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Summary A visco-plastic constitutive model was extended to describe the strain-range-dependent cyclic hardening behavior and the 
ratcheting of SS304 stainless steel. Then the extended model was implemented into the finite element code and the simulating 
capability was verified by comparing with some experimental results.  
 

Extended Summary 
 
It has been observed that some structural materials, such as SS304 and 316 stainless steels, exhibit significant strain-
range-dependent cyclic hardening. However, the existed models described only a saturated cyclic hardening of the 
materials, and can not simulate any non-saturation feature of cyclic hardening observed by experiments. Recently, the 
non-saturation feature of cyclic hardening occurred at relatively large strain ranges was successfully modeled by 
introducing a new constitutive description for strain-range-dependent cyclic hardening [1]. However, the previous model 
cannot describe the ratcheting reasonably due to the choice of Ohno-Wang model I [2]. Moreover, the implementation 
of an advanced constitutive model into finite element method is necessary to achieve an accurate stress-strain analysis 
for engineering structures. Thus, in this work, the previous model [1] is first extended to simulate the ratcheting by 
introducing a combined nonlinear kinematic hardening model initially developed by Abdel-Karim and Ohno [3]. Then, 
the extended model is implemented into finite element code, such as ABAQUS.  
 
Constitutive model 
The constitutive model to be implemented is obtained by extending the previous model [1]. The ratcheting can be 
described through replacing the Ohno-Wang model I [2] by Abdel-Karim-Ohno kinematic hardening rule [3], as did in 
[4]. Here, only the modifications to the previous models [1] [4] are emphasized. 
A decomposition form of back stress α  is used as did in [1], i.e. ∑
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Finite element implementations 
For the interval from step n to n+1 (i.e. [tn, tn+1]), using backward Euler method and following the same steps as in [4], a 

nonlinear scalar equation can be deduced as 03 1
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be obtained from [4]. The equation can be solved by combining successive substitution method with Newton-Raphson 
method for solving nonlinear equation of one variable.  
Also following the same steps as in [4], a new expression of consistent tangent modulus 11 d/d ++ ∆∆ nn εσ  is derived for the 

extended model as 
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Discussion 
Using the material parameters listed in Table I, the cyclic hardening behavior and ratcheting of SS304 stainless steel are 
simulated by the extended model and its finite element implementation. Fig. 1 shows the experimental results and the 
calculated ones obtained by employing a 3D 8-noded iso-parametric brick element at the strain rate of 0.2%s-1 under 
uniaxial tension. It can be seen that the calculated results for µ =0.0 and µ =0.1 are in good agreement with the 
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experimental. If µ <0.5, its variation has little effect on the simulated stress-strain curve. From Fig. 2, it can be seen that 
the calculated results under symmetrical strain cycling with strain amplitude of 2%, are in good agreement with the 
experimental ones shown as lines in the figure and the non-saturation feature of cyclic hardening is also described. 

Table I. Material constants used in numerical simulation (stress in MPa, strain mm/mm, time s) 
E=1.96×105, v=0.33, K=82, n=13, Q0=103; 
ζ (1)=2242, ζ (2)=800, ζ (3)=400, ζ (4)=200, ζ (5)=133.3, ζ (6)=100, ζ (7)=66.7, ζ (8)=50, ζ (9)=40, ζ (10)=33.3, ζ (11)=28.6, ζ (12)=25; 
r1

0=47, r2
0=16, r3

0=20, r4
0=2, r5

0=6, r6
0=4, r7

0= r8
0= r9

0= r10
0= r11

0= r12
0=0.001; 

RNLS(1)=13, RNLS(2)=19, RNLS(3)=34, RNLS(4)=46, RNLS(5)=35, RNLS(6)=86, RNLS(7)=77, RNLS(8)=52, RNLS(9)=48, RNLS(10)=45, RNLS(11)=30, RNLS(12)=20;
CNL(1)=CNL(2)=CNL(3)=25, CNL(4)=CNL(5)=20, CNL(6)=CNL(7)=5.5, CNL(8)=CNL(9)=7.5, CNL(10)= CNL(11)=CNL(12)=10; 
CL(1)=CL(2)=CL(3)=CL(4)=CL(5)=0.0, CL(6)=CL(7)=14, CL(8)=CL(9)=29, CL(10)=CL(11)=CL(12)=42; 
ω(1)=ω (2)=ω (3)=0.15, ω(4)=ω (5)=0.45, ω(6)=ω (7)=0.55, ω(8)=ω (9)=ω (10)=ω (11)=ω (12)=0.70. 
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Fig. 1 Uniaxial tensile stress-strain curves   Fig. 2 Stress-strain curves for uniaxial strain cycling (µµµµ =0.0). 

An axi-symmetrical notched-bar subjected to uniaxial stress cycling with non-zero mean stress is also simulated with a 
2D axi-symmetrical 4-node element mesh employed. The simulated ratcheting of the notched-bar is shown in Figs. 3 for 
integration points near notch-tip, and with different sub-step numbers for each half-cycle. The load condition is: 
σmax=200MPa; σmin=-100MPa; stress rate is 50MPas-1 and cyclic number is 10. It is seen that the variation of sub-step 
number N for each half-cycle has significant effect on the calculated ratcheting for three values of µ. The calculated 
result for N=3 is larger than that for N=12, and much more difference occurs as µ =0.5. It means that even the parameter 
µ is nearly zero, accurate simulation for the ratcheting of structure component can be only achieved by using more sub-
steps (a convergent simulated result can be obtained with N=20), which is different from the conclusion obtained by [4]. 
This difference is also mainly caused by the introduction of r(k) and Q variable with cyclic hardening. 
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Fig. 3 Stress-strain curves of notched-bar under uniaxial stress cycling: (a) µµµµ =0.0; (b) µµµµ =0.1; (c) µµµµ =0.5. 

 
Conclusions 
A visco-plastic constitutive model developed in [1] has been extended to simulate the ratcheting of cyclic hardening 
materials by using the Abdel-Karim-Ohno non-linear kinematic hardening rule [3], and then the extended model is 
implemented into a finite element code. In the numerical implementation, a new nonlinear scalar equation of implicit 
stress integration and a new expression of consistent tangent modulus are established. The numerical results show that 
an accurate simulation for the strain-controlled monotonic tension and uniaxial strain cycling can be achieved by using 
large strain increment with small µ, even rate-dependent plasticity is taken into account. However, under stress 
controlled loading, accurate simulation just can be achieved by setting stress increment small enough. Moreover, 
uniaxial ratcheting of structure component can be simulated reasonably by the extended model and its implementation in 
ABAQUS. Further, the deviatoric constitutive model used in this work will result in an almost iso-chronic behavior, and 
then the corresponding finite element implementation seems to be sensible to locking phenomena. This problem should 
be taken into account in the future modification for the extended model. 
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