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ABSTRACT: Masonry arch bridges are stiff structures which are very sensitive to foundation 

settlements produced by scour and undermining events. This paper deals with a new approach to 

monitor scour-induced damage that can lead to a full collapse of the bridge. The attention is 

focused directly on the modal properties variation in order to recognize the development of 

dangerous situations. A scaled experimental model of a masonry arch bridge was built to study 

the evolution of the damage mechanism related to the application of foundation movements. 

Some flume tests were carried out to characterize the soil erosion and the analyses performed on 

a reference FE model allowed to plan a detailed structural health monitoring procedure. Modal 

properties were estimated through a dynamic identification of the acquired vibration signatures. 

Damage levels of increasing intensity are simulated through the application of pier settlements 

and rotations. 

 

 

1 INTRODUCTION 

Masonry arch bridges represent a precious historical heritage that need to be protected in many 

countries all around the world. These old structures can compete with recent bridges built with 

more performing materials for resistance and durability. The erosion of soil around and under 

the piers foundation induced by scour and undermining events respectively threatens multi-span 

arch bridges more than any gravity load. Foundation settlements deriving from the soil support 

loss result to serious structural damage which led to a full collapse of the bridge in many of the 

observed cases. 

Up to now, a large number of scour monitoring methods based on geophysical techniques have 

been studied but none of them seems to be able to face the problem convincingly. Monitoring of 

hollows depth is not possible during flood events, when scour phenomenon reaches its highest 

magnitude, and often altered by the presence of debris. Another important drawback of these 

methods concerns the impossibility to provide information about the health state of the bridge. 

In this context a structural health monitoring approach represents an useful tool to remotely 

detect the occurrence of hidden damage growing in time and to identify those situations that 

really need for an intervention. In this work the variations in the bridge dynamic behaviour is 

assumed as a structural symptom sensitive to damage and the reliability of modal properties to 

warn against the development of cracking mechanisms is investigated on a scaled masonry arch 

bridge experimental model. In the next sections more details about scour events and their 
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consequences on historical arch bridges are given and the results of the dynamic identification 

of the experimental model are presented. 

2 SCOUR AND UNDERMINING EFFECTS 

2.1 The hydro-geological phenomenon 

Local scour and undermining represent a serious danger for any typology of bridge crossing a 

river and for arch bridges in particular due to their sensitivity to the bearings loss. Since they are 

often hidden and difficult to foresee, these phenomena are causes of most of the observed 

masonry bridges failures and collapses.  

Local scour is an accentuated erosion of the stream bed material due to higher flow velocities 

and formation of vortices around the bridge piers and abutments base. The action of the vortices 

removes the stream bed material around the base of the obstruction leading to the creation of a 

scour hole. If the foundation base is not deep enough the erosion can also involve the river bed 

material under the foundation. In this case an undermining effect is experienced, whose 

consequences are unbearable for any kind of bridge.  

The shape and dimensions of scour hollows depend on several factors, for instance the stream 

velocity, the bridge piers geometry, the average soil particles diameter, etc. The piers of a 

masonry arch bridge are commonly solid elements involving the whole bridge width and laying 

on simple rectangular foundation base, eventually supported by wooden driven piles. The 

foundation geometry deeply influences the development of the river bed erosion, which is more 

pronounced in the upstream section, and its consequences on the bridge structural behaviour.  

2.2 The structural consequences 

Flood events are usually associated with scour phenomena and removal of the foundation soil 

support. From the erosion of the stream bed material around the pier foundation produced by 

local scour both direct and related damage states derive.  

Further supporting elements, like wooden or steel piles for example, can be exposed and fail 

because of corrosion, rotting or debris impact. Moreover, the reduction of the footprint around 

and under the foundation base decreases the global bridge stiffness along the longitudinal and 

vertical direction respectively. The progressive loss of the foundation soil supporting action is 

cause of the most dangerous effects. The hollows produced by scour around the rectangular 

piers of historical arch bridges have the deepest dip at the upstream section while downstream 

sections could not be mined. Differential settlements of the foundation occur, see Ozaeta (2006). 

