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Abstract 
Determining the creep function of viscoelastic pipes is one of the challenges of modeling these 

pipes to calibrate or determine defects. The present research aims to determine the creep function 

of viscoelastic pipes using transient flow pressure in the time and frequency domains. For this 

purpose, the proposed method is first implemented using a numerical example. The numerical 

part investigated the effect of signal sample size, the number of Kelvin-Voigt (K-V) elements, 

repeatability, and decision variables. Then, using an experimental test, the desired methodology 

has been evaluated. In this research, the K-V mechanical model was used to define the creep 

function, and its parameters, including elastic pressure wave speed, retardation times, and creep 

complaint coefficients, were calibrated. The results showed that using pressure signals in both 

time and frequency domains provides stable results for the investigated pipeline. Examining the 

effect of signal size showed that the creep function can be estimated with reasonable accuracy in 

the time domain with a few initial cycles. Also, 14.33 dimensionless frequency for a simple 

reservoir-pipe-valve system can provide accurate results in the frequency domain. The results of 

this research can be used as a suitable pre-processing to reduce the dimensions of inputs in 

models based on artificial intelligence. 
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Nomenclature 

Symbols and abbreviations 

PVC Polyvinyl chloride ITA Inverse transient analysis 

PE Polyethylene FDS Frequency domain system 

KV Kelvin-Voigt TDS Time domain system 

RPV Reservoir-pipe-valve system FFT Fast Fourier transform 

MOC Method of characteristics GA Genetic algorithm 

ML Machine learning HDPE High-density Polyethylene 

 

1. Introduction  
Polymeric pipes such as polyethylene (PE) and polyvinyl chloride (PVC) have many 

advantages in various applications. First, their good corrosion resistance makes them suitable for 

transferring fluids with acidic and alkaline properties. These pipes resist extreme temperatures 

and are highly durable in harsh conditions. In addition, their smooth internal surfaces minimize 

friction losses. In addition, due to its lightweight and simpler connection compared to other types 

of pipes, this pipe can have a lower cost of implementation and operation [1, 2].  

The unique behavior of polymer pipe walls, which results from their viscoelastic properties, 

differs considerably from the behavior of elastic pipes. Consequently, the standard water 

hammer theory is insufficient for accurately describing how viscoelastic pipes respond during 

transient flow conditions [3, 4]. Unlike elastic metallic pipes, experimental studies have shown 

that viscoelastic pipelines exhibit greater attenuation and dispersion of transient pressure waves 

[5- 8]. However, it has also been observed that using viscoelastic pipelines can result in higher 

maximum transient pressure [9]. Therefore, understanding the response of these pipes during 

transient flow is crucial for effective design, analysis, and defect detection in such pipeline 

systems. 

Numerous research studies have focused on developing numerical techniques to explain the 

behavior of viscoelastic pipelines in both the time and frequency domains. When a pressure load 

is applied to a polymer pipeline, the viscoelastic nature of the material is characterized by an 

immediate elastic strain followed by a gradual delayed strain. In the time domain, researchers 

have incorporated a viscoelastic term into the traditional continuity equation and used the 

method of characteristics to describe the delayed deformation of the pipe walls. The generalized 

Kelvin-Voigt (K-V) linear viscoelastic mechanical model has been predominantly employed to 

describe the delayed wall deformation of viscoelastic pipelines [9,10-15]. Various studies have 

focused on determining the creep function parameters, such as the retardation time scale (τ) and 

the creep compliance coefficient (jk), which play a crucial role in representing how strain 

changes over time under constant stress conditions in the K-V mechanical model [16-19].  

Various factors, such as temperature, stress history, and pipe constraints, influence the values 

of the creep function parameters [16]. Therefore, the parameter values observed during 

mechanical tests on pipe samples may not match those observed under actual operating 

conditions. Additionally, the values of these parameters can vary for the same pipe as its length 

changes [18]. Hence, these parameter values are not unique and can differ [20-22].  

To effectively estimate these parameters, transient tests on the specific pipe under 

investigation are conducted [23-29]. This methodology has been widely used in previous studies 

to determine the creep function parameters, crucial in representing how strain changes over time 

under constant stress conditions in the K-V mechanical model. Pezinga [30] obtained the 

viscoelastic parameters of polymer pipes by calibrating them with a microgenetic algorithm to 

compare one K-V model and three K-V models. In his research, it was proved that even though 
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the number of K-V elements is more, the numerical model data are better matched with the 

experimental data, but still, when it comes to improving the representation of the behavior of 

polymer materials according to an elastic model., all considered viscoelastic models provide 

very close results. 

