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Structural health monitoring is an essential tool for assessing the performance of buildings and infrastructure,
especially after critical events or the application of structural interventions. When dealing with architectural
heritage structures, both structural health monitoring instrumentation and intervention materials need to be as
inconspicuous and unintrusive as possible, both in terms of mechanical compatibility and aesthetics. Therefore,
the design of smart sensors based on construction materials used in conservation engineering promises to provide
an acceptable integrated structural health monitoring and upgrading solution for historic structures. In this paper
an experimental investigation of smart intervention materials for historic masonry structures is presented. The
materials consisted of natural hydraulic lime mortars modified through the inclusion of electrically conductive
micro- and nanofillers: graphite, carbon nanotubes and carbon microfibres. The fillers provide multifunctionality
to the matrix material based on an enhancement of its piezoresistive characteristics. Further, they result in an
improvement of the mechanical properties of the intervention material without compromising its mechanical and
chemical compatibility with the original structure. The resulting materials were evaluated based on mechanical
property improvement, piezoresistivity enhancement and ease of production.

1. Introduction of the condition and performance of structures through continuous

measurements of features such as temperature and deformations [37].

The mechanical and chemical properties of masonry mortars have
been the subject of extensive study in the literature, especially for
mortars containing both lime and cement. While lime mortars with no
cement content have received special attention in the literature, mostly
in a conservation context [1,3,28], comprehensive studies on mechan-
ical characterisation [17,27,31] and structural applications [14,35,40]
remain limited in number and scope. This is potentially due to pro-
tracted curing times compared to cement or lime-cement mortars, as
well as reduced strength and durability of the material. Nevertheless,
investigations on lime mortar are motivated by its nearly ubiquitous
presence in historic buildings as well as its use as a widely acceptable
intervention material, both as a repointing agent or in reconstructed
segments, in architectural heritage structures [25,24].

Central to conservation engineering practice is the concept of
structural health monitoring (SHM), which is the automated assessment

The performance and durability of structural interventions in architec-
tural heritage structures need to be monitored to assess the compatibility
of new and existing materials, as well as for measuring the overall
improvement of the structures’ condition following intervention. SHM is
typically performed through the use of externally mounted, complex and
expensive instrumentation [22,38], which can be aesthetically or func-
tionally burdening to the original texture of the structure.
Multifunctional materials offer a promising workaround to several
practical limitations associated with SHM, especially in terms of their
application to architectural heritage structures. Multifunctionality in
structural materials includes self-sensing capabilities through piezor-
esistivity, namely the physical and constitutive relation between me-
chanical strain and electrical resistivity [19,39]. Enhanced
piezoresistivity in cementitious materials, such as concrete and mortar,
can be achieved through modification of the mix design using
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conductive carbon-based micro and nanofillers [32], while the inclusion
of even nonconductive high aspect ratio fibres has been shown to
enhance the piezoresistivity of cementitious composites doped with
conductive powder [13,18]. Cementitious smart materials, created by
dispersing nanofillers in an aqueous solution before mixing it with the
binder and aggregates, pose a practical challenge due to their predis-
position to create nanofiller agglomerations during mixing, necessi-
tating the use of tailored dispersion and mixing procedures. In this way,
it is possible to reliably enhance and stabilise their sensing and me-
chanical properties, enhance nanofiller efficiency and decrease me-
chanical energy required for mixing. Regardless, cementitious materials
are highly suitable for nanomodification due to featuring material
components, pores and cracks at the micro- and nano-scale. Applications
of such smart materials have generally demonstrated significantly
enhanced piezoresistivity combined with substantially improved me-
chanical performance as a function of the amount of micro and nano-
fillers incorporated in the mix [2]. However, although nanomodification
of lime mortars has been previously attempted for enhancing mechan-
ical performance [15], extensive piezoresistive studies for lime mortars
have not been so far elaborated.

The design of a smart lime mortar, modified using conductive micro
and nanofillers for enhanced piezoresistivity and mechanical properties,
is an important step towards the development of smart intervention
materials for SHM in historic masonry buildings, with improved strength
and durability and a high degree of compatibility with in situ materials.
This paper describes the design and experimental testing of this smart
lime mortar, through extensive mechanical and electrical
characterisation.

Firstly, the constituent materials of the smart mortar used in this
investigation are presented, along with the properties determined
experimentally. Next, the experimental programme, including the
preparation and testing procedures for the smart mortar specimens, is
presented in detail. Subsequently, the experimental results are presented
and discussed, illustrating the effect of different filler content on the
properties of the smart mortar. The paper is concluded with a summary
of the findings and recommendations for future work.

