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ABSTRACT: A scaled model of a two-span masonry arch bridge has been built in order to investigate the effect of the central pile settlement due to riverbank erosion. The bridge geometry and the structural details, included the masonry bricks and mortar joints, are realized in the scale 1:2. The model bridge has been equipped
with different Non Destructive Testing (NDT) instruments, including accelerometers, displacement transducers LVTD, strain gages, optic fibres strain sensors, and Acoustic Emissions (AE). Although this technique has
been already attempted in the past, a relation between the AE count and location, and the structural integrity
has only recently been proposed by the authors, and it is useful to verify its applicability in the case of imposed differential settlement induced by the pier scour. The model bridge has been subjected to incremental
settlement of the pile, which was sustained on a mobile support. The exact mechanism and temporal evolution
of the pier scour has been investigated numerically and experimentally by mean of an hydraulic model. In the
present paper a detailed description of AE data and damage localization is provided. During the first stage of
the settlement, the AE counting has been recorded. Based on the interpretation of the AE rate, it is possible to
monitor the criticality of the ongoing process. In addition, thanks to an equipment with six AE piezoelectric
transducers, it is possible not only to detect the ultrasonic emissions, which are due to the propagation of
cracks, but also to locate the main damage zones. The evolution of damage has been also interpreted numerically with the aid of a finite element program able to predict the nucleation and propagation of fracture. In this
way, some criteria for the monitoring and interpretation of full-scale structure cracking are provided for the
assessment in presence of riverbank erosion phenomena.
1 INTRODUCTION
Masonry arch bridges are extremely stiff structures,
which are well suited to sustain high gravity loads
but are very vulnerable with respect to differential
settlements of the supports. In the case of multi-span
arch bridges traversing rivers, the phenomenon preferably takes place in occasion of the flood peaks.
The pier scour is one of the worst dangers for the integrity of historical bridges.
It is worth noting that the problem has a very important social impact, especially in countries like Italy that have a wide historical heritage. Consider
that, even limiting the case to the northern region
Piedmont, the masonry bridges are a few hundreds.
In recent years, different approaches have been attempted for monitoring the evolution of the phenomenon and to provide the necessary warning in
the case of structural collapse. The main weak points
of such techniques are that they cannot be used during the flood peaks and that they provide poor information about the overall integrity of the bridge.

In this context, structural monitoring (Carpinteri
& Bocca, 1991) can be an effective complement to
hydro-geological monitoring, since it could provide
information about the propagation of damage and on
the necessity of a quick intervention. The NDT combined approach, with the use of dynamic analysis,
optic fibre sensors, and AE acquisitions, provides a
slightly invasive procedure, which is particularly targeted to historical cultural heritage. On the other
hand, performing different types of acquisitions and
analyses is the only way to increase the robustness of
the integrity assessment.
Among the different NDT's, the AE will be considered with more details in the following (Othsu,
1996), in combination with the numerical model of
cracking. Although this technique has been already
attempted in the past (Royles & Hendry, 1991), a relation between the AE count and the structural integrity has only recently been proposed (Carpinteri &
Lacidogna, 2001, Carpinteri et al. 2007), and it is
useful to verify its applicability in the case of imposed differential settlement induced by the pier
scour.
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Figure 4. Laboratory tests for the mechanical characterization
of the masonry: compression test (a); diagonal compression test
(b); three point bending of a masonry arch (c); shear test (d).

