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Summary

Main purposes of this work are to clarify mechanism of large bending deformation,
and condition of bending crack initiation and also to propose a new practical method of

bending test for industrial use.

In order to analyse large bending deformations of wide and narrow thick steel plates,
analytical methods for bending of thick plates in the plane strain state and in the plane
stress state were derived and calculated bending strains were compared to experimental

results with good agreement.

On the other hand, many bending tests under uniform bending load and concentrated
load were carried out and results were analysed by the methods and the condition of

bending crack initiation was discussed.

Based on the above resulls, a new reasonable method of bending test for thick steel

plate was proposed.

1. Introduction

Many ,industrial bending tests have been
carried out to examine the ductility of mate-
rials, but these tests, for example JIS or
ASTM standards, seem to be developed by
experience and have some unreasonable points
and establishment of more reasonable method
is desired.

Research about bending crack initiation is
quite few and there is only one research'’ by
Sangdahl and Sachs and they concluded that
initiation of bending crack was affected by
the biaxiality of stress distribution on surface
of bent plate.

In order to investigate the condition of
bending crack initiation more precisely, ana-
lytical method for large plastic deformations
of thick plates were derived and differences
in bending strain and stress distributions be-
tween the plane strain state and the plane
stress state were clarified by the methods.

As a result of the analysis, it was found
that for the same bending strain, circumfer-
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ential bending stress in the plane strain state
is a little larger than that in the plane stress
state. Therefore bending crack initiates al-
ways in the middle part of plate whose stress
condition is the plane strain state.

To find a more reasonable bending test
method for industrial purpose, many tests
under concentrated load were carried out and
effects of shape of test specimen and friction
force between the specimen and support on
the bending crack initiation were clarified, and
relations between bending strain and bending
angle and between maximum bending strain
and ratio of plate thickness to head radius
of mandrel etc. were obtained.

2. Theory of Large Deformation of Thick

Plate under Uniform Bending Moment

Large uniform bending deformation of thick
plate as shown in Fig. 1 is described exactly
by the outward radial displacement U and the
bending angle ¢. The radial displacement
and the tangential displacement U and V were
used for analysis of plastic bending of thick
plate but they can be used accurately only
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Fig. 1 Large bending deformation of thick plate

for small bending deformations. Using these
displacements U and 6, nominal circumfer-
ential strain increment 4e; and radial strain
increment 4e, due to increase in the bending
angle can be written as

N /
= ACAC_0 (1 Uy,
v
¢ (1)
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2.1 Distribution of Uniform Bending Strain
in the Plate Strain State

Bending radii 7, and 7, on surfaces of convex
and concave side of thick plate and the bend-
ing angle 6 change from some values (7y;, #us,
;) at i-step to another values (#yi11, Zait1, Oit1)
at /+1-step as indicated in Fig. 2.

The nominal bending strain increments on
the surfaces of the plate between the two
steps are given by eq. (2)

¥oir10i Vai+10s
bi+1Vi+1 1 , Aeaai: at+1Y4+1 __1

AEo bi—
76%01 70/50'5

(2)

Assuming the condition of no change of
volume, we find the following equation.
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Fig. 2 Deformation at 4 and 7+1 step of loading
in the plane strain state

From eqs. (2) and (3), we have

(ryi—7a)ri(1+ degys)
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From egs. (2), (3) and (4), the following
relations are obtained for the radii of an
arbitrary fiber of the plate 7; at i-step and
7;41 at ¢-+1-step.

(r ?i_riz)
rai(1+ degy;)’ — 77 (1+ deg;)
(7’4;2-—7’2«;)

N 7 (14 degi)* — 721+ degy;)® 71+ deoi)
(9)

From eq. (5) the nominal circumferential
strain increment Jdey; of an arbitrary fiber at
i-step can be written as eq. (6)

degi= \/B ( rrrrr > —1

Vai?bi

751+ degyi)* —7ai(1+ degai)”

2" 7’1(1‘{" Asﬂi)
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(6)

where

1::

X \/ (47 Yai
(14 degy:) — (1 + degai)®

Oiv1
B;= 0,

Expanding eq. (6) into Taylor series and
neglecting powers higher than 2 of small
quantities, we have the same formula derived
by Hill¥ and Schaffer® for small bending
deformation.

