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Abstract. Arch road and railway networks worldwide still heavily relay on ma-

sonry and concrete bridges. These structures are often more than hundred years 

old with some of them thousand plus. Their longevity is mostly due to masonry 

and concrete, two materials that resist to weathering and can be rehabilitated 

without the need to dismantle the whole structure. 

These types of bridges do have their weakness and soft spots which need to be 

timely addressed before is too late. The paper will discuss the main causes of 

degradation and how to address them with case studies from Italy and the Medi-

terranean basin.  

Starting with surface weathering and corrosion in reinforced concrete arches, 

which is by far the most pressing and disrupting cause of ageing, the paper will 

also discuss expansion joints, foundation settlements, design and construction 

tolerance in the arch funicular supported by real case scenario and interventions 

carried out in the last 20 years by the authors. 

Keywords: Arches, Rehabilitation, Funicular, Foundation settlements, rein-

forced concrete, masonry.  

 

1 Introduction 

Before the advent of tensile-resistant materials, the arch—designed to place the mate-

rial mainly in compression—was among the most effective structural solutions. The 

thrust arches discussed in this work include upper-deck bridges, where the girder is 

supported either by inclined struts (arch frames) or by true arches resting on piers. In 

both cases, the bending stresses in the deck are reduced, since it is carried over shorter 

free lengths of deflection relative to the main span. When uniformly distributed loads 

are applied, the load funicular is generally close to the line of the arch and therefore 

these loads are largely carried by an increase in the thrust of the arch, as this mecha-

nism is much more rigid than the flexural one.  
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Loads outside the funicular line, i.e. loads with a distribution different from the 

permanent ones, generate bending moments in the arches, stresses that are generally 

much more severe than the axial stress.  

Despite the intrinsic structural efficiency of the arch system, experience shows that 

these structures present a series of recurring critical issues that affect their durability 

and safety. The main problems addressed here can be summarized in the following 

categories: foundation settlement, geometric bias, degradation of surface materials 

and structural joints.  

Foundation subsidence is a critical issue, particularly in thrusting arch bridges. Dif-

ferential settlement or erosion can disrupt structural balance, leading to cracks, de-

tachments, and in severe cases, partial collapse. Notable examples include the Sidi 

Rached and Étudiants bridges in Algeria. A further case studied by the authors is the 

Gimigliano Bridge in the province of Catania, designed by Eng. Galli. 

    Deviation of the load funicular from the arch geometry, whether due to construc-

tion or design defects, and sometimes exacerbated by rheological effects such as 

creep, induces significant bending moments. These, in turn, cause localized stress 

concentrations and reduce the efficiency of axial behavior. Although not a widespread 

occurrence, this phenomenon is clearly visible in the Salle Bridge and also in the arch 

bridge at km 118 of the Flaminia. 

Surface degradation is accelerated by atmospheric exposure, thermo-hygrometric 

variations, and freeze–thaw cycles, leading to cracking, material loss, and progressive 

reduction of the load-bearing section. This process, particularly pronounced in rein-

forced concrete structures, is most often caused by inadequate drainage of rainwater 

from the deck. The problem is further aggravated by structural joints, which are in-

trinsically vulnerable to infiltration and runoff. In upper-arch bridges, joints are typi-

cally located between the abutments and the deck. A specific case is found in Moran-

di’s bridges, where joints were placed at the crown of the arch, as seen in the Salle 

and Pasquarella (formerly Cerratello) bridges. Even in the absence of joints, as in 

masonry arches, insufficient deck drainage can deteriorate the masonry matrix and 

compromise structural integrity. A clear example is the Ponte dei Francesi in the mu-

nicipality of Mormanno (CS). 

 

2 Foundation settlements 

2.1 The Sidi Rached bridge 

Constantine, known as Ville des Ponts and World Capital of Arab Culture in 2015, is 

the main city in eastern Algeria with approximately one million inhabitants. It is lo-

cated at an altitude of 700 metres on a limestone massif carved out by the deep gorge 

of the Rhumel River. 

The need to cross this incision, that cuts the city center in two, required the con-

struction of several large, spectacular bridges, which gave the city its nickname. The 

rehabilitation work on the city's masonry bridges was very delicate, as it was caused 
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by a chronic problem in Constantine: the instability of many of its slopes, where fairly 

thick layers of marl slide over the underlying limestone substrate. 

The Sidi Rached bridge, built between 1907 and 1912, has a total length of 447 m 

and consists of 21 pairs of arches with a clear span of 10 m, four with a span of 16 m, 

one with a span of 30 m and the central arch with a span of 70 m, which crosses the 

Rhumel River at a height of 105 m. The 12-metre-wide roadway is supported by this 

double row of arches, each 4 metres wide, connected transversally by a deck support-

ed by reinforced concrete crossbeams [1]. The masonry is of the sack type with facing 

made of beautiful and resistant local yellowish limestone (Fig. 1).  

