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Abstract

Orthotropic Steel Decks (OSDs) are widely used in various types of steel bridges due to its benefits of light weight, high load
bearing capacity and speedy construction. However, fatigue remains as the predominant problem for OSDs. Many researchers
have investigated fatigue issues of welded joints through experiments but is not a cost-effective solution. Therefore, it is
necessary to combine experimental data with numerical approaches. Fracture mechanics approach has already shown its
reliability and can be used to model and analyze fatigue crack propagation. In this paper, a numerical simulation is performed to
predict the fatigue crack propagation using extended finite element method (XFEM). Two numerical models were considered
namely CT-specimen and OSD, to evaluate the modelling efficiency. To verify the simulation, the results were compared with
the experimental data. In predicting the fatigue crack propagation rate using two-dimensional CT-specimen, numerical results
provided a good agreement with a maximum difference of 0.03% in the slope (m) and 1.48% in the intercept (C) of the power
law equation. Furthermore, a simulation was performed on three-dimensional OSD structure to predict the fatigue crack growth.
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1. Introduction

Structural components are often found to fail even under stresses below the ultimate or the yield stresses in the
presence of fatigue loading. The fatigue phenomenon is due to micro-cracks initiation, nucleation and gradually
forms macro cracks; see for example (Xin & Veljkovic 2019). The macro cracks will propagate under cyclic
loading. The conventional static strength analysis is not enough to predict service behaviour of steel structures.
Therefore, over the past few decades many scientists and structural engineers have focussed their attention to fatigue
fracture problems during designing and analysing structural components. Orthotropic steel decks (OSDs) are one of
such typical structural components which suffered from fatigue problems. Over the past decades, although many
improvements in all aspects of design, fabrication, inspection, and maintenance have been achieved for such bridge
decks, fatigue is still a predominant problem, mostly because of the complexity of prediction methods. One of the
critical fatigue details is the welded connection between the deck plate and the longitudinal stiffener due to direct
wheel loading and local high stress ranges. However, performing only experiments may not lead to a cost-effective
solution. Therefore, it is necessary to combine the experimental data with the numerical approaches and preferably
assuming basic material properties to predict behaviour of critical details.

Methods based on fracture mechanics could be used to model and analyse the fatigue crack propagation and
subsequent failure of the structure. These methods have already shown its reliability in the aerospace and
automobile industry. The use of Linear Elastic Fracture Mechanics (LEFM) models has several advantages as it
significantly reduces requirement of experiments. Furthermore, this method can predict the crack propagation till
subsequent failure, which implies that the total fatigue life of the structure can be predicted for a certain crack
length. Therefore, remaining lifetime predictions could be made for existing bridges (Nagy, De Backer, & Bogaert,
2012).

ABAQUS® provides an enriched feature, commonly referred as Extended Finite Element Method (XFEM) to
model discontinuity independent to the finite element mesh. This removes the requirement of modelling domain and
mesh to correspond to each other explicitly. Using XFEM, it is possible to evaluate automated crack propagation by
arbitrarily inserting the crack into the existing model. The mesh around the crack tip should be sufficiently small to
have to get accurate prediction which leads to high computational effort. Two options are available to model crack
propagation, either by cohesive segment method or the linear elastic fracture mechanics (LEFM) approach in
conjunction by phantom nodes (4baqus V. 6.14 Documentation, 2014).

This paper focusses on numerical simulation of fatigue crack propagation using XFEM based on LEFM and virtual
crack closure technique (VCCT). The first part deals with the fatigue crack propagation of a two-dimensional
Compact-Tension (CT) specimen. To evaluate the efficiency of the assumed material parameters, the numerical
results were compared with the results of the fatigue coupon tests (de Jesus et al., 2012). In the second part, a
numerical simulation on fracture crack propagation of orthotropic steel deck (OSD) was performed to predict the
fatigue crack growth. The results were validated against the beach marks measurement from the fatigue test (Nagy,
2016).

