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Abstract
Post-earthquake structural safety is evaluated manually by certified construction inspectors and
structural engineers. They inspect visible damage (e.g. cracks) on critical structural elements (e.g.
concrete columns). This process is time-consuming and costly. In order to automate this type of visual
inspection, several damage detection methods have been developed. However, most of them can only
detect the presence of damage. The next step, retrieving damage properties and further using these
properties to assess the impact of the damage on the structural elements has not yet been adequately
investigated. This paper presents a novel method of retrieving crack properties. Under this method,
the crack map on a structural element surface is first produced using state-of-the-art crack detection
techniques. Then, the topological skeletons of cracks are created through binary image thinning, and
the distance field of crack pixels in the map is produced using a distance transform. According to
skeleton configurations and the distance values of the crack pixels, crack properties (width, length,
orientation and location) are calculated. These properties are related to the properties of the structural
element to produce relative measurements for the estimate of concrete column damage states. The
method is implemented in a C++ based prototype and tested on a set of real crack images.
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Introduction

After an earthquake occurs, entry into damaged buildings as soon as possible is necessary for a variety
of reasons, including emergency search and rescue, building stabilization and repair, and salvage and
retrieval of possessions (ATC-35, 1999). There are always extensive risks associated with entering
damaged buildings after an earthquake, and often, further structural collapse produces additional
victims. Currently, the safety of entering damaged buildings is evaluated manually by structural
specialists (e.g. structural engineers and/or certified inspectors). They follow the guidelines provided
by the Federal Emergency Management Agency (FEMA) and the Applied Technology Council
(ATC), and assess the impact of visual damage (e.g. cracks) on critical structural components to make
sure that the damaged building remains stable and maintains a specific level of structural integrity.
Although civil engineers are supposed to be appropriate candidates to evaluate the safety of highly
engineered environments (Prieto, 2002), several limitations were found in the current evaluation
process. First, it is time-consuming. In the October 15, 2006 Hawaii Earthquake and the December 22,
2003 San Simeon Earthquake, the whole building safety evaluation processes took several weeks due

to the large number of buildings requested to be assessed (Chock, 2007; Johnson, 2004). Also, the
subjective inspection nature may lead to erroneous judgements (Kamat and El-Tawil, 2007).
The aforementioned limitations can be overcome if the current manual evaluation practices are
fully automated. This requires the damage lying on structural member surfaces not only to be detected
but also to be assessed based on their properties. So far, many machine vision based methods have
been created to locate the damage on structural member surfaces, and their effectiveness has been
validated in inspecting structures such as bridges, pipes and tunnels. As a contrast, little work was
found regarding how to automatically retrieve useful damage properties from detection results and
further apply these properties to estimate the damage state of structural members.
This paper presents a novel method of retrieving crack properties. First, a percolation-based crack
detection method is used to produce a crack map on a concrete structural element surface. Then, the
topological skeletons of cracks and the distance field of crack pixels in the map are produced through
binary image thinning and a distance transform, This information can be used to calculate crack
properties (width, length, orientation and location). Further, these properties are related to the
dimension and orientation of the structural element to produce relative measurements for the
estimation of structural element damage states. The method is implemented in a C++ based prototype
and tested on a set of real crack images.

2

Background

2.1

Current practices of post-earthquake damage assessment

The safety evaluation of buildings in the event of an earthquake is based on the procedures outlined in
ATC-20 documents. These documents outline three procedural levels: rapid evaluation, detailed
evaluation, and engineering evaluation. Rapid evaluation is typically based on an exterior inspection
of a structure only; detailed evaluation is a thorough visual inspection of a structure inside and
outside; and in an engineering evaluation, engineers/inspectors investigate the safety of a damaged
structure from construction drawings and new structural calculations (NASA, 2009). The purpose of
the rapid evaluation is to quickly identify apparently “Unsafe” or “Safe” buildings after an
earthquake. A building is regarded as unsafe if it partially collapses or its stories lean severely (ATC20, 1989). The buildings that cannot be determined as “Safe” or “Unsafe” are further assessed in the
detailed and engineering evaluations, where the severity and extent of damage to the structural and
non-structural elements throughout a building is observed, measured and recorded. For example, in a
reinforced concrete building, extent and severity of damage to the load-bearing elements is quantified
primarily by the width and orientation of the cracks that lie on these elements (ATC-20, 1989).
Compared with the rapid evaluation, the detailed and engineering evaluations will most often provide
more accurate assessment information of a structure, but both procedures expense great resources and
time, as the evaluations tend to take up to two hours and one week, respectively (NASA, 2009).