 

 

Fig. 1. View of the Sidi Rached Bridge from downstream. 

The first problems caused by the instability of the right bank of the Sidi Rached 

bridge became apparent very early on; even during its construction in 1910, disturb-

ances were evident on the right abutment [2]. Later, in the 1950s, it was understood 

that the instability problem was due to the thick marl layers on that side sliding down-

hill. Drainage works were therefore carried out near the abutment and tie rods were 

anchored in the rock substrate in an attempt to stop it. This attempt was only partially 

successful, as by 2010 the abutment had slipped just under a meter, a measurement 

that was obviously incompatible with the limited flexibility of a masonry structure, 

albeit one of considerable height. The foundations of the first four pairs of piers, 

which do not reach the bedrock, were instead reinforced with a network of reinforced 

concrete beams. In the mid-1950s, once it was clear that it was impossible to stop the 

movement, the abutment was isolated from the rest of the bridge by demolishing the 

first pair of masonry arches and replacing them first with a three-hinged reinforced 

concrete arch, which by the end of the 1970s had to be replaced with a mixed-

structure simply supported beam. To close the thrusts of the remaining spans, the 

second pair of arches was simultaneously walled up, effectively becoming the new 

abutment on the right bank of the bridge [1]. Between 2007 and 2010, the bridge's 

kinematics underwent a sudden acceleration, causing very large cracks at the base of 

the first six pairs of piers (Fig. 2).  
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Fig. 2. Piers base cracking. 

The authors were therefore urgently called upon to find a solution to a problem that 

was, and remains, of enormous importance for the city of Constantine. From the very 

first inspection, it was clear that the existing simply supported beam was now stuck 

and was effectively transferring the thrust from the abutment to the rest of the bridge, 

meaning that with the further slippage of the abutment, the effectiveness of the dis-

connection described above had been lost. The first six spans of the bridge, being 

curved and receiving this enormous thrust (estimated at approximately 1,000 tons), 

had displaced outward, partially lifting all the base sections of the piers, which rose in 

accordance with the kinematics imposed by the thrust (Fig. 3). 

 

 

Fig. 3. The thrust-induced mechanism. 

 The cracks at the base of the piles were several centimeters wide; the displace-

ments reconstructed using topographic surveys indicated a radial displacement of 

approximately 20 cm at deck level. The thrust had begun to crush the fourth arch (Fig. 

4), which was therefore shored up due to the risk of imminent collapse. All this, of 

course, without being able to close the bridge to traffic, except for short periods [1]. 
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Fig. 4. The arch span collapsed by crushing. 

 In the summer of 2011, the simply supported beam was immediately removed and 

replaced with a new, slimmer and lighter structure (Fig. 5), designed with sufficient 

openings to absorb future displacement of the abutment.   

 

 

Fig. 5. The new simply supported beam. 

At the same time, studies began on a system to reinforce and consolidate the part of 

the slope affecting the bridge. For the area where the Sidi Rached bridge stands, a 

consolidation and drainage system was chosen, using wells built on both sides of the 
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old abutment. The two wells are connected by a rigid structure that should be able to 

absorb part of the thrust of the upstream soil and thus slow down or stop the sliding of 

the old abutment, which now has the sole function of supporting the simply supported 

beam and containing the embankment on which the bridge access junction stands. 

Downstream of this rigid structure, a drainage trench has been inserted to disconnect 

the unstable layers upstream from those downstream, which are rapidly thinning out 

to expose the substrate about fifty meters below [3]. Although the movement mainly 

affects the abutment and seems to diminish rapidly as it descends towards the valley 

and the marly layers lose thickness, it was nevertheless decided to consolidate the 

foundations of the following three pairs of piers by constructing reinforced concrete 

slabs, anchored to the bedrock with over 100 inclined micropiles that connect and 

lock the foundations of these piers. (Fig. 6). 

 

 

Fig. 6. Scheme of the bridge foundation strengthening works. 

While waiting for the consolidation measures to take effect and noting that the 

slope continued to move rather rapidly, the piers were reinforced and the three arches 

in the curve most at risk of collapse were shored up. The piers were reinforced by 

encasing them with four large steel angles made of welded plates and connected by 

post-tensioned bars. The arches, on the other hand, were shored up; one of them then 

leaned on this support, as it had actually collapsed, while the other two supports for-

tunately never had to bear any load [3]. 

