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ABSTRACT 


This research project investigates the fatigue life and distortional behavior of steel 

bridges. The study includes the survey on configurations of heavy trucks and structural data of 

steel bridges in Thailand and the analysis of the effects of bridge parameters and truck types on 

fatigue life. They survey results indicate that most non-railway bridges (about 80 percent) 

belong to the Bangkok Metropolitan Administration (BMA). Most bridges are 16-20 years old 

and their structure is plate girder type. In the analysis, the composite I-girder bridge is chosen. 

The bridge has two lanes and the average daily truck traffic volume is 880 trucks per day per 

direction. The truck types in the analysis include the standard MSHTO truck, bus, six-wheel 

truck, ten-wheel truck, semitrailer, and trailer. Their total weights are 24 .5,14,12,21,31.4, and 

37.4 tons, respectively. The analysis results indicate that the trailer has the most effect on the 

fatigue life followed by semi-trailer, 10-wheel truck, AASHTO truck, bus and 6-wheel truck, 

respectively. In case of the same weight, the 6-wheel truck has the most effect followed by 10

wheel truck, bus, semi-trailer, trailer and AASHTO truck, respectively. The critical girder is the 

exterior girder for both one truck and two truck loading cases. In addition, the diaphragms and 

cross frames increase the fatigue life by approximately 20 percent because they improve the 

lateral load distribution from the slab to girders and reduce the distortion-induced stresses. 

Keywords fatigue, steel girder, bridge, out-of-plane distortion 
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Abstract. This paper addresses the debonding strength of adhesive-bonded double
strap steel joints. A fracture-based criterion was formulated in terms of a stress 
singularity parameter, i.e., the stress intensity factor, which governs the magnitude of a 
singular stress field near the joint ends. No existing crack was assumed. A total of 24 
steel joint specimens were tested under constant amplitude fatigue loadings at stress 
ratio of 0.2 and frequency of 2 Hz. The joint stiffness ratio was slightly less than one to 
control the maximum adhesive stresses at the joint ends. To detect the debonding, a 
simple and practical technique was developed. The test results showed that the 
interfacial failure near the steel/adhesive comer was a dominant failure mode. The 
failure was brittle and the debonding life was governed by the crack initiation stage. 
The finite element analysis was employed to calculate the stress intensity factors and 
investigate the effects of the adhesive layer thickness, lap length and joint stiffness ratio 
on the debonding strength. 

Keywords: Double-strap joints, adhesive bonding, fatigue, debond detection, bi
material, Reciprocal work contour integral, stress singularity. 
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1. Introduction 

An adhesive bonding has been widely used to connect both metallic and non-metallic structural 
members. Dissimilar materials such as steel, concrete, fiber-reinforced polymers (FRP) can be joined. 
For bridge structures subjected to repetitive loadings, an adhesive bonding offers good fatigue 
perfonnance in that cracking is not likely to occur in load-carrying members. Albrecht et al. [I] 
reported that the bonded and bolted connections exhibit much higher fatigue strength than typical 
welded connections. However, one main disadvantage of an adhesive bonding is that a very high local 
stress field can lead to a debonding failure which governs the static and fatigue strengths of the bonded 
joints. 

In comparison with the stress-based approach, the fracture-based approach has been less employed 
to assess the strength of adhesive-bonded joints [2-14]. From the linear elasticity viewpoint, the stress 
singularity exists near the comer of a bi-material wedge in Fig. I [15-17], which is the condition at the 
joint ends. The singularity criterion is particularly suitable for structures subjected to a fatigue loading 
conditions in which a small scale yielding can be assumed. 

This paper presents a fracture-based criterion for the debonding strength of adhesive-bonded steel 
joints subjected to constant amplitude fatigue loadings. The double-strap joint configuration, which was 
commonly used in practice and recommended in many standard test methods, was chosen. The 
Reciprocal Work Contour Integral Method (RWCfM) was used to calculate a stress intensity factor, the 
singularity parameter which governs the singular stress field. No preexisting crack was assumed. 
Finally, the effects of joint parameters on the stress intensity factors were discussed using the finite 
element analysis results. 

