
Citation: Van Bogaert, P.; De Backer,

H. The Effects of River Torrents and

Debris on Historic Masonry Vaulted

Arch Bridges. Buildings 2024, 14, 54.

https://doi.org/10.3390/

buildings14010054

Academic Editor: Panagiotis

Stylianidis

Received: 8 November 2023

Revised: 20 December 2023

Accepted: 21 December 2023

Published: 24 December 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

buildings

Article

The Effects of River Torrents and Debris on Historic Masonry
Vaulted Arch Bridges
Philippe Van Bogaert * and Hans De Backer

Civil Engineering Department, Ghent University, 9052 Ghent, Belgium; hans.debacker@ugent.be
* Correspondence: philippe.vanbogaert@ugent.be

Abstract: The carrying capacity for vertical loads of well-maintained masonry arch bridges is rea-
sonably high. This might not be the case for horizontal loads, the effects of which have not been
the subject of extensive research aside from seismic occurrences. Arch bridges crossing rivers are
subjected to sudden horizontal loads, due to river torrents, carrying debris from higher grounds. The
magnitude of these horizontal loads is similar to those of coastal waves and debris; however, their
effect on these structures has yet to be explored in detail. The narrow and high Devil’s Bridge across
the Arda River (BG) and the wide, low Candia Viaduct across the Sesia River (I) were chosen as
examples. Both are strongly exposed to fast-washing flow in the river during spring. FE simulations
show that the impact of the rapidly rising river water influences the general stability, while the effect
of debris mainly causes local damage. The results exhibit that tall, slender masonry arch structures
fail due to the brittle fracture of the material, followed by the shear failure of a pier body. In contrast,
lower and wider viaducts fail due to exaggerated tensile cracking in the upstream parts of a pier and
the associated increasing pressure at its downstream parts.

Keywords: masonry arch bridge; torrent river wave; debris; pier slenderness; masonry shear; FE
simulation of failure

1. Introduction

Since Roman times, and up to the past century, stone or brickwork vaulted arch
bridges have been built and proved to be a reliable type of construction. In many European
countries, they can still be found and serve as crossings of rivers, roads, and railways. If
well maintained, the load-carrying capacity of these structures can be high, and failure
mainly occurs suddenly, due to the abrupt detachment of the inner roll layer of the vault.

The remaining strength and stability of these types of bridges is a permanent con-
cern, on the one hand, because many of them belong to the historic heritage and must
therefore be preserved. On the other hand, because their condition degrades over time,
restoration becomes necessary. Hence, effective methods are needed to regularly assess
their load-carrying capacity. It is done frequently with regard to the vertical traffic load.
For example, the load-bearing capacity of railway bridges was investigated with software
SCIA (version 22) and MATLAB (version R2023b) [1]. The load-bearing capacity was
assessed by carrying out measurements of the intrados in [2]. Limit analysis or a model
with nondeformable blocks was implemented in [3], using the principle developed in [4].
Reliability-based structural assessment in the case of the Cernadela Bridge is exhibited
in [5]. An extensive number of references for the methods and applications for vertical
loads exist.

Significantly less research has been conducted with regard to horizontal loads. The
main focus is on horizontal actions due to seismic phenomena. The dynamic response
of the Ponte delle Torri Viaduct and the damage caused by the recent earthquake were
investigated in [6]. Cyclic push-over analysis with the effect of natural seismic spectra was
carried out in [7]. Seismic effects in the longitudinal direction of the bridge were examined
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in [8], with masonry considered a perfectly plastic material. The inertia of the filling on the
top of the vault was found to significantly contribute to the seismic effect.

In [9], static and dynamic tests were performed to determine the strength of masonry
arches against horizontal loads. Taking the actual geometry as a starting point, the horizon-
tal capacity of single-span masonry bridges with intrados strengthened with FRCM was
studied in [10]. The Coulomb friction was also taken into account, which appeared to have
an important influence. The lateral loading on masonry arch bridges was studied in [11].
In particular, the authors investigated the effect of ground pressure and ground cover at
the top of the arch, as well as arches with a small rise-to-span ratio.

