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ABSTRACT

The authors developed new testing equipment
for studying statically indeterminate fracture
mechanics, The development purpose is to clarify
load history-dependency of plastic collapse. The
equipment has two actuators orthogonalized. The
horizontal actuator applies the axial force and the
perpendicular one does the bending moment. In the
experiment for examining the effect of load history
on the plastic collapse, both actuators can keep the
preceding load to the constant load value, until axial
force or bending load reach the theorstical collapse
point. The actuators can apply the following load
under the displacement control in the experiment.
The performance of the equipment was confirmed by
demonstration tests using single-edge notched
specimens of SUS304 steel. The experimental result
clarified the load history-dependency on the plastic
collapse in SUS304 single-edge notched member
subjected to combined tension and bending,

1. INTRODUCTION

Single-edge cracked member subjected to
combined tension and bending is a representative
model in carrying out the structural integrity
evaluation. The research has been carried out until
now on this model from various fields of brittle
fracture, ductile fracture and plastic collapse [1-7].
The crack seems to finally come to the plastic
collapse with the decrease in the ligament area, if
crack extension does not become unstable under
progress, when structural member with the crack
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does ductile fracture. Though }R analysis method is
effective for ductile fracture evaluation of cracked
member, there is much constraint in the use. Two-
parameter method replaces the J-R analysis method,
and it becomes a general. The two-parameter method
predicts the ductile fracture by interpolating linear
elastic fracture mechanics and plastic collapse
concept. In single-edge cracked member subjected to
combined tension and bending, the load history
dependence of tension and bending does not exist in
the brittle fracture in which the handling in linear
elastic fracture mechanics is possible. However, the
load history-dependency exists for the plastic
collapse load of this member. The plastic collapse
load of single-edge cracked member subjected to
combined tension and bending until now was
obtained by limit load analysis, Therefore, the load
history-dependency is not considered at the
collapsing load. It is important to clarify the load
history-dependency on plastic collapse load of
single-edge cracked member subjected to combined
tension and bending from the viewpoint for the

accuracy improvement of structural integrity
evaluation. Authors developed  statically
indeterminate fracture mechanics experimental

equipment which enables the examination of the load
history-dependency on the plastic collapse of the
member. This report describes the advantage of the
equipment. In addition, the experimental research
result on load history-dependency on the plastic
collapse for SUS304 single-edge notched member

specimen carried out as performance evaluation test
is reported.
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comparatively clearly, That is to say, the collapse
point is an intersection point in the tangent pulled for
plastic part and straight line pulled for elastic part of
both charts, as shown in Fig.5 and 6. The load in this

point is a collapse load (7 in the fipures). Axial

force + bending simultaneous load experiment

brings about both charts of P/B- u chart and M/B- ?
chart. That is to say, it is possible to observe two
collapse points experimentally. The observation of
two collapse points in the simultaneouns load
experiment became possible for the first time with
the statically indeterminate fracture mechanics
experimental equipment, In Fig.7, the ordinate is
plastic constraint factor for bending P,71.58 ¥ and'the
abscissa is plastic constraint factor for tension P, /s,.
In Fig.7, solid line shows the collapse limit curve.
Fig.7 shows example of experiment for examining
load history-dependency of axial force and bending
on the plastic collapse for one point of equation (1).
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Fig.7. Confirmation of the testing equipment
performance.

484

The developed equipment can realize the test
pattern ( See Fig.3 ), test 1~ 3 of axial force +
bending simultaneous load, axial force load ?
bending load and bending load 7 axial force load. In
the simultaneous load test, collapse point ? for the
axial force and collapse point ? for the bending
respectively appear as shown in Fig.7. To begin with,
the collapse point for the bending can be confirmed
in this case. In the collapse point, the relation
between P, /1.5s, and P, /s, bends. The collapse
point for the axial force appears in the interval where
P;'/1.58 y is almost fixed for Pmsy.
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Fig.8. Experimental result.

