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*e 8-bit RGB image of a cracked concrete surface, obtained with a high-resolution camera based on a close-distance pho-
tographing and using an optical microscope, is used to estimate the geometrical parameters of the crack. *e parameters such as
the crack’s width, depth, and morphology can be determined by the pixel intensity distribution of the image. For the estimation,
the image is transformed into 16-bit gray scale to enhance the geometrical parameters of the crack and then a mathematical
relationship relating the intensity distribution with the depth and width is derived based on the enhanced image.*is relationship
enables to estimate the width and depth with ±10% and ±15% accuracy, respectively, for the crack samples used for the ex-
periments. It is expected that the accuracy can be further improved if the 8-bit RGB image is synthesized by the images of the
cracks obtained with different illumination directions.

1. Introduction

Cracks in concretes are one of the important parameters in
diagnosing the current status of structures [1–3]. *e
changing sizes and depths of the cracks in time are a ba-
rometer of predicting the safety of a structure. Hence, the
demands of measuring the geometrical parameters of the
cracks accurately are ever increasing [4–8], and the number
of articles for crack measurements has also been increased
[9–17]. In this process, many methods such as using ul-
trasounds [18–21], X-rays [22], and eddy current (EC) [23]
sources are developed, and the images are reconstructed in
3D (three-dimensional) [24] form. Hence, it is considered
that these methods have good prospects for practical use in
civil engineering [25]. But, these methods require that the

sources should be contacted to the concrete surface tightly to
deliver the source energy to the concrete without much loss.
*ey require specialists and are inconvenient to use and time
consuming. *e more convenient and less time-consuming
method is using a camera to take the image of the cracked
concrete surface. Since it is a noncontact method of
detecting the cracks and requires no specialist, the camera
can be even mounted on a drone to cover a bridge. In the
photos, the cracks are easily identified because of their
darkness in comparison with the concrete surface. Software
and hardware tools can easily determine the width and
length of the cracks with sufficient accuracy from the image
in each photo [17, 26–28]. Added on this, the photographing
distances can be varied significantly with use of a telephoto
lens [29]. Hence, the camera method is very convenient to
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use in the places like difficult to access. But, it also has a
problem because the crack depth which informs the amount
of crack penetration and of crack propagation direction
inside the structures can be hardly estimated. Due to the fact
that the cracks in the photo appear as lines, they do not have
enough pixels to process to extract their depth information.

Since the image from a color digital camera consists of a
number of pixels corresponding to the camera resolution
and each pixel consists of R (red), G (green), and B (blue)
subpixels for the color presentation, the pixel color is de-
termined by the relative intensity ratio of the RGB colors in
the light coming into the pixel. *e pixel intensity is rep-
resented as 8-bit gray level; i.e., there are 256 intensity levels
depending on the light amount. Since each pixel in the image
has a corresponding crack or concrete surface point, the light
amount coming into each pixel is related to the point dis-
tance from the illuminating light source and the camera
because the light intensity is reduced in proportional to the
distance square. *is is why the cracks appear as darker than
the surface because they have longer distances than the
surface. Since the intensity of each pixel has the distance
information of its corresponding object point, the depth of
the crack can be estimated by setting each of the camera and
the illumination source to a fixed distance from the concrete
surface containing the crack. Hence, measuring the pixel
intensity distribution of the crack image will provide si-
multaneously the crack width, depth, and shape in-
formation. In this case, the camera needs to have a high
resolution and be located at a close distance from the crack
to have more pixels on its portion for the better accuracy.
More pixel numbers make the intensity distribution describe
more clearly and accurately the shape, depth, and width of
the crack. Transforming the pixel intensity level to 16 bits’
grey level from the 8 bits as in the OriginLab [30] will en-
hance the depth resolution of the crack depth. *e first
approach of estimating the crack depth with use of a camera
image was finding the average pixel intensity value of the
crack area in the image [31]. But, this pixel intensity is only
for the crack depth but not for width and shape of the crack.

