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ABSTRACT. The stepped isostress method (SSM) is an advanced technique 
which allows the prediction of the long-term behavior and enables the 
construction of creep master curves of materials with short-term experimental 
tests. However, the performance of this method is highly dependent on the 
numerical model and the time spent in data processing. In this paper, the 
effect of the extrapolation techniques on the creep curves trend is 
investigated using the SSM data of Polyamide test. Three extrapolation 
functions are used to offset the delay of the stress history: polynomial, power 
and exponential functions. Furthermore, a numerical routine is developed 
during the last step of the SSM, where the shift factors are computed taking 
into account the rescaling and the dwell times of each level of stresses. The 
processing of the SSM raw data has revealed that the rescaling parameters are 
the most determining factors to reach an accurate long-term creep curves. 
The rescaling process has shown an appropriate time, whether achieved by 
the exponential or power functions. Larger shift factors for exponential 
functions are assessed and therefore a long period of creep master curve was 
obtained. 
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INTRODUCTION 
 

ll mechanical structures are subjected to instantaneous loads which cause either elastic, plastic or combined 
behaviors. Nevertheless, a viscous effect under monotonic loads can be observed under different scenarios, the 
most common being dependence on the rate of deformation, dependence on temperature, creep and relaxation 

[1]. Although it is generally overlooked for some solid materials, the viscous effects play a major part in defining the 
mechanical response of polymers.  
Many experiments were conducted with different techniques to predict the mechanical behavior of materials, starting with 
simple mechanical experiments such as tensile [2], compression [3], finishing by creep and relaxation tests [4]. However, 
the creep was among the most important natural phenomena which can describe the material behavior overtime just 
under his weight influence and through that, we can find further mechanical properties. 
Thus, the creep test is conducted on material in order to measure its tendency to deform under constant loading; however, 
this test requires a very long dwell time [5]. Formerly, the heat factor was considered as the main accelerator of the creep 
behavior with very large scale time. It is assumed that the creep response for one temperature can be achieved by another 
temperature at delayed time, the Time-Temperature Superposition Principle (TTSP) was therefore developed and given 
serious results [6–8]. However, since the elevated temperature may affect the chemical properties of the tested material, a 
particular care should be devoted to TTSP when the thermo-sensitive materials are processed. 
To avoid the negative temperature effect and following an equivalent energy loading, the high stress level is also 
considered as a creep accelerator factor. Therefore, the Time Stress Superposition Principle (TSSP) was derived from the 
TTSP and adopted in several researches where improved results are obtained [9,10]. Among others, Hadid et al. [9] have 
used this approach to predict the long-term material creep behavior of the injection fiber glass reinforced polyamide, an 
improved empirical model (power law) is used and an excellent superposition of curves is obtained. Based on both 
temperature and stress effects, a novel approach called Time Temperature Stress Superposition concept (TTSS) is 
invented thereafter to reduce abundance of samples and to get more accurate results [11,12]. This last one remains very 
complex, even though it overcomes the negative heat impact and the samples abundance.  
Dealing with temperature loads as piecewise constant functions is considered afterwards as a revolution in the long term 
prediction techniques. Therefore, the Stepped Isothermal Method (SIM) [13] was developed firstly by Thornton et al. [14] 
and successfully used in several subsequent researches. This approach helped to reduce the large number of samples; but 
it maximizes the heat impact possibility. When dealing with thick specimens, concern regarding the rapid heating and the 
non-uniform temperature distribution in the specimen needs to be investigated [15]. 
As logical extension of SIM method, the technique of Stepped iso-Stress Method (SSM) is emerged as an enhanced 
solution to both problems: the multiplicity of samples and the heat effect. Recent studies have been performed by 
Giannopoulos et al. [16,17] that have dealt with Kevlar material and Aramid yarns in terms of mechanical properties, 
creep, stress and rupture. After that, the effectiveness of this method versus the TSSP method, for specimens of 
polyamide 6 having a large thickness, has been confirmed in co-author's previous work [5]. As a sequel to this work, the 
authors [15] analyzed the effect of different testing parameters of the SSM on a commercial polyamide 6 creep tests. The 
obtained master curves based on power law in rescaling process, correlate well with those obtained with the classical 
TSSP. The authors have shown that the variation in the dwell time or the change in the stress increment do not affect the 
creep of studied material. Later, Tanks et al. [18] applied two numerical processing in the SSM method in order to 
investigate the creep behavior of unidirectional carbon lamina used in rehabilitating prestressed concrete structures. Both 
of power-law and Prony series methods are used in rescaling procedure for addressing stress history. The power-law was 
shown to be more conservative by overestimating creep strains, but this is less material efficient for design over the long-
term [18]. Recently, Guedes [19] proposed an analytical method to process the SSM raw data. Based on two different 
viscoelastic models, the method is validated through numerical simulations to assess the creep tests. Also, in order to 
study the effect of multilayered material on the physico-mechanical properties of bamboo-polypropylene composite 
(BPCs), Hsu et al. [20] extended their analysis to time depending behavior using the SSM accelerated creep approach. The 
results have shown that the SSM creep master curves agree well with the long-term experimental creep. The creep master 
curves were also not influenced by different stress increments and dwelling time variations.  
One of the numerical problems encountered with accelerated techniques in construction of the long-term creep curve of  
plastic materials is uncertainty the fitting method used to address stress or temperature history, which affects the 
magnitude of the shift factors developed from the data. The uncertainty can be reduced by testing multiple samples but at 
significant cost. In this context, some convergence problems were raised in our previous works [15], this was due to 
efficiency of the method used in solving of the optimization problem on one hand, and to the high number of the data 
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points addressed in fitting process, on the other hand. To this end, the extrapolation model was performed using limited 
number of points from the starting range of the short-term creep, which did not necessarily lead to a perfect model. An 
approach that help to overcome this problem consists to use an improved solving method, which is enhanced with 
additional convergence criterion, can fulfill a good convergence with merely random initial conditions. In order to 
simulate the creep deformations behavior of the adhesive joints through finite element-based numerical analyses, Sadigh et 
al. [21] have used the called Levenberg-Marquardt algorithm to fit a power-law model at a variety of stress and 
temperature levels. The goodness of the fitting procedure was checked using the Standard Error of their estimations. 
The main goal of the present study is to investigate the effect of the numerical processing data on the construction of the 
master creep curves of polyamide 6 using the Stepped isostress Method. Three extrapolating functions are tested during 
the stress history rescaling and an improved method for solving the optimization problems is used. In addition, a 
numerical routine is developed in order to estimate the shift factors and to perform all the corresponding time shifting 
operations. This is expected to achieve improved long-term-creep curves. 

