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Abstraci: The present paper analyses the size dependency of
the fracture energy and the fracture toughness of concrete
determined as per the RILEM Work-of-fracture method
(WFM). Normal and high strength concrete notched beams
have been modeled using the finite element software, ANSYS
12.1 to study the variation of the fracture parameters. The
fracture parameters (Gy . K and SIF) are delermined using
Work of fracture method by testing geometrically similar
notched  Plain - normal and  high strength concrete
(20,30,40,50,60,700MPa) specimens of different sizes in a size
ratio of 1:4 with different notch depths (ay'd = 0,15, 0.3 and
0.45) under three point bending through load-deflection
curves, The variation of both the fracture energy. fracture
toughness and the stress intensity factor as a Tunction of the
specimen size and notch depth was determined using RILEM
Work-of-fracture  methed.  Fracture energy, fracture
boughness and stress intensity factor calculated using Work-
of-fracture method are increasing with the increase in size of
specimen and decreasing with the increasing notch depth
ratios,

Index Terms—Crack length, Fracture energy, Fracture
toughness, Stress Intemsity factor, Brittleness, Peak load,
Finite element analysis, ANSYS,

L INTRODUCTION

Concrete, the highest consumed material in the
construction field endowed with the inherent qualibes of
casy mouldability to the desired architectural shape and
finish, high resistance to fire, easy and economically
available raw ingredients with high compressive strength.
Cracking in any material occurs when the principal tensile
stress reaches the tensile sirength of the material at that
location. The study of the conditions around the crack tip is
called fracture mechanics, None of the conventional
strength theories like elastic or plastic theory describes how
the cracks propagate in a structure, The safety and
durability of concrete structures 15 significantly influenced
by the cracking behavior of concrete. Therefore, concrete
structures are mainly designed to satisfy two criteria
mamely, safety and serviceability. The evaluation of
adequate margin of safety of concrete structures against
failure is assured by the accurate prediction of ultimate load
and the complete load-deformation hehavior or moment-
curvature response Based on the tensile stress-deformation
response, most engingering materials can be categorized
into three main classes:

Brittle: stress suddenly drops to zero when a brittle material
fractures.

Ductile: stress remains constant when a ductile material
yields.

Quasi-brittle: It is characterized by a gradually decreasing
stress afler the peak siress,

A, Mades of Fracture

According to the mode of failure, fracture behaviour is
classified imto three categories. The three basic modes of
failure are presented in Figl.l, Mode § failure is known as
the Opening mode failure, In this mode, the displacement
of the crack surfaces is perpendicular to the plane of the
crack. Mode I1 failure is known as the Sliding mode or
Planar Shear mode failure. In this mode, the displacement
of the crack surfaces is in the plane of the crack and
perpendicalar to the leading edge of the crack. The third
basic mode is known as the Tearing mode or Anti-Flane
Shear mode failure. In this mode, the displacement is in the
plane of the crack and parallel to the leading edge of the
crack. In practice, it is difficult to develop pure mode IT or
mode [l fractures in comcrete structures. Thus, besides
pure mode I, mode of failure is often a combination of
basic modes which is called mixed mode.
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Figure 1. Medes of Frocture

B. Srress Intensity Factor K;

The stress intensity factor is utilized as a part of fracture
mechanics to predict the stress state (“siress intensity)
close to the tip of a notch brought about by a remote load or
residual stresses. It is a hypothetical constroct normally
applied to a8 homogeneous, linear elastic material and s
helpful for giving a failure criterion for brittle materials,
and 15 a basic technique and is a cntical technique 1n the
discipline of damage tolerance.. The idea can likewise be
connected to materials that display little scale yielding at a
notch tip.

