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Abstract

Structural Health Monitoring (SHM) represents a strategic solution for the preservation of cultural heritage buildings. Existing
masonry structures often suffer reductions in mechanical performances due to physiological aging of material constituents, external
actions, and effect of catastrophic natural events. In many cases, the prompt prediction of damage in masonry elements is difficult
and it can cause sudden collapses, compromising the safety of people.

The proposed experimental study examines the effectiveness of two low-cost and innovative stress sensors, i.e. piezoelectric and
capacitive stress sensors, for SHM of masonry structures. To this scope, the sensors were embedded in the mortar joints of two
small-scale clay brick and calcarenite masonry wall specimens consisting of three panels. Experimental tests were carried out by
applying a constant vertical compressive load at the top of each specimen and simulating the damage with a progressive reduction
of the cross-section of one of the panels. During the tests, the vertical stress distributions (and their variations), were monitored by
the sensors. Experimental outcomes from sensor reading were then compared to that numerically provided by a refined finite
element simulation of the test. Results will show that vertical stress variations in masonry structures can be effectively accounted
by the adopted sensors and potentially interpreted for the early prediction of structural damage.
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1. Introduction

In recent years, the huge growth of the capabilities of smart sensing technology and artificial intelligence, has
attracted the scientific community towards the assessment of near-real-time performance of civil structures and
infrastructures (Sohn et al. 2003, Balageas et al. 2010, Farrar and Worden 2012, Sony et al. 2019). Special attention
has been addressed to the existing built heritage, firstly because of the natural aging process and deterioration of
materials, which undermines the structural safety under service and extraordinary loads. The need for a permanent
monitoring system, able to provide useful real-time information to control the current safety levels and service
conditions over the time, led to the development of new generations of low-cost sensors both for static and dynamic
monitoring. During the last decade, the development of high-speed internet and the birth of cloud-based services and
big data platforms, where artificial intelligence algorithms can be applied for data processing, have enhanced the
capability of structural health monitoring.

As regards sensors, special attention has been paid to new-generation low-cost sensors, based on Micro Electro-
Mechanical Systems (MEMS) technology. These sensors recognize micro-movements of micrometric mechanical
systems. MEMS include inclinometers, accelerometers and magnetometers. Besides MEMS technology, new stress
sensors based on piezoresistive or capacitive technologies delineate an emerging category of monitoring devices.
Piezoresistive stress sensors with ceramic sensing package have been already used embedded in concrete structures,
while capacitive stress sensors are available only as prototypes and are still under test. Both the sensors are thought to
be used in new and existing structures although with different modalities of installation. The potential use of
piezoresistive and capacitive stress sensors for SHM of masonry structures has been also recently tested at the Material
and Structures Test Laboratory of the University of Palermo (La Mendola et. al. 2021a). In this case sensors were
embedded within the mortar bed-joints of 12 masonry wall specimens subject to compression. Results have shown a
good capability of pre-installed piezoresistive ceramic and capacitive sensors to capture the vertical stress variation in
the masonry as a consequence of the external loads directly applied on the specimens, while their performance in the
post-installed configuration is ongoing in a separate investigation.

In the framework of real-time SHM of masonry structures, embedded sensors are thought to be used to predict
potential structural damage as a consequence of the modification of the internal stress state, and so to provide early
warnings. Information from the embedded sensors could be also fundamental to the definition of digital twins of
masonry structures, as already occurs for civil infrastructures (Hua-Peng et al. 2018, Sheng et al. 2022).

