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Abstract: Historical masonry structures often suffer gradual deterioration that in many cases can
compromise the safety levels and the operating conditions of the buildings. In this context, Structural
Health Monitoring (SHM) is an effective tool for the prediction of the structural behaviour and the
state of conservation of buildings. Although many monitoring systems have recently been proposed,
there is a lack of practical application of low-cost systems. This paper presents an experimental study
based on the use of two innovative stress sensors—capacitive stress sensor and ceramic stress sensor—for
the monitoring of existing masonry elements. In order to reproduce the actual conditions of onsite
masonry, sensors are post-installed in the mortar joints of two series of pre-stressed specimens made
of calcarenite stone masonry and clay brick masonry. The best practice of post-installation of the two
sensors is investigated. The reliability of the proposed sensors is evaluated through comparison with
data recorded from classical measurement devices.

Keywords: SHM; masonry; monitoring; capacitive sensor; piezo-resistive sensor

1. Introduction

Safety monitoring of historical buildings is a topic of considerable importance for
the scientific community. Recently, several studies available in the literature focus on the
effectiveness of different technological systems proposed for Structural Health Monitoring
(SHM) of existing masonry structures with particular reference to those belonging to the
cultural heritage [1–4].

The new generation of SHM is based on the installation of inexpensive sensors that
allow the acquisition, elaboration and transmission of the measurement signals at low cost
and in many points of the monitored structure. Generally, sensor devices operate through
two methods, the active one [5] and the passive one [6], recording information useful to
detect the health of existing buildings.

The SHM systems allow the non-contact survey and continuous monitoring of existing
structure, identifying the performance level, the local damages and the possible degradation
of material components. This information refers to specific points of the building where the
devices are installed by facilitating the maintenance plan and the localization of damage
after earthquakes [7]. Sophisticated algorithms provide an accurate time-correlation of
the state of the building [8]. In some cases, the storage of this information is essential
for post-processing through statistical methods in order to investigate the link between
different phenomena that can happen at the same time within the monitored structure and
to provide protection from future earthquakes [3].
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The architectural heritage often suffers material deterioration, deformations and criti-
cal crack patterns that require urgent strengthening interventions ensuring minimal inva-
siveness. In this background, Italian guidelines promote the use of SHM systems as aids
in the maintenance of new buildings as well as in the preservation and conservation of
historic constructions. However, the application of SHM systems in existing structures
has several issues related to the minimal invasiveness in the sensor installation and the
presence of heterogeneous materials and proper strategic installations [9]. With the aim
of applying SHM to historical masonry, this study examines the post-installation of two
innovative stress sensors, i.e., ceramic and capacitive, on pre-stressed calcarenite and clay
brick masonry walls, simulating a realistic situation in which the sensor is installed on
an existing wall under load. Good performances of pre-installed ceramic and capacitive
sensors was already observed for monitoring new masonry elements [10,11]. However,
the use of sensors for monitoring new masonry structures is not yet a common practice.
Conversely, the post-installation of sensors in existing masonry is increasing, and new
commercial solutions are arising in order to overcame some of the drawbacks that may
affect the accuracy of the sensor measurements. In this paper, critical issues related to the
post-installation operating phases are discussed, and the results of the experimental cam-
paign are presented. Traditional monitoring devices are employed to assess the comparison
with data recorded by sensors and to detect drawbacks related to the test setup.

2. Overview on Capacitive and Ceramic Stress Sensors

The proposed experimental study investigates the efficacy of two sensor types for
structural monitoring: piezo-resistive (ceramic) sensors (Figure 1a) and capacitive sensors
(Figure 1b). The first one (Figure 1a) is an electronic circuit consisting of a microcontroller
with embedded flash memory able to record and convert the low electrical signal of
piezo-resistive bridges into a digital value. A ceramic stress sensor is made of an elastic-
brittle material where a measure of stress is possible through the elastic strain of the
internal material. The electric signal is directly converted into stress values due to the use
of conversion parameters provided by the manufacturer for each sensor. In this paper,
this type of sensor will be referred as “stress sensors”. Initially, ceramic stress sensors
were designed for concrete structures as reported in the literature [12–14], and they were
embedded inside concrete when casting. Then, their use was extended to the case of new
masonry elements [11]. The second sensor used (Figure 1b) is a new capacitive one [15]. It
consists of a sensing area located on the plate surface of a parallel-plate capacitor with a
Dupont Kapton™ dielectric layer. It is worth pointing out that several sizes of the sensor
surface are possible, suitable for the dimensions of the brick units or, in general, to the
area where the average stress needs to be monitored. Equation (1) presents the capacitance
values C of a parallel plate capacitor:

