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Abstract

One-third of the Dutch dike system consists of peat dikes. Drought causes these dikes to crack and

fail more easily. Visual dike inspections are therefore inefficient, especially considering the increas-

ing climate changes of the future. Research has shown that a fiber optic sensor cable (FOS), used

in distributed temperature sensing (DTS), can help measure soil thermal responses, but the question

remains whether it is also suitable as a replacement for visual inspections of dikes. This study helps to

answer this question by coupling a finite element method (FEM) model with measured DTS information

collected at Flood Proof Holland (Delft). In addition, (thermal) images are used to calibrate the FEM

model. The measurement period was 20 summer days. The measured data consisted of webcam

images, thermal images, and temperature time series of a FOS cable. The meteorological data was

obtained via a weather station located in Rotterdam. The FEM model, calibrated and validated with

the measured data, helped to find the thermal response of the system in situations of which no data

was available, for example having various crack dimensions, cable positions or climatic conditions.

The more distinguished the material properties of air and soil are (days with high water content and/or

high radiation), the better the crack detection via DTS. After correction for the overestimation influence

of radiation on the black FOS cable on sunny afternoons, the thermal response of the crack is corre-

sponding to the air temperature more compared to the thermal response of grass. Crack detection via

DTS turned out to be possible by x,T- and t,T-plots (diurnal temperature variation) and a regression

plot with the daily peak-to-peak amplitude of the air temperature on the one hand and the daily peak-

to-peak amplitude of the cable on the other. The advantage of the regression plot is that only one DTS

thermal time series is needed to determine if the segment is most likely cracked or not. Furthermore,

the peak-to-peak axes allow for diurnal climatic condition indications, and with it the heat storage and

release of the system: rainy, cloudy days are in lower axis regions whereas sunny, clear days are in

higher axis regions. However, due to a small measurement period, this method is only fully proven for

sunny afternoons. Future studies have to map the thermal processes for other situations too.

Keywords: desiccation crack detection, distributed temperature sensing, fiber optic sensor, FEM
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Summary
Decades ago, scientists predicted a climate change so extreme that the way we live on earth had to be
changed. Currently, the Earth already experiences more severe storms and long extreme dry spells,
which will become even more frequent in the future. During a period of drought, dikes dry out and
crack. When such a period is followed by lots of precipitation and water runoff, this leads to extremely
dangerous stability situations. At this time, these desiccation cracks are only visually noticed by human
dike inspections. This report describes a method that will allow the detection of cracks along the dike
by means of a fiber optic cable. This distributed temperature sensing has already been discussed in
several studies, but what is not discussed so far and what is done in this research, is link the measured
DTS data with a FEM model in order to create a robust desiccation crack detection method.

The method consists of a regression plot that can identify cracks from data. The regression plot is
based on several FEM studies. The basis of these studies lies in the original FEM model, which is a
modeled fraction of peat soil covered with a grass canopy, cracked in themiddle, and a fiber optic sensor
cable on top. Model inputs are found using literature and field measurements on a cracked dike in Delft.
The FEM model solves the temperature for all parts of the system using the heat balance equation
that includes internal storage, conduction, radiation, and convection. Variations in crack shape, cable
position, and ambient input data are also studied. Then all different 95% confidence intervals of all
FEM studies performed are plotted into one regression plot, coupling the daily peak-to-peak amplitude
of the environment temperature on the y axis with the daily peak-to-peak amplitude measured by the
cable on the x axis. With this plot, it is possible to determine whether there is a cracked spot or not by
only measuring the outside temperature and the cable temperature at the desired location.

The DTS data is a set of temperature time series of an existing crack and grass domain of a peat
dike in Delft, obtained in the summer of 2021. Using the constructed FEM model, this DTS data set
has been validated. The FEM model was calibrated with thermal images of the same cracked dike
in Delft. Four points are investigated: the crack bottom (CRK), a point in the grass (GRS), a cable
segment above the crack (CABCRK) and a cable segment above the grass (CABGRS). The thermal
images show that the crack is colder than the grass during the day and warmer than the grass during
the night (𝐴𝑝𝑡𝑝,𝐶𝑅𝐾 < 𝐴𝑝𝑡𝑝,𝐺𝑅𝑆). The DTS data show the reverse for the cable above the crack and
grass (𝐴𝑝𝑡𝑝,𝐶𝐴𝐵𝐶𝑅𝐾 > 𝐴𝑝𝑡𝑝,𝐶𝐴𝐵𝐺𝑅𝑆). The FEM model was used to find which of these reflects reality.

One important influencing phenomenon turned out to be radiation and with it the embeddedness
and shadyness of the cable. The system and the cable are heated by radiation, and the cable gives
a biased overheated thermal time series since it is also heated up itself. This issue was improved by
correcting the DTS data on this overheating. After filtering, the DTS data gave a response consistent
with the thermal images (𝐴𝑝𝑡𝑝,𝐶𝐴𝐵𝐶𝑅𝐾 < 𝐴𝑝𝑡𝑝,𝐶𝐴𝐵𝐺𝑅𝑆). Therefore, in all probability, the reality turned
out to be consistent with the TRC and the corrected DTS time series. In addition to radiation, the
water content had a significant influence on the thermal response too. The robustness of the method
in situations other than summer is unclear as data was only available for summer 2021. Furthermore,
the (material) inputs of the FEM model are partly unconfirmed since the options found in literature vary
widely and no material and soil moisture measurements of the dike were taken during the measurement
period. The method works best in periods with high radiation and high water content, since then the
regression lines of grass and crack are more distinguishable.

To conclude, the FEM model constructed in this research took away the uncertainty, regarding the
measured DTS time series, by mapping the processes created by the conditions that affect the thermal
response the most. Additionally, a crack detection method is proposed, identifying cracks based on the
measured thermal response of a FOS cable and the air temperature, making it a very simple method to
implement in the field by using only one measured DTS time series. This thesis acts as a solid stepping
stone for future research in the field of crack detection via DTS.

xvii





1
Introduction

Climate change projections are showing more severe and frequent extreme drought events. In coun-
tries like The Netherlands, flood defenses, such as dikes, are affected by these drought events. The
dike breach at Wilnis is an example of an incident not due to bad weather, but rather the result of a
sunny summer. During the 2003 heat wave, the dike near Wilnis became dehydrated and the peat
shrunk and cracked. The peat dike, normally saturated with water, became repellent to water and lost
a great part of its weight. On 26 August 2003, at 02:00 the water pressure was too high for the dike
to bear: the dike failed and flooded an entire residential area [6]. About 1500 citizens had to leave
the area. Immediately after this incident, the Waterboards reinforced their peat dikes with clay, and
protocols were drawn up for visual inspections.

More than 30% of the Dutch dike system consists of peat dikes [7]. Dikes having the biggest risk
to fail are regional and most of them are part of a secondary flood defence lane located in ’het Groene
Hart’: a densely populated area with much low-lying polders. Unfortunately, these dikes belong to the
most risky flood defense lanes in terms of failure. Drought events induce extra negative stresses in the
soil, which result in the generation of cracks in the peat and clay covered dikes. These cracks can occur
anywhere along kilometers in flood defenses, compromising their estimated safety standards. Drought
affects the stability of peat dikes in four ways: water disappearing from pores having an unbeneficial
effect on the dike’s weight, occurrence of desiccation crack development, pressure of the underlying
groundwater pushing the dike upwards which can cause the dike to float up (NL: opdrijving) and water-
repellency of peat when drying out. The latter can be seen as the most dangerous, since the risk of
dike breaches increases in this way if it rains: precipitation that is not absorbed by the soil can flow into
the desiccation cracks causing erosion and eventually collapse.

Currently, it is not possible to identify the exact location of the cracks without having a human visual
inspection along the dikes with a certain frequency prior to and during drought periods (Figure 1.1),
mostly during spring and summer. These visual inspections vary significantly both per damage type
and inspector, and the absence of a reference situation makes it difficult to estimate the severity of
damages [8]. Furthermore, the waterboards handle different inspection thresholds on the precipita-
tion deficit: some use 100𝑚𝑚, others 200𝑚𝑚, etc. [9], leading to incorrect maintenance measures.
Additionally, visual maintenance inspections are expected to be less efficient in terms of capacity of
inspected kilometers and highly prone to human errors.

The effect of desiccation cracks on dike failure and the processes involved when investigating des-
iccation crack development in peaty soils is already described in several studies. In a paper of Tang
et al. [10] desiccation cracking characterization methods are summarized and reviews about the des-
iccation cracking behaviors of soils are given. Some articles make use of the power of the Finite
Element Method (FEM) to gain knowledge about how cracks develop over time and which influences
play important roles [11] [12]. Others make use of Distributed Temperature Sensing (DTS), Thermal
Radiometric Camera (TRC), or webcam information, which can help investigate the phenomenon in
the field. Schenato et al. [13] used Fiber Optic Sensor cable, used in DTS (FOS) to make predictions
of the groundwater level. In another study of Lu et al. [14], visible images taken by drones were used
to relate colors to groundwater level predictions. Cui and Chui [15] used temperature and water-level
sensors to find the subsurface lateral heat fluxes between a reed bed and the adjacent water. And the
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2 1. Introduction

paper of Bense et al. [16] made use of DTS to find the thermal response of an uncracked soil.
This study couples FEM and DTS to develop a desiccation crack detection method and aims to

better understand the influence of the most important environmental and thermal processes involved.
For this, information found in studies of Juan Pablo Aguilar-López and Leonardo Duarte Campos is
used [17], including a DTS study in summer 2021 at Flood Proof Holland, having a FOS cable on
top of a cracked peat dike. The thermal information was calibrated and time series of the cable were
retrieved. In the same period, webcam and thermal images of the cracked spot were taken. The results
of the thermal camera were not corresponding with the results of the FOS cable. This thesis had been
drawn up to investigate where this difference comes from, if a crack can be detected with DTS and
to advice on improvements for further research. This will be done by means of a to-be-constructed
finite element method (FEM) model, containing the experiment set up as it was in the Flood Proof
Holland experiment. With this model, situations other than the measurement period (summer 2021)
can be studied. It is expected that with the results found in this research, the processes influencing the
thermal response of the system the most are mapped and a crack detection method using a FOS cable
can be proposed. Figure 1.2 shows a scheme of the problem and expected solution. The research
questions answered in this study have been drawn up to arrive at the final crack detection method and
have not been formulated in the context of the Flood Proof Holland experiment. The first research
question includes the construction of the FEM model and reads: What is the best way to model
the desiccation crack and the FOS cable in the peat dike at Flood Proof Holland with the use
of FEM? The second and third research questions include calibration and validation of the model:
How to calibrate and simulate the FOS experiment performed at Flood Proof Holland? What
is the difference between the model and the experiment in terms of the thermal response of
the cable? After finishing the FEM model it is aimed to find the most important conditions influencing
the thermal reponse of the cable so the fourth research question reads: Which conditions have a
significant influence on the thermal response of a FOS cable based on the FEM outcome? This
is done by performing multiple FEM studies and interpreting the thermal outcomes. Finally, a crack
detection method is described by statistical time series analysis and the major research question can
be answered: What is the most optimal way to detect cracks using a FOS cable?

The report starts with a methodology chapter explaining the research steps and the information
needed to start the FEM model and is followed by the explanation of the FEM model and with it an-
swering the first research question. Chapter 4 and 5 explain the calibration and validation of the model.
In chapter 6 the outcomes of several FEM studies varying in model properties are given. Eventually,
chapter 7 proposes a crack detection method using DTS data measured in the field. The results are
interpreted and discussed in chapter 8. The report is closed by chapter 9 and 10 containing a general
conclusion and recommendations for further research respectively.