On the other hand, it should be said that the actual stress distribution in real masonry structures is much more
complex than the one occurring on the single masonry wall panel, where these sensors have been tested. In this context,
the capability of the embedded sensors to be able to provide reliable and useful information to SHM of masonry
structures deserves additional investigation. To this aim, this paper presents an extension of the experimental study
carried out by La Mendola et al. (2021a), to an entire half-scale masonry wall composed of three panels. The tests
consisted of the application of a constant vertical load at the top of the specimen. Then the damage was introduced in
the central wall panel by a progressive reduction of its cross-section. Piezoelectric and capacitive sensors installed
within the mortar joints were used to record the vertical stresses and their variation during the tests. Stress values
recorded by the specimens were then compared to that of a refined finite element (FE) micro-model realized in Abaqus
® simulating the experimental tests. Comparison between recorded stresses and numerically obtained ones showed a
certain consistency especially for what concerns the capability of the sensors to recognized even slight stress variations.
The tests also regarded the same sensors in the post-installed configuration. However, results from this last application
are still under processing.

2. Resume on the proposed piezoresistive ceramic and capacitive sensors

Piezoresistive ceramic sensors include electronic circuits, which are based on a microcontroller with embedded
memory flash (Fig. 1a). The latter can read the low electrical signal of piezoresistive bridges and convert it into a
digital value. Since ceramic is a perfectly elastic material, a direct calculation of the stress in a given direction is
possible in the field of the elastic service stresses without any direct measure of deformation. The sensor was initially
designed to be embedded inside concrete casting tied to the rebars (Bertagnoli 2016, Abbasi et al., 2017, Anerdi et al.
2020, Abbasi et al. 2021).
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Fig. 1. (a) Piezoresistive ceramic sensors; (b) Capacitive sensors. (Figures from La Mendola et. al. 2021b)

The capacitive sensor (Fig. 1b) consists of a parallel-plate capacitor with Kapton as a dielectric layer. The sensing
area is a planar circular surface with a diameter of 40 mm. The capacitance, C, of a parallel plate capacitor is given by
the following expression:

c== (1)

where & A4 and d are the permittivity of the gap, the area of electrodes, and the gap between the electrodes,
respectively. The variation of the capacitance is related to the deformation according to the variation of the distance
between the electrode plates. The sensor reader is a signal conditioning electronics which converts the capacitance
signal to voltage, current or frequency. The reader used for capacitive sensors makes use of a microcontroller and it is
located outside the sensing part. Capacitive sensors offer different advantages including high sensitivity, high stability,
low temperature sensitivity, low production costs and durability. Even these kinds of sensors have been originally
designed to be placed within concrete members (Pappalardo et al. 2019).

The potential use of both piezoelectric and capacitive sensors to monitor normal stresses of masonry structures have
been also recently tested (La Mendola et al. 2021a) by imbedding them inside mortal bed-joints (Fig. 2). Results have
shown that both the sensors were effectively sensitive to the vertical stress variations in the pre-installed configuration.

£ o
Fig. 2. Installation of the sensors in the mortar bed-joints: (a) ceramic sensors; (b) capacitive sensors. (Figures from La Mendola et. al. 2021b)

3. Specimen details and testing modalities

The tests were carried out at the Material and Structures Test Laboratory of the University of Palermo. The
specimens consisted of two half-scale masonry walls, one made of clay bricks, one of calcarenite bricks. The typical
arrangement of the specimens is illustrated in Fig. 3a. The overall dimensions of a specimen are 2285 x 1250 mm.
Two window-openings of 387 x 430 mm are provided in the wall, so that three wall-panels of 500 x 430 mm are
formed. The bricks had standard size of 250 x 120 x 50 mm and were arranged with a M5 grade mortar (f,,,=8.36
MPa). The mechanical characterization of the bricks and of the masonry walls has been previously carried (La
Mendola et al. (2021b). The average compressive strengths of the bricks were 11.80 MPa and 23.39 MPa for
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calcarenite and clay bricks, respectively. As regards masonry, average compressive strengths were 7.36 MPa and
13.91 MPa for calcarenite and clay, respectively.

Vertical load application

. 4
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T
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Fig. 3. (a) Design details of a specimen; (b) Test setup picture for the clay brick masonry specimen.

