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A B S T R A C T

Masonry arch bridges are highly vulnerable to floods and particularly to scour, as demonstrated by the many 
collapses that regularly occur in Europe. Scour levels that do not directly cause the collapse of a bridge may result 
in a significant reduction of their capability to withstand traffic loading. Thus, research on the performance of 
masonry arch bridges under combined scour and traffic loading, and their structural robustness, is of paramount 
importance. This study evaluates the behaviour of masonry arch bridges subjected to scour and traffic loading by 
analysing a representative case study with a three-dimensional finite element model developed in Abaqus ac-
cording to a macro-modelling approach. Traffic load is selected in accordance with different code-based models, 
including those provided by Italian guidelines for safety assessment of existing bridges. The scouring process is 
imposed through the progressive removal of elements at the foundation level. Displacements and internal stress 
distributions for different bridge components are recorded and the capacity of the masonry bridge is estimated 
under increasing traffic load for different scour levels. Results are obtained in terms of both local and global 
response parameters to provide useful information on threshold levels for bridge safety and monitoring. The 
sensitivity of the bridge structural performance to material properties and traffic load position is also assessed. 
The study results can be useful to inform the decisions to be taken by bridge stakeholders (e.g. close bridge, limit 
traffic, keep bridge open) based on scour and/or structural response measurements.

1. Introduction

Bridges are critical components of road and railway networks that 
are exposed to multiple hazards [1], whose failure can have significant 
impact on the network functionality. Natural hazards, such as earth-
quakes, wind, floods, or extreme temperatures, threaten the safety and 
continued operation of bridges [2]. These hazards are expected to 
intensify in the near future due to changes in global climate [3–5]. The 
increase of traffic loading and the problem of overloading are also a 
major threat to bridge safety, particularly if combined with the fact that 
many existing bridges have been designed for lower traffic loads than 
the current ones and have experienced degradation over the years. In 
Italy, after the Polcevera bridge collapse in Genoa in 2018, public 
attention to structural safety of existing bridges has increased signifi-
cantly, leading to the enforcement of new guidelines [6] for risk-based 
classification, safety checks and monitoring of existing bridges in 2020 
[7,8]. Among the various novelties, the guidelines have introduced a 
multi-hazard risk assessment methodology where both hydraulic and 

traffic related hazards are considered, providing new traffic load models 
based on actual vehicles for safety checks of existing bridges [8].

Masonry arch bridges still constitute a significant proportion of the 
bridge stock in Europe and worldwide [9]. These bridges require sig-
nificant attention by transport operators due to their socio-economic, 
cultural, and historical importance, and the fact that they have been 
exposed to degradation over the years. Masonry arch bridges crossing 
waterways are particularly vulnerable to scour because they are quite 
stiff structures built on shallow foundations or on timber piles that have 
rotten over the years [10].

Extensive research has been conducted in last decades to evaluate the 
complex behaviour of masonry arch bridges and their capacity against 
critical actions capable to induce collapse. Advanced three-dimensional 
models have been developed to evaluate the vertical load carrying ca-
pacity of these bridges, by accounting for the contribution of the various 
components, namely the piers, arches, backfill, abutments and spandrel 
walls (see e.g. [11–20]). Numerical strategies have also been proposed 
to evaluate the effects of scour on masonry arch bridges and describe the 
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mechanisms leading to the collapse of real bridges [11,21–25]. To the 
best of the authors’ knowledge, no research to date has considered the 
effect of the combined action of scour and traffic loading on masonry 
arch bridges. However, a study on this topic is of paramount importance 
given the fact that the presence of scour at the foundation level of ma-
sonry arch bridges may be unnoticed until severe levels occur, such that 
the foundation base is significantly undermined, and the bridge is close 
to collapse [11,26]. As a result of this, vehicles may be allowed to transit 
over a bridge during or at the end of a flood, with the combination of 
scour and traffic action leading to the bridge collapse and catastrophic 
consequences in terms of human losses [27]. It should be also noted that 
the management of existing masonry arch bridges should take into ac-
count their structural robustness to local damage, in order to ensure 
collapse prevention and life safety. While a huge number of studies have 
been carried out on progressive collapse and robustness of buildings (see 
e.g. [28]), structural robustness of existing bridges has been evaluated in 
few investigations [29–41], particularly on structural systems other than 
masonry arch bridges. This further calls for a study on robustness of 
masonry arch bridges against local damage, such as progressive loss of 
support produced by scour at the base of piers.

The main objective of this study is to develop a framework for per-
formance and robustness assessment of roadway masonry arch bridges 
exposed to the multi-hazard combination of scour and traffic loading 
based on detailed numerical 3D modelling. The study also aims at 
identifying both the scour and traffic load-induced failure modes as well 
as their combined effects, providing relevant capacity curves and 

interaction domains. In this regard, this study can benefit the network 
operators and infrastructure owners to identify specific scour thresholds 
that call for traffic limitations to prevent bridge collapse.

