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Summary
The reinforced concrete structures need to be monitored to ensure their structural

integrity, but sometimes those measurements are very local, and the instrument is

complex to locate physically in the structure and may interfere on it. Digital Image

Correlation is a noncontact and nondestructive experimental technique capable to

measure the displacement field in a big region of a structure with a great accuracy.

This allows extracting valuable information from the fracture processes of reinforced

concrete structures, critical for the evaluation of the structural integrity. The mea-

surement of the energy dissipated by the structure is essential for the identification

of the strength mechanisms that are failing in the structure and to identify a proper

repair. Also, using fracture mechanics, other valuable information are extracted from

the fracture processes of the reinforced concrete beam, such as the Modes I and II

fracture energy released at each loading step, which is essential to evaluate the

elastic energy that the structure can accumulate before collapse. The examples

enable to anticipate the importance of Digital Image Correlation for future large

scale studies of fracture in concrete and other materials related to construction.
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1 | INTRODUCTION

For any solicitation, the structure always behaves following the energetic balance where the external work is mainly transformed
into kinetic, elastic, plastic, and fracture energies.[1] This is altered in a damaged structure, which has a lack of capacity to store
elastic energy, releasing part of the external work as fracture energy, and allowing the cracks to grow influenced by the local
material and geometry.[2] Through the identification of the cracks tips and measuring the full field displacement, the stress inten-
sity factors (SIFs) can be calculated as well as the energy release rate of each crack[3] in shear and tension.[4] This information is
valuable to determine the integrity of a structure. Showing that the strain state along the structure, and especially around each
crack tip, can predict the microstructural mechanisms failing in the material.[5] This can be used to identify the repairs required
and to evaluate the safety of the structure through its total energy release rate, with independence of the loading history. Our
results demonstrate how a contactless and affordable technique can tackle this highly demanded problem, with advantages with
respect to other monitoring techniques.[6--8] Digital Image Correlation (DIC) is a robust, nondestructive, and noncontact exper-
imental technique widely used in the last decades for micromechanical characterization of materials.[6] It uses images of a surface
to measure its local displacements, being the input of DIC, a pair of images (i.e., the reference and deformed), which are divided
in windows to correlate them and measure its displacements.[9] This technique is well known, although is still very scarcely
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employed in real size concrete structures with successful results. The great complexity and size of the concrete elements were a
drawback for the use of DIC, but the information that can be extracted with it is essential for the full characterization of the
fracture processes of concrete, which has encouraged its application. Thus, among others,[10--13] in 2006, Küntz et al.[14] applied
DIC to measure the stability of a shear crack in a reinforced concrete bridge during loading. In 2012, Lee et al.[15] compared the
measurements done with DIC in a reinforced concrete structure with foil and vibrating wire strain gauges. They concluded that
DIC is more versatile and as accurate as the others. In 2013, Dutton et al.[16] used DIC to measure the curvature of a reinforced
concrete beam of 3.8 m long. They did it imaging 2 regions of 600 × 400 mm where the deflection was calculated. And in 2014,
Fayyad and Lees[17] used it to measure the opening of a crack in a notched beam of 0.8 m long.

This paper will focus on exploring the possibilities of application of DIC as a health monitoring technique for civil
structures, mainly motivated by its noncontact and nondestructive nature.

The use of DIC to characterize the fracture of a reinforced concrete beam is also very useful to understand the complex frac-
ture processes[18] and the evolution of the crack behavior. Its combination with fracture mechanics allows us to extract more
characteristics of the fracture processes such as the relationship between Modes I and II and the transition between both. For
this, the SIFs are used and calculated from the strain field ahead of the crack tip. There are many solutions for this calculation
such as the interaction integral technique[19] or the method of Yoneyama el at.,[20] but in this paper, we are using the classical
polar equations of the linear elastic fracture mechanics.[3] In this paper, we are able to measure the discontinuity created by a
crack and the crack opening along the height of the beam, and to characterize the Modes I and II fractures. All those aspects,
with the Fracture Process Zone,[21] are the keys to characterize the integrity of reinforced concrete structures.

