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Abstract
The concrete bridges which are constructed in the 1960s and 1970s, have been constructed without
shear reinforcement. This means that these bridges do not comply with the current design regulations
and might need an increase in shear capacity. A possible method to increase their shear capacity is to
construct a layer of ultra­high­performance fibre reinforced concrete (UHPFRC) of a certain thickness
on both sides of the normal strength concrete (NSC) beams supporting the bridge deck. An important
issue to take into account when using this method is that the connection of the UHPFRC layer and
the NSC beam needs to be of sufficient quality to transfer the shear stresses. This means that it is
of interest to have a non­destructive testing (NDT) method for detecting possible delaminated areas
within this interface.

This report investigates the possibility of using active infrared thermography (IRT) as anNDTmethod
for detecting delaminated areas. The main goal of this report is to answer the following question: ”Is it
possible to detect and quantify delaminated areas, within the connection between a NSC beam and a
layer of UHPFRC of a certain thickness in an objective way, with data gathered by an infrared camera
in a lab environment?”

In this report a choice is made for how the delaminated areas will be detected and a standardized
approach for testing samples is conducted. On top of that an analytical model is created to process the
data gathered in the experiments, which were conducted following the created standardized approach.
The data is gathered in the experiments with the use of an infrared camera. This camera measures
the temperature of every pixel for every frame of a recording.

Literature study suggests three methods for detecting delaminated areas with active IRT:

• The thresh­hold value method; a threshold value is set for the temperature difference at the sur­
face above a sound area and a delaminated area. When the temperature difference in an area
is higher than this threshold value the area is delaminated.

• The signal to noise ratio (SNR) method; this method compares the temperature in an area to the
temperature of a sound area and compares this to the STD of the temperature in a sound area,
this is to take the environmental factors into account.

• The second derivative method; this method fits a 4𝑡ℎ order polynomial through the data gathered
by the infrared camera. It does this for every row and column of the pixels in the picture. Each
pixel has a temperature value attached to it, of the picture. Where there is an inflection point in
the polynomial it is assumed that this indicates a boundary of the delaminated area.

The thresh­hold value method is very hard to make universal for different test settings, especially when
the delaminated areas are unknown. This is why this method is not used in the current research.

Experiments have been conducted to determine which of the second derivative or the SNR method
is more accurate. Both methods were compared and the following conclusions were drawn:

• The SNR method is more accurate about the surface area of the delaminated area than the
second derivative method.

• The second derivative method overestimates the surface area of the delamination.

• The SNR method is easier to interpret than the second derivative method.

Due to these conclusion the choice is made to use the SNRmethod for detecting delaminated areas
in the analytical model which is made.
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iv Abstract

The analytical model, which is made, detects delaminated areas of a specimen when a recording
with a infrared camera is available. To be able to make the method of detecting the delaminated areas
completely objective, a standardized approach for heating and cooling the specimen is constructed.
Heating the specimen is done with a heat­flux of 1750 𝑊/𝑚2 at the surface of the UHPFRC layer for
1500 seconds. The cooling process is then recorded with an infrared camera. With data gathered from
this recording the analytical model takes out the optimal frame to investigate.

In the analytical model a distinction is made between two situations, one where the researcher
knows the location of a sound area, and another situation where the researcher does not know the
location of a sound area. For both situations the analytical model produced promising results. The
simulated delaminated areas in the test samples of the experiments which were conducted in this re­
search were visible in the results produced by the analytical model.

For the situation where there is no known sound area, the analytical model might underestimate the
size or amount of delaminated area in the specimen. This was the case when testing a beamwhich was
almost completely delaminated. The applicability and accuracy of the method for the situation where
the researcher does not know the location of a sound area should thus be further researched. For both
methods it is important to further investigate the minimal delaminated area which the analytical model
is able to be detected.
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1
Introduction

1.1. Project motivation
In the Netherlands, many concrete bridges have been built in the 1960s and 1970s. Those bridges
have been constructed without shear reinforcement. Developments in traffic over the past years have
been significant. The amount of trucks and the loading capacity of those trucks have increased and
those trucks are governing for the design loads on bridges (Geesteranus, 2016) (Geesteranus2017).
This increase in loading means that the concrete bridges from the 1960s and the 1970s might need
an increase in shear capacity because they do not comply with current design regulations. A way
to increase that shear capacity is to add a layer of ultra­high­performance fibre reinforced concrete
(UHPFRC) of a certain thickness on both sides of the concrete beams supporting the bridge deck.
Recent experiments show promising results in increasing the shear capacity of existing normal strength
concrete (NSC) beams by gluing prefabricated UHPFRC to the side.
With this solution to increase the shear capacity of existing beams comes the problem of the quality of
the UHPFRC layer’s connection with the NSC beam. This connection’s quality is an essential factor
in the UHPFRC layer’s performance to increase the shear capacity, because when a good bond is
available between both layers the transfer of stresses is better. The prefabricated UHPFRC layers can
be connected either by cast in situ concrete connection, dowels, gluing, etc. In this study, prefabricated
elements are made and connected to existing concrete by an epoxy layer. An approach needs to be
chosen to determine the quality of this connection. The best way to assess this quality is to be able
to use non­destructive testing (NDT) methods. A solution to this question could be the use of infrared
thermography (IRT). This solution is an NDT method that, according to recent studies (Kuhn et al.,
2012) (Khan en Bartoli, 2015) (Huang et al., 2003), is promising in detecting delaminated areas in all
kinds of materials. This method might also be applicable in this situation with concrete, IRT has already
been used in research into an NDT method to detect defects and delaminations in concrete structures
such as in research by Gu et al. (2020). However, this method is relatively new, and therefore there
is no universal guideline on how to use it with different materials, geometry, exposure conditions, etc..
Therefore research has to be done on how to apply this NDT method for the situation stated above.

1.2. Problem statement
The detection of delaminated areas in the interface of two concrete layers is difficult to assess at a
qualitative level, and it is crucial that during testing, the quality of the specimen does not change.
Therefore it is essential to research NDT methods to assess the connection between the two concrete
layers. NDT methods are characterized by the fact that the specimen’s quality does not change and
is still usable for its desired purpose after testing. IRT is a newer method that offers the availability
to assess the connection between the two concrete layers. There have been multiple other kinds of
research into IRT as an NDT method (Huh et al., 2018) (Kuhn et al., 2012). However, most of these
researches had the goal of verifying IRT’s capability to detect delaminated areas. Thus, many of those
researched concentrated on the qualitative aspects of IRT, whereas the quantative aspects of IRT have
not been thoroughly researched. (Omar et al., 2018) To determine the quality of the connection of the
UHPFRC layer and the NSC beam it is important to be able to quantify delaminated areas. This means

1
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that it is important to find a method to determine the delaminated areas’ size and its boundaries. To
understand how these aspects can be determined, research is needed into the theory, and multiple
experiments are needed to verify and calibrate certain theoretical aspects. This study aims to create
an analytical model to objectively predict delaminated areas’ locations in the interface of a layer of
UHPFRC and an NSC beam. The theory will be used to create the model, and multiple experiments
will be used to calibrate this model and verify the accuracy of the model.

1.3. Scope
The research into the use of IRT as an NDT method for detecting delamination is very new, much is
still unknown, and can become very extensive. This section will therefore discuss the scope of this
research.

This research is conducted as a bachelor’s thesis, therefore the duration of this research will be 8
weeks and will focus on one type of connection, a connection between NSC and a layer of UHPFRC
where the layer of UHPFRC has the same thickness throughout the study. This research will investigate
the following:

• Can delamination in the interface of a layer of UHPFRC and an NSC beam be detected with IRT?

• What is a good method/procedure to objectively determine delaminated areas?

• Is it possible to create a standardized approach for heating, cooling and measuring a specimen?

• Could an analytical model be created to objectively detect the delaminated areas?

In IRT different parameters are important to take into account, due to the short time period in which the
research is conducted the effect of the following parameters are not taken into account:

• The thickness of the NSC, this is set at a 100mm.

• The thickness of the UHPFRC layer, this is set at 10mm.

Whereas the effect of the following parameters are taken into account:

• The thickness of the delaminated area.

• The area of the delaminated area.

• The heat­flux which is used.

1.4. Research questions
1.4.1. Main research question
”Is it possible to detect and quantify delaminated areas, within the connection between a NSC beam and
a layer of UHPFRC of a certain thickness in an objective way, with data gathered by an infrared camera
in a lab environment? In parallel to experimental study, a numerical study with commercial software
COMSOL is performed to gain more insight into governing mechanisms and findings are compared to
experimental results.”

1.4.2. Subquestions
To answer the main questions the following subquestions will be answered.

• What is the theory behind the detectability of the delamination in 1D?
• What is a good heating time to create the highest thermal contrast for different thicknesses of
delamination?

• What is the optimal cooling time to enhance visibility of the minimal delamination?
• What is a good and objective method to quantify the location and boundaries of the delaminated
areas?
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1.5. Research method
To gain understanding about the IRT method a literature review will be done into the 1D theory of IRT.
With this 1D analysis the theory of the commercial Finite Element (FE) software COMSOL Multiphysics
5.6, hereafter referred to as COMSOL, can be understood and used. This software uses the same
theory as the 1D analysis but has expanded this into a 3D model. With this software, experiments can
be simulated, and data can be gathered, this data is needed to be able to create the model to determine
the location of the delaminated areas.

The literature will be used to research existing methods to compute the optimal heating time to
create the highest thermal contrast for different thicknesses of delaminated areas. Together with the
1D analysis and the COMSOL software, an optimal heating time will be computed and used in the
experiments in this research.

The optimal cooling time of the specimen, to enhance visibility of the minimal delamination, will
be determined by using data gathered from COMSOL simulations and by using data gathered from
experiments that will be conducted. With this data the optimal cooling time can be derived.

For the location of the delaminated areas, an objective model will be made. This will be done with
the knowledge gathered in literature study of previous research into IRT as an NDT method to detect
delaminated areas as well as literature study of the 1D theory of the IRT method. The model will be cali­
brated to data gathered from recreated experiments in COMSOL. Once validated, the COMSOL model
can also serve to perform parametric analyses and to investigate the role of governing parameters in
more detail.

1.6. Reading guide
In chapter 2 a literature review is conducted. In chapter 3 the performance of the experiments is
explained. Then in chapter 4 the method of detecting the delaminated area is chosen and explained.
After this the use of the Finite Element software COMSOL Multiphysics 5.6 is explained and validated.
Then in chapter 6 a standardized approach for performing the experiments is conducted. After that a
model, which combines the standardized approach and the method for detecting the delaminated area
is explained in chapter 7. In chapter 8 the results of this model are presented which are then discussed
in chapter 9. Lastly, in chapter 10 the conclusion is given and in chapter 11 recommendations are
made.



2
Literature review

In this chapter the important aspects of the to be created model will be researched, using literature.
First, with the help from literature, the 1D theory of heat transfer will be explained. Then afterwards,
literature research into previously done research into detecting delamination with IRT is conducted to
learn what knowledge already exists about optimal heating times and the location and thickness of
delaminated areas.

2.1. 1D Theory of heat transfer
In this section a general 1D analysis is briefly explained, this is to create an understanding of what the
FE model COMSOL does. In this section the following source is mainly used: (TU Delft, 2000)

There are three ways for heat transfer to take place, namely:

• Conduction,
• Convection and
• Radiation

Heat transfer through conduction happens when heat is transferred from molecule to molecule.
When heat is transferred through a flowing medium, then one speaks about convection. Radiation is
the heat transfer in the form of electromagnetic waves.

