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Abstract. Traditional materials and construction techniques are of central importance
for knowledge and, subsequently, the protection of existing building heritage, includ-
ing historical and monumental sites. The evaluation of the static consistency of exist-
ing structures can be carried out in a coherent and accurate manner only by start-
ing from an in-depth knowledge of the geometric, physical and mechanical charac-
teristics of the building’s structural elements. In recent years, we have witnessed an
exponential increase in the use of advanced technologies for graphic representation
and subsequent structural analysis, especially in the study of existing buildings. For
a real and concrete application of the results, these representations must be critical
and functional for understanding the building rather than merely serving as graphic
virtuosity. In this framework, the graphic methodologies to be applied, in support of
digital data, in simplified procedures for a preliminary knowledge of the buildings,
their technological configuration and static behaviors have been studied in depth. It
is important to point out that the historic built heritage, unlike the modern built her-
itage, is characterized by the strong presence of vaulted and arched elements, with
columns and piers of various shapes and materials; for this reason, models and proce-
dures of graphic analysis based on the limit analysis and the theories of Jacques Hey-
man have been applied. The method is first applied and verified on a single historical
monumental building to test its limits and potential and then applied to other case
studies. The results show that the graphical and analytical analysis of structures is a
valid and reliable tool for analyzing buildings in order to understand their structural
behavior, since, even if the model is simplified, it is possible to obtain results that are
strongly correlated with the behaviors of the structures and can guarantee good accu-
racy and adequate safety margins.
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1. INTRODUCTION

