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Abstract
Steel Bridges have been in existence from pre-medieval times. A number of instances of steel bridge failures are
available in failure investigators’ archives. Integrity of structure of steel bridges has been a challenge for Structural
Engineers. Structural Integrity Assessment of a structure plays an important role in its design. Structural Integrity
Assessment of a structure is carried out based on Damage Tolerant Design Methodology which is based on the principles
of fracture mechanics. Fracture is a failure mode due to unstable propagation of crack resulting from applied stress.
Steel exhibits desirable physical properties that makes it one of the most versatile structural material in use but the
structural performance of steel will be affected by the internal damages due to prolonged exposure to physical,
mechanical, thermal, wind and sea water loads (for marine underwater structures). Hence, there is a need to estimate
how long the structure could remain in service which requires analyzing and assessing the fatigue life of the structure
based on studies covering analytical and parametric. Also, with the aging of existing steel bridges and the accumulated
stress cycles under traffic loads, assessment of remaining fatigue life for continuing service has become more important.
In this paper, stress analysis is carried out for an I-section beam with semi-elliptical cracks using ANSYS software,
where four case studies are done by varying the location of crack in the beam. Also, stress intensity factors are obtained
for the corresponding cases. The methodology is validated using benchmarks, a set of standard test problems with known
target solutions. Furthermore, fatigue life of the structure is estimated using fatigue laws such as Paris law.
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1.BACKGROUND
Fatigue is a localized and progressive process which
causes damage to the structures due to the repetitive
application of external loadings such as vehicles for
steel bridges, winds for high-rise buildings, waves
for offshore platforms, and temperature for turbine
engines, while these applied loadings may be well
below the structural resistance capacity [7]. Fracture
is a failure mode due to unstable propagation of
crack resulting from applied stress. Fatigue and
fracture are the major causes of in-service failure,
both in components and structures. Fracture
Mechanics provides a methodology for prediction,
prevention, and control of fracture in materials,
components, and structures. A critical assessment of
structural integrity (Stiffness, Strength, and
Durability) is often based on fracture mechanics
analysis. The main objective of this study is to
develop a refined finite element model of an I-

section beam of simply supported and cantilevered
boundary conditions with varying semi-elliptical
crack location to compute stress intensity factors for
the same using ANSYS, a commercial FEA
software. The methodology is validated using
benchmarks.

M. Pedro Albrecht et al used finite element method
to develop stress intensity factor (SIF) solutions for
two-tip web cracks and symmetric three-tip cracks
in I-beams subjected to tension or bending and
factors governing cracked I-beams were determined
[1]. A total of 2,106 combinations of type of crack,
type of loading, crack length, eccentricity, and
flanges-to-web area ratio were analysed and the
numerical results were fitted with polynomial
equations.Priyanka P. Gangurde et al used ANSYS
software to determine the natural frequency of
cracked and uncracked beam having one end fixed
and other is simply supported as these cracks, due to
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different kinds of loading on the beam and their
location effect changes the natural frequency and
mode shapes of the beam [2]. E. Ghafoori et al
presented an analytical method to calculate the
stress intensity factor for cracked steel I-beams
under both bending moment and axial load based on
the approach of crack surface widening energy
release rate formulated by a G*-integral and
elementary strength theory of materials [3]. The
methodology was validated by comparing the
analytical results and results available in the
literature for specific cases. Furthermore, the fatigue
and fracture behaviour of the steel I-beam are
experimentally investigated. Dinesh S. Shewale et
al presented an analytical study on artificially
damaged steel I section using ANSYS 15.0
WORKBENCH fatigue tool where experimental
test results are compared with analytical results
obtained [6]. Fatigue analysis of the same section is
done using IS 800-2007 while for ANSYS 15.0
analysis, Soderberg’s theory of fatigue analysis is
used. Bertram Kuhn presented a guideline with a
proposed fatigue assessment procedure for existing
steel structures embedded in information about old
materials and non-destructive testing methods for
the evaluation of details and remedial measures
proposed for weak details and damages caused by
fatigue [4].

2. FINITE ELEMENT MODELING FOR
COMPUTATIONAL FRACTURE
MECHANICS
Finite Element Modeling is defined here as the
analyst’s choice of material models, meshes, finite
elements, analysis procedures, constraint equations,
governing matrix equations and their solution
methods, specific pre- and post-processing options
available in a chosen commercial FEA software for
determination of stress intensity factors for solid
structures with cracks under different types of
applied loads and boundary conditions. In this
study, ANSYS is used for FE modeling. Finite
element modeling of a cracked solid structure
employs two types of elements, singular and regular
elements. Singular elements are used around the
crack tip and regular elements in the rest of the
domain. The regular and singular solid elements
may be tetrahedral (TET8) and singular pentahedral
(SPENTA15) in shape.