2.1.1. Conduction
Conduction is the heat transfer through molecules. The heat flux density is shown in Equation 2.1 and
the thermal diffusivity is given in Equation 2.2

𝑞 = −𝜆𝛿𝑇𝛿𝑥 (2.1)

𝑎 = 𝜆
𝜌𝑐 (2.2)

Where:
𝜆 = thermal conductivity in W/mK
𝛿𝑇
𝛿𝑥 = temperature gradient in K/m
𝑞 = heat flux density in𝑊/𝑚2
a = thermal diffusivity in 𝑚2/𝑠
𝜌 = density in 𝑘𝑔/𝑚3
c = heat capacity in J/kgK
(𝜌𝑐 = volumetric heat capacity in 𝐽/𝑚3𝐾)
Heat flows from higher temperature to lower temperature areas, this is why a negative temperature
gradient results in a positive heat flux density. The thermal diffusivity gives the ratio between the heat
transfer and the energy storage of a material and thus shows how good or bad the heat is diffused in
a material.
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2.1. 1D Theory of heat transfer 5

In this analysis, one dimensional heat transfers are looked at and 𝜆 is considered to be constant in
this study. This gives the differential equation given in Equation 2.3

𝛿𝑇
𝛿𝜏 = 𝑎

𝛿2𝑇
𝛿𝑥2 (2.3)

When the situation is stationary, thus independent on time, the differential equation changes into:

𝑎𝛿
2𝑇
𝛿𝑥2 = 0 (2.4)

This means that:
𝛿𝑇
𝛿𝑥 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 (2.5)

However, in the conducted experiments the situation is not stationary due to the heating source used
to heat up the test samples. This means that the 1D analysis needs to be performed for non­stationary
heat transfer.

2.1.2. Convection
When there is a difference in temperature between a surface and the air around it, heat transfer will
take place. In Figure 2.1a and Figure 2.1b the situation is shown where there is a surface with a higher
temperature than the ambient temperature. There will be a boundary layer where at the boundary the
velocity of the air will be the same as the surrounding air and at the surface the velocity of the air will be
zero. A thermal boundary layer will also arise, where the temperature at the surface will be the surface
temperature, which will gradually decrease until the ambient temperature is reached. (TU Delft, 2000)

(a) Velocity gradient (TU Delft, 2000) (b) Temperature gradient (TU Delft, 2000)

Figure 2.1: Temperature and velocity gradient due to convection

The heat transfer from a surface to a flowing medium due to convection can be defined as follows:
(TU Delft, 2000)

𝑞𝑐 = 𝛼𝑐(𝑇𝑜𝑝𝑝 − 𝑇𝑚𝑒𝑑) (2.6)
Where:
𝛼𝑐 = the convective heat transfer coefficient in𝑊/𝑚2𝐾
𝑇𝑜𝑝𝑝 = the surface temperature in K
𝑇𝑚𝑒𝑑 = the temperature of the flowing medium in K

2.1.3. Radiation
Every surface emits a certain amount of thermal radiation, which is defined by its temperature. This
thermal radiation is defined by the Stefan­Boltzmann law as follows:

𝐸 = 𝜖𝜎𝑇4 (2.7)

Where:
E = the radiant emittance in𝑊/𝑚2
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𝜎 = the Stefan­Boltzmann constant, equal to 5, 67.10−8𝑊/𝑚2𝐾4
𝜖 = the emissivity coefficient of the surface
T = the temperature of the surface in Kelvin

The emissivity is a function of the wavelength 𝜆, for a surface that has a maximal thermal radiance
𝜖 is 1, this is called a black body. ’Grey’ surfaces have a value of 𝜖 between 0 and 1.

2.1.4. Air cavity
An air cavity gives an added thermal resistance to a structure due to its low value of thermal conductivity.
The thermal conductivity of air is 0.025 [W/mK] whereas the thermal conductivity of NSC is 1.8 [W/mK].
One thing to keep in mind is that not only conductivity plays a role in the thermal resistance of an air
cavity, also the radiance between the surfaces of an air cavity plays a role. The thermal resistance of
an air cavity is defined as follows:

𝑅𝑐𝑎𝑣𝑖𝑡𝑦 =
1

𝛼𝑠 + 𝛼𝑔 + 𝛼𝑐
(2.8)

Where:
𝛼𝑠 = The radiance heat transfer coefficient, which is 5.5 [𝑊/𝑚2𝐾] at room temperature.
𝛼𝑔 = The conductive heat transfer coefficient, which is 𝜆/d = 0.025/d [𝑊/𝑚2𝐾], where d is the thickness
of the air cavity.
𝛼𝑐 = The convective heat transfer coefficient, which is zero [𝑊/𝑚2𝐾] for cavities smaller than 5mm.

An equivalent thermal conductivity can be calculated for different thicknesses of air cavities with
Equation 2.9

𝜆𝑒𝑞 = 0.025 + 5.5𝑑 (2.9)

Where 𝑑 equals the thickness of the air cavity.

2.1.5. 1D theory applicable to this research
The experiment in the current research will consist of a multi­layered structure where the heating will
consist of a pulse­heating with a constant heat­flux. For a one layered structure and a constant heat
transfer of a constant temperature at the surface the following functions are defined (TU Delft, 2000):

𝑇𝑊(𝑥, 𝜏) = 𝑇1 + (𝑇0 − 𝑇1)𝑒𝑟𝑓(𝛽) (2.10)

Where:

𝑒𝑟𝑓(𝛽) = 2
√𝜋

∫
𝛽= 𝑥

2√𝑎𝜏

𝛽=0
𝑒−𝛽2 𝑑𝛽 (2.11)

Where:

𝛽 = 𝑥
2√𝜋𝜏

(2.12)

Where:
𝑥 = Depth in the layer [m]
𝜏 = Time [s]
𝑇0 = Temperature before heating [°C]
𝑇1 = Heating temperature [°C]

This equation is very usefull when looking at one layered structures, however, they are not applicable
to multi­layered structures. It is, however, possible to model the expected temperature over time at the
backside of the UHPFRC panel when a pulse­heating excitation of a certain temperature is used. This
is done in Figure 2.2.

pulse­heating indicates that a heat­source appears at a certain time in full force, it is not added
gradually. The pulse­heating excitation of a certain temperature is different to the heating method used
in this research, because in the research a pulse­heating excitation of a constant heat­flux is used. In
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Equation 2.10 a pulse­heating excitation of a constant temperature is used. A constant heat­flux still
creates an increasing temperature.

Figure 2.2: Modeled temperature in °C over time at backside of UHPFRC panel with a pulse­heating excitation of
100°C

For the multi­layered structure a matrix model needs to be made and the pulse­heating needs to be
approached like a series of sines or cosines. Below the theory about the matrix model is explained:

One can model the total temperature with an average part and a fluctuating part as follows:

𝑇𝑡𝑜𝑡(𝑥, 𝑡) = 𝑇 + 𝑇̂𝑒𝑖Φ𝑒𝑖𝜔𝑡 (2.13)

Where:
𝑇𝑡𝑜𝑡(𝑥, 𝑡) = Total temperature
𝑇 = Average temperature
𝑇̂ = Modulus of the non­time­dependent part
𝑡 = Time [s]
𝜔 = Rotational frequency [rad/s]
Φ = phase shift [rad]

When the temperature has a sinusoidal gradient it is given that the fluctuating part of the temperature
is:

𝑇̃ = 𝑇𝑒𝑖𝜔𝑡 (2.14)

Substituting Equation 2.14 into Equation 2.3 gives:

𝑖𝜔𝑇(𝑥)𝑒𝑖𝜔𝑡 = 𝑎𝑒𝑖𝜔𝑡 𝑑
2𝑇(𝑥)
𝑑𝑥2 (2.15)

Then the general solution to Equation 2.15 is:

𝑇(𝑥) = 𝐴𝑒𝑥√
𝑖𝜔
𝑎 + 𝐵𝑒−𝑥√

𝑖𝜔
𝑎 (2.16)

Take the homogeneous wall presented in Figure 2.3:
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Figure 2.3: Homogeneous wall (TU Delft, 2000)

𝑇0 = non­time­dependent part of the temperature fluctuation at x = 0
𝑇1 = non­time­dependent part of the temperature fluctuation at x = d
𝑞0 = non­time­dependent part of the heat flux density at x = 0
𝑞1 = non­time­dependent part of the heat flux density at x = d

In (TU Delft, 2000) from Equation 2.16 the following relationship between 𝑇0, 𝑇1, 𝑞0 and 𝑞1 in matrix­
form is deducted:

(𝑇1𝑞1) = (
𝑎11 𝑎12
𝑎21 𝑎22)(

𝑇0
𝑞0)

With:
𝑎11 = 𝑎22 = cosh(1 + 𝑖)𝑘𝑑
𝑎12 = −

sinh(1+𝑖)𝑘𝑑
𝜆(1+𝑖)𝑘

𝑎21 = −𝜆(1 + 𝑖)𝑘 sinh(1 + 𝑖)𝑘𝑑
where:
𝑘 = √ 𝜔

2𝑎

Figure 2.4: Wall with multiple layers (TU Delft, 2000)

When a wall consisting of multiple layers, as shown in Figure 2.4, is examined, the following equa­
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tions can be found:
(𝑇1𝑞1) = (

𝑎11 𝑎12
𝑎21 𝑎22)(

𝑇0
𝑞0)𝑎𝑛𝑑 (

𝑇2
𝑞2) = (

𝑏11 𝑏12
𝑏21 𝑏22)(

𝑇1
𝑞1) (2.17)

Substitution gives:

(𝑇2𝑞2) = (
𝑎11 𝑎12
𝑎21 𝑎22)(

𝑏11 𝑏12
𝑏21 𝑏22)(

𝑇0
𝑞0) = (

𝑚11 𝑚12
𝑚21 𝑚22)(

𝑇0
𝑞0) (2.18)

Figure 2.5: Wall with unventilated cavity (TU Delft, 2000)

Now looking at a wall structure with an unventilated cavity as seen in Figure 2.5, the following
expression is given in (TU Delft,2000):

(𝑇𝑖𝑞𝑖) = (
1 − 1

𝛼𝑖
0 1

)(𝑐11 𝑐12
𝑐21 𝑐22)(

𝑏11 𝑏12
𝑏21 𝑏22)(

1 −𝑟𝑠𝑝
0 1 )(𝑎11 𝑎12

𝑎21 𝑎22)(
1 − 1

𝛼𝑒
0 1

)(𝑇𝑒𝑞𝑒) (2.19)

Where 𝛼𝑖 =
−𝑑
𝜆 and 𝑟𝑠𝑝 is the heat resistance of the unventilated cavity.

This one dimensional analysis is a short explanation of what FE models use in a three dimensional
analysis. In the following part of this report the FE software COMSOL will be used instead of a one
dimensional analysis. FE simulation is more accurate, because it is a three dimensional model that
does take into account the lateral heat flow as well, in contrast to a one dimensional model. It is
however important to understand the basic one dimensional analysis as shown above.

2.2. The use of Finite Element Modelling
In this research FE modelling will be used to determine certain important aspects of the experiment
configuration.
The choice has been made to use COMSOL Multiphysics 5.6. In some similarly aimed studies the
commercial FE software COMSOL has also been used to simulate the distribution of heat throughout a
test specimen. For example in research by Junyan et al. (2013) where IRT was researched as an NDT
method to detect subsurface damage in carbon­carbon composites. The research by Junyan et al.
(2013) used pulse and modulation heat excitation conditions.
Also in research by Hiasa et al. (2016) the FE application COMSOLwas used to predict the temperature
above delaminated and sound areas, wheras the exact temperature was hard to simulate, the difference
in temperature was good to estimate. In that study the use of COMSOL was mostly used to create a
specific scale in which to display the IRT image so that the delaminated areas are no longer determined
based on subjective criteria but rather objective criteria.