In an important contribution [12], the structural response of a typical masonry arch
bridge to flood flow and debris was researched. Simulations were performed of the water
pressure imposed on piers and abutments using the smoothed particle hydrodynamics
method and the so-called macro-model to simulate masonry. The conclusion is mainly that
spandrel walls and retaining walls on top of the arch are the most critical areas.

The aim of this research is to determine the strength of masonry vaulted arch bridges
with regard to river floods and debris. In addition, the effects of the flood wave and the
debris are considered separately, because the first is a distributed load, and the second
is a local load. Finally, the aim is to determine the fracture mechanism through which
such a bridge can fail. Although two different bridges are considered as the subject of the
research, a parametric study is performed, thus allowing us to present the results in a more
general context.

2. Materials and Methods

Obviously, masonry or brickwork is an inhomogeneous material. Merely to give
an idea of this, the gneiss stones from Devil’s Bridge (Bulgaria), discussed in Section 4,
are reputed to have a compression strength of 37.84 MPa, whereas lime mortar has an
average limit strength of 1.12 MPa. In general, bricks and stone are the resisting parts of
masonry, whereas mortar is the softer substance. The thickness of the joints is an important
factor. The joints spread the local contact between stones, thus obtaining a more equal
load transfer. Yet, they constitute the weakest element of masonry. According to EN
1996-1-1 [13], Section 3.6.1.2, the compression strength of masonry is determined using
Equation (1).

fk = K f α
b f β

m (1)

In Equation (1), fk is the characteristic value of the compression strength of the masonry,
fb is the normalized mean value of the compression strength of the bricks or stones, and
fm is the compression strength of the mortar. The values of the parameters of Equation (1)
can be found in the aforementioned code. The equation reduces to a simpler form if the
joint width deviates from standard practice. Moreover, the contact between mortar and
stone exhibits poor shear resistance. This is generally expressed by using a reduced spring
constant as in Equation (2), with u considered the displacement.

σ = kn u (2)

A similar relation applies to the shear stress, as exhibited in Equation (3).

τ = kns δ (3)

In Equation (3), δ is the tangent slip of the contact surface. The shear strength of
the contact surface depends linearly on the contact normal stress as in Equation (4). This
equation is exactly as that used in the Mohr–Coulomb method.

fs = σ tan ϕ + c (4)

The Mohr–Coulomb stress–strain relation is used widely in most software programs as
a constitutive relation for masonry. In fact, it is a linear envelope from the plot that exhibits
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the relation between shear and normal stress, as shown in Figure 1. As an alternative,
the Drücker–Prager failure criterion may be considered. This also applies well to brittle
material and is a smoother version of the Mohr–Coulomb law. In fact, it shows some
resemblance to the von Mises criterion.
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Figure 1. Mohr–Coulomb criteria: (a) normal stresses; (b) normal and shear stress.

However, the problem of applying the Mohr–Coulomb model to masonry becomes
obvious. A typical situation would be that fc = 10 ft and that τ = 0.3 fc. The first condition
can be easily satisfied by having a steep slope of the indicated type. This is, however,
not compatible with the second condition, since tension stress causes the value of c to
be immensely high, and the shear resistance is increasing beyond reality. This proves
that the Mohr–Coulomb criterion certainly is not perfect or even not adapted to masonry.
A well-adapted scheme would have less interaction between normal stress in various
directions, or even make them independent. In fact, the stress–strain relation should
be similar to the one in Figure 2, which includes a sudden drop in resistance, once the
maximum compression strength fcu or minimum tension strength fct is reached.

Buildings 2024, 14, x FOR PEER REVIEW 3 of 14 
 

The Mohr–Coulomb stress–strain relation is used widely in most software programs 
as a constitutive relation for masonry. In fact, it is a linear envelope from the plot that 
exhibits the relation between shear and normal stress, as shown in Figure 1. As an alter-
native, the Drücker–Prager failure criterion may be considered. This also applies well to 
brittle material and is a smoother version of the Mohr–Coulomb law. In fact, it shows some 
resemblance to the von Mises criterion. 

