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Abstract
A Digital Twin for calculating development of fatigue and creep damage due to uniaxial
loads in polymer component was developed. The Digital Twin performed a quantitative
analysis of the damage arising based on a history of loading, temperature and moisture
level.

Creep was calculated based on linear viscoelastic theory. Fatigue cycles were extracted
from a loading history using the Rainflow counting algorithm, and the damage from each
cycle was calculated by shifting a reference S-N curve. Linear viscoelastic theory was
used to adapt the reference S-N curve to other temperatures or moisture levels. Miner’s
damage rule was used to sum the damage of the individual fatigue cycles.

The Digital Twin’s predictions were confirmed to be in line with its underlying theory by
comparing it to a number of reference cases. Compared to available experimental data, the
predictions of the Digital Twin were qualitatively and quantitatively correct except in the
case of the polymer being saturated with moisture. In this case the fatigue strength was
underestimated to a certain degree.

The Digital Twin’s predictions were further investigated for a number of hypothetical cases
including accidents, maintenance intervals, and gradually decreasing loads. It was also
demonstrated how a Digital Twin approach can be used to extend component lifetime
beyond its original design life, based on sensor data.
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Sammendrag
En Digital Tvilling (Digital Twin) ble utviklet for å kalkulere skade fra kryp og utmatting
på grunn av en-akset belastning i plastkomponenter. Den Digitale Tvillingen gjorde en
kvantitativ analyse av skaden som oppstår på bakgrunn av historisk belastning, temperatur
og fuktighetsnivå.

Kryp ble regnet ut basert på lineær viskoelastisk teori. Utmattingssykluser ble ekstrahert
fra en belastningshistorie ved hjelp av Rainflow counting algoritmen. Skaden fra hver
syklus ble regnet ut fra en referanse S-N kurve. Lineær viskoelastisk teori ble brukt for
å tilpasse referansekurven til nye temperatur og fuktighetsnivåer. Miners skaderegel ble
brukt for å summere skaden fra hver inviduelle syklus.

Det ble bekreftet at utregningene til Digitale Tvillingen stemte overens med den under-
liggende teorien ved å sammenligne de med ulike referansetilfeller. Utregningene tilden
Digitale Tvillingen stemte overens med tilgjengelige eksperimentelle data, utenom utmat-
tingsmotstanden for en polymer som var mettet med vann. I dette tilfellet ble utmat-
tingsstyrken underestimert.

Den Digitale Tvillingen ble videre undersøkt for en rekke hypotetiske tilfeller, inklud-
ert ulykker, vedlikeholdsintervaller og gradvis nedadgående belastninger. Det ble også
demonstrert hvordan den Digitale Tvillingen kan bruks til å forlenge levetiden til kompo-
nenter, ved å bruke data innhentet fra sensorer.
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Chapter 1
Introduction

1.1 Background
Polymers and polymer based composite materials are important materials, with large un-
tapped potentials in areas such as transport and energy. In the offshore energy industry,
they are considered enablers in hard to reach areas [1, 2]. This enabling is due to the fact
that they are light, strong and immune to traditional corrosion mechanisms. The use of
composite components may contribute to reduced project costs [3].

Lightness, strength and immunity to traditional corrosion mechanisms are the main proper-
ties that make composite materials attractive. Offshore applications expose components to
harsh environmental factors. These include sea water, fluctuating temperatures, chemicals,
UV radiation and more. A component in use at a subsea or offshore installation might be
in use for over 25 years and needs to withstand these environmental factors without having
its mechanical properties degraded to an unacceptable level [4].

There is still no fundamental understanding of the environmental degradation mechanisms
in composites [5]. This issue is aggravated by several of the degradation mechanisms
having a synergistic nature [1]. Although several of the individual processes are well
understood, there is still no practical method to predict the composite’s long term prop-
erties, giving results that are useful for practical applications. In an attempt to remedy
this, Echtermeyer et al. proposed a new method for determining laminate level material
properties of composites, based on the properties of the constituent materials (fiber, siz-
ing/interface and matrix) [6].

The polymer matrix is an important constituent in Fiber Reinforced Polymer (FRP) ma-
terials, and several of the FRP materials’ properties are dominated by the matrix. The
fibers, especially if they are made of carbon, are relatively stable within normal operating
parameters. The majority of the changes in long-term properties of composites are caused
by microscopic changes in the matrix and matrix-fiber interface phases [5]. Understanding
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the matrix’ long-term properties is therefore fundamental to understanding the long-term
behavior of the composite. Determining the properties of a pure polymer is also of value
in its own regard, as polymers are in widespread use as construction materials.

A Digital Twin is a digital representation of the actual or potential properties of a physical
entity or process. In this thesis, the concept of a Digital Twin was used where a poly-
mer material’s mechanical properties such as fatigue, creep and stress-strain behavior can
be described at each point in time as a function of environmental factors and history of
use, by considering the degradation and failure mechanisms for the polymer. The Digital
Twin performs these calculations based on physical models for the polymer’s mechanical
behavior and degradation mechanisms.

1.2 Motivation
Due to inability to predict their long-term properties, extensive testing regiments are typ-
ically required to qualify a composite component or material for service. Such testing
programs are described in the design codes/guidelines DNVGL-ST-C501 and DNVGL-
ST-F11911, which are used in offshore oil and gas developments. These testing regiments
have proved to be good enough for ensuring project specification compliance, but they can
be very costly and time-consuming [4]. The high cost of testing has been an obstacle for
more widespread deployment of composite components offshore and onshore [6].

Using a Digital Twin approach to leverage models for the long-term degradation of a poly-
mer, one can reap several benefits:

• Simplified test program. Based on the underlying Linear Viscoelastic (LVE) theory,
one can calculate material behavior for a range of loading types and environmental
conditions, based on fewer and cheaper tests than what is normally required.

• When a composite material is qualified for use in accordance with the aforemen-
tioned DNV-GL design codes, it is qualified up to a certain temperature. The
strength of the material at the maximum temperature it is qualified for will then
be the rated strength of the material for any temperature below the maximum, even
if the actual strength at lower temperatures is higher. This means that if we want
to use a material rated for a service temperature up to 90◦ when the temperature
is 40◦ , structural integrity calculations will be done with lower strength and faster
degradation rate than the real values. This can lead to increased project costs.

Using a Digital Twin approach, on the other hand, one can perform structural in-
tegrity calculations with a strength that is much closer to the material’s true strength
at the temperature it will be exposed to.

• Combining a Digital Twin with sensor data, one can monitor the condition of a com-
ponent in real time if the sensors are connected to the IoT (Internet of Things). The
sensor data will then be continuously be registered and transferred. The advantage

1Both available at the website of DNV GL
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of this is that a less conservative approach can be used when calculating compo-
nent lifetime. Typically, component lifetime is calculated by considering constant
the worst-case service conditions, e.g. constant max temperature and load, which
shortens the components lifetime.

A Digital Twin model can continuously model degradation/residual life as a func-
tion of the actual use history which will usually be less severe – prolonging the
components lifespan. If we know the material properties at a given level of aging,
we can replace components less frequently - reducing cost.

Being able to know the condition of component in real time may also reduce the
amount of on-site inspection needed.

1.3 Scope of work
The scope of work in this thesis is divided into two parts:

• Develop code for a Digital Twin predicting creep and fatigue development in an
Epoxy polymer, as a result of an arbitrary load and temperature/moisture history.
The theoretical foundation which the Digital Twin bases its calculations on is LVE
theory, as well as Rainflow counting and Palmgren Miners rule.

• Develop code for a Digital Twin predicting stress-strain behavior of an Epoxy poly-
mer, within the area of viscoelastic validity. This was realized during the project
thesis.

Both the behaviors shall be described as functions of temperature, moisture and history of
use. The code shall be written in the programming language Python, which is a general-
purpose programming language that is in widespread use in Academia and business [7].
Python has an API (Application programming interface) for important software such as
Abaqus, which means that it supports cross-linking with these.

1.3.1 Structure of thesis
Chapter 2 will explain the physical models/mechanisms of long-term degradation of poly-
mers, as well as other underlying theory. An explanation of the Digital Twin concept and
its potential benefits in the oil and gas industry is also included in this chapter

Chapter 3 will explain how the physical models are implemented in the Digital Twin, so
that the polymer’s response to loading and environmental conditions can be calculated.
This chapter will also explain a case study aimed to validate the predictions and showcase
the potential of the Digital Twin.

Chapter 4 will show how the Digital Twin predicts creep and fatigue damage to develop
for a range of loading and temperature/moisture scenarios.

Chapter 5 will discuss the results presented in Chapter 4, with a special focus on the relia-
bility of the results, and a summary of the Digital Twin’s potential benefits and drawbacks.

3



Chapter 6 will present the final conclusion of the thesis, as well as some suggestions for
future research.
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Chapter 2
Theory

2.1 Polymers

Polymers are large chain linked organic molecules, consisting of repeating sub-units. The
International Union of Pure and Applied Chemistry, IUPAC, defines polymers as follows:

A polymer is a substance composed of macromolecules. A macromolecule is a molecule
of high relative molecular mass, the structure of which essentially comprises the multi-
ple repetition of units derived, actually or conceptually, from molecules of low relative
molecular mass. [8]

Unlike the metals, polymers tend to form glasses or semi-crystalline solids, rather than
crystals [9]. This glass forming nature of many polymers is the root cause of several of
their unique properties, such as viscoelastic mechanical behaviour.

The consequence of the viscoelastic behaviour of the polymers is that their mechanical
properties are highly dependent on parameters such as temperature, strain-rate, as well
exposure time to chemical environment (water, organic solvents, oxygen). [10]

2.2 Composite materials

A composite material is a material consisting of two or more components (constituents)
that are different on a scale higher than molecular [11, 10].

Fiber reinforced polymers are one of the most commonly used composite materials. They
are usually made up of glass or carbon fibers embedded in a polymer resin, with a sizing
applied to the fibers to secure adhesion between the fibers and the matrix. This arrange-
ment is shown schematically in Figure 2.1.

5



Figure 2.1 Illustration of the different components/constituents in a FRP composite mate-
rial

2.3 Degradation mechanisms in polymers and polymer
based composite materials

Even tough polymers and polymer-based composites are not subject to traditional elec-
trochemical degradation mechanisms such as corrosion, their properties will degrade over
time due to factors such as mechanical loading, moisture, temperature fluctuations, UV-
radiation and biological factors [12].

2.3.1 Liquid uptake in polymers and composite materials

A certain liquid uptake is unavoidable when polymers and composite components are ex-
posed to humid environments. Water uptake in polymers is often termed swelling, due to
an associated volume change.