In this paper, the pixel intensity distribution of crack
images that are obtained with a high-resolution camera at a
close distance to the crack is used to estimate the crack’s
width, depth, and shape. *e distribution allows estimating
the crack’s depth and shape size that cannot be possible with
the typical camera images of cracks.

2. Experimental Setup for Obtaining Images of
Cracks in Samples

Obtaining high-quality images of cracks depend on camera
resolution, properties of objective, and photographing pa-
rameters (the distance to the object, the illumination pa-
rameters of the light source, and the camera depth of field).
Since the size of cracks can also be different from tens of
millimeters to tens of microns, the photographing setup
should be different for different crack sizes. For this reason,
two experimental setups are used, as shown in Figure 1(a):
one is using a close distance camera to the crack and the
other is a microscope. *e 1st setup consists of a high-

resolution Nikon D810 camera (2) for photographing, and a
halogen lamp (4) for illuminating an experimental sample
(1) having a crack on its surface. *e 2nd setup consists of a
binocular microscope (5) for magnifying the crack image, a
Raspberry Pi camera v2 (3) installed at one eye position of
the microscope for recording the image, and the halogen
lamp (4), the same as in the 1st setup.*ese optical setups are
on an optical table (9), and the Raspberry Pi camera is
connected to a monitor (8) to check the crack image. *e
Nikon camera has the maximum resolution of 7360× 4912
pixels with a pixel size of 4.88 µm× 4.88 µm [32]. *e
Raspberry Pi camera has the resolution of 3280× 2464 pixels
with a pixel size of 1.12 µm× 1.12 µm [33]. *e halogen
lamps can illuminate the experimental sample surface at an
angle of about 30 degrees to the normal direction of the
optical table. *e illuminance of the experimental sample
from a halogen lamp is around 57 klx for the 1st setup and
around 110 klx for the 2nd setup. *is illuminance is mea-
sured with a T10 illuminance meter from Konica Minolta
Sensing Inc. [34]. In the setups, the positions of the lamps
and the cameras were strictly fixed and the amounts of lights
from the lamps are constant. To match the sample to the
camera and the lamp positions, the sample is mounted on a
combined stage (6) of a microtranslator and 360° rotator for
precisely shifting and rotating the sample to a required
position and to any angle with the accuracy of 1°, re-
spectively. *e stage is also mounted on a height control
stage (7) for the precise adjustment of the sample position.
*e experimental samples are the jaws of a caliper, a cracked
concrete block on its surface having the size of 5 cm
(width)× 5 cm (height)× 20 cm (length), heat dissipater with
multiple blades, and a brick wall of a building. Figure 1(b)
shows the equivalent optical photographing geometry of
Figure 1(a). It can be applicable to both experimental setups.
*e camera and microscope objectives are represented as a
lens and the camera’s image detector as the plane containing
xi and yi which represent the width and length of the crack
image, respectively. *e crack and the experimental sample
surface are represented as the dent and the side wings, re-
spectively, in the bottom shape. In Figure 1(b), L is the
distance between the lens and the experimental sample
surface, d crack depth, f the focal length of the lens, and x and
y width and length of the crack, respectively. From
Figure 1(a), a relationship between these symbols can be
derived: according to the similar triangle relationship,

xi/x � l/L and yi/y � l/L. In these relationships, l and L
are related as 1/l + 1/L � 1/f [35] by the Gaussian lens
formula; by combining them, the width x and length y of the
crack can be rewritten as

x � xi

L − f

f
� n1δ

L

f
− 1  � n1δ(ζ − 1),

y � yi

L − f

f
� n2δ

L

f
− 1  � n2δ(ζ − 1),

(1)

where ζ � L/f, xi � n1δ, and yi � n2δ, δ is a pixel size, and n1
and n2 are the pixel numbers corresponding to the crack
width and length on image. *e geometrical crack sizes can
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be determined by equation (1) if the pixel size, the focal
length of the camera, and the distance to the experimental
sample are known. In Figure 1(a), when the lamp illuminates
the sample surface including the crack, any point on the
surface and the crack scatter lights to its front space. Among
these scattered lights, only the amount of light getting into
the lens can be collected and then transferred to the image
detector to form an image of the point. Hence, lesser lights
are getting into the lens as L increases, i.e., the light amount
getting into the lens is inversely proportional to L. *e light
intensity is proportional to 1/L2 [36]. Hence, the pixel in-
tensity distribution derived from the image obtained with
the experimental setups will inform the geometrical pa-
rameters of the crack, such as width, depth, and the shape.
*e crack depth information can be derived by the difference
between the low- and high-intensity distribution values.

