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ABSTRACT ARTICLE HISTORY
Thermal images are used to visualise the crack forming processes in Received 22 April 2022
mortar prisms under the flexural strength test with a UTM (Universal Accepted 31 August 2022

Testing Machine). The surface temperature of the prisms increases KEYWORDS

as the stress on them increases. When the prisms are reinforced by Thermal image; mortar
carbon fibres, the aggregated fibres along the crack paths becomes prisms; carbon fibre
distinctive due to their higher temperature compared with their reinforced; temperature
surrounding mortar areas of the prisms. This enables to visualise the gradient; visualising crack
crack forming process. In this process, there is a moment of abrupt forming process
increase in the temperature gradient of the aggregated fibres. This

moment matches closely to that of the crack on-set obtained from

the video images of crack forming process taken with

a panchromatic camera, with less than 2.2 % difference. The

moment is also matched with that of sharp dropping in the force

from the UTM after the peak. This sudden temperature gradient

increase can be used to determine the crack on-set times of the

prisms with a high accuracy.

1. Introduction

Cracks in concrete structures are an important parameter of diagnosing the structural
characteristics such as strength and durability of the structures. For this reason, the
devices such as a crack microscope/Callipers and ultrasonic pulse velocity tester have
been frequently used to monitor crack widening and deepening, respectively. Along
with these devices, thermal image has also been used to detect the presences of cracks
[1] and crack width [2] in concrete walls, cracks inside the concrete wall [3], cracks due
to bond defects in CFRP (Carbon Fibre Reinforced Polymer) laminated concrete [4],
and cracks in building [5], bridge [6] and infrastructure [7]. The thermal imaging is
more convenient than the devices because they do not need to be closed to the cracks to
be measured as the devices do. But its applications are limited only in identifying the
crack presences in the structures to be tested because the thermal image can mainly
find the surface temperature distribution of the object to be tested. Hence, its identify-
ing accuracy is solely determined by the resolvable temperature difference between the
crack area and its neighbours. The thermal image can be hardly used to measure the
crack size because of its low sizing accuracy compared with those of the devices. This
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low sizing accuracy comes from the large pixel size of the thermal camera and the finite
object distance from the camera. The current thermal cameras can hardly detect the
cracks with openings in submillimeter because each pixel consisting of the image
corresponds to more than several 100™ pm in current thermal imaging cameras.
This is why the thermal image is only occasionally used in detecting cracks in
the concrete structures. However, in this paper, it is introduced that a method
of predicting the on-set time of the cracks appearing in the mortar prisms
reinforced with a carbon fibre, with near 98% accuracy. The temperature dis-
tribution reveals the potential crack path even before the initiation of the crack
path. This will be impossible with the devices mentioned above. The method
will make the thermal image an essential diagnostic tool of monitoring cracks
in the various concrete structures. The validity of the method is demonstrated
in the flexural strength testing process of the mortar prisms reinforced with
carbon fibres.

The flexural strength is an essential quality parameter that defines the bending
property of the concrete structures including mortar prisms. To increase the strength,
they are often mixed with carbon fibres [8]. Since the flexural strength test is always
accompanied with a crack in the concrete structures/prisms being tested, visualising the
crack forming process can help to better understand the role of the carbon fibres in the
concrete structures/prisms to increase the strength. For the visualisation, both a thermal
camera and a digital camera can be simultaneously used: The thermal camera converts
the stresses concentrated on the object being tested to the object’s surface temperature
distribution. This is not possible with the digital camera. While the digital camera
provides the image of a highly resolved object’s profile, texture and colours in the spectral
ranges of 0.4 to 0.9um. The digital camera is also called a panchromatic camera. The
commercially available thermal camera covers one of the three infrared wavelength
ranges of 1.4 um to 2.4 pm, 3.0 pmto 5.0 pmand 7.5um to 14um [9,10]. And the temperature
distribution is represented by pseudo-colours on the object’s profile. So, the simultaneous
use of both the panchromatic and the thermal cameras will enable to obtain a highly
resolved object image with its surface stress distribution. This can help to identify with
a high accuracy the locations of the defects and inhomogeneities formed by physical,
chemical or physicochemical processes in the object.

In this paper, a method of determining the on-set time of the cracks in fibre-reinforced
mortar prisms with a thermal image is introduced, and the process of crack development
in the prisms and the role of carbon fibres in the process are visualised, when the prisms
are under stress by a UTM (Universal Testing Machine) [11] for testing their flexural
strengths.

2. Mortar prism sample preparation and experimental set-up

To prove thermal image’s capability of visualising the process of crack formation in the
flexural strength measurements, many prisms having the shape of a rectangular paralle-
lepiped with the sizes of 160 mm (length) X 40 mm (width) X 40 mm (Height) with or
without carbon fibres are prepared. The prisms with fibres and no fibres, i.e. plain prisms
are prepared by the instructions shown in KS L ISO 679(2016). The plain prisms are
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made from a mortar that is a mixture of cement powder, standard sand with the ratio of
cement:sand:water = 1:3:0.5 in weight without admixture.

To make the mortar, the cement and sand are being mixed first for 60 seconds then
water is poured to them and mixed together for 150 sec. The mortar is cast to the prism
shape for 24 hours and then it had been kept in a water tank with constant temperatures
of 20°C + 2°C for 28 days for curing. Three plain mortar prisms are prepared in this way.
For the prisms with carbon fibres, the cement and sand are mixed first for 1 min and then
the fibres are added to the mixture and mixed together for 90 seconds. On this mixture,
water (50% of the cement weight as above) and admixture (polycarboxylate superplas-
ticizer, 1.0% of the cement weight) are poured to the mixture, and mixed again for 150
seconds. The casting and curing processes are the same as for the plain prisms.