Water molecules can diffuse both into the matrix, and into the sizing phase of a composite.
Here, they will position themselves between the polymer chains, and increase the distance
between them [13, 14]. Absorption of liquid will generally reduce the strength and stiff-
ness of the polymer, while ductility and fracture toughness are increased. Since the fibers
in FRP materials are more or less inert to water [15, 16], the water uptake affects mostly the
matrix-dominated properties of composites, such as transverse and shear strength [5, 15].

Another effect of liquid uptake is that the glass-transition temperature, Tg , of the polymer
is reduced. These effects are explained more in-depth in Section 2.6.1.

Note that even before exposure to water, a polymer will have a certain water content [17].
In this source, tensile tests were done on samples that had been saturated with water, before
being re-dried. The re-dried specimen exhibited higher strength and elastic modulus as
well as lower water content than the specimen that had not been exposed to water.
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2.3.2 Reversible and irreversible degradation mechanisms
When a liquid diffuses into a polymer, it may in some cases cause chemical changes on
the molecular level, termed chemical degradation [1, 12]. Chemical degradation includes
effects such as chain scission (loss molecular weight), cross-link creation and hydrolysis.
These are irreversible changes, which will affect the polymer even if the liquid is removed
by a drying process.

If a liquid does not cause chemical changes in the matrix, the effects of swelling can be
reversed, as shown in [17].

The implications of the reversible effects of liquid uptake, if the liquid do not cause chem-
ical degradation, are explained in Section 2.6.1.

2.4 Multi-scale model of degradation in composites
The degradation mechanisms of FRP materials are complex, and this issue is aggregated
by the wide range of FRP materials available. The fibers can have many configurations
(woven, knitted, chopped, etc), while the matrix can be thermoset or thermoplastic. Data
obtained for one system might therefore not be applicable if one or more parameters (Ma-
trix type, fiber type and configuration) are changed. The diversity of the FRP material class
might be a contributing factor in hindering the development of a comprehensive model for
their long-term properties.

Composites will often exhibit a degradation profile through their thickness [1], with each
individual ply being degraded to a different level. This means that even though some parts
of the component, such as a pipe, are severely degraded (Ply in contact with transported
fluid), the component might still perform its function (Collapse pressure of pipe is not
significantly reduced).

Echtermeyer et al. presented a Multi-scale model for modelling the long-term properties of
composite materials [6]. The model aims to use the properties of the constituent materials
to predict the composite material’s final properties on a ply/laminate level. The model can
be summed up by the following steps:

1. Calculate moisture transport and crack/void development (for fatigue loading) in the
composite. These will be functions of loading, chemical environment and tempera-
ture. One method for performing such calculations is proposed in [15].

2. Calculate how the combined effect of moisture, temperature and eventual crack de-
velopment affect the material properties of each individual constituent material. This
step will be the focus of the Digital Twin.

3. Calculate macro level (ply) material properties based on the properties of the con-
stituents. This step is achived using micromechanics, and a representative volume
element (RVE) method. Laminate level properties are determined using laminate
theory, which is already a well established field.

4. The results obtained in step 3 can then be used as input in a FEA analysis, calculating
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component residual lifetime or safety factor, based on its geometry, load situation
and material properties.

The main benefits of this approach is that testing scope can be reduced. Ideally, mate-
rial parameters for a wide range of temperatures and exposure times to moisture can be
determined from a simplified/accelerated testing regime, where material properties are cal-
culated rather than tested for each combination of operating parameters. This means one
can calculate material properties for different exposure times and environmental condi-
tions. These can serve as input in FEA calculations, such as for assessment of structural
integrity or pressure containment capacity.

A somewhat similar approach was presented in [1]. Here it is described that in order to
evaluate the long-term structural integrity of composite components, we need to know the
degradation profile trough the material’s thickness and material properties at a given level
of aging (at ply level).

2.5 Linear Viscoelastic Theory
As explained in Section 2.1, polymers are viscoelastic materials.

Viscoelastic behaviour means that a material exhibits a mixture of elastic and viscous
mechanical behaviour. This leads to a number of interesting properties, such as a time-
dependency in their mechanical behaviour. These are explained in the following sections.

The linearity in linear viscoelasticity means that at a given time, for two loads that are
qualitatively equal, the stress in each case is proportional to the strain and vice versa [18].

2.5.1 Stress-strain
Metals, when subject to strains less than 0.2%, exhibit an purely elastic stress-response
when subject to strain, following Hook’s law:

σ = Eε (2.1)

E is the elastic modulus of the material, σ is the stress, and ε is the strain.

Polymers on the other hand, exhibit a mixture of elastic and viscous response when sub-
jected to low strains. This mixed behaviour is expressed by a time dependency in the
E-module, making Hook’s law a function of time:

σ = E(t)ε (2.2)

This behavior is modeled most simply by linear viscoelasticity, a field which is well-
established. The mathematical foundation behind linear viscoelasticity has been studied
for several decades [19]. The maximum strain limit for validity of pure linear viscoelastic
σ − ε behaviour is typically 1%. The exact limit depends on factors such as loading rate,
moisture content and temperature [20]. For strains above the viscoelastic limit, non-linear
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viscoelastic effects or plastic deformation can occur [21]. These effects will negate the
validity of Linear Viscoelasticity.

Figure 2.2 shows a schematic comparison the elastic and the delayed viscoelastic response
in response to the stress and strain histories shown on above each case.

Figure 2.2 Schematic illustrations of the elastic and viscoelastic behaviours in linear time,
in response to constant applied stress or strain. Here, ε0 is the elastic part of the viscoelastic
strain

LVE is based on Boltzmann’s super-position principle [22]. Boltzmann’s super-position
principle states that during loading, each step serves as an independent contribution to the
final loading state. In short, this means that we can represent the time-dependent stress
(σ) response, from a series of strain increments, of viscoelastic materials in the form of an
integral:

σ(t) =

∫ t

−∞
Er(t− τ)dε(t) =

∫ t

−∞
Er(t− τ)

dε

dτ
dτ (2.3)

Here, Er(t) is the stress relaxation function, which is explained in Section 2.5.2.
dε

dτ
is the

strain rate, often written as ε̇.

For the case of constant monotonic loading as explained in Equation (2.4), Equation (2.3)
simplifies to Equation (2.5).
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ε =

{
0 t < 0

ε̇ · t t ≥ 0
(2.4)

σ(t) =

∫ t

0

Er(t− τ)ε̇dτ (2.5)

Since the strain-rate is constant, the time-dependent stress in Equation 2.5 can easily be
transformed strain-dependent stress, as shown below:

σ(ε) =

∫ ε

ε̇

0

Er(
ε

ε̇
− τ)ε̇dτ (2.6)

2.5.2 Stress Relaxation
Er(t), known as the stress relaxation function, is the viscoelastic stress response due to
a constantly applied strain as a function of time, as shown on the right in Figure 2.2.
Commonly, the stress relaxation function is written as an exponential series expansion,
called a Prony Series [23]:

Er(t) = g0 +

N∑
i=1

gie
−
t

τi (2.7)

Here N is the number of summands in the Prony Series. Typically, N≥5 is needed to
accurately model the material’s stress-relaxation behaviour over long time periods. The
parameters τi and gi are related to molecular-level interactions happening within the poly-
mer when it is loaded. τi and gi represent the characteristic time and the weight of each
relaxation process, respectively. Figure 2.3 shows how τi and gi relate to Er(t) for the
Prony Series given in Table 2.1.

N gi [MPa] τ [s]
0 0.4 -
1 0.3 1e+01
2 0.3 1e+05

Table 2.1: Prony series of Er in Figure 2.3

Equation 2.7 is equal to a generalized, multi-network Maxwell model, also known as
Wiechert model, consisting of linear springs and Newtonian dashpots filled with viscous
liquids, as shown in Figure 2.4 for N=3.

In Equation 2.7, g0, and gi, represent the spring constants, while the τi, the relaxation
time, is related to the viscosity of the liquid inside each Newtonian dashpot.
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Figure 2.3 Stress relaxation

Figure 2.4 Multi-network generalized Maxwell model, N=3

Prony series are employed in the widely used Finite Element Analysis (FEA) software
Abaqus, and are generally considered to be very suitable for representing the Er(t)-
behaviour of polymers.

2.5.3 Creep

Creep is a material’s time dependent strain-behaviour in response to applied stress, as
shown schematically on the left in Figure 2.2. The creep strain consists of a elastic/instantaneous
part, and a viscous/time dependent part. Creep behaviour is important for components that
are subject to long-lasting stresses, especially if the temperature is high.
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Creep is defined as follows:
εcreep(t) = C(t) · σ0 (2.8)

Here C(t) is the creep compliance function, and σ0 is the applied stress . The elas-
tic/instantaneous part of the creep is equal to σ0 ·C(0). The creep compliance is modelled
by a Prony series similar to that of Er:

C(t) = j0 −
N∑
i=1

jie
−
t

λi (2.9)

Equation 2.9 is modeled by the Kelvin-Voigt model, which consists of linear springs and
Newtonian dashpots, as shown in Figure 2.5 for N=3.

Figure 2.5 Kelvin-Voigt model for creep compliance

Figure 2.6 shows how λi, ji relate to C(t), exemplified by the compliance Prony series
given in Table 2.2.

N ji [1/MPa] λi [s]
0 1 -
1 0.4 10
2 0.2 1e+4

Table 2.2: Prony series of C(t) in Figure 2.6

Following the same method as for stress-strain, the creep resulting from an arbitrary stress
history can be calculated by Equation 2.10, which is the creep version of Equation 2.3:

ε(t) =

∫ t

−∞
C(t− τ)

dσ

dτ
dτ (2.10)

2.6 Time-temperature Superposition
The stress relaxation and creep behavior of many polymers depend on the temperature.
It has been shown experimentally that if the material is thermorheologically simple, the
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Figure 2.6 Compliance curve and its relation to the Prony series parameters

temperature-dependence can be modelled by a simple horizontal shift of the relaxation/creep
function in logarithmic time scale [19]. Thermorheological simplicity means that every τi,
λi is affected the same by any temperature change, ie τi,T = 10log(a) ·τi,T0

.

The horizontal shift of Er(t) is shown schematically in Figure 2.7, where the curves T1,
T2, T3 represents the Er behaviour at different temperatures. The temperature of T1 is
lower than that of T2 which is lower than that of T3.

