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Abstract 
 
A new sealing stand-alone tool, i.e. CannSeal to produce a barrier packer or zonal isolation in 
oil/gas wells has been developed by a Norwegian company (AGR CannSeal AS). The tool 
allows injection of a fluid into the annulus between the production casing and the 
surroundings in an oil/gas well. After injection the fluid will solidify and form an annulus 
solid plug which will prevent/reduce axial flow in the annulus volume. During operation and 
testing of well integrity the plug may be subjected to high pressure gradients, e.g. 250 bar. 
 
AGR CannSeal has developed epoxy formulations for different applications for use with the 
CannSeal tool. After curing the epoxy will form a solid, or more specifically a cross-linked 
polymer. Since the epoxy plug may be exposed to large differential pressure for long times it 
is of great interest to study the viscoelastic properties and estimate the severity of the time 
dependent deformation (creep) by FEA simulations, considering the load scenarios expected 
in an oil or gas well.  
 
An annulus shaped epoxy plug intended for use as a barrier seal at 70°C was manufactured by 
injection of an epoxy formulation at 70°C and 150 bar hydrostatic pressure into the annulus of 
two steel tubings (5 1/2" and 9 5/8”) on top of a defect packer. Curing was interrupted after 3 
weeks well beyond the Gel point. Test specimens were prepared and subjected for post-curing 
at 120°C for 2 days after which extensive material testing at 70°C was performed, i.e. tensile 
testing, relaxation testing, creep testing and compression testing. The degree of curing 
(conversion) was estimated to be 67 % and the glass transition to about 80°C by means of 
DMA, DSC and HFC. 
 
Different material models were evaluated of which the Generalized Maxwell model, which 
assumes linear viscoelastic properties, was found to adequately describe all experimental 
results. The model parameters were determined by means of the method of Non-linear least 
squares.  
 
FEA simulations were made using the model selected and the parameters determined. Two 
load cases, one simulating the most sever predicted load scenario of an epoxy plug and the 
second simulating loading under ideal circumstances were evaluated. The simulations 
predicted that the most severe load case of the epoxy plug would have a safety factor of 
approximately 1.8 - 2,3 before reaching the estimated fracture strain, after one year of 
exposure to a differential pressure of 250 bar.  
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Sammanfattning 
 
Ett nytt sorts verktyg kallat CannSeal har utvecklats av ett norskt bolag (AGR CannSeal AS) 
för att skapa barriärpackningar och zon-isolation inom olje- och gasbrunnar. Verktyget tillåter 
injicering av en reaktiv vätska mellan produktionsröret och omgivande underlag i en olje-
/gasbrunn. Efter injicering stelnar vätskan och formar en solid annulär epoxitätning som 
förhindrar eller minskar axiella flöden i utrymmet. Under användning och testning av 
brunnintegriteten kan tätningen utsättas för höga tryckgradienter som kan uppgå till 250 bar. 
 
AGR CannSeal har utvecklat ett flertal olika epoxiformuleringar avsedda för olika typer av 
applikationer, som injiceras med CannSeal. Efter härdning kommer epoxin att forma en solid 
eller mer specifikt en tvärbunden polymer, en så kallad härdplast. Eftersom epoxitätningen är 
utsatt för höga tryckgradienter under långa perioder är det av stort intresse att undersöka de 
viskoelastiska egenskaperna och utgående från FEA simuleringar, simulera graden av 
tidsberoende deformation (krypdeformation) vid lastfall uppskattade att inträffa under 
applikation. 
 
Ett annulärt formad epoxitätning avsedd till användning som barriärpackning vid 70oC, 
tillverkades via en inmatning av en epoxiformel vid 150 Bar hydrostatiskt tryck. Tätningen 
placerades mellan två stålrör (5 1/2" och 9 5/8”), befinnande ovanpå en redan befintlig defekt 
barriärspackning. Härdningen var avbruten efter 3 veckors tid och därför även långt efter 
uppnådd gelpunkt. Provstavar förberedes och utsattes för en efterhärdning vid 120oC under 2 
dagars tid, efterföljt av omfattande mekaniskprovning vid 70oC. Provningen bestod av 
dragprov, relaxationsprov, krypprov samt kompressionsprov. Graden av härdning 
uppskattades till 67 % och en glasomvanlingstemperatur på cirka 80oC, uppskattningen 
utfördes med hjälp av DMA-, DSC- samt HFC-provning.  
 
Olika materialmodeller evaluerades varav den Generaliserade Maxwell modellen valdes. 
Modellen ansätter linjära viskoelastiska egenskaper som passade bra med avseende på 
experimentella resultat. Modellens parametrar kalibrerades med hjälp av en olinjär-
minstakvadratmetod.  
 
Två typer av lastfall med FEA simuleringarna utfördes sedan med den definierade 
materialmodellen. Ena lastfallet skulle representera belastning under värst uppskattade 
förhållanden var den andra skulle modellera belastning under ideala förhållanden, i en olje-
/gasbrunn. Simuleringarna visade att vid värsta förhållanden, under 1års belastning av 250 bar 
differentialtryck, skulle epoxitätningen ha en säkerhetsfaktor mellan 1.8 - 2,3 innan den 
estimerade brottöjningen är uppnådd. 
 
 
 
 
 
 
 
 
 
 
 
 

2 
 



Acknowledgements 
 
Firstly, I would like to thank my industrial supervisor, Dr. Dan Forsström at Polymira AB for 
supporting me throughout the work of this thesis, for providing extensive knowledge within 
polymer technology and for proof-reading this report. Our discussions have been very fruitful 
and I have learnt a lot during this work. I would also like to thank M. Sc. Anton Svensk at 
Alten for providing brilliant support in regard of simulations. I would also like to thank Senior 
consultant Johan Haasum (Polyinova AB) and Dr. Nils-Gunnar Ohlson (KTH) for valuable 
discussions and answering questions related to mechanical properties of polymers. I would 
also like to express my greatness to the staff at the material testing lab of Royal Institute of 
Technology (KTH), the Department of Solid mechanics, especially Martin Öberg and Kurt 
Lindqvist, for teaching and assisting me within mechanical testing as well as manufacturing 
of specimen. I would also like to thank Dr Rui Wu and Mats Larsson at Swerea Kimab for 
valuable discussions on material testing and for assisting with creep testing. I would also like 
to thank AGR CannSeal AS for providing the materials used for all of the testing. Finally, I 
would like to thank my supervisor, Dr. Jonas Neumeister, at KTH for his support during this 
project. 
 
 

Christopher Muturi, Novmber 2014 
  

3 
 



Table of contents 
 
1 Introduction ........................................................................................................................ 7 

1.1 Viscoelastic properties of polymers ............................................................................ 7 
1.2 Extraction of oil and gas .............................................................................................. 7 
1.3 Well design .................................................................................................................. 9 
1.4 Pressure testing ............................................................................................................ 9 
1.5 Service life ................................................................................................................. 10 
1.6 CannSeal technology ................................................................................................. 11 

2 Goals & Tasks .................................................................................................................. 12 
3 Method ............................................................................................................................. 13 

3.1 Literature study .......................................................................................................... 13 
3.2 Sample preparation .................................................................................................... 14 
3.3 Characterization of viscoelastic properties ................................................................ 14 
3.4 Material modelling .................................................................................................... 15 
3.5 Simulation .................................................................................................................. 15 
3.6 Sensitivity analysis .................................................................................................... 16 

4 Theory .............................................................................................................................. 17 
4.1 Epoxy technology ...................................................................................................... 17 

4.1.1 Epoxy chemistry ................................................................................................. 17 
4.1.2 Curing progress .................................................................................................. 18 
4.1.3 Rate of curing and risk for heat accumulation ................................................... 19 
4.1.4 Curing and mechanical properties ...................................................................... 19 

4.2 Mechanical properties of polymers ........................................................................... 21 
4.2.1 Viscoelasticity .................................................................................................... 21 
4.2.2 Stress relaxation ................................................................................................. 22 
4.2.3 Creep .................................................................................................................. 23 
4.2.4 Load Frequency dependence .............................................................................. 23 
4.2.5 Poisson’s ratio .................................................................................................... 24 
4.2.6 Viscoelastic modelling ....................................................................................... 24 

5 Materials ........................................................................................................................... 26 
5.1 Epoxy formulation ..................................................................................................... 26 
5.2 Specimen manufacturing ........................................................................................... 26 

5.2.1 Moulding procedure ........................................................................................... 26 
5.2.2 Specimen manufacturing .................................................................................... 27 

6 Characterization of viscoelastic properties....................................................................... 32 
6.1 Tensile and Relaxation test ........................................................................................ 32 

6.1.1 Machine specifications ....................................................................................... 32 
6.1.2 Material specimen .............................................................................................. 33 
6.1.3 Experimental setup and specification ................................................................. 33 

6.2 Compression test ........................................................................................................ 38 
6.2.1 Machine specifications ....................................................................................... 38 
6.2.2 Material specimen .............................................................................................. 39 
6.2.3 Experimental setup and specification ................................................................. 39 

6.3 Tensile creep test ....................................................................................................... 42 
6.3.1 Machine specifications ....................................................................................... 42 
6.3.2 Material specimen .............................................................................................. 42 
6.3.3 Experimental setup and specification ................................................................. 43 

6.4 HFC ........................................................................................................................... 45 
6.4.1 Specifications during a 24 hour cycle ................................................................ 45 

4 
 



6.4.2 Samples .............................................................................................................. 45 
6.4.3 Experimental setup ............................................................................................. 45 

6.5 DSC ........................................................................................................................... 46 
6.5.1 Specifications ..................................................................................................... 47 
6.5.2 Samples .............................................................................................................. 47 
6.5.3 Experimental setup ............................................................................................. 47 

6.6 DMA .......................................................................................................................... 48 
6.6.1 Machine specifications ....................................................................................... 48 
6.6.2 Material specimen .............................................................................................. 49 
6.6.3 Experimental setup and specification ................................................................. 49 

7 Material models ................................................................................................................ 50 
7.1 Model candidates ....................................................................................................... 50 
7.2 Model selected ........................................................................................................... 51 
7.3 Model fitting .............................................................................................................. 54 

8 Simulation ........................................................................................................................ 56 
8.1 Procedure ................................................................................................................... 56 
8.2 Geometric model ....................................................................................................... 56 
8.3 Load cases .................................................................................................................. 57 

8.3.1 Load case 1: No slip ........................................................................................... 57 
8.3.2 Load case 2: Allowed Slip ................................................................................. 58 

8.4 Meshing procedure .................................................................................................... 59 
9 Results .............................................................................................................................. 61 

9.1 Curing characteristics ................................................................................................ 61 
9.1.1 HFC .................................................................................................................... 61 
9.1.2 DSC .................................................................................................................... 63 
9.1.3 DMA ................................................................................................................... 65 

9.2 Characterisation of viscoelastic properties ................................................................ 66 
9.2.1 Tensile test .......................................................................................................... 66 
9.2.2 Compression test ................................................................................................ 67 
9.2.3 Relaxation test .................................................................................................... 70 
9.2.4 Tensile Creep test ............................................................................................... 71 

9.3 Model fitting .............................................................................................................. 72 
9.3.1 Relaxation Modulus ........................................................................................... 73 
9.3.2 Creep Compliance Modulus ............................................................................... 73 
9.3.3 Bulk Modulus ..................................................................................................... 74 

9.4 Simulation results ...................................................................................................... 75 
9.4.1 Load case 1: No slip ........................................................................................... 76 
9.4.2 Load case 2: Allowed slip .................................................................................. 78 

9.5 Sensitivity analysis .................................................................................................... 80 
9.5.1 Shear relaxation modulus ................................................................................... 80 
9.5.2 Poisson’s Ratio ................................................................................................... 81 
9.5.3 Mesh ................................................................................................................... 83 

10 Conclusion ........................................................................................................................ 85 
10.1 Specimen manufacturing ....................................................................................... 85 
10.2 Experimental results ............................................................................................... 85 
10.3 Model fitting .......................................................................................................... 85 
10.4 Simulation results ................................................................................................... 85 
10.5 Sensitivity analysis ................................................................................................. 86 

11 Discussion ........................................................................................................................ 87 
11.1 Sources of error in experiments ............................................................................. 87 

5 
 



11.2 Error estimation of model ...................................................................................... 87 
11.3 Simulation software evaluation .............................................................................. 88 
11.4 Improving simulations ........................................................................................... 88 
11.5 Failure mechanism of an epoxy sealant ................................................................. 88 
11.6 Future recommendations ........................................................................................ 89 

12 Nomenclature and dictionary ........................................................................................... 90 
12.1 Abbreviations ......................................................................................................... 90 
12.2 Symbol declaration ................................................................................................ 90 

13 References ........................................................................................................................ 93 
13.1 Picture references ................................................................................................... 93 
13.2 References .............................................................................................................. 93 

1 APPENDIX ...................................................................................................................... 95 
1.1 Equation derivations .................................................................................................. 95 

1.1.1 Relation of creep compliance and relaxation modulus ...................................... 95 
1.2 COMSOL simulation ................................................................................................. 96 

 

  

6 
 



1 Introduction 

1.1 Viscoelastic properties of polymers 
 
Polymers consist of long molecules chains formed from monomers in a process termed 
polymerisation. Thermoplastics contain individual long chain molecules that form a solid 
through entanglement and possibly by the presence of crystalline microstructure. Rubber and 
thermoset forms solids through crosslinking of monomers and suitable polyfunctional 
crosslinking agents. 
 
Polymer materials are associated with a glass transition temperature (Tg) above which the 
material properties changes from glassy to rubber like. Rubbers have Tg below ambient 
temperature while thermoset have Tg considerably above ambient temperature when fully 
cured. 
 
When a polymer is subjected to a load it will in general show an instantaneous elastic 
deformation but also a time dependent deformation (creep) induced by slow movement of 
individual molecule chains. For this reason polymers are said to exhibit viscoelastic 
mechanical behaviour. From practical point of view, the creep strains will increase with time 
eventually resulting in local strains ultimately leading to possible fracture. For this reason, it 
is important to evaluate the viscoelastic properties of polymers when used in applications 
under load, e.g. when subjected to differential pressure when used as a sealant in an oil/gas 
well.  
 
 

1.2 Extraction of oil and gas 
 
Oil and gas is commonly extracted from deep land or sea water wells through long production 
tubings with individual sections jointed by threaded fittings. The oil and gas extracted can 
over time be mixed up with water after formation or injection, the resulting mixed fluid is 
denoted well fluid. The production tubing may reach several kilometres in depth and much 
longer in total length. Figure 1 shows a schematic picture of the complete procedure. 
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Figure 1. A schematic picture of the applied epoxy void zone isolation in a subsea oil well, isolating an empty oil zone to start 
extracting from the unused second oil zone. The pressure P is the result of an differential pressure which overtime can be 
applied across the isolation.. 
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1.3 Well design 
 
The top area of the production tubing is surrounded by a barrier of several other pipes/casings 
as schematically shown in Figure 2. The overlapping region between two pipes is commonly 
filled with concrete to prevent well fluid from entering the surroundings, the barrier is 
approximately 200 m long. It should be noted that extraction of oil and gas occurs under high 
pressure (up to 150 bar) and moderately high temperatures (typically 70-90°C). 
 
 

 
Figure 2. Schematically representation of the tubing design used for oil and gas extraction. 
 

 
 
 
 

1.4 Pressure testing 
 
To test if the epoxy void zone isolation, also denoted as “plug”, is pressure proof an external 
pressure is applied across the epoxy plug. The pressure may be created by making the water 
above the plug denser; this is done by the use of a brine solution or a pump whereby pressure 
up to approximately 250 bar can be achieved. The pressure below the plug can be monitored 
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separately. Any change in the pressure indicates leakage through the plug. Figure 3 shows a 
schematic picture of the response in pressure where leakage occurs after a certain time at a 
constant differential pressure.  
 

 
Figure 3. Show an illustrative picture of the method for measuring any leakage in the well system. This is done by analyzing 
the applied pressure in the oil well in regards of time. 

1.5 Service life 
 
Because any maintenance operation in a well requires stop of production it is important to 
minimize the time of such operation but also to ensure a long service life under the conditions 
used during production, e.g. high temperature and large pressure gradients. Several factors 
may affect the service life of the final seal produced. 
 

1. Thermal and chemical degradation 
The temperature increases with approximately 5oC/100 m in a well, due to the 
geothermic gradient. Hence, at large depths high temperatures may occur which may 
induce thermal degradation.  Well chemicals such as acids and naturally occurring 
chemicals such as hydrogen sulphide, oxygen, water among others may induce 
chemical degradation, e.g. oxidation and hydrolysis. Since epoxy is known to exhibit 
relatively good thermal and chemical resistance this type of thermoset resins are good 
candidates for sealing material also at elevated temperatures and in aggressive 
environment. 
 

2. Viscoelastic properties 
Viscoelastic properties refer to time dependent deformation. The purpose of using a 
barrier seal or a zonal isolation is to prevent axial flow in the annulus. Per definitions 
this means a pressure gradient across the seal will develop. In many wells the pressure 
difference may reach up to 250 bar. When the polymer is exposed to such high 
pressures molecules chains will start to move, i.e. exhibit creep. However, cross-
linked polymers such as epoxy will show less sensitivity to creep compared to 
thermoplastics with no crosslinks. 
 

3. Temperature dependence of mechanical properties 
The temperature must be within the specifications at the operating temperature used. 
Changes in the well temperature may e.g. induce temperature shrinkage of a polymer 
seal. 
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1.6 CannSeal technology 
 
A new sealing technology for producing an annulus seal in a well has been developed by a 
Norwegian company CannSeal A/S. The technology comprises of a tool for transportation, 
anchoring, perforation and injection of a sealant, hence a complete stand-alone operation. The 
tool includes many modules one of which contains a suitable fluid, e.g. epoxy formulation. 
The sealant will be injected through the perforated outlets and fill the annulus with about 30 
liter of sealant forming an effective plug length of about 2 m, when used in between pipes 
with dimensions of 5 1/2” and 9 5/8”. The injection procedure of the sealant fluid is 
accomplished by a hydraulic pump. A representative picture of the plug and its application is 
illustrated in Figure 1. The surroundings may be tubings in case of barrier sealing’s or 
rock/slate in case for zone isolations. The viscosity and tixotrophy of the fluid is designed 
with respect to the application. 

