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The purpose of this study is to investigate the effect of notches on fatigue strength of middle (i.e., 

SM490) and high (i.e., HT780) strength steels. The study is based on finite element analyses on two 

types of notched specimens referring to an experimental work found in the literature. A novel approach 

is proposed to characterize the fatigue performance of the samples based on elasto-plastic analyses 

carried out with an unconventional plasticity model, the Fatigue SS model, proposed by the authors. 

The fatigue life, expressed as the sum of crack initiation life and crack propagation life, was predicted 

under unidirectional cyclic loading conditions (R = 0). The main advantages of the novel methodology 

consist in considering the effect of irreversible deformations and the effect of the local geometry on 

the initiation and propagation of the crack. The numerical results were validated against experimental 

data proving the reliability of the new assessment method. 
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1. INTRODUCTION 
 

Most of the steel structures in service have notched 

components that play a fundamental role in crack for-

mation and propagation when structures are sub-

jected to cyclic loading. In fact, the presence of 

notches may induce high-stress concentration in local 

areas. Consequently, even if the magnitude of the 

nominal stress is lower than the macroscopic yield 

stress, local yielding might occur around a notch. The 

accumulation of irreversible strain under cyclic load-

ing, progressively induces fatigue cracks to initiate 

and to grow. On the other side, the cyclic stress-strain 

responses vary depending on the shape of notches 

and the mechanical properties of the material. Thus, 

different crack initiation and propagation behaviors 

are functions of the local stress field, material re-

sponse (i.e., nonlinear behavior) and geometry.  

In the engineering practice, the design of metallic 

structures and components is commonly based on lin-

ear fracture mechanics, assuming an elastic response 

of the material, adopting S-N diagrams and stress in-

tensity factor K to evaluate the fatigue failure. In par-

ticular, crack propagation is often estimated by using 

the well-known Paris’ law1) that relates the crack 

growth rate da/dN with the range of stress intensity

K  by means of material constants. This approach 

can give a reliable estimation of the fatigue perfor-

mance, however, it neglects the contribution of plas-

tic strain and therefore results less accurate in case of 

strong material nonlinearities or nonlinearities de-

rived from the loading history2)-4). 

Alternatively, in case of material plasticization, the 

J-integral5) or cyclic J-integral6) (i.e., J ) ap-

proaches are often adopted. These methods can be 

used in both large-scale yielding (LYS) and in small-

scale yielding (SSY) problems, however, the influ-

ence of the local geometry at the crack tip might not 
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be accurate since they express an averaged strain re-

lease rate, which depends on the choice of the inte-

gration contour surrounding the crack. Other limita-

tions are pointed out in7), 8). 

In addition to the aforementioned shortcomings, 

another issue lies on the correct evaluation of the ma-

terial plasticization that leads to the crack initiation 

and influences the following propagation. Phenome-

nological models conventionally consider the stress 

space divided into elastic and plastic domains, allow-

ing the generation of inelastic strain only when the 

stress state lies on the macroscopic yield surface dur-

ing loading. Recently, the authors developed an elas-

toplastic model9) (i.e., Fatigue SS), based on an un-

conventional approach, capable of describing a non-

linear response of the material even for stress states 

lower that the macroscopic yield stress. This aspect 

makes the Fatigue SS model suitable for the descrip-

tion of material deformation in cyclic mobility prob-

lems and low/high cycle fatigue problems10)-12). 

Miki et al.13) conducted an experimental campaign 

to investigate the effect of the notch geometry and 

plastic strain on the fatigue strength. Several samples, 

with different notch shapes, were subjected to fully 

reversed (R = -1) and unidirectional cyclic loading (R 

= 0) conditions. In addition, the experiments consid-

ered two separate materials: a middle (i.e., SM490) 

and high (i.e., HT780) strength steels. The influence 

of notches on fatigue strength was studied and the re-

lations between crack initiation fatigue life and total 

strain range was given. However, one problematic as-

pect was represented by the detection of minute fa-

tigue cracks at the notch roots, therefore, the crack 

initiation life was defined when a crack of length of 

0.5mm was discovered on the surface of the speci-

men. Moreover, even if the experiments character-

ized the different fatigue performance of the steels 

against the notch geometries (i.e., for different stress 

intensity factors) the mechanism for the crack propa-

gation and the influencing factors were not fully in-

vestigated. Therefore, the aim of the present work is 

the clarification of the effect of notch sensitivity on 

both crack initiation and propagation for steels with 

different strengths. 