Figure 2.7 Time-Temperature superposition of Er(t)
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The implication of the Time-Temperature superposition principle is that a polymer’s Er(t)
and C(t) behavior at higher or lower temperatures is the same as the behavior at a reference
temperature, if the time was accelerated by a factor, a. In Figure 2.7, the absolute value
of the acceleration factor between T2 and T3 is equal to 100, log(a) = 2. In this work, log
represents the base 10 logarithm.

The acceleration, or shift factor, is defined as follows:

aT =
tT
tT0

log(aT ) = log(tT )− log(tT0
)

(2.11)

In Equation (2.11), tT0
is the time at the reference temperature, T0, while tT is the equiv-

alent time at another temperature, T1. The shift factor can be calculated using Arrhenius
approach:

log(aT ) =
Ea

2.303R

(
1

T0
− 1

T

)
(2.12)

Here, Ea is the activation energy of the relaxation/creep process and R is the universal gas
constant. Note that T and T0 must be in Kelvin.

2.6.1 Time-Temperature-Plasticization superposition
Water uptake in polymers increases chain mobility and decreases the strength and modulus
of the matrix and interface [15]. The increased chain mobility is normally attributed to an
increase in the free volume of the polymer, which is the volume of the polymer that is not
occupied by polymer chains. The increase of free volume is linked to an increase in chain
mobility and a decrease in the glass transition temperature, Tg , of the polymer [21]. It
has been shown that the shift in Tg influences Er and C(t) in a similar way that an actual
temperature shift does. This leads to the following equation:

log(adry−wet) =
Ea

2.303R

(
1

Tg,dry
− 1

Tg,wet

)
(2.13)

Here, Tg,dry and Tg,dry, represent the glass transition temperature for the dry and wet
polymer respectively.

The total logarithmic shift-factor resulting from a combination of temperature and mois-
ture content is the sum of the shift factor due to moisture and the shift factor due to tem-
perature change:

log(atot) = log(aT ) + log(adry−wet) (2.14)

The acceleration factor is included into (2.5) by a accelerating the time, as follows:
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σ(t) =

∫ t

0

Er

(
10log(atot)(t− τ)

)
ε̇dτ (2.15)

The implication of the Time-Temperature-Plasticization principle is that if a liquid does
not cause irreversible chemical degradation of the polymer, its influence on the polymer’s
mechanical properties can be modeled purely based on its influence on Tg . It has been
shown [21] that Equation 2.13 was able to predict the shift of the compliance curve of a
epoxy material reasonable well, but that for good quantitative agreement a experimental
shift factor should be used.

2.7 Fatigue
Fatigue is the phenomena that causes a material to fail when subjected to cyclic loading,
even if the loading induces a stress- or strain level far below the ultimate tensile or even
yield strength of the material. It has been shown that fatigue damage can be incurred within
the viscoelastic regiment [24]. Fatigue in polymers is generally believed to happen as a
result of damage accumulation [25, 26], rather than the initiation and growth of a single
crack as is the case for metals. Cyclic load damage in polymers can come as a result of
both the fatigue element and creep element of the loading (creep damage is induced if the
mean fluctuating load is non-zero).

Fatigue loading is usually characterized by two factors. In stress-controlled fatigue loading
they are defined as Sa and Sm, which represents the amplitude (half the difference between
maximum and minimum stress), and mean stress (average of maximum and minimum
stress). R is defined as the minimum stress divided by the maximum.

Creep can be seen as the limiting case of fatigue when the loading amplitude goes towards
0, while the mean load is non-zero. Although increasing Sm has been shown to decrease
fatigue life for a given stress amplitude Sa, predicting the exact relation between fatigue
life and mean stress is a challenge that has not yet been fully solved.

2.7.1 Frequency effect
Fatigue in polymers has a frequency effect. Higher loading frequency typically increases
number of cycles to failure [26]. There are several possible explanations for this effect.
Although loading frequency has little impact on the cyclic creep rate, higher frequencies
means shorter time to reach a certain number of cycles and thus less time for the cyclic
creep to happen (less time per cycle equals less creep per cycle). Ultimately this reduces
the creep’s damaging effects. Another possible explanation is that the modulus and ulti-
mate tensile strength of the polymer increases with loading frequency, which can be related
to an increase in the strain rate. Since the frequency effect is thought to be related to creep
damage, the frequency effect should expected to be more pronounced at higher R-ratios.

Note that in some experiments, the opposite effect is observed: fatigue life decreases with
frequency. This is thought to be caused by heat build-up. Since the thermal conductivity
of polymers is low, the hysteretic heat (heat generated by energy loss in hysteretic loop)
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may for high frequencies not be dissipated rapidly enough, heating up the material and
making it softer, and thus accelerating fatigue damage development.

2.7.2 Palmgren Miner’s rule for cumulative damage
Often it is necessary to predict fatigue life of a component that is subject to several mean
stresses or amplitudes. The most common method to predict fatigue failure in this case
is called Palmgren Miner’s rule [27], often termed Miner’s rule. Miner’s rule postulates
that fatigue failure happens as a result of cumulative damage, and that the damage ac-
cumulation is linear with respect to number of cycles. This is represented by Equation
2.16.

M =

i∑ Ni

Nf,i
(2.16)

M is the Miner sum, which represents the cumulative damage. Failure by fatigue happens
when M reaches unity. Ni is the number of cycles of a certain type (mean stress, amplitude,
temperature, conditioning level), while Nf,i is the number of cycles to failure for that type
of cycle.

Miner’s rule has been shown to work well for predicting fatigue life in isotropic materials,
including polymers, subject to variable loading. This applies especially if the variable
loading is random or periodical in nature. The main problem with Miner’s rule is that
it does not consider sequence effects, which are sometimes present. In metals, high-low
load sequences may show failure for M<1, while low-high sequences may not show failure
until M > 1.

2.7.3 Rainflow counting algorithm
Rainflow counting [28] is an algorithm used for fatigue analysis of loading data. The
idea is to reduce a load history into a series of individual cycles whose impact can be
calculated by Palmgren Miner’s rule. The main characteristic of the method is that it treats
lesser peaks and valleys in the load history as interruptions of the larger peaks and valleys.

Rainflow counting consists of four main steps, which are explained in short below:

1. Hysterisis filtering. This step aims to remove noise from the data. Noise is defined
as cycles with a very small amplitude (the threshold amplitude is called the gate),
which is thought to have little impact on the fatigue life.

2. Peak-valley filtering. In this step, all points that do not represent a reversak (peak or
valley) in the stress history are removed.

3. Discretization. Here, each of the remaining points are rounded to the desired preci-
sion. Normally, the level of rounding is related to the amplitude gate used on Step
1.
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4. Four-point counting method. Four consecutive peak/valley points are chosen: S1,
S2, S3, S4. If |S1-S4| > |S2-S3| a cycle with amplitude |S2-S3| is counted and S2,
S3 are removed.

The complete algorithm for Rainflow counting is described in ASTM E1049 “Standard
Practices for Cycle Counting in Fatigue Analysis”.

2.7.4 Temperature and moisture effect
It have been shown that the effect of moisture uptake on fatigue strength of a polymer can
be related to the moisture’s effect on the ultimate tensile strength (UTS) of the material
[17]. In this work it was assumed that the same was valid for the temperature’s effect on
UTS and fatigue strength. due to the temperature and moisture’s similar effects on the
creep curve of the polymer.

The new fatigue life is calculated by vertically shifting the S-N curve, based on the static
strength reduction. The slope of the S-N curve is unchanged. The vertical shift between
two hypothetical S-N curves, for dry and saturated epoxy where the liquid saturation
causes the epoxy’s UTS to decrease by 20%, is shown in Figure 2.8.

It was hypothesized that the reduction in UTS in percentage is close to the reduction at 1%
strain. The latter can be predicted using LVE, thus providing a quick method to evaluate
fatigue strength for different temperatures while reducing testing efforts.

Figure 2.8 Hypothetical S-N curves of saturated and dry epoxy
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2.8 Digital Twin

2.8.1 Concept
In its broadest sense, a Digital Twin is a digital representation of a physical entity or
process. At the time of the writing of this thesis, Digital Twin technology is an area
of considerable ongoing research and industry interest. Different authors define Digital
Twins differently [29, 30, 31].

Digital Twin technology in the oil and gas industry is of great interest, as it can provide
great cost savings during the design and operational phase of a project. In the context of
the oil and gas industry, one example of a Digital Twin for a pipeline system was defined
by Bhowmik [32]. Here it was said that the Digital Twin acts as a digital replica of a field
asset, which is monitored and maintained based on sensor data. In the work of Bhowmik,
the Digital Twin is an integrated system, where sensors connected to the IoT gathers data,
the data is analysed to draw insights which is then used in a preventative maintenance
strategy.

The goal of a Digital Twin is to represent the actual or potential properties of its twin entity
as accurately as possible. Digital Twins can serve a variety of purposes including perform-
ing real-time optimization of processes (such as preventative maintenance or calculating
expected remaining useful life of a field asset), prediction of what-if/what-will cases dur-
ing the design phase, and more. There are usually three key components in a Digital Twin:
a set of analytics/algorithms, a data model, as well as data representative of the entity that
is modeled.

In this thesis, the concept of a Digital Twin was used where the creep and fatigue be-
havior of a polymeric material could be described for a given load history/environmental
parameters, by considering models for the physical degradation and failure in the polymer.
Combining the Digital Twin for the polymer with an equivalent twin for the fiber and siz-
ing phase, one could use the techniques explained in Section 2.4 to obtain a Digital Twin
for the complete composite material/component.

2.8.2 Sensor integration
To calculate development of creep and fatigue in the polymer component, it is necessary
to know the history of loads, temperatures, and moisture the component has been exposed
to. The aforementioned information may be obtained by appropriate sensors. For the case
of a polymer pipeline, pressure sensors/load cells, temperature sensors, as well as sensors
detecting moisture/water immersion are needed.

In practice, creep strain can be measured directly by installing a strain gauge on the com-
ponent, like how strain is measured in a tensile test. Nevertheless, being able to calculate
creep based on a history of loads is valuable since it enables us to predict creep in the future
based on assumed/expected loads and also benefits in interpreting the strain measured by
the strain gauge. The measurements of the strain gauge can also be used to further refine
the material parameters used by the Digital Twin, so that it can make better predictions for
the future.
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2.8.3 Application areas and potential benefits of the Digital Twin ap-
proach

A Digital Twin approach with sensor integration, as presented above, has many potential
application areas. These can give benefits that can not be achieved by using only the
underlying degradation models themselves:

• Monitor the material’s properties/component status as a function of actual use con-
ditions in real-time. Knowing material’s condition in real time reduces the need for
on-site inspections. Note that it is also possible to store the sensor data locally and
retrieve them periodically if an online connection is found unfeasible.

