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Abstract

In this paper, the stress field at the interface corner edge of a bonded cylinder under bending is discussed by comparing
with that under tension. Asymptotic description of the stress field under the bending consists of the singular stress term

and the non-singular stress term as well as that under the tension. The similarity relation between the singular stresses
under the tension and the bending is confirmed by performing 3D FE analyses on the bonded cylinders under the tension
and the bending which are subdivided by the same mesh pattern. The ratios of the intensity of the singular stress field

under the bending to that under the tension are computed changing material combinations variously, the maximum and
minimum values of the ratios are shown in the table and the chart according to Dundurs’ pafam@jefThe intensity

of singular stress field for the bonded cylinder cannot be controlled by Dundurs’ parameter uniquely. However, because

the differences between the maximum and minimum values are small, the ratios can be controlled by Dundurs’ parameter.
Then, the ratios are larger than 0.7 and smaller than 1.0 in almost all material combinatioogaviti23) < 0.
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Material 1
Ey, vy

| i Material 2
Er, v

(a) Tension. (b) Bending.

Fig. 1 Bonded cylinder model. For tension, the uniform st@8s= oy is applied to the free ends. For bending,
the stress which varies linearlg,’ = 0p x/a, is applied to the free ends. The intensity of the singular
stress field at the interface corner edge pox,z) = (a,0,0) is calculated.
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Table 1 Material properties used in the present analyses.

Material 1 Material 2
E; | Vi E> | Vo
1.0 | 0.2555| 0.1138| 0.2066| 0.8 | 0.3 | 0.8655

a | B A

Same mesh pattern

Material 1
Material 2

T B
00, FEM or 020, FEM

Tension Bending

Fig. 2 FE mesh pattern used in the analysis models. The interface corner edge points at which the intensity of the
singular stress field is calculated are subdivided by the same mesh pattern.

00000000 FEMOOO MSCMarc2008RO 00 00200000000000000000000
000000000000000000003000000000000002000000000000000
060000000000000080000000O000O000O00000ON (,0,0000000000000
00000000000000000000000000000000000000000000000000
00000000000000000000000000000000000000000000000000
0000000000000100000000000000000000000000#0,2013;000,2014;
Noda et al., 2015; Zhang et al., 2015a; Zhang et al., 2003k , 2015;0 00,2016 0000000000000
00000000000000000WD, 201510000 e/a=7.814x 10-°0 Coarséld 3.904x 1050 Finell
0000eO0000000000000000D0O000O0D0O00DODO00OOO00O00000000

020000000000 10200000000000 0geeyD j=12000750peq0000 &g gm0 oo remD
00000000 10200000000000 05 eem0 ThoremD 00 0 € ren0 Viaorew 0000000000
00000000000000000000TO00000000BOO000O000000000000 ;0150
§0e0000000 0f01306P0f000000000000000000000 FEMODOOODOO 100
20000000000000000000KO,201510000000000010020000000000
oooooo

0000000000000 2@000000 0000 0geem0 Thoreml &0ren 00000000000
0000000000000000000000000 1002000000000000000000000
0000000y 000000e000000000000000000000ODODDODDODOD
(ehorem) ™™ = (Efopen)™?~ 052000 100 2000000000000000000000000KO,
201510000000000 (fgrem)™™ = (ggopen)™%=-0513700000000000000000 2%0
000003000000000000000000000000000000000000000

000000000000 20b)000000 0000 0% pem0 ToremD &pper 000000000000
000000000000000000000000100200000000000000000000000
000000egey000000e000000000000000000000000000000OO0O0O0
(eBo.rem) ™™ = (E80pem)™2~—-047000 100 200000000000000000000



Table 2 Stress and strain components of bonded cylinder under (a) tension and (b) bending.