In this study, the crack initiation and propagation 

life were investigated by means of finite element 

analyses (i.e., FEA), considering two notch geome-

tries (i.e., type-4 and type-5 samples in Miki et al.13)) 

and two steels, SM490 and HT780 respectively. 

Moreover, a novel approach for the characterization 

of the fatigue life is presented. In detail, the crack in-

itiation life Nc is investigated by means of the Fatigue 

SS model, whereas the crack propagation life Np has 

been modeled as a series of fatigue cracks, similarly 

to previous works of the authors14), 15). The advantage 

of the proposed methodology consists in the possibil-

ity of considering the local geometry in the surround-

ing of the crack tip as well as the influence of the non-

linear material response on the stress field. The work 

is organized as follows. Section 2 describes the nu-

merical approach in terms of main features of the Fa-

tigue SS model and the crack initiation and propaga-

tion criteria. Section 3 presents the numerical model-

ing of the samples. A discussion of the results of the 

FEA against the experimental data is proposed in sec-

tions 4 and 5. Lastly, section 6 summarizes the main 

findings and the future studies. 

 

2. FATIGUE LIFE EVALUATION 

 
The benefit of FEA lies on the possibility of reduc-

ing the costs of experimental campaigns and the pos-

sibility of conducting simulations and parametric 

study (i.e., changes of geometry, materials, loading 

conditions) in relatively short time. On the other 

hand, the accuracy of the results is strongly connected 

with the modeling assumptions (i.e., mesh, element 

type, boundary conditions, etc.) and the constitutive 

modeling of the mechanical response of the material 

(i.e., linear elasticity, elastoplasticity, etc.). As men-

tioned in the introduction, in case of LYS the adop-

tion of linear elastic fracture mechanics (LEFM) can-

not give reliable results in term of fatigue. A more 

appropriate approach consists in adopting an elasto-

plastic constitutive model and to consider the effect 

of irreversible strain on crack initiation and propaga-

tion (i.e., elastic-plastic fracture mechanics EPFM). 

The second strategy is adopted in this work. 

 

(1) The Fatigue SS model 

Experimental evidence showed a progressive plas-

ticization in metallic materials subjected to cyclic 

loading with nominal stress ranges within the elastic 

domain17), 18). This phenomenon is due to the presence 

of material defects, for instance inclusions and micro 

voids, that induce an alteration of the stress field in 

the material with consequent plasticization. A proper 

description of material rheology should be carried out 

with micro or meso-scale models19), since a phenom-

enological approach cannot account for single local 

material inhomogeneities. 

Recently, the authors developed a phenomenolog-

ical elastoplastic constitutive model capable to ac-

count for plastic strain generation even for stress 

states lower than the macroscopic yield stress9), 16). 

The main idea is to introduce an isotropic scalar dam-

age-like variable to the constitutive equation of an 

unconventional plasticity theory, the subloading sur-

face theory20), 22). The damage variable considers the 

progressive accumulation of material defects with the 

evolution of plastic accumulation, contributing to the 
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opening of hysteresis loops and the description of 

material softening. The definition of the evolution of 

the damage-like variable depends on plastic defor-

mation, however, it has no effect on the elastic stiff-

ness and on the plastic flow (i.e., uncoupled variable). 

It should be highlighted that, due to the scale of ob-

servation, the progressive damaging is described as 

averaged and homogeneous process without consid-

ering single defects. However, this phenomenologi-

cal description reproduced well metals behavior un-

der low or high cycle fatigue conditions9)-12). 

A description of the constitutive equations of the 

Fatigue SS model is here omitted. Details on the Fa-

tigue SS model can be found in9). 

 

(2) Crack initiation criterion Nc 

Estimation of crack initiation life Nc can be carried 

out following several approaches grouped into two 

main categories: stress-strain approaches and local 

approaches based on continuum damage mechanics 

(CDM). The present study follows the first category, 

as in previous works of the authors10), 11), relating the 

total strain range with the number of cycles for the 

crack opening . This approach is known to predict 

well the fatigue performance under constant ampli-

tude loading conditions23)-25). 