With the experimental setups, all measurements were
carried out on an optical table by fixing the distance L
strictly. Optical translator and rotator are also used for the
precise adjustment of the experimental setups. However, the
pixel intensity distribution can also introduce errors in
determining the geometrical parameters because the more

portion of the scattered light at the bottom of the crack will
be scattered again at the crack walls as the crack becomes
deeper, i.e., a multiple scattering appears. Hence, the light
collected by the lens can be smaller than the value expected
by 1/L2. *is will be a source of errors in this experiment. In
addition to the multiple scattering, the camera’s depth of
field can also cause an error. Since the camera’s depth of field
determines the focusable depth range of the camera, the
deeper depth of the crack can be photographed as the depth
of field increases. To increase the depth of field, the camera’s
f-number should be set to have a larger value.

3. Imaging Processing with OriginLab for
Crack’s Width, Depth, and
Morphology Determination

*e high-resolution crack image contains information about
the total intensity of light received by the camera from
different parts of the cracked surface. Information about the
intensity of light can be obtained after converting a standard
8-bit RGB image to a 256 gray-level image. *e OriginLab

(a)

dx

L

f
Lens

Crack image

l

y

xi
yi

(b)

Figure 1: (a) Two experimental setups: 1: experimental sample with cracks; 2: Nikon Camera D810; 3: Raspberry Pi camera; 4: halogen
lamps; 5: a binocular microscope; 6: 360° rotatable stage; 7: height control stage; 8: a monitor; 9: optical table. (b) Equivalent optical scheme
of the experimental setups.

Figure 2: Sizes of the five different gaps between two jaws of the caliper.
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Figure 3: 3D plotting of the intensity distributions corresponding to the caliper’s gap sizes of (a) 5.07mm, (b) 2.05mm, (c) 1.07mm,
(d) 0.45mm, (e) 0.17mm, and (f) 0.17mm with the microscope.
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can transform the original 8-bit RGB color image into an 8 or
16-bit, i.e., a 65,536 gray-level image, and then convert the
image to an intensitymatrix. So, any image can be represented
in the form of an intensity matrix having the dimension of the
image’s pixel resolution. Each element of the matrix repre-
sents the light intensity of its corresponding pixel of the crack
image. *e light intensity value in the OriginLab is repre-
sented as a color scale to enhance the perception of intensity
gradations compared to the original image.