Nomenclature
a Crack size
2c Crack length

C,m  Material dependent parameters of the Paris Law
CT Compact-Tension

Cs, C;, Material constants based on fracture energy release rate
HAZ  Heat Affected Zone

nw International Institute of Welding

LEFM Linear Elastic Fracture Mechanics

OSD  Orthotropic Steel Deck

RP Reference Point ABAQUS®

AK Stress Intensity Factor range

VCCT Virtual Crack Closure Technique

XFEM eXtended Finite Element Model
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2. Fatigue crack propagation prediction of CT-specimen
2.1. XFEM model

2.1.1. Geometry
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Figure 1 (a) Geometry and (b) Boundary conditions of CT-specimen (unit: mm)

A full scale two-dimensional XFEM-model was created based on the dimensions shown in Figure 1 (a) and the
material properties were: Young’s modulus E=210500 MPa and Poisson’s ratio v=0.3. In modelling the realistic
boundary conditions of CT specimen, two reference points namely RP-1 and RP-2 were incorporated at the center of
the holes which were coupled (kinematically constraint in all the direction for translation and rotation) with the two-
interior half holes of the CT specimen. The boundary conditions were applied on these reference points as specified
in Figure 1 (b). Crack domain represents the enrichment region contains a crack tip placed at the notch of the
specimen illustrated in Figure 3 (a). The XFEM model consist of shell elements and was modelled using a 4-node
bilinear plane stress quadrilateral with linear geometric order. The mesh size should be sufficiently small to capture
accurate stresses near the crack tip. However, a numerical model with fine mesh can be time-consuming, therefore a
variable mesh was used. In the enrichment area (crack propagation region) mesh size of 0.5 mm was adopted and 2
mm in the non-enrichment area was used, as shown in Figure 3(b).

2.1.2. LEFM implementation

Virtual Crack Closure Technique (VCCT) was used in the XFEM-based linear elastic fracture mechanics for crack
propagation analysis by the direct cyclic approach with a time increment size of 0.05 per cycle. The crack growth is
characterized by the Paris law, which relates the relative fracture energy release rates to fatigue crack growth rate
(Figure 2). These fatigue crack growth rates are evaluated based on assigned VCCT technique. The crack
propagation appears when the energy available for the crack is high enough to overcome the fracture resistance of
the material. Since ABAQUS® analyses the fracture by the Griffith energy criterion approach, the Paris law
parameters C; and C4 were calculated assuming plane stress situation see equation (1) and (3) listed in Table 1.
Material constants C; and C, which represents the onset of the fatigue crack growth were kept constant as 0.001 and
0 respectively equation (2).
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Table 1 Constants of Paris' Law and XFEM Abaqus.

R, B (mm) Frnax (V) Funin (V) Experimental data XFEM Abaqus
c* m Cs Cy

0.0 7.81 6118.6 61.8 2.5893E-15 3.5622 7.8419E-06 1.7811

0.25 7.47 7246.2 1811.5 2.5491E-15 3.7159 1.9790E-05 1.8579

0.50 7.41 9345.9 4672.9 8.2764E-16 3.8907 1.8768E-05 1.9453

Abaqus® provides three common mixed mode model for computing the equivalent fracture energy release rate
Gequive (Abaqus V. 6.14 Documentation, 2014). However, the choice of the model depending upon the analysis is not
clear. In this study, Power law is selected for computing the equivalent fracture energy release rate represented in
the equation (4) because of its simplicity in the relation of different modes of fracture.

Gequiv — G] + G]] + G[I] (4)
GI C G”C GHI C

equivC

The test results for the fracture toughness Kjc of the S355 steel grade obtained in the experiment (Bozkurt &
Schmidova, 2018) using circumferentially cracked round bars (CCRB) ranges from 35.78 MPaVm to 40.4 MPavVm.
This range can be possibly used in Compact-Tension (CT) specimen, a single edge notched bend or three-point
loaded bend specimen, which is standardized by a different institution. Therefore, this data was taken as the base of
this study and applied to the XFEM-model tabulated in Table 2.