In particular, the choice is motivated by the adop-

tion of the Fatigue SS model, that allows to describe 

realistically the material ratcheting and the opening 

and following saturation of the hysteresis loop size. 

Conventional plasticity theories cannot give an accu-

rate result of the material ratcheting since they cannot 

predict a smooth transition between the elastic and 

plastic domain and therefore an adequate description 

of hysteresis loops size. The relationship between 

crack initiation life Nc and total strain range   is re-

ported in the following equations Eq. (1) and Eq. (2) 

for the SM490 and HT780 steels, respectively, and 

graphically displayed in Fig. 1. 

 

Fig. 1 Fatigue crack initiation criteria. 

 0.541 0.1170.625 0.0091 − − = +c cN N   (1) 

 0.665 0.0861.029 0.0112 − − = +c cN N   (2) 

The two equations are modified forms of the em-

pirical approach proposed in 23), 26), where the coeffi-

cients for the multipliers and the exponents were cal-

ibrated to reproduce the material behaviors reported 

in the fatigue experiments in13), 26), 27). Same approach 

was adopted in previous works of the authors14), 15). 

As it can be seen in Fig. 1 the two solid lines have a 

different trend, especially in the high cycle regime, 

where the high strength steel is characterized by a better 

fatigue performance. Form a computational point of 

view, the values of the total strain range  are ob-

tained from the element displaying the highest cumula-

tive plastic strain. 

Moreover, the previous relationships do not consider 

the effect of the mean stress m
, even under the applied 

unidirectional cyclic loading conditions. In fact, observ-

ing the hysteresis loops, the effect of the mean stress in 

correspondence of the notch tends to be negligible. 

 

(3) Crack propagation criterion Np 

As mentioned in the introduction, the main idea is 

to evaluate the crack propagation as a series of fatigue 

cracks that progressively open depending on the elas-

toplastic behavior of the material. The benefit of this 

approach consists in a criterion capable of accounting 

for irreversible deformations and for the local shape 

at the crack tip, aspects that are neglected in the con-

ventional LEFM and with the adoption of the cyclic 

J-integral approach. 

In detail, the crack growth rate is evaluated by 

means of the following Eq. (3): 

 


=
c

da a

dN N
 (3). 

The Nc term is evaluated by means of the total 

strain range, obtained from the local stabilized hyste-

resis loops in the elastoplastic analyses. The total 

strain range is extrapolated from the local element 

showing the highest plastic accumulation which is lo-

cated in correspondence of the crack tip under the ef-

fect of the stress concentration. The term a  repre-

sents the increment of crack length associated with 

the corresponding crack initiation Nc. The crack prop-

agation is therefore imagined as a progressive open-

ing of a  lengths depending on the number of cycles 

for the crack to initiate and it is a function of the local 

geometry and stress field.  

From a theoretical point of view the increment of 

crack length should be a variable depending on the 

mechanical properties of the material and on the 

mesh used in the numerical modeling (i.e., element 

size and element type). In a previous work15), the au-

thors conducted a parametric study on a SM490 steel 

CT specimen in order to characterize the crack incre-

ment under cyclic loading conditions (R = 0.1). It was 

shown that the experimental crack growth rate can be 

numerically reproduced imposing a constant value on 
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a that depends on the element size. Moreover, an 

analytical relationship to define the value of the crack 

increment a  as a function of the element size was 

proposed. In this study 5 =a m was chosen based 

on15). 

 

(4) Fatigue life Nf 

The total fatigue life for the specimens is obtained 

by adding the crack initiation life Nc, described in sub-

section 2-(2), together with the crack propagation life 

Np, obtained with the methodology described in in 

subsection 2-(3) (i.e., Nf = Nc + Np). 

A schematic flow chart for the computation of the 

total fatigue life is reported in Fig. 2. 

 
Fig. 2 Flow chart for the computation of Nf. 

