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(@) (b)
Figure 4. Cut views of the lug equipped with eSHM on a XY plane at mid-thickness (a) and on a YZ
plane centered at the lug hole (b). The capillary around the hole is clearly visible (in the shown topology,
the capillary is circular with a diameter of 2 mm).

While the eSHM system has the advantage of a very simple principle of operation, conferring
a significant robustness to the system, and since the parts equipped with eSHM have to be
manufactured by additive manufacturing, it still presents a considerable design freedom in terms of
engineering. Indeed, the capillary shape is in principle arbitrary and can be “chosen” by the designer,
as well as its dimensions. However, keeping in mind that one should avoid salient edges and convex
shapes, this design freedom is restrained and one will limit oneself to capillaries of circular and
elliptical cross section. Nevertheless, the diameter/aspect ratio of the capillary can be tuned, and this
part of the study aims at quantifying in which proportion the capillary diameter/aspect ratio influences
the crack initiation behavior. Besides, the “edge-to-edge” distance between the bottom of the capillary
and the lug hole surface, referred here as distance “a” (in accordance with the terminology used in
the works [6,26,27]), is also a parameter in the engineering of the crack detection system. A smaller
edge-to-edge distance would imply a quicker detection of the propagating crack, and again, one aims
at quantifying the influence of this design parameter on the crack initiation. It must be noted that the
pressure inside the capillary also is another design parameter, but it has been shown in a previous study
that, at the pressurization levels used, no effect was observable on the stress field in the component [14].

The parametric study led in this work therefore concentrates on the influence of capillary shape
(circular or elliptical), dimension (diameter and aspect ratio), and edge-to-edge distance with respect
to the monitored region (lug hole surface). Figure 5 illustrates the different configurations under
consideration. Static simulations of the different configurations subject to the maximum pin loading
(Fuax = 21,000 N) have been run, and the resulting maximum tensile stresses on the lug hole surface
and capillary surface are compared to the situation of a “standard” or “reference” lug where no capillary
has been integrated. For the sake of accuracy of the numerical results, one has taken advantage of the
symmetry of the problem and only a quarter of the lug has been modeled. The mesh, consisting of about
700k (exact number depending on the eSHM configuration) linear hexahedron elements, has been
obtained after several refinement steps to ensure the use of a converged mesh.
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Figure 5. Schematics of the upper cross section of the lug when looking in a YZ plane centered at the
lug hole (one can refer to Figure 4b), illustrating the different implementations of the eSSHM (capillaries)
that have been assessed. In particular, different capillary diameters (a), edge-to-edge distance (b) and
aspect ratio’s (c).

2.2. Circular Capillary—Influence of Diameter

In this section, capillaries of circular cross section are considered. The influence of different
diameter sizes on the stress field in the component is studied. In particular, as here above mentioned,
one focuses on the axial stress in the initiation region (S11 ;) and on the capillary surface, as these
are considered to be the best indicators of the influence the eSHM has on the initiation behavior.
These results have been retrieved for five different diameters, namely 0.5 mm, 1 mm, 1.5 mm, 2 mm and
2.5 mm (respectively shown in brown, mauve, red, light blue and black on Figure 5a and on Figure 6),
all being located so that the edge-to-edge distance “a” remains equal to 3 mm. These diameters
corresponds to realistic values of what can be or will be achieved in a near future with the current or
forthcoming additive manufacturing technologies. Indeed, technologies based on Powder Bed Fusion
(PBF) have proven to be able to print capillaries down to 1 mm in diameter size, while technologies
such as Direct Energy Deposition (DED) are currently limited to 2 mm. However, considering the
evolution of the metal printing capabilities, and the advent of hybrid manufacturing, it is credible to
think that smaller capillaries will be soon achievable. Therefore, it felt relevant to model capillaries as
small as 0.5 mm in diameter, even if those are not yet printable.
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Figure 6. Axial stress S17 on the most critical line of the pin hole surface (bottom line in Figure 5,
highlighted in orange), across the lug thickness, and as a function of the capillary diameter.
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The axial stress values in the initiation region (cross-section bottom line in Figure 5) can be seen
in Figure 6. As symmetry is used in the model, the results are presented for z = 0 mm to z = 2.5 mm,
while the lug thickness is actually 5 mm. The reference lug experiences a maximum tensile axial
stress of 336 MPa in the initiation region (also seen on Figure 3). On the graph of Figure 6, it can be
seen that the presence of the capillary inside the lug raises the tensile axial stress level in that region,
and therefore reduces the crack initiation life. However, it can be noticed that capillaries of very small
dimensions (0.5 and 1 mm) have a very limited impact on the maximum stress level (339 MPa instead
of 336 MPa). Table 1 summarizes this data, and also presents the maximum axial tensile stress on
the capillary surface. It is noteworthy to realize that in all cases, the maximum stress on the capillary
surface remains significantly inferior to the stress in the initiation region. This implies that in the case
of a smooth capillary, a crack would normally not initiate at the capillary itself, as the lug hole surface
remains the region where the amplitude of tensile stresses variations is the highest.

Table 1. Maximum axial tensile stress values in the initiation region (S;1 ;) and on the capillary
surface (Syax,cap) in function of capillary diameter (D). The results are compared with the reference lug,
in which no capillary is integrated.

D (mm) Sll,ini (MPa) SL}:” Smux,cap (MPa)

re

Reference 336 - -
0.5 339 +0.9% 198
1 340 +1.2% 204
1.5 345 +2.6% 214
2 352 +4.8% 226
2.5 363 +8.0% 245

2.3. Circular Capillary—Influence of Edge-to-Edge Distance

Bringing the capillary closer to the initiation region (thus, reducing the distance “a”) is desirable for
earlier detection of fatigue cracks that would develop at the lug hole surface. However, the influence
it has on stress raise in the initiation region and at the capillary surface has to be studied. In the
experimental investigations around the eSHM, the distance “a” is traditionally set to 2 mm [26,27].
Therefore, for the purpose of this parametric study, the diameter of the capillary was kept constant at
1.5 mm, and edge-to-edge distances equal to 3 mm, 2 mm and 1 mm have been considered (respectively
shown in red, black and green on Figure 5b).

The results are presented in Table 2. These demonstrate that earlier crack detection (smaller “a”
distance) inherently comes with a raised stress level in the initiation region, but this raising remains
very limited (increase of 1.9% between a = 3 mm and 2 = 1 mm). Moreover, even for an edge-to-edge
distance of 1 mm, the tensile stress level on the capillary surface remains inferior to the tensile stress
level in the initiation region. Again, this implies that the lug hole surface would remain the initiation
site. It is however noteworthy to realize that in practice, due to the current limitations in additive
manufacturing technologies, the roughness level in the capillary acts as a significant stress raiser,
and implies that when brought too close to the surface, cracks actually initiate at the capillary instead
of at the surface. This has been thoroughly studied in the work by Giinther et al. [22]. This is also the
reason why experimental testing around the eSHM has traditionally used an edge-to-edge distance
of 2 mm [26,27]. From this, it can be inferred that capillary roughness is the main challenge to the
practical implementation of the eSHM, as the presence of the capillary itself should not affect the crack
initiation site nor significantly the crack initiation life, provided the capillaries are small with respect
to the lug dimensions.
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Table 2. Maximum axial tensile stress values in the initiation region (S ;,;) and on the capillary surface
(Smax,ca ,,) in function of edge-to-edge distance (a).

a (mm) Sll,ini (MPa) Sni Smux,cap (MPa)

ref
Reference 336 - -
1 351 +4.5% 260
2 347 +3.3% 226
3 345 +2.7% 214

2.4. Elliptical Capillary—Influence of Ellipse Aspect Ratio

Finally, it has to be assessed whether there would be an added-value to using capillaries of
elliptical cross section instead of circular cross section. Indeed, these would definitely be more complex
to manufacture, but it is deemed that this could have a beneficial impact on the tensile stress level in the
initiation region and more significantly on the capillary surface. To that purpose, capillaries of various
aspect ratios, ranging from 1 (circular capillary) to 4, but of identical cross sectional area (1 mm?) and
constant edge-to-edge distance are considered. These configurations are shown in Figure 5c.

The results of the simulations performed on these lugs is shown in Table 3. It can be seen that
the impact on the stress level in the initiation region is negligible. However, as it is expected, the use
of an elliptical cross section affects quite significantly the stress level at the capillary surface, as the
maximum value of tensile stress attained on the capillary surface drops from 226 MPa (circular
capillary) to 174 MPa (ellipse of aspect ratio 4), thus resulting in a 23% decrease on the surface.
As a consequence, it indicates that the use of an elliptical cross section could enable to position the
capillary closer to the lug hole surface (hence achieving faster detection) while minimizing the risk of
initiation at the capillary itself.

Table 3. Maximum axial tensile stress values in function of capillary cross section aspect ratio (AR).

AR Strini (MPa) 2§, cqp (MPa)
Reference 336 - -
1 (circular) 352 +4.8% 226
1.56 350 +4.2% 199
2.25 349 +3.9% 183
3.06 348 +3.6% 176
4.0 347 +3.3% 174

3. Crack Propagation Considerations

3.1. Numerical Framework

When a crack grows from the initiation region, due to the reduction of cross-sectional area in
the plane where the crack propagates, it can be expected that the propagation speeds will be higher
than in the reference lug, at least when the crack propagates through the region where the capillary is
located. Hence, the objective of this section is to quantify the repercussions of the acceleration on the
crack growth life. This quantification is done in function of capillary shape and size. To that purpose,
fatigue crack growth simulations have been run on lugs equipped with different configurations of the
eSHM, namely those of Figure 5a,c. The results are then compared to computations run on the reference
lug (in which there is no capillary). Two types of initial defect are considered: a part-through crack
of initial length 4y = 1 mm (to be consistent with the study of Schijve [29]), and a quarter-elliptical
crack of initial lengths ag = 1 mm and by = 1 mm, both located at the initiation region (top of the lug
hole surface). Part-trough cracks and quarter-elliptical cracks are actually the most fore-coming type
of defects in aeronautical lugs [30].

