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Lad-s T, LG e.)MFDLSckEIn b,

E = &, -¢ x4+t & Yy 4+ & Xy (5.6.10)

NEMARATHRBEL FO L DI2h 2,

H

&



de = de -d¢  x +de vy + de  xy (5.6.11)
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1/E+ = 1/E + 1/E. (5.6.30)
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{da/d~, } = da/de.

d = = d¢&,
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Figure 2.2.1

Multi surface model for isotropic hardening

material.
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Figure 2.2.2

Unloading and update procedure of multi surfaces.
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Figure 2.2.3
Uniaxial stress-strain relations and corresponding biaxial

multi surfaces in Petersson-Popov Mode12205).
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Figure 2.3.1
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Table 3.2.1

Mechanical properties and chemical compositions.

Tension test Chemical composition %
Y.P. T.S. EL. C Si Mn P S Ceq
(Mpa) (Mpa) (%) X100 X1000 X100
SM4ATA 284 421 37 12 20 93 17 6 . 28
SM50YB 372 549 25 17 36 137 15 12 42
HT70 622 661 43 - - - - - -
5]
o
v < ‘ . { (mm)
AVaVaVaV4
= ©
— 8
! 1
B 110 12l 40 12| 110
284 -
et -

Figure 3.2.1 Configurations of test specimens.
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(a) Testing frame

Figure 3.2.3

Photographs of
loading machine.
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VFigure 3.2.4 L*—x

Strain measurements by plastic range strain gages.

Ai~Aa4:Active Gauge
Di~Da:Dummy Gauge

Figure 3.2.5 Wiring of strain gages.
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(b) Cpu, Floppydisk unit and Magnetic disk

Figure 3.2.6
Mini computer system for controlling

load conditions.
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Estimation of surface size function from
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Experimental stress-strain relations for
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Table 3.4.1

Nodal values used to make interpolation curves.

~SM41A-
Eni(®)| 0.0 0.1 | 0.4 1.0 2.0 6.0
Ko 254. 255. 256. 259. 294. 409.
dKco/dEpi 510. 510. 510. 510. |  4900. |  1470.
Kt 147. 211. 254. 290. 331. 427.
dicst/d Eoi 142000. | 27000. |  7620.| 4580.|  3710.|  1500.
Koany 196. 294. 355. 385. 410. 169.
dicoonv/dEpi | 176000. | 46100. |  7350. | 3920. |  1650. |  1300.
-SM50YB-
Eoi(H | 0.0 0.1 0.4 1.0 2.0 6.0
Ko 366. 366. 367. 369. 412. 553.
dico/dEpi 343. 313. 343. 303. | 6220. |  1520.
Kt 147. 250. 335. | 392 142. 562.
dicst/d o 142000. | 48300."| 13700. | 5190. |  4760.|  1810.
K oonv 176. 321. 8. | 503. 539. |  607.
dicoonv/dEpi | 174000. | 78000. | 14200. | 5680. |  2450. |  1280.
-HT70-
Eoi(® | 0.0 0.1 0.4 1.0 2.0 5.0
Ko 622. 623. 628. 638. 654. 718.
dico/dE o 1600. |  1600. |  1600. |  1600. |  1600. |  1600.
Kt 294. 163. 567. |  633. 670. 730.
dicst/d Epi 226000. | 51000. | 16400. | 5840. | 2700. |  1470.
Koonv 338. 543. 648. |  699. 726. 762.
dicoonv/dEpi | 280000. | 53900. | 12400. |  4900. |  1520. 784.

unit : MPa
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Figure 3.5.1
Relationships between weighting function values and

equivalent plastic strain increment.
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Figure 3.5.3
Weighting functions estimated in this study.



130
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Proposed by Petersson and Popov
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I T | T >
0 2. 4
Ep (%)
(@)
w

. - Ep
Epd
- &
€ pst €pb P
(b)

Figure 3.5.2

Weighting function proposed by Petersson and Popov.
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Table 3.5.1 .
Relationship between Wy and Eﬁ.
(a) SM4 1A
Te (B 1.38%] 1.83 .80% 3.75 | 4.74 J72% 7.51%
We 1.00 .98 .60 .44 | 0.36 .17 | 0.00
(b) SM50YB
To (O 1.32% 1.76 .73 .53% 4.75 60 7.20%
W o 1.00 .67 .61 .40 | 0.30 .21 0.00
(¢) HT 70
To (O 0.88%| 2.63*%! 3.59 54%) 5.49 a2*| -
Wo 1.00 .80 .53 .42 | 0.26 .00 -