The proposed procedure is comprehensively applied to assess the 
structural performance of a case study with geometrical properties 
consistent with a three-span masonry arch bridge over the Nith river, 
Scotland [42]. The bridge is investigated through a 3D finite element 
model (FEM) developed in Abaqus according to a macro-modelling 
approach. The scouring process is described by a progressive removal 
of cohesive elements under the foundation of the model representing in 
a simplified way the soil-structure interaction, and the bridge response – 
both in terms of traffic load-bearing capacity and damage mechanism – 
is evaluated accordingly. The role played by the uncertainty in key 
model parameters is also investigated by performing a sensitivity anal-
ysis. The results of this study provide useful information on the residual 
capacity to traffic loads of masonry arch bridges under increasing scour 
levels. Thus, the study outputs can be of interest to bridge managers, 
which have the challenging task to limit or even close the bridge to 
traffic during and after heavy floods based on limited information from 
visual inspections or assisted by sensors monitoring scour and/or the 
structural response. The study outcomes can also be useful for inter-
preting the failure mechanisms of previously collapsed bridges due to 
scour and traffic loading.

2. Methodology

This section illustrates the strategy developed to evaluate the per-
formance and residual capacity of masonry bridges subjected to com-
bined scour and traffic loading. The flowchart of the presented 
methodology for different load patterns and analysis types is shown in 
Fig. 1.

The methodology relies on the development of a FEM of the bridge, 
built in Abaqus using a macro-modelling approach, described in Section 
3, and accounting for the behaviour of the various components of the 
bridge, including foundations, piers, abutments, arches, spandrels and 
backfill. In Section 4, the bridge model is analysed under the effect of 
gravity loads and traffic loads only, by carrying out nonlinear static 
analyses with different traffic load locations and magnification factors 
up to collapse. A parametric analysis is performed to investigate the 
sensitivity of the bridge capacity to the control strategy (i.e., displace-
ment and forced control method), the vertical stiffness of the subgrade, 
the cohesion of the backfill, and the position of the traffic load model 

Fig. 1. Proposed framework for structural assessment of masonry arch bridges under scour and traffic loading.

Fig. 2. Nith bridge, New Cumnock (Scotland).
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(TLM). In Section 5, the bridge is subjected to gravity loads and scouring 
at the base of one of the piers, by increasing levels of scour up to 
collapse. Finally, in Section 6 the combined effects of scour and traffic 
loads are considered, by first performing an analysis for various levels of 
scour depth, and then by applying a TLM with increasing amplitudes. 
The residual capacity to withstand different TLMs for various scour 
scenarios is investigated.

3. Case study

3.1. Bridge geometrical properties

The case-study bridge is a three-span masonry arch bridge whose 

geometry is representative of many bridges built in Europe in the 19th 
century, such as the masonry bridge over the Nith river, in New Cum-
nock, Scotland (see Fig. 2). Fig. 3 illustrates the geometry of the case 
study, which is based on the bridge over the Nith river.

The total length and height of the bridge structure are equal to 
43.5 m and 8 m, respectively. The width of the bridge superstructure is 
8.2 m, with three shallow arches with span length and thickness equal to 
10.7 m and 0.45 m, respectively. The two piers located in Nith river are 
10.5-m-long, with both height and width equal to 1.8 m. The pier 
foundations are 11.5-m-long and 2.8-m-wide. The bridge abutments are 
characterised by length and height equal to 6.6 m and 2.8 m, 
respectively.

(b) (c)
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Fig. 3. Geometrical details of Nith bridge; (a) lateral/side view, (b) top view, and (c) cross section at abutment (units are in meters).

Table 1 
Mechanical properties of materials and backfill-masonry contact interfaces.

Material/Surface E [MPa] σc0 

[MPa]
σcu 

[MPa]
σt0 

[MPa]
gf [MPa⋅mm] ϕ [-] cb [kPa] μ[-] kn [N/mm3] kt, ks [N/mm3]

Masonry (arches & spandrels) 3100 3.87 6.5 0.1 0.005 – – – – –
Masonry (piers) 2900 3.87 6.5 0.1 0.005 – – – – –
Masonry (abutment) 3000 3.87 6.5 0.1 0.005 – – – – –
Backfill 250 – – – – 60◦ 10 – – –
Backfill-masonry contact Interfaces –  – – – – – 0.6 500 500
Interactions between adjacent bridge components –  – – – – – 0.6 500 500

Fig. 4. Behaviour of CDP model considered in the analyses: (a) compression, and (b) tension.
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3.2. Numerical modelling

A 3D FEM of the bridge is developed in Abaqus [43] by considering 
both geometrical and mechanical nonlinearities. Solid C3D8R elements 
(8-node linear, reduced integration, hourglass control) are used to 
model the bridge components. The mesh dimensions are kept in the 
range between 0.35 m and 0.75 m as per previous studies by Milani and 
Lourenço [13] and Scozzese et al. [26] in order to provide a good bal-
ance between the computational burden and the accuracy.

A macro-modelling approach is used for the masonry components 
(foundations, pier, arch barrel, spandrel walls, abutments), with the 
nonlinear mechanical behaviour described by the concrete damaged 
plasticity (CDP) model [44,45] available in Abaqus manual [46]. The 
masonry is considered as a homogenous material with no distinction 
between units and mortar. Thus, the parameters of the masonry com-
ponents highlighted in Table 1 describe the behaviour of the composite 
masonry material.

