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ABSTRACT

The development of numerical methods has made digital simulation a very important tool in the field of industry
and in various fields of scientific research. In this work, we seek to make a study as complete as possible on the
behavior of the slabs of structures, according to the internal anomalies, which can touch these elements, due to, on
one hand, the effect of aging and the seism and, on the other hand, the permanent climate changes to which these
elements are subjected or simply to accidents such as explosion. This article deals with the application of infrared
thermography in the detection of anomalies in a reinforced concrete slab. This defect takes several forms, namely,
horizontal, vertical, oblique, or spherical. In this one, we will study the defect in inclined and spherical position while
varying on one hand the properties of the slab and, on the other hand, the characteristics of the defect. With finite
element simulation software, different simulations have been carried out to derive results on infrared thermography in
reinforced concrete slabs, according to this study, the detection of these cracks by infrared if and only if a number of
conditions are available. However, this method is impotent in some cases, which necessitates deviating from the limits
of its use, which we will address in this work.

Keywords: Reinforced concrete; Thermal image; Simulation; Defect; Detection.

INTRODUCTION

Non-Destructive Testing (NDT) of materials and structures is part of the general framework of quality improvement,
safety, and concerns a wide range of fields. Infrared thermography (IRT) is part of non-destructive testing (NDT), used
to detect voids, delamination, and other anomalies in concrete and detect water entry points in buildings (IAEA, 2002

& ELAFT et al., 2017). It is based on infrared radiation (below red), a form of electromagnetic radiation with longer
wavelengths than those of visible light (Usamentiaga et al., 2014); thus, infrared measuring devices are required
to acquire and process this information (Vollmer et al., 2011). It is the infrared camera which makes it possible to
observe this type of rays in the absence of light; it provides two-dimensional thermal images that allow a comparison
between the zones of the target. These thermal images make it possible to give a clear idea of the presence of a defect
by measuring the temperature field of an external surface of an object. Indeed, the presence of an anomaly creates an
observable thermal disturbance on the corresponding thermal image, such as water infiltration and moisture (Bomberg
et al., 1988 & Ljungberg, 1994). A wet mass in a wall has a differentiated thermal inertia that can be discovered using
IRT. Recent applications of IRT for moisture detection can be found in Maierhofer et al. (2009) & Grinzato et al.
(2002), which use IRT for sub-surface moisture detection in masonry structures and for moisture mapping in ancient
buildings, respectively. Moisture detection using IRT is not limited to buildings. It can also be applied to soil (Sugiura
et al., 2007) or aircraft structures (Vavilov et al., 2004). The presence of water inside aircraft structures may lead to
ice formation with a volume variation and consequent mechanical stresses. In addition, among the applications of



126  Infrared thermography and finite element method applied to the detection of internal defects in reinforced concrete slabs

thermography in the building, one can quote the detection of a delamination in the structures in concrete or reinforced
concrete (Al-Kassir et al., 2005). This gives the manager a quick reaction time to intervene in terms of readjustment
or rectification on the operating parameters of the structure or on its use, to repair in order to minimize or stop
deterioration of the structure and to prevent against any accident. As part of the diagnostic policy for structures, it is
necessary to know and study the capabilities of infrared thermography to detect defects in concrete (Kathleen et al.,
2004), especially internal cracks in solid reinforced concrete slabs. Internal cracks may be present within the slab and
not be detected with conventional control means (Belattar et al., 2012). Active IRT is mostly used in non-destructive
testing applications, where an external stimulus is applied to the specimen in order to induce relevant thermal contrasts
between regions of interest (Ibarra et al., 2003).

DESCRIPTION OF THE GENERAL PROBLEM

In winter, the water contained in the cracks at the level of a reinforced concrete slab freezes, its volume increases,
and exerts a force, which tends to propagate the crack (Fig. 1). Ice also plays the role of glue that makes the concrete
on both sides of the crack remains attached. When spring arrives, the ice in the crack melts, and the concrete of the
lower part comes off and falls.

Fig. 1. Concrete blocks stand out from a bridge.

Internal cracks may be present within the slab and not be detected with conventional control means. Thereafter
comes this research, which aims to study the ability of infrared thermography to detect the presence of ice in cracks
during this season. The illustration of this phenomenon can be schematized in Fig. 2.
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Fig. 2. Schematization of the problem.
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PRESENTATION OF THE MODEL

The tests were carried out on a concrete slab 1 m long, 1 m wide, and 20 cm thick (Fig. 3).
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Fig. 3. Geometry of the slab.