 Once the foundation reinforcement work was completed, the collapsed arch had to 

be removed, while at the same time eliminating the thrust exerted by the movement of 

the abutment that still insisted on the bridge. This thrust had not been eliminated by 

replacing the simply supported beam because the new abutment block, consisting of 

the second span and the closing walls, did not allow the stored energy to be released. 

Therefore, the bridge remained uplifted and inclined outward until the most damaged 

arch was demolished, which, however, was still able to transfer a considerable axial 

force [4]. 
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 To mitigate the effects of the demolition of the arches, the authors designed a hor-

izontal shoring system to counteract the thrust that would have occurred when the 

span was cut. These props were equipped with controlled instability sacrificial ele-

ments which, at the moment of demolition of the arch, underwent a shift that allowed 

the thrust to be gently discharged, resulting in the simultaneous and partial recovery 

of the bridge's deformation. Indeed, this recovery was possible not because of the 

elasticity of the masonry, but thanks to the potential energy stored in the lifting of the 

bridge, which was released when the arches were cut. Immediately afterwards, the 

two arches were rebuilt with a reinforced concrete structure covered with the same 

local stone. 

Finally, the piers were reinforced by injecting them with cementitious mortars with 

additives. Given the enormous volume of the bridge (over 5,000 m³ of masonry), 

these injections were concentrated on the damaged pier shafts (about 10% of the total 

volume) [4]. 

 

2.2 The Pont des Étudiants Bridge 

The Etudiants Bridge, strategically located just outside the historic center, is an ex-

tremely slender, beautifully crafted masonry viaduct. Looking at it today, one would 

never guess that it was once a railway bridge (Fig. 7). Given the Writers' familiarity 

with the city administration, it was proposed that the latter intervene to restore the 

functionality of the crossing and significantly enhance the aesthetic quality of this part 

of the city, which was affected by the partially collapsed and abandoned structure. 

With Constantine 2015 Capital of Arab Culture as an opportunity, funds were raised 

for its reconstruction [4]. 

 

 

Fig. 7. The Pont des Étudiants Bridge with the cable-stayed prosthesis. 

The Students' Bridge originally consisted of five masonry arches, the three central 

ones with a span of 30 m and the two outer ones with a span of 6 m; the total length of 

the bridge is 130 m, while the width of the deck is just over 4 m. In 2004, due to the 

instability of the slope on which the abutment and a pier were located, the first 6 m 
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arch and the adjacent 30 m arch collapsed. The numerical analyses conducted by the 

authors have accurately reconstructed the sequence of events (Fig. 8). 

 

 

Fig. 8. Finite element analysis (FEA) of the collapse mechanism. 

The rehabilitation project was quite bold in that it did not involve stabilizing the 

slope, an operation considered too costly and with uncertain results. Instead, it was 

proposed to replace the two collapsed spans with a mixed-structure cable-stayed truss. 

The fact that the left-hand support, which was subject to kinematics, was not decisive 

for static purposes and the need to restore a thrust that balanced that of the arches still 

standing led to the choice of this prosthetic intervention. 

 The planned intervention involved the construction of a new cable-stayed deck 

approximately 45 m long, which on one side is integral with the stump of the col-

lapsed masonry arch and on the other rests on a new abutment founded on large-

diameter piles. This abutment is equipped with multi-directional sliding supports that 

allow for any movement due to the instability of the slope. These supports are 

equipped with viscous dampers that absorb the impulsive actions of wind and earth-

quakes. The stays are supported by two metal towers placed in line with the existing 

pier, reinforced with a reinforced concrete structure founded on 300 micropiles. 

 The deck is made of two steel beams 110 cm high with a slab cast on corrugated 

sheet metal with a total thickness of 12.5 cm. The towers are made of a welded double 

T-profile measuring 600x350 mm which, in relation to the height reached by the deck 

(approximately 19 m), gives lightness and slenderness to the entire structure. 

 The towers are connected at the top by two crossbars whose geometry was in-

spired by the shape of an Arabic arch [4] [5]. 

 The 2+2 stays supporting the deck, composed of seven 06" super strands, are an-

chored to the top of the towers and are balanced by an equal number of shore stays 

anchored to the anchor blocks near the last 30 m arch. 

 The connection between the new metal deck and the masonry was made using a 

metal counter-plate grouted to the existing masonry, after regularizing the contact 
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surface. This counter-plate also served to stabilize the pier and the projecting masonry 

fragment. During the works, temporary prestressing was applied to the masonry part 

of the bridge that was suffering from the asymmetrical thrust caused by the collapse. 

Once the works were completed, this thrust was provided by the cable-stayed deck, 

and it was therefore possible to remove the temporary prestressing [4][5]. 

 

 

Fig. 9. The Pont des Étudiants. 