For the 1st experimental sample, the gap between the
jaws of a Mitutoyo caliper is used because the geometrical
parameters of the gap are known with a high accuracy. *e
gap width can be adjusted from 0 to 4 inch with the res-
olution of 0.0005 inch, and the jaws have a thickness of
3.50± 0.03mm [37]. *e thickness of the jaws is considered
as the crack depth. *e gap between jaws is set to five
different values of 5.07mm, 2.05mm, 1.07mm, 0.45mm,
and 0.17mm to compare the resolutions of two experi-
mental setups, as shown in Figure 2. Figure 2 shows the
sizes of the five different gaps between two jaws of the
caliper. *e gaps will work as the widths of the cracks. *e
caliper is on a thick flat paper with a dark surface.*e paper
works as the bottom of the cracks. Hence, the gaps between
the jaws will work like rectangular parallelepiped shape
cracks. *ese cracks have the same depth and length but
different widths as specified above. Figure 3 shows a 3D
plotting of the pixel intensity distributions processed by
OriginLab with the camera images of two setups. x and y
axes represent the pixel coordinate and z-axis intensity.*e
lowest intensity level of the z-axis is the same for all figures.
Figures 3(a)–3(f ) are for 5.07mm, 2.05mm, 1.07mm,
0.45mm, 0.17mm, and 0.17mm with the microscope,
respectively. *e 1st five distributions are from the images
with the 1st experimental setup. Figures 3(a)–3(c) inform
that (1) the morphologies of the 3D intensity distributions
for the first 3 gaps are having near rectangular parallele-
piped shapes, (2) their intensity differences between the
low- and high-intensity distributions are nearly the same as
3.2 ×104, (3) the top edges of the distributions have a
circular shape, especially for Figures 3(a) and 3(b), and (4)
almost no intensity peaks are appearing in the dark red part
regions but many intensity peaks in blue and sky blue
regions. (1) and (2) indicate that the intensity distribution
can correctly describe the crack shape and depth. However,
(3) and (4) inform the presence of error in the shape and
the depth.*e intensity peaks in the figures and the circular
shapes are probably caused by the multiple scattering and
the lamp’s illuminating direction deviation from the 30°,
respectively. *e peaks work as noises. *ese noises can be
removed by averaging them. *e pixel numbers repre-
senting the gaps of 5.07mm, 2.05mm, and 1.07mm are
195, 73, and 34, respectively. When 5.07mm and 195 are set
to 1, the gap and the pixel number ratios are given as 1.0 :
0.40 : 0.21 and 1.0 : 0.37 : 0.17, respectively. *e gap and
pixel ratios imply that the number of pixels corresponding
to smaller gaps decreases more than that predicted by the
gap size decreasing ratio. *ese two ratios are close to each
other. But, the difference between them increase (0.37/
0.40� 0.925 and 0.17/0.21� 0.81) as the gap size becomes

smaller. For the case of Figures 3(d) and 3(e), the shapes do
not have a rectangular parallelepiped shape but a wedge, and
the intensity differences of the distributions are smaller
compared with those in Figures 3(a)–3(c). *e number of
pixels corresponding to 0.45mm and 0.17mm is 7 and 3,
respectively. *ese numbers are much smaller than those
predicted by the gap size ratio as expected by the
Figures 3(a)–3(c).When the 0.17mm gap is observed with the
microscope of 20 times magnification, the number of pixels
given by the Raspberry Pi camera becomes around 240, as
shown in Figure 3(f). *is number of pixels probably derived
because the pixel of the Raspberry Pi camera is (1.12 μm)2,
while (4.88 μm)2 for the Nikon camera. *e distribution has
the shape of rectangular parallelepiped, though there are
many intensity peaks even in dark red color regions.

In the x-y plane of these figures, the 2D pixel intensity
distribution is also shown. *ese 2D intensity distributions
are divided into three sections by the colors: two highest
intensity sections are represented by dark red color and a
lowest intensity section by blue and sky blue. *e former
represents the top surfaces of the left and right jaws and the
latter the top surface of the dark paper in the bottom, i.e., the
bottom of the gap. Figure 3 informs that the number of
pixels representing the crack width should be as many as
possible to estimate the geometrical parameters of the crack.
In this regard, the Raspberry Pi camera is good for crack
characterization.

Figure 3 allows determining the actual size of the crack
in mm with use of equation (1). For the case of Figure 3(f),
since the magnified image of the gap 0.17mm appears at
40mmdistance from the Raspberry Pi camera’s objective with
the focal length of 3mm and the image has the size of 3.4mm
by 20 times magnification by the microscope, the number of
pixels corresponding to the gap is calculated as 246 by
equation (1). *is is almost the same as 240 calculated from
Figure 3(f). It is also possible to relate the intensity difference
ΔI� 3.5×104, i.e., ΔI� Imax − Imin, where Imin� 3.0×104
(bottom of the crack) and Imax � 6.5×104 (top surface of the
crack) in Figure 3(f), to the depth of the gap. Since the jaws’
thickness d of the caliper equals to 3.5mm, α � d/(Imax −