C =
εA
d

, (1)

where ε is the permittivity of the gap, A the area of electrodes, and d the gap between
the electrodes. In detail, the dielectric constant value εr of the Dupont Kapton™ layer
is 3.4 C2/(N m2). In this case, the capacitance variation depends on the variation in the
distance between the electrode plates that is strictly related to the constitutive non-linear
law of the internal dielectric layer. The capacitance signal is converted to voltage, current,
or frequency through a microcontroller that is positioned outside of the sensing element.
Among the advantages, the capacitive sensors include high sensitivity and stability, low
susceptibility to temperature, inexpensive production costs and good durability.
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(a) (b)

Figure 1. Innovative stress sensors: (a) Ceramic. (b) Capacitive.

3. Experimental Investigation

The effectiveness of the two sensors, i.e., ceramic and capacitive, in the field of SHM
has been validated through their post-installation on pre-stressed masonry panels tested
in compression.

3.1. Materials and Specimens

Each test specimen consists of seven rows of calcarenite stone and clay brick units with
a dimension of 250 × 120 × 50 mm and eight bed joints of 10 mm thickness. Specimens
have a height of 430 mm, a width of 510 mm and a thickness of 120 mm (Figure 2).

Figure 2. Specimen geometry (dimensions in mm).

3.2. Prestressing and Post-Installation of Sensors

After a curing period of 28 days, specimens were pre-stressed by applying a load
value equal to 20% of the average compressive strength, respectively, for clay bricks and
calcarenite masonry.

The load was applied through a steel contrast system consisting of two HEA200
profiles, one at the top and the other one at the bottom of the panels, connected to each
other with four screw rods (two for each side) as shown in (Figure 3).
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Figure 3. Steel contrast system.

The aim is to evaluate the response of the post-installed sensors to the variation of
load and therefore to local pressure inside the masonry, starting from an initial stress state,
corresponding to what the masonry has applied for permanent loads, for example through
the floor slabs.

The experimental campaign investigates two operating methods for the post-installation
of the stress sensors in masonry using the specimens previously pre-stressed.

The first post-installation system (named P1) was performed through the following
procedure. The first step is to drill two symmetrical holes with respect to the vertical axis of
the specimen (Figure 4a), placed at one third of the length of the masonry. The holes were
made by using a drill and a grinder with a diamond disk, diameter of 50 mm. Holes were
then cleaned with compressed air and wetted with water. Afterwards, they were filled
using a hydrated lime-based mortar having mechanical properties similar to the mortar
used for the construction of the wall (Figure 4b). After partially filling holes, sensors were
located inside the cavity (Figure 4c), making sure to arrange them in a perfectly horizontal
position, reducing as much as possible any rotations and translations. After the positioning
of the sensors, mortar was injected into the cavity with the aim of saturating it and trying
to completely cover the surface of sensors (Figure 4d).

Figure 4. Operating phases for the first post-installation system (P1) of the sensors: (a) hole drilling;
(b) hole filling by using mortar; (c) sensor placement; (d) hole sealing.

The second post-installation system (named P2) is more complex and articulated.
The execution and the cleaning of the holes is identical to the previous case (Figure 5a).
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Subsequently, a plexiglass closure mask was fixed directly to the masonry using two
metallic screws. This mask is equipped with two side holes necessary for fixing it to the
support, while other two holes are used for the placement of injection tubes, and another
central hole is used for positioning sensors inside the cavity. The end of the sensor and its
power cable have been fixed to a plexiglass plate using a chemical adhesive (Figure 5b).
This plate, as indicated in the following images, fits perfectly into the previously fixed
mask. This system allows a perfect orthogonal placement of the sensor inside the masonry,
avoiding any movements and rotations during the mortar injection (Figure 5c). The mortar
used is a superfluid slurry with hydraulic, fillerized lime and eco-pozzolan-based binder.
The slurry was injected using the lowest placed injector and proceeded to continuously
inject the mortar until it began to leak from the highest placed injector. After these phases,
the top injector was closed, and the slurry continued to be injected from the bottom injector
to put it under pressure inside the hole (Figure 5d).