2.2 Distribution of Uniform Bending Strain
in the Plane Stress State

In case of the plane stress state, since lon-
gitudinal cross section of the plate, »# plane,
has no normal stress perpendicular to the
plane, transverse cross section of the bent
plate does not remain square.

In order to analyse bending deformation of
thick plate in the plane stress state, we assume
that ratio of breadth to thickness of the plate
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Fig. 3 Deformation at ¢ and i¢-+1 step of loading
in the plane stress state

is very small and shape of the transverse
cross section of the bent plate is approximately
trapezoidal instead of fan shape as shown by
dotted line in Fig. (3).

7piv1="7ps(1+ Aeﬁbi)"ﬂi ,

Ois1

Oivr _ {75i(1+degpi)—70i(L+ deg0i) H(Brivs +2Buais1)7ai(1+ degos) 4 (2Bgiv1+ Bair )75i(1+ degsi)}

0
Vair1= 7’,“;(1 -}~ Aea‘”-)ﬁéfg

i+1

Using the above assumption, shape of the
bent plate is described by the radius 7, breadth
B, on convex surface, the radius 7»,, breadth
B, on concave surface and the bending angle
0. From the condition of constant volume
eq. (7), relations between these quantities at
i-step and 7-+1-step can be expressed by the
strain increments degy; and deg,; as eq. (8).

B+ Bs; i—7ai Bai‘l‘ZBbi)a

(43
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Considering the condition of continuity of
strain at the boundary of upper and lower
part @ and @ of cross section of the plate
shown in Fig. 3, the following equation is
obtained for bending radius 7»; of an arbitrary
fiber of the bent plate at 7-step.
2P(Chi+Cai)(14 depi)?

+[Coil(Bpis1 +2Q:)7:  — Pitpina 73}
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Fig. 4 Stress components in the bent plate

B 1=By; exp [ V(1+degys)]
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Breadthwise strain increment 4e¢,; on the
fiber is (B,,,,/B;)—1 and the radial strain
increment Je,.; on the fiber is easily obtained
from the condition of constant volume.

depi= 1+ degs)(1+de,i) ' —1

2.3 Equilibrium of Forces

Normal radial and circumferential stress
components ¢, and ¢, of the plate under uni-
form bending load are functions of radius 7
only and shearing stress component of the plate
vanishes from the condition of symmetry, and

(10)

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

Bending of Wide Thick Mild Steel Plate

o]
Layers divided for numerical analysis

Fig. 5

equilibrium equation of forces in the radial
direction of the bent plate is

(0,4-do,)r-+dr)d0(B+dB)—a,rd0B
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h; is very small compared with thickness of
the plate T, eq. (13) can be used instead of
eq. (12) with sufficient accuracy.

B+ Bj

5 13)

[0‘,1’B]:§+1$O’,9j (7’j”‘7’j+1)
2.4 Loading and Unloading

With increase of bending deformation neu-
tral surface of the bent plate moves to concave
side. Equivalent strain in portions I and III
in Fig. 6 increases with increase of bending
load, but the strain in portion II decreases
and unloading occurs.

Applying Tresca’s yield condition to the

2B+dB)dr .
:2‘70(4"2—)‘“19 (1) work hardening behaviour of material, the
L ' following relations between o, and o, are
Neglecting small quantities higher than the  piqined.
second order, eq. (11) becomes
-C—l—((Tﬂ’B) =agyB (12)
dr
In case of the plane stress state, breadth
of the plate B changes with increase of load,
but in case of the plane strain state the
breadth does not change.
For numerical calculation, the plate is di-
vided into N thin layers of equal thickness
as shown in Fig. 5. When thickness of layer Fig. 6 Loading and unloading process
for loading layers; laﬂj—o'rj]:f:t<% Iéaﬂ) (in the plane strain state)
[o-o,-——a”-,l:fi<% [Ee,-~?:”-|> (in the plane stress state) (14-1)
for unloading layers; |og;—0.5=0, (in the plane strain state and )
in the plane stress state)
‘When Mises’ yield condition is applied, the following relations are given
. 2 2 . .
for loading layers; lﬂaj—grjl:ﬁ fi<7?|§g,-[> (in the plane strain state)
S Y 2
Vahi—0010,5+015=F. i('——“/—g— V(Eog—5r3)" + Eri—En)" -+ (Ezj_gﬁj)2>
(in the plane stress state) P (14-2)
for unloading layers; |og;—0yj]|= fgoy (in the plane strain state)

2 2
V03—00i0,i+02i =0,

(in the plane stress state)

where f; means the equivalent stress-strain relation used for layers under tensile load and
f- means the one for layers under compressive load and ¢, is yield stress at i-step and & is

logarithmic strain component.
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2.5 Boundary Condition

As the radial stresses o, on surfaces of the
plate are always zero, the bending stresses oy
on the surfaces are determined by the total
strain theory, if the strain components on the
surfaces are given.

