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Elasto-Plastic Test of Q235 Steel Bending Beam With Cracking Resistance
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Abstract: More than 30 bending beams with rectangular cross-section and different thicknesses and heights were pre-
pared from Q235 steel. The specimen dimensions were about 240 mm (length) X 60 mm C(height) X70 mm (thick-
ness). Flaws were cut along its middle line with a wire cutter, with lengths ranging from 6 to 35 mm. Each specimen
was tested with three-point bend loading, and a process curve was obtained between load and the displacement of the
loading point, in order to analyze the fracture process when opening the crack. A deformation near the prefabricated
crack was observed in the testing period, and the variation of the {racture characteristic parameters was analyzed for
different sizes. For a comprehensive understanding of carbon steel fracture resistance behavior, its elasticity and plas-
ticity were established by determining its Young's modulus and Poisson's ratio with an optical strain gauge. This
gauge was also used for the loading process test. It was found that the fracture toughness varied with the dimensions,
and the toughness of the elastic limit loading was almost constant. Using the relationship of crack resistance stress
intensity factor and fracture criterion, the bearing capacity of the material structure could be estimated, which shows
a good agreement with the experimental test data.
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For evaluating the strength and bearing capacity
of a material structure containing defects at normal
temperature, fracture mechanics is an effective tool
although the
process and fracture surface characteristics differ

for quantitative analysis, failure
greatly between brittle materials and tough materi-
als. The stress intensity factor (SIF) and energy re-
lease rate are important indices in this area. For
tough elasto-plastic materials, such as alloys and
carbon steel, the values of the J-integral, crack open-
ing displacement (COD), and crack tip opening an-
gle (CTOA) are important parameters for the de-
scription of the cracked body statust’. Mesoscopic
research has identified different defects, including
voids or cracks in the material, and their increase
and spread. For the dislocation and sliding in metal
and their large deformations, tensor analysis is an
3]

effective method of study™ *. The strain gradient

can be used to analyze the complex fields of force

[4]

and deformation near a crack tip-*’. The toughness

and brittleness can be reproduced in the same mate-

rial. For instance, a material may become brittle
when its temperature is reduced to some extreme
level, or it may be subjected to brittle fracture when
its crack tip tri-axial tension stress is increased to
some value'™. The mechanical behavior of cracking
materials has given rise to many research models,
such as the asymptotic field analysis of cohesive crack,
the double-K model, and the size-effect law"® /. Re-
garding the cohesive crack problem, the open dis-
placement of a virtual crack and its stress distribu-
tion were obtained by means of an integral equation
and a variational principle’’”’. Regardless. the obser-
vation and measurement of deformation in a cracked
material structure, especially at the crack tip, are
indispensable for failure analysis, and they also pro-
vide the theoretical analysis basis for study"'®.

For a rectangular cross-section bending beam of
Q235 steel with a prefabricated crack, the breaking
process was studied using electronic instruments and
optical measurement devices. Several specimens with
different prefabricated crack lengths were tested.
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The Young's modulus and Poisson’s ratio of the ma-
terial were also calculated through strain gauge
measurement. The deformation field at the crack
front was investigated for determining the variation
of fracture parameters with structure size. Based on
the calculation of the crack resistance SIF and frac-
ture criterion, the bearing capacity of the bending
beams with crack could be obtained.

1 Cracking Process Test on Three-Point Ben-
ding Beam

1.1 Specimen geometry and loading curve analysis

Carbon steel was precut into more than 30
pieces of beam specimens of different sizes in order
to test the loading process. The overall length of the
specimens L. was 300 mm, their height 2 was 60 or
65 mm, and their thickness b was 30, 40, 50, 60,
or 70 mm. The lengths of the prefabricated crack a
were 6, 12, 18, 25, or 35 mm, and the crack width
was about 1 mm. A notch was precut in the middle
of the bending beam tension side, so that an opening
mode crack (type-I) was formed in accordance with
the laws of fracture mechanics. The span of each ex-
perimental beam was four times the height for each
bending specimen, that is s =4 * h. Each specimen
size and experimental measured peak load are listed
in Table 1, where ¢ is the specimen’s ligament length;
P is its maximum load; K{ and CODe are the SIF
and COD of the elastic limit load, respectively; and
K1 is the SIF value of specimen for unstable frac-
ture. Furthermore, the symbols in the first column
in Table 1 are consistent with these above symbols,
the number following the symbol indicating its val-
ue. For example, “h60b50a25” indicates a specimen
with height of 60 mm, thickness of 50 mm, length
of prefabricated crack of 25 mm, and the span be-
tween two loading points s =240 mm. From the data
in Table 1, it can be shown that the bearing capacity
of the specimen is higher when the crack is shorter
or the thickness is larger.