 

Figure 1. Multi-arch mechanism induced by scour (Ozaeta 2006). 
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Foundation settlements and rotations result to serious structural damage which threaten the arch 

bridge integrity. The bridge complete failure is anticipated by the development of cracking 

mechanisms on the arch barrels with formation of hinges at the springing and crown sections. 

Multi-arch mechanisms can be experienced and the full collapse is reached when the number of 

formed hinges is sufficient to turn the structure into an hypostatic configuration, as depicted in 

Figure 1. The cracking pattern on the arch barrels increase with the development of the 

foundation settlement but still remains hidden and difficult to be detected by human eye as long 

as the mechanical failure of the masonry elements leads to the collapse. The progressive 

stiffness reduction affects the global dynamic behaviour, whose variation is a sensitive symptom 

of the incipient damage state. This fact justifies the application of a structural health monitoring 

procedure, see Sohn et al. (2003), to assess the masonry arch bridges integrity against scour 

events. A scaled model of a twin-span historical arch bridge is used to test the feasibility of the 

proposed approach through both numerical analyses and experimental investigations.   

3 SCOUR SIMULATION ON A MASONRY ARCH BRIDGE MODEL 

3.1 The experimental model 

The 1:2 scaled arch bridge model shown in Figure 2 is 5.90m long and 1.6m wide and it was 

built with handmade clay bricks also scaled to 130x65x30mm. The prototype this model comes 

from is not a real existing bridge but was designed taking into account common features, 

geometric proportion laws and historical design codes of masonry arch bridges, according to 

Page (1993). Low compressive strength elements were chosen and a mortar with poor 

mechanical properties was used to bound them in order to reproduce typical materials of 

historical constructions. The two arch barrels are supported at the edges by two masonry 

abutments. The backfill material loading the arch barrels is retained by longitudinal and 

transversal spandrels walls. The mid-span pier, supposed to be placed on the riverbed, is located 

on a settlement application system, expressly designed to simulate the scour effect. This device 

allows the application of different settlement profiles resulting in structural damage of 

increasing extent. In order to introduce a sequence of settlements coming from a realistic scour 

event, the results of some hydraulic flume tests carried out on a small scale model of the pier 

were employed. 

 

Figure 2. The masonry arch bridge model built in the laboratory. 
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3.2 The scour simulation 

The hydraulic model was designed scaling the pier dimensions down so that the ratio between 

the length of the bridge and the width of the pier was maintained. The bottom section of the pier 

scaled model was connected with an hypothetic foundation base. The rectangular foundation 

was dipped into the bed material, whose uniform mean diameter was 0.80 mm, while the pier 

was hung up but not allowed to move during the flume tests.  

The evolution of the soil profile produced by the induced scour was periodically monitored 

through a laser scanner acquired by a digital camera. The images taken during the tests were 

then automatically processed to define the portion of the foundation lateral face not covered by 

the bed material at each time step. The corresponding portion on the arch bridge model will be 

freed from the polystyrene ring surrounding the bottom part of the pier to simulate the reduction 

of the lateral restrain at the foundation base. 

Also the undermining effects were experienced in the flume tests, especially when the 

foundation base was not excessively dipped in the bed material. The erosion of the soil 

underneath the foundation, and consequently the loss of its bearing action, is simulated in the 

experimental model through the settlements application device previously described. 

Numerical analyses performed on a finite element model (FEM) of the bridge and its foundation 

allowed to estimate the settlements required to faithfully reproduce the undermining of the bed 

material on the structural model. A set of Winkler’s springs, used to model the soil layer under 

the foundation base, was progressively removed according to the results of the laboratory tests. 

The vertical settlements and rotations of the pier base were considered after each springs set 

removal and recreated as prescribed displacements on a FE reproduction of the laboratory 

model. The same movements will be replicated also on the structural model acting on the 

settlement application system in order to assess the numerical simulations reliability.  

