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Abstract

In Europe, many archeological sites require continuous maintenance interventions capable of preserving the cultural value of this
type of heritage. To this end, particular attention mustbe paid to ruins, the remains of larger portions and archeological artifacts.
These elements, generally made of ancient stone masonry materials are vulnerable to external action such as are earthquakes,
differential settlements, degradation, etc.. In order to reduce their structural vulnerability, repair interventions are usually required
usingrepair techniques that preserve the artistic and aesthetical values of the archeological element. One of these techniques is the
use of external post-tensioning system through pre-stressed cables.

In this contribution, some examples of the application of post-tensioning to an archeological element are presented. The application
of rigid-block analysis to archeological elements (retrofitted with external post-tensioningsystem)is developed and discussed.
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1. Introduction

In Europe, many archeological sites require continuous maintenance interventions able to preserve the cultural
value of this type of heritage. With this aim, particular attention to ruins, the remains of larger portions and
archeological artifacts should be done [1-3]. These elements, generally made of old stone masonry materials are
vulnerable to external action such as earthquake, differential settlements, degradation etc... In orderto increase their
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structural vulnerability, repair interventions are generally required using repair techniques that preserve the artistic
value of the archeological component. One of these techniques is the use of external post -tensioning system through
pre-stressed cables.

In this contribution, some typological models of the application of post-tensioning system applied to archeological
elementsarepresented. Inaddition, the application ofrigid-block analysis [1-10] to archeological elements (retrofitted
with external post-tensioning system) is developed and discussed. Ancientmasonry structures are generally made of
dry joint and themechanical behavior of these type of structures dependson the equilibrium conditions of each block
and the deformability of the masonry material (in this case) could be approximately negligible. With these
assumptions, the generic ultimate externalload (seismic action, settlement of the support, dead load, etc...) applied to
the old existing structure could be defined by looking forthe value of the maximum load with which the structure is
still in equilibrium. Also, in these conditions, it is easy to evaluate the contribution of post-tensioning techniques to
the ultimatesstability ofthe structure becauseit could be represented as an additional force system.

As is well known, in masonry structures, if compressive stresses between the joints increase, there will be also an
increase in the structural capacity ofthe construction, since shear and flexural strength ofthe block interfaces depend
on the value of the compressive stress between blocks. With external post-tensioning a cable system is designed to
increase the state of compressive stress between blocks by ensuring that the compressive stresses are less than the
compressive strength ofthe old masonry material. For this latter reason, the cable anchorage system is the mostcritical
element of the strengthening system and must be studied in detail because, in the area nearby the anchorage, the
masonry could subject to high compressive stresses which, if not well defined, could generated local crushing of the
material. For this reason, the use of additional foundations in order to anchor the post-tensioning system may be the
best solution to avoid stress concentration in the masonry material.

Anotherimportant issue, which mustbe taken intoaccountduring the design phases of interventions to strengthen
the archeological site structures, regarding the aesthetic aspect of the ancient element, which must not be altered by
the introduction of new resisting elements and/or with the covering of the construction surfaces.

Moreover, the strengthening system applied to old or ancient masonry could be reversible. This is another important
aspect to reduce the impact of the reinforcement on the existing old structure and, with this property, the retrofitting
system canbe replaced by a new one in any instant.

All these aspects will be discussed in depth in the document and some practical examples of elements of
archeologicalssite reinforced with external post-tensioning will be presented as typological models of the application
of this strengthening technique.