The cement is the general-purpose ordinary Portland cement; the sand has the
particles sizes of not greater than 2 mm in diameter; each fibre strand has the diameter
of 7+2 pm and the tensile strength of 4,900 MPa. The strand is made of twisting
12,000 fibres together and then it is cut to the length of 6 mm. The fibre amounts
added to the cement and sand mixture are 0.5%, 1.0% and 1.5% and 2.0% in
volume of the total volume of the mortar. two mortar prism samples are made
for each percentage. If the plain prisms are included, 10 prisms are made in total.
The 10 prisms are identified as CF 0.0-1(2), i.e. plain prisms, CF 0.5-1(2), CF
1.0-1(2), CF 1.5-1(2) and CF 2.0-1(2). CF represent initial letters of carbon fibre,
the numbers in the middle — carbon fibre percentages and the last digit is the
sample number. The last digit is often omitted to represent both samples
together. The weight of each prism is measured as 0.5 kg.

For the flexural strength measurement of the prisms, a UTM is used, which can press
the testing prism up to 400 KN/m?. The machine has a three-axle configuration, i.e. three
axles aligned in parallel for mounting and applying stress for the rate of 3 KN/min to the
prism sample. The two bottom axles are distanced 120 mm and the top axle is in the
middle of the two bottom axles, but above the two axles, corresponding to the height of
the prism. The distance between the top and the bottom axles can be controlled to fit the
prisms’ heights.

To observe the crack forming process, a panchromatic camera, Nikon D-5, which has
a pixel size and resolution of 6.45 ym and 5568 x 3712, respectively. The crack on-set
time is determined with a high accuracy in the observing the process. The
camera allows taking a video image with the resolution of 3840 x 2160 and
the frame rate of 24 frames/sec [12]. The camera distance from the prism is set to
1.0 m from the normal direction of the prism sample to fill its image detector
with the prism image as much as possible, especially in the horizontal direction.
The distance allows 3,770 pixels in video mode to cover the horizontal size of
each prism, i.e. 160 mm. Hence, each pixel corresponds to 42.5 um of the prism
surface.

Along with the panchromatic camera, a thermal camera FLIR T640, which has a pixel
size of 17 um, pixel resolution of 640 X 480, temperature resolution of 0.03°K at 30°C and
operating in the wavelength range of 7.5um to 14pum, is also set to the same distance as the
panchromatic camera. It is also adjusted to make the prism image to cover almost all the
area of the thermal camera’s image detector in horizontal direction with use of its
zooming capability. As a result, 624 X 156 pixels are assigned for the prism image. So,
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each pixel covers 0.2564 mm (160 mm/624) X 0.2564 mm (40 mm/156) of the prism
surface area. The distance between two cameras is 18 cm. They are aligned symmetrically
along the normal line of the prism sample. The viewing angle of each camera is about 5°.
This angle causes almost unnoticeable image distortion between left and right sides of the
prism image because the distance of the camera to either left and right most side of the
prism cannot exceed 1.015 m for both cameras. The thermal camera allows taking a video
image with 30 frames/sec rate.

The experimental set-up is consisted of a UTM with a testing prism mounted on it and
two cameras as shown in Figure 1. The images from the two cameras for the prism in test
are also shown. The shutters of the two cameras are working synchronously with the time
of applying stress to the prism from the UTM to taking the video images of the prism
under increasing forces for determining the flexural strength of the prism and observing
the process of the crack forming in it. However, there can be at most 3 seconds shuttering
time delay between the machine and cameras because each device is operated by an
assigned operator. It is expected that the occasional camera shuttering error by the
camera operators can induce the shuttering time difference between two cameras to up
to 2 seconds within this time delay.

3. The prism’s temperature increases by the applied stress

The prism mounted on three-point bending set-up of a UTM for flexural strength testing
will experience deformation that will be more from the top to bottom surfaces. The

UTM Ax.tb

UTM
_ monitop

Iluminatior’.
Lamp
Panchromatic Camrta
Thermal Camrta

Thermal Camera Image

Figure 1. Experimental set-up and images from the two cameras: (a) the experimental set-up is
consisting of a UTM, a Panchromatic camera. A thermal camera and an illumination lamp which
illuminates the mortar prism sample mounted on the UTM axle for test. (b) the panchromatic camera
image of the sample prism. Three axles (one top in the mid part of the prism sample and two bottom
in the near left and right edges of the prism are also shown. The force direction specified by three
arrows and the horizontal length of the prism specified with a both side arrow, are also shown. (c) the
thermal image of the prism, the three axles and surrounding objects and scene shown in the
panchromatic image. Each color in the image has its corresponding temperature. The color tempera-
ture increases from blue, green, yellow and red orders.

Experimental Set-up and images from the two cameras. (a) The experimental set-up. (b) The
panchromatic camera image. (c) the thermal image of the prism.
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bottom surface will be deformed the most for the stress imposed. Due to the increasing
deformations, the defects in the prism will also be strained more while going from top to
bottom surfaces. The increasing forces will further reduce the radii of curvature of the top
and bottom surfaces. The prism will be broken, i.e. a crack will appear on it, if it can no
longer sustain its strain incurred by its radii of curvature decrease. Since the tensile
strength at bottom is much lower than the compressive strength on top, the crack will
start from the bottom to the top surface. The force initiating this crack is defined as the
flexural strength of the prism. As the crack progresses more, the prism will be broken into
two parts.