 
When the tool has reached the destination where the seal will be made, it creates three 
symmetric holes within the pipeline using explosives. An illustrative picture of the injection 
procedure can be seen in Figure 4. After injection the sealant is left for curing until epoxy 
reaches a viscosity corresponding to No Flow conditions at which the tool is removed. The 
epoxy is left for curing an additional time period until it reaches the Gel point corresponding 
to a 3D cross-linked network where the epoxy is transformed into a solid. At this point the 
epoxy plug formed will already withstand some load. After an additional time period passing 
the vitrification stage the epoxy plug can be exposed to even larger loads without significant 
deformation.  
 
 

 
 

Figure 4. An illustration of the injection procedure of the epoxy solution with the aid of an injection module. 
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2 Goals & Tasks 
 
The main goal of this project has been to assess the risk of material failure, due to creep 
deformations, within an epoxy plug produced in a well, while subjected to a differential 
pressure up to 250 bar, for a duration of one year.   
 
Different tasks were defined in order to reach the goal; 
 

1. Characterize the viscoelastic properties at 70°C of a new epoxy developed for use as 
sealant in the CannSeal tool at 70°C by performing tensile test, compressive test, 
relaxation test and tensile creep test. 
 

2. Use the experimental results to establish a suitable material model that adequately can 
be used to describe the deformation of the epoxy at time frames used for experimental 
testing. 
 

3. Make use of the material model to simulate the long-term deformation (after 1 year) 
assuming different boundary conditions of a plug under the operation conditions 
applied in a well.  
 

4. Validate the results of the simulations by using two different commercial simulation 
software, i.e. ANSYS and COMSOL Multiphysics. 
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3 Method 
 

3.1 Literature study 
 
A literature study was done to address the following issues: 
 

• General polymer theory 
• Material models for creep on polymers 
• Standards and experimental procedures used for polymers 
• Methods for fitting experimental data to an material model 

 
The keywords used in the search engines for the literature study is listed in Table 1. 
 
Table 1. Keywords used to address the issues presented in the literature study. 

Keywords Issue 

Thermoset mechanical properties General polymer theory 

Long term creep polymer General polymer theory 

Epoxy polymer theory General polymer theory 

Creep model thermoset Material models for creep in polymers 

Simulate long term creep polymer Material models for creep in polymers 

ASTM Tensile test polymer Standards and experimental 
procedures used for polymers 

ASTM Creep test polymer Standards and experimental 
procedures used for polymers 

ASTM epoxy Standards and experimental 
procedures used for polymers 

Mechanical test epoxy resin Standards and experimental 
procedures used for polymers 

Least square method Methods for fitting experimental data 
to a material model 

  
 
 
The literature study was performed in the databases Science direct [1], Google scholar [2], 
Wiley online library [3] and the library database KTH-Primo [4]. The search generated more 
than 10,000 hits in the databases of which 25 relevant links and articles are referred to in this 
master thesis. Furthermore, a lot of information and practical instructions was acquired from 
the experienced experimental personnel who helped performing the experiments. 
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3.2 Sample preparation 
 
The injection of epoxy into an oil well in order to produce an annulus seal is made at well 
conditions characterised by high temperatures and high hydrostatic pressure. For this reason 
the injection process was designed to be identical to what will occur in a well regarding the 
injection process, temperature and hydrostatic pressure. A dedicated test cell consisting of two 
steel tubings (5 1/2” and 9 5/8”) inserted in each other was used in vertical position with an 
existing porous support at the bottom region on which epoxy was injected. Injection of epoxy 
was made at 70°C and 150 bar hydrostatic pressure corresponding to expected well 
conditions. After complete curing the resulting annulus seal was removed and processed into 
material specimens used for the subsequent material characterization. Post-curing was made 
at a temperature of 120 oC during 42 hours, to simulate complete curing of the material 
expected after 3-6 months at 70°C.  
 

3.3 Characterization of viscoelastic properties 
 
Four types of mechanical tests were performed to evaluate the viscoelastic properties of the 
epoxy plug and to calibrate the model parameters needed for the selected material model. This 
model was then used in the subsequent FEA simulations. 
 

• Tensile test: This test is done to establish the tensile strength, tensile relaxation 
modulus and yield-strain of the polymer and also to evaluate a sufficient load level for 
the tensile creep test. 
 

• Compressive test: This experiment provided information about the compressive 
properties of the polymer. The properties include bulk relaxation modulus, 
compressive strength, yield-strain in compression and the Poisson’s ratio required for 
simulations.  
 

• Relaxation test: The experiment evaluated the relaxation properties of the polymer. 
Consequently, providing the relaxation time describing the reduction in stress in 
regards of time. 
 

• Creep test: The long term creep behaviour of the epoxy was established with this 
experiment. Therefore, providing the creep strain-rupture and creep strain gradient at 
different creep stages of the polymer. 

 
All mechanical experiments were performed at a temperature of 70ᵒC corresponding to the 
temperature for which the epoxy formulations used in this study was designed. Additionally, 
the relative humidity was assumed to be near zero for all experiments due to the elevated 
testing temperature, this however, is not true for an oil well located under water, the effects of 
humidity is neglected in this study. 
 
Three complementary techniques were used to determine the conversion and glass transition 
temperature of the test specimens used. 
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• Dynamical Mechanical Analysis (DMA): This experiment characterized the 
mechanical properties as function of temperature of the epoxy in terms of Loss 
modulus, Storage modulus and Loss angle. 
 

• Differential Scanning Calorimetry (DSC): Thermo analytical technique to determine 
phase transition temperatures of polymers and aid in analysing the degree of curing. 
 

• Heat Flow Calorimetry (HFC): Thermo analytical technique to measure the rate of 
curing and estimate the conversion. 

 

3.4 Material modelling  
 
In contrast to metals polymer exhibit viscoelastic properties at room-temperatures, i.e. time 
dependent deformation when subjected to loading. Several material models exist for 
describing viscoelastic properties of polymers under different load scenarios. A good model 
should be universal and accurately fit to experimental data gathered from different type of 
mechanical experiments. Although more simple models exist which are useful for individual 
experiments it might be a challenge to find a more generalized models that will fit to several 
load scenarios. From a practical point of view the lack for sufficient data from different load 
types might be a problem. Hence, there will be a trade-off scenario where the most realistic 
model will sufficiently capture the general mechanical behaviour of a material in regards of 
short- and long term properties. In addition, this means that the model will be deviating from 
certain experimental data. 
 
Various materials models were investigated and one model, i.e. the Generalized Maxwell 
model was found to most adequately fit all the experimental results and was selected for the 
forthcoming FEA simulations. 
 

3.5 Simulation 
 
Simulations were performed by using the Finite element analysis (FEM), applying the most 
suitable material models based on the experimental data. The simulation is done to evaluate a 
realistic load case and consequently predict the risk of failure, due to creep deformation, after 
one year of isolation in a subsea well. 
 
The FEA simulations require load and boundary conditions which are based upon two 
estimated load cases; one where the annulus seal is ideally installed and an additional load 
case where the annulus installation is most severe in regards of loading. The load cases is 
described more in detail in section 8. Simulation. 
 
The simulations in ANSYS had roughly 4500 DOFs and a computation time of 2 min for load 
case 1 and 2.5 min for load case 2. The COMSOL simulation had 900 DOFs with a 
computation time of 40 seconds for load case 1. Furthermore, the computer used for the 
simulations had a memory capacity of 8 Gbit RAM with an Intel® Core™ i5- 3470  CPU @ 
3.2GHz , 3.2GHz and a WINDOWS 7 64 Bit operating system. 
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3.6 Sensitivity analysis 
 
A sensitivity analysis was performed to study the effect of a change in input parameters in a 
model on the results. The sensitivity was analysed by assessing the magnitude of impact the 
model parameters will have on the simulated results. Consequently, one can see which 
parameters are of most importance in regards of tolerances and accuracy.  
 
The parameters analysed were the shear relaxation modulus 𝐺𝐺(𝑡𝑡) as well as the Poisson’s 
ratio υ. The shear relaxation modulus was regarded by increasing respectively decreasing the 
stiffness by a factor of 40% and then assessing the amount of impact it had on the simulated 
results. To analyse the Poisson’s ratio the values were changed between 0.39-0.49 in between 
simulations and the outcome was studied. Furthermore, a mesh convergence study was also 
done to see if the size of the mesh has a significant impact on the simulated result. 
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4 Theory 
 
This section will cover general polymer theory which is regarded in the characterization of the 
material as well as material models and simulations of the open zone isolation.  
 

4.1 Epoxy technology 
 
 

4.1.1 Epoxy chemistry 
 
Epoxy resins are monomers that contain at least two reactive epoxide groups in the molecule. 
Epoxy resins will form a cross-linked polymer in presence of a catalytic or stoichiometric 
hardener [5]. The curing process results in transformation from a liquid to a solid. Various 
types of additives such as accelerators, diluents, flexibilisers and fillers can be added to 
achieve certain properties. Epoxy is characterised by high mechanical strength, chemically 
resistant (in solid state) and highly adhesive.  
 
Crosslinking occurs via the epoxide groups and a suitable hardener containing reactive groups 
that may react with epoxide groups. Chemically speaking, epoxy resins contain a distinctive 
chemical group with oxygen and two carbon atoms bond to form a three-membered ring 
called “epoxide”, the strained ring makes the epoxides very reactive, a schematic illustration 
of the epoxide is showed in Figure 5.  
 

 
 

Figure 5. Illustration of a generic epoxide molecule connected to four arbitrary chemical compounds, R1, R2, R3 and R4. 

Epoxides can react with themselves in a process called homopolymerization which results in 
increase of molecular chain and crosslinking. However, epoxide may also react with a wide 
range of so called co-reactants (hardeners) consisting of reactive groups that can react with 
epoxide groups. The choice of hardener depends on which properties are required and which 
curing conditions that will be used. Common epoxy hardeners are amines, amides, acids, 
thiols and alcohols [6]. The curing rate can be increased by use of accelerator which is a 
substance which speeds up (accelerates) the polymerization procedure and also functions to 
make the reaction to occur at lower temperatures.  
 
Additives are added to achieve certain properties requested, e.g. flexibilisers will reduce the 
stiffness of the epoxy and diluents will decrease the viscosity of the polymer. The chemical 
composition of the components will be the main factor determining mechanical as well as 
chemical properties of the epoxy. 
 
A catalytic hardener will catalyse the reaction between epoxide groups and is only required in 
low concentrations. The rate of curing can be designed by proper choice of catalytic hardener 
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and accelerator. Catalytic systems are generally more useful at higher temperatures and when 
a slow rate of curing is required.  
 
Stoichiometric systems contain a hardener with two reactive groups that can react with 
epoxides groups. For this reasons there is need to balance the amount of epoxide groups and 
reactive groups in the hardeners in stoichiometric ratio, i.e. each epoxides groups need one 
reactive group of a hardener. Stoichiometric epoxy systems are commonly used at near 
ambient temperature. 
 
 

4.1.2 Curing progress 
 
During the curing process the viscosity will increase due to polymerisation [7]. After a certain 
time the epoxy may reach No Flow condition which means no observable flow under gravity. 
The Pot life is commonly defined as the time at which processing is no longer possible. From 
practical point of view the Pot life is commonly defined as the time to double the initial 
viscosity but the definition may vary with application. Continued curing results in a 3D-
crosslinked polymer defined by the Gel point. At this point the epoxy resin is transformed to a 
solid although unreacted epoxides groups are still present. After the Gel point the mechanical 
properties start to build up. It should be noted that optimal mechanical properties are achieved 
at high conversion. The Glass transition temperature (Tg) increases continuously from start of 
curing. When Tg approaches the curing temperature the epoxy will start to exhibit glassy 
properties which per definitions means slow molecule movements, low diffusion rates and the 
transformation from a rubber-like material to a solid material. This process is defined as 
vitrification and as a result it will take very long time to reach fully conversion (if ever). This 
development of viscosity and mechanical properties during the progress of curing is 
schematically illustrated in Figure 6. 
 

 
 
Figure 6. Illustration of the curing process in which the epoxy resin is transformed from a liquid to a solid. The effect of 
vitrification is observed as a decrease in the rate of curing. 
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When the epoxy resin and hardeners are mixed the curing reaction will start. The rate of 
curing depends on temperature and choice of curing system (type of hardener and 
accelerator). If the reactivity is designed to give a certain rate of curing at 70°C it might be 
possible to mix all constituents at ambient temperature without any significant rate of curing. 
However, when the temperature is increased the rate of curing increases and the rate of curing 
will proceed at the rate required. Such systems are referred to as temperature initiated curing 
systems. 
 
 

4.1.3 Rate of curing and risk for heat accumulation 
 
The rate of curing is associated with generation of heat. When moulding thick geometries 
such as an annulus epoxy plug (maximum thickens typically 100 mm) there is a risk for self-
heating because of slow heat transfer to the surrounding. An increase in sample temperature 
may results in runaway reaction (uncontrolled increase in curing rate) and temperature 
shrinkage on cooling which will result in formation of gaps between the epoxy and the steel 
tubing. These problems can be avoided by the addition of inert fillers and use of slow 
hardeners to reduce the rate of curing.  
 
The curing of an epoxy can be described in three steps. Initially the epoxy is a fluid solution 
and therefore has no mechanical strength. Secondly, the solution is transformed into a solid 
mass, leading to a drastic rise of the mechanical properties, i.e. higher stiffness, hardness, 
tensile strength etc. Lastly, the epoxy becomes fully cured and its maximum stiffness is 
achieved. The relation of curing (i.e. conversion rate) and the mechanical stiffness can be seen 
in Figure 6. 
 
 

4.1.4 Curing and mechanical properties  
 
As described previously the mechanical properties will develop after reaching the Gel point 
and continue until complete curing is obtained. Because of the vitrification curing may 
proceed with a slow rate for a very long time. From practical point the mechanical properties 
must exceed a certain level, individual for different applications, before the epoxy can be 
exposed to a load. For the well application, considered in this project, a post-curing is not 
possible and hence, the mechanical properties will continue to develop for a long time, e.g. 
several months. 
 
The stiffness of an epoxy is a function of both temperature and degree of curing. Lowering the 
temperature below the glass transition temperature Tg will drastically influence the mechanical 
properties and transform the polymer to a more brittle solid mass. Also, increasing the degree 
of curing will result in an increased Tg. An illustrative graph of the mechanical properties in 
regards of temperature and curing rate can be seen in Figure 7.  
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Figure 7. An illustrative picture of elastic Stiffness E as a function of both temperature T and volume of curing of an epoxy. 
𝑇𝑇𝑔𝑔1 is the glass transition temperature of the untreated epoxy and 𝑇𝑇𝑔𝑔2 is the glass transition temperature of the cured 
epoxy. 
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4.2 Mechanical properties of polymers  
 
 

4.2.1 Viscoelasticity 
 
Polymers are viscoelastic materials, i.e. they exhibit time dependent properties. Viscoelastic 
properties are commonly studied by stress relaxation or strain relaxation (creep) tests. Stress 
relaxation refers to how polymers relieve stress under constant strain while creep refers to 
how polymers continuously increase strain under constant load. 
 
An implication of being viscoelastic is that a material which is subjected to a load in general 
will show an instantaneous elastic response followed by a slow time dependent response in 
strain. This behaviour is commonly modelled by using combinations of spring and dashpots 
(see section 7 Material models). The time response to a load depends on the magnitude of the 
load, the deformation rate, frequency and temperature [8, 9]. For instance, the stress response 
increases with increasing strain rate which is illustrated in Figure 8.  Furthermore, a polymer 
may experience linear or non-linear viscoelasticity. 
 

 
 

Figure 8  True stress-strain curves of G Plexiglas PMMA subjected to different strain rates. 

 
 

4.2.1.1 Linear viscoelasticity 
 
Linear viscoelasticity states that the resulting (time dependent) strain response 𝜀𝜀(𝑡𝑡) of a 
material is proportional to an applied stress. Thus, one can derive the following relation of the 
ratio between the stress and strain: 
 
ɛ1(𝑡𝑡)
𝜎𝜎1

= ɛ2(𝑡𝑡)
𝜎𝜎2

                                                                                   (1) 

Where σ1 , σ2 are different constant stress levels applied in steps which generate the 
corresponding strain responses ɛ1 (𝑡𝑡) and ɛ2(𝑡𝑡) at time 𝑡𝑡. As a consequence, the resulting 
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compliance of a linear viscoelastic material is independent of applied stress. The relation of 
the strain and compliance can be seen in equation (2). 
 

𝐽𝐽(𝑡𝑡) =   ɛ(𝑡𝑡)
𝜎𝜎

                                                                                 (2) 

Where 𝐽𝐽(𝑡𝑡) is the compliance and 𝜎𝜎 is the constant stress due to a step load [10].  
 

4.2.1.2 Non-linear viscoelasticity 
 
At higher stress levels polymers generally assume non-linear viscoelastic behaviour meaning 
that strain is no longer proportional to the stress. Figure 9 illustrates a transition from linear to 
non-linear viscoelasticity for a polymer exposed to loading at three different strain rates.     

 
 

Figure 9.  Illustrates the transition between linear to non-linear viscoelastic properties of a typical polymer exposed to three 
different strain rates. 

 
If the strain/stress relation shows a non-linear behaviour a non-linear material model needs to 
be considered [10].  
 
 

4.2.2 Stress relaxation 
 
Due to viscoelasticity polymers demonstrate the property of stress relaxation. This means that 
there is a gradual decrease in stress with time in the material, when the polymer is subjected 
to a constant strain. This phenomenon is displayed in Figure 10.  
 

 
 

Figure 10. Shows the stress relaxation phenomena exhibited by polymers subjected to a constant strain. 

𝜎𝜎 𝜀𝜀 

𝜀𝜀0 = 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑡𝑡𝐶𝐶𝐶𝐶𝑡𝑡 
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4.2.3 Creep 
 
Creep refers to the continuous deformation that occurs in viscoelastic materials when the 
material is subjected to a stress. Initially the polymer will exhibit the strain predicted from the 
elastic stress-strain relationship, however, after some time the material will continue to 
deform indefinitely or until failure. Generally, for polymers the creep deformation can be 
divided into three steps, the primary region, secondary region and the tertiary region. A 
schematic graph is illustrated in Figure 11. 
 
 

 
 

Figure 11. A schematic illustration of creep behaviours generally experienced by polymers. 