2.3. Physical properties of NSC and UHPFRC
Several physical properties of NSC and UHPFRC are needed in this research. The needed properties
come from the one dimensional theory explained in the previous section. The physical properties of



10 2. Literature review

NSC taken from the standard concrete material of COMSOL. The volumetric heat capacity 𝜌𝑐 and the
thermal conductivity 𝜆 of UHPFRC are are taken from research by Nagy et al. (2015), these physical
properties are determined for seven samples. For this study the average of the values found by Nagy
et al. (2015) are taken. For the emissivity 𝜖 of UHPFRC the same value is taken as for NSC, because
the emissivity is dependent on the colour of the material, which is rougly the same for both materials.
In Table 2.1 the physical properties of both materials are given.

NSC UHPFRC

Volumetric heat capacity 𝜌𝑐[𝐽/𝑚3𝐾] 2,024.106 2,14.106

thermal conductivity 𝜆[𝑊/𝑚𝐾] 1,8 2,82

Emissivity 𝜖[−] 0,93 0,93

Table 2.1: Physical properties of NSC and UHPFRC

2.4. Optimal heating time

To detect the delaminated areas the samples will be heated externally. Due to heating the specimen, the
temperature increase of the outer layer of the sample will increase more above a delaminated area than
above a sound area, this is due to the thermal resistance of the layer of air inside the delamination.
It is found that the optimal heating time is to be determined such that the difference in temperature
reaches a maximum (Sinha et al., 2015). This difference in temperature, the contrast, is what makes
the delamination detectable, therefore it is important to increase the relative contrast, hereafter called
the running thermal contrast (RTC), as much as possible (Lai et al., 2010).
The RTC is defined as follows:

Δ𝑇𝑟 =
(𝑇𝑑𝑒𝑓 − 𝑇𝑛𝑜𝑛−𝑑𝑒𝑓)

𝑇𝑛𝑜𝑛−𝑑𝑒𝑓
(2.20)

Where:
𝑇𝑑𝑒𝑓 = The temperature above a delaminated area.
𝑇𝑛𝑜𝑛−𝑑𝑒𝑓 = The temperature above a sound area.

In research by Sinha et al. (2015) experiments were conducted with delaminated areas at a certain
depth in Photo­voltaic panels. In these experiments a halogen lamp was used as to create a step
heating heat source, where it was placed, such that it created a heat flux of 1000 [𝑊/𝑚2] at the surface
of the Photo­voltaic panel. In that research it was chosen to determine the optimal heating time through
a simulation and compare this to the experiment data gathered. As shown in Figure 2.6a , the time
at which the RTC reaches a maximum according to the simulation was quite accurate compared to
the experiment data. The test setup of the experiments performed by Sinha et al. (2015) is shown in
Figure 2.6b
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(a) Simulated and experimental plots of the RTC by using step
heating with a halogen lamp to create a heat­flux of 1000 [𝑊/𝑚2]
(Sinha et al., 2015)

(b) Setup of the experiments performed by Sinha et al. (2015)

Figure 2.6: Results and setup of experiments by Sinha et al. (2015)

2.5. Location of delaminated areas

When the optimal heating time is determined it is possible to conduct the experiments. One of the goals
of these experiments is detecting the location of the delaminated areas. Most of the research into IRT
has focused on determining the location of the delaminated areas. There are three methods which
were mostly used in previous researches. These method are the threshold value method, the SNR
method and a method where the second derivative is taken to detect inflection points. In this section
these methods are further elaborated.

2.5.1. Threshold value

The threshold value method is a method where a threshold value for the thermal contrast is chosen.
Whenever a pixel has a value higher than this thermal contrast, this indicates that at the place of this
pixel a delamination is present (Sinha et al., 2015). To determine the reliability of the threshold value
a receiver operating characteristic (ROC) analysis can be performed, because it is able to provide a
universal measure of reliability. The reliability of diagnostic systems have been widely determined by
the ROC analysis method (Metz, 2006). In the ROC analysis method a graph is constructed on which
the true positive ratio (TPR) and the false positive ratio (FPR) are presented for different threshold
values. On the x­axis the FPR is presented and on the y­axis the TPR is presented. In Figure 2.7
an example of an ROC graph, all the black dots represent a different threshold value. It is possible to
choose threshold values to preferences in TPR and FPR. For a balance in the TPR and the FPR the
threshold value closest to the point (0,1) needs to be chosen. This point should give relatively high
TPR and low FPR. A big downside to this method, is that the actual delaminations need to be known,
or the threshold temperature needs to be conducted from experiments with the same circumstances,
because otherwise it is impossible to determine the FPR and TPR rates at the certain threshold values.
Due to this big downside it is hard to determine the right threshold values in different cases where the
delaminated areas are unknown, this is why this method will not be used in the current research.
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Figure 2.7: ROC graph (Metz, 2006)

2.5.2. Signal to noise ratio

Another way to determine the boundaries of the delaminated areas is to use the signal to noise ratio
(SNR) method. This method takes into account the noise in the infrared data. This noise, created due
to environmental factors, is also present when looking at a sound area. With the SNR method it is
possible to take this phenomenon into account. The signal to noise ratio is defined in Equation 2.21
(Wang et al., 2020).

𝑆𝑁𝑅 = 20𝑙𝑜𝑔10
|𝑆𝑑 − 𝑆𝑎|
𝜎𝑆𝑎

(2.21)

Where:
𝑆𝑑 = the average temperature above the delaminated area
𝑆𝑎 = the average temperature above the sound areas
𝜎𝑆𝑎 = the standard deviation of the sound areas

When the SNR has a value above 0, it means that in this area the temperature difference between
the area and a sound area is higher than the standard deviation (STD) of the sound area, which is why
this area is then classified as delaminated (Wang et al., 2020).

2.5.3. Second derivative method

A third method to detect delaminated areas, that is mentioned in literature, is to use the second deriva­
tive of the temperature graph. It is possible to detect inflection points when searching those places
where the second derivative of the temperature graph is zero. To be able to do this with data gathered
from an infrared camera, it is needed to first smooth the graph produced by the camera, to remove
the inconsistencies in the measurements. In Figure 2.8 an example of this method is shown and in
Figure 2.9 the test setup of the results shown in Figure 2.8 is shown.
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Figure 2.8: Smoothed temperature graph and its second derivative with defected areas (Gu et al., 2020)

Figure 2.9: Test setup by of experiments by Gu et al. (2020)

However, as can be seen, the inflection points do not only occur above delaminated or defected
areas. This means that there would need to be an additional check to determine whether there really
is a delaminated area or if this is caused by noise in the measurements.

This method was also used in research by Lai et al. (2010), however in this research both flaws and
delaminations were tested, where in this case flaws were air cavities with sharp edges and delamina­
tions were air cavities with curved edges, this is shown in Figure 2.10. It was researched whether the
boundaries of the flaws and delaminations of this method, using the second derivative, were represen­
tative for the real boundaries of the flaws and delaminations. It was found that for the boundaries of the
flaws the accuracy was 88%, in contrast to the boundaries of the delaminations, where it was found
that the results from the analysis were not consistent with the real boundaries of the delaminations.
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Figure 2.10: Embedded flaws and delaminations in research by Lai et al. (2010)

2.6. Thickness of delaminated areas
Previous researches into the use of IRT for delamination detection have mostly focused on detecting
delaminated areas, not on measuring the thickness of delaminated areas. Nevertheless, there have
been some studies where the thickness of delaminated areas has been researched.
In the current research the delamination thickness is important To investigate the effect of the thickness
on the detectability of the delaminated area.

In (Sinha et al., 2015) research has been done into determining the delamination thickness in Photo­
voltaic panels, because the depth of the delamination was known this was advantageous. It was found
that the maximum running thermal contrast (MRTC), which is the maximum value of the RTC of a
delaminated area, per delamination thickness was constant with different heat flux intensities, as shown
in Figure 2.11b.

When using the MRTC this then means that the heat flux intensity has no effect on the estimation of
the delamination thickness. Because the depth of the delamination was known, and the MRTC is used,
it was possible to plot the MRTC over the delamination thickness. After that a curve was fitted through
these data points, this curve can then be used to determine the delamination thickness belonging to a
certain MRTC value. This constructed graph is presented in Figure 2.11a

(a) MRTC over delamination thickness, data points and
fitted curve (Sinha et al., 2015)

(b) MRTC for different thicknesses and heat flux intensi­
ties in PV panel (Sinha et al., 2015)
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In research by Guillaumat et al. (2004), another method to determine the thickness of the delami­
nated area was used. It was stated that the thickness of the air layer can be approximated as follows:

𝑒
𝜆𝑒𝑞

= 𝑒
𝜆 +

𝑒𝑎𝑖𝑟
𝜆𝑎𝑖𝑟

(2.22)

Where:
e = the global thickness (assumed to remain unchanged) [m]
𝜆𝑒𝑞 = the equivalent thermal conductivity [W/mK]
𝜆 = the undamaged sample thermal conductivity [W/mK]
𝜆𝑎𝑖𝑟 = the thermal conductivity of air [W/mK]
𝑒𝑎𝑖𝑟 = the thickness of the air layer [m]

Note that to determine the thickness of the air layer, first the equivalent thermal conductivity needs
to be determined through experiments. It is also stated that this tool is not accurate but can be used for
comparisons or different interpretations such as delamination density (Guillaumat et al., 2004). This
can be undestood with the theory explained in the previous subsections because the radiative heat
transfer is not taken into account in Equation 2.22. Also it would probably be impossible to derive
thicknesses smaller than a millimeter with this method, because the overall thermal conductivity of the
structure would increase only slightly.

Even though these previous mentioned studies did find a way to estimate the thickness of delamina­
tion with IRT, in another study by Hiasa et al. (2016) it was found that the thickness of the delamination
within concrete structures had no significant effect on the temperature difference between sound ar­
eas and delaminated areas, this can be seen in Figure 2.13. In the experiments Hiasa et al. (2016)
performed, the sun was used as heating source and concrete blocks have been made with artificial
delaminations. The test specimens were ”manufactured concrete blocks which had artificial delamina­
tions at different depths from the surface, 1.27 cm (0.5 in.), 2.54 cm (1 in.), 5.08 cm (2 in.) and 7.62 cm
(3 in.). The dimensions of each delamination were 10.2 cm (4 in.) x 10.2 cm x approximately 0.3 cm
(1/8 in.). All four concrete blocks had the same dimensions as 91.4 cm (3 ft.) x 91.4 cm x 20.3 cm (8
in.), and the thickness was designed to simulate a typical bridge deck in the USA.” (Hiasa et al., 2016).
The test setup for this experiment can be seen in Figure 2.12

Figure 2.12: Test setup by of experiments by Hiasa et al. (2016)
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Figure 2.13: Effect of delamination thickness on temperature difference in research by Hiasa et al. (2016)

In this figure, A means area [𝑐𝑚2] of the delamination, T means thickness [𝑐𝑚] of the delamination
and V means volume [𝑐𝑚3] of the delamination



3
Experiments

For this research multiple experiments have been conducted with different test samples. In this chapter
the conducted experiments are discussed, the method of the experiment as well as the type of test
sample. The experiments that have been conducted are in order from simple to more advanced. The
following experiments have been conducted in the presented order:

• Proof of concept experiments; small experiments with simulated delaminations to find the influ­
ence of different factors.