The objective here is to make a comparison between a reference lug and lugs equipped with the
eSHM, so that to be able to infer up to what extend the capillaries do affect the crack growth life.
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The crack propagation model used may thus remain simple, and therefore, the Paris law has been
referred to [31,32], considering a Paris exponent n = 3.58 and a Paris coefficient of C = 1.3651e —
133 - (MPa /mn)~". The fracture toughness of aluminum 2024-T3 is K. =1010 MPa+/mm, so that
the lugs are considered to have failed when the cracks reach a length of 4y =12 mm (the maximum
stress intensity factors (mode I) on the crack front reach K. for that crack length).

All the fatigue crack growth simulations have been performed with Morfeo, developed by
Cenaero [33,34]. In the software, the propagation is driven by a user defined crack propagation step Aa.
The software then computes the corresponding AN, number of cycles required to propagate the crack
by Aa. One should note that Aa has to be set to a value ensuring that the propagation path is properly
computed, and that the time integration yielding the AN is correctly evaluated. Since the software is
based on the XFEM method, the crack position in the mesh is spotted by level sets, which are at each
step updated based on propagation length and direction [33-35]. All the meshes used in this section
have been generated using the open source pre- and post-processor “Gmsh”, developed by Geuzaine
and Remacle [36]. They were obtained after several refinement steps, ensuring the use of a converged
mesh. The mesh was highly refined in the crack region, and particularly in the initial defect region (see

Figure 7), to ensure for converged stress intensity factors on the complete crack path. Depending on
the configuration, the mesh totalizes between 850 k and 930 k linear tetrahedron elements.

(b)

(@
Figure 7. Mesh used in the fatigue crack propagation simulations. (a): overview. (b): highly refined
region around the crack.

3.2. Influence of Capillary Diameter on Crack Growth Life

In what follows, the “crack length” refers to the distance between the lug hole surface and the
intersection between the crack front and the side surface of the lug. This choice has almost no influence
on the crack growth curve of the part-through crack since the crack front curvature is very limited.
However, concerning the quarter-elliptical crack, this definition implies that the number of cycles to
detection (corresponding to the moment where the crack breaches the capillary) does not correspond
to a crack length equal to 3 mm (see Figure 8).

The crack growth curves are presented in Figures 9 and 10. The number of cycles to failure and
number of cycles to detection are given respectively in Tables 4 and 5. It is interesting to note that even
though a simple crack propagation model has been used, the fatigue life obtained for the reference
lug and for the part-through crack, namely 11,470 cycles, agrees fairly with the experimental works of
Schijve, where the fatigue life of the specimens oscillated between 13,500 and 15,500 cycles [29]. For the
quarter-elliptical initial defect, the numerical results cannot really be compared to the experimental
works of Schijve, as the initial defect introduced in the experiment (a corner crack) is different than the
one modeled in the present research.
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Crack
length

Figure 8. Crack front just before reaching the capillary (2 mm diameter) after propagation of the initial
quarter-elliptical defect.

Table 4. Fatigue crack growth lives (Ny) and cycles to detection (Ny) as a function of capillary diameter,
in the case of part-through crack. The variation of fatigue life compared to the reference lug (A) is also
given, as well as the Remaining Useful Lifetime after detection (RUL).

D (mm) Ny A Ng  RULg (% of Ny)
Reference 11,470 - - -
0.5 11,400 —0.6% 4500 61
1 11,160 —2.7% 4470 60
1.5 10,630 —7.3% 4070 62
2 10,060 —12.4% 3605 64
2.5 9290 —19% 3380 63

Table 5. Fatigue crack growth lives (Ny), variation with respect to the reference lug (A), cycles to
detection (N;) and post-detection Remaining Useful Lifetime (RULy) as a function of capillary diameter
and in the case of quarter-elliptical crack.

D (mm) Ny A Ny RUL (% of Ny)
Reference 27,490 - - -
0.5 27,220 —1% 19,970 26
1 27,080 —1.5% 19,100 29
15 26,180 —4.8% 18,100 31
2 24,130 —12.2% 16,870 30
2.5 22,520 —18% 15,070 33

Several interesting observations can be made from these crack propagation computations.
First, for both types of defects, small capillaries have a limited negative impact in terms of the fatigue
crack growth lifes. The impact that would be tolerated by a component manufacturer would inevitably
be application dependent. However, to set ideas, one considers here that a reduction by 5% of the
crack growth life compared to a reference lug remains acceptable. With this assumption, capillaries of
0.5 mm and 1 mm are acceptable designs. Conversely, for large capillaries, the severe stress state on the
propagation plane implies that the stress intensity factor field on the crack front is also more severe.
In the first propagation step computed, the maximum mode I stress intensity factor on the reference lug
for a part-through crack is 586 MPa+/mm, while it already reaches 644 MPa/mm for the lug equipped
with a 2.5 mm diameter capillary. The propagation speeds are thus already larger, even before the
crack reaches the capillary. This is clearly seen on Figure 9. Second, it is worth noting that this trend is
consistent with the effect capillaries have in terms of crack initiation. This illustrates the interest of
working with relatively small capillaries (compared to the dimensions of the component), which is
also the direction aimed for in the research around the eSHM methodology. Third, for the part-through
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crack, the detection occurs early in the crack propagation life, and can be further improved, should it
be needed, by bringing the capillary closer to the initiation region. Indeed, as shown in Table 4 and in
Figure 9, the remaining post-detection crack growth life represents 60% of the total crack propagation
life (Nf). However, due to the lower propagation rates in the early stage (clearly seen in Figure 10),
this is not true anymore for the quarter-elliptical crack. Indeed, the Remaining Useful Lifetime after
detection is reduced in this case to barely 30% of Ny. Therefore, alternative designs, such as integrating
two ex-centered capillaries, could be envisaged to remedy this when needed. Finally, it must be noted

that the presence of the capillary has no influence on the crack path, which is in all cases straight
in the y-direction.

No capillary M 4
D=0.5mm / 7 78
10/*D=1mm A
D=1.5mm ¢
D=2mm P
*D=2.5mm el

8

Crack Length (mm)

0
0 2000 4000 6000 8000 10000 12000 14000
Number of Cycles

Figure 9. Fatigue crack growth curves for various capillary diameters, for a part-through crack.

Crack Length (mm)
(o2}

0 0.5 1 1.5 2 25 3
Number of Cycles x10*

Figure 10. Fatigue crack growth curves for various capillary diameters, for a for a quarter-elliptical crack.
3.3. Influence of Capillary Shape on the Crack Growth Life

The crack propagation curves obtained for a part-through crack are shown in Figure 11. It can
be clearly seen that varying the aspect ratio of the capillary actually has a negligible effect, as the
impact on the crack propagation life remains below 2.5% variation (see Table 6). Increasing the aspect
ratio of the capillary implies that the local reduction in area felt by the crack is less important than for
circular capillaries. Crack propagation speeds in the neighborhood of the capillary are hence lower for
elliptical capillaries. However, due to the vertical extension (along the y-axis) of the elliptical capillary,
the time frame during which the crack propagates in a reduced available sectional area is also longer.
This counterbalances the positive effect of lower propagation speeds, hence explaining why small
difference in crack propagation life is obtained.

397



Materials 2019, 12, 2965

Table 6. Fatigue crack growth lives (Ny), variations with respect to the circular capillary case (Acircylar)
and cycles to detection (N;) as a function of capillary aspect ratio, in the case of part-through crack.

AR () Nf Acircular Na

1 10,050 - 3605
1.56 9920 —-1.3% 3805
2.25 9860 —1.9% 3900
3.06 9860 —-19% 3990

4 9820  —2.3%% 4030

Circular D=2mm
AR=1.56
107 AR=2.25 1
AR=3.06
AR=4.0

Crack Length (mm)
S (o>}
T

0 . . . . .
0 2000 4000 6000 8000 10000 12000 14000
Number of Cycles

Figure 11. Fatigue crack growth curves for various capillary aspect ratio and in the case of
part-through crack.

4. Conclusions

In the present work, the influence on fatigue life of the implementation of the effective Structural
Health Monitoring (eSHM) methodology has been dealt within the context of straight lugs.

It has been shown that the inclusion of small capillaries (0.5 or 1 mm diameter) has a negligible
influence on both crack initiation behavior and on fatigue crack propagation life. Conversely,
large capillaries have a significant negative impact on crack growth life and crack initiation. This brings
to the conclusion that proper application of the effective Structural Health Monitoring methodology
requires extra engineering work at the design stage of the component, as a bad implementation
can result in degraded fatigue performances. Moreover, this also sheds light on the importance of
further research on hybrid manufacturing in the frame of the effective Structural Health Monitoring
methodology, since that technology is deemed to enable the inclusion of capillaries that remain smooth
while being very small in size.

It was also shown that the different configurations studied here present the drawback of
late detection for quarter-elliptical cracks. However, thanks to the additive manufacturing process,
many other configurations can be thought of to remedy this, should it be a problem for a particular
application. One could think of integrating two side capillaries instead of one centered capillary,
or use the weight spared with the inclusion of the capillary to increase the thickness of the lug when
tolerances permit. In other words, the optimization space available in the frame of the configuration
and implementation of the eSHM is very wide, and only a portion of that space has been explored
here. This is especially true as additional features can be foreseen in the scope of the eSHM, such as
crack localization and load monitoring. The scope of possibilities offered by the eSHM is very wide,
and further research efforts should be devoted to the development of the eSHM methodology.

In this work, one important challenge to the possible practical utilization of the eSHM
has been overcome. Several other hurdles exist before certification could be envisaged, but this
work has demonstrated the interest and potential of equipping engineering components with the
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effective Structural Health Monitoring methodology. In particular, the authors intend to build
a demonstrator lug equipped with this novel structural health monitoring technology, following
the design recommendations of the present work.
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Abstract: The structure and the development degree of a cracking pattern has a key impact on the
durability of cement composites. This literature review focuses on the four most important aspects
related to the evaluation of the surface cracking patterns, i.e., the process of formation, propagation
and evolution of cracks into a branched system of cracks from the point of view of the fracture
mechanics; the detection techniques of the cracking patterns on the surface of cement composites,
where the tools of computer image analysis are the most used; parameters which can quantify the
development degree and morphology of the cracks system; and also the influence of a cracking pattern
on the functional features of cement composites. The studies described so far indicate the necessity of
continuous development of this research area, because the knowledge of key relationships between
the cracking patterns and functional properties of a cement composite is necessary to estimate the
degree of material degradation. Researchers agree that the works carried out in the field of evaluation
of the cracking patterns, to a large extent, contributes to the development of non-destructive testing
methods in the field of cement composites technology.

