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a b s t r a c t

Arches are an important part of the masonry architectural heritage and also serve as infrastructure
for bridges and culverts. The behavior testing and structural health monitoring of masonry arches
require effective measurement methods. There have been a lot of testing methods applied regarding
this subject, among which the vision-based non-destructive methods are very appealing. However,
as the demands of measuring accuracy and range increase, the labor and economic costs expand to
uneconomical levels. A novel, cheap, and fast measurement strategy which focuses directly on the
mechanical failure of masonry arches has been developed. This strategy termed Behavior Mapping
(BM) is based on homography and does not require a high-precision camera or extensive experimental
setup. A scale dry-stack arch was subjected to repeated collapses through springing displacements
during the proof-of-concept development of BM. This generated a huge amount of data and required
the development of a MATLAB

®
based graphical user interface (GUI). The objective of this article is

to introduce the GUI and the accompanying data for the purpose of providing educational insight into
the behavior of masonry arches. These educational experimental cases integrated in the GUI provide
the possibility to better understand the failure mechanism of dry-stone arch under foot displacement,
as well to easily identify the occurrence of mechanical joints and determine the value of deformations.
This GUI can also be adapted for different arch configurations, as well for further real-time monitoring.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Motivation and significance

1.1. Background

Masonry buildings are widely distributed worldwide. They
ake up a major part of the architectural heritage and many of
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them are still under service today. As an effective load-bearing
structural form, curved masonry members are very important.
The behaviors of curved masonry structures still need to be fur-
ther understood, and data provided by experimental analysis are
the basis for furthering this understanding as well as supporting
the development of analytical or numerical approaches [1,2].
Additionally, with the existing damages and the sensitivity of
the masonry structure itself, investigation and structural health
monitoring (SHM) is particularly important for further protection
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nd retrofitting work [3,4]. To meet these requirements, an ef-
icient and economic measurement method is essential. Among
he numerous measurement methods, non-destructive testing
NDT) is very appealing. NDT methods include approaches based
n liquid penetrant, thermographic, radiographic, ultrasonic, vi-
ual tests and so on [5]. Currently, there have been a lot of
ision-based technologies applied to masonry arches due to the
dvantages of simplicity and flexibility [6]. For example, pho-
ogrammetry has been applied to collect geometric information
nd damage distributions of existing buildings [7–11]; and Dig-
tal Image Correlation (DIC) has been adopted in laboratories to
ap full-field displacement, strain and further cracks in masonry
tructures [12–14]. Naturally, when trying to obtain more re-
ined results, the costs of the measurement and post-processing
ncrease, resulting in uneconomical projects.

A new highly efficient and economical vision-based measure-
ent strategy formulated on the potential rigid-body motions
etween the blocks of a masonry arch has been introduced [15].
n the preliminary proof-of-concept stage this strategy was ap-
lied to a scale model of dry-stone arch that was repeatedly
ubjected to horizontal springing displacement up to collapse. To
eal with the massive data generated, a graphical user interface
GUI) was developed in MATLAB. The GUI synchronizes the video
ecording of the experimentation with the deformation calcula-
ions in both a global and joint specific formats. It allows for the
fficient evaluation of the data generated in the experiments and
s such provides a great educational opportunity for students in-
erested in understanding and analyzing the mechanical behavior
f dry-stone masonry arches subjected to horizontal springing
isplacements.

.2. The measurement strategy

The results displayed in the GUI were generated via a novel
trategy aimed at monitoring and identifying the mechanical
ovement of masonry arches. The general strategy is to calculate

he fixed set of potential relative movements between two rigid
locks via the application of a 4 × 4 point grid around each joint.
his strategy was then validated by a series of scale arch tests for
he preliminary proof of concept stage. The following description
f the measurement calculations provides a brief overview of
he approach. A comprehensive description can be found in the
iterature [15].