Imin) � d/ΔI � 1.0 × 10− 4 mm/gray level (depth resolution).
As mentioned above, the intensity of light from a point

radiation source is inversely proportional to the square of
the distance. *e intensity of the light that illuminates the
sample surface will be given as Is � I0/L2

s , where I0 is the
illuminating light intensity of a halogen lamp, and Is and Ls
are the light intensity of the lamp at the sample surface and
the distance from the lamp to the sample surface, re-
spectively, since the halogen lamp is a point light source.
Accordingly, when the crack bottom is illuminated, the
distance should be increased by the value of the crack
depth. In experimental setup 1, the halogen lamp is located
at near the camera to make the distance Ls be nearly the
same as the camera distance from the surface L. When light
enters into a certain material, a part of the light penetrates
into the material and another part is absorbed by the
material. Only the part of the entered light that does not
penetrate and is not absorbed can be scattered at the
surface. *e ratio of the part to the entered light is defined
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as the surface reflectance c. When the reflectance of the
surface csand that of the crack cc are considered, the
scattered light intensities at the sample surface and the
crack, arriving at the surface of the lens, are expressed as
Isurface � csIs/L2 and Id � ccIs/(L + d)2, respectively. With
these relationships, the two-intensity ratio ξ � Id/Isurface
will be written as

ξ �
Id

Isurface
�

cc

cs(1 +(d/L))2 1 + d/Ls( ( 
2. (2)

In equation (2), the lens size effect should also be con-
sidered since the light collected by the lens is proportional to lens
area. But, in setup 1, when L≫ d, the effect can be eliminated,
i.e., ξ � cc/cs. *is means that the intensity ratio ξ has no
relation with the crack depth d. To avoid this situation, the crack
image should be taken with a close-distance photographing or
an opticalmicroscope.When the reflectance of the crack and the
surface are the same and L � Ls, then ξ � 1/(1 + (d/L))4. From
this relationship, the crack depth is expressed as

d � L
1
�
ξ4

 − 1 . (3)

*e 2nd sample is an aluminum heat dissipater which is
composed of multiple blades aligned in parallel with a 2mm
gap between them, as shown in Figure 4(a). Figure 4 shows

the heat dissipater and its pixel intensity distribution. Each
blade has the shape of a rectangle, and its one side edge is
connected to a common bottom plate, that is, 25.1mm
distance from the top edge of the blades. *e top edge
thickness of each blade is around 1mm and the thickness
increases as closer to the bottom plate. *is dissipater can
work as a periodic crack array having the period of 3mm and
the crack depth of 25.1mm. *e period corresponds to
around 170 pixels. From this dissipater, only 6 blades
specified by a parallelepiped are chosen as the crack sample,
and then a piece of aluminum plate with the thickness of
about 2mm is inserted between blades. *e inserted depths
are no piece, 0mm, 3.5mm, 8.1mm, and 12. 9mm in be-
tween blades 1 and 2, 2 and 3, 3 and 4, 4 and 5, and 5 and 6,
respectively. So the crack array has a stepwise depth as il-
lustrated by a rectangle in Figure 4(a). When the crack
sample is placed at the 1st setup, the averaged pixel intensity
distribution in a gray scale, processed by the OriginLab, is
shown in Figure 4(b). *e distribution reveals the mean gray
level of the pixel intensity distribution in 3D form, as shown
in Figure 4c. *e gray-level scale image clearly shows
stepwise gray level increase of the heat dissipater, though the
scale does not match with the original crack object due to 4th

order dependence of ξ to distance, as shown in equation (2).
For the case of no aluminum piece, the scale has the lowest
value. *e gray level scale image shows a sharp gray scale
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Figure 4: A heat dissipater and the pixel intensity distribution: (a) heat dissipater, (b) 2D pixel intensity distribution in averaged gray level,
and (c) 3D pixel intensity distribution.
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Figure 6: Cracks on the wall: (a) a full color image of cracks on the wall of a building, (b) pixel intensity distribution of the crack number 1 in
both 2D and 3D forms, and (c) pixel intensity distribution of the crack number 2 in both 2D and 3D forms.*e contrast of the crack image is
enhanced with use of a hyperspectral filter with the central wavelength of 580 nm.
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decrease between the blade and the inserted aluminum piece
because the pieces do not have 2mm thickness. *e tips of
the blades do not have 1mm thickness, but smaller.