Fig. 1 shows the relationship curves of the load
to the displacement of the corresponding loading point
for ten typical specimens. All specimens had the
same height of =60 mm and the same span of s=
240 mm. In Fig. 1 (a), the curve of load to displace-
ment is shown for prefabricated crack lengths of 12,
18, 25, and 35 mm, for a constant thickness of 6=
60 mm. Obviously, both the bearing capacity and
deformation of the specimens increased with larger
ligament. Also, the initial slopes of the elastic stage and
the plastic stage both increased for longer ligament.

Table 1 Experimental data of steel specimen and
its fracture parameters

Specimen c/ P/ Ki/ ’ CODe/ Kt/
mm kN (MPa » m'/?) mm  (MPa + m'/?)

h60b30al8 42 130.0 / — 107.6
h60b30al8 42 126.0 / — 104. 3
h60b30a35 25  46.6 / - 89.8
h60b30a35 25  49.3 / — 95

h60b40al8 42 129.0 55. 42 0.021 5 80. 5
h60b40a25 35  91.7 56. 30 0.010 7 77.7
h60b40a35 25 53.7 54. 33 0.007 3 77.6
h60b50a18 42  189.0 57. 14 0.006 8 93.9
h60b50a18 42 172.8 56. 99 0.011 9 85.9
h60b50a25 35 131.0 54. 24 0.007 1 89. 3
h60b50a35 25  76.3 52. 04 0.006 0 88.2
h60b60al2 48 320.0 58. 35 0.016 0 102. 3
h60b60al2 48 328.0 53.95 0.016 5 104. 9
h60b60al8 42  236.0 53. 82 0.009 7 97.7
h60b60al8 42  247.0 57.29 0.009 4 102. 0
h60b60a25 35 183.0 56. 06 0.009 6 102. 0
h60b60a25 35 186.3 55.31 0.008 1 103. 4
h60b60a35 25 101.0 51. 16 0.007 1 97.3
h60b60a35 25 102.5 51. 50 0.008 1 98. 8
h60b70a06 54  492.0 / — 97.2
h60b70al2 48 398.0 / 0.010 4 109. 0
h60b70a12 48 419.0 / - 115.0
h60b70a18 42 298.0 56. 65 — 105.7
h60b70a25 35 218.0 56. 67 0.005 6 105. 6
h60b70a35 25 121.5 52.55 0.004 8 100. 3
h65b30a06 59  240.3 / - 103.0
h65b30al2 53  149.3 / — 87.9
h65b40al2 53 188.8 56. 24 — 83. 4
h65b50a06 59  610.0 / - 156.5
h65b50a06 59  596.9 / — 153.2

In Fig. 1 (b), the length of the prefabricated crack
of the specimens is 35 mm, and the thicknesses are
30, 40, 50, 60, and 70 mm. As the graph shows,
the peak load became larger with the increase of the
specimen thickness. The slope changes of elastic and
plastic stages are not too significant. But the speci-
men with thickness of 30 mm demonstrated unstable
brittle fracture, and almost no plastic deformation.
In Fig.1 (c¢), it is shown that the specimen
h60b70al8 was loaded to the stage of local plastic
deformation, and then it was slowly unloaded and
strengthened to a certain point of loading again. The
parallel curves of reloading and unloading can be ob-
tained by loading and unloading repeatedly. It can be
observed that the relation of displacement to reloa-
ding still follows the original line of the initial elastic
stage for the specimen, and the three curves of un-
loading are almost parallel to the curve of elastic
stage. So the Q235 steel beam with a crack also obeys
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(a) Load-displacement curves for different prefabricated crack lengths;

different thicknesses;

Fig. 1

“unloading law” of a structure without a crack.
From Fig.1 (a) and (b), it should be noted
that the curves of these specimens have a long plas-
tic stage, except for specimen h60b30a35. Without
much plastic deformation, as the specimen with
thickness of 30 mm shows brittle fracture, a possi-
ble reason is that the beam thickness does not meet

the plane strain condition.

