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Abstract 
The use of models is a didactic tool widely used in structural teaching. In the Department of the 
Building Structures and Physics (DEFE) of the School of Architecture (ETSAM) of the Universidad 
Politécnica de Madrid (UPM) they have been widely used in the last 40 years. In this same line of 
work, the experience presented here is focused in the study of displacements that is needed for an 
arch to collapse. The work of the students begins with the manufacturing of arches formed by 
vousoirs. They use these specimens to experimentally test them, generating different displacements of 
arches supports and recorded the movements of the vousoirs using high-speed videos. In this way it is 
possible to discover the configuration prior to the collapse and, above all, the settlements and 
displacement necessary of the springs of the arches to occur. The arches are made with pieces of 
wood or plaster, so that the same arch can be reused as often as necessary. The students perform the 
tests and moving the supports in several directions allowing us to define the set of possible 
movements for one of the supports. The tests are repeated for different types of arches with different 
number of vousoirs and different slenderness. In this way, the collapse process can be understood for 
different configurations. Also, students work with a tool developed by authors of this work that consist 
in a series of macros written in the first versions in Maple and now translated in Octave, that predict 
the collapse configuration. This way students use both analytical and experimental tools in order to 
study and learn about the physical phenomenon. 

1 INTRODUCTION 
The study of masonry structures has been introduced in the curricula of architecture and engineering 
in the last quarter of the last century. One way to approach their study is to assume that arches and 
vaults are formed by the juxtaposition of indeformable blocks joined together. It is admitted that the 
resistance to compression is infinite, which is a way of saying that the level of stresses in the masonry 
will always be a small fraction of its compressive strength (it can be in the order of a maximum of 
10%). In addition, it is admitted that the tensile strength is zero (although the blocks may have tensile 
strength, its value is very low compared to the compressive strength) and, in addition, the joints also 
have no tensile strength [1, 2].  

To represent the mechanical behavior of an arch or a masonry vault represented by non-deformable 
blocks, we can replace the tensions in the joints between blocks by their resultant. In this way, the 
balance of each block can be represented by the action of the resultant of its own weight and the 
actions that are assumed in each case, balanced by those resulting from the tensions in the joints of 
each block with the adjacent ones. Thus, at each meeting there will be a point at which the resultant of 
the tensions between the blocks acts. If these points are joined by tracing a polygonal line, we have 
what is called the pressure polygon. At the same time, the balance of each voussoir can be 
represented graphically by the two resulting in each of the faces of the voussoir and the actions, self-
weight and variable loads. Constructing a polygonal curve with segments that follow the directions of 
the resulting ones in each face of the blocks, what is called the polygon of forces [3].  

The tracing of the polygons of forces and pressures gives an idea of the distribution of stresses in an 
arc and, although we cannot know exactly what happens in the arc, conclusions that can be obtained 
from that representation are, in a great number of cases enough to check its stability. For that reason, 
the study of its layout has been the traditional tool of learning the behavior of masonry structures. 
Usually using graphical methods that, in recent years have allowed to develop interactive graphic tools 
with which to visualize the efforts in an arc, as well as its variation depending on the modification of 
different parameters such as span, slenderness or the action of punctual loads or distributed in 
different areas of the arch. Through these tools students can study a large number of cases of 
different shapes and proportions, which facilitates learning, while acquiring skills in the use of an 
analytical tool (graphic statics) that allows them to analyze actual structures drawing the polygons of 
forces and pressures give an idea of the stress distribution in an arc and [4, 5]. 
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At the same time, reduce scale models have been used to study the behavior of arcs, both in the 
teaching field and in research and the professional environment. In all these cases, the main objective 
is to obtain the loading capacity of the arch, looking for the minimum load located in the most 
unfavorable position with which the collapse would occur [6, 7, 8].  

