
ScienceDirect

Available online at www.sciencedirect.com

Procedia Structural Integrity 29 (2020) 126–133

2452-3216 © 2020 The Authors. 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/)
Peer-review under responsibility of Marco Tanganelli and Stefania Viti
10.1016/j.prostr.2020.11.148

10.1016/j.prostr.2020.11.148 2452-3216

© 2020 The Authors. 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/)
Peer-review under responsibility of Marco Tanganelli and Stefania Viti

 

Available online at www.sciencedirect.com 

ScienceDirect 

Structural Integrity Procedia 00 (2019) 000–000  
www.elsevier.com/locate/procedia 

 

2452-3216 © 2020 The Authors. 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/) Peer-review 
under responsibility of Marco Tanganelli and Stefania Viti  

Art Collections 2020, Safety Issue (ARCO 2020, SAFETY) 

In-plane and out-of-plane seismic vulnerability assessment of an 
ancient colonnade in the archaeological site of Pompeii (Italy) 

Stefano Galassia*, Maria Luisa Sattaa, Nicola Ruggieri b, Giacomo Tempestaa 
aDepartment of Architecture, Section of Materials and Structures,University of Florence, Piazza Brunelleschi 6, 50121 Florence, Italy 

bSoprintendenza archelogica, Belle arti e Paesaggio per le province di Catanzaro, Cosenza e Crotone, Piazza Valdesi, 87100 Cosenza, Italy  

Abstract 

The paper presents the results of an investigation carried out about the construction technique, the mechanical 
behaviour and the seismic response of some selected masonry remains in the archaeological site of Pompeii. In 
particular, the portion of the ancient colonnade dating back to the 1st century BC and located to the east of the civil 
forum of Pompeii is studied. Since this colonnade is a  classic example of a rigid-block structure, its seismic 
vulnerability level is assessed performing a rigid-block model through the computer program BrickWORK, a  tool 
developed by the authors. In-plane and out-of-plane non-linear analyses are carried out, considering both the 
horizontal uniform and the linear lateral load pattern to simulate the actions of an earthquake. In each analyzed case, 
the vulnerability level is assessed by detecting the collapse mechanism and the spectral acceleration of activation. 
Collapse mechanisms are detected by the program and graphically shown through its visual user interface. 
Furthermore, the influence of the joint inclination on the mechanical response of the structure is investigated 
considering various inclination angles of the joints between the stones of the lintel. 
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1. Introduction 

The ancient colonnade, which originally surrounded the forum of Pompeii along three sides, was conceived as a 
two-storey construction in order to make it easier to collect the entrance fee to watch the shows held in the square 
below. As a result of the anastylosis carried out between the 1860s and the first half of the 20th century, this colonnade 
is composed of a double order, with Doric columns in the lower level and Ionic columns in the upper one. The white 
lime-stone columns are made up of dry-set drums. Probably in order to simplify the building phases and to prevent 
damage that may occur when continuous beams or long span beams, simply supported by the columns, are used, the 
lintel was made of a set of not very large nor heavy blocks, placed in contact with inclined joints. This innovative 
Roman technique of construction, similar to a Gerber beam, is analyzed in depth under the constructive and structural 
aspect. The results of the mechanical behaviour and the seismic vulnerability of the colonnade, investigated through a 
rigid-block model, are presented and compared to the results provided by kinematic analysis performed by-hand. 
Furthermore, the effectiveness of joint inclination of the lintel is investigated through a parametric analysis. 

2. Historical survey  

The center of meetings, business, commerce, prayer, politics and justice, the Civil Forum of Pompeii was built in 
the 4th century BC, i.e. the Samnite era, at the intersection of the main roads of the town (Maiuri, 1947). After the 
conquest of Pompeii by the Romans in the 2nd century BC, the forum was completely rebuilt and enlarged (Fig. 1). 
In particular, the shops and a peripheral wall were demolished. The area of the square was regularized in a  rectangular 
shape of 143 meters by 38 meters. Various political, commercial and religious buildings were built around the square 
(such as the Basilica, the Curia, the Comitium, the Building of Eumachia, the Sanctuary of Public Lares, the Macellum, 
the Temple of Jupiter). In the Augustan age, between the end of the 1st century BC and the beginning of the 1st century 
AD, building works that changed the layout of the forum were started. Alongside the Temple of Jupiter, two triumphal 
arches, which provided the main accesses to the forum, were built in brick units covered with marble. (Maiuri, 1947). 

