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Abstract
Concrete is a brittle material with high compressive strength,
low tensile strength and poor toughness, where cracks of differ-
ent degrees and different forms can be developed, which com-
promises the durability and the lifetime of concrete structures.
The crack starts to propagate in concrete when the crack tip
stress intensity factor reaches the fracture toughness value (crit-
ical stress intensity factor K . or fracture energy G ). Many stud-
ies were carried out on the fracture of concrete to measure K ¢
and G based on LEFM (Linear Elastic Fracture Mechanics).
This paper uses tow approaches to analyze the crack propa-
gation of cracks three-point bending concrete beam and Bra-
zilian disk with initial crack based on determination of stress
intensity factor analytically starting from weight functions and
numerically using the finite element software platform Abaqus.
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1 Introduction

Concrete as a modern building material is the most widely
used. As concrete have the advantages with abundant availabil-
ity, simple process, well fireproof, lower cost and wide adapt-
ability [1], concrete has been widely used in our countries.
However, concrete is a brittle material with high compressive
strength, low tensile strength and poor toughness, it makes that
cracks of different degrees and different forms occur in using
process and even in construction process which makes the dura-
bility of concrete structure deteriorates and lifetime shortens.
In modern times profuse experiments and engineering practices
show that: cracking of concrete structure is almost inevitable;
according to current economy and technique level, it is reason-
able that concrete cracking could be controlled in the harm-
allowable range [2]. Simulating concrete fracture behaviour is
the main way to achieve aforesaid aims. A lot of researches
on concrete fracture behaviour have developed many effectual
concrete fracture models.

The cracking strength of concrete is determined by using
fracture mechanics concepts [3, 4]. It is believed that the crack
starts to propagate in concrete as the crack tip stress intensity
factor reaches the fracture toughness value (that is always
defined quantitatively in terms of critical stress intensity factor
Kc or fracture energy Ge). A large number, of research efforts,
has been made in studying the fracture toughness of normal
strength concrete, with various mixing ratios of ingredients
[5-7]. At first, the fracture mechanics started developing and
was introduced to concrete beams to measure fracture tough-
ness [8]. Later, many studies were carried out [9, 10] on the
fracture of cement mortar and concrete to measure Kc and Ge.
It is mentioned that LEFM (Linear Elastic Fracture Mechan-
ics) could be applied to these systems. Also certain authors
are given away from their studies [11] that fracture mechanics
could be usefully applied for the failure investigation of con-
crete dams. Meanwhile many studies were carried out [12] on
fracture toughness of self-compacting concrete. Recent publi-
cations [13, 14] have shown that fracture mechanics has now
been established as a fundamental approach that can explain
certain nonlinear aspects of concrete behaviour, help to prevent
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brittle failures of the structure and be an important aid in mate-
rials engineering.

This paper uses tow approaches to analyze the crack propa-
gation of cracks three-point bending concrete beam and Bra-
zilian disk with initial crack based on determination of stress
intensity factor analytically starting from weight functions [15]
and numerically using the finite element software platform
Abaqus, and compares with the features in simulating soften
behaviour for various concrete fracture models.

2 Linear elastic fracture mechanic:

Application of the fracture mechanics to concrete [16] has
been intensively studied. It was recently realized that the frac-
ture process zone was created ahead of the crack in concrete.
As a result, the non-linear fracture mechanics [17] was intro-
duced instead of the linear elastic fracture mechanics (LEFM).
Although most efforts have been lately devoted to study on
fracture damage behaviour of concrete [18, 19], linear elastic
fracture mechanics seems to be still useful for studying the fail-
ure of concrete.

The theory of linear-elastic fracture mechanics (LEFM) is
integrated using an analytical approach occurring that solid
bodies containing cracks can be characterized by defining a
state of stress near a crack tip and the energy balance coupled
with fracture. Introducing the Westergaard’s and Airy’s com-
plex function and will allow the development a significant
stress analysis at the crack tip (Fig. 1).
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Fig. 1 The crack tip stress field in complex coordinates

The Airy’s complex function and Westergaard’s complex
function are, respectively

®=ReZ'+yImZ (1)

Z(z)=ReZ+ilmZ @)

Where
ReZ'= Real part
ImZ = Imaginary part
Z = analytic stress function

For instance, Irwin treated the singular stress field by intro-
ducing a quantity [20] known as the stress intensity factor,
which is used as the controlling parameter for evaluating the
critical state of a crack.