The CDP model is a coupled plasticity-damage model that is widely 
employed for describing the behaviour of brittle materials that can fail 
due to compressive crushing and tensile cracking, such as concrete and 
masonry. Fig. 4 illustrates the uniaxial stress-strain responses of the 
masonry components in compression and tension. Both the responses 
are characterised by an initial linear elastic behaviour, controlled by the 
Young Modulus (E). Under uniaxial compression, the “yield” stress σc0 
denotes the end of the linear elastic behaviour, and σcu denotes the peak 
response, which is followed by a nonlinear softening response as in 
Fig. 4a. The damage parameter dc0 controls the unloading and reloading 
stiffness under uniaxial compression. It should be noted that the damage 
is not activated in the analyses, causing the masonry material to exhibit 
fully plastic behaviour under compression. Under uniaxial tension, σt0 
denotes the cracking stress. The damage parameter dt0 controls the 
unloading and reloading stiffness under uniaxial tension (see Fig. 4b). 
Although various laws could be used for describing the softening, in the 
analyses a linear softening behaviour, controlled by the fracture energy 
gf , is considered. Further details about the CDP model can be found in 
the Abaqus manual [46].

The material properties assigned to the masonry bridge components 
(arches, piers, and spandrels abutment and the backfill) are based on 
typical values from the literature [11–13,26]. Fig. 5 shows the meshed 
model and the cohesive elements at the base of the pier foundation. The 
following mechanical parameters are reported in Table 1: density (ρ), 
Young’s modulus (E), “yield” compressive strength (σc0), peak 
compressive strength (σcu), peak tensile strength (σt0) of masonry and 
backfill, tensile fracture energies (gf ) of masonry, friction coefficient (μ), 
normal stiffness per unit area (kn), tangential and shear stiffnesses (kt, ks) 
of the backfill-masonry contact interfaces. A sensitivity study is also 
carried out to estimate the effect of variations of these parameters on 
results.

A realistic representation of the behaviour of the backfill and its 

interaction with the arch barrel and the spandrel walls is essential for an 
accurate prediction of the response of masonry arch bridges (see, e.g., 
[47,48]). The elastic response is described using Young’s modulus of 
250 MPa and Poisson’s ratio of 0.2, while the plastic behaviour is 
modelled using a Mohr-Coulomb yield criterion. A linear elastic model 
with a Mohr-Coulomb failure criterion (friction angle ϕ=60◦ and 
cohesion cb =10 kPa) is employed for the backfill material.

Nonlinear frictional/cohesive interfaces [11,22] are used to simulate 
the interactions between adjacent components of the bridge (arch--
to-pier, spandrel-to-pier, spandrel-to-arch, and masonry-mortar in-
terfaces) as shown in Table 1. These zero-thickness interfaces are a 
lumped representation of the mortar joints located between the 
above-mentioned bridge components.

A simplified Winkler subgrade modelling approach is employed to 
describe the soil-structure interaction and the effects of scour, using 
cohesive elements with linear elastic behaviour (uncoupled responses 
along the different directions) and zero tensile resistance at the base of 
the foundation, similarly to [11]. Infinite resistance is assigned in the 
shear direction. The cohesive elements are introduced at the foundations 
of both the piers and abutments to avoid non-uniform settlements. The 
proposed modelling strategy has been employed in many past studies 
[11,12,24–26] and has been validated with experimental results [49]
and comparisons with more advanced strategies [50]. Reference can be 
made to Tubaldi et al. [11] for a comparison between alternative stra-
tegies for modelling the soil-structure interaction problem in presence of 
scour.

As per FEMA 356 guidelines [51], the subgrade stiffness parameters 
are estimated by the analytical formulation of Gazetas [52]. The vertical 
(axial) subgrade reaction is calculated as kʹ

sv
=

ksv
LB= 0.15 N/mm3, where 

ksv denotes the vertical translational impedance of a rigid foundation 
with length L, width B, and L > B [11]. Similarly, the two horizontal 
subgrade reactions kʹ

shz
and kʹ

shx
in shear directions are evaluated to be 

0.86 N/mm3 and 0.24 N/mm3, respectively. It is noteworthy that a 
relatively stiff soil has been considered in the calculations.

4. Traffic load analysis

4.1. Load modelling

Traffic loading is a key variable in structural design and assessment 
of roadway bridges. European standards provide load model 1 (LM1) as 
a conventional TLM for global safety checks of bridges [53]. The first 
notional lane of LM1, with 3-m width, is defined by a tandem axial load 
of 600 kN (i.e., 300 kN + 300 kN) combined with a uniformly distrib-
uted load (UDL) of 9 kN/m2. LM1 does not aim at representing actual 
vehicles, since it is calibrated based on simulations of effects of traffic 
streams, having as target a return period of 1000 years, corresponding to 
a 5 % probability of occurrence in 50 years [53].

Apart from LM1, three additional TLMs are considered in this study 

(a)

y

x
z

Arch

Pier

Foundation

(b)

Backfill

Cohesive elements for
soil-foundation

interaction

Fig. 5. (a) Meshed model, and (b) cohesive elements at the base of the pier foundation.
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that are representative of common actual vehicles from the Italian stock 
[6,8], namely a heavy vehicle (5 axles with gross vehicle weight (GVW) 
equal to 440 kN), a medium vehicle (3 axles with GVW = 260 kN), and a 
light vehicle (2 axles with GVW = 75 kN), respectively (Fig. 6). In 
addition to point loads modelling the load transferred by the wheels of a 
single vehicle of each class, a UDL is applied at the sides of the silhouette 
to represent an equivalent distributed load for the same vehicle class [8]. 

Since such TLMs would represent traffic congestion, no dynamic load 
allowance is considered unless a single vehicle (i.e. only point loads with 
no UDL) would provide more adverse conditions in which case an 
amplification factor up to 1.4 has to be adopted [7].