C. Fracture Energy Gy

The strain energy discharge rate (or essentially energy
discharge rate) is the enerey dispersed during fracture per
umt of newly created crack surface region. The energy
discharge rate failure criterion expresses that 8 notch will
arow when the accessible energy discharge rate G is greater
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than or equivalent to a basic worth Ge, The amount Ge is
the fracture energy,
D, Now-Linear Fraciure Parameters

Fracture Energy using Work-0f-Fracture Method. Based
on a measured load-deflection curve of a fracture specimen,
typically a three point bend beam {including the effect of its
own weight), the work of load P on the load-point
displacement & in RILEM method is calewlated as
W= [ Pds.

Figure |.shows a typical three point bend test set up for
the determination of fracture parameters using RILEM
Work-of- Fracture method.

Live Load, w = 688428 N

Self weight of Beam;

00X 0,15 X 25 =0.36kN/m = 360N/m

Dead Load wp =378 N

Total Load = wt+ wp=T262.28M

The Peak load values of various grades of concrete (M20 — MT0) with

differgnt a0 ratiosand different beam sizes are colewlated and tabulated in
the Table 1.

TABLEL

PEAK LOAD VALUES FOR BEAMS OF DIFFERENT SIZES,
GRADES AND NOTCH-DEPTH RATIOS

w Grrade of Size of Beam a'ly Penk Load M
l b concrete (i X mm}
P ——]
= T 0.13 3536.643
d 100 X 73 03 3428 8E
[t Z 045 45479
s 0.13 726128
- M0 100 X 150 03 046,57
I Figure 2 . Thres point bend test set up I gT;— . -:E:ggl;g: —
The fracture energy according to the RILEM” definition, W 100 X 200 —o3 T i1
a 0.43 5764.11
G {a,.d) = Hr Where 1, =(-—"") 015 5355.13
Bl(1-o,)d d 104 X 75 03 3594327
0.43 634.6788
E. Fracture Toughness K- e T
Fracture toughness is the property which portrays the LR D] 100 X 150 0.3 377365
capacity of the material containing a crack to resist fracture. .43 4654, 154
If a material has high fracture toughness it will presumably . 0.13 2215484
undergo ductile fracture. For two dimensional issues (plane W3 300 : r:’j‘ﬁ : l[}?ﬁ?
stress, plane strain, anti-plane shear) including crack that AL T EET R
move in a straight path, the Mode T fracture toughness is L0 X TS 0 iTE0.938 |
identified with the energy release rate, Gy by 0143 £14.7370
T 0.13 14139.69
Kic= JGIXE Ml 100 X 150 03 9710487
0.43 6139.539
1L SAMPLE LOAD CALCULATION T L ain i
The most exireme load and Fraciure Load are observed 0.4 130798 46
to appear as something else and an exceptional quality for 015 T
the fracture load is obtaimed. 100X 75 3 5027546
The peck load carried by M20 grade concrete having 0.43 994,79
beam size of 100mm x 150mm & a/D: 0.15 _— LA Lt
T g T 100 % 150 0.3 12043.61
BendingEquation: M _ FE0C £ .43 757991
) ¥y R .15 35016.73
100 X 300 03 2484333
e fek E}, - 6.6 TN/mm? 045 1591508
3 3 : 0.3 1041577
" . , 10 % 75 03 054,155
For sim plly supported beams, the maximum bending T4 T174.856
moment is 0.15 21020,54
wt _ w.X 1050 M60 100 X 150 03 14376,73
e 0.43 920,309
4 4 013 42797 68
M = 262, 5w 1001 X 500 0.3 20512
Where width of beam is = [00mm 0.45 LET9.69
Effective depth, d = 150 - 22.5 = 127.5mm e AL
Moment of inertia 045 R
100X (127.5)3 g 015 244460,96
- 045 | iwaeney |
Diepth of Neutral axis y = 1275 = §3.75mm [NLE 49GTE.62
2 100 X 300 03 3417467
M 162 5w MP 0.43 2167631
Ocic=—xy=——-——=63.75= .67 V'8
R S e
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HIL. FizsiTE ELEMENT MOBELLING