2. Experimental programme
2.1. Materials

The base material in this investigation was lime mortar, composed of
a lime-based binder and a fine aggregate. The binder in this mortar was
natural hydraulic lime (NHL) conforming to EN 459-1 standard [7]. A
class of NHL 3.5 (moderately hydraulic) was selected for this investi-
gation, this being a typical choice for building conservation and
repointing projects [29]. NHL is produced by firing and slaking clay
limestone or siliceous limestone, its mineral phases being primarily
dicalcium silicate and calcium hydroxide [41]. Hardening of NHL pri-
marily consists of a hydraulic component arising through a hydration
reaction with water, forming calcium silicate hydrate. This reaction
follows the formula:

2(2Ca0-Si0,) + 4H,0—3Ca0-28i0,-3H,0 + Ca(OH), @

Following contact with water, a secondary aerial component is
activated, leading to the formation of calcium carbonate crystals by the
reaction of calcium hydroxide with carbon dioxide in the air according
to the reaction formula:

Ca(OH), + CO, + nH,0—~CaCO; + (n+ 1)H,0 2

The aggregate used in this investigation was a siliceous sand with a
nominal grain size distribution of 0-3 mm, suitable for the construction
of masonry mortar. For determining the granulometry of the sand, EN
196-1 standard was consulted [5]. The sand samples were dried at 110
OC to constant mass, achieved when the hourly change of mass was less
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Table 1
Sieve analysis results for siliceous sand.
Sieve aperture Weight retained =~ Cumulative weight Weight passing
(mm) (%) retained (%) (%)
4 0.30 0.30 99.7
2 19.73 20.02 79.30
1 26.03 46.04 53.40
0.5 17.58 63.62 35.58
0.25 13.10 76.72 20.70
0.125 8.22 84.94 12.59
0.063 13.69 98.63 0.91
Tray 1.37 100.00 0.00
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Fig. 1. Graph of sieve analysis results for siliceous sand.

than 0.01 %. The sand sample was subsequently passed through stacked
sieves placed in a mechanical shaker for 10 min. Two different samples
of sand were tested, one weighing 200 g and one weighing 400 g, both
returning very similar results. The mean results of the two sieve analyses
are tabulated in Table 1 and illustrated in Fig. 1. During the drying
process, the initial moisture content of the sand was determined to be
2.58 %.

The mixing of the mortar was performed according to EN 196-1
standard [5]. While this standard specifies that the binder and aggre-
gate be proportioned by weight, the mix proportions of the dry com-
ponents were 1 part binder to 3 parts aggregate by volume, as suggested
by masonry construction practice. This results in a less binder-rich
mortar compared to the one prescribed by the standard, which is,
nevertheless, suitable as a repointing agent in conservation projects. No
other additives, such as plasticisers, were incorporated in the mortar
mixes.

Optimal water content in lime mortars can vary widely depending on
the targeted flow value, ambient temperature and humidity during
casting, moisture content of the sand and envisaged structural applica-
tion [17,31,34]. In industrial practice for masonry construction and
repointing mortar, water/binder (w/b) is adjusted on-site through
gradual addition of water during mixing until the empirically required
mortar consistency is obtained [16]. In the present investigation,
aqueous solutions of conductive fillers were prepared on fixed volumes
of water, requiring a predetermined amount of water to be used for each
casting. Therefore, test batches of mortar were prepared with varying
water content for assessing the workability of the mortar. To maintain
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Table 2

Bulk densities of base mortar components.
Component py (kg/m>)
NHL 667
Sand 1420
Water 998

Table 3
Physical and geometrical properties of fillers: bulk density, electrical resistivity
and aspect ratio.

Filler py (kg/m>) p (Qecm) a(-)

G 1200 3.0-5.0 x 10 ~12

CMF 390 1.5 x 10°® ~900
CNT 50-150 1.0 x 10° ~600-700

uniformity between mixes, the sand was stored in hermetically sealed
containers for maintaining a constant moisture content. The bulk den-
sities, p,, of the base materials are presented in Table 2.

Three types of fillers were incorporated in the tested mortar mixes:
graphite powder (G), carbon microfibers (CMFs) and carbon nanotubes
(CNTs). G is an allotrope of carbon, shaped in oblate 3D particles with
low aspect ratios, which, nevertheless, can impart high electrical con-
ductivity to cementitious matrices, albeit at high levels of doping [9].
The CMFs used in this study were produced from precision cutting of
continuous carbon fibre tows into pieces of 6 mm length, with each
individual strand having a diameter of 7 pm. The sizing agent of the
CMFs was glycerine, which is suitable for water-based systems
(SIGRAFIL Short Carbon Fibres). CNTs are fibrous fillers consisting of
carbon atom lattices forming single cylinders or multiple nested cylin-
ders held together by van der Waals forces. They have diameters in the
range of a few nanometres and have very high aspect ratios. In the
present investigation, multi walled rather than single walled CNTs were
used (Arkema Multi-Walled Graphistrength C-100). Multi walled CNTs
consist of concentric cylinders of graphene layers which can enhance the
electrical properties of the materials in which they are dispersed [11].
The bulk density, p,, electrical resistivity, p, and aspect ratio, a, of the
used fillers are presented in Table 3.