The paper is structured in three parts: the description of the experimental tests, the methodology used in the post‐process to
calculate the stress intensity factors and the fracture energy, and the application of the proposed methodology to reinforced con-
crete beams. Figure 1 shows the flowchart of the methodology, showing a picture of the beam used for the analysis and the result.
2 | EXPERIMENTAL INVESTIGATION

2.1 | Fracture test of a prestress beam

In this case, the DIC method was applied to a three‐point bending test in a concrete beam with four prestressed rebars, a span of
700 mm, and a 250 × 200 mm section (Figure 3a). The concrete has a compressive strength of 75 MPa, and the beam has four
prestressed longitudinal rebars of a 1,670C steel with a diameter of 7.5 mm located two at 50 mm from the top of the beam, and
other two at 40 mm from the bottom, without any shear reinforcement. The imaged area was 390 × 260 mm located beneath the
loading point in the center of the beam front. The images were taken with a camera Nikon D7200, with a size of 6,000 × 4,000
pixels (i.e., 24 Megapixels). Resulting in a pixel size of 0.065 mm. The images are treated with the softwares Moire Analysis
V0.956b[22] and ImageJ 1.46r,[23] using a windows size of 160 × 160 pixels and an overlap of the 50% with a single pass. This
gives an error of 5 μm, measured with an undeformed image displaced with a rigid body movement. After the calculation with
the deformed images, the displacement field was corrected for rigid body movements, rotation, and out of plane movements
with the algorithm of Saucedo‐Mora.[24]
2.2 | Fracture test of two reinforced concrete beams

A similar treatment was done for two reinforced concrete beams, with the same size of 4,000 × 300 × 250 mm (S/H/W) but
different reinforcement ratio and loading conditions. The compressive strength of the concrete used was 35 MPa and the yield
FIGURE 1 Flowchart of the full methodology, showing a picture of the beam used for the DIC and the strain field obtained in the post‐process
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stress of the steel B500‐S MPa. The first one was designed to reproduce a brittle failure given by shear, with a reinforcement of
five rebars of 16 mm diameter, located at 25 mm from the bottom, and shear stirrups every 200 mm with a diameter of 6 mm
(Figure 2a). This beam was tested with two loads located at 750 mm from the supports at each side. The second beam was
designed to fail in a ductile way by an excess of bending moment. It is reinforced with two rebars of 12 mm diameter located
at 25 mm from the bottom of the beam, and the two loads were located at 1330 mm from each support (Figure 2b).

The experimental process and setup were the same explained before, but for those beams, a window of 100 × 100 pixels
with an overlap of 75% was used with a single pass, with an error of 0.022 mm. The camera was located at 1,625 mm from
the beam, imaging half of the beam, that is, 2 m.
3 | METHODOLOGY

DIC is an experimental technique that measures the local movements of a deformed image when compared with a reference. To
do that, the reference image is divided in overlapped regions called windows. Then a search algorithm finds each window in the
deformed image based on the relative position of the pixels with different gray levels. As well, some algorithms incorporate
deformation and rotation to this search,[25] giving a higher accuracy than the ones that only consider the rigid body movements
of the window. The first step is to convert the reference and deformed images in an 8‐bit figure in gray scale, ensuring that both
have the same number of pixels and size. Also it is essential to have a reference of a known length to measure the pixel size of
the image (i.e., the length that corresponds to each pixel and allows us to measure the displacements of the image in mm). This
is done with the software ImageJ 1.46r.[23] Once preprocessed, we analyze the images with the software Moire Analysis
V0.956b[22] where the x and y displacements of the image are extracted. Afterwards, the data is processed with a self‐developed
code in Python 3.3[24] to correct the rigid body movements and rotation, the out of plane displacements,[26] and to calculate the
strain field using the linear elastic mechanics theory. Finally, the results are plotted in Paraview 5.0.0.[26]

The experimental preparation was the same for the three beams. First, the surface was cleaned, and its contrast was enhanced
with dots of different size. Those were done with permanent markers. A proper illumination was ensured with two light bulbs
located at both sides of the camera, avoiding cables and other objects that can produce a shadow into the structure. Then before
loading, two pictures were taken to measure the error of the DIC technique in this sample. During the load–unload cycles, the
load was recorded with a load cell, and the pictures were taken at each significant point. Those cycles were repeated until the
final collapse of the beam. Then the analysis was done as described before to extract the displacement field of each loaded
picture, using as a reference the unloaded from the previous step.

Once calculated the displacement field of each measurement, those are corrected and translated into strains using the Equa-
tion 1, which is the matrix form of the 2D differentiation of the displacement field.