Fig.8 shows the experimental result. The ordinate
and abscissa are equal to those in Fig.7. The lower
bound improved by Okamura et al. [4] is shown in
broken line. The upper bound ( the extension of
Green’s solution [§] by Shiratori et al, [5] and the
circular slip line solution by Rice [9] )is shown in the
dashed line, In case of the simultaneous load, the
collapse point ? by the bending precedes collapse

point ? by the axial force. Shiratori et al. [5] showed

that rotation factor r rapidly changed near a/W=0.5
and r becames a value of about 0.5 over it in the deep
crack by the rigid-plastic analysis for single-edge
cracked specimen subjected to combined tension and
bending (See Fig.9). Tensile deformation becomes 2
subject in the shallow crack, since r is bigger than 1.0
and radius of rotation R increases from W ' as shown
in Fig.9. In the deep crack, r is smaller than 1.0. R
becomes a value of about 1/2 of . Therefore, center
of rotation and ligament center agree almost. As the
result, the bend deformation becomes a subject. al W
of the specimen in this experiment is 0.6, and ¢
becomes a case of the deep crack. By the reason
described above, the plastic collapse by the bending
seemed to precede in case of the simultaneous load.



2. NOMENCLATURE

F: Axial force.

B: Plate thickness.

W: Plate width.

W " Ligament dimension.

e: The distance between plate width center and
ligament center.

A: Notch dimension,

M: Bending moment.

M". Bending moment (=M+Fe) for the ligament
center,

P,: Membrane stress intensity (=F/BW)

Py: Bending stress intensity (=6M/B wh

Py Bending stress intensity for the ligament center
(=CM/BW?).

P,: Ligament center membrane stress intensity

: é’ J M

sy : Yield strength.
B : thickness

'( ) =
F :
Fig.1. Description of symbols.
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3. INDETERMINATE FRACTURE MECHANICS
EXPERIMENTAL EQUIPMENT

Fig.2 shows the summary of statically
indeterminate fracture mechanics experimental
equipment, This equipment can independently control
axial force and bending. It is possible that the
equipment takes axial force and bending at
simultaneous load or optional order. Therefore, it can
make plastic collapse test considering the load history-
dependency which changed axial force and bending
load sequence, Hydraulic cylinder for tensile load is
the about 400kN largest capacities. The cylinder of the
bending load is the about 100kN largest capacities,
Load cell for the tensile load detection is the about
500kN capacities. The cell for the bending load
detection is the about 100kN capacities.
Perpendicularly installed hydraulic cylinder loads
bending load on specimen. On the other hand, the part
of the pin which takes the tensile load becomes the
structure of which the perpendicular motion is
restricted. As the result, the bending load becomes
four-point bending type which receives bending load
in which near notch division of specimen is uniform,
The displacement gage of the cylinder tip detects
displacement signal for feedback control. The
displacement gage measures perpendicular
displacement of two points in specimen upper part.
The angle of deflection displacement is the value
which divided the difference in perpendicular
displacement of the two points by the distance
between displacement gages. The angle of deflection
displacement is used in order to carry out plastic
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Fig.2. Conceptual scheme of the testing equipment developed.



collapse decision for the bending load. The control
program written on personal computer in C-language
carries out load control of testing equipment. The
D/A board transmits the control order signal to the
servo amplifier. The servo amplifier drives the servo
valve based on the signal transmitted, The servo
valve controls flow rate of hydraulic oil. The
hydraulic oil confrolled in servo valve enters
hydraulic cylinder. The hydraulic oil makes
hydraulic cylinder operate. The personal computer
processes signals from displacement gage and load
cell fed back, when hydraulic cylinder operated.
Based on dealt with signal, the personal computer
controls deformation and load applied on specimen,
Fig.3 shows the test pattern in examining the effect
of load history on the plastic collapse. A point ( point
A~ D in Fig.3 ) on the collapse limit curve as an
object is a desired value. In the experiment, there are
3 patterns of axial force + bending simultanecus load
( test pattern A~ D1), axial force load 7 bend load
{ test pattern A2~ D2 ) and bending load ? axial
force load ( test pattern A3~ D3 ). Test patterns for
examining the load history-dependency are as
follows. The applied load which precedes to

experiment target point 7 keeps constant value,

Succeeding load becomes with the displacement
control load for judging the plastic collapse. The
axial load line passes through the ligament center as
described later.
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Fig.3. Test pattern.

4. EXPERIMENTAL RESULT AND CONSIDERATION

The purpose of the experiment is the performance
validation of developed statically indeterminate
fracture mechanics experimental equipment, The

material tested is SUS304 steel plate of the 65mm
width and the 16mm thickness. Table 1 shows the
chemical composition. Fig. 4 shows the specimen
configuration dimension figure.

Table 1 Chemical composition of the material
tested (wt.%).