Fig. 7 indicates a flow chart for numerical
analysis of bending in the plane strain state.
When the bending radii 7, 7., the bending
angle @; at i-step and the bending strain in-
crements degp;, degq; between i-step and +1-
step are given, the strain distribution of the
bent plate at 7} 1-step can be determined from
eq. (6) or (9) and stress distribution at 7-+1-
step may be determined from egs. (13) and
(14).

Ratio of the bending strain increments of

(0 » Tao = 8 > Zono

Relation between Stress and Strain

Initial Conditions
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Fig. 7 Flow chart for numerical analysis

the surfaces dep,;/degy; should be determined
by iteration method shown in Fig. 7 so as to

satisfy the condition of no axial force, that is
M:S

" vorBdr= S” oo(r—r)Bdr  (15)

Ta Ta

where 7, is bending radius of neutral surface
of the bent plate.

3. Results of Calculation

For numerical calculation, the plate was
divided into 50 thin layers of equal thickness
and the bending strain increment on convex
surface Jdey; between i-step and i+1-step was
assumed to be 0.005 and the increment on
concave surface dep,; was determined so as to
satisfy eq. (15) by the iteration method indi-
cated in Fig. 7.

The equivalent stress-strain relation ob-
tained from tensile test result of a thin steel
plate was used for tensile part of the plate
and the relation obtained from compressive
test result of a solid cylinderical steel speci-
men was applied to compressive part of the
plate.

Fig. 8 shows relation between the bending
radius on convex surface 7, or the bending
angle ¢ and the bending strain on convex
surface e in the plane strain state. Fig. 9
illustrates relation between thickness of the
plate T or the bending radius of the neutral
surface 7, and the radius of convex surface
73 in the plane strain state.

10
Theory (using 0~€ from Tensile Test
] and Compressive Test )
o — Tresca's Yield Condition
[ \€
} +— Mises’ Yield Condition
R

\ oExperiment Egp
5 (Kjv 1500

N R
rb/ To \/ ) 9/ eo o
—x D
>
J\O\M
0 0.1 0.2 03 0.4 05 I

Eob

Fig. 8 Relation between bending radius or bend-
ing angle and circumferential strain in
the plane strain state
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Fig. 9 Relation between thickness of plate or
radius of neutral surface and radius on
convex surface of plate in the plane strain
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Fig. 10 Strain distribution in the plane strain
state

As it is clear from Fig. 8 and 9, there are
no distinct differences in bending deformation
between the case based on Tresca’s yield
condition and the one based on Mises’ yield
condition. And there are also no large differ-
ences in the deformation between the two
stress states with the exception of differences
in the radius of the neutral surface.

Figs. 10 and 11 show typical examples of
strain and stress distributions at each loading
step on the longitudinal section of the plate
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in the plane strain state.

From these figures, it is recognized that
there are hardly any differences in the strain
distribution between the two cases, but a
little differences are found in the stress dis-
tribution and the stresses based on Mises’
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Fig. 11 Distributions of circumferential stress
and radial stress in the plane strain state
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Fig. 12 Strain distribution in the plane stress
state
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Fig. 13 Distributions of circumferential stress
and radial stress in the plane stress state
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Fig. 14 Relation between bending moment and
bending strain

yield condition are a little larger than those
;based on Tresca’s yield condition, especially
“in the part of compressive side of the plate.

Figs. 12 and 13 show some examples of
strain and stress distribution in the plane
stress state. In this state, similar to the
above examples, there are little differences
in the strain distribution between the two
cases, but in the stress distribution, the same
tendency as in the case of the plane strain
is found. Although the bending stresses based
on Mises’ yield condition are a little larger
than those based on Tresca’s one, there are
negligible differences between two bending

moments calculated from the two stress dis-
tribution as in Fig. 14.