 

2.3 The Gimigliano Bridge 

This case concerns Italy, specifically the central-southern part of the Calabria region, 

in the hilly area that precedes the Sila mountains on the Ionian side, within the prov-

ince of Catanzaro.   

The bridge stands at 486 m above sea level and spans the deep valley carved by the 

Corace River, linking the municipalities of Gimigliano and Tiriolo (S.P.40). 

It was designed by engineer Adriano Galli and built in the early post-war years, be-

tween 1954 and 1955. 
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Fig. 10. Construction stages of the Gimigliano Bridge. 

The structure has an overall length of about 160 m, divided equally between the 

side access decks (80 m) and the central arch, which has a rise of approximately 26 m. 

The deck section varies: it has a box section at the center of the arch and an open 

section elsewhere. The arch itself is a solid rectangular concrete wall, 6 m by 1 m at 

the abutments, tapering to a minimum thickness of 0.6 m at the crown. 

The access piers are of variable height, each composed of three shafts connected 

transversely by one or more crossbeams, depending on elevation. The arch piers are 

of three types: frame-type piers at the abutments, and, at the haunches, piers consist-

ing of two separate walls that merge at elevations near the crown. 

The arch rests on slopes with inclinations ranging from 35° to 38°, composed of al-

ternating heterogeneous geological layers. From top to bottom, the sequence consists 

of: an upper 10 m layer of heterogeneous, chaotic material with a friction angle of 

φ=24°; three layers of metamorphic rock, ranging from altered at 13 m depth (φ=34°) 

to slightly fractured at about 30 m depth (φ = 44°). 
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Fig. 11. Effects of the 2010 landslide on the Tiriolo side slope. 

 

In 2010, a landslide on the Tiriolo-side slope severely damaged the approach and 

compromised the bridge’s serviceability (Fig. 11). The first pier of the access viaduct 

was completely sheared off, forcing full closure of the viaduct and temporarily isolat-

ing the hamlet of Tiriolo. The provincial authority subsequently executed extensive 

slope-stabilization and bridge-safety works, which only partially mitigated the under-

lying issues. The first pier at the arch springing was later integrated into a new cable-

stayed abutment, enabling the crossing to reopen under alternating one-way traffic 

and load restrictions.  
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Fig. 12. Stabilization works following the 2011 landslide. 

In 2021, Integra was awarded the design contract for the bridge rehabilitation by 

the Province of Catanzaro. A detailed geometric and photographic survey was con-

ducted, enabling accurate reconstruction of the as-built geometry and the deformation 

state, including the arch. Based on the as-is survey, the kinematics of the right-bank 

approach spans and the main arch were reconstructed with good reliability. During the 

2011 landslide, the right-bank approach viaduct was displaced downslope by soil 

movement: the abutment and right-bank piers were dragged downstream. These piers 

underwent larger displacements than the deck, thereby transmitting additional thrust 

to the system through combined bending and shear.  

 

 

Fig. 13. Deformation of the viaduct following the 2010 landslide. 
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Fig. 14. Upper part of Pier 1 severed by the landslide event. 

The first pier (P1) (Fig. 14), as anticipated, was completely sheared off. The sec-

ond pier (P2) developed severe cracking and underwent substantial displacement but 

did not collapse and remains standing. The third pier (P3), being more flexible, also 

cracked, although to a lesser extent. 

 

   

Fig. 15. Deformation of Pier 1 (formerly Pier 2). 
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The downstream displacement of the Tiriolo-side approach deck propagated to the 

main span, where a residual horizontal offset of approximately 5–6 cm was estimated. 

The estimate assumes the struts were originally plumb and is derived from the current 

relative offsets between each strut and the deck node, as shown in Fig. 16.  

 

 

Fig. 16. Pier head longitudinal displacements. 

Fig. 13 shows that piers 2 and 3, whose foundations were affected by the landslide, 

underwent larger downstream movement than the deck, yielding a negative ΔX. 

Within the arch span, displacements of ~5 cm were recorded. The struts did not fail 

but formed plastic hinges at both ends, allowing them to accommodate the relative 

displacement. 

 

 

Fig. 17. Failure of the pier at the center of the arch. 

These ductile mechanisms limited damage, keeping nearly all sections under com-

bined axial–flexural demand within capacity. Consequently, structural damage to the 



15 

arch is modest; the observed deterioration is primarily due to carbonation and surface 

corrosion from atmospheric exposure.   

 

 

Fig. 18. Downstream elevation of the bridge. 

Upon completion of the back-analysis, the rehabilitation design was developed. 