The flexural strength can be higher when there are defects that have a higher tensile
strength than the prism’s main body, i.e. a mortar. When there are defects such as carbon
fibres, especially, along the paths of cracks in the prism, the strength will be increased
much more, because of the fibre’s much higher tensile strength compared with that of the
mortar and the fibres’ strong adherence to the mortar. In fact, the tensile strength of the
fibre 4.9 GPa is much higher than that of the concrete, which is typically in the range of
1.5 to 2.5 MPa. Hence, the fibre will resist to the stress that forces to reduce the radii of
curvature of both top and bottom surfaces of the prism. When the crack started, the fibres
along the crack path will be strained more because all the stresses given by the machine
are now mostly applied to them.

As the crack size increases, all stresses from the machine will eventually be applied to
fibre. As a result, the temperature of the fibres become higher than that of the mortar area
of the prism. The strain in the fibres will increase until they are torn apart and/or
detached completely from the mortar parts of the prism due to the widening of the
crack gaps. This will make the fibre presence in the surface of each prism more visible.
Furthermore, the sudden increase in the stress on the fibres at the moment of the crack
on-set will induce the abrupt increase in the temperature gradient of the fibres. Hence,
the thermal image allows visualising the defect presences more clearly, as well as the
process of the crack forming by the temperature difference induced by different stresses
between defects and the mortar part of the prism.

Since the stress is the amount of force exerted per unit area, it is transformed into
energy per unit of volume. Hence g and the stress are not different to each other. When
an energy, g in J(Joule) per unit volume is given to an object, the object will experience its
temperature increase AT = T, — T in °K (absolute temperature), where T} and T, are
object temperature before and after applying forces. ATis expressed as,

q
AT =+ 1
= (1)

where h and mrepresent specific heat in unit of J/(kg-°K) and mass in unit of kg, of the
object, respectively. For the case of UTM, g, i.e. stress is a function of time ¢ because the
force from the UTM is time varying. AT is also time varying. And also the actual force
delivered to the prism in three axle configuration is much reduced by the factor 1.5]/wz?,
where [ represents the distance between two bottom axles of the UTM, w and z, the width
and height of the prism, respectively, compared with the force from the UTM [13].
Therefore, when x(t)kNforce is delivered to a prism by the UTM, the temperature
increase in prism will be expressed as,
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1.5]

AT =—"
hmwz?

x(t) (2)

The prisms have m = 0.5kgand h = 800]J/ (kg - °K). With the dimension of the prisms
and the UTM’s axle configuration as specified above, AT is calculated as (4.5x(t)/6400)°
K, by Equation (2). However, actual ATcan be smaller than the calculated value due to
prism’s heat loss to the surrounding space when the ambient temperature is lower than
that of the prism.

4. Experimental results

When forces of increasing with time are applied to each prism in the experimental set-up
shown in Figure 1, the surface temperature variations of the prisms, with time are
visualised as shown in Figure 2. The numbers in bottom of each image are the frame
numbers in the video sequence. The time in second corresponding to the frame number
is obtained by dividing the number by 30, i.e. the frame rate of the thermal camera as
mentioned before. In measuring temperatures of objects with a thermal camera, the
emissivity of each material should be known. However, the thermal camera in this
experiment has the default emissivity value of 0.98 which is for human skin [14].
Hence the temperature value of the prisms should be modified according to the emissiv-
ity of each object forming the prisms. The emissivity of concrete and carbon fibre are
known as 0.92 and 0.8, respectively. Since the transform of thermal energy to temperature
is inversely proportional to emissivity to the power of 0.25, i.e. (emiss.ivity)o‘25 [14]. The
temperature values should be modified by multiplying 1.052(0.98%%°/0.8°*°) for carbon
fibre and 1.016 (0.98°2°/0.92°%°) for mortar parts. But the temperature values in follow-
ing figures are not modified because the numbers are small, and the temperature gradient
that is the ratio of two consecutive temperature values is not affected by the multi-
plication. The effects of the thermal reflections from the objects near the prism samples
are also not considered due to the same reasons above. The surface temperature varia-
tions in CF 0.0-1, CF 0.5-1, CF 1.0-1, CF 1.5-2 and CF 2.0-1 prisms are converted to
pseudo colours as shown in Figure 2. The colour bar on the right side of each prism image
specifies their matching temperatures. Each prism image consists of seven different video
frames from the thermal camera while applying forces to the prism.