2. Rigid-block analysis

Considering a structure composed of n rigid blocks, [F] is the (3xn) vector containing the loads applied to the
centroid of each block:

[ x,1’ yl' Z Ay Fxn'Fyn'mzn] +/1ﬁ;] (1)

The three internal resultants (i.e., Axial force N;, shear force Siand bending moment M;) acting at eachi-th interface
canbearrangedin a (3 xm) vector:

[q]" =[Ny, S, My,...... N, S Mo 1™ )

The compact equilibrium equation can then be expressedas follows:
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[A]- [q] = 2-[f,]=f] ©)

Where [A] is the [n xm] equilibrium matrix. In order to find the solution of the lower bound limit analysis, the
followingyield constraints must beimposed ateach interface:

Ni-equ <M;<N;-efiy “4)
|Si|SNC’i-M (5)
N.iis the integral of compressive stresses in the masonry at interface i and u is the friction coefficient. By

usinglinear Programming [11-18] it is possible to define the maximum collapse multiplier that satisfies the yield
constrains.

Fig. 1. Example of rigid blocks discretization of an archeological artifact

3. External post tensioning

This method of strengthening old masonry structures was presented in some Jurina’s works [19-21]. The method
consists of applyingsome external forces to the structure, which contrasts the effect of accidental actions. This is
achieved by meansof a post-tensioned cable anchored in the masonry.

In the case of a masonry block in Figure 2, a post-tensioning system is configured to increase the lateral capacity
of the block. If W is the block weight, F and Q are the two concentrated forced transferred for the post-tensioning
system to the masonry block. Itis quite clear that the seismic collapse multiplier A in the strengthened condition i
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greater thanin the unstrengthened one. For the same purpose, a post-tensioning system could be designed fora single
and multi-span masonry arch structure, as shown in Figure 3 and Figure 4.

The main issue in the application of post-tensioning in archeological elements is the design of the anchorage
systems and thereversibility of the strengthening intervention. For this reason, the anchors (End anchor and Stressing-
anchor) must be external to masonry structure. For example, with reinforced concrete elements.

External past-tensioning rod
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Fig. 2. Example of a masonry block strengthened with an external post-tensioning system
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Fig. 3. Example of a masonry arch strengthened with an external post-tensioning system
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Fig. 4. Example of a multi-span masonry arch structure strengthened with an external post-tensioning system

4. Conclusion

Rigid-block analysis is a fast numerical tool for define the effectiveness of the post-tensioning system applied to
archeological elements, taking into account some importantaspects and simplifications:

The tensile force in spost-tensioned cables decreases from the stressing anchor (V) to the end anchor (V) due to
the friction between cable and masonry surface as shown in Figure 5a and others;

For a quick evaluation of the horizontal collapse multiplier 4, the defommability of the cable is neglected dueto an
external forcesystem applied to thestructures (Figure 5b);

The deformation ofthe masonry is neglected.

Fig. 6. Possible collapse mechanisms of masonry arches subjected to lateral actions.

Under these hypotheses the horizontal collapse multiplier A canbeeasily evaluated and a parametric analysis shows
that the sliding resistance between masonry blocks increases with the value of the tensile force in the cables (V;); the
collapse mechanism then involves only plastic hinges (Figure 6). Moreover, the horizontal collapse multiplier
increases linearly with N, (Figure 7). The Rigid-block analysis is first of all a simplified numerical analysis able to
define the ultimate load multiplier. Different analysis approaches [22-25] are able to perform the stress and strain of
the materialat each load step untilthe collapse.
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Fig. 7. Ratio between collapse multiplier in both strengthened and the unstrengthened conditions Vs dimensionless cables tensile force.

References

(1]
[2]

Bl

[4]

[5]

[6]

7
[8]

]
[10]
[11]

[12]

[13]

[14]

Stefano Galassi, Nicola Ruggieri, Giacomo Tempesta (2018-2020). “A novel numerical tool for seismic vulnerability analysis of ruins
in archaeological sites”, International Journal of Architectural Heritage, 14(1): 1-22, DOL: 10.1080/15583058.2018.1492647.

Nicola Ruggieri, Stefano Galassi, Giacomo Tempesta (2019). “The effect of pyroclastic flows of the 79 AD eruption of Mount Vesuvius
on the Pompeii’s city walls. The case study of the sector near the Tower XI”, International Journal of Cultural Heritage, DOI:
https://doi.org/10.1016/j.culher.2019.10.008.