(a) Tension.
Stress components (= singular stress + non-singular stress)
€ Ororem T rem TgorEm o rem
a Mat1 | Mat2 Mat. 1 | Mat. 2 Mat. 1 | Mat. 2 Mat.1 [ Mat2
—0.6416 0.6150 3.362 0.2289 0.7183 0.3031
Coarsé(= —0.6416+0.0)| (= 0.6150+ 0.0) (= 3.376—0.01363) (=0.7528 (= 0.7804 (= 0.3031+0.0)
~0.5239) ~0.06217)
—0.7044 0.6752 3.692 0.3007 0.7944 0.3328
Fine |(= —0.7044+0.0)| (= 0.6752+ 0.0) (= 3.706— 0.01368) (= 0.8264 (=0.8568 (= 0.3328+0.0)
—0.5257) —0.06240)
Strain components (= singular strain + non-singular strain)
&0 rem € Fem &0 Fem Yo rem
% _ O rem— V(TGoremt UZ-I!.).FEMW [: Threm — V(Threm + GgO.FEM):| [: Ogorem— V(T rem+ UrTo,FEM)] [: TrTzo.FEM]
E E E G
Mat1 |  Mat2 Mat. 1 | Mat. 2 Mat. 1 | Mat. 2 Mat1 [ Mat2
~1615 3.680 2556 ~0.5210 0.1983 1118
Coarss (= —1.75240.1375) (= 3.560 (= 2556 (= 0.0-0.5210) (= 0.1983+ 0.0)| (= 1118+ 0.0)
40.1202) —0.007056)
—1.786 4.029 27.73 —0.5228 0.2178 12.27
Fine (= —1.924+0.1380) (=3.908 (=27.73 (=0.0—0.5228) (= 0.2178+0.0) (= 1227+ 0.0)
10.12086) ~0.007083)
T rem = (00 pem) ™™ + (050 rem) ™2} /2., 1o pen = { (T ) ™ + (T30 pem) ™2} /2 for continuity of stress.
&l ren = { (€0 rem) ™ + (&0 pem) ™2} /2, egO,FEM = {(&do.rem) ™™ + (£30,,em)™*2} /2 for continuity of displacement.
(b) Bending.
Stress components (= singular stress + non-singular stress)
Y Ofo.rem O Fem Oporem Thorem
a Mat1 | Mat2 Mat. 1 | Mat. 2 Mat. 1 | Mat. 2 Mat1 [ Mat2
~0.5631 0.5397 2.950 0.1886 0.6288 0.2660
Coarse(= —0.5631+0.0)| (= 0.5397+0.0) (=2.962—-0.01228) (= 0.6605 (=0.6848 (= 0.2660+ 0.0)
—0.4720) ~0.05601)
—-0.6182 0.5925 3.240 0.2516 0.6956 0.2920
Fine |(= —0.6182+0.0)| (= 0.5925+ 0.0) (= 3.252—0.01232) (=0.7252 (=0.7518 (= 0.2920+0.0)
P —0.4736) ~0.05621)
Strain components (= singular strain + non-singular strain)
& Fem €D Fem €50 rem Yoo Fem
% _ Oft Fem — V(UEO,FEM + UZ%.FEM)} [: 0% rem — V(O pem + UEO,FEM)] [: Ogorem— V(0D pem+ UrBO,FEM):| [: rrE;(),FEM]
- E E E G
Mat. 1 Mat. 2 Mat. 1 Mat. 2 Mat. 1 | Mat. 2 Mat.1 | Mat2
—-1.414 3.232 2216 —0.4710 0.1743 9.748
Coarsé (= —1.566+0.1525) (=3.103 (=2217 (= 0.0—0.4710) (= 0.1743+0.0) (= 9.478+0.0)
10.1187) —0.006950)
—1.564 3.538 24.33 —0.4694 0.1912 10.77
Fine (= —1.688+0.1243) (=3.429 (=24.34 (= 0.0—0.4694) (= 0.1912+0.0)| (= 10.77+0.0)
10.1087) ~0.006380)

B

Uz%,FEM = {(UZ%FEM)matl + (UZBO‘FEM)matZ}/Z Taorem = { (Thorem) ™ + (1o rem) ™2} /2 for continuity of stress.