3 Stress intensity factor

The mechanical behaviour of a solid containing a crack of a
specific geometry and size can be predicted by evaluating the
and K

stress intensity factors (K, K, -

) shown in Fig. 2.

Mode I Mode II Mode III

Fig. 2 Three basic modes of fracture propagation

If crack growth occurs along the crack plane perpendicu-
lar to the direction of the applied external loading mode, then
the stress intensity factors are defined according to the Ameri-
can Society for Testing Materials (ASTM) E399 Standard Test
Method as

KJ = lim (ny+ 27rr)f1(9)

(3)
r—0
Kjr = lim (Txy+ Zﬂr)fﬂ(@) )
r—0
K= lim (Tyz-‘r zﬂl”)f][](e) (5)

r—0

Here, £(0), f,(0) and f,
be derived analytically.

,(0) are trigonometric functions to

4 Application

Determination of stress intensity factors is a critical task in
fracture mechanics, numerical methods such as the finite ele-
ment and boundary element methods [21] which have success-
ful applications in various fields of engineering problems. It is
shown that it is applicable to the description of not only differ-
ent size specimens [22, 23], but also specimens with varying
geometry.

4.1 Models studied

The numerical model used in our study, combines a criterion
of the linear elastic fracture mechanics and a distributed model
of cracking that leads to taking account the singularity of stress
field at the peak of a crack and the influence of geometrical
parameters on the development of cracking. This model must
also keep on certain basic assumptions:

i=+v-1
P2=-1
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* The not fissured concrete is regarded as an isotropic
homogeneous material with an elastic linear behaviour
describing its mechanics.

* The micro crack zones and the nonlinear behaviour of the
material at the point of the cracks are neglected.

4.2 Analytical and numerical analyses

It is a question of determining for the load patterns consid-
ered in this work, the values of the stress intensity factor K, and
K, and which are expressed [24] starting from the following

relation:
K;=0 *F -~na (6)
Ki=T"F -Nra 7
Where:

a is the length or half-length of the crack,
o and T are respectively the normal and shear stresses applied.
F is the geometrical Functions.

Two cases are studied:

- Three-points bending test: The geometrical data and the
principle of the test are schematized in Fig. 3:

T

']

2L e

T

W

|

N

Fig. 3 Three-bending Beam Tests.

The specimen subjected to the bending test is a beam of con-
crete where its length is 2L and width w, receiving a load P
with an eccentricity d.

The beam is supposed to have an initial crack of length is a,
located in the middle of the beam.

- Brazilian disc test: The geometrical data are shown in
Fig. 4

Fig. 4 Description of Brazilian disc.

The surface of the disc is supposed to be notched (half-
length of the crack a). The crack forms an angle 0 with the
vertical axis of the disc.

In the numerical study, the values of stress intensity factors
K,and K are numerically obtained using finite element model-
ling in a two-dimensional medium by the ABAQUS software.
Models used in the simulation are represented in Fig. 5 and 6.

Fig. 5 Geometrical representation by ABAQUS of three points bending test .

Fig. 6 Geometrical representation by ABAQUS of Brazilian disc test

The mechanical properties of material studied (concrete) are
shown in Table 1.

Table 1 Summary of mechanical characteristics of concrete

E Elastic modulus 35982 MPa
G, Compressive strength 35 MPa
G, Tensile strength 2.7 MPa
v Poisson’s ratio 0.2

5 Discussion and results

Mode I:

- Three-points bending test:

Variation of the stress intensity factor K, according to the
length of the crack:

The graph above shows the variation of stress intensity fac-
tor K, (compared numerically and analytically) according to the
length of the crack; it is observed that the values of K, increase
when the report a/w increases.

Influence of the load’s position on the stress intensity factor K :

Figure 8 represents the variation of the stress intensity fac-
tor K according to position of the load; it is noticed that the
increase in the d/w leads to a reduction in the values of stress
intensity factor K, and when the d/w = 0 the values of K are
maximum, which can be explained by the presence of high ten-
sile stresses due to maximal bending moment.
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Fig. 7 Variation of the SIF K| according to the report a/w
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Fig. 9 Variation of the SIF K, according to the report a/R.

- Brazilian disc test:

Influence of the crack’s size on the stress intensity factor K :

Figure 9 represents the variation of the stress intensity factor
K, according to the report a/R (Brazilian disc). It is noted that for
angles of inclination of the crack lower than 30°, the values of the
stress intensity factor K, grow when the report a/R grows. For val-
ues of the angles of inclination higher or equal to 30°, the values
of the stress intensity factor K, decrease and become negatives.