4 THE DYNAMIC IDENTIFICATION OF THE EXPERIMENTAL MODEL 

4.1 The FE analyses 

The numerical analyses performed on the FE model of the arch bridge allowed to understand the 

stress pattern evolution with the settlements application at the pier base and consequently to 

identify the points on the structure that need to be monitored carefully. Increasing the vertical 

displacements at the upstream pier section, a global asymmetric response of the bridge occurs. 

The highest levels of positive stress in the arch barrels are experienced at the springing sections, 

as shown in Figure 3. Although a linear elastic analysis was carried out, the comparison with the 

results of the destructive tests performed on some masonry samples allowed to identify the 

location of cracks on the arch barrels.  

 

  

Figure 3. FEM simulations of scour effect (left) and stress pattern after displacements application (right). 
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Natural frequencies and modal shapes were obtained from the same FE model in the healthy 

state and are reported in Figure 4. These modal parameters were used to characterise the 

reference system that will be compared with the damaged situations later introduced in the test 

model. Due to the huge uncertainties affecting the mechanical properties of masonry structures, 

the reliability of these numerical simulations results have to be assessed carefully. The dynamic  

identification applied on the experimental arch bridge model provided the term of comparison 

required for the FEM validation. 

4.2 The vibration signatures acquisition 

Several dynamic response acquisitions were carried out on the bridge model using a set of 13 

unidirectional capacitive accelerometers. Four “fixed” accelerometers were kept on the mid-

span section of each arch barrel, while the others were moved from a configuration to another as 

illustrated in Figure 5. For each setup the accelerometers were placed in the points depicted with 

the filled markers. The sensors were mainly placed along the edges of the arch barrels, at the 

springing sections and on the frontal faces of the pier in order to obtain a good mode shapes 

resolution and to maximize the modal deformations as suggested by the modal analyses results. 

The acceleration signals were acquired at a sampling frequency of 400 Hz under both ambient 

noise and impact hammer excitation in order to investigate also the higher modes.  

 

   

Mode 1: 33.7 Hz Mode 2: 33.8 Hz Mode 3: 36.8 Hz 

   

Mode 4: 50.9 Hz Mode 5: 60.3 Hz Mode 6: 63.2 Hz 

   

Mode 7: 69.2 Hz Mode 8: 83.3 Hz Mode 9: 88.8 Hz 

Figure 4. Numerical natural frequencies and mode shapes. 

4.3 The applied identification techniques 

In recent years, time domain identification techniques became a standard in civil structure 

monitoring as stressed in Cunha & Caetano (2007), thanks to the great spectral resolution 

offered and to their modal uncoupling capability. Accordingly, in this application the 
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Eigenvalue Realization Algorithm (ERA) was used to analyse free decay responses, whilst 

ambient vibration signals called for a Stochastic Subspace Identification (SSI). 

The ERA method adopts the state space formulation associated to the equation of motion which, 

written in the discrete time form, leads to: 

{ } [ ]{ } [ ]{ }kkk BuAu δ+=+1  (1) 

{uk} represents the state vector, and {δk} stands for impulse excitation. Assuming that at the 

initial time it is {uk}={0} and knowing that {δ0}={1,0,…0}
T
 and {δk}={0} at k > 0, for all 

subsequent time intervals we can write: 

{ } [ ] [ ]BAu
k

k
1−

=  (2) 

and by considering all loading points, we find: 

[ ] [ ] [ ]BAX
k

k
1−

=  (3) 

k matrices [Xk], which represent the measured signals (or their RD functions when working with 

ambient measurements), are generally referred to as “Markov parameters” and can be organised 

in a Hankel matrix. A Single Value Decomposition (SVD) is performed on the Hankel matrix to 

reconstruct (3) from redundant data. This process is known as realisation and it entails the 

determination of the [A] and [B] matrices. 