Figure 1.1: Visual dike inspections during drought. [9]

Figure 1.2: Problem scheme.



2
Methodology

It is expected that a relation between themodeled data and the field data will help to develop a prediction
method for determining the temperature response of a crack and grass domain. This information may
be useful for waterboards and other dike management organisations in two ways: to predict crack
development in the future (maybe even to avoid this from happening) and tominimize visual inspections.

A FEM model is made to find the effect of the weather on a desiccation crack in a peat dike, con-
sisting of four points in which data is obtained. CRK, CABCRK, GRS and CABGRS, all shown in
Figure D.1. A crack domain, including a cable on top, is modeled to relate its thermal response to the
temperature signal collected by an installed Fiber Optic Sensor cable (FOS) in an existent peat dike. In
other words: the Fiber Optic Sensor cable, used in DTS (FOS) experiment is validated and compared
with the outcomes of the FEM model constructed in this research. For calibration of the FEM model
TRC data is used. More detailed information about the working principle of FEM models can be found
in Appendix C.

Five research steps are followed which eventually result in a crack detection method using a fiber
optic cable. Figure 2.1 gives a schematic overview of the research steps. The coming sections explain
the methodology per research step.

Figure 2.1: Research methodology in five steps: one step for each research question.

2.1. Constructing, calibrating and validating the FEM Model
Soil contains different kind of particles, also called grains. Because these grains are not perfectly
square-shaped, there are voids. When these voids are filled with water, the soil is called fully saturated.
The other situation is unsaturated, in which the voids are filled with air. Both conditions are shown in
Figure 2.3a. In the same way, temperature flows from high to low and fluid flows from high head to
low head. However, because of, among others, evaporation processes, a fully saturated condition is
very unlikely to occur. Sometimes, these evaporation processes can be so intense that many of the
water particles completely disappear from the soil, leaving the voids empty. The soil particles begin
to separate and, due to an increase in tensile forces, cracks develop (Figure 2.2). Especially during
drought periods, this is a common phenomenon. The interaction of particle size, soil structure, and
plasticity influences the cracking behavior of soils after desiccation [18].

3



4 2. Methodology

Figure 2.2: Crack initiation process: (a) initial fully saturated layer; (b) water-air interface meniscus developed between particles;
(c) capillary suction between particles; (d) tensile stress developed in the upper layer; and (e) surface crack initiated. [10]

Soil desiccation is a multi-physics coupled process, involving the evolutions of water evaporation,
volumetric shrinkage, and soil cracking [10]. For an initially saturated soil, the evaporation process
generally takes place in three typical stages: (1) constant rate stage; (2) falling rate stage; and (3)
residual rate stage [19]. To describe desiccation cracking, the soil cracking characteristic curve SCCC
(𝑅𝑆𝐶 versus water content, Figure 2.3b) can be consulted, in which 𝑅𝑆𝐶 is the surface crack ratio, which
is the ratio of the surface crack area to the initial total surface area of a sample [20]. Considering
the three stages of the evaporation process (Figure 2.3a), the shrinkage curve (Figure 2.3b) can be
decomposed into three phases [10]. In the normal shrinkage phase, void ratio changes linearly with the
water content, while the soil remains saturated. In this phase, the reduced soil volume is equal to the
volume of water loss. The onset of cracking is observed within this phase andmost cracks (80-90%) are
formed (with a high water content or high levels of saturation, having low suction levels (Figure 2.3a.a
and Figure 2.3a.b). When the water content decreases to the air entry point (= suction level at which air
starts to penetrate into the soil), the soil shrinkage enters its residual shrinkage phase. In this phase,
the volume shrinkage rate decreases. The reduced soil volume is smaller than the volume of water loss
(Figure 2.3a.c). When the water content decreases further to the soil shrinkage limit, the soil structure
reaches its dense state, with closer contact between the particles and negligible changes in volume
and void ratio changes, also called the zero shirnkage phase (Figure 2.3a.d).

(a) (b)

Figure 2.3: The temporal evolution of evaporation rate for an initially saturated soil (a) and the evolution of surface crack ratio
and void ratio with water content during drying (b). [10]
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Heat flux [𝑊𝑚−2] is the rate of thermal energy flow per unit surface area of heat transfer surface.
It generalized into convection, radiation, and conduction. Figure 2.4 shows several examples. Con-
vection is energy transfer due to a moving fluid, for example between wind and water (forced) or by
differences in temperature (natural). Evaporation (form of convection) is heat transfer due to phase
transition. When water is exposed to 100°C, it changes from fluid to gas, and due to this change in
density, the heat flow moves upward. With radiation, no fluid flow but energy in the form of electro-
magnetic radiation is emitted by a heated surface in all directions and travels directly to its point of
absorption at the speed of light. An intervening medium is not required to carry thermal radiation; there
is no direct contact. Heat energy transferred by direct contact without any movement of the media is
called conduction. An example of conduction is the heat flux between warm water and a cold subsoil.

Convection Convection Evaporation Radiation Conduction

Figure 2.4: Examples of heat flow, indicated with arrows.

By finding the heat fluxes in the boundary layer of the model, the processes influencing the thermal
response of the cable-crack system can be understood. Figure 2.5 gives an overview of the fluxes in
the boundary layer. The latent heat flux is driven by the phase transition of liquid water from leaves to
air. The sensible heat flux is related to changes in temperature of an object with no change in phase
[21]. It is often referred to as the conductive heat flux from the Earth surface to the atmosphere, caused
by the difference in temperature between the surface and the air (Equation 3.2). The FEM model is
based on the heat balance equation (Equation 3.10). Each term in this equation is a heat flux. More
information about the fluxes considered in this research can be found in section 3.8. The model is
constructed using Figure 2.7. More information about how the model is constructed can be found in
chapter 3. The calibration of the model with thermal images is given in chapter 4. The validation of the
model with the DTS data can be found in chapter 5.

Figure 2.5: Fluxes in the boundary layer. [15]

2.2. Influencing Conditions
Having the FEM model validated, the model can be used to find the thermal responses and conditions
influencing it the most for situations other than summer 2021. To find which characteristics influence the
thermal response of the model, a scenario analysis is performed containing different model adjustments
in each scenario, given in chapter 6. This section serves as the basis for the studies to be carried out.

2.2.1. Desiccation cracks in peat dikes
Peat dikes in The Netherlands were created during peat excavation in the course of the 16th century,
serving as roads for the disposal of excavated peat. The top layer (approximately 1𝑚) was raised using
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dried material from the peat farm [22]. During drought, water evaporates from the dike, which lowers
the groundwater level and dries out the dike and, in areas with peaty subsoil, the underground as well.
Volume shrinks in all directions, leading to shrinkage cracks and a decrease in dike volume, causing
damage to slope instability or pipe failures. As a result, the total weight of the dike body decreases,
becomes less strong, and the peat in the dike will have to absorb more shear strength to compensate for
the decrease in strength. This leads to horizontal deformations, which, as a result of shrinkage, create
a water pressure (in the sand layer just below the peat dike) that is much higher than the stationary
water pressure in this sand. The dike can float, shear, and fail.

The groundwater level in peat dikes must be high to prevent biologically degradation above the
groundwater level (oxidation). A rapid rise in the drainage level will not directly result in a rise in the
phreatic surface in the peat dike and an increase in the weight of the occupant. The crown has been
lowered as a result of shrinkage and will not swell again in a short time. Therefore, very heavy rain
after a drought period can cause collapse and/or overflow, especially when the dike is not covered with
clay and water can infiltrate in desiccation cracks.

On the other hand, if the groundwater level and therefore the phreatic line in the dike are in normal
(higher) condition, heavy rain can still be a problem. The groundwater level rises even higher, creating
a risk of shearing as well.

So, the stability of a peat dike is an important reason to maintain the level of the drainage basin and
the polder water for as long as possible. In times of drought, water is sometimes supplied via a detour,
in some cases resulting in higher water levels than the target, causing the dike to load more heavily.
In extreme cases, it is possible to consider letting in brackish water, but the effect of brackish or salt
water on the peat dike remains very unclear.

2.2.2. Crack position and geometry
The location of cracks over the dike depends on the distribution of suction-induced tensile stresses
and the evolution of pore water pressure in the soil body, as well as microdefects and micropores [10].
However, it is assumed that desiccation cracks initiate at weak points on the soil surface. Most cracks
initiate at the surface where the evaporation processes are higher. However, cracks can also initiate
at lower soil levels [23]. Since this research focuses on surface crack detection this is not further
investigated.

STOWA investigated the crack pattern and position in Prinsendijk, a peat dike located in ’het Groene
Hart’ of The Netherlands. The cracks in the dike crown mainly ran parallel to the elongation of the dike
body, and the cracks on the slope had an orientation that varied from parallel to perpendicular to the
extension of the dike body [24]. The cracks ranged in length from 0.15 to 2 m. The depth of the cracks
was also variable, up to a maximum observed depth of about 0.15 m. Several studies give estimates
of the depth of the cracks for desiccated soils [23] [25], with the main conclusion being that crack
development is highly correlated with the water content and therefore occurs mainly in the unsaturated
soil layer. Cracks form a pattern in desiccated soil bodies mainly composed of soil clods of triangle,
quadrilateral and pentagon shapes, with cracks intersecting at 90°-150°[10].

2.3. Crack Detection Method
The study ends with a crack detection method advice when using DTS. The statistical time series
analysis giving the easiest and best crack detection is proposed as crack detection method. Having
the cracked spots mapped, the actual thermal response of the system can be found by correcting the
DTS data. The cable measures the surface temperature but gets heated by radiation itself. This biases
the measured thermal responses: the cable gives crack and grass temperatures higher than they are
in reality. To find the thermal response of the cable, this extra heat by radiation has to be subtracted.
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2.4. The Data
The measuring period took from August 16, 2021 14:00 until September 6, 2021 8:00. Including the
FEM model, three information sources are present, shown in Figure 2.6. The KNMI, TRC and DTS
data are shown in a time series format in Appendix B.

2.4.1. Flood Proof Holland (FPH) Dike
Flood Proof Holland is a test and showcase location for semi-full-scale temporary innovative modular
and flexible flood defences [26] located in the south of Delft close by Delft University of Technology.
The FPH dike where the experimental data was collected has a length of 20𝑚 and its width 4.5𝑚. On
top of the dike a 200𝑚 long cable was laid in meandering pattern every 50𝑐𝑚 (see Appendix A). The
crack at FPH is monitored with a webcam, a Thermal Radiometric Camera (TRC) and a Fiber Optic
Sensor (FOS). Regardless of the time steps the data were stored in (DTS 15 minutes for example),
this study used 30 minute time steps for all data.

Webcam images Via webcam images the water content in the peat soil beneath the grass can be
calculated using the grass greenness in the images.

Thermal images A Thermal Radiometric Camera (TRC) took thermal images of the crack during
the measuring period. Two TRC time series were extracted from the data: the crack domain and the
grass domain. The cable was distinguishable in the images, implying that TRC-CABCRK and TRC-
CABGRS information can also be retrieved, but the pixel intensity was too small to obtain usable time
series (about 3 pixels). The thermal images are uint16 images: having 216 shades and 256 × 320
pixels per image. This pixel intensity can be transformed to temperature. The thermal images have
been calibrated using the air temperature from the KNMI Rotterdam Airport measuring station (station
KNMI 344).