The different fillers were incorporated in varying proportions as a
percentage of the binder by weight. G was incorporated in proportions
ranging from 1 % to 20 % of the binder, while CMFs were incorporated
in content ranging from 0.01 % to 0.2 %. CNTs were tested in concen-
trations between 0.1 % and 0.4 % of the binder. The different types of
fillers may be used in applications at different scales, with CNTs being
employed in targeted small-scale applications, sonication of large vol-
umes of water being impractical, and with G and CMFs being capable of
upscaling to larger volumes of material due to the low cost of the filler
and the ease of achieving good dispersion with ordinary mechanical
means.

CNTs were dispersed in the water used for each mix through ultra-
sonic homogenisation. The sonication cycle for each dispersion con-
sisted of three 10-minute sonication periods, separated by 1-minute
breaks, at 225 W processing power and 20 kHz frequency. No chemical
dispersants were used in order not to disrupt the filler-binder interface
and consequently affect the electrical conductivity of the hardened
mortar. While it has been demonstrated that certain chemical disper-
sants can improve the piezoresistivity of cementitious composites,
others can affect the filler-binder interface and potentially reduce con-
ductivity [10,26]. Therefore, and with the added goal of minimising the
inclusion of chemicals in the mortar mixes, no further dispersants were
incorporated. G and CMFs were incorporated directly into the dry in-
gredients of the mortar (lime and sand) and mechanically mixed. This
mechanical mixing process has been proven sufficient for evenly
dispersing the G particles and CMF [2].

The mortar mixing process was as follows:
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Table 4
List of produced mortar mixes with filler content.

Name G/b (g/g%) CMF/b (g/g%) CNT/b (g/g%)
GOFOTO 0.0 0.0 0.0
G1FOTO 1.0 0.0 0.0
G2F0TO 2.5 0.0 0.0
G3FOTO 5.0 0.0 0.0
G4F0TO 10.0 0.0 0.0
G5F0TO 20.0 0.0 0.0
GOF1TO 0.0 0.01 0.0
GOF2TO 0.0 0.05 0.0
GOF3TO 0.0 0.10 0.0
GOF4TO 0.0 0.20 0.0
GOFOT1 0.0 0.0 0.1
GOFOT2 0.0 0.0 0.2
GOFOT3 0.0 0.0 0.3
GOF0T4 0.0 0.0 0.4
Table 5

Flow table spread-diameter results for un-
modified mortar with varying water/binder.

w/b (g/g) D (mm)
1.30 111.5
1.40 120.0
1.50 135.5
1.60 165.0
2.08 216.0
225
[ ]
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g .
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Fig. 2. Flow table spread-diameter results for unmodified lime mortar
test batches.

a) all the lime was incorporated to half the sand in the mixer bowl and
stirred for 5 min

b) the remaining sand was added to the mixer bowl and stirred for
another 5 min

c) the water was added gradually over 10 min while mixing
continuously

The fresh mortar was subsequently poured into steel moulds, com-
pacted with a tamper rod and hermetically sealed in polyethylene bags
for 7 days to prevent moisture loss while being kept in laboratory con-
ditions (temperature 20 + 2 °C). At the age of 4-days when the mortar
cubes were sufficiently hardened, they were carefully demoulded and
left to cure in the laboratory at an ambient relative humidity of 65 (£5)
%. They remained there until tested, protected from draughts and direct
sunlight. A list of the produced mortar mixes, with the content in G,
CMFs and CNTs as a percentage of the binder by weight (G/b, CMF/b
and CNT/b respectively) is shown in Table 4. In addition, a single batch
of NHL paste without aggregates was produced for electromechanical
testing.
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Fig. 3. Repeated compression load pattern for electromechanical testing of
mortar cubes.

2.2. Testing programme

An experimental program was designed in order to characterize the
physical, mechanical and electro-mechanical response of the above
presented composite lime mortars. Experiments were carried out at the
Materials Testing Laboratory of the University of Perugia. Flow table
testing of the fresh mortar was conducted according to EN 459-2 stan-
dard [8]. The results of the preliminary batch flow table tests in terms of
flow table spread in diameter, D, against w/b are tabulated in Table 5
and illustrated in Fig. 2. Based on these results and anticipating a po-
tential decrease in the flow of the mortar with addition of the fillers,
which could impact both the mixing process and the embedment of the
mesh electrodes in the fresh mortar samples, the target flow value for the
unmodified lime mortars was 150 mm, leading to the adoption of w/b =
1.60. For the NHL paste specimens, w/b was 0.6.