Dimensions of the I-section beam is as shown in
figure 1 where the length of beam is 1m. The model
is meshed suitably using SOLID element in
ANSYS. Static analysis is used to determine the
displacements, stresses, strains and forces in
structures or components caused by loads that do
not induce significant inertia and damping effects.
Steady loading and response conditions are
assumed; that is, the loads and the structure’s
response are assumed to vary slowly with respect to
time.

All dimensions in mm

Fig- 1: Dimensions of I-section beam

Fig- 2: Geometric model Fig- 3: Finite Element model

2. BENCHMARKS
A benchmark is a standard test problem having
known target solution in the form of
formulae/graphs/tables which are used to validate
finite element models developed using ANSYS and
calculated stress intensity factors.

Test Problem:
Infinite Plate with a semi-elliptical crack
subjected to remote tensile stress:
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Fig- 4: A semi-elliptical surface crack

Fig- 5: A quarter-elliptical corner crack

A rectangular beam of length (L), width (b),
thickness (t), with semi-elliptical crack of diameter
2c is subjected to internal pressure σ. L=300mm,
b=200mm, t=100mm, σ = 1MPa, 2c = 3mm, a =
1mm, Elastic modulus, E=200GPa and Poisson’s
ratio, ν = 0.3 are used in the computation to
determine the stress intensity factor (KI) values at
regions 1, 2 and 3 (figure 5) theoretically.

KI = λs σ / f (ф)
Q = 1+1.464 (a/c)1.65

λs= [1.13-0.09(a/c)] [ 1+0.1(1-sinф)2]

f (ф) = [sin2ф + (a/c)2 cos2ф]1/4

After substituting above values,

If ф=0˚ at crack tip 1 and 180˚ at crack tip 2, f (ф) =
1 and KI = 1.582MPa√
If ф=90˚ at minor radius, f (ф) = 1 and KI =
1.438MPa√
Result comparison:
The above test problem is solved numerically using
ANSYS to extract the results of KI at the designated
regions.

Finite element model of a rectangular beam of
length 300mm, width 200mm and depth 100mm is
developed using ANSYS. Also, beam is modelled

to have semi-elliptical crack of radius 1.5mm and
contour radius of 1mm where X axis in figure 9
represents the crack front. It is analyzed statically to
obtain von Mises stress. Furthermore, stress
intensity factors KI, KII and KIII are numerically
obtained.

Fig- 6: Geometric model Fig- 7: Finite Element Model

Fig- 8: Boundary conditions Fig- 9: Crack geometry

Table -1: Result comparison

Region Theoretical
KIMPa√ Numerical

KIMPa√
1 (ф = 0˚) 1.582 1.532

2 (ф =180˚) 1.582 1.528

3 (ф = 90˚) 1.438 1.930

It is observed from the table 1 that the theoretical KI

determined from Irwin’s theory closely matches
with the numerical KI solved using ANSYS.

3. CASE STUDY
Case study 1: I-section beam which is simply
supported with semi-elliptical crack on the bottom
flange and perpendicular to meridional direction.

Fig- 10: Geometric model Fig- 11: Finite Element model
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Fig- 12: Application of load Fig- 13: Crack geometry

A Finite Element model is developed for a simply
supported I-section beam of dimensions as shown in
figure 1 with semi-elliptical crack located on the
bottom flange and perpendicular tomeridional
direction (figure 13). It is subjected to an uniformly
distributed load of 10kN and analyzed statically for
von Mises stress. It is further analyzed to obtain
stress intensity factors KI, KII and KIII. The average
of stress intensity factor values obtained at different
contours for KI, KII and KIII is plotted in the form of
graph as shown in figure 14, 15 and 16. ∆K = Kmax-
Kminis calculated for all the three modes to obtain
∆KI, ∆KII and ∆KIII to determine equivalent SIF,
∆KEquivalent using Tanaka model.

Fig- 14: Mode I Stress Intensity Factor

Fig- 15: Mode II Stress Intensity Factor

Fig- 16: Mode III Stress Intensity Factor

From the above stress intensity factor using Tanaka
Model, the equivalent Stress intensity factor is
determined.

Tanaka Model:

ΔKEqv = (ΔKI
4+8ΔKII

4+8ΔKIII
4/ (1-υ))1/4=

94.1108MPa√
The parameters used in fatigue life measuring laws
is taken with respect to the literature available [5].
‘C’ and ‘m’ are the Paris law coefficients.
Paris Law:

= C (ΔK)m

By substituting above values and integrating both
sides with limits 1.5mm and 6.2mm,

N = 64057988 cycles
Case study 2: I-section beam which is simply
supported with semi-elliptical crack on the bottom
flange and along the meridional direction.