• Calculate residual life based on history of use. Calculating residual life based on
actual operation history has the potential to extend the lifespan of structures, since
the actual usage will usually be less severe than the worst-case scenario typically
used in the design phase to find the minimum lifetime.

To evaluate service life the following is required: Service logs of loads, temper-
atures, and other relevant parameters, as well as knowledge of what impact these
have on the properties of the material. The latter is calculated by the Digital Twin
by considering physical degradation models.

• Digital Twin technology enables many scenarios to be examined in a short time.
This can be leveraged to enable machine learning/reinforcement learning algorithms.
If the Digital Twin for material properties is combined with Digital Twin for other
parts of the oil and gas production infrastructure, machine learning can be used by
the owner of a facility to find optimum operating parameters in order to maximize
value by balancing production volume and maintenance intervals against component
cost/lifetime/reliability.
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Chapter 3
Method

3.1 Overview

In the previous section, the underlying theory and the degradation mechanisms consid-
ered by the Digital Twin were explained. In this section, it is demonstrated how these
mechanisms are implemented in the Digital Twin.

An arbitrary load history may induce both fatigue and creep damage. The extent of which
each damage mechanism is actually incurred depends on the fluctuations and mean of the
load. In order to assess the integrity of the component, both the fatigue and creep part of
damage must be evaluated. The extent of damage caused by a specific loading depends on
temperature and conditioning level. The creep-rate is higher, and each fatigue cycle will
cause more damage if the temperature is high and the polymer is saturated with liquid,
compared to the damage at lower temperature and a dry polymer. This must be accounted
for by the Digital Twin.

Although fatigue and creep damage are related, they were treated separately in this work
due to a lack of methodology to comprehensively model the combined effect of creep and
fatigue damage. For fatigue and creep, we define two different failure criteria. Failure is
assumed to happen independently when either the Miner sum or creep strain reaches the
failure criteria.

By using as input corresponding stress-time-temperature-conditioning data obtained from
sensors installed on a component, one can use the Digital Twin to estimate the compo-
nent’s current condition. By appending hypothetical future data to the historical data, one
can predict the remaining life of the component in different scenarios. One can also use
entirely assumed data during the design phase of a component. In many cases, such as for
an oil production pipeline, the relevant use data will be correlated to factors like production
rate and weather conditions.
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Relevant material parameters for the epoxy, limited to experimental acceleration factor for
creep compliance due to moisture saturation, log(a)dry−wet=3.74, activation energy for
creep, Ea=277 kJ/mol 1, creep data for fitting the Prony series of the epoxy’s compliance
plus reference experimental S-N data and UTS for dry epoxy, were taken from previous
work [21, 17]. The fitting of the Prony series for creep compliance, and the interconver-
sion to the stress relaxation series, were done during the specialization project. Since the
aforementioned parameters are material specific, they properties must be re-tested if the
Digital Twin shall be used for other polymeric materials other than the epoxy.

In Figure 3.1 a flow sheet is shown that summarizes how the complete Digital Twin works.
The approach used in each step will be described in further detain in the following section.

Figure 3.1 Conceptual flowchart of the Digital Twin. The scope of work of this thesis is
marked in red

3.2 Creep
As explained in Section 2.5, creep-rate depends on stress level, temperature, and moisture.
The effect of varying stress levels is inherently considered by Equation 2.10. To account
for the effect of temperature and moisture, the TTSP-principle can be used. Typically, the
TTSP-principle is used to compare viscoelastic behaviors at constant temperatures. In this
work, the following methodology was used to consider the effect of varying temperature:

A given Time-Stress-Temperature history is converted to an equivalent Time-Stress history
at constant temperature. Creep behavior at higher temperature, is equal to that of lower
temperature if the time was accelerated by a factor 10log(a). This means that we can model
the effect of temperature changes by expanding time sections where the temperature was

1It was assumed that log(a)dry−wet and Ea were equal for Er(t) and C(t)
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higher than a reference temperature and contracting the time sections where the tempera-
ture was lower than the reference temperature by a factor of 10log(a), where log(a) will be
negative in the latter case.

In the code, a Time-Stress-Temperature history is converted to an equivalent Time-Stress
constant temperature history, where the temperature is equal to the temperature for which
the Prony series for creep compliance is valid. This is shown schematically in Figure 3.2,
where the Prony series is normalized to the temperature at t=0s:

Figure 3.2 Schematic illustration of the Digital Twin’s implementation of TTSP in the
linear time domain

As seen in Figure 3.2 the stress-time sections exposed to higher temperatures are effec-
tively expanded, while the ones exposed to lower temperatures are contracted. The two
use histories will result in the same level of creep. The same principle can be used for time-
moisture superposition since moisture uptake has the same effect as temperature increase.
In practice, this is done as shown in Algorithm 1 (Pseudocode).

In Algorithm 1, Tr is the temperature that the Prony series for creep is normalized to. Tlist
is the temperature history in list form, while tlist is the corresponding times. The output,
tlistAdjusted, is the new list of times, as if the temperature was Tr the entire time. Note
that algorithm 1 was given for temperature only. To account for the effect of moisture, the
procedure is repeated, replacing Tlist with a list of the conditioning levels associated with
each time. Note that the Twin only considers the extremes of moisture content: fully dry
or fully saturated with liquid.

In order to evaluate Equation 2.10 to find the total strain, the trapeze method was used.
When using the Digital Twin, the stress-time history will be available as discrete points
due to the nature of the sensor. The continuous stress-time history was assumed to be the
linear interpolation between each data point from the sensors installed on the component.
This means that the slope of the stress-time history was assumed to be constant between
each data point, as shown in Figure 3.3.

Increased sampling rate of the sensors will give a more accurate representation of the stress
experienced by the component, which can make the predictions of the Digital Twin more
accurate. The downside of increased sampling rate is the increased storage, connection
bandwidth (if the component is monitored in real time) and computational efforts required.
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Algorithm 1 TTSP Algorithm

Input: Tr, Tlist, tlist
Output: tlistAdjusted

tlistAdjusted = copy(tlist)
for i in range(length(tlist)) do

T = Tlist[i]
t = tlist[i]

loga =
Ea

2.303 · 8.314
·
(

1

Tr
− 1

T

)
Tr = T
tDiffs = [x-t for x in tlist]
for j in range(length(tDiffs)) do

if tDiffs[i] > 0 then
tlistAdjusted[j] = t + tDiffs[i]·10loga

end if
end for

end for

Figure 3.3 Sensor data points (sampling rate of 1/s) and linear interpolation, resulting in
constant dS/dt (dτ /dt) between each data point.

The required sampling rate depends on the frequency of the loading on the component. For
higher frequencies, higher sample rate is needed. Typically, it is desired to have ten data
points per cycle, which means that the sampling frequency needs to be at least ten times
the highest loading frequency.

Algorithm 2 shows how Equation 2.10 is solved in Python. Slist and tlist is the list of
stresses and corresponding times (adjusted to constant temperature), respectively. The
output variable creep is the resulting creep.
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Algorithm 2 Creep integral algorithm

Input: tlist, Slist
Output: creep

dSdt =
diff(Slist)

diff(tlist)
tmax = tlist[-1]
creep = 0
for i in range(length(tlist)) do

timeStep = tlist[j]

Jstep = J0 −
∑i

ji · e
−(tMax− timeStep)

λi

creepStep = (tlist[j+1]-tlist[j]) ·dSdt[j]·Jstep
creep = creep+creepStep

end for

3.3 Fatigue

3.3.1 Method outline
In order to evaluate fatigue damage resulting from an arbitrary stress-time-temperature
history using conventional methods, the stress-time-temperature-moisture history must be
reduced to a series of individual cycles. A popular method to extract cycles from a stress-
time history is the Rainflow counting algorithm, which was described in Section 2.7.3.
Applying the Rainflow counting method to a stress history obtained from sensors has ear-
lier been explored for composite components in a windmill [33]. The DNVGL-ST-C501
standard states that Rainflow counting shall be used to establish fatigue history from a
loading sequence, the fatigue history consisting of the number of cycles at each stress
amplitude/mean combination.

Since even small temperature changes may have a strong influence on fatigue life in poly-
mers, each fatigue cycle must also be associated with the temperature and conditioning
level at which the cycle occurred. This means that in the Digital Twin the Rainflow algo-
rithm must be modified so to also record the temperature and conditioning level associated
with each cycle.

To apply the Rainflow counting algorithm, the stress-time-temperature history must be
reduced to a series of local extreme points. This step is often termed discretization, and
typically includes a gate (minimum prominence of extreme points), and a binning proce-
dure. Binning means that each extreme point is rounded up or down. After discretization
and binning, the Rainflow counting algorithm was performed, recording the cycles and
their associated temperature/conditioning level. By using the Rainflow counting and as-
sociating each stress reversal with its corresponding temperature/conditioning level, the
stress-temperature-conditioning-time history was reduced to number of cycles at each
stress amplitude, mean, temperature and conditioning level. For each cycle, the following
information was recorded:
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N - Number of cycles

Sm – Stress mean

Sa – Stress amplitude

T – Temperature

CH2O – Conditioning level

In some cases, T and CH2O can vary during a cycle. In these cases, the maximum tem-
perature and conditioning level of the cycle’s starting and ending point were assumed to
be valid for the entire cycle. Since changes in temperature and conditioning are usually
slow compared to the duration of a cycle, this was deemed acceptable as a conservative
approximation.

For each of the N-Sm-Sa-T-CH2O combinations, number of cycles to failure, Nf , was
calculated, and N/Nf represents each combination’s contribution to the Miner sum. N/Nf

for each combination was summed, in order to find the Miner’s sum at the end of the stress
history.

3.3.2 Discretization/hysteresis filtering

In this work, the local extreme points were found using the Python scipy.signal package
find peaks. The find peaks package includes the parameter prominence, which is equiva-
lent to the gating/hysteresis filtering described in Section 2.7.3. The local maxima were
found first by applying find peaks to the stress-history, and subsequently the local minima
by applying find peaks to the negative stress-time history. To create the complete list of
turning points, the list of local maxima and minima were interweaved. To achieve the
effect of binning, each element in the list of turning points was rounded to the desired
precision.

3.3.3 Four point counting

The 4-point counting was performed by a slightly modified version of a publicly available
implementation [34]. A modification was done by also having as input two lists contain-
ing the temperature and conditioning level associated with each stress reversal. The cycle
counting was based on the list of stress reversals, but when a cycle was found, the equiva-
lent elements in the temperature and conditioning lists were also recorded. This created a
2D matrix, where each column gives information about a single/half cycle.