εf gi ¼ B½ �T uf gi; (1)

where ε is the deformation tensor of the region i, u its displacement calculated and corrected from DIC, and [B]T is the matrix
containing the special derivatives of the shape functions. From the strain tensor, the eigenvalues and eigenvectors are calculated
FIGURE 2 Geometry, loading conditions, and reinforcement pattern of the two reinforced concrete beams tested: (a) the beam of Figure 7 and (b)
the beam of Figure 8
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to identify the maximum tensile strain and its orientation. From the strain tensor, the stresses can be calculated through the
material properties through Equation 2:

σf gi ¼ E
1−v2

1 v 0

v 1 0

0 0 1−v

2
64

3
75 εf gi: (2)

Because we calculate the strain field in a big region of the beam, and we can identify the crack tip position, we have the
strain field around the crack tip. It is given by a concentration of strains around it, which is characterized by the SIFs.[3] Those
are KI that represents the concentration caused by the Mode I grow of the crack and KII that is its equivalent for Mode II. From
those two values and the local crack orientation, using linear elastic fracture mechanics, the full stress field around the crack tip
can be reproduced with the polar equations (Equations 3–5).[3] To calculate KI and KII, the stress field given by Equations 3–5 is
fitted to the experimental strains measured, which are translated into stresses through Equation 2 with the mechanical properties
of the material, in this case a Young's modulus of 30 GPa and a Poisson's ratio of 0.23. Then KI and KII are calculated
through the minimization of the difference between the analytical and measured stress fields, using the package Numpy[27]
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With the values of KI and KII, the energy release rate can be calculated with Equation 6. The GfI,II is the energy needed to
grow a crack in unitary area in Modes I and II. Calculated assuming plane stress with the Equation 6:

Gfi ¼ K2
i =E ∀i ¼ I; II; (6)

Where E is the Young's modulus of the material. Those local values of Gf I and Gf II show the regions releasing energy in
one mode or the other, and the sum of those is an estimator of the integrity of the structure. Finally, the results are plotted with
Excel and visualized with Paraview 5.0.0,[26] translating the field data into VTU format.

This methodology, even if we do not know the loading history and the reinforcement pattern, can give key information
about the structural integrity and the repair needed due to the independency of the measurements.
4 | RESULTS

Figure 3 is an example of a DIC measurement at an early stage of the cracking process (i.e., half of the peak load); it shows the
relative strain between the loaded and the unloaded beam, without considering its initial strain given by the prestress. At the bot-
tom, the crack initiation can be identified as a hot spot in Figure 3a. As expected, there are compressive strains in the top part of
the beam. Figure 3b shows the deflection of the beam, measured through DIC at the bottom of the image, and it is compared with
the analytical deformation given by the beam theory. In this case, any big discontinuity in the deflection can be clearly identified,
as in Figure 3b for higher loads. It allows us to measure the opening of the central crack: 55 μm at 260 kN and 122 μm at 280 kN.
Also, when compared with the analytical solutions, the figure shows the nonlinearity of the beam once the first crack starts to
grow. All the measurements shown in Figure 3 are done at loads, which are around half of the peak load.
4.1 | DIC to characterize the crack of a prestressed concrete beam

The beam was tested with load/unload cycles with increasing peaks. For higher loads (Figure 4). the crack grows from the loca-
tion spotted in Figure 3a at an earlier stage with the DIC analysis. The displacement field of the imaged region (i.e., the full field



FIGURE 4 Deformed shape magnified 100 times and the superimposed strain field of the beam loaded at (a) 260 kN, (b) 280 kN, (c) 320 kN, and
(d) 360 kN

FIGURE 3 Digital Image Correlation (DIC) of the beam at 220 kN (45% of the peak load): (a) geometry of the beam and the tested beam
surface (i.e., the full field measured) with the strain in x and (b) deflection of the beam measured with DIC compared with the analytical
elastic solution
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measured) of the beam is extracted with DIC and magnified 100 times to plot the deformed shape of the beam with the strain
field superimposed, as in Figure 4. This amplification shows that the displacements measured are not noisy, producing a homo-
geneous deformation. Also, applying an arbitrary threshold of 0.1 in the strain, the crack can be identified. Figure 4 shows the
strain concentration around the crack tip and the Fracture Process Zone, as well as the regions under compression on the top of
the beam.