 

 

(a) (b) 

Figure 1. Mohr–Coulomb criteria: (a) normal stresses; (b) normal and shear stress. 

However, the problem of applying the Mohr–Coulomb model to masonry becomes 
obvious. A typical situation would be that fc = 10 ft and that τ = 0.3 fc. The first condition 
can be easily satisfied by having a steep slope of the indicated type. This is, however, not 
compatible with the second condition, since tension stress causes the value of c to be im-
mensely high, and the shear resistance is increasing beyond reality. This proves that the 
Mohr–Coulomb criterion certainly is not perfect or even not adapted to masonry. A well-
adapted scheme would have less interaction between normal stress in various directions, 
or even make them independent. In fact, the stress–strain relation should be similar to the 
one in Figure 2, which includes a sudden drop in resistance, once the maximum compres-
sion strength fcu or minimum tension strength fct is reached. 

 
Figure 2. Stress–strain curve with strain softening. 

Unfortunately, this type of stress–strain curve requires large computing effort, 
mostly beyond a reasonable limit. In addition, the graph does not include the characteris-
tics of the contact layer between stones and mortar. Because of this, simplified models are 
often used [14]. The full micro-model, including nonlinear characteristics of stones, mor-
tar, and the interface shown in Figure 3a, may be replaced by suppressing the interface 
conditions, thus creating a continuous micro-model, which is already less demanding, as 
exhibited in Figure 3b. A further step is to consider a discrete macro-model of several 

Slope = =  𝟏 + 𝐬𝐢𝐧 𝝋𝟏 − 𝐬𝐢𝐧 𝝋 

𝒇𝒄 =  𝟐 𝒄 𝐜𝐨𝐬 𝝋𝟏 − 𝐬𝐢𝐧 𝝋 

𝒇𝒕 =  𝟐 𝒄 𝐜𝐨𝐬 𝝋𝟏 + 𝐬𝐢𝐧 𝝋 

σ1

σ3
cϕ σ

τ

σ1σ3

(σ1 - σ3) / 2

=  𝒄𝐭𝐚𝐧 𝝋 +  𝝈𝟑 + 𝝈𝟏𝟐  

fcu

ftu
ε

σ

Figure 2. Stress–strain curve with strain softening.

Unfortunately, this type of stress–strain curve requires large computing effort, mostly
beyond a reasonable limit. In addition, the graph does not include the characteristics of
the contact layer between stones and mortar. Because of this, simplified models are often
used [14]. The full micro-model, including nonlinear characteristics of stones, mortar, and
the interface shown in Figure 3a, may be replaced by suppressing the interface conditions,
thus creating a continuous micro-model, which is already less demanding, as exhibited
in Figure 3b. A further step is to consider a discrete macro-model of several stones and
mortar joints as a nonlinear solid, as shown in Figure 3c. According to the literature, the
latter model is rather efficient, provided the out-of-plane effects are limited.
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Figure 3. Types of FE modeling of masonry: (a) micro-model; (b) meso-model; (c) macro-model.

Building FE models of a solid structure raises the choice of the element type. As
was previously implied, the general opinion is that volume elements best simulate solid
structures. However, the question that arises is whether their use is indispensable. If chosen
well, a model of a bridge pier, based on intersecting Mindlin plate elements, might perfectly
be capable of simulating the behavior of this structure. This is the first option considered in
the examples presented in subsequent sections. In addition, any real material characteristic
is not considered since the values are varied to allow the assessment of their influence.

3. Lateral Load Due to River Torrents and Debris

The impact of sea waves on structures along seashores has been discussed extensively,
both experimentally and theoretically. Many laboratories have contributed to finding appro-
priate equations and values for wave impact on vertical smooth structures. An important
parameter is the return period of the storm that causes the wave. Most researchers promote
the use of a 1000-year storm, which means a prediction is made to find four storms with
the highest impact during that period. All kinds of probability distributions are assumed,
varying from lognormal to Rayleigh, Weibull, Pareto, exponential, and normal distributions.
Finally, the average of the four predicted values is taken.

