoNTMEATZOMEZHLE 2 Z LI AARETHD.
Rosiddhsse, UFDXSI1Tk 3.

(H-k)""(r, 1)
= Gi(r,r)

N N
+ 33 [Tolgp Gi(r,ra)Gilrp, 1), (Imk > 0)3)
a=1pp=1
W HIEK (1) DEHZFE DS 1 THE 2 JHT coupling con-
stant {Z renomrmalization Z i L, X 512 H A% BiE
L7zbDTH3. Gyl free space D Green BEL

Gi(r,r') = etklr=rl 0))
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[Tolap (FHHELER 2 RIS 2 (581751 T
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ZHMET2EED NI =XTHS. DX, fFHZA
D B CHBARRIIHE— TR CIBEICHEET 5. ZOEES
I A =R DOPEIZBFE DR TR S VB ORETH 22, 72
B, renormalization X #17z coupling constant (X 6, — ik/(4n)
TIED maw? CIXEL BRoTWVW3,

3. HEFHRD S HIMNEELRD RIE

Foldy(1945)2 254&/R L 7=/ NBGELIR DA EAE A T &
BEFROMELD b LA HHMHTORIEEFEAD
HiEmeRZoh, BLO7 IV —> a Y OEELD S
(Bl 2.132). Dirac-type DFELIED HER 3N ) I LT
%, Foldy DR OBEAFHNIFEE L, Huand Sini ) 1X
KA EEHOEMTHZ 2§ 5.

[F(F)]a,g p(rg) =G(rq,rr) (6)

22T 1], & Foldy OMHEAEM TR A D FREATHIT

@y b x=p
T ]rlﬁ - { -Mmow?Gr(ro,rg), a#p @
Hu and Sini & FE#E LT Martin® 13 Dirac-type O BELIRD
v, FHT Green BB DR ¥ Dirac D 7V X B DFRF
REMEAEL 2, R @) OBEHICIIEETH 3.
Foldy DHHEAEMA T2 TERE T 2 & BUH 2 BGELEGR T,
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Dirac-type DBELIFEAN DN L TIX, RMEH5
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2 25T, K@) THRANHEHEIERT E RO
FETFRFEDD D TR L, Dirac-type DEGELIR & 5 %
BORHANEHEDIZ T TH 5. HMIHEDHT, o
HEMETd 272912, AR support DELELIR D & D MR
LD 7 vt 2T Dirac-type SELIRZ IR ZET. HHESE
LT,

( Z (:/l g)‘”

VALY AW

—ra)=K)p() =6(r=rr) @

BEZD. 22T, MEIRIIIREE R, a 3ZOFETDH
5. F
_ | 1, when |[r-rq| <1
Xa(r—ra)—{ 0, when |[r—rqy|>1 ©

THs. RE) OEDOE 1 Hy 2> 572 2 EHEE,
Schrodinger TEFIZ212331F % HF potentail DY & 5E 1T
52T, HOHEREZMET 2 Z L 2EIT 5. Zhu
LT, ZOHFBEXOMRIUL, PREMLREIREOD
5, coupling constant % FEFE L 2T IUIR SRV E W HE
BOPHTL 5. BEFiHTD renormalization ¥ {TIRIHIE 72
2500, HHIGIZEWTD renormalization 3N E Y 725,
X B) OWHE F ORI 12 5

(Hq = k>~ (r, 1)
= Gg(r,r)

+ ZN: ZN: [Fl(lF)] - Sa(a)Gi(r,ro)Gi(rg, r’) (10)

a=1p=1

H, 33X §) o005 1 Yy 2 Eh 575 2 EH
T renormalization Z i L 72 DT, IHRAFICAT —ILo8
FIRX =R a L L7, F72 s4(a) I renormalization % fiti
L 7= coupling constant T mow? ¥ 3L B3N 725,
IEFWCEMEREATDH 2D DDOBELIRD R 7 — 8T X —
& a lZHBIFT 5. BB,

> > )=
\.\.&x_,

sSqla) «<a (11)
THY, RUT maw? IEFI L., F7-
(F) |1 when @ = f8
[r" ]aﬁ - { —s5(a)G(rq,rg), when a # (12)

X @) v (12) DHBETH S 27 & 5 ICHiHE DR AHIEIX 1
T®H Y, Foldy DR L /=M HEAERH HERIZ renormalization
L7 RN THHOLL TV S,

= DRINI AR 7222 scale a DEELIFICH T3 B
DTH%. Dirac-type DEELIRH E D X 5 Lt H ZRi0d,
a— 0 DRERBITIC X o THEREIT O DEDD 5.