Table 2 Critical energy release rate Ge

XFEM model Critical energy release rate G Exponent
Mode 1 Mode IT Mode III om on 00
CT- Specimen 6.5 6.5 6.5 1 1 1

2.2. Result and discussion

It has been observed the most critical element is completely fractured with a zero constraint and zero stiffness at the
end of the stabilised cycle. As the enriched element is fractured, the load is redistributed, and a new fracture energy
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release rate is computed for the enriched elements ahead of the crack tips for the next cycle. The fracture energy
release rate was accounted for the enriched element ahead of the crack tip followed by the next enriched element
when the previous enriched element is completely fractured. Simultaneously, the number of cycles was precisely
noted as the fatigue crack propagated over the element length. An example of the XFEM output is illustrated in
Figure 3 (b) representing the status of enriched element, the crack front and crack surface from the crack tip opening
as STATUSXFEM, PHILSM and PSILSM output variable respectively at 1.87 x 10° cycles.
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Figure 3 (a) XFEM model (b) Output results (i) STATUSXFEM (ii) PHILSM variable output (iii) PSILSM variable output

0.01
Test results (Ro = 0.0)

Test results (Re = 0.25 ; 0.50)
0.001 = = XFEM (Ro=10.0)

¢ e e e XFEM (Ro=0.25)

= = XFEM (Ro = 0.50)
0.0001

da/dN [mm/cycles]

-
0.00001 o apid
| =4

0.000001

350 700 1400
AK [N.mm-1%]

Figure 4 Fatigue crack propagation rates obtained from the numerical simulation compared with the test results

In Figure 4, the numerical prediction of the fatigue crack growth rate da/dN are plotted as a function of the stress
intensity factor range AK in a log-log graph. The stress intensity factor values were computed in numerical
simulation using the fracture energy-based criterion and the crack propagation rate was evaluated as the crack
propagated along the length of the element starting from 15 mm as the initial crack size as shown in the Figure 3
(iii).

Comparing with different stress ratios, it was observed the rate of fatigue crack propagation is significantly
increased as the stress ratio changes from 0 to higher positive values. This can be evaluated comparing the slopes of
the curve. For stress ratios R=0.0, R=0.25 and R=0.50, the slopes were 3.56, 3.71 and 3.89 respectively. The slope
difference is due to fatigue crack closure effects. Comparing with the experimental data, the simulated crack
propagation provided good agreement with a maximum difference of 0.03% in the slope (m) and 1.48% in the
intercept (C) of the power law equation.
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3. Fatigue crack propagation prediction of OSD
3.1. XFEM model

3.1.1. Geometry

To numerically verify the fatigue crack propagation originating from the weld toe and propagating to the top of deck
plate, a full scale XFEM-model was developed based on the dimensions and boundary conditions (Figure 5 (a)) with
a length of 400 mm based on experiments reported by (Nagy, 2016). XFEM calculations are time-consuming and
utilize a huge amount of computation power, the model was simplified. The XFEM model was created using shell
and solid elements. The solid elements were used where the crack was considered, and the shell elements were used
in the remaining part of the model. To ensure a rigid connection between these two parts, the edge surface of the
shell was constrained to face region of the solids using shell-to-solid coupling. Since it is not possible to incorporate
line-load in three-dimensional geometry in Abaqus®, a reference point (RP-1) was implemented which is
kinematically coupled in all the directions to a straight line on the surface and the cyclic load is applied on that RP
ranging from 0 KN to 31 KN.
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Figure 5 (a) Geometry of the OSD specimen (Nagy, 2016) (b) XFEM model: Boundary conditions and mesh quality
3.1.2. LEFM implementation

The material properties were: Young’s modulus E= 210000 MPa and Poisson’s v=0.3. Virtual Crack Closure
Technique (VCCT) was applied to the model XFEM-based linear elastic fracture mechanics for crack propagation
analysis. A constant material fracture contact property was applied in the enrichment region. It is noted that the
fatigue crack propagation rate is different for the base material, welds and HAZ zones. and the Paris constants can
differ at such location. Same material property is assumed for a preliminary investigation in this paper. The material
fracture property was implemented using Power law mix-mode behaviour illustrated in Table 3. Furthermore, the
effect of residual stresses and micro-structure change will be further investigated in the future.