These results are not directly applicable to the case of river torrents. For waves in
coastal areas, a distribution of the pressure is found that closely resembles a hydrostatic, i.e.,
triangular distribution, which was found in a previous experimental study by measuring
at eight points along a vertical line indicating the storm barrier [15]. This is indicated
in Figure 4a, which shows that the distribution is almost triangular. For the case of
water-retaining walls along the Scheldt River in Antwerp, recommendations from German
standards were considered [16].
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In contrast to the previous study, a distribution with the height of the pressure due to
river torrents is given, which rather resembles a pentagon, as shown in Figure 4b. As far as
the lower part is concerned, there is a decrease in pressure toward the bottom, because a
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hydrostatic back pressure is induced on the downstream side of the obstacle in the river.
The top part of the pentagon exhibits no pressure, equal to zero at the top. This is completely
normal if an overtopping is possible, with splashing water. This does not necessarily seem
to be the case for a bridge pier. However, there may be a higher pressure on both sides
of the pier, and there may still be splashes of water. For this reason, the scheme of the
pentagon was used here, as indicated in Figure 4b. The magnitude of the pressure changes
with the height of the torrent wave. The recommendations in [16] rely on the fact the
vertical walls or piers are located in a river bed, but this bed has a really small slope. As a
consequence, the waves are fully or partially reflected. This phenomenon was researched
in [17]. The method relies on the second-order wave theory. The load distribution is based
on the full reflection of the waves and nonbraking waves and corresponds to Figure 4b.

The calculation of the load due to debris is easier. A horizontal line load is considered,
conventionally fixed at 1 m width. The intensity seems to be independent of the water level
and amounts to 30 kN/m. Obviously, this load can act anywhere, and at several points,
it must be assumed to be positive. A partial safety factor was not applied to any of these
loads, because a failure condition was investigated here. The torrent wave has a global
character, while the effect of debris is rather local. If a γ-factor is used, the reliability value
varies from β = 3.3 to 4.3 depending on whether RC1 to RC3 is considered. The associated
γ values then range from 1.31 to 1.44. In general, the value of 1.3 would already be very
high for such an exceptional phenomenon.

4. Results of Case 1: Devil’s Bridge (Bulgaria)

The Devil’s Bridge crosses the Arda River near the town of Dyadovtsi; it was built
from 1515 to 1518, replacing a Roman bridge. According to [18], this bridge has remarkable
architecture from the Ottoman period. A particular characteristic is the small width of
3.4 m for a 65.7 m long and height of 12.2 m above the water level. The bridge is exhibited
in Figure 5a in normal conditions.
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Figure 5. Devil’s Bridge at different seasons: (a) bridge during summer time; (b) bridge under heavy
river torrent.

Without a doubt, the load-carrying capacity related to traffic on this bridge is not
the main concern. There can only be one lane on the bridge. Figure 5b illustrates how
quickly rising river floods and, most likely, the debris carried by these torrents cause the
main load effect. The piers of this bridge are therefore its weakest point. The two piers
are marginally different in size. As such, attention was given to the largest pier. With
respect to the debris load and torrent wave, statistical data [19] indicate that there are one
to three annual torrents and that the largest recorded water level is 5.64 m.

Numerical simulations of masonry require considerable computer effort, especially
when solid elements are used. Therefore, in a first approximation, plate elements were
used, with the same resistance moment as the piers. Plate elements were also used for the
vaults in this model. The constitutive relationship of Mohr–Coulomb was assumed for the
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material. Figure 6a exhibits the model with plate elements, and Figure 6b shows a detail of
the largest pier.
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Figure 6. Model of Devil’s Bridge with plate elements: (a) model using plate elements (skew view);
(b) pier composed of plate elements.

