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Abstract: Masonry structures are susceptible to damage and collapse due to seismic actions, a problem
in many urban areas. To address this issue, researchers are studying the use of fibre-reinforced mortars
as overlay strengthening systems. This study assessed the use of synthetic polyacrylonitrile (PAN)
fibres as reinforcement of natural hydraulic lime mortar, focusing on their influence on fresh behaviour
and mechanical properties. Natural hydraulic lime (NHL) was chosen for its compatibility with
typical older ceramic and natural stone structural masonry and contemporary ceramic brick infill
masonry substrates, as well as for the sustainability benefits. The study also assessed the contribution
of the PAN fibres to toughness enhancement in the developed formulations. The fresh behaviour of
fibre-reinforced mortar (FRM) was found to be adequate for applications with fibre volume fractions
below 0.50%. The compressive and flexural strengths were affected differently by the increase in
fibre volume fraction, with compressive strength decreasing and flexural strength increasing. The
maximum compressive strength of 13.3 MPa was obtained for 0.25% of fibres, while for flexural
strength a maximum of 6.70 MPa was achieved with 1.00% of fibres. The compressive and flexural
toughness, related to the post-cracking responses, increased with the fibre fraction, and even for
fractions as low as 0.25%, an important increment of the capacity to dissipate energy was achieved.

Keywords: fibre-reinforced mortar (FRM); natural hydraulic lime (NHL); PAN fibres; toughness;
experimental characterization; high-ductility mortar

1. Introduction

The effect of seismic actions on masonry structures is problematic in a significant
number of worldwide urban areas. The devastating effects of these actions are highlighted
by several authors for the cases of infill and structural masonry [1-3].

The development and characterization of masonry overlay strengthening systems
based on the use of composite materials has been recently showing promising results.
Depending on the type of matrix, these composite materials can be divided into two main
groups; cementitious [4-8] and polymeric [9]. Both show clear advantages when applied to
infill and structural masonry elements that are vulnerable to seismic actions. Their main
contributions are the increase in the load carrying capacity and energy dissipation ability,
without significantly altering their original mass. Additionally, the strengthened elements
develop a much higher ultimate deformation and residual strength [10-13]. Consequently,
after reinforcement, masonry elements are better prepared for supporting extreme events
without brittle failure occurrence. This is particularly important when working with older
buildings, mostly composed by sound ceramic brick or natural stone masonry elements
but also when dealing with more recent infill ceramic brick masonry.

The improvement in the properties of mortars by means of the addition of natural
fibres is well known and has been employed empirically for centuries [14]. Recently,
various fibre-reinforced mortars (FRMs) have been developed by adding natural [15-18] or
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Compressive strength (MPa)

man-made fibres, showing very attractive mechanical properties [19-21]. These FRMs can
be used to upgrade the in-plane and the out-of-plane loading and deformation capacity
of the original elements. Additionally, when used as external overlays they constitute a
protection system to the reinforced walls from weathering agents. However, the FRMs
developed in the recent past were frequently composed of Portland cement binder, which
has been shown to lead to compatibility problems with old masonry elements, namely by
the crystallization of salts that damage natural stone. Additionally, the low flexibility of the
Portland cement-based mortars may cause structural problems in older ceramic brick or
natural stone masonry when the building is subject to movements [22], and delamination
of the strengthening layers in the case of infill masonry [11]. The use of natural hydraulic
lime (NHL) binders are believed to show better compatibility with masonry in terms of
strength and hygroscopic behaviour [23-26]. Furthermore, the choice for NHL mortars was
found to be more sustainable when compared to the use of Portland cement (CEM) [27].
The flexural strength (f; 7) vs. compressive strength (fc) correspondence of FRMs de-
veloped recently, composed of different types of binders and fibres, is shown in Figure 1.
The mechanical performance of the mortars can be clearly divided into two groups. The
first group, labelled as “Geopolymer and CEM-FRM”, is composed mainly of Portland
cement or Geopolymer (Geo)-based mortars that show compressive and flexural strengths
higher than 20 and 5 MPa, respectively [28-33]. The second group, “Lime and NHL-FRM”,
integrates mainly fibre-reinforced lime mortars (NHL-FRM), showing lower mechanical
properties [34—41]. Desirably, the mechanical properties of the FRM should not be much dif-
ferent from the substrates, especially the elastic modulus and the compressive strength [4].
The area marked and identified as “target values” in Figure 1 represents the desirable
range of mechanical properties of FRM when applied as strengthening overlay of infill or
structural masonry elements. The compressive strength values were determined based in
previous research developed by Almeida et al. [11,42] and research from other authors that
characterised the mechanical behaviour of a broad range of masonry [43,44].