Keywords: cracking pattern; cracks; cement composites; concrete; image analysis; non-destructive
testing

1. Introduction

A cement composite is a conglomerate of aggregate grains combined into an artificial stone as
a result of hardening of cement paste. This group consists of concretes—containing fine and coarse
aggregate, mortars—containing fine aggregate and cement pastes, which in a sense can be considered
as the micro-concretes. In this definition, the internal structure of a mature cement paste is composed
of: relics of cement grains—as aggregate, gel-crystalline form of hydrated cement grains—as binder,
free water remaining after the hydration reaction, as well as contractionary gel and capillary air
pores of various moisture content [1]. The basic features of a fresh cement composite mix are its
workability and potential strength. The latter feature manifests itself only after hardening but its value
is pre-determined by the composition of the mixture and technology of its preparation. The mechanical
strength first of all depends on the quality of the cement paste, i.e., the properties of the cement and
the water/cement ratio (w/c). A fresh cement composite mix should contain enough cement and water
to achieve the desired consistency on the one hand, and the hardened concrete on the other hand has
the designed strength with filled aggregate cavities.

At the end of the 1920s, Brandtzaeg [2], who investigated longitudinal and transverse deformations
of a concrete sample subjected to a uniaxial compression, found an increase in volume at close to
destructive stress, which he attributed to an intensive increase in the number and size of the microcracks.
Several years later the same phenomenon was observed by Yoshida [3]. For the next two decades,
the phenomenon observed by the two aforementioned researchers was of little interest. It was only
the growing problems related to safety and durability of reinforced concrete structures that drew the
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researchers’ attention again to the changes occurring in the structure of concrete under a short- and
long-term load. The increasingly improved measuring equipment made it possible to develop new
research methods, both direct and indirect, allowing to conclude on the destruction of structural bonds
at various stages of loading. The first property that has been observed is the fact that in the case of
strong aggregate grains, the cracks run through the contact surface of the cement paste-aggregate,
the so-called Interfacial Transition Zone (ITZ). On the other hand, in the case of grains weaker than
hardened cement matrix, these grains may be broken up. Today, this feature of the cement composite
is considered crucial in terms of its durability and strength.

The disadvantage of cement composites is their ability to brittle cracking. Nevertheless, they are
characterized by low plasticity, because the destruction under a static load occurs with moderately low
total deformation. The brittle behavior limit is assumed to be a deformation of the order of 0.001 to
0.005 (relative value) at destruction stage, with high strength concrete being more brittle than normal
strength concrete [1,4]. A sudden release of an elastic energy causes the local tensile strength of the
cement matrix to be exceeded, resulting in a crack formation [5-7]. A characteristic feature of cement
matrix and cement composites is the propagation and development of cracks under increasing load or
duration of impact. The cracks, by joining and intersecting, form a network of cracks in the material,
which is also referred to as the cracking pattern [8-16]. An example of the cracking pattern on the
surface of a cement matrix is presented in Figure 1. In the cement composite technology, one of the key
research areas is the analysis of the process of crack formation and development, because the formation
of the cracking pattern is accompanied by a decrease in durability of the material. This is manifested
by the deterioration of virtually all properties of cement composites, ranging from a decrease in
mechanical strength, through reduced frost resistance, water resistance or resistance to aggressive
chemicals. In the final stage of development of the cracking pattern there is a total loss of material
cohesion, which results in its destruction.

Figure 1. The cracking pattern on the surface of a cement matrix exposed to a temperature of 450 °C.

The aim of the article is to provide a current state-of-the-art in the field of the analysis of the
cracking patterns in cement composites. This research issue has a very high scientific potential and
a great practical significance, but due to its multidisciplinary character it is sometimes difficult to
implement. The analysis of the cracking patterns combines many fields of science, including the
fracture mechanics, image analysis and technical aspects of the materials engineering—in this case, the
cement composites technology. The scope of the work includes mainly consideration of the surface
cracks. This literature review is divided into 6 main parts. The first section is an introduction to the
topic of the cracking patterns in cement composites. The second section discusses the basics related to
the process of formation and propagation of cracks in brittle cement materials. The process of evolution
of single cracks into a complete, branched system of cracks present in the structure of the material is
discussed. The analysis of the cracking patterns requires their extraction from the material structure.
Since computer image analysis is definitely the dominant method of an automatic crack detection,
Section 3 discusses the most important techniques used to extract cracks for further quantitative
analyses. Section 4 discusses the most important and most frequently used quantitative parameters,
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which are used to describe the morphology and complexity of the cracking patterns. Then, in Section 5,
the results of the most important studies on the influence of the structure of the cracking patterns
on the functional properties of a wide range of cement composites are discussed in a synthetic way.
The last section is a summary of the literature review, which indicates the most important problems and
difficulties in quantitative analysis of the cracking patterns, and indicates possible further directions of
research and development in this area.

What distinguishes this review from others of similar subject matter is the fact that the paper
presents in a comprehensive way the problem of analysis of the cracking patterns in the structure of
cement composites. There are reviews on image analysis itself, in which only methods of the digital
cracks extraction are discussed. In such works there is a lack of information about the influence of
the cracking patterns on the functional properties of cement composites. So far, no work has been
recorded in which this subject has been discussed in a collective way; i.e., starting from the presentation
of the mechanism that causes cracks and their transformation into a cracking pattern, through the
techniques used for analysis, as well as quantitative parameters that can characterize the cracking
patterns, to the most important thing from the point of view of the cement composites technology—i.e.,
how the cracking patterns affect the functional properties of this group of materials.

2. Causes of Cracks and Cracking Patterns in Cement Composites

Destruction of the cement composite is a consequence of its cracking, so it is important to consider
this problem in detail. The actual strength of a cement composite or other brittle material is much
lower than the theoretical strength, determined on the basis of molecular cohesion (strength of ionic or
atomic bonds), and calculated on the basis of surface energy of a perfectly homogenous solid body
(without internal damage). Theoretically, the strength should be approximately equal to tenth of the
Young’s module, but practically it is much smaller. This state gave rise to the application of the Griffith’s
theory [17] to describe the physical and mechanical properties of cement composites. Griffith was a
pioneer of the fracture mechanics and he assumed that crystals always have defects that cause stress
concentration in a small area, which is enough to locally exceed the theoretical fracture strength of
the material. Starting from the energy balance of the process, Griffith determined the so-called crack
propagation criterion. It gives the stress value which causes further cracking of the brittle material:
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where:

E—the Young’s modulus of elasticity [N/m?],
F—the surface energy [N/m],
c—half the length of the crack [m].

Thus, for brittle materials that have a certain elasticity, the strength is dependent on the Young’s
modulus, surface energy and a crack length. However, the energy required to produce a new surface
due to cracking is actually higher than o. In order to take this into account, the Griffith formula has
therefore introduced the fracture work W [J/m?] = [N/m], which, in addition to the surface energy,
includes the plastic deformation of the material that accompanies the crack propagation:
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The literature contains numerous studies on the applicability of Griffith’s theory to hardened
cement matrix [18]. According to Mindess [19], the W for a cement matrix is in a fairly wide range of
7-14 J/m?. The determination of W itself is problematic, however, it is not necessary to determine oy.
For this purpose, it is sufficient to experimentally determine the critical stress intensity factor (Kjc),
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which is the product of W and the Young’s modulus of the material. During the determination of Kj¢,
the stress at which the material breaks is determined, which is equivalent to the moment when the
crack begins to grow rapidly. The practical significance of the Kjc lies in the fact that by knowing its
value it is possible to determine the value of destructive stress depending on the shape and dimension
of the crack and vice versa, i.e., by knowing the value of an operational stress in the element, it is
possible to calculate the size of the critical crack at which it will break. In the light of the tests carried
out so far, it appears that the Kjc value for pastes made of Portland cement is in the range from
0.4-0.5 MN/m?2 [20-24]. The current guidelines for the Kj¢ testing of cement composites are contained
in the RILEM Draft Recommendations [25].

It is known that the physical and mechanical properties of cement composites are mainly
determined by such factors as: total porosity, pore size distribution, the presence of material defects
and the degree of structure variation. In the literature there are many studies [26-29] which indicate a
strong correlation between the porosity of a cement composite and its strength. In this aspect, however,
the pore structure is also of more importance, where it has been shown that the strength increases with
decreasing pore dimensions [30,31]. Thus, the application of the classical fracture mechanics to the
cement matrix means that the factor determining the strength will not be the total porosity, but the
dimension of the largest gap—in this case the air pore [32,33]. An experiment conducted by Birchall et
al. [34] proved that the bending strength of classical cement pastes lies on the curve determined from
the Griffith’s equation (Figure 2a). The width of the gap (pore) was substituted for the dimension of
the largest defect, naturally occurring in the material or artificially produced. On the other hand, the
compliance of strength of cement paste with the overall porosity results from the fact that factors that
reduce the overall porosity also reduce the dimension of the critical gap (pore) [35].

A - low porosity and a large proportion of
non-hydrated cement
80 B - increase in porosity and GH content
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o D - increase in porosity and decrease in the
ﬂt? ~ number of inter-grain contacts
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Figure 2. Dependency: (a) bending strength as a function of defect size (according to [34]); (b) cracking
action as a function of porosity (according to [24]).