• Main experiments; experiments with simulated delaminations of different thicknesses on different
areas in the sample.

• Blind experiments; experiments with simulated delaminations where the author did not know the
size or location of the delaminations.

• Real experiment; experiment on a beam where the delamination is partly unknown.

These experiments will be explained below, in the above given order.

3.1. Proof of concept experiments
The first experiments conducted had the goal to see if the concept of detecting delaminated areas with
IRT is possible. Multiple small tests have been conducted with different configurations.

3.1.1. Test samples
For the test samples two available NSC blocks of 10x10x10 [cm] were used. On top of those samples
available lamella of 10mm thickness were glued with an epoxy glue. To simulate delaminated areas
Kingspan PIR insulation is used because it has a thermal conductivity that is very similar to that of air and
thus comes closest to a real air cavity. The thermal conductivity of the PIR insulation is 0.022 (Kingspan,
n.d.), the thermal conductivity of air is 0.025+5, 5𝑑 where d is the thickness of the delamination in m, it
is not exactly the same but the PIR insulation comes closest to real delamination and makes it possible
to simulate the delamination in experiments.

The sizes of these PIR layers are as follows: 20x20x1.05 [mm] and 30x30x1.3 [mm]. In Figure 3.1
the test samples are shown before they were glued, Figure 3.1a shows the sample with the simulated
air cavity of size 20x20x1.05 [mm] and Figure 3.1b shows the sample with the simulated air cavity of
size 30x30x1.3 [mm].

17
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(a) PIR square: 20x20x1.05[mm] (b) PIR square: 30x30x1.3[mm]

Figure 3.1: Unglued proof of concept test samples

The samples are glued together using Sikadur­30 Normal, this is a two component epoxy glue. The
gluing and the glued samples are shown in figure Figure 3.2.

(a) Gluing the samples (b) Glued samples

Figure 3.2: Gluing the test samples.

These samples have been used in the tests to proof the concept. In the next subsection the tests
will be further explained.

3.1.2. Testing
In this stage of the research a lot of small test have been conducted. Different methods of heating up
the specimen have been tried.
First it was tried to heat up the specimen with a heat gun from a distance. This resulted in a visible
spot of delamination for the simulated delamination of 30x30x1.3[mm] but it did not result in a visible
delamination where the PIR square of size 20x20x1.05 [mm] was used. Having the heat gun at a
distance from the sample also caused an nonuniform distribution of heat, which is not desirable. The
heating from a distance and the nonuniform distribution is shown in Figure 3.3
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(a) Heating from a distance with a heatgun

(b) Nonuniform distribution of heat, scale: 27 °C ­ 32°C

Figure 3.3: Heating the specimen from a distance with a heat­gun.

Afterwards it was tried to heat up the specimen from close by and moving the heat­gun against the
lamel of UHPFRC. This method also resulted in a uneven distribution of heat just after removing the
heat source. However, in contrary to the heating from a distance, after a little bit of cooling time the
distribution of heat became more evenly distributed. Another advantage of this method is the rapid
increase of temperature at the surface of the UHPFRC lamel. Figure 3.6a shows the initial uneven
distribution of heat and Figure 3.6b shows the heat distribution after a little cooling time.

(a) Initial, uneven, heat distribution, 10 seconds after heating,
scale: 22.3°C ­ 53.2°C

(b) More even heat distribution, 100 seconds after heating,
scale: 25°C ­ 45°C

Figure 3.4: Heat distribution with close­by heating with heat gun, scale: 30 °C ­ 49°C

A third method to heat up the specimen was tried with a halogen lamp of 300W, this halogen lamp
was placed close to the testing surface. The initial distribution of heat was in the beginning not perfectly
even, but, the same as with the heat gun, this disappeared after some initial cooling time. An advantage
of the halogen lamp compared with the heat gun, is that is easier to heat up larger areas more evenly.
The heat distributions can be seen in Figure 3.6 and the setup of heating the specimen and taking the
picture can be seen in Figure 3.5
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(a) Setup for heating the specimen with a halogen lamp.

(b) Setup for taking the picture after heating.

Figure 3.5: Heating the specimen with a halogen lamp.

(a) Initial, uneven, heat distribution, 10 seconds after heating,
scale: 30°C ­ 43.3°C

(b) More even heat distribution, 100 seconds after heating,
scale: 25°C ­ 35°C

Figure 3.6: Heat distribution due to heating with halogen lamp.

3.2. Main experiments
After the proof of concept experiments have been conducted, new test samples have been made to test
the workings of the standardized approach and to validate the model which is made. This standardized
approach is explained in chapter 6 and the model is explained in chapter 7.

3.2.1. Preparation of the test samples
Different test samples have beenmade to validate themodel and to develop the standardized approach.
A point of attention before making the test samples is the fact that the simulated delaminated areas in
the proof of concept test samples were placed in the middle of the sample. When heating a surface it
needs to be taken into account that edge effects are present, this causes the area in the middle of the
surface to be heated slightly more then the outer edges of the surface. Therefore it is chosen that in
the new test samples the delaminated areas are not simulated in the middle of the sample. This is to
be certain that the increase in temperature is due to the delaminated areas and not due to edge effects.
Three new test samples have been made, these are shown and explained below.
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(a) Test sample with three delaminations at small distance
from each other.

(b) Test sample with three delaminations at a bigger dis­
tance from each other and a test sample with two delam­
inated areas with thicknesses of 0.1mm made of paper
and 0.5mm made of PIR.

Figure 3.7: Test samples

In Figure 3.7a one of the three test samples can be seen before gluing. This test sample has
three delaminated areas which are simulated by PIR squares of 30x30mm with a thickness of 0.8mm.
The squares are placed at a distance of 35mm from the edge of the NSC block, which has a size of
150x150mm. These PIR squares have first been attached to the NSC block with a little bit of vaseline,
this is to prevent the PIR squares from shifting during the gluing stage.

In Figure 3.7b the two other test samples can be seen before gluing. One sample has three delami­
nated areas which are simulated by PIR squares of 30x30mm with a thickness of 0.8mm. The squares
are placed at a distance of 20mm from the edge of the NSC block, which has a size of 150x150mm.
The other test sample has two delaminated areas, one is simulated with a square made out of PIR
with a size of 30x30mm with a thickness of 0.5mm. The other delaminated area is simulated with a
square of paper with a size of 30x30mm with a thickness of 0.1mm. Paper has a thermal conductivity
of 0.05[𝑊/𝑚𝐾] under normal conditions (James, 2019). These PIR and paper squares have first been
attached to the NSC block with a little bit of vaseline, this is to prevent the PIR squares from shifting
during the gluing stage.

3.2.2. Test setup
In this subsection the test setup will be briefly explained and shown. The test setup has been changed
during the research, both setups will be explained.

Close­by heating

The first setup has the heating source, which is a halogen lamp of 1000𝑊 which creates 22000 lumen,
directly at the surface of the UHPFRC layer. This creates a heat­flux of 10000𝑊/𝑚2 at the surface.
The camera was placed such that the entire specimen is in view after the lamp has been removed. The
setup of the heating process, with the lamp up close is shown in Figure 3.8a. The setup of recording
the cooling process is shown in Figure 3.8b
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(a) Setup of heating the specimen with close­by heating with a
halogen lamp. (b) Setup of recording the cooling the specimen.

Figure 3.8: Heat distribution due to heating with halogen lamp.

The downside to close­by heating with the halogen lamp turned out to be that the surface of the
specimen did not heat up evenly enough. The results from testing with this setup are presented in
Appendix C and it can be seen that a more even distribution of heat is needed. Therefore it was tried
to put the halogen lamp at a distance to the specimen, such that the distribution of heat at the surface
was more constant. The effect of this is however, that the heat­flux decreases and thus the heating
time will increase by a significant amount before the minimal delamination will be visible.

Heating from a distance
The second setup has the heating source, which is a halogen lamp of 1000𝑊 which creates 22000
lumen, placed at a distance of 40cm from the surface of the UHPFRC layer. This distance has been
chosen due to trials with heating up a NSC block from different distances and then calculating the
standard deviation during cooling of the specimen. At 40cm distance the standard deviation from the
heat source itself was considerably low, which indicated that this would be a good heating distance.
This manner of heating created a heat­flux of 1750𝑊/𝑚2 at the surface. The camera was placed such
that the entire specimen is in view after the lamp has been removed. The setup of the heating process
and the position of the camera are shown in Figure 3.9

Figure 3.9: Heating the test sample from 40cm distance with a halogen lamp.

A downside to heating from a bigger distance is the decrease in heat­flux, which means it takes
longer for the RTC to increase significantly. This will be explained in more detail in chapter 6. The main
advantage of this way of heating is that the distribution of heat is far more even than with the close­by
heating and will give better results.
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3.2.3. Gathering data
Gathering the data is done with the use of the FLIR A320 camera. With this camera a recording is made
of the surface of the UHPFRC layer during the cooling time. This recording gathers the temperature at
the surface for every pixel individually. This data can be extracted by using the FLIR TOOLS application
on Windows, this application transforms the recording into a csv file with the temperature of every pixel
per frame of the recording. This is then data which can be processed using a python script.

3.3. Blind experiments
The author arranged that two other people created two test samples­so that the author could not know
the location or size of the delaminated areas in the sample. The testing of these samples was done
with heating from a distance of 40cm, as is explained in section 3.2.

The samples are shown in Figure 3.10 and Figure 3.11.

(a) Distribution of the delaminated area of the first sample
presented in AutoCad.

(b) Simulating the delaminated areas of the first sample
with PIR.

Figure 3.10: First test sample for the unknown delaminated areas.

(a) Distribution of the delaminated area of the second
sample presented in AutoCad.

(b) Simulating the delaminated areas of the second sam­
ple with PIR.

Figure 3.11: Second test sample for the unknown delaminated areas.
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3.4. Real experiment
After the blind experiments have been performed, it was time to test a real sample, one where it is
completely unknown where exactly the delaminated area would be. For this experiment an NSC beam
with an attached layer of UHPFRC of 10mm thickness which was cast in situ was used. Even though
the delaminated area was supposed to be completely unknown, this specimen had a big part of the
layer of UHPFRC which was completely delaminated from the side. In Figure 3.12 this is clearly visible.

Figure 3.12: Delamination in the beam which is clearly visible.

The beam had a length 140cm and a height of 20cm and due to its size it was needed to upscale the
procedure of testing. In this experiment three halogen lamps of 1000W which produced 16000 lumen
each. The camera was also placed at a significant distance to the beam, so that the entire beam would
be in view. After heating the table with the lamps was removed and put aside as to not disturb the
recording. This setup can be seen in Figure 3.13.

(a) The setup of heating the beam with three halogen
lamps.

(b) The setup of recording the beam after heating.

Figure 3.13: Setup for conducting the experiments on a beam.

Because the amount of lumen produced by these lamps was not the same as the halogen lamp
which was used in the previous experiments, and because the lamps could influence each other, the
light intensity was measured in Lux at the surface of the beam. The distance of the lamps to the beam
was determined as follows:

The lamp produces 16000 lm, so the light which is emitted from the lamp has an energy density of
16 lm/W. To determine at which distance the lamps need to be from the beam to produce a heat­flux of
1750𝑊/𝑚2, the light intensity at the surface of the beam was measured in Lux, which equals 𝑙𝑚/𝑚2.
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A heat­flux of 1750𝑊/𝑚2 gives that the light intensity at the beam should be: 1750 x 16 = 28000 Lux.