70.0 — i W Sadrmomtazi et al. (2018) CEM_Basalt
T o & Dawood et al. (2018)_CEM_Carbon/PP
60.0 | Geoplymer and..* m O By ab 4 Dawood et al. (2012)_CEM_Palm
CEM'FRM_, | ®Dengetal. (2006) CEM_PAN
500 ; - u « Fang et al. (2009)_CEM_PP
f“ . | A M.Al-mashhadani et al. (2018)_Geo_Steel
‘- & mE B M.Al-mashhadani et al. (2018)_Geo_PP
400 A A ® & M.Al-mashhadani et al. (2018)_Geo_PVA
Fy N ‘ ‘ @ Kheradmand et al. (2017)_Geo_PP
30.0 4 i - M| < Oliveiraetal. (2011)_CEM/Lime_PET
. B Chan et al. (2010)_NHL_Glass
N 4 ® A Tucolano et al. (2013)_NHL_Glass
200 4 L imie and INFIL-FRM e B _ o Tucolano et al. (2013)_NHL_Basalt
) “ T ~ Target values - @ Liguori et al. (2015)_NHL_Glass
10.0 - . : ° o # Seker et al. (2016)_NHL_Glass/Carbon
& u ® B Asprone et al. (2014)_NHL_Basalt
0.0 _-'\‘ & . ./ . . . A Santarelli et al. (2014)_NHL_Basalt
0.0 2.5 5.0 7.5 10.0 12.5 15.0

Flexural strength (MPa)
Figure 1. Flexural and compressive strength of FRM’s developed by different authors [28—41].

Considering the literature review and the current state of knowledge, this research
is particularly devoted to investigating the mechanical properties of lime-based mortars
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with suitable properties for masonry strengthening as overlays. Additionally, this research
also deals with the characterization of these materials with a view on their application as
strengthening overlays in masonry, in particular the fracture properties that may support
their selection and design, considering specific application requirements.

Research Significance

This study was aimed at developing NHL based composite systems for masonry
strengthening overlays. To maximise the post-cracking properties and maintaining a
competitive cost/performance and cost/durability indicators, a type of synthetic poly-
acrylonitrile (PAN) fibre commonly used to avoid cracking in floor screed and shotcrete,
was adopted for the reinforcement of the mortars, and its behaviour was tested. Several
authors have studied NHL-FRM’s [36—41]; however, these studies were mostly focussed
on low-compressive-strength mortars (fc < 10 MPa), used for the rehabilitation of heritage
buildings. In contrast, this work targets the development of an FRM envisioned as part of a
masonry strengthening overlay system that can be applied to both older masonry buildings
and infill masonry, with slightly higher compressive strength (10 < fc < 15 MPa). To achieve
the required strength at early age, a small percentage of cement CEM 52.5 was included,
10% of the NHL in weight.

Considering the importance of the post-cracking behaviour on the overall strengthen-
ing efficiency, particular attention was dedicated to quantitatively assess toughness and
fracture energy enhancement for different fibre fractions. The fresh behaviour and the
hardened mechanical properties of the developed NHL mortars were assessed in terms of
ductility, toughness, and fracture energy for different levels of fibre reinforcement, with a
view on strengthening applications.

2. Materials and Methods

The stiffening effect of PAN fibres on an NHL matrix was studied by adding different
amounts of fibres to a matrix composed of NHL, white Portland cement in small dosages,
and limestone aggregates. Fresh and hardened properties of the resulting FRMs were
characterized for different fibre fractions; the details of this experimental program are given
in the next section. In brief, while in the fresh state, workability was characterized using
flow table tests, following the procedures indicated in EN 1015-3 [45], the air content was
obtained using the pressure method and the density was obtained by means of the fresh
density method following EN 1015-7 [46]. In the hardened state, the dry bulk density, the
compressive strength and elastic modulus, and the flexural strength were char 28 days
after mixing. Additionally, the evolution of the density and of the flexural strength were
obtained at 7 and 90 days after mixing.

2.1. Materials

The materials used in this study are commercially available and were supplied directly
by the producers. The natural hydraulic lime classified as NHL 5.0 according to the EN
459-1 [47] was supplied by SECIL (Macieira—Portugal); see Table 1. The white Portland
cement classified as CEM II/A-L 52.5 N (br.) according to EN 197-1 [48] was supplied by
SECIL (Pataias, Portugal), composed of 80% to 94% of Portland clinker, 6 to 20% of limestone
and 0 to 5% of other ingredients. The limestone crushed sand aggregate was supplied
by Eurocalcio (Leiria, Portugal), and the corresponding grading curve is represented in
Figure 2. according to EN 13139 [49] the sand is classified as 0/2 mm. For comparison, the
CEN Reference sand curve according to EN 196-1:2016 [50] is also shown.

The PAN fibres were supplied by SGL Carbon (Barreiro, Portugal) and their properties
are summarized in Table 2. In the field of Civil Engineering, this type of PAN fibre is mainly
used in dry mixed mortars, shotcrete and concrete, presenting a good chemical resistance,
and according to the manufacturer it allows the exposure to temperatures not exceeding
220 °C during short periods.
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Table 1. Properties from the commercially available NHL 5.0, according to the manufacturer.

Physical Properties
Fineness (>90 um) (%) <15.0
Fineness (>200 um) (%) <2.0
Setting time, start (hour) >1
Setting time, final (hour) <15

Chemical Properties

(Sulphate) SO3 (%) <2
(Free Lime) Ca(OH), (%) >15
(Anhydrite) CaSO4 (%) <1
Mechanical Properties
Compressive strength at 7 days (MPa) >2
Compressive strength at 28 days (MPa) >5.0 and <15.0
100
90 | ~&- CEN Reference A’f
—— Eurocalcio CC 0-2 / /
uo 80 e
& 70 ’ /
8 L/
g 60 7 /
2 50 /
2 77
g 40 , /
B 30 A
s Ry
20 > //
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0 Kk |’ T
0.01 0.1 log d (mm) 1 10

Figure 2. Grading curve for the limestone sand and CEN Reference sand.