3.3.4 Calculating fatigue life at given stress levels and conditions

Calculating the effect of stress level

For the given epoxy material, it has been shown that the fatigue life can be predicted by
Equation 3.1 for R=0.1 [17]:
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log(Nf ) = A · log(Smax) +B (3.1)

Here Smax is the maximum stress, which is equal to
Sa

0.45
for R=0.1. A and B are ma-

terial constants which can be found by performing least square fitting on S-N test data.
To calculate Nf for other values of R, one must consider the mean-stress effect. The
Smith-Watson-Topper-method (SWT) has been shown to work relatively well for poly-
meric materials [35]. The SWT-method, unlike the Goodman diagram which is typically
used, does not require the yield strength or UTS of the material to be known. This is an
advantage when calculating the mean stress effect in polymers, since the yield strength
and UTS can vary significantly due to temperature and moisture.

Equation 3.2 shows how a combination of mean stress and amplitude is converted to an
equivalent amplitude at zero mean stress, Sa,R=−1, in the SWT-method.

Sa,R=−1 =
√
Sa · (Sa + Sm) (3.2)

Since the S-N curve was given for R=0.1, it was decided to perform the mean stress cor-
rection by a two-step procedure. First, the original (Sa, Sm) from the Rainflow counting
was converted into Sa,R=−1 by Equation 3.2 (R=-1 corresponds to Sm=0). Then, Sa,R=−1
was converted into Sa,R=0.1 by Equation 3.3.

Sa,R=0.1 =

√
9

20
· Sa,R=−1 (3.3)

Equation 3.3 was found as follows: For R=0.1, Sm = 9/11·Sa. Inserting this into Equation
3.2, and solving for Sa one obtains Equation 3.3. Sa,R=0.1 can then be inserted into

Equation 3.1, where Smax =
Sa,R=0.1

0.45
.

Calculating the temperature and moisture effect

For polymeric materials, chain scission is the primary fatigue degradation mechanism [5].
It has further been suggested that the rate of this process is accelerated by higher temper-
atures and the presence of moisture. Two possible methods to account for this effect are
presented below:

• It has been shown that decrease in stress amplitude at a given Nf due to a temper-
ature increase is approximately the same as the decrease in static strength, which
leads to the relationship shown in Equation 3.4. This means one can do a vertical
shift of the S-N curve, to find fatigue life at other temperatures and conditioning lev-
els than what was originally tested. This is the method that was used by the Digital
Twin.
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σ

σr
=

Sa

Sa,r
(3.4)

Here, σ is the static strength at ε = 1%, ε̇=0.00014/s 2, for the conditions (T, CH2O)
one wishes to find the fatigue strength at, while σr is the static strength for an equiv-
alent reference test at a known temperature and conditioning level. Sa is the fatigue
strength at the actual conditions for a given Nf , while Sa,r is the fatigue strength at
Nf at the same conditions as the reference static test.

Calculating σ(ε, ε̇, T, CH2O) for ε = 1% was done by Equation 2.15. This was
explored in depth in the preparatory project for this thesis.

In order to take the temperature/moisture effect into account in Equation 3.1, one
must modify the B obtained from the reference conditions (conditions of the S-N
testing). To do this, one can use Equation 3.5.

B = −Ar · log
(
σ

σr

)
+Br (3.5)

Here Br and Ar are the obtained constants for the reference temperature and condi-
tioning level. Note that Ar is not changed for use in Equation 3.1, since the slope of
the S-N curve us unchanged.

• An alternative method would be to use Arrhenius approach directly. One such ap-
proach was presented in [5]. The idea here is that number of cycles is linearly
dependent on time when the loading frequency is constant, which leads to Equation
3.6.

a =
t

tr
=

Nf

Nf,r
(3.6)

Here, t and Nf is the time and number of cycles to failure respectively, while tr and
Nr is the time and number of cycles to failure at the reference conditions. Under
these assumptions, the number of cycles to failure at a given temperature can be
modelled Equation 3.7, if there is no change in failure mechanism. Equation 3.7 can
also be extended to include the effect of liquid saturation.

log(N)− log(Nr) = log(a) =
−∆H

2.303R

(
1

Tr
− 1

T

)
(3.7)

2ε̇ was chosen on the basis of available σ − ε experimental data for the reference curve, and ε = 1% is the
approximate limit for validity of LVE

28



∆H is the activation energy of the chain scission process.

A weakness of both methods is that it has not been tested experimentally if the shift factor
is the same at different loading frequencies. Another weakness of the first method is that
it has not been tested whether or not Palmgren Miner’s rule is valid for calculating total
number of cycles to failure when the temperature varies.

Frequency effect

The Digital Twin is that it did not consider the frequency effect when calculating the
fatigue life, but in the typical range of frequencies encountered in field use the frequency
effect is generally found to be relatively small.

3.3.5 Pseudocode
A simplified pseudocode for how fatigue is calculated by the Digital Twin is shown below.
Algorithms 3 and 4 shows how σ(ε, ε̇, T, CH2O) is calculated. Algorithm 5 shows how the
Miner sum, M, is calculated from a stress history with corresponding temperatures, Slist,
Tlist respectively. The effect of liquid saturation is calculated as for temperature, but is for
readability purposes not shown in the pseudocode.

Algorithm 3 Integrand

Input: τ , tmax, log(a), E0, gi, τg
Output: σ

σ = E0 +
∑i

gi · e
−10log(a)

(tmax − τ)

τi

Algorithm 4 stressLVE. Calculating σ at given ε. Constant strain rate, ε̇

Input: ε, ε̇, log(a), E0, gi, τg
Output: σ

tmax =
ε

ε̇
σ = ε̇ ·

∫ tmax

0
Integrand(Integration variable = τ . Arguments = tmax, log(a), E0, gi, τg)
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Algorithm 5 Calculating Miner sum, M, from a stress-temperature history

Input: Slist, Tlist
Output: M

peaks = find peaks(Slist)
valleys = find peaks(-Slist)
extremalsS = Slist[peaks, valleys]
extremalsT = Tlist[peaks, valleys]
fatigueHistory = Rainflow(extremalsS, extremalsT)
M = 0
Sref = stressLVE(ε = 0.01, ε̇ = 0.00014, log(a) = 0)
for i in range(length(fatigueHistory[0])) do

N, Sa, Sm, T = fatigueHistory[...]
Sa,R=−1 =

√
Sa + Sm · Sa

Sa,R=0.1 =

√
9

20
· Sa,R=−1

loga =
Ea

2.303 · 8.314
·
(

1

Tr
− 1

T

)
S = stressLVE(ε = 0.01, ε̇ = 0.00014, loga = loga)

ratio =
S

Sref

B = -Ar · log(ratio)+Br

Nf = 10
Ar·log

Sa,R=0.1

0.45

+B

M = M +
N

Nf

end for
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3.4 Validation of the Digital Twin
In order to verify that the predictions of the Digital Twin were in line with its underlying
theory, a few test cases were examined. The test cases were intended to qualitatively and
quantitatively verify that the underlying theory was implemented correctly.

3.4.1 Creep
First, a comparison of creep resulting from 1MPa constant load, and the compliance func-
tion C(t) was performed. For the 1MPa constant load, the creep should be equal to C(t)
after a time of approximately ten times the ramp period has passed [36].

Secondly, a sinusoidal loading was examined. In this case the creep (after an initial period)
should be slightly out of phase with the stress [19]. This will result in the peak of the creep
happening later than the peak of the elastic strain response.

Finally, it was shown that the TTSP, in the way it was applied, was valid. This was done
by comparing the creep development for two equal load histories at different temperatures.
If TTSP as applied is valid, it should be possible to do a horizontal shift of either of the
creep-curves, so that it overlays the other in logarithmic time scale(excluding the ramp
period). The shift should be equal to the shift factor calculated by Equation 2.12.

3.4.2 Fatigue
To test the Rainflow counting algorihm, and how it compares to the ATSM standard it
was derived from, the predictions of the algorithm was compared to another public imple-
mentation of the ASTM E1049-85 Rainflow cycle counting algorithm [37]. Both a basic
σ=sin(t) type loading, and a more complex σ=A·sin(B·t)+C·sin(D·t) were examined. Here
t represents the time.

To test the ability of the algorithm to relate each cycle to its correct temperature, a stress-
temperature history was chosen where σ=sin(t), T = t. Here T is the temperature. This
means that the recorded temperature of each (half) cycle should be equal to the time of the
cycle’s last reversal.

3.5 Case study
In order to showcase the capabilities of the Digital Twin, it was decided to perform a case
study. The case study considered a uniaxially loaded component, and its principles can be
extended to any component loaded in a similar manner, such as a riser or the 0◦ layer in a
0/90◦ fiber orientation composite pipeline. In the case study the component was exposed
to hypothesized loads and conditions, but it is the goal that it in the future the Digital Twin
will obtain the loads and conditions from sensor data.

The goal of the case study was to compare the effect of different loads, temperatures on
creep and fatigue development, including the effects of fluctuating loads/temperatures due
to accidents, shut-downs, maintenance intervals, storms and so on. The case study was
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also to compare the Digital Twin’s predicted component lifetime compared to traditional
constant maximum temperature, maximum load lifetime predictions.

When determining the lifetime of the component, failure was defined as follows:

1. Total strain reaching the elongation at break for a reference test (3,71%) [17] divided
by a safety factor of 2,5. The reference test was performed on dry epoxy at 299K.

Note that this is a novel way of defining failure by creep, which means that there
is no industry established standards for the safety factor. Normally, failure due to
sustained loads is defined by a empirical time criteria. In the DNVGL-ST-C501
standard, time to failure under static loads is calculated by the stress rupture formula
on the form log(σ) = log(σ0,stressrupture) - β log(t), where σ0,stressrupture and β
are experimentally determined constants. An approach similar to Miner’s rule is
used if there are several stress levels.

2. The Miner sum reaching 1 divided by a safety factor of 50. This safety factor is
used in the DNVGL-ST-C501 and DNVGL-ST-F119 standards for safety class high
composite components, and is designed to account for the uncertainty of the Miner
sum in composites.

The load histories, as well as the values of the investigated parameters in the case study
are hypothetical. Although they were chosen to be relevant for in-field use, they do not
represent the actual real-life conditions in the field.

Note also that the qualitative effects of parameters such as temperature, stress level and
moisture on creep and fatigue are already well known. What is brought to the table by the
Digital Twin is the ability to perform a quantitative analysis of these effects. The advantage
of the Digital Twin approach is the ability quickly and easily to analyze measured data, as
well as making predictions based on assumed future data.