. The data was used for Lagrange interpolation.
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Table 4.5.1 Definitions of the models of
investigating the accuracy
name accumulation of Ep fundamental surface weighting function
size functions
A-2-P over all paths Ko and Kegny by Ref.[4501]
A-2-1 over all paths Ko and Keonv linear
p-2-P as shown in Fig.2.3.5 Ko and Kooy by Ref.[4501]
P-2-L as shown in Fig.2.3.5 Ko and Kegny linear
A-3-M over all paths Kogr Kgp and Kconv measured*2
P-3~M as shown in Fig.2.3.5 Kor Kot and K.gony rneasured’u¢2
P—3—M2*] as shown in Fig.2.3.5 Kor Kgt and Keony measur‘edw3
pP-3-L as shown in Fig.2.3.5 Kor Kst and Kconv linear
#*1 This model is proposed in this paper.

PLASTIC STRAIN

o

%2 In these models only Ep is a variable.

*3 In this model T and € "are variables. -

pi
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=)
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b
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Figure 4.5.3

Two methods for evaluating cumulative plastic strain.
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Table 4.5.2 Prediction errors of each models, (%)
A-2-P  A-2-T, P-2-P  P-2-L A-3-M DP-3-M P-3-M2 P-3-L
SMATA (1) 17.5 9.7 7.4 4.2 1.1 2.9 3.1 4.7
SM4TA (2) 23.6  19.0 2.6 -10.0 16.8 3.7 3.7 4.0
nevo o (1) 5.3 4.8 6.0 5.8 2.6 2.2 2.0 1.4
Hr70  (2) 4.0 8.6 4.2 9.0 3.5 4.5 4.5 4.0




)

STRESS (MPA) (X107

)

STRESS (MPA) (X10°

=]
S.,-'*

. [
ISk // =
= -

[ Y

- =
%_ / (]
[

— (]

- Q=
— [—
-~ — o (S

_ — A-2-P
= — P-2-P
I-~1 —lO.S Dl.S ! 1‘.5 ' 2,.5

STRAIN 2D

(¢) Loading pattern No.{(HT70)

Figure 4.5.7

Model A-2-P and Model P-2-P.

)

)

STRESS (MPA) (XI0°

140

S vy g IJ'

RI

W

| — A-2-P
< pP-2-P
< T T T T T T T
Q.o 1.0 2.0 3.0
STRAIN 7D

4.0

(b) Loading pattern No.2(SM41A)

. 60, . §0.
|

2.
I

)

(.IQ.“_
— A-2-P
7 P-2-P
bt T T T T T T T
0.0 1.0 2.0 3.0
STRAIN (GNP

(d) Loading pattern No.2(HT70)

"Comparisons of calculated stress-strain relations;



)

STRESS (MPA) (X10°

)

STRESS (HPA) (X10°

141

60
60, !

- B — A-2-L°
S = T T T l_-—‘_ IP_Z—IL T

°- 0 ST rATN cxoC *-0

(b) Loading pattern No.2(SM41A)
= =
%] -
wj 3: — A-2-L
:é % ’ | . ' ' F"lZ—L‘

°-° léﬂjeAfND w5 ° 29

(c) Loading pattern No.(HT70) (d) Loading pattern No.2(HT70)

Figure 4.5.8
-Comparisons of calculated stress-strain relations;
Model A-2-L and Model P-2-L.



STRESS (MPA) (X10" )

STRESS (MPAY (X10" )

142

3 =
tr=1
po _
< =

!
)
!

0. 0
L

STRESS (MPA) (X10
20, 0
%'\*

S;: — pP-2-L *-?: — P-2-L,

= M ) el T PIM
whes P ETRATN =° °-° ST RATN x5 C e
(a) Loading pattern No.l(SM41A) (b) Loading pattern No.2(SM41A)

- / ~

<] =

'_LSTi_bgTRngjcgf . °
(c) Loading pattern No.l{(HT70) (d) Loading pattern No.2(HT70)

Figure 4.5.9 _
Comparisons of calculated stress-strain relations;

Model P-2-L and Model P-3-M.



STRESS (MPA) (X10' )

_ /// / =
_ — A-3-M -
— P-3-M <
~1.5 -bD.s o.s | 1hs 2. s '
STRAIN QA
(a) Loading pattern No.1l(SM41A)
—1.5 .5 &

(c) Loading pattern No.l(HT70)

Figure 4.5.10

v
o

143

1].0 2. -
STRAIN (X%

ﬂ////% [%L/ ‘

_— — A-3-M
N — P-3-M
T T T T T T T
.o 1.0 2.0 3.0 4.
STRAIN [QPA

Comparisons of calculated stress-strain relations;

Model A-3-M and Model P-3-M.