For each post-installation system (i.e., P1 and P2), a total number of ten specimens,
five in clay brick masonry and five in calcarenite masonry, were prepared. The speci-
mens were labelled as "SPn_Ps_m", where ’n’ is the progressive number assigned to each
sample, ’s’ refers to the post-installation system (i.e., 1 = first post-installation system,
2 = second post-installation system) and ’m’ indicates the masonry type (i.e., C = calcaren-
ite, L = clay bricks).

Figure 5. Operating phases for the second post-installation system (P2) of the sensors: (a) hole drilling;
(b) fixing the sensor on a plexiglass plate; (c) sensors placement by using a plexiglass support; (d)
hole filling.

3.3. Measurement System

For both types of masonry, the two sensor types (capacitive and ceramic) were post-
installed in the panels according to three patterns of monitoring, as shown in Figures 6 and 7,
respectively, for post-installation system P1 and P2.

Sensors were post-installed almost at the mid-height of each specimen in correspon-
dence to the mortar bed joint; in details: two ceramic sensors were placed in the specimen
labelled “SP1” and “SP2”, two capacitive sensors were placed in the specimen labelled
“SP3” and “SP4” and a ceramic and a capacitive stress sensor were placed in the specimen
labelled “SP5”.
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Figure 6. Sensor placement (dimensions in mm) for post-installation system P1: (a) pattern with two
horizontal ceramic sensors; (b) pattern with two horizontal capacitive stress sensors; (c) pattern with
two horizontal stress sensors, i.e., one ceramic and the other capacitive.

Figure 7. Sensor placement (dimensions in mm) for post-installation system P2: (a) pattern with two
horizontal ceramic sensors; (b) pattern with two horizontal capacitive stress sensors; (c) pattern with
two horizontal stress sensors, i.e., one ceramic and the other capacitive.
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The type and position of the sensors, according to the x-y reference system, are listed
in Tables 1 and 2, respectively, for the two post-installation systems, P1 and P2.

Table 1. Specimens and sensors post-installed with method P1 (dimensions in mm).

Type ID Type ID
of Masonry Specimen of Sensor Stress Sensor

x = 195.0 x = 315.0
y = 185.0 y = 185.0

Calacarenite

SP1_P1_C ceramic C9 C8
SP2_P1_C ceramic C6 C7
SP3_P1_C capacitive nz17 nz16
SP4_P1_C capacitive nz14 nz15
SP5_P1_C ceramic + capacitive 10 nz18

Clay brick

SP1_P1_L ceramic C1 C2
SP2_P1_L ceramic C4 C3
SP3_P1_L capacitive nz10 nz9
SP4_P1_L capacitive nz11 nz12
SP5_P1_L ceramic + capacitive 5 nz13

Table 2. Specimens and sensors post-installed with method P2 (dimensions in mm).

Type ID Type ID
of Masonry Specimen of Sensor Stress Sensor

x = 195.0 x = 315.0
y = 185.0 y = 245.0

Calacarenite

SP1_P2_C ceramic 28 24
SP2_P2_C ceramic 26 30
SP3_P2_C capacitive Q9 QW
SP4_P2_C capacitive Q5 QM
SP5_P2_C ceramic + capacitive 25 Q8

Clay brick

SP1_P2_L ceramic 29 20
SP2_P2_L ceramic 27 21
SP3_P2_L capacitive QC QO
SP4_P2_L capacitive QG QZ
SP5_P2_L ceramic + capacitive 23 QS

3.4. Test Setup

The specimens were tested in compression by using a Zwick–Roell testing machine
with capacitance of 4000 kN, Figure 8. Tests were performed in a displacement controlled
mode, assuming a rate equal to 0.2 mm/min. Preliminary, two pre-load cycles were carried
out ranging between 20 and 100 kN for assessing a suitable contact between the testing
machine and the specimen.

Four digital absolute displacement indicators were arranged on two faces of the
specimen, two digital indicators for each side, as shown in Figure 9. Measuring bases of
the digital indicators were glued on the surface, avoiding any damage to the masonry, in
the middle part of the test zone near the sensors in order to keep a gauge length of about
120 mm.
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Figure 8. Test setup.

Figure 9. Placement of digital absolute displacement indicators.

4. Experimental Outcomes

The post-processing of the experimental outcomes is in terms of stress–time curves for
ceramic sensors and capacitance–time for capacitive sensors. Recorded data from sensors
are contrasted with the load values acquired by the load cell of the test machine.