According to the literature, the research has not focused on evaluating the different 

parameters of the pressure signal in the time and frequency domains on the accuracy of creep 

function estimation. Therefore, the innovation of this research is to evaluate the pressure signal 

in both time and frequency domains to estimate the creep function. 

This research aims to develop a method to determine the parameters of the creep function using 

the transient pressure signal in the time and frequency domains. For this purpose, different 

scenarios have been evaluated using a numerical example with a specified creep function. Then, 

an experimental test was used to assess the research findings. 

 

2. Methodology 

2.1. Transient flow governing equations for polymer pipes 
In typical engineering applications, equations that describe the 1-D transient flows in the 

viscoelastic pressurized pipeline are continuity and momentum as follows [1, 31]. 
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where, Q is the discharge, H is the piezometric head, g is the gravity acceleration, A is the area of 

pipe cross-section, a is the pressure wave speed, 𝜀𝑟is retarded strain, t is time, x is coordinate 

along the pipe axis, and ℎ𝑓𝑠 and ℎ𝑓𝑢 are steady and unsteady friction losses per unit length, 

respectively.  

The steady friction losses are calculated using the Darcy-Weisbach equation. According to a 

study by [12], unsteady friction can be ignored when the ratio of the radial diffusion timescale to 

the pressure wave timescale is greater than 1. Based on the characteristics of the pipe system in 

this research, this ratio is greater than 1, so the parameter of hfu is removed from the momentum 

equation for more details about the discretization of Eqs. (1) and (2), refer to [23]. 

 

2.2. Inverse transient analysis 
This section outlines the inverse transient analysis (ITA) approach used to determine the creep 

function coefficients. The general mathematical model for inverse transient-based determination 

of creep function parameters for viscoelastic pipes is given by Eq. (3). 

 

{�̂�, �̂�, 𝑎𝑒} = argmin‖𝐡M − 𝐡S(𝛕, 𝐉, 𝑎𝑒)‖
2

2
 (3) 

 

in which 𝛕 and 𝐉 are retardation time and creep compliance coefficients vectors in the K-V 

models, respectively, and the accent mark ⬚̂ represents the corresponding estimated quantity; 𝑎𝑒 

is the elastic wave speed and 𝐡M and 𝐡S are measured and simulated pressure heads at the same 

location, respectively. 

In Eq. (3), the unknown values  are calibrated by minimizing the time or frequency domain 

signal error. This research used the Genetic algorithm (GA) as an optimization model. 
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2.3. Numerical model 
Due to a lack of details about the creep function parameters in the experimental data, a 

numerical example was used to analyze the first four subsections. The numerical model 

simulates a simple pipe system (reservoir-pipe-valve). The pipe has a length of 200 m, an 

internal diameter of 0.05 m, and a wall thickness of 0.0063 m. The Darcy-Weisbach friction 

coefficient is 0.02. The speed of the elastic wave is 400 m/s, and the creep function parameters 

are modeled using three K-V elements with retardation times of 𝝉 = [0.04, 0.7,10] s and creep 

compliances coefficient of  𝑱 = [0.5, 1.3, 1] × 10−10 Pa−1. The upstream reservoir has a 

pressure head of 40 m, and the steady flow rate is 1.2 L/s. 

 

2.4. Experimental model 
The desired laboratory model was built in the Shahid Chamran University of Ahvaz hydraulic 

laboratory using a simple viscoelastic pipe system. High-density polyethylene pipe (HDPE) 

(SDR11, PE100, NP16) with nominal diameter (ND) 63 is utilized in this system. Figure 12 

shows a schematic and some laboratory photos of the pipeline. In this model, there is a pressure 

tank with a volume of 600 Liters at the upstream end and two valves at the downstream end to 

produce transient flow and regulate the flow. The flow rate was measured at the downstream 

boundary of the pipeline using the volumetric method. 

 

 
Figure 1. Schematic and some photos of the laboratory system 

 

3. Results and discussion 
The results of this section are divided into five subsections. The first part examines the 

number of K-V elements required for modeling. In the second part, the effect of signal sample 

size is evaluated in the time and frequency domains. In the third part, the repeatability of the 

inverse solution method is analyzed. In the fourth section, the effects of retardation time 

calibration are investigated. The results of the previous four subsections are analyzed in the final 

section for an experimental test on a polyethylene pipe system.  