Figure 3. 3D Modeling of noiched concrete beam

Figmre 4. 30 Meshmyp of nodched conerete beam

Figure 5. Deformed shape of notched concreie beam

Figure 7. Siress variation over the notched conerete beam
IV, ANALYSIS OF NOTCHED CONCRETE BEAMS

The Ioad-deflection  figure  shows  a  different

deformation and behavior under the loads for beams, thus
beam specimens had been made with two variables (notch
depth/beam depth ratio, and Conerete grade) were tested to
the ultimate load capacity so as to research deflection
behavior in this study.

For particular depth, notch depth-beam depth ratio, The
Stress intensity factor is observed to be increasing with the

mgrease in the load and this stress  intensity  factor
determined at crack tip, The following table shows the test
results of the beams.

Grade Size of Stress
of Beam aD | Deflection | intensity
concrete | ™M factor winm
4.7 708

100 X 75

e ] T X150

(L3037 1.89274
0205183 647455

4. 57460

10D X 304

100X 75 i3 (L5 THHG
(.45 011293 (L6785 1R
il 5

T

M3 X150 (a3 |

L 0OTE9E | 3056066
(.15 0-2428% 094452
100 X 3 3 O 1 RR]195 5.328
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Crade Size of At
of Beam ahy | Deflection intensity
concrete: | Ammamm) ) P factor xme
[ 045 | 0115158 | 3404411 |
15 0085355 942384 |
100 X 75 0.3 05392 565244 |
{43 012554 0871014 |
e 0149211 101,536
Mk e X 1500 | 03 (1 1298 B.22713
43 0080327 3009358
015 01275686 113640
oD X 300 [ 03 0.2 10580 §93672 |
045 0.1 504006 Fio0ed |
E OG1TR 12,736 |
00X75 [03 0072495 TATE56 |
i 045 | oeises | diaar |
(.13 0.1 #3625 12,2141 |
M 56 10X 150 [ 03 0.125368 ToaEll |
(43 (LORTI4E 440057
013 030523 13,6341
1) X 3000 .3 0231193 936027
(43 0. 1464004 5. 06250
E 0, 1069 13.29%1 |
100X 75 .3 0079203 BRIR3S |
45 0014744 S026870 |
NG [INETEET] FETET
MG 100 X 150 03 | 03e6IE | GasTRE |
i s | otodle | saes |
EXE 0 I6.1561 |
10D X 300 (.3 0250691 L1 1TE4 |
43 0177231 375713
(15 0113315 15,4955
WX [ 03 0042228 10,2801
.45 0015742 4.1456 |
15 011943445 16.0312 |
M7 100 X 150 03 0133513 s |
a5 0102579 072 |
NE 11357604 187362 |
100 X 300 0.3 0288795 128765 |
045 0.189231 663946 |

TABLEII

DEFLECTION, STRESS INTEMSITY FACTOR FOR BEAMS OF
DIFFERENT SIZES, GRADES AND MOTCH-DEPTH RATIOS

Figure 8. Deflection at point of application of load

Figure 9. Stress intensny Factor al crack tip

V. RESULTS ANALYSIS
A. Peak Load Vs Notch-depth Ravio

When the grade of concrete and the size of the beam is
constant, then the peak load and the deflection were found
to be decreasing with the increase in the notch depth ratios.
This is due to the increase in the brittleness of the member,
in other words, the increase in the crack length in a member
makes it to behave in a brittle manner. The following
graphs shows relation between peak load and notch — depth
ratio,

Peak Load Vs Notch-depth ratio |a,/D)
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FigurelQ. Peak Load vsMotch-depth atio (M20 Concrete)