3. NUMERICAL MODELING 

 
Finite element (FE) models were generated based 

on two of the geometries of the fatigue test specimens 

proposed by Miki28) (i.e., Type-4 and Type-5), here 

renamed Model-O and Model-U according to the 

shape of the notch (see Fig. 3). In order to reduce the 

computational effort and due to the shape of the sam-

ples, only 1/4 of the geometry was modeled in 3D 

imposing isostatic boundary conditions. Linear 8-

node hexahedral elements (i.e., C3D8 Abaqus ele-

ments) were used in the simulations. Different mesh 

discretizations were adopted with denser meshes 

(minimum element size of 50μm) in the surrounding 

of the notches and coarser meshes in the remaining 

parts, where elastic deformations are expected.  

The Fatigue SS model was implemented via user 

subroutine for the commercial code Abaqus (ver. 

6.14-4) and used to describe the nonlinear material 

behavior of SM490 and HT780 steels. The SM490 

and HT780 material parameters for the Fatigue SS 

model were calibrated against monotonic tensile and 

cyclic loading tests in 14), 15). The analyses were con-

ducted with stress ranges of 150, 300, 500MPa, and 

with a stress ratio of R=0 in each model (see the 

sketch of the amplitude in Fig. 4).  

Besides, to evaluate the effect of the shape of the 

notch on stress concentration, elastic analyses were 

carried out and stress concentration factors were 

compared with the values reported in13) (see Table 1). 

The numerical error is quite limited with a slight 

overestimation in case of Model-U.  

 

Fig. 3 Sketch of the geometry and boundary conditions for 

Model-O and Model-U. 

 
Fig. 4 Sketch of the unidirectional loading conditions. 

Table 1 Stress concentration factors Kt. 

 Kt numerical Kt (Miki et al.13)) Error [%] 

Model-O 2.447 2.45 0.12 

Model-U 4.843 4.55 6.43 

 

4. RESULTS 

 
This section reports the results obtained in the nu-

merical simulations. Firstly, the effect of the stress 

concentration factor in relation with the material and 

notch geometry will be discussed. The fatigue results 

are then compared with the experimental data and fi-

nally some numerical consideration on the crack ini-

tiation and propagation are presented. 

The evaluation of crack initiation life was based on 

the total strain range obtained at the 10th loading cy-

cle since the hysteresis loops size tends to stabilize in 

both notched configurations and for both type of 

steels. An example of the evolution of the total strain 

ranges for the 500 MPa cyclic loading condition and 

for different crack lengths is reported in Fig. 5. As it 

can be seen, after an initial increment due to the ma-

terial hardening, the strain ranges seem to saturate. 

The difference in magnitude of   between Model-O 

and Model-U seems more marked in the HT780 steel. 
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a) 

 
b) 

 
d) 

 
c) 

Fig. 5 Total strain for the 500 MPa. SM490 steel: a) Model-O, b) Model-U. HT780 steel: c) Model-O, d) Model-U. 

 

(1) Stress concentration vs fatigue life. 

Fig. 6 reports the crack growth rate computed with 

Eq. (3) at different values of the crack length. With 

the progression of the crack, the growth rate shows a 

monotonic increase with a progressive saturation for 

higher values of a. In addition, the growth rate is 

higher in case of a U-shaped notch due to the higher 

stress concentration and the consequent higher mag-

nitude of plastic strain affecting Nc. The SM490 steel 

in Model-U gives the highest crack growth rate. It 

should be reminded that, since the crack increment 
a  is constant, the speed is governed uniquely by the 

number of cycles to crack initiation that are inversely 

proportional to the total strain range.  

 
Fig. 6 Crack growth rate against crack length for the two steels 

and notches ( 300 = MPa ). 

The more the material is prone to generate plastic 

deformation, the lower is the number of cycles to 

form the subsequent crack. This aspect can be ob-

served in the graph of Fig. 7, where the crack length 

is reported against the total fatigue life (i.e., number 

of cycles to failure). Higher values of the stress con-

centration factor, obtained in Model-U (squared 

markers), imply a shorter fatigue life. Moreover, un-

der the same notch configuration, the fatigue life de-

pends on the mechanical properties of the material, 

giving a better performance for the ‘stiffer’ material. 

Comparing the fatigue lives of the SM490 and 

HT780 steels it is possible to see that the notch ge-

ometry has more relevance in the high strength steel 

compared with the middle strength one.  

In fact, the gap in number of cycles between the red 

markers, at 1mm crack lengths, is 12 times larger 

compared with the blue markers. 

