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Abstract - Polymeric materials are commonly used as load-carrying components in different structural applications due to 

the ease of manufacture, installation and long lifetime properties. In civil and mining engineering applications, fast-setting 
thin polymeric liners are in demand as areal support elements in underground openings. The stability of the openings is 
maintained by polymeric liners that might sustain the constant loads due to the presence of wedge blocks. Therefore, their 
time-dependent mechanical response requires a better understanding. There is limited research conducted on the creep 
modelling of polymeric liners. In this basis, this research aims to construct a new isothermal general creep behaviour model 
for polymeric support liners. 1-day cured creep tests results of polymeric liner were used to derive a new creep model with a 
combination of both Norton-Bailey and Kelvin creep models. The proposed model was also compared to the widely used 
creep models in literature. Since the acting stress on the liner depends on the block weight in field applications and the block 

weights are variable, a general creep model is developed to simulate the field behaviour of the liner under a wide range of 
constant stress levels. The proposed general model provides representative equations with comparably lower standard errors 
and this model might be used as an input for future numerical model studies in this field. 
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I. INTRODUCTION 

 
Polymeric materials are becoming attractive for an 

increasing number of industries due to their low cost, 

ease of manufacture, installation, and maintenance. 

However, their lifetime is often reduced by their poor 

mechanical properties [1]. During the last few 

decades, a significant amount of theoretical, 

experimental, and numerical research has been 

carried out on polymeric materials to predict their 

lifetime and to investigate their behaviour under 

different loading conditions [2]. 

 
Polymer-based materials have an increasing 

popularity as an alternative to conventional materials. 

In the mining and tunneling industry, a new polymer-

based surface support material, thin spray-on liner 

(TSL), has started to take the place of conventional 

surface support materials. Surface supports are 

widely used in underground excavations. Since 

conventional support elements have inherently-brittle 

characteristics and require longer curing period, an 

alternative support system using polymeric surface 

support liner, thin spray-on liners (TSLs), has been 

observed to have a promising ductile and fast-curing 
potential for underground operations. 

 

TSLs are generally cement, latex, polymer-based, 

either reactive or non-reactive, fast curing multi 

component thin coating surface support and sealing 

materials that are sprayed to the rock surface at a 

layer of 2-10 millimeter thickness. Fig. 1 shows the 

typical TSL applications in underground 

openings.TSLs usually consist of liquid-liquid, 

powder-liquid, or water-powder components, mixed 

just before or during the field applications [3]. 
 

 

 
Fig. 1. Typical Underground Applications of TSLs [4]. 

 

During the field applications, TSLs are exposed to 

long-term constant loads. Tensile and bondingforces 

are primarily responsible for keeping the TSL active. 

If the bondingforces decrease, debonding may occur 

and the TSL might lose itsholding function. If the 

adhesion between the TSL and the rock isstrong 

enough, the liner is exposed to tensile forces[5]. 

Moreover, since the polymer-based liner exhibitsa 

time-dependent elongation behaviour, the holding 

time becomesa function of both tensile and creep 
properties. Uncertainty in the time-dependent 

behavior of TSLs under sustained constant loading 

conditions prevents full understanding of TSL 

support behavior. 

 



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 

Volume- 7, Issue-9, Sep.-2019, http://iraj.in 

A 5-Parameter Isothermal Creep Model for Polymeric Liners 

 

80 

The primary goal of this study is to compare widely 

used creep models and to develop a new isothermal 
creep constitutive model for polymeric support 

liner.1-day cured creep tests results of polymeric liner 

were used to derive a new creep model with a 

combination of both Norton-Bailey and Kelvin creep 

models. Since the acting stress on the liner depends 

on the block weight in field applications and the 

block weights are variable, a general creep model is 

generated to simulate the field behaviour of the liner 

under wide ranging of constant stress levels. The 

models used in this work were listed as follows: 

 Three element solid model, 

 Four element model (Burgers model), 

 Findley model (Power law), 

 Multi-Kelvin model, 

 Proposed model (5 parameter). 