The light intensity at the surface of the beam was measured with the Phyphox app, the distance of
the beam was changed until the light intensity roughly equaled 28000. These trial measurements can
be seen in Figure 3.14.
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Figure 3.14: Different trials of different distances to the beam to find the right light intensity.
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Detecting delaminated areas

When the optimal frame to be investigated is determined and extracted from the recording, which is
explained in chapter 6, it is time to identify the location of the delaminated areas. The identification of
the location of the delaminated areas is an important factor to be investigated in this research. In the
literature review in chapter 2 three methods were mentioned to determine the locations of delaminated
areas. From these methods the SNR method and the second derivative method have both been tried
in the proof of concept stage in this research. These trials will be discussed in the first section of this
chapter. After these trials, one method is chosen as the preferred method and will be worked out so it
can be used in combination with the standardized approach explained in chapter 6.

4.1. Possible methods
In this section two possible methods for detecting delaminated areas, the signal to noise ratio (SNR)
method and the second derivative method, will be explained and there results will be presented and
discussed. Afterwards a comparison will be made between these methods.

4.1.1. Signal to noise ratio method
The SNRmethod has been tried using a csv file from the FLIR application and using a grey­scale image
also conducted in the FLIR application. These approaches will both be explained in this subsection.
The SNR method uses the following equation:

𝑆𝑁𝑅 = 20𝑙𝑜𝑔10
|𝑆𝑑 − 𝑆𝑎|
𝜎𝑆𝑎

(4.1)

Where:
𝑆𝑑 = the average temperature above the delaminated area
𝑆𝑎 = the average temperature above the sound areas
𝜎𝑆𝑎 = the standard deviation of the sound areas

First this method has been tried with a data­set gathered from the FLIR application in the form a csv
file. Here, instead of the average temperature above the delaminated area, the individual temperature
values per pixel was taken. In the proof of concept stage the average temperature above the sound
areas has been calculated by eliminating outliers from the data­set and then taking the average of the
reduced data­set. Processing the data that gives the result shown in Figure 4.1, gives that the amount
of outliers there was 8.85%

From this reduced data­set the standard deviation (STD) was taken. Another thing that is changed
compared to Equation 4.1 is that not the absolute value of 𝑆𝑑 −𝑆𝑎 is taken but also the negative values
are taken, this is done because delaminated areas have a higher temperature and thus 𝑆𝑑 −𝑆𝑎 gives a
positive value if it is a delamination, if it gives a negative value this would be due to noise which is not
of interest here. These changes give the following equation:

𝑆𝑁𝑅 = 20𝑙𝑜𝑔10
𝑇𝑑 − 𝑆𝑎
𝜎𝑆𝑎

(4.2)
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Where:
𝑇𝑑 = the temperature per pixel
𝑆𝑎 = the average temperature above the sound areas
𝜎𝑆𝑎 = the standard deviation of the sound areas

Equation 4.2 gives the SNR value per pixel, if this value is below zero it means that the difference
in temperature is so small that no delamination is expected, if this value is above zero, it means that
such a change in temperature is found that a delamination is expected.

Another way to use the SNR method is to use a picture from the FLIR data in a grey­scale. This
works exactly the same as the method described above, only now instead of using the temperature
of every pixel, the value of the grey­scale of every pixel is used. An advantage here is that the data
does not have to be extracted to a csv file and that the size of the image is bigger than the size of the
data­set, meaning that one picture holds more pixels and gives a more pleasant picture. A downside to
using grey­scale images however, is that the scale settings is done subjectively instead of objectively,
which is unwanted in this study. Another downside is the fact that due to the fact that more pixels
are presented, it could be thought that this holds more data. The fact is however that these pixels
are interpolated from the original pixels given in the csv file, which means that a lot of the data in the
grey­scale image is fictitious.

The choice has been made that for this method the use of the data­set extracted from the FLIR
application in the form of a csv file is the most accurate and objective, as it gives the exact temperature
of a pixel. The advantage of the higher resolution given by a picture does not exceed the advantage of
the objective quality of the csv data. Therefore the results shown below are only those of csv file data.
The results computed with the grey­scale image data can be found in Appendix A

The results of this method are shown in Figure 4.1. These are the results from an experiment with
a sample of 10x6cm with a delamination of 30x30x1.3mm. In Figure 4.1a the positive values of the
SNR are plotted in a seismic scale over the area of the specimen. In Figure 4.1b the positive values
of the SNR on the mid­line of the specimen are plotted. Finally in Figure 4.2 the known delaminated
area is plotted with a white box over the results of the SNR method. As can be seen the delaminated
area calculated with the SNRmethod almost covers the entire white box, this indicates that this method
works well.

(a) Delaminated area, values of the SNR above zero
shown.

(b) SNR values above zero over the mid­line of the delam­
inated area.

Figure 4.1: Delamination detection with csv file data, using the SNR method. Plotting the positive SNR values.
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Figure 4.2: Delaminated area, values of the SNR above zero shown, with a white box which indicates the known
delaminated area.

4.1.2. Second derivative method
The second derivative method is an entirely different method to detect delaminated areas. In this
method a 4𝑡ℎ order polynomial is fit through every row and every column of the csv data­set provided
by the FLIR application. From every polynomial the second derivative is calculated and the points
are detected where this second derivative is zero. These points indicate inflection points and would,
according to theory, indicate where a delaminated area begins. This is also done for the grey­scale
image extracted from the FLIR Tools application. The results of the csv file data are shown in Figure 4.3
and the results of the grey­scale image data are again found in Appendix A. It can be seen that the
inflection points show boundaries of a delaminated area in themiddle of the specimen, the top boundary,
however, is not visible. The indicated delaminated area has the right position, however the size is not
entirely right. The script which is created to perform the second derivative method this figure is found
in ??

Figure 4.3: Inflection points of csv data­set with a brown box at the known delaminated area from the second
derivative method.
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4.2. Conclusion
Two different methods have been explained for detecting delaminated areas. The SNR method makes
use of the temperature of every pixel and compares this to the average temperature and standard
deviation of a sound area. The second derivative method makes use of the temperature of every pixel
and fits a curve through these values to determine the inflection points. Both methods have been
used to detect a delaminated area of 30x30x1.3mm and the results have been compared to the actual
delaminated area. Regarding the effectiveness of the two methods the following can be concluded:

• The SNR method is more accurate about the surface area of the delaminated area than the
second derivative method.

• The second derivative method overestimates the area of the delamination.

• The SNR method is easier to interpret than the second derivative method.

Finally it is decided to proceed with the SNR method.
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Numerical modelling in COMSOL

In this chapter the use of COMSOl as an FE model will be explained and the data gathered from
COMSOL will be validated with experimental data.

5.1. Simulations
In this section the simulation of different delaminations in COMSOL will be explained and shown. A
NSC block is made and a ’block’ of air 30x30mm and a certain thickness is constructed to the side of
the NSC block. The sides around the air block are filled up with NSC blocks of the same thickness as
the air block. At last a block of UHPFRC of 10mm thickness is attached on top of the air block. This is
the sample which is used in COMSOL to gather all the required information. The sample in COMSOL
is shown in Figure 5.1a.

(a) Simulation of delaminated area in COMSOL, air in blue (b) Simulation of the heat­flux in COMSOL, heat­flux area in blue

Figure 5.1: Simulation of experiments in COMSOL

As heat­source a heat­flux is applied on the surface of the UHPFRC layer, which can be seen in
Figure 5.1b.

Gathering the temperature data from COMSOL was done with 2 lines to the side of the delaminated
area and one line above the delaminated area, over these lines the temperature is gathered in a csv
file to process in the analytical model.

5.2. Validation
To validate the data gathered from COMSOL a small experiment was conducted and the results from
this experiment have been compared to the simulations made in COMSOL. The experiment and the
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comparison of data is discussed in this section.

This validation process is done both for heating the specimen for 120 seconds with a heat­flux of
10000𝑊/𝑚2 at the surface of the UHPFRC layer and for heating the specimen for 1500 seconds with
a heat­flux of 1750𝑊/𝑚2 at the surface of the UHPFRC layer. This is done due to the fact that the
method of heating has been changed throughout the research, because the heating with a heat­flux of
10000𝑊/𝑚2 did not give an even enough distribution of heat.

In chapter 6 the choice for these heating times is made and explained.
The experiment that was conducted was to heat up the proof of concept specimen with the delami­

nated area of 30x30mm and a thickness of 1.3mm. After heating, the heat source was removed and a
recording was made. Temperature data was gathered from the recording above non­delaminated area
and above the delaminated area.

The COMSOL data was gathered from a simulation of a delaminated area made of PIR with a size
of 30x30mm with a thickness of 1.3mm. The temperature data gathered from COMSOL was from both
the non­delaminated area as well as the delaminated area.

All this data which is gathered is used to compare the temperature above the delaminated area and
the non­delaminated area which are calculated by COMSOL and which are measured in the experi­
ment. This data is also used to calculate the SNR and the RTC. The process of calculating the SNR
and RTC values is schematized in Figure 5.2

Figure 5.2: Flowchart: How the SNR and RTC is calculated from both COMSOL data and experiment data

Figure 5.3 shows graphs of the above mentioned values during the cooling time after heating the
specimen for 120 seconds with a heat­flux of 10000𝑊/𝑚2. These values have been calculated with
data gathered from COMSOL and with data gathered from the experiment conducted in the lab.
Figure 5.4 shows graphs of the above mentioned values during the cooling time after heating the spec­
imen for 1500 seconds with a heat­flux of 1750𝑊/𝑚2. These values have been calculated with data
gathered from COMSOL and with data gathered from the experiment conducted in the lab.

As can be seen in the graphs in Figure 5.3 and Figure 5.4 the temperature above the sound and
delaminated areas are both overestimated in the COMSOL calculation. The absolute temperature
difference is however already better estimated, especially in the simulation of a heat­flux of 1750𝑊/𝑚2
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with a heating time of 1500 seconds. The most important value is the SNR, because this is the value
which is used to determine the optimal cooling time, or in other words, the optimal frame. As can be
seen the SNR calculated with the temperature difference from COMSOL is either underestimated, in
the case of a heat­flux of 10000𝑊/𝑚2 with a heating time of 120 seconds, or actually overlaps very well
with the actual SNR from the experiment, as is the case for a heat­flux of 1750𝑊/𝑚2 with a heating
time of 1500 seconds. The RTC is also underestimated by the simulation in COMSOL, however, the
shape of the graph is good enough to not rise concerns about the accuracy of the COMSOL simulation.

Due to these facts, it can be stated that, although the simulation in COMSOL does not portray reality
perfectly, it still can be used for the purpose of this research.

(a) Temperature of sound area over time calculated with
data from COMSOL and from the experiment.

(b) Temperature of delaminated area over time calculated
with data from COMSOL and from the experiment.

(c) Absolute difference in temperature above delaminated
area and sound area calculated with data from COMSOL
and from the experiment.

(d)RTC over time calculated with data fromCOMSOL and
from the experiment.

(e) SNR over time calculated with data fromCOMSOL and
from the experiment.

Figure 5.3: Verification of values from data gathered from COMSOL and from experiment of heating for 120
seconds with a heat­flux of 10000𝑊/𝑚2
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(a) Temperature of sound area over time calculated with
data from COMSOL and from the experiment.