Using various analytical tools, it is possible to identify the collapse load of masonry arcs and thereby 
ensure, for example, the viability of constructed structures [9, 10]. This approach is useful in the case 
of bridge factory arches. An important part of the total that are currently in service are of this type and 
were built in the nineteenth and early twentieth centuries. Loads planned in his project were, in 
general, smaller than those that may have to endure now, and for that reason, in those cases is 
essential to know what values can achieve the actions without compromising the safety of construction 
[11]. 

However, in construction, the planned actions have not changed substantially since the construction of 
the buildings. In roofs, for example, the permanent shares of own weight are the same as at the time 
of construction, and the variable shares are not expected to increase with respect to those that have 
endured in the years they have been standing [12].  
In spite of not increasing the value of the loads, and without considering the case of the actions due to 
the earthquake, collapses take place in arcs of masonry buildings, without it having been necessary to 
increase the loads they have to support. One of the reasons for the collapse is in the displacements of 
the arc springs for various reasons: soil failures, deterioration of the buttresses or a combination of 
both. In fact, it is usual for arches and masonry vaults to show evidence of movements in their starts, 
in many cases observable by the naked eye, although the level of stress is low, compared to the 
maximum admissible by the material with which they are built.  
Focusing on the study of the collapse load and its position is a necessary approach in the case of 
bridges, however, in the verification of buildings that analysis should be accompanied by a study of the 
magnitude of the movements necessary to reach the collapse, since an increase in shares is not 
usually foreseeable. This study of the necessary movements is not usual and, of course, is not 
included in the study curricula. 

 
Figure 1. Test of a model of a ribbed vault 1:3 scale and analyse of the same vault  

whit ArcoTSAM software.  

The main objective of the project is to familiarize the students with the behavior of factory structures, 
taking into account the movements that may take place, the way in which breakages take place 
depending on the movements and the magnitude of the dislocations necessary to achieve collapse. 
To do this, the students will use the tool ArcoTSAM, developed by the authors, which allows 
describing the collapse process by different types of movements of the arc starts [13, 14, 15, 16]. 

2 METHODOLOGY 
The proposal that is presented has an experimental and an analytical approach, waiting for the 
students to use both. To achieve the intended goal, it is proposed that students perform the verification 
of different types of arcs both using the ArcoTSAM software and building and testing models of those 
same arcs. 
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Figure 2. Draw of “limit surface” that show possible displacements of the left spring of the arch obtained with 

ArcoTSAM software. 

2.1 ArcoTSAM software description 
ArcoTSAM is a library of functions writes in Maple that enables the Limit Analysis of structures that 
can be idealised by means of discrete systems of rigid blocks. Maple is a program that solves 
mathematical problems and is able to perform symbolic, algebraic and computational algebra 
calculations. ArcoTSAM was created in 1999 by professors in the department of Estructuras y Física 
de Edificación (DEFE) of the Escuela Técnica Superior de Arquitectura (ETSA) in the Universidad 
Politécnica de Madrid (UPM). It had been two decades since Livesley's article and the programming 
that served as an example and the first news of the existence of the successful RING program did not 
arrive until 2001 [17]. 

 
Figure 3. “Limits curves” of forces (left) and “limits curves” before the collapse otained with ArcoTSAM. 

The first aim of the program was made possible to show doctoral students the behaviour of masonry 
structures in a very different way from what they were used to, and it has been used as a tool by 
doctoral students and in master, being one of the objectives of this initiative to introduce its use in the 
courses of degree in fundamentals of architecture. A description of the origin of the software with be 
seen in [12, 13], where you can also see the first results obtained by analyzing a semicircular arc 
similar to the one analyzed by Smars [18, 19], imposing rectilinear trajectories to the movements of 
the starts of the arcs, although it is possible to program random paths that reproduce the possible 
movements of the collapse of a buttress or the seat of a wall. 

7796



 
Figure 4. Allowable kinematics domains for a collapse mechanism [18]. 

On the other hand, one of the macros made allows to interpret dxf files in which to read the form of the 
model for analysis. This allows the definition of relatively complicated models in a simple way, making 
a drawing following some precise instructions. 