 

II. CREEP AND CREEP MODELS 

  

Depending on the loading conditions and 

environmental effects, polymeric materials can show 

different mechanical responses. They generally 

exhibit strong viscoelastic behaviour at room 

temperature [6]. 
The time-dependent change in material behaviour of 

any polymeric material under constant stress is also 

known as creep. Creep deformation is heavily 

dependent on temperature and stress parameters. The 

theoretical creep behaviour has three significant 

stages consisting of primary or transient, secondary or 

steady-state, and tertiary or acceleration creep 

(Fig.2).The primary stage ischaracterized by a 

continually decreasing strain rate confined to a short 

time. After that, the material enters the secondary 

creep regime, in which the creep rate is constant and 
the slowest. Finally, the creep rate continually 

increases until the failure occurs (tertiary stage). 
 

 
Fig. 2. Theoretical creep behaviour of polymeric materials. 

 

Since the time-dependent deformation behaviour has 

a significancefor polymeric materials, different model 

studies and empirical approaches have been 

developed along the years. Most of them are based on 

simple models consisting of springs and/or dashpots, 

and try to describe the viscoelastic behavior of 

various polymeric materials [7].Brief information 

about the most commonly used viscoelasticity models 

are presented in this section. 
 

Three element solid model 

This model is also known as the standard linear solid 

model and is widely used to describe the viscoelastic 

behavior of a number of biological materials, such as 

the cartilage and the white blood cell membrane 

[8].The Kelvin and Maxwell models cannot simulate 

the creep behaviour of a viscoelastic materials 

alone.The three element solid model, which is 

composed of a spring (elastic element) and a Kelvin 

solid connected in a series, therefore, proposed. The 

schematic representation of the three element solid 
model is presented in Fig. 3.It should be noted 

that,the spring represents the immediate strain 

observedwhen an instantaneous load is applied to the 

material. 

 
Fig. 3. Three element (standard solid) model 

 

According to the three element solid model, the total 

strain can be calculated by, 

 

𝜀𝑡 𝑡 =
𝜎𝑛

𝐸1

+
𝜎𝑛

𝐸2

 1 − exp(−𝑡
𝐸2

𝜂1

)                            (1) 

 

Four element model (Burgers model) 

The Burgers model, also known as four parameters 

model, is a combination of Maxwell and Kelvin–
Voigt elements in series. This model divides the 

creep strain of a polymer material into; the 

instantaneous deformation (Maxwell spring), 

viscoelastic deformation (Kelvin unit), and the 

viscous deformation (Maxwell dash-pot) (Fig.4).In 

Burgers model, the total strain is the sum of three 

separate parts: the immediate elastic 

deformation(Maxwell spring), the delayed elastic 

deformation (Kelvin unit), and the Newtonian 

flow(Maxwell dash-pot) which is identical to the 

deformation of a viscous liquidobeying Newton’s law 

of viscosity. 
 

 
Fig. 4. Four element (Burgers) model 

 

According to this model, the total creep strain can be 

described by Equation (2): 
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𝜀𝑡 𝑡 =
𝜎𝑛

𝐸1

+
𝜎𝑛

𝐸2

 1 − exp(−𝑡
𝐸2

𝜂2

) +
𝜎𝑛 𝑡

𝜂1

    (2) 

 

It should also be noted that there is a relationship 

between viscosity of the damper (η2) and stiffness of 
the spring (E2) in Kelvin element. The ratio between 

these two parameters (η2/E2)is the retardation time 

(τ). 

 

Findley model (Power law) 

Power law functions are simpler to use and requires 

only two constants to describe the viscous part of the 

strain. This model is an empirical relation that is often 

used to simulate the long-term creep behavior of 

polymers [9]. The creep equation of Findley model is: 

 

𝜀𝑡 𝑡 = 𝐴 + 𝐶0𝑡
𝐶1                                                (3) 

 

In Equation (3), the first term (𝐴) is the instantaneous 

or time-independent strain (can be a function of stress 

and environment variables including temperature, 
moisture, etc.), C0 is the time-dependent term (the 

amplitude of the transient creep strain) and n is the 

constant. 