The culture of the valorization and preservation of
Cultural Heritage, or in general of building recovery, has
always recognized the “built environment” as the bearer
of a quantity of Values that are defined but changeable
according to the historical epoch with respect to this, it
is necessary to define decisions on the possibilities of
intervention in order to respond to the continuous and
constant need for maintenance and also transformation
of this heritage [1]. In recovery, reuse and refurbishing
projects, the impact of modernity can also take on
destructive aspects. There are several studies from which
the need to address recovery emerges, refunctionalisa-
tion and infrastructural integration, through an under-
standing of the urban environment and the opportunity
to define a cultural guideline, a sort of code of behavior
that allows for the re-inhabitation of this architectural
heritage. Bringing the structures back to life in accord-
ance with the requirements of modern living, without
altering their consolidated characteristics over time, with
interventions correlated to the original constructive,
typological, functional and technological characteristics,
is indispensable, but at the same time, particular atten-
tion must be paid to the integration and sustainability of
the new interventions [2]. In this cultural context, the
analysis of existing structures, in particular historical
and monumental buildings, in general implies confron-
tation with masonry constructions, made of a material
in which a resistant structure is often not clearly recog-
nizable. This depends on the building’s geometry, the
distribution of stiffnesses and masses within it, the tem-
poral succession of construction works and subsequent
modifications, the acting loads, and sometimes the pres-
ence of structural cracks and material damage, which
may be more or less evident [3]. In these fields, the study
and numerical modeling of the structure, also of the
FEM. type, cannot be separated from analysis tools that
allow us to describe it through a first decomposition and
subsequent independent schematization of single parts
of the construction (arches, vaults, piers, walls, etc.), oth-
erwise the instrument of critical control of the results
would be missing. The analysis of the static condition of
existing structures and historic and monumental build-
ings can therefore only be conducted consistently and
correctly based on a thorough knowledge of the geomet-
ric, physical and mechanical characteristics of the build-
ing’s structural elements [4]. The latter consists of build-
ing materials and techniques that vary considerably in
relation to both the geographical area and the era of
construction, as well as the various historical stratifica-
tions. Consider also the difficulty in representing and
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managing the large and complex knowledge related to
the non-geometrical aspects of the historical heritage
with the problems related to meeting the requirements of
semantic representation of the built heritage [5]. For this
reason, they must be evaluated on a case-by-case basis
with a careful examination of the building in its entirety
through geometric measurements, surveys, and non-
destructive testing [6]. Researching, investigating and
discovering what the orders and rules of good building
are, is a subject that has been addressed in the debate of
the scientific community, but it proves to be more topical
than ever if we consider, in Italy alone, the wide diffu-
sion and peculiarity of building techniques, autochtho-
nous materials, specificity of workers, unique to urban
contexts that are never standardized, such as historic
centers. In such diversity, difficult to standardize, the
meaning of intervening “according to the rules of the
art” acquires the meaning of “doing with care and preci-
sion”, following dimensional, constructive and formal
language rules dictated in some cases also by a compo-
nent of indeterminacy, the result exclusively of man’s
need for survival [7]. Within this debate, therefore, an
attempt is made to establish the definition of a “method-
ological strategy” that can connect the recovery inter-
vention essentially aimed at the reinterpretation of pre-
existing structures, with a reading of historical forms
and materials. The pivot around which the entire discus-
sion revolves is the definition of a method for transfer-
ring knowledge from the past to meet the demands of
the present, while considering future demands and
needs. A suitable methodological approach, therefore, is
the key to ensuring the processual continuity of the built
heritage. This approach allows us to interpret and read
the existing building heritage in the light of contempo-
rary needs; millennial history must confront the
demands of the current lifestyle. It is therefore important
to continue to implement and develop different method-
ological approaches that propose, in addition to preserv-
ing the image of pure matter, innovative formal and
technological solutions starting from the basics of static
knowledge of masonry constructions, tackling, in a sim-
ple and innovative way, the study of the behaviour of
both the most important monuments and the most com-
mon works, in a unitary vision that crosses engineering
and architecture [8]. In this perspective, knowledge of
the artifact as an object of analysis must be obtained by
exploiting all the most modern and advanced technolo-
gies, such as the use of drones, 3D laser scanners, etc.,
aimed at the most complete and comprehensive graphic
rendering possible. However, at the same time, such rep-
resentations must be both critical and functional to the
understanding of the artifact, rather than merely a dis-
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play of graphic virtuosity. From another perspective, the
widespread use of finite element models, facilitated by
the characteristics of increasingly prevalent IT tools,
requires particular attention and care. The modeling of
existing buildings, and of those in masonry with histori-
cal and monumental interest, is indeed very complex,
especially in relation to the possible schematizations for
the realization of the model and the choice of the
mechanical characteristics of the materials. Based on
geometric and dimensional measurements, even if car-
ried out with high accuracy, it is of fundamental impor-
tance to thoroughly investigate the building and increase
its knowledge, both in order to create a mathematical
model congruent to the behavior of the structures, to
correctly interpret it, and to verify the results. For each
structural element, the geometry and nature of the mate-
rials must be known, because only this can allow obtain-
ing a first configuration that is essential for a full under-
standing of the overall static functioning of the building.
This process of first approach, so indispensable for the
real and complete knowledge of the artifact, is effectively
realized through analysis using graphic methods, based
on the limit analysis and the theories of Jacques Heyman
[9-10]. As further study, if necessary, through subsequent
steps, it is then possible to arrive at the finite element
(FEM) modeling of both the individual elements and the
whole structure, in a critical way, ensuring a check of the
input and output data, to reduce the risk of incorrect
interpretations of the results of the mathematical model.
To test the potential and limits of the proposed graphic
method, it was applied in advance to a case study that
was well-suited to the purpose. A historical building in
ordinary, regular and compact load-bearing masonry
was analyzed, which presented typological, constructive
and structural elements, typical of historical buildings
such as arched structures, i.e. vaults and arches, piers,
metal chains, etc. The chosen artifact also proved to be
very suitable both for the applications of Heyman’s theo-
ries and for detailed and meticulous FEM finite element
modeling. The choice went to the “Logge di Banchi” in
Pisa, Italy. The graphic method, once validated through
the case study, was then applied as part of a broader,
international, multidisciplinary research project to the
monumental gate called “Bab Agnaou” of the historic
walls of the city of Marrakech in Morocco.

2. METHODS

The proposed approach for understanding and
analysis of masonry structures with vaults and arched
structures consists of the following steps. Starting from