Nicola Ruggieri, Stefano Galassi & Giacomo Tempesta (2018). “Pompeii’s Stabian Baths. Mechanical behaviour assessment of selected
masonry structures during the 1st century seismic events”, International Journal of Architectural Heritage, 12(5), 859-878, DOL:
10.1080/15583058.2017.1422571.

Stefano Galassi, Giulia Misseri, Luisa Rovero, Giacomo Tempesta (2020). “Analysis of masonry pointed arches on moving supports: a
numerical predictive model and experimental evaluations”, in: A. Carcaterra et al. (Eds.), Lecture Notes in Mechanical Engineering,
Springer, proc. of AIMETA 2019, pp. 1-21, 15-19 September 2019, Rome, Italy, DOI: https://doi.org/10.1007/978-3-030-41057-5_163.
Stefano Galassi, Giacomo Tempesta (2019). “Porta san Giorgio in Florence. Rigid block model analysis for the crack pattern
interpretation”, in: “COMPDYN 2019 - 7th International Conference on Computational Methods in Structural Dynamics and Earthquak e
Engineering” (Vol. I), M. Papadrakakis, M. Fragiadakis (eds.), pp. 651-662, Ottobre 2019, ISBN (set): 978-618-82844-5-6, ISBN (vol
I): 978-618-82844-6-3, proc. of Compdyn 2019, 24-26 June 2019, Crete, Greece.

Stefano Galassi, Giacomo Tempesta (2019).The Matlab code of the method based on the Full Range Factor for assessing the safety of
masonry arches, MethodsX, 6: 1521-42, DOI: 10.1016/j.mex.2019.05.033.

Giacomo Tempesta, Stefano Galassi (2019). Safety evaluation of masonry arches. A numerical procedure based on the thrust line closest
to the geometrical axis, International Journal of Mechanical Sciences, 155: 206-21, DOI: 10.1016/j.ijmecsci.2019.02.036.

Stefano Galassi, Nicola Ruggieri, Giacomo Tempesta (2018). “Ruins and archaeological artifacts: vulnerabilities analysis for their
conservation through the original computer program BrickWORK?”, in: “Structural Analysis of Historical Constructions”, Aguilar, R.,
Torrealva, D., Moreira, S., Pando, M., Ramos, L.F. (eds.), RILEM bookseries 18, Springer International Publishing, pp. 1839-1848, doi:
10.1007/978-3-319-99441-3 197, ISBN: 9783319994406 (print), 9783319994413 (on-line), Proc. of 11th International Conference on
structural analysis of historical constructions (SAHC2018)(11-13 September 2018, Cusco, Peru).

Francesco Pugi, Stefano Galassi (2013). “Seismic analysis of masonry voussoir arches according to the Italian building code”,
Ingegneria Sismica— International Journal of Earthquake Engineering, PATRON, 30(3): 33-55.

Stefano Galassi, Giulia Misseri, Luisa Rovero, Giacomo Tempesta (2018).“Failure modes prediction of masonry voussoir arches on
moving supports”, Engineering Structures, 173:706-717: DOL: 10.1016/j.engstruct.2018.07.015.

M. Rossi, C. Calderini, B. Di Napoli, L. Cascini, F. Portioli, “Structural analysis of masonry vaulted staircases through rigid block limit
analysis”, Structures, 23 (2020), 180-190, https://doi.org/10.1016/j.istruc.2019.10.015

Francesco P. A. Portioli, “Rigid block modelling of historic masonry structures using mathematical programming: a unified formulation
for non-linear time history, static pushover and limit equilibrium analysis”, Bulletin of Earthquake Engineering,
https://doi.org/10.1007/s10518-019-00722-0

R. Gagliardo, L. Cascini, F. Portioli, R. Landolfo, “Blind-Test Numerical Simulation Of Shake-Table Tests On Three-Leaf Masonry
Walls: An Application Of Lia Block 3d”, COMPDYN 2019, 7th ECCOMAS Thematic Conference on Computational Methods in
Structural Dynamics and Earthquake Engineering M. Papadrakakis, M. Fragiadakis (eds.) Crete, Greece, 2426 June 2019.