Mechanical testing of the mortar was performed on prisms sized
160 x 40 x 40 mm®. The mortar prisms were tested in three-point
bending for the determination of the flexural strength, f,, the two
resulting halves being tested in compression for determining the
compressive strength, f., according to EN 1015-11 standard [6]. Addi-
tionally, LVDTs were employed during the compression tests for the
determination of the Young’s modulus, E. These tests were performed at
the age of 49 days, allowing for sufficient hardening of the mortar
through both hydraulic curing and carbonation to take place [17]. This
extended curing period additionally allows for water loss to take place in
the specimens in order to reduce the effect of moisture on conductivity.
These tests were aimed at determining the enhancement of the strength
of the mortars following modification. The force was applied at a rate of
10 N/s during the bending tests and at a rate of 50 N/s for the
compressive tests, values which correspond to the lowest loading rates
prescribed by the testing Standard.

Electrical resistivity tests were performed on cubes of size 50 x 50 x
50 mm3. The development of the electrical resistivity during curing was
monitored as part of a percolation study of the fillers in the material. The
development of the density of the cubes during the curing period was
also measured. Additionally, on the same day of mechanical testing of
the prism, electromechanical testing of the cubes was performed for
assessing the piezoresistivity of the various mixes. The cubes were
subjected to repeated compression of increasing magnitude while
monitoring the changes in the electrical resistivity. A sawtooth
compressive loading pattern was applied to the specimens, with two
repetitions each at 0.4, 0.6 and 0.8 MPa target stress from a minimum
base stress of 0.2 MPa. The force was applied at a rate of 50 N/s during
loading and unloading, same as for the standard compression tests. The
repeated load pattern in terms of stress, o, vs time, t, is illustrated in
Fig. 3. All forces during the mechanical and electromechanical tests
were applied using a UTM 14P testing machine by IPC Global.
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Press

Electrodes

Fig. 4. Test setup and deformation sensor layout for electromechanical testing.

Measurements of the deformation of the specimens under compres-
sion were mainly registered through two strain gauges attached along
the loading direction. Lime mortar specimens can start cracking and
spalling at very low loads, which could potentially render strain gauge
readings inaccurate. Therefore, these measurements were com-
plemented by measurements acquired from LVDTs mounted on the load
plates. While this placement of the LVDTs meant that any deformation of
the load plates and the interfacial adjustment between the load plates
and the specimen were included in the measurement, the load cell
deformation was determined separately and discounted from the mea-
surements. Therefore, the low expected Young’s modulus of the mortar
entails that nearly all of the deformation of the entire setup occurs at the
specimen. The test setup and instrumentation are shown in Fig. 4.

Electrical resistance measurements during the percolation study and
during the electromechanical tests were acquired through woven
stainless steel mesh electrodes embedded in the cubes. The resistivity, p,
of the material of a specimen as measured through two-probe testing
was calculated according to Ohm’s second law:

A

p=R 7 3)
where A is the cross-sectional area of the specimen in the plane
perpendicular to the measurement direction, L is the distance between
the probes along the measurement direction and R is the measured
resistance of the specimen. A schematic of the arrangement of the
electrodes in the specimens is shown in Fig. 5. The lateral wires of the
meshes were removed from the embedded part of the electrode to avoid
physical interference with the fresh mortar during insertion.

A schematic of the electrical circuit used for conducting electrical
measurements is shown in Fig. 6. A biphasic square wave voltage of + 2
V with a 50 % duty cycle at 1 Hz frequency was supplied from a Rigol
DG1022 function generator to eliminate signal drift due to polarisation
[2]. Measurements of the electrical current, I, were acquired and logged
using an NI PXIe-4071 digital multimeter and subsequently used to
derive the resistance, R, from Ohm’s first law:

R:7 ()]

The gauge factor, 4, for each produced specimen, indicating the
magnitude of the piezoresistive effect during mechanical loading, was
determined from the equation:

,1:(1+2u)+—A’)8/’J ®)

where v is the Poisson’s ratio of the material and ¢ is the axial strain. This
gauge factor was calculated through regression modelling of the
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Fig. 5. Schematic of electromechanical measurement setup for cubic specimens: a) arrangement of embedded mesh electrodes with respect to loading force F. b)

Cross section of specimen showing embedded mesh electrode. Dimensions in mm.
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R

Fig. 6. Circuit diagram for electrical measurements: R is the resistance of the
specimen, V is the voltage provided by the function generator and I is the
current measured by the multimeter.

relationship between observed resistivity and strain during mechanical
loading. A higher gauge factor, 1 indicates higher sensitivity of the
material’s electrical resistivity to applied axial strain. The optimisation
of the piezoresistive effect is typically achieved near the percolation
threshold. In the case of these piezoresistive cementitious materials,
where 1 was expected to be in the order of magnitude of 100, the term in
parentheses can be neglected. The sensing linearity, §, equal to the 95 %
confidence interval in the strain domain for the predicted linear
regression, expresses the maximum deviation of the output of any sensor
from the linear regression line of the sensor’s output (resistivity) versus
the input parameter being sensed (strain). Higher 4 and lower § values
indicate improved sensitivity and linearity of the smart sensor
respectively.