%9, FEF S N7= coupling constant THEK X3 T
IR L TRERRDEIT A2 RE2DB5TH 5.

1 -1 -0, (a—0) (13)

T2, IEEMTIITH 5. R (B) IF /N E R aiwt
LTI p5fisl e 4o 2 v 2RT. X512, EED e>0
HLTa>0%L228T

(P~
1-€e<||T, [<1+e€ (0<a<agp) (14)

O—FEREDET 3.
RIZFe PR B D, B g2 ERDEDICEERT 3.

ISRANZEEER

E2EIGAANREY YR Y L/ EBEEMRICANFHEER

o) = (Ha= 7' f = (A=K7 f) ()
- Zz[rm] $a(@Gr(r.ro)
a=1p6=1
X/ Gi(rg, ") f(r")dr (15)
R3
2 (14) O—FRE FED & F I
IIgIILz(Rz) i O, (Cl 4 O, Im(k) > O) (16)

DEHAND. ZOEKTR (16) 13

: 2\7! 22\
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REKT S, 270, s—lim ZRICETH 5. =K (8) 2 HFE
A LT Dirac BELIRZ A U CTEELIR D Z2[H scale % #EFR
/NMZHEAT X B B process Tl Foldy DM BAEH HER % (#
LoD, Dirac BHELIROMEEIERIZHEAT 2. 2ok
PE B T3 T D renormalization 1B} B{TEH AT X —&D
FRIZBWT

(Im (k) >0). (17)

Oq = (18)
WSS 5.

4. fEEm
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TR—FIZBVWT, BEFime MmOtz AL D
0\_, Dirac type @ﬂﬁlﬂﬁ@*ﬁﬁﬁ?ﬁﬁ@i E 5 ) %)/\ % 7§>0)%
E L% OD'C HY, ﬂﬁlﬂﬁ@wﬁxﬁ‘*—wﬁi?um}@—ﬂf
HP2 LS R BBIC LS O TIERV. AFTOME
12 & UX, BT C Dirac-type DHUELIFICZHT LT coupling
constant @ renormalization 234 ¥ XN 3 L 512, HHY
T 3 [A#RIZ coupling constant @D renormalization 234 % & X
N5, £7z, BHRAZEM scale DEGELIRDMRFEAT ORER,
Dirac ELIROHEEAEMIE, 1EAROBIRO EKTIHEK

T5. M EORRIZZ K ORUERRNT, Rk RS DT
&ZT EEOH B HUIGDa I =274 — 2%, BAR

TR E R D2 ATREVED D 5. ARORANERORIRD, BE
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Shear Lag Theory for CFRP-Bonded Steel Tubes Subjected to Torsional Moment
(Proceedings of Symposium on Applied Mechanics)

ARe HE (K- BR)

OHein o (BX -8 £l

Bz (BEK - 8)

Morimune MIZUTANI, Kansai University
Hibiki ISAJI, Kansai University
Toshiyuki ISHIKAWA, Kansai University
E-mail: mizutani@kansai-u.ac.jp

As a countermeasure against deterioration in steel signposts and lighting poles, bonding carbon fiber reinforced
polymer (CFRP) is effective. The authors previously evaluated load transfer in CFRP-bonded steel tubes
subjected to axial force and bending moment based on shear lag theory. However, pole bases and joints are also
subjected to torsional moment. This study extends shear lag theory to CFRP-bonded steel tubes subjected to
torsional moment. The derived equations agree well with finite element results.

1. [ZLC&HIZ

PR ORI EOBRED L ITERETH Y,
I, BE W%%D%@E@T@ﬁ% CHRAELLTV D
Fio, RIS X DM LB , PEHEREBFEEL TN
%. @io&@%m@ﬁ%@ okbf,@%ﬁkﬁ%

(FRP) 284515 HENH D . FRP IXIHERMEZ AL,
HEERIC BRI TR 9 2720, i LRSS Th 5. K
R - B 2 R SRR LR (CFRP) 1, m%&g
DOEICBOTHRA SN TN D 2,

EFH LI TMMEREIC CFRP 2584 L2 0, Hofx
BEEEABENEGICI VMM LTz Y. HABRENLBE
FiE, $EES & CFRP Oy £ 7213 £ — 2 > & A
Bl AW NBET D & LT-EHRET L THD. Lo

L, BEERAECHREIRE O LA T M T ' — 2 > M
2T, BLVE—AMUERTD. 22T, AW TIE
N YE—A2 FE%I1T5 CFRP BEEHE 25212, BA
WHENHEGRZ @A L, DOEIC OV TEHMET 5.