the basis of global and local geometric measurements,
the buildings must be studied in depth to increase their
knowledge. For each structural element, the geometry,
nature of the materials and the constructive technique
must be studied. In particular, the constructional logic
of vertical structures (walls and masonry fixtures), hor-
izontal pusher structures (arches and vaults in mason-
ry) and non-pushing (wooden roof slabs) must be stud-
ied. Based on these analyses, the first framework for
understanding the overall static functioning is possible
to obtain. Moreover, it is possible to identify the struc-
tural elements to be analyzed in detail successively. In
this phase of knowledge about the building, the pres-
ence of structural damage and degradation phenomena
could be investigated. The analysis of the structural
elements is carried out using graphic methods based
on limit analysis and on the theories of Jacques Hey-
man. To conduct the graphic analysis, the structure
must be decomposed by identifying its significant mod-
ules. It’s important to highlight that, in line with Hey-
man’s hypothesis, the path of analysis of the structure
proposed is based on a model with non-reactive tensile
masonry. The masonry has a tensile strength that is
not considered in this type of modeling. A simplifica-
tion is therefore carried out, which, however, is in favor
of safety. It is considered an ultimate limit state, but in
reality, considerable resources of the structure given by
the real tensile strength of the masonry are neglected.
Moreover, more specifically regarding the analysis of
masonry arches, it is useful to underline that, in addi-
tion to considering them free of tensile strength, we
consider them as free in space. In reality, they are con-
strained in the vertical plane by the masonry, which
prevents changes in shape and, therefore, the onset
of instability phenomena, which are the main causes
of the collapse of arched and vaulted structures. This
allows the arch to have almost infinite compressive
strength, limited only by the crushing resistance of
the material, as seen in Heyman’s hypothesis [11-13].
As far as the vaulted structures are concerned, even if
in a minor way, they are limited in the shape change
from the backward, which, if it is of good workmanship
and of suitable materials, is very effective. Moreover,
in the analysis of the vault, carried out in sectors, the
contribution that each sector offers to the other and the
global contribution that their union offers is neglected.
From the above, it is clear that the results obtained
from the previous analyzes are useful for understand-
ing the behavior of the structural elements, operating
strongly in favor of safety [14].
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2.1 Analysis of structures from graphic-synthetic to FEM
methods: case study “Logge di Banchi” in Pisa

The complex of the “Logge di Banchi” in Pisa (Fig-
ures 1-2) is placed at the center of the city, on the his-
torical commercial axis where the palaces of political
and administrative life are located. The current con-
figuration of the “Logge di Banchi” is the result of the
succession of various transformative interventions that
occurred during the 400 years of the building’s life. It
consists of three main parts: (1) the ground floor con-
sisting of the Lodges built in 1603, presumably based
on a design by Bernardo Buontalenti, (2) the first floor
partly made up of the original 17th-century first floor,
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which was later transformed and raised in 1865 by the
architects Cervelli and Piccoli called “State Archives”
and (3) the basement floor built in the early twentieth
century and named “Albergo Diurno Cobianchi”. The
ground floor is preserved intact in the structures and
architectural elements that characterize it; the plan is
rectangular, measuring approximately 33 x 19 m, with a
height of 22 m [15].

2.2 Analysis of structures with graphic-synthetic methods

Each internal module (Figure 3), enclosed between
the four separately tested stone reinforcement arches,

Il

It
[T

Figure 2. Technical Drawings of “Logge di Banchi”. Front and back elevation - Cross and longitudinal section.
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formed by a lunette barrel vault, has been divided into
6 equidistant parts with a width of about 45 cm. Due
to this schematization, each lunette is divided into six
sectors, and the barrel vaults are divided into 12. Also,
for stone and masonry arches, a graphic and analytical
analysis was carried out for the determination of the
stress states. Piers constituting the lodges can be clas-
sified, according to their position and geometric struc-
ture in plan, into three main types: “L”, “I”, and “T”. For
each type of pier, the rays and the relative central ellipse
of inertia and the central inertial core were determined
through graphic and analytical methods. For each
strip, the graphic analysis was carried out by obtaining
a funicular polygon of forces such as to be as close as
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possible to the arch axis line and in any case contained
within the arch. (Figure 4).

2.3 FEM analysis of partial and global models

Based on the analysis of the structures with syn-
thetic graphical methods, then the creation of a model
FEM of the same structures has been realized. The stress
and deformation states of the elements have been inves-
tigated in relation to the hypotheses made, through vari-
ous schematizations of load application, boundary con-
straints, and types of FEM elements used for modeling
the different types of structural elements. The numeri-
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Figure 4. Search for the “A2” arch pressure line.
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cal analysis of the structures was performed with the
“Straus 7” [16]. The construction of the finite element
model has been realized, without the aid of “auto mesh
functions”, directly constructing every structural ele-
ment (arches, vaults, springers, walls, etc.) based on geo-
metric measurements, observations and considerations
made in situ. In the model, only the above-ground struc-
tures were represented, leaving out the foundation struc-
tures but schematizing their constraints (Figure 5).