 
The primary region represents the earliest stage of loading lasting typically 30-45 min. It is 
characterized by a rapid decrease in creep rate. The secondary region is also known as the 
“steady state” due to its constant creep rate. The steady state can last for up to thousands of 
hours and is consequently of much interest when considering long term operation under creep 
conditions. However, if the stress is relatively low some polymers may never experience the 
secondary region. Also worth mentioning is that during the secondary creep stage the 
deformation is mainly viscous, thus, most of the deformation is non-recoverable after 
unloading. The last stage of creep, known as the tertiary region, significantly increases the 
creep rate. This is due to the damage of material through formation of a large number of small 
voids, which coalesce and create cracks ultimately leading to failure [11, 12]. 
 
Additionally, all polymers experience creep to a certain extent, the magnitude will depend on 
factors such as, type of material, magnitude of load, temperature, time, environmental effects 
etc. 
 
 

4.2.4 Load Frequency dependence 
 
The mechanical behaviour of viscoelastic materials is also dependent on the load frequency. 
This is important for applications including cyclic loads and when fatigue strength is 
evaluated. In general, a viscoelastic material seems stiffer when the frequency is increased 
[9]. From a practical point of view this means that for high load frequencies the time response 
of the materials may be too long and the material will behave as much stiffer. A graph 
illustrating the force-deformation ratio dependency on frequency is shown in Figure 12. 
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Furthermore, for certain applications involving only static loads, e.g. the load scenario of an 
epoxy plug in a well, the effect of frequency is not important. 
 
 

 
 

Figure 12. Shows the load frequency influence on the ratio between force F and deformation 𝛿𝛿 of a viscoelastic material. 

 

4.2.5 Poisson’s ratio 
 
Furthermore, another mechanical property of epoxy resins is the time-, temperature- and 
stress- dependence of the lateral contraction, corresponding Poisson’s ratio for elastic 
materials. This dependence is generally described within the framework of linear viscoelastic 
theories. Although the dependence is generally accepted and supported by experimental 
evidence, Poisson’s ratio is still often considered a constant and the variability effect is 
negligible in many simulations [13]. However, this study will examine the variability and 
investigate if the dependence will have a significant effect on the mechanical predictions. 
 
 

4.2.6 Viscoelastic modelling 
 
To express the constitutive relations of viscoelasticity a couple of simple examples can be 
used. Firstly, consider a viscoelastic material exposed to a prescribed strain 𝜀𝜀0 as shown in 
Figure 10. The resulting response in material stiffness due to the relaxation of the material is 
expressed as a relaxation modulus 𝐸𝐸(𝑡𝑡) and is shown in equation (3). 
 
𝜎𝜎(𝑡𝑡)
𝜀𝜀0

= 𝐸𝐸(𝑡𝑡)                        (3)
  

Now consider an additional load case where the strain is prescribed in the form of two steps 
with a amplitude ɛ1 and ɛ2 , see Figure 13. If the material is linear viscoelastic the total stress 
will be the sum of responses from the resulting strain steps. The consequential relation for the 
stress can be seen in equation (4): 
 
𝜎𝜎(𝑡𝑡) =  ɛ1 𝐸𝐸(𝑡𝑡 − 𝑡𝑡1) + ɛ2 𝐸𝐸(𝑡𝑡 − 𝑡𝑡2)                              (4) 

Which is valid only if 𝑡𝑡 ≥ 0. 

F/
𝛿𝛿 

24 
 



25 
 

 
 

Figure 13. Showing two graphs with the stress response 𝜎𝜎(𝑡𝑡) to a viscoelastic material prescribed with two step strains 
ɛ1 and ɛ2 at time 𝑡𝑡1 and 𝑡𝑡2. 

 
Hence, if an arbitrary stress is to be determined for a linear viscoelastic material it may be 
derived from a sum of step functions, from the given strain history, with a sufficiently small 
step size Δ𝜏𝜏. Consequently, for an infinitesimally small step size the stress may be expressed 
in terms of an integral according to equation (5) [14]. 
 
𝜎𝜎(𝑡𝑡) = ∫ 𝐸𝐸(𝑡𝑡 − 𝜏𝜏) 𝑑𝑑𝜀𝜀

𝑑𝑑𝑑𝑑
𝑡𝑡
0− 𝑑𝑑𝜏𝜏                               (5) 

 
Similarly, if instead the stress is kept constant i.e. during creep loading. Resulting strains are 
obtained through a compliance, the strain response to a varying stress σ(t), may then be 
expressed by the creep compliance 𝐽𝐽(𝑡𝑡) and an infinitely sum of step stresses, which can be 
seen in equation (6) [14]. 
 
𝜀𝜀(𝑡𝑡) = ∫ 𝐽𝐽(𝑡𝑡 − 𝜏𝜏) 𝑑𝑑𝜎𝜎

𝑑𝑑𝑑𝑑
𝑡𝑡
0− 𝑑𝑑𝜏𝜏                              (6) 

 
For a more descriptive derivation of the viscoelastic constitutive relations a lot of information 
can be found in literature regarding basic viscoelastic theory [14].  
  

𝜎𝜎 𝜀𝜀 

𝑡𝑡 𝑡𝑡 
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5 Materials 
 

5.1 Epoxy formulation 
 
A dedicated epoxy formulation previously developed by AGR CannSeal was used in this 
study. The epoxy was developed for use at 70°C and is intended for use as barrier seal on top 
of an existing support (defect seal previously introduced by CannSeal tool). The epoxy 
formulation developed was designed to have a low viscosity at 70°C (dynamic viscosity in the 
range of 10-100 Pas at a shear rate of 0.17/s) and higher density than water in order to fill the 
annulus cavity during injection without trapping water under gravity. 
 
The epoxy formulation includes the following constituents; 
 

• Mixture of different types of epoxy resins to achieve requested properties regarding 
viscosity, adhesion and mechanical properties among others 

• Catalytic hardener of Dicyandiamide type  
• Accelerator of Dimethyl urea type to modify rate of curing 
• Amorphous silica to modify flow properties, i.e. viscosity and thixotropic properties 

 
The epoxy constituents were mixed using a predefined mixing procedure. Mixing was made 
with a machinery mixer under vacuum in order to remove air bubbles. Total volume of 
mixture was 20 litres. After complete mixing the curing system (DDA5 and U410) was added 
and continued mixing for 10 minutes was performed after which injection into the test cell 
was made at 70°C after 2 hours. 
 

5.2 Specimen manufacturing 
 

5.2.1 Moulding procedure 
 
The mechanical properties of polymer products have an substantial dependence on the 
manufacturing process. As a result, the material of the specimen used in the experiments 
needs to be manufactured according to the injection procedure of the epoxy plug in 
employment. 
 
A hollow cylinder corresponding to a barrier plug in a well was made by injection of the 
epoxy formulation into the annulus of a test cell (denoted FX12) comprising two steel tubings 
(5 1/2" and 9 5/8”). The test cell was in horizontal position during injection and an injection 
inlet was positioned at half height of the test cell. The test cell was filled with water at the 
beginning. Injection was made by use of a piston pump under anticipated well conditions at 
70°C and 150 bar hydrostatic pressure. A total volume of 16 litres of epoxy formulation was 
injected which, because of gravity, sank to the bottom support and gradually filled the annulus 
cavity. Part of the water was replaced during injection of the epoxy resin. The test cell was 
left at 70°C for curing during 3 weeks at 70°C and 150 bar hydrostatic pressure. After 
complete curing an annulus shaped volume, see Figure 14, was removed by cutting for 
preparation of test specimens and material characterisation.  
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Figure 14. The epoxy resin FX12 annulus seal after manufacturing and before specimen preparation. 

 

5.2.2 Specimen manufacturing 
 

5.2.2.1 Tensile-, Creep- and Relaxation test specimens: 
 
After the material was manufactured it had the shape of a hollow cylinder, see Figure 14. 
Initially one has to saw the material in to smaller slices, so it can be cut into the specimen 
dimension with a water jet cutter. Sawing was done with a common band saw. A 
representative slice of the sheets cut from the cylinder can be seen in Figure 15. 
 
 

 
 

Figure 15. A picture of the sawed out slice of the material FX12 in preparation for the Water jet cutting. 

 
To be able to cut the sawed out slices into specimen dimensions, a numerical Abrasive water 
jet cutter was used. Firstly, a CAD model (*.dwg file format) of the specimen dimensions was 
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modelled in the software AutoCAD 2013, the models and dimensions can be seen in section 6 
Characterization of viscoelastic properties 
. Secondly, the CAD file was incorporated with the supporting Jet water cutting software. 
Finally, the slices were nailed into a supporting wooden board to avoid deformation during 
cutting, after which the water jet cutter was placed in position and the cutting procedure were 
executed. An illustrative picture of the slices after the cutting procedure can be seen in Figure 
16.  
 
 

 
 

Figure 16. Abrasive Water Jet cutting of FX12 material slice into CAD modelled specimen dimensions. 

 
Furthermore, the slices had a varying thickness due to the poor tolerances of the band saw. 
This is adjusted by using a mill cutter to smoothen and align the surface correspondingly. 
 

5.2.2.2 Post-curing at 120°C  
 
Because of vitrification (see 4.1.2  Curing progress) the epoxy had not been fully cured when 
removed from the test cell. With reference to the long-term use of the epoxy plug it was 
decided to perform post-curing in order to increase the conversion further. This was expected 
to increase the stiffness somewhat and for this reason more closely mimic the condition of the 
epoxy plug after long time use in the well, e.g. after 6 month (see section 4.1 Epoxy 
technologyEpoxy ). The curing was performed by heating the specimens in an oven at 120○C 
(50 degrees over the glass transition temperature for this specific polymer) in a duration of 42 
hours. A picture of the curing process can be seen in Figure 17. Moreover, the extent of 
curing (conversion) was established with DSC and HFC, which evaluates the degree of curing 
by comparing the amount of energy released when material specimens with varied curing 
times is heated. Moreover, DSC was also used to establish the glass transition temperature Tg 
for the specimen after curing at 70°C and after complete curing. 
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Figure 17. Material specimens placed in an oven for complete curing, at a temperature of 120 ○C with duration of 41.5 
hours. 

 
It was observed that post-curing at 120°C for 2 days resulted in an unexpected change of 
colour from blue toward a brown type of nuance, see Figure 18. Since the blue colour is 
associated with the use of a blue ink commonly used to colour polymers it was suspected that 
there was a chemical reaction of the ink that was the reason for the change in colour.  
 
For this reason a simple test in which vessels made of polypropylene (PP) were inserted at 
120°C for 2 days. One of the vessels was empty while the other was partially filled with the 
blue ink. After inspection it was observed that the PP vessel was brittle indicating severe 
degradation (oxidation). The PP vessel without ink was apparently unaffected. On closer 
examination of the blue ink it was found that the ink in fact contained copper which is known 
to catalyse oxidation of PP in agreement with the observation of the PP vessel. Since post-
curing was performed in ambient air (for practical reasons) oxygen was present and it is 
believed that the change in colour from blue to brown is associated with copper catalysed 
oxidation or other reactions resulting in small degradation and loss of mechanical properties 
of the epoxy. For this reason it is concluded that the post-cured samples used in this study 
represent more aggressive conditions compared to real application.  
 
It should be noted that the ink is only used for laboratory purposes and not in real well 
applications. Hence, the stiffness of the epoxy will be somewhat higher for the epoxy in a real 
application compared what is reported for the post-cured samples in this study. 
 
DMA analysis performed on the post-cured as well as the initial specimen confirmed a 
decrease in stiffness for the post-cured samples.  
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Figure 18. The material specimen of epoxy resin FX12 pre- (blue specimen to the left) and post curing (brown nuance 
specimen to the right). 

 
Before the experiments were started, the specimens were visually inspected for any visible 
surface cracks due to the processing. This was done by examining the surface with a photo 
microscope; illustrated picture of microscopic setup can be seen in Figure 19.   
 
   
 
 
 

 
 

Figure 19 illustrating how the material specimens were checked for any visible surface cracks with a photo microscope. 

  

        Before                After 
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5.2.2.3 Compression test specimen 
 
The compression test specimen were created by drilling out cylindrical sections from the 
initial material chunk with a hole cutter. The cylinders were then placed in a lathe and 
processed to achieve a more cylindrical shape. Finally, the cylinder was sawed into adequate 
length for the compression testing procedure. 
 
Furthermore, after the specimen production was finished, an additional curing treatment was 
performed for 42 hours with a temperature 120○C, similarly to the tensile-, creep- and 
relaxation specimens. The cured compression specimen can be seen in Figure 20.  
 
 

 
 

Figure 20. A picture illustrating the specimens used for the compressive test with attached extensometers. 
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6 Characterization of viscoelastic properties 
 

6.1 Tensile and Relaxation test 
 
The relaxation modulus 𝐸𝐸(𝑡𝑡) of the epoxy can be evaluated from both tensile and relaxation 
tests. These tests are similar and the same type of specimen and testing equipment can be 
used.   

 
 

6.1.1 Machine specifications 
 
The specimen holder of the tensile machine is shown in Figure 21. The heating element of the 
oven can be seen keeping the test temperature to 70°C with an accuracy of approximately  
±1 °C. The deformation of the specimens up to 5 % (10% in the relaxation test) is measured 
by the use of an extensometer. 
 
 

 
 

Figure 21. Illustrating the material specimen installed in the tensile testing machine with a surrounding climate chamber 
creating a temperature of 70○C. 

Load cell 
Model:   MTS, with a control panel INSTRON 8500 + 
Force capacity:  120 KN 
Force precision:  ±0.5 % 
 
Extensometer specification: 
Model:   Instron NO: 2620602 
Gauge length:  66 mm 
Travel length:  ± 2.5 mm Tensile test 
  ± 5.0 mm Relaxation test 
Measurement tolerance:   ± 0.001 mm 
Maximum strain:   5% Tensile test, 10% Relaxation Test 
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6.1.2 Material specimen 
 
The dimensions for the material specimen were taken from the ASTM standard D6382, a 
standard concerning test method for tensile properties of plastics. The geometry is referred by 
the standard as “Rod Type I” [15]. The specimen is illustrated in Figure 22.  
 
 

 
Figure 22. The dimensions of the material specimen used for the tensile test, the dimensions are according to the ASTM 
D6382 standard “Rod type I”. 

 

6.1.3 Experimental setup and specification 
 

6.1.3.1 Tensile test 
 
The setup and settings used for the tensile test was acquired from the ASTM standard D638 
concerning test method for tensile properties of plastics (both thermoset and thermoplastics) 
[15]. However, two of the specimens were measured at a much lower speed to evaluate the 
dependence on mechanical properties in regards of strain rate.  
 
Table 2. Shows the piston speed and number of specimen used for the tensile test. 

Piston speed 5,00 mm/min 3,75 mm/min 0,01 mm/min 
Number of test 1 3 2 

 
 
Furthermore, the tensile test was performed with a climate chamber surrounding the 
specimen. The immediate temperature of the specimen is aimed to reach 70○C and was 
controlled by an air thermostat. The target temperature was reached after approximately 10-15 
min after which the test was started. 
 
The extensometer used for measuring strain can be seen in Figure 23, more details about the 
specifications can be seen in section 6.1.1 Material testing machine specification. 
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Figure 23. The exstensometer used for measuring the strain in the tensile test.  

 
Strain data 
The extensometer used could only measure the length equally to 5% of strain on the 
specimen. The remaining strain was calculated from the piston movement, the extensometer 
movement, the force and the specimen’s dimensions according to the following procedure: 
 
The relation in equation (7) was used for the conversion [16]: 
 
𝛿𝛿𝑒𝑒𝑒𝑒𝑡𝑡 = �𝛿𝛿𝑝𝑝𝑝𝑝𝑝𝑝𝑡𝑡𝑝𝑝𝑝𝑝 − 𝐶𝐶𝐶𝐶�  𝐿𝐿𝑒𝑒𝑒𝑒𝑡𝑡  

𝐿𝐿𝑡𝑡𝑒𝑒𝐶𝐶𝑡𝑡 
                    (7) 

 
Where 𝛿𝛿𝑒𝑒𝑒𝑒𝑡𝑡 is the deformation of the extensometer, 𝛿𝛿𝑝𝑝𝑝𝑝𝑝𝑝𝑡𝑡𝑝𝑝𝑝𝑝 deformation of the piston, 𝐶𝐶 is the 
applied tensile force, 𝐿𝐿𝑒𝑒𝑒𝑒𝑡𝑡 and 𝐿𝐿𝑡𝑡𝑒𝑒𝑝𝑝𝑡𝑡 is the measuring length of the extensometer respectively 
overall length and  𝐶𝐶 is the unknown conversion constant.  
 
To acquire the 𝐶𝐶 constant, an average from the measured data is taken, approximately 200 
points in a linear section of the stress-strain curve were used in equation (8) 
 
 
𝐶𝐶 = �𝛿𝛿𝑝𝑝𝑝𝑝𝑝𝑝𝑡𝑡𝑝𝑝𝑝𝑝 − 𝛿𝛿𝑒𝑒𝑒𝑒𝑡𝑡

𝐿𝐿𝑒𝑒𝑒𝑒𝑡𝑡  
𝐿𝐿𝑡𝑡𝑒𝑒𝐶𝐶𝑡𝑡 

� 1 
𝐹𝐹

                            (8) 

Thus, the corrected values are calculated from equation (9): 
 
 
𝛿𝛿𝐶𝐶𝑝𝑝𝐶𝐶𝐶𝐶𝑒𝑒𝐶𝐶𝑡𝑡 = �𝛿𝛿𝑝𝑝𝑝𝑝𝑝𝑝𝑡𝑡𝑝𝑝𝑝𝑝 − 𝐶𝐶𝑎𝑎𝑎𝑎𝑔𝑔𝐶𝐶�

𝐿𝐿𝑒𝑒𝑒𝑒𝑡𝑡  
𝐿𝐿𝑡𝑡𝑒𝑒𝐶𝐶𝑡𝑡 

                            (9) 

Where Cavg is the average of the measured C constant. 
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The corrected values 𝛿𝛿𝐶𝐶𝑝𝑝𝐶𝐶𝐶𝐶𝑒𝑒𝐶𝐶𝑡𝑡 are then extended on to the  𝛿𝛿𝑒𝑒𝑒𝑒𝑡𝑡   after 5% of strain and a new 
final curve 𝛿𝛿𝐶𝐶𝑝𝑝𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑒𝑒𝑑𝑑  is calculated, see equation (10). 
 