Some results of this approach are unexpected. The horizontal displacements of the
vault increase significantly due to torrent waves from maximum water height, as can be
seen in Figure 7. The most obvious failure mechanism, which was also expected here,
consists of tensile stresses occurring on the upstream side of the piers, causing them to
crack and increasing the pressure on the downstream side. This process continues, until
either the pressure becomes too great, or there is a loss of global equilibrium. The result of
such progressive degradation is shown in Figure 8a for the load induced by river torrent
and in Figure 8b for the effect of debris. The value of y is the depth of the pier base, counted
from downstream to upstream.
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The blue lines always show the effect of all other loads, such as dead load and
an eccentrically arranged traffic load, so that the greatest pressure is generated on the
downstream side. It can be seen that the latter does not give rise to cracks at the base of the
piers. This is also the case with the debris load. The horizontal loading caused by wave
torrents does indicate cracks and increased pressure on the downstream side.

Unexpectedly, the amount of the failure load is independent of the brickwork’s com-
pressive strength. Because of this, the previously mentioned mechanism is unable to
function. The failure moment of the pier is shown in Figure 9a as a function of fc, the
masonry’s strength, for various values of the water height. Because the lever arm varies
with each water height, the value of the bending moment may be more significant than the
failure load. It can be seen from the graph that, at a small water height, the failure value still
increases with fc, but once a moderate height is considered, there is only a small increase.
In that context, the graph of Figure 9b, which gives the horizontal displacements of the pier
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top for H = 5.67 m as a function of fc, is clearer. It becomes apparent that the displacements
no longer increase appreciably as soon as fc = 4 MPa. Displacements do not indicate a clear
failure state but are useful for creating a Southwell plot [20]. As is known, the slope of the
line of such a graph is inversely proportional to the failure load. For the different values of
fc, one finds almost perfect linear relationships with covariances ranging from 0.9964 to
0.9999. This method is therefore suitable for determining reliable values of the failure load.
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Figure 8. (a) Vertical stress at the pier base due to water pressure; (b) vertical stress at the pier base
due to debris.
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Figure 9. Failure load due to wave torrent: (a) failure load versus masonry strength; (b) failure load
versus displacements.

The effect of debris is very different from that of the torrent wave. Debris is a local
load, and the simulation clearly shows this as a result. For example, in Figure 10, the strains
in the material are shown on the left, and on the right, the deformation due to an impact of
debris of 900 kN is illustrated. This last value corresponds to the water height of 5.67 m.
The fact that the impact of debris mainly exerts a local effect should not be interpreted as
meaning that this is a negligible load, quite the contrary. The local destruction of masonry
favors the general collapse mechanism, as is the case for the wave torrent, and accelerates
the loss of equilibrium, especially in the section of the pier where the destruction is caused.

The conclusions of the results with this modeling therefore imply that failure occurs
due to the lateral torrent wave load with the maximum water height and 2.3 times the
amplitude of the wave. Excessive overturning causes cracking in the upstream part of the
pier and a reduction in compressed area. If the compression strength exceeds 4 MPa, it has
no further influence on the failure load.
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The fact that the failure load does not increase further for larger values of the masonry
compressive strength raises some doubts about the completeness of the results and the
mechanism of failure. Therefore, a more elaborate model was generated using solid ele-
ments, exhibited in Figure 11, and considering multiple constitutive relationships. These
include the previously used Mohr–Coulomb equation with solid elements, the same ele-
ments with crack and plasticity or strain softening, and finally, a meso-model with brittle
behavior. The graph in Figure 12 exhibits the displacements of the top of the pier as a
function of a multiplier of the largest torrent wave load, corresponding to a water height
of 5.67 m. Horizontal displacements are not relevant in themselves, but they do allow
Southwell plots to be drawn, and thus a clear value of the failure load or a multiplication
factor for the assumed load can be determined.
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Figure 12. Horizontal displacement of pier top for various models.