Figure 4 shows the interaction between the Mode I crack originated beneath the loading point and the compressive region on
the top of the beam. As the crack grows from 280 to 320 kN, the compressed region is displaced from the center of the beam, grow-
ing the crack around this region at 360 kN. In Figure 4, the regions in purple are confined under compression, and their displace-
ment to one side of the loading point creates nonsymmetry in the curvature of the beam. Also, the displacement of the compressive
regions leads to an increment of the shear in the right side of the beam that ends with a shear crack, which will be later introduced.

At 420 kN, 70 kN before the final load, another crack appeared on the right of the Mode I crack previously described. This
crack goes from the region with high shear strain at the bottom of the beam to the region on the top confined under compression
(Figure 4d). This crack grows dynamically, appearing with its 85 mm length between 400 and 420 kN. As a comparison, the
Mode I crack of the center grows 20.1 mm in this gap of 20 kN. Those compressions are relative to the reference measurement



6 of 11 SAUCEDO‐MORA ET AL.
at the start of the test, so the compression given by the prestress is not measured here. Figure 5 shows the x and y displace-
ment field, and the xx and xy strains superimposed with the real cracks of the beam. The agreement between the DIC
measurements of regions with high strains and the fracture paths are remarkable and shows the capability of this technique
to be used for crack detection.

Figure 5a is the x displacement field. As expected, the cracks introduce a discontinuity in the deformation, being bigger the
jump of the central crack. Figure 5b shows the y displacement field where the biggest discontinuity is caused by the crack on the
right. It needs to be mentioned that all the spurious movements were corrected from the raw DIC measurements,[24] which is
why all the movements are relative to the center of the image. Also, there is a region with a poor correlation, without data
due to a common error of the technique at the crack border.

Figure 5c,d is the x strain and the shear strain. Those show clearly that the central fracture is a Mode I crack that was created
and is growing in pure tension. As well the shear on the central crack is very low. The crack on the right produces a high con-
centration of shear strain along its path (Figure 5d), but in the crack tip its growth is governed by Mode I (Figure 6). Also, the
tensile strain is very low when compared with the central one in Figure 5c. It shows that as an average at this load, the central is
a Mode I crack and the one on the right is a Mixed‐Mode crack. But this can lead towards a wrong interpretation of the failure of
the beam, because all the energy that the two cracks have released was in Mode I, except the local releasement of the Crack 1 in
Mode II when it crossed the prestressed reinforcement. This is different in the reinforced concrete beams, where the growth of
the side cracks with curved trajectories are governed by shear. In this case, we can state that the prestress enhances the
FIGURE 5 Digital Image Correlation study of the beam loaded at 420 kN superimposed with the fractured beam, and two locations of the prestress
rebars: (a) the x displacement, (b) the y displacement, (c) the strain in x, and (d) the shear xy strain



FIGURE 6 Relationship between the load‐displacement behavior of the beam and the energy release rate of the two cracks at each point, in Modes I
and II
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mechanisms of the material to resist the Mode II failure, releasing the energy in Mode I. This is mainly the interlock of the
aggregates that is higher in the crack tip because the prestress in the concrete increases the friction between the faces of the Frac-
ture Process Zone. And with this, the mechanisms are enough to resist and prevent the Mode II releasement of energy. Figures 7
and 8 show the cases of reinforced concrete without prestress that cannot stop the releasement of energy in Mode II.
FIGURE 7 Strain field in Modes I and II for the beam and the energy release rate at 10 kN (a), 95 kN (b), and 149 kN (c). In (d) the load‐
displacement behavior of the beam with the total strain energy release rate at each step in the secondary horizontal axis



FIGURE 8 Strain field in Modes I and II for the beam and the energy release rate at 4.5 kN (a), 22.2 kN (b), and 43.1 kN (c). In (d) the load‐
displacement behavior of the beam with the total strain energy release rate at each step in the secondary horizontal axis
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4.2 | Modes I and II interactions in reinforced concrete beams

Figure 5 shows two cracks, one located in the center beneath the loading point (a) and other at ¼ of the span from the left sup-
port (b) at 420 kN. This is a beam of 700 × 250 × 200 mm with two prestressed wires of 7.5 mm diameter located at 40 mm
from the bottom. With the superimposed total strain measured with DIC, each crack has regions of discontinuous cracking and a
continuous crack. Showing that in a complex material, such as reinforced concrete, the crack propagation mode can change
locally due to the heterogeneities, with independence of the previous crack path and orientation or its global behavior. This
indeed gives valuable information about the integrity of a structure and its materials.