This slab contains two rows of reinforcement located at a depth p = 8 cm from the lower surface of the slab. The
steel bars are spaced at a distance d = 10 cm from each other.

SIMULATIONS

In order to illustrate the considerations mentioned above, we present the results of calculations of the thermal
response of the reinforced concrete slab located at the following thermal conditions:
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Fig. 4. Boundary conditions of the slab.

The bottom surface of the structure is uniformly heated with a permanent heat source, the power of the heat flux
transmitted by this source is 500 W/m?, the upper face being maintained at a constant temperature T = 20°C, and the
other faces are supposed to be isolated (Q=0 W/m?). The initial temperatures considered for the lower surface and for
the ambient environment were 20°C (Fig.4). The materials used in this study are characterized by the thermophysical
properties grouped in the table 1.

Table 1. Thermophysical properties of materials used.

Thermal Density Heat capacity
Material Conductivity 3
(W/m.K) (Kg/m?®) J/Kg.K)
Concrete 1.8 2300 880
Structure steel 44.5 7850 475

Ice 1.05 918 2052
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Study of oblique cracks
The appearance of an oblique crack in a concrete slab is the result of several factors. These factors are caused by

» Differential settlement (Laure, 2006), linked to a clay soil. The clays swell in durably rainy weather, and shrink
during acute or prolonged drought episodes;

e An accidental event, such as pipe breakage (Nguyen et al., 2005).

However, some factors are more prevalent such as the poor quality of concrete used in construction. External
causes may also cause such cracks. In this study, we chose a system of the same dimensions as the previous one in
which an oblique crack is introduced (Fig. 5), of length L =4 ¢m and of height h = 10 cm, to incline of an angle of 45
degree. The power of the heat flux transmitted by the source is 500 W/m?.

crack thikness

Fig. 5. Geometry of the oblique crack.

The thermographic images given below represent the results of the simulations of the lower surface of the slab,
and the curves represent the temperature difference along the lines studied. In this section we will make a parametric
and geometric study for the oblique cracks in order to know the influence of the thickness and the position on the
detectability. For this we have considered a slab containing 12 defects in the form of ice sheets.
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Fig. 6. Location of oblique cracks in the structure.
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As shown in Fig. 6, the defects along the lines B1B2, B3B4, B5B6, and B7BS are, respectively, at the positions p
=1, 3, 6, and 9 cm. And the defects of thicknesses e = 1, 4, and 8 mm are situated, respectively, along the lines ASAO,
A3A4, and A1A2.

Effect of crack depth

Fig. 7 shows the distribution of the temperature of the lower surface; one observes three spots of different intensities
of such fate that the most intense task is that of thickness e3 = 8 mm, which is at the intersection of the lines A1A2 and
B1B2. The direction of inclination is given by the color spectrum of the thermal task at this point, on the thermogram
the color changes from blue (colder) to green (less cold), which indicates that the crack tilts to the right. On the curves
of evolution of the profile, one realizes that the defect according to each line appears; the maximum difference of
temperature AT is that which is close to the low surface. Moving away from the surface, the temperature profile begins
to become identical to that of a slab without the existence of any defect.
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Fig. 7. Temperature distribution along A1A2, A3A4, and ASAG.

Oblique fissures of thickness el = 1 mm are not detectable because the temperature profile realized along the line
AS5AG is identical to that realized along the same line without existence of the defect. By the same reasoning the cracks
found at the intersections of the lines {(A1A2), (B5B6)}, {(A1A2), (B7B8)}, {(A3A4), (B5SB6)}, and {(A3A4),
(B7B8)} are not detectable.

Effect of crack thickness

From Fig. 8, which represents the evolution of the temperature on the axes B1B2 and B3B4 tangent to the lower
face, we notice that there is a thickness influence on the temperature as in the previous cases. The greater the thickness,
the greater the difference in temperature, and the defect will be easy to detect.
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Fig. 8. Temperature distribution along B1B2 (1) and B3B4 (r).

The defects located at the intersection of the lines {(A1A2), (B1B2)}, {(A3A4), (B1B2)}, {(A1A2), (B3B4)}, and
{(A3A4), (B3B4)} represent, respectively, a temperature difference of 0.17 °C, 0.06 °C, 0.08 °C, and 0.04°C. These
results show that the limit of detectability of oblique fissures is at a depth p = 3 cm and a thickness e =4 mm.