In the case study, three basic scenarios were considered:

• Fatigue dominated loading: Loading with large fluctuations, but mean load close to
zero

• Creep dominated loading: Loading with little or no fluctuations, but non-zero mean

• Mixed loading: Loading with both large fluctuations and non-zero mean, inducing
both fatigue and creep damage

• Temperature fluctuations

In addition, it was shown how temperature fluctuations and moisture affects the develop-
ment of creep and fatigue damage.

After examining the basic cases, special cases were be considered, such as:

• Maintenance intervals that create periods with higher and lower loads

• Cases where the load levels decrease gradually during the lifetime of the component
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• Accidents or other unexpected events that create abnormal loads, such as a storm or
operating mistake of the well

Finally, the Digital Twin was used to compare Traditional lifespan calculation and investi-
gate how much the component’s lifetime can be extended beyond the original design life,
by analyzing the components history of use when it is near the end of its original design
life. Life extension will often be possible, due to how components are over-engineered to
withstand loads that are greater than what is normally encountered. This is done because
it is not possible to do a perfect forecast of the loads and temperatures a component will
be exposed to.

After having calculated the effect of the history of use on the component and finding that
both the creep strain and Miner sum are below the failure criteria, life extension can be
calculated by assuming data for the future use of the component and redoing the analysis
on the sum of measured and assumed data. The extent of life extension will therefore de-
pend greatly on the type of assumed future data. There are two approaches for calculating
the extent of the life extension:

• To calculate the remaining life where structural integrity of the component can be
guaranteed, giving a lower bound for the remaining life, maximum load and tem-
perature are assumed in the future. When this lower bound has been reached the
procedure is repeated, incorporating the new sensor data that was obtained since
the original end of life. With each repetition, the remaining life approaches closer to
zero. The procedure can be repeated until the remaining life is deemed unacceptably
short.

• A less conservative approach is to analyze the history of use and assume that the
loading and temperature will be similar in the future to what has already been ob-
served. This may give a more realistic estimate of the remaining life of the compo-
nent but the method is non-conservative in the case of unexpected loads or temper-
atures arising.

This approach can be made more conservative by assuming maximum load on the
last day to which life extension is desired. The DNVGL-ST-C501 standard states
that a component shall be able to endure its maximum intended load on its last day
of service. This means that failure is considered when the residual strength is equal
to the maximum load. Here, residual strength is defined as the load that causes the
strain to raise above the failure criteria 3, or that a single cycle of that amplitude will
cause the Miner sum to rise above 1.

Which approach that is more reasonable depends on the application. For designing and
evaluating the integrity of the component, the first approach should be used. For getting a
preliminary estimate of the cost of component replacement for the remainder of a project’s
lifetime, the second option may be better suited.

For the life extension case study, the examined conservative history of use was intended to
give failure after about 25 years. It will then be examined if the lifetime of the component

3The stress required to raise the strain above the failure criteria will be lower if the component is already
already strained due to creep
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could be extended to 50 years or more by evaluating the actual history of use.

Figure 3.4 shows a schematic example of how the loads are assumed for the future in each
of the aforementioned approaches, when after 50 months of use we are examining whether
a life extension to 100 months is feasible or not.

Figure 3.4 Schematic illustration of the three ways to assume future loads when consider-
ing life extension
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Chapter 4
Results

A short note on the presentation of the results:

The stress histories (in MPa) for each load history are given by the formula used to generate
them in Python, where t is the time in seconds.

In some cases, the stress as given by the formula at t=0s is not zero. In these cases a linear
ramp period, where the stress was increased from 0 to the stress at t=0s in the formula,
was added to the loading history.

For the Rainflow counting, a gate of 0.1MPa was used and the binning/rounding was per-
formed to the same level of precision.

4.1 Validation

4.1.1 Creep
Figure 4.1 shows a comparison of the Digital Twin’s prediction of creep development
from a constant 1MPa load, and C(t). For the 1MPa load, the ramp period was 5 seconds.
The two curves were be equal after the ramp period. This result agrees agrees with the
prediction in Section 3.4.

Figure 4.2 compares the elastic strain response and the creep resulting from a sinusoidal
stress, and shows a vertical line where the peaks of each curve is located. The creep peaks
happened slightly after the stress peaks. This result agrees agrees with the prediction in
Section 3.4.

Figure 4.3 compares the calculated creep strain from a 1 MPa constant stress level for two
different temperatures. The dashed line shows creep curve at 305K, after being shifted
leftwards by a factor calculated from Equation 2.12. The shift factor resulted in the 305K
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an 299K curves being equal after the ramp period. This result agrees agrees with the
prediction in Section 3.4.

Figure 4.1 Comparison of creep from σ=1MPa, divided by 1MPa, and C(t). Ramp time
5s.

Figure 4.2 Comparison of creep and elastic strain response from a sinusoidal stress,
σ=sin(0.25t), T=310K
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Figure 4.3 Comparison of the Digital Twin’s predictions for different temperatures. σ=1
in both cases, log(a) = 0.951822
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4.1.2 Fatigue
Decrease in static strength and cycles to failure from moisture saturation

Experimental results showed that the liquid saturation of the epoxy decreased the UTS by
19,8% at 296K, and that approximately the same reduction was observed for Sa at a given
Nf [17]. Using LVE, calculating σ(ε = 1%), to approximate this decrease at the same
temperature gave a reduction of 21.1%.

Figure 4.4 compares the experimental and predicted S-N curves for the liquid saturated
epoxy. The agreement is best at low N. Since the X-axis is logarithmic, the errors at
N> 105 are quite significant. At Sa = 7MPa, log(Smax) = 1.2, the percentage difference
between Nf as predicted by experimental results and the Digital Twin is 54%.

Figure 4.4 Comparison of S-N curves of saturated epoxy, for R=0.1. On the Y-axis, Smax

means the maximum stress during a cycle. For this R-ratio, Smax =
Sa

0.45

Rainflow counting

Figure 4.5 shows a basic sinusoidal loading. For this stress history, the Digital Twin’s and
alternative implementation of ASTM E1049-85’s counted cycles are listed in Table 4.1.
Each column gives the relevant information (Sa, Sm, N) for each type of cycle. The two
implementations of the Rainflow counting gave equal results.

Figure 4.6 shows a more complex sinusoidal loading. For this stress history, the Digital
Twin’s and alternative implementation of ASTM E1049-85’s counted cycles are listed in
Table 4.2. The two implementations of the Rainflow counting gave equal results.

Figure 4.7 shows a basic sinusoidal loading where the temperature increases linearly with
time. For this stress history, the Digital Twin’s counted cycles are listed in Table 4.3. Each
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cycle was attributed its correct temperature.

Digital Twin ASTM E1049-85
Sa 1 1
Sm 1 1
N 3,5 3,5

Table 4.1: Cycles counted by Digital Twin and ASTM E1049-85 for the stress history in Figure 4.5

Figure 4.5 Stress history, σ=sin(0.5t), counted in Table 4.1

Digital Twin ASTM E1049-85
Sa 1,3 2,7 1,3 2,7
Sm 0 0 0 0
N 4 3,5 4 3,5

Table 4.2: Cycles counted by Digital Twin and ASTM E1049-85 for the stress history in Figure 4.6

Digital Twin
Sa 1 1 1 1
Sm 0 0 0 0
N 0,5 0,5 0,5 0,5
T 15 25 35 45

Table 4.3: Cycles counted by Digital Twin for the stress history in Figure 4.7
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Figure 4.6 Stress history, σ = sin(0.5t)+2sin(t), counted in Table 4.2

Figure 4.7 Stress history with linearly increasing temperature, σ = sin(0.1π·t), T=t.
Counted in Table 4.3
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4.2 Case study
Note that unless otherwise is stated, the calculations are done for dry epoxy at 299K. A
ramp time 10s was used where necessary.

In the following figures the red line represents the creep, the blue line represents the
Miner’s sum, and the black dashed line represents the elastic part of the strain. This line
will be proportional to the stress level experienced by the component, and is included to
give an idea of the loading/stress history.

4.2.1 Basic cases
To demonstrate the capabilities of the Digital Twin, the fatigue and creep behavior of the
component is shown for the three basic loading cases: constant load, fluctuating load with
zero mean, fluctuating load with non-zero mean. It will also be shown how moisture and
a temporary temperature increase affects the development of creep and fatigue.

Figure 4.8 Creep and fatigue damage for a load without fluctuations. σ = 1
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Figure 4.9 Creep and fatigue damage for a fluctuating stress with zero mean. σ = sin(0.5t)

Figure 4.10 Creep and fatigue damage for a fluctuating stress and non-zero mean. σ =
sin(0.5t)+5
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Figure 4.11 Creep and fatigue damage development, showing the influence of tempera-
ture. σ = sin(0.4t)+15. For t∈ [500s, 600s], T = 309K

Figure 4.12 Comparison of creep/fatigue in dry and saturated epoxy. S = sin(0.4t)+15
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4.2.2 Special cases
In the following Section are shown creep and fatigue calculations for the special cases.

Maintenance intervals

For the maintenance intervals case, the stress was given by Equation 4.1. The development
of creep and fatigue damage is shown in Figure 4.13.

σ =

{
sin(0.5t) + 10 t ∈ [200s, 300s], [500s, 600s]

0.5 · sin(0.5t) + 5 t /∈ [200s, 300s], [500s, 600s]
(4.1)

For the normal operation, the Miner sum increased much faster than during the mainte-
nance period where the Miner had almost no increase. Interestingly, the Miner sum rose
abruptly at the beginning and end of each maintenance period.

Creep strain increased during the normal operation, but decreased in the maintenance in-
tervals even tough the mean stress was above zero.

Accident

For the accident case, the stress was given by Equation 4.2. The development of creep and
fatigue damage is shown in Figure 4.14.

σ =

{
3 · sin(0.2t) + 5 t /∈ [500s, 700s]

4 · sin(0.4t) + 10 t ∈ [500s, 700s]
(4.2)

For the normal operation, the Miner sum increased very little compared to during the
accident. Also for this case, the Miner sum rose abruptly at the beginning and end of the
accident period.

The creep strain increased steadily before the accident, and at a higher rate during the
accident. After the accident, the strain decreased despite a greater than zero mean stress.

Gradually decreasing load

Two types of gradually decreasing loads were examined. The first type is given by Equa-
tion 4.3. For this type, the development of creep and fatigue damage is shown in Figure
4.15.