 

Fig. 1. Plan of the civil Forum and detail of the remain of the eastern colonnade under investigation. 

The Samnite tuff colonnade was partially demolished and replaced by a new one made in travertine, supported by 
Doric or Tuscan smooth columns in the lower level, and by Ionic columns in the upper level. The occurrence of the 
62 AD earthquake, which severely damaged various buildings in Pompeii, temporarily interrupted the construction 
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works of the new travertine colonnade (Ruggieri et al., 2018), which was finally buried by the 79 AD eruption of 
Mount Vesuvius. 

The former excavations began in 1738 by the will of Charles of Bourbon, and they suddenly highlighted objective 
difficulties relating to these pioneering works. anyway, in 1870 the first systematic campaign was conducted by 
Giuseppe Fiorelli, who organized the excavation works by dividing the city into 9 regiones further organized in 
insulae. Between 1924 and 1961 the works were conducted by the archaeologist Amedeo Maiuri, who brought to light 
many important buildings (Accademia nazionale dei Lincei, 1961). 

In 1943 the archaeological site suffered severe damage caused by the bombing of the Second World War and, as a 
consequence, new strengthening and restoration interventions had to be executed. The eastern colonnade of the forum, 
where apparent rotations of the columns were clearly visible, resulted particularly damaged. Furthermore, differential 
translations between the column drums were observed (Ministero dei Beni Culturali, 1979-2008; De Simone, 2012). 

3. Construction analysis  

The load-bearing structure of the colonnade built in the Samnite era (Fig. 2a) is made of a sequence of tuff Doric 
fluted columns, with a base diameter of 72 cm, supporting the lintel that covers a more than three diameters long span. 
Excavations carried out by Maiuri in the 1970s revealed a discontinuous foundation composed of “plinths” built in 
nocerino tuff regular- sized blocks. 

 

Fig. 2. a) Samnite colonnade along the southern side; b) Augustan colonnade along the west side.  

Along the side facing the inside of the colonnade, the lintel was equipped with holes to host the heads of the timber 
beams of a flat floor, a  clear clue of a  usable upper floor. The construction of the new colonnade (Fig. 2b), which 
replaced the Samnite one, dates back to the Augustan era. The new colonnade was completely built in travertine with 
a peculiar arrangement of blocks. Indeed, avoiding the use of the simple trilithic system, Pompeiians employed a 
“segmented lintel” composed of assembled blocks; some of them directly supported by the columns and symmetrically 
protruding both towards the right and the left, and characterized by inclined joints in such a way as to support a wedge-
shaped central block (Fig. 2b). 

The equilibrium of the central block is assured both by the use of the inclined joints and the contribution provided 
by the two side  blocks that protrude from the supporting columns. This arrangement resembles a current Gerber beam, 
in which the inner discontinuities, suitably introduced into the structural model of a continuous beam placed on many 
supports, are realized by means of the above-mentioned inclined joints. The advantages of this structural system are 
twofold: first of all the bending moment to which the beam is subjected provides tensile stress at the upper edge of the 
two side blocks which are supported by the columns and tensile stress at the lower edge of the wedge-shaped central 
block (Di Pasquale, 1989), with the advantage of a reduced maximum bending moment at the midspan that, conversely, 
characterized the system of the simply supported beam adopted,  in the former Samnite era construction. Secondly, a 
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feasible foundation settlement allows the change of geometry of the structure without causing additional stress states. 
The weak link of this construction system occurs in the end bays because the end columns located at the corners of the 
square  would be destined to an overturn due to the thrust of the wedge-shaped central block. Indeed, differently from 
what happens in the intermediate spans, the thrust is not counteracted by the opposite thrust of the wedge-shaped 
central block of the subsequent bay. therefore, to overcome this drawback, Pompeiians built the lintel of the end bays 
with a single block and positioned and carved it  in such a way as to make it protrude from the last but one column 
and to support the wedge of the last but one bay block (Fig. 2b). 