The open porosity of the mortar mixes was evaluated on 40 x 40 x
40 mm® cubic specimens. These specimens were cured for 49 days in lab
conditions and subsequently conditioned in a thermal chamber at 70 °C
and 10 % relative humidity until the daily change of weight was less
than 0.1 % for obtaining the dry mass, my. The specimens achieved
weight stability after 3 days of conditioning. Subsequently, the speci-
mens were placed in a desiccator for 8 h in vacuum conditions. Finally,
the specimens were submerged in demineralised water for 24 h for
obtaining the saturated mass, m;. Submerging the saturated specimen in
water using a fine steel mesh and measuring the change in mass in the
container holding the water yields the hydrostatic mass, m,. Through the
values for the dry mass, my, saturated mass, m, and hydrostatic mass, m,
of each specimen, it is possible to calculate the open porosity, ¢, of the
material through the equation:

mg — My

=" (6)
mg — My
The internal structure of the composites, the dispersion of the carbon
fillers within the matrix, and the homogeneity of the materials have
been investigated through Scanning Electron Microscopy (SEM)

‘GOF0TO

o

G2F0T0

G1F0TO

GOFITO  GOF2T0

.

GOF3T0 = GOF4T0

GOFOT1  GOFOT2  GOFOT3

Fig. 7. Visual comparison of mortar mix colours.

micrographs. A fragment of unmodified lime mortar and lime paste,
together with fragments of lime mortar doped with G, CNT and CMF
were inspected by a field emission FESEM Supra 25-Zeiss, at different
magnification levels.

3. Results and discussion

A qualitative visual comparison of the colour of the resulting mortar
mixes is presented in Fig. 7. In the case of G, noticeable darkening of the
mortar was obtained even for 1 % content. In the case of CMF, the colour
of the mortar is not particularly affected by the filler even for the
maximum content of 0.4 % used. Finally, in the case of CNT, slight
darkening was noted for all doping levels. The lack of colour alteration
for the CMF filler is advantageous compared to the other filler types from
a conservation engineering perspective.

All the physical and mechanical properties of the mortar mixes from
this research are summarised in Table 6, with percentile differences
between unmodified and modified mortars indicated in parentheses.

Workability expressed through the flow, D, in the flow table test was
not heavily affected by any of the filler types. The mortar mixes with
filler exhibited higher workability than the unmodified mortar possibly
due to slightly different temperature conditions during casting. How-
ever, among the mixes with the same filler type, increase in the filler
content resulted in a decrease in D. The inclusion of a large volume
percentage of sand in the mortar, coupled with high w/b, resulted in
only a minor decrease in workability for increasing filler content.
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Table 6
Physical and mechanical properties of mortar mixes at the age of 49 days (Percentile difference from the unmodified mortar GOFOTO in parentheses).
Name D(mm) o (kg/m®) (%) fo(MPa) fe(MPa) E(MPa)
GOFOTO 155 1625 27.42 0.466 1.179 841
G1FOTO 151 (—2.58 %) 1649 (+1.48 %) 28.32 (+3.28 %) 0.445 (—4.51 %) 1.269 (+7.63 %) 993 (+18.07 %)
G2F0TO 161 (+3.87 %) 1617 (—0.49 %) 28.24 (+2.99 %) 0.579 (+24.25 %) 1.244 (+5.51 %) 1020 (+21.28 %)
G3FOTO 166 (47.10 %) 1623 (-0.12 %) 30.49 (+11.20 %) 0.563 (+20.82 %) 1.260 (+6.87 %) 977 (+16.17 %)
G4FOTO 162 (+4.52 %) 1652 (+1.66 %) 29.81 (+8.72 %) 0.527 (+13.09 %) 1.183 (+0.34 %) 977 (+16.17 %)
G5FOTO 159 (+2.58 %) 1631 (+0.37 %) 31.78 (+15.90 %) 0.553 (+18.67 %) 1.314 (+11.45 %) 939 (+11.65 %)
GOF1TO 179 (+15.48 %) 1624 (—0.06 %) 29.90 (+9.04 %) 0.698 (+49.79 %) 1.438 (+21.97 %) 987 (+17.36 %)
GOF2T0 172 (4+10.97 %) 1634 (+0.55 %) 30.64 (+11.74 %) 0.600 (+28.76 %) 1.373 (+16.45 %) 980 (+16.53 %)
GOF3TO 176 (+13.55 %) 1626 (+0.06 %) 31.35 (+14.33 %) 0.605 (+29.83 %) 1.293 (+9.67 %) 998 (+18.67 %)
GOF4TO 172 (+10.97 %) 1633 (+0.49 %) 31.79 (+15.94 %) 0.601 (+28.97 %) 1.287 (+6.16 %) 993 (+18.07 %)
GOFOT1 167 (4+7.74 %) 1629 (+0.25 %) 28.45 (+3.76 %) 0.502 (+7.73 %) 1.213 (+2.88 %) 852 (+1.31 %)
GOFOT2 164 (+5.81 %) 1623 (—0.12 %) 29.13 (+6.24 %) 0.520 (+11.59 %) 1.382 (+17.22 %) 951 (+13.08 %)
GOFOT3 158 (+1.94 %) 1637 (+0.74 %) 29.29 (+6.28 %) 0.577 (+23.82 %) 1.490 (+26.38 %) 1016 (+20.81 %)
GOFOT4 157 (+1.29 %) 1630 (+0.31 %) 28.37 (+3.46 %) 0.629 (+34.98 %) 1.489 (+26.29 %) 1024 (+21.76 %)
2000 smaller diameter pores, thus prolonging the evaporation of free water in
‘ ‘ the paste specimens.
\ The open porosity results are visualised in Fig. 9. For G, the porosity
¢ tended overall to increase compared to the unmodified mortar, albeit
1500 - N with noticeable scatter in the results, with an increase in the filler con-
) . . .
ME tent, with a maximum increase of 15.9 % for 20 % content. For CMF, ¢
> tended to increase with an increase in filler content, with ¢ seemingly
2 1000 - N plateauing at a 15.94 % increase after 0.2 % content. Finally, for CNT,
& the porosity exhibited its maximum increase, equal to 6.28 %, for a
500 content of 0.3 %. Overall increase in open porosity with an increase in
—— NHL mortar filler content in cement-based mortars has been observed in similar
NHL paste studies employing CNT [21].
0 I ‘ | | | The bulk density p, was not significantly affected by changes in the
. . . . o
7 14 21 28 35 42 49 filler type or .contenF, with (.:hanges ranging betwee.n 0.49 % and +
1.66 %. This is consistent with behaviour observed in cement mortars
t (days) modified with CNT [4]. Coupled with the general tendency of the