 

The project adopts a conservative approach to preserve the existing structure, given 

its historical and architectural value and its role in the landscape. The works primarily 

include demolition and reconstruction of the three Tiriolo-side approach spans, to be 

rebuilt in kind to maintain symmetry with the Catanzaro-side approach. The most 

delicate phase will be the re-centering of the main arch and the overlying deck.  

The objectives of these works are:  

 

• To recover displacements and deformations caused by the thrust produced by 

the landslide. Some of these deformations are elastic, others are plastic. Those of the 

arch are elastic, while those of the piers are plastic, having become elastic with the 

formation of hinges at the ends. 

• To reduce the stresses that have remained within the structure, as the deck has 

not been allowed to return to its original position, partly because plastic deformations 

have been introduced which, when unloaded, leave permanent deformations.   

 

The operation requires pulling back the deck to impose reverse plastic rotations in 

the central struts. Upon unloading, the arch is expected to recenter, restoring vertical 

alignment of the struts. 
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Fig. 19. Scheme of the arch recentering system. 

For the remaining portions of the bridge, existing members will be rehabilitated 

and strengthened using current reinforcement and repair technologies, specifically, 

galvanized steel and high-performance repair mortars, to supplement deteriorated 

cover concrete and address deficient/corroded reinforcement. 

3 Arch geometry bias 

3.1 The Salle Bridge 

The Salle bridge, located at km 11+150 of Provincial Road 66 in the municipality of 

Salle (PE), is an important piece of infrastructure built in 1955 that crosses the Orta 

River. The structure is 187 m long and 8 m wide, comprising two access decks and a 

central arch. It includes 32 reinforced-concrete supports: 12 ground-supported piers 

and 20 arch-borne struts. 

The access frames are composed of three pairs of piers each and the deck that rests 

on them and on the abutment. These pairs of piers rest directly on rock, unlike the 

other piers, which are supported by the arch. The deck consists of three longitudinal 

beams, each 1.10 m high, including the slab, and 0.40 m wide, arranged at 2.85 m 

intervals. The central structure of the Salle bridge consists of a 120 m long deck com-

posed of 12 spans, each 10 m long. These are supported by 10 pairs of piers resting on 

the arch below. The arch has a span of approximately 102 m and was designed to be 

fixed to the abutments.  

The arch is a bi-cellular concrete box girder with variable external dimensions: 

7.00 × 2.50 m at the springings, reducing to 5.50 × 1.10 m toward the crown. Internal 

plate thicknesses vary: the slabs taper from 0.38 m at the springings to 0.20 m along 

the arch, increasing to 0.28 m near the crown; the webs are 0.35 m thick (0.50 m at 

the springings). Each pair of struts bears on an internal transverse stiffening wall 0.45 

m thick. 
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Section tapering is a defining feature of the bridge: the arch narrows progressively 

from the springings toward the crown, while the piers (and spandrel columns) are 

tapered toward the base, accentuating their slender appearance. 

 

 
Fig. 20. View of the Salle Bridge from downstream. 

 

Comparison of field surveys with the original drawings revealed a pronounced 

asymmetry in the current arch geometry. The misalignment likely stems from false-

work failure during casting or mispositioned centering; in either case, long-term con-

crete creep and shrinkage have amplified the defect.  

This geometric bias shifts the theoretical axis line outside the line of thrust, gener-

ating secondary bending moments in a member intended to work predominantly in 

compression. The existing reinforcement was found inadequate to resist these bending 

demands. Under uniformly distributed (permanent) load, the bending moment at the 

abutment on the collapse side is approximately one-third of that on the opposite side. 

 

 
Fig. 21. Arch out-of-funicular configuration and bending stresses under uniformly distributed 

load. 

Significant variations in bending moment were identified at the arch haunches, in-

cluding sign reversal; positive (sagging) moments concentrate where the arch departs 

most from the funicular line. Section analyses show that, under accidental asymmetric 
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loads, these haunch regions are prone to tensile cracking. From a strength standpoint, 

the haunch sections were at capacity: ULS checks yielded a demand–capacity ratio of 

≈1.0, indicating full utilization. 

To address this, the design specifies steel-plate strengthening at the intrados of the 

haunches to increase flexural capacity, with the plates anchored to the arch section.  

 

 
Fig. 22. Service stresses under rare load combination. 

 

Post-intervention analyses showed a reduction in operating stresses of approxi-

mately 20%. Even so, the principal benefit is achieved at the ultimate limit state: as-

suming constant eccentricity e= M/N, the demand–capacity ratio decreases from 1.00 

to 0.55, providing a substantial safety margin against bending. 

 

 
Fig. 23. The axial–bending interaction domain. 
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3.2 The arch bridge at km 118 on the Flaminia (SS3) 

Among the works inspected by Integra for the ANAS Umbria regional office between 

2021 and 2023 is the arch bridge located along the SS3 ‘Flaminia’ at km 118+904 in 

the municipality of Spoleto (PG).  