4. Mechanical behaviour and seismic vulnerability 

Ruins of the eastern colonnade of the forum are assumed as the reference structure of this Pompeiian structural type 
in order to assess its seismic vulnerability. In the literature, many procedures for the analysis of masonry constructions, 
subject to impost movements due to soil settlement or seismic actions, usually used to investigate the behavior of 
specific structural systems such as arches, vaults and domes (Block at al., 2006; Betti et al., 2008; Pugi et al., 2013; 
Cavalagli et al., 2016; da Porto et al., 2016; Galassi et al., 2017; Pantò et al., 2017; Giresini et al., 2017; Marmo et al., 
2017; Zampieri et al., 2015a,b; 2016; 2017; 2018a,b,c; 2019a,b), are present. In the specific case of the construction 
under investigation, the authors have used a computer program that they themselves developed to suitably model 
discontinuous structures detached from the original context, the peculiarity of ruins in archaeological sites. Therefore, 
the colonnade was analyzed through a rigid-block model performed in the BrickWORK software environment (Galassi 
et al., 2018a,b). The rigid blocks of the numerical model perfectly coincide with the travertine blocks, both as for the 
number and the shape and size. The contact joints between blocks exactly follow the same inclination which can be 
found in the actual joints of the lintel and are horizontally oriented in correspondence to the blocks forming the columns 
as well. According to the mechanical model implemented in our software, the contact joints between blocks are 
modelled using a discrete device composed of two links, orthogonal to the joint, that transfer the axial force, and two 
links, along the joint, that transfer the shear force (Fig. 3). 

In order to interpret the mechanical behavior of this (at least originally) mortar-free construction, a tensile failure 
criterion has been assigned to the axial links, considering, de facto, a  no-tension masonry. Conversely, infinite 
compression and shear strengths have been assumed, in such a way as to detect the collapse mechanism due to the sole 
relative rotation of blocks and to get a conservative result, which is safer. 

 
Figure 3. Joint device between block ‘a’ and ‘b’ of the mechanical model 

 
According to the equivalent-static procedure, in order to detect the collapse mechanism activated by a seismic 

action, the analysis has been carried out merging a horizontal load condition to the gravitational one. Two horizontal 
load patterns have been considered: forces proportional to the masses (uniform load pattern) and actions proportional 
to the static forces (linear load pattern) computed, for the generic block i of the construction, using the following 
formulas, respectively: 

𝐹𝐹𝑖𝑖 =𝛼𝛼𝑃𝑃𝑖𝑖        (1) 
𝐹𝐹𝑖𝑖 = 𝑘𝑘𝑖𝑖𝑃𝑃𝑖𝑖  with 𝑘𝑘𝑖𝑖 =

𝛼𝛼∙ℎ𝑖𝑖∙∑ 𝑃𝑃𝑖𝑖
∑𝑃𝑃𝑖𝑖 ∙ℎ𝑖𝑖

    (2) 

where Fi is the horizontal force applied at the center of mass of block i, α is the horizontal force factor, hi is the height 
of the centroid of block i from the ground level and Pi is the weight of the block. 
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of the centroid of block i from the ground level and Pi is the weight of the block. 
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Two 2D-models have been analyzed. The first model is referred to the analysis of the in-plane collapse mechanism, 
considering the horizontal actions acting both rightward (axis +X of the mechanical model) and leftward (axis -X). 
Instead, the second model has analyzed the behavior of the structure subject to horizontal actions acting orthogonally 
to the mechanical plane (direction ±Y). The structural model subject to out-of-plane actions refers to the intermediate 
column of the colonnade supporting a portion of the lintel with a length equal to the column spacing. The analysis has 
been carried out through an incremental procedure which was interrupted when the collapse mechanism was achieved. 

 

Fig. 4. Collapse mechanism activated by the horizontal linear load pattern acting along the +X direction.  

 

Fig. 5. Collapse mechanism activated by the horizontal linear load pattern acting along the -X direction. 