2. Reciprocal Work Contour Integral Method (RWCIM) 

Figure 1 shows an elastic bi-material wedge which is the condition at the joint end. The stress field near 
the wedge comer, a singular point, can be expressed as 

N K 
<T;/r,(}) = La; fij*«(}) + <TijO«(}) (I)

*;, r 

where rand () = polar coordinates; N = number of r -dependent stress tenns; and /;/* «(}) is a function 

dependent on the angle (). The regular tenn, <Tijo«(}), and the constant K depend on the loading and 

global geometry. The strengths of singularity, a* , depend on the elastic moduli (£" £2 ), the Poisson's 

ratio (v" v2 ), and the angle (), and (}2 of the bi-material [15]. 

Y Y 

( a ) ( b ) 

Fig. 1. Bi-material wedge (a) general (b) this study (square end). 
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When only the strongest singularity (dominant singularity), a" is considered, the stress field near the 
singular point along a specific angle can be written as 

(2) 

In this study, the values of Qj' defined as the stress intensity factor, in MPa-mm a, , are calculated using 

the R WCIM [18-19]. The advantage of the method is that the finite element solutions including stresses 
and displacements are only used in the region away from the singular point where a relatively coarse 
mesh is sufficient. Therefore, the very fine finite element mesh or a special element near the singular 
point is not required. 

3. Experimental Program 

3.1. Specimen Design 

Figure 2 shows a double-strap steel joint used as a test specimen. Based on the shear lag analysis [20], 
the joint was designed to have the value of stiffness ratio, i.e., the ratio of the axial stiffness of the inner 
adherend to the sum of axial stiffnesses of the two outer adherends, equal to 0.96 which is slightly less 
than one. This results in the maximum adhesive stresses at the joint ends. This joint design also 
represents a typical steel joint design which prevents the failure of the outer adherends. 

In the experiments, the properties of the steel/adhesive bi-material were E, = 200 GPa, VI = 0.3, 

E2 = 2.75 GPa, and v2 = 0.35. The adhesive angle was perpendicular to the bottom flange (square end 

condition) with (), = 1800 and ()2 = 90°. Singular points are comers A, B, C, and D. [n a study by 

Lenwari [21], the dominant singularities at comer A and D were found to be 0.271 and 0.326 under 
plane stress and plane strain, respectively, while those at comer B and C were 0.248 and 0.305 under 
plane stress and plane strain, respectively. [n the experiments, a spew fillet can occur at the comer D 
which leads to a reduction of singularity. 

The grade of steel plates was SS400 according to TIS 1227 (equivalent to ns G3101). The steel 
surface was sandblasted according to the Steel Structure Painting Council specification no. 5 [22] and 
cleaned with an isopropyl alcohol before the adhesive was applied. The adhesive used was Sikadur®30, 
a two-part epoxy. The thickness of an adhesive layer was controlled to be I mm. The condition at the 
joint terminus was square end. The curing time for adhesive was at least 2 weeks before testing. 

STEEL 

8.5 

, 

50 50 

400 

50 


Fig. 2. Double-strap steel joint specimen (dimensions in millimeter). 
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3.2. Constant Amplitude Fatigue Tests 

A total of24 specimens were tested under constant amplitude fatigue loadings. Sine-waveform loadings 
were generated by a servo-hydraulic actuator. The stress ratio (R), i.e., the minimum-to-maximum 
stress ratio, was 0.2 and the test frequency was 2 Hz. All tests were performed at an ambient 
temperature. 

Seven levels of stress ranges having maximum stresses correspond to 17%,40%, 50%, 60%,65%, 
70%, and 80% of the joint static strength were investigated. Based on a static test on three joints which 
revealed the strengths of 84 .9,95.2, and 83.4 kN, the lowest value (83.4 kN) was used as the joint static 
strength. 

A simple technique was developed to automatically detect the joint debonding. A sensor with a 
silver line tracing across the adhesive terminus was contructed at the joint end, as shown in Fig. 3. As 
the joint debonded, the silver trace was cut, causing the measured voltage to a zero value. In this 
technique, it was necessary to prevent the current flow by spraying a thin layer of an insulating material 
before tracing the silver line because steel material is electrically conductive. This technique was also 
employed in a study on the debonding strength of steel beams strengthened with CFRP plates [23]. 

BATTERY 

A SILVER TRACE AT 
THE JOINT END 

+~ 
) SILVER TRACE 

DATA LOGGER 
(VOL T METER) 

Fig . 3. Oebond detection technique (schematic). 