Fig. 14 shows relation between bending
moments and bending strains. In case of
plane strain state, bending moments calculated
from the stress distribution based on Tresca’s
yield condition agree with experimental results
with sufficient accuracy, but the moments
based on Mises’ yield condition is a little
larger than experimental ones.

On the other hand, in case of plane stress
state, the calculated bending moments based
on the two yield conditions agree well with
the test results.

4. Results of Bending Test

In order to verify the validity of the theory
of bending derived in the previous section,
bending tests under uniform bending load and
concentrated load were carried out and test
results were compared with the theoretical
values.

On the other hand, influence of shape of
test specimen and loading apparatus on the
initiation of bending crack were discussed and
a new practical bending test method was
proposed.

4.1 Material

Material used for the bending tests is mild
steel and its chemical compositions and me-
chanical properties are shown in Tables 1 and
2.

Table 1 Chemical compositions (%)

C Si Mn P S

0.17 0.02 1.09 0.012 0.017

Table 2 Mechanical properties

€U
(%)
25.2

8
(%)
60.1

P
(%)
35.5

a1.3y. OB K
(kg/mm?) | (kg/mm?) | (kg/mm?)

25.5 43.9 21000

4.2 Test Specimen and Test Apparatus
a. Uniform bending test

Uniform bending tests were carried out
under 4 point loads as shown in Fig. 15-1 for
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comparatively small bending deformation and
after the deformation reached to some limiting
value, the specimen was bent by compressive
load as illustrated in Fig. 15-2 until many
bending cracks were observed.

In the later test, ratio of compressive stress
to bending stress at middle section o./o, is
smaller than 5% and effect of compressive
stress on the initiation of bending crack is
considered to be negligible.

Shape and size of the specimens are shown
in Fig. 17 and Table 3.

As breadth of middle part of UB-Type speci-
men is narrowed, bending deformation was
concentrated mainly in this part and bending

P

Fig. 15-2 Bending test under compressive load
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Table 3 Size of specimen for uniform bending

test
Type Lo (mm) | By (mm) | b (mm) b/To
UB 1 60.0 19.0 1.0
UB 3 180.0 57.0 3.0
UB 5 800.0 300.0 95.0 5.0
UB 8 480.0 152.0 8.0
UB 10 600.0 190.0 10.0
UBE 800.0 500.0 500.0 26.3
2P

UB Type

Bo

Shape of Notch

_@_

~J40- |
Lo !

Fig. 17 Shape of test piece

|
|
Ba

cracks were found in this part. Breadth of
UBE-Type specimen is very large and has no
narrow part and region of the plane strain state
was about 90% of breadth of the specimen.
b. Bending test under concentrated load

In order to develop a simple and practical
bending test method, bending tests under
concentrated load were carried out and test
results were compared with those of uniform
bending tests. The test method is shown in
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Table 4 Size of specimen for bending test under
concentrated load

Type Lo (mm) By (mm) Bo/T

CB 1 104.0 19.0 1 o
CB 2A 230.0 38.0 2

CB 2B 180.0 38.0 2

CB 3 104.0 57.0 3

CB 5 104.0 95.0 5

CB 8 104.0 152.0 8

CB 10 104.0 190.0 10

Fig. 16 and shape and size of specimens are
shown in Fig. 17 and Table 4.
4.3 Measurement of Bending Strain

For small deformation, bending strains were
measured with strain gages and for large
deformation, the strains were estimated from
radius of curvature measured with a simple
device shown in Fig. 18 and strain determined
from change of space of grid printed on sur-
face of specimen, that is, the bending strain
on convex surface of specimen is calculated
by the following eguation.

cg=7} Sin <§/g>—1 (16)
"y
where
2
= V[;I;/— 4 : radius of curvature on

surface of specimen
W: relative displacement
between spindle of dial
gage and fixed legs
S: space of grid on sur-

Fig. 18 Device for measurement of curvature

face of bent specimen
(initial space is 2 mm)

bending angle for chord

length of 4 mm

4.4 Bending Moment and Bending Strain
a. Uniform bending test

Uniform bending tests were carried out,
using the two methods illustrated in Fig. 15,
and typical test resuls are shown in Fig. 14,
The figure shows relation between bending
moment at middle section of specimen and
bending strain on the section, marks ® and
O are observed values in the plane strain state
and in the plane stress state respectively, and
they agree quite well with the calculated
results based on Tresca’s yield condition.
b. Bending test under concentrated load

In this case, when the load is not small,
we can not neglect effect of friction force F
between supports and specimen on the bending
moment.