Fig. 4b and Fig. 5b show the collapse mechanism activated by linearly distributed seismic forces acting in +X and 
-X direction, respectively. In both cases, the failure joints are the same, but the hinge points are reversed between the 
intrados and the extrados depending on the direction of the seismic actions. Collapse occurs due to the formation of 
rotation hinges at the base of the three columns and in the joints between the blocks of the lintel, alternated along the 
intrados and extrados. 
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The same collapse mechanism occurs also in the case of uniform seismic forces acting along the +X and -X 
direction: the failure joints are the same with the hinge points inverted from the lower edge to the upper edge. 

In Table 1 the results of the analysis are presented, in terms of load collapse factor α0, total mass M, participating 
mass M* and spectral acceleration of activation of the mechanism a0

*. It is worth noting that the value of the collapse 
mechanism provided by the program, which computes it through an incremental analysis in large displacements, 
perfectly coincides with the value which one can obtain by solving the equation of principle of virtual work that, as it 
is well known, considers infinitesimal displacements. In this regard, the reader can compare images (a) to the 
corresponding images (b) of Fig. 4,5. 

Table 1. Results of the analysis. 

Load pattern Earthquake direction α0 M M* a0* 

Uniform 

+X 0.1252 
12,952/g 

9,849g 0.0165g 

-X 0.1139 9,609g 0.0153g 

±Y 0.0984 5,287/g 3,847g 0.0135g 

Linear 

+X 0.0947 
12,952/g 

9,970g 0.0123g 

-X 0.0853 9,017g 0.0122g 

±Y 0.0779 5,287/g 3,602g 0.0114 

 
Fig. 6 finally shows the collapse mechanism activated by the linear load pattern of the seismic actions acting along 

the ±Y direction. Given the simplified model, the horizontal out-of-plane action provokes the overturning of the 
structure due to a sole hinge formation at the base of the column because the structure under analysis is a  cantilever 
structure, which  is statically determined, and has not got additional energy to counteract the thrust as in the previous 
case, in which a more complex mechanism may occur. Results of the analysis are reported in Table 1. 

 

Fig. 6. Collapse mechanism activated by the horizontal linear load pattern acting along the Y direction.  

5. Parametric investigation 

The effectiveness of the Pompeiian construction technique of the rigid-block segmented lintel with joints inclined 
approximately 9 degrees from the vertical axis has been investigated by means of a parametric analysis. The collapse 
factor of the horizontal forces has been computed as a function of the inclination angle of the joints, considering the 
range comprised between 0° (vertical joints) and 36° at increments of 9°. 



	 Stefano Galassi  et al. / Procedia Structural Integrity 29 (2020) 126–133� 131
 Galassi et al. / Structural Integrity Procedia 00 (2019) 000–000  5 

Two 2D-models have been analyzed. The first model is referred to the analysis of the in-plane collapse mechanism, 
considering the horizontal actions acting both rightward (axis +X of the mechanical model) and leftward (axis -X). 
Instead, the second model has analyzed the behavior of the structure subject to horizontal actions acting orthogonally 
to the mechanical plane (direction ±Y). The structural model subject to out-of-plane actions refers to the intermediate 
column of the colonnade supporting a portion of the lintel with a length equal to the column spacing. The analysis has 
been carried out through an incremental procedure which was interrupted when the collapse mechanism was achieved. 

 

Fig. 4. Collapse mechanism activated by the horizontal linear load pattern acting along the +X direction.  

 

Fig. 5. Collapse mechanism activated by the horizontal linear load pattern acting along the -X direction. 

Fig. 4b and Fig. 5b show the collapse mechanism activated by linearly distributed seismic forces acting in +X and 
-X direction, respectively. In both cases, the failure joints are the same, but the hinge points are reversed between the 
intrados and the extrados depending on the direction of the seismic actions. Collapse occurs due to the formation of 
rotation hinges at the base of the three columns and in the joints between the blocks of the lintel, alternated along the 
intrados and extrados. 

6 Galassi et al. / Structural Integrity Procedia  00 (2019) 000–000 

The same collapse mechanism occurs also in the case of uniform seismic forces acting along the +X and -X 
direction: the failure joints are the same with the hinge points inverted from the lower edge to the upper edge. 

