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Computer vision framework for crack detection and esti-
mation of air leakage through the straight-through cracks
in buildings envelopes

Maliheh Jahanbakhsh! and Andrea Ferrantelli

Summary Over time, buildings inevitably experience physical and functional deterioration.
Regular and accurate inspections are essential to ensure safety and functionality, helping to avoid
hazardous and uncomfortable conditions. Cracks, a common indicator of structural distress, also
facilitate air infiltration due to pressure differences between the interior and exterior. The precise
and efficient detection of cracks, along with the estimation of air infiltration through these cracks,
is therefore critical for civil engineering applications that aim to reduce energy consumption
and enhance indoor air quality. This paper introduces a novel image processing framework for
automatic detection of cracks in building envelopes, coupled with the measurement of indoor and
outdoor air parameters, which could be used to assess crack size and to estimate air infiltration
rates by using heat transfer and fluid mechanics formulas. A computer vision-based system
for automatic crack detection is first developed by using the Python OpenCV library through
binarization, Otsu’s thresholding and Canny operator; geometric quantification of the cracks is
then obtained via skeletonization, and the resulting morphological characteristics of the cracks
are finally used to estimate airflow by using common fluid mechanics formulas.
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Introduction

Building infiltration has been identified as a critical factor influencing the thermal load of
structures. The extent of this impact varies depending on climatic conditions and building
specific factors, such as construction type and design. According to the revised Finnish
Building Code [1], the average infiltration rate is determined by dividing the air leakage
rate, nsg, measured during a single pressurization test, by 25. Here, nsq represents the air
change rate per hour under a pressure differential of 50 Pa. This standardized approach
provides a benchmark for assessment building infiltration and its contribution to energy
performance metrics [2].

The thermal load associated with entering outdoor air into a building’s interior is
conventionally understood to be predominantly influenced by the infiltration flow rate
and the temperature differential between indoor and outdoor environments [3]. In tall
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buildings, the stack effect serves as the primary mechanism driving air infiltration. This
phenomenon arises due to variations in air buoyancy caused by differences in temperature
across the building envelope, compounded by the building’s vertical height, which col-
lectively establish a pressure differential between the internal and external environments
[4]. Research indicates that air infiltration contributes substantially to the overall heating
demand, accounting for 25% to 50% of the heating load in residential and commercial
structures, and approximately 15% of heating loads in commercial buildings can be at-
tributed to air infiltration [5]. Furthermore, there is evidence that also harmful chemical
and microbiological agents from outdoors and even from the structures themselves can
leak into the living spaces and affect the indoor air quality of the occupants (sce e.g. [6]
and references quoted therein).

A study investigating air infiltration through cracks in timber floors revealed that
infiltration is primarily influenced by the size and spatial distribution of cracks, the ven-
tilation of the subfloor, and the pressure differentials across the floor. This emphasizes
the necessity of addressing such cracks and implementing improved insulation or sealing
measures to optimize energy performance and minimize heating demands [7].

Minimum outdoor air ventilation rates, as outlined e.g. in ASHRAE Standards [3],
are typically determined based on parameters including the air tightness of the build-
ing envelope, total floor area, geographical location, and number of occupants. Such
Standards incorporate a constant infiltration credit, which allows for a reduction in the
mechanical ventilation requirement. However, actual infiltration rates are influenced by
dynamic factors such as weather conditions and system operation. Consequently, if real-
time infiltration rates were available and utilized to adjust mechanical ventilation rates,
mechanical systems could potentially operate more efficiently. Theoretical controllers de-
signed to dynamically adjust the hourly mechanical ventilation rate to satisfy ventilation
requirements could result in substantial annual average energy savings, as shown in [8].

Despite its significance, air leakage through cracks as a factor in infiltration calculations
has not been adequately explored regarding its potential impact.

Previous studies have primarily focused on crack detection and segmentation using
image processing techniques, as well as analyzing airflow through various types of cracks
via experimental methods or simulations. In this study, the airflow through the crack is
examined with respect to the impact of pressure differentials on building envelopes, which
are caused by the height of the envelope above ground level. This is achieved through
airflow estimation by using physical formulas, considering the correlation between the
geometrical parameters of the crack surface and the airflow passing through, without
relying on experimental or simulation approaches to enhance applicability for automation.