4.1. Results: Post-Installation System P1

The first post-installation method P1 highlighted some critical issues for the correct
positioning of the sensors. Results from tests on the specimens (calcarenite and clay brick
masonry) equipped with two ceramic sensors are shown in Figure 10. Sensors were unable
to capture the trend and the peak load of the load cell reference curve. Ceramic sensors
suffered from some installation defects. In detail, the mortar did not fully cover the sensing
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area, hence an inadequate load transfer occurred due to the discontinuities (Figure 11a).
The incompatibility between the ceramic material and the mortar caused detachment,
sliding and rotation of the sensor (Figure 11b). Moreover, in one case (sample SP1_P1_L),
the sensors were broken (Figure 11c) because stress concentration occurred.

Figure 10. Comparison of outcomes from ceramic sensor and load cell for post-installation system
P1: (a,b) calcarenite masonry; (c,d) clay bricks masonry.

Figure 11. Installation defects: (a) discontinuity in the section; (b) sensor rotation; (c) sensor rupture.

Results from the tests on specimens (calcarenite and clay brick masonry) equipped
with two capacitive sensors are shown in Figure 12. In this case, the capacitance variation
(∆C) recorded by sensors was able to reproduce the trend of the load cell reference curve.
The copper faces of capacitive sensors established a better adhesion with the mortar layer.
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Installation defects occurred in the capacitive stress sensors in samples SP4_P1_C and
SP4_P1_L: voids in the coverage mortar layer (Figure 13a) and sensor rotations (Figure 13b).
When the contact mortar surface is not homogeneous, it involves a lower variation of
the capacitance ∆C, (Figure 12b). Initially, sensors nZ11 and nZ12 (in sample SP4_P1_L,
Figure 12d) showed a low sensitivity to load variation due to voids in the mortar layer
and rotation, and when the adherence was achieved near the maximum load, the sensor
capacitance variations grew significantly.

Figure 12. Comparison of outcomes from capacitive sensor and load cell, for post-installation system
P1: (a,b) calcarenite masonry; (c,d) clay bricks masonry.

Figure 13. Installation defects: (a) discontinuity in the section; (b) sensor rotation.
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Finally, Figure 14 shows the results of tests on calcarenite and clay brick masonry
equipped with one ceramic stress sensor and one capacitive stress sensor.

Comparing the capacitive and ceramic stress sensor curve, it is evident that the former
one has a better sensitivity compared to the latter because the copper surfaces of the
capacitive sensor established good interaction with the mortar filler layer.

It is worth observing that in some cases, i.e., capacitive sensor nZ13 (Figure 14b), the
interaction at the interface between the sensor surface and the mortar filler layer was lost,
and a negative variation of the capacitance was observed.

Figure 14. Comparison between measurements provided by ceramic and capacitive sensors and the
load cell data for post-installation system P1: (a) calcarenite masonry; (b) clay brick masonry.

Table 3 summarizes the peak stress values recorded by the ceramic stress sensors
(σmax,ceramic) and the variations of capacitance at the peak (∆Cmax) measured by the ca-
pacitive stress sensors. Additionally, the average values and the coefficient of variation
(COV) are reported. The values of σmax,ceramic are compared with the compressive strength
provided by the load cell of the testing machine (σmax,loadcell).

Considering the average values of stress, it is worth noting that the ceramic stress
sensors underestimate the peak load by about 83% and 68% with reference to calcarenite
and clay brick masonry, respectively.

The average peak stress measures by the sensors and by the load cell and the maxi-
mum variation of the capacitance recorded by the capacitive stress sensors are also shown
in Figure 15, in addition to the standard deviation bars. The latter confirm that the aver-
age measurements of the sensors were really scattered, especially in the case of ceramic
stress sensors post-installed in the calcarenite masonry specimens (COV is 88.7%) and the
capacitive stress sensors post-installed in the clay brick masonry specimens (COV is 65.2%).
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Table 3. Peak stress values recorded by the load cell of the testing machine and ceramic stress sensors
and capacitance variation values at the peak recorded by the capacitive stress sensors post-installed
adopting method P1.