2.2 Description of model test 
In addition to the analytical study of each arc, students will make scale models in plaster or wood of 
each arc that they study for their essay. Placing it in front of a grid pattern will be tested by moving one 
of the supports according to the predicted trajectory, so that the magnitude of the displacement can be 
measured at the moment of collapse. The essays will record on video to be able to capture the exact 
moment of the collapse and to be able to follow the evolution of the position of the voussoirs until 
reaching the collapse. 

At the beginning of the movement of the start of the arch occurs several joints. In that case, the 
trajectory of the forces inside the arc can be "seen" following the line joining the points of contact 
between the voussoirs in the joints in which the openings have been formed. For this situation, the 
polygons of forces that will allow evaluating the value of the arc push at the beginning of the 
movement will be drawn. 
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Figure 5. Previous intermediate state to the collapse of the model, showing hinges formed in joints 3, 7,11, 

12, 13 and 16.  

The test will end with the collapse of the arch when reaching the necessary displacement. In this 
situation, and thanks to the recording of the displacement process, the outline of the arc will be drawn 
in the instant before the collapse, indicating the tracing of the force polygon and evaluating the value 
of the thrust at the moment of collapse. In this way, the obtained values can be compared with those 
predicted in the analysis. 

In the first tests carried out the movements were made in vertical and horizontal direction. The results 
of the test coincide with those provided by the software.  

2.3 Work to do 
The project has a double objective, on the one hand to study a series of arcs of different shapes and 
proportions so as to have a varied catalogue of collapse configurations of different arcs (shapes and 
proportions). The models made can be reused so they will be available to students in different subjects 
of the Degree in Fundamentals of Architecture and at least two master's degrees, the Master's Degree 
in Building Structures [20] and the Master's Degree in Construction and Technology of Historic 
Buildings [21] in which the authors impeach classes. 

The catalogue of collapse solutions of arcs of different shapes and slenderness will be extremely 
didactic. It will be carried out with each edition of the different courses in which the experience is put 
into practice, and the results will be available in the blog that remains dedicated to the project. 

Another task that is carried out in parallel to the realization of tests is to create a manual of use of 
ArcoTSAM that facilitates the students to create and analyze their own models. The manual will be 
illustrated with the examples made so that, while familiarizing themselves with the operation of the 
program, students analyze different cases already carried out 

3 RESULTS 
The first results obtained in the semicircular arc with a slenderness and a number of voussoirs as 
used by Smars show that the ArcoTSAM tool accurately predicts the phenomenon of collapse, at least 
for displacements of the starts on a straight path. 
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4 CONCLUSIONS 
There have been several tests of arc models in which the necessary displacements have been 
observed so that the collapse append in arches. The ArcoTSAM software previously created by the 
authors has been incorporated a series of macros that allow to reproduce the collapse mode of an arc 
when the displacement of one of its supports occurs. The results of the tests on models coincide 
precisely with those obtained from the analysis with ArcoTSAM. The study of the displacements of the 
elements of the arches is not usually treated when analyzing masonry arches and the usual objective 
is focused on the search of loads that would produce the collapse. If in the scientific or professional 
field the displacements are not studied, there is no history of their use in the educational field, except 
for the contributions of Smars. 

The proposed procedure allows the students a double approach to the understanding of the structural 
behavior of masonry arches that complements the usual approach consisting of studying the 
trajectories of the efforts within the arc. On the one hand, they become familiar with the use of an 
analytical tool such as ArcoTSAM, which allows them to study any structure that can be represented 
as a system of non-deformable blocks. On the other hand, the manufacture and testing of reduced 
models allows them to see what really happens to the arc and compare the experimental results with 
those obtained from the analysis. This last, in addition to the verification of the necessary movement, 
will get them to become familiar with the processes of abstraction necessary to be able to construct 
reality with analytical models with different degrees of complexity that can be studied.  
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