𝛿𝛿𝐶𝐶𝑝𝑝𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑒𝑒𝑑𝑑 = �𝛿𝛿𝑒𝑒𝑒𝑒𝑡𝑡         𝑖𝑖𝑖𝑖  𝜀𝜀 < 5 %
𝛿𝛿𝐶𝐶𝑝𝑝𝐶𝐶𝐶𝐶𝑒𝑒𝐶𝐶𝑡𝑡  𝑖𝑖𝑖𝑖  𝜀𝜀 > 5 %                    (10) 

Furthermore logarithmic strain  𝜀𝜀𝑙𝑙𝑝𝑝 was used for strain measurements due to its favourable 
predictions of large strains [17]. The relation in equation (11) is used to calculate the 
logarithmic strain from the measured engineering strain on the specimen.  
 
εln = ln (1 + εeng)                         (11) 
  
Where εeng is the engineering strain measured during the tensile test. 
 
 
Engineering stress versus True stress 
The tensile testing machine reports force and thus engineering stress which does not consider 
change in cross section area of the specimen during the test. However, this value must be 
converted to show the true stress which does consider the true cross section area. 
 
The engineering stress was converted to true stress using the following equations [17]: 
 
Assuming that there is no volume change during deformation one can state the following: 
 
A ∙ Li = A0 ∙ L0 =>   𝐴𝐴 = A0

 L0
Li

= A0
1

1+εeng
                    (12) 

 
Where A is the current cross sectional area during deformation, A0 is the initial cross sectional 
area, Li is the current length of the specimen and L0 is the original length of the specimen. 
Consequently, using the relation of the current cross sectional area in equation (12) one can 
state that: 
 
 
𝜎𝜎𝑡𝑡𝐶𝐶𝑡𝑡𝑒𝑒 = 𝐹𝐹

𝐴𝐴
= 𝐹𝐹∙𝐿𝐿𝑖𝑖

𝐴𝐴0∙ 𝐿𝐿0
= �𝜎𝜎𝑒𝑒𝑝𝑝𝑔𝑔 = 𝐹𝐹

𝐴𝐴0
 � = 𝜎𝜎𝑒𝑒𝑝𝑝𝑔𝑔 ∙ (1 + 𝜀𝜀𝑒𝑒𝑝𝑝𝑔𝑔)                                         (13)                       

             

Where 𝜎𝜎𝑡𝑡𝐶𝐶𝑡𝑡𝑒𝑒 is the true stress. Furthermore, it should be noted that this relation is only valid if 
the material is incompressible, i.e. the material has a constant volume during deformation, in 
consequence, Poisson’s ratio is estimated to 0.5 when using the true stress relation. This may 
be a source of error if the volume has a dependence of the deformation.  
 
 
Calculation of the relaxation modulus 
The tensile relaxation modulus 𝐸𝐸(𝑡𝑡) needs to be determined in order to fit the measured data 
to an appropriate material model. The relaxation modulus 𝐸𝐸(𝑡𝑡) is derived through a numerical 
relation based of the linear viscoelastic relation shown in equation (5). This is done to remove 
the assumption of constant strain rate during the tensile test, needed to extract the relaxation 
modulus from equation (5). The assumption may be a source of error and a better estimation 
of the relaxation modulus may therefore be derived numerically. 
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Equation (5) can be addressed numerically by the following form: 
 
𝜎𝜎𝑝𝑝 = 𝐸𝐸�𝑝𝑝 ∗ 𝛥𝛥𝜀𝜀�̅�𝑝,    𝑖𝑖 = 0,1,2,3 … ,𝐶𝐶                          (14) 

𝐸𝐸�𝑝𝑝 = [𝐸𝐸1 𝐸𝐸2 . .𝐸𝐸𝑝𝑝],  𝛥𝛥𝜀𝜀�̅�𝑝 = [𝜀𝜀0 − 𝜀𝜀1 ,  𝜀𝜀2 − 𝜀𝜀1 … ,  𝜀𝜀𝑝𝑝 − 𝜀𝜀𝑝𝑝−1 ] 
 
Where 𝐸𝐸�𝑝𝑝 ∗ 𝛥𝛥𝜀𝜀�̅�𝑝  is the scalar product of the stiffness vector 𝐸𝐸�𝑝𝑝 and inverted strain difference 
vector 𝛥𝛥𝜀𝜀�̅�𝑝, at a constant time interval. Thus, numerically representing the convolution of the 
stiffness E(t) and strain rate dε/dτ expressed by the linear viscoelastic relation in equation 
(5). 𝜎𝜎𝑝𝑝 is the stress at the current time step i.  
 
Furthermore, since the stress and strain difference is measured at each time step i from the 
tensile test all the stiffness components 𝐸𝐸𝑝𝑝 can be calculated at each time step, in return this 
will create a vector containing how each stiffness component changes with time, hence 
resulting in the relaxation modulus 𝐸𝐸(𝑡𝑡). 
 
The calculation of 𝐸𝐸𝑝𝑝 is done with an initial prediction of the stiffness followed by a numerical 
correction factor derived from the known stress and strain change in time; 
 
First, consider an arbitrary time step j the stress σj can be written as: 
 

𝜎𝜎𝑗𝑗 = 𝐸𝐸�𝑗𝑗 ∗ 𝛥𝛥𝜀𝜀�̅�𝑗    �
𝐸𝐸�𝑗𝑗 = [𝐸𝐸0 𝐸𝐸1 . .𝐸𝐸𝑗𝑗] 

𝛥𝛥𝜀𝜀�̅�𝑗 = [𝜀𝜀0 − 𝜀𝜀1 ,  𝜀𝜀2 − 𝜀𝜀1 … ,  𝜀𝜀𝑗𝑗 − 𝜀𝜀𝑗𝑗−1 ]                                          (15) 

Everything is known but the stiffness 𝐸𝐸𝑗𝑗 at time step j.  Secondly, consider an initial predicted 
stress 𝜎𝜎𝑝𝑝𝐶𝐶𝑒𝑒𝑙𝑙, calculated from stiffness vector 𝐸𝐸�𝑝𝑝𝐶𝐶𝑒𝑒𝑙𝑙 containing all the previously known 
stiffness’s and an additional prediction stiffness 𝐸𝐸𝑝𝑝𝐶𝐶𝑒𝑒𝑑𝑑𝑝𝑝𝐶𝐶𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝 resulting in the following relation: 

𝜎𝜎𝑝𝑝𝐶𝐶𝑒𝑒𝑙𝑙 = 𝐸𝐸�𝑝𝑝𝐶𝐶𝑒𝑒𝑙𝑙 ∗ 𝛥𝛥𝜀𝜀�̅�𝑗 ,    𝐸𝐸�𝑝𝑝𝐶𝐶𝑒𝑒𝑙𝑙 = [𝐸𝐸0 𝐸𝐸1 . .𝐸𝐸𝑝𝑝𝐶𝐶𝑒𝑒𝑑𝑑𝑝𝑝𝐶𝐶𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝]                        (16) 

 
Lastly subtracting the measured stress 𝜎𝜎𝑗𝑗 at time step 𝑗𝑗 with the preliminary stress gives: 
 
𝜎𝜎𝑗𝑗 − 𝜎𝜎𝑝𝑝𝐶𝐶𝑒𝑒𝑙𝑙 = 𝐸𝐸�𝑗𝑗 ∗ 𝛥𝛥𝜀𝜀�̅�𝑝 − 𝐸𝐸�𝑝𝑝𝐶𝐶𝑒𝑒𝑙𝑙 ∗ 𝛥𝛥𝜀𝜀�̅�𝑝                                 (17) 

 
Due to the convolution the result of equation (17) will always result in: 
 
𝜎𝜎𝑗𝑗 − 𝜎𝜎𝑝𝑝𝐶𝐶𝑒𝑒𝑙𝑙 = (𝐸𝐸𝑗𝑗− 𝐸𝐸𝑝𝑝𝐶𝐶𝑒𝑒𝑑𝑑𝑝𝑝𝐶𝐶𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝) ∙ ( 𝜀𝜀0 − 𝜀𝜀1)                         (18)
  

Solving the equation for the unknown stiffness 𝐸𝐸𝑗𝑗 gives: 
 
𝐸𝐸𝑗𝑗 = 𝐸𝐸𝑝𝑝𝐶𝐶𝑒𝑒𝑑𝑑𝑝𝑝𝐶𝐶𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝 +  𝜎𝜎𝑗𝑗−𝜎𝜎𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝜀𝜀0−𝜀𝜀1
                           (19) 

 
The next prediction used for time step 𝑗𝑗 + 1 will be the previous true stiffness 𝐸𝐸𝑗𝑗  calculated at 
time step j. The resulting data points for relaxation modulus will be presented by the stiffness 
vector 𝐸𝐸�𝑗𝑗. 
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6.1.3.2 Relaxation test 
 
The relaxation experiments had identical specimen and testing equipment as the tensile test. 
Two experiments were conducted deforming the specimens with a piston speed of 3.75 
mm/min up to a strain of 10 %, which was measured by the extensometer. After the specimen 
had reached the fixed strain limit the piston was locked in position and the reduction in force 
required to keep the piston in position was measured as a function of time, hence measuring 
the stress relaxation properties of the material. 
 
Moreover, using the method of locking the piston in position instead of adjusting the piston to 
keep the extensometer at 10 % of strain, will give small fluctuation in strain locally of the 
specimen. In return, the strain is not kept entirely constant and common relations used for 
extracting the relaxation modulus would not be sufficient. Instead, since both the stress and 
strain are continuously measured throughout the experiment the numerical prediction of the 
relaxation modulus, derived in equations (14) to (19), is used to account for the local changes 
in strain of the specimen during the relaxation test.   
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6.2 Compression test 
 
The compression test was used to establish the bulk relaxation modulus 𝐾𝐾(𝑡𝑡) as well as the 
lateral contraction ratio as a function of time 𝜐𝜐(𝑡𝑡). The bulk relaxation modulus describes the 
compressive properties of the epoxy composite and the lateral contraction ratio describes the 
volume change during deformation.  
 
Additionally, the Poisson’s ratio could be estimated from lateral contraction, which was used 
to relate the shear-, tensile- and bulk relaxation modulus through linear viscoelastic relations. 
These relations were essential for comparison of the experimental results as well as defining 
the material model for the FEM analysis (see section 7 Material models). 
 
A picture of the compressive test setup can be seen in Figure 24. 
 
 
 

 
 

Figure 24. Illustrating the material specimen installed in the compressive testing machine with a surrounding climate 
chamber creating a constant temperature of 70○C. 

6.2.1 Machine specifications 
 
Material testing machine specification: 
Model:   MTS, with a control panel INSTRON 8500 + 
Force capacity:  120 KN  
Force precision:  ±0.5 % 
Maximum force at test: 20 KN 
 
Strain gauge specification: 
Model:   SHOWN measuring instrument,  
   N11-FA-2-120-11, LOT NO: 5137-227 
Gauge length:  2 mm 
Gauge factor:  2.10 ± 2% 
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6.2.2 Material specimen 
 
The specimen has the geometry of a cylinder with both length and diameter of 15 mm. An 
illustrative picture of the specimens can be seen in Figure 20. 

 

6.2.3 Experimental setup and specification 
 
Five compression tests were conducted at three different strain rates, experimental 
specifications are listed in Table 3. The experiment was made in a climate chamber with a 
constant temperature of 70oC.  
 
Table 3. Shows the piston speed and number of specimen used for the compression. The number in “()” states how many of 
the tests were conducted with an additional extensometer in the circumferential direction. 

Piston speed 3,75 mm/min 1,00 mm/min 0,01 mm/min 
Number of test 1 1 3(2) 

 
The testing speed according to ASTM standard D695 Compressive properties of rigid plastics 
are 1-1.6 mm/min [18], only one of the tests were conducted in the given interval. This was 
done because of properties of the epoxy outside the given test speed interval is of interest. 
 
Strain data 
The strain gauges could only measure 2% of strain before minimum gauge length was 
reached. Therefore, the remaining strain was calculated with the piston movement. To extract 
the specimen’s axial displacement from the piston movement one has to remove the 
mechanical compliance generated from the piston deformation. Furthermore, the value of the 
compliance will be a function of force which needs to be considered during the conversion. 
Consequently, the relation in equation (20) is used to calculate the transversal displacement 
𝛿𝛿𝑇𝑇𝐶𝐶𝑎𝑎𝑝𝑝𝑝𝑝𝑎𝑎𝑒𝑒𝐶𝐶𝑝𝑝𝑒𝑒 of the specimen. 
 
𝛿𝛿𝑇𝑇𝐶𝐶𝑎𝑎𝑝𝑝𝑝𝑝𝑎𝑎𝑒𝑒𝐶𝐶𝑝𝑝𝑒𝑒 = 𝛿𝛿𝑃𝑃𝑝𝑝𝑝𝑝𝑡𝑡𝑝𝑝𝑝𝑝 − 𝛿𝛿𝐶𝐶𝑝𝑝𝑐𝑐𝑝𝑝𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝐶𝐶𝑒𝑒(𝐶𝐶)                                            (20) 

 
Where 𝛿𝛿𝑃𝑃𝑝𝑝𝑝𝑝𝑡𝑡𝑝𝑝𝑝𝑝 is the deformation of the piston and  𝛿𝛿𝐶𝐶𝑝𝑝𝑐𝑐𝑝𝑝𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝐶𝐶𝑒𝑒(𝐶𝐶)  is the compliance 
deformation as a function of the force. Moreover, the compliance deformation of the material 
testing machine as a function of force can be seen in Figure 25. 
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Figure 25. Graph illustrating the compliance deformation as a function of force for the machine  
used for the compression test. 

 
Stress data 
If the volume of the material is assumed to be constant the true compressive stress can be 
calculated through equation (21) [17]: 
 
𝜎𝜎𝑘𝑘𝑘𝑘(𝑡𝑡𝐶𝐶𝑡𝑡𝑒𝑒)(𝑡𝑡)  = 𝜎𝜎𝑘𝑘𝑘𝑘(1 + 𝜀𝜀𝑇𝑇𝐶𝐶)                    (21) 

Where σkk(true)(t) is the true volume stress, σkk is the engineering volume stress and εTr is 
the transversal strain. 
 
Calculation of Poisson’s ratio 
Furthermore, two of the experiments had an additional strain gage attached in the 
circumferential direction, this was done to measure the radial strain and thereby measure the 
materials Poisson’s ratio [19]. Poisson’s ratio is measured with the relation in equation (22)  
 
𝜐𝜐 = − 𝜀𝜀𝑇𝑇𝑝𝑝

𝜀𝜀𝐴𝐴𝐴𝐴
                           (22) 

    
𝜀𝜀𝐴𝐴𝑒𝑒 = 𝜀𝜀𝐶𝐶𝑝𝑝𝐶𝐶                    (23) 

 
Where εAx is the axial strain. Additionally, during a compression test of a cylinder the relation 
of equation (23) is valid, where εCir is the circumferential strain. 
 
Calculation of the bulk relaxation modulus 
To extract the compressive properties of the material from the compression test the bulk 
relaxation modulus 𝐾𝐾(𝑡𝑡) needs to be calculated. For linear viscoelastic material the bulk 
relaxation modulus has the relation of equation (24) [14]. 
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𝜎𝜎𝑘𝑘𝑘𝑘(𝑡𝑡) = ∫ 3𝐾𝐾(𝑡𝑡 − 𝜏𝜏) 𝑑𝑑𝜀𝜀𝑘𝑘𝑘𝑘

𝑑𝑑𝑑𝑑
𝑡𝑡
0− 𝑑𝑑𝜏𝜏                  (24) 

 
Where 𝑑𝑑𝜀𝜀𝑘𝑘𝑘𝑘/𝑑𝑑𝜏𝜏 is the volumetric strain rate. Furthermore, in a compression test the 
volumetric strain rate can be expressed by equation (25) seen below: 
 
𝑑𝑑𝜀𝜀𝑘𝑘𝑘𝑘
𝑑𝑑𝑑𝑑

= 𝑑𝑑(𝜀𝜀𝑇𝑇𝑝𝑝+2∗𝜀𝜀𝐶𝐶𝑖𝑖𝑝𝑝)
𝑑𝑑𝑑𝑑

                           (25) 

 
If the deformation speed of the specimen is assumed to be constant during the experiment, the 
resulting strain rate will also be presumed constant, hence,  𝑑𝑑𝜀𝜀𝑘𝑘𝑘𝑘/𝑑𝑑𝜏𝜏 = ε̇𝑘𝑘𝑘𝑘0. Additionally, 
simplifying equation (24) with a variable substitution gives equation (26): 
 
𝑡𝑡′ = 𝑡𝑡 − 𝜏𝜏,     𝑊𝑊ℎ𝑒𝑒𝐶𝐶 𝜏𝜏 = 𝑡𝑡 →  𝑡𝑡′ = 0   ,   𝑊𝑊ℎ𝑒𝑒𝐶𝐶 𝜏𝜏 = 0 →  𝑡𝑡′ = 𝑡𝑡                (26)               

𝑑𝑑𝑡𝑡′ = −𝑑𝑑𝜏𝜏 →  σkk =  ε̇𝑘𝑘𝑘𝑘0 ∫ 3K(t′)t
0− dt′  

 
                         
Differentiating equation (26) gives the following expression: 
 
𝑑𝑑𝜎𝜎𝑘𝑘𝑘𝑘
𝑑𝑑𝑡𝑡

= 3𝐾𝐾(𝑡𝑡)𝜀𝜀�̇�𝑘𝑘𝑘 → 𝐾𝐾(𝑡𝑡) = 𝑑𝑑𝜎𝜎𝑘𝑘𝑘𝑘
𝑑𝑑𝑡𝑡

∙ 1
3�̇�𝜀𝑘𝑘𝑘𝑘0

                          (27) 

 
Moreover, to measure the volumetric strain rate both 𝜀𝜀𝑇𝑇𝐶𝐶 and 𝜀𝜀𝐶𝐶𝑝𝑝𝐶𝐶 needs to be measured 
during the experiment (see equation (25)). This was only done for two experiments, see Table 
3. Therefore, the volumetric change for all the experiments was acquired through taking the 
average value and then multiplied with a factor according to the difference in piston speed. In 
consequence, to acquire the volumetric strain change from only two of the compressive tests 
may give rise to a source of error. 
  