3 NUMERICAL PREDICTION OF DAMAGE
The numerical prediction of damage has been performed developing a nonlinear finite element model
of the bridge with the help of the commercial code
iDIANA (Manie, 2009). The geometry of the model
accounts for all the main parts of the bridge: the masonry arches and the pier, the masonry abutment and
the underlying concrete foundation, the masonry
containment walls above the arches, the filling material, and, above all, the poor quality concrete slab. In
addition, the polystyrene cushion below the masonry
pier has been explicitly modelled, as well as the interface in correspondence of the movable support
under the pier and the additional load on top of the
bridge. In a first instance, the geometrical nonlinearity has been disregarded. On the other hand, all the
potential sources of mechanical nonlinearity have
been considered. In order to assess the damage localization in the model, a smeared crack approach was
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The material parameters kcvg and ksvg and g1 can
be calibrated by fitting experimental data relevant to
free (evaporable) water content in concrete at
various ages (Di Luzio & Cusatis 2009b).
Figure 8. Smeared crack pattern corresponding to the maximum
differential settlement (2 mm).
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where ∂we/∂h is the slope of the sorption/desorption
isotherm (also called moisture capacity). The
governing equation (Equation 3) must be completed
by appropriate boundary and initial conditions.
The relation between the amount of evaporable
water and relative humidity is called ‘‘adsorption
isotherm” if measured with increasing relativity
humidity and ‘‘desorption isotherm” in the opposite
case. Neglecting their difference (Xi et al. 1994), in
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as a function of time and compared to the stepwise
application of the differential settlement. The cumuProceedings of FraMCoS-7, May 23-28, 2010
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where the first term (gel isotherm) represents the
physically bound (adsorbed)
water and the second
Imposed displacement
term (capillary isotherm)
represents the capillary
water. This expression is valid only for low content
of SF. The coefficient G1 represents the amount of
water per unit volume held in the gel pores at 100%
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The material parameters kcvg and ksvg and g1 can
be calibrated by fitting experimental data relevant to
free (evaporable) water content in concrete at
various ages (Di Luzio & Cusatis 2009b).
2.2 Temperature evolution
Note that, at early age, since the chemical reactions
associated with cement hydration and SF reaction
are exothermic, the temperature field is not uniform
for non-adiabatic systems even if the environmental
temperature is constant. Heat conduction can be
described in concrete, at least for temperature not
exceeding 100°C (Bažant & Kaplan 1996), by
Fourier’s law, which reads
q

= − λ ∇T

(7)

where q is the heat flux, T is the absolute
temperature, and λ is the heat conductivity; in this
Figure 12. Number of acoustic events in each competence area.
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Figure 13. Evolution of the acoustic emission rate.

Figure 13 shows the evolution of the AE rate as a
function of the imposed displacement. The first stage
presents a steeper slope, due to the extremely brittle
nature of the fracture nucleation.
On the other hand, the AE rate converge to a
lower level as the settlement increases. This reveals
a quite stable crack propagation process. It is expected that the AE rate will increase again when the
system, due to the evolution of the imposed displacement, will reach a critical stage.
4.1 Numerical simulation of fracture
The experimental crack pattern was acquired by a
careful visual inspection as well as by means of
LVDT and optical fibre sensors.
Crack 1

Crack 2

Crack 3

Crack 4

Figure 14. Comparison between the experimental and numerical crack pattern.
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ratio, cement chemical composition, SF content,
curing time and method, temperature, mix additives,
etc.). In the literature various formulations can be
found to describe the sorption isotherm of normal
concrete (Xi et al. 1994). However, in the present
paper the semi-empirical expression proposed by
Norling Mjornell (1997) is adopted because it
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where the first term (gel isotherm) represents the
physically bound (adsorbed) water and the second
term (capillary isotherm) represents the capillary
water. This expression is valid only for low content
of SF. The coefficient G1 represents the amount of
water per unit volume held in the gel pores at 100%
relative humidity, and it can be expressed (Norling
Mjornell 1997) as
c α c+ ks α s
G (α c α s ) = k vg
c vg s
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where kcvg and ksvg are material parameters. From the
maximum amount of water per unit volume that can
fill all pores (both capillary pores and gel pores), one
can calculate K1 as one obtains
w

0

K (α c α s ) =
,

1

⎡
⎢
−
⎢1 −
1
⎢
⎣

α s + 0.22α s G

− 0.188

c

s

⎛
10⎜
⎝

e

⎛

10⎜

e

g αc − αc h
−
∞

1

⎞
⎟
⎠

⎝

g α c∞ − α c ⎞⎟h ⎤⎥
1

⎠

⎥
⎥
⎦

(6)

1

The material parameters kcvg and ksvg and g1 can
be calibrated by fitting experimental data relevant to
free (evaporable) water content in concrete at
various ages (Di Luzio & Cusatis 2009b).
2.2 Temperature evolution
Note that, at early age, since the chemical reactions
associated with cement hydration and SF reaction
are exothermic, the temperature field is not uniform
for non-adiabatic systems even if the environmental
temperature is constant. Heat conduction can be
described in concrete, at least for temperature not
exceeding 100°C (Bažant & Kaplan 1996), by
Fourier’s law, which reads
q

= − λ ∇T

(7)

where q is the heat flux, T is the absolute
temperature, and λ is the heat conductivity; in this