4(d) Loading pattern No.2(HT70)

(b) Loading pattern No.2(SM41A)

w]



STRESS (MPA) (X10" )

)

STRESS (MPA) (XI10°

cs

[¥=]

=

= —
[
p—
><
—
—
o
==
=
(S
(S
SR I
Qe
—_—
(o]

Q.S 1
STRAIN (A

=
e
= |
[¥=)
- __| .
a —
= - // =
>
= =
— =
=
C.\l__ [y ]
[Gan]
— )
. [y
= o=
-~ o
=
L‘C>__.
- — P-3-M
= — P-3-M2
=
v T T
1.5 —0.5
'

(c) Loading pattern No.{(HT70)

Figure 4.5.11

144

_ — P-3-M
— P-3-M2
o | 1.0 .92 2.0

STRAIM (%)

(b) Loading pattern No.2(SM41A)

i V

7 T T T
1.0 2.0 2.0
STRAIN XD

(d) Loading pattern No.2(HT70)

Comparisons of calculated stress—-strain relations;

Model P-3-M and Model

P-3-M2.



)

STRESS (MPA) (X107

)

STRESS (MPA) (X10°

60.

STRESS (HPA) (X10'

(c) Loading pattern No.{(HT70)

Figure 4.5.12

)

)

STRESS (MPA) (X10°

145

=

Lr=J

2:_

S

2|

_ — P~3-M

o — p-3-L

"o.o | 1. " 2.0 a.a 4.0
STRAIN [SPZ4AED]

Wy

— P-3-M
- — P-3-L

(d) Loading pattern No.2(HT70)

Comparisons of calculated stress-strain relations;
Model P-3-M and Model P-3-L.



()

(b)

(c)

STRESS (MPa)

146

STRESS (MPa)

2 ..
STRAIN (%)

400

2004 .
————— Experiment

0

— Calculation

-200-

-400-

T [ 1 [ } | 1

STRAIN (7)

400+ =
o o e T '_, ,/' B ! I’
S 2004 4/
~ 4
%] ll
A
o
’—_
)
-200-
—400-{ =
1 | | I { i ] i ]
0 1 2 4 5

' -3
STRAIN (%)

"Figure 4.5.13
Comparisons of stress-strain
calculations (SM41A).

relations; experiments and



(a)

(b)

STRESS (MPa)

(c)

600
400 BBt - el
" /: I" "l
° : Yoy '," ;
ﬂg 200 : / 74y
] . .,
RN W ) ' 'y
LIJ o l' D "
E [} » " Y l’
n i.4q Y4 “
-200- ", >y
-400—
~600 ¥ T T 1 T T T
0 ! 2 3 4
STRAIN (%)

60

~-200 7

~-400-

-600

-———-Experiment

147

Calculation

STRAIN (%)
600
00+ B S e
A . "o o
S 2007 1y,
% ! f A
2 ! (]
(/)]
& ’ l: I" "'
o . . ’
e ’
@ -2007 ! /e
[} (4
: -
~400— J' weostgfhocs
~600 T T ! T T T T
0 1 2 3 4 5
STRAIN (%)

Figure 4.5.14
Comparisons of st
calculations (SM5

ress—-strain relations;

0YB).

experiments and



()

(b)

800

600

- 400

~n

o

o
!

o
]

STRESS (MPa)

-2007

~400—

-600—

-800 T T T T T ] T
1 2 -3 14
“STRAIN (7%)

800

600

————— Experiment

N ~
o o
o o
I ]

—— Calculation

STRESS (MPa)

-200-

-400-

-600-]

=800~ T =1 T T T
STRAIN (%)

|
—_
o
—_
N—
w

Figure 4.5.15
Comparisons of stress-strain relations; experiments and

calculations (HT70) (to be continued).



(c)

800

600

) BN
o o
o o
| |

STRESS (MPa)

~-200

-400-

-600+

800 T I T T T T T

---- Experiment

Figure 4.5.15 Calculation

Comparisons of stress-strain relations; experiments and
calculations (HT70).