4. Finite Element Modelling 

A 20 finite element model of the double-strap joint is shown in Fig. 4. A quarter model was analyzed 
due to symmetry. The elements used were 8-node elements having two degrees of freedom at each node. 
Lenwan et al. [24] assumed a plane strain condition since the plate was rigid compared with the 
adhesive and, further, the joint thickness was small compared with the joint width. In this study, the 
plane stress condition was also assumed. The mesh near the joint end is shown Fig. 5. Elements near a 
singular point had a length of ta /8, where ta is an adhesive layer thickness. Other elements have the 

size of approximately 1 mm. The R WCIM was used to calculate the value of stress intensity factors. 
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Outer adherend 

5'=·1111111111111111111111111111111111111111111111111Illm~nt~ 

Symme\Jy line Inner adherend q = P / jOint width 

Fig. 4. Quarter model of double-strap joint. 

Path B 

Path A 

Fig. 5. Mesh near the joint terminus and contours. 

In the RWCIM, the finite element solutions were used along the outer contour. The chosen contours 
were rectangles, namely, path A and B (as shown in Fig. 5). Along the inner contour the singular 
solution was used. The chosen inner contour was a circular segment with a radius of 0.00 I mm [21]. 
The numerical integration along the contour was carried out by the trapezoidal rule. A convergent study 
was conducted to ensure a sufficient number along contour points and mesh fineness . 

5. Results and Discussion 

5.1. Oebonding Strength and Failure Mode 

Figure 6 shows a measured voltage signal from the sensor during the fatigue testing. Typically, all 
joints failed suddenly once visible cracks occurred, thus causing an abrupt change to zero voltage in all 
specimens. The moment when the voltage value became zero was used to determine the debonding life. 

0.00 

14:27:58 	 15:34:40 16:41 :53 17:48:33 18:55:13 20 :01 :53 

Times (h:m:s) 

Fig. 6 . Example voltage signal from a sensor. 
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Figure 7 shows an interfacial failure along the steel/adhesive corners at the joint ends, which is 
typical for the joints. A surface preparation before bonding process significantly influences the 
interfacial failures. One advantage of adhesive bonding was that no fatigue crack initiated at the steel 
plates. 

Figure 8 plots the relationships between the stress intensity factor range and the cycles to debonding. 
The data with arrows indicate that the joint did not fail when the test stopped at 1.5 million cycles. The 
debonding strength criterion obtained from regression analysis of experimental data was proposed 

!1Q(J(J = -1.5367Ln(N) + 29.226 under plane strain condition (3) 

And !1Q88 =-1.8573Ln(N) +35.324 under plane stress condition (4) 

where !1Q88 = ranges of stress intensity factor along the interface in MPa_mmO.271 and MPa_mmO.326 

for plane stress and plane strain conditions, respectively; and N = number of cycles to debonding. The 

coefficient of determination in Eq. (3) and (4) is r2 = 0.88. Because the values of ratio Qrr / Qre were 

1.34 and 1.70 for plane stress and plane strain conditions, respectively, and the ratio Q88 / Qr8 were 

3.65 and 3.24 for plane stress and plane strain conditions, respectively, any stress intensity factor, Qij' 

can be used as the debonding strength criterion. 
The criterion may be used for the evaluation of debond initiation in real structures with the bi

material's properties (steel substrate and adhesive layer) and interface characteristics (surface treatment) 
the same as those in the experiments. The test data also suggested that an endurance limit might exist, 
under which the joint has no chance of debonding. 

Outer steel adherend 
# '. J , \'.'" _ 

( 
- _ _ I 

Inner steel' . . - - . -' :. - ' ' 

adherend . ..----- .. -- - - . 
• - ~ ,-- cra""'l.."......,~_________._ • 

Outer steel adherend 

Fig. 7 . Debonding failure of specimens. 
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Fig . 8. Fracture-based criterion for debonding strength (plane strain condition). 

ENGINEERING JOURNAL Volume # Issue #, ISSN 0125-8281 (http://www.ej.eng.chula.ac.th/eng/) 6 

http://www.ej.eng.chula.ac.th/eng


DOI:10.41861ej.2011.vol.issue.pp 

5.2. Effects of Adhesive Layer Thickness, Joint Stiffness Ratio and Lap Length 

A finite element analysis was perfonned to investigate the effects of joint parameters including the joint 
stiffness ratio, adhesive layer thickness, and lap length on the stress intensity factors. A case study was 
the joint subjected to an axial force of 86.8 kN. The stress intensity factors were calculated from 
R WCIM under plane strain condition. The properties of the joint, except the value of the parameter in 
the investigation, were same as those of the joint specimen. 

Figure 9 shows the effect of lap length on stress intensity factors Qrr' Qr8' Qaa along the interface. 