Table 2. Properties of PAN fibres, according to the manufacturer.

Density (g/cm3) 1.17
Length (mm) 6
Fineness (dtex) 2.5
Tensile strength (MPa) 580
Elongation (%) 14-18
Elastic Modulus (GPa) 104

2.2. Mixing Process and Fresh State

In a previous stage, the optimal water/binder and aggregate/binder ratios were
obtained by changing the amount of water until a good workability was obtained for
the application as a strengthening overlay. Subsequently, mixtures were formulated with
consistent water to binder and aggregate to binder ratios, 0.45 and 1.5, respectively, as
outlined in Table 3, illustrating the composition for 1 m3 of mortar. Variation in the
fibre content was the primary focus for designing these mixtures. While preserving the
established ratios, this approach ensured continuity in the fundamental proportions critical
for this study.

The mixing process followed the procedure presented in Figure 3. First, the dry
components were added, namely the binders, NHL 5.0 and CEM Br., and the aggregates.
After mixing for 30 s, water was added and the mortar was mixed again for 120 s. After
mixing the mortar, the PAN fibres were added to obtain the FRM by mixing for 180 s
more, until a homogeneous mixture was obtained. Thirty seconds later, the fresh state
characterization tests were carried out.
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Table 3. Composition of the mortars.
vol. (%) Weight of Components (kg/m?)
Mixture Fibres NHL5.0 CEM Br. Sand Water PAN Fibres

R 0.00% 663.9 66.4 995.9 328.6 0.0
F_0.25 0.25% 662.2 66.2 993.3 327.8 29
F_0.50 0.50% 660.4 66.0 990.6 326.9 5.9
F 0.75 0.75% 658.7 65.9 988.0 326.0 8.8
F_1.00 1.00% 656.9 65.7 985.4 325.2 11.7

Mixing of dry Adding of water Adding of PAN

components

(30 s)

and mixing fibres and mixing Fresh behaviour
tests (after 30 s)

(120 s) (180 s)

Figure 3. Mixing procedure of the FRM.

The flow table test was carried out according to EN 1015-3 [45] and the resulting value
was obtained by averaging the diameter measured in two perpendicular directions of the
spread sample of fresh mortar, which had been placed on a table disc with the help of a
cone with dimensions specified in EN 1015-3 [45]; see Figure 4a. Then, 15 vertical impacts
were applied by raising the flow table and allowing it to fall freely through a height of
10 mm.

(b)

Figure 4. Equipment used to characterize the fresh behaviour of the mixtures: (a) flow table; (b) con-

tainer to determine the air content of FRM.

The air content of the fresh mixtures was obtained following EN 1015-7 [46]. Ac-
cordingly, a sample of each fresh mixture was placed inside the measuring container; see
Figure 4b. After closing the apparatus, water was introduced on the top of the mortar
surface, and immediately after, air pressure was applied by forcing the water into the
mortar and displacing all the air from within pores. The change in the water level was
measured as an indication of the volume of air displaced into the fresh mixture.

2.3. Hardened State

The dry bulk density of the hardened mixtures was determined following EN 1015-
10 [51] and expressed as the ratio between its mass in dried condition and the occupied
volume.

The compressive behaviour of the hardened mixtures was evaluated by means of
compressive and elastic modulus tests using cylinders with a diameter of 60 mm and a
height of 120 mm, following EN 12390 [52]. A servo-hydraulic actuator was used with
100 kN of maximum force, with a feedback controller, and a load cell of 200 kN maximum
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capacity, as shown in Figure 5a,b. For failure tests, a monotonically increasing compressive
displacement was imposed to the cylinder specimens at a rate of 0.01 mm/s. For the elastic
modulus characterization, a cyclic load was imposed to the cylinders at a rate of 1.75 kN/s.
Displacements were acquired by 3 LVDT with 10 mm measuring stroke.

(b)

Figure 5. Images showing the setup used for evaluating the (a) elasticity modulus in compression;
(b) compressive strength; and (c) flexural strength.

The flexural behaviour of the mortars was studied following EN 1015-11 [53]. Three-
point flexural tests were carried out on prismatic specimens of 40 x 40 x 160 mm?> dimen-
sions using a Lloyds Universal testing machine with a 50 kN actuator under displacement
control. The tests were performed by applying a monotonically increasing mid-span
displacement at a rate of 0.01 mm/s; see Figure 5c.

3. Results
3.1. Fresh Behaviour

The influence of the increasing fibre fraction on the workability of the mixtures can
be seen in Figures 6 and 7a, which shows the final spread of the samples after imposing
the 15 strokes. Additionally, Figure 7b shows the density obtained in the fresh state and
the air content measured for each mixture versus the fibre fraction. The main application
envisaged for the mixtures developed, as strengthening overlay, makes workability a
parameter of major concern. The mixture that showed the best fresh behaviour was the
mortar containing 0.25% of fibres in volume, yielding a flowability measurement of 142 mm,
measured with the flow table method. By increasing the fibre content up to 0.75% and 1.00%,
the flowability decreased to 120 mm and 110 mm, respectively. Moreover, the air content
increased with the fibre content, which is attributable to deficient particle arrangement
within the mortar matrix.