From these different simulations, it can be concluded that the use of solid elements
leads to a reduction of 0.84 times the failure load and the use of crack and plasticity further
gives a reduction of 0.59 times the initial value. This last number does not significantly
differ from the result for the meso-model with brittle behavior, for which the failure load
gives 0.55 times the value of the first model. The main point is that the Mohr–Coulomb
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approach fails. Going back to Equation (4), realistic values for tan ϕ are understood to be
between 0.2 and 0.4, because this is the friction factor of bricks on mortar layers. Realistic
values for the cohesion c vary from 0 to 0.04 MPa. The application of the Mohr–Coulomb
equation for fc = 2 MPa and ft = 0.1 MPa gives tan ϕ = 2.12 and c = 0.224. Neither value is
realistic. Because of this, the failure by shear cannot be accurately determined using the
Mohr–Coulomb equation. The brittle fracture meso-model gives tan ϕ = 0.3 and c = 0.02.
These values are certainly acceptable.

Since shear is the cause of the failure, it is evident that sophisticated models with
specific features are required in this case. Should this not be the case, then even an approach
with plates will already give a decent result. To clarify the mechanism, Figure 13 shows a
detail of a vertical section in the pier, which clearly shows that a horizontal crack is formed
due to tension. As a result, the area of the cross-section is reduced, and it collapses due to
shear and not due to excessive compression.
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Figure 13. Vertical section of pier base with cracking and shear sliding.

It should be noted that the same conclusion is reached for the effect of debris with
this elaborate model. The load at which local damage occurs increases linearly with the
strength of the masonry. This local damage encourages cracking, thus fostering collapse
due to torrent waves.

5. Results of Case 2: Candia Viaduct (Italy)

The Candia Viaduct crosses the Sesia River near the town of Candia Lomellina, to
flow a little further into the Po. It comprises 16 spans of pressed masonry arches with an
opening of 17 m. The ratio of the arrow of the arch to the gap between the arch births is
only 0.153. This viaduct was investigated with monitoring because damage to the piers
was found as a result of scour [21]. The width of the viaduct is 10.05 m, and the ratio of
this width to the height of the top of the arches is therefore 10.05/5.58 = 1.80. This value is
considerably higher than the ratio of 0.40 for Devil’s Bridge. The front view of the viaduct
is exhibited in Figure 14.
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As in the previous case, an approximate simulation was carried out with plate elements,
the composition of which has an identical moment of resistance as the actual pier or vault.

A first observation is that the individual arches are not able to resist the dead load, and
it is therefore essential that the thrust forces sufficiently compensate one other. Hence, it
turned out to be necessary to model the 16 spans as a whole. The entire model is exhibited
in Figure 15.
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The horizontal loads also differ in intensity. The maximum water height found is only
3.50 m. In addition, there appears to be little certainty about the compressive and tensile
strength of the masonry. A range of numerical values for fc was therefore used in all cases,
which varied from 3.1 to 20.3 MPa. The latter high value does not seem realistic.

The failure load was determined in the same way as in the previous case. For the
case of the torrent wave, a consistent result was found, as long as the strength fc was
limited to the lowest value of 3.1 MPa. The Southwell plot for this material strength is
also a quasi-linear graph that shows a failure load magnitude of 974 kN. For higher values
of fc, the graph is much too unclear, and the application of the Southwell plot fails. The
vertical stresses at the base of the pier do not reach their maximum value at the ends of
the cross-section but rather at a distance of 0.25 times the width of 10.50 m from the pier.
This is due to the fact that the piers are wider than the vaulted arches. The vertical stress is
exhibited in Figure 16, for various values of the wave height.
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Figure 16. Vertical stress in pier cross-section with wave height.

The failure mechanism can be explained in the following way: In this case, i.e., a
wide pier, the upstream pier edge may show a small amount of tension and subsequently
crack. As a consequence, the compression stress continues to increase, and failure will
occur through excessive compression. As the Southwell method failed for most values of
masonry strength, the alternative method of tangent stiffness plot, as described in [19], was
used. The results of this method, as exhibited in the graph of Figure 17, clearly indicate
the increase in the failure load with compression strength. Hence, the model and the
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use of the Mohr–Coulomb hypothesis are validated, and the failure load increases with
compression strength.
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Figure 17. Failure load versus fc.