B

& rem = L(Ed Fem

)Mt (8 rem) ™2} /2., €80 rem = { (880 rem) ™ + (€55 rem) ™2} /2 for continuity of displacement.
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. . sjingular stress- non-singular stre
Table 3 The ratios of stresses at the interface corner edge by(F_E'\'l g i g 2)2

singular stress- non-singular stre

) arBO,FEM/O-r.I;lFEM 0% rem/ T Fem UGBO,FEM/O:GFO.FEM Tgo,FEM/TrTzo.FEM
a Mat. 1 ‘ Mat. 2 Mat. 1 ‘ Mat. 2 Mat. 1 ‘ Mat. 2 Mat. 1 ‘ Mat. 2

0.8777 0.8775 0.8774 0.8237 0.8755 0.8776
Coarse /1 _05631+0.0) |/ 0.5397+0.0\ |/ 2962—0.01228\ |/ 0.6605—0.4720\ |/ 0.6848—0.05601\ |/ 0.2660+0.0
~ —0.6416+0.0/ |\ 06150+0.0/|\ 3.376-0.01363/ |\ 0.7528-0.5239/ |\ 0.7804-0.06217/ |\ 0.3031+0.0

_ 0.8776 0.8775 0.8774 0.8366 0.8757 0.8776
Fine |/ _0.6182+0.0) |/ 05925+0.0Y|/ 3.252-0.01232\|/ 0.7252-0.4736\ |/ 0.7518-0.05621\|/ 0.2920+0.0
~ —0.7044+0.0/ |\ 06752+0.0/|\ 3.706-0.01368) |\ 0.8264—05257/) |\ 0.8568—0.06240/ |\  0.3328+0.0
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Table 4 Non-singular stresses under (a) tension and (b) bending.

(a) Tension.
€ 5rTO,FEM 5zT0,FEM 5gO,FEM frTzo,FEM
a | Mat1|Mat2|Mat1|Mat.2| Mat1 | Mat2 | Mat 1| Mat. 2
Coarse| 0.0 0.0 —0.01363 —0.5239 | —-0.06217 0.0
Fine 0.0 0.0 —0.01368 —0.5257 | —0.06240 0.0
(b) Bending.
€ 5r%,FEM 62%,FEM 5eBo,FEM ThoFeEm
a Mat. 1 | Mat. 2 | Mat. 1 ‘ Mat. 2 | Mat. 1 Mat. 2 Mat. 1 | Mat. 2
Coarse| 0.0 0.0 —0.01228 —0.4720 | —0.05601 0.0
Fine 0.0 0.0 —-0.01232 —-0.4736 | —0.05621 0.0
Table 5 Singular stresses under (a) tension and (b) bending.
(a) Tension.
0 UrTo,FEM — 5rTo,FEM O0.FEM — 5zT0,FEM O-BI-O,FEM — 6-9rO,FEM TrTzo,FEM — B0 rem
a Mat. 1 | Mat. 2| Mat. 1| Mat.2 | Mat. 1| Mat.2 | Mat. 1| Mat. 2
Coarse| —0.6416 | 0.6150 3.376 0.7528 | 0.7804 0.3031
Fine —0.7044 | 0.6752 3.706 0.8264 | 0.8568 0.3328
(b) Bending.
€ JrBo,FEM - &rBO,FEM Uz%,FEM - 62%,FEM O-gOFEM - 5eBo,FEM TrBZO,FEM - frBzo,FEM
a Mat. 1 | Mat.2 | Mat. 1| Mat. 2 | Mat. 1| Mat.2 | Mat. 1| Mat. 2
Coarse| —0.5631 | 0.5397 2.962 0.6605| 0.6848 0.2660
Fine —0.6182 | 0.5925 3.252 0.7252 | 0.7518 0.2920

Table 6 The ratios of singular stresses at the interface corner edge. All ratios are almost the same independent of

theep/a and the material.

Gr%,FEM - 5r%,FEM Gz%,FEM - 62%,FEM GgO,FEM - 6GBO,FEM TrBzo,FEM — Thorem

% 9o rem — Forem | Tarem — Orem | Teorem — Toorem | Trorem — zorem

Mat. 1| Mat.2 | Mat. 1| Mat.2 | Mat. 1| Mat.2 | Mat. 1| Mat. 2
Coarse| 0.8777 | 0.8775 0.8775 0.8775| 0.8775 0.8776
Fine | 0.877 | 0.8775 0.8775 0.8775| 0.8775 0.8776
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Table 7 Normalized intensities of the singular stress field undefable 8 The ratios of the singular stresses on the
(a) tension and (b) bending. interface from the corner edge. The ratios are
constant at B78 independent of the/ey.