Fig. 8. Development of bulk density of unmodified NHL mortar and paste.

The development of the bulk density, p,, of the unmodified NHL
mortar and the NHL paste is shown in Fig. 8. All mortar types exhibited
virtually identical density development. The initial decrease in density is
mainly due to evaporation of free water [41]. The change in the slope of
the curve indicates that hydration as per Eq. (1) mostly takes place until
day 21, after which point the hardening of the mortar mostly takes place
through carbonation according to Eq. (2). Carbonation resulted in an
almost imperceptible increase in the density of the material at later
stages of hardening. The development of the NHL paste density followed
a similar pattern, with the inflection point of the curve occurring at
roughly the same age. However, the density of the paste did not stabilise
but continued to decrease at a slow rate until the end of the measure-
ment period. This is possibly due to an open pore structure containing

porosity to increase with an increase in filler content, this fact indicates
that mortar modification resulted in an increase in the true density of the
solid material. The changes in compressive and flexural strengths as well
as modulus of elasticity of the mortars are visualised in Fig. 10. For G,
the highest increase in flexural strength f, was achieved for 2.5 % G/b
(+24.25 %) while the increase in compressive strength f. was maximum
at 20 % G/b (+11.45 %). In the case of CMF, remarkable increases of +
21.97 % in f. and + 49.79 % in f, were achieved for only 0.01 % CMF/b.
The gains in strength were reduced for higher CMF/b, tending towards
roughly + 6 % for f; and + 18 % for f,. For CNT, the increase in f;, tended
to increase almost linearly with higher filler content, with a maximum
increase of + 34.98 % for 0.4 % CNT/b. However, the increase in f,
appeared to plateau at roughly + 26 % after 0.3 % CNT/b.

The increases in mortar strength, particularly those afforded by CMF
and CNT, are generally more marked than those observed in cement-
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Fig. 9. Open porosity of mortar mixes for different filler content: a) G, b) CMF and c) CNT. Error bars indicate standard deviation.
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Fig. 11. Development of resistivity through time for NHL mortar and paste.

based mortars using CNT [4,21,36] but similar to the increase observed
in lime-based grout modified using CNT [33]. Additionally, modifica-
tion of the NHL mortar never led to a reduction of the strength, with the
sole exception of a small drop in the flexural strength of the G1FOTO mix.
Finally, the Young’s modulus, E, tended to increase for higher CNT/b
and CMF/b up to a maximum of roughly 20 % for both fillers, as
visualised in Fig. 10. In the case of G, the increase in E is maximum at
2.5 % G/b, same as for f.. Overall, the increase in E followed a similar
trend to the increase in f, for all filler types.

The greater efficiency of CMF and CNT in enhancing the mechanical
properties of the modified mortar compared to G is owed to the higher
aspect ratio of the former two fillers. A higher aspect ratio enables the
formation of a reinforcement net of fibres within the hardened binder
that retards the formation of cracks under mechanical loading [23]. The
increase in the strength and stiffness of the modified mortars, while

noticeable, is not considered so excessive as to cause unwanted localised
damaged in masonry walls where the material might be used. Repair
mortars for historic masonry structures are expected to have similar
strength and stiffness to the original mortar for ensuring compatibility
and durability [1,20].