1.2 Ligament test of breaking process and opening
displacement near crack tip

In order to test the deformation about a crack,
a few strain gauges with size of 20 mm X3 mm were
connected with the ligament area of the prefabricated
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(¢) Unloading appearing in specimen h60b70al8.
Relation of load to displacement of loading point for different specimens

crack on a specimen. Both edges of the strain gauge
were stuck to the specimen, to avoid premature de-
tachment of the gauge. Readings from the gauge were
taken with the slow loading of experimental machine.
As shown in Fig. 2., the curves show the opening
displacement changes of crack ligament with load-
ing, and the displacement distribution under differ-
ent load for two specimens. For the specimen
h65b50a06 in Fig. 2 (a) and (b), the strain gauges
A to E were located at distances from prefabricated
crack tip of 2.5, 12. 5, 24.5, 36.5, and 49 mm, re-
spectively. For Fig. 2 (¢) and (d), the strain gauges
A, B, and C of specimen h60b60a25 indicated their
distances from crack tip to be 2. 5, 16. 5, and 30. 5 mm,

0 10 20 30 40

Distance from crack tip/mm

(a) Load-COD curves of specimen h65b50a06 ;

cohesive crack part for specimen h60b50a06 ;

(b) Load-COD curves of specimen h60b60a25;
(d) COD distribution along cohesive crack part for specimen h60b60a25.

(¢) COD distribution along

Fig. 2 COD distribution of two specimens with different load
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respectively. From those curves, it can be shown
that the position with less distance from the crack tip
has bigger deformation. If the initial linear line is the
elastic stage character of material, Fig. 2 (a) shows that
when the local material under strain gauge A first
reached plastic state the load was about 320 kN; the
positions at which strain gauges B and C indicated
plastic state, the load was about 390 and 410 kN, re-
spectively. From Fig. 2 (c¢), the development trend of
the plastic zone can be seen to be the same as that of
Fig. 2 (a). From these graphs, the strain gauge val-
ue near the loading point of the beam can be seen to
be always negative. This shows that there is a so-
called neutral layer in the bending beam loaded at
three points. From Fig. 2 (b) and (d), it can be seen
that the neutral layer moves slowly away from pre-
fabricated crack tip with gradually increasing load.
Among the curves of Fig. 1, the criterion load
point can be found to distinguish the segment line of
the elastic stage from that of the plastic state. As to
the corresponding loading point, the strain gauge
value can be converted into the so-called COD of the
elastic limit load, which is denoted CTODe and ex-
pressed in Fig. 3. From the chart, it is shown that
longer prefabricated crack length leads to smaller
CTODe value. Similarly, increasing the bending beam
thickness decreases the CTODe value. So CTODe is
also a parameter related to the structure geometry.

0.025
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A O b50
0.020 e B
- X Db70
E 0.015 |
B
@) X A
£ 0.010 B -
.
0.005 - X X
1 1 1
0 10 20 30 40
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Fig. 3 Crack tip opening displacement of specimen at
elastic limit loading for different thicknesses

2 Elasto-Plastic Parameters

2.1 Elastic modulus and Poisson’s ratio

For the investigation of the elastic modulus and
Poisson’s ratio of Q235 steel, three pieces of un-
cracked bending beam specimen were tested with
four-point loading, and their geometries are listed in

Table 2. The length L and span / are 300 and 240 mm
for all specimens, respectively. The distance be-
tween the two upper loading points of the specimen
is 80 mm. The specimen shape and strain gauge po-
sition are shown in Fig. 4 (a). The strain gauge was
used to obtain the strain measurements in vertical
and horizontal directions, and the strain gauge was
pasted on the geometric center of the underside of
the specimen. The dimension of the strain gauge was
about 5 mm X3 mm, its resistance is 120 Q, and its
sensitivity coefficient is about 2. 1%. In Fig. 4 (b),
the curve of stress to strain is shown for the meas-
urement of specimen h65b40. The elastic modulus
can be obtained through the strain value and the cal-
culated stress, i.e. E =0¢/e, where ¢ is the strain
value along the longitudinal line of specimen read
from the instrument, and ¢ is its stress. For a speci-
men of rectangle cross-section beam with four-point
loading, the maximum normal stress of bending
beam is near the middle of specimen, that is;
GZMZBP(Z—S) D
w 20h*
where P is the load value for the elastic stage, and
{—s=160 mm. The Poisson's ratio can also be cal-

culated as follows:
p=— 2)

where e and ¢’ are the strains of longitudinal and
transverse directions, respectively, and they can be
directly obtained through the values of the strain
gauges. Finally, the average experimental value is
obtained through the experimental results of three
specimens, as shown in Table 2. The experimental
results show good agreement with the theoretical value,

as the test results are in the common data range.