2P

PQ N

Sy,
(RS
» \s“\;/ " T_/L_}_t

|-

Fig. 19 Friction force on supports

Considering the friction force, the bending
moment at middle span of the specimen is
calculated from the following equations.

M=NEt+Fy
where
N=P/2sec—Ftan @

€=L/2cos 8+ —TJ2)sin 0
n=L/2sin §—(3'—T/2) cos 0

(17)

Fig. 20 shows relation between the friction
force per unit breadth of the specimen F/B,
and concentrated force 2P at middle span,
and relation between the bending angle ¢ and
angle of inclination ¢ of reaction force @ to
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Fig. 20 Relation between friction
‘concentrated load

force and -

the normal of the specimen at the support is
also shown in the figure.

When 0=¢, the friction force is nearly equal
to zero, but if the bending angle 6 exceeds
10 degree, the force increases in proportion
to the load 2P and even after the load ap-
proached to its maximum value 2Pp,x, the
force increases continuously with increase of
the bending deflection as shown in Fig. 20.

The friction force was determined from the
following equation

5 (18)

where E is Young’s modulus and ¢ and e,
are elastic circumferential strains measured
with strain gages on convex and concave sur-
face of the specimen at A-A section shown
in Fig. 19.

Relation between the bending moment with
friction force correction and the bending strain
obtained from results of the bending test agrees
with that obtained from uniform bending test
quite well, but when the friction force is
neglected, a little difference is found between
the two bending moment-strain curves.

4.5 Initiation of Bending Crack

Fig. 21 shows relation between circumfer-
ential bending strain at the crack ¢, and
initial thickness of specimen T, under uniform
bending load. 2C is the crack length measured
with magnifying-glass and dot-dash-lines show
relation between maximum bending strain
¢smax and the thickness T,, and the strain
¢smax 1S the maximum strain determined from
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combination of the plate thickness 7, and
head radius of mandrel R geometrically.

It can be seen from the figure that the
bending strain at the crack e, decreases with
the increase of the plate thickness 7, and
converges to some minimum value and for
the same crack length, the strain ¢, in the
plane strain state is about 40% smaller than
that in the plane stress state.

In order to confirm the cause, strain and
stress distribution in the two stress states
were analysed by the theory derived in sec-
tion 2. In the both states, the normal stress
in radial direction ¢, on the surface of the
specimen is zero and the stress gradient do,/dr
in the vicinity of the surface is nearly equal
to zero, then the stress ¢, can be assumed to
be zero in the outermost layer of the bent
specimen.

Fig. 22 shows relation between circumfer-
ential stress g, and logarithmic bending strain
&g in the two stress states and relation between
breadthwise stress ¢, and the strain & in the
plane strain state.

Bending strain gradient d&,/d» and bending
stress gradient doy/dr in the outermost layer
of the plate are shown in Fig. 23 in nondi-
mentional forms.

As it is clear from the figure, there is no
large difference in stress and strain gradient -
between two stress states, and obviously these
gradients decrease with increase of plate thick-

10
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1

o I ==
w N —Q /)