Integrating morphological studies of cracks with their implications for infiltration and
building thermal loads is essential for accurately estimating the energy demands of build-
ings in a rapid or real-time manner. To achieve this, the development of an automated
framework for the detection and characterization of crack geometry is imperative. Such a
framework would enable real-time estimation of airflow through cracks, facilitating precise
calculation of thermal loads and supporting enhanced energy efficiency strategies.

This study presents the development of an integrated framework aimed to automate
the detection and morphological characterization of cracks using advanced computer vi-
sion techniques. The framework incorporates a computational script to estimate airflow
through cracks, accounting for the stack effect, thereby streamlining and automating the
analysis process. To demonstrate the practical application and robustness of the frame-
work, a representative case study has been conducted, illustrating its effectiveness in
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real-world scenarios.

For the estimation of airflow, the framework leverages existing research that models
airflow through cracks and includes physical studies on this phenomenon. In these studies,
the pressure flow characteristics of various full scale model cracks, representative of real-
world leakage paths, have been systematically measured. These measurements validate
the crack flow equations across a vast range of parameters.

The model uses a quadratic relationship for the pressure drop AP characteristics,

AP=A-Q+B-Q?, (1)

which serves as an alternative to the commonly employed power-law approximation for
pressurization data. In Eq.(1), the quadratic coefficients A and B are directly tied to the
physical parameters of the crack, providing a more practical and physically grounded ap-
proach. Furthermore, a simple graphical method is introduced to facilitate the prediction
of crack leakage areas based on these coefficients [9, 10].

Using this theory, the framework can estimate airflow through three types of cracks:
straight-through cracks, L-shaped cracks, and Double-bend cracks. This capability en-
hances the applicability of the framework for diverse building conditions and supports
accurate and automated predictions of thermal and energy performance [9].

Methodology

This research introduces a novel image-based methodology for estimating airflow through
structural cracks. The proposed framework, delineated in figure 1, encompasses a system-
atic approach comprising three principal stages aimed at automating crack detection and
quantifying their geometric parameters, including width and length. These metrics are
subsequently utilized to infer airflow through the cracks, enabling precise air infiltration
calculations for building envelopes under a hypothetical worst-case scenario.

This scenario assumes that the identified cracks traverse the entire wall thickness, fa-
cilitating unrestricted airflow to the exterior. The initial stage involves advanced crack
detection techniques leveraging image processing algorithms that are applied to high-
resolution photographs of wall surfaces exhibiting cracks. This stage ascertains the pres-
ence and location of cracks with high reliability. The subsequent stage encompasses the
precise quantification of crack dimensions, including the determination of maximum, min-
imum, and mean widths, as well as the estimation of crack length based on image data.
These measurements are integrated into the final stage, where they are employed to com-
pute air leakage due to the stack effect, which is a key parameter for assessment the
structural and energy performance of the building envelope.

Crack detection Crack geometry Estimation of airflow through crack

Figure 1. Framework of the crack detection, inference of geometry and through-crack airflow estimation

Detection and geometric characterization of cracks

The first two steps of the methodology propose a framework for automation of crack
detection and geometric quantification, as portrayed in the flowchart in figure 2. The first
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step is an autonomous detection of the crack through camera pictures involving image
processing, which articulates as follows:

(1) gathering the images of the surface by camera,

(2) pre-processing the collected pictures with image processing to remove noise,

(3) thresholding with segmentation to distinguish target object from background,

(4) applying the Canny operator to visually distinguish the crack, leading to detection.

The second step is crack feature extraction, where the detected cracks are separated
based on the width, depth and direction of propagation of the crack. In this study,
Python’s OpenCV library is utilized as a robust and versatile tool for image processing,
enabling efficient implementation of algorithms for tasks such as noise reduction, grayscale
conversion, edge detection, and feature extraction.
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Figure 2. Crack detection and geometric quantification

In summary, the algorithm proposed in figure 2 first processes an input image to filter
noise and detect cracks by means of a connected component analysis, then connected
regions in the binary image are identified. After conducting filtering based on a minimum
size threshold, the algorithm then checks if cracks are present by analyzing the number of
unique connected components. In the output, crack presence or good wall condition will
be indicated with a message and visualization.