 
 

MATERIALS AND METHODS 
 
Preparation of Polyamide 

he material tested in the present work is a polyamide 6, trade mark DOMAMID 6BKBL, with a melting 
temperature Tf =221 °C and density ρ =1.1 g/cm3 (ISO 1183). The raw material was mixed using Thermo 
Scientific HAAKE PolyLab QC extruder (screw speed 30 rpm and heated zones about 221 °C as an average 

temperature). Plane sheets of 4 mm thickness were manufactured through a compression molding process: the material 
was heated to a melt temperature and progressively pressed in a rectangular mold (up to 200 bar). Laboratory hydraulic 
press (Schwabenthan Polystat 300 S) was used for a total time of 10 minutes (4 minutes for preheating and 6 minutes for 
compression). CAD and a laser process were carried out to design dumbbell-shape specimens. The dimensions of tensile 
and creep test specimens are chosen as per ISO 527-2, type 1B, with thickness h=4 (see Fig. 1). The specimens are stored 
in an atmosphere with 20% of humidity for at least one month. 
 
Tensile test  
Uniaxial tensile experiments were performed, using moderately thick specimens of PA6. The tests are conducted by 
Instron 5969 testing machine equipped with 5kN cell force. The specimens are loaded at ambient temperature (25 °C) and 
30% of humidity. The load was applied by moving the crosshead of the machine at a specific rate of 1 mm/min 
(according to ISO 527-1: Plastics-Determination of tensile properties). The deformation is measured with an Advanced 
Video Extensometer (AVE). The traction test allows determining the linear mechanical properties of the polyamide, and 
the stress levels which will be considered for creep tests. 
 