The dependence of W and K¢ on the porosity of the cement matrix is complicated. Beaudoin [24]
developed a qualitative course of this dependence, as shown in Figure 2b. Both of the above parameters
depend to a large extent on the way the material is dried, i.e., ultimately on the humidity of the
environment in which the cement matrix matures, as the effect of water on the strength of the cement
paste is commonly known. The results of [20,24] show that a decrease in relative humidity of the
environment from 100% to 0% results in an increase in W from 7 to 14 J/m? and Kjc from 0.20 to
0.46 MN/m>?2. Samples of cement paste soaked in water have a much lower tensile strength than dry
ones. In the case of compressive strength, this feature increases slightly after drying the material [36,37].
Water, absorbing on the crack walls, shows the pushing pressure, which significantly facilitates the
cracking process. On the other hand, the drying process removes the pushing water pressure on
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the crack planes near the crack limit. This was indirectly confirmed by an experiment conducted
by Robertson and Mills [37]. They soaked the cement paste with organic solvents, which prevented
significant reduction of tensile strength when moistened. Large molecules of organic solvents could
not penetrate the microcracks, which prevented the pushing pressure.

The analysis of the effect of morphology of hydrated cement matrix on the cracking process was
based on the hypothesis that portlandite crystals weaken its structure [38]. It was found that the cracks
largely surround the areas where Ca(OH); crystals occur. However, in the light of other studies [39] it
was found that the strength of portlandite is similar to that of the CSH phase. On the other hand, the
reason that cracks form relatively easily and run along these crystals is the morphology of the CH
crystals themselves in the transition zone and high porosity in ordinary concretes. Ultimately, this
results in a reduction in concrete strength. A radical change in this situation occurs when the wyc ratio is
reduced or microsilica is applied. In his considerations, Mindess [18] believes that empirical formulas
combining porosity with strength can be used, but only for the classical cement matrix. In the case of
significant modification of the structure resulting, e.g., from the presence of an additive or reactive
admixture, or as a result of a hydrothermal treatment, the classical empirical formulas cannot be used.

The properties of concrete are mostly determined by the properties of the cement matrix. It is
known that the hydrated cement matrix contains numerous discontinuities in the form of pores,
microcracks and voids, which do not necessarily act as defects themselves. A defect can be, e.g.,
a crack in the grain that is associated with the presence of such a void, or it can be caused by shrinkage
or insufficient adhesion. This is a natural situation in a cement composite, taking into account the
heterogeneous structure of the material and the way the different phases combine. It has been
confirmed [40] that pores in the cement paste are not the only possible critical defects of the structure.
The application of the Griffith’s hypothesis assumes that first of all the voids in an unsegregated
cement composite must be distributed at random, which is in line with the actual state of affairs [41].
Secondly, it is assumed that in the place where the defect exists there is a microscopic destruction, and
the unit of material volume containing the weakest place determines the strength of the whole sample.
Thus, each crack spreads over the entire section of the specimen subjected to a given stress or, in other
words, a phenomenon occurring in an element is identified with the same phenomenon occurring in
the entire volume. This occurs under the assumption of an even distribution of stresses and under the
condition that the second consecutive weakest point in the material is not capable of carrying a stress
nf(n—1) times greater than the stress at which the weakest point is destroyed, where n is the number
of elements in the loaded section, each containing one defect. Thus, colloquially speaking, a cement
composite is as strong as its weakest link.

Studies [42—44] indicate that in the ITZ and in the cement matrix itself there are very small
cracks even before the load is applied to the cement composite. They are most probably the result of
unavoidable differences in properties between the aggregate and hydrated cement matrix, combined
with shrinkage and thermal stress. Microcracks are observed not only for cement composites of
normal strength but also in unloaded concretes of w/c < 0.25, which mature in moist environment [45].
According to some studies [46], it is believed that the microcracks existing before loading are mainly
responsible for low tensile strength of the cement composite. The microcracks are defined as cracks
with a maximum width of up to 0.1 mm [1,46], which usually means the smallest dimension that can
be followed by the naked eye.

The process of development of the microcracks under the compressive stress is already known.
When a growing load is applied, the cracks remain stable to a load of about 30% of the limit load.
Then the microcracks begin to propagate in terms of both length and width, and their number also
increases. The stress at which the cracks develop depends on the wy/c ratio of the cement matrix.
This state is called as the stable crack propagation. As a result of further increase of the load up to a
value between 70-90% of the maximum load, cracks are formed in the mortar. The cracks are then
connected to the cracks caused by the breaking of adhesion and thus a certain system of continuous
cracks is created, the so-called cracking pattern. This state is called as the state of rapid propagation of
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the cracks [42]. The stress level at the beginning of this state is higher in high strength concretes than
in normal concretes. The increase in cumulative crack length is very large, while it is lower in high
strength concretes [47]. The beginning of the state of rapid crack propagation corresponds to the point
of discontinuity in volumetric deformations. If the load is fixed, the material can be destroyed as a
function of time. However, as long as the cracks are stable, their presence is not harmful. This state is
characteristic for the whole family of cement composites.

The structural heterogeneity of concrete is sometimes beneficial. For example, when the contact
between coarse aggregate and cement paste is the site of local microcracks, it means that the presence
of coarse aggregate grains prevents the opening of a single wide crack. These grains act as a blocking
factor for the microcracks. The adhesion surfaces in the ITZ are formed at any angle to the direction
of external force. As a result, local stresses differ significantly, upwards and downwards, from the
nominal applied load. In the cement composite, cracks occur at each level of structural heterogeneity
of the material [48-51]. Using an electron scanning microscope, the existence of a sub-microcracks
was detected in the cement gel. However, there is no clear evidence that these sub-microcracks have a
significant effect on concrete strength.

As shown above, the process of cracking and crack propagation is not a simple and unambiguous
process. Very often, the formation of a crack may be initiated by one particular cause, and its
development may be associated with a different cause [52]. Under certain physical conditions, the total
width of cracks per unit length of the cement composite is usually constant. It is advantageous for the
width of cracks to be as small as possible, which results in the fact that it is better if there are more
cracks, but with a smaller widths than if there were fewer of them, but with a larger widths [12,13,15].
For example, the introduction of reinforcement controls shrinkage cracks by reducing the width of
individual cracks, but does not change the total width of all cracks. The importance of the cracking
process and the minimum width of the crack, which is considered significant, depend on the function
of the structural element and on the exposure conditions of the cement composite. Table 1 summarizes
the classification of cracks occurring in cement composites, together with the reasons for the formation
and approximate time of occurrence of a given type of cracks.

Table 1. Types of cracks characteristic for structural elements made of cement-based composites
(according to [52]).

Type of Cracks Reasons Occurence Time Typical Location
excessive secretion of cement sections of considerable
plastic settlement milk—bleeding; rapid 10 min-3 h depth; top of column, trough
initial drying and coffered panels
rapid initial drying; reinforcement
plastic shrinkage at the surface; low speed of 30 min—-6 h surfaces; slabs

drained water discharge
excessive heat generation;

early thermal contraction  excessive temperature gradients; 1 day-(2-3 weeks) thick walls; thick plates
rapid cooling
prolonged shrinkage ineffective connections; excessive several weeks

- . - thi Is; wall
during drying contraction; inadequate care or months 1n panets; watls

excessive rubbing; rich mix;

-cracki . 1-7 1ls; pl
map-cracking inadequate care days walls; plates
corrosion of the insufficient cover; poor

. ; over 2 years columns; beams

reinforcement concrete quality
alkaline reactions in the reactive aggregate; cement with .
. . over 5 years moistened elements
aggregate high alkali content
ankle cracks aggregates damaged by frost over 10 years free ends of plates

3. Techniques for the Detection of Individual Cracks and the Whole Cracking Pattern

The first studies concerning the analysis of the morphology of cracks in cement composites were more
qualitative than quantitative. Cracks were analyzed by means of a visual evaluation. This introduced
great inaccuracies because the study was contaminated with human factor. Small portable measuring
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microscopes were started to be used for more accurate measurements, which were mainly used to
determine the crack opening width in reinforced concrete structures [53]. It was only the development of
digital technologies that initiated the development of research methods for the cracks analysis, as the
computer image analysis was used for this purpose. The main problem of methods based on the digital
image analysis is still the correct detection of cracks on the material surface. The reason for this is mainly
a weak contrast of cracks to the remaining surface of the material. In the case of cement composites,
cracks are visible as black or dark grey, and the natural shade of this group of materials is similar to grey.
In recent years there has been a great development of digital testing methods for analyzing single cracks as
well as the whole cracking patterns. This section discusses the most frequently used and at the same time
most popular image analysis techniques, used in the analysis of cracks in cement composites, from the
simplest in application to advanced segmentation algorithms.

3.1. Global Thresholding

The most basic and at the same time least complicated method of crack segmentation is the global
thresholding [54-56]. It consists of determining for the whole analyzed image the global threshold
value on the histogram, below which all pixels are interpreted as cracks and the rest are treated as
background. This method is the least accurate of all methods of image analysis, because it can result
in a very noisy image—cracks are very often integrated into the noise generated by the background.
Depending on the complexity of the morphology of the analyzed surface, very often such an image
is not suitable for analysis and drawing conclusions in terms of identification and evaluation of the
cracking patterns. Currently, no analysis is performed using the global thresholding method, while the
thresholding operation itself is popularly used at various stages of analysis, especially at an image
pre-processing stage.

3.2. Locally Adaptive Thresholding

Using this group of algorithms, the threshold is calculated individually for each pixel depending
on the local statistics of neighboring pixels. Such statistics can be, e.g., variance, range or surface-fitting
parameters. Finally, the threshold value is a function dependent on the position of the pixel, i.e., T(i,j),
where: i, j—coordinates of the pixel [56]. This method is much more useful when assessing whether or
not there is a crack in the analyzed, local area. Tang and Gu [57] used the locally adaptive thresholding
on the histogram, which was initially smoothed with the Gaussian filter. They obtained a good quality
image showing the cracking pattern on the surface of the concrete road pavement, however, it was
contaminated with small objects with non-linear characteristics. They used morphology operators
such as the dilation operator and erosion operator to remove them. Tong et al. [58] developed software
for cracks inspections for concrete bridges using adaptive thresholding elements in their algorithm.
Liu et al. [59] developed a multistage method for identifying cracks in concrete assets, without any
focus on specific application. In order to solve the problem of low contrast between the cracks and
background, they proposed an image enhancement algorithm that uses the multi-scale guided filters
with gradient information. The result was a well-contrasted image that uses the adaptive threshold
segmentation to create a binary image representing the cracking pattern. Tests carried out on various
images showing the real surfaces of cement composites showed the high validity and robustness of
this approach. An example of using the method is shown in Figure 3.
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Figure 3. Example of the effect achieved by the locally adaptive thresholding: (a) original image;
(b) after processing; based on [60].

