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Abstract
Resiliency in concrete infrastructures has become an important issue. Adequate 
conservation/maintenance plans are essential to ensure their lifespan and preserve 
their value. Monitoring processes to assess their condition is an essential prerequi-
site which may benefit from cameras and UAVs. This paper focuses on the experi-
ence taken on Nembro arch bridge.

Keywords 3D laser scanning · Digital photogrammetry · Multispectral images · 
Cultural heritage · Conservation

Introduction

The invention of reinforced concrete is the result of scientific progress that has 
improved methodologies and techniques and has enabled the creation of increasingly 
complex and daring architectural works. First used in Europe in the late 19thcentury 
and then developed throughout the 20th century, the material revolutionized the con-
struction industry, so marking a turning point in the growth of the built environment.

Thanks to the intuition and skills of great designers, it was soon converted into 
buildings and infrastructures, which are evidence of the ability to unifying image 
with structure and form with function. Constructions able to establish a meaningful 
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connection between the various moments of human history, but also culturally rel-
evant (Faccio 2008).

The exponents of the Modern Movement were enthused by this flexible and 
groundbreaking material, which would finally freeing architects from the constraints 
of the past. It captivated the engineers of the time for its innovative nature and the 
great potential of experimentation. The new structures were the result of a combina-
tion of mathematics and geometry, the dimensional calculation and verification of 
which were carried out by integrated methods, both graphical and analytic.

Their trust in the material was unconditional; they were convinced of its durabil-
ity, seeing it as almost eternal. Unfortunately, the claimed immortality of the concrete 
was only supposed. Soon, problems arose due to the numerous variables involved in 
its use – affecting its condition and, therefore, its durability – and the lack of accu-
rate predictions regarding its structural behaviour. As a result, studies on improv-
ing performance techniques and preventing premature aging, where possible, were 
increased (Boriani et al. 2008).

However, reinforced concrete buildings and civilian facilities, like bridges, are still 
at risk. The development of suitable conservation and maintenance plans is essential 
to ensure their longevity and to preserve their importance and value. In that sense, the 
inspection and/or monitoring processes for assessing their condition are an essential 
prerequisite, although often very difficult to reach. Nevertheless, such activities can 
today profit from computer-vision technique, used in conjunction with acquisition 
through remote cameras and unmanned aerial vehicles (UAVs), such as in the expe-
rience taken on the arch bridge over the Carso stream in Nembro (Val Seriana) on 
which this paper focuses (Figs. 1–3).

Fig. 1 The bridge over the Carso stream after its construction
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The Design of the Reinforced Concrete Archway Bridge on Carso 
Creek

The development of the infrastructure and systems for mobility, which followed the 
industrial revolution, as well as the need to open new communication routes for peo-
ple and goods, led to the huge adoption of reinforced concrete. The art and science 
of bridge building, in the 19th century mainly set in masonry and cast iron (only for 

Fig. 3 The model of the bridge (photogrammetric and 3D laser scanning survey)

 

Fig. 2 The bridge over the Carso stream today (photogrammetric survey with SAPR)
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large-span works due to the high construction difficulties and costs), greatly benefited 
from its advent.

Vaulted stone or brick bridges were among the most widely used to overcome 
large natural obstacles, such as large rivers or deep gorges. Those made of reinforced 
concrete were their direct heirs because they were cheaper and quicker to build. 
The material was particularly suitable for absorbing compressive stresses; it had the 
advantage of creating a monolithic element that in shape and size easily adapted 
to the morphological characteristics of the place. It was usually cast in specifically 
shaped formworks containing the metal reinforcement. Once removed, they showed 
the skeleton divided into three main components: the deck (also called superstruc-
ture), the vault (raised, lowered, with one or more hinges) and the columns that con-
nected the arch and the superstructure (Nelva 1990).

The first constructions were characterized by a very thick and rigid arch capable of 
absorbing the greatest pressures and transmitting the loads to the foundation between 
the impost plane and that of the haunches; the function of the deck was essentially to 
distribute loads linked to both its weight and crossing (as happened in those in stone 
or brick). Swiss engineer Robert Maillart developed a new typology of deck-stiffened 
arch, where the superstructure absorbed most of the effort. His first bridge built in 
1901 in Zuoz, on the Swiss Inn river showed the potential of the new material. The 
work was highly appreciated for the lightness of its natural forms returned through 
a slender structure. An innovative project resulting from a precise static-geometrical 
study, which indicated a new aesthetic archetype sought in the interweaving of form 
and structure. In influencing the philosophy of design, his works have inspired many 
European designers of the early 20th century. The mathematical models for the calcu-
lation were closely linked to the geometric choice of the shape and aimed at a realistic 
‘visualisation’ of the behaviour of the building in its natural environment.

The Maillart-type arch bridges were therefore particular structures with large wide 
and thin vaults, with a low moment of inertia and connected at the top to a rigid rod 
through vertical uprights consisting of simple pillars or partitions (full or with light-
ning windows). The geometric shape was studied so that all the elements were only 
compressed; a solution that allowed to both reduce the foundations and create lighter 
ribs. It was designed to withstand only the weight of the vault, which, once the con-
crete was hardened, it was used as a new rib for the construction of the superstructure. 
The bridge, therefore, had to be stiff enough in the bending compared to the arch 
which was much more elastic.

The calculation was conducted through graphical statics (understood as a tool 
based on geometry to address issues of balance of forces) with the scale drawing 
of the structure on which the loads represented by vectors were superimposed. The 
modification of the shape, to keep the loads constant, caused a different orientation 
of the vectors and therefore of the distribution of the shares. The system was in equi-
librium when the first and last sides of the force polygon (in the case of bridges indi-
cated as pressure curves) were coincident.