Table 2 Geometry of bending beam specimen and
its testing elastic parameters

h/mm b/mm E/GPa v
h65b40 65 40 203.0 0. 26
h65b40 65 40 195.0 0. 29
h60b60 60 60 222.0 0. 28
Average — - 206. 7 0.28

2.2 Measurement of Poisson’s ratio in plastic de-
formation stage

The uncracked specimens h65b40 and h60b60
were tested by the bending beam with four-point
loading, as shown in Fig. 4. In the plastic deforma-
tion stage of the specimen, some three groups of

strain values in longitudinal and vertical directions were
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(b) Stress-strain curves for two directions of specimen.

Fig. 4 Experiment about specimen h65b40

obtained for the calculation of Poisson’ s ratio in
plastic status. From Eqn. (2), the Poisson's ratio of
the strengthening stage of the experimental metal is
calculated, and the average value is about 1/2. Ac-
cording to classical plastic theory, the plastic de-
formation of a solid is unrelated to its hydrostatic
stress. The invariance of the solid volume implies its
Poisson's ratio is equal to 1/2. The test data of Q235
steel confirm that the classical plastic hypothesis is

reasonable.

3  Optical Test and Electrical Measurement
Reference

3.1 Optical test and electrical measurement

For digital speckle correlation measurement
(DSCM), or digital images related method, the dis-
placement and strain information is obtained directly
by comparing two digital images with solid surface
before and after deformation. In the experiment, a
charge coupled device (CCD) camera was placed in
the same horizontal position as the specimen, and

the brightness and angle of the light source were ad-

justed to optimum, then fixed. The specimen
P
(@) {
E
One side Optical test field 2
1l
| Y=
O O
]
Other side — Strain gauge
|
=240 mm

(a) Positions of optical test and strain gauge;

h60b40a25 was tested by the DSCM in two dimen-
sions. The specimen surface was firstly ground
smoothly, then the central line of the speckle field
was placed along the prefabricated crack line. The
distance of the left and right sides to the crack line is
40 mm. Some white paint was evenly sprayed onto
the selected area, in order to make imaging clear. A
little black paint was then scattered in the field, for
obvious speckles.

In the optical measurement experiment, the
strain gauges were also pasted on the other side of
the specimen, as a reference. The distances of three
pieces of strain gauges to the tip of prefabricated
crack are 2.5, 12.5 and 22. 5 mm. The strain gauge
specification is 20 mm X3 mm. The geometry of the
specimen is shown in Fig. 5.

The maximum load of specimen was 91.7 kN
when the loading changed from zero to the final
loading of its fracture. In the elastic stage, speckle
images were collected at intervals of 10 kN. The
loading interval of acquisition image was about 5 kN
while plastic deformation was appearing near the crack
tip. A series of speckle images are selected of the initial

100 ™)

80 |

60 -

Load/kN

20 |

1 1 1

0 2 4 6 8
Displacement/mm

(b) Curves of load-displacement relation for the specimen.

Fig. 5 Optical and electrical measurement on specimen h60b40a25
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state of the crack, the crack extension, and the final
fracture, to express the fracture process of a speci-
men. Fig. 6 shows images near the prefabricated
crack for loads of 0, 67, 80, and 91. 7 kN. From the
curve of the loading and its displacement in Fig. 5 (b),

the specific load of the curve inflection point is 65 kN
nearly. By inspection, an obvious deformation near
the crack can be seen in Fig. 6 (b), showing that the
observation results are in agreement with electrical

measurement.