In all TLMs, the point loads are imposed as pressure loads, each 
acting on a square area having 400 mm base length representative of the 
wheel-pavement contact area. Four control sections (see Fig. 7a) are 
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Fig. 6. Adopted traffic load models (distance in m): (a) LM1 (b) heavy (5-axles) TLM, (b) medium (3-axles) TLM, (d) light (2-axles) TLM.

Axle loads

(UDL)
F1

P1
A2

A1
(a) (c)

(d)
(e) (f)

Node locations

(b)

(g)

Wheel load area

Centroid of 5-axle TLM

Total area under 5-axle TLM

A2

F1

P1

A1

Fig. 7. Numerical model: (a, b) control sections and node points for displacement monitoring; (c) LM1; (d) 5-axles TLM; (e) 3-axles TLM; (f) 2-axles TLM; and (g) 
rigid body constraints showing tie surfaces (wheel areas) and the reference node (centroid of the point loads).
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selected to monitor displacements and internal stresses in the bridge 
components: P1 (pier top), A1 and A2 (arch crowns of the arches con-
nected to P1), and F1 (foundation below P1). Fig. 7(b-e) show the TLMs 
considered acting on a single 3-m-wide lane on the upstream side of the 
bridge model (the second notional lane is not loaded), providing the 
worst conditions in combination with scour acting on the same side.

4.2. Parametric study under traffic load

Several parameters can affect the estimated capacity of the bridge 
including – among the others – the analysis’ control strategy, the sub-
grade stiffness of the foundation, the backfill cohesion, and the position 
of the TLM along the bridge. The following parametric study investigates 
the influence of the above-mentioned parameters.

4.2.1. Influence of analysis control strategy
To determine the capacity of the masonry bridge under traffic load 

only, LM1 and 5-axles TLM are applied to the model with the resultant of 
the point loads acting above P1. Both displacement-controlled and force- 
controlled methods are adopted to estimate the bridge capacity assumed 
as the sum of the vertical support reactions (also equal to total imposed 
load in a force-controlled analysis) due to increasing traffic loading. 
Under displacement control strategy, the UDL is kept constant along the 
full length of the backfill (Fig. 7c-f), whereas the downward displace-
ment of the control joint located at the centroid of the constrained wheel 
areas (see Fig. 7g) is progressively increased up to bridge collapse. Under 
force-controlled method, a pressure load is applied on the wheel area in 
terms of time-load history, and the peak capacity of the bridge is esti-
mated by keeping the UDL constant. Fig. 8 shows the comparison of 
capacity curves estimated using the two methods. A very good agree-
ment is observed up to peak load. Force control slightly underestimates 
the load capacity compared to displacement control by 5.8 % and 7.1 % 
for LM1 and 5-axles TLM, respectively. The subsequent analyses are 
carried out under displacement control, in order to evaluate the 
behaviour beyond the first peak.
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Fig. 8. Load–displacement curves corresponding to force and displacement control strategies under different traffic load models: (a) LM1; (b) 5-axles TLM.
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4.2.2. Sensitivity to vertical subgrade stiffness
In order to evaluate the influence of subgrade stiffness parameter on 

the bridge capacity under traffic loading, three models are developed 
with cohesive elements under the foundation assigned a value of the 
subgrade reaction of 0.1ksv, ksv and 10 ksv. Since there is no significant 
difference in terms of capacity curves obtained for the 5-axles TLM (see 
Fig. 9), it can be stated that the global bridge performance is not 

significantly affected by soil-structure interaction model parameters. It 
is noteworthy that the obtained result is not in line with the findings of 
other studies, showing the significant influence of the role played by the 
soil on the bridge behaviour (see e.g. [16]). Nonetheless, the outcome of 
this study depends on the assumption of a relatively stiff soil.
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4.2.3. Sensitivity to backfill cohesion
In this section, the influence of the cohesion of the backfill material is 

studied by changing its value (10 kPa) by a factor of 10 and 1/10. Three 
different models are analysed with cohesion equal to 1 kPa, 10 kPa and 
100 kPa, respectively. It can be seen from Fig. 10 that the capacity of the 
bridge is significantly affected by the cohesion value: when the cb re-
duces from 10 kPa to 1 kPa, the capacity of the bridge reduces by half. 
An increase in cb from 10 kPa to 100 kPa increases the capacity by 3.5 
times. It is noteworthy that a very low backfill cohesion leads to sig-
nificant increase of computational time and convergence issues. For this 
reason, the value cb = 10 kPa (Table 1) is adopted for the model, 
providing a good balance between computational time and accuracy. 
Adopting lower values of cb does not result in significant changes in the 
capacity curve. The high sensitivity of the bridge capacity to the backfill 
cohesion (Fig. 10) has been observed in other studies on the same issue 
[11,25].

4.2.4. Sensitivity to TLM position along the bridge
A simplified influence line study is conducted to assess the effects of 

traffic load moving along the span length (l) of the bridge. Four models 
are developed for the 5-axles TLM. In the reference case, the TLM is 
applied with the resultant of point loads acting on top of P1 (i.e., x = 0). 
In the other three models, the TLM is applied with its resultant at a 
distance x = l/4, x = l/2, and x = 3 l/4 from P1 along a horizontal 
plane. Fig. 11 illustrates top and side views of the bridge with TLM 
position.