SSM Method 
The classical approach (TSSP) is generally applied to obtain the creep master curve [15,16,19], using a set of tensile creep 
tests on at least one specimen per each stress level. To overcome these limitations, the SSM technique is adopted in this 
work with reduced number of specimens and a valuable gain in time. In this SSM tests, the temperature of 25 °C was set 
and kept constant throughout a period of the tests. The deformation is measured with a clamp extensometer and the 
machine is controlled by data acquisition software that allows complex loading sequences to be performed. A starting 
reference load was initially applied to the specimen (5 MPa), and stair-step loads with five levels are programmed (10, 15, 
20, 25, 30 MPa). A dwell time of 2 hours for each load step is considered. The method is generally depending on a set of 
processes clearly performed in the following sections to reach the final results and to get the adequate master curves. 
 

 
 

Figure 1: Dimensions of the test specimens. 

T 
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At the beginning of the experiment, an initial vertical adjustment step is necessary to allow matching of the true starting 
point for each curve. The change from load to greater level is instantaneous. However, a shift in deformation due to the 
elastic nature of the material is observed. This step is to erase an element of elasticity and to link the beginning of the 
current curve with the end of the previous one. In fact, the creep in each step is the accumulation of the creep strain 
resulting from the applied stress in the current stress level, and also from the creep strain of the previous steps. So, a series 
of consecutive dependent curves should be separated. However, the creep response of material is considered as a time-
invariant behavior since a time-delay on the applied load directly equates to a time-delay of the output response. This 
aimed at seeking a rescaling time which physically reflects a loading start point, assuming that the test has been conducted 
under the same stress but on a previously unstressed specimen. According to the time–temperature superposition 
principle (TTSP), this preprocessing is essential to fulfill the unified conditions of Boltzmann principle. 
In order to calculate the rescaling factors, an exponential function is proposed to extrapolate the experimental curves of 
the raw short time creep, Eqn.1.  
 

        0 1 1 2 2xp expA e t t A t t         (1) 

 
Where t is an independent variable. 0, A1, A2, t1 and t2 are constants. That can be computed by matching with the 
experiment data through a nonlinear regression for each stress level. 
Two others fitting functions are also analyzed. The third degree polynomial function proposed by Achereiner et al. [13], 
given in Eqn.2 and the power law function presented in our previous research [15], Eqn.3.  
 

       2 3
0 1 2 3a t a t a t          (2) 

 

    0 0
n

t t            (3) 

 
where the constants a1, a2, a3, t0 and n are computed as mentioned above. It should be noted that all functions have been 
fitted considering the full time range in the extrapolation process. Further details are discussed in subsequent section. 
The horizontal shifting is a horizontal displacement of the curves in terms of the logarithmic time. It can be achieved by 
computing the shifting factor (), which is the ratio between the time for a viscoelastic process to proceed at an arbitrary 
stress and the time for the same process to proceed at a reference stress [16]. The creep strain is defined as: 
 

       , , /r r t t           (4) 

 
where  is the strain as a function of stress and time, r is the reference stress,  is the elevated stress and ασ  is the shift 
factor. 
The independent creep curves can be shifted along the logarithmic time axis to obtain the creep master curve at reference 
stress. The evolution of the shift factor that expresses the creep rate with the stress can be represented by two models, 
namely the modified model of Williams-Landel-Ferry given in Eqn. 5, or the Eyring model given in Eqn. 6, [15].  
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where C1 and C2 are material constants. 
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where andr are the strain rate and a reference strain rate respectively, V* is the activation volume, k is Boltzmann’s 
constant and T is the absolute temperature. 
Eqn. 6 is more suitable for the present case, since the creep temperature is below the glass transition temperature. In 
addition, polyamide 6 is a semi-crystalline polymer, and it is more appropriate to use the Eyring model [15,16,22]. 
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However, the strain rate is considered as a control factor in the PA6 response and creep behavior. It can be graphically 
determined for each stress level from the slope of the secondary creep portion of the strain-time curve of the experiment 
result, Eqn. 7. 
 

    t            (7) 
 
Contrary to the method used in previous research, where the strain rate is calculated in a global way and taking into 
account only two points of the curve, i.e. the total slope of the curve, in this work, an instantaneous strain rate will be 
considered in computation of the shift factor. For this purpose, the same numerical extrapolation proposed in rescaling 
process (Eqn.1) will be derived and adopted to calculate the strain creep variation, Eqn. 8. 
 