Effect of tilt angle

In order to study the influence of the position in the detection of oblique defects in a concrete slab, we consider an
oblique crack of ice thickness e = 8 mm, placed in the slab to a depth p = lcm; the crack is inclined at an angle to the
low surface, with = 10°, 30°, 50°, and 70°.

The thermograms of Fig. 9 represent the temperature distribution of the lower surface of the slab, and Fig. 10
represents the temperature difference along the AB line for angle values ranging from 10 ° to 70 °.
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Fig. 9. Thermograms for different inclinations.

The contrast of the blue spots indicating the position of the defects increases as the value of the angle decreases.
Indeed, we can notice the same result in Fig. 11. The temperature difference between healthy and defective zones
reached 0.25 °C for a defect inclined by an angle = 10°; on the other hand, it only reached 0.16 °C for a defect inclined
by an angle = 70°. This shows when one tends from a horizontal defect to a vertical defect, detectability becomes
difficult. The contrast is proportional to the temperature drop AT between healthy areas and defective areas, but the
angle of inclination of the crack affects the contrast of the tasks of the defects in the thermograms.
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Fig. 10. Histogram of temperature difference along AB.

Effect of bar diameters

We keep the same system of the previous part, in which an oblique crack of thickness e = 8§ mm is introduced, placed
at a depth p =1 cm, and inclined at an angle = 45°, with respect to the low surface. The steel bars are, respectively, d
=10 mm, 20 mm, and 32 mm diameter. Fig. 11 shows the simulated thermographic image at the bottom surface of the
slab for the three diameters and represents the temperature difference along the AB line in each case.
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Fig. 11. Temperature distribution for different diameters.

Note that the effect of bar diameter is remarkable on the simulated thermographic image at the entrance surface. In
the presence of small diameter bars (d = 10mm), the heat flow propagates better in the structure (due to the decrease of
the thermal resistance, which favors the diffusion); hence the rise of the temperature of the latter this elevation is more

and more important when the diameter is smaller. This results in a larger temperature difference. Fig. 12 confirms what
has been deduced from the preceding figure.
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Fig. 12. Histogram of the temperature difference AT according to the steel bars.

Effect of thermophysical parameters

In order to illustrate the influence of thermo-physical parameters on the detection of an oblique crack of ice, we
consider the slab structure (Fig. 13.a), which contains 3 defects of thickness e = 8 mm, located at a depth p =1 cm,
inclined at an angle = 45 °, with respect to the lower surface (Fig. 13.b).
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Fig. 13. Structure adopted: (a): upper face; (b): Cross-section according to the plan (xoz).

Fig. 14 represents the simulated thermographic image of the lower surface of the slab with the existence of three
vertical cracks of different nature; in the same figure, we represent the temperature profile along the axis AB.
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Fig. 14. Thermal image and temperature distribution along the AB.

The figures above show the influence that the nature of the defects can have on the thermographic image; in fact,
when the material constituting the crack is a thermal conductor (ice: 1.05 W/m.K), the heat flow is spreading converging
towards the defect; hence a decrease in the temperature at the surface occurs. When the material constituting the pipe
is a thermal insulator (the air 0.02 W/m.K), the heat flow propagates by avoiding the defect, resulting in a rise of the
temperature on the surface directly facing the corresponding pipe.
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Temporal study

In this part, we are interested in the temporal study of an oblique crack located in a solid concrete slab. In this
part, we consider the same structure of the slab, containing 4 oblique cracks (the cracks detectable in steady state); the
cracks along the line A1A2 have a thickness e3 = 8 mm, and a thickness €2 = 4 mm along line A3A4 (Fig.15).
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Fig. 15. Face of the adopted structure.

A constant heat flux (Q=500 W/m?) is applied to the lower surface of the slab for a certain determined period of
time in order to cause a temperature difference AT sufficiently measurable by the camera between the healthy zones
of the slab and the defectives zones. The thermograms in Fig. 16 represent the distribution of the temperature of the
bottom surface, and the curves of Fig. 18 represent the evolution of the temperature profiles along the lines A1A2 and
A3AA4, after a heating period: t1 = 10 min, t2 = 30 min, t3 = 2h, and t4 = 4h.
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Fig. 16. Thermal images after different durations.
In the thermogram of Fig. 16, we note that 10 min of heating is not sufficient to detect the oblique crack of thickness