3.3. Otsu Thresholding

The Otsu method is a very popular method, valued for its simplicity and efficiency. The algorithm
was published in 1979 [61]. The aim of the algorithm is to binaryize the image, i.e., to convert the
grayscale image to a binary image. The method is based on the histogram analysis and consists in
minimizing the sum of the weighted variance of two classes (background and foreground objects),
which is the same as maximizing the interclass variance. The method is particularly well suited for
cases where the number of background and foreground pixels is similar. The idea of this method is
shown in Figure 4.

_{max IV
L el \\\’/ Inter-class Variance (IV)

Pixel Count
Otsu Treshold

N i
Pixel Intensity

Figure 4. The Otsu method visualization.

Talab et al. [62] used the Otsu algorithm to detect major cracks on the surface of concrete structures.
The original image was initially modified with a Sobel filter. The proposed method allowed for clear and
accurate detection of cracks in images. Valenca et al. [63] developed an innovative method called the
“MCRACK”, which aimed at automatic identification of the cracking patterns on the surface of cement
composites, using digital image processing techniques. The whole procedure consisted of 6 stages.
In one of the stages it was necessary to create a binary image which reinforced the discontinuities on
the surface of the material. For this purpose, several algorithms of image binearization were compared,
including the Canny edge detector, the Otsu method and the manual threshold. Binearization with the
Otsu algorithm proved to be the most stable and gave the most accurate results, so it was decided
to implement it in the final method. Hoang [64] proposed a way to improve the Otsu method
(Figure 5) by earlier implementation of an image enhancement algorithm called the Min-Max Grey
Level Discrimination. The whole procedure allowed for positive identification of cracks on the surface
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of cement composites, additionally analyzing the morphology of individual cracks, i.e., determining
perimeter, area, width, length and orientation.

(a) (b)

Figure 5. Extraction of cracks with Otsu thresholding: (a) original image; (b) after processing;
based on [64].

3.4. Genetic Algorithms

Genetic algorithms are applicable to many optimization problems. An algorithm is a kind
of heuristics that searches the space for alternative problem solutions to find the best solutions.
By definition, the pattern of genetic algorithms resembles the phenomenon of biological evolution.
Nishikawa et al. [65] designed an algorithm based on genetic programming which created an image
filter for cracks detection on the surface of cement composites. The developed algorithm was an
improved version of the filtering technique proposed by Aoki and Nagao [66], who suggested that
the technique developed by them could be used to solve many engineering problems. The algorithm
proposed by Nishikawa et al. [65] presented robust performance for removing of noises from the
image and for cracks detection. In his next work Nishikawa et al. [67] expanded the capabilities of the
previously developed genetic algorithm to measure the width of crack opening and determine the
spatial orientation of the cracks on the analyzed concrete surface. The crack opening width measured
by means of the modified algorithm was in high agreement with the width measured manually,
which confirmed the possibility of practical application of the developed method for health monitoring
of concrete structures. Genetic algorithms were also used in the detection of cracks on road surfaces,
where the input material was a monochromatic surface image [68]. An example of using the genetic
algorithm is shown in Figure 6.
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Figure 6. Extraction of cracks on a concrete surface using the genetic algorithm: (a) original image; (b)
after processing; based on [69].

3.5. Fuzzy Logic Based Techniques

Fuzzy logic is one of the multi-value logic, i.e., one in which more than two logical values are
adopted. This term is closely related to the fuzzy set theory. In the fuzzy logic, a series of intermediate
values extend between state 0 (e.g., false) and state 1 (e.g., true), which determine the degree of
belonging of an element to a set. The fuzzy logic is very useful in engineering applications, because
the classical truth/false logic cannot effectively deal with many ambiguous problems [70]. The problem
of this type in the cement composites technology is precisely the digital identification of cracks using
an image analysis. The problem of ambiguous identification of cracks on the surface of a cement
composite using the fuzzy logic has been shown in Figure 7. The fuzzy logic techniques are often used
in combination with genetic algorithms and artificial neural networks, which may result in the creation
of an intelligent system with the ability to generalize knowledge in a given area.

Area of
ambiguity

Noise Crack

Gray-scale histogram ——=

Figure 7. Model scheme of the fuzzy logic in an application to identify cracks on the surface of cement
composites, where the input variable is the value on the gray-scale histogram.

Choudhary and Dey [71] used a fuzzy logic model in which they used “area” and “ratio” as input
variables and the output variable was the “class” of the object. The class in this case was the pixel
belonging to the crack or noise. Each variable consisted of two or more fuzzy subsets and corresponding
trapezoidal membership functions. A total of 205 different images representing a cracked concrete
surface were examined and it was found that the overall accuracy of the model was estimated at
90-94%. The fuzzy logic technique was also used to identify cracks on road pavements [72]. The whole
developed method was based on the assumption that the crack is a continuous element and is darker on
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the histogram compared to its surroundings. The developed algorithm allowed positive identification
of very thin cracks, even on very noisy pavement images. Yan et al. [73] developed an adaptive fuzzy
image enhancement algorithm that effectively identified the cracking patterns on pavement surface.

3.6. Artificial Neural Networks

Neural networks are a very complex family of mathematical structures whose software or
hardware models perform calculations or process signals through rows of processing elements called
as the artificial neurons. The artificial neurons perform a basic operation on their input. There are
different types of artificial neural networks, but their common feature is that their structure consists
of neurons connected by synapses. Weights, or numerical values, are associated with synapses,
whose interpretation depends on the model [74].

Lee and Lee [75] presented an integrated system consisting of three types of neural networks
(image-based, histogram-based and proximity-based) to classify cracks on the concrete pavement
surface. The system was validated on 124 actual pavement images. As a result of the analysis, it was
concluded that the proximity-based neural network, despite the smallest computational requirements,
is characterized by the highest accuracy in searching for the cracking patterns, which was estimated
at about 95%. Bray et al. [76] developed a two-stage process of classifying cracks on the surface of
concrete road surfaces using the artificial neural networks. In the first stage, based on the density and
histogram, the artificial neural network divided into images with cracks and images without cracks. In
the second stage, another neural network, after image segmentation, determined the type of cracks.
The obtained results indicated 100% accuracy of the system in classifying images with cracks and
82% accuracy in classifying images without cracks. While the developed system gave good results in
terms of cracks detection, it did not perform well in classifying the type of crack. Moon and Kim [77]
developed an intelligent, automatic system for the cracks detection on concrete surfaces. The algorithm
consisted of two main stages. In the first step, cracks were extracted from the digital image using
filtering operations, the improved subtraction method and morphological operations. In the second
stage, the cracks detection was performed by means of a backpropagation neural network. The whole
algorithm was trained on 105 images of cracked concrete surfaces and then validated on another
120 images. The developed algorithm was characterized by a very high recognition rate, amounting
to 90% for crack images and 92% for non-crack images, respectively. The authors emphasize the
simplicity of the application of the algorithm, which makes it possible to assess the occurrence of
cracks by non-expert inspectors. The versatility of programming artificial neural networks made it a
very popular technique for detection of the cracking patterns, where further examples of application
can be found in [78-81]. An example of the effect of identifying cracks on concrete surfaces with the
implementation of artificial neural networks is shown in Figure 8.
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Figure 8. Results of crack detection by means of the artificial neural network, based on [79].

411



Materials 2020, 13, 2490

3.7. Dijkstra Algorithm

In theory, the algorithm is used to solve the problem of the shortest path, i.e., the problem of
finding the shortest connection between given vertices in a weighted graph. The operation of the
algorithm is based on the fact that when analyzing a given graph with a distinguished vertex there are
distances from the source to all other vertices. In a very simple way, the algorithm can be modified to
look only for the shortest path to one fixed vertex, interrupting the action when reaching the target
vertex or transposing the graph’s incident table. The feature of the Dijkstra algorithm is that it finds
all the shortest paths between the selected vertex and all the others, while calculating the cost of
passing each of these paths [82]. Using the Dijkstra algorithm is a very effective method to predict the
occurrence of cracks in a given area, when there are cracks discontinuities due to a contamination of
the digital image or local crack bridging is present.

Ambhaz et al. [83] proposed an original method of automatic crack detection on digital pavement
images, which main assumption is the location of minimal paths within each image. The developed
minimal path selection algorithm consists of three main parts, i.e., endpoint selection, minimal path
estimation using the Dijkstra algorithm and minimal path selection. The algorithm is supplemented
by two post-processing steps, i.e., elimination of artifacts, and crack width detection. The developed
algorithm was validated on real cracked pavement images and compared with five other crack
extraction methods. The proposed algorithm automatically provided very robust and accurate results
in a wide spectrum of situations, which is undoubtedly its advantage. Gunkel et al. [84] developed
a procedure for automatic micro-crack detection that uses a shortest path algorithm. The method is
very effective for the identification of microcracks that occur in a plastic deformation environment,
where separation between cracks and plastic deformations is difficult. In the first stage of the method,
cracks are detected as combined cluster systems, consisting of pixels with a gradient value below
a certain threshold value. Then, the crack paths are identified with the Dijkstra algorithm as the
longest shortest paths through the darkest areas of the cluster system. The developed method was
applied to more than 2000 digital images of cracked surfaces. However, the procedure has some
limitations because it assumes that the crack is only one path. The method is not suitable for identifying
tree-like cracks.

Many researchers note [83-86] that using the Dijkstra algorithm to solve the problem of cracks
detection on the surface of cement composites requires a very large amount of computational effort,
which only highly specialized machines can cope with. It is necessary to further search and modify the
algorithms that deal with the issue of the minimal path selection.