Crack detection

In the domain of image pre-processing, two fundamental steps are involved: (1) noise
reduction using a median filter, and (2) conversion to grayscale. During real-time image
acquisition, crack images often encounter various challenges, such as shadows, inadequate
illumination, raindrops, superficial scratches, and other surface irregularities. These fac-
tors can significantly elevate the rate of false-positive detections in subsequent analysis.
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Consequently, noise reduction is a critical pre-processing step within any image-based
crack detection framework. Enhanced image datasets can be obtained through a range
of pre-processing techniques, including contrast enhancement, shadow mitigation, and
cropping unnecessary regions.

The primary challenge in crack detection is the pervasive presence of noise, which com-
plicates the accurate identification of pixels associated with cracks. Several pre-processing
methods, including filtering and smoothing, are routinely applied to enhance image qual-
ity and ensure accurate crack identification. Among these, filtering techniques, such as
median blurring, are commonly employed to smooth images and remove noise, while si-
multaneously preserving important edge information [11-14].

The median filter, in particular, is utilized to attenuate both noise and shadow artifacts
in the image [15]. As a non-linear filter, it is particularly effective in reducing noise
while preserving essential structural details, especially edges. Let the input image be
denoted by I(x,y), with the median filter operating via a sliding window (or kernel) of
size m X n centered on each pixel (x,y). The output pixel value I eq(z,y) at each location
is computed as the median value of the pixels within the window:

Lneda(7,y) = Median {I(u,v) | (u,v) € N(z,y)} . (2)

In this formulation, N'(z,y) in Eq.(2) represents the set of pixels in the neighborhood
of pixel (z,y), typically defined by a square region of size m x n around the pixel. The
median operator Median(-) selects the middle value from the sorted list of pixel intensities
within this neighborhood [16]. This approach makes the median filter highly effective in
mitigating impulse noise, such as salt-and-pepper noise, while maintaining the sharpness
of edges in the image. The median blur in figure 2 has 2 parameters, namely image and
kernel size. The kernel size must be odd, e.g. 3, 5, 7. The larger kernels cause stronger
smoothing, but risk removing thin cracks [17]. For this reason, in the present case the
kernel size is set to 5.

After mitigating noise through median blurring, grayscale conversion enhances the dis-
cernibility of cracks in the images and simplifies the image analysis process by reducing
the dimensionality of the data, since an RGB image that encompasses three color channels
(red, green, and blue), is transformed into a single-channel brightness scale. This reduc-
tion compresses the data volume by approximately two-thirds, significantly decreasing
computational complexity and expediting both algorithm training and crack identifica-
tion. The conversion process is underpinned by the luminous efficiency of the constituent
color channels. Due to the varying sensitivity of the human visual system to different
wavelengths, green is perceived as the brightest color, while blue appears as the darkest
[16]. The most common grayscale conversion methods are average, luma, and luminance
[18]. The International Commission on Illumination (CIE) has established standardized
weights for computing the true luminance (Y) of a pixel on modern displays, based on
the linear contributions of red (R), green (G), and blue (B) channels. The luminance
calculation is expressed mathematically as in Eq.(3):

Y = 02125R + 0.7154G + 0.0721B = 0. (3)

Thresholding is a widely used technique in image processing for crack detection [19].
It involves converting a grayscale image, where pixel intensity values range from 0 (black)
to 255 (white), into a binary image. In this process, each pixel’s intensity is compared
to a predefined threshold value: pixels with intensity below the threshold are assigned
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a black (0) value, while those above the threshold are assigned a white (255) value [20].
Otsu’s method, a popular thresholding approach, is extensively employed in various image
processing applications [21]. This method assumes that an image can be segmented
into two distinct groups: the background and the target object. The threshold value is
determined by maximizing the between-class variance, which quantifies the separation
between these two groups. This variance serves as a measure of homogeneity in the
pixel intensity distribution, enabling the automatic selection of an optimal threshold for
effective segmentation. Otsu’s algorithm searches for the threshold ¢ that minimizes intra-
class variance. Their formulations are expressed as shown in Eq.(4),

ou(t) = @ (t)or(t) + g2 ()03 (1) | (4)

where ¢;, ¢» represent the probabilities of each class, and 02 denotes the variance. In this
study, for image thresholding, the maximum intensity value of 255 is assigned to pixels
exceeding the threshold. Additionally, at this stage, two Otsu algorithms are applied to
automatically determine the optimal threshold and perform binary thresholding. Conse-
quently, pixels with intensities greater than the threshold are set to 255 (white), while
pixels with intensities less than or equal to ¢ are set to 0 (black). In other words, thresh-
olding is performed using the computed optimal threshold ¢, where pixels with values
greater than ¢ are assigned the value 255, and those less than or equal to ¢ are given the
value 0.