149



Proposed model

_____ Experiment

) ~
o o
o P =
| |

STRESS (MPa)

-200—

-400

0 1 2
STRAIN (7Z)

N +~

o o

o o
1 1

o

STRESS (MPa)

-200+

~400-

STRESS (MPa)
(@]

STRAIN (7)

Figure 4.5.16

Comparisons of stress-strain relations;

Proposed model
Petersson-Popov model

n B
O (o}
T 9

STRESS (MPa)
O

STRAIN (%)

n B
O O
?_9

I
N
(@}
it

~400

STRAIN (%)

Proposed model and Petersson-Popov model(SM41A).

st



STRESS (MPa)

STRESS (MPa)

— Proposed mode 1

————— Experiment

600 7 /
400
200

i
1]
1.

)
0 H
i [
-200-]
-400— v i
’

-600-

-800 T T T T T T
2 3
STRAIN (7Z)

800

600

400

2004

-200

-400-

~-600-

-800—"—7 T T % T T
STRAIN (7Z)

Figure 4.5.17

STRESS (MPa)

STRESS (MPa)

et

Proposed model

Petersson-Popov model

800

600

400

200+

-200-

-400-

~600~

-800-

800

T

STRAIN (%)

NH
w

600

400

2007

-200

-400-

-600-

-800

STRAIN (%)

Comparisons of stress-strain relations;

Proposed model and Petersson-Popov mode1(HT70).




Table 4.6.1

Mechanical properties and chemical compositions.

Tension test Chemical composition 7
Y.P. T.S. BL. C Si Mn P S Ceq
(Mpa) (Mpa) (%) X100 X1000 X100

n
=
(S,
&)
=

353 529 28 16 33 145 16 2 14

o/ oyt
30T

20 +
Virgin curve

Reversod point

1.0 Reversed point No.2
No,1
b } + t t + {
~10.0 -80 -89 —f‘l.O -20 0 8.0 IOI.D
ep (%)

Second path

Figure 4.6.1
Experimental stress-plastic strain relations for

estimating fundamental surface size functions.

K .
1 1 ] J
0 25 5.0 7.5 10.0 . 1.0 1
Ey (%)
W 0.5
Eoi (1) 0.0 0.1 0.9 1.0 2.0 6.0
Ko 313. 315. - 3186. 338. 394. 514.
0.0 T T 1
dice/dEpi 825. 825. 825. 6200. 4900. 1620. 0.0 . 40 10.0
€p (%)
Kst 151. 231. 297. 350. 402. 518.
dicart/d Eni 67800. | 40000. | 16700. 4900. 4120. 1620. A . . )
’ ’ Figure 4.6.3 Weighting function.
KCeonv 172. 346. 435. 189. 534. 658.
Hicconv/d Evi 123000. 63700. 13700. 6860. 3430. 2650.

unil : MPa

Figure 4.6.2

Fundamental surface size functions.
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Table 4.6.4

Prediction errors of each calculation procedures.

(%)

Loading patlern not introduced e, 17 ! Ke.33 "2 | ie.17 and Ke.33 °°
@ 5.3 % 4.7 % 2.7 % 2.7 %
@ 6.0 3.5 2.2 2.0
() 4.2 2.9 2.2 1.9
@ 6.9 5.7 5.6 5.5
& 6.5 5.5 5.3 5.3
FL o7 was inlroduced as a fundamenial surface size function.
2 ice.s3 was inbroduced as a fundamental surface size Tunction.
13 ke vr and w33 were introduced as  fundamental surface size functions.
Table 4.7.1
Mechanical properﬁies and chemical compositions.
Tension testl Chemical composition 7%
Y.P. T.S. EL. ¢ Si Mn P S Ceg
(Mpa) (Mpa) (7) X100 X1000 X100
Steel-A 284 421 37 12 20 93 17 6- 28
Steel-B 265 470 31 19 22 80 14 14 33
o
Q.[ ~
o
~
0} -
0 © A -
A T Steel-A
o —  Steel-B
D T T T T T T T T 1
.0 2.0 4.0 - 5.0 8.0 10. 0

Figure 4.7.1

Elastié strain (%)

Tension stress-plastic strain relations.
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‘Table 5.2.1
Mechanical properties and chemical compositions.

Tension test Chemical composition 7%
Y.P. T.5. EL. G Si Mn P S Ceq
(Mpa)  (Mpa) (%) X100 X1000 | X100
S$S41 312 436 4.5 10 20 60 40 40 21
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Figure 5.2.1(a)
Configuration of H-shaped specimens.
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Figure 5.2.1(b)

Configuration of loading arms
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Figure 5.2.1(c)

Connections of specimen and a set of Tloading arms.

