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Crack Detection using Photogrammetry
Johannes LANGE, Wilhelm BENNING, Geodetic Institute, Aachen, Germany
Abstract Cracks and strains are the extern indications for the behaviour of loaded concrete
constructions. The measurement technique photogrammetry and the subsequent analysis of
deformations are in the focus of this article. From the measured displacements a field of strains is
computed and a crack pattern is extracted. If both are known, the exact crack opening is
investigated. Different ways of simple or exact procedures are described.
The project "photogrammetric measurement" is part of the collaborative research centre "textile
reinforced concrete - foundation of a new technology" at the RWTH Aachen University.
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Introduction

Concrete is a complex composite. The behaviour of a concrete construction is affected by
the concrete matrix, the reinforcement and the bond between them. Strain and cracks are
the external visible indications of the behaviour of a loaded construction.
Figure 1 shows a workflow of the measurement technique photogrammetry and the
subsequent evaluation of cracks and crack openings.
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Figure 1: Workflow of crack detection at concrete construction

The measurement method photogrammetry detects deformations on the surface of concrete
constructions, i.e. it generates the basement data of a deformation analysis like the
coordinates of a grid of targets and their displacements and the strain between them.
After that, the positions of cracks are extracted and the crack openings are computed. In
this article, some basic approaches are discussed.
All presented tests are realized in the collaborative research centre "textile reinforced
concrete - foundation of a new technology" at the RWTH Aachen University [1] in
cooperation of the Geodetic Institute (GIA) with the Institute of Concrete Structures (IMB),
the Chair of Structural Statics and Dynamics (LBB) and the Institute of Building Materials
Research (IBAC).
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2.1

Measurement and Specimens
Photogrammetry

Photogrammetry is a method to reconstruct an object by using photos. The hardware of the
measurement system is composed of three high-resolution digital cameras (Kodak DCS Pro
14n), which take photos from different directions of a grid of targets on a concrete
specimen (Figure 2 left). Before testing, the cameras are orientated using photos of a wellknown calibration element (Figure 2 right). The interior orientation (projection properties
of the cameras) and the exterior orientation (position in space) are computed with bundle
adjustment. During the test, the system measures periodically. In the next step, the
coordinates of the targets on the concrete construction are calculated by forward
intersection. As evaluation software PHIDIAS integrated in the CAD-Software
MicroStation is used [8]. The result of the photogrammetric calculation are the coordinates
of the targets at different load steps of the test.

Figure 2: (left) Photogrammetric experimental set-up
(right) Calibration element for the orientation of the cameras

2.2

Pre-processing

From the photogrammetric measurement, the coordinates of targets are known at each load
step. Displacements are computed by the difference between the coordinates of the same
targets in two load steps. These displacements contain the absolute movement of the
construction. By the difference of the displacements between two neighboured targets the
relative movements in horizontal or vertical direction are regarded. Normalized with the
distance between the two targets the strains are calculated (Figure 3). The strain data is
homogenized, i.e. outliers are eliminated and missing targets are interpolated.

Figure 3: Strain field of a shear area in a bending test

2

2.3

Specimen

In the field of concrete structures, different types of tests at concrete specimens are
investigated. They can be differentiated by the types of stress, form and material as
concrete matrix and reinforcement. To use the photogrammetric measurement method the
region of interest must be markable and visible for the cameras.
In a test, the specimen (Figure 2(left) / Figure 4) is deformed by loading and its behaviour
is observed. Concrete is a brittle material and cracks arise under a low tensile loading. The
released load is transferred to the reinforcement, which attributes affect the form and
number of the cracks.

Figure 4:

Specimen bending / shear test

In a special case, the measurement method is used for the research of textile reinforced
concrete constructions. The behaviour of the new technology is in the focus of the research
and therefore the investigation of crack pattern is important. The crack opening is an
indication for the three-dimensional load and deformation of textile reinforcement.
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Crack detection

In view of these strain patterns (Figure 3), cracks are recognizable for the human eye. To
detect high strain areas as cracks and classify them automatically in mechanical joint cracks
a tracing method is used. It follows the cracks in both directions, beginning at a high strain
position to the border of the grid, to another crack or to be stopped in a low strain area. The
method is repeated until a complete crack pattern is acquired (Figure 5).