σ =
−3

1 + e−0.01(t−1000)
(5 · sin(t) + 4) (4.3)

From Figure 4.15 it is evident that this load caused the creep first to increase when the
stress was stable, and then decrease when the stress decreased. The creep stabilized above
the elastic response. The Miner sum initially increased almost linearly, before slowing
down, then increasing, and finally leveling off as the stress stabilized.
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The second type is given by Equation 4.4. For this type, the development of creep and
fatigue damage is shown in Figure 4.16.

σ = e−0.001t(5 · sin(0.2t) + 25) (4.4)

From Figure 4.16 it is apparent that for this load the creep strain was decreasing continu-
ally, but stabilized slightly above zero. The Miner sum first accelerated, before slowing its
increase and leveling off.

Figure 4.13 Creep and fatigue damage development for maintenance intervals, where the
stress mean and fluctuations is lower in periods
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Figure 4.14 Creep and fatigue damage development for an operating accident or storm
causing abnormal loading

Figure 4.15 Creep and fatigue damage development for a gradually decreasing load, first
type
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Figure 4.16 Creep and fatigue damage development for a gradually decreasing load, sec-
ond type
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4.3 Life extension
In this section, in order to reduce computational time, the creep was only plotted every
22,36 weeks (13524142s). This plotting frequency plots tops and bottoms in the stress
history alternatively. The temperature for all of the three cases was 288K.

4.3.1 Conservative history of use
Figure 4.17 shows the conservative, severe history of use considered in the design phase
during the construction of the component. This stress history is given by Equation 4.5,
where t is the time in seconds. This level of loading resulted in failure by fatigue after
approximately 25 years, but failure due to creep was not expected.

σ = 6 · sin(0.0044578 · t) + 15 (4.5)

4.3.2 Conservative life extension
Figure 4.18 shows the the most conservative approach for life extension. For the initial 25
years, the actual history of use was considered, while for the remainder of the lifetime, the
loads are conservatively assumed to be the same as those considered in the design phase.
The actual history of use is given by Equation 4.6. This history of use resulted in failure
by fatigue after about 40 years, but failure due to creep was not expected.

σ =

{
6 · sin(0.0044578 · t) + 15 Y ears : 0→ 5, 10→ 15

3 · sin(0.0044578 · t) + 12 Y ears : 5→ 10, 15→ 25
(4.6)

4.3.3 Life extension assuming similar future loads
Figure 4.19 shows what happens if the future loads are assumed to be the same as the initial
25 years, as shown in Equation 4.7. In this case, the component is predicted to remain in
operation for over 50 years before failure is expected to occur. Note that assuming the
maximum load to occur once after 50 years would not result in failure due to creep, since
failure by creep did not happen in Figure 4.18, and the Miner sum is far enough from 0.02
that a single cycle would not result in failure.

σ =

{
6 · sin(0.0044578 · t) + 15 Y ears : 0→ 5, 10→ 15, 25→ 30, 35→ 40

3 · sin(0.0044578 · t) + 12 Y ears : 5→ 10, 15→ 25, 30→ 35, 40→ 50

(4.7)
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Figure 4.17 Creep and fatigue damage development for the conservative history of use

Figure 4.18 Conservative life extension by considering actual history of use, and append-
ing a conservative assumption for the future
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Figure 4.19 Life extension considering actual history of use, and assuming that loads will
be similar in the future
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Chapter 5
Discussion

5.1 Validation
As evident from the figures in Section 4.1, the predictions of the Digital Twin were quali-
tatively and quantitatively correct for the basic cases within the creep domain. For fatigue,
it was also evident that the modified version of the Rainflow counting algorithm counted
correctly.

The estimated reduction in UTS by reduction at ε=1% was off by 1.1 percentage points,
compared to experimental results of UTS reduction [17]. This can be considered ac-
ceptable, but it has not been demonstrated that the Digital Twin is able to estimate static
strength changes due to temperature fluctuations.

With respect to the S-N curve, it was apparent that the Digital Twin was able to predict
the curve of the saturated epoxy reasonably well. Due to the relatively flat shape of the
S-N curve, the error in Sa at a given Nf is relatively small, but the error in Nf at a given
Sa (which is used by the Digital Twin to calculate the Miner sum) was much higher. The
largest deviations from the experimental S-N curve were observed for large N 1, which is
significant since the scale is logarithmic. For large N the fatigue strength was underesti-
mated, which is a error in the conservative direction. For better quantitative agreement,
shifting the S-N curve based on UTS measurements may be the preferred option, although
neither of these methods are perfect.

A factor that is not considered by the Digital Twin is the increased ductility for conditioned
material/higher temperatures, which may lead to higher elongation at break. This means
that the Digital Twin may predict failure by creep to happen too early for saturated epoxy
or at higher temperatures, but this is an error in the conservative direction.

1Extrapolation error is likely responsible for parts of the deviation between the experimental and predicted
S-N curve. In the original source of the S-N curves, S-N testing was only performed for N < 106
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5.2 Case study

5.2.1 Basic cases
From Figures 4.8, 4.9, 4.10 it is apparent that the Digital Twin calculated the development
of creep and fatigue as expected:

• When there was a mean stress but no stress fluctuation, only the creep increased as
a function of time.

• When the mean stress was zero, but the stress is fluctuated periodically, the acquired
strain was dominated by the elastic/instantaneous part of the creep while the Miner
sum increased linearly.

• When there was both periodic fluctuations and a non-zero mean stress, both strain
and Miner’s sum increased as functions of time.

In Figures 4.9, 4.10 the Miner sum increased in a step-wise fashion, where each step coin-
cides with a reversal in the stress history and the first step happening after three reversals.
This is consistent with the aforementioned ATSM Rainflow counting standard, where only
finished cycles are counted and three reversals being the minimum to constitute a full
cycle.

Increased temperature or liquid saturation accelerated the creep-rate and slope of the
Miner’s sum. What is interesting to note is what happened when the temperature was
increased, and then returned to its previous level. The Miner’s sum returns to the same
slope as before the temperature was increased. The creep-rate on the other hand, will in-
crease at a lower rate after the temperature is reversed, than what it would have done at
the same time if the temperature had remained constant. Note that although the creep rate
was lower after the period of increased temperature, the total creep was higher than what
it would have been if the temperature was never increased.

This can be explained by the creep-rate decreasing over time when the temperature is con-
stant. When the temperature is increased it effectively accelerates the passage of time,
which means that a later point on the constant-temperature creep curve is reached faster.
This is illustrated in Figure 5.1, which shows a generic creep curve for constant tempera-
ture. Consider a case where the temperature is elevated in the time span t1-t2, so that time
is accelerated by a factor of three. Now the creep between t1 and t3 will happen within
the time span t1-t2. The result is shown in Figure 5.2, where creep is plotted with the time
span t1-t3 compressed into t1-t2. When the temperature is decreased to its initial level,
creep continues with the slope at t3 in Figure 5.1. If temperature was not changed, creep
continues with the slope at t2.

5.2.2 Special cases
Maintenance intervals

Both the creep and Miner’s sum increased faster during the periods of higher load ampli-
tude/mean.
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Figure 5.1 Generic constant load/temperature creep curve

Figure 5.2 Generic constant load creep curve, after the temperature effect was included.
Temperature increase between 2s and 3s. log(a) = log(3). At t=3s, the slope of the constant
T curve is higher than that of the non constant T curve

What is interesting to note is that the abrupt increase in Miner sum in the transition between
high load/amplitude to lower load/amplitude. This abrupt increase is caused by the large
amplitude cycle created in this transition, since the change in mean stress is large. If there
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is many of these transitions, they may end up having a significant effect on the Miner’s
sum, meaning that fatigue damage accumulates faster when there are periods of lower load
mean/amplitude. Note that the result obtained is for an extreme case, where the difference
in mean stress is large compared to the stress amplitude.

While the Miner’s sum continued to rise during the smaller load amplitude/mean period,
the strain on the other hand decreased for the first period after a high amplitude/mean load
period. This phenomenon is called recovery and is in line with the predictions of LVE
theory. If the low amplitude/mean load period were maintained for an extended period,
the creep would start increasing again, as is seen in Figure 4.18. Note that this is a type of
history where the maximum strain during the component’s lifetime does not necessarily
happen at the longest times. In this case it might therefore be necessary to also find the
maximum creep during the component’s history of use, rather than the creep after a given
history of use.

Accident

The effect of an operating mistake/accident was (qualitatively) quite similar to the effect
of maintenance intervals that causes periods of higher and lower stress. The low ampli-
tude/mean to high amplitude/mean transition also here created its own cycle, which ended
up affecting the Miner sum. For the first period after the accident, we also saw a certain
recovery in the creep strain.

Gradually decreasing mean/amplitude

The trend in both Figure 4.15 and 4.16 is that the total creep strain decreases when the
stress is reduced. This is due to a decrease in the elastic part of the strain. It is worth
to note that the creep will stabilize above the elastic strain, due to the viscous creep that
happened during the high stress period.

The development of fatigue exhibited a somewhat counter-intuitive behavior for this type
of loading. Intuitively for this type of loading, one would expect the Miner’s sum to have a
shape similar to that of the logarithmic function (strictly decreasing slope, negative second
derivative), since both Sa and Sm are decreasing. In Figures 4.15 and 4.16 on the other
hand, the Miner sum is growing the fastest during the period where Sm is decreasing the
quickest. What causes this rather strange phenomena is the way the Rainflow counting
evaluates the decreasing Sm. The half-cycle from maximum stress of the earliest cycle
down to the minimum stress of the latest cycle, grows as Sm is decreasing. This cycle has
high amplitude compared to the other cycles. These can be treated as interruptions of this
larger half cycle. The large half cycle ends up having a significant effect on the Miner’s
sum. Figure 5.3 illustrates how the early-maximum-to-late-minimum half cycle grows as
Sm decreases. As time passes, the growth of this half cycle slows down, making the Miner
sum level off.

Note that the results obtained in this instance are exaggerated. If Sm was decreasing
slower, along with a higher load frequency and amplitude, the slope of the Miner’s sum
would behave more in line with expectations.
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Figure 5.3 Growth of maximum-minimum half cycle and development of Miner sum for
gradually decreasing load. Maximum-minimum half cycle marked in red. Stress history
in black.

Life extension

When a more realistic and less severe history of use was considered, both Miner’s sum and
creep developed slower. This resulted in predicted failure occurring later. For the given
history, it was possible to extend the life of the significantly using the most conservative
life extension technique. When the less conservative technique was used, the estimated
life of the component was more than doubled.

How much it is possible to extend the life of the component using this technique depends
greatly on the difference between the severe conditions of the design phase and the actual
measured conditions.