A comparison of the development of electrical resistivity, p, between
unmodified NHL mortar and paste is illustrated in Fig. 11. The mortar
displayed a rapid increase in resistivity for roughly the first 21 days,
after which point the resistivity increased at a slower pace. Interestingly,
the inflection point of the curve coincides with the inflection point in the
density development of mortar (Fig. 8), highlighting the importance of
pore moisture in electrical conductivity during the early stages of mortar
hardening. Conversely, the paste exhibited an exponential increase in
resistivity throughout the measurement period. The resistivity of the
mortar was 1 to 2 orders of magnitude greater than the resistivity of the
paste, indicating the role of aggregates and air-filled pores as electrical
insulators in the mortar.

The development of the resistivity of the mortars with different filler
types and content during curing is shown in Fig. 12. For all filler types
and content, a rapid increase in resistivity was registered with time due
to loss of moisture and, potentially, the formation of shrinkage-induced
microcracks during the curing process. For the case of G, the resistivity
decreased for 1 % and 2.5 % filler content, while a marked increase in
resistivity for 5 % and 10 % filler content was registered at 14 days. This
increase in resistivity coincided with a sudden marked drop in ambient
temperature on the day of acquisition of these data. It is generally ex-
pected that a decrease in temperature can lead to an increase in the
resistivity of modified cementitious materials [30]. For the case of CNTs
and CMFs, the resistivity was generally reduced with an increased filler
content at the early stages of hardening. Especially in the case of CMFs,
an immediate substantial reduction in resistivity was registered at 0.01
% filler content. Finally, at the age of 49 days the differences in re-
sistivity between different filler contents were reduced for all filler
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Fig. 12. Development of resistivity of mortar through time for different filler types: a) G, b) CMF and c) CNT.
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Table 7

Results of electromechanical testing for different mortar mixes (percentile dif-
ference from unmodified mortar GOFOTO in parentheses).

Name A(—) &(—)
GOFOTO 52.3 4.632 x 1072
G1FOTO 97.5 (+86.42 %) 2.926 x 102 (—36.83 %)
G2F0TO 114.3 (+118.55 %) 2.239 x 1073 (~51.66 %)
G3FO0TO 81.5 (+55.83 %) 3.079 x 1073 (~33.53 %)
G4F0TO 146.4 (+179.92 %) 1.196 x 1072 (~74.18 %)
G5F0TO 58.5 (+11.85 %) 4.334 x 1073 (-6.43 %)
GOF1TO 59.4 (+13.58 %) 3.837 x 103 (~17.16 %)
GOF2TO 94.3 (+80.31 %) 2.472 x 1073 (—46.63 %)
GOF3TO 133.0 (+154.30 %) 1.995 x 1072 (—56.93 %)
GOF4TO 63.0 (+20.46 %) 4.191 x 1073 (-9.52 %)
GOFOT1 76.5 (+46.27 %) 2.634 x 1073 (-43.13 %)
GOFOT2 77.7 (+48.57 %) 3.549 x 1073 (—23.28 %)
GOFOT3 61.8 (+18.16 %) 4.732 x 1073 (+2.16 %)
GOF0T4 44.7 (-14.53 %) 5.842 x 1073 (+26.12 %)
types.

The high content of non-conductive sand aggregates in combination
with the high porosity means that the volume ratio of conductive ma-
terial in the mortar, namely hardened NHL paste with or without fillers,
is relatively low. Further, it means that the volume ratio of the material
being modified through the fillers is also low. Hence, due to the diffi-
culty for conductive passages to be formed [12], the relative reduction of
the resistivity of the mortars resulting from modification was not as
marked as in the case of paste modified with similar fillers [2]. It is,
therefore, difficult to discern the percolation threshold through these
results. Nevertheless, evaluation of the electromechanical test results
can assist in clarifying the results of the percolation study.

An example of the time history of strain ¢ and relative change of
resistivity Ap/p is shown in Fig. 13a. An imposed negative (compressive)
strain resulted in a decrease in resistivity. All specimens exhibited
similar behaviour to the one shown. A clearer illustration of the pie-
zoresistive behaviour of the material is shown in Fig. 13b. The cycles up

to 0.4 MPa compressive stress, or roughly 33 % of the compressive
strength, exhibited a linear response with good repeatability. The cycles
up to 0.6 MPa, or roughly 50 % of the compressive strength, exhibited
signs of small residual strain and a slightly pronounced hysteretic
response. Additionally, the cycles up to 0.8 MPa, or roughly 66 % of the
compressive strength, were always accompanied by residual strains and
residual decrease in resistivity. Further, the specimens were damaged at
the end of the tests, featuring vertical cracks due to excessive
compressive loading. Therefore, it was decided to evaluate the basic
piezoresistive properties of the materials using the first two loading
cycles. Nevertheless, the higher stress load cycles illustrated the smart
materials’ capacity to detect compressive damage through residual
relative resistivity changes. Assuming that the electrical properties of
the bulk material were not altered after conclusion of the test, these
changes in resistivity can be attributed, according to eq. (3), to a residual
decrease in the effective conducting cross section A due to cracks, which
was not offset by a reduction of the measurement length L due to
possible residual negative strain. Therefore, resistivity measurements
can be potentially used as a tool for damage detection and
quantification.