Figure 5.2.2(a)
Photographs of H-shaped specimen.



Figure 5.2.2(b)
Photographs of loading arm and beam specimen constructed

from a specimen and a set of loading arms.
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Figure 5.2.3 Loading frame and actuator.
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Figure 5.2.4(a)
Arrangement of loading frame, acutuator,

a set of supports and loading support.
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Figure‘5.2.4(b)
Photographs of loading frame, a set of supports

and loading support.
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* // Figure 5.2.5

Photographs of

a set of supports,.

—=~ Figure 5.2.6
Photograph of
loading support.
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Strain distribution

Curvature measurements by strain gages.
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(b) Testing machine
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By elastic-range
strain gages

By plastic-range
strain gages
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Load (tonf)
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(c) Experimental results

Figure 5.3.2

Comparison of strain measured by a set of plastic-range

strain gages and strain measured by a set of elastic-range

strain gages.



Detection part

I70 cuode/ <
‘ 40 —
, 160
— N\ o
100 | 30
unit : mm

(a) Configuration

(b) photograph

Figure 5.3.3

Pi-shape displacement gage.
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Upper flange

NV C—

Lower flange
(a)

Washers and nuts are sticked to the gage
with the instanteneous adhesive.

Nut ////Bolf
Washer —. ‘
( ;
% Pi-shape displacement gage
g i T /
Web surface
(b)

Figure 5.3.5
Measurement of bending deformations by means of Pi-shape

displacement gages (to be continued).
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Figure 5.3.5
Measurement of bending deformations by means of Pi-shape

displacement gages.
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Figure 5.3.6
Curvature measurement by a set of Pi-shape

displacement gages.
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High-sensitivity displacement gage.
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Curvature measurement by a set of high-sensitivity
displacement gages.
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Table 5.3.1 Measured bending stiffness.

¢9,1 ¢g.2 (159,3 (i)g ¢7‘[ th

No. 1 1.65 | 1.85 1.64 | 1.85 -- -
No.2 | 1.67 1.67 1.66 1.67 - -
No.3 | 1.72 | 1.72 1.70 1.71 - 1.39
No.4 | 1.80 | 1.81 1.80 1.80 - 1.43
No.5 | 1.78 | 1.80 1.82 1.80 .- 1.41
No.6 | 1.76 1.77 1.80 1.78 | 1.77 | 1.39
No.7 | 1.87 | 1.75 1.81 1.81 1.76 --
unit © x10°% KkNem?
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Experimental moment-curvature relations
measured using strain gages.
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Figure 5.3.10

Experimental moment-curvature relations

'

(d) measured by a set of Pi-shape displacement gages,

(e) measured by a set of high-sensitivity displacement gages.
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Curvatures on three cross sections measured by strain gages.
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Comparisons of curvatures measured by strain gages and

those measured by a set of Pi-shape displacement gages.
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Figure 5.4.1

Schematic figure showing how to load.
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Strain gage for controlling load

condition
_ 125"x4=500
S _______L____.- 8 |
. ‘l"o ]
, : o
4- ] o —————1
/

Strain gage Upper and lower flange surface
\_ | (a)
kN - ]

- L [ ] O

— ———— — -~ —_x_"..vm_ —t —— e
L [ ] [ b
-~ - .

Web surface
— ¥ _
l ‘—11
) (
I
—= w
Strain d (b)
t=8.7mm gage
w=6.Tmm
b=125mm F‘j;77
d=125mm r//
J
== — |
b .

Figure 5.4.3
Configuration of <c¢ross section ‘and
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(a) Micro computer system (b) Dynamic strain meter
PS9000 system H1500 DPM-611B

(c) Filter P-83

Figure 5.4.4 Photographs of measurement equipments.
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(@) RS-200 Milling guide

Figure 5.5.1
Measurement equipments of residual stress

(to be continued).
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(b) Electric drill and milling rod

(c) Slidac

Figure 5.5.1

Measurement equipments of residual stress.
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Figure 5.5.2

Arrangement of strain gages.



(a) Strain gage wiring

(b) Setup of Milling guide (c) Adjustment of drilling point
Figure 5.5.3

Measurement procedure of residual stress

(to be continued).
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(e) Electric drill attached to Milling Guide

Figure 5.5.3

Measurement procedure of residual stress.
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Rosette-t pe§§lr§§'
strain gade €152 S
»\\ €

Figure 5.5.4

Two dimensional uniform stress
distribution with a hole.

Figure‘5;5.5
Digital strain meter H-1021.

