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Abstract
In this paper, hysteretic energy loss in cyclic loading is used as the main parameter in fatigue
damage modeling. The analytical expression for hysteretic energy loss and its numerical
implementation are features of the powerful hysteretic operator that has the ability to model
progressive damage growth based on the maximum strain amplitude. Its scalar damage parameter
is further modified in order to produce a reliable estimation of fatigue life under arbitrary loading.
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1. Introduction
While in general fatigue analysis, the material under cyclic loading can exhibit a various type
of failure modes, the following research is concentrated on ductile materials such as typical
constructional steel in a uniaxial stress state. Models and the analysis of fatigue in the material are
versatile, and they are investigated on various modeling levels, from crack evolution up to the
global estimation of fatigue life. Evaluating damage parameters in fatigue analysis based on
various continuum damage approaches is developed by [1][2][3], and correlation of specific
energy-based approaches is presented in [4].
In the presented analysis, the determination of damage in the material is based on the
parameters that define the proposed model of hysteretic (Preisach) operator, particularly
applicable for ductile materials. The first set of parameters produces an elastoplastic damage
model that complies with Masing-type behavior. The second set, based on dissipation energy, is
formed by experimentally obtained fatigue life measures so that material nonlinearity that
includes phenomena of plastic deformation and damage is enhanced by the fatigue analysis.
2. Fatigue damage model and comparison to experimental results
Energy loss in one cycle for one element (operator) is calculated as a volume with a base
between limit values of active the area in the Preisach plane [5], although it may also be
approximated with the area of the hysteresis loop [6]. For the presented mechanical model
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(infinitely many operators-elements), hysteretic energy loss Qhys dissipated into heat is calculated
analytically as follows:
Qhys 

 P(  , )  (    )d d 

(1)



Preisach function P() and its domain  must be determined according to a specific type of
experimental curve [7]. The scalar damage parameter presented in [8] is therefore extended in the
function of hysteretic energy loss in process of damage analogous to the proposed relation in [9].
A similar approach is used in [10] [11], however, based on the experimental results and numerical
models for the evolution of damage parameter presented in [2][12][13][14], this parameter needs
to be adjusted with material constants for a specific type of damage growth in low-cycle fatigue
loading. Total energy dissipation through cycles to failure is approximately equal to the
parameter Wf for arbitrary cases of uniaxial loading in observed material. Type of the material for
experimental data matching used in this paper is constructional steel and the conducted straincontrolled tests [15] with amplitudes 1%, 3%, 5%, and 7%. Different strain histories can be a
significant factor in the fatigue analysis of steel specimens. Therefore, variable strain tests are
also used to verify adopted parameters obtained in the constant strain amplitude tests.
Furthermore, the mean stress effect for the proposed model is investigated through constructing
failure curves for different fatigue life (Nf=2,10,100,1000) and presented in Fig.1. Results of the
proposed model can also be verified through isochronous curves for failure [3].

Fig.1 (a) Predicted number of cycles to failure vs experimental results [15] - logarithmic scale; (b)
Proposed model mean stress effect vs schematic diagrams [16]

3. Conclusions
The presented fatigue damage model can determine fatigue life in the low-cycle regime of
loading in a uniaxial stress state. Moreover, the shape of the resulting hysteretic curve is in good
agreement with the experimental curve as this model is based on Preisach hysteretic operator,
which also enables an analytical expression for calculating hysteretic energy loss. Thus, its
numerical implementation provides an efficient solution that can capture various effects in an
arbitrary low-cycle fatigue regime of loading.
References
[1] J. L. Chaboche and P. M. Lesne, “A Non-Linear Continuous Fatigue Damage
Model,” Fatigue Fract. Engng Mater. Struct., vol. 11, no. 1, pp. 1–17, 1988.
[2] D. G. Shang and W. X. Yao, “A nonlinear damage cumulative model for uniaxial
fatigue,” Int. J. Fatigue, vol. 21, no. 2, pp. 187–194, 1999.
[3] J. Wang, “A Continuum damage mechanics model for low-cycle fatigue failure of
metals,” Eng. Fract. Mechanics, vol. 41, no. 3, pp. 437–447, 1992.

2

Zoran Perović, Dragoslav Šumarac, Low-cycle fatigue damage modeling with hysteretic energy loss

[4] G. R. Ahmadzadeh and A. Varvani-Farahani, “Energy-based damage descriptions to
assess fatigue life of steel samples undergoing various multiaxial loading spectra,” Int. J. Damage
Mech., vol. 28, no. 1, pp. 35–57, Jan. 2019.
[5] D. Šumarac and Z. Perović, “Cyclic plasticity of trusses,” Arch. Appl. Mech., Dec. 2014.
[6] S. K. Koh, “Fatigue damage evaluation of a high pressure tube steel using cyclic strain
energy density,” Int. J. Press. Vessel. Pip., vol. 79, pp. 791–798, 2002.
[7] P. Knežević, D. Šumarac, Z. Perović, Ć. Dolićanin, and Z. Burzić, “A Preisach model for
monotonic tension response of structural mild steel with damage,” Period. Polytech. Civ. Eng.,
vol. 64, no. 1, pp. 296–303, Feb. 2020.
[8] Z. Perovic and D. Sumarac, “Damage in Frame Elements Subjected to Cyclic Loading,”
in Proceedings of the Third International Conference on Damage Mechanics, 2018.
[9] K. Golos and F. Ellyin, “A Total Strain Energy Density Theory for Cumulative Fatigue
Damage,” J. Press. Vessel Technol., vol. 110, no. 1, pp. 36–41, Feb. 1988.
[10] M. R. Hormozi, F. Biglari, and K. M. Nikbin, “Study of sensitivity of damage
parameters C1, C2, C3 and C4 on FB2 material under low cycle fatigue test,” in American Society
of Mechanical Engineers, Pressure Vessels and Piping Division (Publication) PVP, 2012, vol. 6,
no. PARTS A AND B, pp. 395–403.
[11] C. Maggiore, J. Grenfell, G. Airey, and A. C. Collop, “Evaluation of fatigue life using
dissipated energy methods,” RILEM Bookseries, vol. 4, pp. 643–652, 2012.
[12] Bonora N. and G. Newaz, “Low cycle fatigue life estimation for ductile metals using
nonlinear continuum damage mechanics model,” Int. J. Solids Struct., vol. 35, no. 16, pp. 1881–
1894, 1998.
[13] X. Yang, N. Li, Z. Jin, and T. Wang, “A continuous low cycle fatigue damage model and
its application in engineering materials,” Int. J. Fatigue, vol. 19, pp. 87–692, 1997.
[14] A. Gautam, K. P. Ajit, and P. K. Sarkar, “Fatigue Damage Estimation through
Continuum Damage Mechanics,” in Procedia Engineering, 2017, vol. 173, pp. 1567–1574.
[15] Darry Versaillot, “Effects of cyclic loading on the mechanical properties of steel,”
Universitatea Politehnica Timisoara, 2015.
[16] S. P. Zhu, Q. Lei, H. Z. Huang, Y. J. Yang, and W. Peng, “Mean stress effect correction
in strain energy-based fatigue life prediction of metals,” Int. J. Damage Mech., vol. 26, no. 8, pp.
1219–1241, Nov. 2017.

3