A Finite Element model is developed for a simply
supported I-section beam of dimensions as shown in
figure 1 with semi-elliptical crack located on the
bottom flange and along the meridional direction. It
is subjected to an uniformly distributed load of
10kN and analyzed statically for von Mises stress. It
is further analyzed to obtain stress intensity factors
KI, KII and KIII. The average of stress intensity factor
values obtained at different contours for KI, KII and
KIII is plotted in the form of graph as shown in
figure 17, 18 and 19 below. ∆K = Kmax- Kminis
calculated for all the three modes to obtain ∆KI,
∆KII and ∆KIII to determine equivalent SIF,
∆KEquivalent using Tanaka model.

Fig- 17: Mode I Stress Intensity Factor
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Fig- 18: Mode II Stress Intensity Factor

Fig- 19: Mode III Stress Intensity Factor

Tanaka Model:

ΔKEqv = (ΔKI
4+8ΔKII

4+8ΔKIII
4/ (1-υ))1/4 =

0.1847MPa√
Paris Law:

= C (ΔK)m

N = 3.576x1017cycles
Case study 3: I-section beam which is cantilevered
with semi-elliptical crack on the top flange and
perpendicular to meridional direction.

A Finite Element model is developed for a
cantilevered I-section beam of dimensions as shown
in figure 1 with semi-elliptical crack located on the
top flange and perpendicular to meridional
direction. It is subjected to an uniformly distributed
load of 10kN and analyzed statically for von Mises
stress. It is further analyzed to obtain stress intensity
factors KI, KII and KIII. The average of stress
intensity factor values obtained at different contours
for KI, KII and KIII is plotted in the form of graph as
shown in figure 20, 21 and 22 below. ∆K = Kmax-
Kminis calculated for all the three modes to obtain
∆KI, ∆KII and ∆KIII to determine equivalent SIF,
∆KEquivalent using Tanaka model.

Fig- 20: Mode I Stress Intensity Factor

Fig- 21: Mode II Stress Intensity Factor

Fig- 22: Mode III Stress Intensity Factor

Tanaka Model:

ΔKEqv = (ΔKI
4+8ΔKII

4+8ΔKIII
4/ (1-υ))1/4 = 99.523

MPa√
Paris Law:

= C (ΔK)m

N = 52378299cycles
Case study 4: I-section beam which is cantilevered
with semi-elliptical crack on the top flange and
along the meridional direction.
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A Finite Element model is developed for a
cantilevered I-section beam of dimensions as shown
in figure 1 with semi-elliptical crack located on the
top flange and along the meridional direction. It is
subjected to an uniformly distributed load of 10kN
and analyzed statically. It is further analyzed to
obtain stress intensity factors KI, KII and KIII. The
average of stress intensity factor values obtained at
different contours for KI, KII and KIII is plotted in
the form of graph as shown in figure 23, 24 and 25
below. ∆K = Kmax- Kminis calculated for all the three
modes to obtain ∆KI, ∆KII and ∆KIII to determine
equivalent SIF, ∆KEquivalent using Tanaka model.

Fig- 23: Mode I Stress Intensity Factor

Fig- 24: Mode II Stress Intensity Factor

Fig- 25: Mode III Stress Intensity Factor

Tanaka Model:

ΔKEqv = (ΔKI
4+8ΔKII

4+8ΔKIII
4/ (1-υ))1/4=

21.29MPa√
Paris Law:

= C (ΔK)m

N = 1.3496x1010 cycles

3. CONCLUSIONS
In case study 1, Mode I (figure 14), SIF is
maximum at the centre of the crack. Hence, at
ф=90˚, the SIF is maximum which is critical region
in the crack potential to crack growth. Whereas in
Mode II (figure 15) and Mode III (figure16), in
plane shear and out-of-plane shear takes place and
SIF is maximum at one of the crack tips at ф=180˚
and ф=0˚ respectively. Hence, crack propagates at
that region. The estimated life is 64057988 cycles.
In case study 2, Mode I (figure 17), SIF is
maximum at the centre of the crack at ф=90˚
because the crack is subjected to compression in the
bottom fibre and tension in the top fibre. In Mode II
(figure 18) and Mode III (figure 19), in plane shear
and out-of-plane shear takes place and SIF is
maximum at one of the crack tips at ф=180˚ and
ф=0˚ respectively. Hence, crack propagates at that
region. The estimated life is 3.576x1017 cycles. In
case study 3, Mode I (figure 20), crack is subjected
to sagging bending moment. Hence, SIF is
maximum at the centre of the crack at ф=90˚. In
Mode II (figure 21), SIF is maximum at the crack
tip at ф=0˚ and in Mode III (figure 22), SIF is
maximum almost near the crack tips. Hence, crack
propagates at that region. The estimated life is
52378299cycles. In case study 4, Mode I (figure
23), SIF is maximum at the crack tip at ф=0˚. In
Mode II (figure 24), SIF is maximum at the crack
tip at ф=180˚ and in Mode III (figure 25), SIF is
maximum almost near one of the crack tips. Hence,
crack propagates at that region. The estimated life is
1.3496x1010cycles.
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