Type : FRS-2
(Tokyo Sokki Kenkyujo Co., Ltd)

Gage length : 1.5mm

Gage width :1.3mm

Figure 5.5.6
Rosette-type strain gage.
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Table 5.5

.3

Effects of a hole distance.

Interval of strain gages
Position Direction

14 mm 20 mm 56 mm

1 | 0 1

Left side i 2 i 0

11 5 2 2

1 30 45 7

Dritled point 1l 189 203 171

11 310 283 280

1 0 2 1

Right side I 2 - 1

1l 8 3 0

Cunitbt oo )

B

N,

Rosette-type

Hol i strain gage
ole position uto )
—us un’ o™
A 12
‘Ul ‘U4 *us ‘U2 ur7? 5
‘U5 U3 5 g
‘U2 ‘us ‘U9 ‘ve g ML T
‘U7 U5, B
uie 0,
40 132.6 77.5 775 1325 40
500

(a) Upper flange

AN

Rosette-type

7| . <_ strain gage
Hole posi\ﬁon
O “le -
. 6
¥ i S g
L3 o o
‘La ‘L9 sl
L5 L0 “io
172.5 155 172.5
500

(b) Lower ftange

Figure 5.5.10

Measured points of residual

stress.

203



Table 5.5.4(a)

Measured residual

stress (upper flange).

Table 5.5.4(b)

Measured residual stress (upper flange).

Measurement Principal stress Normal stress Shear
point No. (MPa) (deg) (MPa) stress

(Upper (MPa)
flange) 0 0 a 6 0 x oy T xy

16. -9. -31 -3. 10. 11.

U1l 62. 47. -42 62. 47. 1.

-7. 23. -37 4. 12. 15.

20. -20. -36 -6. 6. 19.

ui2 33. -21. 6 0. 7. 0.

7. 7. -45 7. 7. 0.

49 3. -5 3 48. 4.

U13 46. 4. 36 5 45. 6.

4. 37. -3 5 37. 2.

9. 16. 30 14. 11 3.

14 19. 3. 4 9. 13. 8.

-4. 15. -9 -3 14. 3.

-23. 15. 19 11. -19. it.

() 15. -186. -23 1. -12. i1.

8. -15. 43 -3. -4. 12.

-10. -15. 15 10. -35. -12.

Ute -- -- -- -- -- --

2. 12. 21 11. 3. q.

ut7 -6. -6. -45 -6. -6. 0.

-6. -8. -45 -6. -6. 0.

-40. -56. 16 -42. -55. 4.

uis 33. -108. 23 -89. 14. 49.

-52. -29. 36 -37. -44, 11.

Measurement Principal stress Normal stress Shear
point No. (MPa) (deg) (MPa) stress
(Upper (MPa)
flange) o O e G x gy T xy

-83. 43. -10 39. -80. -21.
Ut -71. -1. 27 -7. -64. -20.
-5. -45. -16 -8. -42. -10.
-102. -13. 8 -15. -100. 12.
U2 9. -60. -26 2. -53. 22.
6. -85. 18 -1. -58. 21.
13. 81. 15 76. 18. 17.
U3 24. 58. -186 32. 50. -14.
1. 62. -10 2. 61. 10.
17. -24. -37 -9. 2. 19.
VX! 12. -27. 8 -13. -2. 19.
11. -21. 31 3. -12. 14.

43. -2. -4 -2. 43. 3.

us 38. 4. 37 4. 37. 5.
-3. -g9. 6 -8. -3. -1.

U6 -2. -4, -16 -2. -3. 1.
-2. -6. 17 -2. -6. 1.

-24. 35. 13 32. -21. 13.

u7 -2. 18. 16 13. 3. -8.
18. 34. -3 18. 34. 1.

-6. -33. -21 -29 -9. 9.

us It. -49. 2 -21. -17. 30.
-4, -24. -16 -6. -23. -5.

-182. 167. -43 4. -19. -174.

U9 13. -43. -9 -6. -23. 26.
232. -265. 42 8. -41. 248.

32. -47. -43 -10. -4, 40.

U10 - - .- -- -- --

vog



Table 5.5.4(c)

Measured residual

stress (lower flange).

Table 5.5.5

Measured residual

stress (mean values).