ID Specimen σmax,loadcell
[MPa] σmax,ceramic [MPa] σmax,ceramic

σmax,loadcell
∆Cmax [pF]

SP1_P1_C 7.36 (C9) 0.18 (C8) 1.02 0.02 0.14 - -
SP2_P1_C 9.40 (C6) 3.10 (C7) 3.67 0.33 0.396 - -
SP3_P1_C 7.72 - - - - (nz17) 66.44 (nz16) 71.51
SP4_P1_C 8.59 - - - - (nz14) 272.32 (nz15) 189.17
SP5_P1_C 8.71 (10) 0.52 0.06 (nz18) 278.0

Average 8.63 1.50 - - 192.57
COV 8.7% 88.7% - - 46.5%

SP1_P1_L 17.72 (C1) 4.93 (C2) 8.01 0.28 0.45 - -
SP2_P1_L 14.97 (C4) 4.93 (C3) 11.00 0.33 0.73 - -
SP3_P1_L 13.80 - - - - (nz10) 182.77 (nz9) 233.79
SP4_P1_L 14.46 - - - - (nz11) 10.75 (nz12) 24.36
SP5_P1_L 18.31 (5) 1.00 0.05 (nz13) 135.6

Average 15.85 5.15 - - 120.49
COV 11.4% 58.2% - - 65.2%

(a) (b)

Figure 15. Average and standard deviation values according to post-installation system P1:
(a) calcarenite masonry; (b) clay bricks masonry.

4.2. Results: Post-Installation System P2

The experimental results seen above for the P1 installation system led us to improve
the method for post-installation of sensors in existing masonry elements. Figure 16 shows
the results of tests on calcarenite and clay brick masonry equipped with two ceramic sensors.
In this case, sensors were fully embedded (Figure 17), but the mortar stiffness reduced the
sensor sensitivity to the load variations. Ceramic sensors were unable to capture the load
cycles; the sensing area records a load variation only in proximity to the peak load. The
curves of ceramic sensors tagged 24, 28 and 26 assumed a sub-vertical behaviour almost to
the peak load (Figure 16a,b). Moreover, ceramic sensors tagged 24 and 28 (Figure 16a), 26
(Figure 16b), 20 (Figure 16c) and 27 (Figure 16d), recorded an initial non-zero load value
due to sensor calibration issues. While ceramic sensor tagged 30, (Figure 16b), assumed
a trend of a noisy fluctuation because potential electromagnetic interference occurred in
proximity of the peak load, it failed diverging to high values.
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Figure 16. Comparison of outcomes from ceramic sensor and load cell, for post-installation system
P2: (a,b) calcarenite masonry; (c,d) clay brick masonry.

Figure 17. Sensor fully embedded after the test.

Figure 18 shows the results of tests on calcarenite and clay brick masonry equipped
with two capacitive stress sensors. A general reduction in sensor sensitivity was observed
in the capacitive stress sensors for lower load values due to the use of a rigid mortar for the
sensor post-installation. This effect was less evident in the capacitive sensors tagged QW
(Figure 18a) and Q5 (Figure 18b).
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Figure 18. Comparison of outcomes from capacitive sensor and load cell, for post-installation system
P2: (a,b) calcarenite masonry; (c,d) clay brick masonry.

Figure 19 shows the results of tests on calcarenite and clay brick masonry equipped
with one ceramic stress sensor and one capacitive stress sensor. The trends of the ceramic
sensor curves are different from the load cell reference curves, but peak load recorded are
in good agreement with the reference peak load.

Figure 19. Comparison between measurements provided by ceramic and capacitive sensors and the
load cell data, for post-installation system P2: (a) calcarenite masonry; (b) clay brick masonry.
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The main results are summarized in Table 4, as in the previous Section 4.1. It is
possible to observe that the scatter significantly decreases for measurements provided by
both ceramic and capacitive stress sensors. Moreover, the peak stress values recorded by
ceramic sensors are closer to the values provided by the load cell, with an underestimation
of about the 6% for calcarenite specimens, and about the 32% for clay brick specimens. The
average results and the values of standard variation are reported in Figure 20. In the case of
the post-installation system P2, the measurements provided by the capacitive stress sensors
in terms of capacitance variation resulted in the highest scattering (COV is 35.6%), while
the average measurements by ceramic sensors are closer to the average peak stress values
recorded by the load cell and reported in the same order of magnitude.

Table 4. Peak stress values recorded by the load cell of the testing machine and ceramic stress sensors
and capacitance variation values at the peak recorded by capacitive stress sensors post-installed
adopting the method P2.