Figure 5: Crack pattern of a plate test (coloured figure)
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Computation of crack openings

If the crack position is, e.g. by using the tracing method, (assuming exactly) known, the
crack openings are the next, more detailed information to understand the behaviour of the
concrete element and to compare with guidelines like DIN 1045-1 or EC. For this at first, a
crack opening vector is defined and then methods for calculation are presented and
discussed.
4.1

Theoretical description of crack opening

r
The crack opening, described by the crack opening vector Vϑ , is the displacement between
two points on the two edges of a crack, which match at non-crack state. It can be divided in
crack width and in crack edge displacement parallel and vertical to the surface, or into the
directions of a given coordinate system.
If the directions of the coordinate system are parallel to the crack planes, the crack opening
vector is in following form:
crack width
x⎞
⎛
r ⎜
⎟
Vϑ = ⎜ crack edge displacement y ⎟
⎜ crack edge displacement z ⎟
⎝
⎠

For association a differentiation of translations is known by Irwine [2], who presents three
crack forms (Figure 6).

Figure 6: Crack forms by Irwine [2]

For the global view, this differentiation is extensible by the three forms of rotation (Figure
7). The real cracking cases (Y, Z) can be reduced by local view to the translations (II, I)

Figure 7: Rotation crack forms

In the common case, a crack is a mix of these pure forms. Using the photogrammetric
measurement data, calculations get three-dimensional deformations on the surface, but no
deformations inside of the element.
4.2

Easy method using averages of displacements

Görtz [3] suggests a simple method to compute crack openings. He considers an element
composed of four nodes, which is crossed by a crack. For this method the crack position
and angle must be known.
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Figure 8: (left) Element of four nodes, crossed by a crack; averages of displacements ( A, B );
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crack opening vector ( Vϑ ), (right) Calculation of crack width (w) and crack edge displacement (v) using
trigonometry (measured crack angle

β
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The displacements of the n nodes Vleft side and the m nodes Vright side are divided by a crack.
r r
On both sides the averages ( A, B ) are computed:
n r
m r
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∑
∑
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The difference between the averages is the crack opening vector Vϑ = A − B . The crack
width w and the crack edge displacement parallel to the surface v|| are computed using
trigonometric functions and the angles of the crack β and of the crack opening vector ϑ :
r
w = Vϑ ⋅ cos( β − ϑ )
r
v|| = Vϑ ⋅ sin( β − ϑ )

The crack edge displacement vertical to the surface is calculated by the difference between
the averages in the vertical direction.
r
v|− = Vϑ ( z )
4.3

Extension method – for inflexible concrete matrix – using three-dimensional
similarity transformation

The method presented in chapter 4.2 can be used for fast and simple calculations of the
crack openings but missing is a weighting of the position of the targets (e.g.: distance to the
measured crack point) and a full model of the deformation on the surface. E.g. rotations
cannot be mapped.
The first extension discusses a full model of displacement. Fundamentally the concrete
matrix is assumed as inflexible. The two-dimensional similarity transformation on the
surface combined with the calculation of the vertical displacement as in chapter 4.2 or
better the three-dimensional similarity transformation can be used:
⎡X ⎤ ⎡X 0 ⎤
⎡ r11 r12 r13 ⎤ ⎡ x ⎤
⎢ Y ⎥ = ⎢ Y ⎥ + m ⋅ ⎢r
⎥ ⎢ ⎥
⎢ ⎥ ⎢ 0⎥
⎢ 21 r22 r23 ⎥ ⋅ ⎢ y ⎥ with
⎢⎣ Z ⎥⎦ ⎢⎣ Z 0 ⎥⎦
⎢⎣ r31 r32 r33 ⎥⎦ ⎢⎣ z ⎥⎦
⎡ r11
R = ⎢⎢r21
⎢⎣ r31

r12
r22
r32

r13 ⎤ ⎡
cos ϕ cos κ
r23 ⎥⎥ = ⎢⎢cos ω sin κ + sin ω sin ϕ cos κ
r33 ⎥⎦ ⎢⎣sin ω sin κ − cos ω sin ϕ cos κ