2.2

Automated crack detection

Existing crack detection methods are generally classified into two categories. The first category
recognizes only whether or not an image contains a crack (crack presence). For example, AbdelQader et al. (2006) proposed a principal component analysis (PCA) based algorithm for recognizing
crack presence in a bridge surface image. In their algorithm, an image was first segmented into
sixteen square blocks. Each block was filtered by linear feature detectors (horizontal, vertical and
oblique) and then projected onto dominant eigenvectors which were pre-generated from a training
data set. The projection result was further compared with the projection results of training data to
identify whether or not the blocks contain a crack. This way, cracks in an image can be recognized
sequentially on the basis of these blocks. Similarly, Liu et al. (2002) developed a crack classification

system, where a support vector machine (SVM) was used to differentiate regions in an image as
“crack,” “non-crack” and “intermediate” regions.
In addition to recognizing the presence of cracks, those methods which fall in the second category
also locate crack points in an image (i.e. produce a crack map). The methods utilize cracks’ special
visual characterstics in images and adopt various image processing techniques, such as wavelet
transforms, thresholding, and edge detection, to extract crack points from the image background.
Cheng et al. (2003) detected cracks in an image by simply thresholding the concrete surface image.
The threshold value was determined based on the image’s mean and standard deviation values. AbdelQader et al. (2003) compared the effectiveness of four edge detecton techniques (the Canny edge
detector, Sobel edge detector, Fourier transform and fast Haar transform) with respect to the detection
of cracks on concrete bridges and found that the fast Haar transform was more reliable than the other
three. These methods belong to global-processing techniques that do not consider crack connectivity.
As a result, their detection accuracy is affected by image noise (Yamaguchi and Hashimoto, 2009). To
address this problem, Yamaguchi and Hashimoto (2009) proposed a type of scalable local
percolation-based image processing method that considers crack connectivity among neighboring
image pixels. Also, Sinha and Fieguth (2006) introduced two crack detectors that consider relative
statistical properties of adjacent image regions. These two detectors are applied in four directions (0°,
45°, 90°, 135°) to identify crack pieces in buried concrete pipes, and then a linking and cleaning
algorithm is used to connect crack pieces. Iyer and Sinha (2006) designed morphology-based filters
with linear structuring elements to detect cracks.
A crack map is a binary image where each isolated crack point is shaded white, and non-crack
points are shaded black. Directly from the map, the specific properties (length, orientation, maximum
width, and average width) of each crack are all unknown. Little work has focused on automatically
retrieving this information. To the authors’ knowledge, Yu et al. (2007) calculated the length,
thickness and orientation of concrete cracks through a graph search; however, their method required
the start and end points of the crack to be manually provided first. Chae and Abraham (2001) relied on
an artificial neural network to retrieve crack properties, but it is unclear how to form the network’s
input data sets and how effective the network is.
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Method overview

In order to automate the current manual practices in evaluating the damage severity and extent to
structural and non-structural elements, a novel method of retrieving the properties of the cracks
inflicted on structural elements is proposed. The method is divided into two chief stages (Figure 1): 1)
crack detection and 2) crack property retrieval, which includes length retrieval, orientation retrieval,
and width retrieval using image thinning and distance transform techniques (Figure 2). Details are
explained in the following sub-sections.

3.1

Crack Detection

As previously mentioned, there are currently many developed crack detection methods. The
percolation-based method developed by Yamaguchi and Hashimoto is selected due to its high
detection accuracy and efficient computation time for a large-size concrete surface image (Yamaguchi
and Hashimoto, 2009). A slight modification is made for the sake of further reducing the computation
time. Instead of initiating a percolation process at each image pixel, the percolation is performed only
at the pixels that have high gradient magnitude. This is because the crack boundaries in an image are
always characterized by large first derivatives which result in high magnitude along a particular
direction (Sun et al., 2007). Although not all true crack boundary points can be found and some false
crack boundary points are introduced, the side-effects of both are remediated through the percolation.
The idea of detecting crack pixels using percolation is from the natural phenomenon of liquid
permeation at a crack on a concrete surface. Imagine water is poured at crack boundaries and it
always makes its way to fill the cracks. If it is poured on a concrete surface, it will be spread evenly as
a circle. In order to simulate this phenomenon, the method regards image intensities as depth values in
3D, and the percolation is performed based on the different intensities of crack and non-crack pixels.
First, the image pixels selected to initiate the percolation process form a region, Dp, and the image
pixels neighbouring to Dp form another region, Dc. The image pixels in Dc are checked, and those that
have less image intensities than any image pixel in Dp are identified and percolated into Dp. As Dp
grows, new image pixels neighbouring to Dp are found and included in Dc. This process continues
until all image pixels in Dc have higher intensities than any image pixel in the region Dp. Then, the
circularity (Fc) of Dp is measured using Equation 1 (Yamaguchi and Hashimoto, 2009). If Fc
approaches zero, the shape of Dp is linear, and the image pixels in Dp are marked as crack pixels.