Influence angle of inclination of the crack on the stress
intensity factor K

Figure 10 represents the variation of the stress intensity fac-
tor according to the angle of inclination of the crack in the disc.
It is noted that for values of the angle of inclination 6 lower
than 22°, the values of the stress intensity factor K, are posi-
tives and become maximum for 6 = 0. For values of the angle
0 higher than 22°, the values of stress intensity factor K, are
negatives and are important in absolute values, in this case, the
specimen is in compression and the crack remains closed.

Mode I1

In three-points bending test, the beam is not subjected to
shearing and the values of K  are negligible, we will limit only
with the case of Brazilian Disc test.
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Fig. 8 Variation of the SIF K according to the load’s position.

‘KI according to the crack's angle of inclinaison I
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Fig. 10 Variation of the SIF K, according to the angle of inclinaison of the crack.

Influence of the crack’s size on the stress intensity factor K :

Figure 11 represents the variation of the stress intensity fac-
tor K, according to the size of the crack; we can note that values
K, vary proportionally with the report a/R, such as, when the
length of the crack in the disc increases, the values of the stress
intensity factor KII increase also what results in saying that
there exist high shear stresses what facilitates the fracture in
mode II and the propagation of the cracks is carried out quickly.

If the crack is not inclined or not formed at an angle of 6 =0°
or 6 =90°, we can note that KII values are cancelled and the
increase of the crack‘s size does not have any effect on the
variation of stress intensity factor KII because of the absence
of shear stresses in these two cases.

Influence angle of inclination of the crack on the stress
intensity factor K:

Figure 12 represents the variation of the stress intensity factor
K, according to the angle of inclination of the crack in the disc;
which we can observe that the values of the stress intensity factor
K, reach their maximum values when the angle of inclination 0
of the crack is in the interval of 30° to 60° because shear stresses
are highest in this zone. On the other hand if the angle of inclina-
tion O tends towards 0° or tends towards 90° the values of the
stress intensity factor K decrease until they will be cancelled.
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Fig. 11 Variation of the SIF K|, according to the report a/R.

6 Conclusion

Cracks propagation in concrete structures is a phenomenon
which can be described by linear-elastic fracture mechanics
concept starting from the criterion of the critical stress intensity
factor. This method makes it possible to quantify the effects of
the presence of a crack and influence of this one on the behav-
iour with the fracture of the structure.

In this study, we compared two methods to determinate the
stress intensity factor that the results obtained are effectively
comparables.

References

[11  Zhongwei, W., Huizhen, L. High performance concrete. Beijing: China
Railway Press. 1999.

[2] Tiemeng, W. "Crack control for engineering structure." Beijing: China
Architecture and Building Press. 1997.

[3] Shah, S. P, Swartz, S. E., Ouyang, C. "Fracture Mechanics of Concrete:
Applications of Fracture Mechanics to Concrete, Rock and Other Quasi-
Brittle Materials." John Wiley & Sons Inc. 1995.

[4] Ohno, K., Uji, K., Ueno, A., Ohtsu, M. "Fracture process zone in notched
concrete beam under three-points bending by acoustic emission." Con-
struction and Building Materials. 67. Part B. pp. 139-145. 2014.

DOI: 10.1016/j.conbuildmat.2014.05.012

[5] Kachanov, M. "In fracture toughness and fracture energy of concrete."
Wittmann, FH (ed.) Amsterdam Elsevier. 1985.

[6] Tada, H., Paris, P. C., Irwin, G. R. "The Stress Analysis of Crack Hand-
book." Paris Productions Incorporated. Paris. 1985.

[7] Shah, S. P., Ouyang, C. "Measurement and modeling of fracture pro-
cesses in concrete in Materials Science of Concrete." Vol. 111, American
Ceramic Society, Westerville, OH, 243-270. 1992.

[8] Kaplan, M. F. "Crack propagation and the Fracture of Concrete." Journal
of the American Concrete. 58 (11). pp. 591-610. 1961.

[9] Petersson, P. E. "Crack growth and development of fracture zone in plain
concrete and similar materials." Report TVBM-1006, Division of Build-
ing Materials, Lund Institute of Technology; 1981.

[10] Nallathambi, P., Karihaloo, B. L., Heaton, B. S. "Coarse aggregate tex-
ture upon fracture toughness of concrete." Magazine of Concrete Re-
search. 361 (129). pp. 227-236. 1984.