Peak Load Vs Notch-depth ratio |2 /D)
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Figure 11. Peak Load v Notch-depth ratio (M30 Concrete)
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Figure 12. Peak Load vsNotch-depih mtio (M40 Concrete)
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Figure 13, Peak Load vsMatch-depth ratio (M30 Concrele)
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Figure 14. Peak Load vsNotch-depth ratio (M60 Concrete)
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Figure 153, Peak Load viNatch-depth ratio {(M70 Concrete)

B Depih Vs Fracture Encrgy (G

From the following graphs it is clear that in a particular
notch depth-beam depth ratio, the fracture energy is
observed to be increasing with the increase in the beam
depth, This is due to the increase o the depth of uncracked
ligament which has enhanced the load resisting capacity
and hence the fracture energy of the larger depth beams.
Same trend was observed with the increase in the notch
depth to beam depth ratio. Similar trend was observed in
all the higher prades of concrete (M3, M40, M30, Moo,
M7

TABLE 111

FRACTURE ENERGY FOR BEAMS OF DIFFERENT SIFES.
GRADES AND NOTCH-DEPTH RATIOS

Cirade of Size of Beam aly Fracture
conerehe (mim x mm} Energy (G

M-mim

015 115 S

100 X 75 L3 Gl 4389

0.45 2.153866

0,15 413.7122

M20 100 X 150 i3 179.7514
0,45 115,641

0.15 1590953

100 X 300 %] 2741657

0.45 ITH2R03

015 1748352

100 X 75 [E 107.454%

0.45 3457815

015 T209258

M0 100 X 1530 [ 3H2ETT

.45 160, 2044

0.15 2608, THT

100 X 300 i} 1278975

0.45 599.3161

0.15 283 4675

100 X 75 0.3 1606794

0145 4 153560

015 1153086

M4l 100X 150 0.3 SRT.6143

0.45 2427794

0.15 3600 718

100 X 300 .3 1838.153

0.45 1149.008

Grade of Size of Beam ah Fracture

concrete {mm % mm} Energy (G}

MN-mm

015 30,9495

100 X 75 [} 214854

0,45 7294549

0.1%5 1712.186

M50 100 X 150 03 754.030
043 33368194

N5 5481438

1000 % 4 0.3 2804537

0.45 1304 5962

015 556,7235

100X 75 0.3 2809394

045 360802

0.15 1HUR,97H

Mol 100 X 150 0.3 0820472
1,45 S 36

015 7122385

100 X 30 0.3 3699.201

043 1663591

2
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013 G99, 72835
100 X 75 03 3809375
(.45 1066446
0.1% 2378.200
10X 150 0.3 1186913
.45 5365238
0.15 HBR0.893
100 X 300 0.3 5235.318
0.45 2070.237

O Fracture Energy Vs Notch Depth

M0

Increase in the notch ratio (aD) increases the
brittleness of the member. In other words, increase in crack
length in a structure pushes the structure to behave in a
brittle manner. It indicates that the increase in notch depth
ralio decreases the fracture energy, In other words, increase
im crack length of a structure requires less fracture energy
for extending the crack. A decrease in fracture encrgy for
crack extension indicates the brittlencss of the structure.

Fracture Energy s Depth of Beam
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Figure 16, Fracture Energy Vs Depth of Beam (M20 conerete)
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Figure 1T, Fraciure Energy Vi Depth of Heam (M30 concrate)
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Figure 15, Fractuse Energy Vs Depth of Beam (M40 concrete)
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Figure 19, Fracture Encrgy Vs Depth of Beam (M350 comcrete)
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Figure 20, Fracture Energy W Depth of Beam (Mad concrete)