One of the most significant distinction of the Findley 

model among other models is that, this model 

proposes a constant strain growth without a limit over 

time. Therefore, when the strain values of the 

material reach asymptotic values, this function may 

not capable to simulate exact material behaviour. 

 

Multi-Kelvin model 
This model is represented by Kelvin elements 

arranged in series, and a single spring.  As in previous 

models, single spring provides the elastic response 

and Kelvin elements provide the viscous response as 

shown in Fig. 5. 

 

 
Fig. 5. Multi Kelvin (Voigt) model 

 

Each Kelvin element in the series represent time 

intervals. Therefore, this model approach can also be 

suitable for longer testing periods. Although this 

approach is mainly based on linear viscoelastic 

modelling, the combination of one spring and 

multiple elements enables to predict nonlinear time-

dependent response of the material ranging from 

short to long testing durations. Based on the 
relationship between the constitutive elements, creep 

behavior can be calculated as follows: 

𝜀𝑡 𝑡 =
𝜎𝑛

𝐸0

+  
𝜎𝑛

𝐸i

𝑛

𝑖=1

 1 − exp(−𝑡/𝜏𝑖)             (4) 

where E0 is the instantaneous elastic modulus, ηi and 

Ei are the dashpot viscosity and the spring stiffness of 

ith Kelvin element. ηi/Eiis the retardationtime (τi).Each 

Kelvin element in the series represent time intervals 
so that this model approach can also be suitable for 

long testing periods. In order to simplify calculations, 

researchers generally take retardation times (τi) as 

constant values for different models [7,10]. In this 

study τ1 was taken as 0.2 min and following 

retardation times were taken as 10 times of the 

previous one. 

 

III. MATERIAL CHARACTERISTICS 
 

The experimental tensile creeptest results used in this 

work have been reported by Guner and Ozturk [5]. 
The laboratory tests were conducted on a cement 

based, widely used, worldwide available TSL 

product. Due to confidentiality, the TSL and the 

company name are not disclosed. The producthas two 

components; stabilized resin latex in a liquid form 

and powder-component that is a hydraulically curing 

powder based on special cement, packaged in 20 kg 

bags. Components were mixed with 2:1 liquid-

powder ratio by weight. The tack free time of 

theproduct wasrecorded as 30 min. 

During the laboratory studies, dogbone shaped test 
specimens were prepared in a single mixing process. 

Environmental and laboratory conditions were kept 

constant with an ambient temperature of 23 ± 2 °C 

during specimen preparation and 1-day curing. The 

ambient temperature was maintained to be constant. 

The die cutter technique was applied for the 

preparation of the Type-I specimens. ASTM testing 

methodologies were followed throughout the sample 

preparation, test setup, and tensile/creep test [11,12]. 

4 different stress levels varying from 20% to 80 % of 

the ultimate tensile strength of the sample were 

considered, 2 specimens at each stress level were 
tested and all tests were performed simultaneously. It 

should be noted that the magnitude of the dead 

weights were calculated by performing 5 valid tensile 

tests. The creep test results are shown in Fig. 6. 

Depending on the sustained load, rupture timesvary 

from 80 minutes to 2 months, therefore in Fig. 6, total 

strain vs.time curves were divided into two parts, the 

first part is up to 100 minand the second part is up to 

100,000 min (2 months). TSLspecimens tested under 

20% of their tensile strength (0.26 MPa) did not fail 

withinthe 2 months testing time. 
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Fig. 6 Experimental Creep Response of the TSL [5] 

 

IV. MODELLING 

 

4.1 Proposed model 

The proposed creep-time model consist of 5 

parameters. According to the proposed model, the 
total strain can be calculated by, 

𝜀𝑡 𝑡 = 𝐴 + B𝑡C + D  1 − exp(
−𝑡

E
)                (5) 

According to Equation (5), the first term, parameter 

A, represents the immediate (time-independent) strain 

observed when an instantaneous load is applied to the 

material. Parameter A can be considered as a 

Maxwell spring and this is equal to the ratio of 

applied normal stress to instantaneous elastic 

modulus (𝜎𝑛 /𝐸0).The second term B𝑡C has two 
constants similar to the Findley model and the final 

term is the exponential part of the equation which can 

be considered as Kelvin element. 