ID Specimen σmax,loadcell
[MPa] σmax,ceramic [MPa] σmax,ceramic

σmax,loadcell
∆Cmax [pF]

SP1_P2_C 8.12 (28) 7.46 (24) 5.55 0.92 0.68 - -
SP2_P2_C 7.48 (26) 7.19 (30) * 0.96 * - -
SP3_P2_C 7.67 - - - - (Q9) 248.12 (QW) 226.01
SP4_P2_C 7.35 - - - - (Q5) 187.32 (QM) 278.49
SP5_P2_C 6.67 (25) 7.42 1.11 (Q8) 93.36

Average 7.46 7.04 - - 187.78
COV 6.3% 5.5% - - 35.6%

SP1_P2_L 11.91 (29) 7.14 (20) 6.07 0.60 0.85 - -
SP2_P2_L 11.63 (27) 5.29 (21) 8.48 0.45 0.73 - -
SP3_P2_L 12.22 - - - - (QC) 305.05 (QO) 271.63
SP4_P2_L 11.47 - - - - (QG) 251.26 (QZ) 250.07
SP5_P2_L 9.88 (23) 9.81 0.99 (QS) 228.18

Average 11.42 7.77 - - 255.73
COV 7.11% 18.7% - - 9.71%

* unreliable value.

(a) (b)

Figure 20. Average and standard deviation values, according to post-installation system P2: (a) calcarenite
masonry; (b) clay bricks masonry.

5. Comparisons and Discussion

The results of the the experiments showed a significant influence of the post-installation
methodology (system P1 and system P2) and the stiffness of the post-injected mortar and
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of the sensor with respect to the masonry materials, in particular for the joint between
the stone units. The post-installation method P1 has the advantage of being simple but
showed many drawbacks because it was unable to ensure adequate filling of the hole and
therefore a homogeneous distribution of the pressures on the sensor which could therefore
be partially ineffective. This is particularly true for ceramic sensors, while the performance
of capacitive sensors that are able to capture the stress state variations seems to be good for
measurements. The post-installation method P2, on the other hand, has the disadvantage
of being more complex, but it guarantees a more precise positioning and effective filling
of the hole. In this case, however, the variations in stiffness due to the injected mortar
and the post-installation system showed a better response of the ceramic sensors but a
worse performance of the capacitive sensors, which lose sensitivity and are unable to
perceive pressure variations in small ranges. The conditions at the peak stress during the
test were generally well recorded by both types of sensors even if a precision calibration
of the sensors to estimate an alert range for the recorded pressure variations is not yet
possible. It is in fact necessary to investigate materials to use as the injection medium of
the post-installed sensor to improve compatibility with the existing mortar and optimize
redistribution of the pressures on the joint with the sensor installed. This is the fundamental
point that guarantees the best performance of the sensors. The greater sensitivity of the
capacitive sensors to the pressure variations recorded with the first post-installation system
indicates that the capacitive sensor is quite sensitive as long as there is no sudden variation
in stiffness between the grout of the joint and that of the injection.

Subsequent studies and a new experimental campaign are planned, with the aim of
finding the optimal post-injection system and calibrating the capacitive sensors to pressure
variations, since the pressure-capacity link is non-linear.

6. Conclusions

An experimental campaign was presented on the use of ceramic and capacitive sensors
for the Structural Health Monitoring of masonry structures. The experiments involved
compression load tests on some pre-stressed calcarenite and clay bricks walls to simulate
the post-installation of sensors in existing masonry and the subsequent variation of the
stress state in monitoring during service life. Two different post-installation methodologies,
two types of sensors and two types of masonry were investigated. The results show that
both sensors used allow recording the variation of the stress state, with no significant
differences for the two types of masonry. The first post-installation system was simpler
but did not guarantee the correct injection of the hole in some cases, with a less reliable
response of ceramic sensors and a good performance for the capacitive sensors. The second
system, on the other hand, presented a better injection and installation of the sensors but
had some drawbacks regarding the variations in stiffness between the existing mortar and
the injection mortar in the joint, with a consequent reduction in sensitivity for the capacitive
sensors. It is therefore necessary to optimize the stiffness ratios in post-installation based
on the study of the existing materials onsite and aimed at optimizing the techniques and
materials used for injection. It is also necessary to carefully calibrate the capacitive sensors
to the changes of stress state at the measuring points.
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