Cc Si M| P S Ni | Cr
0.06 | 045 | 0.99 [ 0.34 | 0.11 { 8.03 |18.10
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Fig.4 Geometries figure of the specimen,

The specimen has the notch of 0.32 mm slit width
cut by wire-cut. Therefore, the radius in the notch tip
is 0.16mm. Axial load line and ligament center of the
specimen agree in order to enable the test near the
point A of Fig.3 in which the proportion of axial
force increases. Fig. 5 and 6 show the example of
axial force per unit thickness P/B - axial
displacement # chart and bending moment per unit
thickness M/B- angle of deflection ? chart observed
in the experiment.
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Fig.5. Axial load- displacement curve observed,

Adoptive collapse point method for evaluation is
the tangent intersection from the reason of
determining the collapse point on the chart
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Fig.9. Definition of r and R,

Py/1.5s, and P, /s, of collapse point in case of axial
force load.? bend load | and bending load ? axial
force load 7 are bigger than those of upper and lower
bound. The plastic constraint factor at collapse
increases in comparison with that of upper bound or
lower bound on collapse point | in case of axial force
load ? bend load and collapse point ? in case of the
bending load ? axial force load. It is a primary
purpose of the statically indeterminate fracture
mechanics experimental equipment development to
obtain the result shown in | and ? in Fig.8, The load
history-dependency on the plastic collapse of the
single-edge notched member subjected to combined
tension and bending is shown in the form of the
increase in the plastic constraint factor for upper
bound or lower bound got by the rigid-plastic
analysis. The collapse point in case of pure bending ?
and the simultaneous load ? is distributed near the
upper bound point. In the meantime, the collapse
point ? in case of pure tension becomes larger than
analytic solution P, /sy =1.0. The neckmg
deformation is generated in ligament back in notch
cross section of the specimen in this case, as shown in
Fig.10. It is considered that the increase of P,,,/s in
the collapse point originates from this neckmg
deformation. The collapse point by the axial force in
case of the simultaneous load or the bending load ?

axial force load shows the value of P,/s, =1.2~ 1.3
almost equal to that in pure tension regardless of the
value of P,/].5s,. This result seems to also originate
from necking deformation in the ligament back.
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P,,,'/sy in the collapse point by the axial force does
not seem to receive the bending effect, even if it is
the combination of any axial force and bending.

Fig.10. A photograph near the notch lelsmn
{Pure tension).

5. Conclusion.

This report described the advantage of statically
indeterminate fractute mechanics experimental
equipment originally developed. The equipment can
confirm experimentally the load history-dependency
on the plastic collapse for the SUS304 single-edge
notched member specimen. The purpose of the
experiment also serves as a performance validation
test, Conclusions are as follows.

(1) For the purpose of the structural integrity
evaluation of the single-edge cracked member
subjected to combined tension and bending, authors
developed  statically  indsterminate  fracture
mechanics experimental equipment. This equipment
can individually control axial force load and bending
load each.

(2) Performance was validated on the experiment
which examined the load history-dependency on

plastic collapse for SUS304 single-edge notched

member specimen. Preceding applied load keeps
constant value to goal collapse point given
analytically, The load succeeded for the collapse
point decision becomes the displacement control
load.

(3) Itis possible to discuss the effect of load history
on plastic collapse of the single-edge notched
member subjected to comibined tension and bending
from the viewpoint of the change of the plastic
constraint factor.
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Plastic collapse evaluation of notched stainless steel piping
Subjected to combined tension and bending by photo-elastic coating.
Satoru IZAWA, Masaaki MATSUBARA, Kikuo NEZU and Kenji SAKAMOTO

This study is concerned with evaluating effects of a foad history on the plastic collapse load of stainless steel
sheets with a notch. Experimental equipment has been specially developed to cope with the indeterminate problems in
fracture mechanics. By observing a ligament portion of a test piece using the photo-elastic coaling method, the collapse
point was determined by comparing it to a penetration point in the plastic region in the ligament, As a result, it has
been found that a difTerent load history affects the formation of the plastic. Then, there were effects of a load history on

the plastic collapse load.

Key words: Photo-elastic coating, Plastic Collapse, Notched Member, Tension and bending
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Abstract. This study is concerned with the structural integrity evaluation of stainless steel piping with
a notch. Structural engineers seek to prevent such problems by guaranteeing a sufficient margin for
the fracture strength based on the existence of assumed defects. In this study, both the tension force
due to internal pressure and the bending moment caused by earthquakes are considered as a given load
for a stmcture. Collapse load is now evaluated when a plant is under complex load condition. The
stress state of a plastic collapse point is assessed using a chart of membrane stress and axial
displacement as well as a chart of bending stress and deflection angle. The collapse point adopted here
for evaluation method is two-times displacement method for the reason of determining the collapse
point on the chart comparatively clearly. On the other hand, by observing the ligament portion of a
specimen is observed using the photo elastic coating and the collapse point is determined by
comparing it to a penetration point in the plastic region in the ligament. It has been found that a
different load pattemn affects the formation of the plastic region and also the position of the plastic
collapse point. As a result, a new method for the assessment of the plastic collapse under complex
load has been successfully developed.