 

4.2 Model results 
As a result of the modelling study, 4 widely used and 

1 new creep model was used to simulate the 

experimental creep response of the 1-day cured 

TSL.Equations (1-5) were used to fit corresponding 

experimental creep curves using a computer routine 

providing aLevenberg-Marquardt algorithm. The4 

nonlinear viscoelastic models were generated for each 

creep model.Model simulations are presented in 

Fig.7. 
 

 
 

 
Fig. 7 Creep Model Simulation Results of the TS 

 

According to Fig 7, for stress level 1.06 MPa, all 

creep models indicated a high correlation with 

experimental results. On the other hand, as the 

applied constant stress level decreases, some models 

cannot  simulate the exact material behaviours. 

Moreover, for the simulation of creep behaviour 

under 0.53 and 0.26 MPa stress levels, only Multi-

Kelvin and proposed 5- parameter model were able to 

predict exact behaviours. It should be noted that 

Multi-Kelvin models used in these two simulations 
have 7-parameters (1 spring and 6 Kelvin units). 

Table 1 shows the model coefficients found by 

applying equations 1 to 5 to the creep experimental 

data.

 

Three element solid model 

Stress (MPa) E1 E2 η1 R
2
 

Std. Err. 

(x10
-3

) 

1.06 10.84 2.01 133.32 0.9956 7.498 

0.79 14.49 3.80 598.47 0.9920 6.512 

0.53 18.61 11.03 1742.76 0.9417 4.198 

0.26 13.47 9.54 851.32 0.8440 3.490 

 

Four element model (Burgers model) 

Stress (MPa) E1 E2 η1 η2 R
2
 

Std. Err. 

(x10
-3

) 

1.06 14.87 7.18 3.40E2 102.6 0.9995 2.510 

0.79 18.29 4.73 1.13E4 475.7 0.9981 3.141 

0.53 21.01 11.42 3.21E5 1267.0 0.9871 1.978 

0.26 14.61 9.85 1.04E6 671.7 0.9545 1.886 
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Findley model (Power law) 

Stress 

(MPa) 
A C0 C1 R

2
 

Std. Err. 

(x10
-3

) 

1.06 4.10E-2 3.97E-2 5.42E-1 0.9997 1.729 

0.79 -5.73E-2 7.26E-2 2.27E-1 0.9862 8.529 

0.53 -3.36E-2 5.60E-2 9.12E-2 0.9238 4.799 

0.26 -1.57E-2 3.99E-2 5.90E-2 0.8820 3.037 

 

Multi-Kelvin model 

Stress (MPa) K* E0 E1 E2 E3 

1.06 4 21 1.45E8 21.00 10.50 

0.79 4 38 1.95E7 72.07 17.49 

0.53 6 52 9.18E1 221.46 26.04 

0.26 6 65 6.57E1 40.70 15.10 

Stress (MPa) E4 E5 E6 R
2
 

Std. Err. 

(x10
-3

) 

1.06 1.30 - - 0.9996 2.064 

0.79 4.19 - - 0.9985 2.779 

0.53 15.87 159.1 16.3 0.9973 0.905 

0.26 20.9 3590.0 20.40 0.9840 1.090 

*Number of Kelvin Elements 

 

Proposed 5-parameter model 

Stress (MPa) A B C D 

1.06 3.33E-2 4.66E-2 4.32E-1 2.90E-1 

0.79 9.84E-3 2.09E-2 2.91E-1 1.10E-1 

0.53 6.69E-3 1.35E-2 1.44E-1 3.07E-2 

0.26 4.80E-3 1.03E-2 1.05E-1 1.83E-2 

Stress (MPa) E R
2
 

Std. Err. 