e3 = 8 mm, located at p = 1 cm, contrary to the cases of horizontal and vertical cracks, which have been detectable
easily after the same heating period. Indeed the cracks located at a depth p = 1cm become detectable after 30 min.
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such that they have a temperature difference of Ta - Tb = 0.07 °C for the crack thickness e3 = 8 mm, and a temperature
difference of Ta - Tb = 0.04 °C for the crack of thickness ¢2 =4 mm. In Fig. 17, it is found that the second crack along
the A1A2 line begins to appear, and its temperature difference is equal to Ta - Tb = 0.035 °C after 2 hours of heating.
By heating the structure a little more at t4 = 4h, on one side, the contrasts of the three fissures analyzed become clearer
on the thermograms. The second crack along the line A3A4 is not yet detectable. Moreover, its temperature profile
gives no idea about the existence of the latter, which makes the detectability of oblique cracks of thickness €2 =4 mm
and which is at a depth greater than 3 cm very difficult, which is not practicable, especially that infrared cameras can
operate up to 4 hours before they are loaded again.
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Fig. 17. Temperature distribution on axes A1A2 and A3A4 for different durations.

Study of spherical cracks

Spherical cracks are also one of the flaws that can exist in a reinforced concrete slab. Holes can cause many
problems if they are not detected and repaired. In this part, we will use infrared thermography to detect the existence
of a spherical crack. In this study, we chose the same structure of dimensions (100 cm x 100 cm x20cm), in which is
introduced nine defects of spherical shape are introduced, respectively, having a radius R of 1 cm, 2 cm, and 3 cm,
respectively, placed along the lines B1B2, B3B4, and B5B6 (Fig. 18).
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Fig. 18. View of the adopted face.
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It is assumed that the initial temperature is TO = 20 °C. The lower face is subjected to a continuous flow step and
extended density (Q = 500 W/m?). The other faces are isolated.
Effect of geometric parameters

The defects have a spherical shape, the diameter increases if one moves along the X axis, the depth being the same,
and on the other hand it varies if one moves along the Y axis, the diameter being constant (Fig. 18).

Effect of depth

In this part, to illustrate the influence of the depth of the defect, we have represented the evolution of the temperature
along the axes B1B2, B3B4, and B5B6.
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Fig. 19. Thermal image and temperature distribution.

Fig. 19 represents the recorded thermogram of the lower surface and shows the temperature evolution along these
axes B1B2, B3B4, and B5B6. The effect of ice hole depth on the surface temperature distribution is remarkable.

Indeed, for defects of the same diameter, the closer we get to the surface, the greater the temperature difference
associated with the defect becomes important.

Effect of crack thickness

Fig. 20 shows the evolution of the temperature at the surface of the structure, along the axes A1A2, A3A4, and ASA6.
The curve shows the influence of the defect thickness on the temperature distribution of the surface; thus, the greater the
thickness, the greater the intensity of the contrast, reflecting that the presence of defect is strong and vice versa.
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Fig. 20. Temperature evolution along axes A1A2, A3A4, and A5A6.

The defects located at the intersection of the lines {(A5A6), (B3B4)}, {(A3A4), (B5B6)}, and {(A5A6), (B5B6)},
respectively, represent a temperature difference equal to 0.12 © C, 0.19 ° C, and 0.75 © C. The other defects inserted
are located under the detectability zone, which is AT <0.035 ° C (Fig. 21).
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Fig. 21. Histogram of the temperature difference AT.

Diameter effect of steel bars

The diameter of the steel reinforcement varies from one slab to another; to study the effect of this parameter on the
detection of cracks, we inserted a spherical fissure of radius R = 3 cm in a structure (Fig. 22) of dimensions (100cm
x100cm x20cm), to a depth p = 1 cm. The steel bars have, respectively, d = 10 mm, 20 mm, and 32 mm diameter.

L,

Fig. 22. Cross-section according to plan (x0z).

Fig. 23 shows the simulated thermographic image on the lower surface of the slab and represents the temperature
difference along the AB line.

T ryTI R iw
o o i
] Pl &0 €0 L 300 LITTH
a=20mm a=32mm
| p e
S L o » mw w om LI S
d=10mm d=20mm a=32mm

Fig. 23. Temperature evolutions along AB for different diameters.
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It is noted that the effect of the diameter of the bars is remarkable on the temperature curves above. In the presence

of small diameter bars (d = 10mm), the heat flow propagates better in the structure (due to the decrease of the thermal
resistance, which favors diffusion); hence there is a rise in temperature of the latter.