(b) Temperature of delaminated area over time calculated
with data from COMSOL and from the experiment.

(c) Absolute difference in temperature above delaminated
area and sound area calculated with data from COMSOL
and from the experiment.

(d)RTC over time calculated with data fromCOMSOL and
from the experiment.

(e) SNR over time calculated with data fromCOMSOL and
from the experiment.

Figure 5.4: Verification of values from data gathered from COMSOL and from experiment of heating for 1500
seconds with a heat­flux of 1750𝑊/𝑚2



6
Standardized approach

One of the aims of this research was to find a standardized approach to detect delaminated areas in
the bond between NSC and UHPFRC with active IRT imaging. From the proof of concept experimental
results, of detecting delaminated areas, the following dependency is found:

• Heating time of the specimen.

• Cooling time of the specimen.

• Environmental conditions.

In this chapter, a choice is also made for the minimal delamination for this standardized approach. After
this choice is made the factors mentioned above and their influence on the standardized approach will
be further explained in the above given order.

6.1. Minimal delamination
A choice needs to be made for the minimal delamination. This is dependent on the application of the
specimen that is to be researched. A delaminated area of the size of 30x30x0.05mm would have a
significant enough effect on the added capacity created by using a UHPFRC panel to increase the
shear strength of a NSC beam. Therefore it is chosen to use a delaminated area of 30x30x0.05mm as
the minimal delamination for this research.

6.2. Heating time of the specimen
In the literature it was suggested that for heating the specimen an optimal heating time would exist.

The method to determine the optimal heating time, suggested by the literature, was to calculate
the RTC for multiple time intervals to determine the time where the RTC reaches its maximum. This
method assumes that there is a time where the RTC reaches a maximum, this is the case when a
certain temperature is prescribed as heat source. In this research, however, not a certain temperature
but a certain heat­flux is prescribed. Due to this fact the RTC does not reach a maximum, it will keep
increasing and approaches an asymptote. It is possible in this case to calculate the point where the
rate in which the RTC increases has decreased a certain amount. This time can be obtained by writing
a script that uses the average temperature of the sound area and the temperature above a delaminated
area.

The term RTC has been explained in chapter 2 already and is defined as follows:

Δ𝑇𝑟 =
(𝑇𝑑𝑒𝑓 − 𝑇𝑛𝑜𝑛−𝑑𝑒𝑓)

𝑇𝑛𝑜𝑛−𝑑𝑒𝑓
(6.1)

Where:
𝑇𝑑𝑒𝑓 = The temperature above a delaminated area.
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𝑇𝑛𝑜𝑛−𝑑𝑒𝑓 = The temperature above a sound area.

In COMSOL a simulation is done to determine the rate of increase of the RTC for different delami­
nated areas. The following sizes of delaminated areas have been simulated:

• 30x30x0.05mm

• 30x30x0.1mm

• 30x30x0.5mm

• 30x30x0.8mm

• 30x30x1.0mm

• 30x30x1.3mm

• 30x30x1.5mm

This simulation has been performed with both a heat­flux of 1750[𝑊/𝑚2]. The calculation of the
heating time of the heat­flux of 1750[𝑊/𝑚2] is explained here below.

In Appendix B the heating time for heating with a heat­flux of 10000[𝑊/𝑚2] is calculated in a bit of
a different way for delaminated areas of the following sizes:

• 30x30x0.1mm

• 30x30x0.5mm

• 30x30x0.8mm

• 30x30x1.0mm

• 30x30x1.3mm

• 30x30x1.5mm

The minimal delamination has a thickness of 0.05mm, so the size which will be used to model in
COMSOL is a delamination of 30x30mm with a thickness 0.05mm.

The way in which the heating time is calculated is to take the time where the RTC at the backside
of the UHPFRC layer almost reaches its asymptote. The RTC is calculated at the backside of the
UHPFRC layer due to the fact that while heating, the surface temperature in the COMSOL model of
the UHPFRC layer is almost constant over the entire area, regardless of the delaminated area present.
The optimal heating time is taken at the time where the RTC almost reaches the asymptote because
at that point the relative temperature difference will not increase by a significant amount anymore.

This point is calculated as the point where the slope of the RTC reaches 0.5% of the maximum
slope. This point is calculated for both a delamination of PIR and air and is found at a time of 1205
seconds and 1196 seconds respectively. It is chosen to round the heating time up to 25 minutes, which
equals 1500 seconds, because this is an easier to remember amount of time and is easier to monitor.
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Figure 6.1: RTC at the backside of the layer of UHPFRC due to a delamination of PIR and air with the heating
time

6.3. Cooling time of the specimen
Apart from the heating time, the cooling time also plays a crucial role in the ability to detect delami­
nated areas. At first, cooling the specimen increases the RTC and SNR of the delaminated area but
after a certain time the cooling process decreases the RTC and SNR of the delaminated area. It is
important to find the time where the delaminated areas are best detectable. Seeing as the smallest
and thinnest delamination will also have the smallest increase in temperature above the delamination,
this delamination will be governing.

A time needs to be found for when the noise of a sound area is significantly smaller than the increase
in temperature above the delamination and at which this difference in temperature is optimal. This is
done with the use of the previously mentioned SNR method. Why this is done with the SNR method is
explained in more detail in chapter 4. The SNR method uses the following equation:

𝑆𝑁𝑅 = 20𝑙𝑜𝑔10
|𝑆𝑑 − 𝑆𝑎|
𝜎𝑆𝑎

(6.2)

Where:
𝑆𝑑 = the average temperature above the delaminated area
𝑆𝑎 = the average temperature above the sound areas
𝜎𝑆𝑎 = the standard deviation of the sound areas

The time which gives the optimal frame for detecting the minimal delamination can be approached in
two ways. One approach can be used when one has the knowledge of a sound area in the specimen,
the other approach is for when there is no knowledge about a sound area. Both approaches are
explained below.

6.3.1. Situation where there is a known sound area within the specimen.
A recording is made with an IRT camera of the specimen after heating, when it is cooling down. From
this recording two csv files are extracted of two areas with the temperatures of the pixels per frame. One
file contains the temperatures above a known sound area and another file contains the temperatures of
the entire specimen. The file of the sound area is then processed to find the standard deviation (STD)
per frame, this is considered to be the STD of the sound area. The average temperature above the
delaminated area is taken from the simulation in COMSOL of the smallest delamination that is needed
to be detected, the average temperature above the sound area is also found with the simulation in
COMSOL. More about these simulations can be read in chapter 5
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Because these values are time dependent, the SNR during cooling time is calculated per second.
After these are calculated, the time is found for when the SNR reaches its maximum value. This is the
optimal time to detect the minimal delamination and because this delamination is governing, it means
that at that point the bigger delaminations will also be detectable. After this time is determined, the
frame that is linked to this certain time is extracted from the other csv file with the entire specimen. This
frame is the optimal frame to investigate.

6.3.2. Situation where there is no known sound area within the specimen.
When there is no known sound area in the specimen another approach needs to be made. In this
subsection a suggestion is made for how this could be done, a thing to note however, is that in this
case it is not possible to have a major area of delaminated area within the specimen. The exact max­
imum amount of allowable delamination and the thickness and size of the allowable delamination is
something that needs to be researched in a following research, this is only a suggestion of a method.
It is found that this suggestion works with the amount of delamination which is simulated in this research.

In this approach a recording is made with an IRT camera of the specimen after heating, when it
is cooling down. From this recording one csv file is taken, this file contains the temperatures of the
pixels over the entire specimen, per frame. From this file the STD and average of the temperature is
calculated per frame. With these values the optimal frame is appointed in the same way as explained
in subsection 6.3.1.

6.3.3. Environmental conditions
In both cases, with or without a known sound area, the environmental conditions have already been
taken into account due to the fact that the STD is taken from the recording itself, this is the value where
the environmental conditions will have the highest impact. The cooling time is dependent on this STD,
thus with this method of cooling, the environmental conditions have been taken into account when
determining the optimal cooling time.
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Analytical model

In chapter 4 the method of detecting the delaminated areas is chosen and explained. In chapter 6
the standardized approach of heating and cooling the specimen is explained, where for the cooling a
distinction is made between a sample with a known sound area and without a known sound area. This
chapter will combine both chapters into a model, this model will process the recording, which is made
according to the standardized approach, by using the SNR method of detecting the delaminated areas.
This chapter is divided into two sections, section 7.1 will briefly discuss the process of extracting the
frame from the recording which belongs to the optimal cooling time and section 7.2 will discuss the
process of using the SNR method to determine the delaminated area, this section is divided in two
subsections. subsection 7.2.1 discusses the method for determining the delaminated area of a sample
where there is a known sound area. subsection 7.2.2 discusses a suggested method for determining
the delaminated area of a sample where there is no known sound area.

7.1. Extracting the optimal frame from the recording
Extracting the optimal frame from the recording is an important part of the model that has been created.
The optimal frame is chosen in such a way that the temperature difference, at that certain time that is
calculated from the COMSOL model with the minimal delamination, together with the measured STD of
the sound area, at that certain time, creates the maximum value of the SNR. The way this is calculated
for the situation where there is a known sound area is shown in a flowchart in Figure 7.1. The way this
is calculated for the situation where there is no known sound area is shown in Figure 7.2.

7.2. Determining delaminated area
Determining the delaminated area is done with the SNR method, why this is done is explained in
chapter 4. In this section two ways of implementing this method are discussed, one for a sample with
a known delaminated area and one for a sample without a known delaminated area.

7.2.1. Situation where there is a known sound area within the specimen.
In this subsection the method for detecting delaminated areas for a where there is a known sound area
in the specimen will be discussed.
After the optimal frame is determined via the method explained in Figure 7.3 the average temperature
of the sound area is calculated together with the STD of the sound area. With these values the SNR is
calculated for every pixel in the frame of the entire specimen. The positive values are stored and where
a pixel has a negative SNR value the pixel will get a value of zero instead, the positive values indicate
a delamination. After assigning these values to all pixels the frame is plotted in a seismic scale to show
the delaminated area in a clear manner, the darker red parts indicate the centre of the delaminated
area and the white and light blue parts indicate that the boundary of the delaminated area is close. The
way the delaminated areas are determined in the model in this case is also shown in a flowchart in
Figure 7.3.
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Figure 7.1: Flowchart of determining the optimal frame from a recording where there is a known sound area.
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Figure 7.2: Flowchart of determining the optimal frame from recording where there is no known sound area.
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Figure 7.3: Flowchart of determining delaminated areas from the data of the optimal frame when there is a known
sound area
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7.2.2. Situation where there is no known sound area within the specimen.
In this subsection a method for detecting delaminated areas for a situation where there is no known
sound area in the specimen will be discussed. Note that this is a suggested method which needs to be
to be verified more thoroughly in a following research.

After the optimal frame is determined via the method explained in Figure 7.4 the absolute tempera­
ture difference from the simulation of the minimal delamination in COMSOL is taken at the time which
matches the optimal frame. The average temperature of the entire frame is calculated and then the
temperature difference is calculated for every pixel as the difference between the temperature of the
pixel and the average temperature of the entire frame. This temperature difference is then compared
to the temperature difference taken from the COMSOL simulation. If the temperature difference of a
pixel is smaller then 50% of the temperature difference calculated by COMSOL then the pixel is seen
as a sound area. The 50% is a chosen value with a high safety factor. This value needs to be lower
than a 100% because the average of the entire specimen is higher then the average temperature of
the sound area, which is used in the difference calculated with COMSOL. This value is a suggestion
and if this method is to be researched further, it should be researched how much lower than a 100%
this value should actually be.