There is an infinite number of sets of matrices that satisfy (3) since there is an infinite number of 

realisations for the system; the aim is to obtain the realisation which, while giving origin to the 

state space formulation with the lowest degree, still represents the dynamic behaviour of the 

structure. Accordingly, modal quantities will be extracted from the following eigenvalue 

problem:  

[ ] [ ][ ]{ } { }0=Ψ− uAIs  (4) 
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Figure 5. Sensors configurations. 
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When ambient excitation is considered, the input is unmeasured and equation (1) becomes: 

{ } [ ]{ } { }kkk euAu +=+1   (5) 

A Stochastic Subspace Identification (SSI) starts by building large block Hankel matrices from 

the output sequence, divided up in ‘past’ and ‘future’ data matrices as in Juang & Pappa (1984). 

The Kalman filter state sequence can be obtained by projecting the row space of the future block 

Hankel matrix, into the row space of the past block Hankel matrix. This can be done using the 

concept of angles between subspaces, which is a generalization of the angle between two 

vectors. Once that state sequence is obtained, the estimation of the system follows from solving 

a least squares problem. 

The SSI methods require the assumption that {ek} is constituted by white noise. If this 

assumption is violated, the main frequencies contained in the input signals cannot be separated 

from the authentic modal components, when solving the eigenvalue problem. The technique 

used for this application is the third algorithm considered in the unifying theorem by Van 

Overschee & DeMoor (1996). This method is often referred to as the “Canonical Variate 

Analysis” (CVA) and is due to Larimore (1990). As far as damping estimation is concerned, the 

accuracy afforded by current methods usually is not fully satisfactory. In this particular 

application, due to the availability of records, it was deemed to average among several 

identification results, rather than using more specific tools as in Ceravolo (2004). 

4.4 The reference system characterization 

The natural frequencies identified through the ERA method for impact hammer excitation are 

listed in Table 1 with the corresponding damping ratios. Damping ratios obtained from free 

decay tests were seen to be less noisy than those resulting from ambient noise identification, as 

expected. The modal shapes referred to some of the natural frequencies extracted from the 

impact hammer acquisitions are shown in Figure 6. Vertical modal displacements are plotted 

along the arch lines, while longitudinal and transversal distortions of the pier are depicted in the 

horizontal plane. 

A good agreement between numerically computed and experimentally identified modal shapes 

is recognized. Otherwise, identified and calculated natural frequencies seem to be shifted, in 

particular for the lower modes. This reason could be found in the uncertain boundary conditions 

and material properties introduced in the FE model. In order to model the flexible support of the 

settlement application system some translational springs, whose stiffness parameters depend on 

the bridge model and the bearing interaction, were used. Also the mechanical properties of the 

employed materials represent an unknown difficult to define. However, the same identified 

values that will be later used to detect the damage conditions introduced in the model, can be 

employed to tune the numerical model. 

Table 1. Modes identified through the ERA method (damping ratio standard deviation lower than 0.05) 

Mode # Frequency [Hz] Mean Damping ratio [%] Description 

1 35.9 2.5 1
st
 vertical bending 

2 37.2 4.1 1
st
 longitudinal bending 

3 37.6 4.0 1
st
 lateral bending 

4 46.5 2.0 1
st
 torsional bending 

5 60.4 1.3 2
nd

 lateral bending 

6 63.3 4.8 2
nd

 longitudinal bending 
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5 CONCLUSIONS 

A methodology to take scour effects on the piers of masonry arch bridges into account was 

presented. An experimental scaled model was built in the laboratory to recreate the typical 

settlements produced by scour soil erosion at the rectangular foundation of historical bridges. A 

complete dynamic characterization of the undamaged configuration was accomplished leading 

to the extraction of modal frequencies, shapes and damping ratios. These identified parameters 

are meaningful symptoms whose variations are sensitive to damage and can warn against the 

development of cracking mechanisms. They could be easily integrated in a structural health 

monitoring procedure to remotely detect the occurrence of hidden damage induced by scour 

events and to plan intervention when required.  
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Figure 7. Identified mode shapes: impact hammer excitation. 
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