Temperature difference AT[°C]

0,9
0,8
0,7
0,6
0,5
0,4
0,3
0,2
0,1

10

20
Diameter of bars (mum)

32

Fig. 24. Histogram of difference temperature for different diameters.

Fig. 24 confirms what was deduced previously. Indeed a crack located at the limit of the detectability zone
(AT = 0.035 °C) can be undetectable if it is placed in another structure (slab) whose diameter of reinforcement

is larger.

Effect of thermophysical parameters

To illustrate the influence of thermophysical default parameters, we consider the same structure of the slab (Fig.
25.a) containing three defects, of different nature, radius R = 3 cm, located at a depth p = 1 cm from the entrance

surface (Fig.25.b).
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Fig. 26 shows the simulated thermographic image of the inlet surface and shows the temperature profile along
the AB line. As in the case of a horizontal, vertical, and oblique crack, the nature of the defect (air, water, and ice)
acts differently on the heat flow through the concrete structure. The air and water anomalies accumulate heat, which
generates an increase in temperature compared to the neighborhood. In addition, the ice-type anomaly absorbs the heat
flow, which causes a drop in temperature in this area compared to its neighborhood. These results can be approached
differently by studying the effusivity of these materials, which describes the speed with which a material absorbs
calories. The higher the effusivity, the more the material (ice) absorbing energy without noticeably heating up. On the
contrary, the weaker it is, the faster the material (steel, air, concrete, and water) heats up. Three values to compare the
effusivity of the materials are used, as seen in the Table 2.

Table 2. Thermal effusivity of defects in the slab.

Material Effusivity (J.LK'.cm?.s1?)
Air 0.0006
Water 0.16
Ice 0.28
Temporal study

We are interested in the temporal study of a spherical crack located in a reinforced concrete slab. We consider the
same structure of the slab, containing 4 spheres of ice, the crack along the line B3B4 has a radius R1 = 2cm, and the
cracks of the line BSB6 have a radius R2 = 3 cm (Fig. 27).
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Fig. 27. View of the adopted structure.

The thermograms in Fig. 28 represent the distribution of the temperature of the bottom surface, and the curves
in Fig. 29 represent the evolution of temperature profiles along the lines B3B4 and B5B6, after a period of heating:
tl =7 min, t2 =20 min, t3 =1.5h, and t4 =4 h.
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It is noted on the temperature thermograms above that the effect of the heating period of the structure is strongly
related to the detectability of the holes. When the temperature rises, the bars become more visible.
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Fig. 29. Temperature distribution along B5B6.

From these figures, we note that the spherical crack located at p = 1cm and radius R = 3 cm is easily detectable
after 7 min of heating, with a temperature difference of Ta - Tb = 0.13 °C, which makes this type of crack detectable
by the three categories of cameras used in the inspection of civil engineering works. The crack of radius R =2 cm,
placed at the same depth, becomes detectable after 20 min. It is found that the temperature difference at that time
AT=0.04°C.

In this figure, we notice a temperature peak at the location of the crack located at p = 3 cm along the line B5B6;
its temperature difference is equal to AT = 0.02 °C after 1.5h of heating. This gap is very difficult to detect and
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interpret. By heating the structure a little more at t4 = 4 h, the peak becomes larger, and the temperature difference
will equal AT = 0.035 °C. This spherical crack becomes better detectable after 4 hours of heating of the structure.

CONCLUSION

In this study, we realized the effect of several parameters on the detectability of cracks in a reinforced concrete
slab; these cracks can be horizontal, vertical, oblique, or spherical. In order to know the impact of depth, diameter of
the steel bars, and nature of the material of the crack.

The results presented above show:

- Oblique fissures of thickness e = 1 mm, as well as all cracks (whatever e < 8mm) located at a depth not exceeding
3 c¢m are not detectable

- Under transient conditions only cracks at p =1 cm are detectable in a reasonable time.
Regarding the spherical fissures:

- The steady-state study showed that holes with radius R = 3 cm are detectable regardless of their position in the
slab, and holes with radius greater than or equal to 2 cm, which are located at depths that do not exceed 1cm, are
also detectable.

- When working under transient conditions, the detection of a spherical defect will be strongly related to the heating
period and the resolution of the equipment used. The higher the resolution of the cameras, the faster the detection
is; thus, the more you heat, the more the intensity of the contrast reflecting the presence of defect is clear.

- Some cracks require heating that exceeds four hours, making their detections impractical.
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