Fig. 12a shows the estimated load–displacement capacity curves for 
the selected traffic load positions, with the displacement measured at 
the centre of the TLM. The highest load capacity (equal to 4618 kN) is 
obtained for the TLM positioned on top of P1. When the centroid of the 
TLM moves towards the crown and reaches x = l/4, the capacity is 
reduced by 30 %. At x = l/2, the least value of capacity (3042 kN) is 
observed, which is 35 % lower than the case x = 0. For x = 3 l/4, the 

Fig. 15. (a) Peak compressive stress distribution (MPa), and (b, c) PEEQT distribution for b/B = 0.31.
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P.K. Dhir et al.                                                                                                                                                                                                                                  Engineering Structures 325 (2025) 119441 

8 



peak load capacity is found to be increased and approaches to the case 
x = 0 while resulting in slightly higher stiffness. Subsequent analyses 
discussed in the following sections of this paper are carried out by 
assuming the centroid of the TLM to be located at x = 0 to provide 
maximum effects on the scoured pier P1. In fact, for significant scour 
levels, the condition x = 0 is the one resulting in the lowest bearing 
capacity among the various possible positions of the TLM, as demon-
strated by the sensitivity analysis reported in Section 6.4.

Fig. 12b shows the equivalent plastic strain distribution (PEEQT) in 

the arch barrel, highlighting the arch deformation profile for the 
selected positions of the TLM. At x = 0, the plastic strains are symmet-
rically distributed over the arches (A1 and A2) and the spandrel walls 
with higher concentrations at the P1. When the TLM centroid moves to 
x = l/4, the critical section is close to A1 and attached spandrel wall. The 
case x = l/2 yields the highest level of plastic strains associated with the 
minimum load bearing capacity.
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5. Scour analysis

Scour is assumed to occur at the foundation of pier P1. In the initial 
stage, only the gravity loads are applied (step 1). Then, the scour action 
is simulated by removing the cohesive elements that describe the 
interaction between the foundation base and the surrounding soil. The 
dimensionless parameter b/B, representing the ratio between the 
scoured foundation length b over the total foundation length B along the 
direction of the flow, is used to describe the evolution of scour. 
Increasing discrete levels of b/B are considered, in the range between 
0 (value corresponding to the case of no scour) and 0.31 (value resulting 
in very large displacements and plastic deformations in the model under 

permanent loading and assumed to represent bridge collapse), as illus-
trated in Fig. 13.

The maximum in-plane and out-of-plane displacements are recorded 
for the selected sections of the bridge (P1, A1, A2 and F1) for increasing 
values of b/B (see Fig. 14). No significant displacements are observed for 
b/B lower than 0.19, whereas for larger values all these parameters in-
crease significantly for increasing scour levels. The largest in-plane 
vertical displacements are observed at F1 followed by P1, A1 and A2 
with peak values corresponding to b/B = 0.31. Similarly, the largest out- 
of-plane horizontal displacements are observed at P1 followed by A2, A1 
and F1. Once b/B reaches 31 %, many response parameters significantly 
increase and numerical converge issues arise, so this condition is 

Fig. 19. (a, b) Peak compressive stress (MPa) and (c, d) PEEQT distribution for b/B = 0.19 and b/B = 0.25.
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assumed representative of the bridge collapse due to scour.
In terms of peak compressive stress distribution, there is no visible 

stress concentration up to b/B = 0.19, and the stress contours are sym-
metrically distributed across the bridge. Once b/B reaches 0.19, high 
non-uniform concentration of stresses arises in P1, F1, A1 and A2, until 
the critical condition is attained for b/B = 0.31 (Fig. 15a). In terms of 
tensile equivalent plastic strains (PEEQTs), the condition b/B = 0.25 
results in visible strain concentrations at the foundation (F1), pier (P1) 
and spandrel wall. The contour plots of PEEQTs at b/B = 0.31 are shown 
in Fig. 15b,c. The failure mechanism involves the pier P1 above the 
scoured length and the two adjacent arches.

In order to analyse the local behaviour of the bridge components, the 
values of the peak compressive stress, peak tensile stress and equivalent 
plastic strain recorded at F1, P1, A1 and A2 are compared to each other 
under increasing values of b/B (Fig. 16). In general, the compressive and 
tensile stresses do not increase much for increasing values of b/B when 
b/B is less than 0.19. For values increasing beyond 0.19, a significant 
increase in stresses is observed. Tensile cracks start to appear for values 
of b/B slightly higher than 0.19.

Fig. 16a shows the variation of compressive stresses. For b/B = 0.31, 
the maximum compressive stresses, localised in correspondence of A1, 
are about 6.35 MPa, which is slightly lower than the assumed 
compressive strength for masonry. The abutments and the arches 
experience the highest increase of stresses due to scour. Fig. 16b shows 
the peak tensile stresses at the various locations and scour levels. The 
first cracks appear in the foundation (F1), but for b/B = 0.31, cracking is 
observed also in the piers (P1) and arches (A1 and A2). It can be seen 
from Fig. 16c that no plastic strain is obtained up to b/B = 0.19 
accordingly. However, beyond b/B = 0.25, PEEQT starts increasing 
significantly and reaches the value of 0.01 at b/B= 0.31.

Fig. 17(a) shows the compressive demand-to-capacity ratios (DCRs) 

for all the selected sections of the bridge under increasing b/B. DCR is 
herein assumed to be the ratio between the peak compressive (tensile) 
stress and compressive (tensile) strength of masonry. The increase in 
DCR for compression appears to be rather small up to b/B = 0.19 but, 
once b/B goes beyond 0.25, the trend becomes exponential due to higher 
nonlinearity effects. Similar observations can be seen from Fig. 17(b), 
showing the tensile DCR under varying b/B.