=08 Tys 204
R= - - el
05|20l g =

Ean «

e

b; —
i ., ) i
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Fig. 21 Relation between nominal bending strain
at the initiation of crack and plate
thickness
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gE 4.6 Bending Crack in the Plane Strain State
£ 80 P Since the first bending crack initiates always
£ L = in the region of plane strain state unless
60 - s . .
S e breadth of the specimen is extremely small,
. A _d— . e o
° Cx mechanism of the crack initiation should be
© 40 [/ g discussed in the plane strain state. Relation
B o To between range of the plane strain state b
ke ra . . .
20 Plane Strain_|— |-— observed in the two kinds of bending tests
Plane Slregs |--— i and breadth of the specimen b, or B, is shown
0 of 02 03 04_ 05 in Fig. 24 and touched breadth of mandrel
, Ceb b’ on the specimen under concentrated load
Fig. 22 Bending stress and strain on the surface is also shown in the figure.
of plate in the two stress state Deformation of the specimen caused by
uniform bending load tends to be saddle form
0 20 but deformation of cross section of the speci-
o [y, [€en, . men under concentrated load is restricted W.lth
ﬁ, Plane Strain ————| % the mandrel and the saddle type deformation
S Ra e e S— R S is difficult to occur, therefore the range of
‘gl els the plane strain state of the specimen under
- concentrated load is wider than that under
05 g 1.0 . . . .
s uniform bending load.as seen in Fig. 24.
=7 Fig. 25 shows relation between the bending
/,/ e strain at each crack length 2C and breadth of
/
] 10 ,
0 , ! L ! L 0 . bB.| | __| Toutched Zone of
0 0l 02 03 04 05 @8 = Mandrel
_ 0 — [ce D7 | T
Eeb . I — %ﬁ Bo
Fig. 23 Strain and stress gradients on the surface S / 7] CB Type /B, L L
of plate 05141 &7
A —1 uB _L
/ 1 " be
: ° / UB Type B/b |
ness and tend to zero, then trend of the strain S ¢ 718 Type B/D:
. . . I} B -
¢s; and plate thickness 7, curves in Fig. 21 1 b €20
may be explained. 0o 2 4 6 8 10
In the next place, difference between mag- bo/t,,Be/T,
nitude of the strains ¢, in the two stress states Fig. 24 Region of the plane strain state
will be discussed. Stress condition on surface
of the specimen in the plane strain state is 10 2C om|CB [UB
two axial stress state and circumferential S
stress ¢y and breadthwise stress o,=04/2 are S e 04 | o |[—
produced but in the plane stress state, there = T
is only circumferential stress oy and o, is equal 05 ~_ 0 | =
to zero and moreover as it can be seen in | gL i S £
Fig. 22, the stress oy in the plane stress state ] G e s T J%‘.f N
is about fifteen percent smaller than that in
the plane strain state. These facts may be 0 2 4 6 8 10
considered to be the cause of the difference beft, ,Befr,
in the crack initiation strain e, between the  Fig. 25 Relation between crack initiation and
two stress state. shape of specimen
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the specimen. The bending strains decrease
with increase of breadth of the specimen and
converge to some constant value and in case
of concentrated loading test, the strains con-
verge when breadth to thickness ratio of the
specimen is lager than 5 and in case of uni-
form bending test, the strains converge to the
same value as in concentrated loading test
when the ratio exceeds 8.

Fig. 26 shows relation between circumfer-
ential strain ¢, and bending angle 20, and
these curves converge to the maximum value
which is determined from combination of head
radius of mandrel R and thickness of the
specimen 7, geometrically and the maximum
value is given by the equation &jmax=(T0/2)/
(R+To/2).

Relation between the circumferential strain
e, and radius of convex surface of the speci-
men 7, and relation between the bending angle
26 and the radius 7, are shown in Fig. 27.

10
CB-5 2P
_T 2R " 132[ 1:
3] o | _e~20 |
g L ,
- 104 = 40263 | 41
: e
05 ] ¥ o —0 0526 !
' gz :
7h - N ]: 9 v_,l
e
///}fe/ﬁ/}’»‘a;m--oé—--%ﬁu-lfl“ ZRIT.,M‘:.:A ]
Lt o | | 4
s |
1 1 ‘ I L ‘ i 1 "y 73

I
0 20 40 60 80 100 120290140

Fig. 26 Relation between circumferential strain
and bending angle
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Fig. 27 Relation between bending angle or cir-
cumferential strain and radius of mandrel

The strain is given by the formula ep,=
(T/2)/(rs—T/2) approximately, where 7 is
thickness of the bent specimen and when the
strain is smaller than 0.4, we can use initial
thickness of the specimen 7, instead of 7T in
the formula but when the strain is larger than
0.4, reduction in the thickness due to pressure
of the mandrel can not be neglected.

5. New Proposal for Bending Test Method
of Thick Steel Plate

5.1 Loading

Bending tests have been carried out to ex-
amine the ductility of materials and most of
them are concentrated loading tests because
of its simplicity.

Uniform bending test is an ideal method
but it needs large size of specimen and a little
complicated apparatus, therefore this test is
not practical for industrial purposes.

According to the results of our tests, effect
of friction force between the specimen and
supports on the bending moment can not be
neglected but that on the initiation of bending
crack may be neglected, because axial strain
caused by the friction force is negligibly small
compared with the bending strain.