3.8. The Bayesian Classifier

One of the most effective methods of extracting the cracking patterns from a digital image of the
cracked surface of a cement composite is the use of machine learning algorithms. One of the most
popular algorithms used for this purpose is the Bayesian classifier, which is a simple probabilistic
classifier. The classifier is based on the assumption of mutual independence of predictors (independent
variables). They often have no relation to reality and therefore the classifier is often referred to as
the Naive Bayesian classifier. In this case, the probability model can be derived using the Bayesian
theorem, which binds the conditional probabilities of two mutually dependent events. Depending on
the type of accuracy of the probability model, the Bayesian classifier can be effectively taught in a
supervised learning mode. In many practical applications, the estimation of the parameter for the
Bayesian classifier occurs using the maximum probability method “a posteriori”, which is a kind of
paradox because the classifier can be used without believing in the Bayesian theorem. A characteristic
feature of the classifier is that the classification is valid as long as the correct class is more likely than
others. Despite its naive design and many simplified assumptions, the Bayesian classifier is very
effective in real situations [87].

Schmugge et al. [88] developed an automatic crack identification method for use in concrete and
steel construction elements of nuclear power plants. In this case the Bayesian classifier was used to
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classify whether a pair of line segments belong to the same segment or not. These linear segments
were a segment of the cracks. Then, certain geometrical features of the line were determined for
each segment, e.g., distance, orientation and similarity. The tests carried out on real images using
the developed method showed an improvement in the ability to identify cracks by 38% compared to
the reference methods. Hutchinson and Chen [89] proposed an automatic system for the detection of
various types of defects in concrete, not only cracks but also cavities. Their procedure is based on the
Bayesian decision theory. The detection of a probable crack is based on the implementation of two
algorithms, i.e., the Canny and the fast Haar transform. The Bayesian classifier, on the other hand,
decided whether the identified area in the image, which may be a crack, is really a crack. The advantage
of the developed method is a quite accurate localization of concrete surface damage, with a small
calculation effort. Valenca etal. [90] went one step further and created a powerful tool called “SurfCrete”
for analyzing concrete surfaces. With this method, it is possible to classify an area into different
classes, e.g., crack, biological corrosion, exposed aggregate grain or repair mortar. In their work they
used two types of classifiers, i.e., the Bayesian classifier and the Multi-Layer Perceptron. Each of the
classifiers was taught on a fragment of the surface showing a given morphological change of the
concrete surface. The effect of the method is the possibility to create a map of concrete surface damage.
After validation of the method, the accuracy of approx. 94% was obtained on the real concrete surface
images. The Bayesian classifier is also popular in cracks detection systems in road surfaces [91,92].

3.9. The AdaBoost Classifier

The AdaBoost classifier is another tool used by machine learning algorithms. It is one of the basic
algorithms for boosting, which is a method by which a large number of weak classifiers can be used to
get one better. In this case, a weak classifier is one that is relatively simple and can classify test data
with an efficiency of more than 50%. The classifier works in such a way that in subsequent iterations it
trains and then measures the error of all available weak classifiers. In each subsequent iteration the
importance of badly classified observations is increased, so that the classifiers pay more attention to
them. The algorithm can significantly improve the quality of classification, but this improvement is
only observed when weak classifiers are used as components. When more complex classifiers are used,
the use of the AdaBoost algorithm does not lead to a significant increase in effectiveness [93].

Cord and Chambon [94] used the AdaBoost classifier to classify defects on road surfaces. The whole
method is based on an appropriate selection of linear and non-linear filters depending on the texture
of the analyzed image. In this case, the task of the AdaBoost classifier is to choose the most optimal set
of filters to extract cracks in a particular case. A number of textural descriptors are used to learn the
classifier. The obtained results were compared with the results of the methods already described in the
literature and high efficiency of the developed method was noticed. Prasanna et al. [95] developed an
automatic method for the cracks detection on bridge deck surfaces, which they called as the STRUM.
The use of machine learning algorithms allowed to eliminate the need for manual definition and
tuning of threshold parameters. The developed method uses the robust curve fitting to locate potential
cracked areas. Three types of classifiers were used within the algorithm, i.e., the AdaBoost, support
vector machines and random forest. The procedure allows to develop the crack density maps in the
analyzed area. The accuracy of the algorithm was estimated at about 90%.

3.10. Summary of Techniques for Identifying Cracks and Their Accuracy in the Literature Review Works

The authors of the works, which have been included in the literature review, stress the universality
of individual methods, as they can be applied to virtually any engineering problem aimed at identifying
surface linear structures. The presented crack identification techniques have been developed mainly
to apply to the surface of cement composites, practically in every application, i.e., bridge structures,
reinforced concrete tanks, floor and wall structures, structures in nuclear power plants, dams, etc.
The second group of application that stands out is road surfaces, both concrete and asphalt.
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Table 2 synthetically lists the types of techniques used to detect surface cracks in cement composites
embedded in various types of structures, with references to literature items covering the scope of this
literature review. In most cases the developed cracks detection algorithms are often a combination of
many techniques, so the list also includes those methods which are not discussed in detail. In addition,
the levels of accuracy of cracks identification obtained by individual researchers are presented, based on
the literature survey.

Table 2. A summary of the cracks identification techniques and their accuracy, with literature references.

Accuracy Level (Only Where the

Digital Image Processing Technique References Authors Have Given I
Global thresholding [54-56,84] <90% [54]
Locally adaptive thresholding [55-60] 90-95% [58]
Otsu thresholding [61-64,73] >95% [63]
Edge detection [54,63,71] <90% [54]; 90-95% [71]; >95% [63]
Probabilistic approach [55] -
Median filtering [55] -
Sobel’s filtering [62] -
Morphological approach [57-59,77,81] 90-95% [58]; 90-95% [77]
Genetic algorithms [65,67-69] <90% [67]
Fuzzy logic based techniques [70-73] 90-95% [71]
Artificial neural networks [71,75-81] =90% [;(9)57()2]’[;)50’ ;?9?8/(3][71’77]’
Wavelet approach [76] <90% [76]
Dijkstra algorithm [83-86] -
The Bayesian classifier [88-92] 90-95% [90]
The AdaBoost classifier [94,95] <90% [95]
Statistical methods [89] -

Apart from methods closely related to the computer image analysis, there are also other methods
of cracks detection, e.g., infrared thermography, x-ray tomography or acoustic emission.

4. Parameters to Describe the Morphology of the Cracking Patterns

The cracking pattern on the surface of a cement composite is a kind of surface structure.
The morphology of this structure changes depending on many technological factors, such as the
composition of the composite, the factor causing the cracking process, the duration of load, etc.
Scientists have always wondered what reliable parameters from already existing ones can be used to
quantify the cracking pattern. An alternative was to look for and define new quantitative parameters
that would be used for this particular purpose. This section describes the most important and most
frequently used quantitative parameters used to describe the morphology of the cracking patterns.

4.1. Opening Width of the Cracks

The crack opening width is one of the simplest parameters to measure, as measurements can be
taken locally using portable optical microscopes. However, such a measurement is burdened by the
error of the human eye. Greater measurement accuracy is achieved by using a digital measurement,
on a previously prepared image of the tested surface. This parameter is also of great practical value,
since practically every aspect of durability of cement composites depends on the opening width of
cracks. Due to the simplicity of the measurement, it is very often used to measure the width of cracks
opening as a supplementary test to the main research thread concerning the cracking patterns. It is
also valuable to give the maximum crack width, because in the case of a cracked cement composite,
its mechanical strength is largely dependent on this parameter.

Wagner et al. [96,97] proposed a classification of the measured crack width distributions as the
crack width polygons. Cracks of particular widths are accumulated in percentage. The graph of the
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crack width polygons allows very quickly to determine the percentage of cracks with a width, which is
below a certain limit. This parameter allows to characterize the whole of the cracking pattern, because it
is physically very similar to the construction of the particle size distribution curves—in case of analyzing
aggregates for cement composites.

4.2. Length and Orientation of the Cracks

The length of the cracks or the entire cracks system, as well as the orientation of the cracks, are one
of the basic parameters for determining the properties of a cracks. It is relatively easy to measure
when implementing computer image analysis into a research program. The combination of these two
properties, which characterize the cracking pattern, can provide a lot of information, e.g., regarding
the direction of shrinkage or swelling of the cement composite, the direction of the aggressive agent
action, etc. The orientation of cracks on a degraded composite is very important for the prediction
of its mechanical properties, as well as for predicting the direction of further development of the
cracks network.

In his research, Szelag [12-16,98] introduced a modification of the crack length measurement,
by measuring the length of the perimeter line of the area which is limited by the cracks. This approach
applies to the analysis of cracks that form closed areas called as the clusters, on the surface of the
material. The clusters are formed only when there is a strong volumetric cracks propagation, e.g.,
in case of a thermal load.

4.3. The Crack Density

In the early 1990s, Mobasher et al. [99] defined a new parameter to describe the morphology
of the cracking patterns, which is commonly used today, namely the crack density. This parameter
was defined as the ratio of the average length of the crack to the area of the surface under analysis,
according to the equation:

2L
La=—3 ©)
where:

La—the crack density [mm™1],
L—the average crack length [mm],
a2—the area of the test section [mm?].

A slightly modified version of the crack density, i.e., the parameter expressed as number of cracks
per meter [13,96,100], is also encountered in the research. In this version, the crack density is more
convenient to use, because in order to get the result it is necessary to count the number of cracks
crossing the test line, and relate the result to the situation when the test line would be 1 m long. In this
case, with the crack density it can be very easily calculated the crack spacing, which is a size that
symbolizes the average distances between the cracks.

4.4, The Crack Area

The crack area is a surface parameter and determines which area is occupied by cracks.
This parameter is used in two versions, i.e., as an absolute value expressed, e.g., in mm?, and as
a relative value in relation to the total area of the area under analysis, then often the crack area is given as
a percentage value. Compared to the previously mentioned parameters, the crack area is more difficult
to determine because it requires more complex digital image processing techniques.