Fig. 8 displays the stress at 2x106 cycles against the 

stress concentration factors. The blue markers are 

representative of the SM490 steel whereas the red 

markers indicate the HT780 steel results. Black ‘x’ 

markers indicate the experimental results obtained by 

Miki28). As it can be seen, the numerical analyses 

agree sufficiently well with the experimental results, 

catching the decreasing trend of fatigue life with the 

increase of stress concentration factor. Moreover, it 

should be highlighted that for lower values of Kt the 
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mechanical properties of the material play a funda-

mental role in the fatigue performance (i.e., at Kt = 

2.55 the difference between the two steels is 138 

MPa), whereas the difference between the SM490 

and HT780 steels tends to diminish (i.e., at Kt = 4.85 

the difference between the two steels is 83 MPa) with 

the increase of the stress concentration factor. The 

higher transition in stress from Kt = 2.55 to Kt = 4.85 

is observed for the HT780 steel with a 164 MPa de-

crease, while the SM490 shows 100 MPa decrease. 

 
Fig. 7 Crack length against number of cycles for the two steels 

and notches ( 300 = MPa ). 

 
Fig. 8 Fatigue strength at 2x106 cycles vs stress concentration 

factor. 

(2) Numerical and experimental S-N data. 

This section presents the results of numerical fa-

tigue simulations against experimental data (see Fig. 

9). The numerical results are reported with squared 

and circular markers for the Model-U and Model-O, 

respectively. The blue color is associated with the 

SM490 steel whereas the red color represents the 

HT780 steel. Hollow and solid black markers report 

the fatigue experimental data obtained by Miki28). As 

it can be seen the proposed approach seems to agree 

well with the experimental data, especially for high 

nominal stress regime, while some discrepancies can 

be found in the lower nominal stress regime. 

In order to verify the validity of the proposed meth-

odology, the numerical and experimental data are re-

ported in the different visualization of Fig. 10. Here, 

the experimental and numerical stress amplitude are 

reported at the experimental number of cycles to fail-

ure. It should be mentioned that, while the experi-

mental data were reported directly from the refer-

ence28), the additional numerical data were obtained 

by means of a linear interpolation between the com-

puted points since the experimental and numerical 

loading conditions slightly differ. 

 
Fig. 9 S-Nf data for Model-O, Model-U and the two steels. 

 
Fig. 10 Experimental vs numerical predicted stress amplitude 

for the experimental number of cycles at failure. 

The error in the FEA is represented by the distance 

of the red and blue points from the diagonal (i.e., the 

experimental counterpart). Additionally, the graph re-

ports green and purple dashed lines, indicating errors 

of 10% and 20% respect to the experiments. As it can 

be seen, all the simulations lie within 20% error, ex-

cept for two points for Model-U and HT780 steel. In 

general, the error committed in the SM490 steel re-

sults lower than the one obtained for the HT780 steel. 

One possible explanation might be the choice of the 

value for crack increment a   adopted in the crack 

propagation evaluation. The value of 5 μm has been 

in fact obtained through numerical simulation carried 

out on a CT SM490 specimens and therefore might 

not be accurate to represents a material with different 

mechanical properties. Future works will investigate 

this aspect. Overall, it can be concluded that the pro-

posed methodology can catch well the fatigue failure 

of the investigated samples. 
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(3) Numerical comparison between Nc and Np. 

The current subsection analyses the numerical re-

sults comparing the crack initiation against the crack 

propagation life. Fig. 11 graphically reports the re-

sults. The solid bars (blue and red) indicate Nc 

whereas Np is displayed with striped bars. The sum of 

the two contributions from the 100% of the fatigue 

life. 