         1 1 1 2 2 2( ) exp expt A t t t A t t t        (8) 

 
After that, an average value is then computed over the dwell time for each stress level and substituted in Eqn. 6.  
Both the rescaling and the logarithmic shifting can be done graphically but it is better to follow a numerical procedure at 
each stress step. Estimation of shift factor  and t-axis shifted values at each stress level can be obtained following 
numerical method depicted in Fig. 2.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Numerical flowchart of the horizontal shifting. 
 

Yes 

Nomenclature: 
NS : Number of load steps 
NPS: Number of time measurements in each load 
step (1D table). 
t : Response time (2D table) 
i : Time counter 
j : Load step counter 
trescaling : Rescaling time of each step (1D table). 
 : Shift factor (1D table) 

Start 

 
  

  NS,j=,NPS,it(i,j),
NS,,j=jt

NS,j=NPS(j),NS

rescale

11
,1

 ,1 , Read



 
      
2

11111
11






j
,t,NPStΔt

ασ
 

NSj   

        jt,jt/jΔtjα rescaleσ  11  

 jNPSi   

 
       j,tj,jNPStj

)+ Δt(j-jΔt
1

1





 

1 ii

1 jj  

Write  , t 

End 

     j,itjj,it   

1i  

Yes No 

No 



 

                                                                M. Tedjini et alii, Frattura ed Integrità Strutturale, 62 (2022) 336-348; DOI: 10.3221/IGF-ESIS.62.24 
 

341 
 

Optimization Method 
In this research, the constants parameters of the creep strain function are computed using Levenberg-Marquardt method. 
In fitting M(x,t), a function of an independent variable t and a vector of n parameters x, to a set of m data points (ti, i), the 
summation of the weighted squares of the differences between the experimental data (ti) and the value of the pre-
assumed function M(x,ti) should be minimized [21], (Eqn. 9). It consists to find the minimum value of the objective 
function F, defined as follow: 
 

 


  2

1

1 1
(x) (x) (x) (x)

2 2

m
T

i
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F f f f         (9) 

 
where fi are the residuals for data points ( , )i it  defined as:  
 

  i(x) (x,t )i if M            (10) 
 

As regards n:F R R , it follows from the first formulation in Eqn.9, that 
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Thus, its gradient is  
 

  T(x) (x) (x)F J f ;      (  m nJ R is the Jacobian of f )       (12) 
 

The non linear least squares problem can be solved by general optimization methods. The Gauss-Newton method is the 
basic of the very efficient methods, based on a linear approximation to the components of f (a linear model of f ) in the 
neighbourhood of x : For small h , we can write : 

 
   (x h) (h) (x) (x) hf l f J          (13) 

 
and   
 

   
1

(x h) (h) (h) (h)
2

TF L l l          (14)  

 
Full expression of L(h) can be obtained by substitution (Eqn.13) in (Eqn.14). The gradient and the Hessian of L are 
 

  T T(h) (x) (x) (x) hL J f J  ;   T(h) (x) (x)L J J        (15) 
  

So, at a minimum of the sum of squares F, The Gauss–Newton step h minimizes L(h) (i.e. L'(h)=0), the unique value can 
be found by solving  

   T(x) (x) h (x)J J g ; with (x) - (x) (x)g J f         (16)  

 
A damping parameter  is introduced thereafter by Levenberg and Marquardt [23]. The step hlm is defined by the 
following modification to (Eqn.16). However, to ensure a good convergence, i.e. steepest descent direction and reduced 
step length, the method is controlled by additional stopping criteria, (see Algorithm 1.) where the damping parameter is 
adjusted at each iteration [24]. 
 