This is also a completely reinforced concrete structure consisting of two 50 m long 

access viaducts and an imposing central arch with a span of 86 m and a rise of 21 m, 

for a total length of 188 m. The large arch has a double-cell section with a height of 

2.8 m at the springing and 1.5 m at the crown and a width of 9.8 m. The deck is car-

ried above the arch and is subdivided into 11 spans supported by 12 pairs of piers of 

varying height and section. 

 

 
Fig. 24. Arch bridge at km 118 on the Flaminia road. 

 

Visual surveys, multiple site inspections, and comparison with the original draw-

ings revealed an arch asymmetry toward the upstream side. A significant geometric 

defect was also identified in the layout of the spandrel columns relative to the arch 

below: the deck is curved in plan, whereas the arch axis is straight. Consequently, the 

column pairs are not equidistant from the arch centroid, producing an eccentric load 

path and a torsional moment superimposed on the arch’s axial thrust. 

 

 
Fig. 25. Asymmetrical pier layout on the arch. 

 

This torsional stress has caused a lowering of the transverse section of the arch, 

which has been accentuated over the years by the creep phenomena of the concrete.   
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Fig. 26. Detail of the asymmetrical pier layout on the arch. 

 

Visual inspection confirmed the effects of this configuration: the arch–deck system 

exhibits a clear transverse differential elevation, one side higher the other lower, indi-

cating rotation induced by load eccentricity. 

 

 

4 Surface degradation 

4.1 The Pasquarella Bridge (formerly Cerratello) 

In early 2023, Integra, in collaboration with Cassino Srl, carried out consolidation 

works on the Pasquarella Bridge, as approved by the ANAS Umbria regional office. 

 

 
Fig. 27. Pasquarella Bridge – Existing condition. 
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The bridge, designed by Morandi in 1958, is a reinforced-concrete arch with a 49 

m span and ~10 m rise, set between two limestone rock faces.  

The structure consists of two parallel arches. Each arch has a C-shaped section 

formed by two longitudinal girders joined by a 0.15 m slab; girder height varies from 

1.50 m at the springings to 0.90 m at the crown. Consistent with the bending-moment 

distribution under uniformly distributed loads, the C-section is oriented upward from 

the springings to the short spandrel columns, and downward at the crown, reflecting 

moment reversal at the second line of struts. 

 

 
Fig. 28. Longitudinal section – Bending moment diagram of the arch. 

 

Each arch carries four pairs of spandrel columns of varying section and height that 

support the deck: the “long” columns (≈4.95 m) are located near the springings, while 

the “short” columns (≈1.40 m) are near the crown. The reinforced-concrete deck con-

sists of a grid of longitudinal beams and crossbeams with an RC slab up to 22 cm 

thick. Four main beams bear on the abutments and on the arch at the crown, where a 

structural joint is provided; the deck is therefore continuous over three spans of ~9 m 

each, for a total length of 27.20 m per side. At the crown, a hinge with steel pins con-

nects the deck to the arch below, whereas at the abutments a sliding bearing system 

with reinforced-concrete pendulum supports is adopted. 

Before the intervention, the structure exhibited severe deterioration caused by peri-

odic seepage of platform water from the joints. In addition, the deck was heavily 

weighed down by excess weight accumulated over the years. The most damaged ele-

ments were the spandrel columns, the arch haunches at the crowns and the reinforced 

concrete pendulums bearings. Defects included heavy reinforcement corrosion with 

associated cover spalling, section loss, and in advanced cases shear failure of bars, 

together with generalized concrete surface degradation. 
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Fig. 29. Deterioration of the arch intrados at the crown joint. 

 

In light of the critical issues identified, the intervention was designed, and subse-

quently executed, with two primary goals: (i) structural consolidation via optimization 

of permanent loads, and (ii) enhanced durability. An architectural restyling was also 

undertaken. 

Strengthening of the arches, struts, and deck beams required exposing most of the 

existing reinforcement for treatment and subsequent reinforcement. Additional longi-

tudinal steel and confinement were installed on each structural member, primarily 

using closely spaced welded wire mesh mechanically anchored to the existing steel-

work. For the arches, two reinforcement schemes were defined: a heavier scheme for 

critical zones at the springings, crown, and under the spandrel columns, and a lighter 

scheme for the typical current sections.  

The same criterion was followed for the struts. Short, stockier members, more vul-

nerable to brittle failure, were subject to more invasive work, particularly with regard 

to shear reinforcement. 

 

 
Fig. 30. Phases of structural strengthening of the short piers. 