The lap length was varied at 25, 50, 100, and 250 mm. The values of stress intensity factors decrease as 
the lap length increases. This implies that the joint with longer lap length has a longer life when 
subjected to the same fatigue loading. Beyond a specific lap length, however, the debonding strength is 
practically insensitive to the lap length. 

Figure to shows the effect ofjoint stiffness ratio on stress intensity factors Qrr' Qra, Qaa along the 

interface. The stiffness ratio was varied at 0.2, 0.5, 0.94, and 2. The values of stress intensity factors 
decrease as the stiffness ratio increases. This implies an increase in the debonding strength as the sum 
thickness of outer adherends decreases. In practice, however, the stiffness ratio value should be less 
than one to cause failure at the inner adherend. 
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Figure II shows the effect of adhesive layer thickness on the stress intensity factors Qrr' Qr8' Q(}(} 

along the interface. The adhesive layer thickness was varied at 0.5, I, 2, and 5 mm. The stress intensity 
factors increase with the adhesive layer thickness. However, the effect of adhesive layer thickness is 
less pronounced than those of the lap length and joint stiffness ratio. 

From the results, the lap length was found to be the most affecting factor on the stress intensity 
factors provided that the interfacial failure near the steel/adhesive comer was a governing failure mode. 
Similar results were found in case of plane stress condition. 
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Fig. 11. Effect of adhesive layer thickness on stress intensity factors. 

6. 	 Conclusions 

This study investigates the debonding strength of adhesive-bonded double-strap joints subjected to a 
constant amplitude fatigue loading. The main conclusions are as follows: 

I. 	 Adhesive (interfacial) failure was observed near the steel/adhesive comers. Therefore, the 
surface preparation significantly affects the joint debonding strength. 

2. 	 The debonding Ii fe was governed by the crack initiation. All joints failed suddenly once visible 
cracks occurred. 

3. 	 The debonding strength criterion was proposed in terms of a stress intensity factor. The 
criterion is limited to the same bi-material properties and interface characteristics. 

4. 	 Based on the finite element analysis, the debonding strength increases with the lap length and 
joint stiffness ratio. It decreases as the adhesive layer becomes thicker. 

5. 	 The lap length is the most affecting factor on the debonding strength provided that the 
interfacial failure near the steel/adhesive comer was a governing failure mode. 
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ABSTRACT 
Numerical modeling of crack propagation under mixed mode conditions has found important applications 

in a wide variety of practical engineering problems. This paper is concerned with numerical simulation of crack 

propagation for plane problems by using finite element analysis. Strain energy density (SED) criterion is 
employed to predict the path of mixed mode crack growth. To capture the kinking angle for minimum strain 

energy density value around the crack tip, ring elements are constructed, then the values of SED are calculated 

to capture the new crack tip at each propagation step. Both remeshing and nodal relaxations are employed to 

predict the crack propagation. Comparisons between numerical results from the present study and those 

available in the literature are illustrated. The numerical scheme presented in this study will be employed in the 

analysis of the distortion-induced fatigue cracks in web gap in I-beams of steel bridges. 

Keywords: finite element analysis; fracture mechanics; strain energy density; mixed mode; crack 

propagation. 

I. Introduction 
Begin on early 1920s, Inglis [I], Griffith [2] and Irwin [3] set up the foundation for fracture mechanics. Up 

to now, the research on linear elastic fracture mechanics has a mass development in theories and applications. 

Predict crack path during crack propagation up to failure is an important task in fracture mechanics. But it gets 

stuck in two main problems: 

1- The suitable theory using in prediction. Now, there are many theories maybe apply to predict the crack 

path, such as maximum circumferential stress criterion, minimum strain energy density criterion, 

maximum strain energy release rate criterion, . .. With the development of computation, energy based 

criteria are more and more useful and accuracy in calculation. 

2- The application of fracture theory in finite element method (FEM). The propagation of a crack leads to 

an important displacement discontinuity. The more accurate way of modeling such a discontinuity in a 

finite element mesh is to modify the part topology (due to crack propagation) and to perform remeshing 

technique. 
Besides that, several other methods have been proposed to model this discontinuity without remeshing 

technique. In the beginning of mesh less field, Belytschko has suggested Element free Galerkin method [4] 

where the discretisation is obtained by a model which consists of nodes and a description of the surface. 