With the averaged pixel intensity distribution in
Figure 4(b), equation (2) allows estimating the crack depth.
From equation (2), the expected ξ values for the given d and
L values can be calculated when cc � cs. For the case of the
dissipater, cc and cs are the same because they are the same
aluminum. In Figure 5, each ξ value for a given d is

calculated from the mean pixel intensity distribution and is
plotted as the data points.*e error bar for each data point is
given by OriginLab by considering the pixel intensity spread
in the crack image. When the data points are fitted, the
fitting function is given as ξ � 1/(1 + (d/129.87))4. In this
function, L is given as 129.87mm. In experimental setup 1, L
is set to �130mm. Two L values are almost the same. *is
means that the pixel intensity distribution can measure the
crack depth with a high accuracy.*e error bars indicate that
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Figure 7: Gray scale crack image and its pixel intensity distribution in both 2D and 3D forms.
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the depth estimation error increases as the depth becomes
smaller.*is is because the depth is too small compared with
the distance between the crack surface and the lens; the pixel
intensity distribution can hardly express the surface and the
small depth scattered intensity difference.*e expected error
from the bars are approximately ±33%, ±15%, ±10%, and
±6% for 3.5mm, 8.1mm, 12.9mm, and 25.1mm, re-
spectively. Even for the 0mm case, 1mm error can be arisen.
From the expected errors for different depths, the accuracy
of measuring the crack depth can be within ±15%.

Figures 3 and 4 clearly state that the pixel intensity
distribution can describe the geometrical parameters of the
crack, such as width, depth, and shape with a high accuracy.

4. Visualization of the Cracks in Buildings in
Three-Dimensional Space

*e previous section clearly demonstrates that the pixel
intensity distribution can allow calculating the crack depth.
*is section presents cracks on the wall of a building. *e
cracks on the wall are practically difficult to access, especially
for higher buildings. So, the cracks on the wall can be
photographed at a considerable distance.

Figure 6 shows a full color image of cracks on the brick
wall of a building, taken at 20mwith theNikonD810 under the
sun illumination with the illumination angle of about 40° above
the horizon and the pixel intensity distribution as shown in
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Figure 8: Gray scale image of a crack with individual particles and its 2D and 3D intensity distributions.
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Figure 4. Two cracks specified with number 1 and 2 are shown.
*e 2D and 3D form presentations of the distribution still
reveal the nonuniform intensity difference though the crack
area appears as only darker than its surrounding wall. *e

photo was taken on a sunny day, and the angle of inclination of
the sun’s rays to the surface of the building was approximately
40°. *e nonuniform intensity difference implies that the crack
has different depths.*e crack number 2 is too small to identify
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Figure 9: Gray scale image of a crack with displaced parts, profiles of reflected light intensity, and 3D graph of crack with the axis of the
intensity data.
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with the direct photographing, but the crack can still be
identified when the photo is taken with a hyperspectral filter
centered on the wavelength of 580 nm, as shown in
Figure 6(b). *e hyperspectral filter can pass the light in the
spectral range of 580± 5 nm. *e intensity distribution in 3D
form still reveals the intensity difference.