Table 3 Critical energy release rate Gc

XFEM model Cs Cy Critical energy release rate 5r Exponent
Mode 1 Mode II Mode III om on 00
OSD 12.99E-06 1.5 11.9 11.9 11.9 1 1 1

While developing the XFEM model for automated crack propagation, some assumptions were made based on the
fatigue experiment. Firstly, a semi-elliptical initial flaw was assumed shape with half-length @ of 0.3 mm along the
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minor axis and a half-length ¢ of 0.6 mm along the major axis. Based on the fractographic results from the fatigue
experiment, the size of the crack varies around 0.3 mm. The choice of the initial crack size heavily influences
obtained results. Often, an initial crack length is chosen between 0.1 and 1 mm (De Backer, 2006). Since the
longitudinal stiffener is welded from only one side to the weld, and even the level of penetration is questionable, the
initial elliptical crack length can go up to 1mm and 0.5 mm in the longitudinal and transversal direction respectively
(De Backer, 2006).Secondly, the crack is assumed to be originating from the center of the specimen. Therefore, the
initial flaw was positioned at the weld toe perpendicular to the deck plate.

3.1.3. Mesh

3D tetrahedron elements are easily applicable to almost every structure and can be an ideal choice for complex
structure. To alleviate the shear locking issue, high-order quadratic elements were used. Therefore, the enrichment
region was modelled using a 10-node tetrahedron with quadratic geometrical order Figure 5 (b). Solids part (non-
enrichment region) was modelled using an 8-node linear brick with reduced integration of an average mesh size of 5
mm whereas a 4-noded shell element of 10 mm of mesh size was adapted for the shell part. Meanwhile, the
incompatibility mesh (interfaces between a tetrahedron and hexahedral) was automatically generated using tie-
constraints.

3.2. Result and Discussion

Figure 6 display the output of automated XFEM simulation and crack growth mechanism. The crack initiating from
the weld toe propagated in both longitudinal and vertical direction. As the shape of the initial flaw was assumed to
be semi-elliptical, the growth followed almost in elliptical fashion. Figure 6 (a) displays the crack growth at
different stage during fatigue crack propagation. The shape of fatigue crack propagated keeping the elliptical shape
due to the use of tetrahedron elements the corresponding SIF distribution along the crack front.

Figure 6(d) displays the simulated crack front dimension after 2.20 x 10° cycles.

(a) Np=155x 10° cycles Ny =1.89 x 10° cycles A} =2.15x 10° cycles

| A

{e)

15 mm
7.5 mm

Initial crack flaw

(d) .

Figure 6 (a) Stages of crack propagation displayed as STATUSXFEM output (b) XFEM crack simulation including the initial semi-elliptical
crack (c) Side view corresponding with the weld toe crack simulation (d) Crack front dimension
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4. Conclusion

Modeling of a fatigue crack propagation using XFEM in a CT specimen and a segment of OSD is presented and
following are conclusions:

e The Paris law implementation in ABAQUS® for material constant C; and C4 were computed corresponding
to the material constant C and m from the following relationship between strain energy release rate and
stress intensity factor: C,=m/2 and C;=C.E*“* where E*=E for plane stress condition and E¥=E/ (1- v’
for plane strain condition. The assumed material parameters were validated using 2D compact tension
specimens against the test results. It is noted that the material parameters and stress intensity factor
distribution along the crack front need to be further investigated based on three-dimensional model.

e The simulation results of crack propagation rate of 2D shell XFEM CT-specimen showed a good
agreement with the experimental results with a maximum difference of 0.03% in the slope (m) and
1.48% in the intercept (C) of the power law equation.
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