0.25% 0.50% 0.75% 1.00%

Figure 6. Flow table test results obtained for the different mixtures after 15 strokes.
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Figure 7. Fresh behaviour characterization: (a) flow values obtained for different amounts of fibres;
(b) fresh density and air content values obtained for different fibre fractions.
3.2. Hardened Behaviour
3.2.1. Compression Tests Results
One group of specimens was cured for 28 days in a climatic chamber at 20 °C and
60% of relative humidity (RH). The compression test results obtained for these specimens
are presented in Table 4, where 0y4x, Tmax and (CoV) represent the maximum stress, the
respective mean value and the coefficient of variation; and &sy4x and &, represent the
strain for the maximum load and the respective mean value. Another group of specimens
was cured at 20 °C and 85% RH also at 28 days, and the results obtained are also presented
in Table 4. As shown, the scatter of results obtained in each group of samples was, in
general, low, apart from the values obtained for the reference mortar cured at a 60% RH.
Table 4. Results for uniaxial compression tests of specimens cured in 60% RH and 85% RH.
RH60_20_28 RHS85_20_28
Omax (;max(CoV) Eomax ;[,max(COV) Omax ;max(cov) Eomax ;[,max(COV)
Specimen (MPa) MPa (%) (mm/mm) mm/mm (%) (MPa) MPa (%) (mm/mm) mm/mm (%)
R_01 5.8 0.002 12.8 0.005
R_02 8.9 0.003 13.2 0.006
R_03 8.3 0.002 11.7 0.004
R_04 6.7 7.4 (17) 0.002 0.002 (16) 124 12.5 (5) 0.004 0.005 (15)
F0.25_01 9.3 0.002 13.5 0.004
F0.25_02 9.2 0.002 13.3 0.004
F0.25_03 8.6 0.003 14.1 0.004
F0.25_04 8.1 8.8 (6) 0.002 0.002 (9) 12.5 133 (4) 0.004 0.004 (7)
F0.50_01 9.6 0.003 12.3 0.003
F0.50_02 10.7 0.003 12.6 0.004
F0.50_03 10.2 0.003 12.4 0.004
F0.50_04 10.5 10.2 (4) 0.003 0.003 (3) 12.9 12.6 (2) 0.003 0.004 (7)
F0.75_01 8.5 0.004 11.3 0.004
F0.75_02 10.9 0.004 11.8 0.004
F0.75_03 9.9 0.004 11.2 0.004
F0.75_04 10.9 10 (10) 0.004 0.004 (4) 10.8 11.3 (3) 0.005 0.004 (12)
F1.00_01 9.2 0.004 10.6 0.008
F1.00_02 7.4 0.003 10.3 0.006
F1.00_03 8.9 0.005 10.3 0.004

F1.00_04 8.5 8.5 (8) 0.005 0.004 (22) 10.9 105 (2) 0.005 0.006 (20)
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3.2.2. Flexural Test Results

One group of specimens was cured in a climatic room at 20 °C and 85% RH for 7, 28
and 90 days. The flexural test results obtained are shown in Table 5, namely the flexural
strength, f, derived from Equation (1) [53], the displacement obtained for the maximum
load, d Fomaxs the respective mean values, Av. , and the coefficient of variation, (CoV).
Another group of specimens was cured at 20 °C and 60% RH, and the results obtained at
28 and 90 days are presented in Table 5. The equivalent tensile strengths under flexure
show, in general, a low coefficient of variation. However, in the case of the displacement
obtained for the maximum load, a higher scatter of results was observed, in some cases
exceeding 15%. This result may reflect the fact that fibres contribute to distribute damage
and originate multiple cracks, increasing deformability as well as the scatter of the post-
cracking response parameters, due to the brittle nature of the cracking process as well as
the possible heterogeneous distribution and orientation of the fibres.

FL
=15%x — 1
f 5 X b dz ( )
where F is the maximum load applied to the specimen; L is the distance between the
supports; b and d are the width and depth of the specimen’s cross-section.

Table 5. Flexural test results of specimens cured at 85% RH for 7, 28 and 90 days and 60% RH for 28
and 90 days.