In addition to considering the effect of less severe histories, the Digital Twin can also be be
used to examine the effects of more severe histories. If a component is briefly exposed to
loads or temperatures it is not qualified for, the Digital Twin can be used to check whether
or not the component needs to be replaced. Even if a component is incidentally exposed to
loads or temperatures above its qualification range, the total creep and fatigue accumulated
during the component’s lifetime may still be below the failure criteria.
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5.3 Coding
During the development of the Digital Twin, the focus was placed on creating a viable
concept that had a clear link to the underlying physical models.

The Digital Twin was coded in Python. Python is among the most popular programming
languages for scientific use. Python has support for cross-linking with important soft-
ware for performing FE-calculations, such as Abaqus. Python is also popular for machine
learning. The main drawback of Python is that its computational performance (speed of
performing calculations) is worse than lower level languages such as C++.

The code of the Digital Twin was not optimized with respect to computational efficiency/running
time. This means that the running time of the program can be quite long if a long history
of use with high sensor sampling frequency is to be analysed. Especially the find peaks
algorithm used for Rainflow counting can use very long time for long loading histories.

There are several possibilities for optimization of the running time of the code. Maybe the
biggest improvement may be gained from implementing multiprocessing. Multiprocessing
means that several calculations are run in parallel, which uses more processing power but
can reduce computational time significantly. Multiprocessing can easily be implemented
for calculating the variable creepStep in Algorithm 2, as well as for the for-loop running
through the fatigue history matrix in Algorithm 5, calculating N/Nf for each type cycle. It
is also possible to optimize this fatigue history matrix, which currently contains individual
cycles. If all cycles where Sa, Sm, T, and CH2O are equal were combined, summing N,
calculating the Miner sum would be quicker. Multiprocessing could also potentially be
implemented to find peaks algorithm, by splitting the stress history into several lists, and
finding the peaks in each list in parallel.

5.4 Reliability of results
Qualitatively, the Digital Twin’s predictions were as expected for all cases, except when
the mean stress and amplitude were decreasing rapidly. Even though the latter was a
somewhat counter-intuitive result, it is in line with the underlying theory of the Twin.
There are several factors to be discussed when evaluating the reliability of the Digital
Twin’s predictions.

The old saying garbage in equals garbage out is a good illustrator for the Digital Twin.
The Digital Twin is only as good as the underlying degradation models. If these are im-
plemented correctly, errors in predictions can only be caused by the degradation models
being fundamentally flawed. Judging from Section 4.1, there is nothing to suggest that
the degradation models have been implemented incorrectly. Nevertheless, the counter-
intuitive result for the rapidly decreasing mean stress may indicate that the combination of
Rainflow counting, SWT mean stress correction, and Miner sum has its limits, and is not
a perfect way to calculate fatigue life for complex loading histories in polymers.

Rainflow counting is the most popular way to evaluate fatigue loading where the mean and
amplitude is fluctuating. Despite this, application of the rule on loading histories such as
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the ones in Figure 4.15, 4.16 resulted in somewhat counterintuitive results. It is well known
that Rainflow counting is best suited for loading histories that are random or periodical in
nature. This means that the user of the Digital Twin must be cautious when analyzing load
histories like the ones illustrated in Figures 4.15, 4.16.

LVE was used to predict creep, as well as estimating changes in ultimate tensile strength
due to temperature and moisture, which in turn was used to estimate the fatigue strength
as a function of these environmental parameters. The validity LVE depends on several
factors such as stress level, temperature, loading rate and moisture. Typically, LVE is
assumed valid up to ε=1%. In this work, LVE was used for creep strains up to 1,5%. This
may introduce an error in the results.

Another source of error is the way changes in static strength for the epoxy is calculated.
Although the decrease due to liquid saturation at 296K was modelled with little error, it has
not been demonstrated that it works for other temperatures. Uni-axial fatigue strength as a
function of pure temperature changes has not been tested and is therefore not demonstrated
to follow the same pattern as for moisture uptake.

5.5 Benefits and drawbacks of the Digital Twin approach

5.5.1 Benefits
As mentioned, the strength of the Digital Twin is to quantitatively analyze the effect of
different parameters that affect creep and fatigue development in polymers. The most
common currently existing methodologies have only considered these effects individually.

As mentioned in Section 1.2, a less intensive testing regiment is one of the possible ben-
efits of utilizing physical degradation models in a Digital Twin. LVE theory was used to
calculate material properties for different use and environmental parameters. These would
normally have to be determined experimentally. Since this use of viscoelastic theory is not
yet well established, the benefits of less testing will initially not be that significant since
one still will need to do confirmatory tests. Once more confidence is earned, the extent of
testing can be reduced.

Maybe the greatest benefit of the Digital Twin is the possibility to extend component life-
time. In addition to the procurement cost of the component, savings are also incurred
by limiting on-site inspections, as well as avoiding shutdowns and production stops. Be-
ing able to monitor the condition of a component in real time gives both cost and safety
benefits.

5.5.2 Drawbacks
In addition to the benefits, there are also some drawbacks or costs associated with the
Digital Twin. The most obvious costs are related to the instrumentation of the components,
plus the cost of transmitting or retrieving the sensor data. Currently, instrumentation of
components is rarely done because the cost is thought to outweigh the benefits since there
is a lack of methodology to draw useful insights from the sensor data. It is the belief of
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the author that to the contrary, that the Digital Twin approach, with the prospect of life
extension, makes instrumentation of components worthwhile.

Another more abstract cost is the insecurity associated with the Digital Twin. Before confi-
dence is earned, many operators may be hesitant to use a less conservative when evaluating
component lifetime and integrity. Extensive testing and further refining and development
will likely be needed before the Digital Twin approach can be used in practice.

As mentioned, the Digital Twin’s predictions are only as good as its underlying theory.
Since the Digital Twin approach is less conservative in nature, errors in the underlying
theory will be more critical than with currently used methodologies. Since the Digital
Twin combines and leverages several physical and empirical models, a error in one model
may propagate into the others. One example of this is how the small error in predicted
UTS reduction turned into a much larger error for predicted Nf in Section 4.1.2. The need
to develop accurate models for the polymer’s long term behavior when exposed to in-field
conditions is therefore accentuated by the Digital Twin.

Note that one method to circumvent the uncertainty associated with the Digital Twin would
be to test the material properties (cycles to failure, stress rupture time) for every combi-
nation of loading and environmental parameters that the component could reasonably be
expected to be exposed to. The Digital Twin would then evaluate the component’s history
of use data based on actual test results and empirical data models, using Miner sum type
of approach to predict failure for both creep and fatigue 2. The immense testing regiment
required would be the primary disadvantage of such an approach.

In Section 4.1, it was shown that the error in the Digital Twin’s prediction was conservative
(underestimation of fatigue life), but this will not necessarily always be the case. An error
in the conservative direction is also unwanted, since it may lead to increased project costs
(components are replaced before they need to), negating one of the primary goals of the
Digital Twin.

2In the DNVGL-ST-C501 standard a similar approach to Miner sum, where t/tf is summed for the different
conditions. Here t is the time elapsed at a set of conditions, tf is the stress rupture time at the same conditions

58



Chapter 6
Conclusion and further research

6.1 Conclusion
A Digital Twin for a uniaxially loaded polymer component was developed. The Digital
Twin was made using a limited set of experimental data consisting of reference creep,
tensile and fatigue tests. Linear viscoelastic theory was used to predict creep behaviour
and fatigue strength as functions of environmental parameters. Rainflow counting was
used to reduce a load history to a series of fatigue cycles, while Miner sum was used to
evaluate the damage inflicted by these.

For the most basic load/temperature cases, where experimental data was available, the pre-
dictions of the Digital Twin within the creep domain were in line with experimental results.
The calculated decrease in ultimate tensile strength for the saturated epoxy compared to
dry also showed good agreement with experimental results, but the moisture’s quantitative
effect on fatigue life was not modelled to a satisfactory degree of accuracy. It may be
better to model the temperature/moisture effect on fatigue life based on the experimentally
determined shift in static strength.

For the more complicated cases, with more complicated load/temperature histories, the
predictions of the Digital Twin could not be validated quantitatively due to a lack of exper-
imental results, but from a qualitative point of view they were in line with the underlying
theory.

A Digital Twin approach as described in this work can contribute to significant cost savings
during the testing, design, and operation phases of a project. These savings are related to a
less intensive testing regiment (test reference cases, and calculate the rest), ease of calcu-
lating material behavior, less conservatism needed when considering component lifetime
and strength, as well as limiting the need for on-site inspections.

Although there is a cost and difficulty associated with measuring the loads and tempera-
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tures/moisture level that are needed for the Digital Twin to perform its calculations, the
potential benefits as demonstrated in this work are considerable. From the author’s point
of view it is probable that they will outweigh the costs.

6.2 Future research
Although the Digital Twin concept demonstrated in this work has shown great potential, it
is still a long way to go before it can be in implemented in real-world projects. The author
suggest the following research to be done:

• Perform creep and fatigue experiments for a range of loading, temperature and mois-
ture conditions, as well as combinations of these, so that the predictions of the Dig-
ital Twin can be validated for more complex cases.

• Perform experiments to compare the traditional creep rupture time approach and the
creep strain approach used in this work for predicting failure due to sustained loads.
It will be interesting to see how the time to failure compares between the methods,
since it is possible they will be quite similar.

• Create interface towards FEA software so that the Digital Twin can evaluate more
complex loading modes, or so that the material parameters calculated by the Digital
Twin may be used in a FEA analysis. It may also be needed to refine some of the
equations for calculating viscoelastic mechanical response into their three dimen-
sional forms [19].

• Create the instrumentation/sensors required for the component modelled by the Dig-
ital Twin and connect them to the IoT, so that a component’s condition can be mon-
itored remotely in real time.

• Implement the TTSP for a sample not fully saturated with liquid. To do this one must
calculate diffusion within the polymer, as well as establish the material’s properties
such as glass transition temperature as functions of liquid concentration.

• Further refine and develop physical models for fatigue and creep in polymeric and
composite materials. It will be especially important to find a model that models the
link between creep and fatigue damage.
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Appendix

Python files are added with the report as a .zip file. Short description of what each file
does follows:

digitalTwinComplete - The complete digital twin, where corresponding lists of stress, time,
temperature, conditioning levels are entered. The output is the resulting creep and fatigue
damage

stressStrainCurve - Calculates σ−ε for a constant strain-rate, as a function of temperature
and moisture level

multiprocessing - An example of how multiprocessing can be implemented, in this case
for plotting how creep develops as a function of time.
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