 

3.1. Evaluation of the number of K-V element 
One of the essential parameters for calibrating the creep function, which is considered based 

on the K-V model, is the number of elements of this model. In general, it can be said that with 

the increase in the length of the pipe and its viscous properties, it is necessary to use more 

elements. In any research for a specific pipe geometry, a preliminary analysis must be done to 

select the appropriate number of K-V elements. In past research, up to 6 elements have been 
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included [23]. In this research, four different scenarios have been considered based on the 

numerical example. At this stage, fixed retardation times have been considered for these four 

scenarios. As part of the research, a study has also been done on this issue. Therefore, at this 

stage, only pressure wave speed (a) and creep compliance coefficients (𝑗𝑘) are considered as 

unknowns. In the first scenario, the modeling is done based on the elastic pipe, and only the 

pressure wave speed is calibrated as an unknown by the inverse solution method. A K-V element 

is considered in the second scenario, and the unknown parameters are two. In the third scenario, 

two K-V elements are considered for modeling, and there are three unknowns. In the last 

scenario, the number of K-V elements equals three, and the number of unknowns in the problem 

is four. It has already been mentioned that these modelings were done based on the pressure 

signal in the time domain. 

Figure 2(a) compares the pressure signal in the time domain for all four scenarios. The results 

show that, as expected, the elastic model has only been able to model the first half cycle with a 

relatively good approximation. With the increase of time from the beginning of the transient, the 

error value of this model has increased. By increasing the viscoelastic model with one element in 

the second scenario, the accuracy of the modeling has improved significantly compared to the 

elastic model. The modeling is very close to the actual results in the third scenario with two 

elements. Finally, in the fourth scenario with three elements, it can be said that the optimal 

number of K-V elements has been reached, and there is no need to increase the number of model 

elements. These results are also consistent with the results of [23], and it can be said that three 

K-V elements are sufficient for the pipe system with this geometry. 

In Figure 2 (b), the creep functions of scenarios with 1 to 3 K-V elements are compared with 

the actual value of the creep function. Also, in Figures 1(c) to 1(e), the values of retardation 

times, creep compliance coefficients, and elastic pressure wave speed are presented, 

respectively. According to Figure 1(b), all the creep functions are of the same order. Although 

the creep functions do not overlap in the complete overview for the model with three K-V 

elements, according to Figure 3, which shows the first 0.2 s of this comparison, the fourth 

scenario (with three K-V elements) is the most consistent with this numerical model. 

Due to the short length of the pipeline, the initial times are very important, and the creep 

function has been able to reproduce the pressure signal accurately during these times. 
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Figure 2. Comparison of (a) pressure signals, (b) creep function, (c) retardation times, (d) creep 

compliance coefficients, and (e) elastic pressure wave speed of K-V element number determination 

 

 
Figure 3. Comparison of creep functions for the initial 0.2 seconds 

 

3.2. Effect of signal sample size on creep function accuracy 
This subsection aims to evaluate the effect of signal sample size on the accuracy of creep 

function estimation. To this end, different signal sizes have been used in the time and frequency 

domains. In Figure 4, these values are marked in the time and frequency domains using red 

vertical dashed lines. 
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A total of six modelings have been done for the time domain signal. Four 5, 10, 20, and 30 s 

signal sizes have been used for the inverse solution in the first four models. In these models, 

fixed retardation times are considered. In modeling number 5, in which the modeling time is 30 

s, the retardation times are included as 0.05, 0.5, and 5 s. In modeling number 6 with a sample 

size of 30 s, the retardation times are also calibrated like other parameters. 

The results of these six models are presented in Figure 5. Figure 5 (a) compares the calibrated 

and original pressure signals. Figure 5 (b) shows the calibrated creep functions, and Figure 6 

shows the relative error of different models. 

The comparison of the modeling sample sizes shows that using the whole signal (30 s) and a 

few initial cycles (5 s) has been able to accurately estimate the creep function and reproduce the 

pressure signal. In addition, results from Models 5 and 6 show that Model 5 has more 

appropriate accuracy. Therefore, it is better to keep the retardation times in a reasonable range 

(based on previous studies or laboratory mechanical tests) as fixed, and only the creep 

compliance coefficients and pressure wave speed should be calibrated. Fewer decision variables 

of model 5 compared to model 6 can increase the efficiency of the optimizer model. 

According to [32], because the K-V model is a conceptual model, it cannot be expected that 

the values of the creep coefficients are the same in different modeling. For example, in the 

modeling of 30 s and 5 s for the time domain signal, although both models have been able to 

estimate the creep function with appropriate accuracy, different values for the creep coefficients 

have been presented in these two modeling combinations. Table 1 shows the details of the 

optimized parameters of the creep functions. 

