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Abstract: In this paper we discuss a semiautomatic measuring system that can extract images of cracks in the surface of concrete from
multitemporal images. An accuracy assessment and analysis of the relationship between expansion of the concrete and crack width are
also included. The proposed scheme is comprised of four major components: �1� imaging geometry modeling for camera calibration; �2�
initialization and skeletonization of cracks using the developed graphical user interface; �3� automatic crack tracing and width determi-
nation; and �4� multitemporal image processing and analysis. The experimental results indicate that the consistency of crack widths
between the automatic extraction method and the manual measurement method could reach 0.05 mm or better.
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Introduction

An important goal in assuring the soundness of a concrete struc-
ture is to monitor cracks in the concrete surface. During concrete
production a large number of alkalis occur in the aggregates.
Stanton �see Dolar-Mantuani 1983� has found that alkali-
aggregate reaction �AAR� produces cracks in concrete structures
due to the chemical reactions. The cracks caused by the AAR
expansion pressure will lessen the durability of buildings by de-
creasing their resistance to compression and the bending strength.
Traditionally, the quantization of cracks in concrete structures is
done by manual contact measurements to locate the position and
the width of the cracks using the “crack-scale.” There are two
obvious drawbacks to this approach. The first is that it is time-
consuming. The second is that the results vary with different mea-
surement methods. Thus an automatic image-based approach
would be better in terms of efficiency and result in consistency.
The essence of detecting cracks in concrete in an image is feature
extraction for lineaments. A number of automatic processing ap-
proaches and techniques have been developed for feature detec-
tion in digital images �Sowmya and Trinder 2000�. Line features,
such as roads and rivers, are one method �Gruen and Li 1997;
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Steger et al. 1997; Hinz et al. 2001�. Depending on the distinctive
properties of the concrete cracks, some research has developed
practical algorithms for crack extraction �Chen et al. 2001; Dare
et al. 2002�. However, the long term monitoring of a time series
data set is not reported.

A set of time series of images is taken of a concrete specimen
over a period of time and used with the proposed semiautomatic
procedure to detect crack growth in the concrete surface. The core
of the proposed scheme is edge detection of the cracks. The de-
tection is initialed a number of seed points used to prepare a
graphic interface for operational convenience. Image registration
for multitemporal analysis is also included. For general data ac-
quisition a nonmetric camera and a high-resolution image scanner
are used to reach high accuracy.

Proposed Scheme

The proposed scheme includes four main components: �1� geo-
metrical image modeling and camera calibration; �2� initialization
and skeletonization of the cracks; �3� route tracing and width
determination; and �4� multitemporal image processing. Calibra-
tion for lens distortion to rectify the concrete images is carried out
first. Based on the properties of the cracks in the image, manually

Fig. 1. Seed points with buffer zone
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determined seed points show the position for crack detection. The
proposed measuring system can then extract features automati-
cally. For multitemporal image processing, the location of the
cracks in the first image will be related to the later images through
image registration.

Geometrical Image Modeling

In general, some 6–12 years are needed for cracks to generate in
concrete structures in a natural environment. To speed up the
reaction time in these experiments, we put an alkali-containing
concrete plate in a hot environment to produce cracks quickly.
The photos were taken with a nonmetric camera at predetermined
time intervals and then scanned to produce high-resolution im-
ages. Theoretically, colinearity condition equations are adequate
to model the geometry between the object and the corresponding
image. If we consider the concrete surface to be flat, the colinear-
ity equations may be simplified as a two-dimensional �2D� pro-
jection transformation �Wolf and Dewitt 2000�. The transforma-
tion equations may be modified for lens distortion including radial
and tangential parts �Kraus 1993�. A self-calibration procedure, in
conjunction with image modeling, is accomplished by Eq. �1�

�x + x =
a1X + b1Y + c1

a3X + b3Y + 1

�y + y =
a2X + b2Y + c2

a3X + b3Y + 1

�x = x�k1r2 + k2r4 + k3r6� + p1�r2 + 2x2� + 2p2x · y

�y = y�k1r2 + k2r4 + k3r6� + p2�r2 + 2y2� + 2p1x · y �1�

Initialization and Skeletonization for Cracks

The image of the concrete surface is full of textures caused by
cracks, different aggregates, and other nonhomogeneous materi-
als. A traditional feature of such extraction techniques as edge

Fig. 2. Steps of junction mapping: �a� crack buffer zone; �b�
thresholding; �c� noise removal; �d� thinning; and �e� locating

Fig. 3. Junction templates
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detection or image segmentation techniques is that they generate
too many features, most of which are not related to cracks. From
the application point of view, a fully automatic system for crack
detection in the image space would not be feasible, due to the
inability of the system to differentiate cracks from other features.
This is why the proposed system is semiautomatic.