RHS85_20 RH60_20_28
28 Days 90 Days 28 Days 90 Days
f df,max f df,mux f df,max f df,mux f df,max
Specimen MPa (%) mm (%) MPa(%) mm (%) MPa(%) mm (%) MPa(%) mm (%) MPa(%) mm (%)
R_01 2.02 0.16 2.78 0.12 3.91 0.12 2.02 0.16 2.49 0.17
R_02 2.02 0.15 3.18 0.19 419 0.13 2.02 0.15 2.21 0.12
R_03 2.57 0.18 3.25 0.18 3.5 0.11 2.57 0.18 2.5 0.11
Av.(CoV) 2.2(12) 0.16 (8) 3.07(7) 016(19) 3.87(7) 0.12(7) 2.2(12) 0.16 (8) 240(6) 0.13(17)
F0.25_01 1.92 0.11 414 0.21 44 0.15 1.92 0.11 297 0.12
F0.25_02 1.88 0.15 3.88 0.14 4.75 0.16 1.88 0.15 3.16 0.14
F0.25_03 2.05 0.17 41 0.15 3.95 0.14 2.05 0.17 3.71 0.16
Av.(CoV) 195(4) 014(16) 404(3) 017(17) 4.37(7) 0.15 (6) 195(4) 014(16) 328(9) 0.14(10)
F0.50_01 3.26 0.42 4.67 0.25 512 0.18 3.26 0.42 41 0.15
F0.50_02 292 0.44 4.23 0.19 4.81 0.18 2.92 0.44 4.8 0.16
F0.50_03 2.63 0.37 4.46 0.28 4.43 0.16 2.63 0.37 4.62 0.15
Av.(CoV) 2.94 (9) 0.41 (7) 44504) 024(17) 4.79(6) 0.17 (8) 2.94 (9) 0.41 (7) 4.50 (7) 0.15 (4)
F0.75_01 3.56 0.38 6.06 0.32 5.87 0.29 3.56 0.38 5 0.16
F0.75_02 3.35 0.35 541 0.36 5.37 0.28 3.35 0.35 5.45 0.28
F0.75_03 3.37 0.43 5.41 0.34 6.05 0.3 3.37 0.43 493 0.17
Av.(CoV) 3.42 (3) 0.39 (9) 5.63 (5) 0.34 (5) 5.77 (5) 0.29 (4) 3.42 (3) 0.39 (9) 513(4) 0.20(27)
F1.00_01 3.75 0.51 6.45 0.3 6.63 0.28 3.75 0.51 4.61 0.25
F1.00_02 3.47 0.53 5.95 0.3 6.69 0.36 3.47 0.53 6.41 0.28
F1.00_03 3.36 0.46 6.22 0.39 6.77 0.33 3.36 0.46 5.76 0.27
Av.(CoV) 3.53 (5) 0.5 (6) 621(3) 033(12) 6.70(1) 033(10) 3.53(5) 0.5 (6) 559 (13)  0.27(6)

4. Discussion of Results
4.1. Compressive Behaviour

The compressive behaviour of representative specimens cured for 28 days in a climatic
chamber at 20 °C and 60% RH and 85% RH is shown in Figure 8a,b, respectively, were the
average axial compressive strain is the average displacement of the three LVDTs divided
by the length of the specimen. The initial slope of the compressive stress—strain responses,
as expected, was marginally influenced by the addition of fibres, showing essentially
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similar slopes for different fibre fractions. However, the peak stress and the post-peak
behaviour of the mixtures were clearly influenced by the fibre content. The peak stress
presented the tendency to increase for lower fibre fractions and to decrease when higher
fibre fractions were used, while the post peak behaviour improved for higher fibre fractions.
These changes suggest that the increase in the fibre fraction led to the expected increase
in ductility and the ability to dissipate energy after cracking, due to the contribution of
the PAN fibres to restrain crack propagation. However, above a certain limit, higher fibre
fractions may have contributed to the reduction in the solid skeleton compactness and
strength, along with the reduction in workability.

——R_RH60_20_28

— - -F0.25_RH60_20_28
— —F0.50_RH60_20_28
- = =F0.75_RH60_20_28
F1.00_RH60_20_28

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045

Average axial compressive strain (mm/mm)

()

——R_RH85_20_28

— - -F0.25_RHS85_20_28
— —F0.50_RHS85_20_28
- - —-F0.75_RH85_20_28
--------- F1.00_RH85_20_28

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045

Average axial compressive strain (mm/mm)
(b)

Figure 8. Typical compressive stress vs. average axial compressive strain responses obtained for
mortars with different fibre fractions: (a) specimens cured in 60% RH; (b) specimens cured at 85% RH.
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Figure 9 shows the main results obtained for the compressive strength at 28 days
of curing after casting, for both curing environments. The specimens cured at 85% RH
show, in all cases, higher compressive strength than the ones obtained for specimens
cured at 60% RH; see Figure 9a. The compressive strength shows a small variation, with
the increase in the fibre content for both curing conditions. In the case of 85% RH, the
maximum compressive strength was achieved for a fibre fraction of 0.25%, and at 60%
RH the maximum compressive strength was achieved for a fibre fraction of 0.50%. This
variation would not occur in the case of Portland cement FRM, as concluded by Gonzélez
et al. [54] by studying the pore morphology of mortars in different curing conditions.
However, in the case of NHL-FRM, the binder’s hardening is influenced by hydration
reactions and additional carbonation reactions [55]. For NHL 5.0 from Secil, Table 1 shows
that there is a minimum of 15% free lime available for carbonation reaction. The availability
of free lime simultaneously with higher porosity and favourable curing conditions, 60%
RH in a ventilated climatic chamber, may justify the slight increase in the strength due
to carbonation.
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Figure 9. Compressive behaviour of mixtures in two different curing environments: (a) compressive
strength; (b) elastic modulus.