   T
lmJ(x) J(x) I h (x)g           (17) 
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Algorithm 1. Levenberg–Marquardt method [24] 
begin    : 0k  ;   : 2  ;    0:x x  

    : (x) (x)TA J J ; : (x) (x)Tg J f  

       1test: g E ;    : max iia ; (E1 , E2 and τ are chosen by the user) 
    while (not test) and (  maxk k ) 

        : 1k k ;     Solve    lmhA I g   

       if    lm 2 lm 2h hE E  then 
           test :=true 
       else 

             new lmx : x h  

                   
 new lm lm

1
: (x) (x ) h h  

2
TF F g  

            if    0 then 

    newx: x  

   : (x) (x)TA J J ;  T: (x) (x)g J f  

      1test: g E  

           3: max 1 3, 1 2 1 ;  : 2   

           else  

                    :  ;    : 2  
end 
 
 
RESULTS AND DISCUSSION 
 
Tensile test 

he evolution of the stress with respect to the deformation is presented in Fig. 3. First the material exhibits a linear 
relationship depicted as Hookean behavior. The slope of the tangent to the stress-strain curve throughout the 
elastic range is measured (2.9 GPa) and a value of 61 MPa is recorded as a tensile strength at yield elongation (3.40 

%). The most important in this curve is the elastic limit 37 MPa to use next as a pilot in the creep experience. 
 
SSM Test 
An initial vertical adjustment is performed to the recorded data. All the creep curves are plotted referring to a constant 
offset (0=0.37 %). However, an increase of strain is observed in each stress jump. 
In fact, an elastic part which is a real response of the rump function applied in the beginning of each stress is observed 
between successive stress levels. This elastic strain is measured and eliminated from strain versus time curves of 
polyamide. Since the elastic modulus is affected after a period of creep, the short term creep curves are adjusted vertically 
according to the reference [16]. This is achieved graphically by matching every end point of the current strain curve with 
the start point of the next one, Fig. 4a. So, a series of purely creep curves for each stress level are illustrated in Fig. 4b. 
 However, in order to take into account the stress history and to perform a master curve, a horizontal rescaling of all 
curves is carried out through the time-axis. The short-term creep results are dependent responses, that reflect a creep 
behavior under an accumulate stress. These short term curves are extended to the left in order to seeking the rescaling 
time (tresc). This is depicted by the required time to achieve the onset of strain (0) for the reference stress. For this 
purpose, the effect of the curve fitting and the extrapolating functions to approximate this time are analyzed using power, 
third degree polynomial and exponential models. In order to overcome this problem, the already discussed Levenberg–
Marquardt method (Algorithm 1) is used in the present work, taking into account the entire database of measurements (n 
 7200). Once the fitting model is aligned to the experimental curve, it is necessary to equalize the expression of the 

T 
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obtained model and the onset strain 0. Hence, the requested rescaling time is computed by solving the obtained non 
linear equation. Associated curves are depicted in Fig. 4c and show an excellent fitting between the three functions and 
the experimental results.  
 

 
 

Figure 3: PA6 Tensile curve. 
 

The exponential function fits perfectly the experimental data of the short term curve with R2 value of 0.999. (R2= 0.976 
and 0.971 for power law and R2=0.997 for third degree polynomial), for 5 and 10 MPa, respectively.  
However, some differences are noted through the extrapolation domain, moving back to the left where the slopes of the 
functions give rise to a significant deviation, particularly inherent to polynomial function. The rescaling times deduced by 
each extrapolating functions are reported in Tab. 1. We can see that the results of the power law and exponential function 
are very close. On the other hand, the polynomial function shows the lowest time, a deviation of up to an hour for high 
stress levels is occurred. In contrast to some research [18], a greater rescaling time with exponential curve fitting is 
obtained in the present work. Mathematically, this is in good agreement with the effect of the strain rate, once the strain 
rate increases, the slope of the curve is systematically high, and therefore, the rescaling time is susceptible to take 
meaningful values. The most advantageous of the present approach that the total dwelling time range is considered in 
interpolation process. Unlike to other researches [5,9,16] where only a limited range of time, before and after the onset of 
each stress/strain response, is considered. On the other hand, all fitting functions are applied so that theirs curves could 
mimic those of the first creep experimental curve (5 MPa): the curves obtained by the power and exponential functions 
are in good agreement with data relating to the zero value (expected zero time at 0). The first raw of Tab. 1 shows that 
the power and exponential functions respectively are close to zero value (-20 s and 5.7 s), in contrast with a higher error (-
1050 s) assessed by the third polynomial function.  
In order to complete the process to obtain the shifting factors, equality between the maximum and the lower strain that 
can be achieve by the reference and the actual stress respectively is considered. The logarithmic shifting can be done 
graphically but numerical process depicted in the flow chart is adopted, Fig. 2. Fig. 5a illustrates the computed shifting 
factors for a set of independent curves obtained by the three extrapolation functions. It can be found that all models give 
increasing values and the trend of their evolution follows a power function. Fig. 5b refers to a bar chart representation for 
log (), at first sight, an almost linear variation can be noted. The corresponding values of the power and exponential 
functions are close to each other and exhibit higher values than the polynomial function. 
It is noteworthy that the deviation observed between the shift factors for different functions is justified by the close 
dependence on the rescaling time. Examining flowchart, Fig. 2, an assumed inversely proportional relationship between 
the shift factor and the rescaled initial time of each level is found. Each new shift factor is also inversely related to all 
previous values of rescaling time. The fact that the exponential function has presented the largest rescaling time values, 
and therefore the shortest time to achieve the maximum strain of the reference level, thus resulting the largest inverse 
value that affect the shift factors. 
The same numerical process is applied to address the shift of the independent creep curves versus t-axis times. The curves 
for long-term creep prediction in semi-logarithmic and linear time scale are plotted in the Figs. 6a and 6b, respectively. 
The present method has allowed one to achieve smooth master creep curves without gap between the different short 
creep responses. On the whole, a large deviation between the three curves was shown in Figs. 7a and 7b. However, all of 
them reach the same strain with delayed time: the unified master curve for the polynomial function covers a period of 
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14.27 days approximately (t=1.233106 s). However, a significant improvement can be shown by the power function, 
where t=2.315107 s, (8.92 months) is obtained. In contrast, a long creep time is estimated at about 2.45 years 
(t=7.624107 s) using the exponential function.  
 