2. BABMBNRERICE D CFRP EEHEDHERALY
E—AVMBLIUEEFICELCLZBAMIEAH
ARF7ETIE 112773 CFRP #E8ME 2 %1% 55,
AJEIZ CFRP 23/ SN TR Y, 0% L CFRP TEH
L7z LY E—XA2 hEo#HT 5. 2 U NXTE dx 1
BIFAHE L CFRP 0LV E— 2 MB L USRI O
NGO 2 -3, B AR & CFRP O & 751
DOIEMFEZ L D EAWISINAE LS. Lizid->T, BEA
OFAMIEIIRATE LN S.
w.(x) =G, /h-{2,(x)= 2.(x)} (M
x 1% CFRP #45 e/ & OALE, (o)l TSI O
AT, Ge IXBEE R OF AWrEIHEARE, b ITHEEE X, LX)
VA S8 E O J8 T IZERE, Ae(x)iE CFRP PNJE O & 5 128 A
Ths.
K% x TS T5 2L ThEES.
dz,(x)/dx =G, [h-{y,(x)=7.(x)} 2
Z 2T, ()T S E OB AT ONT 2, pe(x)id CFRP PNJE
DEAWOTHTH S, 7211, HEEES h BREWES
WCHREEE X OFROTAWIS hERHT 572012, M
F 3 LU CFRP OB AW O BTk D L 5 ICHEEE I H
RONLEIZIMET D Y,
() =(r +WT(/(IG)  (i=5¢) )
2T, i=sIE, i=clX CFRP OFEMAEIEL, Ti(x)
WTEM P ITEC DR E—A L N, m X 0 OAE

»»&7
— ey

R LANEEER

B, JATEBHA i OWIE 2 IR — A > N, G i D& A
WrMER T H 5.

X 2 (R TH/NXKE de OSIFIC LT, SEDRLY
F— A b Tyx) EEEEFNDOF AEIE T 1(x) D DD 0 A
REEFL, YKEEN% LS.

()ﬂh 27(r, +h/2) 7,(x) )

K@% x THO L, XQ2), ROERAL, BEHT I &
T, EDORLT Y ET— A b T()IZRET 2 2 BEOMy iR
ﬁﬁ&ﬁfﬁ%hé

/dx —czT(x)=—c &ET %)

c-QMHhU+W2 A{I.G(1-&)} (6)

&=GJ [(GJ, +GJ,) (7
ﬁ@@~$%ﬁ&ﬁf%%ﬂa

T.(x)=C,cosh(c,x)+C,sinh(cx)+&ET 3)

I, G E GIEERERETHD. EETRTHEORLT
DE—RAL MRKIFRE 72 550 (dTW0)dx = 0) LV,
C:=0Thd. F7-, FEEHEICTHEORQ LY E—RA 2
PEHT ALV E—RA L MERBEME (D=1 LV,
=(1-&)Tlcosh(c) TH 5.
KEONCHKRERE C1, CERALTEAT L Z LT, thiE
DRLYE—RAV FBRKRATEIND.
T (x)=(1-&){cosh(c,x)/cosh(cl)+ & /(1-ENT (9

CFRP DR LYV E—A L MITx) =T - T\(x) &V, &5
5. BEEROFE WG T )l X@ITRO9) 2 A L THE
MIBHZ L THELND.

—\dhe&l\ e

CFRP steel tube

Fig. 1 CFRP-bonded steel tube under torsion moment.

