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Abstract 

This paper, focused on the effect of local scour actions on masonry bridges, represents a follow-
up of a previous study conducted by the authors aimed at analysing the effect of a localised 
scour-induced settlement of the pier on the modal properties of the bridge (i.e., frequencies and 
mode shapes). Results from the previous study showed as the scour phenomenon, even at its 
early stages could induced a non-negligible variability of the transverse modal shape of a ma-
sonry arch bridge selected as case study. In this paper, the work is continued by analysing how 
the bridge geometry can affect the aforesaid results. To this aim, bridges with three different 
geometry (130 m length, 100 m length, 50 m length) are analysed by simulating the scour evo-
lution under the piers and by monitoring the modal response at different stages of the excava-
tion. Accurate finite element models are developed in Abaqus, accounting for both mechanical 
and geometrical nonlinearities. 
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1 INTRODUCTION 

Scour is a natural phenomenon caused by the erosion or removal of streambed or bank ma-
terial from bridge foundations due to flowing water [1-3]. 

This action is among the most common causes of bridge failure worldwide [2-4], leading to 
notable direct and indirect losses, as witnessed by the numerous cases of scour-induced col-
lapses occurred worldwide [5-8]. 

Masonry arch bridges are particularly vulnerable to this phenomenon, due to their high stiff-
ness and the usually shallow footings. The relevance of the problem is also witnessed by the 
increasing number of works dealing with this issue, e.g., numerical studies employing soil-
foundation-structure interaction models with different level of complexity [4, 9], works propos-
ing advanced models for describing the cracking mechanism evolution in the masonry compo-
nents [10-13], and studies oriented towards dynamic identification and scour monitoring [14-
17]. Moreover, besides the studies fully dedicated to the seismic response [18, 19], the literature 
offers an always growing number of papers focused on vulnerability and resilience assessment 
of masonry bridges under multiple hazard (mainly earthquakes and floods) [20, 21]. 

In the recent years, studies have been also carried out to investigate the possibility of detect-
ing scour by tracking the changes of the dynamic properties of the bridge-foundation-soil sys-
tem (see e.g., the studies of [22, 23] in the context of masonry arch bridges, or the ones of [24, 
25] for steel and reinforced concrete bridges).
In particular, the study conducted in 2020 by [5] has shown as the scour phenomenon, even at 
its early stages could induced a non-negligible variability of the transverse modal shape of a 
masonry arch bridge selected as case study, thus opening the way to mode-shape based scour 
monitoring techniques. Very recently (in 2021) the work of [26] presented an approach to detect 
stiffness loss arising due to scour based on relative changes of vertical-pier mode shape ampli-
tudes, by testing the method through a scaled experimental model of a bridge traversed by a 
vehicle. 

Within this framework and as follow-up of [5], the present paper focuses on the effects of a 
localized scour-induced settlement of the pier on the modal properties (i.e., frequencies and 
mode shapes) of multi-span masonry arch bridges. In particular, the investigation initiated in 
[5] is herein extended to bridges with three different geometries: 7-spans 130 m length, 5-spans 
100 m length, 3-spans 50 m length. For each of the three bridges an accurate 3D finite element 
model is first developed in Abaqus [27], accounting for both mechanical and geometrical non-
linearities; then numerical simulations are performed to assess the modal response sensitivity 
at different stages of the scour process evolution (a single pier is assumed to experience scour). 

2 CASE STUDIES 

A masonry arch bridge typology very common in the existing Italian infrastructural stock 
(but also diffused in Europe and worldwide) is considered in this study, and three different 
geometric schemes are analysed: a 7-spans bridge (131.20 m long), a 5-spans bridge (98.80 m 
long) and a 3-spans bridge (54.40 m long). 

All the bridges have the following features [5, 28] in common: the spans are 16.00 m long; 
the piers are all identical with a plan size of 9.5 m x 3.2 m, excluding the extreme circular parts 
with a radius of 2.0 m along the transverse direction (Y direction); the arches have thickness of 
0.95 m and a radius of 11.58 m; spandrel walls have thickness of 0.65 m; the pier foundations 
have a rectangular plan shape of 11.00 m x 3.90 m and their height is 4.15 m. More details 
about the bridge geometry are given in Figure 1,The longitudinal views of the bridges are pro-
vided in Figure 1; two sections (one transversal and one longitudinal) are shown in Figure 2. 
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Figure 1. Longitudinal view and geometries of the three case studies. 