Furthermore, the simulation software COMSOL cannot consider the time dependence of the 
bulk relaxation modulus and therefore assume the bulk modulus to be constant. The elastic 
relation shown below in equation (28) is used by the software to calculate the modulus: 
 
𝐾𝐾0 = 𝐸𝐸0

3(1−2𝜈𝜈)                         (28) 

Where E0 is the elastic tensile modulus which is equal to the relaxation modulus at time 0, 
𝐸𝐸(𝑡𝑡 = 0). In consequence, the model created will use the same condition to compare to the 
experimentally measured bulk modulus 𝐾𝐾(𝑡𝑡). 
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6.3 Tensile creep test 
 
Creep testing at controlled temperature includes quite comprehensive equipment including 
oven chamber for control of temperature, extensometer to measure the deformation and data 
recording equipment for tracking the strain as function of time. The stress is commonly 
achieved by use of weight although more sophisticated systems including hydraulics are 
commonly used. In this work the load was introduced by weights. 
 
 

 
 

Figure 26. The loading unit at Swerea Kimab used for the tensile creep experiments. 

 
The tensile creep test was used to establish the relaxation tensile creep compliance 𝐽𝐽(𝑡𝑡) which 
in turn define the long term mechanical stiffness of the epoxy plug. The setup used for the 
tensile creep test can be seen in Figure 26. 
 

6.3.1 Machine specifications 
 
Model:   Unisteel, Distington Engineering CO.LTD. Chapel Bank  
   Works, Workington  
Type:   2CNC246 NO: 2131C68 
 
Maximum temperature:  1000oC with a tolerance of: ±2°C 
Force tolerance:   ±10N 
 

6.3.2 Material specimen 
 
The dimensions specified for the material specimen are customary designed for the tensile 
creep machine model; therefore, the dimension will deviate from standard norms. However, 
the specimen dimensions have been used frequently and been proven to work according to the 
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Swerea Kimab’s material testing consultants [20], who also were performing the creep 
experiments. The dimensions of the specimen can be seen in Figure 27. 
 

 
 

Figure 27. Illustrating the dimensions of the material specimen used for tensile creep test. 

 

6.3.3 Experimental setup and specification 
 
Two tensile creep tests were conducted, one at a load of 6 MPa and second one at 7 MPa. The 
specimens were heated by a surrounding oven at a constant temperature of 70oC.  
 
Table 4. Shows the amplitude of stresses used for the tensile creep test. 

Creep stress σo 6 MPa 7 MPa 
Number of test 1 1 

 
 
No specific standard was used when conducting the experiment. Instead, the experimental 
procedure was made according to recommendations by Swerea Kimab who also performed 
the creep experiments. 
 
 
Calculation of the creep compliance 𝐽𝐽(𝑡𝑡) 
The creep test data were used to calculate the creep compliance 𝐽𝐽(𝑡𝑡), which was fitted against 
an adequate material model. The creep compliance can be calculated by equation (29) for 
small deformations and strain which is applied by a step load σo𝐻𝐻(𝑡𝑡). Where 𝐻𝐻(𝑡𝑡) is the 
Heavyside function, 𝜎𝜎𝑝𝑝 is a constant stress and ɛ(t) the resulting strain response at time t. 

  
ɛ(𝑡𝑡) = 𝜎𝜎𝑝𝑝 ∙ 𝐽𝐽(𝑡𝑡)  =>   𝐽𝐽(𝑡𝑡)  = ɛ(𝑡𝑡)

𝜎𝜎𝑜𝑜
                 (29) 

However, for large deformations the true stress 𝜎𝜎𝑡𝑡𝐶𝐶𝑡𝑡𝑒𝑒 is notably larger than the assumed 
constant stress 𝜎𝜎𝑝𝑝. Also, the load in the creep test was not applied by a stepping scheme.  
Therefore, the compliance was estimated from the linear viscoelastic relation shown in 
equation (6) [14]. 
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During the creep test the strain 𝜀𝜀(𝑡𝑡) is measured, under the assumption that the material is 
incompressible the change in stress can be derived from the true stress relation in equation 
(13).   

The same numerical procedure as used in equation (14-19) can be used to estimate the creep 
compliance 𝐽𝐽(𝑡𝑡). Consider the numerical expression of equation (6) written below: 

 
 𝜀𝜀𝑝𝑝 = 𝐽𝐽�̅�𝑝 ∗ 𝛥𝛥𝜎𝜎�𝑝𝑝,    𝑖𝑖 = 0,1,2,3 … , 𝐶𝐶                          (30) 

𝐽𝐽�̅�𝑝 = [𝐽𝐽1 𝐽𝐽2 . . 𝐽𝐽𝑝𝑝],  Δ𝜎𝜎�𝑝𝑝 = [𝜎𝜎0 − 𝜎𝜎1 ,  𝜎𝜎2 − 𝜎𝜎1 … ,  𝜎𝜎𝑝𝑝 − 𝜎𝜎𝑝𝑝−1 ] 
 
Where 𝐽𝐽�̅�𝑝 ∗ 𝛥𝛥𝜎𝜎�𝑝𝑝 is the scalar product of the creep compliance vector 𝐽𝐽�̅�𝑝 and inverted stress 
difference vector 𝛥𝛥𝜎𝜎�𝑝𝑝,  at a constant time interval. Thus, numerically representing the 
convolution of the creep compliance 𝐽𝐽(𝑡𝑡) and stress rate 𝜀𝜀/𝑑𝑑𝜏𝜏 . 

Using the same derivation as equation (14) – (19) the creep compliance can be predicted with 
the following relation: 

 
𝐽𝐽𝑗𝑗 = 𝐽𝐽𝑝𝑝𝐶𝐶𝑒𝑒𝑑𝑑𝑝𝑝𝐶𝐶𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝 +  𝜀𝜀𝑗𝑗−𝜀𝜀𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

𝜎𝜎0−𝜎𝜎1
                   (31) 

 
The use of equation (13) to predict the true stress assumes constant volume during 
deformation which might not be completely true and therefor a source for error, however, the 
source of error using engineering stress at large strains is most likely a worse assumption. 
 
 
Relation of creep compliance module and tensile relaxation module 
Furthermore, to compare the resulting fitted model EFit(t) with the creep compliance 𝐽𝐽(𝑡𝑡) 
extracted from the creep experiment, the following relation in the Laplace domain is used:  
 
 
1 = 𝐶𝐶2𝐸𝐸𝐹𝐹𝑝𝑝𝑡𝑡(𝐶𝐶)𝐽𝐽𝐹𝐹𝑝𝑝𝑡𝑡(𝐶𝐶) → 𝐽𝐽𝐹𝐹𝑝𝑝𝑡𝑡(𝐶𝐶) =  1

 𝑝𝑝2𝐸𝐸𝐹𝐹𝑖𝑖𝐹𝐹(𝑝𝑝)
                       (32) 

 
Inverse Laplace transformations on both sides results in: 
 
 
𝐽𝐽𝐹𝐹𝑝𝑝𝑡𝑡(𝑡𝑡) =  ℒ−1 � 1

 𝑝𝑝2𝐸𝐸𝐹𝐹𝑖𝑖𝐹𝐹(𝑝𝑝)
�                               (33) 

 
The transformation of Eqn. (31) to Eqn. (32) assumes linear viscoelastic material properties. 
The derivation of Eqn. (32) can be seen more in detail in APPENDIX section 1.1.1. Additional 
information can be found in a wide variety of literature on basic viscoelastic theory [14]. 
 
  

44 
 



6.4 HFC 
 
Isothermal heat flow calorimetry (HFC) refers to a calorimetric technique to measure the rate 
of heat production (heat evolved) during isothermal conditions, i.e. constant temperature. 
In contrast to DSC (see section 6.5) HFC high sensitivity and long-term stability is required 
when studying e.g. curing of slow epoxy resins.  
 
The instrument used was an 8-channel isothermal twin calorimeter, i.e. TAM Air (TA 
Instrument, Inc.). Each channel contains a sample and a reference holder (hence the use of 
twin calorimeter) to increase sensitivity.  
 
 

 
 

Figure 28. The equipment used to make the isothermal HFC analysis. 

 

6.4.1 Specifications during a 24 hour cycle 
 
Model:  TAM Air (TA Instrument Inc) 
Principle:  Heat flow calorimeter of twin type 
Thermostat stability: ±0.02 °C  
Limit of detection: 4 µW 
Short-term noise: <±40 µW 
Deviation:  <±10 µW 
Error:  <±23 µW 
 
 

6.4.2 Samples 
 
1-2 gram of the epoxy resin to be tested was loaded into a 20 cc glass ampoule at the 
measuring temperature (70°C) and subsequently closed using rubber lid. 
 
 

6.4.3 Experimental setup 
 
Typically 1-2 g of the epoxy formulation (resin) was tested by loading the epoxy into a 20 cc 
glass vessel under ambient atmosphere. An empty 20 cc glass vessel was used as reference. 
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The sample and the reference ampoules were loaded into the twin cell. After reaching thermal 
equilibrium within 2 hours the heat flow due to the curing reaction was recorded continuously 
as function of time. Time zero was defined as the time when the sample was loaded into the 
test cell at which the curing actually starts. Tests were typically made until the heatflow 
reached a maximum and showed a significant decreasing tendency indicating that curing had 
proceeds beyond the Gel point. 
 

6.5 DSC 
 
Differential Scanning Calorimetry (DSC) is a calorimetric technique that is widely used to 
characterize polymer properties as a function of temperature, time and atmosphere. A major 
advantage is the small amount of sample required typically less than 10 mg. A twin cell 
consisting of a sample and a reference is used for highest sensitivity. The test cell is purged 
with a gas, e.g. nitrogen, air or oxygen. DSC contains a twin sample holder for sample and an 
inert reference. DSC makes use of a feedback loop to maintain the sample at the same 
temperature as the reference by increasing or decreasing the heating power to the sample. The 
set temperature can be constant or defined to increase with a certain rate, e.g. 1 K/min. If the 
sample and reference has the same temperature and the same heat capacity no different in 
power supply to the sample relative the reference will occur. However, in case of any 
exothermic (heat is formed) or endothermic process (heat is consumed) in the sample the 
heatflow to the sample must be reduce or increased respectively. 
 
The results are commonly reported as heatflow as function of time or temperature. 
 
The results can be used to determine phase transitions such as the melting temperature and the 
glass transition temperature (Tg) of a sample. In addition, DSC is commonly used to study 
curing of thermoset determining Tg and conversion. 
 
A DSC instrument from Mettler Toledo was used to determine the glass transition 
temperature and the conversion of the epoxy composite. The equipment used can be seen in 
Figure 29. 
 

 
 

Figure 29. The equipment used to make the DSC analysis. 
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6.5.1 Specifications 
 
Model:   DSC 821e/700 (Mettler Toledo) 
Temperature interval:  -90°C – 700o°C 
Purge gas:  Nitrogen 
 
 

6.5.2 Samples 
 
The samples used for the DSC analysis consisted of about 10 mg sample taken from a 
representative location of a test specimen. The sample was placed in a small aluminium 
capsule which was inserted to the DSC instrument. The sample holders can be seen in Figure 
30. 
 

 
 

Figure 30 material specimens for the DSC analysis, 10 mg of each material is put in an aluminium container before placed in 
the machine. Box 2 is the non-cured material and Box 3 is the cured material. 

 
 

6.5.3 Experimental setup 
 
The temperature was increased from 25 to 300°C using a heating rate of 1 K/min.  
The sample was flushed with dry nitrogen to avoid oxidation or hydrolysis.  
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6.6 DMA 
 
Dynamic Mechanical Analysis (DMA) is a technique that is widely used to characterize 
polymer properties as a function of temperature, time, stress, frequency and atmosphere. A 
test specimen with known geometry is subjected to a sinusoidal deformation (or load), in 
time, as function of a linearly increasing temperature. The corresponding response in stress 
(or strain) is monitored.  
 
Experiments are carried out using test specimens of typically 10 x 20 x 2 mm (or less) starting 
at low temperature and gradually increasing the temperature with a constant heating rate of 
typically 0.5-10 K/min at a selected frequency. Experiments are commonly carried out in 
nitrogen atmosphere to avoid risk for oxidation of the sample.  
 
The results are commonly reported as Storage modulus, Loss modulus and tan 𝛿𝛿 (loss angle) 
as function of temperature. The storage modulus is a measure of the elastic behaviour i.e. the 
ratio of the stress amplitude and resulting deformation applied during the experiment. The 
loss modulus is the stiffness lost in the material as a function of temperature. The fraction of 
the loss- and storage modulus is defined as tan 𝛿𝛿 and is often termed the loss angle or the 
damping. Hence, it is a measure of the energy dissipation of a material. The glass transition 
temperature (which in fact is a temperature range) can be evaluated from the temperature 
region where a significant decrease in loss modulus is achieved.  A DMA instrument from 
Perkin Elmer was used to determine the glass transition temperature of the epoxy composite. 
The equipment used can be seen in, see Figure 31. 
 
 

 
 

Figure 31. The DMA machine used to establish the mechanical properties in regards of time. 

 
 

6.6.1 Machine specifications 
 
Model:   Triton Technology 2000 DMA (PerkinElmer) 
Temperature interval:  -100 to +400 °C  
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6.6.2 Material specimen 
 
The specimen for the DMA analysis had the shape of a rectangular block, the dimensions of 
the specimen can be seen in Table 5 and a picture of the specimens can be seen in Figure 32. 
Typical specimen dimensions for a DMA analysis is 20x10x2 mm although some variations 
are accepted. 
 

 
 

Figure 32. Showing the material specimens used for the DMA analysis. The material not subjected for post-curing is 
displayed to the left while t specimen exhibited to post-curing is shown to the right. 

 
 

Table 5. Dimension data for the DMA specimens. 

Dimensions [mm] Cured 70○C 30 days Cured 70○C 30 days + 120○C 3 
days 

Thickness  3.61 4.03 
Length 15.54 15.64 
Width 11.58 10.93 

 
 

6.6.3 Experimental setup and specification 
 
The temperature interval for the experiment was chosen between 25-130 ○C with a stepping 
time of 2○C/min. The frequency was selected to 1 Hz with a force of 0,5 N. 
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7 Material models 
 
The material model selected should preferentially fit to the experimental results of all 
experiments performed, i.e. tensile testing, stress relaxation, creep and compression. 
 
This section will describe the material model used to fit the experimental data, hence, defining 
the material behaviour used in the simulations. 
 
 

7.1 Model candidates  
 
Three different types of models were considered to describe the response acquired from the 
tensile- , stress relaxation-, creep- and compression testing.  
 

• Hyperelastic material models 
• Linear viscoelastic models 
• Non-linear viscoelastic models 

 
With reference to the following arguments a linear viscoelastic model known as the 
Generalized Maxwell model was chosen: 
 

1. Experimental results suggested that the load case is within the linear viscoelastic 
region of the epoxy plug and therefor a Non-linear viscoelastic model would be 
redundant. 
  

2. The material was proven to be in the glassy state since the employment temperature is 
below Tg. Additionally, the material is not incompressible. Hence, a Hyperelastic 
model would be considered inadequate for this material [21]. 
  

3. The polymer was not sufficiently described with a single relaxation time and did not 
flow unrestricted during deformation. Consequently, simpler viscoelastic models such 
as the Maxwell model and the Standard linear solid element were insufficient [22]. 
 

4. The Generalized Maxwell model is the most general form of the linear viscoelastic 
material model which can be customized to a wide range of relaxation times [22]. 
 

5. The Generalized Maxwell model is a widely used and accepted linear viscoelastic 
material model which is incorporated into to the simulation software ANSYS and 
COMSOL Multiphysics making the FEA simulations much easier. 
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7.2 Model selected  
 
Although there are different linear viscoelastic models the Generalized Maxwell model (also 
known as the Wiechert Model) is the most general form of the linear viscoelastic properties of 
a polymer and for this reason, was selected for use.  
 
The model comprises a single spring which is in a parallel with an arbitrary number of 
Maxwell elements. Each Maxwell element consists of an elastic spring and viscous dashpot in 
series [22]. An illustration of the generalized Maxwell model can be seen in Figure 33.  
 

 
 

Figure 33. Shows an illustration of the Generalized Maxwell model, consisting of one spring that is in parallel with an 
arbitrary number of branches that each contains a spring series coupled with a dashpot. 

 
A spring represents the instantaneous response to a load (σ), i.e. elastic deformation while a 
dashpot represents the time dependent response (viscous response). The total strain as 
function of a constant load of a viscoelastic material can be adequately modelled by selecting 
sufficiently large number (N) of Maxwell elements. The individual Maxwell elements can be 
interpreted to represent the time dependent deformation in to a load of individual molecule 
segments in the polymer. Each Maxwell element will be characterised by an individual 
relaxation time. Hence, the model comprises a distribution of several relaxation times, which 
in return produce a total and more reflecting relaxation time customized for each polymer. 
The total stress 𝜎𝜎𝐺𝐺𝐺𝐺𝐺𝐺 transmitted by the model is the sum of stress from the initial isolated 

spring 𝜎𝜎𝑒𝑒, stiffness Ee (in Figure 33) and the stress of each individual Maxwell element σI. 
 
𝜎𝜎𝐺𝐺𝐺𝐺𝐺𝐺 = 𝜎𝜎𝑒𝑒 + ∑ 𝜎𝜎𝐼𝐼𝑁𝑁

𝐼𝐼=1                        (34) 

 
Constitutive relation of the Generalized Maxwell model 
To get the adequate constitutive relations for the Generalized Maxwell model, first, one has to 
derive the constitutive relation for a single standard linear solid element, shown in Figure 34. 
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Figure 34. An illustration of the standard linear solid element. The model consists of one spring in parallel with a single 
Maxwell element. 