Introduction

Single-edge cracked member subjected to combined tension and bending is a representative model in
carrying out the structural integrity evaluation. The research has been carried out until now on this
model from various fields of ductile fracture and plastic collapse[1]-[6]. The crack seems to finally -
come to the plastic collapse with the decrease in the ligament area, if crack extension does not become
unstable under progress, when structural member with the crack does ductile fracture. It is important
to clarify the load history dependency on the plastic collapse load of single-edge cracked member
subjected to combined tension and bending in order to improve the accuracy of structural integrity
evaluation. Authors developed statically indeterminate fracture mechanics experimental equipment
which enabled us to examine the load history dependency on plastic collapse load of the member[7].
We visualized the plastic region by the photo elastic coating method to observe the formation process
of the plastic region of the ligament, using a photo elasticity film made of cold setting epoxy resin.

Experimental method

Experimental equipment has been specially developed to cope with the indeterminate problems in
fracture mechanics. It is possible that the equipment take axial force and bending at the simultaneous
load or optical order. The experiment is carried out in the three test cases shown,

(1) Axial force and bending simultaneous load test = Pattern (Tension + Bending).

(2) Tension-after-bending test = Pattern (Bending — Tension).

(3) Bending-after-tension test = Pattem (Tension — Bending).
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The matenal tested is the austenite stainless steel SUS304 pipe of the 32mm external diameter and
the 1.5mm board thickness. The notch angle was made to be 60 degrees. The specimen geometry is shown
Fig. 2. The mechanical properties of tested materials are listed in Table 1.

Photo—elastic coating

Fig. 2. Geometries figure of the specimen.

| Table 1. Mechanical properties tested materials.

Fi . 1. A photograph of testing equlpment Yield stress Tensile strength | Elongation
o, [MPa] O [MPa] @ [%)]
298 602 61.5
Formulation

Figure 3 show the stress distribution in the pipe in the notched section. To interpret the stress state of
the notched piping, model has been formulated based on the axial force and bending moment in the
ligament. The piping was assumed the elastic perfect plasticity body. The stress system has to safety
equilibrium with the applied loading, i.c., axial forces F and bending moment M.

From the force equilibrium in Fig.3,

F= 2(7:—-a—y)Rt0'y - 2)Rto, =2(7r~—a—2y)Rt0'y (D
where ‘@ =halfnotch angle, R = meanradius, f =pipe thickness and y =distance of neutral axis and

axial force.
From moment equilibrium in Fig.3,

M= 2{7 R(cos¢ + cos ﬁ) to Rdp + ]R(— cos g - cos ) to,Rd¢ 2)
a -y
which can be solved to obtain
M=2{ sin;f—sina+(;r—a—2y)cosﬂ}0'yR2t (3)
Membrane stress intensity has been formulated based on the balance of axial forces.
P = 1’—_3‘—22’-0, )
T

On the other hand, bending stress intensity has been formulated based on the balance of bending

moment.
BJ=2{251ny—sma+Z(7r——a—2y)cosﬁ}o_szt (5)

Thus, general equation of plastic collapse stress is derived for notched piping subjected combined
tension and bending.

P - P
_bzé zsin{x_za[l..f’!-ﬂ—sina+(;z'-—a)—"'cosﬁ R’t (6)

cg, O"y
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Fig. 3. Geometrical details of notch in a pipe and resulting stress distribution under plastic collapse.

Structural integrity evaluation

Notched piping subjected to combined tension and bending is a representative model in carrying out
the structural integrity evaluation. The crack seems to finally come to the plastic collapse with the
decrease in the ligament area, if crack extension does not become unstable under progress, when
structural member with the crack does ductile fracture. We visualized the plastic region by the photo
elastic coating method to observe the progress of the plastic region of the ligament, using a photo
elasticity film made of cold setting epoxy resin in the observation. The fringe of the film is seen in the
plastic region of the ligament. The first fringe was set to equals the yield point (0.2% proof stress) in
the tension test. The penetration point in the ligament of the first fringe that occurred in the top of the
notch was defined as a collapse point. The plastic region that evolves in the ligament differs greatly
difference depending on Ioad formation of the bending and tension. This difference of the evolution
of the plastic region is considered to be due to the different formations of the slip line that directly
affect the results of plastic collapse in the ligament,