ET(x) + dT ()
Steel tube CFRP

Adhesive

Fig. 2 Force equilibrium of each member in an infinitesimal
element dx.
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3. R LYE—A2 bFFI(TDH CFRP EEHE DO ARG
bk Xitl

KRETIE, 2B THH LS AWERENLEGRICHES < B
RERANTRHAMIS OS5 ZR"d . iz, AIRERMT
ZERL, FHRAORYEEHERT D, AIRERMITRET
LT 27012, HERXOHE & CFRP O L Y £
— AV ML, ENENOHNEOEAMIESI~ERT S, £
72, CFRP WNOHAWHENEERE T 5 - I E 5 EE
(h'=h+1t.G/(3Gn)) V&ML=,

FHEG L Ul ~Hiks KU EMSEZ £ 1 12”3, CFRP
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HIRERMITET NEK 3ITRT. MTERIL 8 i N 6 M
RERRNERTHY, TNENOEM % E S I 4 43
E, JBJFmL 2,509, BEFRFHHAIL 2.5mm T255F LT
. BTFVEBRTIZEETE L, AR Y E—A2 b
T=05kN'm & 5 2 7-.

B 4 \Z AT OF AWIS 15540 2o 3. KO L 45+
AW T B VERE AR (1 = TrdJs) THEXRITE L TH
D, HEEHIE CFRP B2 RN ONME x 2EYRES I T
Y LTV a. X 4(a)l 3848 3 L O CFRP D4 O+
ARSI TH Y, S8 L CFRP L RN5EEEmE LT
BT OB AR TRL TS, 72, K 40N,
BEESTROTEAWIS IR TH 5.

B4 kv, BEm=d LOERERMTOMMA L < —EL
TWa. F72, K 4@) & 0 EEmDR» LR RIZA - T,
PR R X OV IRELRARHT O & ARG D 8 52 2B RO I
IR L TS, &5H1C, X 40b)& v EER OB RIS IE
BRI TR L 0D,

4. RLYE—AV %215 CFRPEEMENEER
o> CFRP #3541 B WV ThH, K 4@)D X ) (5
TSR E 2 5P, Z OFBIIMIE - mrREE o
SMINZEERE L LCHERTINERDHD D LER-T,
NUVE—AL F2Z1T5 CFRP #BEMZFICB VT, &
ERAEZD. HEEXLES L, O CFRP 8% LIZBIC, #
BHPROHEDIAL Y E—RA 2 b Ty0)IMEE DULHJE 4 LA
TehdEdhEMrn, BERLBPRNTHELND.

B2OEIGANFEY VR U L/ B68EIERGANFHER

1, 21/c-cosh™{1/(n-1)-(1/& 1)} (10)

T2 plE 1 X REL LIGEVETH 5. LR 5) T
INHAEIZR LT 1%DOFREZHEL, =101 £ LT3,
BEDFHHEFIIBWT, =101 L LTEERZH T
%5& ,>2334mm THY, HEMHEID 35 mm OAE (vl
=0.65) THEEAWMOEIZFFER L TND Z L bnd.

5. BhYIC

ARFFETIZ, ALY E—A v F &% 5 CFRP 580
TG, B L CFRP R LY E— X4 v b B L OHEEA
O WIS T OBGRRE R L2, BRI A BEEAT &
X<~ L~ F72, EEROEHKXLRLE.

SE XK

) EIRHE, FFEIER, AFEXR: EBRHEDOEL
EREMERIRIR, AARRTSEE F 438, F 15 (@
5154 5) , pp. 23-28,2018.

2) TARFS BAEHGEZE S FRP HEHE OG- Hkf
BHICET 2B OMERS, HEMELFR— K 20,
2023.

3) AEE, AKASHE  CFRP 85 SN-E DESE &
WL BEIZRT B = 32— iR, EARFSIRICE Al
(H3& - BT ) , Vol. 77, No. 1, pp. 59-72, 2021.

4) AFBEA, LRZHE, BBz, FEERA: 08 E
Fi9 % CFRP #E&EMEHMIZ3IT % CFRP AR OH AW
B B LT B fRAT, A TR S A, Vol. 61A,
pp. 798-807, 2015

5) tBARFES HAMEBEZRES: 2024 T HAMEIEYE
R HE, 2024,

Unit: mm
Adhesive

T=0.5kN-m

Stéel tube

Fig. 3 Finite element model.

Table 1 Material properties and dimensions of each member.