Recently, there are two famous technique describe the discontinuity without remeshing stage have been 

proposed. The Strong Discontinuity Approach (SDA) in which displacement jumps due to the presence crack 

are embedded locally in each cracked finite element without affecting neighboring elements. The amplitude of 

displacement jumps across to the crack are defined by using additional degrees of freedom related to the plastic 
multiplier. The Extended Finite Element Method (XFEM) in which the displacement-based approximation is 

enriched near a crack by incorporating both discontinuous fields and the near tip asymptotic fields through 

partition of unity method. However, these techniques still have to be improved in order to solve complex 

configurations such as multiple cracks, large deformation of crack propagation, etc. When remeshing is applied 

in suitable case, a real mesh discontinuity will represent the crack and get more accurate. However, in any 
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technique which using to predict crack path, the accuracy of the crack propagation strongly depends on the 

accuracy of kinking criteria. 

In recent paper, Bouchard et al [5] have introduced an interesting remeshing technique to model crack 

propagation accurately using the discrete crack approach. This remeshing technique is used in this paper 

combined with strain energy density criteria. First the definition of strain energy density criteria is introduced 

with hypothesis for kinking angle of crack direction. The theoretical aspect and the numerical tools which 

dealing with SED are also described. Several results of experiments are presented to compare the result of crack 

path with criteria applying. 

II. Strain energy density criterion 
Sih [6] introduced the concept of strain energy density to analyze mixed mode fractures. The strain energy 

density dWldV has a singularity of inverse r near the crack tip given by 

dW ( 2 2 2) 1--= allkl + 2a'2 k,k2+ a22 k2 +a))k) - [1]
dV r 

It is apparent that the coefficient of the JIr term in the above equation is defined only if r * O. Hence, 

the element volume is always kept at a finite distance away from the crack border. This coefficient is tenned as 

the strain energy density factor, i.e. 

S =a 11 k,2 +2a12k,k2+ank; +a))k; [2] 

The k; are defined as: k, =K, / Jii with ( i = I, II, III ) 

when K, are stress intensity factors for modes I, II, and III, respectively, which vary with the location along the 

crack border. The coefficients ai}, which vary with the spherical angles (8. ¢) measured from the crack tip, are 

given by: 

16,uall =(1 + COSB)(K - cosB) [3a] 

16,ua =sinB[2cosB-(K-l)] [3b]
'2 

16,ua22 =(K + 1)(1- cosB) + (1 +cosB)(3cosB -1) [3c] 

16,ua)) =4 [3d] 

where 11 and v are the shear modulus of elasticity and Poisson's ratio, respectively. In the special case of ¢ = 0°, 

the coefficients aij reduce to those for the two-dimensional crack problems. 

It is assumed that the crack will start to extend in a direction for which the strain energy density factor 

possesses a relative minimum value, as Hypothesis I: 

(as) (-a2s]=0 and 
2 >0 [4a] 

aB (}=80 aB (M}o 

(as] =0 and [4b] 
a¢ ;=¢o 

Based on as /ae = o and as /a¢ = 0 at eo and ¢o, the directions of crack growth ¢o and eo for various 

values of a around the crack periphery can be detennined. Note that the above total strain energy is evaluated 

along a constant circle with radius r around the crack tip based on the theory of elasticity. 

III. Implementation for finite element model in 2D problem 
When a crack propagates through a mesh, controlling accuracy at the crack tip is an important task. In this 

paper, a nodal relaxation is combined with a remeshing technique. This enables to avoid the problem of disturb 

at the crack tip and to continue with a new, well suited mesh. The transfer of data from the old to the new mesh 

at each remeshing stage is perfonned so as to preserve the fields of the various state variables. 

[n basic, fracture progress can be classified in 2 stages: crack initiation and crack propagation. 
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In first step of crack, initiation of crack is crucial but quit complicated. Many fracture criterion codes avoid 

to this period and their study concentrate in analysis of pre-crack existing. In damage-based numerical model, 
the adaption for this problem is better because these models study the evolution of damage continuously and a 

crack initiated for a critical damage value. But these codes will be more serious for crack propagation without a 

local collapse criterion. Actually, it is difficult to define exactly the location of crack beginning. Micro-failure 

and inclusions always induce local stress concentrations which are at the origin of failure and cracks. Of course, 
these defects cannot be treated in numerically model, even assumption that the material is perfect or 

homogeneised exists, or the location of initiation is imposed by identifying a pre-crack. Moreover, the initiation 

of a crack in a mesh induces a severe topological change which is rarely supported by numerical codes. 