The same trend can be observed for the elastic modulus, as shown in Figure 9b. The
values of the elastic modulus and compressive strength are in accordance with the ones
expected for an NHL mortar.

4.2. Flexural Behaviour

The flexural responses obtained were adjusted to exclude the initial deformation
for small loads due to the accommodation of the loading device and the supports. The
approach used is schematically represented in Figure 10 and allowed us to acquire more
realistic values by disregarding the initial parasitic deflections [37,56]. After the occurrence
of the first crack, the onset of matrix cracking, the load—deflection curve deviates from
linearity; for plain mortar, the load-deflection curve drops suddenly, leading to failure. In
the case of an FRM, the addition of fibres significantly influences the composite’s behaviour
after cracking, leading to deflection—softening (load decay with the increase in deflection),
or alternatively to deflection-hardening (load increases with the deflection) [19,57].
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Figure 10. Schematic representation of the flexural response and approach adopted to correct the

experimental setup adjustments during loading [37].

After adjusting all flexural stress vs. deflection responses, representative curves for
each fibre fraction were selected and are plotted in Figure 11a,b. The effect of adding
fibres to the matrix is clear, even for 0.25% of fibres. By increasing the fibre fraction, the
toughness of the material gradually increases and the flexural response gradually shifts
from a typically brittle fracture to a deflection-softening response for lower fibre fractions,
and a deflection-hardening response for higher fibre volume fractions.
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Figure 11. Typical flexural stress vs. displacement responses obtained from flexure tests: (a) specimens
cured in 60% RH; (b) specimens cured at 85% RH.
The values of the modulus of rupture (MOR), and of the limit of proportionality (LOP)
were computed according to the RILEM Technical Committee 49 TFR [58] recommendations:
3FmaxL
R = 2
MO 2bd? @
3F. kL
LOP = —2— 3
2bd? ®)
These are plotted against the fibre volume fraction in Figure 12a,b, respectively. The
MOR was obtained from the maximum load, F;x, and the LOP by finding the load at
which the first non-linearity is observed in the force-deflection relationship, F. 4, see
Figure 10.
7.0 7.0
BRH60_20_28 BRH60_20_28
6.0 - 6.0 -
BMRH85_20_28 BMRH85_20_28
5.0 5.0
£
40 - S 40
3.0 & 3.0 A
s
2.0 A 2.0 1
1.0 A 1.0 A1
0.0 -
0.00 0.25 0.50 0.75 1.00 0.00 0.25 0.50 0.75 1.00
fibre fraction (%) fibre fraction (%)
(@) (b)

Figure 12. RH 60 and 85% curing conditions: (a) modulus of rupture; (b) limit of proportionality.
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The values of the MOR and LOP obtained for both curing environments show a clear
increasing trend with the fibre volume fraction. The specimens cured at 85% RH showed,
for all fibre fractions, a higher MOR. Regarding the LOP, no clear trend was observed,
and for the higher amounts of fibres, 0.75 and 1.00%, the LOP values obtained for 85%
RH were lower or similar to the ones obtained for 60% RH. The increase in LOP with the
fibre fraction indicates that fibre reinforcement started contributing for the flexural capacity
of the mortar at a very early stage of the micro-cracking propagation. As expected, the
influence of fibre fraction was more pronounced on the increase in MOR, since at this load
level, meso-cracks are already formed, being the fibres crossing these cracks which are
more active in arresting their propagation.

4.3. Toughness in Compression

The energy dissipated during the fracture process in compression, also designated as
the work of fracture in compression [59,60], can be obtained by dividing the area under
the stress vs. displacement response into two parts; see Figure 13. The area indicated as
Apre represents the energy dissipated in compression before the peak and Ayt the energy
dissipated after the peak. Since the post-cracking portion of the experimental response
tends to extend over large deformations, it is important to define a reference residual stress,
09, common to all specimens, up to which the energy dissipated during the fracture process
in compression is computed. Therefore, the A5t value was measured up to a deflection in
the post-peak phase corresponding to /o = 0.33.

g

O [

g/o_o | R Py

Figure 13. Method to calculate the work of fracture in compression [59,60].

The results obtained for both curing conditions are shown in Figure 14, where it is
visible that the energy dissipated during the fracture process in compression increased with
the fibre fraction. However, in the case of the specimens cured at 85% of RH, the value of
the pre-peak energy dissipated remained approximately constant for mortars with different
fibre contents. Probably, the curing environment with a higher RH favoured the curing of
the NHL-based matrix, therefore leading to increased energy required to induce the same
level of damage.

The toughness ratio in compression (TR;) can be used to identify the capacity of the
materials to absorb energy and plastically deform before failure. Considering that one of the
main aims of this study is to develop FRMs that maximise the capacity of masonry elements
to dissipate energy when used as strengthening overlays, this ratio was computed following
the procedure adopted by other authors [56,61,62]. As described by Equations (4) and (5)
and represented in Figure 15, TR, represents the ratio between the area limited by the stress
vs. strain response up to a predefined level of strain, ¢, and the area given by f. X ¢, with
fc being the compressive strength, as shown in Figure 15. The predefined strain values,
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¢, were assumed as 0.0105 and 0.0175, which represent three and five times the concrete
ultimate strain (TR.,3 and TR, 5), assuming that this strain was 0.0035 according to EN
1992-1-1:2010 (EC2) [63], and following the methodology adopted in [56].