6. Robustness assessment based on residual traffic load capacity 
under scour

In order to study the structural robustness and hence residual traffic 
load capacity of the scoured bridge, incremental TLMs are applied on the 
bridge deck (above P1) after imposing each scour level, corresponding to 
discrete values of b/B ranging from 0 to 0.31.

6.1. LM1 on scoured bridge

Fig. 18a and b show a comparison of the in-plane and out-of-plane 
displacements recorded at P1, A1, A2 and F1 with the bridge already 
subjected to scour when loaded by LM1 in displacement-controlled 
mode. Fig. 18c and d show that for levels of b/B up to 0.13, the peak 
capacity remains almost unchanged, whereas for b/B= 0.19 a 80 % drop 
in capacity is found compared to the unscoured case. For b/B= 0.25, the 
bridge cannot withstand any traffic loading after imposing scour effects. 
It is noteworthy that the collapse condition due to scour only (and 
gravity loads) is identified in correspondence of higher b/B levels, of the 
order of 0.31. Thus, for b/B > 0.25, although the bridge may not 
collapse under its own weight, it would collapse at the passage of traffic.

Fig. 19 a-b shows the peak compressive stress distribution of the 
model under LM1 subjected to scour. Once b/B reaches 0.19, high non- 
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uniform concentrations stresses are visible and at b/B= 0.25 a failure 
mechanism is observed. Similarly, no visible plastic strains are observed 
up to b/B = 0.13. However, beyond b/B > 0.19, plastic strains are seen 
at the foundation (F1), pier (P1), arches (A1 and A2) and spandrel walls.

Fig. 18d shows that once b/B reaches 0.25, the traffic load capacity 
reaches zero; therefore, response parameters for the selected sections of 
bridge are presented up to such a level of scour in Fig. 20. In particular, 
Fig. 20a-b show an increasing trend of peak compressive stress and peak 
tensile stress under increasing b/B in the selected sections. Fig. 20c 
shows the equivalent plastic strain distribution with very low values up 
to b/B = 0.13: beyond this value, damage starts increasing significantly 
and a peak plastic strain value of 0.027 is recorded for b/B = 0.25. This 
value is one order of magnitude larger than that due to scour only.

6.2. 5-axles TLM on scoured bridge

The 5-axles TLM provides a useful representation of heavy com-
mercial vehicles with GVW = 440 kN as per Italian road code limita-
tions. Fig. 21a and b show a comparison of in-plane and out-of-pane 
displacements recorded at A1, A2, P1 and F1 subjected to scour under 
5-axles TLM. A similar trend in both displacements and load-bearing 
capacity is found compared to LM1, i.e., no capacity reduction up to 
13 % loss of foundation length. The capacity exhibits a 50 % drop at b/B 
= 0.19 and reduces to zero under b/B = 0.25 (Fig. 21 c-d). The same 
trend as previously observed under LM1 is obtained in terms of peak 
stresses and equivalent plastic strain distribution (see Fig. 22). For the 
sake of brevity, results under 3-axles and 2-axles TLMs are reported in 
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the following section in terms of load-bearing capacity compared to LM1 
and 5-axles TLM.

6.3. Influence of different TLMs on global response

Fig. 23a shows the peak load capacity against traffic load under 
different levels of scour depth, representing an interaction domain be-
tween the scour level (x-axis) and the TLM-related load-bearing capacity 
(y-axis). It can be noted that for a given b/B, the point loads position of 
the given TLM plays a major role on load capacity under incremental 
static analysis in displacement control. For this reason, 2-axles TLM and 
LM1 yields very similar results and the lowest capacity curves since both 
present two axles at a small distance in the longitudinal section.

From a structural safety standpoint, a normalized TLM capacity 
parameter can be defined in terms of traffic load factor (or multiplier) α, 
consistently with Miluccio et al. [54]. This is the multiplier of the axle 
loads of each TLM that corresponds to the peak in the 
force-displacement curve (while assuming constant UDL). Hence, α can 
be interpreted as a robustness measure, such that the structure is deemed 
robust to scour if α ≥ 1, highlighting its ability to withstand design 
traffic loads under scour-induced damage. For every scour level, the 
lowest value of α is obtained for LM1 (see Fig. 23b), followed by the 
5-axles, 3-axles, and 2-axles TLM, confirming an expected trend due to 
the decreasing magnitude of the different TLMs. These results may be of 
use to bridge operators for defining scour thresholds triggering traffic 
restrictions and bridge closure. Up to b/B = 0.13, no restriction would 
be required because the overall capacity is slightly affected by scour and 
the bridge safety is ensured under all TLMs, meaning that 
code-conforming safety levels for new design would be obtained (i.e., 
α ≥ 5). As b/B increases from 0.13 to 0.19, α significantly reduces and 
drops to almost 1 under LM1, resulting in safety levels lower than those 
prescribed for new design. In this case, any restrictions to actual 
vehicular classes can avoid the bridge closure by proper limitations to 
GVW.