 

 
Figure 4. Different sizes of the pressure signal used to determine the creep function in the domain of 

(a) time and (b) frequency 
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Figure 5. Comparison of (a) pressure wave of different modeling based on different sizes of pressure 

wave and (b) calibrated creep functions in the time domain 

 

 
Figure 6 Error between the original and modeled pressure wave for different pressure wave sample 

sizes in the time domain 
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Table 1. Details of calibrated creep coefficients based on the size of different signals in the time 

domain 

Test No. Sample size (s) 𝜏1(s) 𝜏2(s) 𝜏3(s) 𝑗1 × 10-10 𝑗2× 10-10 𝑗3× 10-10 a (m/s) 

1 5 0.04 0.7 10 0.577 1.010 3.972 401.133 

2 10 0.04 0.7 10 0.947 0.827 4.710 409.899 

3 20 0.04 0.7 10 0.764 1.166 1.430 406.546 

4 30 0.04 0.7 10 0.514 1.150 2.723 399.784 

5 30 (I) 0.05 0.5 5 0.599 0.628 3.267 401.619 

6 30 (II) 0.014 0.567 13.611 0.961 1.211 1.031 415.366 

 

Six frequency lengths, 15, 30, 45, 60, 90, and 120 Hz, were used to evaluate the estimation of 

the creep function using the pressure signal in the frequency domain. The results of these six 

models are presented in Figure 7. Also, the calibrated details of the creep parameters are 

presented in Table 2. Fixed retardation times are considered in these models. The results of this 

section showed that the use of low and high-frequency values provides results with lower 

accuracy, and there is an optimal limit for the frequency sample size used. Based on Figure 8, 

the 45 and 60 Hz sample sizes have the lowest relative error. 

 

 
Figure 7. Comparison of (a) pressure signals and (b) creep functions of six different scenarios 

modeled based on the frequency domain signal 
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Figure 8. The error between the original and modeled pressure wave for different pressure wave 

sizes in the frequency domain 

 
Table 2. Details of calibrated creep coefficients based on the size of different signals in the frequency 

domain 

Sample size (𝜔) 𝜏1(s) 𝜏2(s) 𝜏3(s) 𝑗1 × 10-10 𝑗2× 10-10 𝑗3× 10-10 a (m/s) 

15 0.04 0.7 10 2.117 0.626 3.269 447.132 

30 0.04 0.7 10 0.358 0.920 5.848 394.558 

45 0.04 0.7 10 0.507 1.236 1.723 400.006 

60 0.04 0.7 10 0.521 1.105 3.197 400.061 

90 0.04 0.7 10 0.594 0.818 5.705 401.582 

120 0.04 0.7 10 0.71 0.80 4.33 404.21 
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3.3. Reproducibility of the inverse transient method 
One of the important characteristics of a method is its reproducibility with appropriate 

accuracy. In this sub-section, the reproducibility of the inverse transient method based on 

pressure signals in both time and frequency domains has been investigated. For this purpose, for 

a signal with a sample size of 30 s, each model was implemented three times for the pressure 

signal in the time domain and three times for the pressure signal in the frequency domain. The 

modeling results for the signal in the time domain are presented in Figure 9, and the modeling 

results for the pressure signal in the frequency domain are presented in Figure 10. 

 

 
Figure 9 Comparison of (a) pressure signal, (b) creep functions, (c) creep compliance coefficients, 

and (d) elastic pressure wave speed for three models using the signal in the time domain 

 

According to Figure 9, the model could estimate the creep function and, consequently, the 

pressure signal accurately in all three runs. Also, according to Figure 10, in the frequency 

domain, the results of the inverse solution method have been predicted with great accuracy. 
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Figure 10. Comparison of (a) pressure signal, (b) creep functions, (c) creep compliance coefficients, 

and (d) elastic pressure wave speed for three models using signals in the frequency domain 

 

3.4. The effect of retardation times on creep function prediction 
One of the unknowns of the creep function in the K-V model is the retardation time (τ). 

Different approaches regarding these parameters have been used so far. In some research, they 

are considered constant; in others, these parameters are calibrated. In this subsection, both of 

these scenarios are implemented. In the first scenario, constant values in the reasonable range 

provided by [23] are considered; they are regarded as 0.05, 0.5, and 5 s for three elements. Also, 

in the second scenario, the values of the retardation times are calibrated simultaneously with 

other parameters of the creep function. 