− cos ϕ sin κ
cos ω cos κ − sin ω sin ϕ sin κ
sin ω cos κ + cos ω sin ϕ sin κ

sin ϕ

⎤
− sin ω cos ϕ ⎥⎥
cos ω cos ϕ ⎥⎦

The three-dimensional similarity contains 7 unknowns, the three translations ( X 0 , Y0 , Z 0 ),
the three rotation angles ϕ ,κ ,ω and the scale m . For the calculation, at least three identic
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points are necessary, which are not on a line. The system of equations is for three or more
identic points over-determined. It can be solved by adjustment, described in e.g. [6].
Knowing the parameters of equation, the displacement of each point on the crack can be
calculated by inserting their position.
The difference and trigonometric computation of crack opening directions then can be
calculated like chapter 4.2.
4.4

Extension method – for flexible concrete matrix – using basics of crack theory

The next step is the theoretical trial to get a mapping function for a real flexible concrete
matrix. The way is to understand the distribution of strain in the neighbourhood of a crack.
At this, only one side of the crack is regarded. A transmission between the crack sides like
aggregate interlock [5] is neglected.
König and Tue [4] describe basics of crack theory for reinforced concrete, which are also
the basics of the usual standards. They differentiate single and stabilized cracking in their
models for strain of concrete matrix and reinforcement (Figure 9).

Figure 9: Tension test and strain of concrete and reinforcement (left) single cracking (right) stabilized
cracking ( ε s ( x) - strain of reinforcement; ε c ( x ) - strain of concrete matrix)[4]

To get a type of function of the strain of concrete ( ε c ( x) ), the case of single crack is
regarded. At the crack, there is no strain of concrete and the maximum strain of
reinforcement. In the neighbourhood of the crack, the force is transmitted by bond from the
reinforcement to the concrete.

U=πØ

x
Figure 10: Model of reinforcement

Figure 10 shows a detail of reinforcement, from the beginning at a crack to the inside of
the concrete matrix. Its surface is the outline multiplied with the length x: A = π ⋅ ∅ ⋅ x .
The transmitted force then is the multiplication with the position depending shear stress
τ (x) :
x

Fc = π ⋅ ∅ ⋅ x ⋅ ∫ τ ( x)
0
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If τ (x) is estimated as a constant function and the strain of concrete is computed using
Hook’s law, the result is a quadratic equation, with a negative factor because of the
opposite direction of the shear stress:
π ⋅ ∅ ⋅ τ sm 2
⋅x
εc =
E c Aceff
This is the strain inside of the concrete element parallel to the reinforcement. If we guess
that the distribution on the surface is in the same form, a quadratic equation can be used.

Figure 11: Three dimensional view of strain inside a reinforced concrete element

Perpendicular to the surface the strain is fitted, as Figure 11, with the derivative zero in the
middle and at the reinforcement. So it can be mapped by a function of the fourth degree. In
the direction vertical to the surface the assumption is similar.
Already the estimation of the strain functions as a high-grade not-linear problem shows the
complexity of the problem. Therefore, this attempt is stopped here and referred to the
discussion.
4.5

Results for crack opening calculations

With a known displacement field and a computed crack pattern the crack opening can be
calculated over the whole test field. Figure 12 shows a full image of the shear zone; the
crack width and the crack edge displacement are calculated by the method using averages
of displacements (chapter 4.2) and can be plotted as lines and as detailed values.

Figure 12:

4.6

(left) Crack pattern (full)
(right) Crack pattern (detail with displacements parallel and vertical to the grid)

Discussion

The methods described in chapters 4.2 and 4.3 can be used whereas at larger displacements
and rotations the method of the three-dimensional similarity should be preferred.
The strain of the concrete matrix for the mapping model deduces different questions. The
strain of the concrete is between one or two dimensions smaller than the crack opening.
Mainly at a later point of time of the test at an intermediate crack formation, the neglection
is advisable.
Than the presented model is a strong simplification of the real state. The distribution of the
material, of the geometric set-up and forces, stresses and strains subject a strong noise,
which can exceed the researched strain. The last aspect is the measurement technique
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photogrammetry with an accuracy of approximately at 3 - 5 microns, which is also in the
same dimension.
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