Area OABC
TR.3 = ——————— % 100% 4
3 = 00105 < 100% @)
Area OABC
TRe5 = —————r x 100% 5
o5 = 00175 < 100% ©)
40 40
= 35 Gc,post-peak B Gc,pre-peak - 35 B Gce,post-peak B Gce,pre-peak
S =
g 30 - g 30 1
o 0]
3 251 5 25
Q Q
£ é 20 A £ é 20 -
=z g Z
.g ~ 15 A .g ~ 15 A
g 10 : 10
o T o .
g g
@} 5 A O 5
0 __-_'_-_|_-_|_._|_-_ 0 -
0.00 025 050 0.75 1.00 0.00 0.25 050 0.75 1.00
Fibre fraction (%) Fibre fraction (%)
(a) (b)

Figure 14. Compression fracture energy for different curing conditions: (a) RH 60; (b) RH 85.
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Figure 15. Definition of compressive toughness ratio [61,62].

The TR, values obtained when considering lower predefined strains ¢, TR, 3, show an
increase of around 25% when compared to the reference mixture without fibres, with the
mixtures containing 0.75% and 1.00% of PAN fibres; see Figure 16a. However, when higher
values of the predefined strain ¢ are considered, TR, 5, this increase tendency is considerably
higher, reaching around 100% for the specimens cured in 85% RH; see Figure 16b. This
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variation of the TR, values reveals the significant contribution of the fibre reinforcement to
the improvement in the post-peak behaviour of the mixtures while subjected to compression
loading.
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Figure 16. Toughness ratio for RH 60 and 85 curing conditions: (a) TR 3; (b) TR 5.

The relation between compressive strength and toughness ratios for lower and higher
deformation levels, TR. 3 and TR, s, is shown in Figure 17, considering both curing con-
ditions, RH60 and RH85. For RH60, when lower levels of deformation were used as a
reference, TR, 3, lower variations in this ratio were obtained, changing from 60% to 85%,
while more expressive increments, from 40% to 85%, were obtained when higher defor-
mations were considered, TR, 5. In both cases, TR 3 and TR, 5, the trend was similar: the
specimens showing higher compressive strength tended to show lower toughness ratios
because energy released during the matrix cracking tends to increase, which is more de-
manding to the fibre reinforcement. The specimens cured in RH85 presented an opposite
evolution of the toughness ratios, TRc 3 and TRc 5: the higher the compressive strength, the
lower the toughness ratio in compression.

4.4. Toughness in Flexure

The flexural toughness (T}) was derived from the flexural load-vs.-displacement
responses previously shown and obtained from three-point bending tests, EN 1015-11 [53],
adapted according to Jang et al. [41]; see Figure 10. The energy absorbed by the specimens
during the fracture process in flexure is represented by the area under the load vs. deflection
curve. According to Iucolano et al. [37], the load-vs.-deflection response depends on
(i) the specimen size; (ii) the loading configuration (midpoint versus third-point loading);
(iii) type of feedback control variable used during testing (load, load-point deflection,
cross-head displacement, etc.); (iv) and loading rate. In order to minimize the effects of
load configuration and specimen size, the normalization of the energy absorption capacity
is required. This can be achieved by using the normalised flexural toughness factor ratio,
Req150), presented in Equation (7), where for each specimen the flexural toughness factor
(FT) (see Equation (6) and Figure 18) is normalized with respect to the MOR value presented
in Equation (2) [64,65]. The deflection d73,, adopted to calculate Tj, and FT, was limited to
1/150 of the distance between supports; see Figure 18.

TbXL

FT=_ 0"~
Sy X b x d?

(6)
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Figure 18. Definition of flexural toughness ratio [65].

The obtained results, presented in Figure 19, show that FT has increased with the fibre
fraction. For the reference mixture, the FT value varied between 0.1 and 0.3 N/mm?, for RH
60% and 85%, respectively. These values increased about 10 and 16 times when 1.00% of
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fibres was added to both mixtures. The ratio Re/50), obtained for the fibre volume fraction
of 1.00%, showed a variation between 4.9 and 6.8 times relative to the reference mixture.
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Figure 19. Toughness values for RH 60% and 85% curing conditions: (a) flexural toughness (FT);
(b) flexural toughness factor Re(1/150).
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Figure 20 shows the relation between the flexural strength and the toughness ratio in
flexure obtained for L/150 deflection. The results showed an increase in the toughness ratio
in flexure with the increase in the flexural strength. This strong correlation is indicative of
the higher ductility of NHL-FRMs with higher strength in flexure, in this case because the
fibre reinforcement contributed both to increase flexural strength and to the improvement
in the post-peak behaviour in flexure.
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Figure 20. Relation between flexural strength and toughness ratio.
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4.5. Fibre Reinforcement Efficiency in Flexure
4.5.1. Contribution for Flexural Strength

The fibre reinforcement efficiency of mortars developed in this work is analysed in
Figure 21, where data referring to mortars from different authors are also included. The
flexural strength ratio is presented as the ratio between the flexural strength value from
plain mortars and the values from fibre-reinforced mortars. Mortars composed of different
types of binders are presented, namely, CEM and geopolimeric binders in Figure 21a and
NHL in Figure 21b. The type of fibres used by other authors vary from natural fibres, such
as palm, to man-made fibres, such as basalt, glass, PET, PVA and PAN. The influence of the
fraction of fibres on the flexural strength ratio of CEM-FRM is positive in most cases. In the
NHL-FRMs, that influence showed a high variation and in some cases was even negative,
depending on the authors.
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Figure 21. Efficiency of fibre reinforcement showed by the normalized flexural strength: (a) FRM
with Portland cement and Geopolymeric binders [28,30,33]; (b) FRM with NHL binders [35-37].