Based on stability-based design and the rigid-no-tension
odel, there are eight possible deformations between two blocks.
he deformations include rotations (top rotation and bottom
otation), slips (right slip and left slip), and four combinations of
he two as shown in Fig. 1. These deformations can be identified
hrough the relative relationship among the vector lengths and
ot products of the point sets applied around the joint line. These
easurements are achieved by situating the 4 × 4 grid parallel,
erpendicular, and symmetric about the joint line.
As illustrated in Fig. 1, the slip is defined as the relative

isplacement (δ) of two blocks along the direction of the joint
ine, which can be easily determined by the Pythagorean theorem
n the triangle composed of the original and deformed points
rid. The rotation angle can be determined via the dot product
f vectors formed by the point sets. Two rotation calculation
pproaches are applied: (1) dot product calculations between
wo vectors generated by the same point pairs before and after
deformation; and (2) dot product calculations between two

ectors generated after a deformation. Since the result of a dot
roduct is not influenced by the positions of the vectors, the
alculation methods can be the same for combined deformations,
ith slip calculated first and then the potential rotation angle.
Due to the adoption of the 4 × 4 point grid, there are multiple

oint pair combinations for vector selections used to calculate a
2

rotation angle or displacement which results in repeated calcula-
tions. In total, 16 independent calculations of a slip displacement
and 160 independent calculations of a rotation angle are per-
formed. This redundancy is very beneficial for improving the
accuracy of the results, especially for angle calculations which are
very sensitive to measurement precision.

With the above-mentioned theoretical basis established, the
next problem was the extraction of useful information from
video recordings for deformation calculations. This was resolved
through the application of object tracking. The procedure to
gain measurement deformations from a video was established in
MATLAB

®
and summarized below:

(1) Convert the video frames into binary images: During the
conversion, the clarity of the grid points in the binary im-
age is improved through a mask based on color thresholds.

(2) Identify and determine the grid points in the initial frame:
The circular markers in the converted binary image were
filtered via masks based on blob properties.

(3) Track the points from frame to frame: The track can be
realized via the MATLAB

®
Computer Vision Toolbox [16].

The minimum assignment cost identifies the grid points’
progression.

(4) Transfer the coordinates: The points are then be projected
from the image coordinate plane to the local cartesian
plane via a homography transformation [17], which can
be easily constructed through the fitgeotrans function pro-
vided in MATLAB [18].

(5) Perform deformations calculation: All the calculations are
performed instantaneous as discussed above, and the de-
formation type can then be ascertained via the variance of
the variable, which will be exemplified in Section 3.1.

The more detailed measurement principles and validations
are described in the literature [15]. This article’s objective is to
present the wealth of data generated in the development of the
proof of concept for the behavior mapping of masonry arches for
educational purposes.

1.3. Scale arch tests

To assist in the validation and demonstrate the effectiveness
of the measurement strategy, the mechanical failure processes of
a scale model of dry-stone arch subjected to horizontal springing
displacement were recorded. The scale arch was composed of 11
identical blocks manufactured via 3D printing, with a clear span
of 268 mm and a rise of 81 mm. Sandpaper sheets were glued on
the lateral surfaces of the blocks to preclude any sliding. A mask
with the measuring points was glued on the surface of each block.
The detailed dimensions of the arch and applied points grid are
shown in Fig. 2.

The mechanical failure of the arch was triggered by a hori-
zontal displacement applied manually at the right foot and ref-
erenced by rulers. The left foot remained translationally fixed.
The failure propagation was recorded via a cell phone camera
positioned at three different locations to the arch (see Fig. 2).
A total of six tests were performed, four at point A and one at
both points B and C. The data generated from these tests were
integrated into the GUI. For a more detailed description of the
experimental setup and execution refer to the literature [15].

2. Software description

2.1. Software architecture

With the application of the introduced strategy, a large num-
ber of coordinates of the marked grid points were recorded
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Fig. 1. Identification and calculation strategy of rigid block deformations.
Fig. 2. Experimental scheme for scale arches: (a) dimensions of blocks and arch; (b) positions of camera.
hroughout the failure procedure (i.e., 16 points per joint and
0 joints for the tested arch). In addition to the rotations and
lip deformations of a joint, another type of intuitive indicator
or mechanical failure can also be useful, that is the lengths of
ymmetric point pairs about the joint. The average length of outer
oint sets (i.e., points of columns 1 and 4 in Fig. 1) is named as ID
ength 1, and the inner (i.e., points of columns 2 and 3 in Fig. 1)
s ID length 2 separately.
As shown in Fig. 3, the user can select the test and the

easurement results to be displayed through the following in-
eractive components (indicated by the solid frames):

(1) Drop down menu 1: Select the test number to load into the
interface

(2) Drop down menu 2: Select the type of measurement results
to examine
3

(3) Joint button: Switch between the global results (unpressed)
as shown in Fig. 3(a), and the more detailed joint specific
results (pressed, Fig. 3(b)) as shown in Fig. 3(b)