Measurement Principal str | Normal stress Shear
point No. (MPa) (MPa) stress
(MPa)
dr Jaq g x gy T xy
Upper flange
Ul -53 -1. 8. -62. -17.
U2 -29. -46. -5. -70. 18.
U3 13. 67 37. 43. 4.
ug 13. -24. -6. -4, 17.
Us 41, 1. 1. 40. 4.
U6 ~2. -6. -4, -4, 0.
u7 -3. 29. 21. 5. 2.
us 0. -35. -19. -16. 11.
ug 21. -47. 2. -28. 33.
ulo 32. -47. -10. -4. 40.
Uil 24. 20. 21. 23. 9.
u12 20. 1. 0. 3. 6.
Uul13 33. 15. 4. 43. 4.
ul4a 8. 1. 7. 13. 5.
U1s 0. -5. 6. -12. 11.
U16 -10. -15. 10. -35. -12.
U17 -3. 0. 0. -3. 1.
u1s -20. -64. -56. -28. 21.
Lower flange
[ 29. 4. 74. 29. -5.
L2 -31. 37. 2. 3. -486.
L3 -30. -4, -22. -12. -11.
L4 1. 31. 20. 12. -14.
LS -27. 35. 18. -9. -20.
L6 19. 33. 31. 21. -T.
L7 58. 22. 32. 48. -11.
L8 16, 66. 32. 79. -4,
LS 25. -4. q. 17. 12.
L10 -15. -8. 0. -22. -3.

Measurement Principal stress Normal stress Shear

point No. (MPa) (deg) (MPa) stress
(Lower (MPa)

flange) To 0a e 7 x gy T xy

15. 95. 5 91. 16. 7.

L1 31. 102. 20 89. 44, -27.

42. 26. 19 40. 28. 5.

16. -39. 21 -32. 9. -19.

L2 -59. 126. 10 66. 0. -86.

-51. 23. 34 ~-28. 0. -34.

-12. -5, -36 -T. -9. -3.

L3 -32. 11. -6 -15. -6. -21.

-46. -19. 19 -43. -22. -9.

L4 1. 31. 8 20 12. -14.

-36. 55. -1l 52. -32. -17.

L5 -17. 47. 6 22. 8. -31.

-27. 4. 25 -21. -2. -12.

9. 34. -20 32. 12. -8.

L6 18. 42. 10 34. 26. -11.

31. 24. -36 28. 26. -3.

71 19. 28 31. G0. -22.

L7 45. 23. 35 23. 44. q.

57. 25. -43 42. 40. -16.

73. 31. 10 33. 72. -T.

1.8 38. 69. -37 39. 68. -4,

28. 98. 2 28. 98. -2.

33. 1. -16 13. 31. 6.

L9 17. -19. T -6. 3. 17.

18. 47. -17 45. 21. -8.

L10 -16. 2. 7 2. -15. 2.

-46. -74. -8 -46. -73. -3.

¢

03

A



Normal stress O,

” v

Normal stress Oy

| < /

‘S y

Shear stress 'Exy

G N \

~10OMPa | 100MPg;
I

(a) Upper flange

Figure 5.5.11(a)

Residual stress distributions on upper flange.

Normal stress Oy

4

Normal stress Oy

/
>

Shear stress 'Exy

L-100MPa | 100MPaq;
I

(b) Lower flange

Figure 5.5.11(b)

Residual stress distributions on lower flange.
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(a) Flange

Ort /Ore=0.3~1.0

NARRORSHRRARTRERRR

Pattern NO.1

(b) Web

Figure 5.5.13
Typical modelling of residual
of heat rolled H-shaped beam.

Pattern NO.2

stress distribution
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(b)

Figure 5.5.14
Cutting of material test specimens

from H-shaped beam specimen (to be continued).
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Figure 5.5.14
Cutting of material test specimens

from H-shaped beam specimen.



Figure 5.5.16
Configuration of specimens.

T
l |
7 7
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_____ 720 .0 23
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Figure 5.5.15 %
Test specimen number.
TN 4_/——-——— — 7
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Figure 5.5.17 Testing machine

for tension tests.

4 .
Strain gage N\

Figure 5.5.18

Strain measurements by strain gages.



Load (KN)

10.

cell.

A=30.9um/KN(303.um/tont)

| | { Il 1

50, 100. 150. 200. 250. 300.
Output (pm)

Figure 5.5.20 Calibration of load cell
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Figure 5.5.21
Photograph of compact disk recorder and

static strain meter.

kg%/(r)nm2 MPa
F Web
AOT 1400
2 T
g:_l b —e——=—" Flange 7
}_.
(V2]
204 4200
O 1

o 1 2 3 4 59
STRAIN(%,)
Figure 5.5.22

Typical tensile stress-strain relations.
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Table 5.5.6

Mechanical properties obtained from tension tests.