Figure 2. Sections and details common for all the masonry arch bridges. 

The materials mechanical properties are taken from [5] and are based on both in-situ and 
laboratory characterization tests. Table 1 provides a summary of the main mechanical properties 
of the bridge materials, in terms of density Young’s modulus E, yield stress in compression 
fy,c (or cohesion c for what concerns the backfill) and peak tensile stress fy,t. 

Table 1. Material properties. 

Material 
[-] [t/m3] 

E 
[kN/m2] 

c - fy,c 
[kN/m2] 

fy,t 
[kN/m2] 

Masonry (Arches & Spandrels) 1.80 3100000 2000 150 

Masonry (Piers) 1.75 2900000 2000 150 

Backfill 1.70 250000 10 0 

Abutment 1.90 300000 - - 
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Riverbed features are assumed according to the case study analysed in [5], where both geo-
physical and mechanical soil characterizations were achieved through a set of in-situ tests and 
laboratory tests. The riverbed properties, made of with highly dense gravel and sands (alluvial 
deposit extending 27 m below the surface), are collected in Table 2 (friction angle , Young’s 
modulus E, Poisson’s ratio , shear modulus G, soil density , and average shear waves velocity 
vs). 

Table 2. Soil parameters. 

 
E 

[kN/m2]  
G 

[kN/m2] [t/m3] 
vs 

[m/s] 

38 1065000 0.45 370000 2.0 430 

3 MODELLING STRATEGY 

3.1 General details of the finite element model and material constitutive laws 

A 3D model of each case study (Figure 3) is developed in ABAQUS 2017 [27] by following 
the strategy adopted in [5] and briefly recalled below.  

The bridge model is built by using continuum solid linear hexahedral 8-nodes elements of 
type C3D8R, with 6 degrees of freedom per node.  

A coarser mesh is attributed to master parts in defining contact pairs interaction, in order to 
avoid penetration at the interface. Moreover, the mesh discretisation is set in order to attain of 
a good trade-off between results’ accuracy and computational effort, with element dimensions 
varying between 0.35 m and 0.75 m. 

The model accounts for both geometrical and mechanical nonlinearities. 
The behaviour of the masonry components in the linear elastic field is described by assigning 

the properties summarised in Table 1. The non-linear behaviour is described through the Con-
crete Damage Plasticity (CDP) model with the parameters reported in [5].  

For the fill material, a linear elastic model is employed, together with a Mohr-Coulomb fail-
ure criterion, characterized by a friction angle of 55° and a cohesion of 10 kN/m2. 

As schematically shown in Figure 4, the interaction between the different bridge components 
is simulated by means of the following nonlinear frictional/cohesive interfaces [4, 5, 10] (see 
[5] for a detailed discussion of the topic): a frictional interface is used to describe the interaction 
between the fill and the other bridge components along the tangential direction (the tangential 
behaviour is characterised by a friction coefficient of 0.60); a “hard-contact” behaviour is as-
sumed along the normal direction, allowing separation but preventing penetration between the 
parts in contact; cohesive interactions are used for the other interfaces (i.e., spandrel-to-arch, 
spandrel-to-pier and arch-to-pier), simulating the behaviour of mortar joints between the parts. 
Moreover, a damage criterion is introduced, whose initiation is governed by the attainment of 
the maximum nominal stress values along the normal and tangential directions, equal to fn,max = 
150 kN/m2 (Table 1) and ft,max = 1.4∙fn,max = 220 kN/m2, respectively. The damage evolution is 
described by the Benzeggagh-Kenane mixed mode fracture criterion, with a power-law expo-
nent of 2.2, and the values of normal and shear fracture energies are assumed equal to Gf,n = 
0.05 kN/m and Gf,s = 0.10 kN/m, respectively. To improve convergence, a damage stabilization 
criterion is also used, by defining a viscous coefficient of 10-5 kNs/m. 
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(a) 

(b) 

(c) 
Figure 3. Finite element models: (a) 7-spans, (b) 5-spans and (c) 3-spans bridge. 