In the next stage, implementation of an edge detector to preserve crack geometry
and facilitate efficient analysis is initiated. Generally, edge detectors are mathematical
techniques designed to identify points of high gray-level intensity variation within an image
[22]. These intensity variations often occur at locations where the gray-level intensity
fluctuates dramatically, forming structures known as edges. Since fracture pixels are
strongly correlated with pixel locations exhibiting abrupt changes in gray-level intensity,
edge detection methods are highly effective for identifying cracks in concrete surfaces.
Edge-based approaches for fracture detection are thus widely adopted. The Canny edge
operator is employed for signal enhancement, utilizing two sets of 2 x 2 matrices: the
horizontal and vertical filters. The horizontal and vertical approximation differences in
grayscale intensity are computed by performing convolution operations. Let G/, and G},
represent the horizontal and vertical edge detection results of the image’s gray value,
respectively. The Canny operator returns a value for the first derivative in both horizontal
and vertical directions. Their formulations are expressed as in Eq.(5) [23]:

G = [_i ﬂ xG, G= [_11 _11} * Q. (5)
After applying the Canny operator, cracks become visually distinguishable in the images,
with enhanced contrast between crack pixels and their surroundings.

To further refine the binary image, morphological operations are then employed to
extract and analyze image components that are useful for representing and describing
shapes, such as erosion, dilation, opening, and closing operations [24]. In this study, a
rectangular structuring element (a small kernel matrix) was utilized to perform a combi-
nation of morphological operations, including opening and closing, to effectively remove
small noise while preserving the primary shapes of the cracks. Opening operations smooth
object contours, break narrow isthmuses, and eliminate thin protrusions. In contrast, clos-
ing operations also smooth contours but are specifically effective at fusing narrow breaks,
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filling small gaps, and eliminating small holes within the structure [25]. To achieve the
desired refinement, a morphological filter comprising a closing operation followed by an
opening operation was applied. This sequence ensures both noise reduction and the
preservation of the crack’s geometric integrity, facilitating accurate representation and
analysis. The morphological opening and closing operations both utilize a kernel param-
eter. For opening, the kernel has a rectangular shape, and its size should approximate
the expected crack thickness. For closing, smaller kernels help eliminate minor speckles
while preserving true crack lines. The kernel size for closing is typically 3 x 3, 5 x 5 or
7 x 7, smaller sizes are recommended for thin cracks, while larger sizes are suitable for
wider or fragmented cracks. For opening, the kernel size range is the same as for closing,
but using excessively large kernels may remove fine cracks. Visual testing is necessary to
determine the optimal size [26].

Crack segmentation and geometry quantification

To measure the width and length of a crack after applying Otsu’s thresholding, skele-
tonization can be utilized. Skeletonization involves reducing a binary shape to its center
line representation while preserving its structural properties. This process calculates the
skeleton by filling the enclosed area of the boundary with foreground pixels and treating
it as a binary region. In simpler terms, the skeleton is derived using the coordinates of
all points within the region, including those along its boundary.

The concept involves simplifying a region into a graph-based representation by extract-
ing its skeleton, which represents the set of points within a region that are equidistant
from its boundary [27]. Skeletonization can be primarily achieved with two methods: in-
crementally thinning the region by morphological erosion while maintaining endpoints and
connectivity (the so-called ”topology-preserving thinning”), or by computing the medial
axis of the region and adopting the medial axis transform introduced by Blum [28].