Portioli F, Cascini L. Large displacement analysis of dry-jointed masonry structures subjected to settlements using rigid block modelling,
Eng Struct 2017;148:485-96.



198

[15]

[16]
[17]
[18]
[19]
[20]

(21]

[22]

[23]
[24]

(25]

Paolo Zampieri et al. / Procedia Structural Integrity 29 (2020) 192—198

F. Portioli, C. Casapulla, L. Cascini, M. D’Aniello, R. Landolfo, Limit analysis by linear programming of 3D masonry structures with
associative friction laws and torsion interaction effects, Arch. Appl. Mech. 83 (10) (2013) 1415-1438,http://dx.doi.org/10.1007/s00419-
013-0755-4.

L. Cascini, R. Gagliardo, F. Portioli, LiABlock 3D: A Software Tool for Collapse Mechanism Analysis of Historic Masonry Structures,
Int. J. Archit. Herit. (2018),http://dx.doi.org/10.1080/15583058.2018.1509155.

F. Portioli, C. Casapulla, M. Gilbert, L. Cascini, Limit analysis of 3D masonry block structures with non-associative frictional joint
susing cone programming, Comput. Struct. 143 (2014) 108—121,http://dx.doi.org/10.1016/j.compstruc.2014.07.010.

Casapulla, C., F. Portioli, A. Maione, and R. Landolfo. 2013. A macro-block model for in-plane loaded masonry walls with non-
associative coulomb fiiction. Meccanica 48 (9):26. doi: 10.1007/s11012-013-9728-5.

Jurina, L.: Una tecnica di consolidamento attivo per archi e volte in muratura. In: International Symposium on Seismic Performance of
Built Heritage, Assisi, Italia (1999)

Bonfigliuoli, S.: Consolidamento strutturale e antisismico di archi e volte in muratura: una sperimentazione sulla tecnica dell’arco armato,
Tesi di Laurea, Fac. Architettura, Politecnico di Milano, rel. L. Jurina (2011)

Jurina L., Radaelli E.O. (2020) “Reinforced Arch Method” as Retrofitting Technique for Masonry Arches. Experimental Tests and
Numerical Modelling. In: Aréde A., Costa C. (eds) Proceedings of ARCH 2019. ARCH 2019. Structural Integrity, vol 11. Springer,
Cham

Raffacle Gagliardo, Francesco Portioli, Lucrezia Cascini, Raffacle Landolfo, Giovanni Tomaselli, Marialaura Malena, Gianmarco de
Felice, 2019, “Rigid block and finite element analysis of settlement-induced failure mechanisms in historic masonry wall panels”,
Frattura ed Integrita Strutturale (Fracture and Structural Integrity), https://doi.org/10.3221/IGF-ESIS.51.39

F. Cannizzaro, B. Panto, S. Caddemi, 1. Calio, A Discrete Macro-Element Method (DMEM) for the nonlinear structural assessment of
masonry arches - (2018) Engineering Structures, 168, pp. 243-256; https://doi.org/10.1016/j.engstruct.2018.04.006

B. Panto, F. Cannizzaro, S. Caddemi, I. Calio, C. Chacara, P.B. Lourengo Nonlinear Modelling of Curved Masonry Structures aft er
Seismic Retrofit through FRP Reinforcing (2017) Buildings, 7(3), 79; doi:10.3390/buildings7030079B.

S. Caddemi, L. Calio, F. Cannizzaro, P.B. Lourenco, B. Pant9, (2017) FRP -reinforced masonry structures: numerical modeling by means
ofa new discrete element approach. COMPDYN 2017, 6th Intemational Conference on Computational Methods in Structural Dynamics
and Earthquake Engineering. Rhodes, 15-17 June 2017.S.