(a) O kN;
Fig. 6 Cracking images of specimen h60b40a25 under different loads

(b) 67 kN;

3.2 Analysis of optical test results

The data from the images obtained were impor-
ted into the computer software for processing. In the
experiment, the analysis field of optical measurement
is a selection square, with its center at the tip of the
prefabricated crack. There are 18 pixels below the crack
tip, 382 pixels above the point, and about 295 pixels
on both sides. Referring to Fig. 5 (b), the analysis
data are selected at a load of 30 kN in the elastic
stage and a load of 60 kN close to the plastic deform-
ation stage. The data at a load of 70 kN are regarded
as relating to the strengthening plastic stage of the
specimen, and the data at 90 kN are close to its
breaking phase. As shown in Fig. 7, the x- and y-
axes in the speckle field indicate the horizontal direc-
tion and vertical direction, respectively. The third
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(a), (e) 30 kN; (b, () 50 kN3

(c) 80 kN;

(d) 91.7 kN.

direction in Fig. 7 indicates the displacement values
of the observation area (either direction). Fig.7
(a), (b), (¢), and (d) correspond to horizontal dis-
placement distribution for the loads of 30, 50, 70,
and 90 kN, while Fig. 7 (e), ({), (g), and (h) cor-
respond to the displacement field in the vertical di-
rection for the same series load, respectively. The
right displacement is positive for the horizontal di-
rection (x-axis), and the left is negative. As to the
vertical displacement (y-axis direction), the dis-

“

placement of the “up” direction is positive, and the
“ » M
down” is negative.
From Fig. 7 (a) to (d), it can be seen that the
horizontal displacement varies with increasing load.
Obviously, displacement difference exists near the

crack tip, and the displacement of crack right flank is

Horizontal
displacement/mm

(o), (g) 70 kN; (d, (h) 90 kN.

Fig. 7 Specimen displacement field near crack tip with different loads in horizontal and vertical directions
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obviously higher than that of the left. As displace-
ment jumps exist at both sides of the crack line, it is
clear that displacement of the crack right flank dur-
ing loading tends to the right, and the left side dis-
placement is to the left. Fig. 7 (a) and (b) show the
elastic stage of specimen. Because the displacement
of specimen is greater than zero, it shows there is a
rigid displacement to the right. In Fig. 7 (¢) and (d), it
can be seen that the location material of specimen
had entered plastic status, the displacement differ-
ence near crack is more obvious, and negative dis-
placement had also appeared. The displacement fea-
tures of both flanks of the crack are more obvious,
and the left flank is displaced to the left. Regarding
Fig. 7 (b) and (d), it can be seen that the deforma-
tion is very obvious for the relative opening displace-
ment of the prefabricated crack from 0. 07 to 1. 2 mm as
the load increased from 50 to 90 kN,

As to the vertical displacement shown in Fig. 7
(e) to (h) under different loads, Fig.7 (e) and (f)
are for the elastic state, and Fig. 7 (g) and (h) are
of plastic deformation. The specimen displacement
of area about the center line shows as down sag, or
like the character “V”. The down displacement is
very obvious for 0. 46 to 1. 0 mm when the load in-
creases from 30 to 70 kN. Of course, some very
large displacement appears near the loading point,
which seems to be due to a very big pressure load in
the area of the loading point.

3.3 Contrast analysis of optical test and electrical
measurement

The results of observation and tests on the opening
displacement of crack tip were obtained through both
electronic and optical equipments. The data for plas-
tic deformation at a load of 70 kN were selected for
analysis. For more intuitive analysis, the pixels are con-
verted into length values, 1 pixel=0. 0791361 mm. So
the analysis zone is now the area with its center at
the crack tip and extending down about 1.42 mm,
up about 30. 23 mm, and to each side by 23. 35 mm.
If the lower left corner of the analysis area is select-
ed as the coordinate origin, the point of crack tip is
located at about (23.35, 1.42) in the coordinate
system. For the electronic measurement, the cover-
age zone of the test strain gauge near the crack tip is
more than 20 mm X 3 mm. For the optically meas-
ured side, the zone is the area with center about
(23.35, 2.92), each side 10 mm to the right and
left, and at about 1.5 mm intervals up and down.
As shown in Fig. 7 (c¢), it shows the displacement

distribution of longitudinal direction for a load of 70 kN.
The strain gauge is therefore covering the area of
large displacement or plastic deformation.