The images inform that 1) the surface temperature distribution of higher frame
numbers is higher than that of lower frame numbers. 2) the surface temperatures
distribution is fairly uniform for the plain prisms but the uniformity is deteriorating as
the fibre percentage increases, and 3) the colour bars inform that the total temperature
variation in the prisms is 4.4° for CF 0.0-1 and CF 0.5-1, 7.1° for CF 1.0-1, and 10.6° for
CF 1.5-2 and CF 2.0-2. From these facts, it is concluded that 1) the fibre is an inhomo-
geneous material to the mortar. That is why the uniformity of the temperature distribu-
tion are worsened more as the fibre percentage increases, 2) the higher temperature
regions in each prism are the places where the fibres are aggregated, and 3) the high-
temperature regions within the broken rectangular are the aggregated fibres along the
crack path. The temperature increase with increasing frame numbers describes more
distinctively the crack paths. as shown in CF 1.5-2. The temperature distribution within
the broken rectangle in the top image of CF 1.5-2 reveals almost exactly the crack path as
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Figure 2. Surface temperature variations in prisms with time in the process of the flexural strength
testing. The numbers in bottom of and the right most side of each image represent frame numbers
and the temperature corresponding to each image, respectively: (a) is for CF 0.0-1. The surface
temperature increases only 4.4°(22.1° to 26.5° during the 53 (1600/30(frame rate of thermal camera))
seconds period. (b) is for CF 0.5-1. The surface temperature increases the same as the CF 0.0-1 but this
increase is resulted after 75 (2250/30(frame rate of thermal camera)) seconds testing. (c) is for CF 1.0-1.
The surface temperature increase is 7.1°. This increase is obtained after 103 (3090/30) seconds testing.
As shown in the broken rectangle which represents the crack path, the temperature increase is
obtained along the crack path. The other part of the prism has nearly the same temperature increase
as the previous samples. (d) is for CF 1.5-2. The surface temperature increase is 10.6°. This increase is
obtained after 91 (2730/30) seconds testing. As shown in the broken rectangle which represents the
crack path, the highest temperature appears along the crack path. Some parts of the surface also show
high temperatures. These parts are mostly having the fibers. (e) is for CF 2.0-1. The surface tempera-
ture increase, the time of reaching the temperature are the same as CF 1.5-2. As shown in the broken
rectangle which represents the crack path, the highest temperature appears along the crack path.
Some parts of the surface also show high temperatures. These parts are mostly having the fibers.
Specified prisms’ surface temperature variations with time in the process of the flexural strength
testing. The numbers in bottom of and the right most side of each image represent frame numbers
and the temperature corresponding to each color, respectively. (a) CF 0.0-1. (b) CF 0.5-1. (c) CF 1.0-1.
(d) CF 1.5-2. (e) CF 2.0-1.

shown in later figures. The aggregated fibres along the path are stressed more than their
neighbours. The highest temperature appears at near the bottom of the prism, where an
aggregated fibre bundles is located. This is because the prism will be more deformed, i.e.
more stressed as close to its bottom. Hence, the temperature distribution clearly reveals
the crack forming process. This informs that the crack forming process can be visualised
by the thermal image. In CF 1.5-2, the path that will be cracked, is clearly shown from
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2300™ frame which corresponds to 77 sec. The crack on-set time estimated by the
panchromatic camera, 78 seconds indicates that the crack path will be estimated at
least 1 second before the starting of the actual crack.

The time variations of forces applied to each prism by the UTM when it is set to 3 KN/
min rate are shown in Figure 3. Figure 3 shows the time variation of the applied forces to
each prism. The waveforms made by the variations are not the same for each prism,
except a piecewise linearly increasing range. The most differences in the waveforms of
different prisms lie in the highest force values and the time period of the actual force

T : Peak
: : Crack on-set
CF0.0-1 (a) CF0.0-2 (b)

CFOS 1 (© CM

CF1.0-1 CF102
j‘%\

Time (Seconds)

%

Force
(KN)

IS = N W AR =N WARIC = N WARD = N WD = N W

Figure 3. Force waveforms from UTM for different prisms. The horizontal and vertical axes are for time
in second and applied force by the UTM in KN (Kilo Newton), respectively: (a) is the force waveform for
CF 0.0-1 prism. The crack on-set time specified by the broken arrow appears before the peak force
time specified by the solid arrow. (b) is the force waveform of CF 0.0-2 prism. The crack on-set time
matches with the peak force time specified by the solid arrow. (c) is the force waveform of CF 0.5-1
prism. The crack on-set time specified by the broken arrow appears after the peak force time specified
by the solid arrow. (d) is the force waveform of CF 0.5-2 prism. The crack on-set time matches with the
peak force time specified by the solid arrow. (e) is the force waveform of CF 1.0-1 prism. The crack on-
set time matches with the peak force time specified by the solid arrow. The peak force in near 4 KN
and is recorded at 86 second. (f) is the force waveform of CF 1.0-2 prism. The crack on-set time
matches with the peak force time specified by the solid arrow. The peak force in near 4 KN and is
recorded at 88 second. (g) is the force waveform of CF 1.5-1 prism. The crack on-set time specified by
the broken arrow appears after the peak force time specified by the solid arrow. (h) is the force
waveform of CF 1.5-2 prism. The crack on-set time specified by the broken arrow appears after the
peak force time specified by the solid arrow. (i) is the force waveform of CF 2.0-1 prism. The crack on-
set time specified by the broken arrow appears after the peak force time specified by the solid arrow.
(j) is the force waveform of CF 2.0-2 prism. The crack on-set time specified by the broken arrow
appears after the peak force time specified by the solid arrow.

Force waveforms from UTM for the specified prisms. The horizontal and vertical axes are for time
in second and applied force in KN (Kilo Newton), respectively. (a) CF 0.0-1. (b) CF 0.0-2. (c) CF 0.5-1. (d)
CF 0.5-2. (e) CF 1.0-1. (f) CF 1.0-2. (g) CF 1.5-1. (h) CF 1.5-2. (i) CF 2.0-1. (j) CF 2.0-2.
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delivered to each prism. The highest force value for each prism is supposed to represent
the flexural strength but it is not completely matched with the crack on-set time obtained
with the two cameras as will be seen later.