(4) Switch button: Play and pause the video
(5) Slider: Track and/or select the currently displayed frame

With the different selections of the user, the plot window and
data table (indicated by the dashed frames) will respond with
different displays:

(1) Plot window 1: displays the current frame of the selected
test; or plays the video if the ‘switch button’ is at ‘play’;

(2) Plot window 2: displays the specified measurement re-
sults of all the joints of the selected test; or displays the
measurement results and its variance of one joint when a
joint button is pressed. The vertical black dashed line bar
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Fig. 3. Layout of the GUI: (a) initial interface; (b) interface with a joint button pressed.
indicates the position of the current frame in plot window
1;

(3) Joint data display table: displays the measurement results
of each joint under the current frame.

.2. Software functionalities

The GUI introduced in this article aims for the users to con-
eniently determine the deformation values, as well to better
nderstand the formation of mechanical joints of a masonry arch.
he results of six tests were integrated into the GUI code directly.
or including additional tests adopting the same measurement
trategy, it is necessary to add or replace the path of files when
rogramming the GUI code, including the video, and a MATLAB
ata file that stores the deformation calculations obtained from
he behavior mapping in a specific order [15]. Users can choose
o display the deformation of all joints until failure, or to display
he deformation and variance of a specific joint, form which the
echanical joints and deformation type can be distinguished. It
as necessary to develop this GUI to store and display these

arge amounts of data in a practical order and allow users to
onveniently view and critically examine the results. In summary,
4

the following functions can be achieved, and some examples will
be put forward in the next section:

(1) Determine the mechanical joints and the deformation type
of the arch under mechanical failure.

(2) Determine the deformation values (rotation or slip) of each
joint at any time from the joint table, or by clicking a
certain point on curves in ‘plot window 2’.

(3) Recognize the moment and configuration of the collapse of
the arch from the video or deformation curves.

3. Illustrative examples

3.1. Determination of mechanical joints and deformations

The mechanical joints can be easily recognized from either
the video or the deformation plot of all the joints. As shown in
Fig. 4(a), joint 6 (indicated by light blue line) has obvious changes
in all deformation plots as compared to the other joints. Even
when the opening of joints is not visually apparent from the
video, the deformation values were accurately recorded in the
table and curves. While for the non-mechanical joints, both the
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Fig. 4. Example of identification of mechanical joints and deformation type: Deformation vs. frame plots for (a) all joints and (b) joint 6 of test 1.
deformation value and variance will stay around a constant value.
The exact deformation values can be read from the data display
table for each joint, or by clicking a certain point on the curves
the deformation value and frame number will be shown. It should
be noted that the general MATLAB

®
functionality of the plot

indow is preserved in the GUI interface. Thus the plots can be
oomed and dragged to facilitate the observation of more details
f the video or curves.
5

Once the mechanical joints are recognized, the deformation
type of the joint can be identified by comparing the deforma-
tion curves of this single joint. As shown in Fig. 4(b), it can
be determined that the deformation type of joint 6 is a rota-
tion. This conclusion is drawn because the variance (indicated
by blue bars) of the rotation measurements is constant while
the other deformation types sustain continued increases to their
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Table 1
Identification of mechanical joints via the introduced GUI.
variance throughout the test. This indicates the inaccuracy of the
calculations and identifies the measurements as erroneous.

3.2. Identification of the mechanical failure

From the perspective of structural mechanics, the typical fail-
re of an arch is the formation of four hinges which leads to
6

the loss of stability of the structural system [19,20]. In the scale
arch tests, a horizontal displacement was applied at the right
foot to trigger the failure. Considering that the slide between
blocks was precluded by the experimental settings, to adapt to
the increase of the springing before complete collapse there has
to be two hinges opening at intrados and extrados separately. This
condition when the arch can still stand even with some joints
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Fig. 5. The transformation of mechanical joints in test 3.
pen is referenced as ‘stable’ in Table 1. When a third hinge opens
referenced as ‘failure I’ in Table 1) or the left foot moves as
ell (referenced as ‘failure II’ in Table 1), then the system will
o longer be stable. The schematic diagrams of stable and failure
ituations are shown in Table 1.
The failure of the arch can happen very quickly and without