Fracture Emergy Vs Depth of Beam
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Figure 21,  Frecture Energy W= Depth of Beam {M70 conerete )
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Figure 22, Frocture Energy Vs Motch depth (M20 conerete)
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Figure 23, Fracure Energy Vi Mofch depth (M30 concrete)
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Figure 27, Fracture Energy Vs Nodch depth (M7 concrete)

aooo D, Peak Load Vs Depeh of Beam
FEO0 . : :
e From the following graphs it is clear that in a particular
; s !mb:h depth to beam depu? ratio_, the Lx:lmd carrying capacity
S is observed to be decreasing with the increase in the notch
i _ ko depth to beam depth ratio. If notch depth to beam depth
% 1% e s i increased the depth of uncracked ligament portion will be
F A T bEaEmm decreased so stiffness of member will be reduced. So load
st carrying capacity will gradually decrease. Same trend was
'_'_‘_'—u—._._‘___- i & a
o observed with the increase in the notch depth to beam depth
¢ &l 41 0F 4.8 ratio. Similar trend was observed in all the higher grades of
a/0 Ratio concrete (M30, M40, M50, Mo, M70)
Figure 24, Fracture Energy Vs Nodch depth (M40 conerete) peak Load Vs Depth
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Figure 25, Fracture Energy Vs MNotch depth (M30 conerete) Peak Load Vs Depth
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E. Peak Load Vs SINT (Grade Wise)

Paak Laad Vs Dapth
iy ; : )
::,m: In a particular size of the beam and for a particular
e notch depth ratio, the stress intensity factor is observed
Z o000 be increasing with the increase in the grade of the conerete,
B s T S ¥ This 15 dug to the increased load resisting capacity of the
= i = - h9 AT 83 heam with the increase in the grade of concrete,
5000 .r-"fj =i MHO WD 345
o Paak Load Ve SINT
£} i1 0] T00 E L] 00 15090
fE0ad
sl 14390 //

] £ 12000
Figare 30, Peak Load Vs Depth (M40 Conerets) % ‘:‘;33 / R
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Figure 34, Peak Load vs SINT (M20 Concrete, a/Tk: (15, 003, and 0.45)
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Figure 31. Peak Load Vs Depth (M30 Conerete) 3‘ S e
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Figure 35, Peak Load ve SINT (M30 Concrete. o/ 0015, 0.3, and 0.45)
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Figure 32, Peak Load Vs Depth (M60 Concrete)
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Figure 33. Peak Load Vs Depth (MT0 Concrete)
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i TABLE IV
Peak Load Vs SINT
Ageon FRACTURE TOUGHNESS FOR BEAMS OF DIFFERENT SLZES,
35000 e GRADES AND NOTCH DEPTH RATHOS
30800 A
E 25000 "f’
} 20600 /"
——[=T5 =
% 1m0 o y e Grade of | SizeofBeam | oD | Fracture
= o000 concrete {mm x mm) Toughness
e 30 0mm
SO0 {KI}
[i ]
[ 5 10 15 0.15 1630551
ST ) 100 X 75 0.3 L7209
.45 2244949
0.15 3041527
Figure 37, Peak Load vs SINT (M30 Concrete, 0T 015, 0.3, and 0.45) W25 100 X 150 0.1 2004 835
0.45 1628.77
Paak Load Va SINT 0.15 5964461
e 100 X 300 0.3 4321192
29085368
40030 /’" 0.45 2908,
e Py 015 2185163
3 3w 100 X 75 0.1 1715451
=i 045 307.7274
2 ot ——D=TEmm 0,15 44431 35]
N M30 100 X 150 0.3 3335, 135
L0 e QS T .45 2152639
e 0.5 B397.053
2 100 3 34 1 5918.291
¢ 3 B X & TR Y
ST mmar 100 X 75 0.3 3354136
0.45 403.6956
. i 015 G038 525
Figure 38, Peak Load vs SINT (M60 Concrete, 00 (.15, (03, and 0.45) NG TG == e
01,45 2770805
Paak Load Vs SINT 015 T0AR. 07
[T 100 X 300 (%] Tahs S04
0.45 6027837
- SO0 _.-"'j
g oo el Girade of Size of Beam ) Fracture
g a0 e R STt conense {mm X man} Energy ({is)
= -~ I-mim
3 eoss /_r" d-_,-l""’f’—. ~@ Dt Simn TG SO a7
ooy | - I 100 X 75 [Tk ] 2756,153
o — .45 SO0 3%
a 5 10 15 n 015 TTEDA19
L 100 X 150 3 5166545
Hhfmm)
. 045 1414419
0.15 13921.14
Figure 39, Peak Load vs SINT (MT0 Concrete, /D 0.15, 0.3, and 0.45) Moo L3 105
0.45 GT92.45
0.15 4643469
100 X 75 0.3 J20E.59
F. Fracre Toughness Vs ay 0.45 579.1644
i 0,15 2571443
i 2 - 5 100 X 50 3 7.214
Fracture Toughness is found to be decreasing with an 1;':3*. ::E:l i(]H
increasing the notch depth ratie. Increase in the noteh depth nj1I5 Terind
ralio {WD} increases the brittleness of the member, In 100 X 30 T} 1106052
other words, increase crack length in a beam it behaves ina ¥ 2031 591
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Figure 40. Fracture Toughness Vs notch-depth ratio (M20 Concrete)
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Figure 41. Fracture Toughness Vs notch=lepth ratio (M30 Concrete)