The bridge over the Carso stream, built in 1912, is a Maillart-arch type bridge 
which has today become an architectural work that characterizes the Serio Valley, 
both for its unique geometry and for being the historic gateway to the town of Nem-
bro. It was built to enable the passage of the tram that linked the city of Bergamo to 
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the centre of Albino (Frattini and Ravanelli 2014). The route, designed on the layout 
of the old road to take advantage of the existing crossings in the Carso Valley due to 
the steep slope and the winding route, was rethought. The designers wanted to create 
groundbreaking and technologically innovative work that could be an opportunity for 
study and experimentation. To this end, the Nembro bridge took inspiration in both 
the typological choice and the technical solutions from the famous ‘Risorgimento 
bridge’, built in Rome by the engineer Giovanni Porcheddu for the celebration of the 
50th anniversary of the unification of Italy (inaugurated on 11 May 1911, it was the 
first reinforced concrete arch bridge on the peninsula).

The Nembro bridge was thus an opportunity for Lombard designers to apply new 
theories of calculation for reinforced concrete structures. It was then used as a rep-
resentative example by the engineer Cesare Pesenti (one of the first in Italy to adopt 
the construction experimentations of reinforced concrete by developing a new system 
called ‘alzanese’ and the founder with his five brothers of the Italcementi company of 
Bergamo) in his famous manual “The reinforced concrete and its practical applica-
tions” printed by the Hoepli publishing house in 1913, and a reference text for engi-
neering students even after the Second World War (Pesenti 1913). Cesare Pesenti’s 
proposed approach relies on the combined use of the graphic method and analytical 
evaluation (Figs. 4–6). It was based on tables to limit the difficulties linked to the use 
of complex formulas which were sometimes too generic and abstract.

Nowadays, the simplification and the improvement in speed allowed in numeri-
cal processing by computers have reduced the importance of calculation based on 
graphic methods. Nonetheless, the graphical-analytical method allows for a clearer 
and more immediate understanding of the mechanical problem, consequently leading 
to the impossibility of gross errors that pure algebra is sometimes unable to avoid 
(Sinopoli 2012).

Fig. 4 The bridge in the structural calculation published in Cesare Pesenti?s manual and the as-built 
conditions as resulted from 3D survey (in red)
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Conclusion

Today, the Nembro bridge is a listed good due to its high cultural and historical value. 
Over a hundred years after its creation, it is however affected by severe decay phe-
nomena and requires conservation interventions and improvements in performance. 
This paper, through the use of survey methodologies and techniques integrating 

Fig. 6 3D reconstruction of the bridge from the project drawings

 

Fig. 5 Comparison between project design and construction
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image-based e range-based solutions, aims to highlight the differences between the 
project design and its realization. An as-planned versus as-built analysis which main 
purpose is that of interpreting conformity with geometrical rules and the balance 
between the thinking of the designer and the difficulties encountered during construc-
tion. An analysis that can be very important for the establishment of repair actvities 
aimed at increasing resiliency of a critical structure.

Funding Open access funding provided by Università degli studi di Bergamo within the CRUI-CARE 
Agreement.

Declarations

On behalf of all authors, the corresponding author states that there is no conflict of interest.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, 
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative 
Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use 
is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission 
directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

References

Boriani, Maurizio, Cavalleri, Federica, and Giambruno, Mariacristina, 2008. Il ‘Restauro del Moderno’ tra 
approccio teorico e conservazione materica delle fabbriche: conservazione e vita residua delle opere 
in calcestruzzo: alcune riflessioni. In, Architetture in cemento armato: orientamenti per la conser-
vazione. In Architetture in cemento armato: orientamenti per la conservazione, ed. Ientile Rosalba, 
88–98. Milano: FrancoAngeli Editore.

Faccio, Paolo, 2008. Il calcestruzzo storico: conservazione o ripristino. In Architetture in cemento armato: 
orientamenti per la conservazione, ed. Ientile Rosalba, 198–204. Milano: FrancoAngeli Editore.

Frattini, Pilade, and Ravanelli, Renato, 2014. Il Novecento a Bergamo: Cronache di un secolo. Milano: 
UTET

Nelva, Riccardo, 1990. Avvento ed evoluzione del calcestruzzo armato in Italia: il Sistema Hennebique. 
Milano: edizioni di scienza e tecnica – AITEC

Pesenti, Cesare, 1913. Il cemento armato e la sua applicazione pratica. Milano: Ulrico Hoepli.
Sinopoli, Anna, 2012. Origine e sviluppi della Statica Grafica. In Complementi alle lezioni di Meccanica 

Razionale di Tullio Levi Civita e Ugo Amaldi, 161–185. Configni, Rieti: Edizioni Compomat.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps 
and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this article under 
a publishing agreement with the author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of such publishing agreement and appli-
cable law.

Alessio Cardaci PhD, professor at the School of Engineering at the University of Bergamo, where he is 
also Head of the SABE Laboratory (Survey and Analysis of Built Environment). His research interests are 
related to the themes of survey, 3D modelling and representation of the architecture and cultural heritage.

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


A. Cardaci et al.

Antonella Versaci PhD, professor in Restoration at the KORE University of Enna and Associate Researcher 
at IPRAUS, Université de Paris-Belleville. Her research activity focuses on the conservation, recovery and 
valorisation of the historical, architectural and landscape heritage.

Pietro Azzola PhD student at the School of Engineering at the University of Bergamo and technical man-
ager of the SABE Laboratory (Survey and Analysis of Built Environment). 


	Mathematics and Geometry in the Nembro Reinforced Concrete Arch Bridge
	Abstract
	Introduction
	The Design of the Reinforced Concrete Archway Bridge on Carso Creek
	Conclusion
	References