 
Figure 4: Required handling of the raw data of SSM  

 

Load (MPa) 
Rescaling time (h) 

polynomial 
Rescaling time (h) 

Power law 
Rescaling time (h) 

Exponential 
5 -0.2917 0.0016 -0.0056 
10 1.3750 1.7914 1.8194 
15 3.1306 3.6851 3.7889 
20 4.8667 5.5500 5.6722 
25 6.7222 7.4322 7.6139 
30 8.5389 9.2080 9.5083 

 

Table 1: Rescaling time (trescaling)  
 

This large discrepancy between the third-order polynomial, power law and exponential models can be related to the 
accuracy of the rescaling time assessment in the beginning of each extrapolation functions. An inadequate value has a 
significant influence on the horizontal rescaling and shifting processes and affects, therefore the final master curve 
obtained by each model. However, a numerical criterion that could be helpful to judge the quality of the predictions, 
assumes that the rheological model of the creep behavior should be operative at all stress level. It found that the third 
order polynomial is less able to imitate this behavior in the reference stress (Tab. 1). In contrast, the exponential (Prony 
series approximation) and the power law models that fulfill this assumption, and satisfy the zero time value for zero creep 
strain, can be considered the better prediction. 
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Figure 5: Shift factors values vs. accelerating stresses for different extrapolate functions, (a)  and (b) log (). 
 

 
 

Figure 6: Final master curves with different extrapolate techniques, (a) logarithmic time scale, (b) linear time scale. 
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Figure 7: Effect of extrapolation techniques on the prediction of the long term creep, (a) logarithmic time scale, (b) linear time scale. 
 

 

Figure 8: Effect of extrapolation functions on the activation volume 
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continuously pulled during the creep process, the creep behavior of a previously strained material occupies a larger 
activation volume than an unstrained material [15]. 
 
 
CONCLUSIONS 
 

n the present research, the Stepped Isostress Method is used to predict the long-term creep behavior of moderately 
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viscoelastic behavior of the considered material under a piecewise constant stress. A third degree polynomial, power 
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considered. The use of Levenberg-Marquardt algorithm allows to overcome the limited use of data points in extrapolation 
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process and leads to excellent convergence and accuracy. The handling and processing of the SSM raw data have been 
performed automatically, where a computational subroutine is developed. The numerical process reveals that the 
magnitude of the shift factor is strongly affected by the accuracy of the inverse of the rescaling time on one hand and has 
a proportional relationship with the dwell time on the other hand. However, a larger shift factors for the exponential as 
well as for the power functions are obtained and therefore, larger long-term master curves were estimated with a very 
close agreement. The construction of the master curve confirms the consistence of the Eyring equation and the 
relationship between the shift factor and the creep stress.  
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