In general, the number of cycles for crack for-

mation seems dominant independently from the ma-

terial and the notch geometry. In particular Fig. 11a 

and c refer to the Model-O fatigue performance for 

SM490 and HT780 steels, respectively. On the other 

hand, Fig. 11b and d display the analyses for Model-

U. In particular, Nc in Model-O shows a decreasing 

tendency with the increase of the loading condition in 

both materials, accounting for more than 80% of the 

total fatigue life in four of the six cases. The mini-

mum Nc is obtained for the HT780 steel and 

500MPa =  (Nc ~70%). In Model-U the decrease 

of the fatigue life with the applied loading conditions 

is less evident and the crack propagation life assumes 

a more important role. This aspect is due to the higher 

stress field at the notch (i.e., higher stress concentra-

tion factor) inducing the development of plastic de-

formations and therefore larger hysteresis loops, 

shortening the Nc term without cracks and for the 

cracks opening during the propagation. The mini-

mum Nc is obtained for the HT780 steel under 300 or 

500 MPa nominal loading condition. 

A comparison with the experimental data in Miki 

et al.13) is not available, since the results on crack in-

itiation and propagation life are not reported for the 

two specimens selected. However, the numerical 

simulations seem to provide a similar ratio between 

the number of cycles to crack initiation and propaga-

tion to the specimen with different notch shape re-

ported in13). 

 

5. DISCUSSION 
 

As reminded in the introduction the benefit of the 

proposed methodology lies in the possibility of ac-

counting for inelastic strains as well as the local geo-

metrical effect at the crack tip, influencing the stress 

field and therefore the crack propagation. An ap-

proach based on LEFM seems not suitable for the ap-

plication to LYS problems, whereas the use of the cy-

clic J-integral is less accurate in taking into account 

the effect of the local geometry in the surrounding of 

the crack tip since the accuracy depends on the choice 

of the integration contour surrounding the crack. 

However, some issues connected with the fatigue life 

investigations still remain unclear even with the pro-

posed methodology. 
 

 
a) 

 
b) 

 
c) 

 
d) 

Fig. 11 Numerical comparison between crack initiation and crack propagation life. Model-O: a) SM490 and c) HT780 steels. Model-

U: b) SM490 and d) HT780 steels. 
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• The life prediction under various and especially 

multiaxial loading conditions has not been inves-

tigated yet with the novel approach, and it re-

mains an open topic on the applicability of the 

proposed methodology to general cases. 

• The analyses were conducted on 3D samples; 

however, the crack propagation has been investi-

gated by adopting a circular crack, without a dif-

ferentiation on the direction of the crack front 

evolution. Future works will investigate this as-

pect. 

• The calibration of the crack increment a  was 

conducted only on SM490, leading to less precise 

computation in case of high strength steel. More-

over, the definition of a  is based on a crack 

propagation on a CT specimen considering only 

mode I for the crack. 

• The methodology has been applied on virgin ma-

terial, the validation of the approach in case of 

welded material is left to future works. 

 

6. CONCLUSIONS 

 

The present work aimed to clarify the mechanism 

of crack initiation and propagation in relation to the 

notch sensitivity. Two different materials, a middle 

and high strength steels were considered, together 

with two notch geometries, reproducing the experi-

mental results carried out by13), 28). Moreover, a novel 

methodology for the evaluation of the fatigue perfor-

mance is introduced, aiming to correct the shortcom-

ings of other approaches based on LEFM or cyclic J-

integral. 

Overall, the numerical results seem in good agree-

ment with the experimental data predicting the fa-

tigue life within errors of 10% in case of SM490 steel 

and with 20% in case of HT780 steel. The decrease 

of the accuracy in the predictions of the high strength 

steel might be due to the choice of the parameters 

adopted in the simulations. 

The main findings can be summarized as follows: 

• Higher values of the stress intensity factor are as-

sociated with higher rates of the crack growth. In 

fact, under the same loading conditions and 

adopting the same material, Model-U is charac-

terized by higher crack growth rates than Model-

O, due to the higher amount of plasticization in-

duced. 

• The high strength steel showed lower crack 

growth rates than the SM490 steel adopting the 

same geometry for the notch. This aspect can be 

explained once again with the better mechanical 

performance of the HT780, less prone to plasti-

cize. 

• In general, higher values of the stress concentra-

tion factor imply lower fatigue life, as experimen-

tally observed in13). 

• The difference in fatigue life for the two steels 

seems to decrease for higher values of the stress 

concentration factor. 

• The numerical comparison between crack initia-

tion and crack propagation life showed that Nc is 

higher in all the configurations investigated (i.e., 

in terms of materials and notch geometry). 

Higher values of the stress concentration factors 

are associated with shorter crack initiation lives, 

as observed in case of Model-U, where the per-

centage of Nc can be closer to 50% of the total 

fatigue life. 

Future works will aim to verify the validity of the 

proposed methodology on different loading condi-

tions and materials. 
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