In this study, as illustrated in figure 2, the medial axis-based approach to skeletoniza-
tion was employed. The medial axis of the binary image, along with the distance trans-
form which quantifies the distance from each pixel to the nearest background pixel, was
computed during skeletonization. The crack length is implicitly represented by the total
number of pixels in the skeletonized image, with each pixel corresponding to a segment of
the crack. The crack width was determined using the distance transform, which provides
the minimum distance from a skeleton pixel to the nearest background pixel. The crack
width is calculated as twice this distance, effectively capturing the physical width of the
crack. In this study, the scaling factor in the used test image is 883,642 nm/Px. The DPI
(Dots Per Inch) for the image is 300 x 300.

After extracting the geometry of the crack, if its width is larger than 3mm it can be
deemed large enough to allow airflow throughout its length (ASHRAE [29]).

Airflow through cracks in buildings envelopes

Airflow through cracks

The transport of fluid through a crack is governed by the pressure differential imposed
across the structural boundary of the building. The volumetric discharge rate is intrin-
sically dependent on the manner in which pressure forces are distributed and dissipated
along the pressure gradient. Pressure dissipation within the crack occurs via three princi-
pal mechanisms: viscous resistance, inertial effects, and fluid expansion [30]. An idealized
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representation of the straight-through crack geometry is provided in figure 3.

P1
f—\'\"w“—

Figure 3. Representation of the airflow through straight-through crack

Within the scope of this work, the influence of tortuosity is deliberately excluded to
simplify the theoretical framework. According to the analysis of surface cracks detected
in structural components under tensile or bending loads, the distribution of crack opening
displacement per unit nominal stain along a surface crack line appears to be proportional
to the crack depth distribution. The distribution of the crack depth é(x) can be approxi-
mated by multiplying an amplifier « to the distribution of &) of a surface crack initiated
in structural member subjected to a bending load, with ¢, the nominal strain. Developing
a mathematical model to generate crack morphology that incorporates the tortuous path
of the cracks into its geometric description, at gross level due to millimeter-size aggregates,
as well as at refined level due to micro-size grains within the cement paste, enables direct
numerical discretization of the Navier-Stokes equations for fluid flow studies through the
crack path. Such a computational model containing all geometric features to the smallest
scale that can affect fluid flow is expected to represent all possible ranges of flow field
through cracks, to handle wide ranges of pressure gradients and crack widths of practical
significance [31].

The relationship between crack width (w) and crack depth (d), in drying-induced
cracks on timber surfaces, often follows an approximately linear or lightly exponential
trend, particularly in early stages of crack formation. Crack depth in timber structures
can range from 3 to 10 times the crack width [32]. In brick masonry, crack width is a
critical factor affecting durability, especially with regard to water intrusion. The depth of
cracks with widths as small as 0.1 mm often correlates with their width [33]. In concrete
structures, the correlation between crack width, depth, and length is influenced by factors
such as loading conditions and reinforcement [34].

Moreover, the airflow through the crack is postulated to exhibit laminar behavior,
thereby neglecting any potential contributions from turbulence. Accordingly, the airflow
is modeled based on the canonical equation for laminar flow through infinitely parallel
plates, derived from the quadratic velocity distribution [35]:

Q AP

L 12z (6)

In Eq. (6), AP denotes the pressure drop attributable to skin friction along the z-
dimension in the flow direction, d corresponds to the thickness of the gap, L represents
the breadth of the plates, and u refers to the dynamic viscosity of the fluid, quantified as
1.81 x 107°. All the relevant parameters are delineated in the accompanying figure.

Air infiltration

Infiltration airflow is induced by a pressure gradient across the building envelope, arising
from three primary components: wind pressure, stack pressure, and the influence of any
active ventilation systems, which collectively contribute to the overall driving pressure
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gradient [36]. Stack pressure is intrinsically dependent on building height and the dif-
ferential between indoor and outdoor ambient air temperatures, whereas wind pressure
is primarily influenced by factors such as wind velocity, direction, local terrain, topogra-
phy, and the geometric characteristics of the building. The total pressure drop across the
building envelope is written as in Eq. (7) [37]:

APtotal - APstack + Avaind + APventilation . (7)

In this study, to establish an initial framework, the effects of wind and ventilation are
neglected, focusing solely on the influence of stack pressure. The origin of the stack
effect lies in the temperature gradient across the building envelope. According to the
ideal gas law, air density (p) is inversely proportional to the temperature (7"), as shown
in Eq. (8). This temperature disparity between the interior and exterior of a building
generates differences in air density [5, 37],