This check is done for every pixel in the frame and in this manner a sound area is determined.
From this sound area the STD and average temperature is calculated and then used to calculate the
SNR of every pixel in the frame. Again the positive values are stored and where a pixel has a negative
SNR value the pixel will get a value of zero instead, the positive values indicate a delamination. After
assigning these values to all pixels the frame is plotted in a seismic scale to show the delaminated area
in a clear manner, the darker red parts indicate the centre of the delaminated area and the white and
light blue parts indicate that the boundary of the delaminated area is close. The way the delaminated
areas are determined in the model in this case is also shown in a flowchart in Figure 7.4.
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Figure 7.4: Flowchart of determining delaminated areas from the data of the optimal frame when there is no known
sound area
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Results

This chapter will discuss the results produced by the model explained in chapter 7 from the data gath­
ered from the experiments performed by using the standardized approach, which is explained in chap­
ter 6. Only the results from the heating with a heat­flux of 1750𝑊/𝑚2 with a heating time of 1500
seconds is discussed in this chapter. The results from the heating with a heat­flux of 10000𝑊/𝑚2 with
a heating time of 120 seconds is discussed in Appendix C.

Two kinds of regulated experiments have been conducted:

• The main experiments; the author knew the locations and sizes of the simulated delaminations.

• The blind experiments; the author did not know the locations and sizes of the simulated delami­
nations.

For both the results will be given below in the form of a seismic scale picture and the following ratios
will be given as well:

• true positive ratio which is calculated as follows: 𝑇𝑃𝑅 = 𝑇𝑃
𝑇𝑃+𝐹𝑁

• true negative ratio which is calculated as follows: 𝑇𝑁𝑅 = 𝑇𝑁
𝑇𝑁+𝐹𝑃

• false positive ratio which is calculated as follows: 𝐹𝑃𝑅 = 𝐹𝑃
𝐹𝑃+𝑇𝑁

• false negative ratio which is calculated as follows: 𝐹𝑁𝑅 = 𝐹𝑁
𝐹𝑁+𝑇𝑃

The main experiments were conducted with three different samples, for all three samples the results
will be shown in this chapter. For the blind experiments two samples were used, the results of both
of them will be presented in this chapter, including the delaminated area, which was presented to the
author after processing the data.

A third kind of experiment was conducted as well. This was done with a beam where there was a
part of delamination known, however the exact starting location of the delaminated area was unknown.
More about this experiment sample can be found in chapter 3. The results for this experiment is given
in section 8.3 in the form of a seismic scale picture of the specimen and three graphs of the SNR values
over lines plotted along the longitudinal axis of the beam.

8.1. Main experiments
The experiment was to heat up the three specimens with a heat­flux of 1750𝑊/𝑚2 for 1500 seconds
and let it cool down while recording. The data from the recordings have been gathered. From the three
specimen a csv file with the temperatures per pixel of every frame over the entire specimen has been
extracted as well as a csv file with the temperatures per pixel of every frame over a sound area. For
every specimen two sound areas have been used and the results from both are displayed as well. In
the FLIR application three boxes are drawn from which the data is gathered. Bx1 is the box with the
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data of the entire specimen, the other boxes are the boxes above sound areas. As well as using the
method for a known sound area, the method for detecting the delaminated area for the unknown sound
area is also used on these samples.

For all three samples the results, in the form of a seismic scale picture, are presented, the reference
values of the sound areas are presented and in addition to these values the probability density functions
of the different sound areas per sample are shown.

The ratios to determine the accuracy of themodel are presented in Table 8.2, Table 8.4 and Table 8.6
for all three samples and for all three methods. Note that the FPR is very high, because this method
takes all pixels with a value of the SNR above zero as a delaminated area, however, as can be seen
in the results below, the light blue and white pixels indicate the boundary of the delaminated area.

8.1.1. Specimen with three delaminations of 30x30x0.8mm of pir at a distance of
35mm of the outer sides.

(a) Absolute difference in temperature above delaminated
area and sound area calculated with data from COMSOL
and from the experiment.

(b) Result computed with the the data of the sound area
of Bx2.

(c) Result computed with the the data of the sound area
of Bx4.

(d) Result computed with the suggested method for a
specimen without a known sound area.

Figure 8.1: Results from the specimen with three delaminations of 30x30x0.8mm of pir at a distance of 35mm of
the outer sides.
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Average temperature [°C] Median [°C] Standard deviation [°C]

First sound area 41.30 41.38 0.6488

Second sound area 41.79 41.86 0.5554

Unknown sound area 41.19 41.32 0.7066

Table 8.1: Reference values of the sound areas used for the sample with three delaminated areas at a distance
of 35mm from outer edge.

Figure 8.2: Probability density functions of the different sound areas used for the sample with three delaminated
areas at a distance of 35mm from outer edge.

TPR TNR FPR FNR

First sound area 1.0 0.47433 0.52670 0.0

Second sound area 0.99565 0.65913 0.34087 0.00435

Unknown sound area 0.94565 0.61269 0.38731 0.05435

Table 8.2: Accuracy of the model for the sample with three delaminated areas at a distance of 35mm from outer
edge.
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8.1.2. Specimen with a delamination of 30x30x0.1mm of paper in the bottom left
corner and with a delamination of 30x30x0.5mm of pir in the upper right
corner.

(a) Picture of the gathered data boxes from the FLIR ap­
plication. (b) Result computed with the data of the sound area of

Bx2.

(c) Result computed with the the data of the sound area
of Bx3.

(d) Result computed with the suggested method for a
specimen without a known sound area.

Figure 8.3: Results from the specimen with a delamination of 30x30x0.1mm of paper in the bottom left corner and
with a delamination of 30x30x0.5mm of pir in the upper right corner

Average temperature [°C] Median [°C] Standard deviation [°C]

First sound area 46.18 46.38 0.5186

Second sound area 45.37 45.51 0.4937

Unknown sound area 44.44 44.64 0.6396

Table 8.3: Reference values of the sound areas used for the sample with delaminated areas of 0.1mm and 0.5mm
thickness.
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Figure 8.4: Probability density functions of the different sound areas used for the sample with delaminated areas
of 0.1mm and 0.5mm thickness.

TPR TNR FPR FNR

First sound area 0.49660 0.92946 0.07054 0.50340

Second sound area 0.92177 0.56921 0.43079 0.07823

Unknown sound area 0.93197 0.57261 0.42739 0.06803

Table 8.4: Accuracy of the model for the sample with delaminated areas of 0.1mm and 0.5mm thickness.
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8.1.3. Specimen with three delaminations of 30x30x0.8mm of pir at a distance of
20mm ofthe outer sides.

(a) Picture of the gathered data boxes from the FLIR ap­
plication

(b) Result computed with the the data of the sound area
of Bx2.

(c) Result computed with the the data of the sound area
of Bx3.

(d) Result computed with the suggested method for a
specimen without a known sound area.

Figure 8.5: Results from the specimen with three delaminations of 30x30x0.8mm of pir at a distance of 20mm of
the outer sides.

Average temperature [°C] Median [°C] Standard deviation [°C]

First sound area 41.10 41.17 0.5070

Second sound area 42.51 42.70 0.5316

Unknown sound area 41.51 41.71 0.8744

Table 8.5: Reference values of the sound areas used for the sample with three delaminated areas at a distance
of 20mm from outer edge.
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Figure 8.6: Probability density functions of the different sound areas used for the sample with three delaminated
areas at a distance of 20mm from outer edge.

TPR TNR FPR FNR

First sound area 0.98785 0.46162 0.53838 0.01215

Second sound area 0.8389 0.83506 0.16494 0.1611

Unknown sound area 0.94565 0.61269 0.38731 0.05435

Table 8.6: Accuracy of the model for the sample with three delaminated areas at a distance of 20mm from outer
edge.

8.2. Blind experiments
The experiment was to heat up the two specimen with a heat­flux of 1750𝑊/𝑚2 for 1500 seconds and
let it cool down while recording. The data from the recordings have been gathered, just one file per
sample has been gathered. This file contains the temperatures per pixel of the entire sample. For both
samples the results, in the form of a seismic scale picture, are presented in Figure 8.7 and Figure 8.9.
The reference values of the sound areas, which is conducted by the analytical model, are presented
and the probability density functions of the sound areas is also shown.

Apart from the result in the form of a seismic scale, the ratios to determine the accuracy of the
model, as explained in the introduction of this chapter, are also given for both samples.
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First sample

Figure 8.7: Results, presented in seismic scale, of the first sample from the blind experiments.

The reference values of the sound area of the first sample and the probability density function are as
follows:

• Average temperature: 45.09 [°C]

• Median: 45.21 [°C]

• Standard deviation: 0.9518 [°C]

Figure 8.8: Probability density function of the sound area of the first sample from the blind experiments.
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Second sample

Figure 8.9: Results, presented in seismic scale, of the second sample from the blind experiments. Note: the left
delamination might have shifted during the gluing procedure.

The reference values of the sound area of the second sample and the probability density function are
as follows:

• Average temperature: 43.60 [°C]

• Median: 43.66 [°C]

• Standard deviation: 0.7965 [°C]

Figure 8.10: Probability density function of the sound area of the second sample from the blind experiments.
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The ratios to determine the accuracy of the model are given in Table 8.7

TPR TNR FPR FNR

First sample 1.0 0.47238 0.52762 0.0

Second sample 0.9567 0.62095 0.37905 0.04135

Table 8.7: Accuracy of the model for both samples of the blind experiments.

8.3. Real experiment
In this section the results from the real experiment of the beam are presented. Two methods have been
tried, the first is to use the method for an unknown sound area. This result is shown in Figure 8.11. The
reference values of the sound area, produced by the analytical model, are given and the probability
density function of this sound area is shown in Figure 8.12.

Figure 8.11: Results from beam with the method for as unknown sound area.

• Average temperature: 40.00 [°C]

• Median: 39.99 [°C]

• Standard deviation: 2.8463 [°C]

Figure 8.12: Probability density function of the sound area of the beam which is produced by the analytical model.

The other method which is used was to assign a sound area to the most right side of the beam
and use this sound area in the analytical model. The location of the sound area and results from this
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method are shown in Figure 8.13 and Figure 8.14 respectively. The reference values of this assigned
sound area are given and the probability density function of this sound area is shown in Figure 8.15.

Figure 8.13: FLIR image from the beam, Bx2 represents the assigned sound area.

Figure 8.14: Results from beam with the method with an assigned sound area.

• Average temperature: 35.84 [°C]

• Median: 35.79 [°C]

• Standard deviation: 0.9725 [°C]

Figure 8.15: Probability density function of the sound area of the beam which is produced by the analytical model.
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Discussion

In this chapter the results presented in chapter 8 will be discussed.
The results show that it is indeed possible to detect delaminated areas with active IRT in an objective

way. It was expected to find areas with a higher temperature at the location of the delaminated areas,
which the created analytical model would then pick up. As can be seen in chapter 8 this has been
achieved. This study aimed to determine if active IRT would be a possible NDT method for detecting
delaminations and these results are very promising.

There are a few things that need to be taken into account when analyzing the results:

• The first thing is that the accuracy of the results are quite dependent on the sound area which
is chosen as a reference area. This is something that would need further research on how to
optimize the choice for the reference sound area.

• The second point of attention is the fact that during the gluing process some of the PIR squares
that have been used to simulate the delaminations might have shifted slighty. This is why the
ratio’s for the accuracy given in chapter 8 might not be 100% accurate.