bvious warning signs to the transition from the ‘stable’ sta-
us, but the GUI allow the frame by frame evaluation of the
echanical joints. The zoom function of the plot window also
rovides convenience for more detailed examinations of the video
nd data. Combining this with the thorough deformation curves
rovides a very comprehensive arch behavior analysis model. For
ach test, two frames respectively showing stable and failure
tatuses are summarized in Table 1. For test 2, two hinges can be
irectly identified via the deformation curves from the beginning
f the test. In the remaining tests only one hinge appeared in the
arly stages of settlement. By observing the enlarged video, it can
e noticed that the left arch foot has rotated, forming another
otation hinge denoted as ‘Joint 0’. By playing the video frame by
rame around the moment when a sudden deformation appeared
n a certain joint, it can be observe that after the second hinge
ppeared in the arch, the first block rotated back to its original
osition.
The time of failure can be easily located through the indicating

ar on the plots through the huge rise of curves around the
ailure. The mechanical joint that finally caused collapse does
ot necessarily appear in the previous development of failure.
or example, in test 2 as referenced from Table 1 it can be seen
hat when the collapse is approaching, the blue line (representing
oint (1) dropped, while the orange line (representing joint (2)
ncreased quickly. In the video, it shows that block 2 has rotated,
nd the mechanical joint has shifted from joint 1 to joint 2.
fter the failure of the arch, the measurement curves show some
eformations that are inconsistent with the movement of the
locks from the video. The failure occurs so quickly that the
easurement method can no longer accurately track the marked
oints, resulting in erroneous calculations.
The real-time calculations corresponding to the video frame

rovide very detailed behavior of the tested arch. As indicated
y the red circle in Fig. 5, the small deformation (rotation less
han 5 degrees) of joint 2 (indicated by the orange line) in a short
eriod of time can also be recorded and reflected in the plots.
he rotation deformations of joint 1 and joint 2 exhibit opposite
ehavior at the selected frame, since they are both caused by
7

the movement of the second block. Another example of test 5 is
shown in Fig. 6(a) where the rotation increasement of mechanical
joint 10 was not as obvious as in other tests. Here the rotation
value of this joint first decreased before it increased. Combined
with the enlarged video, it can be found that there is an unclosed
opening at joint 10 when the arch is placed at the initial position.
The direction of the rotation angle was not marked with a sign;
thus, the original opening needed to be compensated first when
rotation happened. A similar situation also appeared in test 3.

4. Impact

The GUI introduced in this article provides a convenient ap-
proach to evaluate deformations calculated via a novel measure-
ment strategy designed for masonry arches. The novelty of the
measurement strategy lies in the characterization for mechanical
failure of the masonry arch at the joints. Together with the
application of homography, the approach provides the possibility
of monitoring through a limited number of markers and a single
camera. The development of the deformations and the occurrence
of mechanical joints can be easily recognized from the GUI as well
as the detailed values including deformations, variance and time.
Through the simultaneous presentation of video and the defor-
mation plots, the users can study and explore detailed behaviors
of a dry-stone arch subjected to horizontal springing displace-
ments. This results in the GUI holding educational significance for
engineers interested in masonry arch behavior.

On the basis of this GUI, the results display can also be easily
adapted for masonry arches with different configurations. For
this current version, the results were integrated into the code of
the GUI directly, but there is also the possibility of transforming
the same platform into a real-time monitoring GUI after the full
integration with the video tracking and deformation calculating
aspects. In this application prospect, the development of this GUI
is necessary for the large amount of data that will appear.

5. Conclusions

This article introduced a GUI for presenting mechanical de-
formations of a scale masonry arch subjected to repeated col-
lapses from horizontal springing displacement recorded via a
novel measurement strategy. This strategy is a vision-based non-
destructive method that can identify and quantify mechanical
deformations between rigid blocks via point grids marked on
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Fig. 6. Rotation of joint 10 of (a) test 5 and (b) test 3.
he block surface. The GUI allows the users to easily check the
esults and learn the mechanism of the dry-stone arch. With the
omplexity of failure of masonry arch systems, this GUI serves
s a valuable resource for young researchers and students to
egin their studies on the matter. The potential of this strategy to
erve as a cheap and fast monitoring system for existing masonry
rches also exists and extends the significance of the GUI as
he foundation of a monitoring interface and warning system
or real-time monitoring for different arch configurations in the
uture.
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