However, to derive meaningful geometrical parameters
of the cracks with the image taken with a camera at a long
distance from the cracks, the camera needs to have a detector
with a highly sensitive and high resolution with a small pixel
to make the crack areas have a large number of pixels, as
shown in Figure 3.
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Figure 10: Gray scale image of a crack with torn filamentous concrete fillers, profiles of reflected light intensity, and 3D graph of crack with
the axis of the intensity data.
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5. Visualization of Cracks in Concrete in
Three-Dimensional Space

Cracks of width smaller than 1mm are formed in the initial
stages of damage to the concrete surface. Hence, detection
and characterization of the geometrical parameters of the
cracks allow preventing further degradation of the surface.
For this purpose, it is necessary to have the crack images with
a high spatial resolution, i.e., the number of pixels/mm. One
way of getting the high spatial images of cracks is an optical

microscope. In this case, a bright illumination source is
necessary to make a small area get more light. Figure 7 shows
a gray scale image of a crack obtained with experimental
setup 2 and pixel intensity distribution in 2D and 3D forms.
*e original crack size is around 0.85mm but it was
magnified 25 times by the microscope. Now, the crack image
is composed of near 600 pixels across its width. *e cal-
culated depth value by equation (3) is in the range from
30.5mm to 37.4mm. *is value range is closely matched
with the measured depth value 35± 1mm with a thin metal

(a) (b) (c)

Figure 11: Crack images obtained with 3 different illumination angles: (a) three images at different angles of illuminations, (b) gray level
inverted image of (a), and (c) the combined image of the three images in (a).
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Figure 12: Pixel intensity distribution of 2D and 3D forms of the combined image in Figure 11(c).
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wire and a ruler. *e value range is within 87% to 107%. It
gives the maximum error of 13%. *is error range is
comparable with the heat dissipater results.

Measuring the depth of cracks may not always be suc-
cessful since cracks may be filled with individual particles,
small pieces of broken blocks, and exposed reinforcement
fibers, as shown in Figures 8–10, respectively. Figure 8 shows
a small crack (0.15mm) with particles. *e pixel intensity
distribution shows that the particles in the crack are blocking
the crack and makes difficult the illuminating light to get
into further. *e 2D and 3D forms of the intensity distri-
butions clearly show the blocked area by the particle. *e
areas appear as brighter than other crack gaps. So, this
blocked area will present false depth information. *is
means the crack morphology will be slightly different from
the actual morphology. Figures 9 and 10 also show a broken
block and fibers appearing within the crack distort the pixel
intensity distribution. *e effects are not different from the
particle case.

6. Computer Synthesis of Images of
Complex Cracks

In most cases, the shape of the crack is complex and not
straight. In most cases, the shape of the crack is complex and
its image becomes different for the different illumination
directions. *is is shown in Figure 11. In Figure 11, three
images of the 0.49mm crack in a concrete block taken with
three different illumination directions are shown in
Figure 11(a). *e crack widths become different and the
presence of many fibers is also shown. *e illumination
direction changes are simulated by locating the sample on
the rotating table (6) in Figure 1(a). *e 3 images in
Figure 11(a) show the different features and the morphology
close to the real shape of the crack. Figure 11(b) shows the
gray level inverted images of Figure 11(a). *is image shows
the crack feature more clearly. When the pixel intensities of
these inverted images are added and normalized to combine
them as an image, the resulted image is shown in
Figure 11(c). *e combined image shows all the features of
the individual image.

In Figure 12, the pixel intensity distribution in 2D and
3D forms are shown. *e distributions will reveal the crack
morphology that is close to the real shape of the crack.

7. Conclusion

*e pixel intensity distribution of a crack image obtained
with close-distance photography or using an optical mi-
croscope can be used to measure the geometrical parameters
such as width, depth, and morphology of the crack. *e 3D
form of the distribution reveals the morphology of the crack,
the number of pixels between the highest pixel intensity
areas, the width of the crack, and the intensity ratio between
the highest to that at a specific distance depth of the crack.
*e accuracy of the estimated parameters obtained with the
distribution cannot be exceeded ±10% for the width and
±15% for the depth at the laboratory environment.

*e intensity distribution can be applied to real crack
environment, if the crack image can be taken with a camera
having a highly sensitive detector and a high resolution with
a micron range pixel size. It is considered that the accuracy
of the crack width and depth estimations will be smaller than
the numbers given above if the crack area contains more
pixels and the pixel size of the camera is smaller. *is will
work for the future.
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