Fracture Taughness wvs Nateh- Dapth Ratia
12000

=
L
_; 10000 H\_.
£ e
= w0 .
= - e
§ sooo .-\-\-‘-\-\-"‘-u L et B1 M8am
=
2 o0 "“\- ~8=D=150mm [
5 ]
g 2000 " [
5 ‘-\\
[
L) 6.l .2 @3 o4 0.5

Figure 42. Fracture Toughness Vs notch-depth mtio (M40 Concrete )
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Frgure 43, Fracture Toughness Vs notch-depth ratio (M50 Conerete)
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Figure 44, Fracture Toughness Vs notch-depth ratio (Ma0 Concrete)
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Figure 45, Fracture Toughness Vs notch-depth ratio (M70 Concrete)

V1. CONCLUSIONS

The fracture behavior of the notched plain concrete
beams of different sizes and notch depth ratios for different
grades of concrete has been amalyzed based on the
modelling of beams in ANSYS. The variation of fracture
parameters has been studied and presented below.

1. In & particular size of the beam and for a particular notch
depth ratio, the fracture energy and fracture toughness are
observed to be increasing with the increase in the grade of
the concrete. This 15 due to the increase in the depth of
uncracked ligament which has enhanced the load resisting
capacity. Hence, the fracture energy of the larger depth
beams. Same trend was observed with the increase in the
notch depth ratios.

2. In a particular grade of concrete and for a particular size
of the beam, the fracture energy and fracture toughness are
ohserved to be decreasing with increase in the notch depth
ratios. This is due to the decrease in the depth of uneracked
ligament. Same trend was observed with the increase in the
size of the beams.

3. When the grade of concrete and the size of the beam is
constant, then the peak load and the deflection were found
to be decreasing with the increase in the notch depth ratios.
This is due to the increase in the brittleness of the member.
In other words, the increase in the crack length in a member
makes it to behave in a brittle manner,

4. In a particular size of the beam and for a particular noich
depth ratio, the stress intensity factor is observed to be
increasing with the increase in the grade of the concrete.
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This is due to the increased load resisting capacity of the
beam with the increase in the prade of concrete.

5. In a particular size of the beam and for a particular notch
depth ratio, the peak deflection value is observed to be
increasing with the increase in the grade of the concrete,
This is due to the incressed load resisting capacity of the
beam with the increase in the grade of concrete,

6. Increase in the notch ratio (a/D) increases the brittleness
of the member. In other words, increase in crack length in a
structure pushes the structure to behave in a brittle manner.

7. It indicates that the increase in notch depth rafio
decreases the fracture energy. In other words, increase in
crack length of & structure requires less fracture energy for
extending the crack. A decrease in fracture encrgy for
crack extension indicates the brittleness of the structure.
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