During the electronic measurement, the value
of COD can be directly obtained by multiplying the
strain gauge data by the strain gauge length (i.e. ,
20 mm). Through calculation, the crack tip opening
displacement is 0.162 mm by electronic measure-
ment for the load of 70 kN, but 0. 159 by the optical
measurement. Comparing the two sets of data, it is
concluded that error exists among the test data of
optical and electronic. The strain field of crack near-
by can be obtained using the optical test data of the
speckle field. As shown in Fig. 8, the equivalent
strain field for the optical test is for 90 kN load.
From the figure, it is clear that the strain field pres-
ents a fishplate form near the crack mouth, and this
feature is responsible for the plastic deformation. In
the mesoscopic view, the stress strengthening or
shear deformation is accompanied by dislocation and
sliding, making the crack tip blunt. The morphology
is approximately coincident with the plastic field of

the von Mises stress criterion.

20 2
5 0 510 S /oo

Fig. 8 Strain field of specimen h60b40a25
crack front for load of 90 kN

4 Calculation of Stress Intensity Factor and
Toughness

Although the SIF is an important index to char-
acterize the stress singularity of the medium near the
crack tip, COD is also an important parameter for the
characteristics of non-linear material in the fracture
process. Either the plastic zone size or the crack tip
opening displacement (CTOD) is closely related to
SIF value. For the three-point bending beam with a
notch, the SIF of the crack tip can be expressed:

K, =3Ps+a (1. 99—1[1—%[2. 15—3. 93—+
h h h
a )’ , a a )’
2. 7[th 1/ {th [1+2 W [1—;J } (3)

In the loading experiment on specimens with a

series of thicknesses and pre-crack lengths, the load
at the elasto-plastic inflection point P., the elastic
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limit load, and the maximum load value P for the
unstable fracture of specimen can be obtained.
Then, the elastic limit toughness K{, or the speci-
men fracture toughness K can be obtained by bring-
ing P, or P into the above equation respectively.
Here, the value of a in Eqn. (3) is replaced by the
initial crack length a,. Then, two kinds of tough-
ness value are also included in columns 4 and 6 of
Table 1. From the table data, it can be seen that the
instability toughness is changing with the values of
pre-crack length and beam thickness. But the tough-
ness of the elastic limit changing little with the size
of the test specimen, and K§ is about 55 MPa » m'/?.

Except for a few very specific specimens, the Kj
value of the series of specimens and their error from
the average value are listed in Table 3. It is seen that
the absolute value of maximum deviation between
any one and the mean value is less than 7%. This
shows that K{ can be used as a material parameter,
as it is generally not variable with specimen size.

If the length of the extension line of the pre-
crack is the ligament, the ligament length is c=h —a,.
As a matter of convenience, the variation of unsta-
ble fracture toughness is expressed in terms of the
ligament length changing for different thicknesses of
specimen, as shown in Fig. 9. From Fig. 9 (a), it can

Table 3 Elastic limit toughness and estimated peak value of crack structure

Specimen Ke¢/(MPa » m'/?) Error of K¢/ % Test maximum load/kN Estimated load/kN Relative error/ %
h60b40al8 55.42 0. 80 129 141. 4 9.61
h60b40a25 56. 30 —2. 360 91.7 99.9 8. 94
h60b40a35 54. 33 1. 218 53.73 53.5 —0.43
57. 14 —3.890 189
h60b50al8 _ 192.5 6.08
56.99 —3.618 173
h60b50a25 54. 24 1. 381 131 135. 8 3. 66
h60b50a35 52. 04 5. 381 76.3 71.9 —5.77
58. 35 —6.090 320
h60b60al2 _ 322.2 —0.56
53.95 1. 909 328
53. 82 2. 145 236
h60b60al8 _ 248. 3 3. 89
57.29 —4.163 183
56. 06 —1.927 183
h60b60a25 _ 174.9 —5.28
55.31 —0.563 186. 3
51.16 6. 981 102.5
h60b60a35 92. 4 0. 89
51.50 6.363 101. 0
h60b70a06 — / 492 505. 6 2.76
— 398
h60b70al2 / 400. 5 —0. 87
- / 410
h60a70al8 56. 65 —3. 000 298 308. 5 3. 36
h60b70a25 56. 67 —3.036 218 216.9 —0.50
h60b70a35 52.55 4. 454 121.5 114.3 —5.93
Note: The mean value of K¢ is 54. 98 MPa » m!/?,
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(a) For different ligament length;

(b) For different thickness of specimens.