Fiber Optic Sensor Besides a TRC, temperature data is measured via a black FOS cable, of 6𝑚𝑚
in diameter, with a fiber inner core. The DTS data is a time series of every 25𝑐𝑚 (spatial resolution) of
cable of every 15 minutes. The process, called Distributed Temperature Sensing (DTS), is composed
of the average of 10 points of ±5.2𝑐𝑚 (distance resolution), 5 left and 5 right (Figure A.4). When two
light waves (injected from both ends) meet, the fiber shivers (literally) and an acoustic wave inside the
fiber is created carrying information on the fiber’s speed of sound – and, consequently, on its strain
and temperature travelling towards the instrument [27]. The information is send (in matrix form) to a
desktop PC. The DTS measurements were calibrated using the info recorded by a TD diver datalogger
submerged in a cold bath with 15𝑚 of cable. With a lag correlation analysis it was found that there is
a lag of 3 hours between DTS and the KNMI temperature. This lag was corrected for in the rest of the
research. The plots in this report are already corrected for this lag.

2.4.2. KNMI data
The KNMI Rotterdam measuring station (344) is chosen for the ambient data. The data is stored hourly
and can be found in Appendix B.

Figure 2.6: Three different information sources.
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Figure 2.7: Flowchart of all model steps.



3
The Model

What is the best way to model the desiccation crack and the FOS cable
in the peat dike at Flood Proof Holland with the use of FEM?

This chapter explains the constructed FEM model details. More information on the model dimen-
sions and the FEM method used can be found in Appendix C and Appendix D. The chapter ends with
a section explaining which thermal processes are included and which not.

3.1. Modeling a Crack
Heat flows from hot to cold areas. Assume that the x-axis is the direction of heat flow (one-directional)
and the heat flows in a flat plate of thickness Δ𝑥 and face area 𝐴 with temperature difference Δ𝑇 (Fig-
ure 3.1). Heat flow, denoted by heat flux 𝑞 [𝑊], is smaller for a thicker slab and larger for a greater
temperature difference or larger face area. A relationship is found.

𝑞 ∝ 𝐴Δ𝑇Δ𝑥 (3.1)

Rewriting this relationship into an equation requires the introduction of thermal conductivity 𝑘[𝑊𝑚−1𝐾−1].
Thermal conductivity is a measure of a material’s ability to conduct heat. Good electricity conductors
are also good thermal conductors. Metals, for example, have higher thermal conductivity compared
to insulation materials. The equation known as Fourier’s law is shown in Equation 3.2. This equation
relates the heat flux and temperature with thermal conductivity.

𝑞[𝑊𝑚−2] = −𝑘[𝑊𝑚−1𝐾−1] ⋅ 𝑑𝑇(𝑥)[𝐾]𝑑𝑥[𝑚] = −𝑘 ⋅ Δ𝑇 (3.2)

Another important term in heat transport is heat capacity. It is defined as the object’s ability to store
energy in the form of heat. Heat capacity is denoted with 𝐶[𝐽𝑘𝑔−1𝐾−1].

𝑄[𝐽] = 𝐶[𝐽𝑘𝑔−1𝐾−1] ⋅ 𝑚[𝑘𝑔] ⋅ Δ𝑇[𝐾] (3.3)
The relationship between thermal conductivity and heat capacity is called thermal diffusivity (𝛼),

which is the rate of heat transfer from hot to cold. In other words: it is a measure of thermal inertia.
The higher the thermal diffusivity, the faster the heating/cooling of the material. The material acts as
a conductor. The lower the thermal diffusivity, the slower the heating/cooling of the material (heat
storage). The material acts as a insulator.

𝛼[𝑚2𝑠−1] = 𝑘[𝑊𝑚−1𝐾−1]
𝜌[𝑘𝑔𝑚−3] ⋅ 𝐶[𝐽𝑘𝑔−1𝐾−1] =

heat conducted
heat stored (3.4)

1
thermal diffusivity (𝛼) ∼

1
𝐴ptp

(3.5)

9
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Figure 3.1: One-directional heat flow.

Figure 3.2: Mass flux through an infinitesimal element control volume. [28]

Assume a square element with volume 𝑉 and surfaces 𝐴 that is subject to an incoming and outgoing
mass in the x-direction only 𝑚𝑥 (Figure 3.1). Inflow or outflow mass is the result of the speed (𝑢) with
which the flow enters or leaves the volume element. The mass flux becomes as follows:

�̇�𝑥 =
𝑑𝑚𝑥
Δ𝐴 ⋅ 𝑑𝑡 =

𝑑𝑉𝑥 ⋅ 𝜌𝑥
Δ𝐴 ⋅ 𝑑𝑡 =

(Δ𝐴 ⋅ 𝑢𝑥 ⋅ 𝑑𝑡) ⋅ 𝜌𝑥
Δ𝐴 ⋅ 𝑑𝑡 = 𝜌𝑥 ⋅ 𝑢𝑥 (3.6)

The continuity equation is an expression representing the idea that the mass is conserved in a flow.
Per unit volume, the sum of all masses that flow in and out per unit time must be equal to the change
in mass due to the change in density per unit time [28].

𝜕
𝜕𝑡𝑚𝑒𝑙𝑒𝑚𝑒𝑛𝑡 = �̇�𝑖𝑛 − �̇�𝑜𝑢𝑡 (3.7)

Substituting Equation 3.6 into Equation 3.7 for all directions (Figure 3.2) gives the continuity equation
shown in Equation 3.8.

𝜕𝜌
𝜕𝑡 = −(

𝜕𝜌
𝜕𝑥𝑢𝑥 +

𝜕𝜌
𝜕𝑦𝑢𝑦 +

𝜕𝜌
𝜕𝑧 𝑢𝑧)

𝜕𝜌
𝜕𝑡 + ∇ ⋅ (𝜌𝑢) = 0

(3.8)

This continuity equation forms the basis for the energy balance shown in Equation 3.9, describing
the amount of heat transferred per unit of time (heat transfer rate) in which the first term in the equation
accounts for accumulation (change of mass in the system or variations of internal energy), the second
term convection of internal energy (difference in inflow and outflow), the third term thermal conduction,
the fourth term radiation, and terms on the right-hand side are heat sources and sinks.
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𝜌 (𝜕𝐸𝜕𝑡 + 𝑢 ⋅ ∇𝐸) + ∇ ⋅ (𝑞𝑐𝑑 + 𝑞𝑟) = 𝑄0 (3.9)

Equation Equation 3.10 shows the heat balance equation, derived from the energy balance shown
in Equation 3.9. This heat balance forms the basis of the FEM model. The FEM model consists of a
Heat Transfer interface, accounting for all temperature fluxes in the system. The influence of the Sun
and its radiation is included via the term 𝑄𝑟, and is found using a Radiation interface in the FEM model
(more information in section 3.7). The required model inputs are found through a literature study and
by the data (section 2.4).

𝜌𝐶 (𝜕𝑇𝜕𝑡 +����:0
+𝑢 ⋅ ∇𝑇) + 𝑄𝑐𝑑 + 𝑄𝑟 = 𝑄0 (3.10)

𝑄[𝑊𝑚−3] = ∇𝑞 = 𝜕𝑞𝑥
𝜕𝑥 +

𝜕𝑞𝑦
𝜕𝑦 +

𝜕𝑞𝑧
𝜕𝑧

𝜌𝐶 𝜕𝑇𝜕𝑡 = internal energy
𝜌𝐶𝑢 ⋅ ∇𝑇 = internal convective heat flux = 0 (no fluid domains modeled)
𝑞𝑐𝑑[𝑊𝑚−2] = conductive heat flux = −𝑘∇𝑇
𝑞𝑟[𝑊𝑚−2] = radiation heat flux = 𝜖(𝐺 − 𝜎 ⋅ 𝑇4)
𝑞0[𝑊𝑚−2] = inward convective heat flux = ℎ(𝑇𝐾𝑁𝑀𝐼 − 𝑇)
A scheme of the constructed FEM model is shown in Figure 3.3. The model consists of three model

domains: grass, peat and cable. Equation 3.10 is solved for 𝑇 for every element in the FEM model.
In order to optimally compare the modeled crack with the actual crack, the dimensions of the FEM

crack should preferably be the same as the dimensions of the actual crack in Flood Proof Holland.
The latter are shown in Appendix A. The cable diameter amounts 6𝑚𝑚, the thickness of the grass
layer is assumed to be 4𝑐𝑚, and the subsoil is set to twice the depth of the crack, consequentially
34𝑐𝑚. The initial values are used as starting temperatures at 𝑡 = 0 for a study. Here, the mean KNMI
temperature during the measurement period is taken. The model inputs are used throughout the study
as inputs for the equations. The influence of the air (convection) and radiation are included as boundary
conditions. More information on convection and radiation in Figure 3.4a can be found in section 3.6
and section 3.7. The third boundary condition (Figure 3.4b) is a linear temperature distribution between
the surface temperature and the temperature at the bottom of the peat layer. This bottom temperature
(Figure 3.4c) is set to a constant value over time of 15°𝐶. A constant temperature is needed to keep
the system understandable and has no noticeable influence on the points used for the outcomes. A
temperature of 15°𝐶 is chosen because it corresponds with the average KNMI temperature during the
measurement period.

3.2. Modeling a FOS cable
The actual FOS cable in the field at Flood Proof Holland consists of several layers of material, with the
inner core being fiber. Due to these layers, an extremely fine mesh of millions of elements is needed,
resulting in computational problems. Fortunately, it is found that the temperature differences between
these layers are negligible if the external temperature varies just as slowly in time for the layers to
respond (Figure 3.5). The air temperature varies by a few degrees per hour, which turned out to be
slow enough for the layers to respond sufficiently: so the inner layers do not have to be modeled.
The material properties of the cable were calibrated in a previous study, based on the catalog of the
cable producer, and therefore, they no longer have to be calibrated. The cable is assumed to be 50%
embedded in the soil.

3.2.1. Final model
The influence of radiation, therefore the cable’s embeddedness, is an important aspect to consider.
Throughout this investigation, a cable embeddedness of 50% and emissivity values calibrated by para-
metric sweeps are used. Eventually, after the research has been completed, an adjusted final model
is described using realistic embeddedness and emissivity values. This model is referred to as the ’final
model’ and should be used in further research. The variations between these models are shown in
Table 3.1.
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Figure 3.3: FEM model construction, in which is shown which parameter is needed for either the Heat Transfer or Radiation
interface. Air is not included as a domain but its influence is implemented as a boundary condition for both Heat Transfer and
Radiation, as described in section 3.6 and section 3.7

.

(a) Convection & radiation. (b) Linear temperature distribution. (c) Constant temperature (15°𝐶)

Figure 3.4: Boundary conditions applied in the FEM-model.

Figure 3.5: Thermal response of the cable’s inner layers to a varying temperature in seconds (left) and hours (right).
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3.3. Modeling a Grass Canopy
The thermal conductivity of grass depends on the water content between the grass leaves. A simplified
model is used (Figure 3.6) in which the moisture transport is directed only in the vertical direction.
Subscripted abbreviations (single letter and combined) are used to indicate air 𝑎, grass 𝑔, and water
𝑤. The water content is indicated by 𝑤𝑐 and the thermal conductivity by 𝑘. The radius of a grass leave
is denoted by 𝑎, the distance between two grass leave cores is denoted by 𝑏 and the height of the
grass canopy is denoted by 𝑑.

Figure 3.6: Model (composed of combination of series and parallel) for determining the thermal conductivity of grass.

The thermal conductivity of water and air together is calculated using the formula for series.

𝑘𝑎𝑤(𝑤𝑐)[𝑊𝑚−1𝐾−1] =
𝑘𝑎 ⋅ (1 − 𝑤𝑐) + 𝑘𝑤 ⋅ 𝑤𝑐

1 (3.11)

The grass is included using a parallel formula.