Figure 4. FE model with highlighted materials interface types. 

3.2 Scour numerical simulation 

A Winkler modelling approach is employed to describe the soil-foundation interaction 
(Figure 5). The relationship between the soil pressure and the corresponding settlement is de-
scribed through the following set of equivalent soil stiffness constants (Table 3) 

, with  (kN/m) provided by Gazetas [29] and  founda-

tion areas. However, different impedances formulations [30] might also be used. 

Figure 5. Impedances along the x, y, z directions 

Table 3. Soil stiffness constants. 
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[kN/m3] [kN/m3] [kN/m3] 

220000 420000 940000 

The scour process evolution is numerically modelled according to the simplified procedure 
proposed in [5], which can be synthetised as follows (Figure 6): 

The hole shape is described by a constant inverted pyramidal form [4].
The vertex of the pyramid is assumed along a vertical line passing through the centre of
the upstream face of the pier, the upstream slope of the hole is taken equal to friction
angle at rest of the soil, , whereas the downstream slope is approximately half that value,
consistently with [2].
The scour hole slope along the direction perpendicular to the flow is equal to 5/6∙ .
Being the shape of the scour hole fixed, the hole geometry is completely defined by the
maximum scour depth ys, identifying the scour hole vertex, and by the value of the fric-
tion angle of the soil.
A time-history analysis is performed in Abaqus in which, at each time step, the level of
the maximum scour depth is increased and the depth of the centroid of each cohesive
element representing the foundation-soil interaction is compared with the depth of scour
at the same location: if the element centroid is within the scour hole, then the element is
deactivated.
In this study, the simulation of the deepening of the scour hole is described by consider-
ing 8 discrete steps.

Figure 6. Scheme of scour progression modelling. 

Step 0 corresponds to the starting condition, with gravity loads acting on the bridge (self-
weight loads plus a uniform pressure of 6.6 kN/m2 simulating the road pavement loads) and no 
scour. From Step 1 to Step 7, the scour development is simulated by considering increments of 
ys equal to 1.0 m per step, for a total maximum scour depth of 7.0 m attained at Step 7, corre-
sponding to an excavation of 3.0 m under the base of the pier’s foundation (whose height is 
4.15 m).  

At the end of step of analysis, a eigenvalues analysis is performed in order to evaluate the 
modal shapes and he frequencies of the bridges at the current state (i.e., at the current level of 
scour). Further details about the simulation and the solver setting are given in [5]. In this study, 
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the scour is assumed to occur on one single pier only, corresponding to the most extreme one 
(i.e., near the right abutment). 

4 SCOUR INFLUENCE ON BRIDGES DYNAMIC PROPERTIES 

In this section the influence of the scour progression on the modal properties of the three 
bridges is assessed. In particular, for each bridge configuration, the modification of the trans-
versal modal shapes is graphically displayed (Figure 7, Figure 8, Figure 9); it is worth noting 
that the sequence of mode shapes shown in the figures should be read from the top (no scour 
taking place) to the bottom (maximum scour excavation). 

 The variation of the corresponding natural frequencies is reported as well (Table 4 and Table 
5): Table 4 illustrates the evolution of the frequency with the scour depth progression, while 
Table 5 collects the percent variation with respect to the reference value at Step 0. 

Despite the different values of the reference frequencies observed by three bridges, a com-
mon patter can be found in the results of this investigation. Indeed, the changes of the modal 
frequency are very low for increasing scour depths between 0.0 m and 4.0 m, with a percentage 
decrease of 1.5% - 2.44% at Step 4 (i.e., with ys = 4.0 m). From this point on, the effects of the 
scour on the modal frequency become more and more significant, with percentage reductions 
higher than 20% at Step 5 (i.e., 1.0 m of excavation under the pier), while very high reductions 
(>46%) are observed for ys = 6.0 m (i.e., 2.0 m of excavation under the pier).  

Table 4. Modal frequency evolution (Hz) at different scour levels. 