By the above mentioned reason, we propose
a concentrated loading test for industrial test
of materials.

5.2 Dimension of Specimen

As in Fig. 25, the bending strain at the
crack ey decreases with increase of the ratio
of breadth to thickness of the specimen B,/7T,
and converge to a constant value when the
ratio By/T, exceeds 5, accordingly the ratio
of bending specimen is advisable to be more
than 5.

The friction force between the specimen and
supports decreases in proportion to span be-
tween the supports but as effect of the force
on the initiation of bending crack is negligibly
small, the span L, needs only to satisfy the
following condition, that is, L,>2(R+T,)+ D,
where R is head radius of mandrel and D is
diameter of roller support.

5.3 Head Radius of Mandrel
The maximum bending strain em.x is de-
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termined from ratio of the radius of mandrel
to the thickness of specimen R/T, as shown
in Fig. 26 therefore the radius R should be
selected correspondingly to the given maxi-
mum strain épmax.
5.4 Bending Angle

If the maximum strain ejm.x is given, the
corresponding ratio R/T, and the minimum
bending angle #min needed to produce the
given strain eym.x can be decided from curves
shown in Fig. 28.
5.5 Measurement of Bending Strain

When the maximum strain ejmax i8S given,
the corresponding ratio R/T, and the mini-
mum bending angle 0min is determined as
mentioned above, however if the crack ini-
tiates before the bending angle ¢ reaches to
the minimum value Omin, the bending strain
at the crack can be estimated from 26—z,
curves in Fig. 27 and the radius of convex

10
(T 111 180
| ]
: \ Eenecain |-f
£ EX 1 &
3
| .
05 o . 1%
\\K“‘ min-R/To ]
%2 [ ] [T 2"
Eomnax| &
(120min] & | o
S —— L L . O
/ 0 g 20

Fig. 28 Relation between min. bending angle or
max. circumferential strain and radius
of mandrel

®

Bo
2 [

Fig. 29 Bending test under concentrated load

surface of the bent specimen 7, can be easily
measured with the simple device shown in
Fig. 18.
5.6 Method of Bending Test

Summing up the above mentioned factors,
we propose the following bending test method
for industrial use.

Loading; concentrated load test as shown
in Fig. 29.

Breadth of specimen; By>5T,

Length of specimen; L> n(R +%> -+2C
Span of support; Ly>2(R+Ty)+D
Head radius of mandrel; R:Tj’(;ai; —1>
Point angle of mandrel; ¢>60nin

where D is radius of the roller support and
is advisable to be about 30 mm for reduction
of friction force, and C is a constant value
and is about 20 mm when clinometer is used
for the measurement of bending angle.

6. Conclusion

In order to analyse mechanism of large
deformation under uniform bending load, a
new analytical method was derived, and test
results were compared to calculated values
with good agreement.

Using the method, strain and stress distri-
butions in specimens under uniform bending
loads of different magnitudes were analysed and
existence of unloading phenomenon near the
neutral plane of the specimen was confirmed.

On the other hand, bending tests under
concentrated load were carried out and effect
of friction force at support and shape of
specimen on the initiation of bending crack
were clarified, and relation between maximum
bending strain and head radius of mandrel and
relation between bending angle and bending
strain etc. were obtained.

Based on these results, a new bending test
method was proposed.

A summary of the results is shown below.

1) The first bending crack initiates always
in the middle part of plate where stress condi-
tion is the plane strain state, although bending
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strain in this part is smaller than that in
edge of the plate. :

2) Effect of friction force between speci-
men and support on bending moment can not
be neglected especially in case of bending test
with short span but that on the initiation of
bending crack may be neglected, because axial
strain caused by the friction force is negligibly
small compared with bending strain.

3) Relation between bending moment and
bending strain on surface of plate in the plane
strain state can be analysed by the method
based on Tresca’s yield condition with suf-
ficient accuracy, but the method based on
Mises’ yield condition estimates the strain
hardening effect of material on the bending
moment excessively.

4) For the same bending strain on convex
surface of plate, bending moment in the plane
stress state is a little smaller than that in the
plane strain state,

5) On relation between bending radius and
bending strain or bending angle, there is no
distinct difference between that two stress
states.

6) Strain gradient on surface of plate in the
plane stress state is nearly equal to that in

the plane strain state but stress gradient in
the former state is a little smaller than that
in the latter state.
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