𝑘𝑔𝑎𝑤𝑔(𝑤𝑐)[𝑊𝑚−1𝐾−1] =
𝑎 + 2𝑏 − 2𝑎 + 𝑎
𝑎
𝑘𝑔
+ 2𝑏−2𝑎
𝑘𝑎𝑤(𝑤𝑐)

+ 𝑎
𝑘𝑔

(3.12)

The assumed values can be found in the List of Symbols on page xiii. This thermal conductivity is
also according to Lu et al. [29], stating that the higher the thermal conductivity (𝑘), the higher the water
content in the material.

The density of the grass canopy, depending on its water content, is estimated in the same way as
the thermal conductivity.

𝜌𝑔𝑟𝑎𝑠𝑠(𝑤𝑐)[𝑘𝑔 ⋅ 𝑚−3] =
2𝜌𝑔(𝑎 ⋅ 𝑑) + 𝑑𝜌𝑤𝑤𝑐(2𝑏 − 2𝑎) + 𝜌𝑎(1 − 𝑤𝑐)(2𝑏 − 2𝑎)
𝑎 ⋅ 𝑑 ⋅ 2 + 𝑑 ⋅ 𝑤𝑐(2𝑏 − 2𝑎) + 𝑑(1 − 𝑤𝑐)(2𝑏 − 2𝑎) (3.13)

The heat capacity of a grass canopy that includes water and leaves, depending on its water content,
is found using Campbell and Norman [30].

𝐶(𝑤𝑐)[𝐽𝑘𝑔−1𝐾−1] = (1 − 𝜃𝑔)(𝑤𝑐 ⋅ 𝐶𝑤 + (1 − 𝑤𝑐) ⋅ 𝐶𝑎) + 𝜃𝑔𝐶𝑔 (3.14)

The water content (𝑤𝑐) is the same as used in Equation 3.11. From the relationship between the grass
leaves and the water / air column shown in Figure 3.6 it is found that the ratio of grass leaves and leave
distance 𝜃𝑔 =

2𝑎
2𝑏 =

𝑎
𝑏 .

3.4. Modeling a Peat Column
Peaty soils consists of solid peat, water and air. The density of a peaty subsoil is, among others,
dependent on its water content, which varies over time, and its porosity 𝑛, as shown in Figure 3.7.
Since the FEM model is heat only, water transport is not important and the water content in the peat
must be included.
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(a) Peat subsoil in Schotland [31] (b) Relationship between water content (wc) and porosity
(n).

Figure 3.7: Peat composition.

Cylindrical samples taken at FPH, with diameter 𝐷 and length 𝐿 , provide the correct values for
Equation 3.21, as also given in the List of Symbols on page xiii.
𝜌𝑝,𝑏𝑢𝑙𝑘[𝑘𝑔𝑚−3] = 1010
𝜌𝑝,𝑑𝑟𝑦[𝑘𝑔𝑚−3] = 130
𝐷[𝑚𝑚] = 67
𝐿[𝑚𝑚] = 26

𝑚𝑐[−] = 𝜌𝑏𝑢𝑙𝑘
𝜌𝑑𝑟𝑦

− 1 = 1010
130 − 1 = 6.77 (3.15)

𝑉𝑡𝑜𝑡[𝑚3] = 𝜋 ⋅ (0.5 ⋅ 𝐷[𝑚𝑚])2 ⋅ 𝐿[𝑚𝑚] ⋅ 10−9 = 𝜋 ⋅ (0.5 ⋅ 67)2 ⋅ 26 ⋅ 10−9 = 9.2 × 10−5 (3.16)
𝑚𝑠𝑜𝑙𝑖𝑑[𝑘𝑔] = 𝜌𝑑𝑟𝑦 ⋅ 𝑉𝑡𝑜𝑡 = 130 ⋅ 9.2 × 10−5 = 1.2 × 10−2 (3.17)
𝑚𝑤[𝑘𝑔] = 𝑚𝑐 ⋅ 𝑚𝑠𝑜𝑙𝑖𝑑 = 6.77 ⋅ 1.2 × 10−2 = 8.1 × 10−2 (3.18)

The water content in the cylindrical samples at FPH can be calculated with Equation 3.19.

𝑤𝑐[−] = 𝑚𝑤
𝑚𝑠𝑜𝑖𝑙

= 𝑚𝑤
𝑚𝑤 ⋅ (1 +

1
𝑚𝑐)

= 8.1 × 10−2

8.1 × 10−2 ⋅ (1 + 1
6.77)

= 0.87 (3.19)

With the porosity of 𝑛 = 0.9 [4], 𝜌𝑏𝑢𝑙𝑘(𝑤𝑐) can be found, by calculating 𝑚𝑤(𝑤𝑐) through Equation 3.20
and calculating 𝜌𝑏𝑢𝑙𝑘(𝑤𝑐) after using Equation 3.21.

𝑚𝑤(𝑤𝑐)[𝑘𝑔] = 𝜌𝑤 ⋅ 𝑉𝑤 = 𝜌𝑤 ⋅ 𝑛 ⋅ 𝑤𝑐(𝑡) ⋅ 𝑉𝑡𝑜𝑡 (3.20)

The total density dependent on the water content that has to be implemented in the FEM model be-
comes:

𝜌(𝑤𝑐)[𝑘𝑔𝑚−3] = 𝑚𝑤 +𝑚𝑠𝑜𝑙𝑖𝑑
𝑉𝑡𝑜𝑡

= 1000 ⋅ 0.9 ⋅ 𝑤𝑐(𝑡) ⋅ 9.2 × 10−5 + 1.2 × 10−2
9.2 × 10−5 = 0.0828𝑤𝑐(𝑡) + 1.2 × 10−2

9.2 × 10−5
(3.21)

The thermal conductivity and heat capacity of peat are found using graphs for different types of peat
of Zhao and Si [32]. Randstad peat dikes, like the peat dike located at FPH, have a peat ratio of ap-
proximately 20 to 40% [33] [34], which means that the PS23 and PS14 lines in Zhao and Si should
be followed [32]. The volumetric heat capacity [𝑀𝐽𝑚−3𝐾−1] is related to the specific heat capacity
[𝐽𝑘𝑔−1𝐾−1] by density (Equation 3.22). To be consistent in this transformation from volumetric to spe-
cific, the peat density of Zhao and Si [32] is taken only for the transformation (𝜌 = 1400𝑘𝑔𝑚−3) and not
as a model input. Equation 3.21 is used as model input.

𝐶[𝐽𝑘𝑔−1𝐾−1] =
𝐶𝑝[𝐽𝑚−3𝐾−1]
𝜌[𝑘𝑔𝑚−3] (3.22)

Finally, both material properties can be approximated with Equation 3.23 and Equation 3.24. The
graphs are shown in Appendix D.

𝐶(𝑤𝑐)[𝐽𝑘𝑔−1𝐾−1] = 3295.9 ⋅ 𝑤𝑐 + 658.16 (3.23)

𝑘(𝑤𝑐)[𝑊𝑚−1𝐾−1] = 3 ⋅ 𝑤𝑐 + 0.2 (3.24)
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3.5. Modeling Water Content
As given in subsection 2.2.2, the water content in a soil is highly related to crack development, with
cracks mostly in unsaturated soil layers. As explained in earlier sections in this chapter, the FEMmodel
material properties are all water content dependent (see graphs in Figure D.2). A constant water content
can be used, but a time series of a water content (𝑤𝑐(𝑡)) is preferred. When substituting this time series
in the equations explained in section 3.3 and section 3.4, the grass and peat material properties vary
over time, aiming to more actual FEM model outcomes.

According to Lu et al. (2020) [14] the water content of the upper 0-10 cm subsoil (𝑤𝑐(𝑡)) is related
to the brightness (𝐵) of a visible image. For a water content greater than 5% this relationship is given
by Equation 3.25, in which the brightness of an image can be found by the grayscale of the image.
This brightness is found using webcam images taken of the FPH dike. 𝑤𝑐(𝑡) can thus be calculated
by webcam images. Images at night (between 19:00 and 7:00) were not considered, since they were
not usable due to the absence of sunlight. Instead, the data at night was linearly interpolated between
the water content values at 19:00 and 7:00.

Figure 3.8 shows the water content outcome based on the approach described above, used as
model input for the FEM model. As an indication the air temperature is plotted too, being a driver of the
water content time series.

𝑤𝑐(𝑡)[%] = 70.52 − 0.47𝐵(𝑡) (3.25)

Figure 3.8: Left axis: water content based on the webcam images (black), water content values range from 0 to 1 but axis is
limited to 0.3. Right axis: air temperature measured by KNMI (orange).

3.6. Modeling Wind, Temperature and Pressure
The dike surface is exposed to the wind, temperature, and pressure of the environment. Addressing
these influences, which can be termed forced convection, can be done in two ways. The first way is to
model the air domain (fluid) on top of the crack and soil domains. This approach gives reliable results,
but also a huge computation time, since it solves for the fluid flow in the air domain. The second way is to
model the heat transfer by using heat transfer coefficients in a heat flux boundary condition, which has
the advantage that the air domain does not have to bemodeled, resulting in a faster computation time. A
disadvantage is that a simple geometry is required when using heat transfer coefficients. The sensitivity
analysis for both method is shown in section 4.1. Due to the negligible difference in results and lower
computation time of the second method, the choice is made to use an external forced convection heat
flux on the surface boundaries. This heat flux is added on the right-hand side of Equation 3.10.

𝑞0[𝑊𝑚−2] = ℎ ⋅ (𝑇𝐾𝑁𝑀𝐼(𝑡) − 𝑇(𝑡)) (3.26)

ℎ[𝑊𝑚−2𝐾−1] = averaged heat transfer coefficient according to the Nusselt number correlation
𝑇[𝐾] = internal temperature calculated by COMSOL
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The average heat transfer coefficient is calculated according to the correlations developed byChurchill
[35] and Rose [36].

ℎ[𝑊𝑚−2𝐾−1] = 2 ⋅ 𝑁𝑢𝑙 + 𝑁𝑢𝑡 ⋅ 𝑘𝑎𝑖𝑟
𝐿 (3.27)

𝑁𝑢𝑙[−] =
0.3387𝑅𝑒1/3𝑃𝑟1/3

(1 + (0.0468𝑃𝑟 )
2/3
)
1/4 (3.28)

𝑁𝑢𝑡[−] = (0.037𝑅𝑒4/5 − 871)𝑃𝑟1/3 (3.29)

𝑅𝑒[−] = 𝜌𝑎𝑖𝑟 ⋅ 𝑈𝐾𝑁𝑀𝐼(𝑡) ⋅ 𝐿
𝜇𝑎𝑖𝑟

𝑃𝑟[−] = 𝜇𝑎𝑖𝑟 ⋅ 𝐶𝑎𝑖𝑟
𝑘𝑎𝑖𝑟

𝑅𝑒 = Reynolds number: laminar (l) if 𝑅𝑒 ≤ 5 × 105 and turbulent (t) if 𝑅𝑒 > 5 × 105
𝑁𝑢 = Nusselt number
𝑃𝑟 = Prandtl number
𝐿 = representative length, in this case the dike’s crest width being 1𝑚
𝜌𝑎𝑖𝑟 , 𝜇𝑎𝑖𝑟 , 𝐶𝑎𝑖𝑟 , 𝑘𝑎𝑖𝑟 = dependent on ambient pressure 𝑝𝐾𝑁𝑀𝐼 and found in the COMSOL air material

3.7. Modeling Radiation
The radiative heat source (𝑄𝑟 in Equation 3.10) is added to the boundaries exposed to radiation.

Figure 3.9: Incoming irradiation (direct and diffusive) 𝐺, outgoing radiosity 𝐽 and scattered irradiation by the body 𝜌𝑠𝐺. [37]

The net inward radiative heat flux into an opaque body is given by the difference between three
types of radiative fluxes.