 
Expressing the total stress 𝜎𝜎 of the linear solid element: 
 
𝜎𝜎 = 𝜎𝜎𝑒𝑒 +  𝜎𝜎𝑐𝑐                  (35) 

Where 𝜎𝜎𝑒𝑒 is interpreted as the stress carried by the spring and 𝜎𝜎𝑐𝑐 is the stress carried by the 
Maxwell element. Furthermore, the governing differential equation of the Maxwell element is 
expressed as following [22]: 
 
𝐸𝐸1

𝑑𝑑ɛ(𝑡𝑡)
𝑑𝑑𝑡𝑡

= 𝑑𝑑𝜎𝜎𝑚𝑚(𝑡𝑡)
𝑑𝑑𝑡𝑡

+ 1
𝜏𝜏0
𝜎𝜎𝑐𝑐(𝑡𝑡)                                (36) 

 
Where 𝐸𝐸1 is the stiffness of the Maxwell element and 𝜏𝜏0 is the coefficient describing the ratio 
of stiffness in regards of the viscosity coefficient Ƞ: 
 
𝜏𝜏0 = Ƞ

𝐸𝐸1
                          (37) 

The next step is to use the Laplace transformation on equation (36) to simplify the expression 
and get the following relation: 
 
ℒ �𝐸𝐸1

𝑑𝑑ɛ(𝑡𝑡)
𝑑𝑑𝑡𝑡
� = 𝐸𝐸1𝐶𝐶ɛ� = 𝐶𝐶𝜎𝜎�𝑐𝑐 + 1

𝜏𝜏0
𝜎𝜎�𝑐𝑐                   (38) 

 
s is the Laplace variable, ɛ � is the strain in Laplace domain and σ�m is the stress generated by 
the Maxwell element in Laplace domain.  Henceforth, variables expressed with an over-line 
are regarded as time dependent.  
 
Solving for σ�m in equation (38) will get an expression for the stress generated by a single 
Maxwell element: 
 
𝜎𝜎�𝑐𝑐 =  𝐸𝐸1𝐶𝐶 ∗ [𝐶𝐶 + 1

𝜏𝜏0
]−1 ∗ ɛ�                                              (39) 

Adding the spring stress 𝜎𝜎�𝑒𝑒 = 𝐸𝐸𝑒𝑒𝜀𝜀 ̅ to the equilibrium of the linear solid element showed in 
equation (35) will produce the concluding stress expression: 
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𝜎𝜎� = 𝐸𝐸𝑒𝑒𝜀𝜀̅+ 𝐸𝐸1𝐶𝐶 ∗ [𝐶𝐶 + 1
𝜏𝜏0

]−1 ∗ ɛ� =  �𝐸𝐸𝑒𝑒 + 𝐸𝐸1𝐶𝐶 ∗ [𝐶𝐶 + 1
𝜏𝜏0

]−1� ɛ�                 (40) 

 
Furthermore, by adapting the stress formulation of the linear solid element found in equation 
(35) one can express the stress equilibrium of the Generalized Maxwell model: 
 

𝜎𝜎�𝐺𝐺𝐺𝐺𝐺𝐺 = 𝜎𝜎�𝑒𝑒 + � 𝜎𝜎𝚥𝚥�
𝑁𝑁

𝐼𝐼=1
 =  �𝐸𝐸𝑒𝑒 + ∑ 𝐸𝐸𝑗𝑗𝐶𝐶 ∗ [𝐶𝐶+ 1

𝜏𝜏𝑗𝑗
]
−1

𝑁𝑁
𝐼𝐼=1 � ɛ�                  (41) 

Finally, to express the stress in time domain the reverse Laplace transform is used on equation 
(41) which results in the following equation: 
 

𝜎𝜎𝐺𝐺𝐺𝐺𝐺𝐺(𝑡𝑡) = ℒ−1(𝜎𝜎�𝐺𝐺𝐺𝐺𝐺𝐺(𝐶𝐶)) =  �𝐸𝐸𝑒𝑒 +  ∑ 𝐸𝐸𝐼𝐼𝑒𝑒
(−𝐹𝐹𝜏𝜏𝐼𝐼

) 𝑁𝑁
𝐼𝐼=1 � 𝜀𝜀𝑝𝑝𝑝𝑝𝑡𝑡                                (42)

   

Where εint is the first initial elastic strain and t is the time of loading. Additionally, it should 
also be known that the derived relation in the above equation is only valid if 𝜀𝜀𝑝𝑝𝑝𝑝𝑡𝑡  is a step 
strain. 
 
Moreover, the resulting expression from equation (42) displays how the stiffness can be 
expressed in the form of a so called Prony series. Both the shear and bulk relaxation modulus 
can be expressed in a similar fashion: 
 

𝐺𝐺(𝑡𝑡) = 𝐺𝐺𝑗𝑗 +  ∑ 𝐺𝐺𝐼𝐼𝑒𝑒
(−𝐹𝐹𝜏𝜏𝐼𝐼

)𝑁𝑁
𝐼𝐼=1                          (43) 

𝐾𝐾(𝑡𝑡) = 𝐾𝐾𝑗𝑗 +  ∑ 𝐾𝐾𝐼𝐼𝑒𝑒
(−𝐹𝐹𝜏𝜏𝐼𝐼

)𝑁𝑁
𝐼𝐼=1                          (44) 

The relaxation moduli expressed by the Prony series can then be fitted to a wide range of 
linear viscoelastic materials customized by adding an adequate amount of Prony terms; 

∑ GIe
(−tτI

)N
I=1 .  Additionally, the model is widely used and incorporated to several of the 

commercial FEA simulation software. 
 
Furthermore, since the Generalized Maxwell model is a linear viscoelastic model, only small 
deformations, i.e. the resulting displacement is much smaller than any relevant body 
dimension, are sufficiently predicted with this model [4]. 
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7.3 Model fitting 
 
Error function to minimise  
The first step in fitting experimental data to the GM-model is to create a representing initially 
straight line with an additional slope at the end. The line was fitted to the relaxation modulus 
data acquired from the tensile and relaxation tests. The expression for the log line function 
can be seen in equation (45):  
 
𝑦𝑦(𝑡𝑡) = 𝐶𝐶1 ∙ 𝑡𝑡𝑐𝑐 + 𝐶𝐶2 ∙ 𝑒𝑒

−𝐹𝐹𝜏𝜏  ,  𝑚𝑚 = log �Δy2
Δy1

� ∗ log(Δ𝑡𝑡2
Δ𝑡𝑡1

)
−1

                     (45)
  

The initial fitting is done manually by adjusting the parameters; 𝑚𝑚 which defines the slope of 
the line in log domain, C1 which refers to the instantaneous modulus 𝐸𝐸0, hence the stiffness at 
time 0. The exponential expression 𝐶𝐶2 ∙ 𝑒𝑒

−𝐹𝐹𝜏𝜏 is a dummy term which denotes the time where 
the slope of the line should decline and converge to a constant value of the relaxation modulus 
achieved at longer times (𝐸𝐸(𝑡𝑡 → ∞)), i.e. the long term stiffness relaxation modulus E∞. 
Furthermore, to compare the resulting fitted line to the creep compliance acquired from the 
creep tests, the Laplace relation shown in equation (33) were applied.  
 
Curve fitting routine 
Once an adequate tensile relaxation function 𝑦𝑦(𝑡𝑡) was attained, the model fitting of the 
Generalized Maxwell model was performed, i.e. fitting 𝑦𝑦(𝑡𝑡) to an adequate Prony series. 
Since the simulation software requires the shear relaxation modulus as input data, the linear 
elastic relation of the shear and tensile modulus is used to transform the tensile relaxation 
function y(t) into shear relaxation [14] according to equation (46): 
 
𝐺𝐺𝑦𝑦(𝑡𝑡) = 𝑦𝑦(𝑡𝑡)

2(1+𝜈𝜈)
                          (46) 

Where ν is the Poisson’s Ratio estimated from lateral contraction ratio measured in the 
compression test. 
 
Moreover, a built-in curve-fitting routine (lsqcurvefit.m) of MATLAB (The MathWorks, Inv, 
Natick, MA) was used to fit the data attained from the shear relaxation function 𝐺𝐺y(𝑡𝑡). The 
curve fitting routine uses a nonlinear least-square algorithm to optimize a set of design 
variables to minimize the sum of the square error. The optimization description can be seen in 
equation (47) [23]. 
 
𝑚𝑚𝑖𝑖𝐶𝐶
𝑒𝑒

1
2
‖𝐶𝐶(�̅�𝑒, 𝑒𝑒𝑑𝑑𝐶𝐶𝑡𝑡𝐶𝐶) − 𝑦𝑦𝑑𝑑𝐶𝐶𝑡𝑡𝐶𝐶‖2 = 𝑚𝑚𝑖𝑖𝐶𝐶

𝑒𝑒

1
2
∑ (𝐶𝐶(�̅�𝑒, 𝑒𝑒𝑑𝑑𝐶𝐶𝑡𝑡𝐶𝐶𝑝𝑝) − 𝑦𝑦𝑑𝑑𝐶𝐶𝑡𝑡𝐶𝐶𝑝𝑝)2𝑐𝑐
𝑝𝑝                       (47) 

The xdata is represented by the time and ydata is the value of the shear relaxation 
modulus 𝐺𝐺𝑦𝑦(𝑡𝑡). The �̅�𝑒 represents a vector of the design variables of the model, which will be 
the shear modulus coefficients Gi and relaxation times τi from equation (43), the design 
variables is listed in Table 6. 
 
The curve-fitting routine requires inputs of initial guesses as well as lower and upper limit 
bounds for the design variables. For the modulus coefficients GI the initial guess was set to 
100 MPa, the lower bound was set to zero, as negative values would represent an unrealistic 
physical property, lastly the upper bounds were set to ∞.  
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Simplification 
To facilitate the curve fitting algorithm each relaxation time constant was bound to a separate 
decade, for instance the first relaxation time constant had a lower bound of 0.1 and an upper 
bound of 10, the second relaxation constant would then have a lower bound of 10 and upper 
bound of 100 until all the decades contained within the values of the function 𝐺𝐺𝑦𝑦(𝑡𝑡) is 
covered. Additionally, the initial value of the relaxation times was set to the lower bound 
value for each constant. Furthermore, the number of Prony parameters used was iteratively 
increased until a sufficient fit to relaxation function was attained, an illustration of the 
simplification scheme can be seen in Table 6. 
 
 

Table 6. Showing how the design variables initial value, lower bound and upper bound was set in the curve fitting routine.   

Design variables Initial value Lower bound Upper bound 
𝑮𝑮𝟏𝟏 1e7 [Pa] 0 ∞ 
𝝉𝝉𝟏𝟏 0.1  0.1 10 
𝑮𝑮𝟐𝟐 1e7 [Pa] 0 ∞ 
𝝉𝝉𝟐𝟐 10 10 100 
… … … … 
𝑮𝑮𝒏𝒏 1e7 [Pa] 0 ∞ 
𝝉𝝉𝒏𝒏 1e(n-2) 1e(n-2) 1e(n-1) 
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8 Simulation 
 
The simulations were done in ANSYS as well as COMSOL Multiphysics to further validate 
the material model using the same material model, load cases and boundary condition. 
 

8.1 Procedure 
1. Define the geometry of the epoxy seal that will be subjected to a differential pressure. 
2. Define boundary conditions 
3. Optimise the mesh 
4. Define the physics that apply, i.e. the Generalized Maxwell model and make use of the 

material parameters obtained from the fitting the material model to experimental data. 
5. Define load cases 
6. Enter requested data 
7. Perform the simulation 

 

8.2 Geometric model 
 
A geometrical representation with dimensions of the epoxy plug modelled in COMSOL can 
be seen in Figure 35. 

  
 

Figure 35. A 3D-model made in COMSOL of the epoxy plug with describing dimensions. 
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8.3 Load cases 
 
Two load cases have been considered representing a worst and an ideal load scenario. It 
should be noted that other load scenarios as well as other parameters such as adhesion may 
occur for real operation. 
 
 

                       
 
Figure 36. A picture showing the 2D axissymetric model of two load cases. Left: Load case 1: No slip, displaying load and 
boundary conditions. Right: Load case 2 - Allowed Slip where the epoxy plug only attaches to the oil pipe. 

 

8.3.1 Load case 1: No slip 
 
This load case simulates the most ideal situation where the epoxy plug attaches fully to the 
production casing as well as the surrounding surface. The model is simulated in 2D with an 
axisymmetric boundary condition. The attachment is simulated by locking all degrees of 
freedom on the outer lines. The load is simulated by a pressure of 250 Bar applied at the top 
of the plug, a picture illustrating the model and boundary conditions can be seen in Figure 36. 
Furthermore, the simulation will apply the forces of a duration equivalent to one year of time 
to investigate the creep deformation and stress relaxation. 
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8.3.2 Load case 2: Allowed Slip 
 
This load case simulates the worst scenario where the epoxy only attaches to the production 
casing and not the surrounding surface. This is also simulated with an axisymmetric boundary 
condition, the attachment to the pipe is simulated with locking all degree of freedom on the 
inner line. The contact to the outer surface is simulated with a contact element exhibiting no 
friction, hence, making it possible for the plug to slide against the wall without resisting 
frictional forces and also not penetrate the surface. An illustrative picture can be seen in 
Figure 36. Furthermore, the simulation will apply the forces equivalent to one year of time to 
investigate the creep deformation and stress relaxation. 
 
Moreover, the second load case was not modelled with COMSOL since ANSYS was more 
efficient in computing viscoelastic contact problem,  it required a lot of time to get a 
converging solution in COMSOL, the issue is further discussed in section 11.3 Simulation 
software evaluation.   
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8.4 Meshing procedure 
 
In FEA simulations adequate meshing is of most importance, the mesh is a grid surrounding 
the model that consists of a continuous set of finite elements which is connected through 
nodes. The mesh is programmed to contain the material and structural properties defined by 
the structure which is to be modeled. Smaller mesh size, i.e. more elements per unit volume 
and consequently a larger number of degree of freedom (DOF), often results in a more 
accurate solution in regions with high stresses. However, smaller mesh size also leads to 
higher computation times [24].  
 
In ANSYS, to apply an axis symmetric condition and simultaneously apply viscoelastic 
material properties, SOLID272 elements were used. For load case 2 where an additional 
boundary condition was needed, a frictionless contact condition between the epoxy plug and 
the surrounding wall was therefor used. The element pair used for the contact was 
TARGET169 and CONTA172. Additionally, a combined Lagragian multiplier penalty 
algorithm was used simulating the contact boundary.  Moreover, the analysis was done 
considering non-linear geometrical effects. 
 

 

 
 

Figure 37 . A picture displaying the elements used for the simulations of the epoxy plug. 

 
Mapped 2D-axissymetric elements with the automatic mesh-size option “Extremely fine” 
were used for the COMSOL simulations, the resulting mesh can be seen in Figure 38.  
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Figure 38 . Mapped mesh with 2D-axissymetric elements 

Computer specifications and run times 
The simulations were run on computer with a memory capacity of 8 Gbit RAM with an 
Intel® Core™ i5- 3470  CPU @ 3.2GHz and a Windows 7, 64 Bit operating system. 
 
The simulations in ANSYS had roughly 4500 DOF and a computation time of 2 min for load 
case 1 and 2.5 min for load case. The COMSOL simulation had 900 DOF with a computation 
time of 40 seconds on load case 1. The DOF is lower in COMSOL due to troubleshooting 
with convergence when finer mesh is applied; issue is further discussed in section 11.3 
Simulation software evaluation. 
 
Moreover, ANSYS is more oriented into structural mechanic simulations and has more 
options with reference to mesh types, loading and boundary conditions etc. COMSOL 
Multiphysics on the other hand is more adapted for multi-physic simulations and includes user 
interfaces for different types of physics such as structural mechanics, heat transfer, fluid 
dynamics among others. Both software were used to confirm that the same results were 
achieved.  
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9 Results 
 

9.1 Curing characteristics 
 
 

9.1.1 HFC 
 
The rate of curing was monitored by the use of isothermal heat flow calorimetry (HFC) in 
terms of heat flow. The reactivity of the epoxy formulation used was designed to avoid self-
heating in an epoxy seal with a thickness of 100 mm when cured at 70°C. Figure 39 shows 
the progress of curing in terms of heat flow. For the epoxy formulation used it will take about 
1 day to reach No Flow and about 2 days to reach the Gel point after which the stiffness starts 
to increase. At the Gel point the rate of curing will decreases due to vitrification which is 
associated with a decrease in the rate of curing after about 2 days. 
 
Figure 40 shows the energy evolved (integral of the graph in Figure 39). The Gel point was 
reached after about 3 days (corresponding to abut 175 J/g evovled energy) which roughly 
crreponds to a conversion of 175/450=40% assuming a total energy of curing as determined 
by DSC (see section 9.1.2).   
 
Figure 41 shows heatflow vs. heat evolved which basically represents the rate of curing as 
function of the progress of curing (conversion). At complete curing the graph is expected to 
level out at a constant level corresponding to the total energy evolved. However, after 72 
hours the graph still increases. It is tempting to determine the maximum energy (Qmax) 
evolved at complete reaction from extrapolation the energy that is obtained for zero heatflow. 
This procedure would give roughly 250 J/g. However, due to vitrification, the rate of curing 
will become very slow but would proceed for a long time and hence, Qmax will increase with 
time. The total energy (Qtot) as determined from DSC (see section 9.1.2) was 450 J/g. The 
results indicate a conversion of 250/450=56 % after 3 days of curing at 70°C.  
 
It should be noted that the samples used for the mechanical characterisation were cured at 
70°C for 30 days, i.e. 10 times longer in order to ensure a higher of conversion which will 
improve the stiffness of the epoxy. Due to vitrification it is expected that the stiffness will 
increase even further beyond 30 days during curing at 70°C. 
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Figure 39. Heatflow vs. time during isothermal curing at 70°C of the epoxy formulation studied (FX12). The downward 
direction of the blue arrow indicates an exothermic reaction. 

 
   
 

 
 

Figure 40. Heat evolved vs. time during isothermal curing at 70°C of the epoxy formulation studied (FX12). The downward 
direction of the blue arrow indicates an exothermic reaction. 
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Figure 41. Heatflow vs. Heat evolved during isothermal curing at 70°C of the epoxy formulation studied (FX12). The 
downward direction of the blue arrow indicates an exothermic reaction. 

 
 

9.1.2 DSC 
 
DSC was used to study to study the curing process of epoxy under temperature scanning 
conditions and to determine the conversion and glass transition of the epoxy sample cured at 
70°C for 30 days. The absolute temperature where the peaks appears depends on the scanning 
rate used, i.e. 1 K/min in the present study. For higher scanning rates the peaks will appear at 
higher temperatures. 
 
Figure 42 shows the thermogram for the epoxy formulation used (resin) and the sample cured 
at 70°C for 30 days. The thermogram of the resin indicates the presence of several types of 
epoxy as expected with reference to the epoxy formulation used. The appearance of 
exothermic peaks at different temperatures indicates the presence of epoxy resins with 
different reactivity. The epoxy resins corresponding to higher temperature will take longer 
times to react at 70°C. After 290°C endothermic contributions could be seen indicating 
evaporation of resin and/or due to thermal degradation. Above 300°C exothermic 
contributions indicate thermal degradation. 
 