Fig. 9 Experiment toughness variation of unstable fracture
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be seen that the fracture toughness is increased with
its ligament length for constant thickness of speci-
men. Fig. 9 (b) shows that the fracture toughness
becomes larger monotonically with increasing thick-
ness for the same pre-crack length of specimen, ex-
cept for the specimens of 30 mm thickness. It there-
fore reflects the size effect of fracture toughness for

the same material.

5 Estimate Calculation for Bearing Capacity
of Bending Beam With Crack

Regarding the deformation of elasto-plastic and
damage of solid materials and the size effect of the
fracture parameter, there are many analysis models
as mentioned before. For the elasto-plastic field, the
Dugdal-Barenblatt model takes the plastic zone as a
virtual crack with strip-type tape before a smooth
open crack, and it has cohesive stress distribution

U In the fracture

preventing crack propagation
process, the division point of the fracture extension
zone and undamaged area is the endpoint of the vir-
tual crack, and the prefabricated crack tip point is
the initial point of crack propagation. The distance
between the two points is the virtual crack length d.
So the total crack length can be written as
a=a,t+d 4)
where 0<Xd<C(h —a,). In the fracture process zone
(FPZ), the cohesive force existing in the damage ar-
ea of crack tip nearby can greatly decrease the stress
singularity at the crack tip, causing the bearing ca-
pacity of the structure to change. Based on the com-
bination of the double-K criterion for the cracking

L7]

process - and the intensity factor calculation of the

cohesive resistance stress of FPZ;

K=k, +K; (5)
where, K[ is the SIF corresponding the load of re-
mote field, and its superscript refers to the load of
remote field; %, is the crack-initiated SIF, which is
believed to be a constant for the material; and K7 is
the intensity factor of the cohesive stress, and it is
related to the thickness and ligament length of speci-
men. Then:

b

ve d " [d
K?=¢{—O] [Hh—aoJ ox (6)

where, ¢ is a parameter with stress dimension,

which is related to the ultimate tensile stress of ma-
terial; B, is the feature thickness; and m is a pa-
rameter. Substituting Eqn. (4) into Eqn. (3) and
Eqgn. (6) into Eqn. (5), and replacing K in Eqn. (3)
with K| in Eqn. (5), Eqn. (7) can be obtained:

b d d
2 1/2 m
P ={2bh*[ky+ ¢ () <1+h ao) /27(]

0

a+2° . ><1—“T>«*~2}/[3s Ja.Fd
a0+d ao+d
{1.99 — (1 — )[2.15*3.93
()+d ()+d P
¢ : y+2.7¢“ PRSI 0

In terms of the formula, the relation curve between
load P and crack extension d can be derived, and
the peak load of the curve is the estimated value of
the ultimate carrying capacity of specimen. As the
crack-initiated intensity factor k, is almost equiva-
lent to K§ in Table 1, it is taken as #, =54 MPa -
m'”. Then ¢ =760 MPa, m=3.5, and B, =30 mm.
Through calculation, the values of the estimated ul-
timate carrying capacities of many specimens are lis-
ted in Table 3. The errors between the average value
for test maximum load and the peak value of calcu-
lated by Eqn. (7), are also listed in Table 3. From
this table, the maximum absolute value of the rela-
tive error is seen to be 9.61%, i.e. less than 10%.
The estimation method for the maximum carrying
capacity of a component with a defect by means of

fracture mechanics is therefore feasible.
6 Conclusions

1) If the SIF is defined as the limiting load
when the elastic zone just reaches the plastic zone
for a specimen, then it is a material parameter and
independent of the structure size.

2) The fracture toughness arising from the SIF
of a specimen at maximum load is affected by size,
because its value increases with increasing thickness
and ligament length.

3) When a specimen with a prefabricated crack
is reloaded after having reached plastic stage, the
unloading law applies to it. In other words, when
the specimen with crack is loaded into plastic state,
the unloading line of relation between loading and its
displacement is parallel with the initial elastic line.

4) When an uncracked bending beam of rectan-
gular cross-section is loaded to the elasto-plastic
boundary., the value of the Poisson ratio of the plas-
tic zone is about 0. 5.

5) For a cracked carbon steel bending beam,
the ultimate load capacity can be roughly estimated
by combining the SIF of crack resistance and the
double-K fracture criterion.

6) Although the fields of deformation and the
stress of the crack front in carbon steel are compli-
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cated, the results of the digital-optical test show

that it is in accord with the predictions of elasto-
plastic theory.
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