(x10
-3

)  

1.06 1.42E+02 0.9998 1.545 
 

0.79 1.15E+02 0.9998 1.007 
 

0.53 9.26E+01 0.9986 0.648 
 

0.26 4.72E+01 0.989 0.936 
 

Table1: Model Coefficients for Creep Models 

 

In Table 1, coefficient of determination (R2) and standard error parameters were presented for each model and 

each experiment. During the model comparison, these parameters were taken into account. Although small 

differences observed in coefficient of determination (R²) and standard error between models, 5- parameter 

model gives the most accurate results. On the other hand, Multi-Kelvin modelalso gives reasonable results. 
Since the 7 model coefficients are  required for experiments performed under 0.26 and 0.53 MPa stresses for 

Multi-Kelvin model, A 5-parameter model is suggested for creep modelling of the polymeric liners. 

As a scope of this study, statistical correlations between the 5-Parameter model parameters (Table 1) andapplied 

stresses were investigated by comparing the standard errors of the various nonlinear equations to find out the 

best-fitted lines.The resultant nonlinear expressions correlating the stress levels and 5 parameters were presented 

in Table 2. 

 

Nonlinear Equations Regression Coefficient (R
2
) 

A=2.499E-2 x σn
4.442σn 0.9942 

B=3.820E-2 x σn
3.401σn 0.9955 

C=6.309E-2 x e1.829σn 0.9835 
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D=5.372E-3 x e3.765σn 0.9977 

E=137.210 x σn
0.724 0.9878 

Table2: Regression Equations and Coefficients 

 

According to Table 2, a strong correlation is 

observed as it is also highlighted by the regression 

coefficients obtained. This means that the nonlinear 

regression models fitted for the 5 parameters can be 

used to predict the values within an acceptable range 
of accuracy. Comparison of the estimated values 

based on equations in Table 2 and calculated values 

are presented in Fig.8. 

Fig. 8 has shown that the estimated parameters have a 

great agreement with the calculated values. The 

proposed nonlinear equations given in Table 2, can be 

applied to estimate each parameter of the 5-parameter 

creep model. 

 

 
Fig. 8 Comparison of estimated and calculated 

parameters for the proposed model. 

 

Nonlinear equations presented in Table 2. were 

substituted in the proposed 5-Parameter Model 

(Equation 5) to derive a general model with a single 

variable, 𝜎𝑛, so as to generalize the model for 
different intermediate stress levels. 

 

𝜀𝑡 𝑡 = 2.499𝐸−2σ𝑛
4.442σ𝑛 + 

3.820𝐸−2σ𝑛
3.401σ𝑛 𝑡3.820𝐸−2 exp 1.829σ𝑛 + 

5.372𝐸−3 exp 3.765σ𝑛  1

− exp(
−𝑡

137.21 σ𝑛
0.724

)   (6) 

 

V. CONCLUSIONS 

 

In this study, a new 5-parameter creep behaviour 

model for polymeric support liner was proposed. 1-

day cured creep tests results of polymeric liner were 

used to derive a new creep model with a combination 

of both Norton-Bailey and Kelvin creep models. The 

proposed model was also compared to the widely 

used creep models. Moreover, the general creep 

model is generated to simulate field behaviour of the 

liner under wide ranging of constant stress levels. 

Main conclusions of this study are as follows: 

 If the liner is under a constant tensile load of 
80% of its tensile strength,all models 

worked in this study are capable to simulate 

the creep behaviour. 

 As the acting stress level decreases, the 

testing time increases and creep strain values 

reachasymptotic values. The Findley model 

is not capable of simulating such behaviours. 

 Although the Multi-Kelvin model has more 

model coefficients than the proposed model, 

a 5-parameter model gives the most accurate 

results with lower standard errors. 

 The nonlinear expressions on the parametric 

dependencies were used to generate a 

general creep model.The general model 

estimates the constitutive behaviour of the 

TSL as a function of stress and timewith 

lower standard errors. 

 The generated model might be used for 

further numerical modelingstudies to 

investigate time-dependent support 

mechanism of the polymeric liner. 
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