Seed Points Input

The first step in this crack detection system is to develop a graphi-
cal user interface �GUI�. Based on the GUI, one may digitize the
cracks on the screen. This digitization can be done roughly in
order to minimize the workload. It is only necessary to digitize
points, treated as seed points, for two situations: �1� junctions of
crack; and �2� nodes when cracks change direction. Once the
input points are selected, a pipe zone with a reasonable width is
generated for the area of interest. The pipe zone should envelop
the crack segments for the next processing step. In general, we
allow 5 pixels as the pull-in-range for crack determination, which
means that the width of the buffer zone is 10 pixels. Fig. 1 gives
an example of the procedure with two seed points given for a
node and the pipe zone associated with them.

Crack Skeletonization

It is observed that the gray value of a crack is always lower than
its surroundings. Thus, in the crack buffer zone, we select a suit-
able threshold for separating potential crack pixels from the back-
ground. We then perform a clumping process to remove noise and
a thinning process to extract the skeleton of the crack �Gonzalez
and Woods 1993�. Fig. 2 illustrates the procedure. A seed point
for a junction and a buffer zone are illustrated in Fig. 2�a�. Fig.
2�b� illustrates the results of thresholding. In Fig. 2�c� the noise
has been removed. Finally, skeletonization is achieved in Fig.
2�d�. The skeleton of the crack is superimposed on the original
image; one should find that the crack is well-centered even
though the initial points are 5 pixels away.

One more step is needed to accurately snap the locations of
junction points and nodes. For junction mapping, the eight tem-
plates shown in Fig. 3 are used to match the junction location.
The results are shown in Fig. 2�e�. For node mapping, two pro-
files perpendicular to the reference line connecting two seed
points are interpolated, shown in Fig. 4, and the beginning and the
end points with the lowest gray value on the profiles are deter-
mined.

Fig. 4. Node mapping



Route Tracing and Width Determination

Two algorithms, i.e., the route-finder and the fly-fisher algorithm,
were proposed by Dare et al. �2002� to trace the crack route.
Based on our observations, we have developed a more effective
algorithm, which can automatically trace route. The crack route is
first defined by the pixels with the lowest gray value, in the pro-
files perpendicular to the reference line. The first reference line is
connected by the beginning and the end points. Later reference
lines are defined by the former two detected points. The process is
repeated to detect the next point along the crack and to form a
route. Fig. 5 shows the route tracing steps. Fig. 5�a� shows the
first reference line connecting the beginning and the end point of
a crack segment; the first route point is determined by the lowest
gray value on the profile perpendicular to the reference line. Figs.
5�b and c� show how other reference lines connected by the two
former points and the route points are determined. Fig. 5�d�
shows a complete tracing of the route points. Two conditions that

Fig. 5. Route tracing: �a� first reference and first point; �b� the later re
tracing points

Fig. 6. Illustration of crack’s edge detection: �a� crack examp

Fig. 7. Subpixel interpolation on second order curve
stop the tracing are �1� if the distance between a tracing point and
the end point is less than a profile span or �2� the number of
tracing points is triple the proper number of profiles between the
beginning and the end points. If the tracing fails to locate the true
route, we suggest using a new seed point to shorten the distance
between the beginning point and the end point.