In this paper, the definition of crack initiation criterion is based on critical strain energy value (or stress 
value in fracture elastic mechanics concepts), which is a characteristic of the material. So at a instant time, the 

minimum strain energy density value is computed and even when it reaches the critical one, a crack initiate and 

the propagation of crack begin. 

When a new crack occurs, at each time step, there is a problem need to be checked, that's if crack is going 

to propagate, which direction will be the next step of crack. 

As introduction on SED model, Sih considers that high values of strain energy, We. Tend to prevent crack 

growth. Then the crack grows in the directon that minimizes this energy. Let w be the strain energy density: in 

which We is the sum of the volumetric part of the strain energy Wv and the distortion energy Wd• This quantity is 

proportional to the square of stress, and since the stress has a I/.r;. singularity at the crack tip (where r 

represents the distance to the crack tip), the strain energy density w has a II Fr singularity. Therefore the so 

called strain energy density factor, S = rw, remains bounded. 

Parameter S can be computed using two different techniques: 

• 	 An analytical formulation. The strain energy density is inversely proportional to the distance r to the 

crack tip [17]. Then S represents the intensity of the local energy field: 

( 
1+ v)[ 2 2 2 V 	 )2 2 ] S = rw = r -- 0"11 + 0"22 + 0")) ---(0"11 + 0"22 + 0")) + 0"\2 	 [5]
2E 	 l+v 

• 	 A numerical formulation. In the simulation, the strain power Pe is computed at each time step and for 

each integration point. A time integration of Pe gives the strain energy for each integration point of the 
I 

mesh: W = JPdt· 
o 

In the numerical formulation, parameter S is computed by introducing a ring of elements around the crack 

tip. The curve S(()) is plotted for each element of this ring as a function of the angle between the centre of the 

element and the crack axis. 

The kinking angle ()o is the angle corresponding to the local minimum of the curve S(()): 

(as) (-a 2S] 	 [6]-0 and 	 2 >0 
ae 8=8	 ae 8=80 0 

To find the kinking angle ()o as strain energy density criteria in FEM model, a ring element is introduce as 

way to capture the next step of crack propagation. the accuracy is directly dependent on the number of elements 

in the ring around the crack tip (Figure I). The strain energy density is computed for each element of this ring 

and the local minimum is then evaluated using the S(()) curve. 



Fig. 1. Evolutionary mesh refinement at the tip of the crack, and un-refinement elsewhere 

However, there is a slight difference between values from external elements of the ring (ext in Figure 2a) 
and values from internal elements (int in Figure 2a). This difference makes the computation of the local 
minimum difficult. In this case, it is recommended to separate values for external and internal elements (Figure 
2b). The computation of the local minimum may be improved by taking the local minimum and the values in 
the two neighbour elements. The local minimum is then computed as the minimum of the parabola fitting these 
three points. 
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Fig. 2. (a) Ring elements and (b) calculated S(B) curve for the SED with the numerical formulation. 

During crack propagation, after one step of crack length increase, besides it is possible to visualise the 
strain energy during propagation. It is concentrated around the crack tip, and in the direction for which this 
energy is minimum (Figure 2). 

If the technique of the parabola is not used, and if all elements of the ring are taken into account, the same 
criterion appears to be rather inaccurate. The global direction of propagation is the appropriate one, but the 
crack trajectory is perturbed. This is not important in this example, but gives raise to wrong trajectories for 
more complex parts or loading conditions. 

One should stress that it is important to compute the local minimum of the curve, and not the global 
minimum which can lead to results corresponding to angles which do not belong to about [- 70° ; 70°] , and 
therefore are not relevant. Moreover, the computation accuracy is quantitatively linked to the number of 
elements in the ring around the crack tip. 

After that mesh refinement around the crack tip enables to keep a good precision in the vicinity of the crack. 
As the crack tip moves along, the areas which need to be refined will change; a new mesh is created and refined 
only in the areas where it is needed in order to optimise calculation time. When a crack propagates through a 
mesh, the accuracy at the crack tip is of prime importance. In this study, a nodal relaxation is combined with a 
remeshing technique (see Fig I). This enables us to avoid the problem of changing at the crack tip and to 
continue with a new and well suited mesh. The transfer of data from the old mesh to the new one at each 
remeshing stage is performed so as to preserve the fields of the various state variables 

At last, this criterion may not exactly be considered as a global criterion since the computation of the strain 
energy density is based on local mechanical parameters. 