Steel tube Adhesive CFRP*
Young’s modulus [GPa]  Es =200 E.=2.500 E1=2.847, E2=3.591, F3=3.591
Poisson’s ratio vs = 0.300 ve =0.360 vi2 = 0.016, v23 = 0.954, v31 = 0.020
Shear modulus [GPa] Gs=Ey/{2(1+v5)} =76.923 Ge=FEJ/{2(1+tve)} =0.919  G12=0.919, G23=37.770 (= Go), G31=0.919
Thickness [mm] t:=4.5 h=1.0 =20
Outside radius [mm] rs=57.15 re=rsth+t=060.15

()75 ()7
1.0 ‘

Steel tube 7,(x)

0.8¢ 00000000000000500089%°_ __ _

Composite theory
0.6 1
CFRP 7(x)

0.2 | | Theoretical predictions —
Finite element analysis O

0.0 0.2 0.4 0.6 0.8 1.0

(a) Outer surfaces of the steel tube and CFRP,

* 1: radial, 2: tangential, 3: longitudinal directions.

7(x)/7,
0.12

Theoretical predictions —

0.10 || Finite element analysis O

0.08

0.06 |

0.04 | Adhesive 7,(x)

0.02 |

0.00¢ .
0.0 0.2 0.4 0.6 0.8 1.0
x/1

(b) Mid-thickness of the adhesive layer.

Fig. 4 Shear stress distribution in the CFRP-bonded steel tube.
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Three-Dimensional Bridge Modeling Usmg the Hermite Family Finite Element Method
with Global Reference Gradients (Proceedings of Symposium on Applied Mechanics)

IV SENE: PN

A il (F oK)

Shumpei KATSUYAMA, University of Tsukuba
Kyosuke YAMAMOTO, University of Tsukuba
E-mail: s2520872@u.tsukuba.ac.jp

To address Japan's bridge aging and labor shortages, this study develops a 3D simulation platform for vehicle-
bridge interaction. Utilizing Hermite-family finite elements that share displacement and slope at nodes,
alongside Kirchhoff-Love plate theory, the model balances efficiency and accuracy. A coordinate transformation
method was introduced to manage spatial arrangements of members. Results confirm the method's utility as a
prototype for simulating dynamic bridge behavior under traffic loads, establishing a framework for future

accuracy enhancement.

1. IRES

BRO—FZM LN ET T T, ZBREET — & I2ES0n

THERAME W 25N L2OBR M ED LN TWD. 72
721, EFTBIN SN D ZBIEE T — 21213 LI LIdarss
EAE— ROPEET S, i, B3RO =RITH72 &I
BWT, FHOERORASEMEIMEAL, ALY E—
K& T 27D EE2 N5, LizBoT, @R~
— 2 DIEZRZ WA RITIL, -2 EEAR O =%
TETINCESCHE I 2L—a URRETHS.

L75>L, — BN R OB RET LV ORYEY I 2 b—
FEIHEAM SR, WRRZBIRE 7T — & 7> bHE R

/ETé imﬁfﬁioﬁxgﬁéﬂﬁuf%ﬁ%T/I/zMéE“Ca”oé.

1‘ RO X ITHEREE A AR DY EER T DR LG
"I B HEE LT, BEfENFSE Clid Hermite /% Kirchhoff-Love
WEF YOBAPBREFI SN TWD . BEEFRICE N T, &
FHROEXCIZE L, ERBRSORIE O A DEICER
L7, BERERCBITIPHEOREENELD LV ST
AN D ST
%fi%@ﬂiﬁﬁbi%’%mk%@ﬂﬁ&li@ﬁc?)%}i%ﬁ%)ﬂ
w574YN§fh)/7-:w¢~b§f®%%“
B RAMERITRATNT A =255 (0/08) 13, WG j(
AR Sy (0/0x) IR SN D Z EIZERL, hARrY—
IR RIES VLo TN, 22T, KBRS % /T
INT A= BRI BT X 0 B RTRE R X D T E
FTLHHEIZER L, KESRAELEE LTHRET S.
AHFFECIE, Hermite i Kirchhoff-Love #33E % X v 4k
T 570, KSR AEZREL, EUbz1TH. 556
NERICESEBEINTZ ZRITCBERET VT, BEFERE
D L2edy s &R E &2 MR L CRIEFLRTRE R 720, TEkDFT
BAAM A MEI Lo, BEHERGRAE 2 EEICRELT A Z
ENHIFFTE D, BT NVORYERGEED =, BLFEITIC
PE D ZZIE i 8 A MR L 7 IREN ISR DA IR O =Rt Eh ) v
Ral—varEEEL, BROBMLNEELHELLT.