• Vaseline has been used to keep the PIR squares in place during the gluing process, this might
have slightly affected the thermal conductivity of the simulated delaminations. The author pre­
dicts that this might be the case with the sample where the delamination of 0.1mm is simulated
with paper. This analytical model gives a delaminated area which is larger than it should be in
reality, while the delaminated area of 0.5mm made of PIR insulation is picked up quite well by the
analytical model.

• The thermal conductivity of the PIR squares is 0.022, whereas the thermal conductivity of air is
0.025 + 5.5𝑑, with 𝑑 the thickness of the delamination in meters. This means that the thermal
conductivity of the simulated delaminations is lower than actual delaminations. The result is that
the same delamination of air is a bit harder to detect than the same delamination made of PIR.
This is something to look into in follow up studies.

• The exact thermal conductivity 𝜆 of the layer of UHPFRC is unknown, this value is taken from
literature study. It would be good to determine the exact thermal conductivity so that the numerical
model made in COMSOL can be optimized.

The method which is suggested to be used when there is no known sound area also has one
significant shortcoming which needs attention. This method is made with the assumption that there is
a significant amount of sound area compared to the amount of delaminated area. The results from this
method for the locations of the delaminations in the blind experiments align very well with the actual
locations of the delaminations. The test with the beam clearly shows the shortcoming of this method.
Almost the entire beam is delaminated and this method underestimates the amount of delamination in
the interface between the NSC beam and the layer of UHPFRC. It can be seen that in this case the
method of assigning a sound area gives a more accurate result than the method of not assigning a
sound area. The maximum amount of delaminated volume needs to be determined in further research.
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Another option would be to optimize the method for producing a sound area from the given data in
another way, this could also be researched in the future.



10
Conclusion

The main goal of this research was to determine whether it is possible to detect and quantify delam­
inated areas, within the connection between a normal strength concrete (NSC) beam and a layer of
ultra­high­performance fibre reinforced concrete (UHPFRC) of a certain thickness in an objective way,
with data gathered by an infrared camera in a lab environment.

In this report a standardized approach to perform experiments with active infrared thermography
(IRT) is proposed. In combination with this standardized approach, an analytical model is made to
detect the location of delaminated areas in the interface between a NSC specimen and a layer of
UHPFRC. The UHPFRC layer has a thickness of 10mm and is glued to the NSC specimen with an
epoxy glue. The results from this standardized approach together with the analytical model are in
reasonable to good agreement with the real location of delaminated areas.

Certain conclusions can be drawn for both the standardized approach as well as for the analytical
model, these are presented below.

10.1. Standardized approach
For the standardized approach a heating time needs to be determined, as well as a cooling time.

The heating time is dependent on the heat­source used and the minimal delamination, which is the
smallest delamination that is needed to be detected. The lower the heat­flux from the heat­source, the
longer it takes to create a significant difference in temperature between the minimal delamination and
a sound area.

The cooling time is mostly dependent on the environmental factors. If the standard deviation (STD)
of a sound area is low, it takes less amount of time to reach the optimal cooling time. To determine
the optimal cooling time the difference between the temperature above the minimal delamination and a
sound area is calculated with the commercial Finite Element software COMSOL Multiphysics 5.6. The
optimal cooling time is the time at which this temperature difference and the standard deviation reach
the optimal ratio. This is done with the signal to noise ratio (SNR) method, which is explained a bit
more below.

10.2. Analytical model
In regard to the method of detecting the delaminated area in the analytical model three methods were
found in literature:

• The thresh­hold value method; a threshold value is set for the temperature difference at the sur­
face above a sound area and a delaminated area. When the temperature difference in an area
is higher than this threshold value, the area is delaminated.

• The signal to noise ratio (SNR) method; this method compares the temperature in an area to the
temperature of a sound area and compares this to the STD of the temperature in a sound area.
This is to take the environmental factors into account.
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• The second derivative method; this method fits a 4𝑡ℎ order polynomial through the data gathered
by the infrared camera. It does this for every row and column of the pixels. Each pixel has a
temperature value attached to it, of the picture. Where there is an inflection point in the polynomial
it is assumed that this indicates a boundary of the delaminated area.

The thresh­hold valuemethod is difficult to make universal for different test settings, especially when the
delaminated areas are unknown. For this reason, this method is not used in the current research. The
SNR method and the second derivative method have been compared and the following conclusions
are drawn:

• The SNR method is more accurate about the surface area of the delaminated area than the
second derivative method.

• The second derivative method overestimates the surface area of the delamination.

• The SNR method is easier to interpret than the second derivative method.

This model has been used in two situations, one where a halogen lamp of 1000W was used at
close distance to the specimen. This created a heat­flux of 10000[𝑊/𝑚2], however, it also created
a high standard deviation in the sound area due to the fact that the heat was not evenly distributed.
The results from the analytical model were in this case not agreeable with the real locations of the
delaminated areas. The main conclusion that can be drawn from this, is that the analytical model that
was created is sensitive to uneven heat­distribution; to use this model the heat­source needs to emit
an evenly distributed heat.
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Recommendations

In this chapter, recommendations will be made regarding possible follow­up researches.
The current research shows that active IRT is a promising new NDT method for detecting delam­

inated areas. The analytical model which is created shows potential for implementing this method in
practise. Before the analytical model can be used in practise further research needs to be done. In this
chapter recommendations for further research are made.

• In the current research the smallest delaminated area which is simulated was 30x30x0.1mm and
wasmade of paper. The results the analytical model gave were not very agreeably with reality, this
might have been caused by a fault in the simulation of the delaminated area. In further research
an experiment should be performed, preferably with a simulated delaminated area which has
the same or roughly the same thermal conductivity as air. It is recommended, when possible,
to perform this experiment with a simulated delaminated area of 30x30x0.05mm to determine
whether the minimal delamination is actually detectable.

• In current research halogen lamps have been used as heating source, it was found that with halo­
gen lamps it was possible to have a heat­flux of 1750 𝑊/𝑚2. It would be valuable to research
other heating methods that would be applicable in practical situation, so not only in the lab envi­
ronment, but also in a practical setting. It would be of high value when this heating method would
emit an evenly distributed heat with an even higher heat­flux than 1750𝑊/𝑚2. This would mean
that the heating time would decrease, making the process of testing more time efficient.

• The author recommends that for further research the thermal conductivity of UHPFRC should
be determined, this would increase the accuracy of the calculations of the numerical model in
COMSOL.

• The method which is suggested in this report, for situations where there is no known sound area,
needs to be researched further. The accuracy of this method is dependent on the relative amount
of delamination in the specimen. It is recommended to research the accuracy of this method and
to research what amount of delaminated area in a specimen would be the maximum amount of
delaminated area, such that this method is still agreeable with reality.
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A
Results from the proof of concept

experiments from grey­scale image data.
In this appendix the results from the SNR method and the second derivative method of a grey scale
image is shown.

(a) Delaminated area, values of the SNR above zero
shown. (b) SNR values above zero over the mid­line of the delam­

inated area.

(c) Delaminated area, values of the SNR above zero
shown, with a white box which indicates the known de­
laminated area

Figure A.1: Delamination detection with grey­scale image data, using the SNR method. Plotting the positive SNR
values.
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62 A. Results from the proof of concept experiments from grey­scale image data.

Figure A.2: Inflection points of grey­scale image from the second derivative method.



B
Heat­flux of 10000[𝑊/𝑚2]

In COMSOL a simulation is done to determine the rate of increase of the RTC for different delaminated
areas. Delaminated areas of the following sizes have been simulated:

• 30x30x0.1mm

• 30x30x0.5mm

• 30x30x0.8mm

• 30x30x1.0mm

• 30x30x1.3mm

• 30x30x1.5mm

For this simulation a heat­flux of 10000[𝑊/𝑚2] is used, because this is the same heat­flux as is
used in the first round of experiments. Because the delaminated areas in the experiments is simulated
with PIR insulation, the simulation in COMSOL is done both for PIR as well as air. The temperature
values have been extracted at the backside of the UHPFRC layer. This is done there in stead of at the
surface of the UHPFRC layer, due to the fact that during heating the surface of the UHPFRC layer has
a constant temperature over the surface due to heating directly at the surface. For these delaminated
areas the times where the rate of increase of the RTC is maximum and where the rate has dropped
down to 50% of the maximum rate have been conducted. These time values are found in Table B.1

Size [mm] Pir [s] Air [s]

30x30x0.1 18 18

30x30x0.5 25 18

30x30x0.8 25 25

30x30x1.0 25 25

30x30x1.3 26 25

30x30x1.5 26 25

(a) Time of maximum slope of RTC

Size [mm] Pir [s] Air [s]

30x30x0.1 69 69

30x30x0.5 100 100

30x30x0.8 100 100

30x30x1.0 100 100

30x30x1.3 100 100

30x30x1.5 100 100

(b) Time of 50% of maximum slope of RTC

Table B.1: Heating times

It can be seen that small sized delaminations are governing in the amount of minimum heating time.
It is chosen to set a certain heating time that provides at least a decrease of slope up untill 50% of the
maximum slope of the delaminations with an area of 30x30mm. The heating time that is chosen, taking
the previous conditions into account, is 120 seconds, because two minutes is time which is easier to
monitor than 100 seconds.
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C
Results from close­by heating

C.0.1. Results from close­by heating with a heat­flux of 10000[𝑊/𝑚2]
The first test setup which was discussed in section 3.2 was to heat the specimen from a close distance,
which produced a heat­flux of 10000𝑊/𝑚2 This was done for all the three specimen and from all three
specimen data has been gathered. From the three specimen a csv file with the temperatures per pixel
of every frame over the entire specimen has been extracted as well as a csv file with the temperatures
per pixel of every frame over a sound area. For every specimen two sound areas have been used and
the results from both are displayed as well.

As can be seen in the figures presented below, is that the results from this method are not accurate.
The white boxes represent the delaminated areas which are to be detected. The delaminated areas,
which are conducted with this method, do not line up with the white boxes, this is caused due to the
very large difference in heating efficiency over the surface.
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H

(a) Picture of the gathered data boxes from the FLIR ap­
plication. (b) Result computed with the the data of the sound area

of Bx2.

(c) Result computed with the the data of the sound area
of Bx3.

Figure C.1: Results from the specimen with a delamination of 30x30x0.1mm of paper in the bottom left corner
and with a delamination of 30x30x0.5mm of pir in the upper right corner
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H

(a) Picture of the gathered data boxes from the FLIR ap­
plication.

(b) Result computed with the the data of the sound area
of Bx2.

(c) Result computed with the the data of the sound area
of Bx3.

Figure C.2: Results from the specimen with three delaminations of 30x30x0.8mm of pir at a distance of 20mm of
the outer sides.
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H

(a) Picture of the gathered data boxes from the FLIR ap­
plication. (b) Result computed with the the data of the sound area

of Bx2.

(c) Result computed with the the data of the sound area
of Bx3.

Figure C.3: Results from the specimen with three delaminations of 30x30x0.8mm of pir at a distance of 35mm of
the outer sides.



D
Python scripts

In this appendix the python scripts are given in the following order:

• Second derivative method

• Calculating the heating time

• Detecting delaminations with a sound area

• Detecting delaminations without a sound area

• Scripts to which are referenced in the other scripts

D.1. Second derivative method
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D.2. Calculating the heating time
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D.3. Detecting delaminations with a sound area









D.4. Detecting delaminations without a sound area 81

D.4. Detecting delaminations without a sound area
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D.5. Scripts to which are referenced in the other scripts
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