Since the DSC analysis was run from 25 to 300°C all epoxy was cured (100% conversion) 
and hence, the total energy evolved during curing was estimated to 450 J/g, se right axis in the 
figure).  
 
The sample cured at 70°C for 30 days prior the DSC analysis shows no peak around 140 
indicating that the major epoxy resin used is fully react. However, parts of the other epoxy 
resins used are still uncured after 30 days at 70°C since the energy evolved is about 150 J/g 
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indicating the portion of non-cured epoxy.  From the results the conversion can be estimated 
to (450-150)/450=67 %. 
 
The results indicate that the conversion will increase further beyond 30 days at 70°C. The 
glass transition temperature is associated with a change in heat capacity of the epoxy. This is 
reflected as a shift of the baseline during a DSC analysis. From Figure 42 the thermogram of 
the cured sample indicate that Tg is close to 82°C, i.e. about 12°C higher compared to the 
curing temperature.  Due to the relatively low conversion Tg is expected to increase further on 
on-going curing beyond 30 days at 70°C. 
 
 

 
 
Figure 42. DSC thermogram for uncured resin and for sample taken from the bulk of the annulus specimen after curing at 
70°C for 30 days. Thermogram has been corrected assuming a linear baseline fluctuation and shifted to zero. Green dotted 
graph indicate an anticipated curing behaviour of only the main peek. Negative values on the left y-axis refer to exothermic 
processes, e.g. curing of epoxy.  

 
The total energy evolved during complete curing of the epoxy formulation is 7.5 (J/g). A DSC 
run on the sample cured at 70°C for 30 days reveals that some of the epoxy remains uncured 
corresponding to 2.5 J/g. The conversion can be calculated to be 67 %. This relatively low 
conversion is due to vitrification. Curing will gradually continue during use at 70°C. 
However, although a relatively low conversion, the Storage modulus has proven to be about 
1.4 GPa for this sample. Hence, the conversion has increased from 56 to 67% during 27 days 
of curing at 70°C confirming the retarding effect of vitrification on the rate of curing. 
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9.1.3 DMA 
 
DMA was used to determine the change in modulus (stiffness) as function of temperature for 
two samples cured at 70°C for 30 days. Test was made before and after additional post-curing 
at 120°C for 2 days. 
 
The DMA thermogram is shown in Figure 43. The epoxy only cured at 70°C for 30 days 
exhibit a higher stiffness and lower temperature dependency compared to the epoxy that was 
subjected to additional post-curing at 120°C for 2 days. 
 
Since this epoxy is designed for use at 70°C it will according to the results exhibit a modulus 
of 1.25 GPa after curing at 70°C for 30 days. However, the sample used in this work was 
subjected to post-curing. Hence, the storage modulus at 70°C will be about 1 GPa. The results 
demonstrates the  dramatic effect of temperature on the modulus which will transform the 
epoxy seal from a glassy to a rubber like material if the temperature exceeds 80°C. 
 
The definition of Tg from DMA analysis require a definition since the glass transition 
temperature (Tg) is not a unique transition temperature but rather defines a temperature range 
during which motions of individual molecule are initiated.  From practical point of view Tg 
can be considered as the temperature at which the modulus has fallen with 75% from its value 
in the glassy state (at 20°C) at which the material exhibit essentially a stiffness that has not 
changed too much. Using this definition Tg can be estimated to be close to 85°C after curing 
at 70°C for 30 days.  For the epoxy subjected to additional post-curing Tg can be estimated to 
be close to 70°C, i.e. close to the operating temperature. It should be noted that Tg is expected 
to continue slowly increase with further increased conversion. Furthermore, the epoxy used in 
a real well will not be subjected to post-curing, i.e. the stiffness will be somewhat higher. 

 
 
Figure 43. Shows the DMA results of one specimen (red line) cured for 70oC and one specimen (blue) that in addition was 
subjected to post-curing at 120°C for 42 hours. The green line refer to the employment temperature of 70oC. 
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9.2 Characterisation of viscoelastic properties 
 

9.2.1 Tensile test 
 
The tensile tests show consistent results for each strain rate; Figure 45 shows that the 
instantaneous tensile modulus E0 is approximately 2 GPa and the long term modulus E∞ 
reaches 40 MPa. Figure 44 shows that at high strain rates the fracture strains reach 15-22%, at 
low strain rates the fracture strain differs between 30-40%.  
 
Moreover, at the highest strain rate resulted from the piston speed of 5 [mm/min] show 
identical stress-strain results as the tests performed at rates of 3,75 [mm/min], see Figure 44, 
Figure 45. This may be a consequence of the deformation rate which suggests that at speeds 
close to 3.75 mm/min (or higher) the creep deformations and relaxation will not have time to 
develop, hence, the experiment only measure the instantaneous tensile modulus E0 of the 
material which is similar regardless the strain rate. 
 

  
 

Figure 44. True stress-strain curve of the tensile test with three different strain rates. 
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Figure 45. Resulting relaxation modulus from the tensile tests with three different strain rates. 

 

9.2.2 Compression test 
 
The stress-strain curve in Figure 46, shows consistent results between the compressive tests 
and also a distinct viscoelastic behaviour of increased relaxation modulus with increasing 
strain rate, the fracture strain is approximately 40 % for all the experiments. 
 
Moreover, the experiments measuring the lateral contraction, Figure 47, shows a lot of scatter 
giving an initial value between 𝜈𝜈(0) = 0.4-0.45. Therefore, the results are inconclusive. 
 
The measured bulk relaxation modulus in Figure 48, shows a value of approximately 2 GPa 
for all the tests except the compressive test with a piston speed of 3.75 mm/min. This suggests 
a non-linear relationship between strain rate and compressive stiffness. Moreover, it is also 
worth mentioning that the bulk relaxation modulus is calculated based on the volume change 
of two experiments, which differ with a factor of two, this gives a lot of uncertainty in the 
resulting data, see Table 7.  

 
Table 7. Shows the result of the volume change rate of two compression tests compressed with a piston speed of 0.01 
mm/min 

 Experiment 1, Piston 
speed 0.01 mm/min 

Experiment 2 Piston 
speed 0.01 mm/min 

Average Speed 
mm/min 

Volume change 𝒅𝒅ɛ𝒌𝒌𝒌𝒌
𝒅𝒅𝒅𝒅

 -2.2681e-6 -6.8996e-7 0.8e-6 
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Figure 46 .True stress-strain curve resulting from 5 different compression tests at different strain rates. 

 

 

 

Figure 47. the ratio of transversal and axial strain from two compression test with a piston speed of 0.01 mm/min. 
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Figure 48. The resulting Bulk relaxation modulus from compression tests with three different straine rates. 
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9.2.3 Relaxation test 
 
The relaxation tests were very consistent and showed a long term modulus E∞ of 
approximately, 10-15 MPa. The data at small times shows large oscillations; this is due to that 
the numerical predictor calculating the stiffness, requires large time steps for experiments 
with long durations, in return it will not capture the initial stiffness accurately, see Figure 49.  
 
 

 
 

Figure 49. Resulting relaxation modulus from the relaxation test of a approximatley constant strain of 10%. 
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9.2.4 Tensile Creep test 
 
Figure 50 Shows that the creep test conducted at 7MPa only lasted for about ten days duration 
and had a rupture strain of 38%, the test with a 6MPa load lasted for 50 days and had a 
rupture strain of 50%. The short duration of the first test may be cause by imperfection in the 
specimen. The creep compliance varies from 1.6e-7 – 2.4e-7MPa−1. Furthermore, data 
acquired earlier than 1000 seconds is uncertain; because is during the duration of ramping up 
the load to a constant level. Therefore the stress is not accurately measured at earlier times. 
 

 
 

Figure 50. Strain results from two creep test, one at 6 MPa load and the second at 7 MPa load. 

 
 

Figure 51. The resulting creep compliance from the creep tests, one at 6 MPa load and the second at 7 MPa load.  
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9.3 Model fitting 
 
 
The resulting Generalized Maxwell model had eight Prony terms and can be seen below in 
equation (48): 
 

𝐺𝐺(𝑡𝑡) = 𝐺𝐺∞ + ∑ 𝐺𝐺𝑝𝑝𝑒𝑒
−𝐹𝐹
𝜏𝜏𝑖𝑖8

𝑝𝑝=1                                  (48)
  

The values of the moduli and relaxation time constants of the model can be seen in Table 8. 
Furthermore, the instantaneous elastic modulus and bulk modulus predicted by the model can 
also be seen in the same table. 
 
Table 8. Result table showing the Fitted Generalized Maxwell model parameters 

Shear modulus constant 𝑮𝑮𝒊𝒊  Relaxation time constant 𝝉𝝉𝒊𝒊 
𝑮𝑮∞ 1.80e6 [Pa] -- -- 
𝑮𝑮𝟏𝟏 3.50e8 [Pa] 𝝉𝝉𝟏𝟏 4.00 [s] 
𝑮𝑮𝟐𝟐 2.17e8 [Pa] 𝝉𝝉𝟐𝟐 14.00[s] 
𝑮𝑮𝟑𝟑 1.44e7 [Pa] 𝝉𝝉𝟑𝟑 1.00e4 [s] 
𝑮𝑮𝟒𝟒 4.73e6 [Pa] 𝝉𝝉𝟒𝟒 1.00e5 [s] 
𝑮𝑮𝟓𝟓 1.00e6 [Pa] 𝝉𝝉𝟓𝟓 1.00e6 [s] 
𝑮𝑮𝟔𝟔 4.50e7 [Pa] 𝝉𝝉𝟔𝟔 8.00e2 [s] 
𝑮𝑮𝟕𝟕 9.00e7 [Pa] 𝝉𝝉𝟕𝟕 1.00e2 [s] 
𝑮𝑮𝟖𝟖 1.15e6 [Pa] 𝝉𝝉𝟖𝟖 1.00e13 [s] 

Instantaneous tensile modulus Elastic bulk modulus 
𝑬𝑬𝟎𝟎 2.03e9 [Pa] 𝑲𝑲𝟎𝟎 3.38e9 [Pa] 

Poisson’s Ratio υ 0.4 
 
Same constant parameters were used during the simulations of the load cases. 
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9.3.1 Relaxation Modulus 
 
The model captures the initial stiffness of the tensile tests quite well and in the long term 
converges to a value close to the long term modulus of the relaxation tests. This is done for 
the reason that the relaxation modulus measured from the tensile tests is more representative 
for short duration behaviour, due to the superior sampling frequency at short times. On the 
other hand, the relaxation test possibly more accurately reflects on the linear behaviour of 
longer loading duration due to the absence of non-linear effects produced at larger strains 
which the long term tensile specimen experience, see Figure 52. Additionally the long term 
tensile test has a greater impact of the incompressible material assumptions made to determine 
the true stress. This is due to that the long term tensile test results are acquired at higher 
strains giving the assumptions to have a bigger impact. 
 
 

  
 

Figure 52. Diplaying the predicted Tensile relaxation modulus by the the fitted model in comparison to data from the 
relaxation and and tensile test 

 

9.3.2 Creep Compliance Modulus 
 
The fitted model does not capture the early experimental creep compliance results, however 
after approximately 27 hours it starts converging to the same value as the most accurately 
measured creep test loaded at 6 MPa. Moreover, the creep compliance test does not accurately 
reflect the creep compliance at short durations probably because the sample frequency is low, 
see Figure 53. 
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Figure 53. Diplaying the predicted creep compliance modulus by the the fitted model in comparison to data from the creep 
test. 

 

9.3.3 Bulk Modulus 
 
The simulations, and therefore also the fitted model, assumes the bulk modulus to be constant. 
Furthermore, the bulk relaxation test also displays a constant behaviour. However, the fitted 
model overestimates the bulk modulus acquired from the experiments by approximately 1 
GPa, see Figure 54. 
 

 
 

Figure 54. Diplaying the predicted Bulk modulus by the the fitted model in comparison to data from the compressive test. 
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9.4 Simulation results 
 
Three different results from the simulation were analyzed for each load case; displacement, 
von Mises stress and first principle strain. The results are plotted in 2-D coloured graphs that 
have the shape of the deformed epoxy seal after the given load case. The colour indicates 
what value of result i.e. amount of deformation, stress and strain at any given position of the 
plug. The maximum value of each result is listed in Table 9. 
 
 
Table 9. Simulation result table showing results of a load applied for one year duration. 

 Load case 1 No Slip Load case 2 Slip 
Simulation 
Software 

Maximum 
Displacement 

Maximum 
Von Mises 

Stress 

Maximum 
Strain 

Maximum 
Displacement 

Maximum 
Von Mises 

stress 

Maximum 
strain 

ANSYS 4.0 [mm] 1.8 [MPa] 17.8 [%] 8.8 [mm] 2.2 [MPa] 21.7 [%] 
COMSOL 4.5 [mm] 2.2 [MPa] 20.6 [%] -- -- -- 
 
 
The result shows that the maximum stress and strain occurring at the edges for both of the 
load cases, which is expected. The worst case simulated in load case 2 shows a slightly higher 
stress and approximately twice as much deformation. Also, COMSOL and ANSYS show 
similar results, they only differ in 0.5 mm of maximum deformation and 0.4 MPa in 
maximum Von Mises Stress.  Moreover, graphs of the COMSOL simulation can be found in 
section APPENDIX 1.2 COMSOL simulation. 
 
The maximum deformation of the 2 m long plug is 8.8 mm in the most severe load case, see 
Figure 59, which can be considered to be very small. Hence, the assumption of small 
displacements, which is assumed by the Generalized Maxwell model, is valid. 
 
The maximum stress occurring in the top edges of the plug reaches a value of approximately 2 
MPa. The value indicates that the risk of any fracture due to high stress is low. Additionally, 
by comparing the tensile test results, seen in Figure 44, with the stresses found in the given 
load cases, the material is  with high probability within the linear viscoelastic range during 
loading. Hence, further promoting that the Generalized Maxwell is a suitable material model 
for the given material and load case. 
 
Studying the rupture strain from the long term tensile test, compression tests and creep tests, 
seen in Figure 44, Figure 46 and Figure 50 respectively, majority of the values ranges in 
between 40-50 %. Comparing the maximum strain resulting from load case 2, i.e. 21.7 %, 
would give a safety factor of approximately 1.8-2.3 before material fracture occurs. 
 
Analysing the horizontal displacements in load case 2, seen in Figure 62, one can see a 
potential detachment from the surrounding wall, consequently, the size of an opening 
resulting in potential leakage. However, the value reaches a deformation of 0.6e-6 m at the 
unattached side of the plug, which is indeed small. Therefore, the simulation suggests that 
there is a very low risk of any leakage occurring even for the most severe load case due to the 
deformation.   
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9.4.1 Load case 1: No slip 
 
 

 
 

Figure 55. Shows the maximum sum of deformation unit m for the simulation of load case 1: No slip 

 

 
 

Figure 56. Shows the maximum Von Mises stress in unit pa for the simulation of load case 1: No slip. 
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Figure 57. Shows the first principal strain simulation result for load case 1: No slip. 
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Figure 58. Shows the maximum vertical displacement as a function of time from load case 1: No slip.  

 

9.4.2 Load case 2: Allowed slip 
 
 

 

 
 

Figure 59. Shows the maximum sum of deformation unit m for the simulation of load case 2: Slip 
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Figure 60. Shows the maximum von Mises stress unit pa for the simulation of load case 2: Slip. 

 
 
 

 
 

Figure 61. Shows the first principal strain for the simulation of load case 2: Slip 
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Figure 62. Simulation plot of Load case 2: slip displacement in the horizontal direction, Unit m. 

 
 

9.5 Sensitivity analysis 
 

9.5.1 Shear relaxation modulus 
 
Table 10. Shows the results for the sensitivity analysis on the shear modulus G(t). 

 Load case 1 No Slip Load case 2 Slip 
Change in 
stiffness 

Maximum 
Displacement 

Maximum 
Von Mises 

Stress 

Maximum 
Strain 

Maximum 
Displacement 

Maximum 
Von Mises 

stress 

Maximum 
strain 

𝟏𝟏.𝟒𝟒 ∗ 𝑮𝑮(𝒅𝒅) 2.9 [mm] 1.8 [MPa] 12.7 [%] 6.3 [mm] 2.2 [MPa] 15.5 [%] 
𝑮𝑮(𝒅𝒅) 4.0 [mm] 1.8 [MPa] 17.9 [%] 8.8 [mm] 2.2 [MPa] 21.8 [%] 

𝟎𝟎.𝟔𝟔 ∗ 𝑮𝑮(𝒅𝒅) 6.7 [mm] 1.8 [MPa] 29.6 [%] 14.7 [mm] 2.2 [MPa] 36.2 [%] 
 
The sensitivity analysis for the shear relaxation modulus 𝐺𝐺(𝑡𝑡) shows a high dependence of 
maximum strain and displacement, but not regarding the stress. The results in Table 10 show 
that increasing the relaxation modulus with 40% will decrease the maximum displacement 
and strain by approximately 28.5%. While decreasing the relaxation modulus will increase the 
maximum displacement and strain by approximately 33%.   
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9.5.2 Poisson’s Ratio 
 
The sensitivity analysis results for the Poisson’s ratio shown in Figure 63, Figure 64 and 
Figure 65, state that both of the load cases have equally dependence on Poisson’s ratio. 
Increased Poisson’s ratio equals higher bulk modulus and therefor a stiffer plug, hence, 
reducing displacement and strain. Also, in contrast to the shear modulus, the Poisson’s ratio 
has a large influence on the stress, which will decrease with increasing Poisson’s ratio. 
Furthermore, the dependence is very high, for instance, in Figure 65 it can be seen that a 
Poisson’s ratio differing from 0.39 to 0.49 would decrease the maximum displacement by 
approximately a factor 2.  
 

 
 

Figure 63. Shows the MaximumVon Mises stress dependence on Poissons ratio for Load case 1 and Load case 2 
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Figure 64. Shows how the strain is dependent on the Poisson’s ratio for Load case 1 and Load case 2. 

 
 
 

 
 

Figure 65. Shows how the maximum displacement is dependent on the Poisson’s ratio for Load case 1 and Load case 2. 
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9.5.3 Mesh 
 
The mesh sensitivity analysis shows that the dependence of the simulations on the mesh is 
low. The maximum difference in stress of ANSYS automatic size meshing routine is 0.1 MPa, 
in between the sizes 1 – 2.25, an illustrative graph is shown in Figure 67. The maximum 
difference in displacement is 0.25 mm, shown in Figure 66. Moreover, Mesh smart size 1.25 
was used through all ANSYS simulations. 
 