The results of Figures 6, 7, and 8 are quantitative measurements of the energy release rate of the different beams. In the
classical fracture mechanics theory of Griffith,[3] it is stated that the crack growth is related to the stress applied through a con-
stant, which is the fracture energy (Gf) or strain energy release rate. It means that the cracks release the elastic energy that the
structure cannot store, leading to collapse when the previous level of elastic energy is required. Our results show that the cracks
and their strain energy release rate are good estimators of the structural integrity. And can be decomposed in Modes I and II to
identify the strength mechanisms of the material that are releasing the energy and need to be repaired, in order to reach the
desired capabilities. Also, these measurements are independent of the loading history of the structure, and only the stiffness
of the material is required.

Figure 6 shows the strain energy release rate of the two cracks shown in Figure 5 along the loading test. These were mea-
sured in load/unload cycles, taking the reference pictures on the unloads and the deformed ones after the reload, ensuring the
independency of the measurements. Crack 1 is located in the center of the beam (Figure 5e) and Crack 2 at one side (Figure 5f).
The Crack 1 appeared at 215 kN (A of Figure 6) and started releasing energy in Mode I until it crossed the prestressed bars,
when the crack release punctually energy in Mode II combined with Mode I. This result does not follow the classical fracture
mechanics theory and can be given by the interlock effect of the reinforcement when the crack crosses it. Further tests need to be
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done to explain in detail every change of this plot. The strain energy release rate of this crack continues growing until the failure
in point B. The energy released is directly influencing the softening part of the load‐displacement curve, showing the real mech-
anisms of the material causing the lack of structural integrity; in that case, a tensile failure. At 400 kN, the Crack 2 starts to
grow, but perhaps it is inclined, the energy is released in Mode I, decreasing its strain energy release rate, which means that
the internal mechanism of the material were capable to resist it. Globally, looking at any point of the full test, the energy is
mainly released in Mode I, so if we want to repair it, we should act in the Mode I mechanisms, such as the reinforcement at
the bottom of the beam. Also, thanks to the DIC strain field, the damaged region can be identified, making the repairs local.

The results of Figures 7 and 5 are from the full field measurements in two beams with the same geometry, a 4 m span and a
cross section of 300 × 250 mm, but different reinforcement patterns and loading points. Only half of the beam was measured in
both cases, which is enough to characterize the different behavior of each beam. Each one has a different failure mode as a con-
sequence of their different steel content and boundary conditions. Figure 7 shows a beam with two loads at 750 mm from each
support. At the beginning (Figure 7a), the beam released energy mainly in Mode I through the several cracks that appeared early
at the bottom. Also, the energy dissipated is nearly constant between the loading points, which agree with the constant bending
moment of this region. A repair at this stage would be focused on the Mode I mechanisms of the material. At half of the peak
load (Figure 7b), the energy is only released by one crack close to the center in Mode I, and by two cracks between the loading
point and the support in Mode II. This agrees with the general theory of structural mechanics, which states that the bending
moment is higher between the loading points, and the shear is enclosed by the load and the support at both sides. It means that
even without knowing the loading conditions of the beam, our results prove that with this methodology those can be identified.

If we want to repair a beam with this pattern of strain energy release rate, we need to enhance the Mode I strength in the cen-
ter of the beam and the Mode II close to the support. Near the collapse of the beam, Figure 7c shows how all the strain energy is
released by the cracks between the support and the loading point only in Mode II; also the Mode II deformation shows clearly a
typical curved shear crack.[29] These cracks are growing in pure shear, differently than the ones of Figure 8, which are mixed
mode cracks. This result is interesting because the general tendency is to classify the cracks according to their position within
the structure, and their real behavior may vary, determining the optimum repair. Perhaps, the deformation in Mode I shows sev-
eral cracks in the beam, its Mode I strength mechanisms are enough to stop the energy releasement there. This is mainly the lon-
gitudinal reinforcement of the beam that is crossed by the cracks in the line E of the Figure 7d. The line D is the calculated
strength of the structure,[30] and it is inserted in the figures to have a reference about the point where the structures are working,
according to the solicitations considered during their design. The results prove that there is a relationship between the strain
energy release rate of the structure at any load step and its integrity. Its global value can be related to the safety of the structure
at every point, and locally, it can identify the regions to be repaired and how the material should be enhanced. But further exper-
iments need to be done to determine the critical values of the strain energy release rate in the structural integrity analysis.