IV. Strain energy density and maximum tangential stress criteria 
This section presents the comparison between the applying of SED criterion with the using Maximum 

tangential stress (MTS) criterion in predict the crack kinking angle, as well as validate with the experimental 
results. 

MTS criterion based on the plastic blunting crack growth mechanism concepts. The magnitude of blunting 
is suggested by the authors to be related to the plastic tangential strain and applied to develop in small scale 
yielding. Normally, the strains within the plastic region and those further away from crack tip were thought to 
be compatible, especially in elastic field. Thus, based on linear elasic behavior, tangential strains near the crack 
tip are assumed to be approximately as equal as those in plastic zone, even though the stresses are beyond the 
yield stress. And the direction of fatigue crack growth can be predicted following the maximum tangential stress 
criterion. 
Under cyclic mixed mode loading, Tanaka [9] use specimen made of pure aluminum to solve a basic problem in 
fracture mechanics, the inclined central crack in infinite plate under unaxial cyclic load, pre-cracked under 
mode I loading as figure 3. The direction of initial crack is rolled to find down the change of crack kinking 
angle under cyclic mixed mode loading. 

(J 

h 

b b 
h 

Fig. 3. Inclined center crack under uniaxial loading. 
The crack growth direction was observed to significantly deviate from the predicted directions based on 

MTS criterion. The fatigue crack growth direction was observed to be approximately perpendicular to the 
applied tensile load axis at stress ranges just above the threshold values. Tanaka [9] also compared the 
difference of initial crack angles between the experimental results of J.D. William and P.D. Ewing [8] with 
MTS prediction as shown in figure 4. 
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Fig. 4. Typical experimental results from specimens with inclined center crack under monotonic uniaxial 
tension load [9]. 

In this paper, the authors try to establish model the condition of inclined center crack in infinite plate as the 
problem solved in Tanaka's research. Based on H. Tada [10] definition about infinite plate with center crack, 
the proportion between height (h) and width (b) of plate as well as the pre-crack length (a) and width (b) of 

h
-2:3 ~$O 1

plate are: band b .• So the geometries of model are as: h = 150mm, b = 50mm, a = 2mm. The type of 



material properties are the same as in Tanaka's research which made of pure aluminum. The radius of ring 
elements must be small enough to guarantee the elements which calculated for predicting the kinking angle 
must be inside the singularity zone. Thus the radius of ring elements equal O.2mm. To ensure the accuracy of 
angle predict less than 50 and prevent the problem of shape element in FEM. the number of element around the 
crack tip are decided as 32. The meshing of model and around crack tip are shown in figure 5. 

Fig. 5. Meshing control in FEM model of inclined center crack with infinite plate. 
The changing of pre-crack angle made the effect of mixed mode change also, from pure mode I (opening 

crack) to pure mode II (shearing crack). The initial cracks were perpendicular to one of the loading axes. It was 
found that a crack would tum to the direction perpendicular to one of the higher tensile load if it was initially 
perpendicular to the lower tensile load. Under shear only loading, the crack turned to the direction 
perpendicular to the maximum principal stress. Also using SED criterion with remeshing technique and ring 
elements control, the results show good fit to the experiments data as figure 6. The kinking angle shows the 
direction of crack propagation during progress as the minimum strain energy occurs. The good results depend 
on the radius of ring element and the number of element around crack tips. 
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Fig. 6.Comparison the results of MTS criterion, SED criterion and experiments from specimen with 
inclined center crack in infinite plate. 

V. Experimental verification of the crack propagation modeling procedures in 2D geometries 
This section describes the experiments to check the application of SED model in FEM for predicting the 

curved crack propagation. The experiments results was collected from Department of Civil Engineering, 
Pontifical Catholic University of Rio de Janeiro [7]. Tests were perfonned under constant amplitude fatigue 
loading for compact tension (CT) specimens. 

The tested material was a cold rolled SAE 1020 steel, with the analyzed weight percent composition: C 
0.19, Mn 0.46, Si 0.14, Ni 0.052, Cr 0.045, Mo 0.007, Cu 0.11 Nb 0.002, Ti 0.002, Fe balance. The Young's 
modulus was E = 205 GPa, OJ = 285 MPa the yield strength, O'u = 491 MPa the ultimate strength, and RA = 

53.7% the area reduction. These properties were measured according to the ASTM E 8M-99 standard. 
Four modified CT specimens have been tested. Each one had a 7mm diameter hole positioned at a slightly 

different horizontal distance A and vertical distance B from the notch root, as shown in Figure 7. This hole will 
control the effect of Mode II of fracture during crack propagation. This odd configuration was chosen because 
two non-trivial and unexpected crack growth behaviors had been predicted by the FE modeling of the holed CT 
specimens, depending on the hole position. 