𝑞𝑟(𝑡) = 𝐺(𝑡) − 𝜌𝑠𝐺(𝑡) − 𝐽(𝑡) (3.30)

The total incoming radiative flux is called irradiation (𝐺). A part of this is being scattered by the
surface (𝜌𝑠𝐺) and the total outgoing radiative flux is called radiosity (𝐽). Assuming that the surface
is part of an ideal gray body (absorptivity equal to emissivity) and Equation 3.30 can be simplified to
Equation 3.31.

𝑞𝑟(𝑡)[𝑊𝑚−2] = 𝜖 (𝐺(𝑡) − 𝑒𝑏(𝑇(𝑡))) (3.31)

𝜖[−] = surface emissivity
𝑒𝑏(𝑇(𝑡))[𝑊𝑚−2] = blackbody hemispherical total emissive power = 𝑛2𝜎𝑇(𝑡)4
𝑛[−] = refractive index air = 1
𝜎[𝑊𝑚−2𝐾−4] = Stefan-Boltzmann constant
𝑇(𝑡)[𝐾] = calculated FEM temperature

𝐺(𝑡)[𝑊𝑚−2] = 𝐺𝑚(𝑡) + 𝐺𝑎𝑚𝑏(𝑡) + 𝐺𝑒𝑥𝑡(𝑡) (3.32)
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Figure 3.10: View factors. Left: Ambient view factor, constant in time. Right: External source view factor.

𝐺𝑚(𝑡) = mutual irradiation (coming from other boundaries or radiation sources in the model)
= 0

𝐺𝑎𝑚𝑏(𝑡) = ambient irradiation = 𝐹𝑎𝑚𝑏𝜖𝑎𝑚𝑏𝜎𝑇𝐾𝑁𝑀𝐼(𝑡)4
𝐹𝑎𝑚𝑏[−] = ambient view factor (Figure 3.10a)

= fraction of the field of view that is not covered by other boundaries, constant in time
= 0 ≤ 𝐹𝑎𝑚𝑏 ≤ 1.
= 1 (sun = blackbody)

𝐺𝑒𝑥𝑡(𝑡) = external radiation sources (sun)

𝐺𝑒𝑥𝑡(𝑡)[𝑊𝑚−2] = 𝑞0𝑠𝑢 + 𝐼𝑑𝑖𝑓𝑓
= 𝐹𝑢(𝑡) ⋅ 𝑄𝐾𝑁𝑀𝐼(𝑡) ⋅ 𝐹𝐸𝑃 + 0

𝐼𝑑𝑖𝑓𝑓[𝑊𝑚−2] = diffusive irradiance (already included in 𝑄𝐾𝑁𝑀𝐼)
𝐹𝐸𝑃[−] = fractional emissive power

= 1 (surface emissivity is defined the same for short and long wavelengths)
𝑄𝐾𝑁𝑀𝐼[𝑊𝑚−2] = surface radiation measured by KNMI
𝐹𝑢(𝑡)[−] = view factor dependent on the position of the sun, varying in time (Figure 3.10b)

= 0 ≤ 𝐹𝑢 ≤ 1.

External radiation can be modeled as an external rotating radiation source (being the sun) with
irradiance 𝑄𝐾𝑁𝑀𝐼(𝑡). Cartesian coordinates are used, with the north, west, and up directions being
the x, y, and z directions, respectively. A drawback of this method is that the Sun’s rotation is twice
included here: in the dataset of 𝑄𝐾𝑁𝑀𝐼(𝑡) and once again when including the rotation of the Sun in the
view factor. However, view factors have to be included to account for shadowing effects at, for example,
the bottom of the cable on top of the crack, and a more detailed way of modeling is not present since
applying 𝑄𝐾𝑁𝑀𝐼(𝑡) to all surfaces exposed to the Sun will not include shadowing effects.

𝑄𝐾𝑁𝑀𝐼(𝑡) is the sum of direct and diffusive radiation (both incoming fluxes) [38]. Sunlight falling
directly on the Earth’s surface is called direct radiation. Unlike diffusive radiation, sunlight falls on the
Earth’s surface without any hindrance. On the other hand, the term ”diffuse” implies that the light arrives
irregularly and with no uniform direction. This is the case when sunlight penetrates through clouds or
changes direction and/or intensity due to other particles in the air, for example, when there is water
vapor, dust, or pollutants in the air. 𝑄𝐾𝑁𝑀𝐼(𝑡) therefore does not consist of reflected radiation.

The grass is modeled as a solid domain, which is not. It is a green surface that contains grass leaves
where water and air are present in between. To include the effect of air and water between grass leaves
(air does not absorb radiation from the sun, grass leaves and water do), the average water content is
used during the measurement period, being 9.24% ≈ 0.1 (Figure 3.8). The ratios shown in Figure 3.6,
the grass domain includes 5% of grass leaves, 10% of water, and 85% of air. Grass leaves have a
leave emissivity 𝜖 of about 0.97 [39] and water approximately 0.9 [40]. The emissivity of the grass
surface becomes 0.05 ⋅ 0.97 = 0.05 for the leaves and 0.1 ⋅ 0.9 = 0.1 for the water, thus between 0.05
and 0.1. In this study a value of 0.05 is used.

Not much literature can be found on the emissivity of peat soils. In Figure 3.7 it is shown that the
peat domain is composed of solid, water, and air. The emissivity of the peat domain is influenced by



18 3. The Model

porosity 𝑛 and water content 𝑤𝑐. Figure 3.8 shows that the peat was dried out and contained little water
and a lot of air. In researches of Thompson et al. [41] and Gerber et al. [42] emissivity values of about
0.8-0.9 are found for peat and dried leaves. Here a value of 0.95 is used.

In the literature, the emissivity of a black rubber cable is found to be 0.9 [40]. In the model, the
cable is for 50% embedded in the soil, and an emissivity of 0.4 gives consistent results with the DTS
data. Using a realistic emissivity value of about 0.9, the cable has to be embedded for 95% in the
soil to respond the same as the DTS data. These results show that the cable is heavily influenced by
radiation. More information about this influence is given in section 4.1.

Table 3.1: Surface emissivity-values for the model used throughout this research and the final model as described in subsec-
tion 3.2.1.

Material Emissivity (𝜖) for 50% embeddedness Emissivity (𝜖) for 95% embeddedness
Peat 0.95 0.95
Grass 0.05 0.05
Cable 0.4 0.95

3.8. Fluxes in the Model
Figure 2.5 shows the different energy fluxes in the boundary layer. Some of the fluxes shown in this
figure are not taken into account in the FEM model. Since there is no water present in the model,
the horizontal lateral energy exchange between water and soil is not taken into account. Furthermore,
phase transitions are not included in the model. Water is a constant element that is included as an
input in the material properties, so the vertical latent heat flux is not taken into account.

The radiation flux 𝑄𝑟 is positively throughout the measuring period (Figure 3.12), bringing energy
into the system. The sensible heat flux 𝑄0 for the crack is in sign the same as 𝑄𝑟 (Figure 3.12). It brings
energy into the crack during the day and releases it during the night. During the day, the air temperature
heats the crack, giving it energy. During the night, the crack is warmer than the environment (also shown
in Figure 4.4a) and gives back the energy stored during the day. For grass, this convective heat flux
𝑄0 is almost completely negative even for the whole measuring period. The FEM grass temperature
is always warmer (during day and night) than the air temperature, as shown in Figure 4.4a. Since the
radiation is the same for the whole system, apparently grass is more sensitive to radiation and warms
up faster compared to peat. Its thermal conductivity 𝑘 is in fact much smaller than that of peat, indicating
that grass conducts heat faster than peat (Figure D.2). The conduction flux 𝑄𝑐𝑑 is generally positive
during the night (energy is stored) and negative during the day (energy is released) (Figure 3.12). This
has to do with the definition of 𝑄𝑐𝑑, which is Fourier’s law (Equation 3.2), containing a minus sign.

Figure 3.11: Fluxes considered in the FEM model, indicated with terms of Equation 3.10.
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(a) Crack point (bottom).

(b) Grass point.

Figure 3.12: Fluxes in the model. Positive values indicate inward fluxes. Negative fluxes extract energy from the model.





4
Calibration

How to simulate and calibrate the FOS experiment carried out at Flood Proof Holland?

After finishing the construction of the FEM model it must be calibrated. Figure 4.1 shows the steps
taken in this chapter. The calibration of the model starts with a sensitivity analysis to check its behavior
while changing model properties. After this, the Thermal Radiometric Camera (TRC) data are used to
calibrate the bottom of the modeled crack and the grass.

Figure 4.1: The two calibration steps: first performing sensitivity analyses and second calibrating with TRC images.

4.1. Sensitivity analysis of wind and radiation
As given in section 3.6 modeling a wind domain is computationally more intensive than modeling these
ambient effects in a boundary condition. To find whether the ambient properties can be modeled with a
boundary condition, three studies are described by the three lines in Figure 4.2. The first study includes
only soil domains in which the influence of the ambient properties is modeled via the heat flux boundary
condition and radiation is included. The second study includes air domains for the crack and first 10
meter of air above the ground. The wind travels in the x direction and the radiation is included. The
last study is the same as the second study, except by the fact that the Radiation interface is turned off,
so the influence of radiation is none. As can be concluded, modeling of air domains is not necessary.
The less computationally intensive heat flux boundary condition can be used, in which the geometry
contains only cable, grass, and peat domains, and no air domains.

4.2. Sensitivity analysis of cable embeddedness
To find the emissivity value of the modeled half-embedded cable, a parametric study is performed. The
emissivity of the cable above the crack is not influenced by this embedding. An emissivity of 0.4 turned
out to be already enough for the FEM-CABGRS point to correspond to the DTS data, which implies
that 60% of the radiation from the Sun is not absorbed by the cable and in literature emissivity values
for cables like these are 0.95 (section 3.7).
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(a) Crack bottom.

(b) Grass.

Figure 4.2: Thermal response in two different studies to determine the sensitivity of the model towards radiation and wind.

Figure 4.3: Thermal response in three different meshes to determine the sensitivity of the model towards a different mesh. The
TRC time series of the crack, used for calibration, is added as an indication.
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4.3. Sensitivity analysis of mesh and tolerance
Meshes can be identically physics-controlled, meaning that COMSOL finds the most optimal mesh for
the geometry itself, or user-controlled. Using two meshes, the influence of the mesh structure on the
thermal response of the bottom of the crack is investigated. Mesh 1 is shown in Figure D.3, having free
tetrahedral elements for the cable and free quad for all remaining surfaces with a finer element size.
Mesh 2 is physics-controlled with a course element size, containing warnings for a too-course mesh
for the cable. So both meshes vary in element size. The tolerance was also varied in the hope of equal
solution precision and less computation time, but this turned out to be negligible. The results of themesh
studies are shown in Figure 4.3. The influence of the meshes is negligible, and the crack and grass
lines of different meshes are exactly the same. The computation time for the physics-controlled mesh
was lower, but it contains warnings about elements having unconvenient sizes. The user-controlled
mesh is preferred for modeling.

4.4. Calibration with TRC Images
Calibration is finished if the TRC data are comparable with the thermal data retrieved from the bottom
of the modeled crack and grass points. The results are shown in Figure 4.4. The temperature response
of FEM-GRS turned out to be more extreme (high maxima and low minima) than that of FEM-CRK on
sunny, clear sky days.
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(a)

(b) Crack (bottom) point with relative error 6%.