Similarly as in the case of measuring the crack length, also in the case of the measurement of the
crack area, Szelag [12-16,98,101,102] applied a modification consisting in the measurement of the area
which is limited by the cracks.
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4.5. The Fractal Dimension

Very often such local parameters as its length or width of the opening are insufficient to describe
the complexity of the cracking pattern. Thus, in recent years there has been a growing interest in
using the concept of fractal dimension for this purpose. The use of fractal geometry to characterize the
cracking pattern has many advantages compared to the use of Euclidean geometry. In order to use
this dimension, it is necessary to assume that the structure created by the cracking pattern is in fact a
fractal, i.e., it has certain characteristics such as [103,104]:

e formlessness—an unambiguous shape is impossible to determine,
e  description by a recursive relationship, not a mathematical formula,
e  self-similarity—an isolated fragment resembles its larger whole.

Looking at these assumptions, it is not difficult to resist the impression that the cracking pattern
visible on the surface of cement composites fully meets these assumptions. In such a case, in the fractal
geometry, it is the fractal dimension that determines how densely a fractal fills the metric space it is in.
In the studies on the cracking patterns described so far, the fractal dimension is used as a stand-alone
parameter, but often also serves as a component of an extensive index for evaluating the degree of
material degradation [105].

4.6. A Summary of the Use of Individual Parameters to Describe the Morphology of the Cracking Patterns

Table 3 summarizes the parameters used to describe the morphology of the cracking patterns.
The list includes works that have been included in this literature review.

Table 3. Analysis by parameter used, with references to the literature.

Parameter References
Opening width of the cracks [9,12-16,96,97,100-102,105-116]
Length and orientation of the cracks [8,12-16,98,99,107,109,112,113]
The crack density [8,9,13,96,99,100,110-112,114]
The crack area [12-16,98,101,102,106,107,109]
The fractal dimension [105,115-119]

5. Influence of Morphology of the Cracking Patterns on the Properties of Cement Composites

It is well known that cracks in cement composites are a defect in the material. Practically all
functional properties of a cracked material deteriorate. The most important results of the research
published so far concerning the influence of the structure of the cracking patterns on particular
properties of cement composites are presented below in a synthetic way. The main focus is on
performance at elevated temperatures, shrinkage and drying, water permeability, mechanical strength
and chemical corrosion.

5.1. Performance at Elevated Temperatures

Mobasher et al. [99] examined the cracking process in cement composites, with different
polypropylene fibers content, using an acoustic emission technique and quantitative image analysis.
The morphology of the crack system was investigated for samples loaded to specific strain magnitudes.
For this purpose, the crack density, length and spacing were determined. An average crack density of
1.27 mm~! was obtained. It was observed that as the strain level increases, the formation of new cracks
is accompanied by decrease in the crack spacing. Thus, the presence of polypropylene fibers in the
cement composite resulted, first of all, in the necessity to supply more energy to the system so that the
existing cracks could further propagate; secondly, an increase in the degree of cracks and microcracks
dispersion in the material, which undoubtedly improved the mechanical properties of the composite.

Xu et al. [9] analyzed the morphology of the cracking patterns of concretes subjected to a high
temperature. The subject of the study were concretes differing in the w/b ratio (water/binder) and fly
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ash content. A visual imaging technique was used to study, among other things, the crack density.
It was noted that the crack density increased almost linearly up to 650 °C. There was a rapid increase
in this magnitude between 650-800 °C. The degree of cracks dispersion increased as the fly ash content
increased. Smaller w/b values were accompanied by a smaller number of cracks, however, the resulting
cracks were characterized by a larger opening width and length, compared to concretes with a larger
w)b ratio. It was found that a decrease in tensile strength with an increase in thermal load is identical
with an increase in the crack density.

The studies carried out by Kim et al. [120] concerned the influence of thermal load (in the range
25-1000 °C) on the properties of cement paste. Among others, the 3D X-ray Computer Tomography
was used to determine the change of pore structure and to evaluate the process of initiation and
spatial configuration of thermal cracks, as a function of the temperature acting. It was observed that
at temperatures higher than 900 °C a massive cracking network is formed in the edge zones of the
material. This effect was considered to be the main reason for the occurrence of explosive spalling,
which is one of the most dangerous phenomena accompanying cement composites exposed to the fire.

Magalhaes et al. [100] examined the mechanical response of a cement composite with PVA fibers.
The samples were preheated at 90-250 °C. Next, uniaxial tensile, bending and compressive strength
tests were carried out, during which the crack width and the crack density were measured. The studies
showed that the crack density takes less and less values at the same level of deformation as the
preheating temperature increases. In the case of the crack width, the inverse relationship was observed.
The maximum crack widths were in the range 100-220 um. The conducted research confirmed that in
terms of mechanical performance, the more favorable situation is when there are more cracks in the
analyzed area, but they are of smaller widths.

Szelag evaluated the influence of microsilica [14,98,102], metacaolinite [16,101], polypropylene
fibres [12] and multi-wall carbon nanotubes [13] on the process of formation of the cracking patterns
in cement pastes, under thermal load, in the range 200-250 °C. The influence of the shape and size
of the sample on the geometric characteristics of the cracking patterns was also investigated [15].
To describe the morphology of the cracking patterns, the following parameters were used: the area
and perimeter of the cluster, the width of the crack opening and the crack density. It was found that
modification of the cement matrix with the addition of microsilica causes densification of the crack
network. There are more cracks, but they have a smaller opening widths, which has a positive effect
on mechanical properties. In case of modification with metacaolinite, a decrease in the number of
cracks formed with comparable widths of their opening in comparison to unmodified cement matrix
was observed. The use of polypropylene fibers resulted in the reduction of area and perimeter of the
clusters, with a negligible effect on the opening widths of the cracks. The polypropylene fibers melted
due to thermal load and the cracks forming the cracking pattern were largely contained in cavities left
by the fibers. In case of modification of the cement matrix with carbon nanotubes a drastic reduction
of cracks system density was observed, with a simultaneous high increase in crack widths. It had a
negative effect on mechanical performance. However, the effect observed was more related to the
phenomenon of cement matrix foaming caused by the way carbon nanotubes were introduced than to
their presence itself.

5.2. Shrinkage and Drying

One of the first preliminary observations on the influence of the drying process on the characteristics
of the cracking pattern were made by Bazant et al. [110,111]. Concrete and cement pastes were the
subject of research. They noticed that as a result of the drying process, a network of parallel cracks is
formed, whose spacing and width of opening is proportional to the depth of penetration of drying.
With typical test samples, most cracks are too thin to be observed with the naked eye. It was also
found that the characteristics of the cracking pattern predominate in the direction of the development
of discontinuous microcracking rather than in the direction of continuous macrocracks.
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Wang et al. [106] studied plastic shrinkage behavior in cement composites with the addition of
fly ashes and various types of dispersed fibers. The structure of air pores using a mercury-intrusion
porosimetry and the cracking pattern using the image analysis were studied. The maximum crack
opening width was measured as well as the crack area. It was observed that the addition of dispersed
fibers generally increases the number of large pores in cement paste, which affects both bleeding
behavior and crack distribution in the material. It was found that, depending on the type of fibers and
their properties, the crack area can be reduced by 30—40%, with 0.1% (by volume) of fiber addition.
It has a very big influence especially on the mechanical properties of the cement composite in the early
stages of maturation.

Plastic shrinkage behavior of cement pastes with the addition of alkali-resistant glass fibers was
studied by Bakhshi and Mobasher [107]. The addition of glass fibers in the amount of 0.06%, 0.11%,
0.17% and 0.23% by volume was studied. The tests were carried out in low-pressure conditions,
and additionally the sample size, w/c ratio and conditions of initial care were also a variable factor.
The morphology of the cracking pattern was analyzed using the image analysis. It was found that the
drying process can be divided into two main stages, i.e., stage I—constant drying rate period, and
stage II —falling drying rate period. The research confirmed that by using glass fibers it is possible to
control the process of formation and propagation of cracks during the maturation process of the cement
matrix. While it was not observed that the presence of fibers had an impact on the cracking pattern in
the stage I, in stage II the presence of fibers reduced the diffusivity values. Scientists concluded that the
reason for this was the bridging effect of the glass fibers. The results showed that in the case of 0.11%
and 0.23% of fibers addition, the areal fraction of cracks was reduced by 22% and 61%, respectively.
The maximum crack opening width was also reduced by 47% and 71%, respectively, compared to
classical cement paste.

Bisschop and Wittel [8] conducted a study to evaluate the morphology of the cracking patterns in
classical cement paste with the w/c = 0.5. The study determined the effect of sample thickness and
methods of drying on the crack density, crack length and the crack penetration depth. The latter
parameter was quantified using a fluorescent resin impregnation technique. It was found that for
samples < 14 mm thick, the single-sided drying resulted in lower values of the crack penetration depth
(15-20% of the sample thickness), compared to double-sided drying (20-35% of the sample thickness).
In the case of samples that were dried in an Environmental Scanning Electron Microscope chamber at
25% humidity, 20 + 0.2 °C, at 590 Pa, for 5 h, it was noticed that the cracking pattern was characterized
by multiple crack cuts at an angle of about 120°. Many dead-end cracks were also found. In case of
drying in a climatic chamber at normal atmospheric pressure it was found that the cracks intersections
resemble more a 90°~180° system.

Lura et al. [113] studied the geometric features of the cracking pattern in cement paste.
The observations were carried out on samples with a diameter of 10 mm, in which there was a
centrally located steel rod with a diameter of 1.5 mm, 3 mm or 6 mm. The factor causing the cracking
was the autogenous shrinkage of the cement paste. The crack detection was performed by impregnation
with galium and analysis was performed by means of an optical and scanning electron microscopy.
It was observed that as the thickness of the cement paste envelope around the steel rod increased (a rod
diameter decreased), the samples showed the negative fracture geometry, which resulted in a stable
crack growth. The length of the crack was greater the smaller the diameter of the rod was used.