2.4 Case study “Bab Agnaou in Marrakech” (Morocco)

The simplified graphic method, studied, analyzed
and validated with FEM analysis in the case study of
the “Logge di Banchi” in Pisa, has been applied, at an
international level, to the Bab Agnaou, a monumen-
tal gate that is part of the historic walls of the ancient
Medina of Marrakech (UNESCO site), Morocco. The
study presented here is a synthesis of a much broader
research carried out within the framework of an agree-
ment between Department of Energy, Sys-tems, Land
and Construction Engineering of the University of Pisa
(D.E.S.T.eC) and Ecole Nationale d’Architecture de Mar-
rakech (ENAM) signed since 2018 to develop joint stud-
ies in the field of Architecture, Urban Space and Tech-
nological Development. Bab Agnaou (Figures 6-7) is one
of the best-known monumental gates in Marrakech and
its construction is attributed to the Almohad caliph Abu
Yusuf Ya'qub al-Mansur and was completed around 1188
and 1190. The gate was the main public entrance to the
Royal Kasbah (citadel) in the southern part of Medina.
The function of the gate was primarily decorative, given
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its location already inside the city walls and was origi-
nally flanked by two bastion towers crowned with mer-
lons [17-19].

The passage inside was a bent entrance passing
through a large, vaulted vestibule. The flanking tow-
ers and the covered vestibule, however, have since dis-
appeared, and the archway of the gate has been partly
filled in with a smaller and simpler brick arch. Since its
construction in the 12th century, the gate seems to have
undergone fairly frequent restorations (Figure 8), three
of which are archived: a) the restoration of the eight-
eenth century, during the reign of Sultan Sidi Moham-
med Ben Abdellah (1757-1790) in which the arch of the
gate opening was reduced in width and height; b) the
restoration in 1930 during the French protectorate; c)
the restoration in 1960 which only proofs left are photos
and testimonies of former craftsmen [18].

Bab Agnaou, with its sumptuous stone decora-
tion, consists of 4 successive semicircular arches, which
appear to be superimposed on each other (Figure 9). It
is also very common in mosques to have a purely ori-
ental arch in which the two semi-arches extend down-
wards below the plane of the centres. The analysis
procedure proposed for the case study of the “Logge
di Banchi” in Pisa was also applied to the arch in ques-
tion. The load-bearing brick arch was analysed in detail,
assuming it, for the sake of safety, as a support for the
structures above. Operationally, for the graphic analysis,
the arch was schematised as a round arch, (radius 1500
mm) and subsequently divided into 30 ashlars, with 5
mm joints (Figure 10).

Figure 5. Exemplary representation of the FEM model of the “local significant module” (axonometric view of structural elements, loads and
nodes) and “global model” (axonometric view of the structural analysis results - ZZ stresses).
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Figure 6. Location of Bab Agnaou and historical periods of the gates on the left, and other places of interest on the right.

3. RESULTS

The results obtained in the research can be divid-
ed into two parts, one for each of the two case studies
analyzed. In detail, we can make a first, more theoreti-
cal and in-depth consideration on the Pisa case regard-
ing the proposed simplified method, and a second, more
practical and expeditious one regarding the possible
applicability in a more operational field. With reference
to the case study of the “Logge di Banchi” in Pisa, it is
possible to observe that, comparing both the qualitative
and the numerical results obtained both with the graphi-
cal and analytical analyses and with the FEM analyses,
we note good correspondence, even if with slight dif-
ferences due to the schematizations carried out in both
types of analysis. The main source of the differences in
the results of the two types of analysis is the schemati-
zation of the constitutive bond of the masonry mate-
rial; in graphical analysis, masonry is schematized as a
non-resistant linear elastic material, and in the finite ele-
ment analysis, the material is schematized as linear elas-
tic but also endowed with tensile strength. These results
represent the two extremes or the lower and upper lim-
its within which will certainly be understood the real
behavior of the masonry, of the structural elements,
and of the global structure, being the masonry material
endowed with one, even if minimal, tensile strength.

Analyzing these results in detail, however, some sin-
gularities can be fully justified based on the aforemen-
tioned premises; in particular, a difference in the stress
state of the chains is observed, higher in the FEM analy-
sis compared to the graphical analysis. This is presuma-
bly due to the different stiffness of the structures and the
contributions taken into consideration, or better depends
on the fact that in the graphic analysis the acting forces
are determined by analyzing the vaulted structures by
sectors, separated from each other, the separated arcs, the
walls applied as separate loads and then added together
but without taking into consideration the mechanical
loads that are actually present between them. The FEM
model also takes into account this interaction between
structural elements and their portions, although consid-
ering the material as having tensile strength, and there-
fore slightly modifying the results. Moreover, the span-
drel of the vaults is, in the first case, considered as a load
on the structures, while in the second case, although
equipped with different stiffnesses to limit the effects, it
is an integral part of the structures and therefore consid-
ered both as a weight and a structure interacting with the
vaults. In conclusion, we can consider the global model
faithful to the expected behavior of the structure only if it
is interpreted in light of the previous considerations.