For 5-axles, 3-axles, and 2-axles TLMs, the condition b/B = 0.19 
yields a value of α ≥ 5, demonstrating adequate safety levels against 
collapse even in case a dynamic load allowance is considered. For b/ 
B = 0.25, the residual capacity drops to zero regardless of the selected 
TLM because scour effects become dominant. This outcome would 
suggest traffic limitations to very heavy vehicles (e.g., GVW < 440 kN) 
in case of scour depths in the range between 0.13 and 0.19, and no re-
strictions required for b/B < 0.13.

In terms of collapse mechanism, in-plane and out-of-plane dis-
placements at F1, P1 A1 and A2 under increasing value of b/B are 
compared considering the cases of scour only (S), scour combined with 
LM1 (ST_TLM1), and scour combined with 5-axles TLM (ST_5 axles). In 
the range 0.13 < b/B < 0.25, the highest rate of increase of in-plane 

displacements recorded at the selected sections is observed under 
scour combined with LM1, followed by scour combined with 5-axles 
TLM (Fig. 24a). Significant influence of the TLMs on scour is observed 
causing early failures compared to scour only condition. This compari-
son confirms that the case b/B = 0.25 would not be critical when only 
scour is acting combined with self-weight up to b/B = 0.31.

In case of a scour level b/B = 0.25, any traffic load passing on the 
bridge can trigger a global collapse mechanism. A similar trend can be 
seen for the out-of-plane displacements (see Fig. 24b).

6.4. Sensitivity analysis

A parametric study is conducted to estimate the capacity of the 
bridge under scour combined with the 5-axles TLM for varying masonry 
tensile strength values (σt), masonry fracture energy in tension (gf), 
backfill cohesion (cb) and position of traffic loading along the length of 
the bridge (see Fig. 25). It can be seen from Fig. 25a that the model is 
sensitive to the selected magnitude of the masonry tensile strength. A 
10 % decrease in the peak load capacity of the bridge is observed when 
the tensile strength is reduced to half, i.e., from 0.1 MPa to 0.05 MPa. 
When tensile strength is doubled, an increase of 12 % in load capacity is 
observed. Again, as b/B increases, the load capacity drops down and the 
rate of decrease in the capacity is the highest for σt = 0.05 MPa caused 
by early tensile failure in the masonry as compared to other cases. 
However, when tensile strength is σt = 0.2 MPa, the bridge can take 
20 % of its peak capacity even under b/B = 0.25.

Fig. 25b demonstrates the influence of the masonry fracture energy 
considered in the model. To study this, five different levels of fracture 
energies are considered and analysed. Higher fracture energy leads to 
higher capacity prediction. Up to a fracture energy of 0.01 N/mm, the 
bridge is unable to take any further traffic load under b/B = 0.25. 
However, if gf > 0.025 MPa⋅mm, the bridge still keeps one-third of its 
peak load capacity.

Fig. 25c shows the comparison of predicted bridge capacity subjected 
to scour at three levels of backfill cohesion (i.e., 1 kPa, 10 kPa, and 100 
kPa). It can be seen that backfill cohesion has significant influence on the 
capacity of the bridge because the peak capacity drops by 46 % when cb 
reduces by 10 times, i.e., from 10 kPa to 1 kPa. Again, the lowest value of 
cb (i.e., 1 kPa) caused early failure for which the load capacity goes to 
zero even under b/B = 0.13. However, if cb is increased by 10 times (i.e., 
reaching 100 kPa), a 250 % increase in load capacity is observed with 
23 % residual capacity even under b/B = 0.25.

Fig. 25d demonstrates the influence of traffic load position on the 
performance of the scoured bridge. Referring to the Section 4.1.4, the 
highest level of capacity (4618 kN) is observed when the centroid of the 
TLM is at x = 0, followed by x = 3 l/4, x = l/4 and x = l/2, respectively. 
The load capacity is evaluated under increasing b/B levels by 
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considering the TLMs at the four selected locations discussed above. The 
case corresponding to x = 0 corresponds to the highest level of capacity 
for zero scour, but also to the highest level of decrease in capacity as the 
scour is considered just below the pier P1, where the centroid of TLM is 
located. This leads to the condition where the TLM with x = 0 produces 
the lowest load carrying capacity under b/B = 0.19.

Fig. 25e shows the influence of mesh size selection on the capacity 
prediction of the bridge. Parts with complex shapes are cut into simpler, 
more regular shapes to facilitate the automatic meshing process. 
Sensitivity analysis considering a mesh size range between 200 and 
800 mm demonstrates that there is no significant difference in load 

capacity when the mesh sizes are 400 mm and 800 mm. If a mesh size of 
200 mm is considered, a lower load capacity than 400 mm is expected 
(about 7 % less). However, a finer mesh caused a significant increase in 
computational costs, so the mesh size is selected between 400 mm and 
800 mm. The number of elements used during mesh discretization varies 
from section to section until a good trade-off is reached between output 
accuracy and computational cost.

6.5. Development of cracks under combined scour and traffic load

Knowledge of trend in crack opening under different loading con-
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ditions could be very useful for bridge monitoring and decision-making 
[21]. Demir and Caglar [55] proposed the following closed-form equa-
tion to estimate the crack width w when using the CDP model for 
describing the behavior of brittle materials: 

w =

[

εpl
t +

σtdt

(1 − dt)E0

]

lw (1) 

where: εpl
t is the principal tensile plastic strain obtained from a FEM; σtis 

the tensile stress corresponding to εpl
t ;dtis the damage parameter in 

tension; and lwis the width of the fracture process zone (representative 
length) for the element of interest in the FE model.