According to Figure 3, the peak force (Total force) applied to each of CF 1.0-2, CF
1.0-1, CF 1.5-1, CF 1.5-2, CF 2.0-1, CF 2.0-2, CF 0.5-2, CF 0.5-1, CF 0.0-2 and CF 0.0-1 is
in the descending order of 3.964 KN (206.2 KN), 3.919 KN (191.79 KN), 3.402 KN
(156.58 KN), 3.336 KN (170.14 KN), 3.183 KN (146.35 KN), 3.078 KN (151.32 KN), 2.407
KN (64.88 KN), 2.317 KN (78.51 KN), 1.269 KN (6.8 KN) and 1.269 KN (12.37 KN),
respectively. This order informs that both peak and total forces are descending in the
order of CF 1.0, CF 1.5, CF 2.0, CF 0.5 and CF 0.0, but the total forces do not correspond
to the peak force order for CF 1.5, CF 2.0, CF 0.5 and CF 0.0. The prisms CF 1.5, CF 2.0
and CF 0.5 reveal that the peak force is high but total force is low or vice-verse. For the CF
0.0, the peak is the same but the total force is almost two times of those of CF 0.0-2. These
order mismatches between the peak and the total forces may not have any serious
meaning, because since the waveforms of different prisms do not have the same slopes
and shapes, the peak force may not correspond to the total force. Moreover, the force
from UTM is actually delivered to the prisms at 23.7 sec, 16.7 sec, 15.8 sec and 12.1 sec
later than the force on-time of the UTM, for CF 0.0-2, CF 0.5-1, CF 1.0-1 and CF 2.0-2,
respectively. However, even with this late force initiation, the temperature increase in
each prism starts from the force on-time of the UTM as shown in Figure 4. This will also
be a reason of why the peak and total forces do not correspond to each other. Figure 4
shows the surface temperature increase in CF 1.5-2 and CF 2.0-2 prisms, induced by the
applied force. To show the surface temperature increase, the surface of each prism is
divided into eight 20 mm X 40 mm regions, and then the temperature variation of each
region’s central point is plotted for power on period of the UTM. Added on these 8
points, the four crossing points of the horizontal bisector line of the prism and the line
connecting the centre points of two vertically bounded regions, are also measured for the
same period. Each point corresponds to three pixels. When these points are in the
aggregated places of fibres in the prism surface, the points are moved to the mortar
areas within their regions. Furthermore, the points showing highly unstable temperature
variations are replaced by other points. The locations of the 12 points in each prism is
specified in Figure 4. The temperature increase is calculated by finding the temperature
difference between the starting and the highest temperature in each point and then
averaging all 12 point values for each prism. The average values obtained this way are
summarised in Table 1. For the comparison, the expected temperature increases calcu-
lated from Equation (2) at the highest force value for each prism are also shown in
Table 1.

Figure 4 shows that the temperature of CF 2.0-2 increases immediately after the UTM
starting like the CF 1.5-2 which starts with 0.268 KN at the very moment of the UTM
starting, as shown in Figure 3. All other prisms show the same behaviours as the CF 2.0-2,
though they have different forces on-times. Furthermore, the temperature increment of
each point in each prism is very similar to those of other points in the same prism. This
implies that the force waveforms may not correctly represent the forces actually applied
to prisms, and the forces from the UTM are uniformly heating the entire prism to
increase the temperature of its every point equally, though each point temperature is
different from others. This is why the time variation of each point’s temperature
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1 75 94 105

Seconds Seconds

Figure 4. Temperature variations at the points specified in thermal images. The force waveforms of CF
1.5-2 and CF 2.0-2 are also given to show the prism surface temperature increase during the force on-
time of UTM. The temperature increases even with no actual force for CF 2.0-2. (a) shows the thermal
image in its top left side and the force waveform of CF 1.5-2. The peak force position is also specified
by the solid arrow. (b) shows the time variation of the temperature at the points specified by the
numbers in the thermal image at figure (a). The time variation curve of a point are almost parallel to
those of other points. (c) shows the thermal image in its top left side and the force waveform of CF
2.0-2. The peak force position is also specified by the solid arrow. (d) shows the time variation of the
temperature at the points specified by the numbers in the thermal image at figure (c). The time
variation curve of a point are almost parallel to those at other points.

Temperature variations at the points specified in thermal images of CF 1.5-2 and CF 2.0-2: (a) The
thermal image in its top left side and the force waveform of CF 1.5-2. (b) The time variation of the
temperature at the points specified by the numbers in the thermal image in figure (a). (c) The thermal
image in its top left side and the force waveform of CF 2.0-2. (d) The time variation of the temperature
at the points specified by the numbers in the thermal image at figure (c).

distribution has almost the same shape as those of other points. However, the tempera-
tures of the carbon fibre aggregated areas are much higher than those of the points, as
shown in Figures 2 and 4. The temperature increases incurred by the forces given in
Figure 3 are measured as 0.5°, 1.66°, 2.03°, 2.1° and 2.27° for CF 0.0-1, CF 0.5-1, CF 1.0-1,
CF 1.5-2 and CF 2.0-1, respectively as listed in Table 1. But the AT calculated from
Equation (2) are 1.335°, 1.629°, 2.754° 2.392° and 2.238° for the order of prisms specified
above. For the case of CF 1.0-1 and CF 2.0-1, the measured ATis higher than the
calculated ATby 0.03°. Except these two samples, the calculated ATvalues are higher
than their corresponding measured values. Since the 0.03° is the resolution limit of the
thermal camera, it can be considered as an uncertainty introduced by the thermal
camera. This means that the calculated AT rather accurately predicts the measured
one. For the cases of plain prisms, the calculated values are almost 3 times greater than
their measured values, but for the carbon fibre prisms, the calculated values are mostly
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higher than the measured ones. The differences are in the range of 0.09° to 0.72°. The
answer to these mismatches is not found yet.