The test setup and the instrumentation are shown in Fig. 3b. The test consisted in the application of a reference
service load from the top of the specimen by means of a hydraulic jack. The service load was 500 kN for the clay
brick walls and 300 kN for the calcarenite walls. A stiff steel beam was used to transfer approximately the same rate
of vertical load to the three wall panels. The steel beam was leaning on three steel plates having the same dimensions
of the wall panels. This allowed centering the vertical load acting on each wall panel. The test was performed in two
steps. First the vertical load was applied to simulate a service load condition for a masonry wall subject to gravity
loads. In the second step the collapse of the central panel is simulated by performing a progressive reduction of the
cross section up the complete removal of the panel. The cross-section reduction was performed in three steps: from
50 to 40 cm (Fig. 4a), form 40 to 15 cm (Fig. 4b) and finally the complete removal of the central wall panel (Fig. 4c).

Fig. 4. Damage simulation in the central wall: (a) first cross-section reduction; (b) second cross-section reduction; (c) central wall removal.

During the progressive reduction of the cross section, the vertical load was kept constant, and the vertical stress
redistribution was recorded by the sensors embedded in the three wall panels named M1, M2 and M3 (Fig. 5a). Two
sets of pre-installed sensors were arranged (Fig. 5a), one set for the piezoresistive ceramic sensors, the other for the
capacitive sensors. Each set consisted of 7 sensors. For the central panel, only one sensor per typology is placed in
correspondence of the mid-height cross-section along the central alignment (Fig. 5b). Sensors installed on M2 wall
panel could provide stress measures up to the damage step before the complete removal of the wall since they were
removed in the last step. For the external panels (M1 and M3), the sensors were placed in correspondence of the
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central alignment of the panel and in correspondence of the inner and outer sides of the wall.
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Fig. 5. (a) Sensor placement layout; (b) View of a masonry panel with the embedded sensors.

This configuration of the sensors was chosen to measure the vertical stresses at the centroid and at the extremal
points of a wall panel cross-section, in such a way to recognize the expected increase of flexural action on the external
wall panels due to the stress redistribution caused by the progressively induced damage. Ceramic and capacitive sensor
sets were also arranged in the post-installed configuration. Results from these sensors are still under processing and
will not be presented in this paper.

4. Numerical simulation of the test

The numerical simulation of the tests was carried out using a refined numerical model realized with the Abaqus®
software platform. The model was defined with 3D solid elements for the bricks, the mortar, and the steel elements
(Fig 6a). The model was realized as a partitioned continuum body (hard contact) to assign different material properties
to the bricks, the mortar and the steel members. As regards bricks and mortars, the concrete damaged plasticity model
was used, while steel elements were modelled as elastic. The material models were defined using the average
experimental values for the materials strengths reported in Section 3. The load application to the model provided first
the application of gravity load, then the application of the external load up to the reference value. The load is then kept
constant up to the end of the test (Fig. 6b). In this stage, the cross-section reduction is simulated as a staged construction
(model change function) by removing the element portions in the same way as it is done in the real test. For the sake
of space, results in the following will be only shown for the clay brick masonry wall specimen.
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Fig. 6. (a) View of the FE model; (b) Load pattern application to the model.
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Vertical stresses were monitored during the simulation of the tests. In particular, 14 measuring points were placed
in the model in correspondence of the same points where the pressure sensors were placed. An overall view of the
vertical stresses distribution and of their variation during the FE simulation is provided in Fig. 7. As it can be observed,
vertical stresses at the first step are approximately uniformly distributed on the three wall panels (Fig. 7a). The
progressive reduction of the cross-section of the central wall panel (M2) provides an increase of the compressive stress
on it. A further increase of the compressive stresses is recognized on the lateral wall panels because of the progressive
load transfer occurring. In particular, a kind of arching response of the system is recognized. The external wall panels
undergo a major normal stress increment in proximity of the inner monitoring points, meaning that these panels are
subjected to an additional flexural demand.
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Fig. 7. Vertical stresses during the test simulation: (a) load application; (b) wall reduction 1; (c) wall reduction 2; (d) wall removal.
5. Experimental and numerical test results and comparisons

The stress patterns evaluated for the refined FE model are used as reference for the comparison with the sensor
readings. Given that the measuring points of ceramic sensors and of the respective capacitive sensors vertically aligned
are really close, a unique stress measure for each alignment is used as reference from the FE model.