Specimen No. Young’s modulus Lower yield point | tensile strength Fracture stress
(X105 MPa) (Mpa) (MPa) (MPa)
Fiange
I 2.09 323. 445. 362.
2 2.11 294. 435. 339.
3 2.06 312. 451. 355.
7 2.09 292. 436. ' 345.
8 2.13 286. 433. 334.
9 2.06 294. 438. 336.
16 2.09 304. 443. 361.
17 2. 14 288. 435. 342.
18 2.15 316. -- --
mean 2.10 301. 440. 347,
Web
10 2.10 415. 503. 411
1 -- 397. 493. 399.
12 2.10 406. 500. 390.
13 2.09 394. 496. 408.
mean 2.10 403. 498. 402.

Table 5.5.7
Lower and upper yield point obtained from

strain control tests.

|
) . ¢
ceime | upper vield point ] Lower yield point | Upper yield poin
Spttlm(” v " (%Pa) (Mpa) Lover yield point
|
i
Pla“ﬁu 332, 305. \ 1.09
5 337. 292. { 1.15
0 358. 303. | 1.18
19 350. 310. 113
20 337. 287. 1.1?
21 350. : 310. | l.li
52 350. 305 | 1.15
23 355. 1.20
)4 330. 1.1%_ _______ B
mean 344. ‘ 300. 1.15
7
Weh
14 — L 398. R
15 e 403. —_—
mean —— 401. —_—
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Figure 5.5.23

Experimental

stress-plastic strain curves

for estimating surface size functions.
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Figure 5.6.1

Area coordinates system for triangular e]ement5602).
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Figure 5.6.2
Evaluation of plastic strain values and stress values

using fundamental surface size functions and strain values.
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Figure 5.6.3

Appropriateness of the proposed calculation procedure.
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Assumed stress~-strain -
curve
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Figure 5.7.1

Assumption of tensile stress-strain curve for flange.
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Figure 5.7.2 Surface size functions (to be continued).
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Figure 5.7.2 Surface size functions.
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Figure 5.7.3 Linear weighting functions.
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{c) Mesh pattern C

Comparisons of calculated monotonous moment-curvature

relations;

Table 5.7.3

mesh patterns.

Comparisons of calculated monotonous moment-curvature

relations; effects of mesh patterns.

Moment (kN-m)

Curvature (1/m)

T T
Mesh~A | Mesh-B | Mesh~C
1 L
l T
9.8 . 0.00571 | 0.00571 | 0.00571
19.6 0.0114 | 0.0114 b 0.0114
29.4 0.0171 { ©0.0171 1 0.0171
39.2 0.0228 | 0.0228 } 0.0228
41.2 0.0240 1 0.0240 0.0240
43.1 0.0251 | 0.0251 | 0.0251
45.1 0.0263 | 0.0263 0.0263
47.0 0.0280 | 0.0278 0.0277
49.0 0.0321 | 0.0321 | 0.0321
50.0 0.0384 | 0.0381 i 0.0381
51. 0.0504 | 0.0500 0.0500
51.9 0.0846 [ 0.0839 | 0.0837
52.9 0.219 [ 0.218 ] 0.217
53.9 0.428 | 0423 | 0.422
54.9 0.644 [ 0.637 ; 0.636
55.9 0.860 |} 0.853 | 0.852
I 4
N i
Noode 104 } 228 | 403
1
Nelom 124 ! 328 ! 648
CPU(sec) 24.7 | 48.7 i 85.2
| 1
I
Ngtop 166 ! 167 { 167
} 1
CPU/N yop(sec) 0.149 : 0.292 i 0.510
Nnode is number of nodes.
Nelem 19 number of elements.
Nstep is number of calculation steps.

Computations were carried out on HITAC M682H. -
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Table 5.9.1
Comparisons of calculation time;

tangent stiffness method and proposed method.

Tangent stiffeness Proposed
method simplified method
Load pattern | CPU(sec) Nstep CPU/Nstep(sec) CPU(sec) Nstep CPU/Nstep(sec)
No.1 T4.7 558 0.134 0.979 550 0.00178
No.2 199.0 1193 0.167 1.56 850 0.00184
No.3 153.0 956 0.160 1.13 650 0.00174
No.4 39.6 215 0.184 0.365 200 0.00183
No.5 55.6 246 0.226 0.372 200 0.00186
Mean value . 0.174 0.00181

Computations were carried out on HITAC M682H.

Nstep is number of calculation steps.
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