The crack opening for each prism corresponding to the forces in Figure 3 is plotted in
Figure 5 in terms of crack developing time (Horizontal axis) vs. crack opening (vertical
axis). The crack on-set time corresponds to the crack opening of a pixel gap, i.e. 42.5 um.
The crack progressing time is found from the video images of the panchromatic camera.
The crack initiation and further widening for sample prisms are shown in Figure 5. It
clearly shows that 1) the on-set times of cracks for prisms with different carbon fibre
percentages show discriminable differences between them, though CF 1.5 and CF 2.0
reveal a small difference compared with others, 2) the crack opening widening after the
initiation of the cracks does not require much time, i.e. much forces. The crack opening
widening time increment for each prism is small enough to cause its slope to be almost
parallel to those of the other prisms. The carbon fibre percentage is no longer effective in
blocking the further breaking of the prisms, once the crack started.

As shown in Figure 3, the on-set time specified by the dotted arrow (the time at the
peak force specified by solid arrow), corresponding to CF 1.0-2, CF 1.0-1, CF 1.5-1, CF
1.5-2, CF 2.0-2, CF 2.0-1, CF 0.5-2, CF 0.5-1, CF 0.0-2 and CF 0.0-1 are 88 (88.3), 87
(86.2), 80 (74.9), 78 (67.5), 75 (70), 77 (70.1), 59 (57.4), 56 (53.9), 31 (30.7) and 26 (28.7)
seconds, respectively. The time differences between the crack on-set and peak force are
mostly less than 5 seconds: For CF 1.0-1(2) and CF 0.0-2, they match to each other within
less than 1 second. However, CF 2.0-1 and CF 1.5-2 show around 7 seconds and 10.5
seconds differences, respectively. The large time differences are considered that they are
caused by the near flat top shapes of the force waveforms. The force dropping after the

0.42
CF 0.0-1 - CF 1.0-2
0.38 §p _CF1

Crack 0.34
Widening ( 3
(mm) 55
0.21

0.17

0.13

0.08

0.04

CF 1.0-2

0 20 40 60 80 100

Crack Progressing Time(sec)

Figure 5. Crack on-set and further widening times of 10 prisms. The crack on-set time corresponds to
the crack opening of a pixel gap, i.e. 42.5 um. The time becomes longer in the order of CF 0.0, CF 0.5, CF
2.0, CF 1.5 and CF 1.0.

The crack on-set time corresponds to the crack opening of a pixel gap, i.e. 42.5 ym and further
widening times of the named prisms.
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peak forces is very rapid for CF 1.0 and CF 0.0-2, but very slow for CF 1.5 and CF 2.0.
When prisms are cracked, the force from the UTM will drop rapidly because the
resistance from the prisms is much reduced. Hence, the flat tops imply that the prisms
are not cracked yet, even after the peak force.

From the force waveforms, the time taken to go down to 95% of its peak force is 3
seconds for CF 0.0-1, 1 second for CF 0.0-2, less than 3 seconds for CF 1.0 and CF 0.5, 5
seconds for CF 1.5-1 and CF 2.0-1, 6 seconds CF 2.0-2 and 8 seconds for CF 1.5-2. These
times inform that as the prisms have larger time differences, the flat top time periods are
also increased in proportional to the differences. Hence if this flatness is considered, the
times at the peak forces, 74.9 (CF 1.5-1), 67.5 (CF 1.5-2), 70 (CF 2.0-1), 70.1 (CF 2.0-2),
28.7 (CF 0.0-1), and 53.9 (CF 0.5-1) seconds can be adjusted as 80, 76, 75, 76, 26, and 58
seconds, respectively. These adjusted times match with the measured on-set times, with 2
seconds difference at most. This means that the cracks in prisms do not always start with
the peak forces, but they rather start at the points, where the forces in the waveforms drop
sharply. This sharp dropping point for the prisms with the flat top waveforms will
indicate the crack on-set. The time required to on-setting the crack is increased in the
order of CF 0.0, CF 0.5, CF 2.0, CF 1.5 and CF 1.0. This order matches with the order of
the peak forces applied to the prisms. This informs that the reinforcing of mortar prisms
with carbon fibres makes the flexural strength increase. But too much addition can
reduce the strength due to the increased inhomogeneity of the prisms [15].

As mentioned before, the temperatures of the aggregated fibre bundles along the crack
paths increase more than those of the mortar parts as shown in Figure 6. Figure 6 shows
the comparison between the crack images in panchromatic and thermal cameras at the
times of the crack on-set (left side) and the near vanishing moment of forces from UPM
(the widened crack opening in right side), for all prisms. The top and bottom images in
each prism are the panchromatic and thermal images, respectively. The left-side pan-
chromatic and thermal images comprise the crack image at the crack on-set time. The
small and large solid boxes in the panchromatic image specify the crack with a pixel
width and its magnified image, respectively. The right-side panchromatic and thermal
images show the widened crack openings. These images show that the crack paths are
continuous for the prisms with no carbon fibres but they are broken for those with
carbon fibres. The broken parts along the crack path, specified by dotted line boxes are
identified as the aggregated carbon fibre bundles of various shapes because they appear as
higher temperature areas in the thermal images. The bundles are either on or slightly
underneath of the prism surface. The cracks cannot cross the bundles directly because of
the bundle’s resistance to the deformation of the prism. Hence the thermal images show
the presences of the carbon fibre bundle along the crack path and their temperature
variation during the crack forming and widening. The arrows indicate the matching areas
in the thermal image to the boxes in its corresponding panchromatic image.