P
P—ﬁa (8)

where p denotes air density (kg/m?), P is air pressure (Pa), R represents the specific
gas constant, and 7" is the air temperature (K). Consequently, variations in air density
across the building envelope lead to buoyancy-driven differences in air pressure. This
results in a vertical pressure gradient along the height of the building, referred to as the
stack effect, which partially governs the infiltration airflow. The stack pressure gradient
is height-dependent and can be expressed by Equation (9) [5],

AP = pgh, (9)

where g represents the gravitational acceleration constant (m/s?), and h is the height of
the air column. The neutral pressure level (NPL), denoted as ynpr,, is the height at which
the internal pressure equals the external pressure, as illustrated in figure 3.

The stack pressure can be further quantified by using Equations (10-12), which assume
well-mixed air on both sides of the building envelope [37],

APstack = (,Oout - pin) gy, (10)
Pout Pout
APs ack — — Ah - ’ 11
= —gh p o) (1)
T, — T,
AF)stack - poutgAh ( T O) ) (12)

where pi, and poy [kg/m?] represent the densities of indoor and outdoor air, respectively;
Ah [m] denotes the vertical distance from the neutral pressure level (NPL), expressed as
Ah = h — NPL; h [m] is the height of the crack zone above the base; and g [m/s?] is the
gravitational acceleration constant. py, and poy are determined according to Eq. (8).

Analysis and discussion

Application Example

In this work, a 4 story office building located in Tallinn, Estonia, is used as a case study
to demonstrate the applicability of the proposed framework. The crack images from the
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dataset, captured from the wall’s surface, are scaled proportionally to real-world dimen-
sions, thereby enabling the framework to translate crack width and length into millime-
ters. Subsequently, employing the initial phase of the framework outlined in Figure 1,
the images are analyzed to ascertain the presence or absence of cracks. Figures 4 and 5
illustrate the input images alongside the corresponding output results generated by the
crack detection module of the framework.

Image after noise cancelling and :
e with crck o——— Image after thresholding

.

Figure 4. Crack detection for a surface without crack

Crack after blur and

Original image with crack grayscale

Histogram for crack Crack after thresholding

M =

Crack after breaking narrows  Crack after smoothing contours Crack after using Canny
isthmuses with opening operator with closing operator edge

Crack after thresholding

CRACK DETECTED

Figure 5. Crack detection for a surface with crack

According to figure 4, it is significant to see that after noise cancellation and thresh-
olding, no crack is detected from the image.

Table 1 provides a detailed comparison of the crack morphology obtained through
the second stage of the framework,in Figure 5, against the actual measured dimensions
of the crack. The analysis demonstrates that the mean crack width is 4.35 mm, which
notably exceeds the critical threshold of 3 mm, indicating its potential significance as
a contributor to airflow and energy dissipation. As shown in the table, the differences
between real measurements and computer vision (CV)-based measurements for maximum
width, minimum width, mean width, and length are 1.3%, 1.05%, 16.5%, and 1.17%,
respectively, with the CV measurements consistently slightly exceeding the real values.
Despite these discrepancies, the measurements achieved through the framework exhibit a
high degree of accuracy, validating its potential for practical applications in automated
crack morphology assessment.

In the final stage of the proposed framework, the identified crack, detected via the
imported image, is analyzed at a height of 6.5 meters above the ground level, with the
neutral pressure plane (NPP) situated 4.5 meters above the same reference point. The
wall under consideration has a depth of 0.35 meters. By using Equations (6) to (12) as
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Table 1. Comparison of real and computer vision measurements of crack width and length.

Crack Type max w. [mm| min w. [mm] mean w. [mm] length [mm]
Real measurement 6.95 0.006 3.478 59.0
CV measurement  7.035 0.00667 4.1558 59.7
Airflow Rate
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0.008
E
o 0.006
5
3
£ 0.004 -
=L
0.002 1
0.000 . ; . . . . .
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Figure 6. Airflow rate through the crack in December 2021

input to a Python script, hourly outdoor dry bulb air temperature data for December
2021 in Tallinn were incorporated into the computational model. This facilitated the
determination of the stack-induced pressure drop within the localized region of the build-
ing envelope where the crack is present. Subsequently, the hourly fluctuation of airflow
through the identified crack was estimated using Equation (6).