If tensile damage is ignored in an FE analysis, εpl
t becomes equal to 

average fracture (inelastic) strain (εck
t ) and Eq. (1) can be simplified as; 

w = εck
t lw (2) 

According to the proposed approach, the crack width at an element 
can be calculated by reading the principal tensile strain values at the 
desired step of the FE analyses and multiplying this by lw. It is note-
worthy that the mesh of the model is unstructured, although the aspect 
ratio is controlled by avoiding elements with very different lengths 
along the various directions. Thus, this approach is expected to provide 
only a rough estimate of crack widths. The values of lw considered for 
calculating the crack width at the foundation (F1), pier (P1), and arch 
(A1 and A2) are equal to 580 mm, 420 mm and 490 mm respectively, 
and they correspond to the dimension of the element along the direction 
of cracking.

The crack width evolution at the selected sections of the bridge under 
increasing b/B is outlined in Fig. 26a through to d. Based on reported 
values of w, any inspection of cracked portions of the bridge requiring a 
measurement of crack width at different locations can suggest the level 
of scour at the foundation level. It can be seen that the combined in-
fluence of scour and LM1 leads to the formation of maximum crack 
width in all different sections of the bridge, followed by the case where 
scour is combined with 5-axles TLM. The least development of crack 
width is shown under scour only, namely, when traffic load is not 
considered: in this case w < 1 mm up to b/B = 0.19 and very limited 
cracking at the arch sections is observed up to b/B = 0.25. In the case of 
5-axles TLM, small cracks (w < 1 mm) are formed under gravity load 
only at sections A1 and A2. Assuming that heavy vehicles are passing on 
the bridge (i.e., GVW = 440 kN), a crack width measured at P1 and F1 of 
the order of 2 mm could be representative of a scour level b/B 
approaching 20 %. In this case the managing agency could impose re-
strictions to heavier vehicles (e.g., GVW < 440 kN) in order to prevent 
severe damage or even collapse to the bridge.

7. Conclusions

In this study, a framework for multi-hazard structural assessment of 
roadway masonry arch bridges subjected to scour and traffic loading has 
been presented. For this purpose, a detailed 3D numerical model of a 
representative bridge structure has been developed, with the effect of 
scour modelled by progressively removing cohesive elements under the 
foundation. Various traffic load models have been considered to account 
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Fig. 26. Crack widths (w) recorded at (a) F1, (b) P1, (c) A1, and (d) A2 under increasing b/B.
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for different traffic load conditions according to both Eurocode 1 and the 
recent Italian guidelines for existing bridges. The structural performance 
and residual load-bearing capacity of the analysed bridge have been 
assessed at both local and global scales against traffic, scour and several 
combinations of these actions.

Based on the analysis results, the following main conclusions can be 
drawn: 

• The analysis of the bridge subjected to gravity loads and scour results 
in significant levels of plastic deformations observed in many bridge 
components under b/B = 0.31 (corresponding to 31 % of foundation 
length being undermined by scour), corresponding to a collapse 
condition.

• Load-bearing capacity against traffic loading remains essentially 
equal to the that associated with no-scour conditions under scour 
levels b/B up to 0.13. However, a sudden drop in capacity is observed 
under higher levels of scour. Under b/B = 0.19, the residual traffic 
load capacity is 20 % of that related to the undamaged structure, 
whereas a total loss of capacity against traffic loading is attained 
under b/B = 0.25.

• The traffic load model has a significant influence on the load- 
carrying capacity in both the unscoured and scoured cases. Specif-
ically, load factor α, which is the factor of the predicted load capacity 
over the total axles load of the selected traffic load model, progres-
sively increases from LM1 to 5-axles TLM, 3-axles TLM, and 2-axles 
TLM under any scour level. The minimum value of load factor be-
tween those related to different TLMs might be used as a robustness 
measure of the bridge in engineering practice.

• The position of the TLM on top of the scoured pier produced the 
highest rate of decrease in load capacity, resulting into the lowest 
capacity under b/B = 0.19.

• The largest displacements recorded at the monitored locations are 
found under scour combined with tandem axle load, the lowest in 
case of scour combined with 5-axle load.

Furthermore, given the high level of uncertainty in material prop-
erties of masonry arch bridges, a sensitivity analysis has been carried out 
to investigate the impact of few critical ones on the bridge load capacity. 
It was found that higher values of tensile strength, fracture energy of 
masonry, and backfill cohesion all contribute to increase the capacity for 
the case of no scour but have also an impact on the reduction of capacity 
with scour. Thus, an accurate estimation of these properties or an 
adequate treatment of the uncertainty in these properties is essential in 
order to achieve confident estimates of the residual bridge capacity. A 
simplified crack opening formulation has been adopted to provide some 
predictions on the level of crack opening under different loading con-
ditions and scour levels.

The output of this study is expected to support the assessment and 
management of masonry arch bridges subjected to traffic loading and 
scour hazard, and to allow decision-makers to be more aware of the 
scour levels that can produce unsafe conditions, failure or even collapse. 
The conclusions presented here are based on a specific, though repre-
sentative, bridge structure. To gain broader insights into key behaviours 
and trends that may apply to a wider range of cases, analysing additional 
case studies is essential. Future developments of this study might include 
the assessment of masonry arch bridges with varying geometric and 
mechanical properties (including material degradation), as well as the 
development of more detailed soil-foundation-structure interaction 
models.
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