(c) Grass point with relative error 8%

Figure 4.4: Thermal response of modelled crack (bottom) and grass points compared to measured TRC images after calibration.
At first sight there seems a lag between the FEM and TRC time series but after performing a cross-correlation analysis it turned
out there is not.



5
Validation

What is the difference between the model and the experiment
in terms of the thermal response of the cable?

After finishing the calibration, the validation, described in this chapter, can be started.
The outcome of the FEM model, shown in Figure 5.2, is being studied. During the day, FEM-

CABCRK measures temperatures warmer than those of FEM-CABGRS. During the night, the reverse
happens, and FEM-CABCRK is cooler than FEM-CABGRS. The thermal response of the FOS cable
(represented by DTS data) shows the same. The lag in the DTS data (subsection 2.4.1)is already
corrected in these figures. In combination with the TRC data used in chapter 4, a schematic overview
of the thermal response of the system can be constructed, shown in Figure 5.1.

Figure 5.1: The thermal response of the system for August 21, 2021 02:30 and 13:30 with arrows indicating heat transport.
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(a)

(b) Cable crack point with relative error 26%.

(c) Cable grass point with relative error 16%.

Figure 5.2: Thermal response of the cable crack and grass points for the FEM model compared with KNMI and DTS.



6
Influencing Conditions

Which conditions have a significant influence on the thermal response
of a FOS cable based on the FEM outcome?

To see which conditions have a significant influence on the thermal response of the modeled cable,
studies with changed model inputs are run, called scenarios. This chapter describes these scenarios.
The results can be found back in Appendix F.

Figure 6.1: Performed studies to examine influencing conditions on the thermal response of the model.

The original width and height of the crack are based on the measured dimensions of the crack
in Flood Proof Holland (Appendix A) 10𝑐𝑚 and 17𝑐𝑚, respectively. To test the influence of these
dimensions on the thermal response of the cable, the model is run for a smaller crack (1𝑐𝑚 × 1𝑐𝑚)
(Scenario 1a) and a larger crack (100𝑐𝑚 × 100𝑐𝑚) (Scenario 1b) in which the rest of the model
conditions are kept the same (these dimensions are based on the observed crack sizes mentioned in
section 2.1). In another study, a Y-shaped crack is created and modeled (like the one in FPH) to test
the influence of the crack shape on the thermal response (Scenario 1c).

Crack detection may be more optimal if the cable is embedded in the soil and not exposed to
radiation (Scenario 2a). In this way, only the cable in cracked regions is exposed, resulting in higher
temperatures there. In addition to the influence of radiation, the influence of the amount of cable above
the crack (cable-crack segment) is checked. The cable rotates with 45°𝐶 (Scenario 2b). The same
can be done for a rotation of 90°𝐶 (Scenario 2c), having the cable parallel to the dike length, because
cracks develop mostly parallel to the dike’s length (section 2.1) (just like the crack at FPH).
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(a) Surfaces influenced by water content.

(b) Surfaces influenced by radiation and convection.

(c) Grass having a lower emissivity than the cable and peat.

Figure 6.2: Influences on the FOS cable, grass and crack system.

Since all materials are based on this time series and since the literature study shows that the water
content is of great importance for crack development, this influence may be large (section 3.3 and sec-
tion 3.4). To examine its influence, the water content (shown in Figure 3.8) is multiplied by 5 (Scenario
3a) and 0.5 (Scenario 3b) respectively.

The FEM model is currently calibrated and validated for a measurement period during summer
2021. To test how the model responds to other climatic conditions, KNMI data for two extreme climatic
conditions are taken as input for the model. For both conditions, the data cover approximately one
month: the heaviest storm (Scenario 4a), which was January 2018 [43] [44], and the hottest month
(Scenario 4b), which was July 2019 [45]. For both scenarios, the lower soil layer is set to the average
temperature of the period. Since the water content over time is not known for these periods, water
contents of 0.5 and 0.2 are used for Scenario 4a and 4b respectively.

The FEM model results can be found in Appendix F. The animation shown in Figure 6.3a shows
the thermal response of FEM-CABCRK for two different crack widths (Scenario 1). The same is done
for Aptp in Figure 6.3b.

(a) 𝑇. (b) 𝐴𝑝𝑡𝑝.

Figure 6.3: Thermal response of FEM-CABCRK for two different crack widths (Scenario 1).
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Crack Detection Model

What is the most optimal way to detect cracks using a FOS cable?

With the results of chapter 5 and chapter 6, the most optimal way to detect cracks using DTS can
be found, based on studies for which the thermal difference between (CAB)CRK and (CAB)GRS is the
biggest.

With a regression analysis, the relationship between the ambient KNMI properties and the modeled
or observed FEM, DTS and TRC data is sought to be found. Regression lines are fitted using the least-
squares method. The least squares method is the curve (𝑦 = 𝑎𝑥+𝑏) that best fits a set of observations
with a minimum sum of squared errors, using vertical offset as the error between a data point and the
fitted line.

𝑎 = 𝑛∑𝑥𝑦 − ∑𝑦∑𝑥
𝑛∑𝑥2 − (∑𝑥)2

(7.1)

𝑏 =
∑𝑦 − 𝑎∑𝑥

𝑛 (7.2)

The best regression lines were found using the daily peak-to-peak temperature amplitude. Plots were
made for the FEM, DTS and TRC data, respectively, and for the final FEM model (as explained in
section 3.2) and Scenario 3a (higher water content). These can be found in Figure 7.2. Combining
the 95% confidence bounds of these regression plots in Figure 7.1, only one measured diurnal time
series and one diurnal air temperature time series are needed to detect a crack. To find the actual
thermal response of the system after this, the DTS thermal response must be corrected for radiation
overestimation. This approach can be found in Appendix G.

Figure 7.1: Domains based on 95% confidence bounds of all data sets shown in Figure 7.2.
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(a)

(b) (c)

(d) (e)

Figure 7.2: Regression plots (various data sets). The plot for DTS is using obtained time series, not corrected for radiation, but
corrected for the lag in time as described in section 2.4.
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Discussion

This chapter describes the interpretation of the research results and integrates these findings with early
research work. It concludes which processes have major influence on the thermal response of the
system and proposes three crack detection methods using DTS. Every research contains uncertainty
regarding the approach performed and assumptions made, especially when constructing a model. At
the end of this chapter, these points are briefly highlighted.

8.1. Crack Detection using DTS
Regular dike inspections occur during spring, when the storm season is over and most cracks are
formed. Extra inspections are needed between April and September during the development of des-
iccated cracks [46], mainly when the precipitation deficit is greater than 175𝑚𝑚 [9]. Therefore, most
inspections occur in periods with low water content and relatively high radiation. This research con-
cluded better crack detection using DTS on days with high radiation also. The thermal responses (lines
in Figure B.4, section 4.1 and Figure 5.2) between grass and cracked domains are better distinguish-
able on sunny, uncloudy, dry days. Therefore, cracks are best detectable via DTS during the day
(most of the time between 9:00 and 16:00) and when the cable is shaded, for example by implement-
ing it below the grass canopy. In that way only cracked parts are prone to radiation (section 4.2 and
chapter 6).

The cable is highly sensitive to its emissivity and embeddedness (section 4.2). This is most likely
related to the cable covered with grass leaves and embedded in the soil in some parts, as can also be
seen in Figure A.3.

Figure 5.1 shows the heat transport in the cable-crack system. This figure turned out to be valid
for another summer month (July 2019), but differs for January 2018. Figure F.9 shows the results of
the model during this winter. The response is not as sinusoidal regular as during the summer, but
there are still several distinguishable peaks. These do not come from precipitation, but occurred on
days when the air temperature varied a lot and the ground started acting as a buffer, tempering the
thermal response of the grass domain. The water content was assumed to be 0.5 (higher than during
the summer), increasing the buffering function of grass and peat. The thermal response of the crack
domain on the other hand is almost completely following the air temperature, as it is not directly affected
by the subsoil (Figure F.9). It is expected that when taking measurements in winter, when the time
series of the system differ compared to summer due to the lack of radiation, the method explained
in this research will be less straightforward. Therefore, when taking measurements during periods
with less regular sinusoidal air temperatures such as winter months, one should be aware of these
irregularities. The FEM-CABCRK point does follow the air temperature almost completely, implying
when using a DTS thermal responses of cracked domains, in comparison with grass domains, follow
the air temperature better.

Different crack geometries do not necessarily vary the thermal responses in the FEM model. The
animation shown in Figure 6.3 shows the thermal response of FEM-CABCRK for two different crack
widths. The area influenced by the crack can be clearly seen and is approximately twice the crack width.
Considering that DTS uses the average thermal response of 25𝑐𝑚 of the FOS cable (subsection 2.4.1),
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Figure 8.1: Three options for crack detection.

(a) x,T-plot (b) t,T-plot (c) Regression plot

Figure 8.2: Three methods for crack detection with DTS. NB: these are not uncorrected for radiation overestimation on the cable.

a larger cable-crack segment results in better crack detection: i.e. wider cracks, longer cable-crack
segments, and multiple cracks in a range of 25𝑐𝑚 (Y-shaped crack) give a better thermal response
in the crack domain. The cable should be positioned parallel to the dike’s length to ensure maximum
cable-crack segment since cracks develop mostly parallel to the length of the dike (subsection 2.2.2).

As found in chapter 6 Scenario 3a, increasing the water content results in more distinguishable time
series between crack and grass, so crack detection appears to be more effective for soils with a high
water content. This is in line with can be concluded from chapter 7 Scenario 3a shown in Figure 7.2e,
having the regression lines spread more. The reason for this is probably the difference in material
properties of air and soil due to the higher water content influencing the soil, resulting in significantly
deviant lines of crack and grass domains.

Finally, this research provides three ways to detect cracks using DTS information (Figure 8.1). The
following subsections describe these crack detection methods. The black color of the cable results in an
overestimation of the thermal response of the cable’s outcomes. To find the actual thermal response
of the cable-crack system, the measured DTS information needs to be corrected after the crack is
detected. Several studies describe how this overestimation can be corrected for [47] [48], but none
of them uses a FEM model. Here, regression graphs between radiation (𝑄(𝑡)) and cable temperature
(𝑇𝐶𝐴𝐵(𝑡)) are used, obtained from two FEM studies: including and excluding radiation on the cable.
Taking the difference between those regression plots gives the overestimation of the cable due to
radiation. More information about this correction can be found in Appendix G.

8.1.1. Crack detection with a x,T- or x,Aptp-plot
Crack or grass domains can be visually found when observing measured time series. An example is
shown in Figure 6.3 for which the thermal response at one moment in time is constant for the entire
length of the cable, except for cracked locations. During nights, cracks are colder than grass. During
the day it is the other way around. The x,T-plot for DTS data is shown in Figure 8.2a.

8.1.2. Crack detection with a t,T-plot
Another way of processing the DTS data is by making thermal plots over time. Cracks can be found
using the line positions of the DTS time series (uncorrected for radiation, corrected for time lag) shown
in Figure 8.2b.
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8.1.3. Crack detection with a Regression Plot (Figure 7.1)
A more automated way of crack detection may be with regression plots shown in Figure 8.2c. The
relation between the Aptp of air and the Aptp of cable is plotted. Regression plots between air and
soil temperature were made before [49] [50], but regression plots with Aptp have not been found in
the literature so far. The advantage of using daily Aptp is that it quantifies the heat storage in the
system. During the day, the system charges: a high daily peak indicates high heat storage. The reverse
happens at night: the system releases heat. Great temperature peaks and troughs indicate sensitivity to
temperature changes and therefore more heat storage and release. Those systems/materials/domains
have lower slopes in the regression plots.