Bridge 
Step 0 Step 1 Step 2 Step 3 Step 4 Step 5 Step 6
0.0 m 1.0 m 2.0 m 3.0 m 4.0 m 5.0 m 6.0 m 

7-spans 6.455 6.453 6.445 6.428 6.357 5.077 3.431 
5-spans 6.048 6.045 6.031 6.016 5.952 4.750 3.199 
3-spans 6.110 6.101 6.067 6.041 5.961 4.750 3.200 

Table 5. Modal frequency percent variation (%) at different scour levels. 

Bridge 
Step 0 Step 1 Step 2 Step 3 Step 4 Step 5 Step 6
0.0 m 1.0 m 2.0 m 3.0 m 4.0 m 5.0 m 6.0 m 

7-spans 0.00 -0.03 -0.15 -0.42 -1.52 -21.35 -46.85 
5-spans 0.00 -0.05 -0.28 -0.53 -1.59 -21.46 -47.11 
3-spans 0.00 -0.15 -0.70 -1.13 -2.44 -22.26 -47.63 

If from one side the frequency changes remain negligible for a “long time” of scour process 
evolution, the mode shapes (Figure 7, Figure 8, Figure 9) are found to be more sensitive to the 
effect of scour. Indeed, a non-negligible variability of the transverse mode shapes is observed 
on all the three bridges starting from the early stages of the scour phenomenon, i.e., for ys  be-
tween 1.5 and 2.0 m, before the stages of excavation under the pier’s foundation. As the scour 
proceeds, the mode shape becomes always more local and interesting the subsiding pier. 
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Figure 7. Transverse mode shapes variation for different scour depths. 

Figure 8. Transverse mode shapes variation for different scour depths. 

ys = 5.0 m
(Step 5)

ys = 6.0 m
(Step 6)

ys = 1.0 m 
(Step 1)

ys = 2.0 m 
(Step 2)

ys = 3.0 m 
(Step 3)

ys = 4.0 m
(Step 4)

ys = 0.0 m 
(Step 0)
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Figure 9. Transverse mode shapes variation for different scour depths. 

5 CONCLUSIONS 

The effects of a localized scour-induced settlement of the pier on the modal properties (i.e., 
frequencies and mode shapes) of masonry arch bridges are analysed. As extension of the study 
of [5], bridges with three different geometries (130 m length, 100 m length, 50 m length) are 
analysed by simulating the scour evolution under the piers and by monitoring the modal re-
sponse at different stages of the excavation. Accurate finite element models are developed in 
Abaqus, accounting for both mechanical and geometrical nonlinearities.  

No significative differences are observed among the analysed case studies, characterised by 
different geometries but equal static scheme, materials and boundary conditions. The results of 
[5] and the relevant main conclusions thus still hold and can be summarised as follows: 

are negligible if the scour depth involves only the lateral sides of the foundation.
The modal frequency changes become noticeable (higher than 20%) only when the soil
underneath the pier is eroded; for this reason, the suitability of a frequency-oriented identi-
fication system based on ambient vibrations might be compromised.
Conversely, the transverse mode shapes exhibit a very high sensitivity to scour, even at the
early stages of the phenomenon; in light of this, a mode shape-oriented identification system
might be appropriate for monitoring the scour evolution over the time and thus intervene
timely in order to avoid failure or damage development on masonry bridges.

However, the study shall be extended to a wider set of case studies in order to verify the effec-
tiveness of the proposed OMA-based identification technique as a scour monitoring and early 
warning strategy in those cases in which scour affects a larger number of piers (scour on a single 
pier is analysed in this work). 

ys = 5.0 m
(Step 5)

ys = 6.0 m
(Step 6)

ys = 1.0 m
(Step 1)

ys = 2.0 m
(Step 2)

ys = 3.0 m
(Step 3)

ys = 4.0 m
(Step 4)

ys = 0.0 m
(Step 0)
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Moreover, un undergoing study is aimed at developing a probabilistic hazard discharge model 
accounting for the scour refill process due to live-bed flood conditions, based on the recent 
work [31]. This hazard model will be exploited within a time-dependent risk assessment prob-
abilistic framework for bridges, which may also integrate other source of hazards (e.g., earth-
quakes [32]). 
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