The results, which illustrate the temporal variation in airflow rates during December
2021, are presented in figure 5. This visualization underscores the dynamic nature of
infiltration as driven by stack effects, highlighting the influence of temperature variations
on the pressure gradient and consequent airflow through the crack. These findings offer
critical insights into the relationship between crack morphology and its contribution to
air leakage, particularly under varying environmental conditions. According to figure 6,
considering stack effect on airflow through the issued crack is feasible.

Conclusions

Airflow through cracks and splits represents a significant pathway for energy dissipation
in buildings, highlighting the critical need for automated methodologies to accurately
measure crack areas. In this study we have proposed a novel computer vision-based
framework for the detection and detailed estimation of the geometry of straight-through
cracks in building envelopes. Coupling this artificial intelligence method with governing
physical equations, it was shown that an integration between fluid mechanics of airflow

81



and automated geometric quantification of cracks using image processing can estimate
and even predict airflow through cracks.

It was found that the differences between real measurements and CV-based measure-
ments are quite negligible, of the order 1% for maximum width, minimum width, and
length. Only for mean width this difference is more substantial and amounts to 17%. In
any case, these are encouraging results for this first stage of investigation.

The proposed framework offers a novel approach to replace manual measurements
with an automated process for detecting and quantifying cracks across all walls and
rooms within a building. By categorizing detected cracks and estimating potential airflow
through them, this method provides a systematic tool for energy analysis.

The proposed method features an effective vision-based method for wall crack detection
that has practical value towards many applications. The framework has been evaluated
on various images, and can successfully extract visible cracks from the background of
images captured by an inspection robot. The obtained results are consistent with different
data sources, with a distinct number as well as the visibility level of the detected crack.
The threshold for image binarization is employed from a non-parametric peak detection
algorithm. A quantifiable criterion for air tightness measurement is also established by
estimating the total surface area of splits and cracks, as well as the potential airflow
through them considering different scenarios that cause varying pressure differentials.

In the morphological analysis stage of this study, the cross-sectional area of the cracks
is approximated as rectangular, enabling an efficient estimation of crack dimensions. This
framework eliminates the reliance on manual measurements or thermal imaging devices
by providing an automated calculation of crack areas and subsequent airflow estimation.
Furthermore, with the integration of this framework into augmented or virtual reality
environments, it is possible to generate detailed thermal maps. These maps can illustrate
airflow distribution, highlighting the sections of cracks with the highest airflow rates
based on the minimum and maximum detected cross-sectional areas. The automation
and scalability of this formalism offer a transformative step toward enhanced building
energy assessments, by enabling comprehensive crack analysis at both micro and macro
scales, ultimately supporting more efficient energy saving strategies.

In conclusion, our proposed method could be considered as fully automatic, thus it
could substantially enhance the ability to recognize airflow through the splits and cracks
of a room within a robotic inspection process.

Several considerations are needed on different aspects anyway, since this is a first step
in a novel methodology and several limitations do exist.

In this research, the cracks are assumed to be straight-through without tortuosity to
simplify the analysis. Assuming straight cracks has a clear limitation on practical grounds,
since straight-through cracks are not likely to occur in many real cases; in reality, cracks
exhibit a more convoluted and irregular shape. The crack width is here considered as
the mean of measured widths of the crack through the image, which is indeed affected
by the largest 17% error. Future work is thus expected on exploring different crack
path geometries, including L-shaped and multi-cornered configurations through integral
methods, to recognize the precise amount of the area of the crack on the wall and the
way of the propagation, including prediction of the variation in airflow in different time
frames. In addition, the use of physically precise calculations is expected to estimate the
probability of a crack propagating through the full thickness of the envelope.

More advanced segmentation methods, e.g., segment anything, could also be used.
Once the model has been thus enhanced, thorough fluid dynamics experiments should
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also be performed in various conditions, for complete testing with accurate data sources.
Finally, the fluid dynamics equations for the physics module can be refined via computa-
tional fluid dynamics (CFD) modeling, which will enhance accuracy. All these observa-
tions pose research questions and set a well-defined strategy for future work.
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