(a) Tension.
T T T T R 0Prem — O rem
Mat. ‘ FGI’ ‘ FUZ ‘ FGG ‘ FTrz g O-Z‘?FEM O';:FEM W
1 —0.269 0.0929 ZFEM 20,FEM
> T o | 0633 rogg | 00958 0 | 3240 | 3.692 0.878
1 | 2368 | 2.699 0.878
(b) Bending. 2 | 2187 | 2492 0.878
Mat. | F8 | FE | FE | FP 3 | 2080 | 2370 0.878
1 | —0236 0.0816 4 | 2000 | 2.289 0.878
2 Too975 | 2% o135 | 0084 5 | 1955 | 2.227 0.878
58 ey = —0.01232,6%, ¢y, = —0.01368
02 0.5 0.89
0.175
0.15 01389 0.4 0.885 0.8851
_ 0125 // 03 g
SN 0.1 fo1074 N 02500 mib 0.88
0075 02 ,,,// 9
0.1818
0.05 o 0.875 0.8764
0.025 '
0 0 0.87
0 01 02 03 04 05 0 01 02 03 04 05 0 01 02 03 04 05
Vi Vi Vi
(@)E2/E1vs vy (b) va vs vy () K8 /KZ, vsv1

Fig. 3 E/Ey, v2 andKE /K values depending om when(a,B) is fixed as(0.8,0.3). (a) E2/E1 vs v1, (b) vz
vs vy, (€) K8 /KZ, vsvi.

0 8000000000000 ROOOOND 20000 05gyl 0JpeyD 00000000 (05reym— 65 rem) O
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0000000000000000000000000000
0000000000000000000000000000000000000000000000000
000000
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0000000000 30000000200000000000Dundurs0000000000 (a,8)00
00000000,1999;0,00,2003000 30 (a,8)=(08,03)000000000000000v;, 0000
05000000000v,0 0.107400 0.13891 E,/E; 0 0.18180 0 025000 00 0000000000000
00 K8 /Ks, O0OODODO 0.876400 0.88510 0 00.88075+0.00435100000000000K,, 00 10%00
000000000, 2015]0K8 /K 00000000 K, 000K, 00D000000000000000
00000000000000000 (e,8)0000000000000000

04000000000000000000000KE/K;, 000009000000 (K§/Ki)maxDODOO



K. /KL

Fig. 4 Relation betweeK? /K} anda.

Table 9 Maximum and minimum values K /K; .

B
—02]-01] o [ o1 02] 03] 04] 045
1.046| 1.018 1.018| 1.046
0.0| 1.028| 1.004| 1.000 1 04| 1.028
1.020[ 1.007] 0.998| 1.014| 1.061
0.111.005| 0.985|0.991| 1.011| 1.046
0.9850.987| 1.000] 1.058
0.210.983| 9 959| 0.971| 0.998] 1.049| 1.147
0.957|0.966/ 0.983] 1.034| 1.155
0.3 0.930| 0.942| 0.974| 1.032| 1.147
0.9240.937/ 0.958] 1.000| 1.124
0.4 0.900| 0.909| 0.942| 0.997| 1.116
0.888| 0.904] 0.926/ 0.965| 1.063
a1 0.5 0.872| 0.875| 0.906| 0.956| 1.062
0.868| 0.890| 0.925| 1.000
0.6 0.846| 9 839| 0.869| 0.912| 0.995| 1.373
0.830/ 0.851] 0.883(0.941] 1.136
0.7 0.804| 0.832| 0.868| 0.933] 1.135
0.790| 0.810[ 0.838] 0.885| 1.000
0.8 0.768| 0.795| 0.826| 0.876| 0.994| 1.243
0.747|0.767| 0.792] 0.830] 0.906| 1.000
0.9 0.730| 0.759| 0.784| 0.824| 0.902| 0.995
1 0.704| 0.722| 0.744| 0.775| 0.830| 0.881

Upper: maximum value, lower: minimum value
Red: bad pairgreen: equal pairblue: good pair
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