Another advantage of Aptp is that every point in the regression graph is a day. Days when less
heat was added to the system (for example, cloudy and rainy days) are located in the lower regions,
indicating an increase in heat storage according to Equation 3.5. Moving to higher 𝐴𝑝𝑡𝑝 values on the
line, the regression lines spread more, resulting in better crack detection, but more data from several
studies (winter/summer, small/big crack, high/low 𝑤𝑐 and big/small cable embeddedness) have to be
implemented to make the method more robust.

According to the TRC data described in chapter 4, CRK stores more heat than GRS. According to
the DTS data described in chapter 5, CABCRK stores less heat than CABGRS. Figure 7.2 shows these
differences too indicated by the position of the lines. Apparently, the amount of heat storage can be
found back in the slope and position of the lines in the regression plots.

Another usage of the regression lines for crack detection is by taking daily Aptps of several locations
in the cable, plot them in the regression plot, and see which of these points differ from the linear re-
gression line fitted to them. The hypothesis is that a cracked spot will vary from the linear relationship
between the daily Aptp of air and the cable’s formed by the points.

8.2. Data uncertainties
From chapter 6 it is found that the influence of the water content in the FEM model was high. It is
therefore of importance to have a detailed water content during themeasuring period to have a sufficient
model calibration. Webcam images were used for determining the water content in the dike by using a
relation between the grass greenness (from daylight images) and the water content. The brightness of
every image is taken and therefore a constant light source is necessary, but the Sun is not. It disappears
every night and during the day its intensity is changing constantly. Regarding the tools and data sets
available for this research, the approach used was the most detailed and the graph of Figure 3.8 the
closest to reality as possible. The technique was used in researches before [14] [51]. Nevertheless,
the water content time series is in fact only trustworthy during the afternoon, when the sun is at its
maximum capacity.

Secondly, the FPH dike contained little peat hills on top of the crack (Appendix A), causing un-
certainty in the crack domain time series of the TRC images. During calibration, this time series is
compared with the FEM crack point laying on the bottom of the FEM crack, which, due to differences
in geometry, might be a questionable comparison. The small hills on top of the crack are warmed up
more easily. It may be a straightforward assumption to compare their TRC thermal response with the
crack bottom temperature of the FEM model.

Third, question marks can be placed on the DTS data. Figure 5.2 shows that the FOS cable mea-
sures colder temperatures during the night than the air temperatures measured by KNMI. During nights,
the FEM model did not become cooler than the KNMI temperature, while the FOS cable in the field
measured lower temperatures. During the afternoon, the cable observed much higher temperatures
than the measured air temperature by KNMI. This can have several reasons, but most probable the
calibration of the FOS cable in the field was not detailed enough. This calibration was done using a
temperature TD diver placed in a cold bath (section 2.4). Another thought was the cable measuring
the heat index instead of air temperature, but Appendix E proves not.

Furthermore, this research concluded that the FOS cable is highly sensitive to its embeddedness
and radiation, but a grass canopy is never constant in space. Burned spots or high leaf densities can
significantly influence the thermal response of the cable and therefore the measured DTS data.

Lastly, some of the webcam, TRC and DTS data contained noise caused by animals, for example
animals moving the cable.
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8.3. FEM model uncertainties
The FEM model is based on a heat balance equation (Equation 3.10). In this way, the influence of
water transport is not accounted for. It is expected that it is an acceptable modeling choice for this
research because the FEM thermal response turned out to be more or less the same as measured
in the field and all major processes influencing heat fluxes in the boundary layer are accounted for
(Figure 2.5). However, water transport is one of the mechanisms causing heat transfer (Figure 2.5)
and therefore has an influence on the thermal response. Especially since the water content turned out
to be an important influencing aspect of the thermal response of the system (Scenario 3a in chapter 6
and chapter 7).

The influence of air (wind, temperature and pressure) is added via a heat flux boundary condition.
This boundary condition turned out to be a suitable approximation of the influence of these ambient
properties if these do not vary rapidly over time. The same holds for the inner layers of the cable,
which are currently not modeled since the ambient properties change slowly enough for these layers
to anticipate. However, if one is interested in the turbulence or the air flow trajectories, a boundary
condition cannot be applied anymore and the full air domain has to be included on top of the crack.
Another remark that has to be placed by the use of a heat flux boundary condition is that it is currently
applied to all surfaces exposed to air, having the same (forced) convection values over these surfaces
(Equation 3.26). In reality, this assumption may not be completely true since (deep) cracks contain
much smaller wind velocities compared to grass canopies and therefore experience less forced con-
vection. In this research, the influence of modeling a separate air column on top of a crack is found
to not give results that differ from using the heat flux boundary condition (Figure 4.2). However, one
should be critical of implementing the ambient conditions in the form of a boundary condition.
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Conclusion

Due to climate change, the thermal response of soils is changing. Especially for soils highly prone to
drought, such as peat, the effects can be enormous. Desiccation cracks will develop more severely
and more frequently. Currently, it is not possible to identify the exact location of cracks without having a
human visual inspection, being less efficient in terms of kilometers inspected and highly prone to human
errors. The purpose of this research was to develop a crack detection model by coupling FEM with
measured TRC and DTS data and consequently to gain knowledge of the influences of the processes
involved and eventually provide advice on the implementation of crack detection through DTS. This
process has been completed successfully in the past months.

A FEM model is successfully developed, calibrated by thermal images, and validated by DTS data.
It implies clarification regarding the most important processes involved when using the so-called DTS
method for crack detection in dikes. The major drivers for the thermal response in the system turned
out to be radiation and water content, in which a lot of radiation and a high water content result in
more distinguishable thermal responses of crack and grass domains and therefore better crack detec-
tion. Several crack detection methods using DTS are given, detecting cracks in different shapes and
positions. In x,T- and t,T-plots for sunny afternoons the FEM model and the DTS data (uncorrected
for radiation) gave warmer 𝑇𝐶𝐴𝐵𝐶𝑅𝐾 during the day and colder 𝑇𝐶𝐴𝐵𝐶𝑅𝐾 during the night compared to
𝑇𝐶𝐴𝐵𝐺𝑅𝑆. In other words: a higher diurnal peak-to-peak temperature amplitude for cracks. Most proba-
ble will the 𝑇𝐶𝐴𝐵𝐶𝑅𝐾 in winter months bemore comparable with the air temperature compared to 𝑇𝐶𝐴𝐵𝐺𝑅𝑆,
but this is not proved by measured data yet. A regression plot with on the y axis the peak-to-peak tem-
perature amplitude of the air and on the x axis the peak-to-peak temperature amplitude of the cable
implies another method, where only one measured time series is sufficient to detect crack presence.
The standard position of the lines in the regression plot indicate that the FOS cable on cracked parts
is warmer than on grass parts, heated up by radiation more. A lower slope means therefore more heat
absorption compared to higher slopes in the regression plot. Radiation has the most influence on the
cable in cracked parts, resulting in the best crack detection but an overestimation of the DTS data in
those parts. A method to correct for radiation overestimation has been developed which can be con-
sulted after crack detection to find the actual thermal response of the system without the overestimating
influence of radiation on the black cable.

More research is desirable, especially the influence of radiation and the cooling function of water
transport in the soil are not treated in this study. The hypothesis is that after more detailed research and
better calibration and validation, this method can be implemented in the field as a measurement and
forecasting device. It is expected that with accurate but especially longer periods and varying ambient
conditions in field measurements, better regression plots may be found resulting in a method applicable
to multiple situations.

The final FEM model, constructed in this Master thesis, forms a proper basis for future research on
crack detection and forecasting through DTS. The FEM model is characterized by a cable embedded-
ness of 95% and emissivity as shown in Table 3.1. The material properties shown in Figure D.2 can
be used, but when it is preferred to model the water transport in the system these domains have to
be modeled as porous. Crack detection works best for maximum cable-crack segments and as cracks
develop mainly parallel to the dike length the FOS cable should preferably be placed as such too.
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Recommendations

This section elaborates some topics on which future research could look further into.
This report shows one way how peat and grass can be successfully modeled as a solid domain

with a varying water content while having no water transport included. However, detailed information
on how and where heat and water transport is not being investigated, while the water content turned
out to be very important in determining the thermal response of the system (chapter 6 and section 8.1).
Modeling both peat and grass domains as porous provides space to include these transport processes
in the model. For this, the advice is to measure the grass leave density, the grass height, the emissivity,
and material properties in the field as well. Measurements taken by Fugro Geoservices B.V. [4] of the
peat soil at FPH already contain enough information to construct the porous peat domain, however, they
do not change with time. Ideally, all the dependent parameters for determining the material properties,
or even the material properties themselves, should be measured over time.

The lack of correct time series is not an issue for material properties alone, but also for the calibration
(TRC) and validation (DTS) data. These were obtained during summer 2021, making it difficult to
make predictions about the processes and the reliability of the model in winter. The method may be
too simplified to implement in other situations. Bigger data sets containing various climatic conditions
(colder air temperatures, wetter subsoils, etc.) for a much longer period are preferred to check the
consistency of the method in these months also.

As mentioned in the discussion, the water content is an important influencing factor for the thermal
response of the system and webcam images were used in this study to estimate this water content.
This technique is not recommended to use in future researches as it is highly biased by the Sun’s
intensity. As a recommendation, detailed measuring equipment is desired, such as a moisture sensor
installed in the peat soil, solving the key issue of having an unstably retrieved water content time series
due to the lack of usable webcam images.

This study focused on crack detection using a FOS cable, but also recognized that this technique
contains some uncertainties with respect to radiation and water content. The cable is heated by ra-
diation, and the water content influences the cable from below (Figure 6.2). Crack detection using a
thermal camera attached to a drone may be a solution less influenced by these conditions. The ther-
mal images used in this research show a visible cable width of 3 pixels, but these time series of the
cable response were unstable. Lenses of thermal camera’s are available in various sizes, being able to
measure not only in a close distance, but also in a football field away [52]. Having a small crack width
of 2𝑐𝑚 and 256 × 320 pixels per image (section 2.4), one pixel must be at maximum 2𝑚𝑚 to account
for a crack width of at least 10 pixels, having thermal images with a total width of 640𝑚𝑚, so letting the
drone fly about 1𝑚 above the dike, zigzagging across the dike. In this way also the cable time series
could be obtained by thermal images, having a bigger data set for validation and a better, easier crack
detection method, but taking into account that drones can only fly for about 15 to 30 minutes [53] at an
average speed of 20𝑚𝑠−1 [54], priced for €5, 000 − 10, 000,− [55], this technique is more expensive
than a FOS cable of about €1.50/𝑚 without having a pilot. Another drawback of using drones is that
it is unknown to which extent thermal camera’s can detect grass-covered cracks. Therefore, it is most
likely that DTS will be used on a large scale sooner than drones with a thermal camera.
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38 10. Recommendations

Regarding the DTS data, the influence of the color of the cable or the height of the grass is not
investigated. It is expected, as in the study of De Jong et al. [47], that a white cable will be less
sensitive to radiation, giving more realistic thermal responses. Future research should include cable
segments varying in color, embeddedness, and shadyness to try to quantify the influence of radiation
in more detail. For waterboards using DTS, the advice is not to mow constantly, but to ensure that the
cable is in the shade and embedded as much as possible. In this way, radiation influences the cable
only in cracks, resulting in better crack detection.

To conclude, this report presents a well-functioning crack detection model and also provides a con-
crete basis for a forecast crack detection method that can be developed in the future by monitoring a
developing crack (from a fully covering grass canopy to a cracked one). Consider, for example, the
ARIMA algorithm. In this report, no further research has been done on this topic, but it probably would
offer opportunities for future research into the detection of developing cracks using DTS. The algorithm
filters a trend, for example daily, out of a time series based on previous data and recognizes if data
deviates, so in other words: it can recognize if a crack is developing/present or not.
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A
Dike and Crack Specifications

Figure A.2: Fiber optic sensor cable. The crack is shown in cyan.