[11] Soauma, V. E., Milner, D. "On Why Fracture Mechanics Should Be
Adopted For Dam Safety Investigation." Dam Engineering. 7 (3). pp.
215-229. 1996.

Fi

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

g.

KII according to the angle of inclinaison of the crack I

25 : :
| —m—analytical IR =0.1
1 ! . ] ™ —numerical || a .
2.0 H /}thﬁwﬁ. 0 0
; : ; —e—alR=0,2
2-’;1_5 —4—a/R=0,3
e 17 | ——aR=0,4
210
x| | —e—aRr=0,5
0.5 Z
0.0 i i : i 6 (%)

12 Variation of the SIF K, according to the angle of inclinaison of the crack.

Seleem, M. H., Sallam, H. E. M., Attwa, A. J., Heiza, K. M., Shaheen,
Y. B. "Fracture mechanics of self compacting concrete." In: Mesomechan-
ics-2008. Jan. 28- Feb. 01 2008, HBRC, Giza, Egypt, pp. 1-10. 2008.
Hilsdorf, H. K., Brameshuber, W. "Code-type formulation of fracture
mechanics concepts for concrete." International Journal of Fracture. 51
(1). pp. 61-72. 1991. DOI: 10.1007/BF00020853

Kishen, J. M. C. "Recent developments in safety assessment of concrete
gravity dams." Current Science. 89 (4). pp. 650-656. 2005.

Atahan, H. N., Tasdemir, M. A., Tasdemir, C., Ozyurt, N., Akyuz, S.
"Mode I and mixed mode fracture studies in brittle materials using the
Brazilian disc specimen." Materials and Structures. 38. pp 305-312.
2005. DOI: 10.1617/14104

Le Bellego, C., Dube, J. F., Pijaudier-Cabot, G., Gerard, B. "Calibration
of nonlocal damage model from size effect tests." European Journal of
Mechanics - A/Solids. 22 (1). pp. 33-46. 2003.

DOI: 10.1016/s0997-7538(02)01255-x

Kumar, S., Barai, S. V. "Concrete fracture models and applications."
Berlin Heidelberg: Springer-Verlag. 2011.

Feng, D-ch., Tian, L., Cao, P. "Study of longitudinal cracking during
settlement of soil based oextended finite element method." Engineering
Mechanics. 28 (5). pp. 149-154. 2011.

Cao, P., Feng, D.-ch., Tian, L., Jing, R.-x. "Based on elastic-plastic dam-
age mechanics to research cracking evolution of Cement stabilized base
course during maintaining period." Engineering Mechanics. 28 (S1). pp.
99-102. 2011.

Perez, N. "Fracture Mechanics." Kluwer Academic Publishers, Boston,
2004.

Mirzaei, H., Kakaie, R., Hassani, B., Jalali, S. M. E. "Numerical
evaluation of stress Intensity factors in jointed rock medium by the
M-Integral method." Journal of Geology and Mining Research. 1 (4).
pp- 94-104. 2009.

Wallin, K. "A simple fracture mechanical interpretation of size effects in
concrete fracture toughness tests." Engineering Fracture Mechanics. 99.
pp. 18-29. 2013. DOI: 10.1016/j.engfracmech.2013.01.018

Eskandari, H., Muralidhara, S., Raghuprasad, B. K., Venkatarama
Reddy, B. V. "Size effect in self consolidating concrete beams with and
without notches." Sadhana. 35 (3). pp. 303-317. 2010.

DOLI: 10.1007/s12046-010-0012-2

Kumar, S., Barai, S. V. "Size-effect of fracture parameters for crack
propagation in concrete: a comparative study." Computers and Concrete.
9 (1). pp. 1-19. 2012.

Determination of Stress Intensity Factor in Concrete Material Using FEM

201559 4 203


http://dx.doi.org/10.1016/j.conbuildmat.2014.05.012
http://dx.doi.org/10.1007/BF00020853
http://dx.doi.org/10.1617/14104
http://dx.doi.org/10.1016/s0997-7538%2802%2901255-x
http://dx.doi.org/10.1016/j.engfracmech.2013.01.018
http://dx.doi.org/10.1007/s12046-010-0012-2

	1 Introduction
	2 Linear elastic fracture mechanic:
	3 Stress intensity factor
	4 Application
	4.1 Models studied
	 4.2 Analytical and numerical analyses

	5 Discussion and results
	6 Conclusion
	References