The results of the first scenario based on both pressure signals in the time and frequency 

domains are presented in Figure 11. The results show that this approach can accurately estimate 

the creep function. According to the figure, the modelling results based on both types of signals 

are suitable.  

In the second scenario, where all the creep parameters, including elastic pressure wave speed, 

creep compliance coefficients, and retardation times, are calibrated simultaneously, its results are 

presented in Figure 12. The results of this scenario are also suitable for both types of signals 

used. However, considering the benefits of reducing the decision-making variables of the 

optimizer model, it is better to reduce the decision-making variables to the elastic pressure wave 

speed and the creep compliance coefficients by choosing appropriate known values for the 

retardation times. 
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Figure 11. Comparison of (a) pressure signal, (b) creep functions, (c) retardation times, (d) creep 

compliance coefficients, and (e) elastic pressure wave speed based on known retardation times 

 

 
Figure 12 Comparison of (a) pressure signal, (b) creep functions, (c) retardation times, (d) creep 

compliance coefficients, and (e) elastic pressure wave speed based on calibrated retardation times 
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3.5. Evaluation based on experimental data 
Figure 13 shows the results of time-domain signal-based modeling. Also, the pressure signal 

in the corresponding frequency domain has been compared with the pressure signal in the time 

domain. Figure 14 also presents the modeling results based on the frequency domain signal. 

Figure 15 shows the values of the calibrated creep function. Also, the details of creep function 

parameters are presented in Table 3. Based on a preliminary analysis, these modelings' values of 

the retardation times are considered constant as 0.057, 0.4, and 8 seconds, and only the speed of 

the elastic pressure wave and the creep compliance coefficients for the three Kelvin-Whitt 

elements has been calibrated. Figure 16 shows the error value of the pressure signal for both 

methods. The results show that although the pressure signal and the creep function are estimated 

with appropriate accuracy based on both methods, the modeling accuracy based on the time 

domain signal is higher. 

 

 
Figure 13. Comparison of pressure signal in (a) time domain and (b) frequency domain for 

calibrated laboratory sample based on time domain pressure signal 
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Figure 14. Comparison of the pressure signal in the (a) time and (b) frequency domains for the 

calibrated laboratory sample based on the frequency domain pressure signal 

 

 
Figure 15. Comparison of the values of the calibrated creep function for the laboratory sample using 

time and frequency domain signals. 

 
Table 3. Values of the optimized creep parameters for the experimental test  

Model 𝜏1(s) 𝜏2(s) 𝜏3(s) 𝑗1 × 10-10 𝑗2× 10-10 𝑗3× 10-10 a (m/s) 

TDS 0.057 0.4 8 0.930 0.618 0.102 435.44 

FDS 0.588 1.085 0.982 421.121 
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Figure 16 Error between original and calibrated pressure signal and calibrated for both time and 

frequency domains 

 

4. Conclusion 
This research aims to evaluate the creep function estimation of viscoelastic pipes using the 

inverse transient method based on pressure signals in the time and frequency domain. For this 

purpose, the effect of various variables, including the number of K-V elements, repeatability, 

signal sample size, and retardation time optimization, have been investigated. The creep function 

in this research is considered based on the K-V mechanical element. Also, the genetic algorithm 

optimization model has been used to determine the decision-making variables. Also, after the 

preliminary analysis, their results have been validated using an experimental test. The results 

showed that three K-V elements are sufficient for the pipes on the scale of this research. The 

effect of the signal size on the accuracy of the creep function estimation showed that with a few 

initial cycles of the pressure signal in the time domain, the creep function can be determined 

with reasonable accuracy. Also, the creep function was estimated with appropriate accuracy in 

the frequency domain with at least the first 40 frequencies of the signal. The evaluation of the 

effect of optimizing the retardation times showed that the values of these variables can be 

considered fixed based on similar research or mechanical tests, and their values can be optimized 

within a reasonable range. The comparison of different models in the time and frequency domain 

showed that different values for the corresponding creep coefficients were extracted. At the same 

time, their overall combination provides suitable creep function values. Evaluation of the 

repeatability of the method used for both signals in the time and frequency domains showed that 

the model has high stability. The results of this research showed that the estimation of elastic 

pressure wave speed was estimated with high accuracy in all methods. Results show that both 

time and frequency domain signals can achieve a reasonable creep function. Although the 

accuracy of the time domain signal is somewhat higher, the frequency domain signal has a much 

smaller number of inputs, is suitable for artificial intelligence-based models, and reduces their 

complexity. 
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