The boxed area in CF 0.5-2, shows clearly the presence of a broken part in the crack
path, but no discriminable temperature increase is spotted in its thermal image. This
means that the carbon fibre bundles inducing the broken part are either too small to
cause local heating that will induce a resolvable temperature difference with its neigh-
bours or underneath of the surface. In other carbon fibre added prisms, the area is further
divided into several sub-areas that are discriminated by several different colours such as
blue, green, yellow, red and white. The colour boundaries of discriminating the sub-areas
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Figure 6. The comparison between the crack images in panchromatic and thermal cameras at the
times of the crack on-set (1°* and 2 rows) and the moment when the forces from UTM is near
vanished (3" and 4™ rows) for all prisms. The numbers in bottom of each prism image represents its
frame number in the video for the 1°* and 2™ rows, and the time it was taken for the 3" and 4% rows:
(a) the panchromatic images in the 1°* and 2" rows show the magnified images of the crack with 1
pixel width. The solid rectangle in each image specifies the location of the crack with 1 pixel width and
its magnified image is above the arrow originated from the rectangle. The thermal images do not
show the crack location but the patterns drawn by the colors for CF 0.5-1, CF 1.0-1(2), CF 1.5-1(2) and
CF 2.0-1(2) will predict the possible path of the crack opening because of their close similarity to their
corresponding thermal images in the 3rd and 4th rows. (b) When crack is widened as shown in the
panchromatic images in the 3rd and 4th rows, the corresponding thermal images also reveal the crack
path. The upper white dot in each of CF 0.5-1, CF 1.0-1(2), CF 1.5-1(2) and CF 2.0-1(2) is along the path
of the crack opening. Its temperature is the highest in each image. The dot is a part of the fibers along
the path. The fibers are specified by an broken ellipse in panchromatic image and its thermal image
pattern is specified by the arrow.

The comparison between the crack images in panchromatic and thermal cameras. The numbers in
bottom of each prism image represents its frame number in the video for the 1st and 2nd rows, and the
time it was taken for the 3rd and 4th rows: (a) The 1st and 2nd rows’ images are at the times of the crack
on-set. (b) The 3rd and 4th rows’ images are at the moment when the forces from UTM is near vanished.
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are not defined sharply but their shapes are almost the same as those shown in the broken
lined boxes. For the case of the CF 0.5-1. the right (left)-side edges along the white area in
the thermal image follow closely the crack path in the right (left) box. There are two white
circular dot with red edge (it will be named as a white dot) in Figure 6. The upper white
dot in each prism represents the point revealing the highest temperatures due to the
presence of the aggregated carbon fibre bundles and the bottom dot a point in no
aggregated carbon fibre bundles at the bottom of the prism, but very near to the crack
starting position. However, the upper white dot in each of the CF 0.0 and CF 0.5-2 is
randomly chosen because of the absence of high-temperature areas along the crack path.

The aggregated fibres specified by broken ellipse in CF 1.5-1, CF 1.5-2, CF 2.0-1 and
CF 2.0-2 are bigger than those in CF 0.5-1, CF 1.0-1, CF 1.0-2, CF 1.5-1, and that CF
1.5-2. The highest temperature area is specified by the white dot within the broken ellipse
of each prism. This area is a part of the aggregated fibres along the crack path of each
prism. As specified in CF 1.5-1 and CF 2.0-2 with the arrow, there is an aggregated fibres
along the crack path in near the bottom of each of these prisms. These fibres should be
stressed more than those in the broken ellipse in CF 1.5-1 and CF 2.0-2. However, these
fibres are much smaller than those specified by the broken ellipses. This will be the reason
why their temperature is lower than those in the broken ellipses. The fibres in the broken
ellipses are those stressed mostly in each prism. However, it is considered that the fibres
in CF 1.0-1 are not on the surface of the prism but underneath because of their lower
temperature compared with those in CF1.5 and CF 2.0. The temperature is for the surface
mortar that covers small aggregated fibres at its under.

For the case of CF 2.0-2, the broken part is a part of large aggregated fibres as shown by
the surrounding large red colour area in thermal image. The large bundles have slightly
lower temperature than the fibres in the broken part. This means that the fibres in the
broken part are stressed more than their neighbouring fibres even if they belong to the
same body.

Another interesting feature of Figure 6 is the crack paths that are separated from each
other as shown in the upper box of CF 1.5-1 and the box in CF 2.0-1. The bundles in these
boxes are invisible but inducing two paths because they cover the actual crack paths
underneath of them. Hence, the two crack paths are passing the fibre bundles boundary
with the mortar part, at where they are held strongly by the surrounding mortar. This is
why they reveal the highest temperature in the prisms where they are in.

The actual crack path will appear when the bundles are completely detached from the
mortar part due to the complete break of the prisms. As shown in CF 1.5-1, the
temperature of the bundles and its surrounding areas have red colour at the crack on-
set time but when the crack is progressed more, the bundles turned to white due to the
concentration of the force on them, while its surrounding mortar areas turn to yellow.
The fibre bundles in the bottom box of CF 1.5-2, the box CF 2.0-1 and the upper box of
CF 2.0-2 also show the similar pattern as the CF 1.5-1.

The presence of the carbon fibre bundles in the prisms, especially along the crack path
will be identified and detecting the crack path earlier than the actual crack appearing can
be done with the thermal images. The thermal image at the crack on-set time has a very
similar temperature distribution to that at the force vanishing moment. This similarity
implies that the areas where the crack will be formed, are more stressed before the
appearing of the actual crack in each prism. The fibre bundles along the crack path shows
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their battle against further widening of the crack. But their resistance will last a short time
period when they are too small to be easily detached from the mortar part.