The results of the electromechanical tests are summarised in Table 7.
The piezoresistive sensitivity of the material is expressed through the
gauge factor A while the sensing linearity is expressed through the res-
olution § equal to the 95 % confidence interval in the strain domain.
Higher values for 1 and lower values for § indicate enhanced piezor-
esistive performance. For G, 1 was maximised at roughly 10 % filler
content. CMFs resulted in the maximisation of A for a filler content of 0.1
%. Finally, for CNTs, the maximum value for 1 was achieved for 0.2 %
filler content.

The electromechanical test results are further shown in Fig. 14.
Plotting second order polynomial regression curves for 1 and § helps in
visualising the effect of modification on piezoresistive properties and in
locating the filler content resulting in optimised self-sensing perfor-
mance. Further, it assists in establishing that the filler content where
maximisation of 1 was achieved roughly coincides with the filler content
for which § was minimised, indicating the filler content where the
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Fig. 14. Results of electrotechnical testing for different mortar mixes: a) G, b) CMF and c) CNT (second order polynomial fit curves in dashed lines).
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Fig. 16. SEM micrographs at different magnification levels of lime mortar doped with a) and b) 20 % G, c) and d) 0.2 % CMF, e) and f) 0.4 % CNT.

overall piezoresistive behaviour of the material is optimised. Through greatest increase in 1 and the highest decrease in § but only for a high
this observation it was established that the optimal filler contents are: level of filler content. Piezoresistivity was optimised at roughly the same
~10.0 % G, ~0.10 % CMF and ~ 0.15 % CNT. G led to the second filler content for CMF and CNT, but the enhancement using CMF was
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substantially greater.

Fig. 15 shows the micrographs obtained on fragments of lime mortar
and paste without addition of any fillers. Both images indicate the ho-
mogeneity of the lime paste, while the mortar image indicates the
discontinuity in the paste created by the presence of the aggregates.
Fig. 16 shows the dispersion of CNT, G and CMF in the modified mortar
at different magnification levels. While for G and CMF good dispersion is
noticeable, for high doping levels of CNT the presence of some ag-
glomerations is clearly visible.

4. Conclusions

This paper presents the mechanical and piezoresistive investigation
of natural hydraulic lime mortars modified with different nano- and
microscale conductive fillers. The results were evaluated in terms of
enhancement of mechanical properties and self-sensing performance of
the modified materials.

Graphite (G) and carbon microfibres (CMF) were characterised by
ease of application, capable of being dispersed in the mortar binder
through mechanical mixing, allowing their application in large quanti-
ties of mortar without the use of specialised equipment. Conversely,
carbon nanotubes (CNT) require the use of sonication for filler disper-
sion, which is critical for higher amounts, imposing restraints on the
scalability of application at the structural level.

None of the fillers had pronounced adverse effects on the workability
or bulk density of the mortar, while all tended to increase its open
porosity. G and CNTs caused noticeable changes in mortar colour,
whereas CMFs did not cause such changes.

The greatest mechanical improvement was afforded by CMFs at a
very low filler content. CNTs provided a similar percentile increase in
mechanical performance but at much higher filler content. G offered a
smaller degree of improvement compared to the other two fillers. None
of the changes in strength and stiffness of the materials are deemed as
potentially detrimental to historic masonry structures due to mechanical
incompatibility.

The smart sensors can operate using alternating current of low
voltage and frequency, facilitating applications in the field. G and CMFs
produced the highest increase in piezoresistive sensitivity, with the
former equalling this performance, coupled with the greatest improve-
ment in linearity, although at a much higher filler content. CNTs pro-
duced only moderate piezoresistive enhancement compared to the other
two fillers.

Overall, CMFs emerged as the most suitable filler for modification of
lime mortar for the production of a smart intervention material targeted
at historic masonry structures. A filler/binder content of 0.10 % by mass
afforded substantial enhancement of mechanical performance coupled
with optimised piezoresistive properties without compromising physical
properties.

This investigation highlights the need for further work with multiple
objectives. Additional investigation of the piezoresistive behaviour of
NHL paste doped with different fillers could shed light on the percola-
tion limits of the material. An alternative dispersion procedure for CNTs,
potentially through the use of chemical dispersants and/or high energy
mechanical mixing, could solve the scalability issues of this filler and
provide greater piezoresistive enhancement. The use of hybrid fillers,
such as G combined with CMFs, could result in improved piezoresistive
behaviour with reduced total filler content. Finally, physical, mechani-
cal and electromechanical tests of modified mortar at different ages over
an extended period could provide insight into the development of the
behaviour of these materials in the long term for establishing their po-
tential as intervention materials in real applications.
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