Dare et al. �2002� proposed an algorithm with predefined pa-
rameters, i.e., gain and offset pairs, for crack edge detection and
width determination. Here we propose using another popular au-
tomatic edge detection technique without predefined parameters.
We used a mask of the first deviation of the Gaussian function
�DOG� to convolute the profile perpendicular to the crack route.
The edges are defined as the maximum and the minimum of the
convolution profile �Parker 1997�. Fig. 6 shows an example indi-
cating the profile of the crack edge, with the gray value, the
profile of the convolution value, and using sigma 1.0 for the
DOG. The x axis is the profile across the crack and the y axis is
the convolution value. For subpixel accuracy, we also perform
second degree curve fitting on the profile and interpolated the
maximum and the minimum to define the edges. The second de-

e line and route points; �c� more route points; and �d� complete route

gray value profile; and �c� convolution profile with the DOG

Fig. 8. Passing points and forward tracing on the later image: �a�
former image and �b� later image
ferenc
le; �b�
gree curve is shown in Fig. 7. The x axis is the profile across the
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crack and the y axis is the gradient value of the convolution. Eq.
�2� is the interpolation equation

�X =
YX+1� − YX−1�

4YX� − 2YX+1� − 2YX−1�
�2�

Multitemporal Image Processing

In our investigation, the concrete plate is regarded as 2D, there-
fore the system can perform multitemporal images registration by
affine transformation with five setscrews on the concrete plate
used as control points. Nodes or junctions from a former image
will be matched via the normalized cross correlation �NCC�
method with later images to find the corresponding points. Once a
crack is detected in the first period image, the system transfers its
nodes or junctions to a later image, then repeats the processes
described in sections of crack skeletonization and route tracing to
automatically extract the same crack. To trace the extension of an
existing crack to a later image, the system will automatically trace
the end of the crack. Fig. 8 shows that points in the former image
are passed on later to continue route tracing. However, if there is
any new crack in a later image, another manual operation needs to
be performed for the new extraction.

e/Object Space

Case 4 Case 5 Case 6 Case 7

50 cm 50 cm 50 cm 50 cm

90° 270° 0° 0°

— — Refocused 30 days later

.2 piexels/
0.31 mm

3.3 pixels/
0.32 mm

3.3 pixels/
0.32 mm

3.3 pixels/
0.32 mm

1.8 pixels/
0.17 mm

1.6 pixels/
0.15 mm

1.4 pixels/
0.13 mm

1.4 pixels/
0.13 mm

Fig. 11. Illustration of crack extraction: �a� crack extraction on
Day 26; �b� crack extraction on Day 50; and �c� crack extraction on
Day 96
Table 1. Standard Deviations before and after Camera Calibration in the Imag

Case 1 Case 2 Case 3

Object
distance

50 cm 70 cm 90 cm

Rotation
angle

0° 0° 0°

Other
condition

— — —

Before
calibration

3.3 pixels/
0.32 mm

3.4 pixels/
0.45 mm

2.9 pixels/
0.43 mm

3

After
calibration

1.3 pixels/
0.12 mm

1.8 pixels/
0.25 mm

1.2 pixels/
0.17 mm
Fig. 9. Experimental concrete plate and some images: �a�
experimental concrete plate; �b� crack image on Day 26; �c� crack
image on Day 50; and �d� crack image on Day 96
Fig. 10. Graphic user interface



Experiments

The test samples were provided in a controlled environment. The
concrete plate specimens were put into a high temperature and
high pressure environment to speed up the growth of cracks. We
used a nonmetric analog camera �Rolleiflex 6008 Integral� and
film �Kodak Ektachrome 64� to take photos of the concrete every
2 weeks. A high-resolution scanner �AGFA DUOSCAN T2500�
was then used to scan the digital images with a resolution of
about 10.2 �m. While taking the images, the camera was also
calibrated to ensure its stability and the accuracy for the duration
of the experiment.

Camera Calibration

The interior of the nonmetric camera was unknown, so we com-
puted the parameters for lens distortion and projective transfor-
mation with a self-calibration adjustment. Several design condi-
tions were tested. The object distance was varied from
50 to 90 cm. The rotation angle with respect to the camera axis �,
was 0, 90, and 270°. The time factor was also taken into consid-
eration. We repeated the same photo situations after 30 days.
Table 1 shows the standard deviation before and after correction
for lens distortion under the designed conditions. The accuracy
could be improved by at least 50% by correcting for lens distor-
tion. To understand the stability of the nonmetric camera, we also
applied the Case 1 parameters to the Case 6 and Case 7 images.
The standard deviation was 1.5 pixels �0.14 mm in object space�.
It was proven that the nonmetric camera was very stable. Correc-

Fig. 12. Crack example for accuracy assessment: �a� crack example;
and �b� manually measured and automatically detected edge

Fig. 13. Relationship between expansio
tion for lens distortion improves the accuracy, assuring high-
quality crack measurements.