Regarding the effect of debris load, the stress distribution, failure mechanism, and
the value of the failure load are similar to the former case. Yet, the character of failure is
different. As in the previous case, the local damage fosters cracking and subsequently leads
to a similar failure mechanism to that of the torrent wave load.

6. Discussion

Based on two, albeit extreme, cases, it is difficult to draw general conclusions about
the effects of river torrent waves and floating debris. However, this topic has become
relevant, as numerous recent examples of the effects of flooding in many countries and
cities demonstrate. They are all due to climate change.

What is striking about the results is that the geometry of the piers is important. The
piers of Devil’s Bridge are high, narrow, and slender, while those of the Candia Viaduct are
short and have a large width, parallel to the river. In the latter case, it is clear that shear is
not the basis of the failure mechanism. It is suspected that this corresponds to the situation
of most historic masonry bridges, and the generally expected failure mechanism is that
excessive compression stress is introduced at the downstream end of the pier. In addition,
there is the effect of the vertical load, which avoids shear failure due to the increased vertical
compression stress. This strengthens the expected failure mechanism due to excessive
compression. It has been proven that shear failure is more difficult to simulate than the
common cause of failure. The exact limit value of slenderness at which the transition occurs
from one mechanism to the other must be further determined.

However, failure due to excessive compression certainly does not mean that the size
of the failure load is proportional to the compressive strength.

Moreover, it is difficult to determine which type of load, river torrent waves or debris,
is the most harmful. Both have a different effect. Torrent impact causes global failure, while
debris mainly causes local damage. The latter can certainly lead to failure if the damage is
not repaired in time.

In this study, no further research was carried out regarding the water pressure induced.
A generic distribution of the pressure and magnitude of the forces was selected from the
literature. The collapse condition was then that of an increased intensity of the same
pressure or force. In reality, during a torrent flood, the water mass flows toward the
constructed structure at a certain speed, and objects that collide with the pillars can have
different masses. For example, slowly flowing water can carry large objects, causing heavy
local damage. Global failure will not occur. A fast-flowing flood can certainly throw the
structure out of balance.

If one or more spans of the bridge are narrow, and there is a significant volume of
debris, general occlusion can occur, and the effect of debris might generate a larger force
than the value considered in this study. This proved to be the case of the Baghetto Bridge
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across the Adda River in Italy [22], where the debris accumulated against the bridge deck.
There is no evidence such an occlusion has ever occurred with the Devil’s Bridge. In the
case of the Candia Viaduct, it seems quite probable, although no record of it was found.

Another important verification of the numerical models is updating them through
vibration measurement and connected modal analysis. This requires the site measurement
of frequencies and mode shapes. However, most masonry bridges have a solid character,
and frequencies are expected to be high. Amplitudes are small, and the accuracy of
measurement might be close to the ambient noise. Nevertheless, the present equipment
allows for obtaining relevant results. In future work, this updating of the models, as in [22],
will prove to be highly relevant.

7. Conclusions

It has become clear that whether torrent floods are an issue for masonry vaulted arch
bridges depends on the situation. Information about the speed of the water and the mass
of the debris for the local condition should greatly improve the assessment. This requires
on-site recording and the possible extrapolation of the data for longer return periods.
Naturally, climate change plays an important role in this.

In the future, the refinement of load values due to wave torrents and debris will
be needed. This may be based on site measurements, the optimization of the numerical
models, or a more precise determination of the debris force, in the case of general occlusion
of a single or more spans. Finally, future work considering this aspect might result in
obtaining a clear relation between the return period of wave torrents and the failure load.

In addition, the condition of the structure is important. Not only are the mechanical
characteristics of the masonry important but also whether there is any local damage. The
extensive testing of the compressive strength appears to be of less importance, if shear is
the cause of failure, as the influence of this factor is less significant.

It is therefore certain that further research in this area considering the aforementioned
factors is necessary if important bridges of cultural and historical value are to be preserved.
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