Fig. 7. Geometry of the modified CT specimens (dimensions in mm). 



I---;~~::':t..:~ - - -_ 
XIJ 

x1J 

.." 

The calculation procedure used for test specimens was: (i) the FE model of the holed specimen with initial 
crack tip location at the notch to obtain its strain energy density per element, and calculate corresponding 
propagation direction for the first crack from notch; (ii) the crack was incremented in growth direction by the 
(small) specified step; (iii) the model was remeshed to account for the new crack tip; (iv) the process was 
repeated until therequired final crack size was reached . 
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Fig. 8. Element "shell 63" in ANSYS using for FEM modeling 

The FEM models are built in ANSYS release 12 software to detect the crack path. With applying element 
"shell 63", a simple and basic 4 node element, the simulation gets good results without singular element specifY 
for crack propagation. The radius of ring element in this paper is 0.5 mm, and an increment of each step crack 
propagate is 2 time of radius of ring element. Number of element is about 49000 element using in each model. 

The predictions indicated that the fatigue crack was always attracted by the hole, but it could either curve its 
path and grow toward the hole or just be deflected by the hole and continue to propagate after missing it. Fig. 9 
iUustrates the prediction of these two quite different curved crack paths. 



Fig. 9. FE meshes automatically generated for the modified CT specimens 

To test the accuracy of the FE modeling, the transition point between the "sink in the hole" and the "miss 
the hole" crack growth behaviors was identified. Then, two borderline specimens were dimensioned: one with 
the hole just half a millimeter below that point and the other with the hole half a millimeter above it. Due to 
machining tolerances, the actual difference between the vertical position of the holes in specimens CT I, CT3 
and CT2 turned out to be 1.2 mm instead (the maximum tolerance in CT2). These specimens were then 
remodeled to predict the actual crack path. The measured and the predicted crack paths are compared in Figure 
6. 

These results were so encouraging that another specimen, CT4, was built to recheck the experiments. This 
time, the vertical distance between their holes turned out to be 1.4 mm, and they were also FE remodeled to 
account for this deviation. However, the crack path in this specimen was not as well predicted as they were in 
CT1, CT2, and CT3 as is also shown in Figure 10. But, in fact, the predicted paths were in between the 
measured ones in the two faces of the specimens, which was an indication that an unwanted transversal moment 
had also loaded them. Indeed, frictional problems have been found in the universal joint of the load train, which 
had to be substituted after those tests. However, since the average path between the two faces showed a good 
match with the FE predictions, it confirmed the predicted "sink in the hole" and the "miss the hole" crack 
growth behaviors. The predicted and measured are shown in Figure 10, and they also show a quite good match. 
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Fig. 10. Predicted and measured crack paths for the modified CT specimens. 



Miranda [7] also suggest a progress to get the crack path prediction for these specimens by implement 
special technique applying on element and results are shown on figure II. The predicts of Miranda show good 
results on cn and CT2 while the results using ring element with SED applying in this paper get good 
agreement in cn, CTI and even CT3. The CT4 specimen get disturb because of effect of free boundary. 
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Fig. 11. Predicted and measured crack paths for the modified CT specimens by Miranda [7]. 

VI. Conclusion 
An advanced remeshing technique is used to propagate cracks through finite element meshes. Every step in 

the mUltiple applications presented above is a combination of node relaxation and remeshing technique. It 
shows the robustness and the accuracy of the coupled numerical techniques associated with the discrete crack 
propagation. 

Strain energy density kinking criteria have been implemented and compared. All these comparisons show 
that the minimum strain energy density criteria are quite equivalent in terms of accuracy and time computation. 
However it requires a refined mesh at the crack tip. SED criterion is the complex but gives good results. It 
requires a ring of elements around the crack tip, but its accuracy is mesh-independent. Anyway, because Sih 
present criteria in elastic materials, so the application is limited to elastic fracture mechanics. 

The most advance in SED theory when applying in FEM modeling is using simple element, not require 
special element to define the singularity zone around crack tip. The singularity zone will be capture by set up 
the radius of ring element. The numerical scheme presented in this study will be employed in the analysis of the 
distortion-induced fatigue cracks in web gap in I-beams of steel bridges. 
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