Figure 7 shows the temperature variations at the points specified by two white dots in
each prism in Figure 6. As shown in Figure 7, the temperatures in the upper (solid line)
and lower (dotted line) white dots for CF 0.0 and CF 0.5-2 vary uniformly by keeping
their differences to almost the same. For other prisms, the temperatures of both upper
and lower white dots are also uniformly increasing as in the above three prisms, however,
that of the upper white dot records a sudden increase in the temperature gradient at
a certain moment. The arrow in each graph indicates the time point where the gradient
changes are recorded. The values in the left and right sides of the arrow indicate the
slopes before and after the changes. The ratio of the right to left values is in the range of
1.4 (CF 2.0-2) to 4.8 (CF 1.0-2). For the case of CF 2.0-2, the arrow indicates the 2"¢
increasing time point.
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Figure 7. Temperature variations at the points specified by two white dots at each prism in Figure 6.
The temperature variations for upper white dot are represented by solid lines and the lower by dotted
lines. Temperature gradient changes are shown only on the solid lines, i.e. upper white dot tempera-
ture variations. The arrow in each graph indicates the time point where the gradient changes are
recorded. The numbers in the left and right sides of the arrow indicate the slopes of before and after
the changes. (a) for lower white dots no temperature gradients are shown. (a) for CF 0.0-1(2) and CF
0.5-2 do not show any temperature gradient because no fibers are on the crack paths. (b) for the case
of CF 0.5-1, two gradient changes appear on the curve. The first gradient changes is almost unnotice-
able but the time at its change is very close to the crack on-set time estimated from its corresponding
panchromatic image. For other prisms, the gradient changes are very visible and their changing
moment matches closely to the crack on-set time estimated from their panchromatic images.
Temperature variations at the points specified by two white dots at each named prism in Figure 6: The
solid line curves which show the temperature gradient changes are for the upper white dot and the
dotted line curves for the lower white dots. The arrow in each graph indicates the time point where
the gradient changes are recorded. The numbers in the left and right sides of the arrow indicate the
slopes of before and after the changes.
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The sudden increase in the temperature gradient implies the stress concentration on
the forefront fibre bundles, i.e. on the fibre bundles along the crack path of each prism.
The mortar parts cannot bear the radially propagating stress from UTM when the crack is
started because the prism is almost separated into two parts. But the forefront fibre
bundles are still holding the two separated parts to resist to the further widening of the
crack until they are completely detached from the mortar part. This is why the stress from
the UTM becomes more concentrated on the forefront fibre bundles. Hence, the time at
sudden temperature gradient increase will inform when the stress from the UTM will
concentrate solely on the forefront fibre bundles. The time in second at the sudden
gradient increase is 58.1 (56.0), 86.2 (87.0), 90.9 (88.0), 81.6 (80.0), 79.6 (78.0), 71.8 (75.0)
and 77.0 (77.0) seconds for CF 0.5-1, CF 1.0-1, CF 1.0-2, CF 1.5-1, CF 1.5-2, CF 2.0-1 and
CF 2.0-2, respectively, as shown in Table 1.

The numbers in the parenthesis are the corresponding crack on-set time determined
by the panchromatic camera. The times showing the sudden gradient increase are
somewhat higher than their corresponding crack on-set ones. But the differences
between them are less than 3 seconds. When the time values for prisms with the same
fibre percentage are averaged, they are (crack on-set time by the panchromatic) become
58.1 (57.5), 88.5 (88.5), 80.6 (79.0) and 74.4 (76.0) seconds for CF 0.5, CF 1.0, CF 1.5 and
CF 2.0, respectively. The differences in these two values become less than 2 seconds, i.e.
slightly above 2% (1.6/76) difference between them. The 2-second time difference can be
considered as within the anticipated shuttering time mismatch between the two cameras.
Hence, it can be said that the forefront fibre bundles start to bear most of the stress from
the UTM at or very near to the moment of crack on-set. Measuring the time variation of
the temperature at a point on one of aggregated carbon fibre bundles along the crack path
will allow predicting the crack on-set time with the accuracy obtainable with a high-
resolution panchromatic camera.

5. Conclusions

The carbon fibres added to the prisms not only increase the flexural strength of the
prisms more than that of plain prisms, but also allow visualising the physical phenom-
enon involved in the crack developing process, estimating the crack path earlier than it
actually appears, and determining the crack on-set time with high accuracy. These
visualisation, estimation and determination can be done with the time variation of
temperature distribution at the carbon fibres on the surface or slightly underneath the
surface, along the crack path. The on-set time is determined by the point of inflection in
the time variation of temperature distribution curve. At this inflection point, the gradient
of the temperature distribution curve increases in 1.4 to 4.8 times of that of before the
point, and the time at the inflection point of each prism matches to less than 2.2%
differences with the crack on-set time determined by the video image obtained with
a high-resolution panchromatic camera, for all the 7 prisms with different fibre amounts.
Since the gradient is indifferent to the emissivity and thermal reflection from other
objects in near the prism samples, it will not be affected by surrounding noises. The
crack on-set time also matches to the sharp decreasing moment after the peak force time
in the force waveform of the UTM.
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The temperature distribution reveals also the aggregated locations of carbon fibre
bundles and the uniform increase in the surface temperature of the prism as the forces
from the UTM increase.
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