In Table 1 the results of the analysis are presented, in terms of load collapse factor α0, total mass M, participating 
mass M* and spectral acceleration of activation of the mechanism a0

*. It is worth noting that the value of the collapse 
mechanism provided by the program, which computes it through an incremental analysis in large displacements, 
perfectly coincides with the value which one can obtain by solving the equation of principle of virtual work that, as it 
is well known, considers infinitesimal displacements. In this regard, the reader can compare images (a) to the 
corresponding images (b) of Fig. 4,5. 

Table 1. Results of the analysis. 

Load pattern Earthquake direction α0 M M* a0* 

Uniform 

+X 0.1252 
12,952/g 

9,849g 0.0165g 

-X 0.1139 9,609g 0.0153g 

±Y 0.0984 5,287/g 3,847g 0.0135g 

Linear 

+X 0.0947 
12,952/g 

9,970g 0.0123g 

-X 0.0853 9,017g 0.0122g 

±Y 0.0779 5,287/g 3,602g 0.0114 

 
Fig. 6 finally shows the collapse mechanism activated by the linear load pattern of the seismic actions acting along 

the ±Y direction. Given the simplified model, the horizontal out-of-plane action provokes the overturning of the 
structure due to a sole hinge formation at the base of the column because the structure under analysis is a  cantilever 
structure, which  is statically determined, and has not got additional energy to counteract the thrust as in the previous 
case, in which a more complex mechanism may occur. Results of the analysis are reported in Table 1. 

 

Fig. 6. Collapse mechanism activated by the horizontal linear load pattern acting along the Y direction.  

5. Parametric investigation 

The effectiveness of the Pompeiian construction technique of the rigid-block segmented lintel with joints inclined 
approximately 9 degrees from the vertical axis has been investigated by means of a parametric analysis. The collapse 
factor of the horizontal forces has been computed as a function of the inclination angle of the joints, considering the 
range comprised between 0° (vertical joints) and 36° at increments of 9°. 



132	 Stefano Galassi  et al. / Procedia Structural Integrity 29 (2020) 126–133 Galassi et al. / Structural Integrity Procedia 00 (2019) 000–000  7 

 

Fig. 7. Parametric analysis on the effectiveness of joint inclination.  

Fig. 7 shows, for each pattern of the horizontal actions, the uniform load pattern in +X direction (ULP+X) and in -
X direction (ULP-X) and the linear load pattern in +X direction (LLP+X) and -X direction (LLP+X), an increase of 
the performance of the structure as the inclination of the joints increases. Table 2, where the results of the parametric 
analysis are reported in detail, shows that the structure, regardless of the actual strength of the material, can withstand 
an average increase in the collapse load around 20-21% for horizontal actions in +X direction and around 25-26% for 
horizontal actions in -X direction. 

Table 2. Results of the parametric analysis.  

 
Collapse 

factor 

Joint inclination [°] Mean 
percentage 

increase [%] 

Load 
pattern 0 9 18 27 36 

α0 

0.119 0.125 0.131 0.136 0.143 20.17 ULP+X 

0.106 0.113 0.119 0.125 0.132 24.53 ULP-X 

0.089 0.094 0.098 0.103 0.108 21.35 LLP+X 

0.078 0.085 0.089 0.093 0.099 26.92 LLP-X 

6. Conclusions 

In this paper the first results of the seismic vulnerability analysis of the remains of the ancient colonnade in the civil 
forum of Pompeii are presented. A 2D-rigid block model describing the actual configuration of the structure has been 
used. The seismic action was simulated through a pattern, both uniform and linear, of in-plane and out-of-plane 
increasing horizontal forces. The seismic vulnerability was investigated by computing the factor of the horizontal 
forces that activates the collapse mechanism characterized by rotational hinges in correspondence to the contact joints 
between blocks. As expected, the structure resulted more vulnerable in the case of out-of-plane actions. 

Currently, the authors are developing a new release of the computer program BrickWORK to model a 3D-rigid 
block structure, in order to consider the effective strength capacity of the structure that, in the reality, could develop a 
more complex collapse mechanism with rigid blocks partitioned by cylindrical and/or spherical hinges. 
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