5.1. Results from comparisons with piezoresistive ceramic sensors

Results of comparisons between ceramic sensor readings and the reference vertical stresses measured with the FE
model are shown in Fig. 8 for all the sensors. It can be observed that the overall trend of sensor recordings reasonably
follows the FE obtained results. The different phases of the tests can be clearly distinguished from the sensor readings.
The diagrams show an initial increase of the vertical stress up to the value associated with the achievement of the
service load. The subsequent vertical stress increases occur because of the central cross-section reduction. Each cross-
section cut induces an increment of the slope of the vertical stress diagram, which is generally well captured from the
sensors. A good agreement between numerical and experimental results was also found in terms of current stress
values in most cases. In particular, the different vertical stress trend on the wall panels well reflects the rapid increase
of the compressive stress in the M2 panel due to the reduction of the cross-section (Fig. 8a) and the increment of the
flexural demand on the outer panels (Figs. 8a-8c).
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5.2. Results from comparisons with capacitive sensors

Capacitive sensors provided capacitance measures. In order to perform a qualitative comparison with the FE model
stress recordings, the capacitance readings were normalized in the same way as it was done by La Mendola et al.
2021a. In detail, the initial capacitance value (Co) was subtracted to the current capacitance values (C), so that AC=C-
Co. After, AC is normalized by the maximum capacitance variation (ACmax=Cmax-Co). In this way the normalized
capacitance is AC / ACmax (<1). Results of comparisons between capacitive sensor normalized capacitances and the
reference vertical stresses measured by the FE model are shown in Fig. 9. In this case, the comparison is only
qualitative in a double vertical axes diagram, where the maximum stress form the FE model corresponds to a
normalized capacitance of 1. Results for the M2 wall were not reported as the capacitive sensor installed in this panel
underwent some damage during the test. Overall, the qualitative comparison results in agreement with the previously
recognized trend. The capacitive sensors were able to recognize the stress variations associated with the different steps
of the test. It is noteworthy observing that the trend of the normalized capacitance after application of the vertical load

follows an approximately linear trend, instead of an exponential one. However, the relationship between capacitance
and stress for these sensors is still under investigation.
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6. Conclusions

The paper presented the results of an experimental campaign on two types of stress sensors, namely piezoresistive
ceramic sensors and capacitive sensors, embedded in mortar joints of masonry walls. The sensor performances were
tested on a half-scale masonry wall composed of three panels. The tests consisted of the application of a constant
vertical load at the top of the specimen and a subsequent progressive reduction of the cross-section of the central wall
panel to simulate the damage. Stress values recorded by the sensors placed in the specimen were then compared to
that of a refined finite element (FE) micro-model used as reference. Comparisons between sensor readings and results
from FE model allowed concluding that both the sensors can effectively capture the overall trend of the stress
variations in case of stress redistributions due to unexpected events. Ceramic sensors also allow a good estimation of
the current stress acting in the walls. Capacitive sensors have the advantage to have a low cost. Their use is currently
limited to the recognition of capacitance variations, which however can be still interpreted in the framework of SHM
of masonry structures to predict potential structural damage as a consequence of the modification of the internal stress
state, and so to provide early warnings. Results here presented refer to the sensors arranged in the pre-installed
configuration. Nevertheless, these prelaminar results are fundamental to understand the behaviour of sensors in the
post-installed configuration, whose data are currently in the data processing stage.
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