Concrete Plate Preparation

AAR concrete cracks need 6–12 years in a natural environment
to form. In order to shorten the reaction time, we adopted the
“Potential alkali reactivity of aggregate method �chemical
method�” �ASTM C 1260-94� �ASTM 1994� to make cracks hap-
pen more quickly. The preparation consists of the following steps:
1. Aggregates are collected, broken down, and graded;
2. Aggregates are poured into the mortar to form a plate and

cover up setscrews;
3. The form is removed and primary distances between the set-

screws measured; and
4. The concrete plate is immersed in a 80°C and 2 M NaOH

solution.
Fig. 9 shows the experimental concrete plate with the five

Setscrews A–E. To accurately observe the extension of the con-
crete plate we used a micrometer with a minimum scale of 2 �m
to manually measure change in length between the setscrews.
Figs. 9�b–d� show some of the serial images for Setscrews A and
E on Days 26, 50, and 96.

Measuring System and Experimental Results

Although we measured many specimens, only three of them, on
Days 26, 50, and 96, are illustrated here for simplification. Fig. 10
shows the graphic user interface of the measuring system and
some of the Day 26 extraction results. The junctions or nodes
were determined on the first image and then passed to the later
images to extract the same crack automatically. The automatic
processing time for each crack segment was less than 1 s. Fig. 11

Table 2. Accuracy Comparison of Crack Widths in Units of mm

Crack 1 Crack 2 Crack 3 Crack 4 Crack 5

Automation 0.395 0.237 0.152 0.261 0.632

Manual 0.371 0.193 0.113 0.264 0.593

Difference 0.024 0.044 0.039 0.003 0.039

concrete objects at different time stages
n and
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shows the extraction results for the first image on Day 26, and the
automatic extraction results on Days 50 and 96, with extension of
the cracks marked.

Accuracy Assessment

Fig. 12�a� shows an example of a crack image, and Fig. 12�b�
shows the average measured location of the edges from three
operators and automatic detection results. Under visual inspec-
tion, most distances between two edges were less than 1 pixel.

An accuracy assessment of crack width was performed for an
image resolution of about 75.6 �m in the object space. Table 2
shows a comparison between the automatic extraction results and
the manual measurements, from seven operators, using the Crack-
Scale for five cracks. The differences are all less than 0.05 mm.

Expansion and Widths of Cracks

In our investigation many cracks were recorded in order to com-
pute the relationship between the expansion and the widths of the
crack, for long term monitoring. It was found that when the ex-
pansion reached 0.5 to 0.6%, cracks started to appear in the con-
crete plate. Fig. 13 shows the relationship between the expansion
and the concrete plate at 109 days. The five curves in Fig. 13
stand for distances between the Setscrews A, B, C, and D. The
expansion values between the setscrews were measured manually.
The width of the cracks was extracted by the measuring system.

Conclusions

In this paper we propose an automatic measuring scheme for
crack extraction. This edge detection method could be applied to
other kinds of concrete structures cracks, not limited to AAR. The
proposed system can deal with multitemporal images needing
only a few manually measured seed points to indicate cracks on
the first image and new cracks on the others. The system im-
proves the degree of automatic extraction and recording of the
length and width of the cracks. The experimental results indicate
that the consistency between automatic extraction and manual
measurement was better than 0.05 mm. The automatic processes
could reach high precision and the result should be easy to use for
further applications. Since the trend is to improve the resolution
for digital cameras, it is expected that the proposed scheme may
also be applied to those images acquired by high-resolution digi-
tal cameras for a higher degree of automation.
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Notation

The following symbols are used in this paper:
a1 ,a2 ,a3 ,b1 ,b2 ,b3 ,c1 ,c2 ,c3

� projection transformation parameters;
k1 ,k2 ,k3 � radial distortion parameters;

p1 , p2 � tangential distortion parameters;
r � radial distance;

X ,Y � object coordinates;
x ,y � image coordinates;

Yx�=Yx+1−Yx−1

� gradient of the convolution value; and
�X � bias near the extreme value.
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