The beam of Figure 8 has the same dimensions as the previous but with a lower reinforcement ratio, and the loading points
are closer to the center. In this case, the beam starts to release energy in Mode I in the region between loads as expected. And
after passing the reinforcement (line E), and close to its calculated strength[30] (line D), the Mode I energy release rate grows in
all the region appearing some cracks releasing energy in Mode II as well as Figure 8b shows. It means that some cracks created
in Mode I now release the energy both in Modes I and II, which is an observation of the well‐documented mixed mode frac-
ture.[29] In Figure 8c, the strain energy release rate of the cracks continues growing in Mode I, which means that the microstruc-
tural mechanisms of the reinforced concrete are not capable to stop them, and the repair should be focused on their improvement
in the central region. As Figure 8d shows, after point c, the reinforcement is completely plastified because it is not enough to
resist the energy released in Mode I that leads to failure.
5 | DISCUSSION

The results presented here add versatility and reduce the cost of the inspections done with other methodologies, such as the
ultrasonic pulse velocity[6,31] and the high energy radiography.[7,8] Due to the cost and complexity of those techniques, the most
common procedure nowadays is the visual inspection, which cannot give accurate predictions of the structural integrity. Our
results prove also that the visual inspection based on the orientation and number of cracks can lead to a misleading interpreta-
tion. In the experimental campaign, we tested a prestress concrete beam and two reinforced concrete beams, all under different
loading conditions, with the target to produce different failure modes, releasing the energy in Modes I and II indistinctly. The
materials have different strength mechanisms,[5] and in the case of concrete, the Mode I (tension) is mainly resisted by the ten-
sile strength of the cement matrix and the reinforcement, and the mechanisms of Mode II (shear) are the interlock of the aggre-
gates and the inclined reinforcement. So the crack growth changes from one to the other depending on the weakest strength
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mechanisms at the crack tip and the solicitation. Previous experiments of biaxial and triaxial extension[32] show how the incli-
nation of the crack is closely related with the failure mode, which agrees with Griffith theory[33] and the extensions of Irwin[34]

and Shah,[3] but our data shows that perhaps the angle have a global influence, the crack can locally switch the failure mode
without changing the angle, just because the weakest mechanisms of the material is locally different. It is capable to release
energy in Modes I and II at the same time, showing that different material mechanisms are involved simultaneously and produce
different effects. This is extremely important in the identification of the mechanisms to be repaired and the evolution of the
structural integrity, because the main target is to allow the structure to store more elastic energy.

The results open a new paradigm in the use of photogrammetry information to calculate the safety and repairs needed in a
damaged structure. It also proves that the visual inspections can lead to wrong interpretations because they are mostly based on
the amount of cracks and their trajectory. The contactless nature of this methodology, and the reduced cost of its experimental
equipment, paves the way for the application of this technique in the structural integrity evaluation of key buildings and infra-
structures, where the safety after an earthquake, an accident, or degradation needs to be ensured. Further investigation needs to
be done to accurately relate the value of the strain energy release rate with the structural integrity. And to identify the most suit-
able repairs to stop the energy releasement in Modes I and II. Our results prove that some cracks can grow in Modes I and II
simultaneously, or switching from one to the other depending on the material locally crossed. Also, the Crack 2 in the prestress
beam grow in Mode I, perhaps its position and trajectory are related to the shear cracks of beams without a prestress. A structure
can release energy in different modes at different loads, changing the failure mode that compromises its integrity and the loca-
tion of the region critically damaged. Showing that a global approach is needed to extend the fracture mechanics theory towards
real cases, where the safety of the structure needs to be ensured with a small amount of information and local variations.
6 | CONCLUSIONS

The paper presents a technique to use DIC data to identify the energy released by each crack locally in Mode I and Mode II. DIC
is a contactless and affordable technique and allow us to calculate the stress intensity factor and the Modes I and II fracture
energy, which are good indicators of the structural integrity. The release of the energy in different modes proves that the het-
erogeneity of the material and the loading conditions are interacting constantly, and the crack can change its growing mode
locally. Further research is needed to relate the values obtained with different repair strategies or the structural integrity.
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