Figure A.1: Flood Proof Holland dike dimensions by BAM Infraconsult bv in 𝑚𝑚. [56]
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44 A. Dike and Crack Specifications

Figure A.4: Top view of segments used by DTS to generate the thermal response data of every 25𝑐𝑚.

Figure A.3: Flood Proof Holland crack dimensions.



B
Data Time Series
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46 B. Data Time Series

Figure B.1: KNMI data.
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Figure B.2: KNMI data.



48 B. Data Time Series

Figure B.3: Measured TRC temperature data.

Figure B.4: Measured and corrected DTS temperature data.



C
Finite Element Method

Space- and time-dependent problems are usually expressed in terms of a Partial Differential Equation
(PDE). When a differential equation is expressed in terms of the derivatives of more than one indepen-
dent variable (for example t, x, y and z), it is referred to as a PDE. In the example of Equation C.1 𝑢 is
the dependent variable and 𝑥 and 𝑦 are independent variables.

𝜕2𝑢
𝜕𝑥2 +

𝜕2𝑢
𝜕𝑦2 = 0 (C.1)

Most of the PDE-problems cannot be solved with analytical methods to find the value of the de-
pendent variables at different times and positions. The Finite Element Method (FEM) solves these
problems by approximating the solutions to the PDEs with numerical model equations, which can be
solved using numerical methods. This process is called discretisation. The solution to the numerical
model equations are, in turn, an approximation of the real solution to the PDEs. The Galerkin method
– one of the many possible FEM-formulations – can be used for discretisation.

For complex systemswithmore couplings between equations, finding the solutions is not as straight-
forward. One of these problems is given in the example beneath.

FEM Example

𝜌𝐶𝑝
𝜕𝑇
𝜕𝑡 + ∇ ⋅ (−𝑘∇𝑇) = 𝑔(𝑇, 𝑡, 𝑥) (C.2)

Assume that the temperature distribution in a heat sink is being studied, given by Equation C.2, but
now at steady state, meaning that the time derivative of the temperature field in Equation C.2 is zero.
The equation for the model domain Ω becomes the following:

∇ ⋅ (−𝑘∇𝑇) = 𝑔(𝑇, 𝑥) in Ω (C.3)

Further, assume that the temperature along a boundary (𝜕Ω1) is known, in addition to the expression
for the heat flux normal to some other boundaries (𝜕Ω2). On the remaining boundaries, the heat flux is
zero in the outward direction (𝜕Ω3). The boundary conditions are:

𝑇 = 𝑇0 on 𝜕Ω1

(−𝑘∇𝑇) ⋅ 𝑛 = ℎ(𝑇 − 𝑇𝑎𝑚𝑏) on 𝜕Ω2
(−𝑘∇𝑇) ⋅ 𝑛 = 0 on 𝜕Ω3

where ℎ denotes the heat transfer coefficient and 𝑇𝑎𝑚𝑏 denotes the ambient temperature. The outward
unit normal vector to the boundary surface is denoted by 𝑛.

The next step is to multiply both sides of Equation C.3 by a test function 𝜙 and integrate over the
domain Ω. The test function 𝜙 and the solution 𝑇 are assumed to belong to Hilbert spaces. A Hilbert
space is an infinite-dimensional function space with functions of specific properties. It can be viewed
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50 C. Finite Element Method

as a collection of functions with certain nice properties, such that these functions can be conveniently
manipulated in the same way as ordinary vectors in a vector space.

∫
Ω
𝑘∇𝑇 ⋅ ∇𝜙𝑑𝑉 + ∫

Ω
(−𝑘∇𝑇) ⋅ 𝑛𝜙𝑑𝑆 = ∫

Ω
𝑔𝜙𝑑𝑉 (C.4)

After applying the finite element method on these functions, they are simply converted to ordinary
vectors. The finite elementmethod is a systematic way to convert the functions in an infinite dimensional
function space to first functions in a finite dimensional function space and then finally ordinary vectors
(in a vector space) that are tractable with numerical methods.

The discretization implies looking for an approximate solution to Equation C.4 in a finite-dimensional
subspace to the Hilbert space 𝐻 so that 𝑇 ≈ 𝑇ℎ. This implies that the approximate solution is expressed
as a linear combination of a set of basis functions 𝜙𝑖 that belong to the subspace:

∑
𝑖
𝑇𝑖∫

Ω
𝑘∇𝜓𝑖 ⋅ ∇𝜓𝑗𝑑𝑉 +∑

𝑖
∫
𝜕Ω
(−𝑘𝑇𝑖∇𝜓𝑖) ⋅ 𝑛𝜓𝑗𝑑𝑆 = ∫

Ω
𝑔(∑

𝑖
𝑇𝑖𝜓𝑖)𝜓𝑗𝑑𝑉 (C.5)

𝐴𝑇ℎ = 𝑏 (C.6)

where 𝑇 is the vector of unknowns, 𝑇ℎ = 𝑇1, .., 𝑇𝑖 , …, 𝑇𝑛, and 𝐴 is an nxn matrix containing the coefficients
of 𝑇𝑖 in each equation 𝑗 within its components 𝐴𝑗𝑖. The right-hand side is a vector of the dimension 1 to
n. A is the system matrix, often referred to as the (eliminated) stiffness matrix, harkening back to the
finite element method’s first application as well as its use in structural mechanics.

Each equation in the system of equations for Equation C.5 for the nodes 1 to n only gets a few
nonzero terms from neighboring nodes that share the same element. The system matrix A in Equa-
tion C.6 becomes sparse, with nonzero terms only for the matrix components that correspond to over-
lapping 𝑖𝑗 ∶ 𝑠. The solution of the system of algebraic equations gives an approximation of the solution
to the PDE. The denser the mesh, the closer the approximate solution gets to the actual solution.

The equations within each element are also known as shape functions. As can be seen in Fig-
ure C.1, these functions can be of different order: linear (first-order), quadratic (second-order), and
cubic (third-order). Each physics interface has its own unique discretization settings that govern what
order shape functions are using for those dependent variables [57]. The default discretization is second-
order (quadratic) partially because the PDEs have a dominant second derivative term. If an element is
Lagrange it introduces additional nodes (degrees of freedom) within the elements, as can be seen in
Figure C.1.

(a) (b)

Figure C.1: Linear, quadratic and cubic shape functions within a one-dimensional element (a) and Lagrange elements (b). [57]



D
Details FEM Model

D.1. Geometry
The geometry is shown in Figure D.1 with corresponding values in Table D.1.

D.2. Material properties
For the different material parameters the reader is referred to chapter 3 and Figure D.2.

D.3. Mesh
For the original model themesh shown in Figure D.3 is used. For scenarios where the cable or geometry
is changed physics-controlled meshes with a sufficient fine mesh without errors is used.

D.3.1. Tolerance
The default relative tolerance of the model is 0.01, being the maximum amount of error allowed in your
solution. A smaller tolerance gives more accurate results since it includes the maximum deviation that
is accepted. Running with a tolerance of 0.001 and 0.00001 give (almost) exactly the same thermal
response but more computation time. The default tolerance value of 0.01 is used.

D.4. Run
The model has to be transient to account for environmental differences over time. The model is set to a
time stepping of [1ℎ, 0.5ℎ, 499ℎ] to correspond to the measurement period time (steps). Furthermore,
the time stepping is set to ’strict’ in order for the results to strictly follow the given time stepping. The
rest of the conditions are kept in their default settings.

Time stepping is done using the Backward Differentiation Formula (BDF) which is the default setting
in COMSOL. As a solver the PARDISO algorithm is used (automatically chosen by COMSOL). By
default, shape functions used for the geometry, the temperature in solids (Discretization HT) and the
surface radiosity (RAD) are linear Lagrange, quadratic Lagrange and linear respectively (Appendix C).

Table D.1: Geometry parameters.

Description Value [cm] axis
Grass height 4 z
Crack length 150 y
Crack width 10 x
Crack height 17 z
Length soil front and back of crack 100 y
Length soil left and right of crack 100 y
Subsoil height 34 z
Cable diameter 0.6
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52 D. Details FEM Model

Figure D.1: Geometry FEM model. The points in grass are at a distance of 20𝑐𝑚 and 50𝑐𝑚 of the crack middle. x=North,
y=West and z=Up.
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Figure D.2: Water content dependent material properties grass and peat.
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Figure D.3: Mesh FEM model according to section 4.3.



E
Heat Index

The heat index (NL: gevoelstemperatuur) calculated by KNMI is given in Equation E.1. As can be seen
in Figure E.1 is the DTS data not equal to the heat index, indicating that the FOS cable is not measuring
the heat index temperature.

ℎ𝑒𝑎𝑡𝑖𝑛𝑑𝑒𝑥 = 𝑐1 + 𝑐2𝑇 + 𝑐3𝑣 + 𝑐4𝑇 + 𝑣 + 𝑐5𝑇2 + 𝑐6𝑣2 + 𝑐7𝑇2𝑣 + 𝑐8𝑇2 + 𝑐9𝑇2𝑣2 (E.1)

𝑇[°𝐶] = 𝑇𝐾𝑁𝑀𝐼
𝑣[%] = 𝑣𝐾𝑁𝑀𝐼 (humidity)
[𝑐1∶9] = [−8.78, 1.61, 2.34, −0.15, 0.012, −0.016, 2.21 × 10−3, 7.25 × 10−4, 3.58 × 10−6] [58]

Figure E.1: Heat index KNMI.

55





F
Influencing Conditions Time Series

.
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58 F. Influencing Conditions Time Series

Figure F.1: Scenario 1a: 10 times small crack.

Figure F.2: Scenario 1b: 10 times big crack.

Figure F.3: Scenario 1c: Y-shaped crack.

.
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Figure F.4: Scenario 2a: cable below grass canopy.

Figure F.5: Scenario 2b: cable diagonal on crack.

Figure F.6: Scenario 2c: cable parallel on crack.

.
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Figure F.7: Scenario 3a: 5 times water content. Dashed line of FEM-CABCRK 3a is below solid line of FEM-CABCRK.

Figure F.8: Scenario 3b: 0.5 times water content. Dashed line of FEM-CABCRK 3b is below solid line of FEM-CABCRK.

.



61

Figure F.9: Scenario 4a: heaviest stormy month (January 2018).

Figure F.10: Scenario 4b: hottest summer (July 2019).





G
Radiation Correction for DTS Information
To find the thermal response of the system, a correction for the radiation overestimation on the cable is
desirable. This is done by performing two FEM studies: one including radiation on all exposed surfaces,
and one including radiation on all exposed surfaces except the cable. In this way the peat and grass
is still heated up by radiation, but the ’extra’ heating of the cable is not included. The convection
boundary condition is still applied to all exposed surfaces, including the cable. First, the time series
without radiation is substracted form the time series including radiation for both FEM-CABCRK and
FEM-CABGRS. These differences are then plotted against the corresponding radiation 𝑄𝐾𝑁𝑀𝐼 so that a
regression plot is formed (Figure G.1) showing the ’over’ heating of the cable. This heating (correction)
should be subtracted from the measured DTS time series per time step. Cable parts above cracks are
warmed up more compared to parts of the cable laid in grass, so cable segments above cracks are
more biased than the parts laid in grass. Therefore, to correct the DTS time series, it must be known
if the cable segment is in a grass or cracked domain.

Figure G.1: Radiation correction.
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