Xuan et al. [114] examined the shrinkage cracking characteristics of concrete produced from the
construction waste, mainly crushed concrete and masonry aggregates. The influence of four factors,
i.e., masonry content, moisture content, degree of compaction and cement content, on the characteristics
of the cracking pattern was examined. Two cracks characteristics, i.e., the crack width and the crack
spacing, were studied. It was found that the crack width decreases with decreasing amount of cement,
decreasing the compaction degree, increasing moisture and increasing the masonry content. In the
case of the crack spacing it was found that this parameter decreases with decreasing the amount of
cement, increasing the compaction degree, increasing moisture and decreasing the masonry content.
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5.3. Water Permeability

Wagner et al. [96] made water permeability of strain-hardening cement-based composites
dependent on quantitative parameters of the cracking patterns. The samples that were pre-cracked as a
result of the uniaxial tension test were tested. To better describe the relationship between the cracking
pattern and water permeability a new parameter was introduced, which was called the hydraulic crack
pattern parameter Ryyp. It was the product of chosen class width, the crack density and weighted crack
width value. There was a strong correlation between Ryyp and the water flow rate. In the course of the
analyses, an equation binding the crack width with water permeability was also formulated for which
the Hagen-Poiseuille equation was the starting point.

Lepech and Li [108] studied the effect of cracking degree of high performance fiber reinforced
cementitious composites on water permeability. They limited the characteristics of the cracking pattern
to determining the maximum crack width and to counting the number of cracks in the analyzed section.
They found that with the increase of crack width, the value of the coefficient of permeability also
increases. Moreover, normalized permeability per single crack was calculated. It was observed that
this parameter also increases with the increase in crack opening width, although the number of cracks
in the analyzed section is higher. The study also indicated a beneficial effect of PVA fibers in the context
of reducing crack opening width and thus increasing water-tightness of the cement composite.

In the studies carried out by Aldea et al. [109], the relationships between cracks and water
permeability of a normal strength concrete were observed. A controlled splitting tensile test was used
to introduce cracks into the concrete structure and then the material was tested for water permeability.
The results obtained indicated that water permeability increased significantly as the opening width of
the cracks increases. Moreover, high repeatability of results for the same cracking levels was obtained.
It was also found that the relationship between crack length and water flow is not linear, which was
found for the relationship between the crack area and water flow.

An extensive research program was carried out by Torrijos et al. [112]. Two series of ordinary
concretes were tested. Within the framework of the conducted works, the influence of the characteristics
of the cracking patterns, expressed in the form of crack width and the crack density, was determined
on a number of parameters related to permeability, i.e., the water absorption, water penetration,
capillary absorption, water permeability. The cracking pattern was created by subjecting the samples
to various degradation processes, including: low humidity drying, load at 150 °C and 500 °C and
alkali-silica reaction. The highest crack density was found for concretes subjected to 500 °C load, cracks
mainly occurred in the interface and to a lesser extent in the cement matrix. In case of samples subjected
to drying in low humidity it was found that the velocity and capacity of capillary absorption increased
with the crack density. This increase occurred to a certain maximum and then decreased, although
the crack width and the crack density continued to increase. For concretes exposed to the alkali-silica
reaction a high permeability was initially noticed, followed by a sharp drop after the first few hours.
Rehydration of the gel at the crack sites was given as the reason, which resulted in sealing of the
structure. The degree of internal destruction of the samples was evidenced by measuring the ultrasonic
wave flow rate. A direct relationship between the pulse velocity and the crack density was found.

5.4. Mechanical Strength

Fahridzadeh et al. [105] proposed a new approach to assess the degree of degradation of reinforced
concrete structures. They proposed to use the fractal dimension to describe the morphology of the
cracking pattern on the surface of reinforced concrete. The effect was to develop the damage index,
which was calculated according to the equation:

4)

where:
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DI—the damage index; 0 < DI <1,
D;—the fractal dimension of the current status of the cracking pattern,
Dj—the fractal dimension of the cracking pattern computed during the first inspection.

The first inspection shall be considered to be the moment when the appearance of cracks on the
surface of the component under test is observed as a result of the applied load. The tests carried out on
the reversed cycled loaded reinforced concrete walls indicated high practical suitability of DI. It was
found that the value of both the fractal dimension and DI increases with the next load cycle. It was
also shown that DI can be used to estimate the remnant lateral stiffness of the wall.

The continuation of the above studies is presented in [115,117]. It was noted that in the literature
there are practically no works that would correlate the morphology of the cracking patterns with the
structural integrity of the studied material, in this case concrete. The multifractal analysis was used in
the study and the considerations were carried out on synthetic crack patterns as well as on two real
reinforced concrete walls subjected to cyclic mechanical loading. It was found that the development
of cracks structure through an increase in their opening width, length, density, is accompanied by
a correlated increase of the multifractal parameters. A rapid increase of these parameters was also
observed when the concrete walls tested showed severe stiffness loss.

The subject of Ebrahimkhanlou et al. [118] was the analysis of the cracking patterns on the
surface of pre-stressed concrete beams. The analysis was focused on the fractal and multifractal
characteristics of cracks patterns, which were formed by a mechanical force. Once again, the high
usefulness of the fractal dimension for quantitative description of the degree of development of the
cracking patterns was confirmed. Moreover, it was proved that fractal analysis can be used to identify
different cracking mechanisms.

Fooladi et al. [119] conducted research to determine the effect of the aggregate grading on the
multifractal characteristics of the cracking patterns of concrete, with different compressive strengths.
The study was carried out on two series of concretes for which the aggregate grading curve assumed
the well-graded and gap-graded characteristics respectively. In the well-graded aggregate samples,
it was observed that the value of the fractal dimension reached a saturation level, for which the increase
in load did not cause any further change in the value of the fractal dimension. For samples with the
gap-graded aggregate a continuous increase in the value of the fractal dimension was observed along
with an increase in the value of mechanical load. In the study, the singularity spectrum analysis was
also carried out, which, combined with the analysis of the fractal dimension, allowed to conclude
that the development of cracks in both series of samples is characterized by multifractal character,
but with different intensity. The study concluded that the multifractal approach allows to explain local
irregularities of the cracking pattern.

5.5. Chemical Corrosion

Xu et al. [9] apart from studying the development of the cracking patterns as a function of the
influence of elevated temperature of concrete with fly-ash, also conducted the rapid chloride diffusion
test. The results obtained indicated that deterioration of concrete durability is correlated with the
crack density.

Zhuang et al. [116] performed a fractal analysis of the crack patterns on the surface of reinforced
concrete piles bonded with carbon fiber reinforced polymer. The factor causing the cracks was the
corrosion of the reinforcement caused by a harsh marine environment. Within the framework of the
research the damage index was developed to assess the degree of degradation of the piles, the method
of calculation of which was very similar to the one presented in [105]. The assessment was made at
different stages of reinforcement corrosion development. Together with the progressing corrosion,
an increase in the value of fractal dimension of the cracking patterns was observed. Moreover, a study
of maximum load of piles was carried out, which showed a very high correlation with the fractal
dimension. The observed strength loss-fractal dimension dependence assumed a linear dependence.
As a result of the conducted tests it was found that supplementing the measurements with the analysis
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of cracks width, a high quality information could be obtained regarding the degree of structure
degradation in the situation when it is impossible to perform mechanical tests.

6. Summary

The paper provides a literature review of the development process, analysis and impact of the
cracking patterns on the properties of cement composites. The review focuses on four main aspects
related to the analysis of the cracking patterns:

e the process of cracks formation in brittle cement composites and their evolution into an extensive
and complex system of cracks,

e  methods and techniques of digital extraction of the cracking patterns for their further evaluation,

e  quantitative parameters used to describe the complexity of the cracking patterns,

e evaluation of the influence of morphology of the cracking patterns on selected properties of
cement composites.

Each of these four aspects requires a different scientific approach, making comprehensive analysis of
the cracking patterns a difficult and multidisciplinary issue. The three main scientific areas that underpin
this research area are the fracture mechanics, image analysis and cement composites technology.

The factors that determine the cracking process, i.e., the number and type of structure defects
and the composition of the material, are discussed. It was found that critical stress intensity factor
(Kic) being the product of crack work and Young’s modulus is the most commonly studied parameter
which determines the ability of the material to propagate and develop cracks in the branched cracks
system. The methodology of analysis of the cracking patterns requires the use of advanced tools
for the detection and extraction of cracks. Research carried out so far in this field indicates that by
far the most effective and popular group of tools is the computer image analysis. The simplest of
them are threshold operations, e.g., the global thresholding, locally adaptive thresholding or the
Otsu thresholding. However, such operations, despite the fact that they are simple to implement,
are sometimes characterized by a very large detection error. More advanced techniques, such as the
genetic algorithms, artificial neural networks or machine learning algorithms, are characterized by
very good detection accuracy. Their disadvantage is the need for much more computational resources,
which slows down the whole process and makes it sometimes impossible to analyze a large set of data.
The literature review shows that the most accurate methods of cracks detection on cement composite
surfaces are characterized by an accuracy of more than 95%.

Previous research indicates that the simplest parameter to measure, in terms of the complexity
and morphology of the cracking patterns, is the width of the crack opening. However, this indicator
does not provide information on the layout and organization of the cracks structure in the material.
The parameter that provides this information is the crack density and the resultant the crack spacing.
Recent studies postulate the use of fractal geometry to quantify the cracking patterns. In these studies,
the concept of fractal dimension is used, which by definition determines the degree of complexity of the
analyzed structure. Analyses carried out with the use of this parameter indicate a strong relationship
with the mechanical features of a degraded cement composite. In the research results published so far,
the greatest attention is paid to determining the influence of the cracking patterns on the performance
of cement composites at elevated temperatures. The system of cracks formed due to the shrinkage and
drying of the material as well as those formed due to chemical corrosion is also analyzed. The influence
of the cracking patterns on water permeability and mechanical strength of cement composites is also
evaluated. The presented results indicate that with the progressive development of the cracking
patterns, practically every property of the hardened cement composite deteriorates.

The authors of many research point to the key importance of the degree of development of the
cracking patterns for the functional properties and durability of cement composites. However, there
are still few works in which the dependence of the cracking patterns on the physical and mechanical
properties of the material is determined directly, in a numerical way. Knowledge in this area seems to
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be crucial in the aspect of designing durable cement composites, which would be resistant to cracking
and crack development process in specific environments. From the methodological point of view,
further development of works aimed at developing more and more accurate, automatic crack detection
systems is indicated. Such systems could be used very successfully by building managers to effectively
detect areas in need of remedial action. The search for new methods and the development of the
relationship between the cracking patterns and material properties is crucial in the development of
non-destructive testing methods in cement composite technology.
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