The use of PAN fibres up to 1.00% in volume showed an efficiency level of NHL-FRM
higher than the studies using basalt, glass or hemp fibres. The level of efficiency was
justified by the good compatibility between the NHL matrix and the surface of the PAN
fibre, as well as the tensile strength of the PAN fibres [66].
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Flexural toughness

4.5.2. Contribution for Flexural Toughness

The effect of the fibres on the ductility of mortars was evaluated by quantifying
the flexural toughness ratios; see Figure 22. Different procedures were suggested by the
standards for the evaluation of the toughness in flexure [65,67-69]. In this study, a ratio
between the flexural toughness from fibre-reinforced mortar and plain mortar was used,
allowing comparison between the values obtained from different sources.
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Figure 22. Efficiency of fibre reinforcement on the flexural toughness ratio: (a) FRM with Portland
cement and Geopolymeric binders (10SF means 10% replacement of CEM by silica fume) [28,30,32,34];
(b) FRM with NHL binders (20Zeo means 20% replacement of NHL by zeolite and 20Tuff stands for
20%replacement of NHL by tuff) [36-38,40].

Figure 22 shows that two groups of FRMs can be identified: CEM-FRMs are presented
in Figure 22a and NHL-FRMs in Figure 22b. The FRMs of the first group, for the same
fibre fraction, always showed a lower toughness ratio than the FRCs belonging to the
NHL-FRM group, independently of the type of fibre. This indicates in general a lower
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ductility of the CEM-FRMs when compared to NHL-FRMs. The NHL-FRM developed in
this study reached a flexural toughness nine times higher when 1.00% of fibres were added.
Nonetheless, for CEM-FRMs the same fibre fractions led to increased factors of around
three. In contrast, NHL-FRMs in general show very high flexural toughness ratios [36,38],
showing higher efficiency for the same fibre fractions, as shown in Figure 22a,b. Figure 23
represents the flexural strength vs. flexural toughness ratio of FRMs, where it is possible
to identify that the mortar reinforced with glass fibres developed by Chan et al. [36]
presented low flexural strength. The mortar developed by Liguori et al. [38] presented
a high flexural strength and flexural toughness ratio. However, when considering the
mechanical properties set as target for the overlay application, 10 < f. < 15 MPa and
5 < fi1 <7 MPa, these NHL-FRMs clearly underperformed considering the compressive
strength; see Figure 1.
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Figure 23. Flexural strength vs. flexural toughness ratio from FRM [28,30,32,34-38,40,41].

5. Conclusions

The need to strengthen a vast number of existing masonry structures that are frequently
under the effect of dynamic actions determine the importance of studying metrics that
allow us to assess the performance of FRMs used as strengthening overlays. These metrics
cannot be limited to maximum resistance or deformability; instead, they must be oriented
to distinguish materials with a higher energy dissipation capacity.

In this work, a new NHL-FRM material was developed to be used as an economically
and environmentally sustainable strengthening overlay. The use of metrics geared towards
the assessment of toughness and ductility led to the identification of a material that is
compatible with the application and meets its requirements.

The main conclusions from this study are as follows:

e The inclusion of PAN fibres in an NHL matrix changed the fresh and hardened
behaviour of the mortar, even with minimal fibre addition of 0.25%.

e A fibre content of 1.00% resulted in deficient workability for overlay application. Utiliz-
ing admixtures like superplasticizers may enhance workability without compromising
mechanical properties.

o  The target values of compressive strength at 28 days, 10 < fc < 15 MPa, were achieved
for F0.50_RH60 and F0.75_RH60 and for all mortars cured at RHS85.
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e  The flexural strength target values, 5 < j}t A <7.5MPa, were achieved for F0.75_RHS85,
F1.00_RH60 and F1.00_RHS5.

e  The compressive and flexural toughness of the FRM substantially increase with the
adding of fibres. There was an important variation in the capacity to dissipate energy,
even for lower amounts as 0.25%; this capacity was maximized at 1.00% of fibres.

e  The correlation between the mechanical properties in compression and flexure and
the respective toughness ratios showed opposite trends. While the toughness ratio in
compression increased for lower compressive strength values, the toughness ratio in
flexure increased for higher flexural strength values.

Both the developed NHL-FRM with PAN fibres and the mechanical assessment ap-
proach used can be advantageous for overlay strengthening design and application in
masonry elements, with the possibility of achieving interesting mechanical performances
as well as good compatibility and sustainable formulations.
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