 



23 

After installing the additional reinforcement, concrete restoration was executed. On 

exposed surfaces, cast-in-place flowable repair concrete was placed using timber-

lined formwork to reproduce the original board-formed finish from the wooden shut-

tering. Inside the arches a thixotropic repair mortar was sprayed on and finished 

smooth. 

These strengthening and confinement measures produced a clear ductility gain, as 

evidenced by the moment–curvature response of the short strut base section in Fig. 31, 

which shows both increased ductility due to confinement and a higher ultimate bend-

ing resistance. 

 

 
Fig. 31. Comparison of the base-section capacity curves for the short pier. 

 

At the deck extrados, a structural overlay was profiled to eliminate longitudinal 

depressions and to provide adequate cross-sectional slope, ensuring rapid rainwater 

drainage. 

The crown joint, together with the local roadway depression, was the most vulner-

able element, acting as the principal pathway for water infiltration onto the arch be-

low. 

In parallel with slab strengthening, the kerbs were reprofiled and tied to the new 

slab with transverse bent reinforcement bars; they were also anchored to the existing 

structure with anchors sized to resist kerb overturning under vehicle impact. 

Installing additional reinforcement on all members necessarily increased section 

thickness and thus self-weight. Nevertheless, the consolidation project was designed 

to optimize the structural weights while drastically reducing the permanent loads that 

weighed down the structure. At the time, the flooring consisted of the original layer of 

cobblestones and sand, overlaid by an asphalt layer averaging 32 cm, which for 10.4 

m of asphalt corresponds to 7 t/m of weight, 350 t in total. With the slab reprofiled, it 

was possible to reduce this layer to a total height of 8 cm, because the transverse slope 
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was provided directly by the compact structural overlay, replacing the previous ~32 

cm build-up. 

 

 
Fig. 32. Deck section ante-operam (dx) and post-operam (sx) – comparison of slab and pave-

ment thicknesses. 

 

The diagram below shows the permanent structural weights and compares the ante-

operam structure, in grey, with the post-operam structure, in red. The permanent 

structural loads increased following the reinforcement work, while the live loads de-

creased. As can be seen from the graph, this reduction was sufficient to achieve an 

overall lighter structure, resulting in a 6% decrease in total permanent loads. 

 

 
Fig. 33. Comparison of total dead loads of the structure before and after intervention. 

 

All strengthening works were accompanied by durability measures aimed at ex-

tending the bridge’s remaining service life. 

A primary deterioration driver was inadequate deck watertightness and drainage 

toward the substructure; accordingly, the existing system was restored and improved 

with additional scuppers strategically placed to expedite runoff, particularly in the 

arch zones.  

Given the pre-existing reinforcement corrosion, in addition to standard rebar prepa-

ration, cleaning and passivation, embedded sacrificial anodes were installed prior to 

casting to mitigate future corrosion of both existing and supplemental steel. This in-
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novative system, sized with respect to the surface area of both existing and new rein-

forcement, mitigates the initiation and propagation of future corrosion. 

Additionally, the new concrete repair placements were treated with a hydrophobic 

impregnation to limit moisture and water ingress through the concrete pores. Should 

moisture penetrate the treated layer and the protection afforded by the sacrificial an-

odes prove insufficient, the reinforcement would still be protected, since all supple-

mental bars are hot-dip galvanized. 

These measures entail only a minor cost increase, negligible relative to the overall 

works, while delivering a substantial extension of the structure’s residual service life 

In parallel with the technical works, the project included an architectural restyling. 

The intervention preserved the primary dimensions, particularly the slenderness of the 

inclined struts. Custom timber-lined formwork was designed and executed to repro-

duce the original board-formed concrete finish once the shutters were removed. 

 

 
Fig. 34. Arch intrados detail – concrete surface finishing. 

 

Finally, to further enhance the architectural value of the structure, a lighting system 

powered by photovoltaic panels was installed to highlight its principal elements. 

 

The following images document the completed works addressing the deterioration 

observed in the pre-intervention condition. 
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Fig. 35. Ante e post-operam: arch and spandrel columns. 

 



27 

 
Fig. 36. Ante e post-operam: deck 
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4.2 The Ponte dei Francesi bridge 

The Ponte dei Francesi, in the municipality of Mormanno (CS), is a masonry arch 

bridge with a humpbacked profile. It likely dates to the 16th century; the name may 

reflect reconstruction or alterations during the Napoleonic period in the early 19th 

century. 

The structure consists of a single-span masonry arch with two secondary arches 

within the abutments to reduce backfill. The main arch has a span of ~10.80 m and a 

width of ~3.30 m, built from stone blocks of heterogeneous origin. The abutments 

exhibit a different masonry fabric, composed of irregularly shaped stones of varying 

thickness with height. 