Fc =

4 ∗ Ccount
2
π ∗ C max

(1)

where Ccount is the number of the pixels in Dp and Cmax is the maximum length of Dp.

3.2

Crack property retrieval

The crack properties useful for evaluating the safety of structural elements include length, orientation,
maximum width and average width. In order to attain these properties, a binary image thinning
algorithm (Cychosz, 1994) is applied in the crack map to retrieve cracks’ topological skeletons. Also,
a Euclidean distance transform (Fabbri et al., 2008) is used to calculate the distance field, which
supplies each crack pixel in the map with the nearest distance to its boundaries. A crack skeleton
together with the distance values from the points to the crack boundaries can serve as a representation
of a crack since they contain all the information necessary to reconstruct the crack.
The properties of a crack are retrieved based on its skeletons and the distance field. The crack
length is equivalent to the crack skeleton length, which is approximated by the height of an objectoriented bounding box that circumscribes crack skeleton points. The crack orientation is the crack
skeleton orientation, which is indicated by the direction of the object-oriented bounding box. The
average of the distance values of all skeleton points is calculated, and the doubled result denotes the
average crack width. Similarly, the double of the largest distance value that exists at skeleton points
represents the crack’s maximum width.
All values are measured at the image pixel level and are of little value to estimate actual structural
element damage states until they are spatially correlated with the dimension and orientation of the
structural elements. For example, a diagonal crack with maximum width of 10mm indicates a
different type of damage on a column with a width of 1m versus that with a width of 0.5m. Spatially
correlating cracks to structural elements produces relative measurements. Although specificity as to
the type of relative measurements necessary for structural element damage state estimation is still

under investigation, the following measurements can be calculated for concrete columns: 1) the angle
of crack direction in relevance to the column’s vertical edges, 2) the projection of the crack length on
the column width, and 3) the largest crack width in relevance to the column width.

4

Implementation and preliminary results

The methodology presented in this paper is implemented into a C++ based prototype. The prototype
was written in Microsoft Visual Studio C++ 2005. Intel® Open Source Computer Vision Library was
used as the prototype’s main image processing toolbox. Figure 3 illustrates the intermediate and final
results of the method in crack detection and property retrieval. In order to measure the performance of
the proposed method, the crack properties calculated by the method are compared with those retrieved
from manual surveys in an image, and the relative errors are measured (Table 1).
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Figure 3: Immediate and final results of the method; the crack is divided into four segments based on the
orientation information (S1-red, S2-green, S3-blue and S4-yellow).
Table 1. Comparison of the crack properties retrieved by the method and from manual surveys.
Methods
Crack Properties
Length (pixels)
Orientation (angle to x-axis) Width (pixels)
Proposed method
S1
S2
S3
S4
S1
S2
S3
S4
Avg.
Max
161
168 106 74
95°
147° 168° 50°
3.0
8.0
Manual survey
135
166 109 65
97°
146° 167° 57°
4.1*
9.0
*
Calculated from 30 sample sections in the image
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Conclusions

When an earthquake occurs, entry into damaged buildings as soon as possible is often necessary for a
variety of reasons. However, current manual post-earthquake building safety evaluation practices are
time-consuming, and the subjective results easily lead to erroneous judgements. Therefore, the
concept of automating the current manual practices is proposed to overcome these limitations.

Although many methods have been created in detecting the damage that lies on structural elements,
little work was found in automatically retrieving damage properties from detection results.
This paper presents the authors’ recent work in automatically detecting cracks on a concrete
structural element and retrieving their properties. First, a well-developed percolation-based crack
detection method is used in producing a crack map. Then, a binary image thinning algorithm and a
distance transform are applied in the crack map to get crack topological skeletons and the distance
values of skeleton points to crack boundaries. Based on this information, crack properties (width,
orientation and length) are calculated, and these properties can be further related to the properties of
structural elements to produce relative measurements. Real concrete surface crack images were used
to validate the work presented in the paper. The crack properties that are retrieved by the method are
compared with the crack properties that are retrieved manually. The results indicate that most crack
properties can be retrieved at an acceptable level. Future work will focus on identifying how to use
the retrieved relative crack properties to estimate structural element damage states.
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