Result and discussion

In the general equation of the stress in plastic collapse condition that it was defined in this study, the
collapse limit curve is obtained substituting shape factors of a specimen. The collapse point is
obtained from the chart in the simultaneous load test by the two-times displacement method. Figure
4 shows the results of the distribution of collapse points on the theoretical collapse limit curve. The
plastic collapse point is assessed using a chart of membrane stress and notch opening displacement as
well as a chart of bending stress and notch opening displacement. We found the plastic collapse points
are distributed along the theoretical collapse limit curve. The validity of plastic collapse limit chart
deduced in this study was shown.

Figure 5 shows a photograph of the simultaneous test of tension and bending loads. The plastic
region that evolves in the ligament differs greatly depending on the load formation of bending and
tension. This difference of the evolution of the plastic region is considered to be due to the different
formations of the slip line. The fringe can occur in the top of the notch. Photo-elasticity fringe and the
slip line field of the schema showed the similar shape. It has a shape of tension test and bending test at
the same time.

Figure 6 shows the photo-elasticity photograph of tension-after-bending test pattern. We found that
the formation of the plastic region that penetrates the ligament of the notched stainless steel depends
on the load history. In this case, the tension as second load is the dominant factor in the plastic
collapse.

Figure 7 shows the photo-elasticity photograph of tension after bending test pattern. In both cases
tension-after-bending test and bending-after-tension test, the second load is the dominant factor in the
plastic collapse. The radius of the slip-line circular arc, produced increases as the ratio of the tension
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to the bending increases. In this test pattern, a crack is generated before the plastic collapse. A part of
in this Joad history, it was discovered that the plastic collapse stress criterion was not effective for the
structural intensity evaluation.

2 ® Tensiorrtbending
o D A Bending—tension
157 O Tension—bending
1
N,
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Collapse limit curve
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0
[ ] 05 1 | 1§}
05T o
Pm/g y

-1

Fig. 4. The distribution of the plastic collapse point.
(Stress intensity- notch opening displacement chart)

Fig. 5. Photograph of the simultaneous test. Fig. 6. Photograph of the tension-after-bending test.

Fig.7. Photograph of the bending-after-tension test.
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Conclusion

We have developed the experimental system and analysis model of notched stainless steel piping
subjected to combined tension and bending. The conclusions have been deduced by the detailed
experimental results.

(1) The simple notched piping model has been formulated based on the equilibrium from the
applied axial loading and bending moment. The theoretical collapse lnmt curve has been to be
in good agreement with experimental data.

(2) We have succeeded in using the photo elastic coating method for the plastic collapse
evaluation. The effectiveness of structural integrity evaluation using the photo elastic coating
method has been verified. It has been discovered that the plastic collapse stress criterion was
not effective in a part of load pattern for the structural integrity evaluation.

References

[1] S.Rahman: Engineering Fracture Mechanics Vol.61(1998), p.213.

[2] S.Rahman and G.Wilkowski: Engineering Fracture Mechanics Vol.61(1998), p.191.
[3] Okamura, Kageyama and Takahata: Trans. .J SME, 49-455A(1979), p.1076.

(4] A.G.Miller: Int. J. Pres. Ves. & Piping, 32, (1988), p.197.

[5] Green,A.P.: Quart. Journ. Mech. and Applied Math., Vol.6(1953), p.223.

[6] Rice,J.R.: Proceedings of Surface Flaw Symposium, American Society of Mechanical Engineers
Winter Annual Meeting, (1972), p.171.

[7] Matsubara, Izawa, Hirao, Busujima, Koyama, Machida, Kawada, Sakamoto and Nezu: Trans.
ISME (A), (2001-7), p.1218.



76

S
=113}

K% AT 5EEHHEEED
5.5 AR s 7D R

" A Simplified Calculation Procedure of Collapse Stress
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A simplified procedure can calculate collapse stresses on a flawed rectangular beam
for combined tension and bending. The results obtained are as follows :
(1) The method enables us to calculate the collapse stresses for any flaw size and any

combination of tension and bending.

(2) The method leads to an allowable flaw size of about one-tenth the beam width.
(3) The method gives the evaluation of safe side for the experimental result in the case
that the defect size/beam width ratio is 0.6.
Key words : limit analysis, perfect plasticity, collapse stress, rectangular beam,
flaw, combination of tension and bending, limit design, allowable flaw
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