 

 
 

Figure 66. A graph showing the maximum displacement dependence on mesh size of load case 1: No slip. 
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Figure 67. A graph showing the stress dependence on mesh size of load case 1: No slip.  
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10 Conclusion 
 

10.1 Specimen manufacturing 
 
The method used for manufacturing the specimen showed good results due to the majority of 
the experimental results in section 9.2 Characterisation of viscoelastic properties showed 
consistency and low scatter in data. Any unsuspected results and scatter were more probable 
to be a consequence from inadequate measuring by the experimental equipment or non-linear 
behaviour of the material. 
 

10.2 Experimental results 
 
Both DMA, DSC and HFC results show that the additional curing had a adverse effect on the 
material by degrading the mechanical and thermal properties. Consequently, the material 
model is fitted against a weaker material in comparison to the material used by the epoxy plug 
in employment. 
 
The results from the tensile and relaxation experiments were very consistent and showed low 
scatter in data. However, higher strain rates showed non-linear relations, which on the other 
hand, is not a big concern since the load cases exhibit low strain rates. 
 
The scatter in Poisson’s ratio and resulting volumetric change makes the data of the relaxation 
modulus inconclusive, more experiments are needed. 
 
The long term creep compliance acquired from the 6 MPa reached a steady state creep rate 
and was consistent with the long-term properties of the relaxation modulus.  
 

10.3 Model fitting 
 
In conclusion, the material model captures the linear viscoelastic properties acquired from all 
different mechanical tests quite well, by initially having the same value of the tensile tests 
modulus and then to converge toward the value of the long term modulus of both the 
relaxation test and creep test. However, an exception is that the material model overestimates 
the bulk relaxation modulus, measured from the compression tests, which on the other hand is 
derived from inconclusive experimental data.  
 

10.4 Simulation results 
 
In conclusion, the simulated results suggest that the epoxy is within the linear viscoelastic 
behavior. Additionally, the simulations confirm that the probability is low for the epoxy plug 
to fracture within a year of employment, in regards of its mechanical strength. Having a 
estimated safety factor of approximately 1.8-2,3 in terms of rupture strain for the most severe 
load case, while  also being faulty cured, lowering true mechanical properties. In addition, 
considering the slow creep rate at longer times, the epoxy plug would most likely sustain 
loading for even longer durations. 

85 
 



 

10.5 Sensitivity analysis 
 
The sensitivity analysis showed high dependence on both the Poisson’s ratio and relaxation 
modulus. Moreover, the Poisson’s ratio caused the highest sensitivity and more experiments 
to accurately establish the parameter is needed.  Furthermore, the mesh sensitivity analysis 
showed a low dependence, probably because of the simple geometry of the load case.  
 
  

86 
 



11 Discussion 
 

11.1 Sources of error in experiments 
 
For low strains the compression and tensile experiments are measured with good precision 
due to use of extensometers. However, at larger strains the measurements are done with the 
use of adapting the piston deformation described in section 6. Characterization of viscoelastic 
properties 
, this in return will leave room for errors at high strain and stress regions [13].  
 
Compression tests usually generate inaccurate data due to frictional effects of the piston and 
the specimen under deformation. These effects are very hard to estimate; however, to reduce 
the effect oil was applied to the piston head lowering any frictional effect [25].  
 
Since all the experiments are done by applying the load in one direction it is not proven that 
the model sufficiently describes the material while loaded in several dimensions. A validation 
experiment of loading in several directions would therefore be recommended. 
 
In the application of the epoxy plug in oil wells, large hydrostatic pressures will be present. In 
addition, it is a well-known fact that the polymer stiffness has a high dependence on 
hydrostatic pressure [26]. The mechanical experiments did not incorporate this and the tests 
were performed at normal atmospheric pressure. However, hydrostatic pressure has the effect 
of increasing the stiffness of a polymer and one could argue by not testing with added 
hydrostatic pressure additional safety factors are added to the simulations. Moreover, an 
additional effect that is not used in the experiments is the humidity level present in oil wells. 
Many polymers exhibit degrading properties in the presence of humidity [27]. 
 
Furthermore, a potential source of error is how the true stress is predicted. The true stress 
prediction used in equation (13) assumes that the volume of the material remains constant 
during deformation, an assumption which is only true if the material is incompressible.[17] 
Since the result regarding the Poisons ratio is inconclusive it is hard to identify how much 
error this assumption may generate. Nevertheless, the tensile, compression and relaxation test 
data are taken at relatively low strain levels lowering any potential error impact in the linear 
viscoelastic region. Moreover, the data used from the tensile creep test have very large strains; 
therefore, assuming constant engineering stress at large strains would be a much poorer 
estimation.  
 
Another source of error is the low sampling frequency of the creep tests which leaves out a lot 
of data in the initial stages of the test, this may alter the predicted creep compliance. 
Additionally, only one successful creep experiment in the steady creep state was made. In 
consequence, further creep experiments should be performed to statistically establish the 
tensile creep compliance. 
 

11.2 Error estimation of model 
 
The error generated by the model will be the scatter and inaccurate assumptions in material 
description as well as the manual adjusting of the fit which is based on the interpretation of 
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data. However, the largest error in this model will be reduction in stiffness due to faulty 
curing. The DMA result suggest an approximately 20% reduction in stiffness. However it is 
unknown how the curing affects the relaxation behaviour of the material.  
 

11.3 Simulation software evaluation 
 
Load case: 1 has similar efficiency as well as results in ANSYS and COMSOL simulations. 
However, the COMSOL model was quite unstable; lowering the mesh size with a custom size 
below the least automated generated size mesh would result in loss of convergence. ANSYS 
showed no converging problems regarding the mesh.  
 
Additionally, COMSOL showed substantial converging problems combining contact 
conditions and a time dependent viscoelastic material model. The phenomenon is well 
discussed on COMSOL user forums [28]. Consequently, load case 2 was not computed using 
COMOSOL.  
 
In consequence, if similar viscoelastic simulations should be done in the future, ANSYS 
would be the recommended software for contact related problems, otherwise COMSOL and 
ANSYS are equally efficient. 
 

11.4 Improving simulations 
 
The load cases given are rough estimation of what loads the plug will experience. A more 
detailed analysis of the loads and thermal data could be used to improve the accuracy of the 
simulations. Also, using gluing elements with a detachment feature could be used 
representing the addition of the epoxy to the steel bar, instead of simulating it by locking all 
the degree of freedoms. 
 
Moreover, the current model of the epoxy plug is a symmetric cylindrical geometry which is 
the most ideal case. In many situations the plug will not be axisymmetric and a 3D-model 
simulating different more severe geometrical situation may be of interest.  
 

11.5 Failure mechanism of an epoxy sealant 
 
This work has focused on risk assessment with reference to material failure. However, it 
should be noted that other failure scenarios primarily not associated with material failure may 
occur in a well such as erosion, non-successful injection, presence of large voids etc. In 
addition, phenomena associated with thermal and cure shrinkage may ruin the adhesion 
strength to the surrounding eventually leading to formation of gap/channels and leakage. 
 
From structural mechanics point of view the risk for stress concentrations are most likely at 
the boundary interface between the epoxy and the surrounding at the high pressure side. This 
could possibly result in local failure and crack propagation ultimately leading to a gap and 
leakage. This possibility could be further analysed by doing an additional fracture mechanical 
analysis on additional load cases.  
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11.6 Future recommendations 
 

• Doing the same analysis on a material which has not been faultily cured and analyse if 
the relaxation properties differ. 
 

• More experiments measuring the volume strain rate and Poisson’s ratio to accurately 
predict the bulk relaxation modulus which had an notable influence on the 
calculations. 
 

• An evaluation of how good the approximation of incompressibility is, through 
measuring the cross section deformation during the mechanical experiments. 
 

• Validation experiments through multi-dimensional loading to evaluate how well the 
GM-model predicts three dimensional load cases. 
 

• More creep tests should be done to statistically establish the creep compliance. 
 

• Shear relaxation tests should be done to see how well the linear relation between the 
tensile relaxation modulus fits. 
 

• Evaluate material stiffness dependence on hydrostatic pressure of the epoxy seal. 
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12 Nomenclature and dictionary 
  

12.1 Abbreviations 
 

HFC Isothermal Heat Flow Calorimetry 
DMA Dynamical Mechanical Analysis 
DSC Differential Scanning Calorimetry 
DOF Degree Of Freedom 
GM-Model The Generalized Maxwell Model 
Tg Glass transition temperature 
  

12.2 Symbol declaration 
 

A Cross-sectional area 
A0 Initial cross-sectional area  
C Correction constant of piston deformation 
𝐶𝐶1 Constant in log line 
𝐶𝐶2 Constant in log line 
𝛿𝛿 Arbitrary deformation 
𝛿𝛿𝐶𝐶𝑝𝑝𝑐𝑐𝑐𝑐𝑝𝑝𝑝𝑝𝑒𝑒𝑑𝑑 Extended curve of the extensometer measurements 
𝛿𝛿𝐶𝐶𝑝𝑝𝑐𝑐𝑝𝑝𝑙𝑙𝑝𝑝𝑎𝑎𝑝𝑝𝐶𝐶𝑒𝑒 Compliance of material testing machine 
𝛿𝛿𝐶𝐶𝑝𝑝𝐶𝐶𝐶𝐶𝑒𝑒𝐶𝐶𝑡𝑡 Deformation of the corrected piston deformation 
𝛿𝛿𝐶𝐶𝑝𝑝𝐶𝐶𝐶𝐶𝑒𝑒𝐶𝐶𝑡𝑡 Deformation of the corrected piston deformation 
𝛿𝛿𝑒𝑒𝑒𝑒𝑡𝑡 Deformation of the extensometer 
𝛿𝛿𝑇𝑇𝐶𝐶𝑎𝑎𝑝𝑝𝑝𝑝𝑎𝑎𝑒𝑒𝐶𝐶𝑝𝑝𝑒𝑒 Transverse displacement of specimen 
𝛿𝛿𝑝𝑝𝑝𝑝𝑝𝑝𝑡𝑡𝑝𝑝𝑝𝑝 Deformation of the piston head 
𝐸𝐸0 Instantaneous tensile modulus 
𝐸𝐸1 Stiffness of Maxwell element 
𝐸𝐸(𝑡𝑡) Tensile Relaxation Modulus 
𝐸𝐸𝑒𝑒 Stiffness term of the Generelized Maxwell model 
𝐸𝐸𝐹𝐹𝑝𝑝𝑡𝑡(𝐶𝐶) Tensile relaxation modulus of fitted model 
Eprediction Prediction of stiffness 
E� Tensile relaxation vector 
E�prel Predicted stiffness vector 

𝑒𝑒−
𝑡𝑡
𝑑𝑑 Exponential term in log line 

ɛ Arbitrary strain 
ɛ(𝑡𝑡) Strain response at time t 
𝜀𝜀0 Constant strain 
𝜀𝜀1,2 Arbitrary strain amplitudes 
𝜀𝜀𝐴𝐴𝑒𝑒 Axial strain 
εCir Circumferential strain 
εel Elastic strain 
εeng Engineering Strain 
𝜀𝜀𝑝𝑝 Strain at step i 
𝜀𝜀𝑝𝑝𝑝𝑝𝑡𝑡 Initial elastic strain 
εln Logarithmic strain 
𝜀𝜀𝑘𝑘𝑘𝑘 Volumetric strain 
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𝜀𝜀𝑇𝑇𝐶𝐶 Transverse strain 
𝜀𝜀�̇�𝑘𝑘𝑘0 Constant volumetric strain 
ɛ� Laplace transformed strain 
Δ𝜀𝜀 ̅ Differentiation of strain vector at constant time step 
𝐶𝐶 Force  
𝐶𝐶(, ) Arbitrary fitting function 
G(𝑡𝑡) Shear Relaxation Modulus  
𝐺𝐺I Shear modulus Prony coefficient 
𝐺𝐺𝑦𝑦(𝑡𝑡) Shear relaxation function based of log line function 
𝐼𝐼 Arbitrary integer 
i Arbitrary time step 
𝐽𝐽(𝑡𝑡) Compliance modulus 
𝐽𝐽𝐹𝐹𝑝𝑝𝑡𝑡(𝑡𝑡) Compliance modulus of fitted model 
𝐽𝐽𝑗𝑗 Compliance modulus at step j 
𝐽𝐽𝑝𝑝𝐶𝐶𝑒𝑒𝑑𝑑𝑝𝑝𝐶𝐶𝑡𝑡𝑝𝑝𝑝𝑝𝑝𝑝 Predicted compliance modulus 
�̅�𝐽 Compliance modulus vector 
j Arbitrary time step 
𝐾𝐾(𝑡𝑡) Bulk relaxation modulus 
𝐾𝐾0 Constant bulk modulus 
𝐾𝐾I Bulk modulus Prony coefficient 
𝐿𝐿0 Initial length of specimen 
𝐿𝐿𝑝𝑝  Current length of specimen while deforming 
𝐿𝐿𝑒𝑒𝑒𝑒𝑡𝑡 Measuring length of extensometer 
𝐿𝐿𝑡𝑡𝑒𝑒𝑝𝑝𝑡𝑡 Overall test length 
ℒ−1( ) Inverse Laplace transformation 
𝑚𝑚 Slope coefficient in log line 
𝑁𝑁 Number of Maxwell element 
𝐶𝐶 Arbitrary Integer 
Ƞ Viscosity coefficient 
ν Poisson’s Ratio 
ν(t) Lateral contraction as a function of time 
s Laplace coefficient 
𝜎𝜎(𝑡𝑡) Stress as a function of time 
𝜎𝜎𝑝𝑝 Constant Stress 
𝜎𝜎1,2 Arbitrary stress amplitudes 

𝜎𝜎𝑒𝑒 Stress of the spring 

σeng Engineering stress 
𝜎𝜎𝐺𝐺𝐺𝐺𝐺𝐺 Stress generated by the generalized Maxwell model 
σi Stress at time step i 
σj Stress of Maxwell element j 
𝜎𝜎𝑘𝑘𝑘𝑘 Compressive stress 
𝜎𝜎𝑘𝑘𝑘𝑘(𝑡𝑡𝐶𝐶𝑡𝑡𝑒𝑒) True compressive stress 
𝜎𝜎𝑐𝑐 Stress generated by a Maxwell element 
𝜎𝜎𝑝𝑝𝐶𝐶𝑒𝑒𝑙𝑙 Preliminary predicted stress 
σtrue True stress 
𝜎𝜎�𝑐𝑐 Laplace transformed stress generated by Maxwell element 
𝜎𝜎�𝑝𝑝 Laplace transformed stress of solid element 
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Δ𝜎𝜎� Differentiation stress vector at constant time step  
t Arbitrary time 
Δ𝑡𝑡1 First arbitrary time value for initial fitting function 
Δ𝑡𝑡2 Second arbitrary time value for initial fitting function 
𝜏𝜏 Arbitrary time step 
𝜏𝜏0 Ratio of stiffness and viscosity 
Δ𝜏𝜏 Step size 
𝑦𝑦(𝑡𝑡) Initial fitting function for relaxation modulus 
𝑦𝑦𝑑𝑑𝐶𝐶𝑡𝑡𝐶𝐶 Shear relaxation values in fitting routine 
Δy1 First arbitrary modulus value from initial fitting function 
Δy2 Second arbitrary modulus value from initial fitting function 
𝑒𝑒𝑑𝑑𝐶𝐶𝑡𝑡𝐶𝐶 time 
x Vector of design variables 
∗ Convolution symbol 
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1 APPENDIX  

1.1 Equation derivations 
 
 

1.1.1 Relation of creep compliance and relaxation modulus 
 
 
Linear viscoelasticity yields the following relation between strain 𝜀𝜀(𝑡𝑡), stress 𝜎𝜎(𝑡𝑡), tensile 
relaxation modulus 𝐸𝐸(𝑡𝑡), and relaxation compliance 𝐽𝐽(𝑡𝑡) [14]: 
 
 
𝜀𝜀(𝑡𝑡) = ∫ 𝐽𝐽(𝑡𝑡 − 𝜏𝜏) 𝑑𝑑𝜎𝜎

𝑑𝑑𝑑𝑑
𝑡𝑡
0− 𝑑𝑑𝜏𝜏                         (49) 

 
𝜎𝜎(𝑡𝑡) = ∫ 𝐸𝐸(𝑡𝑡 − 𝜏𝜏) 𝑑𝑑𝜀𝜀

𝑑𝑑𝑑𝑑
𝑡𝑡
0− 𝑑𝑑𝜏𝜏                           (50) 

 
Laplace transformation of equation (49) and (50) yields: 
 
ℒ�𝜀𝜀(𝑡𝑡)� = 𝜀𝜀̃(𝐶𝐶) = 𝐽𝐽(𝐶𝐶) 𝜎𝜎�(𝐶𝐶)𝐶𝐶                         (51) 

 
ℒ�𝜎𝜎(𝑡𝑡)� = 𝜎𝜎�(𝐶𝐶) = 𝐸𝐸�(𝐶𝐶) 𝜀𝜀̃(𝐶𝐶)𝐶𝐶                         (52) 

 
Where s is the Laplace coefficient, inserting equation (51) in (52) results in: 
 
1 = 𝐶𝐶2𝐸𝐸(𝐶𝐶)𝐽𝐽(𝐶𝐶) → 𝐽𝐽(𝐶𝐶) =  1

 𝑝𝑝2𝐸𝐸(𝑝𝑝)
                                            (53) 

Hence, the relation between the creep compliance 𝐽𝐽(𝑡𝑡) and 𝐸𝐸(𝑡𝑡) is the following: 
 
ℒ−1�𝐽𝐽(𝐶𝐶)� = 𝐽𝐽(𝑡𝑡) = ℒ−1 � 1

 𝑝𝑝2𝐸𝐸(𝑝𝑝)
 �                        (54) 
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1.2 COMSOL simulation 
 

 
 

Figure 68. Load case 1 COMSOL simulation plotting the maximum Von Mises stress. 

96 
 



 

 
 

Figure 69. Load case 1 COMSOL simulation plotting the maximum total displacement. 

 
 

Figure 70. Load case 1 COMSOL simulation plotting the first principal strain. 
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