Over the years the bridge exhibited pronounced masonry deterioration. At the time 

of the first intervention proposal, large portions of the parapets had already collapsed, 

the abutment walls were out of plumb, and extensive cracking was present at the arch 

intrados. In 2018, a major partial collapse occurred, removing more than half of the 

arch width on the valley side (Fig. 37). 

 

 
Fig. 37. The Ponte dei Francesi bridge: pre-intervention state. 

  

The instability was likely driven by outward thrust from incoherent backfill behind 

the wall facings, probably amplified by seismic activity. Moreover, water ingress 

from the unwaterproofed deck, together with degradation of the masonry fabric due to 

the ongoing instability, led to washout and loss of backfill, creating voids within the 

central core. 
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Following this event, the authors were commissioned to design emergency stabili-

zation measures for the remaining arch and side walls, followed by a comprehensive 

consolidation work. 

The project aims to restore pedestrian access while preserving the bridge’s archi-

tectural character and historical value. The works are designed to achieve the required 

structural performance, maintain the original profile, and reconstruct the collapsed 

portions in accordance with conservation-oriented rehabilitation criteria. The first 

phase, provided securing the structure, involved the installation of a specially de-

signed shoring system to prevent abutment-wall collapse. In addition, a support struc-

ture was built consisting of frames placed in vertical planes perpendicular to the 

bridge and an upper timber truss to support the arch during the installation of the 

weathering-steel centering (Fig. 38). 

 

 
Fig. 38. The securing of the bridge. 

 

 The centring consist of L-shaped profiles on both sides of the arch, joined by 

transverse plates, with the aim of both supporting the remaining part of the arch and 

reconfiguring the profile of the collapsed arch so that the construction elements for 

the final consolidation work could be installed at a later stage. The blocks at the base 

of the metal arches were welded to plates connected to the ground by anchor bars 

driven deep into the rock. This system allowed the stresses to be transferred directly 

to the underlying rock layer. Subsequently, the foundation reinforcing slabs were cast 

and also grouted into the underlying rock layer, as well as into the existing structure, 

in order to prevent possible settlements due to scouring. To date, the bridge has been 

fully secured under this temporary works phase. 
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Fig. 39. Erection of the centering. 

 

Weathering-steel plates will then be installed and welded to the centering, forming 

the formwork/backing for a new reinforced-concrete vault that will support the 

bridge’s internal structure. Above this, the parapets and walkway will be reconstruct-

ed, with a variable-thickness RC slab shaped to follow the original stepped profile. 

Both the new arch and the parapets will be clad with different types of masonry to 

highlight the rehabilitation work. The walkway will be finished with pebbles, and 

glazed viewing panels will be provided to reveal the vaults below, enhancing the 

bridge’s architectural character. Using the same criteria, the abutment walls will be 

repaired and, where necessary, rebuilt. Finally, transverse tie rods will be installed 

between the wall faces, with Corten-steel anchor plates to prevent out-of-plane over-

turning. 

 

 
Fig. 40. Parapet rehabilitation. 
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5 Conclusions 

The rehabilitation of existing structures is one of the most challenging and engaging 

areas of civil engineering. Restoring a structure cannot be limited to strengthening 

only the most stressed members or those most affected by deterioration. A carefully 

calibrated design intervention is essential to address the identified issues while ensur-

ing efficient use of the available budget.  

The first step is a comprehensive understanding of the structure. A thorough re-

view of the original design documents, combined with detailed geometric and photo-

graphic surveys, critical analysis, and appropriate structural modelling, enables a clear 

diagnosis of the vulnerabilities that can develop after decades in service. 

     Once a comprehensive picture of the as-is condition is established, the design pro-

cess can proceed effectively, guided by the following principles: 

• Masonry and RC arch bridges exhibit recurrent vulnerabilities, such as foun-

dation settlements, out-of-funicular geometries, surface degradation, and 

leaking joints. 

• Rehabilitation strategies are effective only when tailored to the specific case, 

employing measures such as micropile foundations, cable-stayed support 

system, steel plate reinforcement, and confinement systems. 

• Finite element analyses are an essential tool to evaluate collapse mechanisms 

and to calibrate interventions design. 

• Optimization and reduction of permanent loads are crucial. In particular, re-

placing superimposed pavement layers with lighter structural decking leads 

to a significant gain in structural efficiency. 

• Durability enhancement requires advanced repair materials (e.g. high-

strength mortars, galvanized reinforcement) combined with effective rainwa-

ter management and drainage, significantly improving residual service life. 

• Properly designed structural rehabilitation ensures safety, extends service 

life, and preserves the cultural and architectural value of the bridge. 
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