2. Hermite ik BREZRE

Hermite A REFRILIT, Eﬂ RUZ BV TENL & Al % H
B9 5. AT, SRR 5 ABER D AN ORI
SRR 5 EEHCE @_6j@i3ﬁﬁ’jﬁﬂ%ﬂﬂb‘t
FGRE T VN EFR STV D ZIRIJCE A JERE RN O Kk 2

EEH; r X = (x1'x2' X3) &%&é{ﬂ
5E, KD X ITETS.

5 X B L OLENY u 2 E %

= BANEES

xX=x+u 1)

WCBWTIBIR~ v B 7R bV ORksy XE &35l
M«&kw@ﬁ UK (i=1.23)1%, UTORXQ) 725,

X ] [ ug‘
9z \* dup\~
(5 (5)
X =1ax\",  UF = 0u\* 2)
(5 (5)
ax;\* du\~
(=) | (=) |

FRAERICLY, BROZKTENRETT L TH> THE
REMDOREA ZMHT 5 2 & T, —BRAZRFHEIEFIC &
DB X 2 L— 3 ORI & 2B

3. EZELEH
HmmwﬁKmmmewwgi(Hmyﬁﬁ)%%w(
EF UL LT RIR, AT L ORERT CTHERR S 5 1B 2 T
&m_ﬁﬁAbéhtgf@gMWmeﬁﬁmmbk
W, HHETHIEM AT EIND. ROENT
M& LT pg EhAREASIME LT riliid B8 L7 e
F(Fig.1 (b)IZ, RFTERER & LT RTIEFILERER(E, 1)
@ H-KLP ZERIZH T 2 BIEHEFig.1 (¢) DRI ERIZ L -
THROLND. I6IC, EREEEREFREAHRTHZ L TE
TNDERZJEFECTH D KIS BEE R & BES T 5 Tk
KIEBRARE L LCHZICEA L. 372b5, RQ)D
ALY, Fig.l O EREMITAEIZ D R R & —
M D Z L3 mRE L 70 5.

4. EM-BRETI

BB (RFY 7 L) ELOZRITEEE 4 50
ERTEAEOBEEEMN (XFV I TF) 28 L-7HHA
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(a) Global (b) Rotational (¢) Normalized Fig.1 Coordinate system transformation
Table 1 Vehicle parameters Table 2 Elastic web parameters

symbol name unit value symbol name unit value
s Body mass kg 11406 E;s Young’s modulus MPa 20000
Mui Unsprung mass kg 435.000 v Poisson’s ratio 0.25
Csi Sprung mass ke/s 1.590 X 10* L Length m 20.00
Cui Unsprung damping kg/s 4.000 X 10° h Height m 2.00
ki Sprung stiffness N/m 0.750 X 106 tg Thickness m 0.04
kui Unsprung stiffness N/m 1.380X10°

Table 3 Concrete deck material parameters

symbol name unit value
E;s Young’s modulus MPa 3500
v Poisson’s ratio 0.25
L Length m 20.00
h Height m 5.50
tg Thickness m 0.500

72 FBRIT 4 KOEHTE 1 KOKEMT 2 BPEAR Y = 7 (Table
2) ELTC, BHiIarZ U—1b (Table3) & LTETILD
NIRA—=BEFJREL. BROKNRTA—21F, HEOR
BEHT — 4 92 BBIC L. BROEESENCOWT,
HAZAGEh 7 M 3 58, $RELHIANC 1 23R, REMTISAGEhE
47N TEMHT & DAZZERITTHG LT, 3 BERICHEILT.
FTo, RBIIERG AN 10 BERIZHEI Lz, 2 bid—ik
W77 7Ty aBifil b, igr/hEu.

IO OEBAFRLET VERNT, 4 DOHEGO T %
FiE U 72 Z3@IRENC 250 < AT I3 2R O - b &
FEATIVIaL—TarE2(TH. I LEEOD,
ABRFHZB WL HEG-FRHAERREZE L7220,

5. HREER

VIab—a VORERZICKIT SER A Fig2 1T
1. ORI oOmBIE, FHEEICBWT, BRAEREZE
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Fig.2 3D-simulation result (Perspective view)
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