Regarding the findings from the case study of Bab
Agnaou in Morocco, however, we can say that the graph-



60 Emanuele Leporelli et al.

AXONOMETRY

COURTYARD

— BAB AGNAOU

Figure 7. Fagade, plant and the axonometry view of Bab Agnaou gate.

Figure 8. Bab Agnaou gate after the end of the renovation.
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Figure 9. Analysis of the construction materials and decorations, top. Degradation analysis map, bottom.

ic method, with its potential and limits as tested and  etc., the graphic analysis, rapid and expeditious, con-
highlighted in the case study in Pisa, is easy to apply stitutes a further useful element of knowledge that pro-
when inserted within a study of artifacts. By apply- vides elements both in terms of seismic vulnerability
ing traditional cognitive methods, historical analysis, and the degree of static safety of the structures. From
geometric survey, material analysis and degradation, this enriched cognitive framework, useful elements can
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Figure 10. Analysis of the arch of Bab Agnaou gate with the graphic method.

emerge more clearly for the planning of possible future
interventions on the artifact, both for reuse and refunc-
tionalisation and for management and scheduled main-
tenance.

4. CONCLUSIONS

On the basis of the above considerations, it is possi-
ble to draw some general conclusions regarding the meth-
ods of investigation and analysis used in this case study.
The analysis of the static consistency and of the eventual
evaluation of the seismic vulnerability of the existing
structures, in particular of the historical and monumen-
tal buildings, can be carried out in a coherent and correct
way only starting from a deep knowledge of the history
and of the geometric, physical and mechanical charac-
teristics of the structural elements. To obtain this, a pre-
liminary and in-depth knowledge of the building in its
entirety is necessary, through historical documentation,
geometric measurements, investigations, tests, etc.

Being able to read the supporting elements, mak-
ing their schematization and the consequent modeling
is often very complex and challenging to interpret. On
the contrary, through the use of graphic-synthetic and
analytical methods based on the method of limit analy-

sis and the theories of Jacques Heyman, it is possible to
obtain a first detailed picture of the building. It allows
access to understanding the functioning of structures,
starting from the main elements such as arches, vaults,
springers, and walls, to gain a comprehensive under-
standing of the structure as a whole. Therefore, the use
of graphical and analytical analysis is not only an excel-
lent tool for assessing the static consistency of structures,
with the advantages and limitations illustrated above, but
also and above all an excellent tool for the knowledge of
monumental historical building artifacts, even in the case
of complex constructions. In a second phase, through
a finite element analysis, all results obtained through
graphic and analytical procedures is analyzed to investi-
gate local phenomena and behaviors that are difficult to
analyze using only a global model. Starting with consid-
erations and evaluations based on rigorous graphical and
analytical analysis of the structures, FEM with particular
levels of detail can be realized, aimed at local investiga-
tions on even complex buildings. It is objectively difficult
in structures such as the structure under study to analyze
all global and local aspects with a single FEM model as
modeling very complex and not easy to implement both
from the point of view of the creation of the model (ele-
ments to be modeled, hierarchy of structures, etc.), and
from the point of view of the interpretation of the results
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obtained. From this perspective, the graphic and ana-
lytical analysis of structures represents a valid and reli-
able tool for analyzing buildings and investigating their
structural behavior, serving as a starting point for further
and more sophisticated analyses, both local and global.
Finally, it should be remembered that the above graphi-
cal methods of analysis are applied in the context of a
series of hypotheses about the materials, the constitutive
bonds, the structural behaviors and the rupture mecha-
nisms that are clearly in favor of safety. Based on these
considerations, this method makes it even more interest-
ing because, in the face of simplifications on the model,
it’s possible to obtain results that are both strongly cor-
related with the behavior of the structures and able to
guarantee good precision and adequate safety margins.
By enriching traditional methods of building knowledge
with simplified and rapid graphic analysis methods, a
further useful element of knowledge is constituted, pro-
viding valuable information for planning interventions
aimed at both reuse and refunctionalization, as well as
management and scheduled maintenance.
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